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ABSTRACT

Inhibitor experiments indicate that light effect mediator11 which is
reductively activated by transfer of electrons from the photosynthetic
electron transport system at or beyond ferredoxin, is involved in activation
by light offructose-1,6-bisphosphatase in the pea plant. Activation proceeds
optimally when the pH is low and Mg2e is 10 millimlar. Modulation by
light results in increases in maximal velocity, apparently as a result of
changes in enzyme conformation. Pea leaf thylakoids are effective in
modulating the activity of glyceraldehyde-3-phosphate dehydrogenase but
not of fructose-1,6-bisphosphatase or glucose-6phosphate dehydrogenase
in Kalanchoe stromal extracts. There is apparentiy species specificity for
modulation of some, but not all, of the modulatable enzymes.

The reductive pentose phosphate cycle enzyme fructose- 1,6-
bisphosphatase (EC 3.1.3.11) is activated by light in intact or
broken pea (Pisum sativum) and spinach (Spinacia oleracea) chlo-
roplasts ( 12-14, 18). In reconstituted chloroplast systems activation
requires thylakoid membranes, ferredoxin, thioredoxin, and fer-
redoxin-thioredoxin reductase (I 1, 24, 26).

In P. sativum modulation by light of chloroplast carbon metab-
olism enzyme activity is mediated by membrane-bound LEM5
systems (2). LEM, accepts electrons from the photosynthetic elec-
tron transport system on the reducing side of PSI prior to ferre-
doxin. It is involved in the activation of glyceraldehyde-3-P de-
hydrogenase, ribulose-5-P kinase, and NADP-linked malic dehy-
drogenase, and in the inactivation of glucose-6-P dehydrogenase.
LEM,, accepts electrons at the level of, or after, ferredoxin, and
activates sedoheptulose-1,7-bisphosphatase (2). The present ex-
periments indicate that the LEM,, system is also involved in the
activation of fructose- 1,6-P2 phosphatase.
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We have previously characterized LEMI(GO6PD) and studied the
kinetic properties of glucose-6-P dehydrogenase from light- and
dark-treated chloroplasts (3). One purpose of the present experi-
ments was to characterize LEMI(FBpa) and to examine the kinetic
properties of fructose- 1,6-bisphosphatase from dark- and light-
treated chloroplasts.
Four chloroplast enzymes, glyceraldehyde-3-P dehydrogenase,

ribulose-5-P kinase, NADP-linked malic dehydrogenase, and se-
doheptulose- 1,7-bisphosphatase, are activated by light in the CAM
plant Kalanchoe (16). A further purpose ofthe present experiments
was to determine whether or not the more active (light) and less
active (dark) forms of glyceraldehyde-3-P dehydrogenase would
be interconvertible by both Kalanchoe and Pisum LEM systems,
and whether the Kalanchoe LEM system could activate fructose
bisphosphatase in peak leaf stromal extracts.

MATERIALS AND METHODS

Pea (P. sativum L., var. Little Marvel) and Kalanchoe cv. Tetra
Vulcan plants were grown in a greenhouse as in our previous
experiments (3, 16).

Preparation of Extracts and Chloroplasts. Pea leaf chloroplasts,
and reconstituted chloroplast systems, were prepared as described
previously (2) except that Mg2+ was omitted from the resuspension
media in the experiments where the effect of Mg2" on light
activation was studied and, in pH optimum experiments, the
Hepes concentration in the resuspension media was 5 mm.

Kalanchoe stromal and thylakoid fractions were prepared by
the same method as were pea leaf fractions except that the isotonic
chloroplast isolation medium was 2% (w/v) in PEG 6000 and the
MgCl2 concentration in the hypotonic buffer solution was 2 mm.
In the experiments with the mixed Kalanchoe Pisum systems,
MgCl2 was 2 mm throughout.
Enzyme Assays. Fructose- 1,6-bisphosphatase activity was meas-

ured either by the method of Smillie (14, 24) or by the method of
Preiss and Greenberg (21) but without albumin in the assay
mixture. In the latter case NADPH formation was sometimes
followed by increase in fluorescence (340 + 360 nm exciting light)
monitored by an Eppendorf photometer 1100 adapted for fluor-
imetry. Assay pH was 8.3 or 8.8, as noted, and, except in the
determination of maximal velocity (Table I), Mg2" concentration
was 10 mm. All assays were conducted at room temperature (about
20 C).

