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Abstract

The enzymes involved in L-ascorbate biosynthesis in photosynthetic organisms (the Smirnoff-Wheeler [SW] pathway) are
well established. Here, we analyzed their subcellular localizations and potential physical interactions and assessed their role in
the control of ascorbate synthesis. Transient expression of C terminal-tagged fusions of SW genes in Nicotiana benthamiana
and Arabidopsis thaliana mutants complemented with genomic constructs showed that while GDP-b-mannose epimerase is
cytosolic, all the enzymes from GDP-p-mannose pyrophosphorylase (GMP) to L-galactose dehydrogenase (.-GalDH) show a
dual cytosolic/nuclear localization. All transgenic lines expressing functional SW protein green fluorescent protein fusions
driven by their endogenous promoters showed a high accumulation of the fusion proteins, with the exception of those lines
expressing GDP-L-galactose phosphorylase (GGP) protein, which had very low abundance. Transient expression of individual
or combinations of SW pathway enzymes in N. benthamiana only increased ascorbate concentration if GGP was included.
Although we did not detect direct interaction between the different enzymes of the pathway using yeast-two hybrid analysis,
consecutive SW enzymes, as well as the first and last enzymes (GMP and L-GalDH) associated in coimmunoprecipitation
studies. This association was supported by gel filtration chromatography, showing the presence of SW proteins in high-
molecular weight fractions. Finally, metabolic control analysis incorporating known kinetic characteristics showed that previ-
ously reported feedback repression at the GGP step, combined with its relatively low abundance, confers a high-flux control
coefficient and rationalizes why manipulation of other enzymes has little effect on ascorbate concentration.
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Introduction

L-Ascorbate (ascorbate, vitamin C) is the most abundant
soluble antioxidant in plants and functions as a cofactor in
many enzymatic reactions (Smirnoff, 2018; Fenech et al,
2019). Some groups of animals, among which humans are
included, lost the ability to synthesize ascorbate (Smirnoff,
2018). Therefore, we need to incorporate this essential nutri-
ent through the diet, with fruits and vegetables being the
major source. In plants, ascorbate is synthesized from the
hexose phosphate pool via D-mannose/L-galactose through
the Smirnoff-Wheeler (SW) pathway (Wheeler et al., 1998;
Figure 1). The pathway is supported by abundant biochemi-
cal and genetic studies (Wheeler et al, 2015 Bulley and
Laing, 2016). D-Glucose 6-P is sequentially transformed into
D-fructose 6-P, D-mannose 6-P, and D-mannose 1-P by
phosphoglucose isomerase, phosphomannose isomerase
(PMI), and phosphomannomutase. GDP-D-mannose pyro-
phosphorylase (GMP) then converts D-mannose 1-P into

p-Glc 6-P
{ PGI
D-Fru 6-P
} Pmi
D-Man 6-P
} PMM /
p-Man 1-P I
vTCt ,l,GMP 4
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Figure 1 The ascorbate biosynthesis via GDP-D-mannose and L-galactose
(the SW pathway) in A. thaliana. Yellow area refers to the cytosolic
enzymes used in this work. mOM, mitochondrion outer membrane;
mIMS, mitochondrion intermembrane space; mIM, mitochondrion inner
membrane. In the left-hand side of the arrows, the genes encoding each en-
zyme are displayed, while in the right-hand side the encoded proteins/en-
zymatic activities are shown. Glc=glucose; Fru=fructose; Man=mannose;
Gal=galactose; GalL=galactono-1,4-lactone; Asc=ascorbic acid;
PGl=phosphoglucose isomerase; PMI=phosphomannose isomerase;
PMM =phosphomannomutase; GMP=GDP-D-mannose pyrophosphory-
lase; GME = GDP-D-mannose 3,5’ epimerase; GGP = GDP-L-galactose phos-
phorylase; GPP=L-galactose 1-phosphate phosphatase; L-GalDH=L-
galactose dehydrogenase; L-GalLDH=L-galactono-1,4-lactone dehydroge-
nase; Cyt™® =cytochrome c reduced; Cyt®™ =cytochrome c oxidized.
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GDP-D-mannose, which is subsequently epimerized by GDP-
D-mannose epimerase (GME) into GDP-L-galactose. GDP-D-
mannose and GDP-L-galactose are additionally used in the
synthesis of cell wall polysaccharides and protein glycosyla-
tion, thereby interconnecting the SW pathway with cell wall
biosynthesis (Conklin et al, 1999; Reiter and Vanzin, 2007;
Fenech et al, 2019). The next step is catalyzed by GDP-L-
galactose phosphorylase (GGP), producing L-galactose 1-P.
This step is proposed to be the main control point of the
pathway (Dowdle et al, 2007; Linster et al.,, 2007; Yoshimura
et al, 2014 Laing et al, 2015 2007). In Arabidopsis
(Arabidopsis thaliana), GGP activity is encoded by two paral-
ogs, Vitamin C 2 and 5 (VTC2 and VTC5). Next, L-galactose
1-phosphate phosphatase (GPP) and other unidentified
phosphatases (Laing et al, 2004 Conklin et al, 2006;
Torabinejad et al, 2009), transform L-galactose 1-phosphate
into L-galactose. L-Galactose is then oxidized to L-galactono-
1,4-lactone by L-galactose dehydrogenase (L-GalDH). All
these steps are believed to occur in the cytosol while L-gal-
actono-1,4-lactone crosses the outer membrane of the mito-
chondria to be oxidized by L-galactono-1,4-lactone
dehydrogenase (GLDH), which is an integral component of
mitochondrial electron transport Complex 1 on the inner
membrane (Pineau et al., 2008; Schimmeyer et al., 2016).

The ascorbate concentration is dependent on the tissue
type (Franceschi and Tarlyn, 2002; Lorence et al, 2004;
Miiller-Moulé, 2008; Zhang et al, 2011) and it adjusts to
changes in environmental conditions, particularly light
(Bartoli, 2006; Page et al, 2012, Plumb et al, 2018).
Surprisingly, despite being the most abundant soluble anti-
oxidant, a good understanding of the mechanisms that con-
trol ascorbate concentration remains limited. While mutant
analyses of genes involved in the biosynthetic pathway have
corroborated the involvement of the various enzymes
(Table 1), they provide little information on how the path-
way is controlled. This is further complicated because the
ascorbate pool is determined by the balance between syn-
thesis, oxidation, recycling, and breakdown. The oxidation
product of ascorbate is the monodehydroascorbate radical.
This is either directly reduced back to ascorbate or can give
rise to dehydroascorbate (DHA) in its hydrated bicyclic
hemiketal form, which is reduced back to ascorbate through
the Halliwell-Foyer—Asada cycle (Asada, 1999). In addition, a
proportion of ascorbate and DHA can be degraded to vari-
ous products such as oxalate, threonate, and tartrate
(Pallanca and Smirnoff, 2000; Green and Fry, 2005; DeBolt
et al, 2006, 2007; Dewhirst et al, 2017; Truffault et al,, 2017;
Terai et al, 2020). These recycling and breakdown reactions
are evident under severe oxidative stress, which results in
decreased ascorbate concentration (Waszczak et al, 2018;
Terai et al, 2020).

Multiple lines of evidence point to GGP as the critical
controlling step of ascorbate biosynthesis. The transcription
of the GGP gene (Dowdle et al, 2007; Mdller-Moulé, 2008;
Urzica et al, 2012) and the activity of the encoded enzyme
(Dowdle et al, 2007) is highly responsive to environmental
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Table 1 Phenotypes associated with Arabidopsis mutants of the genes involved in ascorbate biosynthesis available in the literature

Enzyme Mutant Allele Phenotype Reference
GMP cyt1-1 Knock-out Embryo lethal Lukowitz et al. (2001)
vtcl-1 Knock-down 30% of WT ascorbate Conklin et al. (1996, 2000)
GME gme-1 Knock-out Male gametophyte lethal. Growth defect, rescued by Qi et al. (2017)
boron but not by ascorbate supplementation.
gme-2 Knock-down 30% of WT ascorbate
GGP vtc2-4 Single knock-out 20% of WT ascorbate Lim et al. (2016)
vtc5-2 Single knock-out 80% of WT ascorbate Dowdle et al. (2007); Lim
vtc2/vtc5 Double knock-out Growth arrest, rescued by ascorbate et al. (2016)
supplementation
GPP vtc4-4 Knock-out 65% of WT ascorbate Torabinejad et al. (2009)
L-GalDH Igaldh Not reported 30% of WT ascorbate in antisense suppression lines Gatzek et al. (2002)
GLDH gldh Knock-out Growth arrest, rescued by ascorbate Pineau et al. (2008)

supplementation

Phenotype analysis shows that GGP is the first enzyme fully dedicated to ascorbate synthesis since growth arrest occurring in the vtc2/vtc5 double mutant and downstream
mutants is rescued by ascorbate supplementation. Although a reduced function (knockdown mutation) of genes upstream of GGP also results in lower ascorbate concentra-
tion, the lethality occurring in knockout mutants cannot be prevented by exogenous ascorbate supplementation.

