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Our previous study demonstrated that a chloroplast co-chaperonin 20 (CPN20), one of the interaction partners of the magne-
sium-protoporphyrin IX chelatase H subunit (CHLH/ABAR), negatively regulates ABA signaling at the same node with
ABAR but upstream of WRKY40 transcription repressor in Arabidopsis thaliana. In the present experiment, we showed that
ABA directly inhibits the ABAR-CPN20 interaction, and also represses expression of CPN20, which depends on ABAR.
CPN20 inhibits ABAR-WRKY40 interaction by competitively binding to ABAR. ABAR downregulates, but CPN20 upregu-
lates, WRKY40 expression. The cpn20-1 mutation induces downregulation of WRKY40, and suppresses the upregulated level of
WRKY40 due to the cch mutation in the ABAR gene. ABA-induced repressive effect of the WRKY40 gene is strengthened by
downregulation of CPN20 but reduced by upregulation of CPN20. Together with our previously reported genetic data, we pro-
vide evidence that CPN20 functions through antagonizing the ABAR-WRKY40 coupled pathway, and ABA relieves this

pathway of repression by inhibiting the ABAR-CPN20 interaction to activate ABAR-WRKY40 interaction.
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Phytohormone abscisic acid (ABA) regulates many devel-
opmental processes including embryo maturation, seed
germination and seedling growth, and is a key hormone in
plant adaptation to adverse conditions such as drought, salt
and cold stresses [1-3]. ABA signal transduction has been
extensively studied, and numerous signaling components,
including several receptors or candidate receptors for ABA,
have been identified [1,3—10].

We previously reported that the chloroplast magnesi-
um-protoporphyrin IX chelatase large subunit (Mg-chela-
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tase H subunit CHLH/putative ABA receptor ABAR) func-
tions as a candidate receptor for ABA in Arabidopsis thali-
ana [4,11,12], which antagonizes a group of WRKY-
domain transcription repressors to relieve ABA-responsive
genes of inhibition [13—15]. Although the identity of CHLH/
ABAR as an ABA receptor is controversial [16], multiple
lines of evidence showed that CHLH/ABAR binds ABA
and functions in ABA signaling [4,11-13,17]. Further evi-
dence revealed that CHLH/ABAR mediates ABA signaling
in guard cells of several plant species such as Arabidopsis
[4,16,18], peach (Prunus persica) [19], and tobacco (Nico-
tiana benthamiana) [12]. Additionally, CHLH/ABAR me-
diates ABA signaling in fruit ripening of both peach [19]
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and strawberry (Fragaria ananassa) [20]. These data de-
monstrate that CHLH/ABAR is an essential ABA signaling
regulator in plant cells.

Recently, we showed that the chloroplast co-chaperonin
CPN20 interacts with ABAR/CHLH protein, and negatively
regulates ABA signaling at the same node with ABAR and
upstream of the WRKY40 transcription repressor in Ara-
bidopsis thaliana [21]. In the present experiment, we ex-
plored the underlying molecular mechanism of the CPN20
function, and showed that CPN20 antagonizes ABAR to
relieve ABA-responsive WRKY40 transcription repressor
of inhibition by ABAR in ABA signaling.

1 Materials and methods
1.1 Plant materials

Arabidopsis thaliana ecotype Col-0 was used as the wild-
type control. The T-DNA insertion lines in the CPN20 gene
were all obtained from the Arabidopsis Biological Resource
Center (ABRC). The mutant lines were genotyped by PCR
and DNA gel-blot analysis as previously described [21].
The Col-0 plants were used to create CPN20-overexpress-
ing transgenic lines as previously described [21]. The ho-
mozygous T3 seeds were used for further analysis. The
ABAR-RNAI construct described previously [4] was used to
transform the Col-0 plants to create ABAR-RNA lines as
previously described [21]. The homologous T3 generation
seeds or plants were used for analysis. The cch cpn20-1
double mutants were generated by genetic crossing and
identified by PCR genotyping. Arabidopsis seeds were dis-
infected and plated on MS medium (Sigma, St. Louis, USA)
supplemented with 3% sucrose and 0.8% agar (pH 5.9),
chilled for 3 d at 4°C and transferred to a growth chamber at
~80 pmol photons m s~ or in compost soil at ~120 pwmol
photons m™~ s~ using cool white fluorescent lamps under a
16 h-light/8 h-dark photoperiod and 60% relative humidity.

1.2 Yeast two-hybrid assay

The Matchmaker Gal4 two-hybrid system (Clontech, Cam-
bridge, USA) was used for yeast two-hybrid assays. The
OREF of the middle fragment (encoding amino acid residues
348-1038) of ABAR was fused to GAL4 DNA binding do-
main in the plasmid pGBKT7. Yeast transformants were
thoroughly selected on synthetic dropout medium (SD me-
dium deficient in the nutrients Leu, Trp, His, and Ade) ac-
cording to the manufacturer’s instructions (Clontech, Cam-
bridge, USA).

