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THE E!'FEGT QF THIOCTIG AG hl ON THE 

D, F. Bradley and M, Galvfna. 

Radiation Laboratory and B e p a r k n t  0% Chemistry 
Universi t y  of GaPif orlafa, Berkeley, C d f  fornia  

1. Conditions have been defined under which b t h i o c t i c  acid,  6T, increases 

the quantum efficiency of the H i l l  reaction i n  Sceneclesms, Thi s increase 

occurs when the control r a t e  is qufnone-limited, under conditions sf high 

l i g h t  intensi ty ,  low quhone concentration, high temperature , and high 

a l g a l  density, Uhen the control r a t e  i s  inhibited by high concentra- 

t ions of qubone or  photolyaed qufnone, 6T re su l t s  i n  a fur ther  de- 

crease i n sa te ,  

2. FmdamwSal character is t ies  of the H i l l  reaction suggest that QT e i the r  

increases the rate a t  which water i s separated in to  reduced and oxidf zed 

fragments (quantum conversion agent) or decreases the  rate a% which 

these fragments later recombine (hydrogen car r ies  or quhone diffusion),  

3. The variation of the e f f ec t  with 4 T  concentration, incubation conditfoma, 

pH, quinone concentration, temperatwe, preflbuiaaa%ion of quinone , dark 

contact time with cpfnone, bight in tens i ty ,  a lga l  density, sulfhydryl 

poisons, p h t  species and other reagents does not permit an unequivocal 

discrimination be tween the +,wo possible mechanisms. 

The work described i n  t h i s  paper was sponsored by the U.S. Atomic Energy 
Commissim. 
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QUANTUM EFF'I6 a E E H  03' TIE BILL  ACTION 

B. F, Bradley and M, Calvin 

Radiatfon Laboratory md Department s f  Ghmistry 
University of Calif wrda  Berke b y ,  C a l f  f o m i  a 

It has recently been proposed (1) tha t  b t b i o o t i c  acid,  4 ~ * * ,  is the 

primary quantum conversion agent of photosynthesis, By this i s  meant that the 

energy liberated when photochedcany excited sh1orophyU is returned to i t s  

ground s ta te  is transferred to  the five-membered d i sux ide  sing sf 6T, l ab i l -  

fzing the S-S bond and anowing it to undergo reactions which are energetically 

no% possible i n  the ground s ta te  of 6T. Energy of the quantum absorbed by 

chlorophylI may be converted in to  chemical bond energy by t h i s  process and 

hence the term, quantum conversion agent, The reagents with which the actf-  

vated 6T reacts  may e i ther  be a hydrogen ca r r i e r ,  or H20, or an oxygen c a r r i e r ,  

presum~tbly forming e i t b r  a d i th io l ,  a tMo% sul%eraic acfd , or a d imUide  

monoxide, seapot fve ly ,  T h e s e  t h e e  poaaible reactive species m y  them carry 

on tihe oxldatf om-reduo ti on prooe sses required. in. natural  photoapthe af B a 

If 6T were operating in the manaaer described then it should be possible 

realize eonditf ons under widoh synthetic 6T added to %he plant could be 

u t i l ized  to  increase the r a t e  of q u m t u  conversion and r e s u l t  in ;a Mgher 

quarattun efficiency of photosynthesis. The demonstration of' such an e f f e c t  in 

the H i l l  reaction (2,3 in which the photocbmiea$ apparatus i s  exprimen- 

t a l l y  separated Prom the carbon dioxide reduction system would provide even 

more eonvi wing  oon%bm;atoq evf dence f o r  the proposed mohmf sm of quantam 

conversion, 
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Scenedems does exhib i t  such a predicted increase i n  quantum efficiency 

when incubated with synthetic 6%' prior  t o  the H i l l  reaction, Uarf"srtmately, we 

cannot with certainty prove tha t  the 6%' i t 3  giving the predicted r e s u l t  i n  the 

postulated manner, although most evidence is consistent with such a model. The 

e f f e c t  is  not eas i ly  observed f o r  there are many conditions both physical and 

biological which need to  be sa t i s f ied  simultaneously. We have described below 

i n  somedetail the minimum number of such conditions which seem t o  guarantee 

the reproducibility of the e f fec t .  

Materials and Nsthods 

Scemdeganas oblfauus a d  GhPorella ~meno idosa  were grown h a  continuous 

~ u l t w e  under conditions described b r i e f ly  i n  a previous publf cation (5). 

900 co, of the culture (pH = 7,1> was harvested every 24 hours leaving 100 cc. 

as the inoqulum, together with 900 ce, f r e sh  nutr ient  medium (pH - 6 A > .  The 

temperature of tb culture was maintained f o r  prolonged periods a t  18 a t  25%. , 
the algae grown a t  %he l a t t e r  tempra twe generally yielding more rapid H i l l  

react ion rates .  The carbon dioxide concentration above the mechanically shaken 

cul ture  vessels was maintained a t  4% a s  continuously recorded by an infrared 

C02 analyzer. Only s t e r i l e  cultures were used in  the experiments, The l i g h t  

incident upon the culture f lasks  was provided by a bank of Sylvania white 

2 100 w a t t  f luoreacent lamps with a radiant energy output of 1.8 x lo4 ergs/cm /set. 
determined bolometrically. 

