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Although microalgae accumulate triacylglycerol (TAG) and starch in response to nutrient-deficient conditions, the regulatory
mechanisms are poorly understood. We report here the identification and characterization of a kinase, triacylglycerol
accumulation regulator1 (TAR1), that is a member of the yeast (Saccharomyces cerevisiae) Yet another kinase1 (Yak1) subfamily in
the dual-specificity tyrosine phosphorylation-regulated kinase family in a green alga (Chlamydomonas reinhardtii). The kinase domain
of TAR1 showed auto- and transphosphorylation activities. A TAR1-defective mutant, tar1-1, accumulated TAG to levels 0.5- and
0.1-fold of those of a wild-type strain in sulfur (S)- and nitrogen (N)-deficient conditions, respectively. In N-deficient conditions, tar1-1 showed
more pronounced arrest of cell division than the wild type, had increased cell size and cell dry weight, and maintained chlorophyll
and photosynthetic activity, which were not observed in S-deficient conditions. In N-deficient conditions, global changes in
expression levels of N deficiency-responsive genes in N assimilation and tetrapyrrole metabolism were noted between tar1-1 and
wild-type cells. These results indicated that TAR1 is a regulator of TAG accumulation in S- and N-deficient conditions, and it
functions in cell growth and repression of photosynthesis in conditions of N deficiency.

Triacylglycerol (TAG) is a representative neutral lipid
that is accumulated as a carbon store in animals, plants,
and fungi. Microalgae accumulate TAG as a storage lipid
in response to a variety of environmental stress condi-
tions, and such a lipid pool could form the basis of a
biofuel resource. The model green alga (Chlamydomonas
reinhardtii) accumulates significant levels of TAG in
nitrogen (N)-deficient (Siaut et al., 2011; Merchant et al.,
2012), sulfur (S)-deficient (Boyle et al., 2012; Sato et al.,

2014), and phosphate-deficient (Iwai et al., 2014)
conditions. Among these conditions, N deficiency is
considered as the best trigger of effective TAG accumu-
lation (Boyle et al., 2012; Fan et al., 2012).

Furthermore, exogenously supplied acetate can boost
TAG accumulation in N-deficient conditions (Goodson
et al., 2011; Fan et al., 2012). Although comprehensive
gene and protein expression profiles during responses to
N deficiency have been reported in C. reinhardtii (Miller
et al., 2010; Boyle et al., 2012; Longworth et al., 2012; Blaby
et al., 2013; Schmollinger et al., 2014), the regulatory
mechanisms involved in TAG accumulation are still
largely unclear. So far, the genes plastid galactoglycerolipid
degradation1 (PGD1; Li et al., 2012), nitrogen-responsive
regulator1 (NRR1; Boyle et al., 2012), and phospholipid:di-
acylglycerol acyltransferase1 (PDAT1; Boyle et al., 2012;
Yoon et al., 2012) have been shown to contribute to the
positive regulation of TAG accumulation in response to N
deficiency; they encode a monogalactosyldiacylglycerol
(MGDG)-specific lipase, a putative transcriptional factor,
and a PDAT, respectively. Additionally, ADP-Glc pyro-
phosphorylase (Li et al., 2010; Blaby et al., 2013) and iso-
amylase (Work et al., 2010) have been reported to affect
TAG accumulation negatively in N-deficient conditions.
Recently, targeted disruption of the gene encoding a
UDP-Glc pyrophosphorylase in a diatom Phaeodactylum
tricornutum by using meganucleases and transcription
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activator-like effector nucleases led to 3-fold higher
levels of TAG accumulation than that in the wild type in
N deficiency (Daboussi et al., 2014), suggesting that ge-
netic modification could enhance lipid accumulation in
microalgal cells.
Previously identified factors affecting the levels of TAG

accumulation, the transcription factor NRR1, and meta-
bolic enzymes PGD1, PDAT1, ADP-Glc pyrophosphor-
ylase, and isoamylase were reported by characterizing
mutants with aberrant TAG accumulation in N-deficient
conditions, but no regulatory factors involved in protein
modification leading to global changes in gene expression
in different stress conditions (i.e. N/S deficiency) have
been reported.
In the model plant Arabidopsis (Arabidopsis thaliana),

two calcineurin B-like interacting protein kinases
(CIPKs), CIPK23 (Ho et al., 2009) and CIPK8 (Hu et al.,
2009), have been reported to function in a nitrate-sensing
mechanism. Similarly, other kinases might function in
microalgal nutrient-deficient response mechanisms.
Dual-specificity Tyr phosphorylation-regulated kinases
(DYRKs) have been reported to regulate cell division
and growth in many eukaryotes (Aranda et al., 2011). In
budding yeast (Saccharomyces cerevisiae), the DYRK fam-
ily gene Yet another kinase1 (Yak1) is well characterized
as a negative regulator of cell division in Glc-deficient
conditions, antagonizing Rat Sarcoma/cAMP and target
of rapamycin signaling (Aranda et al., 2011). Human
DYRK1A, which has been studied extensively, was dis-
covered as a gene product localized in the Down
syndrome-critical region on chromosome 21 (Guimerá
et al., 1996). DYRKs autophosphorylate a critical Tyr in
their activation loop, but they function only as Ser/Thr
kinases against their substrates (Yoshida, 2008). Down-
stream effects mediated by substrates of DYRKs include
increased activity of transcription factors, modulation of
subcellular protein localization, and regulation of en-
zyme activity (Aranda et al., 2011; Becker, 2012). One
characteristic feature of several DYRKs is their function
as priming kinases, in which phosphorylation of given
residues by a DYRK is a prerequisite for the subsequent
phosphorylation of a different residue by another protein
kinase, such as glycogen synthase kinase3 or polo-like
kinase (Aranda et al., 2011). In photosynthetic eukary-
otes, however, there have been no reports on the phys-
iological functions of DYRK proteins. In this report, we
present evidence showing that a DYRK has pleiotropic
effects on metabolic processes, including accumulation of
TAG, regulation of cell division, and photosynthesis.

