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CONTROL OF PHOTOSYNTHETIC CARBON METABOLISM
~ James A. Bassham
.'Léboratofy of ChemiCal'Biddynaﬁics,‘LawrenCe Berkeley Laboratory,

University of Célifdrﬁiﬁ, Berkeley, Céliforﬁia 94720

'iNECESSITY’F‘oR' METABOLIC REGULATION IN PHOTOSYNTHETIC CELLS

' The reductive pentose phosphate cycle (RPP cycle, Calvin. cycle,
Figure 1) is thé'basié pathway for carbon dioxide-fixatioﬁ, reduction,

énd'fofmafion'of'carbohydrates.during photosynthesis in green plants

(Bassham et al., 1954). This cycle apparently occurs in all green plants

and algée'(Ndrris, Norris & Calvin, 1955), although in some species of
higher'plants, notably certain tropical grasses such ‘as sugar cane, the
RPP'cyéle'is,supplemeﬁted By a pyruvate—malate.cycle'(Kortschaqk, Hartt

& Burr, 1965; Hatch & Slack, 1966; Hatch & Slack, 1970). Other_ﬁetabdlicv

. pathways also occur inside and .outside the chloroplasts, and these path-

ways share intermediate cdipounds:and'eniymes with the RPP cyclé. The

'interactions between these pathways impose the necess: :y for rapid meta-

béiic iéghlétibnq'

. The. light-driven reactions in thé chlordplast,membranes supply ATP
and-reduced cofact&rs for the sygthetic reactions in the chloroplasts.
Thus the RPP cycle would cease to functioﬁ, even without metabbiic con-
trol, when the light is turned off, or when.thevlight reactions aré-bloqked
for some.reason. Additional control is required tbbprevept wasﬁeful feac;
tions frdm bCCurringk One example is the carboxylatian ;eaction, requiré&:
for incorporating carﬁon dioxide in the light. In,thé'dark, this rgaction
would only use up carboxyiation Subétrate, ribulose-1,5-diphosphate (RuDP)

which must be made at the expense of ATP utilization.
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vKﬁelly iﬁPOrtant'is the necessity for matching;the‘a&ailability

of intermediate compounds of the RPP eyclevte thejfequitemente of the
green cell as these {ntermediate eompeunds are used as starting materials -
for bioeynthetic pathéays. It wee'onee fhodght thatkphotosyhthesie pro-
Tiﬁueed eome uhiqueiproduct sqch as‘sta;ehewhich then served as the soleTeiLkgff
'Eeebstraee for shbsequent-bioeyﬁthetie reactions. This biosyntheeis wae
Veonsidered to be operetiﬁgvindependeﬁt of photosyntﬁesis. We now knew:
.that'sefefal.intermediete eompbdnds of the RfP'cyele serve as key eterting
materials fof'biosynthesis both inside and outsidebthe chloroélasts. These
compouhds‘are.wiﬁhdrawn from éhe cfcle at rates which vary with the needs
'of’the'celle The concentrations of these eompOUndsimust neveftheless be
maintainea'at”levels which,w111 permi£ the'centinued efficient operation
of the basic cycle. This concentration maintenance is aceompiished by
fiﬁe control of key enzymes of tﬁe'cycle.

| ‘Along'fathwaYS-of bidsynthesiS'leadiﬁg from the cycle, but usually
ﬁ_withid two Qrvéhree‘speéé‘fféﬁ the Beginﬁiﬁé, otherlreguiefofy sites

are required toieeet£01 the:reee of flow aioﬁg*eaeh'pathﬁay. For example,
the eoﬁversien of.phoephoeeelpyruvete te pyruvate; tﬂree steps removed
from an intermediate compound of the cycle, con;rols:the rate’of conver-
sio; of phofosynthetic products to precureors‘ofnaﬁino acid aqd fattye
acid syethesis, and energy metabolism in the dark.

| Besides the regulatien of activities of eoluble eqeymes at key
points, there.ie control of the movement of metebelites through the oute:
chloroplaet double membrahe. This movement is highly selective wiﬁh
respect to compounds, and appears to depend very much on physicelland

chemical conditions both inside and outside the chloroplasts;
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‘The present discussion will be limited to a cansidératioh of rapid
meﬁabolic‘regulation reéulting from modification of the éctivities of
already:existing enzymes aﬁd éellulaf structures. Another important type
rof control of metaﬁolism is tﬁat regulatihg the synthesis and degradatioﬁ;
éf'eniymes énd membréﬂés.' Such'iegulétidh is ﬁo doubt of great importance
in the control of metabolism of the cells during their life cycle.

‘THE INVESTIGATION OF METABOLIC REGULATION in vivo

In the.study df metabolic regulation in some other systems, much know- -
ledge hasiéome'from a'determinatiop of which_isolated enzymes e#hibit
capabilities for activity modification Sy_chaﬁgesiin concentrations Qf
métabolites, In the case of photosynthetic carbonvmetabolism,’much of
the early progress has been made through in 2132 studies (for reviéw, see
Bassham, 1971)7 This is due, in part, to the ease with which some green
- plants such as uniceliular aigae can beé used for sﬁch;study; However,
the ﬁethod has'applicabiiity to anyvsystém Qhere whole cells can.be grown
and uﬁifo:mly saﬁpled in.the'presence7of labelled.substrate.‘_Fot eXa@plé;
_ we are ;urrentlygépPIYiﬂg these techniques to thé_invéstigation of meﬁaf;
bolic fegulétion.of animél ceils in tissue culture. |

. With green cells, the basic experiment is to pérmit the cells to

32

photosynthesize in the presence of 14CO and/or ~“P-labelled phosphate.

2
‘The cdngentration and the specific radioactivity of the labelléd sub-—
strates are maintained-at esSentially'constant conditions throughout

. the experiment (except in those cases where‘subst;ate.copcent:atidn is
deliberately véried). Photosynthesis with_iabelled substrate is con-

tinued until the metabolites to be measured are as fully labelled as the -

substrate. At that point the total amount of radioactivity in each
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metabolig.pool is a méésﬁre of the pool size; that_ié; the conéghtfaé
tidnain ihe cells, VSémﬁlésjéf“the}cells hfé‘takén'and killed.>-After
subsequent énalysis;'the pool sizeévéan be4detérminedvby aividing the

-fadioég;ibity of-ﬁhe‘compounds by the specific radioactivity of’the
substfégél B | |

' Tﬁé inf§rméfion about pool-sizes under évspecified condition df
steédy—gtate mefabolism is itself useful in assessing sites of meta;

" bolic regulation. Assuminévthatithe physiological free enérgy changes:

of the re3ctioné'along tﬁe'pathﬁay are known (free energy changeé at

pH = 7, AGoi), the concentrations of metabolites may be used to calcu-
late‘the,acﬁuél free enérgy chahges; AGS, actomﬁan&ing the reaétions

under the given steady state (Bassham & Krause, 1969). ThOSe'reactions'

with large negative’AGs values (-4 to -10 kcal) ate nearly "irreversible'; -

that is, the forward reaction rate exceeds the back reaction rate by

three to six orders of magnitude. Such reactions were expected on

thebreti¢éllgrqunds to be sites of metabolic regulation (Yafes & Pardee,

1956) .- In photosynthetic cells independent expérimeﬁtalzévidepce'Shows
that such reactiqns'ate reguiated. |

