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REGULATION OF PHOTOSYNTHETIC CARBON METABOLISM

: J'uncs A Bassham

The Reductive llclitosc l"hesphatc ‘Cycle-

The eluci_datien of metabolic paths and of_their in _\_/Lv_c_)_ regulation
by. means of substrates labcﬁled‘ .witll; radioisotopes vhas been particularly ;
useful for photosynthesizing cells.r The reductive pentose phosphate‘cjfcle
(R'PP’ cycle, Figure 1) was complete'l;'»m?')ped by sﬁch sturlies by Cal\./in;ahd'b-

1,2 The- mecharusms of in vivo metabollc regulatlon of t‘xls

_coworkers
'cycle and of paths leadlng from it to end products are belng revealed throuo" '
the use of similar techmques. | » o

This approach to 'inves-ti‘gation of péthwa}ts and their regulaltior; cdn-
trasts with perhaps more conventlonal studies which depend prnnarlly on
the 1solat10n of enzymes and mvestlgatlon of thelr propertles 0f course,
: the 1solat10n and characterlzatlon'of enzymes ‘which catalyze steps of 'the :
- phot osvnthetlc paths have been requlred to confirm thc paths and the
mechamsms of thelr mecabollc regulatlon In fact certain em_mes of the
T RP :ycle,_ ribulose-l',6-diphosphate carboxylase (RuDPCase) , fructose—l,6- |
dlpl'io's:phatasef‘ Cl’-’DPésé) , and se‘rieheptulose-l,7-diphosphatase were found to
be so low in activity when isolated frem g-re'e'nlzleaves that it was doubted
that thcy could catalyze the proposed in vivo 'reactiOné 3 These ‘.enz'yme'_s‘.

4-6 and must be

7,8

'catal ze regulated (rate- lnnltlng) steps of the RPP cycle,
providec with optmal condltlons (1nclud1ng high Mg ion concentratlon)
- in order to provide just the mlmmal act1v1ty requlred for rate lmlted
steps. - |

Ir. a complete turn of theRPP cycle, carboxylaci‘on of."three vRuvDP_. i

molecules gives 6 molecules of PGA, Mihich,can be reduced to 6 moleculcs of



—,2-. . |

trlose phosphate by reactions usmg 6 ATP molcculcs and 6 NADPH molecules.
Only 5 triose phosphate molecules are needed to regenerate 3 RuSP molecules
which are then converted to 3 RuDP molecules w1th 3 more ATP molecules.
- The triose phosphate molecule gained from the reductlon of 3 Co, mole-‘
: cules may be condensed with triose phosphate to glve sugar monophosphates
and eventually carbohydrates, 1nc1ud1ng starch, sugar, and cellulose.
»:Altematn/ely, the triose phosphate molecules can be converted to »
F’g"lycerophosphate for fat synthesvis or _transfomed via PGA and phospho- .
enolpyruvate along many well .knoim biochemical pathways to give various
amino acids, fatty acids, and other molecules needed by the .'cell.

For the discussiOn that fol-lous, it is helpful' to‘re\.rie'vt ‘briefly
same ‘techniques used to map the RPP cycle and st111 used in studying regu-

14

Co whlle photo-

lat1on. When plants were exposed for a few seconds to 2
synthesizing, killed, and the products of photos_ynthe51s analyzed by two-
dimensional .paper'ch_ron_latography and radioautography, the ‘first product |
was 3—phosphoglyce_ricl acid (PGA) followed immediately by'simultaneous' '
appearance of sugar phosphates with 3 t.wl 7 carbon atoms. Chemical 'degrada-
tion of these sugars to reveal the location of 4C in the carbon chains,

and knowledge of previously determmed reactions of glycoly51s permitted

formulation of most of the cycle, from PGA to pentose phosphate

A dlfferent method was Tequired to dlscover the carboxylatlon substrate.

The alrrae photosynthe51zed for several minutes W1th 4CO under steady-
' state condltlons. After about 5 min, the 1ntermed1ate compounds of the
_pr:mary photosynthetlc pathway were later found to be completely labeled

with 1 C that is, the rad10act1v1ty in a pool of a glven compound no
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longer increased »The 14C content:efaeach.poolvof cempounds then repre-

sented the. actual concentratlon of that compound w1th1n the cells. |
An env1ronmental condltlon then was changed fbr example the

light was turned off Samples taken rapldly after thls-perturbatlon

revealed on subsequent ana1y51s the changes in concentratlon accompanylng

the»perturbatlon ~ In the case of the light to dark tran51ent it was

‘found that the level-of radloactlve PGA rose very rapldly, as expected

upon interruption of the supply of photochemically produced cofactors

'required for its reduction to triose phosphate (Figure 2),9 " The level
of ribulese-l,S-diphosphate (RuDP) dropped rapidly, suggesting thatjf
RuDP is formed from ribulose-5-phosphate (RuSP) by a reaction utilizing

