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ABSTRACT

2

Ribulose-1,5-diphosphate carboxylase (RuDPCase,” E.C. 4.1.1.39) iso-

lated from spinach is metabolically regulated at 10 mM Mg+2 and Tow CO2
concentrations by its substrates (RQDP and COé) and by gffectors which
include 6-phosphogluconate (6-PGluA), NADPH,'and fructose—],ﬁ-diphosphate
(FDP), but not fructose-6-phosphate. Physiological cqncentratibns of RuDP
severely inhibit fhe enzyme activity when the enzyme h%s not been'preincu-'

2 and this inactivity persists for 20 min or longer

bated with HCOB' and Mg+
after HC03" (1 mM) and‘Mg+2 (10 mM) are added. Maximum activity requires that
the preincubation mixture also inc]ude'eifhér 0.01 mM 6-PGTuA or 0.5 mM NADPH.

2, is presented

When the enzyme, preincubated with HCO3'_and'Mg+
simul taneously wfth RuDP and either 6-PG1uA or FDP, this latter compound
gives simp]e,cdmpetitive inhibition with RuDP, having Ki va]ues of 0.020>'v
and 0.190 resbectjve]y. NADPH or PGA at physiological éoncentrétions do
not ha?e»any effect when presented simultaneously with RuD?. Other studié?i'
onvthe order of éddifion'of subsfrates and effectofs, concentration effects;"

and kinetiﬁévprovide additional infofmation which serves as a basis for a |
proposed modei‘of allosteric regu]ation combined with competitive inhibi-
tion. | | v |

In this model, there are catalytic sites at whiéh the substfates_and

6-PGIuA and FDP can bind, and at least four allosteric regulatory sites,

which we designate I, Ays Aé,-and A3. RuDP binds very tightly to site (I):

'2Abbfeviations: RuDPCase: ribulose 1,5—diphosphate carboxylase;

RuDP: ribulose 1,5-diphosphate; PGA: 3-phosphoglycerate; 6-PGluA;
6-phosphogluconate; FDP: fructose 1,6-diphosphate.
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(in the absence of Mg “ or HCO ‘), causing a conformational change in the

protein to an inactive form which persists for as long as 20 min in the

subsequent presence of Mg +2 and HCO3 (1 mM). Mg+2

and HCO3 (or co ) bind

to site A3 (ih the absence of RuDP), holding the enzyme in an act1ve form
which has a much lower affinity for RuDP at site (1), so that when physiologi-
cal levels of RuDP are then added, only part of the enzyme activity is lost.
This active form of the enzyme can bind 6-PGIuA or FDP at site A, and NADPH

at site A2 during preincubation with Mg+2

and HC03'. With optimal levels

of bound effectors, 6-PGIuA or NADPH, enzyme activity is fully maintained,

even when RuDP is subsequently added. Without one of these effectors present,
addition of RuDP'fo]1owing preincubation reduees enzyme activity to about 40%
at the levels of substrates and effectors studied. FDP is a much poorer

effector, and this is ascribed to a possible binding of FDP at site (I),

.-as we]l as at site A]

The physiological role of this regulation is discussed, particularly
with respect to protection of "C-3" plants against oxidation of RuDP to

phosphoglycolate.
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When ribulose 1,5-diphosphate carboxylases(RuDPCase) is présented
with physio1ogfca1 levels of one of its substrates, ribulose 1,5-diphos-
phate (RuDP), in a medium in which either CO2 and bicarbsnate, pr Mg+2
ions have been kept at very low concentrations, the enzyme is inacti-

2

vated. That is, its activity when 1.0 mM HC03' and Mg*' are then added

is less than 10% of that of the fully active enzyme (10). This inactivity
of the -enzyme persists for more than 20 min with 1 mM HCO3' and Mg+2,
although the ehzyme can be rapidly activated in the presence of high

- levels of HCOéf (e.g., 50 mM). In contrast, when the enzyme is prein-
cubated with Mg-+2 (10 mM) and 1 mM HCO3' for 5 min, thé enzyme'is fairly .
active, and remains so for 20 min or longer after the same 1eVels of
RuDP are added to start the reaction. “

