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Cryptochrome Blue Light Photoreceptors Are Activated
through Interconversion of Flavin Redox States*□
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Cryptochromes are blue light-sensing photoreceptors found
in plants, animals, and humans. They are known to play key
roles in the regulation of the circadian clock and in development. However, despite striking structural similarities to
photolyase DNA repair enzymes, cryptochromes do not
repair double-stranded DNA, and their mechanism of action
is unknown. Recently, a blue light-dependent intramolecular
electron transfer to the excited state flavin was characterized
and proposed as the primary mechanism of light activation.
The resulting formation of a stable neutral flavin semiquinone intermediate enables the photoreceptor to absorb
green/yellow light (500 – 630 nm) in addition to blue light in
vitro. Here, we demonstrate that Arabidopsis cryptochrome
activation by blue light can be inhibited by green light in vivo
consistent with a change of the cofactor redox state. We further characterize light-dependent changes in the cryptochrome1 (cry1) protein in living cells, which match photoreduction of the purified cry1 in vitro. These experiments were
performed using fluorescence absorption/emission and EPR
on whole cells and thereby represent one of the few examples
of the active state of a known photoreceptor being monitored
in vivo. These results indicate that cry1 activation via blue
light initiates formation of a flavosemiquinone signaling state
that can be converted by green light to an inactive form. In
summary, cryptochrome activation via flavin photoreduction
is a reversible mechanism novel to blue light photoreceptors.
This photocycle may have adaptive significance for sensing
the quality of the light environment in multiple organisms.
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Cryptochromes are flavin-type blue light photoreceptors
found in many organisms including bacteria, plants, animals,
and humans (1–3). They mediate a variety of blue light-dependent responses including photomorphogenesis and growth
responses in plants and entrainment of the circadian clock in
animals such as Drosophila and mouse (4 – 6). The common
feature of cryptochrome photoreceptors is their marked
homology to photolyase DNA repair enzymes, such that the
primary amino acid sequence homology of cryptochromes to
photolyases is in many instances as high as the homology
between photolyases from different species to each other (7, 8).
Like photolyases, cryptochromes bind flavin chromophores,
and x-ray crystallographic analysis indicates marked structural
similarity to photolyases, particularly in the flavin-binding
pocket (9, 10). Cryptochromes are divided into three subclasses: animal, plant, and DASH3 cryptochromes (2). However,
cryptochromes differ from photolyases in that they generally
show no DNA repair activity. Only single-stranded DNA repair
activity in vitro was shown recently for DASH cryptochromes
(11). Furthermore, they generally contain C-terminal extensions of variable sizes, which may be important for proteinprotein interactions with signaling partners. In Arabidopsis,
signaling partners include the regulatory protein COP1, an E3
ubiquitin-protein ligase that plays a key role in photomorphogenesis and development. This protein is known to interact to
the C-terminal extensions of both cry1 and cry2 (12, 13). In
animals such as Drosophila and mouse, cryptochromes
interact with components of the circadian clock (14). Experiments probing the function of particular domains of cryptochrome receptors suggest that light initiates a conformational change in the protein permitting interaction with
downstream signaling partners (15). Direct evidence for
light-induced conformational change has been recently
obtained with purified Arabidopsis cry1 both by partial proteolysis (16) and Fourier transform infrared techniques (17).
However, the primary photoreaction of cryptochromes, as
well as the means whereby the light signal is transduced into
a signaling cascade by the photoreceptor, has remained a
matter of debate (18).
3

The abbreviations used are: DASH, Drosophila, Arabidopsis, Synechocystis,
human; CPD, cyclobutane-pyrimidine dimer; FAD, flavin adenine
dinucleotide.
