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ABSTRACT

Ribulose 1,5-diphosphate carboxylase, whichfcatalyiés the CO2
fikation in photosynthetic organisms, is a regulatory enzyme of the
Calvin cycle. The enzyme isolated from spinach leaves has been
studies by biochemical and physical methods. |
- When activated by preincubation wi£h 1 mM bicarbonate and 10
mM MgC]Z-in the absence of ribulose 1,5-diphosphate, the enzvme
remains activated for 20 min.or longer after the reaction is
initiated by addition of ribulose 1,5-diphosphate. Partially-
pfeinéqbatéd (preincubated with either bicarbonate or MgC]z) or
non-preincubated enzyme has an activity of about one tenth of that
of‘fglly—preincubated enzyme. Ribu]psé 1,5-diphosphate is a strong
inhibitor for the non-preincubated enzyme while bicarbonate and MgC]2
are activators. | | |

If as 1ift]g as 0.05 mM 6-phosphogluconate is added during the
preincubatiQh period, 5 mip before the start of the reaction, a
further 188% activation is observed. 'HOWPver, éddition of 6-phospho-
~gluconate at}the same time or later than additign of ribulose 1,5-

diphOSphate, or at any time with 50 mM bicarbonate, gives inhibition



of,tﬁe enzyme activity. | _
When the eniyme is activated by.preincubation with Eicarbonate
- and ﬁgc12 in the'absencé of ribulose ],S-diphosphéte, it can be
further aétivated about 170% with 0.5 mM HADPH present in the pre-
incubation mixture. nappt NADH, and N&D" are ineffective. The
activation by NADPH js comparable to that seen with 0.05 to 0.1 mM
6-phosphogluconate in that these specific preincubation conditions
are required, but the effects of NADPH and 6-phosphogluconate are
not additi&é. Moreover, whgre higher concentrations of 6-phospno- -
gluconate inhibit the enzymé, higher concentrations of NADPH give
a greater'activation, saturating at 1 'mM and 200%.
~ Under the specific conditions of pre{ncubation, fructbse ];6-
diphosphate has an activation curve similar to that of 6§phospho-
gluconate, peaking at 0.1 mM and 70%. Above this level, activation
decreases, and inhibition is seen at still higher concentrétions..
cher métabolites tested produced smaller or no effects on the
enzyne activity assayed under these conditions.
When'e{ther NADPH or 6—ph05ph6910conate is present in the
preincubation mixture, it becomes possible toAde;ermine the Km for
bicarbonate using a Lineweaver-Burk plot, and the'Km for bicarbonate

- - under these conditions is 2.8 mM, corresponding‘td 0.3% CO2 at pH
7.8 and 25 C. |

The activation by bicarbonate and MgC]2 during the preincubation

period is a rather slow process; 2 min is required to reach maximum
activation with 1 mM bicarbonate and 10 mM MgC]Z.' The further acti-
vation by the presence of either 6—ph05phogluconate'or NADPH in the

preincubation mixture needs about 5 min to reach a maximum.
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The inhibitions observed at higher concentrations of either
6-ph05phog1uconate or fructose 1,6-diphosphate in the préincubation
assay method and at any'c0ncentration in other assay méthodg are
due to thé competitive inhibitions at ribulose 1,5-diphosphate cata-
lytic site(s). The K; of 6-phosphogluconate is 20 uM and that of
fructose 1,6-diphosphate is 190 .M. Among the metabolites of the
oxidativeband reductive pentose phosphate’cyc]es, S;Phosphoglucqnatg
is the strongest inhibitor discovered so far. |

Since 6-phosphogluconate is unique to the oxidative pentose
phosphate cycle and inhibits at concentratiohs comparab]e to those
found in vivo, it is proposed that its inhibition on carboxylase
may be a regu?atory factor. The specifié activation induced by
NADPH, which is an important reducina compound producéd during
the light pefiod, may also play the necessary activating role fdr
the enzyme in vivo. The possible mechanisms by which ribulose 1,5-
diphbsphate carboxy]ase is regulated by these two metabo]ites,

especially during light-dark-light transiticn are discussed.
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ABBREVIATIONS

adenosine 5'-triphosphate

adenosine 5'-diphosphate
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g]uéose 6-phosphate
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INTRODUCTION:

HiStorica]]y, the chemical reactions invd]ved in plant photo-
- synthesis are divided intd two phases, the 1ight’and dark phase
reactibns; the former dea]s with the reactions which convert light
quanta into- chemical energy: ATP and NADPH. The chemical reactions
which use this ehergy to synthesize carbohydrates and other com-
poundé for'phyéiological needs are called dark phase reactions, since
these reactions only use the energy to carry out the syntheses and
have_nothing to do with the ]{ght directly. Thé pfimary reactions
involved in the dark phase reactions are those in the’carbon re-
duction cycle (Calvin cycle) (5). This cycle consists of a series
of clclic reactions which convert CO2 and H20 into glucose at the
éxpenSe of ATP and NADPH. The net reaction of the cycle is:

6.C0, + 12 H + 18 ATP + 12 NADPH + 12 H,0

= hexose + 18 P. + 18 ADP + 12 NADP'

Since the reductive pentose phosphate cycle was elucidated by
Calvin and co-workers in 1950's, the regulations of the chemical
reactions in this cycle have been studied intensively throughout
the world. Photosynthetic carbon metabolism is.conirol1ed by many
ways such as membrane transport, ]ight-dark-]ight:transition, ion
flux,vefc. (3). One tategory of such regulation‘is the enzymatic
control of the reaction rates of some of the metabolic steps.

Bassham and co-workers have been studying the regulations of
'photosynthetic carbon metabolism either in green-algae‘ce11s in vitro
or in iso]afed chloroplasts from spinach leaves (4). Their studies

demonstrated that some of the enzymes of the Ca]yin cycle are really



the regulatory enzymes which control the reaction rates of several
metabolic processes. Fig.1 indicates such regulation steps in the
reductive and oxidative pehtose phosphate cycles.

In can be shown that -each reaction of the cycle cén'be carried

out without light, in vitro, as long as the necessary reactants are

present and the specific enzyme and co-factors exist to accelerate
the reaction rate. - However, as we know, chemical reactions in
the living systems are not as simple as those in vitro; they are

well under control so that the metabolic balance can be maintained.

Although each reaction in the Calvin cycle can proceed in the dark

in vitro, for some reasons indicated below it is reasonable to ask,

"Can the Calvin cycle be operating in the dark in vivo? If not,

What are the possible mechanisms which regu]éte this cycTe?"

If the Calvin cycle functions in the dark, because the synthe-

ses of sugars from C0, and H,0 definitely need ATP and-NADPH, it is’

quite reasdnab]e to ask where the energy and reductants come from
while there is no energy supply from light. The limited amount

of ATP or NADPH left over from the light period (from cyclic and
hon-cyc]ic_photophosphory]ations) must be used up inva very short
time, if light is the only source of energy. Hdwe?er, we know that
the degradations of sugars and ]ipids and oxidatiVefphOSphory]ation
in the mitochondria can liberate ATP and NADPH. Is it possible that
ATP and NADPH so produced can be used to synthesize sugaré? Logi-
cally there is no reason to believe that a livihg system would
degrade a‘compound in order to synthesize the‘samg'compound. If
thiﬁzwere true, there would be a large waste of enérgy accordiné

to the second law of thermodynamics. Therefore,fit is thought that

-
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Fig. 1. The Reductive Pentose Phosphate Cycle.(Calvin Cycle) of
F;hotdéynthesis. . Solid Tines indicate reactions of reductive cyc;le,' |
dashed»]i_nés re.actions of oxidative cycle. Open arrows indicate
~ positions of enzymes activated in light; dark blunt arrow indicates

position of enzyme activated in dark.



the carbon reduction cycle does not. (except for a short time)

operate in the dark, in vivo. MWhen Chlorella pyrehoidosa have
' 14

been photosynthesizihg with " "C0, and the light is turned off (32),v

2
~ the 1eve1s of Tabeled metabolite change 1n a way 1nd1cat1ng a

- shift from the operation of the reductive pentose phosphate cycle
to oxidative pentose phosphate cycle. Among the monifestations of
this shift are the inactivation of phOSphoribu]okinaée (which
convérts.RUSP and:ATP to RuDP and ADP) .and the inactivation of

~ RuDPCase. At.the same time, labeled 6PGIuA appears (6), indicating
'the onset'of.the operation of the oxidative pentose phosphate cyc]e;
Therefore, it is seen that light-dark-light transition is one of
the most important‘regu]ations of photosynthetic carbon metabolism

in vivo.

——

Ih biological systems, it is a common phenoheoon that a series
of consecutfve reactions is controlled by the enzyme which catalyzes
the first'feaction in the sequence. Thé enzyme, ribulose 1,5-
diphosphate carboxylase (EC, 4.].].39), is the first enzyme in the
Calvin cycTe_which catalyzes the following reaction (45; 46){

RuDP + co2 + H?_O‘.'===§ 2 PGA 46 = - 9.8 Kcal/mole
This reaction seems likely to be subject to metabOIic;regu]ation
in vivo, since it is accompanied by a high negative free energy
change undér conditions of steady-state photosynthesis (7), and
thus is a rate-]imitihg step. Other obsekvotions of metabolic level
change in vivo, such as after the light to dark transition, also
suggest that,RuDPCasé changes in activity. _ _

" From the analysis of steady-state levels of RuDP in the dark

g"<

following photosynthesis, Pedersen et al. (32) concluded that the



mechanism for the carboxylation reaction in vivo becomes inactive

after 3 min of darkness, since the level of RuDP drdps.very slowly
| after this time, despite the fact that the free energy change for
the carboxylation reaction is about 10 Kcal/mole negative (7).
Other studies showed that the carboxylation reaction is inactivated,
even with the light on by the addition of fatty acids (31) which
are thought to interfere with the ion pumping in the thylakoids.
_Inactivation'a]éo occured with the addition of vitamin K, thought
to interfere with electron transport (21). | |

Jensen and Bassham (18) found that C0, fixation in isolated
4'ch1dfqplasts ceased within about 2 min aft?r the Tight was turned
off. If ATP was added to the chloroplasts, the level of RuDP was
‘maintained as high in the dark as in the light, yet C0, fixation
stiT] stopped completely in the dark. Thus the dark inactivation
of thé carboxylation reaction apparently occurs in isolated chloro-
plasts as well as in vivo. ]

It has been proposed that RuDPCase is activated in'the 1light
in_chlbroplasts by changes in the ionic content of the chloroplasts,

and by the higher ratio of reduced to oxidized coenzymes (3,4,6).
2

vBoth the changes in ionic content (especially Mg+ and H+) and the/
hjgher ratio.of reduced to oxidized cofactors would be consequences
‘of the photoe1ectroﬁ transport reactions occuring in the thylakoid
membrgnes, and it wa$ proposed that these changes, as reflected in

the 4troma region, provide a general regulatory mechanism whereby

_ |- : L
RuDPCase and other key regulated enzymes are activated in the 1ight.
|

Such 'a light-activated mechanism does not necessarily obviate the

needgfor anothér mechanism to turn off more completely the



: éarboxy]ation-in the dark.

