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WRINKLED1 (WRI1), the transcriptional activator of fatty acid synthesis, was recently identified as a target of KIN10, a cat-
alytic a-subunit of the SUCROSE-NON-FERMENTING1-RELATED PROTEIN KINASE1 (SnRK1). We tested the hypothesis
that trehalose 6-phosphate (T6P), a signal of cellular sucrose status, can regulate fatty acid synthesis by inhibiting SnRK1.
Incubation of Brassica napus suspension cells in medium containing T6P, or overexpression of the Escherichia coli T6P syn-
thase, OtsA, in Nicotiana benthamiana, significantly increased T6P levels, WRI1 levels, and fatty acid synthesis rates. T6P
directly bound to purified recombinant KIN10 with an equilibrium dissociation constant (K ) of 32 + 6 uM based on microscale
thermophoresis. GEMINIVIRUS REP-INTERACTING KINASE1 (GRIK1) bound to KIN10 (K, 19 = 3 pM) and activated it by
phosphorylation. In the presence of T6P, the GRIK1-KIN10 association was weakened by more than 3-fold (K, 68 + 9.8 uM),
which reduced both the phosphorylation of KIN10 and its activity. T6P-dependent inhibition of ShnRK1 activity was reduced in
extracts of individual Arabidopsis thaliana grik1 and grik2 mutants relative to the wild type, while SnRK1 activity in grik1 grik2
extracts was enhanced by T6P. These results indicate that the T6P sensitivity of SnRK1 in vivo is GRIK1/GRIK2 dependent.

Based on our findings, we propose a mechanistic model that links sugar signaling and fatty acid homeostasis.

INTRODUCTION

Lipids are primary metabolites in cells, acting as structural com-
ponents of cell membranes, energy-dense storage compounds,
and cell signaling molecules. Fatty acids are major components
of lipids, and triacylglycerols (TAGs) are storage lipids that ac-
cumulate mostly in oil bodies in plants (Li-Beisson et al., 2013).
Imported sugar provides substrates including carbon skele-
tons in the form of acetyl-CoA, ATP, and reductants (NADPH)
for de novo fatty acid synthesis in sink organs. Several lines
of evidence have identified links between Suc levels and fatty
acid synthesis. For example, wrinkled seed (rr), the classical
Mendel pea (Pisum sativum) mutant in which a gene encoding
a starch-branching enzyme is disrupted by a transposon-like
insertion, showed both higher levels of Suc and increased lipid
accumulation (Bhattacharyya et al., 1990). A 3-fold increase in
Suc and a 30% increase in leaf TAG accumulation are observed
in leaves of Arabidopsis thaliana in which starch synthesis is
decreased by RNAi-mediated suppression of the small subunit
of AGPase (ADG1) (Sanjaya et al., 2011). In addition, Arabi-
dopsis exhibits a 4-fold TAG increase in roots when cultured
on one-half-strength MS medium supplemented with 5% Suc,
compared with medium without Suc (Kelly et al., 2013). To test
the influence of endogenous sugar content on fatty acid and
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TAG accumulation, we generated a high-leaf-sugar mutant by
simultaneously restricting sucrose phloem loading and block-
ing starch synthesis by crossing the suc2 (encoding a Suc/H*
symporter that loads Suc into phloem) mutant (Srivastava et al.,
2008) and an adg? mutant (Lin et al., 1988). The sugar content
(combined Glc and Suc) in adg1 suc? leaves was 80-fold higher
than that of the wild type, and TAG accumulation increased
more than 10-fold with respect to the wild type to 1% of dry
weight, demonstrating a strong positive relationship between
sugar accumulation and TAG accumulation (Zhai et al., 2017b).

That sugars play dual roles in providing carbon skeletons and
sugar signaling is well established for the synthesis of starch
(Nakamura et al., 1991; Harn et al., 2000; Wang et al., 2001;
Nagata et al., 2012), fructans (Nagaraj et al., 2001; Noél et al.,
2001), and anthocyanins (Tiessen et al., 2002). There is increas-
ing evidence that sugar signaling is also important in regulating
lipid synthesis. For example, glucose and fructose are necessary
for seedlings ectopically overexpressing WRINKLED1 (WRIT)
to accumulate TAG (Cernac and Benning, 2004). WRI1 is an
APETALAZ2 (AP2) transcriptional factor that induces the expres-
sion of more than 20 genes involved in glycolysis and fatty acid
synthesis (Cernac and Benning, 2004; Maeo et al., 2009; Ma
et al., 2013). WRI1 expression is enhanced by Suc in Arabidop-
sis leaves (Masaki et al., 2005). Sanjaya et al. (2011) also ob-
served that the expression of WRI17 in seedling of AGP-deficient
lines is increased compared with the wild type. However, in the
Arabidopsis adg1 suc2 mutant, WRI1 expression is not signifi-
cantly different from the wild type, but the abundance of the
WRI1 protein is increased due to its stabilization (Zhai et al.,
2017b). Sugar-dependent regulation of WRI1 expression and
WRI1 protein stability implies that sugar signaling is involved in
regulating lipid (TAG) synthesis.
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Mechanism of T6P-Regulated Fatty Acid Biosynthesis

IN A NUTSHELL

Background: In plants, oil synthesis is under the control of an “on switch” or transcription factor called WRINKLED1,
that binds to DNA in the regulatory regions attached to approximately 20 genes that code for enzymes involved in oil
synthesis. Cellular levels of WRINKLED1 are tightly controlled to couple the availability of photosynthetically fixed
sugars to the heavy metabolic demands of oil synthesis. We previously showed that under conditions of low cellular
sugar, SnRK1 adds phosphate groups to WRINKLED1, marking it for rapid and selective protein degradation. This
process turns down fatty acid synthesis when cellular resources are limiting. When resources, e.g., sugar, are
abundant, SnRK1 activity is turned down and WRINKLED1 is stabilized, allowing more oil synthesis.

Question: The phosphorylated disaccharide trehalose 6-phosphate (T6P), a signal of cellular sugar status, is
reported to be a strong inhibitor of SnRK1, so we tested whether T6P could stabilize WRINKLED1 and increase oil
synthesis.