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Given the marked similarity of cryptochromes to photolyases, it is reasonable to assume that their primary photoreactions may be related. The generally accepted mechanism of
DNA repair in photolyases (19, 20) involves light-dependent
electron transfer from fully reduced flavin to either cyclobutane-pyrimidine dimers (CPD, in the case of CPD photolyases)
or to 6-4 photoproducts (in the case of 6-4 photolyases) in UVdamaged double-stranded DNA. The resulting reaction is catalytic, in that the DNA lesion is repaired and the electron subsequently returns to the flavin cofactor, restoring fully reduced
flavin. Because this photoreaction does not occur to any significant extent in most cryptochromes (1–3), it cannot be involved
in blue light signaling. However, in addition to DNA repair,
photolyases are capable of undergoing another photoreaction
known as “photoactivation,” which has been demonstrated in
purified preparations of photolyases in which the flavin cofactor is not in its catalytically active, fully reduced, redox state (20,
21). In this reaction, light induces electron transfer to the
excited flavin through a chain of amino acids (tryptophan or
tyrosine residues) from the surface of the protein, thereby
reducing the flavin. This reaction occurs both in classical type I
CPD photolyases (to which plant cryptochromes are most
closely related) and in 6-4 photolyases (to which animal type
cryptochromes are more closely related) (21). Because photolyases contain mostly fully reduced flavin in living cells (22), this
photoreaction is not important for DNA repair. However,
because the Trp residues forming the intramolecular electron
transfer are conserved in most cryptochrome sequences that
are known currently, the question has arisen as to whether this
photoreaction may be important for cryptochrome signaling.
Evidence favoring this possibility has come from a number of
experimental approaches; action spectroscopy for cry1dependent plant hypocotyl growth inhibition has revealed a
wavelength sensitivity (23) consistent with oxidized flavin
(peak absorption at 450 nm) as the active photopigment in vivo,
rather than reduced flavin, as is the case for photolyases. Experiments with purified cry1 protein showed that photoreduction
of oxidized flavin occurs in vitro (24), and the relative stability of
the flavosemiquinone intermediate was noted. Recently, a
chain of intramolecular electron transfer events to the excited
state flavin subsequent to light activation of purified cry1 protein (25) has been documented. Because such reactions involving light-driven electron transfer chains are rare in biological
systems, these data provided support for a functional role of this
pathway. Further evidence of a biological role for photoreduction in the activation of cryptochromes was provided by the
observation that single amino acid substitution of tryptophan
residues necessary for this reaction in vitro results in virtual loss
of biological function in vivo (26). Finally, magnetic effects on
cryptochrome-dependent growth responses have been identified in Arabidopsis, which could only result from a mechanism
of photoreceptor activation involving radical pair formation
(27), as occurs in the course of light-driven electron transfer.
Therefore, light-mediated electron transfer leading to flavin
photoreduction has been proposed as the primary signaling
reaction for cryptochrome photoreceptors in vivo.
In the present work, we have provided conclusive evidence
for this mechanism by demonstrating that flavin photoreduc-
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tion follows light activation of Arabidopsis cry1 in vivo using a
combination of physiological, spectroscopic, and biophysical
techniques. We show that cryptochrome activation by blue
light in Arabidopsis is inhibited by co-irradiation with green
light in a manner consistent with the formation of a long-lived
neutralflavinradical(green-lightabsorbing)intermediate.Lightdependent changes in the cry1 protein are then characterized
directly in living insect cells expressing high levels of recombinant cry1. Whole cell fluorescence techniques are used to
measure the decrease of oxidized flavin associated with cry1
following light activation in these cells. The resulting accumulation of a metastable semiquinone intermediate is demonstrated by EPR using this same whole cell expression assay.
Finally, we demonstrate interconversion between redox forms
of purified cry1 and show that the effect of green light in vitro
corresponds to the redox changes observed in vivo. The present
work also represents one of the few studies, other than of the
classic plant phytochromes (28) or in rhodopsins (29), where
photoreversible changes in a known photoreceptor have been
determined within living cells.

EXPERIMENTAL PROCEDURES
Plant Material, Light Treatments, and Growth Conditions—
Seeds of Arabidopsis thaliana of the indicated genotypes (see
legends for Figs. 1 and 2) were sterilized and sown on 0.5⫻ MS
salts as described (23). After 48 h at 277 K for inbibition, plates
were transferred to white light for a further 48 h until radicle
emergence to ensure synchronous germination (23). Plates
were subsequently transferred to the test conditions, and hypocotyl length was determined from an average of at least 20 seedlings/test condition. Anthocyanin levels were determined as
described (30) for 30 seedlings at a time according to the formula A530 ⫺ 0.25 ⫻ A657 of the extracted pigments. Interference filters generating monochromatic light in all experiments
were from Schott Industries or Corion Co.
Western Blot and Protein Analysis—Protein extraction from
seedlings and Western blot analysis with anti-cry2 antibody
was performed as described (23, 31). Seedlings were harvested
and immediately ground and boiled in SDS sample loading
buffer. Prior to running protein gels, protein concentration was
quantified by Bio-Rad protein assay to ensure equal loading of
wells. The load was subsequently verified after running of the
gel and transfer to membrane, either by staining the blots (Fig.
