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Figure 1. bZIP63 mutants have a phenotype in dark-induced senescence. (A) and (B) Dark-induced senescence

phenotype of 4.5 week-old soil grown plants. Comparison of a bzip63 line in the Wassilewskya (Ws-2), and two

bZIP63 ox lines in the Columbia (Col-0) background, after 9 days in darkness. (A) Representative leaf series.

(B) Box-and-whiskers plot of the total green leaf area of eight biological replicates as determined with ImageJ.

See Figure 1—figure supplement 1 for molecular characterization of the bZIP63 mutant lines, Figure 1—figure

supplement 2 for a scheme of the determination of the green leaf area, quantitative chlorophyll measurements,

controls and green area of individual leaves, Figure1—source data 1 for the used ImageJ macro, and

Figure 1—figure supplement 3 for expression of senescence marker genes in wt and bzip63. (C) and (D) Sugar

rescue of the dark-induced senescence phenotype. Seedlings were grown for 12 days on ½ MS agar containing 0.5%

sucrose, transferred to ½ MS agar containing 0% or 2% glucose, and grown for another 6 days before incubation in

the dark for 7 days. (A) Representative seedlings. (B) Box-and-whiskers plot of the chlorophyll content of 8 seedlings

per line and condition. See Figure 1—figure supplement 4 for pictures and chlorophyll content of seedlings before

dark incubation. p-values from T-tests between mutants and wt < 0.05, < 0.01, and < 0.001 are indicated by *, **, and

***, respectively.

DOI: 10.7554/eLife.05828.003

Mair et al. eLife 2015;4:e05828. DOI: 10.7554/eLife.05828 2 of 32

Cell biology | Plant biology

http://dx.doi.org/10.7554/eLife.05828.003
http://dx.doi.org/10.7554/eLife.05828


Figure 1—figure supplement 1. Molecular characterization of the bzip63 line and expression of bZIP63 in the ko

and ox lines. (A) Scheme of the genomic locus (top) and the protein (bottom) of bZIP63. UTRs and exons are shown

in grey and green, respectively. The position of the T-DNA in the first exon, as well as the position of primers used

for PCR and RT-qPCR are indicated. The position of the T-DNA insertion was determined by sequencing of the PCR

product in (C). (B) PCR on genomic DNA using primers fw and rv to show the homozygous T-DNA insertion in the

bzip63 line. (C) PCR on genomic DNA from bzip63 plants using primers fw, rv, LB, and RB to determine the

localization and orientation of the T-DNA insertion. (D) and (E) Expression of bZIP63 in wt, bZIP63 ko and ox plants.

RT-qPCR of bZIP63 in 5 week-old plants after 6 hr of light (L) or extended night (EN) using primers fwq and rvq. Bars

represent means ± SD of 5 biological replicates and are given as fold change to Ws-2 in L. (F) Pictures of 5 week-old

wt and mutant plants grown in a 12 hr light/12 hr dark cycle.

DOI: 10.7554/eLife.05828.005
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Figure 1—figure supplement 2. Phenotype of bZIP63 mutants in dark-induced senescence. Dark-induced

senescence phenotype of 4.5 week-old soil-grown plants. Comparison of a bzip63 line in the Wassilewskya (Ws-2)

and two bZIP63 ox lines in the Columbia (Col-0) background. (A) Scheme of the workflow to determine the green

leaf area. A detailed description and the ImageJ macro can be found in the methods section and in Figure

1—source data 1. (B) Total chlorophyll (chl) content in μg/mg freshweight (FW) of plants before and after 9 days in

darkness. Bars represent the mean ± SD of six biological replicates. (C) Representative leaf series of plants before

dark treatment. (D) Barplot of the total green leaf area of the rosette before darkness. Values are the mean ± SD of

four biological replicates. (E) Dark-induced senescence timecourse. (F) Dotplot of the green leaf area of individual

leaves after 9 days in darkness. p-values from T-tests between mutants wt < 0.05, < 0.01, and < 0.001 are indicated

by *, ** and ***, respectively.

DOI: 10.7554/eLife.05828.006
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Figure 1—figure supplement 3. Expression of

senescence marker genes during prolonged darkness.

