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AN

PHOTOS?NTHESIS OF ISOLATED CHLOROPLASTS. V. EFFECT_O& FIXATION
RATE AND METABOLITE TRANSPORT FROM THE CHLOROPLASTS CAUSED BY
ADDED FRUCTOSE-1,6~DIPHOSPHATASE

J. A.'Basshém, A. M. E1¥Bédry, M. ﬁ. Kirk, H.C.J. Ottenheym*

. . _ * %
and H. Springer-Lederer

Summary . _

lAdditiqn“of f?ucfose-l,6—diphosphatase (FDPgse) plus Mg++
idns.iﬁ”inqreasiﬁg concenfrafions causesistimulation and then
inhibifioﬂibf photésyntheSis in isolated spinach chl§rop1asts.
The effecfé are similar'té those préviously fou;d with leaf
'ex;réct additi&né,'inéludidg"modificatibns of tge éffects
ﬁaused By added inorganié pyrophqsphate (PPi). .Under the
conditions‘of pH, Mg++‘idn concentration, and PPi concentra-
tion in which these effects are seen, the.added enzyﬁe has
iny négligible’éétivity:as FDPase.  Thus the eﬁzyme appears
to-be exértiné ité effect through some functioniother than
asvan FDPase. It is tentatively éuggested-that;this other
function is in the transport of metabolites, eséeéially
fructqseél,6—diphosphate, out through the chloroplast outer
membrane. . This hypotheéis is suppo;téd by the following ob-
servatioﬁé: |

1. Addition ofiFDPas¢>:pLus Mg++ to chloroplasts photosyn-

14 total

thesizing with CO2 causes an increase in the/labeled fructose-1,6-
diphosphate ‘ '

[ and dihydrquacetongﬁphosphate (which appear mostly in the sus-

"pending médium), ﬁﬁd:;”decrease'in the total labeled fructose-

¥ Present addreés:'Department of Chemistry, Cornell University,
Ithaca, New York. ‘

* % Preﬁent address: Institut"fgr.Physikalische Chemie, Univer-
gsitat Wien, Wien, Austria.
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6~ phosphate and of all compounds folloving fructose l1,6-diphos-
phate in the carbon reductlon cycle 1no1ud1ng the carboxylation
:substrate,_ ribulose~1,5—d1phosphate. Furrhermore; the amounts
of all metabolites_retained_in the_chldroplasts decrease.

2. Addition of _Mgf%oions alone, in»ccncenrratioos slight-
ly higherjthan PPi concentration; causes some loss of al;_com—
poupds from the chloroplasts.to the'mediuﬁ.

- 3. {Addition of 5 mM_BPi'decreases the-ioss of he#ose and
heprose ﬁonophosphates and_of ribulose-l,S—diphosphate, but
doesvnot_decreaSe the IOSS_of FDR and of dihydroxyaoetone phos-

phate from the chloroplasts to the medium.

i

e - - —— 1 ——— - —— i~ —— -

"Introduction

' The rate of_photOSynrhetic fixatioo of carbon dioxide is
strongly#affected by additioﬁs of small amountaﬂof clarified
spinacﬁ juicel; The degree-offinhioition or stiﬁulatioh is
a function of the ratio of amount of added splnach Juice to
the concentration of added inorganic pyrophosphate (PP )
Fractionation'of‘the juice by gel filtration gave two compon—
ents whlch act synergistically to produce the stlmulatlon or
1nhib1tion. The component of hlgh molecular welght was iden—
tified as fructose- 1 6- diphosphatase (D fructose-1, 6 dlphos—
_ phate 1- phosphohydrolase, E.C.3.1. 3 ll) \ hereafter referred
to as FDPase. Thercomponeor of low molecular weight,.ealled

- "Factor B" in the previous reportsliz,*has now been found to




. exhibit a dependencehof activity on pH and Mg+f concentration
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be an impure mixture of inorganic salts,'of which the active
constituentlls.Mg++. The synergistic stinulation and inhibi-
tion, and their dependence‘on PPi; has. been duplicated hy
additlons-to'photosynthesizing chloroplasts of selected
ratios of FDPase and Mg +.