The specific éctivity of the iso]ated'RuDPCase fn‘early studies
seems too low for it to be able to éatalyze COZ fixafion at the
rates observéd for green cells ig_!i!g (33). Thejlow enzyme
activfty{pespécially‘at low Coé concentrafion, affofdé doubtvas to
its real significance in“CO2 fixation in vivo. One of the factors
rgsponsib]e for the low enzyme activity observed in an isolated |
enzyme system is the lack of some factor(s) which may actually
actiVaté the eniyme activity so that the reaction fate can be
increased., The earlier studies of Pon et al. (34) indfcated that
if the enzyme is breincubated with both bicarbonate and MgC12 it
will achieve maximum activity. This fact reveals the pbssibility-_
that MgC]é and bicarbonate have an activating effect. One recent
reﬁort of'thé'activation‘of RuDPCase activity is thé.FGP effect
discovered‘by Buchanan and Schurmann (10). The light activation
factor discovered by Wildner and Criddle (48) also Shows activation
in the presencé of ]ight. These resu]té tlearly demonstrate the
impbrtance'of'the activators in the regulation of_RuDPCase activity.
As indicated above, the 1ight-dark-light transition turns on and
_ofﬁlsome of the réactiOns in the oxidative and reduttive pentose
phosphéte cycles. Some metabolite concentrations should change
draétical]y during this transition. Also, it is kndwn that ATP and

NADPH are produced by cyclic and non-cyclic photophosphorylations

when the light energy is available. These metabolites in the chloro-

plasts would be the most possible candidates for the control of
RuDPCase aétivity, especially during the ]ight-dark-1ight transition.

The study. of an enzyme activity:requires an}é¢¢urate assay
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method to measure its ability to cata]yze'the reactioh. Since Pon
et al. (34) found that the preincubated and non-preinCubated enzyme
gave significantiy different activities, it is important to
establish an accurate assay method. The discrepancies betﬁeen the
results of several reports might be due to the poorly:described
assay»methods used by‘different auéhors. Because the carboxy]atioh
reaction needs three substrates (C0,, RuDP and H,0) and a divalent
cation is necéssary.for enzyme activity, there are a variety of ways
in which the'énzyme actfvitiés can be measured. When an effector =
participates in the enzymatic reaction, the effector can be added
before, éfﬁer, or simul taneously wéth the substrate(s). The changes
of enzyme activities due to the different orders 6f addition of the
substrates, metal ion, and the effectok might reveal the binding
mechanisms of these small mo]ecy]es on the énzyme.

As mentiohed above, the carboxylation reaction has an absolute
reduirement for a divalent cation and it has been Suggested that
control of metal idn activation might play a role in the regu]atioh
of the enzyme activity in vivo (6). However, little is known about
thé sfoichiométry of the metal jon-enzyme interaction, the nature

of the groups on the pFotein involved in the interaction, or the
 mechanism of the activation. In fact, the only case where binding
of metal ions to the enzyme has been studied invo1ved.inactive
ternary complexes bf the enzyme with a substrate analbgue or complexes
with cyanide (49). Putative evidence for the existence of an enzyme-
COZ-Mg+2 hés been reported (1).

Studies of other investigators indicate that Mn*2 ion can

2 +2

partially activate enzyme activity as compared to Mg+-.. Mn ", not
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Mg+2,-has'the unpaired spin which is necessary to give an ESR signal.

Free Mn+2 jon in solution has an intense 5sotropic ESR spectrum

but the ESR signal of'Mn+2 bdund to small molecu1es and proteins is

often broadehed and undetectable providihg a convenient means of

measurfng”bindingvconstant (]2, 24, 25). )
Becauée»Mg*Z is the ion which activates the enzyme ig_!ixg,

it is assumed that the binding if Mg+2 is more effective than that

-of Mn+2.

Addition of Mg+2 to the Mn+2—bound enzyme will Tiberate
 Mnf2'ffom_the'Mn+2-enzyme complex, ff both jons haye the same
binding site. The competitive bindings of these two ions should
be indicated by the signal intensities.

RuDPCase was first discovered by Quayle et al; (35) in green

algae and by Weissbach et al. (46) in spinach leaves in 1954. Later

it was found that this enzyme is actually the same protein as
Fraction I protein isolated by Wildman and Bonner in 1947 (47).
Since the discovery of this enzyme almost 20 years ago, enzymes
have been fSolated»from a large variety of sourceé, from higher
plants. to photosynthetic bacteria. | |

 The enzyme isolated from spinach leaves has a molecular weight
of about 560,000 and contains two kinds of subunits.. The bigger
sugunit has a molecular weight of 54,000-60,000 and the small one
of'12,000-16,000, The whole enzyme probably conSists:of 8 subunits
of each kind. According to Wishnick et al. (50) this enzyme also
has one coppervatom per whole enzyme mo]ecu]e; The nﬁmber of
binding sites of RuDP was determined to be 4 + 1 to 8, depending
on the ionic strength used in the measurement (49)} Recently,

eight binding sites for_Mn+2 ion has been reported'Whén a saturated
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amount of bicarbonate was present (27). SéveraT review articles
about thi§ enzymé from différent sources have been:published
recently (20, 23, 46)“

| Some of the pdssib]e mechanisms which have been proposed to
regulate RuDPCase activity are: the dependence of optimal pH of
the enzyme on Mg+2 jon conéentrations (8), the 1ight activation
factor (48), F6P_a§tivation and FDP deactivation (11) and heat
activation (19). A1fhough all tﬁe mechanisms jUsf ménpioned offer
possible ways that the enzyme activity is regu]ated.by metabolites
or other factors, they are not necessarily the on]y means of
regulation. It is my intention to study the prob]ems ment1oned
previouly and hope that some other regu]at1on mechanisms can be

obta1ned fron these studies and thus broadening our understanding

.in the control of photosynthetic carbon metabolism.



10 -

| MATERIALS

Spinach leaves used for the isolation of RuDPCase were pur-
chased from local markets. _Ih tﬁe stﬁdy of €0, fixatjoh in iso-
lated chlorop]asts, fresh leaves were obtained from spihaéh grown
in vermicﬁ]ite. | o | |

The commercial available chemicals and ehzymes'Were purchased
frbm several companies as iﬁdicated below. |

Sigma Chemical Co. (St. Louis, Mo.): Sodiuhvgalts of F6P, FDP,
 PGA, NAD, NADH, MADP, NADPH, 6PGIuA and G6P; a—kétog]utarate;
G]cu}A 1-P, potassium salt; DoweX—SO, Ht formj Barium salts of Ru5P
and RuDP; L-glutamate dehydrogenase; F6P kinase; RuSP kinase; DTT.

Calbiochem (La Jolla, Calif.): ATP, sodium salt; G6P de-
hydrbgenase; glutathione, reduced form. |

| The scintillation fluid, " Aquasol", was the prbduct of New
England Nﬁc]eaf (Boston, Mass.).
' Acid forms of RuDP and Ru5P wefe generéted from solutions of

barium salts of these compounds with Dowex-50, H' form.
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EXPERIMENTAL

1. Purification of RuDPCase. In order to study'tﬁe charac-
teristics of this enzyme, it is necessary to establish a re-
producible method of purification. Methods described by others
were tried. The following purification steps emb]dyed in this
study are adapted or modified from those studies (30; 37, 43).

Crude extract. Spinach leaves were washed in tap water and

distilled water. The destemmed leaves were chopped and homo-
genized inrthe Waring Blender for 3 min in 2 vol of phosphate
buffer (0.02 mM, pH 7.4-7.5). The homogenate was filtered through
several layers of cheese cloth. The filtrate was then centrifuged
in the Sorvall RC-2B centrifuge (rotor ss-34; 17,500 rpm, 30 min).
The supernatant vas termed "crude_extractf.

Sephadex G-25 column chromatography. The crude extract was

loaded on the Sephadex G-25 column which had been equilibrated
with phOSphateAbuffer. The eluate fractions were assayed for car-
boxylase acti/ities and the fractions with h}gh'activjties were
pooled together. The volume of this "G-25" fraction Qas about the
Same.as that of "crude extract”.

. Ammonium sulfate fractionation. Ammonium sulfate was added

slole to the fG-ZSf fractidn to 30% saturation. The solution was
kept at 0 C for at least S,hr; The precipitate was discarded aftef
centrffugatidh at 10,000'9 in the Sorvall centfifuge (rotor GSA,
8,000 rpm, 30 min). The supernatant was brought to 60% saturation
with ammonium su]fate;, After keeping at 0 C for at least 5 hr, the
brecipitate was collected by centrifugation at 10,000 g in the
Sorvall centrifugé (fotoe GSA, 8,000 rpm, 30 mih). The precipitate
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was dissolved in phosphate buffer. This fraction was named “ammo-

nium sulfate precipitate”.
! .

