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Catalases are key regulators of reactive oxygen species homeostasis in plant cells. However, the regulation of catalase activity

is not well understood. In this study, we isolated an Arabidopsis thaliana mutant, no catalase activity1-3 (nca1-3) that is

hypersensitive to many abiotic stress treatments. The mutated gene was identified by map-based cloning as NCA1, which

encodes a protein containing an N-terminal RING-finger domain and a C-terminal tetratricopeptide repeat-like helical domain.

NCA1 interacts with and increases catalase activity maximally in a 240-kD complex in planta. In vitro, NCA1 interacts with

CATALASE2 (CAT2) in a 1:1 molar ratio, and the NCA1 C terminus is essential for this interaction. CAT2 activity increased 10-fold

in the presence of NCA1, and zinc ion binding of the NCA1 N terminus is required for this increase. NCA1 has chaperone protein

activity that may maintain the folding of catalase in a functional state. NCA1 is a cytosol-located protein. Expression of NCA1 in

the mitochondrion of the nca1-3 mutant does not rescue the abiotic stress phenotypes of the mutant, while expression in the

cytosol or peroxisome does. Our results suggest that NCA1 is essential for catalase activity.

INTRODUCTION

Due to their sessile nature, plants face numerous environmental

changes during their life cycle. Soil alkalization is a major problem

that affects plant development and crop productivity. Apoplastic

pH is weakly acidic (about pH 5.8) and apoplastic buffering ca-

pacity is low. When plants are exposed to alkali stress, apoplastic

pH increases, leading to impaired cell wall extension and reduced

plant growth (Gout et al., 1992; Rayle and Cleland, 1992; Rober-

Kleber et al., 2003; Lager et al., 2010; Yang et al., 2010). Higher

apoplastic pH also impairs root hair formation and reduces water

and ion uptake (Palmgren, 2001). Each plant cell organelle has an

optimal pH required for the function of its specialized enzymes

(Werdan et al., 1975; Whitten et al., 2005; Casey et al., 2010), and

high external pH also impairs pH homeostasis in these organelles.

The result is that many plant biological processes, including

photosynthesis and photorespiration (Heldt et al., 1973; Servaites,

1977; Song et al., 2004), are affected.

Alkaline and other abiotic stresses, including salt, drought, and

low/high temperature, induce the production of reactive oxygen

species (ROS) (Foreman et al., 2003; Mittler et al., 2004; Selivanov

et al., 2008; Munné-Bosch et al., 2013; Yao et al., 2013) in chloro-

plasts, mitochondria, and peroxisomes, as well as at the plasma

membrane. Accumulation of ROS in cellular compartments results

in oxidative stress and affects organelle integrity. However, ROS

also functions as a signal molecule triggering pathways for plant

growth, development, and response to stress. Therefore, tight

control of ROS homeostasis is critical (Suzuki et al., 2012). ROS

include singlet oxygen (1O2), superoxide anion (O2
2), hydrogen

peroxide (H2O2), and hydroxyl radicals (HO$; likely responsible for

oxidative damage during many stresses). Transformation among

these species is a common phenomenon in the cell. Accumulation

of ROS is eliminated by antioxidants, antioxidative enzymes, and

scavenging enzymes like catalase (CAT), ascorbate peroxidase

(APX), and superoxide dismutase, leading to the regulation of ROS

homeostasis (Alscher et al., 1997; Mhamdi et al., 2010a).

The Arabidopsis genome encodes three catalase proteins, which

consist of 492 amino acids and share high sequence similarity.

While catalase gene expression and enzyme activity have been

found in most plant tissues, expression and activity are higher in

aerial tissues than in the root. These results suggest that catalases

play important roles in plant antioxidative and detoxification pro-

cesses that are closely correlated with ROS generation during

photosynthesis and photorespiration (Mhamdi et al., 2012). In

1These authors contributed equally to this work.
2Address correspondence to guoyan@cau.edu.cn.

The author responsible for distribution of materials integral to the findings

presented in this article in accordance with the policy described in the

Instructions for Authors (www.plantcell.org) is: Yan Guo (guoyan@cau.

edu.cn).

www.plantcell.org/cgi/doi/10.1105/tpc.114.135095

This article is a Plant Cell Advance Online Publication. The date of its first appearance online is the official date of publication. The article has been

edited and the authors have corrected proofs, but minor changes could be made before the final version is published. Posting this version online

reduces the time to publication by several weeks.

The Plant Cell Preview, www.aspb.org ã 2015 American Society of Plant Biologists. All rights reserved. 1 of 18

mailto:guoyan@cau.edu.cn
http://www.plantcell.org
mailto:guoyan@cau.edu.cn
mailto:guoyan@cau.edu.cn
http://www.plantcell.org/cgi/doi/10.1105/tpc.114.135095


contrast to other peroxidases (PRXs), which require a cofactor to

catalyze the reaction and for which water is the only product,

catalases catalyze a dismutation reaction to produce both H2O and

O2. The affinity (Km) of catalases for H2O2 is in the range 40 to

600 mM (Chelikani et al., 2004), which is much lower than those of

APX and PRX (Km below 100 µM), suggesting that catalases may

function in the plant cell mainly when local H2O2 concentrations

reach a high level.

While evidence exists for catalases in different cell compart-

ments, they predominantly localize to the peroxisomes. To achieve

higher activity, monofunctional catalases bind heme as a cofactor

and form homotetramers in the peroxisomes. In Arabidopsis

thaliana, genetic studies show that knockout of CAT3 only slightly

reduces catalase activity; deletion of CAT2 reduces catalase ac-

tivity by 80%, while deletion of CAT1 has no effect on this activity

(Mhamdi et al., 2010a). Consistent with these findings, no obvious

phenotype is detected in Arabidopsis cat1 and cat3 knockout

mutants. The cat2 mutant shows defects in many processes, in-

cluding photorespiration and pathogenesis, salicylic acid-dependent

hypersensitive response-like lesion formation (Chaouch and Noctor,

2010), autophagy-dependent cell death (Hackenberg et al., 2013),

sensitivity to the inhibitor 3-amino-1,2,4-triazole (3-AT), and gene

expression during both abiotic and biotic stresses, including

hypersensitive response, cold, heat, and drought (Vanderauwera

et al., 2005).

Several proteins have been reported to interact with catalase

and affect its activity, including calmodulin (Yang and Poovaiah,

2002), nucleoside diphosphate kinase 1 (Fukamatsu et al., 2003),

Salt Overly Sensitive2 (Verslues et al., 2007), triple gene block

protein 1 (Mathioudakis et al., 2013), NCA1 (Hackenberg et al.,

2013), and LESION SIMULATING DISEASE1 (LSD1) (Li et al., 2013).

However, it is not clear if or how these proteins directly regulate

catalase activity.

Here, we found that NCA1 is required for catalase activity. In

a screen for Arabidopsis mutants that are sensitive to high pH, we

identified a mutant altered in NCA1, a cytosol-localized protein. We

found that the tetratricopeptide repeat (TPR) domain in the NCA1

C terminus mediates interaction with CAT2 and that the binding of

a zinc ion in the N-terminal RING-finger domain of NCA1 is essential

for the full function of CAT2. Our findings reveal a mechanism of

maintaining catalase activity both in cytosol and in peroxisomes.

RESULTS

Genetic Cloning of NCA1

To identify genes involved in the response to alkaline stress in

Arabidopsis, we generated a T-DNA insertion (Agrobacterium

tumefaciens-transferred DNA) pool (Zhao et al., 2011) and used

it to screen for mutants whose growth was affected by high

external pH. Several alkaline-sensitive mutants were recovered,

and one of them, subsequently named nca1-3 based on cloning

results (see below), was hypersensitive to high external pH.

When Columbia-0 (Col-0) and nca1-3 seeds were germinated on

Murashige and Skoog (MS) medium at pH 5.8, the growth of

5-d-old nca1-3 seedlings was similar to that of Col-0 seedlings

(Supplemental Figure 1). When these seedlings were transferred

to medium at pH 8.0, or above, shoot growth of the nca1-3

mutant was reduced relative to the growth of Col-0 after 10 d of

growth at pH 5.8, as were seedling fresh weight and chlorophyll

content (Figure 1). The mutant and wild-type plants displayed no

significant differences when grown on MS medium at pH 4.0

(Figures 1A, 1G, and 1H). On medium at pH 8.0 or above, root

elongation in nca1-3 was dramatically reduced compared with

that of Col-0 (Figures 1C to 1H).

Plasmid rescue and thermal asymmetric interlaced PCR were

attempted to clone the mutated gene; however, the T-DNA in-

sertion could not be identified. Using simple sequence length

polymorphism markers, we mapped the mutated locus to chro-

mosome III between the F24B22 and T14E10 BAC clones (TAIR)

within ;140 kb. All coding sequences in this region were then

sequenced, and a 16-bp deletion was identified in exon 5 in

At3g54360, a gene that had been identified as NCA1 and shown

to be involved in regulating autophagy-dependent cell death

(Hackenberg et al., 2013). As a result, we named the mutant nca1-3.

The deletion was located 960 bp downstream of the NCA1 trans-

lation initiation codon and introduced a frame shift and a premature

stop codon in the NCA1 coding sequence (Figure 2A). NCA1

encodes a protein containing a RING-finger domain and two TPR

Figure 1. The Arabidopsis nca1-3 Mutant Is Hypersensitive to High-

External pH.

(A) to (F) Screening of mutants with reduced growth at high-external pH.

Five-day-old Col-0 and nca1-3 mutant seedlings germinated and grown

on MS medium at pH 5.8 were transferred to MS medium at pH 4.0, 5.8,

8.0, 8.1, 8.2, or 8.3. Photographs were taken 10 d after transfer.

(G) Fresh weight of Col-0 and nca1-3 seedlings germinated and grown

on MS medium at pH 5.8 and then transferred to MS medium at pH 4.0,

5.8, or 8.0. Data represent means 6 SD of at least three replicate ex-

periments. Statistical significance compared with Col-0 values is based

on a Student’s t test (**P < 0.01 and ***P < 0.001).

(H) Chlorophyll content of Col-0 and nca1-3 seedlings germinated and

grown on MS medium at pH 5.8 and then transferred to MS medium at

pH 4.0, 5.8, or 8.0. Data represent means 6 SD of at least three replicate

experiments. Statistical significance compared with Col-0 values is

based on a Student’s t test (**P < 0.01 and ***P < 0.001).
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motifs. To determine if expression of NCA1 is altered in the mutant,

total RNA was extracted from 10-d-old Col-0 and nca1-3 seedlings

and analyzed using RT-PCR. A shorter NCA1 transcript was de-

tected in nca1-3 compared with that in Col-0 (Figure 2B). To

determine if NCA1 protein level is changed in the mutant, NCA1-

specific antibodies were generated by immunizing mice with

Escherichia coli-expressed NCA1. Total protein was extracted

from Col-0 and nca1-3 and analyzed using immunoblot assays.

Strong cross-reaction was detected in Col-0; no cross-reaction

was observed in the nca1-3 mutant. As a control, Actin was

monitored and detected in both nca1-3 and Col-0 (Figure 2C).

