
pated. LXRa is an oxysterol receptor that senres 
as a cholesterol rheostat. regulating the conver- 
sion of excess cholesterol to bile acids for re- 
moval from the body. The finding that FXR is a 
bile acid receptor suggests that this orphan also 
contributes to cholesterol homeostasis. The dis- 
covely that PXR and CAR are steroid receptors 
that modulate the expression of steroid hydroxy- 
lases suggests a mechanism for regulating the 
amounts of steroid hormones. Thus. these or- 
phan receptors not only filnction as steroid re- 
ceptors but also regulate key steps in steroid 
metabolism. A final theme is that orphan recep- 
tors represent a tremendous opportunity in terms 
of understanding and treating human disease. 
Historically. nuclear receptors have been impor- 
tant d1~1g targets. The discovery that some or- 
phan receptors regulate key metabolic pathways 
suggests that they will be useful targets for 
intervention in disease processes. We now know 
that the inadvertent activation of other orphan 
receptors can contribute to detrimental side ef- 
fects of drugs. Thus; knowledge of orphan re- 
ceptor signaling pathways will be important 
both for the discovely of new drugs and for 
minimizing the side effects of these compounds. 

The first decade of orphan nuclear receptor 
research has yielded a large number of new 
family members and many tantalizing clues as 
to their biological functions. However, ligands 
have been identified for only a handful of the 
orphans. Given the large number of remain- 
ing orphan nuclear receptors and the recent 
advances in combinatorial chemistry, high- 
throughput screening, and functional genom- 
ics; the next decade of reverse endocrinology 
promises an explosion in our understand- 

ing of nuclear hormone signaling pathways. 
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Cryptochromes: Blue Light Receptors for 
Plants and Animals 

Anthony R. Cashmore," Jose A. Jarillo, Ying-Jie Wu, Dongmei Liu 

Cryptochromes are blue, ultraviolet-A photoreceptors. They were first 
characterized for Arabidopsis and are also found in ferns and algae; they 
appear to be ubiquitous in the plant kingdom. They are flavoproteins 
similar in sequence to photolyases, their presumptive evolutionary ances- 
tors. Cryptochromes mediate a variety of light responses, including en- 
trainment of circadian rhythms in Arabidopsis, Drosophila, and mammals. 
Sequence comparison indicates that the plant and animal cryptochrome 
families have distinct evolutionary histories, with the plant cryptochromes 
being of ancient evolutionary origin and the animal cryptochromes having 
evolved relatively recently. This process of repeated evolution may have 
coincided with the origin in animals of a modified circadian clock based on 
the PERIOD, TIMELESS, CLOCK, and CYCLE proteins. 

In an early description of a biological re- through a solution of potassium dichromate 
sponse to blue light. Charles Darwin noted (1).  As passage through a dichromate solu- 
that the heliotropic movement of plants was tion reduces the blue content of the radi- 
eliminated if the light was first filtered ant light. this experiment delllollstrated that 

plants were selectively sensing the blue re- 
gion of the spectrum. It is now realized that 
this ability to sense and respond to blue light 
(400 to 500 nm) is widespread throughout the 
biological Itingdom. Other examples of such 
responses include the production of antho- 
cyanins aud carotenoids in plants and fungi 
and the entrainment of behavioral rhythms in 
flies and mammals. The action spectrum of 
many responses to blue light is similar to 
the absolption spectrum of flavins. which 
prompted Galston to postulate the involve- 
ment of a flavoprotein (2). However, for sev- 
eral decades the nature of this photoreceptor 
continued to be hotly debated-some argued 
in favor of a flavoprotein, and others specu- 
lated that the photoreceptor contained a ca- 
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rotenoid or a retinal chromophore. The elu- 
sive nature of this photoreceptor gave rise to 
the name cryptochrome (3). 

Photolyases Mediate Redox Reactions 
in Response to Light 
Photolyases, the presumptive evolutionary pre- 
cursors for cryptochromes, are flavoproteins 
that mediate repair of DNA in a light-de- 
pendent manner (4). Irradiation of organisms 
with ultraviolet-B (UV-B) light results in 
DNA damage through the formation of cy- 
clobutane pyrimidine dirners and the pyrimi- 
dine (6-4) pyrimidone photoproducts (Fig. 1). 
In many organisms this damaged DNA can be 
repaired by photolyases activated by blue/ 
UV-A light. Flavin-adenine dinucleotide 
(FAD) is the catalytic chromophore for pho- 
tolyases. The enzyme has a second chro- 
mophore, which can be either a pterin 
(methenyltetrahydrofolate; MTHF) or a dea- 
zaflavin (7,8-didemethyl-8-hydroxy-5-deaz- 
ariboflavin; 8-HDF) (Fig. 1). The second 
chromophore functions in light harvesting, 
and the resulting excitation energy is trans- 
ferred to the catalytic chromophore. 