Glucose-6-P dehydrogenase, NADP-linked glyceraldehyde-3-P
dehydrogenase, and malic dehydrogenase were assayed as de-
scribed previously (16). The transketolase assay mixture contained
25 ,umol Tris-HCl (pH 7.6), 0.1 ,umol NADH, 3 utmol MgCl2, 0.5
,imol xylulose-5-P, 0.5 timol ribose-5-P, and 0.12 nmol thiamine
pyrophosphate in a total volume of I ml. Triose-P isomerase and
a-glycerol-P dehydrogenase were alded to couple the formation
of glyceraldehyde-3-P to NADH oxidation. Change at Aw0 was
followed using a Gilford 2400 recording spectrophotometer.

Activation or Inactivation by Light. LEM activity was assayed
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by the method of Anderson and Avron (2), with some modifica-
tion. The light source was a General Electric 300-w, 120-v cool
beam flood lamp (No. 300 Par 56/WFL), 35 cm distant. Light
intensity was 6,000 ft-c. The reconstituted broken chloroplast
systems were preincubated in the dark for 20 min on ice and then
for 5 min at 25 C. Initial velocity of light modulation (activation
or inactivation of the indicated enzyme), denoted VO(LEM), was
extrapolated from change in enzyme activity after 0, 1, 2, 3, and
4 min illumination and is expressed in nmol product formed min-2
mg stromal protein-' (i.e. change in enzyme activity per unit time).

Determination ofpH Optima and Kinetic Constants. Procedures
used for pH determinations and estimation of maximal velocity
were as described previously (3).

Protein and Chi Estimation. Protein and Chl concentrations
were estimated by the methods used earlier (2).

Chemicals. Biochemicals and CCCP were obtained from Sigma
Chemical Company. DCMU was the product of Pfaltz and Bauer,
Inc. and was recrystalized from ethanol prior to use. DSPD was
the product of Fluka; Diquat, of Plant Production Ltd., Jeolots's
Hills Research Station, Yalding, England. PEG 6000 was obtained
from General Biochemicals and was used without further purifi-
cation. Other chemicals were the highest grade commercially
available. Pea seeds were obtained from Northrup and King,
Chicago. Kalanchoe plants were purchased from George Ball
Company, Chicago.

RESULTS AND DISCUSSION

Activation of fructose- 1,6-bisphosphatase by light in intact chlo-
roplasts results in an increase in maximal velocity of the enzyme
(Table I). Light modulation, likewise, affects the Vm. of the
chloroplastic forms of glyceraldehyde-3-P dehydrogenase and glu-
cose-6-P dehydrogenase (3, 19). Treatment of stromal extracts
with DTT results in similar changes (Table I; ref. 3). Low activity
levels in Table I reflect low pH and low Mg2+ concentrations used
in the assays. Conditions in the first experiment were chosen to
approximate in vivo conditions in the illuminated leaf.

Reports from other laboratories indicate that in spinach acti-
vation of fructose-1,6-bisphosphatase by light is not observed
when the Mg2+ concentration in the enzyme assay is above 4 mm
(11) and that activation by DTT cannot be observed when assay
pH is 8.8 (10, 15). The data in Table I indicate that in pea leaf
chloroplasts fructose-1,6-bisphosphatase activation is measurable
when Mg2" concentration in the enzyme assay is 5 mm or when
the assay pH is 8.8. We have also observed activation using 10

Table I. Maximal Velocityfor Fructose-1,6-bisphosphatasefrom Light-
and Dark-treated Pea Leaf Chloroplasts andfrom D7T-treated Stromal

