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 RIBULOSE DIPHOSPHATE CARBOXYLASE REGULATION
| IN RECONSTITUTED SPINACH CHLOROPLASTS

Klaus Lendzian* and James A. Bassham
Laboratory of Chemical Biodynamics, Lawrence Berkeley Laboratory,
University of California, Berkeley, California 94720™*

Summary

Inia preparation of soluble components from previously isolated
'spinach chloroplasts, the activity of the carboxylating enzyme of the
- photosynthetic reductive pentose phosphate cycle, ribulose-l,s-aiphosphate

carboxylase (E.C.4.1.1.39), is strongly increased by 6-phosphogluconate

or by_NADPH;_and is decreased . by ribulose-1,5-diphosphate in the absence

of these effectors and (0.,. With the thylakoid membrane system added

20
to these soluble components (reconstituted chloroplast system) plus
ferredoxin, the carboxylase is even more strongly activated in the

1ight. This.ﬁlight" activation appears to be due to reduction of endo-
genous_NADPf by electrons from the light reactions transferred via

' férredoxin, since NADPH alone can activate the purified enzyme while
reduced ferredoxin does not activate the enzyme.vThe reéulatOry properties
-of the enzymevin the complete mixture of soluble chloroplast components
are compared with those of the isolatedvenzyne, and their possible
physiological significance is discussed.

-

* Supported by Deutsche Forschungsgemeinschaft, Benn, Germany.
Preﬁent agdress: Botanisches Institut der Technischen Univer-
sitaf 8 Munchen 2, Arcisstr. 21, Germany. . '

kk The work described in this paper was sponsored,in part, by the
U.S. Energy Research and Development Administration, Reprint
requests should be addressed to the second author.
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Introduction

A1l green photosynthetic cells capable of oxidizing‘watef and reduCing
carbon dioxide to eugar phosphate employ the photosynthetic reductive pentose
vphosphate'cyclecl); irrespective of whether or not they elso employ the
preliminary '"tropical grass" or 'C-4'" cycle found in some higher plant

@

5pecies'such as maize and'sugér cane In the reductiverpentose phosphate
cycle, carbon dlox1de is 1ncorporated via the carboxylation of ribulose-1,5-
d1phosphate (Rlbul 1,5- PZ) to give two molecules of 3- phosphoglycerate in
a reaction mediated by the enzyme ribulose dlphosphate carboxylase
CE.C.4.1.1.39){ | This reaction,_like-the conversion of fructose-1,6-
diphosphate (Fru-l.6-P2) and sedoheptulose-1, 7—diphosphate to their
respective monophosphates and the conversion of rlbulose 5- phosphate

and ATP to Ribul-1,5- P, and ADP, has a hlgh negative free energy |
change under condltlons of steady-state photosynthe51s and is thus

a rate- 11m1t1ng step in the reductlve pentose phosphate cfcl£3) These

four steps in the cycle share two other characterlstlcs On the basis

of llght to-dark and dark-to- 11ght transient changes in metabollte

14 (4,5)

~ levels following photosynthesis with COz in Chlorella pyren01dosa

‘or after addition of Vitamin K5 to these algaeg each of these steps
_hes'been implicated as occurring rapidly in the light_but not es rapidiy

" in the dark. A further characteristic of these four feeotions is that each
is unique to the reductive pentose phosphate cycle, whereas all of the other
steps of the fedpctive pentose phosphate cycle are found as part of either
of the oxidative pentose phosphate cycle (hexose monophosphate pathway,

6-phosphogluconate pathwaj) or glycolysis. Thus, it is not surprising that

the activities of the specific enzymes which mediate these steps are the

[ A



“and respiratory metabolism'begins

‘evidence for the light-dark regulation of the carboxylase step

~in Chlorella - pyrenoidosa &) and in isolated spiﬁach chloroplasts

‘as ‘amplified by concentrations of the metabolite Ribul-1,5-P

wig
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ones which decrease ‘when the light is turned off or phétpsynthesis stopped
(7,8) i

Studies with isolated spinach chloroplasts capéble of carrying out

photosynthesis with carbon dioxide at high rates have provided further
o)

Complimentary to the dark inactivation of the reductive pentose phosphate

- cycle, there is a dark activation of the oxidative pentose phosphate cycle

%)

This activation of the oxidative pentose phosphaté cycle is accomplished

by activation of glucose-6-phosphate dehydrogenase (EC 1.1.1.49) in the

‘dark. ‘In the light this enzyme is inactivated by high ratios of NADPH/NADP+

(10) -
S0

'  The mechanism of regulation of the four controlled enzymes of the reduc-

_ tive pentose phosphate cycle has also been studied by investigation of

properties of the isolated enzymes. Fructose-1,6-diphosphatase and sedo-

heptulose-1,7-diphosphatase are reported to be activated by reduced

ferredoxin in the presence of a low molecular weight protein factorﬁlll
Phosphoribulokinase (EC 2.7.1.19) which mediates the conversion of

ribulose—5¥ph05phate and ATP to Ribul-l,S-P2 and ADP, is activated by

' dithiothreitélclz). Presumably in vivo it is aqtivatéd by a physiological

reducing agent, possibly reduced ferredoxin or NADPH.
" Recently, Ribhl-l;sz carboxylase has been found to be subject

to rather complex regulatory behaviorils). It was long known that this enzyme

- is more active following preincubation with magnesium ion and bicarbonate

prior to addition of the other substrate, Ribul-1,5-P,. Carcful studies
at low flevels of bicarbonate (1 mM or less) revealed that the enzyme is
converted to an inactive form when exposed to physiclogical levels of -

