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THE PATH OF PHOTOho IN PHOTOSYNiHESIS I
RQIL OF THIOCTIC ACID IN THE HILI,REACTION

D, F. Bmdley*f‘ and M. Calvi_n***

Radlatlon Laboratory and Department of Chemlstry
Unlver51ty of Callfornla

Berkeley bs Callfornla

It has recently been proposedl that the primary- convers1on of electro=- -
Vmagnetlc energy to chemlcal bond energy in photosynthes;s is medlated by
©-thioctic acid (6;Ldthlooctan01c acid, 6 T), . ‘Because of the strain in -
its flve-membered ving, this molecule prov1des a chemlcal ‘bond - which mlght h
be broken by a cas 30 kcal/hole,quantum transferred to it‘from the excited

- state of chlorophyll. The reSulting'diredical ehen'abstraéfs hyarogéﬁffrom

..a donor derived from water, forming & dithiol,wé‘DT,‘and & moiety whose = -
- oxidizing power is ultimately the souréce of'molecﬁlar3bxygén;]:Thefaitﬁiélﬁ"

. may subseQuently'transfer‘its hydrogen to a suitable aeeeptor sucH‘as DPNR-

- or.FAD, distributing the reducing power and regenerating the eyciie diéulfide,
6 T Energy of the quantum is conserved in this process provided that the
reduction potential of the hydrogen acCeptorfexeeeds that of ﬁhe*origiﬁal:““
~doncr. -Ffom established thermodynamic considerations, at least four. of thése
6 T'“cycles" must occur for the net reductioneto carbohydrate of a molecule of
carbenAdioxide, and it iSstherefore probable that subsequent reac£ioﬁé”in ﬁhe
sequenee would 1nvo¢ve reoxidation of the reducing hydrogen and storage of- “the

_energy in some chemlcal form such as hlgh energy phosphates 23354
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’

Ifr 6T is operating.in the manner described, it should be possible to
realize condltlons under whlch synthetlc 6 T added to the plant could be utilized
to stimulate the quantum convers1on, resultlng in a net hlgher rate of photo=
synthesis. The demonstration of such a st1mulat10n11n{the Hill reaction in
which the photochemical apparatus is experlmentally separated from the carbon
dioxide reductlon system would prov1de ‘even more satlsfactory conflrmatory evi=
dence for the proposed mechanism of quantum conver51ono

This paper reports a stimlation of the Hlll reactlon by 6 T in ﬁellular
chlorop;ast:;repaxgtiqps5vgf:the;pnicellulgr alga Scenedesmus under conditions
which are»highly;gpgcifiq“géphﬂrespect ;9.6 T,,the_organism;inyolved;;and the
physi¢g1 qonditionsL9f the é&@ey;mentg“;Thesg.cgnditiong,gpe completely. consis=
tent with what would be expected from the theory described aboves. -

Materials and Methods - . . - & . . . e

' AfScenedgsmgs_qbliquus,_ghlorella pyrepoidosa,and:§yne¢hqcoccus,cedorum were
grown in continuous culture under, conditions which halé;beén,aescribedyprevioﬁsly,6’7
andiye;e‘parvpstggﬂdgi;yf %Iggtalgaevwere;ceptrifpged1(1900,x g)uapd,uashedgwith
distilled wate;,fpupupime§;;§ng,re§uqundedAinlM/;ﬁ K»bhqsphatee{vhleO_KClzbuffer'
(3 = 6.7)%59 to the desized guspension density, gencrally 20 ms vet packed

cells/ml, The pH of the resulting suspension vas identical with that of the

orig;pa1 pu£f¢;9_AScenedesmus”whigh;were.sto;qugt 6° C, in the dark -for: 48 hours

suffered no ;osg_ip,pye_gateiéf;qu;nggewdéﬁéﬁdéﬁt, photochemical o,xygén.production°
~Quinone was purified by spb;imationv(m,p,.% 113-5)..and stored.at:=10% C, in

the dérke”_SQ}FtiP?S;Ole'lz,@S/hllig'diStill¢¢~W§te€:*ere~§$opedfingred.glass

vessels ;nﬁtheﬂégrk apq“ugeq ?itpin four hours after preparation: - Solutions-of

dl-6 T (cryste), d1=5T (eryste), dl-4T (cryst.), 6.DT (oil), and 6 M0 (0il)

were prepared in M/3 phosphate buffer (pH = 6.7) in concentrations of 0;25~l.0

mgs /0,05 mlo*****
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Standard double side arm Warburg:flaékawere used; _Ail reactions were
'cgrriod out at 15.,7° C.. The 1ight5fieldawasisuppliedgbygseven9Geherél*Electric'
photospots and was homogenized by passing the beams thfoughfaTWatér&éooled51ayer
"of 2 1/2 mm. glass beads. The resultingwfiéldﬁ(ZégﬁﬂOiluX)~Vﬁried£éj*lé55uthan |
" 4k throughout the entire thermostat. .. .

