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Cellular metabolites modulate in vivo signaling
of Arabidopsis cryptochrome-1
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Cryptochromes are blue-light absorbing flavoproteins with multiple signaling roles. In plants, cryptochrome (cry1,
cry2) biological activity has been linked to flavin photoreduction via an electron transport chain to the protein surface
comprising 3 evolutionarily conserved tryptophan residues known as the ‘Trp triad.’ Mutation of any of the Trp triad
residues abolishes photoreduction in isolated cryptochrome protein in vitro and therefore had been suggested as
essential for electron transfer to the flavin. However, photoreduction of the flavin in Arabidopsis cry2 proteins occurs
in vivo even with mutations in the Trp triad, indicating the existence of alternative electron transfer pathways to the
flavin. These pathways are potentiated by metabolites in the intracellular environment including ATP, ADP, AMP, and
NADH. In the present work we extend these observations to Arabidopsis cryptochrome 1 and demonstrate that Trp triad
substitution mutants at W400F and W324F positions which are not photoreduced in vitro can be photoreduced in
whole cell extracts, albeit with reduced efficiency. We further show that the flavin signaling state (FADH�) is stabilized in
an in vivo context. These data illustrate that in vivo modulation by metabolites in the cellular environment may play
an important role in cryptochrome signaling, and are discussed with respect to possible effects on the conformation of
the C-terminal domain to generate the biologically active conformational state.

Introduction

Cryptochromes are blue-light absorbing flavoproteins occur-
ring throughout the biological Kingdom with many important
signaling roles. In plants, there are 2 homologous cryptochromes
(cry1, cry2) which regulate de-etiolation, photomorphogenesis,
the initiation of flowering, gene expression, and the entrainment
of the circadian clock.1 Cryptochromes are highly conserved evo-
lutionarily to photolyases, which are flavoproteins that catalyze
the light dependent repair of lesions in UV-damaged DNA. Plant
cryptochromes have lost DNA repair function but retain many of
the photoreactions characterized in photolyases. These include
the ability to undergo a process known as ‘photoactivation’,
whereby oxidized FAD bound in a hydrophobic internal pocket
in the resting (dark) state of the protein becomes reduced after
absorption of a photon of light energy. This reaction occurs by
electron transfer to the excited state flavin from a nearby Trp resi-
due in the protein, which in turn is reduced by a chain of electron
transfer through 3 suitably positioned Trp residues leading to the
protein surface. This electron transfer chain is known as the Trp
triad, and is highly conserved between cryptochromes from many
sources and with photolyases.1

The signaling mechanism of plant cryptochromes has been
shown to involve interaction with signaling partner molecules
following light absorption. These include the transcription

factors CIB1 and SPA1 in the case of Arabidopsis cry1 and cry2
cryptochromes.2,3 The partner proteins do not bind to the full-
length dark-adapted (resting) state of these cryptochromes, but
only to their illuminated (activated) form. The substrates how-
ever do also bind to the dark (unilluminated) truncated crypto-
chromes from which the C-terminal domains have been
removed.2,3 These data imply that the C-terminal domain is
somehow blocking correct docking of the partner proteins to
plant or drosophila cry N-terminal domain in the inactive (dark)
state, and that a conformational change at the C-terminal must
occur in the course of light activation in order to provide sub-
strate access to the N-terminal domain. Experiments showing
altered proteolytic patterns in response to light and transient grat-
ing experiments are consistent with large structural changes
which involve the C-terminal domain.4,5

To explain how cryptochromes are activated by light, many
lines of evidence have shown that light-induced redox transitions
in the bound flavin (from FAD to FADH�) are correlated with
biological function,6-8 and to conformational change of the C-
terminal domain.5 An abbreviated version of the resulting photo-
cycle proposed for plant cryptochromes is summarized in
Figure 1. Firstly, in the dark, the receptor is found with flavin in
the oxidized redox state and the C-terminal domain folded into
an inactive conformation adjacent to the flavin binding pocket.
Upon illumination with blue light, flavin is reduced to the
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neutral radical state via multiple electron and proton transfer
steps. In the course of these reactions conformational changes are
initiated which release the C-terminal domain of cryptochrome
from the protein surface and provide access to biological sub-
strates.3,5 This relatively long-lived (several minutes)9 intermedi-
ate is the biologically active signaling state.

