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ABSTRACT

Carboxyarabinitol 1-phosphatase (2-carboxy-p-arabinitol 1-
phosphate phosphohydrolase), a chloroplast enzyme that metab-
olizes the naturally occurring inhibitor of ribulose-1,5-bisphos-
phate carboxylase/oxygenase, was isolated from tobacco (Ni-
cotiana tabacum) leaves. The enzyme was purified more than
3500-fold using a protocol that included ammonium sulfate frac-
tionation and gel filtration, ion-exchange, and hydrophobic inter-
action chromatography. Analysis of the final preparation by so-
dium dodecyl sulfate polyacrylamide gel electrophoresis revealed
the presence of a single polypeptide with a molecular mass of 53
kilodaltons. The enzyme exhibited an apparent K, (carboxyara-
binitol 1-phosphate) of 33 micromolar and a pH optimum of 7.5.
Enzyme activity did not require divalent cations and was unaf-
fected by the metal chelators EDTA and cysteine. Carboxyarabin-
itol 1-phosphatase activity was inhibited by zinc, copper and
molybdate and stimulated by sulfate. Chloroplast metabolites that
affected activity included inorganic phosphate and ATP, which
were inhibitory, and ribulose-1,5-bisphosphate, fructose-1,6-bis-
phosphate and NADPH which stimulated activity 2.5-fold. Activa-
tion of carboxyarabinitol 1-phosphatase activity by these positive
effectors, together with the previously reported requirement for
dithiothreitol, explain the light/dark modulation of carboxyarabin-
itol 1-phosphatase activity in vivo.

Three phosphohydrolytic reactions occur as steps in the
pathways for photosynthetic and photorespiratory carbon me-
tabolism. In the reductive pentose phosphate cycle, sedohep-
tulose-1,7-bisphosphate and fructose-1,6-bisphosphate are
metabolized to the corresponding monophosphate esters by
hydrolysis of their C-1 phosphate (22). These reactions are
catalyzed by separate chloroplast-specific enzymes, sedohep-
tulose- and fructose-bisphosphatase. Both enzymes exhibit a
number of regulatory properties that modulate their activa-
tion state in response to irradiance (1, 7, 14, 19). The under-
lying mechanism for this regulation is the reduction of specific
sulfhydryl groups on the enzyme, a reaction which is mediated
in vivo by the ferredoxin-thioredoxin system (6, 21). In the
chloroplast, changes in stromal pH, the concentration of
Mg?*, and the levels of the bisphosphate substrates all affect
the activation state of sedoheptulose- and fructose-bisphos-
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phatase (11, 16, 17, 20) presumably by modifying the acces-
sibility of critical sulfhydryl groups (2, 21).

In the photorespiratory carbon oxidation cycle, a chloro-
plast phosphatase has been described that catalyzes the phos-
phohydrolysis of phosphoglycolate (8, 23), one of the products
of the ribulose-1,5-bisphosphate oxygenase reaction (4). The
enzymic properties of phosphoglycolate phosphatase include
inhibition of activity by ribose-5-phosphate and activation by
both anions and divalent cations (13); however, aside from
these factors, phosphoglycolate phosphatase does not appear
to be under extensive regulatory control. This apparent lack
of regulatory control may be indicative of a housekeeping
function for this enzyme of rapidly catalyzing the metabolism
of phosphoglycolate. The conversion of phosphoglycolate to
glycolate is not of trivial importance for it prevents the
accumulation of phosphoglycolate, a potent inhibitor of
triose-phosphate isomerase (31), and initiates the recycling of
the carbon lost in photorespiration back to the Calvin Cycle
(4, 8, 28).

In a companion study (12), a newly discovered plant phos-
phatase was shown to be involved in the metabolism of 2-
carboxyarabinitol 1-phosphate (CA 1-P?), an endogenous in-
hibitor of Rubisco. In the present study, we report a detailed
protocol for the purification of CA 1-Pase (2-carboxy-D-ara-
binitol 1-phosphate phosphohydrolase) from tobacco leaves
and describe some of the properties of the isolated enzyme.

MATERIALS AND METHODS

Plant Material

Leaf material for the purification of CA 1-Pase was obtained
from 2- to 3-month old tobacco plants, Nicotiana tabacum L.
var. KY14. Plants were grown in soil in a glasshouse under
natural lighting.

