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The T-loop Extension of the Tomato Protein Kinase
AvrPto-dependent Pto-interacting Protein 3 (Adi3) Directs
Nuclear Localization for Suppression of Plant Cell Death*□
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In tomato (Solanum lycopersicum), resistance to Pseudomonas syringae pv. tomato is elicited by the interaction of the host
Pto kinase with the pathogen effector protein AvrPto, which
leads to various immune responses including localized cell
death termed the hypersensitive response. The AGC kinase
Adi3 functions to suppress host cell death and interacts with Pto
only in the presence of AvrPto. The cell death suppression
(CDS) activity of Adi3 requires phosphorylation by 3-phosphoinositide-dependent protein kinase 1 (Pdk1) and loss of Adi3
function is associated with the hypersensitive response cell
death initiated by the Pto/AvrPto interaction. Here we studied
the relationship between Adi3 cellular localization and its CDS
activity. Adi3 is a nuclear-localized protein, and this localization
is dictated by a nuclear localization signal found in the Adi3
T-loop extension, an ⬃80 amino acid insertion into the T-loop,
or activation loop, which is phosphorylated for kinase activation. Nuclear localization of Adi3 is required for its CDS activity
and loss of nuclear localization causes elimination of Adi3 CDS
activity and induction of cell death. This nuclear localization of
Adi3 is dependent on Ser-539 phosphorylation by Pdk1 and nonnuclear Adi3 is found in punctate structures throughout the cell.
Our data support a model in which Pdk1 phosphorylation of Adi3
directs nuclear localization for CDS and that disruption of Adi3
nuclear localization may be a mechanism for induction of cell death
such as that during the Pto/AvrPto interaction.

During the resistance response of plants to pathogens, programmed cell death (PCD)2 occurs as part of the hypersensitive
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response (HR), which functions to limit pathogen spread (1, 2).
It has been over 100 years since the first description of the HR
and its associated cell death (3). However, not until relatively
recent times has the search for genes and pathways regulating
PCD during the HR received much attention. This search has
been difficult, but has identified several kinases and transcription factors involved in PCD (1, 4, 5) as well as lipid biosynthetic
genes that produce lipid second messengers regulating PCD
(6 –9).
In tomato (Solanum lycopersicum), the causative agent of
bacterial speck disease is Pseudomonas syringae pv. tomato
(Pst). Interaction of the tomato resistance protein kinase Pto
with the Pst effector protein AvrPto brings about the HR and
resistance to Pst (10). Studies have been undertaken to identify
genes involved in PCD associated with Pto-mediated HR and
revealed a downstream MAP kinase, MAPKKK␣, that functions in the induction of cell death during both resistance and
susceptibility (11).
Another gene that was identified as a Pto-interacting protein
was the tomato protein kinase Adi3, which only interacts with
Pto in the presence of AvrPto (12). Subsequently, we have
shown Adi3 to function as a negative regulator of plant cell
death (13) and thus, it may be the functional homologue of PKB
(aka Akt), a major PCD suppressor in mammals (13–15). Adi3
is phosphorylated by 3-phosphoinositide-dependent protein
kinase-1 (Pdk1) at Ser-539, which is required for full Adi3
kinase activity and cell death suppression (CDS) ability (13).
Mutation of Ser-539 to Asp is capable of mimicking this phosphorylation event, creating a constitutively active Adi3 capable
of CDS (13). Adi3 cell death control can also be associated with
MAPKKK␣ that is involved in Pto-mediate HR cell death (11, 13).
Adi3 is a member of the AGC kinase family, which is a conserved family of eukaryotic Ser/Thr protein kinases that regulate many basic cellular processes such as transcription, translation, cell growth, apoptosis, and cytoskeletal remodeling (16).
In mammalian systems, AGC kinases affect downstream signaling components through direct mechanisms, including regulation of nuclear shuttling, activities of transcription factors (17),
phosphorylation-dependent trafficking of signaling proteins
(18), and chromatin remodeling (19). The cell death (apoptosis)
regulator PKB is also an AGC kinase family member.
Little is known about the functions of plant AGC kinases.
However, there has been several recent studies reported. As
with mammalian systems, many plant AGC kinases are actiVOLUME 285 • NUMBER 23 • JUNE 4, 2010
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vated by Pdk1 (13, 16, 20 –23). Arabidopsis contains at least 39
AGC kinase family members (16, 21, 24) and some of their
functions include blue-light signaling (25), root hair development (22, 26, 27), oxidative burst signaling (23, 27), and auxin
signaling (24, 28). Group VIIIa AGC kinases (of which Adi3 is a
member) are specific to plants and are mainly distinguished
from mammalian kinases by a large 70 –100 amino acid insertion in the activation loop, or T-loop, referred to as the T-loop
extension (16). Similar, but much shorter (30 – 60 amino acids)
T-loop extensions are also present in other AGC kinases such
as the Ndr family of AGC kinases (29). In mammals and yeast,
Ndr kinases regulate processes such as cell morphological
changes, exit from mitosis, and apoptosis. The Ndr T-loop
extension functions in cell localization and regulation of kinase
activity (29 –32). Very little is known about the function of the
T-loop extension in plant AGC kinases. The T-loop extension
of only two Arabidopsis group VIIIa AGC kinases have been
studied and appear to contain cellular localization signals (21).
However, the amino acid motifs within these T-loop extensions
responsible for directing cellular localization have not been
identified.
Here we show that the Adi3 T-loop extension is required for
nuclear localization and that Adi3 nuclear localization is
required for its CDS activity. Non-nuclear localization confines
Adi3 to intracellular punctate membrane structures and a concomitant loss of CDS. These studies raise the possibility of
restricting Adi3 nuclear localization as a means to induce plant
PCD.