factors. Furthermore, GGP translation is subject to feedback
repression via a conserved upstream open reading frame
(uORF) in the 5'-Untranslated Region (5-UTR; Laing et al,
2015). As a consequence, removing the uORF results in in-
creased ascorbate in Arabidopsis (Laing et al., 2015), tomato
(Solanum lycopersicum; Li et al,, 2018), and lettuce (Lactuca
sativa; Zhang et al, 2018). In addition, GGP is the only gene
of the pathway whose overexpression consistently increases
the ascorbate content (Bulley et al, 2012; Yoshimura et al,
2014) and quantitative trait loci analysis shows that GGP
paralogs are located within regions of the genome associated
with high ascorbate content in fruits (Mellidou et al, 2012).
There have been reports that overexpression of other genes
of the pathway, such as GMP or GME, also modestly increase
ascorbate concentration in Arabidopsis [Zhou et al, 2012
{13-fold}; Li et al, 2016 {15-fold}], rice (Oryza sativa)
[Zhang et al, 2015 {1.4-fold}], tobacco (Nicotiana tabacum)
[Bulley et al, 2009 {1.2-fold}; Wang et al,, 2011 {2-4-fold}),
and tomato [Cronje et al, 2012 {1.7-fold}; Zhang et al,
2011 {1.4-fold}]. However, overexpression of these genes
does not always have an effect on ascorbate concentration
(Sawake et al, 2015; Yoshimura et al, 2014). In addition, var-
ious studies have reported ascorbate feedback inhibition of
the biosynthetic enzymes PMI (Maruta et al, 2008), GME
(Wolucka and Van Montagu, 2003), and L-GalDH (Mieda
et al, 2004), although the latter remains controversial (Laing
et al, 2004). This feedback control is further supported by
the decreased incorporation of '“C-labelled sugars into
ascorbate in vivo after feeding ascorbate (Pallanca and
Smirnoff, 2000; Wolucka and Van Montagu, 2003).

In order to increase our understanding of the organization
of the ascorbate biosynthesis pathway, we performed sys-
tematic over-expression of single and multiple combinations
of all the enzymes of the pathway from GMP downstream
in Nicotiana benthamiana. This allowed the systematic in-
vestigation of their effects on the ascorbate pool and sup-
ported the formation of a multiprotein complex. In
addition, complementation of Arabidopsis mutants with the
respective green fluorescent protein (GFP)-tagged enzymes

confirmed the functionality of the constructs and provided
information on their subcellular localizations. Finally, we
constructed a kinetic model based on the known properties
of the pathway whose predictions support that activity of
GGP is the only significant controlling step and which also
explains other observed features of the pathway. In addition
to this information, this work provides a set of tools, which
will allow a better understanding of ascorbate biosynthesis
at the molecular and cellular level.

Results

Generation and analysis of GFP-tagged ascorbate
biosynthesis Arabidopsis complementation lines
reveals major differences in protein expression along
the pathway

To study the function of SW proteins, we generated
Arabidopsis lines transformed with genomic regions (includ-
ing their promoters) of ascorbate biosynthesis genes that
resulted in proteins fused to GFP at their C-terminus. To in-
vestigate the functionality of these constructs, they were in-
troduced into  Arabidopsis mutants and the
complementation of their phenotypes was analyzed.
Arabidopsis mutants in SW genes typically show lower
ascorbate concentration and/or lethality in early stages of
development (Table 1). Selfing of Arabidopsis heterozygous
mutants for GME (SALK_150208, gme-3, hereafter gme;
Supplemental Figure S1A) and L-GalDH (SALK_056664,
Supplemental Figure S1B) did not produce homozygous
mutants (Supplemental Figure S2). As exogenous supple-
mentation of ascorbate prevented growth arrest of several
SW mutants (Dowdle et al, 2007; Pineau et al, 2008), we
germinated seeds from heterozygous gme-3 and gldh plants
on solid media without and supplemented with 0.5-mM
ascorbate (Figure 2A). As a control, we included seeds from
a heterozygous gldh mutant plant, whose growth arrest is
prevented by exogenous ascorbate (Pineau et al, 2008). The
analysis of heterozygous gme progeny identified 40 wild-type
(WT) seedlings, 46 heterozygous seedlings, and no
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Figure 2 Characterization of C-terminal GFP fusions of ascorbate biosynthesis enzymes. A, The ascorbate complementation assay rescues growth
arrest from gldh and Igaldh mutants but not gme lethality. Insets show homozygous mutants with arrested growth in media lacking ascorbate, but
not in media supplemented with ascorbate. HZ, heterozygous. B, Complementation of ascorbate concentration by expression of GFP fusion pro-
teins in ascorbate deficient Arabidopsis mutants. Data displayed correspond to mean+SD from three independent samples composed of three
6-week-old fully expanded rosettes grown in a short-day regime at 150-pmol photons m™ s, one and a half hours after lights turned on.
Different letters denote statistically significant differences for ascorbate concentration (one-way ANOVA, « = 0.05, post-hoc Tukey test). C,
Immunoblot (a-GFP) of complemented lines shows that a small amount of GGP compared with other components restores ascorbate content.

Red arrowhead indicates GGP-GFP. CBB, Coomassie Brilliant Blue.

homozygous for the T-DNA, confirming the lethality of a ~ WT, 41 heterozygous T-DNA and 25 homozygous T-DNA
loss-of-function allele of GME (Qi et al,, 2017; Voxeur et al,  seedlings by diagnostic PCR in ascorbate containing medium
2011; Figure 2A; Supplemental Figure S2A). Similarly, no ho-  (Figure 2A, Supplemental Figure S2B). Therefore, in contrast
mozygous gme seedlings were identified when the growth to gme mutants, Igaldh mutants could be rescued by sup-
medium was supplemented with 0.5-mM ascorbate in con-  plementation with exogenous ascorbate (Figure 2, A;
trast to gldh seedlings (Pineau et al, 2008; Supplemental Supplemental Figure S2, B). This supports the expression
Figure S2B), confirming that GME, similar to GMP (Lukowitz ~ product of L-GalDH as being responsible for the L-galactose

et al, 2001), has additional roles to that of ascorbate biosyn-  dehydrogenase activity present in Arabidopsis. In addition,
thesis (Supplemental Figure S2A; Gilbert et al, 2009; Qi the finding that, like gldh, Igaldh is an ascorbate auxotroph
et al, 2017; Voxeur et al, 2011). On the other hand, diagnos- indicates that the activity of this enzyme is essential for
tic PCR of heterozygous Igaldh progeny identified 23 WT  ascorbate biosynthesis.

seedlings and 69 heterozygous T-DNA seedlings, while no To investigate the functionality of a GME protein fused
homozygous mutants were found in the medium not sup-  with GFP at the C-terminus, we transformed WT plants

plemented with ascorbate. A number of seedlings showed  with a GMEp:GME-GFP construct. Of the several transform-
growth arrest and yellowing similar to gldh progeny  ants showing high expression of GME-GFP and containing a
(Figure 2A, magnified square). In contrast, we identified 25  single insertion (Supplemental Figure S3A), line 6 (L6) was
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selected to introduce the transgene into the gme mutant
background using reciprocal crosses. Using heterozygous
gme plants as the male parent, we did not obtain F1 gme/
GMEp:GME-GFP  (hereafter named as gme/GME-GFP L6)
descendants, supporting the role of GME in pollen develop-
ment and pollen tube elongation (Qi et al, 2017). However,
when line L6 was used as a male parent, we obtained viable
gme/GME-GFP F1 seedlings that allowed the identification in
the F2 of homozygous gme/GME-GFP L6 seedlings
(Supplemental Figure S3B). Surprisingly, while the GME-GFP
fusion protein complemented the sterility defects, the gme/
GME-GFP lines contained ~55% of the ascorbate content of
WT plants (Figure 2B) which, considering the lower ascor-
bate content of knock-down gme Arabidopsis mutants (Qi
et al, 2017), indicates that it only partially complements the
ascorbate content. Similarly, a L-GalDHp:L-GalDH-GFP con-
struct was transformed into WT plants and we selected line
1 (L1) that showed high expression and a single insertion
(Supplemental Figure S3C). Then, reciprocal crosses between
heterozygous Igaldh plants and L-GalDHp:L-GalDH-GFP L1
were performed. On this occasion, we did obtain F1 plants
when Igaldh plants were used as the male or female parent.
Homozygous Igaldh/GalDH-GFP L1 seedlings were identified
in F2 progeny using diagnostic PCR in medium lacking
ascorbate (Supplemental Figure S3D), indicating that the L-
GalDH-GFP protein driven by the L-GalDH promoter
restores the enzyme activity lost in the Igaldh mutant. In ad-
dition, Igaldh/L-GalDH-GFP L1 plants contained WT levels of
ascorbate (Figure 2B).