Purification of CA 1-Pase

All procedures were conducted at 4°C. Buffers were adjusted
to the indicated pH at 23°C before cooling to 4°C. One
hundred g of deveined tobacco leaves were homogenized in a

2 Abbreviations: CA 1-P, 2-carboxyarabinitol 1-phosphate; CA
1-Pase, 2-carboxyarabinitol 1-phosphatase; Rubisco, ribulose-1,5-
bisphosphate carboxylase/oxygenase; FPLC, fast protein liquid
chromatography.
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Waring® blender for 1 min in 250 mL of 100 mM Tris-HC],
10 mMm MgCl,, 10 mMm KCl, 1| mMm EDTA, pH 8.0, containing
20 mwm ascorbate, 50 mm 2-mercaptoethanol, 5 mm DTT, 2%
(w/v) polyvinylpolypyrrolidone and 10% (v/v) glycerol. The
homogenate was filtered through 1 layer of Miracloth and 8
layers of cheesecloth, and the filtrate was centrifuged at
20,000g for 15 min. Saturated (NH,),SO,, adjusted to pH 7.0
with NH,OH, was added slowly to the supernatant to bring
the final concentration to 40%. Following the removal of
precipitated material by centrifugation at 20,000¢ for 20 min,
solid (NH,),SO,4 was added slowly to the supernatant to bring
the concentration of (NH.),SOs; to 65%. The amount of
(NH.,),SO, required to precipitate CA 1-Pase was established
in preliminary experiments using crude tobacco homogenates
that were centrifuged and then freed of Rubisco by gel-
filtration chromatography (see below).

Following precipitation with (NH,),SO,, the protein pellet
was collected by centrifugation at 20,000g for 20 min and
resuspended in 20 mL of 100 mM Tris-HCl, 10 mm MgCl,,
0.5 mM EDTA, 10 mM NaHCO;, pH 8.0, containing 2 mm
DTT and 20 mM 2-mercaptoethanol (buffer A). The resulting
solution, which was quite turbid, was centrifuged at 150,000g
for 1 h to remove subchloroplast particles and other membra-
nous material. Fifteen mL of the supernatant were immedi-
ately loaded on a 2.6 X 62 cm Sephacryl-S 300 column
(Pharmacia Inc.) and chromatographed overnight at 0.3 mL/
min in buffer A. Five ml fractions were collected and those
eluting after the Rubisco peak were assayed for CA 1-Pase
activity as described below. Peak fractions, corresponding to
an elution volume of 149 to 216 mL, were stored overnight
at 4°C while the entire procedure (i.e. extraction, (NH,),SO,
fractionation, ultracentrifugation and gel-filtration) was re-
peated for a second 100 g patch of leaves.

The peak Sephacryl fractions stored from the first extraction
were pooled and combined with those from the second ex-
traction and then concentrated by ultrafiltration on a YM-30
membrane (Amicon). The sample was clarified by centrifu-
gation, and loaded on a 1.6 X 33 cm Q-Sepharose column
equilibrated with 20 mm Tris-HCl, 10 mM MgCl,, 10 mm
NaHCO;, pH 8.0, containing 2 mm DTT (buffer B). This
column was scaled up 65-fold from the FPLC ion-exchange
column described previously (25). After elution with 1 column
volume of buffer B at 1 ml/min, the sample was fractionated
using a scaled-up version of the multistep gradient described
previously (25). The total volume of the 0 to | M KCl gradient
was 1300 mL. Thirteen mL fractions were collected and
assayed for CA 1-Pase activity. Peak fractions from the Q-
Sepharose column were pooled and protein precipitated by
the addition of solid (NH,),SO, to 65%.

Following storage overnight, the precipitated protein from
the Q-Sepharose peak was collected by centrifugation
(17,000¢ for 10 min) and resuspended in 27 mL of 50 mM
Tris-HCIl, 1.2 M (NH,),SO,, pH 7.5, containing 4 mM DTT.
The solution was concentrated to 5 mL by ultrafiltration.
Precipitated protein in the retentate was removed by centrif-

3 Mention of a trademark, proprietary product, or vendor does not
constitute a guarantee or warranty of the product by the U.S. De-
partment of Agriculture and does not imply its approval to the
exclusion of other products or vendors that may also be suitable.
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ugation at 17,000g for 10 min. The supernatant, which con-
tained all of the CA 1-Pase activity, was loaded on a 1.0 X 10
cm column of phenyl-Sepharose equilibrated with 50 mm
Tris-HCl, 1.7 M (NH,),SO., pH 7.5, containing 4 mMm DTT,
and was fractionated at 1 mL/min using a linear gradient
from 1.7 to 0 M (NH,),SO, in 50 mm Tris-HCI, pH 7.5, and
4 mm DTT (buffer C). The elution profile was identical to
that shown in Figure 1 for a 0.5 X 5.0 cm FPLC phenyl-
Superose column except that the chromatographic conditions
were increased eightfold. Four mL fractions were collected
and assayed for CA 1-Pase activity. Protein in the pooled
peak fractions was precipitated by the addition of solid
(NH.,),SO, to 65% and stored overnight.

