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INTRODUCTION

It is hardly surprising that both the synthesis and the activity of
the enzyme ribulose ],5—bisphosphate.carboxy]ase (RuBPCase) are highly
regulated, This most abundant enzyme on earth catalyzes the entry of -
002 into the reductive pentose phosphate pathway (Calvin cycle) (1), the
pathway leading to tﬁe reduction of.CO2 to sugar bhosphates in all green
plants (2), fnc]uding those with a preliminary C-4 cycle (3) for CO2
accumulation. Such first reactions are often the sites of 1mportant_meta- 
bolic regulation. The cafboxy]ation reaction is one 6f four steps.in the
Calvin cycle unique to that cycle and not found in tﬁe oxidative pentose
phosphate cycle (the other such reactions are thé ones convertjng fructose
and sedoheptulose bisphosphates to their respective monophosphates and the
reaction converting ribulose-5-phosphate to RuBP) (Figure 1). A1l four of
these reactioﬁs are inacfivated or are iess active in the dark, when the
oxidative pentose phosphate cycle and the g]ycdlytic pathWay operate. The
inactivation in the dark of these four reactions unique to the reductive
cycle is required to prevent the operation of futile cycies.v |

In the 1ight, the rates of the reactiohs catalyzed by RuBPCase and the
bisphosphatases are balanced in order to keep the concentrations of Calvin
cycle intermediates within accéptab]e ranges as carbon is withdrawn for
biosynthesis frbm pools of both triose phosphates and hexose phosphates.
The pools of these compounds are very small compared to the flux of carbon
through the cyé]e, so very precise regulation is required.

A further regulatory requirement is placed on the RuBPCase by its
oxygenase activity, Given air levels of CO2 and 02, with @he level of CO2

further decreased inside the chloroplasts (at least in C-3 plants) by the



high rate of photosynthesis in bright 1ight, 0, binds competitively with

2
€0, at the active site of the enzyme, after which 0, reacts with RuBP,
giving ‘as one product, phosphog]yco]ate, a substrate for photorespiration

(4,5,6,7,8). This means that although a low K for €0, is desirable for

2
the efficient operation of the.enzyme with air level COZ;'it would also be
desirab]e (in order to minimize photorespiration) if the Km for COZ’ and
hence for 02, could rise in the absence of CO2 .

It appears that the activity of the enzyme RuBPCase responds to a]] of
these requirements in one way or “another. Besides fast metabo]ic response,
" the amount of the enzyme RuBPCase 1ncreases and decreases in response to
genetic and hormonal contrp],_phys1o]og1ca] adaptation, etc. The control of
synthesis and degradation of the protein will doubtless be covered elsewhere
fn this Symposium and will not be further discussed in this paper.
Principally, our discussion will be of resu]ts related to metabolic regu]ation

obtained over the years in our ]aboraforyl

FREE ENERGY CHANGE AND LACK OF REVERSIBILITY, STROMA CONCENTRATIONS

The carbbxylation of RuBP and hydrolytic redox cleavage of the six-carbon
intermediate to give two molecules of 3-phosphoglycerate (PGA) is one of
the least reversible steps to occur along any important biochemical path—

way. The Gibbs free energy change under physio]ogica].standard conditions’

4- 3- +

RuBP"™ + CO., + H,0 ——— 2PGA ™ + 2H AG' = -8.4 Kcal

2 2

(aT] reactants with unit activity exeept T ]0—7) is calculated to be

AG' = -8.4 Kcal (9). With Chlorella pyrenoidosa'phOtosynthesizing under

“air and saturatlng Tight, chloroplast concentrat1ons of metabo]1tes were

estimated to be 1.4 nM for PGA and 2.04 mM for QuBP



The method of estimation of concentrations was to allow the algae
to photosynthesize with ]4C02 under conditions of-steady—state photosynthesis
with constént_]eveTs of CO, and specific radioactivity until the:inter- |

