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Activation and Inhibition of Ribulose 1,5-Diphosphafe Carboxylase by

6-Phosphogluconute

DOUGLAS X, CHU AND J. A. BASSHAM

Laboratory of Chemical Biodynamics, Lawrence Berkeley Laboratory,

University of California, Berkeley, California 94720

ABSTRACT

Ribulose 1,5-diphosphate carboxylase, when activated by preincuba-

‘tion with 1 mM bicarbonate and 10 mM MgCl2 in the absence of ribulose

1,5-diphosphate, remains activated for 20 min or longer after reactibn

is initiated by addition of ribulose diphosphate. 1f as little as 50 ‘uM
6-phosphogluconate is added during this preincubation period, 5 min before
the start of the reaction, a further 190% activation is obserQed. However,
addition of 6-phosphogluconate at the same time or later than addition of
ribulose diphoéphate, or at any time with 50 mM bicarbonate, gives inhibi-
tion of the enzyme acti-ity. It is proposed that‘enzyme.activity is
determined by the ratio of ribulose diphosphate bound to the enzyme to
carbon dioxide bound to the énzyme (facilitated bf Mg++), and that

6 -phosphogluconate may prevent inactivation by ribulose diphosphate, .
possibly by binding at Ccrtéin allosteric sites in place of RuDP. It

is proposed that a second effect of 6-phosphogluconéte is inhibition

due to binding competitively with ribulose diphosphate at active cata-
lytic sites. Possible relevance of these effects to in ziyg_regulatory:

effects is discussed.

Work performed under the auspices of the U. S. Atomic Energy Commission
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The carboxylation enzyme of the photosynthetic reductive pénpose
phosphate cycle, ribulose 1,5—diphosphat¢ carboxyvlase (RuDPCase), mediates
the reaction of ribulose 1,5-diphopshate (RuDP) with‘COQ‘and watar to Jive
two molecules of 3-phosphoglycerate (3-PGA) (25,20). This reaction arpears
to be spbject to metabolic regulation in vivo, since it is accompanied_by.
a high negative free energy charge under conditions of steady-state pnoto-

synthesis (1,3), and thus is a rate-limiting step. When Chlorella nyrenoidcsa

have been photosynthesizing with 14COZ, and either the light is turned
off (17),vvitamin K5 is added (10), or octanoate is added (16), the levels
of labeled metabolite change in a way indicating a shift from operation
of the reductive pentose phosphate cycle to oxidative pentose rhosphate
cycle. Among the manifestations of this shift are the inactivation of
phosphoribulokinase (which converts ribulose S-phosphﬁte and ATP to Ruwp
and ADP) and the inactivation of RuDPCase. At the‘samé time, labeled
6-phosphogluconate (6-PGluA) appears, indicating the onset of the opera-
tion of the'oxidatiQe pentose phosphate cycle. a

Strong inhibition of isolated RuDPCase can bevca“se& by levels of
6-PGLuA (6,24) much lower than the levels of other metabolites such as
fructose-l,6?diphosphate, which can also inhibit this enzyme (5,6). in
our previous report of this inhibition of RuDPCase by 6-PGluA {6), the
reaction was initiated by adding the enzYme to the.otherwise complete
reaction mixture. It had been reported that prein#ﬁbation of the enzyme
with bicarbonate and Mg++ ions increased the activity of the enzyme when
assayed for 5 min (11,18). In the.course of further studies of the
effects of G;PGluA on the activity of RuDPCase, we have tound that pre-

- . . ++ .
incubation of the enzyme with Mg = and bicarbonate produces a long-
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lasting activation of the enzyme, and that inclusion of 6-PGluA in the
preincubation mixture causes a large additional activation of the
enzyme. However, when the enzyme is activated by preincubation with
Mg++ and bicarbonate and the reaction is initiated with addition of
RuDP, subsequent addition of 6-PGluA causes inhibition. These and other
results in this §tudy suggest a complex regulatory mechanism, involving:
inactive and'activevarms of the enzyme, which rCSpohd differently to
6~PG1uA, with the response further modified by pre$cncc or absence of

RuDP, concentration of bicarbonate, etc.