- Once the metabolites are "saturated" with the label from the sub-
strate under a given steady-state condition; the system may be perturbed
by impqsiﬁg some envirbnméntal chaﬁgé which alters the steady state.
Transient changes are followed b& rapidly sampling'thevsystem for sub-
sequent ﬁnalySis~'.If the system comes to a ne& steady state,rthis can
' be determined by further sampling after the transient period is err;
Finaily, iﬁ the case of reversible perturbations; it ﬁay be possible to
return tovthe original steady state, once again foilowing'tﬁe transient

changes,

s
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Sampiés;ffom such’éxpérimehts are analyzed by two;&imensibnal
paper.éhfomapograﬁhy;’rgdidéutogféphy, and"mgasurement’of the ;adio_
aétivit& in each compound (Pedefsen, Kirk'&'Basshém, 1966a). Because of
the’differéﬁt energies of their betg patticle'eﬁissiohé; 32P and 14C‘
can be'sepagéfély determined in those experimenﬁs where both isotopes
ﬁre employédi

| POOL SIZE CHANGES in vivo

Whén thévsteédy state is perturbed, and dhangeé in pooi sizesioccur,
i£ ié'frequéntly necéssarf to bring togethei several kinds of évidence
“to interpret thévchangés. Oﬂviausly;kthe_size of a pool responds to
chaﬁgeé'in the rates of reabtions'foliowing'énd'pfecedipg'it} Fortunately,
the‘majofitf“of-steps'in a metabolic sequence are'not regulated, but
are highiy.feversiblé;‘ Consequently, one commonly finds thaf two or
more successive pools in a metabolic sequence undergo similar transient
vchapgeé, and that éubééduent steps in the sequence»undergo different
traﬁsiéht5;h5ngesﬂ For ei&mplé, whenfphotosynfhetic'mémbganésware
teyeréiﬁiy"éltéred.by low Cancentratibns of fatty ac’ds in the iight
(Pedegsen, Kirk & Bassham, 196632, poqls of both.dihydroxyacetone phOSf
phaﬁg (DHAP) and frﬁctoséfl,ﬁ-diphosphate (FbP) suddeniy increase,
whergas'ﬁhé pools of'fructose-6;phosphate (F6P)'ahd glucose-6-phosphate
(G6P) decrease. Clearly the pool changes are due to a decreased rate
of conversion of FDP to F6P.

Some of ﬁhe coﬁmqﬁly seen types of changes ipvpool sizes in vivo
are illustrated by ﬁhé idealizedvcurves in Figuré.Z. In each case,
.curve B represents the pqol size of the reactanﬁ; wﬁere_showp, C is

_thg‘éool‘size of the product.
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Figere 2a represents reactant‘and product pools for a rate-limiting
."step (regulated reactlon) whichtis increased in rate by the env1ronmental
charige.b Thns the pool of B‘drops to a new steady—State level, while the
; ﬁodi‘Of‘C rises.; An‘exemple is the éd&ition‘df-l M NHZ to'photbsyﬁthe-
sizing algae, 1ead1ng to a decrease in the pool size of PEPA and an

1ncrease in the pool 81ze of pyruvate (Kanazawa, Kirk & Bassham, 1970,

Kanazawa et al., 1972)
| When environmental change results in a more rapid formation' of
v reactant, but its conversion to product is activétéd only after some
time,'an overs’ oot results as in thure 2b. This,occurs,vfor,examﬁle,
with the FDP pool in green cells when the light is turned on after a
perigé of darkness! During darkness the FDP pool had been maintained by
avpatHWay differeﬁt from the photosynthetie_pathway,.but the conversion
of FDP ts FOP was 16W,.due to low ectivity of.fructose diphos?hatase
(Pedersen, Kirk & Bassham, 1966b). As soon as light is turned on,
yreduetion'Of:PGA toitridse'phosphates and coﬁdeﬁsation,df:triose phos-
phates"te give FDP commences. Since the FDPase 1is eppetent1§'ﬁot‘yet.
fully active, there is a répidlincrease in pogl size in FDP. Then, as’
fDPase.is actiﬁated, the pool drops, the pbol of,FéP rises, and all
pools come in time to the light steady—state'level, The escillationvis.
@ue to the fect that once the FDPase.is activated, the surge of carbon
must pass all the way around the cycléAbefore it returﬁs Qia‘PGA'and‘
triose pHOSphates, and the steady-state rate of photosynthesis.is
achieved.
- The curve for B in_Figure 2c is identical to the curve for B in

Za,.bgt is intended to depict a quite different ‘situation based on

«
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other knowledge about the reaction. In the case:of'Za it was kﬁdﬁn-.
th%t‘ﬁhe reaction was 3cce1er§ted because metabélités made'from.tﬁe
-product wéie much mdfe_rapidly labellgd aftef the transition. The
curve iﬂ 2¢ represents.a‘case-ih which the éniironméntgl change results
‘in an immediate cessation of the reaction formiﬁg ﬁ; tégether;with-a
slowef inactivation of the reaction converting B to C.

An exaﬁple.of this sithation‘occuré when thé light is.turned off
with green qells. The f§rmatiqn of thg carboxylatioﬁ'subs;rate,.RuDP;
“stops quickly because the supply of ATP, needed to form RuDP from
riBulose-S*phosphate (Ru5P), is momentarily stopbed due to cessation pf,'

photophosphorylatibn and delay in the onset in oxidative phosphofylation_

(Pedersen, Kirk & Bassham, 1966b). Later the phosphoribulokinase becdmesb

‘inactive .so that RuDP formation'rémains blocked. ‘Since the carbo*ylétion

reaction is highly irreversible (AG = ~10 kcal), the RuDP éhould be com-

pletely used ﬁp; However, due to inactivation of the RuDPCase, the car-
 boxylation reaction stops after 1 to 2 minutes' darkness while there is

still a measurable level of RuDP. The contention that the RuDPCase is’

inactive in the dark is further borne 0ut‘by the fact that CO2

completely ceases in the dark, even though the RuDP levelvis'high:éhough

fixation

‘to support carboxylation. While it might be arguéd that in algae’a

small rate o‘f'CO2 fixation is masked by respiratory CO2 evolution, the

same cessation of fixation of CO2 in the presenée Of>measurable'RuDP in
the dark is seen with isolated spinach chloroplasts; where there is ﬁb‘
respiration (Jensen & Bassham, 1968b).

