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DYNAMIC FETABOLIC REGULATION OF THE PHOTOSYNTHETIC CARBON REDUCTION CYCLE
J A, Bassham and Martha Kirk

The necessity for metabo]ic‘regu1ation of carbon reductioﬁ pathways‘
in photosynthesis became apparent as the resu]t of two discoveries which
have altered earlier concepts of photosynthes1s. The first of these was
the recognition .that direct products of photosynthesis include not only
carbohydrates, but also amino acids and other products. The other dis-

that there is an
covery was ' /- exchange of molecules of some intermediate compounds of
photosynthes1s with molecules of the same compounds invelved in gljco1ysis."
~ Some of the earliest studies of photosynthesis with ]4C02 revealed
labeling of amino acids and fats at times comparab]e to those required

~for the labeling of sugqrs.]_ Later quantftative tracer studies with

14C02 and photosynthesizing Chlorella pyrenoidosa showed that alanine

~and other amioo acids are formed directly from jntermediates of the basic
.carbon reductfon cyc]e,2 and that their rate of labeling with 14¢ can
account for as much as 30% of the total 14602 incorporation during the
first minutes of photosynthesis.3 During that same period only about
one-fhird as muoh 14¢ yas found in sucrose, a major carbohydrate product
of ohotosynthesis in Chlorella. Benson and cowor-kers‘4 have shown that
galactolipids are rapidly labeled by Chlorella, with 40% of the 14¢ 1abelrv
of the lipids appeafing in the fatty acid moieties after 5 min photo-

: oynthesis in Chlorella with 14C0,.

| This direct formation of amino acids and fatty acids from inter-
'med1ates of the photosynthetic carbon  reduction cycle makes these

l compounds equiva1ent in some respects to free sugars as immediate products '



‘ hydrates and other macromo]ecu]es such as nucleic ac1ds.

of carbon reductwon in photosynthe51s.» It seems 11ke1y that some regu-
1at1on of the f]ow of carbon from the bas1c cycle to the product1on of
these compounds must be required in order to maintain a balance between

their syntheses and their ut111zat1on in the further syntheses of macro~

moTecules.‘_

Green p1ant ce11s pass through various stages of development

requ1r1ng synthesis of changing proport1ons of fats, prote1ns, carbo-

1

“Cells in the ‘mature leaves of such p]ants as_sugar beet ‘may pro- L

| “-duce a]most exclusively carbohydrate for trans1oeat1on to other parts

. of the p1ent. Yet in young, rapidly growing leaves of these same

. plants, a oOnsiderable portion of the photosynthetice1]y reduced carbon

. must be al]ocated to the product1on of proteins and 11p1ds and other

o mater1a1s requxred for the bu1ld1ng of the chloroplasts themselves and

“d'.of the new cells.

'.To a large extent, of course, the regulation of these syntheses of

"'», macromolecules will be accomplished through the control of enzyme syn-

‘ thesis, accordinq to mechanisms that are rapidly being discovered.
S Nevertheless, there wou1d seem to be a need for a dynamic metabol1c
'“"f regulatvon of the pool sizes of these compounds. This regulation

: - should be capable.of rapid response to changing environmental conditions

. and should not be dependent upon synthesis of new enzymes..‘In short,

v 5'\the.type of regulation needed to maintain reasonable pool sizes for

small molecuies produced directly from the‘photosynthetic carbon reduc-

tion cycle probably is dynemic regulation of key enzymes at or near the

" branch points in the cycle itself.
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The second deve1opment wh1ch focused attent1on on the need for |
‘metabo11c recu1at1on was the finding that ‘the 1nterwed1ate compounds
~of photesynthes1s:end_g]yco1ys1s in green-ce11s are not comp]ete]y iso-
'1ated‘from one another. Earlier studies With Chlorella and 14C02, as
“well as 14c-labeled glucose had suggested that there is some separa-
tion between certain pools of intermediates of the photosynthet1c carbon.
reduction’cyCTe and of q]yco]ysis and respiration;s However, it is novi

clear that there is an 1mportant exchange between some poo]s of photo- .

