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KINETIC STUDIES OF THE PHOTOSYNTHETIC CARECN REDUCTION CYCLEl
. . : : ) ”t »,,I. "./’.4"\ (/" C-:S/

s By J.A. Bassham
4 ! ' .
Lawreice Rad;ation Laboratory, University of Califarnia, Berieley, (21if,
o Introduction

The problen of the carbén réduct1§n éathwa& of photosynthesis 1s
éonsidered to be Séived by some plant ph&siologists (1). The pathway
which 1§loften acéepteaiaé béiné,correct is the reductive'pentose phcéphate
cycié, Calvin cycié,vor, és‘I Shalllréfer to it? the photosynthetié
carbon feductidn cyéle‘(?SCR) (2). This 1is the only such;pathwa& proposed
in‘recent years whicﬁ‘ig essentially complete inliﬁélspecification,of
'ihtermgdiétes and reacéioh'séqﬁences.

In the PSCR éycle, the first stable carboxylatioﬁ'produét : :
vis 3~pﬁosphog1ycer1e acid (PGA):(3). All the remaining stable
’.intermediateg aﬁe sugar.phosphates and diphosphaﬁes, with carbdn
skéletons from three to seven carbon atans_in length, In the
simélest termé, the fSCR.cyclé cbpsists of four stages:
| 1) ribulose—l,5~diphqsphate (RuDP) is carboxylated.to glve two
m_olecule§ of PGA; 2) PGA is.reduced to triose'phdsphate; 3) a

series of reactions convert five triose phosphate molecules to
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- g;ive three pentoss ﬁhi@sphate molecules; 4) the pentose phosphate
‘n;olecules are éhen phosph@ylated to give ‘Ru‘DP‘. Carbon which
_enters this cycle as carbon dioxicjé is later "drained off“ as
‘reduced carbon in the form of PGA or sugar phoaphates by secsaz':c‘iaax‘yr

.photoaynthei:ic pathways. These pathways lead ultimately to tha

synthxsaais of fats, prbteinsa' carboliydrates and other products.
There are some dissenters fran the acceptance of the PSCR
cycle, Stiller (4) ne_.s' written an intemsting, and provocative

review of the path of carbon in photosynthesis, She argues that

. the ‘PSCR. ¢ele is incorrect, and proposes an alternative .

pat%’u (in waich the first steps are not completely defined).
Most of the differences of opinion regarding the cycle
revolve around "che interpretation of thc available experimental

data; rather than around the correctness of the data itself. We

-have reviewed the evidence used In formulating the cycle (5,6}
"In the present article, I shall discuss some of the questions

~ which have been posed regarding the interpretation of the data,

ard then shall turn to a consideration of" recent experimental

developments which suggest soue possible mechanisms of reactions



3= _ | UCRL-10995
‘of the carbon redustion pathway. The probabil;ty of the operation
in vivo of s&n:; org;.nized enzymic system will be considei'ed.
‘.Except} for the.';‘.cmmtio.n of 'glycolic acid, 'secondary pa‘chw:ays}‘
vl'.eadi:r;g fran thé basic caﬁbon x’educticn‘cycie; will not 'be
d;scussed. Tnese paths, leading to malic @id, amino acidé,
suerose ard .othe‘xf carbomdré.tes, and variou‘é other {products’
"of +' - photosynthetic earbon reduction have been reviewed |
elsevhere .(6)..

I shall neglect the many excellent studies with whole ard
‘brolcein chloroplasﬁ prééarations. Such studies are most valuable
fer revaaiing many of the biochemical capabilvities of the
- phovogsynthetic abparat_w. Owing to the g,reatly' vdiminished
efficiency of these systems for CO‘Z refd;zction, it is my |
opinion that little can be learned from them concerning the
kinetics of carbon reduction in vivo.

Two lines oi‘ evidencé have .been used in comnection with
the elucidation of the carbon r‘e@duotion pathway, The primry

line of evidence consists of the kinetics of the labeling of
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comcundé in the Uving cell following the .mtroducéion of
l_gbélédt subsnz-apé. o other tool has been found far. cebtainimg;

- ‘inf'o»rmtionA about f.he identity vof th@,‘ iintéime&iates in fhe
 ( primary carbon r‘educti_cvn} pai;hway or .the be;’;uence of #éactions
which link them, One »c:an an:l must‘ criticlze the .‘met'ho_;i and
" be conselous of its lixﬁitatlions‘e Ir ;#e were to dlsregard this
..evidence, hwever, ve would Imow a]mos@ nothing about th{:.
: pathway.
.v The secord ard supporting line of ‘eyidér.xce cames fram the
- study of enzym‘i';‘:.vact.s.vity of éoluble ard particulate fractioma |
' isélated. from broken photosynthetic‘.é«::lls.‘l’hé demcmstxfation
) of syuchI pioghémical capabilitieé Lﬁ isqlatéd enzymes glves us
jacid«éd confidénqe ln a reaction which we have ‘beéh-led‘ to
. '@Qs";ula‘cé as occurring in avblivimg s?atm__gr;{ﬁhg basis qf
xhﬁetic dz;i:a; Tnefailure of attempts to iédiét_e any or
:fsuf_;("icient é‘nzmic_:‘act‘j;vity fé;t' a given proéosed feac‘;ion_ is not
an ovemmelmirx:; arg,xfnenf a\ga;inst-tlhe 6ccurrencg of that r;'eactidn

‘as a step in an in yivo metabollc pathway. .

b
y
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| ‘The fact 1s that considerable suécess has attended .the' efforts
- to‘ isolate ﬁ"om gbotosypthe‘z_tic ti;sue of a .vafriety of plants the

_ Variou; enzymic activities reouired by‘ the /. PSCR o‘yclé. Tnls
evidence has“i:.:een reviewed by Vishnlac et al. (7). Stiller (4)

nas reviewed #ioét of the mere recent 'enzyrﬁic studies, ’w‘neré there
has been report;edﬁ an m«mate acti\-iity for a given reacticn

from a given organism, we should see whét ﬁkxis night tell us '
-about ‘the ‘».,aébgnpli,shméni;,;:- of the reaction in vivo. Such
d:l.sczx-epaﬁ-zcies_' suggest that the organism may have something in its
‘ nekenp which ca@es the disruptidn or léss of engymic activity
'upon atte:npté tu isbiate sn-zch ac'civity.: The proper interpretation
of .;»uch effects can donceivably be’ u:;ef;xl in @erst&ﬁirg the
~mechanisn of the enz-ymic'system in vivo.