RESULTS

Fluorescence-Activated Cell Sorting-Based Screening
of Low TAG-Accumulating Mutants in
Nutrient-Deficient Conditions

To isolate regulatory mutants with low-TAG accu-
mulation during S deficiency, a tagged mutant pool was
constructed by using a PCR-amplified DNA fragment
encoding the hygromycin resistance gene aminoglycoside

phosphotransferaseVII (aphVII) to transform a wild-type
C-9 strain of green alga as described previously (Wang
et al., 2014). In total, 8,000 hygromycin-resistant colonies
cultured in Tris-acetate phosphate medium without an
S source (TAP 2 S) to induce TAG accumulation were
stained using a fluorescent dye, boron dipyrromethene
(BODIPY), and subjected to cell sorting by fluorescence-
activated cell sorting (FACS; Fig. 1A). A group of cells
showing the same levels of fluorescence intensity during
S deficiency as those of the parental wild-type strain in S-
replete conditions (Fig. 1B) was collected. To concentrate
cells showing a lower level of TAG accumulation, the
sorted cells were rescreened by FACS in the same
S-deficient conditions. The collected cell mixture was
spread on Tris-acetate phosphate (TAP) agar plates; 188
individual colonies appeared on the TAP plates and were
cultured individually for 2 d. By using a fluorescent dye,
AdipoRed, as an indicator of TAG accumulation, the cell
line with the weakest fluorescence was selected and
designated as triacylglycerol accumulation regulator1-1
(tar1-1) for additional analyses. To evaluate the accumu-
lation of TAG in tar1-1, the fluorescence patterns of
chlorophyll content were compared with those of wild-
type cells. After 2 d of S deficiency, the fluorescence level
in tar1-1 cells was lower than that in wild-type cells (Fig. 1C).

Figure 1. FACS and flow cytometric analyses of a C. reinhardtii mutant. A,
Dot blot of the mixture of transformed cells incubated for 2 d in TAP 2 S
medium. The box denotes the sorting gate used for isolation of mutants with
a low level of relative fluorescence intensities corresponding to the fraction
in which parental wild-type cells cultured in normal TAP medium (B).
Histogram showing distribution of BODIPY fluorescence intensity normal-
ized by chlorophyll autofluorescence per cell of the wild type (black circles)
and tar1-1 (white circles) in S-deficient (C) and N-deficient (D) conditions.
Mean values 6 SD from three biological replicates are shown. WT, Wild
type; *, significant difference (P, 0.01) from the wild type by Student’s t test.
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Lipid Droplets Were Not Well Developed in tar1-1 Mutant
in S- and N-Deficient Conditions

Additionally, during S deficiency, in N-deficient con-
ditions, tar1-1 cells showed lower levels of BODIPY
fluorescence than those in wild-type cells (Fig. 1D). In
the histogram of BODIPY to chlorophyll ratios per cells,
the population shift in tar1-1 versus the wild type during
N deficiency was observed to be more pronounced than
that observed during S deficiency (Fig. 1, C and D).
Lipid droplets (LDs), which mainly consist of neutral
lipid TAG, were visualized using a confocal microscope
after staining with AdipoRed. In contrast to the fact that
LDs were abundant and well developed in wild-type
cells cultured for 2 d in S- and N-deficient conditions
(Fig. 2A), LDs were less abundant and smaller in tar1-1
cells. Two complementation lines of tar1-1, named C1
and C2, described in the section below showed restored
levels of LD accumulation. In N-deficient conditions, the
average numbers of LDs in tar1-1 and wild-type cells
were 6.8 and 11.8, respectively (Supplemental Fig. S1A).
The average diameters of LDs in tar1-1 and wild-type
cells were 361.7 and 663.1 nm, respectively (Supplemental

Fig. S1B). When we compared sectional images of wild-
type and tar1-1 cells in N-deficient conditions, larger LDs
were developed in wild-type cells than in tar1-1 cells, but
starch granules were present in both cell lines (Fig. 2B).
These results indicated that the gene responsible in tar1-1
cells regulates the induction of TAG accumulation posi-
tively in both N- and S-deficient conditions.

Molecular Characterization of the tar1-1 Mutant

To identify the introduced tag insertion site in the
tar1-1 mutant, thermal asymmetric interlaced PCR was
performed. Random primers and DNA tag-specific
primers generated the DNA tag sequence fused to the
59-untranslated region sequence (position: 2548 nucleo-
tides) of the gene locus Cre08.g381950 on chromosome
8 (Merchant et al., 2007; Fig. 3A). The sequences of the
TAR1 complementary DNA (cDNA) and genomic DNA
in green alga strain C-9 strain were determined by 59-
and 39-RACE and genomic PCR using a fosmid clone,
GCRFno11_b05, which spanned the TAR1 gene locus.
Gene structure based on the sequencing of cDNAs and

Figure 2. Development of LDs in wild-type, tar1-1,
and complementation lines (C1 and C2) in S-
and N-deficient conditions (TAP2 S and TAP2N,
respectively) for 2 d substituted from nitrogen-
replete conditions (TAP). A, Fluorescence images
were recorded using a laser-scanning confocal
microscope. LDs were visualized by staining with
AdipoRed. Bars = 2 mm. B, Transmission electron
microscopic images of wild-type and tar1-1 cells
2 d after transfer to N-deficient conditions. Bars =
1 mm. S, Starch granule; WT, wild type.
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genomic DNA clones from the C-9 strain was identical
to that predicted by a C. reinhardtii gene annotation:
Augustus update 10.2 (based on the JGI version 4
genome in Phytozome; http://phytozome.jgi.doe.gov/
pz/portal.html#!info?alias=Org_Creinhardtii). We des-
ignated this gene TAR1 based on the functional analysis
described below. The gene product of TAR1 has a kinase
domain (Fig. 3A; Supplemental Fig. S2), and amino acid
residues 495 to 830 showed 47% sequence identity with
that of budding yeast Yak1, a negative regulator of cell
proliferation in nutritional stress conditions (Aranda
et al., 2011). The kinase domain of TAR1 also has con-
served functional features of the DYRK family, such as
an ATP anchor, a phosphate anchor, a catalytic loop, a
cation-binding site, and an activation loop (Supplemental
Fig. S2B). The mRNA expression level of TAR1 did not
change in response to N deficiency, and its expression
was not detected in the tar1-1mutant in S- or N-deficient
conditions (Fig. 3, B and C).
To verify the relationship between TAR1 and the

tar1-1 phenotype, we examined the genetic linkage of
the DNA tag insertion in the TAR1 locus to the low-TAG
accumulation phenotype in N-deficient conditions
(Supplemental Fig. S3). The tar1-1 mutant (mt2) was
crossed with a wild-type strain CC-125 (mt+) two times.
Six sets of tetrads were obtained from the second cross.

The mutant phenotype with low levels of AdipoRed
fluorescence segregated in a 2:2 ratio in all of the six
tetrads (Supplemental Fig. S3A). All of the progeny with
the mutant phenotype had the DNA tag insertion in
the TAR1 gene (Supplemental Fig. S3B) and showed
hygromycin resistance (Supplemental Fig. S3C). Thus,
the DNA tag insertion in tar1-1 seemed to be closely
linked to the mutation causing the low-TAG phenotype.