Further illumination of the flavin cofactor in cryptochrome
results in full reduction of the flavin to a biologically inactive
redox form (FADH-) which refolds the C-terminal domain and
thereby returns the receptor to the biologically inactive confor-
mational state. Both flavin radical (FADH�) and fully reduced
(FADH-) flavin redox states undergo spontaneous reoxidation to
the FAD (oxidized) form in a process that is independent of light
and relies on the concentration of molecular oxygen.10 Thus the
cryptochrome, once placed in continuous light, undergoes multi-
ple rounds of light-dependent flavin photoreduction (from FAD
to FADH� and FADH-), balanced by continuous reoxidation to
FAD. The equilibrium reached between the different redox states
(see Figure 1, rates 1–4) thereby determines the ultimate biologi-
cal activity of cryptochrome by determining the concentration of
the FADH� signaling state occurring at a given light intensity. In
this mechanism, the role of the Trp triad is important in order to
generate the FADH� (signaling state) (Fig. 1).

Recently, the role of the Trp
triad in the formation of the
FADH� signaling state has come
under discussion, following the
report that amino acid substitu-
tions of cry2 at residues W321,
W374, and W397 in the Trp
triad still retained in vivo biologi-
cal activity.11 These observations
were for the most part based on
an experimental artifact, as the
reported in vivo cry2 Trp triad
mutants phenotypes (hypocotyl
inhibition, yeast 2 hybrid interac-
tion with substrate) had also
entirely lost light responsivity.
The mutants were constitutively
active even in red light and dark-
ness, most likely due to altered
folding of the protein (into the
constitutively active conforma-
tion). From such biological read-
outs that have lost light
responsiveness, no conclusions
on the underlying photochemical
properties of the receptor in
response to blue light can be
drawn. Nonetheless, one of the
reported cry2 phenotypes (of
cry2 protein degradation in
response to blue light) did indeed
showed blue light responsivity
even in cry2 Trp triad mutants in

vivo.11 Therefore an argument for biological activity in the
absence of flavin photoreduction could be made. Similar argu-
ments (of biological activity in Trp triad mutants in Drosophila,
for instance) have been made in the case of insect
cryptochromes.12

In order to resolve this issue, it was necessary to determine the
redox state of cryptochrome flavin in the Trp triad mutants
directly within the living cell. The possibility that in vivo photo-
reduction may occur more efficiently and/or by alternate path-
ways to in vitro photoreduction in these mutants was already
suggested from indirect fluorescence monitoring of living SF21
insect cells expressing cryptochrome proteins.13 These studies
showed that proteins with mutations in the Trp triad that ren-
dered them insensitive to photoreduction in vitro, could nonethe-
less undergo photoreduction in living insect cells, albeit at
reduced efficiency.13

This possibility was subsequently directly verified in the case
of cry2 Trp triad mutants W321A, W374A and W397A.14 It
was discovered that the presence of small metabolites in the cellu-
lar environment (ATP, ADP, NADP etc.) could potentiate alter-
nate electron transfer pathways in the cryptochrome involving
distinct (to the Trp triad) W and Y residues in vivo. Therefore,
even cry2 Trp triad mutants lacking detectable flavin

Figure 1. Presumed photocycle of plant cryptochromes. In the dark, cryptochromes are in the inactive state
(C-terminal domain folded against the protein, flavin in the oxidized redox state). Upon illumination, flavin
undergoes photoreduction to the FADH� redox form, which triggers conformational unfolding of the C-termi-
nal domain to give the activated form of the receptor. Subsequent illumination of FADH� reduces the flavin
further to the inactive (FADH-) redox form. Both radical (FADH�) and fully reduced (FADH-) flavin are reoxi-
dized to the inactive (FAD) form by molecular oxygen.10 The receptor undergoes continuous cycling between
redox forms under illumination and the degree of activation depends on the equilibrium reached (rates 1, 2,
3, 4) between reducing and oxidizing reactions. In this mechanism, the Trp triad mediates forward electron
transfer driving forward redox state interconversion.
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photoreduction activity in vitro could be photoreduced in a
whole cell in vivo environment. The relative efficiency of in vivo
photoreduction (highest for the cry2 W374A mutant, reduced in
efficiency for W397A and W321A mutants) corresponds with
the relative light-dependent biological activity (in vivo protein
cry2 degradation assay) reported for these mutants11 and is
thereby fully consistent with photoreduction of flavin as a
requirement for cryptochrome signaling. These studies also high-
light the pitfalls of applying conclusions from data obtained with
isolated proteins toward biological function in vivo, and of inter-
pretations based solely on mutagenic analyses, where secondary
effects on protein structure may introduce artifactual findings.