The harvested c e l l s  were successively centrifuged (1900 x g) and washed 

with d i s t i l l ed  water from 2 to  4 t b s .  A s  the H l l l  a c t iv i ty  declines rapidly 

when the s e l l s  are stored i n  the packed condition, recent experiments have 

been carried out with but two oentrifugations, The packed eeUs  were resus- 



buffer (pH = 6.7) made by dissolving 1/30 mole KH2P04, 1/30 mole K2HP04, and 

ll100 mole l C C l  i n  1 Liter d i s t i l l e d  water,. %he pH of the a lga l  suspension was 

iden t i ca l  with that of the or ig ina l  buffer, The packed volkune of eel la  per liter 

of culture medim was calculated from the observed packed volune/900 ee . of 

m e s t  and i s  termed the culture density,  CD. $cenedesms c e l l s  suspended a s  

above retained mst of their H i l l  a c t iv i ty  fo r  Z hours if kept i n  the dark a t  

3-5% . Aliquots of the or ig ina l  cklbture after harvesting containing a known 

BO%W 0% ce l l s  were centrifuged, The packed c e l l s  were resuspended i n  3 m9, 

80% ethanol a d  heated to boiling fo r  approximately l &nut8 , extracting the 

c e l l  pigments quantibtisrely.  The v is ib le  absorption spectrum of the combined 

extract and two successive ethanol washings was measured with a C a r y  record- 
0 

ing sipectrophotometer. The opt ica l  density a t  the 660-670 A maximmmltiplied 

3 by the combined volume of extracts  and divided by the volume of c e l l s  ( in  ma ) 

i n  the aliquot is termed herein the re la t ive  chlorophyll content, X C .  T h i s  

3 number may be converted to nrmoles chlorophyll a/mm c e l l s  by dividing by the 

aolar extinction coefficient of chlorophyll a i n  ethanol, An approximate 

value based on etber a s  solvent is  f .  = 9 x 104 liter mole-I an-'. (6) 

Quinone was used as oxidant arad was freshly pusiffed by sublimation be- 

fore each experiment, a s  inhibitory products m e  produced upon storage, es- 

pecially when illuminated, Solutions of 1-2 mg. q u b o m / d ,  df s t i l l e d  w a t e r  

were used immediately after preparati  on, Sslutf ons of d l  6T (yellow cryst .  ) , 
d l  5T (white c rys t . ) ,  d l  6DT ( o i l ) ,  and d l  6 M ( o i l ) ,  were prepared i n  Md3 

phosphate buffer (pH = 6-71 in concentrations of 0,25 - 1.0 mg,/0,850 m9. tt* 
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Standard Warburg double side-arm m&~10meaRr f lasks  were used, The i%lt.+ 

3 
d a t e d  surface area (boaom) of the vessels was "a9 - 8,3 cm", The flask con- 

s t a n t s  were determined three times with water a s  described by Umbreit, & 

a 1  (7). The experhents  were carried out i n  a thermostat bath which was i l l u -  -* 

d n a t e d  through a window i n  the bottom of the bath by e i the r  (I) seven General 

E lec t r i c  ref lector  spots, (2) three 40 w a t t  f luorescents (3) seven General 

E lec t r i c  ref lector  floods,  (4) f ive  General E lec t r i c  photofloods. Nasurements 

reported herein were made with the re f lec tor  floods with an intensi ty  of 

5 2 1.6 x 10 ergs/cm /see, impinging on the vessels, The fluorescents were "not 

intense enough t o  yield 6T stimulated ra tes ;  the re f lec tor  spots did not pro- 

duce a sufficiently uniform l i g h t  f i e ld ;  the photofloods were too short-lived 

for  convenience. With the re f lec tor  floods the l i g h t  f i e l d  was uniform t o  

within 5% throughout the thermostat, 

The vessels were prepared f o r  the Hill reaction a s  follows: 0,20 m l .  

of 20% KOH was added t o  the center well (greased l i p )  containing a 1 em' 

f i l t e r  s t r ip .  Two m l ,  of a lga l  suspension was pipetted in to  the main com- 

partmsnt. To the control algae U)O h of M/3 phosphate buffer (PA = 6.7). and 

t o  the nthioctic algae" 1004 of 6T, e t c .  i n  M/3 phosphate buffer was added 

and l e t  stand with the c e l l s  f o r  10 minutes. One ml. of quinone solution 

was then inserted into the side arm and the vessels placed i n  the thermostat 

i n  the dark. It i s  important t o  add the quinwe solution a f t e r  the 6T a s  

the quinone sublimes d i rec t ly  from the solution i n  the side a m  t o  c e l l  

suspension, preventing the u t i l i z a t i o n  of 6T. After thermal equilibration of 

the vessels in the thermostat the quinone was tipped into the c e l l  suspension 

and a f t e r  10 minutes the l i g h t s  were turned on. Early experiments were carr ied 
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out i n  N2 atmosphere introduced a f t e r  the 6T had f i r s t  been incubated with the 

algae i n  a i r ,  but a s  there was no difference between the r a t e  i n  82 and a i r ,  

current experiments are  being c m i e d  out i n  a i r ,  The s a t e  of shaking i n  

_light. :gas about 150 spm and readings were taken a t  2 minub intervals .  

In  calculating the r a t e  values, R , used herein the microl i ters  oxygen 

(&.Lo 02$ evolved was divided by tb i l l m i n a t i o n  time i n  minutes f o r  each two- 

ninute reading, The mean of the three highest cPf these average r a t e s  though- 

out  each experiment f a  termed B, comsspc~nding moat nearly $he s o i n i t i a l  

sate* found frequently i n  the l i t e ra tu re  of the Bill reactf  on, Fsequen%r%y 

the O2 ivolved i n  the f irst two minutes was several a. smaller than in 

successive two-minute i n h m a l s  and hence i n  these cases B w a s  somewhat greater 

than the i n i t i a l  ra te .  I n  general, B values were found b be reproducible 

with a particular culture t o  0.5 pl./min, and differences m e  not t o  be con- 

sidered significant unless the difference , @, i s  greater than 1.5 pll/mfn. 