To confirm that the described phenotypes were caused
by a mutation of the TAR1 gene, a genomic PCR frag-
ment containing 13.2 kb of the wild-type TAR1 coding
region containing the promoter region (approximately
1 kb upstream of the 59-untranslated region) was cloned
into the expression vector pGenD-HA harboring a paro-
momycin resistance gene cassette. The resultant plasmid,
pGenD-TAR1, was used to transform the tar1-1 mutant,
and the obtained transformants were selected on TAP
agar medium containing 10 mg L21 of paromomycin and
further screened by genomic PCR with gene-specific
primers. In 2 of 24 PCR-positive lines (C1 and C2) har-
boring the wild-type TAR1 gene, the low-TAG accumu-
lation phenotypes were restored (Fig. 4A; Supplemental
Fig. S4A), including expression of the TAR1 gene (Fig. 3,
B and C). This low rate of frequency for complementation
of the tar1-1 mutation might be caused by partial inser-
tion of the long genomic DNA fragment of 13.2 kb en-
coding the TAR1 gene. These results strongly suggested
that the phenotypes of tar1-1 related to TAG were caused
by disruption of the TAR1 gene.

Phosphorylation Activity of the DYRK Domain in TAR1

To test whether TAR1 has phosphorylation activity, a
partial triacylglycerol accumulation regulator1 (pTAR1)
protein (Thr-421 to Leu-859) containing the kinase do-
main (Val-495 to Ile-830; Supplemental Fig. S2) was
cloned into a pCold TF vector and expressed in Esche-
richia coli. We tested the phosphorylation activities
of wild-type pTAR1 and a kinase-dead (KD) mutant,
pTAR1KD, with a K523R substitution at the putative
phosphate anchor site according to the report on yeast
Yak1 (Martin et al., 2004; Supplemental Fig. S2). An
in vitro assay using [g-32P]ATP revealed that 52-kD
pTAR1 had auto- and transphosphorylation activities
with casein and myelin basic protein (MBP) but did
not show any activity with histone (Fig. 5). pTAR1KD

did not show any phosphorylation activity, confirming
that Lys-523 is essential for kinase activity. Additional
phosphorylated bands observed at approximately 45
kD could be generated by processing of the 52-kD
pTAR1. Without magnesium in the assay reactions, no
phosphorylation activity against pTAR1 itself, casein,
or MBP proteins was detected, suggesting that Mg2+ is
necessary for pTAR1 activity (Fig. 5).

The tar1-1Mutant Showed Low-TAGAccumulation in S- and
N-Deficient Conditions

To evaluate the influence of disruption of the TAR1
gene on the accumulation of carbon metabolites, the

Figure 3. Structure and expression of the TAR1 gene. A, The TAR1 gene
contains 14 exons (thick boxes) separated by 13 introns. The insertion
site of the DNA cassette encoding the hygromycin resistance gene
(aphVII) in tar1-1 is indicated by a black triangle. The region encoding
the kinase domain is indicated. Positions of primers used for amplifi-
cation of DNA fragments for the region for complementation (Pro-F and
Stop-R) and those used for qRT-PCR are indicated. qRT-PCR analyses of
TAR1 in wild-type, tar1-1, and two complementation lines (C1 and C2)
cultured for 6 h in S-deficient (TAP 2 S) or S-replete conditions (TAP for
the wild type; B) or N-deficient (TAP2N) or N-replete (TAP for the wild
type) conditions (C). Expression of TAR1 was normalized to CRY1. Data
indicate mean value6 SD from three biological replicates. Supplemental
Table S6 shows primer sequences. ND, Not detected; WT, wild type.
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amounts of lipid and starch were quantified in S- and
N-deficient conditions. The amount of TAG in tar1-1
was 1.87 mg mg21 dry weight, which corresponded
to 52% of that in wild-type cells (3.61 mg mg21 dry
weight) after 2 d of S deficiency (Supplemental Fig.
S4A). However, the amounts of total fatty acids and
starch did not differ significantly between tar1-1 and
the wild type in S-deficient conditions (Supplemental
Fig. S4, B and C).

In N-deficient conditions, the amount of TAG in
tar1-1 was 1.23 mg mg21 dry weight, which corre-
sponded to 10% of that (12.3 mg mg21 dry weight) in
wild-type cells after 2 d (Fig. 4A). Similar to S-deficient
conditions, the amounts of total fatty acids and starch
did not differ significantly between tar1-1 and wild-
type cells in N-deficient conditions (Fig. 4, B and C).
In tar1-1 cells, TAG accumulation was severely im-
paired during N deficiency compared with that during
S deficiency (Fig. 4A; Supplemental Fig. S4A). Detailed
analyses of the cellular lipid composition revealed that
the amounts of plastidial membrane lipids (such as
MGDG, 10.6 mg mg21 dry weight; digalactosyldiacyl-
glycerol [DGDG], 11.2 mg mg21 dry weight) in tar1-1 cells
in N-deficient conditions were 2.5-fold larger than
those (MGDG, 4.2 mg mg21 dry weight; DGDG, 4.5 mg
mg21 dry weight) in wild-type cells in the same con-
ditions (Fig. 4D). The increase in major plastidial lipids
MGDG and DGDG was achieved through total glyc-
erolipids instead of TAG accumulation in tar1-1. In the
C1 line, these metabolic phenotypes o the parental
wild-type strain were restored (Fig. 4, A and D;
Supplemental Fig. S4A).

Physiological Phenotypes of tar1-1 Cells

To examine the physiological phenotype of the tar1-1
mutant, time-course changes in the amount of chloro-
phyll (Supplemental Fig. S5A), maximum photosynthetic
oxygen (O2)-evolving rate (Supplemental Fig. S5B), ace-
tate concentration in the medium (Supplemental Fig.
S5C), cell dry weight (Supplemental Fig. S5D), cell size
(Supplemental Fig. S5E), cell numbers (Supplemental
Fig. S5F), and cell survival rate based on Evans Blue
staining (Supplemental Fig. S6A) were measured in
S-deficient conditions. It was found that all time-
dependent changes in these phenotypes did not differ
significantly between tar1-1 and wild-type cells.

