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T HE PATH OF PHOTONS IN PHOTOSYNTIIS, I 

ROIL OF THIOCTIC ACID IN THE HILL RE.P1CTION* 

D. F. Bradley 7 and M. Ca1n 

Radiation Laboratory and Department of Chemistry 

University of California 

Berkeley 4,  California 

It has recently been proposed' that the priinarydonversion of electro 

magnetic, energy to chemical bond energy in photosyñthess is mediated by 

6-thioctic acid (6hiooctanoic acid, 6 T),**** Becauae of thestrath in  

its five-rnembered ing, this moleule provides a chemical bond which might 

be brolcen by a Ca. 30 kcal/mole quantum transferred to it from the excited 

state of chlorophyll0 The resulting diradical then abstracts hydrogn from 

• a donor derived from water, forming a ithibl, DT, and a thoiety whose 

oxidizing power is ultimately the soürôe of molecular orgen. hedith1ol: 

may subsequently transfer its hydrogen to a suitable acceptor such as 

or: FAD, distributing the reducing power and regenerating the cyclIc diulIide, 

6 T. Energy of the quantum is conserved in this process provided thtthè 

reduction potential• of the hydrogen acceptor exceeds that àf the origiral 

donor. From establiahed:thermodynamic considerations, at least four of these 

6 T t! cycles tt must bccur for the net reduction tO carbohydrate Qf a molecule cf 

carbondioxide, and it is therefore probable that subsequent reationixi the 

sequence would involve reoxidation of the reducing hydrgen and storage of the 

energy in some chemical form such as high enerr phosphate 02,3,4 
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If 6 T is operating in the manner described, it should be possible to 

realize conditions under which synthetic 6 T added to the plant could be utilized 

to stimulate the quntuzn conversion, resulting ma net higher rate of photo 

synthesis. The demont±átion of such. a $tinrLllation in the Hill reaction in 

which the photochendcal apparatus is experimentally separated from the carbon 

dioxide reduction system would provide even more satisfactory confirmatory evi= 

dence for the proposed mechanism of quantum conversion0 

This paper reports a stimulation of the Hill reaction by 6T in cellular 

chioroplast. eparations of the unicellular alga ,Sceiedesrnus under conditions 

which are highly. .se.cific ,with..respect to 6 T, the organism involved, and the 

physical conditions of the ecperirnent. These conditions. are completely.consis-

tent with what would be expected, from..the theory described aboveor 	: 

Nterials and Methods 	.. 	 . 	
.: ..; 

.Scenedésmus obliquus, I ,  Chiorella ZEenoidosa, and, yechococcüs cedorum were 

grown in continuous e lture under, conditions which have been describedrpreviously, 6 ' 

and were harvested daily.. The algae were centrifuged. (1900 x g)and .ashed. with 

distilled water ,four.,tiines,. .and.resuspended in M/15 Kphosphate+ M/IOOKO1.'buffer 

(pH =,, 6,,7)89 to the desired. suspension .density,,.generally 20.n wet packed 

cells/mi. The p1,of the resulting suspension was identical with that of the 

original buffer. Scenedesm4o
, 
 which were. stored :at 60  C. in, the dark .:for: 4.8- hours 

suffer.e4 no loss in the rateT of qui.nonedependent, phoi.ochemical ogen. production. 

Qinone was purified by  sublimation (m.po 435)'andstored,at : :-i0 C.., in 

the dark0 Solutions of,2 mg/mi' in distilled. water 'were stored:in red .lass 

vessels in the dark and used within four hours: after preparaion. Solutions  of 

dl-6. T (crystj, d175 	 41. 4T(cryst.0), 6, DT (oil)., . andi, 6 NO (oil) 

were prepared in 1413 phosphate buffer (pH = 6.7) in concentrations of 0.25-1.0 

mg/0.05 m10 
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Standard double side arm Warburg- f-lasks were used0 All reactions were 

carried out at 15 0 70  C.. The light field. was .upplie 	-'even Generl Electric 

photospots and. was homogenized by passing the beams through:a. water.cooled layer 

of 2 1/2 mm0 glass beads. The resulting field (26,000 luic) varied by less 1 than 

4% throughout the entire thernostat.- 

14ght screens were made from brass screening which was wrapped around the 

vesselso The screens were calibrated, against- both a 'Gary Recording Spectro-

photometer and .a'..Generai Electric Photovoltaic ce].l for -  relative -transmission0 

There was no .elective.. transmission and the ;resUlta of -the two methods .agieed 

withn2%.  

