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Mechanism of Photosignaling by Drosophila Cryptochrome
ROLE OF THE REDOX STATUS OF THE FLAVIN CHROMOPHORE"*
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Background: It is not known whether the redox status of cryptochrome affects circadian clock resetting.

Results: Blocking cryptochrome photoreduction does not impair cryptochrome-mediated Timeless degradation and light can
induce a conformational change in cryptochrome with oxidized flavin.

Conclusion: Cryptochrome can mediate its function in either oxidized or reduced form.

Significance: This study provides novel insight into cryptochrome photosignaling.

Cryptochrome (CRY) is the primary circadian photoreceptor
in Drosophila. Upon light absorption, dCRY undergoes a con-
formational change that enables it to bind to Timeless (dTIM),
as well as to two different E3 ligases that ubiquitylate dTIM and
dCRY, respectively, resulting in their proteolysis and resetting
the phase of the circadian rhythm. Purified dCRY contains oxi-
dized flavin (FAD,,), which is readily photoreduced to the ani-
onic semiquinone through a set of 3 highly conserved Trp resi-
dues (Trp triad). The crystal structure of dCRY has revealed a
fourth Trp (Trp-536) as a potential electron donor. Previously,
we reported that the Trp triad played no role in photoinduced
proteolysis of dCRY in Drosophila cells. Here we investigated
the role of the Trp triad and Trp-536, and the redox status of the
flavin on light-induced proteolysis of both ACRY and dTIM and
resetting of the clock. We found that both oxidized (FAD,,) and
reduced (FAD") forms of dCRY undergo light-induced confor-
mational change in vitro that enable dCRY to bind JET and that
Trp triad and Trp-536 mutations that block known or presumed
intraprotein electron transfer reactions do not affect dCRY pho-
totransduction under bright or dim light iz vivo as measured by
light-induced proteolysis of dCRY and dTIM in Drosophila
S2R+ cells. We conclude that both oxidized and reduced forms
of dCRY are capable of photosignaling.

Cryptochromes (CRYs)? play essential roles in regulating the
circadian clock in animals and in blue light-dependent growth
and development in plants (1-7). In mice, CRY functions as a
core component of the molecular clock, independent of light
(1). In insects, CRY functions either as the primary circadian
photoreceptor (8) or as a core component of the clock depen-
ding on the insect species and the type of CRY they possess (8,
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9). Some of the insect CRYs are evolutionarily related to Dro-
sophila CRY (designated Type 1 CRY), and some are related to
the mammalian CRY (Type 2 CRY). Thus, Drosophila has only
one CRY, which functions primarily as a photoreceptor; the
monarch butterfly has both a Drosophila-like CRY (Type 1),
which functions as a photoreceptor, and a mammalian-like
CRY (Type 2), which is a core component of the molecular
clockwork (9). Finally, honeybees and ants have only a Type 2
CRY, which is a core clock component with no known photo-
sensory function. A unique property of Type 1 CRYs is that
upon light exposure, they promote ubiquitylation and subse-
quent proteolysis of the core clock protein Timeless (dTIM)
and, at a slower rate, CRY itself (10, 11), and thus help reset the
circadian clock.

It is known that absorption of light by the flavin cofactor of
dCRY causes a conformational change in the protein, mainly
the disengagement of the C-terminal 20 amino acids from the
compact photolyase homology region (PHR) (12, 13). This con-
formational change promotes interaction of dCRY with its het-
erodimeric partner dTIM (14, 15) and with JET and BRWD3-
CRLA4 (16) E3 ligases, leading to rapid proteolysis of dTIM that
results in resetting of the circadian clock. This is followed by a
slower degradation of dCRY to down-regulate the photosignal
and desensitize the clock to light, enabling dTIM accumulation
and re-establishment of the repressive phase. At present, it is
unclear how light absorption leads to a conformational change
in dCRY. It is known, however, that deletion of the C-terminal
20 amino acids of dCRY confers a constitutively active pheno-
type, and this has led to the suggestion that light causes the
movement of at least this C-terminal extension (14, 15). This
prediction was confirmed by partial proteolysis with trypsin in
vitro. Upon light exposure two peptide bonds at the junction of
the core PHR domain and the C-terminal extension become
sensitive to the protease (13). The photophysical/photochemi-
cal reactions leading to the conformational change in CRY, in
contrast to other flavin-based photosensory proteins (LOV and
BLUF families), are not known (6, 17). The photolyase/CRY
family, however, possesses a conserved so-called Trp triad
extending from the surface of the protein to the flavin binding
pocket (18, 19). In Drosophila the 3 tryptophans that make up
the triad are Trp-342, Trp-397, and Trp-420, respectively (20—
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22), as shown in red in Fig. 1A. The Trp triad has been impli-
cated in CRY function ranging from plant growth in Arabidopsis
to circadian photoreception in Drosophila (5) to magnetorecep-
tion in flies (23, 24) and birds (2).