Ribul-l,S—P2 in the absence of preincubation with both magnesium and
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bicarbonate(14). It :;tWas concluded that such'treatmeht resulted in binding
of_Bibﬁi-i,S—Pz at an'allo$teric site which'convefts,the enzyme into a fomm
with'ﬁeék_ binding for the other substrate, carbon dioxide. This inactive
form can persist-for 20 minutes or longer in the bresence of both substratés
when the concentration of bicarbonate is not higher_fhan'l mM. Preinéubation
with 10 1 mggﬁesium ion and 1 mM bicéri)onate for several minutes partially
prevents this inéctivation binding by Ribul-l,S-leghd givés a moderately
active enzyme, which remains active in the presenée of physiologi;al coh-
cehfratipns of"Ribul-l,S-P2 and bicarbonate. Furihér:activation of the

enzyme is.séen if the preincubation mixturefincludés, in addition to

' bicarbqnate.and magneSium,‘eithe} 6-phosphogluconate (6-PGluA) in the
concentratioﬁ.range of 0.05 to 0.1 mM, or NADPH-in:thé'cbncentration range

- of O;S’to 1.Ojgy(13’15). From these and other expefimental results it was
concluded that'fhere are allosteric binding sites for both 6-PGluA and

NADPH which resﬁlt'iﬁ activation of the enzyme in such a way>that.it ;

no longer binds Ribul-l,S-f2 at the inactivating'éiloSteric binding site. One
physiologicgl significance of this complex regulat@fy”behavior was
attributed to the need to avoid the oxidative reacfion‘whiCh'occurs when
oxygen (0,) binds competitively at the catalytic binding site for CO2 when
CO, pressure is very low and oxygen pressure is high; Such a binding can
lead to an oxfgenase activity for the enzyme in which oxygen attacks
‘Ribul—l,S-P2 pfoducing'phosphoglycolic acid and phosphoglyceric acid(16;19).‘
PhosphOglycoiic acid can be converted to glycolic éCid, the proposed sub-
strate for photorespiration(zoj, \ Under some physiological conditions,

as when;lgaves ‘close their stomata during bright.illumination under stress
of lack of watér, the level of o, in the chloroplasts may drop very low
while the level of Ribul-l,S-P2 rises above the nqrmél physiological level.

Such conditions can lead to photorespiration. If,under such conditions,
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the enzyme binding for both CO2 and Oz.vdecreas'es.(Km increases), photo-

respiration due to Ribul-1,5-P, oxidation can be’ diminished. The additiocnal

2
activation of the enzyme by 6-PGluA and by NADPH was interpreted in terms
of the physiological transition from dafkness to light and the requirement
_ under'those circumstances of an activated Ribul-l,-S-P2 carboxylase(ls).

'_ Recehtly it has become possiblé fo reconstitute spinach chloroplasts
,by.addingfthefsoluble enzyme system of lysed'chldrOplasts back to the
membrahe_system”which has been previously separated from the soluble com-
ponents and washed{Zi): Such a system is capable of carrying out photosyn-
~ thetic carbon reduction at an appreciable fraction of the rate of intact
leaf photosynthesis. We now find that this isvtrue even if the reconstituted
system is exposed to only air levels of COZ‘ Thus, it must be that the Km for
CO2 in thisvreconstituted system is_sufficiently low to permit active
rates of photbsynthesis with air levels of COZ' USually,'the Km'levels
for the isolated and purified carboxylase enzyme have appeared to be too
high for good:rates of:photosynthesis to occur with air levels of COZ’
although the reporte& Km values “have been reduced recentiy as a result
~ of careful adjustment of the conditions of phbtoéynthésis, including the
activation by preincubation with magnesium bicarbonate and by an effector

such as NADPH or 6-PG1uA(15).

HoweVer, Bahr and Jenéén have reported that
with freshly disrupted chloroplasts there is a form of the Ribul-1,5-P,
carboxylase with an even lower_Km'Sufficient to accommodate the thsiolo~
gical conditions occurring during photosynthesis in air(zz).
This 1ow K, form of the carboxylase was feported to be rather unstable
and wasltonverted_to'a higher Km.fofm.after some minutes at room tempera-
ture. Since we‘found that photosynthesis in the reconstituted chloroplasts

is maintained for up to one hour at substantially high rates, it was of
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~ interest to study the properties of activation of the carboxylase activity
'in this reconstituted system and to compare the regulatory properties in
this system with those of both the isolated enzyme and the apparent acti-

vity of théiénzyﬁe in whole leaves or whole chloroplasts. In this study

we find that many of the properties reportéd for the isolated and purified"

enzyme are repfoducéd in the reconstituted system. However, there are some
interesting differences which suggest that the Ribul-l;S-P2 carboxylase as
it eiists in the reconstituted system and_perhaps in whole chloroplasts

_ - - different . .
has certain specific/properties from those of the isolated enzyme.