Chlorophyll -.ontent was.determined by centrifuging aliquots - of the suspen_ 

sion and extracting the centrifugate with aqueous ethanol. The visible; 'abOrp-

.tion spectrum of the --extract was determined on a Cary Spectrophotome'ter; -and 

• the concentration of chloophyU (chl a) calculated from the transmission at the 

662 n. absorption insxima (Cmax assumed 9 x 104. liter - mole ;cnf) '. -mean devia- 

- tion - of duplicate runs beingl,]$)P  

-. 	The standard pattern for the experiments was as 'foflowsm. 2.0'lml of the 

algal suspension was transferred to leach manometer flask, which contained. 02 ml.. 

- 20% KOH and a pleated -filter strip in the, center we-il-. ' Tha vessels were- then 

allowed, to stand aerobically in the dark  for one hour, ..at which time 05 mb-

quinone solution was added to. a side :arm of each .ves -sei,.. 0.05 ml'. 6T solution 

to each experimental saihple of algae, and 0.05. ml. 14/3,p4osphate.':buffer to each 

control alga]. sample,.. The.vessels were then shaken for-ten minutes-aerobically 

;. : im1 the dark,, followed by 10 minutes of flushuxg with commercial N2 -.- Ten- minutes 

later, whenpressure equilibrium hd been established, the quinone ..soli..t'ions 

were tipped into the algae, and after fifteen minutes of...anaerobic: dark. reaction 

- 	the lights were turned on.8 
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- 	.. 	. .. 	Experimental,  

Ill iiinated Scenedésmus. cells consistentlyproduced 'hô.toohemicaJ2-'.àgn 

witi1',.q1,1inQne as,oxidant, corresponding to 83o4± 3 f the.,stoihioñiriÔT 

yield o8 U .:.  The:rate curveaereqaaIitativeiy similar.tó -those obtaiièd'.b; 

previous investigators with Q values (mm302jhr/zng ..chl:a) .of:á-pproxirnately 2000. 11  

The., ,  cefls.were completely unable to evolve orgen.with.carbondibxide..as oxi-

dant subsequent to completión.of;.theHuli rea6tion0 8  The pH of the suspot  

• sion8:.were.Chaflged neither ,'r completion:. Of thellill 'reaction nor addition of 

6 T.solution, ,M/3 phóshate buffer, or quinone:by.more than -002. '. 

When 0.25-0.50  mg. of 6 T was, incubated, with the algae prior to 'quinone 

addition the -effect(6 .T..'effct) on.th subséquentrate.Tar'id .fioft  

sti lation to. iearly.:.cOmplete .i'uh.ibitiori. .These.variationS'cottld"be' corré-

latd .with:- the dependence Of r:the controlrate on the -.-concxitration 'of qui-none. 

t low-  :values,... when therat'e. increased with incréing-quinone tconcentrati6n,, 

t'he 6::T,eff.edt;w4 :onsistentlstimulatory (44 experiments). At "high oncen-

trations, when the rate was self-inhibitEd' b quinone a-nd/or its. piiGtoducts, 

the ,6 T 'effect was 'a' , increase in.the i-rthibi-ti'on::(17 '.expe:).8' ' At interme-

di'ate concentrations no.èff'ect (rate within 5% of control).'.was i'obeer-ved '-The 

numerical 'concentrations at which' each of these' effects appeed in tth-h- dpended 

upon .the light intensity, süsp'nsion density', •chlorophylI content, 'incuba-tic'n 

c'ondjtiOns' nd.::cuI.tureeonditions-as"deScribed below. 

There ':tas'no signifiëa-nt. a.ltera-tion 'in' the yield --;of .orgen in '-the -preence 

:JOf '6 T-, ,Tabie':,I whIh.summth'izes:thC data 'Oii :Scenedèsmus:in allexpeiments 

.-here'q-iiinoiè -ss 'tsel inhibitoty i-iidicates that theabunt of ogen atbri- 

bttabl to '6-T- iS' lës-C ththi 5%' ' -whátwouId be ee'Otéd -i-i' -it' 'were áctiilg as 

.:HjjJodant (54,,rnm3/Ing,6T)o ' S'uh a :ult:;j. -  -coñistëht with separate'" 
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experiments in which 1 mg. 6 T was ináubated jthaIáe'Cin'the absence of 

• 

	

	•. ' quiione to ix'ctivate . them photosynthe'ticaily)' and alö 'with qüinoi in the 

absence Of algae. The subsequent 'rie1d f :pht hémial orgen were2id 

3 nun302/mg 6Trepectiveiy.  