For analysis of protein interaction by two-hybrid assay,
the full-length or partial sequences of CPN20 were inserted
into prey plasmid pGADT?7 and the truncated ABARs were
cloned into bait plasmid pGBKT?7. Primers used in the vec-
tor construction are presented in Table S1 in Supporting
Information. Different combinations of plasmids were
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transformed into the yeast strain AH109. Transformants
were plated on Leu-Trp-deficient and Leu-Trp-His-Ade-
deficient medium separately and grew for 5-7 d at 30°C.
The empty vectors pGBKT7 and pGADT7 were used as a
negative control, while pGBKT-53 and pGADT7-T were
used as a positive control. Expression of different fusion
proteins was detected by immunoblot experiments. The
ABARs-BD were analyzed using anti-Myc antibody and the
CPN20s-AD were analyzed using anti-HA antibody.

1.3 p-galactosidase assay

The B-gal activity was quantitatively determined following
the manufacturer’s instructions (Clontech, Cambridge,
USA). Cells were grown in liquid SD4- medium to an Agg
of 0.5-0.8. Cells (1.5 mL) were pelleted, washed once in
buffer Z (16.1 g L™' Na,HPO,-7H,0, 5.5 g L™' NaH,PO,-
H,0, 0.75 g L' KCI, 0.246 g L™' MgS0,7 H,0, pH 7.0)
and suspended in 300 pL of buffer Z. The cell suspension of
100 pL was lysed by three freeze/thaw cycles. Buffer Z
(700 pL) containing 0.27% (v/v) 2-mercaptoeth- anol and
160 pL of 2-nitrophenyl-p-D-galactopyranoside (4 mg mL™
in buffer Z) was added and incubated at 30°C. The sample
was centrifuged after addition of 400 pL of 1 mol L™
Na,COs and the A4 was measured. f-gal units were calcu-
lated as 1000xA,0/(Aggoxmin). Each value is the mean+SE
of five independent biological determinations.

1.4 Production of anti-CPN20 serum

Production of the antibody against glutathione S-transferase
(GST)-tagged CPN20 protein was described previously, and
the affinity-purified anti-serum was evaluated by immuno-
blotting and shown to be highly specific to CPN20 [21].

1.5 Luciferase complementation imaging

Luciferase complementation imaging (LCI) assay was used
to detect protein-protein interaction in N. benthamiana
leaves according to previously described procedures [13,22].
The firefly luciferase (Luc) is divided into the N-terminal
part (NLuc) and C-terminal part (CLuc). ABAR was fused
with NLuc in pCAMBIA-NLuc vector, and CPN20,
CPN20ANS or WRKY40 was fused with CLuc in pCAM-
BIA-CLuc vector respectively. Primers used for the vector
construction are shown in Table S1 in Supporting Infor-
mation. The constructs were mobilized into A. tumefaciens
GV3101. Bacteria were suspended in infiltration buffer (0.2
mmol L' acetosyringone, 10 mmol L' MgCl,, and 10
mmol L' MES) to identical concentrations (Ag=0.6).
Equal concentrations and volumes of bacteria were mixed
and co-infiltrated into the 7-week-old N. benthamiana
leaves using needleless syringes. After infiltration, plants
were placed with 16 h-light/8 h-dark for 48 h at 24°C. The
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Luc activity was observed with a low-light cooled CCD
imaging apparatus (Andor iXon, Belfast, UK). The mouse
anti-full-length firefly Luc antibody (Santa Cruz Biotech-
nology, Texas, USA) was used to immunodetect Luc fusion
protein in transgenic tissues. All experiments were repeated
at least five independent biological replicates.

1.6 Three-hybrid assay and drop test of yeast growth

Yeast three-hybrid system (Clontech, Cambridge, USA)
was applied to analyze the effect of CPN20 on the
ABAR-WRKY40 interaction. The WRKY40 cDNA was
ligated into the prey plasmid pGADT7. The cDNA frag-
ment encoding C-terminus (amino acid residues 692—-1381)
of ABAR was inserted into multiple cloning site I of the
three-hybrid vector pBridge (Clontech, Cambridge, USA)
downstream of the sequence of the GAL4 DNA binding
domain. The full-length sequence or the truncated sequence
with transit peptide and/or N-signature deletion of CPN20
was inserted into multiple cloning site II under the control
of a MET25 promoter in the same pBridge vector. Primers
used in this experiment are listed in Table S1 in Supporting
Information. Activity of the MET25 promoter can be inhib-
ited in the presence of high concentrations of methionine,
thus the expression levels of CPN20 are able to be con-
trolled by exogenous methionine. The construct pairs were
co-transformed into yeast reporter strain AH109 according
to the manufacturer’s instructions (Clontech, Cambridge,
USA). Transformants were plated on SD4- medium sup-
plemented with or without 1 mmol L™ methionine and in-
cubated at 30°C for 5-7 d. Single colony of yeast cells was
selected for the yeast growth assay.