EXPERIMENTAL
Materials. In addition to the maierials used in a previous report (6),
giucﬁronic acid 1-phopshate (GlcuA 1-P); the potassiﬁm salt, waé purchaéed
from Sigﬁa Chémical Co. Sodium salt of 6-PGluA was.used in the present
studies.

Enzyme Isolation. The enzyme was isolated from spinach leaves.

The isolation method wa: the same as the one previdusly described (6)
except in the following respectsf a, the step of heating at 50 C was
omitted, and b, 0.02 M phosphate buffer solution containing 0.1 mM EDTA
at pH 7.4-7.5 was used instead of 0.05 M tris-HCl buffer solution with

10 mM MgCl,, 2 mM glutathione, and 0.2 M EDIA at pH 7.4, The isolated

2 ’
enzyme was stored in the precipitated form under 60% saturation of ammonium
: |
sulfate in 0.02 M phosphate buffer, pH 7.4-7.5. .The purified enzyme had a
. : l '
specifi¢ activity of about 1.2 unit/mg protein. o T

: ' Ll e . . \
Assay Method. The enzyme activity was determined by measurement
- . ! .

. - o o A 14 . B
of the radioactive acid-stable compound formed when ~"CO, is used as a
substrate in the reaction mixture. Because different assay procedures .

have been found to give very different results, we shall describe
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detailed experimental methods used in assaying the activities. The
assays were conducted in the 17x60 mm glass Vials.-_Eaéh vial was first
{flushed with N2 gas and sealed with a rubber serum stoppér. Tris-HC1
buffer solution and solutions of RuDP, NaH14C03, effecfors, and enzyme
were 1njected into the vials by microsyringes at different stages
according to the assay method used. All the solutions, except NaH14C03,
had been bubbled with N, gas in order to remove CO, and O, dissolved in
the solution'froh the air. |

The Stored enzyme was first dissolved in phosphafe buffer and then
dialyzed against the same buffer with at least six changes. The dialyzed
enzyme solution was centrifuged. The supernatant énzyme solution usually
contained 50 mg/mi of proteih. Before the experiment, thisvenzyme solu-
tion was diluted with tris-HCl buffer, 0.1 M, pH 7.8, which contained
either 10 mM or no MgClz. (Tris-HC1 buffer had been bubbled with N2 gas

previously, but not the enzyme solution.) Usually a 200-fold diluted

enzyme solution was used for the assay. In all assays, unless otherwise -

indicated, the final concentration of each component was the following:

tris-HC1, 0.1 M; pll 7.8; h@Clz, 10 mM; RuDP, 0.5 mM; enzyme, 10 ug;

NaH]4CO 50 mM (0.10 puC/ym) or 1 mM (4.1 uC/um). The amounts of effector

3’
(inhibitor or activator), the preincubation and/or reaction time (sce
below) are indicated for each experiment. The final volume of the reac-

. All the preincubations and reactions were conducted at 25 C.
tion mixture was 0.4 ml. /At the end of the reaction, 0.1 ml of glacial
acetic acid was added to stop the reaction. Then the vials were flushed
with N2 gas at room temperature to dryness. 0.5 ml water was added to
dissolve the remaining material in the vial. Six ml of Aquasol was then

added. After mixing, the vials in the vial holders (IsolLab Inc., Akron,

Ohio) were counted in the liquid scintillation spectrometer. With
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]4C~to]ucno as ihtorna] standard, the counting cfficiency for carbon-14
with Aquasol and the small vial in the holder was about 75%.
The preincubation fime is the length of time in which the enzyme
was incubated with part(s) of the reaction ingredients before the start
of the reaction. The reaction time is the length of time in which the

reaction had taken place.

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

the reaction mixture which contained all the required ingredients. -

Assay Method II. As in I, except that the enzymé had been preincu-

bated with MgCl2 for at least 10 min.