Addition of fructose 1,6~ diphosphate (Fru l 6-P ) to rela-
tively inactive_isolated spinach chloroplasts stimulates their
fixation rate3, while'its adoitionvto more active chloroplasts\
maintains a higher rate after 15 minutes of'photosynthesis)
when'the rate beginshto'declfneA. Other tested metabolites
were generally inhibitory or without effect4 Thus the level
of Fru—l 6—P2 in chloroplasts might play some role in the
regulatlon of the carboxylatlon of ribulose -1,5~- dlphosphate to
give 3- phosphoglyceric acid. |

The»carboxylatlon reaction.and the_Conversion of Fru—l,'6-—P2

to Fru-6-P, as well as the conversion of sedoheptulose-1,6-

diphosphate, appear to be metabolically-regulated steps in

'the photosynthetic carbon reduction cycles_g. Both the car-

boxylase snd-the diphosphatases, when isolated and purified,

which could account at least in part for thelr regulatlo in

1
vivo 2. Among the labelhd metabolites formed in isolated spin-
ach chloroplasts»photosynthesizing with 14C labelled bicar-

bonate, there are pronounced differences in the rates of

movement out of the chloroplaSts into the suspending medium13.

10,11



Those compqhnds»which jusf ﬁreﬁede the :eéctions mediated by
the diphdéﬁhatases (Fru¥1;6~32,'dihydrdxyécétone phosphgte
and gly@eraldehyde phoéphate).are fdund to a much greater ex-
tent outSide'thé éhloroplasts after a fewxminutés photoéyntﬁe—
sis; wheréés'the'hexoéeiand'héptosé monophosﬁhétes; inéluding : .
Fru-6-P, and riﬁuiosé4i,S—dibhosphate‘(Ribul;l,Ssz), are
Ver§ weil‘rétéined;'lf”Fru-i§6~Pé movés?oui of the chiproplasté
by means of facilitated tfansport, a partiof the apparehf'régu—
lation of FDPQéé_iﬁ; 213§E¢ouldkgé in fact a regulation bf
this‘tranSport;.provided FDPase .in the cytoplasm is less active
than ihég inside'thé éhldroplasts._‘ |

We haﬁg'ﬁow‘inVestigated the effeéts of FDPase, Mg++ and
' éPi;‘added.togétherband séparatély, bn‘the_lévelé of labglled
metabolités formed in phofoéynthesizing chloroplasts, and the
effects,qf theseradditiohs on the movement of metabolites _ S
- out éf.thé éhioropiasts."Most of ‘the éffecfs reported weré 

under conditions of pH, Mg++ concentration and PP, level under

i
‘which the added FDPase could have little or no activity for
the conversion of Fru-1,6-P2 to FruQG—P. _The effects in the

medium of the added FDPase seem therefore to_Be'indicative of

another activity of this protein.




Experimentél

'Chlo¥op1asts were-prépared from freéh spinach as described
previouélyla. _Kinéfic;studies of the formation of labelled
éémpbunaé“and tﬁei; movement from the chloroplasts to thé
medium &uring-photbsynthésis by~fhe isolated chioroplasts
Witﬁ 14C—1abelledvbicarboﬁate were as described earlierl

-In_somé experiments,‘an attempt was made to remove enzymes
ektefnal fb the chlofopiasts.ﬁy "washing." The‘éﬁloroplést
pellet from the inigial centfifugétion;é was resuspended in
10 ml Solution B or Solution C and again centrifuged at 2000 X
g:‘fdr:about 50 'sec, after which théfch1§rdplasts-were stored
for 1éss thanlLO min at'0°C'uﬁt11 the beginning of.the'illu—
Amination'at 20°;1’ |

._In'those ekperiﬁenté in'wﬁich'the distribution of meta-

bolites Between chlorqplasts and medium was to be detérmined,
a lOO'ﬁl sample of.the suspension'of éhdtosydthesizing chloro-
pléétsﬂwaé:fembved'at the indiéated times, aﬁd'ﬁhis>sample
was subjected to 10 sec centrifugation with a Spinco microfuge.
’The.pellet and the supernatant solution ﬁere separafed and each
was killed in 80%Z methanol. The.elapsedltimé from sampling to
killing was about: 25 sec. Some samples were killed immediately,
without éeparatian of.chloroplast from medigh, to permit éub—
vsequént'evéluation §f metgbplite conversion ﬁﬁping ﬁentrifuga—
. tion. | o |
The supernatant solution;ﬁould:not bevcompletely separated

from the pellet, and a contamination of the pellet by 10% of



the supernataht solution is estimated. In thoséfcases where
a very large portion'of ; given coopouod is found in the super-
natent soiotion, a‘correctioo hes beeo made in thevresultst
This correction; eqhaifto'OQIO of the 14C,foond in the com-.
pound in the'supernatent solution;'is suptracted from.the
value foood.for'thevpellet and added to_the value fouodvfor
the supernataht soldtion.“ ' |
For determination of the rates of photosynthetic 1ncorpor—

