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Many biochemical, physiological and behavioural processes show
circadian rhythms which are generated by an internal time-
keeping mechanism referred to as the biological clock. According
to rapidly developing models, the core oscillator driving this
clock is composed of an autoregulatory transcription±(post)
translation-based feedback loop involving a set of `clock'
genes1±6. Molecular clocks do not oscillate with an exact 24-hour
rhythmicity but are entrained to solar day/night rhythms by light.
The mammalian proteins Cry1 and Cry2, which are members of
the family of plant blue-light receptors (cryptochromes) and
photolyases, have been proposed as candidate light receptors for
photoentrainment of the biological clock7±10. Here we show that
mice lacking the Cry1 or Cry2 protein display accelerated and
delayed free-running periodicity of locomotor activity, respec-
tively. Strikingly, in the absence of both proteins, an instanta-
neous and complete loss of free-running rhythmicity is observed.
This suggests that, in addition to a possible photoreceptor and
antagonistic clock-adjusting function, both proteins are essential
for the maintenance of circadian rhythmicity.

We were interested in identifying mammalian homologues of the
DNA-repair enzyme photolyase, a protein that undoes ultraviolet-
induced DNA damage in a single-step process (photoreactivation)
requiring light energy captured by blue-light-collecting
chromophores11,12. In this search, we and others have cloned two
genes with strong homology to class I photolyases of lower spe-
cies7±10. In addition to the photolyase core domain, the gene
products appeared to contain a carboxy-terminal extension also

found in plant blue-light receptors (cryptochromes), for which the
mammalian photolyase-like genes were designated cry1 and cry2.
Plant Cry proteins mediate light-dependent processes such as
phototropism, growth and ¯owering13±15. Since placental mammals
as well as endogenous or recombinant mammalian Cry proteins
lack clearly detectable photoreactivating activity, the mammalian
Cry proteins may act as photoreceptors rather than photolyases7,9,10.
The biological `master' clock in the suprachiasmatic nucleus (SCN)
of the brain controls many physiological processes, from body
temperature to the sleep±wake cycle. A major question in mamma-
lian chronobiology is how the clock is entrained to solar time,
thereby keeping an organism in an exact 24-h rhythm. The absence
of photoentrainment in eye-less rodents indicates that the light
receptors feeding into the SCN circadian system must reside in the
eye16,17, but the process does not seem to depend on retinal
photoreceptor cells and their visual pigments, as Retinal-degenerate
(Rd) mice show a normal circadian response to light17,18. Since
mammalian cry genes are speci®cally expressed in the ganglion and
inner nuclear layer of the retina, the Cry1 and Cry2 proteins are
possible candidates for circadian photoreceptors19.

To explore the biological function of mammalian Cry1 and Cry2,
we have generated cry1 and cry2 mutant mice through gene
targeting in embryonic stem cells (Fig. 1). Analysis of the transcrip-
tional status of the targeted cry1 and cry2 genes, using the reverse
transcription-long-range polymerase chain reaction, revealed no
detectable transcripts in the corresponding knockout animals, thus
demonstrating that we have created null-mutant mice. Targeted
cry1 and cry2 alleles both segregate at expected mendelian ratios,
indicating that the absence of either Cry1 or Cry2 does not interfere
with embryonic development. Moreover, cry1 and cry2 mutant mice
are completely healthy and show no overt phenotype (the oldest
animals are now 14 and 7 months, respectively). We analysed the
possible role for Cry proteins in the biological clock by measuring
the circadian wheel-running behaviour of cry-knockout mice under
normal light/dark (LD) cycles and in constant darkness (dark/dark;
DD). We made two unexpected observations. First, compared with
wild-type mice which, when subjected to DD conditioning, have a
free-running rhythm close to 24 hours (t � 23:77 6 0:07 h
(n � 14)), the internal clock of cry1 mutants runs signi®cantly
faster (t � 22:51 6 0:06 h (n � 9); P , 0:00001) (Fig. 2a, b). In
contrast, cry2 mutants exhibit a clear increase in period length
(t � 24:63 6 0:06 h (n � 5); P , 0:00001) (Fig. 2c). Heterozygous
animals showed wheel-running patterns comparable to wild-type
mice, and there were no clear sex- or age-related differences (data
not shown). These ®ndings suggest that Cry1 and Cry2 antagonis-
tically modulate the period length of the clock. Second, under LD
conditions, both mutants show a circadian periodicity of 24 h
(Fig. 2a±c), suggesting that a de®ciency in either cry1 or cry2 does
not produce a detectable loss of light entrainment of locomotor
activity. However, as cry1 mice still contain a functional Cry2
protein which may (partly) take over the function of Cry1 (and
vice versa), functional redundancy may blur the phenotypic out-
come. Thus, it was of interest to examine double-mutant mice.

