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Background: Plant cryptochromes are blue light sensors forming an exceptionally stable flavin neutral radical as a signaling
state.
Results: Blockage of proton transfer to flavin severely reduces the lifetime of the radical.
Conclusion: The proton donor aspartic acid acts as an intrinsic stabilizer of the signaling state.
Significance: The role of a key structural element is identified, distinguishing plant cryptochromes from other members of the
family.

Plant cryptochromes regulate the circadian rhythm, flower-
ing time, and photomorphogenesis in higher plants as responses
to blue light. In the dark, these photoreceptors bind oxidized
FAD in the photolyase homology region (PHR). Upon blue light
absorption, FAD is converted to the neutral radical state, the
likely signaling state, by electron transfer via a conserved tryp-
tophan triad and proton transfer from a nearby aspartic acid.
Here we demonstrate, by infrared and time-resolved UV-visible
spectroscopy on the PHR domain, that replacement of the
aspartic acid Asp-396 with cysteine prevents proton transfer.
The lifetime of the radical is decreased by 6 orders of magnitude.
This short lifetime does not permit to drive conformational
changes in the C-terminal extension that have been associated
with signal transduction. Only in the presence of ATP do both
the wild type and mutant form a long-lived radical state. How-
ever, in the mutant, an anion radical is formed instead of the
neutral radical, as found previously in animal type I crypto-
chromes. Infrared spectroscopic experiments demonstrate that
the light-induced conformational changes of the PHR domain
are conserved in the mutant despite the lack of proton transfer.
These changes are not detected in the photoreduction of the
non-photosensory D-amino acid oxidase to the anion radical. In
conclusion, formation of the anion radical is sufficient to gener-
ate a protein response in plant cryptochromes. Moreover, the
intrinsic proton transfer is required for stabilization of the sig-
naling state in the absence of ATP.

Plant cryptochromes form a subfamily of the large and
diverse cryptochrome/photolyase family and play a vital role as
photoreceptors in the responses of plants to light conditions in
the environment (1). These blue light receptors regulate several
aspects of photomorphogenesis (2, 3) and interact directly with

the phytochromes as red/far-red light receptors (4). Crypto-
chromes synchronize the circadian clock of plants with the
external light-dark cycle (5) and play a major role in the initia-
tion of flowering by the change in day length (6). Furthermore,
cryptochromes are involved in the regulation of stomatal open-
ing (7) and trigger programmed cell death induced by singlet
oxygen (8).

Plant cryptochromes bind FAD as a chromophore in the
photolyase homology region (PHR)2 (9), which comprises
about 500 N-terminal amino acids. Close to the FAD binding
pocket, the PHR may additionally bind ATP (Fig. 1) (10, 11).
The long C-terminal extension (CCT) of plant cryptochromes
is sufficient for constitutive activation of the signaling cascade
(12). This effect could be narrowed down in sequence to an
80-residue motif that includes a few residues of the PHR and the
adjacent region of the CCT (13). Binding of the PHR to the CCT
in the dark is considered to act as a repressor of this motif.

Upon illumination of plant cryptochromes, the oxidized
FAD is reduced to the anion radical by a nearby tryptophan
residue with a time constant of 400 femtoseconds (14) and sub-
sequently protonated within a few microseconds (15, 16) to
form the neutral radical of FAD (17) (Fig. 1). Several experi-
ments point to the fact that this neutral radical constitutes the
signaling state of the receptor in vivo (18 –20), but this model of
activation is under debate (21, 22). Illumination of plant cryp-
tochrome leads to conformational changes in the PHR (23) and
in the CCT (24). The latter are associated with a significant
change in the diffusion coefficient with a time constant of 400
ms (25).

Many recent studies have dealt with the electron transfer
cascade via a tryptophan triad in cryptochromes and its role in
activation of the sensor by photoreduction (14, 17, 26 –30).
Much less is known about the role of the subsequent step of
proton transfer to flavin. In plant cryptochromes, this step is
unusually separated in time from the initiating electron transfer
by 6 orders of magnitude (14, 15). A much faster proton transfer
has been postulated in theoretical studies (31), but indications
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for such a competing process have been found only to some
extent above the physiological pH (pH 7.4) and in the absence of
ATP (32). In plant cryptochromes, proton transfer is required
for the antagonizing effect of green light found in vivo (18, 19,
33) because only the protonated radical absorbs green light to a
significant extent. Furthermore, proton transfer is a prerequi-
site for a further photoreduction of the radical to the fully
reduced state. This photoreaction finally leads to a regeneration
of the oxidized state by reaction with oxygen (34).