14

mediate compounds of the Calvin cycle were fully labeled with ' 'C, Samples

of the algae were then killed, and the metabolites were separéted by two
dimensional paper chromatography, The ]4C cohtent of each compound could
then be determined and used to calculate its concentration in the cells.
This require; some assumption about the effective soluble volume of the
chloroplasts or space'h1whjch the metabolite is dfsso]ved] In the'origina1
calculations it was assumed that the stroma region of the chloroplast
oécupied about 1/4 the total volume of the algae, and that Calvin cyc]é
metabolites were located only in that space. ATso, a pH of 7.5 was assumed.
Using the calculated concentrations as activities, steady-state AG of -9.8 -
Kcal wasvca1¢u]ated. At pH 8, the value would be AGS=-11.2 Kcal. It should
be noted, for later discussion, that the algae were grown for some days in
air, not in CO, enriched air.

In more recent experimehts, (Paul et al., private Fomnunication)-iso]éted

mesophyl1 cells from Papaver somniferum were used in similar experiments to

determine steady-state concentrations of metabolites. The amounts of
metabolites wére mea;ured with respect to chlorophyll concentration which
averaged 10 mg per mi packed'cell volume in two experiments. If a stroma
volume of 20 ﬁ] per mg chlorophyll is assumed, the concentration‘of RuBP

" was calculated to be only 0.07 mM, or 70 uM!  This was with cells that gave
photdsynthesis rates comparable to the rates of the leaves from whi;h the
cells were isolated (10)._ Note that in this calcu]ation, stroma space,

considered to be the exclusive location of RuBP in green cells, is taken



4

to be 0.2 m],jor‘]/S the total cell volume. The concentration of PGA, much‘

- of which might be outside the stroma, was very high, 0.307 moles per hg

ch]orophy]]. Possibly, the inability of isolated mesophyll cells to export .

- photosynthate, which results in an accumu1ation of sucrose in the cells

(John Paul, priyate communication) also causes a buildup of PGA in the

cytoplasm.’ Calculated stroma concéntrations of other sugar phosphate
intermediates of the Calvin cycle and of.g]UCOSe—G—phosphate were generally
two fo ten times highek in the mesophyll cells than in CHTore]]q, If we
arbitrari1y assume that only 1/3 of this PGA is in the stroma, é concentration
in the stroma of 5 mM is calculated. At these concentrations, a AG® = -8.38
Kcal -is obtained for the carboxylation reaction at pH 8. The more important
point is the great difference in RuBP-concentratidn between Chlorella and the
mesophyll cells from poppy."

Of the chemical free-energy expended by conversion to heat in the Calvin
cycle, abbut 40% is used in.the carboxylation reaction, another 40% in the

other three regulated steps, and the remaining 20% is distributed among the

reversible reactions (9).

LIGHT-DARK REGULATION IN VIVO AND IN CHLOROPLASTS:
Although in.gblgfgllg_photosynthesizing in air the level of RuBP.fs hfgh
when the 1ight is turned off, the concentration declines rapidiy fof the
first two minutes and then reaches é concentration of about 5% of the Tight

level from which it dec]ines'very slowly (Figure 2) (11). Since fhe_Km

for RuBP for the fu]?y activated enzyme is about .035 mM (12), and the AG"

for the carboxylation reaction is -8.4 Kcal, this failure of the reaction
to continue after two minutes of darkness means that the enzyme actiVity

has greatly declined.



The light-dark inactivationof the RuBPCase is also evident with
isolated spinéch chloroplasts (13) where, following a period of photosynthesis

14

with co the level of the RuBP in the dark declined to about one half the

2
light value and then remained constant (Figure 3). When the 1ight was again e
turned on, the level of RuBP rose very rapidly for 30 sec and then declined
to a steady-state level. We attribute such tfansients to dark inactivation
of the carboxy]ase,'fo1lowedvby light reactivation requiring 30 sec. |

When the drop in RuBP level in the isolated spinach ch1ofop1asts was

prevented by addition of ATP to the suspending medium just after the light

14

was turned off, very little uptake of CO2 occurred as long as the light

was off (even though there was as much RuBP present in the chloroplasts as
14C

in the 1ight). When the 1light was turned on again, high rates of 0

2
uptake resumed (14). Although the rate of entry of ATP into whole chloro-
plasts may be low compared to the requirehents of photosynthesis (15-17),
this low rate is apparently sufficient to maintain the level of RuBP when

it is not being consumed, once the RuBP carboxylase is inactivated.

