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INHIBITION OF RIBULOSE 1, 5-DIPHOSPHATE
'CARBOXYLASE BY 6-PHOSPHOGLUCONATE

"DOUGLAS K. CHU AND J. A. BASGHAM

Laboratory 9£;Chemical Biodynamics, Lawrence Berkeley Laboratory,

University of California, Berkeley, California 94720



ABSTRACT

6-Ph05phog1ucqnate is a much,ﬁore effectivé ihhibitor of the photo-
syntheiic cafboxylation enzyme, ribulose-1,5-diphosphate carboxylase, than
other sugarAphbsphates’and sugar acids'of the reductive and oxidative
peitose phosphate cycles. The inhibition appears to be non-competitive
with ribuloSé 1,S-diphosphaté. vSince 6-phdsphog1u¢onate 1s unique to the
oxidativé-cYgle énd inhibits af concentrations compérable to those’fouﬁd
in vivo it ié proposed that its inhibitionfof the;CarboxylaSe may be an’

additional regulatory factor.
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‘In the carboxylation reaction of.the.photOSynthetic reductive pentose
phdsphate_cyclé (3,4j‘ribulose l,S—diphdsphatev(RuDP)* reacts with'CO2 and

water to give two molecules of 3-phosphoglycerate (PGA). The isolated

“enzyme catalyzing this reaction, 3-phospho-D-glycerate carboxylase

(dbneriiing) (E.C. 4.1.1.39), hereafter referred to as ribulose diphos-

I3
'

5 : . ++ ' . 5
phate carboxylase (RuDPCase), was found to require Mg  or certain other .

“divalent cations, but required no ATP, NADP, or other cofactors derived

from the 1ight (18,19). The specific activity of the isolated enzyme in
car1?  studiés Seemedvto'bé tdo low for it to be ablé‘to catalyze CO,
fixétibn‘at the rates observed for green cells ig_gizg»tlS).

From énélysié of‘stéady;state leﬁels of RuDP in tae dark folloﬁing
photosynthesisé Pédersén gg_él; (14)'conc1uded that the mechanism for the
carboxYlation reaction iﬁ vivo becomes inactive after about SAminvof'dark-
ness, since the level of RuDP drops Very.slowlybafter <his time, despite

the fact that the free energy change for the carboxylation reaction is

abeut 10 Keal negative (4,6) . Other studies showed thut the carboxyla-

tion reaction is inactivated, even with the light on, by the addition of

£ 4

futty acids (13) which are thought to interferc with ion pumping in the

“Abbreviations: RuDP, ribulose-1,5-diphcsphate; PGA, 5-phosphoglycerate;

kubPCasc, ribulese 1,5-diphosphute carboxylasc; 0-PGLuA, 6-phosphog luconate.



Lh;idkoiJ$. fnactivation also occurrcd with udditiqn of yitwﬂhnk&y
which may.intcrfcrc with electron transpbrt. ‘Another effect of the
addition of‘ﬁitmﬁin KS in the light was the immediate appearance of
O-phosphogluconate (G*PGluA) (11). . | : ._" , h

Jensen and Bassham (10) found that CO, fixation in isolated spinach

-
‘u

d110rqplast§ ccases within about 2 min aftér thevlight is furncd off, even
fhough the lévcl of RuDP does not drop more than 60% from its value in the
light. If ATP was added to the chloroplasts, the level of RuDP was main-
tained as high in the dark as in the light, yet'CO2 fikation still stoppéd
completely_in the dark."Thusvthe dark inactivation of the‘carboxylation
reaction apparently occurs in isolated chloroplasts as well as in vivo.

| It has,beeﬁ proposed that fhe RuDPCaSe is activated in the light in
chloroplasfs By changes in the ioﬁic content of the chiorbplasts, and by'
the higher rétio‘df reducéd'to oxidized éoenzymes (1;2;5); Both the
- .changes in'ionic content (especially Mg++ and-H+) and the higher ratio of
reduced to oxidized cofactors would be'cOnsequences éf the photoélectron
transport‘reactions occurring in the thylakoia membfanes, and it was pro- -
posed that these changes, as reflected in the stroma region,vprovidé a
general regulatory mechanism whereby RuDPCase and other key regulatéd
enzymes are activated in the light; Such a 1ightfactivated mechanism does
not ncceséariiy obviate'thé nééd forfanothér meChanism to turn off more
Completely the carboxylation in‘thc dérk.

