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THE CONTROL OF PHOTOSYNTHETIC CARBON METABOL ISM |

James A Bassham

Interest 1n the contro] of photosynthet1c metabo]1sm was st1mu1ated
: by the mapp1ng of the bas1c path of carbon reduct1on 1n photosynthes1s
by Calvin and co- -workers f1fteen years ago (1, 2). Before that time it
was poss1b1e to suppose that the photochem1ca1 process of photosynthes1s
produced some s1ngle product such as glucose. This substance ‘then could
have been used by p]ant ce]]s in much the same way as an organic substrate
is used by nonphotosynthetlc ce]]s | |

 The pashway of carbon dioxide fixation and reduction to sugar phos-
phates‘proved to be a cyclic series of reactions (sometimes referred o
as theh“daivfn_Cyc]e" or "Reductive Pentose Phosphate Cyc]e“)'(Figure DF
Many of the intermediate compounds are chemically identical to metaboii<e:
of fhe'pathWay used by'nonphotosynthetic cells to break down sugars |
(g]yconsis) This commona]1ty of compounds made it poss1b1e that .
:some 1ntermed1ates in photosynthet1c metabolism might f1ow d1rect]y into other
'metab011c pathways For examp]e -some molecules of 3 phosphog]ycer1c
_ac1d (PGA) (F1gure 2) might be taken from the photosynthet1c cycle and
used dlrectly in the synthes1s of an amino acid, such as alan1ne
Quant1tat1ve kinetic stud1es with radioactive carbon showed that this
,15 the case (3). Thus, a]] the carbon taken up by the leaf during phOto-
synthe51s is not first converted/to free sugars before it is used for
synthes1s of other plant constituents. _

. A‘second aspect of control in green cei]s is the 1oc1.of biosynthetic

pathways;vand the mechanism whereby carbon flows between these iocif



'Reduction of carbon dioxide to sugar phosphates and carbohydrates occurs
within the green subce]]u]ar organe]]e, the ch]orop]ast For a time’ 1t
seemed that the ch]orop]ast m1ght be metabolically 1solated from the SRR -
rest of the cell (4) Then it was “found that a h1gh1y se]ect1ve process‘
allowed the export of spec1f1c intermediates from the ch]orop]asts (5,6).
The regu]at1on of the Ca]v1n cycle, and movement of 1ntermed1ate
- compounds out of the ch]orop]ast are the pr1nc1pa1 subJects of th1s
art1c]e. Among other 1mportant areas of photosynthet1c metabo]1sm are "tr0p1ca]

grass“ or "C-4" metab011sm (7~ 1]) and photoresp1rat1on (12 18)

.CelT‘Life‘Cyc]e and Regulation

During the life cyc]e of a green plant cell in a leaf ‘the metabo]1te |
needs of the ce]] change drastically. A "young ce]] channe]s a 1arge
proportion of the fixed earbon into new mater1a]s of which the ce]] is
constructed. In this way the cell can grow”and'diVide}> The materials
needed'inc}ude amino acids and proteins to function;as enzymes, fatty acids
and fats to form membranes, ce]]u]osevfor cell wa]]s, oigments such as
ch]oroohyll, with which the plant captures'Tight fo%.photosynthesis, and
so on. The'fUnction of the mature leaf {s more soeeia]ized. Growth may
cease, and the entire output of the leaf may be in'the form of‘compoonds ”
such as sucrose which are translocated to other organs of the plant. The
signal to the cells for such changes may come in'the fonn of o]ant hormones
or other as yet unknown mechanisms which in some way alter the'rates of
'enzyme synthesis. In turn, the rates of biosynthesis a]ong certain path-

ways are changed.
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An 1ncreased flow of carbon from the photosynthet1c cyc]e to the -

beg1nn1ng of any b1osynthet1c pathway requ1res that some mechan1sm onerates

o divert. more: arhon from tho bd ic carhon roduct1on cyc]e of Photosyn-

thes1s Th1s mechan1sm is usual]y by means of some type of metabollc

.‘regu]at1on of the act1v1t1es of enzymes at or near the point at which

carbon is taken from the cycle. In fact, such contro] may be exerted on

-'both an enzyme in ‘the cyc]e and an enzyme Just a step or so from the cyc]e

. ' . |
Enzyme Regulation o - o

Many factors may a]ter the act1v1ty of a regu]ated enzyme and hence
change the rate at which 1t catalyzes the conversion of one metabo11te

to another (19). In feedback control, some’ compound farther a]ong the

- metabo]1c pathway b1nds to the enzyme and ¢ changes its shape or otner

properties as to alter its act1v1ty as a cata]yst If th1s contro]11ng

~ compound binds at the same place on the enzyme as the substrate (the

"active" S1te), 1t may 1nterfere with the conversion of the. substrate ard
thereby act as a competitive inhibitor In other cases, the controiling

compound b1nds at another site in such a way that 1t a]ters the shape or

physical- chem1ca] propert1es of the enzyme, caus1ng a change in its activity

as a cata]yst (20) This effect, called allosteric, may either stimulate
or 1nh1b1t the catalytic act1V1ty of the enzyme

- A more general kind of control over enzyme activity can'be exerted by

the rat1o of ATP to total adenylates (ATP + ADP + AMP) of the ce]] This

rat1o designated "energy charge" by Atk1nson (19) is a measure of available
b1ochem1ca1 energy It has been found to regu]ate key enzymes of g]yco]ys1s

and of some other biosynthetic pathways. A generalized type of regulation -

in green plant cells may be mediated in part by variable levels of pH and



-4-

other indrganic&iohs in chloroplasts. Such vakiationgf affecting activities
of several enzymes, could play a role in a]]ow1ng the green p]ant cell to
make the trans1t1on from light to dark metabolism when the day ends, or when |
the plant is p]a;ed in deep shade. |

Photoe]ectron'Trahsport; Photophosphory]atfon and Ion Flux

|

,Phothynthgsis i$ a complex of linked reactions'in Which the enérgy_of
~ the absorbéd light is used to drive energétically unfavorable bxidatithIHV
reduction keactions (21). Water is oxidized to molecular 6xygen ‘Whereas
002, nitrate and sulfate are reduced to organ1c compounds Fo]]ow1ng the',
absorption of light by ch]orophy]] and other plant p}gments, the energy of
the excited p1gment mo]ecu]es is converted to chem1ca} energy by transfers
- of electrons in such a way as to produce re]&tiVéTy strohg dxidants aﬁd
reductants. | A |

The strongest oxidant becomes reduced again byVOXideing water, thereby
liberating Oé and protons. The strongest reductant is reoxidized by ining |
up its e]ectrons to ferredoxin, a low-molecular- we1ght prote1n wh1ch conta1ns"
iron atoms Reduced ferredox1n 1s used e1ther d1rect1y or via other élec-
tron carriers in enzymically catalyzed reactions to br1ng about the reductlon
of C02, n1trate and sulfate. Each of these 1norgan1c oxides a]so ‘can be
reduced nonphotosynthet1ca]]y in other parts of the plants, but only at the
expense of the release of chemical energy through respiration: ‘»?