• 	•. 	' 	• 	. 	 Chemical Specificitr  

If the observed rate ëfféOts are 'the result of cha'nge i'the äónóén- 

• " tratiQn of the 6 T qua'ntum converter "withinhe céU and not 	]áe'iieal 
artifact, addition of the 4 T 'and 5. T which do ±iotoisès'the ring-strain 

'eiieigy required for quántuni conversion should hávé no ffet?' 6 :4Od 6 ur 

which:. miht be eaaily áoñvérted to 6 T bibsynthetioá1, 13  howér, miht" 

'behave in 'a manner similar t 6 T ." In a standard darkincubat±bon experiment, 

udër cOnditions in which 6 T 'gave 5' 'stixlatiozW'neithr' 51',: 41 T:,6 

"nor 6 DT in the sam..molar c..ohcentration(0o0005'lVI) prodced'any  effect 

(Figure lA.) 	 . 	 . .. 

To test whether more active metabolism wOuld 'facilitate 'conversion of 6 DT 

'and 6 DU to photoactive 6 T, incubationas carrid' out aerobically in '1ight 

(26,000 lux) forl/2 hot 	The subsequent rates. were essentially identical 

with the dark incubated rates, with the . exception of a smal stii1ator effect 

'y 6 DT after light" incubation. '(Figure iB.) . .............."  

AlthoUgh there was no appre'diable 'alteration,:"of the r4te.-:by 6 DT. the 

aerage tièld 	13±3"nrn3O2/0.25 mg06DT less than 'in 'the' controls (. exp). 

The decrease calculated for : :.oiietpone,reaction of 6 DT and quinone, such as 

a dk redO'tion of the 1ttér is 134 30/025 g.....6' DT. A nohreversib1e 

reaction with quinone which inctivates the 'dithiol-disW.fi'de sytem my explain 

'the lack 'of Hillactivity'bf 6 11g. 	' 	•" 	' • 
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Thioctic Acid Concentration and Ntabo]4 Requirni eent-:, 

•The....to•taj. of free and combined formsof & T in, Sçenedsmus is q14e maU, 

approximately ,io gms/40 mm3. cells 	and presunably, he p 	ctivcform ...n 

the "photosynthetic it5,16 is only a small fractigy.o. .that amO.ut Although 

in principle it should require .qnlya few-fo]4 increase in the amount of the photo-

active form rto give rise to the observed, efe.pts. o, the 1iU ( reacction, the 

.stimulatipn .fl a typical experiment drops ..pff rapidly when the...amount of,aded 

6T..islesshan..1O 4 gm/4Qxrnn3  ceUs (F2.),, :. 

.There i evidence ;jth5.t .in .ts other metabolic functions,. 	.s .presnt in 

specific ..buxd . fozms, such as ii.pothiami pyrphophate.0 7  This :may be the 

. r .case.when it 	ction.sn the quantum ..converpip proce.ss,.and the i4osythesis 

of Such a form froxi e.xter 	upplie4 6 . might be plow and require bo 

oxidative metabolism .and the y 	 concentratiqn qf:  exogenous 6 

actually observed. 

To, test he ,pos'e•i.bie dependence .. of .th  6 T, efec uppn.pxidative metabo 

11cm equal .aliquot.s of. 	solution were. add o 'algae at the bagi.nning.of 

rtl , dark adapttiqn 1 peripd, j ;ust btqre he dark aerçbic, sha1cing) . jusi. fter 

'the.[ N2  flueh, mixed with quinon, and ten minute•.-aftr.quinon addioi.,. The 

preparatory reactions are essextialJy' :  complete withIn 10 minutes"in ar, \but 

are not accompiishe4:,'in..N2,or by qnoie.Jcilled algae )  suppqrting,he, concept 

that :the,rnoleCJ4e .usi.be ,msi 	4 abolicly p,eparea";for its photactive function0 

Quinone Concentration 	
•, 	 , . 

41t4ough the c9rtro1 rate .varie.d consierb,ly with the, particular harvest 

of .alga,: certain. char cteristics.. 	 . effect of the quinoneconcentratlon 

on the 6 T effect were common to most samples teste. /  (Figure 4)  At, suffi-. 

ciently low quinone concentrations the control rate varied directly though not 
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linearly with the .quinone concentration0 It, is in. this concéiitraton 'range 

that the 6 T •  effect. ..i :stimulatory, lower. .concentratioñs 'yieldinghigherper-

centage but less accurately measured stiziulations.;. As 4 thé conóexltrationof 

,quinone in the control is increased, am d 	.rteia:àbtained;.;.higher con- 

.centrations of quinoneresuit 'in ower rates .a When the 4inone concentration 

is increased in 6 T incubated:aigae, ..a.maximum rate' is;also obtained, but at 

a somewhat lower quinone :concentration and with; a more rapid decrease in rate 

at higher concentrations than in the control. An important characteristic of 

the 6 T effect 'is, tht'the maximum rate with 6 T :is nearly identical to the 

maximum without it. 