Materials and Methods

Whele spinach chloroplasts were isolated from freshly picked spinach
| (23 '

according to methods described previously were then subjected to

“lysis and the components separated and reconstituted as in our previous

1) . Lo L s v
(2 ). It should be noted that in the reconstituted system, due to

report
the elimination of the outer chloroplast membrane, the'soluble components
(proteins, cofactors, metabolites) are diluted into the bulk volume of

the flask,‘In the usual whole chloroplast suspension, the volume of the
chloroplasts océﬁpies Oniy about 1% of the total suspension volume. Thus,
vit is to bé expected that there would be undue dilution of soluble compon-
ents if the ratio between total soluble. components and lamellae or membrane
system were not increased. It was for this reason that we studied the
effects on (0, fixation of various ratios of soluble coﬁponents to membrane
system, and found that there had to be a 14:1 increase in this ratio as
compared Qith a whole chloroplast suspension. This means that the soluble
components are still diluted by a factor of about 7 as compared with their
concentration inside the intact Chioroplasts, and so certain constituents,

such as ferredoxin,_NADP+, and ADP have been added to increase the concen-

YT
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tration to a more optimal 1eve1(21). The.COncentrationSOf 501ub1é proteins,

and many netabolltes, however, must still be con51derab1y more dilute in

the reconstltuted system than they would be 1n the stroma regions of intact

' 5p1nach chloroplasts.

Studles w1th ribose-5- phosphate and .an ATP regeneratlng system.

<In order to generate Rlbul-l,S-P2 in some experlments an addition

was made to the,réconstituted system of ribose-5-phosphate (Rib-5-P,

- 0,05 éﬁg,creatine phosphate kinase(i unit) creatine phosphate (2.5 ggg\

and ATP(2;5 mM ). In.most cases.it was found that given;comparable condi-

tions, a higher rate of'COZ fixation could be achieved with this system

. than with addéd Ribu]-l;SQle_Creatine_phosphate, ATP and creatine phosphate

kinase were -obtained from Sigma Chemical Co. In other experiments; Ribul-1,5-

'-,P2 was obtained ‘as the barium salt frem Sigma Chemical Co. and was regen-

erated withvécid D0wex-50W.

Preincubation and incubation.

A wariety of préincubation and incubations weré‘carried out using
the reconstituted system in small round-bottom flaSks'withfserum stopper
caps. These flasks wérevmounted on the shékihg'device for chloropiasts
studies as déscribed previously(zs); In StudieS'with air 1eféls of @©,,
these flasks.have been equipped with small inlet and 6ut1et tubes and
connected bY'means of these tubes and flexible tubing to a manifold
which, in turn, was connected to the steady-state apparatus which pro-
vidés for maintenance'of~steadyfstate_1e§els of OOZ or 1‘4C02 in various
mixtures of air or nitrogen(24). During incubafion; the flasks were
subjectéd to a gentle swirling motion. Additions or removals from
the reconstituted system can be made by hypodermic needles through
the serum stoppers while this motion is momentarily stopped. In all

cases, we have employed an atmosphere of nitrogen or nitrogen mixed



w1th prescnbed amounts -of 0,3 we have found. that Wlth the reconstltuted
system better sustamed rates of photosynthe51s are obtained under nitrogen
than under air, When appropriate, 111un1_nat1.on was ach;eved by lights

‘which ’are under the transparex{t bottom of the shaker apparatus. A constant. |
temperature of 20°C was malntamed by rec1rcu1at1ng water from a thermostat
controlled bath to the shaker bath into Wthh the 1nd1V1dual reaction flasks '
were nmersed. ( ' | |
' "premcubatlon" procedure is defined as follows to the.'reactio'n
flasks in a fmal volume of 0. 5 ml were added the soluble chlorOplast |
protein solut10n(0 36 ml) 6-PGluA or NADPH (concentratlons are glven '

in flgures) ’ creatine phosphate 2.5 mM creatlne phosphate kmase(l unlt) and
Rib-5-P(0.5 mM) The flasks were then flushed for 5 minutes with nltrogen
"I‘hen ATP (2.5 nM) was added to complete the R1bu1 1,5- P2 generatlng system
In experiments where Rlbul 1 S—P2 was used as the substrate, the Ribul-1, 5 -P,

generatmg s'stem was omltted and the Ribul- 1,5- P (0 5 mM) was added at

Yeo, (1 mM) was

- the end of the nltrogen flushlng per1od--After 1 mlnute NaH
added, or the flasks were opened to the steady state apparatus and
0.043 o ®,. | | o

In the "non prelncubatmn" procedure, the same additions were made, except
that the complete Ribul-1l S-P2 generatlng system, 1nclud1ng ATP, was added .
before the mtrogen flushing perlod and effectors were added after the
| nitrogen flushing. In experunents where R1bu1 1,5- P2 was used as a Sub-
strate, the Rlbulrl,S-P2 generatmg system was replaced by R1bu1-1,5-P2.
o As_ﬂ. . _ , A -

' Assay of carboxylation act1v1ty was -achieved b) removing G .025 ml samples

from the reactmn flasks, using a hypodermlc needle and synnge ‘and immediately

1nJect1ng the samples into 0.2 ml methanol to a final concentratlon of 80%. Ali-



quot sémples"of thislkilled matefialbafe then added to small vials; acidi-
fied and taken to dryness by a nitrogen stream and.then taken up in scin-
tillation fluid and counted With.scintiliation counting.

