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Comparative Proteomic Analysis of Blue Light Signaling
Components in the Arabidopsis Cryptochrome 1 Mutant
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An Arabidopsis hy4 mutant that is specifically impaired
in its ability to undergo blue light dependent photomorphogenesis was used to identify cryptochrome 1
signaling-related components. Proteomic analysis revealed about 205 differentially expressed protein spots
in the blue light-irradiated hy4 mutant compared to the
wild-type. The proteins corresponding to 28 upregulated and 33 down-regulated spots were identified.
Obvious morphological changes in the hy4 mutant were
closely related to the expression of various transcription
factors. Our findings suggest that blue light signals may
be involved in many cellular processes including disease
resistance and stress responses.
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Introduction
Plant growth and development are regulated in response
to various environmental signals, and light is particularly
important in this regard as an environmental cue during
plant development. The light signals that occur in nature
are complex due to their different properties, intensities
and duration. Sunlight can be divided into three large
spectral domains based on photon wavelength: UV (< 400
nm), visible (400 to 700 nm), and far-red (> 700 nm)
(McNellis et al., 1995). Although higher plants utilize
visible light for photosynthesis, they also sense and respond to a much wider range of wavelengths during development, including UV and far-red light, using several
families of photoreceptors. These photoreceptors coordinately control seedling establishment, entrainment of the
circadian clock, and the transition from vegetative to
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reproductive growth (Chen et al., 2004).
Cryptochromes are blue light photoreceptors that function as photosensory receptors mediating light regulation of
growth and development in plants (Lin et al., 2003) and
circadian rhythm in mammals (Park et al., 2004). In Arabidopsis, cryptochrome 1 controls various photomorphogenic
responses such as hypocotyl elongation and cotyledon expansion and opening (Lin et al., 2002). Blue light is also an
effective inhibitor of hypocotyl elongation, but induces
cotyledon expansion (McNellis et al., 1995). The blue light
receptors, products of the HY4 genes, have been characterized at the molecular level (Ahmad et al., 1993). Mutations
at the HY4 locus decrease sensitivity to blue light, and result in the dramatic long-hypocotyl phenotype (Koornneef
et al., 1980) and a marked decrease in cotyledon expansion
(Blum et al., 1994). The N-terminal half of the HY4 protein
is highly homologous to bacterial DNA photolyases, enzymes activated by blue/UV-A light that repair pyrimidine
dimers induced by UV-B light (Ahmad et al., 1993;
Christie et al., 2001). However, plant cryptochromes lack
any DNA photolyase activity and function only during
development (Cashmore et al., 1999). Recombinant HY4
protein produced in insect cells associated with flavin adenine dinucleotide (Lin et al., 1995a), and the overexpression of this protein caused a short hypocotyl phenotype
specifically in blue light conditions (Lin et al., 1995b).
Recent microarray and Northern blot analyses have
shown that many genes are differently regulated under different light conditions. Microarray-based PCR amplicons
Abbreviations: 2-DE, 2-dimensional electrophoresis; CHAPS, 3[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate;
CHCA, alpha-cyano-4-hydroxycinnamic acid; DTT, dithiothreitol; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid;
IEF, isoelectric focusing; IPG, Immobilized pH gradient; MALDITOF MS, matrix-assisted laser desorption/ionisation time-offlight mass spectrometry; MES, 4-morpholineethanesulfonic acid;
PCR, polymerase chain reaction; PMSF, phenylmethylsulphonylfluoride; TFA, trifluoroacetic acid.
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of Arabidopsis transcription factor genes have also been
used to profile global expression patterns in seedlings in
response to specific light regulation (Jiao et al., 2003).
However, the identities of the blue light signaling proteins,
and their downstream components, are still largely unknown. To identify these factors we have analyzed the
Arabidopsis proteome involved in cryptochrome 1-related
blue light signaling.