Assay Method 11I. The enzyme had been preincubated with NaHl4

CO.,
_ b
for 10 min; then the reaction was started by adding the mixture of RuDP
and MgClz.
Assay Method IV. The enzyme had been preincubated with MgCl, and

Nat'4

CO3 for a specific length of time before adding RuDP to start the
reaction.
For the studies of activation or 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

rcaction mixture before the addition of the enzyme. -

Assay Method VI. Method IV was used; the enzyme had been preinéu-

bated with the effector along withMgCl2 and NaHMCO3 for a spécific length

of time before the addition of RuDP to start the reaction.

Assay Method VII. The enzyme had been preincubated with MgCl, and

14 g

NaH COSIfor a specific length of time beforelstarting the reaction by

adding the mixture of RuDP and the effector.
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Assay Method VIII. The enzyme reactions were carried/in several

vials according to Method II (preincubation with MgCl, but not with

NaH14C03); one reaction was stopped at 5 min. The effector was added
to three othef vials at the end of 5 min and the reaﬁtions were allowed
to proceed for another 1.5, 4.5 and 7.5 min.

Assay Method IX. As in VIII, excépt that Method IV (prcincubatioﬁ

with both MgCl, and NaH14C03) was used instead of Method II.

For the kinetic studies, the assays were conductéd in separate vials
for various preincubation and/or reaction times. In the study of 6-PGlud
activation, 6-PGluA was added to the enzyme which hadvbeen preincubated
with MgCl2 and NaH14C03'so that the preiﬁcubation.time with 6-PGluA in

each vial was different but the total preincubation time with MgCl2 and

14

NaH™"CO; was kept the same.

The validity of inhibition and activation induced by 6-PGluA has

been checked by the following control experiment. 6—PQ1uA was first
generated by the reaction of 5 mM of glucose46-phdSph£$é?é?%h 5 mM of
NADP in the presence of glucose-6-phosphate dehydrogenase (10 units) in
0.1 M tris-HC1 buffer, pH 7.8. 1In each of the other three tubes, either
G-6-P, NADP, or G-6-P dehydrogenase was omitted. All the tubes were
incubated for 20 min at 25 C. After the reaction, paft of the reaction
product in each tube was diluted 10-fold with the same buffer. An ali-
quot (40 ul) from each of the original and diluted reaction producté

was added to the vials for assay of RuDP carboxylase activity, using
either Method V or Method VI, so that the concentrations of the effectors

were decreased 10-fold (i.e., the final concentration in the. complete

system waé 0.5 0r 0.05 mM).




In all the inhibition and activation studies, a coﬁtrol test (1-{20)
and a comparison test (glucuronic acid-l-phosphaté [GlcuA 1-P]) were
also carried out at the same time.

Protein concentration was determined by UV absorption at 280 nm.
The factor, 0.D. = 1.0 for 0.61 mg enzyme/ml, was used for the calcula-

tion of protein concentration (15).

RESULTS
It was found that dissolved o, in the buffer solution from air
could activate the enzyme activity. Becausc the amount of CO2 in the
solution varies from time to time due to the storage condition, it is
necessary to expel the dissolved CO2 in the solutibn so that the activa-

4

tion effects due to preincubation with MgCl2 and NaH1 COS can be accurately

determined.

4

With 1 mM NaH1 C03, the kinetic studies using' Assay Methods I-IV

. showed that the -enzyme gave by far the highest activity when it was pre-

incubated with both MgCi, and NaH''

CO; (Method IV, Fig. 1). The enzyme
when preincubated with only MgCl2 (Method 1I), or NaHMCO3 (Method III),
or no preincubation at all (Method I) gave only 1/10 of the activity
obtained uhder the above preincubation conditions. h"hile the highest
rate Withb the enzyme preincuﬁated with both Mg++ and NaH14C03 was dﬁring _
the first 5 min, the rate remained about 6 times greater than the rate
for the ofhe_r assay conditions for the period from 5 to 20 min.‘ The one
which was preincubafed with MgClz‘had a slightly higher a;tivity than -
the other two. |