Chlorophyll content (A) and expression of senescence

marker genes (B) in 4.5 week-old soil-grown wt and

bzip63 plants after 0–4 days of darkness. Bars represent

Figure 1—figure supplement 3. continued on next page
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Figure 1—figure supplement 3. Continued

the mean ± SD of three biological replicates. Letters

indicate significant differences as determined by

ANOVA and pairwise T-testing (p < 0.05). (A) Total

rosettes were harvested at the indicated time points and

the chlorophyll content in μg/mg FW was determined.

(B) From the same plants, expression of the photosyn-

thetic marker gene CAB2 (CHLOROPHYLL A/B-BIND-

ING PROTEIN 2) and three senescence marker genes

(Dietrich et al., 2011) was determined by RT-qPCR. The

expression is shown relative to wt at day 0 (before dark

incubation). SEN1 (SENESCENCE 1) and SAG103

(SENESCENCE-ASSOCIATED GENE 103) are known to

be strongly induced by dark-induced senescence, while

YLS3 (YELLOW-LEAF-SPECIFIC 3) is induced by natural,

but not by dark-induced senescence (Oh et al., 1996;

Yoshida et al., 2001; van der Graaff et al., 2006).

DOI: 10.7554/eLife.05828.007

Figure 1—figure supplement 4. Effect of sugar on

bZIP63 mutants in light. Controls for the sugar rescue of

the dark-induced senescence phenotype shown in

Figure 1C,D. Seedlings were grown for 12 days on ½

MS agar containing 0.5% sucrose, transferred to ½ MS

agar containing 0% or 2% glucose, and grown for

another 6 days in a 12 hr light/12 hr dark cycle.

(A) Representative seedlings. (B) Box-and-whiskers plot

of the chlorophyll content of eight seedlings. T-tests

revealed no significant differences between chlorophyll

content in wt and mutants.

DOI: 10.7554/eLife.05828.008
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Figure 2. bZIP63mutants have an altered primary metabolism. Metabolic phenotype of 5 week-old soil grown plants

after 6 hr light (L) and extended night (E). Log-2 fold changes of metabolite levels in ko and ox compared to their

respective wt, displayed on a simplified map of the central primary metabolism. Values are means of five biological

replicates. p-values from T-tests between mutants and wt < 0.05, < 0.01, and < 0.001 are indicated by *, ** and ***,

respectively. For more details including mean values and SD see Figure 2—figure supplement 1 and

Figure 2—source data 1.

DOI: 10.7554/eLife.05828.009
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Figure 2—figure supplement 1. Metabolic changes in

bZIP63 ko and ox plants. Table of the metabolite levels

in bzip63 and ox#3 compared to their respective wt

shown in Figure 2. Values are the log-2 transformed

means of five biological replicates. p-values from T-tests

between mutants and wt < 0.05, < 0.01, and < 0.001 are

indicated by *, ** and ***, respectively. The color

gradient indicates increased (red) or decreased (blue)

metabolite levels in the mutant. For relative changes

between mutant and wt including the SD and p-values

from T-tests see Figure 2—source data 1.

DOI: 10.7554/eLife.05828.011
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Figure 3. bZIP63 is phosphorylated at multiple sites in an energy-dependent manner in vivo. (A) 2D gel western blots (αGFP) of lambda phosphatase

(λPP)-treated protein extracts from adult soil-grown plants expressing bZIP63-GFP (ox#3). (B) Phos-tag gel western blots showing the in vivo

phosphorylation state of bZIP63 in seedlings after 6 hr extended night in the presence (+) or absence (−) of 1% sucrose and in 5 week-old soil-grown plants

after 6 hr light (L) or extended night (EN). Plants either expressed 35S::bZIP63-GFP (ox#3) or a genomic fragment of bZIP63 (GY11) with a YFP-tag.

Recombinant bZIP63-YFP was used as a nonphosphorylated control. Numbered arrowheads on the right mark the position of each observed bZIP63 band

for easy reference with other figures (see Figure 3—figure supplement 1 for a comparative image of all Phos-tag western blots). For more information on

the genomic line see Figure 7 and Figure 7—figure supplement 1. (C) Identification of in vivo phosphorylation sites by immunoprecipitation (IP) and

tandem mass spectrometry (MS/MS). An exemplary western blot of the IP is shown. The scheme at the bottom shows the positions of the identified in vivo

phosphorylation sites and the total sequence coverage reached with each proteolytic enzyme (grey bars). Asterisks mark the identification of a phospho-

site. For more information on samples and (phospho-) peptides see Figure 3—figure supplement 2. IEF, isoelectric focusing; CBB, coomassie brilliant

blue; BD, basic domain; ZIP, leucine zipper; LTQ, linear ion trap quadrupole; chym., chymotrypsin.

