
 

The Plant Cell, Vol. 15, 1111–1119, May 2003, www.plantcell.org © 2003 American Society of Plant Biologists

 

PP7 Is a Positive Regulator of Blue Light Signaling in Arabidopsis

 

Simon G. Møller,

 

1,2

 

 Youn-Sung Kim,

 

1

 

 Tim Kunkel,

 

3

 

 and Nam-Hai Chua

 

4

 

Laboratory of Plant Molecular Biology, Rockefeller University, New York, New York 10021-3699

 

The cryptochrome blue light photoreceptors mediate various photomorphogenic responses in plants, including hypocotyl
elongation, cotyledon expansion, and control of flowering time. The molecular mechanism of cryptochrome function in Ara-
bidopsis is becoming increasingly clear, with recent studies showing that both CRY1 and CRY2 are localized in the nucleus
and that CRY2 is regulated by blue light–dependent phosphorylation. Despite these advances, no positive cryptochrome
signaling component has been identified to date. Here, we demonstrate that a novel Ser/Thr protein phosphatase (AtPP7)
with high sequence similarity to the 

 

Drosophila

 

 retinal degeneration C protein phosphatase acts as an intermediate in blue
light signaling. Transgenic Arabidopsis seedlings with reduced AtPP7 expression levels exhibit loss of hypocotyl growth in-
hibition and display limited cotyledon expansion in response to blue light irradiation. These effects are as striking as those
seen in 

 

hy4

 

 mutant seedlings, which are deficient in CRY1. We further demonstrate that 

 

AtPP7

 

 transcript levels are not rate
limiting and that AtPP7 probably acts downstream of cryptochrome in the nucleus, ensuring signal flux through the path-
way. Based on our findings and recent data regarding cryptochrome action, we propose that AtPP7 acts as a positive regu-
lator of cryptochrome signaling in Arabidopsis.

INTRODUCTION

 

Because of their sessile nature, plants need to be extremely
adaptable to light. Not only does light act as an energy source
for photosynthesis, but plants have to monitor the light quality
and quantity input to execute appropriate physiological and de-
velopmental responses. To enable them to do this, plants have
evolved a set of photoreceptors, including the blue/UV A light–
absorbing cryptochromes and the red/far-red light–absorbing
phytochromes, of which the latter are the best understood
(Furuya, 1993; Quail et al., 1995; Neff et al., 2000). Although it
has been demonstrated clearly that phytochromes and crypto-
chromes act together and that there is crosstalk between these
two pathways (Ahmad et al., 1998; Jarillo et al., 2001), little is
known about the cryptochrome signaling pathway(s).

The first molecular genetic breakthrough regarding blue light
signaling in plants came when Ahmad and Cashmore (1993)
isolated the disrupted locus in 

 

hy4

 

, an Arabidopsis mutant
showing loss of hypocotyl growth inhibition in response to blue
light, and showed that 

 

HY4

 

 encodes a blue light receptor pro-
tein, CRY1. CRY1 contains 681 amino acids and has 

 

�

 

30% se-
quence similarity to DNA photolyases (Ahmad and Cashmore,
1993). Although CRY1 is able to bind the chromophore typically
found in photolyases, it has no photolyase activity (Lin et al.,
1995). The notion that additional blue light photoreceptors exist
came from findings demonstrating that 

 

hy4

 

 seedlings are im-

paired only in certain responses (Koornneef et al., 1980; Ahmad
and Cashmore, 1993). A second gene whose product shows

 

�

 

55% similarity to CRY1 at the amino acid level was identified
and was named 

 

CRY2

 

 (Hoffman et al., 1996; Lin et al., 1996).
Like CRY1, CRY2 has no photolyase activity (Hoffman et al.,
1996). The late-flowering Arabidopsis mutant 

 

fha1

 

 has a ge-
netic lesion in 

 

CRY2

 

 (Guo et al., 1998), demonstrating that
CRY2 is involved in sensing daylength.

Recently, it was demonstrated that both CRY1 and CRY2
can be detected in the nucleus (Cashmore et al., 1999; Guo et
al., 1999; Kleiner et al., 1999). It also has been reported that
blue light induces the phosphorylation of Arabidopsis CRY2,
which in turn triggers photomorphogenic responses and protein
degradation. Conversely, in darkness, CRY2 remains unphos-
phorylated in a stable but inactive form (Shalitin et al., 2002).
These results suggest that potential light-dependent protein ki-
nases may be involved in the blue light–dependent activation of
CRY2.

Although our understanding of cryptochrome action is in-
creasing, insight into how the perceived blue light signals are
transduced, leading to morphological responses and altered
gene expression patterns, remains sparse. To date, only one
signaling intermediate, SUB1, has been identified. 