”Idght‘écreens were meade. from hrass:ocreenihgawhioﬁQWas?Wrappedharounddthe
vesselss aThe”screens‘were;caiibrated=against-both‘a'Cary Recording Spectro=-
-photometer ond a General Electric Photovoltaic cellzforfrelétive:transmissiono
" There was no.sélective;transmiséion andvthe.fesults3of.the two,mothods:agreed
w1th1n 2%

". Chlorophyll. content was: determlned by centrlfuglng allquots of the suspen=
.sion and extracting the centrlfugate with: aqueous ethanol. The visible. absorp~
.-tion spectrum of the extract was determlned on a Cary Spectrophotometer, &nd
_the concentration of chlorophyll (chl a)‘calculatod1from the transmission at the
662 mi. absorption maxima;(G;ax‘assumed:9,x,ib4.liter.mole?;vom?;);mmean devia-
tion'of duplicate runs belng 1.2%.80 o L e

The stanoard pattern for thegexperlments was as’ followoa 2.0'ml. of “the
algal suspension was transferred to each manometer flask, which.contained 0.2 ml.
. 20% KOH and a pleated fiitér otrip in the_centor_wellg"'Thervesselsgwere.then
allowed. to. stand .aerobically in the dark for one‘hour;fat which time O0s5 mle
quinone solution was added to.a side :arm of each‘Vesselqu.O5 ml.. 6T solution
. to each experimental sample of algaé, and OaOSimlp M/B.phosphate*buffer to each
control algal sample. The vessels were then ‘shaken for ten minutes. aerobically
. -in the dark,‘folloﬁed by 10 minutes of flushing with commercial N,. - Ten minutes
~ later, whenipressure equilibriumlhad-been‘estéblishod,"the quinone solutions
were tipped into the algae,;and.after'fifteen miﬁutesoof<anaerobic;dark;reaction

the lights were turned on.8
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Experimental .. . o0 o« i, oociand Donbmnes

I1luminated Scenedesmus. cells.consisténtly produced ‘photochemical:oxygen

B wi_th;,quinone -as..oxidant, c.orr-éspo’nding:- t0 .83 34':7-:3'3%:_:91‘,',,»rthe‘::stoichiometriéita‘.r-fz‘,
X yield,.g’ll,,; The:rate;curive»s':‘.Weré,,~zqua;itati#elyf-similar».zté those obtained by

previous investigators with Q values (mm-302/hr/mg chl+a)-of ‘approximately 2000.F
The. cells. were .completely.unable :to evolve oxygen:with ‘carbon dioxide ‘as oxi-
dant. subsequént to completion.of :the Hill reactionsS- The‘-»pﬂf--of ~the sué?péf;é"“

: sions:werechanged neither by cémpleﬁién.-. of .the Hill ‘reaction nor addition of
6. T solution; M/3 phdsphatefbﬁﬂﬁer 5 0or quinone by more than 0602yl 5 et

When 0.25-0.50 mg. of 6 T was incubated with the algae prior o quinéné

':,addition»the;effect;(éaT;effect) on.the isubséquent rate varied -from two=fold

- stimulation:to ~.?zjiearly.:;:.co‘n11plete Anhibition. .:.-,,»’I'hes’}e'ifvariation.s“ ‘could be: corre=

lated -with:the dependence. of f::fh‘e ¢ontrol ‘rate .on the-concentration f‘df«‘r;;quin“dﬁe °

. It low:values; when the’rate .v,=increa§ed- with increasing:quinone concentration,

. ‘the 6s!I-‘.;;effééft:;wé-s'~'-:d]onsi<'st'e‘nt1y'.fs tiﬁulartory-':(%_:‘;vé@eriments%’;E':At high coneén-

trations, when the rate was self-inhibited by quinone andfor ‘its . photoproducts,

the 6 T ‘effect was-an dincrease in.the inhibition: (17 exps).
-+ -‘diate-concentrations ho.éffect {rate within 5% of "‘control;).-»was- 5ob’sei!vedé'»f;?--$-hé
‘numerical “concentrations ‘at which-each of these effects ‘appedred in turn: dépended
upon -the light -intensity;, suspension density, ‘ehlorophyll: 'contént\, “incubation
: tc‘on&i‘bicns?, and ::c':ul-tur.ef--':c:ondi‘tions; ‘as described below. -
'~ " There:was no, :‘s.igni‘fib&ntt alteration -in ‘the:yield.-of oxygen in ‘the presgence
. lof 6 Ts- . Table I which summarizes: the data ‘on Scenedesmus in all ‘experiments
Tﬁwhere*Q£inoﬁé~ﬁab‘ﬁét“self4inhibi%bfy~ihdiCates*that the afiount of oxygén attri-
biitable to 6T is less ﬁhaﬁfs%fbfawhatﬁ%oula‘be”exﬁeétéd-ifvi{?weré~actiﬁg’as
~. & -Hill' oxidant (54 mm/mg 6 T). -~ Such ‘a result is consisteént ‘with separate -