A variety of treatmenes, including nariation'in preincubation time,
constituents,.etc., were carried out and are reported with the experimental
results. Where employed, 6-PGluA was obtained from Sigma Chemical Co.

- NADP® and NADPH from Boehringer-Mannheim.

Results

'Experiments with soluble components only.

The first experiments were conducted without added chloroplast mem-
branes_'but‘with only the soluble proteins plus narious added soluble meta-
bolites such as 6-PGLuA as effectors. Studies with -the‘purified'Ribul-l,‘S—Pz
. carboxylase had shown‘that while preincubation with 6-PGluA prior to addi-
tion of Ribul-1 SFP2 resulted in increased ectivation of theAenzyme acti-
v1ty, only inhibition was obtained if the 6-PGluA was added at the same
~ time or subsequent to Rlbul 1,5- 513 15Rlowever with the complete mixture
- of soluble components from the chloroplasts (Figure 1) the result is differ- -
ent. Even.when the 6-PClUA was added after the RJbul 1,5- P2 generatlng
system Guxxprelncubatlon), stimulation in the rate of flxatlon was seen
with levels of 6-PGluA ranging from 0.1 mM uwp to O.Sva. However, when the
generation of Ribul-l,S-P2 was delayed during 5 minntesflUshinngith.Né, |
by omitting ATP‘nntil after ﬁhisvflushing; the'stimulatiOn in the rate of
earboxylation‘by addition of 6-PG1uA was much'larger;,Thus, the relative
difference between.preincubation with 6-PGluA and non-preincubation is
the same for the mixture of soluble enzymes as for"tne purified Ribul-l,S—P2
carboxylase, even though with the mixture of enzymes only stimulation is

observed. These experiments were carried out with 1 mM sodium bicarbonate.
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Wheh_ experiments were carriéd out with _airviev-ejls of 002 (0.04%),
stimilation was seen with addition of 6-PGluA either with preincubation
or with non-préinCubation (Table I). In this case, alr'nos.t the same
stimulation wa's, seen during the first‘ 10 minutes,v althotéh there was a
lag.of about 2 minutes in the case with the nonépreinéﬁbation. If the'l
6-PGluA was added as long as 10 minutes after the initiation of the
reaction by addition of the Ribul-1,5 P generatlng system (Figure 2) P
stimulation of the rate was st111 observed. In fact, after 8 mlnutes .
follbwing'the‘additioh of 6TPGluA the stimulated rate was even higher
-thgn it ﬁad‘been when the‘6-PG1uA.was added before the Ribulél,S-Pz'
generating system, | | | | '

Since with the Ribul-l S-Pz generating system, the concentration of
Ribul-1, 5= P2 at any glven tlme is not known, an experlment was carried
out w1th both the Ribul-1,5- -P, generating system and added 0.5 mM Ribul- .
lvl,S-P2 (in the same flask)_. In this case also, 1a_rge stimulation of the
éarboxylase‘ : ratve' was abserved when 6-PGluA was added prior to the Ribul-

1 ,_S-P2 and a smaller stimulation when it was added éubsequent_ to the
Ribul-1,5-P,. | | -

Since in these éxpériments'with the total soluble components'from
" the chloroplasts, séme stimulation was seen with 6-P»G.1uA even if it was
' ’added after the ki‘bul 1 S-P2 generating system, and ..since a large stimula-
| tion was seen if the 6-PGluA was added following 10 mlnutes of photosynthe51s
(Figure 2) it was of interest to investigate /tgime course of stimulation
_ by 6-PGluA in the absence of bicarbonate. An experlment was - conducted (w1th
'(1 mM sodium bicarbonate) in which 6-PGluA was added at various times rela-
tive to the ‘addition of the other components (Table II). In some flasks
there was a delay in the addition of bicarbonate wntil 2 minutes and 8

‘minutes after the addition of 6-PGluA (Table II). In thése cases, the amount

of stimulation of the rate increased with time between the' addition of

s
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6-PGluA and the'addition of SOdium bicaxBonate} with the stimulation follow-
ing 8 minutes,delay appfbathing that of the enzyme.mixture in which there
had béen pfeinéubétiOn of the enzymes with 6-PGiuA.pribr to the addition
of'the'Ribul'-_l,S—P2 generating system. v

In the studies with the isolated carboxylase, some stimulation of
thevenZYme a&tivity was seen upon préincubation with Fru-1,6-P,. With |
the mixture of soluble cﬁloroplast components, stimulation by 6.5 mM
Fru-l,é-P2 Wasbequal or less than the smaller stimuiation found with
6-PGluA (0.5 ﬁgp vhen it was added aftei the Ribul-i,S-P2 generating
system (non-preincubétion). Some stimulation was séen by Fru-1,6-P,
whether it was added before or after the Ribul-1,5-P, generating system,
‘and even smaller stimulation (slightly above the contfol) was seen with
addition of ffuctose~6—phosphate, either before o¥ following'éddition'of‘

the Ribul-l,S-Pévgeherating'system.

