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INHIBITION COF PliOTOPHDSPHOFYLATIO A‘JD PHOTOSYNTHETIC CARBON CYCLE

- REACTIONS BY PAWT" ACIDu AND ESTERS
T. A, Pedevsen,? ULartm Kirk, and J, A. tasstam N
Chemlcal uiodynqmics Divioion, Lawrcnce Padiatlon Laboratory, Unlvcrsity
of Culifornia Le:keloy, Calif
.me%ﬁRY

Photosynthesis in Chlorelle pyresioldosa 1s quickly inhibited by the

addition of 3 x 10~% to 6 x 10~% M lipoic acid, cetanoic acid, or methyl
octanocate. These inhibitions are wholly or partiélly reversible, Studies
with 32P~labeled phosphate and 1”0~labeléd‘carbon dioxide of transient

changes in the levels of photo JnuhCLLC intermed;ate comnounds quriny'

the time following auditl n of inhibitor inilcate blocking of. (l) the

corbo\ulabion reaction of the photosynithetic carbon reduction Cycleg

(2) photophos wvlation (Lorﬂablon of APP in the light), and'(B) cbn—

_ version of fructose-l 6~d1pho. hate to fructoue—o-pbospnate and of gedo~

bOOtHlOu“-*,7~diDuOSphatG to SCQOu@Otu1059~7—ph05p“ﬁt€. %locxlng of

puuvoguosp“cryla*~on resu t ir decrezssed rates cf converalon of ribulose-
S-phosphate to ”ﬂbulose»l 5~aivkoson4tc, of Ulucoue-—ﬁ-—phomphwte to po¢y-
saccharides énd sucrose; and other P@qcthW@. “These metabollc effects, .

together with other publi ,heu results, lead us to concluaﬁ that at 1eaﬂt
several key 3teps in the photosynthetlc caron rgduction cycle may be
ediated by enzymes in some onjniycd system associated with_the_.

\

lamellae and photophos phorylation.

#Ro yaﬂ Rorweglan Council for Scientific end Industrial Research Fellow,



S R
TNIRODUCTION ~
'cudiec of the tl"«.d’lu_i.(}nt cmnyes in the level'% of mtermediateu
of the cwbon re&ucthn cycle induced. bj tl*e additi on of cer‘tain Cnemi— | '».
cal° haVe been un dertakcn in an ef‘fort to obtair inf‘ormation re*wdin" :
the mechanisms wl‘~er*eby electrons and _h.kgh energy chemical compourds
from x,be ll?‘l‘"c reactions of pﬁotosj,ﬁthesié are, u{:iliz.e'd. by the enzymes

“of thc cavbo*'m reauc‘ciOn cycle of‘ pho’coa*yn*heois., A previouu rcoor‘»l

o

deocmbed T'eullth ob ained by the addltion of several co'n*)ounds to

phOtOanthF’SiZ.LnE’ \,hlorella pvreno?dosa. B oome r:hem_icals wer-e found -

t,Q produce efi‘ectL sirular te tmm ob_cained by tuming' of_f the. lﬁht.-’ ‘
Vi‘;amin KS was féﬁnd to induce cvclic oho’copbosphoryia'tionb in vivd as
rcvealed by a st uulation of ol:zgosaccharido forrnation a.nd the oxma—-
tio*z of glucose-r“xonophounua’ce via, 6-pho sphog luconic B.CJ.d uo rlbose-S-
' Phosphate (R‘)P) 3 Hex 1reoorcinol pmduced ligh -\:arx type Lrans‘..en‘c"“
effects, but c.t the oame time also mhlblted thﬁ 'cranuf'or'mation of e
fmctose—l 6—diphosphate (FDP) and of seaoheptulose-—l 7-diphosphate (SDP)
to the respect tive. rzonopbooohates. “ o

It was notca earlier that tne addltlon of’ lipoic am me\,hyl hpom
acids also reuulteg in the :mhibition of‘ the convex sﬁon of‘ FDP and SDP ‘

to bhom remectwe morophosnhates? 3 At the sc.me tme th&e was

*Abbr’eviations' pGA ‘3-phos phoglyceric aﬂid' RuDP, ribulose-l 5—dioho«- 3
phates; RuSP mbulooe— )—shosnbate, RSP ribose—s-p"vosnhate, I‘DP f‘ructoae-
l,6-—dipno.aphate,, FGP, frucbose—6~nhounha’cc, SDPy uedo":epculo 3@~ T—dii,ho'a-a
phwv H -.)7P SGdOf‘@puUlOoe—{—p”iOS’)I’)&tO;, PPi, pyromosoba’ce, mip s glucoae-—

monopho. ate (gglucmm—lmnbo phath + fflucodm~6wp phate)._ e



cbserved an innibi*ion of the formation o“ ribulooe—“,s-dlphoophatc

(RuDP) from ribulooa~5—ﬁho phate (Ru P) and of thm carbofylaticn

‘reaction whlch converte RuDP. to 3~0hocpboglyccric acid (PGA)  11wai“

These effects have now been produned by the addition of several N
saturated fautv acids ranring in chain length,frcn hexanoic acid to decan01c
acld and by dddition of mmthyl octanoate. Addlticnal %tuaies with both

1“@02 and H32Po14 2 pave been cerried out to relate changes in the con= .

centrations of intermediates of the carboﬁ'réduction cﬁcle fQ'Chaﬁgés

in the ratios of .DP tQ‘AT?. Some studies have beén:pefﬂmnned using

air-adapted algae and 0.0k 14¢0, in contrast to previous kinetic studies

with higher CO, levels. N | .