Precipitated protein from the phenyl-Sepharose column
was collected and resuspended, and the solution was ultrafil-
tered and centrifuged using the procedure described in the
preceding paragraph for the Q-Sepharose material. The sam-
ple was then subjected to a second hydrophobic interaction
separation, this time at 0.5 mL/min using a 0.5 X 5.0 cm
FPLC phenyl-Superose column. The gradient consisted of a
two-segment linear (NH,),SO, gradient in buffer C from 1.7
to 0.85 M over the first S mL and from 0.85 to 0 M over the
next 16 mL. One mL fractions were collected and assayed for
CA 1-Pase activity.

Peak fractions from the phenyl-Superose separation were
resuspended by dilution in 20 mm Tris-HCI, pH 7.4, contain-
ing 4 mM DTT, and were desalted by ultrafiltration. The
material was chromatographed on a 0.5 X 5.0 cm ion-ex-
change FPLC Mono Q column at pH 7.4 as described previ-
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Figure 1. Elution profile of CA 1-Pase activity and A2s0 absorbance
from a 0.5 x 5 cm FPLC phenyl-Superose column.
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ously (25). Saturated ammonium sulfate was added to a final
concentration of 65% to the two fractions that contained most
of the CA 1-Pase activity. Aliquots of these fractions were
diluted with one volume of 100 mm Hepes-KOH, pH 7.5,
containing 4 mM DTT and subjected to gel filtration FPLC
on a 1.0 X 30 cm Superose-12 column.

For some preparations, dye-ligand chromatography was
used as the final purification step. Precipitated protein from
the FPLC phenyl-Superose column was collected by centrif-
ugation at 17,000g for 10 min and resuspended in buffer C
containing 1 mM fructose-1,6-bisphosphate (buffer D). Fruc-
tose bisphosphate increased the recovery of CA 1-Pase from
the Reactive-red column (see below). The solution was re-
peatedly concentrated and resuspended by ultrafiltration on
a YM-30 membrane to reduce the concentration of residual
(NH,):SO, by at least 10-fold. The solution was concentrated
to 2 mL and loaded on a 2 ml column of Reactive-red 120-
agarose, type 1000-CL (Sigma), which was equilibrated in
buffer D. Following application of the sample, the column
was eluted at 0.5 mL/min with 10 mL of buffer D followed
by a linear gradient from 0 to 0.75 M of KCl in buffer D. One
ml fractions were collected and assayed for CA 1-Pase activity.
Fractions containing CA 1-Pase activity were pooled, made
to 65% (NH,):SOs and stored at 4°C.

Assay of CA 1-Pase

CA 1-Pase, stored as an (NH,),SO; slurry, was diluted in
50 mM Tris-HCl, pH 7.5, containing 4 mM DTT, and the
(NH,),SO, concentration was reduced to a concentration less
than 1 mM by repeated centrifugal ultrafiltration on a Centri-
con 30 unit (Amicon). CA 1-Pase activity was assayed at 25°C
in 25 uL reactions containing 50 mM Tris-HCI, pH 7.5, 4 mM
DTT, 2 mm NADPH, and 19.2 uM [2’-'*C]CA 1-P. Reactions
were terminated after 10 min by the addition of 0.1 mL of
0.5 N HCOOH. The reaction product was quantified after
chromatography on Dowex 1-X8 (HCOOH) as described in
a companion study (12). Changes in the basic assay are noted
in the text.

General Methods

Protein concentration was determined by the dye-binding
assay (5) using BSA as the standard. SDS-PAGE was per-
formed in 9 to 15 or 10 to 17% polyacrylamide gradient gels
as described previously (9). Gels were stained with either
Coomassie blue (9) or silver-reagent according to the direc-
tions of the manufacturer (Bio-Rad).

RESULTS
Purification of CA 1-Pase

A summary of the protocol for the purification of CA 1-
Pase from tobacco leaf tissue is presented in Table I. The
initial steps in the protocol were modified from the procedure
described for the isolation of CA 1-Pase from tobacco chlo-
roplasts (25). For example, gel filtration through Sephacryl S-
300 and low pressure ion-exchange chromatography on Q-
Sepharose replaced the rate zonal centrifugation and FPLC

ion-exchange steps used previously (25). The current purifi-
cation scheme for leaves also includes an (NH,),SO, fraction-
ation step and a brief ultracentrifugation; these steps were
used primarily to concentrate and clarify the sample prior to
column chromatography. The extent of enzyme purification
after these two steps could not be determined directly due to
interference of the CA 1-Pase assay by endogenous Rubisco
(25). However, a 1.5-fold purification can be estimated based
on the reduction in protein level after the first two purification
steps (Table I). Gel filtration on Sephacryl S-300, which was
used early in the purification scheme to remove Rubisco,
reduced the total protein level by more than fivefold (Table
D).

