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'. : . SUM~1ARY: 

. ( 

··: . ··· T~ans.i.ent · changes· in the .lovels of inter-mediatos of the :photosyn ... 
·:· . ': . . ', ' i ~ 

.,. 

thetf.CI~Oarbon reduction C)'Cle induced by tho nddition ·C)f'vari.OUt1i chemical ... ·' .,... 
.. , •••• • • t: ,· 

.· ·. eo.m?oun~s to Chlorella l!t.renoldoo,~ photo~ynthesizin~. under steady-state 
" ' . . . ~ ' . 
conditions have beer; studled. · Vitamin 1<5 , haxylresorainq1 0 OCMU~ and 

;:" 

CCCP. tteN foUnd to 'give -x--a1>id inhibition. of photosynthesis, mcc~mpanied 
'' . 

by rapid changes in the levels of !ntemad.iata e01r!poundo of the photO:... 
."'. 

synthetic carbon. reduction cycle. DCt4U and CCCP produced offects 

.:Vitaroln Ks produced af'fecte which, fo-r ~ho-moGt p~rt, could be'n:q>lained 
I ' t.,•-"'· f~ 

by aasuming a d.!veroion of electrons from tl;la photoel.octron ·transP.ort 

zyst~m- to cyclic photophosphol""Jlat!on •.. Some of ·tho ol>sorvod. result:i · .. 
are beat· inte~~ted i~ terms. of a. separat!~ of the site of th<n photo-

synthetic .ca~bon Nduoti.on cycle fr-om a ~ite .. of ot}}('r. metabolic· path-:-· 
: .. 

ways. . Hey.ylras~rcinol reproduel!d :tome of thi;! effects of • each of the. 
. . 

other Inhibitors stud!ed. Tho inhlbition·'·of the eonvernion of .fructo~H)' 
. .. 

and sadoheptuloso d!phosphnt<!s to their eox-roaponding monophosph~te3 . 
. . 

was noted t·li1:h bo1;1l hcxyll"'lsorcinol_o.nd ·Vitamin K5 •.. · 

'·-----; .. .~ -

•.: 

. · .. 

· · · ·*Ho.tionul .. !i~trtttutes of Be<tlth Spoaial Pos:tcloetol'al· Fellow, 1953-1954 .. · 
Pr-esont addNsst Stanford Research. Instit~lte, !l,enlo Park t California. 

**The work dcf:eribod in thb tH~per \<taG ~pon.sored by the t!~ s. Atomic 
· • £n()togy CommituJton.. · 
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·Much .of the evidence,' le~ding to the formulation' .of, the. photosynthetic 

ca~bon r~duction cy~le (PSCR. c~ele) was ~btained f~m klnetic studi~s of 
~ . ' . ~ • , \ . • I • 

the'!!!_ vivo 'incorp·orat"ion. of 1'+co2 during pho-t.:osynthesis by unicellular 

... algaa1 • Transf~nt changes in the .levels of labeled intermediatns in 'the 

eycl$ , c~use9, ·.by th~ ·change·' fro~ light to 'da.rk2 led to .. the fo~:n~latlon of 

.the reducti~n.of·3·::.~hosphoglyceric acid.(PGA) to triose·phosphate_.and the 
~ , . • • , . ) r . 

. I 

· ~reactions· reqUir.in'g.'~cofatt'ars formed in: .th~ lir,ht. ThE:l formation of RuDP 
j· . 

·was· pre'Sumed to·· require ATP, •thile the '·reduction .6f PGA w~s presumed· to 
. . . 

_requi~ 'bo~h .. ATP 'an.d ~ADPH2 : The. transient ·changes accompanying the 
' ' I i,' ' t, '-

redu~t~~n -o~' co2· .leve.l fro~ ·l% .·to .• ooa%.3 led:t'o the .. ' " .. •'· .. .· ": 

2 PGA~ ·'. ', . ', ' ' ' .,, 
'· 

' . ' ' 

' ·. 

' .. 