Findings: We used a new technique known as thermophoresis to evaluate the binding strength of proteins with other
proteins or small molecules to show that T6P binds directly to KIN10, the catalytic subunit of SnRK1. A protein
kinase called GRIK1 is responsible for adding a phosphate group to KIN10, which activates it. We again used
thermophoresis to show that when KIN10 binds T6P, its binding to GRIK1 is weakened by 3.6-fold, reducing its
activation. Using a mixture of purified GRIK1 and KIN10, we showed that adding T6P reduced KIN10 activation and
activity with a target peptide. Direct feeding of T6P to Brassica cell cultures confirmed these findings. Further tests
using extracts of wild-type and grik Arabidopsis mutants confirmed the GRIK1 dependence of T6P inhibition of
SnRK1. This work identifies GRIK1 as an intermediate in the T6P-dependent inhibition of SnRK1 phosphorylation
activity.

Next steps: Now that we know T6P binds to KIN10, weakening its interaction with GRIK1, we will identify structural
details of the interactions to understand the mechanism of T6P control of metabolism. Knowing the mechanism will
enable us to design KIN10 mutants with decreased sensitivity to sugar signals and allow us to shift photosynthetically
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fixed carbon towards oil synthesis.

Previously, we reported that a catalytic a-subunit of SnRK1,
KIN10, can directly phosphorylate WRI1 within its two AP2 DNA
binding domains (Zhai et al., 2017a), close to the previously
identified 14-3-3 binding sites (Ma et al., 2016), initiating its pro-
teasomal degradation. This finding is consistent with observa-
tions from adg1 suc?2 that high sugar levels posttranslationally
stabilize WRI1. In the plant cell, SnRK1 is an important meta-
bolic sensor that is activated when sugars are low, resulting in
metabolic reprogramming that leads to a general inhibition of
anabolism and stimulation of catabolism (Baena-Gonzalez et al.,
2007). The catalytic activity of the heterotrimeric (a/p/py) SnRK1
complex resides in its a-subunits, which in Arabidopsis are en-
coded by KIN10, KIN11, and SnRK1.3. These a-subunits are
activated by phosphorylation of Thr-175 (or its equivalent) within
their T-loops (Estruch et al., 1992; Hawley et al., 1996; Shen
et al., 2009). The degree of T-loop phosphorylation reflects the
metabolic status of the cell; under low-energy/sugar or stress
conditions, it becomes phosphorylated and thereby activated.
Conversely, under favorable, i.e., high-energy/sugar conditions,
T-loop phosphorylation is reversed, leading to a decrease in
KIN10 activity. In plants, GEMINIVIRUS REP-INTERACTING KI-
NASE1 (GRIK1) and GRIK2 are responsible for phosphorylating
Thr-175 in KIN10 (Shen et al., 2009; Glab et al., 2017), whereas
protein phosphatases ABSCISIC ACID INSENSITIVE1 and PRO-
TEIN PHOSPHATASE TYPE 2CA mediate its dephosphorylation
(Rodrigues et al., 2013). It has also been reported that activated
SnRK1 can phosphorylate and moderate the activity of GRIKs,
providing a potential feedback control mechanism to regulate
SnRK1 activation (Crozet et al., 2010).

Trehalose 6-phosphate (T6P) acts as a signal of sucrose avail-
ability connecting plant growth and development to its metabolic
status (Schluepmann et al., 2003; Lunn et al., 2006; Yadav et al.,

2014; Figueroa and Lunn, 2016). T6P is synthesized by the action
of T6P synthase (TPS) on two activated forms of Glc, UDP-Glc
and Glc 6-phosphate, both of which are central to plant metab-
olism (Cabib and Leloir, 1958). SnRK1 activity in crude extracts
from developing Arabidopsis tissues is inhibited by T6P, and this
inhibition depends on unknown protein factors principally ex-
pressed in young tissues (Zhang et al., 2009; Martinez-Barajas
etal., 2011; Griffiths et al., 2016). T6P levels are quite variable with
respect to organism, tissue types, and developmental states and
can exhibit dynamic responses to environmental cues. Several
reports from Arabidopsis and maize (Zea mays) have estimated
T6P to be present in the low (4-47) micromolar range (Martins
et al., 2013; Nuccio et al., 2015). However, as T6P is probably
not distributed homogeneously in the tissues analyzed, these
values should be regarded as minimum estimates of the in vivo
concentrations of T6P.

Because WRI1 is a direct target of KIN10 and T6P is a po-
tent inhibitor of SnRK1, we tested the hypothesis that T6P can
regulate fatty acid synthesis via inhibition of SnRK1 and subse-
quent stabilization of WRI1. Data from experiments employing
exogenous T6P treatment, or overexpression of TPS to elevate
T6P levels, provided support for the hypothesis. Furthermore,
we observed direct binding between T6P and purified recom-
binant KIN10 and quantitated their interaction. To do this, we
used microscale thermophoresis (MST), a biophysical technique
which provides precise equilibrium dissociation constants (K)
for protein-protein and protein-ligand interactions (Wienken
et al., 2010; Baaske et al., 2011). Using both MST and genetic
approaches employing grik mutants, we demonstrated that T6P
weakens the GRIK-KIN10 association, i.e., increases the equilib-
rium dissociation constant by more than 3-fold, identifying it as
a mediator for T6P-dependent inhibition of ShRK1.
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RESULTS

T6P Positively Regulates Fatty Acid Biosynthesis by
Stabilizing WRI1 in Brassica napus Suspension Cells

To test the regulatory effect of T6P on fatty acid biosynthesis,
a microspore-derived cell suspension culture of B. napus cv
Jet Neuf (subsequently referred to as B. napus) (Supplemental
Figure 1) was used because it is a well-established model sys-
tem for developing oilseeds (Shi et al., 2008; Andre et al., 2012).
Because T6P does not efficiently penetrate the cell walls of in-
tact plants (Griffiths et al., 2016), we exposed B. napus suspen-
sion cells to relatively high levels (100 uM) of T6P. This led to a
rise in intracellular T6P levels after 3 h of T6P exposure, com-
pared with cells incubated in the presence of the same concen-
tration of sucrose or sorbitol (Figure 1A), indicating that under
our experimental conditions B. napus suspension cells are able
to take up exogenous T6P.

A KIN10 kinase activity assay was performed using a sucrose
phosphate synthase (SPS)-derived target peptide containing the
KIN10 phosphorylation target sequence (Bhalerao et al., 1999).
KIN10 activity was 40% lower in T6P-treated cells relative to
sucrose-treated cells after 2 d of treatment (Figure 1B). We next

investigated the effects of T6P treatment on WRI1. As shown
in Figure 1C, WRI1 accumulated to ~3-fold higher levels in
T6P-treated cells relative to either sucrose- or sorbitol-treated
controls after 2 d of treatment. Consistent with the observed
increase in WRI1, total fatty acid levels increased by more than
30% in T6P-treated cells relative to sucrose- or sorbitol-treated
controls after 2 d (Figure 1D).

