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Little is known about how plants regulate transporters of defense compounds. In A. thaliana, glucosinolates are
transported between tissues by NPF2.10 (AtGTR1) and NPF2.11 (AtGTR2). Mining of the PhosPhat4.0 database showed
two cytosol exposed phosphorylation sites for AtGTRT and one membrane-buried phosphorylation site for AtGTR2. In
this study, we investigate whether mutation of the two potential regulatory sites of AtGTR1 affected transport of
glucosinolates in Xenopus oocytes. Characterization of AtGTR1 phosphorylation mutants showed that phosphorylation
of AtGTR1 - at the two reported phosphorylation sites - is not directly involved in regulating AtGTR1 transport activity.
We hypothesize a role for AtGTR1-phosphorylation in regulating protein-protein interactions.

Plants produce defense compounds to protect themselves
against herbivores and pathogens. As defense compounds are
metabolically costly to produce,’ plants have developed strate-
gies to regulate how these compounds are reallocated upon
changes in fitness value of a given tissue.” From primary
metabolites we know that numerous transport proteins are
regulated by reversible phosphorylation, including interaction
between substructures in the aquaporin SoPIP2;1,” activation
of the HT-ATPase AHA2 through protein-protein interaction
with a 14-3-3 protein,4 activation of ion channels,”” activa-
tion of PIN-FORMED proteins,10 and subcellular localiza-
tion of the aquaporin AcPIP2;1.'12 Phosphorylation has also
been shown to alter transport kinetics of the I[AA/nitrate
transporter AINPFG.3/NRT1.1."% In consequence, it is con-
ceivable that phosphorylation could play a role in determin-
ing the transport-activity of defense compound transporters.
Within the last decade several alkaloid transporters in Nicoti-
ana species.M_16 and Coptis japonicus,'”'®
porters of glucosinolates - a major class of defense
compounds in Arabidopsis thaliana — were identified."”?° The
glucosinolate transporters AtGTR1 and AtGTR2 (Arabidopsis
Thaliana Glucosinolate Transporterl and —2, now NPF2.10
and NPF2.11) belong to the NPF (former NRT/PTR) fam-
ily.?! NPF2.10/AtGTR1 (AtGTRI1) and NPF2.11/AtGTR2/
NRT1.10 (AtGTR2) are plasma membrane-localized, high-
affinity H*/glucosinolate symporters, which are essential for

as well as 2 trans-

the accumulation of glucosinolates in seeds.?’ Grafting
experiments that combine azgrrl argrr2 rootstocks with wild-
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type scions have shown that in the absence of AtGTRI1 and
AtGTR2 in the root, aliphatic glucosinolates were depleted
from roots and over-accumulated in the rosette of 3-week-old
plants.”” This suggests that posttranslational inhibition of
AtGTRI and AtGTR2 transport activity could be a strategy
for regulating translocation of aliphatic glucosinolates
between organs. In this study, we identify bona fide in planta
phosphorylation sites in ATGTR1 and AtGTR2, analyze the
phosphorylation sites in silico and investigate their effect on
transport by mimicking phosphorylation at 2 sites in
AtGTRI.

To investigate if AtGTR1 and AtGTR2 are phosphory-
lated in planta we searched The Arabidopsis Protein Phosphory-
lation Site Database (PhosPhat4.0).”> Two phosphorylation
sites with a mascot score above 20 were identified for
AtGTRI1 and one for AtGTR2. AtGTR1 is phosphorylated
at Serine 52 and Serine 635.°*%” The dynamic nature of
AtGTR1 phosphorylation was addressed by quantification of
phosphopeptides before and after induction with pathogen
elicitors.”**® Two out of 3 biological repeats showed an up-
regulation of phosphorylated AtGTR1-Ser52 upon flg22 elici-
tor treatment.”® In another study, where fig22 was used at a
different concentration, no dynamic phosphorylation of
AtGTR1 was detected.”* AtGTR2 was reported to be phos-
phorylated at AtGTR2-Thr58, but no publications are
associated.”

