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Physical interaction between SnRK2 and PP2C is conserved
in Populus trichocarpa
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Abstract Type 2C protein phosphatase (PP2C) is a central player in abscisic acid (ABA) signaling transduction, which is
required for plant growth, development and stress responses. In Arabidopsis, group A PP2Cs inhibit activity of the SNF1-
related protein kinases 2 (SnRK2) family via physical interaction. To clarify whether this scheme is conserved in woody
plants, we experimentally isolated the genes homologous to three members of group A PP2Cs (PtABI1, PtAHGI and
PtAHG3) and 12 SnRK2s (PtSnRK2.1-2.12) from a model tree Populus trichocarpa, and examined their interaction using
a yeast two-hybrid assay. Our results showed that only three PtSnRK2 proteins had a positive interaction with PtPP2Cs:
PtSnRK2.10 possessed strong interaction activity with all three PtPP2Cs, while significant, but relatively weak, interactions
were observed with PtSnRK2.6 and PtSnRK2.9. These three PtSnRK proteins are grouped into subclass 2 or 3, which are
considered to be ABA-dependent kinases in Arabidopsis. These findings suggest that physical interaction between SnRK2

and PP2C is also conserved in poplars and may be involved in the ABA signaling pathway in tree plants.
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Abscisic acid (ABA) signaling plays a pivotal role in
many developmental and physiological processes,
including seed dormancy, germination and seedling
growth, as well as biotic and abiotic stress responses
(Hirayama and Umezawa 2010; Ng et al. 2014;
Yamaguchi-Shinozaki et al. 2006). Recent key studies of
Arabidopsis thaliana (Arabidopsis) have provided many
experimental data indicating that protein phosphatases
type 2C (PP2C), which can interact with ABA receptors
and/or subfamily SNF1-related protein kinase 2 (SnRK2),
are global negative regulators of the ABA signaling
pathway (Cutler et al. 2010; Leung et al. 1994, 1997;
Meyer et al. 1994; Ng et al. 2014; Nishimura et al. 2007;
Saez et al. 2004; Umezawa et al. 2009). In the absence of
ABA, group A PP2Cs physically bind to plant-specific
SnRK2s and dephosphorylate the kinase activation loop
of SnRK2s, resulting in the inhibition of ABA signal
transduction (Umezawa et al. 2009; Vlad et al. 2009).

In Arabidopsis, nine group A PP2Cs (ABI1, ABI2,
HABI1, HAB2, AHGI1, PP2CA/AHGS3, etc.) have been

implicated as negative regulators of ABA responses (Fujii
et al. 2007, 2009; Fujita et al. 2009; Umezawa et al. 2010;
T. Yoshida et al. 2006). Only the subclass 2 and 3 SnRKs
are activated by ABA, and subclass 3 SnRK2s (SnRK2.2,
SnRK2.3, and SnRK2.6) were shown to be major positive
regulators of ABA signaling (Fujii et al. 2009; Fujita et al.
2009; Nakashima et al. 2009; Umezawa et al. 2009). The
SnRK2 protein possesses a catalytic domain that is well-
conserved among all subclasses of SnRKs and a relatively
diverse C-terminal domain. The C-terminal domain
can be separated into two subdomains, Domain 1 and
Domain 2 (R. Yoshida et al. 2006). Domain 2, also known
as the ABA box, is a highly negatively charged segment
critical for the physical interactions between SnRK2s and
PP2Cs (Belin et al. 2006; R. Yoshida et al. 2006; Yunta
et al. 2011; Zhou et al. 2012). The characteristics of
Domain 2 differ by subclass; Domain 2 in subclasses 2
and 3 is rich in aspartate, but that in subclass 1 is rich
in glutamate. It was shown that ABA can activate only
aspartate-rich SnRKs (Boudsocq et al. 2004; Kobayashi et
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al. 2004), and deletion analysis of Domain 2 showed that it
is necessary for ABA responsiveness (R. Yoshida et al. 2006).

Comparative genome analysis revealed that SnRK
and PP2C genes are well conserved among a wide
range of plant species (Umezawa et al. 2010), and
heterologous expression of the Arabidopsis ABII gene
suggests possible conservation of the ABA signaling
pathway between Arabidopsis and the model tree
Populus trichocarpa (Arend et al. 2009). In woody plants,
endogenous ABA levels show seasonal alteration, and
ABA is involved in freezing tolerance and dormancy
(Welling and Palva 2006). Interestingly, sensitivity to
exogenous ABA is not stable, but changes seasonally
(Welling and Palva 2006), suggesting that ABA signaling
regulation plays critical roles in the perennial life cycle of
woody plants. However, information on the ShnRK-PP2C
complex in woody plants is limited.