At a much higher concentration of‘ Na}114C03 (50 mM), the reaction -

rates from 9 to 20 min were almost cne same (see Fig. 2), irrespective
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of whether or not the eﬁzyme was preincubated, although during the first
9 min the "preincubated" enzyme gave the higher activity.
The activities of enzymes which had been prein@ubated with MgC1,
and NaHMCO3 for various lengths of time indicated that the enzyme reached

the maximal activity after about 2 min preincubation at 25 C when the

concentration of NaIIMCO3 was low (1 mM) (Fig. 3). At high NaHMCO3

concentration (50 mM), 30 sec was enough to rcach the maximum activity.
With 1 mM NaHl4C03, inhibition was observed when 6-PGluA was added

to the reaction mixture 5 min after initiation of the reaction, whether

the rate was high following preincubation with both Mg++ and NaHMCO3

(Assay Method IX, Fig. 4A) or low following preincubation with only

MgCl, (Assay Method VIII, Fig. 4B). Similar inhibition was seen upon

addition of 6-PGluA to reaction mixtures containing 50 mM NaH14CO3 5 min

after reaction initiation following preincubation according to Method IX
(Fig. SA) or Method VIII (Fig. SB). The degree of inhibition in each case
was calculated from the slope of reaction rate. Addition of GlcuA 1-P

 gave no appreciable inhibition in aﬁy of these cases.
It was found that 6-PGluA could either activate or inhibit the

enzyme activity, and the effect was completely dépehdent on the assay

14

CO,, 6-PGluA activated the enzyme if

method (Tables I, II). At low NaH 39

the enzyme was preincubated with 6-PGluA as well as with MgClzvand

NaH14C03.- A maximum of 190% activation was observéd. Even after 15 min

reaction time, substantial activation (about twofold) of the enzyme was

observed in the presence of 50 uM 6-PGluA. In all of the other assay

14

CO,, 6-PGluA gave strong inhibition. At high

methods with 1 mM Nall

3’
NaH14C03, inhibition was observed in every case, although different
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degrees of inhibition could be seen. In low NaH'’

COS; every method,
except Method VI ("preincubation'), gave almost the same degree of inhibi-
tion--about 60% inhibition by 0.5 mM 6-PCluA. CGlcuA 1-P gave no signifi-

14

cant effect. At high NalH™ 'CO,, '"no preincubation'' Method V showed a

29
stronger inhibition than the '"'preincubation'' Method VI did (also see
Fig.. 9).

The enzyme reached its highest activity only after 3-4 min pre-
incubation with 6-PGluA (0.05 mM) in the presence of MgCl, and NeH' *CO;
(Fig. 6). This may suggest that the binding of 6—PG1QA to the enzyme
is rather a slow process.

When the énzymes were preincubated with various concentrations of

6-PGLUA along with MgCl, and NaH'®

CO3 (1 mM), the maximum activation -
was obtained at 0.05-0.1 mM of 6-PGLuA. As the contentrétion was .
increased béyond 0.1 mM, the activation decreased or an inhibition
effect appeared. At as low concentration as SAuM,;6~PG1uA gave 70-80%
activation (Fig. 7). However, with Method V ('no preincubation'),
inhibition was obtained in every level of 6-PGluA (Figt 8).

GlcuA 1-P was used as a comparison with 6-PGluA. Since both com-
pounds have the same carboxyl and phosphate groups, differences in the
charge effect and the ionic strength effect which might influence the
jenzyme activity are minimized. Preincubation of the enzyme with 2 mM

GlcuA 1-P, in the presence of MgCl, and Na'

CO3 (lethod VI), gave about
30% activation. The "activation" curve (Fig. 7) fof'enzyme preincubated
- with GlcuA 1-P was similar to curves for fructose-6-phosphate and inor-.
ganic phbSphate. We were unable to confim significant activation by

0.5 mM fructose-ﬁ-phoéphate, reported by Buchanan and Schurmann (5).

