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Abstract

Glucose-6-phosphate dehydrogenase (G6PDH) can initiate the glucose 6-phosphate (G6P) shunt
around the Calvin-Benson cycle. In order to understand the regulation of flux through this
pathway, we have characterized the biochemical parameters and redox regulation of the three
functional plastidic isoforms of Arabidopsis GBPDH. When purified, recombinant proteins were
measured, all three exhibited significant substrate inhibition by G6P but not NADP™*, making the
determination of enzyme kinetic parameters complex. We found that the half saturation
concentration of GBPDH isoform 1 is increased under reducing conditions. The other two isoforms
exhibit less redox regulation, however, isoform 2 is strongly inhibited by NADPH. Redox
regulation of GGPDH1 can be partially reversed by hydrogen peroxide or protected against by
presence of its substrate, G6P. Overall, our results support the conclusion that GEBPDH can have
significant activity throughout the day and can be dynamically regulated to allow or prevent flux
through the glucose 6-phosphate shunt.
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Introduction

Glucose 6-phosphate (G6P) is the first product out of the Calvin-Benson cycle in the starch
synthesis pathway. However, it can also enter the oxidative pentose phosphate pathway
creating a G6P shunt that bypasses the nonoxidative pentose phosphate pathway reactions
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that make up a significant part of the Calvin-Benson cycle. This pathway is generally
considered to occur only in the dark because of the redox regulation of glucose-6-phosphate
dehydrogenase (G6PDH) (1-6). In order to estimate flux through this alternative pathway
and conditions where it may be important, it is critical to characterize regulation of G6PDH
activity in the light.

The substrate of G6PDH, G6P, can be produced or consumed by three other reactions in the
plastid: phosphoglucoisomerase (PGI), phosphoglucomutase (PGM), and glucose-6-
phosphate/phosphate translocator 2 (GPT2). Phosphoglucoisomerase reversibly isomerizes
fructose 6-phosphate (F6P) and G6P. Analysis of mutant lines of Clarkia xantiana indicated
that PGI is not in great excess (7). There are two isoforms of PGI in Arabidopsis, one
targeted to the plastid and the other found in the cytosol. The plastid PGI in particular is
likely limiting given that G6P/F6P ratios in the plastid are significantly displaced from
equilibrium and much lower than in the cytosol (8—-12). Plants with loss-of-function
mutations in the plastidic enzyme have 98.5% less starch in leaves (13). Loss-of-function
mutants in the cytosolic enzyme results in increased starch and decreased sucrose (14).
Second, PGM is an important reaction in starch synthesis that catalyzes the reversible
reaction of G6P to glucose 1-phosphate (G1P). The K}, for G6P is 47 uM and 8.5 uM for
G1P with a V;, 0f 115 and 328 umol mg~1 min~1, respectively (15, 16). Hanson and
McHale (17) showed that PGM had similar activity to PGI in Nicotiana sylvestris.
Knockouts of PGM result in starchless plants (17-19). Finally, GPT2 is a glucose-6-
phosphate/phosphate antiporter in the chloroplast membrane that is not normally present
green tissue (20, 21). This is corroborated by the large concentration gradient in G6P
between the chloroplast and cytosol (8-10). However, GPT2 is important in acclimation to
light (22), is expressed in plants grown in high CO, (23), and is increased when starch
synthesis is repressed by knocking out starch synthesis genes (Kunz et a/. 2010). When
GPT2 is present, the gradient of G6P would result in G6P import into the plastid (8-10)

Here we focus on the characterization and biochemical regulation of the plastidic G6PDH
isoforms due to its key role in the G6P shunt. There are six isoforms of G6PDH in
Avrabidopsis. Four of these are predicted to be targeted to the chloroplast and three of these
are functional (24, 25). All three plastidic isoforms are expressed in leaf tissue. GGPDH1
and 2 have the highest relative expression (Wakao et al. 2005) It has been hypothesized that
during the day, G6PDH initiates a G6P shunt around the Calvin-Benson cycle (26). The G6P
shunt oxidizes and decarboxylates G6P to synthesize ribulose 5-phosphate (Ru5P). While
the G6P shunt is a futile cycle, it has been proposed to play an important role in stabilization
of photosynthesis.