The Carbm Reduction Cycie ;_n__ Vivo
The cﬁrbon reéiixction .oycle_: or .tkhe PSCR cyéle is shown

in é‘ig\me 1. ‘The rea.gtions are the same as propésec} previously
(2,556) buf. the cyc‘le h?.s beén redraam to e:ni)tiaé;ize tne‘ relatiom
be"cween’ketose phosphates s the @colaldehﬁe thiamine pyrop‘ipmphate

addition compound and glycolic acld (6). The approximate labeling
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Fig. 1. The photosynthetic carbon reduction cycle (PSCR cycle), Abbre-
viations include: FDP, fructose-1, 6-diphosphate; SDP, sedoheptulose-
1, 7-diphosphate; RuDP, ribulose-1, 5-diphosphate; TPP, thiamine pyro-
phosphate; E, E', unspecified enzymes or proteins., The E'(FeSH) '
symbolizes a reduced ferredoxin-type electron carrier with a potential
of -0.,4 v, The asterisks denote the order of labeling (not the accurate
magnitude) of various carbon atoms of sugar phosphates, and other
interql diates, following a short period (such as 10 sec) of photosynthesis
with OZ' Depending on pool sizes, particularly that of triose phos-
phates asymmetry of labeling in hexose and heptose phosphates may be
more or less than shown,
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: paﬁtéfg after a few éeq phétosynthesis wiﬁh 1"002 is iﬁdigated
by}astgfisks;,glso‘3how§}is £hé h&pqtheticallggiggﬁgpredudfion of | o
thew#é#quylat#bn'pro&uct‘by high_negative péteniiai («0.4‘v)

,reduciﬁg:agents, such as redgéed ferredéxin.'l sﬁéll’reﬁiew ﬁhe

_baéic %ci..‘"%etic aﬁgmentsirelating to this .scheme_v.v‘ Q_n.t the same tmé

some new éiséussion of tse gingtiqs of publ;éhed resu;ts will
' be presented. It v}in be assumed that the techniques ovf photo~

.synthetic stuéie$7ﬁifh

1“002 as a tracer (5) are well lmown £o

the reader,

_3—PhosthEIYQericfédid;rB-P@bsphoglyceric acid (PGA) was
found to be the most praninently labeled compcund‘after vefy
short perlods of photosynthesis in the presence of 1,"C()a (3,8).

o

’$§netic;s?u?ie§ishow?§fthat when tﬁe percentageudf fotal redioccarton
'ffix;d was plotted as évfunctionlof timé of phoﬁqsynthesis with 1“c02,
the pérgentage fogng ip PGA'wﬁen egtrapdlétédto zero time was

| ﬁoﬁe #haﬁ Tb% (2) and in sane experimen§s near1y 1004 (3).
Ip.those_expe?iments where the extrépo}atedléeréenﬁage in 2GA

© at zero time was about 70Z, much (10-15%) of the remainder was

. found distributed among several sugar phosphates, particularly



fructose and §@doheptulose phosphatéa,-?rom the stanﬁpoint of known
‘Qhémical or bfgchemical reactions, these substances are not likely
first products éf a carboxylatiog reaction. It was supposed thst'
ihey were dgrive; from the primary carboxylation product, whie;
wass thought to be PGA.

In these same experiments, other swmall amounts of luc
were fouﬁd'during the shortest times in malic acidé vhich was
presumed therefore to.be a product of a carbvoxylation reaction.
"‘or a time it was i;noum that malic acid might be an mtemeame
in a regengfgtivé gérbon reduction qycle. Howaver, studles wiph
'malbyie aci@ as an.inhibitorv(Q) showed that even though ihe
fon@ation of malic éci@ cbgmd be_prévented, the'opefation bf the
| car#on reduction gybleg;as evidenced by.thé 1nc§rporation of lﬁc
| ipto the a« and 8 carbons of ?GA was not i@peéed.'

Su;h' information was oStain_ed from the chemical degradation
of phosphdglycéric‘acid (9). A kiﬁetic study of thé appeéra5ce of
" radiccarbon in the individgél atﬁmé of phosphgélycéric.aéid showed
that radioca{?bon_gppeared first 1ni the carboxyl éérbor; and later :

equally in the o and 8 carbon atoms. After 60 ses of photosynthesis
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in thw presence of Hlu ‘the distributiOn of 1&0 anong carboxyl,

- )

a; and 8 carbeﬁ atoms of PGA was about in the,ratio-zzlzl,
e \ o S : ,

3’

‘respeétively; "

Tris finding had an .ﬁnpo'rtarit consequence. It suggested

,ﬁhét the « and 8 éérban atoms of PGA are not formed de novo
~ from CO,, ‘but 'z‘athar ‘that théy are derdved ffd:zivthé.éarboxyl
' carbon atom yia’achclic process, énly'thavcarbékyl{cafbon

atcm appeared to coms’ directly from CO, Via a carboxylation

e possibility that unstable mtemediates proceed the |

" observed Stablelproducts'of'cérbonvfixation 1033 has been
‘recognized; A careful'search (10,11) failed to reveal the

“existence of such'eably;uhstable products to date, While by

ot .
i .

. definition‘the'bossible.éxistenze of such unstable intermediates

1
S

7/

/]

never can be eiiminatedvcomplately, cerfain limitations can be -
" set upon the concentration and stability of‘such substances by -

o the'experimentél.results thus far obtained.l»

vﬁe hayeibeen able tolshbwﬂby'meansgbf'kinetig st#dies (12)

C e
et
I
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L5 of the phiotosynthetie fixation of Mo, during steady state

| photosynthesis in Chlorella‘pyrenaidoga that t;here comld beno . . . I
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carlboxyliagaini The ¢ introduced thr*ough "dlose™ would pass

| K thrqugh the "‘;.x"*.sltable pocl®, _t.:hence through RuDP carbon atoms

1 @:2, Lhe a and B carbon ator;as of PCA, carb§n a‘x“,-oms 2 and

.»-3' of triose bhosphaté', Acgrbén 'ato:#s 4 ani. 5 of‘ RuDP and back;'irﬁ:o
the PGA o and B clar"boﬁ atoms;

Thus the ca_rbéwlatien car'boﬁ passes thrbugr; one set qi' sk sTsH
a.ﬁoa:é whose total ‘concén’cra'.tion we éem deno‘cé by C; and 1is cqual £o
,3‘;0 + 0,27 + 0,07 = ‘1.324 micromoles., T‘né "diose™ carbon passes
B different | o | - | |
trrough a / set of carbon atom positions which we can denote by
025; 3¢ Inc}@img the u@ta‘ole pool (whose uuper Limit in size is
_ 15 'mic?améles), 0253 isequal to 1.5 + d.li% + 2,0+ O.Siz'%- 0,14 =
1452 mleromoles. |
:‘A precis}‘e c;léulatioﬁ _of che éegree of mbélihg; particularly
o at timés less than'tBO' sec, wo-uld. require cons.i‘deration of each
componen’g pool in Cy and 02’3/would be ratir}er complicated, dac
't'o the. cyelic natu;'e_of tpe process, We can obtain. a reasonably
good apprgximatiop of the avéragé degree c‘.fva'atuvrapion by 69 sec

of Cl and of C2’3 by treating them as single pools., The degree of saturation of

| Cy is then glven by x; = 1= ~R1L/Cy and at t = 1 min it is O._9'3¢
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By' 2 similar calculation the degree of s&t‘m‘atioﬁ of C, L Ouézl&;

& then ‘fgllé?ws that_' the degree of' satufatién of the entlire FGA
‘_pxoo.’:;"'at lr minwculd be l:b,és +.2(}0.81&)]'/3‘7;-“0388;.,.  11: can bé caleuloted
fxmtx s-:xperxnental _&até.- in refaremg) 12 (at 59 sec) asA2.29/3":f = (,78.
. :TE'.&G degree ovf’; éatm'é,ﬁion Qf the‘xfibulme éiphoaphéte, by calcuvla.*;;ﬁ::m
m:m these cv-l ams,“czﬁ mu-eg would be ltu'_(o.au)' + '0,953/5 = 0._86;

. whereas the caleulation from .the'»ex;;‘)‘@rimr;t is (at 59 sec)

- 0.2252;35 - .0..625;-:
A ;,Zl,ozraer- I?atg: of saturation of PGA and of RIJ.DE’ vrom r_és’ult .
U ftv.csrh\thgv vo;ae*rgj;ionf'of the ESCRi cycle bécguse of the larger

| .toté.l pool .:bf cérboﬁ in tlr_xe f;lf?_‘SCR .\;-jj;! c.{yc%e. 'Th.‘e total ‘cohce‘ntratimﬁ

of carbon in ‘intérmecliat‘;es of the U i?_SCR,; ¢ycle in the above

I3
PP

"e_xp'er:l.ment :z.é.' ¢ = 12.2, When R= 12 anﬁ t . i, x'w:l -»-:e“’l = 0,632,
Thi.sv average valve fdrr all the _caf!;on_ positiods; in the cycie is
| tlws in 'good agm;aemen? with the expérime-;ztall&' ‘clzalcu}g.‘ced \}alue |
‘ for Rv.DP '(0;.525).. The c'a;'boxyl carbons of PGA will be nearly
" saturated b;;? ‘o.nevv nin s0 the .es"cimt‘ed value for the thx;’ee_ carbon
| atms, of PGA would be [l + 2(@.632) 1/3? :0’.7‘35; also cvlose"to ..

the experimental value of 0.78. These agreements between calculated
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and experdinental results probably are better than should be

!
i .