Interestingly, only in plant cryptochromes is an intrinsic pro-
ton donor, aspartic acid 396, conserved close to flavin (11) (in
the numbering of Arabidopsis cryptochrome 1 (AtCRY1)),
whereas it is replaced with a cysteine in animal type I crypto-
chromes and with an asparagine in all other cryptochromes
(Fig. 1). Deprotonation of this residue accompanies flavin
reduction, as has been deduced from FTIR spectroscopic
experiments and structural considerations (23, 35, 36). In sup-
port of this finding, a high pKa value of this aspartic acid has
been indirectly determined by its impact on the absorption
spectrum of the flavin (32). According to this study, it shifts
strongly from 3.7 in solution to 7.4 in AtCRY1 and to above 9
upon addition of ATP. An exchange of this residue by aspara-
gine leads to a change in the redox potential of flavin to more
negative values (37) and to some photolyase-like activity of
DNA repair by the plant cryptochrome (36).

Therefore, we investigated the role of proton transfer in the
PHR of a plant cryptochrome from the unicellular green alga
Chlamydomonas reinhardtii. It has been suggested that this
cryptochrome, Chlamydomonas photolyase homologue 1
(CPH1), plays a role as a negative modulator of the clock
because its level correlates negatively with the sensitivity in
clock resetting by blue light in vivo (38). CPH1 groups together
with cryptochromes from higher plants, mosses, and ferns to
the subfamily plant cryptochrome (1). Accordingly, CPH1-
PHR exhibits all characteristics of PHRs from higher plant
cryptochromes (14, 15, 23, 39). We exchanged aspartic acid

with cysteine (D393C) and found that proton transfer is com-
pletely blocked in this mutant but that conformational changes
are retained. The consequences of this blockage for the signal-
ing of plant cryptochrome are discussed.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Wild-type protein was
prepared as described previously (39). The mutation of aspartic
acid 393 to cysteine was introduced by overlapping PCR into a
sequence coding for six histidines and the N-terminal 504
amino acids of CPH1 from C. reinhardtii (39). The mutation
was confirmed by sequence analysis. The construct was cloned
into a modified pET11a vector (Novagen) coding for a Strep-tag
II at the C terminus of the protein (39). Escherichia coli BL21
(DE 3) pLysE (Invitrogen) containing the expression construct
was grown in double yeast tryptone broth supplemented with
0.57 mM ampicillin at 37 °C in the dark. When the optical den-
sity (OD) at 600 nm reached 0.5, the temperature was lowered
to 18 °C. At an OD of 0.8, isopropyl 1-thio-�-D-galactopyrano-
side was added to a final concentration of 10 �M. After 20 h, the
cells were harvested by centrifugation (5000 � g, 15 min). The
cell pellet was resuspended in 50 mM sodium phosphate buffer
(pH 7.9), 0.1 M NaCl, 20% glycerol, a tablet of Complete EDTA-
free (Roche Applied Science), and DNase. Before cell disruption
via French press (2 � 1000 p.s.i.g.), the resuspension of the cells
was titrated with NaOH to a pH of 8.3. The lysate was centri-
fuged (108,000 � g, 1 h) and loaded onto a Strep-Tactin-Sep-
harose column (IBA). After washing with 50 mM sodium phos-
phate buffer (pH 7.9), 0.1 M NaCl, and 20% glycerol, the protein
was eluted in the same buffer containing 2.5 mM D-desthiobio-
tin. The eluted protein was washed twice with the 10-fold vol-
ume of sodium phosphate buffer without D-desthiobiotin using
an Amicon Ultra 4 filter device (Millipore) with a 50-kDa cutoff.