The existeflce of;. quinoesaturated rates indicate.s that thr'e are'. one or 

more. quinone independent, rate-determining steps in the. 'ill- reaction, sequence. 

If 6, . were 'to,:ct on one or more. of: these other slow, steps, 'then it should 

yield, assumingmicrosco.pic reversibility of the reactions, a maximum stin.-

lated. rate considerably, higher than that obtainable by saturatirg.thè. quinone-

dependent rate-determining reaction alone., If on. the other,hand .6 'T.ac.ts.,.üpon 

the quinone . dependent step, the maximum stiniulat'ed.:and maximum: control rate 

should be nearly identical, the'; former 'possibly slightly higher if:. .ât these con-

centrations the qui.nOne partially inhibits, some other reaction ;in:the' sequence. 

The available evidence therefore' supports the idea 'that 6 T. acts upon .the uinons 

dependent step.. 	.. . .. .. .. 	 . 	 , . 	 . 	 ... ..' 	 . . 	 . 

,}4eohani.sin of ,  Inhibition  

Although the inhibitory effects of high quinone' concentrations à'd pre-

illuminated quinone are established .observations, 8 .. 11 .. 12 there is at present 

little information as' to the'.' chemical species involved. If 6DT is the direct 

reductant of quinone in the JIill reaction,' a photolysis 'product of quinone 'of 
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somewhat similar structure might enter into a non-reversible Taction with the 

natural 6 .T.destroying the quantum conversion meahanismnaossiblr Thlibiting 

other reactions inthe Hill 	 : 

TO test ;the:efect of photolytic 	 6 T effect., 

.aliquots of. quinone solution and quinone plus6: T wereillwdnated in nitrogen 

for thirteen minutes before use in the standard experiment (Figure 5).. Iflumina-

.tion of the quinone produced the previously-describedinhibitiOn. 8 '11  While the 

concentration of. quinone was low enough to yield a two-fold 6 T stimulation in 

the control jpreillumination of the quinone changed the effect . to nearly complete 

inhibition. When quinone and thioctic acid were preifluminated together, however, 

the inhibition was less than with quinone preilluminated alone. Incubation with 

.6 T thus. 'does. sensitize the cells in some ay to irhibition by photolyzed ....quinone 

and..it.:is probable that the ohserved instances of an inhibitory 6T effect at 

gh. qui1Qne. concentrations. result from such an ..interraction. . ..'. .. . 

: It my. be... well to pint out that ithe observed inhibi'tibs were not caused 

.by' a. net  destruction of;.the quinone. When the latter was illuminated a broad 

u.ij. absorption .bnd slowly appeared whose optical density increased ápprod-

mately linearly with: time... The optical density after 13 miniteswas fOund: to 

be less. than 1% of the value after 90 minutes in thetandard light fiëld:.,f ol 

lowed .by.90niniite.s.inthe, light from.a bank of biacklights (i.va)..Themost 

obvious conclusion is that the fraction of quinone destroyed in the preiUumina-

tion period was also less tbnl. The photo.pxodücts woi,ild then be todc in a 

concentration of <4x'1O5  M........... 	.. .. 

..4ht InteAE114 	. . 	..• ., 	. 

.. The pffedt of light, intensity .qn the..6 T effect is..cloéeiy rel.tedtb its 

role in the photplysi..of. .quinone. and. as a partially rate-determining step in 
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the Hill reaction sequence) 8  The:foér..effect.re 	.ithibito 6 T 

effects at very high intensiti6so12f , .19  1 : 	 . .; ... 

The second effect is exactly.what. would'be.expected. from a-artially rate-

controlling step which is independent of 6 T0 . An increase in....he quantum cap. 

ture rate, induced by an increase in the light intensity will increase the 

dependence of the: net Hill rate on the quinonconcentratioii. .Sturation of 

the.capture process at higher light intensities..corresponds.:to  the Ereatest 

dependence of the Hill rate upon quinone . concentration and therefore.: coincides 

with the greatest, percentage: stimulations by .6 T. . In several. experiments a 

third. rate-determining step, as yet unidentified, proved SlOwer thà.n.either 

the .quinone-dependent orquantum capture steps and scè•ithèe instances 

light saturation.did not .correspond:toquinbne dépendencénostimulatory 6 T 

effect was observed. 	.. ,.. . . . . .. 	 ...... .. 

Althoughsatuationof the capture pocess was not.a suffióint condition 

.1' or stimulation, it was a necessary ,  one.  After conditioxs wei found which 

yielded a stimulatory 6 T effect, . the . incident 'light . intensity was reduced to 

33%, resulting in lower percentage stimulations or slight inhibition0 The 

existence of these inhibitions ,indicates that the net 6 :T effect is the resul-

tant of both a. stimulatory and an inhibitory :effect which, have :différent depen-

'dences on.the'quinône.concentrat'ion and light intensity (Figure 6). 