The absorption of light, the .oxidation of water, and the reduction
of ferredoxin all take place in or on the membranes (ﬁal]ed ]ame]]aé)
of the chloroplasts. Pairs of these ]amé]]ae‘are Joined togéther_at the
edges to form sack-]iké ("thylakoid") c]oséd systems (22,23). In-moét
higher plants, many thy]akoids.are tightly appressed in'stacks which
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are called grana Some thy]akoids‘extendvthrough the stroma region;
the space outs1de the grana but inside the double membrane surround1ng
the entlre ch]orop]ast W1th1n these membrane systems, some of the
photochemlcaI]y produced oxidants and reductants recombinefin such a

way that’a part of the energy released is stored as chemica1 energy.

| ‘This storage is achieved by the conversion of aden051ne d1phosphate (ADP)

and 1norgan1c phosphate (P ) to their anhydride, adenosine triphosphate
(ATP). Propert1es of the membrane may be inroTved 1n this process; called
photophosphorylation”(24) Associated with electron’ transport from water
to ferredox1n and perhaps with photophosphory]at1on as we]] is a movement
of ions through the membrane.

In ]964 Neumann and Jagendorf (25) found that fsoTated, illuminated

sp1nach ch]orop]asts take up ' ions, and it seems now well established

- from many studies [recently reviewed (26,27)] that photoeleCtron trans-

port in ch]orop1ast membranes leads to formation of a pH gradient across
the membranes with the 1ow‘pH inside the thylakoids. Hind andrdagendorf
(28) found that 1so]ated chloroplasts phosphory]ate ADP in the dark fol-
Tow1ng a sudden 1mposed PH rise in the suspending medium. Whether or not
trans-membrane pH gradients and membrane charge are»required parts of the
coupling mechanism for linking phosphorylation of ATP to electron trans-
port (29) is st111 unresolved (30,31). The mechanism of this energy -
coupling is not yet clear. In any case, it seems possible that light-

induced ion flux through the membranes may be of great-importance in

‘regulation of carbon
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metabOTiSm,'Since pH and the‘concehtrations of other ions, hotabiy Mg++,
' havejiarge effects on the activities of key enzymes, as diScussed later.
'Some‘of the changes in métaboiism in Chiorei]axseenrduring the »
light -to- dark tran51tions (32) seem to be Simiiar to rever51b1e changes
seen in light on addition and remova] of octan01c acid and certain ?
other fatty ac1ds (33). These ac1ds also cause a 1arge and.partly .
reversible change in the'difference between 515 nm 1ight absorbed By':
111um1nated and dark Chioreila cell suspen51ons (34). A 515 nm B
absorption change produced in spinach ch]oroplasts w1thin 20 nsec after
the beginning of a 1ight flash has been 1nterpreted by Witt and co- - ‘
workers (35,36) as an indication of a primary light-produced charge :»
across theimembranes. The dark decayvof'this cherge (after‘e'very short
iight flash) is concurrent with the flux of H+:end other ions-through"_
the membranes observed with indicators (37,38), and it has beenhproposed S
that ion fiux'is'driveh by the postulated electrical field across‘the
membrene.,hRegard]eSs of whether or not all aspects of these'propOSaTe ‘
prove todbe correct, there may be a re]étion betweeh the ectiohbof the
fatty acids on the properties of thy]akoid Membranes (increased 515
~ nmeter absorption change) and ion flux through the membranes
o The -enzymes involved in carbon metabolism are common]y thought to
be Tocated in the stroma region (though not inside the stroma thy]akOids)
In considering genera] regulatory mechanisms for those enzymes, it
‘would be he]pfu] to know what changes in pH and concentration‘of other
ions; such as Mg++, occur in the stroma region; but, unfortunateiy,
little is known. It may be inferred that the light-pumpihg of H' into
the thy]akoids, which is thought to establish a lower steady-state pH

inside the thylakoids, would also cause the steady-state pH in the
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stroma to be.higher in the Vight than in the dark (39). The extent of
such a difference would depend on re]atlve volumes of the two spaces,
buffer1ng capac1ty and other factors. 0n1y a sma]] change, such as ha]f ,
a pH-undt, wod]d be requiredrto effect cons1derab1e change in the acti-
vities of some enzymes d1scussed 1ater -

Reported Tight- 1nduced efflux of Mg * and K* ions from broken

ohlorop]asts (40) led to a suggest1on (39) that Mg++ concentration

in the stroma region might increase in vivo, thus activating enzymes.
However, Nobel (41) found a light-induced efflux of K*, Mg*™ and
other ions from isolated intact pea chloroplasts which was quantitatiVe]y

s1m11ar to an observed light-induced shr1nkage of the "osmot1ca]]y-

'respond1ng" volume, so that under certa1n assumpt1ons, the 1nterna]

| ion concentrations seemed to rema1n4rough1y constant between ]1ght

and dark. The high internal eoneentration of Mgt ion, 16'm11]imolar;
reported by Nobel (4]), wou]d be very 1mportant in act1vat1on of
several of the suspected regulated enzymes at pH 1eve1s below 8. |

The 1n1t1a1 stages in the reduction of COZ’NOB’ and 5042 each
require reduced nicotine adenine dinucleotide phosphete”(NADPH) (42),
a two~e1ectron carrier. Thus, electrons must be transferred from the
one-electron carrier, ferredoxin, to NADP'. This is cata]yzed:by a
so]ub1e enzyme, ferredoxin-NADP reductase (24,43). After two e]ectrons

have been transferred to N03 and 5042, reduc1ng them to the 1eve] of

nitrite and sulfite respectively, the further, s1x -electron reduct1ons

to the level of NH4‘and SH™ use reduced ferredoxin and particulate

systems (42).

In the reduction of CO2 by the reductive pentose phosphate
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cycle, the pkoduct of the Carbbxy]étion reaction, 34bh05phog]yceraté

(PGA) 1s first'activafed by phosphory]afion with ATP and then the |

| resulting acyl phosphate'is reduced to triose phosphéte by NADPH. The
activities bf,the enzymes involved in transfef'bf’e]ectrons from ferredoxin
to NA_DP+ is affected by'the level of inorganic pyrophosphate'(PP{) (a4y.
Sinée PPi Tevel ig_yigg;changes_with physio]ogicaT'staté (32,33;45) it‘.
may be that PP, level in vivo exerts some regulatory control on the rates
of utilization of electrons from ferredoxin for rédUCtive reactions. The
activity of isolated pyrpphbsphatase, the enzyme’catalyiing the hydrp]ysis
of PP, is affected by pH and Mg+fiion concentrations (46). | |

Study of Regulation In Vivo

While many enzymes'show changes in activity due to"the presencé of
metabolites, changes in pH or in ion concentrations, etc. (47), the sig-

nificance of these effects for regulation in vivo can only be proven by

studies with whole cells. The most direct, and therefore the most satis-
factory, such evidence is'the measurement of changes in metabolite concen-
trations occurring during the course of such regulation.