When dCRY (and other Type 1 CRYs) are purified, they con-
tain the flavin in the two-electron oxidized (FAD,,) form, and
upon exposure to light, charge transfer through the Trp triad
leads to photoreduction of the flavin to the anionic semiqui-
none (FAD") (25-27). Initially, it was thought that charge trans-
fer through the Trp triad that results in photoreduction is
responsible for the conformational change (25). However,
blocking the electron transfer by the Trp — Phe substitution of
any member of the triad blocks photoreduction in vitro but
affects neither the photosensory function of CRY in Drosophila
cells as measured by light-induced proteolysis of dCRY (26, 27)
nor magnetoreception in flies as measured by behavioral assays
(23). Furthermore, using purified dCRY it was found that pho-
toexcitation of the chemically reduced FAD" form of dCRY
caused a conformational change in the protein as evidenced by
light-stimulated specific proteolysis of dCRY and light-stimu-
lated dCRY-JET binding (13). These results in aggregate led to
the conclusion that in vivo the flavin in dCRY is in the FAD"
form and that the FAD__ form is a purification artifact, as has
been found for photolyase (28). However, subsequent work
raised the possibility that light fluences insufficient to reduce
the FAD of the Trp triad mutants in vitro might be sufficient to
reduce the FAD of the Trp triad mutants in vivo in the poten-
tially more reducing intracellular milieu (29). Moreover, a high
resolution crystal structure of dCRY revealed that a Trp residue
(Trp-536) in the C-terminal extension of the cryptochrome,
shown in green in Fig. 14, is in the proximity of the flavin
because of the folding of the C-terminal extension onto the
PHR domain (20 —22). This raised the possibility that in the Trp
triad mutants, Trp-536 could function as an alternative elec-
tron donor to the flavin in vivo, and therefore intraprotein elec-
tron transfer could be the primary photochemical event in
dCRY photosignaling. Finally, we also note that the in vivo tests
of the role of flavin photoreduction in dCRY signaling consisted
of photoinduced dCRY proteolysis (13, 27), whereas the main
phase-setting reaction in flies is the light-induced and dCRY-
mediated ubiquitylation and proteolysis of dTIM (10, 11, 14).

To address these issues, we conducted in vivo and in vitro
experiments with dCRY mutants carrying Trp — Phe replace-
ments in the Trp triad, in Trp-536, and in both. We find that in
vivo, these mutations do not affect light-induced proteolysis of
either dCRY or dTIM under high or low fluence rates. Unex-
pectedly, we also find that in vitro, the non-photoreducible
dCRY (W397F/W536F) undergoes conformation change simi-
lar to WT dCRY containing reduced flavin (FAD") as deter-
mined by light-sensitized tryptic proteolysis of dCRY and light-
induced dCRY-JET binding. Thus, it appears that the redox
status of dCRY does not affect its light-induced conformational
change and photosignaling activity.

