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Cryptochromes are blue-light absorbing flavoproteins with many important signaling roles in plants, including in de-
etiolation, development, and stress response. They interact with downstream signaling partners such as transcription
factors and components of the proteasome, and thereby alter regulation of nuclear gene expression in a light
dependent manner. In a prior study, it has also been shown that Arabidopsis cry1 activation by blue light results in
direct enzymatic conversion of molecular oxygen (O2) to ROS (reactive oxygen species) in vivo leading to cell death in
overexpressing lines. Here we extend these observations to show that Atcry2 is translocated from the cytosol to the
nucleus in response to blue light illumination, resulting in nuclear accumulation of ROS in expressing insect cell
cultures. These observations suggest that ROS formation may represent a novel means of signaling by Atcry2 distinct
from, and perhaps complementary to, the currently known mechanism of light-mediated conformational change.

Introduction

Cryptochromes are flavoprotein blue light receptors with
many signaling roles in plants including elongation growth,
entrainment of the circadian clock, de-etiolation, and resistance
to many different forms of stress.1 There are 2 highly similar
cryptochrome genes in Arabidopsis with overlapping functions
but somewhat different light sensitivity; cry1 is stable at high
light intensity whereas cry2 is rapidly degraded in the presence of
blue light due to ubiquitination and targeting to the protea-
some.2 Until the present time, attempts to understand the mech-
anism of cry activation have focused on light-driven
conformational change in the receptor that lead to interaction
with transcription factors and/or elements of the proteasome.
Certain changes in gene expression, for instance in the induction
of flowering time and in de-etiolation responses have indeed
been convincingly linked to cryptochrome interaction with these
biological partners (reviewed in1).

Recently, we have shown that Arabidopsis cryptochrome-1
(Atcry1) activation by blue light leads directly to the formation of
ROS (Reactive Oxygen Species) and hydrogen peroxide in living
insect cells that overexpress this protein.3 We show the accumula-
tion of ROS using a fluorescence-based assay for the detection of
H2O2 in cell culture media (Amplex Ultra Red) and by direct

visualization of ROS in living cells by immunofluorescence imag-
ing techniques. Of specific interest, ROS were shown to accumu-
late in the nucleus in Atcry1 expressing cells, and therefore are in
potential contact with transcriptional regulators and elements of
the transcriptional machinery. ROS are known to act as secondary
messengers, which can modify elements of signaling pathways in
numerous organisms.4 In plants, reactive oxygen species are
formed primarily as byproducts of photosynthesis, respiration, and
metabolic processes and therefore are abundant in compartments
such as the chloroplast and mitochondrion.5 The cell has further-
more developed many protective systems for rapid removal of
potentially damaging ROS, as a result of which there is little diffu-
sion of ROS between cellular compartments.5 Therefore, a mecha-
nism whereby the cell has the possibility to generate a localized,
light-dependent accumulation of ROS in the nucleus itself may be
of potential importance for signaling.

Here, we provide new data showing that ROS accumulation
in the nucleus also results from illumination of cryptochrome.
We show by direct immunostaining with anti-cry2 antibodies
that cry2 protein is initially localized exclusively in the cytoplasm
in dark-adapted cell cultures, and then travels rapidly to the
nucleus upon illumination. We further show the accumulation
of ROS in the nucleus occurs as a direct consequence of cry2 illu-
mination by blue light.
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Atcry2 is translocated into the nucleus in a blue-
light dependent manner

Insect cell cultures expressing high levels of Atcry2 maintained
in darkness show staining surrounding the plasma membrane .
(Fig. 1B) Permeabilization of cells with 0.1% Triton X100 (see
reference 3) results in detection of the Atcry2 protein within the
cytosol as well, but does not detect the protein in the nucleus .
(Fig. 1H) This indicates that all cry2 protein in insect cells is
cytosolic in the dark. However, after a 15-minute pulse of high

intensity blue light (100mmol/m¡2/sec¡1), a number of differen-
ces are observed. Firstly, there is a significant increase in staining
observed at the plasma membrane (Fig. 1E) and in the cytosol .
(Fig. 1K) This more intense signal is not due to an increase in
the concentration of the protein, but rather likely to a conforma-
tional change in the C-terminal domain of Atcry2 which ‘flips
outwards’ from the protein as a result of illumination. In this
way, there is improved accessibility of the antibody to its anti-
genic sites in the C-terminal domain. Such effects have been
observed for cryptochromes in other systems as well.7