EXPERIMENTAL PROCEDURES
Plasmid Construction and Mutagenesis—The Adi3⌬T-loop
construct was created by producing an Adi3 PCR fragment
lacking the T-loop extension (bp 1369 –1608). First, a PCR
product containing Adi3 bp 1336 –1368 ⫹ 1609 –2103 was synthesized and called fragment 1. Next another Adi3 PCR product, fragment 2, from bp 1–1368 was produced that overlapped
fragment 1. Both fragment 1 and 2 were then used as templates
for overlapping PCR (33) with a 30-bp forward primer originating at Adi3 bp 1 and a 27 bp reverse primer originating at Adi3
bp 2103 to produce a PCR product lacking the T-loop extension. For bacterial expression, full-length tomato Adi3 (13)
and Adi3⌬T-loop were PCR amplified and cloned into pMal-c2
(New England Biolabs). Mutations were created using site
directed mutagenesis with Pfu Turbo (Stratagene). For protoplast expression, transient leaf expression, and subcellular
localization studies, Adi3, Adi3⌬T-loop, and other Adi3 mutants
were cloned into the BamHI/XbaI restriction sites of pTEXeGFP to create N-terminal GFP fusions. For Agrobacteriummediated transient expression, 35Spro:eGFP-Adi3 was EcoRI/
HindIII digested from pTEX and cloned into the same sites of
pCambia1300. For GFP-NES/NLS constructs, eGFP was PCR
amplified with a GFP-specific forward primer and a reverse
primer containing the Adi3 NLS plus GFP (5⬘-CCGggattcCTAAGGCTTAGGTGTTTTTTTCTTGCTCTTTTGAGGTTTGTATAGTTCATC-3⬘; BamHI lowercase; linker bold; NLS
underlined, bp 1509 –1542; GFP italics) for 3⬘-end fusion or
with a GFP-specific reverse primer and a forward primer containing the Adi3 NES plus GFP (5⬘-CCGggtaccATGCCTTTCJUNE 4, 2010 • VOLUME 285 • NUMBER 23

TTGGACGATCTTTCAATCCGGATGCCAAGTAAAGGAGAACAA-3⬘; KpnI lowercase; linkers bold; NES underlined, bp
373– 490; GFP italics) for 5⬘-end fusion and cloned into the
KpnI/BamHI restriction sites of pTEX.
The tomato exportin-1 (Xpo1) cDNA was cloned by a combination of methods. First, the Arabidopsis Xpo1 cDNA
sequence (34) (GenBankTM accession Y18469) was used to
screen the tomato EST data base for contigs containing
the tomato Xpo1 cDNA. From this search, clone cTOF-19M20 was identified as containing a partial tomato Xpo1
cDNA lacking the first 1466 5⬘ base pairs. A full-length cDNA
(GenBankTM accession GU126514) was identified by cloning
the 1466 5⬘ base pairs by 5⬘-RACE and a full-length open reading frame amplified by RT/PCR using a forward primer based
at the ATG start codon (5⬘-ATGGCGGCGGAGAAGCTGAGA-3⬘) and a reverse primer based at the TGA stop codon
(5⬘-TCATGAATCCACCATTTCATC-3⬘). The resulting 3228bp PCR product was cloned into the yeast two-hybrid bait vector pEG202, and protein interactions analyzed by yeast twohybrid as previously described (13).
Protoplast Transient Expression and Cellular Fractionation—
Protoplasts were isolated from leaves of 3-week-old PtoR or
prf-3 tomato plants and transformed with 20 g of DNA for
each construct as previously reported (13). Samples of transformed protoplasts were taken 16 h after transformation for
protein expression determination, subcellular fractionation,
and confocal microscopy. This time point was selected to minimize amount of dead cells, which is maximal at 24 h, to visualize expressed protein. Protoplast transformation efficiency was
determined to be 80% by counting the number of GFP-positive
protoplasts out of a total of 100 cells. Subcellular fractions were
isolated using the following protocol: Total cell extract was
obtained by gently shaking transformed protoplasts in 100 l of
Buffer A (10 mM MES-HCl pH 5.7, 1 M sucrose, 5 mM MgCl2, 2
mM ␤-mercaptoethanol, 10 l/ml phosphatase inhibitors
(Sigma), 10 l/ml proteinase inhibitors (Sigma), 10 M
MG-132, 0.2% Triton X-100). Nuclei were pelleted from total
cell extract by centrifugation at 5,000 ⫻ g for 10 min at 4 °C
followed by three washes with 100 l of Buffer A and centrifugation at 5,000 ⫻ g for 10 min at 4 °C. Nuclei were lysed for
SDS-PAGE analysis by vortexing in 30 l of Buffer B (10 mM
MES-HCl pH 5.7, 1 M sucrose, 5 mM MgCl2, 2 mM ␤-mercaptoethanol, phosphatase inhibitors (Sigma), 10 l/ml plant proteinase inhibitors (Sigma), 10 M MG-132, 1% Triton X-100).
The supernatant from nuclei pelleting was centrifuged at
100,000 ⫻ g for 1 h at 4 °C and the pellet used for the membrane
fraction and the supernatant for the soluble fraction. Membrane proteins were solubilized by sonication in 30 l of Buffer
B. All fractions were separated by SDS-PAGE and analyzed by
␣-GFP (Santa Cruz Biotechnology) immunoblotting. Membrane fraction purity was determined using the Golgi marker
soybean ␣-1, 2-mannosidase (GmMan1) tagged with m-Cherry
(35) as expressed in protoplasts and analyzed by ␣-GFP immunoblotting. Purity of the nuclear fraction was determined by
immunoblotting using ␣-histone H3 antibody provided by Dr.
Mary Bryk, Texas A& M University. Subcellular fractionation
analysis was done three independent times and the presented
Western blots are representative of all experiments.
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MBP-tagged and immunoprecipitated GFP-tagged proteins as previously described (13).
AvrPto and Other Treatments—
PtoR and pfr-3 protoplasts expressing eGFP-Adi3 or other eGFP-Adi3
mutants for 14 h were transformed
with pTEX-avrPto-FLAG. Samples
were collected at 0.5, 1.5, 3, and 4 h
for determination of cell viability.
