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hypocotyl elongation. CRY1 and CRY2 thus not only share 
a common pathway but also relay light signals through dis-
tinct pathways, which may lead to altered developmental 
programs in plants.

Keywords  Cryptochrome · De-etiolation · Flowering · 
Photomorphogenesis · Transcription

Introduction

Because plants rely on light as a source of energy, they have 
evolved sophisticated mechanisms to maximize the use of 
available light by regulating their own growth and devel-
opment in response to surrounding light environments. 
Plants possess a variety of photoreceptors that allow them 
to recognize changes in the direction, intensity, and qual-
ity of light, including UV RESISTANCE LOCUS 8, pho-
totropins, CRYs, FLAVIN-BINDING KELCH REPEAT 
F-BOX 1, ZEITLUPE (ZTL), LOV KELCH PROTEIN 2 
(LKP2) and phytochromes (Cashmore et  al. 1999; Smith 
2000; Briggs et al. 2001; Kami et al. 2010; Yu et al. 2010). 
Among these, CRYs are the only photoreceptors present in 
all major evolutionary lineages (Lin and Todo 2005). CRYs 
are flavoproteins that share sequence similarity to DNA 
photolyases, which repair UV-induced DNA damage by 
removing pyrimidine dimers from DNA under blue light 
(Lin and Shalitin 2003; Sancar 2003). CRYs together with 
DNA photolyases make up the CRY/photolyase superfam-
ily, which consists of five major subgroups: cyclobutane 
pyrimidine photolyase, 6-4 photolyase, CRY-DASH, plant 
CRY, and animal CRY (Sancar 2003; Chaves et al. 2011). 
Animal CRYs are further divided into light-dependent type 
1 and light-independent type 2 CRYs (Zhu et al. 2005; Yuan 
et  al. 2007; Chaves et  al. 2011). CRY-DASH may play a 

Abstract  Cryptochromes (CRY) are flavoproteins 
that direct a diverse array of developmental processes in 
response to blue light in plants. Conformational changes in 
CRY are induced by the absorption of photons and result in 
the propagation of light signals to downstream components. 
In Arabidopsis, CRY1 and CRY2 serve both distinct and 
partially overlapping functions in regulating photomorpho-
genic responses and photoperiodic flowering. For example, 
both CRY1 and CRY2 regulate the abundance of transcrip-
tion factors by directly reversing the activity of E3 ubiqui-
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light-dependent manner. CRY2 also specifically governs a 
photoperiodic flowering mechanism by directly interact-
ing with a transcription factor called CRYPTOCHROME-
INTERACTING BASIC-HELIX-LOOP-HELIX. Recently, 
structure/function analysis of CRY1 revealed that the CON-
STITUTIVE PHOTOMORPHOGENIC 1 independent 
pathway is also involved in CRY1-mediated inhibition of 
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role in the repair of cyclobutane pyrimidine dimers in dam-
aged single stranded DNA (Brudler et al. 2003; Selby and 
Sancar 2006) or in the loop structures of double-stranded 
DNA (Pokorny et  al. 2008). Plant and animal CRYs have 
lost DNA-repair activity but evolved to have other bio-
chemical functions (Lin et al. 1995; Malhotra et al. 1995). 
For example, they regulate photomorphogenic growth and 
development in plants, and the circadian clock in both 
plants and animals (Cashmore 2003; Lin and Shalitin 2003; 
Sancar 2003). CRYs have also been reported to serve as 
magnetoreceptors in animals (Ritz et al. 2000; Gegear et al. 
2010; Ritz et al. 2010).

The functions of CRY

Plant CRYs regulate a variety of blue-light-induced 
responses  (Wang et  al. 2015b), including de-etiolation, 
photoperiodic flowering (Ahmad and Cashmore 1993; Guo 
et al. 1998; El-Assal et al. 2001), guard cell development, 
stomata opening (Mao et al. 2005; Kang et al. 2009; Wang 
et  al. 2010), leaf senescence (Meng et  al. 2013), patho-
genic responses (Jeong et al. 2010; Wu and Yang 2010) and 
so on. Arabidopsis thaliana has been used to study plant 
CRYs most extensively. Three CRYs, CRY1, CRY2 and 
CRY3, are encoded in the Arabidopsis genome. CRY3 is 
a CRY-DASH type CRY that is detected in mitochondrion 
or chloroplasts and functions to repair UV-induced damage 
on single-stranded DNA (Kleine et al. 2003; Pokorny et al. 
2008). CRY1 and CRY2 function as major blue light recep-
tors regulating blue light induced de-etiolation and photo-
periodic flowering (Ahmad and Cashmore 1993; Guo et al. 
1998; El-Assal et al. 2001). This review focuses on CRY1 
and CRY2 mediated mechanisms of blue light signal trans-
duction in Arabidopsis.

