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Cryptochromes are blue/ultraviolet-A light receptors that med-
iate various light responses in plants and animals’. But the
initial photochemical reaction of cryptochrome is still unclear.
For example, although most photoreceptors are known to
undergo light-dependent protein modification such as phos-
phorylation>*, no blue-light dependent phosphorylation has
been reported for a cryptochrome. Arabidopsis cryptochrome 2
(cry2) mediates light regulation of seedling development and
photoperiodic flowering™°. The physiological activity and cellu-
lar level of cry2 protein are light-dependent®®, and protein—
protein interactions are important for cry2 function®'’. Here we
report that cry2 undergoes a blue-light-dependent phosphoryl-
ation, and that cry2 phosphorylation is associated with its
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Figure 1 Blue-light-dependent phosphorylation of Arabidopsis cry2. a, Six-day-old
seedlings were incubated with radioactive P, exposed to biue light (5 pmol m-2s ") for
10 min (Blue), or kept in the dark (Dark). Immunoprecipitation obtained using anti-CRY2
antibodies were separated in a 10% Laemmli gel, blotted, and exposed to an X-ray film.
b, An immunoblot of a was probed with anti-CRY2 antibodies. ¢, Samples of 5-day-old
wild-type seedlings with (Blue) or without (Dark) a 15-min blue-light treatment

(5 wmol m~2s™") were immunoprecipitated with anti-CRY2 antibodies in low-salt

(100 mM NacCl, L) or high-salt buffer (200 mM NaCl, H) fractionated in a 10% NuPAGE gel,
blotted, and probed with anti-CRY2 antibodies. In Figs 1—4, arrows indicate
phosphorylated cry2; arrowheads indicate unphosphorylated cry2.
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function and regulation. Our results suggest that, in the absence
of light, cry2 remains unphosphorylated, inactive and stable;
absorption of blue light induces the phosphorylation of cry2,
triggering photomorphogenic responses and eventually degra-
dation of the photoreceptor.

To test a hypothesis that the absorption of photons results in a
biochemical modification of a cryptochrome molecule, we investi-
gated whether Arabidopsis cry2 underwent a blue-light-induced
phosphorylation in vivo. We fed etiolated (dark-grown) seedlings
with radioactive phosphate (**POj ) before they were exposed to
blue light, and then examined the cry2 phosphorylation. Auto-
radiography and immunoblot analysis of proteins purified by
immunoprecipitation using anti-CRY2 antibody demonstrated
that cry2 is phosphorylated in response to blue light (Fig. 1a, b).
No radioactive cry2 was found in seedlings incubated in **P for 2h
in the dark, but **P-labelled cry2 was detected within 15 min of
blue-light treatment. The level of radioactively labelled cry2 corre-
lated with the amount of cry2 protein found in different genotypes
(Fig. 1a, b). No cry2 or radioactively labelled immunoprecipitation
product was detected in the cry2 mutant, but both were found at
higher levels in transgenic plants overexpressing cry2 than in the
wild type. Although a similar level of cry2 is detected by immuno-
blot in CRY2+ transgenic plants irrespective of a brief light treat-
ment, the **P-labelled cry2 was detected only in blue-light-treated
seedlings (Fig. la, b).

Protein phosphorylation often causes slow migration of the
phosphorylated protein in a SDS—polyacrylamide gel electrophor-
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Figure 2 Kinetics analyses of light-dependent cry2 phosphorylation. Immunoblots in a, ¢,
e and g were prepared in 10% NUPAGE gels and probed with anti-CRY2 antibodies.
Samples of wild-type (a, ¢, ) or transgenic plants overexpressing CRY2 (g) were
analysed. Six-day-old dark-grown seedlings were treated in the following ways: a, b,
exposed to blue light (5 wmol m~2s™") for the periods indicated; ¢, d, exposed to blue
light for 15 min at the fluence rates indicated; e, f exposed to blue light (5 pmolm 25"
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esis (PAGE) gel, allowing a more convenient analysis than the in vivo
labelling experiments. A migration shift was only occasionally
observed for the cry2 protein analysed using conventional Laemmli
SDS-PAGE gels'' (data not shown). Using a commercially available
NuPAGE gel system (see Methods), two CRY2 isoforms were more
consistently found in seedlings exposed to blue light, a fast-
migrating band and a slow-migrating band, whereas only the fast-
migrating CRY2 band was found in etiolated seedlings (Fig. 1c). The
presence of the slow-migrating band found in blue-light-treated
seedlings was not affected by a change in the ionic strength of the
buffer used in the immunoprecipitation reaction (Fig. 1c), but it
was eliminated by treating the sample with lambda phosphatase,
which nonspecifically dephosphorylates proteins (see below).

