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ABS11v\Cf 

6-Phosphogluconate 1s a much more effective inhibitor of the photo­

:-;)-:l~.hctic carboxylation enzyme, ribulosc.-1,5-diphospha-:e carboxylase, than 

other sugar phosphates and sugar acids.of the reductive and oxidative 

pcll.tos...: phosphate cycles. The inhibition appears to b,_; non-compcti tivc 

1-:ith ribulose 1,5-diphosphate. Since 6-phosphogluconate is unique to t.~e 

oxidative cycle and inhibits at concentrations comparable to those found 

i11 vivo it is proposed that its inhibition of the carboxylase may be an 

additional regulatory factor. 
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In the carbo.>..'Ylation reaction of the photosynthetic reductive pentose 

phosphate cycle (3,4) -ribulose 1,5-diphosphate (RuDP)* reacts with C02 and 

\\J.t-.:1· to give two molecules of 3-phosphoglycerate CPG.l\) • The isolated 

cnzy111e catalyzing this reaction, 3-phospho-D-glycerate carboxylase 

( dimeri zing) (E. C. 4 .1.1. 39) , hereafter referred to as ribulose diphos-

. . . ~ ++ ' . ~ 
rlhate carbo.>..'Ylase (RuDPCase), was found to requlre J<:g or certaln ot.'1er 

JivJ.lent cations, but required no ATP, NADP, or other cofactors derived 

from the light (18,19). The specific activity of the isolated enzyme in 

early·. studies seemed to be too low for it to be able to catalyze C02 

fixation at the rates observed for green cells in vivo (13). 

From analysis of steady-state levels of RuDP in t.1e dark following 

photosynthesis, Pedersen et al. (14) concluded that the~ med1anism for the 

carboxylation reaction in vivo becomes inactive after about 3 min of dark­

ness, since the level of RuDP drops very slowly after ::his time, despite 

the fact that the free energy change for the carbo.>..'Ylacion reaction lS 

:ll)C~lt 10 Kcal negative (4,6). Other studies sho1ved tlut t11e carboxyla-

tion reaction is inactivated, even with the lig!1t on, by the addition of 

C.'itty acids (13) which are thought to intcr:tcrc i\'ith ion pu;nping in the 

"'Abbreviations: RuDP, ribulo:Se-1,5-d.i:~)hosphate; PGA, >;-phosphoglyc~;;ratc; 

3 

J<td)J>Casc, ribulose l,S-diphosph"-Ltc carboxylase; 6-PClu.A, 6-phosphog!.u~..~onatc. 



I ;::tct. i rat ion also occurred \vi th addition of v.i tanii n ,., .. 

\\"11.i.ch may interfere with electron transport. 'Another effect of the 

add i t.ion o [ vitamin K
5 

in the light Has the i11unediate appearance of 

(1-rhospllOgluconate (6-PGluA) lll) . 

.Jensen ::md Bassham (10) found that co
2 

fixation in isolated spinach 

d1l0roplasts ceases within about 2 min after the light is tun1cd off, even 

t!w1..1gh the level of RuDP does not drop more than 60% from i t5 value in the 

li~:ht. If ATP Has added to the chloroplasts, the level of RuDP W<15 main­

tained as high in the dark as iri. the light, yet co2 fixation still stopped 

completely in the dark. Thus the clark inactivation of the carboxylation 

reaction apparently occurs in isolated chloroplasts as 1..rell as in vivo. 

It ha.S .been proposed that the RuDPCa.Se is activated in the light in 

chloroplasts by changes in the ionic content of the chloroplasts, and by 

the higher ratio of reduced to oxidized coenzymes (1, 2, 5) . Both the 

Changes 
. ++ . + 

in ionic content (especially :P,Ig and H ) and the higher ratio of 

reduced to oxidized cofactors would be consequences of the photoelectron 

transport reactions occurring in the thylakoid membranes, and it \vas pro­

posed that these changes, as reflected in the stroma region, provide· a 

general regulatory mechanism whereby RuDPCasc and other key regulated 

enzymes are activated in the light. Such a light-activated med1anism does 

not necessarily obviate the need for another mechanism to turn off more 

completely the carboxylation in the dark. 

From studies of the metabolites in Chlorclla pyrcnoiclosa 1n light 

aile! clark, it h'as found that the one metabolite wh:i:ch is most notably 

hig}ler in concentration in the dark than in the light is 6-PGlul-\ (S) . 