 

SUB1

 

 en-

 

codes an Arabidopsis Ca

 

2

 

�

 

 binding protein (Guo et al., 2001),
and SUB1 deficiency results in hypersensitivity toward blue
light irradiation, indicating that the protein acts as a negative
regulator of the blue light signaling cascade. In addition, SUB1
deficiency results in hypersensitivity toward far-red light, and
genetic studies have shown that SUB1 acts as an integral com-
ponent of blue light signaling and as a modulator of phyto-
chrome signaling. Therefore, SUB1 defines a point of crosstalk
between the two pathways.

To date, no positive signaling component has been identified
in plants involved in cryptochrome action. The novel Ser/Thr
protein phosphatase PP7 (AtPP7) isolated from Arabidopsis
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shows structural features similar to those of the 

 

Drosophila

 

 ret-
inal degeneration C (rdgC) subfamily of protein phosphatases
(Andreeva et al., 1998). Subsequent biochemical studies have
demonstrated that AtPP7 is in fact a Ser/Thr protein phos-
phatase able to bind calmodulin in a Ca

 

2

 

�

 

-dependent manner
(Kutuzov et al., 2001). Moreover, AtPP7 has been shown to be
a nuclear protein (Andreeva and Kutuzov, 2001).

Because protein phosphorylation plays an important role in
cryptochrome activation in response to blue light irradiation
(Shalitin et al., 2002), it is reasonable to assume that protein de-
phosphorylation has equally important regulatory functions
(Luan, 1998). Indeed, it has been shown that the human blue
light photoreceptor hCRY2 interacts with Ser/Thr protein phos-
phatase 5 and that hCRY2 modulates the phosphatase activity
(Zhao and Sancar, 1997). Here, we demonstrate that the Ser/
Thr protein phosphatase AtPP7 represents a positive regulator
and signaling component of cryptochrome signal transduction.
Our results suggest that this nucleus-localized Ser/Thr phos-
phatase probably acts downstream but in concert with crypto-
chrome in the nucleus to activate blue light signaling. These
findings represent an example of a positive regulator of crypto-
chrome signal transduction.

 

RESULTS

Generation of Transgenic Plants Deficient for AtPP7 and 
Initial Characterization

 

To dissect the functional role of AtPP7 in plants, we generated
transgenic Arabidopsis plants containing an antisense 

 

AtPP7

 

transgene. To this end, we initially amplified a full-length Arabi-
dopsis 

 

AtPP7

 

 cDNA followed by further amplification of the
311-bp 5

 

�

 

 end of the 

 

AtPP7

 

 cDNA fragment. This smaller frag-
ment (nucleotides 116 to 426) was used to construct a binary
vector containing the 

 

AtPP7

 

 5

 

�

 

 fragment in the antisense orien-
tation transcribed from the 35S promoter of 

 

Cauliflower mosaic
virus 

 

(Figure 1A). We selected the 5

 

�

 

 region of 

 

AtPP7

 

 because
of the relatively low sequence similarity in this region. In addi-
tion, the use of a short antisense transcript enables the simulta-
neous detection of both the endogenous 

 

AtPP7

 

 transcript and
the 

 

AtPP7

 

 antisense transcript by RNA gel blot analysis. The
resulting construct was transformed into Arabidopsis ecotype
Columbia (Col), and T1 seedlings were selected for further
analysis. During the T1 selection process, we observed a high
proportion (

 

�

 

20%) of Basta-resistant seedlings exhibiting loss
of hypocotyl growth inhibition under white light conditions.
Transgenic seedlings exhibiting both elongated hypocotyls and
normal wild-type hypocotyl length were analyzed further in the
T2 generation, revealing elongated hypocotyls as observed in
the T1 generation.

To ensure that the observed phenotype correlated with a re-
duction of endogenous 

 

AtPP7

 

 transcript, total RNA was har-
vested from leaf tissue from four transgenic lines (L4, L5, L6,
and L7) showing elongated hypocotyls and from two transgenic
lines (S1 and S2) showing wild-type-length hypocotyls. Leaf tis-
sue was used because of the higher 

 

AtPP7

 

 transcript levels in
this part of wild-type plants (Figure 1D). After RNA gel blot anal-

ysis using the antisense 

 

AtPP7

 

 cDNA as a probe, we observed
a clear reduction in endogenous 

 

AtPP7

 

 transcript levels in all
four long-hypocotyl transgenic lines tested compared with the
wild type (Figure 1B), with virtually undetectable endogenous

 

AtPP7

 

 transcript. By contrast, transgenic seedlings with wild-

Figure 1. Molecular Analysis of Arabidopsis AtPP7 Antisense Plants
and Tissue-Specific Expression Profiles.