LIGHT-DARK REGULATION OF RuBP CARBOXYLASE BY Mg2"
AND QTHER FACTORS

The primary mechanism for light-dark regulation of the activity of>£hé
RuBPCase appears to bé via changes in M92+ jon concentrations and pH. Other
metabolites, particu]ér]y NAbPH and 6-phosphogluconate may also contribute
to both light-dark regulation and perhaps to regulation in the 1ight. Isolated
vRuBP carboxylase is activaied by preincubation with CO2 or bicarbonate and »
high levels of Mg2+ (e.g. 10 mM), before the enzyme is exposed to RuBP (13-21).

ﬁ Preincubatidn with physiological levels of RuBP in the absence of either
bicarbonate or Mg2+ results in conversion of the enzyme to an inactive form

with high Km'values for COZ’ and the enzyme does not recover its activity for



many minutes upon Subsequent exposure to physiological levels of bicarbonate -
and Mng (19,20). Full activation of the isolated purified enzyme requires

that the preincubationvwith €0, and Mg2+ also be carried out in the presence

2
of either NADPH or 0.05‘mM 64ph03phog]uconate, each at physiologicai'{evels
(19-21). | | |

With respect tp 1ight-dark regulation, it seems clear that the changes
in Mg2+ levels and pH in the ch]orob]asts result in changes in RuBPAcafbokylase
éctivity, with the light-induced increases in pH.and M92+ resu1tingvinv |
.ihcreased enzyme activity. The pH optimum of the isolated enzyme shifts
towards the pH actually found in chloroplasts in the light (about 8) with
increaSed_M92+, and the value of K for CO ‘

(22-24).

, 18 lower at pH 8 than at pH 7.2
The aétivation of the jisolated enzyme by NADPH seems to be another part
of the light-dark regu]atibn, but the.activation by 6¥phosphogluconate is at
first ﬁurprisihg,wsince this compound appears in the dark. Kinetic studies
show that the 6-phosphogluconate is still present duringithe first two
~minutes of light after a.dark period (25), and it may be that a useful
activation occurs then, while the level of NADPH is still beiﬁg built up;
In the dark, 6-phosphogluconate would not activate the carboxylase sincé.the '
optima]-éond{tions of pH aﬁd Mg2+ Tevels would not be met. ’
Presumab]y,'ahy Tight activation of the'enzyme via .NADPH would involve
the transfer of electrons to NADP" via ferredoxin, This does not explain how
oxidized ferreddxin cou}d furtherbincrease‘the activity of the f301atedvRuBP-
carboxylase, as reported by.Vaklihova and Popova (26), and confirmed by

Popova in the author's laboratory (unpublished work),



CAN THE LOW KmC02 FORM BE MAINTAINED

QUTSIDE CHLOROPLASTS?

Although it appeared for many years that KmCO2 for RuDP carboxylase

]

is too high to support the RPP cycle, a number of laboratories have found
evidencé in recent years that the KmCO2 is sufficiently low. In particular, | ¢
Bahr and Jensen (27) found that a low KmCO2 form of the enzyme obtained
from freshly lysed spinach chloroplasts could be stabilized with dithio-
erythritol, ATP, MgCiz, and R5P, McC. Lilley and Walker (28) have shown
‘that the activity and KmCO2 for the enzyme from spinach chloroplasts are more
-than adequate to suppoft photosynthesis.