- :synthes1s and of glycolysis, Heber and Willenbrinck® reported that

~ some labeled intermediates of the photosynthetic carbon cyc]e are trans-
3 ported from the chloroplast to the cytop1asm in Elodea. Based on his |

v'exper1ments w1th Elodea and Sg1nac1a Heber/ concluded that the phospho-
| gTycer1c.ac1d_(PGA) dlhydroxyacetone phosphate (DHAP), and fructose-
1,6-diph6$phate (FDP)_"function as transport metabq]ites in photosyn-_~
. thesis," While those‘reeults were obtained by a post mortem "non-aqueous"
. isolatton of chlorop]asts following photosyntheéts with tracers by the
intact'1eaf the findings have in genéra] been coﬁfirmed by other tech-
- niques descrlbed below. ’ , |
In the meant1me studies of 14C-and 32p.. -labeling of metabolites by
..Chlore11a photosynthes1z1ng in 1ight and respiring in the dark had demon- }
| strated,a clear interaction between the intermediate compounds of photo-
| synthesisﬁand egcolysis.S The results of a similer‘study are shown in
“Fig. 1. After some 14 min‘of phetdsynthesis withf14C02 and 34 min with
,32P-1abe]ed phosphate, PGA was saturated with reepect to‘1abe1ihg by
each ofttheseiisotopes.‘ When the 1i§ht was turned off and the_ftow.of

'electrons and ATP ftom the photoehemica1 apbaratus stopped, the reduction:

%A list of abbreviations used in this paper is given with Fig. 2.



| of PGA abrupt]y ceased 1ead1ng to a rapxd r1se in both 32P and 14c
ajlabe1. After about 30 sec the Tevel of PGA declined, since the photo- f.“
.synthet1c cerboxylat1oh_react1on had by then stopped and PGA was no longeh |
| being formed" The decline in the level of labeled PGA is due to its con- |
version to other products such as a1an1ne and its consumption by resp1ra-'
t1on via the: tr1carboxy11c cycle (see F1g. 2) » '

' | After about 2 mln the 1eve1 of 32p.1abeled PGA r1ses to a steady-

~state level in the dark which is hlgher than the steadyfstate Tevel in
" the Tight, while the VdC-1abeling of PGA continues to decline. This
,..shoﬂs that[the_doublyelabe]ed PGA is. being replaced.by'hew1y forhed.

singly-labeled PGA made from,theig1yc01ysis'of unlabeled carbohydrate ,;f;‘ii

. 7'St°fé5¢ tG1YC01ysis of course introduces the same 32P-label as photo- .. .

v;synthesis, since in each case the{phbSphate.groupfis derived from a

f.;habidjy turhingéever pool of ATP, whether the latter is formed by photo- . -

- synthetic ph05phohy1atien or oxidative ph05phory1ation. , .

Up to th1s point the results could be 1nterpreted as 1nd1cat1ng
'1so1ated pools of PGA for photosynthesis and g]yco1ys1s. However, 1f
_th1s were the case, when the light is agaxn turned on the glycolytic

-pool of PCA shou1d be unaffected and the 32P 1abe11ng should not drop

v'v-;hs1gn1f1cant1y more than the RL 1abe1. The 32p 1abe1 of the PGA drops

= ~ very much more than the 14C label, This drop 1nd1cates that all of the

_ 32P-1abe1ed PGA is 1mmediate1y affected by the 1ight. Thus, photosynQ
i thes1s acts on the ent1re labeled pool of PGA. This data clearly:

"7f"estab11shed the fact that PGA, formed' in-the. dark by glycolysis, can

'”r:_bbe 1mmediate1y used in the photosynthetlc carbon reduct1on cyc1e when

a “the 11ght is turned on.
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wfth the_interEhangeabi1ity of PGA betmeen photosynthesis and