At that level of fructose-6-phosphate we saw less than 20% activation.
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At 50 mM NaH no activation could be observed by either method.

3>
Nevertheless, Method V ('no preincubation') gave Stfonger inhibition than
Methqd_VI'(”preincubation“) (see Fig. 9);

In order to check whether the above activation or inhibition effect
is really induced by 6-PGluA, a control experiment was performed in.
which 6-PGluA was freshly generated using G-6-P, G-6-P dehydrogenase,
and NADP'. From the results (Table III) it is cléar that 6-PGluA, not

impurities in the chemicals purchascd, was the cause of the activation

or inhibition.

DISCUSSION
In discussing the requirement for preincubation of RuDPCase with

++

Mg ~ and Nat'4co, to obtain maximal activity, Pon et al. (18) proposed

3
three possible explanations: 1) The enzyme combines with both Mg++ and
bicarbonate before the RuDP is carboxylated; 2) both Mg++ and bicarbonate
activate the enzyme, but the activating bicarbonate is not necessarily

the carboxyiéting species; and/or 3) since radioactive PGA is measured,

the preincubafioh effect may reflect an exchange or displacement ofA
unlabeled bicarbonate by labeled bicarbonate. The prolonged activation.
effect (20 min) which Qe observed, together with the fact that un;abeled
bicarbonate was caréfully excluded in our studies,vrules_out possibili-'
ties 1 (as a required reaction mechanism at the active site) and 3 as
explanations of the preincubation effects. Of course, the order of binding
of substrates could still be as in 1, but neither our data nor that of Pon
et al. can provide an answer.to the question of order of substrate binding.

It might be suggested that the even higher reaction rate of the enzyme

during the first 5 min of reaction following preincubation could be at
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least in part the result of the carboxylation using already bound carbon
dioxide, the species which has been shown to be involved in the carboxy-
lation mechanism (7). It should be noted that in all our experiments
14 -
CO4

reaction, so that complete equilibration of CO2 and HCO3 specles was

H was added to the buffer at least 30 min prior to initiation of the
assured. lowever, to account for the increased rate seen during the first
5 min (compared to the subsequent period) for the préincubated enzyme,
about 100 molecules of CO2 would have to be bound to the enzyme at the
start of the reaction period. A more likely explanation of the higher
initial rate, decreasing over the first 5 min, would.seem to be that
binding of RuﬁP to the enzyme decreases its activity. The enzyme would
be in the most active form at the start, and binding of RuDP until some
steady-state number of binding sites are occupied might take several
minutes,

‘Since the higher rate of enzymic reaction persists for as long as
20 min, we suggest that preincubation with Mg+* and;HCOi either modifies

the enzyme conformation to give a more active form, or prevents excessive

‘binding of RuDP to the enzyme, or both. Since the enzyme presented with

RuDP without preincubation with HCOS_ and Mg++ is much less active and

remains inactive for at least 20 min, it is suggested that RuDP binding
! !

by the non-preincubated enzyme does convert the enzyme to (or maintain:
it in) a less active form from which it cannot change in low levels (1 mM)

HCOS_ as long as RuDP is present. If RuDP had not had any influence on

i

, the enzyme conformation and activity, the reaction rate should'increase

after several minutes (in the non-preincubated case). It is prdposed

that the enzyme is in the active form as long as it is in an environment
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of Mg++ and COZ’ and is never presented with RuDP in the absence of Mg++.
and COZ' ‘(However, as shown in Fig. 2, the effect caused by RuDP without
preincubation with CO2 and Mg++ can be overcome by high levels of COZ.)

It is known that RuDPCase contains a number of subunits and many
binding sites for substrates (20,21,23,28). It is suggestedvthat the
activity of the enzyme depcndé in some way on the number of CO, molecules

“and RuDP molecules bound to the enzyme, and that a high number of CO2
molecules bound to the enzyme tends to reduce the number of RuDP molecules
bound to the enzyme, but not necessarily at the active catalytic sites.