R vaJues varied considerably from harvest t o  harvest a d  interharvest r a t e  

comparisons are not s ignif icant .  

E x p e r h n t a l  

Grass character of e f f e c t  of thioct ic  acid on the H i l l  reaction, - 
Illuminated Scenedews incubated with quinone evolved oxygen a t  sa t e s  

approaching 20 f l .  0~/min./40 pl. c e l l s  (30 c e l l  volums/hour). The yield of 

oxygen corresponded to 91,3;% + 3 of the s t~ ichioxnekic  y ie ld ,  considerably - 
higher than reported by e a r l i e r  observers using ce l lu lar  material f o r  tb 

H i l l  reaction (4,8,9 4 0 ) ,  6 e l l s  incubated with O , l  - 1.0 m g .  6T prfor to 

incubation with qufnone evolved oxygen more rapidly (Fig. 1) but wi th  the 

same f i n a l  yield a8 controls without added 6T. In 91 experiments , f o r  example , 
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0 5 THlOCTlC 

CONTROL 

THlOCTlC EFFECT 

1067 

0 I I I I I f I I 

5 10 15 2 0  2 5 30 35 4 0  45 
ILLUMINATION TIME-MINUTES 

M U-5895 

Figure 1 

Stimulation of t he  H i l l  r e ac t ion  by 6- th ioc t ic  acid.  
1.5 mg. quinone, 0.25 mg. 6- th ioc t ic  acid,  30 nnr? 
Scenedesmus. 1 5 . 7 ~  C., 'aerobic.  
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Chemical spec i f ic i ty  of the 6T ef fec t .  - 
Conclusions as t o  the significance of the r a t e  stimulation depend upon 

the chemical spec i f ic i ty  of 6T. FJhen 0.5 mg. of the six-membered ring isomer of 

6T, i. e . 5,8-thioc t i c  acid,  was  added t o  the ce l l s  (cf , Table 11) , the stimu- 

l a t ion ,  measured by Aft, amounted to  a s  much a s  2/3 of the  e f f e c t  with 0.5 mg. 

6T, However, a s  the concentration of added 6T and 5T was decreased, the sti- 

mulation decreased more rapidly with 5T than 6T so t h a t  -'lyl was nearly f ive  

tinaes a s  great with 0.125 mg. 6T a s  with 0 .I25 mg. 5T, indicating tha t  a l -  

though 5T was stimulatory, i t  was only 115 a s  active per milligram a t  low 

concentration leve ls  (2 x M) . That 5T appeared mrre active propcrtionately 

per milligram a t  high concentration levels  (1 x 10-3 M) i s  at t r ibutable  to 

a 6T concentration saturation phenomenon (cf. below). The 6MT which possesses 

the 5-membered ring structure of 6T was 60-708 a s  effect ive as the l a t t e r  a t  

the O,25 mg. level.  6DT and 6 MO were inactive,  when incubated e i the r  i n  

dark or l i g h t  (Table 11). DPN and DPNH were inactive (cf. Table TII). 10-3 M 

iodoacetate did not a f f ec t  e i the r  the control or 6T stimulated ra te .  lom3 M 

H&12 inhibited the control ra te  somewhat l e s s  than the 6T stimulated r a t e .  

M hydroxylamine hydrochloride was completely inhibitory i n  both control 

and 6T ce l l s .  1-2 mg. hydroquinone did not a f fec t  the rate o r  yield of O2 

evolution (cf . Table IV) . 
Effec t  of 6T concentration on the ra te  of the H i l l  Reaction. - 

A s  mentioned above, the e f f ec t  of 6T upon the ra te  depend8 upon the con- 

centration of added 6T. A s  can be seen from Table V, R increased with increas- 

ing 6T up to about 0.1 mg./vessel (2 x low4 M) and then became insensit ive to  

t h e  6T concentration. The two experiments carried out one year apart  demonstrate 
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Table I 

E f e c t  of 6T upon the Quantum Xffelency of the H i l l  Reaction 

3 1 40 mm S m ,  BCC = 0.58, CD = 2.9,' 0.5 m g .  61' 

control 

4 6l? l igh t  6M dark 

(1) Relative chlorophyll content 

(2) Culture density 

w i t h  6T 
6M l ight  2 

614 Jight 614 dark 

(4.) 6 minutes illumination followed by 6 minutes dark 





ERL-2186 (rev) 

Sam sr\ y4 2 



Table TIT 

Effect of Iiydroquinone on the Rate of the H i l l  Reaction 

0 3 
Ekp. temp, 15.7 , 30 rnm Scene- 

Table V 

=feet of 6T Concentration on the Rate of@ t h e  E i U  Reactf on 
0 

40 mm3 -, exper. tempi 15.7 

I 

&per . !rig .6T 
date RCC CD mg .Q =1 

1-26-54 .61 3.3 n J o  50 

1-2-53 - 1.6 1.03 .86 

(1) Average of duplf cates 
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;he remarkable constancy of the ef fec t  of 6T. The natural concentratif on of 

3 6T i n  these ce l l s  is approximately 1-2 x mg. 6T per 40 mm Scenedesmus 

(ll] so  that  a ten-thousand fo ld  excess of exogenous 6T is required under the 

incubati on conditi ons used t o  reach maximum stirnulati on. 