UV-visible Spectroscopy—Spectra were recorded with a Shi-
madzu 2450 PC spectrophotometer. For photoreduction
experiments, an integration sphere was used. The samples were
kept at 10 °C during the measurements. MgCl2 was added to a
final concentration of 17 mM. The influence of ATP was inves-
tigated by adding ATP to a final concentration of 3 mM. For
illumination, a light-emitting diode (Luxeon Star, Philips
Lumileds) with an emission maximum at 455 nm (20 nm full
width at half-maximum) was used. Between two illuminations,
a dark time of 3 min was applied. The kinetics of the dark recov-
ery were recorded at 20 °C and 450 nm after illumination with
the light-emitting diode with an intensity of 16 milliwatt/cm2

for 10 s. The time windows of recording were chosen to cover at
least three times the slowest time constant of the biexponential
fit. Both the D393C mutant and the wild type were diluted to
the same A450 � 0.28 before the experiments.

Time-resolved UV-visible Spectroscopy—The flash photolysis
setup with an intensified charge-coupled device camera has
been described previously (40). Here a tunable optical paramet-
ric oscillator (Opta) pumped by the third harmonic of an
Nd:YAG laser (Spectra Physics, GCR-12) was used to generate
450-nm pulses with a duration of 10 ns and an energy density of
2 mJ/cm2 at a repetition rate of (1.6 s)�1 as selected by a shutter.
Horizontal windows of 4 � 10 mm limited the exposure of the
sample for excitation and probe light, respectively. To ensure a

FIGURE 1. Detail of the flavin-binding pocket in the plant cryptochrome
CPH1 modeled on the crystal structure of AtCRY1-PHR (PDB code 1U3D).
Trp-397 acts as electron donor to flavin after excitation by blue light. The
proton donor Asp-393 (Asp-396 in AtCRY1) was replaced with a cysteine in
this study. The position of the ATP analog was determined in AtCRY1-PHR
after soaking the crystal.
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homogeneous excitation of the sample, a mirror was placed
behind the cuvette. For each experiment, an alternating series
of reference spectra with probe light only and signal spectra
with additional laser excitation was recorded. A dark spectrum
without excitation or probe light was subtracted from both
spectra. The opening time of the probe light shutter was limited
to 200 �s or 1 ms depending on the time window of detection.
The concentration of the sample was adjusted to an A450 � 0.3.
A sample volume of 2.5 ml was placed in a 10 � 10 mm quartz
cuvette and was stirred for 750 ms after each excitation with a
5-mm stirrer bar (Thermo Scientific, Variomag Mini) to mini-
mize multiple excitations. Fifteen experiments were averaged
per time point at 20 °C. The time window of detection was set to
10% of the delay time for the experiments at 2–200 �s. Spectra
from 2– 40 ms were acquired with a window of detection of 100
�s.

FTIR Spectroscopy—All steps were performed in the dark.
For experiments with CPH1-PHR-D393C, the glycerol content
was reduced to � 1% by a buffer exchange. The protein was
concentrated by ultrafiltration to A450 � 5. ATP was added to a
final concentration of 2.5 mM. A droplet of 5 �l of protein solu-
tion was applied to a BaF2 window, and the water content was
gently reduced for 7 min at a pressure of 500 millibar. The
sample was sealed by a second window. For experiments with
D-amino acid oxidase (DAO), lyophilized protein (Sigma-Al-
drich) was dissolved in 10 mM potassium phosphate buffer (pH
8), 50 mM NaCl, and 70 mM 2-mercaptoethanol. The solution
was washed twice with the 10-fold volume of the same buffer by
ultrafiltration using an Amicon Ultra 4 filter device (Millipore)
with a 30-kDa cutoff and was finally concentrated to A450 � 3. A
droplet of 10 –15 �l of the protein solution was applied to a
BaF2 window, and the sample was gently deoxygenated by sev-
eral cycles of applying a vacuum of 60 millibar and flushing with
nitrogen.

FTIR spectra were recorded on Bruker IFS/66v and 66v/S
spectrometers with a spectral resolution of 2 cm�1. The tem-
perature of the sample was maintained ambient for DAO and
adjusted to 10 °C for CHP1-PHR-D393C. For light-induced dif-
ference spectroscopy, a long-wave pass filter (OCLI) was placed
between the sample and detector. The filter blocked stray light
and restricted the recording range to �2000 cm�1 to improve
the signal-to-noise ratio. CPH1-PHR-D393C was illuminated
for 4 s with a 455-nm light-emitting diode (Luxeon Star, Philips
Lumileds) with an intensity of �20 milliwatt/cm2 at the sample.
DAO was illuminated with the same light source for 30 s. Light-
minus-dark difference spectra were collected after illumina-
tion. For CPH1-PHR-D393C and DAO, representative differ-
ence spectra of nine and six independent preparations were
selected and averaged to a total of 9216 and 20,480 scans,
respectively.

