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ABSTRACT 

Cryptochromes are flavoproteins that exhibit high sequence 
and structural similarity to the light-dependent DNA-repair 
enzyme, photolyase. Cryptochromes have lost the ability to 
repair DNA; instead, they use the energy from near-UViblue 
light to regulate a variety of growth and adaptive processes in 
organisms ranging from bacteria to humans. The photocycle 
of cryptochrome is not yet known, although it is hypothesized 
that it may share some similarity to that of photolyase, which 
utilizes light-driven electron transfer from the catalytic flavin 
chromophore. In this review, we present genetic evidence for 
the photoreceptive role of cryptochromes and discuss recent 
biochemical studies that have furthered our understanding of 
the cryptochrome photocycle. In particular, the role of the 
unique C-terminal domain in cryptochrome phototransduc- 
tion is discussed. 

INTRODUCTION 
Photolyase/cryptochrome blue-light photoreceptors comprise 
a class of structurally related flavoproteins found in all kingdoms 
of life. Photolyases repair UV-induced photoproducts in DNA, and 
cryptochromes (abbreviated CRY) use the energy from blue light 
to regulate a variety of growth and adaptive responses in organisms 
ranging from prokaryotes to humans. This review will focus on 
work performed toward identifying the mechanism of action, or the 
photocycle, of cryptochromes. However, the high degree of 
structural homology that cryptochromes share with photolyase 
and detailed knowledge of the photolyase photocycle necessitate 
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a comparison of photolyase and cryptochrome structures and a 
description of photolyase photocycle as a potential model for 
cryptochrome function. 

The three classes of enzymes in this family, cyclobutane 
pyrimidine dimer photolyase (commonly called photolyase), (6- 
4) photolyase, and cryptochromes, are 50-70 kDa proteins that 
contain two noncovalently bound chromophore/cofactors. One is 
always Aavin adenine dinucleotide (FAD), the catalytic chromo- 
phore, and the other serves as a photoantenna and is most 
commonly methenyltetrahydrofolate (MTHF), or 8-hydroxy-5- 
deazaflavin (8-HDF) in rare organisms that synthesize this 
chromophore (1). Although cryptochromes and photolyases are 
moderately related by sequence, retaining 2540% sequence 
identity on average, they are highly structurally homologous. 
Crystal structures of several photolyases (24)  and the photolyase- 
homology region of two cryptochromes (5,6) reveal that their Ca 
backbones are nearly superimposable with root-mean square 
deviations of less than 2 A. The structures are characterized by 
two modular domains: an N-terminal alp-domain and a C-terminal 
a-helical domain, connected by a long, interdomain loop (Fig. 1). 
The catalytic FAD chromophore is bound within the a-helical 
domain in an unusual U-shaped conformation, with the iso- 
alloxazine ring held in close proximity to the adenine ring, and the 
second chromophore is bound in a cleft located in between the 
two domains close to the surface of the protein. A hole of 
approximately 10 A in diameter, located in the middle of the a -  
helical domain, allows access of solvent and oxygen to the FAD 
molecule and is of the right dimensions and polarity to allow entry 
of a pyrimidine dimer to within van der Waal’s contact distance of 
the isoalloxazine ring of FAD (2). 

A reaction scheme in terms of classic Michaelis-Menton 
enzymology may be written as follows: 

where k, is the photolytic constant and I is light intensity 
(reviewed in [ 11). A mechanistic description of Escherichiu coli 
photolyase is in accord with the structural features of the enzyme 
and may be summarized as follows (1). Photolyase contains 
a positively charged DNA binding groove on one face of the 
protein, with the active site hole located in the middle of the 
groove. Photolyase binds the DNA around the cyclobutane dimer 
in a light-independent reaction and flips the dimer out into the 
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a-helical domain 

Ecoli Photolyase A. thaliana CRY I -PH R 
Figure 1. Crystal structures of the photolyase/cryptochrome family. Ribbon diagram representations of E.  coli photolyase (protein data bank (PDB) code: 
lDNP4, reference [2]) and the photolyase-homology region (PHR) of A .  thaliuna CRYl (PDB: lU3C, reference [6]). Note that the crystal structure of 
photolyase contains both FAD (green) and folate (yellow), whereas that of AtCRY1-PHR contains only FAD. 

active site cavity to make contact with the flavin (2,7), producing 
a stable enzyme-substrate complex. Exposure of this complex to 
light initiates catalysis; the MTHF photoantenna absorbs a photon 
and transfers the excitation energy to the deprotonated two-electron 
reduced flavin by Forster dipole-dipole resonance energy transfer. 
The excited flavin ('(FADH-)*) then transfers an electron to the 
pyrimidine dimer, generating a pyrimidine dimer radical, which 
undergoes bond rearrangement to yield two canonical pyrimidines. 
The flavin-neutral radical generated during the reaction is restored 
to the catalytically active form by back electron transfer from the 
repaired DNA, and the enzyme and product dissociate. 

Photolyase model of cryptochrome function 

There are several important points to keep in mind when 
considering the photolyase reaction mechanism as a potential 
model for cryptochrome function. First, the catalytically active 
form of flavin in photolyase is always two-electron reduced and 
deprotonated flavin adenine dinucleotide (FADH-). This cofactor 
is readily oxidized in vitro to either the one-electron reduced flavin 
blue-neutral radical (FADH') or the fully oxidized form (FAD,,), 
both of which are catalytically inert (8). Photoreduction, resulting 
from exposure of E .  coli photolyase containing FADH' to light in 
the presence of a reducing agent, can convert the flavin to the 
active FADH- form, increasing its quantum yield for repair (9,lO). 
However, the photochemical reactions responsible for this 
conversion are likely of only marginal physiological significance, 
because point mutations blocking the photoinduced electron 
transfer do not affect enzymatic activity in vivo (11,12). Further 
complicating study of the photolyase/cryptochrome family, puri- 
fication of recombinant proteins from this family rarely yields 
stoichiometric amounts of both chromophores (13-17). Therefore, 
the lack of chromophore or the presence of a particular oxidation 
state of flavin in heterologously expressed, recombinant proteins of 

this family is not sufficient to make specific models regarding the 
in vivo status of the photoreceptor. Finally, and perhaps most 
importantly, a photon must be absorbed by photolyase while the 
protein is in the enzyme-substrate complex for catalysis to occur; 
a photon absorbed by the free enzyme generates an excited state 
that decays within 1-2 ns, with no lasting effect on the binding to 
or activity of photolyase on its substrates (1). An understanding of 
the cryptochrome photocycle may therefore depend on the 
identification of a dark-bound substrate. 

Given the high degree of structural homology with photolyase, it 
is unclear how cryptochromes have lost the ability to repair DNA. 
The positively charged DNA binding groove is conserved in 
Synechocystis Cry (5) but not in Arabidopsis CRY 1 (6), and DNA 
binding activity has been found in some cryptochromes in vitro 
(5,17), but the physiological relevance of this interaction has yet to 
be determined. What structural features of cryptochromes might 
explain their unique function then? Eukaryotic cryptochromes are 
structurally divergent from photolyases in one significant aspect; 
nearly all possess C-terminal domains (but not CRYl of S. alha) 
beyond the photolyase-homology region (PHR) ranging from 30 
to 350 amino acids in length. However, the sequences of these C- 
terminal domains are not conserved from plants to animals and, in 
general, prokaryotic cryptochromes lack these C-terminal exten- 
sions. Phylogenetic analysis of the photolyase/cryptochrome 
family from more than 100 taxa results in classification into eight 
subfamilies, comprised of Class I and Class II cyclobutane pyrim- 
idine photolyases, (6-4) photolyases, plant cryptochromes, insect 
cryptochromes, vertebrate cryptochromes, Drosophila-Arahidop- 
sis-Synechocytstis-Human (DASH) cryptochromes (found in pro- 
karyotes and eukaryotes), and a novel subfamily of bacterial 
cryptochromes or photolyases (or both), which remain to be 
biochemically characterized (Fig. 2). Based on the clear divergence 
of primary sequence throughout the proteins, plant and animal 
cryptochromes likely evolved independently from a common 
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progenitor (18). However, the existence of C-terminal domains in 
divergent cryptochrome lineages implies structural convergence in 
the adaptation of the photolyase-like progenitor into a blue-light 
photoreceptor in higher organisms. The importance of the C- 
terminal domains in cryptochrome function is underscored by 
recent data from both plants and animals implicating them in 
regulation of phototransduction and will be covered in more detail 
in subsequent sections. 

Given the difficulties in working with recombinant proteins of 
this family due to cofactor oxidation or loss during purification (or 
both), most of our understanding of cryptochrome function is based 
on genetic data. This in vivo evidence for the photoreceptive func- 
tion of cryptochromes will be addressed first, followed by recapit- 
ulation of recent advances in our understanding of cryptochrome 
phototransduction from genetic and cell-based studies, as well as 
biochemical experiments using recombinant proteins. 

CRYPTOCHROME GENETICS 
AND IN WlWO STUDIES 
Plant cryptochromes 

Cryptochromes were identified first in Arabidopsis thaliana in 
1993 through the isolation of the HY4 gene (19). Arabidopsis 
seedlings grown under light display a variety of photomorphogenic 
responses with respect to dark-grown seedlings, such as inhibition 
of stem elongation and stimulation of leaf expansion. In particular, 
seedlings grown in light have significantly shorter stems 
(hypocotyl) than seedlings grown in darkness; this response is 
mediated by blue (400-490 nm), red (600-700 nm), and far-red 
(700-750 nm) light. A screen for hypocotyl mutants, carried out by 
Koornneef and coworkers in 1980, identified several mutants (hy) 
that lost the ability to respond to one or more of these monochro- 
matic light conditions (20). The hy4 mutant selectively lost respon- 
siveness to blue light, indicating that a blue-light photoreceptor or 
a component of the blue-light signaling pathway had been 
disrupted. Molecular cloning of the HY4 gene revealed significant 
sequence homology to E. coli photolyase that was sequenced by 
Sancar and colleagues (19,21). However, even though the recom- 
binant protein copurified with flavin, it lacked detectable DNA 
repair activity (22,23). This led to its definition as the first member 
in a novel class of blue-light photoreceptors called cryptochromes, 
which retain high sequence homology to photolyase, yet do not 
repair DNA. 

While the loss of Cry1 (hy4) has a marked effect on photo- 
morphogenic responses under high fluence rates of blue light, the 
loss of a second cryptochrome gene, cloned in 1996 and named 
CRY2, has an effect detectable only under low fluence rates 
(1 pmol mp2sp1 or less) (24,25). Because the CryllCry2 double 
mutant has an even more pronounced phenotype than the loss of 
either cryptochrome, it was concluded that cryptochromes act 
redundantly to regulate photomorphogenic responses, with CRY 1 
primarily operating under bright light and CRY2 operating under 
dim light conditions. The differential responsiveness of CRY 1 and 
CRY2 to lighting conditions has been explained by the rapid light- 
dependent degradation of CRY2 protein under moderate to high 
fluence rates of blue light (25). The effect of fluence rate on CRY2 
protein levels is rather striking; no change in CRY2 protein levels 
is observed after treatment with 1 pmol m-'s-' of blue light for up 
to 1 h; however, treatment with 5 pmol mP2s-' blue light for only 
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Figure 2. Phylogenetic analysis of the photolyase/cryptochrome family. 
An unrooted neighbor-joining (NJ) tree was constructed by the MEGA 2.1 
program using 106 photolyase and cryptochrome sequences. Eight major 
subclasses are identified, each with bootstrap values >70% at the distin- 
guishing nodes. The scale bar indicates amino acid substitutions per site. 

15 min results in degradation of 90% of protein present in dark- 
grown seedlings (25,26). 