A common problem with some of the reported studies on the bfochemica]
constants of RuBPCase outside the intact chloroplast, whether in the form
of crude protein extrécf dr as purified enzyme, is the changing value of
KmCO2 and fixation rate during the time of the enzyme assays. Even with
the purified eniyme preincubated with Mg2+ and bicarbonate in the pfesence of
MADPH or 6-phosphogluconate as effectors, the most active rate of reaction
“was always during the first 3-5 mjn, followed by a degline to a slower rate.:v
InAsome of the studies reporfed from other laboratories, linear fixation
was obtained.for less than 2 min, and &ﬁ determinatibns were reported us{ng
only the rate during the first minute after the addition of RuBP to preincubated
enzyme, Whi]e it may be comhon practice among biochemists to look only at |
initial rates of a reaction, when ﬁa]cu]ating kinetic constants, it would
seem that subsequent behavior may be telling us something in the case -
of a large protein molecule with complex regulation including evident slow
changes in state. We have therefore endeavored, with_iimited success, to
discover conditions under which the enzyme, outside the intact chloroplast,
might be able to exhibit prolonged activity and_Km values reqﬁired for in

vivo photosynthesis.
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-C02 pressure, 0

Lysed.and subsequently reconstituted spinach chloroplasts can be made,
under carefully chosen conditions, to carry on photosynthetié CO2 fixation
at substantial rates linear up to 30 min (29). It should be mentioned.that
even after several years experience with this system,'pro]onged high
rates cannot be guaranteed on any given day, presumably due to variability
in biological material, minor impurities in feagents, or other uncontrolled
variables. Nevertheless, we have succeeded often enough to be able on
good days to carry out investigations on the kinetics of CO2 fixation,

An early result was that even though Mng ié maintained at 20 mM, and
pH at 8.0 (fhe light chloroplast values), CO2 fixat%on in the originally
reported reconstituted system is strictly 1ight dependent. Since dithiothreitol
(1 mM) and glutathione (50 mM) are used, the enzymes of thevrate-]imiting
reactions are fully active, but of course in the dark there is no reduction
of PGA and hence no cyclic regeneration of RuBP. Two kinds of experiment§
have been done in the past year: determination of the kmCOZ in 1ight, and
determiﬁétion o% KmCO2 in the dark with so]ub]e enzymes:only in the presence
and absence of various additional effectors. In both types of experiments
we make use of the gas handling steady-state apparatus (30) ﬁhich has beep
adapted to allow connection to small round-bottom flasks used previously in
our studies with isolated ch]orop]asfs (31) and reconstituted chloroplasts
(28). Each 15 ml flask has been fitted with 2 mm I.D. inlet and outlet tubes
which are cdnnéctéd by small flexible tubing to gas ménifo]d tubeé in turn
connected to the steady-state apparatué, He can'thus control and monitor

5 preséure}and-]AC content during the course of the experiment. -
12 14

The CO2 and

C02 are supplied to the closed system by the pressurized
cylinder and regulating system previously described (32).
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For experiments with reconstituted ch]orop]asts, isolation of
ch1ofop1asts (31) and reconstitution were as described earlier (29)
except that instead of the 14:1 ratio of selub]e’components’to lamellae,
a ratio of 7:4 was employed, in order to boost the concentration of RuBP
to levels where the determined KmCO2 would be meaningful. At this refio,
there is 14.5 mg soluble protein per mg chlorophyll, and for reproducibility,
we adjust the reconstituted system to this ratio, rather than relying on
volumetric measurement of thy]ékoid fractions. The’rest of the assay mixture
consists of 4 mM NADP, 2 mM ADP, 1 mM PGA, 0.05 mg ferredoxin, 4 m¥ Na-
isoascorbate, and selution Z (29), aT] in a total Vo1ume of 0.5 ml in 15
ml round-bottom flesks.‘