In this Short Communication, we extend the observations of
in vivo photoreduction in the Trp triad mutants of cry214 to Trp
triad mutants of the cryptochrome-1 photoreceptor. It has previ-
ously been demonstrated15 that the Trp triad mutants W400F
and W324F of Arabidopsis cry1 (homologues of the cry2 W397
and W321 residues) cannot be photoreduced in vitro. These cry1
Trp triad mutants also showed significantly reduced biological
activity in vivo, consistent with a role for flavin reduction in bio-
logical activation. Nonetheless, biological activity was not
completely null, leaving the possibility of residual flavin reduc-
tion occurring in vivo in these mutants in spite of disruption of
the Trp triad.

Here we investigate directly the efficiency of photoreduction
of the cry1 Trp triad mutations within whole cell extracts and
show that partial photoreduction does indeed occur, in contrast
to the isolated protein in vitro.15 In this respect, the W400F and
W324F Trp triad mutants behave in an analogous fashion to the
W397A and W321A mutants of cry2 which show measureable
photoreduction activity in vivo.14 and also light dependent bio-
logical activity (albeit reduced as compared to wild type).11 We
extend these observations further by showing that the the cellular
(in vivo) environment also has a considerable effect on the rate of
the back (reoxidation) reaction of cry1 and that these effects are
also consistent with binding of small cellular metabolites in an
in vivo context. Finally, we discuss these findings in the context
of how the signaling state (in vivo and in vitro) may trigger the
conformational change in the C-terminal domain, which is at the
basis of biological activation.

Mutant constructs, methods for protein expression, produc-
tion of whole cell extracts, and their analysis by UV/Vis spectros-
copy are as previously described.14,15 The C-terminal fragment
of cry1 (comprising amino acids 443–681) and including a 6-
Histidine tag at the N-terminus was expressed in E. coli and puri-
fied by affinity column chromatography over nickel column by
standard protocols.

CD spectroscopy: Protein samples were diluted to a final con-
centration of 1 mM (Full – Length cry1) and 6 mM (truncated
C-terminal fragment of cry1) respectively in 25 mM sodium
phosphate buffer at pH D 7.6. CD data was obtained using a
Jasco J-810 spectropolarimeter with experimental conditions of 3
accumulations, D.I.T. of 1 second, 1.5 nm bandwidth, 0.1 nm
data pitch, 100 nm/sec scan speed, and appropriate background
subtraction. All samples were in 1 mm Helma Quartz cuvettes at
held at 20 degree Celsius for the duration of the experiment.

Analysis was performed with CDPro16 using the CONTIN
algorithm17 and the reference data set SMP56.18

Cry1 Trp triad mutants W400F and W324F are
photoreduced in vivo

Studies on isolated cry1 proteins have been previously
reported with mutations in the Trp triad at positions W400F
and W324F, which are found in the cry1 sequence and crystal
structure16 at the homologous positions to W382 and W306 of
E. coli photolyase, and of W397 and W321 of Arabidopsis cry2,
respectively. The mutant proteins (W400F and W324F) thereby
lack the predicted electron donor proximal to the flavin (W400)
or exposed to the protein surface (W324) and should hence be
impaired in electron transfer. Consistent with this expectation,
the isolated proteins showed reduced electron transfer and could
not be photoreduced in vitro.15 Biological activity in vivo was
also significantly reduced in these mutant proteins, in keeping
with the expectation of a requirement for photoreduction to pro-
duce the signaling state (FADH�). Nonetheless, there was evi-
dence of some residual in vivo biological activity (10–20% under
the tested conditions) even though the mutants showed no pho-
toreduction activity in vitro. It therefore seemed possible that
these cry1 Trp triad mutants could also undergo somewhat
enhanced photoreduction in vivo. We therefore tested the cry1
Trp triad mutants for photoreduction activity in whole cell
extracts.

