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Peu chlaroplustic phosphoribulokinase nnd yeast phosphoribolsomerase partivion independently of one another ina two-phuse polyethyleneglyeal,
dextran sysiem, but apparent internction-ig seen when ribose-3-phosphate is added (o the twe-phuse system. [t appears that the peu leaf Rinaxe
‘ recognizes yeust isomerase when it is carrying metabolite,
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I. INTRODUCTION

Phosphoriboisomerase, EC 5.3,1.6, (PRI) and
. phosphoribulokinase, EC 2.7.1.19; (PRK) catalyze con-
secutive reactions in the reductive pentose phosphate
pathway (Calvin cycle ). Together they convert
ribose-5-P  into ‘ribulose 1,5-bisphosphate, “the
CO;-acceptor molecule of photosynthetic carbon fixa-
. tion. Complexes containing both enzyme activities have
‘been described [1-3], yet the two enzymes can be

purified away from one another. This suggests that

chloroplastic PRK-and PRI interact but that.-the in-
teraction is relatively weak. At low ribose-5-P levels,
PRI and PRK produce ribulose-1,5-bisphosphate at a
‘rate greater than predicted from the equilibrium bet-
ween ribose-5-P and the ehzyme pair's intermediate
ribulose 5-P [4]. These kinetic data, likewise, could in-
dicate that PRI and PRK interact.

JIf ‘proteins interact, they may affect one another’s
‘partitioning in an aqueous two-phase system. Enhanced

resolution of differences in a protein’s partition

behavior can be achieved by carrying out repeated par-
titioning by the countercurrent distribution (CCD)
technique [5]. Here we report the results of multiple
partition experiments with punﬁed pea chloroplastic
PRK and yeast PRI.

Correspondence address: L.E. Anderson, BioSci m/c 066, University
of Illinois at Chicago, Box 4348, Chicago, IL 60680, USA

Abbreviations;  CCD,  countercurrent  distribution;  DTT,

dithiothreitol; PRI, phosphoriboisomerase, EC 5.3.1.6; PRK,
phosphoribulokinase, EC 2.7.1.1¢,

Published by Elsevier Science Publishers B, V.

2. EXPERIMENTAL

All procedures were carried oul at 4-6°C unless otherwise in-
dicated.

2.1, Maierials

Poiyethylene glycol (M, 80()0), biochemicals, yeast (Candida wtilis)
PRI, and auxillary enzymes were obtained from Sigma. Dextran
T-500 and Sephacryl §-200 were produced from Pharmacia, Blue H-
ERD Sephacryl was prepared by coupling the procion dye (gift of (Cl
Sweden) to Sephacryt by the method of Ashton and Polya [6). All
other ehemicals were of analytical reagent grade.

The procedere for PRK isolationis a variation based on the method
reported for the wheat enzymae (7). Either a ¢rude whole shoot extract
or a chloroplastic extract from 10 to 12 day-old-pea plants in 10 mM
Hepes-KOH (pH 7), 5 mM 2.mercaptoethanol, and 2.5 mM
dithiothreitol (DTT) (extraction buffer) is taken to 30% saturation
with ammonium sulfate, and precipitated protein is removed, PRK is
then precipitated from the ammonium sulfate supernate by lowering
the pH to 5 by dropwise addition of 3 N acetic acid. After centrifuga-
tion, the pellet containing PRK is resuspended in the extraction buf-
fer; the pH of the solution is raised to.7 by the addition of 2 N
NH.OH; the solution is dialyzed against buffer containing 10 mM
Hepes-KOH (pH 7), 100 mM KCi, 5 mM 2-mercaptoethanol and 2.5
mM DTT; and the dialyzed sample is loaded onto a 40 m! Blue H-
ERD Sephacryl column, equilibrated at room temperature with'the
same buffer. The column is washed at room temperatiire with the
dialysis buffer and with 10 mM potassium phosphate (pH 7) buffer
containing 100 mM KCl, 5 mM 2-mercaptoethanol and 2,5 mM DTT;
the PRK is eluted using a 0-5 mM ATP, 2.5 mM MgCl, gradient in
100 m! of the phosphate buffer at room temperature, The specific ac-
tivities of PRK preparations used in the experiments reported here
ranged from 70 to 115 U/mg protein, Note that this specific activity
is DTT-activation dependent,

2.2,/ CCD experiments

"Prior to being added to the phase partition system, the enzymes
were preincubated for 1-2 h in phase partition buffer containing 50
mM potassium phosphate (pH 7) and 2.5 mM DTT. When the'two en-
zymes were partitioned together, they were preincubated together. In
sotne experiments 0.4 mM ribose-5-P or 0,4 mM ribulose-5-P was in-
cluded in the preincubation buffer and in the phase partition system.