"A different case of inactivation of reactioqs both preceding and :

following a pool B (again RuDP) is seen in Figure 2d. In this case,.'

vt Mors i Creat
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'observed{with the RuDP pool when lipoiofaci&-waé added to photOSYnthe—'p
sizing'gfeen cells (Pedefsen, Kirk & Bassham, 1966a), tHeUCarboxylétion_
; begao‘to'be_inhibited before the phosphoribulokioase—medieted reaction‘

was affecﬁed.. This *eused the‘pool of RuDP to rise moﬁentarily; Thén

| the kinase“reaction stopped before the RuDPCase was completely inactive,

and RuDP concentration fell as it did in case 2c - This is a retheg

’special k;netie effect, and we have not seenvit often.
A'feﬁersible‘effect is shown in Figure 2e. As mentioned eérlier,'

addifioﬁ of octanoate at pHvé to photosynthesizing Chlorella pyrenoidosa

causes a rapid rise in the pool sizes of FDP and sedoheptulose—l 7-diphosh
phate (SDP). ' This is probably due to the entry of the undissoc1ated
.acids into the hydrophoblc part of the chloroplast membranes, resulting5
in soﬁe disruption'of.membrane function. One sqoh function isvphe ligh;_

stimoleted pumping of ions ;hrohgh the membrane, reported by Neuman &

Jagendorf (1964), Dilley and Verndn_(1965) and many others. ' The direction

zof the pumping in'the.light is such as to raise'boph the pH and‘the Mg++
ion concentration in" the stroma region (the space contalning FDPase and
other soluble enzymes outside the thylakoldds)q Both;RuDPCase and
~ FDPase afe activated by high levels of Mgf+ ions (10 mM or more) and
with both’enzymes, the pH.oPtima shift from alkaline to neutral with17 '
.such high Mg++ ion concentrations.(Preiss, Biggs &,Greenberg,A1967;
Basshanm, Sbafp &'Morris,_1968)..

The inhibition of photosynthesis and the inhibi;ion of these
specific eozymes in vivo can be reversed to some extent by raising the
pH.ofvthe'external medium to 7. Presumably, dissociation of the

octanoic acid results in its loss from the hydrophobic region of the
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‘membranes,‘and a‘féstoration of membrane functions earlier disruo;ed
by the acid. | |
. Another example of the kind of transient changes shown in Flgure 2e

is seen with the addition of small amounts of v1tamin K5 to photosyn-

thesizing'Chiorslla pyrenoidosa (Krause & Bassham, 1969). 1In this case,

we believe that the vitamin K5 accepts electrons directly from the photo-

electron transpoft chain after first beihg oxidized in air and light.
The result is that the ratio NADPH/NADP® drops rapidly, and the most

immediate effects are somewhsq different than in the case of octanoic

acid addition. In time, the vitamin Ksjis converted to an inactive

colored‘product, and the photosynthetic process is partially restored.

Upon the addition of vitamin K

in the pool of36—phosphoglucooic‘acid (6-PGluA) and in the pools of the

, there is an immediate increase

pentose’monooﬁoSphates, RuSP,'riboseQS—ohosphate (RSP) and xylulose-5-
phosphate (XQSP). The sppearance of 6-PGluA is an indication of the
activation of glucose—G—phosphate dehydrogenase, which is ordinarily
‘inactive in the’ light in the chloroplasts. The forma .ion of 6—PGluA

from G6P in the presence of NADP is accompanied by a AG of -11.4 kcal
(Bassham & Krause, 1969), so that this reaction couldvnot be prevented
solely by a high ratio of NADPH/NADP+ which is present in the chloroplasts
in the lighf until the vitamin K5 is added. Avratio of 1OBFWOu1d be
required'if mass action were to prevent G6P oxidation in the light. Such
.a ratio of NADPH/NADP is at least six orders of magnitude greater than
the actual in vivo ratio. However, it is entirely possible that the
ratio or the concentration of either NADP+Ior NADPH ooes affect the

1
enzyme allosterically and control its activity.
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The sudden increase in pentose monophosphate pool sizes upon add;-
‘tion of §itamin K. suggests that the ratio NADPH/NADP+ may play a part
‘in contfoiling the.activify of phosphoribulokinase, since the level éf
ATP did not drop. With t’ﬁis inhibitor, the inactivations of RuDPCase
and FDPase were alsbiseéﬁ, butiwefe delayed,'suggésgiﬁg a different
'reéulatofytm§ghanism for thése contro11ing enéymes_than for phospho-
ribulokinaée-aﬁd'glucose—64phosphate'dehydrbgenase.

Comparison of the transient increases in 6-PGluA ahd.pentbse |
monophosphates illustrates the necessity for supplementary'ihformafiéh
in inter;feting transient changes in pool si tes. ‘Both transient:increﬁses
were of the type shbwn_in Fig. 2e.’ Examiﬁétion of other data and the |
* known readtions:of metabolic pathways, iﬁdiéates'that whereas 6~PGluA
éonéentrétibn incréased due to incfeasedvfate'of.formatibn, the concenf
‘trétioﬂé of pentose monophosphates incfeased dﬁe to decreased utiliza-
tion. 'Whiie.it is true that the oxidation of 6-PGluA provides an
additional pathWay_formiﬁg penfose mdnophosﬁhatés,"otﬁer-effec;s of.

vitamin K addition (conversion of FDP and SDP to monophosphates) block

S
the @uch'gréater rate of formation of'pentose monéphnsphateé §i§,the
photosynthetic péthway.

Two further facts provide important evidence fbr the light-dark
switch from reductive to oxidative pentose phosphate cycle_(OPP cycle)

in the chloroplaSts of green cells. 1. When the light is turned off

after bhotosynthesis in Chlorella pyrenoidosa, 6-PGluA appears immediately.

2. With the addition of vitamin K5 to isolated spinach chloroplasts, there

is an immediate appearance of 6-PGluA. This shows that the OPP cycle can

operate in chloroplasts. We have not seen 6-PGluA when the isolated
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dhlorOplasts'ate aarkened; Perhaps this is becéﬁse there is no large
pool of électrdn_éécéptof; sﬁch‘ésvisipr6Vidéébb§ yitamin Ky in the
1igﬁt, 6¥ 12“2139 in the dark by the shuttle'mechanisﬁ discussed later.