DEAE-cellulose column chromatography. A washed DEAE-ce]]u]Ose

column was equilibrated with phosphate buffer. The dialyzed “ammo-
nium sulfate précipitate"’solution was layered on the top of the

resin, After it was absorbed, the resin was eluted with two volumes

of phosphate buffer and then with a linear gradient of NaCl (0 - 1 M).

The eluate fractions with high carboxylase activities:were combined
and precipitated with ammonium sulfate at 60% saturation. The
protein collected by centrifugation was dissolved in phoSphate

buffer. It was named "DEAE" fraction.

Sephadex G-200 column Chromatography. Swelled Sephadex G-200
gel was equi]fbrated with phbsphate buffer in a column. The dialyzed
"DEAE" fraction was put onto the top of the gel and é]ufed with
phosphate bufférf The fractions with high activities were pdo]ed
andvprecipitateﬂ with ammonium sulfate at 60% saturation. The
‘protein collec:ed by centrifugation was termed "G-200" fraction.’

This'last prepared enzyme was used in the following studies,

2. Assay methods of enzyme activity.

. A. Genaral principle and procedure. The enzyme activity was

detennined by measurement of the radioactive acid-stable compound

. formed when ]4C02 was used as a substrate in the'reaction hixture..
Because different assay prddedures have been found to give very
different results, we shall describe detailed experimental methods
used in assaying the‘activities. The assays were cdnducted in. the
17x60 mm glass vials. Each vial was first flushed with N, gas- and

sealed with a rubber serum stopper. Tris-HCl bufferv$olution and
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solutions of’RuDP, NaH]4CO3, effector(s), and enzyme'were injected
into vials by microsyringes at different stages accordiﬁg to the

assay method used. All the. so]ut1ons, except NaH]4C0 had been

3,
bubbled with Né gas in order to remove CO2 and 02 dissolved in the

- solutions from the‘air.

The MG-200" fraction was first dissolved in phosphate buffer
and then dialyzed against the same buffer with at 1§ast six changes.
The dialyzed enzyme solution was centrifuged. The Sdpernatant
' enZymé soiution usually contained 50 mg/ml of proteih ~ Before the
eXper1ment th1s enzyme solution was diluted w1th tris-HC) buffer
 ' 0.1 M, pH 7 8, wh1ch contained either 10 mM or no MgC]2 Tris-
HO solution had been bubbled wlth N, gas prev1ous1y,:but not thev

- enzyme 501ution. USua11y.a 200-fold diluted enzyme solution was
“used for the assay. In 611 assays, unless othgnN{ngindicated, the,
final.concentration of each compoﬁeht vas the fo11pwihg:. tris-HC1;
0.1 M; pH 7.8; MgCl,, 10 mM; enzyme, 10 ug; RuDP, 0.5 mM. The
amounts of NaHMCO3 (and its specific’ rad1oact1v1ty), effector(s)
the pre1ncubat1on and/or reaction t1me (see below) are 1nd1cated
for each exper1ment. The final volume of the react1on m1xture was
0.4 .ml1. A1l the preincubations and reactions were ¢onducted at 25

| C. 'At the‘end of the reaction, 0.1 ml of g]acia1 acetic acid was
‘  ,added to stop the reactioh. _Then vials were flushed with N2 gas at

:‘room température_to dryness; 0.5 ml water was added to dissolve

| thé remaining material in the vial. Six ml of ”Aquasd\“ was then

- added. After mixing,'the vials in the vial hoiders (Isolab Inc.,
Akron, Ohio) were counted in the liquid scintillation spectrometer.

~ With 14C-to]uene as internal standard, the counting efficiency for
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~carbon-14 with "Aquasol" and the small vial in the vial holder was
about 75%. | - |
The préincubation fime is the length ot time in_which the

enzyme is vincubated with part(s) of the reaction'ingredients before
the start of the reaétion. The reactioh time is the length of time
in which the reaction have taken place.

‘ P}otein concenfratibn was determined by UV absorption atv280
mm. The factor, 0.D. = 1.0 for 0.61 mg enZyme/m]; was used for the
calculation of protein éoncrntration (30).

B. 'Assay methods with no effector.

Assay Method I. The reaction was started by adding the enzyme .

to the reaction mixture which contained all the required ingredients.

Assanyethod II. As in I, except that the enzyme had been pre- =

1

incubated with MgC]2 for at Teast 10 min.
14

Assay Method III. The enzyme had been breincubated with NaH

for 10 min before the reaction was started by adding the mixture of

\

RuDP and MgC]z,

v"Assay Method‘IV. The enzyme had been preincubated with both
14

MgC]2 and NaH C03 for a specific length of time before adding RuDP
to start the reaction. | - |

C. Assay methods with one effector. For the studies of acti-

vation and inhibition, the order and procedure for adding the
effector will be indicated below.

Assay Method V. Method II was used; the effector was added

in the reaction mixture before the addition of the enzyme.

- Assay Method VI. Method IV was used; the enzyme had been pre-
incubated with the effector along with MgCl, and.NaH]4C03 for a

0,
<
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specific length of time before the addition of RuDP to start the

reaction.

‘Assay Method VII. The enzyme had been preincubated with both
14

€0, for a specific length of time before starting

3
the reaction reaction by adding the mixture of RuDP and the effector.

MgC]2 and NaH

Assay Method VIII. The eniymé‘reactions were carried out in

several vials according to Method 11 (preincubation with MgC]2 but -
not with.NaH]4C03); one reaction was stopped ét 5 min. The effector:
was added'tb‘qther three vials at the end of 5 min and the reactions

were allowed to proceed for another 1.5, 4.5 and 7.5 min. The |
enzyme activity was measured from the reactjon raté between 5 and
12.5 min of reaction in each case. |

‘Assay Method IX. As in VIII, except that Method IV (pre-

“incubation With.both MgCl2 and NaH]4C03) was used instead of Method
_II. The enzyme activity was measured as above. o

Fdr'tﬁe kinetic studies, the assays were cohducted in separate
vials for various preincubation and/or‘}e=¢tion time. 1In the kinetic
'stddy of the activation of one effector, the effector was-added to
_ the enzyme which had been preincubated withlboth Mgc‘l2 and NaH14C0$
:—go;fhaf the prefncubation time with the effector in each vial was
different but the total preincubafion time with MgClé and NaHMCO3
was kept the same. | B |

D. Assay methods with two effectors;

~Assay Method X. The enzyme was preincubated simultaneously

with both effectors, 1n the presence of MgCl, and Nah'%c0,, for a
Specific ]ehgth of time before the addition of RuDP to initfate the

. |
reaction.



~effector in the presence of MgC]2 and NaH

16

Assay Method XI. The enzyme was preihcubatedﬁwiﬁh'%QEHéffector
. ]4 . Pxat s

in the presence of_MgC]2 and NaH CO3 for a sbecifiE Tenaih‘of time
before the addtion of second effector. After the completion ef_the'
second preincubation,_ﬁuDP was added to initiate the reaction.

| In'kinetic studies of‘fhese assays wfth two_effectors, the'
enzyme was first,preincUbated in seearate vials With'the first
]4C05 for a specific

length of time beque the additions of second effector. After the

. completion of the second preincubations, .with various lengths of

time for each vial, RuDP was added to initiate the reactions.

E. Control experiments. In order to check that the above

activating and inhibitory effects are rea]]y induced by effectors
S0 1nd1cated, severa] contro] experiments have been performed to
varify the1r effects on enzyme activity.

a. 6PGluA: 6PG]uA was freshly generated from GGP NADP, and
GSP dehydrogenase.' In each of the other three reactions, one of the
three ingredients was Omitte&. ~The feaction products mixture of
each tube'was used to test its effect on RuDPCase activity.

b. NADPH: The commercial NADPH, which gave the activating

effect 'on‘RqDPCase activity, was treated with NH4C1, a-ketog]utarate;

and'L-g]utamate dehydrogenase. In-each of the other four tubes, ohe'
of the four ingredients was omitted. The reaction products mixture
of eaeh tube was used te test its effect on RuDPCase activity.

c. FDP: FDP was produced in the reaction of F6P, ATP, and
FéP kinase. ‘In each of the other three tubes, either F6P, ATP, or
F6P kinase was Qmitted; The reaction products mixture in each fube

was used to test its effect on RuDPCase activity.
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RuDPf‘ RuDP was first generated from Ru5P a;d ATP in fhe
presence of Ru5P kinase. }In each of the other three tubes, either
ATP, Ru5P,or Ru5P kinase Was-omitted;v'The reaction products mixture
in each tube was used to test its effect on RuDPCase activity.

3. CO2 fixationvin isolated ch]orop]asts; Spinach chloro-

14
C0y

plasts were isolated and allowed to photosynthesize with NaH

‘as described preVious]y (18). Rates of ]4C uptake:into acid{
:Stable compounds.were determined, and analysis was made of these
compodnds by paper’chromatography and radioautography (32). These
‘rates and patterns were compared for chloroplast suspensions wifh
and without additions of 6PGIuA to concentfations‘of)0;34 and 0.68
mM. | -
| | 4. ESR $§udx; Tris—HCl buffér solution (0.05 M, pH 7.8) was
‘used throughout fhis study. X-band ESR spectra of either standard

.Mn+2v501ution, the mixture of RuDPCase and Mn+2, or the mixture of

RuDPCase, Mnfz, and Mg+? was recorded on a Varian E-3 spectrometer.
.Same experiments were also performed with two other concentrations

‘of tris-HCl buffer, 0.01 and 0.2 M.
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RESULTS~~‘

1. Enzyme purity. The enzyme pur1f1ed by the methods used in
this study had a spec1f1c act1v1ty of about 1.2 un1t/mg prote1n V
One un1t is defined as 1 umole of carbon incorporated into ac1d-
stable compound per min. The purity of the enzyme was checked with
‘gel electrophoresis. ‘The final "G-200" frection contained only
one_proteinhas shown by gel-electrophoresis (Fig. 2).

2. Enzyme activities of several assay methods with no effector.

It was found that dissolved 002 in the buffer solution from air
~could activate the enzyme activity. Because the amodnt of C0, in
the so]ution varies from time to time due to the storage cohdition,
it is hecessary to expel the dissolved C0, in the solution so that
the act1vat1on effects due to preincubation with MgC]2 and bi-
carbonate can be accurately determined.