Our goal was to characterize the kinetics and biochemical parameters of oxidized and
reduced G6PDH isoforms and the key regulators of GGPDH. Novel findings indicate that
G6PDH can remain fairly active during the day. We conclude that a G6P shunt is allowed
and even likely in light of the kinetic parameters of GEPDH and that its activity could be
modulated during the day to regulate flux through the G6P shunt.
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Materials and Methods

Expression and purification of recombinant enzymes

C-terminal Strep-tagged (24, 27) plastidic GGBPDH1, 2, and 3 genes were commercially
synthesized by GenScript (https://www.genscript.com). All of the plasmid constructs were
overexpressed in £. colistrain BL21. Cells were grown at 37°C to an ODgqq of 0.6 tol and
induced with 0.5 mM isopropyl p-D-1 thiogalactopyranoside (IPTG) at room temperature.
Cells were grown overnight at room temperature after addition of IPTG. Cells were then
centrifuged and resuspended in cold Buffer W (IBA, www.iba-lifesciences.com) with 1 mg
mi~1 lysozyme, 1 pg mi~1 of DNAsel, and 1x protease inhibitor cocktail (Sigma,
www.sigmaaldrich.com). Cells were then lysed by sonication (Branson Sonifier 250,
us.vwr.com). The sonicator was set at 50% duty cycle and an output level of 1. The cells
were sonicated using five steps where each step consisted of 15 s pulses and 15 s on ice. The
lysate was centrifuged and supernatant collected. Protein was purified on a Strep-Tactin
column (IBA) following the manufacturer’s instructions. For all purified proteins, SDS-
PAGE was carried out and fractions containing >95% of total protein of interest were
combined and concentrated using Amicon Ultra 0.5 ml centrifugal filters (molecular weight
cut off 3 kDa). Glycerol was added to the concentrated protein to obtain a final protein
solution with 15% glycerol. The glycerol stock of the proteins was aliquoted into small
volumes, frozen in liquid nitrogen, and stored at —80°C. The concentration of the proteins
was determined using Pierce 660 nm protein assay reagent kit (ThermoFisher Scientific,
www.thermofisher.com) using a bovine serum albumin standard. Final preparations of
purified protein were run on an SDS-polyacrylamide gel and stained with Coomassie Blue to
check the purity of the enzymes. Molecular weights were estimated from the protein
construct using Vector NTI (ThermoFisher Scientific, www.thermofisher.com).

Coupled spectrophotometric assay for G6PDH

The activity of the purified GBPDH1, 2, and 3 was studied using coupled spectrophotometric
assays. The concentration of G6P was determined using NADPH-linked assays measured
spectrophotometrically. Purity of G6P was verified by untargeted LC-MS/MS. All assays
were validated by demonstrating linear product formation, proportional to the time of the
assay and amount of enzyme added. The assay was performed in 150 mM Hepes buffer pH
7.2 containing varying concentrations of NADP*, varying concentrations of G6P, and
G6PDH. 8.3 ng of G6PDH1, 20 ng of G6PDH2, and 44 ng of G6PDH3 were used.

The concentrations used to study the half saturation concentration of GGPDH for G6P were
0 -44.2 mM, and the concentrations used to study K, for NADP* were 0 — 11 uM in a total
volume of 800 pL. The concentrations were chosen to result in a number of data points
spanning the range of activity up to enzyme saturation based on preliminary assays. When
G6PDH was assayed with varied G6P, 0.6 mM NADP* was added. The chosen
concentration of NADP* was in large excess and the concentration of NADP* would change
very little during the assay at this concentration. When G6PDH was assayed varying NADP
*, 7.6 mM G6P was added for GGPDH1 and 3 and 15.4 mM for GEPDH2 since these were
approximately the concentrations that gave maximal activity for each enzyme. Under these
conditions, less than 5% of the substrates were consumed over the course of the assay. The
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assay mixtures were initally prepared by adding all the components except the enzyme and
obtaining a stable baseline. The enzyme was added to start the reaction. Activity was
recorded with a dual wavelength filter photometer (Sigma ZFP2) as the change in
absorbance at 334 nm relative to 405 nm caused by NADP™ reduction to NADPH using an
extinction coefficient of 6190 M~ cm-1. These wavelengths were used because they
correspond to mercury emission wavelengths of the lamp used in the filter photometer. By
using two wavelengths, the sensitivity of the assay was greatly increased allowing
measurements at low enzyme concentrations that caused very little change in substrate
concentrations, even during long assays.

When assaying redox sensitivity, GGPDH was incubated with 10 mM DTT or 10 mM
hydrogen peroxide at room temperature for 30 min before addition to the assay. The assay
mixture was prepared with NADP* and enzyme. After obtaining a stable baseline, 0.3 mM
G6P for G6PDH1 and 3 and 1.6 mM G6P for GGPDH2 was added to initiate the reaction.
For G6P protection assays, a stable baseline was obtained with GEBPDH1 and 0.6 mM NADP
*. The reactions were initiated by adding 10 mM DTT and 0.3 mM G6P. Activity was
measured 30 or 60 min later to allow time for DTT deactivation. During an hour of
incubation, less than 5% of added G6P and NADP* was consumed and activity was still
linear in response to time.