'glyco1ysfs'COmp1icating-the‘kinetic studies,‘it'became increasingly

odrgent that we perform parallel studies of photosynthesis inﬂiso1ated ~

'ch1orop1asts . Chloroplasts capabIe of photosynthetic redoction of |
1‘dcarbon dioxide at only 20% (usua11y‘much 'less)9 of the rates to be
v expected in vivo did not appear to be suitable for quantitative studies,
particu]arly‘of regu1atory mechanisms, By modifying a'number of condiQ o
ttons in isolation_and incdbation,Ait was possible to obtain rates of
carbon dioxide assimilation by iso]ated spinach chloroplasts approaching

‘._jg_vivo rates for healthy leaves, at least for 10 or 15 min.10 However,

o when the labeltng of various products ofvthis photosynthesis by isolated -

Sp1nach chloroplasts were measured M 4t was apparent that the levels of
certaln intermediates of the photosynthetxc carbon reduct1on cyc]e, par=-
t1cu1arly_DHAP, viere abnormally h1gh, as compared with levels seen with
intact pTants.' The reason for this difference beeame c]ear when we
vstudied the distribution of intermediate products between the chloro-
plasts themselves vand the snpernatant solution in which the ch1oroolasts'
. had been suspended. n 12 Over 80% of the carbon fixed appeared in ‘the
suspending medium, Of thlS, by far the greater port1on was in PGA and
'”_DHAP, with snpstant1a1 amounts appearing also in FDP, sedoheptu]ose~1,7-
diphosphate (SDP), and g)ycoiic acid. Ribulose-1,5-diphosphate (RuDP),

' fructose-s-phosphate (F6P)f éTUCOSE;S;phOSphate (GGP}, and sedoheptulose-.
7- pnosphate (S7P) were well reta1ned 1n the ch1orop]asts.

Thus, there is a str1k1ng d1fferent1a1 behav1or in the migration

'“_',of photosynthetic 1ntermed1ates from chloroplast to suspend1ng med{um,

:'”ﬂIn genera1 those compounds of the photosynthetic carbon reduct1on cyc1e

{
i



.....

'"vfo1low1ng the carboxy]at1on react1on and preced1ng the dwphOSphatase
_dreact1on (see F1g 2) tend to d1ffuse from the ch1orop1ast to the -
fmed1um while those compounds com1ng after the d1phosphatase react1on

| “7and preced1ng the carboxy]at1on reaction (except for pentose monophos-
'?déjtfiphates) are well retalned inside the chloroplasts.: |
- G1ven the 1nteract1on between the 1ntermed1ates of photosynthes1s

":iiand g1ycolys1s and the demonstrated movement of 1ntermed1ates between
.?1;chlorop1asts and cytoplasm, it seemed clear that some form of light-dark
‘.‘-:f]hdynamlc metabo11c regu1at1on of key enzymes of photosynthesis and g]y-
'vcolys1s is requ1red .
o D1rect kinetic ev1dence for 11ght-dark changes in the activities

;fof enZymes of the carbon reduct1on cyc]e came from the same 11qht dark

.. studies with Ch1ore11a in the presence of 32p and 14 that were reported
ﬂ‘i_above.g ‘TheFIeve) of FDP plus SOP in 1ight and dark is shown in F1g.u3.bft
“When the light is first turned .off, these sugar diphosphates drop in

'f:concentration.to‘nearly zero, as would be expected from the fact that

:’kf;]ight_isvno longer supplying cofactors for the reduction of PGA to-

:triose'phosphate, from which these sugar diphosphates are formed.

yﬁ:jHowever;‘the leveljof_FDP plus SDP then rises, passing through a-maxi-fi
l'hmom to a new steady-state dark Tevel. This result c]eer1y suggests -

V(;”ff‘thatfthe diphosphatase has. become inactive and that a phosphofructokinase

- has been activatedlin the dank,‘and.is utilizing ATP formed by oxidative

‘ h"frfphOSphorylation. Note also that’ the sodar'diphOSphates formed in the

v,;;h”ifiv11ght are made part1y from endogenous sugars that are not fu]ly labeled o
: The 1evels of ATP dsvwell as UTP and ADP, in light and dark are