Genetic studies in Arabidopsis have also shown that CRY2, along 
with the phytochromes, regulates photoperiodic flowering (27,28). 
Because protein levels of CRY2 are regulated by light, CRY2 
abundance in plants grown in photoperiod displays a diurnal 
rhythm, with low protein levels during the day and an increase in 
CRY2 protein during the evening. Moreover, the diurnal rhythm of 
CRY2 protein abundance is dependent on the photoperiod; rhyth- 
mic changes in CRY2 abundance are more pronounced in short 
days than in long days. Importantly, a dominant early day-length- 
insensitive (ED4 locus of the Cvi ecotype was mapped to the Cry2 
gene, caused by a single amino acid substitution (V367M) (28). The 
photoperiodic-insensitive early flowering of the Cvi ecotype may be 
due to the reduced amplitude in diurnal cycling of the mutant 
protein, suggesting that the diurnal rhythm of CRY2 abundance is 
responsible for the regulation of photoperiodic flowering. 

Arabidopsis cryptochromes likely exert their largest effect on 
photoresponses through regulation of gene expression. Expression 
of approximately one-third of all Arabidopsis genes was found 
to change more than 2-fold after exposure to white light; 73% of 
genes differentially expressed under white light were also affected 
under monochromatic blue light (29). Most of the genes that were 
affected by blue light in wild-type plants were not differentially 
expressed in the Cryl/Cry2 mutant under the same lighting condi- 
tions, indicating that cryptochromes are the major blue-light photo- 
receptors mediating this response, which occurs on a time scale of 
minutes to days (29,30). However, light-dependent regulation of 
gene expression in Arabidopsis is controlled by a broad spectrum 
of wavelengths; many of the genes regulated by cryptochromes are 
also regulated to some extent by the phytochrome family of red- 
light photopigments, which also absorb blue light (31). 

Regulation of gene expression by cryptochrome may be 
mediated at least partially by its direct interaction with the E3 
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Figure 3. Model of AtCRY phototransduction. AtCRYl and AtCRY2 
interact with their effector COPl constitutively via their C-terminal 
domains (shown in gray). Upon irradiation by light, the C-terminal domain 
of AtCRY undergoes a light-dependent conformational change that results 
in the rapid inhibition of COPl E3 ubiquitin ligase activity, followed by 
exclusion of the AtCRY-COP1 complex from the nucleus. 

ubiquitin ligase COPl (i.e. constitutive photomorphogenic 1). 
COPl is a zinc-finger and WD40-repeat protein that is responsible 
for the degradation of bZIP transcription factors such as HY5, 
STO, STH, and HFR in the dark (32-34). The ubiquitin ligase 
activity of COPl is rapidly inhibited by light (34), followed by 
translocation out of the nucleus (35-37), allowing accumulation 
of transcription factors and initiation of the photomorphogenic 
transcriptional program. Both CRYl and CRY2 interact directly 
with COPl in a light-independent manner through their C-terminal 
domains (38,39). Because overexpression of the CRY C-termini 
(CCT) is sufficient to produce a constitutive “light-on” phenotype, 
the COP1-inhibitory region of the C-terminal domain must be 
repressed by the photolyase-homology region of cryptochrome in 
the dark (Fig. 3) (38,39). Light-dependent inhibition of COPl by 
cryptochromes has been proposed to act through a two-step 
mechanism: COPl is 1) rapidly down-regulated as a result of 
a light-dependent conformational change in C-termini of crypto- 
chromes (34,38), and 2) it is inhibited on a longer time scale 
because of the light-dependent translocation of COPl from the 
nucleus to the cytoplasm by CRYl (35-37). 

It has now been demonstrated that CRYl and CRY2, along with 
phytochromes, can mediate photomorphogenic responses such as 
inhibition of stem elongation, stimulation of leaf expansion, induc- 
tion of anthocyanin synthesis, control of photoperiodic flowering, 
entrainment of the circadian clock, and regulation of gene ex- 
pression required for photomorphogenic responses (reviewed in 
[40,41]). A third of the cryptochrome gene has recently been 
identified in Arabidopsis, which displays more sequence similarity 
to prokaryotic cryptochromes than plant cryptochromes, and it lacks 
a C-terminal extension (5,42). Instead, CRY3 has an N-terminal 
extension containing chloroplast and mitochondrial import signals 
and has been found to localize to these organelles in plants (42). 
However, the function of this cryptochrome is not yet understood. 

Animal cryptochromes and the circadian clock 

Based on exhaustive biochemical data, it was concluded that 
humans and other placental mammals do not possess photolyase 
activity (43). Therefore, the report of a photolyase ortholog as an 
expressed sequence tag in the human genome database was 

unexpected (44). Subsequent examination of this and a second 
photolyase ortholog discovered by our group established that both 
copurified with flavin but lacked photolyase activity, and were 
therefore classified as cryptochromes and proposed to act as novel 
blue-light photoreceptors for regulating the circadian clock (45). 
Shortly thereafter, cryptochrome homologs were identified in many 
other animals, including insects, amphibians, fish, birds and other 
mammals (46). Currently, the Drosophila cryptochrome is the best 
characterized animal cryptochrome and therefore evidence for its 
photoreceptive function will be presented first. 

Drosophila cryptochrome. Shortly after the implication of 
mammalian cryptochromes in circadian regulation (47,48), Dro- 
sophila cryptochrome was discovered in 1998 through a genetic 
screen for circadian rhythm mutants (49). Flies, like nearly all other 
metazoans, have an internal timekeeping mechanism that coor- 
dinates physiological and biochemical processes such as de- 
velopment and locomotor activity with the 24-h solar day. These 
intrinsic circadian (circa = about, dies = a day) rhythms are created 
by a molecular clock that functions in complete darkness to 
generate rhythms with a periodicity of approximately 24 h. Be- 
cause the clock does not keep exact 24-h time, it must be syn- 
chronized, or entrained, daily with its surroundings; this occurs 
predominantly through cues from external light-dark cycles. The 
vitamin A-based visual opsins clearly are the major contributors to 
this process because genetically eyeless (50), opsin-depleted (5 1) 
or blind Drosophila (52) have lower sensitivities in circadian 
entrainment than wild-type flies. However, several studies in- 
volving dietary depletion of vitamin A suggested a role for 
a nonopsin photopigment in circadian photoreception (5  133). 
Furthermore, the maximal sensitivity for circadian entrainment in 
Drosophila occurs in blue light (51,54,55), well below wave- 
lengths at which Drosophila’s rhodopsin maximally absorbs (56). 

The loss of function cryptochrome mutant, named crybaby (cryb), 
is caused by a destabilizing Asp-+Asn substitution at amino acid 
410 in the flavin-binding domain, with mutant protein expressed at 
significantly reduced levels relative to wild-type protein. The 
molecular clock of cryb mutants appears to function normally but is 
not sensitive to short, phase-shifting light pulses given in the dark, 
suggesting loss of photoreceptive input to the clock (49). In 
addition, cryb mutant flies take more time to adjust to a shifted 
lighvdark cycle and maintain normal, rhythmic activity under 
constant light, a condition that causes arrhythmicity in wild-type 
flies (4937). Finally, directed expression of wild-type CRY in the 
pacemaker neurons of cryb flies rescues the majority of the light 
sensitivity of behavioral rhythms, suggesting that CRY is a cell- 
autonomous photoreceptor sufficient for most aspects of circadian 
light sensitivity (58). Indeed, an important property of the 
Drosophila circadian system is that virtually every single cell in 
this organism, including the brain, Malphigian tubules, abdomen 
and wing cells are directly light-sensitive and peripheral clocks in 
these tissues can be reset directly by light exposure (59,60). How- 
ever, cryb mutant flies retain partial responses to light/dark cycles, 
suggesting functional redundancy between cryptochrome and 
opsins in circadian entrainment; generation of mutant flies elimi- 
nating all known opsin-containing photoreceptive organs (glass6”), 
and cryptochrome (cryb) results in flies that can no longer entrain 
their circadian rhythms to external light-dark cycles (61). 

Cryptochrome entrains the molecular clock in Drosophila 
through its light-dependent interaction with the integral clock 
protein Timeless (TIM). In yeast two-hybrid studies, the interaction 
of CRY with TIM was found to occur only in the light (62,63). 
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Figure 4. Model of dCRY phototransduction. Irradiation of dCRY with light releases the short C-terminal domain from the photolyase-homology 
region, allowing the circadian clock protein TIM to bind. In a distinct light-dependent reaction, dCRY primes TIM (and itself) for ubiquitin-mediated 
degradation by an unknown mechanism. 

Because yeast does not have photosensory capability, heterolo- 
gously expressed CRY must form a photopigment in yeast, capable 
of undergoing the photochemical reaction required to mediate the 
TIM interaction. Deletion of the C-terminal 20 amino acids of 
CRY by truncation (63,64) or random mutagenesis (65) leads to 
CRY-TIM interaction in a light-independent manner. This has been 
interpreted to mean that the C-terminal domain specifically 
occludes binding of TIM to CRY in the dark. Synchronization of 
the molecular clock with the light cycle most likely occurs as 
cryptochrome induces the rapid, ubiquitin-mediated degradation of 
TIM (6&68), which destabilizes the transcriptional repressor 
period (PER) and allows transcription by the CYCLE/CLOCK 
heterodimer to occur (69). Furthermore, the light-dependent 
degradation of TIM is absent in larval lateral neurons and adult 
Malphigian tubules of cryb flies, indicating the absolute re- 
quirement of cryptochrome for TIM degradation (60). Crypto- 
chrome may also contribute to entrainment by regulating the 
subcellular localization of a presumably inactive CRY/PER/TIM 
complex; irradiation of Drosophilu S2 cells with light has been 
reported to result in a significant increase in nuclear CRY in the 
presence of PER and TIM relative to dark-grown cells (62). 

Although cry messenger RNA (mRNA) is rhythmically ex- 
pressed with a peak in the early morning, CRY protein cycles only 
under light/dark conditions because of its rapid, light-dependent 
degradation, and accumulates under constant darkness (58,68). The 
light-dependent degradation of CRY is regulated by the 20-amino 
acid C-terminal domain; loss of the C-terminus (CRYAC) results in 
constitutive degradation of the protein. CRYAC is undetectable by 
Western blotting (65), and overexpression by the upstream 
activation sequence (UAS) promoter in transgenic flies (64) results 
in barely detectable protein levels that appear to be degraded by the 
proteosome regardless of lighting conditions. The absence of the 
C-terminal domain results in CRY protein that interacts constitu- 
tively with TIM (63). Despite this, CRYAC transgenic flies exhibit 
oscillations in PER and TIM proteins and respond to pulses of light 
that shift the circadian phase of behavior, although with reduced 
amplitudes relative to wild-type flies (64,65). These data indicate 
that the light dependence of TIM degradation by cryptochromes is 
mediated by two separate events: first, light is required to release 
the repressive C-terminal domain in full-length CRY to allow for 
TIM binding, which is necessary but not sufficient for photo- 
transduction; second, TIM is modified for proteosomal targeting by 
a cryptochrome-dependent signal that requires light, which can 
occur in the absence of the C-terminal domain because the 
photolyase-homology region is sufficient for the photoreceptive 
function of cryptochrome (Fig. 4) (65). 

This mechanism of action shares both similarities with and clear 
differences from the proposed mechanism of action of plant 
cryptochromes (see below). In both plant and animal crypto- 
chromes, light irradiation appears to result in derepression of 
a signal transduction domain, presumably through conformational 
rearrangement. Light-dependent initiation of signaling by all 
cryptochromes absolutely requires the photolyase-homology re- 
gion; however, signaling by plant cryptochromes appears to be 
mediated entirely by the C-terminal domain, because over- 
expression of this domain is sufficient to generate a constitutive 
photomorphogenic response (38,39). In contrast, the photolyase 
homology region of Drosophilu cryptochrome appears to require 
light for two distinct steps in its signal transduction: 1) light- 
dependent release of the C-terminal domain with concomitant 
binding of TIM, and 2) light-dependent proteosomal targeting of 
the TIM protein (64,65). In summary, cryptochrome functions in 
the Drosophilu circadian clock by acting as a cell-autonomous 
photopigment, conveying light information directly to core clock 
components through protein-protein interactions and light-regu- 
lated protein degradation. 