Extracts
In experiment I chloroplasts suspended in 0.33 M sorbitol, 50 mM Hepes

(K+), 2 mM MgCI2, I mM EDTA (pH 7.2) were irradiated for 10 min at
25 C; the spectrophotometric assay of Preiss and Greenberg (21) was used,
with Mg2+, 5 mm and pH 8.0. In experiments II and III chloroplasts were
irradiated for 2 min on ice with 725 ft-c white light. DTT treatment
consisted of making extracts of dark-treated chloroplasts 50 mm in DTT
and then allowing the extract to remain on ice for at least 30 min. In these
two experiments enzyme assay Mg2` concentration was 0.25 mm and pH
was 8.8. The two-step colorimetric assay of Smillie (25) was used. The
fructose- 1,6-P2 concentrations used in all three experiments were 0.4, 2.32,
4.24, 6.16, 8.08, and 10 mm. Low activity levels reflect low pH and low
Mg2+ concentrations used in these experiments. Conditions in experiment
I presumably approximate in vivo conditions in the illuminated leaf.

Experiment Dark Light DTT
nmolproduct formed/mg protein min

1 2.9 ± 0.4 4.7 ± 0.7
II 1.9 + 0.2 3.3 + 0.2

III 2.8±0.7 4.8±.I. 7± 1

Table II. Levels of Reductive Pentose-P Cycle Enzymes in Pea Leaf
Chloroplasts

Results are mean values for triplicate activity determinations. Similar
results were obtained in duplicate experiments. Values are not available
for ribulose-1,5-P2 carboxylase, ribose-5-P isomerase, xylulose-5-P 3-epi-
merase, or triose-P isomerase.

Dark Li&ht Activa-Enzyme ADaarit ALaditt Atcjiiva- SourceEnzyme ~~~Activity Activity tion

nmol product formedl
mg stromal protein .min X-fold

P-glycerate kinase 570 20
NADP-linked glyceraldehyde-3- 100 240 2.4 3
P dehydrogenase

Aldolase (with fructose-1,6-P2 as 83 4
substrate)

Fructose-1,6-bisphosphatasea 4.4 6.7 1.5 Table V
Transketolase 140
Aldolase (with sedoheptulose- 1,7- 39 4,7

P2 as substrate)b
Sedoheptulose- 1,7-bisphospha- 2.5 4.5 1.8 1

tase
Ribulose-5-P kinase 82 130 1.6 Table V

a Assayed at pH 8.2. At pH 8.8 and 10 mM MgCI2 and after light
activation, we have observed activities as high as 70 nmol fructose-6-P
produced/mg protein -min.

b Calculated from the activity ratios for the two substrates with the
purified enzyme (7) and the levels of fructose-1,6-P2 aldolase activity in
crude stromal extracts (4).

Table III. Effect ofDSPD on Light Activation of Fructose-1,6-
bisphosphatase in Intact and Broken Pea Leaf Chloroplasts

Chloroplasts were incubated in 0.33 M sorbitol, 2 mM MgCl2, 2 mM
EDTA, 50 mM Hepes (K+) (pH 7.2) (intact chloroplasts), or in 50 mm
Hepes (K+), I mM EDTA, 10 mM KCI, 10 mM MgCl2 (pH 7.3) (broken
chloroplasts) in the presence or absence of 0.8 mm DSPD. After 5-min
preincubation samples were light- or dark-treated for an additional 10 min
at 25 C. Fructose-1,6-bisphosphatase activity was assayed using the spec-
trophotometric assay of Preiss and Greenberg (21). Assay pH was 8.8 and
MgCI2 concentration was 10 mM.

Activation DSPD In-
Experiment Chloroplasts Dark Activity hibition of

Control DSPD Activation

nmol/min*mg8
stromal protein X-fotd

I Intact 14.2 1.33 1.12 64
II Broken 19.0 1.41 1.08 80

mm MgCl2 and pH 8.8 buffer in the enzyme assay (see Table II
and elsewhere).