To complement the nca1-3 alkaline-sensitive phenotype, a

6000-bp genomic DNA fragment (corresponding to the sequence

from 2000 bp upstream of the NCA1 translation start codon to 500

bp downstream of the stop codon) was cloned into the pCAM-

BIA1300 vector. The resulting construct was transformed into the

nca1-3 mutant. Two transgenic T3 lines grown in media at pH 8.0

demonstrated that the transgene rescued the mutant phenotype to

the level of wild-type alkaline tolerance (Figures 2D and 2E). The

protein levels of NCA1 in the transgenic lines were slightly higher

than levels in Col-0 (Figure 2F).

NCA1 Gene Expression and Protein Localization

NCA1 expression was determined using real-time RT-PCR on

total RNA extracted from roots, stems, leaves, flowers, and siliques

of Col-0 plants. NCA1 was expressed in all of these tissues, with

highest expression in rosette leaves and siliques (Supplemental

Figure 2A). The 2000-bp promoter of NCA1 was fused with the

b-GLUCURONIDASE (GUS) reporter gene, and the resulting

constructs were introduced into Arabidopsis Col-0 using

Agrobacterium-mediated floral transformation. Consistent with the

RT-PCR results, GUS expression driven by the NCA1 promoter

was detected in young seedlings, roots, stems, leaves, flowers, and

siliques (Supplemental Figure 2B).

To determine the subcellular localization of the NCA1 protein,

we fused green fluorescent protein (GFP) to the C terminus of

NCA1 using a construct in which expression was driven by the

Figure 2. Cloning of NCA1.

(A) Map-based cloning of the mutation in nca1-3. The chromosomal region containing the mutation is represented on the top line with the simple

sequence length polymorphism markers indicated above and the corresponding BAC clones indicated below. The number of recombinants between

these markers and the mutation in 1850 samples is included. The region covered by BAC clones F24B22 to T14E10 is labeled as “Candidates.” The

gene structure is indicated with exons represented by boxes and introns represented by lines. The 16-bp deletion at the end of the fifth exon generates

a new stop codon. Size markers are shown on the right.

(B) Analysis of NCA1 expression by RT-PCR. NCA1 expression in Col-0 and the nca1-3 mutant is shown. ACTIN was used as loading control. One

representative analysis of three replicates experiments is shown.

(C) Analysis of NCA1 protein level in Col-0 and the nca1-3mutant. Total protein was extracted from 10-d-old seedlings and probed with anti-NCA1 and

antiactin (used as a loading control) antibodies. One representative analysis of three replicates experiments is shown.

(D) Complementation of the nca1-3mutant with the full-length NCA1 genomic sequence. Five-day-old seedlings of Col-0, nca1-3, and two independent

complemented lines (com-1 and com-2) from seeds germinated on MS at pH 5.8 were transferred to MS medium at pH 5.8 or 8.0. Photographs were

taken 10 d after transfer.

(E) Fresh weight and chlorophyll content of Col-0, nca1-3, com-1, and com-2 seedlings. Data represent means 6 SD of at least three replicate

experiments. Statistical significance compared with Col-0 values is based on a Student’s t test (**P < 0.01 and ***P < 0.001).

(F) Analysis of NCA1 protein in Col-0, nca1-3, com-1, and com-2 seedlings. Protein was extracted from 10-d-old seedlings and probed with anti-NCA1

and antiactin (used as a loading control) antibodies. One representative analysis of three replicates experiments is shown.
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cauliflower mosaic virus 35S promoter. The resulting construct was

transformed into Col-0 protoplasts, and the NCA1-GFP signal was

observed in the cytosol. The control, GFP alone, was observed in

both the cytosol and nucleus (Supplemental Figure 2C).

The nca1-3 Mutant Is Sensitive to Multiple Stresses

To determine whether NCA1 is involved only in the response of

Arabidopsis to high pH, we transferred 5-d-old Col-0 and nca1-3

seedlings from seeds germinated on MS medium at pH 5.8 to MS

medium at pH 5.8 or pH 8.0, or pH 5.8 containing 25 mM NaCl or

100 mM mannitol, or treated at 4°C for 3 d. While the nca1-3

mutant was insensitive to mannitol treatment, it was hypersensi-

tive to NaCl and cold treatment relative to Col-0 with reduced root

and shoot growth and bleached leaves (Figures 3A to 3F). When

seeds of the nca1-3 mutant and Col-0 were germinated on MS

medium (pH 5.8) containing 0.2 mM methyl viologen (MV), the

nca1-3 mutant was also hypersensitive, with reduced cotyledon

greenness relative to Col-0 (Figures 3G to 3J). These results

suggest that NCA1 functions in multiple stress responses.

NCA1 Interacts with Catalases

The hypersensitivity of the nca1-3 mutant to multiple abiotic

stresses suggests that NCA1 is part of a conserved mechanism

that is required for plant stress responses. To determine how

NCA1 functions in these responses, we generated Pro35S:33

Flag-HA-NCA1 (FH-NCA1) transgenic plants in the nca1-3

background to identify interacting proteins; this construct rescued

the nca1-3 mutant phenotypes (Supplemental Figure 3). Total

protein was extracted from 10-d-old T3 homozygous plants, and

Flag-HA-NCA1 was immunoprecipitated with anti-Flag antibody-

conjugated agarose. The Flag epitope was then cleaved off and

anti-HA-conjugated agarose was used for HA-NCA1 immuno-

precipitation from the resulting supernatant. Agarose-bound HA-

NCA1 was eluted from the HA agarose using an HA peptide. After

this two-step purification, NCA1 and its interacting proteins were

enriched and analyzed by mass spectrometry. CAT1, 2, and 3

were identified as putative NCA1-interacting proteins.

To confirm the interaction between NCA1 and the catalases,

CAT antibodies were generated by immunizing mice with

E. coli-expressed CAT3. To determine the specificity of the

anti-CAT antibodies, Pro35S:6Myc-NCA1, Pro35S:6Myc-CAT2,

and Pro35S:6Myc-CAT3 transgenic plants were generated, and

the cat2 (SALK_076998; Buesoet al., 2007; Queval et al., 2007)

and cat3 T-DNA insertion lines (SALK_092911; Mhamdi et al.,

2010a) (reported to be knockout lines) were obtained. In both cat2

and cat3 mutants, catalase protein was detected using anti-CAT

antibodies (Supplemental Figure 4A). In the Pro35S:6Myc-CAT2

transgenic line, both catalase and 6Myc-CAT2 bands were

identified using anti-CAT antibodies (Supplemental Figure 4B),

suggesting that this antibody recognizes at least both CAT2 and

CAT3. Flag-HA-NCA1 and Flag-HA-J3 (Yang et al., 2010; a cyto-

solic protein used as a control) were immunoprecipitated with

anti-flag antibody-conjugated agarose from their respective trans-

genic plants. NCA1 and J3 loading was determined with anti-Flag

antibody, and catalases were detected in the immunoprecipitated

products using anti-CAT antibodies. Catalase proteins were pulled

down by NCA1 but not by J3 (Figure 4A). Consistent with this result,

H2O2 content was higher in the nca1-3 mutant than in Col-0 under

control conditions, and this difference increased significantly when

the plants were grown at high pH (8.0) for 10 d (Figure 4B).

Because NCA1 localizes in the cytosol while the major functional

site of catalases is reported to be the peroxisomes, additional bio-

chemical and genetic assays were done to monitor the interaction

between NCA1 and the catalases. First, a combination of Percoll

and sucrose density gradient centrifugation was used to investigate

colocalization of these two proteins. Ten-day-old Arabidopsis Col-0

or nca1-3 seedlings were harvested to isolate peroxisomes as de-

scribed by Reumann et al. (2007). The crude extract, first-purified

peroxisomes (P1), high purity peroxisomes (PEs), and the cytosolic

fraction were analyzed using immunoblots with anti-NCA1, -CAT,

-PEX14p (a peroxisomal membrane marker), -MPK3 (a cytosolic

marker), -LHC2 (a chloroplast marker), and -VDAC1 (a mitochondrial

marker) antibodies (Figure 4C). NCA1 was observed in the cytosol,

and CATs were observed in both the cytosol and peroxisomes, with

higher expression in the peroxisomes. Both NCA1 and CATs co-

localized with the MPK3 cytosolic marker. PEX14p was observed in

P1 and enriched in PE where CATs were also found, while no sig-

nals for LHC2 or VDAC1 were detected in PE (Figure 4C). These

results indicate that NCA1 was undetectable in high purity perox-

isomes and that NCA1 colocalizes with CATs in the cytosol.

To further confirm the cytosolic NCA1-CAT interaction, bi-

molecular fluorescence complementation was performed. The

coding sequences of CAT2 and NCA1 were amplified and cloned

into the pSPYNE(R)173 and pSPYCE(M) vectors to generate YNE-

CAT2 and YCE-NCA1 constructs. These plasmids were introduced

into Arabidopsis protoplasts by polyethylene glycol-mediated

transformation. After incubation for 18 h, the interaction between

NCA1 and CAT2 was detected by confocal microscopy. A strong

florescence signal was detected in the cytosol (Figure 4D), pro-

viding additional evidence that NCA1 colocalizes and interacts with

CAT2 in cytosol.

To confirm that NCA1 genetically interacts with the catalases, the

cat2 and cat3 T-DNA insertion lines (SALK_076998 and _092911,

respectively) and the nca1-3mutant were used to generate the cat2

cat3 (m2) and nca1-3 cat2 double mutants and the nca1-3 cat2

cat3 (m3) triple mutant. To determine the sensitivity of these mu-

tants to high pH (8.0), 5-d-old seedlings of Col-0, nca1-3, the cat2

and cat3 single mutants, the cat2 cat3 (m2) double, and the nca1-3

cat2 cat3 (m3) triple mutant were transferred to MS medium at pH

5.8 or 8.0. On medium at pH 5.8, the phenotype of the nca1-3 cat2

cat3 (m3) triple mutant was similar to that of the nca1-3 mutant in

which the fresh weight was lower than in Col-0 (Figure 4E). On

medium at pH 8.0, the growth of Col-0 and the cat3 single mutant

was similar, while the other mutants were very sensitive to the high

pH (Figure 4E).

cat2 is a photorespiratory-defective mutant, and its pheno-

type can be readily rescued by high external CO2 concentration

(Mhamdi et al., 2010b). When grown under an irradiance of

90 mmol m22 s21, both cat2 and nca1-3 seedlings showed se-

verely decreased growth compared with Col-0, and this growth

reduction was further enhanced by high external pH treatment

(Supplemental Figures 5A and 5B). When plants were grown with

high levels of CO2 (3000 ppm), nca1-3, cat2, and Col-0 showed no

difference in appearance or biomass at 90 mmol m22 s21 light onx
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Figure 3. nca1-3 Is Sensitive to Multiple Stresses.

(A) Analysis of Col-0 and nca1-3 on MS medium. Five-day-old seedlings of Col-0 and nca1-3 from seeds germinated on MS medium at pH 5.8 were

transferred to fresh MS medium at pH 5.8. Photographs were taken 10 d after transfer.

(B) Analysis of mannitol sensitivity in Col-0 and nca1-3. Five-day-old seedlings of Col-0 and nca1-3 from seeds germinated on MS medium at pH 5.8

were transferred to MS medium at pH 5.8 containing 100 mM mannitol. Photographs were taken 10 d after transfer.

(C) Analysis of sensitivity to high external pH in Col-0 and nca1-3. Five-day-old seedlings of Col-0 and nca1-3 from seeds germinated on MS medium at

pH 5.8 were transferred to MS medium at pH 8.0. Photographs were taken 10 d after transfer.