Both CRY1 and CRY2 function as dimers in plant 
cells (Sang et  al. 2005; Yu et  al. 2007b; Rosenfeldt et  al. 
2008) with monomers that consist of two major domains: 
the N-terminal Photolyase Homologous Region (PHR) 
domain and the diverged CRY C-terminal Extension 
(CCE) domain. The PHR domain is a highly conserved, 
500 amino acid long domain that can be further divided 
into the N-terminal α/β and C-terminal α subdomains. 
The primary CRY chromophore, flavin adenine dinucleo-
tide (FAD), binds non-covalently to the α subdomain of 
the PHR domain, allowing for blue light absorption (Lin 
et  al. 1995; Malhotra et  al. 1995; Banerjee et  al. 2007). 
The PHR domain has been successfully co-crystallized 
with a non-hydrolysable ATP analogue, adenylyl-imidodi-
phosphate (AMP-PNP), from a CRY1 protein lacking the 
CCE domain (Brautigam et al. 2004). In the crystal struc-
ture, AMP-PNP was found in the vicinity of FAD at sites 
where photolyases dock to pyrimidine-dimer lesions in the 

FAD binding pocket. As is the case with photolyases, the 
PHR domain possibly possesses a second chromophore, 
5,10-methenyltetra-hydrofolate, in the α/β subdomain, 
although it seems to be lost during purification of CRY 
(Lin et al. 1995; Malhotra et al. 1995; Banerjee et al. 2007; 
Hoang et al. 2008). In addition to perceiving blue light, the 
PHR domain is also responsible for the dimerization of 
CRY (Sang et al. 2005; Rosenfeldt et al. 2008). The CCE 
domains of Arabidopsis CRY1 and CRY2 are 180 and 110 
amino acid residues in length, respectively. CCE domains 
vary considerably in their length and sequence among plant 
CRYs and they are poorly structured (Partch et  al. 2005). 
However, it is conceivable that the CCE domains of CRY1 
and CRY2 are critical for the function and regulation of 
CRYs (Yang et al. 2000; Wang et al. 2001; Yang et al. 2001; 
Yu et al. 2007b).

The blue light induced inhibition of hypocotyl elon-
gation and photoperiodic flowering are often analyzed to 
clarify the signal transduction mechanism and function of 
CRYs in Arabidopsis. Genetic analyses with Arabidopsis 
cry1 and cry2 mutants reveal that CRY1 primarily medi-
ates blue light induced inhibition of hypocotyl elonga-
tion while CRY2 predominantly regulates photoperiodic 
control of floral initiation (Ahmad and Cashmore 1993; 
Guo et  al. 1998). Different from CRY1, which is stable, 
CRY2 undergoes ubiquitination and is degraded immedi-
ately by the 26S proteasome system under blue light con-
ditions (Ahmad et  al. 1998a, b; Lin et  al. 1998; Shalitin 
et  al. 2002; Yu et  al. 2007a, 2009; Weidler et  al. 2012). 
The protein stability of CRY2 is consistent with the flu-
ence rate dependence of CRY2 in the regulation of blue 
light induced inhibition of hypocotyl elongation. Namely, 
CRY2 regulates the hypocotyl response preferentially 
under dim blue light (Lin et al. 1998). On the other hand, 
CRY1 may partially function in the regulation of flow-
ering time. The cry1 single mutants flower late under 
white light in some experimental conditions but not in 
all reported so far (Goto et al. 1991; Mozley and Thomas 
1995; Bagnall et  al. 1996; Bruggemann et  al. 1996; 
Blazquez et al. 2003; Mockler et al. 2003). The conditions 
resulting in varied phenotypes between differing experi-
ments is unknown. The gain-of-function mutant alleles of 
CRY1 exhibited an early flowering phenotype in long day 
conditions (Exner et al. 2010; Gu et al. 2012). Addition-
ally, the cry1cry2 double mutant flowered later compared 
to wild type plants in continuous blue light, whereas cry1 
and cry2 single mutants did not vary from wild type, sug-
gesting that CRY1 acts redundantly with CRY2 to pro-
mote flowering under these conditions (Mockler et  al. 
1999; Liu et al. 2008a). Therefore, CRY1 and CRY2 have 
distinct but partially overlapping functions in the regu-
lation of hypocotyl elongation and photoperiodic floral 
initiation.
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CRY2 localizes exclusively in the nucleus (Guo et  al. 
1999; Kleiner et al. 1999; Yu et al. 2007b), whereas CRY1 
localizes both in the nucleus and cytoplasm (Cashmore 
et  al. 1999; Wu and Spalding 2007). It is nuclear-tar-
geted CRY1 and CRY2 that regulate most CRY mediated 
responses, with the exception of CRY1-mediated cotyledon 
expansion and root elongation (Wu and Spalding 2007), 
suggesting that CRY1 and CRY2 signal transduction occurs 
primarily in the nucleus. Furthermore, CRY1 and CRY2 
regulate the transcription of 5–25 % of genes in response 
to blue light in Arabidopsis seedlings initially grown in the 
dark (Folta et al. 2003; Ma et al. 2001; Ohgishi et al. 2004; 
Sellaro et  al. 2009). A number of CRY-dependent genes 
encode signaling proteins such as kinases, transcription 
factors and cell cycle regulators, phytohormone signaling 
factors and enzymes involved in the cell wall metabolism 
and phytohormone biosynthesis. Changes in the expres-
sion of these genes partially account for the morphological 
changes observed during the CRY-mediated de-etiolation 
process. Thus, it is generally accepted that blue light-
induced structural rearrangements and modifications of 
CRY proteins occur dynamically in the nucleus whereby 
protein–protein interactions trigger changes in gene expres-
sion and physiological responses in plants. CRY2 differs 
from CRY1 in that it results in the formation of nuclear 
structures called photobodies in response to blue light (Más 
et  al. 2000; Yu et  al. 2009; Zuo et  al. 2012). Photobodies 
have been a proposed site for CRY2 signal transduction 
and desensitization via degradation, because there is a cor-
relation between photobody formation and CRY2 function 
and degradation (Yu et al. 2009; Zuo et al. 2012). However, 
the function and mechanism of CRY2 photobody formation 
are still not fully understood.