However, a notable phenotype of the tar1-1 mutant
was the retarded degradation of chlorophyll (Fig. 6A),
which resulted in a stay-green phenotype in culture
(Fig. 6B), in N-deficient conditions. In contrast, pa-
rental wild-type cells showed chlorosis in these con-
ditions. The large subunit of Rubisco (rbcL) and
cytochrome f are rapidly degraded in N-deficient
conditions (Wei et al., 2014). In contrast, tar1-1 cells
maintained higher levels of these proteins in the same
conditions (Fig. 6C). The maximum rate of photosyn-
thetic O2 evolution (Vmax) decreased rapidly in wild-
type cells during a 2-d culture in N-deficient conditions
(from 238.7–17.3 mmol O2 mg chlorophyll21 h21; Fig.
6D). However, tar1-1 cells retained their photosynthetic
activity in N-deficient conditions (from 226.9–81.4
mmol O2 mg chlorophyll21 h21; Fig. 6D). The residual
acetate concentration in the medium of the tar1-1 culture
(0.16 mg mL21) was 8-fold higher than that of wild-type

Figure 4. Levels of lipids and starch in
N-deficient conditions. Cells were collected
every 24 h for 2 d after changing culture
medium to TAP 2 N. Amounts of total fatty
acids in TAG (A), total fatty acids in total
lipids (B), and starch (C) normalized by
cell weight were measured in the wild
type (black bars), tar1-1 (white bars), C1
(gray bars), and C2 (striped bars). D,
Amount of major polar lipid classes nor-
malized dry cell weight in the wild type,
tar1-1, and C1 cells after culturing for 2 d
in TAP 2 N medium. Data in all ex-
periments indicate means value 6 SD

from three biological replicates. DGTS,
Diacylglycerol-N,N,N-trimethylhomo-Ser;
DW, dry weight; FA, fatty acids; PE, phospha-
tidylethanolamine; PG, phosphatidylglycerol,
PI, phosphatidylinositol; SQDG, sulfoquino-
vosyldiacylglycerol; WT, wild type.
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cultures (0.02 mg mL21) after 2 d of growth in
N-deficient conditions (Fig. 6E). For tar1-1 cells, cell dry
weight per milliliter of culture was not different from
that of wild-type cells (Fig. 6F), but the cell volume of
tar1-1 cells was 20% larger than that of wild-type cells
after 2 d of growth in N-deficient conditions (Fig.
6G). Cell number in the tar1-1 culture did not change
as a result of N deficiency, whereas that in the wild-
type culture increased, even in N-deficient con-
ditions (Fig. 6H). The growth rates of tar1-1 and
wild-type cells in N-replete conditions were similar
(Supplemental Fig. S7). The cell viability of the tar1-1
mutant was not significantly different from that of the
wild type after 6 d of N deficiency (Supplemental Fig.
S6B). In the C1 line, all of these physiological phenotypes
of the parental wild-type strain were restored in
N-deficient conditions (Fig. 6).
These results suggested that TAR1 enhances the

degradation of chlorophyll and photosynthesis-related
proteins, which leads to a decrease of photosynthetic
activity in wild-type cells in N-deficient conditions.
TAR1 also might enhance acetate assimilation and rate
of cell division and prevent increase of cell biomass.

Differentially Expressed Genes in the tar1-1 Mutant in
N-Deficient Conditions

Various metabolic and physiological phenotypes of
tar1-1 during N deficiency suggested that disruption of
the TAR1 gene led to a global change in gene expression.
To find genes with expression that was affected by
TAR1, differentially expressed genes (DEGs) between
N-deficient and -replete conditions in each of the tar1-1,

Figure 6. Phenotypic changes of the wild type (black), tar1-1 (white),
and C1 (gray) after transfer to N-deficient conditions. A, Chlorophyll
contents. B, Images of cultures. C, Immunoblot analysis using anti-
bodies against rbcL, cytochrome f, and a-tubulin. D, Maximum pho-
tosynthetic rates of O2 evolution (Vmax). E, Extracellular acetate
concentration. F, Cell dry weight. G, Averaged cell diameter of wild-
type and tar1-1 cells in N-replete conditions and after N deficiency for
2 d. *, Significant difference (P , 0.01) from the wild type and C1,
respectively, by Student’s t test. H, Cell numbers. Data in all experi-
ments indicate mean values 6 SD from three biological replicates.
a-tub, a-Tubulin; Chl, chlorophyll; cyt. f, cytochrome f; WT, wild type.

Figure 5. In vitro kinase assay using pTAR1. A pTAR1-containing ki-
nase domain and that of a K523R substitution of the putative phos-
phate anchor Lys (pTAR1KD) were incubated with [g-32P]ATP in the
presence or absence of Mg2+. Proteins are stained with Coomassie
Brilliant Blue in lower. *, Putative processed product of pTAR1.
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wild-type, and C1 lines were estimated by the DESeq
algorithm with a q-value cutoff of less than 0.05 from
RNA sequencing (RNA-seq) data (Supplemental Table
S1; Supplemental Data Set S1). For RNA-seq analysis, RNA
was extract from each line 6 h after being transferred
to Tris-acetate phosphate medium without a nitrogen
source (TAP 2 N; normal TAP medium as a control),
because the previous reports revealed that TAG accu-
mulation starts in the cells (Park et al., 2015); expression
of a large part of conserved N-regulated genes has al-
ready responded (Schmollinger et al., 2014) at that time
point. Consequently, the expression levels of 937,
509, and 405 genes were increased significantly in
N-deficient conditions in tar1-1, wild-type, and C1 cells,
respectively (Fig. 7A). Conversely, the expression levels
of 1,255, 1,155, and 775 genes were decreased signifi-
cantly in N-deficient conditions in tar1-1, wild-type, and
C1 cells, respectively (Fig. 7B). Some representative
N-regulated genes, such as Ammonium transporter4 and
NRR1, reported by Schmollinger et al. (2014) were in-
cluded in the DEGs in wild-type cells (Supplemental
Data Set S1).

In these DEGs in N-deficient conditions, 153 genes
were up-regulated in both wild-type and C1 but not
tar1-1 cells (group a), 703 genes were up-regulated in
tar1-1 but not wild-type and C1 cells (group b), and 119
genes were up-regulated in all lines (group c; Fig. 7A).
Conversely, 146 genes were down-regulated in both
wild-type and C1 but not tar1-1 cells (group d), 450
genes were down-regulated in the tar1-1 line but not
wild-type and C1 cells (group e), and 527 genes were
down-regulated in all lines (group f; Fig. 7B). The largest
number of genes belonged to group b. Genes in each
group are listed in Supplemental Data Sets S2 to S7.