Mammalian cryptochromes. The entrainment of circadian 
rhythms in mammals is fundamentally different from that in 
Drosophilu, because all photoreception in mammals occurs 
through the retina (46) and is communicated to the master circa- 
dian clock in the suprachiasmatic nuclei (SCN) of the hypo- 
thalamus via the retinohypothalamic tract (70). As in Drosophilu, 
early studies of mammalian circadian photoreception identified the 
apparent role of a nonvisual photopigment in the entrainment of 
mice, because mice with degeneration of the outer retina (rdrd),  
thus lacking the classical visual photoreceptors, still entrain their 
rhythms normally (71). After the discovery and characterization of 
mammalian cryptochromes in 1996, it was proposed that they 
might be the elusive nonvisual photopigment (45). Indeed, 
histochemical studies have revealed that both cryptochromes are 
highly expressed in the ganglion cells of the inner retina of mice 
(47,72) and humans (73) (Fig. 5). 

The potential role of mammalian cryptochromes in circadian 
photoreception has been studied primarily through the use of mouse 
genetics. Although cryptochromes were introduced into the field of 
circadian biology as putative blue-light photopigments, current evi- 
dence puts them, interestingly, squarely in the core of the circadian 
clock machinery (see [74]). The free-running circadian periods of 
both Cry-/-  and Cry2-/- mice are shorter and longer, re- 
spectively, than wild-type mice, revealing a role for cryptochromes 
in the molecular clock independent of any presumptive photore- 
ceptive function (48,75). Furthermore, Cry1-/4ry2-/- mice are 
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expression of signaling intermediates on the immediate-early gene 
induction pathway, because the magnitude and time course of c-fos 
induction by serum or forskolin in dermal fibroblast cell lines 
derived from Cryl-/-Cry2-/- and wild-type mice are similar (86). 
In addition, the pupillary light response of rdlrd Cryl-/kCry2-/- 
mice is reduced 20-fold with respect to rdlrd mice, implicating 
cryptochromes in this nonvisual photoresponse as well (87). 
However, the presence of residual photoresponses in rdlrd Cryl-1 
-Cry2-/- mice, both in gene induction and pupillary response, led 
to the conclusion that yet another nonvisual photoreceptor must 
exist in the inner retina that remains intact in rdlrd mice (8537). 
Indeed, in an independent approach, Provencio and colleagues 
discovered a novel opsin, called melanopsin, which is expressed 
exclusively in the retinal ganglion cells of the retina, are implicated 
in nonvisual phototransduction, such as circadian photoreception 
and the pupillary light response (88). Following up on this 
pioneering discovery, later work showed that these ganglion cells 
were intrinsically photosensitive and were named intrinsically 
photosensitive retinal ganglion cells (ipRGCs) (89,90). Although 
genetic deletion of this invertebrate-like opsin alone has only minor 
effects on nonvisual photoresponses (91,92), the elimination of 
visual photoreceptors and melanopsin results in mice that lose all 
nonvisual photoresponses (93,94). 

These findings raised serious doubts about a photoreceptive role 
for cryptochrome in mammalian nonvisual photoresponses and 
forced a re-evaluation of the experiments indicative of such a role 
in mammals. Another genetic approach was taken to address this 
issue using mice lacking retinol binding protein (RBP). Elimina- 
tion of dietary vitamin A in the RBP-I- background depletes 
ocular retinaldehyde, the required cofactor of all opsin photopig- 
ments, to undetectable levels by 10 months of age (95). 
Surprisingly, RBP-1- mice raised on a vitamin A-free diet are 
blind (95) yet retain essentially normal retinohypothalamic 
photoreception/phototransduction as measured by gene induction 
in the SCN (96,97). Importantly, RBP-/- Cry-/kCry2-/- mice 
raised on the vitamin A-free diet fail to induce c-fos in the SCN by 
light, indicating that inactivation of opsins in combination with the 
loss of cryptochromes is sufficient to eliminate phototransduction 
to the SCN (97). It is unclear why genetic ablation of opsin 
function (rdlrdOpn4-I- (93) or Gnatl-I-Cnga-I-Opn4-I- [94]) 
and inactivation of opsins via cofactor depletion (RBP-/- mice 
raised on a vitamin A-free diet [96]), which leaves the opsin 
apoproteins intact, produce different phenotypes in circadian 
photoreception. Conceivably, opsin apoproteins, which are clearly 
required to generate an action potential through the retinohypo- 
thalamic tract, can act as G-protein-coupled receptors to transmit 
a signal generated by cryptochrome. 

In summary, the available data on the role of mammalian 
cryptochromes as circadian photopigments indicate that they are 
neither necessary nor sufficient for generating an action potential 
through the retinohypothalamic tract to the SCN. However, in their 
absence, circadian phototransduction to the SCN is significantly 
compromised, indicating that cryptochromes may generate a signal 
that is converted to an action potential by melanopsin, or they may 
amplify or prolong the signal generated by opsins. Given that the 
phototransduction cascade of melanopsin is highly unusual in 
mammals, resembling that of invertebrate opsins (98-loo), we can 
only postulate how cryptochromes might regulate the phototrans- 
duction pathway (Fig. 6). Using genetic approaches, it is not 
possible to determine whether they act as photopigments or 
light-independent signal transducers in this pathway. It is clear 

Figure 5. Expression of cryptochromes in the mammalian retina. (A) 
Expression of Cry],  Cry2, and opsin mRNA in the mouse retina by in situ 
hybridization (reference [43]). Note predominant expression of Cry2 in the 
inner nuclear layer and ganglion cell layer, as opposed to rhodopsin, which 
is expressed exclusively in the outer retina. (B) Expression of CRY2 protein 
in the human retina by immunofluorescence (reference [69]). Left panel, 
4’,6’,-diamidino-2-phenylidole (DAPI) staining for nuclei (blue); right 
panel, immunostaining for CRY2 (red). OS, outer segment; IS, inner 
segment; ONL, outer nuclear layer; OPL, outer plexiform layer; WL, inner 
nuclear layer; IPL, inner plexifonn layer; GCL, ganglion cell layer. 

arrhythmic under constant darkness, underscoring the fact that 
cryptochromes are required for the molecular clock to function in 
mammals (75,76). These animals do respond behaviorally to light/ 
dark cycles; however, this is due to “masking,” a direct repressive 
effect of light on locomotor behavior independent of the clock (77). 
Cryptochromes were later characterized as essential transcriptional 
repressors in the feedback loop that generates the molecular clock 
(78,79). Because mutations in cryptochromes affect locomotor 
activity independently of light, behavior does not provide an 
accurate readout of photoresponse in these mice. The most 
quantitative demonstration of the effect of cryptochromes on 
photoreceptive input to the clock is measured through light- 
dependent gene induction in the SCN. Light given in the middle of 
the night induces rapid and robust induction of Period clock gene 
mRNA (80), as well as the immediate-early gene c-fos (81,82). 
Because the loss of cryptochrome affects steady-state levels of Per 
mRNA due to its role in the clock, the contribution of cryptochrome 
to circadian phototransduction is most accurately measured through 
induction of c-fos in the SCN. 

To determine whether cryptochromes mediate circadian photo- 
reception in the absence of visual photoreceptors, photoinduction 
of c-fos was examined in the rdlrd background. Although rdlrd 
mice exhibit normal levels of c-fos induction by light (83-85), light 
induction of c-fos in rdlrd Cryl-/-Ciy2-l- mice is reduced 
approximately 3000-fold under limiting light (85,86). Even in the 
presence of all other photoreceptors, the loss of cryptochromes 
significantly reduces circadian photosensitivity. Mice lacking 
Cry2, the cryptochrome expressed most predominantly in the 
mouse retina, have a 2-fold decrease in photoinduction of c-fos 
(48), and mice lacking both cryptochromes exhibit a 10- to 20-fold 
reduction in sensitivity (85). Reduced responses in cryptochrome- 
less mice are not likely due to secondary or nonspecific changes in 
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Figure 6. Potential cryptochrome signaling pathways in intrinsically photosensitive retinal ganglion cells. The initial steps in melanopsin phototransduction 
have been elucidated and resemble that of invertebrate opsins (references 93-95). Light (480 nm) activates melanopsin, which promotes guanosine 
triphosphate binding and activation of Ga,,, and subsequent activation of phospholipase C. Based on invertebrate phototransduction pathways in 
Drosophilu, diacylglycerol (DAG) is a key signaling intermediate in activation of transient receptor potential (TRP) channels. Cryptochrome could amplify or 
prolong melanopsin signaling by inhibiting proteins that potentially down-regulate melanopsin phototransduction, l i e  calmodulin or arrestin, or by 
stabilizing signaling intermediates such as DAG. It is not known whether the involvement of cryptochrome in this pathway is light-dependent. 

that expression of mammalian cryptochromes is not necessarily 
sufficient to confer photoresponsiveness in a tissue, because the 
SCN expresses high levels of cryptochromes yet does not respond 
directly to light (101). Whether cryptochromes act as photopig- 
ments or light-independent signal transducers in a given tissue is 
likely dependent on the cellular context in which they are expressed. 
This is a common property of receptors, which can manifest their 
effector function only when the cell expresses the appropriate 
adapters/transducers as well. For instance, the detection of opsin 
photoreceptive activity in heterologous systems (such as Xenopus 
oocytes or COS7 cells) requires coexpression of specific G-protein 
transducers or ion channels (or both) to generate a signal (98). 

Other Vertebrate cryptochrornes. Unlike mammalian organisms, 
which rely strictly on communication between ocular photo- 
receptors and the brain to detect light, a number of other vertebrate 
animals employ extraocular or cell-autonomous photoreception, 
thereby providing more tractable systems in which to investigate 
cryptochrome photoreception at a molecular level. In particular, it 
has been found that peripheral organs in zebrafish, such as the heart 
and kidney, are directly photosensitive and have light-entrainable 
circadian clocks (102). Embryonic cell lines derived from zebrafish 
possess circadian clocks that are responsive to lighddark cycles 
(103,104). Action spectrum analysis of the 2 3  cell line revealed 
that light in the near UV/blue range -380 nm) is most 
effective for light-dependent clock gene induction; these data, and 
the apparent lack of detectable retinal in the cell line, are consistent 
with photoreception by cryptochromes (105). While the cell line 
expresses all six of the zebrafish cryptochromes, a more detailed 
analysis will be required to make the absolute determination of the 

identity of the blue light photoreceptor mediating this response 
(105). The use of RNA interference (RNAi) and small molecule 
inhibitors of signaling pathways in cell culture provides a promising 
system for the investigation of cryptochrome photoreception in 
zebrafish. 

The investigation of cryptochrome function in vertebrates has 
also been advanced significantly in studies of cell-autonomous 
photoreception in isolated tissue samples. In contrast to the 
mammalian ins and adult chicken iris, the embryonic chick iris is 
directly photosensitive to light, and the pupil constricts as it does in 
the whole animal when the ins is exposed to light ex vivo. While 
melanopsin and both cryptochromes 1 and 2 are expressed in the 
iris, destruction of the opsin cofactor retinaldehyde by bright light 
has no effect on the pupillary light response (PLR), indicating that 
cryptochromes may mediate this response (106). Partial down- 
regulation of melanopsin by treating the isolated iris with short 
interfering RNA (siRNA) has no effect on PLR photosensitivity, 
but down-regulation of either cryptochrome by 50% decreases PLR 
photosensitivity by a comparable amount (1 06). Action spectrum 
analysis of the PLR in the isolated iris does not fit the absorption 
spectrum of any known opsin; instead, it most closely resembles 
the absorption spectrum of recombinant cryptochromes, with 
a peak at 420 nm and higher sensitivity at shorter wavelengths 
(17,45,106). These findings strongly suggest that cryptochrome is 
the photopigment responsible for the PLR in the embryonic chick 
ins, providing the most compelling evidence to date that 
cryptochromes function as photosensory pigments in vertebrate 
animals. 
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CRYPTOCHROME PHOTOCHEMISTRY 
AND IN VITRO STUDIES 
There are currently only limited studies on the biochemical prop- 
erties of cryptochromes due to difficulties in the process of purifying 
cryptochromes from native sources in preparative quantities 
containing chromophore in the quantities required for biochemical 
analysis. The following section summarizes the current body of work 
on the biochemical properties of cryptochromes, from bacteria to 
humans. 