Determination of metabolite concentrations and their changes in vivo

by isotopic fechniques has proved valuable. By observing the responses of

metabolite concentrations to external and internal stimuli in vivo we are

able to obtain a much clearer picture of the actual control system. Photo-
synthesis is particularly suited to such a Study. Its substrate, CQZ,'is

a gas which can be easily maintained at constant concentration and specific
radioactivity during the course of an experiment. This'greatly facilitates
subsequent kinetic analysis of the observed Changes'in labeled metabolites.

- The green plants are allowed to take up radioactive carbon dioxide,
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]4C02, for a 1ong enough time under steady-state cond1t1ons to 1abe1

comp]ete]y w1th ]4C the 1ntermed1ate compounds of the pr1mary carbon
reduct1on cyc]e (48). The specific rad1oact1v1ty of each carbon pos1t1on
in each metabolic poo] then is at the same spec1f1c rad1oact1v1ty as the
enter1ng ]4C02;.'Th 14C content of the pool of the compound in question
is subsequehtiy measured D1v1s1on of this tota] ]4C by the spec1f1c
rad1oact1v1ty and by the number of carbon atoms per molecule gives the
actual pool size of the compound in the plants. Th1s concentratlon may
be expressed 1n terms of plant volume, amount of chlorophyll, or other
suitable standard

After the metabo]1tes are comp]etely 1abe1ed the envwronment of
vthe plant can be changed For example, the 11]um1nat1on might be stopped
A ser1es of additional samples are taken with time. When these samp]es
| are Jater ana]yzed by standard techn1ques of paper. chromatography and
| rad1oautography (32 33), the changes in metabo11te concentrat1ons and
the kinetics of these changes can be determined. It was part]y through
the app11cat1on of th1s technlque that the cyclic path of carbon reduction
'(] 2) and the f]ow of carbon into secondary b1osynthet1c paths were
or1g1na11y mapped (3).

Add1t1ona1 information is gained by the simultaneous. app11cat1on _
of ]4C0 and 32P labeled phosphate to the photosynthes1z1ng cells (32 33)
- Both ]4C02 and 3ZP labeled P are incorporated by photosynthesis, but
only labeled phosphate is 1ncorporated by respiration. Respiration uses
endogenous stores.of sugars.that are mostly unlabeled with ]4C. The
investigator thus can examinedrelations between photosynthesis and respira-
tion by means of klnet1c Ilght-dark experiments (32) in the presence of
]4c02 and H32P042 |

L:;n// .
i e
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Photosynthetic Carbon Reductioh, an Oxidative Cycle, -énd Biosynthesis

Photosynthetlc reduction of carbon d1ox1de on green plants (other than e

c-4- p]ants) (7-11) is accomp11shed by a single metabolic cycle (1 2). The.

'1ncorporat10n of 14

CO2 via the carbon reduction cycle of most plants is
by carboxy]at1on of ribulose-1,5- d1phosphate (RuDP) (Flgure 1) (1,2). The
recent]y 1ncorporated carbon becomes the carboxy] carbon of one of two |
PGA molecules. | | o |

Some of the molecules of PGA can be used as the starting materief'
for biosynthetic paths leading to amino acids, fatty ecids; etc. ”iMéinte-l
nance of the carbon reduct1on cycle requ1res that most of the PGA be
reduced to sugar phosphates, from which the carboxy]atlon substrate, RuDP
is regenerated. | | | |

| Giucoseéﬁ—phosphatev(GGP) is rapidly formed from F6P, in either

light or dark. In the light, these sugar.phosphetes‘are oonverted to
carbohydhates'(Figure 3). Inhthe dark, G6P UndehgoeS'oXidation fo'
~ 6-phosphogluconic acid. 'Further'oxidation'Teadsfto Ru5P and Cdéf Three_
Ru5P molecules are then converted:(dashed lines, Figufevi).to'two mofé;_
cules of F6P, which are reqyc]ed; and a net single'moleeQTe of GA13P.

Mostvmetabolites needed for synthesis of noh-Cérbohydrate end
products come from PGA and DHAP (Figure 2). Both compounds oceur in the |
carbon reduct1on cycle after the carboxy]at1on reaction and before the

d1phosphatase reactions.

Light-Dark-Light Requlation

It is the nature of studies of in vivo metabolism that single experi-

ments are seldom conclusive. One must piece together many indications

from the kinetic data to form some kind of consistent hypothesis. Only
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a few examples of these détavéén’be presented witﬁfh the scope of this
dftic]e. Fﬁkther evidénce ﬁay be found in the origina1‘pu51itations' |
(5,32,33,39,46,49-56).. " °
The'metabb1ic'tranSients}accompanying the Tight-dark and dark-

" light transactions in the unice]]ulaf algae, Ch]oré]]a"pyrehoidoéa (32),
14

are informative. Of parficu]ar interest is the 32P and '4¢ labeling of
PGA (Figu¥e 4); The 1igh£'Qasthrned off only after enough photosyn-
~thesis with the radioisotopes had occurred to completely label PGA and
sugar phosphates (but not free 5ugars and starch)._’With darkness, thé.v
production of NADPH and ATP in the chloroplasts ceases. The reduction
of PGA abrhpt]y stopped. MeéhwhiTe; the carboxylation of RuDP, pro-
ducing PGA;'cqntinued for some seconds, sinéé the supply of RuDP was
not }mmediétely exhausted and no cofactors from thellight reactioné
are required. Thus, the level of PGA Tabeling with both 2P and '%C
rose fapidly.} | ' |
After aBodf 30 sec, the carboxylation reaéfion ceased, ahd'the

conversion of PGA to pdeutté'éUch'as amino acids and fatty acids outside
the cycle causedvthe levél of PGA to fall. After this trénéition period,
the process of glycolysis commenced. ngars sfored in'the chloroplasts
- had not been significantly labeled during the few minﬁtes of phofosyn?