EXPERIMENTAL PROCEDURES
Plasmids—pAc5.1-V5-dCRY was created by inserting ampli-

fied dCRY (from pAc5.1-dCRY-V5HisA), which was described
previously (27), and V5 coding sequence (in front of dCRY) into
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pAc5.1/V5-HisA vector (Invitrogen). We constructed pAc5.1-
V5-dCRY, which expresses V5 tag at the N terminus, to avoid
any unseen/unexpected contribution of a tag located at the C
terminus because one of the mutations (W536F) we used in our
study is located at the very C terminus and the C-terminal
extension folds onto the PHR domain (20). pFast-FH-dCRY
was described previously (30). Site-directed mutations in the
cloned genes for W397F, W420R, W536F, and W397F/W536F
of dCRY were introduced by standard methods using the
QuikChange method (Stratagene). pAc5.1-V5-JET was con-
structed by inserting the amplified JET coding sequence from
pGex4T1-JET and the V5 coding sequence (upstream of JET)
into the pAc5.1/V5-His A vector (Invitrogen). pGex4T1-JET
expressing the GST-His-Jetlag fusion protein was described
previously (13). pAc5.1.dTIM-V5His and pFast-dTIM-F were
created by inserting the Timeless coding sequence with a FLAG
tag sequence downstream of the dTIM coding sequence ampli-
fied from pIZ-Tim-YFP (kindly provided by Michael W.
Young) into pAc5.1/V5-His A vector (Invitrogen) or into pFast-
Bacl (Invitrogen), respectively. pAc.5.1.3-Galactosidase-V5H
was described previously (9).

Cell Lines—The Sf21 insect cell line (Stratagene) was cul-
tured in Grace’s insect medium (Invitrogen) containing 10%
FBS (Cellgro) and 0.5X penicillin/streptomycin (Invitrogen) at
27 °C. The Drosophila S2R+ cell line was obtained from Prof.
Steve Rogers (University of North Carolina at Chapel Hill) and
maintained in Schneider’s Drosophila medium (Sigma) con-
taining 10% FBS and 0.5 X penicillin/streptomycin at 27 °C. The
Escherichia coli BL21 strain (Stratagene), used for the expres-
sion of Jetlag in fusion with glutathione S-transferase (GST),
was cultured in LB medium (Invitrogen).

Preparation of Baculoviruses—Recombinant baculoviruses
used to express Drosophila cryptochromes were described pre-
viously (30). Baculoviruses for dTIM were prepared using the
Gibco BRL Bac-to-Bac baculovirus expression system (Invitro-
gen). Briefly, 5 ng of pFast-dTIM-F was transformed into E. coli
DH10Bac, and recombinant bacmid DNAs were isolated from 1
ml of bacterial cultures grown from colonies of transformants.
To generate recombinant virus, Sf21 cells seeded onto 6-well
plates were transfected with 2 ug of bacmid DNAs using 8 ul of
Cellfectin reagent (Invitrogen) according to the manufacturer’s
recommendations. The culture medium containing the paren-
tal virus stock was collected after 72 h, and cells were removed
by centrifugation. After three more 72-h virus amplification
steps, the fourth passage (P4) high titer stock was obtained as
working stock solution to infect Sf21 cells for large scale expres-
sion of protein.

Protein Purification—To purify FLAG-tagged (F) recombi-
nant proteins from insect cells, 1 liter of Sf21 cells (1 X 10°
cells/ml) growing at 27 °C in spinner flasks was infected with
5-10 ml of the P4 high titer virus stocks. The cells were har-
vested 36 h later and lysed in 30 ml of lysis buffer containing 50
mM Tris, pH 7.5, 150 mm NaCl, 0.1% Nonidet P-40 (Sigma),
0.5% Triton X-100 (Sigma) with 10 rounds of sonication for 10 s
each, on ice. The cell lysates were cleared by centrifugation at
17,000 X g for 1-2 h. The proteins were purified using anti-
FLAG M2-agarose beads (Sigma). Briefly, 400 ul of FLAG-aga-
rose beads was incubated with 30 ml of cleared cell lysates for
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4 h or overnight and then washed three times with 15 ml of 1X
TBS (20 mMm Tris-HCI, pH 7.5, 150 mMm NaCl). Then, recombi-
nant proteins were eluted from FLAG-agarose beads into 1 ml
of 1X TBS containing 100-200 ug/ml FLAG peptide (Sigma).
Eluted proteins were dialyzed against a storage buffer contain-
ing 50 mm Tris-HCI, pH 7.5, 100 mm NaCl, 5 mm dithiothreitol,
and 50% v/v glycerol. Typical yields were about 1-2 mg of
FH-dCRY (wild type or mutants) and 1 mg of dTIM-F from 1
liter of culture. The purified dCRY proteins except for the
W420R mutant contained essentially stoichiometric amounts
of FAD as determined by the ratio of absorbance at 440 nm to
absorbance at 280 nm as described previously (31).