| METEODS -

For the e}{perimen‘cs x&i‘t‘n 1-2% COxy tiniéellulé.f‘ algae, Chlo’rella'
| Y ——

pyrenoidosa, grown in contiruous culture tubes ,<were~harvested by -

centrifugation, wa hed owce, and ”esuspended in 10“3 M KH POy«

The qus“en81on of algae (fo; concentration see indlvidaal exaeri— ”
mnnt) was placed in the. oUGadJ“otate nbotogyntheois apnaratuu which has
ho =N described preV¢ously5 In this apparatuo, pH electrodcs monitor
the pH df the éuSpencion. The uiﬁnal fr01 tbe pd moter passeo to boLh;
the recorder and to a pn control rol»y wh¢ch activates a Qolenoid and -

pernito the admission of 0.1 N NHuOH "“fﬁﬁ~ @hen the pH drops

velow the selectcd levcl. The pH of thﬁ Suspﬁmsﬂen vas initially o
rought below 5 f (to about 4 8) by tbe addition of O l N 101 lhen the[

control relay was turned on causing O 1 N NhuOH to flow into the oUS- '

pcnulon,brlnvlng the pH to 5, at w%jch levcl it was subseguently main—'

tained by automatic adaitlon of NH“OH



A,

The - stcao"~3tate pno»ooynthesis anparatus has prOVLbi01 for moni~
toring the 1evels of CO?, Oq, and - 1“002 in the gas phase of the closed 1_
syutem ir which the gas is nade to rccirculate through thp suuoension |
of algae.‘ mhe signalu ;ron these 1nbtruﬁenus are continuously recoraed,
and f“rom thoir rate of chdnfe with time and the known volumes of the
system, rates of photosynthesi can bc calculated | ‘_

For the eXpérhﬁents.with air evela of COQ it was found dosirable
to}increéée tﬁe 1\1.1‘oang'_mte'of s5as throu n the albal quSPCHQ10n.‘ o
This was achieved by adding an additlonal bubbler arg. recirculation ‘
pump to the steady-state apparatus. The bubbler consisted of a intetod
glass Cyiinde” about 1 em lonq by‘1/2 ¢ém in aiawetvL, ﬁOllOWEd out and
301npd to the end of a pieco o; glass tubing which was 1nsarted into
the ouspenaoon, Gas was taxcn from the outlet side of the ves sel con-
taining the suspension, oavsea througk an auxlliury diaphragn pump
Sﬂﬂl;&f to the one useo in the main gas handling system of the apparatus,
and then reontered the vessel throagh the bubbler. ’mhe rate of flow of
this secordary gas rec1rculation was about one llt er/min, and the rate of
ohofosjntheéis at alir levels of 002 was bigr*ficgnuly greaoor with this.
secondary oubble“ in opera tJon than nithou* it

W1th the various fatty aOidS tested, p“elﬁn*nary experiments were
carried o¢t to oetermine the corcentration reoulred to obtain essentially
oomp;eue inhibition. uub&oruontly, expermments with tracers were per-
formed.. Follow’mb a pr*elmi’qary perlod of obo*'o ynthosis 1 1-27: con, '
lacbz vas introduced ard its level and pec1fic Pdd;&uCthitv mvlntained
SO that thé-photosvnthétic steady stéte was nOV‘interrupto Several

Imi &umploc of algee subpen31on were taken into weigpwd west tUJGo

I
(.r,



of photouynth031g Wluﬂ 14C02, scme chanbe was mnposed coh the ojsten L

[
\—5
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com'zining § ml of methanol for killing, in order to establish the

stcady~gtate evel of 1ntenned1ate compoundk. After 10 min or more

:(uUCh aa,aad*clon of,innibito or turnlny oat tpe 1is ht) anu samples
 were taken pCFlOdiCully, as *nd¢cgtea in the results. Aliquot dmnoleu
of the kill@d algal material were arwly7od by tvo-diWengiongJ parar ff

chrcwmtography and radloautography, as previously descrlbedQs)i The

radjoaétivjty of each campourd wés detormined eithw“‘by means‘of the

- autom tlc ont counuerc, or in thc case, of the 140 and 32P experimentog

by elub*on of the Add&OaCbAVLtV from the papmr and countlrv in a llquld

seintillation countmr “In uhls case Q. 3 ml or lcus of uQUOOUu cluate

from the paper was placed in 18 ml of waterqniscible ocint:llation

-coant¢n¢ liqaid7 Tbe sample v1als were counbed automatic l;v by the

' SCintLllut¢On counter (Packard Inbtruments, uCPieS 3000)

pcrimert VLth ¢ubclco cart 1. dnd laouled oho panus ‘e ,' s
] g - ‘

. In some expnrlmnntb with ¢nnibitors boLh 1“b-labe1ed carbon dioxide

. ard 3‘P»labeled 1nor"anxc prosphatc were anvloyed a traceru. In- thcse

exporlrertu tbe alguc were musoendea in 10"14 M phosphate buffer, pH 5e f

After a poriod of pre~iﬂcubdtlon, 1 belea‘phOSpnaLe (p rchased.from

Oak Rldgc National LaboratorJns) WA s added to the algaé °uépnnsi0n:in'if

the steadys- state apparqtugé‘ njnco th@ HolutiOW Was aCid$G 1t was heceSw

sary to adj @t t e rh bach to DH 5 tnLough the add&tlon of C. l h ammonium :