Incubation conditions. - 
The increase i n  R by 6T i s quite sensi t ive  t o  certain conditi ons of %he 

incubation with Scenedesmu~ . Ih a typical experiment date %.BI-53, 

1 , S l  mg . quinone , 0.25 mg . 6T when added) the control r a t e  was 5.0 6L1  ./mine ; 

with 6T incubated with Scenedesmus i n a i  r f o r  50 minutes f o9lowsd by 60 minutes 

i n  B2 before iulrmitlation i n  N2 the ra te  was 6.8 1.cl ./mtn .; w i t h  10 minutes a i r  

incubation foUowed by 60 minutes M as above the ra te  was again 6.8.; when 
2 

incubated 60 minutes i n  N before illuminati on %he r a t e  was 5.1; when the 6T 
2 

was we-mixed with quinone and added together the ra te  was 5 -0; when the 6T 

was added t o  the ce l l s  in N five minutes a f t e r  the quinme addition and 10 
2 

minutes before i l lminat ion ,  the r a t e  was 4 .,5 P 1  ./&no Apparently the c e l l s  

use Wgen t o  prepare 6T f o r  i ts  stirnulatony furacti on, This same ef fec t  f s  

evident in Table V I  i n  which it is shown tha t  the control r a t e  was ident ical  

i n  a i r  or commercial nitrogen atmosphere but t h a t  oxygen was requLred during 

the incubation period. 

Table V I I  compares the ef fec t  of 6T upon the ra te  w i t h  identical samples 

of Scenedesmug one of which was kept a t  room temperature f o r  6 hows i n  diffuse 

l ight  and the other which was stored a t  3' i n  dark f o r  the same period. 

Scenedesmus loses much of its a b i l i t y  t o  carry out the H f U  reaction under the 

former conditions as well a s  t h e i r  a b i l i t y  t o  use 6T a s  a r a t e  s thu lan%.  

A s  seen i n  Table I1 l igh t  or dark incubation made I f t % l e  change i n  the 

effect  of 6T, 



Wfec% of Ihcubation Condi%fons on the Rate of the Hill Reaction 

3 0 
40 rnm Scenedesmus, exper. temp. 15.7 , 1.04 mg . Whone, 

1/22 how hcuba t i  on time 

Table B I I  

Effect of Storage Condi t ions on the Rate of the Hill Reaction 

3 0 4.0 mm S cenedesmus , 1.54 mg . quinone , exper. temp, 15.7 
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S f e c t  of d. - 
To t e s t  the effect af pH 100 1 _M gOR or 100 h 1 8 HC1 were added t o  

the cel ls  prior to  6T incubation, and a f te r  the illumination the pH of the 

suspensions were determined. The ra te  stimulation was essentially insensitive 

t o  pH (do Table VIII) . In other experiments the pH of the i n i t i a l  buffer, 

c e l l  suspensi on before and a f t e r  illurnha ti on w i t h  qufnone and with or without 

6T was found t o  be within 0.02. That 6T controls %he ra te  by changing the 

pH i s imprubable . 
Wfect of suinone concentration u ~ o n  the rate of the H P U  reacti  an, - 

The particular conditions of l ight  intensity, reaction temperature, and 

algal  density chosen for  early e q e r b e n t s  resulted i n  control rates which 

could be incmaaed by increasing qufnone concentratf on, cf . Table IX. While 

%he rate was f2equentI.y nearly f i r s t  order i n  qufnone concentration between 

I. and 2 mg,, the rates became zero order i n  quinone generally between 2 and 

%. mg. Beyond .l+ mg. quinone per vessel the control rates decreased with In- 

creasing qufnone, an effect  observed previously i n  the Hill reaction (9,10, 

2.2). The 6T appeared as stimulatory in the quinone-dependent region, had no 

effect a t  qulnone-saturation, and was inhibitory a t  quinone-inhibition. The 

vasiati  on in ra tes  between experbents (Table IX) indicates the presence af 

variables, presumably involving a lgal  culture conditions which are not yet 

under complete control, 

Tempera%ure apparently affects  the 6T effect by changing the sensi t ivi ty 

of the cantrol sate t o  qufnune concentration . A t  higher temperatures the con- 

%red rate was more highly quinone-United, as measured by AR, and 6T was mom 

highly s tfnulat ory. 

Table X shows similar data with ChloreUa . A s  has been observed previously 

(9?10) the control rates with t h i  s organism were quinone-independent o r  qufnone- 



(1 > Average of dupU eates . 
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Table X 

E f e c t  of &uinone Concentration and 6T 

upon the Rate of the H i l l  Reaction i n  Chlorella 
0 

Exper. temp. 15.7 

mm ,- Q 
date RCC EE Chlor. = 1 

Controls with added 6T 



inhibited and hence the 6T e f fec t  was a l s o  e i ther  n i l  or inhibitory.  This 