In Vitro Protein Pulldown Assays—The in vitro pulldown of
dCRY by GST-His-JET (annotated as GST-JET) was performed
by the guideline of a previously described protocol (13) but with
some modifications. GST-JET was expressed in 1 liter of E. coli
BL21 strain (Stratagene) with 0.3 mm isopropyl-1-thio-B-p-ga-
lactopyranoside (Promega) for 5 h, and extract was prepared
and adsorbed to 500 ul of glutathione-Sepharose 4B following
the manufacturer’s instructions (GE Healthcare). GST-JET-
Sepharose complexes contained ~10 mg of recombinant pro-
tein/ml of Sepharose and were kept at 4 °C in buffer containing
50 mm Tris-HCI, pH 7.5, 100 mm NaCl, and 5 mMm DTT. Recom-
binant dCRY (5 ug) was added to 10 ul of GST-JET-Sepharose
beads containing 10 ug/ul GST-JET in 50 ul of 1X TBS con-
taining 200 ng/ul BSA. Microcentrifuge tubes were incubated
for 10 min under blue light (15 wmol m ™2 s~ ' at 366 nm) with
(dark) or without (light) aluminum covers. Under yellow light,
unbound dCRY was washed off three times with 500 ul of TBS
with 15-s centrifugation pulses (5,000 rpm). Bound complexes
were dissolved in 50 ul of 2X LDS loading buffer (Invitrogen)
and analyzed by immunoblotting.

Partial Proteolysis—The detailed protocol was described
previously (13). In this study, only recombinant dCRY with a
FLAG-His tag at the N terminus was used to avoid any unpre-
dicted/unseen effect of a tag at the C terminus because major
conformational change occurs close to the C terminus of dCRY.
Therefore, 15-pug quantities of FH-dCRY were aliquoted into
1.7-ml microcentrifuge tubes containing 1X PBS (138 mm
NacCl, 2.7 mm KCl, 8 mm Na,HPO, 1.5 mm KH,PO,), pH 7.4,
and 5 mM DTT, in a total volume of 50 ul, and reactions were
initiated with the addition of 5 ul of sequencing grade trypsin
(Promega). For this study, samples were trypsinized at 1:100
trypsin:CRY (w/w) ratio for 10 min to avoid any possible small
photoreduction in the Trp triad mutants by long time blue-light
exposure. Under this condition, we can detect light-affected
trypsinization sites at the very C terminus by probing from the
N terminus as described previously (please see Fig. 2, Band C, in
Ref. 13). Tubes were exposed to blue light with a 15 wmol m ™ >
s~ ! fluence rate without (light) or with (dark) aluminum foil
covers. The blue-light source consisted of two F15T8-BLB
black lights (General Electric) with an emission maximum at
366 nm. Reactions were stopped with 15 ul of 4X LDS buffer
(Invitrogen) after 10 min at 25 °C. Then, 15 ul of each reac-
tion was resolved by 4-15% SDS-PAGE (Bio-Rad) by run-
ning the samples until the 35-45-kDa prestained marker
proteins (Fermentas) ran out of the gel. Then, proteins were
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transferred onto a nitrocellulose membrane (Bio-Rad) and
immunoblotting was performed.