In contrast to gme and Igaldh, loss-of-function vtc2 and
vtc4 homozygous mutants are viable and show WT growth
under standard conditions despite containing 20 and 55% of
the WT ascorbate content, respectively (Figure 2B; Conklin
et al, 2000; Dowdle et al, 2007; Torabinejad et al,, 2009). In
the case of the vtc2 mutant, GGP activity is also provided
by the paralogous VTCS5 gene. Consistently, vtc2/vtc5 double
mutants, like Igaldh and gldh mutants (Figure 2A;
Supplemental Figure S2, B and C), show growth arrest that
can be complemented with exogenous ascorbate (Dowdle
et al, 2007; Lim et al, 2016). However, considering the phe-
notypes described (Table 1), the viability of the vtc4 mutant
must rely on other enzymes with GPP activity (Nourbakhsh
et al, 2015; Torabinejad et al, 2009). In order to test the
functionality of GFP-tagged GGP and GPP, we restored WT
ascorbate content by introducing GGPp:GGP-GFP and
GPPp:GPP-GFP constructs into their respective mutants. The
T-DNA knockout mutant vtc2-4 (SAIL_769_HO05; hereafter
named as vtc2; Supplemental Figure S1C; Lim et al, 2016)
was directly transformed and lines with a single insertion
were selected (Supplemental Figure S3E). Line 13 (L13) was
selected because it showed the highest accumulation of
GGP-GFP (Supplemental Figure S3F). Also, GPPp:GPP-GFP
was introduced into the vtc4-4 mutant (Supplemental
Figure S2D) following the same strategy described for GME
and L-GalDH (Supplemental Figure S3G). A single-insertion
GPPp:GPP-GFP line 5 was selected to cross with the vtc4
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homozygous mutant and the homozygous GPP/GPP-GFP
line was isolated by diagnostic PCR (Supplemental Figure
S3H). The ascorbate concentration of vtc2/GGP-GFP and
vtc4GPP/GPP-GFP lines was restored to WT levels, validating
the functionally of the GFP-tagged enzyme (Figure 2B).
Immunoblot analysis indicated that GME-GFP and GPP-
GFP were easily detectable, while L-GalDH-GFP showed a
lower concentration (Figure 3C). Interestingly, despite the
complementation of ascorbate levels in L13, GGP-GFP pro-
tein could be detected only after overexposure of the blot
using a high sensitivity ECL substrate (see Materials and
Methods section) for the detection of femtogram amounts
of protein (Figure 2C, middle panel). This low amount of
GGP protein cannot be explained by a low transcript level
of GGP because, based on publicly available transcriptomic
databases, GGP and GME showed the highest expression of
all SW genes in vegetative tissue (Supplemental Figure S4).

Combinatorial expression of ascorbate biosynthesis
genes in N. benthamiana leaves identifies GGP as
the main control point of ascorbate biosynthesis
We have shown that SW proteins are functional when a tag
is added to their C-terminus and that a small amount of
GGP-GFP protein is sufficient to increase the content of
ascorbate in the vtc2 mutant to WT levels. In order to inves-
tigate the effect of the activity of ascorbate biosynthesis
genes on ascorbate concentration we cloned the coding
DNA sequences (CDS) of Arabidopsis GMP, GME, GGP, GPP,
L-GalDH, and L-GalLDH with C-terminal GFP and HA, driven
by the CaMV35S promoter (Figure 3A) and transiently
expressed them in N. benthamiana leaves. Immunoblot
analysis of the GFP-tagged SW proteins showed that the
molecular masses of the different fusion proteins were con-
sistent with their predicted sizes (Figure 3B). Moreover, all
the fusion proteins showed little degradation at all time
points tested (Supplemental Figure S5). Three days after
agroinfiltration, GMP-GFP, GME-GFP, GGP-GFP, and GPP-
GFP proteins showed the highest expression, while L-GalDH-
GFP and L-GalLDH-GFP were also well expressed (Figure 3B).
Therefore, we performed further analyses after 3 d of
infiltration

We performed a systematic analysis of the effect of tran-
sient overexpression of individual or multiple combinations
of these SW Arabidopsis genes on the ascorbate concentra-
tion in N. benthamiana leaves. On the basis of our previous
data (Figure 3B), we analyzed the ascorbate content 3 d af-
ter agroinfiltration. All genes were expressed either individ-
ually or in pairs (Figure 3, C-G; Supplemental Table S1),
and due to the large number of possible combinations,
three genes were expressed individually and two genes out
of the three were co-expressed to analyze the ascorbate
content in the same experiment (Figure 3, C-G). This ex-
perimental design validated the reproducibility of our ex-
perimental system since individual genes have been
analyzed three times with their proper controls (except for
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Figure 3 The effect of transient expression of C-terminal GFP and HA fusions of ascorbate biosynthesis enzymes on ascorbate concentration in N. benthami-
ana leaves. A, Strategy followed to clone and to overexpress ascorbate biosynthesis genes from Arabidopsis translationally fused to GFP and HA at the protein
C-terminus in N. benthamiana leaves. B, Immunoblots («-GFP) of fusion protein accumulation 2, 3, and 4 d after agroinfiltration. Expression was driven by
the 35S promoter. C—H, Leaf ascorbate concentration 3 d after agroinfiltration with different combinations of C-terminal GFP ad HA fusions of ascorbate bio-
synthesis enzymes. In H, “Cytosolic” refers to the coexpression of GMP, GME, GGP, GPP, and L-GalDH genes; “Whole” refers to the coexpression of those men-
tioned cytosolic genes plus mitochondrial L-GalLDH. For further details, constructs used in each infiltration are shown in Supplementary Table S1. Data
displayed correspond to mean+SD from two leaves of at least three N. benthamiana plants infiltrated, collected at 3 d after infiltration. Different letters de-
note statistically significant differences for ascorbate concentration (one-way ANOVA, o = 0.05, post hoc Tukey test).
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GMP, with only two). As shown in Figure 3C, the transient
expression of individual GMP-GFP and GME-GFP genes
did not increase ascorbate content relative to the naive
(not agroinfiltrated) or control (infiltrated with GFP) N.
benthamiana leaves. However, expression of GGP-GFP in-
creased ascorbate concentration between 2- and 3-fold.
The expression of individual GMP, GME, and L-GalDH
genes or any combination of these three genes without
GGP-GFP did not significantly increase ascorbate concen-
tration in any of the multiple assays (Figure 3, D-G). It
also demonstrates that higher levels of GMP (Figure 3C),
GPP (Figure 3G), and L-GalDH (Figure 3F) do not increase
the ascorbate content, either individually or when com-
bined. The combination of GGP with GME caused a signifi-
cant increase in ascorbate relative to GGP (Figure 3E),
although the effect was not consistent in all experiments
(Figure 3, E and H). An increased ascorbate content by
combining GME and GGP has been previously reported us-
ing transient overexpression of kiwifruit (Actinidia deli-
ciosa) GME and GGP homologs in tobacco (N. tabacum)
leaves (Bulley et al., 2009).

Finally, we tested the effect of the simultaneous transient
overexpression of all SW cytosolic Arabidopsis genes on the
ascorbate concentration in N. benthamiana leaves. The ex-
pression of all cytosolic components was confirmed by im-
munoblot analysis (Figure 3H) and increased the ascorbate
content to similar levels as produced by expressing GGP
alone (Figure 3H). Expressing all the cytosolic enzymes to-
gether with the final mitochondrial enzyme L-GalLDH also
did not increase the ascorbate concentration (Figure 3H).
Overall, these results point to GGP as the main control
point in the biosynthesis of ascorbate.

Subcellular localization of ascorbate biosynthesis
enzymes using GFP-tagged proteins

The biosynthesis of ascorbate up to the L-galactose dehydro-
genase step is proposed to take place in the cytosol with
the exception of the last step that occurs at the intermem-
brane space of the mitochondria (@stergaard et al, 1997
Heazlewood et al, 2004; Dunkley et al, 2006; Pineau et al,
2008; Schimmeyer et al, 2016). In silico analysis using the
software Compartments (https://compartments.jensenlab.
org/Search) predicted a cytosolic subcellular localization for
GME, GPP, and L-GalDH, a dual cytosolic—nuclear localiza-
tion of GMP and GGP and a mitochondrial localization of
L-GalLDH (Supplemental Figure S6). Confocal microscopy
imaging of C-terminal GFP-tagged proteins transiently
expressed in N. benthamiana revealed a cytosolic subcellular
localization for GMP, GME, GGP, GPP, and L-GalDH, while
L-GalLDH-GFP appeared in structures that resembled mito-
chondria (Figure 4). Interestingly, GMP-GFP, GGP-GFP,
GPP-GFP, and L-GalDH-GFP also showed a nuclear localiza-
tion in addition to their cytoplasmic localization, whereas
we observed a GME-GFP signal surrounding the nuclei
(Figure 4). Evidence for a dual cytosolic-nuclear localization
has been provided for GMP and GGP using stable transgenic

PLANT PHYSIOLOGY 2021: Page 7 of 21 | 7

Arabidopsis lines (Miiller-Moulé, 2008; Wang et al, 2013),
suggesting a potential nuclear function of these proteins.
Remarkably, similarly to GMP, nuclear localization signals are
not predicted for GPP or L-GalDH and, therefore, the
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Figure 4 Subcellular localization of free GFP and C-terminal GFP
fusions of ascorbate biosynthesis enzymes transiently expressed in N.
benthamiana leaves under the control of the 35S promoter 3 d after

agroinfiltration. GFP was visualized by laser scanning confocal micros-
copy. Scale bar = 30 pm.
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localization reported here was unexpected (Supplemental
Table S2).