We concluded that the slow-migrating band found in seedlings
exposed to blue light is phosphorylated cry2, whereas the fast-
migrating band from dark-grown or light-treated seedlings is
unphosphorylated cry2. A significant fraction of cry2 remained
unphosphorylated in plants exposed to blue light (Figs lc and
Fig. 2), suggesting that light-grown plants contain both phosphory-
lated and unphosphorylated cry2. Provided that one isoform is
physiologically more active than the other one, the presence of both
isoforms of cry2 in the cell may allow the total activity of cry2 to be
adjusted rapidly in response to changing light conditions.

The light-induced phosphorylation of cry2 was detected shortly
after seedlings were exposed to blue light (Fig. 2a, b). At a given
fluence rate of light, the relative level of phosphorylated cry2
increased initially with the exposure time, but it decreased after a

-
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for 10 min, and then transferred to the dark for the time indicated; g, h, exposed to blue
light (5 pmol m~2s~") for 20 min, and then transferred to the dark for the time indicated.
The relative band intensities of phosphorylated cry2 (above the line) versus that of
unphosphorylated cry2 (below) were presented as CRY2Pi/CRY2, and plotted in b, d, f
and h, for the corresponding immunoblots shown in a, ¢, e and g, respectively.
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prolonged blue-light treatment. The cry2 phosphorylation is flu-
ence-rate-dependent (Fig. 2¢, d). For a given time period of blue
light treatment, relatively more cry2 phosphorylation was detected
at higher fluence rates of blue light. However, a further increase of
fluence rate resulted in a decrease in the relative amount of
phosphorylated cry2. The level of phosphorylated cry2 decreased
immediately after wild-type seedlings were transferred from blue
light to dark, with little phosphorylated cry2 left shortly after plants
were transferred to dark (Fig. 2e, f). Similarly, when CRY2 +

transgenic seedlings were examined, the phosphorylated cry2 dis-
appeared after blue-light-treated plants were transferred to dark
(Fig. 2g, h).

The kinetic features of cry2 phosphorylation suggest that the
phosphorylated cry2 is degraded, because the level of both total cry2
and phosphorylated cry2 declined in response to either increased
exposure time or increased light intensity (Fig. 2)>”". To further
investigate this hypothesis, we screened for an Arabidopsis mutant
that is impaired in cry2 degradation. Because a defect in the
degradation of a photoreceptor might result in increased light
responses, we examined blue-light-dependent cry2 degradation in
Arabidopsis mutants that are known to exhibit either constitutive or
hypersensitive light responses, including cop1, cop9, det1, det2, det3,
fus6 (copl1), fus9 (copl0), eidl, and sub1'"'°. An apparent defect of
cry2 degradation was found only in the copl mutant (Fig. 3). The
copl mutants are constitutively photomorphogenic'’. Most copl
mutants are lethal except the two weak alleles, cop1-4 and cop1-6'""%.
Figure 3a showed that the cry2 degradation is partially impaired in
both copl mutants tested; higher levels of cry2 protein were detected
in copI-4 and copI-6 seedlings than in the wild type under different
blue-light conditions (Fig. 3a). In contrast, no obvious abnormality
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Figure 3 Accumulation of phosphorylated cry2 and impairment of cry2 turnover in cop1
mutants in response to blue light. a, Seven-day-old seedlings were exposed to blue light
@pmolm~2s~" (8B) or 35 umolm~2s ™" (35B)] for two hours, and protein extracts
were fractionated in a 10% Laemmli gel. The immunoblot was probed with anti-CRY2
antibody (CRY2), stripped and re-probed with antibodies against vacuole
pyrophosphatase (V-PPase) for the loading control. b, Samples of 7-day-old wild-type
(WT) or cop7-6 seedlings, exposed to blue light (5 pmol m~2s™") for the time periods
indicated, were fractionated in a 10% NuPAGE gel and the immunoblot probed with anti-
CRY2. ¢, Plots showing relative levels of phosphorylated cry2 versus unphosphorylated
cry2 (CRY2Pi/CRY2) of samples from b. d, Plots showing total cry2 in samples from b,
normalized using V-PPase signals (not shown) in the respective lane ((CRY2Pi+CRY2)/V-
PPase).
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in light-induced cry2 degradation was found in the defI-1 mutant
(Fig. 3a), which, like the copl mutant, also exhibits a light-inde-
pendent de-etiolation response'”".