(A) Scheme of the AtPP7 antisense fragment used to generate AtPP7
antisense transgenic Arabidopsis plants. CaMV, Cauliflower mosaic vi-
rus; NOS, nopaline synthase.
(B) The top gel shows the analysis of AtPP7 transcript levels. The RNA
gel blot was probed with the AtPP7 antisense cDNA fragment. Note the
presence of the endogenous AtPP7 transcript in wild-type Columbia
(WT) plants and in two wild-type-length hypocotyl transgenic seedlings
(S1 and S2) and the lack of endogenous AtPP7 transcript in four inde-
pendent long-hypocotyl transgenic Arabidopsis seedlings (L7, L6, L5,
and L4) harboring the construct shown in (A). The presence of the anti-
sense AtPP7 transcript is indicated. The bottom gel shows the stained
RNA gel with rRNA bands as loading controls.
(C) RNA gel blot analysis using the membrane shown in (A) probed with a
genomic region homologous with AtPP7 demonstrating no changes in
transcript level between wild-type Columbia (WT) and transgenic seedlings.
(D) Tissue-specific expression of AtPP7. The RNA gel blot was probed with
the full-length AtPP7 cDNA. Note that AtPP7 is highly expressed in leaves.



 

PP7, a Positive Regulator of Blue Light Signaling 1113

 

type-length hypocotyls (S1 and S2) showed a much less severe
reduction in endogenous 

 

AtPP7

 

 transcript levels (Figure 1B).
To ensure that the observed antisense effect was the result

of a true deficiency of 

 

AtPP7

 

 transcript and not of spurious hy-
bridization events to other RNA species, we scanned the Arabi-
dopsis genome for regions homologous with the 

 

AtPP7

 

 antisense
fragment. From this analysis, we found two short genomic regions
(region 1, 29 bp, chromosome I; region 2, 108 bp, chromosome
V) with similarity (95 and 84%, respectively) to the 

 

AtPP7

 

 anti-
sense fragment. We amplified these two regions in addition to
some flanking sequence using PCR and used the amplified
products as probes on the same RNA gel blot shown in Figure
1B. This analysis revealed that only one of the homologous re-
gions was part of an open reading frame. Moreover, the tran-
script level of this open reading frame did not vary between the
wild-type and the 

 

AtPP7

 

 antisense transgenic lines (Figure 1C).
From this analysis, it was clear that the reduction of endoge-
nous 

 

AtPP7

 

 transcript levels correlates with the loss of hypo-
cotyl growth inhibition in response to white light irradiation.

 

AtPP7 Deficiency Results in Loss of Hypocotyl Growth 
Inhibition and Cotyledon Opening in Response to Blue 
Light Irradiation

 

To further examine the effect of 

 

AtPP7

 

 deficiency on hypocotyl
elongation, we analyzed the wavelength specificity of the ob-
served long-hypocotyl phenotype. We subjected two indepen-
dent transgenic Arabidopsis lines with reduced 

 

AtPP7

 

 expres-
sion (L5 and L7) to darkness and high-fluence blue light, red
light, far-red light, and white light irradiation for 4 to 5 days. As
a control, we used transgenic seedlings containing the empty
binary vector (pBA002), which in our analysis behaved like wild-
type seedlings. Our results showed no significant difference in
hypocotyl elongation between vector control seedlings and L5
and L7 AtPP7-deficient seedlings in darkness or when treated
with high-fluence far-red or red light (Figure 2A). As described
above, we observed a twofold increase in hypocotyl elongation
in response to white light irradiation in L5 and L7 seedlings
compared with vector control seedlings (Figure 2). Interestingly,
in response to blue light irradiation (12 

 

�

 

mol·m

 

�

 

2

 

·s

 

�

 

1

 

), L5 and
L7 seedlings showed a striking loss of hypocotyl growth inhibi-
tion, with an approximately threefold increase in hypocotyl
elongation compared with vector control seedlings (Figure 2).

To expand these findings, we tested two additional long-hypo-
cotyl transgenic lines (L4 and L6) and two wild-type-length
hypocotyl transgenic lines (S1 and S2) in response to blue light
treatment. This analysis showed that the severity of the ob-
served hypocotyl phenotype (Figure 2B) correlated with the
level of endogenous AtPP7 transcript (Figure 1B). The observed
blue light hypocotyl phenotype prompted us to compare the re-
sponse of 

 

CRY1

 

-deficient 

 

hy4-1

 

 seedlings and AtPP7-deficient
seedlings grown under blue light and white light. In this analy-
sis, AtPP7-deficient seedlings showed similar hypocotyl length
to 

 

hy4-1

 

 seedlings under white light conditions and in response
to blue light irradiation (Figure 2C). To ensure that our seed
stocks were not contaminated with 

 

hy4-1

 

 seeds or that the
transgenic plants had a 

 

CRY1

 

 mutation, we sequenced the

 

CRY1

 

 gene in our transgenic plants and found that the 

 

CRY1

 

nucleotide sequence was identical to that in wild-type Arabi-
dopsis.