Interchromophore energy transfer 

In contrast to most other cryptochromes, purification of recombi- 
nant Vibrio cholerae Cry1 (VcCryl) from E. coli yields large 
quantities of protein containing near stoichiometric amounts of 
both the F A D H  and MTHF chromophores, making it highly 
suitable for photochemical studies (107). The dynamics of reso- 
nance energy transfer from the photoantenna MTHF to the FADH- 
cofactor have recently been studied in VcCryl with femtosecond 
resolution (1 08). The resonance energy transfer process from 
MTHFY to FADH- occurs with a lifetime of 60 ps, approximately 
five times faster than in E. coli photolyase. Furthermore, the 
fluorescence lifetime of MTHF” is 845 ps, more than twice as long 
as that in E .  coli photolyase (108,109). While there are mechanistic 
similarities of ultrafast resonance energy transfer between E .  coli 
photolyase and V .  cholerae cryptochrome, interchromophore 
energy transfer appears to be more efficient in cryptochrome than 
in photolyase, suggesting a shorter interchromophore distance or 
a more favorable orientation of the two chromophores. Because the 
two crystal structures of cryptochromes solved to date lack the 
MTHF chromophore, further studies will be required to understand 
the structural basis of the different photophysical properties of 
VcCryl and E. coli photolyase. 

Photoinduced intraprotein electron transfer 

It has been found that in many flavoproteins, such as glucose 
oxidase or cholesterol oxidase, flavin fluorescence is partly 
quenched by electron transfer from neighboring Trp and Tyr 
residues to the flavin-excited singlet state, which has a high 
oxidizing potential (1 10). Thus, flavoproteins are convenient 
systems for investigation of the kinetics and mechanisms of 
intraprotein electron transfer, although these reactions have no 
relevance to the biological functions of the particular proteins. As 
previously mentioned, the catalytically active form of flavin in 
photolyase is always two-electron reduced and deprotonated flavin 
adenine dinucleotide (FADH-). Purification of photolyase yields 
protein containing either the semireduced flavin radical (FADH’) 
or the fully oxidized flavin (FAD,,), which must be reduced in 
vitro by photoexcitation of the protein in the presence of reducing 
agents (1 1,109). Photoreduction in E.  coli photolyase occurs in part 
through intraprotein electron transfer along a chain of three 
tryptophan residues, W382-W359-W306, and in part through 
W306 and a-helix 15 (2,11,108,109,111). However, this photore- 
duction through intraprotein electron transfer has little or no 
physiological significance for the activity of photolyase, because 
mutations abolishing electron transfer have no effect on the 
enzymatic activity of photolyase in vivo (1 1,12). 

Because the tryptophans of the “Trp triad” are conserved in 
cryptochromes from plants to animals, it has been speculated that 

intraprotein electron transfer may play a role in the cryptochrome 
photocycle. Several studies investigating the role of tryptophans 
corresponding to the Trp triad have implicated these residues in 
regulation of both light-dependent and light-independent reactions 
mediated by animal cryptochromes (1 12,113). Mutation of two 
tryptophans in the Trp triad of Drosophila cryptochrome (W342 
and W397, corresponding to W306 and W359, respectively, in E. 
coli photolyase) to alanine results in a loss of light stimulation in 
the regulation of CRY protein stability and repression of PER/ 
TIM-mediated transcriptional inhibition (1 13). However, sub- 
stitution of these tryptophans with either tyrosine (redox-active) 
or phenylalanine (redox-inactive) has no effect on these activities. 
Because phenylalanine is incapable of initiating electron transfer to 
excited-state flavin, it appears that the effect, or lack thereof, of 
Trp triad mutations in Drosophila CRY is due to the effect of the 
mutations on protein folding rather than the involvement of these 
residues in cryptochrome photochemistry. Indeed, in this study it 
was found that overall protein stability in the alanine mutants was 
significantly reduced, indicating that substitution of tryptophan 
with a structurally dissimilar amino acid results in loss of protein 
stability and therefore, signaling capability. In line with this 
interpretation, mutations of the Trp triad also affect the light- 
independknt transcriptional regulatory activity of mouse and 
Xenopus cryptochromes. Because tryptophan cannot carry out 
a redox reaction with ground-state flavin, these studies again 
suggest that the Trp triad has a role in maintaining the structural 
integrity necessary for function, rather than participating in the 
photocycle, of animal cryptochromes (1 12,113). 

The intraprotein electron transfer pathway has also been 
implicated in the photoreduction of plant cryptochromes. Irradia- 
tion of recombinant AtCRY I containing fully oxidized flavin in the 
presence of P-mercaptoethanol results in transient absorption 
spectra consistent with the formation of a semireduced radical 
(FADH’) and concomitant production of a neutral tryptophan 
radical, which presumably abstracts an electron from one of four 
nearby tyrosine residues (1 14). Therefore, the FAD cofactor can be 
photoreduced in a plant cryptochrome, just as in photolyase or 
cholesterol oxidase, in a process involving tryptophan radicals. 
Even though it has been shown that the intraprotein electron 
transfer from Trp to flavin is not part of the photolyase photocycle 
because the enzyme contains two-electron reduced flavin before 
and after the photoenzymatic repair reaction (1,12), the same 
cannot be said for cryptochromes because the redox state of the 
flavin in cryptochromes in vivo is not known. Purified crypto- 
chromes usually contain two-electron oxidized flavin and several 
recent studies (1 14,115) suggest that photoreduction of FAD,, by 
intraprotein transfer is the primary photochemical step in the 
cryptochrome photocycle in plants. 

The most recent study addressed the role of photoinduced 
electron transfer through the Trp triad as part of the CRY 
photocycle by examining the effect of tryptophan mutations on 
the light-stimulated kinase activity of AtCRY 1 (see below). It was 
found that mutation of either W400 or W324, analogous to W382 
and W306 in E. coli, to redox-inactive phenylalanine results in 
a loss of photoreduction of the oxidized mutant protein, consistent 
with interruption of an electron transfer pathway (115). Signifi- 
cantly, both the W400F and W324F mutations abolish the light 
stimulation of kinase activity seen in wild-type protein and plants 
expressing the mutant cryptochromes appear to lack cryptochrome 
activity (1 15). However, mutations disrupting the intraprotein 
electron transfer pathway should theoretically affect only the light- 
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stimulated activity; instead, both W400F and W324F have drastic 
effects on the basal (light-independent) kinase activity of AtCRY 1, 
indicating that structural perturbations caused by these mutations 
(as in the case of mouse, Xenopus and Drosophila cryptochromes) 
may be responsible for disrupting the light-independent and light- 
dependent kinase activity of cryptochrome, thus casting doubt 
about the relevance of “Trp triad” photochemistry in the photo- 
receptive function of Arubidopsis cryptochromes. The identification 
of the in vivo oxidation state of native cryptochromes will help 
resolve the questions regarding a putative role ‘of redox active 
amino acids in the cryptochrome photocycle. 

Light-stimulated kinase activity 

Phosphorylation is a key regulatory mechanism for nearly all 
photopigments (116-1 18). The C-termini of both plant crypto- 
chromes are phosphorylated in vivo in response to light; AtCRY 1 
is phosphorylated by phytochrome A in a red light-dependent 
manner (119) and AtCRY2 is phosphorylated by an as-yet 
unidentified kinase in a blue light-dependent manner (120). In 
addition, an ATP-binding and autophosphorylation activity was 
recently described for AtCRYl (6,121,122). 

Adenosine triphosphate binding by AtCRY1 occurs with a 1:1 
stoichiometry (6,121) and autophosphorylation occurs primarily on 
serine residues (121). The kinase activity was reported to be 
dependent on the presence of flavin and a reducing agent, and 
stimulated 2- to 3-fold or more in vitro in the presence of white 
light (121,122). Treatment of recombinant AtCRYl with flavin 
antagonists such as potassium iodide (shown to inhibit redox 
reactions mediated by other flavoproteins), or an oxidizing agent, 
H202, abolishes the light stimulation, indicating that AtCRY 1 
autophosphorylation is regulated by both redox state and light 
status (121). Blue light-dependent autophosphorlyation of At- 
CRY 1 may represent a significant means of regulation, because the 
magnitude of blue lightdependent phosphorylation in vivo far 
exceeds that observed in response to red light and is rapidly 
reversed, virtually absent after only 15 min in the dark (122). 

It is not currently known on which residue@) the autophosphor- 
ylation occurs, but it was reported that the photolyase-homology 
region of AtCRYl is sufficient to autophosphorylate (121). 
Furthermore, the crystal structure of the photolyase-homology 
region of AtCRYl reveals a single molecule of adenosine 
triphosphate bound in the cavity that corresponds to the active 
site in photolyase (6). Unexpectedly, however, the absence of 
senne residues within 11 8, of the cavity and lack of homology to 
canonical kinase domains raise questions as to whether the ATP 
bound in the flavin cavity participates in the kinase reaction (6). 
ATP binding and autophosphorylation under light conditions were 
also demonstrated for human CRY I but the flavin requirement and 
light dependence of this reaction were not analyzed (121). Light 
stimulation of hCRY 1 kinase activity in vitro is highly unlikely 
given that recombinant preparations of this protein typically 
contain no or grossly substoichiometric chromophore (17,45). 

In fact, a recent study of kinase activity by both plant and animal 
cryptochromes raises some reservations about earlier conclusions 
regarding the requirement of flavin for kinase activity (123). The in 
vitro kinase activity of AtCRY1, human CRYl and CRY2, was not 
stimulated significantly by white light and did not correlate with 
flavin content. AtCRY 1 and AtCRY2 produced in the baculovirus/ 
insect cell system both contain stoichiometric flavin, and yet 

AtCRY 1 has kinase activity and AtCRY2 does not. Moreover, there 
was little or no light stimulation of AtCRYl kinase activity. In 
addition, human CRYl and CRY2 produced in this system contain 
no flavin but have kinase activity similar to that of AtCRYl (123). 
Several key questions regarding the kinase activity of crypto- 
chromes emerge: What is the determining factor for kinase activity 
in cryptochromes in the absence of a canonical kinase domain or 
apparent dependence on flavin? Why do both AtCRYl and the 
human cryptochromes possess the ability to autophosphorylate, but 
AtCRY2 does not? Does the ability to autophosphoiylate represent 
another convergence of function in divergent cryptochrome 
lineages? It is conceivable that the autophosphorylation of 
cryptochrome, as in the case of phytochromes, may have only 
minor significance to the photocycle (124). Clearly, the potential 
role of autophosphorylation in the cryptochrome photocycle is 
intriguing and will require more in-depth study. 

