Journal of Experimental Botany, Vol. 64, No. 8, pp. 2385-2400, 2013
doi:10.1093/jxb/ert097 Advance Access publication 11 April, 2013

This paper is available online free of all access charges (see http://jxb.oxfordjournals.org/open_access.html for further details)

Journal of
Experimental
Botany

www.jxb.oxfordjournals.org

RESEARCH PAPER

Suppressor of K* transport growth defect 1 (SKD1) interacts
with RING-type ubiquitin ligase and sucrose non-fermenting
1-related protein kinase (SnRK1) in the halophyte ice plant

Chih-Pin Chiang'*, Chang-Hua Li"*, Yingtzy Jou?, Yu-Chan Chen', Ya-Chung Lin', Fang-Yu Yang',
Nu-Chuan Huang' and Hungchen Emilie Yen'*

! Department of Life Sciences, National Chung Hsing University, Taichung 40227, Taiwan
2 Department of Life Science, National Pingtung University of Science and Technology, Neipu, Pingtung 91201, Taiwan

* These authors contributed equally to this work.
T Present address: Department of Biochemistry, University of Utah, Salt Lake City, UT 84112, USA.
* To whom correspondence should be addressed. E-mail: heyen@dragon.nchu.edu.tw

Received 26 January 2013; Revised 4 March 2013; Accepted 6 March 2013

Abstract

SKD1 (suppressor of K* transport growth defect 1) is an AAA-type ATPase that functions as a molecular motor.
It was previously shown that SKD1 accumulates in epidermal bladder cells of the halophyte Mesembryanthemum
crystallinum. SKD1 knock-down Arabidopsis mutants showed an imbalanced Na*/K* ratio under salt stress. Two
enzymes involved in protein post-translational modifications that physically interacted with McSKD1 were identified.
McCPN1 (copine 1), a RING-type ubiquitin ligase, has an N-terminal myristoylation site that links to the plasma mem-
brane, a central copine domain that interacts with McSKD1, and a C-terminal RING domain that catalyses protein
ubiquitination. In vitro ubiquitination assay demonstrated that McCPN1 was capable of mediating ubiquitination of
McSKD1. McSnRK1 (sucrose non-fermenting 1-related protein kinase) is a Ser/Thr protein kinase that contains an
N-terminal STKc catalytic domain to phosphorylate McSKD1, and C-terminal UBA and KA1 domains to interact with
McSKD1. The transcript and protein levels of McSnRK1 increased as NaCl concentrations increased. The formation
of an SKD1-SnRK1-CPN1 ternary complex was demonstrated by yeast three-hybrid and bimolecular fluorescence
complementation. It was found that McSKD1 preferentially interacts with McSnRK1 in the cytosol, and salt induced
the re-distribution of McSKD1 and McSnRK1 towards the plasma membrane via the microtubule cytoskeleton and
subsequently interacted with RING-type E3 McCPN1. The potential effects of ubiquitination and phosphorylation on
McSKD1, such as changes in the ATPase activity and cellular localization, and how they relate to the functions of
SKD1 in the maintenance of Na*/K* homeostasis under salt stress, are discussed.
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Introduction

The halophyte ice plant Mesembryanthemum crystallinum
L. has unique features for tolerating high salinity envi-
ronments. A critical feature of the ice plant is its ability to
sequester Na* in the enlarged vacuoles of epidermal blad-
der cells (EBCs), enabling the avoidance of sodium toxicity
(Adams et al., 1998). EBCs are prominent cells that cover

the surface of the above-ground portion of ice plants, and
EBC-less mutants show reduced growth and reproduction
under 400mM NaCl (Agarie et al., 2007). EBCs are not
merely a water and salt reservoir in the ice plant but they
are also metabolically active and function in maintaining
ion homeostasis (Jou et al., 2007). Previously, a salt-induced

Abbreviations: BiFC, bimolecular fluorescence complementation; EBC, epidermal bladder cell; Co-IP, co-immunoprecipitation; NEM, N-ethylmaleimide; Y2(3)H,

yeast two- (three-) hybrid.
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gene SKDI (suppressor of K™ transport growth defect; also
known as vacuolar protein sorting 4, VPS4), was found to be
expressed at high levels in EBCs. Ice plant SKDI (McSKDI)
can complement the K* uptake defect phenotype of yeast K*
uptake mutants, suggesting that SKD! is involved in facili-
tating K* transport (Jou et al., 2004). Glycophytes display
a typical K*-deficient symptom and a high Na*/K* ratio in
high salt conditions because excessive external Na* competes
with the uptake of the essential nutrient potassium (Watad
et al., 1983). Knock-down SKDI mutants were found to show
abnormal root morphology and an imbalanced Na*/K™ ratio
under salt stress (Ho et al., 2010), indicating that SKDI is
involved in the salt-tolerant mechanism in higher plants.

SKDI proteins have a variable N-terminal region contain-
ing a microtubule-interacting and trafficking (MIT) domain,
followed by a highly conserved AAA (ATPase associated with
various cellular activities)-ATPase cassette and a C-terminal
oligomerization domain (Babst et al., 1998). The ATP hydrol-
ysis activity of SKDI has been demonstrated in yeast (Babst
et al., 1998), ice plant (Jou et al., 2006), and Arabidopsis (Haas
et al., 2007; Shahriari et al., 2010). The AAA-type ATPases are
molecular motors, usually assembled into ring-shaped homo-
oligomers, participating in energy-acquiring processes such as
disassembly of protein complexes (Hanson and Whiteheart,
2005). The best studied function of SKD1/VPS4 is in par-
ticipation in protein sorting in multivescular bodies (MVBs),
a versatile organelle where exocytic and endocytic pathways
meet (Babst et al., 2002). Membrane-bound proteins targeted
for vacuolar degradation are first conjugated to one ubiquitin
molecule (Katzmann et al., 2001), sorted in MVBs, and subse-
quently delivered to vacuoles. The sorting complex on the MVB
membrane consists of four ESCRT (endosomal sorting complex
required for transport) complexes, ESCRT-0, -1, -II, and -III
(reviewed in Hurley and Hanson, 2010). The N-terminal MIT
domain of SKD1 interacts with ESCRT-III components VPS2,
20, and 24, and catalyses the dissociation of ESCRT complexes
after cargo proteins are sorted (Obita et al., 2007; Shim et al.,
2007; Stuchell-Brereton et al., 2007). The C-terminal regions of
SKDI interact with each other to form homo-oligomers with
the help of Vtal/LIP5 and other proteins to stabilize the struc-
ture and stimulate ATPase activity (Azmi et al., 2006). In the
model proposed by Shim ez /. (2008) after sequential assembly
of ESCRT-III components, SKD1/VPS4 and Vtal/LIP5 form
an organized intertwined complex which leads to completion of
the sorting process on the MVB membrane.

Many proteins are sorted by the ESCRT machinery on the
MYVB membrane, including proteins targeted to lysosomes/
vacuoles, secretary proteins, and membrane receptors. The
vacuolar hydrolase carboxypeptidase S (CPS) was used as a
marker for characterization of components of ESCRT com-
plexes in yeast (Babst et al., 2002). In mammalian cells, the
ESCRT machinery is involved in the down-regulation of sev-
eral activated growth factor receptors (Rodahl et al., 2009).
In higher plants, the potential cargo proteins of MVB sorting
pathways include arabinogalactan-rich glycoproteins (Herman
and Lamb, 1992), regulator of cell specification DEK1 and
CR4 (Tian et al., 2007), and auxin carriers PIN1, PIN2, and
AUXI1 (Spitzer et al., 2009). All of these proteins are localized

in the plasma membrane and are also detected in the MVB.
DEKI is involved in cell-cell communication in epidermal
cell fate specification (Lid et al., 2002) while PIN1, PIN2, and
AUXI1 are carriers of polar auxin transport (Kleine-Vehn and
Friml, 2008), showing that the ESCRT machinery participates
in the growth and development of higher plants.