This compound, which is considered by us to be an indicator of tl18 opcTa-

tion of the oxidative pentose phosphate cycle, appears illm1ediately in the 
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,:~,rk ~mJ clisa.ppc::rrs within 1 min Hi t.lw 1 i ~llt. The aD'Jcarance of 6-PClul\ 
,.J: ' 

h·hc thcr il1 tJ1e dark in vivo, or upon tJ1c addition of vi t8Jllin K 5 i:1 tJ1e 

1i~~!1t to eitJwr Chiarella: pyrenoiclosa or isolated spinach. chloroplasts (11) 

thus seems to be correlated with the inactivation of.the carboxylation 

rc:J.ction (as Hell as with certain otJ1cr regulated reactions). The present 

· study shows t11at 6-PGluA. is an effective inhibitor, at low levels, of the 

1\.uDPCa.sc. 

lvlETHODS 

Enzvme Puhfication. CarboA.ylase was purified from spinac.'l leaves. 

'l11c purification procedures basically follow methods of oti1ers, with sorne 
\ 

jwJifications (12,16,17). Briefly, the purification procedures include 

ho~~;or,enization in a Waring blender for 3 min, heating at 50°C for 20 min, 

Scp:1adex G- 25 column u'lromatography, precipitation by 30-60% saturation 

\\'i th ammonitnn sulfate, DEAE-cellulose column chromatography with a linear 

gradient of NaCl (.0 -1 M) , and Sephadex G- 206 colunm chromatography. The 

purified enzyme had a specific activity of about 0. 5 units/rng protein 

(one w1it is defined as 1 mole of carbon incorporJ.ted into acid-stable 

co:npou.1d per min under assay condition). 

~iaterials. RuDP and 6-PGluA. were purd1ased from Sigma Chemical Co. 

as -::he bm·iurn and tri -monocyclohexylm1m1oniurn salts, respectively. Ti1e ac,id 

forJ:lS of t11ese compounds were obtained by treating the salt solutions 

i':ith Dowcx-50. The scintillation fluid, ''Aquasol'', \vas purc.'lased from 

,\c\v EngLmd Nuclear. 

Enz)1He Assay. In a final 200 ].11, ~lc reaction mixture contains the 

following components and their concentrations: Tris-HCl, 175 mM; J'.lgC1
2

, 

10 r.u\1; pH 7 .8; RuDP; NaH14co3 ; 6-PGluA..; and enzyjne in diffeTent ar.1ount; as 

s!1C\m in cad1 figure. The reaction was started \vi th t11e addition of 

5 



en:yme solution to the reaction mixture contained in a tube sealed v.;i th 

a ;:;clUln cap. After S or 10 min incub:r:.:i.on in the Hater bati1 at 23cC, 

100 J.Jl of 6 ?'-i acetic acid was added to stop the reaction. An aliquot 

(::so 11l) of this mixture was transferred to a scintillation cow1ting vial 

<md was dried in the oven at 90°C for l hr. Then 2SO J.Jl of water was 

:1dded to the vial, followed by 18 ml of "Aquasol". The radioactivity was 

measured by scintillation counter with a cow1ting efficiency around 90%. 

Spinach d1loroplasts were isolated c;tnd allowed to photosynthesize 

h'i_"Lh I-J 1:1co
3

- as described previously llO): Hates of 14c uptake into 

aciJ-stablc compow1els were dete11nined, and analysis was made of these 

compow1ds by paper chromatography ai1d radioautography (14). These rates 

~'.1-:d patterns were compared for chloroplast suspensions with and without 

additions of 6-PGluA to concentrations of 0.34m\1 and 0.68 rnmM. 

RESULTS 

With a constant concentration of NaHC03 of SO .m.M, with ,RuDP concen­

tration varied from O.S to 0.02 m;\1, and with the addition of 0, 2S, SO, 

100, lSO, and 200 JJM of 6-PGluA, the plot of 1/v vs. l/[RuDP] curves shows 

a non-competitive iru1ibition pattern (_Fig. 1). Replots of the intercepts 

and slopes of Fig. l vs. (_6-PGluA) indicate this is a linear non-competitive 

irJ1ibi tion with K .. = 298 ~1 and K. = 44 J.iM (_Fig. 2) , according to the 
11 1S 

nomenclature and theory by Clelru1d (_8) . 