The COPI gene encodes a putative subunit of an E3 ubiquitin
ligase complex associated with proteolysis of the light-signalling
transcription factor HY5 (ref. 20), and COP1 has been shown to
physically interact with cryptochromes'®*'. The exact role of COP1
in cry2 degradation is not clear, because blue-light-dependent cry2
degradation was still observed in cop! null alleles (data not shown).
Nevertheless, regardless of the exact role of COP1 in cry2 degra-
dation, the impairment of cry2 degradation in the copl weak alleles
allowed us to explore further the relationship between cry2 phos-
phorylation and cry2 degradation. We compared cry2 phosphoryl-
ation and cry2 degradation in wild-type plants and copI-6 mutant
plants exposed to blue light for various time periods (Fig. 3b—d). It
was found that a similar amount of unphosphorylated cry2 was
detected in dark-grown copI-6 or wild-type seedlings. However, in
seedlings exposed to blue light, the relative level of phosphorylated
cry2 was significantly higher in the copI-6 mutant than in the wild
type (Fig. 3b). A quantitative comparison of the relative amount of
phosphorylated cry2 and the total amount of cry2 in the copI-6
mutant showed a correlation of a decrease of cry2 degradation and
an increase of the relative abundance of phosphorylated cry2 (Fig.
3¢, d).

Phytochromes have been shown to have protein kinase activity
and to interact physically with cryptochromes®*>**. Moreover, the
function of Arabidopsis cry2 in the regulation of photoperiodic
flowering is dependent on phyB*, and cry2 has been shown to
directly interact with phyB in vivo®’. To investigate a possible
involvement of phytochromes in cry2 phosphorylation, we first
tested whether red light might induce cry2 phosphorylation. No
cry2 phosphorylation was detected in seedlings exposed to red light
(Fig. 4a) or far-red light (data not shown), which demonstrates the
wavelength specificity of cry2 phosphorylation. We then investi-
gated whether phytochromes might catalyse blue-light-dependent
cry2 phosphorylation by testing cry2 phosphorylation in various
phytochrome mutant lines. None of the monogenic phytochrome
mutants tested, including phyA, phyB, phyD, phyE or the cryl
mutant, had apparent defects in cry2 phosphorylation (Fig. 4c,
and data not shown). To test a possibility that different phyto-
chromes may act as cry2 kinases in a functionally redundant
manner, we examined cry2 phosphorylation in the phyAB double
mutant, and the phyABD and phyBDE triple mutants®?*® (G.C.W.,
unpublished work), and the hyl mutant, which is impaired in
phytochrome chromophore biosynthesis*. Again, cry2 phos-
phorylation was detected in all of these phytochrome mutants
(Fig. 4b, ¢). A protein phosphatase treatment confirmed that the
slow-migrating band of cry2 was indeed the phosphorylated form of
cry2 (Fig. 4c).