Photolyases bind selectively to pyrimidine 
dimers present in UV-damaged DNA and 
mediate DNA repair by transferring an elec- 
tron from the excited state of the flavin to the 
pyrimidine dimer, which then isomerizes to 
yield the original pyrimidine and returns the 
electron to the flavin (4). Although no net 
change occurs in the oxidation state of the 
reactants, light-dependent redox reactions are 
involved. 

Two classes of photolyases (types I and 
11) repair cyclobutane pyrimidine dimers. An- 
other class capable of repairing (6-4) photo- 
products was first identified by a gene from 
Drosophila with a sequence divergent from 
but related to that of the types I and I1 pho- 
tolyases (5). 

Cryptochrome Photoreceptors in 
Plants 
The power of Arabidopsis genetics led to 
the first isolation of a cryptochrome blue 
light photoreceptor (6). Arabidopsis seed- 
lings grown under light have a shorter hypo- 
cotyl than seedlings grown in darkness; this 
response can be mediated by blue, red (600 to 
700 nm), or far-red (700 to 750 nm) light 
(Fig. 2). Certain mutants of Arabidopsis (hy 
mutants) have selectively lost the capacity to 
respond to one or more portions of the spec- 
tmm (7). 

One of these hy mutants (the hy4/cryl 
mutant) is selectively deficient in its capacity 
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to respond to blue light. This feature prompt- 
ed us to speculate that the cryl mutant may 
correspond to a lesion in the structural gene 
for the blue light photoreceptor. We isolated 
a T-DNA-tagged allele of cryl that encodes a 
protein with sequence similarity to DNA pho- 
tolyases (6). The protein encoded by the cryl 
gene was shown to be a flavoprotein; how- 
ever, the protein lacked detectable photolyase 
activity and contained a distinguishing 
COOH-terminal extension (6, 8). In view of 
the photobiological, genetic, and molecular 
properties of this protein, we concluded that 
the protein was a long-sought blue light re- 
ceptor and we named it cryptochrome 1 
(CRY 1). 

A second member of the Arabidopsis cryp- 
tochrome family, CRY2, like CRY1, medi- 

ates blue light-induced shortening of the hy- 
pocotyl, cotyledon expansion, and anthocya- 
nin production (9, 10). Transgenic Arabidop- 
sis plants that overexpress either photoreceptor 
are hypersensitive to blue light--they exhibit 
enhanced light-induced shortening of the hypo- 
cotyl and increased anthocyanin synthesis. Mu- 
tations in the cry2 gene confer a late-flowering 
phenotype, observed under blue plus red light 
but not under blue light alone, apparently re- 
flecting a repression of PHYB activity by 
CRY2 in wild-type plants (11). The cry2 mu- 
tant is allelic to fha, a late-flowering mutant. 
The CRY2 protein contrasts with CRY1 in that 
it is unstable under blue light intensities in 
excess of 5 pmol m-2 s-' (9, 10). 

Many plant genes exhibit circadian rhythms 
in their expression, and recent studies indi- 

Fig. 1. (A) Photolyase and cryptochrome structures. For each type of photolyase or cryptochrome, 
one representative member is shown. Type I photolyase, Escherichia coli (472 amino acids); type II 
photolyase, Arabidopsis thaliana (496 amino acids); (6-4)photolyase, A. thaliana (537 amino acids); 
Arabidopsis CRY, A. thaliana CRY1 (681 amino acids); Chlamydomonas CRY, C. reinhardtii (867 
amino acids); human CRY, Homo sapiens CRY1 (586 amino acids); Drosophila CRY, Drosophila 
melanogaster CRY (542 amino acids). CenBank accession numbers for the sequences are provided 
in the legend to  Fig. 3. (B) Structures of flavin, pterin, and deazaflavin cofactors. Photolyases are 
characterized by two chromophores: FADH-, present in all photolyases, and a second chro- 
mophore, either a pterin (MTHF) or deazaflavin (8-HDF). (C) Structures of pyrimidine substrates. 
Photolyases bind selectively to  pyrimidine dimen present in UV-damaged DNA. Two types of 
products are repaired: cyclobutane pyrimidine dimer (CPD) and the (6-4) pyrimidine dimer, 
constituting 70% to  80% and 20% to  30% of total UV photoproducts, respectively. 