Suspension Density 

The .quantity of cells 'present in the manometer vessels, determines the 

quantitative dependence of the control rate on light intensity and quinone con- 

centrátion, and therefore the 6 T effect, in several, ways6 18  At low suspension 

densities the Hill rate becomes satuated with: respect to both quinone and light, 

and there is no 6 T stimulation. If the concentration-of quinone is sufficiently 
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high the photolysis products formed, result, in 6 T. inhibition0.:. .As the density 

is increased, an increasing fraction of the incident. light is captured, the 

average light .absorbed per alga decrea$ed,.thê depéndence.:of the net Hill rate 

on light increased, and the net effect i.to:decrease the pOSibiiitr of a 

stimulatorr 6 T, -effect*,  On the other handyhile at :a:  pticular : algae density 

the. relative quinone.;concentration d ete±mines quinone dependéhcé i thé q.uinone- 

algae .ratio determines'the actual concentration rane.:of thisdependénce. Hence 

the. dependence of the. control.:rate on quinon increase iththèUspension 

density, 'anth an increase in the. latter inceases :t1e possibility of a stimula- 

: ,. :.,tory:.6Teffecto.. 	.L. 	.... 	.;. 	. 	.... 	 .;. 	:.. ........ 

he obe ed.. 6 T effect is.the.sultant of thesetwoppoig.effects whose 

;..::.rnagnitudes are, sensitive.functionsof the physiological state ::of tii,e algae0 For-

tunately, under the present culture conditions, Scenedesnius becomes .quinone depen-

dntbêfore light dependent.as.thesuspension density.is increased, and a region 

Qfnet.stimulatoi7.6 T effect is. oberved .at.'intermediate dénsitie, with no 

,.5effet; a igher and lower. densities (Figures 7à and B) 

s 	..:SCuitureConditionsid Chlororfl Content .: 

The hyicai.:nditions under which the algae are cultured in part deter-

miñes the reltve cotriutions of the rate dterntning steps in the Hill 

reactiono: t As teecori'ditiäns are 'adjusted. to 'produce algae . with a relatively 

low chlorophyll content, it becbmes more difficult to saturate the quantum 

capture step, 	algae become light dpendent more ràidly than quinone depen- 

dent, and thenét effect is that atno aiae derisiiy is :a stimüIatbry 6 T effect 

observed. 'Such!tpaie,algaeIt (3075% Of the standard, ca. 6 x 10 3 mg. ciil a/mm3  

cells) were: developed by decreasing the .innoculum size (to. ca. .10%) following 

- each harest, and not allowing the culture cell, density to bmo large (standard 
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ca. 4 inm3jznj..). Under these conditions the"1gá devéloed at a her average 

light intensity because of a decrease in the light hièld1±g 'y other algae in 

the light path0 Such algae apearèd to adjust to their environment by develop-

'ing an efficient quntt' conversIon syste 't 'he éense' of 'the capture system 

and failed' to ex.hibit' either 'light satu±tion'or"6' T stithulatibii of the Hill 

reactiOn u'der the present 'ekpEir3*-m'e*ntal'coiiditiong. 20 ' 	 - 

When the algae were "culréd uñdèr 10w ihOidén6 ligit intefisi I±es ( 

'standard) the'appeàréd to adapt to a lOwer ±àte of photosyntheis ánd become 

saturatedwith respect to both quinone and' 1iht at the lôs óónvénient con-

centration of the fOrmer (0.8 mg/40 	cells), a±id'thü' ethi6itii6 stimulatory 

6Teffect. 

Other Biological System' 

If 'thequantuth OOnversiOn theory r'sséssesthe"generalitythich'it claims, 

'it should be osible'to'réaIize stiiltOr 6T effecth'Iñ 'bthê'lants. How 

èvOr, ChIoella pyrbnddOsá cultured under 'the same light and gas 'hüe condi- 

tion as S6enede'iuk reeatèdr failed' to• ethibit any but i i'bit'or or nil 6 T
1. 

'effects (Figure 8). 'These algae 'developed considerably 'less 'chlorophyll/nm 3  

Oeflg than Sceiledésnius under the Came cultureconditiona (èa. 4  x I0 ing chi 

'a/n cells), and behaved in a mánnér similar to '"pale" 'Sàénédesmus, being 

quinone indepenent' and, generallyi highly l±ght depexident. StImul.tory 

thioctic effects are nt to be expected under' 'these conditions, aiId"we have 

as yet been unable to find growth conditions which develop GhloeUa with a 

Cufficiently high 'chlorcphyll' content to' Obtain' qüinoñe depéndénce and light 

'turation' uther the present HJ.J.. conditions.  