For nuclei staining and leptomycin
B treatment, protoplasts expressing
the indicated constructs for 14 h
were treated with 10 M Hoechst
33342 for 2 h or 20 nM leptomycin B
(Sigma) for 90 min followed by
confocal microscopy imaging. All
experiments were carried out a minimum of three times, and images
presented are representative of the
experiments.
Agrobacterium-mediated Transient Expression—Agrobacterium
tumefaciens strain GV2260 was
used for Agrobacterium-mediated
transient expression in Nicotiana
benthamiana and PtoR tomato
leaves as previously reported (13).
Adi3 constructs were expressed
FIGURE 1. T-loop extension deletion effects on autophosphorylation activity of Adi3. A, Adi3 protein domains
showing location of the T-loop extension and NLS and NES signals. B, kinase activity of Adi3 mutants tested by in vitro from pCambia-1300 and avrPtoautophosphorylation assays. MBP-tagged proteins were expressed en E. coli, purified, and 5 g of each protein FLAG from pBTEX.
incubated with [␥-32P]ATP in an in vitro kinase assay. Quantification software was used to normalize the autophosCell Viability Measurements—
phorylation level to the protein levels for each sample. Values are reported as a percentage of wild-type Adi3
autophosphorylation and are the average of three independent experiments. Error bars are standard error. Top Conductivity tests were carried out
panel: kinase assay (phosphorimage). Bottom panel: assay input (Coomassie Blue-stained gel).
on 3 leaf discs (1-cm diameter)
obtained from leaves transiently
Confocal Microscopy—Tomato protoplasts, after 16 h of expressing Adi3 proteins. Disks were placed in 3 ml of dH2O for
transformation and leaf sections taken from PtoR tomato leaves 4 h with gentle shaking at room temperature and conductivity
that were Agrobacterium-infiltrated, were imaged using an measured with an Acorn Con 5 meter (Oakton Instruments,
Olympus FV1000 confocal microscope at the Texas A&M Uni- Vernon Hills, IL). Cell death in leaves transiently expressing
versity Microscopy and Imaging Center. Images were collected Adi3 proteins was visualized by vacuum infiltrating 0.1% Evans
using system software FV10-ASW 1.6 with a 60⫻/1.2 water blue into leaf disks followed by washing with dH2O and depigimmersion objective in the XYZ scan mode (1.14 m/slice). mentation with Carnoy’s solution (60% ethanol, 30% CHCl ,
3
Excitation and emission wavelengths were as follows: eGFP, 10% acetic acid). Protoplast cell viability was determined using
488 nm excitation, 507 nm emission; hoechst 33342 (Sigma), Evans blue as previously reported (13). All cell viability assays
343 nm excitation, 460 nm emission; and chlorophyll autofluo- were carried out a minimum of three independent times.
rescence, 470 nm excitation, 680 nm emission. All cell localization analyses with confocal microscopy were carried out at least RESULTS
three independent times with a minimum of 30 protoplast cells
Adi3 Contains a Nuclear Localization Signal in the T-loop
and five leaf sections from three independently infiltrated
Extension
and an N-terminal Nuclear Export Signal—A search
leaves viewed each time. All confocal images are shown as
of
the
Adi3
protein sequence for cellular localization signals
Z-stacks and presented images are representative of typical cell
using
the
WoLF
PSORT protein localization predictor (36)
localization for all proteins seen during independent experirevealed
a
monopartite
basic nuclear localization signal
ments. For imaging protoplasts transformed with GFP-Adi3
(NLS)
in
the
Adi3
T-loop
extension
from amino acids 504 –510
and GFP-Adi3 mutants, the wavelength power was increased
2-fold in comparison to the power used for imaging protoplasts (PQKSKKK, Fig. 1A). Additionally, the NESnet nuclear export
signal (NES) search engine, identified a leucine-rich NES in the
transformed with GFP alone.
Kinase Assays—In vitro kinase assays were done at least three N-terminal region of Adi3 from amino acids 125–130 (LDDLSI,
independent times using purified Escherichia coli-expressed Fig. 1A).
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Because the Adi3 NLS is located in the T-loop extension, two
different mutants to analyze contributions of this sequence to
Adi3 function were generated as well as a mutant of the NES
sequence. The Adi3 T-loop extension was deleted by overlapping PCR to generate the Adi3⌬T-loop mutant, and the first (Lys506) and third (Lys-509) Lys residue of the NLS were mutated
to Ala creating the Adi3K506A/K509A mutant. Mutation of equivalent Lys residues in NLS sequences similar to that in Adi3 is
sufficient to prevent protein nuclear localization (37, 38). Similarly, in NES sequences analogous to that in Adi3, mutation of
one or more Leu residues is sufficient to show nuclear accumulation of the protein (39). Thus, Leu-125 and Leu-128 were
mutated to Ala to generate the Adi3L125A/L128A mutant.
To determine if deletion of the Adi3 T-loop extension affects
Adi3 kinase activity, autophosphorylation activity of the
Adi3⌬T-loop protein was tested and compared with known Adi3
autophosphorylation mutants. As seen previously, the S539D
mutation produces a constitutively active Adi3 with greatly
enhanced kinase activity (13) (Fig. 1B). Deletion of the T-loop
extension (Adi3⌬T-loop) reduced Adi3 autophosphorylation
activity ⬃42%, which may be a cause of deleting the 79 amino
acids of the T-loop extension within the catalytic kinase
domain. Introduction of the S539D mutation into Adi3⌬T-loop
(Adi3⌬T-loop/S539D) increased Adi3⌬T-loop autophosphorylation
by ⬃19% (Fig. 1B) indicating that mimicking Pdk1 phosphorylation of Adi3⌬T-loop (Adi3⌬T-loop/S539D) does not increase
Adi3⌬T-loop autophosphorylation activity to the extent of wild
type. Interestingly, the NLS mutant (Adi3K506A/K509A) had
autophosphorylation activity close to that of Adi3⌬T-loop (Fig.
