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Cryptochromes are blue light receptors with multiple signaling roles in plants and animals. Plant cryptochrome (cry1 and cry2)
biological activity has been linked to flavin photoreduction via an electron transport chain comprising three evolutionarily
conserved tryptophan residues known as the Trp triad. Recently, it has been reported that cry2 Trp triad mutants, which fail to
undergo photoreduction in vitro, nonetheless show biological activity in vivo, raising the possibility of alternate signaling
pathways. Here, we show that Arabidopsis thaliana cry2 proteins containing Trp triad mutations indeed undergo robust
photoreduction in living cultured insect cells. UV/Vis and electron paramagnetic resonance spectroscopy resolves the
discrepancy between in vivo and in vitro photochemical activity, as small metabolites, including NADPH, NADH, and ATP,
were found to promote cry photoreduction even in mutants lacking the classic Trp triad electron transfer chain. These
metabolites facilitate alternate electron transfer pathways and increase light-induced radical pair formation. We conclude
that cryptochrome activation is consistent with a mechanism of light-induced electron transfer followed by flavin
photoreduction in vivo. We further conclude that in vivo modulation by cellular compounds represents a feature of the
cryptochrome signaling mechanism that has important consequences for light responsivity and activation.

INTRODUCTION

Cryptochromes are flavoprotein receptors found throughout
the biological kingdom that have been implicated in numerous
signaling functions (Lin and Todo, 2005; Chaves et al., 2011).
In plants, cryptochromes mediate photomorphogenesis and
growth responses to blue light, which include inhibition of hy-
pocotyl elongation, regulation of gene expression, the initiation of
flowering, and entrainment of the circadian clock (Chaves et al.,
2011). Plant cry2 proteins furthermore undergo ubiquitination
subsequent to light activation in vivo, followed by targeting to the
proteasome and subsequent degradation (Yu et al., 2009;
Weidler et al., 2012). In animal systems, cryptochromes play
a central role in the circadian clock in both flies and mammals and
have been proposed as possible magnetoreceptors in migratory
birds (Chaves et al., 2011).

Structurally and mechanistically, cryptochromes are closely
related to photolyases, which are evolutionarily conserved fla-
voproteins that perform light-dependent redox reactions and
repair DNA via electron transfer (Brettel and Byrdin, 2010). Al-
though most cryptochromes do not repair DNA, studies with
isolated proteins in vitro have shown that many of the photo-
reactions found in photolyases are also conserved in crypto-
chromes, including light-induced electron transfer and flavin
reduction (Brettel and Byrdin, 2010). It has furthermore been
shown that downstream signaling molecules such as CON-
STITUTIVE MORPHOGENESIS1 (COP1), SUPPRESSOR OF
PHYA-105 (SPA1), and CRYPTOCHROME-INTERACTING BASIC-
HELIX-LOOP-HELIX1 (CIB1), which mediate photomorphogenesis
and flowering (Yang et al., 2000; Liu et al., 2008; Liu et al., 2011;
Zuo et al., 2011; Liu et al., 2013), bind to light-activated Arabi-
dopsis thaliana cryptochromes. As a result, the proposed
mechanism of cry biological activation is that in the dark, the
C-terminal region is folded in such a way as to render the receptor
inaccessible to signaling partners and therefore inactive. A
photon is absorbed by the N-terminal flavin binding domain and
initiates a chemical reaction within the protein, which in turn
triggers a conformational change. The resulting “lit” state ren-
ders the cryptochrome receptor accessible to interacting pro-
teins that trigger photomorphogenesis and signaling, while at
the same time exposing ubiquitination sites elsewhere on the
protein that target cry2 for degradation (Zuo et al., 2011, 2012).
The current challenge in this field is to determine which of the
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known primary photoreactions occurring in isolated crypto-
chromes in vitro are required for the initiation of biological activity
and photomorphogenesis in vivo.

Attention has focused primarily on photoreduction of the flavin
adenine dinucleotide (FAD) cofactor as the biologically relevant
primary light-sensing step performed by plant (cry1 and cry2)
cryptochromes. This process, also known as “photoactivation,”
is held in common with ancestral photolyases and involves light-
driven electron transfer to an excited state flavin through a chain
of three highly conserved Trp amino acid residues known as the
Trp triad (Brettel and Byrdin, 2010; Chaves et al., 2011). The
resulting transition from oxidized to radical flavin is thought to
induce the relevant conformational changes in the protein
(Partch et al., 2005; Kondoh et al., 2011), which leads to in-
teraction with signaling partners (Liu et al., 2008; Zuo et al.,
2011). Return to darkness results in slow reoxidation of the flavin
(over several minutes) causing resetting of the system to the
dark (inactive) form. The result is a light-activated biological
switch that cycles between active (light-induced) and inactive
(dark-adapted) conformations on a time scale (several minutes)
consistent with a biologically relevant signaling mechanism
(Banerjee et al., 2007; Bouly et al., 2007; Müller and Ahmad,
2011; Burney et al., 2012; Herbel et al., 2013). Similar redox
reactions (photoreduction) are shown to occur in animal-type
cryptochromes (Drosophila melanogaster and human), both in
vivo and in vitro (VanVickle-Chavez and Van Gelder, 2007;
Hoang et al., 2008; Vaidya et al., 2013).

There are a number of lines of evidence for photoreduction as
a mechanism for cry activation in vivo. First, the Trp triad is
conserved in most plant and animal type cryptochromes that
have been sequenced, and mutational analysis has demon-
strated that this electron transfer pathway is functional during
the photoreduction of isolated plant cry1 and cry2 crypto-
chromes (Zeugner et al., 2005; Banerjee et al., 2007; Bouly et al.,
2007). Second, unlike in photolyases, the dark resting state of
flavin in plant cryptochromes is the oxidized redox state in vivo
(Ahmad et al., 2002; Banerjee et al., 2007; Bouly et al., 2007;
Balland et al., 2009), which can be photoreduced by light. Third,
illumination of whole living insect cells expressing recombinant
Arabidopsis cry1 or cry2 demonstrated that flavin photoreduc-
tion and radical accumulation occurs in vivo (Banerjee et al.,
2007; Bouly et al., 2007). Fourth, studies in planta have shown
that light treatments that diminish the pools of cry radical (for
instance green light irradiation) result in diminished crypto-
chrome activity in photomorphogenesis, the initiation of flow-
ering, or degradation of cry2 (Banerjee et al., 2007; Bouly et al.,
2007). Fifth, mutations that fail to undergo photoreduction do
not undergo conformational change in vitro (Kondoh et al., 2011)
and show reduced biological function in photomorphogenesis in
planta (Zeugner et al., 2005). Sixth, the in vivo lifetime of the cry
signaling state correlates well with the lifetime of the flavin
radical state (Herbel et al., 2013). A mechanism has therefore
been proposed whereby light-driven cry photoreduction leads
ultimately to change from an inactive to active conformational
state that is accessible for interaction with downstream signal-
ing partners (COP1, CIB1, and SPA1). This active signaling state
is restored to the inactive (resting) state upon return to darkness
by a process of reoxidation involving molecular oxygen (Müller