Like cry-single-knockout mice, double-mutant animals are viable
and show no gross phenotypic abnormalities (by 5 months old).
Unexpectedly, these mice (n � 8) still display an essentially 24-h
circadian rhythm under LD conditions (Fig. 2f, upper part). This
suggests that, despite the absence of both Cry proteins, the bio-
logical clockÐas re¯ected by locomotor activity±may still receive a
light input. However, when double-mutant mice are shifted to a DD
regime, they show a striking instantaneous and complete circadian
arrhythmicity (Fig. 2f). This indicates that there is no internal
circadian clock running with any signi®cant momentum, although
we do not exclude the possibility that there is still an ultradian
component. Note also that the instantaneous arrhythmicity in
double-mutant mice differs from any clock mutant analysed thus
far. This includes the only mouse `clock' mutant (clock) described to
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date, which shows a more gradual loss of periodicity20,21. Interest-
ingly, mice (n � 4) with only one functional cry2 allele out of the
four cry gene copies initially display a free-running rhythm even
shorter than cry1-knockout mice, which gradually progresses into
arrhythmicity (Fig. 2e). Apparently, these mice possess a clock, but
one dose of cry2 can only keep it running for a limited number of
cycles in the absence of light. On transfer into LD again these mice
regain their original clock, showing that the gradual loss of rhyth-
micity in DD is reversible (data not shown). This demonstrates a
direct involvement of Cry2 in maintaining the clock. On the other
hand, in the presence of one allele of cry1, mice (n � 4) show
rhythmic activity but the periodicity is intermediate to that of cry1
and cry2 single-mutant mice (Fig. 2d). Mice heterozygous for both
cry1 and cry2 show wild-type DD wheel-running patterns (data not
shown). Thus, our results demonstrate that the Cry proteins are
involved in maintaining period length and circadian rhythmicity,
and that a critical balance between Cry1 and Cry2 is required for
proper clock functioning.

As the Cry proteins were expected to function as circadian
photoreceptors, it was surprising to see an apparent effect of light
on the running-wheel behaviour of totally Cry-de®cient animals
(Fig. 2f, LD part). Therefore, we analysed the behaviour of wild-type
and double-mutant mice under changing light conditions. Photo-
entrained wild-type mice (n � 4), when shifted from the normal LD

(12:12 h) regime to a different LD regime (6:18 h), maintain a
virtually normal period of activity that gradually shifts towards
the new `lights-off ' set-point according to the free-running rhyth-
micity (Fig. 3a). In sharp contrast, cry double-mutant mice (n � 4)
abruptly adapt to the new situation by starting wheel running as
soon as the light is off and by expanding their period of fragmented
activity to 18 h (Fig. 3b). When given daily random blocks of 8 h of
light, wild-type mice (n � 5) try to adjust their biological clock,
whereas double-mutant cry mice (n � 5) maintain arrhythmic
wheel-running behaviour that is only interrupted by light
(Fig. 3d±f). Moreover, the running activity of wild-type mice
seems also to be transiently and completely suppressed by light
(see Fig. 3d, arrow). These observations suggest that light has a
dominant in¯uence on the behaviour of (nocturnal) mice, prevent-
ing them from using the running wheel when the light is on. Thus,
our ®ndings support the idea that under a normal light regime (LD
12:12 h) a dominant effect of light on the running behaviour masks
the defective biological clock in totally cry-de®cient mice, apparent
from their behaviour in DD (see also Fig. 3c). We are currently
generating rod-less cry mutant mice to study in detail the photo-
receptor function of the cry proteins in the absence of the visual
light-perceptive system.