See"al "expiments with SyriechoOoc'cus Oedbrum whIch were cultured under 

lower light 'inteisiies also résultéd in inhibitbry 6 T" effects. As 'in the 
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case of Il p"'ile"-Scenedesmus and ChlorelJ, the coitrol ra:tes 	quinone satu- 

rated and light dependent0 	.. 	
... .. . . ................ .. 	 .. 	

. 

Discussion 	. 	. 	. . 	. 	... 	.. . 	. - . 

There are many a priori possible niechanisms by.which,.6 .T.may affect the 

Hill reaction, Fortwmtely; it i .. possible tc. lmitQ  number. o them on 

the basis of the...ôat , avilab1e0. The experiments with illuminated quinone 

solutions give strong. support to the ideathat.. an interaction between one or 

more quinone photo.oducts and 6 T tO. produce an, extremely toxtç material, 

possibly the same moiety. which is active in ordinary "self-inhibition" by 

quinone, is primarily responsible for the observed instances of 6 T inhibi-

tion.  

It is also possible, to draw rather general conclusions as to the mechanism 

responsible for. the .o,berve,d instancea of .stimulation...he failure to observe 

cgen evolution when 6, T is .incuated  separately -with, either, algae or quinone 

rules out the possibility, of any simple two-component proces.s The .'f.ct that 

6 , T does not contribute to the oxygen yield . of quinone, .firther. indicates that 

it is not acting as aHifl qdant in the ordinry snse, an tha..'the stimu-

latory effect s not simply the result of an incre,ase nthe total concentra-

tion of äxidants.at the site of reduction. In addition, it, is. unlikely that 

the effect involves either, a pH change, or areversa].... of self-inhibition by 

quinone since under conditions in which the latter is considerably self-

inhibitory6T is more so. , 	.. - .. . ... 	. ... 

As has been discussed jeviously, the fact that the madinumthiotic 

stimulated rate is nearly identical,with, the, macimum control rate indicates 

that,6 T acts on the quinone dependent step in the Hill sequence. Presumably, 

the, only, reactions zhich are quinone dependent involve eithe,r transport of 
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the quinone to the reduction site or the actual reduction process itself0 It 

seems unlikely, for emple, that the systems for evolving .ogen or trans. 

porting hydrogen to the chloroplast would depend on the quinone concentration0 

It seems equally improbable that 6 T would stimulate. the transport of quinone 

to the reduction site, which appears to be very close to the chlorophy110 21 

If then, the 6 T effectis on the eductionprocss itself, either a change 

in the actual mechanism or an increase in the concentration of the reductant 

at the reduction site may be responsible for the observed stimulation. Such 

an increase in reductant concentration couldbe brought about ff6 Tacted as 

a hydrogen transport system from a priniary reductant associated with the 

chloroplast to the quinone reduction site0 Receiving hydrogen from reduced 

DPN, carrying it to the reduction site, and reducing the quinone directly 

might 'be the 6 T function,2  Such a function would depend iipon the unique 

character of the 6 T five-membered ring since 4 T and 5T are inactive. It 

is difficult, however, to reconcile this mechanism with the apparent resis-

tance of the 6 T to net reduction as a Hill oxidant, together with the xperi 

mental observation that when it acts in pyruvic acid oxidation it functions in 

the reverse manner, i0e. the 6DT reduces oxidized DPN O22  Finally, the apparent 

absence of soluble reduced DPN in illuminated washed chioroplasts which reduce 

quinone is evidenced by their failure to activate the malic enzyme system023 '24' 25  

The latter evidence inãicates that pyridine nucleotides are not required for 

reduction of quiñone in chloropiasts0 

The quantum converion theory provides a unique mechanism by which the 

quinone reductant concentration may be increased by 6 T. The prodess involves 

a sequence of reactions such as: 



-15— 	 UCR12186 

k 
Ciii + hV= Chf (light absorption apd quantum. 

transformation and migration. )' 

cif + ( 1 =1 
Clii 4 	(quantum conversion process) 

k2 
ciif = Chi (non-productive decay) 

