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Two Pdk1 phosphorylation sites on the plant cell death suppressor Adi3
contribute to substrate phosphorylation
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The tomato AGC kinase Adi3 is phosphorylated by Pdk1 for activation of its cell death suppression activity.
The Pdk1 phosphorylation site for activation of Adi3 is at Ser539. However, there is at least one additional
Pdk1 phosphorylation site on Adi3 that has an unknown function. Here we identify an Arabidopsis thaliana
sequence homologue of Adi3 termed AGC1-3. Two Pdk1 phosphorylation sites were identified on AGC1-3, ac-
tivation site Ser596 and Ser269, and by homology Ser212 on Adi3 was identified as a second Pdk1 phosphor-
ylation site. While Ser212 is not required for Adi3 autophosphorylation, Ser212 was shown to be required for
full phosphorylation of the Adi3 substrate Gal83.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The subfamily of eukaryotic protein kinases known as AGC kinases
regulates a number of essential cellular processes such as protein expres-
sion, responses to stresses, and cell growth, survival, and death [1,2]. The
name of this group of kinases is derived from three of its members,
cAMP-dependent protein kinase 1 (PKA), cGMP-dependent protein ki-
nase (PKG), and protein kinase C (PKC) [3]. In mammals, alterations in
the regulation of, ormutations inAGC kinases are associatedwith several
diseases including cancer [1]. 3-Phosphoinositide-dependent protein ki-
nase 1 (Pdk1) is amember of theAGCkinases and is amaster regulator of
many AGC family members [1,4].

Activation and regulation of AGC kinases are governed by two main
phosphorylation events. The first is the phosphorylation by Pdk1 of a
Ser or Thr in the activation loop or T-loop [3]. Pdk1 phosphorylation

activates the AGCkinase and leads to further downstreamphosphoryla-
tion of AGC substrates for regulation of the cellular processes associated
with the particular AGC kinase [3,5]. The second phosphorylation event
occurs on a Ser or Thr in a C-terminal hydrophobic motif known as the
Pdk1 interacting fragment (PIF), and this event is carried out by a num-
ber of different kinases other than Pdk1 [1,6]. Pdk1 can bind the phos-
phorylated PIF through a domain termed the PIF binding pocket to
allow for interaction with the AGC kinase substrate [1,6]. In plants, the
AGC kinase PIF often contains an Asp or Glu that mimics the phosphor-
ylation event for Pdk1 interaction [3,7]. The AGC kinases that are sub-
strates of Pdk1 also contain a PIF binding pocket for self-binding of the
PIF after activation by Pdk1, which helps stabilize the active conforma-
tion of the AGC kinase [6,8].

An additional phosphorylation site called the turn motif can be
found on a subset of mammalian AGC kinases that are regulated by
growth factors [1,9]. As with the PIF, the turn motif is C-terminal,
but is upstream of the PIF phosphorylation site [9]. The kinase(s)
that phosphorylates the turn motif has yet to be identified. But, the
role of turn motif phosphorylation has been shown to stabilize the ac-
tive conformation of the AGC kinase, prevent PIF dephosphorylation
[1,9], and in the case of PRK2 inhibit interaction with Pdk1 [10].

In plants, the phosphorylation state of AGC kinases is much less
clear. Several studies have shown that AGC kinases from plants are
phosphorylated by Pdk1 for activation [4,7,11–13]. But, the presence
of additional phosphorylation sites on the AGC kinase required for ac-
tivation or conformation stabilization is lacking. Our previous studies
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have shown that the tomato (Solanum lycopersicum; Sl) AGC kinase
Adi3 is phosphorylated by SlPdk1 at Ser539, and this phosphorylation
event is required for activation of the cell death suppression activity
of Adi3 [7,14]. These studies also showed that there is at least one ad-
ditional SlPdk1 phosphorylation site on Adi3 [7]. We have examined
Adi3 for a turn motif-like site, but there does not appear to be one
present (data not shown). Thus, the identity of this additional phos-
phorylation site(s) or role in Adi3 function has been unknown. Here
we report the identification of a second SlPdk1 phosphorylation site
on Adi3 through comparative studies with the Arabidopsis thaliana
sequence homologue of Adi3, AGC1-3, and mass spectrometry. This
second Adi3 phosphorylation site appears to be required for full acti-
vation of kinase activity toward substrates.

2. Materials and methods

2.1. Cloning, expression, purification, and mutagenesis of Adi3, AGC1-3,
Gal83, SlPdk1, and AtPdk1

Cloning of the Adi3, SlPdk1, and Gal83 cDNAs into pMAL-c2 and
expression/purification of protein from Escherichia coli for N-terminal
maltose binding protein (MBP) translational fusions were previously
described [7,15]. Site-directed mutagenesis was carried out using stan-
dard protocols and Pfu TurboDNA polymerase (Stratagene). All primers
used in this study for cloning andmutagenesis are listed in Supplemen-
tal Table 1.

The Arabidopsis thaliana sequence homolog to Adi3, AGC1-3
(At2g44830; accession # AY078927), was identified by BLAST of the
Arabidopsis genome (www.arabidopsis.org) using the full-length open
reading frame (ORF) sequence of Adi3. The 2298 bp full-length ORF of
AGC1-3 was cloned by RT-PCR. Total mRNA was extracted from
Arabidopsis (Col-0) leaf tissue and first strand synthesis was completed
with the SuperScriptII cDNA synthesis kit (Invitrogen). The AGC1-3
ORF was amplified from first strand cDNA with primers based at the
ATG start codon and the TAA stop codon using GoTaq Green (Promega).
The product was cloned into pCR2.1-TOPO (Invitrogen) to confirm iden-
tity by sequencing. All AGC1-3 variants (full-length and N-terminal dele-
tions) were cloned into a modified form of pET41a (Novagen), which
expresses MBP-fusions rather than GST-fusion proteins. This modified
pET41a was created by digestion with NdeI and SpeI to remove the GST
ORF and cloning of the MBP ORF, amplified from pMAL-C2, into the
same sites. Expression and purification of MBP-AGC1-3 fusion proteins
expressed from the modified pET41a yielded higher protein levels
compared to pMAL-C2, possibly due to the longer linker region between
MBP and AGC1-3 in themodified pET41a compared to pMAL-C2. All var-
iants of AGC1-3 used in this study were cloned into the 5! EcoRI and 3!
XhoI sites of themodifiedpET41a vector, and the yeast 2-hybrid plasmids
pEG202 and pJG4-5.

The AtPdk1-1 cDNA (At5g04510; accession # NM_203001) has been
previously described [16]. The full length AtPdk1-1 ORF was amplified
from first strand cDNA and cloned into pCR2.1-TOPO as with AGC1-3.
The AtPdk1-1 ORFwas subcloned into the EcoRI and XhoI sites of the bac-
terial expression vectors pGEX (Amersham Biosciences) and pMAL-c2,
and the yeast 2-hybrid plasmids pEG202 & pJG4-5.

2.2. Mass spectrometry

For MS analysis of Adi3 phosphorylation sites, 5 μg of MBP-Adi3
was phosphorylated by 1 μg MBP-SlPdk1 in an in vitro kinase assay
and samples separated by 10% SDS-PAGE as detailed below for kinase
assays, except non-radiolabeled ATP was used. For sample prepara-
tion, coomassie stained gel bands were in-gel digested with trypsin
overnight [17] and phosphopeptides were enriched using a NuTip
metal oxide phosphoprotein enrichment kit according to manufac-
turer's instructions (Glygen, Columbia, MD).