1B) suggesting these Lys residues offer important structural
features to Adi3 required for autophosphorylation activity. The
NES mutant, Adi3L125A/L128A did not drastically affect Adi3
autophosphorylation activity (Fig. 1B). The K337Q mutation
(Adi3K337Q) eliminates ATP binding and kinase activity in wildtype protein (13). Because the T-loop extension deletion and
the NLS mutation affected Adi3 autophosphorylation activity,
we next tested if these mutations had effects on Adi3 CDS activity and cellular localization.
In Vivo Expression Levels of GFP-Adi3 Expressed from the 35S
Promoter and Functionality of the GFP-Adi3 Protein—Our
Adi3 functional and localization studies use a GFP-Adi3 protein expressed from the cauliflower mosaic virus 35S promoter
(35Spro). Use of the 35Spro can lead to overexpression and
accumulation of large amounts of protein, possibly leading to
mislocalization. Thus, we analyzed the GFP-Adi3 protein levels
in tomato protoplasts expressing 35Spro:GFP-Adi3 and compared this to the protein levels of two other proteins expressed
from the 35Spro:AvrPto-BFP, a Pst effector protein fused to
BFP, and GFP alone. Western blot analysis indicated that the
detection levels of GFP-Adi3 were very low and required 8
times and 40 times as much total protein to be detected compared with AvrPto-BFP or GFP, respectively (Fig. 2A). This suggests that GFP-Adi3 proteins do not reach levels that may cause
problems in cellular localization analysis. In addition, we found
one nonspecific band in our Western blot that could be
detected only when high concentrations of total protein were
used (asterisk in Fig. 2A and supplemental Fig. S1). This protein
is larger than that of GFP alone suggesting it is not GFP and
JUNE 4, 2010 • VOLUME 285 • NUMBER 23

indicating the presence of intact GFP-Adi3 as expressed in protoplasts. Additionally, the GFP-Adi3 protein used for subsequent localization and functional analyses was also fully kinase
active as expected (Fig. 2B).
Ser-539 Phosphorylation and an Intact NLS Are Important
for Adi3 CDS Activity—We used our Adi3 expressing protoplast system (13) to test different Adi3 kinase activity mutants
for compromised cell death control (Fig. 2C). These assays
make two premises. First, PCD is a process that is always “on”
and there are proteins such as PKB and Adi3 that continually
suppress PCD to prevent cell death (13–15). Loss of these proteins relieves suppression of PCD and initiates cell death as has
been seen for PKB (40, 41) and we have seen for Adi3 (13).
Second, overexpression of functionally compromised or constitutively active forms of PCD suppressor kinases will outcompete the endogenous protein, acting in a dominant negative or
dominant manner, to induce or suppress cell death, respectively. This has been shown for PKB (42– 46) and Adi3 (13). In
our current assays, GFP-Adi3 proteins were expressed in protoplasts for 24 h and cell viability measured by Evans blue staining as we have previously done (13). These assays used protoplasts from PtoR tomato plants, which contain a functional Pto
gene and show strong induction of HR cell death in response to
the Pst effector protein AvrPto (10). For this reason, we used
AvrPto expression as a positive control for strong cell death
induction. Expression of wild-type Adi3 showed a moderate
increase in cell viability over the vector alone (Fig. 2C) supporting its role in CDS (13). The kinase-inactive Adi3K337Q showed
a reduction in CDS and the constitutively active Adi3S539D had
increased CDS (Fig. 2C) further indicating that Adi3 kinase
activity and Pdk1 phosphorylation (via the Pdk1 phosphorylation mimic) is required for Adi3 PCD control. Expression of
Adi3⌬T-loop showed a reduction in CDS similar to Adi3K337Q
(Fig. 2C). However, introduction of the phosphomimic S539D
mutation (Adi3⌬T-loop/S539D) was able to restore CDS activity
for Adi3⌬T-loop to near wild-type levels (Fig. 2C). Introduction
of the nonphosphorylatable S539A mutation into Adi3⌬T-loop
(Adi3⌬T-loop/S539A) showed a strong loss of CDS (Fig. 2C).
The NLS mutant Adi3K506A/K509A also showed loss of CDS
equal to that of Adi3⌬T-loop (Fig. 2C). The Adi3 NES mutant,
Adi3L125A/L128A, had increased CDS comparable to Adi3S539D
(Fig. 2C). These data would suggest that a functional Adi3 NLS
is required for proper CDS and that mimicking the Pdk1 phosphorylation can restore CDS activity to nonfunctional NLS
mutants.
Subcellular Distribution of Adi3⌬T-loop Proteins—To analyze
the effect on Adi3 subcellular localization due to the loss of
the T-loop extension, subcellular fractions from protoplasts
expressing GFP-Adi3 proteins for 16 h were analyzed by
Western blot (Fig. 2D). The Adi3 and Adi3S539D proteins
showed similar localization in the nucleus and membrane fractions, while no protein was detected in the soluble fraction (Fig.
2D). This localization pattern of GFP-Adi3 was confirmed with
Adi3 tagged with the small, 9-amino acid HA epitope
(supplemental Fig. S2A) indicating the large GFP protein did
not affect localization of the Adi3 protein. The Adi3⌬T-loop protein showed strong localization to the membrane fraction and
drastically reduced detection in the nuclear fraction (Fig. 2D)
JOURNAL OF BIOLOGICAL CHEMISTRY
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extension or NLS mutant) impairs
the ability of Adi3 to suppress cell
death. Restoring nuclear localization (S539D introduction into
Adi3⌬T-loop) is capable of restoring
Adi3 CDS. Additionally, our data
support our earlier findings that
overexpression of non-functional
mutant forms of Adi3 act in a dominant negative manner with regard
to the endogenous Adi3 protein
(13).