Because overexpression can result in ectopic localization
of proteins, we used the Arabidopsis transgenic lines that
carry functional biosynthetic ascorbate proteins C-terminally
fused to GFP and driven by their own promoters to analyze
their in vivo subcellular localization as well as their tissue
distribution. Cotyledons, cotyledon—-hypocotyl junctions,
hypocotyls and root tips of 4-d-old Arabidopsis seedlings
were analyzed. GME-GFP, GPP-GFP, and L-GalDH-GFP
lines showed a strong fluorescence signal in the cytoplasm
(Figure 5A). In addition, GPP-GFP and L-GalDH-GFP were
present within nuclei-like structures. In roots, these two pro-
teins were present within the nucleus as a dot that suggests
location in the nucleolus, but they also displayed a ring-like
pattern in the nucleus, whereas GME-GFP showed an even
distribution across the cytosol (Figure 5A). We did not de-
tect fluorescence signals for GGP-GFP above the back-
ground level (Figure 5B) consistent with the weak signal
previously observed in immunoblot analysis (Figure 2H).
Except for GGP, these data are consistent with the over-
expression data of SW-GFP constructs in N. benthamiana.

Protein—protein interaction assays support a
physical association of proteins involved in
ascorbate biosynthesis
Enzymes involved in metabolic pathways are often physically
associated (Smirnoff, 2019; Sweetlove and Fernie, 2018).
Since GMP, GME, GGP, GPP, and L-GalDH proteins showed
cytoplasmic localization (Figures 4 and 5), we investigated
their interaction in vivo using a yeast two-hybrid (Y2H) as-
say (Figure 6A; Supplemental Figure S7). To achieve this, all
CDSs of ascorbate biosynthesis genes (including the
mitochondria-localized L-GalLDH as a negative control) were
cloned into both the binding domain (BD, pGBKT7) and ac-
tivation domain (AD, pGADT7) yeast vectors and all 36 pos-
sible interactions resulting from the combination of all the
enzymes of the pathway in both directions were tested
(fused to AD or to BD; Supplemental Figure S7). As positive
controls, we included SNF1/SNF2 (Fields and Song, 1989)
and p53/SV40-Large AgT (Iwabuchi et al, 1993; Li and Fields,
1993) interactions, whereas Laminin C/SV40-Large AgT was
used as a negative control (Bartel et al, 1993; Ye and
Worman, 1995). This analysis did not provide evidence of di-
rect interactions between the enzymes of the pathway al-
though GMP, GME, and GPP showed self-interaction,
showing that these proteins were expressed in yeast
(Figure 6A). A dimerization interface is predicted for GME
and GPP, while a trimerization domain is predicted for GMP
(Figure 6B), consistent with our Y2HY2H interaction results.
Despite the apparent lack of direct interactions of ascor-
bate biosynthesis enzymes in yeast, we investigated whether
these proteins could associate in vivo. For this, we co-
expressed biosynthesis enzymes of the pathway tagged with
C-terminal GFP and HA in N. benthamiana and performed
coimmunoprecipitation (Co-IP) assays. We used GFP-Trap
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beads to immunoprecipitate GFP-tagged proteins and o-HA
antibodies to detect co-immunoprecipitated (IP) HA-fused
proteins using immunoblot. We first tested biosynthesis pro-
teins that are consecutive in the pathway (Figure 6, C—F),
that is, GMP/GME, GME/GGP, GGP/GPP, and GPP/L-GalDH.
We co-expressed GMP-GFP and GME-HA to test the inter-
action, and GFP together with GME-HA as a negative con-
trol (Figure 6C) and checked by immunoblot if protein
expression was suitable for immunoprecipitation prior to
the assay (Supplemental Figure S8). After immunoprecipita-
tion of GMP-GFP and free GFP, we detected a specific asso-
ciation between GME-HA with GMP-GFP but not with free
GFP (Figure 6C). Following the same strategy, we found
associations between all consecutive enzymes of the path-
way (Figure 6, D-F). In addition, we also performed Co-IP
between the first and last cytosolic enzymes of the pathway,
that is, GMP and L-GalDH found a specific association be-
tween GMP-GFP and L-GalDH-HA (Figure 6G).

The finding that all SW proteins associate using Co-IP
experiments suggests that they are part of a large enzymatic
complex. In order to investigate this possibility, we expressed
all SW enzymes in N. benthamiana leaves (see Supplemental
Table S1) and extracted proteins in their native state. This
extraction produced all proteins of the expected size
(Figure 7A, left panel) with the exception of a protein that
is likely a degradation product of GLDH, since this band was
not detected after a denaturing extraction using Laemmli
buffer (Supplemental Figure S9). This crude extract was then
fractionated using gel filtration chromatography under non-
denaturing conditions. We discarded the first fraction since
it typically contains protein aggregates and detected by
immunoblots the SW proteins in the collected fractions (0.5
or 1 mL) ranging from 10 to 1,124 kDa. Interestingly, all SW
proteins eluted in high-molecular-weight fractions (Figure 7,
A-D). In addition to their presence in high-molecular weight
fractions, most proteins eluted in a size between 63 and 233
kDa except for GLDH, which accumulated in fractions over
233 kDa in size (Figure 7A) and L-GalDH, which eluted in
fractions consistent with its predicted molecular weight. The
elution of GLDH in high-molecular weight fractions is consis-
tent with it being in complex | of the mitochondrial elec-
tron transport chain (Schimmeyer et al,, 2016).

A kinetic model of ascorbate biosynthesis indicates
GGP as the main control point

To further understand the results of over-expression, a ki-
netic model of ascorbate biosynthesis was constructed using
Complex Pathway Simulator (COPASI; Hoops et al., 2006).
Figure 8A shows the reactions included in the pathway. The
model carried out metabolic control analysis (MCA) using
parameters described in Materials and Methods section and
Supplementary Table S3. It incorporated the observed low
expression of GGP with the reported characteristics of feed-
back inhibition. Evidence from radiolabeling suggests that
ascorbate synthesis is subject to feedback inhibition by
ascorbate (Conklin et al, 1997; Pallanca and Smirnoff, 2000;
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Figure 5 Subcellular localization of ascorbate biosynthesis enzymes fused to GFP at the C-terminus and expressed under the control of their na-
tive promoters in Arabidopsis. A, The expression of GFP-tagged enzymes is ubiquitous in 4-d-old seedlings and their subcellular localization is
compatible with the cytosol and nucleus except for GME, which only locates in cytosol. B, GFP signal of a functional GGP-GFP (line 13) protein
was not detectable. GFP was visualized by laser scanning confocal microscopy. Scale bar = 30 pm.
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Figure 6 Interaction of ascorbate biosynthesis enzymes assessed by Y2H analysis and Co-IP. A, The Y2HY2H assay detected no direct interaction
between the enzymes, but GMP, GME, and GPP, which contain predicted dimerization/trimerization domains (B), form dimers/trimers. B, Protein
scheme for each of the enzymes assayed in the Y2H assay showing length (in amino acids), annotated domains and predicted dimer/trimerization
interfaces. C-G, The Co-IP assay reported association in vivo in N. benthamiana between consecutive steps as well as between the first (GMP)
and the last (L-GalDH) steps occurring in the cytosol. GFP-tagged enzyme from N. benthamiana crude protein extracts containing two overex-
pressed consecutive enzymes, GFP and HA-tagged, was pulled-down using o-GFP agarose beads and colP protein was detected using «-HA anti-
body. CBB: Coomassie Brilliant Blue.
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Figure 7 The enzymes of the Smirnoff-Wheeler pathway elute together in high-molecular weight fractions of N. benthamiana protein extract. A,
All the proteins transiently expressed were separated in 1 mL fractions and mainly accumulated between 393 and 48 kDa. B, Longer exposure of
the blot presented in (A) shows that all the proteins eluted in high-molecular weight fractions. C, Fractions collected every 0.5 mL more accurately
determined that the accumulation of proteins mainly occurs between 81 and 138 kDa but a longer exposure (D) enabled the detection of proteins
in higher-molecular weight fractions than that. Proteins from N. benthamiana leaves were extracted as described in “Co-IP assay” section and sepa-
rated as described in “Gel filtration chromatography” section. T=Total protein extract; MW =molecular weight. Calculated MWs were estimated
using Dextran blue (2,000 kDa), Alcohol dehydrogenase (150 kDa), Albumin (66 kDa), and Carbonic Anhydrase (29 kDa); GLDH* points to a degra-

dation product of GLDH (see Supplemental Figure S9).

Wolucka and Van Montagu, 2003; Laing et al, 2015). The
proposed uORF-mediated feedback repression of GGP trans-
lation (Laing et al, 2015) was modeled by including non-
competitive inhibition by ascorbate. Competitive inhibition
of PMI and L-GalDH by ascorbate (Mieda et al, 2004;
Maruta et al, 2008) were included, although in the case of
L-GalDH, the inhibition could be an assay artifact (Laing
et al, 2004).

Determination of the flux control coefficients for each
step in the biosynthesis pathway showed that only GGP
contributes significantly, having values of up to 05.
Simulation using various combinations of GGP activity (V)
and K; (smaller values indicate stronger feedback inhibition)
showed that low activity and small K; increases the flux con-
trol coefficient of GGP (Figure 8B). The remainder of flux
control resided in the turnover reactions (Supplemental
Table S4). Therefore, for the biosynthesis steps, the model
predicts that only GGP controls the flux through the path-
way if feedback repression is sufficiently strong.