To focus on genes with expression that was affected
strongly by disruption of the TAR1 gene in tar1-1, DEGs
between wild-type and tar1-1 cells in N-deficient con-
ditions and non-DEGs between wild-type and C1 cells
in N-deficient conditions were selected in Supplemental
Tables S2 to S4 from genes in groups a, b, and f, re-
spectively. Eight genes, including Argininosuccinate syn-
thetase1 (AGS1), Formamidase/acetamidase1 (AMI1),
Degradation of Urea1 (DUR1), Carbamoyl phosphate syn-
thase, large subunit1 (CMPL1), Argininosuccinate lyase7
(ARG7), Acetylglutamate kinase1 (AGK1), Ornithine carba-
moyltransferase1 (OTC1), and Degradation of Urea2
(DUR2), involved in N assimilation were included in
Supplemental Table S2, implying defective responses
to N deficiency in tar1-1 cells; 2 Vesicle-Inducing Protein
in Plasmids (VIPP) genes involved in thylakoid main-
tenance are included in Supplemental Table S3, and
11 genes in tetrapyrrole biosynthesis are included in
Supplemental Table S4. These changes in gene ex-
pression were consistent with the stay-green pheno-
type of tar1-1 during N deficiency.

DISCUSSION

In the tar1-1 mutant, the amount of TAG declined by
52% and 10% compared with wild-type cells after a 2-d

culture with S- and N-deficient conditions, respectively
(Fig. 4A; Supplemental Fig. S4A). The level of TAG ac-
cumulation in tar1-1 cells during N deficiency was the
lowest compared with that in previously isolated low-
TAG accumulation mutants nrr1-1 (52% of the wild
type; Boyle et al., 2012), pgd1 (50% of the wild type; Li
et al., 2012), and pdat1-RNA interference (72% of the wild
type; Yoon et al., 2012), suggesting that TAR1 functions
as a critical positive regulator in wild-type cells in
N-deficient conditions. So far, no mutants with a low-TAG
accumulation phenotype in S-deficient conditions have
been reported. Our results suggested that TAR1 regu-
lates the levels of TAG during not only N deficiency but
also, S deficiency. Consumption of acetate in the culture
medium by tar1-1 cells was slower than that by the wild
type (Fig. 6E), implying that acetate supply required for
de novo synthesis of TAG was defective in tar1-1 mu-
tant. Unexpectedly, the expression levels of genes in-
volved in acetate and TAG metabolism, such as Acetate
Kinase1, Aspartate Kinase2, and Acetyl-CoA synthetase1-3
for acetate assimilation (Spalding, 2009) and PGD1,
NRR1, PDAT1, and other diacylglycerol acyltransferase
genes for TAG synthesis (Riekhof and Benning, 2009),
were not strongly affected by TAR1 mutation despite
the low-TAG accumulation phenotype in tar1-1 during
N deficiency. The following two possibilities are consid-
ered: (1) some of these genes might be regulated post-
transcriptionally by TAR1, or (2) their expression levels in
tar1-1 might be different from those in the wild type at

Figure 7. Venn diagram showing genes differentially expressed in the
wild type, tar1-1, and C1 at 6 h after N-deficient conditions compared
with N-replete conditions. Numbers of DEGs in each strain are shown
in parentheses. A, Genes with expression that was up-regulated in
N-deficient conditions in both the wild type and C1 but not tar1-1 (group
a), only in tar1-1 but not in the wild type and C1 (group b), and in all
lines (group c). B, Genes with expression that was down-regulated in
N-deficient conditions in both the wild type and C1 but not tar1-1
(group d), only in tar1-1 but not in the wild type and C1 (group e), and
in all lines (group f). WT, Wild type.
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earlier or later stages during N deficiency than the
sampling time in this study. In contrast to TAG accu-
mulation, the tar1 mutation did not have any influence
on starch content during the first 2 d in N deficiency,
suggesting that TAR1 is not involved in N deficiency-
inductive starch accumulation. However, we should
mention that a conversion of starch into lipids might
occur in microalgal cells at the late stage of N deficiency
(Bellou and Aggelis, 2012). Additional investigation of
starch and lipid metabolisms in wild-type and tar1-1
cells at the later stage of N deficiency is necessary to
reveal the function of the TAR1 gene in the conversion
mechanism.
Chlorosis and protein degradation observed in

N-deficient wild-type cells are supposed to be caused
by the recycling of N (Schmollinger et al., 2014) and be
used for protection against overreduction of the pho-
tosynthetic electron transport chain in N-deficient
conditions (Li et al., 2012). TAG accumulation is
supposed to protect cells against oxidative damage
in N-deficient conditions, because de novo fatty
acid synthesis for TAG accumulation can consume
a part of the accumulated NADPH derived from

photosynthesis (Johnson and Alric, 2013). However,
the tar1-1 mutant maintained cell viability similar to
wild-type cells during N deficiency, although it showed
low levels of TAG accumulation, and maintained
chlorophyll, photosynthesis-related proteins, and pho-
tosynthetic activity. Therefore, tar1-1 is likely to avoid
oxidative damage by a 2.5-fold larger accumulation of
plastidial membrane lipids MGDG and DGDG com-
pared with that in wild-type cells during N deficiency.

Expression of genes involved in thylakoid mainte-
nance and stress resistance was significantly increased
in tar1-1 but not wild-type cells (Supplemental Table
S3). For example, the VIPP1 and VIPP2 genes are es-
sential for the maintenance of thylakoids in green alga
(Nordhues et al., 2012) and Arabidopsis (Kroll et al.,
2001). Pyridine nucleotide-disulphide oxidoreductase1 en-
codes a protein with 23.9% similarity to Arabidopsis
membrane-bound monodehydroascorbate reductase3,
which has overexpression that increases protection
against oxidative stress (Wang et al., 1999). Increase of
these genes’ expressions in the tar1-1 during N defi-
ciency might contribute to maintaining cell viability
at a wild type-like level. The expression levels of