It was previously reported that high concentrations of sucrose
stabilize WRI1 and favor fatty acid synthesis (Zhai et al., 2017b).
We found that incubation in medium containing 100 mM sucrose
stabilized WRI1 and increased total fatty acid accumulation in
B. napus suspension cells to a similar degree as incubation with
100 uM T6P (Supplemental Figure 2), consistent with previous
reports that T6P is more potent than sucrose in inhibiting SnRK1
(Zhang et al., 2009).

Overexpression of a Bacterial T6P Synthase Increases
de Novo Fatty Acid Biosynthesis in Nicotiana
benthamiana Leaves

An alternative approach to increasing T6P content in plants is by
heterologous expression of the Escherichia coli TPS, OtsA which
converts UDP-Glc and Glc 6-phosphate to T6P (Schluepmann
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Figure 1. The Effects of TBP on Microspore-Derived Cell Suspension Cultures of B. napus.

(A) T6P contents in B. napus cells cultured on plates supplemented with 100 uM T6P, Suc, or sorbitol (Sor) for 3 or 8 h, and 2 d.

(B) SnRK1 activity in the crude extracts of suspension cells treated for 2 d with sugars as indicated.

(C) WRI1 protein levels in (B) are shown by immunoblot with WRI1 specific antibody. Protein loading is shown by histone H3 (H3) from the same sam-
ple. A representative immunoblot is shown. The histogram under immunoblots shows relative WRI1 protein levels quantified with GelAnalyzer2010 and

normalized against corresponding protein levels of histone H3.

(D) Total fatty acid at 2-d samples is shown for suspension cells treated with sugars as indicated.
In this figure, values represent mean =+ sb of three independent biological replicates. Levels indicated with different letters above histogram bars are
significantly different (Student’s t test for all pairs of sugars at the same time point, P < 0.05; Supplemental File 1).
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Figure 2. Transient Expression of T6P Synthase OtsA Increases Bio-
synthesis of Both TAG and Total Fatty Acids in N. benthamiana Leaves.

(A) T6P contents in 5-week-old N. benthamiana leaves transformed with
EV or expressing OtsA for 3 d. Values represent mean + sp of four inde-
pendent biological replicates.

(B) SnRK1 activity in crude extracts of infiltrated N. benthamiana leaves
described in (A).

(C) and (D) TAG (C) and total fatty acids (D) were quantified in the sam-
ples described in (A).

(E) [1-'“Clacetate incorporation into fatty acyl products by strips of
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et al., 2003). To test whether T6P positively regulates fatty acid
synthesis in plant vegetative tissue, OtsA was transiently ex-
pressed in leaves of N. benthamiana. After 3 d, T6P levels were
elevated by 1000-fold relative to empty vector (EV) controls
(Figure 2A). Consistent with the observation in T6P-treated B.
napus cells, KIN10 activity in leaves expressing OtsA was sig-
nificantly lower than EV controls (Figure 2B). OtsA-expressing
leaves also accumulated significantly higher levels of TAG and
total fatty acids than EV controls (Figures 2C and 2D). To test
whether higher TAG accumulation in OtsA-expressing leaves
resulted from de novo fatty acid biosynthesis, we performed
[1-"“Clacetate labeling studies in N. benthamiana leaves. The
rate of fatty acid synthesis in leaves expressing OtsA was 29%
higher than in leaves expressing EV (Figure 2E).

T6P Specifically Binds to Arabidopsis KIN10 and Weakens
Its Association with GRIK1

Next, we set out to determine how T6P inhibits SnRK1 to fur-
ther understand the regulation of fatty acid synthesis by T6P.
We tested the hypothesis that T6P directly binds to KIN10 and
regulates its activity. As a first step, we used MST analysis to
evaluate whether T6P, sucrose, sucrose-6-P, sorbitol, or tre-
halose could bind to purified recombinant KIN10. Only T6P
showed evidence of binding to KIN10 when each of the sugars
was presented at 50 uM (Table 1, Figure 3; Supplemental Figure
3). We also tested the possibility that TEP competes with ATP
in binding to KIN10. The binding of T6P with KIN10 was com-
pared for native KIN10 and a previously described KIN10 ATP
binding mutant, K48A (Shen et al., 2009). As expected, KIN10
(K48A) did not bind ATP; however, it retained the ability to bind
T6P, suggesting T6P likely binds at a site distinct from the ATP
binding site on KIN10 (Table 1).

A detailed MST study was performed to quantitate the binding
of T6P to KIN10, in which serial dilutions of T6P were titrated
against KIN10. The data were used to calculate an equilibrium
dissociation constant (K) of 32.0 + 5.6 uM (Figure 3, Table 2),
demonstrating a direct interaction between T6P and KIN10 sim-
ilar to that determined for ATP (Table 2). The observation that the
K, for ATP was unchanged in the presence of 50 uM T6P con-
firms that ATP and T6P bind at different sites of KIN10 (Table 2).

In plants, GRIK1 and GRIK2 can bind to KIN10 and phosphor-
ylate it, resulting in its activation (Shen and Hanley-Bowdoin,
2006; Shen et al., 2009), so we tested whether T6P can also bind
to purified GRIK1 (Supplemental Figure 4). MST analysis showed
that T6P does not interact directly with GRIK1 (Table 2). To inves-
tigate whether the inhibition of SnRK1 activity by T6P is related
to GRIK1 activation of KIN10, we tested whether the binding
of T6P to KIN10 affected the equilibrium dissociation constant
between KIN10 and GRIK1. In the absence of T6P, GRIK1 bound
to KIN10 with a K, of 19.6 + 2.5 uM (Figure 3, Table 2), whereas

N. benthamiana leaves transiently expressing genes as indicated. Values
represent mean incorporation + sp of five independent biological repli-
cates after 30 min of labeling. Asterisks denote statistically significant
differences from the EV control material (Student’s t test, *P < 0.05 and
**P < 0.01; Supplemental File 1). DPM, disintegrations per minute.
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Table 1. T6P Specifically Binds KIN10

Target

Ligand (50 uM) KIN10 KIN10 (K48A)
ATP + -

T6P + +

Sucrose - n.d.
Trehalose - n.d.