o 14 : chloroplasts

ation of C 2 aliquot samples of'the killed A -methanol-

water mixtures were ‘dried on filter paper, free COQewas driven

off by addition of acetic acid, and the'lac content was measured

.with'a GeigereMuller tubeiend scaler. Chlorophyll content was
determined in a sample of the chloroplast suspension, and

rate of_photosynthesisiwas Calculated-from known specific

radioactiVity:of bicsrbonete used, 14C content and chlorophyll

1 e . Ce R :
content 4.- Products of photosynthesis were analyzed by two-

dimensional paper chromatography aﬁd‘autorédiography, as pre-
viouslyidescribedsié - |
A solution of purified fructose diphosphatase was prepared

from 1solated spinach chloroplasts as reported earllerz. The

eluate from the gel filtration through-Sephadex G-200 was

dialyzed against "Solution crlé minus PP, and ascorbate,

and the dialyzed enzyme solution was diluted 25 times in Solu-

tion C minus ascorbate and PPi; " Amounts of this diluted solu-

tion, ranging up to v - Dpg of protein, were added to

the chloroplasts in the illumination'fiasks, and the suspensions

were Made up to 0.5 ml for rate experiments or 1.0 ml for kine-

R



‘reversed by,higher>levels of PP

tic experiments, as indicated in the Results. Other additions

++

of Mg , PPi’ etc. are given under Results.

Results -

The rate of photosynthe51s by isolated spinach chloroplasts-
is-stimulated 25% by the addition of small amounts of magnes—
iumlion and pprified FDPase and is strongly inhibited by the
addition.of'gfaater anounés"of Mg++ and FDPase (Fig. 1). The
shape of_this'sﬁimulation—innibition curve and its dependence
on the preoence of 5 mM PPi are exactly analogous to the effects
earlier observed upon the addition of various amounts of. spinach
Juice to the isolated photosynthesizing chloroplastsli

The inhibition of photosynthetic rate by Mg ++ and FDPase is
(Fig. 2). As was ﬁhe case

i
with splnach Juicel; or with FDPase plus "Factor B"z,'the con-
centratlon of added PPi required to reverse inhibition is pro-
portional to the amount of inhibiting substances added. Thus,

it is clear that the effects formerly observed upon adding small

amounts of spinach juice to the isolated chloroplasts, including

‘dependence on PPi concentration, can be reproduced by the addi-

tion of purified FDPase and Mg++.

- Analysis of purified‘"Factor.B"z,'by.atomie absorption spectroscop
showed that it contained approximately lOZ Mg++. In the pre-
sence of the,usuaﬁaﬁpending medium.(—Mg++) wﬁioh contained 5 mM

PPi,_addition of 21 ug of purified FDPase caused 257 stimulation

in the rate of photosynthesis (Table I), whereas addition of
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enough Mg+f‘to make its concentration 2 mM, caused a 107 stimu-
lation in the abéenée of added FDPase but an 857% inhibition in

the presenée‘of the FDPase. Since the total volume was 0.5 ml,

++ i
the added Mg was 1 mM above the usual reaction mixture concentration

’ . ++
and corresponded to 0.5 ymole; or 12 yug, of Mg . This may
. . o o )
be compared with the synergistic effect found previously upon
the addition of 24 ug of fructose diphosphatase and 150 ug of

' : ' B =
"Factor B", corresponding to 15 pg of Mg .

i At 1 mM PPi'(Table'I) the iﬁhibifion'by fructose diphospha-
“tase plus,Mg++ is even more striking. It should be particularly

noted that whereas the stimulation with fructose diphosphatase

alone was 90%, and the stimulation by 1.5 mM Mg++ was 12%, the

addition of bb;h*faétdfsicauééd an inhibition"of 96%.

When FDPase and ﬁg++ were'added to photosyntﬁésizihg;chlbro—
plésts ;fter'é_min Of‘phdtOSyntﬁesis with 1%C-labelled bicarbon-
ate, ratﬁér surprisiné effects on the léVelS df(iabe11ed meta-—
bolites occurred (Figs. 3 and 4). As compared with the 1evéls
of metiﬁolites in the con;rol_chlorﬁplasts; the leQel of Fru-
1,6—P2 in ch;oroplasts with added'FpPase incréased; while the