'::sTShOWH in Fig. 4. Tt can be seen that while the ATP initially dwops



rapidly when the Hant s turned off, it sodn rises to a hish dark
steady state level due to oxidative nhotopnospnory]at1on Thus, there
is amp]e PTP for the PFk1wasa react1on. v
The t1mevrequ1red for activation of the diﬁhosnhatase reaction
inblfght wés reyéaled by a detailed kinetic experiment with gblgrgljjll
in which; following a peribd of steady-state photosynthesis with 14CO2
and a'period Qf darkness, the light was turned on again and samnles
wefe taken at 10-sec intervals for the next 2 min. In Fig. 5 it can bé_
',. §eeh that the Tevel of FOP rises very sharply for 30'sec. We attfibute
.”'this rapid risevto tﬁe ongét of reduction of PGA due tb cofactors from
_the 1ight feactionﬁ, togetﬁer wifh the inactivity of the diphosphatase
“foifowjng a period of dérknésﬁ. After 30 sec the diphosphatase has
Seen activéted and the level Qf'fructose dinhosphate then érdps rapidly,
since the photosynthetic carbqn reduction-cycTe is not yet-%u11y operative
and the rate of red&ction of PGA to triose phosphate has not reached the
.steady state 1eve1 Later, the 1abn1°d fructose d1nnosnhate 1eve1 rises
more s10w1/ to:ards the steady- state Tevel,

"F1g._5 a]so snows that the transient increase iﬁ DHAP is much
smaller than tﬁat of'EDPi This means that the transient peaks are not
due merely tb a wéve 6% carbon coming from the sudden reduction df-a.
~ large pool of PGA. If that were the casé, the transient peak in DHAP,
| whiéhvprecedes FDP in the cycle, would be higher than the peak in FOP.
Instead;_the smaller DHAP peak is a reflection of the higher Fpp peak,

) and indicatéé an a;ﬁiye,'reveréib]é aldolase réaéfion in light and dark.
| ~Also, if the transient peaks were merely wave §henqﬁena induced by

” ~_thé sudden reduction bf PGA,‘one would exnect the wave to pass_on'to



. the next 1ntermed1ate_,n"the cycle F6P but at a d1m1n1shed magn1tude. o

: "what actual]y happens can be seen in Fig. 6, wh1ch compares the behavxor

. of 1abe1ed F6P w1th that of FDP. The level of F6P 1n1t1a11y drops while ,,f]‘

. .j;the d1phoSphatase is 1nact1ve and only beg1ns to r1se at 30 sec or pre- :

c1se1y the time when the d1phosphatase has sudden1y become actlvated

' Once the d1phosphatase 15 activated there 15 a trans1ent peak in the

. levels of FéP before steady state is ach1eved This is due to the

sudden remova} of the d1ph05phatase bottleneck, a1low1ng carbon from

“the accumulated FDP to flow into theusugar monophosphate pool. ~Preowse1y o

. the same'situation is seen with SDP and S7P "(Fig. 7). The only difference SR

..is in the-steadyestate pool sizes of the compounds involved. This simi- .- -
larity in the transient peaks of FDP and SpP strongTy suggests an identi~ -
'.fcal mechanwsm of regulat1on and qu1te possib]y that the same diphospha- ,’a"

”tase operates for both reactxons.

*The p0551b111ty that the transient peak-in FDP and SDP cou]d be

5caused by res1dua1 dark PFkinase activity seems un11ke1y PFk1nase

' ~‘,act1v1ty dur1ng the f1rst seconds of light should not be greater than .

} - the dark act1v1ty.' The’ level of ATP does not r1se more than 15% when
v:the light is turned on (Flg. 42. The level of F6P, as just mentloned,
.‘1n1t1a11y drops. | o ' o |

Ev1dence for the 11ght-dark regulation of the carboxylation react1on;

ﬁi ‘also came first from the 11ght-dark studies of Ch]ore]Ia pyreno1dosa w1th

i 14C02 and H32PO42, descrlbed ear11er.8 When the 1ight was turned off,

‘d-,,the level of the carboxylat1on substrate. RuDP, fell rapidly at first.