2-preincubated enzyme can be

The activity of the HC03'h and Mg+
further increased nearly threefold by the inclusion in the preincubation
and assay mixture of either 0.10 mM 6-phosphogluconate (6-PG1uA) or 0.5 mM} '
NADPH. Smaller activations (about 50%) are seen if 0.1 mM fructose 1,653.
diphosphate (FDP) or 0.5 mM 3-phosphoglycerate (PGA) are included in the
..preincubatioh and assay mixtures. None of these actiVationsvare additive
when the,cohcentrafions giving the maximum effects afe,present. At con- -
centrations above 0.1 mM, the activations due to 6-PGIuA or FDP fall off,
and at levels of these effectors above 1 mM they become inhibitory. |
Efther O.IVmM 6-PGIuA or FDP are inhibitory when added after or simul-
taneously with the RuDP to the inactivevform of the eniyme (the form of

the enzyme when it has not been preincubated with HC03' and Mg+2) (9,10).

Neither NADPH nor PGA cause less activation when present in preincubation
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and assay mixtures at concentrations up to 2 mM, and neither is appre-
ciably inhibitory when added to the non-preincubated enzyme.

By inclusion of either 0.5 mM NADPH or 0.05 6-PGluA, or both, in
the preincubation and assay mixtures, it becomes possible to 6Btain a
good plot of 1/v'y§;_1/(H003') which allows an accurate apparent Kp for
HC03"to be calculated as 2.8 mM. This concehtration of HCQ3' corresponds
to a CO2 pressure of about 0.3% at pH 7.8 and 25°C.

These effects of substrates and other metabolites on enzyme activity -
can be explained by a model assuming allosteric regulation by substrates
and me%abo]ités,ras'we1] as competitive inhibition by 6-PG]uAvand FDP.

A preliminary description of’this‘quel was previousiy given (10,11).
Some features of this model, such as the long-term inactivation of the
enzyme by physiological concentrations of one of its substrates, appear
to be unusual. In this report we present additionaT kinetic data on the

enzyme activity and further discussion of the model and of the physiologi-

cal role of this regulation.

EXPERIMENTAL
Enzyme isolation procedure and detailed aSsay methods were given in
a previous report (10). Pfeincubation was for 5 or 10 min as specified
with 10 mM Mg+2 and 1 mM NaHMCO3 at pH 7.8. These concentrations of
Mg+2 and Hcos' were also used in all assays (éxcept'in'Km determinations
for HC03"). Thé specific radioactivity of ]40 is'indicated with the data, -
Levels of RuDP and other metabo]fteé are given with the data for each

experiment.
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RESULTS

Effect.of RuDP Concentrations on A;tivation by Preincubation with

Effectors. In previous studies, the level of RuDP in the assay mixture
has usually been 0.5 mM, a level judged to be physio]ogita] on the basis

of ig,viyo steady-state studies with Chlorella pyrenoidosa (4). When

the level of RuDP is Towered, the activation due to preincubation of the
enzyme with 6-PGIuA or NADPH is reduced (Table I). As the concentration
of RuDP in the assay is lowered, activation due to preincubation decreases

less for NADPH és efféctor than for 6-PGluA as effector.

Effects of RuDP’Concentratioh on Kinetics With and Without Preincu-
bation. When the enzyme was assayed following preincubation with HCO3'

2 . s . cer s . .
» the reaction rate increased with increasing RuDP concentration

and Mg+
up.to 0.5 mM (Fig. 1). The fact that the rate‘appears to decrease more
rapidly with timé when the RuDP concentration is low (0.05 mM) is due to»:
using up of this substrate, and thus fs not in conflict wfth the model
proposed later (as it would be otherwise). When the enzyme is not prein;

cubated with Mg+2

and HC03', and thus starts out in the "inactive" form,
the rate is actually higher with the lowest levels of RuDP, and inoreases:
more with tihe.. This is strong evidence in support of the proposal for '
inhibition of the enzyme activity by allosteric bindiog of RuDP.