‘1eye1vof‘Fru-6-P decreaéedf This’behévioﬁr‘has proved to be
”réprbducibie, as have other'differences obserVed;(Tabie I1).
Ihese ihélﬁde én increaéé&'lével_of dihydroiyééetone phosphate,
which iérrapidly equilbrated witﬁ'frﬁctoSe?l;64diphosphate in
all of_oﬁr experiments, due tb high aldolase activity both in

the chloroplasts and in the medium. The kinetic cuggés for
, v o




dihydrokyacetone'ohoSphate are,bin all cases, simiiar to the ones
for'frdctosé?l;6?diphospheteﬁ Coﬁoounds with levels which de-
_creased'upon'FDPase.and Mg+f addition included glucose—6;phos—
phete, sedoheptu105e47?ph05phate, and sedoheptulose—l,6—diphos—
phate..The'level of sedohehtulose-l,7—diphosphate declined very
rapidly upon FDPese-ahd Mg++ edditiohb(Fig. 5)7'The carboxyla-
tion substrate,vribulose;i,s—diphosphate (Ribul—l,S—PZ) elso
decreesed'considefabiy, andhthi{tould‘be peftly responsible
for the decreased rate of Co, fixation. However, it should
be noted that the levels of pehtose monophosphate, which'is'the
suﬁdof ribuloseesthosphete xylulose—Sfphosphete and ribose-5-
'phosphate, were not changed by the additbn of Mg t+ and FDPaee.
| The effects of addition of FDPase and Mg +'on the distri-
butlon of metabolites between the chlorOplasts and the suspend-
ing medium ‘are very'large:.(Table III). In the chloroplasts
with these Edditions the ievel of fructdSe—l,G-diphosphate in
the medium increased ll-fold, and the level of dihydroxyace-
tone phosphate.increased 4-fold. At the’eahe time, the level of
4fructose—6—phoephate in the pellet deelined 75%,'its level in
the medium incteased 2—fold, and its total level declined about
40%. Thus, the addition of FDPase and Mg++ ions has incfeaeed
greatly the appearance of metabolites in the Suspendlng medium.
conversion of
However, ‘the added FDPase has not increased/fructose 1,6-diphos-

phate to fructose 6 phosphate in the total, although some in-

creased_conver51onvin the_medlum‘may have occurred.
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When enough FDPase andlMg++'are'present from the start
of photosynthesis to Causevihhibitidn, the‘relative'effects

on the distribution of metabolites are similar to the effects

+ o S e . ' 5 .
when Mg+ and ¥FDPase are ddded after several minutes of

phdtosynthésis (Table IV). ' The 14C levels in all compounds

are, of course, decreased, but relatively greater decreases
are seen in hexose and heptose monophosphate compared with

dihyroxyacetone phosphate which is proportional t'o'Fru'—_l,6--P2

14002 fixation rates in the presence of

added FDPase and bovine serum albumiﬁ'(Table V);‘eaéh‘added

A comparison of

-with Mg++;ishows thatuinhibition is not a genérai effect df
pfétein addifiqn;" | |
The'effects of additidn_éf'FDPaSe'aldne, without enough
Mg++ ion 'to éause a synérgistié'effeétviﬁ’tﬁe presence of

5 mM PP were minor (Table VI). There was a slight stimu-

i°

1ati§n of 14C02:fixation'r§£e,'bu§ 1evé1§ of iﬁdividuai.éOm—v
pounds in chlofoplést;‘and medium were virtgally ﬁnchanged.'

The effects of additioﬁ.of 5 mM Mg++ aione, after 7 min
photosyntﬂésis in thg normal mediUmv(SolutanC); were both
qualitétively vefy similar,gé thé gffects of addiﬁg both
FDfase and Mgf% in one experiment (fablevVII). Howeyer, the
photosynthetic ;até in thiSVEX§eriﬁent with'Mg++ ad&ifién
oh1§ was only 30 ﬁmples co, fixed-(mg chlprophyil hf)_l, lower
than usual, suggesting a greater than usual breakage of chldro—

pPlasts during‘the course of the experiﬁent and, consequently,.
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the presencé of considerable FDPase in thefmedium, coming
from broken*chloropiasfs. This sort of difficulty can neverb
be entifély overcome under thé conditions which we use,
and it isﬁprobéblé that there iébalways_préééht in the medium
some FDPéée;.as‘we11 #s'all of the.bther enzymes from the
chloroplasts.

In another experiment (Table 1IV) Mg++ concentration was
éﬁch‘thaé‘no‘inhibifioﬁ was ééenvwithout'addéd FDPase. 1In
that case, no.inéreased transpoft of metabolites was seen
with Mg++_without addea FDPase..