Isolation of CA 1-Pase from leaf tissue made it necessary
to increase the capacity of the ion-exchange step used previ-
ously for the isolation of CA 1-Pase from chloroplasts (25) to
accommodate greater amounts of protein. Therefore, the
original procedure was increased 65-fold by direct scale-up
from a 1 mL FPLC Mono-Q column to a 65 mL Q-Sepharose
column. CA 1-Pase activity eluted in two peaks from the Q-
Sepharose column, one which emerged in a position corre-
sponding to that described for the enzyme from chloroplasts
(25) and a second peak which eluted later in the gradient. The
elution behavior of the two peaks was identical on the hydro-
phobic interaction and dye-ligand columns. Since the first
peak had higher specific activity and contained the majority
of the CA 1-Pase activity, it alone was carried through the
subsequent purification steps.

The specific activity of CA 1-Pase was increased 7-fold by
ion-exchange chromatography on Q-Sepharose (Table I). Fur-
ther purification was achieved by hydrophobic interaction
chromatography on phenyl-Sepharose and phenyl-Superose
(Table I). The chromatographic elution behavior of CA 1-
Pase from leaves was identical to that of the enzyme isolated
from intact tobacco chloroplasts (data not presented). Hydro-
phobic interaction chromatography was followed by ion-ex-
change chromatography on a 1 mL FPLC Mono Q column.
CA 1-Pase activity eluted from the Mono Q column in a
single peak, and the specific activity was increased 2.8-fold.

Nonspecific binding of CA 1-Pase to the ultrafiltration
membranes was a problem at the later stages of purification,
making it difficult to concentrate the protein for subsequent
purification. For assays, bovine serum albumin could be
added to the solution at 0.5 mg/mL to enhance recovery (data
not shown). However, for further enzyme purification, it was
necessary to chromatograph small aliquots of the FPLC ion-
exchange fractions directly on the Superose-12 gel filtration
column. CA 1-Pase exhibited anomolous behavior on this
column, eluting in a region corresponding to an apparent mol
wt of <10,000. Recovery of CA 1-Pase activity after gel
filtration was nearly 100%, and the specific activity of the
enzyme was increased 2.3-fold to 0.26 units/mg.

Partial purification of CA 1-Pase following hydrophobic
interaction chromatography was also achieved by subjecting
material purified through the phenyl-Superose step to dye-
ligand chromatography on reactive red 120-agarose. CA 1-
Pase activity eluted late in the KCl gradient with 0.5 M KCl
(data not shown). The specific activity of CA 1-Pase increased
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Table . Purification of CA 1-Pase from Tobacco Leaves

Total

Total

Specific

Purification Step Protein Activity Activity Yield Purification
mg ”n";iorfl nmol{min.-mg % -fold®
Homogenate 2557.0 (1.0)
Ammonium sulfate (40-65%) 21914 (1.2
Ultracentrifugation 1700.1 (1.5
Gel-filtration (Sephacryl S- 319.2 197.8 0.6 100 1(8)
300)
lon-exchange (Q-Sepharose) 20.5 88.6 43 49 7 (58)
Hydrophobic interaction
(phenyl-Sepharose) 10.7 70.7 6.6 36 11 (88)
(phenyl-Superose) 1.7 68.0 39.9 34 66 (532)
FPLC ion-exchange (Mono- 0.3 30.6 112.7 16 187 (1502)
Q)
FPLC gel-filtration® (Super- 0.2 49.6 261.2 25 435 (3482)
ose-12)

& The numbers in parentheses indicate the approximate purification based on the reduction in total

protein that occurred in the first three steps of the protocol.

® Chromatography was conducted on

portions of the post-FPLC ion-exchange material and the results were extrapolated to the entire sample.

2.8-fold with this step, but recovery of enzyme activity from
this column was less than 15%.

CA 1-Pase prepared by the procedure outlined in Table I
was purified more than 400-fold compared to the enzyme
isolated after Sephacryl S-300 gel filtration. Taking into ac-
count the reduction in total protein concentration that oc-
curred in the first three steps of the protocol (Table I), the
enzyme was purified more than 3500-fold. The enzyme prep-
aration was stable when stored at 4°C as an (NH,4),SO, sus-
pension, but slowly lost activity when stored at 4°C without
(NH.,),SO;, or frozen at —20°C. Recovery of activity through
the entire procedure was 25% with major losses occurring at
the ion-exchange steps. Approximately 50% of the total activ-
ity was lost at the Q-Sepharose step, most of which appeared
as a second peak of CA 1-Pase activity. This second CA 1-
Pase peak may have represented a pool of CA 1-Pase that was
associated with Rubisco since the second CA 1-Pase peak
eluted from the ion-exchange column in the same position as
the small amount of residual Rubisco that carried through
from the Sephacryl separation.