·.· s'upport,ing _evl~ence for .. the·· oo~re'~~riess. :of th~ PSCR. cycle- has come -
o,. ,I • I, • ' ~ ,._; • ,t \ ' I ' '' ... _·• , ,"' ' ,•, ' ., : ' ~ :"1 .' ~ ·", ' # , • 

from: s.tud!es ot 'enzymic··'activities 'obtained' by di,sruption 'of 'photosynthetic. 
• ' ,• .• t. I •• / .. I • • • ~ I ~ . : • : :'I~ • • • • •. • . ,: • 

cei1~4 .·.~·Howe,;er~ :th~··inadeq.uacy··of'enzyrnia';~ctiylty' f6r' the -~at~tysls of 
'•' • f ,, ' '.._ ' • ;· .: " ~ •' • f' : •"' • ~I ' ' : • j '' ''' ' "• I ' I I . ~ • ;•' • t . • \ 

certain 'steps· .ln.' they postulated cycle' and the absence. of aeti vi ty for some 
\ ·. ' ~ .. : ~ .., ' :. ~; '· . ' ' .\ ' ' \.' ·' I ' ,'".' :. ~ •.' "' . ~ ! ;"' -:'_, ~ • ""· 

steps in .ce~taln'· .. o:r.~an,is.~s~:-?·:hav~ be~tt .us~d··a~· a' basis ·for G.uo~tioning 
"' . '• . . . . ...·. . ··~ 

the formi.a~tibri f'~· the, ·PS.CR cyciea. ;Iri· 'a d;·:ffarent interpretation!! these' 
.. . . ~ . . ! I I. ; • . i ~ ... . • ~·:. '\'' ' . {- ' \ #' } • : I • • ~ • I. l; ' ' ~ I 

! .reported,' eniymic . inadequacie·a~ ·tQ~~~;.-he~ ~1 th .gert,a1n: peculi-a~i ~i~s .~n the 
I . • • l.' • ' ·j.' • ~ I' ·.,:. i' • • I /; :·· ' \ I ; < • \. ' !. . ' ' • ' ' l ' ' :. •i• " ' ~ ' •• ~. ' ·,. 't ' '• '. 

reported. kine~ic.s, .f:?f .~arbon lab.el!ng !!!..~• have 'been. cited a-a· ~vide)1Ce: 
'·.I • I ~{ • ·; ' ' •: \ • I ' ' ' I \ .. ~ '/' ' ' ' > / ) I , ~ ' . , "' . ' / 

·for ,t.he ·.catalysis -of 'the· PS.CR cycle: by an organi~ed ·or. multifui-lctional 
! .J, ' ~~- . . ~ 1-1 •. ' f • : I 1: '' ' ,< ~ 'l ' ': '- .:· • t'. ·. ~· • ' 

enzyme 'system,- possibly. titiliz1ng phot·ochemically-pX.Oduced. cofactor's othe'r 
' I ,. c \ ' ' • • ·• ' 

·~-
•, If 

·.·than tieduced: NADPH2 a~d ,ATP9• ·The ex.!stence ;of an·.!!!__~· 7aductiv9 ·car-
• ' ','• • ~· "' ·,' ~ I • , I 

·' boxyl,~tion .. ~action-,ha~ been, .'s.uggested. 'tm ~ntirna.te a·t~uctural relation-
- ~ ' .. . . ' i • . ' ~ l t ... .... • • 

• • < • ' r ·'1;.,: 
shl~ between: the photoelectron transpo.rt syst~m located in ,the chloroplast ,, 
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lamella!'.! and hypothetical multif\mctior.al enzyme system for the carbon 

reduction cycle has been proposed. 

· In ·an .attempt to obtain addi tlonal kinetic evidence from the in vivo --
system which mi~ht' bear on these proposals,. we ,have undertaken a series 

. of studle$ to investigate the translent effect' of the addition of varioug 

:chemicals· to the algae photosynthesizing with lltco2 under steady-state 

conditions. With the substances which penetrate the cell rapidly arid 

produce' immediate ·affects, rapid ~r.ansient changes in the levels of 
'• I • . . 

intermediates of the carbon cycle can be seen. This typ'e of chemically-

induced change in the metabolite concentration provides <9. more direct 

kind of information about the mode· of action of the chemical -t;ha~ doe'~. 

· the preincubation of the whole cells .with inhibitor followed by the 

application of trace~ to the already damaged system. Observation of 

the··immediate ef'f'ecta of ·a chemical on a steady-state ,system seems more 
.. 

likely to provide' ~·nformation about th'!"'pri:mary site. of action. 