To clarify whether the SnRK2-PP2C physical
interaction is conserved in tree species, we examined
the genes homologous to SnRK and PP2C in the model
tree P, trichocarpa (Tuskan et al. 2006). The P. trichocarpa
genome database Phytozome (Goodstein et al. 2012) was
searched via TBLASTN using the amino acid sequences
of Arabidopsis SnRK2s and PP2Cs (ABI1, AHGI1 and
AHG3) as queries. We identified 12 PtSnRK2 genes and
three PtPP2C genes (Supplementary Table 1). Using the
full-length amino acid sequences of SnRK2s and PP2Cs
from poplar and Arabidopsis, phylogenetic trees were
constructed using the neighbor-joining method (Figure
1, Figure 2 and Supplementary Table 1). The PtSnRK
genes can be classified into subclasses 1 (PtSnRK2.1-2.4),
2 (PtSnRK2.10-2.12) and 3 (PtSnRK2.5-2.9), based on
the classification of Arabidopsis SnRKs (Figure 1; Yu et
al., submitted). We named the three PtPP2Cs PtABII,
PtAHG1 and PtAHGS3, according to their sequence
similarity with Arabidopsis homologs (Figure 2). These
results suggest that the basic molecular components for
ABA signaling are conserved in poplars.

Next, we experimentally isolated the cDNA sequences
of these PtSnRK2 and PtPP2C genes to further examine
the SnRK2-PP2C physical interaction using yeast two-
hybrid analysis. Based on the putative cDNA sequence,
specific primers were designed to amplify the open
reading frame regions of these genes using first-strand
cDNAs prepared from total RNA obtained from
young P. trichocarpa shoots grown in pots, according
to the methods described in Ohtani et al. (2011) (for
primer information, please see Supplementary Table
2). Amplified PCR fragments were cloned into the
Gateway entry vector pENTR™/D-TOPO® or pCR"8/
GW/TOPO® (Invitrogen), and their sequences were
checked to confirm they were identical to the presumed
cDNA sequences. To construct the plasmids for yeast
two-hybrid analysis, the PtSnRK2 and PtPP2C ¢cDNA
sequences were transferred to the pBD-GAL4-GWRFC
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Figure 1. Phylogenetic tree of SnRK2 proteins from Populus
trichocarpa (red, Pt), Oryza sativa (Os) and Arabidopsis (At). The
phylogenetic tree was constructed using the neighbor-joining method
(for the aligned sequences, please see Supplementary Table 1). Numbers
are bootstrap values and are given for clades that received support

values of over 70% (1000 resamplings). The scale (0.1) represents a 10%
change in sequence.

subclass 1

and pAD-GAL4-GWREFC vectors (Yamaguchi et al.
2008), respectively, by the LR clonase (Invitrogen)
reaction. The pAD-GAL4-GWRFC and pBD-GAL4-
GWREC plasmids containing the multi-cloning sequence
(Yamaguchi et al. 2008) were used as negative controls.
The SRK2E-pGBKT7 and ABI1-pGADT7 plasmids,
into which the Arabidopsis SnRK2.6 and ABII genes
were inserted, respectively, were kindly provided by Dr.
Umezawa and used as positive controls (Umezawa et al.
2009; R. Yoshida et al. 2006).

Using the plasmids described above, yeast two-hybrid
analysis was carried out using the GAL4 Two-Hybrid
Phagemid Vector Kit (Agilent Technologies) according
to the manufacturer’s instructions. The yeast strain
AH109 was transformed with the pBD-GAL4-GWREFC
harboring PtSnRK2 and with pAD-GAL4-GWREC
harboring PtPP2C in all combinations using the S.c.
EasyComp™ Transformation Kit (Invitrogen). After the
transformed colonies were cultured in SD agar medium

Copyright © 2015 The Japanese Society for Plant Cell and Molecular Biology
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Figure 2. Phylogenetic tree of PP2C proteins from Populus
trichocarpa (red, Pt), Oryza sativa (Os) and Arabidopsis (At). The
phylogenetic tree was constructed using the neighbor-joining method
(for the aligned sequences, please see Supplementary Table 1). Numbers
are bootstrap values and are given for clades that received support

values of over 70% (1000 resamplings). The scale (0.1) represents a 10%
change in sequence.