b UCRL-2186

experiments in which 1 mg. 6 T was incubated with algae ‘(in‘the absence of

" quinone to inactivate them photosynthetically)'and alié6 with ‘quinoné‘in the

* absence ‘of algae. - The ‘subsequent yiélds of photochemical oxygen were 12 &nd

B'mm302/hg 6-T respectively. -

Chemical ‘fSpecifitcity SIS

If the observed rate effects are ‘the result of ‘a change in-the conéen~

" tration of-the 6 T quantum converter ‘within'the cell; and not mérely-& chemical

artifact, addition of the 4 T and 5 T which do' not posséss the ring-strein

“etiergy required for quantum conversion should have no effect.t- &'MO-and 6 DT

" which might be easily donverted to 6 T biosynthetically; 13 however, might”

" behave in a manner similar to 6 T." In'a standard dark incubation experiment,

undér conditions in which 6 T gave 50% stimulation, neithér 5 T, 4 T, & M)

‘nor 6 DT'in the same molar -concentration(0,0005 M) produced-any effects -

(Figure 1A.)

'To test whether more active metabolism would -facilitate ‘conversion of 6 DT

‘@nd: 6 M to photoactive -6 T, incubation was carried out aerobically in:light

" (26,000 ‘lux) for 1/2 hour. -The subsequent rates were essentially identical

by 6 DT after light' incubation. (Figure 1B.) BRIt

" with the dark incubated rates, with the-excépﬁién‘éf a small stimulatory-effect

" Although there was no appreciable alteration’of the rate: by 6 DT, the:
average yield Wa5113"£.39hm30§%0;25 mg.~'6 DT less than in the controls -(4 exp).

The decrease calculated forSa;bﬁe:toaone;réaction of 6 IT and\Quinone, such as

‘@ dark reduction of the latter, is 134 mm302/©;25 mg.-6' DT« -A 'noh-reversible

“ reaction with 'quinone which inactivates the dithiol-disulfide system may explain

“the lack of Hill activity of 6 DI. = -
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... Thioctic Acid Concentration and Metabolic Requirement: o i’wa.x

 The.total of free and combined forms.of & T in Scenedesmus is quite small,

- .approximately -{;.L.Qf'%. gns/40 mP, cells,4 .and presumably, the photactive..form in

the "photosynthetic unit“l5’16 is only a small frgc@iqqﬁngthat-gpagntgf;Although

~in prineiple it should réqui:e;qp;y:aﬁfew:fp;dﬂincrease in the amount of the photo-

active, form to give rise to the observed, effects on. the Hill reaction, the

6 T is less than 1074 gn/40 m? cells. (Figure 2.). . o ..o L . s.siiios
.. There is evidence that iniits other metabolic functions, 6 T.is present in

specific bound formsy such as lipothiamide pyro-phosphate.t’ . This may. be. the

,case when it .functions in the quantum conversion.process, .and the biosynthesis

~of such: a form from externally- supplied: 6.I might be slow and require both

EE

oxidative metabolism-and the relstively high . concentration of: exogenous .6,T '
actually observed. CLa e

.-To. test, the possible dependence .of the..6 T.effect upon, oxidative metabo-

:1ism equal aliquots -of 6.T solution were.added to.algae at. the beginning.of
tthe: dark adaptation .period, just before. the .dark aergbic. shaking, just. after

-‘the, Ny flush, mixed with, quinone, .and. ten minutes. after quinone addition.:. The

preparatory reactions are esserntially. complete within 10 minutesin air, -but

are: noti accomplished: in. N, or by .quinone. killed. algae,, supporting. the, conce pt

ﬁb@t :the molecule must. be metabolically prepared. for its, photactive function.

) P 0B, Tuad

Quinone. Concentration ... ;. .0 i

-Although the control rates:varied considerably with:the particular harvest

. of algae, certain characteristics. of the effect of the.quinone -.concentration

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

ciently low quinone concentrations the conirol rate varied directly though not
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linearly with the quinone concentration. It is in«thié‘éoncehtration'range
that the 6 T effect is stimulatory, lower .concentratiorns: yiélding-higher-per-
centage but less accurately measured.stimulafidns.s‘As“fhé concentration of
quinone in the:control is increased, a maximum.rate.'is obtained; higher con-
.centrations of quinone-result:in,lower.rates.a” When'the”quinone?concentration
is increased in 6 T~incubated;a1gae,ua.maximumxrate'iSfalsofobtained,»but at
a-somewhat lower quinone;concentration and with' a more rapid decrease in rate
- at higher cOncentratiohsathan in the control.. An important:characteristic of
- .the 6 T effect is that the maximum rate with 6 T is nearly identical to the
maximum without it. .