" hydroxide. After a . further perxoq of photosvrtheQis,\ ”CJ was admitted

" to the closed & ystem.und thc expermﬂent was continued as in the casc with

1”002 only. The samules taken durinb the experlmcnt mele aﬂuljZCd by tro~

dimensional paper chroxatogrwphy in thp vame SOlVent Syutﬁm as degcrib@i



e
previcusly, In Qr&er to achiéve good »separat’ion of ’ché phOSpha‘ce COMlm
pounds which travel only élowly' in these sol 'cn t}*e chromatograms
were de?elo;;ec’i. for 48 h in each solvent‘ sys tem, with ‘*Tqatman wo. 1
paper. Tt was anticipated uh,t the m{fh level oi radiopno pho*’us. in
“the l"lOI’chl.LC pho phate By ot might cause fob;g,m\, of the mealcal X-—ra.J
film if the ilms *.»zeré_ allowed to expose for tﬁe SGVeI’al days necessar‘y
to see tf\é organic pho »"ph%’—é'cnrvmums.- The”éfore medical X-réy ilm
as § j.l"ot placed in contact with the paner chronatogams f‘or' about
one~half tour, aftsr wrwich it was aeVelooed ‘ard the fiilm was used as
a guide in cutting out the inor an:u, pnoophate upOt fI‘O.u the pupe”
‘chromatograms. The peper chromatograms were then placed on fresh
medical X-ray £11m and therfilm was allowed to expose for 2. days, o
after which it was deveiOped;l' A typica; radibe;wtograph from such an
~experiment is %hown ir‘}?igurel | | o o
The idéntiti.éé of ‘the folloving corripouﬁdé were w}efif’ied b"y eiutidn
of the suspected_l adicactive spot I‘rom uhe paper chromtocgram and.
o-chromatog:,rapm wi h autnent;c 8m'>les s followed by e=pracg1:m{:, »ﬂth ,-
the Han o-wnef’wood puom:l"ate upraVB ATP s ADP UTPS, UDPGa‘;lgﬂ’éﬂhoq;
j;p_ﬁﬁ‘-&@;l The sugar monophosphates 'and‘ czi“hospn_ates of th@ ho’cownthetio
carbon 'reduction c:y'clé whose 'po 1tjono are already well known were .
treated with pr.os;p hatase and 'ﬂechromator*ranned after wnicq the
e contens of the f‘ree SUZAPS WAS detomined "’be nucleotide'= alréady’ |
nmv;z.onmd, as well as 3—01~oophomlycemc acid (PGA), wer*e eluted from .
the paper@ and their content of 32P and 14C detexmined. by uc__inullla- '_ s

tion counting. ' —
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Experimentss with ¢jr~d pted a*ﬁae T

“Some exper;mcntb were pbeOPWCQ wzth Chlorella pyreno*dosa which

'had been.grcwn in sha er 11&Sno W¢th an un pecxf*ed, but l;mjting, level |
of carbon leKide. TI ese - algae werc hde@oLOd by cenLrlfu atxon, wa)hmi 
onee w’tn watcr, and re:uupcnucd in: 10“3 W KH 2P04. xhelr'sub cquen* |
v'treatment was snnllar to thdt»u cd 1n exper¢ments w¢th leae and l—‘ﬂ
cha dcocribcd above excvﬁt thlt prio" to the xperlment they \@re :
_Ll*uﬁlnaheo and allowed to photosynthesize in thc ~tea0J—state apnaratu%f
for at leést'oné Lour with air (.ol Cvg). In experiments with these
algae,’ 11%’002 was added from 2 f-1iter i-eserﬂioir to the closed syétem- o
giVC an 1nitia1 conceptration of .06% CO, in air or lCuS.n The duration
'of the eyucriment and the amount of carbon uloxido uued by tbe algae wa.s
‘such that ule concentration of carbon dioz*dc did not fal; below O 02%
o, before the end of the experiment.
. peowrs

Thb levels of inhibitors used in prel¢minary axperiments and the
degree‘of *hhibitioﬁ and the degree of reversibility are inuicated in
Table I. It mdot be mertloneo uhdt the irMLbltion and its rever sibllity
' for & FlVen 1eve¢ of inhlbitor dcpengs to sone extcnt on tbe phjoiOIOUiCal
‘state of bhe alﬁac axd mas not provcd to be prcciocly reprocuc;ble.»

- Yhe effects-of adaition of 5 X lO“ M 1¢vOic acia -on the levels

of phosphoglyceric acid (PGA ) and of ribul Gbe—l,)—diphosphatc (RuDP)
are shown In Fi ure 2. Tre r&pld drop in PGA level and the-init¢al rise

In-KuoP IQVG;—GHQEQS@—dfblOGK—Qﬁ—Sh@—GarLOXJlation reaction. Figure 3‘

’~shows corresponding changes in the 1@vels_of cdoheptulose—l 7-dipho

'phate (SD?), fructos¢-1}6-diphosphate“(FDP), fructpse-6—phoupaate (P6P),
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LABLEI

- Eff ects of _nhibitoru on. Rates of Photosynthesis in ChWOPella

— Photosynthexis ate (umole/mln/cm5 algae)

Inhibitor _.cOnc'entfabibh’ - Initial After inhibifor After veshing .
% O % S O e
butyrie deid 304 M 167 35.9 0 15.0 13.0 - . - =
hexanoiciacid ._3x10f“‘§;_ 17.1 "16.8 - 44 ﬂ.é  ‘10.6, 9.3~
‘heptanoic acid 3‘_}:1;0",}4 §  .  16.7  15.5" ‘:j5.9_ M;9ﬂ 15;9:;i§.5:'

octanoic acld '33:164*&4' 20,827,377 2.0 2.1 10.3. 9.5
dodecanoic acld 3x10-‘4 K 1h5 1.9 .3 "0,16',}" 9.8 7. 9_;' h
l*poic acid. _3x10f4§_~a_, S22 1.7 0 0 112 10.
'retbjl ; S v ' T S | ; R

‘octancate - 6x107MM ' 10,3 120 0 0 7.5 8.8

Rates of phbtdsyﬁthlﬂ'a f'Chloreila 6vrenoido$a (2%-v/v suspenSion in

10-3 11 K35,P0,, pH 5) in 12§ CO, in air, were caloulated £rom the slopes
of th recorded e ::r.f.tda.ncW with time of the 002 and 02 analvzero, together
with the known_volume of *be-p —clrculating svstem (SMdll systan' 02,
315.cm3- COs, 365 cm3) Ra»es after 1nhibition wcre measured for thc )
pericd 2 to 10 min after additlon df inhibitor" Rateu after maohi

ware measured af er the algae had becn ceqtr*ngod from the uuspenoion f
COﬂ%&lﬂiﬂK 1rb¢b;tor and resusponded in fresh medium, pH 5, without -
énhibxtq.. vDur¢ng th Pﬂulre experimcnt DH control was mal ntaired by

autcomatic addition of O.-kg‘\HqOh, &5 necessary.