How do Cry1 and Cry2 ®t into the rapidly advancing model of the
molecular mechanism of the clock? Recently, behavioural analysis of
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Figure 1 Targeted disruption of the cry genes and generation of Cry-de®cient

mice. a, Physical map of the wild-type cry1 locus, the targeting construct and the

disrupted cry1 locus. Exons are indicated by black ®lled boxes. Note that the use

of PCR-derived genomic DNA does not allow proper exon numbering. The probe

used for screening homologous recombinants and genotyping mice, localized

external to the construct, is represented by a grey box. Primers used for RNA

analysis by RT-long-range PCR are depicted as black arrowheads. b, Southern

blot analysis of tail DNA of cry1+/+, +/- and -/- mice, obtained from heterozygote

intercrosses. In NcoI-digested DNA, the cry1 probe hybridizes to a 9-kilobase (kb)

fragment of the wild-type cry1 locus and a 4-kb fragment of the targeted locus. c,

Expression of the wild-type and targeted cry1 locus. The left panel shows

ethidium-bromide-stained RT-long-range PCR products obtained from cry1+/+,

+/- and -/- mouse embryonic ®broblasts using primer set C1f/C1r. The absence

of the 1,440-bp cry1-speci®c PCR product in -/- animals is con®rmed bySouthern

blot analysis using the complete cry1 cDNA as a probe (right panel). d, Physical

map of the wild-type cry2 locus, the targeting construct and the disrupted cry2

locus. The use of symbols is explained in a. e, Southern blot analysis of tail DNA

of cry2+/+, +/- and -/- mice, obtained from heterozygote intercrosses. The cry2

probe hybridizes to 7- and 3.5-kb EcoRI fragments of the wild-type and disrupted

cry2 locus, respectively. f, Expression of the wild-type and targeted cry2 locus.

Left panel, ethidium-bromide-stained RT-long-range PCR products obtained from

kidney RNA using primer set C2f/C2r; right panel, the corresponding Southern

blot probed with cry2 cDNA and used to discriminate between speci®c and

background fragments.
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cry2-knockout mice has revealed altered photoresponses but per-
sistent circadian rhythmicity in DD22, which is consistent with our
®ndings for both cry mutants. This is consistent with the idea that
the Cry proteins are circadian photoreceptors. However, our obser-
vations with cry double-mutants and with mice carrying one active
cry2 allele disclose a second important function of Cry proteins in
mammals, namely, involvement in maintaining rhythmicity in
constant darkness. This indicates that the Cry proteins not only
function in the light-input pathway but are also clock components.
As such, expression of the mammalian cry genes resembles that of
the clock genes (see ref. 1 and refs therein, and refs 23, 24) in that
they are not only expressed in the retina and SCN but also in all
other organs and tissues analysed8,10,18. Moreover, the cry1 gene is
rhythmically expressed in the mouse SCN even in the absence of
Cry222. Using mutant and overexpressing ¯ies, the recently discov-
ered drosophila cry gene product has also been shown to act as a
photoreceptor25,26. In cry mutant ¯ies the rhythmically expressed
clock genes per and tim show ¯at expression levels, except in a subset
of lateral neurons. We do not exclude the possibility that, analogous
to the mammalian situation, Drosophila also contains a second cry
gene, which may explain the persisting rhythmic behaviour of the
mutant ¯ies.

Future research will focus on the precise roles of the mammalian
cry genes in the master `clock' in the SCN and the autonomous clock
in every cell. In particular, it will be important to know how these
proteins are involved in regulating the expression of known clock
genes, or in light-dependent stabilization of (clock) proteins.
Finally, one interesting aspect is the subcellular localization of the

Cry proteins. Previously, we have shown that, in mouse liver cells
and cultured human ®broblasts, Cry2 resides in both the nucleus
and mitochondria, whereas all detectable Cry1 appears to be in
mitochondria10. These ®ndings suggest that mitochondria may play
an important role in controlling the biological clock. This may not
be without precedent, as inhibitors of mitochondrial function can
induce a phase-shift in the circadian rhythm of Neurospora27,28.
Future research must focus on the intriguing connection between
this organelle and the biological clock. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Generation of cry1 and cry2 targeting constructs. Isogenic mouse genomic

DNA was obtained by ampli®cation of Ola129-derived E14 ES cell DNA

(Takara, LA-PCR; E14 line was provided by A. Berns, Netherlands Cancer

Institute) using primer sets designed on the basis of the mouse cry1 and cry2

complementary DNA sequence (GenBank accession nos 000777 and 003433,

respectively10). The construction of the Neo-selectable cry1 and cry2 targeting

vectors (see Fig. 1a, d) used to delete coding sequences corresponding to base

pairs (bp) 730±1,479 and 397±810 of the respective cDNA sequences and

isolation of genomic probes will be described in detail elsewhere. Note that the

use of PCR-derived genomic DNA does not allow appropriate exon numbering.