Sorbitol - n.d.

Suc-6'-P - n.d.

MST was performed to evaluate the interactions between target proteins
[KIN10 and KIN10 (K48A)] and potential ligands. +, Interaction detected;
—, lack of interaction; n.d., not determined.

in the presence of 50 uM T6P, the K, between GRIK1 and KIN10
increased significantly (Student’s t test, P < 0.05) by 3.5-fold to
67.7 £ 9.8 uM (Figure 3, Table 2). These results demonstrate that
binding of T6P to KIN10 significantly weakens the interaction
between GRIK1 and KIN10.

T6P Decreases KIN10 Phosphorylation and Suppresses Its
Activity in the Presence of GRIK1

The results showing T6P weakens the interaction between
GRIK1 and KIN10 prompted us to quantitate the effects of T6P
on the GRIK1-dependent T-loop phosphorylation of KIN10,
which in turn mediates its activation. *?P phosphorylation as-
says were conducted using purified preparations of GRIK1 and
KIN10 in the presence or absence of various sugars (Figure 4).
Under the assay conditions, phosphorylation of KIN10 was
strictly dependent on GRIK1 (Figure 4A). The inclusion of T6P
strongly suppressed GRIK1-dependent phosphorylation of KIN10,
while sucrose or sorbitol had no discernable effect relative to
the sugar-free control (Figure 4A). In the absence of KIN10, au-
tophosphorylation of GRIK1 appears to be minimally influenced
by the presence or absence of sugars (Figure 4A).

As described above, GRIK-dependent phosphorylation of
KIN10 results in its activation. We therefore evaluated KIN10
activity in the presence or absence of sugars using the well-
established SPS peptide phosphorylation assay (Figure 4B,
in its linear range; Supplemental Figure 5). GRIK1-dependent
KIN10 phosphorylation of the SPS peptide was significantly
suppressed (Student’s t test, P < 0.05) by ~50% in the presence
of T6P (Figure 4B). In the absence of GRIK1, KIN10 phosphory-
lation of SPS peptide was reduced by ~5-fold and did not show
the T6P-dependent inhibition observed for KIN10 phosphoryla-
tion in the presence of GRIK1. Indeed, we made an unexpected
observation that KIN10 phosphorylation of the SPS peptide was
stimulated ~25% upon the inclusion of T6P (Figure 4B).

T6P Treatment Decreases KIN10 Phosphorylation in
B. napus Suspension Cells

To test the effect of T6P on KIN10 in vivo, B. napus cells were
incubated with 100 uM T6P, sucrose, or sorbitol for 1 or 2 d.
Total proteins were extracted from cells and specific antibod-
ies were used to detect T-loop phosphorylated KIN10 (P-KIN10)
(Nukarinen et al., 2016), KIN10 (Rodrigues et al., 2013), and

GRIK1 (Shen and Hanley-Bowdoin, 2006). As shown in Figure 5,
phosphorylated KIN10 levels were substantially reduced relative
to sorbitol-treated cells, while total KIN10 protein levels were
quite similar across the treatments. This pattern is consistent with
the decreases in GRIK1-dependent KIN10 phosphorylation in
the presence of T6P observed for in vitro protein phosphorylation
assays employing isolated purified enzymes described above
(Figure 4).

In Arabidopsis, T6P Inhibition of SnRK1 Is GRIK1 and
GRIK2 Dependent

As described above, T6P inhibits GRIK1-dependent KIN10 ac-
tivation in assays containing recombinant GRIK1and KIN10. To
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Figure 3. T6P Weakens the Interaction between GRIK1 and KIN10.

Thermophoretic experiments were performed to determine the equilibri-
um dissociation constants between KIN10, GRIK1, and T6P (the means
of three independent replicates are shown in Table 2). In the thermo-
phoresis experiments, T6P was titrated against KIN10 (A), and GRIK1
was titrated against KIN10 in the absence of T6P (B) or in the presence
of 50 uM T6P (C). Dissociation curves were fit to the data to calculate
the K, values shown. Data shown are the mean + sp, n = 3 independent
replicates.
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Table 2. T6P Binding to KIN10 Weakens the Interaction between
GRIK1and KIN10

Target Ligand(s) K, (uM)
KIN10 ATP 128 1.1
KIN10 T6P 32.0+5.6
GRIK1 T6P -

KIN10 GRIKA1 19.5+2.6
KIN10 ATP+T6P (50 uM) 129+1.2
KIN10 GRIK1+T6P (50 pM) 67.7 £ 9.8

MST was performed to determine the equilibrium dissociation constants
(K,) between KIN10, GRIK1, and T6P. Values represent mean + sp, n = 3
independent replicates. K, values for KIN10 and GRIK1 in the presence
of 50 uM T6P were significantly different (P < 0.002 by Student’s t test of
three independent replicates) from those in the absence of T6P. -, Lack
of observed interaction between GRIK1 and T6P.

further explore these interactions, Arabidopsis grik1, grik2, and
grik1 grik2 null mutants (Glab et al., 2017) were used to test
whether T6P inhibition of SnRK1 is GRIK1- and GRIK2-dependent
in planta (Supplemental Figure 6). SnRK1 activity in extracts of
12-d-old seedlings of grik1 grik2 was only 26% of the wild type
(Figure 6), which is consistent with published findings that the
phosphorylated form of KIN10 is undetectable in the grik1 grik2
double mutant (Glab et al., 2017). Inclusion of 100 uM T6P (i.e.,
~3-fold the K ) significantly inhibited SnRK1 activity in crude
extracts of the wild type, grik1, and grik2 by 60, 24, and 39%,
respectively, but no inhibition was observed for extracts of the
grik1 grik2 double mutant. Indeed, SnRK1 activity was signifi-
cantly activated (by ~2-fold) in the presence of 100 uM T6P,
consistent with the in vitro assays described above employing
purified KIN10 in the absence of GRIK1 (Figure 4B).