We have·adminlstered chemica~ compounds known to produce large 
• t . ·•. . . • ' "\ • 

· effects on_ 1:he ·photoelectron transport s~stem or photophosphorylation 

. system in isolated, ol'l brok~n, chloroplasts. ·Not all such substances 

produced effects w;th ·whol~ cells:,· perhap~ due to th~ir failure to pene- · 

trate the cell 'l<rall, · However; ~tre hiwe be~n able to find several sub-
\ ~ 

stances ·which Q•1use complete inhibit.ion of phbtosynthesis within 1-2 
~ , . . ( . . ~ . 

minutes· after the! r addition. to the al~ae which ware photosynthesizing ... 

und0r · steady .. state eondi tions. 'We . have. studied the resulting. transient · 

changes in the levels of radioaeti ve intermediate comPounds .of the 

photosynthetic carbon reduction ~yele and related substanc~s~ 
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. It h~s been found ~hat methyl lip·>lo and lipoic acids produce ·. 

rapid reversible inh,ibi tion of photosynthesis accompanied by very rapid . 

tra.ndent changes in the levels of intarmedato co,mpounds of the pho~o­

synthetic aar·bon reduction cyc1e10 •11• Therefor0. wo tested several· · 

othe.r lipid-sol\lblt~ c"mpounda. Of these substance~, hexy lres~rcinol l·~ 

eau.s~d rapid inhibition, and ~he transient changes produced by this · · 

suQstance were studied. ~e tested a numb~r of other substances which, 

for one reason or·another, mi8.ht ~ave been expected to affect photo­

synthesls • but these did not cause. immediate· effects. 

NETHODS 

The unicellular .algae, Chlorella pyrenoidosa, was grown in con ... 

tinuous culture ti.U)esl2, harvested by centrifugation, \4ashed· once, and 

resuspended ·in the medium used for the photosynthesis experiment. The 

medium for the exp~riments with DCMU arid CCCP was the nutrient solution 

described previ.,u81yl3t whereas thilt for experime~ts !Ji th Vitamin} and 

hexylresorcinol (HexRes) was· lo-3!!, KH2POq. without ammonia. or trace metal 

ions ·added. The pH values for all experiment!~ were c.lose to 5. 0. 

_The algae. suspension (1% -wet-packed volume/suspension volume) was 

placed in the st~ady-state photosynthesis apparatus which has been 
' . . ' . ,., . 

described pre-viouszyl4. This apparatus has provisi~n for ~onitoring the 
. ' . 

. ·levels of C02, 02 and ~4~02 in the gas phase ()f·a closed system, in'whlch 

. the gas is made to ~circulate through the algae ~uspans!on. The signals 

from these instruments are continuously reeorded~.and from their rate of 
. . . . J . . 

.. change with 'time and the known volumes of ~he system, rates of P.hotosyn-
. . 

thesis can be calculated. Because of· the time required for equilibration 
~~.:1 

between gas and liquid phases, volume of the gas phase of the system an4 \. 

• 

.. 
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in the instruments • and instrument time constants 1 . approximately 30-60 

seconds is l:'equirod to see sudden changes induce4 in tho rates of' photo-~ 

. synthetic gas exchange. 

With each che~~cal tested, preliminary experiments were carried 

out to determine the concentration required to obtain ess~nti&lly com-

plete 'inhibition. ~lhere such inhibition was obtained, experiments with 

· ll.f.co~ as a tracer were then performed. Following a prelimiiult'.Y period 

of photosynthesis .in l ... 2~i l2co2 •. 14co2 w~s. ihtro.~uced and its l~val and , 

specific radioacti~ity maintained so that the photosynthe~lc steady state 

was not interrUpted. Several l ml samplos of algae su~?ension ~:ere taken 

into weighed test tubes containing 4 ml of ~thanol for killing' .in. order 

to establish the ateady .. state level of intermediate compounds. F•fter 

10 ~nutes o~ more of photosynthesis with ~4co2 , the inhibitor was added 

and samples were then taken perlodica.lly. as indicated in the re,aults • 

. Aliquot samples ~.f the kilied algal material verc analyzed by two-

. dimensional paper chromatography· and ~adioautograpby • as previously 

described12,l~~ The radioactivity of each compound ~as determined by 

mean~ of the a~tomatie. spot eounterls. 

P..ESULTS 

The conce~trations of various inhibito~ used in this study and the. 

time.period; required for vidbly complete inhibition of photosynthesis 

by 'illuminat~d Chlorella P:trenoidosa at'$ listed in 'l'able ·I. 

Partial recovery was obs~rved with CCCP (10% after 10 minutes), 

·. with Vitamin K (20% after 25 minutes), and with hexylresorcinol (20% 

after 15 minutes), but not with DCMU. Since Vitamin K5 solutions 

deteriorate upon standing ,at room temperature, solutions of this3nhibitor 

were prepared immediately before use. 
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Inhibitor 

DCMU 

'CCCP 
.-_, 

Vitamin I<s ·; 
.,, 

-6-
,·: 

,I •; 

TABLE·! ;. . 