Disruption of cry1 and cry2 in mouse ES cells. ES cell line E14 was

maintained on gelatine-coated dishes in 60% BRL conditioned DMEM/40%

fresh DMEM medium, supplemented with 15% fetal calf serum, 0.1 mM non-

essential amino acids, 2 mM glutamine, 50 mg ml-1 penicillin and streptomycin,

1,000 U ml-1 leukaemia inhibitory factor (all components purchased from

Gibco) and 0.1 mM 2-mercaptoethanol. Linearized targeting vector DNA

(15 mg) was transfected into E14 cells (1 3 107 cells in 400 ml PBS) by

electroporation for 10 ms at 1,200 mF and 117 V, using a Progenetor II Gene

Pulser (Hoeffer). Electroporated cells were reseeded onto 10-cm dishes and

subjected to neomycin selection by addition of 200 mg ml-1 G418 (Geneticin,

Gibco) the following day. In the case of cry2, counterselection against randomly

integrated DNA was obtained by including 0.2 mM ®aluridine in the selection

medium. After nine days colonies were randomly picked and expanded in 24-

well dishes. Duplicate dishes were used for cryopreservation and genotyping

(Southern blot analysis), respectively. Both experiments produced targeting

frequencies of 5%.

a b c

d e f
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τ = 24.29 ± 0.29 h
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delayed arrhythmicity
initial τ = 21.77 ± 0.22 h

cry1–/–cry2 –/–

Immediate arrhythmicity

Figure 2 Circadian phenotype of cry mutant mice. Representative examples are

shown of voluntary wheel-running records of wild-type (n � 14), cry1-/- (n � 9),

cry2-/- (n � 5), cry1+/-cry2-/- (n � 4), cry1-/-cry2+/- (n � 4) and cry1-/-
cry2-/- (n � 8) mutant mice under LD (12:12 h) and DD conditions. Daily activity

patterns are double plotted (for example, day 1 � 2, day 2 � 3, day 3 � 4) on

consecutive lines. Periods of darkness are indicated by a grey background. Free-

running periods (t � s:e:m:) were calculated as described in the Methods section.

cry1–/–cry2–/– cry1–/–cry2–/–

cry1–/–cry2–/– cry1–/–cry2–/–

Wild type
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Figure 3 Circadian phenotype of cry1 double-mutant mice under changing light

conditions. Wild-type (n � 4) and cry double-mutant mice (n � 4) were maintained

under normal LD (12:12 h) and subsequently exposed to a short day (LD, 6:18 h)

light regime (a, b). In addition, animals were maintained under continuous

darkness (DD) and shifted to a normal LD (12:12 h) protocol (c, representative

example of 6 cry1-/-cry2-/- mice) or a light regime where they encountered

random daily light blocks of 8 h (d±f, representative examples of 5 wild-type and 5

cry1-/-cry2-/- mice). The arrowhead in d illustrates the suppressing effect of

light on wheel-running behaviour of a wild-type mouse. Periods of darkness are

indicated by a grey background.
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Generation of cry1- and cry2-knockout mice. Gene-targeted ES cells,

checked for proper chromosome composition by karyotyping, were injected

into C57BL/6 blastocysts by standard procedures29. Chimaeric male mice were

mated with C57BL/6 females and transmission of E14-derived germ cells was

identi®ed by an agouti coat colour in the offspring. Heterozygous male and

female mice were interbred to generate cry1 and cry2 and cry1/cry2 (double)

knockout mice.