Light sensing of CRY

The redox status of FAD in the PHR domain of CRY is 
believed to play an important role in CRY photoexitation 
(Liu et al. 2010). Based on in vitro spectroscopic analysis 
of CRY1 and CRY2 purified from baculovirus-infected 
insect cells, both CRY1 and CRY2 possess the oxidized 
form of FAD, which primarily absorbs UV-A and blue 
light, in the resting state (Lin et  al. 1995; Malhotra et  al. 
1995; Banerjee et al. 2007; Bouly et al. 2007; Zeugner et al. 
2005). Upon blue light absorption, FAD in CRY undergoes 
rapid photoreduction (within microseconds) with incorpo-
ration of an electron followed by protonation, thereby turn-
ing into the semi-reduced neutral FAD radical (FADH·), 
which absorbs a broader spectrum of light. FADH· is unsta-
ble and can be converted back to the oxidized FAD within 
minutes in the absence of light. Therefore, both CRY1 and 
CRY2 undergo a photocycle as FAD is reduced to form 

FADH· and then transformed into its oxidized state in vitro 
(Lin et al. 1995; Malhotra et al. 1995; Banerjee et al. 2007; 
Bouly et al. 2007; Zeugner et al. 2005).

Oxidized FAD exhibits light absorption peaks at the 
UV-A and blue light regions of the spectrum. The fact that 
CRY mediated responses are most efficiently induced by 
blue light is consistent with the observation that CRY1 and 
CRY2 bind with the oxidized, blue light absorbing form of 
FAD. Hence, it is most likely that inactive CRYs possess 
oxidized FAD that will be activated by blue light. Follow-
ing CRY excitation involving the oxidized form of FAD, 
rapid photoreduction converts FAD into FADH· allow-
ing for a broader spectrum of light absorption, including 
green light. It is then conceivable that the signaling state 
of activated CRY1 and CRY2, on the other hand, may pos-
sess the semireduced flavin, FADH· (Chaves et  al. 2011). 
Interestingly, partial inhibitory effects of green light have 
been reported in blue light induced inhibition of hypocotyl 
elongation, anthocyanin accumulation, flowering and blue 
light induced CRY2 protein degradation (Zeugner et  al. 
2005; Banerjee et al. 2007; Bouly et al. 2007), presumably 
because the photoequilibrium between oxidized FAD and 
FADH· shifts toward decreased levels of FADH· as green 
light is absorbed, thereby diminishing the amount of active 
CRY. However, the action model that FADH· constitutes 
the signaling state of CRY in vivo is still under debate (Liu 
et al. 2010; Li et al. 2011).

It is proposed that the Trp-triad, which is composed of 
three highly conserved tryptophan residues in the α sub-
domain region of CRY, serves as an electron donor in the 
photoreduction process from oxidized FAD to FADH·. In 
this model, the electron is relayed from W324 (W321 in 
CRY2), which is exposed to solvent on the CRY1 protein 
surface, to W377 (W374 in CRY2), which exists between 
W324 and W400, and on to W400 (W397 in CRY2), which 
is in close proximity to FAD in the FAD binding pocket 
where FAD is then reduced (Liu et al. 2010; Chaves et al. 
2011). The importance of the Trp-triad in photoreduction 
of CRY in vitro has been repeatedly reported. The substi-
tutions of Trp-triad amino acids with alanine or phenyla-
lanine, which are redox-inert yet cause minimal structural 
disturbance, abolished the photoreduction of CRY1 and 
CRY2 purified from baculovirus-infected insect cells, sug-
gesting that this triple tryptophan cascade is the electron 
donor needed for photoreduction from oxidized FAD to 
FADH·, at least in vitro (Zeugner et al. 2005; Bouly et al. 
2007; Li et  al. 2011; Engelhard et  al. 2014; Gao et  al. 
2015). It is also reported that the aspartic acid near FAD in 
the FAD binding pocket (D396 in CRY1) works as a pro-
ton donor (Kottke et al. 2006; Immeln et al. 2010; Cailliez 
et al. 2014; Hense et al. 2015). In addition, ATP binding to 
the FAD binding pocket of CRY was found to affect the 
protonation status of D396 and enhances photoreduction 
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in vitro by reducing reoxidation (Immeln et al. 2007; Bur-
ney et al. 2009; Cailliez et al. 2014; Müller et al. 2014).