-9+
and sedoheptulose~7—phosphaté (S7P) | rhe changes in levels of these
sugars suggest a block of the conversion of FDP and SDP to treir mﬂno-
- phosphates. _ | |
‘The effec§% of addition<of octﬁnoic écid to‘aigée photosynthe~:
gsizing in aoproxzmauQLV O Ol 1”002 in aiL are. -shovri in Figures 4.,
'*Lnrouvh 9 Figures 4 and 6 through 8 are all from a 51nole eyneriment._
 "in which both 14002‘anq 32z~1abeled phosphate were used.  Upon addition
of the acid, complete inhibltion of vhoﬁosynthésis was achleved (accopding
to 19C92 uptake)  After 3-1/2 ﬁiﬂs the pH of the saopending mediun s
raised to 7. The 14C uptake was rapidly restored to about 403 of the
:initialfrété.LIFigures,S and 9 are from a parallel'experzment excepf
that no 32? waé used'an& the pH was not chan$@d, Figﬁre_& $ho§s (déSpite
some scatter in the firét 3 RubP points).the-high ieVei of_RuQP and lowv
level of PGA seen under DhOtOdYﬂtPCuiS in air levelc of 0. Octénoic'
acid aadit;on blocks EGA formation scmewhat more than 1ts ubllizavloﬁ,
causing its levei to dip. The block in thn formation of RuDP is °een in
its. large decrease in 1evel; aespite the predumpd inkibition of the car«.
boxylat;on reaction leading to PCA.. The recovery of the'carboxvlation e
 reac+ﬁon at pH 7 1is seenlin'the Tise‘infamoﬁnt of PCAL Pngure 5 shows

he orangcs occurring in ;evels of pontose monophOSphateb upon addltlon

[

of octanolc acid %o the photosynthesizing algae."“he'increaqe jn levels
of these precurs sors to the fomation of RuDP providcs fux'uher evidence i‘br'
the thlbitlon of RDP formation. . |

F1oure 6 shows Lhe changea occurr;ng in 1evels 01 ATE ADE; UTP,
and PPy acccmpanying the addition of octan01c_acid, andvlaterg bvahange,

The level of ATP drops rapidly and continues downward until the pH is



changed, at which point ATP 1¢vel risesivery rapidly. The smaller -
reciprocal chaﬁgévin ADé indicates thaﬁ the»first ﬁwo.phOSphate groﬁﬁs
are much less 1abe1ed'during the 25 min alldvmd wﬁth.32P~ph¢sphate than’.
the 'z:eimina; phc;siabﬁte of ATP, UTP level drops initially in <=5.milar o
fashion to ATP 1eVe1,:but apbear§ (on tbe'bésis of.oné point) toirecbvér
before the pH cha*ge.”’Thié-recovery is of fonsible‘significéncé in_
'relation‘tb'the sucrose and giucqse monophosphate curves (FiguresﬁST:
and‘Q)" A sudaeh rise_in'level oﬁ‘pyrqpﬁosphate (PPi) upon additiqn':

of éctamoic acid is noted, ?0110wihg?ﬁhé‘ihitial,rise, the ?Pi 1évél‘

£alls to below iﬁs stea y~Staté leve 3névrises again, nmore slowly,

when the pH is reised.- ' | |
_ Eﬁgure 7 giv¢s the changes in FDP éﬁd SDP induced with octanoic

acid, and shows both the inhibition of thé diphosphatasétand 1ts very

rapid release by pH change in the”suspendiﬁg‘mediﬁm.‘ FigureJS gives

| the c0rrespohdiné changés in suger mdhoﬁhoséhatéa. The initial repid

drop in levels of FOP and STP are indicative of rapid diphosphatese’

[re

#Since it is rot clear whether or not enzymes which have been isolated,
characterized, and given systematic names are responsible, at least in -

their isolated fonn? for c&talysis of ﬁhe ;géctiops oceurring ggixgjg
discussed in this ﬁapér, syétematic.hames Wili'ﬁe used only with reference
to isoclated eﬁzymes; The reactlons ig_xigé_@iécussed in this paper include
.the removal of ﬁhe phosphate groups from ﬁhé'number orie carbon atom posi-
tion of‘ffuct03e~1,G;GiphOSphate and of sedoheptulope—l,deiphosphate,
referred to as the ?diphdsphatase reactidn;"‘and the carboxylation of
ribulose~l,S-Gibhosphate, followed,by hydrolytic splitting‘td give 3—phos— _
phcglycérié acid; réfeﬁfed o as the "cafboiylatidn reaction". The forma-

tion of ATP in the light during photosynthesis will be referred to as a

"photophosphorylation”. o o :



| \_1}.‘.“ | |

inh{bition. Later transient bbanges in theseféomp0unds are.féfléctions
of inhlbitor~cau sed blocks at other pclnts in thc carbon p~tﬁway. The
block in vlucose mononho pﬁato utlliaatien responsjble for the rapld
initial rise. in its level is released after about 2 min with the inh:bitor,
and the level th@ﬂ fallo rapidly prior to Lhe ph adjustment. Sucrooe
formation in a parﬂllc} expmrlme“t is ahown in UlfuTQfQ. In tbat experi-
ment, it is segn tbac_sucrOSe formatzon was.releasea after abQut 4-m1n3
without any pd change. Thus, glucose,monopﬁosphate utilizatidn,‘sdcrdse
fOrmation;vahd possibly UTP level all ééem‘to have'been restored séyeral"
minutes'aftef irhibitor addition and witﬁ@ut other external cauSe; In
contrast, feStoration of ATP level, oarboxyiatiph reaétiqn; and diphos~-
phatase reaction were restored only after thé pH of the suspendihg solué
tion was raised to'7. | | | |