Photoinduced domain movement 

Transduction of the light signal in most, if not all, photopigments 
involves light-stimulated domain movement (125-1 28).  While in 
vivo evidence from Arabidopsis and Drosophila has supported the 
hypothesis of light-stimulated conformational rearrangement in 
cryptochromes, biochemical support for this model was lacking 
until recently (38,64,65). The C-terminal domains of both plant and 
animal cryptochromes interact stably with their cognate photo- 
lyase-homology regions in the dark or in the absence of flavin 
(129). Using limited proteolysis to probe the tertiary structure of 
AtCRY1, it was found that three structurally distinct regions exist 
(Fig. 7A,B): 1) a region highly stable to proteolytic degradation, 
including the PHR and the first 50 amino acids of the C-terminal 
domain; 2) a region of approximately 70 amino acids that is 
semistable to digestion, indicating moderate backbone flexibility; 
and 3) the extreme C-terminal 50 amino acids, which are 
semistable to digestion in the dark but highly sensitive to digestion 
in the light (122). This light-dependent conformational change is 
localized to a region of approximately 35 amino acids that includes 
the highly conserved STAESSS motif found in plant crypto- 
chromes (40,129). Release of this conserved region may create 
a secondary interaction of AtCRY with its effector, COP], 
resulting in the rapid, light-dependent inhibition of COP1 ubiquitin 
ligase activity (34,38). This model for cryptochrome signaling 
suggests that the high energy state created by photoexcited flavin 
may be resolved by inducing a relatively long-lived, reversible 
conformational rearrangement. This satisfies one of the supposi- 
tions of the photolyase model of cryptochrome function; namely, 
the requirement that a substrate must be bound in the dark, because 
the excited state generated by absorption of a photon by flavin 
decays within 1-2 ns (I). The substrate in this model is the 
cryptochrome protein itself, undergoing some form of transient 
modification by the photoexcited flavin that results in a conforma- 
tional rearrangement of the protein and release of a region of the C- 
terminal domain from the photolyase-homology region. 

A recent study suggests that AtCRYl forms a constitutive 
homodimer in plants, mediated by the N-terminal photolyase- 
homology region (130). Dimerization of the protein appears to be 
required for full activation by light; the COP phenotype reported 
after overexpression of GUS-CCT (Cry C-terminal) fusion proteins 
(38) may have been promoted by multimerization of the GUS 
fusion protein, because overexpression of CCTs fused to 
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Figure 7. Model of photoinduced domain movement in AtCRYl. (A) Schematic of AtCRYl C-terminal domain, from amino acids 5OM81. The location of 
the highly conserved DAS motif (DQXVP-acidic-STAESSS) is indicated. Three structurally distinct regions of the C-terminus, determined by sensitivity to 
limiting proteolysis, are highlighted. (B) Proteolytic sensitivity of small region in the extreme C-terminus, localized to the STAESSS motif, is increased in 
response to light, indicating release of this region from the photolyase-homology region after light. (C) Dimerization of AtCRYs may facilitate interaction 
with dimeric COP1. (D) Dimerization of AtCRYs may occur through swapping of the C-terminal domains, which may create a unique C-terminal 
conformation upon exposure to light. 

monomeric proteins does not cause a COP phenotype (130). 
Dimerization of CRY as a simple homodimer may stabilize its 
interaction with the dimeric COP1 (Fig. 7C) (131), or a unique C- 
terminal conformation may be created as a result of domain- 
swapped cryptochrome dimers (Fig. 7D). 

CRYPTOCHROME AND 
MAGNETORECEPTION 
Recently, photoexcited cryptochrome has been implicated in 
magnetoreception in birds and insects. Migratory animals use the 
earth’s magnetic field to orient themselves while migrating or 
homing over vast distances (132). The physicochemical mecha- 
nism enabling birds to sense the reference direction given by the 
earth’s magnetic field is not known, although it is known that the 
eye is required (133) and that magnetoreception is dependent on 
light in the blue-green range (134). Two forms of information can 
be derived from the geomagnetic field (132): 1) a directional (or 
compass) sense allows an animal to orient its movements with 
respect to the geomagnetic field, and 2) a positional (or map) sense 
provides information on where an animal is with respect to its 
destination by analyzing the intensity and inclination of magnetic 
field lines, which vary across the earth’s surface and can be used to 
estimate position. There is evidence that both mechanisms are 
employed by animals, some relying on one or both senses (135). 
Furthermore, these two guidance systems rely on separate 
magnetoreceptors with different mechanisms, based on either 1) 
biogenic magnetite (“physical model”) existing as either single- 
domain particles (136), fixed superparamagnetic particles (137) or 
as a liquid crystal (138); or 2) a magnetically sensitive radical-pair 
reaction (“chemical model”) (139-141). Current data suggest 
a role for magnetite-based magnetoreception in generation of the 
map sense (142) and the radical-pair mechanism in generation of 
the compass sense (141,143). 

Cryptochromes have been suggested as candidate receptors 
mediating the radical-pair mechanism (140,144,145). In this 

mechanism, the magnetoreceptor must possess an excited state in 
which photon absorption generates singlet-excited states and sub- 
sequent radical pairs (140). Singlet pairs may be converted to 
triplet pairs, with varying yield depending on the alignment of the 
receptor in the geomagnetic field. By analyzing the tiplet yield 
over the fixed surface of the retina, animals could obtain directional 
information from the magnetic field (144). The strongest evidence 
to date for this mechanism in the compass sense of birds was 
demonstrated by using oscillating magnetic fields to perturb the 
magnetic orientation behavior of European robins (141). A weak 
oscillating field that is in resonance with the splitting between the 
radical-pair states could perturb the signaling mechanism by 
directly driving singlet-triplet transitions, but is not predicted to 
affect a magnetite-based receptor because the cellular environment 
would prevent magnetite particles from tracking weak radio- 
frequency magnetic fields (141). 

In order for a candidate receptor to participate in the radical-pair 
mechanism, several important criteria must be met. First, the 
receptor must be expressed in the retina, specifically in neurons 
that signal geomagnetic information to the brain. Second, the 
receptor should be localized in an ordered lattice with fixed 
orientation. The receptor must create a radical-pair as a result of 
photon absorption, and have a long enough lifetime (-100 ns) to 
allow the ambient magnetic field to alter the spin correlation, but 
not slow enough to allow stochastic fluctuations in spin states to 
dominate the signaling species. Based on evidence presented to 
date, cryptochromes satisfy several of these criteria, suggesting 
that they may act as magnetoreceptors for directional sense in 
animals. Cryptochrome expression in magnetically orienting 
garden warblers was identified in the subset of retinal ganglion 
cells that project to the nucleus of the basal optic root (145), where 
magnetically sensitive neurons have been reported (1 33) and the 
visual flow-fields arising from self-motion are processed (146). 
Moreover, CRY 1-expressing ganglion cells in these birds show 
high levels of neuronal activity at night during magnetic orientation 
(145). Retinal CRY 1 expression is predominantly cytoplasmic 
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and is therefore more likely to be maintained in a specific 
orientation via structural proteins than nuclear protein. Striking 
differences in the expression of CRY in migratory and non- 
migratory birds also supports a unique role for cryptochromes in 
magnetoreception (145). This model clearly depends on the 
formation of a cryptochrome radical state in vivo; although the 
physiological relevance of such a state is not known, a plant 
cryptochrome has been shown to generate a radical pair upon 
photon absorption in vitro ( I  14). These studies therefore provide 
a correlative link between cryptochromes and magnetoreception 
in animals. 

Cryptochromes have also been implicated in the generation of 
a time-compensated sun compass in monarch butterflies (147). 
Cryptochrome expression was found in fibers connecting the clock 
neurons of the dorsolateral region to the optic medulla, where the 
dorsal rim photoreceptors (sensitive to polarized light from the sun) 
terminate (147). This pathway may provide a link between the 
circadian clock and sun compass input into the brain by provid- 
ing photoperiodic information used to regulate migratory behav- 
ior (148). 

CONCLUSION 
It is noteworthy that the photocycle of another flavin-based 
blue-light photopigment, phototropin, discovered 5 years after 
cryptochromes (149), is now understood in considerable detail 
(126,150-152). Twelve years after the discovery of cryptochromes 
in plants and 8 years after its discovery in animals, we still do not 
have even a general idea about the cryptochrome photocycle. 
Significant progress in determining the cryptochrome photocycle is 
most likely to come when the protein can either be purified with 
near-stoichiometric chromophore and in large quantities, or in cell 
culture systems where RNAi and small molecule inhibitors can be 
used. The recent advances highlighted in this review are stim- 
ulating new hypotheses in the study of cryptochrome photochem- 
istry, yet many questions remain to be answered: What is the 
oxidation state of catalytically active flavin in cryptochromes, and 
is it similar in divergent cryptochromes from plants, bacteria, and 
animals? In what photochemistry does the flavin participate, and is 
the cryptochrome photocycle, like that of photolyase, based on 
cyclic electron transfer, or is it based on redox modification of 
a substrate molecule? The identification of cryptochrome sub- 
strates, whether they are effector proteins, DNA or even regions of 
the cryptochrome protein itself, will be a crucial step in 
understanding the photocycle of cryptochromes. 

REFERENCES 
1. Sancar, A. (2003) Structure and function of DNA photolyase and 

cryptochrome blue-light photoreceptors. Chem. Rev. 103,2203-2237. 
2. Park, H. W., S. T. Kim, A. Sancar and J. Deisenhofer (1995) Crystal 

structure of DNA photolyase from Escherichiu coli. Science 268, 

3. Tamada, T., K. Kitadokoro, Y. Higuchi, K. Inaka, A. Yasui, P. E. de 
Ruiter, A. P. Eker and K. Miki (1997) Crystal structure of DNA 
photolyase from Anacystis niduluns. Nat. Struct. Biol. 4, 887-891. 

4. Komori, H., R. Masui, S. Kuramitsu, S. Yokoyama, T. Shibata, Y. 
Inoue and K. Miki (2001) Crystal structure of thermostable DNA 
photolyase: pyrimidine-dimer recognition mechanism. Proc. Natl. 
Acad. Sci. U S A 98, 13560-13565. 

5.  Brudler, R., K. Hitomi, H. Daiyasu, H. Toh, K. Kucho, M. Ishiura, 
M. Kanehisa, V. A. Roberts, T. Todo, J. A. Tainer and E. D. Getzoff 
(2003) Identification of a new cryptochrome class. Structure, function, 
and evolution. Mol. Cell 11, 59-67. 

1866-1 872. 

6. Brautigam, C. A., B. S .  Smith, Z. Ma, M. Palnitkar, D. R. Tomchick, 
M. Machius and J .  Deisenhofer (2004) Structure of the photolyase- 
like domain of cryptochrome 1 from Arubidopsis rhaliana. Proc. Nutl. 
Acad. Sci. U S  A 101, 12142-12147. 

7. Mees, A,, T. Klar, P. Gnau, U. Hennecke, A. P. Eker, T. Carell 
and L. 0. Essen (2004) Crystal structure of a photolyase bound 
to a CPD-like DNA lesion after in situ repair. Science 306, 
1789-1793. 

8. Payne, G., P. F. Heelis, B. R. Rohrs and A. Sancar (1987) The active 
form of Escherichiu coli DNA photolyase contains a fully reduced 
flavin and not a flavin radical, both in vivo and in vitro. Biocheniistry 
26, 7121-7127. 

9. Heelis, P. F. and A. Sancar (1986) Photochemical properties of 
Escherichia coli DNA photolyase: a flash photolysis study. Bio- 
chemistry 25, 8163-8166. 

10. Sancar, G. B., M. S. Joms, G. Payne, D. J. Fluke, C. S. Rupert and A. 
Sancar (1987) Action mechanism of Escherichiu coli DNA photo- 
lyase. III. Photolysis of the enzyme-substrate complex and the 
absolute action spectrum. J .  B id .  Chem. 262, 492498. 

11. Li, Y. F., P. F. Heelis and A. Sancar (1991) Active site of DNA 
photolyase: tryptophan-306 is the intrinsic hydrogen atom donor 
essential for flavin radical photoreduction and DNA repair in vim. 
Biochemistry 30,.6322-6329. 

12. Kavakli, I. H. and A. Sancar (2004) Analysis of the role of 
intraprotein electron transfer in photoreactivation by DNA photolyase 
in vivo. Biochemistry 43, 15103-15110. 