We also analyzed the effect of AtPP7 deficiency on cotyle-
don opening, because impaired blue light signaling in 

 

CRY

 

-
deficient seedlings has a marked effect on cotyledon size. As
expected, similar to 

 

hy4-1

 

 seedlings, transgenic seedlings defi-
cient for 

 

AtPP7

 

 expression had smaller cotyledons than wild-
type seedlings in response to blue light irradiation (Figure 3A).
The difference in cotyledon size between wild-type seedlings
and CRY1- or AtPP7-deficient seedlings was less striking in
white light (Figure 3A). We also analyzed the effect of blue light
irradiation on cotyledon expansion and found that AtPP7-defi-
cient seedlings had between 50 and 70% closed cotyledons
compared with vector control seedlings, which had 

 

�

 

90% open
cotyledons (Figure 3B). Thus, it is clear that AtPP7 deficiency in
Arabidopsis results in the impairment of blue light signaling
events, leading to loss of hypocotyl growth inhibition and coty-
ledon expansion in response to blue light irradiation. This find-
ing suggests that AtPP7 is a positive regulator of blue light sig-
naling in Arabidopsis.

 

AtPP7 Levels Are Not Rate Limiting in Response to Blue 
Light Irradiation

 

Because AtPP7 deficiency results in insensitivity to blue light ir-
radiation, we analyzed whether increased levels of AtPP7 re-
sults in hypersensitivity. We generated a binary vector contain-
ing the full-length 

 

AtPP7

 

 cDNA under the control of the 35S
promoter of 

 

Cauliflower mosaic virus

 

. After transformation into
Arabidopsis ecotype Col, we selected several T1 transgenic
seedlings and performed RNA gel blot analysis using the 

 

AtPP7

 

cDNA as a probe. We identified five transgenic lines showing
increased 

 

AtPP7

 

 transcript levels, and two of these overex-
pressing lines (PP7-20 and PP7-27; Figure 4) were analyzed for
hypersensitivity in the subsequent T2 generation. We found that
increased levels of 

 

AtPP7

 

 had no effect on hypocotyl length in
response to low-fluence (0.6 

 

�

 

mol·m

 

�

 

2

 

·s

 

�

 

1

 

) blue light irradia-
tion (Figure 4B). However, under low fluences of blue light, the
signal flux through the CRY1 pathway may not be sufficient to
evoke hypersensitivity. Thus, we also analyzed hypocotyl lengths
in response to higher blue light fluences (12 

 

�

 

mol·m

 

�

 

2

 

·s

 

�

 

1

 

),
which also had no effect on hypocotyl length (data not shown).
These findings indicate that in wild-type plants AtPP7 is
present at sufficiently high levels so that it is not rate limiting for
blue light signaling.

 

AtPP7 Deficiency Results in the Attenuation of
Light-Regulated Gene Expression

 

It has been demonstrated that cryptochromes mediate the gen-
eral light regulation of gene expression (Lin, 2002). In view of
this finding, we analyzed the effect of AtPP7 deficiency on ex-
pression levels of several light-regulated transcripts in re-
sponse to white light and blue light irradiation. Wild-type and
AtPP7-deficient seedlings (L4 and L5) were exposed to white
light and blue light for 6 and 12 h followed by RNA gel blot anal-
ysis. In 

 

CRY1

 

-deficient seedlings (

 

hy4

 

), we found that AtPP7
deficiency resulted in a clear attenuation of chalcone synthase
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(

 

Chs

 

) expression in response to 6 and 12 h of both white light
and blue light irradiation compared with wild-type seedlings
(Figure 5B). In L4 and L5 seedlings, the attenuation in blue light
was more severe than that in white light conditions, in which
only limited reduction was found in response to 12 h of white
light treatment (Figure 5A), similar to the effect seen in 

 

hy4

 

seedlings (Figure 5B). In addition, we observed a clear reduc-

tion of ribulose-1,5-bisphosphate carboxylase small subunit
(

 

Rbcs

 

) and chlorophyll 

 

a

 

/

 

b

 

 binding protein (

 

Cab

 

) expression af-
ter 12 h of blue light treatment compared with the wild type
(Figure 5A). However, in response to white light treatment, no
attenuation was observed (Figure 5A), a finding different from
that seen in 

 

hy4

 

 seedlings, which showed a reduction in 

 

Cab

 

expression under white light conditions (Figure 5B).

Figure 2. Phenotypic Analysis of AtPP7-Deficient Arabidopsis Seedlings in Response to Different Light Treatments.