The effects of addition of methylloétanoate to photpsynthesizing'
Chlorella are uhowq in Flgures 10 through 1°. From Figure lOb it is
seen that ohanp”ec in PGA and RuDP 1evels caus ed by methyl octanoate are
similar to those seen when illur'l_ma"ion is stopped suddenly. In both_
. cases an Interruption in the flow of ATP-blonks the conversion of RuSP
to RuDP, and the convers¢on of PGA to phoq“horyl~3-phosnhoglyceric acid
(pricr to its reduction to triose phoophate) However, the rate of fall. -
in tb@ level of RubDP is not noarly as raoid when the inhibLtor is uddCd -
as 1t 1s when the 1ighﬁ was turned of;. Consiaering the rapld fall in
ATP ,.Lvml in both cases (Fig‘ure 11)9 this dif‘fer'ence 5 ﬁ,@;est*; that the :

cqrboxyldtion reaction is inhiblted bv the. methyi OCtdﬂOat@ as it was bJ

the free acid.
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}?rdn_Figm"e_ll, it is clear that .én,h@ortant ‘and rapid _e_ffeéé_of
'm@tkyl octanoate éddition is the blocking of ATP fofmation. The drOp,
in ATP is rmrh,wore ranld uhan it was in the case of octanoic acid
1nh1b1uiQn.‘ The fbrwmiion of ATP in thp dgrk, presumably by cxzdativei.t.,‘.
phosnhorvlation,vls clearly seen. If this oxidative formatlon of ATP :
15 oceurring in the light as well, it is inhibited by the aﬂdlthn of -

methyl ocuanoate, for there is no aDprGCLdble reneneratnon of ATP. iol—:v
lowing the trensient changeskproduced by adaing the inh;bitor,as there
wag In the. dark, following ‘the 1ight~darkvtransient._.Alsé, the levei
| of ATP falls much lower with the inhibitor_in‘the light than it did in.'
the derk, | S -

Intere»t¢nr Lr°w ient changes'in the level of pyropﬁosphate (PPi)

are noteds The larggst change is the great increase in level when the'

lignt is turhed on. This.increaée ekceéds,in magnitude, but not,inAraté,-
ue 113kt-irduced increase in ATP level. Laﬁéra,in.thé‘light? the_PPi
level declines towards light steady—UVate value. It increases rapldly -
upon addition of methyl octanoate at the-same.moment‘@hét ATP level 1is
declining, and then falls. Its behavior with methyl octancate addition )
is essentially the same aé_with octanoic écid additiqn;. |

| From Fiéure 12, it'is seen-that meﬁhyl_cétanéatevblocks the con;
| version éf DP and P to thelr corresponding_monophosghatesg;‘However,
there is a-drop In the level of these diphosphates during the first few
seconds after addition of tbc facty a91d es ter;zt‘.f | |

Figure 13 shows tno changes in levcls of Flucose mOﬂOpb§Sphate nﬂf'

of sucrose formation ina paralleT'experinent'with methyl octanoate. :

Since 32p was not uoed in that eXheriment, there was no measuremert of
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ity .
13~
b i

UTP level, Howevérs it appears that there was a partial recovery of

- sucrose synthesis, Several'minutes'aft@r addition of the inhibitor.

DLC'%KW
"Addi sion of l;noic ac1d 0utan3¢c acjd or metnyl octanoate appcars

to caure’ lnhibition of pnotosynthatic rcactions in at least three pr

'mary'siteg,(rlgure 14): These are (1) formdtlon of ATP by bhotophoong,; .

phorylatiohv(and possibly by oxldati ¢'phospho;y1ation as well),:'=

(2) cqrboxylation of RUDP to form PGA; and (3) conversion of-FDP.andfv B

EDP 0 F6P and STP, reopCCBively, The decrease in level of ATP'lest-x

to o*her blocks, includinr the coneruion of RuSP to RuDP, ana the con~
version of PQA,to triose phosphate (dnd.thence_to FDP and DP).

It will be noted throughout the discussion‘;hat°for the levels ' ..

~of FOP éﬁdlsDP to rise after the onset of inhibiLion requires ndﬁ'ohly'-

blocking Cf the dipaosphatase but also wome continued wlOU format{on of .
briOu@ pYOSﬁhgtea which can then react to maﬁe FDP and 50? ' ”hls triose-

phospnate might arise by reduction-Qf,PGA‘(but.the low ATP‘level makes f

- this seem unlikely}.vby‘oxidatioﬁ of 31ucose~6—phosphate.to R5P and COov

and transketolase heactlons converLng RBP to triose phosoha e and o7°

. or by dlrect rhductlon of RuDP curbcxvla ion product to triose phosPhate

and PGA (as has sorcuﬁneo been nrOposedg 10)

”ho doo*eage in level of ATP i accompanicd bv a decreasu in level
of UTP, resulting in blocking the cowvcrsion of glucose mcnopho hhate
to UDPG and then With LTUCtO%O monopho phate to sucroses  In the case
of the free’ uClQS, at 1naot, it anpears that this recovery may occur _i'
even in the Qbocnce of an3 recoverv from the. other effects Just 1lis tea,_