Confirmation of Adi3 Nuclear
Localization—To confirm Adi3
nuclear localization, GFP-Adi3
expressing protoplasts were treated
with the nuclear export inhibitor
leptomycin B, which restricts nuclear/cytoplasmic shuttling proteins to
the nucleus (47, 48). The protoplasts
were also treated with the DNA
stain Hoechst 33342 to identify
nuclei (49) followed by confocal
microscopy imaging of the GFP and
Hoechst 33342 signals. The results
showed that leptomycin B treatment reduced cytoplasmic GFPAdi3 and restricted the protein to
the nucleus (Fig. 3A). We also
cloned the nuclear export protein
Exportin-1 (Xpo1), which binds
leucine-rich NESs (34) and showed
FIGURE 2. Cellular localization of GFP-Adi3 proteins regulates cell death suppression (CDS) activity. that Adi3 interacts with Xpo1 in a
A, GFP-Adi3 protein expression levels under the 35S promoter. Tomato protoplasts were transformed with the
indicated DNA constructs and protein expressed for 16 h followed by total protein extraction and ␣-GFP yeast two-hybrid assay (Fig. 3B).
Western blot analysis. B, GFP-Adi3 autophosphorylation activity. Recombinant GFP-Adi3 protein was immu- The functionality of the Adi3 NLS
noprecipitated using ␣-GFP-agarose and tested in an in vitro kinase assay as in Fig. 1B. Values are reported as a
percentage of wild-type Adi3 autophosphorylation and are average of three independent experiments. Error was also confirmed by fusing the
bars are standard error. Top panel: kinase assay (phosphorimage). Bottom panel: assay input (Coomassie Blue- NLS to the C terminus of GFP (GFPstained gel). C, cell viability of protoplasts expressing GFP-Adi3 plus NLS and NES mutants. Tomato protoplasts NLS) and analyzing for nuclear
expressing the indicated proteins for 24 h were analyzed for cell viability by Evans Blue staining to identify dead
cells. Data represent the average of five independent experiments. Error bars are standard error. One asterisk accumulation of GFP. The protein
and two asterisks indicate significant increase or decrease, respectively, in cell viability compared with vector- was expressed in tomato protoplasts
only expression (Student’s t test, p ⬍ 0.05). D, subcellular distribution of GFP-Adi3 proteins. The indicated
treated with hoechst 33342 for
proteins were expressed for 16 h in tomato protoplasts followed by subcellular fractionation and Western blot
with the indicated antibodies. Markers used: membrane, AvrPto-FLAG (73) and soy bean ␣-1,2-mannosidase nucleus identification and cellular
(GmMan1)-mCherry (35); nuclei, histone H3; soluble fraction and loading control, RuBisCo (Coomassie Blue localization viewed by confocal
stain of membrane). Western blots are representative of three independent experiments.
microscopy. Protein expression was
confirmed by ␣-GFP Western blot
indicating a lack of a functional NLS in the Adi3⌬T-loop protein. (Fig. 3D). GFP-NLS protein localization was reduced in the
Introduction of the S539D mutation (Adi3⌬T-loop/S539D) caused cytoplasm, but retained in the nucleus suggesting the Adi3 NLS
a substantial shift of the Adi3⌬T-loop protein to the nuclear frac- is a functional nuclear localization signal (Fig. 3C). A similar
tion and reduction in membrane localization (Fig. 2D). The analysis was carried out with the Adi3 NES sequence, which
Adi3⌬T-loop/S539A protein was not found in the nuclear fraction was fused to the N terminus of GFP (NES-GFP). If the NES is
but was detectable in the membrane fraction only as a high functional, NES-GFP protein should accumulate in the cytomolecular weight smear, suggesting post-translational modifi- plasm. However, the Adi3 NES was incapable of reducing GFP
cation (Fig. 2D). These data indicate that the Adi3 NLS in the nuclear localization (Fig. 3C) indicating the Adi3 NES may be a
T-loop extension directs nuclear localization and that mimick- weak export signal unable to maintain nuclear exclusion of the
ing Pdk1 phosphorylation of Adi3 without the T-loop exten- small GFP protein, which can freely enter the nucleus (50, 51).
sion (Adi3⌬T-loop/S539D) can redirect the protein to the nucleus.
Adi3 Nuclear Localization Is Required for PCD Suppression
Taken together with the CDS assays (Fig. 2C), these data sug- in Tomato and Tobacco Leaves—Because Adi3 NLS loss, either
gest that loss of Adi3 nuclear localization (deletion of T-loop by deletion of the T-loop extension or NLS mutation, causes
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and 48 h in N. benthamiana (Fig.
4B). Expression of Adi3⌬T-loop/S539D
was capable of restoring CDS to
wild-type levels in both tomato and
N. benthamiana, while the expression of Adi3⌬T-loop/S539A caused a
very strong loss of CDS nearly
equivalent to that of AvrPto (Fig. 4,
A and B). This would suggest that
Adi3 nuclear localization driven by
mimicking Pdk1 phosphorylation of
Ser-539 is required for CDS.
A reliable assessment of plant
cell death is to measure cell ion
leakage from leaf disks by measuring conductivity of a surrounding solution (52). Cell death control in leaf disks from Fig. 4B
was analyzed by conductivity (Fig.
4D). The results matched the visualization of cell death seen with
Evans blue staining; Adi3⌬T-loop
and Adi3⌬T-loop/S539A were unable
to suppress cell death, with
Adi3⌬T-loop/S539A showing the
strongest loss (Fig. 4D). The
Adi3⌬T-loop/S539D protein had
restored ability to suppress cell
death (Fig. 4D). These CDS assays
using intact leaves confirm the
results seen in our protoplast system (Fig. 1C) and confirms that the
protoplast system is a reliable platFIGURE 3. Adi3 contains a functional NLS. A, leptomycin B treatment. Tomato protoplasts expressing GFP- form for assessing Adi3 function.