We analyzed the position of these phosphorylation sites
using IMembrane prediction of membrane insertion.”®>’
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IMembrane predicts AtGTR2-Thr58 to be situated in the a
center of the first transmembrane-helix. Furthermore, this site
is found in the highly conserved EXXE[R/K] motif and
shown to be buried in the membrane segment of the close
homolog NRT1.1 where it is facing the substrate tunnel and
unlikely to be accessible for kinases.’® This was confirmed by
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Figure 1. Uptake of 4MTB and I13M by AtGTR1 single and double phosphorylation mimics. (A) Predicted 2D
membrane topology based on IMembrane predicted membrane insertion highlighting AtGTR1-S52 and
AtGTR1-S635 phosphorylation sites reported in Phosphat4.0. (B-D) YFP-tagged AtGTR1, S52A, S52D, S635A,
S635D and S635D/S52D expressed in X. laevis oocytes and characterized for glucosinolate uptake at pH5. (B)
Glucosinolate uptake activity measured for each AtGTR1 version in the presence of 200uM I13M or 200p.M
4MTB for one hour. (C) Uptake of 4MTB at saturating concentrations (2000,M) by each of the 6 AtGTR1 ver-
sions 1 hour. (D) Time course (1-4 hours) of 4MTB uptake at saturating concentrations by S52D and S52D/
S635D AtGTR1 versions. Glucosinolate uptake was quantified by LC-MS of oocyte extracts from 3x5 oocytes
for each gene. Groups are determined by one-way ANOVA (P< 0.05) (Error Bars: SD, n=3).
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SWISS-MODEL  generated AtGTR2 homology-model
where residue Thr58 is situated in the middle of helix 1
(data not shown). IMembrane predicted AtGTRI-S52 and
AtGTRI1-S635 to be situated in the non-membrane segment
of the protein (Fig. 1A). Based on this 7z silico analysis we
investigated the effect on transport activity when mimicking

phosphorylation and dephos-
phorylation of AtGTRI1-S52
and AtGTR1-S635.

To investigate how phosphory-
the transporters
activity we expressed phosphory-
lation mutants in X. laevis oocytes
and analyzed aliphatic- (4MTB)
and indole-glucosinolate (I3M)
uptake by LCMS (Fig. 1B-D). In

the mutant versions, the serine

lation affects

residues were replaced by either
an alanine to mimic a constitu-
tively dephosphorylated state or
with aspartic acid to mimic a con-
stitutively phosphorylated = state.
In total, 5 mutated versions of
AtGTRI  were These
include the single murtants,
AtGTR1-S52A, AtGTR1-S52D,
AtGTRI1-S635A and AtGTRI-
S635D and the double mutant
AtGTRI1-S52D/S635D. We
tested the ability of (de)phosphor-

ylation mutants to accumulate

made.

substrate when exposed to saturat-
ing concentrations of glucosino-
lates.?® In addition,
exposed expressing oocytes to
more than 10 times the saturating
glucosinolate
investigate if the accumulation
capacity was changed for the
mutants. No statistically signifi-
cant difference in glucosinolate

we also

concentration  to

accumulation was seen, as calcu-
lated by one-way ANOVA
(p < 0.05), between any of the
phosphorylation  mutants and
wild type AtGTR1 when exposed
to 200pM 4MTB or I3M
(Fig. 1B) and 2000pM 4MTB
(Fig. 1C). Similar results were
obtained when assay time was
prolonged to between one and

4 hours (Fig. 1D). A small,
but significant, difference in
accumulation was seen for

oocytes expressing S635A  and
S635D. However, glucosinolate
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accumulation by S635D was not | A
significantly different from wild
type AtGTR1. ol il

To test if the AtGTR1 mutants 5
had a changed affinity, we mea-
sured the apparent K., values for
all mutants (Fig. 2). The experi- 04
ment was made on 2 different
batches of oocytes. In the first
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effects of phosphorylation of 2

glucosinolates  transporters was
investigated. Importantly, rather
than predicting phosphorylation
sites, the phosphorylation sites
were identified by searching the

PhosPhat4.0 database,”® which

Figure 2. Kinetic analysis of AtGTR1 mutants. (A-F) Normalized 4MTB-dependent currents measured at a
membrane potential of —60mV and pH5 were plotted against increasing 4MTB concentrations. The satura-
tion curve was fitted with a Michaelis-Menten equation (solid line, error bars are SE, n=4-6 oocytes). Each
oocyte dataset was normalized to currents elicited at saturating 4MTB concentration. Apparent K, measure-
ment for (A) S52A,(B) S52D, (C) Wild type AtGTR1 (control for S52A and S52D, (D) S635(A, E) S635D, (F) Wild
type AtGTR1 (control for S635A and S635D) expressing X. laevis oocytes.