"expected, copsidering the approximations used: They da

;lluSt:até tﬂ;t $0me cyclie process, involving intermediateg of
subét;nces in rapid e@uilibriumlwith ingennediates,_whose
'.tbtg; goncentrations éfe abéﬁé those of 3u55tances inyolved in
' the..[pécﬁ.cycle; is rgquired to.fit the availablg kinetic data.
) In he? fevi;w (3); Stiller asaérted (in sﬁﬁport.of hef
prbposél) tnat our studles (12)'indicate'that'?the carbon‘
-atcms of pentcse éhosphate attain a higher §pecific aétivity than
_‘thpsg of the phssphoglycefic acid'from which they are presumably
derived"”. Welécund and_reported preéisely the ppposite. Prom the
. ,beginrﬁ.ng of the ﬁériod of stéady state syr;.thesis with Mcbz.
- until éaturati;n 9f the iﬁ;ermediates the specific activity of
the fé# wWaS alwa&s gonsiderably highertthan tﬁat of RuDP,
_’7/1" Ir tﬁe cérﬁé%yiétiénvof RuDP result; 1h:the formation of
R f / . ; o |
- two molecules of PGA, then the carboxyl group of 1 of every two
'?GA molecules will c&ntéin.the ﬁéwly incofporatedllqc.:

To test this model, we subtracted from the total PGA radiocairbon

“an amount of H4C radfosctivity wnich would correspord to the redio- -
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activity expeéted in this carboxyl if the model were correct. Since

group would rapldly saturate if the model were correct,

 this ccu"boxyl
e ‘this 'in-vo.lvéd subtracting '1'/2' X 1/3 - 1/6 of j;h;e.'s.a‘tu-ra.t‘ionie\'rel
of vradic"ce;rpon i{n‘.'PGA aff.er é‘aéﬁt 30-secn._ ‘I‘hé remaining l2‘(:‘ which
would have to bé éérlﬁfed fx;ém ihe RuDP car?:ox; ata;xs‘ was compared
with the l“c in RuDPI.VA’I‘r‘Ale remaining, or re;s.i;dm-s,vlv,‘ PGA I§a‘rbon atoms
‘Wez.‘e ﬁ‘c;ﬁrld té'bé labeled {:o a higher deg;r'ee of'l satuyafion than the
avefage_ of "thé :‘fivé: 'aitc!nv'xé‘ of RuDP, sﬁggeéting; that this model |
(2 ipqlrecules: of PGA 'pér'éarbé;iylaﬁion) was mcbﬁect.
Uuing a differentmodelir 'wh,:‘;*-hybrﬂ& oﬁe ‘P'.GA' mpleéule
was formed, and 1n g:};iéh it Waé formed from the vxewl; -;néorpomteﬂ_
T,.l%(i)z and carbon 'ato:ns; 'l a.m‘x.? of RQDP,— a ’similax: calcuiﬂt}.on showad
" _ 1_ ;f.!ﬁat the reéid;xal carbcn atoms of PGA wére‘not_lat‘:;eled mare rapidly
than *k*;}"xe aVeragé Vof‘ the five RuDP carbon atcm until after S0 sec.
| In this caSe theré was ribi' confradic‘cidﬁ Between model and éata even
after SO 'se-c, since we know that ca_.fSon ét@s- 1and 2 of RuDP are
mare véuicl}c-ly’ labeled than the cairbon.at'cx'nsy 3,1‘4 and 5%(2). |
- From thisdata anﬁreasming, we ancluc}.ed vthlat the carboxylation

of RuDP leads to only one molecule of PGA in equilibrium with the

PGA pool. The other three carbon atams from RuDP appear to have been
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_converted either to a form of bound PGA not in equilibrium with
the pool, or%fo‘écme other molecule, we4speculated that 1f the
ig.gggg.reactaon ﬁeré redgctive; the other molécule_might be
friose phosbhéte.

' It was noted earller that;the radicactivity in PGA does not
always exﬁrapolaﬁe to 100% at zero‘time_(2). Sometimés such
extrapolation giﬁes ;0—15% rédiocafbon in sugar phosphates.at
zero.time. Thiz finding suggests that iﬁ is not only the three
carbon moiety derived from carbons 3,4 and 5 of RuDP which
may noﬁAbe'in equiiibrium with the PGA pool.‘It appéars that
some of the PGA labeled with the newly incorporated L'C in the

carboxyl group is also bound, perhaps to an enzyme,‘and converted

to sugar phosphates without freely equilibrating with the PGA poel.

ReauetionqufPaA to sugar phosphates. Calvin and Bemson (13)
prOpoéed.that’PGA is reducéd to triose phosphate and that tricse
 .pbosphate ﬁhen condenses to make hexose phosphates. This proposal
wagsuppérted by'their identification of PGA, tricse phosphate,
and hé#oseipbbsphates as labeled proqucts following short_éeriods

4

. £ £ b . 1 AY . ' . - ] 4 ol
of photosynthesis in the presence of ~'CO, (14). The reduction of IGA

to hexcses via a pathway rosembling the reverse of glycolysls wis
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: 1:1&"&;1:&& bydegradation of hexose and of PGA i‘rom the
_; '. - sane experiment‘ ;('3)'.; Forexanmle, af'tc%r 15 oec éﬁcétosynthesis
'py barlafy_ the .éist?;butién of 'ra,riioga;‘bgn ifx.: ‘ché A;a_.rbaxyl and
aand g’ -vc‘ar‘tjgﬁsv ‘of PCA wasmum; 508, 25% é;xi'éb"%.z-'-'espectivazemg
._-.rwhi'le that in= sucrose 03 and C,, C2‘ and CS’ and Cl a‘“d Ce wax
gl;;o ‘SO:‘:’, . 25% and '25% ’ re‘sp.ective'lz,(f._
. This degr‘ac..ation of _hex-ose aerlved fro*n sucrose did not
’ ;_.dififeren’c_ﬂ;ate vbet'.“:ecrer.x thecarbonatomsl,z Jh:l 3 oi‘ the ne;;cae. 38
- ccxnpared with carbon atans y »5. and 6. T’neGibbs ef.‘fgct, ha‘cil it beém
- pmser}t,v-f.%ogld.. not bave bgen obser'vgd. 'if.andlermd Gibb$ -(16) 1aterl |
’-.fog_nd 'tizat f‘ol%loﬁng qu;osm;hesis_ 'wit‘:: 1_“4002, .both glucose ﬁhés@‘n:a.f:e
am the glucQse m?ie;t? of. starch were asymretrically labeled.
| Carbon atom& was morehighly labeled than garpon ' 3 s f:hiie cérbon
| _atgivus 1 and '2=x«:ez'é: :mg;‘é highly 1'abe'le<}7 ,t;xar‘x“carboxfxs 5 ézd 6.
| I‘cls not cliffic’git l’co; propose av ‘rez;soné.bie'_ axplanéiion

" of this Gibbs effect which is consistent with the ..PSCR: cycle (2,5).