The ESCRT machinery is also involved in cellular responses
to environmental stress (Huang et al., 2007; Logg et al., 2008;
Ruotolo et al., 2008). In a screen for altered response to cad-
mium and nickel, the vps4 mutant showed cadmium sensitiv-
ity but nickel resistance (Ruotolo ez al., 2008). This suggested
that the ESCRT machinery is specifically involved in down-
regulation of plasma membrane-bound cadmium transport-
ers as well as participating in targeting of vacuolar proteins
responsible for cadmium detoxification. A potential ESCRT
cargo protein, P-type sodium effluxer ENAT, is the main com-
ponent of the sodium homeostasis system in yeast. Mutants
defective in the ESCRT-II component VPS22 or ESCRT-
IIT components VPS20 and SNF7 (sucrose non-fermenting
7) exhibit mild salt sensitivity, and overexpression of ENAI
substantially reduced the salt sensitivity in these mutants
(Logg et al., 2008). However, overexpression of ENAI did not
suppress salt sensitivity in mutants defective in VPS4, caus-
ing Logg and co-workers (2008) to conclude that VPS4 may
have additional ESCRT-independent functions.

To determine the potential functions of the McSKDI1-
related pathway in the salt-tolerant mechanism of the ice
plant, yeast two-hybrid (Y2H) screening was performed to
identify its interacting partners using a library constructed
from the salt-stressed ice plant. Several candidates were iden-
tified including a VPS protein. The focus of this study is on
the characterization of two enzymes involved in the post-
translational modifications of proteins. One is a RING-type
E3 ligase that catalyses the addition of ubiquitin molecules
on target proteins and the other is a serine/threonine protein
kinase that phosphorylates target proteins. The McSKDI1-
interacting RING-type E3 ligase has high homology to
Arabidopsis RGLG1/RGLG2 (RING domain ligasel and 2).
Mutants defective in both RGLGI and RGLG2 show loss of
apical dominance, alteration of leaf phyllotaxy, and a decrease
in the abundance of the auxin carrier PIN1 (Yin ez al., 2007).
Cheng et al. (2012) showed that RGLG2 down-regulates the
drought response through targeting a drought-induced tran-
scription factor AtERFS53 for degradation. Another homo-
logue found in pepper, CaRFP1 (RING-finger protein 1),
acts as an early regulator in the pathogen defence response
and osmotic stress tolerance (Hong et al., 2007). Therefore,
this specific group of RING-type E3 ligases play critical roles
in development and stress responses of higher plants. The
McSKDl-interacting protein kinase is SnRK1 (sucrose non-
fermenting 1-related kinase 1). Plant SnRK1s play important
roles in protecting cells against nutritional deprivation and
environmental stresses (Halford and Hardie, 1998; Halford
et al., 2003). Two other SnRK families, SnRK?2 and SnRK3,
are unique to plants, and certain members are involved in
abscisic acid (ABA)-mediated signalling and response to
high salinity (Hrabak ez al., 2003). As for high salinity stress,
the most extensively studied SnRK is SnRK3.11 (Liu et al.,
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2000), also known as salt overly sensitive 2 (SOS2) or CBL-
interacting protein kinase 24 (CIPK24). The members of
the SnRK family participating in salt tolerance have been
summarized (Coello et al., 2011). The unique roles of plant
SnRKs in interconnecting metabolic and stress signalling
led Coello et al. (2011) to suggest them as potential candi-
dates for genetic manipulations that could improve crop yield
under stressful environments.

In this report, these two SKDI-interacting proteins were
first characterized, then the domains responsible for the pro-
tein—protein interaction were identified, and finally possible
modulation of SKD1 functions through ubiquitination and
phosphorylation was examined.

Materials and methods

Plant materials

The growth conditions for ice plants (M. crystallinum L.) and callus
were the same as used in Jou et al. (2006). Six-week-old plants were
treated with 200mM NaCl for 3 d and root RNAs were collected
for construction of a cDNA library used in the Y2H screen. One-
week-old callus was transferred to medium containing 0-200 mM
NaCl and cultured for another week. Samples were collected for
microsome isolation, reverse transcription-PCR (RT-PCR), and
immunoblotting. Three-day-old dark-grown seedlings were used for
immunolabelling experiments.

Yeast two-hybrid assays

An ice plant cDNA library was constructed from poly(A)* RNA
isolated from salt-stressed roots using a BD Matchmaker™ library
Construction & Screening Kit (BD Biosciences, Clontech, USA)
into yeast strain AH109. Library cells were mated with the yeast
strain Y187 bearing a GAL4-binding domain (BD) fusion of
McSKD1 and selected on high stringency medium (SD/-Leu/-Trp/-
His/-Ade). Putative positive colonies were used for plasmid DNA
extraction and (-galactosidase assays. The full-length or partial
sequences of McSKD1, McCPN1, and McSnRK|1 were cloned into
pGADT7 or pGBKT?7 vectors. Different combinations of plasmids
were co-transformed into strain AH109 using the lithium acetate
method (Gietz et al. 1995). The transformants that emerged from
the SD/-Trp/~Leu medium were subsequently serially diluted onto
SD/-Trp/-Leu/-His and SD/-Trp/~Leu/~His/-Ade selection plates.
Combinations able to grow in SD/-Trp/~Leu/-His/~Ade selection
medium were further tested for 3-galactosidase activity.

Yeast three-hybrid assay

Plasmid pGADT7-McCPNI1 carrying full-length McCPN1 used in
the Y2H assay was applied again in the yeast three-hybrid (Y3H)
assay. Plasmid pBridge (Clontech) was used for the expression of
McSKD1 and the UK [the region between the ubiquitin-associated
domain (UBA) and the kinase-associated 1 (KA1l) domains] or
the KA1 domain of McSnRK1. pBridge plasmids carrying only
BD-McSKD1 or UK were used as negative controls, and those car-
rying pGADT?7 and pBridge were empty vector controls. For the
growth assay, transformants were serially diluted onto selection
media SD/-Trp/-Leu/~His/~Met or SD/-Trp/~Leu/~His/~Ade/-Met
and grown at 30 °C for 7 d.

Rapid amplification of cDNA ends (RACE)

ABDSMART™RACEcDNA AmplificationKit(Clontech)wasusedin
both 5’-terminal and 3’-terminal RACE. Touchdown PCR and nested
PCR were performed using the GeneAmp® PCR system 2700 (Applied

Biosystems, USA). The PCR products were cloned into the pPGEM-T
easy vector (Promega, USA) and subjected to DNA sequencing.

Protein overexpression, purification and antibody production

Recombinant proteins were expressed in Escherichia coli, affinity-
purified, and subsequently used for enzyme assays and antibody
production. The open reading frames (ORFs) of McCPN1 and
McSnRK1 were cloned into pGEX 4T-1 vectors (GE Healthcare,
USA) to give a glutathione S-transferase (GST) fusion at the
N-terminus and expressed in E. coli BL21 strain. Isopropyl-B-p-
thiogalactopyranoside (IPTG)-induced protein extracts were affin-
ity-purified by Glutathione Sepharose™ 4 Fast Flow resin on an
AKTAprime™plus system (GE Healthcare, USA). Purified protein
was used directly for assaying enzyme activity or cut with throm-
bin protease to remove the GST tag for antibody production in
either BALB/c mice or New Zealand white rabbits. The expression
and purification of McSKDI1-(His)s; and McSnRK1-(His), were
essentially as described by Jou et al. (2006). The BL21-AI™ strain
(Invitrogen™, USA) harbouring pDEST-AtUBCS or pDEST-CIPS,
used for the in vitro ubiquitination assay, was induced by 0.2% (w/v)
L-arabinose and purified by BD TALON™ Metal Affinity Resin
(BD Bioscience, USA) or a glutathione column, respectively.