(D) Analysis of cold stress sensitivity in Col-0 and nca1-3. Five-day-old seedlings of Col-0 and nca1-3 from seeds germinated on MS at pH 5.8 medium

were transferred to MS medium at pH 5.8 and moved to a light chamber after being treated at 4°C for 3 d. Photographs were taken 13 d after transfer.

(E) Analysis of salt stress sensitivity in Col-0 and nca1-3. Five-day-old seedlings of Col-0 and nca1-3 from seeds germinated on MS medium at pH 5.8

were transferred to MS medium containing 25 mM NaCl. Photographs were taken 10 d after transfer.

(F) Fresh weight of the Col-0 and nca1-3 seedlings shown in (A) to (E). Data represent means 6 SD of at least three replicate experiments. Statistical

significance compared with Col-0 is based on a Student’s t test (**P < 0.01 and ***P < 0.001).

(G) Analysis of MV sensitivity in Col-0 and nca1-3. Col-0 and nca1-3 seeds were sown on MS medium at pH 5.8 and germinated in continuous light after

stratification at 4°C. Photographs were taken 10 d after seeds were sown.

(H) Analysis of MV sensitivity in Col-0 and nca1-3. Col-0 and nca1-3 seeds were sown on MS medium at pH 5.8 with 0.2 µM MV and germinated in

continuous light after stratification at 4°C. Photographs were taken 10 d after seeds were sown.

(I) Percentage of green cotyledons in Col-0 and nca1-3 grown on MS medium were scored at the indicated times and represent an average of 100

seeds from at least three independent experiments 6SD.

(J) Percentage of green cotyledons in Col-0 and nca1-3 grown on MS medium with 0.2 µM MV were scored at the indicated times and represent an

average of 100 seeds from at least three independent experiments 6SD.
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pH 5.8 medium. Under the same light and high CO2 conditions,

when the pH was increased to 8.0, the growth of cat2 was similar

to that of Col-0, and the growth of nca1-3 was also largely rescued;

however, it was still impaired by the pH 8.0 treatment (Supplemental

Figures 5C and 5D). This phenotype was completely rescued in

the NCA1 complemented transgenic plants (Supplemental Figures

5E to 5H).

To identify phenotypic changes when nca1-3 plants were grown

in soil, Col-0 and the nca1-3 and cat2 mutants were treated with

an irradiance of 30 or 100 mmol m22 s21 in soil. No significant

Figure 4. NCA1 Interacts with Catalases in the Cytosol.

(A) Analysis of the interaction between NCA1 and catalases in vivo. The Pro35S:33Flag-HA-NCA1 and Pro35S:33Flag-HA-J3 plasmids were introduced into

Col-0. Flag-HA-NCA1 or Flag-HA-J3 was immunoprecipitated with anti-Flag agarose and analyzed by immunoblot analysis with anti-Flag antibody to detect

Flag-HA-NCA1 or Flag-HA-J3 and with anti-CAT antibody to detect catalases in the precipitates. J3 is a cytosolic protein used as a control.

(B) Analysis of H2O2 content in Col-0 and nca1-3. Five-day-old seedlings from seeds germinated on MS medium at pH 5.8 were transferred to MS

medium at pH 5.8 or 8.0 for 10 d. H2O2 content was monitored with an Amplex Red H2O2/peroxidase assay kit. Data represent means 6 SD of at least

three replicate experiments. Statistical significance is based on a Student’s t test in comparison to Col-0 values (*P < 0.05 and ***P < 0.001).

(C) Analysis of NCA1 and catalase localization in Col-0 seedlings. Peroxisomes and cytosol were separated by density gradient centrifugation and

protein was detected by immunoblot analysis with anti-NCA1 and anticatalase antibodies. Anti-MPK3 antibody was used as a cytosolic marker, anti-

PEX14p antibody as a peroxisomal marker, anti-LHC2 as a chloroplast marker, and anti-VDAC1 as a mitochondria marker. CE, crude extract; P1, first

purified peroxisomes; PE, high purity peroxisomes.

(D) NCA1 interacts with CAT2 in the cytosol. Plasmids were introduced into Arabidopsis protoplasts and fluorescence was detected by confocal

microscopy. Top row, pSPYNE-CAT and pSPYCE vectors were cotransformed as a negative control. Second row, pSPYNE-CAT and pSPYCE-NCA1

were cotransformed. Third row, GFP-CAT2 was introduced. Bottom row, NCA1-GFP was introduced. In each row, the first panel, YFP/GFP signal; the

second panel, autofluorescence; the third panel, bright-field image; and the fourth panel, merged image.

(E) Analysis of alkaline sensitivity in Col-0, nca1-3, cat2, cat3, m2 (cat2 cat3), and m3 (nca1-3 cat2 cat3) mutant seedlings. Five-day-old seedlings of

Col-0, nca1-3, cat2, cat3, m2, and m3 from seeds germinated on MS medium at pH 5.8 were transferred to MS medium at pH 5.8 or 8.0. Photographs

were taken 10 d after transfer.

(F) Fresh weight of Col-0, nca1-3, cat2, cat3, m2, and m3 seedlings in (E). Data represent means 6 SD of at least three replicate experiments. Statistical

significance is based on a Student’s t test in comparison to Col-0 values (**P < 0.01 and ***P < 0.001).
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difference was detected between Col-0 and cat2 plants in rosette

biomass at an irradiance of 30 mmol m22 s21 (16 h) for 3 weeks;

however, nca1-3 plants were slightly smaller than Col-0 and cat2.

Consistent with previously published results (Queval, et al., 2007),

at an irradiance of 100 mmol m22 s21 (16 h), cat2 plants were

smaller; this phenomenon was also observed in nca1-3 plants

(Supplemental Figures 5I and 5J). These data suggest that CAT2

may not be the only target of NCA1 and that other catalases or

proteins may also be affected by NCA1 in response to abiotic

stresses or high light stress.

It has been reported that hydroxyurea (HU) directly inhibits

catalase-mediated H2O2 decomposition and that the cat2mutant is

more tolerant to HU than Col-0 (Juul et al., 2010). Five-day-old

seedlings of Col-0, nca1-3, cat2, and the nca1-3 cat2 double mu-

tant were transferred to MS medium (pH 5.8) without or with 3 mM

HU. In the absence of 3 mMHU, the nca1-3 single and nca1-3 cat2

double mutant displayed a weak growth phenotype compared with

Col-0 and cat2 (Supplemental Figures 5K and 5L). In the presence

of 3 mM HU, consistent with published results (Juul et al., 2010),

the cat2mutant was more tolerant to HU than Col-0, and the nca1-3

single and nca1-3 cat2 double mutant showed a tolerance level

similar to the cat2 mutant (Supplemental Figures 5K and 5L). These

results suggest that NCA1 genetically interacts with CAT2.

NCA1 Increases CAT Activity in Vivo

NCA1 interacts with three catalases in Arabidopsis and the

nca1-3 cat2 cat3 triple mutant shows a phenotype similar to

nca1-3, suggesting that NCA1 plays an important role in regulating

catalase activity. To examine if the activity of CATs is affected by

NCA1, total protein was extracted from 10-d-old seedlings of Col-0

and the nca1-3, cat2, cat3, cat2 cat3, and nca1-3 cat2 cat3mutants

grown on MS medium and CAT activity was analyzed using a Cat-

alase Activity Assay Kit (Beyotime). One unit of catalase activity is

defined as the quantity of enzyme catalyzing the decomposition of

1 mmol H2O2 per minute. CAT activity was dramatically reduced in

nca1-3 to one-tenth of the level in Col-0 (Figure 5A), suggesting that

NCA1 is required for activating catalase in Arabidopsis. Consistent

with published results, deleting CAT2 but not CAT3 significantly

reduced catalase activity in Arabidopsis (Figure 5A). The cat2 cat3

double mutant and the nca1-3 cat2 cat3 triple mutant displayed

catalase activity similar to activity in the nca1-3 mutant (Figure 5A).

To determine if NCA1 forms a complex with catalases that is

required for their activity, total protein from Col-0 and nca1-3 was

extracted and loaded onto a Superdex-200 gel filtration column.

The samples were collected every 500 mL and examined by im-

munoblot analysis with anti-CAT or anti-NCA1 antibodies (Figure

5B). In Col-0, the major NCA1 protein eluted in a peak corre-

sponding to a species with a molecular mass of 240 kD; however,

catalase proteins dispersed from 800 to 200 kD and mainly existed

in the higher molecular mass region (Figure 5B). In the nca1-3 mu-

tant, catalase protein also localized to the lower molecular mass

region. We subsequently tested the catalase activity of these sam-

ples. In Col-0, the highest catalase activity appeared at the 240 kD

region that colocalized with NCA1 (Figure 5C). In the nca1-3mutant,

catalase activity was significantly reduced in all of the gel filtration

samples. These results suggest that NCA1 is required for catalase

activation and may be involved in formation of a functional complex.

Because NCA1 and CATs colocalize and interact in the cytosol

and NCA1 is required for increasing catalase activity, Percoll-sucrose

density gradient fractions (as in Figure 4C) were used in catalase

activity assays to determine where NCA1 increases the catalase

activity. Catalase activities in all fractions (crude extract, P1, PE, and

the cytosol) were much higher in Col-0 than in nca1-3 (Figure 5D).

These results suggest that NCA1 is essential for catalase activation

in the plant.

When catalases form tetramers in plants, higher enzyme activity

results (Mhamdi et al., 2012). To determine if NCA1 is required for

the formation of tetramers in peroxisomes, the PE fractions from

the wild type or nca1-3 were loaded onto a Superdex-200 gel fil-

tration column. Samples were collected every 500 mL and exam-

ined by immunoblot analysis with anti-CAT antibodies. Peroxisomal

catalases in both Col-0 and nca1-3 were enriched in the fractions

with a molecular mass around 240 kD, corresponding to CAT tet-

ramers (;220 kD) (Figure 5E). When catalase activity in these

samples was tested, the fractions containing more peroxisomal

CAT tetramers had higher catalase activity (Figure 5F). The activity

of these peroxisomal catalases was significantly higher in Col-0

than in nca1-3. These results suggest that NCA1 is not required for

CAT tetramer formation.

It has been reported that catalase activity is regulated by

environmental stimuli (Gossett et al., 1996; Dat et al., 1998; Du

et al., 2008; Distelbarth et al., 2013). To determine if NCA1-

catalase interaction is affected by abiotic stress, Pro35S:33

Flag-HA-NCA1 (FH-NCA1) transgenic plants were treated with

liquid MS medium at pH 5.8 or 8.0, or with MS medium (pH 5.8)

containing 20 mM H2O2, 150 mM NaCl, or 20 mM 3-AT for 3 h.

FH-NCA1 was immunoprecipitated with anti-Flag antibody-

conjugated agarose. FH-NCA1 in the input was used to adjust

protein levels for pull-downs with anti-Flag antibody. No significant

difference in CAT levels was detected in the NCA1 pull-down

products among these treatments (Supplemental Figure 6A). When

catalase activity was determined by detecting the decrease in the

absorbance of H2O2 at 240 nm, no difference in catalase activity

was observed in pH 8.0-treated samples, while, as previously

reported, H2O2 and NaCl treatments induced catalase activity

(Supplemental Figure 6B) (Li and Yi, 2012). As a control, 3-AT (a

potent inhibitor of catalases; Gechev et al., 2002) treatment

caused a significant decrease in catalase activity (Supplemental

Figure 6B). Ten-day-old Col-0 seedlings grown on MS medium

were treated with liquid MS medium at pH 5.8 or 8.0, or with

liquid MS medium containing 20 mM H2O2, 150 mM NaCl, or 20

mM 3-AT for 3 h. Total RNA was extracted and the expression of

NCA1 and CAT2 was measured using real-time RT-PCR. The

expression of CAT2 was induced by all four treatments; however,

NCA1 expression was induced by H2O2 or NaCl treatment but was

not affected by pH 8.0 or 3-AT treatment (Supplemental Figure 6C).