WT CRYlp CRYlC PHYB- WT CRYIS CRYl+ PHYB- I 'W CRY!. CRYl+ PHYW I 
Fig. 2. Color-blind mutant Arabidopsis seedlings. Six-day-old Arabidopsis seedlings are shown after 
growth under darkness (A), blue light (B) (25 pmol m-2 s-I), or red light (C) (75 pmol m-2 s-'). 
The cryl  mutant (CRY1-) shows a long hypocotyl under blue light (similar to  growth of the 
wild-type in darkness) but is like wild-type under red light. Conversely, the phyB mutant (PHYB-) 
shows an elongated hypocotyl under red light but not under blue light. The CRY1-overexpressing 
seedling (CRY1 +) is hypersensitive to  blue light (but not to  red light), exhibiting an unusually short 
hypocotyl and enhanced anthocyanin production. Scale bar, 2.5 mm. 
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cate that CRY 1 mediates photoentrainment of 
this circadian expression. Under low-intensi- 
ty blue light (less than 3 pmol m-2 s-I) the 
period of gene expression in the cryl mutant 
is increased by about 4 hours, which indicates 
that CRYl functions as a blue photoreceptor 
in rhythm entrainment (12). Somewhat sur- 
prisingly, the cry2 mutant, which affects the 
sensitivity of Arabidopsis flowering to pho- 
toperiod (11), did not affect rhythm entrain- 
ment (12). 

Cryptochrome photoreceptors appear to 
be present in organisms throughout the plant 
kingdom; they have been found in the alga 
Chlamydomonas reinhardtii (13) as well as in 
the fern Adiantum capillus-veneris (14). 

Mammalian Cryptochromes and 
Circadian Rhythms 
The first indication that cryptochrome photo- 
receptors existed in animals was the finding 
that the protein encoded by a human gene 
related to the Drosophila (6-4)photolyase (5) 
lacked detectable photolyase activity, even 
though the protein could bind both flavin 
and MTHF (15), the cofactors for photo- 
lyases and cryptochromes. The same proper- 
ties are characteristic of the Arabidopsis 
cryptochrome proteins; thus the mammalian 
proteins were also called cryptochromes, al- 
though their function remained unclear (15). 
Mouse cry genes are expressed in most tis- 
sues; the cry2 gene is expressed at high levels 

Fig. 3. Phylogenetic analysis of 
the photolyaseuyptochrome fami- 
ly. Sequences analyzed in this study 
were retrieved from public elec- 
tronic databases: Sinapis alba (Sa) 
CRY2 (accession number P40115); 
A. thaliana (At) CRY2 (U43397); A. 
thaliana CRY 1 (566907); Adian- 
tum capillus-veneris (Ac) CRY 1 
(AB012629), CRY2 (ABO12630), 
and CRY3 (~~012631); C. minhard6i 
ICrl CRYl (5577951: Ca&s auta- 

in the central and peripheral retina and cryl 
expression is high in the suprachiasmatic nu- 
cleus where it undergoes circadian oscilla- 
tions (16). Thus it was proposed that the 
mammalian cryptochromes function in the 
entrainment of behavioral rhythms (16). Such 
entrainment is selectively responsive to light 
of 500 nm (1 7); furthermore, because marn- 
mals deficient in the retinal photoreceptors 
required for vision are still able to undergo 
photic entrainment, the photoreceptors medi- 
ating these two processes are in some manner 
distinct (18). 

Mice lacking the cry2 gene show reduced 
levels of light induction of the mPerl gene 
(19), a homolog of the Drosophila per gene 
that plays a central role in the circadian clock 
(20). The mutant mice show oscillations in 
their behavior under constant darkness, with 
a period about 1 hour longer than wild-type 
mice, and an increased magnitude of phase- 
shifting in response to saturating pulses of 
light. It was concluded that the mouse cry2 
gene plays a role in entrainment of circadian 
rhythms (19). 

Some of the properties of CRY2 described 
in these transgenic studies might be consid- 
ered more in keeping with cryptochrome 
functioning as an integral component of the 
clock instead of in entrainment (21). Howev- 
er, the function of cryptochrome as a photo- 
receptor does not exclude it having a role in 
the dark, as photolyases, which repair DNA 

phis' &mestice ( ~ d j  type 11 1 I ' 1  Y ,  

(D3 1902); Potorous tridactylis 
(Pt) type ll (D26020); D. melano- 
gaster (Dm) type 11 (552047); A. 
thaliana type II (AF053365); 
Methanobacterium thermoauto- 
trophicum (Mt) type 11 (P12769); -8111 

Myxococcus xanthus (Mx) pe II 
(U44437); A. thaliana (6-qPho- 
tolyase (At 6-4) (AB003687); D. smw 
mdanogaster (64)photolyase (Dm - a w  
6-4) (D83701); H. sapiens (Hs) - 
CRYl (D83702); Mus musculus - 
(Mm) CRY1 (AB000777); H. sapiens CRY2 [AS-; m. musculus 
melanoaaster CRY (AF099734): Stre~tomvces ariseus (Sel8-HDF (PI27681 