Inhibitor Binding Constarits for 6-PGluA and FDP. As noted earlier,:

~ the activating effects of 6-PGIuA and FDP (as well aé of NADPH and PGA) ;
are seen on]y-when thesereffettors are present in fhe‘preincubation o
mixture.‘ When fhey are addedisimU]taneous]y with RuDP, inhibitions are

. observed with alT concentrations of 6-PGIuA and FDP. A oeries of assays-}

were performed in which the concentrations of effectors added together



with RuDP were varied at>each of several levels of RuDP. Plots of 1/v
vs. 1/(RuDP) for 6-PGIuA (Fig. 2) and for FDP (Fig. 3) shbw that each of
these compounds is a competitive inhibitor of RuDP at the active site.
Under these conditions FDP and 6-PGluA are not acting as effecfors, SO
that their competitive inhibitory éctivities are unmodified. The Ki for
6?PG1uA is 0.02 mM, while the Ki for FDP is 0.19 mM. The binding of
6-PGIUA is thus about 10 times stronger than that of FDP. The K, for RuDP
in these experiments was ca1cu1ated to be abbut 0.035 mM. This is of
course much higher than the K, reported by Nishnick'gg_glL (25) to be
0.001 mM, which we now believe to be the binding constant for RuDP at the

" allosteric binding site for RubP under non-preincubation conditions.

Kinetics of Preincubated Enzyme With Effector Present During Preincu-

bation or Added wifh RuDP. As already mentioned, the effectors must be

present during preihCubation of the enzymé with HCO3' and Mg+2 to be effec-
tive. Even up to 18 min after the start of the reaction with RuDP, the

presence of effectors added simultaneoﬁsly with RuDP causes 1itt1e or no

effect (Fig. 4). The level of 6-PGIuA used in this experiment (0.05 mM)

caused very little inhibition in the presence of 0.05 mM RuDP, consistent .
with the results in Figure'2. The data in Figuré 4, together with those'"

in Figure 1, illustrate the persistence of the several. levels of activityvf

of the enzyme, once RuDP is added and the reaction is started.

Interaction bf Effectors and Sdb;trates. In order to learn more
about the possible interactioh of RuDP and of effectors with the enzyme, -
especially at the pkoposed regulatory sites, the éombinéd effects of the

effectors added at differing times'during the preincubation was eXémined

- (Table II). As before, either 0.05 mM 6-PGIuA or 0.5 mM NADPH increased
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the activity}of the preincubated enzyme nearly threefold (lines b,c).
Also, 0.25 mM FDP in the preincubation mixture increased the actfvity '

by 1/2 (1ine n), but 1.0 mM FDP in the preincubation mixture with either
6~-PG1uA or NADPH abolished the stimulation due to either 6-PG1&A or NADPH
(1ines d,e.and f). However, when 1.0 mM FDP was added simultaneously with'

2

RuDP, only a s]ight‘inhibition of enzyme preincubated with Mg+ and HCO

3
alone was séen,'and the activation due to 6-PGluA or NADPH when present

ih the preincubatfon mixture was’only slightly inhibited (lines g,h and i).
With either NADPH or 6-PGIuA preégnt during the entire 10-min preincubation,
~but with 1 mM FDP added for only the last 5 min of preincubation, the acti-

vation of the subsequent reaction was reduced to 74% or 88% (lines j and k).

However, if the order of addition was reversed, and FDP'was added first and

either NADPH or 6-PGluA was added later, the activation due to effectors

~ was entirely abolished (Yine 1 and m). Finally, most of the 50% activa-
tion seen with 0.25 mM FDP present in the preincubation period is retained;
~ even if another 0.75 mM FDP is added simultaneously with RuDP (lines n and.
0). - Thus, although the presence of 1.0 mM FDP in the assay mixture is
slightly inhibitory, as seen previously, the activation due tb 0.25 mM

FDP beihg present in the preincubation mixture is not significantly and |
immediately negated by addition of 0.75 mM FDP once the-reaction 15 ’
started. _

When the enzyme is first prefncubated.with 0.05 mM 6-PGIuA for 5 min@
and 1.0 mM FDP is then added, inacativation due to the FDP occurs slowly
v‘over a period of mény minutes (Fig. 5). Similarly, when the ehzyme is
| first preincubated with 1 mM FDP and 0.05 mM 6-PGIuA is then added, there

~is a slow, small activatioh of the enzyme.
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DISCUSSION
Although RuDPCase has been known for 20 years and has been exten- |
sively studied and its properties reviewed (12,15,23), the specific type
of allosteric behavior described in this and our two previous'réports
(10,11) has largely escaped notice. Probably this is due tb the fact
t al. (19) first reported the increased activity of

RuDPCase following preincubation with Mg+2 and HC03' in 1963, many

that, although Pon

workers have paid little attention to this effect in their studies.