These results suggest that the interaction between NCA1 and

catalases is not induced by stress and that the role of NCA1 in

increasing catalase activity is more widespread and fundamental.

NCA1 Has Chaperone Protein Activity

To determine the mechanism underlying NCA1 increasing catalase

activity, we examined the localization of the catalases in Col-0 and

the nca1-3 mutant. We fused the coding regions of CAT2 and
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Figure 5. NCA1 Increases CAT Activity in Vivo.

(A) Analysis of catalase activity in total protein extracted from Col-0, nca1-3, cat2, cat3, cat2 cat3, and the nca1-3 cat2 cat3 mutant. Catalase activity is

indicated in units/mg protein, and all activities were calculated relative to Col-0 activity (80 units/mg). Data represent means 6 SD of at least three

replicate experiments. Statistical significance is based on a Student’s t test. Significant differences (P < 0.05) are indicated by different lowercase

letters.

(B) Gel filtration analysis of catalases and NCA1 in nca1-3 and Col-0 seedlings. Total protein was extracted from 10-d-old seedlings and loaded onto

a Superdex-200 10/300GL column (GE). The samples were collected every 500 mL in order of A1 (tube number) to A12 then B12 to B1 and examined by

immunoblot analysis with anti-CAT and anti-NCA1 antibodies. Arrows, proteins of molecular mass of 800 and 240 kD.

(C) Catalase activity in the Col-0 and nca1-3 gel filtration products. Catalase activity is indicated in units/mg protein, and all activities were calculated

relative to Col-0 B11 activity (350 units/mg). Data represent means 6 SD of at least three replicate experiments.

(D) Catalase activity of the density gradient products shown in Figure 4C. Catalase activity is indicated in units/mg protein, and all activities were

calculated relative to Col-0 PE activity (700 units/mg). Data represent means 6 SD of at least three replicate experiments.

(E) Gel filtration analysis of peroxisomal catalases. PE proteins from the density gradients shown in Figure 4C were loaded onto a Superdex-200 10/

300GL column (GE). Samples were collected every 500 mL (from A1 to A12 and then B12 to B1) and proteins examined by immunoblot analysis with

anti-CAT antibodies. Arrows, proteins of molecular mass of 240 and 50 kD.

(F) Catalase activity of the gel filtration products shown in Figure 5E. Catalase activity is indicated in units/mL protein, and all activities were calculated

relative to Col-0 B11 activity (170 units/mL). Data represent means 6 SD of at least three replicate experiments.



CAT3 individually to GFP and cloned them into pCAMBIA 1205.

The resulting constructs were transformed individually into Col-0

and nca1-3, and the transgenic plants were used to visualize the

subcellular localization of CAT2 and CAT3. The GFP signal was

predominately observed in the peroxisomes in both Col-0 and

nca1-3 (Supplemental Figure 7), suggesting that the peroxisome

localization of catalases was not altered in nca1-3.

Because NCA1 is required for basic catalase activity but not

subcellular localization, we hypothesized that NCA1 may help to

maintain catalase folding in a functional structure. To determine

if NCA1 has holdase chaperone activity that effectively maintains

nascent chains in a folding-competent conformation, the holdase

activity of His-NCA1 was assayed by measuring its capacity to

suppress thermal aggregation of Arabidopsis malate dehydrogenase

(MDH, EC 1.1.1.37; a model substrate for holdase assay, as de-

scribed in Cha et al., 2009). MDH aggregation was monitored by

measuring absorbance at 340 nm without or with NCA1 under

thermal denaturing conditions at 45°C. Heat-induced aggregation of

MDH was suppressed by NCA1 in a dose-dependent manner

(Figure 6A). We next tested the holdase activity of NCA1 using

a physiological substrate, CAT2. As was seen for MDH, NCA1 re-

pressed the denaturation of CAT2 during thermal stress (Figure 6B).

These results suggest that NCA1 functions as a molecular chaper-

one and interacts with and maintains CAT2 in an optimal structure.

Because NCA1 localizes mainly to the cytosol while catalases

localize mainly in the peroxisome, and because NCA1 does not

affect catalase peroxisomal localization, it is possible that NCA1

plays a role in maintaining structure of cytosol-localized catalases

before they are transported into peroxisomes/organelles. If this is

the case, expression of NCA1 in organelles, such as the peroxi-

some where catalases function, should partially rescue the nca1-3

phenotype. To test this hypothesis, sequence encoding a Ser-Lys-

Leu tripeptide (SKL; targeting sequence that confers specific

sorting to peroxisomes) (Hayashi, et al., 1997) or AKDE1 (the first 66

amino acids of the mitochondrion-localized 2-oxoglutarate de-

hydrogenase E1 that directs protein into the mitochondrial matrix)

(Mehlmer et al., 2012) fused to the C or N terminus of NCA1 was

cloned into the pCAMBIA1307-MYC vector. The resulting constructs

were transformed into nca1-3. Five-day-old T3 transgenic plants

(Pro35S:63MycNCA1-SKL and Pro35S:63Myc-AKDE1-NCA1)

germinated on pH 5.8 MS medium were transferred to MS medium

at pH 5.8 or 8.0. The NCA1-SKL transgene rescued the mutant’s

alkaline-sensitive phenotype and the catalase activity to the level of

the wild type (Figures 6C, 6D, and 6G), while the AKDE1-NCA1

transgene failed to rescue the sensitivity and catalase activity of

nca1-3 (Figures 6E to 6G). The protein levels of NCA1 in the

transgenic lines were similar (Figure 6H). The fact that the peroxi-

some-targeted NCA1 rescued the phenotype of nca1-3 while the

mitochondrion-targeted NCA1 did not indicates that NCA1 plays

an important role in the increase of catalase activity.

NCA1 Increases CAT2 Activity in a 1:1 Molar Ratio

To determine the biochemical nature of NCA1 increasing catalase

activity, we introduced GST-CAT2, His-Small Ubiquitin Like Modi-

fier3 (SMT3)-NCA1, or the two in combination into E. coli BL21

cells. For subsequent experiments, we employed mainly CAT2,

based on the 80% reduction in catalase activity in the cat2 mutant

in Arabidopsis. Consistent with the holdase chaperone activity of

NCA1, the GST-CAT2 and His-SMT3-NCA1 proteins were unstable

in vitro and easily precipitated/aggregated and degraded (Figure

7A); however, they appeared to stabilize each other when coex-

pressed in E. coli (Figure 7A). CAT2 recombinant protein pulled

down NCA1 in a nearly 1:1 molar ratio. When His-SMT3 was

cleaved from His-SMT3-NCA1 using a Ubiquitin-like-specific pro-

tease (Ulp), NCA1 still pulled down and tightly bound to CAT2 in the

same molar ratio (Figure 7B). We next tested the catalase activity of

the recombinant proteins shown in Figure 7A. When CAT2 was

pulled down by NCA1, the catalase activity was 10-fold higher than

in CAT2 alone (Figure 7C), consistent with in vivo results (Figure 5C)

and demonstrating that NCA1 directly increases CAT2 activity.

To determine how NCA1 forms a complex with CAT2 and if it is

required for activation of CAT2, CAT2 or the CAT2-NCA1 complex

was loaded onto a Superdex-200 gel filtration column and samples

were collected every 400 µL. Recombinant CAT2 protein eluted

between 12.4 and 16 mL (corresponding to molecular masses of

;300 and 70 kD) (Figure 7D). The calculated molecular mass of

63His-tag CAT2 fusion protein is 58.75 kD, which means that re-

combinant CAT2 protein is present mainly as oligomers in solution.

Consistent with previous reports (Kirkman and Gaetani, 1984;

Frugoli et al., 1996), CAT2 proteins that eluted at 13.6 mL (corre-

sponding to molecular mass of ;220 kD, the size of a CAT2 tet-

ramer) had the highest activity in our assay (Figure 7F). For the

NCA1-CAT2 complex, the protein eluted at a broad range of

molecular masses. The protein complex that eluted at 13.2 mL,

corresponding to a molecular mass of ;240 kD (Figure 7E), had

the highest activity (Figure 7F), indicating that a heterotetrameric

NCA1-CAT2 complex might form in solution. Surprisingly, we

found that NCA1-CAT2 complex proteins with a higher molecular

weight were still present in a molar ratio of 1:1 (Figure 7E). These

results indicate that this molar ratio plays a critical role in in-

creasing catalase activity.

NCA1 Interacts with CAT2 through the NCA1 C Terminus

and Increase of CAT2 Activity Requires Zinc Binding of the

NCA1 RING-Finger Domain

To investigate the mechanism of interaction between NCA1 and

CAT2, we cloned sequences encoding various truncated versions

of NCA1 into the pET28a vector for fusion with a His-tag (Figure

8A). We coexpressed full-length or truncated His-NCA1 proteins

with untagged CAT2 in BL21 cells, purified His-NCA1, and sepa-

rated the proteins using SDS-PAGE (Figure 8B). When the first 158

amino acids from the N terminus of NCA1 (including the entire

RING-type zinc finger domain) were deleted, the truncated protein

still interacted with CAT2 in a 1:1 molar ratio (Figure 8B). These

results indicate that NCA1 interacts with CAT2 mainly through the

NCA1 C-terminal TPR-like helical domain. However, the catalytic

activity of CAT2 showed significant dependence on the integrity of

the RING-type zinc finger domain when the NCA1-CAT2 complex

was formed. In the presence of full-length NCA1, CAT2 showed

enhanced catalytic activity compared with CAT2 alone. Deletion of

80 amino acids from the NCA1 N terminus resulted in decreased

catalytic activity of CAT2, and catalytic activity was not increased

when the RING-finger domain was deleted (Figure 8C). These re-

sults suggest that the RING-finger domain in NCA1 plays a key role
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Figure 6. NCA1 Has Chaperone Activity.

(A) Holdase chaperone activity of NCA1 with the model substrate malate dehydrogenase. MDH (0.3 mM) was incubated without or with NCA1 at 45°C

for the indicated time. Arabidopsis HSP90.2 was used as a positive control and BSA as negative control.

(B) Holdase chaperone activity of NCA1 with CAT2. CAT2 (1 mM) was incubated without or with NCA1 at 45°C for the indicated time. BSA was used as

negative control.

(C) Analysis of alkaline sensitivity in Col-0, nca1-3, and T3 transgenic Pro35S:63Myc-GFP-NCA1-SKL seedlings. Five-day-old seedlings of Col-0,

nca1-3, NCA1-SKL-10, and NCA1-SKL-3 from seeds germinated on MS medium at pH 5.8 were transferred to MS medium at pH 5.8 or 8.0. Pho-

tographs were taken 10 d after transfer.
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in increasing CAT2 activity. To further demonstrate the importance

of this domain, we mutated conserved cysteines (Cys-111 and

Cys-129) or histidine (His-126) residues in the RING-finger domain

of NCA1 to alanine, serine, or tyrosine. The mutated proteins were

pulled down with CAT2 in a 1:1 molar ratio but did not increase

CAT2 activity (Figures 8A to 8C).