and Ahmad, 2011). Thus, light-driven cycling between alternate
redox states has been proposed to explain the evolution from
photolyase to cryptochromes and the basis for signaling in plant
(Burney et al., 2012) and also animal cryptochromes (Hoang
et al., 2008; Vaidya et al., 2013).
This proposed mechanism has come under discussion in

a number of studies from Drosophila Cry (Song et al., 2007;
Oztürk et al., 2008; Ozturk et al., 2011, 2014) and Arabidopsis
cry2 (Li et al., 2011). These studies in common showed that
mutations in the Trp triad result in decreased cryptochrome
flavin reduction in vitro but did not seem to eliminate biological
activity in vivo. For example, Trp triad mutants of Arabidopsis
cry2 (Li et al., 2011), namely, W321A, W374A, and W397A,
retained responsivity to blue light in a reporter assay that
monitored their blue light-induced proteolysis in expressing
transgenic plants (Li et al., 2011). Such cry2 degradation results
from ubiquitination of the receptor in the light-activated form
followed by targeting to the proteasome and is widely accepted
as a readout for cry2 activation in planta (Yu et al., 2009; Weidler
et al., 2012). In particular, the mutant W374A showed a light
response approaching that of the wild-type cry2 in vivo, even
though the isolated W374A protein in vitro did not undergo
significant photoreduction (Li et al., 2011). Therefore, the role of
photoreduction as a means of activating cryptochromes has
been disputed. This raised the important question of how such
mutants, in which the isolated proteins showed no significant
photoreduction (light activation) in vitro, could nevertheless be
light responsive in transgenic plants in vivo.
In this work, we resolve this seeming discrepancy between in

vitro photoreactions and reported in vivo biological activity for
Arabidopsis cry2 by determining the photoreactions (light re-
sponses) that occur in cryptochrome within living cells. We show
by UV/Vis and electron paramagnetic resonance (EPR) spec-
troscopic techniques that the substitution mutations W321A,
W321F, W374A, W374F, and W397A undergo robust light-
dependent photoreduction in an in vivo context, in marked con-
trast to the isolated proteins. This led to the discovery that small
molecule activators including ATP, NADH, and NADPH pro-
foundly modulate cryptochrome activity in vivo by facilitating the
use of alternate electron transfer pathways. We conclude that
reported in vivo biological activation of cryptochromes in the
course of plant growth and development is fully consistent with
electron transfer to flavin as a light sensing mechanism and in-
volves both the Trp triad and alternative electron transfer path-
ways. We further conclude that cry photochemistry and ultimate
biological activity is modulated to an unprecedented degree by
chemical mechanisms that may be evolutionarily conserved and
could provide the basis for novel pharmacological intervention in
cry function.

RESULTS

Photoactivation and Flavin Radical Formation in Vivo of the
Trp Triad Mutants

Previous studies have indicated that in cry2, the flavin in the dark
is in the oxidized (bright yellow) redox state, whereas it becomes
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reduced subsequent to light activation and formation of the
neutral radical (pale yellow) (Banerjee et al., 2007). This flavin
absorption change upon illumination is in fact visible to the
naked eye in concentrated protein samples. In whole Sf21 cell
cultures (a continuous cell line developed from the moth Spo-
doptera frugiperda), it was found by visual inspection that pellets
from cultures expressing high levels of wild-type and mutant
cry2 proteins were yellow compared with uninfected control cell
cultures (Figure 1), consistent with flavin bound to cry2 in the
fully oxidized state. Interestingly, when cells expressing Trp triad
mutant receptors were irradiated with white light, a visible color
change could be observed in the cells (Figure 1), suggesting
redox transition from oxidized to more reduced forms of flavin.

Next, we directly characterized the redox forms of flavin gen-
erated in living cells expressing the cry2 mutant proteins. As
shown in previous reports, it is possible to detect flavin radical
formation after illumination of intact living insect cells express-
ing cryptochromes from various sources by EPR analysis of
whole cell samples (Banerjee et al., 2007; Bouly et al., 2007).
Living Sf21 cells expressing wild-type cry2 and W321A, W321F,
W374A, W374F, W397A, and W397F cry2 mutant proteins were
illuminated with blue light, then frozen and subjected to EPR
analysis for detection of radical formation in response to light
(see Methods). In wild-type cry2, significant levels of signal
above background were detected, indicating radical formation
in the cryptochrome photoreceptors (Figure 2A). Interestingly,
most of the mutants (W321A, W374A, W397A, W321F, and
W374F) also showed clear signal above that of untransfected
control cells, indicating the formation of flavin radical even in the
absence of a functional Trp triad (Figures 2B and 2F). The only
cry2 mutant, which failed to show a signal-above-noise level,
was W397F (Figure 2G). However, the tryptophan-to-alanine
mutants in particular conclusively show that amino acid sub-
stitutions of the Trp triad retain photochemical activity in vivo.