RESULTS

Changes in the Photoreaction of the D393C Mutant Com-
pared with the Wild Type—In plant cryptochromes, a light-
induced formation of the flavin neutral radical from the
oxidized state was observed. The postulated proton donor Asp-
393 in CPH1-PHR (Asp-396 in AtCRY1) was replaced with a
cysteine by site-directed mutagenesis to investigate its influ-

ence on the photoresponse of the plant cryptochrome. The
D393C mutant was expressed and purified similarly as the wild
type. The absorption spectrum shows maxima at 364, 376, and
451 nm, close to those at 364, 375, and 449 nm of the wild type
(39) (Fig. 2). The position of the absorption band in the UVA
range is a sensitive indicator for the hydrogen bonding interac-
tions in the flavin binding pocket (41, 42) and its polarity (43).
The replacement of aspartic acid with cysteine did not lead to
significant changes in the spectrum, which points to the pres-
ence of an aspartic acid instead of a charged aspartate in the
wild type, in agreement with previous findings (23, 35).

Illumination with blue light induced only small changes in
the spectrum of the D393C mutant. Even after prolonged illu-
mination of 10 s, the changes were too small to allow an iden-
tification of the reaction product (Fig. 3A). In contrast, a signif-
icant amount of neutral radical was formed under identical
conditions in the wild type (Fig. 3A). Therefore, the replace-
ment of the aspartic acid led to the absence of any long-lived
product in the photoreaction of the plant cryptochrome.

It has been observed that the presence of ATP stabilizes the
flavin neutral radical in the plant cryptochrome (39, 44) and
increases its yield (32). Therefore, the influence of ATP on the
photoreaction of the mutant was investigated. The absorption
spectrum was not significantly affected by the presence of ATP
(Fig. 2). After illumination, the formation of a long-lived reac-
tion product was observed (Fig. 3B). However, the spectral fea-
tures differed from those of the neutral radical. The product is
assigned to the flavin anion radical with maxima at 372, 400,
and 511 nm because of the high similarity of its characteristic
difference spectrum to those of photoreduced Drosophila cryp-
tochrome and glucose oxidase (45). Therefore, in the presence
of ATP, photoreduction of the D393C mutant of the plant cryp-
tochrome leads to the same product as that found in animal
type I cryptochromes, such as the Drosophila cryptochrome
(45, 46), despite the low homology in amino acid sequence.

To determine whether the D393C replacement has an
impact on the efficiency of radical formation or on the stability
of the photoproduct, decay kinetics at 450 nm were recorded
under identical conditions for the wild type and the D393C

FIGURE 2. Absorption spectra of the D393C mutant of CPH1-PHR in the
absence and the presence of ATP. Comparison to the spectrum of the wild
type shows that, despite the mutation, the polarity and hydrogen bonding
network of the flavin binding pocket is fully preserved.
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mutant in the presence of ATP (Fig. 3C). The conversion effi-
ciency directly after illumination was determined on the basis
of the similar absorption coefficients of the neutral radical and
the anion radical at 450 nm (22). As a result, the efficiency was
only moderately affected, with a loss of oxidized flavin of 39% in
the wild type and of 26% in the mutant, respectively. The time
constants of the decay were obtained by a biexponential fit and
yielded 6100 s (90%) and 720 s (10%) for the wild type and 300 s
(90%) and 3800 s (10%) for the D393C mutant. Accordingly,
most of the radical product decayed �20 faster in the mutant
compared with the wild type. In summary, the removal of the
proton donor significantly decreased the radical lifetime but
had a less pronounced effect on the efficiency of its formation.
The stabilizing effect of ATP binding is independent of the
presence of Asp-393.