Experiménts with soluble compcnents plus membrane systems.

A much larger activation of the enzyne than any of those reported
so far waé obtained in the presence of the chloroplést lamellae in the
iight;With addedjferredoXin (Figure 3). The initial.slope'of the'carboxy;
1ati§n_réactioﬁ raté is 35 times greater with ferredoxin and light and
lamellae than itris in the_dark control. Essentially no further activation
is seen with the addition of 6-PGluA to the already‘highly stimulated rate
with light and ferredoxin. If added ferredoxin is @mifted; somewhat
smaller rates afe obtained with light and lamellae iﬁ the soluble system
only. There is, of course, some ferredoxin'already presence since all the
solubléfcomponents‘of the chloroplast§ are ih.thevmaterial used. In fact,
the concentration of ferredoxin in the flask should be approximately one-

seventh that which it would be in intact chloroplasts. For comparison
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with these rétes,'the dark rate in the pfesenCc bf{GfPGIuA is also shown
and is something less than half the maximm rate obtained with férredoxin
and 1ight. This ekperiment was carried out with sodium bicarbonate (1 mM),

with the Ri_bul-l,S-P2 genérating system, and with all soluble constituents
added durihg'S minutes preillumination with nitrogen before the addition

of bicafbonatg (1.0 mM) . No NADP® was added to thQ soluble system as is
uéually _donerin;our reconstitution experiments. There is, of codrSe, some

NADP+'preséht as avconSequence bf the lysing of the original chloropiasts.

| Anothér‘demongtratibn of the effect‘ofrlight‘and dark operating

via reducedvarrédOXin; and perhaps reduced NADP®, is shown in Figure 4.

In this case, Ribul—l;S—Pz.was used directly as a'gubstrate rather than

the Ribul-l,s;P2 rggenerating sYstém. Thz stimulated rate'(Figure 4)is

many times gfeater than the rate in the dark in the presence of ferredoxin.
When the light is turned off, the rate of the cafboxyiation reaction drops
immediately to the aark control rate and »remains vér§ low wntil the light
is turned on again, at which point there is anbimmediate resumption of

the stimulated rate in the presence of ferredoxin ;nd iight.

GiVen the. previously repqrted'stimulation of'the'carboxylaSe activity
by NAﬁPH,.the data just reported raise the question of whether the
stimulation pfvthe carboXylase activity is due to reduced ferredbkin or
to NADPH. In any experiment where we employ‘the‘soluble_components of
. the lysed chloroplaSts, NADP" plué the enzyme responsible for its reduc-
.tion by reduced ferredoxin in the.light will Be preéent, even' though we
may omit the added NADP* usually employed in such reconstitution experi-
mehts. . |

Wﬁen the soluble en?yme system without lamellae, light, or added
férredoxin is ekpqsed-to various concentrations of NADPH, both with pre-

incubation and without preincubation, stimulation of the carboxylase
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~activity is seen (Table III). In this case, a large stimulation was

observed with the NADPH present during a preincubation period and‘prior

‘to the addition of the Ribul-1,5-P, regenerating system. A smaller sti-

mulation was‘observed*with-the NADPH was added subsequent to the Ribul-

l,S-Pz regenerating system. The actual activated rate of the carboxylase

‘isvconsiderably less than that observed with lamellae and ferredoxin in
~ the light. However, it must be kept in mind that in this case the NADPH

- once oxidized is not regenerated, and so it is to be expected that the

attivatiqn effect méy disappeaf or may be decreased as a CohseqUence of
NADPH oxidation. -

When purified_Ribul-l,S-P2 carboxylase (obtained from Sigma Chemical

- Co.) was assayed with Ribul-1,5-P,, 1 mM sodium bicarbonate and with added

ferredoxin and chloroplast lamellae in the light and in the dark, low CO2

fixation rates were seen and no substantial difference in rate was observed

‘between the light and the dark. From this it would appear that reduced ferre-

~doxin by itself is incapable of activating the isolated enzyme. However,

one'canndt'exrlude the possibility that there could be some soluble.pro-

tein factor in the chloroplast that is required for activation of the enzyme

by reduced ferredoxin.

" Time course of Ribill-l,S-P2 inactivation of Ribul-1,5-P, carboxylase.