Photoactivation and Flavin Radical Formation of the Trp
Triad Mutants in Whole-Cell Lysates

The seeming paradox that in vivo photoreduction occurs in Trp
triad mutants whereas they do not undergo photoreduction in
vitro had already been noted in earlier studies (Hoang et al.,
2008). In order to address this puzzle, we first determined
whether photoreduction of cry2 Trp triad mutant proteins could

be observed in whole-cell lysates using optical (UV/Vis) spec-
troscopy. Cell cultures expressing cry2 proteins were lysed in
PBS buffer, centrifuged to remove particulate matter, and illumi-
nated for three minutes by blue light in the absence of exogenous
reducing agents. Under these conditions, photochemical trans-
formation of expressed cry2 can be clearly resolved in light minus
dark difference spectra (Figure 3A). In cell extracts from cultures
expressing wild-type cry2 proteins, photoreduction and flavin
radical formation is followed by slow reoxidation after return to
darkness (Figure 3A, right panel); this difference spectrum ap-
pears identical to the photoreduction/reoxidation spectrum for
isolated cry2 protein (Banerjee et al., 2007). Illumination of un-
transformed control cell lysates under the same conditions re-
sulted in no absorbance changes (Figure 3A, left panel), indicating
the signal was not due to endogenous flavoproteins in the cul-
tures. It is significant that robust photoreduction occurred even in
the absence of added reductants (such as b-mercaptoethanol),
suggesting that endogenous reductants were present in the cel-
lular extracts. Thus, the complete photocycle (photoreduction to
the flavin radical state by light followed by reoxidation to the flavin
oxidized state in the dark) of cry2 proteins could be visualized in
crude cell extracts.
To test whether Trp triad mutants were photochemically ac-

tive in cell lysates, crude lysates were prepared of insect cell
cultures expressing the cry2 mutants W321A, W374A, and
W397A, as indicated in Figure 3B. These mutants had been
previously reported to be photochemically inactive in vitro (Li
et al., 2011) but showed a radical signal in vivo (Figure 2). Again,
cell lysates from mutant cell cultures were subjected to illumi-
nation and difference spectra (light minus dark) were obtained to
determine photochemical activity (Figure 3B). Indeed, we ob-
served that all of these mutants showed clear evidence of flavin
reduction, even in the complete absence of external reductants
(Figure 3B, solid trace). These results are consistent with ob-
served radical accumulation in living cells (Figure 2) and with the
reported light-dependent biological activity of these mutants in
the cry2 proteolysis assay (Li et al., 2011).

Low Molecular Weight Soluble Factors Enhance
Photoreduction in Cell Extracts

To address the question of what cellular components may
facilitate photoreduction of Trp triad mutants in vivo, simple
fractionation was performed by dialysis of crude lysates through
tubing with a molecular weight cutoff of 3500 kD. This tubing
retains most proteins and higher molecular weight components
but lower molecular weight components are removed. Cell ly-
sates were accordingly subjected to photoreduction both be-
fore and after dialysis, without addition of exogenously added
reductant.
In the case of wild-type cry2 protein, photoreduction activity

was virtually identical both before and after dialysis (Figure 3B,
upper left panel). This indicates that in these cellular extracts
photoreduction of wild-type cry2 proteins (Banerjee et al., 2007;
Li et al., 2011) occurred in the absence of small soluble cellular
agents. By contrast, the three Trp substitution mutants W321A,
W374A, and W397A showed virtually no photoreduction activity
after dialysis, under the same illumination conditions at which

Figure 1. Flavin Reduction of cry2 Trp Substitution Mutant in Insect Cell
Expression Culture.

Cells at equivalent cell density expressing wild-type cry2 protein (cry2
wt), the Trp triad mutant (W321A), or uninfected control cell cultures (UI)
were resuspended in PBS and photographed either before (D) or after 30
min illumination in white light (L) on ice. Yellow color is from oxidized
flavin of expressed protein.
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they had been activated in the whole-cell lysates (Figure 3B,
dotted line) and in which wild type cry2 proteins are reduced
(Figure 3B). This result indicates that certain soluble, small
molecules removed by the dialysis promote photoreduction of
these mutants in vivo.

A directed approach was taken to identify possible facilitator
molecules, proceeding from the observation that cry has affinity
for nucleotide based cofactors such as ATP (Bouly et al., 2003;
Brautigam et al., 2004). We reasoned that small molecules that
facilitate flavin reduction in lysates must have affinity for the cry2
protein, since lysis of the culture introduces a dilution factor of
;5-fold (see Methods). We accordingly tested the ability of
added ATP as well as of the nucleotide based cofactors NADH
and NADPH to restore photoreduction activity to dialyzed ex-
tracts of the W374A protein. This mutant, shown to be photo-
chemically inactive as an isolated protein (Li et al., 2011),
retained the most in vivo light-dependent biological activity in
a previously performed cry2 degradation assay in living plants
(Li et al., 2011) but was not photochemically active in dialyzed
samples (Figure 3B). In all cases, addition of 1 mM ATP, 1 mM
NADH, and 1 mMNADPH enhanced the photoreduction activity of
the W374A mutant in dialyzed protein extracts (Supplemental
Figure 1). We accordingly tested these agents on isolated proteins.

Low Molecular Weight Soluble Factors Enhance
Photoreduction in Isolated Proteins

From the results with crude extracts, it is not clear whether small
metabolites may act as cofactors modulating the activity of
other proteins in the extracts that in turn promote cry reduction
or whether they interact directly with the cryptochrome itself. We
therefore focused on the effects of small metabolites on pho-
toreduction of the purified W374A mutant proteins in vitro (Fig-
ure 4). Consistent with prior reports, very little photoreduction
activity was observed in this mutant, even in the presence of
abundant exogenous reductant (10 mM b-mercaptoethanol)

(Figure 4B). However, addition of cofactors (1 mM ATP, NADH,
or both) visibly enhanced photoreduction. These effects were
apparent already at concentrations in the micromolar range for
ATP and NADH (Supplemental Figure 2) and, therefore, well
within the physiological range of these compounds in most
organisms (Blatt, 1987; Albe et al., 1990; Bennett et al., 2009).
To more precisely determine the affinity of cry for ATP, we
directly obtained a binding constant (Kd) for cry2 of 49 mM
(Supplemental Figure 3). As a control, we determined the bind-
ing constant of ATP for cry1 of 23 mM under the same experi-
mental conditions, which was in good agreement with the
published value of 19.8 mM (Bouly et al., 2003). At cellular ATP
concentrations reportedly in the millimolar range (Blatt, 1987), it
follows from these values that both cry1 and cry2 should be fully
ligand bound. In summary, cofactors at the physiological con-
centrations found in living cells should enhance the light sensi-
tivity of plant cryptochromes.
A possible mechanism whereby the cellular metabolites may

promote photoreduction in cryptochromes is to serve either
directly as electron donors like DTT or indirectly by stimulating
electron transfer within the cry2 holoprotein. Even though an ac-
tion of ATP as reducing agent is unlikely, photoreduction of the
W374A mutant was performed in the presence of 1 mM inosine
triphosphate (ITP; the oxidized form of ATP) as well as of ADP
and AMP. Photoreduction activity was enhanced in all cases
(Figures 4B and 4C), indicating that a direct role for ATP as re-
ducing agent can be ruled out as expected.
NADH and NADPH could conceivably play a direct role as

endogenous cellular reducing agents, as found in the case of
isolated Escherichia coli photolyase, a member of the crypto-
chrome/photolyase gene family, which is normally fully reduced
in vivo (Supplemental Figure 4). Although not as effective as DTT
in causing a significant fraction of photolyase to be reduced,
addition of 1 mM NADH, NADPH, and glutathione were able
to function as efficient substrates for photoreduction of this
photolyase (similar half-lives of oxidized FAD for all tested