Figure 8. Phylogenetic tree of TAR1 and related
DYRKs constructed by comparing amino acid
sequences of the kinase domains. The DYRK
family (Aranda et al., 2011) consists of six sub-
groups: Yak1, DYRK1, DYRK2, DYRKP, PRP4K,
and HIPK. The Yak1 subgroup consists of fungal
(ScYak1, DdYakA, SpPpk15, and MpYak1), land
plant (SmYak1, AtYak1, and OsYak1), and algal
(CrTAR1, VcYak1, and CsYak1) clades. DYRKP is
a plant-specific subgroup. C. reinhardtii proteins
belonging to each DYRK subgroup are marked
by black circles. The tree was generated using
TreeFinder (Jobb et al., 2004) using the maximum
likelihood algorithm. Bootstrap values (1,000
replicates) are indicated at branch nodes, and the
scale bar indicates the number of amino acid
substitutions per site. Supplemental Table S5
shows accession numbers of each protein sequence.
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Glutamate1-semialdehyde (GSA), Mg-protoporphyrin
O-methyltransferase (CHLM), Uroporphyrinogen-III decar-
boxylas (HEME), Uroporphyrinogen-III synthase (UROS),
Protoporphyrinogen oxidase1 (PPX1),Mg-protoporphyrin IX
monomethyl ester (oxidative) cyclase 1A (CTH1A), Mg-
chelatase I subunit1-1 (CHLI1), Mg-chelatase subunit
H1 (CHLH1), Chlorophyll synthase (CHLG), Mg-chelatase I
subunit1-2 (CHLI2), and Glutamyl/glutaminyl-tRNA
synthetase (GTS2) involved in tetrapyrrole biosynthesis
(Schmollinger et al., 2014) in tar1-1were 5-fold or more
higher than those in wild-type cells in N-deficient
conditions (Supplemental Table S4), suggesting that
tetrapyrrole biosynthesis was still active to maintain
chlorophyll content and photosynthetic activity in
tar1-1 compared with wild-type cells.

Although wild-type cells almost doubled in number
after 2 d in N-deficient conditions, as reported previ-
ously (Schmollinger et al., 2014), the cell numbers of
tar1-1 did not increase in these conditions (Fig. 6H),
suggesting that the tar1 mutation leads to hypersensi-
tivity of the cell division response to N-deficient condi-
tions. Increases in cell volume and the amounts of
membrane lipids in tar1-1 cells could be partially attrib-
uted to the inhibition of cell division after transfer to
N-deficient conditions, whereas the cell volume of wild-
type cells was kept constant (Fig. 6G). Additional anal-
yses of the effects of the tar1mutation on the cell cycle by
using synchronized culture cells would reveal the precise
function of TAR1 in cell division during N deficiency.

C. reinhardtii TAR1 was shown to belong to the Yak1
subgroup of the DYRK family. This kinase family con-
sists of a total six subgroups: Yak1, DYRK1, DYRK2,
PremRNA-processing factor4 kinase (PRP4K), Homeo-
domain interacting protein kinase (HIPK), and the
newly assigned plant-specific DYRK (DYRKP; Fig. 8).
Based on BLAST searches using the kinase domain se-
quence of TAR1 as the query, putative DYRK homolog
genes were found from land plants and algal genome
databases (Supplemental Table S5), and their kinase
domain sequences were grouped separately from five
previously assigned DYRK subgroups. Therefore, we
named this plant-specific subgroup DYRKP. In addition
to TAR1, four putative green alga DYRK genes belong-
ing to the DYRKP, DYRK2, and PRP4K subgroups were
detected in the green alga genome database (Fig. 8). In
the Yak1 subgroup, including fungus, algal, and plant
orthologs, only yeast Yak1 has been characterized as a
negative regulator of cell division in Glc-deficient con-
ditions (Moriya et al., 2001). Both algal TAR1 and yeast
Yak1 are involved in nutrient deficiency-responsive
signals and the regulation of cell division. Yak1 was
shown to phosphorylate transcription factors, such as
Heat shock transcription factor1, Multicopy suppressor
of SFN1 mutation2, and PGK promoter directed over
production (Pop2), and transduce the Glc-limiting stress
signal into the transcriptional control of genes involved
in the cell cycle (Lee et al., 2008). In green alga,C. reinhardtii
Chromatin assembly factor1 (CrCaf1), with 36%
sequence identity with yeast Pop2, was reported to
function as a deadenylase-degrading poly(A) (Zhang

et al., 2013). Because the kinase domain of TAR1 had
auto- and transphosphorylation activities in the pres-
ence of magnesium (Fig. 5), the CrCAF1 protein is one
of the candidate substrates for TAR1-mediated phos-
phorylation. Other candidates could be revealed by
phosphoproteomics analysis by comparing the num-
bers and types of phosphorylated peptides detected
from tar1-1 and wild-type cells in nutrient-deficient
and -replete conditions.

Induction of expression of N assimilation-related genes
in green alga cells was impaired in tar1-1 (Supplemental
Table S2). These genes are classified into two groups: (1)
genes for organic nitrogen transport and use, such as
AMI1 encoding putative formamidase/acetoamidase and
DUR1 and DUR2 encoding putative urea carboxylase
and allophanate lyase, respectively (Fernández et al.,
2009), and (2) genes for Arg synthesis fromGlu, including
AGS1, CMPL1, ARG7, AGK1, and OTC1 (Vallon and
Spalding, 2009). These results suggest that TAR1 may be
involved in organic nitrogen transport and Arg biosyn-
thesis during N deficiency by modulating the expression
of these genes.

Based on characterization of phenotypes of the tar1-1
mutant, TAR1 has pleiotropic functions during N defi-
ciency (Fig. 9), possibly by means of phosphorylation-
mediated activation or repression of putative transcription
factors. However, because most of the phenotypes in
tar1-1 during S deficiency were like the wild type, except
for TAG accumulation, the function of TAR1 may be
restricted to regulation of lipid metabolism in S-deficient
conditions. Identification of phosphorylation substrates
for TAR1 would provide unique insights to understand
the roles of DYRKs in photosynthetic eukaryotes and
nutrient-sensing mechanisms in microalgal control of
cell propagation, metabolic acclimation (including ac-
cumulation of TAG), and maintenance of chlorophyll

Figure 9. A hypothetical model of functional roles of TAR1 on the
cellular responses to N deficiency in the photomixotrophic culture
conditions. Possible positively and negatively controlled steps by TAR1
in wild-type cells in N-deficient conditions are indicated by bold ar-
rows and bold lines, respectively.
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molecules. Characterization of tar1 mutants in land
plants would also help us to understand the biological
functions of DYRKs in response to different stresses,
such as nutrient deficiency in photosynthetic eukary-
otes.