Kinetic characterization

Enzymes were assayed at varying concentrations of substrate while keeping the
concentration of other substrates constant as described above. All G6PDH isoforms showed
substrate inhibition for G6P, therefore we estimated regression lines and kinetic constants by
finding the minimum of the sum of the squared residuals from the following equation using
Solver in Excel, where vis the specific activity of the enzyme in pmol mg =1 min=2, Xis the
number bound inactivating substrate molecules, and A is the Hill cooperativity coefficient
(28):

KZ §*
I+F+=
S K

As recommended by LiCata and Allewell (29) X was constrained to be < 2 in order to
prevent unrealistic values of parameters giving good fits. However, because it is difficult to
estimate K, in the presence of substrate inhibition, we determined the half saturation
concentration from the maximum velocity seen in the assays (S, 5) of GGPDH. NADP*
kinetics were estimated using standard Michalis-Menten Kinetics.

Inhibition studies

Different metabolites of the Calvin-Benson cycle were tested for their effect on G6PDH
activity. All the metabolites were purchased from Sigma Aldrich. In metabolite screening

Biochem J. Author manuscript; available in PMC 2019 July 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Preiser et al.

Page 5

assays, metabolites were assayed at a 1:1 ratio with the substrate. To determine the K;of
G6PDH for different metabolites, the assay was carried out in the presence of various
concentrations of G6P and NADPH. Assay mixtures were prepared as described above with
different concentrations of substrate. The G6P concentration was varied between 0 and 3.8
mM. The concentration of NADP* in G6PDH assays was held constant at 600 pM. The
concentration range used to study the Kj;of G6PDH1 and 3 was 0-0.3 mM NADPH and 0—
14.5 UM NADPH for the GBPDH2 assays based on preliminary assays. The mechanism of
inhibition was determined from Hanes-Woolf plots. The Kj;was determined from the non-
linear least squares fitting of the activity vs. NADPH concentration plot using Solver in
Excel using the standard equation for competitive inhibition as described below.

V. _*8
v= # Eq. 2
Km(1+fi)+5

where Vhax is the maximum velocity, Sis the G6P concentration, K, is the Michaelis
constant, and Kjis the inhibition constant. Sum of least squares for Solver regressions for
inhibition constants are shown in Table 1.

Midpoint potential of G6PDH1

As G6PDH1 was the most redox sensitive of the three enzymes under study, we performed a
series of oxidation-reduction titrations with purified G6PDHL1. Fully reduced DTT was
prepared daily by combining 200 mM DTT with 200 mM sodium borohydride. The mixture
was incubated on ice for 20 min and then neutralized by adding concentrated HCI to a final
concentration of 0.2 M. The mixture was brought to a pH of 8 and diluted to a final
concentration of 50 mM DTT. Oxidized DTT and buffers used in the assay were also pH 8.
We used mixtures of oxidized and reduced DTT at different redox potentials, ranging from
—-420 to —124 mV in order to span the range from fully reduced enzyme to fully oxidized.
The total concentration of DTT was 1-8.5 mM. 4.1 ng of GGPDH1 was incubated in the
DTT mixture with 1 mg/ml BSA, pH 8 for 1 hr at 25°C in an anaerobic environment.
Activity of GBPDH was measured as described in ‘Coupled spectrophotometric assay for
G6PDH’ using 0.3 mM G6P to initiate the reaction. The data were fit to the Nernst equation
for a two-electron process. We used the £, of DTT as determined by Hutchison and Ort
(30), =391 mV at pH 8. Oxidized and reduced DTT was quantified using modified protocols
from Cho, Souitas (31) and Charrier and Anastasio (32) to calculate the potential.

T

E, = E,,+2303(RT/u ) *log,( "' Tor/prr, ). EQ.3

Leaf extract assays

Arabidopsis Col-0 was grown on soil in a growth chamber with 12 h light at 120 pmol m=2's
~1,23°C and 12 h dark at 21°C. Plants were treated at 0 or 200 pmol m~2 s~ for one hour.
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Approximately 300 mg of leaf samples were collected in a 2 ml microfuge tube and
immediately frozen by plunging in liquid nitrogen. Frozen samples were ground in a Retsch
mill with 4 mm silicone carbide particles (BioSpec Products, www.biospec.com). One ml of
cold extraction buffer (45 mM Hepes, pH 7.2, 30 mM NaCl, 10 mM mannitol, 2 mM EDTA,
0.5% Triton-X-100, 1% polyvinylpolypyrrolidone, 0.5% casein, 1% protease inhibitor
cocktail) was added to the sample and vortexed for 30 s. The sample was centrifuged for 30
s at maximum speed and immediately placed on ice. G6PDH activity was assayed as
described in “Coupled spectrophotometric assay for GGPDH”. Assays that used leaf extracts
were normalized by amount of chlorophyll added to the assay mixture. Chlorophyll was
quantified by lysing 50 ul of purified chloroplasts by sonication and adding supernatant to 1
ml of 95% ethanol. Chlorophyll concentration was calculated based on the ODgs4 (33):