The physiological relevance of the Trp-triad in vivo has 
been tested in CRY1. Zeugner et  al. (2005) reported that 
the overexpression of two mutant CRY1 proteins with 
mutations in tryptophan residues of the Trp-triad (at W324 
and W400), which abolish the photoreduction in  vitro, 
failed to complement the long hypocotyl and low antho-
cyanin accumulation phenotypes of cry1 mutant. This sug-
gests that photoreduction is associated with physiological 
functions of CRY1 and that the Trp-triad serves as the elec-
tron donor in CRY1 photoreduction in vivo. However, this 
hypothesis is highly controversial. The amino acid substi-
tutions of W377 and W394 in CRY2 resulted in constitu-
tively active CRY2 in Arabidopsis (Li et al. 2011), although 
the amino acid substitution on W321, which is exposed to 
the protein surface of CRY2, resulted in the inactivation 
of CRY2 as was also reported in CRY1 by Zeugner et al. 
(2005). All CRY2 Trp-triad mutants retained blue light 
responsiveness during proteolytic degradation (Li et  al. 
2011), despite showing drastically decreased photoreduc-
tion in vitro. In particular, degradation of CRY2 protein in 
the W374A mutant revealed similar kinetic results to that 
of wild type CRY2 protein, although in  vitro results did 
not show significant photoreduction. More recently, Gao 
et  al. (2015) reported that all non-photoreducing CRY1 
mutants, including W324F and W400F, could rescue cry1 
mutant phenotypes such as blue light induced inhibition 
of hypocotyl elongation and anthocyanin accumulation, 
even though the mutants had reportedly reduced biological 
function (Zeugner et  al. 2005). These data strongly argue 
that Trp-triad dependent photoreduction is not required 
for CRY function in vivo. It should be noted that Trp-triad 
dependent photoreduction is not required for the function 
of most CRY/photolyase superfamily proteins reported so 
far, including Drosophila CRY, light-dependent animal 
type 1 CRY (Song et al. 2007; Oztürk et al. 2008; Gegear 
et  al. 2010; Ozturk et  al. 2011; Fedele et  al. 2014), and 
Escherichia coli photolyase (Li and Sancar 1990; Li et al. 
1991; Kavakli and Sancar 2004). It was recently reported 
that the addition of ATP partially rescued defects in CRY2 
photoreduction induced by mutations in Trp-triad residues 
(Engelhard et al. 2014). These reports suggest that there are 
alternative, Trp-triad independent electron pathways active 
in CRY2 photoreduction in  vivo. In CRY1, alternatively, 
defective photoreduction in W324A and W400F mutants 
were not rescued by the addition of ATP in vitro (Gao et al. 
2015), yet biological function was not disrupted in  vivo. 
Strong evidence to elucidate the CRY photoexcitation 
mechanism is still missing, and further intensive efforts in 
this area are truly necessary to understand the physiological 
implications of CRY photoreduction and function.

Phosphorylation of CRY

CRYs are phosphoproteins that are phosphorylated at mul-
tiple sites along the CCE domain in a blue light dependent 
manner (Shalitin et al. 2002, 2003; Yu et al. 2007b). Blue 
light-dependent phosphorylation is well correlated with the 
physiological activities and functions of CRYs: (1) both 
CRY1 and CRY2 are phosphorylated in response to blue 
light and the level of phosphorylation increases relative to 
blue light fluence rate and irradiation periods (Shalitin et al. 
2002, 2003; Yu et  al. 2007a; Tan et  al. 2013). (2) Amino 
acid substitutions that impair the physiological activities 
of CRY1 decrease blue light dependent phosphorylation 
(Shalitin et al. 2003). (3) Constitutively active CRY2 CCE 
domains dimerized by fusion with β-glucuronidase (GUS-
CRY2 CCE) are also constitutively phosphorylated (Yang 
et  al. 2000; Sang et  al. 2005; Yu et  al. 2007b). (4) Muta-
tions on several serine residues of CRY2 that have been 
shown to be phosphorylated in a blue light dependent man-
ner, including S588, S599 and S605, result in decreased 
phosphorylation of CRY2 along with decreased blue light 
mediated physiological activities and degradation of CRY2 
(Wang et al. 2015a). These findings suggest that CRY phos-
phorylation plays an important role in CRY photoactivation 
and function.

It was shown that CRY1 proteins purified from baculov-
irus-infected insect cells could be phosphorylated by phy-
tochrome A (phyA), one of the major red/far-red photore-
ceptor that has been shown to have kinase activity (Yeh and 
Lagarias 1998), in vitro (Ahmad et al. 1998a, b). However, 
endogenous CRY1 is phosphorylated in phytochrome defi-
cient Arabidopsis mutants showing regular kinetic activ-
ity (Shalitin et  al. 2003). Moreover, CRY1 purified from 
baculovirus-infected insect cells can be phosphorylated 
in response to blue light in the absence of phytochromes 
and kinases added in vitro (Bouly et al. 2003; Shalitin et al. 
2003, Ozgur and Sancar 2006). Whereas CRY1 does not 
have any kinase related domain, CRY1 was found to bind 
with an ATP analogue, AMP-PNP, in close proximity to 
FAD in the FAD binding pocket, as demonstrated by the 
crystal structure of CRY1 PHR domain (Brautigam et  al. 
2004). It was also shown that plant CRY1 stoichiometri-
cally binds with ATP in  vitro (Bouly et  al. 2003; Brauti-
gam et al. 2004; Ozgur and Sancar 2006). These data have 
led to the proposal that CRY1 phosphorylates itself, at least 
in part, through its autophosphorylation activity coupled 
with photoexcitation. In addition to autophosphorylation, 
one or more kinases that have yet to be identified may also 
be involved in CRY1 phosphorylation, because multiple 
serine residues of CRY1 are phosphorylated in response 
to blue light and recombinant CRY1 protein, which is 
autophosphorylated in response to blue light, did not show 
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a mobility up-shift in western blot analyses as is seen in 
the case of phospohorylated CRY1 protein extracted from 
plants (Shalitin et  al. 2003). In contrast to CRY1, clear 
autophospohorylation activity has not been detected for 
CRY2 (Ozgur and Sancar 2006). Instead, it has been 
recently reported that Casein kinase 1, CK1.3 and CK1.4, 
phosphorylate CRY2 at S587 and T603 in  vitro, affect-
ing the physiological activities and functions of CRY2 
(Tan et  al. 2013). However, other unidentified kinases are 
expected to be involved in CRY2 phosphorylation because 
the role of CK1.3 and CK1.4 in vivo does not demonstrate 
a noticeable effect on CRY2 phosphorylation.