An analysis of the polypeptides after the various stages of
purification is shown in Figure 2. Several polypeptides were
present in the active fractions from the FPLC ion-exchange
column. However, when SDS-PAGE analysis was conducted
on the individual column fractions from this column, only a
single polypeptide at 53 kD was strictly associated with CA 1-
Pase activity (Fig. 2B, indicated by the arrow). This polypep-
tide was present in the active fractions from the dye-ligand
column along with a contaminated polypeptide at 63 kD
(data not presented). Further purification of CA 1-Pase by
FPLC gel filtration confirmed the identification of the 53 kD
polypeptide as CA 1-Pase (Fig. 2).

Properties of CA 1-Pase

The effects of various metal ions on the activity of purified
CA 1-Pase were examined (Table II). At a concentration of 5
mM, magnesium, manganese, and potassium had little effect
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Figure 2. SDS-PAGE separation of the polypeptides in the CA 1-
Pase preparations following each step in the purification. A, Coo-
massie blue-stained gel of the material from: 1, crude leaf homoge-
nate; 2, 40 to 65% ammonium sulfate; 3, ultracentrifugation; 4,
Sephacryl S-300; 5, Q-Sepharose; 6, phenyl-Sepharose (12.5 ug); 7,
phenyl-Sepharose (2.5 ng); 8, phenyl-Superose (2.5 ug). B, Silver-
stained gel of CA 1-Pase after FPLC ion-exchange chromatography
(lane 1) and gel filtration FPLC (lane 2). The numbers in the margins
indicate the positions and molecular mass of standards expressed in
kilodaltons. The arrows indicate the position of CA 1-Pase on the
gels.

on CA 1-Pase activity, whereas copper, zinc, and especially
molybdenum were inhibitory. Enzyme activity was not af-
fected by 1 mm EDTA or 0.2 mM cysteine (data not shown),
but was enhanced by the inclusion of the sulfate anion as
either the potassium, sodium, or ammonium salt (Table II).
Concentrations of (NH,4),SO,4 from 10 to 50 mM were optimal
for stimulation of CA 1-Pase activity, but concentrations
greater than 0.7 M were inhibitory. Substantial inhibition of
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Table Il. Effect of Various Metals and Other lons on the Activity of
CA 1-Pase

All assays were conducted in the presence of 2 mm NADPH with
enzyme purified through the phenyl-Superose step.

. CA 1-Pase
Compound Concentration Activity
mMm %
None* 100
KCI 5 106.1
MgCl, 5 96.1
MgSO. 5 89.0
MnCl, 5 75.0
ZnCl; 5 323
ZnSO, 5 37.7
(NH4)sM07024 5 14
CuSO, 5 443
K2SO4 50 109.5
Na.SO, 50 131.1
(NH4).SO4 50 130.3
NH.CI 50 1111
NHHCO; 50 72.6
KH2PO, 2 60.0
KHzPO4 50 16.7

@ Assays were conducted in the presence of 1 mm EDTA.
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Figure 3. Effect of zinc sulfate (O) and ammonium molybdate (A)
concentration on CA 1-Pase activity. Carboxyarabinitol 1-phospha-
tase was purified through the phenyl-Superose step and assayed for
activity at pH 8.0 in the presence of 2 mm NADPH.

CA 1-Pase activity also occurred when the enzyme was as-
sayed in the presence of inorganic phosphate (Table II).

The concentration dependence for inhibition of CA 1-Pase
activity by ammonium molybdate and zinc sulfate is pre-
sented in Figure 3. These compounds were inhibitory in the
micromolar range; the K; values for molybdate and zinc were
less than 100 uM and 500 uM, respectively (Fig. 3). Molybdate
was an especially potent inhibitor causing almost complete
inhibition of CA 1-Pase activity when included as either the
ammonium or sodium (not shown) salt at 1 to 2 mM.
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Figure 4. Effect of pH on the activity of CA 1-Pase. [2-'*C]CA 1-P
adjusted to either pH 4.0 (lactone, O) or pH 9.0 (open chain, A) was
used to initiate 5 min assays buffered to the indicated pH with 200
mm Mes (6.0-6.5), Hepes (7.0-7.8), or Tricine (8.0-8.5). Assays were
conducted in the presence of 2 mm NADPH with enzyme that was
purified through the dye-ligand chromatographic step.
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Figure 5. Effect of CA 1-P concentration on the activity of CA 1-

Pase. CA 1-Pase was purified through the phenyl-Superose step and
assayed for activity at pH 8.0 in the presence of 2 mm NADPH.