3. Johnson, J. L., S. Hamm-Alvarez, G. Payne, G. B. Sancar, K. V. 
Rajagopalan and A. Sancar (1988) Identification of the second 
chromophore of Escherichiu coli and yeast DNA photolyases as 
5,lO-methenyltetrahydrofolate. Proc. Nutl. Acad. Sci. U S A 85, 
2046-2050. 

4. Todo, T., H. Ryo, K. Yamamoto, H. Toh, T. h i ,  H. Ayaki, T. 
Nomura and M. Ikenaga (1996) Similarity among the Drosophila (6- 
4) photolyase, human photolyase homolog, and the DNA photolyase- 
blue-light photoreceptor family. Science 272, 109-1 12. 

5. Yasui, A,, A. P. Eker, S. Yasuhira, H. Yajima, T. Kobayashi, M. 
Takao and A. Oikawa (1994) A new class of DNA photolyases 
present in various organisms including aplacental mammals. Embo J .  
13, 6143-6151. 

16. Zhao, X., J. Liu, D. S. Hsu, S .  Zhao, J. S .  Taylor and A. Sancar (1997) 
Reaction mechanism of (6-4) photolyase. J .  Biol. Chem. 272, 
32580-32590. 

17. Ozgur, S. and A. Sancar (2003) Purification and properties of human 
blue-light photoreceptor cryptochrome 2. Biochemistry 42, 
29262932. 

18. Cashmore, A. R., J. A. Jarillo, Y. J. Wu and D. Liu (1999) 
Cryptochromes: blue light receptors for plants and animals. Science 
284, 76S765. 

19. Ahmad, M. and A. R. Cashmore (1993) HY4 gene of A. thuliuna 
encodes a protein with characteristics of a blue-light photoreceptor. 
Nature 366, 162-166. 

20. Koomneef, M., E. Rolf and C. J. P. Spruit (1980) Genetic control 
of light-inhibited hypocotyl elongation in Arabidopsis thaliana. 
Z .  Pjlunzenphysiology 100, 147-160. 

21. Sancar, G. B., F. W. Smith, M. C. Lorence, C. S. Rupert and A. 
Sancar (1984) Sequences of the Escherichiu coli photolyase gene and 
protein. J .  Biol. Chem. 259, 6033-6038. 

22. Malhotra, K., S. T. Kim, A. Batschauer, L. Dawut and A. Sancar 
(1995) Putative blue-light photoreceptors from Arabidopsis thaliana 
and Sinapis ulbu with a high degree of sequence homology to DNA 
photolyase contain the two photolyase cofactors but lack DNA repair 
activity. Biochemistry 34, 6892-6899. 

23. Lin, C., D. E. Robertson, M. Ahmad, A. A. Raibekas, M. S. Joms. P. 
L. Dutton and A. R. Cashmore (1995) Association of flavin adenine 
dinucleotide with the Arabidopsis blue light receptor CRY 1. Science 
269, 968-970. 

24. Hoffman, P. D., A. Batschauer and J. B. Hays (1996) PHH1, a novel 
gene from Arabidopsis thaliunu that encodes a protein similar to plant 
blue-light photoreceptors and microbial photolyases. Mol. Gen. Gene 
253, 259-265. 

25. Lin, C., H. Yang, H. Guo, T. Mockler, J. Chen and A. R. Cashmore 
(1998) Enhancement of blue-light sensitivity of Arubidopsis seedlings 
by a blue light receptor cryptochrome 2. Proc. Natl. Acad. Sci. U S A 
95, 2686-2690. 



1302 Carrie L. Partch and Aziz Sancar 

26. Ahmad, M., J. A. Jarillo and A. R. Cashmore (1998) Chimeric 
proteins between cry1 and cry2 Arabidopsis blue light photoreceptors 
indicate overlapping functions and varying protein stability. Plant 
Cell 10, 197-207. 

27. Guo, H., H. Yang, T. C. Mockler and C. Lin (1998) Regulation of flow- 
ering time by Arabrdopsis photoreceptors. Science 279, 136G1363. 

28. El-Din El-Assal, S., C. Alonso-Blanco, A. J. Peeters, V. Raz and M. 
Koomneef (2001) A QTL for flowering time in Arabidopsis reveals 
a novel allele of CRY2. Nut. Genet. 29, 435440.  

29. Ma, L., J. Li, L. Qu, J. Hager, Z. Chen, H. Zhao and X. W. Deng 
(2001 ) Light control of Arabidopsis development entails coordinated 
regulation of genome expression and cellular pathways. Plant Cell 

30. Folta, K. M., M. A. Pontin, G. Karlin-Neumann, R. Bottini and E. P. 
Spalding (2003) Genomic and physiological studies of early 
cryptochrome 1 action demonstrate roles for auxin and gibberellin 
in the control of hypocotyl growth by blue light. Plant J .  36,203-214. 

31. Lilts, J. C., J. M. Kelly, and J. C. Lagarias (1983) Structure-function 
studies on phytochrome. Preliminary characterization of highly 
purified phytochrome from Avena sativa enriched in the 124- 
kilodalton species. J .  Biol. Chem. 258, 11025-1 1031. 

32. Ang, L. H., S. Chattopadhyay, N. Wei, T. Oyama, K. Okada, A. 
Batschauer and X. W. Deng (1998) Molecular interaction between 
COP1 and HY5 defines a regulatory switch for light control of 
Arabidopsis development. Mol. Cell 1, 213-222. 

33. Osterlund, M. T., C. S. Hardtke, N. Wei and X. W. Deng (2000) 
Targeted destabilization of HY5 during light-regulated development 
of Arabidopsis. Nature, 405, 462466. 

34. Duek, P. D., M. W. Elmer, V. R. van Oosten and C. Fankhauser 
(2004) The degradation of HFR1, a putative bHLH class transcription 
factor involved in light signaling, is regulated by phosphorylation and 
requires COP]. Curr. Biol. 14, 2296-22301. 

35. von Arnim, A. G., M. T. Osterlund, S. F. Kwok and X. W. Deng 
(1997) Genetic and developmental control of nuclear accumulation of 
COPl, a repressor of photomorphogenesis in Arabidopsis. Plant 

36. Osterlund, M. T. and X. W. Deng (1998) Multiple photoreceptors 
mediate the light-induced reduction of GUS-COP1 from Arabidopsis 
hypocotyl nuclei. Plant J. 16, 201-208. 

37. Subramanian, C., B. H. Kim, N. N. Lyssenko, X. Xu, C. H. Johnson, 
and A. G. von Amim (2004) The Arabidopsis repressor of light 
signaling, COPl, is regulated by nuclear exclusion: mutational 
analysis by bioluminescence resonance energy transfer. Proc. Natl. 
Acad. Sci. U S A 101,6798-6802. 

38. Yang, H. Q., R. H. Tang, and A. R. Cashmore (2001) The signaling 
mechanism of Arabidopsis CRY1 involves direct interaction with 
COP1. Plant Cell 13, 2573-2587. 

39. Wang, H., L. G. Ma, J. M. Li, H. Y. Zhao and X. W. Deng (2001) 
Direct interaction of Arabidopsis cryptochromes with COP1 in light 
control development. Science 294, 154-158. 

40. Lin, C. and D. Shalitin (2003) Cryptochrome structure and signal 
transduction. Annu. Rev. Plant Biol. 54, 469496. 

41. Batschauer, A. (2005) Plant Cryptochromes: Their Genes, Bio- 
chemistry, and Physiological Roles. In Handbook of Photosensory 
Receptors (Edited by W. R. Briggs and J. L. Spudich), pp. 211-246. 
Weinheim, Wiley-VCH. Germany. 

42. Kleine, T., P. Lockhat and A. Batschauer (2003) An Arabidopsis 
protein closely related to Synechocystis cryptochrome is targeted to 
organelles. Plant 1. 35, 93-103. 

43. Li, Y. F., S. T. Kim and A. Sancar (1993) Evidence for lack of DNA 
photoreactivating enzyme in humans. Proc. Natl. Acad. Sci. U S  A 90, 
43894393. 

44. Adams, M. D., A. R. Kerlavage, R. D. Fleischmann, R. A. Fuldner, C. 
J. Bull, N. H. Lee, E. F. Kirkness, K. G. Weinstock, J. D. Gocayne, 
and 0. White, et al. (1 995) Initial assessment of human gene diversity 
and expression patterns based upon 83 million nucleotides of cDNA 
sequence. Nature 377, 3-174. 

45. Hsu, D. S., X. Zhao, S. Zhao, A. Kazantsev, R. P. Wang, T. Todo, 
Y. F. Wei and A. Sancar (1996) Putative human blue-light photo- 
receptors hCRY1 and hCRY2 are flavoproteins. Biochemistvy 35, 
13871-13877. 

46. Van Gelder, R. N. and A. Sancar (2003) Cryptochromes and inner 
retinal non-visual irradiance detection. Novartis Found. Symp. 253, 
3 142 discussion 42-55, 102-109, 281-284. 

13, 2589-2607. 

Physiol. 114, 779-788. 

47. Miyamoto, Y. and A. Sancar (1998) Vitamin B2-based blue-light 
photoreceptors in the retinohypothalamic tract as the photoactive 
pigments for setting the circadian clock in mammals. Proc. Natl. 
Acad. Sci. U S A 95, 60974102. 

48. Thresher, R. J., M. H. Vitatema, Y. Miyamoto, A. Kazantsev, D. S. 
Hsu, C. Petit, C. P. Selby, L. Dawut, 0. Smithies, J. S. Takahashi and 
A. Sancar (1998) Role of mouse cryptochrome blue-light photore- 
ceptor in circadian photoresponses. Science 282, 1490-1494. 

49. Stanewsky, R., M. Kaneko, P. Emery, B. Beretta, K. Wager-Smith, 
S. A. Kay, M. Rosbash and J. C. Hall (1998) The cryb mutation 
identifies cryptochrome as a circadian photoreceptor in Drosophila. 
Cell 95, 681492. 

50. Yang, Z., M. Emerson, H. S. Su and A. Sehgal (1998) Response of 
the timeless protein to light correlates with behavioral entrainment and 
suggests a nonvisual pathway for Circadian photoreception. Neuron 
21, 215-223. 

51. Ohata, K., H. Nishiyama and Y. Tsukahara (1998) Action spectrum of 
the circadian clock photoreceptor in Drosophila melanogaster. In 
Biological Clocks: Mechanisms and Applications (Edited by Y. 
Touitou), pp. 167-170. Elsevier, Amsterdam. 

52. Wheeler, D. A,, M. J. Hamblen-Coyle, M. S. Dushay and J. C. Hall 
(1993) Behavior in light-dark cycles of Drosophila mutants that are 
arrhythmic, blind, or both. J. Biol. Rhythms 8, 67-94. 

53. Zimmerman, W. F. and T. H. Goldsmith (1971) Photosensitivity of 
the circadian rhythm and of visual receptors in carotenoid-depleted 
Drosophila. Science 171, 1167-1169. 

54. Frank, K. D. and W. F. Zimmerman (1969) Action spectra for phase 
shifts of a circadian rhythm in Drosophila. Science 163, 688-689. 

55. Klemm, E. and H. Ninneman (1976) Detailed action spectrum for the 
delay shift in pupae emergence of Drosophila pseudoobscura. 
Photochem. Photobiol. 24, 369-371. 

56. Zuker, C. S. (1996) The biology of vision of Drosophila. Proc. Natl. 
Acad. Sci. U S A 93, 571-576. 

57. Emery, P., R. Stanewsky, J. C. Hall and M. Rosbash (2000) A unique 
circadian-rhythm photoreceptor. Nature 404, 45-57, 

58. Emery, P., R. Stanewsky, C. Helfrich-Forster, M. Emery-Le, J. C. 
Hall and M. Rosbash (2000) Drosophila CRY is a deep brain 
circadian photoreceptor. Neuron 26, 493-504. 