Signal transduction pathways of CRY

CRYs induce plant responses to blue light primarily 
through the transcriptional regulation of a great number of 
genes (Chaves et al. 2011; Liu et al. 2011a, b). Two mecha-
nisms have been elucidated for CRY-mediated transcrip-
tional regulation. One mechanism includes the CONSTI-
TUTIVE PHOTOMORPHOGENIC 1 (COP1)-mediated 
proteolytic regulation of transcription factors. Other mech-
anism involves the direct binding of CRY2 to basic helix-
loop-helix transcription factor proteins.

COP1 together with SUPPRESSOR OF PHYA-105 
(SPA) 1 and SPA1 related proteins (SPA2-SPA4 in Arabi-
dopsis) comprise an E3 ubiquitin ligase complex (Lau 
and Deng 2012). Cop1 mutant and spa quadruple mutants 
grown in the dark display phenotypes that resemble wild 
type plants grown in the light (Laubinger et  al. 2004, 
2006), indicating that COP1/SPA complexes repress pho-
tomorphogenesis. COP1/SPA complexes control the light-
regulated abundance of LONG HYPOCOTYL 5 (HY5) 
and other transcription factors (Osterlund et al. 2000; Lau 
and Deng 2012). HY5 is a basic-leucine zipper transcrip-
tion factor that binds directly to the promoters of numer-
ous light-regulated genes to regulate transcription, promot-
ing photomorphogenic development (Yi and Deng 2005). 
Under dark conditions, the COP1/SPA complex targets 
HY5 for ubiquitination, inducing proteasomal degrada-
tion. Light inactivates the COP1/SPA complex so that HY5 
accumulates in the nucleus, triggering photomorphogenic 
responses. CRY1, as well as multiple other photorecep-
tors, mediate suppression of COP1-dependent degradation 
of HY5 (Osterlund et  al. 2000; Jiao et  al. 2007; Favory 
et al. 2009). Recently, it has been shown that CRY1 plays 
a role in inactivating COP1/SPA1 complexes by binding 
directly to SPA1 protein in a blue light dependent manner 
(Lian et al. 2011; Liu et al. 2011a, b). Similarly, the blue 
light dependent binding of CRY2 to SPA1 also inactivates 
COP1/SPA1 complexes (Zuo et al. 2011) and results in the 
accumulation of CONSTANS (CO), a key transcription 

factor regulating flowering time. CO binds to the promoter 
of the florigen coding gene, FLOWERING LOCUS T (FT), 
to induce the expression of FT under long day conditions, 
regulating photoperiodic flowering (Searle and Coupland 
2004; Jang et al. 2008; Liu et al. 2008b).

Both CRY1 and CRY2 interact directly with SPA1 in a 
blue light dependent manner to inactivate COP1/SPA com-
plexes. However, the mechanisms underlying the inactiva-
tion of COP1/SPA1 complexes differ between CRY1 and 
CRY2 (Lian et  al. 2011; Liu et  al. 2011a, b; Zuo et  al. 
2011). It was reported that SPA1 interacts with COP1 
to positively regulate the E3 ubiquitin ligase activity of 
COP1, though light suppresses the interaction between 
COP1 and SPA1, consequently decreasing E3 ubiquitin 
ligase activity of COP1 (Saijo et al. 2003; Seo et al. 2003). 
In line with this, blue light dependent binding of CRY1 
to SPA1 inhibits the interaction between COP1 and SPA1 
(Lian et  al. 2011; Liu et  al. 2011a, b). This CRY1 medi-
ated sequestering of SPA1 from COP1 via direct binding 
with SPA1 inactivates COP1/SPA1 complexes, thereby 
allowing accumulation of HY5 and initiation of photo-
morphogenesis (Fankhauser and Ulm 2011). On the other 
hand, the binding of CRY2 to SPA1 does not change the 
affinity between COP1 and SPA1. Instead, the binding of 
CRY2 to SPA1 stimulates interaction between CRY2 and 
COP1 (Zuo et al. 2011). Increased affinity between CRY2 
and COP1 resulting from blue light dependent binding 
of CRY2 to SPA1 is thought to inactivate the E3 ubiqui-
tin ligase activity of COP1. The exact mechanism of how 
the E3 ubiquitin ligase activity of COP1 is suppressed by 
strengthened interaction between CRY2 and COP1 remains 
unclear. CRY1 and CRY2 also bind with the other SPA pro-
teins (SPA2-4), but binding affinities to other SPA proteins 
vary between CRY1 and CRY2 (Lian et al. 2011; Liu et al. 
2011a, b; Zuo et al. 2011; Chen et al. 2015), although the 
results are inconsistent among the experiments. The differ-
ence in CRY1 and CRY2 binding affinity to SPA proteins 
may explain the functional specificity of CRY1 and CRY2. 
SPA proteins not only have overlapping function but also 
distinct functions in plant development (Laubinger et  al. 
2004). The structural requirements of CRY1 and CRY2 for 
blue light dependent binding to SPA are also different (see 
below).