3

ne difference between 3 and 4 could be predicted .in terms of the
PSCR". cycle on the basis of the measurable pool of dihydroxyacetone
- -phosphate. This pool dllutes the tracer coming into it when

‘ phosphoglyceraldehyde is converted to dihydroxyacetone
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shosphate. Dihydroxyacetone phosphiate then reacts with newly

"~ formed phosphoglyceraldehyde which has a higher speciflic activity.

kY

, i3 reaction resulbs in the formatlon of hexose more highly
labeled in carbon atom 4, derived from the phosphoglyceraldshyde,

than in carpon atoms 3, derived from the dihydroxyacetone phosphrate

iﬁe higher labeling of carbon’apoms 1 and 2 as compared with
5 .ard 6 can be re;dily éxplained in terms of the reversibility of
. | ‘ | -
the trgnsketolase reaction (5) (Ses Fig. 1). Careful considerstion
of both of theseAezplanaticns wiillshow that the ;ize of the effecct
.or imdeed-its.existenc§ will depend to a large extent on pool sizes
‘ &nd the rate of the net fprwafd reaction as compared with the rate
of the reverse reactions. It 1s not surprising thereicre if
sometimes the Gibbs effec§ is cbserved and souwetimes it 1s not.
It'is‘trﬁe that we ha&e reported (2) that afﬁer 5.4 sec photo-

: synthesis with Scenedesmus, the fructose phosphate was symmetrically
labeled with most of the radicactivity being in carben atoms 3 and 4.

It will be noted, howeVer, trat sedoheptulose phosphate obtained

from tnat same sample contalned most of its radicactivity equally
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' distri’r.suted between carvons 3,4 and 5. Since carbon atoms 4 and 5

" of sedoheptulese phosphate are derived from carbons 3 and 4 of

" fructose phospt ke (2) » this result is sglf-consistent.

. : _ _ _ _ b
_ S _ in ' N
- In the sane repard we found ,;.t/ sedoheptulose ph phate ' / 5

$

. from soy besn leaves which had been esposed. to 11*602 for very
- short times (est. 0.4 sec),carbon aton 4 contained only 8% of
" the radiccarton while the total of carbons 1, 2 and 3 was 33% and the
R (f‘rom other' results in that r'epor"c)
total of carbons 4,5 and 6 was 57%. It is evident/ that carbon \

3 by i"*elf corm.,.md nost of the 33% and carbon § contalned 579

- minus 8%, or 39}5. '?‘nus in that experiment, the asyum\m in
ey » 3 )

Ccarbon atons 4 and $ derdved from carbon atoms 3 and 4 of mctow
phosphate according to the PSCR . cycle vwas observed. iowever,
. . S ' . B
in that particular sammle, only the two halves of the hoxose L
| . . A i
. were compared in degradation studles and were found to be 3
approxlmately equal. If carvon atom 1 and 2 are more labeled
. than carbon 5 umd &, ahil@ carbon atan 3 iz less labeled then i
- carvon atom 4, tl’i& two helves (1 4+ 2 + 3 and E+5+ 6) of ‘hexose can
be equally labeled fortuitously. . . -~ - . S
T r:iu.lc Sti ll‘m did mot Alscuss the labeling of sedohcptulose =



15w UCRL-10995

phosphate which wou;d result 1f her hypothesis were correct,

;t can b; regdily preaicted. It 1; a ccnseéuence 6f'hﬁf ﬁypothesis
tggt carbon ;ﬁgms'i'gnd 2 of pentose phospbaﬁévmust alwa;s be
equally 1abeledd'$§éoheptulos§ §hosphate fcf@ed by transkéﬁolase

’ froﬁ.such a.pgn#ose %pulg thgreforé a;ways hgye carbon atoms 3 and
4 equally lgbgléd. ?his fgﬁuirgment is.clegriy_contfadicted by

ou# publ;shﬁd dégradaﬁion of sed;haptuiose frég ?he 0.4 sec soy
Eegn leaﬁ (2).(Séeabove); |

lqC labeling of intermediaztes .

In the study of the kineticsvof

dur;?g steady stgt% photosyn;hesis (i2,15,17,18), ﬁﬂo classes
" of compourds can be distinguisheﬁ;.Ona class of comouwds includes
) N L i | .
- those which become géturated with lQC within 3 or 4 min after
Cits ihtroductioﬁ as 1u¢02. Th;s saturation is thé result of the
fact that ;héir pool sizes é.re relatively small and that ;neg,
are fofvthe mést pért inbefmediateé:in the basic cérbon reduction
eycle so‘thgt the.ne; fa;e of flow Qf carbon through thase’

coaﬁounds‘is’iarge{ A;l of the,}nterméﬁiateg postulated for.the

PSCR . * dyclé plus phosphpenolpyruvic acid and glucose~-b-phosphate

fall in this category.
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A secord class of compounds includes_such subsﬁances
H”aés malic'éci§, §u§rose,:a1§nine; étc., vhich do hot become
satm"a’cx.d z.ri%*z 1% ior mBny min"af‘terl :Lté i}'ltroddétion |
a8 quOz. i@iiébclear that these compounds cahnotllie in the cyclic
,path.o? carbpn:reduction; O intermediaté in the eyelie path .
oféérbdn reduction'can become saturated befofe any other intermediate. |
- It is true thét.a‘subgtancg such as.thSphoeﬁclpyruvic acid'or
g}ucose—6—pbg$phate}canAbe in such rapid equilibrium with an
-Jihtefmedia;e in thg;cyélevthat 1t can saturate at essentia;ly
s the“same raté a5 ingermediqtes in the‘cyéle; 
'It‘woulé be-@oésibié ﬁhaﬁ_b& this criterion ?tu§tqs¢~l,6—diphosphate
';13 net ah;inte%xﬁdiate in the éycle}(@) but ﬁe?e;y}avsuﬁstancﬁv
:in rapidiéqqilibrium.with such intermediates aéltridse phqsﬁhate;
E'However,;if thisuweré the case, oﬁé mugt disnﬂSs\thevargument
tﬁét tﬁere islén inadequate amount of erzymic actiVityvéucﬁ as
al&olése tovfonm fructose~1,6-diphosphate at & rate consistont
with its be;ng anlintermediate in the cycie (ﬁ). As mch énzymip
lgctiyity is ﬁeeded for the rapid equilibration of a compound with

intermediates in the cycle as would ke recuired for the substance

to be itself an Intermediate in the cycle.
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4

K ' AS we bointed cut ten years ago (2) there is little
,, difference in the rat;es of labellng gmong the various intermediates
in the cycle éxcept ?GA. The more rapiﬁ labeling:of PGQ is of
cdurse due io 1t§ carboxyl group which'contains the most recently
incorpqrated;ca?bon. Thué gxéept in the case of PCA, the pbsitioﬁs~
of inxermediateé in th% cycle were not determined by seﬁuence ef
labeling of the inteﬁaedxates.as nas been suggesfed (R)._Tﬁe
sequernce of qycle intermediates was determined by degradaticn
.studiesg transient changes in cancentrétions of labeled c#mpbﬁnds
- .acccmpanying sudden ligﬁt—dafk pr-ﬁiéh COy-1ow CO, conditiéns,

and a consideration of kmown biochemical reactions (2,5).