Adi3 for 14 h were incubated with 20 nM leptomycin B for 90 min followed by incubation with 10 M Hoechst
As a further confirmation that
33342 for 2 h and visualized by confocal microscopy. Merge, overlay of GFP, Hoechst 33342, and autofluorescence images. Bar, 20 m; arrowhead, nucleus. B, Adi3 interaction with Xpo1. Xpo1 from tomato was cloned nuclear Adi3 is required for its CDS
and tested for yeast two-hybrid interaction with Adi3 in the LexA system. C, functional analysis of Adi3 NES and activity, we coexpressed GFP-Adi3
NLS. The indicated GFP fusion proteins were expressed in tomato protoplasts for 14 h, treated with 10 M
Hoechst 33342 for 2 h, and visualized by confocal microscopy. Bar, 20 m; arrowhead, nucleus. D, expression of in PtoR tomato protoplasts with a
GFP-binding protein (GBP) for 16 h
GFP NLS and NES fusion proteins in tomato protoplasts as detected by ␣-GFP Western blot.
and analyzed for loss of Adi3 CDS
Adi3 to have compromised PCD control in protoplasts, func- by Evans blue-stained dead cells. This GBP protein has been
tionality of GFP-Adi3 and GFP-Adi3⌬T-loop proteins in leaf tis- shown in plants to effectively bind GFP fusion proteins in vivo
sue was analyzed utilizing Agrobacterium-mediated transient and disrupt the function of GFP fusions of nuclear-localized cell
expression in tomato (Fig. 4A) and N. benthamiana (Fig. 4B). death-regulating proteins by restricting them to the cytoplasm
As with our protoplast functionality assays (Fig. 2C), we used (53). Expression of GBP alone did not alter cell viability (Fig.
PtoR tomato plants, which produce strong HR cell death in 4E). However, coexpression of GBP with Adi3, Adi3S539D, or
response to the Pst effector AvrPto (10). N. benthamiana plants Adi3L125A/L128A/S539D showed a strong loss of Adi3 CDS activalso produce HR cell death in response to AvrPto (10). Thus, ity (Fig. 4E) further indicating a nuclear-localized Adi3 is
expression of AvrPto-FLAG was used as a strong cell death required for full CDS. A reduction in the nuclear localization of
inducer positive control (Fig. 4, A and B). In the assays, leaves the GFP-Adi3 proteins expressed with GBP was confirmed by
(tomato) or leaf disks (N. benthamiana) were taken at 12, 24, ␣-GFP Western blot (supplemental Fig. S2B).
and 48 h after Agrobacterium infiltration, stained with Evans
Deletion of the T-loop Extension Causes Localization of Adi3
blue to identify dead cells, depigmented, and photographed. to Punctate Cellular Structures—To confirm subcellular fracProtein expression in leaf tissue was confirmed by ␣-GFP tionation results (Fig. 2D), confocal microscopy was used to
and ␣-FLAG Western blot (Fig. 4C). In both tomato and visualize the localization of GFP-Adi3 and GFP-Adi3 NLS
N. benthamiana, expression of Adi3 showed no loss of mutants in Agrobacterium-infiltrated intact tomato leaf mesoCDS (Fig. 4, A and B). The Adi3⌬T-loop protein showed a phyll cells (Fig. 5A) and tomato mesophyll protoplasts (Fig. 5B).
loss of CDS by 24 h after infiltration in tomato (Fig. 4A) Protein expression of GFP-Adi3 proteins were confirmed by
JUNE 4, 2010 • VOLUME 285 • NUMBER 23
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␣-GFP Western blot analysis (Fig. 5C). Both systems showed
similar results. Adi3 wild type appeared to be localized
throughout the entire cell, while GFP-Adi3⌬T-loop protein
was localized to punctate structures throughout the cell (Fig.
5, A and B). Localization of the GFP-Adi3⌬T-loop protein
appears to be regulated by the mimicking phosphorylation
status of the Pdk1 phosphorylation site, Ser-539. Introduction
of the S539D mutation into the Adi3⌬T-loop protein decreased
punctate structure localization and directed some protein to
the nucleus (Fig. 5, A and B), which was also seen in the subcellular fractionation (Fig. 2D). Introduction of the S539A mutation caused an increase in the number of Adi3⌬T-loop punctate
structures with no nuclear localization (Fig. 5B). Expression of
the Adi3K506A/K509A protein also showed localization to punctate structures similar to the Adi3⌬T-loop protein (Fig. 5, A and
B). The number of GFP-Adi3⌬T-loop punctate structures seen in
protoplasts were quantified for each mutant and showed that
expression of GFP-Adi3⌬T-loop/S539A is located to the most
punctate structures (supplemental Fig. S3). Because the
Adi3⌬T-loop/S539A protein has very strong loss of CDS activity
and a high amount of localization to punctate cellular structures, there appears to be a strong correlation between the
number of punctate structures and induction of PCD. Several
attempts to identify these punctate structures have not yielded
positive results. However, the Adi3⌬T-loop proteins do appear to
be enriched in the membrane fraction (Fig. 2D) suggesting the
punctate structures are an intracellular membrane system.
Nuclear-localized Adi3 Can Suppress AvrPto-induced Cell
Death—To test our findings that nuclear-localized Adi3 can
suppress cell death, we tested the ability of constitutively active
and nuclear forms of Adi3 to suppress the induction of cell
death caused by AvrPto. PtoR tomato protoplasts expressing
GFP alone (vector) or wild-type and mutant GFP-Adi3 proteins
for 14 h were transformed with BFP-AvrPto or a water control
and cell death measured with Evans Blue over a 4-h time period.