The existence of quinone-saturated rates indicates that there are one or
. -more. quinone independent rate-determining steps in'the;Hillwreaction,sequence.
If.6 T were to.act on one or more of these other slow steps,-then it should
yield, assumingwmicroscopic-reversibility of the reactions, a maximum stimu-
,lated,raﬁe considerably. higher.than that obtainable by saturating the: quinone-
dependent rate-determining reaction aloﬁe.,,lf on. the other hand 6 T.acts tpon
£he-quinone¢dependentpstep; the maximum stimﬁlatedwand maximum;contrbl'rate
should be nearly identical, theﬁformerapossibly_siightlyﬁhigherwifsat»these con=-
,céntrations the quinone partially inhibits some other reaction in:the:sequence.
The availablé evidenge1thérefore“supports theJideaithat 6 T. acts upon tﬁei@uinone
dependent step.. .- .. .- C s |

- . Mechanism of Inhibition . .-

Although the inhibitoty effects of high quinone céncentrations and-pre=
illuminated quinone are established,observations,8'llﬁl2 there is atApresent
little information as to the:chemical speciés involveds If 6DT is the direct

reductant of quinone in the:Hill reaction, a photolysis product of ‘quinone ‘- of
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somewhat similar structure might enter into-a non=reversible reéaction with the
naturalvévT:destroying the ‘quantum conversion mechanism and possibly inhibiting
~other reactions.infthe Hiil reaction sequences °
Tp'test,the,effecﬁ of phbtolytic productsréftquinone-pnvthe 6 T effect,

:_aliquots of quinone solution' and -quinone plus 6:T were illuminated in nitrogen
.for thirteén minutes before use in.the standard éXperimént (Figure 5).  Illumina-
tion of the quinone produced the previausly-describedr inhibition.®s3 While the
- concentration qf“quinone was low enough to yield ‘a two-fold 6 T stimmlation in
the control preillumination of the quinone,changedvfhe'effect-tb*ne@fly*bomplete
_inhibitioﬁ. When quinone and thioctic acid were preilluminated together, however,
- the inhibition was less than with quinone'preiiluminated~aloﬁezf Incuba£ion with
, 6;T“thusfdoes.senSiﬁize'theecei@s in. some way to inhibition by photolyzed:quinone
end. it is probable that the. observed instances of an inhibitory 6 T effect at
f,high_quinone.cqncentrationsnresult from such an interraction.
It may be. well to point out that ‘the observed inhibitions were not -caused
:_ihy—a nét destruction of. the quinone. When the latter was illuminated ‘a” broad

. UsVe. absorption:band slowly appeared.whbse.optical density increased éapproxi-
mately linearly with time.- The optical density after‘IBVminuteS'was found’ to
, be less than 1% of. the value after 90 minutes in the“standard-lightifiéld*fole
‘vlowed-by.90mminutes.inythevlight from a bank of black'Lighfs'(uostQV*The‘mosﬁ
obvious conclusion is that the fraction of quinone destroyed: in the preillumine-
tion period was also less thaﬂ;l%é The ‘photoproducts would then be toxic in a
.concentration of<<43x510*5'ﬂ,

. Light Intensity

.. The effect of light intensity on the €T effect'is"clOSely related to its

~role in the photolysisﬁqf.quipone.and,asva partially rate~determining step in
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ihe'Hill reaCtion'seQuenCeols ' The' former -effect results in:inhibitory 6 T

effects at very high intensitiss.22s19 .- .. wisit m.

The second effect is exactly what would:-be expected’'from a’partially rate-

~. controlling step which isAindependent of 6:T: An increase in the'quantum cap=
- ture rate induced by an increase in the light intensity will increase the

dependence of the net.Hill rate on the-quinonéﬂconcentration;v«Saturation of

- the capture process at;higher light intensities corresponds.to the greatest

. dependence of the Hill rate upon quinone.concentration aﬁd”thereforeicoincides
. with the greatest. percentage stimulations by 6 T. ' In several -experiments a

third rate-determining step, as yet unidentified, proved siower then.either

. the quinone-dependent 6rcquantum’captufe steps_and‘sincéﬁinvthese instances

-1light saturation did ndt,COrrespondfto=quihbne dependence ‘no- stimulatory 6 T

- -effect was observed.