Fructose- 1,6-bisphosphatase and sedoheptulose- 1,7-bisphos-
phatase may be the rate-limiting reductive pentose-P cycle en-
zymes in the pea leaf chloroplast (Table II). The 1.5-fold increase
in the maximal velocity of the hexose bisphosphatase would result
in a similar increase in reductive pentose-P cycle activity at
saturating substrate concentrations in vivo.

Modulation by light is thought to involve thylakoid membrane-
bound LEM systems. The LEMs are reductively activated by
transfer of electrons from the electron transport system (2). LEM,
is DCMU- and Diquat-sensitive, but DSPD-insensitive, and hence
must be located on the reducing side of PSI before ferredoxin.
LEM,, is sensitive to DSPD as well as to DCMU and Diquat and
therefore must be located at or beyond ferredoxin. LEM,, is
involved in sedoheptulose bisphosphatase activitation (2) and has
been thought to be involved in fructose bisphosphatase activation
because experiments from Buchanan's laboratory (1 1, 22) indicate
that ferredoxin is required for light activation of both phospha-
tases. The experiments in Table III indicate that DSPD does affect
the LEM system for activation of fructose-1,6-bisphosphatase.
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FIG. 1. pH dependence of LEMIU(FBpa.) (0) and of dark inactivation
system, DEM(FBp.m) (0). Data shown are a composite of data from three
light activation experiments and four dark inactivation experiments. Initial
velocity of modulation in each experiment was plotted versus pH. Values
were then normalized on a scale of 0 to 100 and replotted. MgC12
concentration was 10 mm in all experiments. Particulate fraction was
added to a final concentration of 10 iLg Chl/ml. Stromal protein concen-
trations in activation assays were 0.71, 0.7, and 0.86 mg/ml; in dark
inactivation assays, 0.82, 1.2, 1.3, and 2.4 mg/ml. Light exposure prior to
dark inactivation was for 2 min at pH 7.4 in 5 mM potassium Hepes, 10
mM MgCl2. Fructose-1,6-bisphosphatase activity was monitored using the
coupled enzyme assay of Preiss and Greenberg (21). Light and dark
modulation of fructose-1,6-bisphosphatase activity is markedly pH-de-
pendent.
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FIG. 2. Mg"~dependence of LEMII(FBPPJI) (@) and of light-dependent
DTNB reduction (0). The system for activation of LEM, is similar to, and
possibly identical with, the system for light-dependent reduction ofDTNB.
LEMu(rFBp..) data are a composite of two experiments. Initial velocity of
modulation relative to maximal velocity of modulation in each experiment
was plotted versus Mg2+ concentration. Values were normalized and
replotted to give this curve. Particulate fraction was adjusted to give a final
concentration of 10 Ag Chl/ml. Activation assay pH was 7.4. Stromal
protein concentration in activation assays was 0.65 and 1.4 mg/ml. Fruc-
tose-1,6-bisphosphatase activity was monitored using the two-step colori-
metric assay of Smillie (25) with modifications used previously for assay
ofsedoheptulose- 1,7-bisphosphatase. For details ofDTNB photoreduction
experiments see reference 6. Each cuvette contained 25 izmol potassium
Hepes, I umol EDTA, I umol DTNB (pH 7.4), chloroplast particulate
fraction (40 iLg Chi), and MgCl2 at the indicated concentrations in a total
volume of I ml. This experiment was repeated three times with consistent
results. Apparently the LEM,, system is both Mg2+-dependent and Mg2+-
inhibited, while the system for DTNB reduction is sensitive only to very
high Mg2+ concentrations.