mg Chl = OD*0.0398 *0.050 pl. Eq. 4

Chloroplast isolation

Results

Arabidopsis Col-0 was grown on soil in a growth chamber with 12 h light at 120 pmol m=2's
-1 23°C and 12 h dark at 21°C. Chloroplasts were isolated using a Percoll gradient (34).
Leaves were placed in a chilled blender with cold grinding buffer (330 mM mannitol, 50
mM Hepes, pH 7.6, 5 mM MgCl,, 1 mM MnCl,, 1 mM EDTA, 5 mM ascorbic acid, 0.25%
BSA), blended, and then filtered through four layers of cheese cloth. Filtered liquid was
centrifuged and the pellet was resuspended in resuspension buffer (330 mM mannitol, 50
mM Hepes, pH 7.6, 5 mM MgCl,, ImM MnCl,, 1ImM EDTA, 0.25% BSA). The
resuspended pellet was layered on top of a 20-80% Percoll gradient which was centrifuged
at 1200 g for 7 min. The bottom band in the gradient containing the intact chloroplasts was
collected. One volume of resuspension buffer was added to collected chloroplasts and
centrifuged at 1200 g for 2 min. The pellet was resuspended in 50 pl of water and vortexed
to lyse the chloroplasts. One volume of 2x buffer (100 mM Hepes, pH 7.6, 10 mM MgCl,, 2
mM MnCl,, 2 mM EDTA, 2 mM EGTA, 60% glycerol, 0.2% Triton X-100, 0.2% PVPP)
was added. Samples were stored at —80°C until used for further analysis.

When chloroplast isolations were used to assess activity of fully oxidized and reduced
plastidic GGPDH, isolated plastids were treated with 0 or 200 umol m=2 s™1 of light for one
hour, on ice to limit protease activity, to oxidize or reduce G6PDH before assaying activity.
Assays that used isolated chloroplasts were normalized by the amount of chlorophyll added
to the assay mixture as described in ‘Leaf extract assays’.

Purification of recombinant G6PDH

The final concentration of G6PDH1 was 1.66 mg/ml, GBPDH2 was 1.90 mg/ml, and
G6PDH3 was 0.177 mg/ml (Supplemental Fig. 1). The molecular weight of Strep-tagged
recombinant G6PDH1 was ~65.2 kDa, GBPDH2 was ~70.2 kDa, and G6PDH3 was ~70.5
kDa. The maximum specific activity was ~55 umol mg~1 protein min~! for GGPDH1, ~22
pmol mg~? protein min~! for GGPDH2, and ~11 pmol mg™! protein min~! for GGPDH3.
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Maximum specific activities were determined from fitting varying NADP* and 7.6 mM G6P
for GGBPDH1 and 3 and 15.4 mM for GEBPDH2. One preparation of each recombinant
enzyme was aliquoted and a fresh aliquot was used each day for all experiments that day.
Each experiment described below consists of three technical replicates prepared from
separate dilutions of enzymes aliquots.

Kinetic characterization of G6PDH isoforms

We determined the oxidized (fully active) biochemical parameters of GGPDH1, 2, and 3.
Table 1 shows the Ky, and Sy 5 (for both G6P and NADP™), G6P K Acar, NADPH Kj;, and
other determined kinetic parameters of all three G6PDH isoforms. All three oxidized
G6PDH isoforms showed substrate inhibition (Fig. 1a). GBPDH1 had a Sy 50f 0.3 mM and
G6PDH3 had a Sy 50f 0.3 mM G6P while GGPDH1 had the highest 4, for G6P of 51.8 L.
For NADP™ (Fig. 1b), GEPDH1 had the highest Ay

G6PDH is inhibited by NADPH

Since the activity of an enzyme is also dependent on the presence of metabolic inhibitors, we
tested ribulose 1,5-bisphosphate (RuBP), ribulose 5-phosphate (Ru5P), F6P, PGA, DHAP,
E4P, NADPH, and 6PG for their effect on G6PDH activity. Only NADPH showed inhibition.
While NADPH inhibited all three isoforms, G6PDH2 was the most inhibited. The calculated
K; values for NADPH are shown in Table 1. Sum of least squares for Solver regressions for
inhibition constants are shown in Table 1. NADPH was found to be competitive for all
isoforms based on the Hanes-Woolf plots, except above 14.5 uM for G6PDH2 and above
0.15 mM for G6PDH3 (Supplemental Fig. 2).