In vitro ubiquitination assay and in vitro kinase assay

In vitro ubiquitination assay was performed according to Stone et al.
(2005). One reaction contains 55ng of El (human recombinant,
Boston Biochem, USA), 250ng of E2 (His),-AtUBCS, 300ng of E3
GST-CIPS (positive control) or GST-McCPNI1, and 2 pg of ubiqui-
tin (Sigma, USA). Protein—ubiquitin conjugates were analysed by 8%
SDS-PAGE and detected by immunoblotting with either anti-ubiq-
uitin (Sigma, USA) or anti-McCPN1 antiserum. In testing the poten-
tial substrates of McCPN1, 50-1000ng of McSKD1-(His)s and/or
McSnRK1-(His)g were added to the reaction mixtures and detected
by anti-McSKD1 or anti-McSnRK 1 antiserum. /n vitro kinase assay
was performed based on Fujii and Zhu (2009) with some modifi-
cations. Reaction mixtures containing 20mM TRIS-HCI, pH 7.2,
10mM MgCl,, 0.5mM CaCl,, 0.0lmM ATP, 2mM dithiothreitol,
5 uCi of [y-**P]ATP (specific activity ~220 TBq mmol!; Amersham,
UK), and 3 pg of purified GST-McSnRK 1 were incubated at 30 °C
for 1h. After separation by 10% SDS-PAGE, gels were transferred
to PVDF (polyvinylidene fluoride) and radioactive signals were vis-
ualized using a Fujifilm BAS-2500 PhosphorImager (Fuji Medical
Systems, USA). One constitutively active mutant (GST-McSnRK1
T172D) and one inactive mutant (GST-McSnRK1 T172A) were
generated by site-directed mutagenesis using a QuikChange™ Site-
Directed Mutagenesis kit (Stratagene, USA). The expression, purifi-
cation, and assaying of these two mutant proteins were the same as
those of the wild-type protein.

Co-immunoprecipitation and pull-down assay

In vitro transcription and translation reactions were carried out
using a TNT T7-Coupled Reticulocyte Lysate System (Promega,
USA). Equal amounts of [**S]methionine-labelled cMyc-McSKD1
and [*Smethionine-labelled haemagglutinin (HA)-McCPNI,
-copine, -McSnRK1, or -UK were immunoprecipitated with either
cMyc or HA antibody using a Matchmaker™ Co-IP kit (Clontech).
Products were separated by 10% SDS-PAGE, and visualized on
a PhosphorImager. Pull-down assay was performed using protein
extracts isolated from ice plant callus treated with 200mM NaCl
for 6h. Crude extract was separated into microsomal and soluble
fractions according to Jou et al. (2006). Protein A—agarose beads
(GE Healthcare, USA) were first conjugated with anti-SKD1 and
then incubated with either microsomal or soluble ice plant protein
overnight. Antibody—protein conjugates were eluted from agarose
beads, separated by 10% SDS-PAGE, and detected by immunoblot-
ting with anti-SKDI1, anti-CPN1, and anti-SnRK1 antiserum.
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Bimolecular fluorescence complementation (BiFC) and
immunofiluorescence double labelling

The Gateway cloning system was used to generate constructs for the
BiFC protein interaction assay (Invitrogen). Full-length McSKD1,
McSnRK1, and McCPN1 were transferred from their respective
entry clones into the destination vectors pE3130, 3132, 3134, and
3136. Plasmids containing the eYFP® (enhanced yellow fluorescent
protein C-terminal) fusion and the eYFPN fusion were co-trans-
fected into Arabidopsis protoplasts. Protoplast isolation and trans-
fection were performed according to Yoo et al. (2007). After 16h
incubation at room temperature, the YFP signal was detected by
confocal laser scanning microscopy.

Isolated ice plant cells were obtained from root tips of 3-day-
old aseptically grown seedlings. Seedlings were fixed in 4% para-
formaldehyde in PME solution (10mM PIPES, pH 6.9, 2mM
MgSO, 7H,0, 10mM EGTA) for 45 min at room temperature. After
treatment with 1% cellulase for 30 min, the squashed root tips were
fixed on polylysine-coated slides. Immunostaining and detection
were performed according to Jou et al. (2006). Anti-SKD1, -CPNI1,
and -SnRK1 were used as the primary antibodies. Secondary anti-
bodies were conjugated with either Alexa Fluor 488 (Invitrogen,
USA) or Cy3 (Jackson ImmunoResaerch, USA). The cells were
observed under a confocal microscope (Olympus FV-1000). The
confocal scanner used an excitation multi-argon laser and the beam
splitter DM405/488/543. Filters SDM560 and a mirror collected the
emitted fluorescence. From 10 to 20 slides were scanned for each
treatment. The images were collected sequentially from the same
optical section, analysed by FV10-ASW software, and quantified by
Adobe Photoshop software. The red (R), green (G), and yellow (Y)
pixel areas in single sections were measured, and the percentage of
McSKDI co-localized with McCPN1 or McSnRK 1 was defined as
Y/R, while the percentage of McCPN1 or McSnRK1 co-localized
with McSKD1 was defined as Y/G.

RT-PCR and western blotting

Total RNA extracted from cultured ice plant cells was reverse tran-
scribed into cDNA using ReverTraAce (Toyobo, Japan). The reverse
transcription products were then PCR amplified using gene-specific
primers of McCPNI, McSnRKI, and FNRI (see Supplementary
Table S2 at JXB online). Total protein extracted from cultured ice
plant cells was separated by 12% SDS-PAGE. The membrane was
probed with anti-McCPNI1 or anti-McSnRK1 antiserum followed
by peroxidase-conjugated AffinitiPure Goat anti-mouse IgG and
detected by chemiluminescence (Millipore, USA).

Sequence data can be found in GenBank under the following
accession numbers: McSnRK1 (JN558778), VPS13 (JN558779), and
McCPN1 (JN558780).

Results

Identification of McSKD1-interacting proteins by yeast
two-hybrid screen

To explore the interactive network of McSKDI1 in response to
high salinity, full-length McSKD1 was used as bait to screen
an ice plant cDNA library. The library was constructed from
roots of 6-week-old ice plants that had been salt treated for
3 d, conditions known to induce McSKDI expression (Jou
et al., 2004). Several positive clones were identified from a
repeated screening process. Six McSKD/l-interacting candi-
dates that have potential roles in protein trafficking are listed
in Supplementary Table S1 available at JXB online.
According to this list, the sequence of one candidate
matched the C-terminal vacuolar protein sorting-associated

domain MRS6 of the VPS13 protein. 5-RACE was per-
formed nine times to identify the full-length ice plant V'PSI3.
The ice plant V'PSI3 encodes a large 416kDa protein with
60% identity to Arabidopsis At4gl17140. Redding et al. (1996)
previously proposed a role for VPS13 in protein trafficking
between the trans-Golgi network and MVBs; however, the
exact molecular mechanism of action of VPSI13 in vacuolar
protein sorting remains unclear. Five enzymes, namely three
hydrolytic enzymes, polygalacturonase, aspartic proteinase,
and epoxide hydrolase, and two protein-modifying enzymes,
RING-type E3 ligase and SnRK1, were identified as potential
McSKDl-interacting proteins. RING-type E3 ligase cataly-
ses the attachment of ubiquitin to the substrate proteins, and
SnRKI1 catalyses the addition of phosphate groups to the
substrate proteins. Both enzymes participate in protein post-
translational modifications. Growth on SD/-Trp/-Leu/~His/—
Ade selection medium indicated that McSKDIlundergoes
protein—protein interactions with certain regions of these two
protein-modifying enzymes (Supplementary Fig. S1 at JXB
online).

It is worth mentioning that the cDNAs of the ice plant Y2H
library represent the transcripts expressed under salt treat-
ment. In screening of this library, known SKD1-interacting
proteins, all of which are involved in the operation of the
ESCRT machinery in yeast, were not identified. It is possible
that the gene expression level of such ESCRT components
might be low under salt stress and thus the associated cDNAs
are not sufficiently enriched to be detectable under the screen-
ing conditions that were used. As currently no report on post-
translational modification of SKD1 exists in the literature,
E3 ligase and protein kinase were chosen to explore the pos-
sible effects of ubiquitination and phosphorylation on SKD1
functions.