Light-induced Degradation of dCRY and dTIM in Drosophila
S2R+ Cells—In this study, S2R+ cells in 6-well plates were
transfected with the appropriate vectors using Cellfectin (Invit-
rogen) according to the manufacturer’s recommendations. To
obtain comparable levels of protein expression, different
amounts of WT and mutant CRY plasmids were used in co-
transfections. In CRY degradation experiments, WT (0.2 ug),
W397F (0.8 pug), W536F (0.3 pug), and W397E/W536F (0.6 ug)
CRY plasmids were used at the amounts indicated.
pAc5.1.8-Galactosidase-V5H was at 0.2 ug in each transfec-
tion, and pAc5.1./V5HisA (empty vector) was included so
that the total amount of plasmid transfected was 1 ug. In the
Tim degradation experiments, the same amount of each CRY
construct was transfected as indicated above. pAc5.1-V5-
JET (0.4 ng) and pAc5.1.dTIM-V5H (0.6 ug) were used at the
amounts indicated in each transfection, and the empty vec-
tor was included so that the total amount of plasmid trans-
fected was 2 pg. Following transfection, cells were cultured
for 36 h covered with aluminum foil. Under dim yellow light
conditions, the cells were then split into different 12-well
plates for taking time points and allowed to attach for 2 h.
The light treatment of samples was performed as described
previously (20) with a high dose (30 umol m™?s™ ') and a low
dose (3 umol m~ 2 s~ ') of 366-nm wavelength light for the
indicated times. After light treatment, the media were
removed from the plates, and cells were immediately lysed in
400 ul of 2X LDS (Invitrogen) buffer for 15 min at room
temperature. Lysed cells were then transferred into 1.5-ml
microcentrifuge tubes, and 15-ul samples were separated by
SDS-PAGE and analyzed by immunoblotting.

Immunoblot—Samples separated on 4-15% gradient
PAGEs (Bio-Rad) were transferred onto a 0.4-um Hybond
ECL nitrocellulose membrane (GE Healthcare) for 60 min at
12 volts. Then, the membranes were treated with a blocking
solution (1X TBS, pH 7.6, containing 0.1% Tween 20, 5%
nonfat dry milk) for 1 h at room temperature and incubated
with primary antibodies in the blocking solution overnight at
4.°C, washed four times (for 5, 15, 5, and 5 min) with TBS
containing 0.1% Tween 20 (TBS-T), and incubated with
HRP-conjugated anti-mouse (GE Healthcare) in the block-
ing solution for 1 h at room temperature. Unbound immune
complexes were again washed four times with TBS-T, and
membranes were treated with ECL Prime reagent (GE
Healthcare). The x-ray film images of chemiluminescence
were developed and scanned. Densitometry quantification of
images was performed with ImageQuant software (GE
Healthcare). The following antibodies were obtained from
commercial sources: mouse monoclonal anti-FLAG (Sigma),
anti-V5 (Invitrogen), and anti-GST (Sigma).

Spectroscopy—Absorption spectra were obtained using a
Shimadzu UV-1601 spectrophotometer as described previ-
ously (13); however, the samples were exposed to blue light
at a fluence rate of 15 wmol m 2 s~ ' at 366 nm for the
indicated time points. Protein samples were in storage buffer
except in Fig. 5, where samples were in proteolysis buffer
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FIGURE 1. Light-induced proteolysis of wild-type and mutant dCRYs in Drosophila S2R+ cells. A, spatial relation of the flavin cofactor and Trp residues
involved in photoinduced electron transfer and cofactor binding based on high resolution crystal structure of dCRY (21). The triad (Trp-342, Trp-397, Trp-420)
is in red. Replacement of any of the Trp residues of the triad with Phe blocks flavin photoreduction. Replacement of the proximal Trp (Trp-420) with Arg
abolishes flavin binding (31, 32). B, light-induced proteolysis of dCRY in S2R+ cells. Cells were transfected with vectors expressing B-galactosidase (3-gal) and
the indicated forms of dCRY and 36 h later were irradiated with high (30 wmol m~2 s~ ") or low (3 wmol m~2 s~ ") fluence rates of 366-nm light at room
temperature for the indicated times and then analyzed by immunoblotting. C, quantitative analysis of proteolysis data. Averages from three experiments

including the one shown in panel B are plotted for high (main plot) and low (inset) fluence rates. Bars indicate S.E.

with no trypsin (1 X PBS containing 5 mm DTT) for the spec-
tral measurements.