DISCUSSION

Accumulated evidence has established a role for sugar signaling
in regulating lipid synthesis. The recent discovery that SnRK1, a
key metabolic sensor in plants, phosphorylates WRI1 and pro-
motes its proteasomal degradation connects plant metabolic
status with fatty acid synthesis (Zhai et al., 2017a). In develop-
ing tissues, SnRK1 is reported to be inhibited by T6P (Zhang
etal., 2009), a signal of cellular sucrose status (Lunn et al., 2006),
by an unknown mechanism that involves undefined protein fac-
tor(s). In this work, we showed that T6P positively regulates fatty
acid synthesis in B. napus cells and N. benthamiana leaves by
incubation in medium supplemented with T6P and overexpres-
sion of a bacterial TPS, OtsA, respectively. Both treatments sig-
nificantly elevated tissue T6P levels and stabilization of WRI1.
These findings are consistent with previous observations that
T6P inhibits SnRK1 and that SnRK1 in turn suppresses WRI1 via
phosphorylation that predisposes the WRI1 protein to targeted
for degradation (Zhai et al., 2017a).

That T6P has been postulated to play a global role in sugar
signaling and homeostasis (Lunn et al., 2006; Figueroa and
Lunn, 2016) led us to ask how T6P was inhibiting SnRK1 in this
study. In a surprise finding, we discovered that T6P binds di-
rectly to KIN10 and that this binding weakens the interaction
between KIN10 and GRIK1. We therefore propose a model for
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T6P-regulated plant fatty acid synthesis in which GRIK is a factor
that mediates T6P inhibition of SnRK1 (Figure 7). According to the
model, in cells with low sucrose and T6P levels, GRIK associates
with KIN10 and phosphorylates its activation loop. This enhances
SnRK1 activity and the phosphorylation of its many targets in-
cluding WRI1, which predisposes it to proteasomal degrada-
tion, thereby downregulating fatty acid synthesis and reducing
cellular demand for energy and reductants. Alternatively, when
sugars and T6P are abundant, T6P binds to KIN10, reducing its
affinity for GRIK, lowering the likelihood of KIN10 activation loop
phosphorylation. SnRK1 activity thus decreases and less WRI1
becomes phosphorylated and degraded, resulting in increased
WRI1 accumulation, thereby upregulating fatty acid synthesis.
Several lines of evidence support this model. (1) T6P
feeding to B. napus cells or transient expression of OtsA in
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GRIK1 -+ 4+ + O+ o+ o+ - —
KIN10 + + + + + — — — — T175AM48A
T6P - -+ - - - + - - - -
Suc - - - + - - - + - - -
Sor - - - -+ - - - + - -
pGRIK1 p - -
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Figure 4. T6P Suppresses KIN10 Activation by GRIK1 in Vitro.

(A) In vitro protein phosphorylation assays were performed using puri-
fied recombinant KIN10 and GRIK1. Reactions either contained (+) or
did not (-) contain 1 ug of GRIK1, 1 ug of KIN10, or 1 mM T6P, Suc, or
sorbitol (Sor), as indicated, in the presence of [y-*?P]ATP. After the reac-
tion, proteins were separated using SDS-PAGE and transferred to PVDF
membranes. **P-labeled proteins were visualized by autoradiography.
Inactive KIN10 kinase mutants, KIN10 (T175A) and KIN10 (M48A), were
also included as negative controls. A representative autoradiograph is
shown.

(B) KIN10 activity was determined by measuring the incorporation of 3P
from [y-*2P]JATP into the SnRK1-target peptide of SPS. Kinase activity
was quantified for 50 ng of KIN10 or for a mixture of 50 ng of KIN10 +
50 ng of GRIK1 or for 50 ng of GRIK1, in the absence (-) or presence of
1 mM T6P or Suc. Values represent mean + sp of three independent rep-
licates. Levels indicated with different letters above histogram bars are
significantly different (Student’s t test for all pairs of the same proteins,
P < 0.05; Supplemental File 1). DPM, disintegrations per minute.
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Figure 5. T6P Treatment Decreases KIN10 Phosphorylation in Micro-
spore-Derived Cell Suspension Cultures of B. napus.

The levels of phosphorylated KIN10, P-KIN10, KIN10, and GRIK1 were
quantified from B. napus cells cultured on plates supplemented with 100
uM T6P, Suc, or sorbitol (Sor) for 1 d (1d) or 2 d (2d) as indicated. A
representative immunoblot for each protein is shown. Protein loading is
shown by histone H3 from the same sample.

N. benthamiana leaves resulted in elevated T6P levels and
significantly increased fatty acid content. (2) [1-"“Clacetate la-
beling of N. benthamiana leaves expressing OtsA showed that
increased fatty acid and TAG accumulation resulted from higher
a higher rates of de novo fatty acid synthesis. (3) Increased WRIA1
protein levels were observed in tissues with elevated levels of
T6P. (4) T6P bound to KIN10, a catalytic subunit of SnRK1 with
a K, within the published physiological range. (5) There was a
3.5-fold reduction in the association between GRIK1 and KIN10
in the presence of physiologically relevant concentrations of T6P.
(6) The incubation of B. napus cells in the presence of T6P led
to a reduction of T-loop activation of KIN10 and of its activity.
(7) The reduction in KIN10 activity in the presence of T6P was
strictly GRIK1-dependent in reconstitution experiments em-
ploying bacterially expressed and purified KIN10 and GRIK1. (8)
Extracts from young Arabidopsis leaves of the wild type and
grik mutants exhibited GRIK-dependent T6P inhibition of SnRK1
activity, consistent with the purified GRIK1/KIN10 reconstitution
experiments.

The observed reduction of binding affinity between GRIK1 and
KIN10 in the presence of T6P can be attributed to T6P binding to
KIN10 because T6P specifically binds to KIN10 but not GRIK1.
We initially considered the possibility that T6P inhibited KIN10
activity by competing with its ATP binding site, but rejected
the idea because T6P did not change the binding constant for
ATP, consistent with previous reports based on assays in crude
extracts (Zhang et al., 2009). In principle, the observed T6P-
dependent increase in equilibrium dissociation constant for the
KIN10 and GRIK1 association could result from a reduction in
complex formation or an increase in its propensity to dissociate.
How T6P interacts with KIN10 and how that in turn affects the
interaction between KIN10 and GRIK1 is presently unknown. It
is possible that T6P binds to a domain on KIN10 that overlaps
with its GRIK1 interaction interface directly, or alternatively, T6P

could bind to a remote site on KIN10 causing a conformational
change that allosterically reduces the strength of the GRIK1-
KIN10 interaction indirectly. Future structural studies will be re-
quired to distinguish between these possibilities.