Expression of Adi3 and AvrPto were confirmed by ␣-GFP
Western blot (supplemental Fig. S4). Cell death was strongly
induced by expression of AvrPto alone as compared with GFP
expression only (Fig. 6A, compare first and last column of each
time point). Wild-type Adi3 was capable of suppressing this
cell death induced by AvrPto at 0.5 h and to a small level at
1.5 h after AvrPto expression (Fig. 6A, compare second and
last column of each time point). The constitutively active
Adi3S539D and the constitutively nuclear-localized and active
Adi3L125A/L128A/S539D were both able to very strongly suppress
AvrPto-induced cell death up to 4 h after AvrPto expression

(Fig. 6A, compare fourth and fifth column with last column of
each time point). Interestingly, kinase-inactive Adi3K337Q was
able to suppress AvrPto-induced cell death at 0.5 h after AvrPto
expression (Fig. 6A, compare third and last column of each time
point). These assays were also carried out in protoplasts from
prf-3 tomato plants which have a mutation in the Prf gene (54,
55). This gene is required for Pto-mediated cell death in
response to AvrPto, and cell death is not induced in prf-3 plants
when treated with AvrPto (10, 54, 55). As expected, cell viability
was maintained at or near the GFP alone control in all combinations of Adi3 and AvrPto in prf-3 protoplasts (Fig. 6B).
We also tested the ability of Adi3 to suppress non-pathogen
induced forms of cell death in yeast, such as the cell death
induced by H2O2 (56). Expression of GFP-Adi3 in yeast was
capable of reducing the cell death induced by H2O2 (supplemental Fig. S5) suggesting the Adi3 CDS mechanism is
highly conserved in eukaryotes. In these assays the Pst effector
protein AvrPtoB was used as a positive control for H2O2 CDS
(57).
Taken together, these data confirm that nuclear-localized
Adi3 is capable of suppressing cell death and that the function
of overexpressed, active forms of Adi3 can be analyzed in vivo
because they outcompete endogenous Adi3 protein as we have
seen previously (13). Our in vivo functional studies, which use
GFP-Adi3 proteins, also suggest that the localization of
the GFP-Adi3 proteins is correct since the CDS activity of these
GFP-Adi3 proteins matches predicted Adi3 function and that
previously seen for constitutively active Adi3S539D (13).

DISCUSSION
Identification of plant proteins that regulate PCD has been
difficult and yielded few results as compared with mammalian
systems (1, 4, 5, 58). However, several MAP kinases and transcription factors have been identified that regulate plant PCD
(11, 59 – 64). Additionally, a few homologues of mammalian
PCD regulators have been found in plant systems (65). Given
the important roles of PCD in plant development and pathogen
interactions, identification, and characterization of such proteins is critical for understanding how plant PCD functions. We
identified the protein kinases Adi3 and Pdk1 as negative regulators of plant PCD (13). Our studies here firmly place Adi3 as a
suppressor of PCD in tomato and provide insights into the role
of cellular localization in controlling Adi3 CDS activity that are
strikingly similar to the apoptosis suppressing function of PKB
in mammalian systems. Because Adi3-like sequences are found

FIGURE 4. Nuclear-localized Adi3 is required for CDS. A, CDS loss in tomato leaves expressing Adi3⌬T-loop proteins. Agrobacterium tumefaciens-mediated
transient expression of GFP-Adi3 and GFP-Adi3⌬T-loop proteins was carried out in PtoR tomato leaves. After indicated times, whole leaves were Evans Blue
stained, depigmented, and photographed. AvrPto-FLAG was used as positive control for cell death. B, CDS loss in N. benthamiana leaves expressing Adi3⌬T-loop
proteins. Agrobacterium-mediated transient expression of GFP-Adi3 and GFP-Adi3⌬T-loop proteins was carried out in N. benthamiana leaves. After indicated
times, 1 cm in diameter leaf disks were treated as in A for visualization of induced cell death. C, Western blot of proteins expressed in tomato leaves. Total
protein extract was obtained from leaves transiently expressing GFP-Adi3 and GFP-Adi3⌬T-loop proteins and Western analysis carried out using ␣-GFP (top
panel) and ␣-FLAG (bottom panel) antibodies. Filled triangle, GFP-Adi3; open triangle, GFP-Adi3⌬T-loop proteins; gray triangle, AvrPto-Flag; open diamond,
RuBisCo loading control. D, ion leakage as indication of cell death induction. Conductivity tests were carried out on three 1-cm diameter disks from tomato
leaves transiently expressing GFP-Adi3 and GFP-Adi3⌬T-loop proteins at indicated times. Values are the average of three independent experiments. Error bars are
standard error. One asterisk, two asterisks, and three asterisks indicate significant increase in ion leakage at 12, 24, and 48 h, respectively, compared with vector
only expression at those time points (t test, p ⬍ 0.05). E, restriction of GFP-Adi3 to cytoplasm by the GFP-binding protein eliminates Adi3 CDS. The indicated
combinations of GFP-Adi3 and GBP were expressed in tomato protoplasts for 16 h and observed for cell death using Evans blue staining. All data represent
average of three independent experiments. Error bars are standard error. One asterisk and two asterisks indicate significant increase or decrease, respectively,
in cell viability compared with vector-only expression (t test, p ⬍ 0.05).
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T-loop extension of the plant AGC
kinases PID and AGC1–7 directs
these proteins to the plasma membrane and cytoplasm, respectively
(21). Nuclear localization of two
other plant VIIIa AGC kinases,
KIPK and WAG1, has been shown,
but the requirement of the T-loop
extension has not been reported (21).
The Ndr family of mammalian AGC
kinases also contains T-loop extensions similar to plant VIIIa AGC
kinases. The extension encodes an
NLS for Ndr1, but it appears to inhibit
autophosphorylation in other Ndr
kinases (29 –32). The Adi3 T-loop
extension does not appear to be an
inhibitor of autophosphorylation.
Sequence identity and amino acid
length of both mammalian and
plant AGC kinase T-loop extensions are quite variable. However,
they all contain a stretch of basic
amino acids near the C-terminal
end of the extension that appears to
give functionality to the extension
(21, 29). In Ndr1 (31) and Adi3,
these basic amino acids encode the
NLS and in other Ndr kinases they
are responsible for autophosphorylation inhibition (32). Examination
of other plant VIIIa AGC kinase
T-loop extensions is required to
determine if these basic amino acids
are required for cellular localization
or kinase activity.