59. Giebultowicz, J. M., R. Stanewsky, J. C. Hall and D. M. Hege (2000) 
Transplanted Drosophila excretory tubules maintain circadian clock 
cycling out of phase with the host. Curr. Biol. 10, 107-1 10. 

60. Ivanchenko, M., R. Stanewsky and J. M. Giebultowicz (2001) 
Circadian photoreception in Drusophila: functions of cryptochrome in 
peripheral and central clocks. J .  Biol. Rlzytlzms 16, 205-215. 

61. Helfrich-Forster, C., C. Winter, A. Hofbauer, J. C. Hall and R. 
Stanewsky (2001) The circadian clock of fruit flies is blind after 
elimination of all known photoreceptors. Neuron 30, 249-261. 

62. Ceriani, M. F., T. K. Darlington, D. Staknis, P. Mas, A. A. Petti, C. J. 
Weitz and S. A. Kay (1999) Light-dependent sequestration of 
Timeless by Cryptochrome Science 285, 553-556. 

63. Rosato, E., V. Codd, G. Mazzotta, A. Piccin, M. Zordan, R. Costa and 
C. P. Kyriacou (2001) Light-dependent interaction between Drosoph- 
ila CRY and the clock protein PER mediated by the carboxy terminus 
of CRY. Curr. Biol. 11, 909-917. 

64. Dissel, S., V. Codd, R. Fedic, K. J. Gamer, R. Costa, C. P. Kyriacou 
and E. Rosato (2004) A constitutively active cryptochrome in 
Drosophila melanogaster. Nut. Neurosci. 7, 834-840. 

65. Busza, A., M. Emery-Le, M. Rosbash and P. Emery (2004) Roles of 
the two Drosophila CRYPTOCHROME structural domains in 
circadian photoreception. Science 304, 1503-1506. 

66. Hunter-Ensor, M., A. Ousley and A. Sehgal(l996) Regulation of the 
Drosophila protein timeless suggests a mechanism for resetting the 
circadian clock by light. Cell 84, 677-685. 

67. Naidoo, N., W. Song, M. Hunter-Ensor and A. Sehgal (1999) A role 
for the proteasome in the light response of the timeless clock protein. 
Science 285, 1737-1741. 

68. Lin, F. J., W. Song, E. Meyer-Bernstein, N. Naidoo and A. Sehgal 
(2001) Photic signaling by cryptochrome in the Drosophila circadian 
system. Mol. Cell Biol. 21, 7287-7294. 

69. Lee, C., K. Bae and I. Edery (1999) PER and TIM inhibit the DNA 
binding activity of a Drosophila CLOCK-CYC/dBMAL1 heterodimer 
without disrupting formation of the heterodimer: a basis for circadian 
transcription. Mol. Cell Biol. 19, 5316-5325. 



Photochemistry and Photobiology, 2005, 81 1303 

70. Johnson, R. F., R. Y. Moore and L. P. Morin (1988) Loss of 
entrainment and anatomical plasticity after lesions of the hamster 
retinohypothalamic tract. Brain Res. 460, 297-3 13. 

71. Ebihara, S. and K. Tsuji (1980) Entrainment of the circadian activity 
rhythm to the light cycle: effective light intensity for a Zeitgeher 
in the retinal degenerate C3H mouse and the normal C57BL mouse, 
Physiol. Behav. 24, 523-527. 

72. Miyamoto, Y. and A. Sancar (1999) Circadian regulation of crypto- 
chrome genes in the mouse. Brain Res. Mol. Brain Res. 71,238-243. 

73. Thompson, C. L., C. B. Rickman, S. J. Shaw, J. N. Ebright, U. Kelly, 
A. Sancar and D. W. Rickman (2003) Expression of the blue-light 
receptor cryptochrome in the human retina. Invest. Ophthalmol. Vis. 
Sci. 44, 45154521. 

74. Sancar, A. (2004) Regulation of the mammalian circadian clock by 
cryptochrome. J .  Biol. Chem. 279, 34079-34082. 

75. van der Horst, G. T., M. Muijtjens, K. Kobayashi, R. Takano, S. 
Kanno, M. Takao, J. de Wit, A. Verkerk, A. P. Eker, D. van Leenen, 
R. Buijs, D. Bootsma, J. H. Hoeijmakers and A. Yasui (1999) 
Mammalian Cry1 and Cry2 are essential for maintenance of circadian 
rhythms. Nature 398, 627-630. 

76. Vitatema, M. H., C. P. Selby, T. Todo, H. Niwa, C. Thompson, E. M. 
Fruechte, K. Hitomi, R. J. Thresher, T. Ishikawa, J. Miyazaki, J. S. 
Takahashi and A. Sancar (1999) Differential regulation of mammalian 
period genes and circadian rhythmicity by cryptochromes 1 and 2. 
Proc. Natl. Acad. Sci. U S A 96, 121 14-121 19. 

77. Mrosovsky, N. (1999) Masking: history, definitions, and measure- 
ment. Chronobiol. Int. 16, 415-429. 

78. Griffin E. A. Jr., D. Staknis and C. J. Weitz (1999) Light-independent 
role of CRY1 and CRY2 in the mammalian circadian clock. Science 
286, 768-77 1. 

79. Kume, K., M. J. Zylka, S. Sriram, L. P. Shearman, D. R. Weaver, X. 
Jin, E. S. Maywood, M. H. Hastings and S. M. Reppert (1999) 
mCRY 1 and mCRY2 are essential components of the negative limb of 
the circadian clock feedback loop. Cell 98, 193-205. 

80. Shearman, L. P., M. J. Zylka, D. R. Weaver, L. F. Kolakowski Jr., and 
S.  M. Reppert (1997) Two period homologs: circadian expression 
and photic regulation in the suprachiasmatic nuclei. Neuron 19, 

81. Aronin, N., S. M. Sagar, F. R. Sharp and W. J. Schwartz (1990) Light 
regulates expression of a Fos-related protein in rat suprachiasmatic 
nuclei. Proc. Natl. Acad. Sci. U S A 87, 5959-5962. 

82. Komhauser, J. M., D. E. Nelson, K. E. Mayo and J. S. Takahashi 
(1990) Photic and circadian regulation of c-fos gene expression in the 
hamster suprachiasmatic nucleus. Neuron 5, 127-1 34. 

83. Wollnik, F., W. Brysch, E. Uhlmann, F. Gillardon, R. Bravo, M. 
Zimmermann, K. H. Schlingensiepen and T. Herdegen (1995) Block 
of c-Fos and JunB expression by antisense oligonucleotides inhibits 
light-induced phase shifts of the mammalian circadian clock. Eur. J .  
Neurosci. 7, 388-393. 

84. Guido, M. E., D. Goguen, L. De Guido, H. A. Robertson and B. 
Rusak (1999) Circadian and photic regulation of immediate-early 
gene expression in the hamster suprachiasmatic nucleus. Neurosci- 
ence 90, 555-571. 

85. Selby, C. P., C. Thompson, T. M. Schmitz, R. N. Van Gelder and A. 
Sancar (2000) Functional redundancy of cryptochromes and classical 
photoreceptors for nonvisual ocular photoreception in mice. Proc. 
Natl. Acad. Sci. U S A 97, 14697-14702. 

86. Thompson, C. L., C. P. Selhy, C. L. Partch, D. T. Plante, R. J. 
Thresher, F. Araujo and A. Sancar (2004) Further evidence for the 
role of cryptochromes in retinohypothalamic photoreception/photo- 
transduction. Brain Res. Mol. Brain Res., 122, 158-166. 

87. Van Gelder, R. N., R. Wee, J. A. Lee and D. C. Tu (2003) Reduced 
pupillary light responses in mice lacking cryptochromes. Science 
299, 222. 

88. Provencio, I., I. R. Rodriguez, G. Jiang, W. P. Hayes, E. F. Moreira 
and M. D. Rollag (2000) A novel human opsin in the inner retina. 
J .  Neurosci. 20, 600-605. 

89. Hattar, S., H. W. Liao, M. Takao, D. M. Berson and K. W. Yau 
(2002) Melanopsin-containing retinal ganglion cells: architecture, 
projections, and intrinsic photosensitivity. Science 295, 1065-1070. 

90. Berson, D. M., F. A. Dunn and M. Takao (2002) Phototransduction 
by retinal ganglion cells that set the circadian clock. Science 295, 
1070-1 073. 

1261-1269. 

91. Ruby, N. F., T. J. Brennan, X. Xie, V. Cao, P. Franken, H. C. Heller 
and B. F. O’Hara (2002) Role of melanopsin in circadian responses to 
light. Science 298, 2211-2213. 

92. Lucas, R. J., S. Hattar, M. Takao, D. M. Berson, R. G. Foster and K. 
W. Yau (2003) Diminished pupillary light reflex at high irradiances in 
melanopsin-knockout mice. Science 299, 245-247. 

93. Panda, S . ,  I. Provencio, D. C. Tu, S. S. Pires, M .  D. Rollag, A. M. 
Castrucci, M. T. Pletcher, T. K. Sato, T. Wiltshire, M. Andahazy, 
S. A. Kay, R. N. Van Gelder and J. B. Hogenesch (2003) Melanopsin 
is required for non-image-forming photic responses in blind mice. 
Science 301, 525-527. 

94. Hattar, S., R. J. Lucas, N. Mrosovsky, S.  Thompson, R. H. Douglas, 
M. W. Hankins, J. Lem, M. Biel, F. Hofmann, R. G. Foster and 
K. W. Yau (2003) Melanopsin and rod-cone photoreceptive systems 
account for all major accessory visual functions in mice. Nature 424, 
76-81. 

95. Quadro, L., W. S. Blaner, D. J. Salchow, S. Vogel, R. Piantedosi, 
P. Gouras, S. Freeman, M. P. Cosma, V. Colantuoni and M. E. 
Gottesman (1999) Impaired retinal function and vitamin A avail- 
ability in mice lacking retinol-binding protein. Emho 1. 18, 
46334644. 

96. Thompson, C. L., W. S. Blaner, R. N. Van Gelder, K. Lai, L. Quadro, 
V. Colantuoni, M. E. Gottesman and A. Sancar (2001) 
Preservation of light signaling to the suprachiasmatic nucleus in 
vitamin A-deficient mice. Proc. Natl. Acad. Sci. U S A 98, 11708- 
11713. 

97. Thompson, C. L., C. P. Selby, R. N. Van Gelder, W. S. Blaner, J. Lee, 
L. Quadro, K. Lai, M. E. Gottesman and A. Sancar (2004) Effect of 
vitamin A depletion on nonvisual phototransduction pathways in 
cryptochromeless mice. J .  Biol. Rhythms 19, 504-5 17. 

98. Panda, S., S. K. Nayak, B. Campo, J. R. Walker, J. B. Hogenesch and 
T. Jegla (2005) Illumination of the melanopsin signaling pathway. 
Science 307, 600-604. 

99. Melyan, Z., E. E. Tarttelin, J. Bellingham, R. J. Lucas and M. W. 
Hankins (2005) Addition of human melanopsin renders mammalian 
cells photoresponsive. Nature 433, 741-745. 

100. Qiu, X., T. Kumbalasiri, S. M. Carlson, K. Y. Wong, V. Krishna, 
I. Provencio and D. M. Berson (2005) Induction of photosen- 
sitivity by heterologous expression of melanopsin. Nature 433, 745- 
749. 

101. Herzog, E. D. and R. M. Huckfeldt (2003) Circadian entrainment to 
temperature, but not light, in the isolated suprachiasmatic nucleus. 
J .  Neurophysiol. 90, 763-770. 

102. Whitmore, D., N. Cermakian, C. Crosio, N. S. Foulkes, M. P. Pando, 
2. Travnickova and P. Sassone-Corsi (2000) A clockwork organ. Biol. 
Chem. 381, 793-800. 