_ w1th 1 mM NaH]4C03, the k1net1c stud1es using Assay Methods

I- IV showed that the enzyme gave by far the highest activity when
it was preincubated with both MgCl, and NaH!*c0; (Method 1v, Fig.

3). The enzyme when preincubated with only MgCl, (Method 1), or

NaH]4

only 1/10 of the‘actiyity obtained under the above preincubation

€05 (Method I11), or no preincubation at all (Method I) gave

conditions. While the highest rate with the enzyme preincubated

]4C03 was during the first 5 mtn, the rate

with both-MgCl2 and NaH
remafned about 6 timeslgreater than the rate for the other assay

conditions for the period from 5 to 20 min. The one which was pre-
incubated with MgCl, had a. sl1ght1y h1gher act1v1ty than the other

two.

14

At a mueh higher concentration of NaH €04 (50;mﬁ); the reaction
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Fig. 2. Gel electrophoresis of two fractions from the purification
of RuDPCase. 1 and 2 are "DEAE" fractions. 3 and 4 are
"G-200" fractions. Top thick bands are RuDPCase.

19
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Fig. 3. Fixation of ]4C0 via the carboxylation reaction with or
without preincubation vs. time of reaction. In the non-preincubated
system, the reaction was started by adding the enzyme to the reaction
mixture which contained all the required ingredients (Method I).

For the preincubated cases, the reactions were started by the addi-
tions of R*EP to the enzyme which had been preincubated with HgC]z
and/or NaH'"CO, (1 mM, 4.1 uc/umole) (Method II, III, and IV).
preincubation %ime: 10 min,

e " .
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rates from 9 to 20 min were almost the same (Fig. 4), irrespective
ofvwhether or not the enzyme was preineubated, although during the
- first 9 min the preincubated enzyme gave the higher activity.

The activities of enzymes which had been preincubated with
MgC]2 and NaHMCO3 for varfous 1engths of tfme indicated that the
enzyme reached'the maxim&] aétivity after about Z.min preincubation

at 25 ¢ When the concentration of NaHMCO3 was 10w (1 mM) (Fig. 5).

14

At h1gh NaH CO3 concentration (50 mM), 30 sec was enough to reach

the maximum activity. , ,
3. Effects of G6PGIUA on enzyme activity. With 1 mM HaH'*cO

3a

inhibition was observed when 6PGluA was added to the reaction mixture

5 min after initiation of the'reaction; whether the rate was high
following preincubation with both Mg*2 and NaH' €05 (Method IX, Fig.
6A) or.low fb]lowihg preincubation with only MgCT2 (Method VIII,
Fig. GB); Similar inhibition was seen upon addition of 6PGluA to

]4C03 5 min after reaction

reaction mixtures containing 50 mM NaH
inftiatfon.fo]iowing preincubation according to Method IX (Fig. 7A)
‘or Method VIII (Fig. 7B). The degree of inhibition in each case was
" calculated from the reaction rate. Addition of Glcu A 1-P gave no

_ apprec1ab1e 1nh1b1;1on 1in any of these cases. |

It was found that 6PGIuA could either act1vate or inhibit the

ehzyme activity, and the effect was completely dependent on the

14

assay method (Table I, II). At low NaH 'C05, 6PGIuA activated the

enzyme if the enzyme was preincubated with 6PGluA in the presence

14

of MgClé aﬁd NaH C03. A maximum‘of 188% activation was observed.

Even afper 15 min reaction time, substantial activation (about 2-

fold) of the enzyme was observed in the presence of 0.05 mM 6PGIuA.
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14

Fig. 4. Same as in Fig. 3 except NaH C0; was 50 mM (0;1 uc/umole).
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- Fig. 6. The effect induced by adding effector into the reacting = -
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Fig. 7. Same as in Fig. 4 except NaH

Co4 was 50 mM (0.1 uc/urﬁole). B



Table I. Inhibition and Activation of RuDPCase activity by 6PGIuA with 1 mM NaH14COq

% Activity of Control”

Assay !lethod

Effector - v vI v vIIL X
Hp0 (control)*  100-(2430)* 100 (26505)* 100 (26320)* 100 (2843)* 100 (15506)*
6PGIuA, 0.5 mM a - m 43 39 45
GlcuA 1-P, 0.5mM 93 128 94 95 o105
6PGIuA, 0,05 mM -8 . 288 87 85 84

GlcuA 1-P, 0.05 mM 103 105 ' 104 105 102

*; In each method, the'enzyme'activt1y>wa§ taken as'100%vﬁhenAH20, instead of efféctor,”was.used fn
the assay mixture, | . - .
* The amounts of carbon incorporated in cpm/5 min of reaction.

Method V: The assay reactions were started by adding MgClp-preincubated enzyme to the reacfion.mixtures

which contained the effector (or HZO). The activities were the reaction rates between O and 5 min.

L




Table 1 (continued) - .
The assay reactions we%e started by adding RuDP to the enzyme which had been preincubated

"Method VI: |
;with the effector (or HZO) along with MgCl, and NaH14CO3 for 5 min. The activities were the reaction

rates between 0 and 5 min. ‘
The assay reactions were started by adding the mixtures of RuDP and the effector (or HZQ)

 Method VII:
to enzyme which had been preincubated with MgClz and NaH14C03 for 5 min. The activities were the

reaction rates between 0 and 5 min,
The reactions were carried out in several vials according to Method I1_(preincubation

Method VIII:

with MgCl,); one reaction was stopped at 5 min. The effector {or HZO) was added to other three vials
' The

at the end of 5 min and.the reactions were»a]lowed'to proceed for another 1.5, 4.5, and 7.5 min,
activities per 5 min were measured from the reaction rates between 5 and 1? 5 mwn.wn all cases.
‘Method IX: As in the Method VITI, except that Method IV (preincubation with both MgClp and Nah!%C0,)
vas used instead of Method II. | | | | f

NaH'4c03: 4.1 yesymole.,

L2



Table II, Inhibition

and Activation of RuDPCase Activity bv'6PG1uA with 50 mM NaH14C01

e

% Activity of_Contkol*

**

V1

Assay Method'
*k

VII

IX

Hzol(control)*
6PGIuA, 0.5 mM
GlcuA 1-P, 0.5 mM
6PGluA, 0.05 mM
GlcuA I-P, 0.05 mM

100 (3791)*

50
99
87

105

100“(5732)+
55
104

89

99

100 (5705)*
58
98

85

103

105

83 -

98

100 (3930)* 100 (4300)*
40

a
103

85
102

In each method the enzyme act1v1ty was taken as 100% when Hzo instead of

in the react1on mixture.

The amounts of carbon incoporated in cpm/5 min of reaction. NaH]4C03 0.1

*&

The activities were measured as those in Table I except that the reaction

‘2.5 and 7.5 miny during this period the rates were linear with time‘(seevFig.

The activities of Methods VIII and IX were measured as those in Table I.

the effector, was used

uc/umole,

rates were taken between

4).

82
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In all of the other assay methods with 1 mM NaH CO

33
strong inhibitibn. At high NaH'*c0,, inhibition was observed in

6PGIUA gave

every case, a]though different degrees of 1nh1b1t1on could be seen.

In low NaH]4

CO3, every method, except Method VI (Pre1ncubat1on),
‘gave almost the same degree of 1nh1b1tnon -- about 60% inhibition
by 0.5 mM 6PGIUA. Glcu A 1-P qave no significant effect. At high
NaH‘4co3, Method V (no-preincubation) showed a stronger inhibition

thah the Meﬁhod VI (preincubation) did (see Fig. 11).
The ehzyme‘reached'its highest activity only after 4-5 min
preincubation with 6PGIuA (0.05 mM) in the presence of MgCl, and .

NaH]4

€04 (Fig. 8). Fﬁis‘may suggest that the binding of 6PGIuA to
the,enZyme is a ratﬁer slow process. |

When the enZyme was preincubated with various Concentrations
of 6PG1uA along with MgCl2 and NaHMCO3 (1 mM), fhé maximum activation
was obtained at 0.95-0;1 mM of 6PGIUA. As the concentration was o
incfeased beyond 0.1 mM, the activation decreased or an inhibition
effecf appeared. At as low as 5 M, 6PGIuA gave 70-80% activation
(Fig. 9); However, with Method V (no-preincubation), inhibition
wes obtained in every level of 6PGIuA (Fig. 10). |

GlcuA 1-P was used as'a_comparison with 6PGIuA. Since both
compounds have'fhe same carboky] and‘phOSphate groups, differences
in the charge effect and the fonic strength effect which might |
.influence the eﬁzyme activity are minimized. Preincubation of the

14

enzyme With 2 m GlcuA 1-P, in the presenee of MgC]2 and NaH "CO

3
_(Method,VI),'gave about 30% activation. The activation curve (Fig.
9) for.enzyme preincubated with;GicuA 1-P wvas similar to that of

inorganic phosphate. We were unable to confirm significant
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‘Fig. 8. Dependence of the carboxylation reaction on the time of
preincubation of carboxylase with the effector in the presence of

MgCl, and NaH] €04 (1 mM, 4.1 wyc/ymole). The assays were conducted"
2

in separate v1a]s Effector was added to the enzyme which had been
preincubated with MgC]2 and NaH]4C03 so that when RuDP was added,
the preincubation time with the effector in “each v1a1 was different
but the total premcubatlon t1me with MgCl, and NaH CO3 vas kept
the same. total premcuba~tlon time with MgCl2 and lIaH‘I : 10 min;

f'rgaction time: 5 min.
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Fig. 9. The effects on Ru’D,PCas'e activity caused by various con-

centrations of effectors with two different assay methods.

NaH]4C03: 1 mM, 4.1 uc/umole; reaction time: 5 min (between 0 and
5 min). A: Enzyme had been preincubated with the effector in the
presence of MgC]2 and NaHMCO3 for 5 min (Method VI). B: Enzyme

had been preincubated with MgCl, only (Method V).
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activatidn by 0.5 mM F6P, reported by Buchanan and Schurmann (10).
At that level of F6P-we saw less than 20% activation.