MATERIALS AND METHODS

Strains and Culture Conditions

Green alga (Chlamydomonas reinhardtii) strain C-9 (mt2), which is a wild-type
strain in terms of lipid metabolism (Kajikawa et al., 2006; Iwai et al., 2014), was
originally from the Institute of Applied Microbiology Culture Collection and is
presently available from the National Institute for Environmental Studies as
NIES-2235. Strain CC-125 (mt2) from the Chlamydomonas Resource Center
(University of Minnesota) was used for genetic analysis. Tetrad progenies were
isolated from the cross between tar1-1 (mt2) and wild-type strain CC-125 (mt+) as
described previously (Harris, 2009; Wang et al., 2014). For studies of S deficiency,
cells in late logarithmic phase (approximately 8.0 3 106 cells mL21) were centri-
fuged at 600g for 5 min at room temperature. Then, cell pellets were washed two
times in TAP 2 S medium (Harris, 2009), resuspended in 100 mL of TAP 2 S
medium, and further cultured at 60 mmol photons m22 s21 for 2 d. For studies of
N deficiency, similar to the S-deficient culture, cells in late logarithmic phase were
collected and washed two times in TAP 2 N medium (Harris, 2009). The cells
were resuspended and further cultured in 100 mL of TAP 2 N medium for 2 d.
The cell number was counted using Automatic Cell Counter TC20 (Bio-Rad). The
cell volume was measured using the particle analyzer CDA-1000 (Sysmex). Cell
densities were estimated by measuring A730.

Measurement of Chlorophyll Content and Cell Viability

Chlorophyll was extracted from a fresh cell pellet using 95% (v/v) ethanol, and
chlorophyll concentrations were calculated from absorbance values at 649 and 665
nm (Wintermans and de Mots, 1965). Cell viability was measured by the Evans
Blue staining method as described by Pérez-Martín et al. (2014).

Transformation of C. reinhardtii Cells

To prepare C. reinhardtii transformant pools for FACS-mediated mutant
screening, a 1,999-bp PCR fragment containing the hygromycin resistance gene
aph7 expressed from the b2-tublin promoter was used to transform C-9 cells
without cell wall removal as described previously (Yamano et al., 2013; Wang
et al., 2014). TAP solid medium containing 30 mg L21 of hygromycin (Wako) was
used for selection.

For complementation analysis of tar1-1, a 15-kb genomic DNA fragment
containing the TAR1 coding region with 1 kb of its own promoter was amplified
by PCR with primers Pro-F and Stop-R using fosmid clone GCRFno11_b05
containing the TAR1 genomic DNA as a template. The PCR product was cloned
into the SpeI/BglII sites of a pGenD-HA expression vector carrying a paromo-
mycin resistance gene (Nakazawa et al., 2007) using the In-Fusion Reaction
(Takara Bio). The resultant plasmid, pGenD-TAR1, was linearized using SpeI
(New England Biolabs) and used to transform tar1-1. Paromomycin-resistant
clones were selected on TAP solid medium containing 10 mg L21 of paromo-
mycin (Wako). Clones carrying the wild-type TAR1 gene sequence were screened
for tar1-1 by genomic PCR with primers TAR1-01F and TAR1-01R. PCR-positive
clones were cultured in N-deficient conditions, and we examined the TAR1
transcript level and amount of TAG accumulation. Nucleotide sequences of the
primers are listed in Supplemental Table S2.

FACS Analysis

Approximately 1 to 2 3 107 cells transformed with the hygromycin resistance
cassette grown for 2 d in S-deficient conditions were stained with 1 mM

4,4-difluoro-3a,4a-diaza-s-indacene (BODIPY 493/503; Life Technologies) by
incubating for over 10 min at room temperature and flow sorting using BD
FACSAria (Becton Dickinson). A 488-nm semiconductor laser was used for excitation,
and 530-/30-nm (fluorescein isothiocyanate-A channel) and 695-/40-nm (PerCP-Cy5-
5A channel) emission filters were used to image BODIPY 493/503 and chlorophyll

fluorescence, respectively. Scatter plots of BODIPY 493/503 versus chlorophyll
fluorescence were used to establish a gate for isolating candidate low TAG-
accumulating mutants (Fig. 1A). Approximately 10,000 sorted cells were collected
and suspended in 100 mL of TAP medium containing 500 mg mL21 of ampicillin
and cultured for 1 week. Then, the cells were incubated in TAP 2 S medium for
2 d and resorted to concentrate mutants with the low levels of TAG accumulation.

Molecular Techniques

To identify the insertion locus of the DNA tag in tar1-1, thermal asymmetric
interlaced PCR was performed as described previously (Wang et al., 2014). To
determine the sequence of the TAR1 cDNA by quantitative real-time PCR and
RNA-seq analysis, total RNA was extracted from wild-type, tar1-1, and C1 cells
6 h after being transferred to TAP2N, TAP2 S, and normal TAPmedium using
an RNeasy Plant Mini Kit (QIAGEN), and any remaining genomic DNA was
digested using RNase-free DNase (QIAGEN) in accordance with the manufac-
turer’s instructions. The 59 and 39 regions of the TAR1 cDNAwere obtained using
a SMARTer RACE cDNA Amplification Kit (Takara Bio). Quantitative real-time
PCR was performed using SYBR Premix Ex Taq GC (Takara Bio) and a Light-
Cycler 480 Instrument (Roche) as described previously (Wang et al., 2014). The
cryptopleurine resistance gene (CRY1)-encoding ribosomal protein S14 was used
as an internal control (Lin et al., 2010). The primers used for quantitative reverse
transcription (qRT)-PCR are described in Supplemental Table S6.

Immunoblotting Analysis

Immunoblotting analysis was performed as described previously (Wang
et al., 2014). The following antibodies were used: anti-rbcL (1:5,000 dilution),
anticytochrome f (1:5,000 dilution; provided by Yuichiro Takahashi, Okayama
University, Okayama, Japan), and anti-a-tubulin (1:5,000 dilution; T5168;
Sigma-Aldrich). A horseradish peroxidase-linked goat anti-rabbit IgG anti-
body (1:10,000 dilution; GE Healthcare Life Sciences) for rbcL and cytochrome
f detection and horseradish peroxidase-conjugated goat anti-mouse IgG anti-
body (1:10,000 dilution; GE Healthcare Life Sciences) for a-tubulin detection
were used as secondary antibodies. Tris-buffered saline with 0.05% (v/v)
Triton X-100 was used for dilution of these antibodies.

RNA-Seq Analysis

RNAwas quantified using a 2100 Bio-Analyzer (Agilent Technologies). At least
20 mg of total RNA at a concentration of 250 ng mL21 was used for cDNA library
preparation using an Illumina TruSeq RNA Sample Prep Kit. The library was
validated on a 2100 Bio-Analyzer (Agilent Technologies) and an ABI StepOnePlus
Real-Time PCR System (Life Technologies). Illumina HiSeq 2000 sequencing was
performed at the Beijing Genome Institute. Sequencing reads were mapped to
green alga transcripts (version 5.5) deposited in the Phytozome database using
the bowtie software package (Langmead et al., 2009). No more than two mis-
matches per sequencing were allowed. In each condition, the reads per kilobase of
transcript per million reads mapped (RPKMs) of two biological replicates were
averaged. For those genes with null RPKM values, a value equal to the minimum
in each experiment was applied. DEGs between N-deficient and -replete condi-
tions in each line and DEGs among the wild type, tar1-1, and C1 in N-deficient
conditions were evaluated by calculating the q values using the Bioconducter
package DESeq (Anders and Huber, 2010).