'_Fufthermore, the enzyme has often been assayed with very high and

- unphysiological levels of HCO3" such as 50 mM. With 50 mM HC03-, the

inéctivation of the enzyme'by RuDP is quickly overcome (10), so that the
effects we have described would not be seen.

Mention of the activation of the enzyme when 6-PGluA is present

in the preincubation mixture was made by Buchanan and Schurmann (8) in

their report on activation of the enzyme by fructose-6-phosphate (F6P)

and inactivation by FDP. They also reported substantial actiVation by

‘ribulose-5-phosphate, ribose-5-phosphate, xylulose-5-phosphate and various v

other compounds. We are unable to find any significant activation (more-

than 20%) with F6P or ribose-5-phosphate, either with'orNWithout preincu- 

- bation under our assay‘conditions which include 10 mM Mg+2 and 1T mM HC03'
(10,11). While we do find competitive inhibition with FDP when the level

: is above 1 mM and it is not included in the preincubation mixture, we

also find activation when the level of FDP is 0.25 mM (which we believe

' vto be in the physio]oéica] range or above it), provided the FDP is

inc]uded in the preincubation mixture. The differences between the

results of Buchanan and Schurmann and the results obtained by us and
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by others (2) are difficult to evaluate, éince Buchanan and Schurmann have
not provided certain details of their experimental conditions, especially
the critica]]y important preincubation times, and times of addition of the
other componénts in the reaction mixture. The only kinetic data in their
report suggest that the apparent stimulatory effect of F6P is a.sﬁort—
Tived effect, With a drastic decline in rate after 5.min. Since the
activity of the enzyme can vary greatly duriﬁg several minutes of preincu-
bation with Mg+2 and HC03- and with effectoré, wide]y varying resu]ts Can
| be obtained if these preincubation times are not precisely controlled.

The RuDPCaée molecule, with a”moIecu]ar‘weight of 560,000 daltons ‘
and 16 subunits (8 at 55,000 daltons and 8 at about 15,000 daltons) |
(21,22,24,25) clearly appears to have the structural complexity which
" could accommoda te complex metabolic regu]étion.' Nishimura and Akazawa
(16) have been able to dissociate the molecule into its subunits and
demonstrate that the catalytic activity resides in the larger subunit,

while one type of regulatory activity, a shift in pH:optimum with Mg+2

concentration (5), resides in the smaller subunit. Moreover, a terpary

complex of enzyme, €0,, and Mg+2 has been demonstrated (1). Since the

regulatory activities we report are dependent on preincubation with both -

Mg+2

and HC03‘, they might also be located on‘the smaller subunit, but
vwe have no ihdeﬁendent evidence oh this location. | H

| Incorporating the‘data from our previous report (10,11) énd the

) present study, we propose that in the absence of Mg+2 plus bicafbonate,
ions, the enzyme-RuDPCase binds RuDP very tightly at ah allosteric site -
or sites [Site (I)]. This binding of RuDP may haye a'cqnstaht of less

than 0,001 mM (25). The enzyme undergoes a conformational change to a form
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" in which the-Kmfor CO2 is high (corresponding to an apparent Km for HCO3'
of 20 mM) and the enzyme is reduced in activity to a sma]l'fraction of
its potential activity in the presencé of 1T mM HCO3‘, Moreover,.this
form of the enzyme is persistent in the presence of 1 mM HC03'.and 10 mM |
Mg+2. Under these‘conditions, thé a]reédy small actiQity of the enzyme

is further inhibited (compefitively) by 6-PG1uA and FDP. Other chloroplast |
metabolites are largely without effect when present in ﬁhysio]ogica] levels.
The inactive form of the enzyme, with RuDP on the a]iosteric binding sites,

is unable to bind 6-PGluA, NADPH, FDP or PGA at allosteric binding sites.

2. the enzyme would .

Over a long period of time with 1 mM HC03' and Mg+
gradually regain activity (see Fig. 4). This would come about presuméb]y
by the gradual conformational change to the more active form as CO2 and

2

Mg * bind to more sites on the enzyme through a sort of "bootstrap" opera-

tion, in which each binding of C02 and Mg+2 would increase_subsequent.binding
of more CO2 and Mg+2. |