Characterization of RING-type ubiquitin
ligase McCPN1

The Y2H screen identified that the McSKDl-interacting
region of the putative E3 ligase was the central copine (or
von Willebrand factor type A; vWA) domain, a coiled-coil
domain capable of interacting with a variety of proteins that
also contain a coiled-coil structure (Tomsig et al., 2003),
leading it to be named McCPNI1. The full-length cDNA
of McCPNI was obtained using 5’- and 3’-RACE. It was
~1770bp in length with an ORF of 1419 bp corresponding to
472 amino acids. Sequence analysis revealed that the copine
domain spans the region from position 134 to 280 and that a
RING finger domain exists from position 429 to 465, close to
the C-terminus (Fig. 1A). According to the classification by
Stone and colleagues (2005), the RING domain of McCPN1
belongs to the HCa subgroup (Fig. 1A). A predicted
N-myristoylation site was found at the N-terminus, indicat-
ing that McCPN1 may be linked to membranes through
fatty acid linkage. The deduced amino acid sequence of
McCPNI has 72% and 75% identity to Arabidopsis RGLG1
and RGLG?2, respectively. The results showed that McCPN1
is a RING-type copine, a subgroup of plant-specific copine-
related proteins, composed of an N-myristoylation site at the
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Fig. 1. Characterization of RING-type E3 ligase McCPN1. (A) Predicted domain structures and RING-HCa consensus sequence of
McCPN1. Myr indicates the potential N-myristoylation site, Copine indicates the copine domain, RING indicates the RING domain, and the
dashed line indicates the sequences identified from the Y2H screen. Conserved metal ligand binding positions including eight consensus
cysteine and histidine residues and zinc (Zn2*) coordinating amino acid pairs are shown in bold. (B) Western blotting using anti-ubiquitin
detects protein—ubiquitin conjugates of the in vitro ubiquitination product. In the presence of ubiquitin, E1, and E2 (AtUBCS8), both GST-
CIP8 and GST-McCPNT1 display ubiquitin E3 ligase activity. (C) Western blotting using anti-McCPN1 detects the McCPN1-ubiquitin
conjugates, and shifted bands indicate the attachment of 1-3 ubiquitin molecules. The arrow indicates the positions of GST-McCPN1
(85kDa). (D) Gene expression and protein accumulation of MCCPN1 in cultured ice plant cells treated with different concentrations of NaCl
for 1 week. Left panel: the expression of McCPN1T was analysed by RT-PCR. The expression of FNR1 (ferredoxin-NADP* reductase 1) was
used as an internal control. Right panel: the accumulation of McCPN1 was analysed by western blotting using anti-McCPN1 antiserum
(top). Coomassie blue-stained total protein was used as a loading control (bottom). The arrow indicates the position of McCPN1 (60kDa).

N-terminus, a copine domain in the centre, and a RING-
finger domain at the C-terminal end.

In vitro ubiquitination assays were performed to determine
if McCPN1 has the capacity for E2-dependent protein ubiq-
uitination. The assay contained ubiquitin, human E1, His-
tagged AtUBCS as E2, and GST-fused McCPNI or CIP8
(COPIl-interacting protein 8). CIP8, a known Arabidopsis

RING-type E3, was used as a positive control. Western blot
analysis using anti-ubiquitin antibodies showed a smear in the
high molecular weight region indicating that protein ubiqui-
tination had occurred. Omission of ubiquitin, E1, E2, or E3
from the reaction mixture resulted in a loss of protein ubig-
uitination (Fig. 1B). Western blotting using anti-McCPN1
detected four polypeptides of 85, 94, 101, and 108kDa in
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the complete reaction (Fig. 1C). The 85kDa polypeptide was
GST-McCPNI1, whereas the other three polypeptides were
its ubiquitin-conjugated forms. In vitro assay showed that
the RING domain-containing McCPN1 functions as an E3
ubiquitin ligase.

The expression of McSKDI is salt induced in cultured ice
plant cells (Jou et al., 2004). As a potential interacting part-
ner of McSKDI, gene expression and protein accumulation
of McCPNI under salt stress were analysed (Fig. 1D). The
result showed that McCPNI was constitutively expressed
independently of the addition of NaCl. At the protein level,
addition of NaCl did not affect the accumulation of 60kDa
MCcCPNI. It is concluded that McCPNI1 is a constitutively
expressed protein in the presence of NaCl.

Characterization of serine/threonine protein kinase
McSnRK1

The Y2H screen identified a clone covering the C-terminal
regulatory domain of SnRK1 (Fig. 2A). It was therefore
named McSnRK1. The full-length McSnRKI was obtained
by 5’- and 3’-RACE. The cDNA contained 2356 bp, whereby
the length of the ORF was 1533 bp, corresponding to 510
amino acids. McSnRK1 contains three conserved domains
(Fig. 2A), namely a Ser/Thr protein kinase catalytic domain
(STKc; position 16-268), a UBA domain (position 291-327),
and a KA1 domain (position 463-509). A conserved threo-
nine residue in the activation loop of the STKc domain, criti-
cal for the full activation of SnRKs (Sugden et al., 1999a), is
located at position 172 in McSnRK1 (Fig. 2A). The region
indentified from the Y2H screen contained an entire KA1
domain and regions between UBA and KA1; hereafter, this
will be referred to as the UK region. McSnRK1 has 87-96%
similarity with Arabidopsis, tomato, potato, rice, and Cucumis
sativus, indicating that McSnRK 1 belongs to this highly con-
served protein kinase family.

A homology search also revealed that the catalytic STKc
domain is highly conserved in all eukaryotes, while the greatest
variation occurs in the regulatory domain at the C-terminus.
The STKc domain of McSnRK 1 had 81% similarity to yeast
Snfl (Supplementary Fig. S2 at JXB online). Yeast Snfl
is a key regulator in the process called glucose repression
(Carlson, 1999). Yeast mutants defective in Snf/ are unable
to utilize sucrose, galactose, maltose, or non-fermentable
carbon sources such as glycerol and ethanol. Alderson and
co-workers (1991) demonstrated that plant SnRK1was able
to complement the snfl phenotype in yeast. A similar com-
plementation assay was performed by expressing McSnRKI
in a yeast snfl mutant, and it was found that McSnRKI was
able partially to complement the snfl mutation, proving that
McSnRK1 is a functional SnRK 1 (Supplementary Fig. S2).

Several plant SnRKs have been shown to exhibit both
autophosphorylation and substrate phosphorylation activ-
ity in vitro (Guo et al., 2001; Belin et al., 2006; Jossier et al.,
2009). McSnRK 1 was fused with GST and the phosphoryla-
tion activity of McSnRK1 was tested in vitro. After incuba-
tion with [y-’P]JATP, GST-McSnRK1 was separated into
GST and McSnRK1 by cutting with protease. As shown in

Fig. 2B, under a low protein concentration (1X) and a short
incubation time (30 min), phosphorylation sites were primar-
ily found on the GST portion of the fusion protein. During
prolonged incubation, McSnRK1 became self-phosphoryl-
ated. A 5-fold increase in protein concentration efficiently
promoted self-phosphorylation of McSnRK1. The results
indicated that, at least in vitro, McSnRK 1 exhibits autophos-
phorylation and substrate phosphorylation activity.

The effects of ATP were further analysed under assay
conditions favourable for autophosphorylation. The degree
of protein phosphorylation increased as the ATP concen-
tration increased, approaching saturation at 50 uM ATP
(Fig. 2C). The kinetic property of GST-McSnRK 1 phospho-
rylation was then determined to lie in the range of 0-40 uM
ATP (Fig. 2D). The data were fitted into sigmoid kinetics,
with V.. approaching 0.3 pmol pg! min™ and K, s [ATP]
~20 uM. The sigmoid curve indicates that ATP may also
serve as a stimulatory modulator of this reaction. The kinetic
properties showed that the V,,, was substantially lower while
K, s was higher than for other plant SnRKs (Toroser et al.,
2000; Guo et al., 2001; Gong et al., 2002a, b). The low rate
of McSnRK 1-catalysed phosphorylation may result from the
enzyme being in a less activated state. Therefore, constitu-
tively active and inactive forms of McSnRK1 were generated
by substituting the conserved Thr172 in the activation loop
of the STKc domain with aspartate and alanine, respectively.
As shown in Fig. 2E, the degree of phosphorylation of the
wild-type GST-McSnRK1 (Thr172) increased during 1h of
incubation. Substituting Thr172 for Alal72 completely abol-
ished the kinase activity, while replacement by Asp172 signifi-
cantly boosted the kinase activity by a minimum of 20-fold
(Fig. 2E).

The expression of McSnRKI and accumulation of
McSnRK1 were examined under salt stress in ice plants
(Fig. 2F). McSnRKI1 was expressed in cells maintained in
salt-free culture medium. When the culture medium con-
tained even a low concentration (50mM NaCl) of salt, the
transcript level of McSnRKI increased. A salt-induced accu-
mulation of 60kDa McSnRK1 was also observed; however,
the degree of induction was lower than that of the transcript
level. These results showed that McSnRK 1, like its interacting
partner McSKD1, is responsive to NaCl. The overall results
showed that McSnRK1 is a salt-inducible protein kinase that
possesses protein phosphorylation activity.