- Experiments carried out with only the soluble components of the chloro-

plasts plus Ribul-l,S-PZ, or Ribul41,5#P2 generating sYstem, but without any

-other added effectors give information about the time required for inactiva-

tion of the enzyme by Ribul-l,S-P2 in the absence of effectors. The super-

natant chloroplast fixation plus the ATP generation system was flushed with

N2 for 5 minutes. When ribose-5-phosphate and bicarbonate were then added,

.there was a very rapid fixation of CO2 for about 1 minute and then almost

no fixation for'the'remaining time (Fig. 5). In contrast, if the ribose-5-

phOSphatg was add¢d prior to the § minutes nitrOgeh :
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‘flushing (to generate Ribul-l,S-Pz), then additioh of hicaﬁ:bonate reéulted
in a much lower rateof_CO2 fixation. This lower rate was suStaihed,for ’
some period of time. WitHRibulél S4P2 preéent durihg the 5 minutes nitrogen
flushlng a similar result was observed, although in this case, the ‘total
fixation durlng the first couple of mlnutes was only about half as great
Following that tlme, the fixation was v;rtually zero. From these results -
it is olearvthat hheh the carboxylase * mixed with the other soluble
components from the chloroplasts is exposed to Ribul-1,5- P for 5 minutes
in the absence of effectors or bicarbonate (under nltrogen) the enzyme
act1v1ty,15 greatly reduced. On the other hand; if the enzyre activity,
mixedeithvthe soluble components,.is exposed for five minutes,to‘nitrogen
and_the‘Ribul-i,S-P2 is added simultaneously with the bicarbonate, the enzyme
remains active for 1-2 minutes before it becomeS'ihectivated;Thus, there
is a short large fixatioh followed by inactivation.
| Further study of this inactivation of the enzyme followrng an 1n1t1a1
- burst of flxatlon/ngge by varying the time of addition of bicarbonate
‘relative to the time of addltlon of Ribul-1, 5 -P, fo110w1ng a period of
flushing the soluble c0mponents with nltrogen (Table IV) With Rlbul-l,S-P2
- added simultaneously with bicarbonate, or either 2 or 5 mlnutee after addi-
tion of bicarbonate, the full initial burst of fixation was seen after which
the enzyme-waé eonVerted to its nearly inactive‘fOIm, and only slow fixation
took place. When the Ribul-1,5-P, was added 2 hdhutes prior to the addition
of bicarbonate, about half of the initiél burst of fixation took place,
after which the enzyme was essentially inactive. With addition of the
bicarbonete as long as 5 minutes after the addition of Ribul-l,S-Pz,
the enzyme was almost completely inactive and there was no initial burst
of o, fixation. The inactivetion of the enzyme‘hy Rihul-l;S—PZ (0.5 mM) in

the absence of COZ or effectors thus has a halftime of about 2 minutes.



Discussion

Several'aspecté of regulation of Ribul-'l,S-P2 carboxylase activity
previbusly &escribed for the isolated and_purified:enZyme are also obsérved
with carboxylase activity in the reconstituted chlbfoplast system, or in

the separated soluble 'components of chloroplasts. However, there are also

-~ some interesting differences.

The role of effectors in activating the enzyme 'seems to bé.eveh more
importanf to the activity of the carboxylase in the totél soluble components
or reconstituﬁedisystem than it is with the isolated and purified enzyme.
With the isolated enzyme, preincubation with magnesiumband bicarbonate

was sufficient to permit a substantial activity to be established upon

addition of RibulFl »5-P, and much of this activity was maintained for

{14)

20 mlnutes or more without other effectors "ith the complete

- soluble component system, but without added effectors or 11ght and 1ame11ae,

exposure of the enzyme activity to Ribul-1, 5 P2 results in 1nact1vat10n
after about 2 minutes in spite of the presence of Mg ~ and bicarbonate.
Thus it seems clear that with the reconstituted system activity of the

Carboxylase is'dependént upon fhe presence of either feduced NADP® or

- 6- PGluA, although the p0551b111ty of activation by reduced ferredoxin is

) not completely ruled out.

Wlth the isolated enzymé)exposure to‘6—PGluAv or to a lesser extent

2+

Fru-1,6-P2/ during the preincumbation period with 10 EM'Mg and 1 mM bicar~

bonate resulted in considerable activation of the enzyme activity during

subsequent aSsay with added Ribul-1 5-P2 However, addition of either

6-PG1uA or Fru- 1 6- P2 simultaneously with Ribul-1,5- P2 resulted in com-
_1isolated

pet1t1ve 1nh1b1t10n. Moreover, NADPH could not activate the/enzyme unless

it was added during the preincubation w1th b1carbonate and magne51um( 15-15)
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Wifh the enzyme activity in the complete édluble components from
the chloroplasts, activation is achieved even if fhe effector, whether
6-?GluA or NADPH, is added subsequent to the preseﬁtatibn of the eniYme
with Ribul-l,S-PZ, The actual extent of the activation seems to vary in
a rather complex manner with the order of the 'various additions and
treatments of the system. Suéh‘tomplexity of"behévipr is perhaps'uhder-'
standable if one remembers that all of the.solublé components of the
chloroplast are present. Thus, for example, in the lighf .with ferredoxin

the carbon reduction cycle is operating and regenerating various metabolic

components of the syStem~at any given time. Regardless of these complications,

it seems clear that the effectors NADPH, or 6-PGluA, are of.great importénce
-in maintaining the écfivity of the Ribul-l,S—P2 carboxylase in the reconsti-
tuted system;. Presumably they are of similar importanCe in the intact
chloroplastsf’While it cannot be completely decided that activation in the
light is a consequencg,of NADPH and not of reduced ferredoxin, the simplest
vassﬁmption, in view of all of the known properties of the enzyme, is that
the action of light and of chlproplast membranes in a;tivating the enzyme
is via the reduction of NADP' by reduced ferredoxiﬁ;‘Certainly this seems
to be suggestéd by thé failure of reduced ferredoxih £o activate thé puri-
fied isblated Cafboxylase. |