From studies of the metabolites in Chlorella pyrenoidosa in light .

“and dark, it was found that the onc metabolite which is most notably
higher in concentration in the dark than in the light is 6-PGluA (5).
This compound, which is considered by us to be an indicator of the opera-

tion of the oxidative pentose phosphate cycle, appears immediately in the
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dark and disappears within 1 min im the light.  The appearance of 6-PGIuA,

whether in the dark in viyo, or upon the addition of vitamin K. in the

lighf to either Chlorolla’pyrenoidoSa or isolated spinach chloroplasts (11)
thus seems to be correlated with the inactiVation of the carboxylation
réaction (as Well as with certain othor‘nguléted reaotions). The present
study shows that 6-PGluA is an effective inhibitor, at low levels, of the
RubPCase. | | |

METHODS

§

Enzyme Pufification. Carboﬁylase was purified from spinach leaves.
The purifioatioﬁ procedures basically follow methods_of others, with some
modifications (12,16,17).'_Brief1y,‘tho-purificatioanrocedurés inolude
homogenization in a Waring blender for 3 min, heating at 50°C for 20 min,
Sephadex G-25'c01wnﬁ chromatography, precipitation by 30-60% safurafion'
with mmnonium»solfate, DEAE-cellulose columi chrométography with a linear
eradient of NéCl'(O-l M), and Sephadéva?ZOO coluﬁﬁ chromatography. The
purifiod en;yme had a specific actiVity of about O.S‘units/mg'protein
(one unit‘is defined as 1 mole of carbon incOrporatéd into acid-stable
oompound-per min underlassay condition). - !
Materials. RuDP and 6-PGluA were.purchasédvfrom Sigma Chemical Co.
as the barium and tri—honocyclohexylammonium salté;'respectiVély. The acid
forms of theée oompounds were obtained.by-treating the salt solutions
with Dowex-50.  The scintillation fluid; ”Aquasoi”; was porchosed from
New Engléna}Nucloar. | R |

Enzyme Assay. In a final 200 ul, “he reaction mixture contains the

following components and their concentrations: Tris-HC1, 175 mM; MgCl,,

10 mM; pH 7.8; RuDP; NaH'CO.; 6-PGluA; and enzyme in different amounts as

shown in each figure. The reaction was started with the addition of



enzyme solution to the reactionJnixturc:containcd in a tube sealed with

@ serum cap.‘vAftcr S or lO-min incunation in tne water bath at 23°C,

IQO ul of 6 N acetic acid was added to stopvthe reaction. An allcuot

(250 pl) of this mlxture was transfcrrcd to a scintillation counting vial .

and- was drled in the oven at 90°C for 1 hr. Then 250 yul of water was

added to thé.viél, fbliowed by 18 ml oft”Aquasol“. The radioactivity was

measured by Scintillation counter with a counting effici¢ncy aroundHQO%.
Spinaéh'éhloroplasts wcre_isqlated and‘éllowed to photosynthcsize

with B0,

acid-stable compounds were determined, and analysis was made of these

as described previously (10): Rates of.14C uptake into

compounds by paper chromatography. and radioautégraphy (14). These rates
and patterns were compared for chloroplast suspensions with and without
additions of 6-PGIuA to concentrations of 0.34 mM and 0.68 mm.
RESULTS | |
With a constant cdnCentration of NallCo of'SO'nM, with\RuDP concen-

tration varied from 0.5 to 0.02 mM, and with the addition of O; 25, 50,
100, 150;,and 200 uM of 6-PGluA tne plot of l/v ﬁé;;l/[RuDP]'curves shows
a non-conpetitive 1nh101t10n pattern (Fig. 1) Rtplots of the 1ntercepts
and slopes'of Fig. 1 v (6 PGluA) indicate this is a linear non- competltlve
inhibition with Kii = 298 uM and-KiS = 44 mﬂ (Flg.'Z); according to th¢
nomenclature and theory by Cleland (8). -

| With a‘ponstant'cqncentrétion of RuDP at OtStnM and a Vafying NaHC03
concentration (15.8 - 0.32 mM)‘wvith' the addition of 0, 25,50, 100, and *
200 uM of>6-PGluA, the plot of 1/v vs. 1/[HC03-] alsn shows a non;competitivé.‘
inhibition' (Fig. 3). However, the replots of the intercepts and slopes of A
vFiw '3 g§;;k6-PGIuA).indicaté a hyperbolic non-competitive'inhibition