For LC–MS/MS analysis, phosphopeptides were injected onto a capil-
lary trap (LC Packings PepMap, Amsterdam, Netherlands) and desalted
for 5 minwith 0.1% v/v acetic acid at a flow rate of 3 μl/min. The samples
were loaded onto an LC Packings C18 PepMap nanoflow HPLC column.
The elution gradient of the HPLC column started at 97% solvent A, 3% sol-
vent B and finished at 60% solvent A, 40% solvent B for 30 min. Solvent A
consisted of 0.1% v/v acetic acid, 3% v/v ACN, and 96.9% v/vH2O. Solvent B
consisted of 0.1% v/v acetic acid, 96.9% v/v ACN, and 3% v/v H2O. LC–MS/
MS analysis was carried out on a LTQ Orbitrap XL mass spectrometer
(Thermo Scientific, Bremen, Germany). The instrument under Xcalibur
2.07 with LTQ Orbitrap Tune Plus 2.55 software was operated in the
data dependent mode to automatically switch between MS and MS/MS
acquisition. Survey scanMS spectra (fromm/z 300–2000)were acquired
in the orbitrap with resolution R = 60,000 at m/z 400. During collision-
ally induced dissociation (CID), if a phosphate neutral loss of 98, 49,
32.66 and 24.5 m/z below the precursor ion mass was detected, there
was an additional activation of all four neutral loss m/z values. This mul-
tistage activation was repeated for the top five ions in a data-dependent
manner. Dynamic exclusion was set to 60 s. Typical mass spectrometric
conditions include a spray voltage of 2.2 kV, no sheath and auxiliary
gas flow, a heated capillary temperature of 200 °C, a capillary voltage
of 44 V, a tube lens voltage of 165 V, an ion isolation width of 1.0 m/z,
and a normalized CID collision energy of 35% for MS/MS in LTQ. The
ion selection threshold was 500 counts for MS/MS. Themass spectrome-
ter calibrationwas performed according to themanufacturer's guidelines
using a mixture of sodium dodecyl sulfate, sodium taurocholate, MRFA
and Ultramark.

For the protein search algorithm, all MS/MS spectra were analyzed
using Mascot (Matrix Science, London, UK; version 2.4). Mascot was
set up to search a current Arabidopsis database assuming the digestion
enzyme trypsin and onemiscleavage. Mascot was searched with a frag-
ment ion mass tolerance of 0.80 Da and a parent ion tolerance of
10 ppm. Iodoacetamide derivative of Cys, deamidation of Asn and Gln,
oxidation of Met and phosphorylation of serine, threonine and tyrosine
are specified as variable modifications. The MS/MS spectra of the iden-
tified phosphorylated peptidesweremanually inspected to ensure con-
fidence in phosphorylation site assignment.

2.3. Yeast two-hybrid assay

Y2H assays were conducted using pEG202 for the bait vector and
pJG4-5 for the prey vector as described previously [7]. Constructs
were transformed into yeast strain EGY48 containing the pSH18-34 re-
porter vector and analyzed for LacZ gene expression on 5-bromo-4-
chloro-3-indolyl-β-D- galactopyranoside-containing plates. Protein ex-
pression was confirmed by Western blot. All other procedures for the
Y2H assays followed standard procedures as described previously [18].

2.4. Kinase assays

In vitro kinase assays were done in 30 μl reactions in kinase buff-
er (10 mM Tris–HCl, pH 7.5, 10 mM MgCl2, 1 mM dithiothreitol
[DTT]) with the protein amounts given in the figure legends. The re-
actions were started by the addition of 0.25 μCi of [γ-32P]ATP
(6000 Ci mmol!1; Perkin-Elmer) and non-radiolabeled ATP to a
final concentration of 20 μM per sample followed by incubation for
30 min at 30 °C. Reactions were terminated by the addition of 4!
SDS-PAGE sample buffer, and samples were resolved by 10% SDS-
PAGE or 1:200 bis-acrylamide:acrylamide 10% SDS-PAGE (see below).
Visualization and quantification of incorporated radioactivity were
done using a phosphorimager (Bio-Rad Molecular Imager) and quanti-
fication software (Bio-Rad Quantity One). For non-radioactive kinase
assays (Fig. 4C), the assays were carried out as above with the omission
of [γ-32P]ATP. The kinase artificial substrate myelin basic protein was
purchased from Sigma.
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2.5. Pull-down assays

For MBP-AGC1-3 and GST-AtPdk1-1 pull-down assays, cell pellets
from 2 ml cultureswere lysed by sonication in 500 μl of extraction buff-
er (50 mM Tris, pH 8.0, 50 mM NaCl, 5 mM EDTA, 0.1% Triton X-100,
1! general protease inhibitors [Sigma]) and cell debris pelleted by cen-
trifugation at 5000 !g, 4 °C for 5 min. One hundred μg of the superna-
tant (total protein) from each extractwas added to 50 μl of equilibrated
amylose resin, the volume adjusted to 1 ml with extraction buffer,
incubated on a nutator at 4 °C for 30 min, the resin pelleted by centrifu-
gation at 1000 !g for 1 min, and the resin washed 3 times with 500 μl
of extraction buffer. Samples were eluted from the resin with 100 μl
of 1! SDS-PAGE buffer at 95 °C for 5 min, and 5 μl of each sample
was analyzed by 10% SDS-PAGE. Proteins were analyzed by Western
blotting using α-GST (Santa Cruz Biotechnology) at 1:4000 or α-MBP
(New England BioLabs) at 1:10,000.

2.6. 1:200 bis-acrylamide:acrylamide SDS-PAGE

10% SDS-PAGE gels with a 1:200 bis-acrylamide:acrylamide ratio
were made by mixing the following: 2.5 ml 4! resolving gel buffer
(1.5 M Tris-base, 0.4% SDS, pH 8.8), 3.317 ml 30% acrylamide, 250 μl
2% bis-acrylamide, 50 μl 10% ammonium persulfate, and 5 μl N, N, N!,
N!-tetramethylethylenediamine (TEMED) in a final volume of 10 ml.
These gels were used with a typical 4% acrylamide stacking gel. Gels
were run at 150 V for approximately 4 h.

2.7. ! phosphatase treatment

Adi3 and SlPdk1 were incubated in a 30 μl in vitro kinase assay
as described above with only non-radiolabeled ATP. Following the
kinase assay 4 μl of 10! λ phosphatase buffer (500 mM HEPES,
pH 7.5, 1 M NaCl, 20 mM DTT, 0.1% Brij 35) and 4 μl of 10 mM
MnCl2 were added for a final volume of 38 μl. Reactions were started
with the addition of 800 units (2 μl) of λ phosphatase (New England
Biolabs), incubated at 30 °C for 1 h, and reactions were terminated by
the addition of 10 μl 4! SDS-PAGE sample buffer. Samples were then
resolved by 1:200 bis-acrylamide:acrylamide 10% SDS-PAGE as de-
scribed above.

3. Results

3.1. Mass spectrometry analysis of SlPdk1 phosphorylated Adi3

From our previous studies we have shown that SlPdk1 phosphory-
lates Adi3 only on Ser residues, phosphorylation of Ser539 accounts
for ~40–50% of SlPdk1 activity on Adi3, and at least one additional
Adi3 Ser residue accounts for the remaining phosphorylation by
SlPdk1 [7]. In an effort to identify the additional SlPdk1 phosphorylation
site(s) on Adi3 we initially took a mass spectrometry (MS) approach.
Kinase-inactive Adi3K337Q was phosphorylated by SlPdk1 using
non-radiolabeled ATP, digested with trypsin, and analyzed by tandem
MS/MS, which identified 20 peptides giving 49% coverage of the Adi3
protein sequence (Supplemental Fig. 1). This MS/MS analysis was re-
peated several times without an increase in peptide coverage of Adi3.
Two new phosphorylated Ser residues were found in two separate
Adi3 peptides; Ser119 and Ser518 (Supplemental Figs. 1–3). The previ-
ously identified SlPdk1 phosphorylation activation site in Adi3, Ser539
[7], was also identified as a phosphorylated residue (Supplemental
Figs. 1, 4).