- "Although saturation: of the capture process was‘nbtwé-suffidient condition

-7 for stimulation, it was a necessarynone.U'Aft¢r3conditieﬁs wer'e’ found which

yielded a stimulatory 6 T*effect,ithefinCident light intensity was reduced to

. 33k, resulting in lower percentage~stimulationsjor'slight inhibitiono’ The
'lexistence of these inhibitions,indicates that the net 6 ‘T effect is the resul-

tant of both a stimuldtory and an inhibitoryheffect:which.havefdifferent‘depehm

ldences'on;the~quindne concentration and light‘intensiiy (Figure 6).

- Suspension Density

The quantity of cells present in the manometer vessels determines the
guantitative dependence of the control rate on light intensity and quinone con=-
centration, and therefore the © T effect, in sevefal.Waysglg At low suspension
“densities the Hill rate becomes saturated with: respect to both quinone and light,

and there is no 6 T stimulation. If the concentration-of quinene is sufficiently
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‘high the photolysis products formed résult in 6 T. inhibition.: ' As the.density‘
is increased, aﬁ inereasing fraction. of thetincideptﬁlight is_captured, tﬁe

’ aﬁerage light absorbed. per alga decreased,-the dependence of thé.net Hill rate

. on light increased, and the net effect is to'decrease the pbééibility of a |
stimulatory 6 T.-effecte On the other handy while at*afparticulérfalgae densiﬁy
the. relative quiﬁoneﬂconcentrationcietefﬁinés quinone ‘dependencey thé quinone~

~algae ratio determines the actual concentration range of this-dependénce. Hence

-

~the..dependence of the'control-rate on quinone-increases withthé suspension

‘-vdensity,‘andxan-increase in the,latter'inc:easeS”the=possibility-ofﬁa stimla-

~sutory- 6T, effects
wosven -The observed. 6 Teffect is theresultant of these:-two-opposing effects whose
- c:magnitudes are sensitive functions of the physioclogical state of the ‘algae. For-

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

~»rdent before light dependent as the suspension density .is increased, and a region

. of net stimulatory:6 T effect is. observed at.intermediate densities, with no

......effect at higher and ‘lower densities (Figures 7A snd B). . -

. Culture: Conditions anéQChlorophyli-Contentfm..u:

vﬁ“v«f TheVﬁhysiCalvconditions under -which the ‘algae are cultured in part deter-
’rfﬁinesithe relatiVeacoﬁtributidns~Of the rate determining steps in the Hill
reaction. .:As théseédoﬁﬁitidns:are‘adjusﬁed-tO-produCe algae with a relatively
low chloréphyll content, ‘it becomes more difficult to saturate the quantum
' capture step, ‘the algae: become 1light dependent more rapidly then quinone depen-
: dent;»anﬁitheanét'effeC£ is that at no algee ‘density ‘is a stimilatory 6 T.effect
_observed. ““Such:"pale algae" (30-75% of the standard, ca. 6 x 103 mg. chl a/mn’
cells) were developed by decreasing the. innoculum size (to ca. 10%) Tollowing

each harvest, and not allowing-the culture cell. density to become large (standard
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ca. 4 mmgjhla);"Under these ¢5ﬁaitiahs’tﬁé¥aig§é4dé§éld§éaf5£’a hiéner average
light intensity because of a decrease in thetiiéﬁtienieiddngvt& dtne}'algae in
the light path. Such algae appeared to adjust to their environment by develop-
"ing an’ efflclent quantum conversion system at the expense of the capture system
- and falled to exhlblt'elther llght saturatlon or’ 6 T stlmulatlon of the Hill

' reaction ‘under the present expern.mental condltz.ons.zoi o e
When the algde were cultured whdér low incident light intensities (33%
*standard) they appedred to adapt to a lower rate of photosynthesis and become
saturated with respect to both‘qninone aha‘iighhaaf'ﬁﬁé“lé&és%*éSHGQﬁient con=
centration of the former (0.8 mg/40 mi® cells), and thus exhibif no stimulatory
6 T effect. e }

' Other Biological Systems

| If the quantun conversion theory possesses the gemerality which 1t claims,
{t ‘should be possible to realize stimilatory 6 T effects in sthor glants. How-
ever, Chlorella ézieneiddsa'enltuned'under”thewééne'liéht.endaéaejiiaSe condi—
" ‘tions as Seenedesiius repeatedly failed to exhibit ary but inhibitory or nil 6 T

‘effects (Figufe'8).\fThese.elgee”developed‘consideféblyﬁieés'eniofeﬁhyll/hmg

"’”‘eells"than'Scenedeéﬁﬁéfunder the seame culture conditions (ca. 4 % 107> mg chl