&lorella was cultured under as  nearly the  same conditions of nutr ient ,  CO 
2 

pressure, l i g h t  in tens i ty  and temperature as  a s  possible. We 

s se  investigating the poss ib i l i ty  of extending the range of measurements t o  

conditions under which Chl orella w i l l  y ie ld  quinone-dependent c on"c01 ra t e s  . 
Quinone limited H i l l  reaction r a t e s  have not been reported although t o  

the authors1 knowledge Scenedesmw has not been used previously in  the H i l l  

reaction with qainone . A possible interpretat ion of such quinone Limitation 

1s tha t  the diffusion of quinone i n t o  the  c e l l  is r a t e  l imiting and this 

process is accelerated by 6T .  Such an interpretat ion,  if the quhone within 

the ce l l s  is  never a large f rac t ion  of the  t o t a l  quinone i n  the system, would 

require tha t  the preliminary incubation of the l iving, respir ing c e l l s  speci- 

f i c a l l y  with 6T, i n  same way enhances the  subsequent diffusion r a t e  of the 

quinone (hydroquinone ) i n t o  (and out of) the dead c e l l s  . Alternatively, i f  

t h e  quinone within the c e l l s  becomes a large f rac t ion  of' the t o t a l  quinone in 

the system prior  t o  illumination, increasing the t h e  allowed for this process 

i n  the dark should increase the effect ive quinone concentration i n  the ce l l s  

and hence the r a t e .  Table X I  demonstrates the lack of e f fec t  of dark con- 

t ac t  time between ce l l s  and quinone and makes t h i s  interpretat ion improbable. 

Pseilluaination of Quinone, - 
, Table X I 1  demonstrates the inhibi tory ef fec t  af illuminating quinone 

(9,101 i n  the s ide arm of the vessel before rnkcLn with the The 

inhibition select ively reduced the r a t e  with added 6'6. The R values do not 

re f lec t  t h i s  f a c t  adequately since R decreased mu& mare rapidly as the reaction 

proceeded in illuminated Scenedesmtq, using preilhminaled q u h m e ,  wlth 6'6 than 

wi+hout. In one hour f o r  example the former evolved 60 PI. O2 while the l a t t e r ,  
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E f e c t  of Contact Time with Quinone upon the 

Rate of the Hill Reaction 

3 0 40 mm Scenedesmus, exper. temp. 15.7 

&per. 
date RCC CD mg. Q mg.6T 

Table XI1 

Effect of Preillzanination of Quinone on the 

Rate of the H i l l  Reaction 

3 0 40 mm Scenedesmus , exper. f emp . 15.7 , 1.55 mg . quinone 



PI1 P l  . This inhibition may be  close^ related t o  the inhibi tory effect  of 

high quhone concentration and the fu r the r  b h i b i t i o n  by 6T  under such condi- 

t ions.  It w i l l  be d i f f i c u l t  t o  in terpre t  the nature of the 6T e f fec t  especially 

a s  t o  the camparison between maxiam ra tes  with and wi thou t  6T u n t i l  more is 

learned about the &ernistry of the quhone inhibi t f  on ., 

It is important t o  note tha t  the rnaxfnum concentration of the photo- 

produced inhibitor (Table XII) can be s e t  a t  M based upon estimates of 

io%act quinone remaining a f t e r  the preflkmination. 

Ef%ect of l ight  intensi ty uDon the r a t e .  - 
An extremely important condition f o r  6T r a t e  s t h u b t i o n  is a very high 

l ight  intensi ty.  A s  f a r  as  we have been able t o  discern, no in tens i ty  is too 

high. Table XI11 shows t h i s  effect  by comparing the s )hula t fon ,  AR, with 

and without a non-selective E g h t  f i l t e r  (calibrated boloanetri cally) covering 

the bottom of the Warburg flask. - On the average, under the parti e d a r  experf- 

mental conditions, reducing the incident l i g h t  k t e n s i t y  t o  42% reduced AR 

5 by a factor  of &fold.. In several instances a stimulation a t  l , 6  x 10 ergs/ 
2 5 2 

an became an M i b i t o r y  effect  a t  0.7 x 10 ergs/cm , dernonstmtfng the co- 

existence of a s t imdatory and an inhibitory ef fec t  which depend i n  different  

ways upon l ight  intensity,  quinone concentrati on, e t c  . In other words it would 

seem that  6T def in i te ly  ra ises  the v'ceiliragn of the l i g h t  intensity-rate curve 

but tha t  i t s  effect on the lower, l i nea r  past of the cumre is  obscured by an 

opposing inhibitory ef f ec% . 
- 

4 Because of mutual shading i n  the rather  dense sugpensi ons used (20 mm 

celEs/mbL .) and the sensitive r e l a t i  on between l igh t  in tens i ty  znd 6T effect  

it might be expected tha t  the s t W a t f o n  would decrease with increasing a lga l  
e 

denafty. Table XIIT fndf cates tha t  t h i s  is not the ease. Presumably it is t h e  



Table X I X I  

Effect of U&t Intensity '  on the Wate of the H i l l  Reaction 

3 40 mm Scenedesmus 

5 2 1.6 x 10 ergs/cm 
control with6T 

Table XIV 

- 
0.67 x lo5 ergs/cmZ 
control with 6T  

9 .o 7 -0 

Effect of Algal  ensi it^ on the Rate of the H i l l  Reaction 

0 
&per. temp. 15.7 



quinone mohr i  t y  and thf a r a t i o  decreases more rapidly than I f  ght/alga re- 

sul t ing i n  the obsemed increase i n  dB as  density is increased, 

- 
A s  seen above, (1) a t  lower l i g h t  in tens i t ies  the rate s thuPat ion  by 

672 was smaller and the control ra tes  l e s s  quinone-limited; (2)' a% higher 

quinone concentrati ons eontro1 ra tes  were more If  g h b w t e d  and the 6T 

s t h d t i  on was again smafler and occasf omlPy negative, demonstrating the 

inhibitory component of 6T effect ,  d o  Table XV, 

Cmmrison wi%h Photosmthesia. - 
Several papers ham repor%ed s % h u h % i o n s  of %he B i l l  reaction in 