Interaction between McSKD1, McCPN1, and
McSnRK1 through distinct domains

The interactions between McSKD1 and its two partners were
examined by co-immunoprecipitation (Co-IP) using [*S]
methionine-labelled in vitro synthesized proteins. McSKD1
was translated into a fusion protein with a c-Myc epitope
tag. McCPN1 and McSnRK1, either the full-length cDNA
or sequences identified from the Y2H screen, were fused with
an HA epitope tag. Anti-cMyc antibody immunoprecipitated
McSKD1-cMyc and co-precipitated McCPNI1; reciprocal
Co-IP using anti-HA was also able to co-precipitate a quantity
of McSKD1 (Fig. 3A, left panel). Replacement of full-length
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McCPNI1 by the copine domain of McCPNI1 yielded simi-
lar results (Fig. 3A, right panel). As for McSnRK1, anti-
cMyc antibody immunoprecipitated McSKDI1-cMyc and
co-precipitated McSnRK1; however, reciprocal Co-IP using
anti-HA antibody showed a strong McSnRK 1-HA band and
a faint McSKDI1 band (Fig. 3B, left panel). When the UK
region of McSnRK1 was used in the Co-IP assay, a greater
amount of McSKDI co-precipitated with the UK fragment

(Fig. 3B, right panel), indicating that the UK region alone
has a higher affinity for McSKDI1.

Polypeptides generated by in vitro transcription and trans-
lation systems may be folded improperly and lack post-
translational modifications which can cause the failure of
McSKD1 to co-precipitate with its full-length partners.
Therefore, a pull-down assay was performed using protein
extract obtained from salt-stressed ice plant cells. A crude
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Fig. 2. Characterization of SNF1-related protein kinase McSnRK1. (A) Predicted domain structures and conserved activation loop
sequence of McSnRK1. STKc indicates the Ser/Thr protein kinase catalytic domain, UBA indicates the ubiquitin-associated domain,
KA1 indicates the kinase-associated domain 1, and the dashed line indicates the sequences identified from the yeast two-hybrid
screen. The position of Thr172 responsible for the catalytic activity is marked by an asterisk. (B) Analysis of autophosphorylation

and substrate phosphorylation activity of McSnRK1 by in vitro kinase assay. Different amounts (1x, 0.6 ng; 3%, 1.8 ug; 5%, 3 pug) of
purified GST-McSnRK1 were incubated with 10 pM ATP in the presence of [y-3?P]JATP. The reaction mixture was treated with thrombin
protease before separation by SDS-PAGE. The signals were detected by autoradiography. (C) The effects of ATP on GST-McSnRK1
phosphorylation. ATP concentrations from 10 uM to 90 uM were tested. The arrow indicates the position of GST-McSnRK1 (88 kDa).
The autoradiogram shown is representative of three independent experiments with similar results. (D) ATP dependence of protein
phosphorylation activity of McSnRK1. The ATPase activity was measured at the range of 0-40 uM ATP. The value of K, 5 is equivalent to
the ATP concentration at which V is one-half V., (dashed lines). The experiments were repeated three times and data were calculated
from one representative experiment. (E) Protein phosphorylation activities of wild-type McSnRK1 (Thr172), inactive McSnRK1 (Ala172),
and constitutive active McSnRK1 (Asp172). Purified GST-McSnRK1 (Thr172), Ala172, and Asp172 were subjected to kinase assay
under an excess concentration of ATP (0.1 mM) for 30 min and 60 min. The arrow indicates the position of GST-McSnRK1, and the
asterisk indicates a 100kDa phosphorylated polypeptide appearing in the Asp172 mutant of McSnRK1. (F) Gene expression and protein
accumulation of McSnRK1 in cultured ice plant cells treated with different concentrations of NaCl for 1 week. Top: the expression of
McSnRK1 was analysed by RT-PCR. The expression of FNR7 was used as an internal control. Bottom: the accumulation of McSnRK1
was analysed by western blotting using anti-McSnRK1 antiserum. Coomassie blue-stained total protein was used as a loading control.
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Fig. 3. Confirmation of McSKD1 interacting with McCPN1 and McSnRK1 by co-immunoprecipitation (Co-IP) and pull-down assay. (A)
[®S]Methionine-labelled cMyc-McSKD1, HA-McCPN1, and HA-copine domain were immunoprecipitated with either anti-cMyc or anti-HA
antibodies as indicated on the top. The resulting gels were autoradiographed using a Phosphorlmager. The positions of the corresponding
protein bands are indicated on the left. Left panel: cMyc-McSKD1 co-immunoprecipitated with HA-McCPN1; right panel: cMyc-McSKD1
co-immunoprecipitated with HA-copine domain of McCPN1. The experiments were repeated twice yielding similar results. (B) Co-IP of
[®S)methionine-labelled cMyc-McSKD1 and HA-McSnRK1 (left panel) or cMyc-McSKD1 and the HA-UK region of McSnRK1 (right panel).
The asterisk indicates a weak McSKD1 band. The experiments were repeated twice yielding similar results. (C) Anti-SKD1 or anti-CPN1
antibodies were first immobilized on the protein A—agarose beads and incubated with the microsomal (M) or soluble (S) protein fractions
isolated from salt-stressed ice plant callus. The pull-down protein complex eluted from protein A beads was separated by 10% SDS—
PAGE, and western blotting against anti-SKD1, anti-SnRK1, or anti-CPN1 antibodies was performed as indicated. The arrow indicates that
McSnRK1 was detected in the pull-down sample using anti-CPN1 in the microsomal fraction but not in the soluble fraction (negative control).
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extract was separated into microsomal and soluble fractions
following the discovery by Jou et al. (2006) that McSKD1 is
located primarily in membrane-bound compartments. When
anti-SKD1 antibody was used in the pull-down assay, greater
amounts of McSKDI1 were distributed in the microsomal
fraction. When the same blot was re-probed with either anti-
SnRKI1 or anti-CPNI1, it was possible to detect McSnRK 1
in both microsomal and soluble fractions, while McCPN1
was detected solely in the microsomal fraction (Fig. 3C). This
result showed that McSK D is able to interact with the intact
forms of McSnRK 1 and McCPNI1 in ice plant. Furthermore,
McCPNI1 was found to be enriched in the microsomal frac-
tion, possibly through N-terminal linked lipids. Anti-CPN1
antibody was then used to pull down proteins in the micro-
somal fraction and it was found that McSKD1 was bound
to McCPNI1, and, interestingly, McSnRK1 was also detected
in the pull-down products (Fig. 3C). This indicates that
McSKD1, McCPNI1, and McSnRK1 could form a complex
on the membrane of ice plant cells.

A pairwise Y2H interaction assay was then used to iden-
tify domains responsible for protein—protein interaction. All
three proteins were divided into three parts according to their
assigned domains (Supplementary Fig. S3A at JXB online).
A UK construct containing a sequence from the UBA to the
KA1 domain of McSnRK1 was also included. The interac-
tion assay was performed by plating transformants in high
stringent medium (—Trp/~Leu/~His/~Ade). The activity of
B-galactosidase was measured in all combinations capa-
ble of growing in a high stringent medium. The growth of
yeast is shown in Supplementary Fig. S3 and the results are
summarized in Fig. 4A. The results showed that McCPN1
and McSnRKI interacted with McSKD1, primarily via the
copine domain and UK region, respectively, confirming
the result obtained from the initial Y2H screen. The UK
region of McSnRK1 also interacted with McCPNI1. The
copine domain of McCPNI1 that exhibited interaction with
McSKDI1 did not interact with McSnRK1, suggesting that
MCcCPNI interacts with McSKD1 and McSnRK1 through
different domains.