.Concentrations and Inhibition Periods · 

Concentrations 

~ :.. . 

l a 

l 

'' b . 10 

';• 

Inhibition Times 

Uptake of co2 
(seconds) 

. 70. 

80. 

. ;. . 

100 

E.v~lut:ion of 02 · 
(eeconds)·. · .. 

70 

80 

30 

.. · .. so 
... 

a With a DCHU eonee'ritration of· lo-B !• photosynthesis "'as about 65% 
, . ' . ' ' ' 

•',: 

··inhibited within 6. minutes ~u~d 85% inhibited in 18 minutes.. At ·····:. 
. ·..;-

10•7 ~L inh1bi t'or concentration,- there was no significant effect. ,..,.. . . . . . "· 

,. 

DCHU dJ.d not blo.ck .respiration. · 

1,. ;' 

:·' ~. jb~. srim€! concentr:~tion of phenazine ~thosulfate, a second known ' 
.\:. 

'! .. 

··.the rate of ·photo~nthesis. Its adcH.tion led to:: tQ.e gradual 

. •. ' development of a x-ich blue· color in the ~ixture .. 

.. ! 

:,. . ~ ..... 

., . . . ·/~. ., 
.. ,._;·· 

·.' '• . ·-~ ·' ~ . '. ' 
·. '!:' . ;-; . ·' 

.. ~' 
·:·. 

··~·: 

.. ,· 

i. 

'··;' ; . 

,_., 

.. ' .... 

f. 

-f . 

· ...... ....... 
,"' ~.. ~ 

: .... 

. i" '· 
•. I. ', i' ,:~· 

.: " : . 
;!· J • I. .~ 

·, .. 

·i­
'.· 

·I 

· .. ~ 

·'': 

., . ·. ' ·. ~-' . :~ 

-~. 

',·,··: 

. ' .. ·· 

, ~ • • • • ! 

. ~ 
. -,.-. 

-,~ 
_,_·';r 

. ,.. : -~~ :: 
-~. . 

·.··. 

-~ . 

. :-~~ ~~- · .. ', . 
._ .. ·:-,. ~ .. 
. ~. 

•t·, 

i . .-·· 

' ' 

.. · 

; .. 

·;':':. 

·.-

':.'t. 

·. )· 

:,:: 

~~g;~.· 
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In addition to the inhibitors listed in Table I; the follow~ng 

compounds were tested and found to have negligible· effect on .the .rate 

of pl'i'otosypthesis by illuminated Chlorella at concentrations up to 

3 x lo-4 M: · ethanol, n ... octyl alcohol, t-heptyl mercaptan, thioglycolic 
~ t~ ........ • 

' . 
. ·. aaid 6 trimethylene disulfide, mar-mesium perchlorate, eueenol, phenol, 
'. I _ ..... ,, ' . • 

pyr.oeatechol, hydroq,uinone tnononJetbyl ether; l ... hydroxy-2-amino .. l.!-;.;. · 

· naphthal~ne sulfonic a:cld {added as its potansium salt);. the het~bicide 
16 ' . . . . ' 

"paraquatu , the electron-tNmsfGr reagent pyr.idine-4 ... carboxylato-

p~ntatnJJ,~necobalt(III) perchlor-atE! and its N-methyl derlvative17 ~. Sllght 

inhihitioo was obse:cv':!ld \\lith pyrocatechol (10~ at 2 x J.o-'+ 1:!.), witb 

rGsorolnol (3si at 2 x 10-4 l!.>• and tdth hydl."oquinone (25% .at 2 '< 10 ... 4 !.!.>-. 

but these diols W'l.JN much less ei'fective inhibitors than· hexylresorcinol •. 

' ' 
Figure.e l and 2 ahow the levels of. the various lab~.lod compounds 

obtai.n$d fx;-om samples taken during the DC!•lU experit!'.ent ;' Figures 3 and 4 

i.ndicate t·he corTespon!!ing data for• the CCCP e.x.peri~ent. "Hie!romoles of 

14c" designates the total qu~mtity of carbon (as measuN,i ·by the .. 14c 

,level) incorporated into the var.towl species after introduction of 

l4c02 14. 