DOI: 10.7554/eLife.05828.012
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Figure 3—figure supplement 1. Comparison of Phos-tag western blots from different figures. For better comparison of Phos-tag western blots (αGFP)

shown in different figures of this manuscript, all Phos-tag western blots were aligned here. In case more than one image of the same lines and conditions

exists, only one is shown. The bands were labeled with numbers from 1 to 8, where 1 is the presumably non-phosphorylated state and 8 is the highest

phosphorylated form. The two semicircles to the right of each blot indicate the presence of a band at this position in each of the two lanes, with the shade

corresponding to the intensity of the band (light grey for weak bands, dark for strong bands). The figures and figures supplements (S) in which the blots

are shown are given below.

DOI: 10.7554/eLife.05828.013
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Figure 3—figure supplement 2. Overview over identified phospho-peptides of bZIP63. (A) Sample overview, summarizing for each of the five

independent experiments: plant material, growth conditions, the number of samples digested with each proteolytic enzyme, and the identified phospho-

sites (Y). Experiments 1 to 3 were measured with a linear ion trap quadrupole (LTQ), experiments 4 and 5 with an LTQ-Oribtrap (OT). (B) Phospho-peptide

identification frequencies for the proteolytic enzymes. The barplot shows, for each proteolytic enzyme, the number of samples in which an in vivo

phosphorylation-site was covered (black or red) or not covered (grey), and how often a phospho-peptide was identified (red). (C) Graph showing the total

protein coverage from all experiments, as well as the protein coverage that was achieved with each of the four proteolytic enzymes in % and as

a sequence. Parts of the sequence that were covered and not covered are shown in black and light grey, respectively. Identified phospho-serines are red.

Below the coverage, all identified phospho-peptides are listed and the instrument used for identification is specified (LTQ or OT). The numbers on top

indicate the position in the protein sequence. The scheme below indicates the position of the conserved bZIP domain (green), including the basic domain

(dark green), and the N- and C-terminal extensions (yellow). L, light; EN, extended night; D, dark; suc, sucrose; T, trypsin; C, chymotrypsin; L, LysC; S,

subtilisin; NLS, nuclear localization signal.

DOI: 10.7554/eLife.05828.014
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Figure 4. Several different kinases can phosphorylate bZIP63. (A) In-gel kinase assay with a root protein extract from hydroponically grown wild type plants

and bZIP63 as substrate. Arrows indicate the positions of potential bZIP63 kinases. (B) Scheme of the kinase identification process. (C) In-gel kinase assay

with samples from affinity purification of a root protein extract with bZIP63 and bZIP63 as a substrate (left) and a list of catalytic and regulatory (*) kinase

subunits identified with high confidence (right). The list also contains the gene identifier (AGI), molecular weight (MW), and number of samples in which

the protein was found. For controls and a list of all identified kinases and kinase peptides see Figure 4—figure supplement 1 and Figure 4—source

data 1, 2. CBB, Coomassie brilliant blue.

DOI: 10.7554/eLife.05828.015
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Figure 4—figure supplement 1. Auto-phosphorylation

from the protein extracts is negligible in in-gel kinase

assays. In-gel kinase assay with samples from affinity

purification of a root protein extract from hydroponically

grown plants with bZIP63. Comparison of a gel with

bZIP63 as a substrate (top, see also Figure 4C) and a gel

without substrate (middle). A Coomassie brilliant blue

(CBB) stained gel is shown at the bottom.

DOI: 10.7554/eLife.05828.018
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Figure 5. The SnRK1 kinase AKIN10 phosphorylates bZIP63 and interacts with bZIP63 in vivo. (A) In-gel kinase assay

with protein extracts from wt and akin10 plants and bZIP63 as a substrate (top), western blot against AKIN10

(αAKIN10, middle), and Coomassie brilliant blue stain (CBB, bottom). Asterisks mark the position of AKIN10. For

characterization of the akin10 line see Figure 5—figure supplements 1–3. (B) In vitro kinase assay with recombinant

AKIN10/AKIN11 and bZIP63 as a substrate. See also Figure 5—figure supplement 4 for kinase assays including the

SnRK1 upstream kinase SnAK2. (C) and (D) Interaction of SnRK1 subunits with bZIP63. Homo-dimerization of bZIP63

was used as a positive control. (C) Yeast two-hybrid (Y2H) assay with auto-activation in grey and interaction with

bZIP63 in blue. Bars represent means ± SD of eight biological replicates. For Y2H with AKINβ1 and β2 see

Figure 5—figure supplement 5. (D) Laser scanning microscopy images of bimolecular fluorescence complemen-

tation (BiFC) in transiently transformed Nicotiana tabacum leaves (top). Arrowheads indicate the position of the

nucleus. Size bar = 20 μm. Expression of the fusion proteins was verified by western blots (αHA, αFlag, bottom).