3.2. The MS/MS-identified phosphorylation sites do not contribute to
SlPdk1 phosphorylation of Adi3 or Adi3 auto- or trans-phosphorylation

In order to confirmor deny that the phosphorylatedAdi3 Ser residues
identified by MS/MS were phosphorylated by SlPdk1, each residue was

Fig. 1. Contribution of MS/MS-identified Adi3 phosphorylation sites to phosphoryla-
tion by SlPdk1 and Adi3 trans-phosphorylation. In (A) and (B), the indicated proteins
were incubated in an in vitro kinase assay with γ-[32P]ATP. Top panel, phosphorimage;
bottom panel, coomassie stained gel. Relative values of phosphorylation are given
below each lane and are representative of two independent experiments. Gray dia-
mond, form of MBP-Adi3 used in assay. Gray, open, and black triangles, location of
MBP-Adi3, MBP-SlPdk1, and myelin basic protein, respectively. The following amounts
of each protein were used in the assay: MPB-Adi3, 5 μg; MBP-SlPdk1, 1.0 μg; myelin
basic protein, 5 μg. (A) Ala mutation of the identified phosphorylated Ser residues
does not reduce SlPdk1 phosphorylation of Adi3. (B) Asp mutation of the identified
phosphorylated Ser residues does not increase Adi3 phosphorylation of myelin basic
protein.
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mutated to Ala in the kinase-inactive Adi3K337Q background, the proteins
incubated with SlPdk1 in an in vitro kinase assay with [γ-32P]ATP, and
the level of Adi3 phosphorylation quantified and compared to the level
of phosphorylation for Adi3K337Q. As we have seen previously [7], the
S539A mutation reduces SlPdk1 phosphorylation of Adi3 by ~40%
(Fig. 1A, Lane 4). However, the Ala mutations of the other Ser residues
identified here by MS/MS did not reduce SlPdk1 phosphorylation of
Adi3 and in some cases even increased phosphorylation (Fig. 1A, Lanes
2, 3).

We have previously shown that mutation of Adi3 Ser539 to the
phosphomimetic Asp greatly increases autophosphorylation and sub-
strate phosphorylation [7,14,15] supporting activation of Adi3 by SlPdk1
phosphorylation of this site. Next, we mutated the MS/MS-identified
phosphorylation sites to Asp and tested autophosphorylation as well as
phosphorylation of the protein kinase artificial substrate myelin basic
protein. As we have seen before, the S539D mutation greatly increases
Adi3 auto- and trans-phosphorylation (Fig. 1B, Lane 4). The S119D,muta-
tion increased Adi3 autophosphorylation only slightly above that of
wild-type and not to the extent of S539D (Fig. 1B, Lane 2), while S518D
was slightly lower than wild-type (Fig. 1B, Lane 3). Similar results were
seen for phosphorylation of myelin basic protein by the Asp mutations;
only the S539D mutation greatly increased the phosphorylation of the
substrate (Fig. 1B, lane 4). These results may suggest that Ser119 and

Ser518 are not bona fide SlPdk1 phosphorylation sites and may be arti-
facts of the in vitro kinase assay. These residues are most likely not Adi3
autophosphorylation sites since the kinase-inactive Adi3K337Q was used
for the MS/MS analysis.

3.3. Identification and characterization of AGC1-3, the Arabidopsis
thaliana sequence homologue of Adi3

At the same time we were carrying out the MS/MS analysis and
characterization of the identified Adi3 phosphorylation sites de-
scribed above, we began to characterize the Arabidopsis thaliana se-
quence homologue of Adi3 to identify Arabidopsis thaliana Pdk1
(AtPdk1) phosphorylation sites. A BLAST search of the Arabidopsis ge-
nome and proteome using the Adi3 cDNA and protein sequences
returned gene At2g44830 (a.k.a. AGC1-3 [3]) as the closest sequence
homologue to Adi3. A comparison of AGC1-3 to Adi3 shows that they
share 63.8% amino acid identity and have the same protein domains
that are the hallmarks of the VIIIa group of plant AGC kinases such
as a PIF, PIF binding pocket, kinase domain, and T-loop extension
(Fig. 2A; Supplemental Fig. 5). AGC1-3 is 65 amino acids longer
than Adi3, which is mainly localized to the region N-terminal to the
kinase domain (Fig. 2A; Supplemental Fig. 5).

Fig. 2. Protein domains, autophosphorylation, andAtPdk1 phosphorylation of AGC1-3. (A) Protein domain alignment of Adi3 andAGC1-3 (At2g44830). Amino acid positions for domains are in
black, phosphorylation sites are in red, andN-terminal truncation sites for the assay in Fig. 3A are in green. In (B) and (C), the indicatedMBP-AGC1-3proteinswere incubated in an in vitro kinase
assaywithγ-[32P]ATP. Toppanel, phosphorimage; bottompanel, coomassie stained gel;middle panel, quantification of AGC1-3 autophosphorylation (B) or phosphorylation byAtPdk1 (C) from
at least 3 independent assays. Error bars indicate standard error. Average value is shownunder each column. Gray diamond, formofMBP-AGC1-3used in assay. Gray and open triangles, location
of MBP-AGC1-3 and GST-AtPdk1, respectively. The following amounts of each protein were used in the assay: MPB-AGC1-3, 8 μg, GST-AtPdk1, 4 μg. (B) AGC1-3 encodes a functional protein
kinase. Analysis of wild-type, kinase-deficient, and constitutively active MBP-AGC1-3 fusion proteins by in vitro autophosphorylation assays. (C) Ser596 accounts for 45% of AtPdk1 phosphor-
ylation of AGC1-3. Analysis of AtPdk1 phosphorylation of AGC1-3 in in vitro kinase assays.
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There have been minimal studies on AGC1-3. The only experimen-
tal characterization of AGC1-3 has shown that it is a phosphorylation
substrate of AtPdk1 and that its mRNA is expressed in seedlings, re-
productive organs (inflorescences, flowers, siliques), and roots [4]. In-
terestingly, AGC1-3 is not expressed in cauline leaves or stems of
mature plants [4]. We have shown that AGC1-3 and AtPdk1 interact
in a yeast two-hybrid (Y2H) assay in reciprocal combinations of the
proteins as bait and prey (Supplemental Fig. 6, samples 2, 3) and
that this interaction was dependent on the presence of the AGC1-3
PIF motif (Supplemental Fig. 6, sample 12).

We next tested the autophosphorylation activity of AGC1-3 using
in vitro kinase assays. Wild-type AGC1-3 showed a low level of auto-
phosphorylation activity (Fig. 2B, Lane 1), whereas AGC1-3K392Q,
which has a mutation in the Lys residue that corresponds to the
Lys337 ATP-binding residue in Adi3 (Fig. 2A; Supplemental Fig. 5),
did not (Fig. 2B, Lane 2). Serine 596 corresponds to the conserved
Pdk1 phosphorylation site in the activation loop of AGC1-3 and muta-
tion to Ala (S596A) eliminated AGC1-3 autophosphorylation (Fig. 2B,
Lane 3), while mutation to Asp (S596D) greatly increased this activity
(Fig. 2B, Lane 4). This would suggest that phosphorylation of Ser596
contributes to full activity of AGC1-3.