The change$· in 14c labeling- pattel"nS resulting from additions of 

. these ttoto inhil>i tore are very similar·, and. both follow closely the 

ohan~~es observed· when the lisht is turned of!f during the light-da:i."'k 

· transient .studyl3. Ae when the light is tutmed off, th0 sudden rise 
, I 

~n. the PGA ·1E~ve1 is signifie<~ntly greater than the drop in the level of 

· ribulose diphosphate, and there is an equally sudden drop in fructose 
' ' ' 

diphosphate. The UDPG level (not shot.m') re1~ains ver>y nearly constant. 

Among the monophosphates (Figs. 2 and 4), the add! d. on of O~~U or CCCP 
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(o~ turning off the light) eausen the level of glucose phosphate to 

increase while, at the same time, the levels of fructose and sedo-

heptulose monophosphates decrease. 

The levels of the various labeled compounds derived from the inhi .. 

bit.:ton experiMent \:!th h~eylresorcinol ~re shown in Figu~s 5 .md 6. · In 

eommon with the previously mentioned inhibitors and with the·light~dark 

transients, addition of hexylresorCinol causes a sh~rp rise in PGA 

level and a sharp drop in the level of ribulose diphosphate. 'Sirr;ilarities 

are also found in the patte!"ne of changes of sugar monophosphate,r:;. · . 

Howe vel', the levels of .fructos.e artd sedoheptulose diphosphat~J 1 after a 

very alight drop immedi~tely following the addition of the inhibitor• 

rise steadily to values very much larger than their ~toady ... $.tate l¢vels 

before inhibition. This featur~ is similar to that obse~vcd in experi-

menta with Vitamin l<; described below. However, with inhibition by 

. hexylresorcinol, tho levels of sedoheptulose diphosphatG become co:':lpar-able 

to those of fructose diphosphate, whereas with Vitatnin K the fi."uctose · 

·~· ' 

dipho~phate level ie hy far the larger •... . 
The pattcrn.of changes accompanying.,inhibition by Vitamin K was 

quite diffe~mt from that observod with inhibitors of the other, classes. 

Figure 7 'shows the !"ad!oautograpQ of a two-dimensional chromatogram of·a 

sample taken from the :reaction mb.:ture and killed ll minutes a:f.ter addi­

tion of Vitamin Ks• .Note the. heavy str-eak of labeled polysacch.:tride 

lying along::the lm-tci' edge of the chromatogram and coalescing with the 

.arigin. This feature is generally abs~nt from the previously dasc!"ibed 

inhibition .gxperiments • unless an extended period of time was allo,.red 

to elapse between the addition of radiocarbon and inhibitor. At the 

.. 

J 
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same .time, activity in the .sugar monc-f)hosphate area. is unusually light. 

·.in contrast· to experim~nts with other. .inhibitm~s in which a major fraction 
~ . . . I 

··of the add~d radiocarbon is found i.n variot!S sugar monophosphates • 

·Finally, there is an additiontsl spot, lying ncar the sugar rnonophosphate 

area hut closer to' the origin, which has not been reported in inhibltor 

·studies of this type.; T~ls was identified as 6-phospnogluco~ic acid by 

. cochromatography with an authentic sample of thh .acid. The \.mlab~led 

· phosphogluc~:mic acid was located. by spraying l'lith the Hanes-I.sherwood 

so~ution18 and ex?odng to sunlight. This acid did not appear in samples 

taken before addition of. Vitamin 1<. 

Figures B and. 9 show· the· lev£'1S of labeled suger monophosphates a!"ld diphosphates 

from the Vitamin K experiment 1 an.d F'iaura ·lo indicates the levels of 

d1pho~phates and" PGA. The moGt striking fe~ture of the mono.phosphate 
~ . , . 

Curves is the Vel."Y Sudden drop in th<! levelS of glucose~, S.odoheptulose t , ·;:\ :' 

·and .fr-uctose monophospha.t~s during the f.il-st minute after a.ddit~.on of 

inh.ibito:t•~. TI,e S>Jga!' ilit~hC~ph<:rt;eo ShOW a rapid drop in. the SPJ!lt! period, 

but it is followed by a rise whic.h is t•ery large· for :f.i->uctose d.!. phosphate, 

smalleJ:i tor sedoheptulose <li,pho~phate, at'ld ¢nly temporary (and not always 
. . 