Materials and Methods
Plant materials and light treatments Seeds of wild-type
Arabidopsis thaliana Landsberg erecta (Ler) and its corresponding hy4 mutants were sterilized with 20% commercial chlorox
bleach and 0.0035% Triton X-100 for 5 min, and rinsed three
times with sterile distilled water. Sterilized seeds were plated on
Gamborg’s B-5 (Gibco, USA) medium containing 0.05% MES,
0.8% agar, and 0.005% carbenicillin to prevent bacterial growth,
and placed at 4°C for two days. Plants were then grown under
dark conditions at 23°C for five days and transferred to continuous blue light (14.2 μmol m−2 s−1) for a further five days. Tenday-old wild-type and hy4 mutant seedlings grown throughout
in the dark were used as controls.
Total protein extraction Proteins were prepared as previously
described (Phee et al., 2003) with minor modifications. Briefly,
two grams of Arabidopsis seedlings were harvested for each
condition and immediately frozen in liquid nitrogen. The frozen
seedlings were finely ground with a pre-cooled mortar and 10
ml of homogenization buffer [15 mM HEPES (pH 7.6), 40 mM
KCl, 5 mM MgCl2, 1 mM DTT, 0.1 mM PMSF] was added to
the ground seedling powder. This was followed by drop-wise
addition of 1 ml of 4 M ammonium sulfate solution with stirring
at 4°C. The particulate matter was pelleted by centrifugation at
65,000 × g for 30 min at 4°C. The supernatant was filtered
through a Miracloth, and proteins were precipitated by slowly
adding solid ammonium sulfate (0.33 g · ml−1) with gentle stirring for 30 min at 4°C. Protein pellets were collected by centrifugation at 37,250 × g for 30 min at 4°C and resuspended in
40 μl of resuspension buffer [20 mM HEPES (pH 7.6), 40 mM
KCl, 1 mM DTT, 0.5 mM PMSF, 0.1 mM EDTA, 10% glycerol]
and dialyzed for three hours at 4°C in 500 ml of dialysis buffer
[20 mM HEPES (pH 7.6), 40 mM KCl, 1 mM DTT, 0.5 mM
PMSF, 0.1 mM EDTA, 5 mM 2-mercaptoethanol, 10% glycerol].
This desalting step is important for the separation of proteins
during isoelectric focusing (IEF). The dialyzed proteins were
quantified using a BCA protein assay kit (Pierce, USA) and
stored in 50 μl aliquots at −80°C.
IEF and 2-DE analysis IEF and 2-DE were carried out as previously reported (Phee et al., 2004) with some modifications.
Briefly, protein samples in lysis buffer were incubated at room
temperature for over an hour for full denaturation, and mixed
with rehydration solution [8 M urea, 2% CHAPS, 0.5% IPG
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buffer (Amersham Biosciences), 0.28% DTT, and a trace of
bromophenol blue]. For IEF, immobilized strip gels (pH 4−7 L,
24 cm, Amersham Biosciences) were used to separate 500 μg of
proteins. IEF was carried out at 20°C with IPGphor (Amersham
Biosciences) and performed using full and steady-state focusing.
The strip gel was rehydrated for 12 h at 30 V, and the proteins
were separated using the following step-wise increments of
voltage and running times: 200 V for 1 h, 500 V for 1 h, 1000 V
for 1 h, 8000 V for 10 h. Focused strip gels were incubated for
15 min at room temperature with equilibration buffer I [50 mM
Tris (pH 8.8), 6 M urea, 30% glycerol, 2% SDS, 1% DTT] and
transferred to equilibration buffer II [50 mM Tris (pH 8.8), 6 M
urea, 30% glycerol, 2% SDS, 2.5% iodoacetamide]. After this
equilibration step, the strip gels were placed on 12% SDS-PAGE
gels and sealed with 3% agarose solution. SDS-PAGE was then
performed at 2.5 W for 30 min followed by 16 W for 5 h with
Ettan DALT-six electrophoresis units (Amersham Biosciences).
Gels were silver stained as described (Blum et al., 1987) with
minor modifications. Briefly, they were fixed in 40% ethanol/10% acetic acid for at least 30 min and washed with 40%
ethanol for 30 min to remove acetic acid. They were then sensitized for 1 min with 0.02% sodium thiosulfate and rinsed three
times with de-ionized water, followed by staining with silver
staining solution (0.2% silver nitrate, 0.075% formaldehyde) for
30 min. Gels were again rinsed twice with de-ionized water and
developed in developing solution (6% sodium carbonate, 0.03%
formaldehyde, 2% sodium thiosulfate) until protein spots were
clearly visible. The development reaction was stopped by replacing the developing solution with a stopping solution (1.46%
EDTA) for 15 min. Stained gels were rinsed twice with deionized water to remove the remaining EDTA for 30 min and
incubated in preserving solution (30% ethanol, 5% glycerol) for
over 2 hours. They were then stored at 4°C.
Gel image analysis and protein identification To analyze the
protein patterns, silver stained gels were scanned using a Powerlook III flatbed scanner (UMAX), and analyzed with Image
Master 2D Elite Software Ver 4.1 (Amersham Biosciences).
Target protein spots were then studied as reported previously
(Phee et al., 2004) with minor modifications. Briefly, spot
pieces were transferred to a 96-well plate and washed with 100
µl of 30 mM potassium ferricyanide and 100 mM sodium thiosulfate (1:1 ratio mixture) for 20 min at 37°C. This was followed by four water washes and incubation in 100 μl of 100
mM ammonium bicarbonate solution for 20 min at 37°C. 75%
acetonitrile was added and the gel pieces were dried for 20 min
at 40°C, followed by trypsin digestion using sequencing-grade
porcine trypsin (Promega) dissolved in 20 mM ammonium bicarbonate at a concentration of 20 µg/ml. The trypsin digestion
was carried out for 12 to 16 hours at 37°C and the resulting
peptides were extracted with 50 μl of 50% acetonitrile containing 0.1% TFA, and incubated for 20 min at 37°C. The supernatants were transferred to new 96-well plates and the extracts
were concentrated for 2 h at 4°C. Peptide solutions were mixed
with the same volume of matrix solution consisting of saturated
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α-cyano-4-hydroxycinnamic acid (CHCA) in 50% acetonitrile
containing 0.1% TFA. After the peptides were co-crystallized
with CHCA by evaporating organic solvents, the peptide masses
were dedtermined with an Ettan MALDI-TOF Pro mass spectrometer (Amersham Biosciences). All MALDI spectra were
internally calibrated using a standard peptide mixture of angiotensin III and adrenocorticotropic hormone fragment 18−39
(Amersham Biosciences). Mass fingerprinting data were then
analyzed in the NCBI database using the Profound program
under 50 ppm mass tolerance.