.To summarize, the sites of metébolic regulation iﬁ the_photosyn;
thetic reductifezpentose.phosphate'cycle are the carﬁdxylation reaction
(mediagéd b}r.‘RuDPCa's'e,"AGs = -10 kdal),'thé'éonVéréion of‘FDPband SDP
to monophosphates (mediated by FDPase, 865 = -6.5 kcal), and the con-
>vefsion of RuSP to RuDP'@mediated.by phosbhbribulokinasg, AG = =4 kcal).»
: When the light is.tdrnedboff,~éa¢h.of’these reactioné stops within 1 to
2 minutes, and glucose-6-phosphate dehydrogenase is activated, permitting
an oxidatiye pentose’éycle to operate. During steady-state_photpsynthesis,
the RuDPCase- and FDPase-mediated reactions afe, of course, rate-limiting,
since they are accompanied by large degative AG° values. The balance
bétween:theSe rate-1imiﬁing steps is needed to control the flow of cafbon
within thQICYCle and to'brénching biosynthefic paths. The.mechanisms of
these activatiqns'éndbihaqtivafiohs probablyvincludés'change§ in Mg++.
coﬁcéﬁtration; pH,.and;.aﬁios of fedgced to oxidized cofactors in the
chlorOplésts. Howevet, theré_may be other, more_specifig mechanisms, to
be discussed léter. | |
| PHOTOSYNTHETIC AND RESPIRATORY METABOLISM

The purpose of the light-darkvregulatory'mechgnisms just descriﬁéd

clearly iévto-permit the gfeen cells to swifch_éfficiently from.light.
 dfiyen metabblism ﬁo oxidative energy metaboliSm.‘ The chloroplasts
lack a pgthway for oxidative_phosphofyiation. Kinetiélstudieé'with
algae (Pedersen, Kirk & Bassham, 1966b) showed that Qhén the 1ight is.v

_turned'off, the leyel of ATP in the cells dips momentarily but is '
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restored after a few minutes in the dark to about the saﬁe steady-state
level as 'in theblight,'ptesumably_due to'oxidative'phosphoiylatioh in
the mitochondria. Recent kinetic studiesbof'algae in light and”détk

and with added NH, (Kanazawa et al., 1972), have prov1ded new information

about thefiight—dark transition, and the mobilization of photosynthetic

‘products for energy metabolism in the dark.

In Chlorella px;enoidosa the principal storage of photosynthate is
in statch, with a lesser but significant amount as sucrose. When the
light was turned off, with cells that had been deprivéd-for:a'short
time (one hour) of a nitrogen'sohree; there was an immediate ﬁtiliza—
tion.of.stareh which continues linearly for at 1east 30 minutes at a
rate (1.65 umoles of cerbon per minute per'cm3 algée) which is ahoﬁt
‘the total respiratory rate for cells_under optimal physiological con-
ditiohs.' The level of 6-PGluA iﬁmediately rose as usual with the 1ight
off, and other transient changes typical of‘the switch from reductive
to oxidative metabolism were seen. |
| " The level of adenosine diphosphoglucose (ADPG) dropped very rapidly

to below detectable limits, despite the fact that glucose-monophosphates

(G6P and G1P) remained high in the dark. Since the level of ATP is also

high in the dark, this indicates that the enzyme, ADPG pyrophosphorylase,.

which mediates the formation of ADPG from GlP and ATP, must become

inactive.in'the dark. This had been predicted by studies of the isoiated’

enzyme (Ghosh & Preiss, l965) which was found to be subject to alloste;ic

regulation.
Carbon flowing from photosynthesis to the tricafhoxylic acid cycle -

(TCA cycle) must pass through PEPA and pyruvate. It is signifidaﬁt the




-13-

levels of PEPA and pyruvafé were fhe same in the dgrk as in‘the light,
5ithoﬁgh there waé'a'tfahsient upsufgé'ih the pool sizes of both compounds
(Figure 3§;b). The Steady—sfate’level of citrate was somewhat higher in.
the dark than in the light (Figuré 3c).

"The.synfhésis of sucrose stopped in the dark, but thete was no
immediate utilization of sucrose. However, when 1 mM NHZ was . added to
the medium 10 minutes later, there was an iﬁmediate utilization of
sucrose which contiﬁueﬂ linearly for the dﬁration‘of the‘experiﬁenﬁ (20
ﬁihuteé) at a tate’of'O.BS umoles per minute pér gﬁ3 of aigae. The addi-
tion-of-NHZ resultéd in greatly increased anino acid synthesis. The ATP
level dippedimomentarily’(Figure 4a) and then came back to a little less
than the light and dark stéady—stéte level. The steadf-state'level of
B "PEPA dropped.whileAthe steady—state level of‘pyrhvate rose, inéicatihg
‘that'NHZ

more rapidly than it had when the.light was turned off (Figure 4b).

had stimulated pyruvate kinase. The level of 6-PGluA rose even

‘We intérpret tﬁese‘obsérvations as followsﬁvrsince’starch is 'in
the chlcroﬁlééts, ité mobilization is activated in the dark by a
meéhénism in the cﬁloréplasts, presum;bly starch pho#phorylase. Perhapé
this is-due.ﬁo a rise.in the concentration of inorgéhic phésphate inside
the chloroplésts, but there may be some additional mechanism. |

Phosphéfructokiﬁaée activity is missing‘from_éhloroplasts.(unpub-
.lished'obsérvationl, S0 oiidation’of the G6P can occur only via the OPP
cycle. The. lack of change in the 1é§els of PEPA and pyruvéte (pn
darkening) sﬁggests that the amount of carbon flowing through the pyru-
vate kinase step to energy metabolism via.the TCA cycle in the dark was

no greater than the amount of carbon flowing. through the same step for
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biosynthesis of fats énd proteins in the light. The slight riéé‘in
citrate ddés indicate some increased TCA operation in the dark.
With the OPP cycle dperatiﬁg (ahd no phosphofructokinase), §£ least
_ one-half o§ a11 _CO2 released from glucose comes from the 0xidation'of
6-PGluA. |
- .

G6F '+  NADP —~—= 3 CO2 + . GA1d3P + 6 NADPH

The'glycéraldehyde—3—phoéphate (GA1d3P) either could be transported
.6ut of.fhe-chloréplasts, converted to pruvate; and oxidizea via the
TCA'cycle; or if.could‘bé'éonverted back to G6P via aldolase, FDfase
and‘the triose and hexosé phosphaté isomerases.

Althdugh'the kinetic evidence sﬁbwé thét FDPasé.is much less active
in the dark than in tﬁe’liéht,.thefenis no‘évidénéerthatlFDPase is com-
piétely inactive in the dark. From the known photosynthésis rate'in the
light (abopt 18 ﬁmoles COZ per minute)(the stoichiéﬁetry of the RPP cycle,
and the fact that the FDPase mediated steps,afe rate limiting;:we calcu- .
iéteﬂthatVISIﬁméiés of phosphate were released per miﬁuté from.FDP;éﬂd
SDP during phot@Synthesis. The utilization of starch vié the 6xidative
cycle a; 1.65.pmoles of éafbon per minute would produce only 0;28 ﬁmoies
of YDP per minute, if all the triose phosphate made by the oxidativé
cycle were converted to FDP. _Thus lesé than"ZZ of‘thé FDPase 5ctivity
needed in the iight would be required for conversién of trioée phosphate

back to G6P allowing complete combustion of starch to CO via_tﬁe oxi-

2
dative cycle.
The fact that FDP, SDP and DHAP levels, following an initial drop

in the dark, build back up to levels éomparable.to'thoée in the light.