]4C03, no activation could be obéerved'by either

At 50 mM NaH
method. Nevertheless, Method V (no-preincubation) gave sironger
inhibition than Method VI (preincubation) did (Fig. 11).

4. Effects of other ch]ogggjast metabolites on enzvme activity.

When RuDPCase is assayed following preincubation with 10 mM MgCl,

]4CO3, together with various metabolites present in

and 1 mM NaH
chloroplasts, many metabolites have little effect in either acti-

: vating or inhibiting the enzyme (Fig. ]2). Among thoée compounds
_that doiaffect the enzyme activity, two types of dependence of:
actiVity'on effector concentration are seen, WitH 6PG1uA, as pre-
viously deScribed, a ]80% activation is seen at 0;1'mM; .above this
concenfration the activation decreases, with higher contentrations
causing inhibition. The effect of FDP js similar, but the maximum
aétivation>at 0.1 mM is only about 70%.

Avdifferent kind of dependence of enzyme activity on efféctér‘
concentration is seen with NADPH and with PGA. Activation of the
.‘enzyme continues to rise with effector concentratidn, saturétgng at
. about l mM at néar]y 200% for NADPH but about oﬁ]y'SO% for PGA.

The concéntration of NADPH needed to give 100% (about half of the
maxfmum) activatfon is 0.2 mM. Although both PGA and NADPH cause
activation with a similar type of dependence on effector concen-
tration, these two activation effecfs appeaf to be Eather specific, -

since little or no activation or inhibition of the enzyme is seen

with NADP*, MADH, NAD" (Fig. 12 and 14), or F6P (Fig. 12). Also
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Fig. 11. Same as in Fig 9 except NaH'%CO3 was 50 mM (0.1 uc/umole).

reaction't.'ime: 5 min (between 5 and 10 min).
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Fig. 12. The effects on RuDPCase activity caused by various concen-
trations of effectors with the preincubation assay method (Method VI).
The enzyme had been preincubated with the effector in the presence

of MgC]z' and alaHmCO3 (1 mM, 4.1 uc/umole) for 5 min before the )
reaction was started by the addition of RuDP. reaction time: 5 min’.
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without effect were reduced glutathione, DTT, and ATP (nct shown).
Earlier studies showed GlcuA 1-P and G6P to be Without effect.

The kinetic experiment indicated that NADPH, like 6PGluA,
~caused an activation effect only when‘if was added to‘the enzyme
before RuDP was added. The reaction which was started by addition
of the mixture of RUDP and NADPH to the preincubated enzyme did
not show ahy activation (Fig. i3). '

HWhen. the enzyme activities were measured by the nre1ncubat1on
method in the presence of effector (Method VI) at different con-
centrations of RuDP, it was found that the act1vat1ons induced by
6PG1 uA or NADPH were reduced or inhibitions were observed at low
RuDP concentrations. This effect was more significant in the case
of 6PGIUA. | |

'_ If the enzyme was assayed by adding MgC]2 pre1ncubated enzyme
- to the reaction mixture which contained all the required 1ngred1ents
'fcr the reaction (Method V), FDP caused less inhibition than}GPGluA
~ did. Othef metabo]ifes,.inc]uding NADPH, gave no significant .
| effect ( Table 111).
| A k1net1c study showed that the enzyme reached its highest
act1vity on]y after 5-6 min preincubation with NADPH (0 5 mM) in

14

the presence of MgCl, and NaH CO3 (Fig. 14).

5. Effects of 6PGIuA and/or NADPH on (HCO3 ) When the |
enzyme was pre1ncubated with MgC]2 and different concentrations of
NaH14CO3, a p]ot of enzyme activity vs. "laHCO3 concentrat1on gave
a curve not in accordance with Michaelis-Menten kinetics. It was
not posejble to obtain an accurate determination‘of'the Km by a

- double retiprpcal (Lineweaver-Burke) plot (1/v v;; I/(NaHC03) )
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Fig, 13, Fixation of 14CO via the carboxylation reaction with
different assay methods in the presence of effector vs. the time

of reaction. The reactions were started by adding RuDP to the
enzyme which had been preincubated with MaCly and MaH14C03 in the
presence of either 6PGIuA (o0——o) or NADPH (ao—a). Other reactions
were started by adding the mixture of RuDP and 6PGluA (e—e) or
RuDP and NADPH (a——a) to the enzyme which had been preincubated
with MgCl, and NaH]4C0 The $2ntrol reaction is shown by x—x .,
preincubation t1me 5 m1n NaH 1 mM, 1,08 uc/umole; NADPH:

0.5 mM; ©PGluA:' 0,05 mM; RuDPCase' 15 ug.



Table IiI.' Inhibition of PulPPCase Activitv bv Several Chloroplast

" Metabolites.

The ehzyme‘activities were assayed by Methbd V. The enzyme |
reactibnS'were started by adding the'enzyme whfch had beeh preincu-
bated with MgCl, to the reaction mixtures containing all the |
required ingredients and the effector at different}contentrationsf
NaH]4C03: 1 mM, 4,1 uc/umole. reaction time: S‘min. |

of

Relative Activity®, %

Effector added - 0.5 mM 1.0 mM 2,0 mM
6PGIUA 54 39 18
" FOP % 1’ e
 F6P | 99 o7 Y
PCA 97 % 95
NAD(H) - 99 98 65

NADP(H) ' 98 96 94

The control rate was 4,400 cpm (100%) when HZO’ instead of

effector, was added in the reaction mixture,
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Fié.-14. Dependence of the cafboxy]a;ion reaction on the time of
~ preincubation of RuDPCase with the effector (0.5 mM) in the presence
~of MgCl, and NaHMCO3 (1 mM, 4.1 uc/umole). The assays were conducted
in separate vials. Effector or buffer solution was added to the
enzyme which had been preincubated with MqC]2 and NaH]4CO3, so that
‘when RuDP was added, the preincubation time with the effector in each
_vial was.different but the total preincubation time with MgCl, and
NaH]4C0 vas kept the same.  total preincubation time with MgElz.
and N5H§4C03: 10 min; reaction time: 5 min. ' '
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(Fig. 15). Howéver, if the enzyme was preincubated with MgCl, and
different concentrat1ons of NaH]4CO in ihe presencé'dvaPG]uA'
(0.05 mM), NADPH (0.5 mM), or both, the K for HCO3' cbu]d be
determined and was 2.8 mM. This corresponds to a Km for C02 of
.about 0.3% at pH 7 8 and 25 C.

6. RuDP effects on preincubatea and non-preincubated RuDPCase.

When the. enzyme was assayed by preincubation method (Method IV), the

higher the RuDP concentration, the higher the reaction rate observed;-

however, in the non-preincubated system (Method I), fhe lower the
RuDP concéntration, the greater the rate obtained. In the latter
.system, the feaction rate at lower‘RuDP concentration inqreased

gradually énd more rapidly; at higher concentrafion the rate in-

creased much slower. (Fig. 16).

7. 'K"s'of 6PG]uA-and FDP When the enzyme act1v1ty was

assayed by add1ng the mixture of RuDP and 6PGIuA (or FDP) to start
 the reaction, inhibition was observed at every concentration of the
effector. A series of assays were performed with'se&era1 concen-
trations of RuDP. at different levels of effector.v THe plots of /v
vs. 1/(RuDP) indicatéd that both 6PGIUA and FDP induced competitive
~inhibition with regard to RuDP (Fig. 17 and 18): The K. 's have been
calculated from the intercepts at the 1/(RuDP) axis. ‘Ki for 6PGIuA
‘was 20 uM and that for FDP was‘i90 QM; It shows thét 6PGIUA ia a

~ stronger inhibitor than FDP. The former can bind at the RuDP cata-.
lytic site-about 10 times as strongly as FDP can; Km(RuDP) de-
‘termined in the same experiment was about 35 M. |

8. Comb1ned effects of two effectors on RuDPCase act1v1ty

When the enzyme activity was assayed by Method VI (preincubation w1th
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Fig. 15. ‘Lineweaver-Burk plot for the effects of NaHMCO3 concen-

tration on the RuDPCase activity in the presence of effector(s).
In each case tne enzyme had been préincubated with the effector in
the presence of MgC]2 and different concentrations of I‘IaHMCO3
(1.68 ucfumole) for 5 min before starting the reaction by the
addition of R-DP. reaction time: 5 min.
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Fig. 16. The effects of RuDP on preincubated and non-preincubated
enzyme. The carboxylation reactions were started by additions of
different concentrations of RuDP to enzyme which had been pre-

incubated with MgCl, and fiaH'*
(open markers). The reactions were initiated by adding the non-
preincubdted enzyme to the reaction mixtures which contained the
. same amounts of ingredients as in the above reactions (closed

markers).

w3UrM,Zﬁ uwc/ yole) for 5 min-
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Fig. 17. Inhibition of RuDPCase by FDOP. The reactions were started
by additions of the miktures of RuDP and FDP to the‘enzyme which had
been preincubated with MgC]2 and NaHMCO3 (1 mM, 1.4 uc/umole).
preincubation time: 5 min; reaction time: 5 min; concentrations of

FDP are indicated in the figure.
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Fig. 18. Inhibition of RuDPCase by 6PGluA. The reactions were
started by additions of the mixtures of RuDP and 6PGIuA to the
enzyme which had been preincubated with MgCl, and Natdco, (10mM,
1.4 uc/umole). preincubation time: 5 min; reaction time: 5 min;

concentrations of 6PGIuA are indicated in the figure.
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the effector along with MgCl, and NaH!*c0;), both 6PGTuA and HADPH
showed activating effects as described before. With NADP or.NADH

in the abdve'preibcubation medium, no effect could be observed.