It is somewhat surprising that the phyBDE triple mutant showed
no obvious defects in cry2 phosphorylation, because phyB, phyD
and phyE share a partial functional redundancy®*® and phyB can
directly interact with cry2 (ref. 9). It seems unlikely that any single
phytochrome species tested here is solely responsible for cry2
phosphorylation. However, our results do not exclude a possible
phytochrome involvement in cryptochrome phosphorylation,
because not all phytochrome mutants, and in particular, a null
mutant lacking all five phytochromes, are currently available.
Alternatively, cry2 phosphorylation may be catalysed by a non-
phytochrome protein kinase.

The blue-light dependency of cry2 phosphorylation and a bell-
shaped curve of the fluence-rate response of cry2 phosphorylation
(Fig. 2d) indicate that the phosphorylated form of cry2 may
represent physiologically active cry2. This is because the activity
of cry2 in mediating blue-light-specific de-etiolation responses is
limited primarily to low light-intensity conditions’, in which
relatively more phosphorylated cry2 was observed (Fig. 2a—d). It
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Figure 4 The lack of effect of red light or phytochrome mutations on cry2 phosphorylation.
a, CRY2 overexpressing transgenic plants were exposed to red light (50 pmolm~?s™"),
or blue light (5 gmol m~2s~"), for 30 min (Rao, Bao) or 60 min (Reo, Beo). b, Seedlings of
the indicated genotypes were exposed to blue light (5 wmol m~2s~") for 10 min (B) or left

was found previously that expression of a GUS-CCT2 (CRY2
C-terminal domain) fusion protein caused a constitutive photo-
morphogenic phenotype in transgenic plants. For example, trans-
genic seedlings expressing GUS—CCT2 developed short hypocotyls
in the dark or in the light, whereas wild-type plants exhibit
inhibition of hypocotyl elongation only in response to light®.
This observation indicates that a light-induced biochemical change
may occur in the carboxy-terminal domain of cry2, resulting in
activation of the photoreceptor?.

We hypothesized that cry2 phosphorylation may occur in its
C-terminal domain, in which several putative protein phosphoryl-
ation motifs are found (not shown). We further reasoned that the
GUS-CCT?2 fusion protein, which contains no chromophore-bind-
ing domain but is constitutively active, might show a constitutive
phosphorylation regardless of light treatment. We tested this
hypothesis by analysing phosphorylation of GUS-CCT2 fusion
protein in etiolated or blue-light-treated transgenic plants expres-
sing GUS-CCT?2, using the in vivo >*P-labelling immunoprecipita-
tion assay (Fig. 5). In contrast to the endogenous cry2 that was
phosphorylated only in blue-light-treated seedlings (Fig. 1a), the
GUS-CCT?2 fusion protein, immunoprecipitated by anti-GUS anti-
body, was labelled with **P in both dark-grown and blue-light-
treated plants (Fig. 5). Residues of the GUS-CCT?2 fusion protein
that were phosphorylated must be in the CCT2 moiety because no
phosphorylation was detected in GUS protein immunoprecipitated
from transgenic plants expressing GUS (Fig. 5). This result indicates
that the constitutive light response found in transgenic plants
expressing the GUS-CCT?2 fusion protein was due to a constitutive
phosphorylation in the cry2 C-terminal domain of the fusion

a GUS- b GUS-
GUS CCT2 GUS CCT2
D B D B

D B D B
=P s
" o d ke

Autoradiography Immunoblot

—

Figure 5 Constitutive phosphorylation of the CRY2 C-terminal domain moiety (CCT2) of
the GUS—CCT2 fusion protein. The autoradiographs (a) and immunoblots (b) were
prepared from the same nitrocellulose membrane, using the method as described in Fig.
1 except that the immunoprecipitation and immunoblot were reacted with anti-GUS
antibodies. Transgenic plants expressing GUS (GUS) or GUS-CCT2 (GUS-CCT2)* were
treated with (B) or without (D) blue light (5 wmol m~2s") for 20 min before harvesting.
Arrows and asterisks indicate GUS—CCT2 and GUS, respectively.
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in dark (D). e, Seedlings of the indicated genotypes were exposed to blue light
(5pmolm~2s~") for 10 min; samples were treated with (+) or without (—) lambda
phosphatase (A\PPase). Samples were fractionated in 10% NuPAGE gels and
immunoblots probed with anti-CRY2 antibodies.

protein and that cry2 activity is dependent on the phosphorylation
of its C-terminal domain.