It is further suggested that RuDP binding at some sites tends to prevent

. CO2 binding at activating sites,.thus reducing the activity of the enzyme.
Sufficiently high 1eveis of bicarbonate provide enough COé to overcome the
effects of the RuDP binding at sites which inactivate theqenzymé.

In one model, thé activating molecules of COé might be all bound at
catalytic sites. When RuDP then becamé bound at one such site, and the
two substrates were converted to PGA, CO2 bound at other active sites would
keep the enzyme active. 'Eveﬁ if another RuDP were to 'ind immediately
at that same site (before COZ'binding); the enzyme would remain active
due to CO2 molecules bound at other sites. The énzyme could only be
converted to the inactive form if CO2 were depleted and RuDP allowed to
bind enough sites without reaction to change the conformation of the
enzyme to the form with a high binding constant for Co, .

Another possible model is one in which some or all of the activating

molecules of CO2 are bound at allosteric sites. Again, the binding of -

CO2 to such sites, necessary for activation of the ehzyme, would be pre-

vented by the prior binding of RuDP to a number of sites on the enzyme.
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~Just aé it is not possible from our data to say whether the activa-
tion of the enzyme by Mg’ -mediated binding of co, is due to binding at
allosteric sites, catalytic sites, or both, we cannot say whether the
prbposed inhibitory conformational change is due t6 RuDP binding at

allosteric sites, active sites, or both. However, the effects of

- 6-PGluA, discussed below, suggest that there may be both allosteric and

active site binding of RuDP.

As previously reported, and as seen in these studies (Tables I and
IT) 6-PGluA inhibits the enzyme when added with or after RuDP, or under
any condition with 50 mM HCOB_. Surprisingly, when the enzyme is prein-

cubated with 1 mM H''C0 and Mg™, and when 6-PGluA is added during the

preincubation period, considerable additional activation of the enzyme

can be seen. The maximum suéhjactivation.occurs with only 0.1 mM 6-PGluA.

‘An activation by 75% is seen with only 5 uM 6-PGluA.  Thus, the 6-PGluA is

a very specific effector under these conditions. At 2 mM, a net inhibi-
tory effect is observed. ’ |
| Activation (with preincubated RuDPCasej is not seen when the 6-PGluA
is added'simultaneously with the RuDP. Thus, it éppears that the binding
of RuDP is faster than the binding of 6-PGluA atfthosé sites involved in.
the convéfsion of active to inactive enzyme. Furthermore, binding of
RubDP prior to incubation of the enzyme with Mg++, CO2 and 6-PGluA precludes
not only the activation by Mg++ and Cbz, but also‘the additional activa-
tion by 6-PGLuA.

As one possible model to account for these éffetts, we suggest that

RuDP can be bound not only at active sites but aiSQ at RuDP allosteric

sites (R-A sites). We further propose that such binding by RqDP decreases

the binding of @©, in the presenceiof Mg++, perhaps by inducing a conformational
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change in the enzyme. It is also appropriate to this model to specify
that the priof binding of CO2 (with Ng++ present)\redﬁces or prevents
vthe binding of RuDP at the R-A sites. This mutual antagonism of binding
seems required to account for the persistence of the active and inactive
forms.
The addifional activation .(when enzyme is preincubated with CO2
plus Mg++) due to 6-PGluA may be dué to further cohformational change,
or could be the result of 6-PGluA binding to the same R-A sites, but
without conformational change. If 6-PGluA does bind to these R-A sites,
such binding could prevent some binding by RuDP When it 1is subsequehtly
added. The binding of 6-PGluA is a relatively slow process as indicated
by the fact that maximum stimulation of the enzyme by preincubation
with COZ’ Mg++ and 6-PGluA requires about 5 min (Fig. 6). The slow
response of the enzyme to 6-PGluA might be an example of the hysteretic
_ phenomenon proposed by Frieden (8). The preincubation effect of CO2 and
Mg++ alone required 2 min (Fig. 3), and the binding'of ﬁuDP must be assumed
to be éven'fastef, since simultaneous addition dvauDD, Mg++ and CO2 gives
the inactive form of the enzyme. | | |
The inhibition by 6-PGluA reported previouSly, and seen under all
conditions except preincubation with Mg++ and low COZ’ may be due to
competitioﬁ of;6-PG1uA with RuDP at the active catalytic sites. Kinetic
'énalyéis of the inhibition of fhe enzyme by 6-PGluA without preincubation
suggested'that the inhibition might be of the lineaf non-competitive type,
but, as we pointed out, simple kinetic tfeatment might not be Stfictly.
valid for RuDPCase; which has several subqnits, two shbstrates, multiple
binding sites, etc. Thus, we are now inciingd fo view the inhibition by
6-PGluA as due to competition with RuDP fbr the RuDP-catalytic binding