As in our prior study14 we expressed the cry1 Trp triad
mutants W400F and W324F, as well as wild type cry1, in insect
cells at high concentration by baculovirus infection. Cell culture
pellets were lysed and the crude extracts examined directly for fla-
vin reduction using UV/Vis spectroscopy. Spectra were taken
before (Dark) and after (Light) illumination with white light,
and difference spectra (Light minus Dark) determined (Fig. 2).
As a control, spectra were taken of cell extracts from insect cells
that did not express recombinant cryptochrome.

The results show that, upon illumination, a clear decrease in
signal at 450 nm indicative of flavin reduction can be seen in
wild type cry1 samples (Fig. 2). This signal was specific to cryp-
tochrome – bound flavin as no detectable difference was seen in
(Light – Dark) difference spectra from extracts of non-expressing
control cells (Fig. 2). However, in the case of both W400F and
W324F mutant proteins, clear evidence of photoreduction is
observed, albeit reduced as compared to that of the wild type pro-
tein. These data are consistent with alternate electron transfer
pathways to the Trp triad being potentiated by components of
the cellular environment, as previously shown for cry214 and for
cry1 in vitro.20,21 Photoreduction was nonetheless decreased in
comparison to the wild type in the W400F and especially
W324F (Fig. 2), consistent with their reduced biological activity
in vivo.15

Dark reoxidation of AtCry1 is altered in a whole cell in vivo
context

In addition to their effects on potentiating forward electron
transfer pathways, a role for ATP has been previously reported
on the stability of the radical (FADH�) flavin redox state in
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plant cryptochrome.21 In particular, ATP greatly slows the rate
of flavin reoxidation in vitro. This suggests that kinetics of
reoxidation of cryptochrome may be likewise considerably
altered in an in vivo context. To verify this possibility, we have
determined the rate of reoxidation of wild type cry1 protein in
whole cell extracts, and compared this rate to that of the iso-
lated cry1 protein in vitro photoreduced under the same condi-
tions (Fig. 3). Whole cell extracts expressing cry1 or purified
samples of isolated cry1 protein were illuminated in white light

for 1 minute. The samples were then transferred to darkness,
and spectra were taken at increasing times. Reoxidation (from
FADH� - FAD) was determined by absorbance change
(increase at 450 nm) relative to the illuminated sample after
increasing times in darkness and is expressed as the percentage
of reoxidation over time to the maximal (fully oxidized) state
(Fig. 3). In the case of the purified cry1, reoxidation occurred
rapidly and was virtually complete within 5 minutes after the
end of illumination. We next evaluated the rate of flavin reoxi-
dation of Cry1 in whole cell lysates. Cell extracts expressing
cry1 were first illuminated with white light for 1 min. Subse-
quently, samples were returned to darkness and spectra were
taken at time intervals in darkness. As can be seen (Fig. 3),
even after 30 minutes in darkness, there was no detectable
increase in absorbance at 450 nm and therefore no detectable
reoxidation of flavin in wild type cry1. Full reoxidation of
cryptochrome in whole cell extracts could be accelerated by
bubbling oxygen through the sample, confirming that the cryp-
tochrome remained intact throughout this treatment and did
not simply lose the flavin or undergo some other irreversible
bleaching reaction (not shown). Therefore, components within
the whole cell extracts must stabilize the flavin FADH� radical
state and significantly slow the rate of reoxidation.

To determine whether the decreased rate of flavin reoxidation
can be explained by binding to metabolites in the cellular envi-
ronment, we added ATP at a concentration of 1mM to isolated
cryptochrome proteins and determined the rate of the dark reoxi-
dation reaction subsequent to illumination. Indeed, addition of
metabolite slowed the rate of flavin reoxidation to levels compa-
rable to proteins analyzed in the context of whole cellular
extracts. Taken together, these data indicate that both forward
(light induced) and reverse (reoxidation) redox reactions of cry1
are modified by the cellular environment and can be explained
by the effect of small metabolites.