Althbughfmoéf'of these gnzymes retain some activity in
the medidm; we have fbuﬁﬁ that there is no apprediablé acti-
vity bf'éitﬁer_FDPase or“ribuibse diphosphate cafbbxylase |
(E.C;4.1}1.39) in the medium.vIﬁ.other wo;ds,:although the
.EDPase‘protein is‘pfeseht”in the'meaium; as a'cbnséquenpe of
éhloroﬁlast Breakage, its acfivity as FDPasé:ié'negligible.
Whén'chiotbplasfs were ﬁlaﬁed in the lighﬁ'in Solution C for 5
min and centrifuged from the mediﬁm, assay of the medium for
FDPase acti§ity showed ah activity of less éﬂanvo.liﬁmoles
Fru-l,6-22 per_min which may Be-coﬁpéred with the CO2 fixgtion
rate.of'the thlbroplasts of ZO'nmoles_per'mih, based on a ;ate
Apf 60 ﬁmolés‘(hr'mg chlbrothll)—l-#nd 50 ﬁg chlorophyll in the
chlbroplasts inﬁthelflask;-Aléo, it'méy Bé‘shbwn'thaf the 10 Leg

' . ’ ) . ‘ R F;"u-l,6—P2

of FDPase added gave an:activity of onlyv0.2 nmoles ;/\wponverted-
per min in Solution C, but'would have an activity of 100 imoles/

min at pH 8.7 and 5 mM Mg++.
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When phOtbsYnthEsiswéﬁd metabolite transport of chloroplasts

with 5 mM PP éfe cdmparéd'witH thatPf'chloroplasts without PPi

i
.(SblufioﬁAC miﬁus‘PPi)Q'fhé PriﬁCfPéi_effeCts-are'séén.to Be_tbe
improvédfretengion (Wigh PPiy in the'chlqroﬁlasts of those meta-
boli;es wﬁich, undér.the hsualvcoﬁaitions, tend to be retained,
nameiy, hex&ée and'heptpse monophosphates and ribulosé—l,S—
diphosphafe:(Tab1e VIII);. | | |

Additions'ofvlow concentrations of Fru-1,6-P vchlbroplést

2
suspensions (Table IX) before the start of photosynthesis result-

in some stimulation. Largér concentrations of added Fru~-1,6—P2

produce inhibition‘of‘coé

uptake. These effects also deépend .
_someWhaf_pnfthevCOncéntrét16h bf added PP

i the stimulation

being somewhat more pronounced with 1 mM ?Pi than with 5 mM

.PPi‘whefeas:the inhibition is grééter in the presence of 5 mM

PPi.' . | | | | | |
Addition of lvﬁM Fru-1,6—_P2 to chloroplasts after 5 min
| 14, '

of photosynfhesis with ~“co,

2 (Table X) caﬁses inhibition (1.9

umoles }4CO2 fixed per mg chlorophyll during‘the next 6 min
compared ﬁith 6.7 umoigs fixed in the contfol'and 7,7,ﬁmoles
fixed iﬁ the presence of added Fru—6—f).-The'effects of added'
Fru-6-P are rather minor, suggeétingglitﬁle penetration'of_thié

‘compound into thé'chloroplasts. The effects that arevseen with

14

added Fru—i;6—P2j(note the "flushing of the C from the Fru-

6~P'aﬁd’othedsubsequent pools) suggest that the Frufl,6—P2

does enter the chloroplasts reédily;
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Discussion

The principal regulatory effects on the rate of photosyn-
thesis by 1solated chloroplasts previously ascrlbed to a sub-
stance of high molecular weight plus a substance of low mole-
cular weight in the spinach juice1 can be completely duplicated
by the addition of appropriate amounts of fructose diphospha-

tase and of Mg +. Fru-1,6-P comes out rapidly from the iso-

2
lated phot0synthesiziug'spinach”chloroplasts, while Fru-6+P is
well retained13 ) It might have been postulated that added

FDPase converts Fruf1;6-f2 to Fru—o—énWhich cannot re-enter the
chloroplast} This“WOuld'remove carbon from the photosynthetic
cérbon reduction'cycle, leadihg toke shortege of carboxylation
substrate?'ribulose—l;Sfdiphosphate.'The fact that PPi is an
inhibitor:of fructose diphOSphatase16 while Mg++ is an activa-
tor of this enzyﬁe, would be coﬁsiStent,with this assumption.
However, the deta'presented force the conclusion that-the
primary effect of added FDPsse on photosyhthesis by isolated
chloroplasts is not produced by means of its function in con-
verting Fru—1,6-—P2 to Fru-6-P. /I%DPase is ‘nearly inactive under

the conditions that exist in the suspending.medium of the

chloroplasts 2) The level of labe 1led Fru- 1 6-P, increases

2

and the level of labelled Fru- 6-P decreases on additlon of '
the fructose diphosphatase. 3) Addition of FDPase leads to
1ower’levels of hexose and heptose monophosphates and of