 ATP from the light. The carboxylation of RuDP to give 2 molecules of

3-PGA clearly proceeded in the dark. When the light was left on,'but :

the level of CO2 was reduced RuDP 1ncreased and PGA decreased as

‘expected 10 : S S
HyC- oH Heo® 0 H c-o@
C=0 - C=0 . *CO. HC-OH
i 0T xo,
-0l —  HC-OT  —=> *co2
H.é-oH AP pean - MO S
. 0P | 2
HyC-0( Hzc o® . ubwm
| o Hzé':-o@ .
RSP RWP . PGA

RuDP';with an open chain and twe phosphate groups, is so reactive

that carboxylation takes place w1thout added energetlc cofactor> In

fact, the free energy change accompanylng the reaction at steady-state |

‘condltlons»1n~photosynthe5121ng algae is -10 Kcal, by far the most,ncgativc

4G™ for any step in photosynthetic carbon metabolism in such organisns.
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Plants containing' the oxygen-evolving mechanism and the (RPP cycle m
the same ”chloroplastsfpay a high price for the chemical "reactivi.ty of RuDP.
Molecular O (or intemediate boxidants leading to the oxidation of -wa.t-er':
to 0 ) can attack RuDP, perhaps bound to the carboxylatlon enzyme,l:’> :
g1v1.ng PGA plus phosphoglycohc acid, instead of 2 PGA molecules When
algae are depnved of 0)2, after photosynthe51s W1th 4COZ’ the rap1d rise
in 14C-RuDP level, mentloned earher, is qu1ck1y followed by a large increase
14C glycollc ac1d | ‘ " "
4CO2 in the presence of eltﬂr

When Chlorella pyrenoidosa are exposed to
oxygen, CO -free alr, or n1trogen, the 1nh1b1t10n of photosynthe51s, the
production of glycohc acid and of phosphoglycohc ac1d and ‘the decrease '
in the carboxylatlon substrate, rlbulose dlphosphate -are well correlated

w1th the presence of oxygen (Table Iv) Once formed phosphoglycolate is |

15

hydrolyzed by glycolate phosphatase an active enzyme found in chlorOplasts
The glycolate is then metabollzed out51de the chloroplasts,-6. ,g_1v1ng COZ»
and organic compounds that :can be relncorpora_ted__mto pho»tosynthevtic":path-.
~ ways. The oxidati‘on of newly fonned':‘photOSynthetic- i:n.tennediatcs 't‘o"CO,
by this route is probably the pr1nc1pa1 component of photoresplratlon
though other mechani sms may contrlbute. | | ' |

Photoresplratlon thus is a function of O2 tensmn 'temperature and
light intensity, and an inverse functlon of CO pressure : 'I'hus it is.
espec1ally deleterious to plants whose natlve habltat is wamm, sunny, and
dry Cbecause closing the stomata lowers CO2 pressure in the 1eaf) I-t is
not surprlslng that some spec1es of such plants have evolved carbon fuca- |
tlon pathways to overcome the effect of RuDP ox1dat10n by O2 Thls

apparently has been accompllshed by separatmg the sites of the RPP cvcle'




from the water oxidation-O2 evolving,mechaniSm, and by refixing any COZ»
that does form by photorespiration..

In certain tropical grasses, such as maize and sugar cane, and assorted

-other plant specles, there are found two kinds of cells, in’ which the

chloroplasts differ between cell types. 17- 19. In the vascular bundle .’
(parenchyma) cells the chloroplasts contaln only 51ngle lamella (they are
without grana) and reduce carbon v1a the RPP cycle (or SOmethlng Iike . it).

In the mesophyll cells, which are closer to the leaf surfaces chloroplasts
contain grana and fix CO via part of a cycle whlch does not 1nvolve RuDP 20
Since the agranal chloroplasts apparently do not have a photosystem 2 and

do not evolve O2 21 but do contaln the RPP cycle the ox1dat10n of RuDP and

other sugar phosphates is mlnlmlzed Some such ox1dat10n does occur and
-the resulting photoresplratory CO2 is to a large extent reflxed by thc meso-

.phyll chloroplasts and does not escape the leaf.