The RING-finger domain in NCA1 can bind zinc ions (Kosarev

et al., 2002); mutation or deletion of this domain results in de-

creased or in the absence of CAT2 activation. To determine if zinc

ions play a key role in increasing CAT2 activity in the NCA1-CAT2

complex, inductively coupled plasma-atomic emission spectros-

copy (ICP-AES) was performed to determine the content of zinc in

purified full-length and truncated NCA1 with or without CAT2

(Figure 8D). In native NCA1, the zinc ion and protein molar ratio is

;2:1, indicating two zinc ions are bound to each NCA1 through the

RING-finger domain (Figure 8E). Point mutation of the conserved

amino acids in the RING-finger domain of NCA1 (NCA1C111S,

NCA1H126Y, or NCA1C129A) resulted in a reduced zinc to protein

ratio, indicating the importance of the coordination between zinc

and the RING-finger domain (Figure 8E). With the RING-finger

domain removed, the zinc content of NCA1 and the NCA1-CAT2

complex dropped to a level that was barely beyond the buffer

control (Figures 8E and 8F). Thus, the RING-finger domain is ac-

tively involved in binding zinc ions in the NCA1-CAT2 complex.

Deletion of first 80 amino acids from the NCA1 N terminus also

resulted in decreased zinc binding and catalytic activity of CAT2

(Figures 8C to 8F). Taken together, these results indicate that the

integrity of the RING-finger domain affects both zinc ion content

and NCA1-CAT2 catalytic activity, suggesting that zinc ions may be

critical for increasing CAT2 activity in the NCA1-CAT2 complex.

To genetically confirm this conclusion, Pro35S:63Myc-NCA1,

Pro35S:63Myc-NCA1C111S, and Pro35S:63Myc-NCA1H126Y trans-

genic plants were generated in nca1-3, and 5-d-old T3 seedlings

from seed germinated on MS medium were transferred to MS me-

dium without or with 3 mM HU. More than three independent trans-

genic lines were used for the assay and showed similar phenotypes;

one line from each mutant construct is shown in Figure 8. Neither

NCA1C111S nor NCA1H126Y in the nca1-3mutant rescued the HU-

tolerant phenotype (Figure 8G). By contrast, NCA1 rescued the

phenotype (Figure 8I), although the protein levels of NCA1C111S,

NCA1H126Y, and NCA1 were similar in the transgenic plants

(Figure 8K).

To further determine if the increase of catalase activity by the

RING-finger domain of NCA1 is required for the tolerance of high

pH, the seedlings from the HU-tolerance assay (Figure 8G)

were transferred to MS medium at pH 5.8 or 8.0. None of the

mutated NCA1 proteins (NCA1C111S, NCA1H126Y, and NCA1C129A)

in the nca1-3 mutant rescued the high pH-sensitive pheno-

type (Supplemental Figures 8A and 8B). By contrast, NCA1 did

rescue the phenotype (Supplemental Figures 8C and 8D). These

results demonstrate that NCA1 interacts with CAT2 through its C

terminus and increases CAT2 activity through its RING-finger do-

main and that this increase is critical for plant stress tolerance.

DISCUSSION

Catalase proteins are important antioxidative enzymes, and plant

genomes encode three catalase genes that play an essential role

during plant growth, development, and response to stress (reviewed

in Mhamdi et al., 2012). In Arabidopsis, loss of CAT2 results in an

80% loss of catalase activity andmutant plants are hypersensitive to

high-intensity light, H2O2, NaCl, and cold, but tolerant to LiCl and HU

(Bueso et al., 2007; Juul et al., 2010). Because catalase genes are

highly expressed in plants, overexpression of such genes normally

does not increase plant catalase activity or affect plant growth and

response to stress. However, a few studies have shown that in-

troduction of bacterial catalases in plants increases plant catalase

activity and results in transgenic plants that are resistant to oxidative

stress, NaCl, and high light intensities (Mhamdi et al., 2012). In this

study, by genetic screening for alkaline-stress defective Arabidopsis

mutants, we discovered that NCA1 increases catalase activity.

Among all the stresses tested, only mannitol did not lead to growth

reduction in the nca1-3 mutant, which may be due to mannitol’s

function as a hydroxyl radical scavenger (Shen, et al., 1997).

NCA1 was previously identified by screening for HU-resistant

mutants (Hackenberg et al., 2013). Catalase protein levels and

enzymatic activities were significantly decreased in nca1mutants,

suggesting that NCA1 is required for catalase activity mainly by

mediating catalase protein level. NCA1 is a cytosol-localized pro-

tein and does not affect type 1 peroxisomal targeting signal (PTS1)-

guided protein peroxisome import. Both nca1 and cat2 share

similar phenotypes, including altered expression of oxidative stress

marker genes, altered protein stability, and suppression of RPM1-

triggered cell death and avrRpm1-induced autophagic degradation.

Figure 6. (continued).

(D) Fresh weight of Col-0, nca1-3, NCA1-SKL-10, and NCA1-SKL-3 seedlings in (C). Data represent means6 SD of at least three replicate experiments.

Statistical significance is based on a Student’s t test in comparison to Col-0 values (**P < 0.01 and ***P < 0.001).

(E) Analysis of alkaline sensitivity in Col-0, nca1-3, and T3 transgenic Pro35S:63Myc-AKDE1 -NCA1 seedlings. Five-day-old seedlings of Col-0, nca1-3,

AKDE1-NCA1-13, and AKDE1-NCA1-14 from seeds germinated on MS medium at pH 5.8 were transferred to MS medium at pH 5.8 or 8.0. Photographs were

taken 10 d after transfer.

(F) Fresh weight of Col-0, nca1-3, NCA1-SKL-10, and NCA1-SKL-3 seedlings in (E). Data represent means 6 SD of at least three replicate experiments

(**P < 0.01 and ***P < 0.001).

(G) Catalase activity in total protein of Col-0, nca1-3, NCA1-SKL-10, NCA1-SKL-3, AKDE1-NCA1-13, and AKDE1-NCA1-14 seedlings. Catalase activity

is indicated in units/mg protein, and all activities were calculated relative to Col-0 activity (80 units/mg). Data represent means 6 SD of at least three replicate

experiments. Statistical significance is based on a Student’s t test. Significant differences (P < 0.05) are indicated by different lowercase letters.

(H) Analysis of Myc-NCA1 protein in the Col-0, nca1-3, NCA1-SKL-10, NCA1-SKL-3, AKDE1-NCA1-13, and AKDE1-NCA1-14 seedlings. Protein was

extracted from 10-d-old seedlings and probed with anti-Myc and antiactin (used as a loading control) antibodies. One representative analysis of three

replicates experiments is shown.
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These results suggested that NCA1 regulates autophagy-dependent

cell death mainly through mediating catalase activity. However,

the molecular and biochemical relationships between NCA1 and

catalases were not identified previously.

In our study, we demonstrate that NCA1 interacts with catalases

through the NCA1 C-terminal TPR-like helical domain and in-

creases catalase activity by stabilizing catalase proteins through

the NCA1 N-terminal RING-type zinc finger domain and that the

zinc ion binding is required for this increase. NCA1 exhibits holdase

chaperone activity that may fold catalase to a functional structure.

We propose a model of modulation of catalase (e.g., CAT2) by

NCA1 in vivo (Figure 9). Nascent CAT2 in the cytosol interacts with

NCA1 and form complexes in a 1:1 ratio. At this step, the in-

teraction helps fold CAT2 into a functional structure. However, it is

not required for the peroxisome import of catalases. After import

into peroxisomes through plant peroxins, CAT2, with this optimal

structure, forms a tetramer for full function.

As reported previously, catalase activity is regulated by stresses

including NaCl, drought, cold, H2O2, MV, high light, or heat shock

(Gossett et al., 1996; Dat et al.,1998; Du et al., 2008; Distelbarth

et al., 2013). However, it is likely that the interaction between NCA1

and catalases was not induced by alkaline stress or H2O2 and NaCl

treatments. The affinity of catalase for H2O2 is very low, and its Km

for H2O2 is above 40 mM in vivo (Mhamdi et al., 2010a). It is likely

that NCA1 interacts with nascent catalases in the cytosol under

normal conditions to help maintain catalase in a functional state

that is ready to scavenge H2O2. High intracellular H2O2 levels could

be a switch for activating catalase. Under certain conditions, when

local concentrations of intracellular H2O2 increase to a high level,

catalases function as H2O2 scavengers; however, under low con-

centration of H2O2, other enzymes, such as APX and PRX, with

higher H2O2 affinities for catalase, perform this function. In nca1

mutants, the loss of NCA1 function leads to very low catalase

activity that cannot remove high levels of H2O2, resulting in hy-

persensitivity to multiple stresses in the mutant. It is currently not

understood how catalase interacts with and is released from NCA1;

it is possible that post translational modification of catalase or

NCA1 is required to release catalase and/or for further activating

catalase during environmental stress.

Previous studies have shown that the TPR domain functions

as a protein interaction scaffold for the formation of different protein

complexes (Allan and Ratajczak, 2011). Peroxisome import of

Arabidopsis catalases requires PEX5 and other PTS1 components.

PEX5 contains seven TPR motifs in its C terminus. However, based
Figure 7. NCA1 Increases CAT2 Activity in a 1:1 Molar Ratio.

(A) Analysis of the interaction between NCA1 and CAT2 in vitro. His-SMT3-

NCA1 and GST-CAT2 were coexpressed in E. coli DE3 cells and proteins

were purified with glutathione-agarose. The pull-down products were sep-

arated by SDS-PAGE.

(B) Analysis of the pull-down products in (A). Proteins were digested with

SUMO (Ulp) protease and separated on SDS-PAGE. The asterisk in-

dicates a nonspecific band.

(C) Analysis of recombinant protein catalase activity. Catalase activity is

indicated in units/mg protein, and all activities were calculated relative to

the activity of the coexpressed CAT2 and NCA1 sample (200 units/mg).

Data represent means 6 SD of at least three replicate experiments.

Statistical significance is based on a Student’s t test. Significant differ-

ences (P < 0.05) are indicated by different lowercase letters.

(D) Gel filtration analysis of recombinant protein. Eluted His-CAT2 pro-

tein was loaded onto a Superdex-200 10/300GL column (GE), and

samples were collected every 400 mL and separated on SDS-PAGE.

(E) Gel filtration analysis of recombinant protein. Coexpressed CAT2 and

His-NCA1 protein was loaded onto a Superdex-200 10/300GL column (GE),

and samples were collected every 400 mL and separated on SDS-PAGE.

(F) Catalase activity in the samples from (D) and (E). Catalase activity is

indicated in units/mL protein, and all the activities were calculated rela-

tive to the activity of the fraction at 13.2 mL elution volume in which

CAT2 and NCA1 were coexpressed (400 units/mL) (E). Data represent

means 6 SD of at least three replicate experiments.
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Figure 8. NCA1 Interacts with CAT2 through the CAT2 C Terminus, and Increase of CAT2 Activity Requires Zinc Binding of the NCA1 RING-Finger

Domain.

(A) Schematic diagram of NCA1, NCA180-405, NCA1158-405, NCA1C111S, NCA1H126Y, and NCA1H129A.