Each paif of flasks wasvrun at a’sebarate gas concentration startingv.
at the highest concentration. Five different concentrations were used to gét
the maximum number of data points possible using all fHe manifold inlets and
outlets. Flasks not being used were clamped off until they were needed.
They were unclamped and opened to the'gas at time zero shown in the resuIts.
A1 flasks were in a nitrogen atmosphere previous to the assay and the assay
mixture was put into tﬁe flask just before each separate experiment. Samples
(50 11) were taken during the assay and killed in 450 nl methanol. From the
resulting 500 ul of mixture, aliquot samples were takeh and counted in
scintillation vials after acidification and drying. Carbon dioxide fixation
in the 7:4 reconstituted system was linear from 5 to 20 min after the intro-
duction of ]4C02 at levels ranging from 0.013% to 0.128% (Figure 4). Some
time is required'during the first five min after ]4C02 introduction to replace
. the gas initially in the flasks and to equilibrate gas and liquid phases.
When the reeiproca]s of the rate Qs. CO2 concenfrafions are plotted

(Figure 5) we obtain a value for K CO, of 0.023% or 230 ppm. This is well
~ 2
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below the air level of 0.032% COZ' Moreover, this Km plot, unlike many that

have been pubTished, shows a tru]y linear character over a meaningful range
of 002 pressures. The 1/v intercept at 1/s = 0 is 0.0175 and therefore

max
(approximately 8.5 umoles C02/mg RuBPCase-hr). The rate at 0.036% CO

V =60 umoles C02/mg chl-hr, or 4.2 umo]és COZ/mg soluble protein-hr
2 in
air (s]jghtly more CO2 than in air) was 60% of Vmax‘ A Hi1l plot of the
~ data (Figure 6) gives a slope of n = 1 which‘shows non-cooperativity of the
002 binding sites as previously reported by Bahr and Jensen (27).

The jg;yjyg_rate at air level should be about '75 umoles CO2 fixed
per mg RuBPCase-hf! Thus, although we have obtained physiological KmCO2
values that remain unchanged over 10 minutes, the reaction rafesyare only

about 7% of the in vivo rates. One reason for the lower in vitro rates

may be the fact that all the soluble components are considerab]y diluted in

the reconst1tuted system as compared with in vivo concentrations. With the

system used (14.5 mg protein per mg chl) this dilution is about 14:1. While
this should not affect the usual assumptions made in:enzyme kinetics as long
as CO and RuBP concentrations are maintained, it might affect the state of
th1s enzyme, which we know is subject to a comp]ex regu]atlon

~Similar experiments to those JUSt described were performed, but w1th

]4C-]abe]ed PGA in which the specific radioactivity of each carbon position

]4C02 employed (44;7 uCi/ugram-

in the molecule was the same as that of the
atom). Small sampTes were withdrawn periodica]]yvduring the experiment, killed
in 80% alcohol, and subsequently analyzed by two-dimensional paper chromato-
graphy and radioautography (11). Since all carbon positions of the Calvin

cycle intermediate compouhds were fully labeled with 14

C of known specifié
radioactivity (except for small dilution by unlabeled intermediates initially

‘present) it was possible to calculate the concentration of RuBP in the flasks
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at each C02 Concentration (Table I). Ideally, for a KmCO determ1nat10n, "
one would 1like saturating but not inhibitory concentrations of RuBP. In

these experlments, the concentrat1ons of RuBP at the four lower CO pressures

2 .
(0f0116% to 0.0613%) are all well above the 35 yM value for the KmRuBP of the

enzyme. Once again, a low KmCO value was obtained'(0.027%'C02).

2
Oné may at least conclude from these resu1ts that the RuBPCase éan

be maintained outside the intact cH]orop]ést in the Tow K.CO, form,-given

cyc]ic regeneration Qf RuBP driven by cofactors from the illuminated thy1ékoids.