In the drop test of yeast growth, yeast transformants
grown on indicated SD4- medium were transferred into lig-
uid SD4- with 1 mmol L™ Met to Ag=0.2. A values were
measured 4-5 h after incubation at 30°C. The cells were
diluted in sterile water, and the diluted cells of 8 pL were
spotted at the indicated concentrations (Agy=0.1, 0.01 and
0.001) on the SD4- with or without 1 mmol L™" methionine.
Images were taken 2 d after incubation at 30°C. CPN20 was
replaced by GFP in the pBridge vector as a control. Expres-
sion levels of the corresponding genes were analyzed by
immunoblot assays. WRKY40 in the pPGADT7 was detected
by anti-HA serum, and ABAR and CPN20 in the pBridge
were detected by anti-ABAR and anti-CPN20, respectively.
The fluorescence of GFP protein was performed using fluo-
rescence microscopy with the same settings (Olympus,
BXS51, Japan).

1.7 In vitro competitive pull-down assay

The full-length cDNA of WRKY40 was ligated into the
EcoR T and Sal 1 sites of pMAL-c2X vector. The CPN20
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cDNA was inserted into the EcoR I and Sac 1 sites of
pET-48b vector. Primers used for these constructs are listed
in Table S1 in Supporting Information. The WRKY40-MBP
and CPN20-His fusion proteins were expressed in Esche-
richia coli BL21 (DE3) separately. Proteins were purified
using amylose resin (for WRKY40-MBP) and NTA resin
(for CPN20-His) as described in the manufacturer’s system
manual. The ABAR-His fusion protein was produced as
previously described [12].

For competitive pull-down assays, ABAR-His (3 pg)
with 1, 2 or 4 pg CPN20-His, or 4 pg BSA was incubated
with 4 pg immobilized WRKY40-MBP at 4°C for 4 h. The
amylose resin beads were washed with TBS buffer (50
mmol L' Tris-HCI, 150 mmol L™' NaCl, 1% Triton X-100,
pH 7.4) five times. The precipitated complexes were re-
solved and detected by immunoblotting with anti-ABAR
antibody.

1.8 Real-time PCR analysis

Total RNA was isolated from 10-day-old seedlings using a
Total RNA Rapid Extraction Kit (BioTeke), treated with
RNase-free DNase I (TaKaRa, Japan) at 37°C for 30 min to
degrade genomic DNA and purified by using an RNA Puri-
fication Kit (BioTeke, Beijing, China). A 2-pg aliquot of
RNA was subjected to first-strand cDNA synthesis using
M-MLYV reverse transcriptase (Promega, Wisconsin, USA)
and an oligo d(T),g primer. The primers used for real-time
PCR are listed in Table S1 in Supporting Information.
Analysis was performed using the BioRad Real-Time Sys-
tem CFX96TM C1000 Thermal Cycler (BioRad, California,
USA). All experiments were repeated at least three times
along with three independent repetitions of the biological
experiments.