Measurement of Photosynthetic Activity

Cells were collected by centrifugation and then resuspended in inorganic
carbon-deficient 50 mM HEPES-NaOH buffer (pH 7.8) at 15 mg mL21 chlorophyll.
The maximum rate of inorganic carbon-dependent, O2-evolving activity, defined
as Vmax, was measured using a Clark-type O2 electrode (Hansatech Instruments)
as described previously (Yamano et al., 2008) in the presence of 10 mM NaHCO3.

Lipid Analysis

Total lipids were extracted in a chloroform-methanol-water system (Bligh
and Dyer, 1959). Neutral lipids were separated into sterol esters, monoacyl-
glycerol, diacylglycerol, and TAG by thin-layer chromatography (TLC) using
silica plates (TLC silica gel 60; 20 3 20 cm; Merck Millipore) developed with
n-hexane:diethyl ether:acetic acid (70:30:1, v/v). After drying, the plate was
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sprayed with 80% (v/v) aqueous acetone containing 0.01% (w/v) primuline.
The amount of TAG was quantified by gas chromatography-mass spectrom-
etry after derivatization to fatty acid methyl esters using heptadecanoic acid
(C17:0) as the internal standard (Chen et al., 2008). Lipid classes were sepa-
rated by two-dimensional TLC, and their contents were quantified by gas
chromatography-mass spectrometry as described previously (Li et al., 2010;
Sakurai et al., 2014).

To estimate the relative amount of neutral lipids, a 200-mL sample of each
N-deficient cell culture was mixed with 5 mL of AdipoRed solution (Lonza) and
incubated for 5 min in the dark to stain neutral lipids. Fluorescence at 485 nm
excitation with a 555-nm emission filter was read using a Fluoroskan Ascent
Microplate Fluorometer (Thermo Fisher Scientific). The neutral lipid-specific sig-
nal was calculated as (AdipoRed fluorescence 2 background fluorescence)/cell
density at 730 nm.

Quantitative Analysis of Starch and Acetate

For quantitative analysis of intracellular starch, cells in 5 mL of culture were
harvested by centrifugation (13,000g for 5 min at 4°C) and then suspended in
ethanol. After boiling for 30 min at 95°C, the suspension was centrifuged (13,000g
for 5 min at 4°C), and the cell pellet was dried. Then, the pellet was boiled with
1 mL of 0.2 M KOH for 30 min. To this extract, 0.2 mL of 1 M acetic acid was added
to adjust the pH to 5.5. The extract was treated with a-amylase and amyloglu-
cosidase using a Total Starch Assay Kit (AA/AMG; Megazyme). After D-Glc
oxidization by Glc oxidase, 1 mol of hydrogen peroxide is released. Levels of
hydrogen peroxide were determined using a colorimetric reaction using peroxi-
dase and the production of a quinoneimine dye (Izumo et al., 2007).

For quantitative analysis of acetate in the culture medium, 1 mL of cell culture
was centrifuged at 4°C for 1 min, and acetate concentration in the supernatants
was measured using enzymatic assays (F-Kit; Roche).

Confocal and Electron Microscopy

Images of stained cells were captured using a Leica TCS SP8 Microscope
(Leica Microsystems). For neutral lipid-specific detection of AdipoRed fluo-
rescence, a 488-nm argon laser was used for excitation, and fluorescence be-
tween 500 and 550 nm and between 705 and 765 nm was detected as
fluorescence from AdipoRed and chlorophyll, respectively. For the measure-
ment of the apparent diameter of LDs, micrographs were analyzed using LAS
AF software (Leica Microsystems).

For electron microscopic analysis, cells were fixed with 2% (v/v) glutaralde-
hyde in 0.1 M phosphate buffer (pH 7.4) at 4°C and postfixed with 2% (w/v)
osmium tetroxide. After fixation, the cells were dehydrated in an ethanol series,
exchanged for propylene oxide, and embedded in epoxy resin (Quetol 812;
Nisshin EM). Ultrathin sections (80 to 90 nm thick) were cut using an ultrami-
crotome (ULTRACUTS; Leica Microsystems) and then stained with 2% (v/v)
aqueous uranyl acetate and lead staining solution. Transmission electron micro-
graphs were captured using a JEM-1200EX at 80 kV (JEOL).

Expression of Recombinant TAR1 Proteins and
Kinase Assays

For kinase assays, recombinant partial proteins (TAR1 and TAR1KD) were
expressed as fusions with a His-Trigger Factor tag from a pCold TF vector
(Takara Bio) in Escherichia coli strain BL21(DE3) pLysS (BioDynamics Laboratory)
and purified using a HisTALON Gravity Column (Takara Bio). For removal of
the His-Trigger Factor tag at the N terminus, the proteins were digested with
HRV 3C protease and purified by binding with cOmplete His-Tag Purification
Resin (Roche).

Kinase assays were carried out as follows. Reaction mixtures containing 80 mM

K-phosphate (pH 7.5), 20 mM MgCl2, 100 mM ATP, 370 kBq of [g-32P]ATP (222
TBq mmol21; Perkin Elmer), 0.5 mg of purified recombinant proteins (TAR1 or
TAR1KD), and substrate protein 0.2 mg of casein (C7078; Sigma), 0.2 mg of MBP
(M1819; Sigma), or 5 mg of histone type III-S (H5505; Sigma) were incubated for
30 min at 30°C and then separated by SDS-PAGE. After staining with Coomassie
Brilliant Blue, the phosphorylated proteins were detected using an imaging an-
alyzer Typhoon FLA7000 (GE Healthcare Life Sciences). Autophosphorylation
assays were performed in the same manner but without substrate.

The nucleotide sequence of the TAR1 gene from this article can be found in
the DNA Data Bank of Japan (DDBJ)/GenBank/European Molecular Biology

Laboratory database under accession number AB971117, and RNA-seq raw
data (Supplemental Data Sets S1–S7) from this article can be found in the
DDBJ Sequenced Read Archive under accession number DRA002413.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Average number and size distribution of LDs
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