Thus the activation inducedvby_ﬁPﬁluA (0.05 mM) or NADPHa(O.Z mM)

is not reduced by either'NADP or NADH (1 mM): However, if FDP was
added in the preincubation medium’(Method X), the activation induced
by either 6PGIUA or NADPH was partially or completely abolished,
‘depending on the order of addition of the'effeﬁtors; FDP, at 0.25
mM, induced about 50% activation and this activation was not reduced
by another‘adaition_of FDP, at‘0.75 mM, which-wasfaddéd with RuDP
after the preincubation had been.comp]eted. The Same total amount
of FDP, i.e. 1 mM, had a deactivating éffect if it was added in the
preincubation medium. Table IV summarizes the combired effects of
two effectofsﬁ ' ‘

As shown in Fig. 19, the activation induced by 6PGIuA during
the first preihcﬁbation period can be gradually reduced by FDP in
the second p}eincubation period. On the other hand, the deactivating
- effect induced by FDP (1 mM) can be gradually removed by 6PGIuA
during the seéond preincubation'period. Both the activation with

6PGIuA and déactivation with FDP are rather s]ow'processes.’

. 8. Control experiments. |
a. 6PGluA: From results obtained (Table V); it is clear that
'6PGIQA, not impurities in the chemicals puichaéed,:was the cause of
activation and inhibition observed.
b. NADPH: The control experiment indicated that NADPH, which
gave the;above activafion on RuDPCase activity, could not show any

~activating effect after it was oxidized in the reactipn.catalyzed by



Table IV, Combined effects of two effectors on RuDPCase activity.

"The enzyme actfvity was assayed according to the fol1owing scheme:

- NaH'%c03, MgC1, enzyme

and first effector

second

“effector

5 min

reaction -

" started with'

relati

activity, %

ve

Ha0

6PGIuA, 0.05 mM

" NADPH, 0.5 mM

FOP, 1.0 mM

6PGIuA, 0.05 mM + FDP, 1.0 mM
NADPH, 0.5 mit + FDP, 1.0 mM
6PG1uA, 0.05 mM

- MADPH, 0.5 mM

6PG1uA, 0.05 mM
NADPH, 0.5 mM

(to,be continued)

FOP, 1.0 mM
FOP, 1.0 mM

RubP”
RuDP
RulP -
RubP
RulP
RuDP

RuDP + FOP, 1.0 mM

_ RuDP + FOP, 1.0 mM

RuDP + FDP, 1.0 mM

-RuDP
RuhP

**%

100

275
265
95
100

104 -

&5

250.

240

. 188

174

9%



Table IV (continued) . n

FDP, 1.0 mM ~ 6PGIUA, 0.05 mM

FOP, 1.0 mM NADPH, 0.5 mM_

FOP, 0.25 mM

FOP, 0.25 mM

RuDP - -
RufP
RuDP

RuDP + FDP, 0,75 mM

101
104.

155
145

*.RuDP concentration was 0.5 mM for all assays.

*% .
The control was 11,000 cpm/5 min of reaction.
Na'#c0g: 1 mM, 1.5 uc/umole. |

MgCl,: 10 mM

Ly
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Fig. 19. The effects of 6PGIuA activation and FDP deactivation.
The enzyme was first préintubated in separate vials with 6PGluA in
the presence_of HgC]2 and NaHMCO3 (1 mM, 0.5 uc/umole) for 5 min
before the additions of the second effector, FOP (1 mM). After the
completion of the-secbnd preincubations with various lengths of
time for, each vial, RuDP was added to initiate the reactions (upper
curve), The lower curve shows the result when FDP;was the first -
effector and 6PGIuA was the second effector. reaétion time: 5 min,

1
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Table V. Control Experimént of EPGIUA.

6PGluA vas first generated by the reaction of 5 m of G6P
‘with 5 nM of NADP in the presence of G6P dehydrogenase (10 units)
in O.l.M‘tris-HCI buffer. pH 7.8.~ In each of the other thfee tubes,
either GGP,-NADP, or G&P dehydrogenase v1as émitted. M1 the tubes
~ were incubated for 20 min at 25 C. After the reactioh, part of the
reaction prodpcts_mixture in each tube was diluted 10-fold with the
same buffer, An aliauot (40 ul) from each of the original and
diluted reaction products mixtures was added to the vials for assay
‘of RuDPCase activity, using either Method V or Method'VI. so that
| the concentrations of the effectors were decreaseﬂ'lo-fold (i.e.

“the final concentration in the complete system was 0.5 or 0,05 mH).

Assay Method V* Assay Method VI** ¥
incubation systen activity % activity %
(cpm) (cpm)

AN ingredients 871 38 50974 183
minus NADP | 2267 99 29296 105
 micus 66P 213 95 34003 122

minus GEP dehydrogenase 2239 98 30487 109
. minu§ alf*ingredients_ 2291 100 27861 - 100

~ {control) ™"




Table V (continued)

10-fold dilution of above incubation system:

A1 ingredients 1886 82 77978 287
minus NADP - 2234 98 28602 103
minus G6P | 2245 98 29090 104
minus G6P dehydrogenase 2225 97 27490 99
*

reactipn'fime: 5 ming HaH]4CO3: ] mti, 4.1 uc/unoie.

+ preincubatioh time: 5 min |

** In eacﬁ method, the enzyme activity was taken as 100% when only
buffer so]ution (without G6P, G6P dehydrogenase,.or NADP) was used :

in the assay.
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L-glutamic. acid dehydrogenase in the presence of a-ketoglutarate
and.NH4C1.‘ When either a-ketoglutarate or NH4C1 was omftted iﬁ the
reaction, the reaction‘mixture induced about the same activation on
* RuDPCase activity as the original MADPH.

c. FDP: FDP producéd.in the reaction of F6P, ATP, and F6P
kinase could causé deactivating effect on RuDPbasg, The reaction
mixture which was lacking any of those three ingrédients could not
demonstrate any deactivating effect. _

d. RuDP: RuDP generated from Ru5P and ATP in the presence of
Ru5P kinase showed the inhibitory effect on RuDPCase activity by
using Method I. The reaction mixture which was 1§tking any of

those ingredients did not give any inhibitory effect.

]Q. Effects of 6PGIUA on €O, fixation in isolated chloroplasts.
The rate of CQZ fixation and metabolic pattern of,]4C incorporation -
by isolated spinach chloroplasts wefe found to be unaffected by the
addition of 6PGqu to the suspending medium. |

11, The ESR study of the binding between RuDPCase and metal
2

‘igﬂi;lyv When RuDPCase was added to solution of Mn'¢ a quantitative
reduction in the intensity of the Mn'2 ESR signal was observed; No
#hanges in the ESR spectrum of the aquo-comp]ex.appeared, and no
evidence'for any new éignal was obtained. A titration of the enzyme
| was.méde.assuming that the heights of the hyperfine components in
the first derivative ESR spectrum are proportional to the concen-

tration‘df'free Mn+2,

The results of three experiments, using
different enzyme preparations and concentrations,'are presented in
the form of a Hughes-Klotz plot (17, 25) in’Fig. 20. In the absence

of competing divalent cations the data fit a single straight line
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Fig. 20. Titration of PuDPCase with Mn*2, Hughes-Klotz plot

“of the concentrations of free and bound Mn*2, determined by ESR

(see text). Experimental conditions: buffer, 0,05 M tris-HCl;

pH 7.8: temperature, 22 C; sample volume, 0.15 ml; enzyme concen-

trations: ~A——-AY 55 mg/ml, o—o '.33 mg/ml, e—e 18 mg/ml.
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reasonably well. The x and y intercepts are equal to the reciprocals

of the dissociation constant and the number of binding sites, res-

2 concentration range used, 0.80 mM to

0.04 mM, K, = 0.06 mM and n = 3. When Mg*Z was added to solutions

of enzyme and Mn+2, an increase in the free Mn+2 ESR signal was
. ) .

observed (Fig. 20). In the presence of 0.6 and 1.2 mM Mg+ he

Kd for Mn+2 increased to 0.12 mM and 0.18 mM, respective]y, whiie

'n‘remained‘équal to 3.. Assumihg competitive bindihg of the two

cations, Kd for Mg+2 can be determined (15, 26). The results of

2

separate calculations at each Mn*2 and Mg+ concentration are shown i

+2)

in Table VI. The average value for Kd(Mg = 0.54 mM.
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Table VI. Dissociation Constants of Mn*2 and Mg*2 pulPCase.

Experimental conditions are givén in Fig..ZO and'teXt. Kd(Mn

+2)

was determined from best straight line fit to data; Kq(Mg*2) was .

calculated for each data according to reference 15; assuminé

competition of Mg*2 and Mn*2,

Mn*2 " (mi1) Mg*2 (mh)  K(Mn*2), mt o Ky(Mg*2), mit

0.04 to 0.60 0 0.06 e

0.06 0.6 0.12 0.54

0.12 0.6 0.12 0.53

0.18 0.6 0.12 0.57

0.06 1.2 0.18 0.53

0.12 1.2 0.18 0.48

0.18 1.2 0.18 0.58
average 0.54

54
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DISCUSSION

 After observing the activation of RuDPCase by preincubation of
the enzyme with Mg+2 and bicarbonate, Pon et al. (34) offered three
possible explanations which can now be examinated in the 1jght of - |
the préSént dafa. One possibility is thaf there ‘may be a require- |
ment that in the reaction mechanism CO2 entering the carboxy]ation
reaction ai the active site must be bound prior to the binding of
of RuDP. This order of binding may be required, but if so, it can
not exp]ain thé'persistent activating effect of preincubation.
After one carboxylation in the presence of RuDP, there would no
longer be a preincubation effect. A second poséibi]ity is that
since radioactive PGA is measured, there might bé an exchange or
displacement of unlabelled bicarbonate'by 1abe]1ed‘bicarbonate.
This is ruled out in the present study by the careful exclusion of
unlabelled bicarbonate and C02. The.third bossibiTity is that both

Mg*?

_and bicarbonate activate the enzyme, but that the activating
bicarbonate bound to the enzyme is not the reaction species. In
terms of»the data in the present study this seemé'to be the most
Tikely exp]anétion of - the preincubation effect.