This pathway of CO fixation (Flgure 3). was mostly eluc1dated by laten

and Slack,22:23

after Kort «chack, Hartt, and Burr24 had found that prima: o
COZ”incorporatlon in such plants,occurs vla a_carboxylatlon ofvphoSphoenol—
pyruvate to give malic:and~asparticdacids- The‘pathway is known as the

C-4'pathway;' Presumably, the C- 4 ac1ds once fbrmed in the mesophyll cells

are translocated, v1a clearly v151b1e plasmadesmata,25

to the parenchyma
cells, where they are oxidatively decarboxylated to- glve CO2 and ‘NADPH to -
tne agranal chloroplasts These. chloroplasts wh1ch produce thelr own ATP,

then may carry out the RPP cycle. However, addltlonal reduced cofactors

(a total‘of 2~NADPH molecules-per»COZKmolecule are_requ1red) would have

to.come from the mesophyll cells, acCording’tO'this hypothesis.
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_ Bbtabolic chulatien of Carbon Metébolism Within the RPP Cycle
| Since several 1ntermed1ate compounds of the Ca1v1n cycle are used as
starting points for biosynthesis, somevp01nts of metabollc regulatlon of
reactions of the cycle and of paths ieading from it are reqqired. The
techniﬁﬁes of"sﬁddenly interrupting iheISteady-state phefesynthesiebahd
observing'the transient effects on metabolife cohcentfations, mentienedi
vearliei, haveibeen_veiy’valuable in ioeating sites ofvmetabplie reéhla-
tion.6 A few}ekémpies £rom maﬁy etudies_will\iliUStraﬁe the method. |
When the light—dark steady-éfate'experiment‘with algae is fbllowed.by o
turning the light on again, additiona1’intereeting transient chahges are

5,26 The 1eve1 of fructose-l 6 dlphosphate (FDP) very suddenly

observed.

increases for about 30 sec when the’ 11ght comes on, and then, just as

suddenly, decreases (Figure 4). After several osc111at10ns ‘the level settles

down to the light>steady-state level. The initial riee-indicateé'that

the enzyme (FDPase) which converts FDPvfo F6P‘was“ina¢tive in the'dark

and remalned 1nact1ve during the flrst 30 sec of light at a time when

the rapid reduction of PGA to trlose phosphates (whlch condense to make

FDP) took place. Then the FDPase was actlvated and the FDP was more '

rapidly hydrolyzed than formed. Finally as the cycle reached_lts full

steady-state rate due to activation of-the various contfol'pointe,:thee

steady-state levels Of FDP ahd other intermediates Qere approaehedf
‘Similarly, light activation of the\cafboxylatibn ehzyme (which o

converts RuDP and CO2 to PGA) was observed,- both wifh algae, and-with

1solated splnach chloroplasts. The actlvatlons of these enzymes and

. of phosphorlbuloklnase (whlch converts RuSP w1th ATP to RuDP) are not

direct photochemlcal actlvatlons 51nce rever51b1e 1nact1vat10ns can



reversibly inactivate photosynthesis.

“be scen cven with the.light‘on when chemical inhibitors are added which

4,27 Rather; it appearsfthat the

Imechanism of activatiOn of these regulated enzymes nay_involye the.

levels of Mg";+ ion, pH and the ratio of reduced to Oxidized:cofactors
(such as NADPH/NADP ). 6 A light activated factor for RuDPCase has been
reported.” 28 Also, studies of the transport properties of the outer chloro-

plast membrane carried out with 1solated chloroplasts29 30 suggest,

correlation between such_transport_and o, fixation activity.

One clue to the-purpose of these regulated'enzymes was found in the

- appearance of 6-phosphoglucon1c ac1d in.the dark and 1ts disappearance

in the light. This metabolite, which is a marker for the ox1dat1ve

pentose phosphate cycle, can be made to appear in Chlorella even with

~the light on when vitamin K5 is added to the photosynthesizingvalgaei

suspension'27 Vitamin K is- readily oxidized by air and light. In

-its oxidized form, it apparently accepts electrons from the photochemical

electron transport system of the chloroplasts thereby diverting the E
electrons from the reductive steps of the reductive.pen Dse phosphate
cycle. Since 6- phosphogluconic acid appears upon the addition of Vita~

min KS’ even with 1solated,chlo_rop1asts,27 it 1s_clear that the’ ox1da—

~tive pentOse phosphate_cycle can operate inside the chloroplasts._ It is

significant that addition of vitamin KS in the light also causes a
blockinc of reactions catalyzed by FDPase and SDPase RuDP carboxylase
and phosphoribulokinase (Figure 1). For example in Fivure S5 we see that
the level of SDP rises. abruptly, while the level of RuDP does not decline
to below detectable levels ‘as it would if the carboxylation enzyme

remained actxve. Figure 6 shows clearly_the sudden rise 1n pentose
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dvmdnophosphates resuiting from'inactivation of_phosphoribulokihase (level
of ATP did not drop). Thus, ”fhé sites of inactivatioh in the dark are
all revealed in the llght by addition of vitamin K¢ - The ox1dlzed
form of vitamin K5 1s};n time destroyed in light and air, forming anv
inactive colored compOUﬁd,'and the effects on photosynthGSis are partly
reversed provided 6n1y'a-1qw level 6f vitamin Ks wés'added;at the-stdrt.