2, a– c) or by reprobing the blots with anti-DnaK antibody (Fig.
2d) (32). Bands were quantified from scanned photographic
images using Quantity One imaging software from Bio-Rad. All
experiments were repeated in a minimum of three independent
trials with qualitatively similar results.
Whole Cell Fluorescence Emission Experiments—Living Sf21
insect cells expressing cry1 protein or uninfected controls were
centrifuged from culture medium, resuspended in phosphatebuffered saline (pH 7.4), and placed directly into cuvettes at 283
K for measurement of fluorescence spectra. Fluorescence emission at 525 nm was monitored in a Varian fluorescence spectrophotometer over a range of excitation wavelengths or at a
single designated wavelength as indicated (see Fig. 3 legend).
Excitation and/or emission spectra were always determined in
parallel both for infected (cry1-expressing) and uninfected cell
VOLUME 282 • NUMBER 13 • MARCH 30, 2007
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cultures at identical cell density. For light treatments, samples
were removed from the spectrophotometer and placed on ice.
Illumination was carried on for the indicated times using the
designated interference filters placed before a slide projector to
provide sufficient light intensity. Samples were then returned to
the fluorescence spectrophotometer to monitor differences in
excitation and emission spectra. All experiments were repeated
for a minimum of five independent trials with qualitatively similar results.
UV-visible Spectroscopy—In vivo absorption difference spectra of cry1 were determined directly from living insect cells in
an Uvikon 930 spectrophotometer. For these experiments
absorption spectra of whole cells expressing cry1 protein were
taken at 283 K and set as blank. Cells from the identical culture
were subsequently transferred to ice and irradiated for 10 min
with blue light at the indicated wavelength and light intensity.
Samples were returned to the spectrophotometer for measurement and absorption spectra were taken with reference to the
initial time point (t0). Difference spectra plotted were the average of 11 such measurements, obtained independently on the
identical cell cultures. For spectra obtained from purified protein, A. thaliana cry1 or A. thaliana CPD photolyase were purified by established techniques. A. thaliana cry1 and CPD photolyase were then transferred into buffer (0.3 M NaCl, 0.05 M
sodium phosphate (pH 8.0), 20% (v/v) glycerol, and 2 mM dithiothreitol) at identical concentrations estimated from FAD
absorbance at 450 nm (⑀450 ⫽ 1.12 ⫻ 104 M⫺1cm⫺1). Optical
spectroscopy was carried out at 290 K at the indicated times and
light treatments.
EPR Spectroscopy—X-band cw-EPR spectra were recorded
using a pulsed EPR spectrometer (Bruker Elexsys E580) with a
cavity resonator (Bruker SHQE-4122-W1) and helium cryostat
(Oxford CF-910). X-band pulsed ENDOR spectra were
recorded on the same spectrometer using an ENDOR accessory
(Bruker E560-DP), an rf amplifier (Amplifier Research
250A250A), and a dielectric-ring ENDOR resonator (Bruker
EN4118X-MD-4W1) immersed in a helium gas flow cryostat
(Oxford CF-935). The temperature was regulated to ⫾0.1 K by
a temperature controller (Oxford ITC-503S). The cw-EPR
spectra were recorded at 120 K with a microwave power of 3.0
microwatts, at 9.38 GHz microwave frequency with field modulation amplitude of 0.3 millitesla (at 100 kHz modulation frequency). For Davies-type ENDOR spectroscopy, a microwave
pulse sequence -T-/2-- with 64 and 128 ns /2 and 
pulses, respectively, and a RF pulse of 10-s duration starting 1
s after the first microwave pulse were used. The pulse separations T and  between the microwave pulses were selected to be
13 s and 500 ns, respectively. To avoid saturation effects due
to long relaxation times, the entire pulse pattern was repeated
with a low repetition frequency of 200 Hz. Spectra were taken at
a magnetic field of 345.7 millitorrs and a microwave frequency
of 9.71 GHz. Sf21 insect cells expressing N-terminal His-tagged
cry1 and control Sf21 cells were resuspended in phosphatebuffered saline supplemented with 50% (v/v) glycerol in the
dark. Aliquots were transferred into EPR quartz tubes (3 mm
inner diameter) and illuminated for different times at 290 K
with blue light (Halolux 30HL, Streppel, WermelskirchenTente, Germany) using a 420 – 470-nm band filter (Schott,
MARCH 30, 2007 • VOLUME 282 • NUMBER 13

Mainz, Germany). Samples were then frozen rapidly under illumination in liquid nitrogen and stored therein.