$ S 	 S S 
Ii H 

X ..Y 0  6 0 0 0= 

oo + 	 + 

in which the hydrogen donor, IH ., is produced by a seres of reactions from 

water; the oxidized product, X, is ultimately the source of orgen evolved; 

and non-productive decay includes fluorescence, non-radiative thermal decay 

to the ground state, etc. 6 T provides the rather unique function of increas-

ing the reduction level of the transferred hydrogen by an amount corresponding 

to some fraction of the energy difference between the oddized form and the 

diradical, the remaining fraction being used to raise the oddation level of 

the ojgen-containing residuum, X. 	 . 
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The rate laws associated with this pocessinaybefdrmaläted as: 

dchJ.* 	
k(I)(chl) - k1(chf)(S-S) - k2 ( chl*) 

dt 

d $• 	
= k4(SH)(Q) 	k1(chi)() 

dt 

d &° 	k1(Chl*)(SS) - 

where (1) is the theident light intensity, (s) the concentrtionf 6 T, (SE) 

that of 6DT, (S°) that of the 	 . (Q) that Of q'none. F . ox ,  cOnvenience, 

H. ra 	(S)+(S°)+(SH) 	. 	... 	. 	.. 	.... H 

• ,.: The observed dependence of6 T stimulation effectuponlight intensity and 

quinone .. eoncetration -i oonsistent with the proped model. The general form  

of this dependence may be seen without resortIng to an exact solution of the 

differential rat.e equations in the réstrictód cae of the s tea• 	state. Under 

this restriction the concentration of all intermediatesemains constant through-

out the course of the reaction, and in addition dQ./dt = 2dO2/dt, • Since the con-

centration of quinOndeOreases continuously as thèèaction poceeds this steady 

state assumption cannot be completely valid. However, sincem is several orders 

of magnitude smaller than the qinone OoncCntration, the system will adjust it- 

self to changes in quinone concentration exreme1y rapidly, and conclusions 

• 

	

	deducted on the steady state model will apply for each manometer reading, although 

not a sequence of them. 
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The effect of added 6..T, i.e. an increase in in, depeids upon the value 

of K, defined as 

k2  +k1(S-S) 

and which corresponds to the fraction of quanta used productively0 Whenever K 

is significantly less than unity additional 6 T will stimulate the net readtion. 

At sufficiently low light intensities the net rate will become completely light 

dependent, and the steady state values of (S.) and (SH) will become small so 

that (S-s). ...m. (A quantitative analysis mbe foiiiid in the Appendix.) If 

k1m>> k2 then, K is nearly unity and there will be no 6 T effect. If k1m << k2, 

K will apoach zero, and be 6 T effect ;will be stimulatory. As the light inten-

sity is increased indefinitely, some other reaction such as quinone reduction 

• •. will become partially rate determining, (s.) and (SB) will become appreciable 

and K will decrease..., Increasing in by added 6 T will increase..(S-S) by a frac-

tion of in which depends on the actual values of the rate, contants involved, K 

will increase and. the thioctic effect will be stimulatory. 6 T increases (Ss) 

by speeding up the assumed .rate.deterxnining step,. .k 4(SH).(Q).4nd QO an increase in 

quinonewill. have the same effect. 

If.K at quinone saturation is unity then the.maximum .thioctie.stimu1ated 

• . ... 	rate.wil1. equal, the' maxinm quinone stimulated rate. If not, then 6 T will 

• • 	result in a.higher maimuni rate,. corresponding to the direct stimulation of two 

partially rate .deterining steps )  quantum conversion and quinone..reduction, The 

,observed correspondence of. the two rates indicat.s 1that.it is..only the latter 

reaction which is being stimulated, directly, and that therefore at, quinone satu-

,r.ation there.isneglig'ible non-productive.decay. , . 	. .. . 
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As there is no a priori reason that the quinone reduction be a slower 

reaction than diradical reduction, it would not be surprising to find that the 

physiological state of the particular plant sample which determines the relative 

rate constants of these reactions would also determine the dependence of the 6 T 

effect on quinone concentration. It is, of course, in principle possible to 

observe 6 T stimulation if quinone is not rate determining provided that the 

diradical reduction may be stimulated by an increase in (So) If the reduction 

of G{ is absolutely limited, however, then the 6 T effect cannot be stimulator. 

Therefore, quinone dependence is a sufficient but not necessary condition for 

stimulation, while light saturation is not a sufficIent condition and o nly a 

necessary one in the case of a naturally low quantum decey rate 

Conditions have been realized nder i which theHill reaction r -óeflular 

chioroplasts of Scenedesmus is stimulated by prior incubation with synthetic 

6-thioctic acid0 

The conditions for stimulation are sensitive functions of the oi.idant con-

centration, 6-thioctic acid concentration, light intensity, suspension 

density, chiorophyli content of th a1ae, culture conditions, and incuba 

tion condition, 

3.. The three most general experimental conditions for stimulation áre 

a) dependence of the Hill control rate on oddant cohcentration b) satura-

tion of the control rate with respect to light intensity, and ci incubatioi 

of algae with.-thioctic acid àezbicaUy priortood.dant addition. The 

second and third conditions are recessary, the firstis sufficient0 

Under conditions in which quinone is self-inhibitory, the 6-thioctic acid 

is also inhibitory. 	 -. 