Figure 2. cw-EPR Spectra of Cells with cry2 Wild Type and Mutants after Illumination at 450 nm.

(A) Example of an uncorrected wild-type cry2 spectrum (black) and a control uninfected cell sample (gray).
(B) to (G) Spectra from samples expressing the indicated mutant receptors after subtraction of control and smoothing. All mutants except for W397F
show a flavin radical signal above background levels.
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reductants). However, in the case of cryptochrome, NAD+ was
equally effective as NADH in promoting photoreduction in isolated
proteins (Supplemental Figure 5), indicating that NAD(H)-driven
photoreduction occurs independent of the redox state. A minor
role as reducing agent is not excluded by the data and may ex-
plain additive effects of adding several metabolites in saturating
concentrations in cellular extracts (Supplemental Figure 1).

As an alternate mechanism, metabolite binding to a site within
the protein may induce a conformational change that affects
subsequent response to illumination. This possibility is consis-
tent with prior reports showing that ATP binding indeed induces
conformational change in Arabidopsis cry1 even in the absence
of illumination (Burney et al., 2009). To verify whether this
mechanism may also occur for cry2, we performed partial tryptic
proteolysis with isolated cry2 in the presence and absence of

ATP (Supplemental Figure 7). The obtained differential pro-
teolytic patterns indicate a conformational change caused by
nucleotide binding and suggest a change in rigidity of cry2,
when exposed to in vivo-like conditions.

ATP Enhances Effectiveness of Electron Transfer in
Arabidopsis cry2

The remaining question is therefore by what means these small
metabolites enhance the photosensitivity of cryptochrome. One
possibility may be that ATP and related metabolites can stabilize
the radical form of the isolated cry protein that is formed sub-
sequent to illumination, as previously shown to occur in vitro in
algal cry1 (Immeln et al., 2007). This would result in significantly
reduced rates of flavin reoxidation in the presence of added ATP

Figure 3. Flavin Photoreduction of cry2 Wild-Type and Trp Triad Substitution Mutants in Insect Cell Culture Lysates.

(A) Difference spectra of uninfected control whole cell lysates of insect cultures (left panel) and of cry2 expressing insect cells (right panel) after blue light
illumination. Light minus dark difference spectra are shown. Spectra were taken immediately after irradiation and in the course of subsequent reox-
idation after return to darkness for 3 and 6 min for cry2 (right panel). Blue light intensity was 60 mmol m22 s21.
(B) Difference spectra (light minus dark) of wild type and cry2 mutants subsequent to blue light illumination. Whole-cell extracts were divided into two
identical halves and one half subject to dialysis whereas the other was kept on ice. Solid lines, spectra of whole cell extracts; dotted lines, spectra taken
under the same illumination conditions of dialyzed samples. Blue light intensity was 60 mmol m22 s21.
[See online article for color version of this figure.]
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and, thus, an increased signal in Trp triad mutants (Figures 1 to
3) in whole cells when radicals accumulate due to their in-
creased stability. Alternatively, the primary electron transfer re-
actions themselves may be rendered more efficient in an in vivo
context.

To help resolve this question, EPR spectroscopic measure-
ments were made on isolated cry2 wild-type and mutant pro-
teins. First, cw-EPR (continuous-wave EPR) measurements at
cryogenic temperatures were performed to determine flavin
radical accumulation subsequent to illumination of isolated
proteins. These measurements revealed a significant increase in
flavin radical concentration in the presence of added ATP for
both wild-type cry2 protein samples, as well as the Trp triad
mutant W374A (Figures 5A and 5B). These results are consistent
with the results of optical studies from isolated proteins (Figure 4).

To determine whether the actual forward electron transfer can
be altered by the presence of ATP, transient EPR experiments
were performed on cry2 wild type as well as W374A and W321A
mutants. The wild-type spectra in the absence of ATP (Figure
6B, dashed) show an emissive-adsorptive pair of lines split by
;15G. This feature arises due to a radical pair (RP) forming
between the flavin and a distal Trp or Tyr radical (Biskup et al.,
2011) and is a direct indicator for the forward electron transfer
reaction. In W321A, with its interrupted Trp triad, the distal RP
signal is still discernable (Figure 6D, dashed), indicating that
there are other electron transfer pathways available, as has been
reported previously (Biskup et al., 2011, 2013), albeit with
a significantly reduced quantum yield. In W374A (Figure 6C), this
signal has dropped below the detection level of our experiment.

However, upon addition of ATP, a significant enhancement in
RP signal is observed. Comparing the ATP-less (Figure 6,
dashed line) spectra of the various proteins with their counter-
parts after the addition of 10 mM ATP (Figure 6, solid lines)
shows that ATP increases the amplitude of the signal. Since
these changes in signal intensity are for the most part large and
also not accompanied by significant changes in spectral width
and shapes (which would indicate a shift in magnetic parameters
of the sample), they indicate that ATP addition significantly

increases the quantum yield of the electron transfer reaction in
the wild type as well as in the mutant (Biskup et al., 2013). This
effect is strongest in the Trp triad mutants W374A and W321A
(Figures 6C and 6D, solid), which by definition indicates that
alternate electron transfer pathways distinct from the Trp triad
are being potentiated by ATP. The effect is less pronounced in
the wild-type cry2 protein (Figure 6B), likely because electron
transfer through Trp triad is already quite efficient at 274K and at
the light intensity used for these experiments. Nonetheless, even

Figure 4. Effect of Small Metabolites on Flavin Photoreduction in Purified cry2 Wild-Type and W374A Mutant Proteins.