·observed) for r1bulos<9 diphosphuto. l'GA inoreMes rapidly' while all the 

su,g!lt' :pht>-?phatas are fallin~l then PGA falls whil~ fructose· dipho:lphate 

(!n particular) rises. About 30 :seconds after :addition of the inhibitor, 

the combinE~d levelo· of ,fructO$e mono- and diphosphates B.re :.only about 

50% of th~ fructose diphosphate level late in the experiment, Phospho­

gluconic acid appears & few seconds a.ft~r addi tlon of the inhibi tor11 and 
. ' 

riboso phosphate graudally .builds up until, 14 minutes after inhibition. 

it han b~eome the major component in the monophosphate mixtu:re., Measurable 
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levels o~ r.tbulose monophosphate wer~ found in samples taken six or 

· more r.tinutas after addition of Vitamin K. . These are not shovm in ':-

Figures 8 and 9, but were, in all cases, about one-third of the -levala 

of ribose monophosphate. 

i>ISCUSSIO~r 

The transient change.s in concentrations of metabolic ln~err.:ediates 

induced by the addition of CCCP and DC!>1!J, which aN! very similar to light_: 

dark transient ch,apges • provide a useful standard against which other 

tjTO$ of ehem!cally induced tranai~mt chang~s 'm<J.y h~· com.·a~d. The 

U&ht-dark type of transients are character-ized !by a rapid drop to zero 

concentration of ribulose dlp;hosph.ato. This drop may reasonably ba. , 

· P+'~~umed to r-esu .. lt from the depletion of ATP or an equivalent form of 

hir;h-anergy.phosphnt~ compound de'l:'ived from th9 photophospbory.l~tion 

reaction of photosynthesis. The sam dc:Jletion of ATP or its ·equivalent 

c-"1."! account for the rapid transitor-J rise· in ?GA. since ATP is. 1-cqulred 

ln the initial ste? le.ctdinz to the reduction. of :?GA. The aa:sumcd uncoupling· 

o:{ phctopho:o;phcrylation by CG-CP thu:s could bt~ ext::ected to give the light-. . 
· ca.rk transient af.fcct. In ·the cas('! of DCl1U, inteXTUption of the flq~ of 

electrons from ,,•ater to NA,PP must be a~~ornpao.i(ld by cessation of noncyclic 

'" photophosphorylntionl9, with a consequent llght-dark type of trana:ient~ 

·Apparently • .the interruption of this· f.lotor of electrons' from •·rater to 

NADP. !s.,_vivo· doel!3 not result in a r.reatly accelerated cyclic photophos­

:phorylat!on. Such cyclic ."photophosphorylation • seen in the .-e>..-perlments 

with Vitamin K, !'f~Sttlts. in a grea-ul:l i3ti~ulated .. synthesis of oligo-

sacoh<U"ides, polysacchnrid~s,·and this synthesis is not. seen in the 

e~per.i!!lents with DCHtJ. 

'. .. , .:, :: .. . : :"'~ ' ..... ; ... : ~- ~, ·:.:: : ' 
. ~ ... 

• 

.,. 

j 
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The effocts on-the C!oneentration of photosynthetic intermediates 

produced by hexylresorcinol resemble in some respects-the light-dark 

type transients induced by CCCP and the DCMU, but are markedly differ&nt 

in other respects. The transient rise and fall in PGA characteristic 

of the light-dark tt-ans.tent is again seen. Ribulose diphosphate level 

falls rapidly, aa in the case of the light•dark transient •. A more pro-

nounced difference is 'seen in the behavior of sedoheptulose and fructose 

diphosphatea. The le~cls of these suga~ diphosphates rise very markedly" 

during several zninuti!!S following the addition of the inhibitor, While 

· the lavels of tha corr~sponding monophosphates drop· appreciably.- This 

apparQnt inhibition of the :conversion of ~~et~se diphosphate and· sedo­

heptulose diphosphate to the corresponding monophosphatas of.thess · · 

~ sugars has now b~11$ln seen with s.everal seemingly unrelated inhibitors • ' 

For exampl~, lipoic: acid and other fatty aeidslOtll inhibited the cou-

version of fructose and sedoheptulose diphosphates to their monophos­

phates. In the case of .Vitamin K, described in this report, the levtlls 

of fructoae and tJedoh'!!ptulose diphosphates dipped momentarily and then 

rosa markedly at the same time that the levels of the monophosphates 

are ·d~creasin.g. Thare is no obvious reason why such diverse chemicals 

should. effect. the removal· of the phosphate group ~n carbon atom number · 

ona of th~so sugars. !t may ba that the enzyme system responsible for 

. the . removal of this phosphate gttoup is in some ttay closely associated .. 

with a llpopt'OtoirJ o!' .lipid membrane surface, In this ease, the intro-. . 

duction of such llpophyllic substances as t:atty ·acid and. hexylresorcinol 

·might .alter this enzymic activity. On the other hand, it ean be seen 

.• 
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that the principal effect of Vitamin l< in vivo seams to be a diversion ........, __ 
of electrons from the photoelectron trans.poY.'t system and a stimulation 

of cyclic photophosphorylation. Perhaps one or poth of these actions 

is related in some way to an inhibition of the removal of the phosphate 

group on ca.rbon atom number one of ketose sugars. 