Role of Cysteine in the Blockage of Proton Transfer—Cysteine
does not act as a substitute for aspartic acid as the proton donor
to flavin, despite its pKa of 8.1 in solution compared with that of

the flavin radical of 8.3 (47). Therefore, the formation of the
flavin anion radical in the mutant might either be the result of a
blockage of proton transfer to flavin by the cysteine or of an
increase in accessibility of the binding pocket to the basic bulk
solution. The experiments were conducted at a pH of 7.9, which
might be sufficient for a deprotonation of the flavin radical,
considering a pKa in glucose oxidase of 7.5 (48). However, low-
ering of the external pH to 6.8 and 6.1 did not lead to a change
in the major product of the reaction (Fig. 3D). Further experi-
ments at even lower pH values were prevented by a strong
increase in scattering upon illumination. We conclude that the
formation of the flavin anion radical as the photoproduct is not
a consequence of the basic pH in the bulk but, rather, of a
blockage of proton transfer by cysteine.

Microsecond Lifetime of the Flavin Anion Radical in the
Absence of ATP—Time-resolved UV-visible spectra of the
D393C mutant were recorded to analyze the identity and sta-
bility of the photoproduct in the absence of ATP. The spectra

FIGURE 3. Absorption difference spectra and decay kinetics after illumination of the D393C mutant and wild-type CPH1-PHR with blue light for the
indicated time intervals. A and B, difference spectra were obtained in the absence (A) and presence (B) of ATP under otherwise identical conditions. Binding
of ATP stabilizes a flavin anion radical as the photoproduct in the mutant, whereas the neutral radical is detected in the wild type under both conditions. w/o,
without. C, representative decay kinetics of the radical photoproduct in the presence of ATP. The biexponential fit yields a main decay component with 90%
amplitude with a time constant of 6100 s for the wild type and 300 s for the mutant. The neutral radical is significantly more stabilized by the protein
environment than the anion radical. D, absorption difference spectra of the D393C mutant at different pH values. Formation of a flavin anion radical is observed
independently of the pH value.
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show the presence of the anion radical at 2 �s after the laser
pulse and its decay within 10 ms (Fig. 4A). A kinetic analysis
revealed a heterogeneous decay that was represented by a biex-
ponential function with time constants of 9 �s (40%) and 400 �s
(60%) (Fig. 4B). Such structural heterogeneity has been found
previously for plant cryptochromes, as reflected in the biphasic
decay of the neutral radical (17, 39). The lifetime of the radical
state in the D393C mutant is reduced by about 6 orders of
magnitude compared with that of the wild type, with a time
constant of decay of 200 s (39). Therefore, a blockage of proton
transfer leads to a severe reduction of the radical lifetime. An
additional effect on the efficiency of radical formation cannot
be excluded.

Preservation of Light-induced Conformational Changes in the
D393C Mutant—To characterize the response of the protein
moiety to light in the D393C mutant, FTIR difference spectros-
copy was applied in the presence of ATP. Blue light induces
changes in the vibrational signature that are detected as nega-
tive bands originating from the dark form and positive bands
from the photoproduct. Prominent bands were recorded after
illumination of the D393C mutant for 4 s (Fig. 5A). Negative
bands at 1707 and 1692 cm�1 as well as at 1577 and 1547 cm�1

have been found previously in the difference spectrum of the
wild type (23) and are correspondingly assigned to contain con-
tributions from carbonyl and CN/CC stretches of oxidized fla-
vin, respectively.

Positive bands represent the formation of the flavin anion
radical. For an unequivocal assignment, DAO was used as a
reference and photoreduced in the presence of the electron
donor 2-mercaptoethanol and in the absence of oxygen at pH 8.
Under similar conditions, DAO has been found by UV-visible
spectroscopy to selectively form the flavin anion radical (48).
The difference spectrum of DAO shows a positive band at 1482
cm�1 that is not present in the neutral radical (23) or fully
reduced state (49) of flavoproteins. Therefore, in combination
with the band at 1513 cm�1, this signal is considered to repre-
sent a marker band of the anion radical, in agreement with
previous findings on the N392C mutant of bacterial DASH
cryptochrome (50) and a trapping of the anion radical in (6 – 4)
photolyase at 200 K (51). The D393C mutant of CPH1-PHR

FIGURE 4. Time-resolved UV-visible absorption difference spectroscopy
on the D393C mutant of CPH1-PHR in the absence of ATP. A, spectra were
recorded at the indicated time points after the laser pulse and show the decay
of the flavin anion radical within 10 ms. B, the integral difference absorbance
in the spectral range of 350 – 490 nm was plotted against time on a logarith-
mic scale. A biexponential fit of the decay yields two time constants of 9 and
400 �s.