The response of CA 1-Pase activity to pH is presented in
Figure 4. Since CA 1-Pase undergoes lactonization (3, 10),
the effect of pH on CA 1-Pase activity was examined in
experiments in which CA 1-Pase assays were initiated with
either the open chain form of the substrate or the lactone.
With either form of the substrate, the pH profile of CA 1-
Pase activity was identical, exhibiting a broad maximum
between pH 7.0 and 7.5. Activity was optimal at pH 7.5, but
declined by more than 50% with increasing pH from 7.5 to
8.5.
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Table lll. Effect of Metabolites on the Activity of CA 1-Pase

CA 1-Pase purified through the FPLC ion-exchange step was
thoroughly desalted by ultrafiltration and assayed at 25°C in the
presence of the indicated concentrations of metabolites. Except
where indicated, assays were conducted in the absence of NADPH.

CA 1-Pase Activity with

Metabolite Metabolite Concentration:
0.1 mm 1.0mm 2.0 mm
Ve/Vo®
NADPH 25
Ribulose bisphosphate 1.5 24
Fructose bisphosphate 1.2 2.3
3-Phosphoglycerate 1.0 1.5
ADP 1.0 1.2
6-Phosphogluconate 0.9 11
Fructose-6-P 0.9 1.0
Glucose-1-P 0.9 1.0
Ribulose-5-P 0.9 0.9
Ribose-5-P 0.8 0.6
ATP 0.7 0.6

2 Activity is expressed as the ratio of the activity in the presence
(Ve) and absence (V) of effector.

The response of CA 1-Pase activity to the concentration of
substrate is presented in Figure 5. CA 1-Pase activity exhibited
typical Michealis-type kinetics in response to CA 1-P concen-
tration, approaching saturation at 100 um CA 1-P (Fig. 5).
An apparent Km value for CA 1-P of 33 uM was determined
from double reciprocal plots of the data in Figure 5.

Several chloroplast phosphoesters were examined for an
effect on CA 1-Pase activity (Table III). Of those tested,
NADPH, ribulose bisphosphate, fructose bisphosphate, and
to a lesser extent 3-phosphoglycerate, were positive effectors
of CA 1-Pase activity. The stimulatory effect of NADPH on
CA 1-Pase activity has been reported previously (12). Of the
other chloroplast metabolites that were tested, most had little
or no effect on CA 1-Pase activity, with the exception of ATP
and ribose-5-P, which were inhibitory.

DISCUSSION

CA 1-Pase catalyzes the reaction which converts CA 1-P to
carboxyarabinitol (12). In the accompanying paper, we dem-
onstrated that the phosphohydrolytic activity of the enzyme
was specific for CA 1-P, an endogenous inhibitor of Rubisco
which is present in the chloroplasts of some plant species (3,
10, 26). In most of these species, CA 1-P accumulates only
after prolonged periods of dark or low irradiance requiring
several hours to reach a final concentration sufficient to block
one-half of the Rubisco active sites (10, 26, 27, 29). An
exception to this occurs with Phaeseolus vulgaris, a species in
which CA 1-P has been reported to accumulate relatively
rapidly, within minutes following a transition from high to
low irradiance (15). Degradation of CA 1-P following a step
increase to high irradiance is generally much more rapid than
its synthesis (i.e. t», = 6.7 min [24]) in all species that have
been examined (15, 24, 26, 27, 29). The rapid rate at which
CA 1-P is metabolized compared with the slow rate at which
it accumulates suggests that even if synthesis of CA 1-P

Plant Physiol. Vol. 90, 1989

continued unabated in the light it would be superceded at
high irradiance by a much more rapid rate of degradation.
Under natural conditions, however, CA 1-P degradation oc-
curs at a much more gradual rate presumably due to modu-
lation of CA 1-Pase activity by the low incident radiation
encountered during sunrise (27, 29).

CA 1-Pase was identified as a soluble enzyme present in
the chloroplasts of tobacco (12, 25). Purification of the en-
zyme from tobacco leaves was relatively straightforward, but
its quantification was complicated by the large amount of
Rubisco protein present in the leaf extract. Rubisco binds CA
1-P with high affinity, thus its abundance in leaves precluded
the direct determination of CA 1-Pase activity in the initial
plant extract (25). Based on the specific activity of the purified
enzyme and the total activity measured after chromatography
on Sephacryl S-300, CA 1-Pase appeared to comprise 0.03%
of the total protein in the tobacco leaf. However, if CA 1-Pase
can associate with Rubisco, a large amount of the CA 1-Pase
may have been lost when the bulk of the Rubisco was removed
on the Sephacryl column. More precise information regarding
the abundance of CA 1-Pase in leaves and possible associa-
tions between CA 1-Pase and Rubisco can be determined
with immunological techniques once anti-CA 1-Pase antibod-
ies are produced.