RESULTS
Cryptochrome responds primarily to UVA/blue light (peak
near 450 nm) and only weakly above 500 nm, consistent with
oxidized flavin as a primary photosensor (23, 33). If the primary
photoreaction of cryptochrome involves photoreduction of the
flavin to the radical state (24 –26), it follows that activation of
the (oxidized flavin-containing) photoreceptor by blue light
should lead to the formation of a semiquinone intermediate
that can efficiently absorb green (500 – 600 nm) light. It further
follows that bichromatic irradiations (green light given simultaneously with blue light) should decrease the responsiveness of
cry1 because the added green light would decrease (by formation of fully reduced flavin, which absorbs only weak in the
visible range between 400 –500 nm) the levels of active semiquinone intermediate. To test this mechanism, blue light-dependent hypocotyl growth inhibition, which is largely cry1-dependent in Arabidopsis (23), was investigated under conditions of
both monochromatic (blue light) and bichromatic (blue plus
green light) irradiation. Consistent with the proposed mechanism, hypocotyl growth inhibition was significantly more pronounced in blue light (472 nm) than in seedlings co-irradiated
with green light (564 nm) under the identical blue light intensity (Fig. 1a). Green light irradiation by itself under these conditions resulted in little difference in hypocotyl growth as compared with dark grown seedlings, in contrast to short-term
illumination conditions (34) or broad bandwidth green light
(28). In phytochrome-deficient phyAphyB mutants, green light
also acts antagonistically to blue light but not in cryptochromedeficient cry1cry2 double mutant seedlings (Fig. 1a). Therefore
the antagonistic effect of green light on hypocotyl growth inhibition requires cry1 and/or cry2. Qualitatively similar results
(antagonistic effect of green light) were obtained for anthocyanin accumulation, which is also largely under the control of
cry1 in blue light (Fig. 1b).
In nature, plants under a canopy are exposed to light
enriched in green wavelengths (35, 36). Therefore, antagonistic
effects of green and blue light might have adaptive significance,
leading to increased elongation growth (decreased hypocotyl
growth inhibition) as a response to shading. We show that for
hypocotyl growth inhibition (Fig. 1c), green light also acts
antagonistically to white light and that this response is cryptochrome-mediated, thereby suggesting adaptive significance in
analogy to the classic phytochrome-dependent shade avoidance response mediated by phyB-D-E (35, 36).
Blue light-mediated degradation of cry2 protein (31, 37) is a
rapid (within minutes) and direct assay for photoreceptor activation. Etiolated seedlings accumulate high levels of cry2 protein in the dark, which decline rapidly subsequent to blue light
(B) irradiation (Fig. 2a). Bichromatic irradiation with blue light
and 582 nm green light (Fig. 2a, B⫹G) caused significant reduction in the rate of cry2 degradation as compared with blue light
control seedlings. Red light, which is not absorbed by the flavosemiquinone, was ineffective in retarding cry2 degradation
(Fig. 2a, compare B⫹R with B⫹G). Bichromatic irradiation was
then performed at wavelengths at which the flavosemiquinone
JOURNAL OF BIOLOGICAL CHEMISTRY
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presumably causes the loss of fine
structure as compared with purified
cryptochrome in solution. When
this assay was performed on insect
cells expressing cry1 protein, emission at 525 nm was severalfold
higher than in uninfected cells; this
increased signal was generated by
the large quantities of oxidized flavin bound to cry1protein in vivo (24,
25) (Fig. 3a). The fact that cry1 in
these living cells is found with flavin
in the oxidized (rather than
reduced) state is consistent with
data from action spectroscopy
showing that oxidized flavin is
bound to the photoreceptor in living plants (23).
To determine whether flavin
associated with cry1 undergoes
photoreduction in vivo, cry1-expressing cell cultures were irradiated with blue light and the
excitation spectrum taken for fluorescence emission at 525 nm.