14

thesis with COZ' These sugars were phosphory]ated with ATP to give

sugar phosphates, which were split fo triose phosphates and then oxidized
to form PGA. This process of glycolysis is essentially the reverse of

the reductibn of PGA_to_sugars in'photosynthesis. Formation of PGA from

14

the only slightly Tabe1ed sugars results in dilution of the ''C label in-

the PGA, which consequently declined as PGA was éanértéd to other products.
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The ATP used for the phosphorylation of the sugefs'is labeled with
32 hether it is made by}phbtosyhthetic phosphokyietion'ih the chloro- -
plasts in the light or by okidetive‘phosphdryTatioh in the mitochondfia

32

in the datk.~ Th P in the ATP ends up in the phosphate group of PGA

in eitheh Tight or dark. Consequent]y, ‘there is no dilution of the
phosphate Tebe]'pf PGA{-”Th 32p 1abel of PGA rema1ns a true measure of'
the PGA concentration in both light and dark. Thus we can see that |
after the transitory period the level of PGA remains as high in the
dark as it was in the light. | |

If the bhotosynthetic and glycolytic pools of PGA were isolated
from each other, only the photosynthetic pool shou]debe affected by the
light coming on again, at least in the first seeonds.-‘The‘]ight would
cause aAsudden reduction of PGA at altimevwhen thé‘RuDP'COncenfration
hadn't rxsen enough to support carboxy]at1on Such anliso]ated photof
synthetlc poo] of PGA shou]d stl]] have the same 2P/]4C.ratiq"it had
during the prev1ous 11ght period. Therefore, the drbp‘ih 32p 1abel when
14

the 1ight came on again should be no greater than the drop in ' °C levei;

The experiment shows that the drop in the level. of 32P 1abe1 is

32 14

as great in proportion to C label is in

14

P label as the drop in
- proportion to " 'C label. This proves that if there afe two poois,of
PGA, they are in rapid equi]ibkation. Thus; there is essentiaTiy a
single pool of PGA which is immediately affected by the onset of the -
_photochem1ca1 generation of NADPH. ' .
Apparently oxidative phosphorylation is suff1c1ent to maintain the
level of ATP, which was found to be at least.as high in the dark as
in the light.  This suggests that the "energy charge" of the ch]orb-

plasts, if defined as the ratio ATP/(ATP + ADP + AMP) (19), is not
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the generai regulatory factor in this system as it is}in.some other -
metabolic systemsv(19) 0f course, this ffnding does not rule out the
poss1b]e 1mportance of that ratio for regu]at1on in this system under
other c1rcumstances in which the level of ATP m1ght not be. maintained.

These same stud1es 1nd1cated several llght dark changes in
the rates of reactions of the reduct1ve and ox1dat1ve pentose phosphate
cyc]es For examp]e, as soon as the 11ght is turned off 6- phospho-
g]uconate appears (ngure 5). Th1s shows that the ox1dat1ve cyc]e (see |
F1gure 1) has commenced. _ | ' | |

In the dark the Tevels of FDP and its»precursor,fDHAP (Figure 6),
fall rapidly because PGA is nod]onger reduced. In the dark these
metabo]ites.arevregenerated later by carbon coming from RuSP formed by
thefoxidation'of_G6P.,ZWhen‘the Tight comes of, PGA is reduced and both
FDP'and DHAP increase‘quick]y - The level of FDP; in‘fact passes fts
steady-state'level Such changes in metabolite 1eve1 can be accounted
for if the react1on that converts FDP to F6P proceeds more s]ow]y in ‘the
dark and rema1ns slow for the f1rst 20 sec in the 11ght Later, if th]S
reaction proceeds faster, due to act1vat1on of enzymes in the ]1ght,"the
FDP ]eve]vwdu]d fall, as is observed. After further oscillations,
the concentration“of FDP approaches its former lightesteady-state
Tevel. - _ | |

The.enzyme (a]do]aSe) that converts DHAP and GALP to FDP apparently
s very active in light and dark, since the interconversfohvis highly
reversibie. Transient:behavfor of FDP level is reflected back into’
DHAP.level. It 1s clear, nevertheless, that the primary effect is on
the 1eve1 of FDP since the relat1ve magnltude of its change is much

‘greater. The level of F6P (not shown) falls when the level of FDP is
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riéihé, and theh.rises‘repfd]y after 20 sec at the time when the 1eve1.'
of FDP falls.
Light-Dark Effects Comgared with Effects of Added€06tahoic Acid and

Vitamin K5 | | |
The analogous reaction which converts SDP to S7P exhibits the same

activation in the light and inactivation in the dark. We were thus'

very interested to find'that both reactions (and other 11ght -dark regu—

lated steps) can be revers1b1y 1nact1vated in the 11ght by the addition

and removal of octanoic acid (33). To Chlorella, photosynthesmz1ng
with ]4C02 and H32P042 ina buffer at pH 5, we added thlS ac1d dissolved
in a little a1coho] Octano1c ac1d is part]y und1ssoc1ated at pH 5,‘3'
and it apparent]y d1sso]ved into the fatty membranes of the chlorop]asts
Photosynthesis, as 1nd1cated by 02 evolution and C02 uptake,-comp]ete]y |
stopped. Then, afteh 4 min, the pH of the medium'was‘taised to 7, at
which pH octanoic acid is comp]ete]y‘dissociated; The rate of photosyn-
thesis was restored to 50 perceht or more of its‘origfnal level. 'Thus,
we had found a way of revers1b1y stopp1ng photosynthes1s w1thout turn1ng
off the Tight. o |

' Upon analyzing the metabolic produets, we found that the additidn
of octanoic acid caused the 1eve1$ of lebeled FDP and SDP to increase
rapid]y. This was interpreted as being due to the inactivation of
FDPase and SDPase. When the pH of the medium was increased, and
photosynthesis recovered, the levels returned to nonha]. Nei ther
alcohol nor pH change alone produced any of these effecte.

The light-dark studies and the experiments with octanoic acid and

with other chemicals indicated several other points of regulation.

~Many of these results were duplicated in experiments with isolated
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spinach chlonop]asts; The chloroplasts were f1rst separated out of
cells fron spinach ]eaves-(57) " and then were allowed to photosynthe-
size with ]4C02 in kinetic eXpehiments'simi]ar to those described for -
algae. | | | o _
Accbrding to oun interpretation of such kinetic data, both darkness

(32) and the'addition of octanoic acid (33) cause inactivation of the
carboxylatidn'reaetion and bt the conuersions of FDP and SDP to their
respectiue-monophosphates Moreover,‘addition‘of the acid inhibitsA
photophosphory]at1on and poss1b1y ox1dat1ve phosphory]at1on Thesef.
effects are reversible. ' '

_ Since-photophbsphory]ation is thdught to be related in some way

to the ion f]uxes through ‘the membrane, we suggested (39) that the con-
nection between fatty ac1d effects on photophosphory]atlon and the |
-effects on‘carbon metabolism might be found in the levels of ions in
u'the-stroma region (as'diseussed'earlier).P The‘ observation (34) that
fatty acids reversibly caused an increase in the 515 nm absorpt1on charge
[wh1ch has been suggested to 1nd1cate an e]ectr1c field across the membrane
(35, 36)] ra1ses the poss1b1]1ty that alteration in membrane propert1es
caused by 1nterca]at1on of fatty acid molecules somehow blocks certain
- ‘events subsequent to the format1on of the electric fleld, such as ion

| f]ux and photophosphory]at1on v _
_ Addmtlon of v1tam1n KS’ an electron acceptor which is suff1c1ent]y lipid
“soluble to penetrate the cell membranes, caused some similar and some dif-
ferent effects Its add1t1on 1nact1vated conversion of FDP and SDP to their

monophosphates after several seconds and also stopped the react1on wh1ch con-

verts Ru5P to RuDP (33) There was no evidence of either inhibition or:
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stimulation of photophosphory]at1on, for the 1eve1 of ATP did not change
Another’ difference from the action of octano1c ac1d was the immediate
appearance (w1th vitamin Ks) of 6—phosphog1ucon1c acid. All of these
effects‘weresseen both with aigae'and_with_isplated spinaCh ch]oroplasts.
With Tow levels of added vttamih Ke » the effects were partialiy reversed
with time. B | -