The C-terminal domain of cryptochrome is implicated
in structural changes related to signaling

Ultimately, the light signaling reaction must induce some
form of structural change in the C-terminal domain to initiate
interaction with partner proteins. To probe the cryptochrome
domain structure as a preliminary to identifying the structural
changes that may be induced by light, we have performed CD
spectral analysis on both full-length cry1 and of an isolated C-ter-
minal fragment of cry1 which comprises the amino acids
443–681 beyond the photolyase-like region of homology
(Fig. 4). The obtained spectra show a large increase in random
structure as compared to that of the full-length protein for which
a crystal structures is available.19 Unexpectedly, our experiments
which analyzed amino acids 443–681 of the C-terminus also
showed that the degree of unordered structure is significantly
lower than what was reported previously19 using a smaller C-ter-
minal fragment (amino acids 506–681), and that the percentage
of a helical structure is increased. This suggests that a perturba-
tion in the protein structure immediately adjoining the C-termi-
nal domain (for instance amino acids 443–506) may contribute

Figure 2. Flavin photoreduction of cry1 Trp triad mutants in whole cell
extracts. Whole cell lysates from cultures expressing Arabidopsis cry1
wild type, W400F or W324F mutants were illuminated for 1 min with
white light (600 mmolm¡2sec¡1) in PBS pH7.5, 5 mM DTT. Spectra taken
after illumination were substracted from dark spectra to provide the
(Dark minus Light) difference spectra shown in the figure, indicating the
reduction of flavin from oxidized to radical (FADH�) state. No difference
in absorption was seen under these conditions in whole cell extracts
that were not expressing cryptochrome proteins (control cells).

Figure 3. Flavin reoxidation of cry1 in whole cell extracts. Isolated puri-
fied cry1 protein (10 mM/ was photoreduced in PBS buffer at pH7.5, 5
mM DTT for 1 minute in white light (600 mmolm¡2sec¡1) in the absence
or presence (C ATP) of 1mM ATP. Upon return to darkness, scans were
taken at increasing time intervals and the absorption at 450 nm (peak
absorption of oxidized flavin) monitored. % reoxidation represents the
increase in A450 expressed as a percentage of the dark (pre-illumination)
A450 peak value. Reoxidation of flavin in cry1 expressed in whole cell
lysates was analyzed in the same way.
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disproportionately to the overall structure, and may be affected
by redox changes in the flavin state induced by light (Fig. 4).

In this study we have extended results from our prior work14

on the existence of alternate electron transfer pathways to the
Trp triad pathway of cry2 to include analysis of Trp triad muta-
tions of cry1. We show that photoreduction reaction rates in
whole cell extracts are enhanced as compared to those of isolated
W400F and W324F cry1 proteins, consistent with altered elec-
tron transfer routes potentiated by small metabolites found in
these extracts. We note that W400F and W324F mutants both
show considerably reduced biological activity in vivo.15 Therefore
these alternate electron transfer routes are not as efficient as the
Trp triad pathway under the relatively moderate light intensities
used in the in vivo studies,15 and, at least in the case of cry1,
probably do not contribute greatly to light sensing except under
high light conditions. These results are furthermore consistent
with those of the homologous Trp triad mutants W397F and
W321F of cry2, which also show reduced light –dependent bio-
logical activity in vivo (the cry2 protein degradation assay) as
compared to wild type.11 Taken together, the results of both cry1
and cry2 Trp triad mutant studies indicate a role for light-driven
electron transfer in the biological activation of cryptochromes.

The data from both cry1 and cry2 Trp triad mutants is in
agreement with our prior observations that electron transfer to
the cry2 flavin in vivo is enhanced through the binding of small
metabolites within the flavin pocket.14 In this former study we
had identified a number of alternate electron transfer pathways as
a result of analysis of additional cry2 mutants. These include a
possible electron tunneling pathway via ATP through the Y399
residue (Y402 of cry1) that is directly potentiated by metabolite
binding. In addition, electron transfer via aromatic amino acids
W331 and W376 adjacent to the Trp triad (W334, W379 of

cry1) is facilitated. ATP binding induces altered accessibility of
the protein surface of both cry1 and cry2 to added protease,14,22

indicative of increased flexibility in the cry apoprotein.22,24 A
consequence of greater protein flexibility would be improved
alignment of alternate electron transfer residues with either the
flavin – proximal W400 or flavin – distal W324, and possibly
also of the Y402, resulting in more efficient electron transfer sub-
sequent to illumination. A suggestion that ATP may potentiate
electron transfer by increasing the pKa of an amino acid residue
(D396 of cry1) at the flavin binding pocket20 is not supported by
the data, as ATP effects on photoreduction are seen even at low
pH14 and also if the D396 residue of cry1 is replaced by cysteine,
which does not undergo efficient deprotonation.25 Furthermore,
early conformational changes linked to cry1 activation occur in
the absence of flavin protonation,25 further excluding that the
protonation state of D396 is important for signaling. The posi-
tions of relevant amino acids in cry1 that may participate in these
alternate electron transfer pathways in vivo are summarized in
Fig. 5.