RESULTS

Photoinduced Proteolysis of dCRY in S2R+ Cells Expressing
dCRY Mutated in the Trp Triad and Trp-536—The crystal
structure of dCRY has been solved (20-22). Fig. 1A shows the
high resolution structure of the FAD cofactor in blue, as well as
its spatial relationships with the Trp residues that have been
implicated in photoinduced electron transfer to the flavin,
including the 3 Trps of the Trp triad (red) and Trp-536 (green)
that was revealed by structural data to be close enough to flavin
to be considered a plausible electron donor. Previously, we
reported that mutations of any Trp of the triad to Phe did not
affect the photoinduced proteolysis of Type 1 CRYs (27). How-
ever, these experiments were conducted with a single fluence
rate and only dealt with Trps in the triad. In fact, a subsequent
study reported that the in vivo fluorescence of flavin in the Trp
triad mutants expressed in Sf21 cells was not quenched as effi-
ciently as that of the WT dCRY (29), thus maintaining the view
that electron transfer through the Trp triad or the photoreduc-
tion of FAD_, is the primary photochemical event in dCRY
photosignaling. To address this issue and in addition to inves-
tigate the potential role of Trp-536 in dCRY photosignaling, we
expressed various mutants in S2R+ cells and analyzed light-
induced dCRY proteolysis under high and low fluence rates. As
seen in Fig. 1, B and C, the wild-type, the Trp triad mutant
W397F, the W536F, and the W397F/W536F mutants were
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equally susceptible to photoinduced proteolysis under high flu-
ence rate irradiation. These data indicated that the Trp-536
residue does not contribute to light-induced photosignaling.
Because a previous study had suggested that under low fluence
rate there was no photoreduction of the Trp triad mutants, and
hence no photosignaling (29), we also tested light-induced pro-
teolysis of a dCRY Trp triad mutant for proteolysis under con-
ditions of low fluence rate. We have found that of the three Trp
residues in the triad, the W397F mutant is the most stable after
mutagenic replacement, and hence performed our experiments
with the W397F mutant. As seen in Fig. 1, B and C, there is a
minor difference between wild-type and W397F Trp triad
mutant with respect to light-induced proteolysis, which is most
likely related to the fact that we must use 4-fold more W397F
plasmid than wild-type plasmid to obtain the same level of
expression. Thus, these data do not support the supposition
that photoinduced electron transfer to oxidized FAD cofactor is
the primary photochemical event for dCRY photosignaling.
Effect of Trp Mutations on dTIM Proteolysis—Although pre-
vious studies (13, 27) and data in Fig. 1 indicate that Trp — Phe
mutations in Trp residues implicated in dCRY photoreduction
do not affect light-induced proteolysis of dCRY, the actual
phase-setting event in Drosophila under dark-light cycles is the
light-initiated and dCRY-mediated ubiquitylation and proteol-
ysis of dTIM (10, 11, 14). Therefore, to understand the mecha-
nism of Drosophila circadian photoreception and photosignal-
ing, it is necessary to analyze light-induced dTIM proteolysis.
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To this end, S2R+ cells were transfected with appropriate vec-
tors and exposed to light, and the proteolysis of dTIM, along
with that of dCRY, was analyzed. Because high light doses can
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FIGURE 2. Requirements for proteolysis of ectopically expressed dTIM in
S2R+ cells. A, the W420R mutation in the FAD-binding pocket abolishes FAD
binding by dCRY. The wild-type and mutant proteins were expressed in Sf21 cells
and purified by affinity chromatography and analyzed by absorption spectros-
copy for flavin content. The 370 and 440 nm absorption peaks of FAD are marked
by arrows. a.u., absorbance units. B, ectopically expressed flavin-containing dCRY
is necessary for light-induced proteolysis of dTIM in S2R+ cells. Cells were co-
transfected with plasmids expressing dTIM and JET and with a plasmid express-
ing either WT-dCRY or mutant dCRY (W420R) as indicated; then cells were irradi-
ated with lightatarate of 30 umolm~2s~ ' asindicated, and the effect of light on
dTIM, dCRY, and JET was analyzed by |mmunoblotting. A faster migrating band
seen on dTIM blots is an unknown, cross-reacting protein.