C ! ! ? m m w  
: Anacvstis nidulans (An) 

8-HDF ip05327); k lobacter ih  haiobiuh ( ~ 6 )  ~ - H D F ~ P Z O ~ ~ ~ ) ; ' E .  coli (EC) M ~ H F  (~00914);'an6 
~accharbm~ces cerevisiae (Sc) MTHF (~05066). ~ l u s t a l ~ ' 1 . 7  (46.b7) was useh to align proteins; the 
regions that aligned with amino acids 15 to 488 of A. thaliana CRYl (6) were used. Two methods 
of phylogenetic analysis were employed, parsimony (PAUP 4.0bl) and neighbor joining (PAUP 
4.0bl) (48). Parsimony analysis was performed with a heuristic search using 500 random addition 
replicates and 100 bootstrap replicates. Neighbor-joining analysis employed 100 bootstrap repli- 
cates. Results from the two analyses were qualitatively similar (even when the length of the input 
sequences were substantially altered); the results from parsimony analysis are shown. 
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in response to light, in the dark may interact 
with the excision repair system (19). An al- 
ternative explanation for the dark phenotype 
is that these may not be null mutants, and, in 
a manner similar to certain Arabidopsis cryl 
alleles (22), the mouse cry2 mutation may be 
conferring a dominant negative phenotype. 

Cryptochrome Photoreceptors in 
Drosophila 
Proof that cryptochrome proteins are in- 
volved in functioning of the circadian clock 
in animals has come from studies with Dro- 
sophila (23-26). A mutant (cryb) was isolat- 
ed from a transgenic line of flies harboring a 
luciferase reporter hsed to the Drosophila 
per gene (23). In wild-type flies the transgene 
exhibits cyclical luciferase expression with a 
period of 24 hours when the flies are subject- 
ed to a 12-hour light-dark cycle. In contrast, 
the cryb mutant lacks cyclical luciferase ex- 
pression (23). The mutation maps to a posi- 
tion on chromosome I11 in the vicinity of a 
deletion encompassing a Drosophila crypto- 
chrome gene (24). In the mutant cryb strain, 
the cry gene contains a missense mutation 
within a codon for a conserved flavin-binding 
residue. Both cry RNA and CRY protein 
oscillated in a circadian manner. and this 
oscillation appeared to be regulated at the 
level of transcription (24). In the cryb mutant, 
oscillation of cry RNA no longer occurs, and 
CRY protein quantities are greatly reduced. 

The cryb mutation resulted in arrhythmic 
expression of both PER and timeless (TIM) 
proteins in the photoreceptor cells-TIM, 
like PER, represents an integral component 
of the Drosophila circadian clock (27). This 
phenotype reflects a mutation that affects an 
input into the clock and not a lesion in the 
clock itself, as demonstrated by continued 
rhythmic expression of PER and TIM in the 
cryb mutant upon entrainment to temperature 
cycles (23). 

The cryb mutant shows relatively normal 
rhythmic behavior in spite of the arrhythmic 
expression of PER and TIM. However, when 
this mutation is combined with the norpA 
mutation-which results in the compound 
eye being visually unresponsivethe double 
mutant flies show noticeable deficiencies in 
behavioral entrainment. Similarly, the double 
pers; cryb mutant shows entrainment proper- 
ties not observed in either single mutant. 
Furthermore, the cryb mutant is deficient in 
its ability to entrain to pulses of light. The 
ability of the cryb flies to exhibit circadian 
oscillations in their behavior suggests that the 
lateral neurons (the central pacemaker cells) 
are still functioning effectively. Indeed, for 
the cryb mutant, both the dorsal and ventral 
lateral neurons show some degree of oscilla- 
tions in expression of both PER and TIM 
protein expression. 

These properties of the cryb mutant flies 



(23), the demonstration that photosensitivity 
is increased in a CRY-overexpressing strain 
(24), and the finding that the fly CRY pro- 
tein lacks photolyase activity yet apparently 
binds both flavin and pterin chromophores 
(25, 26) is convincing evidence that the CRY 
protein is critical for rhythm entrainment in 
Drosophila. 