The pairwise interaction assay showed that McSKDI,
MCcCPNI1, and McSnRK1 can interact with one another.
In fact, McSnRK1 can interact with McSKD1 as well as
MCcCPNI directly via the C-terminal UK region (Fig. 4A).
A Y3H assay was established to evaluate whether these three
proteins could form a stable ternary complex. The full-length
McSKD1 and UK region of McSnRK1 were cloned into
a pBridge vector and full-length McCPN1 was cloned into
a GAL4 AD vector (Fig. 4B). pBridge vectors containing
McSKDI1 or a UK region alone were used as negative con-
trols. The effect of the KA1 domain in the formation of the
ternary complex was also tested because the KA1l domain
within the UK region showed interaction with certain
domains of McSKDI1 and McCPNI1. Based on the results,
cells carrying McSKD1 and UK (SKD1+UK) interacted sig-
nificantly with McCPNI1 (Fig. 4B). Low levels of interactions
were observed in constructs carrying SKD1+KA1, SKDI,
or UK alone in —Trp/-Leu/~His/-Met, medium and no inter-
actions were observed in these combinations under high
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Fig. 4. Identification of the UK region of McSnRK1 is necessary
for interaction with McSKD1 and McCPN1. (A) Full-length or
domain-domain interactions between McSKD1, McCPN1, and
McSnRK1. Results were combined from yeast growth assays and
[B-galactosidase activity assays shown in Supplementary Fig. S3
at JXB online. —, No interaction (yeast cells grown only on SD-2);
+, low degree of interaction (yeast cells grown slowly on SD-3);
++, medium degree of interaction (yeast cells grown on SD-3);
+++, high degree of interaction (yeast cells grown on SD-4); ++++,
very high degree of interaction (yeast cells grown on SD-4 with
[-galactosidase >15 Miller units). (B) Investigation of ternary protein
complexes containing McSKD1, McCPN1, and the UK region of
McSnRK1 by yeast three-hybrid assay. Schematic representation
of the constructs used in the Y3H assay is shown on the top. Grey
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stringent (-Trp/~Leu/~His/~Met/~Ade) medium. The Y3H
results suggest that these three proteins are able to form a
protein complex through the UK region of McSnRK1 form-
ing a ‘bridge’ to stabilize the interaction between McSKDI
and McCPNI.

McSKD1 is a potential substrate for McSnRK1
and McCPN1

It has been shown that McCPN1 possesses E3 ligase activity
while McSnRK1 possesses protein kinase activity and that
these two proteins interact with McSKDI1 through distinct
domains. It was therefore tested whether McSKD1 could
serve as substrate for these two enzymes. Purified McSKDI
were added to the reaction mixture of the kinase assay in
the presence of N-ethylmaleimide (NEM), an inhibitor of
AAA-type ATPases, to prevent McSKD1-catalysed hydroly-
sis of ATP. When McSnRK1 was added to the kinase reac-
tion mixture, a strong 51 kDa signal was detected, indicating
that McSKD1 was phosphorylated (Fig. 5A). No signal was
detected by adding McSKD1 alone. This result shows that
McSKDl1 is a potential substrate for McSnRK1.

The in vitro ubiquitination assay shown in Fig 1B was per-
formed in the presence of McSKDI. By adding McSKDI1 to
the reaction mixture following detection by anti-SKD1 anti-
body, a typical laddered pattern of protein ubiquitination
was detected (Fig. 5B, top). A 51 kDa major band was iden-
tified as McSKD1-(His),, while others with greater molecu-
lar weights were identified as McSKD1-(His)s—ubiquitin
conjugates such that the degree of McSKDI ubiquitination
increased as the amount of McSKD1 in the reaction mixture
increased. When the same blot was probed by an anti-ubiqui-
tin antibody, smear bands were detected in all lanes, confirm-
ing that protein ubiquitination had occurred in all reactions
(Fig. 5B, bottom). Results from thein vitro assay indicate that
McSKDl1 is a potential substrate of E3 McCPNI.

Because McSnRK1 also interacted with McCPNI1, the
McCPN1-mediated ubiquitination of McSnRK1 was
tested but only the 60kDa McSnRK1 band was found
(Supplementary Fig. S4 at JXB online). Lack of band shift
indicated that McSnRK1 may not be a suitable substrate for
McCPN1. Whether McSnRK1 plays any role in McCPNI1-
mediated McSKD1 ubiquitination was next examined. In a
complete in vitro ubiquitination reaction using McSKDI as
the substrate, purified McSnRK1 was added to the assay.

boxes indicate the sequences cloned into pBridge vector (bait
constructs) or pGADT7 vector (prey construct). The growth assay
on =Trp/~Leu/-His/~Met medium (left panel) and —Trp/-Leu/—His/—
Met/-Ade medium (right panel) is shown on the bottom. Yeast
AH109 transformants carrying pBridge-based bait plasmids and
PGADT7-based full-length McCPN1 were serially diluted, spotted
on selection plates, and incubated at 30 °C for 7 d. Bait plasmids
carrying only full-length McSKD1 (SKD1) or a UK region of
McSnRK1 (UK) are used as negative controls showing no growth
in high stringent medium. Two independent experiments were
performed, yielding similar results.
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Fig. 5. In vitro analysis of McSKD1 phosphorylation by McSnRK1
and ubiquitination by McCPN1. (A) The substrate phosphorylation
reaction by McSnRK1 was performed using McSKD1 as the
substrate in the presence of 10mM N-ethylmaleimide (NEM)
(lanes 1-3). A 1 ug aliquot of purified McSKD1-(His)g was added
alone (negative control) or with 1 pg of purified GST-McSnRK1 to
the in vitro kinase reaction. After separation by 10% SDS-PAGE,
the resulting gels were transferred to a PVDF membrane and
autoradiographed using a Phosphorimager. Subsequently, the
same membrane was analysed by western blotting using anti-
McSKD1 antiserum. The arrow indicates the position of McSKD1.
(B) In vitro ubiquitination reaction by McCPN1 was performed
using McSKD1 as the substrate. Various concentrations of purified
McSKD1-(His)g, up to 1 png, were added to the complete in vitro
ubiquitination mixture containing McCPN1 as E3 (lanes 1-6).
Lane 7 is a reaction without E3 as a negative control showing
that no ubiquitination occurred. Western blotting using anti-

SKD1 antiserum was used to detect McSKD1 and its ubiquitin-
conjugated forms (top), and anti-ubiquitin antibody was used to
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The result showed that McSKDI1 can be ubiquitinated in the
absence or presence of McSnRK 1 (Supplementary Fig. S5 at
JXB online). No dramatic changes in the patterns of McSKD1
ubiquitination indicate that McSnRK1 has no direct enhanc-
ing or inhibiting effect on McSK D1 ubiquitination in vitro.

McCPN1 and McSnRK1 co-localize with McSKD1

BiFC was performed using Arabidopsis protoplasts to exam-
ine the protein interactions in vivo. When plasmid carrying
N-terminal YFP fused with McSKD1 (nYFP-McSKD1) was
co-transfected with C-terminal YFP fused with McSnRK1
(cYFP-McSnRK1), strong fluorescence appeared through-
out the cytoplasm, showing that these two proteins interact
in vivo (Fig. 6A, top panel). YFP signal was also detected
in the McSKDI-nYFP and cYFP-McSnRK1 combina-
tion (Fig. 6A, second panel). No fluorescence was detected
in the split YFP fusion of McSKD1 or McSnRK1 co-trans-
fected with complementary empty split YFP vector (data
not shown). However, BiFC signal between McSKD1 and
McCPNI could not be detected in any of the eight combina-
tions (data not shown).

The Y3H results showed that McSnRK1 stabilizes the
interaction between McSKD1 and McCPNI1 (Fig. 4B). Three
constructs, SKD1, McSnRK1-nYFP, and McCPN1-cYFP,
were co-transfected into Arabidopsis protoplasts. Weak fluo-
rescence was detected in the plasma membrane (Fig. 6A, third
panel). Yin et al. (2007) showed that RGLG2, the McCPN1
homologue, is localized in the plasma membrane through
N-terminal myristoylation modification. Signal arising from
the plasma membrane was also detected in the construct car-
rying McCPN1 fused with full-length YFP (Supplementary
Fig. S6 at JXB online). It is very likely that spatial separa-
tion of plasma membrane-localized McCPNI1 limits its
interaction with cytosolic-localized McSKD1 or McSnRK1.
Therefore, McCPN1-cYFP (membrane bound) was replaced
by cYFP-McCPNI (cytosolic form) and fluorescence arising
from the cytosol was found (Fig. 6A, bottom panel), proving
that these three proteins interact in vivo if they are present in
the same compartment.