2 Results
2.1 ABA inhibits the CPN20-ABAR interaction

A previous study showed that CPN20 interacts with ABAR
in ABA signaling [21]. In the present study, to investigate
whether ABA affects the ABAR-CPN20 interaction, we
used a fragment encoding the middle region of ABAR
(amino acid residues (aa) 348—1038, abbreviated as
ABARG;,5 1038) as a bait to perform yeast two-hybrid assays
as described previously [21]. Yeast drop test showed that
the growth of yeast cells co-expressing CPN20 and
ABARG;,5 1033 Was reduced on synthetic drop-out selection
medium lacking Leu, Trp, His, and Ade (SD-Leu-Trp-His-
Ade, SD4-) and supplemented with exogenous ABA (0.5
and 1 pmol L™, Figure 1A) in comparison with the trans-
genic yeast cells in the SD4- medium without ABA applica-
tion (0 pmol L', Figure 1A). This indicates that the ABA
treatment decreases the ABAR-CPN20 interaction. Con-
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Figure 1 ABA inhibits the CPN20-ABAR interaction. A, Drop test assay in the yeast two-hybrid system: ABA treatment reduces the intensity of the inter-
action between ABAR and CPN20. The open reading frame (ORF) of the middle fragment (amino acid residues (aa) 348—-1038) of ABAR was fused with the
DNA binding domain in the bait vector pPGBKT7 (BD-ABAR343_1035), while the full-length sequence of CPN20 was fused with activation domain in the prey
vector pPGADT7 (AD-CPN20). Yeast cells were cotransformed with the AD-CPN20/BD-ABAR:45-1033 construct pair, and were incubated in the SD medium
lacking Leu, Trp, His, and Ade (SD4-) and containing 0, 0.5, or 1 umol L™ (+)ABA. Images were taken 2 d after the incubation. The yeast line harboring
positive control vectors BD-53 plus AD-T was used as a control. B, Quantitative -gal assay in the yeast two-hybrid system: ABA reduces the intensity of
the interaction between ABAR and CPN20, which is indicated by decreased B-gal activity of the yeast lines harboring both ABAR and CPN20. The yeast
line harboring vectors BD-53 plus AD-T was taken as a control. B-gal activity is presented as relative units (%), normalized relative to the activity of the
yeast line harboring BD-53 and AD-T without ABA treatment (taken as 100%). Each value is the mean+SE of five independent biological determinations. C,
Transient expression LCI assay in tobacco leaves: ABA treatment reduces the intensity of the ABAR-CPN20 interaction. Luminescence image is shown 48 h
after co-infiltration with the construct pairs CLuc-CPN20/ABAR-NLuc with or without ABA treatment. “+ABA” indicates leaves infiltrated with 100 pmol
L™ (£)ABA for 4 h, while “~ABA” indicates leaves infiltrated with 0 pmol L™ (+)ABA for 4 h. Left panel shows the bright-field image of the treated leaf. D,
Quantitative analysis of the luminescence intensity in (C). The luminescence intensity without ABA treatment was taken as 100%. E, The protein amounts of
CLuc-CPN20 and ABAR-NLuc in the tobacco leaves with or without ABA treatment described in (C), which were detected by immunoblotting using an-

ti-CPN20 and anti-ABAR antiserum, respectively. The expression of Actin was used as an internal control. “Control” indicates leaves without transfor-
mation.

sistently, quantitative [-galactosidase activity assay con-
firmed that the intensity of the ABAR-CPN20 interaction

negatively regulate ABA signal transduction and CPN20
functions genetically upstream of WRKY40 and possibly at

was significantly reduced by different concentrations of
exogenously applied ABA (Figure 1B). In the luciferase
complementation imaging (LCI) assay, similar phenomenon
was observed: ABA treatment obviously reduced the fluo-
rescence intensity with the same expression levels of ABAR
and CPN20 in the different treatments (Figure 1C-E), re-
vealing that ABA represses the interaction between ABAR
and CPN20 in vivo.

2.2 CPN20 inhibits ABAR-WRKY40 interaction by
competitively binding to ABAR

Since both CPN20 and WRKY40 interact with ABAR and

the same node with ABAR [13,21], we assumed that
CPN20 functions in ABA signaling by modulating the
ABAR-WRKY40 interaction. We used a combination of the
pBridge yeast three-hybrid (Y3H) system, the LCI assay
and competitive pull down assay to test this hypothesis.

To perform Y3H assays, we tested the domains of ABAR
responsible for the CPN20-ABAR interaction to ensure that
the domains used in the Y3H assays efficiently interact with
both CPN20 and WRKY40. Previous studies showed that
the C-terminal half of ABAR is essential for ABA signaling,
which covers key functional domains to transmit ABA sig-
nal by interacting with a group of WRKY transcription
factors [11,13]. Based on the hypothetical model of the
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ABAR function, we divided ABAR into three fragments,
ABAR 2 _¢ss (aa 122—-658), ABARe31-999 (aa 631-999) and
ABARy,; 1351 (aa 941-1381), to test which part of ABAR
interacts with CPN20 by yeast two-hybrid assay. The results
showed that the truncated form ABARg; 999, instead of
ABAR 2. 655 or ABARo4;_i331, exhibits interaction with
CPN20 in yeast (Figure S1 in Supporting Information). In-
terestingly, this region overlaps the “core of ABA-binding
domain” in ABAR molecule [11].