The next question was whether the Tow KmCO2 form could be maintained without

thylakoids. To date we did not succeed in this, but have learned some interest-

ing properties. We can obta1n cons1derab1e st1mu1at1on of the f1xat1on rate

with the add1t1on of several metabo]1tes, including NADPH and ferredoxin '

(Figure 7).
The experiments are performed by preincubating the soluble enzymes with
M92+ nd ]4C02 for 10 m1n before addition of RuBP. Without effectors, we can

obtain a "KmCOZ"‘of 0.031% by using the one min points. as rates, but an
examination of thé kinetics (Figure 8) shows how mis]eading»this is. Always,
with the stroma enzymes and enough RuBP preéent 1nitiai1y to avoid using it
up (10 mM in the case shown in Figure 8) there ié a very rapid slowing of
the rate. We attribute this to allosteric fnactivation of the enzyme (18-20).
Just as with the isolated eniyme, this inactivation can bevpartia]1y overcome
with added effectors such as 6—phosbhog]uconate (Figure 9) or NADPH, but not
enough at these high concentrations of RuBP to give sustained linear rates
chéracteristic of the low KmCO2 form.

This inactivation by RuBP is probably the reason for the finding often
reported by various workers that higher ;ates can be obtained when the
RuBP is supplied by a RuBP generating system such as ribose~55phosphate and

ATP plus ehzymes, instead of & high initial concentration of RuBP. As.
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reportéd earlier, levels of RuBP in whole photoéynthesizing poppy leaf"
cells are quite low--around 70 uM , or about double the KmRuBP. Judging
hy the data in Table I, however, a concentration as high as 300 uM RuBP
is not seriously inhibitory with stroma enzymes at conéentrations only
several fold less than in intact chloroplasts.

If inhibition by RuBP concentrations of 0.5 mM or more js the cause
of our failure to obtain linear kihetics.with stroma enzymes, it might be
possible to di]Ute the enzyme concentration and work with much Tower RuBP -
concentrations, say 0.1 mM, without Seriouély dep]etfng the RuBP as substrate
during thé course of the experiment. We have performed such experiments.
Although a c]oser‘approach to linearity was thained, some falling off in
rate wifh time was still encountered (Figure']O). Perhaps all that can be
concluded at presenfvis that even‘relatively Tow concentrations of RuBP
decrease the activity of the RuBPCase in diluted stroma enzymes over a period
of time,

| If this premise is accepted, we are left with the question of how Eﬁlg:gllg
‘tolerates thé high RuBP concentrations (2.0 mM) found in the measurements
cifed earlfér. The reaﬁon for the inhibitory regulation of RuBPCaSe by RuBP 
in leaves is presuhab]y torminimize photorespiration resulting from the.
competitive bindfng of 02 at the CO2 binding_site. _RuBP binding allosterically
'is thought to raise the Km for both CO2 and 02. Perhaps this proteétion is
simply not so‘important for Chlorella. In shal]ow,pohds and lakes, there is
less light, more dissolved COZ’ no water-stfess, Tower 02,_and consequently
little chance for phbtorespiratioh._ when Chldre11a are exposed'to high 02,

low CO, and high light in the laboratory, huge amounts of glycolate are

2
produced. Under such drastic conditions, the enzyme in Chlorella may be

inactivated by a decrease in Km for C02 and 02, since the rate of”
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phosphoglycolate formation appeared to decrease after about 30 secbnds,
even though RuBP concentration was still substantial (32). The regulatory

- behavior of RuBPCase from Chlorella mighf be worth further study.

Y

v Conclusion
The activity of RuBPCase is strongly regulated in 1ight and dark,
becoming inactive in vivo in the dark as part of the mechanisms of avoiding .