I
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s
suggéstsmthaf triose phosphatevérbducéd by the oXidative'pentose‘phds—
pﬁate'cyéiéhin the dhiordplaéts is not rapiaiy oxidized in thebchloro-

| plasts, buf may be partly converted back to G6P ahd part1y ﬁransported

out of the chloroplast. In any'eVent, substanﬁial amounts of NADPH are
produced'iﬁside the chloroplasts. ' Some of this reducing power ﬁay Be

used in thevchio?oplasts for biosynthesis (Bassham & Kirk, 1968). How-
ever, from the relatively large amounts of NADP produced, and.ﬁhe evi-
dencejfbr active oxidative phosphorylation, it is now clear that most of
the NADPH ﬁust be used for eﬁgrgy'metabdlism. The ddﬁblé, limiting mem-
bfane'of the Cthrqplaéts appéafs to be a barrier to the free diffusioﬁ

of NADP_and.many'othef mefabolites (Heber & Santarius, 1965; Bassham, Kirk
& Jéhsen, 1968). At least two shuttle mechanisms have béén foﬁﬁd to permit
the movement of NADfH out of chloroplastg. One of';hése in the transport
éf'tfidse phosphate out of the chloropiasts, oxidation of triose phqsphafe
to PGA, with éénération of NAbPHAand ATP, and reentry of PGA info the
cﬁloroﬁlaété (Hebef'& Santarids, 1965; Stocking & Larson, 1969){.’Earlier

- studies of the movement of metabblifes out bf:isplatéd*chloroplaSts dufiﬁg
"ﬁhoﬁosyntﬁeéisvﬁith'H14C03»hadFSh6wﬁ ﬁhat PéA.and DHAP are émong thé‘ |
_mét§bolites which rapidly appear in»the.suspending medium. This ﬁechaﬁism
seeﬁs suitable for shuftling ATP and NADPH produced. in-the chloroplasts

in tﬁe iight_to the cytoplasm, but not for movement of NADPH only out of
the‘chloroplasts in the dark. In the dark, ATP must be transported into 
thg chloféplasts, whereas thé‘triose phosphate-PGA shuttle would have

the opposite effect. Avma;ate—oxalacetate shuttle (Heldt & Rapley, 1970;
Hebér:& Krause, 1971); would be sﬁitable for thevmbyement of NADfH oﬁt |

- of the chloroplasts, and perhaps into the mitochondria. Another'possi—

bility'would be a DHAP-glycerol phosphate shuttle.
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Whatever the mechanism, it appears that the pfincipal energy

Vmetebolism of Chlorella pyrenoidosa is via the.OPP cYcle,:with.tfenepoft
ef the resultiﬁé NADPH oet ef thevchloropleéts and into tbe'mitoehop&ria:
via'a'shuttie mechéhism.. PreSumably,'the oxidetiverieg_of the shuttle .
mechanism in the mitochondrla employs an NAD-spec1f1c enzyme, so that
NADH is produced directly for oxidative phosphorylation. |

Vlewed this way, the principal role of the TCA cycle in Chlorella

Eyrenoidosavappears to be for amino acid synthesis. It is not known

whether this is also trueé for green cells of higher plants. In Chlorella,

addition of NHZ does het affect stafch'utilization, but causes immediate
utilization of sucrose for amino acid synfhesis. The ﬁosﬁ oBViouSvregu—
latqry effect is the increased pyru#ate kinase actiQity resulfing in a
‘greetly-inefeased rate of.flowvof carben_into the pyruvate pool. |

The mechanism of'this pyruvate kinase‘stimulatiOn in green cells
is not yet known;' The;addition of NHZbeaused anvimme&iate dip in the AT?
" level, whieh never quite returned to its former Steady-etaee level, if we
allow for‘the tilted base line due to slo& satgration.ef the phosphatef
group adjacent to ribose (Figure 4a). Thus the initial effee;'might_Be,
a siight uﬁcoupling of OXidative phosphorylation, leading to a decreased-
"energy charge" (Atkinson, 1966) and resulting stimulatioﬁ of pyruvate

kinase. Another possibility is that NH+ ions and FDP exert a direct

4
effect on pyruvate kinase, as has been reported for pyruvate kinase in
yeast (Hess & Heekel;'1967).

There must be a prior activation of the reaction which hydrolyzes

sucrose, the reaction of sucrose with UDP to give fructose and UDPglucose.

We could speculate that the availability of UDP is increased due to the’
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observed drop in ATP lévél, but we havefnb'direct evidehce-oﬁ"this point.
There is also fhé Question of tﬁé intrace11u1af location of the OPP cyélev
involved in sﬁ@rose Bfeakdowh, Key enzymes §f ﬁhe dPP cycle are found
both inside an& éutéidévtﬁe chloroplasts in gfeen cells (Heber,'Hallier
‘& Hudson, 1967). We suspect that sucrose breakdown, in contrast to starch
breakdown, may occur in the cytoplasm. |

COMPARISON OF CHLOROPLAST AND BLUE-GREEN ALGA METABOLISM

In ;iew of the theories ﬁhat the.chloroplasts of eucaryotic }ells
are derived from the more primiti?e‘blue-greeﬁ algée‘(Rié & Plaut, 1962),
it is of interest to compare their metabolism. Like chlqroplaSts of

Chlorella pjrenoidosa, the oxidative metabolism of blue-green algae

relies éhtirely on the OPP for energy metaboliém, and exhibitsvthe same
fegulatoff mechaniéms, inspfar as they are known'(Peiroy & Baésham,
1972; Pelro&, Rippka & Stanier, 19725. Blue-green algae, ﬁeing pro-
caryotic‘cells, have no mitochondria, and no comﬁlete TCA cycle, since
'thefe is a‘block at the oxidation of'élpha-keﬁoglutépate to succinate

and CO, (Smith, London & Stanier, 1967; Pearce, Leach & Carr, 1969).

_Unliké isolated chlordplasts, blue—green aigae do have an bkidative
electron transport system, and carry out oxidative phoSéhorylatibn,
utilizing electréné from the OPP cycle. Assuming thét the primitive'
blue—green algae were in fact'incofporated into eucaryotic cells and
became chlqréplasts, thé ability to carry out oxidative phoéphorylation.
Qould haVévEeen no loﬁger needed, if we also assﬁme'thap tﬁe host cells
already coﬁtained mitochondria.