“a/mm? cells), and behaved in a manner similar to'"pale"'scéhéaesmué;’being

| "“qulnone 1ndependent and, generally, hlghly llght dependent. létdmnléteny

"thloctlc effects are not to be expected under these condltlons, and ve have

as yet been unable to find growth conditions which develop Chlorella w1th a

'sufflclently hlgh chlorophyll content to obtaln quinone dependenee and light
saturatlon under the present Hi11 conditions. R ’

. ‘
Several experlments ‘with §ynechococcus cedorum’ whlch were cultured under

* lower light intensities also resulted in 1nh1b1tory 6 T effects. As in the
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case of "pale".Scenedesmus and Chlorella the control rates were guinone satu-

| rated end light dependent. .
There are many a priori possible mechanisms by which 6 Tmay affect the
) Hi;l peect;og?ﬁwfeyfupete%y;ij‘ie,poseibleﬂtetel;pdgete & numberof them on
tho basis of the date sveilablo. The exporimente vith illminated quinone
. weolupigpe giye;stregg.suppqrt toityebideefthatzey %g?epacpionvbetween one or
:mere:guinone‘ﬁye}oprodgets»épd_6;Ivto(prqduce egiezﬁgemely_tgxiehﬁeterial,
., Possibly the same moiety.which is active in ordinary "self-inhibition" by
quinone, is primarily I,‘é.spmsible for the observed instances of 6T inhibi-
_tion.i | |
It is also poss1ble to draw rather general conclusions as to the mechanism
';“respon51ble for the observed 1nstances of ~stimulation.. The failure to observe
‘oxygen evolution when 6 T is incubated separately with either algae or quinone
_v'.n{l,es; out the possibility of any simple two-component process. The fact that
6.1 does not contribute to the oxygen yield of quinone further indicates that
1_it‘is not‘acﬁihg as a Hill oxidant in the ordinery sense, and'thatfthe stimu-
{,hlatory effect 1s not 51mply the result of an 1ncrease ;n‘the total concentra~
“;. tlon of ox1dants at the site of reduction. -In addition, it is unlikely that
the effect 1nvolves either a pH change or a'revepsa;agfhee;ffinhibipion by
;fqu;nope 81nce under,cpndlthnsulpvwhlch the latter is considerably self-
_1nh1b1tory 6 T is more so. |
”és'be;:beep_d;ecussed’;mevious;y,Athe fact that the maximum thioctic
stimulated fate is nearly identical _with the maximum control rate iﬁdicates

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

the only reactlons whlch are qulnone dependent 1nvolve elther transport of
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the quinone to the néducticn*Site afftgg aetﬁsl fedﬁctlonégrocess itself. It
seems unlikely, fon example, that the systemS,for‘evolving_oxygen or trans-
porting hydrogen tc”thclchlofoﬁlast wonld-denendndn the‘qulnone concentration.
It seems edually improbsblefthat 6 T would stimﬁlete_the transport of quinone
to the reduction site, which appears to be very close to the chlorophyllo21
If then, the 6 T effect is on the reductlon process 1tself, either a change
in the actual mechanism or an increese in the concentration of the reductant
at the reduction site may ﬁe“nesponsiple for{tneiobservgd stimlation. Such
an increase in reductant concentration couldlte brought about if 6 T acted as
a hydrogen transport system from a primary reductant associated with the
chloroplast to the qulnone reductlon site,“ Receiving hydrogen from reduced
DPN, carrying it to the reductlon 51te, and reduclng the qulncne directly
might be the 6 T functlono2 Such a functlon would depend upon the unique
~ character of the 6 T five-membered ring since 4 T and 5 T are inactive. It
is difficult, however, to. reconcile this ,nleché.nism with the: apparent resis-
tance of the 6 T to net reductlon as a Hill oxidant, together with the'experi—
5 mental observation that when it acts in pyruv1c acid oxidation it functions in
the reverse manner, ioea the 6 DT reduces oxidlzed DPN 22 Flnally, the apparent
'}absence of soluble reduced DPN in 1llum1nated washed chloroplasts whlch reduce
'J”qulnone is ev1denced by thelr fallure to actlvate the malic enzymc system 23 24’25
WvThe latter evidcnce 1ndlcates that pyrldlne nucleotldes are not required for
reductlon of qulnone in chloroplastso" | B - ‘ |
The quantum convers1on theory prov1des‘a unldue mechanlsm by whlch the
'qulnone reductant concentration may be 1ncreased by 6 io. The process involves

a sequence of reactions such as:
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k .
- Chl thv= Ch1* (1ight absorption and Liuantum
R o transformation and mlération.

“Ghl** + m= Chl + I/\I “(quantum ‘¢onvérsion pr'oc'ess)
S -8 _ S S ) : .

~ Chl” =" Chl (non-productive decay)

axr e () 2o M
; S s 838
. H H

R ) o.