FIGURE 5. FTIR difference spectra after illumination of the D393C mutant
of CPH1-PHR, of the wild type, and of DAO. A, difference spectrum of the
D393C mutant. For comparison, DAO was photoreduced to the flavin anion
radical and scaled to the area of the C4 � O band of oxidized flavin at 1708
cm�1. Similarities in band pattern are obtained from the comparison (high-
lighted in gray), including a marker band for the anion radical at 1490 and
1482 cm�1, respectively. B, difference spectra of the D393C mutant and the
wild type (taken from Ref. 23). Contributions from the protein moiety are
highlighted in gray. The mutation led to a loss of the band at 1733 cm�1,
which was assigned to deprotonation of Asp-393 in the wild type. Light-in-
duced secondary structural changes were preserved, as indicated by the pos-
itive band at near 1671 cm�1. Differences in the positive band pattern were
caused by the formation of the flavin anion radical and neutral radical in the
mutant and the wild type, respectively.
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shows similar characteristic bands at 1490 and 1518 cm�1 (Fig.
5A), which confirms the formation of the anion radical in this
plant cryptochrome. A further comparison of the infrared spec-
tra of the D393C mutant and of DAO reveals a similar band
pattern. Bands at 1656, 1634, and 1626 cm�1 are detected in the
D393C mutant that correspond to those at 1643, 1621, and
1595 cm�1 in the spectrum of DAO, although significantly
downshifted in frequency. The presence of similar bands in the
spectra of two completely different flavoproteins implies that
they originate from the flavin chromophore.

After the identification of all contributions from flavin to the
difference spectrum of the D393C mutant, a single positive
band at 1674 cm�1 remains. This band is accordingly assigned
to the protein moiety of the cryptochrome. The amplitude of
the signal argues against a contribution by a side chain. The
spectral region at around 1674 cm�1 is associated (52) and
strongly correlated (53) with the presence of turn elements,
which points to some light-induced rearrangement in the ter-
tiary structure of the PHR. The same band has been detected
previously and similarly assigned in the spectrum of the wild
type (Fig. 5B) (23). There its assignment was supported by
including the analysis of a sample, in which this light-induced
conformational change was suppressed by lyophilizing and
redissolving the PHR. It can be concluded that the D393C
mutation does not interfere with this protein response despite
the change in the radical photoproduct and its lifetime. In con-
trast, the prominent band found at 1733 cm�1 in the spectrum
of the wild type is not detected in the mutant (Fig. 5B). This
band has been assigned to the deprotonation of Asp-393 (23,
35), which is further confirmed by comparison with the D393C
mutant.

DISCUSSION

The Role of the Flavin Anion Radical in Plant and Animal
Type I Cryptochromes—The decisive steps of signal generation
in the plant cryptochrome between the initial ultrafast electron
transfer to FAD (14) and the structural change in the CCT (24,
25) are unclear. In particular, the role of the proton transfer to
the flavin radical needs to be elucidated considering the fact
that the aspartic acid close to flavin is exclusively present in the
plant cryptochrome. The loss of the IR signal of the aspartic
acid in the D393C mutant further supports its role as proton
donor in the wild type (Fig. 5B).

It has been postulated that the secondary structural change
in a turn motif upon photoreduction is part of the signal gener-
ation in the plant cryptochrome (23). Therefore, the corre-
sponding band near 1671 cm�1 might be considered as a
marker band for signaling. This view is supported by the finding
that, in the non-photosensory DAO, this structural change is
absent (Fig. 5A). In contrast, the signature of this structural
change is preserved in the mutant D393C (Fig. 5B). Accord-
ingly, protonation of the anion radical might not be required for
the signal generation in the plant cryptochrome. It is likely that
further light-induced conformational changes accompany sig-
naling, which have not been analyzed here with respect to their
preservation upon anion radical formation. The corresponding
signals might overlap with those from the chromophore, or
these processes might not lead to prominent contributions in

the infrared spectral range. Particularly, the impact of the
D393C replacement on the light-induced structural change of
the CCT was not studied because purification of full-length
CPH1 comprising its exceptionally long and unconserved CCT
of �500 amino acids (54) has not been successful to date.