A

B

C

D

Confirmation of protein spots by RNA analysis Total RNA was
isolated from whole blue light treated Arabidopsis hy4 mutant
whole seedlings. Genes corresponding to spots of interest were
selected for RT-PCR analysis. cDNAs were synthesized using
oligo(dT)18 primer and AMV reverse transcriptase (Roche) and
RT-PCR was performed using gene-specific primers. 18S rRNA
was used as reference.

Results and Discussion
2-DE analysis of total proteins in hy4 mutants To improve the resolution of our 2-DE gel maps, IEF was performed at different pH ranges: narrow (pH 4.0 to 7.0) and
broad (pH 3.0 to 10.0). Soluble proteins are well separated by IEF and 2-DE, but effective resolution of hydrophobic proteins requires the use of different mixtures for
optimal separation by IEF (Rabilloud et al., 1994; 1997;
1998). Soluble and hydrophobic proteins were separated
in the first dimension between pH 4.0 to 7.0 (Fig. 1) and
pH 3.0 to 10.0 (data not shown), followed by SDS-PAGE.
For each sample at least triplicate gels were performed,
and these were highly reproducible. Representative gels
are shown in Fig. 1. More than 1,000 protein spots were
consistently detected by Image Master 2D Elite ver 4.1
software on silver-stained gels. For quantitative analysis
of differently expressed proteins in the blue light irradiated hy4 mutant seedlings, protein spots whose intensities
differed by at least 2-folds from the wild-type were selected for further analysis (Figs. 2A and 2B).
Identification of blue light responsive cryptochrome 1related proteins A total of 61 proteins were successfully
identified by MALDI-TOF MS analysis (Tables 1 and 2).
Some were identified proteins annotated either as unknown and hypothetical proteins or as unclassified proteins, and the rest were categorized into several functional
groups including carbon metabolism, defense, transcription factors, and cellular communication (Figs. 3A and
3B). The identified proteins showed that the cryptochrome 1-related blue light signal elicits the down- or upregulation of different kinds of functional proteins in accord with recent microarray studies and eventually confers an altered morphology (Jiao et al., 2003; Ma et al.,