When the enzyme is preincubated with Mg+»2 and 1 mM HCO3' for 5 min
or more (10), the ternary complex of Mg+2, enzyme, and CO, is assumed to:
form at one or more sites (A3) on the enzyme leading fo a conformational
change to an active form with a low Km for C02. Since the higher acfivity
of the enzyme is pergistent in the presence of RuDP, this conformation
- must have a smaller tendency to bind RuDP at site (I). Nevertheléss, once
0.5 mM RuDP is added and the reaction started, the aétivity of the enzyme .
falls off a little with the first few minutes, and in any case is much
less than the maximum achieved when an effector, 6-PGluA or NADPH, is

~included in the preincubation mixture. Also, as reported earlier (11},

the K for HC03- is higher at low HCOS' concentrations if the effector is
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not present. These effects indicate that some RuDP does bind at allosteric
binding site (I) when it is added following preincubation, and some confor-
mational change in the direction of the inactive form does occur in the
absence of effector. We conclude, therefore, that aﬁ effector,‘G-PG]yA or
NADPH, can bind at some allosteric binding sites (A];Az) in sﬁch'a way a§

to prevent RuDP binding at site (I), and that the effectbrs, in the presence
of 1T mM HCO3'and Mg+2, prevent inactivation by RuDP of the most active form
of the énzyme. Aiso, FDP and PGA can bind at a site such:as'Ai, but are
less effective than 6-PGIuA or NADPH.

- Another observation is important to an understanding of the variohs
effects of substrétes and effectors. The two compounds bearing strucfura]
similarities to RuDP, namely, 6-PGIluA and FDP, exhibit typical competitive
inhibition with RuDP at the catalytic site. The K.'s for 6-PGIuA and FDP
‘are 0.020 mM and 0.19 mM reépective]y, while the Km for RuDP is 0.035 mM.
‘Presumably each binding'is rapidly reversible and without significant con-
formational effect on the enzyme molecule. In contrast, the effectors,
6-PGluA, NADP, énd~FDP, and the substrate, RuDP, bind tightly and some-
what irreversibly to the allosteric binding sites. Tﬁe concentrations of
NADPH, 6-PGIuA, and FDP which give half the‘maximum activation when present
in the preincubation mixture, are 0.20 mM, 0.007 mM, and 0;015»mM, respec- .
tiVé]y. | ' | |

Data in Table II are parti;u]arly illustrative of the nature of binding
at the allosteric sites. IA]though-0.25 mM FDP in.the preincubation mixture
stimulates activity about 45%, a level of 1.0 mM FDP gives about the same

activity as preincubation without effector, for reasons discussed below.

If 1.0 mM FDP is added in'the‘preincubation'mixture'at the same time as
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0.05 mM 6—PQ]uA, the resulting activity (equal to the preincubation without

effector) shows that FDP was bound to the allosteric sites and prevented

- binding by 6-PGIuA at its 20 times lower concentration. Similarly, 0.5 mM

NADPH in the preincubation mixture is without effect in the présence of
1.0 mM FDP due to the higher binding constant for NADPH. However, if the
same amounts of these effectors are used, but the FDP is added 5 min later

than the 6-PGTuA or the NADPH, over half of the activation seen without FDP

‘ additibn is retained. Finally, when the FDP is added only at the same time

as RuDP (after 10 min preincubation with '6-PGIuA or NADPH), none of the

~activation is abolished, although a small amount of competitive inhibition

results in a slight decrease in activity. From these results, it is clear

that among the three effectors, the first one bound onto the enzyme tendé

to stay there, and is not readily displaced even by excesses of a potential-

"disp]aéing effector. The final two lines of Table II éhow that FDP bound

at the allosteric site remains there and is not displaced when RuDP is

added; also, the subsequent addition of additional FDP merely causes the

small expected competitive inhibition.

A

~Looking more closely at these data in Tab]e'II, we see an anomoly

.(with respect to the model so far presented) which bring us to the question

of the number and nature of the allosteric binding sites. We have explained
thé fact that 1.0 mM FDP in the preincubation mixture (line d) gives approxi-

mately the control activity. When only 0.25 mM FDP is present in the pre- . .