In addition to regulating transcription factor protein 
accumulation through COP1/SPA complex binding, CRY2 
can also directly bind with CRYPTOCHROME-INTER-
ACTING BASIC-HELIX-LOOP-HELIX (CIB) proteins 
to regulate their function, promoting photoperiodic flower-
ing (Liu et al. 2008a). CIB1 was initially isolated as blue-
light dependent CRY2-interacting protein in the yeast-two-
hybrid screening, and later four of six CIB1-related basic 
helix-loop-helix proteins (CIB2-CIB5) were also shown 
to bind with CRY2 in a blue light dependent manner (Liu 
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et al. 2008a, 2013b). Among the five CRY2 binding CIBs, 
overexpression of CIB1, CIB2, CIB3 and CIB5, but not 
CIB4, can confer an early flowering phenotype under long 
day conditions (Liu et al., 2013b). The early flowering phe-
notype of CIB overexpression lines was CRY dependent. 
Conversely to early flowering time, cib1cib2cib5 as well 
as cib1cib5 knockout mutants flowered late, but not every 
individual mutant showed a late flowering phenotype, sug-
gesting that these CIBs redundantly promote CRY-medi-
ated photoperiodic flowering. CIB1 and other CIBs form 
heterodimers and bind directly to non-canonical E-box 
DNA sequences on the FT promoter, initiating FT expres-
sion (Liu et al. 2008a, 2013b). Whereas it is still unknown 
exactly how CRY2/CIB binding regulates CIB function, it 
was reported that CIB proteins are stabilized under blue 
light conditions by ZTL and LKP2, the other blue light 
receptors, which are required for CIB protein function in 
CRY2-mediated photoperiodic flowering (Liu et al. 2013a). 
Plants have thus evolved exquisite blue light dependent 
regulation of photoperiodic flowering whereby CRY2 gov-
erns two distinct pathways to control flowering time: (1) 
the COP1 dependent pathway shared with CRY1, and (2) 
the CIB dependent pathway that converges signals from 
two evolutionarily different blue light receptors.

Aside from COP1/SPA complexes and CIBs, phy-
tochromes have also been reported to be CRY binding pro-
teins (Ahmad et  al. 1998a, b, Más et  al. 2000). However, 
CRYs remain functional in Arabidopsis mutants that lack 
all phytochrome species (Strasser et  al. 2010), suggest-
ing that CRY function and signaling is only modified by 
phytochrome-CRY binding rather than being determined 
by it. Notably, it has also been recently reported that phy-
tochromes inactivate COP1/SPA1 complexes by dissociat-
ing SPA1 from COP1 via red light dependent direct bind-
ing of phytochromes to SPA1 (Lu et al. 2015; Sheerin et al. 
2015), indicating that the COP1/SPA1 complex is a com-
mon intermediate for CRY and phytochrome signaling. 
Functional interactions have been seen between CRYs and 
phytochromes in various light responses including inhibi-
tion of anthocyanin accumulation, photoperiodic flowering, 
root greening and so on (Mohr 1994; Neff and Chory 1998; 
Mockler et al. 1999, 2003; Casal 2000; Usami et al. 2004). 
Photoreceptor interactions and the convergence of photore-
ceptor signaling at the COP1/SPA complex provide strong 
clues for molecular mechanism. Additionally, it has been 
recently reported that phyA predominantly degrades SPA2 
protein to inactivate the COP1/SPA2 complex not only in 
far-red light but also in blue light (Chen et al. 2015). Both 
phyA and phytochrome B, another major phytochrome spe-
cies, are required for red light induced SPA2 degradation. 
Taken together with the fact that CRY1 and CRY2 have 
varying affinities to differing SPA proteins, it is apparent 
that we need to understand how CRYs and phytochromes 

selectively or collectively recognize SPA family proteins 
to modulate COP1/SPA complex activity in heterogeneous 
light environments in nature.

Structure requirement of CRYs for their signal 
transduction

The two major domains of CRY1 and CRY2, the PHR 
domain and the CCE domain, play roles in the CRY sig-
nal transduction mechanism that has turned out to be more 
complicated than initially proposed. In the original model, 
the blue light signal perceived in the PHR domain is trans-
duced through the CCE domain to a downstream compo-
nent of CRY signal transduction (Yang et al. 2000; Li and 
Yang 2007). This simple model arose from the observation 
that the overexpression of truncated CRY1 CCE domain 
fused to β-glucuronidase (GUS-CRY1 CCE) as well as 
GUS-CRY2 CCE gave rise to the constitutive photomor-
phogenic phenotype when grown in the dark (Yang et  al. 
2000). Consistent with this observation, both the CRY1 
CCE domain and the CRY2 CCE domain can constitutively 
bind with COP1 (Wang et  al. 2001; Yang et  al. 2001). In 
addition, numerous mutations in the CCE domain pre-
vented inhibition of hypocotyl elongation and anthocyanin 
accumulation by eliminating CRY mediation (Ahmad et al. 
1995; Shalitin et al. 2003; Ruckle et al. 2007), suggesting 
that the CCE domain is of functional importance in CRY 
signal transduction. In line with this, CRY1 interacts with 
SPA1 through the CCE domain (Lian et al. 2011; Liu et al. 
2011a, b). In contrast, the binding interface between CRY2 
and SPA1 does not occur at the CCE domain, rather at the 
PHR domain (Zuo et al. 2011), suggesting a different mode 
of action between CRY1 and CRY2 in the regulation of 
COP1/SPA1 complexes. Furthermore, the binding inter-
face between CRY2 and CIBs is also mapped to the PHR 
domain (Liu et al. 2008a; Kennedy et al. 2010). These data 
suggest that the PHR domain is of functional importance in 
the signal transduction pathway of CRY2.