The discovery that T6P binds to KIN10 initially led us to hy-
pothesize the simplest scenario, i.e., that T6P binding directly
inhibits its catalytic activity. To test this hypothesis, assays were
performed to measure the phosphorylation activity of KIN10 in
the presence or absence of T6P using the well-established SPS
peptide substrate. These experiments employing bacterially ex-
pressed and purified KIN10 yielded the apparently paradoxical
result that in the absence of GRIK1, T6P reproducibly activated,
rather than repressed, KIN10 activity. Subsequent experiments
with extracts of young leaves from the grik1 grik2 double mutant
corroborated the activation of KIN10 by T6P in the absence of
GRIK activity. Thus, KIN10 is subject to two apparently opposing
effects with respect to T6P: In the presence of GRIK, T6P binding
weakened the GRIK-KIN10 interaction decreasing T-loop phos-
phorylation and activation of KIN10, whereas in the absence of
GRIK, T6P binding resulted in a small enhancement of KIN10
activity. Thus, under conditions favoring the accumulation of
GRIK proteins, e.g., developing tissues, source tissues, or under
some stress condition such as viral infection (Shen and Hanley-
Bowdoin, 2006), the GRIK-dependent inhibitory effect would
predominate, resulting in net inhibition of SnRK1 activity by T6P.

The findings presented here suggest a plant-specific mecha-
nism in which SnRK1 senses cellular metabolic status changes
through T6P. The sensitivity of SnRK1 to T6P and other sugar-
phosphates (Glc6P and Glc1P; Nunes et al., 2013), and its in-
sensitivity to AMP (Emanuelle et al., 2015), are consistent with
SnRK1 acting as a general metabolic sensor, in contrast to its an-
imal homolog, the AMP-activated protein kinase (AMPK), which
is primarily a sensor of energy status. Showing how SnRK1 ac-
tivity is influenced by sucrose status via T6P provides insights
into the evolution of the plant-specific function of SnRK1 relative
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Figure 6. Inhibition of SnRK1 by T6P Is GRIK Dependent.

SnRK1 activity is quantified by the incorporation of 3P from [y-*2P]ATP
into the SPS peptide. Activity was measured in crude extracts from
12-d-old seedlings of Arabidopsis the wild type (WT), grik1, and grik2
single mutants and the grik71grik2 double mutant in the absence (-) or
presence (+) of 100 pM T6P. Values represent mean + sb of three in-
dependent biological replicates. Asterisks denote statistically significant
differences from the respective control samples lacking T6P for each gen-
otype (Student’s t test, *P < 0.05 and **P < 0.01; Supplemental File 1).
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High cellular sugar (carbon) is associated with the accumulation of T6P, which binds to KIN10 (small molecule superimposed on KIN10), the catalytic
subunit of SnRK1, weakening its affinity for GRIK. This results in decreased phosphorylation of the KIN10 activation loop, thereby reducing the propor-
tion of activated KIN10. Conversely, when the cellular sucrose level is low, levels of T6P decrease and GRIK binds tightly to KIN10, phosphorylating
its activation loop and increasing SnRK1 activity. Activated KIN10 phosphorylates and inactivates 3-HYDROXY-3-METHYLGLUTARYL COA REDUC-
TASE1, NITRATE REDUCTASE, SUCROSE PHOSPHATE SYNTHASE, and WRI1 to reduce energy-consuming pathways (anabolism) and at the same
time, via phosphorylation of other target proteins including several transcription factors, promotes a variety of major catabolic pathways to generate

energy. Activated KIN10 can also phosphorylate GRIK and reduce its activity.

to its animal (AMPK) and yeast (SNF1) homologs. The details of
WRI1 stabilization by T6P and its consequences for lipid syn-
thesis underscore the complexity of SnRK1 regulation, which
likely evolved due to its central role in integrating diverse cellular
inputs and mediating cellular responses that contribute to meta-
bolic and energy homeostasis (Sheen, 2014).

In summary, we recently identified SnRK1 as a regulator of
WRI1 (Zhai et al., 2017a) and established a key role for sugar be-
yond simply supplying carbon skeletons for fatty acid synthesis
by inhibiting SnRK1-dependent WRI1 phosphorylation, which
predisposes it for degradation. This work adds a new layer of
mechanistic detail to this sugar signaling pathway by identifying
a role for TGP, a key sugar-signaling intermediate. T6P reduces
SnRK1 activity by binding to KIN10 and weakening its interac-
tion with GRIK1 (its activating kinase), thus reducing SnRK1
activity, WRI1 phosphorylation and degradation, thereby stim-
ulating fatty acid synthesis.

METHODS
Plant Materials and Growth Conditions

Arabidopsis thaliana (Columbia-0) grik1 (snak2), grik2 (snak1), and grik1
(+/-) grik2 (-/-) sesqui mutants were obtained from Nathalie Glab (In-
stitute of Plant Sciences Paris-Saclay, France) (Glab et al., 2017). For
experiments with the grik1 grik2 double mutants, double homozygous
null individuals grik1(-/-) grik2(-/-) were selected from the progeny of the
grik1(+/-) grik2(-/-) sesqui parental line as described in Supplemental
Figure 6. Arabidopsis seeds were surface-sterilized and selected on agar
plates containing one-half-strength Murashige and Skoog salts. After

1 week, seedlings were transplanted to moist soil (seed BM2 mix; Berger).
All plants (Arabidopsis and Nicotiana benthamiana) were grown with a
16-h-light/8-h-dark photoperiod (combination of cool white fluorescent
lamps and incandescent lamps, at a photosynthetic photon flux density
of 250 pmol m=2 s7") with a 23°/19°C day/night, 16-h/8-h temperature
regime, and ~75% relative humidity.

Genetic Constructs

The OtsA coding regions were amplified by PCR from Escherichia coli
genomic DNA using primer pairs listed in Supplemental Table 1. The
PCR products were then cloned into the Invitrogen Gateway pDONR/Zeo
vector (Thermo Fisher Scientific) using the BP reaction and subcloned
(LR reaction) into the plant Gateway binary vector pGWB414 (Nakagawa
et al., 2007). Expression vectors for the recombinant His -tagged kinase
domain of Arabidopsis KIN10, KIN10 (K48A), and KIN10 (T175A) were
obtained from Wei Shen (North Carolina State University) (Shen et al.,
2009). The GRIK1 expression vector for producing recombinant His -
tagged GRIK1 protein was previously described (Zhai et al., 2017a).