~incubation mixture, we see an activation of 55% (line n). One would prédiét

that the addition of the remaining 0.75 mM FDP to give a total FDP'cohéen--

ftration,Qf-].O mM in the assay mixture would cause enough competitive inhibi-

tion tb}bring the activity back to the level seen with 1.0 mM FDP from the
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start. In actuality, the enzyme is still activated 45% (11ne o).” Thus
we are forced to the conclusion that FDP in the preincubation mixture has
an additional innibitory effect beyond that expected from competitive
inhibition. One way of explaining this.is to recall that the'a1losteric
binding site for RuDP (binding of RuDP ]eadfng to inéctiVation) is different
| from the allosteric binding sites A] and'A2 for 6-PGTuA and NADPH (bindingv:
of these effectors leading to activation). FDP may bind to the‘acifvatingf'
site (A]) at lower concentrations, but as the concentratfon increases could
also bind to the inactivating site (I), thus negating some of its activating
effect. Since we have already proposed that the RuDP binds very tightly to
" the allosteric binding site (I), and preincubation inhfbition due to FDP.is
only seen at very high concentrations of FDP, it is clear that FDP binds"
very poorly to site (I). In fact, this probably is not an impontant
. physiological mechanism since the concentrations of FDP required are higner
than physiological. With this more complex model, if.is important to remem-
ber that binding at A, or A, decfeases binding at (I), and binding at (f) |
‘decreases binding at A]’or A2. These stipulations are required to egplain'
~ the long duration of preincubation activation and 1nactivation effects.
B Considering the structural dissimilarities between 6-PGIuA and NADPH,_'
“and the specifieity for these compounds_(NADP+, NADH, glucuronic-6-phos-
phate, and other metabolites resembling 6-PGluA and NADPH are inactive), :
we find it reasonable that there are at least two different activetion
catalytic sites, A] and A2.' However, just as the inacﬁfvating and acti-
vating sites are interdependent, with binding at one decreasing binding

at the other; or at least abolishing the effect of binding at the other,

we must also suppose that sites A, and A, are interdependent in that the
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maximum effects due to binding of NADPH and 6-PGluA are not additive.
In this mode],fwe suggest that FDP can bind at A] (6-PG1uA site) as well
as binding poorly at site (I). Possibly PGA also binds at site A].
NADPH would bind at site A, Saturation'binding at either'sité produces
the full activating effect, and when.one activation site is a]readyvfully
bbund, binding at the other activation site causes no additional activa-
tion. .SincevFDP may be able to bind at either A2 or boor]y at (1), its
activating effect is less than that Ofvthe othgr activators at lower cbn-
centrations, while at higher concehtrations its activating effect is
abolished.

The activation effects due to effectorsvcan only be seen if the enzyme
is preincubated with HCO3' and Mg+2.' We suggest that the preincubation -

2 fully activates the enzyme, but that addi-

~ with only 1.0 mH HCO,” and Mg'
'tion of 0.5 mM RuDP to start the reaction partially inactivates‘the enzymé 

dde to some binding of RuDP at site (I). The rate falls off during the |

': first 5 min, and this could be due to further binding of RuDP at site (1).

2

- In other words, activation with 1.0 mM HCO3'and Mg+ alone does not com-

pTete]y.prevent binding of RuDP at the inactivation site (I). Binding df
6-PGTuA, or to a lesser extent of FDP or PGA, at site A;, prevents this
binding of RuDP, as does binding of NADPH at site:Az. ,Cohsequently; once
‘vthe enzyme hés been fu]]y/ac£1vated»in this way, it beéomes possible to.
| obtain'1inear 1/v vs. 1/(HCO57) kinetics since the enzyme ié no longer
pértia]]y inactivated by RuDP at low concentrations of HC03' and reacti-
vated by high concentrations of HCO;".

From Figuré 1, it is clear that even 0.05 mM RuDP is enough to
severely inacfiVate ﬁhe enzyme, and this is not surprising if the dis-

. sociation constant from the site (I) is indeed lower than 0.001 mM.

oy
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However, once the enzyme is activated by preincubation with Mg+2 and
T mM HCO3'(bUt without other effectors) even such high levels of RuDP
as 0.5 mM cause only partial inhibition. We conclude therefore that as
a result of thevconformationa] chénge whereby the activation occurs there
- is a large increase in the binding constant for RuDP'at'site (I). . Thus,
vover a very widé range of concentrations, HC03' and RﬁbP.can exert
opposing influences‘on tﬁe activity of the enzyme. Probably the reported
substrate inhibition by levels of RuDP above 0.7 mM in the presence of
50 mM HC03f (18) is an extension of these effects into the non-physidiogicaT'-.
'range‘ |
The model we have proposed here is designed to explain the various

characteristics déscribed in this and our previous reports. Despite its
complexity, it appears to be the simplest model'we can devise'consistent.
~ wjth these characteristics. It may not be the only model satisfying these
cbnditions.