G6PDHL1 is redox regulated

All isoforms of GBPDH were susceptible to deactivation by DTT, but GEPDH1 was the most
deactivated after half an hour, losing approximately 90% of its activity (Fig. 2a). Kinetic
characterization of GBPDH1 incubated with 10 mM DTT showed that decreased activity in
G6PDH1 was due to both a decrease in k.5t and an increase in Sy 5 However, the A, was
less affected than the Sy 5 (Table 1, Fig. 2b). Comparison of our results to those of Née,
Zaffagnini (35), who used thioredoxins to deactivate GBPDH1, show that DTT is an
acceptable mimic of thioredoxins to deactivate GGPDH1. Both results show that GGPDH1
will lose ~90% of activity when fully reduced. GGBPDH2 and 3 did not significantly change
the Agat OF Sp5 GBPDH2 retained ~60% of activity and G6PDH3 retained ~80% of activity.
Redox deactivation of GGPDH1 can be partially rescued by addition of hydrogen peroxide
equimolar to DTT Jn vitro (Fig. 3a). However, GEBPDH1 does not fully recover, returning to
only ~65% of its original activity. Presumably there are additional mechanisms for fully
reactivating G6PDHL1 in vivo. GBPDH1 activity reached approximately 64% activity while
79% of the DTT was still reduced (Fig. 3b). The calculated £, at this time point was —407
mV. Based on our determined midpoint potential of GGPDH1 (see The midpoint potential of
G6PDH1 is -378 mV at pH 8), we predict GGBPDH1 would have < 5% activity at the redox
potential in the assay. Therefore, we conclude the addition of hydrogen peroxide did not
result in the re-activation of GEBPDH1 by oxidizing DTT but that hydrogen peroxide was
directly activating GGPDH1.
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Redox deactivation of G6PDH1 was decreased when G6P was present. When G6P was
present at 0.3 mM during incubation with DTT, the activity of reduced G6PDH was higher
than when G6P was not present (Fig. 4). Substrate interaction with other redox-regulated
chloroplast enzymes has been reported before (36, 37).

The midpoint potential of GGPDH1 is —378 mV at pH 8

In addition to determining that GGBPDHL1 is susceptible to redox deactivation, we determined
the midpoint potential of G6PDH1 (Fig. 5). The data was fit with the Nernst equation for a
two-electron process. Incubation of GBPDH1 at higher redox potentials (=300 to —140 mV)
did not increase activity any further. The midpoint potential of GGPDHL1 at pH 8 was —378
mV. This corresponds to a midpoint potential of =318 mV at pH 7. We measured the amount
of reduced DTT present at the beginning and end of an hour incubation with 3 mg/mL BSA.
The measured amount of DTT did not change within the time of incubation. Additionally,
the presence of 1 mg/mL or 3 mg/mL BSA did not change the measured amount of DTT,
and hence the redox potential, within the first five min.

G6PDH is active in isolated chloroplasts and leaf extracts

As well as performing in vitro characterization, we used rapid leaf extract assays and
chloroplast isolations to determine the activity of redox-regulated G6PDH in the leaf. After
illumination at 200 pmol m=2 s~1 for one hr, G6BPDH activity in Arabidopsis |eaf extracts
decreased by about 30% (Fig. 6). When isolated chloroplasts were illuminated at 200 umol
m~2 s~1 for one hr, GBPDH activity decreased by 40%. Each chloroplast isolation and leaf
extract had three biological replicates. The recombinant enzyme kinetic constants we
determined indicate that a significant amount of the activity of GGBPDH seen during the day
can be caused by plastidial forms of the enzyme. Lendzian and Ziegler (38) showed similar
results with spinach showing that this phenomenon is not restricted to Arabidopsis.

Discussion

Here we have investigated two questions: 1) what are the kinetic parameters of both oxidized
and reduced G6PDH1 and 2) what are key regulators of plastidic GGPDH enzyme in order to
understand how these factors impact G6PDH activity in the light and therefore flux through
the G6P shunt.

G6PDH activity is highly sensitivity to G6P concentration in the plastid

The activity of GEBPDH (and thus the G6P shunt) is sensitive to stromal G6P concentration
by four mechanisms.