In the'dark; of cOurse, there is hefther photoe1ectron'thahsport '
nor fon'pUmping through the thylakoids{ The appearahce of 6-phospho- _
gluconate with vitamin'Ks'addition, suggests that electrons from photo-
electron transport are diverted to the reduction of the afr-oxidized'
form of Qitamtn Kslso.that reduction of NADP+ ceases. Observed regulatory
effects would be due to the increased ratio of oxidiied to reduced
cofactors Thus, glucose-6-phosphate dehydrogenase may be act1vated by
the 1ncreased 1eve1 of NADP' , one of its substrates

 This proposa] is suppohted by the simi]arity of the effects to
those seen with the light-dark tran51t1on and by the fact that v1tam1n
K5 in air is readily ox1d1zed to a form that can accept e]ectrons from
the photoe]ectron transport system. Thus, added vitamin K5-can provide an
electron‘"shoht-circuit" to oxygen. With limited amounts of added
vitamin K5, the effects are reversed after a few mihhtes, due to the N
destruction in air and 11ght of the added compound, by further reactlons
of the oxidized form to give colored compounds . _

When nitrite was added to photosynthesizing Ch]ore]]a, at levels
where it funct1oned as anh electron acceptor (58), a delayed (for 20 sec)

1nh1b1t10n of the conversions of FDP and SDP to monophosphates occurred
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" When observeq,.this effect was compared with octanoate effects, but in

retrospect it appears more ana]ogous'to the effects df}vitamin KS’ in

_ accord with the diversion of e]ectrdns just agcribed_td vitamin K5.

Finally, phosphoribu]okinase, the enzyme which converts RuSP to RuDP, is

‘ actiVated by sulfhydryl reagents (59), so a reducing environment in the

chloroplasts may favor its activation.

To summarize, kinetic tracer studies of metabolite levels during

light-dark and dark-light transitions, and in the light upon addition
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of 1nh1b1tors, 1nd1cate regulated react1ons at the carboxy]at1on of

RuDP, the hydro]ys1s of FDP and SDP, and the phosphory1at1on wlth ATP,

| of Ru5P, as well as act1vat1on of the conversion of GGP to 6- phospho-

g]uconate 1n ‘the dark. Based upon 1nferred effects of the added inhibi-

tors (octanoate and vitamin K ) and upon known propert1es of the

respect1ve -enzymes for these reactlons, RuDP carboxy]ase, FDPase and SDPase,

and phosphor1bulok1nase (d1scussed later), a tenatat1ve hypothes1s for

. the regu]atory mechanisms can be stated: Both 1on_f1ux through the

lamellae leading to a pH rise in the stroma, and,e]ettroh flow to

" ferredoxin ahd NADP* may be required for activation of FDPase and SDPase.

Ion flux may be requ1red for RuDP carboxy]ase and electron flow for
phosphor1bu10k1nase wh11e 1nterrupt1on of electron flow wou]d activate
convers1on of GGP-to;6-phosphog]uconate. of course, other mechanisms
are possible, either_instead of or in addition'toethese.

Fuhctioh of Light-Dark Requlation

These sites of metabolic regulation in the cycle are shown in
Figure 1;-‘They operate together in the light-dark transition to

activate the photosynthetic carbohfreductioh cycle in the light and to

"block it in the dark. They also activate the oxidative pentose phos-

phate cycle in the dark and block it in the light. We propose that

the purpose of the oxidative cycle in the chloroplasts in the dark is.

~ to generate NADPH for biosynthesis inside the chloroplasts. This

cofactor apparently does not penetrate the outer chloroplast membrane
(60), There is an adequate supply of ATP which does pehetrate this
membrane (61) and is produced by oxidative phosphory]ation in the dark.
wifh both ATP and NADPH, biosynthetic conversions.(such as carbohydrates

to lipidé):can occur in the chloroplasts in the dark.

.
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Biosynthetic conversion of sugars to fats would require reduction |
of some DHAP_tb glycerol phbsphate (see Figure 2)s~ “Thus, some ]imitation
on the rate ofvoxidatioh of triose phosphates to PGA fn the dark'May.be
required. More.importaﬁtTy, the operation effthe'bxidatiVe'pentose
phosphete cycje (dashed»]ines-in Figufe'l).requiresﬁa reactidn'between
GA13P and S7P, so that the level of GA13P (quany"abou't 1/20 that of
DHAPY*Mhst not fall too low. There is enzymic evidence (distussed
later) that interconversion between GA13P and PGA may be s]ower in the
dark than in the light. | [ .

sRagy]at1on in ‘the Light

Metabolic regh]ation controls the transition from light to dark,
and this regulation can be mimicked even in the Tight by adding.certaih
cohpounds. ‘Are'there mechanisms that.contro]'the'flow of_carbon during
'photOSynthesis in the 1ight? 'How is the flow of eakboh frdm the cyele
to various b1osynthet1c paths altered 1n response to the phys1o]oglca1
~ needs of the green cells? As it turns out, some of the same points of
regu]at1on are involved as were seen in the light- dark -light regulation.

In order to obta1n un1form populations of cells in several physio-

Togical stages, we synchronized-cu]tures of Chlorella pyrenoidosa by

subjecting them to successive periods of light and dark (55):_ Each of
these Eell populations was then allowed to photosynthesize under'steady-
state conditions with ]4C02 and H32P0'2' By taking samples for ana]ys1s
over a perlod of 30 min, we were able to use both the initial labellng |
rates and the pool sizes at isotopic “saturation” to calculate the

rates of flow of carbon through various metabolic steps. From these
rates we could see the relative enzymic activites of those steps at

d1fferent stages of cell growth and d1v1s1on
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'MetabOIic rate chahges were correlated With fe]ative shifts
between amino acid and protein'syhthesis (greatest durjngfthe fast-
growingtperiod and DNA-synthesizing stage)-and sucrose synthesis |
(greatest in the divided cells and ‘predivision cells). fwo classes
of effects were 1dent1f1ed those due to the stage of cell growth and
division and those due to the dark period wh1ch the ce]]s had JUSt
exper1enced These effects could be separated in part but to some
extent they were addi tive (55). | . o

Specificysites ofimetabolic regu]ation in the light, suggested by
these studies; include: 1) FDPase, 2) the tarboxylation of RuDP,

3) the synthes1s of sucrose, probab1y at the reaction between UDPG
and F6P to g1ve sucrose phosphate, 4) the reduct1on of n1trate and

’ n1tr1te, and 5) the conversion of PEPA to pyruvate. The Tast step,
catalyzed by the'énzyme; pyrUVate'kinaSe; controls the‘flow'of carbon
from'the photOSynthetic carbon reduetion'quTe to the synthesis’

of most amino acids (see thure 3) and the synthesis of fatty acids.