- After 2 min darkneSs, the rate of fall in RuDP level was no longer pro-

”"!rf‘port1onal to the RuDP 1eve1, 1nd1cat1ng that the act1v1ty ‘of the enzyme A

T for th1s react1on had dim1n1shed



. . . ;9-
Further ev1dence for the 11qht act1vat1on of tne carboxy1at1on
T.:react1on came from studwes of isolated sp1nach ch]oroolasts 1 F1g. 8
shows that when”the 1Jgnt was turned off fo1low1ng a per1od of photosyn¥
- fhesis With spinach ch]orop]aéts"fhe_leve1 ef;ribu1ose diphosehate at
first dfooped rapid]y.but then leveled off at virtually a constaht
‘value in tne darL, 1nd1cat1nq that the carboxy1at1on reaction was no ’
]onger act1ve. uhen the 11ﬂnt was turned on aqa1n the level of RuDP
rose very rap1d1y due to the inactivity of the carboxylation reaction
- and to the productidn of ATP from the 1ight whicﬁ\is‘requifed oy the:
: ribulose phosphate kfnase to convert RuSPlto RuDP, Subsequently the
_1eve1 of RQDP dec]ined tewards a steady-sfate.level. , ‘
}Ah eveﬁ mere impressiVe nroof- of the inactivify of the carboxylation .
_vreactidn in the dark is shown.in Table 1,13 In this 1ight-dark-1ighf
'9';experiment with spinach chloroolasts'photosynthesizing with 14COZ, addi-
tions of ATP andvof~ATP + R5P were made tb_separate.f]asks of chloro-
‘Dlasts just after the light wes turned.off. As canvbe seen: the effect
eof the additions was to ma1nua1n the Tevel of RuDP in the dark at 1ts
previous light level. In snite of th1s there was no f1xat1on in the dark;
_fd]]owing e period of very active fixation of'MCO2 in the 1ight. = When
;tﬁe Ticht Waé again'turned on, a smaller but substanfia]'rate.of T4C02
fixatioh was seen in all three flasks. Thus, in tﬁfs experiment both -
 substrates, RubDP and 14COZ, were present in the chloreoplasts in the dark
but no carboxylation occurred.. Nevertheless, tne system was not nerman°nt1y ;
- inactivated, for subsequent light was able to stimulate high fixation rates,
.The reason for light-dark dinhosphatase régulation seemseobvious.

Given the diffusion ofoTP and of scme sugar phosnhates between ch]orqp1asts
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and cytoplasm, hhoéphoffuctokinase and fructase d%phoéphafase shéuld
not be active. at thexééme'time,:1est they together operate as an ATPase.

The feasons,fof regu]ation'of the carboxylatfon reaction were not
so apparent. Greén cells éontain a highly active'oxidative pentose ‘
phosphate cycle. This cycle is immediate1y activated when the light
is turned off, as indiciated by the data shoun in Fig. 9, obtained
during the previods]y described stéady-state éxpefiment w{th_bhofbsyn; -
thesizing Ch1orel1a.in the présenée of 34C02 and 32p-labeled phosphate.'
As soon as the light is turned off both the 32P.§nd 14C Tabel of
v6-phosphoglucon1c acid‘rise rapidly and are maintained at an apnre-
'-lciable 1evé1 during the entire darkvperiOd. When the light is again
turned on the formation of 6-pho§pho§1uconic acid ceases. »

The site of the~operation of this oxidative péntose phosphate cycle
may well be within the ch]orop]asts; It was found earlier!4 that the
additﬁon.of vitamin K to photosynthésizing Ch]ore]ia causes the inme-= |
" diate appearance of 6-phos§hog1ucon1c acid even while the light is on.
Vitamin K i§ supposed t6 cause the short circuiting of'e1ectrcﬁs being'
- transported through the photoe]ectron transport system, thereby léading
to a cyc1ic photopho$§hory1atfon and breventiﬁg_the reduction of NADP+,>

| There 1‘s,ev1’dencel5 that NADP* and HADPH are not t?ahsporfed .
between chloroplasts and cytoplasm. Since the effects caused by vita-
min K.or by interruption of the 1ight seeh té be likély results of