Correspondingly, concentration control coefficients (i.e. the
change in the concentration of each pathway intermediate
caused by a change in enzyme activity) for each step were
calculated. The results for ascorbate are shown in Figure 8C
and for all intermediates in Supplemental Table S5. As with
the flux control coefficient, only GGP influenced ascorbate
concentration; the control increased with decreased K; for
ascorbate. The outcome could be affected by the starting
conditions (relative enzyme activities and kinetic constants)
but testing the model with varying K, values or with and
without competitive feedback inhibition of PMI and L-
GalDH had little effect on ascorbate concentration (see
Supplementary Material 1 for details).

To simulate the metabolic engineering experiments, the
enzyme activity of each step was increased over a large
range and the predicted change in ascorbate concentration
at various feedback repression strengths was determined
(Figure 8D and Supplemental Table S6). As expected from
the MCA, only varying GGP activity had a significant effect
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Figure 8 A kinetic model of ascorbate biosynthesis and turnover. A, Scheme of the pathway modeled in COPASI showing intermediates catalytic
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state was used to calculate flux control coefficients for each enzyme with various strengths of noncompetitive inhibition exerted by ascorbate (in-
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on ascorbate over a very wide range of activities and this
effect was strongly dependent on the extent of feedback
repression. In comparison, it was necessary to decrease the
activity of the other enzymes to very low values before
ascorbate concentration was affected and this behavior
was particularly marked for the post-GGP steps. The ki-
netic model therefore reflects the effect of transient ex-
pression of the pathway enzymes in N. benthamiana in
which only increasing GGP activity increases ascorbate
concentration. Simulation of mannose 6-P addition caused
a small transient increase in ascorbate accumulation, while
L-galactose addition had a large effect (Figure 8E). This

differential response reflects the operation of feedback re-
pression at the GGP step. GDP-D-Man and GDP-L-Gal are also
substrates for polysaccharide synthesis. To test the influence of
draining these intermediates from the pathway, irreversible in-
corporation into cell wall components was modeled. This had
no effect on the relative control of other pathway enzymes, in-
cluding GGP (Supplemental Table S7). Finally, the model cor-
rectly simulates the effect of knocking out the two GGP
isoforms (VTC2 and VTC5) which were introduced into the
model as parallel reactions. Ascorbate concentration in vtc2 and
vtc5 mutants is not compensated (Dowdle et al, 2007) and the
model recapitulated this result (Supplemental Table S8).
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Discussion

We prepared GFP-tagged versions of all the enzymes in the
SW ascorbate biosynthesis pathway and showed that they
were functional by complementation of ascorbate concen-
tration in their respective Arabidopsis mutants. The GFP-
tagged enzymes were transiently expressed, individually and
in combination, in N. benthamiana leaves. Only GGP over-
expression was able to increase the ascorbate concentration,
which confirms previous studies (Bulley et al, 2009, 2012;
Yoshimura et al, 2014 Laing et al, 2015 Li et al, 2018
Zhang et al, 2018; ALi et al, 2019). Interestingly, a vtc2 mu-
tant containing a GGP-GFP construct driven by its own
promoter and including the 5'-UTR showed an extremely
low GFP fluorescence compared with other GFP-tagged SW
proteins. This low expression of GGP-GFP was also reflected
in the immunoblot comparing the expression of all the
pathway enzymes (Figure 2E), likely reflecting the transla-
tional repression of GGP via the conserved uORF in the 5'-
UTR (Laing et al, 2015). This is further confirmed by the
finding that the overexpression of GGP in N. benthamiana
without the uORF resulted in a similar amount of GGP pro-
tein to other proteins of the pathway.

On the basis of the data presented here and other
reports, we constructed a kinetic model based on the
known properties of the pathway enzymes that includes
the noncompetitive inhibition of GGP activity by ascorbate.
This approach simulates the proposed translational repres-
sion via the 5-uORF since it results in an ascorbate-
dependent decrease in activity without changing its kinetic
properties. The model was used for MCA, an approach that
determines the distribution of the control of flux and con-
centration of pathway intermediates in response to small
changes in activity of each enzyme in the pathway by calcu-
lating flux control and concentration control coefficients for
each step (Fell, 1992). This analysis showed that the only
step in the biosynthesis pathway that controls pathway flux
and ascorbate pool size is GGP, if feedback repression is suf-
ficiently strong. Decreasing the strength of feedback repres-
sion by ascorbate on GGP eventually decreased its flux and
concentration control coefficients. The model predicts that
the steps after GGP exert little control and that in the pres-
ence of feedback repression, GGP is the only critical step.
Consequently, in virtual metabolic engineering experiments,
in which each enzyme was changed over a large range, only
GGP affected the ascorbate concentration. The model pre-
diction is consistent with the relatively small effect of over-
expressing enzymes other than GGP. The model outcomes
were robust over a range of starting conditions and are
minimally affected by the K, values or by the presence/ab-
sence of competitive inhibition of PMI, GME, and L-GalDH.
The model also explains another feature of the pathway,
which is that VTC2 and VTC5, the paralogs of GGP in
Arabidopsis, do not compensate each other when knocked
out (Dowdle et al, 2007). The model also shows that add-
ing exogenous mannose 6-P has no effect on ascorbate syn-
thesis, while the downstream intermediates L-Gal and L-
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GalL do, corresponding with other experimental results
(Gatzek et al, 2002). The control features of the pathway
appear to emerge from its architecture in which a strongly
repressible GGP step is followed by the irreversible L-Gal 1-
P phosphatase and L-galactonolactone dehydrogenase steps.
In a previous study of transient expression in tobacco GME
alone did not affect ascorbate, in accordance with the
model, but also enhanced the effect of expressing GGP
(Bulley et al, 2009), suggesting that the outcome of meta-
bolic engineering may be dependent on other factors.
Stable over-expression of GMP and GME has been reported
to increase ascorbate in tomato and tobacco (Badejo et al,
2008, 2007; Li et al, 2019) and the model predicts that
these enzymes could be effective if endogenous activity is
low. Similarly, increasing the expression of L-GalDH in to-
bacco had no effect on ascorbate, while antisense suppres-
sion in Arabidopsis only had a small effect in high light
(Gatzek et al, 2002). Comparison of the activity of SW
enzymes where the ascorbate pool size differs under low-
and high-light intensity showed that only GGP had in-
creased activity in high light in Arabidopsis (Dowdle et al,
2007). Transcript levels suggest that only VTC2 and VTC5
(and sometimes GME) are responsive to environmental
conditions (Li et al, 2013), and that there is not a coordi-
nated induction of SW genes under high light and low tem-
perature, conditions that increase ascorbate concentration
(Laing et al, 2017). The control of ascorbate biosynthesis
therefore differs from pathways in which there is coordi-
nated induction of multiple pathway enzymes by transcrip-
tion factors, for example, anthocyanin synthesis (Zhang
et al, 2014). Importantly, the model shows that the ascor-
bate pool size responds to GGP over a wide range and
thereby explains how a combination of transcription and
feedback repression controls the amount/activity of GGP
and provides a mechanism to adjust the ascorbate pool size
to prevailing conditions. Light is the best studied factor, and
ascorbate levels adjust to the prevailing light intensity over
several days (Page et al, 2012). The mechanism likely
involves a changed balance between increased transcription
of GGP via a possible photosynthesis-derived signal and
light response promoter elements (Gao et al, 2011; Yabuta
et al, 2007) and ascorbate repression of translation via the
uORF. In addition to the transient expression assays show-
ing the role of the uORF in translational repression of GGP
(Laing et al, 2015), clustered regularly interspaced short pal-
indromic repeats (CRISPR)/CRISPR-associated protein 9 edit-
ing of the uORF in Arabidopsis, lettuce and tomato
increases ascorbate concentration, confirming its role in re-
pression of ascorbate synthesis in diverse species (Li et al,
2018; Zhang et al, 2018). Faster control could also occur if
ascorbate status more directly affects GGP activity via direct
inhibition or post-translational modification. These latter
possibilities have not been investigated but could operate
since ascorbate addition relatively rapidly decreases incorpo-
ration of '“C-glucose or mannose into ascorbate (Pallanca
and Smirnoff, 2000; Wolucka and Van Montagu, 2003). It is
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not known if ascorbate or a proxy of ascorbate concentra-
tion exerts repression and, also, the mechanism by which
the uORF controls GGP translation is not known.

In addition to investigating the effect of enzyme overex-
pression on ascorbate accumulation, we used tagged
enzymes to investigate subcellular localization and the for-
mation of enzymatic complexes. Except for L-GalLDH, the
cytosolic localization of the SW enzymes is consistent with
the in silico prediction. In this study, we have shown that all
SW proteins are present in the cytosol. Interestingly, in addi-
tion to GMP and GGP that were previously reported to lo-
calize in the nucleus (Miller-Moulé, 2008; Wang et al,
2013), GPP and L-GalDH also showed nuclear localization
despite the lack of nuclear localization signals. Whether or
not this nuclear localization is functionally important
remains to be determined, but several metabolic enzymes
moonlighting in the nucleus have been previously reported
(Boukouris et al., 2016; Zhang et al., 2020).