Based on these above data, in the Y3H system, the trun-
cated ABAR form ABARgy, 1351 was fused with the DNA
binding domain, and CPN20 was fused with the MET25
promoter that could be conditionally regulated by different
concentrations of methionine (Met) in the pBridge vector
(pBridge-ABARg9,-1351-CPN20). WRKY40 was fused with
the DNA activating domain in the pGADT7 vector
(AD-WRKY40). The ABAR-WRKY40 interaction was
measured by yeast drop tests and B-galactosidase activity
assays in the AHI109 yeast cells co-transformed with
pBridge-ABARgg;-135:1-CPN20 and AD-WRKY40. We ob-
served that the growth of yeast cells harboring pBridge-
ABARg9;-1351-CPN20 and AD-WRKY40 was significantly
reduced when the yeast cells were plated in SD4- without
exogenous Met (allowing high expression of CPN20), in
comparison with the growth of yeast cells plated in SD4-
supplemented with 1 mmol L™ Met (repressing expression
of CPN20) (Figure 2A-C). The expression levels of
ABARg9,-1351 and WRKY were not significantly changed in
the yeast cells (Figure 2C), showing that the altered intensi-
ty of the ABAR-WRKY40 interaction was not caused by
possible changes in the amounts of the proteins. Addition-
ally, no significant difference in the yeast growth was de-
tected when CPN20 was replaced by GFP in the pBridge
vector (a negative control, Figure 2A, B and D), and the
results of B-galactosidase activity analysis were consistent
with those of the growth of yeast cells (Figure 2A and B). In
the LCI assay, the fluorescence signal was significantly
reduced when CPN20 was co-expressed with ABAR-NLuc
and CLuc-WRKY40, whereas the fluorescence intensity
was not altered when GFP was co-expressed with
ABAR-NLuc and CLuc-WRKY40 in the leaves of tobacco
(Figure 2E and F). The expression levels of ABAR and
WRKY40 were not significantly changed in the tobacco
cells (Figure 2G), showing that the altered intensity of the
ABAR-WRKY40 interaction was not caused by possible
changes in the amounts of the proteins. Furthermore, we
confirmed the antagonistic effect of CPN20 on the ABAR-
WRKY40 interaction in the competitive pull down assay:
CPN20 reduced the amounts of WRKY40-pulled-down
ABAR protein in a dose-dependent manner (Figure 2H). All
these findings reveal that CPN20 inhibits the interaction
between ABAR and WRKY40 by competitively binding to
ABAR.
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2.3 CPN20 interacts with ABAR via its N-signature
domain

CPN20 consists of two CPN10-like domains, which share
46% amino acid identity to each other. Both units contain a
highly conserved signature sequence (the PLXDRVL amino
acid residues) and a mobile loop region [23]. To investigate
which domain is responsible for the interaction with ABAR,
we divided CPN20 into nine corresponding fragments named
CPN20C1, CPN20C2, CPN20C3, CPN20C4, CPN20NI,
CPN20N2, CPN20N3, CPN20N4 and CPN20NS5 (Figure
3A), to test which domain is responsible for the interaction
with ABARg31_999 in yeast cells. The result showed that the
CPN20NS5 (aa 1-91) containing N-signature sequence and
N-mobile loop region, CPN20N4 (aa 1-74) and CPN20N3
(aa 1-70) both containing N-signature sequence only, inter-
act with ABARg;; 999 (Figure 3A and B). However, neither
CPN20C3 (aa 75-253) composed of two mobile loop re-
gions and the C-signature sequence, nor CPN20C2 (aa
150-253) composed of C-mobile loop region and C-
signature sequence, exhibit interaction with ABARg3;-999
(Figure 3A and B). These data suggest that the highly con-
served N-signature domain in the N-terminus of CPN20 is
one of the essential domains responsible for the interaction
of CPN20 with ABAR protein.