Ribul—l,S—P2 within the pellet and to an increased level of’
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Fru-l;é-Pz'in the.supefnatant solution; Sinilatveffects are seen
with added‘Mg++ and the effects of Mg+f‘aﬁd FDPase ére.syner—
gistic. | | |
The_ratio of the,\nlumeZOf’the'supefnatant eolntion to

the chlotonlest volume is of the'order of 50:1. Thus,'even‘for
those metabolites which rapidly appear h the suspendlng medlum
actlve traneport is not requlred; Nevertheless, glven the
very coneiderable'diftetence in rates of movement of meta-
bolites from chloroplast,to medium (e.g;, Fru-1 64P2 vs..Frn—,
6 P), it seems clear tha?@ome klnd of fac1litated transportv
is required.' We conclude that the facilitated transport of
Fru—l,ﬁ—fz from the'chloroplast toothe suspending medlum is
Aeﬁhanced hy.the addition of Frn#l;64P2 to'the'medium, and by
the addition of Mg++ to the-meainm. We tenqetively conclude
that the proteinAWhichkcen act as e'ffuctoee°diphosphétase under
suitable conditionsfis capahle of'being.ehsorhed eomewhere.in
the outer chloroplast double membrane and there functions as-a
transport enzyme. -Such activ1ty anparently would be stlmulated
by Mg++ and inhibited by pyrophpsphate, just as 1is its_activity
~as a diphosphatase.’ Studies of netabolite traneoort and other
_physicel and chemical properties of the‘chlorOplast membrane
probablj”will be reqnired befo:efsuchva poétulate cen be proved
or dieproved. o |

| The effect of added p&rophosnhate is to increase the

levels of:hexose and heptose monophosphatesfand of Ribul—l,S-—P2
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within the chloroplasts and to diminish theif'appearance in
the supefﬁaféﬁt solutidn..waever, the 1evelé'df Rru—1,6—P2
and of dihfdrdeacetone phosphaté appeéring and remaining in
the Superﬁaténtiéolufibﬁ.afe.gfeater in the»bresence of pyro-
phosphate:tgan in it§'aB§éﬁce. This'ma§ be due to the higher
';ate.of1pﬁdt§synthési§.and?largér'éﬁOunt df fedﬁced carbon
wheﬁ pyrdpﬂésphétéiis_bfeéént.

” It now appears fﬁét:6n1y a few'steﬁé in the photosyn-
thgtic carﬁon'reduction cycle are.nécessarily restricted to
.the inside of the ch1ofo§1asts in fhe suspension of isolated
chloroplasts‘which unévci&ably contains Broken chloroplasts
‘and soluble‘enzymes in thé medium. The steps which aﬁparently
oﬁcur exclusively inside the bhioroplaétsbare, as might be
expected,‘the rate—limiting'steps or regulated steps, that
ié,'the diphosphatése'and the carboxylation reactions. Reac—
tions ﬁediated_ﬁy aldolase, trénsketolaée and isomerases appear
td.occur to soﬁe extént outside the chioroplasts. ?robably the
'reduction §f~phosphogiycéric acid to tribsé phosphate and the
phosphoryla;ion of ribulose—54phosphate to ribﬁ10se diphoséhate

almost entirely
also occur/in the chloroplasts.

It wasvfound in earlier stﬁdiesl3 andfégain‘in the pre-
sent invgétigation (see Tﬁble\ViII)that ie?els.of Fru-1,6-P,
and dihydfoxyacetone‘in‘the'supernafant sblution'riée very
high by about 6 to 10 miﬁ, and then decline bétWeen lOrand 20
min of photosynthesis in 1splat¢d chloroplasts. Apparently, the

¢ :

longer the concentratidn,of‘these metabolites stays . above a

low level, the longer the rate of_CO2 uptake is maintained at
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a high level. It was found earlier that addition of Fru-1,6-P,

to the chloroplasts ‘tends to malntaln a hlgh rate at a time
when the rate would'decline.bThe f1nd1ng that small amounts
of Fru-1, 6 P2 stimulates fixation o'f'CO2 while larger amounts
1nhib1ts prov1des further evidence for the regulatory effects
of Fru-j1,6-—'P2. | |

The'simplest explanatloh.of the.regulatory effects on
Coéffixatiom rate of EDPase;'Mg++ aud.PPi is based on the
respectiye effects of these-factors:on the movement of meta-
bolites.out from'the chloroplasts into the sUSpending medium.
The retention of hexose and heptose monophosphates, and es-
hpecially of ribulose- 1, 5- diphosphate in the chloroplasts,
probably helps to maintain CO2 fixation. In addltion, it
appears that there may be a direct regulatory effect of
Fru—l,ﬁTPz'concentration on the rate of the carboxylatlon.
reaction in whole Chloroplasts. ‘The mechanismvof such a |
regulatlon"miéht operateheither.on the carboxylatioh enzyme
or on 'the"CO2 transport into the chloroplasts.