· Vitamin K'has long been known to be an effective inducer of cyclic 

·photophosphorylation in whole and broken chloroplasts20• The transient 

changes and complete inhibition of photosynthesis produced in this study 

by the addition of Vitamin K5 suggest that it is an effective inducer ofi 

cyclic photophosphorylation ~vivo. It appears to have diverted electrons 

from noncyclic flow since there is evidence of complete disruption of the 

operation of the carbon reduction cycle in spite of high levels of ATP. 

1~e first indication of this diversion is the initial rise in level 

of PGA. We interpret this rise as a partial diversion of electrons away 

from the reactions responsible for reduction of PGA. However, this 

reduction bf PGA to triose phosphate, with subsequent formation of 

fructose-1,6-diphosphat~ does not stop until two minutes or more have 

elapsed a.fte:r addition of inhibitor •. This, delay in reaching complete 

inhibition of the ~ductive reaction is evidenced by the rise in level 

of fructose-l,S..:<iiphosphate for two minutes. 

The .fall in PGA subsequent to its rise in the ease of Vitamin Ks 

addition, as .well as with CCCP, DCMU• hexylresorcinol~ and the light-dark 

transients, probably is due mainly to the convcrsion'of PGA to alanine 

and other amino acids by normal photosynthetic ~aotions2l. 

The greatly accelerated formation of oligosaccliarides and poly- . 

saccharides indicated·by the appearance of these compounds from the 

... 



.• 

... 

'-

UCRL-11804 

-13-

· r~(Uochromatograms. shown in Figure, 7 indicates a high level of forrna- . 

tlon of ATP Ol:' other. high energy _phosphate compounds. It.is probable 

that this synthesis of carbohydrates accoW1tS fov moot of the ver'y 

rapid drop in glucoae-6-phosphate produced by the addition of inhibitor. 

The oxidation of glucose-6-phosphate to· 5-phosphogluconic acid and 

to ribose':"S-phoaphate in the .Ught p~~vldes strong evidence .for an 

abnormal conversion of trADPH2 to its oxidized form. This oxidation 

occurs more slowly. than the initial transi~nts. The large rise in the 

level of ribose-5-phospha~e at a time when photosynthesis is completely 

inhibited and when there is presumably a high level of.ATP requires 

. that this _formatiqn of ri~os~-5-phosphate be at a site separated from 

the carbon reduction cycle. If the ribose-S•phoaphate we:ra formed at 

the site of the carbon reduction cycle~ there would seem to" be no reason 

why it would not be converted to ribulose-5-phosphate, phosphorylated 

to give ribulose-1,5-diphosphata and then carboxylated to give PGA. 

Thus, ita accumulation would not occur. 

The location of these different sites, and the mechanism for trans-

fer of matarial and energy from on~ to anothert are ,interesting subjects 

for 'speculation.· For our pres~nt purp~es1it.is sufficient to state that 

these kinetic. effects suggest the separation of the enzycnic system 

responsible·, for t~e operation of the primary carbon red?ction cycle of 

·photosynthesis. from Gther biosynthetie pathways. , Whethel:' this separation 

is between. chloroplast and cytoplasm,. between interiamel1ar stroma and 

· extralamellar tttroma ·within the chlorop,last, or between sc!lle other as 

yet unknown compartments remains to be seen .. · 
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The .!E.. vivo inhibitlon by Vitamin 1<5 . is seen to 'be the result of 
. . . 7. . .' -

upsetting the halanc~ of eofactors supplied ·to the carbon reduction 

cycle by the photoelectron transport mechanism due to the stimulation of, 

excessive cyclic. photophosphor)riation. at the expense of t:toncyclic 

electron transport. 
··' 

If Vitamin K5 functions at lower concentrations a8 a natural· 
'. ~ . 

cofactor for cyclic photophosph<:)rylation, its level could very well be 

a factor in the. regulato'ry. mechanism in the chloropla~t for the control -· . . 
-.- . .· 

·::· 

of .the ATP /NADl,H2 ratio, . ' '( . . 
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FIGURES 

Flg. 1. T~ansl$nt Changes in Concentrations of Intermediates of the 

, Photosynthetic Carbon· Reduction Cycle C~usod by Addition of DCt-m •. 