DNA and RNA analysis. Genotyping of ES cell, mouse embryonic ®broblast

(MEF) or tail DNA was performed by Southern blot analysis. For cry1, NcoI-

digested DNA was probed with a 560-bp NcoI±XbaI fragment. For cry2, EcoRI-

digested DNA was probed with a 519-bp PCR fragment ¯anking the 59 border

of the construct. Both probes were located outside the targeting construct. RNA

was examined by RT-long-range PCR (Takara) analysis using primer sets C1F

(59-CGCATTTCACATACACTGTATGACCTGGACAA-39)/C1R (59-TTACTGC-

TCAGCTGCTGGGACTTTG-39) and C2F (59-GTGCACTGGTTCCGGAAG-

GG-39)/C2R (59-AGCACTGCAGGACAGCCACA-39) for cry1 and cry2,

respectively. Randomly primed cDNA was synthesized from RNA isolated

with a Rneasy kit (Qiagen). The speci®city of the PCR products was con®rmed

by Southern blot analysis using complete cDNA probes.

Monitoring of locomotor-activity rhythm. Mice of either sex and of different

ages (8-20 weeks) were used. They were individually housed in a light-proof

chamber in cages (30 3 45 cm) equipped with a running wheel (11 cm in

diameter) and a magnetic sensor system to detect wheel rotations30. Animals

were maintained in a cycle of 12 h light (150 lux) and 12 h complete darkness

(LD) or in continuous complete darkness (DD) in constant ambient tempera-

ture (21 6 0:5 8C) with water and food available ad libitum. Voluntary wheel

running (wheel turns per unit of time) was continuously recorded by an online

IBM computer using a modi®ed version of the Rodent Activity Meter

program30. Activity records were plotted as actograms and the period of

locomotor activity was determined from the slope of an eye-®tted straight

line through the daily activity onset. The reproducibility of this method was

demonstrated by the minimal difference in period estimations (,5 min) when

performed by three independent investigators. Unpaired Student's t-tests were

used to make statistical comparisons between the different genotypes.
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The phosphatidylinositol-3-OH-kinase (PI(3)K) effector protein
kinase B (refs 1, 2) regulates certain insulin-responsive genes3,4,
but the transcription factors regulated by protein kinase B have
yet to be identi®ed. Genetic analysis in Caenorhabditis elegans has
shown that the Forkhead transcription factor daf-16 is regulated
by a pathway consisting of insulin-receptor-like daf-2 and PI(3)K-
like age-1 (refs 5±8). Here we show that protein kinase B
phosphorylates AFX, a human orthologue of daf-16 (refs 5, 6,
9), both in vitro and in vivo. Inhibition of endogenous PI(3)K and
protein kinase B activity prevents protein kinase B-dependent
phosphorylation of AFX and reveals residual protein kinase B-
independent phosphorylation that requires Ras signalling
towards the Ral GTPase. In addition, phosphorylation of AFX
by protein kinase B inhibits its transcriptional activity. Together,
these results delineate a pathway for PI(3)K-dependent signalling
to the nucleus.

To test for potential regulation of the daf-16 orthologue AFX (refs
5, 6, 9) in mammalian cells, we labelled A14 cells transiently
expressing haemagglutinin-epitope-tagged AFX (HA±AFX) with
32P-orthophosphate and treated them with insulin. HA±AFX
underwent a rapid and sustained increase in phosphorylation
following insulin treatment (Fig. 1a). Treatment of A14 cells with
epidermal growth factor and of Rat1 cells with platelet-derived
growth factor also increased phosphorylation of HA±AFX (data not
shown). Phospho-amino-acid analysis of immunoprecipitated AFX
revealed that AFX was phosphorylated on serine and threonine
residues (Fig 1b). To investigate whether PI(3)K and protein kinase
B (PKB) were involved in insulin-induced phosphorylation of AFX,
we co-expressed HA±AFX with active forms of PI(3)K or PKB.
Constitutively active, but not inactive, forms of PI(3)K or PKB
induced a strong increase in HA±AFX phosphorylation (Fig. 1c).

AFX contains three putative PKB phosphorylation sites10 (T28,
S193 and S258; Fig. 2a) that are conserved between AFX and daf-16.
As PKB activation in vivo was suf®cient to increase HA±AFX
phosphorylation, we investigated whether AFX could be phos-
phorylated by PKB in vitro. As shown in Fig. 2b, both immuno-
precipitated HA±AFX (right panel) and a bacterially expressed
fusion with glutathione-S-transferase (GST±AFX; left panel) were