It seems possible that FDPase in the outer chloroplast

membrane might play an important role in regulatlon of photo-

,syntheticlmetabolism 12 vivo. The postulated role would

be in the movement of carbon compounds from the carbon re-

‘duction cycle in the chloroplast to other types of metabolism

in the cytoplasm. The control of this "transport" activity
) ’ o ++ v‘ ) . .
could be largely mediated by Mg ion and PPi concentration

inside and outside the chloroplast outer membrane.
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 “TABLE I
Effects of Mg++ and of FDPase on Rates of lACO2

Uptake by_Isolated.Spinach'Chloroplasts

PPi Enzyme: _ 'Mg++ Rate 6 o Z Stimulation (+)

{mM) . (¥g) (nM) uymoles 14C or Inhibition (-)
: S ' " mg.Chl.hr.

B ‘ 0 101 : 0
21 0 | 126 o 425

0 1.0 | 115 S+
21 1.0 |0 138 +38

o 2.0 | 110 | +10%
21 : 2.0 | 17 - -83

0o 5.0 | - 48 ' =52
21 5.0 |- 2.3 | - -98

o | . 83 | R—
8.4 | 0 158 o +90

| 1.0 | 115 438

8.4 | 1.0 | 108 | | +30
o 93 : +12
8.4 |. 1.5 | 3.5 =96
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TABLE II
S ++ 14 . . .
Effect of FDPase and Mg  on C Incorporation into Metabolites
. 14 T )
“¥moles C/mg. chlorophyll
Compound After 5 min. PS After 10 min. PS
W/O_Mgf+ & 4 min. after addn.
FDPase of Mgf+ & FDPase
(control)
L 1l4, : ” |
Total ~ C uptakel 3.65 9.00 6.68
3-P-glycerate 1.38 3.18 2.39
dihydroxyacetone 0.28 0.42 1.15
Fru-1,6-P, 0.07 0.265 0.37
Fru-6-P 0.166 0.25 0.134
Gle-6-p = 0.115 0.375 0.150
Sed-7-P 0.20 0.325 0.060
Sed-1,7-P, 0.073 0.08 0.009
pentose-P 0.070 0.22 0.22
Ribul-1,5-P 0.019 0.028 0.006
Origin. 0.40 1.26 0.80
Misc. spots| 0.363 0.528 0.39
Total bn-
chromatogrjms 3.14 6.93 5.68
% acéounted , R : :
for - 85.9 77.0 A 85.0
PS rate 43.8 ‘wit/mg/ht 54.0 ym/mg/hr 40.1 um/mg/ht
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‘TABLE V

Comparisbn of Effects of Addition of FDPase and of Bovine Serum

Albumin'ﬁn Phoﬁosynthesis Rate iﬁ Iéolated'Chloroplasts
5 min. photosynthééis
l mM PPi

1.5 mM Mg++

ug protein/ Relative rate of photosynthesis

flask anase”- |Bovine Serum Albumin
Control: "o .o |- 1.0

PS rate of control: 44.3 pm 14C/mg.chl/hr
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TABLE IX

~Effect of Concentration of Added Fru-—l,6--P2 on 14CO2 Uptake Durihg

5 min Photosynthesis by Isolated Chloroplasts‘~

v iFixatian of 14C,
Conc.‘Frg—i;é—Pé added, mM  , umoles-(mg,chlorophyll)—l
' 1 m& ?Pi R 5 mM PPi
o o - 3.6 4.5
0.1 | 5.5 | 5.3
0.2 | 6t 5.6
0.5 | 5.3 3.8

. Rates (no Fru-1,6-P, added) :

43.4 pm/mg/hr with 1.0 mM ppij

» 53.8 um/mg/hr with S.O-mM PP,



]
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" TABLE X
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Effect of Added Fru—1,6—P2 and of Fru-6-P on Photosyntﬁesis Rate

‘and Incorporation of

14

C into'Metabolites

‘umoles of 14C/mg éhlorophyll

ng.chl/hr) "1

after 5 -

_ 6 min after 6 min after
Compound min PS : ddn 1 mM “addn

: - |no addns control adén * m addn 1 mM

: . _ Fru-1,6-P
2
C14 0 : : "