Repeated Evolution of Cryptochromes 
One of the moie interesting features of the 
animal cryptochromes concerns their evolu- 
tionary relationship to the plant crypto- 
chromes. At first it might be assumed that 
these two photoreceptors are encoded by or- 
thologous genes, direct evolutionary descen- 
dants of a common photolyase ancestral 
gene. However, such an assumption appears 
to be incorrect. Sequence comparison reveals 
that the mammalian and fly cryptochromes 
are more closely related to the (6-4)photo- 
lyases-including the Arabidopsis (6-4)photo- 
lyase-than they are to the plant crypto- 
chromes (Fig. 3). It follows that the plant and 
animal cryptochromes are likely to have aris- 
en from independent evolutionary events. 
Thus, the cryptochromes represent an exam- 
ple of repeated evolution, a special case of 
convergent evolution in which a new genetic 
function arises independently in two different 
lineages from orthologous (or paralogous) 
genes (28). This phenomenon contrasts with 
classic convergent evolution, where the an- 
cestral genes are unrelated. 

When did these cryptochromes evolve and 
what happened to the animal counterpart of 
the plant cryptochromes? The latter are 
equally divergent from the three different 
classes of photolyases. This observation, plus 
the fact that cryptochromes appear to be ab- 
sent from eubacteria and archaebacteria, 
prompt us to speculate that the first crypto- 
chromes-the progenitors of the plant cryp- 
tochromes-evolved soon after the origin 
of eukaryotic organisms. In contrast, and giv- 
en the sequence similarity of the animal 
cryptochromes and Arabidopsis (6-4)photol- 
yase, it appears that the animal crypto- 
chromes evolved soon after the plant-animal 
divergence. 

Given that the function of this animal 
cryptochrome was likely that of photoentrain- 
ment of circadian rhythms, we propose that 
the origin of the animal cryptochrome co- 
incided with the coevolution of a modified 
circadian clock based on the PER, TIM, 
CLOCK, and CYCLE proteins (20). This hy- 
pothesis suggests that such a clock (the PTCC 
clock) will not be found in plants. In keeping 
with this is the finding that MYB-related 
proteins-distinct from the proteins associat- 
ed with the animal PTCC clock-are closely 
associated with the circadian clock in Arabi- 
dopsis (29, 30). In the plant kingdom the 
original cryptochrome has survived, perform- 

ing in conjunction with phytochrome a myr- 
iad of functions including the entrainment of 
circadian rhythms. The PAS domain, a dis- 
tinguishing feature of several mammalian, 
fly, and fungal clock-related proteins (20, 
31), is also found in phytochrome (32) and a 
phytochrome-associated protein (33)-thus, 
a common feature of animal clock-associated 
proteins has also been conserved in plants. 

Distinguishing Features of a 
Flavin-Based Photoreceptor 
Photolyases are photoreceptors, initiating a 
redox reaction in response to absorption of a 
photon. This distinguishing feature of photo- 
lyases, coupled with the genetic and photo- 
biological data of the Arabidopsis cry1 mu- 
tant, prompted us to conclude that CRY1 was 
a photoreceptor (6). Determining the features 
required for a flavoprotein to function as a 
photoreceptor may help define important av- 
enues of future research for the crypto- 
chromes. Note that the redox properties of 
any flavin will change in response to absorp- 
tion of a photon, and the rate of electron 
transfer decreases dramatically with donor- 
acceptor distance (34). 

It follows that any flavoprotein could ini- 
tiate a light-driven redox reaction provided 
that a redox partner is bound in appropriate 
juxtaposition and that electron transfer is en- 
ergetically favored after absorption of light 
by the flavin. However, this analysis results 
in the following quandary: why (in an evolu- 
tionary sense) have photolyases been "cho- 
sen" as the progenitor for the cryptochrome 
photoreceptors? One might argue that there 
was an element of chance-it just so hap- 
pened that photolyase served as the progeni- 
tor for cryptochromes. However, this is un- 
likely as this evolutionary event occurred not 
once but twice; these independent events gave 
rise to the plant and animal cryptochromes. 

Thus, photolyases have some feature that 
distinguishes them from other flavoproteins 
to make them uniquely suitable for function- 
ing as a photoreceptor. The amino acid resi- 
dues involved in flavin binding, identified 
from the Escherichia coli photolyase crystal 
structure (35), are conserved within the pho- 
tolyases and cryptochromes (24, 36). Possi- 
bly there is some feature by which the flavin 
is bound to the photolyase-cryptochrome 
apoproteins that facilitates light-induced elec- 
tron transfer. Indeed the flavin in photolyase 
is bound in a hairpin-like configuration in- 
stead of the extended configuration observed 
for all other flavoproteins (35). 