sites, while the rather small displacement of the crossing point of the
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reciprocal plots (1/V vs. 1/[RubP]) for different 6~PGiuA concentrations
from the zero value of 1/[RubP] could be due to the effect of 6-PGluA in
affecting the binding of RuDP at the allosteric RuDP»binding sites.

What significance can be attached to the regulation of RuDPCase by
levels of RuD'iD, C0,, Mg"" and 6-PGLUA? When the _1igh£ is on, and
physiological conditions are favorable for photosynthesis, we may assume
that the level of Mg++ is high, CO2 is not too.low, RuDP concentration is
adequate, 6-PGluA is nearly absent, and RuDPCase is active. If CO2 pres-
sure falls too low, RuDP Conceﬁtration should, if anything, increase;

Given this condition of very low €0, and high RuDP concentration, the

enzyme may be converted to the less active form. £§ Vitro, RubPCase has

been founduto bind 0, competitively with @, (14). This binding is reportedly

followed byldxidation of RuDP to PGA and phosphoglycolate.. If binding of
02 decreases. along with binding of CO2 in the inactive form of the enzyme,
this inactivation could decrease the tendency for RuDP to be oxidized.
Avoidance of this oxidation of RuDP would be beneficial to thé plant cell
irrespective of whether oxidation of RuDP in vivo is an important route in
the formation of glycolate and subsequent photorespiration, a question
still subje;t to controversy (19,22). |

Returning to normal physiologicai conditions, let us next consider

~ the light'to dark transition. If the level of Mg+f free in the soluble

. part of the chloroplasts decreases greatly, as indicated by the study of

Lin and Nobel (12,13),.this would of itself decrease the activity of the
active form of RubPCase, which has a pH dependence shift to the alkaline
with reduced Mg*+ (4). The appearance of 6-PGluA dufing the first minute

of darkness would further inhibit the enzyme. These and perhaps other
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effects (9,27) may account for the slow rate of the carboxylation reaction

observed in isolated chloroplasts and in Chlorella pyrenoidosa after
l

about 2 min darkness.

After a long period of darkness, the level of RQDP would have gone
to zero. The level of CO2 inside thloroplasts would be much higher in
the dark, due to absence of photosynthetic uptake, and generation df o,
by the oxidative pentose phosphate cycle. When the»light is turned on
again, particularly if the intensity is low, low levels of 6-PGluA will
still be present - even in bright light for the few minutes after a period
of darkness (2). When the light comes on, the Mg++ level will also
increase, so that the enzyme in vivo would be "preincubated" with CO,,
Mg++ and a low concentration of 6-PGluA, the conditions requiréd for
activation. Thus, RuDP can be actively carboxylated as soon as it is

formed from ribulose-5-phosphate.
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Figure Captions

]4C02 via the'carboxy]étion reaction with or without

preincubation vs. time of reaction. Preincubation time: 10 min. NaH]4C03,

Fig. 1. Fixation of
1 ﬁlM .

]4C02 via the carboxylation reaction with or without

4.,
3’

Fig. 2. Fixation of

preincubation Vs. time of reaction. Preincubation time: 10 min. NaH' 'CO

50 mM.