Duhing the fast-growing stage, and especially during the DNA-
synthesizing stage, FDPase aotivity appeared to be dimited. This was
indicated by.a Tow F6P/FDP ratio. Thus, the flow of carbon through the
cycle was hestricted at a point just after PGA and DHAP, from which
fats and proteins are made,”and just.before F6P, from which carbohy-
drates arevmade} This FDPase'activity appeared'tovbe maxima1vduring the
predivision and pdstdivision'stages, where sucrose synthesis is rapid,
and little amino acid synthesis occurs. | |

The Effect of Ammonium Ion

The newly divided algae cells, which had been in the dark, were

“nearly unable to reduce nitrate or nitritev(56).r.This led us to suspect

b e ' R ' fi
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fﬁat the-resu1ting lack of intracellular NHZ might have regulatonyvn
effects. TWo regu]afory effects on carbon metabolism were found when
~ we added mi]]fmoiar NHZ to an unsynchronized popﬁlatioh ﬁfIChToreTId
‘cells. 'The addgvaHZ éréétiy increased the ;onversion bf PEPA to -
pyruvate, aﬁd'it comp1éte1y'stopped sucrose synthesis (45). (StakCh.
synthesis decreéged only slightly.) The rétiovF6P/FDP_decreased about
50 percent. The level 6f pyrophosphate (PPi) decreased more than 50
perceht, Thus, intrace]]u]arvNHZ;level may be of prim&ry impdrtance in
regulation in bhotosynthetic cells.
Transbort Through the Chloroplast Membrane

| : 57,62) o . oo o
In 1966, Jensen and Bassha& '/ ”)by modifying methods developed by

Walkef (63) were able to isolate chloroplasts in such a phy$io1ogj¢a]
state that'they were able to'carry out photosynthesis with CO2 for 15 min
or lbnger in an artificial medium at rates comparable to that of photo-

syntheSis'1 vivo. In some experiments chloroplasts were quickTy '

centrifuged fdr a few seconds following 3 min photoSyntheSis, and
the pe]]et:and sUperhataht so]ution were then'bidchemica11y inactiVatéd
with méthano]v(s);. Some intermedfate compounds of the photosynthetic‘
cycle appeafed much faster than others in the solutibn used for
suspension Ofrthe'ch]orop]asts (5). For example, FDP'appeared in
the suspending.medium (S) at‘a rate_35 times as greaf as in the | |
ch]oroplast‘pellet (p). in contrast, the S/P ratio'for F6P was 0.4.
Since the volume ratio of supernatant to chloroplasts was about
100, this is nof necessarily "active" transport (energy-requiring),'
but it is a highly selective diffusion. |

Compdunds following the carboxylation reaction énd preceding theA

reactions catalyzed by FDPase and SDPase appear rapidly in the medium,
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whereas thosefcompoonds following the diphosphatase-mediatéd réactions
and préceoing the carboxylation reaction (except pentose monophosphétes)
are very weT1 retéined in'the ch]oroplasts. Similar différences"in move-
ment of intermediate compounds from ch]oroplasts to cytoplasm had been
fndicated earlier oy Heber and Willenbrink (6), who a11owed whole leaves

]4C02 and then, after freeze-

to ohotosynthesize for short periods with
drying, 1so1ated-ch]orop1asts by non-aqueous procedures. This pattern
of se]eotive‘diffusion seemed to fit fairly well with the sites of régu1a-
tion e]ucidaied from kinetic stUdies. .However, since several of the
enzymes of the cycle (but not diphosphatases or carboxylase) are’present
and active in the medium, due to rupture of some chloroplast membrahes
during the experiments, the actuo] transport reactionslareAdifficult to
pinpoint. |

An answer to'fhis question may como from studies of the effects of
factors from the leaf jUice that affect the rate of photosynthesis by
the isolated chloroplasts (52). The factors from leaf juice that most

affected the j4

CO2 uptake_raté prOVed to be a purified FDPase preparation
and Mg++vions (52,64). Very small amounts of these factors stimulated |
the CO2 fixation rate, whereas only slightly larger amounts greatly
inhibited the rate. FDPase and Mg++ were synergistic 1n(their inhibitory
effects, in one case producing 96 percent inhibition together when the |
same amount of FDPase a]ohe stimulated 90 percent and the Mg++ stimuTated

- 12 percent. These effects occur significant]y.only in .the orésence of

] to 5 mM_PPi,iyet'the inhibition could be completely o?ércome by higher
levels of PPi, : | |

14

Kinetic studies with COzvshowed that additioh of FDPase and Mg++

to already photosynthesizing chloroplasts increased the amount of labelled
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FDP and decreased the amount of labelled F6P. Furthermore FDPase plus
Mg+f in excess ‘of PP decreases the retention in the ch]orop]asts of near]y
all intermediates., By itself, Mg in excess of PP Causes many of these _
'effects,‘whereas added'PP (5 mM) alone increases the retention of those
compounds (FeP, G6P, RuDP etc.), which the ch]oroplasts tend to retain
anyway This may be a partia] explanation of why PP stimulates CO uptake
by ch]orop]asts (57,62). Finally, when the FDPase preparation, which had
already been extensively purified and from which free small molecules had
been removed by extensive'dialyzing, was denatured by heating, some soluble
fraction is released which still affects co,, uptake, though the effect is no
longer strongly increased by Mg++ ion. Obviously, further experimentation
will be requ1red to 1nterpret these resu]ts what is presently clear
experimental]y is that Mg s PPi, and FDPase, or some factdr derived from
or bound to it, in amounts which may be present ih the cytoplasm

of green celis, exert strong effects on both metaboiite transport

and C02 fixation, with co]]aboration and antagonism among the three.
factors. | o

Properties of the Regulated Enzymes

The a]]osteric and other properties of ribu]ose diphosphate carboxy—
lase, fructose diphosphatase, and other enzymes of ‘the Calvin cycle have
been exten51ve1y studied and are reviewed e]sewhere (47) A property'of
the carboxylase and diphosphatase is that the PH optimum shifts from about - -
8.5 t0 9.0 at Mg concentrations of 1 to 4 mM to around 7.6 at 20'to 40 mM . .
* (50,65). A shift from pH 7.2 to 7.7 at a Mg™" concentration of 10 M |
could have a large effect on the activities of the carboxylase (50). | Very
probably other controlling effects are also exerted. - Wildner and Criddle