Expression and Purification of Recombinant KIN10 and GRIK1

Recombinant KIN10 [including KIN10 (K48A) and KIN10 (T175A)] and
GRIK1 proteins with N- terminal His-tags were expressed in E. coli
BL21(DE3). Protein purification was performed as described by Shen
et al. (2009). Briefly, 1 liter of LB medium was inoculated with 10 mL
of a saturated growth E. coli culture, incubated at 37°C with shaking
at 225 RPM until its optical density at 600 nm reached 0.6, at which
time the temperature of the culture was reduced by cooling on ice for
30 min before the addition of IPTG to a final concentration of 0.4 mM.
The culture was incubated for a further 16 h at 16°C. Cells were collected
by centrifugation at 6000g for 15 min at 4°C and resuspended in a lysis
buffer containing 20 mM Tris-HCI (pH 8.0), 0.5 M NaCl, 10 mM imidazole,
and 0.1% (v/v) Triton X-100. The cells were disrupted by triple passage
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through an EmulsiFlex-C3 (Avestin) at 1000 p.s.i. (6894 kPa). The cell
lysate was clarified by centrifugation at 15,000g for 30 min at 4°C.
The supernatant was applied to a 2 mL Ni-NTA resin column (Qiagen)
equilibrated with lysis buffer supplemented. The column was washed
twice with five column volumes of lysis buffer and once with wash buffer
(20 mM Tris-HCI, pH 8.0, 0.5 M NaCl, 30 mM imidazole, and 0.1% [v/v]
Triton X-100), and then bound proteins were eluted with 20 mM Tris-HCI
(pH 8.0), 0.5 M NaCl, and 10% (v/v) glycerol supplemented with 500 mM
imidazole. The eluted protein samples were desalted using an Econo-Pac
10DG chromatography column (Bio-Rad) into 20 mM Tris-HCI (pH 8.0),
0.5 M NaCl, 50% glycerol, and 1 mM DTT. Protein preparations were
separated into aliquots and stored at —20°C until use.

MST

Sucrose, sucrose-6'-P, trehalose, sorbitol, and ATP were purchased from
Sigma-Aldrich. T6P (purity > 95%; catalog no. 136632-28-5) was pur-
chased from Santa Cruz Biotechnology. Thermophoretic assays were
conducted using a Monolith NT.115 apparatus (NanoTemperTechnolo-
gies). Target proteins (KIN10 and GRIK1) were fluorescently labeled ac-
cording to the protocol for N-hydroxysuccinimide coupling of the dye
NT647 (NanoTemper Technologies) to lysine residues. Target protein and
dye were incubated on ice for 30 min. Free dye was separated from la-
beled protein by size-exclusion chromatography using MST buffer (50 mM
Tris-HCI, pH 7.4, 150 mM NaCl, 10 MgCl,, 1 mM DTT, and 0.05% [v/v]
Tween 20). For binding tests, 100 nM target protein (fluorescently labeled)
was incubated with 50 pM unlabeled ligand for 10 min prior to the mea-
surement. To determine Kd, 100 nM target protein was incubated with a
serial dilution of the ligand. Samples of ~10 uL were loaded into capillar-
ies and inserted into the MST instrument loading tray (Monolith NT.115).
The thermophoresis experiments were performed using 40% MST power
and 80% LED power at 25°C. T6P (50 uM) was included to test its effect
on the associations of KIN10 with ATP or GRIK1.

Protein Phosphorylation Assay

The in vitro protein phosphorylation assay was performed according to
Shen et al. (2009). Briefly, a 25-uL assay was performed with 1 ug of KIN10
and 1 pg of GRIK1 in reaction buffer: 256 mM Tris-HCI, pH 7.5, 10 mM
MgCl,, 1 mM EGTA, 0.2 mM ATP, and 92.5 kBq [y-**P]ATP (Perkin-Elmer)
at 30°C for 20 min. The reaction was terminated by addition of 5 pL of 6x
SDS-PAGE loading buffer. A 10-pL aliquot of each assay was separated
by SDS-PAGE and transferred to PVDF membrane. *?P-labeled proteins
were visualized by autoradiography employing a phosphor screen in con-
junction with a Typhoon FLA 7000 imager (GE Healthcare Life Sciences).
For phosphorylation assays supplemented with sucrose, T6P, or sorbitol,
1 mM of each was added to the reaction mix containing KIN10 and incu-
bated on ice for 5 min before GRIK1 was added to the reaction.

SnRK1 (KIN10) Activity Assay

Plant-soluble protein extraction and SnRK1 activity assays were per-
formed according to the methods described (Ananieva et al., 2008;
Zhang et al., 2009). Briefly, 50 mg (fresh weight) of suspension cells or
plant tissues was extracted in 100 pL of ice-cold homogenization buffer:
100 mM Tricine-NaOH, pH 8.0, 25 mM NaF, 5 mM DTT, 0.5 mM EDTA,
0.5 mM EGTA, 1 mM benzamidine, 1 mM PMSF, 1x protease inhibitor
cocktail (P9599; Sigma-Aldrich), 1x phosphatase inhibitors (PhosStop;
Roche Life Science), and 2% (v/v) (or w/v) insoluble polyvinylpolypyrro-
lidone (PVPP). The homogenate was centrifuged at 13,000g at 4°C for
15 min before spin-desalting of the supernatant (50 ulL) (lllustra MicroSpin
G-25 micro columns; GE Healthcare Life Science). Protein concentration
was measured with Bradford reagent (B6916; Sigma-Aldrich) using BSA

as standard. A 25-pL assay was assembled with 10 ug total protein per
sample in kinase reaction buffer: 50 mM HEPES-NaOH, pH 7.5, 5 mM
MgCl,, 200 uM SPS peptide (RDHMPRIRSEMQIWSED), 4 mM DTT,
0.5 uM okadaic acid, 0.2 mM ATP, and 12.2 kBq [y-*?P]ATP and incubated
at 30°C for 5 min. The assay was stopped by blotting 10 uL per reaction
on 4-cm? squares of Whatman P81 Phosphocellulose paper, immersed in
1% (v/v) phosphoric acid, and then washed with four 800-mL volumes of
1% phosphoric acid, immersed in acetone, dried, and transferred to lig-
uid scintillation vials. Radioactivity associated with phosphorylated SPS
peptide was determined by liquid scintillation counting using a Tri-carb
(Perkin-Elmer).

For the purified KIN10 activity assay, 0.05 ug KIN10 or 0.05 pg KIN10
and 0.05 ug GRIK1 were included in the kinase reaction buffer. For KIN10
kinase activity assays supplemented with sugars, 1 mM sucrose, T6P,
or sorbitol was added to KIN10 and incubated on ice for 5 min before
GRIK1was added to the reaction.