Cenversion of triose phosphate to pentose phosphate. The

N &egragation ééta suppqrting the $tepsAgiven by'thelPSCRiuzdycle

for the conveféion of five triose phosphate molecules to 3 pentose
phbéphate moieculea.(see Fig; 1) hgva beéﬁ amply'discuss@d before
(255,6)6 A éetailedldiagfam of the'distribu£ion o? label fhrough the
“PSCR:-: cycle wa; recenﬁly sublished (18).

it hgs been suggested somestimes that.sedoheptulbse—l,7«diphosghate '

is not an intermediate in the cycle and that sedoheptulose-7-phousphate



= ' ~ UCRL-10995

is formed by & transaldolsse reaction (7). Sedoheptulose=l,T-

diphosphate, Like fructose-l,6-diphosphate and RDP is rapldly

labeled amd quickly saturated In a manner similar o othe

postulated intermediates of the PSCR cycle, during steady

14

i

state experiments with

002'. lorecver, iike ‘;t?ese other

éipn_qép‘ha E3, sc{icheptuiésg diphosphate a?‘O’\S a_rag)ié ﬁra;wient-

iron in conaerztraﬁion W ‘m tﬁe Iight is turned off (2‘0},' Recently

,'QE.’;") l&h@l@é 'A:?'ec‘ﬁohexatufmm éiibhe:%pmt@ has been observed té Wrderno .
2 ?‘u”:)id ‘smmiem ‘immase' upon the L&tﬁcci;zctiér;‘of the inniblitor

) &mtml ligaoié acide At tﬁé same Slme, there is a rapid drop

iz" las.elaa ssedohepmlosé_?wphmpmtee This behavior indicates |

that .t_be mcz;ophespha.te iz formed Deon colchootulose-l, T~Chphissris to
' m’ﬂ '*;mﬁ boﬁh are carbon cycie intermediate cc#np::nnfi;, ?i~:}:;*f3=:>%f€::zzfg;.

- _"L‘srsmsalao.’iase aetlvity i:'s more diliicult f"’, & in%i in adeguste

aiounts in sz green tissues than aldolase activicy (22},

"

Phosphorylation of rihmulose-S--thosphate, Kinetle studies ol

transients in lapellny pattern following steady stabte photo-
. . ¢ : e ' .
synthesis In the presence of li"Cﬁ‘z point to a lght-sPisulnted

3

phosghorylation of rivulose-S~phosptiate to make RuDP. As mentliored
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_e;riier, Calvin and.Massini (15) foung tﬁaﬁ upon turning off the
E 1iéht;.th¢ cbngentratioﬁ of ribulose diphosphate dfopped rapidly .
" to zero in contrast to the behavior of most of the other supar
"bhosphates. ”be dark»indﬁced drcpvtb zefo in-RuDP concentrgtion

has been ohserved in subsequent studies (20,235, but in one of these
{20) fructoge‘ﬁiphosphate concentrations algo dropped .close to zere.
f%m drop}in concentration of RuUDP was éttributed to a cessation
“in ;ts.formation in the dark from rib&losems-phOSphate by’é kinase
reaction requiring ATP pﬁéducad by lig;t reactions. £ the same
time, the carboxylation reactiqn.requiring no ght-produced
céfactors was presumed to ¢ont1nue in the dark? thus depleting the

RubP.

‘The carboxylation reaction. Calvin and Wilson (17) found that
when the €O, pressure was lowered to a few thousandths of & per
- cent following a perlod of photosynthesis with luCOQ,. the most

laC*RuD? and a

npticeéble\transient changes vere & rapid rise in
rapid drop in-;4C~PGA.,Tnis,at;ongly suggests that RuDP 1s The

carboxylation substrate in the reaction leading to the formation of

PGA. It was mentloned earlier that several studies (3,20,23) of the
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| transién‘c bé?:aﬁor of labeled Mtemw:zié.tes following turning
i gff the ligh’c showed _a_rapid rigse }i_n '?GA cgncentration and a .
fa;did"drop L‘.'xiﬁuDP as'Awell 28 1In fructose and sedoheptulose
di§‘n<>_sphate.- In an attempt to detemine‘ Qhe’t’nef qqe or tv;o
,_molecules of'PGA were. formeciﬂ per car'ngylation reéctibn,. e

) stﬁdiéd thge rate of increase of PGA 'zla.f‘t‘erﬂ "&ﬁmmg off the Llight |
- f’ollowirxg stéady -sta‘;e photoésrhthesis (23) . During the fir:st’ o
g 10 sec _af’cef the 1ight vas 'curaed off ‘somewnat more 'chan cne

: mmleculé: of PGA:'s;ppéareé_pérzmlecule of RuDP which disappéémd.
Tns was t;alcen és?evidelnce that in tne dark_ two molecules of PCA
, vigfe for’méd _pez';“ carboxylation of RuDP.

 yIn.an effort to learn more about the role of light-produced

cofactors in the in vivo carbon reduction reactions; we mde a kinstic

‘lstu;;iy of,thé syﬁﬁﬁesis of coampounds frq‘a. 1&002 by‘C?ﬂorella .,.in t”;

:- d wkfo}ldviné; pr'eillmrir;‘atiori (20). .Ber;spn and Calvin | (13) had found
- th.a;‘i:‘ the vdark fixatior; }of' MCO2 by 'Chloreih ji-s g:eatly stf;a;i,c“

by preillmnibati&n. AThéy fom:i that arincipal prcducté _;fter 15 ssc

'in the dark following preilimnimtion are PGA, sugar phosphates,

" malic acid, alanine, and aspartic acid (14).-
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In our more recent exéer:‘men‘ca (20.)9 we allowed Chlorella

_ tcl reach -a i‘stead.y state o_f pho'cosynthgsisﬂ with unlabeled cafbon.

Tren, withoﬁt intempvti:g the flow of cérbor'x dioxide, we turned

Off the, 1ignt and inmediately switched from ordirary carton

dioxide to l.‘4‘c:02..
Some of the results of this experiment may be seen in Fig. 2.

There vwas an initiaL rapid uptake of l‘*coz during the first 15 sec.

14

 Then there cccurred a temporary decrease In — C. Presumably some of

‘the newly incorporated Mc was respired, Af'ter this drop, a slight

14

loss of newly incerporated ~ C in such products as sugar mono-

phosphate oceurs during the period from 15 to 30 sec. Therealter,
LTs in these compounds remains essentislily c&nsté.nt. :

Thls behavior strongly su@;esta & mechanism whereby tm newly
thtosynthersized sugar phosphates are prevenged from .~eing oxidized
by respiratory reactions. Sfrs:a the uSual CQnéept of the PSCR eycle
m which PGA is :f‘educed by tricse phosphate dehydrogenase 1o the
preserce of ATPI and NADPH, one z;. ght heve predicted ‘ci}at cornce these
cofactq;’s Qere exnausted in the dark, an triose lphosp‘nate dehydrogenase

" reaction would be reversed and the newly formsd sugar phosphates .

mpidly oxidized.
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o.8t
rotal ¢ Fixed

B Abnine

Sugar Mog_gphosphafe

/{40//'(:'+ C/'flr/'c + idspaqlic |
510520 30 40 50 60 70 80 90 1i00

Time after Addition of '4C0p (sec)