‘Physiological Significance. As suggested in our previous report,

2, HCO

3
an in vivo role in activating and keeping the_enzyme active at the end of

activation of the RuDPCase by Mg" , 6-PGTuA, and NADPH can play

| a period of darkness and during an ensuing transition in the light an.
‘. We have estimated the level of NADPH in illuminated, photosynthesi;ing‘ |
spinach chloroplast to be in the range of 0.3 to 0.5 mM, assuming the
stroma or aqueous space inside the chloroplasts to be about half the total
~ volume. Studies with Chlorella indicate the concentration of 6-PGIuA to
be around 0,05 mM during periods of darkness (4). These are ranges shown
to beﬂcapab]evof activating the enzyme in ouf previous report. There
remains the important question of why the RuDPCase shOu]dvbé inactivated

when presented with RuDP, one of its substrates, in the_absénce of HCO3
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When the fso]ated enzyme is expo;ed to atmospheric‘O2 and RuDP.at
low levels of COZ’ 02 binds_tb the enzymé CompetitiveTy with CQZ' Fol-
lowing this binding of 02, therekis}an oxidative attack on the RuDP'.
leading to formation of phoSphog]yco]ic acid and PGA (7,13,14); In Who]e

cells, phosphoglycolate is convertedvto glycolate which is lost from chloro-

“plasts and in higher plants serves as a substrate for photorespiration. In

_Ch]oreT]a glycolate may be mostly excreted into the medium. While there

is some controversy over the importance of RuDP oxidation as a route to

g]yco]ate in photorespiration, it seems likely that at least a part of the

_ gTyco]ate formedyig_yi!g is made this way (3). Certain tropical plants
“which exhibit "C-4" metabd]iém have a mechanism for maintaining a higher
.116ve1 of COZ inside ch]orop]asts, thus perhaps avoiding a part of photo- 8

respiration due to this mechanism. It has not been known what defense,

.l if‘aﬁy, other plants might have against this typevof oxidation of RuDP.
,'Data in this and our previous repdrt indicate that the inactivation of

_RuDPCasevat very low levels of‘HC03- and in the presence of RuDP is accom-

panied by an increase in the bindinag constant for COZ' Since 02 binds

competitively with €0, (6,17), it is reasonable to suppose that the binding

of 02 is also affected in the direction of less binding by the confqrmationa] v
- change, and that this is in fact the primary reason for the regulatory

~inactivation. Recently, it has béen reported that the oxygenase activity

of RuDPCase is in fact enhanced through preincubation of the enzyme

‘with 6-PGluA, and is inhibited when 6-PGluA is added to'the'enzyme a]ohg

with RuDP (20). This is of course exactly what would be predicted if the
active form of RuDPCase binds 0, as well as C0, more-tfght]y than the

inactive form of the enzyme. We have shown that the apparent K, for HCO3"

[
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is lowered at low concentrations of HCO3_ by preincubation with Mg+2,

HC03', and 6-PGluA, Moreover, Bassham and Kirk (3) found thai when photo-
synthesizing Chlorella were suddenly exposed to 100% 02 and no C02, the
~rate of formation of phosphog]ycoiate fkom RuDP was rapid'durinésthe first
minute and then dropped rapidly, a§ would be expected ff the 02 binding of
 thé RuDPCase were decreasing (the binding constant increasing):ﬁ Probably' '
this mechanism for minimizing the oxygenase effect on RUDPCase is of great‘
importance to "C-3" plants, and is one reason why theilarger part of glyco-
late formed in such plants may come from another source fhan oxidatioh of

RuDP.
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Table I. Effect of RuDP Concentrations‘gg;Activation by Preincubation

with Effectors

The enzyme was preincubated with the effector in the presence of

NaH'*c0, (1 mM, 4.1 uc/umole) and 10 mM MgCl, for 5 min before the addi-

tion of RuDP to initiate the reaction.