Fig. 4). Replots of 1/slopeI--slopeO or l/interceptl-intercepto of Fig..s



vs. 1/.0-PGIlu) give Kii = Ki“ 417 wb (Fig. 5), according to Cleiund (&).

CompariSOh of the inhibitory cffect'of O-PGluA with the eiflccts of
utduI‘WLtﬂbOllteb (Table I) shows LhaL 0.5 mM 6-PCluA lﬂhlblucd the activity

{ructose-1,6-diphosphate,
75%, whercas / the next most effective 1nh101tor tested, inhibited only
145, At 1.0 nﬂ[conccntraticns, these compounds inhibitodVSS% and 23%
rcspcctively.. Neither gluconaté nor glucose-6-phosphate significantly
innibited fhe activity at these concentrations. Thus 6-PGluA 1s a much
nore effectiVe inhibitor than frﬁétosc—l,6fdiphosphate,.a metabolite of the
reductive bentosé phosphate cycle previously found to.inhibit the isdlated‘
cnzyme. Other compounds tested which caused less tnan lO/ inhibition when
wdded at 0.5 mM concentration included fruCtosefl—thsphate, fructose-é-
phcsphate,\giucose—l—phosphate, glucose -6-phosphate, ﬂaldCtO>b 1-phosphate,
and.S;phosphoglycerate. | | | |

The rate of COé fixatién and th¢ metabolic pattérn of 14C incorpora-
tion by isolated spinach chloroplasts wéré found to_belunaffected by’the
addition of 0.5 mM 6-PGluA to the-suépeﬁding medium. ’

| DISCUSSION.

The Kf.'svéhd K. 's observed in this study may- be compared with.

rey orted 1n vivo concentratlons of mctabolltcs. These were estimated by

using the sat\.lratlr_xfT 4C 1abel of metabolltes in Chlorella pyrenoidosa

during steédy}state,phdtosynthesis in the light and during'respiration

in fhe dark to determine the gram‘atoms of carbon'in each compound per an

of nackod algac cells uscd in makino up the a15a1 suSpénsion (6). The urDl'
LTUry a:sumptlon was madc that the nme dbO]lLdlly &CtLVC spacL LOthlan“

the metagolites was 1/4 of the packed ccll Volumg. vThis_gavg»a'RuDP concenf
tration of 2.04 mM in the light, and a 0- P s1uA Concentratlon of 0.047 ;mi

in the dark. Fhe dark RuDP concentr atlon was not roported but the level



of RuDP -in the comparable study of PCchscn et al. (14) was 1.36 mM in the
light and 0.20 mM in the dark, based on the same assumptions. Thus, the
several values for h are sllghtly higher, but in thé_worst.casc within
an order of magnitude of the estimated ;oncentration of 6-PGluA in the
dark. It shoﬁld be noted that, in the dafk, the oxidative pﬁosphate.
cle is in. oucratlon in the chloroplasts (ll), and CO2 is being libefated

but not'cons uned 1in the chlorop]asts. Thus the K. values obtained with

50 1 Hcos- (Elgs. 1 and 2) are not necessarily ﬁnrealistic in terms of
ig_gigg_metabolish. However, the in vivo concentrations would include
6-PGluA in both cytoplasm and chlordplasts; In the only reported case of

the appearance of 6-PGluA in isolated chloroplasts, the amount of 14

C label
was smaller than in the'ig_yizg_experrnénts,

| In any event, these comparisons between estimated K; values and
6-PGIu\ concentration in the dark in vivo suggest some possibility that
non-competitive 1nn1b1t10n of RuDPCase Dy 6- PbluA in the dgrk pla" a
role in the inactivation of carboxylation reaction'required by the switch.
from the réductive pentose phosphate cycle during photosynthesis to the
Xidative pentose phosﬁhate sycle'in the dark. The: enzynes ChaTaCtCletlb
of the ox 1dat1vc pentose pnosonate cycle have been.fouﬁd to be present 1n'
DrpVLOdSly isolated spinach chloroolasts although there were large*
amounts of such enzymes in the cytoplasm (9).