Recently, the CRY1 PHR domain was shown to mediate 
the inhibition of hypocotyl elongation in response to blue 
light when targeted to the nucleus by fusion with a nuclear 
localization signal (CRY1 PHR-NLS) (He et  al. 2015). 
CRY1 PHR-NLS neither binds to COP1 nor allows HY5 
protein to accumulate, suggesting that it mediates blue light 
induced inhibition of hypocotyl elongation independently 
of the COP1 pathway. Although the binding partners of the 
CRY1 PHR domain remain unknown, the transcriptome 
analysis revealed that CRY1 PHR-NLS regulates 34  % of 
CRY-regulated genes. Also in most cases, CRY1 PHR-NLS 
acts antagonistically with phytohormones such as auxin, 
brassinosteroid and gibberellin, to regulate gene expression, 
which may lead the inhibition of hypocotyl elongation. This 
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implies that transcription factors that regulate such phyto-
hormone signaling pathways are directly involved in the 
CRY1 PHR domain-mediated response. Importantly, the 
CRY1 PHR domain-mediated response is strikingly dif-
ferent from the CIBs-mediated response in that neither the 
overexpresser nor the loss-of-function mutants of CIBs 
showed any phenotype that deviates from wild type in de-
etiolation responses, but they did show changes in flowering 

phenotype (Liu et al. 2008a; 2013b; He et al. 2015). There-
fore, both CRY1 and CRY2 apparently constitute higher 
order complexes to act as hubs that drive at least two dis-
tinct pathways: (1) the CCE-domain-dependent COP1 path-
way, which is common between CRY1 and CRY2, and (2) 
the COP1-independent, PHR-domain-dependent pathways 
that differ between CRY1 and CRY2, and may confer the 
functional specificities to these two CRYs (Fig. 1).

Fig. 1   A model depicting cryptochrome signal transduction mecha-
nisms in Arabidopsis. Cryptochromes (CRY) are composed of two 
domains, the PHR domain and the CCE domain, and form homodi-
mers through the PHR domains. Upon blue light activation, CRYs 
undergo conformational changes in both the PHR and CCE domains 
to transduce signals to downstream components. Light-dependent 
phosphorylation at multiple sites of the CCE domain produce nega-
tive charges (−) at these sites via autophosphorylation and possi-
bly by unknown kinases (Y) in the case of CRY1, and by CK1 and 
unknown kinases (Z) in the case of CRY2. The negative charges 
result in the electrostatic repulsion of CCE domain from PHR 
domain. In the dark, COP1 and SPA constitute an active complex to 
promote E3 ubiquitin ligase activity, leading the degradation of tran-
scription factors such as HY5 and CO, positive regulaters for de-eti-
olation and flowering, respectively. In the light, photoactivated CRY1 

constitutes the CRY1 signaling complex, in which CRY1 dissoci-
ates COP1 from SPA by direct binding via the CRY1 CCE domain 
to inactivate COP1/SPA complex. This results in the accumulation of 
HY5 and probably CO, and CRY1 binds with unknown factor (X) via 
the CRY1 PHR domain to activate the COP1 independent pathway, to 
promote primarily de-etiolation. Photoactivated CRY2 directly binds 
with SPA via the PHR domain to inactivate COP1/SPA complex by 
tightening the connection between COP1 and CRY2. CRY2 also 
binds with CIBs through the PHR domain to promote flowering. CK1 
Casein kinase1, CCE cryptochrome C-terminal extension, CIB CRY-
interacting basic-helix-loop-helix, CO CONSTANS, COP1 CONSTI-
TUTIVE PHOTOMORPHOGENIC 1, FT FLOWERING LOCUS T, 
HY5 LONG HYPOCOTYL5, PHR photolyase-homologous region, 
SPA SUPPRESSOR OF PHYA-105
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Photoactivation of CRYs

The way that information is transferred from photoexcited 
FAD to the effecter domains of CRY is largely unknown. 
The most important discovery in our understanding of the 
intramolecular signaling of CRY is the overexpression 
of GUS-CRY1 CCE and GUS-CRY2 CCE in the con-
stitutively photomorphogenic phenotype of Arabidopsis 
(Yang et al. 2000). This observation has led to the closed/
open model, in which the PHR domain binds to the CCE 
domain, repressing CCE domain activity under dark condi-
tions, while under light conditions the PHR domain absorbs 
light, releasing the CCE domain and terminating repression 
to activate CRY. Consistent with this action model for CRY 
photoactivation, the CCE domain was shown to be sensi-
tive to blue light dependent protease digestion (Partch et al. 
2005). Transient grating spectroscopy revealed a large 
decrease in the diffusion coefficient of full-length CRY1 
protein in response to blue light, which was not seen for 
the PHR domain of CRY1 (Kondoh et al. 2011), suggesting 
that dynamic conformational change takes place in the CCE 
domain during photoactivation. The mechanism, by which 
blue light de-represses the CCE domain from the PHR 
domain, is not fully understood, but it is thought to be asso-
ciated with the electrostatic potential on the surface of the 
PHR domain. The crystal structure reveals that the CRY1 
PHR domain is predominantly negatively charged (Brauti-
gam et al. 2004). Given that the phosphate group is nega-
tively charged, the blue light dependent phosphorylation 
at the multiple serine residues on the CCE domain could 
cause the electrostatic repulsion of the CCE domain from 
the PHR domain (Liu et  al. 2011a, b). GUS-CRY2 CCE, 
in which CCE domain presumably has an opened form, 
does not require phosphorylation to show the constitutively 
photomorphogenic phenotype (Yu et  al. 2007b), implying 
that CRY phosphorylation plays a role in the derepression 
of CCE domain from PHR domain. Blue light dependent 
autophosphorylation could trigger partial detachment of 
the CCE domain from the PHR domain, thereby making 
multiple sites accessible for phosphorylation by unidenti-
fied kinases (Bouly et al. 2003; Shalitin et al. 2003; Ozgur 
and Sancar 2006; Liu et  al. 2011b). However, this initial 
de-repression mechanism prior to multiple phospohryla-
tions cannot be applicable to CRY2 due to its apparent loss 
of autophosphorylation activity (Ozgur and Sancar 2006). 
In addition, the mechanism of how photoexcitation triggers 
autophosphorylation of CRY1 is still unknown.