&SoropBast preparations by inorganic ions, such a s  &lori.de, a s  w e l l  as  or- 

ganf e materials (10, l a  ,u) , However, in such cases the control ra tes  have 

been very low c a p r e d  with pho%osp%hesfs, coinciding with very low $ 

stofchimetr ic  yields.  The maxhum r a t e  of the M U  reaction in saturating 

If ght , P mg . quinone, and neutral phosphate buffer is reported t o  be nearly 

the precise value f o r  photosynthesis i n  FEarburg No. 9 buffer for ChIoreUa 

(gIe This appeared t o  be the case w i t h  under these conditi ons 

(Table XU), and the 6T s t b m b t e d  ra%e was thus the pho%osyn%he%f c r a t e  , 

"6he com~spondenee between the e o n t s d  pho%osyn%hesi s and HfPB ra tes  was eofn- 

cfdentab since %he H i l l  r a t e  with was quinone-Lhi&ed a t  I mg 

quinone. The 2@ s t h u l a t i o n  of photosynthesis requires fur ther  investigation 

t o  determine whether i t is an a r t i f a c t  and/or reproducible effect  , 



Table X?7 

Combined H f e c t s  of Light and Quinone Concentratf on 

3 40 mm Scenedesmus , exper. temp. 15.7' C 

Control 
6T (0.1 mg.) 

Control 
6T (0.5 mg.) 

Control 
6T (0.5 mg.) 

&per. 
date  

Ught in tens i ty  
suinone concn . 

Table XVI 

Comparison of the Effect of 6T on the Bates of 

Phot osyntheais and the H i l l .  Reactf on 

3 40 ram S m ,  exper. temp. 15 *yo 

I Photosynthesis i n  1 B i l l  reaction in 1 

(I) Averages of duplicates. 

Ever 
date  RCC CD mg.Q rng.6T 

~ r b u r g  buffer 9 
Control With 6 T  

M/15 PB 
Control With 6T 



D i  s c u s i o n  

In dfscmsing the nature of the e f f e c t  of 6"rpon the H i l l  r eec t i  on 

s e ~ e r a l  aspects of the reaction itself' a r e  pertinent.  The necessary charac- 

%erfs t ies  of the mechanism a r e  e lear .  Ught  i s  absorbed by chlorophyl.l, giving 

r i s e  t o  the separation of water i n t o  seduced and midized fragments, the f omer 

leading t o  quinone reduction and the lafleer t o  oxygen evolu%ion, Since no 

oxygen is evolved in the absence of quinone these oxidized and reduced fragments 

m u s t  be capbLe of uniting t o  re f  o m  water. Since the yield of oxygen comes- 

ponds very n e a r u  t o  the t ransfer  of two H-atms fram water t o  quinone, there 

can be no appreciable s ide  reactions of these d d i x e d  and reduced fragments 

other than t h e i r  reunion. The e f fec t  which we have observed is that s p t h e t i c  

6"rfncubated with increases the yield of oxygen per unit of absorbed 

Pi&%, and hence the ra te ,  but does not increase the ultimate yield of aygen  

@~~"%g-ure 1 3 .  baa what has been said above 6T can therefore ae$ e i the r  t o  in- 

crease the efficiency with which l i g h t  is used t o  separate water i n t o  a f d i a e d  

or reduced fragments or t o  reduce the r a t e  a t  which they l a t e r  reunite.  =%her 

mechanism would give r i s e  t o  the observed increase i n  quantum efficiency wi%h 

no change i n  ultimate yieM. 

Under the conditions i n  whfeh 6 T i s  s t ~ u h t o r y ,  increasing the qnfnone 

concentration a l s o  increases the  quantum efficiency wi%hout bcreasfng  the 

ultimate yield per a i l l i g ~ a m  quinone (Table a). Presumably qufnone a c t s  to 

prevent the reunion of redox fragnents ra ther  than t o  increase %he r a t e  of 

water photolysis, although there is s m e  i n d h e c t  evidence %ha% quinone may be 

intimately associated with the chlorophyll (%5,16), The medhanim may involve 

a cmp-bi'&ion between quinone and an midized water fragment f o r  a reduced 

water fragment, the quinone being favored by increasing i ts  concentration. A t  

suff icfent ly high quisone concentrations the qtkntum efficiency reaches a maxi- 
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nun value (Table M) resulting either from the complete prevention of redox 

reunion, a d i f fwi  on or otherwise limited quiraone redueti on, or a limiting in- 

hibitory effect of quinone. Since the quantum efficiency decreases with increas- 

k g  qufnone concentration beyond the optimum v a h ,  such an inhibitory effect 

does supercede eventually 

If 6T increases the ra te  of redm separa-bfsn %he observation that  a t  

quinone sa-bmation there is no observable 6T sthUaatfon (Table 711) must be ex- 

plained by a dft"fu9f on or otherwise M t e d  quinone reductf on, or a Ir"amf%ing in- 

hibitory quinone effect.  If either of %hem explanations were mPid %hen an 

increase in the rate of redm separation baeough%.abou% by increased l ight  a% 

qubone saturation rather than increased 6Tshouad not increase the ra te  of my- 

gen produeti on, i ,e., the yield of Wgen per -it time of fPlWnatf  on, In ex- 

periments carried out under conditions i n  which it is known %hat increasing the 

redm s e p r a t i  on by increased l ight  does indeed give higher rates (Table X V ) ,  the 

maximum quantum efficiency is not greater ~5th added 6T than without. Taken a t  

face value these experiments would eliminate the possibiPi-tiy %hat 6T does nothing 