We have extended these observations on the effects of the
in vivo cellular environment on forward electron transfer to flavin
to show that, cellular components also affect the rate of flavin
reoxidation (from FADH� to FAD flavin). In fact, in purified
isolated cry1 protein, the rate of flavin reoxidation is an order of
magnitude more rapid than the rate of reoxidation of the protein
under the identical reducing conditions in a whole-cell lysate.
This effect of slowing of the reoxidation rate is fully consistent
with the effect of metabolites on stabilizing the flavin neutral
radical21 – see also Fig. 3.

We note that the flavin reoxidation rate determined for cry1
in lysed cellular extracts (Fig. 3) does not directly correspond to
the in vivo lifetime of the activated (FADH�) flavin redox state

Figure 4. CD Spectra of Cry1. Upper Panel. CD Spectra of Full-Length AtCry1 (left) and truncated AtCry1 (amino acids 445–681 (right). Percentage a-helix
include regular and distorted helices, percentage b-strands include regular and distorted b-strand while (N)RMSDD (normalized) root mean square devi-
ation). Lower Panel: identification of the proportion of secondary structure within truncated and full-length intact protein.
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determined directly in living intact cells in vivo.26 This in vivo
lifetime was determined through whole-cell EPR spectroscopic
methods in living intact insect cells, to give a half – life for cry
reoxidation on the order of several minutes. The difference with
conditions used in the current manuscript is that experiments in
whole cell extracts were performed in the presence of a strong
reductant (5 mM DTT), as AtCry1 is otherwise not efficiently
reduced under aerobic (lysed cell) conditions. In the cellular envi-
ronment, the biological in vivo reducing agents and cellular oxy-
gen concentrations are as yet unknown and these may play a
sigificant additional effect on the final rate of flavin reoxidation
in vivo. What is clear from our study is that the flavin radical
should be stabilized in vivo by the presence of metabolites and
thereby contribute to the half-life of the activated signaling state
also in living cells.

In addition to their well-established role as light receptors,
cryptochromes have been suggested as a candidate for the elu-
sive magnetic receptor in birds and other animals27,28 In birds,
avian cryptochrome 1 has been found in the outer segments of
UV cone receptor cells, an ideal location for a potential mag-
netic compass sensor based on photochemical reactions. Initial
mutant studies show that magnetic field effects disappear in
responses of plants29 and fruit flies lacking cryptochromes,30,31

but a puzzling observation showed that fruit flies with type 1
cryptochromes without a functional Trp triad still exhibited
magnetic orientation responses.32 Our study here demonstrates
that cry 1 Trp triad mutants can still be rendered active in
in vivo environments by metabolites. It thus both provides an

explanation for the fruit fly results and a caution for mutant
magnetic orientation experiments without considering the
influence of metabolites and the complete in vivo
environment.

A continuing puzzle in the mechanism of cryptochrome acti-
vation concerns the nature of the conformational change under-
gone by the cryptochromes in the course of signaling, which
seem to involve the C-terminal domain (see Fig. 1). To obtain
insight on the possible structural changes, we have obtained a
CD spectra of the full-length cry1 protein, and compared it to
that of a truncated C-terminal fragment. The full-length protein
shows a proportion of ordered and disordered regions that is not
significantly different from the proportions derived from the
known crystal structure of the N-terminal domain.22 This sug-
gests that the C-terminal domain may not contribute dispropor-
tionately to the degree of unordered structure in the full-length
protein in its resting (dark adapted) state.