(B) Analysis of the interaction between full-length, truncated, or mutated NCA1 and CAT2 in vitro. His-NCA1 and CAT2 were coexpressed in E. coli DE3

cells, and proteins were purified with Ni-NTA agarose. The pull-down products were separated on SDS-PAGE. CAT2 was expressed in DE3 cells and

pulled down with Ni-NTA agarose as a negative control.
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on yeast two-hybrid analysis, it has been shown that catalases

interact with the N terminus of PEX5 but not the C-terminal TPR

domain (Horiguchi et al., 2001). In this study, CAT2 interacted with

the C-terminal TPR domain of NCA1; this interaction likely occurred

in cytosol, and NCA1 did not recruit catalases to the peroxisomes,

indicating that TPR domain-containing proteins play roles in both

recruiting catalase to peroxisomes and increasing catalase activity

in the cytosol. When NCA1 was targeted to the mitochondrion in

the nca1-3mutant using the AKDE1 peptide, the mutant phenotype

was not rescued. However, when NCA1 was targeted to the per-

oxisome in the nca1-3 mutant using the SKL peptide, the mutant

phenotype was rescued. These results suggest that NCA1 plays

a fundamental and essential role in increasing catalase ac-

tivity, although we cannot presently exclude the possibility

that NCA1-SKL was still in cytosol due to the NCA1-SKL leakage.

In the presence of high CO2, the high external pH-sensitive phe-

notype of nca1-3 was largely rescued but still displayed a growth

reduction compared with the wild type, while cat2 showed a similar

sensitivity to that found in the wild type. These results suggest that

catalases are major targets of NCA1 and that NCA1 also regulates

other protein activities in response to alkaline stress. These results

are supported by differential protein regulation that has been re-

ported for the cat2 and nca1 mutants (Hackenberg et al., 2013).

CAT2 and NCA1 proteins were unstable in vitro and easily

degraded. However, heterodimeric NCA1-CAT2 was more stable

than the individual proteins, consistent with published results that

indicate that NCA1 is required for stabilization of catalases in plants

(Hackenberg et al., 2013). When we expressed GFP-CAT2 and

GFP-CAT3 in Col-0 and the nca1-3mutant, we found that NCA1 is

not required for the peroxisomal localization of CAT2 and CAT3 and

that the GFP signals did not significantly change in the nca1-3

mutant. It is possible that when GFP-labeled catalases were

overexpressed in the nca1-3 knockout mutant, the GFP signal was

not sensitive enough to respond to the reduced level of catalase or

that nca1-1 and nca1-2, which are point mutations with an ex-

changed amino acid and truncated NCA1 protein, respectively,

have more effect on the regulation of catalase stability.

As reported in many studies (Kirkman and Gaetani, 1984;

Frugoli et al., 1996) and measured in this study, homotetrameric

catalases have maximum activity, while monomeric catalases

have almost no activity. NCA1 likely does not affect catalase tet-

ramer formation in peroxisomes. The activity of monomeric CAT2

was greatly enhanced by NCA1 and heterodimeric NCA1-CAT2

had higher activity compared with the native homotetrameric

CAT2. The higher molecular mass of the NCA1-CAT2 protein

complex, which also had a molar ratio of 1:1, had even higher

activity compared with the native homotetrameric CAT2. In vivo,

NCA1 and catalases form complexes with the highest catalase

activity at a molecular mass of ;240 kD, which means that two

molecules of NCA1 form a complex with two molecules of cata-

lase. These results suggest that the NCA1 is required for in-

creasing catalase activity.

Figure 8. (continued).

(C) Catalase activity of the coexpressed NCA1 and CAT2 recombinant proteins. Catalase activity is indicated in units/mg protein, and all activities were

calculated relative to the activity of coexpressed CAT2 and NCA1 sample (200 units/mg). Data represent means 6 SD of at least three replicate

experiments.

(D) SDS-PAGE analysis of pull-down products of full-length, truncated, or mutated NCA1 without or with CAT2. Coomassie blue staining was per-

formed after SDS-PAGE.

(E) Analysis of zinc content in full-length, truncated, or mutated NCA1 protein by ICP-AES. Data represent means 6 SD of at least three replicate

experiments.

(F) Analysis of zinc content in NCA1/CAT2 coexpressed protein by ICP-AES. Data represent means 6 SD of at least three replicate experiments.

(G) Analysis of HU resistance in T3 transgenic nca1-3 plants expressing Pro35S:myc-NCA1C111S or Pro35S:myc-NCA1H126. Five-day-old seedlings from seeds

germinated on MS medium at pH 5.8 were transferred to MS medium at pH 5.8 without or with 3 mM HU. Photographs were taken 10 d after transfer.

(H) Fresh weight of the Col-0, nca1-3, and nca1-3 seedlings expressing Pro35S:myc-NCA1C111S or Pro35S:myc-NCA1H126Y shown in (G). Data

represent means 6 SD of at least three replicate experiments. Statistical significance is based on a Student’s t test (**P < 0.01 and ***P < 0.001).

(I) Analysis of HU resistance in T3 transgenic nca1-3 plants expressing Pro35S:myc-NCA1 (OE-1 and OE-2). Five-day-old seedlings from seeds

germinated on MS medium at pH 5.8 were transferred to MS medium at pH 5.8 without or with 3 mM HU. Photographs were taken 10 d after transfer.

(J) Fresh weight of Col-0, nca1-3, and nca1-3 seedlings expressing Pro35S:myc-NCA1 shown in (I). Data represent means 6 SD of at least three

replicate experiments. Statistical significance is based on a Student’s t test (**P < 0.01 and ***P < 0.001).

(K) Immunoblot analysis of NCA1 in total proteins from nca1-3, Col-0, and transgenic plants expressing Pro35S:myc-NCA1C111S, Pro35S:myc-

NCA1H126Y, or Pro35S:myc-NCA1. ACTIN was used as a loading control. Three replicate experiments were performed.

Figure 9. Model of NCA1 Modulation of Catalases in Vivo.

NCA1 binds to nascent CATs (e.g., CAT2) and forms complexes in a 1:1

ratio in the cytosol. The interaction maintains the optimal structure of

CATs. After peroxin-mediated import into peroxisomes, CATs with this

optimal structure form tetramers for maximal activity.
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NCA1 increased CAT2 activity through the NCA1 N-terminal

RING-type zinc finger domain. Recently, LSD1, another zinc

finger domain-containing protein, has been reported to interact

with CAT1, CAT2, and CAT3 (Li et al., 2013). Catalase activity is

reduced in the lsd1 mutant, although not as dramatically as in the

nca1-3mutant. The interaction between LSD1 and catalases requires

the zinc finger domain of LSD1 (Li et al., 2013); however, it is not clear

whether LSD1 directly activates catalases. The increase of CAT2

activity by NCA1 requires the zinc finger domain and the binding of

zinc ions. For maximal activity, catalases form a tetramer in perox-

isomes with a heme Fe in each unit (Nicholls, 2012). Crystal structure

analysis will be required to dissect the roles of the zinc finger domain

and zinc ions in the NCA1-mediated catalase activity increase and to

determine the functional complex of these two proteins.

METHODS

Plant Growth and Treatments

Arabidopsis thaliana Col-0 was used as the wild type in all experiments.

Homozygous cat2 (SALK_076998) and cat3 (SALK_092911) mutants

were obtained from the ABRC.

Arabidopsis seeds were sterilized in a solution containing 20% sodium

hypochlorite and 0.1% Triton X-100 for 10 min and washed five times with

sterilizeddistilledwater. Sterilized seedswere sownonMSmediumwith 0.3%

Phytagel for germination or with 0.6% Phytagel for seedling growth and

transferred to various treatments. Plates were kept in dark at 4°C for 3 d and

transferred to the light for germination. Plants were grown under 16 h light/8 h

dark or under continuouswhite light (light intensity of 30mmolm–2 s–1) at 23°C.

To examine the tolerance of Arabidopsis to pH or HU (Sigma-Aldrich),

seeds were sown on MS medium at pH 5.8 with 0.6% Phytagel and

germinated. Five-day-old seedlings were transferred to MSmedium at pH

8.0 or to MS medium (pH 5.8) with the indicated concentration of HU for

vertical growth. At the indicated times, photos were taken and seedling

weight or chlorophyll content was measured.

For germination assays, Arabidopsis seeds were sown on MSmedium

at pH 5.8 without or with the indicated concentration of MV (Sigma-

Aldrich), kept in dark at 4°C for 3 d, and transferred to chambers with a light

intensity of 30 mmol m–2 s–1. The percentage of green cotyledons was

counted at the indicated times.

To assay a photorespiratory phenotype, 5-d-old seedlings were trans-

ferred to MS medium at pH 5.8 or 8.0 and grown under an irradiance of

90 mmol m22 s21 in air or in 3000 ppm CO2. To monitor phenotypes in older

seedlings, seedswere sown in soil, germinated, and grown in a light chamber

with irradiances of 30 mmol m–2 s–1 or 100 mmol m–2 s–1, 16 h/8 h.

Analysis of Chlorophyll Content

Arabidopsis seedlings were weighed and put into 1.5-mL Eppendorf

tubes. Acetone (80%, 1 mL) was added and samples were incubated in

the dark overnight at room temperature. The samples were centrifuged at

13,000g for 10 min, and the resulting supernatant was transferred into

a 96-well plate and absorptionmeasured at 663 and 645 nmwith amicroplate

reader. The concentration of chlorophyll (total chlorophyll, chlorophyll a, and

chlorophyll b) was calculated according to the following formula: chlorophyll

a = 12.7A665 2 2.69A645; chlorophyll b = 22.9A645 2 4.68A663; and total

chlorophyll = chlorophyll a + chlorophyll b.

Complementation Assays

The full-length NCA1 genomic DNA fragment (corresponding to the se-

quence from 2000 bp upstream of theNCA1 translation start codon to 500

bp downstream of the stop codon) was cloned into the pCAMBIA1300

vector between SacI and BamHI. The resulting construct was introduced

into the nca1-3 mutant using Agrobacterium tumefaciens-mediated floral

transformation (Clough and Bent, 1998) and T3 transgenic plants were

used for analysis.

Plasmid Construction and Generation of Transgenic Plants

Full-length coding sequences of NCA1, NCA1C111S, NCA1H126Y, and

NCA1C129A were cloned into the pCAMBIA1307-63Myc or pCAM-

BIA1307-Flag-HA binary vectors between the AscI and PacI sites. Full-

length coding regions of NCA1 and CAT2 were cloned into the AscI and

PacI sites of thepET28aorpGEX-6p1 vectors.NCA180-405 andNCA1158-405

were cloned into the pET28a vector between the NdeI and AccI sites.

Primers used for cloning are listed in Supplemental Table 1.

The resulting constructs were introduced into Arabidopsis using

Agrobacterium-mediated floral transformation and verified by immuno-

blot analysis. T3 transgenic plants were used for analysis.

Real-Time and RT-PCR Analysis

Total RNA was extracted with Trizol reagent (Invitrogen) from 10-d-old

seedlings grown onMSmedium or root, stem, rosette, flower, or silique of

4-week-old plants grown in soil under a 16-h-light/8-h-dark photoperiod.

Total RNA was treated with RNase-free DNase I (Takara) to remove

genomic DNA. RNA was used for reverse transcription with M-MLV

reverse transcriptase (Promega) according to the manufacturer’s in-

structions. cDNAs were used for quantitative real-time PCR or RT-PCR

analysis with the primers listed in Supplemental Table 2. ACTIN was used

as an internal control.