MU-27743

Fig. 2. Fixation of 14C into compounds in Chlorella following preillumination,
Sugar monophosphates include monophosphat?i of fructose, glucose,
sedoheptulose, ribose and ribulose. '"Total " C fixed" includes all radio-
active compounds, including those on the origin, found on the chromatogram,
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nother very interesting point ‘abda‘c‘-tﬁea.e résults is the rapid
K " ratg -D‘ laaciings of sw;ar tmcpbo.,p"xatea bet ween 5 md }.G 5-‘.;

y ', T*zis I*atg is e'fual m m_g;:ﬁtu:ie to the rate ci‘ labelin,; of PGA
Tdesg;}.tew&hlev i’act; tnat '.at_; that tme'-,‘i:h'e PGA carbox&l,g;z’oup can in
‘ all moba'bﬁi@ be 1 @cm than éo 1';6‘303'3 saturated (12). This
?.i)pearsto be" she tfmét 'dimct- evide;ﬁce ye't;, vfor the reducticn
of sore bound form of newl‘y‘limorgoréﬁefli 14002 In'u;t ir; equilibﬁunz :
| ulth the P0A povoi.'l' S
" Tnésé results am 'not';'aés it migni at first atgapé'ars

!

incorzsistent wi 73 thv. Taplid incre se in POA concentration in the

f‘x rk found ezu*lie:- (23)¢ In the light-dark 3ﬁeady- state experiment

following pb tosynthesis with 1“807 » One measures the concentratlion

14

of the C sd*’ar'ated pools. Iii the ore.xllwzhavion axperinont

intermediates are Tar from saturated with m(,, and one sces only
© the HC labeling of a pool. The size of the pool may be changing

in the same ‘or opposite direction as l‘*

C laseli.\.,o
The two exper:‘xmerzts are consistent ii‘ one sw:mcr‘ 5 that vwhen
~ the }.iuht is turned oi f AT? is the Tirst cofecter depleted leading

o

to zn mtw iiaste onset of the drop in TuOP concentration :md
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" : i;madiate cessation of i;efiUction of the free PGA. One mist at the
sane t?lnae, suppose thé.t the reduction of scme of thé bound, newly
.Linqqrporatéﬁ'140>(”bpuhd PCA™) proceeds'th§§uéﬁ ﬁhé médiaéion of a
| strongef reduc}f.r::g égen‘c than NADP, since-- no ATP ‘ié pfesent. This
could be a reducing »co.factorh cf the stfem,zth of .reduced PPRR (chl«:;ro‘—-
plast fer'redoxin)...l

The | Caﬁ:'bc)wlation ‘Enzy'me In Vitro
| CarbowdismutafSe-‘(MP 'éavboxylaseﬂ converts one molecule

of RuDP.and One'_mélécule' of COp to two molecules of 3-FGA

| (218?-26,). The érizymé has been prepared from intaét chloroplasts by
Lfljt;tietonv a.nd "1‘3"0"}(27) and by Pon (23). ﬁ;l;:hoﬁgp.xw& gifferent

'procedures have b;%en employed for the purifica’cioﬁ of carboxydismitase

| (25,‘28',29);‘ oniy abaut 10 to 20.1‘01/:1 incr;ease(in ’aépecific activity

- of tH;eA enzyme' has been achleved (és 528). Ultracentfifugation of

. e : ; -~

tgaurified. carboxydiswuﬁaée has often g‘iﬁ'én frzo protein coﬁxponents .

One 'of. these componeﬁi:é with a Sedimntatién constant of 18 S

to 19 S constituté; the major part of the :‘Jrotei‘n' (25,28; 29, Z7).

This fraction contains the carboxydisrmté;se activity (29).

Ultracentrifugation of soluble leaf proteins:(30-32) gave &



';‘-. .
£t B
iy s by

component. w:.t.h an 18 to 19 s émmtmm conétam

Vo
b4
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Uz* table Plrst Products

Hoses and Calvin (38) isolsted two gompeands 'tenta'tively identiried

_ i
- an "keto acid C‘u. 'zcwm es” lezbeled with 14¢C after abeut 1 wmin g photosynthesis

-

vith 3*4&’}2.; It appearad that one of these, & compound whlch was hizhly

- unstable, migzht be an interzediate in the carbo:wlatian resction. T

nora stable compound way later (39) ghoun 1o bxe a stratzht chain keto

53

-,

@i;:’z diphos p"zate wm*ehwd £o the expoested eurly pr'aduci‘; cf carbozylaticn.
Mo i Aipetiéa wepe rwfomm o the formation of the less stable compowrd
C thneb wung suspecied of mi:w the g-hoto ackd diphosphate. o lurthur
data has appearsd to w‘ﬁémmia‘te the suggestion that it pm"’c suzed the
mz,zm.rw strueture,s |
Shkolnik and ‘
/ Dosaan (.t;(:.) reported several yemrs ago the formaticn of an unstable
| 3-40 el uﬁi'ccmgmuﬁ whieh i;éhaveﬁ kinetioally like an m‘cer,,mi:m* &
ix'\. bhe ca:*‘bcxyla ion reactiom This aom,,,smﬁ was lsolated by lmﬁ;
to. ur:“atur“ Zu.l*irx; of the plant used and Jow ben ma‘ m' Shromal OLPaniy »
¢ zppetared Htmﬁiﬁ was converted to ?m in vivo after ;’t: fe# sec
¢z by thermsl renctioms ii‘ the plant material was killed abt room

temperature, Purther reports on the ia entity am kinet ice behavior of

this compound are amited wWith preat intemato



-30- UCRL-410995

Galmiche (41) 'repox“ted an anziysis of thebproducts of a few

i
i
!

14

&
tn

sc-c ;.,nOtosyntnesis wi‘ch "020 In nhds cxperment the v_plan? ¥
ilied in Lsopentane é‘c ~160°C ara extracted in the cold with the
aid of formamide. The ek{:mct Was analyéed at G°C with . high s
voltage eleetécﬁ}phoregiu, While the idéntifica’ciﬁris arg reported
 to beAxllot yet co,“pletedg those COMPOUrKs wmc"x wefe identified
:incg,udmﬁ ‘in aclditicn to 4 phosphoi_,gycw*c acid and “amino
| acid p‘hosph,ates“, ccmp@umu -w‘nich havé veen re,parted.uz previous

studies with ‘LQCO_ J’:‘J.xaplon during photo:;yntheuiay

-1

P

b?zhich" the z;nélyéis -was pefformed b;; two dimensional paper chrom-
atograpny. Thus, the sentler method of amlysis has thus {4
npt revea..led. any vne's;r fadioact}ve compourds that are 1likely to
be unstable I‘irat p;’oduc’cs. .

+ . Inhibition Stud:ies .
.ﬁandigr az;d Lieé%n!wtte: (42) have_ feportgéi vstudies on the

i

of 14(,0 durd nu photosynthesis by Chlorella amd

f;‘i
p.

chioropl&s‘c., the presence of various innibitors. Studles were
also mde with labeled glucose in the light ard in the darik. Toey

N e ,uor .>; 2y _ - ' .
“epor'ced that lo.:a concentretions (L0772 K) of monoicdoacetic



- ) T abid (MAA) aid mﬁh ,inmbit: glucoss renpimtion ,w,caa
- agsimilation by chloroplasta but did inhibit photosynthetis - ...~ .

x'eauct;zon in mlé cells. They aons&dewltmﬁ as evidence & ¢ L |
Tt that tnere exists & path of earbon i‘eﬁuétmﬁjwb;cp bmaéaf; L

O .

0% PGA. They assumed thab this bypass iroludes the most MIM . o .
| S m;,gmvaimp of ’pmxzpayntzheaim

: '\ The principad effect of both arsmaté'gm 2,M1nimphenol

"7, in their studles was & decrease in the level of ATP and presumably

" 1n the level of RuDP,

-

% A basio drawback to must of thase experiments seems to be

A

g the reguiremsnt for s rather long period ax‘.'pmmcuhatim of the

cé_ils With tm'Mbicpr; Thus the changes in labeling produced .