Photolyases are distinguished by not one 
but two chromophores (4). The second chro- 
mophore-a pterin or a deazaflavin-func- 
tions as a light-harvesting chromophore. The 
excitation energy resulting from photon ab- 
sorption is transferred with high efficiency to 
the flavin, and the latter initiates electron 
transfer. Because of their high extinction co- 
efficients, these secondary chromophores 
substantially enhance the overall sensitivity 
of photolyases to light (4) and function as do 
light-harvesting chlorophylls associated with 
photosynthetic reaction centers. The posses- 
sion of this second light-harvesting chro- 
mophore distinguishes photolyases from oth- 
er flavoproteins in their capacity to efficiently 
respond to photons in the b luew-A region 
of the visible spectrum. This may be the 
feature that determines the role of photo- 
lyases in the evolution of plant and animal 
cryptochromes. 

Cryptochrome Translocation to the 
Nucleus 
Our emphasis on the light-harvesting and re- 
dox properties of photolyase may be mis- 
placed. Both mouse and the human CRY2 
proteins localize to the nucleus (19, 37). The 

Fig. 4. Nuclear localization of Arabidopsis CRY1 protein. A gene encoding the Arabidopsis CRY1 
protein fused to the NH,-terminus of CFP was introduced into onion epidermal cells by biolistic 
transformation (49). Localization of CRY1 CFP was seen to be nuclear (A) by comparison with 
4',6-diamidino-2-phenylindole staining (8) with fluorescence optics. Cellular structure (C) was 
visualized under bright-field optics. Bar = 5 pm. 
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mouse CRYl protein localizes to the mito- 
chondria and, like the human CRYl protein, 
binds to DNA (37). We have demonstrated 
that a fusion protein prepared from Arabidop- 
sis CRYl and green fluorescent protein 
(GFP) localizes to the nucleus on transient 
expression in onion epidermal cells (Fig. 4). 
Similarly, for transgenic Arabidopsis seed- 
lings a fusion protein of CRYl and P-glucu- 
ronidase is also seen to be nuclear. 

If nuclear localization and DNA binding 
capacity are important features of the crypto- 
chromes, then these properties may be impor- 
tant in the evolutionary history of the cryp- 
tochromes. As cryptochrome-mediated sig- 
naling in both plants and animals involves 
transcriptional events, the structural features 
of photolyases required for DNA binding 
may be retained in the cryptochromes, their 
presumptive evolutionary descendants [see 
(24) for a similar proposal]. 

Multiplicity of Photoreceptors 
In Arabidopsis there are two cryptochrome 
genes and five genes for the phytochrome 
photoreceptors. The latter, commonly thought 
of as red far-red light receptors, also function 
as blue light photoreceptors (38). These two 
classes of photoreceptors overlap in function, 
with physiological responses such as inhibi- 
tion of hypocotyl elongation, anthocyanin 
production, and sensitivity of flowering to 
photoperiod mediated by both receptors. Simi- 
larly, the entrainment of circadian rhythms by 
blue light is affected by input from both 
CRYl as well as phytochrome (12). Genetic 
evidence indicates that phytochrome (39), 
cryptochrome (40), and another flavoprotein 
(NPHl) (41) are required for phototropism. 
The mechanism of action of these proteins 
and the nature of their interdependence is not 
well understood. However, it is known that 
phytochrome has the properties of a serinel 
threonine protein kinase (32), that crypto- 
chrome serves as a substrate for this kinase 
(22), and that NPHl undergoes blue light- 
induced autophosphorylation (41). 

Similar observations concerning multiple 
photoreceptors have been made in both flies 
and mammals. The cryb mutant of Drosoph- 
ila exhibits normal cyclical behavior and un- 

Fig. 5. Models for cryptochrome function. 
Excitation of MTHF (the light-harvesting 
chromophore) by absorption of a photon; 
the resulting excitation energy is then 
transferred to  the catalytic chromophore 
FADH-. In the excited state, this flavin may 
transfer an electron (e-) t o  a presumptive 
redox signaling partner (RSP) in a manner 
analogous t o  the reaction of photolyases 
with pyrimidine dimers. Alternatively, the 
reaction may involve an intramolecular re- 
dox reaction with the electron being trans- 
ferred to  a residue (IMR) within the CRY1 

dergoes entrainment, even when exposed to 
low light intensities (23). However, entrain- 
ment is diminished in the double cryb; norpA 
mutant. The product of the norpA gene (phos- 
pholipase C) is downstream of the rhodopsin 
photoreceptors, and both the single mutants 
norpA and ninaE (lacking the major opsin) 
show deficient entrainment to light-dark cy- 
cles. Thus, opsin, as well as cryptochrome, is 
believed to function in entrainment of the 
fly's behavioral rhythms (23). 