(A) Hypocotyl lengths of vector control seedlings (pBA002) and two AtPP7 antisense transgenic Arabidopsis seedlings (L5 and L7) in darkness (D) and
in response to blue (B; 12 �mol·m�2·s�1), white (W; 32 �mol·m�2·s�1), red (R; 25 �mol·m�2·s�1), and far-red (FR; 4.4 �mol·m�2·s�1) light irradiation.
n � 30, and standard error bars are shown.
(B) Hypocotyl lengths of wild-type (WT) and six AtPP7 antisense transgenic Arabidopsis seedlings (S1, S2, L4, L5, L6, and L7) in response to blue light
irradiation. The fluence rate of blue light is the same as in (A). Col was used as a wild-type control.
(C) Hypocotyl lengths of AtPP7-deficient seedlings and CRY1-deficient (hy4) seedlings in response to white light (WL) and blue light irradiation. Flu-
ence rates of blue and white light are the same as in (A). Col was used as a wild-type control for AtPP7-deficient seedlings, and Landsberg erecta
(Ler) was used as the wild-type control for hy4. Bars � 1 mm.
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These results suggest a disruption in the cryptochrome sig-
naling cascade slightly different from those observed in crypto-
chrome-deficient mutants. Cryptochromes have been shown to
regulate the expression of chloroplast genes, such as psbD
(Thum et al., 2001). This regulation is mediated indirectly
through the regulation of nucleus-encoded � factors, such as
Sig5, which exhibits blue light–specific transcript induction
(Tsunoyama et al., 2002). To determine whether AtPP7 defi-
ciency affects chloroplast gene expression, we analyzed Sig5
transcript levels. As excepted, we found that in response to blue
light treatment, Sig5 was clearly induced in wild-type seedlings,
whereas in AtPP7-deficient seedlings, Sig5 levels were re-
duced after 12 h of blue light treatment (Figure 5A). In response
to white light treatment, virtually no effect on Sig5 expression
was observed in AtPP7-deficient seedlings (Figure 5A). We also
analyzed CRY1 and CRY2 transcript levels in response to white
light and blue light and found no significant differences be-
tween wild-type, L5, and L7 seedlings (Figure 5), demonstrating
that AtPP7 probably resides downstream of both CRY1 and
CRY2.

Together, our data demonstrate that AtPP7 acts as a compo-
nent of blue light signaling, ensuring the appropriate regulation
of gene expression.

DISCUSSION

The blue/UV A light–perceiving cryptochromes and the red/far-
red light–perceiving phytochromes are the main photore-

ceptors in plants that mediate light-regulated growth and de-
velopment (Kendrick and Kronenberg, 1994; Quail et al., 1995).
Although the molecular and cell biological mechanisms of phy-
tochrome signaling are being elucidated (Møller et al., 2002),
signal transduction downstream of plant cryptochrome still re-
mains largely unclear. To our knowledge, no positive compo-
nent of cryptochrome signaling in plants has been identified to
date. Our studies reveal the involvement of a novel Ser/Thr pro-
tein phosphatase as a positive regulator of blue light signaling
in Arabidopsis.

Arabidopsis Ser/Thr Protein Phosphatase Acts as a 
Positive Regulator of Blue Light Signaling

AtPP7 was identified initially as a novel Ser/Thr protein phos-
phatase from Arabidopsis showing limited amino acid similarity
(�30%) to other phosphatases (Andreeva et al., 1998). Interest-
ingly, AtPP7 displays remarkable structural similarity to the protein
phosphatase identified from the Drosophila rdgC mutant (Steele et
al., 1992), showing a unique structure among PPP family mem-
bers. Fruit fly PP7, human PP7 (Huang and Honkanen, 1998),
and AtPP7 contain two putative Ca2� binding EF hands down-
stream of the phosphatase catalytic domain. This is different
from the PP2B family of phosphatases, which exhibits Ca2�

binding through the B regulatory subunit and calmodulin. De-
spite these differences, there is evidence that AtPP7 can bind
calmodulin, albeit weakly, in a Ca2�-dependent manner (Kutuzov
et al., 2001). However, Kutuzov et al. (1998) reported that the

Figure 3. Cotyledon Expansion and Size of AtPP7-Deficient Seedlings in Response to White Light and Blue Light Irradiation.

(A) White light (WL; 32 �mol·m�2·s�1) or blue light (12 �mol·m�2·s�1) was given for 5 days. Col was used as a wild-type control for AtPP7-deficient
seedlings, and Landsberg erecta (Ler) was used as the wild-type control for hy4. n � 20. Bars � 0.1 mm.
(B) Cotyledon opening of empty vector–transformed and AtPP7-deficient Arabidopsis seedlings after 5 days of blue light (12 �mol·m�2·s�1) irradia-
tion. Thirty to 40 seedlings were measured for each data point.
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phosphatase activity of recombinant AtPP7 is stimulated by
Mn2� and not by Ca2�, an observation confirmed by us (data
not shown). It is clear from these studies that some information
exists concerning the biochemical properties of this novel
AtPP7 phosphatase, although the role of this protein in plants
remains unknown.