.+ by -the inhibitor are somewhat difficult to interpret. = .
e . Reaenﬁw; Kamlar and Liesenkotter (143) reported an the
i oy : 0 . » , ’ o : i

" effect of KON on the Litermediate emgéntraums of Cnlorella -

- Gurdhg photosynthesis and during dark respiration. They found

tbat: in the dark, besides the inhibition of pyruvate. oxidation,
. glyeolysis was inhibitad av the aldolase reaction, leading to |

.
,
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PGA may be reduced by_a reversal of glycolysis. They further
suggest that%the origin of the free PGA pool 1ies‘inf@1y;olysis
of labeled sﬁgaﬁ phosphates formed by photosynthesis. They suppos:z
the rate of this glycolysia to be accelerated when tﬁé ligﬁt is
turned off due to an inereased supply of 1ﬁorganic phosphate.

They postulate tﬁ;ﬁ coé depéivation cauaes“iécreased birding of
"Qhosphate leading to‘a decrease in inorgagic phosphate and
an'inhibit§on of glycol&sis. Thié would in turn result in

~a decrease in the level of the free PGA pool.

In view of the kinetic experiments alreadﬁ mentioned (2,20)
the direct reduction of séme rewly incorporated CO, to the level
of.sugaf priosphates without equilibrium with the main PGA pool
is‘an éﬁfﬁactive hypothesis. Its attractiveness does not deperd
on gcceptanCe'oflthé idea that the main source of the free
pqql of ?GA‘is gl&éolysis of sugar‘pﬁospﬁates formed directly
’fram 002 by.photosynthésis. The free‘PGA pool‘might be derived
from the "boundﬁ PGA.

An explanaticn of transient effects on PGA pocl size based
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| ‘upcn the level of inorganic phosphate is intriguing. It mist
- be noted, ho?.veve';v, that we have obseﬁvea (20) #uch téapsient
Ai;‘ncreases in Lhe PGII; pool 021 Lurnins off the light 1n expérir::zen’ca :
‘with Chlorella in which the nedtum contaznéd 2.0 . phosphac e
One w&ﬁe’z’s whether tk}e concentr'ation-of’ phbsphaté in the | |
vchio.roplas‘c can become rate limitim?; urxi& ‘ches.e corditicns,

¥e have recent]y reported studieo with an inhibiter which

~ requires no preincubation (21). When '8-mei:hyl lipoic ackd (MLA)

is added to a -suspension of Chlomllé pyrenoidosa wnich have
beén photosynthesizing; under steady state corﬁitioné xxith 1%02 v
for a sufficlent time to saturate the méemediatgs of the

PSCR cyeley .,udden and drams.tic changes in the concentrations
' of'l-somgoi‘ the intermedlate cmﬁpwnds oceurs At the same time,

carhon dloxide uptake and oxygen evolution are completely

: izﬁxibi';cd. 'Ii his hibition is parti&ll reversed after some

10 to 20 min,

‘During the first 15 sec after addition of MLA, the
- concentration of 1abrﬂed YCA drops at; 2 rate compara rle o
the rate of upua!m of 14 CO, from the extermal medium. At ¢

same time, the concentrations of e 1apeted £ ructose=1,6-
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ipnosphate and sedoheptulose-l,7-diphosphate rise very rapidly,

while the concentration of their respective monophosphates decrease

H
T

ppreciably. Sarprisin{a;‘x,y the conwentration of RuDP undergoes only.

relatively suall ,élmﬂsz,es and levels off at a value slightly less

Lo
>

| v'-t‘nn t he" atesdy sta’ce photown"‘lﬂe.»ia comm’cration.

i

Foﬁowi:xg tﬁe' j.xutiédl transient changes there is an aceeleration
oi‘ the foma_tion of 1abeled sucrose x;%dch clinmbs to a very high value
:md then drops rap &ly during the perded of r'eccvei'y from -inhib’tiona

4’1? mibition of oxy en ovo.htion aml COy uptake by MLA could
be e:{plaim:d’ in terms of an interference of the inhibifor with

'
1

electraon ‘cran port f‘rmx PPI«'R (chlorcplast ferredaxing to the

/

carbon cyele, If s0, it is very interesting to note that the concen-
tration of PGA drops rapidly, whereas Interference with its reduction

would tend to cause its concentraticn to increase.

1

3

ne relatively suall response of the congcentration of labeled
RuDP on adgition of MLIA comparced to the greabt ¢hange in the level of
PCA is noteworthy. What appears to be an inhibition of the conversion

of fructase and sedon ep”ulo e diphesphates to thelr respective

monophosphates must also be explained, perhaps in terms of & vhos-



: ;32;; ass ..nhlbibi n. It 38 pz\.mature to gpeoulate on the Lauj_s

v;ﬁ- :
01 t" }wli..inam ey :o*'t 91 tn:..s wnm. It does af:nmzn that

:'\

Hise of ats 3 niibs s;o.a , a5 vell as Lipole acs 1tse1s, wnich

:i}.sr.) causes _:rg;é.bitim; affords apmﬂ,i.aing, a;jgz’éac‘h for learning
mQZ‘f:'.‘ &}m ut the operaumq of the carhem rnauﬂ'cim c:, cl«. in vivo.
G ’ '-clw}-._ﬁv.zaj Aetd
’fhé. vi‘wmaticn» of labc:}.aﬁ ';glyg@ic aciﬂ can perheps i:;ev

ex p 1z 'ncd @3 an oxidation of giye oleldew ‘e t*ﬁamim: UJTOR«;«L* nate

- gldivion compound, fermed during the ""K.‘BIIS{“T)O».&J@ reactiins, of T

eyele (6). We heve previcusly ,r*eor'“te& thuat oxyzen stinifxla‘c;es the
formation of labeled glyeolic asid during rh Losynthesis with

Boas o ; ' - <

3-'002 (44} (Sze Flg, 1). The enzymic oxlda ion of sach a compawd,

czlled more prec sely (‘.m(l Zn-fi‘ﬁ;,'c:r'ﬁxx'fsthjl)w‘i:r amine pyrophosphate,

by artilfeial electron acceptors has been demonstrated (46).

Jr.e pho‘t.o.ag*xi,he“‘c pathway $o glycolle scid way be reversivle
in {:hﬁ lifr’nt s pT em.w‘aly oy activation of ,1 : acid with AT.P

(see F‘igg l) Acamm..,tprod 3“4 ' labeled glycollic acid is converted

_-to a :mci b caz'oms of" T’uA b; phoucsmtheoizim; plam:s. This

cenversion is accompanied by randomization of labal between the
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two carbon &toms (7). Presumebly a. symmetrical internadiat

compourdt i \dnvolved.

&

Formation of 1“0«13&;@1&& glycolic neid in photosynthesis

Cer

5 also fazrc:g.'ea by low CO, pressura 5(17 ,3%7-'-5(2)5' In this ca:
may result in part from oxildation of Ru“" (whioh inoressed

greatly in concentration at low CO, pressure) to phosphoglye

Py

se it

qt
BULD

acid. This compourd in turn could be !wcirolvzed by glycolic acla

phosphatase’ (51);
Anﬂrg,&r& '; Enzyme “ysue..‘.
I i;ava ?*wf"e:zte éisewhere («; 520} that the car§017
| m-dgi«::f;ion cy cole of PhotosyTthesis mm be mediated by an
¢ymizeg. sygteu of * it if%:x;etioml LAYt Smgii‘ic

examples were glven Df thc Knd of methanlsas which might
be iﬂvolvazl These’ mwm-.msnw,, which utilize exzyme bound

Gisul fide and tizic.“o.uiurq groups, were 1llustrative ezamples,

and their cormctuass is “m eﬂsevxtial to, the basic concapt

© of the orr/;amzed mus.tifunc 2ional system.