2.4 Deletion of N-signature of CPN20 abolishes its
ability to inhibit ABAR-WRKY40 interaction

We further tested whether disruption of the interaction be-
tween ABAR and CPN20 affects the ABAR-WRKY40 in-
teraction. As described earlier, deletion of the N-signature
from the CPN20 disrupts the CPN20-ABAR interaction
(Figure 3). We showed that, in contrast to the full-length
CPN20, the truncated CPN20 with deletion of its
N-signature (CPN20C3, Figure 4A) lost the capacity to in-
hibit the interaction between ABAR and WRKY40 in the
yeast three-hybrid system (Figure 4B). This observation was
confirmed in the tobacco LCI system (Figure 4C—E). The
N-signature was deleted from, but the chloroplast transit
peptide was linked to, the CPN20 molecule, forming a
truncated CPN20 (CPN20ANS). The CPN20ANS showed
no ability to reduce the ABAR-WRKY40 interaction (Fig-
ure 4C and D). The expression levels of ABAR, CPN20
(including full-length CPN20 and CPN20ANS) and WRKY
were not significantly changed in the tobacco leaves (Figure
4E), showing that the altered intensity of the ABAR-
WRKY40 interaction was not caused by possible changes in
the amounts of the proteins. These findings provide further
evidence for the above-described observation that CPN20
inhibits the interaction between ABAR and WRKY40.
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Figure 2 CPN20 antagonizes the interaction between ABAR and WRKY40. A, CPN20 antagonizes the interaction between ABAR and WRKY40 in vitro:
drop test assay of the yeast three-hybrid system. The cDNA fragment encoding the C-terminus (amino acid residues 692—1381) of ABAR was inserted into
multiple cloning site I of the three-hybrid vector pBridge downstream of the sequence of the GAL4 DNA binding domain, and the full-length sequence of
CPN20 was inserted into multiple cloning site IT under the control of a MET25 promoter in the same pBridge vector, which was indicated by “ABARg9»-1351,
CPN20”. WRKY40 was fused with activation domain in the vector pPGADT7, which was indicated by “WRKY40”. CPN20 was replaced by GFP in the
pBridge-ABARGgo,-1351-CPN20 vector, which was indicated by “ABARgo-1351, GFP”. Yeast cells co-transformed with the different combinations of construct
pairs were incubated in the SD medium lacking Leu, Trp, His and Ade (SD4-) appending O (-) or 1 (+) mmol L™ methionine (Met). Images were taken 2 d
after the incubation. The yeast lines harboring vectors pBridge-ABARgg-1331 plus AD-WRKY40 and vectors pBridge-ABARgy,-1331-GFP plus AD-WRKY40
were used as controls. B, The B-gal assays used to quantify the intensity of the interactions described in (A). B-gal activity is presented as relative units (%),
normalized relative to the activity of the yeast line harboring pBridge-ABARgo-1351 and AD-WRKY40 in the SD medium lacking Leu, Trp, His and Ade
appending 0 mmol L™ Met (SD4) (taken as 100%). Each value is the mean+SE of five independent biological determinations. C, Immunoblot analysis of
WRKY40, ABARgo,-1351 and CPN20 proteins expressed in the yeast strains described in (A). Total proteins were extracted from the yeast strains and ana-
lyzed by immunoblotting using anti-HA , anti-ABAR and anti-CPN20, respectively. D, Test of the expression of GFP in the yeast strains described in (A) by
fluorescence microscopy. Top panels, the bright-field images of the yeast strains incubated in the SD medium lacking Leu, Trp, His and Ade and appending
0 (=) or 1 (+) mmol L™ Met. Bottom panels, the fluorescence of GFP corresponding to the top panel. E, CPN20 antagonizes the interaction between ABAR
and WRKY40 in vivo. The tobacco leaf was co-transformed with ABAR-NLuc/CLuc-WRKY40 appending CPN20 (+CPN20) or GFP (+GFP) (right panel).
The left panel shows the bright field of the treated leaf. F, Quantitative analysis of luminescence intensity in (E). The luminescence intensity obtained from
ABAR-NLuc/CLuc-WRKY40 appending GFP was taken as 100%. All the assays were repeated five times with similar results. Error bars represent SE. G,
The protein amounts of CPN20, GFP, CLuc-WRKY40 and ABAR-NLuc in the tobacco leaves detected by immunoblotting using anti-CPN20, anti-GFP,
anti-CLuc and anti-ABAR serums, respectively. “Control” indicates leaves without transformation. The expression of Actin was used as an internal control.
H, Pull down assay: interaction between ABAR-His and WRKY40-MBP is antagonized by CPN20-His. ABAR-His and BSA or different amounts of
CPN20-His were incubated with immobilized WRKY40-MBP. The ABAR-His protein was detected by anti-ABAR antibody. “—" indicates no addition; “+”
indicates addition; “++” indicates addition with doubled amounts.
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Figure 3 The N-signature of CPN20 is responsible for the CPN20-ABAR interaction. A and B, The assays in yeast two-hybrid assays using ABARe31-999
as a bait. CPN20 was divided into nine different fragments, which are indicated in (A). These fragments fused with DNA activating domain were individual-
ly co-transformed with BD-ABARg; 999 into yeast cells, and specific interactions were observed with the following AD-constructs: CPN20C4, CPN20N3,
CPN20N4, CPN20N5 (B). The green symbol “right (/)" indicates occurrence of interaction and the red symbol “wrong (x)” indicates no interaction. The

experiments were repeated three times with the same results.