It might be suggested, however, that the even higher reaction
rate seen during the first five minutes of the reaction following
_ preincubation could in fact be the result of carboxylation of pre-
~ viously bound carbon dioxide, the species which.hés been shown to
be involved in carboxy]ation (]3). In our preincubation experiments,
| H]4C05 was added to the buffer either at least 30 min prior to |
initiation of the'reaction or in the presence of cérbonic anhydrasaz,

so that comp1ete equilibration of HC03' and CO2 species was assured.
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To account for the increased rate seen duringrthe first 5 min (cbme

pared to the subsequent period) for the preincubated enzyme, about

100 mo]ech]es of CO2 would have to be bound to the enzyme at the
‘start of the reaction_pefiod. A more Tikely explanation of the ] e
h1gher initial rate, decreasing over the'firSt 5 min, would seem

to be that binding of RuDP to the enzyme decreases 1ts activity.
- The enzyme would be in the most active form at the start, and the
binding of RubP_unti] some steady-state number. of binding sites are
occupied‘miéht take several minutes.

Since the higher rate of enzymic reaction persists for as long

as 20 min, we suggest that preincubation with Mg+2 end HC03’ eithef
modifies the enéyme conformation to give a more active form, or
prevents excessive binding of RuDP to the enzyme,'ofﬂboth. ‘YWhen
the enzyme is presented with RuDP without preineubation with Mg+2
and HC03', it is much less active and remains as such for at least
20 min. This suggests that RuDP binding by the non-preincubated
_ enzyme converts the enzyme to (or maintains it in) a less active
-fbrm fromiwhich»it can not change in the presence of RuDP and Tow
, levels (1 mM) of:NaHC03. If RuDP had not had any influence on the
enzyme conformation and activity, the reaction rate'ehould increase

~ after several minutes (in the hon-pkeincubated case). It is proposed

that the enzyme is in the active. form as long as it is in an environ-

' l:meht of Mg+2 and CO,, and is never presented with RuDP in the absence

of Mg+2 and CO,. (However, as shown in Fig. 4, the effect caused by .
RuDP without pre1ncubat1on with CO2 and Mg *2 can be overcome by high
levels of CO2 ) -

It is known that RuDPCase contains a number of subunits and many
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binding sites for substrates (38, 39, 41, 49). It is suggested
that the activity of the enzyme depends in some way on the number
of CO2 molecules and RuDP molecules bound to the enzyme. A high
number of C02 molecules bound to the enzyme tends to reduce the
- number of RuDP molecules bound to the enzyme but not necessarily
at the cata]yt1c sites. It is further suggested that RuDP binding
ét some sites tends to prevént CO2 binding at the aCtivatinq_Sites,
thus reducing the activity of the enzyme. Sufficiently high levels
of bicarbonate provide_enqugh CO2 to overcome the effects of the -
RuDP binding at sites which inactivate the enzyme. o _
As previously mentioned, and as seen in this #tudy (Table I &
C11), 6PG]uAbinhibits the enzyme when added with or after RuDP, or
under any condition with 50 mi HCO;™. . Surprisinqu, when the

14 CO3 and hg 2,'and vhen 6PGIUA

enzyme is preincubated with 1 mi NaH
is added dur]ng'the preincubation period, cons1derab1e.additional
activation - of the enzyme can be séen. The maxinUm.activation occurs
with only 0.1 mM 6PGIuA. A 7 % activation is seen with only 5 uM
6PGIuA. Thus 6PGIUA is a very specifié effector under these
‘conditions. At 2 mM, a net inhibitory effect is observed. Acfi-
;va;ion (with preincubated enzyme) is not seen when 6PGIuA is added
simu]tanéous]y‘with RuDP. Thus it appears that the'binding of
6PGIuA at those sites involved in the conversion of active to less
active enzyme. Furthermore, binding of RuDP prior'to incubation of

+2

the enzyme with Mg ~, CO2 and 6PGluA precludes not only the acti-

vation by_Mg+2

and C0,, but also the additional activation by 6PGIuA.
The additional activation (when the enzyme is preincubated with

CO2 and Mg+2) due to 6PGluA may be caused by 6PGluA binding in such
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a way as to prevent some binding of RuDP when it is subsequently
‘added. The binding of 6PGIUA is a relatively slow procéss as
indicated by the fact that the maximum stimulation of the enzyme

by preincubation with HCO3',’Mg+2

and 6PGIUA requires about 5 min
(Fig. 8). The slow response of the enZymebtq 6PG1uA may be an
example of the hystefetic phenomenon proposed by Frieden (14). The
preincubation effect of 602 alone requires 2 min (Fig.‘5). The
binding of RuDP which leads to lower activity must be éssumed to be

even. faster, since simultaneous addition of RuDP, Mg+2

, and CO2
results in the less active form of the enzyme.
The similar, though smaller, activating effects of FDP seen fn
the present'study could be explained by a simi]ar,hypothesis.‘

: The physical study of the binding between this enzyme and its
substrates and/or metal ion by Trown and Rabin (44) indicates that
the binding with RuDP is very fast and the binding with Mg+2 and
bicarbonate is rather slow.. Their results are consistent with the |
findings obfained in the biochemical assays of enzymé‘activitfes
ih present study.

| The cohpetitive inhibition of the enzyme activity by either
6PGIuA or FDP demonstrates that either of these two metabolites can
compete with RuDP at its catalytic site. The affinity of 6PGIuA to-
this sfte is 10 tfmes that of FDP. These facts thus support the
view that at higher concentrations of either 6PGIuA or FDP the
observed inhibitory effects are due to competitive inhibition. This
shows that 6PGluA is a much more effective inhibitor than FDP. 'Such

inhibition is also seen with either 6PGIuA or FDP wfth the less active

form of the enzyme (Table IV) (42). Buchanan and Séhurmann (11)
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| reported that with 1 mM Mg “, FDP at all concentrations studied is

inhibitory. Bowes and Ogren (9) found that the enzyme‘from soybean

was inhibited 46% by 1 mM FOP at 5 mM Mg*2

, while Avron and Gibbs
(2) found no significant activation or inhibition by either F6P

or FDP Qsing freshly prepared broken spinach chiproplasts. From
these-repOrts and our experiencé, it seems clear that the effects
. of FDP on enz&me activity'afe very dependent on enzyme preparation
and aﬁsay'méthods. Further detailed study of the action of this

enzyme, preincubation with Mg+2

and C02, substratg and inhibitor
levels,'etc; seems to be needed before these differénces and their
s1gn1f1cance can be understood. | |

The activation caused by the presence of NADPH and PGA dur1ng
preincubation of the enzyme might be ascribed to mechan1sms similar.
to those suggested for the effect of 6PGIuA. Given the structural
dissimilarity between NADPH and 6PGluA and the specificity of the
NADPH effect'(né effect by NADP', NADH, HAD'), it may be more
reasonable to expect that there is a different binding site for
NADPH. In the case of PGA and NADPH, there is little or no inhi-
.bition of the enzyme in its less active form, and presumably no'
competitive inhibition of the enzyme in its active form either.
Thus h1gher concentrations of these effectors do not result in
loss of the act1vat1on or in inhibition.

In earlier studies of RuDPCase, the K (HCO3 ) has been reported
as N mM (46) and 20 mM (36) With the non-preincubated enzyme, at
a very hrgh Mg *2 concentration (45.5 mM) and a véry Tow RuDP concen-
v'tratfoni(0.136 mi) , ﬁhe Kh was determined to be 2.5 mM (8). " How-

ever, V

max "as not reported and was presumably considerably lower
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x seen with the preincubated enzyme.

than‘Vma |

Buchanan and Schurmann (11) reported that in the bresence of
added F6P, the value of Km(HCO3') for the spinach enzyme was 3.3 mM,
while with 6PGluA it was 2.5 mM. We find a similar Toweriﬁg of Km
in the presence of 6PGIuA, NADPH or both, but saw no effect with
FéP. |

What significance can be attached to the regulation of RuDPCase

*2 .nd 6PG1UA? When the light is on and

by ]evels of RqDP, C02, Mg
physiologicallconditions are favorable for photosynthesis, we may
assume that the level of Mg+2 is high, C02 is not too low, RuDP
concentration is adequate, 6PGluA is nearly absent, and RuDPCase
is active. | _ _

During the light to dark transition, the level of RuDP, though
falling rapidly, is enough to sustain the carboxylation reaction

2 in the soluble part'of

for about 2 min. If the level of free Mg+
the ch]dropjasts decreases great]y,}as indicated by the study of
Lin and Nobel (22, 29), this would of itself deCreasé the activity
of the_actiVe form of RuDPCase, which has a pH dependence shift to-
the alkaline with reduced Mg+2 (8). The appearance of.6PG1uA

during the first minute of darkness would further inhibit the enzyme.
These and perhaps other effects (18, 48) may account for the slow
rate of the carboxylation reaction observed in iso]éted chloroplasts

and in Chlorella pyrennoidosa after about 2 min of darkness.

The Ki for 6PGIuA observed in this study may be compared with
in vivo concentration estimated by Bassham et a].‘(?), In the dark,
6PGIuUA was measured to be 0.047 mM. Thus, the Ki of 6PGIUA is lower

than the estiméted concentration of 6PGIuA in the ddrk. It should
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be noted.that, in the dark, the oxidative pentosé»phosphéfe cyc]é

is in operation in the chloroplasis (21), and CO2 is being liberated
but not consumed in the chloroplasts. Thus the K,i value obtained
with 1 mM NaHCO,5 is not necessarily unrealistic in terms of in vivo
metabolism. However,vthé ig_!i!g_ concentration would include

| GPG]uA'in'both cytoplasm and ch18r0p1asts. In the report of the
appearqnée of 6PGIUA in isolated chloroplasts, the amount of ]4C
label found was smaller than in the in vivo experimrnts (21).

In any event, these comparisons between estimated Ki value and
6PGIuA concentration in the dark in vivo suggest some poss{bility
thdt compétitiVe inhibition of RuDPCase by 6PGIuA in the dark plays
a role in the inactivation of carboxylation reaction required by
the switch from the reductive'pentoée phosphate cycle during photo- .
synthesis to:the oxidative pentose phOSphate cycle iﬁ the dark. The
need for a light-dark switch in metabolism of chloroplasts has been
discussed elsewhere (3, 4, 6). The enzymes characteristic of the
oxidative pentose phosphate cycle have been found to be present in
isolated spinach chloroplasts, although there were 1argef amounts |
of.such enzymes in the cytoplasm (16).