but increase the efficiency with which quanta are used t o  separate the redm 

fragments of water. However, there is  evidence -that i n  these e x p r h e n t s  6"rn- 

creases the inhibitory effect  of qubone and this side effect may well mask %he 

true relationships of quitnone-satura%ed rates , 

If, on the other hand, 6T acts  t o  prevent the remion of redm f mgments f % 

may ac t  similarly t o  quinane, i .e . in cmpe%ftion w i % h  an d a z e d  wabr fragment 

fo r  8 reduced water fragment. LP U s  were the case %hen we would expect a higher 

yieM af" cqygen with 6T than without, comespondfng t o  the transfer of 2 H-atoms 

from water t o  6T, and th is  is not observed. Hence we m u s t  further assume %hat the 

reduced 6T in  turn seduces qufnone and thus acts  merely aa a hydrogen transfer 

system. Since 0.1 nag, 6T 9s about as effective i n  increasing %he quantum efff- 

cfency as 1.0 mg, quinone (Table IX) we must assme %ha% 6"rs seduced and sub- 

sequently reduces quinone, %he whole process occurring a t  apprmimately 20 times 



the ra te  (on a molar bas is )  as  guinone is 
/reduced d i rec t ly .  Alternatively, 6T may a c t  in this manner a t  a d i f fe rent  

point of redax reunion f rorn quinone, i .e . , a s  an intermediate hydrogen ca r r i e r  

no% di rec t ly  involved i n  quinone reduction. This would seem more seas onable 

in view of the rapidLty with which the presumably non-enzymatic "bppassW 

reduction of guinone would be required t o  proceed. 

The stimulation of quantum efficiency by 6T increases with bc reas ing  

l igh t  in tens i ty  (Table XIII) . This observation is consistent with the ac t f  on 

of 6T e i the r  in redcor separation or hydrogen ca r r i e r  functions With in- 

creasing l i g h t  in tens i ty  both the quantum conversion and hydrogen transport  

systems approach the i r  l imiting capacity, reeul t ing i n  increased quantum 

decay and reuhion of redcor fragments, and providing 6T with greater opportunity 

t o  Increase the efficiency. k t h e m o r e ,  the net 6T effect  is  the r e su l t  of a 

s t h u l a t o r y  action and a smaller inhibitory act ion which is presumably not 

l igh t  sensit ive,  s o  tha t  increases i n  the stimuLatory ef fec t  by increased 

l ight  absorption are  made t o  appear proportionately greater i n  the net s t h u -  

latory e f f e c t .  

The r i s e  of quantum efficiency produced by 6T increases with increasing 

temperature  able a). A t  low ternperatmes the major part  of the r edm frag- 

ments formed reunite ra-ther than f o m  corygen and hydroquhone . h g a r d l e s s  of 

whether 6T ac t s  by increasing the r a t e  of r edm separation or a s  a hydrogen 

carr ier  we mmt assume t h a t  a t  low temperatures the redox fragments a t  another 

point i n  the 6T stimulated reaction sequence reuni te  a t  a more rapid r a t e  than 

i n  the control, t o  offset  i n  p r r t  the increased efficiency of the 6T react ion.  

The k ine t ic  data discussed above do not unt3quivocaPPy discriminate 

between the action of 6T i n  redox separation as  contrasted with pearention of 

redax reunion and the question a r i se s  as  t o  whether these is any chemical basis 



upon which such a decision can be made. The 6T f s a cyclic cU.safde vhich 

exhibits specific redcog properties as  demonstrated by i t s  role as the coenzyne 

in pgffuvic acid midation (17,1-8) . The strain-energy i n  i t s  5-membered ring (1, 

19) presumably makes it a better  midant than the &membered ring disulfide, 

5T, which may explain the greater H i l l  act ivi ty of the 6T. Its mode of action 

i n  the H i l l  reaction may thus involve cyclic aidation-reductf on af the disulfide- 

dfthiol ,  as i n  psrumte midation, i n  acting as  a hydrogen carries although there 

are  several other redarc possibi l i t ies  within th i s  system. An alternative pos- 

s i b i l i t y ,  suggested by Calvin and Barltrop (I) i s  'that the s t ra in  energy of 

6T would lower the energy required t o  open the sulfur-sulfur bond so that  energy 

f r a  an excited s ta te  of chlorophyll could a c c a w s h  the %fsaiono It appears 

now %hat the 6T would need t o  be closely associated w i t h  %he chlorophy1l and 

tha t  the energy be trans2 ormed by a process of i n t e r n 1  cozl[gersion from electronic 

t o  vibrational excitation i n  the coanplex. The ZW3d%fhg activated 6T may then 

reaef directly with water a s  proposed by Barltrop, Calvin and Hayes (191 t o  form 

a th iol  sulfenic acid. This single step would accomplish the redcar: s e p r a t f  on 

required of photosynthesis and the H i =  reaction since the %hi01 i s  a good 

reductant and the sulfenic acid appears t o  be a reasanably strong a i d a n t  (19) . 
The fact  that  the dithiol,  6DT, and monoxide, 61B9 are inactive under present 

conditions in the H i l l  reaction  a able 11) suggests that  some other intermediates 

a re  involved, or that these are not susceptible t o  incorporati on under the con- 

ditions used. Since the relative effectiveness of 6T and 5T is  dtfferent i n  

p m t e  exidation from what it has been found t o  be in the H i l l  reaction, one 

wouPd suppose that  the rate-limiting step is different kn %he two cases. 