Isolated proteins were illuminated in white light (WL; 400 mmol m22 s21) in the presence of 10 mM b-mercaptoethanol prior to obtaining spectra. Dark:
unilluminated samples.
(A) Illumination of 100 mM wild-type cry2 for 10 s in the absence (LIGHT) or presence of 1 mM ATP, 1 mM NADH, or 1 mM of each ATP and NADH.
(B) Illumination of 50 mM W374A for 180 s in the presence of ATP, NADH, or both metabolites.
(C) Illumination of 50 mM W374A in the presence of 1 mM ATP, AMP, ADP, or ITP.

Figure 5. cw-EPR Spectra of Isolated Proteins after Illumination at
450 nm.

cw-EPR spectra of flavin radical accumulated in cry2 wild type (A) and
W374A, W399F, and W399A mutant ([B] to [D]) proteins in the presence
(solid) and absence (dashed) of 10 mM ATP. Spectra were normalized to
the signal intensity in the absence of ATP for all samples. cry2 wild type
as well as the W374 mutant of cry2 show a distinct and similar increase
of flavin radical signal in the presence of ATP, while the effect for both the
Y399F and the Y399A cry2 variants are strongly reduced.
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in wild-type protein, there is measureable and reproducible ef-
fect of ATP on electron transfer. This dependence of the RP
yield on the presence of ATP in cry2 is in agreement with ob-
servations from isolated wild-type cry1 (Müller et al., 2014).

Alternate Electron Transfer Pathways Are Implicated in
ATP-Sensitive Flavin Reduction in cry2 Protein

The data presented above show that ATP enhances RP yield
and, thereby, electron transfer in Trp triad mutants. Such alter-
nate electron transfer pathways that may mediate photoreduc-
tion in the absence of W374 of the Trp triad in cry2 can be
immediately suggested on the basis of the Arabidopsis cry1
structure. These include redox-active W376 and W331, at dis-
tances of 9.5 and 13.5 Å from the surface-exposed, distal W321
and 10.7 and 7.7 Å from the flavin-proximal W397, respectively.
As a second possibility, the structure of Arabidopsis cry1 with
added ATP shows that the adenine moiety is located only 11 Å
away from the isoalloxazine ring of the FAD chromophore and
thereby suitably positioned to form an alternative electron
transfer pathway to redox-active surface residues such as Y402
(cry2: Y399). Therefore, Y399 in combination with ATP or other
metabolites binding may provide an electron transfer pathway
independent of, and additive to, the classic Trp triad pathway.

To test these possibilities, the following amino acid sub-
stitutions were made in the CRY2 gene and the expressed iso-
lated proteins tested for photoreduction: W331A, W374F,
W376A, Y399A, and Y399F (Figure 7). The isolated proteins
were illuminated in vitro in the presence or absence of added
ATP to determine whether flavin radical formation is enhanced.

Interestingly, mutations W331A and W376A showed decreased
light sensitivity compared with wild-type protein even in the
absence of added metabolite, since illumination times of 120 s
were required to obtain photoreduction comparable to wild-type
protein (cry2) achieved after only 10 s of illumination. Further-
more, W374F showed apparent greater light sensitivity than the
W374A mutant under the same illumination conditions. These
results suggest that even in the wild-type protein, there are
branch points in the classic Trp triad electron transfer chain
involving W376 and W331 redox active amino acids (Figure 7,
W331A and W376A compared with W374A; Figure 4). Impor-
tantly, all of these mutants showed significantly enhanced pho-
toreduction in the presence of added ATP. This indicates either
that there is redundancy in electron transfer pathways potentiated
by ATP or that there are other unrelated ATP sensitive electron
transfer pathways.
In this context, interesting observations resulted from analysis

of the Y399A and Y399F amino acid substitutions. Both the
Y399A and Y399F mutants could be efficiently photoreduced
in vitro under the same illumination conditions as wild-type
proteins; however, their response to added 1 mM ATP was sig-
nificantly decreased compared with the wild type under the
same illumination conditions (Figures 7E and 7F). This effect
was surprising as it could indicate an additional mechanism of
electron transfer for cryptochromes. We therefore performed an
additional verification of this result by EPR measurements on
isolated Y399A and Y399F protein samples (Figures 5C and 5D).
In both cases, signal amplification as a result of added metab-
olites was significantly reduced compared with wild-type protein
or other mutants illuminated under the same redox conditions
(Figures 5A and 5B). We further verified that ATP binding affinity
for the Y399 mutant proteins remained intact. We first de-
termined that isolated Y399A mutant protein has a Kd for ATP
binding of 15 mM, which is on the order of magnitude and even
somewhat lower than for cry2 (Supplemental Figure 3A). We
further demonstrate that both Y399F and Y399A mutant pro-
teins are bound to ATP agarose columns and eluted specifically
at 1 mM ATP concentration (Supplemental Figure 3C). De-
creased sensitivity to ATP in these mutants is therefore con-
sistent with an alternate electron transfer pathway through
adenine from flavin to the surface-exposed Y399 residue.

DISCUSSION

The principal motivation behind this work has been to find the
origin of seemingly contradicting results on the role of the Trp
triad in cryptochrome flavin photoreduction and light signaling.
Over the past few years, several studies have proceeded from
the identical assumption that in vitro observations of flavin re-
duction in isolated proteins correspond to the physical state of
the receptor in vivo to reach conclusions concerning the role of
flavin redox state transition and biological activity. We demon-
strate with the data presented here that Arabidopsis cry2 in fact
behaves very differently in an in vivo context than it does as an
isolated protein. Even to the naked eye (Figure 1) it is apparent
that Trp triad mutants, which reportedly undergo no photore-
duction in vitro (Li et al., 2011), are photochemically active in
vivo. Further experiments using EPR spectroscopy demonstrate

Figure 6. Transient EPR Spectra of Isolated Proteins at 274K after
450-nm Laser Excitation.