Fig. 2.. Transient Changes in Concentrations of Intel:'nl0dlates of the 

Photosynthetic Cnrbon Reduction Cycle Causad by Addition of DCMU. 

Fig. a. Transient Changes in Concentrations of Intermediates of the 

Photosynthetic Carbon Reduction Cycle Caused by Addition of C.CCP. 

Fig. 4. Transient Changes in· Concentrations of InterMdiates.of the 

Photosynthetic Carbon.Rcduction Cycle Caused by Addition of CCCP~ 

Figs. 1~4. Levels of l4c-labeled·com~ounds in inhibition experiments 

with DCMU and. CCCP: o • PGA; •• glucose-6-phosphate; 

., fruotose-6•phosphate; 4, fructose•l,S-diphos?hate; 

~' ribulose-1,5-diphosphate; ~. sedoheptulose~7•phosphate. 

(It is suggested that Figs. l-4 be placad on one page.) 

Fig. s. Transient Chang0s in Concentrations of Intermediates of th~ 

-=-· 

Photosynthetic Carbon· Reduction Cycle Ca.u3ed .by Addition of Heltylresorcinol. 

fig. s • Transient . .Change~ 1:·i1l Conc~mtrations ·of· Intermediates of the ; . ; 
Photosynthetic:. Carbon R$duction Cycle Cauts'ed by, Addition of H~xylresorcinol • 

.Figs. 5•6. Lovels of 14c-labeled compounds in inhibition experiments 

with hexylresorcinol: o, PGA; •• gluoose-6-phoephate; 

•• fructose ... 6-phosphate; A. fructose-i,6-diphosphate; · 

A, ribulose-1,5-diphosphate; c, sedoheptulose-7-phosphate; 

O• 6•phoaphoglucon1c acid; ., ribose-5-phosphate; x; ~edo­

heptulose-1, 7-diphosphate. · 
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FIGURf.:S (Continued) . · .· . ~ 

Fig. 7. Radiochromatogram of Photosynthetic Intermediate Compounds 

·from Chlorella Following Inhibition by Vitamin K5, 
/ 

. . 
Radioautogx-aph of a two-dimensional pap~r chromatogram· made 

from Cblorella pyrenoidosa t.rhi~h had photosynthesized for 15 tr;inutes 
. ~ ,· 

in 14co2 ~rior to addition of inhibitor and had remained in l4co2 for 

ll minutes after the ~ddition of Vitamin Ks• 

Fig,. s.. Transient C~anges in Concentrations of Intermediates of the 

Photosynthetic Carbon R.~duction Cycle ~us~d by Aadit~on of vitamin Ks• 
' ; . .. ' . ' . 

,Fig. 9 .... Transient Changes in Concentrations of Intermediates .of the 

Photpsynthet:tc, Carbon ~eduction C'jcla Caused by. Addition of Vita'!lin Ks• 

' '· 

fig. 10. Transi<!nt . Changes in Concentration~ of Intermediates of the 

·Photosynthetic Carbon Reduction Cycle Caus'~d by Addition of Vitamin. K5• 

Figs. 8-1(). ~Leve1s·of 14c~label~d cotm>ounds in inhibition experiments 

with Vitamin Kst o, ?GA; o~. glucose-p-phosphate; 

n. s~doheptu~ose-7~phosphater •• fructose-6-phos~hate; 
' . 

/h .ribulose-1,5-diphosphate; A. fruetose-1.8-diphosphate; 

¢, ,6-phosphogluc:onie acid; f,. rihose-S•phosphate; x. sedo­

c: -h'!Ptttlose-1, 7-diphosphata •. 

1.1 



·~ 

! • .- () . 

Fig. I. E. s. Gould.£ J. A. Ba~sham. Inhibitor St~dies on the 

. . Photo~ynthetic Carbon Reduction C~cle in Chlorella pytlenoidosa. 
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rig. 3. E. S. Gould t; J. A. Bassham. Inhibitor Studies on the 
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Photosynthetic Carbon Reductfon Cycle in Chlorella pyr-enoidosa. 
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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 Commis.sion, 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 • 