Thus, according t o  this quantum conversion model, the natural 6T con- 

eentration associated with the JlloropPast would not be su%ffefent t o  convert 

akl of the absorbed quanta a t  high Eight intensi t ies and added 6T ass is ts  in  



th i s  naturally dccwring process. Qw present howledge of the elaemistry of 

6T thus f s consistent with quantum convessf on and/or hydrogen trans post fmc-  

ti sns , 

One hprtaaat problem is whether %he 6T a c t s  t o  increase the quantum 

efffeiency by competing with a natural ly  occursing process or by accelerat ing 

a process which fa  o-kherwise carried out more slowly with a smaller mount of 

naSwally occmrhg  6T. S t d i e a  on the inhibi t ion of the  H i 3 2  reaction have 

generally observed a marked h e k  af aemi t fv f ty  af the s e a ~ t i o n  t o  s d f h y d r y l  

 reagent^ such a s  mercury compounds, iodmcetate,  araenf t e ,  e t c  ,  able 111; 

r e f .  20) , Taken a t  face m l u e  t h i s  would indicate t h a t  6T is  not na tura l ly  

involved i n  t h i s  reaction and tha t  it m u s t  a c t  in competi"con with a na tura l  

process. However, it is d i f f i c u l t  t o  determine whether these poisons a r e  

able t o  penetrate t o  the locus of 6T action, possibly being physically ex- 

cluded or t i ed  up chemically by other, more eas i ly  accessible th io l s .  That 

t h i s  i s  a very s e a l  poss ib i l i ty  is borne out by the f a c t  t ha t  when these poisons 

do not inhib i t  the control reaction they a l s o  do not inh ib i t  even the  6T stimu- 

h.tfom which ought tobe reduced if the poisons a r e  sulf'hydapyl act ive.  It f a  

only when the control reaction i t s e l f  is inhibited t h a t  the 6T stimulation is 

reduced. 

It would seem improbable tha t  if 6T were not a natural  btesmedia%e i n  

the K i l l  reaction, metabolic a c i t i v i t y  would be required t o  prepare the 6 T  

. , f o r  i ts  s t h u l a t o r y  function (Table PI and ~ e x t ) .  Wa believe t h i s  oxygen re- 

quirment dmfng incubation i s  closely related t o  the bbding  of the 6T t o  

the &Sorophyll molecule or complex t o  prepare it t o  internal ly  convert e lectronic  

excitation of the chlorophyll t o  a vibrat ional  exoftation and f i s s ion  of the 

auPTur-suLPus bond of 6T. 

Inhibitf on of the H i l l  r e a c t i  on my be brought about e i ther  by a high 



quiiione cmcentrat;ion (Table IX) , phot olyzed @none a t  lower concentrations 

 l able XII) , or a moderate quinone concPntration and added 6T eo able IX) . 
The chemical and kinetic behavior of th i s  effect may prove extremely impor- 

tant  in elucidating the H i l l  mechanism. It m y  be that  an interaction be- 

tween qulrtone itself or more probably a derivative such as  hydruxyquinones 

(211, and 6T ei ther natural or added, results in  the inhibition, supporting 

the idea that 6T is a natural H i l l  intermediate. It is a lso  of great interest  

t o  discover whether the quinone-saturation of rate is priaarily the result  

of the inhibitory effect,  as the saturation mtes  are important clues as t o  

the mode of 6T s thu la to ry  action. 

s-ry 

1. Conditions have been defined under which 6-thioctic acid, 6T, increases 

the quantum efficienty of the H i l l  reaction i n  Scenedesmus. This increase 

occurs when the control rate is quinone-limited, under conditions of high 

Ught  intensity, low quinone concentration, high temperature, and high algal  

density. men the control rate is  inhibited by high concentrations of quinone 

or photolyzed quinone, 6T results  in a further decrease i n  ra te .  

2 .  Fundamental characteristics of the H i l l  reaction suggest that  6T &%her 

increases the rate a t  which water is separated in to  reduced and d d i z e d  frag- 

ments (qnantum conversion agent) or decreases the rate a t  which these fragments 

l a t e r  recmbine (hydrogen carrier  or quinone &fusion). 

3 - The variation of the effect w i t h  6T concentration, incubation conditions, 

$3, quinone concentration, temperature, preillumination of quinone , dark con- 

t a c t  time with quinone, l ight  intensity, algal  densfty, sulfhydryl poisons, 

plant species, and other reagents does not permit an unequivocal discrimination 

between the two possible mechanisms. 



Footnotes 

(,*) The work described i n  th is  pp r  was sponsored by the U, 3 .  Atmic 

Ebergy Commission. This paper has been abstracted f r o m  the thesis of 

D. F. Bradley submitted t o  the Graduate DisrlSsion of the University of 

Califomfa i n  p r t i a l  % U i U e n t  & the requirements for  the degree 

of Doctor of Philosophy. 

(*a) The following abbrevLations w i l l  be used throughout this paper; 

6T, 6, %di%hf ooc%ano%o aeid; 6DT9 6 ,%df thioloctanoic aci  d; 6M0, 6,8- 

di'thlooctanoie acid mondde; 5T, 5,8-d%thiooctanoic acid; AT, 4,8- 

dithi3octaaaoic a aid ; 6m, 8--meehyl, 6,8-df t h i  ooc'tanoic a cf d ; DPN , 
diphoqhopbgsidine nueleotf de . 

(%*%) We are indebted =to D r .  T . H . Jukes of Lederle hboratosies for making 

samples of s y t h e t f c  6T7 6DT, 6M09 5T9 4T and 6 m  available t o  us f o r  

%his bveatf  @ti on. 
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