Our results demonstrated that the function and turnover of
Arabidopsis cryptochrome 2 is regulated by the blue-light-depen-
dent phosphorylation. Because different cryptochromes have simi-
lar structures', it is likely that the blue-light-dependent
phosphorylation is also important for the function of crypto-
chromes in other organisms. We propose that absorption of
photons by a cryptochrome changes its conformation, enabling
phosphorylation of the photoreceptor; the phosphorylated crypto-
chrome triggers signal transduction and physiological responses.
The phosphorylation of a cryptochrome also marks it for degra-
dation. The light-induced degradation of the active form of a
cryptochrome may serve to regulate the cryptochrome activity in
the presence of light and to de-sensitize the photoreceptor in the
absence of light. O

Methods

Plant materials

Arabidopsis mutants and transgenic lines including cry2-1 (ref. 6), GUS-CCT?2 (ref. 28),
detl-1 (ref. 19), copl-4 and copl-6 (ref. 14), and the phytochrome mutants (phyA-201,
phyB-1, phyD-1, phyE-1, phyAB) are as described* except for phyABD and phyBDE
(G.C.W., unpublished work), The CRY2-overexpressing transgenic line in Col-4
background (CRY2+) was prepared as described’. Seeds treated with or without bleach-
sterilization were sowed on MS medium (Sigma, M-9274) or in soil, respectively, kept in
the dark at 4 °C for 3 days, exposed to white light for 4h to promote germination, and
grown in the dark for 5-7 days before use. Light sources are as described*.

Immunoprecipitation and immunoblot analyses
For immunoprecipitation, seedlings were excised from the hypocotyl base under a dim red
safe light (<5 pmol m s 1), and homogenized in ice-cold immunoprecipitation buffer
(20 mM Tris-HCI pH 8, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.2% Triton X-100,
10 pM NaF, 1 mM PMSF), and 1 X complete protease inhibitor cocktail (Roche). Extracts
were passed through 0.2-pm filters. Antibodies were added (1:200) to the filtrate,
incubated in ice for 1h, protein-A-sepharose (Sigma) was then added (1:60) to the
mixture and incubated in ice for 1 h. Immunoprecipitation complex was washed three
times with ice-cold washing buffer (50 mM Tris-HCI pH 8, 140 mM NaCl, 1 mM EDTA,
0.1% Triton X-100), mixed with SDS-PAGE sample buffer, and boiled for 5 min.
Proteins were separated either in conventional 10% Laemmli gels using Tris-glycine
buffer or in precast 10% Bis-Tris NuPAGE gels (NuPAGE NP0303, Invitrogen) using
MOPS buffer according to the instructions of the manufacturer. NuPAGE gels were run at
a constant voltage (100 V) at 13 °C for 6-7 h. Proteins were blotted to nitrocellulose
membranes for autoradiographs or immunoblots. Immunoblots were probed with
primary antibodies, and then with goat-anti-rabbit IgG conjugated with horseradish
peroxidase (Amersham), and developed using the enhanced chemiluminescence (ECL)
method as described previously”. Protein signals in an immunoblot were scanned,
digitized and quantified using NTH Image. Different immunoblots are not directly
comparable, because the exposure time of ECL cannot be precisely controlled between
different experiments.

Phosphorylation assay

For in vivo labelling analyses, six-day-old, dark-grown seedlings (about 30) were cut from
the hypocotyl base, incubated with **P (H5PO, 300 pCi, ICN) in water for 2 h in the dark
at room temperature. The excess *°P was removed by rinsing in water. Plantlets were
treated under different light conditions before being collected for immunoprecipitation
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and immunoblot analyses. For lambda phosphatase treatment, seedlings were
homogenized in lambda phosphatase buffer provided by the manufacturer (New England
Biolabs), and divided into two parts. One part was incubated without lambda
phosphatase, the other part was incubated with 400 units of lambda phosphatase (New
England Biolabs) at 30 °C for 30 min. The reactions were stopped by the addition of SDS—
PAGE sample buffer, boiled and analysed by immunoblots as described.