(E) Phos-tag gel western blots showing the in vivo phosphorylation state of bZIP63 in 4–5 week-old soil grown plants

after 6 hr light (L) or extended night (EN) in the presence and absence of AKIN10 alone or both AKIN10 and AKIN11.

Plants overexpressing bZIP63-YFP in the akin10 line were compared to plants overexpressing bZIP63-GFP in the wt

background (ox#3) (left). Additionally, AKIN10 and AKIN11 were knocked down (akin10/11) by virus-induced gene

silencing (VIGS) in plants expressing genomic bZIP63 with a YFP-tag (GY9 line). See Figure 5—figure supplement 7

for images and a western blots of the VIGS plants. Recombinant bZIP63-YFP was used as a nonphosphorylated

control. Numbered arrowheads on the right mark the position of each observed bZIP63 band for easy reference with

other figures (see Figure 3—figure supplement 1 for a comparative image of all Phos-tag western blots). A

comparison of the phosphorylation state of bZIP63 in seedlings can be found in Figure 5—figure supplement 6.

DOI: 10.7554/eLife.05828.019
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Figure 5—figure supplement 1. Molecular characterization of the akin10 line. (A) Scheme of the genomic locus and protein of AKIN10 (top) and IMS2

(bottom). For the genomic locus, UTRs and exons are shown in grey and green, respectively. For AKIN10 an alternative first exon for splicing form 2 (sf2) is

shown in light green. The confirmed (AKIN10) and annotated but not detected (ISM2) T-DNA insertion sites are indicated, as well as the binding sites of

primers used for PCRs in (B–D). For the AKIN10 protein, the positions of the kinase catalytic domain (KD), the ubiquitin-associated domain (UBA), the

kinase-associated domain (KA), as well as the binding sites for antibodies against AKIN10 and AMPK-pT172 used in (E) are shown. The AMPK-pT172

antibody recognizes the phosphorylated T in the T-loop of both AKIN10 and AKIN11. The position of K48, which was mutated in the inactive AKIN10

version used in this manuscript, is shown as well. (B) PCR on genomic DNA from wt and akin10 plants to confirm the T-DNA insertion in AKIN10 and

homozygosity of the plant lines. (C) PCR on genomic DNA from wt and akin10 plants did not confirm the second T-DNA insertion in the akin10 line in the

IMS2 gene. (D) Expression of AKIN10 and AKIN11 in rosette leaves of 5 week-old wt and akin10 plants after 6 hr of light (L) and extended night (EN) as

determined by RT-qPCR. Bars represent the means ± SD of four biological replicates and are normalized to wt in L. Letters indicate significant differences

as determined by ANOVA and pairwise T-testing (p < 0.05). (E) Western blots detecting AKIN10 (αAKIN10) and AKIN10 and 11 phosphorylated in the T-

loop (αAMPK-pT172) in wt and akin10 plants. Proteins were extracted from mature soil-grown plants after 6 hr of light or extended night (left) or from 2

week-old seedlings treated with 6 hr of extended darkness in the presence (+) or absence (−) of 1% sucrose (suc; right). CBB, Coomassie Brilliant Blue.

DOI: 10.7554/eLife.05828.020
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Figure 5—figure supplement 2. Phenotype and gene expression of selected AKIN10 target genes in the akin10 line. (A) No obvious difference in growth

could be observed between wt and akin10 plants grown for 7 weeks under short day conditions. The number of leaves, fresh weight (FW), dry weight (DW)

and the water content (FW/DW) were determined. Bars represent the means ± SD of 20 biological replicates. (B) Mild flowering phenotype of akin10. Wt

and akin10 plants were grown under short day conditions and the number of leaves at time of bolting was determined. Bars represent the means ± SD of

14 (wt) and 11 (akin10) biological replicates. (C) Expression of selected AKIN10 target genes (Baena-Gonzalez et al., 2007) involved in amino acid

metabolism (ASN1, ProDH, BCAT2 (BRANCHED-CHAIN AMINO ACID TRANSAMINASE 2), AA-TP family protein (amino acid transporter family protein))

and sugar metabolism (DIN10) after 6 hr of light (L) and extended night (E) as determined by RT-qPCR. Bars represent the means ± SD of three biological

replicates. p-values from T-tests between mutants and wt < 0.05, < 0.01, and < 0.001 are indicated by *, ** and ***, respectively.