(A) Example 2D data set of cry2 wild type.
(B) to (D) Slices along the magnetic field at t = 0.5 ms from spectra of
cry2 wild type as well as cry2 mutant proteins W374A and W321A, all in
the presence (solid) and absence (dashed) of 10 mM ATP. All three
samples show a distinct increase in signal intensity in the presence of
ATP, with the two mutant proteins exhibiting a much larger effect than
the wild type.
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that the Trp substitution mutants W321A, W321F, W374A,
W374F, and W397A of Arabidopsis cry2 clearly undergo light-
dependent radical formation in vivo (Figure 2). Finally, UV/Vis
spectroscopy directly detects forward (flavin reduction) and re-
verse (flavin reoxidation) redox state transitions of Trp triad
mutant proteins within whole-cell extracts (Figure 3). These re-
sults show that Trp triad mutants of cryptochromes are photo-
chemically active and undergo photoreduction in a cellular
context. Therefore, conclusions regarding in vivo photochemical
redox state transitions cannot be drawn from analysis of Trp
triad mutants in vitro for plant and likely also insect crypto-
chromes (Song et al., 2007; Oztürk et al., 2008; Li et al., 2011;
Ozturk et al., 2011, 2013, 2014).

An additional interesting outcome of this study has been the
characterization of an unusual mechanism of signaling modu-
lation by cryptochromes. We determined that at least part of the
difference between in vitro and in vivo photochemical activity of
cry2 can be attributed to the presence of small metabolites such
as ATP that increase the yield of the distal RP formed by elec-
tron transfer, including in the cry2 W374A mutant. This work
therefore shows that in vivo photoreduction occurs by the
classic Trp triad route as well as alternative routes that are not
efficiently used in isolated proteins. The concentrations of co-
factor required for these effects (Supplemental Figures 2 and 3)
are well within the physiological range of millimolar concentra-
tion of ATP reported in the plant cytosol (Blatt, 1987). Additional
metabolites containing an adenine moiety [for instance, ADP
and NAD(P)H] are also effective in potentiating cryptochrome
photoreduction (Figure 4).

The mechanism whereby these metabolites exert their role on
photoreduction is unlikely to be by acting as cellular reducing
agents. Both ATP and its oxidized form ITP are effective in
promoting photoreduction, excluding a primary role as electron
donor. Although NADH and NADPH are somewhat effective in
vitro as reducing agents for E. coli photolyase (Supplemental
Figure 4), NAD+ is effective as well as NADH in promoting cry2
W374A photoreduction (Supplemental Figure 5) and thereby
also excluding a primary role as reductant. Our results suggest
instead that all of these cofactors may in fact function by a
similar mechanism involving binding to a common site in the
cryptochrome. In keeping with this suggestion, it has been
possible to elute cryptochrome bound to an ATP agarose affinity
column by addition of NADH, which is consistent with a
common binding site and similar mechanism of activation
(Supplemental Figure 6). Nevertheless, given some indication of
additive effects of NADH with ATP (Figure 4; Supplemental
Figure 1), an additional secondary role for NADH and/or NADPH
as cellular reducing agent cannot be excluded.
The most probable mechanism consistent with our results is

that metabolite binding causes small structural and/or charge
distribution changes to facilitate alternative electron transfer
pathways. For example, the crystal structure of Arabidopsis cry1
with ATP shows that the adenine moiety is only 11 Å distant
from the isoalloxazine ring of the FAD chromophore and thereby
suitably positioned to form an alternative electron transfer
pathway to redox-active surface residues such as Y402 (cry2:
Y399). Consistent with this suggestion, we show that mutations
at this position (Y399A and Y399F) show significant decrease in

Figure 7. Responsivity of Wild-Type and Mutant cry2 Proteins to White Light in the Presence or Absence of Added ATP.

Purified proteins of the indicated mutants were photoreduced in PBS buffer in the presence or absence of 1 mM added ATP.
(A), (E), and (F) Samples were irradiated for 10 s at 400 mmol m22 s21.
(B) to (D) Samples were irradiated for 120 s at 400 mmol m22 s21.
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responsivity to ATP (Figures 6 and 7). Although we cannot exclude
alternate explanations such as small structural perturbations in the
flavin binding pocket resulting from the Tyr substitution, this
seems unlikely. The Y399F mutation is conservative, flavin bind-
ing and photoreduction appear unaffected (Figure 7), and ATP is
efficiently bound (Supplemental Figure 3) for both Y399A and
Y399F. It is therefore possible that electron transfer between the
phenolic group of Y399 and the isoalloxazine may be fostered by
tunneling events through the adenine moieties of ATP and the
FAD cofactor or due to the changed dielectric constant within the
pathway. The latter is a crucial parameter in the Marcus’ theory of
electron transfer, as it describes the polarization features of the
reaction coordinate and hence affects the achievable rates for
charge separation. In either event, a Y399-ATP-FAD route would
represent a pathway that contributes to enhanced photoreduction
even in wild-type proteins (Figure 8). As a precedent for such
a mechanism, the role of nucleobases has been extensively dis-
cussed in the context of long-range electron transfer in DNA
(Giese, 2002; Muren et al., 2012).

Additional means whereby electron transfer pathways could
be potentiated by metabolite binding must also exist, given
residual ATP dependent response in the Y399A and Y399F
mutants (Figures 5 and 7). We have accordingly examined mu-
tations of W376 and W331 residues, which are not part of the
classic Trp triad and are located at distances of 9.5 and 13.5 Å
from the surface-exposed, distal W321 and 10.7 and 7.7 Å from
the flavin-proximal W397, respectively (Figure 7). In the case of
both W331A and W376A mutants, there is a decline in photo-
sensitivity, suggesting that these alternate routes are to some
degree used even in wild-type proteins, together with W374.
One suggestion on how metabolite binding may modulate
electron transfer from these existing pathways follows from the
demonstration that ATP binding induces structural changes in-
dependently of light in both Arabidopsis cry1 (Burney et al.,
2009) and cry2 (Supplemental Figure 7). Altered accessibility of
the protein surface to added protease can result from increased
flexibility in the cry apoprotein (Fontana et al., 2004; Partch et al.,
2005). Although these changes do not by themselves activate

cry in the dark, a consequence of altered protein flexibility could
be improved alignment of alternate electron transfer residues
W331A and W376A with the flavin-proximal W397 and flavin-
distal W321, resulting in more efficient electron transfer sub-
sequent to illumination. A contribution of ATP toward potentiating
these alternate (W331A and W376A) pathways is therefore con-
sistent with our findings (Figure 8). As a precedent for such
a mechanism, in the much more complex nitrogenases, ATP
binding is required to promote electron transfer to N2 (Duval et al.,
2013). Similarly, ATP binding is required to drive electron transfer
to B12-dependent methyl transferases for their activation (Hennig
et al., 2014).
Possible mechanisms to be derived from the literature include