GUS Staining and Subcellular Localization

A 2000-bp genomic DNA fragment (1 to 2000 bp upstream of the

translational start site) of NCA1 was amplified (see primers in

Supplemental Table 1) and cloned into the EcoRI and BamHI sites of the

pCAMBIA1381 binary vector. The resulting constructs were introduced into

Col-0 plants using Agrobacterium-mediated floral transformation and T3

transgenic lines were used for GUS staining.

For subcellular localization, the coding regions of NCA1 and CAT3

(primers in Supplemental Table 1) were cloned into the pCAMBIA1205-

GFP binary vector. NCA1 was introduced into the BamHI site and CAT3

was introduced into the AscI and PacI sites. Transgenic plants were

generated using Agrobacterium-mediated floral transformation. T2

transgenic lines were used for GFP observation with a Zeiss confocal

microscope.

Antibody Preparation and Immunoblot Analysis

Recombinant NCA1 and CAT3 proteins prepared from Escherichia coli

were used as antigens for polyclonal antibody preparation in mouse. The

immunoblots were probed with anti-NCA1 (1:1000) and anti-CAT

(1:800) antibodies, and chemiluminescence signals were detected by

autoradiography.

CAT Activity Assays

Ten-day-old Col-0, nca1-3, cat2, cat3, cat2 cat3, and nca1-3 cat2 cat3

seedlings were ground with 100 mL extraction buffer (10 mM Tris-HCl, pH

7.6, 150 mM NaCl, 2 mM EDTA, and 0.5% Nonidet P-40) and centrifuged

at 10,000g for 10 min at 4°C. The supernatant was used as the crude

extract and catalase activity was tested with the Catalase Activity Assay

Kit (Beyotime). Protein concentration was determined using the Bradford

protein assay. Crude extract (1 to 5 mL) was mixed with catalase testing
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buffer, and 50 mM H2O2 was used as the substrate. Reaction time was

strictly controlled and stopped with addition of stop buffer. The mixture

was then added into the working color solution and incubated for at least

15min. Absorbance at 520 nmwasmeasured and activity was calculated.

Catalase activity was indicated in units/mL or units/mg. One unit of

catalase activity is defined as the quantity of enzyme catalyzing the

decomposition of 1 mmol H2O2 per minute.

Coimmunoprecipitation and Immunoblot Analysis

TheNCA1 coding sequence was amplified and cloned into the SpeI site of

the pCAMBIA1307- Flag-HA vector. Ten-day-old transgenic plants were

ground in extraction buffer containing 10 mM Tris-HCl, pH 7.6, 150 mM

NaCl, 2 mM EDTA, 0.5% (v/v) Nonidet P-40, and 23 protease inhibitor

(Roche) and centrifuged at 10,000g for 15 min at 4°C. Supernatant (50 mL)

was kept for analysis as input and the remaining supernatant was incubated

with 20 mL anti-Flag antibody-conjugated agarose (Sigma-Aldrich) for 2 h at

4°C. After washing five times with extraction buffer, the products were an-

alyzed by immunoblot analysis. The proteins were probed with anti-Flag

(Sigma-Aldrich), and anti-CAT antibodies and chemiluminescence signals

were detected with a chemiluminescence system (GE Healthcare).

Isolation of Intact Peroxisomes

Ten-day-old Arabidopsis seedlings were harvested and peroxisomes

isolated as described by Reumann et al. (2007) with modification. Col-0

and nca1-3 seedlings (20 g) were ground individually in grinding buffer

(170 mM Tricine-KOH, pH 7.5, 1.0 M sucrose, 1% [w/v] BSA, 2 mM EDTA,

5 mM DTT, 10 mM KCl, 1 mMMgCl2, and protease inhibitor cocktail). The

products were filtered through two layers of Miracloth and centrifuged at

5,000g for 1 min at 4°C to obtain the crude extract. The supernatant was

loaded onto Percoll density gradients prepared in TE buffer (20 mM

Tricine-KOH, pH 7.5, and 1 mM EDTA) as described (Reumann et al.,

2007) and centrifuged for 12 min at 13,000g (JA 25.5 rotor) followed by

centrifugation for 20 min at 27,000g (JA 25.5 rotor). After centrifugation,

peroxisomes are located at the bottom of the gradients. Fractions (;2mL)

were collected from the top and bottom of the centrifugation tubes and

washed in 36% (w/w) sucrose in TE buffer and centrifuged for 30 min at

39,000g (JA 25.5 rotor). The top fraction was labeled as the cytosol and

the pellet as P1. Subsequently, P1 was loaded onto a sucrose density

gradient (2 mL 41% [w/w], 2 mL 44% [w/w], 2 mL 46% [w/w], 3 mL 49%

[w/w], 1 mL 51% [w/w], 1.5 mL 55% [w/w], and 1 mL 60% [w/w] in TE buffer)

and centrifuged at 80,000g for 2 h with acceleration 7 and deceleration 7

(SW32Ti). After centrifugation, a white band appeared at the interface of 55

and 51% sucrose. The white band was collected and labeled PE. Protease

inhibitor cocktail was added to the crude extract, cytosol, P1, and PE

fractions. These fractions were analyzed using immunoblot analysis with

anti-NCA1, anti-CAT, anti-MPK3 (Sigma-Aldrich), anti-PEX14p (Agrisera),

anti-LHC2 (Agrisera), and anti-VDAC1 (Agrisera) antibodies. MPK3 was

used as amarker for the cytosol, PEX14pas a peroxisomalmarker, LHC2 as

a chloroplast marker, and VDAC1 as a mitochondria marker.

Gel Filtration

Ten-day-old Arabidopsis seedlings were homogenized in buffer con-

taining 10mMTris-HCl, pH 7.6, 150mMNaCl, 2 mMEDTA, 0.5%Nonidet

P-40, and 23 protease inhibitor (Roche) on ice and centrifuged at 10,000g

for 10min at 4°C to remove cell debris. The supernatant was subsequently

centrifuged at 100,000g for 1 h at 4°C, and the resulting supernatant was

filtered through a 0.45-µm filter (Millipore) before being loaded onto

a Superdex-200 10/300GL column (GE Healthcare). Before loading the

samples, the column was equilibrated with homogenization buffer without

Nonidet P-40, and fractions (0.5 mL) were eluted with this buffer at

a speed of 0.3 mL/minute. All fractions were analyzed via immunoblot

analysis with anti-CAT and anti-NCA1 antibodies and catalase activity

assays were performed. The molecular mass standards used for gel fil-

tration size estimation were ferritin (440 kD), aldolase (158 kD), con-

albumin (75 kD), and carbonic anhydrase (25 kD).

In Vitro Pull-Down Assay

Full-length coding sequences for NCA1 and CAT2 were introduced into

the pET28a-His-SMT3 or pGEX-6p1-GST vectors for recombinant protein

expression. NCA1 sequence was inserted into the pET28a vector at the

BamHI site and CAT2 sequence was inserted into pGEX-6p1 between the

AscI and PacI sites.

The pET28a-His-SMT3-NCA1 and pGEX-6p1-GST-CAT2 plasmids

were cotransformed into E. coli DE3 cells and screened on Luria-Bertani

plates containing both ampicillin and kanamycin. Colony PCR was per-

formed to confirm the presence of both plasmids. Protein expression was

induced at 16°C with 0.3 mM isopropyl b-D-1-thiogalactopyranoside

overnight. The recombinant protein was purified with glutathione-agarose

according to the manufacturer’s protocol. The resulting proteins were

separated using SDS-PAGE and digested with Ulp to allow identification

of the 55-kD band as His-SMT3-NCA1.

ICP-AES

Eluted recombinant proteins were used for ICP-AES analysis with

a SPECTRO Arcos EOP inductively coupled plasma spectrometer

(SPECTRO Analytical Instruments). The plasma power was set at 1.4 kW

and nebulizer flow was set at 0.8 L/min.

Holdase Chaperone Assay

Recombinant His-NCA1 and His-CAT2 proteins were expressed as de-

scribed previously and purified using Ni-NTA affinity chromatography.

Arabidopsis MDH (EC 1.1.1.37) and HSP90.2 were prepared as described

previously (Cha et al., 2009; Kim et al., 2011). The proteins were further

dialyzed against 50 mM Tris-HCl, pH 8.0. Holdase chaperone activity of

His-NCA1 was assayed by measuring its capacity to suppress thermal

aggregation of MDH or His-CAT2, as described by Cha et al. (2009). MDH

or CAT2 aggregation wasmonitored in reaction buffer (40 mMHEPES, pH

7.5) by measuring absorbance at 340 nm using a Beckman DU-800

spectrophotometer attached to a thermostatic cell holder assembly at

45°C. In each set, recombinant His-NCA1 was prepared independently.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome

Initiative or GenBank/EMBL databases under the following accession

numbers: At3g54360 (NCA1), At4g35090 (CAT2), and At1g20620 (CAT3).
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Supplemental Figure 1. Growth of five-day-old nca1-3 seedlings is similar to that in 
Col-0 seedlings. 
Col-0 and nca1-3 seeds were germinated on, and seedlings grown on, MS medium at 
pH 5.8. Photographs were taken five days after seeds were sown. 
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Supplemental Figure 2. NCA1 gene expression and protein localization. 
A. Analysis of NCA1 expression in roots, stems, rosette leaves, flowers, siliques, and 

10-day-old seedlings. Real-time PCR analysis with TUBULIN as the internal 
control. Error bars represent SD (n=3) for at least three replicate experiments. 

B. NCA1 promoter-GUS expression in Col-0 seedlings, leaves, flowers, and siliques. 
C. Subcellular localization of NCA1 in protoplasts. Pro35S:NCA1-GFP construct 

was transformed into Arabidopsis protoplasts and GFP fluorescence was 
monitored with a Zeiss confocal microscope. Top row, Pro35S:NCA1-GFP; 
bottom row, Pro35S:GFP. In each row, left panel, GFP; middle panel, 
autofluorescence; right panel, bright field image. 
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Supplemental Figure 3. Flag-HA-NCA1 rescues the nca1-3 phenotype. 
A. The phenotype of the nca1-3 mutant is rescued in Pro35S:3×Flag-HA-NCA1 

(FH-NCA1) transgenic plants in the nca1-3 background. Five-day-old seedlings 
of Col-0, nca1-3, and the nca1-3 mutant expressing FH-NCA1 from seeds sown 
on MS medium at pH 5.8 were transferred to MS medium at pH 5.8 or pH 8.0. 
Photographs were taken 10 days after transfer. 

B. Fresh weight of Col-0, nca1-3 and nca1-3 seedlings expressing FH-NCA1. Data 
represent means ±SD of at least three replicate experiments. Statistical 
significance is based on a Student’s t test in comparison to Col-0 values. 
(**P<0.01 and ***P<0.001). 
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Supplemental Figure 4. Analysis of anti-CAT antibody specificity. 
A. Analysis of anti-CAT antibody specificity in the cat2 and cat3 mutants. Total 

protein was extracted from 10-day-old seedlings and analyzed by immunoblot 
analysis with anti-CAT and anti-Actin (used as a loading control) antibodies. 