| RECULATION'OF THE‘RPP CYCLE 1IN TﬁE'LiGﬁT‘-

As suggested in the introduction, regulation of the RPP cycle is
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requiréd,Bebadse'RPP cycle intermediate compouﬁds are withdrawn from

the cycle at more than one point for biosynthesis. Synthesis of starch

takes place solely in the cﬁloféplast, and begins with G6P which is made

from F6P.: Suérose synthesié also bégins with G6P and F6P, but we.do not
- ‘know yet.dﬁéﬁhef sucrose syﬁthesisuoccurs in the chloroplasts or outside
the chiér&pié;ts. Photosynthésizing isoléted spinéch éhlo;qplasté make
starch bﬂt usually very_iittle éucrose. Isolateﬂ chloropiasts.tfansport,
or éllow'to &iffuéé dutvdf thefchlofoplésts,1argeuam6unts of tridse
phosphates (Bassham, Kirk & Jensen, 1968); but very iittle hexose and

heptose monophosphates.-'it is possible that in wﬁolé cells, triose
phosphates ére conﬁerted to F6P and G6P outside the chloroplasts, and
th;t sucrose‘is then made in thé.cytopiaém. As already indicated,
there is reason to think that sucrose is metabolized in the dark ouf-
side the chloroplasts. In ény event, the triose phosphates which come
out of the chlofoplasts, as well és PGA, are starting points for the
syntheéis of numerous amino acids and fatty acids, once the PGA iévv
converted to pYrdvaﬁéivia the:métabbliéally4regulatéé; pjfdﬁaté kinaée—
mediated step. Also, DHAP can be reduced to glycefolvphosphate.fb:
the synthesis of phospholipids and fats. o

.The removél of these intermediate compounds from the cycle could

lead to unbalance and collapse of the cycle in the absence of regulatory

mechanisms in the cycle to keep the concentrations in balance.  Studies |

of the flow rates of carbon from the cycle in synchroﬁized cell cultures -

of Chlorella pyrenoidosa showed that there is a relatively large shift

in products with the changing stages in the life gycle of the cells

(Kanazawa.gg al,, 1970). Sucrose and protein synthesis especially varied
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and in a:SOmewhat reciprocal manner. However, fat‘ahdvstarch.synthgsis
alsb vafied,’ahd the ratio of sucrosé plus'protein plus fat synthesis
'to‘étérch synthesis varied appreciably.

Despite these variations in products, the rate of CO2 uptake
remained‘remarkably_constant, fallihg a'licfle only ip the‘case of
célié‘aboutito'divide. -The.levels of the carboxylationvsubétrate,
RubP,'variéd by a‘faéqu'of‘2.5, éuggéstiﬂg that in fhié rate~limiting
étep the RuDP substrate was saturating the enzyme'at_all timgs eicebt
in the.predivision case. Thus the activity of RuDPCase was the prin-
cipal rate—limiting factor fof.photosyﬂthesis in these experiménts.

The ratio of FDP/F6P, which could bé taken as:séhe indication
(though admitﬁedly not an accurate one) of total FDPase activity in
the cell, was smallest whén'the sucrose synthésis\was large ‘and protein
syntheéiszsmall‘and was largest when thefé was little sucrose synthesis.
and much protein'synthésis, Given the uncertainty as to the site of

sucrose synthesis, and the fact that.FDPase, FDP and F6P occur in both

chloroplasts and cytoplasm; interpfetation is somewhat risky, but the'_

‘changes observed are generally consistent with an adjustment‘in FDPase

to accbmmodate-changing aﬁountsvof carbon withdrawn as triose phos-
phate as compared with carbon withdrawn as F6P and G6P. Thus, when
more protein synthesis was required, FDPase activity may have just
slightly declined to a point where FDP and triose phosphateébincreased
in conéent?ation and FQP and G6P decrgased. of course; the cycle would
continue to run just as fast as befbre, since the increased withdrawal

. .
of carbon as triose phosphate would be compensated for by a decreased

~withdrawal of carbon as F6P and G6P and since the priﬁe rate—limitiﬁg
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step, the carboxylase reaction, is unchanged. if sucrose is made outéide-
the chioropiaéts,vsome of this fegulation would gé“of FDPase outside the
chiorbplasts; o

To summarize, we have pfopoéed thatzcontfollbf thgiievels of intgr-
mediate comﬁaﬁﬁds of the cycle used for biosynthesis ié‘achié#edbby 2
delicate balancé bétween the activities of the rate?iimiting-steps |
mediated by RuDPCase and FDPase. The activiiy of RuDPCase, under condi-
tions df'lighf saturation, appears to be rather constantrand is rate-
1imitihg for thé overall process. The FDPaseb(we ﬁropose)'is'subject to
fine adjustment;.decreaSing sliéhtly when more Eriosé phosphates are
needed for protein and fat synthesis, and increasing slightly when carbo-
hydrate synthesis is preeminent. o

STUDIES WITH ISOLATED SPINACH CHLOROPLASTS ‘

Isoiated'séinach chloroplasts can, under appfbpriatevconditions,
carry out photosynthe_si_s_wi_t:'hlaco2 at rates approachiné those of intact
leaves (on a per mg chlorophyll basis)'fqr 10 to 20 ﬁinutés'(JenSen &
Bassham, 1966). One of the first Obéqr?ations to be’ made Witﬁ‘fheée
chloroplasts was that they make practically nbfhing except infermediate
compounds of the RPP cycle, plus G6P, starch, and glycolate. Isolated '
chloroplasts are capable of the synthesis of a great'variety of complex
molecules when fed appropriate substia;es (such as acetate and amino
acids). Thus it éppears that the conversion of PGA to acetyl CoA must
occur in whole cel}s outside the chloroplasts, alghough.we‘canndt
entirely rule out the possibility of some block with the iso%atedvchlord-'
plasts which does not exist in vivo. The ready export of triose phos-

phates and PGA by isolated chloroplasts, and their>ready uptake of

LH)
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.écétate and amino acids, furtﬁer'réinfb;dés'ﬁhe'concept of an external |
formatioﬁvof acetate and-émino acids (or their carbén skeletons).

The shuttle mechanism whereby redﬁcing péwer is exported in the
form oflfriose bhospﬁate has already beenbmentioned. .An early obserQétion
Qithithe iéolafed'cﬁloroplastsbis thét triose phbsphates and‘FDP'éppéar :
in ﬁhe suﬁernatant solution as compared with retention iﬁ the chlofo—
plasts about 100 times faster than hexose and heptose monophospﬁates
(Basshaﬁ, kirk.& Jensen;v1968)l The movement of compounds out of iso-
lated chloroplasts can be greatly influenced by the factors in the mediﬁm.
'Significantly, some of'theée factors gréatly influence the rate of 002
‘uptake b& chloroplasts (Bassham ég_gl;, 1970) .
| Even thouéﬁ‘thefe‘is evidence that the level of free Mg++ inside
chlbroplﬁsts may be higher than 8 mM (Lin & Nobel, 1971), levels of‘Mg++
in thevSUSpending medium of the chlofoplasts as high as 5 mM can cause
greatly increased loss of intermediate cOmpdunds to the medium and

.'_simultaneous decrease in CO, uptake rate. This effect of Mg++ depends

2
on the level of inorganic pyfophosphate‘(PPi); which 1s'common1y used

in chloroplast media, since PP, stimulates the fixation rate (Jensen &

i
Bassham, 1968a), and by itself reduces the loss of cycle intermediates to
the medium.  In general, Mg++ ion éoncehtration must nearly equal'PPi
' concentration before it beg?ns to:inhibit fixation énd incréase COmpoﬁnd
loss. With 5 mM PP (> and no initial added Mg't, addition of 1.0 mi Mg't
stimnlétes‘fixation; With enough Mgf+ to just begiﬁ to inhibit fixation,
‘addition of an as yet unidentified protein factor-fiom spinacﬁ leaves

causes severe inhibition (Table 1). The same amount of protein factor -

= — N
added w1th9ut Mg causes stimulation of the rate. To further add to
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the cbmﬁiexity of this_ébpafeﬁt regulatory phenomenoﬁ,’PPi.muét‘beréreseﬁt'

to give these'stimulatory‘and iﬁhibitory effécts,;évén thpugh'higher

ievels of PPi abolish the inhibitory gffecté, présumably by complexing ’»i i
with the M'g*"' (Bassham et al., 1970). |

fof a1;;@e we thought that the pfotein factor wéé FDPéSeJ waéver,
we ﬁow havé?géﬁarated it from FDPase activity by éel filtratith So faf,
»wé(héve bééﬁaﬁﬁéuéceésful in pufifying‘énd conceﬁtratihg the_ac;ivity,

~due ﬁo aﬁndrmél behavior under ordinary sépération techniqﬁeé.