A prominent role of the anion radical in the mechanism of
the plant cryptochrome has been proposed before. It has been
suggested to act as the dark, resting form of the receptor (22).
However, the lifetime of the anion radical in the plant crypto-
chrome is limited to a few microseconds in vitro (15, 16)
because of the fast protonation by the inherent proton donor
aspartic acid. This time interval is too short to allow the anion
radical to absorb sufficient light for generation of a signal,
which argues against a role of the anion radical as a dark form of
the receptor. In contrast, the proposal that formation of the
anion radical is the main initiator of signaling would reconcile a
fundamental difference between the photoactivation of plant
and animal type I cryptochromes. In the latter, the neutral rad-
ical state is not formed at all, leading to a model in which pho-
toreduction of the oxidized state to the anion radical or even
further, to the anionic fully reduced state, drives C-terminal
conformational changes (45, 55). However, the inversion of the
experiment demonstrated here, i.e. the conversion of animal
type I cryptochromes into plant cryptochromes by a corre-
sponding cysteine-to-aspartic acid mutation, was unsuccessful
because it did not lead to a light-induced formation of the neu-
tral radical state (46). The latter experiment highlights the fun-
damental differences in the binding pocket of flavin between
animal type I and plant cryptochromes. More precisely, the
aspartic acid cannot be stabilized in animal type I crypto-
chromes, leading to a presence of an aspartate in the dark with-
out any ability to donate the proton for the neutral flavin radical
upon illumination.

The Role of Proton Transfer and Formation of the Neutral
Radical State—The neutral radical has been demonstrated to
represent the signaling state of the plant cryptochrome by com-
paring the attenuating effects of green light in vitro and in vivo
(18, 19). A further important role of proton transfer for signal-
ing is revealed here (Fig. 6) besides the roles mentioned in the
Introduction. A strong difference in the stability of the anion
and neutral radical was observed in CPH1-PHR of about 6
orders of magnitude in the lifetime. Therefore, proton transfer
stabilizes the radical state for the time range later than a few
milliseconds even under aerobic conditions. This time range is
crucial for the signaling process because of the unfolding of the
CCT with a time constant of 400 ms (25). It is conceivable, in
general, that such a conformational change occurs after relax-
ation of the initiating photochemical process in the cofactor.
However, the in vivo recordings of AtCRY1 and AtCRY2 point
to a connection between the cofactor state and the protein
response because of the similar lifetime of several minutes of
the radical state in insect cells and the signaling process in
planta (20).

Alternatively, the radical state can be stabilized by the pres-
ence of ATP (Fig. 3), the presence of reductants (17), or the
absence of oxygen (39). The main advantage of proton transfer
over the latter effects is that it is an intrinsic property of the
plant cryptochrome that is guaranteed by the aspartic acid close
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to the flavin and is independent of the current conditions in the
cell in vivo. Taken together, the extraordinary stability of the
neutral radical state under aerobic conditions and its photo-
reversibility to the oxidized state are two reasons to rationalize
the presence of the conserved aspartic acid in the plant crypto-
chrome even when the anion radical might be sufficient to pro-
duce the signal.

Effect of ATP on the Photoreaction of the Mutant—ATP bind-
ing leads to an increased yield (32) and stability (39, 44) of the
radical photoproduct. It is likely that this effect is also of phys-
iological significance because of the high binding affinity deter-
mined in vitro (10). This interpretation is complicated by the
fact that the lifetimes of the radical and the signaling state in
vivo of a few minutes for AtCRY1 (20) only match well with that
of the isolated receptor in the absence of ATP (44) (Fig. 6).