Cell Culture Growth

Brassica napus cv Jet Neuf suspension cell cultures were grown in NLN
medium (containing 3% sucrose) as previously described (Shi et al.,
2008). Prior to experiments suspension cell cultures were maintained
in liquid media for 7 d with media being refreshed every 2 d. For sugar
treatments, cell cultures were subsequently cultured on NLN solid media
(containing 1% (w/v) sucrose and 8 g/L tissue culture grade agar) sup-
plemented with 100 uM of different types of sugars: sucrose, sorbitol, or
T6P. Cells were collected after 8 h, 1, 2, and 4 d by filtration, rinsed three
times with water, flash frozen, and stored at 80°C until use.

T6P Quantification

Water-soluble metabolites were extracted from aliquots (10-20 mg) of
frozen tissue powder using chloroform-methanol (Lunn et al., 2006)
and evaporated to dryness using a centrifugal vacuum drier. The dried
extract was dissolved in 350 pL purified water and filtered through
MultiScreen PCR-96 Filter Plate membranes (Merck Millipore) to remove
high molecular weight compounds. T6P, phosphorylated intermediates,
and organic acids were measured by high-performance anion-exchange
chromatography coupled to tandem mass spectrometry as described
by Lunn et al. (2006), with modifications as described by Figueroa
et al. (2016).

TAG and Total Fatty Acid Quantification

Total lipids (TAG plus polar lipids) were isolated from 100 mg of freshly
harvested leaf tissue by the addition of 700 pL of methanol:chloroform:-
formic acid (2:1:0.1, by volume) by vigorous shaking for 30 min, after
which 1 mL of 1 M KCI and 0.2 M H,PO, was added. After mixing, the
samples were centrifuged at 1500g (4°C) and total lipids were collected
in the lower phase (chloroform). For TAG quantification, 60 pL of total lipid
were separated by Silica Gel 60 (Merck Millipore) TLC developed with
hexane:diethyl ether:acetic acid (70:30:1, by volume) and visualized by
spraying with 0.05% (w/v) primuline (in 80% [v/v] acetone). TAG fractions
identified under UV light were scraped from the plate and transmethyl-
ated to fatty acid methyl esters by incubation in 1 mL 12% (w/w) boron
trichloride in methanol at 85°C for 40 min. For total fatty acid quantifica-
tion, 10 pL of total lipids was directly transmethylated with boron trichlo-
ride-methanol as described above. For both assays, 5 ug heptadecanoic
acid (C17:0) was added as internal standard prior to transmethylation.
Fatty acid methyl esters were extracted into hexane and dried under a
nitrogen stream before being dissolved in 100 pL hexane and analyzed
by gas chromatography-mass spectrometry with an Agilent Technologies



7890A GC system equipped with an Agilent 60m DB23 capillary column
(i.d. 250 pm) and a 5975C mass selective detector.

In Vivo [1-'*C]Acetate Labeling

Labeling experiments were performed essentially as described by Koo
et al. (2004). N. benthamiana leaves were incubated in 25 mM MES-
NaOH, pH 5.7, buffer containing 0.01% (w/v) Tween 20 as wetting agent
under illumination (180 umol m-2 s-") at 25°C. Labeling was initiated by
the addition of 370 kBq of sodium [1-"“C]acetate solution (2.15 GBqg/
mmol; American Radiolabeled Chemicals). Labeling was terminated by
removal of the medium from the leaf, and the sample was washed three
times with water. Total lipids were extracted and separated as described
above. Radioactivity associated with total lipids was determined by liquid
scintillation counting using a Tri-carb instrument (Perkin-Elmer).

Agroinfiltration of N. benthamiana

Transient gene expression in N. benthamiana by agroinfiltration was ac-
complished using a previously described procedure (Ohad and Yalovsky,
2010). Leaves were harvested 3 d after infiltration with different con-
structs and analyzed for T6P and lipid contents and for SnRK1 kinase
activity and in vivo [1-"“C]acetate labeling.

Antibodies and Immunoblotting

Anti-WRI1 polyclonal antibodies were described previously (Zhai et al.,
2017a). Anti-KIN10 (catalog no. AS10919, lot no. 1610) and -histone H3
(catalog no. AS10710, lot no. 1411) polyclonal antibodies were purchased
from Agrisera. Anti-phospho-AMPK «-1 (Thr-172) (catalog no. PA5-17831,
lot no. TG2607252) was purchased from Thermo Fisher Scientific. Anti-
GRIK1 (catalog no. PHY0844S, lot no. 4480A5) and GRIK2 (catalog no.
PHY0845S, lot no. 5480A7) were purchased from PhytoAB. All primary
antibodies were used at a 1:1000 dilution. Proteins were resolved by
SDS-PAGE and transferred to PVDF membrane for immunoblot analysis.
Immunoblots of targeted proteins were visualized using HRP-conjugated
secondary antibodies (catalog no. AP187P; Millipore) with SuperSignal
West Femto Maximum Sensitivity Substrate (catalog no. 34095; Thermo
Fisher Scientific). Immunoblot signals were detected and digitalized with
Image Quant LAS4000 and quantified with GelAnalyzer2010a.

Accession Numbers

Sequence data from this article can be found in The Arabidopsis In-
formation Resource or UniProtKB under the following accession num-
bers: KIN10 (At3g01090), GRIK1 (At3g45240), GRIK2 (At5g60550), WRI1
(At3g54320), and OtsA (P31677).
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Supplemental Figure 1. Microspore-derived cell suspension cultures
of Brassica napus cv Jet Neuf in liquid culture and plate culture.

Supplemental Figure 2. Sucrose stabilizes WRI1 and increases fatty
acid synthesis in Brassica napus suspension cells, but only if presented
at a 1000-fold higher concentration than T6P.

Supplemental Figure 3. Microscale thermophoretic binding tests
show a specific association between KIN10 and T6P at a concentra-
tion of 50 pM.

Supplemental Figure 4. Purified recombinant KIN10 and GRIK1 ex-
pressed from E. coli.

Supplemental Figure 5. Fit of DPM by the amount of purified KIN10
and GRIK1 in a 25-mL reaction.
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Supplemental Figure 6. The phenotypes of grik mutants.
Supplemental Table 1. Oligonucleotide primer sequence pairs.

Supplemental File 1. Statistical analysis results for each figure.
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