a suggestion that ATP binding may enhance photoreduction
efficiency by raising the pKa of D396 (D393 in cry2), a residue
that donates a proton to nearby flavin subsequent to electron
transfer (Cailliez et al., 2014; Müller et al., 2014). This suggestion
is not incompatible with our findings, since data on increased
amplitude of RP formation in truncated cry1 (Müller et al., 2014)
agree with our observations for cry2. However, we find that
added ATP enhances cry2 photoreduction even at pH 5.7
(Supplemental Figure 8), where D393 in cry2 is likely fully pro-
tonated (Brautigam et al., 2004) and therefore should not be
affected by an increase in pKa resulting from metabolite binding.
The claim that ATP effects on a truncated fragment of cry1 occur
already at pH 6.5, where D396 should be fully protonated (re-
ported pKa = 7.4) (Müller et al., 2014), is also in seeming con-
tradiction to this model. An alternative relevant observation is
that ATP binding significantly increases the stability of the flavin
neutral radical in an algal cry1 homolog and thereby its accu-
mulation subsequent to illumination (Immeln et al., 2007, 2010).
This effect is also compatible with our data as we see signifi-
cantly higher radical accumulation in the presence of ATP
in vivo. However, this mechanism cannot explain the increase
in RP signal (Figure 6) as flavin neutral radical formation oc-
curs only subsequent to electron transfer. Therefore, although
we cannot exclude some contribution through this means
(Immeln et al., 2007), a mechanism whereby electron transfer is

Figure 8. Electron Transfer Pathways in Arabidopsis cry2.

The Cry2 structure was generated by homology modeling using as template the structure of the At-Cry1 adenosine-59-(b, g-imido)triphosphate
(AMPPNP) complex (1U3D, sequence identity 60%; Brautigam et al., 2004) and the program suite MODELER v9.11 (Sali and Blundell, 1993). Distances
between aromatic moieties are given in Angstrom and depicted as dashed lines. The electron transfer pathway of the classical Trp triad, FAD-W397-
W374-W321, is highlighted by a purple arrow. Alternative pathways may be formed from Y399 via ATP (orange arrow) or by aromatic residues near the
Trp triad (W331 and W376). Compared with Cry1, the ATP binding site of Cry2 is highly conserved apart from N356 (Cry1: D359) and R289 (Cry1: K292).
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potentiated via electron tunneling through ATP and Y399, as
well as through greater transient alignment of multiple alternative
branches within the Trp triad pathways, seems a more likely
explanation for our in vivo observations. The position of the
amino acid residues with respect to flavin and ATP binding sites
and the delineation of the alternate electron transfer pathways
suggested by this study are shown in the context of the modeled
cry2 protein structure (Figure 8).

In summary, we demonstrated that in vivo properties of fla-
voproteins can differ markedly from those observable in vitro,
even with respect to their primary photochemistry. Our obser-
vations shed light on a long-standing debate concerning the role
of flavin reduction and the Trp triad in cry biological function and
moreover identified a potential new route for electron transfer
that is independent of the Trp triad. Our results do not exclude
additional mechanisms and means by which the intracellular
environment may tune flavin photochemistry, for instance, the
identity and role of the intracellular reducing agent remains to be
conclusively demonstrated. This work should therefore help to
stimulate future research into many new areas as it becomes
increasingly evident that cry photochemistry can be fully gras-
ped only in the context of the intracellular environment.

As a final point of interest, emerging evidence suggests that
the feature of cry activation by metabolites may be of general
relevance. For example, Trp triad mutants of Drosophila cryp-
tochrome (Dm-Cry) also fail to undergo photoreduction in vitro
but retain biological signaling function (Song et al., 2007; Oztürk
et al., 2008) and undergo photoreduction in vivo (Hoang et al.,
2008; Gegear et al., 2010; Vaidya et al., 2013). This is consistent
with some form of in vivo modulation of light sensitivity in
Drosophila cryptochrome. The situation becomes even more
interesting in the case of mammalian cryptochromes, which
function in the absence of light. Here, metabolite binding might
induce structural changes that directly affect interaction with
signaling partners independently of light. In line with such
a conclusion is the cop-like phenotype of the cry1 L407F mu-
tant, which mimics an activated conformation independent of
light exposure (Exner et al., 2010). Likewise consistent with this
view is evidence of ATP binding to human Cry1 (Bouly et al.,
2003). In addition, the mammalian circadian clock has been
strongly linked to cellular metabolic state (Asher and Schibler,
2011), raising the possibility of modulation of cry activity by cel-
lular metabolite concentration. Further recent observations have
shown that biological activity of mammalian cryptochromes in the
circadian clock can be directly altered by interaction with small
synthetic compounds (Hirota et al., 2012), which may mimic other
natural, as yet unknown metabolites. Therefore, cry activity in vivo
may well be regulated by multiple physiological modulators,
which could provide the basis for unprecedented pharmacologi-
cal interventions in the future.

METHODS

Mutant Construction and Protein Expression

Site-directed mutagenesis of tryptophans of the Trp triad in Arabidopsis
thaliana cry2 was performed using the QuikChangeII site-directed mu-
tagenesis kit (Stratagene) and full-length CRY2 gene cloned into EcoRI/
NotI sites of vector pET-28a(+) (Novagen) as template. The primer