It should be noted that the activation of the cérboxylase by addition .
of'reduced fefreddxin or 6-PGluA subsequent to addition of Ribul-i,S-P2
is dependent upon thg presence of bicarbonaté and magnésium. Thus, the
_ hypothesis;ﬁzzznggzcgisgéggn of the carboxylase by Ribul-l,S-P2 in the

I3
absence of CO, or'bicarbonatefiqa is a mechanism for raising the binding

constant for CO2 and, more importantly, for 02, as a defense against
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: photbrespiratioh stemming fram the 0xidation.of'Ribul-l,S-Pé romains

' temmbie. It should be noted that in the experiments (Fig. 1 dashed line)
where the enzymé wés'inCUbatéd-with Ribul-l,S-P2 in the absence of bicar-
bonate.and the.effector was then added prior to additiOn of bicarbonate,:
‘the ‘activation of the enzyme was considerably less than it was when the
effectors weré subsequently added after bicarbonate addition (Fig. 2). Thus
it is clear that presénthtion of Ribul-l,S-P2 to the enzyme in the absence
of bicarbonate'and effectors converts it into an inactive form from which
its activity only s1owa recovers, even with effécto;s and bicarbonate and
magnesium preseﬁt. If, as wé propose, the binding bf both COZ‘ahd 0,
by the enz&me iE.XiKQ is decreased by very low CO2 pressure and high
Ribu1¥1,5-P2 concentrétion, then the activity can be restored with the_
.return of COé aﬁ'air levels in the prese;ce of either.6—PGluA (in the dark)
or NADPH (in the light). | |
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TABLE I

Activation of'ribulose-l,S-diphOSphate carboxylaée in the soluble.
chloroplast components by 6-phosphogluconate (0.5 mM) in the

presence of 0.04% 14C02,

Assay conditions were the same as described in Fng 1, éxcept that

NaH14C03 was repiaced by a gas mixture of 0.04% 14

COzv(specific actiVity
20 1Ci/ymole) and 99.96% nitrogen, which was continuously supplied by

the steady-state apparatus.

Treatment = V ‘ 14C02 fixation (dpm) fo

| 2 min 10 min
no 6-PGluA | 500 4,000
non-preincubafion _
with 6-PGIuA | 1,000 16,800

preincubation with

6-PGluA - 2,500 22,000
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Table II

Time course of stimulation of ribulose-1,5-diphosphate vcarboxylation in
the soluble chloroplast component by 6- phosphogluconate (0.5mM) as a
function of time of addition of blcarbonate

Preincubation and non-preincubation conditions were the same as
14 .
CO:,) in

the case of non-preincubation with 0.5 mM 6-PGluA was simultaneous

described under "Methods". However, the addition of 1 mM NaH

with 6-PGluA or was 2 or 8 minutes later.

Treatment 14CO2 fixation (dpm) for
2min 10 min 20 min
no 6-PGLUA 2,300 - 11,500 21,000
preincubation with
6-PGLUA . , 12,000 92,000 136,000
‘ non-preincubation with
- 6-PGluA: addition of
NaH14C03 aft.ér » ]
" 0 min | 4,500 36,000 58,000
2 min 8,000 60,000 86,000

8 min . | 10,000 74,000 115,000
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Table III

Activation of ribulose-1,5-diphosphate carboxylaée in the soluble -

14CO

chloroplast components by NADPH in the'presence of 1 mM NaH 3

and a Ribu1~1,5-P2 generating system

Treatment '1-4C02' f_i_xatio_n' (dpm) for |
2min . 10 min - 20 min
no NADPH 7,000 19,000 28,000
- preincubation withv: ' 4
0.01 mM NADPH 10,000 24,000 40,000
0.1 mMMNADPH 13,500 34,000 55,000
0.5 mM NADPH . 18,000 41,500 64,000
1.0 wM NADPH 35,000 .. 71,000 86,000

~non-preincubation with:

1.0 mM NADPH o 11,500 28,500 45,000
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'Table Iv
Ihactivation of ribulose-1,5-diphosphate carbo_xyiase in the solubie
chlofoplast components by Ribull-l,S-P2 during varying times of addition
' Yoo, 1 mw

The substrate for the carboxylation reaction was supplied as Ribul-1,5-P,

of Ribul-1,5-P, (0.5 mM) relative to the time of addition of NaH

(0.5 mM) . All effec-t_ors were omitted. Thé additions of Ribul-l,S-P2 (excep_t'

for the first line) occurred after the 5 minutes nitrogen flushing period.