: X_-»Y—-’Z‘—_éooooo : 02

e () Bam ()

, 5«8
-H -H' ; R

‘dn whlch tne hydrogen donor, XH, 1s produced oy.a serlesrof reactlons from

water, the ox1d1zed product, X is ultlmately the source of oxygen evolved;

(and non—productlve decay 1ncludes fluorescence, non—raelatlve thermal decay

: to the ground state, etc. 6 T prov1des the rather unlque functlon of increas~

' 1ng the reductlon level of the transferred hydrogen by an amount correspondlng
to some fractlon of the energy dlfference between the ox1d1zad form and the

dlradloal, the remalnlng freotlon belng used to ralse the ox1datlon level of

i

| the oxygen—contalnlng ress.duum, X.
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The rate laws associated with this pfoéess‘mﬁy(beifdrmﬁlé%ed ass

d chl*
dt

= MDenD) - k(enl*)ES) - yem®)

57 - keB@ - klem*)ss)
dS° o . kl(chl*)(s-s) 5 kB(X-H)z(S") o
A T e T s e T T s .
DL L g@ERGe) -k ()SH),

dt . o S

9 L oo@em,
at S )

~ where (I) is the inhcident light intensity, (S-S) the concentration of 6 T, (SH)
that of 6.DT,. (S) that of the éﬂEBQ . {Q) that of:quinoneﬁ":Fbr“cbnvenience;
m= (8-5) +(Se) + (SH). ‘ ' ' '

. The -observed dependence of 6 T'stimulétibn effécf“upbn‘light intensity and
’quinonelgoncehtratidn is COnsistent;with the - proposed model. " Thé: genéral form

of this dependence may be seen without~resorting'to an exact solution of the

.tﬁ differential rate equations in the restricted céée of'the éteady;state. Under

© this restriction the concentration of all intermediates remains cornstant through-

" out the course of the reaction, and in addition dQ/at‘=v42d02/at; ‘Since the con-

. centration of quinone decreases continuously 'as the reaction proceeds, this steady

state assumption cannot be completely velid. However, since'm iéiSeVeral orders
of magnitude smaller than the quinone concentration, the system will adjust it-
self to changes in quinone concentration extremely 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, lees an increase in m, depends upon the value
of K, defmned as’

ky (S-S) .
~= K
Ik t k) (88)

and which correspdnds té ﬁhevffaCtioh of éﬁanééﬁﬁsed pégaﬁC£ively. Whenever K
is s1gn1flcantly less than unlty addltlonal 6 T w1ll stlmulate the net reaction.
'At sufflclently low llght 1nten31t1es the net rate will become completely llght
dependent, and the steady state values of (Se) and (SH) w1ll become small so
that (S-S) ~Me (A quantltatlve analys1s may ‘be found in the Appendlx.) If
kIm 2> ko then,‘K is nearLy unity and there will be no 6 T effect. If kim << kp,
K will approach zero, and e 6 T effect :will be stimulatory. As the light inten~
vvsity is increased indefinitely, some other reéction such as quinoﬁe‘reduétion
will become partially rate determining, (S+) and (SH) will become appreciable
. and K will dec:ease.ﬂg;pc:easing;m:by ad&ed 6 T will'inpreaSe,(S-S) by a frac-
tion of m which depends 6n the actual values of the ratewbonstants.involved, K
_Lwill increase and the thioctic effect will be stimulatory.. 6 T increases (S~5)
by speeding up the.ggsumed,pate-determining.st@p,ukAKSH)(Q)nand;Jl,an,increase in
. quinone will have the same effect.

;iij.aﬁ quinene saturaticnris.unity_then the maximunm thiocticfétimulated
rate will equal the maximm quinone stimilated rate. If not, then 6T will
..result in a higher maXimumirate,,corresponding toithe direct stimulation of two

. partially rate determining steps, quantum conversion and quinone:reduction. The

.:;fobsgrved{cgrrespondenqe'oftphe.twovnates,indicates;that:it is.only the latter

o reac@ionrmhich,is beingLstimulatedbdirectly;and;that;thenefore’at,quinone satu-

v;ratioq there:iSQQggligible non-productive decay.