It might appear thaﬁ the inhibitory éffecﬁ of Mg++'plus)the.pfotein  -
factor is due to the increased loss of cyéle {ntermediates from the
chloroplésts. This ié not'the”reason, for ﬁith:;mounts of faétor which

~ cause both inhibition and loss of intérmediate.compounds from the
cﬁlotoplasié, the level of the carboiylation sﬁBstraté ié_in some césés
even higher than in the control. It may Be’that th§ observed'effect.

vbf Mg++'plus pfotein factof'on’movement of'qycle intermediates‘out:of
the chloroplésts is matched or'éxceeded by an ﬁnoﬁservéd-éffect'gn
bicarboﬁaté'movehentJinto the chlbrdplasts; 'OthéIWiSe, thebfactor mu$t;.
in some other way directly_affect'the activity of thg RqDPCase.

Aside from PP the only other factor which has beén found to sig-

i’
nificantly increase the rate of CO2 fixation in isolated SPinach chloro-

plasts, 1is antimycin A (Champigny & Gibbs, 1969; Champigny & Migniac-Maslow,
1971; Schacter, Champigny & Gibbs, 1971). It was proposed that this factor

might stimulate photosynthesis in isolated chloroélaéts by increasing

*2

the rate of transport of bicarbonate or CO, into the chloroplasts.

2
Recent studies (Schacter & Bassham, 1972) showed that this is not the

 case. ‘Increased tramsport of HCO3

into the chlotopiasts should result
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in:a déc:eésed levei of RuDP. gﬁch a decreased RuDP level is observed
when the leVéliof bicarbonafe‘in the medium is iﬁcreased. However,
Qith anpiﬁycin A, the levél of RuDP increases, é?en as the rate of CO2 '
~ uptake increases. As indicated earlier, carboxylation raté does not
.depend on kuDP level within wide limits but does depend strongly on both
RuDPCase actiﬁity'and COé concentration.

In the case 6f added antimycin A, there must be an increase in

RuDPCasewactivity.  At the same time, levels of FDP and SDP were. lower

2

that the general light actiVation’mechanism, responsible for the acti-

‘with added antimycin A, in spite of greater CO uptaké,. This suggests
vatidn of RuDPCase énd'FDPase, isvsoméhow enhanced by the addition of
'antimyéin A.

A further effect noted was a large increase in the rate of starch
synthésis,_witﬁ.antimycin A addition. The light'activatioﬁ of ADPglu-
cbse pyrophosphorylase;has.éélready been mentioﬁed in connection with
the light-dark studies‘with‘aigae. The stimulation ofVStarch.synchesié

~upon addition of antimycin A to chloroP}ans_éuggests‘that the géneral

'iighfiactivétion mecﬁanism'}eépoﬁéible'for RuDPCése and FDPase'activity
in'thé light also servesvfor ADPglucose pyrophosphbrylase.

MECHANISMS OF ENZYME REGULATION OF RuDPCase AND FDPase
__The.possibility thét regulation of'tﬁe activities of ﬁhe control
eh?ymeS'of the RPP and OPP cycles_is due in part tduthe redo# state in‘.

'thg chlorOplésts as well as Mg++ concentration‘and ﬁH has already begn

" mentioned. .chér regulatory mechaqisms have béen répofted, although

‘the physipiogical significance of some of them is still iﬁ doubt.

The physical, éhemical and biochemical p:opéfties‘of RubPCaSe ﬁavé{

‘been reviewed recently (KaWAShima & Wildman, 1970; Siegel, Wishnick &
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Lane, 1972) and will not be extensively discussed | The.protein from
green plants varies somewhat from one spec1es to another, but is large '
(around 500,000 daltons). It is composed of avcomplex quaternary
structure,‘oontaining perhaps:32 subunits, 16 each of’moiecular weights
._. at least 10, OOO and 20 000, or perhaps 8 subunits of 56 000 daltons and

8 subunits of 14 000 daltons. There may be 8 binding sites for RuDP,

under certain;conditions. The enzymes require about 10 mM Mg for maxiQ’__

mum activity;”and the pH'optimum shifts from 8.5 to 7.8 when the Mg++
concentration is raised from 1 mM to 40 mM. Also; it is reported that

" the apparentlbinding constant for HCO; is lowered from 20 mM to 2.5 mM
when the Mg++.concentration is so raised (Bassham,'Snarp & Morris, 1968).
"A snall protein, containing a chromophore'andjealled iight—aotivating
factor (LAF) has been isolated from tomato leaves by_Wildnerisnd Criddle
(1971), When'thevpurified RubPCase is'illuminated in the presence of this

factor; as much as fourfold activation of the enzymic activity was observed.

The'LAF has an absorption peak at 325'nm; with_verp,little absdrption atf:_-

o wavelengths beyond 500 nm. ‘The reported action spectrum for the activa-

~tion has a peak at 325 nm, but surprisingly, there is reported ‘to be about

twofold activation even at 750 nm.

The‘physiological role, if any, of this factor.in regulating carbon
:metabolism;intphotOSynthESis‘is,not“YetLestahlished;j Since the aetiva— | :
tion 1s reportedly seen with visible light of all wavelengths,'and'since .i
the activation may be effected by light intensities.lower than those
required to saturate photosynthesis ig;!izg, the physiological role is
difficult to test. The effect is reportedly variabie withbspecies of

plants from which the RuDPCase was isolated. The existence of a'photo-

dynanic effect produced by one molecule isolated from leaves when

e e
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placed in'solutiqﬁ with a complex, regulate& enzyme-does not prove a
physiological role. |

'Activation of RﬁDPCase by F6P_énd inhibition by FDP has Seen
repdrted-(Buéhanan and Shﬂrmann, 1972). With.lOImM Mg++, a threefold
activation wés'oﬁsérﬁedeitﬂAb.s mM F6P. This effect was largely
aboliéhed by equal amounts:of FDP, and FDP alone inﬂibiped the enzyme
about 50%. The preséﬁce of F6P reduced the K for bicarbonate from
the contrél'vaiue of'25 ﬁMYto 4'mM; this'effect also waé aboiishéd by
FDP. 1f éuch'effects occur ig!g;gg; they ¢ould prévide a link between
tﬁe two'kéy regulated enzymeé of tﬁe RPP éygle. Increaéed'FDPase
activity,'by increésing'the,steady—state ratio of.F6P/FDP could increase
the'RuDPCaSe activity. Howéver, befofe.taking this possibility too
'séri0usiy, it is advisable to consider the assay p:oblems descriﬂed

below and encountered with amother activation of the isolated enzyme.