3

Treatmént : 14(152 fixation (dpm) for
| | 1 min 2 min 10 min
© addition of Ribul-1,5-P,:
prior to N, flushing | 1200 3200 . 600
5 min prior to Na''co, 77 8 78
2 min prior to Nat'%co, | 16,600 - 2_0,000__ 20,000
simultaneously with |
NaNaHMCC3 - 26,700 34,100 . 34,700
2 min aft_e'r' addition |
of NaH'co, 35,000 35,000 35,500
5 min.ai"ter addition | | | |
of Nail¥co, 31,300 32,000 33,000
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FIGURE CAPTIONS

'Fig.}re 1

Activation of ribulose-1,5-diphosphate carboxylase in the soluble chloro-
plast components by 6-phosphogluconate in the presence of 1 mM NaHMCO3

(specific activity 17 uCi/umole) and the Ribul—l,S—P;2 generating system. -
6-Phosphogluconate (0.5, 0.1 _n!_‘V_D was added to the soluble chloroplast
protein solut‘ion either before addition of the Ribul-i,S—P2 generating
system (preincubation: solid 1ines;» see "Metho.'ds") or‘ after the genera-
tion of Rib'ul~l1,5-P2 (non;preincubation: dashed lines). The generation

of Ribul-l,S-Pz‘ from 0.5 mM Rib-5-P was initiated. upon addition of ATP.

Figure 2’
Aétivation of ribulose-1,5-diphosphate carboxylase in the soluble
_ 14

chloroplast components by 6-phosphogluconate in the presence of 0.04% 1 Co

2
(specific activity 20 uCi/umole) and the Ribul-1,5-P, generating system.
X preiricuba'tzion with 6-PG1uAl (0.5 mM) |
O preincubation with 6-PGluA (0.1 mM) |
A’ 6-PC1uA (0.5 mM) added after 10 m_inutes'.photosynthesis
ﬁ 6-PGluA (0.1 mM) added after 10 minutes photésynthesis
@  Control. no 6-PGluA addition

See 'Methods" for description of "preincubation'.

Figure 3
Activation of ribulose-1,5-diphosphate carboxylase in a ‘recbnstituted
chloroplast system. Effect of light and 6-phosphogluconate (0.5 mM).

In addition to the components of the standard assay procedure described
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“under "Methods'', the reaction mixture contained'the following components

in a final volume of 0.5 ml: spinach ferredoxin (Fd) 50 ug (added simul-
taneously with the soluble protein solution);'chloroplast 1amellaé with
29 g chlorophyll (added after additioﬁ of-ATP); Thé reaction mixturés
were preillﬁmihated for 5 miﬁutes pribr to the additioh of 1 EM'NaHldcos.

Controls were kept in the dark as indicated. Reaction mixtures with.

6-PGluA were all preincubated.

Figgre 4

Activation of ribulose—l,s-diphosphate carboxylasé in a reconstituted
chloroplast system in the presence of continuous light and with periods
of light, dark and then light.

The test conditions were the same as in Fig. 3, except that the

:vRibul-1,54P2 generating system is replaced by 0.5 mM Ribul-l,S-Pz.

The light-dark and dark-light transitions are indicated by'arrows.

Figure 5

‘Time course of inactivation of ribulose-1,5-diphosphate carboxylase

in the soluBle'Chloroplast components by Ribul-l,S-P2 in the absence

of effectors. Ribul-1,5-P, or the Ribul-1,5-P, generating system (Rib-5-P

2
as primer) were added either prior to the 5 minutes nitrogen flushing

period (solid line) or after the flushing period (dashed line). The

experiment was carried out with 1 EM'NaH14C03.



-26-

6 — |  mM 6-PGluA
| 0.5

NaHCOz | mM . /
Rib-5-P 0.5mM x .

XBL758-4208



00 U440 42 4 4 3
-27-.

mM G-PGIUA :

60, 004% - x05
. Rib-5-P 0.5mM

XBL758-4209

Fig. 2



30

dpmle’4 |

10

20

s

~ NogHCOz | mM

l28-

Fd, light
6-PGIluA
6-PGluA 0.5mM 3
Fd, light

Rib-5-P 05mM &
2 light
(o} o

o | | xA,dork,
// | / . 6-PGIUA

| / | | ~ Fd,dark

1 ' _ |
0 20
Min. S |
| 'XBL758-4210

Fig,. 3



b ,..'NaHCO3 | ' mM
Ribul-1,5-P5 0.5 mM

Fd, light

'Fd, light-dark-light
‘ o ST

Ve
e
o
4 o7
_____ o
1
hyv ’
on Fd, dark
—e— —4
0 10 ' ' 20
Min o .
XBL758-4211
Fig. 4 /



-30-

et T T T - Rib-5-P
Ve

]

I
|

!

a

N o |
- Ribul-1,5-P,
r-:-/x-x——x —————— X —- - X === - x

/

¥

Ribul-1,5-P,

. 10 - 20
'hﬂin..- '

XBL758-4212

Fig. 5 =



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 Energy Research and Development Administration, 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.




-

.

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