18- ' UCRL-2186

Ags there is no a prlorl.reeson that the qnlnone reduction be a slower
reaction than dlradlcal reductlon, 1t would not be surprlslng to find that the
hys1ologlcal state of the partlcular plant sample wthh determlnes the relatlve
rate constants of these reactlons would also determlne the dependence of the 6 T
effect on qulnone.concentratlon. It is, of‘cenfee,lln prlnclple pOSSlble to
observe 6 T stimulation if quinone ‘is not ra+e determlnlng prov1ded that the
diradical reduction may be stimulated by an 1ncrease in (S°):_ If the reduction
of XH is absolutely limited, however, thenztnei6,$ effect cannct be stimulatoxy .
Thenefore, quinone dependence is a sufficient but not necessary condition for
stimulation, while light saturation is not a sufficient condition andﬂbnly a
necessary one in the case of a naturally low quantun'aecaylrateg
. L. Conditions have been realized ‘under.which the Hill reaction by -¢ellular
-chloroplasts of Scenedeemus is stimulated by prior incubation with synthetic
‘6-thicetic acide il
2. The conditiené\fof'sﬁimniqtien:afe sensiﬁive_funcfiene.ef:#he.oxidant con~
 centrati6n;'6;thibct£c'acid"ceneentraﬁion;ﬁlight“inteneity; suspension
density, chlorophyll ccntenf oﬁ"theialgae, culture conditions, and incuba-
tion conditione .i |
3« The three most general experimental conditions for stimulation ares
a) dependence of the Hill control rate on oxidant conCentration; b)fsature=
tion of the control rate w1th respect to light 1nten31ty and c¢) incubation
iof algae w1th b—thloctlc ac1d aer:. chally prlor to ox1dant additwona The
.eenond and thlrd condltlons are necessary the flrst 1s sufflclento
4o Under condltlons in whlch quinone is self-lnhlbltcny, the 6-thloctlc acid
is also 1nh1b1tonye T f;,;
5. The observed stimulatofy effects are consistenf with the proposal that

&~thioctic acld is the primary quantum converter in photosynthesis.
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Appendlx

In the steady state’solutlon R, deflned as,; ;
R —-net steady state rate of Hlll “eaction '

is also eoual to the rate of every 1nd1v1dual reactlon in fhe sequence. We may
‘ " therefore express the concentratlons of thexeactants in terms of Re

RGO | R
'123‘(:&%)12@:)"

1K =k 'k (5-5)

- kp +kq(5-5)

R

R

and R

where , ‘;kf = kI(chl).._
Usging the adgltlonal relatlon
m = (S=S) + (Se) + (SH)

(SH), (SﬁlgangY(S-S)'may;be,ellmlnated;and~R expressed as a function of m:

kl kA,(Q) kB(m)z' o Y kl kA(Q) kB(XH)Z k4(Q) k.3(XH)

<

The physically significant root may, be expanded. in a power series.to yield, for

the leading terms,

I V. S 0 R
R’ '; z T el ,.' L k.’ E -* N H . .- "l “ ] ~ + 0 v
C on+2e X et é+2 PO - >
ko) By ) ()
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P mean dev:.ati
: .'f;-f,if" standard error df the Tiean oe LA 0.5 e
’ mm30 /mg qun.none (+ 6 T 54, exp.) 87.0

) ’-lbmea.n deviation s i i g g Ten R

j_cste.ndard error of the mean

mean mg 6 T/mg quinone (+ 6 T) ' -'f»’"“'1“?"‘-0436"'-“5
- Stoiche mm302/mg quinorie ;f-- )6' T isoxldant 19 6 '
Observed " - : ' 0.9 £ 0. 7
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Captlons to Figures

| Fige 1 = Chemical specificity of 6 T. 40 mm? Scenedesmus and 1.5 mge quinone‘
per vessel.s 0025 mg. 6 T, 6 MO, 6 DT when used. A) Standard dark
incubation, B) Light 1ncubat10no

Fig. 2 = 6 T effect as a function of 6:T.8oncentration. . 30 mm3 Scenedesmus
and lo4 mg. qulnone per vessela Standard dark incubation.~

Fige 3 - 6 T effect as a function of 1ncubation conditlons. 40 m® Scenedesmus
‘and 1. 5 mge. quinone per vessel. .25 mgo 6 T when useda

Fige 4 - 6T effect as a functlon of qulnone concentratlono 40 mm3 Scenedesmus
per vessel. 0025 mg. 6 T when used. Standard dark: 1ncubatlono '

Figo 5 = 6 T effect as a function of quinone spreillumination. = 20 m3 Scenedesmus
o and 1.5 mgo guinone per vessel° @ 5 mg. 6 T when usedu

Fig°'6 -6T effect as a function of lléht 1ntens1ty° 40 mm3 Scenedesmus per
vessele: ‘0.5 mgo 6 T when used. Standard dark incubation.

Fige 7~ 6T effect as a function of suspension density. Scenedesmus and
1.5 mg. quinone per vessel._ A) 0.25 mg. 6 T when used, B) 0s5 mgo -
6 T. When usedo ' ., LeTige! _},:“,'r:-‘- 3 FA '

Fig. & - 6 T effect in Chlorella° 20 mm’ .cells . per. vasselo; Oe 5 mge 6 T when
used. Standard dark incubation.
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