The difference spectrum generated from these data matches lightdependent photoreduction of oxidized flavin as assessed by a
decreased absorption at 450 nm
FIGURE 1. Antagonistic effect of green light on cry1 activity. a, Arabidopsis seedlings (Ler background) of the over time (Fig. 3b). To identify this
indicated genotypes were sown and germinated as described (21) prior to transfer to either blue (472 ⫾ 10 nm,
more directly,
20 mol m⫺2s⫺1) or blue supplemented with green (563 ⫾ 10 nm, 10 mol m⫺2s⫺1) bandwidth light. Hypo- photoreaction
cotyl lengths were measured after 3 days of light treatment. Error bars represent S.E. b, anthocyanin accumu- absorbance changes were monilation was determined essentially as described (31). Seedlings were germinated and placed for 48 h in blue tored. Living cells were placed in a
light (445 ⫾ 10 nm, 10 mol m⫺2s⫺1) or supplemented with green (582 ⫾ 10 nm, 20 mol m⫺2s⫺1) light. Error
bars represent the S.D. of three trials. c, seedlings of the indicated genotypes were germinated and placed spectrophotometer, and waveunder 25 mol m⫺2s⫺1 white light (W; Philips “cool white” fluorescent tubes). Green light (G; 550 ⫾ 25 nm) was length scans were taken before and
at a fluence rate of 50 mol m⫺2s⫺1. Error bars indicate S.D. Wt, wild type; Ws, Arabidopsis Wassilewskija.
after short periods of irradiation
by light. The difference between
can efficiently absorb light (531, 540, 567, and 591 nm). At these scans before and after light treatment were plotted (differwavelengths of green light, responsiveness of cry1 to blue light ence absorption spectrum) (Fig. 3b, inset). A measurable crywas significantly reduced (Fig. 2b). Inhibition by 582 nm green dependent light induced absorbance change was observed
light occurred most efficiently at 10 and 60 mol m⫺2s⫺1, well matching reduction of oxidized flavin. Taken together, these
above the blue light intensity used in these experiments (Fig. data represent the first in vivo difference spectrum generated
2c). These data are consistent with a mechanism involving for cryptochrome activation and match that of the purified
alteration of levels of an existing semiquinone pool. Finally, protein in vitro.
Levels of semiquinone intermediate could not be determined
pulse experiments showed that the effects of blue and green
light are separable in time, consistent with a long-lived semiqi- directly by fluorescence techniques alone, because this method
none intermediate compatible with a role in signaling (Fig. 2d). allows only the detection of the fully oxidized flavin. However,
Direct determination of the redox state of cry1 in living bichromatic irradiations with green light resulted in significant
plants is difficult for technical reasons such as low levels of cry1 reduction in oxidized flavin content as compared with the effect
protein and high pigment background. We consequently of blue light alone in living cells (Fig. 3c). This effect of green
adopted a whole cell approach (38) using baculovirus-infected light was not observed in uninfected control cells. These data
insect cells expressing cry1 protein to high levels. Oxidized fla- are consistent with a shift of the flavin photoequilibrium in vivo
vin can be detected in these living cells by directly monitoring by green light toward the fully reduced form of flavin, thereby
fluorescence emission at 525 nm subsequent to excitation at reducing overall levels of both oxidized and semi-reduced
different wavelengths in a fluorimeter. The excitation spectrum forms of cry1. Such a shift could only occur if there was prior
is essentially similar to oxidized flavin (Fig. 3a), although light accumulation of the semi-reduced (green light-absorbing) form
scattering and masking by other pigments in these living cells of the photoreceptor.
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FIGURE 2. Antagonistic effect of green light on rapid cryptochrome responses. Seedlings for all experiments were germinated as described (23) and
returned to the dark for an additional 48 h prior to light treatments (etiolated seedlings). Hypocotyl lengths prior to irradiations were between 0.6 and 0.8 mm.
a, time course of cry2 degradation in 4 mol m⫺2s⫺1 blue (450 ⫾ 10 nm); bichromatic blue ⫹ green (blue 20 mol m⫺2s⫺1, green (582 ⫾ 10 nm)); or blue ⫹
red (blue 25 mol m⫺2s⫺1, red (667 ⫾ 10 nm)). b, inhibition of cry2 degradation by multiple wavelengths of green light. Seedlings were irradiated for 30 min
either with blue light (2 mol m⫺2s⫺1) alone or simultaneously with the indicated wavelength (⫾10 nm) at 20 mol m⫺2s⫺1. c, fluence dependence of
inhibition of cry2 degradation. Irradiation was performed for 30 min with blue light (4 mol m⫺2s⫺1) and green (582 ⫾ 10 nm) light at 3, 10, and 60 mol
m⫺2s⫺1. d, pulse experiment. Etiolated seedlings were exposed to eight cycles of 3-min blue light (10 mol m⫺2s⫺1) pulses followed by 3-min dark (blue pulse)
or 3-min green (559 nm, 30 mol m⫺2s⫺1) given monochromatically in between blue light pulses (blue ⫹ green pulse). cblue is continuous blue light (48 min).
a.u., arbitrary units; D, dark; B, blue light; G, green light; R, red light.