DOI: 10.7554/eLife.05828.021
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Figure 5—figure supplement 3. Expression of bZIPs in the akin10 line. Expression of bZIP63, bZIP1, and bZIP11 in

rosette leaves of 5 week-old wt and akin10 plants after 6 hr of light (L) and extended night (EN) as determined by RT-

qPCR. Bars represent the means ± SD of four biological replicates and are normalized to wt in L. P-values from T-

tests between mutants and wt < 0.05, < 0.01, and < 0.001 are indicated by *, ** and ***, respectively.

DOI: 10.7554/eLife.05828.022
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Figure 5—figure supplement 4. SnAK2 increases the

kinase activity of AKIN10 and AKIN11 but does not

phosphorylate bZIP63. (A) In vitro kinase assay with

recombinant AKIN10 or AKIN11 and bZIP63 as a sub-

strate in the presence of SnAK2. (B) Phos-tag gel western

blot of an in vitro kinase assay with inactive AKIN10

(AKIN10 K/M), active AKIN10, or AKIN11 and bZIP63 as

a substrate in the presence of SnAK2. An antibody

recognizing the C-terminus of bZIP63 (αbZIP63) was used
(see Figure 6—figure supplement 1). (C) In vitro kinase

assay with AKIN10 and/or SnAK2 and bZIP63 as a sub-

strate showing the activity of AKIN10 in the presence or

absence of SnAK2. The signal intensity from the bZIP63

phosphorylation is given in % of the strongest signal.

CBB, Coomassie brilliant blue.

DOI: 10.7554/eLife.05828.023
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Figure 5—figure supplement 5. AKINβ1 and AKINβ2
do not interact with bZIP63. Yeast two-hybrid (Y2H)

assay showing of AKINβ1 and AKINβ2 with bZIP63.

Homo-dimerization of bZIP63 was used as a positive

control. Auto-activation of BD-fusion proteins is shown

in grey, interaction with bZIP63 in blue. Bars represent

means ± SD of eight biological replicates.

DOI: 10.7554/eLife.05828.024
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Figure 5—figure supplement 6. Altered sugar-

dependent in vivo phosphorylation of bZIP63 in

seedlings. Phos-tag gel western (αGFP) blots showing

the in vivo phosphorylation state of bZIP63 in plants

overexpressing bZIP63-GFP/YFP in the wt or akin10

background. Proteins were extracted from seedling

cultures after 6 hr extended night in the presence (+) or
absence (−) of 1% sucrose. Recombinant bZIP63-YFP

was used as a nonphosphorylated control. Numbered

arrowheads on the right mark the position of each

observed bZIP63 band for easy reference with other

figures (see Figure 3—figure supplement 1 for

a comparative image of all Phos-tag western blots). 8

indicates the hyper-phosphorylated form of bZIP63.

CBB, Coomassie brilliant blue.

DOI: 10.7554/eLife.05828.025
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Figure 5—figure supplement 7. AKIN10/AKIN11 VIGS plants. AKIN10 and AKIN11 were knocked down in plants

expressing a genomic fragment of bZIP63 with a c-terminal YFP tag (GY9 line) using VIGS. 2 week-old plants were

infiltrated with the VIGS construct (akin10/11, right) or not (control, left) and 2 weeks later plants showed a clear

phenotype and a strong reduction in AKIN10 and AKIN11 protein amount. (A) Pictures of representative plants

showing stunted growth of akin10/11 plants, as well as increased anthocyanin accumulation, leaf wilting and early

senescence. (B) Western blot of control and akin10/11 leaf extracts with an antibody against the phosphorylated T-

loop of AMPK (αAMPK-pT172), recognizing both AKIN10 and AKIN11. Samples marked with an asterisk were used

for the Phos-tag gels shown in Figure 5E. CBB, Coomassie brilliant blue.