In the course of a survey of the effects of metabolites on RuDPCase:

acﬁivity;vit wasvfoﬂnd thaf of all the intermediaées:of‘the RPP cycle
tésted, noﬁé.(including F6B)'caused‘stiﬁulatioh,'whiie FDP-céusedvsome_
ihhiﬁition and 6-PGluA ca;,sea a large inhibition, with a K, of only

50 M (Chq & Basshanm, 1972). Since G-fGluA is the one interhedia;e of

the two pentose phosphate cycles~dnique to the OPP cycle (mot in the RPP

cycle), this finding could represent an important physiological mechanism

for completing the inactivation of RuDPCase in the dark. It will be

recalled that in green cells, 6~PGluA appears in the dark and disappears :

in the Iight (duiing photosynthesis) .
In the course of trying to reconcile the lack of F6P activation

with the work of Buchénan and.ShUrmann, we found that much depends on
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the assay method. We had been assaying the enzyﬁe‘by é&ding the
enzyﬁe last to the‘reacfion mixture. When ‘the enzyme is préincubated

with Mg++ éhd‘biéafbohaﬁe,'plus the metabolite béing tested, and the

reéction.sﬁarted by adding RuDP, 6-PGluA ACtﬁally-céused a stimulation

»ét iow HCO; éoﬁcentrationé. 'Lesser amounts of stimulation were obéérved
with a number of other metabolites, includiﬁg F6P}b_ i

éuch resulﬁgtSuggest the possibility ﬁhatvsomg of thg mahy bindiﬁg
sites (éerhapsrﬁbgh allosteric sités and éctiﬁé sites)'of this complex .
enzfmé must bé occnpiéd by-ﬁhoébhaﬁe”sﬁgérs for'it'fdbbecoﬁe active.
When no RuDP is present, this.function can Bevpartif fulfilled by other
~ phosphate compéunds, with varying degrees'of effectiveness; If some of
the sites are already occupied by the substrate (RQDP), then binding of
a sbecific alldsterié regulator can cause an inhiﬁitpry effect. It is

clear that more detailed kinetic studies with substrate and suspected

regulators are required before physiological significance can be assessed.

In addition to the effects of Mg++ and pH on FDPase activity already

ﬁéntiOned, Buchanan, Schliirmann and Kalbérer (1971) havevrépofted the
‘activation of FDPase by reduced ferredoxin aﬁd anpfher~sﬁa11 protein
factor. The activation wﬁs reiatively small at thé high levels of Mg++
whieh are present in chloroplasts in light. If the Mg++ levéls drop in
the dark, as suggested by Lin and Nobel (1971), Mg++ and reduced ferre—
doxin could work together to effect the'light activétién indicated by |
the in vivo experiments. | | | |
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 TABLE 1
I | S VA
Effects of Mg and stimulating protein factor on rates of co,
 fixation by isolated spinach chiordplasts
Protein factor added = Mg = . Rate % Stimulation (+)
o ’ L " (ymoles = C per - . '
ug. ' - mM mg chlorophyll or inhibition (-)
o 0 11 S -
21 | 0 126 - +25
o 2.0 110 410
21 2.0 17 © 83
0 5.0 48 =52
21 5.0 2.3 1 -98

5 mM PPi was present_in all flasks. (From Bassham et al., 1970).
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FIGURE CAPTIONS

Figure 1. ' The Reductive and Oxidative Pentose Phosphate Cycles and

[

Related Metabolic Pathways.
The reduétiverpentose phosphaté cycle'(RPP”cycie) and metabolie paths
leading to starchtsynthesis and acetyl CoA are indicated by solid lines,'
the oxidative pentose phosphate cycle (OPP cycle) and triose phosphate
oxidation are indicated by dashed lines. Sites of activation in the
light a:e indicated by open éircles;‘a site of activation of,glucose—‘
6-phosphate'dehydrogenase in the darh is indicate& hy thevsolid circle;
thevsite of NHZ activation of’the conversidn_of‘phosphoeﬁblpyruvate
(PEPA) to pyruvate is indicated by the openbsquare. |

Other abbreviatiohs used in thisvfighre and in the text are:i RuDP,
ribulese4l,S—diphosphate; Ru5P, ribulose—S—phesphate;‘PGA, 3-phospho-
glycerate; 6~PGluA, 6—phosphoglucenate;'PPGA, phosphory1—3-phoepho—
glycefate} éAldBP;.leceraldehyde—3-phosphate; DHAP, dihydroxyacetone
phosphate; FDP, fructose-1,6-diphosphate; F6P,'fructosefG-phosphate; |
GSP, glucosef6—phosphate; ADPG, adeﬂosine diphospheglucose; E4P, erythrose—_-

4-phosphate; SDP, sedoh ptulbse—l,?-diphosphate; S7P,'sedoheptulose-7-

'_phosphate{ R5P, ribose-5-phosphate; Xu5P, xylulose—S—phosphate.

Figure 2. Steady-state and Transient Changes in Pool Sizes of_Metabolites

in Chlorella pyrenoidosa —> A > B —> C

a. Change in steady—etate levels due to increase in rate of conversion
of B to C (see text). |

b. Transient overshoot due to increased rate.of[fofmatioh of B, before
enzyme catalyzing conversion.of B to C:is activated.

c. Changejin'B when conversion A_to‘B stops«suddenly but conversien B

to C stops after a short delay.
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FIGURE CAPTIONS (Cont.)

d. Cﬁangg_in B when conversion B to C gradually stobs, while Caner—
sion A to B stops suddenly after conversiéﬁ.B to C has begun.to sioQ.
but before conversion B to C has completely stopped.

e. Reﬁefsiblé.éﬁénge in B when conversion B to C first:stdps,”andvlater

starts again.

-Figure”3; ‘Changes in the Levels of Metaboliteé in Chlorgllé‘pyrenoidosa .

upon Darkening and Later with Addition of NH, (Ranazawa et al., 1972).
a, PEPA
b, Pyruvate

c. Citrate

Figure 4. Changes in the Levels of Metabolites in Chlorellé pyrenoidosa

upon Darkening and Later with Addition of‘NHZ (Kanazawa et al., 1972).
a. ATP and ADP |

b. 6-PGluA
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility - for the accuracy, completeness or usefulness of any
information, apparatus, product. or process disclosed, or represents
that its use would not infringe privately owned rights.
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