CCD enperiments were performed in a cold room, The aqueous
two-phase system contained. 9% (wt/wt) dextran T-500, 7.2% (wt/wt)
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Fig. 1. Countercurrent divtribution af pen ehloroplasic phosphuost.
bulokinuse und yeast phosphoriboisomerase, Phosphoribulokinase (8
U} (@} und phosphoribaisomerase (0.04 U) (3) were partitioned
together, Phase system (pH-7) ¢ontaining the enzymes was plaged in
tube (; 9 transfers were perfarmed. The dashed lines shaw how eucl
enzyie was distributed when it was partitioned individually under the

same conditiansy (... .. ) phosphoribufokinase; (««--+) phosphari- -

boisomerase Similite results were obtained in i toml of $ experiments,”

polyethylene glycol BOGO, 30 mM potassivin phosphate (pH 7), and
2.5 mM DTT. Tubes contained 2.1 g of the system; one gram of top
phase was transtered munually to the next tube in the series with the
fresh upper phase from the fina! tube being transfered to wbe O,
Phases were mixed by 30 inversions and were separated by centrifug.
ing for 2min ar2 333 x &. At theend of therun {1 h), 2.9 m! 50 mM
potassium phosphate (pH 7), 2.5 mM DTT was added 1o each tube to
obtain a homogencous solution. The fractions were collected and
analyzed for enzymatie activity.

The partition ratio G, the ratio between the amount of substance in
the mobile and stationary part of the system, was estimated for each
enzyme using the relationship G = i/(n-i) where i is the number of the
tube where the peak of enzyme activity appears and # is the number
of transfers {5} -

2.3, Enzyme assays i

All enzymes were assayed at anibient temperature (22°C) spece-
traphotometrically (AA o). The PRK assay mixture comtained 100
mM Tris-HCL (pH 7.8),:10 mM MgCly, 1 mM ATP, 0.5 mM
phosphoenolpyruvate, 0.4 mM ribulose-5-P, 0.2 mM NADH, 0.9
U/ml tactate dehydrogenase, and 0.2 U/ml pyruvate kinase. PR1ag-
tivity was measured using the same method and same basic assay mix-
ture, but 0.4 mM ribose-5-P was the substrate, and excess PRK-was
included as a coupling enzyme.

3. RESULTS AND DISCUSSION _

Yeast PRI and chloroplastic’ PRK showed unique
distribution patterns in the two-phase system (Fig. 1).
PRK partitioned with-a G value of 0.8. Yeast PRI had
a greater affinity for the lower dextran-rich phase, par-

titioning with a G value of 0.3. No shift in the partition

pattern was seen when PRI and PRK were preincubated
and partitioned together (Fig. 1) which indicates a lack
of physical interaction.

In a second set of experiments, PRK paired with yeast
PRI was preincubated and partitioned in the presence
of 0.4 mM ribose-5-P. Different ratios of the enzymes
were tested since the limiting component of a complex
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Fig. 2. Countercurrent distribution of pea chloroplastic phasphori-
bulokinase with yeast phosphoriboisomerase in the presence of
ribose-S-phosphate. Phosphoribulakinase (@) and phosphoribois-
omerase (D) were partitioned together in phase system (pH - 7)
containing 0.4 mM ribose.5-phosphate, The activity ratio was 1:140
phosphoriboisomerase (0.035 U)/phosphéribulokinase (4.9 U), The
experiment was performed twice with similar resules, The dashed lines
show how cach enzyme was distributed when it was partitioned
individually in the presence of its substrate: (... ..) phosphoribulo-..
kinase with 0.4 mM ribulose-5-phosphate; (-----) phosphoriboisam-
erase in the presence of 0.4 mM ribose-S-phosphate. Similar results
were obtained when the kinase was partitioned individually in the
presence of 0.4 mM ribose-5-phosphate. )

should show the greatest alteration in its distribution
pattern [8]. When the PRK/PRI activity ratio was high
(140 U PRK/! U PRI), a new peak of yeast PRI activity
with a G value of 3.5 appeared (Fig. 2A), and PRK ac-
tivity was shifted towards this new PRI peak (Fig. 2B).-
If the new activity peaks represent the partitioning of
weakly complexed PRI and PRK undergoing repeated
association and dissociation, the final positions of the
new peaks will probably not be coincident,.as is seen
here. When PRI activity was greater than PRK activity,
only the shift in PRK activity distribution was seen
(data not shown). Inclusion of either ribulose-5-P or
ribose-5-P did not alter the distribution pattern of
either enzyme partitioned individually. This result in-
dicates that PRK is only capable of recognizing yeast
PRI when it has ribose-5-P, or more likely ribulose-5-P,
bound. ‘ _

To our knowledge, this is the first time a physical in-
teraction betweeén two enzymes has been demonstrated
to be dependent on the presence of their common
metabolite. This substrate requirement for interaction
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between nea chioroplastic PRK and yeast PRI suggests
that the recognition of PRI-bound ribulose-5-P by PRK
is the source of the physical interaction seen for the two
enzymes. This physical internction could facilitate
direct transfer of ribulose-5-F between the two en-
zymes. Interaction followed by transfer of ribulose-5-P
from PRI to PRK could explain the unexpectedly high
rate of ribulose-1,5-bisphosphate formation at low
ribose-5-P levels by this enzyme pair [4].
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