Even though AGC1-3 has been shown to be phosphorylated by
AtPdk1 [4], the actual site(s) of phosphorylation was not identified.
Thus, we tested the contribution of Ser596 to AtPdk1 phosphorylation
of AGC1-3. Using the kinase deficient AGC1-3K392Q it was seen that
AtPdk1 can phosphorylate AGC1-3 (Fig. 2C, lane 1) and the Ala muta-
tion of Ser596 in the AGC1-3K392Q background resulted in a loss of
~45% of the AtPdk1 phosphorylation of AGC1-3 (Fig. 2C, Lane 2). Both
of the AGC1-3K392Q and AGC1-3S596A proteins maintain interaction
with AtPdk1 (Supplemental Fig. 6, samples 4, 5). This data would sug-
gest that Ser596 is an AtPdk1 phosphorylation site in AGC1-3.

3.4. N-terminal truncations of AGC1-3 identify Ser269 as a second
AtPdk1 phosphorylation site

Since MS/MS on SlPdk1 phosphorylated Adi3 was not successful in
identifying additional phosphorylation sites, we took the alternate
approach with AGC1-3 of using truncations to identify additional
AtPdk1 phosphorylation sites. Successive AGC1-3 100 amino acid
N-terminal deletions up to 400 amino acids, as shown in Fig. 2A,
were constructed in the kinase-inactive AGC1-3K392Q/S596A back-
ground and tested for phosphorylation by AtPdk1. After deletion of
the first AGC1-3 100 amino acids, phosphorylation by AtPdk1 in-
creased over that of the full length protein (Fig. 3A, Lanes 1, 2)
suggesting an inhibitory function for these first 100 AGC1-3 amino
acids for interaction with or phosphorylation by AtPdk1. The
AGC1-3Δ200 deletion protein did not change the phosphorylation by
AtPdk1 compared to AGC1-3Δ100 (Fig. 3A, Lane 3). However, the
AGC1-3Δ300 deletion caused a drastic decrease in the phosphorylation
of AGC1-3 by AtPdk1 (Fig. 3A, Lane 4), as did the AGC1-3Δ400 deletion
(Fig. 3A, Lane 5), suggesting that an additional AtPdk1 phosphoryla-
tion site(s) in AGC1-3 exists between amino acids 200 and 300. This
was confirmed by creating further AGC1-3 N-terminal truncations of
25 amino acids based on the AGC1-3Δ200/K392Q/S596A protein and test-
ing these proteins for AtPdk1 phosphorylation. The AGC1-3Δ275 pro-
tein had a large reduction in AtPdk1 phosphorylation indicating a
second AtPdk1 phosphorylation site in AGC1-3 exists between amino
acids 250 and 275. The reduction in AtPdk1 phosphorylation of the
AGC1-3 N-terminal deletions was not due to a reduced interac-
tion with AtPdk1 since all the AGC1-3 N-terminal deletions were
capable of pulling down equal amounts of AtPdk1 (Supplemental
Fig. 7). There are eight Ser residues within this amino acid 250 to
275 region of AGC1-3. However, only one Ser, Ser269, has a similar
surrounding sequence as the Ser596 activation loop AtPdk1 site
(Fig. 3B).

In order to confirm Ser269 as an AtPdk1 phosphorylation site on
AGC1-3, this amino acid was mutated to Ala in the AGC1-3K392Q and
AGC1-3K392Q/S596A backgrounds and tested for phosphorylation by
AtPdk1. These proteins did not contain autophosphorylation activity
(Supplemental Fig. 8A) indicating that any phosphorylation when
incubated with AtPdk1 could be attributed to AtPdk1. The AtPdk1
phosphorylation of AGC1-3K392Q/S269A was reduced by ~40% com-
pared to AGC1-3K392Q (Fig. 3C, compare Lanes 1, 2) and the double
phosphorylation site mutant AGC1-3K392Q/S596A/S269A showed a large

Fig. 3. Identification of Ser269 as a second phosphorylation site in AGC1-3. In A and C, the
indicated proteins were incubated in an in vitro kinase assay with γ-[32P]ATP. Top panel,
phosphorimage; bottom panel, coomassie stained gel; middle panel, quantification of
AGC1-3 phosphorylation by AtPdk1 from at least 3 independent assays. Average value is
shown under each column. Error bars indicate standard error. Gray diamond, form of
MBP-AGC1-3 used in assay. Gray triangles, location of MBP-AGC1-3K392Q/S595A N-terminal
truncation (B) and MBP-AGC1-3 (C) proteins. Open triangles, location of MBP-AtPdk1.
The following amounts of each protein were used in the assay: MBP-AtPdk1, 4 μg;
MPB-AGC1-3, 5 μg. (A) Identification of AGC1-3 Ser269 phosphorylation by AtPdk1 using
kinase inactive N-terminally truncatedMBP-AGC1-3K392Q/S596A proteins. (B) Amino acid se-
quences around the conserved Pdk1 phosphorylation sites in AGC1-3 (S596) and Adi3
(S539), the identified second Pdk1 phosphorylation site in AGC1-3 (S269), the homologous
site in Adi3 (S212), and the consensus sequence. (C) MBP-AtPdk1 phosphorylation of
MBP-AGC1-3 kinase site mutants produced in the kinase inactive K392Q background.

1103J.W. Gray et al. / Biochimica et Biophysica Acta 1834 (2013) 1099–1106



Author's personal copy

~90% decrease in AtPdk1 phosphorylation (Fig. 3C, Lane 4). These
data suggest that both Ser269 and Ser539 are the main AtPdk1 phos-
phorylation sites in AGC1-3, and there may be additional minor phos-
phorylation sites.

3.5. Adi3 Ser212 is homologous to AGC1-3 Ser269 and is a second SlPdk1
phosphorylation site

We next used the data obtained for the AGC1-3 Ser269 AtPdk1
phosphorylation site to identify a potential second SlPdk1 site in
Adi3. An alignment of the Adi3 and AGC1-3 protein sequence shows
that Ser212 of Adi3 aligns with that of AGC1-3 Ser269 (Fig. 3B; Sup-
plemental Fig. 5). As with AGC1-3 Ser269, the sequence surrounding
Adi3 Ser212 is similar to that around the conserved Ser539 activation
loop SlPdk1 site (Fig. 3B) suggesting this may be an SlPdk1 phosphor-
ylation site.

The contribution of Ser212 toward SlPdk1 phosphorylation of Adi3
was tested using in vitro kinase assays. As with AGC1-3 Ser269, Ser212
was mutated to Ala in the kinase-inactive Adi3K337Q and Adi3K337Q/S539A

backgrounds and tested for phosphorylation by SlPdk1. These proteins
did not contain autophosphorylation activity (Supplemental Fig. 8B) indi-
cating that any phosphorylationwhen incubatedwith SlPdk1 could be at-
tributed to SlPdk1. The SlPdk1 phosphorylation of Adi3K337Q/S212A was
reduced by ~40% compared to Adi3K337Q (Fig. 4A, compare Lanes 1, 2)
and the double phosphorylation sitemutant Adi3K337Q/S212A/S539A showed
an ~74% reduction in SlPdk1 phosphorylation (Fig. 4A, Lane 4).