Multiple photoreceptors are also involved 
in rhythm entrainment in mice. Mutant mice 
lacking CRY2 undergo photoentrainment of 
their behavioral rhythms, which indicates a 
role in this process for at least one other 
photoreceptor (19), perhaps CRY1, the other 
member of the mouse cryptochrome family 
that is expressed in a cyclical fashion in the 
suprachiasmatic nucleus (16). Whether opsins 
support rhythm entrainment in mammals, as 
they appear to in flies, is not so clear. Retinal 
degeneration caused by the rd mutation re- 
sults in mice that have lost most of their 
visual sensitivity and opsins yet retain appar- 
ently normal sensitivity for photic entrain- 
ment of behavioral rhythms (18). Further 
studies in this area are likely to include dou- 
bly mutant cry1 cry2 mice-here a central 
question is whether these mice retain any 
capacity to undergo photoentrainment. 

Models for Cryptochrome Function 
Cryptochromes, like photolyases, presumably 
function by mediating a light-dependent re- 
dox reaction. In contrast to photolyases, how- 
ever, pyrimidine dimers are not substrates for 
this reaction and relatively little is known 
about the identities of cryptochrome signal- 
ing partners. Arabidopsis CRYl binds to and 
is phosphorylated by phytochrome A in vitro 
and undergoes phosphorylation in vivo in a 
red light-dependent manner (22). The hu- 
man CRY2 protein interacts in vitro with a 
nuclear serinelthreonine phosphatase and 
modulates its activity (42). Given the ap- 
parently distinct evolutionary histories of 
the plant and animal cryptochromes, there 
is little reason to believe that the presump- 
tive redox partners will be the same for 
these two proteins. 

protein. An alternative mode of cryptochrome signaling could involve intermolecular excitation 
energy transfer (IET) t o  a chromophore associated with a signaling partner. 

A likely role for the COOH-terminal ex- 
tensions that distinguish plant cryptochromes 
from photolyases is to bind a presumptive 
redox-signaling partner (Fig. 5) that may be 
activated by a redox reaction-possibly 
transfer of an electron from FADH- in a 
manner similar to the activation of pyrimi- 
dine dimers by photolyases. For such a reac- 
tion to proceed efficiently, it is necessary for 
some "useful fraction" of the cryptochrome 
to be bound to its signaling partner as the 
flavin excited state is likely to have a half-life 
on the order of a nanosecond (43)-in the 
absence of electron transfer this excited state 
will decay by the process of fluorescence. 

An alternative way to maximize the efi- 
ciency of a signaling process characterized by 
an intermediate with a short half-life is for the 
signal to be trapped by an intramolecular 
process. Such intramolecular processes are 
used in both phytochrome and rhodopsin sig- 
naling. In the former case, the tetrapyrolle 
chromophore undergoes cis-trans isomeriza- 
tion as a consequence of the absorption of a 
photon-this isomerization of the chro- 
mophore induces a corresponding change in 
the conformation of the protein (44). Simi- 
larly, in the case of rhodopsin, the absorption 
of a   hot on results in cis-trans isomerization 
of &e associated retinal chromophore that 
induces a change in conformation of the as- 
sociated opsin protein (45). In view of the 
potential efficiency of any intramolecular sig- 
naling system, it is plausible that the first 
event in cryptochrome signaling after absorp- 
tion of a photon may well be an intramolec- 
ular redox reaction. 

An alternative mode of cryptochrome 
signaling could involve intermolecular ex- 
citation energy transfer to a chromophore 
associated with a signaling partner. Mech- 
anistically this would work in a manner 
similar to transfer of energy from the light- 
harvesting chromophores of photolyases to the 
flavin. Potential partners in such a reaction are 
phytochromes in the case of plant crypto- 
chromes and opsins in the case of animal 
cryptochromes. 

Concluding Thoughts 
There have been major recent advances con- 
cerning the identity and role of cryptochrome 
photor&eptors in plants as well a s  animals. 
The studies we have reviewed shed light on a 
fundamental component of the entrainment of 
animal behavioral rhythms and also provide 
an example of an interesting evolutionary 
mechanism. These cryptochrome blue light 
receptors of plants and animals, both appar- 
ently functioning in the photoentrainment of 
circadian rhythms, are likely the result of 
repeated evolutionary events. The signaling 
processes initiated by these receptors remain 
to be determined. How similar will this pro- 
cess be for the plant and animal crypto- 
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chromes and horn1 similar will either be to the 14. T. Kanegae and M. Wada, Mol. Gen. Genet. 259, 345 Evol. 45, 535 (1997). 
(1 998). 37. K. Kobayashi et  al., Nucleic Acids Res. 26, 5086 

lightmdependent reaction mediated by 15. D. S. Hsu et al., Biochemistry 35, 13871 (1996). (1998). 
P ~ ~ ~ ~ ~ Y ~ ~ ~ ~ ?  Danvin$ llninterest- 16. Y. Miyamoto and A. Sancar, Proc. Natl. Acad. Sci. 38. P.  H. Quail et al., Science 268, 675 (1995). 
ed in his blue light exoeriment described U.8.A. 95. 6097 (1998). 39. A, lanoudi. R. Konievic. C .  Whitelam. W .  Cordon. K. L. u - - , , 

above, would surely be excited by these latest 17. J. S. Takahashi, P ,  J .  DeCourse~, L. Bauman, M. ~ o i f ,  ~ h ~ s i o l .  p la i t  101, 278 (1997). 