;nciudiné the depressed 1evellof ATP,
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In comoarino the effecLlVeness of the fatty acids with that of thc
estera 1t anpears that tne ester may produce a more rapiq ;nhiblt*on.
of the formauion of ATP tbur does the. rree dCiQ. AE\é initial'tranSignt’
behavior of the PGﬂ level Qevcnds on the rpl?tlve ”ateq of inkibition

£ the carboxylatlon reaction and the Two reac»ion SuCp$ (phosphoryla~'a:

tion and ”cduc ion) leadlnr to th» convers i@n of PGA to tTlOoG phOSrbatO
. ThHus, uhe fattv uClng by 1nh1b1uin6 tno carboxyl ion_reaotlon.more_
v’vrapwaly than Dhotopbosphorylatlonb oa#se the PGA 1evél tofdr;op'ini’cially9
whereas uhé es»ers wh¢cn Lnnib 8 °pho tophosphory’ation more rapidly,
.cguses PGA lavel to fwrat riuo and tnen aroo. ' For simllar reauons,
RuDP (fbrwed by 8 reactmon ”equirin@ AEP and ut 14ea by the curuoxyla—v
‘t;on red ction) 1n1 iaﬁly ¢ncreasco whcn llpOiG dCld ia dumlnlstcred (to'
,"hmn COE” alg'ac,) but decmascs mmed‘abely wnen r*e‘chyl cctanoate 48
@*ven.“ As a‘ready men*ionea@ tne qlower rate of fall of RuDP level
- with m e wl octanoate additlon as ccm@arca to its fall whcn the light
15 turned off dcmonotratc 7nh1bit¢on of thc carhoxflatiOn.reactiOd bv L
the ester. | | '

The aﬂlaity of thn fatty aCiQo ray well cause some part of he" 
*rhis*bory ef?ects. Co nsiaer1ng the cffectc fo&nd with the methyl
ester of octanoxc “ciaa it appcars that tbe prinﬂioal effectw depend
not on the ac;dlty bqt rahher on oth@r pnyQ1ca~ propertles of the
nolcvules. The inhiblt ion of tpe dinhoophatase reaction wao seen also
in a previous study in wh+ch hekylreso CinOL was addedl The ready
reversibllity of the inhibitioﬁq, SQéh eluher on resusmensiOn of the
algae in fresh’ solution not OOnuaininr inhlbiﬁor, or (with acido) :

simply on ra4sgw? the pH of thc ouupenn*on uo thaL the fatty acid
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 a1soociatcs, ShOﬂS that the pboto vntbetic apharatua.is not COmpletely
ard 1§rever51013 amdged by the 1nbibLtor nor are any of the’ enzyneusg
denatured; _Thu fatty acids or es ters a;e not 1*Loly to be competitlvé
iﬁhibitors 6f the_steps geen. to be o]ocknd The rema1n1ng-possxbility_
is that the acids éné‘thevester reversibly cause some bhjsicaléebcmicair
 ¢ffec* on the apparatus which interferes Qith.its function. _TheSe'sub%;
stance; arc leothIIEC, and. thev mny be acting upon some lipld memoran°ﬁ
such as‘,hqﬁlamellae of uhe_chlorop133t9.¥ ‘
Iséléted chloroplasts have been found to undergo 1ighﬁ«induced .

;ohanges in.structure as‘revealed by-l;bnt—ocattering char 11, and

thh the Coulter Counter and mxcronconylz.: thinh“ﬂe of tkc.caloro~
plasts was reported as occurring under condltion¢ of . eIGCuron tran%oort
.1ightétriggéred ATPa c, or bﬂuhl“ DLllOJ and VCLno*lu,'studying-the»
IJ&kt ~induced uca.tterlnU cbange in the preoence of thSphorJlation un~
»ccuplers, found cv1dence 1congistont with tne hyootheuxu trmt thﬂ light
-seattering cm&nﬁe 1s ylndlcatlve_of the generaﬁlonvof a 1recursor.in.the
conversion of ADP to. ATF C 1t hes bepn'found'in nis laroratory that when
lipoic acid, oct &noic acid or methyl ocpanoatc are auued to Chlo ella

" in the same concentratlons uaed 1 the - etpcr,ncnts reoo"ted in thu

' paper, thcre is a lan'@ li?ht—lnquced increaue in light ocatterin015
This.scautering could be abolished in part‘byjwashing‘theicells.~ Untreated'
cells in vivo do not seem to undergo appreciable. light-induced scattering
‘changes. Thesé ObSGrvatiéns'permit the tentative conc1usion thét the
fuuty acids and the es ter used in tbe étudies aitef'the properties of
‘the lamellae in ucn a way U’)dt photopheophoryld jon is b locked and a |

l¢ght»*nduccd con;ormational change occurh.
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- Our data, cio rot pefmit; a-conclusion a8 to the origin of the pyro-
phOQphaLe found or our curomatcgrahs;"ifvié é;eér fhéﬁ'thé'level of
PPy, or ‘of’ a labile compound which relea séé’??i;}is rapidly affected by
ll@ﬁt and by the aqdltion‘of LTatty ac;ds:and'mefhyl octanoate. ?Pérhaﬁs
_thv be SL’ﬁentaﬁive'iﬁterpretatioﬂ‘pf'thé.daﬁa-is that PPy, or the com—
pound which releaseshit; is foﬁned3§£EEE;ATP and‘i51utiliied"ih SOme,,?
way by a Sﬁ*s: uent photosvnbhetic react ion which 1s also affeCLed by
the addition of the acid or eﬁter inhlbnor’o. o -