Activity* x 1073, epm
~ Effector ' ' i
RuDP, mM 0 6-PGTuA, 0.05 mM NADPH, 0.05 mM
0.25 265 740 o 39.0
0125 24.3 60.7 o 35.4
0.05 21.9 35.9 29.4
0.025  15.5 18.6 | 20.0

*The activity was measured in 5 min of reaction.:
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Table II Comb1ned Effects of Two Effectors on RuDPCase Act1v1t1es

The enzyme act1v1t1es were assayed accord1ng to the fo]]ow1ng scheme:

14 S - - After 5 min, . . After 19 min, o
NaH C03, MgC]Z, enzyme second reaction relative
Line and first effector ezggggor started with aétiVity,-%
a WO U CRoPr 100w
b 6-PGIUA, 0.05 i —  RP 25
¢ NADPH, 0.5 mM R  RuDP 265
d FDP, 1 mM | ~—- RuDP 95
e 6-PGluA, 0. 05 mM + FDP . | L | N
1M S - RuDP 100
f NADPH, 0.5 mM + FOP, 1mM  --- RuDP 104
g HyO - ——=° RuDP+FDP, 1M 85
h  6-PGluA, 0.05 mM - RUDP+FDP, 1'mM - 250
i NADPH, 0.5 i | - RUDP+FDP, T mM 240
i 6-PGIUA, 0.05 mi FOP, 1 mM . RuDP . - 188
k  NADPH, 0.5 mM - . FDP, 1 WM CCRuDP 174
1 FDP, 1 mM : 6-PGTuA, 0.05 mM RuDP - 101
m FDP, 1 mM . NADPH, 0.5 mM " RuDP 104
n  FDP, 0.25 mM - RWOP 155
o FDP, 0.25 mM | — RuDP+FDP, 0.75 mM 145

*RuDP concentrat1on was 0. 5 mM
**The contro1 was 11 000 cpm w1th 5 min of reactlon

NaH‘4co 1t (1.5 uc/umole); Mgc1 = 10 mM.
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Figure Captions

Fig. 1. The effects of RuDP on preincubated and'ﬁon-preincubated
enzyme. The carboxylatibn,reactions were started by additions of dif-
ferent concentrations of RuDP to enzyme which had been'preincybated with

MgCl, and Nah'?

CO3 (1 mM, 2.0 ﬁc/ﬁmo1e) for 5 min (open markers). The
reactions were initiated_by'adding the non-preincubatéd_enzyme to the
reaction mixtures which contained the same amounts of ingredients as in -

the'abpve reactions (c}osed markers).

Fig. 2. Inhibition of RuDPCase by 6-PGluA. The reactions were
started by additions of the mixtures of RuDP and 6-PGluA to the enzyme
which had been preincubated with MgCl, and NaH'CO, (1 mM, 1.4 wc/umole).

Preincubation time: 5 min; reaction time: & min; concentrations of

. 6-PGluA are indicated in the figure.

Fig. 3.: Inhibition of FuDPCase by FDP. The reactions weﬁe stafted’ .
- by additions of the mixtures of RuDP and FDP to the enzyme which had _
been preincubated'with MgC’l2 and NaHMCO3 (1 mM, 1.4”u;/umole). Preincu- - ”v
bation time: 5 min; reéction time: 5 min; concentrations of FDP are
indicated in the figure. | |
Fig. s, ?ixation of ]4C02 via the carboxylation reaction with dif-
- ferent assay methods in the presence of effector ggi.the time of reaction. |
The reactions were started by adding,RQDP to the enzyme which_had béen

preincubated with MgCl, and Na\’H]4

C0, in the presence of either 6-PGIuA
(0—o) or NADPH (s—a). Other reactions were started'py‘adding the mixture .

of RuDP and 6-PGTuA (e—e) or RuDP and NADPH (a—a) to the enzyme which had
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Figure Captions (Cont.)

been preincﬁbated with MgC]2 and NaH]4C03). The control reactibn is

nr

shown by x—x.. Preincubation time: 5 min; HaH 'CO;: 1 mM, 1.08

uc/ymole; NADPH: 0.5 mM; 6-PGluA: 0.05 mM; RuDPCase: 15 ug.’

Fig. 5. The effects of 6-PGluA activation and FDP deactivation.
The enzyme was first preincubafed in separate vials with 6-PGluA in the

]4CO3 (1 mM, 0.5 uc/uhole) for 5 min before.

presence of’MgC]2 and NaH
~the additions of the second effector, FDP (1 mM). After the completion

of the second preincubations with various lengths of time for each vial,
RuDP was addeqito initiate the reactions (upper curve). The 10Wer curve

shows the result when FDP was the first effector and 6ePGluA was fhé'

second effector. Reaction 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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