B. Analysis of anti-CAT antibody specificity in Col-0 expressing 
Pro35S:6Myc-NCA1, Pro35S:6Myc-CAT2, or Pro35S:6Myc-CAT3. Total protein 
was extracted from 10-day-old seedlings and analyzed with anti-CAT and 
anti-Myc (used to mark Myc-labled protein) antibodies. 
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Supplemental Figure 5. NCA1 genetically interacts with CAT2. 
A. Analysis of alkaline sensitivity in air under an irradiance of 90 mol m-2 s-1 in 

Col-0, nca1-3, and cat2 seedlings. Five-day-old seedlings of Col-0, nca1-3, and 

cat2 from seeds germinated on MS medium at pH 5.8 were transferred to MS 
medium at pH 5.8 or pH 8.0. Photographs were taken 10 days after transfer. 

B. Fresh weight of Col-0, nca1-3, and cat2 seedlings in A. Data represent means 
±SD of at least three replicate experiments. Statistical significance is based on a 
Student’s t test (***P<0.001). 

C. Analysis of alkaline sensitivity in the presence of 3,000 ppm CO2 under an 
irradiance of 90 mol m-2 s-1 in Col-0, nca1-3, and cat2 seedlings. Five-day-old 
seedlings of Col-0, nca1-3, and cat2 from seeds germinated on MS medium at pH 
5.8 were transferred to MS medium at pH 5.8 or pH 8.0. Photographs were taken 
10 days after transfer. 

D. Fresh weight of Col-0, nca1-3, and cat2 seedlings in C. Data represent means 
±SD of at least three replicate experiments. Statistical significance is based on a 
Student’s t test (*P<0.05). 

E. Analysis of alkaline sensitivity in air under an irradiance of 90 mol m-2 s-1 in 
Col-0, nca1-3, com-1, and com-2 seedlings. Five-day-old seedlings of Col-0, 
nca1-3, com-1, and com-2 from seeds germinated on MS medium at pH 5.8 were 
transferred to MS medium at pH 5.8 or pH 8.0. Photographs were taken 10 d after 
transfer. 

F. Fresh weight of Col-0, nca1-3, com-1, and com-2 seedlings in E. Data represent 
means ±SD of at least three replicate experiments. Statistical significance is based 
on a Student’s t test (***P<0.001). 

G. Analysis of alkaline sensitivity in 3,000 ppm CO2 under an irradiance of 90 mol 
m-2 s-1 in Col-0, nca1-3, com-1, and com-2 seedlings. Five-day-old seedlings of 
Col-0, nca1-3 com-1, and com-2 from seeds germinated on MS medium at pH 5.8 
were transferred to MS medium at pH 5.8 or pH 8.0. Photographs were taken 10 
days after transfer. 

H. Fresh weight of Col-0, nca1-3, com-1, and com-2 seedlings in G. Data represent 
means ±SD of at least three replicate experiments. Statistical significance is based 
on a Student’s t test (**P<0.01). 

I. Analysis of the effect of different irradiances on nca1-3 in soil. Seeds of Col-0, 
cat2, and nca1-3 were sown in soil. Germination and growth were carried out in 
chambers with irradiances of 30 mol m-2 s-1 or 100 mol m-2 s-1, respectively 
and with a 16 h photoperiod. Photographs were taken 4 weeks after seeds were 
sown. 

J. Fresh weight of Col-0, cat2, and nca1-3 in I. Data represent means ±SD of at 
least three replicate experiments. Statistical significance is based on a Student’s t 
test (*P<0.05, and **P<0.01). 

K. Analysis of hydroxyurea (HU) tolerance in Col-0, nca1-3, cat2, and the nca1-3 

cat2 double mutant. Five-day-old seedlings of Col-0, nca1-3, cat2, and nca1-3 

cat2 from seeds germinated on MS medium at pH 5.8 were transferred to MS 
medium at pH 5.8 without or with 3 mM HU. Photographs were taken 10 d after 
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transfer. 
L. Fresh weight of Col-0, nca1-3, cat2, and nca1-3 cat2 seedlings in K. Data 

represent means ±SD of at least three replicate experiments. Statistical 
significance is based on a Student’s t test (**P<0.01 and ***P<0.001). 
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Supplemental Figure 6. Increase of catalase activity is not affected by alkaline stress. 
A. Analysis of the interaction between NCA1 and catalases during stresses. 

Pro35S:3×Flag-HA-NCA1 plasmids were introduced into Col-0 and transgenic 
plants were generated. Ten-day-old transgenic plants were treated with liquid MS 
medium at pH 5.8, pH 8.0, or liquid MS medium at pH 5.8 containing 20 mM 
H2O2, 150 mM NaCl, or 20 mM 3-AT for 3 hours. Flag-HA-NCA1 was 
immunoprecipitated with anti-Flag agarose and analyzed by immunoblot analysis 
with anti-Flag antibody to detect Flag-HA-NCA1 and with anti-CAT antibody to 
detect catalases in the precipitates. 

B. Catalase activity assay of seedlings treated with liquid MS medium at pH 5.8, pH 
8.0, or liquid MS medium at pH 5.8 containing 20 mM H2O2, 150 mM NaCl or 20 
mM 3-AT for 3 hours. Catalase activity is indicated in units (U)/mg protein and all 
activities were calculated relative to the activity of seedlings treated with MS 
medium at pH 5.8 (80 U/mg). Data represent means ±SD of at least three replicate 
experiments. 

C. Analysis of NCA1 and CAT2 expression in 10-d-old Col-0 seedlings treated with 
liquid MS medium at pH 5.8, pH 8.0, or liquid MS medium at pH 5.8 containing 
20 mM H2O2, 150 mM NaCl, or 20 mM 3-AT for 3 h. Real-time PCR analysis 
was performed with TUBULIN as an internal control. Error bars represent SD 
(n=3) for at least three replicate experiments. 
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Supplemental Figure 7. NCA1 does not affect the subcellular localization of 
catalase. 
A. Subcellular localization of CAT2 in the hypocotyl of Col-0 seedlings. 

Pro35S:GFP-CAT2 plasmids were introduced into Col-0 and transgenic plants 
were generated. Images were collected with a Zeiss confocal microscope. Left 
panels, GFP; middle panels, bright field image; right panels, merged images. 

B. Subcellular localization of CAT2 in the hypocotyl of nca1-3 seedlings. 
Pro35S:GFP-CAT2 plasmids were introduced into nca1-3 and transgenic plants 
were generated. Images were collected with a Zeiss confocal microscope. Left 
panels, GFP; middle panels, bright field image; right panels, merged images. 

C. Subcellular localization of CAT3 in the hypocotyl of Col-0 seedlings.  
D. Subcellular localization of CAT3 in the hypocotyl of nca1-3 seedlings. 
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Supplemental Figure 8. The RING-finger domain of NCA1 is required for seedling 
tolerance of high pH.  
A. Analysis of tolerance of high pH in transgenic T3 nca1-3 plants harboring 

Pro35S:myc-NCA1C111S, Pro35S:myc-NCA1H126Y, or Pro35S:myc-NCA1C129A. 
Five-day-old seedlings from seeds germinated on MS medium at pH 5.8 were 
transferred to MS medium at pH 5.8 or 8.0. Photographs were taken 10 d after 
transfer. 

B. Fresh weight of Col-0, nca1-3 and nca1-3 seedlings harboring 
Pro35S:myc-NCA1C111S, Pro35S:myc-NCA1H126Y, or Pro35S:myc-NCA1C129A. 
Data represent means ±SD of at least three replicate experiments. Statistical 
significance is based on a Student’s t test (*P<0.05, **P<0.01 and ***P<0.001). 

C. Analysis of tolerance of high pH in transgenic T3 nca1-3 plants harboring 
Pro35S:myc-NCA1 (OE-1 and OE-2). Five-day-old seedlings from seeds 
germinated on MS medium at pH 5.8 were transferred to MS medium at pH 5.8 
or 8.0. Photographs were taken 10 d after transfer. 

D. Fresh weight of Col-0, nca1-3, and transgenic T3 nca1-3 seedlings harboring 
Pro35S:myc-NCA1. Data represent means ±SD of at least three replicate 
experiments. Statistical significance is based on a Student’s t test (**P<0.01 and 
***P<0.001). 



Supplemental Data. Li et al. (2015). Plant Cell 10.1105/tpc.114.135095 

11 
 

Supplemental Table 1. Primers for plasmid construction 

Genomic-F GGAATTCGAGCTCGGGTTCAACTGGTTATGAC 

Genomic-R CGGGATCCGATTACATGGGAGGATAGTAC 

NCA1-gF GACGAAGATCTACAAGCTG 

NCA1-gR GTAGCCAGTTCAGCTAACC 

Promoter-F GGAATTCGAGCTCGGGTTCAACTGGTTATGAC 

Promoter-R CGGGATCCTCGTGAAGGTAGCAACAAC 

NCA1-F TTGGCGCGCCATGACGACGACTTCTGTTTGCC 

NCA1-R CCTTAATTAATTAGAGTGCAGTTTCAGCATCGG

NCA1-BamHI-F CGGGATCCATGACGACGACTTCTGTTTGCC 

NCA1-BamHI-R CGGGATCCTTAGAGTGCAGTTTCAGCATC 

NCA1-AscI-F TTGGCGCGCCATGACGACGACTTCTGTTTGCC 

NCA1-PacI-R CCTTAATTAATTAGAGTGCAGTTTCAGCATCGG

NCA1-SpeI-F GGACTAGTATGACGACGACTTCTGTTTGCC 

NCA1-SpeI-R GGACTAGTTTAGAGTGCAGTTTCAGCATC 

NCA1C111S-F GCTGTATGTTAAGTCAAGCAC 

NCA1C111S-R GTGCTTGACTTAACATACAG 

NCA1H126Y-F CCTTGCACATATGTGTTCTG 

NCA1H126Y-R GCAGAACACATATGTGCAAG 

NCA1C129A-F GCCTTGCACACATGTGTTCGGCAAAGTATGC 

NCA1C129A-R GTGTGCAAGGCACACATCTACTGCTC 

NCA127-405-NdeI-F ATTCATATGACCGCTTCTGGTTGTCCT 

NCA1158-405-NdeI-F ATTCATATGGTTGATCAATTTATTGAAGGC 

NCA1185-405-NdeI-F ATTCATATGGATAACAAAAAAGTGATTTAC 

NCA1405-AccI-R ATTGTCGACTTAGAGTGCAGTTTCAGC 

CAT2-AscI-F TTGGCGCGCCATGGATCCTTACAAGTATCG 

CAT2-PacI-R CCTTAATTAATTAGATGCTTGGTCTCACG 

CAT3-AscI-F TTGGCGCGCCATGGATCCTTACAAGTATCG 

CAT3-PacI-R CCTTAATTAACTAGATGCTTGGCCTCA 
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CAT2-XbaI-F GCTCTAGAATGGATCCTTACAAGTATCG 

CAT2-SalI-R GCGTCGACTTAGATGCTTGGTCTCACG 

CAT3-XbaI-F GCTCTAGAATGGATCCTTACAAGTATCG 

CAT3-SalI-R GCGTCGACCTAGATGCTTGGCCTCA 

 

Supplemental Table 2. Primers for RT-PCR 

NCA1 RT-F GACGAAGATCTACAAGCTG 

NCA1 RT-R CTATATCCGCAACTTTGGC 

CAT2 RT-F CCTTCTTGAGGATTACCATC 

CAT2 RT-R GTCCAACAGGTTGAAGAG 

CAT3 RT-F GGATCTCAACACTCTCAC 

CAT3 RT-R TTAGTGGCGTGGCTGTGATTGG 

ACTIN-F GTCGTACAACCGGTATTGTG 

ACTIN-R GAGCTGGTCTTTGAGGTTTC 
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