DOI: 10.7554/eLife.05828.026
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Figure 6. AKIN10 targets three highly conserved and functionally important serine residues in bZIP63. (A) In vitro kinase assay of wt and S/Amutants of GST-tagged

bZIP63 with AKIN10. Positions of full length (FL) and N-terminal fragments of bZIP63 are marked by black arrows. The scheme on the right shows the position of the

in vivo phosphorylation sites and the in vitro target sites of AKIN10 (red asterisk) on bZIP63. See Figure 6—figure supplements 1, 2 for controls and Phos-tag gel

of kinase assays, respectively. (B) Conservation of phosphorylation sites in bZIP63. Sequences of bZIP63 homologues from eight species were aligned with ClustalΩ.
The scheme on top indicates the positions of the in vivo phosphorylation and AKIN10 target sites on bZIP63. The histogram below shows the sequence identity

(red/black) and similarity (grey) to A. thaliana bZIP63. Red bars represent the in vivo phosphorylation sites. Below, the alignment of the sequence surrounding the

AKIN10 target sites and the SnRK1 consensus motif (Huang and Huber, 2001) are shown. The grey/black shading indicates the degree of conservation,

phosphorylation sites are in red. For alignment of non-AKIN10 target sites and full sequence alignment see Figure 6—figure supplement 3, for sequences in fasta

format see Figure 6—source data 1. (C) Promoter activation assays in protoplasts with an ASN1/ProDH promoter-driven GUS reporter. Activation by bZIP63 wt

and S/A mutants without (grey) or with (blue) co-transformation of AKIN10 is shown. Bars are means ± SD of 4 biological replicates, given in % of the activity of wt

bZIP63 with AKIN10. Horizontal dashed lines indicate the signal in the control without bZIP63. Letters indicate significant differences as determined by ANOVA and

pairwise T-testing (p < 0.05). See Figure 6—figure supplement 4 for a western blot control. CBB, Coomassie brilliant blue.

DOI: 10.7554/eLife.05828.027
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Figure 6—figure supplement 1. AKIN10 phosphorylates bZIP63 but not GST. (A) In vitro kinase assay with recombinant AKIN10 and GST-tagged bZIP63

or GST as a substrate. Positions of full length (FL) and N-terminal fragments of bZIP63 are marked by black arrows. The scheme on the right shows the

position of the in vivo phosphorylation sites and the in vitro target sites of AKIN10 (red asterisk) in GST-bZIP63, as well as the approximate length of the N-

terminal fragments. (B) Western blot (αbZIP63-N and -C) of GST-tagged bZIP63, used as substrate for the kinase assays. The scheme on the right indicates

the binding sites of the two antibodies on bZIP63 and the approximate length of the detected fragments. CBB, Coomassie brilliant blue.

DOI: 10.7554/eLife.05828.029

Figure 6—figure supplement 2. AKIN10

phosphorylates S29, S294, and S300 on bZIP63. Phos-

tag gel western blot (αbZIP63-C) of an in vitro kinase

assay with active (wt) and inactive (K/M) AKIN10 and wt

and S/A mutants of GST-tagged bZIP63 as substrate.

The scheme on the bottom shows which of the three

AKIN10 target sites can be phosphorylated (P) or are

mutated (X). The scheme on the right indicates the likely

phosphorylated sites for each band.

DOI: 10.7554/eLife.05828.030
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Figure 6—figure supplement 3. The AKIN10 target sites and S160 in the bZIP domain are highly conserved. (A) and (B) Sequence conservation of bZIP63.

Sequences of bZIP63 homologues from eight species were aligned with ClustalΩ. (A) Conservation of non-AKIN10 target sites. The scheme on top

indicates the positions of the in vivo phosphorylation and AKIN10 target sites on bZIP63. The histogram below shows the sequence identity (red/black)

and similarity (grey) to A. thaliana bZIP63 in each position. Red bars represent the in vivo phosphorylation sites. Below, an alignment of the sequences

surrounding the phosphorylation sites not targeted by AKIN10 is depicted. The grey/black shading indicates the degree of conservation, phosphorylation

sites are in red. (B) Full sequence alignment. Species names are abbreviated. The grey/black shading indicates the degree of conservation. Red arrows

indicate the positions of the in vivo phosphorylation sites. Numbers on top indicate the position in the alignment, numbers on the right indicate the

position in each sequence. A consensus sequence is given below the alignment. The sequence identity matrix is at the bottom right.
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Figure 6—figure supplement 4. Expression of bZIP63

and AKIN10 in the promoter activation assays. Exem-

plary western blot (αHA) of protoplasts co-transformed

with AKIN10 and wt or S/A mutants of bZIP63. CBB,

Coomassie brilliant blue.
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Figure 7. The bzip63 phenotype can be complemented by wt bZIP63, but not by bZIP63 harboring S/A mutations

of the AKIN10 target sites. (A) Genomic complementation constructs. Exons are green, introns black. See