Hence the hexose bisphosphatase, like the heptulose bisphospha-
tase, is LEMn-activated.
The pH optimum for LEMu-catalyzed activation of fructose-

1,6-bisphosphatase is 7.4 (Fig. 1). This pH dependence curve is
essentially identical with those for light activation of ribulose-5-P

kinase (16) and for light inactivation ofglucose-6-P dehydrogenase
mediated by the LEM, system (3), and for the light-dependent
reduction of the disulfide bond of DTNB (6). In a chloroplast
exposed to intense illumination the pH of the stroma is around 8
(17). In a weakly illuminated chloroplast as, for example, at dawn,
the pH of the stroma is lower (17). In the dark stromal pH is
around 7.1 (17). The LEMn system, like the LEM, system, must
be maximally active at dawn and when light intensity is very low.
Low concentrations of Mg2+ are required for LEMn-mediated

activation of fructose-1,6-bisphosphatase. At high concentrations
Mg2+ inhibits (Fig. 2). In contrast Mg2e does not appear to be
required for LEM,-mediated inactivation of glucose-6-P dehydro-
genase (JX Duggan, LE Anderson, unpublished data). DTNB,
like LEM,, accepts electrons from the electron transport system
on the reducing side of PSI before ferredoxin (6): Mg2+ is not

Table IV. Light Modulation in Mixed Kalanchoe-Pisum Thylakoid-
Stromal Systems

Stromal and thylakoid fractions were prepared from Kalanchoe and pea
leaf chloroplasts and combined as indicated. Chl concentration was about
48 ,g/ml (constant within each experiment). The pea leaf stromal protein
concentration in the reconstituted systems was 5 mg/ml in the experiment
with glyceraldehyde-3-P dehydrogenase and 5.5 mg/ml in the other ex-
periments. The Kalanchoe stromal protein concentration was 3.1 mg/ml
in the experiment with glyceraldehyde-3-P dehydrogenase and 2.2 in the
other two experiments. Fructose-l,6-bisphosphatase assay pH was 8.8.
Activity of the modulatable enzyme (v.(.)) before light treatment is
expressed as nmol substrate consumed mg stromal protein. min. Activity
of the LEM system (vouLom)) is expressed as change in activity of the
modulated enzyme per minute, which is nmol enzyme substrate consumed

-I -2
mg stromal prot' min

System Enzyme
NADP-linked Glucose-6-P de- Fructose-l,6-bis-

Ydehydrogsenase hydrogenase phosphatase
Stroma Thylakoid Vo(enz) Vo(LEM) Vo(enz) Vo(LEM) Vo(enz) Vo(LEM)

Pea Pea 30 75 10 2.7 18 87
Pea Kalanchoe 44 52 12 0 20 0
Kalanchoe Kalanchoe 70 83 10 0 80 0
Kalanchoe Pea 72 75 10 0 80 0

Table V. Effect of Trypsin Digestion on Light-modulated Chloroplast
Enzymes

Enzymes were light-activated or inactivated in intact chloroplasts as
previously described (2). Light intensity was 5,500 ft-c; exposure time was
5 min; temperature was maintained at 25 C. Chloroplasts were lysed
osmotically (2) and membrane particles were removed by centrifugation
for 10 min at 20,000g. Ten Ag trypsin was added per ml supernatant
solution. Aliquots were removed at 0-, 10-, and 20-min intervals and
soybean trypsin inhibitor (50 iLg/ml) was added to stop the digestion.
NADP-linked malic dehydrogenase dark activity was 1.3 nmol/min.mg
stromal proteins; activation was 5.6-fold. Ribulose-5-P kinase dark activity
was 82 nmol/min-mg stromal protein; activation was 1.6-fold. Fructose-
1,6-bisphosphatase dark activity was 4.4 nmol/min.mg stromal protein;
activation was 1.5-fold. Glucose-6-P dehydrogenase dark activity was 1.8
nmol/min -mg stromal protein; inactivation was 80%.

Stromal Enzyme

Chloroplast Digestion NADP-
Treatment time linked malic Ribulose-5-P Fbistoeo,p- GlucosedroPdehydrogen- kinase tbsphoapha- dehydrogen-

ase~ ~ ~ us s

Protease inactivation
min 9%

Dark 10 3 0 0 51
20 7 0 21 67

Light 10 21 12 34 39
20 37 19 63 50

Plant Physiol. Vol. 64, 1979 493
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required forlight-dependent DTNB reduction and at high levels
Mg2+ inhibits DTNB reduction (Fig. 2). Apparently only the
LEM,, system required Mg2+ for activity.