2+, NADPH and other metabolites

- wasteful reactions. Changes in pH, Mg
account forrthis change fn activfty. Probably these effectors also account
for some fine control of RuBPCase actiQﬁty inthe]ight,.permitting the rate

of carboxylation to be balanced against rate of Qti]izatiOn of photosynthate.
A major form of regulation of RQBPCase in leaves is the conversion of the
enzyme to a high KmCO2 form in the presence of_high ratios of total RuBP

to enzyme binding sites and in the presence of very low 1eve)s of COZ‘ This
regulation provides a measure of protection against photorespiration resulting
from the attack of 02 on RuBP leading to phosphoglycolate formation. Steady—'
state concehtrations of RuBP in the unicellular algae Chlorella are much
higher than would appear to be toTerab]ejin leaf ce11s; suggesting the |
possibility of a different degree of inhibition by RuBP in the algaé and

higher plants.
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TABLE 1
Steady State Levels of RuBP in ReConstituteH

Spinach ChTorop]asts

- Rate--umoles CO2

00, (8  miRBP  fixed/ng chl-hr
1428 , 0.0224 90
0613 0.0644 - 68.4
.0266 0.1262 . 50.4
.0202 - 0.2061 ~39.6

o6 - 0.2998 . 252

Concentrations of ?HBP vere ?Stermined by ]4C content at
steadt-state with CO2 and '7C-U-PGA (see text).
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FIGURE LEGENDS

:;Figufe 1. Rate Limiting Sfeps"in_the Calvin Cycle. RuDP = RuBP; Ru5P, .
| ribu]ose-S-phésphate; . Xu5P, x&]u]Ose—S—phosphate; S7P;
sedohebtu]ose—7—phosphaté; SDP, sedoheptulose 1,7-bisphosphate; _
E4P, erytHrOSé-4-phosphate; FDP; fructq§e-7—phosphate; FDP = FSP, '
fructose'1;645isphosphate; DHAP, dihydroxyacetone phosphate; o
».Ga]d3P, glyderaldehyde-3-phosphate; PPGA;'phosphofy1—3—phospho-v
»Qlycerate; PGA, 3-phosphoglycerate.

- Figure 2. Changes in RuBP Concentration in Chlorella pyrenoidosa in 1ight

and dark periodé (from ref; 1).
Figure 3. Changes in RuBP Concentration in isolated Spinach Ch1orop1asts

in 1light and dark'periods (from ref. 13).

Figure 4. Steady-State COZ

at Five Levels of C02. Conditions described in text. Plot

shown only for 5 to 20 min, since an initial equi]ibfation time.

Fixation.by Reconstituted Spinach Chloroplasts

of 2 min is required. v
Figure 5. Liﬁeweaver;Burke Plot: KmCOZiforvRuBP.b'Plbt based on data
in Figure 4. _. | |
.Figure 6. Hill Plot of RuBP Carboxy1ase'Act1y1ty with Varying CO2 Pressure.
Plot based on data in Figdre 4.
ngu?e 75 Stimulation of CO2 Fixatiqn in Di]ﬁted Stroma Enzymes by NADPH
| and Ferredoxin. Whole isolated spinach chloroplasts were lysed
in HEPES buffer ( 25 mM, pH 8) thylakoids were removed by
~ céhtrifugatioﬁ at 20,000 x g for 10 hin. The supernatant solutioﬂ
wés diluted in HIPES bqffer to give 50 ug soluble protein in
each 035 ml of solution in a reaéfion flask. Reaction conditions ,

as in text.



Figure 8.

20

C02 Fixation by Stroma Enzymes at Five Levels of C02. Whole
isolated spinach chloroplasts were lysed in solution Z (28).

Each 0.5 ml of reaction mixture in flask contained 940 yg

- soluble protein. Reaction conditions as in text.

Figure 9,

Figure 10.

CO2 Fixation by Stroma Enzymeé at Five Levels of C02'with
Added 6-phosphogluconate. Conditions same as in Figure 8.

CO, Fixation with Diluted Stroma Enzymes and 0.1 mM RuBP. Whole

2

" isolated spinach ch]okop]asts were lyéed in HEPES buffer‘(25 mM,

pH 8), thy]akoids were removed by centrifugation at 20,000 X g

“ for 10 min. The supernatant solution was diluted in HEPES buffer.

to give 20 pg soluble protein in each 0.5 ml of solution in a

reaction flask. Reaction conditions as in text.

.
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