Fig. 1. Representative 2-DE gels of Arabidopsis wild-type and
hy4 mutant seedling proteins. (A) Dark grown wild-type, (B)
dark grown hy4 mutant, (C) blue light-irradiated wild-type, and
(D) blue light-irradiated hy4 mutant. 500 µg of protein was applied to the IPG strip (24 cm, pH 4−7 L) and 12% SDS-PAGE
was carried out for separation in the second dimension.

2001). Since many of the down- and up-regulated proteins
(15%/18%) were found to be involved in metabolism, it
seems likely that the morphological changes are primarily
due to altered metabolism. Various types of transcription
factors such as Myb (no. 18), WD-40 (no. 32), bHLH (no.
50), bZIP (no. 51), Scarecrow (no. 52), WRKY (no. 53),
and a zinc finger transcription factor (no. 54) were found
to be either down- or up-regulated (3%/18%; Figs. 4A, 4B
and 4C) confirming that many transcription factors are
involved in the morphological changes that occur in the
hy4 mutant, such as hypocotyl elongation and cotyledon
expansion (Blum et al., 1994; Folta et al., 2003). Many
defense and stress-related proteins were down- or upregulated (12%/25%). We suggest that the blue light signal is related to stress responses in plants. Some photosynthetic proteins such as rubisco activase and rubisco
small subunit were also specifically down-regulated in the
hy4 mutant under conditions that result in the characteristic hy4 mutant phenotype.
Cell wall synthesis-related protein and UDP-glucosyl
transferase family protein (no. 14), were found to be
down-regulated (Figs. 4A and 4C), consistent with previous reports that cell wall synthesis is regulated by light
(von Arnim and Deng et al., 1996, Ma et al., 2001). It is
also noteworthy that a disease resistance protein (TIRNBS-LRR class; no. 5) previously identified by microarray and Northern analysis (Ohgishi et al., 2004) was
down regulated (Figs. 4A and 4C). This confirms that the
blue light signal is related to disease resistance gene ex-
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Fig. 2. Changes of differentially expressed proteins in the hy4 mutant grown in blue light, compared with wild-type. (A) Downregulated and (B) up-regulated proteins. A total of 205 protein spots were selected including 60 down-regulated (A) and 145 upregulated. (B) The proteins identified from these spots are listed in Tables 1 and 2.
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Table 1. Down-regulated proteins in the hy4 mutant under blue light-irradiated conditions.
Spot No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

A

Protein Name
ARK3 product/receptor-like serine/threonine protein kinase
S-locus protein kinase, putative
Inorganic phosphate transporter, putative
Disease resistance protein (TIR-NBS-LRR class), putative
Disease resistance protein (TIR-NBS-LRR class), putative
Thioredoxin family protein
UVB-resistance protein-like
Fructose-bisphosphate aldolase, putative
Fructose-bisphosphate aldolase, putative
Carbonic anhydrase1, chloroplast/carbonate dehydratase 1
Cysteine synthase/ O-acetylserine (thiol) lyase
Putative cytosolic O-acetylserine (thiol) lyase
D-3 phosphoglycerate dehydrogenase, putative
UDP-glucolonosyl/UDP-glucosyl transferase family protein
RuBisCO activase
RuBisCo small subunit 3B
RuBisCo activase
Myb family transcription factor
DNA mismatch repair Muts family protein
F-box family protein
F-box protein-related
HhH-GPD base excision DNA repair family protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical serine/threonine protein kinase
Hypothetical protein
Major latex protein-related/MLP-related protein
Probable retroelement pol polyprotein
RNA-binding protein. putative
Transducin family protein/WD-40 repeat family protein
Unknown protein

pI

Mass [kDa]

Accession No.