To directly demonstrate the accumulation of semireduced
flavin in living cells, EPR was used for radical detection. In
these experiments, intact cells expressing plant cry1 and
uninfected control cells were irradiated in parallel with the
identical intensity of blue light and rapidly frozen for EPR
analysis. A paramagnetic species that does not accumulate in
control cells was induced by blue light irradiation in cry1expressing cells (Fig. 4, upper panel, B–D). This species was
further characterized by X-band pulsed (Davies) ENDOR
spectroscopy (Fig. 4, lower panel); the spectrum obtained
with insect cells (H) was identical to that obtained for purified photoreduced cry1 protein (I). The spectra are similar to
photolyase bound FADH䡠, thus confirming the photoinduced species in the whole cells as a neutral flavin radical. It
is noteworthy that the spectra show distinct changes of the
characteristic 8␣ hyperfine coupling compared with photolyase, reflecting subtle differences in the respective binding
pockets. These data are comparable with similar experiments performed with insect cells overexpressing Arabidopsis cry2 protein.4
4

R. Banerjee, E. Schleicher, S. Meier, R. M. Viana, R. Pokorny, M. Ahmad, R. Bittl,
and A. Batschauer, unpublished results.
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In past experiments with purified cry1 protein, only the
effects of blue or white light on flavin photochemistry had been
evaluated (24 –26). Because these are absorbed by the oxidized
form of cryptochrome in addition to the radical, we examined
the effect of green light, which is specifically absorbed by the
radical, in purified preparations of cry1 protein. Blue light irradiation of purified cry1 protein under anaerobic and reducing
conditions resulted in the formation of the flavin radical, as
described previously (24 –26) (see Fig. 3d and supplemental Fig.
1A). Subsequent transfer to darkness resulted in slow reoxidation, presumably because of remaining oxygen in the cuvette.
When green light was given subsequent to blue light, the rate of
reoxidation of cry1 was significantly decreased as compared
with dark controls (Fig. 3d), consistent with formation of fully
reduced flavin and a concomitant shift in flavin state equilibrium. Irrespective of the likelihood that flavin reoxidation
occurs via different mechanisms in vivo and in vitro, the effect
of green light in vitro is a clear indication of reduced flavin
(FADH⫺) formation in cry1. Because this fully reduced intermediate does not accumulate to high levels except under strong
white light and is not detectable at all under aerobic conditions
(not shown), it is either unstable and/or rapidly reoxidized in
comparison with the other redox intermediates of cry1 (25, 26)
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 3. Redox state of cry1 protein in vivo. Living Sf21 insect cells were centrifuged from culture medium, resuspended in phosphate-buffered saline (pH
7.4), and placed directly into cuvettes at 283 K for measurement of fluorescence spectra. a, fluorescence emission at 525 nm was monitored over a range of
excitation wavelengths. Excitation spectra are presented for infected (cry1-expressing) and uninfected cell cultures at identical cell density. Increase in peak
intensity at 450 nm is due to oxidized flavin associated with cry1 in infected cells. b, cry1-overexpressing insect cells were irradiated with blue light (445 ⫾ 10
nm, 25 mol m⫺2s⫺1), and excitation spectra were taken at the indicated intervals by monitoring emission at 450 nm. An in vivo difference spectrum was
plotted by subtracting subsequent excitation spectra from the (dark) base-line spectrum. Peak excitation efficiency at 450 nm decreased as a function of time,
consistent with photoreduction of oxidized flavin in vivo. Inset, absorption difference spectrum determined directly from living insect cells subjected to a
10-min blue light pulse. c, flavin photoreduction in living insect cells under conditions of bichromatic irradiation. Peak excitation efficiency at 450 nm was
monitored in duplicate samples over the indicated time course. Samples were treated with either blue light at 25 mol m⫺2s⫺1 or bichromatically with blue ⫹ green
(550 ⫾ 25 nm, 150 mol m⫺2s⫺1) light over the same interval. Deduced 450 nm peak intensity was plotted over time. d, green light effect on purified cry1. cry1
protein was photoreduced under anaerobic conditions. Once radical formation was established, absorbance was measured at 446 nm (oxidized flavin) and 552
nm (radical flavin) at 2-min intervals in either darkness (reoxidation of the protein, open symbols) or green light (552 nm, solid symbols). a.u., arbitrary units.