2.5 Genetic evidence that CPN20 antagonizes ABAR to
positively regulate WRKY40 expression

Previous reports showed that ABAR antagonizes the
WRKY40 transcription factor by repressing WRKY40 ex-
pression in response to ABA [13], and the above experi-
ments support that CPN20 may function in ABA signaling
by inhibiting the ABAR-WRKY40 interaction (Figures
2-4). To further support this idea with genetic data, we
tested whether expression of the WRKY40 gene was altered

when the expression levels of the CPN20 gene were
changed. We observed that WRKY40 was significantly
downregulated in cpn20-1 and cpn20-2 mutants, but upreg-
ulated in the CPN20-overexpression line (Figure SA and B).
Whereas WRKY40 was significantly upregulated in cch mu-
tant, introduction of ¢pn20 mutation into cch mutant sup-
pressed the WRKY40-upregulation in the cch mutant: cpn20
cch double mutant showed reduced WRKY40 level like
cpn20-1 or cpn20-2 (Figure 5B). These data show that the
homeostasis of the WRKY40 expression requires both
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Figure 4 Deletion of the CPN20-N-signature suppresses the repressive effect of CPN20 on ABAR-WRKY40 interaction. A, Truncated CPN20 used in the
bimolecular interactions. CPN20C3, truncated CPN20 with signal peptide and N-signature deletion; CPN20ANS, truncated CPN20 only with N-signature
deletion. B, Drop test assay in the yeast three-hybrid system: CPN20, but not CPN20C3, reduces the intensity of the interaction between ABAR and
WRKY40. Yeast cells were cotransformed with the AD-WRKY40 and pBridge-ABAR-CPN20/CPN20C3 construct pair, and were incubated in the SD
medium lacking Leu, Trp, His, and Ade (SD4). Images were taken 2 d after the incubation. The assays were repeated five times with similar results. C, Tran-
sient expression LCI assay in tobacco leaves: CPN20, but not CPN20ANS, reduces the intensity of the interaction between ABAR and WRKY40. Lumines-
cence image (right panel) is shown 48 h after co-infiltration with the construct pairs CLuc-WRKY40/ABAR-NLuc and together with CPN20 or
CPNB20ANS. Left panel shows the bright-field image of the treated leaf. D, Fluorescence counts of the tobacco leaves described in (C). The value from the
“+CPN20” was taken as 100%, and that from the “+CPN20ANS” was normalized relative to this value. The assays were repeated five times with similar
results. Error bars represent SE. E, The immunoblotting-detected protein amounts of CLuc-WRKY40, ABAR-NLuc and CPN20 in the tobacco leaves de-
scribed in (C). The expression of Actin was used as an internal control. “Control” indicates leaves without transformation.

ABAR and CPN20, and support the notion that CPN20, like previously described [13,15], ABA treatment reduces the
ABAR, functions upstream of WRKY40 [13,21]. WRKY40 expression level, and this repressive effect de-

Next, we tested whether the ABA responsiveness of the pends at least partly on ABAR, given that the WRKY40 lev-
WRKY40 expression was altered in the cpn20 mutant. As el was enhanced but the repressive effect of ABA on
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Figure 5 Expression of WRKY40 gene is altered in cpn20, CPN20-
overexpression and ¢pn20 cch mutants. The real-time PCR analysis was
performed with two-week-old seedling. A, Expression of WRKY40 in the
wild-type Col, ¢pn20 mutants and a CPN20-overexpression line
(OE-CPN20). Each value is the mean=SE of three biological determina-
tions, and different letters indicate significant differences at P<0.05 (Dun-
can’s multiple-range test) when the WRKY40 expression levels are com-
pared among different genotypes. B, Expression of WRKY40 in the
wild-type Col, cpn20-1, cch single mutants and cpn20-1 cch double mutant.
Each value is the mean+SE of three biological determinations, and differ-
ent letters indicate significant differences at P<0.05 (Duncan’s multi-
ple-range test) when the WRKY40 expression levels are compared among
different genotypes. C, Expression of WRKY40 in the wild-type Col,
cpn20-1, cch single mutants, cpn20 cch double mutant and a CPN20-
overexpression line (OE-CPN20). For 1 pmol L™ ABA treatment, seeds
were directly planted in the ABA-containing medium and seedlings were
sampled two weeks after stratification. Each value is the mean=SE of three
biological determinations, and different letters indicate significant differ-
ences at P<0.05 (Student’s ¢-test) when the WRKY40 expression levels are
compared between 0 and 1 pmol L™ ABA treatments within the same
genotype. D, Expression of CPN20 in the wild-type Col, cch mutant and an
ABAR-RNAI line (ABARi). The ABA treatment was done as described
above in (C). Each value is the mean+SE of three biological determinations,
and different letters indicate significant differences at P<0.05 (Duncan’s
multiple-range test) when the CPN20 expression levels are compared be-
tween 0 and 1 pmol L™' ABA treatments and among different genotypes.
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WRKY40 gene was reduced in the cch mutant (Figure 5C).
Interestingly, we observed that the repressive effect of ABA
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on WRKY40 expression was enhanced in cpn20 mutant,
which contrasts with the observation in cch mutant (Figure
5C), while the cpn20-1 cch double mutant showed the
cpn20 mutant phenotype (Figure 5C). We further found that
the CPN20 expression was inhibited by ABA treatment, but
this inhibitory effect of ABA on CPN20 was lost in the cch
mutant (Figure SD). The CPN20 expression was enhanced
in an ABAR-RNAI line downregulating the ABAR gene ex-
pression (Figure 5D). Taken together, these data suggest
that CPN20 antagonizes ABAR to positively regulate
WRKY40 expression, and in turn, the CPN20 expression is
negatively regulated by ABAR likely by a complicated
feed-back effect in response to ABA.