3
£

An essential feature of the proposal

**iste..‘,e of
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ﬂsize, so even u' tney are Wtea the aggreaauan migat be
‘_I'a'mvmal af;‘ 8 pz-evmus disaocmtien oi‘ mturany eocurrhu

""1i1azvge pmmm w f'z'acticm 1 pmcain. A bet.ter mmledge or the

'i._improvaﬁ tmuques for view% tm syatem m aim. .

1 B . \ i I-A-. . :

E_.the kind of system respamibm ror fatty acm synthesia ami *ﬁhéfc vequiraa

v

for the PSCR cyele. The latte? biosynt;hetic pattmay raquim-a mm» : :

"l

. /':

' K
‘!

than fracti.m I part:iclss “ﬁme p.articlea oould be m'@nized alcna

H‘ S

: ' ’ . A "'.‘
. ~’. a mbtam surfaae m' witmn mrwmuemlosea ccmparmenta m

"‘3'.'4.{

offr&otim Ipré‘cainoﬂowevex', the lamwr pavticless are 'otf urd.rom R

;,mdrpmw or me naturauy ocmmmg systan'z ma,r have to mzaib SR A

)’.n alnybevent,' tm:-e mc be Wﬁ dift‘aremea bemwwn f PR
. S E . R

steps 2 aﬂd is .&ZJN": to include a mmber oi‘ meaaux-able free paals t?f | L'} R

or@nizea systom ot‘ 2 ta h mxltu‘amtioml emyms, eacn no 1&1’1,,4':- R
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gere isclation of the major fracticn of solubla proteln from .

l.fz*m 25t a5 a relatively largs and homogenecus species is

.&m¢ﬁdbim t:rf‘ ﬂ"cfée' sueh .8“”"&:’!’1@

2 '}:‘m hig}‘z rate of maé’:&m; ol w,,w: vphosphatém during tha
preilium :wt-"oxa exparimont (28) i5""‘ﬁ$i’:ui in the previcus secticn
sndg_“.sm the reduction ai’ newly Incorporated 11‘5:-02. withoub i.t.s:j
ku*lth‘c:mx wit h the free posl of PGA, As discussed ear “.w., thi
osaiblliity is i‘ur‘&m‘ ‘ﬁ;:"sa‘ lzed by the fins:ling in other a.'s::{';,:vmrfs.«
wends (23) that I’(."A congentration is “.‘s.‘m‘l‘,' risi x&;‘&t ‘t-‘:w
same tine, éug::emtxn: thet miuc‘.:ﬁ.mn of free POA is already
mom,ﬂ almost frrediately sf%zz the ight is Surnesd off,

,mw f:xtmpola‘tio;z to zero tizfssgs of ii;:aticm. f"’f percentue
Y

€ incor piﬁ!"*t@d in various compounds dl.u"i"i%; photos synthesis

&

with 3"’6&'33 sho' C‘u a 19 to 155 incorporation into sugar
Shosphates, Again, this sugrests the reduction of some bound
e T s

- farm of 90-pga,

3. The appares rrt bmﬁk on ‘th«e e u-"atzwd of labeled Sugar

5

phosphates during the perdod after 30 sec In the preillurinution

experiments (L0) was discussed in the previous sestion. Such & bl

<
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would require some mechanism beyond that which would be available

if the intercon&ersion between PGA and sugar phosphates were

| accomplished only by triose phosphate dehydrogenase andthe

cofactors ATP/ADP and NADPH/NADPT. Such a block can be readily

'viéualizéd-if one supposes the carboxylation reaction to lead to a

4y

hound form of glyceraldehyde phospnate which is not rapidly oxidized
in vivo (45).
4, The absence of measurable amounts of 3-phosphoglyceraldehyde

and of H»phosphoérythrcse, in contrast to the measurable amounts

oﬁ?éll the other postulated intermedlates in the cycle, suggests

" that these moleties may be bourd to the enzyme. Ferhaps they are

bowd by enzyme sulfhydrylvgroups, &s HS~Enz-S~CO-R.

Sf The fégt ghat no cne has been able to isolate and ideﬁfify
an intermédiaﬁe in thegarboxy}ation reac@ion to date mustﬂbe
considered as.sugge$§1v¢ evidence for the existence of enzyme-bourd
intermediates thfpggh at iegst two stages of the carboxylatioh reaction.

6. The inadequacies and variabilities in the activities of

isolated enzymes which would catalyze the various reactions of.the

carbon cycle mignt be best explained in terms of a multifunctional
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(5&,55) pay mean ﬁefely that that organi;m had no need to
»‘form PGAggnvtbe chioroglgst by oxidation of ffuctosejl,ﬂw
d;phospgate. Coﬁceivably such organiém* make all the A théy
need by iiberation of fbound fGA" formed in the primary
carboxylation reaction.

7. The C~3 and C-4 difference part qf the Gibbs effect s
been explainéd.earlier in térms of‘a small pocl of gl&ceralde}ﬁde—
'3~phosphate and a lérge bool of dihydroxyacetone phosphate.

Such a d;fferencé in pooivs;zg would be readily explﬁined in
.terms of the mglti:unctional.enzyme system, if the‘glyceraldehyde-'
3-phosphate moietyvis enzyme bound. The other part ofvthe Gibks
~effect, discrepancy between carbons 1 amd 2 as compared with

5 and'6,v§oﬁld also readily be exﬁlained. In this case, one

would Sgppose that the enzyne binds a commén'onl’of Cc-1 ande~2
from transketolase reactions on ffuctos§~§4phosphaﬁe, gedoheptulose—~
7—§hosphétevan¢ xyiﬁlose-5~phosphate. Thgsvone could aceocunt

for the.reflection of pentose Cgl-gnd C-2 labeling back into

hexose C-1 and C-2 1abe1mg,.., (See Fig. l._) B

8. The kinetic and thermodynamic advantages of such a
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maltifunctional organized enzyme system for bio;ynthetic
--m_pa;tléwaiys ar'e ﬁgortéht. Mere effliclent utili:é:%tion of ené:yme
‘ _f’:fmgt.io‘z;s@ prevention of excessive energy loss dus to
: k;ydr'*clysis of chemically ac‘ci‘ire functional éroups such as
acid a;mﬁ;}drf;des ,» axd avoldance of compétitf.ive Inhibition ‘5:,*
ng;urally occurrim;':‘mtemediates are somg qf thssg
ad?a&lﬁaggeé.-’in view of ‘c‘he knovn efficlency a.n_l rapldity of
the ré&ctions of the carbon reduetion cyple durin;g;r nriotosynthesls,
one'a. is led to susmct the existence of suchAa éystem for this
PICCess. It;s basvicl: irrpc;r'tzmc:e. 3s a primary .;t»iosynthetic
5 :ré.actidﬁ and .‘ité,i'c.n‘xiglev'olutionary hlstory would secem €O

require that carbon reduction in photosynthesls be mediated

by the most efficient system possible in llving cells,
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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.



¢ . ;
- ¥
‘ Y
o
N « -
r N o -
.
“ -
y B - - .
. - . “n
= - & o s
- o e, -
P “
P
. 3
v
. .
&
*
v -
-
x

S
Pra
3

B EEEFEREBER

it