Since we have previously shown that the Adi3S539D phosphomimetic
protein has increased autophosphorylation [7], the Adi3S212D

phosphomimetic protein was analyzed for increased autophos-
phorylation. The Adi3S212D protein did not have increased autophos-
phorylation over that of wild-type protein (Fig. 4B, Lanes 1, 2) and
introducing the S212D mutation into the Adi3S539D background did
not increase autophosphorylation over that of the Adi3S539D protein
alone (Fig. 4B, Lanes 3, 4). These data suggest that both Ser212 and
Ser539 are SlPdk1 phosphorylation sites in Adi3, there is an additional
site(s) since there is still 10% of SlPdk1 phosphorylation remaining in
the Adi3K337Q/S539A/S296A protein, and that phosphorylation of Ser212
does not contribute to Adi3 autophosphorylation.

As additional evidence that Ser212 is an SlPdk1 phosphorylation site
on Adi3we analyzed SlPdk1 phosphorylated Adi3 proteins by SDS-PAGE
for the identification of Adi3 protein band shifts due to phosphorylation.
The SDS-PAGE gels used in these assays contain a bis-acrylamide:acryl-
amide ratio of 1:200 rather than the standard 1:37.5 ratio. Studies from
our lab and others have shown that the 1:200 gels are capable of effi-
ciently separating phosphoproteins based on single phosphorylation
events [15,19]. Adi3 proteins with the non-phosphorylatable S212A
and S539A mutations in the kinase-inactive Adi3K337Q background
were phosphorylated by SlPdk1 and separated by 1:200 10% SDS-
PAGE. The non-SlPdk1 phosphorylated proteins appeared as single pro-
tein bands (Fig. 4C, Lanes 1–4), while the SlPdk1 phosphorylated pro-
teins were separated into several different protein bands (Fig. 4C, Lanes
6–9). The Adi3K337Q protein appeared as three distinct protein bands
(Fig. 4C, Lane 6), the Adi3K337Q/S212A and Adi3K337Q/S539A proteins
appeared as two distinct protein bands (Fig. 4C, Lanes 7, 8), and
the Adi3K337Q/S212A/S539A protein appeared as a single protein band
(Fig. 4C, Lane 9). This would suggest that Adi3 exists in three different

Fig. 4. Evidence for Adi3 Ser212 phosphorylation by SlPdk1. In A and B, the indicated proteins were incubated in an in vitro kinase assay with γ-[32P]ATP. Top panel,
phosphorimage; bottom panel, coomassie stained gel; middle panel, quantification of Adi3 autophosphorylation (A) or SlPdk1 phosphorylation of Adi3 (B) from at least 3 indepen-
dent assays. Average value is shown under each column. Error bars indicate standard error. Gray diamond, form of MBP-Adi3 used in assay. Gray and open triangles, location of
MBP-Adi3 and SlPdk1-6His (A) or MBP-SlPdk1-6His (C), respectively. The following amounts of each protein were used in the assay: MPB-Adi3, 5 μg; MBP-SlPdk1-6His, 0.5 μg.
(A) Adi3 Ser212 is phosphorylated by SlPdk1. (B) Ser212 does not contribute to Adi3 autophosphorylation. (C) Separation of SlPdk1-phosphorylated Adi3. The indicated proteins
were incubated in an in vitro kinase assay with non-radiolabeled ATP followed by SDS-PAGE using a 1:200 ratio of bis-acrylamide:acrylamide and stained with coomassie. Different
phosphorylated species of Adi3 are indicated by black arrowheads next to the band. 2 μg of both MBP-Adi3 and MBP-SlPdk1-6His was used in the assay.
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SlPdk1 phosphorylated forms and each Adi3 protein band corresponds
to a phosphoprotein from SlPdk1 phosphorylation. The protein band
seen in Adi3K337Q/S2121A/S539A presumably contains a minor amount of
SlPdk1 phosphorylation since this protein still contains 10% of SlPdk1
phosphorylation (Fig. 4A). In order to confirm these Adi3 bands as
phosphoproteins, we treated SlPdk1 phosphorylated Adi3K337Q with
λ phosphatase to remove phosphate groups and analyzed by 1:200
10% SDS-PAGE. As seen previously, SlPdk1 phosphorylated Adi3K337Q

appeared as three distinct protein bands (Fig. 4C, Lane 10). Treatment
with λ phosphatase reduced Adi3K337Q to a single protein band
(Fig. 4C, Lane 11). Taken together, these data indicate the two slower
migrating Adi3 bands are due to phosphorylation at Ser212 and Ser539,
while the fastest migrating protein should contain a minimal amount of
SlPdk1 phosphorylation. λ phosphatase treatment also shifted the mi-
gration of SlPdk1 (Fig. 4C, compare Lanes 10, 11) indicating it is also
phosphorylated in the assay. Interestingly, SlPdk1 did not appear as mul-
tiple phosphoprotein bands without λ phosphatase (Fig. 4C, Lane 10)
suggesting a single phosphorylation state for SlPdk1.

For a final piece of evidence that Ser212 is phosphorylated in Adi3
by SlPdk1 we repeated MS/MS on SlPdk1 phosphorylated Adi3K337Q

followed by LC–MS/MS analysis on an LTQ-Orbitrapmass spectrometer
system as we previously reported [15]. This analysis positively identi-
fied Ser212 phosphorylation (Supplemental Fig. 9), and altogether the
data presented indicate that Ser212 is a second SlPdk1 phosphorylation
site on Adi3.

3.6. The phosphomimetic mutation of Ser212 and Ser539 contributes to
full Adi3 phosphorylation of Gal83

Since the phosphomimetic proteins Adi3S212D or Adi3S212D/S539D did
not affect Adi3 autophosphorylation, we analyzed the contribution of
Ser212 toward phosphorylation of an Adi3 substrate. We have previ-
ously shown that Adi3 phosphorylates Gal83, the β-subunit of the to-
mato SnRK1 protein complex, at Ser26 [15,20]. The SnRK1 protein
complex regulates metabolism under numerous situations including
resistance to pathogens [21,22], and the β-subunits of this complex
control cell localization, substrate specificity, and complex activity
[23–26]. We have shown that Adi3 phosphorylation of Gal83 inhibits
SnRK1 activity [15]. Phosphorylation of Gal83 by Adi3S212D showed
a twofold increase in Gal83 phosphorylation over wild-type Adi3
(Fig. 5A, compare Lanes 2 and 3), but did not phosphorylate Gal83 as
strongly as Adi3S539D (Fig. 5A, compare Lanes 3 and 4). The double
phosphomimetic mutant Adi3S212D/S539D showed a large fourteen fold
increase in Gal83 phosphorylation over wild-type Adi3 (Fig. 5A, com-
pare Lanes 2 and 5), and had more Gal83 phosphorylation than either
single phosphomimetic mutant (Fig. 5A, compare Lanes 3, 4. 5). This
would suggest that phosphorylation of Ser212 contributes to Adi3 sub-
strate phosphorylation.

Our data indicates there is an additional SlPdk1 phosphorylation
site(s) on Adi3 other than Ser212 and Ser539 (Fig. 4A), suggesting
this additional phosphorylation site(s) may be required for full phos-
phorylation of substrates by Adi3. This was tested by comparing
the ability of Adi3S212D/S539D and SlPdk1 phosphorylated wild-type
Adi3 to phosphorylate Gal83. For this assay, one sample contained
Adi3S212D/S539D incubated with Gal83 as in Fig. 5A, while in another
wild-type Adi3 was incubated first with SlPdk1 so that Adi3 would
be fully phosphorylated and then Gal83 was added to the assay.
The results showed Adi3S212D/S539D phosphorylated Gal83 to a similar
level as seen previously (Fig. 5B, Lane 5), SlPdk1 could not phosphory-
late Gal83 (Fig. 5B, Lane 6), and the pre-SlPdk1-phosphorylated Adi3
phosphorylated Gal83 to roughly the same level as Adi3S212D/S539D

(Fig. 5B, Lane 7). The level of SlPdk1 phosphorylation of Adi3K337Q was
not affected by the incubation with Gal83 (Fig. 5B, Lane 8). This would
indicate that SlPdk1 phosphorylation of both Adi3 Ser212 and Ser539
is sufficient for full Gal83 phosphorylation and that any additional

SlPdk1 phosphorylation sites on Adi3 do not significantly contribute
to Gal83 phosphorylation.