If the in *Lit¢on o; ohotoghouphorylatloq cauued bv the fatty acids
and ester is a consequcnce of some alteﬂqtion in tho nroperuieu of the
lamellaeg can one assmne a'gﬂﬂllar mccnanigm in the innibltorJ effects
on the dlphoswhatase an& the carboxyl thﬂ reacmons9 ‘Neither of uhese
reactions is;known to Dbe direct ly lxnked to yhe phOtOphOSpnO;yldtlon
.rﬂQCﬁLOW except throuph the reucbio:> of uhe photosynthetlc carbon |
reduction cycle, which have already beén’éoﬁsidéred:infsdme éetail. it‘
seems hardly to be expectna tﬂhv the meuhyl occanoate witn its -

small water solubllit Ly would ‘e cagable ‘of proaucing'much effect”bn77'”"
these reactions if ‘they afe'médiated in v;vo by enzymas in agueous- oolu-
tion and unrelabea to tbe lamellar structure of the chloroolasts. Ani '
 CaTliCP nrplimindry test of the llpOiC acld dLSSO;V@d in aqucous ;olatiOn
at ph‘8 showed it to be without. ‘effect on the 1solatea 3avh05pho—D—'
“lycerate Carboxy“a 1S (c;mer;zing), aluo known as cgrooxvdismatase and

rlbulose diphoapnate carbovaaoc. o - _b

?Gu@PKOfayJ and R cxer16 othulCQ the aCulvities of enzvmes of the
pnotorvnthetlc carbon reduction cycle founu in’ ccll—frec ex»ractb of

Spinachg Euglena-prac11133 d uVO straino of Chloreila Dvren01dOUD§

and compared thétécti?itie. of enZJmeg ﬁostulated for the cycle with
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‘the ratcs reculrcd by nno OsvnthSQiS ;Q_vjvo in those organi&nu. They

rcported ac»¢v1t1es for threr On/jm9Q of the CQroon reauction cycle mhich

‘yere ina dequaﬁe Lo punﬂort the measured ratg of COy ;ixat on 1n the two

strains of Chlorella ana 1n.Euglena. (n fourth enzyme otudlea, trans-

aldolase, Jo. 2. 2 1, 2 . does not mediate a- redctiOﬂ of the cycle. ) The

" three enzymes with‘defiéiéﬁt'activity.were-(1) ribuioée diphOSphate car-

boxylase, H,l,l‘BSPM(E),Défrdctose-l,6é€iphogrhgte 1—pho pho;gcrnlase,

3.1.3,10;-and (3) CQOﬂ“puUlOaG—l Y-Qiploﬁpnawe l-phoonhohydroluoe. Fhe

reactions of the nrotoqrz thetic carbon rmductjon cvcle whlch would be

catalyzed by these onzvneg are tha sumo react¢0ﬁ which,_along withi_

pbotop vhorvlation, have been founa to e - blocxed by fwtty ds and::

motbyl octanoa te in the prcsant study. Peterkofskv and Racker recog-

rilzed the po sibjlity tnd“ the enyymeu thnin the Lntact ﬂell might
owcrate in an orgdnjzcd vav, ‘and furtber arpuments for this po sibil *J
reve been a Vanced elsew“erelor?7. I* wnuld now appear that if such an
Or@anization exists, it may inciude'the»lamellarisurface and‘photophcse 3
phoryiation plusvthe“diﬁhb pa&t“"e and Carcoxylation reactiors. |

Studiés<w1 h ;uolated chlorOnlaot° have: rcvealed the exls tence of

& light-activated and light—dererdent ATI >aoe, Which requires the addi-

| tion of pn@ndzive nethosulfa 18 14, a substance'often used to_promote'
”syblic'photophOSphorylaticnw £ the sugaf diphbsphatasevreactioﬁ is.
" iniecd aependert on tre lamellar structaret 85 we bave & & ugzested, it
15 also con061V¢blﬁ that the diphosphgtaqe m’ )bt be Liuhtﬁdepepﬂcnt
Our recent s*ud 3020 oz the light-dark tr&ns*eﬁt on&nyes in the levels'
.~ox inoerneoiatco of tne phocosynthetlc caroon rcaac ion CJcle suggest

}fthat tgere is = llonﬁ~darx switeh in the o¢phosphaﬁasL rcactlon which

results in blocking of the reaction after a minte or-less of darkness.:
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FIGURE TEGENDS
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gynthetic Products.. -
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vuffer, pH 5) photosynthesizing with 1-2% CO, in air, 32p.labeled .

phosphate (15 me, carrier-free) wes added for 43 min, and_llv'_.cozg

P~

L5 'C/umoleg‘maintained at about 1f total COp in air for 17 min. The =

i ml S?:}:r‘ple was K 111ed oy aL.(.u.thn of l& ml wxe:thanoil_ at room te:nperature. .

Of this 5 1m *ﬂu'cure, 1 ml wag appl 1cd dl‘f’ectly to or .Lgin oﬁ_‘, Whatman #1
- filter papar ,,'ezad developed 48 h iml 88/9 liquef‘;ed phenol»i’ga’cer-fdcr_etic ‘
01d 1 w‘éthyzenegdiaminc *etraacetic‘aoid (840:160:10:1), dried, and
developed &8 hin mtambpmpionid acld-water (equal parts‘ of butanél-f,
gaterg 370:25 v/v and propilanic acia~waterbr18:22) A prelininary ”
radi oauio taph was develdped after 30 m:'m exposure to locate the
inorganic phogphate gpot whmh wag .‘ch ig! cut frem the paper to pre'vent
cgping of the Tiim. A seco rid £31m s then exposed for 2 aay's.-l_ Spo"cs_'
s Oy uf,tﬁ,m ang I :ax"?»-xmﬁdentified." Spot E is mostl) J cllﬂyaro:xy-—

seetone phosphate.,

Fig. 2. Effects of Addition of Lipoic Acid on Levels of Photosynthetic

P*’odum,,, PGA &nd RuDP,

80 mi 2% susp'-ﬂ;n ion Chlofeilag photos >ynthes; ing with 1—2@‘ C'(32 :’mairs
”o°3:g oh Sph?te buffer, pH 5, pH control by 0.1 N NH;OH addition.