contains a list of all phosphory-
lated peptides isolated in phos-
This
increases the likelihood that identified phosphorylation sites have
a physiological role in planta. Both phosphorylation sites in
AtGTR1 were found in studies where plant cell cultures are

phoproteomic  studies.

induced with either stress hormones or bacterial elicitors indicat-
ing that the identified phosphorylation sites are important in the
plants response to pathogen attack.>**”

As we used publicly available data obtained by large scale
experiments we analyzed the position of the identified phos-
phorylation sites 7 silico. As a prerequisite for likely physio-
logical relevance and further experimental analyses we set that
a phosphorylation site should be accessible for cytosolic kin-
ases. This means that a phosphorylation site should be

www.tandfonline.com
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exposed to the cytosolic environment and not embedded in
transmembrane helices. Predictions of where the first trans-
membrane helix starts using only sequence based methods
such as TMHMM are notoriously imprecise.”’ As a conse-
quence, we used IMembrane which uses homology-based
membrane-insertion of proteins to predict the transmembrane
helixes more accurately. We combined IMembrane results
with SWISS-MODEL generated homology-models to predict
whether especially the N-terminally located phosphorylation
sites in AtGTR1 and AtGTR2 are free to interact with a
kinase in the cytosolic milieu. From our results it was clear
that the AtGTR2-T58 residue was buried several o-helix
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turns into the membrane. It is therefore unlikely that the
phosphorylated peptide deposited in the PhosPhat4.0 data-
base is of AtGTR2 origin. In comparison, both phosphoryla-
tion sites in AtGTRI are located outside transmembrane
spanning domains and in segments facing the cytosol.
AtGTRI1-852 and AtGTRI1-S635 thus appear as bona fide
phosphorylation sites with potential regulatory functions on
transport activity.

We did not measure a reduction in actual glucosinolate
uptake activity for oocytes expressing AtGTR1 phosphoryla-
tion mutants when assayed over a timespan of an hour or
longer. No combinatorial effect was observed when construct-
ing the double phosphorylation mimic AtGTR1-S52D/
S635D indicating that these 2 phosphorylation sites do not
work in concert to regulate the activity of AtGTR1. We did
not measure large differences in apparent affinity toward
4MTB for all single mutants.

Phosphorylation was reported to influence the interaction
between a 14-3-3 protein and the proton ATPase AHA2*
and the interaction between TPK1 and a 14-3-3 pro-
tein.’>?? As phosphorylation mimicking did not affect
glucosinolate transport activity as measured by LCMS
assays we hypothesize that phosphorylation of AtGTRI at
position S§52 and S635 in planta recruits another protein
important in regulating transport activity by protein-protein
interactions.

Materials and Methods

Prediction of membrane insertion

AtGTR1 and AtGTR2 sequences where submitted to the
IMembrane server (http://opig.stats.ox.ac.uk/webapps/medeller/
home.pl?app=iMembrane) and anallyzed.z9

Homology modeling

AtGTR1 and AtGTR2 sequences where submitted to the
SWISS-MODELS server and highest scoring templates was
used to generate homology models (http://swissmodel.expasy.
org/). AtGTRI was modeled on the NRT1.1 (NPF6.3) struc-
ture (PDB: 4CL4).>* AtGTR2 was modeled on the NRT1.1
structure (PDB: 40H3).?° PDBsum was used to calculate
Ramachandran Plot statistics where the AtGTR1 model had
0.8% and AtGTR2 had 1% of residues in disallowed regions,
respectively.’

Site directed mutagenesis of AtGTR1

Site directed mutagenesis of AtGTRI1 to generate AtGTRI-
S52A, AtGTR1-S52D, AtGTRI1-S635A, AtGTR1-S635D and
AtGTRI1-§52D/S635D  was  performed  using USER™
Fusion.>®¥ Wild type and mutated coding sequences were
cloned into an oocyte expression vector harbouring a C-terminal
YFP fluorophore by an advanced uracil-excision-based cloning
technique described before.””