In light of this fact and to dissect the functional role of AtPP7
in Arabidopsis, we generated transgenic plants harboring an
AtPP7 antisense construct. Molecular analysis identified sev-
eral transgenic lines with reduced AtPP7 transcript levels (Fig-
ure 1B). We demonstrated that all of these plants exhibited loss
of hypocotyl growth inhibition, primarily in response to blue
light irradiation but also in response to white light conditions,
and that the severity of the observed insensitivity correlated
with the slight fluctuations of endogenous AtPP7 transcript lev-
els (Figure 2B). This insensitivity towards blue light irradiation
was similar to that in CRY1-deficient hy4 seedlings (Figure 2C),
indicating a severe impairment of blue light signaling. Although
one concern could be possible hy4 seed contamination in our
transgenic seed stocks or a mutation in the CRY1 gene itself,
we have several lines of evidence against these possibilities.
First, only a fraction of Basta-resistant T1 seedlings showed the
long-hypocotyl phenotype. Second, the long-hypocotyl pheno-
type segregated at the T2 generation. Third, the phenotype var-
ied in severity between independent transgenic lines. Fourth,
the CRY1 nucleotide sequence in our transgenic plants was
identical to that in wild-type Arabidopsis seedlings. Confocal

microscopy further verified that the loss of hypocotyl growth in-
hibition was attributable to hypocotyl cell expansion, as seen in
hy4 (data not shown). In addition, we also observed a large pro-
portion of AtPP7-deficient seedlings with closed cotyledons in
response to blue light irradiation, another phenotype similar to
that observed in hy4 seedlings (Figure 3). Our results indicate
that AtPP7 acts as a positive regulator of blue light signaling in
Arabidopsis, because a reduction in AtPP7 expression levels
resulted in decreased signal flux.

Although no positive regulator of blue light signaling has
been isolated to date, the Arabidopsis SUB1 protein has been
shown to act as a negative regulator downstream of CRY1 and
CRY2 (Guo et al., 2001). Interestingly, SUB1 is a Ca2� binding
protein that has two EF hands at the C-terminal region, similar
to AtPP7. SUB1 deficiency in Arabidopsis results in hypersensi-
tivity toward both blue and far-red light, suggesting that SUB1
acts as a signaling component downstream of cryptochrome
but as a modulator of phytochrome A signaling (Guo et al.,
2001). These results suggest that SUB1 defines a point of
crosstalk between cryptochrome and phytochrome. By con-
trast, our findings here demonstrate that AtPP7 deficiency has
no effect on hypocotyl elongation or cotyledon expansion in re-
sponse to monochromatic red or far-red light (Figure 2). There-
fore, AtPP7 represents a true blue light–specific signaling com-
ponent.

AtPP7 Is a Nuclear Protein That Acts Downstream of 
Cryptochrome to Mediate Blue Light Signaling Events

Because cryptochromes are largely localized to the nucleus in
darkness and translocated to the cytosol in response to blue
light (Guo et al., 1999; Kleiner et al., 1999), early signaling
events may occur in the nucleus. We found that AtPP7 is local-
ized to the nucleus in darkness and in response to blue light ir-
radiation (data not shown), confirming and extending the find-
ings of Andreeva and Kutuzov (2001). The finding that AtPP7 is
a constitutively nuclear Ser/Thr protein phosphatase suggested
that AtPP7 might function early in the signaling pathway during
the dark phase. To test this possibility, we used yeast two-hybrid
assays to determine whether AtPP7 interacts physically with
cryptochrome. Our results showed that AtPP7 did not interact
with CRY1 (data not shown), implying that AtPP7 probably acts
physically independently of cryptochrome in the nucleus.

Recently, Shalitin et al. (2002) demonstrated that in response
to blue light, CRY2 becomes phosphorylated, leading to activa-
tion and photomorphogenic responses. The blue light–induced
phosphorylation also marks CRY2 for degradation, which may
be involved in photoreceptor desensitization. Our data suggest
that AtPP7 ensures signal flux through the pathway by dephos-
phorylation in response to blue light irradiation. It is possible
that AtPP7 dephosphorylates a nuclear signaling intermediate
and by doing so activates this intermediate to sustain and am-
plify blue light signals. Based on the hypocotyl growth inhibition
studies (Figure 2) and the gene expression analysis of light-reg-
ulated genes (Figure 5), AtPP7 is probably not involved in the
primary response to blue light. AtPP7 may not act only as a
simple positive signaling component but also may act as an im-
portant signaling checkpoint to fine-tune the signal flux down-

Figure 4. Overexpression of AtPP7 in Transgenic Arabidopsis Plants.