4. Discussion

The data presented here identifies a second SlPdk1 phosphorylation
site in Adi3, Ser212, that is required for full phosphorylation of the
Gal83 substrate. Initially, we identified Ser212 by comparison with
AGC1-3, the Arabidopsis sequence homologue to Adi3, and subsequently
phosphorylation of Ser212 was identified by MS/MS. AGC1-3 has yet to
be fully characterized in terms of cell death regulation, cellular localiza-
tion, and substrate identification in order to confirm or deny it as a
functional homologue of Adi3. While experiments of this nature are un-
derway in our laboratory, we have not been successful in obtaining a
T-DNAknockout lineof AGC1-3, suggesting that a homozygous knockout
of AGC1-3may be lethal (not shown). Thiswould support, but is not con-
clusive of a function for AGC1-3 similar to Adi3 in cell death suppression.
Identification of AGC1-3 substrateswould also help to gauge the function
of this kinase. Experiments are currently ongoing toward this end. Once

Fig. 5. Activation of Adi3 kinase activity towardGal83 through Ser212 and Ser539phosphor-
ylation. In A and B, the indicated proteins were incubated in an in vitro kinase assay with
γ-[32P]ATP. Top panel, phosphorimage; bottom panel, coomassie stained gel. Middle panel,
quantification of Gal83 phosphorylation by Adi3 from at least 3 independent assays. Average
value is shownunder each column. Error bars indicate standard error. Gray diamond, form of
MBP-Adi3 used in assay; open diamond, presence or absence of SlPdk1-6His. Gray, black, and
open triangles, location of MBP-Adi3, MBP-Gal83, and SlPdk1-6His, respectively. The follow-
ing amounts of each protein were used in the assay: SlPdk1-6His, 0.2 μg; MPB-Adi3, 0.4 μg;
MBP-Gal83, 2 μg. (A) The Adi3S212D/S539D phosphomimetic mutant has increased kinase ac-
tivity toward Gal83 compared to the single S212D and S539D phosphomimetic mutants.
(B) Mutating either Ser212 or Ser539 to the phosphomimetic Asp increases Adi3 phosphor-
ylation of Gal83. The double Adi3S212D/S539D phosphomimetic mutant protein has similar ac-
tivity on Gal83 as Adi3 that has been fully phosphorylated by SlPdk1.
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AGC1-3 substrates are identified it will be of importance to test the con-
tribution of Ser269 phosphorylation toward substrate phosphorylation
for comparison with Adi3.

We also observed that the Ala mutation of AGC1-3 activation site
(S596) eliminated autophosphorylation activity (Fig. 2B), while we
have previously seen that the Adi3 activation site Ala mutation
(S539A) does not eliminate autophosphorylation [7,14]. Differences
in the effects of activation site Ala mutation in mammalian AGC ki-
nases also range from inactivation to no effect on catalytic activity.
For example, the activation site Ala mutations in PKC! and " isotypes
produce an inactive protein, while in the PKC# isotype the activation
site Ala mutation maintains activity [27,28]. Thus, it appears that the
plant AGC kinases contain many of the properties that have been seen
in mammalian AGC kinases.

Our data also indicates there is an additional Pdk1 phosphorylation
site(s) on Adi3 that accounts for approximately 10% of the total Pdk1
phosphorylation. Given the difficulty we have experienced in identi-
fying Adi3 peptides by MS/MS, it seems other conventional methods
such as Ala scanning mutagenesis and/or phosphopeptide mapping
may be useful in this effort. Since our studies have shown that Ser539
and Ser212 are required for full substrate phosphorylation by Adi3,
any additional Pdk1 phosphorylation sites on Adi3 may be involved in
stabilizing the Adi3 protein, controlling Adi3 autophosphorylation, or
regulating phosphorylation of substrates other than Gal83. It should
also be noted that it still needs to be determined if these Adi3 residues
are phosphorylated by Pdk1 in planta and if they have the same function
in vivo as we have shown here by in vitro assays.

It is interesting to note the differences seen here for a plant AGC ki-
nase compared to mammalian AGC kinases. The three main phosphor-
ylation sites found on mammalian AGC kinases (activation site, PIF
site, turn motif site) are all phosphorylated by different kinases and
each has a different role in AGC kinase regulation [1,9]. In the case of
plants, or at least for Adi3 and AGC1-3, it appears that Pdk1 is responsi-
ble for themultiple phosphorylation events on AGC kinases and at least
two of these are required for full kinase activity on substrates. It will be
of importance to determine all Pdk1 phosphorylation sites on Adi3 and
determine their roles in activity or conformation stabilization.
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Supplemental Figure 1.  Adi3 peptide MS coverage and Pdk1 phosphorylation site 
identification.  The Adi3 protein sequence showing peptides identified by MS, alternately 
highlighted in yellow and green, from Pdk1 phosphorylated Adi3 giving 49% coverage of the 
total Adi3 protein.  Phosphorylation sites identified by MS or homology to AtAGC1-3 are 
highlighted as indicated.

Peptides identified by MS, alternately highlighted in yellow and 
green, cover 345 residues giving 49% coverage of the Adi3 
protein.  Peptide with Ser212 phosphorylation identified by 
targeted MS highlighted in orange.

MERIPEVRESTRQFPIGAKVAHTFSTSKKEVGIRGFRDFDLAIPIQTW
KGKTSYQEEEDLMVDAGTIKRSDDSLEDSGSTSFHGASHPPEPVDTDL
MRPVYVPIGQNKADGKCLVKNVSLKGPFLDDLSIRMPNVKPSPSLLSP
AESLVEEPNDLGVISSPFTVPRPSQNTETSLPPDSEEKECIWDASLPP
SGNVSPLSSIDSTGVVRSMSIVNSCTSTYRSDVLMSDGMLSVDRNYES
TKGSIRGDSLESGKTSLSRASDSSGLSDDSNWSNITGSANKPHKGNDP
RWKAILAIRARDGILGMSHFKLLKRLGCGDIGSVYLSELSGTRCYFAM
KVMDKASLASRKKLTRAQTEREILQLLDHPFLPTLYTHFETDRFSCLV
MEYCPGGDLHTLRQRQPGKHFSEYAARFYAAEVLLALEYLHMLGVVYR
DLKPENVLVRDDGHIMLSDFDLSLRCAVSPTLIRISSDDPSKRGAAFC
VQPACIEPTTVCMQPACFLPRLFPQKSKKKTPKPRADSGFQANSMPEL
VAEPTSARSMSFVGTHEYLAPEIIKGEGHGSAVDWWTFGIFLHELLYG
KTPFKGSGNRATLFNVVGQQLKFPDSPATSYASRDLIRGLLVKEPQNR
LGVKRGATEIKQHPFFEGVNWALIRCSTPPEVPRPVEPDYPAKYGQVN
PVGVGNTSKRVVGADAKSGGKYLDFEFF