(-Leu, -Trp) at 28°C, the well-grown colonies were
picked and cultured in liquid SD medium (-Leu, —Trp).
The liquid culture was grown to mid-log phase at 28°C
and adjusted to an A, of 0.1, after which 2-ul aliquots of
serial 10-fold dilutions of the cultures were spotted onto
SD agar medium (-Leu, -Trp, —-His). The plates were
incubated at 28°C for 3 days to check the growth of each
yeast strain (Figure 3).

The results showed that three PtSnRK2s, PtSnRK2.6,
PtSnRK2.9 and PtSnRK2.10, which are classified into
subclass 2 or 3 (Figure 1), can interact with all PtPP2Cs
tested (Figure 3). PtSnRK2.10 in subclass 3 seemed to
bind especially strongly to all three PP2Cs, because the
10~* diluted culture cells formed well-grown colonies
in all combinations. Compared with PtSnRK2.10,
PtSnRK2.6 and PtSnRK2.9 possessed relatively weaker,
but significant binding activities to PtPP2Cs; moreover,
PtSnRK2.6 and PtSnRK2.9 exhibited stronger binding
to PtAHG3, suggesting that these two PtSnRKs have
preferential binding partners. Among PtSnRKs in the
same subclass, we could not find large differences in
amino acid sequences contributing to the SnRK-PP2C
interaction in Arabidopsis (Soon et al. 2012; Zhou et
al. 2012). It was shown using the alfascreen method in
Arabidopsis that the ABA box region of all SnRKs,
except SnRK2.1 and SnRK2.8, can interact with PP2Cs
in vitro (Zhou et al. 2012), although a positive interaction
between full-length SnRK protein and PP2Cs was not
observed in the case of yeast two-hybrid experiments for
SnRK 2.10 (Umezawa et al. 2009). Thus, the difference in

X. Song et al.
AD PtABI1 PtAHG-1 PtAHG-3
BD 1 10710210° 1 10710210° 1 107102103
resnrcz.1 [ I
PESNRK2.2 ... [ e sl ]

[ -[SISET Tela]s] |

GEURE |2 | | Jels ] | [e]=] ] |
AD  ABH AD  MCS

BD 1 107102 10° 10" 102 10°%

1
srczs CACACAI ves IERENER

Figure 3. Yeast two-hybrid analysis of PtSnRKs and PtPP2C. Both
GAL4AD-PP2Cs and GAL4BD-SnRKs were introduced into yeast cells
(strain AH109) as indicated, and grown in liquid SD medium without
Leu and Trp. The diluted series of the liquid culture was spotted onto
SD agar medium without Leu, Trp or His and grown for 3 days at 28°C.
The Arabidopsis ABI1 and SnRK2.6 genes (Umezawa et al. 2009) and
the multi-cloning sequence (Yamaguchi et al. 2008) were used as the
positive and negative controls, respectively.

interaction activities largely depends on conformational
diversity, which is difficult to determine from primary
amino acid sequences. In Arabidopsis, all three members
of subclass 3 SnRK2 can interact with group A PP2Cs.
However, only PtSnRK2.10 interacted with PP2C in our
study, indicating there might be some SnRK2 functional
differences between Arabidopsis and poplars in ABA
signaling pathway. Further detailed analyses will clarify
these issues.

In summary, our results showed that the SnRK2-
PP2C interaction is conserved in the model tree P,
trichocarpa, and that the interaction with PP2C is
basically limited to PtSnRK2s in subclass 2 or 3, as
shown for Arabidopsis (Figure 3; Umezawa et al. 2009).
Recently, we also revealed that the expression levels of
some PtSnRK genes are upregulated by ABA treatment
(Yu et al. unpublished data). These findings suggest that
the key components and basic molecular mechanisms
of ABA signaling are conserved between Arabidopsis
and poplars. Plant growth and development require the
integration of a variety of environmental and endogenous
signals. Further intensive research on the function of
the SnRK-PP2C complex in poplars will improve our
understanding of the ABA signaling pathway in tree
species, and also help us further explore the roles of
SnRK-PP2C in plant growth and development as well as
the response to biotic and abiotic stresses for commercial
application of the super trees with high yield and strong
resistance characters.
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