' intérruption of photoelectron transport, the sudden ;bpearance of
6fphqéphogldconic atid looks 1ike an indication of operation of the

. Oxidative pentose phosphate cycle within the chlorqplasts._l
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| Wh11e there 1s probab1y no ox1dat1ve e1ectron tranSport system
' w1th1n the ch]oroplasts NADPH produced by the operation of the oxi-

- dat1ve pentose phOSphate cycle could be used for biosyntheses within |

. the ch]oroplasts--for examp]e, the conversion of sugars,to fatty ac1ds.-

z‘Apparently'ATP diffuses.readi]y from the cytoplasm into the chlorOplasts,j2
“and ATP, as already’mentioned is rapidly produced by oxidative phos- -
o phorylat1on in the cytop]asm Thus. biosyntnesis can proceed inside
.the chloroplasts in the dark with ATP from the cytop?asm and NADPH from :
athe operatjon_of the oxidative pentose phosphate cycle in the chloro-
, p]asts. - | | | | |
If this hypothes1s is correct then there shou?d be a regu1atory

’mechan1sm wh1ch in the dark would block the transformat1on of pentose

E _monophosphates to RuDP to PGA. Only one of these two steps need be

_‘inactive in the dark, and it appears that it may be the carboxylation
f- step from r1bu1ose diphosphate to PGA Ye have already demonstrated |

(Table I) that with added ATP, pentose monophosphates can be converted

o ribulose d1phosphate in the dark.

What is the mechanxsm of the 11ght-dark regulat1on of the d1phos—

B phatase and r1bulose d1ph05phate reactions? Isolated enzymes whxch

' -'cata1yze these reactions are: D-froctose—l,o—diphosphate, 1¥phospho-
nydrolase, 3-1-5j11i(hexose diphoSphatase), and 35ph05pho-D-g1ycerate

. carboxy-Iyase (dimerizing), 4-1~1-39‘(ribulosediphosohate carboxylase).
' Both enzymes are characterized by a pH optimum which is higher than
. normal phjs1o1og1ca1 pH for chloroplasts and a requ1rement for h1gh

“level of magnesium ion.10,17 Activation of these enzymes by light could



;} be the result of movements of magnes1um and hydrogen 1ons through mem-
‘ branes. D111ey and Vernon18 reported a light- dependent uptake of HF
and an efflux of k* and Mg*f ion by isolated spinach ch]orop]asts. This
reported jon flow mightdappear at firet to be contrar& to that required
for enzyme activation. However, the light-driven f]ov of 1ons is across
 the thylakoid membranes within the ch]orop]asts, and probably 1eads to

.a flow of hydroqen ions from the stroma region into the membrane-v
‘enc1osed thy]ako1ds, and a flow of magnesium ions into the stroma.
Thus measurements of pH and of metal ions in the suspending med1um_may j g

- wei] reflect changes occurring within the stroma, particularly if the

R a't chloroplasts are‘broken or "leaky".

Another indication- that 11oht-1nduced ion flow may be respons1b1e )
p'for 11ght -dark regulation of the enzymes is to be found in the fact that
5'certa1n fatty acids and fatty ac1d esters s1nu]taneously inhibit photo-
.phosphorylat1on, the carboxylation reaction, and the diphosphatase.
react1on.]9 These inhibitions, which are reversible, are thought to be
accomplished by some indirect effect of alteration in the properties of ‘
~‘the chloroplast membranes. A Tikely a1teration in membrane properties |
~ would be in the 1ight—indueed ion‘pumping capacity.. Photophosphorylation
o .is thoughtzto require a.legradient across the .thylakoid membranes,20 and,
'Itke theuother inhibited enzyme;,‘photophosphbry]ation requires magneaium
ion.21 | |
‘While iight-induced fon pumping provides a plausible mechanism-for
_the 11ght dark regulation of the diohosphatase and carboxylat1on react1ons,‘

we v1sua11ze a d1fferent but as-yet unknown mechan1sm as prov1d1ng a
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fine Yegu]atfon'pf théLdiphosphatase reaction Qﬁen-pTﬁnts;éfe photo-