Potential Pdk1 phosphorylation sites on Adi3 identified by MS 
here: S119, S518

Pdk1 phosphorylation site on Adi3 previously identified as well as 
here by MS: S539

Pdk1 phosphorylation site identified by homology with AtAGC1-3 
and MS: S212



Ser119 phosphorylation

Supplemental Figure 2.  MS/MS spectra of Pdk1 phosphorylated Adi3 peptide with Ser119
phosphorylation. * indicates loss of NH3 and 0 indicates loss of H2O.
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Ser518 phosphorylation

Supplemental Figure 3.  MS/MS spectra of Pdk1 phosphorylated Adi3 peptide with Ser518
phosphorylation. * indicates loss of NH3 and 0 indicates loss of H2O.
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Ser539 phosphorylation

Supplemental Figure 4.  MS/MS spectra of Pdk1 phosphorylated Adi3 peptide with Ser539
phosphorylation. * indicates loss of NH3, 0 indicates loss of H2O, and ox stands for oxidized.
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Supplemental Figure 5.  Protein alignment of Adi3 and AGC1-3 (At2g44830).  Proteins were 
aligned using ClusalW.  Phosphorylated amino acids identified by MS here highlighted in blue; 
Pdk1 phosphorylation site identified by homology with AtAGC1-3 and MS highlighted in purple; 
Pdk1 phosphorylation site on Adi3 previously identified as well as here by MS highlighted in red; 
Lysine residue involved in ATP binding highlighted in green; PIF-binding pocket highlighted in 
pink with last residue within kinase domain highlighted in pink; T-loop extension highlighted in 
orange; PIF highlighted in yellow.

At2g44830 MLEMERVAELKRLPSKGPVSGHLSRRPYLDFETRDAPGMHLESLRERAARYNTGRSVNPT 60
Adi3      ---MERIPEVRES-------------------TRQFP----------------------- 15
             ***:.*::.                    **: *                       

At2g44830 TTLGRELSQVLNVHREDMMMTQFGGNMNDFQEFEPVVSSVRTMKAKYPLLEIEEIGAADD 120
Adi3      --IGAKVAHTFSTSKK-----EVG--IRGFRDFDLAIP-IQTWKGKTSYQEEEDLMVDAG 65
            :* ::::.:.. ::     :.*  :..*::*: .:. ::* *.* .  * *:: .  .

At2g44830 DVTCKGSNDMSEEAGSSSFRGVSHPPEPDDMDLITTVYVPISEKNKPDSVCLMKSMSTTK 180
Adi3      --TIKRSDDSLEDSGSTSFHGASHPPEPVDTDLMRPVYVPIGQ-NKADGKCLVKNVS-LK 121
            * * *:*  *::**:**:*.****** * **: .*****.: **.*. **:*.:*  *

At2g44830 GPFIEDISLCVPPKKPSPRVLSPAESIVEEP---ATSLSPFSVARASQNTENSLLPPDSD 237
Adi3      GPFLDDLSIRMPNVKPSPSLLSPAESLVEEPNDLGVISSPFTVPRPSQNTETSLPPDSEE 181
          ***::*:*: :*  **** :******:****   ..  ***:*.*.*****.** * ..:

At2g44830 KECVWDASLPPSTNVSPHSSSVESMNLARAMSIANSSSAT--STTQRSDVVLSMDKNYFD 295
Adi3      KECIWDASLPPSGNVSPLSS-IDSTGVVRSMSIVNSCTSTYRSDVLMSDGMLSVDRNYES 240
          ***:******** **** ** ::* .:.*:***.**.::*  * .  ** :**:*:** .

At2g44830 RSISMVLDSFESTKTSASRASDSSGLSEESSWSNFTGSLNKPHKGNDPWWNAILAIRTRD 355
Adi3      TKGSIRGDSLESGKTSLSRASDSSGLSDDSNWSNITGSANKPHKGNDPRWKAILAIRARD 300
           . *:  **:** *** **********::*.***:*** ********* *:******:**

At2g44830 GILGMSHFKLLKRFGCGDIGSVYLAELSGTRCHFAVKVMDKASLEDRKKLNRAQTERDIL 415
Adi3      GILGMSHFKLLKRLGCGDIGSVYLSELSGTRCYFAMKVMDKASLASRKKLTRAQTEREIL 360
          *************:**********:*******:**:******** .****.******:**

At2g44830 QLLDHPFLPTLYTHFETDRFSCLVMEYCPGGDLHTLRQRQPGKHFSEYAARFYAAEVLLA 475
Adi3      QLLDHPFLPTLYTHFETDRFSCLVMEYCPGGDLHTLRQRQPGKHFSEYAARFYAAEVLLA 420
          ************************************************************

At2g44830 LEYLHMLGVVYRDLKPENVLVRDDGHIMLSDFDLSLRCAVSPTLIKTFDSDPSRRG-AFC 534
Adi3      LEYLHMLGVVYRDLKPENVLVRDDGHIMLSDFDLSLRCAVSPTLIRISSDDPSKRGAAFC 480
          *********************************************:  ..***:** ***

At2g44830 VQPACMEPTSACIIQPSCFLPRSIFPNKNKKNKSRKTQADFFKSHSGSLPELVAEPN-TR 593
Adi3      VQPACIEPTTVC-MQPACFLPR-LFPQKSKKKTPKPRADSGFQANS--MPELVAEPTSAR 536
          *****:***:.* :**:***** :**:*.**:..:    . *:::*  :*******. :*

At2g44830 SMSFVGTHEYLAPEIIKGEGHGSAVDWWTFGIFVHELLYGKTPFKGSGNRATLFNVVGEQ 653
Adi3      SMSFVGTHEYLAPEIIKGEGHGSAVDWWTFGIFLHELLYGKTPFKGSGNRATLFNVVGQQ 596
          *********************************:************************:*

At2g44830 LKFPESPATSYAGRDLIQALLVKDPKNRLGTKRGATEIKQHPFFEGVNWALIRCSTPPEV 713
Adi3      LKFPDSPATSYASRDLIRGLLVKEPQNRLGVKRGATEIKQHPFFEGVNWALIRCSTPPEV 656
          ****:*******.****:.****:*:****.*****************************

At2g44830 PRQMETEPPPKYGPIDPVGFGSNSKRMMGPPAVSAAAADTKSGGKFLDFEFF 765
Adi3      PRPVEPDYPAKYGQVNPVGVGNTSKRVVG--------ADAKSGGKYLDFEFF 700
          ** :*.: *.*** ::***.*..***::*        **:*****:******
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Supplemental Figure 6.  AGC1-3 yeast two-hybrid interactions with AtPdk1.  The indicated 
bait and prey constructs were tested in the Y2H assay for expression of the lacZ gene on X-Gal 
plates (blue = interaction). The Drosophila protein Dorsal was used as negative control and 
indicate that the AtPdk1/Adi3 interaction is specific. 
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Supplemental Figure 7.  AGC1-3 N-terminal truncations interact with AtPdk1.  The 
indicated N-terminal truncated MBP-AGC1-3K337Q/S596A proteins were incubated with GST-
AtPdk1 or MBP for 1 hr at 4˚C and the MBP-tagged proteins pulled down with amylose resin.  
Each pull-down was split into two equal fractions and analyzed for the presence of GST-Pdk1 
by α-GST western blot (top panel) and the N-terminal truncated MBP-AGC1-3K337Q/S596A proteins 
by α-MBP western blot (bottom panel).  Gray diamond, truncated form of AGC1-3 in the kinase 
inactive MBP-AGC1-3K392Q/S595A background used in assay.  White and gray triangles, location 
of GST-AtPdk1 and MBP.  Small black triangles on α-MBP western blot (bottom panel) indicate 
position of  N-terminal truncated MBP-AGC1-3K337Q/S596A proteins.
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Supplemental Figure 8.  Autophosphorylation of the AGC1-3 S269A and S596A mutants 
in the kinase-inactive K392Q background and Adi3 S212A and S539A mutants in the 
kinase-inactive K337Q background.  In A and B, the indicated proteins were incubated in an 
in vitro kinase assay with γ-[32P]ATP.  Top panel, phosphorimage; bottom panel, Coomassie 
stained gel.  Gray and white diamonds, form of MBP-Adi3 or MPB-AGC1-3 used in assay, 
respectively.  Gray and white triangles, location of MBP-Adi3 or MPB-AGC1-3, respectively .  5 
µg of MPB-Adi3 and 3 µg of MPB-AGC1-3 was used in the assay.  (A) AGC1-3 
autophosphorylation.  (B) Adi3 autophosphorylation. 
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Ser212 phosphorylation