e1071751-4
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Primer list

Primer Name Sequence
AtGTR1-S52A non-phosphorylatable mimic
1 AtGTR1T FW1 GGCTTAAUATGAAGAGCAGAGTCATT
2 S52 FW ATGTGGTCGAUGCTTTCGAGGAAGAGCAG
(S->A)
3 S52RV_1 ATCGACCACAUCGGTGTTAGTCGTCGTAGTAG
(S->A/D)
4 AtGTR1 no GGTTTAAUCCGACAGAGTTCTTGTC
stop RV2
AtGTR1-552D phosphorylation mimic
5 AtGTRT FW1 GGCTTAAUATGAAGAGCAGAGTCATT
6 S52 FW ATGTGGTCGAUGATTTCGAGGAAGAGCAG
(S->D)
7 S52 RV_1 ATCGACCACAUCGGTGTTAGTCGTCGTAGTAG
(S->A/D)
8 AtGTR1 no GGTTTAAUCCGACAGAGTTCTTGTC
stop RV2
AtGTR1-S635A non-phosphorylatable mimic
9 AtGTR1 FW GGCTTAAUATGAAGAGCAGAGTCATT
12 AtGTR1 GGTTTAAUCCGACAGCGTTCTTGTC
(S->A) no
stop RV
AtGTR1-S635D phosphorylation mimic
13 AtGTR1 FW GGCTTAAUATGAAGAGCAGAGTCATT
16 AtGTR1 GGTTTAAUCCGACATCGTTCTTGTC
(S->D) no
stop RV

Heterologous expression of AtGTR WT and mutants in
Xenopus laevis

Heterologous protein expression in X. laevis oocytes was
used to characterize WT and point mutated transporters. I
vitro transcription of ¢cRNA was carried out as described
before.?’ Defolliculated X. lzevis oocytes (states V-VI) were
purchased from Ecocyte Biosciences. Injection of 50nl cRNA
(500 ng/pl) into X. laevis oocytes was done using a Drum-
mond NANOJECT II (Drummond scientific company).
Oocytes were incubated for 3 days at 17°C in Kulori pH
7.4, which was changed daily.

Glucosinolate uptake/export assays

4-methylsulfinylbutyl glucosinolate (4MTB) and indol-3-
ylmethyl glucosinolate was obtained from C, Bioengineering
(http://www.glucosinolates.com/) and CFM Oskar Tropitzsch
GmbH, Marktredwitz (htep://www.cfmot.de/). X laevis uptake
assays where carried out as described before.*

Electrophysiological measurements and data analysis

All measurements were performed with a Two Electrode
Voltage-Clamp system (TEVC) composed of an NPI TEC-
03X amplifier (NPI electronic GmbH, Germany) connected
to a PC with pCLAMP10 software (Molecular devices, USA)
via an Axon Digidata 1440a digitizer (Molecular devices,
USA).

TEVC recordings were follows: 1)
An oocyte was placed in the recording chamber and

performed as
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perfused with a standard kulori-based solution (90 mM
Na-Gluconate, 1 mM K-Gluconate, 1 mM Ca-Gluconate,,
1 mM Mg-Gluconate,, 1 mM LaCl; and 10 mM MES pH
5). II) The oocyte was impaled by current and potential
electrodes in a 45° angel and allowed to heal and equilibrate
until the membrane potential was stable. IV) The amplifier
was switched to voltage clamp at —60 mV and the oocyte
was allowed to establish a stable baseline and currents in the
absence of glucosinolate substrate was measured in the volt-
age range between —30 to —170 mV in 10 mV decrements.
V) When the baseline was stable, a standard Kulori based
solution with glucosinolate substrate was perfused over the
oocyte and currents were recorded in the voltage range
between —30 to —170 mV in 10 mV decrements. TEVC
data was extracted from pCLAMP10 software as a Microsoft
Excel compatible worksheet and analyzed in Excel. Glucosi-
nolate induced currents was calculated by subtracting cur-
rents before addition of glucosinolate substrate from
currents after addition of glucosinolate substrate. SigmaPlot
version 12.3 (Systat software, USA) was used for statistical
analysis and data plotting. Visualization and curve fitting to
the Michaelis-Menten equation (Equation 1) to calculate
the apparent K,, value was done using SigmaPlot version
12.3 (Systat software, USA).

Equation 1-Michaelis-Menten equation. I is the current, I,
is the maximal current achieved by the transporter at saturating
concentrations of 4MTB

I— Lnax%[4MTB] )
o [4MTB] + Km

Desulfo glucosinolate analysis of X. laevis oocytes by LC-MS
or HPLC

ESI-LC-MS analysis of desulfo glucosinolates from X. laevis
uptake assays was performed as described before.””

Statistical Analysis

SigmaPlot version 12.3 (Systat software, USA) was used for
statistical analysis (one-way ANOVA and the TUKEY test) and
data plotting.
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