The enzymic characteristics of CA 1-Pase differ consider-
ably from those of the other chloroplast phosphatases. For
example, CA 1-Pase exhibited a lower pH optimum than has
been reported for the bisphosphatases (17) or for P-glycolate
phosphatase (13). Most phosphatases including phosphogly-
colate phosphatase, sedoheptulose- and fructose-bisphospha-
tase require a divalent cation, usually Zn** or Mg**, for
activity (8, 13, 17). In contrast CA 1-Pase activity was rela-
tively unaffected by the presence of Mg?* and Mn?*, or the
metal chelators EDTA and cysteine, and was inhibited by low
concentrations of Zn** as well as by copper and molybdate.
Inhibition of phosphohydrolytic activity by these metals has
also been reported for glucose-6-phosphatase, a multifunc-
tional microsomal enzyme most extensively studied from rat
liver (18). The apparent requirement for sulfhydryl reduction
for activity (18) constitutes another similarity between CA 1-
Pase and glucose-6-phosphatase. However, the enzymes differ
in many ways, including their response to metal chelators,
their subcellular distribution, and their substrate specificity
(18).

Several properties of CA 1-Pase could provide the regula-
tory control necessary to explain the increased rate of CA 1-
P degradation occurring in response to rising irradiance. For
example, we have previously noted (25) that the requirement
for DTT for maintenance of activity during storage indicated
a probable involvement of sulfhydryl reduction in the light
activation of CA 1-Pase. A regulatory effect of pH on CA 1-
Pase activity was not readily apparent from the pH profile
shown in Figure 4, since the pH optimum is somewhat lower
than the pH values that have been reported for the stroma in
illuminated chloroplasts (30). However, the highest rates of
CA 1-P degradation occur during sunrise, a time when low
irradiance may limit stromal alkalization (11). Thus, the pH
response of CA 1-Pase may actually be optimized to ensure
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that maximal enzyme activity occurs during the time when
substrate levels are at their highest.

A most important regulatory property of CA 1-Pase was
the observed modulation of enzyme activity by chloroplast
metabolites, particularly activation by ribulose bisphosphate,
fructose bisphosphate, and NADPH, and inhibition of activity
by inorganic phosphate. In a companion study (12), we
showed that ribulose bisphosphate and fructose bisphosphate
were not substrates for the purified enzyme; thus, their stim-
ulatory effect on activity must involve allosteric interactions.
Since the concentrations of these metabolites increase sub-
stantially upon illumination, their effect on enzyme activity,
together with the effects of pH and sulfhydryl reduction,
would provide a mechanism for light/dark regulation of CA
1-Pase activity.

ACKNOWLEDGMENTS

We wish to thank J. C. Anderson for her many essential contri-
butions to this study.

LITERATURE CITED

1. Anderson LE (1974) Activation of pea leaf chloroplast sedohep-
tulose 1,7-diphosphate phosphatase by light and dithiothreitol.
Biochem Biophys Res Commun 95: 907-913

2. Aragnol D, Pradel J, Cecchini J-P (1985) Effect of ligand binding
and of pH change on the accessibility of thiol residues of
fructose-1,6-bisphosphatase from spinach chloroplasts. Bio-
chim Biophys Acta 829: 275-281

3. Berry JA, Lorimer GH, Pierce J, Seemann JR, Meek J, Freas
S (1987) Isolation, identification, and synthesis of 2-carbox-
yarabinitol 1-phosphate, a diurnal regulator of ribulose-bis-
phosphate carboxylase activity. Proc Natl Acad Sci USA 84:
734-738

4. Bowes G, Ogren WL, Hageman RH (1971) Phosphoglycolate
production catalyzed by ribulose diphosphate carboxylase.
Biochem Biophys Res Commun 45: 716-722

5. Bradford MM (1976) A rapid and sensitive method for the
quantitation of microgram quantities of proteins utilizing the
principle of protein-dye binding. Anal Biochem 72: 248-254

6. Buchanan BB (1980) Role of light in the regulation of chloroplast
enzymes. Annu Rev Plant Physiol 31: 341-432

7. Champigny ML, Bismuth E (1976) Role of photosynthetic elec-
tron transfer in light activation of Calvin cycle enzymes. Phys-
iol Plant 36: 95-100

8. Christeller JT, Tolbert NE (1978) Phosphoglycolate phospha-
tase. Purification and properties. J Biol Chem 253: 1780-1785

9. Chua N-H (1980) Electrophoretic analysis of chloroplast proteins.
Methods Enzymol 69: 434-446

10. Gutteridge S, Parry MAJ, Burton S, Keys AJ, Mudd A, Feeney
J, Servaites JC, Pierce J (1986) A nocturnal inhibitor of
carboxylation in leaves. Nature 324: 274-276

11. Heber U, Takahama U, Neimanis S, Shimizu-Takahama M
(1982) Transport as the basis of the Kok effect. Levels of some
photosynthetic intermediates and activation of light-regulated
enzymes during photosynthesis of chloroplasts and green leaf
protoplasts. Biochim Biophys Acta 679: 287-299

12. Holbrook GP, Bowes G, Salvucci ME (1989) Degradation of 2-
carboxyarabinitol 1-phosphate by a specific chloroplast phos-
phatase. Plant Physiol 90: 673-678

13. Husic HD, Tolbert NE (1984) Anion and divalent cation acti-

14.