(A) RNA gel blot probed with the full-length AtPP7 cDNA showing two
transgenic Arabidopsis lines (PP7-20 and PP7-27) exhibiting AtPP7
overexpression. WT, wild type.
(B) Hypocotyl lengths of wild-type (Col) and AtPP7-overexpressing Ara-
bidopsis lines PP7-20 and PP7-27 in response to low-fluence blue light
irradiation (0.6 �mol·m�2·s�1). n � 30 and standard error bars are
shown.
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stream of cryptochrome. One way of addressing this issue is to
identify AtPP7-interacting proteins; these studies are under
way at present.

Conclusions

In conclusion, we have identified a positive regulator of crypto-
chrome signaling in plants. We have shown that AtPP7, a Ser/
Thr protein phosphatase, acts as a nucleus-localized signaling
component that probably acts downstream of but in concert
with cryptochrome in response to blue light irradiation. Our re-
sults suggest that AtPP7 ensures signal flux in response to blue
light irradiation by possible dephosphorylation of a nuclear sig-
naling intermediate. The nature of this dephosphorylation event
and the nature of the target intermediate remain to be eluci-
dated, representing exciting future challenges.

METHODS

Plant Material and Plant Transformation

Arabidopsis thaliana ecotypes Columbia (Col) and Landsberg erecta
were used for all experiments. Both wild-type and transgenic plants
were propagated in an identical manner. Surface-sterilized seeds were
sown on Murashige and Skoog (1962) (MS) medium and placed at 4�C in
darkness for 2 to 4 days followed by germination under continuous white
light at 22�C. Seedlings then were transferred to 8-h-light/16-h-dark cy-
cles at 22�C or transferred to soil and grown under standard greenhouse
conditions. Transgenic Arabidopsis plants were generated using the

Agrobacterium tumefaciens–mediated floral-dip method (Clough and
Bent, 1998), and primary transformants were selected on 15 �g/mL DL-
phosphinotricin (Basta; Research Products International, Mount Prospect,
IL) and transplanted onto fresh MS medium or soil.

Cloning of AtPP7 and Generation of AtPP7 Antisense and 
Overexpression Plants

A full-length AtPP7 cDNA (1242 bp) was isolated by reverse tran-
scriptase–mediated PCR (ProStar; Stratagene) from total RNA (RNeasy
Plant Mini Kit; Qiagen, Valencia, CA) and Pwo DNA polymerase (Roche
Diagnostics, Indianapolis, IN) using the primer pair PP7/5 (5�-TACTCG-
AGATGGAAACTGTTCCACCATCTCCC-3�) and PP7/3 (5�-ATACTAGTT-
CAGCTATTTGGTTGTTCGTTATTGG-3�) (incorporated XhoI and SpeI re-
striction sites are underlined). The PCR product was cloned into
pCRScript (Stratagene) and subjected to DNA sequencing. For the anti-
sense construct, a 311-bp AtPP7 5� fragment was amplified by PCR (nu-
cleotides 116 to 426) from the full-length cDNA using primers PP7A/5
(5�-TAACTAGTCCCAGTTACCTTCACTATTGCC-3�) and PP7A/3 (5�-
ATCTCGAGGAGTAGGTAGACTCTGTCC-3�) (incorporated XhoI and SpeI
restriction sites are underlined) followed by cloning into pBA002 (Kost et
al., 1998) in the antisense orientation under the control of the 35S pro-
moter of Cauliflower mosaic virus (CaMV). For the overexpression con-
struct, the full-length AtPP7 cDNA was subcloned into pBA002 (Kost et
al., 1998). The resulting constructs were transformed into Arabidopsis
ecotype Col as described above.

RNA Gel Blot Analysis

Total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen), and
all RNA gel blots contained 10 �g of total RNA. For analysis of AtPP7 an-

Figure 5. RNA Gel Blot Analysis of Light-Regulated Genes in Response to White Light and Blue Light Irradiation.