Physical association between enzymes in metabolic pathways
and proteins in signaling pathways has been frequently reported
(Zhang et al, 2017, 2020; Sweetlove and Fernie, 2018; Amorim-
Silva et al, 2019; Smirnoff, 2019). We investigated this possibility
for ascorbate biosynthesis enzymes using Y2HY2H analysis, im-
munoprecipitation and gel filtration chromatography. Co-IP
analysis using GFP-tagged enzymes expressed in N. benthamiana
indicated that consecutive SW enzymes, as well as the first and
last enzymes (GMP and L-GalDH) are associated. Furthermore,
gel filtration revealed that a population of all the enzymes elute
as a higher molecular weight complex. These assays therefore re-
veal relatively stable interactions between the ascorbate biosyn-
thesis enzymes from GMP through to L-GalDH in the cytosol
(although some also have dual cytosolic/nuclear localization).
However, in contrast, Y2HY2H analysis failed to detect pairwise
interaction of the enzymes. Although the N-terminal position of
both activation and binding domains could be impairing the
interactions involving GGP or L-GalDH, the self-interactions
found in GMP, GME, and GPP suggest that this possibility is un-
likely. Furthermore, previous studies reported ascorbate-
producing yeasts by heterologous expression of the plant path-
way in Saccharomyces cerevisiae, proving that these proteins are
stable in yeast (Branduardi et al, 2007; Fossati et al, 2011). The
lack of direct interaction in yeast but the associations found in
N. benthamiana may indicate that the enzymes might require
the presence of each other so that the interaction would not
be detectable in the Y2HY2H assay. Based on these results, it is
tempting to speculate that some of the ascorbate biosynthesis
enzymes might form a functional enzymatic complex (metabo-
lon) channeling the ascorbate precursors, hence increasing the
metabolic flux along the pathway. This complex could also assist
partitioning of GDP-D-mannose and GDP-L-galactose between
ascorbate and polysaccharide synthesis. However, assessing the
functional significance of enzyme complexes is challenging
(Smirnoff, 2019) and further work is needed.

In conclusion, metabolic engineering experiments using
the last six enzymes of the SW pathway show that only
GGP has significant control over the pathway, and we have
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developed a kinetic model that provides a rationale for this
result. It is clear that the balance of GGP amount is con-
trolled by a combination of transcription and translation re-
pression, largely, but not entirely mediated by the uORF
mechanism. In addition, we have produced a set of comple-
mented mutants from GME to L-GalDH tagged with GFP
that provides a resource for further investigation of the SW
pathway.

Materials and methods

Plant material

Arabidopsis thaliana (L) Heynh WT and transgenic lines gen-
erated were in the Col-0 ecotype. Arabidopsis mutants vtc2-4
(SAIL_769_H05; Lim et al, 2016), vtc4-4 (SALK_077222;
Torabinejad et al, 2009), and gldh (SALK_060087; Pineau
et al, 2008) used in this study have been previously de-
scribed. However, to the best of our knowledge, this is the
first time that SALK_150208 (here as named gme-3) and
SALK_056664 (here named as Igaldh-1), obtained from The
European Arabidopsis Stock Center (NASC: http://arabidop
sis.info/), were described (Supplemental Table S9). Diagnostic
PCR was performed to identify the presence of the T-DNA
insertion in individual plants using the allele-specific primers
listed in Supplemental Table S10A. The generation of stable
transgenic lines either in the WT or in the respective mutant
backgrounds is described in “Generation of transgenic lines”
section and lines are listed in M&M, Supplemental Table S1.

Standard growth conditions

Arabidopsis seeds were surface sterilized using chlorine gas
by pouring 3 mL of 37% [w/w] HCl into 100 mL of commer-
cial bleach and airtight sealed for 4 h. Then, seeds were air-
cleared for at least 4 h in a laminar flow cabinet and stored
at 4°C for a 3-d stratification. Seeds were sown on half-
strength Murashige—Skoog agar-solidified (0.6% [w/v] agar)
medium supplemented with 1.5% [w/v] sucrose under ster-
ile conditions and grown with a long-day photoperiod (16-h
light/8-h darkness cycle, 224+1°C, 150+ 50-umol photons
m~2s™") for 7-10 d. Seedlings were then collected for analy-
sis and transferred to liquid media or to soil (41 [v/v]
soil:vermiculite).

Plasmid constructs

Two different types of DNA fragments were used as tem-
plates (genomic and coding DNA sequence) to generate the
constructs used in this work. First, genomic fragments were
amplified starting from at least 2-kb upstream of the +1
ATG site unless otherwise specified (Supplemental Figure
S1) until the stop codon (not included) using genomic Col-
0 DNA as template. Second, CDSs were amplified, starting
at +1 ATG until the stop codon (not included), using as
template Col-0 Arabidopsis cDNA that was generated using
total RNA. In the case of GGP, due to a failure in amplifying
the entire GGPp:GGP product, about 1.4 kb (according to
Gao et al,, 2011) of the GGP promoter including the 5'-UTR
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was amplified (Supplemental Figure S1 and Table S11). The
primers used to generate these above-mentioned DNA frag-
ments are detailed in Supplemental Table S10, B and C. A
proofreading DNA polymerase was used for all these PCR
amplifications (TAKARA PrimeSTAR Max DNA Polymerase,
CAT. #R045A).

The GGP promoter was digested with Hindlll and directly
cloned into the pGWB504 vector. All other DNA fragments
(excluding the GGP promoter) were cloned into pENTR/D-
TOPO using the pENTR Directional TOPO cloning kit
(Invitrogen). Next, DNA genomic fragments (which include
the promoter and lack the stop codon) were recombined
from pENTR/D-TOPO into pGWB4 by LR reaction
(Invitrogen) to generate SWp:SW-GFP constructs for GME,
GPP, and L-GalDH. Also, all CDS fragments (without the pro-
moter, 5-UTR and stop codon) were sub-cloned into
pGWBS5 and pGWB14 to generate CaMV35S:SWps-GFP and
CaMV355:SWps-HA, respectively. In the case of GGP, the
CDS was also recombined into the GGPp-pGWB504 by LR
reaction (Invitrogen), thus obtaining the GGPp:GGPcps-GFP
construct. Likewise, CDSs (pENTR/D-TOPO) were subcloned
into both pGADT7-GW (activation domain, AD) and
pGBKT7-GW (binding domain, BD) to generate SWcps-AD
and SW¢ps-BD, respectively, for the Y2HY2H assay (see “Y2H
assay” section). The expression vectors generated using the
destination vectors pGWBS5 and pGWB14 contain a kanamy-
cin and a hygromycin resistance gene for bacteria and plant
selection, respectively. The Y2HY2H vectors pGADT7 and
pGBKT7 contain an ampicillin and kanamycin resistance
gene, respectively, for selection in bacteria. A summary of
the generated constructs is shown in Supplemental Table
S11. All constructs were analyzed by colony PCR (using the
primers indicated in Supplemental Table S10D), enzymatic
DNA restriction and sequencing (using the primers indi-
cated in Supplemental Table S10E).

The plasmids used from the pGWB vector series were pro-
vided by Tsuyoshi Nakagawa (Department of Molecular and
Functional Genomics, Shimane University; Nakagawa et al,
2007). The pGADT7(GW) and pGBKT7(GW) destination
vectors were provided by Salomé Prat (Nacional de
Biotecnologia-Consejo ~ Superior  de Investigaciones
Cientificas).

Generation of Arabidopsis transgenic lines

The constructs generated using the pGWB4 plasmid for na-
tive expression of the SW genes (pGWB504 for GGP) were
transformed into Agrobacterium (Agrobacterium tumefa-
ciens) GV3101:pMP90 by electroporation and confirmed by
colony PCR using the primers indicated in Supplemental
Table S10D. Arabidopsis WT (Col-0) plants were then trans-
formed using these Agrobacterium strains by floral dipping
(Clough and Bent, 1998). T2 plants were analyzed for
hygromycin resistance ratio resistant:sensitive (R:S) and lines
with single insertion (T2 Hyg®Hyg®=3, »* (a=0.05),
n > 300) were selected. Selected T2 plants were grown in a
long-day photoperiod and a sample of a rosette leaf was
taken to perform immunoblot analysis (Figure 2;
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Supplemental Figure S3). Seeds from different T2 lines with
a high expression were selected and homozygous T3 and T4
plants were used in this work.

For generation of the complementation lines, selected T2
plants (with a single insertion) were crossed with their re-
spective mutants in both directions as male and female. In
order to obtain homozygous plants for both the T-DNA in-
sertion and the SWp:SW-GFP construct (Hyg"), we selected
hygromycin resistant plants and performed diagnostic PCR to
identify the T-DNA insertion using the primers in
Supplemental Table S10A. Homozygous F3 plants for T-DNA
and SWp:SW-GFP insertion were used in this work.