Secondly, a new localization for cry2
can also be clearly observed inside the
nucleus of permeabilized cells (Fig. 1,
panel k, l). The position of the nucleus
stained with DAPI has been delineated
with a red ellipse (Fig. 1J). Atcry2
staining co-localizes with DAPI in the
merged image (Fig. 1L) and can be
clearly seen inside the red ellipse
(Fig. 1K and L). Atcry2 nuclear locali-
zation has also been confirmed by
nuclear 3D analysis as described previ-
ously3 (data not shown). It is therefore
evident that cry2 undergoes light-
dependent translocation into the
nucleus in this heterologous insect cell
culture system, somewhat in contrast to
what has been reported in plants.8

Since the nuclear localization signal
of cry2 is located within the C-terminal
domain, a likely explanation for this
translocation is that a conformational
change in the C-terminal domain could
also provide greater accessibility of the
nuclear localization signal to the cellular
machinery. In this way, we provide evi-
dence that significant structural rear-
rangement of the Atcry2 C-terminus
follows from light activation, similarly
to what has been previously reported
for Arabidopsis cry1.9

Blue-light induced
accumulation of ROS in

response to light activation
of cry2

ROS accumulation in vivo in cell
cultures can be detected by fluorescence
staining with hydroxyphenylfluores-
cein.3 Living insect cells were treated
with fluorescent substrate and then
either kept in the dark or illuminated
with blue light (Fig. 2). Under these
conditions, no ROS was detected in

Figure 1. Subcellular localization of Atcry2 in insect cells by immunofluorescence staining and confo-
cal microscopy.Sf21 cells stably expressing Atcry2 were fixed with paraformaldehyde, permeabilized
with Triton X100 (A) to (F) or not (G) to (L), incubated with a rabbit polyclonal anti-Atcry2 antibody
and an Alexa 488-conjugated anti-rabbit secondary antibody, DNA were stained with Dapi. Cells were
observed with an inverted Leica TCS SP5 microscope. Images (A) to (F) show projection of optical sec-
tions, scale bar 10 mm. Images (G) to (L) show single confocal z-section that cross the nucleus, scale
bar 10 mm.
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Atcry2 –expressing insect cell culture kept in darkness
(Fig. 2 top panels). In a strong contrast, 5 or 15 min blue
light illumination induced an accumulation of ROS staining
that perfectly matched the nuclear compartment observed by
D.I.C. .(Fig. 2D, E, and F). Thus accumulation of ROS in
blue light matches the blue-light dependent Atcry2 nuclear
immunolocalization (Fig. 2). From these data it is evident
that Atcry2 induces blue-light induced accumulation of ROS
in the nucleus.

Conclusions

In our original study 3 and in this
accompanying manuscript, we have
shown a potentially novel way in
which cryptochromes may participate
in signaling. Whereas there is convinc-
ing evidence that conformational
changes induced by primary photo-
chemical events lead to interaction
with cry signaling partners, this does
not exclude that formation of ROS
may also play a role in cryptochrome
signaling. Moreover, this novel signal-
ing mechanism may be of general
relevance, since the primary photo-
chemical events that lead to ROS
formation are conserved in crypto-
chromes through a wide variety of
organisms. It will be interesting to re-
examine known cryptochrome signal-
ing pathways for the presence of pro-
teins or signaling intermediates that
may be responsive to ROS.
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Figure 2. Production and subcellular localization of ROS by Sf21 CRY2 exposed to blue light.Living
Sf21 stably expressing CRY2 were exposed to dark or blue light, treated with DCFH-DA [5-(and-6)-
chloromethyl-20 ,70-dichlorofluorecein diacetate] and viewed by an inverted Leica TCS SP5 microscope.
Images show single confocal z section that cross the nucleus. Intense ROS staining can be seen inside
the nucleus (N) whose membrane can be clearly observed by differential interference contrast (D. I.
C.). Scale bars 10 mm. Methods for AtCry2 expression, immunohistochemical staining, and fluores-
cence staining for ROS are described in our original paper.3 Polyclonal antibody used for cry2 detec-
tion has been raised to the C-terminal domain as used previously. 6
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