Previously it was shown that McSKDI1 is enriched in
microsomal fractions and forms punctate spots in the cytosol
in cultured ice plant cells (Jou et al., 2006). Using the same
immunofluorescence labelling method, a similar distribution
of McSKDI in the plasma membrane and in the cytosol of
root tip cells was observed (Fig. 6B, control; Supplementary
Fig. S7 at JXB online). When seedlings were treated with
200mM NacCl for 6h, the distribution of McSKD1 changed
such that >80% of red fluorescence appeared around the
plasma membrane (Fig. 6B, salt). Since the N-terminus of
McSKDI1 contains an MIT domain that can interact with
microtubules, it is probable that microtubules are involved in

detect protein—ubiquitin conjugates (bottom). The arrow indicates
the position of McSKD1 (51 kDa) and the laddered bands indicate
ubiquitin-McSKD1 conjugates.
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Fig. 6. BiFC and immunofluorescence detecting cellular
localization of McSKD1, McCPN1, and McSnRK1. (A) Visualization
of the protein complex using BiFC in Arabidopsis protoplasts.
Protoplasts were co-transfected with plasmids encoding McSKD1,
McSnRK1, or McCPN1 fused with nYFP (N-terminal residues
1-175) or cYFP (C-terminal residues 175-end) as indicated on

the left. Column 1 shows signals from eYFP; column 2 shows
chlorophyll autofluorescence; column 3 shows merged images of
column 1 and 2; column 4 shows bright field images. Bar=10 um.
(B) Root cells isolated from 3-day-old ice plant seedlings (control)
or treated either with 200mM NaCl for 6h (salt) or with 30 uM
oryzalin for 30 min prior to addition of 200mM NaCl (salt+ory)
were immunolabelled by anti-SKD1. The image of McSKD1
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the re-distribution of McSKD1. To test this possibility, ice
plant seedlings were then stressed in the presence of oryzalin,
a herbicide that disrupts the structure of microtubules. The
result was a reduction in the previously observed salt-induced
re-distribution of McSKD1 (Fig. 6B, salt+ory), showing
that the movement of McSKDI is probably mediated by the
microtubule cytoskeleton.

Because protoplasts are sensitive to prolonged osmotic
treatments, immunofluorescence double labelling was used
to examine the endogenous distribution of McSKDI,
McCPNI1, and McSnRK1 in the ice plant and to estimate
the change of protein distribution under salt stress. Root cells
were fixed before and after salt treatment and stained with the
corresponding antibodies. The red fluorescence indicated that
McSKD1 was detected throughout the plasma membrane
and in punctate spots in the cytosol; McCPNI1 could be seen
to have a similar cellular distribution as indicated by green
fluorescence (Fig. 6C, control). Yin et al. (2007) observed that
RGLG?2 is occasionally present at the membrane of dynami-
cally formed cytoplasm strands. The root tip cells used here
contain a large central nucleus and conspicuous cytoplasmic
strands; therefore, it is the reason why a higher portion of
McCPNI1 was detected in the cytoplasm of these actively
dividing cells. By merging images, a greater degree of co-local-
ization around the plasma membrane (yellow colour) and a
lesser degree of co-localization in the cytosol was visualized,
leading to the overall approximation of 50% co-localization.
Upon salt stress, most of the McSKDI1 protein was localized
in the plasma membrane, and the percentage co-localization
increased to an estimated 60% (Fig. 6C, salt).

The distribution of McSnRK1 also showed a similar pat-
tern to that of McSKD1. Under control treatment, the degree
of co-localization was <50%, increasing to 75% 6 h after salt
treatment (Fig. 6D). This can be explained by the fact that the
majority of McSnRK1 was now located on the cell surface.
Although the degrees of co-localization were higher under
conditions of salt stress, some distinct spots appeared only
for McSKD1 or McSnRK1 in the cytosol (Fig. 6D, salt). The
difference in temporal distribution suggests that these two
McSKDl-interacting proteins may interact with McSKD1 at
distinct stages in the salt stress response.

localization is shown by red fluorescence (top panel). The lower
panel shows the cell image under Nomarski optics (differential
interference contrast). At least 15-20 cells were examined in each
treatment. Root cells isolated from 3-day-old seedlings (control;
top panel) or treated with 200mM NaCl for 6h (salt; lower panel)
were dual labelled by anti-SKD1 and anti-CPN1 (C) or with anti-
SKD1 and anti-SnRK1 (D). Confocal images represent single
images of Cy3/Alexa 488 dual labelling of a representative cell.
Red fluorescence indicates the McSKD1 image while McCPN1

or McSnRK1 is shown by green fluorescence. The presence of
yellow in the merged image indicates the co-localization area of
the two proteins. Numbers on the right indicate the percentage of
overlapping area (top, yellow/red; bottom, yellow/green). At least
10 cells were calculated in each treatment. All bars=5 pm.

Combining all results, the following model is proposed
(Supplementary Fig. S8 at JXB online): under external
stimuli, activated McSnRK1 interacts with McSKDI, the
phosphorylated McSKD1-McSnRK1 complex then traf-
ficks to the plasma membrane via the microtubule cytoskel-
eton, where McCPN1 ubiquitinates McSKD1. The UBA
domain of McSnRKI1 recognizes the ubiquitin molecules on
McCPNI1 or McSKD1 and reinforces the ternary complex.
Modified McSKD1 probably executes its molecular motor
action on the remodelling of membrane components such as
ion transporters to avoid ion toxicity.

Discussion

Interactions with specific E3 ligase and protein kinase
resemble enzyme—-substrate binding activity

Many proteins are known to interact with VPS4/SKDI,
and to date they are all functionally related to the ESCRT
machinery (Shestakova et al., 2010). In yeast, Vtal/LIP5
interacts with SKD1 through the C-terminal -domain to
form a stable oligomer, and ESCRT-III components VPS2,
VPS24, SNF7, and Did2 subsequently interact with the
SKD1 oligomer through the N-terminal MIT domain to
facilitate ESCRT-III disassembly (Yeo et al., 2003; Vajjhala
et al., 2006, 2007). In this study, two post-translational modi-
fication enzymes, McCPN1 and McSnRKI1, known to be
involved in stress responses but with no apparent associa-
tion with the ESCRT machinery, were identified. The inter-
actions between McSKD1 and these two enzymes are more
likely to resemble the relationship between substrate and
enzyme, leading to changes in ATPase activity or/and cellular
localization of SKDI1. The regions interacting with SKD1,
namely the copine domain of McCPNI1 and the UK region
of McSnRK1 (Fig. 4), are expected to be the substrate rec-
ognition sites that are distinct from the catalytic domains of
both enzymes.

One explanation for why no known SKDI-interacting
ESCRT-related proteins were identified in the initial Y2H
screen is that these genes were under-represented in the salt-
stressed ice plant Y2H library. Shahriari and co-workers
(2011) recently established the Arabidopsis interactome of
ESCRT-I, -II, and -III complexes using systematic pair-
wise Y2H assay of proteins showing homology to the yeast
ESCRT core complex. This same strategy could be employed
to identify the interactions between SKD1 and ESCRT-III
components in ice plant.

Post-translational modifications of McSKD1 may be
stress induced and ESCRT independent

McSKDI was originally identified from a salt-enriched
cDNA library of ice plant (Yen et al., 2000). It was highly
expressed in EBCs, root cortex, pollen sac, and seed coat
(Jou et al., 2004, 2006). AtSKDI1, the McSKDI homologue
in Arabidopsis, is an essential gene that participates in MVB
protein sorting (Haas et al., 2007) and vacuolar maintenance
(Shahriari et al., 2010). In addition, SKDI1 is also involved
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in stress responses. Impaired or reduced SKDI expression
results in the salt-sensitive phenotype in yeast (Logg et al.,
2008) and Arabidopsis (Ho et al., 2010). It is well known that
salt stress induces the accumulation of various proteinases.
A high amount of cysteine proteinase accumulation was
found in vacuoles of salt-stressed EBCs (Jou et al., 2007). In
addition to two protein modification enzymes, three SKD1-
interacting hydrolytic enzymes, polygalacturonase, aspartic
proteinase, and epoxide hydrolase, were also identified in the
Y2H screen (Supplementary Table S1 at JXB online), indicat-
ing that the Y2H library is enriched in salt-induced cDNAs.
The prey proteins obtained here may represent salt-induced
responses.