Ascorbate complementation assay

WT, gme (SALK_150208), Igaldh (SALK_056664), and gldh
(SALK_060087) seeds were surface sterilized and stratified
for 3 d at 4°C. Seeds were then sown in agar-solidified (0.5%
[w/v] agar) modified Scholl medium with or without 0.5-
mM ascorbate as described elsewhere (Lim et al, 2016) and
grown with a long-day photoperiod. After 10 d, plants were
individually collected and PCR-diagnosed to identify homo-
zygous mutants.

Ascorbate assay for combinatorial expression in N.
benthamiana

Approximately 250 mg fresh tissue was extracted with 2 mL
of 2% (w/v) metaphosphoric acid, 2 mM EDTA ice-cold
buffer (modified from Davey et al, 2006). Samples were cen-
trifuged at 18,000g for 20 min at 4°C, and supernatants
were filtered (0.45 pm) before injection into an HPLC
(Agilent Technologies 1200 series; Rx-C18, 46 x 100 mm?’
3.5 um column (Agilent Technologies 861967-902) diode ar-
ray detector (Agilent Technologies G1315D). Samples were
measured at 254 nm using filtered (045 pm) 01 M
NaH,PO,, 02 mM EDTA, pH 3.1 (orthophosphoric acid) as
the mobile phase (Harapanhalli et al, 1993) at 4°C (column at
20°C, 5 pL sample injection, 0.7 mL/min flow, 200 bar).
Standards were prepared using ascorbic acid dissolved in ex-
traction buffer, with concentrations ranging from 0 to 2.5 mM.

Ascorbate assay for Arabidopsis transgenic lines
Approximately 80-mg fresh tissue was extracted with 1 mL
ice cold 3% (w/v) metaphosphoric acid plus T mM EDTA.
Samples were centrifuged at 16,000g for 10 min at 4°C.
Absorbance measurements were carried out at 265 nm us-
ing 20 pL sample/standard aliquots in a 96 well UV-
transparent plate (Greiner UV-Star 96-Well Microplate)
mixed with 100 pL of either phosphate buffer (02 M
KH,PO, pH 7 to measure ascorbate) or Tris(2-
carboxyethyl)phosphine (TCEP)-phosphate buffer (0.2 M
KH,PO, pH 7, 2 mM TCEP, to measure ascorbate and
DHA). Then, 5 uL 40 U/mL AO was added to each well,
mixed and incubated at room temperature for 20 min,
when the absorbance was again measured. The difference in
the absorbance was interpolated in the standard curve, us-
ing standards ranging from 0 to 1T mM in extraction buffer.
TCEP and AO stocks were prepared in phosphate buffer.
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Immunoblot

Proteins were separated by size through sodium dodecyl sul-
phate—polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred onto a polyvinylidene difluoride (PVDF) mem-
brane (Immobilon-P, Millipore, 0.45 pm pore size; CAT.
#IPVH00010) previously methanol-equilibrated. Next, the
PVDF membrane was blocked with 5% (w/v) skimmed milk
followed by incubation with a primary antibody synthesized
in mouse against GFP (Santa Cruz Biotechnology, CAT. #sc-
9996; 1:600) or HA (Sigma-Aldrich, CAT. #H3663; 1:3,000)
epitopes. Then, the membrane was incubated with a horse-
radish peroxidase (HRP)-conjugated a-mouse whole IgG anti-
body produced in rabbit (Sigma-Aldrich, CAT. #A9044;
1:80,000). Protein-HRP chemiluminescence was detected us-
ing Chemidoc XRS1 System (Bio-Rad) after incubation with
Clarity ECL Western Blotting Substrate or SuperSignal West
Femto Maximum Sensitivity Substrate according to the man-
ufacturer’s instructions.

Transient expression in N. benthamiana leaves
Agrobacterium GV3101:pMP90 was transformed by electro-
poration with the constructs generated using pGWB5 and
pGWB14 positive colonies were confirmed by colony PCR.
Two leaves per plant (leaves 3 and 4 from the apex) of 4-
week-old N. benthamiana were infiltrated in the abaxial side
using a 1 mL syringe (without the needle). Agrobacterium
cultures were grown overnight in liquid Luria-Bertani me-
dium containing rifampicin (50 pg/mL), gentamycin (25 pg/
mL), and the construct-specific antibiotic kanamycin (50 ug/
mL). Cells were then harvested by centrifugation (for 15 min
at 3,000g in 50-mL falcon tubes) at room temperature, pel-
lets were resuspended in agroinfiltration solution (10 mM
MES, pH 5.6, 10 mM MgCl,, and 1 mM acetosyringone), and
kept for 2-3 h in dark conditions at room temperature. In
order to avoid overexpression-associated gene silencing, an
Agrobacterium strain containing a p19 expression vector
was coinfiltrated. For single-gene expression, the gene of in-
terest and p19 were mixed in such a way that the optical
densities (600 nm, ODgq,) were 0.8 and 0.2, respectively. For
multiple co-infiltration experiments, the genes of interest
were diluted in the same proportion so the final ODgy, was
1 (0.8 for the combination of genes of interest and 0.2 for
p19). Agrobacterium strains expressing either free GFP or
TTL3-HA [an ascorbate biosynthesis nonrelated protein
(Amorim-Silva et al, 2019)] were used to compensate ODggq
in co-infiltration experiments.

To find the optimal protein expression, immunoblot time
course analysis was addressed 2, 3, and 4 d after infiltration
(Figure 3B). Protein loads at 2 d after infiltration were adjusted
by dilutions with Laemmli buffer so a similar concentration
among constructs is detected at this timepoint. Then dilutions
were calculated and applied so relative concentrations among
timepoints of the same construct were conserved.

Confocal laser scanning microscopy
All confocal images of N. benthamiana (Figure 4) were
obtained using a Leica TCS SP5 Il confocal microscope
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equipped with a 488-nm argon laser for GFP excitation and
a PMT for its detection using the HCX PL APO CS
40 x 1,25 OIL objective with additional 2 x digital zoom.
Arabidopsis imaging was carried out using a Leica TCS SP8
equipped with HC PL APO CS2 40 % /1,30 OIL objective and
a solid state 488-nm laser used to excite GFP and a high-
sensitivity SP hybrid detector (Figure 5A) and a Zeiss LSM
880 (Figure 5B) with a 488-nm argon laser and PMT detec-
tors for GFP and transmitted light using the C-Apochromat
40 /12 W Korr M27 objective. All image processing was
performed using FlJI (Schindelin et al,, 2012; Schneider et al,
2012).

Y2H assay

The Gal4-based Y2H system (Clontech Laboratories) was
used for testing the interaction. Saccharomyces cerevisiae
Meyen ex E. C. Hansen strain PJ69-4A was transformed with
the constructs described in “Plasmid constructs” section
(SW genes clones into pGADT7 and pGBKT7) as described
elsewhere (Gietz and Schiestl, 1995). Constructs transformed
are explained in “Plasmid constructs” section (pGADT7 and
pGBKT7). Transformants were grown on plasmid-selective
medium (synthetic defined [SD]/-Trp-Leu) and grown at
28°C for 4 d. Two independent colonies were taken per
transformation event and resuspended in 200 pL of sterile
water. Ten-fold serial dilutions were made and 5 pL of each
dilution were spotted onto three different interaction-
selective medium: SD-Trp (minus tryptophan) -Leu (minus
leucin) -His (minus histidine) +2 mM 3-AT (3-amino-1,2,4-
triazole); SD-Trp-Leu-Ade; SD-Trp-Leu-Ade + 3-AT. Full SD
medium was also used to check strain survival. Plates were
grown at 28°C and pictures were taken after 3, 5, and 9 d
(only 5 d is shown). Concentrations are available at
Rodriguez-Negrete et al. (2014).

Bioinformatic analyses

Protein domain predictions were performed using Protein
Basic Local Alignment Search from the National Center for
Biotechnology Information (Altschul et al, 1997, BLASTp;
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins)  fol-
lowed by functional annotation of protein domains using
the Conserved Domain Database (Marchler-Bauer and
Bryant, 2004; Marchler-Bauer et al, 2011, 2015, 2017; https://
www.ncbi.nlm.nih.gov/Structure/cdd/cdd.shtml). Protein sub-
cellular localization was predicted using COMPARTMENTS
(Binder et al, 2014; https://compartments.jensenlab.org/
Search). Predicted subcellular localization signals were per-
formed using LOCALIZER (Sperschneider et al, 2017; http://
localizer.csiro.au/). Metabolic ControlC Analysis was carried
out using COPASI (Hoops et al, 2006; http://copasi.org/). All
the details needed for the simulations are shown in
Supplemental Tables S3-S7). GGP mRNA expression data-
sets were extracted from Transcriptome Variation Analysis
database (Klepikova et al,, 2016, TRAVA; http://travadb.org/)
and eFP-seq Browser (Sullivan et al, 2019; https://bar.utor
onto.ca/eFP-Seq_Browser/).
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Co-IP assay

Four-week-old N. benthamiana plants were used for tran-
sient expression assays as described above. Leaves were
ground to fine powder in liquid nitrogen. Approximately 0.5
g of ground leaves per sample was used, and total proteins
were extracted with 1 mL of nondenaturing extraction
buffer (50 mM Tris—HCl pH 7.5, 150 mM NaCl, 1% [v/v]
Nonidet P-40, 10 mM EDTA, T mM Na,MoO,, T mM NaF,
10 mM DTT, 0.5 mM PMSF**, and 1% [v/v] protease inhibi-
tor [Sigma P9599]) and incubated for 30 min at 4°C using
an end-over-end rocker. Protein extracts were centrifuged at
20,000g for 20 min at 4°C and then filtered by gravity using
Poly-Prep chromatography columns (731-1550, Bio-Rad).
Supernatants were filtered by gravity through Poly-Prep
chromatography columns (731-1550, Bio-Rad), and 100 mL
was reserved for immunoblot analysis as input. The remain-
ing supernatants were used for immunoprecipitation of
GFP-fused proteins using GFP-Trap coupled to agarose
beads (Chromotek) and following the manufacturer’s
instructions. Total (input), IP, and Co-IP samples were resus-
pended with 2 x concentrated Laemmli sample buffer and
heated at 95°C for 5 min for protein denaturation. Finally,
samples were separated in a 10% (w/v) SDS-PAGE gel and
analyzed as described above.