Fig. 3. Dependence of carboxylation reaction on time of preincubation

14

of~carboxylése with MgC]2 and NaH CO3 (1 mM). Reaction time: 5 min.

' Fig( 4. The effects induced by adding effectors into the reacting car-

boxylation reaction mixture.  Arrows indicate the time of additions of

effectors. NaH14C03, 1 mM. A. Enzyme had been preinéubated with MgCl2

14

and NaH CO3 for 5 min (see Assay Method IX). B. Enzyme had been preincu-

bated with’M9012 only (see Assay Method VIII).

14

Fig. 5. Same as in Fig. 4 except NaH "CO5 was 50 mM.

Fig. 6. Dependence of the carboxylation reaction on the time of preincu-
bation of carboxylase with 6-PG]uA (0.05 mM) in the presence of MgC]2 and

14 14

NaH CO3 (1 mM). Total preincubation time with MgCl, and NaH C03: 5 min;

reaction time: 5 min.
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Fig. 7. The effects on carboxy]ase activity caused by various concen-

trations of effectors with two different assay methods. NaH]4CO3: 1 mM.
Reaction time: 5 min (between 0 and 5 min). A. Enzyme had been pfeincu-
14

bated with effector in the presence of MgC]2 and NaH CO3 for 5 min (see

Assay Method VI). B. Enzyme had been preincubated with MgC12 only (see

Assay Method V).

Fig. 8. Expanded curve of B from Fig. 7.
-Fig. 9. Same as in Fig. 7 except NaHMCO3 was 50 mM. Reaction time:

5 min (between 5 and 10 min).
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Table I. Inhibition and Activation by 6-PGluA with 1 mit NaH *cO,

% Activity of control (HZO)
Assay Method o

Effector v VI* VII*  VIII®*  [x#x
H0 | 100 100 100 00 100
6-PG1uA, 0.5 mM a7 43 39 45
Glcuh 1-P, 0.5mM 93 128 94 95 105
6-PG1uA, 0.05 mit 89 288 87 & s
G1cuA 1-P, 0.05 mM . . 103 105 104 105 102

*Activities were the reaction rates between 0 and.5 min.

“**%Activities were measured from the slopes in Fig. 4.
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14

Table 1I1. Inh1b1t1on and activation by 6-PGIuA with 50 mM Natl alf_"CO,
"% Activity of contro];(HZO)
Assay Method =

. Effector S WEVIX VIIX VIID® [xe
H,0 100 100 100 100 100
6-PG1uA, 0.5 mM .50 55 58 40 4
GlcuA 1-P, 0.5 mH | 99 - 104 98 104 103
6-PG1uA, 0.05 mM . 87 89 85 84 85
GlcuA 1-P, 0.05 nM 104 99 103 98 102

*Activities were the reaction rates between 2.5 and.7.5 min; during
th1s per1od the rates were linear with time (see F1g 2)

**Act1v1t1es were measured from the slopes in F1g 5
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Table III. Control Experiment

6—PG]uA was generated from G-6-P, NADP, and G-6-P dehydrogenase. This
6- PG]uA as we]] as other reactlon products from the reaction systems in
which e1ther G 6 P, NADP or G-6P dehydrogenase was ‘omitted were used

| for the stud1es of 1nh1b1t1on and activation.

Incubation system o Assay Method V* ‘Assay Méthod VI+5*
- acfivity % activity %
A1 ingredients - 87 38 50974 183
Minus NADP 2267 99 . 29296 105
Minus G-6-P " 2173 95 - 34003 122
Minus G-6-P dehydrogenase 2239 98 - 30487 | 109
Minus all ingredients (control) 2291 100 27861 100

10-fold di]utipn Qf above

A1 ingredients | 1886 g2 . 799718 287
Minus NADP 2234 98 28602 103
Minus G-6-P . ' 2245 98 29090 104
Minus G-6-P dehydrogenase 2225 97 27890 99

*Reaction time: 5 min; NaH1%co.: 1 m

3
TPreincubation time: 5 min
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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