'i syhthesizing with thejjﬁghts.on; At all timeﬁ whi?e photosyhtheﬁis is

- proceeding there would be sufficient diphosphatase activity to permit

the cycle to regenerate pentose phosphates at a steady-state rate suffi-
o cient to provide for the operation of the basi; photosynthetic carbon

" reduction cycle. However, additigna1 diphosphatase activity would be . |

 ‘j'fSo adjusted as to'either.pile up the excess fixed carbon at the level

of PGA, DHAP, and FDP; which would be used for biosynthesis of proteins,
fats, and other materials; or, with greater diphosphatase activity, the

"7egce35 carbon would be accumulated in fructose-6-phosphate which could

. then be converted to carbohydrates (Fig. 2). This type of regulation

wou)d thus satisfy the changing reqdirements for biosynthesfs in response
v'to‘physjo)ogical change, such aé growth and develppment} |

Me are inclined to make two predictions about this mechanism. First, - -
it shou1d be related toﬁhormoné1 or geﬁetic control and may-well involve

the adjustment of a regulatory factor by the activity of an inducible

- enzyme; Second, this regulatory factor may exert its effect through some

‘quantitative change in the light activation. In this way it could pro-

' vide the fine, or vernier, control needed to insure the precise diphos-

- phatase activity to keép the basic carbon cycie running while at the samé'.,'

‘time adjusting the supply of carbon to biosynthetic Pathways;
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, FIGURE CAPTIONS .
Leve]s of . 14C and 32p-1abeled PCA in Chlorella gxrenowdosa

duryng photosynthesis and respiration.

Relations between photosynthesis, glycolysis, and synthesis
of macromolecules, and requlatory control points.

Compounds of the photoéynthetic carbon reduction cycle above

~ the dotted line are those whicﬁ tend to be retained in the

ch]orop]asts,.tﬁose below the dotted line have been found to |
be readily transported from‘chlorop1ésts. Intermediate com-
pounds in paths other thah the photosynthetié carbon reduction
cycle are not shown.

Abbreviations used in this figure and in the text are: PGA,

.3-phosphoglyceric acid; DHAP, dihydroxyacetone phosphate;

Ga3P, glyceraldehyde-3-phosphate; FDP, fructose-1,6-diphosphate;
f6P; fructose-6-phosphate; SOP, sedoheptulose-1,7-diphosphate;
S7P, sedoheptu]ose-7¥ph05phate; E4P, erythrose-4-phosphate;

Xu5P, -xylulose-5-phosphate; R5P, ribose-5-phosphate; RQSP,

' ribu1ose¥54ph05phate; RubDP, ribulose-1,5-diphosphate; G6P,

g]ucose-G-phosphate.

Leve]s of V4c.1abeed FOP plus SDP in Ch1ore11a Eyreno1dosa

during photosynthesis and resp1rat1on.

Levels of 32P 1abe1ed ATP, UTP, and ADP, in'Chlorella pzreno1dosa

dur1ng photosynthes1s and resp1rat1on.

Levelﬁ‘of MC—]abeled‘FDP and DHAP, in Chlorella pyrenoidosa; 4

| during photosynthesis and‘respiration."



'f fFig,

"Fig-

'6; ”

' v_18_

' FIGURE CAPTIONS (Cont )

Levels of 14C 1abe1ed FOP and F6P, in ChlorelTa gyreno1dosa,

‘“durxng photosynthesms and reSplrat1on.

Leveléfbf 14c—1abe1ed SDP and S7P, in Chlorella pyrenoidosa,

i'during photosynthesis and respiration. '

Levels: of RubP labeled with 14¢ and 32P in isolated spinach

O chToropiasts, bhdtosynthesizing,_and in the dark,

Levels of 6-phosbhog]uconic acid labeled with 74C and 32P, in

o Chlorella pyrenoidosa, during photosynthesis and respiration.

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

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report

-may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process‘disc]osed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursudant to his employment or contract
with the Commission, or his employment with such contractor.