- -One purpose of fhe light acti§ation of carboXylaSe -FDPase ahd -
phosphorlbuloklnase and thelr 1nact1vat10n in the dark would appear to
be to pemit ‘the blocking in thé ‘dark of reactions unlque to the reductlve
pentose  phosphate cycle SO that the ox1dat1ve pentose phosphate cycle
can operate in the chloroplasts (Flgure_l). Thls oxidative cycle would
produce NADPH, which together with ATP from the nﬁxochondria_could then
be used for biosynthesis in the dark inside the chlofoplasts; As a corol-
lary to this postulate, the oxidativé P 'ntose phosphate cycle must be
prevented from 6perating'in the ‘light, presumably through the inactivation
of glucose—64phosphate,dehydrogenase. | _ , :

-Studies with unicellular algae in whi;h growtlr has been synchronized
so that all cells in adgiven.culture are growing or dividing at the Sdhe
time, have indicated that these séme regulafory sites may be involved-in
the allocatlon of carbon from the reductive pentose phosphate cycle to
biosynthetic pathways leadlng to synthe51s of carbohydrate fat and
protcm.31 »32 As these algae pass fram a stage of rapldvgrowth to oné-
of cell division, their needs‘fof the synthesisvof protein'ahd fat as
'compared with the SyntheSis'of carbohydraies apparently change.

Looking at the-photosyhthetic carbon reduction cycle (Figure 1),

we can see that the compounds required for protein and fat synthesis



are'derived from PGA and triose phosphate, which lie after the carboxylation
reactlon and before ‘the FDPase and SDPase reactlons On the’other hand,

the compound requ1red for carbohydrate synthe51s fructose -6- phosphate,l
lies after the FDPase reactlon and before the carboxylase reaction. - Since
the carboxylase reaction andvthe FDPase amd SDPase reactlons are rate- _
limitingjsteps indthe Calvin éycle; a smalllchangerin the‘ratios-of’acti-

vities of these enzymes can cause carbon to accumulate either in the half

~of the cycle between carboxylation and FDPase or in the other half of

the cycle'after FDPase and before carboxylation. Thus'the‘regulatory
mechanisms can accumnlate‘reduced_carbon at the point where it is needed
for subsequent blosynthe51s.

Regulatlon of Carbon Mbtabollsm Out51de the RPP Cycle '

Additional regulatory steps.are requlred or. the pathways leading

from the cycle to control more accurately the amount of-carbon_withdraWn

for biosynthesis. The sites of two such regulatory points_in_Chlorella'

pzrenoidosa have been-re?ealed-by studies of the effects of_adding
ammonium ion.33 As'might'bevexpected' the addition of imnonium ion in

1mM concentratlons to algae cells results in an 1ncreased synthe51s

~of amlno acids and proteins. When ammonlum ion was added durlng photo-

synthe51s by algae, several dramatic changes 1n the rates of flow of carbon

compounds through the metabolrc pathways were observed. First of all

~sucrose synthesis almost completely stopped and starch synthe51s decllned

somewhat.- At the same tlme there was an 1ncreased rate of synthe51s
of fats and a greatly 1ncreased rate of synthe51s of amino ac1ds

- The main reason for the increased amino ac1d formation became apparcnt

‘when we_examined the changes'in steady-state levels of phosphoenopyruvic
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ac1d and of pyruvic ac1d " The conversion of PEPA to pyruvate is a kcy

o reactlon along the path leading from PGA to the synthe51s of amino ac1ds

and fatty acids. Dmnedlately after thc addition of ammonium- ion the
level of PEPA dropped while the level of pyruvate Tose (Flgure S) frmn
these changes-in level, and from the known free energy change accompanying |
the conver51on of PEPA to pyruvate, it is p0551b1e to calculate that the
ratio of the forward over the back reaction changed by a factor of four