Gel filtration chromatography

Nicotiana  benthamiana leaves transiently expressing all
enzymes of the pathway from GMP to GLDH (see
Supplemental Table S1) were collected 3 d after agroinfiltra-
tion and frozen in liquid nitrogen. Total proteins were
extracted in their native state as described in “Co-IP assay” sec-
tion and separated by gel filtration chromatography using an
Akta Prime Plus, through a Superdex 200 Increase 10/300 GL
column. Approximately 1.5 mg of protein extract was sepa-
rated using a modified version of the extraction buffer as the
mobile phase (50 mM Tris—HCl, 150 mM NaCl, 0.1% (v/v)
Nonidet P-40, 10 mM DTT, 10 mM EDTA, 1 mM NaF, and 1
mM NaMoO,) at 0.2 mL/min and fractions were collected ev-
ery 1 mL (Figure 7, A and C) or 0.5 mL (Figure 7, B and D).
Next, 100 pL aliquots per fraction were denatured by adding
100 pL of Laemmli 2 x buffer and boiled at 95°C for 10 min,
followed by SDS—-PAGE and immunoblotting of similar protein
loads. Immunoblots were performed as described above.

Metabolic control analysis

A kinetic model of ascorbate biosynthesis was constructed
using COPASI (http://copasi.org/; Hoops et al, 2006).
Reactions were described by reversible Michaelis-Menten ki-
netics, except for L-Gal 1-P phosphatase/GPP and L-GalLDH
which were described by irreversible Michaelis—Menten kinet-
ics. Kinetic constants and competitive feedback inhibition
(K;) values were used where known (@stergaard et al, 1997;
Gatzek et al, 2002; Wolucka and Van Montagu, 2003; Laing
et al, 2004 Linster et al, 2007; Hoeberichts et al, 2008;
Maruta et al, 2008). In other cases, K,, was set to 0.1 mM.
Forward and reverse rates (Vf/Vr) were set to 10 (or in cases
where reverse rates are known, Vf was set to 10 and the
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reverse as the appropriate fraction). The activity of GGP was
set to Vf = 0.1 and Vr = 0.02 in the initial model state to re-
flect the measured very low protein concentration. Variations
in the K, and K; (for competitive inhibition) values do not
substantially affect model outcome. Competitive inhibition of
PMI and L-GalDH by ascorbate (Mieda et al, 2004; Maruta
et al, 2008) were included, although in the case of L-GalDH,
the inhibition could be an assay artifact (Laing et al, 2004).
To facilitate MCA, the pathway was made cyclic by incorpo-
rating a recycling element enabling the model to come to
steady state. To incorporate recycling, ascorbate is oxidized
to DHA (strictly the hydrated bicyclic form of DHA). DHA is
either reduced back to ascorbate or broken down to prod-
ucts that are all recycled to the hexose phosphate pool (glu-
cose 6-P). This approach very likely over-estimates the
proportion recycled but will not affect conclusions on the
control of the biosynthetic pathway. Turnover and recycle
rates use a mass action law with K set to 0.1.

The feedback repression of GGP translation via the 5'-
UuORF was simulated by noncompetitive inhibition of GGP
by ascorbate (Laing et al, 2015). This mechanism provides
dynamic control over GGP activity as ascorbate accumu-
lates. Noncompetitive inhibition decreases activity (V) with-
out changing K, for the substrate (GDP-L-Gal). This exactly
parallels the uORF feedback mechanism in that increasing
ascorbate decreases enzyme amount (V), and therefore ac-
tivity, but does not change its K,,,. The factor that might dif-
fer between the uORF-mediated response and
noncompetitive inhibition is the shape of the ascorbate re-
sponse curve. This is not known in detail in vivo so would
be difficult to model explicitly and the K; values would not
be expected to fit in vivo ascorbate concentration. These
considerations do not affect the principle of the response to
ascorbate but may affect the exact dose response curve.

GDP-Man and GDP-L-Gal used for cell wall/glycoprotein
synthesis can be simulated by irreversible incorporation into
the cell wall. This was activated by changing the rates (V
from 0 to 0.1). The pathway was then unable to come to
steady state but was simulated in time course mode.
Substrate addition was simulated by inactivating recycling
(V =0), altering the chosen substrate concentration and
running a time course (over 500 s). GGP is encoded by
VTC2 and VTC5 in Arabidopsis (Dowdle et al, 2007). To
simulate knockouts of each gene (vtc2 and vtc5 mutants),
the model was modified by running these in parallel (and
assuming 80% contribution of activity from GGP (Dowdle
et al, 2007). The models are supplied in Copasi format
(*cps) and Systems Biology Markup Language formats
(Supplementary Materials 1 and 2).

Statistical analysis
All analyses were performed using SigmaPlot v11 for
Windows considering n = 3 and o = 0.05.

Accession numbers
Sequence data were sourced from The Arabidopsis
Information Resource (https://www.arabidopsis.org/) under
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the following accession numbers: AT2G39770 for GMP,
AT5G28840 for GME, AT4G26850 for GGP, AT3G02870 for
GPP, AT4G33670 for L-GalDH, and AT3G47930 for L-
GalLDH.

Supplemental material

The following materials are available in the online version of
this article.

Supplementary Figure S1. Gene structure, primers dispo-
sition and mutants’ T-DNA location.

Supplementary Figure S2. Diagnostic PCR of the gme,
Igaldh, and gldh seedlings analyzed in the complementation
assay described in Figure 2A.

Supplementary Figure S3. Generation of Arabidopsis
transgenic lines containing ascorbate biosynthesis enzymes
fused to GFP.

Supplementary Figure S4. GGP mRNA levels are similar
to those of GMP and GME, although GGP protein is hardly
detectable.

Supplementary Figure S5. Complete blots corresponding
to Figure 2B (red rectangle).

Supplementary Figure S6. Predicted subcellular localiza-
tion of ascorbate biosynthesis proteins in the plant cell
according to COMPARTMENTS.

Supplementary Figure S7. Yeast two-hybrid whole
screening.

Supplementary Figure S8. Immunoblot (a-GFP) of crude
extracts of N. benthamiana leaves following agroinfiltration
of the indicated combinations of proteins (also see
Supplementary Table S1).

Supplementary Figure S9. Immunoblots (a-GFP upper
panel; o-HA lower panel) of crude extracts of N. benthami-
ana leaves following agroinfiltration of all proteins in the
pathway corresponding to Figure 7.

Supplementary Table S1. Infiltration in N. benthamiana
corresponding to Figure 2, C-H.

Supplementary Table S2. Prediction of transit peptides
and nuclear localization signals within VTC genes.

Supplementary Table S3. Initial conditions for the
COPASI  kinetic model of ascorbate biosynthesis and
turnover.

Supplementary Table S4. Flux control coefficients for
ascorbate biosynthesis and turnover with various strengths
of noncompetitive feedback inhibition at the GDP-L-Gal
phosphorylase step (K; GGP) at different performing activi-
ties (V).

Supplementary Table S5. Concentration control coeffi-
cients at each step for pathway intermediates with various
strengths of noncompetitive feedback inhibition at the
GDP-L-Gal phosphorylase step (Ki GGP) under different
GGP activity rates.

Supplementary Table S6. The effect of varying relative
enzyme activity on the concentration of pathway intermedi-
ates with various strengths of noncompetitive feedback inhi-
bition at the GDP-L-Gal phosphorylase step (K; GGP).
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Supplementary Table S7. Ascorbate concentration upon
changes of flux in ascorbate precursors toward cell wall bio-
synthesis, under different GME activity rates.

Supplementary Table S8. Time course of ascorbate con-
centration modeled according to the reaction 8*) described
in Supplementary Table S3.

Supplementary Table S9. Arabidopsis mutants and lines
used in this work.

Supplementary Table S10. Arabidopsis stable lines used
in this work.

Supplementary Table S11. (A) Sizes of constructs gener-
ated in this work using the vectors listed in (B) and the re-
sultant construct.

Supplementary Material 1. Ascorbate biosynthesis and
turnover kinetic model simulated in COPASI.

Supplementary Material 2. Ascorbate biosynthesis and
turnover kinetic model simulated in COPASI considering the
two isoforms of GGP activity, VTC2, and VTC5.
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