By contrast, the isolated C-terminal domain (amino acids
443–681), had a higher proportion of unstructured regions and
turns (55%). Nonetheless, the proportion of turns and unstruc-
tured regions were significantly lower than reported previously
(80%) for a somewhat smaller fragment of the C-terminal
domain (amino acids 506–681).22 Therefore the region from
amino acids 443–681 may contribute disproportionately toward
the establishment of conformational changes in response to
light. The location and suggested structure of the C-terminal
domain relative to the flavin binding domain is shown in
Fig. 5.

Figure 5. Electron transfer pathways and possible C-terminal domain structure in A. thaliana cryptochrome 1. Structure was taken from PDB: 1U3D. Tryp-
tophan residues are shown in pink, including positions of the classical Trp triad (FAD -W400 - W377 - W324) and residues implicated in alternate electron
transfer pathways deduced from cry2 including aromatic amino acid residues near the Trp triad (cry1 W334, W379). The cry1 Y402 residue (homolog to
cry2 Y399) is suitably positioned to form a potential electron tunneling pathway via ATP.14 The FAD is shown in cyan and the FAD binding amino acids,
which may impact on structural changes in the protein are in orange. The ATP analog AMPPNP is in red. The fragment of C-T terminal analyzed in this
study is in green and is lacking in the crystal structure. Created in the PyMOL Molecular Graphics System, Version 1.7.6.3 Schr€odinger, LLC. Created in
PyMOL.
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How exactly the primary photoreactions triggers structural
changes in the receptor is also currently a matter of debate.
The available evidence is consistent with flavin reduction
required for formation of the signaling state, and therefore a
requirement for forward electron transfer to the flavin. The
question is whether the primary photoreactions (electron and
proton transfer) themselves trigger conformational change,
or whether it is the flavin in its radical state that drives
structural change. It has been previously shown that confor-
mational change involving the cry1 C-terminal domain
occurs on a millisecond time scale,33 which is too slow for
triggering by direct electron and/or proton transfer events.
More recent data suggests conformational change may be
initiated already within the N-terminal domain at much
more rapid time scales,34 consistent with triggers such as
deprotonation of D396, an aspartic acid residue in proximity
to the flavin.

However, this suggestion is excluded by results from the
D396C mutation of cry1, for which infrared spectroscopic
experiments demonstrate that early light-induced conformational
changes of the N-terminal domain occur despite the absence of
proton transfer.25 Instead, the lifetime of the conformational
change in vitro25 and of the biologically active signaling state in
vivo26 have both been correlated with the lifetime of the flavin
radical, consistent with a requirement for the radical to initiate
and/or maintain the signaling structure. Other suggestions as to
alternate mechanisms of cryptochrome activation, for example
that cry is in the radical redox state in the dark (resting) confor-
mation35 and undergoes some (unknown) photoreaction are con-
tradicted by experimental evidence. The action spectrum for
plant cryptochromes (exclusively to blue/UV light) excludes neu-
tral radical flavin in the resting state. Furthermore, the radical
state in both plant and insect cryptochromes in vivo is not
detected in the dark, but only subsequent to illumination.6,7,13

In sum, all of the available evidence suggests that the crypto-
chrome flavin radical, in some manner stabilizes the activated
cryptochrome structure and that protonation is not required for
this role in cry1.

Conclusions and Outlook

Trp triad mutants W400F and W324F of Arabidopsis cry1 are
photochemically inactive in vitro yet undergo flavin photoreduc-
tion in whole cell extracts. Their efficiency of photoreduction is
reduced as compared to wild type proteins, consistent with
reduced in vivo biological activity.15 These results are consistent
with those obtained for Trp triad mutants W397F and W321F
of cry2,11,14 which likewise show in vivo but not in vitro photore-
duction and reduced light dependent biological activity. Binding
of small metabolites including ATP enhance the efficiency of
alternate electron transfer pathways in cry2 Trp triad mutants and
are conserved in cry1 (Fig. 5). ATP in addition extends the life-
time of the radical (signaling) state in vivo. These studies thereby
resolve existing confusion concerning the role of the Trp triad
and flavin reduction in biological activation of plant crypto-
chromes in vivo by showing that alternate electron transfer path-
ways can compensate in the absence of the Trp triad. Our results
point to sequences immediately adjacent to the C-terminal
domain as potentially implicated in the conformational change
leading to signaling. Finally, the redox cycle of cryptochromes by
itself generates reactive oxygen species (ROS) that may also play a
part in signaling,36 independently of any conformational change.
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