Pdk1 Phosphorylation of Adi3 Is
Required for Nuclear Localization
and CDS—The presented results
indicate that in addition to phosphorylation of Adi3 at Ser-539 for
activation of kinase activity, mimFIGURE 5. Adi3 NLS mutants are located in punctate cellular structures. A, localization of GFP-Adi3 proteins icking Pdk1-mediated phosphorylain intact PtoR tomato leaf mesophyll cells. After Agrobacterium-mediated transient expression for 48 h (GFP- tion at Ser-539 is sufficient for Adi3
Adi3), 24 h (GFP-Adi3⌬T-loop; GFP-Adi3⌬T-loop/S539D), or 12 h (GFP-Adi3⌬T-loop/S539A; GFP-Adi3K506A/K509A), leaf
sections were cut from 3 different leaves and visualized by confocal microscopy. Images are representative of nuclear localization (Figs. 2D and 5,
three independent experiments. Merge, overlay of GFP and autofluorescence images. Bar, 20 m; arrowhead, A and B). Interestingly, the S539D
nucleus. B, localization of GFP-Adi3 proteins in PtoR tomato protoplasts. The indicated GFP-Adi3 proteins were mutation can alter localization of
expressed in protoplasts for 16 h and visualized by confocal microscopy. Labeling as in A. C, Western blot using
⌬T-loop
protein from punc␣-GFP antibody on total protein from expression of the indicated GFP-Adi3 proteins. Filled triangle, GFP-Adi3; the Adi3
⌬T-loop
open triangle, GFP-Adi3
proteins; gray triangle, RuBisCo loading control (Coomassie Blue-stained tate structures to the nucleus even
membrane).
though this protein lacks the identified NLS (Fig. 5, A and B), suggestin many plants (Arabidopsis, rice, corn), it is possible that PCD ing the S539D phosphorylation mimic may produce a conformational change sufficient for interaction with nuclear import
is regulated in a similar manner in most plants.
The NLS in the Adi3 T-loop Extension Directs Nuclear machinery or exposure of a nonconsensus NLS. Pdk1-depenLocalization—Our data show that the Adi3 T-loop extension dent nuclear localization of plant AGC kinases has not been
contains an NLS that is required for nuclear localization. Other reported. However, the mammalian AGC kinase PKB is phosstudies have suggested that this T-loop extension of plant AGC phorylated at the plasma membrane on Thr-308 by Pdk1,
kinases also functions in determining cellular localization. The which mobilizes PKB to the nucleus (14, 66, 67).
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ization through deletion of the T-loop extension or NLS mutation directs Adi3 to intracellular punctate structures where it
no longer has CDS activity. These punctate structures appear to
be an intracellular membrane system. This model, and the fact
that Adi3 interacts with Pto and AvrPto (12, 13), raises the
possibility that the induction of HR cell death during the pathogen resistance response is mediated by redirecting Adi3 from
the nucleus to the punctate membrane structures seen here.
This would inactivate Adi3 and induce PCD. In the future, it
will be important to determine exactly how Adi3 is being mobilized to the nucleus and how this localization is regulated under
pathogen-challenged situations. Additionally, it will be essential to identify the punctate membrane structures to which nonnuclear Adi3 is located, as well as to identify nuclear Adi3 substrates for CDS.

FIGURE 6. Nuclear-localized Adi3 protects against AvrPto-induced cell
death. A, PtoR tomato protoplasts or B, pfr-3 tomato protoplasts were transformed with indicated GFP-Adi3 constructs, proteins were expressed for 14 h
and transformed with an avrPto construct, samples were taken at the indicated times, and cell was viability determined by Evans Blue staining. Graphs
represent the average of three independent experiments. Error bars are
standard error. One asterisk indicates significant increase in cell viability compared with AvrPto only expression within each time point (Student’s t test,
p ⬍ 0.05).

Mimicking Pdk1 phosphorylation of Adi3 Ser-539 is also
required for CDS as indicated by restoration of CDS to
the Adi3⌬T-loop/S539D protein and strong loss of CDS for
Adi3⌬T-loop/S539A (Figs. 2C and 4, A, B, D) as well as the
ability of Adi3S539D and Adi3L125A/L128A/S539D to suppress
AvrPto-induced cell death (Fig. 6A). This is similar to Pdk1phosphorylated, activated, and nuclear-localized PKB, which
can phosphorylate nuclear substrates to suppress cell death
(67–71). Interestingly, the S539D mutation does not increase
Adi3⌬T-loop kinase activity to the level of wild-type Adi3 (Fig.
1B) even though Adi3⌬T-loop/S539D is capable of CDS, suggesting full autophosphorylation activity is not required for complete Adi3 CDS and that one mechanism by which Adi3 suppresses cell death may be protein interaction for functional
inhibition independent of full kinase activity. This is supported
by the finding that the kinase-inactive Adi3K337Q is capable of
limited CDS (Fig. 6A). From our results a picture is evolving of
a Pdk1/Adi3 kinase signaling cascade for suppressing cell death
that is similar to mammalian Pdk1/PKB; Pdk1 phosphorylation
of Ser-539 activates Adi3 kinase activity, which is sufficient to
direct nuclear localization and is required for CDS activity.
A Model for Adi3 Function in Cell Death Control—Based on
our results presented here and previous studies (13) we suggest
a model of Adi3 function in PCD regulation. We have shown
that the Pdk1-Adi3 interaction is constitutive (13) and most
likely takes place at the plasma membrane because that is where
Pdk1 is known to activate substrates (72). Mimicking phosphorylation of Adi3 Ser-539 by Pdk1 drives Adi3 nuclear localization
where it functions to suppress PCD. Loss of Adi3 nuclear localJUNE 4, 2010 • VOLUME 285 • NUMBER 23
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