(66) reported a light- activation factor for the carboxy]ase Buchanan et

(67) have reported that reduced ferredox1n activates the diphosphatase
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PhosphoribulokihaSe, cata]yzing the RuSP to.RuDP;conversioh, may require
a “reducingf environment for its act{vation in the 1i§ht, since its. activity
is preserved by sd]fhydry] reagents and is_deoreased by_high 02 levels (59).
The two{step conversioh of PGA to GALP is mediated by 1) PGA kinase,
which phosphoryletes théucarboxyl'grodp, using the termina] phosphate of
'ATP,.and 2)'g]yceraldehyde'phosphatedehydrOQenaSel(GPDH), whtoh reduces the
fntermediate phosphoglyceryl phosphate, using the two electrons from NADPH
and 1ibereting'Pi. Studies of leaf extracts (68), is01ated chlbrop]ests
(69), and partially-purified enzyme preparations'(70) show a light-enhanced
ectivatioh of the’GDPH (68-71). This activation reqUires the reduced
form of the coenzyme, NADPH, which is also its substrate in the reducing
reaction (69) The enzyme is also activated by ATP and by high Mg++
levels (72). The dark 1nact1vat1on of the GPDH spec1f1c for NADP® may
be the resu]t of 1ts convers1on in the dark to GDPH spec1f1c for NAD
since 11ght to dark and dark to 11ght shifts in the amounts of these
two‘enzym1c act1v1t1es were found when they were isolated from cells
(71,73) and even from isolated oh1orop1asts where new protein synthesis
was unlikely (71). -
The properties of pyruvate kinase in other systems are known to
include act1vat1on by NH (74 75), and the enzyme in green ce]]s might
be s1m11ar]y activated.
Preiss et al. (76) found that the enzyme catalyzing-the reactfon
of G6P with ATP to give ADPG_and ADP can be activated by PGA and
inhibited by'jhorganic phosphate (Pi). They proposed that'Staroh

synthesfs stops in the dark because of decreased PGA and»jncreased Pi‘
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In odr own experiments we found titt]e change in PGA.level betweenr
light and dark, but it is certainly possible that the level of P, may
rise sharply in the'ch]oroplasts in the dark when ohotOphosphoryTation
stops. ~Incidenta11y, the dark inhioition of the carboxylase could aiso'
be due in part to P s wh1ch is known to 1nh1b1t the 1so]ated enzyme

The contro] of sucrose synthsis seems to be qu1te d1fferent from
- that of starch Our k1net1c evidence with Chlorella shows c]ear]y
that the b]ock wh1ch occurs in that organ1sm when NH4 is added is beyond
UDPG (ngure 3), since the level of UDPG rises sl1ght1y after NH4 addi-
tion. The fact that only a small increase in UDPG Tevel is seen at the
time when SUcrose syntheSis is completely stopped may be because the _
reaction between G6P and UTP to make UDPG and PP, is highly reversible
(77), and G6P can be converted via other paths (F]gure 3). There is
some ev1dence that sucrose phosphate synthetase from p]ant t1ssues
exhibits a]]oster1c propert1es (78). |

“Irreversibi]ity“ of Regulated Reactions

“Irrevers1b111ty,"'mean1ng a very high ratio of forward to back
reaction rate, is a common property of reactions cata]yzed by metabo]1-
- cally regulated enzymes (19,79,80). Although examp]es of this pr1nc1p1e
are to be found elsewhere, the photosynthetic metabo]1sm of green cells
offers a particularly good system for testing itsfvaiidity. This is
because the steady-state tracer methods permit us to measure the iﬂ: v
vivo metabolite concentrations. These are essential to a calculation
of negative'free-energy change of the steady-state reaction (AGS).v The'
relation of AG° to rates is given by In f/b = -AGS/RT, where f and b
are forward and back reactions rates. Correcting theVphysiologicat
standard'free'energy changes (AG°|) with the measured metabolite con-

centrations (Ca’cb’cc') by a6% = 6% - RT ln[Ca]Y[Cwa[Cc]x[Cd]y;‘we
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found that for”the reactions mediated by FDPase‘and SbPase,'AGS =
-7 kcal, whereas for the carboxy]at1on reactlon AG = —Io'kcal (53).
For the’ convers1on of Ru5P to RuDP, 4G° = -4 kcal. Each of the other
9 steps of the cyc]e, which in br1ght light are not regu]ated accord1ng
to our f1nd1ngs, had AG3 va]ues between 0 and 2 kca]

Go1ng out of the cyc]e, we f1nd that the two step conversion of
3-PGA to PEPA “when corrected for concentrat1ons, had a total aG® of
about f2 kca], whereas for the regu]ated COHVEPSTOH of PEPA to pyruvate
86% = -4.5 kcal before addition of:NHz'and'-3.5 keal after its addition
(45)'h5 . : i . o ‘

| These negat1ve free energy changes represent the 1oss of chemical
.potent1a1 through its conversion to heat at room temperature Th1s ’
loss amounts to an unavo1dab]e entropy increase in the system as a
_who]e Thxs energy loss 1s the difference between the energy that was
stored‘dur1ng the generat1on of ATP, NADPH, ‘and inby-the ]1ght_
reactions, and the'energy thatvis eVéntua]Tyvstored-in the formation
Vof 0, andvthe.organic end produCts of photosynthesis. As it turns out,
nearly all of this necessarily dissipated potentia]Ienergy'is lost
during the course of metabo]ica]ly controlled reactions Since'the
regu]at1on thereby achieved may represent a form of entropy decrease,
vthls is perhaps another man1festat1on of the tendency of 11v1ng systems
to minimize entropy increase.
Conc]us1ons

Strong regulation of photosynthet1c metabo]1sm is maintained by
contro]]ed key enzymes W1th1n the carbon reduct1on cycle, on biosyn-"

thet1c-paths 1ead1ng from it, and Within the ch]orop]ast membrane.

v‘,;}t:;};{,‘,,/,v" o
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The transition from light to dark metabolism, the allocation of
metabo]ites}to biosynthetic paths, and the export of intefmediate
compouhds from the éh]orop]asts to the cytoplasm are each controlled,
but to a great extent by the same enzymes.' Of these, thedmost
important are ribulose diphosphate carbokylase, controiling}the initial
entry of COZ,‘and fructose d1phosphatase, operat1ng as a portal ‘between
carbohydrate metabollsm and other blosynthes1s, and perhaps playing some
role in the selective diffusion of sugar phosphates through the outer
ch]oroplast membrané, Intracellular pH and concentrationsof'Mg++ and
PPivseem'to bévcandidates for controlling factors in some'of these -
processes, based on preliminary evidence for changestin these féctors

in vivo ordin:iso]ated ch]orop]asts and on properties of isolated

enzymeswh1ch cata]yze steps found to be regulated in: v1vo

These and other control effects have been demonstrated by deter-

minations of metabolite levels in vivo in green ce]]s_and ch]okop]asts

by tracer“techniques. These quantitative measurements of in vivo d

metabolite concentrations provide excellent corre]ati9e~évidence for
the "irreversibility" df.regu1ated steps.