Recently, ATP binding of the PHR domain was shown 
to promote the protonation of D396, a potential proton 
donor to FAD, which results in the increase of yield and 
lifetime of FADH· (Immeln et al. 2007; Burney et al. 2009; 
Cailliez et al. 2014; Müller et al. 2014). A strong negative 
charge then occurs in D396 as it donates a proton to FAD, 

resulting in the expulsion of negatively charged ATP from 
the FAD binding pocket (Müller et  al. 2014; Müller and 
Bouly 2015). Because CCE domain covers the FAD bind-
ing pocket, the expulsion of ATP from the FAD binding 
pocket would trigger the detachment of the CCE domain 
and thereby facilitate phosphorylation by CK1.3, CK1.4 
and other unidentified kinases. It should be noted, how-
ever, that the protonation of D396 is accompanied by the 
Trp-triad dependent photoreduction of FAD (Müller et  al. 
2014), which is not necessary for in vivo activity and func-
tion of CRYs (Li et al. 2011; Gao et al. 2015).

On the other hand, the COP1 independent signaling 
pathway of CRY1 and the blue-light dependent binding 
of CRY2 to SPA1 and CIBs would not rely on the electro-
static repulsion based closed/open model, because the PHR 
domain can trigger these responses without any aid by the 
CCE domain in a blue light dependent manner (Liu et al. 
2008a; Kennedy et  al. 2010; He et  al. 2015). Blue light 
induced changes in the PHR domain were observed via 
Fourier Transform Infrared Spectroscopy and by the time-
resolved step-scan Fourier Transform Infrared Spectros-
copy complemented by UV–vis spectroscopy (Kottke et al. 
2006; Thöing et al. 2015). The loss of β-sheets in the α/β 
subdomain of plant CRY from green algae in response to 
blue light is of great interest, because it has been reported 
that one mutation in the α/β subdomain of mouse CRY 1, a 
light-independent animal type 2 CRY, resulted in the inabil-
ity of CRY to bind to BMAL1 and CLOCK, both of which 
are E-box binding basic helix-loop-helix transcription fac-
tors (Nangle et  al. 2014). In particular, the interaction of 
this subdomain with BMAL1 and CLOCK is reminiscent of 
the blue light dependent binding of CIBs, the E-box bind-
ing basic helix-loop-helix transcription factors in the CRY2 
PHR domain (Liu et al. 2008a; Liu et al. 2013b), although 
CRYs evolved independently in different evolutionary line-
ages (Lin and Todo 2005). In addition, two mutations that 
impair CRY1 mediated inhibition of hypocotyl elongation 
were found in this subdomain (Shalitin et al. 2003; Ruckle 
et al. 2007). The blue light induced change in the α/β sub-
domain might therefore contribute to the PHR dependent 
protein–protein interaction with the downstream compo-
nents in the PHR dependent pathways. However, it remains 
speculative and conformational changes in the PHR domain 
induced by photoexcitation may possibly also be involved 
in the unfolding of PHR/CCE domains.

Concluding remarks and future outlook

Since CRY1 was first discovered in 1993, significant pro-
gress has been made in characterizing the action mode 
of plant CRYs. Blue light dependent phosphorylation of 
CRYs has turned out to play a critical role in the regulatory 
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mechanism of this photoreceptor. Light dependent inactiva-
tion of the COP1/SPA complex has been identified as a regu-
latory element of CRY-mediated responses. Additionally, the 
COP1 independent pathway has also emerged as the primary 
mechanism of CRY signal transduction. Still, many ques-
tions with respect to CRY photoexcitation, signal transduc-
tion and photoactivation mechanisms remain unanswered. 
The biggest enigma awaiting elucidation is the photoexci-
tation mechanism of this photoreceptor. Because both the 
Trp-triad dependent photoreduction and the ATP dependent 
enhancement of photoreduction models have been shown to 
be irrelevant to CRY physiological function in vivo, an alter-
native mechanism underlying photoexcitation must be iden-
tified. With regard to CRY signal transduction and function, 
the protein kinases (and potentially protein phosphatases) 
involved in CRY1 and CRY2 phosphorylation also need to 
be identified. Furthermore, the binding partner of the CRY1 
PHR domain and CRY2 binding factors other than CIBs 
and COP1/SPA complex also need to be identified to fully 
understand the CRY signal transduction mechanism. On the 
other hand, the expansion of crystallographic resolution of 
the CRY1 PHR domain, full-length CRY protein, and pho-
toexcited CRY can be expected to reveal CRY structure and 
to uncover mechanisms of CRY conformational changes in 
response to blue light. Continued discoveries to answer these 
unresolved questions about CRY will provide invaluable 
insight into the action mechanism of CRY and the general 
understanding of plant photomorphogenesis.
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