With a constru1t concentration of RUDP at 0 .S Illi\1 and a varying :.JaHC03 

concentration (_lS.8 - 0.32 mM) with the addition of 0, 2S, SO, 100, and 

6 

200 11~! of 6-PGluA, the plot of 1/v vs. 1/ [IICO- -] also shmvs a non-competitive 
-- j - -

inhibition (_Fig. 3). However, the replots of the intercepts and slopes of 

Fig. 3 vs. · '(6-PGluA) indicate a hY'l?erbolic non-competitive iru1ibition 

(_Fig. 4). Replots of l/slope1-slope
0 

or l/intercept
1

-intercept
0 

of Fig. 3 

·• 
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l/, 0-PClu:\) Qivc K .. ; K. = 417 fll\l (Fi2. 5), according to CJcLncl (2). 
' ~ ~~ . l.S 

Co1:1parison of the inhibitory effect of o- PGluA vJith the effects of 

otiwr mctaboli tes (Table I) shows that 0. 5 ml-'1 6-PCluA inhibited tlle activity 
fructose-1,6-diphosphate, 

:-s::,, \vhe1·eas I the next most effective inhibitor tested, inhiiJitc.;d only 

1-+'~. At 1.0 mM concentrations, these compow1els inhibited 85~; and 2Vo 

rc:::pectively. Neither gluconate nor glucose-6-phosphate significantly 

inhibited the activity at these concentrations. Thus 6-PGluA is a much 

more' effective inhibitor than fructose-1, 6-diphosphate, ·a metabolite of the 

.reductive pentose phosphate cycle previously found to i:n.l-J.ibi t the isolated 

cnzy1ne. Other compounds tested which caused less than 10% inhibition when 

:1cicled at 0. 5 m\l concentration included fructose -1-phosphate, fructose-6-

;:hosphate, glucose-1-phosphate, glucose -6 -phosphate, galactose -1-;J::os~Jhate, 

and 3-phosphoglycerate. 

14 
The rate of C0

2 
fixation and the metabolic pattern of C incorpora-

' 
tion by isolated spinach chloroplasts were found to be unaffected by the 

addition of 0.5 mM 6-PGluA to the suspending medium. 

' 
DISCUSSION. 

The K .. 's and K. 's observed in this study may- be compared with 
ll lS 

1·eported in vivo concentrations of metabolites. These were estimated by 

using the saturating 14c label of metabolites in Chlorella pyrenoidosa 

dt~ring steady-state photosynthesis in the light and during respiration 

3 1n the dark to detennine the gram atoms of carbon in ead1 compound per on 

cf packed alr,ac cells used in making up the algal suspension (6). Ti1e :lYbi-

:.r;.~!·y assumption was made that the metabolically active space containing 

tLc :;1etabolites 1,.ras 1/4 of the packed cell volume. This gave al~uDP co:xen-, . 

trD.<::ion of 2,04 mM in th.e light, and a 6-PGlw\ concentration of 0.047 JiL·I 

in the dark. The dark l<uDP concentration was not reported, but th~ level 



of RuDi1 in the comparable study of Pedersen et al. ll4) was 1.36 m,:\·1 in the 

li,ght and 0.20 nt\1 in the dark, based on the same assumptions. Thus, the 

several values for K. are slightly higher, but in the worst case wi t.~in 
~ 

3Jl order of magnitude of t.l-te estimated concentration of 6-PGlul\ in the 

dark. It should be noted that, in the dark, the oxidative phosphate 

cycle is inoperation in the chloroplasts (11), and co2 is beiog lil.::8rated 

but not consur.:ed in the chloroplasts. Thus the K. values obtained h·i th 
~ 

50 I:t\l HC03 l_Figs. 1 and 2) are not necessarily unrealistic in tenns of 

in vivo metabolism. Hmvever, the in vivo concentrations would include 

8 

6-PGlLL-\ in both cytoplasm and d1loroplasts. In the only reported case of 

the appearance of 6-PGlw\ in isolated chloroplasts, the amount of 14c label 

\·ias smaller than in the in vivo e:A"Peri.JnEmts. 

In any event, these comparisons beu.;een est:i.r.lated Ki values and 

6-PGlu..\ concentration in the dark in vivo suggest some possibility t2:at · 

non-competitive i.n:'libition of RuDPCase by 6-PGluA in t.l-te dark plays a 

role in w'le inactivation of carboxylation reaction required by the sl-.'i tch 

fro;n the reductive pentose phosphate cycle during photosynthesis to the 

oxidative pentose p}'wsphate cycle in the dark. The enzymes characteristic 

of the oxidative pcntose phosphate cycle have been found to be present in 

previously isolated spinach chloroplasts, although there \"iere larger 

amounts of sud1 enzymes in the cytoplasm (9). 