The ﬁced for a light-dark switch in metabolisﬁbof'chlofoplasts has

pcen discussed elsewhere (1,2,5). Turning fo the reductive cycle in the

h] 1

dark would conserve ATP and sugar phosphates, whilc'tUrnjnw'on the oxida-

tive cycle in the chloroplasts would produce NADDH;unlca LOhlL be utillized
for biosynthesis. Other parts of the 1echanism for this switcn to oxida-

t;\e nctaaollsm in the dark shoasd inc ‘de the inactivetion of fructcse
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l,b-diphosphata$c (E.C. 3.1.3.11) and phosphoribulokinasc (L.C. 2.7.1.19)
and the'activatibn of glucoscfé-phosphdte dchydegcnaéc (E;C.‘l.l.l.40);

Evidence for same of these changes can be secn upon either addition

:, . .
of vitamin KS to Chlorella pyrcnoidosa in the light (11), or without addi-

tions when the light is turned off (14). It has been proposcd that vitax*n

b
K¢ in itsvoXidized state diverts clectrons from tﬁe rgduction of ferredoxin
and NADP+;:and that‘the'resulting.increased fatio‘of‘NADP+/NADPH or of
fcrrcdoxinb#/fcrrcdbxin :1 activatcs'gluc050~6—phosphaté dehydrog;nasé.
Shnilﬁr_chargés in activities occur wﬁen-the light is turned off, without
sny additions. | | -
_Dafa,in.the present study suggest that tﬂe increased 1evei_of G;PGluA )
may then fufther inactivate the RuDPCase, thus'completely stopping tite car-
boxylation:reaction. The lack of inhibition of photosynthegiziﬁg spinadi
chloroplasfs by 6-PGluA added fo the meaium is presumed £o be due to lack
of pcnétrdtion of the limiting double menbrane of the intact chloroplasts
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Tabie'I. Inhibition of Ribulose l,S-Diphosphate,Carboxylase by

6-Phosphogluconate and Related Compounds

_ e total fixed . % of Control
Compound

. cpm ' _ (“20)
comtrel 14,990 160
1.0 mM - A | | |
fructose 1,6-diphosphate | 11;540 o 77

G—Phosphégluconate | | 2,265 o L
Glucose-Gjphosphéte o _ 14,524 . o 97
Gluconate 14,754 o 98

0.5 mM -

: Pructose;1,6—diphosphate 12,500 :vli_ 86
6-Phosphoglﬁconate : | | 3,763 | , o , 25

V Glucose-6-phosphate , 14,775 o ‘ 99
Gluccnate ‘. 14,716 A 98

Assay as shan in Methods. Protein, 10.0 ug; RuDP,iO.S nﬁh'NaHl4COS,

50 mM (0.26 uc/um); incubation tﬂne,llo min.



FICURE CAPTIONS
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are indicated in the figure. Protein, 5.0 ng; Neil

[0je]

1. TInhibition of RuDPCase by 6-PGluA. Concentrztions of 6-PCLud
Yo, 50w
‘) .

(2.6 uc/um); incubation time, 10 imin.

2. Réplots of intercepts and slopes of Fig. 1 vs. 6-PGluA concen-

~tration.

3. Inhibition of RuDPCase by 6-PGluA. Concentrations of 6-PGiuA

are indicated in the figure. Protein, 5.0 pg; RuDP, 0.5 mi; incu-

14

bation time, 5 min; NaH™ COS’ 13.9 pc/um.-

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

tration. -

5. Replots of 1/(inte_rceptI f‘interCeptO) and 1/(slopeI - slopeo)

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