. The llght to dark tran51t10n also causes a change 1n act1v1t1es of
enzymes catalyz1ng key reactlons on pathways 1ead1ng from the RPP cycle
to end products. A recent experlment by Kanazawa 23_314?4 demonstrates
dramatically the cessation of starch synthesis in the dark. Preiss and
coworkers35 38 had found that 1solated ADP- glucose pyrophosphorylase is sub-
| Ject to. 1nh1b1t10n by phosphate and activation by PGA They proposed that
thlsvenzyme, wh;ch mediates the reactlon of glucose-1-phosphate wlth ATP
to give ADP-glucose and pyrophosphate, is the-key:enzyme‘in shutting down
starch synthesisgin the dark;'probablyldue to'increased levels'of'phos-

39

phate in'the'chloroplasts We have now examined. the level of ADP-glucose -

and other 1ntermed1ates in Chlorella pyren01dosa durlng steady state photo— ‘

synthe51s and afterwards in the dark The level of ADP-glucose decllnes
very rapidly w1th1n a few seconds after the llght 1s turned off It is
clear that ADP-glucose formatlon, and consequently starch synthe515, stops
suddenly 1n the ‘dark due to 1nact1vat10n of the ADP-glucose pyrophosphory—
lase. From this and past expernnents we know that the level of gluccse-
6-ph05phate remains high when the llght is turned off In this experunent
ATP level, after a tran51ent downward fluctuatlon when the llght was turned

. off, was the same in the dark as in the llght Slmllarly, the level ol PGA
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was about the same in ‘the dark as in the 11ght Pfesumably .the activation
of ADP- glucose perphosphorylase in’the llght was due to a lower level
of phoqp‘mte in the chloroplasts or to other as yet unldcntlflcd factors
Such flndlnas are promdmg us with a clearer plCtUI‘C of the dynamlc
control of in vivo metabollsm in photosynthetlc_ cells. ~We are hopeful that
besides aiding in the general understanding of metabolic .__regu_lation,._this
knowledge _niay form a ba’sis for a better evaluation of hd_i«r plants adapt

to environmental and ph}'siollogiéal change at ‘ihe level of metabolism.
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A FIGURE CAPTIONS - °
Figurc 1. The ReductiVe Pentose Phosphate Cycle CCalvin Cycle) of
Phbtosyhthe_sis. o | | |
Solid lines indiéate reactions of re‘ductivév cycle, dashed.li'nes
reactions of .oxidative cycle. Open arrows in&icate positions 6f
| enzymes activated in llght, dark blunt arrow indicates position
of enzyme actlvated in dark
GA1d3P, glyceraldehyde—3-phosphate;. FDP, fructose-i-,6-diphosphate;
F6P, fructos._e-'6?phdsphate; HiAP, dmydmxyaceténe‘phosphate 3 E‘:lP,.
'erythrose~4-phosphate; SbP N s__edohep_tulose-l;7—diphosphate ;.' S7P,
sedohethlOse-7-phosphat¢; _.RSP, . fibose_—s-phdsphéte; Xusp, xylulose‘"
5-phdsphate; RuSP rib.ulose—s-phosphate; RuDP 'ribu'.lbse-l‘ 5-diphos-
,phate, G6P, glucose 6-phosphate, 6-PGluA, 6-phosphog1u<_onate, '
| *CZ is actually enzyme-bound thiamine pyrophosphate glycoaldehyde,

an intermediate in the two reactions mediated by transketolase.

Figure 2. Light-dark and High 'COZ-‘ldw co, Transient Cllanges in Levels

14

of C-Labeled Photosynt.hetié Intermediates.

Idealized curvé_s basevd on st;u_die‘sv by Calvin and 1*/iassini9 and
Wilson and Calvm.n‘ |

RuDP, ribulose- -1, 5- dlphosphate, PGA, 3-phosphoglycer1c acid.
Figure 3. ,"I'he C-4 Acid Cycle of Photosﬁthet'ic,Carbonv Fixation.
Figure 4. Transient Changes in Levels of FDP and DHAP during Light-

- dark and Dark-light Transitions.

¥
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| _ Figtre 5. Effécts of Addition of Vitamin K¢ to Photo_s&nthes'i'zin'g Chlorella

pyrenoidosa on Levels of SDP and RuDP.

| _Flgure 6 Effects of Addition of vVitamin .Ks to-Photo-synthesizing Chlorella

py_*r_gno:.dosa on Levels of Pentose Monophosphates. _

Eigui‘e 7. C.hanges in Levels of Pyruvate and Phosphoenolpyruvate upon

Addltlon of NH4 to Phqtosynthes;z\mg Chlorella pxrenmdosa. '

Figure 8. Tran51ent (Ihanges 1n Level of ADP-glucose durlng nght dark

Tran51t10n in Chlorella pyren01dos . -
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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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