findings. Menaker, et  al., Nature 308, 186 (1984). 40. M. Ahmad, j. A. jarillo, 0. Smirnova, A. R. Cashmore, 
18. R. C .  Foster et  al., J. Comp. Physiol. 169, 39 (1991). Nature 392, 720 (1998). 

:Vote added in proofi A recent regort (50) 19. R. I. Thresher et  al., Science 282, 1490 (1998). 41. 1 .  M. Christie et  al., Science 282, 1698 (1998) 
A " 

confirmed and extended earlier observations 
concerning the role of cryptochromes in 
mammalian circadian rhythms. 
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A Cell's Sense of Direction 
Carole A. Parent and Peter N. Devreotes* 

In eukaryotic cells directional sensing is mediated by heterotrimeric gua- 
nine nucleotide-binding protein (C protein)-linked signaling pathways. In 
Dictyostelium discoideum amoebae and mammalian leukocytes, the recep- 
tors and C-protein subunits are uniformly distributed around the cell 
perimeter. Chemoattractants induce the transient appearance of binding 
sites for several pleckstrin homology domain-containing proteins on the 
inner face of the membrane. In gradients of attractant these sites are 
persistently present on the side of the cell facing the higher concentration, 
even in the absence of a functional actin cytoskeleton or cell movement. 
Thus, the cell senses direction by spatially regulating the activity of the 
signal transduction pathway. 

All living cells can sense their environment. 
The term "directional sensing" refers to the 
ability of a cell to determine the direction and 
proximity of an extracellular stimulus. Direc- 
tional sensing is needed to detect morphogens 
that control differentiation and attractants that 
direct cell migration, as in chemotaxis. This 
fascinating response is critical in immunity, 
angiogenesis, wound healing, embryogene- 
sis, and neuronal patterning. Chemotaxis is 
strikingly exhibited during the life cycle of 
the social amoebae, D. discoideum (I). Dur- 
ing growth, these cells track down and 
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phagocytose bacteria. When starved, they 
move toward secreted adenosine 3',5'-mono- 
phosphate (CAMP) signals, form aggregates, 
and differentiate into spore and stalk cells. 
The fundamental role of chemotaxis in this 
simple eukaryote provides a powerful sys- 
tem for its genetic analysis. Recent obser- 
vations in D, discoideum, as well as in yeast 
and mammalian leukocytes, have clarified 
views of directional sensing. In this review, 
we focus on the signal transduction events 
involved in gradient detection. Other impor- 
tant aspects of chemotaxis, such as the regu- 
lation of adhesion, motility, and cell shape, 
have been reviewed and will not be discussed 
(2). 

Both leukocytes and amoebae use G pro- 
tein-linked signaling pathways to detect che- 
moattractants (Fig. 1). Binding of the attractants 

to receptors of the seven-transmembrane helix 
class leads to the dissociation of the G proteins 
into cu and py subunits. It is likely that chemo- 
taxis is mediated through the py subunits. In 
both leukocytes and amoebae, chemoattractants 
elicit rapid and transient increases in Ca2' in- 
flux, in the intracellular messengers inositol 
1,4,5-trisphosphate (IP,), CAMP, and guan- 
osine 3',5'-monophosphate (cGMP), and in the 
phosphorylation of myosins I and 11. Chemoat- 
tractants also induce actin polymerization, most 
likely through the activation of the Rho family 
of small guanosine trisphosphatases (GTPases). 
All these events rapidly subside in the pres- 
ence of persistent stimulation. This rapid in- 
hibition may allow a migrating cell to "sub- 
tract" the ambient concentration of attractant 
and more accurately sense the direction of a 
gradient. 

Models of chemotaxis should take into 
account the following behaviors of chemotac- 
tic cells (3). First, chemotactic cells are ex- 
tremely sensitive. The accuracy of chemotax- 
is depends on the relative steepness of the 
gradient rather than the mean concentration - 
of the attractant, and concentration differenc- 
es as low as 2% between the front and the 
back of the cell can direct movement (4). 
Second, cells can regulate polarity. Although 
they display sensitivity at all points on their 
perimeter, when amoebae are oriented by 
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