The need for a light-dark switch in metabolism of chloroplasts l;.as 

oeen discussed else\-.:here (1,2,5). Turning off the reductive cycle in the • 

dark \·:oult1 consenrc ATP and sur,ar phosphates, w:1ilc turning on tl1c oxi.cl:l-
, . .J. 

"'~"""'' . . , tivc cycle in th.e chJ.oroplas ts \-.:ould produce J'\...\DPIL \-.rhic.h could be u·c::.lizc~ 

:for biosyn~.hesis, Other parts of the nlcchnn.is;;1 for this sh·itc:ll to oxica-

tive metabolism in the dark should include the inactivation of fnKtcsc 
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1,6-~1iphosphitasc lE.C. 3.1.3.11) and phosphoribulokin.:LSclE.C. 2.7.1.19) 

:::mJ the activation of glucose-6-phosphate dehydrogenase lE.C. 1.1.1.49). 

Evidence for some of these changes can be . seen upon either ac.lcli tion 

of vitamin K
5 

to Chlorella pyrenoidosa·in the light (11), or without addi­

tions when the light is turned off (14). It has been proposed that vito.:~r-:. 

K ... in its oxidized state diverts electrons from the reduction of ferredoxin 
~ 

and ~~ADP+, and that the resulting increased ratio of NADP+ /N\DE-i or of 

-fel-redox_ ·in /ferredoxin 1 activates Qlucose-6-uhosphate deh).'droo:rcn3.5e. ox· · · rec - • 

SiJ::ilar ch.:L--:ges in activities occur when the light is turned off, vii thout 

0.!1)' .1.clcli tions. 

Data ,in the present study suggest that the increased level_ of 6-PGluA • 

may then further inactivate the RuDPCase, thus completely stopping t}~e car-

bo:--.·ylation reaction. The lack of inhibition of photosynthesizing S?inach 

chloroplasts by 6-PGluA added to the medium is presurned to be due to lack 

o.f penetration of the li.rniting double membrane of the intact d1loroplasts. 
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Table I. Inhibition of Ribulose 1?5-Diphosphate Carboxylase by 

6-Phosphogluconate and Rela.tcd Compounds 

Compound 

Control 

l.U m~1 

h·uctosc 1, b-diphosphate 

6-Phosphogluconate 

Glucose- 6-phospha te 

Gluconate 

0.5 1nM 

F1uctose-1 ,6-diphosphate 

6-Phosphogluconate 

Glucose-~-phos~1ate 

G1uconate 

14c total fixed 

cpm 

14,990 

ll '540 

2,265 

14,524 

14,754 

12,900 

3,763 

14 '775 

14 '716 

% of Control 

(H U) 
2 

100 

77 

15 

97 

98 

86 

25 

99 

98 

.Assay as shown in Methods. Protein, 10.0 l-!g; RuDP, 0.5 mM; Nai-J:14co
3

, 

SO rrJv1 (0.2'6 l-!C/lJ.Ill); incubation time, 10 min. 

12 
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FICLJRE CAPTIONS 

Fi:_~. 1. Inhibition o£ RuDPCasc by 6-PGluA. Concentro:tions of 6-PGluA 

are indicated in the figure. 
. 14 

Protein, 5.0 llg; N::J-1 C03' SO ;,1\1 

(2.6 )JC/llm); incubation time, 10 min. 

h:;. 2. Replots of intercepts and slopes of Fig. 1 vs. 6-PGlu.ll.. conccn-

tration. 

Fig. 3. Inhibition of H.uDPCasc by 6-PGluA.. Concentrations of 6-PGluA 

are indicated in the figure. Protein, 5.0 lJg; RuDP, 0.5 mM; incu-

14 bation time, 5 min; NaH. CO~, 13.9 )JC/)JTIL' 
..) 

Fig. 4. Replots of intercepts and slopes of Fig. 3 vs. 6-PG1uA concen-

tration. 

Fig. 5. Replots of 1/ (intercept1 - intercept0) <::md 1/ (slope1 - slope0) 

of Fig. 3 ~ 1/(6-PGluA concentration). 

13 
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r-----------------LEGALNOTICE------------------~ 

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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