17.

18.

19.

20.

21.

22.

23.
24,

25.

26.

27.

28.
29.

30.

31.

vation of phosphoglycolate phosphatase from leaves. Arch
Biochem Biophys 229: 64-72

Kelly GJ, Zimmermann G, Latzko E (1976) Light induced acti-
vation of fructose-1,6-bisphosphatase in isolated intact chlo-
roplasts. Biochem Biophys Res Commun 70: 193-199

. Kobza J, Seemann JR (1988) Rates of 2-carboxyarabinitol 1-

phosphate synthesis and degradation in vivo during the light
regulation of ribulose-1,5-bisphosphate carboxylase activity
(abstract 28). Plant Physiol 86: S-5

. Laing WA, Stitt M, Heldt HW (1981) Control of CO; fixation.

Changes in the activity of ribulosephosphate kinase and fruc-
tose- and sedoheptulose-sphosphatase in chloroplasts. Biochim
Biophys Acta 637: 348-359

Leegood RC, Kobayashi Y, Neimanis S, Walker DA, Heber U
(1982) Co-operative activation of chloroplast fructose-1,6-bis-
phosphatase by reductant, pH and substrate. Biochim Biophys
Acta 682: 168-178

Nordlie RC, Sukalski KA (1985) Multifunctional glucose-6-phos-
phatase: a critical review. In AN Martonosi, ed, The Enzymes
of Biological Membranes, Vol 2. Biosynthesis and Metabolism.
Plenum Press, New York, pp 349-398

Pederson TA, Kirk M, Bassham JA (1966) Light-dark transients
in levels of intermediate compounds during photosynthesis in
air-adapted Chlorella. Physiol Plant 19: 219-231

Portis AR, Chon CJ, Mosbach A, Heldt HW (1977) Fructose-
and sedoheptulosebisphosphatase, the sites of a possible control
of CO;, fixation by light-dependent changes of the stromal Mg?*
concentration. Biochim Biophys Acta 461: 313-325

Pradel J, Souli¢ JM, Buc J, Meunier JC, Ricard J (1981) On
the activation of fructose-1,6-bisphosphatase of spinach chlo-
roplasts and the regulation of the Calvin cycle. Eur J Biochem
113: 507-511

Racker E, Schroeder EAR (1958) The reductive pentose phos-
phate cycle II. Specific C-1 phosphatases for fructose 1,6-
diphosphate and sedoheptulose 1,7-diphosphate. Arch Biochem
Biophys 74: 326-344

Richardson KE, Tolbert NE (1961) Phosphoglycolic acid phos-
phatase. J Biol Chem 236: 1285-1290

Salvucci ME, Anderson JC (1987) Factors affecting the activation
state and the level of total activity of ribulose bisphosphate
carboxylase in tobacco protoplasts. Plant Physiol 85: 66-71

Salvucci ME, Holbrook GP, Anderson JC, Bowes G (1988)
NADPH-dependent metabolism of the ribulose bisphosphate
carboxylase/oxygenase inhibitor 2-carboxyarabinitol 1-phos-
phate by a chloroplast protein. FEBS Lett 231: 197-201

Seemann JR, Berry JA, Freas SM, Krump MA (1985) Regula-
tion of ribulose bisphosphate carboxylase activity in vivo by a
light-modulated inhibitor of catalysis. Proc Natl Acad Sci USA
82: 8024-8028

Servaites JC, Torisky RS, Chao SF (1984) Diurnal changes in
ribulose-1,5-bisphosphate carboxylase activity and activation
state in leaves of field-grown soybeans. Plant Sci Lett 35: 115-
121

Somerville CR, Ogren WL (1979) A phosphoglycolate phospha-
tase-deficient mutant of Arabidopsis. Nature 280: 833-835

Vu CV, Allen LH, Bowes G (1983) Effect of light and elevated
atmospheric CO; on the ribulose bisphosphate carboxylase
activity and ribulose bisphosphate level in soybean leaves. Plant
Physiol 73: 729-734

Werdan K, Heldt HW, Milovancev M (1975) The role of pH in
the regulation of carbon fixation in the chloroplast stroma.
Studies on CO; fixation in the light and dark. Biochim Biophys
Acta 396: 276-292

Wolfenden R (1970) Binding of substrate and transition state
analogs to triosephosphate isomerase. Biochemistry 9: 3404-
3407