Several carbon metabolism enzymes are activated by light in
the CAM plant Kalanchoe (14). When the thylakoid membranes
from this plant are treated with arsenite they lose capacity for
activating NADP-linked glyceraldehyde-3-P dehydrogenase and
malic dehydrogenase; likewise, sulfite inactivates the Kalanchoe
thylakoid-membrane-bound activation system (data not shown).
The results of experiments with the inhibitors DCMU, Diquat,
CCCP and DSPD (data not shown) are essentially the same as
those obtained for the pea leaf LEM, system (2). Clearly the pea
leaf and Kalanchoe LEM, systems are very similar.

It seemed possible that the pea leaf and Kalanchoe LEM systems
would be interchangeable. The stromal NADP-linked glyceral-
dehyde-3-P dehydrogenases of both plants are indeed activated
by both LEM systems (Table IV). Apparently these two
LEMI(G3P-D)s have little specificity or the modulatable glyceralde-
hyde-3-P dehydrogenases in the two species are very similar.

In contrast the Kalanchoe LEM system does not activate pea
leaf stromal fructose- 1,6-bisphosphatase nor does it inactivate pea
leaf chloroplast glucose-6-P dehydrogenase (Table IV). Neither
enzyme in Kalanchoe stromal extracts is affected by the pea leaf
LEM system just as neither is modulated bylight in the intact
Kalanchoe chloroplast (16). Since the two pea leaf enzymes are
not affected by the Kalanchoe LEM system, this system does differ
from the pea leaf LEM system. Since Kalanchoe glucose-6-P
dehydrogenase and fructose- 1,6-bisphosphatase are not affected
by the pea leaf LEM system and are not DTT-sensitive (16), it
would appear that there are significant differences, either in
primary structure or in conformation, in these two enzymes in pea
and Kalanchoe. Ferredoxin, thioredoxin reductase, and thioredox-
ins with partial specificity for activation of specific enzymes have
been implicated in modulation by light (12, 24, 26). Recent work
in this laboratory confirms the requirement for a stromal factor
which may be identical with the reductase, but not the thioredoxin
requirement (8, 9). Lack of glucose-6-P dehydrogenase- and fruc-
tose- 1,6-bisphosphatase-specific soluble factors could account for
the results obtained in the pea leaf thylakoid-Kalanchoe stroma
system, but not for the results obtained in the Kalanchoe thylakoid-
pea leaf stroma system. Clearly Kalanchoe LEMn is not capable
of activating fructose- 1,6-bisphosphatase in the pea leaf stromal
system, and Kalanchoe LEM, cannot inactivate glucose-6-P de-
hydrogenase in the pea leaf stromal system.

If modulation by light involved a change in the conformation
of the modulated enzymes, then there might also be a difference
in the susceptibility of the light and dark forms of the enzyme to
proteolytic digestion. When we subjected stromal extracts from
light- or dark-treated chloroplasts to trypsin digestion, the light-
activated forms of NADP-linked malic dehydrogenase, ribulose-
5-P kinase, and fructose- 1,6-bisphosphatase were inactivated by
the protease (Table V). Both forms of glucose-6-P dehydrogenase
were sensitive to proteolytic digestion, with the dark form being
slightly more sensitive. These data suggest that light modulation
involves a change in conformation of the modulated enzymes.
Schurmann and Wolosiuk (23) made similar observations in a
study of the thioredoxin-activated form of fructose-1,6-bisphos-
phatase. Although NADP-linked glyceraldehyde-3-P dehydrogen-
ase was not affected by trypsin in these experiments (data not
shown), earlier experiments with this enzyme suggest that it, too,
undergoes a change in conformation during activation (5). It

Plant Physiol. Vol. 64, 1979

remains to be seen whether this conformational change is accom-
plished by reduction of disulfide bonds (26) or by thiol, disulfide
exchange (6).
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