. Deactivation of G6PDH in reducing conditions is primarily due to an increase in
So.5(4).

. G6P protects G6PDH from deactivation in reducing conditions (Fig 4) and
catalytic site inhibition by diethyl decarbonate (6)

. All isoforms of plastidic GGPDH show G6P substrate inhibition (Fig 1a).

Biochem J. Author manuscript; available in PMC 2019 July 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Preiser et al.

Page 9

. G6P has been shown to relieve the inhibition of GEBPDH by NADPH, as well as
decrease the K and increases the k., 0f G6PDH in assays where NADP is
varied (39, 40).

Our data corroborates previous research that shows G6PDH is in a reduced, less active form
in the light, most likely to reduce futile cycling in leaves (4, 6, 24). However, while the
enzyme is less active in the light (1-6) our results show that it can retain significant activity.
While there is a slight decrease in k.4, G6PDH1 is predominately regulated by an increase
in K, agreeing with data from Scheibe, Geissler (4) in pea. Née, Aumont-Nicaise (6) have
also characterized the kinetics of GBPDH1, but found a higher Sy 5and k4 than described
here. Additionally, they propose changes in NADP* binding play a role in GGPDH redox
regulation.

The G6P concentration in the plastid is estimated to be approximately 1.4 mM (8, 9, 41).
G6PDH regulation via a K, shift allows for up to ~30% maximal activity with increased
substrate concentration, even in reducing conditions. Under some conditions the plastid G6P
concentration might increase. For example, when plants are grown in high CO,, exposed to
an increase in light intensity, or in plants deficient in starch synthesis (21-23), G6P
concentrations may increase to the point where reduced G6PDH can readily consume G6P.
However, the substrate inhibition of G6PDH limits the maximal activity of the enzyme at
high substrate concentrations to possibly reduce futile cycling. While enzyme activity is
generally dependent on the concentration of its substrate, because of the four ways that G6P
can regulate GBPDH enzyme activity, GBPDH is particularly sensitive to the concentration
of G6P.

G6PDH1 redox regulation allows modulation of G6PDH activity in the light

We determined the midpoint potential of G6PDH to be —378 mV at pH 8. Née, Zaffagnini
(35) found a midpoint potential of 330 mV. Just over 10% of the difference may result from
the difference in pH (8.0 in our study, 7.9 in Née, Zaffagnini (35)). We went to considerable
lengths to ensure the DTT was fully reduced and to exclude oxygen during the incubations.
In what follows we assume that the midpoint potential of GBPDH1 is —378 mV. This is close
to the midpoint potential of other redox regulated enzymes in the Calvin-Benson cycle and
electron transport (35, 42-47).

Assuming equilibrium, at the midpoint potential of GGPDH1 at pH 8 (=378 mV), using the
Nernst equation, we calculate that all Calvin-Benson cycle enzymes and electron transport
proteins are almost fully reduced and thus active while GGPDH maintains 50% of its activity
(Table 2). Exceptions are ferredoxin and NADP™* dependent malate dehydrogenase (MDH),
and NADP* which are predicted to be oxidized at —378 mV. Ferredoxin should be oxidized
during the day to accept electrons from PSI. MDH has maximial activity when fully
reduced, but it has been shown that MDH activity is not fully active during the day (48, 49).
Our prediction that NADPH would be 46% reduced is consistent with findings from
Lendzian (50), which show the ratio of NADPH to NADP* to be ~1 in a reconstituted
spinach chloroplast. Although there may be deviations from redox equilibrium within the
stroma, from these approximations we conclude that the midpoint potential of GBPDH1 is in
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a range to allow dynamic regulation of G6PDH and that it is theoretically possible to have
flux through the Calvin-Benson cycle and the G6P shunt at the same time.

We have also shown that GEBPDH can be activated upon addition of hydrogen peroxide.
Brennan and Anderson (51) and Née, Zaffagnini (35) previously demonstrated a role for
hydrogen peroxide regulation of G6PDH both /n vivoand in vitro in the presence of
thioredoxin. Additionally, in conditions where hydrogen peroxide can accumulate, such as
high light, hydrogen peroxide can act on G6PDH directly to reverse G6PDH deactivation
and modulate the consumption of G6P by the G6P shunt. It has been shown that hydrogen
peroxide can be produced /n situin isolated chloroplasts and can transiently accumulate for
signaling (52). The activity of GBPDH can be modulated by redox status of the plastid, G6P
concentration, and hydrogen peroxide. Hydrogen peroxide can also stimulate cyclic electron
flow (53), which could make up for the loss of ATP in the G6P shunt.