Figure 7—figure supplement 1 for characterization of the complementation lines. (B) Phos-tag gel western blots

(αGFP) showing the in vivo phosphorylation state of bZIP63 in the complementation lines after 6 hr light (L) or

extended night (EN) in 5 week-old soil-grown plants. Recombinant bZIP63-YFP was used as a nonphosphorylated

control. Numbered arrowheads on the right mark the position of each observed bZIP63 band for easy reference

with other figures (see Figure 3—figure supplement 1 for a comparative image of all Phos-tag western blots).

(C) and (D) Dark-induced senescence phenotype of 4.5 week-old soil-grown plants after 9 days in darkness.

(C) Leaves 3–7 of one representative plant per line. (D) Box-and-whiskers plot of the total green leaf area of eight

biological replicates. Letters indicate significant differences as determined by ANOVA and pairwise T-testing

Figure 7. continued on next page
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Figure 7. Continued

(p < 0.05). See Figure 7—figure supplement 2 for untreated plants and green leaf area of individual leaves.

(E) and (F) Metabolite profile. (E) Hierarchical clustering of log-2 fold changes of metabolite concentrations

compared to wt. Values are means of five biological replicates. (F) Principal component analysis (PCA). PC1 is

plotted against PC2. The proportion of variance in % is indicated. The red line surrounds bzip63 and GAY

samples, the green line wt, GY, and ox#3 samples. For relative metabolite concentrations and PCA loadings see

Figure 7—source data 1. (G) Relative expression of potential bZIP63 target genes in 5 week-old plants during

early extended night as determined by RT-qPCR. Values are means ± SD of four biological replicates and are

given as fold change compared to Ws-2 at 0 hr (left) or 4 hr (right). p-values from T-tests between mutants and wt

< 0.05, < 0.01, and < 0.001 are indicated by *, ** and ***, respectively. Letters indicate significant differences as

determined by ANOVA and pairwise T-testing (p < 0.05). CBB, Coomassie brilliant blue.
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Figure 7—figure supplement 1. Characterization of the bzip63 complementation lines. (A) and (B) Expression of bZIP63 in different plant lines. (A) RT-

qPCR of bZIP63 in 5 week-old plants after 6 hr of light (L) or extended night (EN). Bars represent means ± SD of five biological replicates and are given as

fold change to Ws-2 in L. The 6 hr L samples were also used for the metabolic profiling shown in Figure 7E,F and Figure 7—source data 1. (B) Western

blot (αGFP) detecting YFP-tagged bZIP63 in transgenic plant lines after 6 hr of L and EN. (C) Epifluorescence microscopy images of soil-grown seedlings

of the GY9 and GAY14 lines showing expression of bZIP63-YFP. From top to bottom: leaf epidermis, leaf veins, roots, lateral root tips. Scale bar is 20 μm.

(D) Phos-tag gel western blots (αGFP) showing the in vivo phosphorylation state of bZIP63 in the complementation lines. Proteins were extracted from

seedling cultures after 6 hr extended night in the presence (+) or absence (−) of 1% sucrose. Recombinant bZIP63-YFP was used as a nonphosphorylated

control. Numbered arrowheads on the right mark the position of each observed bZIP63 band for easy reference with other figures (see Figure 3—figure

supplement 1 for a comparative image of all Phos-tag western blots). CBB, Coomassie brilliant blue.
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Figure 7—figure supplement 2. Complementation of the dark-induced senescence phenotype of bzip63. (A) Representative leaf series of 4.5 week-old

plants before and after 9 days in darkness. (B) Barplot of the total green leaf area of the rosette before darkness. Values are the mean ± SD of four

biological replicates. (C) Dotplot of the green leaf area of individual leaves after 9 days in darkness. Values are the mean ± SD of eight biological

replicates. The insertion at the right side shows the values from leaves 3–7 as a barplot (framed by dotted line). Letters indicate significant differences as

determined by ANOVA and pairwise T-testing (p < 0.05). The p-values of the F-test for each leaf are given.
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Figure 8. AKIN10-mediated phosphorylation of bZIP63 promotes its dimerization. (A) and (B) Protoplast two-hybrid