(A) RNA samples were collected from wild-type Col seedlings (WT) and from two transgenic Arabidopsis lines deficient for AtPP7 (L4 and L5) in dark-
ness (D), in response to 6 and 12 h of blue light irradiation (25 �mol·m�2·s�1) (B 6h and B12h), and in response to 6 and 12 h of white light irradiation
(32 �mol·m�2·s�1) (WL 6h and WL 12h). The same membrane was probed with Rbcs, Cab, Chs, Sig5, CRY1, and CRY2. 18S rRNA was used as a
loading control.
(B) RNA samples were collected from wild-type Landsberg erecta (WT) and hy4 seedlings in darkness and in response to 6 and 12 h of both white
light and blue light irradiation (abbreviations as in [A]). The same membrane was probed with Chs, Sig5, CRY1, and CRY2. 18S rRNA was used as a
loading control.
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tisense plants, RNA gel blots were hybridized to the randomly primed 32P
antisense cDNA fragment. For analysis of antisense specificity, the same
RNA gel blot described above was hybridized to two randomly primed
32P probes represented by nucleotides 75,322 to 75,430 on P1 clone
MSJI (chromosome I) and nucleotides 29,782 to 29,852 on BAC T7A14
(chromosome V). For analysis of AtPP7-overexpressing plants and for
tissue-specific expression in wild-type plants, RNA gel blots were hy-
bridized to the randomly primed 32P full-length AtPP7 cDNA. RNA gel
blots containing 5 �g of total RNA from vector-transformed and AtPP7
antisense seedlings were hybridized to 32P-labeled cDNA probes encod-
ing Chs, Cab, Rbcs, Sig5, and CRY1. DNA probes of Chs, Cab, and Rbcs
were as described elsewhere (Genoud et al., 1998; Møller et al., 2001).
The Sig5 probe represented a 459-bp fragment described by
Tsunoyama et al. (2002). The CRY1 probe represented a 578-bp frag-
ment of the CRY1 3� end that was not homologous with CRY2. The
CRY2 probe represented a 384-bp fragment of the 3� end of CRY2 that
was not homologous with CRY1.

Analysis of AtPP7 Localization

The full-length AtPP7 cDNA was amplified by PCR, removing the stop
codon and incorporating XhoI and KpnI restriction sites (underlined), us-
ing the primer combination PP7/5 (5�-TACTCGAGATGGAAACTGTTC-
CACCATCTCCC-3�) and PP7/GFP3 (5�-TAGGTACCGCTATTTGGTTGT-
TCGTTATTGG-3�). The amplified fragments were subjected to DNA
sequencing and cloned into pGFP2 (Kost et al., 1998) under the control
of the CaMV 35S promoter as a translational fusion to the N terminus of
green fluorescent protein (GFP), generating the construct pGFP2/AtPP7.
The resulting construct was introduced into onion epidermal cells by
particle bombardment (Kost et al., 1998) and analyzed for GFP fluores-
cence using a Zeiss Axioskop microscope (Jena, Germany). For Arabi-
dopsis transformations, the entire CaMV 35S/AtPP7/GFP cassette was
subcloned into a promoterless version of the binary vector pBA002 (Kost
et al., 1998) and transformed into wild-type Arabidopsis (Col) plants as
described above. Positive transgenic T1 and T2 seedlings were irradi-
ated with blue light for 48 h (11 �mol·m�2·s�1) or kept in darkness and
analyzed for GFP fluorescence as described above.

Phenotypic Analysis

Wild-type, vector-transformed, AtPP7 antisense, and hy4-1 seeds were
surface-sterilized and sown on MS plates without sucrose. Seeds were
incubated at 4�C in darkness for 4 days, followed by irradiation with con-
tinuous white light for 1 h (for experiments in blue light, red light, and
darkness) or 1 day (for the far-red light experiment) to promote germina-
tion. Seedlings were grown for 4 to 5 days at 22�C in darkness and under
far-red, red, blue, and white light followed by hypocotyl length and cotyle-
don expansion measurements. Wide-spectrum fluorescent bulbs
(model GRO-LUX F96T12/GRO; Sylvania, Danvers, MA) were used for
continuous light treatment. The usual white light fluence rate was 32
�mol·m�2·s�1. Continuous red light was provided by red light bulbs
(model 660 F48T12/2364/VHO; Sylvania) filtered through one layer of
Plexiglas (No. 2793; Atohaas North America, Philadelphia, PA), with a
fluence rate of 25 �mol·m�2·s�1. Continuous far-red light (output of light
bulbs; model F48T12/232/VHO; Sylvania) was filtered through one layer
of Plexiglas (No. 067894; West Lake Plastics, Lenni, PA) and had a flu-
ence rate of 4.4 �mol·m�2·s�1. Continuous blue light was provided by
F20T12-B fluorescent bulbs (General Electric, Fairfield, CT) and filtered
through one layer of Plexiglas (No. 2424; Dayton Plastics, Columbus,
OH); the fluence rate under the filter was 12 �mol·m�2·s�1 or 0.6
�mol·m�2·s�1. Cotyledon sizes were measured using a confocal micro-
scope (Carl Zeiss laser scanning microscope) and Carl Zeiss LSM soft-
ware. Each sample contained 30 to 40 seedlings.

Upon request, all novel materials described in this article will be made
available in a timely manner for noncommercial research purposes.

Accession Numbers

Accession numbers for the sequences mentioned in this article are
AJ000057 (AtPP7), AC005322.2 (region 1, chromosome I), and AB008268.1
(region 2, chromosome V).
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