Redox regulation of dominant isoforms of G6PDH are found in many species, including
Arabidopsis, pea, potato, spinach, and barley (4, 27, 54-57). We have shown that plastidic
G6PDH from isolated Arabidopsis chloroplasts retains approximately 50% of its total
activity, even in high light conditions. Additionally, cytosolic G6PDH could convert G6P in
the cytosol to pentose phosphate and to be imported into the plastid by the xylulose-5-
phosphate transporter (58).

Oxidative stress might also stimulate the G6P shunt. Drought or high light can result in an
accumulation of hydrogen peroxide and other ROS products (see Suzuki, Koussevitzky (59)
for a review). Based on current findings, we propose that, with accumulation of hydrogen
peroxide, the Sy 50f GBPDH1 can decrease, increasing the flux through the G6P shunt.
Sharkey and Weise (2016), proposed that the shunt can induce cyclic electron flow, which
may help protect PSI. Photoprotective mechanisms of PSII, for example state transitions of
the antenna complex or energy dependent quenching, are usually sufficient to safely
dissipate excess excitation energy at PSII (60). However, with high light, in fluctuating light
(61), and at low temperature (62), excess energy or electrons could still be passed on to PSI
and result in PSI photoinhibition. Unlike PSII, the proteins of PSI have a low turnover rate
and damage to PSI is considered more severe than damage to PSII (62-64). Coupling ATP
consumption in the G6P shunt with cyclic electron flow would dissipate light energy at PSI
(65-67).

Conclusion

Our data supports the conclusion that GBPDH can retain significant activity during the day
and therefore allow flux through the G6P shunt in the light. This is particularly relevant in
conditions where the redox status of the plastid or the plastidic concentration of G6P may be
changing. G6PDH is still partially deactivated, reducing the loss of carbon while still
maintaining regulatory flexibility to increase and decrease the G6P shunt (Fig. 7) as needed.
However, in vivo flux measurments are not yet available for the G6P shunt. Characterization
of of GEBPDH mutants and quantification of flux through this pathway is essential to
understand the physiological importance of the shunt.

Biochem J. Author manuscript; available in PMC 2019 July 13.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Preiser et al. Page 11

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We thank Michigan State University Research Technology Support Facility Mass Spectrometry Core for providing
the facility for doing the LC-MS/MS work. This research was funded by U.S. Department of Energy Grant DE-
FG02-91ER2002 (T.D.S. and A.L.P) and DE-FG02-11ER16220 (N.F.). A.L.P is partially supported by a fellowship
from Michigan State University under the Training Program in Plant Biotechnology for Health and Sustainability
(T32-GM110523). Partial salary support for T.D.S. came from Michigan AgBioResearch.

Abbreviations:

6PG 6-phosphogluconic acid

At Avrabidopsis thaliana
DHAP dihydroxacetone phosphate
E4P erythrose 4-phosphate

F6P fructose 6-phosphate

FBP fructose 1,6-bisphosphate
G6P glucose 6-phosphate
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Fig 1. Activity of GBPDH1, 2, and 3 at different G6P (a) and NADP™ (b) concentrations.
Each data point represents mean and error bars represent S.E. (n=3). All three isoforms of

oxidized G6PDH showed substrate inhibition for G6P. GGPDH1 and 3 showed the greatest
affinity for G6P and G6PDH3 had the greatest affinity for NADP*. During the G6P
experiments NADP* was 0.6 mM and during the NADP* experiment assays were done 7.6
mM G6P for G6PDH1 and 3 and 15.4 mM for G6PDH2 since these were approximately the
concentrations that gave maximal activity for each enzyme. In (a) lines represent data fit to
Eqg. 2 and in (b) lines represent data fit to the Michaelis-Menten equation.
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Fig 2. Activity of G6PDH 1, 2, and 3 with and without DTT treatment (a) and S 5 shift with
DTT in G6PDH 1 (b).

Each bar or data point represents mean and error bars represent S.E. (n=3). GGPDH1 was the
most affected by DTT treatment. White bars indicate controls incubated without DTT for 30
min and shaded bars represent incubation with 10 mM DTT for 30 min. Single point assays
were done Sy 5 concentrations, 0.3 mM G6P for G6PDH1 and 3 and 1.6 mM for G6PDH2.
Bars with an asterisk (*) are significantly different from corresponding controls as
determined by Student’s t-test (P < 0.05). In (b), the lines represent data fit to Eq. 2, and
there are two overlapping data points at the highest G6P concentration.
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Fig 3. Partial re-activation of DT T-deactivated G6PDH1 with hydrogen peroxide.
G6PDH1 deactivation by DTT could be partially recovered by addition of equimolar