In addition to the function of SKDI in the ESCRT
machinery, several reports have suggested that SKD1 could
mediate ESCRT-independent functions in yeast and mam-
malian cells. Du and co-workers (2013) found that ESCRT-
III components are not required for the SKDI1-mediated
cholesterol transport in HeLa cells. Logg et al. (2008) found
functional separation of SKDI from ESCRT-III by analy-
sis of salt tolerance in yeast. The fact that the SKDI loss-
of-function mutant is lethal in higher plants but not in yeast
suggests that plant SKD1 may have other roles in addition
to ESCRT-mediated MVB sorting. Further studies are neces-
sary to elucidate whether SKD1-CPN1-SnRK1 interactions
are salt stress specific and/or ESCRT independent.

CPN1-mediated SKD1 recruitment to the plasma
membrane and regulation of ATPase activity

The E3 ligase McCPNI1 interacts with McSKD1 via the
copine domain and catalyses the ubiquitination of McSKD1
via the RING domain. Tomsig ez al. (2003) showed that the
copine domains of three human copine proteins have the
capacity to recognize a set of proteins containing coiled-coil
motifs. The McSKD1 N-terminus also contains a coiled-coil
motif, and deletion of this motif greatly reduced K* trans-
port ability in a yeast complementation assay (Jou et al.,
2004). The domain—domain interaction assay confirms that
the N-terminal region of McSKDI interacts with the copine
domain of McCPNI1 (Fig. 4). The interaction of SKD1 with
McCPNI1, a protein with N-myristoylation modification,
may result in recruitment of McSKDI1 to membrane surfaces
and the regulation of the ATPase activity of McSKD1 by
ubiquitination.

Ubiquitinated proteins are subjected to proteosomal degra-
dation or preceded by other cellular events, such as changes in
cellular localization or activity (Welchman et al., 2005). There
are two reasons why it is suggested here that rather than regu-
lating the abundance of McSKDI, ubiquitinated McSKD1
may change the ATPase activity of McSKD1. First, the accu-
mulation of McSKDI increased during salt stress (Jou ez al.,
2006), making it unlikely to be targeted for degradation.
Secondly, it was found that the ATPase activity of McSKDI1
is reduced by binding to ADP, suggesting that the ATPase
activity of McSKDI is regulated through the ATP- and ADP-
binding states (Jou et al., 2006). Ubiquitination of McSKD1
may favour McSKDI1 towards the active ATP-binding state

or it may affect its participation in other functions. Further
investigation is necessary to establish the effect of ubiquitina-
tion of McSKDI.

Arabidopsis RING-type copines, RGLG1 and RGLG?2,
participate in hormone-mediated plant development. In the
rglgl rglg? mutant, the polarized distribution of the auxin
effluxer PIN1 on the plasma membrane was greatly reduced,
resulting in decreased auxin transport capacity (Yin et al.,
2007). Spitzer et al. (2009) identified that auxin carriers PIN1,
PIN2, and AUXI1 are potential ESCRT cargo proteins of the
MVB sorting pathway. Previous work showed that trans-
genic Arabidopsis with reduced SKD1 expression had altered
root architecture due to reduced auxin transport capacity
(Ho et al., 2010). Because SKDI is a potential substrate of
MCcCPNI, it is suggested that RING-type copine modu-
lates ESCRT-mediated auxin transport via ubiquitination of
SKD1 during normal plant growth and development.

The dynamic cellular localization of RING-type copine
under stress is an interesting phenomenon. Cheng and co-
workers (2012) observed a salt stress-induced translocation
of RGLG2 from the plasma membrane into the nucleus to
promote degradation of a drought-related transcription fac-
tor. Translocation of a lipid-linked protein from the plasma
membrane to the nucleus requires specific vesicle trafficking
machinery. Nevertheless, additional proof is necessary to
show whether SKDI is involved in the stress-induced protein
trafficking process of McCPNI1. Under salt stress, the inter-
action between McSKDI1 and McCPNI1 could be mutually
beneficial in that McCPNI1 promotes changes in activity of
McSKD1 by ubiquitination, and subsequently the ubiquit-
inated McSK D1 facilitates the translocation of McCPNI1.

Phosphorylation of SKD1 by SnRK1 promotes the
re-distribution of SKD1

Yeast Snfl plays critical roles in regulation of carbon metabo-
lism and in response to stress (Sanz, 2003). Yeast Snfl is the
catalytic subunit of a heterotrimeric complex and is activated
by upstream kinases in response to high salinity. Activated
Snfl controls the expression of ENAI, the major sodium
pump in yeast, through a pathway that is distinct from the
regulation of glucose metabolism (Ye et al., 2006, 2008).
Plant SnRK s also form heterotrimeric complexes resulting
in transcriptional regulation of many genes in response to
metabolic or stress signals (Ferrando et al., 2001) as well as
post-translational modifications of certain enzymes. Purified
58kDa spinach SnRKI1s phosphorylate 3-hydroxy-3-meth-
ylglutaryl-coenzyme A reductase, nitrate reductase, and
sucrose phosphate synthase in vitro (Sugden et al., 1999b). It
was found here that McSnRK1 exhibited kinase activity and
phosphorylated McSKDI in vitro, but with low catalytic effi-
ciency. The idea that full activation of McSnRK 1 may require
an upstream kinase or the formation of an enzyme complex
requires further investigation.

The C-terminal region of the SnRKI1 family contains
UBA and KA1 domains. The KA1 domain acts as an auto-
inhibitory domain of the N-terminal catalytic domain and
is involved in protein localization. Mammalian MARKSs
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(microtubule affinity-regulating kinases) are present in both
the cytosol and the plasma membrane, and require the KA1
domain for plasma membrane localization (Goransson et al.,
2006). Changes in subcellular localization were also observed
in the pEg3 protein when the C-terminal KAl domain
was deleted (Chartrain et al., 2006). The fact that the KA1l
domain of McSnRKI1 interacts with domains of McSKD1
(Fig. 4A) and that these two proteins show strong interaction
in vivo (Fig. 6A) leads to the suggestion that salt-induced re-
distribution to the plasma membrane is mediated by the KA1
domain of McSnRK1 and is transported through microtu-
bules via the MIT domain of McSKDI1.

The UBA domain is commonly found in proteins involved
in ubiquitination (Hofmann and Bucher, 1996), and impli-
cated in binding to mono- or polyubiquitin (Raasi et al., 2004;
Swanson et al., 2006). The present results showed that both
McSKDI1 and McCPNI interacted more strongly with the
UK (UBA+KA1) region than with the KAl domain alone.
In addition, only the complete C-terminal half of McSnRK1
(i.e. the UK region), but not the KA1 domain, exhibited strong
interaction in the Y3H experiment (Fig. 4). These results indi-
cate that the UBA domain of McSnRK1 facilitates the interac-
tion with its protein partners and is necessary for the formation
of the McSKD1-McCPN1-McSnRK1 ternary complex.

In conclusion, this article describes the interaction of the
salt-induced protein McSKD1 with two enzymes, McCPNI1
and McSnRK1, and potential modifications by ubiquitina-
tion and phosphorylation. These three proteins can further
form a ternary complex through distinct domains. McSKD1
co-localizes with McCPN1 and McSnRK1 in the plasma
membrane and cytosol, and salt induces re-distribution of
McSKD1 towards the plasma membrane. This study points to
two new lines of connection to the existing complex network
of protein interactions for salt tolerance in higher plants.

Supplementary data

Supplementary data are available at JXB online.

Figure S1. In vivo interaction between McSKDI1 and
partial sequences of RING-type E3 ligase (McCPN1) and
SNF1-related protein kinase (McSnRK1).

Figure S2. Domain alignments and complementation assay
of McSnRKI1 to yeast Snfl and related protein kinases.
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McSnRKI1.

Figure S4. In vitro ubiquitination reaction by McCPN1
using McSnRK1 as a substrate.
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protoplasts.

Figure S7. Co-localization of McSKD1 with the plasma
membrane marker HKT1 using double labelling immuno-
fluorescence in ice plant root tip cells.
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