Total =~ C'incorp.| 8.1 14.8 15.8 10.0
3-P-glycerate 2.65 4,75 4.60 2.70
dihydroxyacetone-P 0.93 | 1.19 1.27 1.38
Fru-l;s-Pz- 0.23 0.74 0.50 1.15
Fru-6-P 0.205 0.26 0.37 0.05
Glc-6-P 0.225 0.435 0.425 0.10
Sed-7-P 0.235 0.25 0.35 0.045
Sed-1,7-P, 0.115 0.145 0.460 0.075
pentose-P 0.120 0.180 0.66 0.11
Ribul-1,5-P, 0.035 0.064 0.062 0.01
origin 0.70 1.92 2.00 0.85
miscellaneous 0.425 0.896 1.028 0.81
Total on .
chromatogram 5.87 10.83 11.73. 7.28
& accounted for 72.5 73.2 76.6 72.8
PS rate (um  %c/ |97.2
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FIGURE CAPTIONS

Figure 1. = Stimulatibn and inhibition‘of 14C02vfixation in

isolated spinach éhloroﬁiasts by added fructosé—i,6-diphosphatase

' ++
and Mg - (O 5 mM PPi;.@no.-PPi.. Relative rate of 1.0 obtainedA
and 1.0 mm Mg++~ (Solution C)was 74.4 umoles 140

(mg chlorophyll'hf)_l.. ﬁé++ and FDPase were added to the reac-

with 5 oM PPi
tion flasks (total volﬁmes O.S'ml).at tﬁe'start of the preillumin-
ation period to give'thevédﬁcéntrations indicated. After 5 min

14

preillumination, H C03_ was added and the chloroplasts were

'allowedvté photqsynthesizevfor'S min.
Figure 2. Dependencé'bf'inhibition of ‘CO

2 fixation on concentra-

tion>df‘#dded PPi; A
“ A 1 'mM.:ﬁg++', no FDPase

() 3 liMg++; 4;2 ug FDPase
GE 6 mM-Mg++;‘ld:5 ﬁé‘?Dfasew

Control rate of 1.0, withvl mM Mg+f, 5 mM PP, (Solution C) was °

i

120 umoles 14CO2 fixed (mg’chlorophyll hr)_l. Other conditions

as in Fig. 1.

Figuré 3,‘ Effect of additibn 6f FDPaée and Mg++ on level df
labelled ?fu—l,G*Pz ip'photosynfhesiéingrspidach chloroplasts.
| O Control?(cﬁioroplasté in Solution C)‘
-3 17 ﬁg FDPase and Mg++ to give 4 nmM added

after 6 min photosynthesis
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Figute 4. Effect of.'addition of FDPase and _Mg++ on level of
labelled Fru-6-P in photosynthesizing spinach chloroplasts
@) Control (chloroplasts in Solution C)

© 17 ug FDPase and Mg++ to give 4 mM Mg++

Figure 5. Effect of addition of FDPase and Mg + on level of

labelled Sedﬁl—l,’7—P2' in photosynthesizing spinach chloroplasts

O »Controly('chlbroplas,ts in Solution C)

©@ 17 ug FDPase and Mg++ to give 4 mM Mg++
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‘e 5 mM PP;
e O mM PP

Fig. 1

8 mM Mgt*

14 pg FDPase Protein -

T XBL706-5259




-33-

@

08y T & ImM Mg*tt
‘ - - | No FDPase
o0 3ImM Mg++

v ‘4.2 ug FDPase
0.4 He

| Rell_oﬂ‘ve Rate

e 6mM Mgt?
~  10.5pg FDPase

XBL 705-520l1



0.3

e
N

pmoles l4¢ /mg Chl

© -34-

o

L

Mg“*.+
FDPase

o

XBL 704-5181



pmomS‘4C/ﬁmeM
o . o
N (&

O

35

©. XBL 704-5179




pmoles 14C/mg Chi
P
D

.08

o
o

36-

e
o

XBL 704-5182




LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: - ‘

A. Makes any warranty or representation, expressed or 1mp11ed with

respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-

, fringe privately owned rights; or

B. ‘Assumes any liabilities with respect to the use of or for damages

resulting from the use of any information, 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 Comm1ss1on or employee of
such contractor, to the extent that such employee or contractor of the -
Commission, or employee of such contractor prepares, disseminates, or pro-

" vides access to, any information pursuant to his employment or contract

with the Commission, or. his employment with such contractor.
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