Received 11 January; accepted 27 March 2002; doi:10.1038/nature00815.
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Structure of the SRP19-RNA complex
and implications for signal
recognition particle assembly
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Sweden

The signal recognition particle (SRP) is a phylogenetically con-
served ribonucleoprotein. It associates with ribosomes to med-
iate co-translational targeting of membrane and secretory
proteins to biological membranes. In mammalian cells, the SRP
consists of a 7S RNA and six protein components. The S domain
of SRP comprises the 7S.S part of RNA bound to SRP19, SRP54
and the SRP68/72 heterodimer; SRP54 has the main role in
recognizing signal sequences of nascent polypeptide chains and
docking SRP to its receptor'”. During assembly of the SRP,
binding of SRP19 precedes and promotes the association of
SRP54 (refs 4, 5). Here we report the crystal structure at 2.3 A
resolution of the complex formed between 7S.S RNA and SRP19
in the archaeon Methanococcus jannaschii. SRP19 bridges the
tips of helices 6 and 8 of 7S.S RNA by forming an extensive
network of direct protein—RNA interactions. Helices 6 and 8 pack
side by side; tertiary RNA interactions, which also involve the
strictly conserved tetraloop bases, stabilize helix 8 in a confor-
mation competent for SRP54 binding. The structure explains the
role of SRP19 and provides a molecular framework for SRP54
binding and SRP assembly in Eukarya and Archaea.

The secondary structures of archaeal 7S RNAs are highly similar
to their mammalian counterparts. These RNAs of about 300
nucleotides contain eight helical elements, which fold into the Alu
and S domains connected by a long linker. Analyses of genome
sequences indicate that archaeal species code for only two homol-
ogues of the six eukaryotic SRP proteins, namely SRP19 and SRP54
(ref. 6). In eubacteria, a minimal set of SRP subunits exists, and this
is composed of 4.55 RNA, a single RNA helix with a region
homologous to helix 8, and the SRP54 homologue Fth.

SRP biogenesis in higher eukaryotes involves the sequential
binding of SRP19 and SRP54 proteins to 7S RNA*®. Archaeal
SRP54 has an intrinsic affinity for 7S RNA in vitro, yet the presence
of SRP19 significantly enhances SRP54 attachment’. The SRP19
binding site is situated in the apices of helices 6 and 8 of 7S RNA®’.
Binding of SRP19 leads to a restructuring of both helices, causing
localized changes at the SRP54 binding site, which comprises the
symmetric and asymmetric internal loops of helix 8 (refs 10, 11).
Although crystal structures for helix 6 in complex with SRP19
(ref. 12) and helix 8 in complex with the M domain of Fth'’ have
been described, the protein—-RNA and RNA-RNA interactions
within the complete S domain of SRP were still unknown. We
therefore determined the crystal structure of SRP19 bound to the
S domain of RNA from M. jannaschii. Co-crystals of wild-type
SRP19 in complex with a 97-nucleotide 7S.S RNA fragment,
corresponding to helices 6 and 8, the U-turn, and part of helix 5,
diffracted to 2.3 A resolution and led to structure determination by
molecular replacement (Fig. 1).

In the 75.S RNA-SRP19 complex, RNA helices 6 and 8 associate
in a parallel, slightly tilted mode. Helix 6 forms an overall rigid
stem-loop structure with continuous base stacking (except for two
looped-out adenosines, A176 and A177) and base pairing of
canonical- or wobble-type throughout. In contrast, base mis-
matches in two regions of helix 8 cause a severe distortion from
regular A-form RNA. Within the symmetric loop, bases C201-G205
and A216-A220 form five consecutive noncanonical base pairs.
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