Supplemental Figure 9.  MS/MS spectra of Pdk1 phosphorylated Adi3 peptide with Ser212 
phosphorylation.
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Gene Primer Name Purpose Direction Restriction site Sequence

AGC1-3 S596A Mutagenesis Reverse 5’ –CTCGTGGGTTCCAACAAAGGCCATGGACCGTGTGTTAGG-3’

AGC1-3 S596D Mutagenesis Forward 5’ –CCTAACACACGGTCCATGGACTTTGTTGGAACCCACGAG-3’

AGC1-3 S596D Mutagenesis Reverse 5’ –CTCGTGGGTTCCAACAAAGTCCATGGACCGTGTGTTAGG-3’

AGC1-3 S269A Mutagenesis Forward 5’ –TTGGCTCGGGCTATGGCCATTGCTAATAGCTCT-3’

AGC1-3 S269A Mutagenesis Reverse 5’ –AGAGCTATTAGCAATGGCCATAGCCCGAGCCAA-3’

AGC1-3 S269D Mutagenesis Forward 5’ –TTGGCTCGGGCTATGGACATTGCTAATAGCTCT-3’

AGC1-3 S269D Mutagenesis Reverse 5’ –AGAGCTATTAGCAATGTCCATAGCCCGAGCCAA-3’

AGC1-3 AGC1-3/NoPIF 
XhoI

Cloning into pJG4-5  
without the PIF

Reverse XhoI 5’ –CACCTCGAGTTAGTCTAGAAATTTACC-3’

AtPDK1-1 AtPDK1-1/EcoRIF Cloning into pGEX/
pEG202/pJG4-5

Forward EcoRI 5’ –CACGAATTCATGTTGGCAATGGAG-3’

AtPDK1-1 AtPDK1-1/XhoIR Cloning into pGEX/
pEG202/pJG4-5

Reverse XhoI 5’ –CACCTCGAGTCAGCGGTTCTGAAGAGT-3’

AtPDK1-1 K73Q Mutagenesis Forward 5’ –ACTGTGTATGCTTTACAGATTATGGACAAAAAG-3’
AtPDK1-1 K73Q Mutagenesis Reverse 5’ –CTTTTTGTCCATAATCTGTAAAGCATACACAGT-3’

MBP MBP/NdeI Cloning MBP in 
place of GST in 

pET41a

Forward NdeI 5’ –CACCATATGAAAACTGAAGAAGGT-3’

MBP MBP/SpeI Cloning MBP in 
place of GST in 

pET41a

Reverse SpeI 5’ –CACACTAGTTGAAATCCTTCCCTC-3’

Gene Primer Name Purpose Direction Restriction site Sequence

Adi3 S119A Mutagenesis Forward 5’- CTGGTGAAAAACGTAGCATTGAAGGGTCCTTTC-3’

Adi3 S119A Mutagenesis Reverse 5’- GAAAGGACCCTTCAATGCTACGTTTTTCACCAG-3’

Adi3 S119D Mutagenesis Forward 5’- CTGGTGAAAAACGTAGACTTGAAGGGTCCTTTC-3’

Adi3 S119D Mutagenesis Reverse 5’- GAAAGGACCCTTCAAGTCTACGTTTTTCACCAG-3’

Adi3 S212A Mutagenesis Forward 5’- GTTGTGAGATCTATGGCAATTGTCAACAGTTGC-3’

Adi3 S212A Mutagenesis Reverse 5’- GCAACTGTTGACAATTGCCATAGATCTCACAAC-3’

Adi3 S212D Mutagenesis Forward 5‘-GTTGTGAGATCTATGGACATTGTCAACAGTTGC-3’

Adi3 S212D Mutagenesis Reverse 5’-GCAACTGTTGACAATGTCCATAGATCTCACAAC-3’

Adi3 S518A Mutagenesis Forward 5’- CCTAAGCCTCGAGCTGATGCAGGGTTTCAAGCTAATTCAATGCC-3’

Adi3 S518A Mutagenesis Reverse 5’- GGCATTGAATTAGCTTGAAACCCTGCATCAGCTCGAGGCTTAGG-3’

Adi3 S518D Mutagenesis Forward 5’- CCTAAGCCTCGAGCTGATGATGGGTTTCAAGCTAATTCAATGCC-3’

Adi3 S518D Mutagenesis Reverse 5’- GGCATTGAATTAGCTTGAAACCCATCATCAGCTCGAGGCTTAGG-3’

Adi3 S651A Mutagenesis Forward 5’- GCTCTAATACGTTGCGCAACACCACCTGAAGTG-3’

Adi3 S651A Mutagenesis Reverse 5’- CACTTCAGGTGGTGTTGCGCAACGTATTAGAGC-3’

Adi3 S651D Mutagenesis Forward 5’- GCTCTAATACGTTGCGATACACCACCTGAAGTG-3’

Adi3 S651D Mutagenesis Reverse 5’- CACTTCAGGTGGTGTATCGCAACGTATTAGAGC-3’

Adi3 S680A Mutagenesis Forward 5’- GGGGTTGGCAATACCGCAAAAAGAGTGGTAGGG-3’

Adi3 S680A Mutagenesis Reverse 5’- CCCTACCACTCTTTTTGCGGTATTGCCAACCCC-3’

Adi3 S680D Mutagenesis Forward 5’- GGGGTTGGCAATACCGACAAAAGAGTGGTAGGG-3’

Adi3 S680D Mutagenesis Reverse 5’- CCCTACCACTCTTTTGTCGGTATTGCCAACCCC-3’

AGC1-3 AGC1-3/EcoRIF ORF Amplification
Cloning into 

pEG202/pJG4-5/
pETMAL

Forward EcoRI 5’ –CACGAATTCATGCTGGAAATGGAAAGAG-3’

AGC1-3 AGC1-3/XhoIR ORF Amplification
Cloning into 

pEG202/pJG4-5/
pETMAL

Reverse XhoI 5’ –CACCTCGAGTTAGAAAAACTCAAAGTC-3’

AGC1-3 K392Q Mutagenesis Forward 5’ –CGATGCCATTTTGCTGTGCAAGTCATGGATAAAGCGTCT-3’

AGC1-3 K392Q Mutagenesis Reverse 5’ –AGACGCTTTATCCATGACTTGCACAGCAAAATGGCATCG-3’

AGC1-3 S596A Mutagenesis Forward 5’ –CCTAACACACGGTCCATGGCCTTTGTTGGAACCCACGAG-3’

Supplemental Table 1. Primers used in this study.
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