(P2H) assays. (A) Interaction of bZIP63 fused to the Gal4-AD (activation domain) with bZIP63, bZIP1, and bZIP11 fused

to the Gal4-BD (binding domain) without and with co-transformation of AKIN10. Bars represent the mean

normalized GUS activity ± SD of 3–4 biological replicates. p-values from T-tests < 0.05 and < 0.01 are indicated by *

and **, respectively. (B) Interaction of AD-bZIP63 (left) or AD-bZIP11 (right) with wt and S/A mutants of BD-bZIP63

without and with co-transformation of AKIN10. Values are given in % of the signal with wt bZIP63 and AKIN10.

Letters indicate significant differences as determined by ANOVA and pairwise T-testing (p < 0.05). For western blots

for (A) and (B) see Figure 8—figure supplement 1. (C) In vitro kinase assay of bZIP63, 1, 2, 11, 44, and 53 with

AKIN10 and the SnRK1 upstream kinase SnAK2. For a kinase assay with the bZIPs and SnAK2 alone see Figure

8—figure supplement 2. (D). Phos-tag gel western blots (αGFP) showing the in vivo phosphorylation state of S29 in

bZIP63 after 6 hr light (L) or extended night (EN). 5 week-old soil-grown plants of two genomic bzip63

complementation lines harboring different S/A mutations were used. In line GAY14 (left) none of the AKIN10 target

sites (S29/294/300) can be phosphorylated, while in the S294/300A (right) line S29 can still be phosphorylated.

Numbered arrowheads on the right mark the position of each observed bZIP63 band for easy reference with other

figures (see Figure 3—figure supplement 1 for a comparative image of all Phos-tag western blots). The likely

phosphorylation state of the bands in the western blot is shown on the right. X stands for one of the non-mutated

serines (59, 102, 160, or 261). CBB, Coomassie brilliant blue.

DOI: 10.7554/eLife.05828.037

Mair et al. eLife 2015;4:e05828. DOI: 10.7554/eLife.05828 30 of 32

Cell biology | Plant biology

http://dx.doi.org/10.7554/eLife.05828.037
http://dx.doi.org/10.7554/eLife.05828


Figure 8—figure supplement 1. Western blots and controls for the protoplast two-hybrid (P2H) assays. (A) Western

blot showing the expression of AD (activation domain)-bZIPs and AKIN10 (αHA) and BD (DNA binding domain)-

bZIP63 (αBD) in the P2H assay in Figure 8A. (B) Exemplary western blot showing the expression of BD-bZIP63 in the

P2H assays in Figure 8B. CBB, Coomassie brilliant blue.

DOI: 10.7554/eLife.05828.038

Figure 8—figure supplement 2. SnAK2 does not

phosphorylate bZIP63 or the S1 class bZIPs. In vitro

kinase assay of bZIP63, 1, 2, 11, 44, and 53 with SnAK2.

CBB, Coomassie brilliant blue.
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Figure 9. Phosphorylation of bZIP63 shifts its dimerization preferences. (A) Multi-color bimolecular fluorescence

complementation (BiFC) in transiently transformed N. tabacum leaves to test the effect of bZIP63 phosphorylation

on its dimerization preference. A cassette containing bZIP63 (wt or S29/294/300A), bZIP11, and bZIP1—tagged with

the C-terminal moiety of CFP and the N-terminal moieties of CFP and VENUS, respectively—was co-transformed

with mCherry-tagged AKIN10. CFP (bZIP63-11) and VENUS (bZIP63-1) fluorescence was detected on a confocal laser

scanning microscope and quantified for nuclei showing co-expression of AKIN10. Top: scheme of the multi-color

BiFC construct and principle. Bottom center: representative microscopy pictures. Size bar = 50 μm. Bottom right:

box-and-whiskers plot of the VENUS/CFP ratio of 115–118 nuclei, normalized to the median of the S29/294/300A

bZIP63 construct. T-test p-value was < 0.001, as indicated by ***. (B) Model of the regulation of bZIP63 dimerization

and activity by AKIN10. Energy deprivation triggers activation of AKIN10, which phosphorylates S29 on bZIP63. This

leads to increased formation of specific bZIP63 dimers and altered expression of dimer-specific genes.
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