103. Whitmore, D., N. S. Foulkes and P. Sassone-Corsi (2000) Light acts 
directly on organs and cells in culture to set the vertebrate circadian 
clock. Nature 404, 87-91. 

104. Pando, M. P., A. B. Pinchak, N. Cermakian and P. Sassone-Corsi 
(2001) A cell-based system that recapitulates the dynamic light- 
dependent regulation of the vertebrate clock. Proc. Natl. Acad. Sci. 

105. Cermakian, N., M. P. Pando, C. L. Thompson, A. B. Pinchak, C. P. 
Selby, L. Gutierrez, D. E. Wells, G. M. Cahill, A. Sancar and P. 
Sassone-Corsi (2002) Light induction of a vertebrate clock gene 
involves signaling through blue-light receptors and MAP kinases. 
Curr. B i d .  12, 844-848. 

106. Tu, D. C., M. L. Batten, K. Palczewski and R. N. Van Gelder (2004) 
Nonvisual photoreception in the chick iris. Science 306, 129-131. 

107. Worthington, E. N., I. H. Kavakli, G. Berrocal-Tito, B. E. Bondo and 
A. Sancar. (2003) Purification and characterization of three members 
of the photolyase/cryptochrome family glue-light photoreceptors from 
Vibrio cholerae. J .  Biol. Chem. 278, 39143-39154. 

108. Saxena, C.. H. Wang, I. H. Kavakli, A. Sancar and D. Zhong (2005) 
Ultrafast dynamics of resonance energy transfer in cryptochrome. 
J .  Phys. Chem. B. 22, 79847985. 

109. Saxena, C., A. Sancar and D. Zhong (2004) Femtosecond dynamics 
of DNA photolyase: energy transfer of antenna initiation and electron 
transfer of cofactor reduction. J .  Phys. Chem. B. 108, 18025-18033. 

110. Zhong, D. and A. H. Zewail(l999) Femtosecond dynamics of dative 
bonding: Concepts of reversible and dissociative electron transfer 
reactions. Proc. Natl. Acad. Sci. U S A 96, 2602-2607. 

U S  A 98, 10178-10183. 



1304 Carrie L. Partch and Aziz Sancar 

111. Weber, S. (2005) Light-driven enzymatic catalysis of DNA rep& 
a review of recent biophysical studies on photolyase. Biochim. 
Biophys. Acta 1707, 1-23. 

112. Zhu, H. and C. B. Green (2001) A putative flavin electron transport 
pathway is differentially utilized in Xenopus CRY 1 and CRY2. Curr. 
Biol. 11, 1945-1949. 

113. Froy, O., D. C. Chang and S. M. Reppert (2002) Redox potential: 
differential roles in dCRY and mCRYl functions. Curr. Biol. 12, 
147-152. 

114. Giovani, B., M. Byrdm, M. Ahmad and K. Brettel (2003) Light- 
induced electron transfer in a cryptochrome blue-light photoreceptor. 
Nat. Struct. Biol. 10, 489490. 

115. Zeugner, A,, M. Byrdin, J. P. Bouly, N. Bakrim, B. Giovani, K. 
Brettel and M. Ahmad (2005) Light-induced electron transfer in 
Arabidopsis cryptochrome-1 correlates with in vivo function. J .  Biol. 
Chem. 280, 19437-19440. 

116. Maeda, T., Y. Imanishi and K. Palczewski (2003) Rhodopsin 
phosphorylation: 30 years later. Prog. Retin. Eye Rex 22, 417434. 

117. Briggs, W. R., J. M. Christie and M. Salomon (2001) Phototropins: 
a new family of flavin-binding blue light receptors in plants. Antioxid. 
Redox Signal 3, 775-788. 

118. Kim, J. I., Y. Shen, Y. J. Han, J. E. Park, D. Kirchenbauer, M. S. Soh, 
F. Nagy, E. Schafer and P. S. Song (2004) Phytochrome phosphor- 
ylation modulates light signaling by influencing the protein-protein 
interaction. Plant Cell 16, 2629-2640. 

119. Ahmad, M., J. A. Jarillo, 0. Smimova and A. R. Cashmore (1998) 
The CRY 1 blue light photoreceptor of Arabidopsis interacts with 
phytochrome A in vitro. Mol. Cell 1, 939-948. 

120. Shalitin, D., H. Yang, T. C. Mockler, M. Maymon, H. Guo, G. C. 
Whitelam and C. Lin (2002) Regulation of Arabidopsis cryptochrome 
2 by blue-light-dependent phosphorylation. Nature 417, 763-767. 

121. Bouly, J. P., B. Giovani, A. Djamei, M. Mueller, A. Zeugner, E. A. 
Dudkin, A. Batschauer and M. Ahmad (2003) Novel ATP-binding 
and autophosphorylation activity associated with Arabidopsis and 
human cryptochrome-1. Eur. J .  Biochem. 270, 2921-2928. 

122. Shalitin, D., X. Yu, M. Maymon, T. Mockler and C. Lin (2003) Blue 
light-dependent in vivo and in vitro phosphorylation of Arabidopsis 
cryptochrome 1. Plant Cell 15, 2421-2429. 

123. Ozgur, S. (2005) Purification and properties of human cryptochrome 
2. Ph.D. Thesis, University of North Carolina, Chapel Hill. 

124. Matsushita, N., N. Mochizuki and A. Nagatani (2003) Dimers of the 
N-terminal domain of phytochrome B are functional in the nucleus. 
Nature 424, 571-574. 

125. Okada, T., 0. P. Ernst, K. Palczewski and K. P. Hofmann (2001) 
Activation of rhodopsin: new insights from structural and biochemical 
studies. Trends Biochem. Sci. 26, 318-324. 

126. Harper, S. M., L. C. Neil and K. H. Gardner (2003) Structural basis of 
a phototropin light switch. Science 301, 1541-1544. 

127. Park, C. M., S. H. Bhoo and P. S. Song (2000) Inter-domain crosstalk 
in the phytochrome molecules. Semin. Cell Dev. Biol. 11, 449-456. 

128. Lee, B. C., P. A. Croonquist, T. R. Sosnick and W. D. Hoff (2001) 
PAS domain receptor photoactive yellow protein is converted 
to a molten globule state upon activation. J .  Biol. Chem. 276, 
2082 1-20823. 

129. Partch, C. L., M. W. Clarkson, S. Ozgur, A. L. Lee and A. Sancar 
(2005) Role of structural plasticity in signal transduction by the 
cryptochrome blue-light photoreceptor. Biochemistry 44, 3795-3805. 

130. Sang, Y., Q. H. Li, V. Rubio, Y. C. Zhang, J. Mao, X.W. Deng and 
H.Q. Yang (2005) N-terminal domain-mediated homodimerization 
is required for photoreceptor activity of Arabidopsis CRYPTO- 
CHROME 1. Plant Cell 17, 1569-1584. 

131. Toni, K. U., T. W. McNellis and X. W. Deng (1998) Functional 
dissection of Arabidopsis COP1 reveals specific roles of its three 
structural modules in light control of seedling development. Emho J .  
17, 5577-5587. 

132. Lohmann, K. J. and S .  Johnsen (2000) The neurobiology of magneto- 
reception in vertebrate animals. Trends Neurosci. 23, 153-159. 

133. Semm, P. and C. Demaine (1986) Neurophysiological properties of 
magnetic cells in the pigeon’s visual system. J .  Comp. Physiol. (A)  
159, 619-625. 

134. Wiltschko, W. and R. Wiltschko (1995) Magnetic orientation of 
European robins is affected by the wavelength of light as well as by 
a magnetic pulse. J .  Comp. Physiol. 177, 363-369. 

135. Wiltschko, W., M. Gesson, K. Stapput and R. Wiltschko (2004) 
Light-dependent magnetoreception in buds: interaction of at least two 
different receptors. Narunv~ssen~cha~en 91, 13G134. 

136. Kirschvink, J. L. and J. L. Could (1981) Biogenic magnetite as a basis 
for magnetic field detection in animals. Biosystems 13, 181-201. 

137. Kirschvink, J. L., M. Walker, S. Chang, A. Dizon and K. Peterson 
(1985) Chains of single-domain magnetite particles in Chinook 
salmon. J .  Comp. Physiol. 157, 375-381. 

138. Edmonds, D. (1996) A sensitive optically detected magnetic compass 
for animals. Proc. R .  SOC. Lond. B.  Biol. Sci. 263, 295-298. 

139. Schulten, K. (1982) Magnetic field effects in chemistry and biology. 
In Festkorperproblerne. Vieweg, Vol. 22 (Edited by J. Treusch), pp. 
61-83 Vieweg, Braunschweig, Germany. 

140. Ritz, T., S. Adem and K. Schulten (2000) A model for photoreceptor- 
based magnetoreception in birds. Biophys. J .  78, 707-718. 

141. Ritz, T., P. Thalau, J. B. Phillips, R. Wiltschko and W. Wiltschko 
(2004) Resonance effects indicate a radical-pair mechanism for avian 
magnetic compass. Nature 429, 177-1 80. 

142. Beason, R., N. Dussourd and M. Deutschlander (1995) Behavioural 
evidence for the use of magnetic material in magentoreception by 
a migratory bird. J .  Exp. Biol. 198, 141-146. 

143. Irwin, W. P. and K. J. Lohmann (2005) Disruption of magnetic 
orientation in hatchling loggerhead sea turtles by pulsed magnetic 
fields. J .  Comp. Physiol. A. Neuroethol. Sens. Neural. Behav. Physiol. 
191, 475-480. 

144. Moller, A,, S. Sagasser, W. Wiltschko and B. Schierwater (2004) 
Retinal cryptochrome in a migratory passerine bird: a possible 
transducer for the avian magnetic compass. Nafunvissenschafen 91, 

145. Mouritsen, H., U. Janssen-Bienhold, M. Liedvogel, G. Feenders, J. 
Stalleicken, P. Dirks and R. Weiler (2004) Cryptochromes and 
neuronal-activity markers colocalize in the retina of migratory birds 
during magnetic orientation. Proc. Natl. Acad. Sci. U S A 101, 
1429414299. 

146. Wylie, D. R., W. F. Bischof and B. J. Frost (1998) Common reference 
frame for neural coding of translational and rotational optic flow. 
Nature 392, 278-282. 

147. Sauman, I., A. D. Briscoe, H. Zhu, D. Shi, 0. Froy, J. Stalleicken, 
Q. Yuan, A. Casselman and S. M. Reppert (2005) Connecting the 
navigational clock to sun compass input in monarch butterfly brain. 
Neuron 46, 457467. 

148. Goehring, L. and K. S. Oberhauser (2002) Effects of photoperiod, 
temperature, and host plant age on induction of reproductive diapause 
and development time in Danaus plexippus. Ecol. Entomol. 27, 
674-685. 

149. Christie, J. M., P. Reymond, G. K. Powell, P. Bemasconi, A. A. 
Raibekos, E. Liscum and W. R. Briggs (1998) Arabidopsis NPH1: 
a flavoprotein with the properties of a photoreceptor for phototropism. 
Science 282, 1698-1701. 

150. Salomon, M., J. M. Christie, E. Krueb, U. Lempert and W. R. Brigg 
(2000) Photochemical and mutational analysis of the FMN-binding 
domains of the plant blue light receptor, phototropin. Biochemistry 

151. Crosson, S. and K. Moffat (2001) Structure of a flavin-binding plant 
photoreceptor domain: insights into light-mediated signal trans- 
duction. Proc. Natl. Acad. Sci. U S A 98, 2995-3000. 

152. Harper, S. M., J. M. Christie and K. H. Gardner (2004) Disruption of 
the LOV-Jalpha helix interaction activates phototropin kinase activity. 
Biochemistry 43, 16184-16192. 

585-588. 

39, 9401-9410. 