Evidence. for some of these changes can be seenvhpon either

*

addition of vitamin Kg to Chlorella pyrenoidosa in the light (21),

* or without additions when the light is turned off (32). I;.has been
. proposed that vitamin K5 in its oxidized state diverts electrons
o f;om the reduction of ferredoxin and NADP+, and that the resulting
-ihcreased ratio of NADP+/ NADPH or of ferredoiinox/ferredoxinred
activates G6P dehygrogenase. |

Data in the present study suggest that the increased level of
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6PGIuA may then furtherfinactivate RuDPCase, thus completely stopping
the carboxylation reaction. The.]ack of inhibition of photosynthe-
sizing spinach chloroplasts by 6PGluA added to the medium is presumed
fo be due to lack of penetration of the Timitimg double membrane of
the intact chloroplasts. |

The further activation of preincubated enzyme by WADPH seems
likely tovplay some physiological role, given the specificity of
this activation (]ack of activation by NADP+, NADH, and NAD+). One

possibility arises during the transition of the plant cells from

dark to light. During the dark, the level of RuDP will have be-

come very low or zero (7), but €0, will be present due to respiratotye'

reactions. Moreover, the level of Mg+2

in the chloroplasts may drop
to a low level in the dark, thus lowering the activity of RuDPCase
(22, 29). When the light is turned on, or the sun rises, the level

2 ions in the ch]ofop]asts is expected to increase (22, 29).

of Mg+
During the first seconds of bright light, or longer in dim light,
6PGluA 1is present due to operation of the oxidative pentose phosphate
cycle during darkness in the chloroplasts (6, 21). This combination

of'preincubation of the enzyme with C02, Mg+2

, and 6PGIuUA can cause
‘maximum activation of RuDPCase, as suggested earTier.',However, as
the’light brightens, or is on longer, 6PGIuA will disappear (6) and
- NADPH will appear. Thus the fo]e of keebing RUDPCaSe fu]]y activated
can be taken over by NADPH.

As illumination continues, sugar phosphates will bevconverted
by phosphoribu]okfnase to RuDP until an effective substrate concen-

tration is reached. 'The RuDP concentration in vivo was estimated to

be 2 mM in chloroplasts (7), and is higher than 0;5 mM used in this
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study._ Even a concentration of 0.5 mM is sufficient to saturate
the enzyme. |

The smaller effects of FOP and of PGA are not eas11y nxp]amab]e
. Perhaps these effects are merely unavoidable consequences of
structural similarity of FDP to RuDP and of PGA to 6PG1uA. Acti-
: vation of RubDPCase by FDP and PGA in vivo would séem to be adverse
to the physiological needs for metabo]ic contro]; since an increase
in either of these compounds may signal a decreased ufi]ization of
photosynthetic products for biosynthesis. |

Based on the information we have from’this study and from
other workers, interaction me;hanisms of the enzyme and its subs-
trates and efféctors can be proposed. Nishimura and Akazawa (28)
recently demonstrated that RuDPCése has its catalytic sites on the
‘ lafge subunits and its regulatory sites on small ones. The ternary

comp]ex of the enzyme bound to metal ion and CO2 has been shown (1).

© Therefore, it is reasonable to think. that the b1nd1ng sites of RuDP,

' C02, and Mg 2 are closely located on big suwunits.
_  NADPH has a unique activating effect which none of the other
'réducing agents or related compounds, such as NADP‘and NAD(H), exhibit.
Up to 2 mM, NADPH shows no inhibition at all regardiess of how the
enz&me'activity is assayed.(Hence, it shows that the-gnzyme must
“have a régu1atory site for NADPH.

6PGIUA can either activate or inhibit the enzyme and the inhi-
bition is due to the competition with RuDP at the catalytic site.
One possibiliﬁy is that the activation by 6PGIuA results from its
binding at a fegulatéd site. The activation caused'by low concen-

trations of 6PGIUA can persist for at least 20 min. This means that
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the binding between the enzyme and 6PGIuA is kept intact for at least
20 min after the addition of RuDP. The dissociation constant, Kys a
between the enzyme andRuDP was determined to be less than 1] uM; the

Kd of G6PGIuA with the enzyme at RuDP catalytic sfte is about

20 M. The binding of RuDP is much stronger than 6PGluA and RuDP/
6PGIUA ratio used in the assay bf 6PG]uA_activation was 10 to 1.
Thus, it is very likely that RuDP could replace 6PGIuA during the 20
min reaction period following the 5 min preincubation if both RuDP
and 6PGIuA bind at the saﬁe catalytic site.

At ]owef.concentrations, 6PGTuUA causes signffiéant activation;
fhe concentration at which 6PGluA causés half of the maximum (]88%)
activation is between 5-10 M, while the Ki of 6PGIuA at the RuDP
catalytic sife is about 20 M. The activation effect induced by
6PGIuA has been shown to be a slow process, which needs about

5 min to reach maximum activation. The Lineweaver-Burke plots in

the 6PGIuA inhibition study fit vefy we]]lwith the kinetic equation
~ of competitive inhibition, which assumes that the binding between the - |
enzyme and the inhibitor is very fast, i. e., equilibrium must be |
established in a very short time. Therefore, the binding of 6PGIuA

at the catalytic site is much faster than that at the regulatory

site. It suggests that there are two different sites for 6PGIuA;
one is the regulatory (activation) site, the other is tﬁe RuDP cata- ‘::Q; .
lytic site. The binding constants suggest that the binding at the '
former is strongef than that at the latter.

- FDP, Tike 6PGIUA, also can either activate or inhibit the enzyme
‘activity. Because it has been shown that FDP can,a1$o compete with

RuDP at its catalytic site and the structural similarity between FDP !
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_.and 6PGIUA, it iS proposed that FDP can also bind at the 6PGIuA
regulatory site to show an activation.

Since both 6PG]uAvand.NADPH can activate the carboxyTgtion
reaction, it is interesting to see whether these tWo effectors bind
- the enzyme at the same site or not. At least two mechenisms can
be proposed at th1s moment. |

F1rst for the simple reason that 6PGluA and dADPH are not
chemically re]ated, it is hard to believe that both compounds bind
the enzyme'at‘the same site. If indeed these two sités are inde- |
pendent, the binding of one of them should not interfefe with the
binding of the other. Suppose that the 6PG]uAfbihdin§ site can be
blocked by RuDP when it was added before or simultaneously as 6PGIuA
~was added to the enzyme, then the same blockage should not take |
place in the case of NADPH bécause NADPH is not‘strUctural]y similar
to RuDP. The experiment in which the reaction was started by the
| additfon of the mixture of RuDP and NADPH to the enzyme which had
been prEinCLdated with Mg+2 and NaHMCO3 indicated'that the binding
of NADPH was also blocked by RuDP. Therefore, the dilema of this
mechanism is that two chemically different compouhd§ can activate
the enzyme in the same way (only Method VI gives activation) and
thé aétivation_Can‘be abolished in both cases even though only one
of them (6PG]uA) is structurally similar to the inhibitor (RuDP).

The second mechanism proposed 1s that there is only one
conmon b1nd1ng site on the enzyme. This mechanism would be consistent
‘with the non-additive'activation by 6PGIUA and NAD?H The difficulty
that arose in that two binding sites hypothes1s can be d1sso]ved by

thls one s1te mechanism as well. However, it is really difficult
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to see thaf these two chemically unrelated compouhds-wou]d bind the.
enzyme at thé'same site. »

It is found that FDP, 1ike RuDP, also can deactivate the acti-
vation induced by either 6PGIuA or NADPH, if 1 mM of FDP is present
in the preinéubation medium. As mentioned above, it is reasonable
to think that FDP can compete with 6PGluA at the regu]atory site due
to the structural similarity. Because of the high FDP/6PGIuA ratio
used in this study (1 mM/ 0.05 mM), it is Tikely for FDP to occupy
the G6PGIuA site and thus abolish the activation observed in the
absence of FDP. The same mechanism is not likely to happen in the.
case of NADPH since FDP does not chemically resemble NADPH. The
fact that FDP also eliminates the activation induced by NADPH
sﬂggests that a complicate mechanism 1s needed to explain all the
results we have obtained. | |

As discussed previously, the model of either two independent
sites or one single site for 6PGIuUA and MNADPH is not consistent
with the faété we observed and for the structural reasons. Therefore,
the.modeT ot two dependent sites can be proposed. The binding of
- either RuDP or FDP at 6PGIuA site ﬁight induce  structural changes
so.that the binding of NADPH at the other site is blocked and there-
fore no activation can be observed. .

A speéific inhibitor of oné of these two activators should have
| noleffect on the activation induced by the other activator in the
case of two independent binding sites. If such an inhibitor can be
found, it will tell whether there are two independent sites or not.
NADP or NADH was the likely candidate for the inhibitor of NADPH.

- The result shows that neither MADP nor NADH can reduce the activation
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induced by NADPH or 6PGIuA. At present it §eem$-that there is no
easy way to solve this binding problem.
" As indicated before, the activation effect induced by every
effector~can be seen only in the specific preincubation condition.
Other assay methods in which the activator is added simul taneously

or after the-addition‘of RuDP result in no activatidn at all (in the
case of 6PGIuA, inhibition effect is observed). .Thése results énd
the facts thaf the activating effects produced by activators can
persist for a long time strongly suggest that the binding of RuDP

i§ véryvrapid and also can cause drastic structural changes so that
the enzyme conformation is "locked" and can not be easily transformed.
In the absence of any éffector, it has been showh that ﬁQDP can |
inhibit the binding of CO2 6r Mg+2, wvhich are the hecessary factors
which convert the enzyme to become active. Thus the binding of RuDP
on the enzymé'first can not only brevent the activator from binding
at the regulatory site, but also delay the activating effect of C02

2

and Mg*°. Therefore, it is believed that the RuDP binding causes

structural changes on catalytic site as well as on regu1atory site.
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