It is evident from the experiments on the D393C mutant that
the two effects of ATP binding need to be clearly separated in
mechanism. Recent experimental and theoretical studies on
AtCRY1 rationalized the higher yield of radical formation in the
presence of ATP by an increase in the fraction of protonated
Asp-396 in the dark (32, 56). Simulations suggest that Asp-396
then fully adopts the conformation in which it is hydrogen-
bonded to the backbone of Met-381 (Leu-378 in CPH1) and
allows for an efficient electron transfer pathway from Trp-400
to the flavin (56). In the case of the mutant, cysteine cannot
simply attain the same hydrogen-bonded conformation
because of the difference in structure. Further theoretical anal-
ysis is necessary to investigate whether the small effect of the
mutation on the formation efficiency (Fig. 3C) can be recon-
ciled with this molecular model of the ATP effect. Concerning
the stabilizing role of ATP, it is demonstrated here that this
effect is not dependent on the presence or protonation state of
Asp-396/Asp-393. More specifically, the stabilizing effect can-
not be linked to the presence of a charged aspartate after illu-
mination or to the accessibility of an external base catalyst.
Further unlikely candidates are a change in the redox potential
or in the accessibility to oxygen. Its extent seems to be mainly
dependent on the final protonation state of the flavin radical.

The Proton Transfer Pathway Is Different from Those in Other
Flavoproteins—Formation of the neutral radical state is
observed in many flavoproteins (48) in the absence of any
amino acid identified to act as a proton donor. This proton
transfer is necessary for the photoreduction of photolyases
from the oxidized to the fully reduced state as well without
stabilization of the neutral radical state (57, 58). Most likely,
proton transfer is mediated by bulk water and transferred via
structural water and hydrogen bonding pathways to flavin upon
photoreduction. This unspecific pathway seems to be slow
because, in photolyase from E. coli, protonation is not observed
within hundreds of microseconds after anion radical formation
(59). A kinetic barrier has been identified for the respective
deprotonation step from the neutral radical to the oxidized
state, which can be lowered by the N386D mutation close to
flavin (60). A role of the aspartate as a proton shuttle in this
photolyase mutant has accordingly been suggested.

Aspartic acid in the plant cryptochrome, however, acts as an
efficient and fast donor within a few microseconds (15, 16) and
not merely as a shuttle for protons from the bulk (23). Its
replacement with cysteine efficiently blocks proton transfer to
the N(5) position of flavin, similar to the effect of the N392C
mutant in the bacterial DASH cryptochrome (50). In contrast,
the conservative mutation of aspartic acid to asparagine did not
interfere with the unspecific pathway from the outside (36).
Most probably, the bifurcated hydrogen bonding ability of
asparagine in other cryptochromes as well as in cyclobutane
pyrimidine dimer and (6-4) photolyases as opposed to the uni-
directional hydrogen bonding of cysteine in the D393C mutant
and animal type I cryptochrome makes the decisive difference
for the shuttling of protons to flavin. In summary, cysteine acts
as a gatekeeper for proton transfer irrespective of the general
tendency of the flavoprotein to stabilize either the neutral or
anion radical state.

Conclusions—Cryptochromes are a very diverse protein fam-
ily for which new members with photosensory function are
constantly being uncovered. It is striking that only members of
the plant cryptochrome subfamily carry an aspartic acid close

FIGURE 6. Time line of events in the plant cryptochrome after illumination with blue light. The photochemical processes of the cofactor FAD and
subsequent responses of the protein are separated. Only the longest time constants determined for these processes are depicted for clarity. Protonation of the
anion radical is an intrinsic process of the receptor that prolongs the lifetime of the radical by 6 orders of magnitude. When this proton transfer is blocked, the
lifetime is not sufficient anymore to drive CCT unfolding (highlighted in gray). Alternatively, binding of ATP may stabilize the radical state depending on its
current cellular concentration.
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to flavin with its intrinsic property of proton donation. A role of
the flavin neutral radical in these cryptochromes as initiator of
signaling is extended by our finding that the initially formed
anion radical is capable of inducing the same conformational
change in the PHR domain as the neutral radical. Despite the
clear differences in the flavin binding pocket between plant and
animal type I cryptochromes, this finding might point to a com-
mon origin of the signaling process. However, we have to con-
clude from the timeline of events that the formation of the
anion radical in the plant cryptochrome is not sufficient to drive
signaling because it decays before the onset of the response of
the CCT (Fig. 6). Therefore, the lifetime of the radical is pro-
longed by the intrinsic proton transfer as one prerequisite for
the functionality of this blue light sensor.
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