The observed stimulatory effects are consistent with the proposal that 

6-thioctic acid is the primary quantum converter in photosynthesis0 
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Appendix 

In the steady state solution R. defined as, 

R net steady state rate of Hjfl reaction 

is also ecjutl to the rate of every individual reaction in the sequence. We may 

therefore express the conôentrationsof thexeactants.in terms of R. 

and R 	ktK.k'k1C33)_ ...
..•....:. 	 •• 	• 

k2 +.k(S..S) 	.................. •,. 

where . 	 kI.(chl)... 	 •. 	 . 	 .• 	
. ..... . 

Using the additional relation 	
• . 	 . 	 . 	 . . • 	 . 	 .. 	 . .. .. 

m = (sM + (s..) + (SH) 

(SH), (S.°) and (s_s) iiay,be. eliminated and B. expi.es.sed as a.functión of m: 

Ic' +. 	Ic' ± 	 2~ 	' 	 k' 

k4(I. 
. 	

•.• 	
k4('Qj 	k3 (XH)) 	k4() 	k(i) 

-- -• 

. -- -, 	 .,• 	 . 	 -' 

_ 	
2 

..•.• 

(). 	 •... . 

Thep1]yicaUy significant root maybe expanded. ina ppwer seis..tô yield 	for 

the lediig terms, • . 	 . 	 . 	 .. 	 . 	 . 

. 	 . 

Ink' 
(
k4((4) 	k3(53#'m2kt2  

R 	k 

Ic1  

Ic' 

k4(() 

k' 

k()2 

. 	 Ic 	• 	 kT 	 k' 	-3 	000 / 	

k1 	k4(QJ 	k3(XH)/ 
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The limiting cases of interes't are'. summarized below: 
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Footnotes  

The,, work described in thispaper was 'sponsored by the U. otomi; 

Energy Commission.  

(") . Genera]. Electric Fre-Doctoral Fellow inQhemistry,1952-3. 

(*) 	We are indeb.ted.'to.Mrs.L.Norrisforintrpducingustothe.Jarburg 

technique and in the manipuJ.ation of the algae, and to Vrs. Norris, 

Dr. .J. A. Baritrop and Dr • R • C. Fuller for their suggestions and 

discussions. 

(****) The following abbreviations will be used throughout this par: 

6 T o  6,8-dithiooctanoic a.cid; 6DT, 6,8-dithioloctanoic acid; 6 MO, 

6,-dithiooctanoic acid monoxide; 6 PR, 6,8-dithiyloctanoic acid; 

5 T o  5,8-dithiooctanoic acid; 4 T o  4,8-dithiooctanoic acid; DPN, 

diphosphopyridine nucleotide; FAD, flavin adenine dinucleotide. 

We are indebted to Dr. T. H. Juices of Lederle Laboratories for making  

samples of synthetic 6 T o  6 DT, 6 NO, 5  To  4 T available to us for 

this investigation. 
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Captions to Figures 	 . 

Fig. 1 Chemical specificity of 6 T. 40 inn 3  Scenedesnius and 1.5 mge quinone 
per vessel. 0.25 xng 6 .T, 6 NO, 6 DT when used. A) Standard dark 
Incubation, . B) Light incubation. 

Fig. 2 - 6 T effect as a function of .6)1oncentrationo i 30 n& Soenedesmu 
and 1.4 ing. quinone per vessel0 Standard dark incubation. 

Fig. 3 - 6 T effect as a function of incubation conditions. 40 nun 3  Scenedesmus 
and 15 mg. quinone per vessel. 0025 rng.6T when used. 

Fig. 4 6 T effect as a function of qulnone concentration. 40 inn 3  Scenedesnius 
per vessel. 025 mg. 6 T. when used. Standard dark incubation, 

Zig. 5 - 6. T effect as a function of quinone preiUumination0 20 i 3  Scenedesmus 
and 1.5 mg. quinone per vessel0 0.5 mg. 6 Twhen used0 

Fig. 6 - 6 T effct as a function of light intensity. 40 m3 Scenedesmus per 
vesse10 0,5 mg. 6 T when used0 Standard dal jncUbation, 

Fig 7 - 6 T effect as a function of suspnsion dnsityo. Scenedesmus and 
1.5 xng. quinone per vessel. A) 0.25 nig. 6. T when used, B) 0.5 nig. 
6Twhenused. 

Fig, 9, - 6 T effect in Chloreila. 29 mm3  cells per yñe1.. 	6 T when 
tied, Stndard dark incubation, 
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