(see also supplemental Fig. 1A). These data show that green
light shifts the flavin redox state in a manner consistent with its
effect on biological activity in vivo, supporting the mechanism
for cry1 photoactivation presented in the model (Fig. 5a). Furthermore, fully reduced flavin is a short-lived intermediate that
does not contribute significantly to the flavin photoequilibrium
in either dark or light, in marked contrast to photolyases, where
the fully reduced form of the enzyme predominates under these
conditions (Fig. 5b) and is catalytically active in vivo (19, 20).

DISCUSSION
We have provided evidence that the Arabidopsis cry1 photocycle consists of light-dependent transition between the three
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interconvertible redox forms of FAD, of which the flavosemiquinone form (FADH䡠) is the signaling state of the
receptor. These data are consistent with prior studies in vitro
showing an unusual stability of the flavosemiquinone form of
cry1 (24, 25) and with studies implicating the electron transfer
chain required for photoreduction as essential for biological
activity (26). In this mechanism, inactive cry1, containing oxidized flavin, accumulates in the dark. Blue light triggers flavin
photoreduction such that the resulting photoequilibrium
strongly favors the radical signaling state. Green light reduces
cryptochrome activity by reducing the concentration of the
radical in favor of the inactive fully reduced form, which is subsequently reoxidized. In keeping with this proposed mechaVOLUME 282 • NUMBER 13 • MARCH 30, 2007
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FIGURE 4. X-band cw-EPR frozen-solution spectra of intact Sf21 cells
expressing cry1 and Sf21 control cells. A–D, Sf21 insect cells expressing
cry1 after different blue light illumination times. A, 0 min; B, 6 min; C, 12 min;
D, 18 min; E–G, same amount of control Sf21 cells after different blue light
illumination times. E, 0 min; F, 12 min; G, 18 min. All spectra were recorded at
120 K with a microwave power of 3.0 microwatts and a magnetic field modulation amplitude of 0.3 millitesla (modulation frequency, 100 kHz). X-band
pulsed (Davies) ENDOR spectrum of sample C is shown in lane H. Lane I represents the X-band pulsed (Davies) ENDOR spectrum of purified cry1 protein.
Both spectra were recorded at 80 K. a.u., arbitrary units.

nism, the radical form of cry1 is far more stable than that of
photolyases, for which we provide evidence that FAD is rapidly
reduced to the fully reduced (catalytic) form under identical
illumination conditions (Fig. 5c; see also supplemental Fig. 1).
Thus, the cry1 photocycle differs fundamentally from that of its
photolyase progenitors.
In prior studies with cryptochrome-overexpressing plants, it
was observed that they were somewhat hypersensitive to broad
bandwidth (500 – 600 nm) green light, indicating a weak but
measurable positive effect on cryptochrome activation (24, 28).
These data appear to be in contradiction to the role of green
light documented in the present study, where under bichromatic (blue plus green) light the effect of green light is to oppose
MARCH 30, 2007 • VOLUME 282 • NUMBER 13

FIGURE 5. a, model of cry1 photocycle. cry1 exists in three interconvertible
redox forms, FAD, FADH䡠, and FADH⫺. The FAD form is inactive and accumulates to high levels in the dark. Blue light triggers photoreduction of FAD to
establish a photoequilibrium that favors FADH䡠 over FAD or FADH⫺. The flavosemiquinone state is the signaling state of the receptor. Green light is
absorbed by the radical and shifts the photoequilibrium to the fully reduced
form (FADH⫺), which is inactive. Reversion to oxidized flavin occurs in the
dark, involving electron acceptors that are as yet uncharacterized. Dark reversion occurs either from semiquinone flavin directly to oxidized flavin or from
fully reduced flavin to the oxidized FAD. b, comparison between radical formation in photolyases and cry1. Purified A. thaliana CPD photolyase (47) and
cry1 at the identical protein concentration (48) were subject to photoreduction under identical conditions (20 mol m⫺2s⫺1 blue (400 –500 nm) light, 2
mM dithiothreitol) and absorption spectra taken at the indicated intervals (see
supplemental Fig. 1 for complete spectra). Building and decay kinetics of the
FADH䡠 absorption are presented at 550 nm for cry1 (open squares) and at 595
nm for photolyase (open circles). a.u., arbitrary units.