8.2
8.0
9.8
7.5
6.4
7.9
5.4
6.2
6.8
5.5
5.9
5.9
6.2
7.9
7.7
8.6
5.9
5.1
7.1
5.0
9.7
9.1
7.7
4.3
6.1
5.7
6.2
9.4
5.9
9.6
8.5
9.0
6.7

96.56
92.54
44.50
112.05
102.11
26.87
42.92
42.91
42.97
29.49
33.79
33.62
63.31
44.51
48.84
20.27
51.96
34.52
94.56
51.70
43.11
148.65
41.85
17.35
134.13
72.16
53.64
37.00
17.50
40.02
34.66
95.43
48.00

913141
15234427
30684317
15238107
30692151
15240254
21537357
18399660
1842348
30678347
15233613
15027937
15234282
15227717
30687999
15240901
18405145
30697277
15217840
15222387
15220129
30681103
15232359
42572375
25518408
15404274
4588001
7487462
15236566
25411478
15220902
18415801
26451533

B

Fig. 3. Functional categories of identified (A) down-regulated and (B) up-regulated proteins.
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Table 2. Up-regulated proteins in the hy4 mutant under blue light-irradiated conditions.
Spot No.
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61

Protein Name
FAD-binding domain-containing protein
GFP-binding protein-related
Jacalin lectin family protein
Jacalin lectin family protein
Jacalin lectin family protein
Jacalin lectin family protein
Jacalin lectin family protein
Fructose-bisphosphate aldolase,putative
Alpha-glucosidase 1
Probable beta-galactosidase
Coproporphyrinogenase oxidase ,putative
Cytochrome P450
Tetrahydrofolate dehydrogenase/cyclohydrolase, putative
Putative ATP-dependent RNA helicase
DEAD/DEAH box helicase, putative
Pentatricopeptide (PPR) repeat-containing protein
Basic helix-loop-helix (bHLH) family protein
bZIP family transcription factor
Scarecrow transcription factor family protein
WRKY family transcription factor
Zinc finger (DHHC type) family protein
AAA-type ATPase family protein
Expressed protein
Expressed protein
Expressed protein
Expressed protein
Unknown protein
Mutator-like transposase

A

pI

Mass [kDa]

Accession No.

9.3
5.5
5.5
5.1
5.1
5.3
5.5
6.1
5.6
8.4
5.6
9.0
7.9
9.5
9.4
6.4
6.5
5.4
5.7
8.4
9.4
6.1
4.7
6.5
8.2
6.5
7.7
5.5

058.93
071.39
032.10
032.11
048.48
051.65
032.14
038.52
101.10
081.64
034.16
057.72
033.68
062.90
062.80
095.48
025.19
055.29
152.09
055.80
078.72
134.13
169.39
026.22
068.44
026.22
068.40
080.36

18395882
18412634
15228199
15228216
30684083
18401116
15228198
15231715
15239154
7488062
15218820
15240223
15236884
26451630
15217442
30693150
18395643
18399693
15234500
15223004
22328644
30678418
30694440
15221092
30690476
15221092
6560750
25411255

C

B

Fig. 4. Enlarged images of several identified proteins of interest. (A) Down-regulated proteins (B) up-regulated proteins (C) transcription level analysis by RT-PCR.
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pression.
Interestingly, the FAR1 domain containing a mutatorlike transposase (no. 61) is a far-red-impaired responsive
protein and was found to be up-regulated in the hy4 mutant under blue light-irradiation (Table 2). Significantly, a
knockout mutant of FAR1 was previously shown to display constitutive hypocotyl elongation under far-red light
conditions (Hudson et al., 1999; Hudson et al., 2003)
suggesting that the FAR1 domain is a dual light responsive protein domain that plays a role in the blue and farred light signaling pathways during hypocotyl elongation.
In addition, we confirmed that the Jacalin lectin family of
proteins (nos. 36, 37, 38, 39, 40) are important for many
biological processes that have been previously shown to
be up-regulated in the hy4 mutant (Raval et al., 2004).
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