combinations were as follows (Wor Y codon replaced by A or F codon in
small letters): W321A forward 59-GTTTTTCCCTgcaGATGCTGATGTTGA-
39 and reverse 59-TCAACATCAGCATCtgcAGGGAAAAAC-39; W374A
forward 59-CTTCCATGGAAAgcaGGAATGAAGTATT-39 and reverse 59-
AATACTTCATTCCtgcTTTCCATGGAAG-39; W397A forward 59-GTGA-
CATCCTTGGCgcaCAGTATATC-39 and reverse 59-GATATACTGtgcG-
CCAAGGATGTCAC-39; Y399F forward 59-CATCCTTGGCTGGCAGtt-
tATCTCTCTGGGAGTATCC-39 and reverse 59-GGATACTCCCAGAGA-
TaaaCTGCCAGCCAAGGATG-39; Y399A forward 59-GACATCCTTGGC-
TGGCAGgccATCTCTCTGGGAGTATCCCC-39 and reverse 59-GGGGA-
TACTCCCAGAGATggcCTGCCAGCCAAGGATGTC-39; W331A forward
59- GTTGATAAGTTCAAGGCCgccAGACAAGGCAGGACCGGT-39 and
reverse 59-ACCGGTCCTGCCTTGTCTggcGGCCTTGAACTTATCAAC-39;
W376A forward 59-GAAGTTTCTTCTCCTTCCATGGAAAgccGGAATG-
AAGTATTTCTGGGAT-39 and reverse 59-ATCCCAGAAATACTTCATTC-
CggcTTTCCATGGAAGGAGAAGAAACTTC-39. cry2 amino acid substitution
mutants weremade by the primer combinations as described (Li et al., 2011).
The correctness of the resulting products was verified by sequencing. The
inserts were released by digestion with XbaI and NotI, yielding an N-terminal
6xHis-tag, and inserted into the XbaI and NotI sites of vector pBacPAK9
(Clontech). These plasmids were cotransfectedwith linearized BacPAK6 viral
DNA into Sf21 insect cells (Clontech).

EPR Spectroscopy

To ensure homogenous illumination of the sample, the EPR tubes were
mounted centrally in a reflective cylinder with 40-mm inner diameter and
illuminated from opposite sides using dual 5-mm optical fibers from
Streppel. Total irradiance at the sample position was 6.86 0.2 mW/cm2 at
450 nm at the sample position. For cell samples, multiple samples illu-
minated for 10, 20, and 30 min were investigated to verify that saturation
of the turn over into the light-induced state was achieved. For purified
protein, two samples for each variant were prepared, both with the same
amount of sample, but one with 10 mM ATP added. Samples were il-
luminated for 10 min with the setup described above and then rapidly
frozen.

Purified protein intended for transient EPR had 10% glycerol to ensure
a liquid sample at 274K and 5 mM K3Fe(CN6) to enable flavin reoxidation
added. Two samples each, with and without 10 mM ATP, were produced
from the same stock, with the ATP-less sample topped up with water to
ensure identical protein concentrations. Samples were then transferred
into 1.0/2.0-mm inner/outer diameter quartz sample tubes and kept at 2°C
until transferred to the spectrometer.

Both cw-EPR and transient EPR experiments were performed on lab-
built X-Band spectrometers. The spectrometer used for cw-EPR consists
of a microwave bridge ER 041 MR, microwave controller ER 048 R,
magnet power supply ER 081 S, and field controller BH 15, all fromBruker.
The resonator used was a Bruker ER 4122 SHQ E cavity resonator; for
signal detection, a Stanford Research SR810 lock-in detector was used.
Microwave frequency measurements were performed using an Agilent
53181A frequency counter.

Transient EPR experiments were performed using an ER 046 XK-T
microwave bridge, ER 048 R microwave controller, and a BH 15 field
controller, all from Bruker, as well as a Varian V7900 magnet power
supply. An ER 4118X-MD5 resonator was used.

The sample was excited using a SpectraPhysics DCR-11 Nd:YAG
laser with an OPTA OPO at 450 nm. The EPR signal was detected using
a LeCroy WaveRunner 104MXi as a transient recorder. The microwave
frequency was measured using a Hewlett Packard 5352B frequency
counter.

For cw-EPR, the samples were measured with 2-G modulation am-
plitude, 100-kHz modulation frequency, and 100-ms lock-in time con-
stant. The microwave power was 200 mW and the frequency around 9.38
GHz. For each measurement, the current microwave frequency was
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recorded. The spectra are averages over 30 scans. Cell spectra were
smoothed using a window of 3% of data points.

For transient EPR, the samples were measured at microwave fre-
quencies of around 9.69 GHz and 2-mWmicrowave power. cry2 wild-type
samples were measured with 1-mJ pulse energy, while W374A and
W321A were measured with 1.5 mJ. Each pair (6ATP) of samples was
measured consecutively to minimize laser power drift, and the pulse
energy was constantly monitored. Pulse energy variation over the course
of a measurement pair was 10% root-mean-square. The shot repetition
rate was 2.5 Hz. Each measurement is the result of 30 scans with 10 shots
per point, making for a total of 300 accumulations. Spectra were
smoothed using a window of 3% of data points.

cw-EPR measurements were performed at 80K and the transient EPR
measurements at 274K. Low temperatures were reached with an Oxford
ESR 910 cryostat and Oxford ITC503 temperature controller and a home-
built cryostat with LakeShore 321 autotuning temperature controller for
cw-EPR and transient experiments, respectively.

Preparation and Analysis of Crude Cell Lysates

Sf21 insect cell cultures expressing recombinant cry2 proteins were har-
vested 3 d after infection at cell densities at an A600 of between 0.6 and 0.8.
Cells were pelleted at 1200g for 5 min and gently washed once in PBS (pH
8.0). Pellets were subsequently lysed at 0°C in a 5-fold volume of PBS
containing 1% Triton and 1% protease inhibitor cocktail (Sigma-Aldrich).
Lysates were pelleted at 14,000g for 60 min at 4°C, and the clarified su-
pernatants recovered for spectrophotometric analysis. Dialysis (where in-
dicated) was performed overnight in PBS buffer using Membra-CEL tubing
(MW cutoff 3500; Sigma-Aldrich). Where metabolites were added, samples
were allowed to equilibrate for several minutes prior to illumination, and new
baseline spectra were taken after each addition to verify that no absorption
drift or sample precipitation occurred as a result. Spectra were obtained on
a Cary 300 Scan UV/Vis spectrophotometer (Agilent). ATP, ADP, AMP, ITP,
NADPH, and NADH were purchased from Sigma-Aldrich.

Cry Protein Purification and Analysis

cry2 wild-type and mutant W374A proteins were isolated from extracts
prepared as above using nickel Ni-NTAaffinity chromatography as previously
described (Banerjee et al., 2007; Bouly et al., 2007). Illumination of isolated
proteins was in elution buffer (50 mM phosphate, pH 8.0, 150 mMNaCl, and
250 mM imidazole) and 1% protease inhibitor cocktail (Sigma-Aldrich).
Spectra were obtained on a Cary 300 Scan UV/Vis spectrophotometer.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL li-
braries under accession numbers NM_116961 (At-CRY1) and NM_179257
(At-CRY2).
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