3 Discussion

Previous studies showed that ABAR directly interacts and
antagonizes the WRKY40 transcription repressor, a nega-
tive ABA signaling regulator, which inhibits a set of
ABA-responsive genes involved in ABA-induced physio-
logical responses [13—15]. Most recently, we identified
CPN20 as another interaction partner of ABAR, which is,
like WRKY40, negatively involved in ABA signaling [21].
Together with the previously reported genetic data [21], we
provided compelling evidence that CPN20 antagonizes
ABAR to derepress the WRKY40 transcription repressor.
First, ABA directly inhibits the ABAR-CPN20 interaction
(Figure 1), and also represses expression of CPN20, which
depends on ABAR (Figure 5), revealing that ABA may in-
hibit the ABAR-CPN20 interaction by reducing the CPN20
number via ABAR and directly acting on the ABAR-
CPN20 bimolecular interaction. Second, CPN20 inhibits
ABAR-WRKY40 interaction by competitively binding to
ABAR (Figures 2—4). These data provide biochemical evi-
dence that CPN20 functions through antagonizing the
ABAR-WRKY40 coupled pathway, and ABA relieves this
pathway of repression by inhibiting the ABAR-CPN20 in-
teraction to activate ABAR-WRKY40 interaction. Third,
previously reported genetic evidence clearly demonstrates
that CPN20 functions at the same node with ABAR but up-
stream of WRKY40 transcription repressor in ABA signal-
ing pathway [21]. Last, gene expression analysis reveals
that ABAR downregulates, but CPN20 upregulates,
WRKY40 expression, and the cpn20-I mutation induces
downregulation of WRKY40, which suppresses the upregu-
lated level of WRKY40 due to the cch mutation (Figure 5),
supporting the notion that CPN20 functions at the same
node with ABAR but upstream of WRKY40 transcription
repressor. Additionally and importantly, we previously
showed that ABA inhibits WRKY40 expression in wild-type
plants [13,15], and we found in the present study that this
inhibitory effect of ABA is strengthened by downregula-
tion of CPN20 but reduced by upregulation of CPN20 (Fig-
ure 5). These data reveal that CPN20 activates WRKY40
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Figure 6 A working model of CPN20 in ABA signaling pathway. CPN20 interacts with ABAR tightly at low ABA level. The interaction of CPN20 with
ABAR at low ABA level attenuates the interaction between ABAR and WRKY40, which aids to maintain a suitable level of WRKY40 that represses
ABA-responsive genes; high level of ABA inhibits the ABAR-CPN20 interaction, which in turn promotes the ABAR-WRKY40 interaction that triggers
downstream signaling to repress WRKY40 expression, resulting in de-repressing the ABA-responsive genes. See detailed explanation in the text. Arrows
denote positive regulation or activation, and bars negative regulation or repression. The solid lines indicate direct effect and dotted lines indirect effect.

expression antagonistically to ABAR. All the data are con-
sistent with the idea that ABA signal, through interacting
with ABAR, antagonizes CPN20 to repress its negative
function in ABA signaling.

A working model of the CPN20-ABAR-WRKY40 sig-
naling cascades is proposed based on these data (Figure 6).
In this model, CPN20 interacts with ABAR tightly at low
ABA level, which attenuates the interaction between ABAR
and WRKY40. A previous report showed that the
ABA-activated ABAR-WRKY40 interaction triggers a yet
unknown downstream signaling component/cascade to re-
press WRKY40 expression [13]. Thus, the inhibition of the
ABAR-WRKY40 interaction is favourable to keeping a
high level of WRKY40 to repress ABA-responsive genes.
High level of ABA inhibits the ABAR-CPN20 interaction,
which in turn promotes the ABAR-WRKY40 interaction to
trigger the downstream signaling to repress WRKY40 ex-
pression. The decrease in amounts of WRKY40 in nucleus
relieves ABA-responsive genes of inhibition, which finally
induces ABA-related physiological responses. Further stud-
ies will be needed to explore the novel players to elucidate
the unknown signaling nodes in this ABA signaling path-
way.
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