Along biosynthetic paths, pyruvate kinase, contrq]ling the coﬁ- ‘
version of PEPA to pyruvate, and sucrose phosphate synthetase, con% |
tro]]ing sucrose synthesis, play important roles. These points of

control have been activated artificially in Chlorella pyreno1dosa

by the add1t1on of ammonium 1on which resu]ted 1n ‘increased proteln

synthesis. It is perhaps not too much to hope that in the future,
app]ipation of a suitable chemical spray to mature leaves which are

producing mostly sucrose may be able to switch their metabolism for
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a time back}to'protein prodoction: Since the direct utilization of
green 1eaves by humans may prove to be an efficient agr1cu1tura] usage ‘
_ in a prote1n hungry world (81), such an 1nduced sw1tch mlght prove to
be avvaluab1e1a1d to reduc1ng proteln def1c1enc1es-1n_some areas of

the wor]d o | : o |
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Fiqure Capvtio'ns

‘Figure 1. Photosynthet1c metabolism. 'The Reductive Pentose Phosphate
Cycle (Calvin Cycle). | o o
Photosynthet1c metabo1ishvin the iight is'indicateo by solid arrows,
the oxidatiye pentose phosphate cycle by dashed‘1ines.' Early stages of
some biosynthetic paths leading from the photosynthetic'carbon Cyc]e to.
end products are indicatedv -Open arrows are at sites of metab011c regu- :
]at1on thCh are active in the 11ght Wide, dark arrows,show react1ons
wh1ch are act1vated in the dark The dotted,open arrow indicates a
reaction for which ev1dence of regulation is so far ]1m1ted to studies
_of the propert1es of the isolated enzymes The C5 1hd1cated in'the'cyc]e
is actua]]y enzyme-bound thiamine pyrophosphate g]yco]aTdehyde, an inter-

med1ate in the two react1ons mediated by transketo]ase

s, .
vy

Abbrev1at10ns

PGA = 3- phosphog]ycerate, PEPA = phosphoenolpyruvate§ GA1d3P

g]ycera]dehyde 3- phosphate, DHAP dihydhoxyatetbne phosphate;nFDP
fructose- T1,6- d1phosphate, F6P fructose 6- phosphate, G6P = giuoose-6-,
phosphate; E4P = erythrose-4-phosphate, SDP sedoheptu]ose-];7-diphos-
phate; S7P = sedoheptulose-7-phosphate; RSP = ribose-s-phosphate; RusP =
rioulose-s-phosphate;'Xu5P = xylulose-5-phosphate; RuDP = ribulose-1,5-
diphosphate; NADP+ = n1cot1nam1de adenine d1nuc]eot1de phosphate reduced
and ox1d1zed forms respectively; GPG]uA 6-phosphogluconate; ATP =

adenos1ne.tr1phosphate.

Figure 2. Suggested Metabolic Paths from the Calvin Cycle to End Products.
A great many steps, 1ntermed1ate compounds, and deta1ls are om1tted

from this d1agram, wh1ch is intended onIy to nge a genera] v1ew of the
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| F1gure Capt1ons (Cont )
connect1ons between the Ca1v1n Cycle and b1osynthes1s of some end products
in green cells, and to show the relation of pathways to regu]ated steps.
of the cycle and the reection>conveftinghPEPA to pyruvate, which was found
to be’stimUJated, in Chlorella by addition of NHZ.‘fThe‘1ine.from pyruvate
to émtno actos denotes the formation of e]anine by transaminationt A]anine

}*syntheSis is.fapid]y stimulated by NHZ addition.

!
!.

V Abbrev1atlons

PEPA = phosphoeno]pyruvate, CoA coenzyme A; TCA cycle =‘tricarb6xy1ic
acid cycle (Krebs Cyc]e).

: FiQUre 3.A'Metabolic Paths from the Calvin Cycle to Carbohydrates.

Abbreviations

UDPG ur1d1ne dlphosphoglucose ADPG = adenostne'diphosphogiucose;

ute 'ur1d1ne tr1phosphate

'Figure 4. The effects of light and dark on the 1eVe1siof 14 and,szpl

labeling of 3-phosphog]ycerate in Ch]ore]]a.pyrenoidosa;
| Fo]]owingw30—m1n photosynthesis-dnder steadyéstate conditions with
unTabe]edACOZ, 32P-1abe1ed phosphate was added to the:algae, and 20cmin o

]4602 was added. These additions were made in such a Way that

later,
C02, phosohate concentration,'and specific radioactfvities were kept
constant durihg the course of the experiment. At the ‘times 1nd1cated
and during the Tight, dark and aga1n in the 11ght, samples were taken,
killed, and analyzed by two-dimensional paper chromatography and radlo- v
autography. The 32P and ]4C labels in the 11ght indicated steady-state

32

concentrations of PGA in the light. In the dark, the ““P level indi—

cates the total pool size, whereas the -

o
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']46 Tabel rough]y 1nd1cates how much of the PGA formed in the 11qht
still rema1nse The large drop in 32P 1abel when the light is turned

on'shoWs that the entire pool of PGA was»éffected.by the light.

Figure 5. The effect of 11ght and dark on Tevel. of labeled 6- phospho-'
g]uconate | ' | |

Conditions as_giveh in Fiﬁure 2. -S-Phosphoglueohate,fa marker’for
the operatien efxthe ox1det19e"pentose phosphate cycle (hexose phosphate
shunt) inffhekChIOréplasté; appeahélés soon as the 1ighthfs turned off
and disappeahs shorf]y‘efter the ]ight is turned on-again. It is pro-
posed that the oxidative cyc]e operates in the ch]orop]asts in the

~dark to prov1de a supply of NADPH for b1osynthes1s

Figure 6. The effects of 11ght and dark on the ]eve]s of ]abe]ed fructose-
1,6- d1phosphate and dwhydroxyacetone phosphate.

Cond1t1ons were as given with thure 2. When the light is first
turned on, FDPase is still inactive, and as 3-phosbheglyeerate is
reduced to triose phosphate by cofactors coming from the 1ight react1ons,
the tr1ose phosphate< condense, forming fructose-1,6- d1phosphate which |
1s not converted to fructose-ﬁ-phosphate immediately. _After about
20 sec, FDPase becomes activated and the level of FDP falls. DHAP, in
rapid equi]ibrium with GALP and FDP in both.]ight and dark, reflects
the FDP transients. |

e’
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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: o

A. Makes any warranty or representation, expressed or implied, 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 Commission, 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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