After 10 mm mhotoayntheuls with lL*CO;_) 5 1J.p01c acid added in 200 ul

ethanol to g,;.Ve Tinal camzu'.wceu concentrat on.6< X 107 My if scld .
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FIGURE LEGENDS '(cmt;)

were uniformly diotrihuted in%a1~ﬂ1 Bus pensicn. Level of 1“0 iﬁ‘com-

pounda expre as umoles of carbon correopondlnv ﬁo 140 founq in

. compourd (ﬁer cm3 algae$ wet pacVed) divided by apccific radioactivihy

of 1“002 vhich s 26 uC/woleq

Fig. 3. Effects of Addition of Lipoic Acid on Levels of Photosynthetic

Products. FDP, SDP, F6P, and S7P.

- Conditions sane as for Pig. 2.

Fig. 4, Effects of Addl*ion of Octanojc Acid on Levols of Photosvnth9*ic

Prodx,cts. PGA and RU.DPé

80 ml 1%-suspensiég ggigrellab ppotosyntheéiﬁing with appr0ximately"
0.04% COp 4n air, 10~% M phosphate buffer, pH 5, pH control by 0.01 N

Hi,OH addition. After 26 min,phbtosyhthesis with”added 32P~labcled

- dnorganic phosppate, carricr--»froe8 2; mC totalﬂ and 15. mln wi h 1“00

57 uC/umole, octanoic acid in 200 ul ethanol vas added to give a flnali
calculated CODLCﬂLruLiOP of 3 ‘10‘“24 M, A”ter another 3-1/2 mfms the
pH of the ouuporﬁinb mcdlwv was raised Lo 7 by the addition of Oglbgg

a,

NaOH, Lo S R
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' FIGURE uFGpNDS (Cont )
Fig., 5. Effeqts_oL ‘QuluiOn of Octamoxc Acld on Levels of Photooynthetic

Pféductsf RS? and ?uBP

' Sare ganeral condlbiono as dCuCPlbed for Flg. ug but wi hout J2D—Jabe1el '

phOwDDauG or pH Chmnue 1”002 ovec1f*c Iaﬂ10dctlv;tj was 53 AC/umolc.

whi h perﬂltﬁ@@ accurate mepsurcmen» of the small pools of pentose

. phosphates.
Fig. 6. Effeéﬁs of Addition of Octanoic Ac*u on LeVel< of Photﬁoyrthetwc

Prodicts. 32p-Laveling of ATP, AD,b UT?, and PyrophOcphate.

Same conditions as described for Fig, U,

Fig. 7. Effects of Additicn of Octanoi¢ Acid on Levels of Photosynthetic

Products, -~ FDP and SDPs,

Same cOnditions as dc cribed for Figs 4.

Fig. 8. Effecto of Additlon of chanoic Acid on Levels of Photoéynthetic

Product%, GMP 4 SYP, and TGP,

Same conditions as Geseribed for Flg. Bo o
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FIGURE LEGENDS (Cont.) |
9. Effects of Addition of Oéténoic Acid on Levels of Photésynthétic

PIOduGbo. Suerose,

Same conditions as described for Fig. 5.

Fig. 10, Effects of Addition of Methyl Octanoate on Levels of

Photosynthetichroduéﬁsd PGA and RuDP,

80 m) 2% sus vcnoion oi Chlorellag rhotoqynthe sizir: with 1-2% COé'in
air, 1(2}‘"}‘$ M pbopphptc buffcrs pH 5, pH control by Q. 1 N NPMOH,addltior.
Alter 32 mﬁﬂ DhOtOwynthSlB with adoad 32Pmlabeled inorqunlc pbosohate,
carrie vmfreeg 15 wc uotal and 6 min with lLSCOZLS 15 4C/umolc, the light
mas turned off. Aftcr 5 mins ﬁh@ 1%bht yas turped on and rduained on.
{or the du auion of the emer*‘mem. Af“cer 5 more min, mechyl octanoate“
in 200 ul met bqpol was auded to give a final culculatod conventraxion

of 6 x 1074 ¥

M, ‘f uhc nste” Were unlformly di rlbuted in the su u;‘_oi Tie

Fig. 11, Effmcta of Addition of Mbthvl Octanoate on Levelg of -
 Photosynthetic Products. 32P—Labell g of AIP, ADP, UTE,

“and PPil

Same conditions‘as'described for Fig. 10. -



F-TGURE IE,GENDS (Cont' )
Pigs 12 - Effects oF Addition of Hethyl Octanoate on Le"els of

_ Photosyn h@’G.LC Produz‘tm  FDP, ..sDPs I‘6P‘s and 377,

Same conditions as described for Fig., 10, .

”"4

r;ri

1g. 135 Effects of Addition of ?flethyl Oc"c’anoéte on Levels of . ..

Photosynthetic Pfo‘ducts,i Sucrose and GI&’IP.‘_ )

Same general conditions as des rieed for Fig. J.O9 bxc xvlchout 3‘-P«labe1c\1
shosgphate aml mthom amv intemm‘m on of the liﬁr‘w’c, ,. Ncﬂugl octencate

added after 10 min nroto ,yn’che is with 14002 s 15 uC/mo.Lee

Fig, 14, The Photidsyhthetié Carbon Reductién Cyele,

Sites of imibitioi* by l&tby acids and mex,hyl octanoate are indmated

by parallel this lines (M_._)
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor  -the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of .the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