hydrogen peroxide. (a). Reactivation is not through DTT oxidation, but rather hydrogen
peroxide directly effects GGPDHL1 (b) In (b), at each time point GBPDH activity was assayed
and DTT concentrations were quantified using protocols from Cho, Sioutas (68) and
Charrier and Anastasio (32). Assays were done with 0.3 mM G6P. Each bar or data point
represents mean and error bars represent S.E. (n=3). Bars with an asterisk (*) are
significantly different as determined by two tailed Student’s t-test (P < 0.05).
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Fig 4. G6PDH1 protection from deactivation by G6P.
G6PDHL1 is less deactivated by DTT after 30 and 60 min when G6P is present at 0.3 mM.

Each bar represents the mean and error bars represent S.E. (n=3). Bars with asterisk (*) are
significantly different as determined by two tailed Student’s t-test (P < 0.05).
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Fig 5. GGPDH1 midpoint potential.

The midpoint potential of GGPDH1 was determined to be —378 mV at pH 8. Assays were
done at the S 5 concentration of G6P for oxidized G6PDH1, 0.3 mM. Each data point
represents the mean and error bars represent S.E. (n=3). The dashed line represents the
Nernst equation for one electron. The solid line represents the Nernst equation for two
electrons.
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Fig 6. Whole leaf and chloroplast activity of G6PDH in Arabidopsis.

Whole leaf activity of GBPDH decreased 35% after illumination at 200 pmol m=2 s~1 for one
hour. This represents the total redox sensitive G6PDH fraction in Arabidopsis leaves.
Chloroplast G6PDH activity decreased 50% after illumination at 200 pmol m~2 s™1 for one
hour. Samples were normalized by amount of chlorophyll added to the assay mixture.
Assays were done with 5 mM G6P. Each bar represents the mean and error bars represent

S.E. (n=3).
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G6P is consumed by G6PDH to enter the G6PDH shunt. G6P re-enters the Calvin-Benson
cycle as Ru5P. Overall, the shunt consumes three ATP and two NADP* and produces two

NAPDH. One CO, molecule is lost for every G6P that enters the shunt.
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Table 1.

Kinetic constants and inhibition constants of GGPDHL1, 2, and 3 as determined by NADPH-linked
spectrophotometric assays. K, and k., for NADP* were determined by fitting the Michalis-Menten equation.
Parameters for G6PDH were determined from a modified Michalis-Menten equation which includes substrate
inhibition. Data points used in model fitting were n=3 different preparations. For inhibition constants, each
number was determined from the fitted curves as described in the methods. Errors shown are S.E. (n=3). Sum
of least-squares for inhibition parameters of GGPDH that were determined using Solver in Excel. RMSE-
square root of mean squared error.

G6PDH1  G6PDH2  G6PDH3

Oxidized 0.3+£0.0 1.6+0.4 0.3+0.1
Reduced 2.4+0.7 1.240.1 0.5+0.0
Oxidized 17.1+6.0 22.4+4.5 33.1+2.0

G6P K;(mM)
Reduced 56.2+6.4 3711 449119
b () Oxidized 51.8+6.1 14.2+5.3 11.3+0.6
Reduced 40.6+1.3 7.6£1.4 8.6+0.5
NADP K, (UM) 0.6+02  1.3+0.03  0.6+0.06
Binding inhibitor substrate molecules (X) 2.0£0.0 2.0£0.0 1.7+0.3
Hill cooperativity coefficient (H) 1.0+0.0 1.0+0.0 1.0£0.0
Catalytic Efficiency G6P (mM™1s71) 125.148.5. 23.1x11.2 51.8+14.3
Catalytic Efficiency NADP (UM~ 571 109.7438.8 21.0£25  20.1%16
NADPH K (uM) 59 0.9 112
NADPH K;RMSE 15.8 3.3 2.1
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Table 2.
Midpoint potentials and percent reduction of key Calvin-Benson cycle enzymes and
electron transport proteins at =378 mV at pH 8, assuming equilibrium.

Calvin-Benson cycle enzymes are mostly active at the midpoint potential of GGPDH. One electron chemistry
is assumed for ferredoxin and two electron chemistry for all others.

Midpoint potential, E, (mv) % reduced at -378 mV

Enzyme or metabolite atpH8
G6PDH -378 50.0
Ferredoxin -410 7.0
NADPH -380 46.0
Thioredoxin F -350 90.6
Thioredoxin m -360 81.1
NADP-MDH -390 275
FBPase =375 56.0
PRK -355 86.5
Cyclic electron flow =330 98.0
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