cryptochrome activation by blue light. The reason for this
seeming discrepancy became apparent when growth inhibition
studies were performed under a series of narrow bandwidth
green light filters (supplemental Fig. 2) instead of under broad
bandwidth (500 – 600 nm) green light as in the prior studies. It
was observed that only the wavelengths closest to 500 nm (518
nm) were effective in mediating growth inhibition. Longer
wavelengths were progressively less effective (supplemental
Fig. 2). The small positive effect of broad bandwidth green light
on cryptochrome activation can therefore be fully explained by
the weak residual absorption of oxidized flavin above 500 nm, in
agreement with the present study, and could not result from
activation by green light of the radical form of cryptochrome as
suggested previously (24, 33).
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Although plants are poorly responsive to green light, there is
recent evidence of a distinct green light photoreceptor that promotes hypocotyl growth under conditions of short-term irradiation (34). However, there was no effect of the novel green light
photoreceptor on promoting hypocotyl growth under the longterm irradiation conditions used in our study (34, 39, 40) (see
also supplemental Fig. 2) or on cry2 degradation (Fig. 2). The
possibility of unrelated green light photoreceptors contributing
to the green light inhibition of cryptochrome responses therefore appears remote.
Given its signaling role, it would be expected that the flavin
radical form of cryptochrome would have a reasonable lifetime
to interact with downstream signaling partners. Further experiments varying the time between successive blue and green light
pulses should allow an estimate of this lifetime, in analogy to the
“escape” time for photoreversibility of phytochrome responses
by far red light (28). How the formation of such a long-lived
radical initiates cryptochrome signaling has yet to be determined, but it likely involves changes in conformation necessary
for interaction with signaling partners (12, 13, 15). Fourier
transform infrared studies of cryptochrome photoreceptors
upon light activation have revealed small but potentially significant structural changes that could lead to changes in surface
properties of the receptor (17), and studies with partial proteolysis of purified protein also reveal conformational changes
subsequent to light activation (16).
It is not clear whether all known cryptochromes function
with the currently derived photocycle. In fact, the cryptochrome family is highly diverse, and its sole defining characteristic appears to be homology to photolyases coupled with signaling activity. Cryptochromes apparently developed multiple
times, independently from different photolyase ancestors, during the course of evolution (7, 8). The classic plant cryptochromes (comprising Arabidopsis cry1 and cry2) for example
originated from a type I CPD photolyase ancestor, whereas the
classical animal-type cryptochromes such as Drosophila and
mammalian cryptochrome evolved from a distinct 6-4 type
photolyase ancestor. An additional category of cryptochromes
known as the cryDASH family, found in bacteria and microbes
as well as plants (Arabidopsis cry3) (9), apparently evolved independently from yet another distinct photolyase ancestor (2). In
the case of those animal-type cryptochromes that are light-activated, studies of wavelength sensitivity of Drosophila cryptochrome showed little activity above 500 nm (41) and the classic
peaks and shoulders,5 consistent with oxidized flavin as the
primary photosensor. Furthermore, the closely related type 6-4
photolyases also undergo photoreduction in vitro by an electron transfer pathway similarly to plant cryptochromes (20). It
is therefore possible that a similar mechanism of light activation, involving photoreduction of oxidized flavin, may have
evolved for both plant and animal-type photoreceptors. By contrast, the cryDASH type cryptochromes seem not to accumulate the flavin radical upon light activation in vitro and instead
undergo rapid photoconversion to the fully reduced flavin, similar to photolyases (42, 43).

5

M. Ahmad, unpublished results.
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In summary, the plant cryptochrome photocycle represents a
fundamental departure in mechanism from photolyases. Flavin
is found in the oxidized state in vivo and undergoes photoreduction to accumulate the neutral radical form as its signaling
state. Because of this property, cryptochrome responses can be
partially reversed under conditions of bichromatic irradiation
with saturating green light. In the case of plants, cryptochrome
photoreversion may contribute to shade avoidance responses
under a canopy and thereby be of adaptive significance. It will
be intriguing to determine whether other instances of antagonistic blue-green interactions in plants and other organisms
(38, 44 – 46) may also somehow be linked to cryptochromes.
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