A
W397F

W536F  W397F/W536F

lead to nonspecific protein degradation by hydroxyl radicals
generated by flavin photo-oxidation, we wished to eliminate
this potential artifact by carrying out a control reaction with the
W420R mutant in which the replacement of an Arg for a Trp in
the flavin binding pocket (31, 32) totally abolishes flavin bind-
ing. Fig. 2A shows that WT-dCRY purified from insect cells
contains a stoichiometric amount of flavin and that the dCRY
(W420R) mutant lacks flavin (below our detection limits).
When S2R+ cells expressing these dCRY and dTIM constructs
were exposed to light, WT-dCRY was degraded, but the W420R
mutant was not (Fig. 2B). Importantly, dTIM, when expressed
in S2R+ cells without dCRY or co-expressed with dCRY
(W420R), is not degraded by light exposure but undergoes rapid
light-induced proteolysis when expressed with WT-dCRY (Fig.
2B). These data establish that in our system, light-induced prote-
olysis of dTIM, like that of dCRY, is specific and is dependent on
the dCRY photosensory function. Furthermore, lack of a dCRY
effect on JET levels under our irradiation conditions also serves as
an additional control that indicates that dTIM and dCRY
proteolysis is a manifestation of the photosensory function
of dCRY and is not caused by reactive oxygen species pro-
duced by light excitation of an overproduced flavoprotein
that would attack all cellular proteins nonspecifically.
Having thus demonstrated the specificity of light-induced
proteolysis of dTIM, we analyzed the effect of the Trp residues
implicated in dCRY photoreduction on dTIM proteolysis and
hence light-induced phase resetting. Fig. 3, A and B, show that
at two fluence rates, including a fluence rate reportedly insuffi-
cient to reduce flavin in the Trp triad mutant overexpressed in
Sf21 insect cells (29), the W397F mutation had no effect on
dTIM proteolysis. Data in Fig. 3 also confirm previous reports
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FIGURE 3. Light-induced proteolysis of TIM co-expressed with WT-dCRY or dCRYs with mutations in electron donor Trp residues. A, S2R+ cells were
co-transfected with vectors expressing JET, TIM, and wild-type or mutant CRYs as indicated. Then, they were irradiated with light at high or low fluence rates
as in Fig. 1, and the levels of TIM, dCRY, and JET were assessed by immunoblotting. A faster migrating band seen on dTIM blots is an unknown, cross-reacting
protein. B, quantitative analysis of TIM degradation. The high fluence rate plot shows the average of three experiments, and the low fluence rate plot is the
average of two experiments. Error bars indicate S.E. JET, which is not degraded by light, was used as a loading control.
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FIGURE 4. Purification and properties of wild-type and mutant CRYs and GST-JET used in this study. Wild-type and mutant CRYs were expressed in Sf21
cells, and GST-JET was expressed in E. coli. Proteins were purified by affinity chromatography. A, purified proteins were separated on 4-15% SDS-PAGE and
visualized by Coomassie Blue staining. Numbers on the left indicate size markers (Mw). Lane 1, WT-dCRY; lane 2, dCRY(W397F); lane 3, dCRY(W536F); lane 4,
dCRY(W397F/W536F); lane 5, GST-JET. Each lane contains ~2 ug of protein. B, dCRY photoreduction. Absorption spectra of wild-type and mutant dCRYs before
and after light exposure (15 wmol m~2 s~ for 30 min) are shown. a.u., absorbance units. C, photoreduction and reoxidation kinetics of wild-type and mutant
dCRYs. The samples were exposed to 15 umol m~2 s~ light for 2 min and then kept in the dark under aerobic conditions, and the recovery of FAD_, was

monitored by measuring changes in the absorbance at 450 nm.

that dTIM is more sensitive to light-induced proteolysis than
dCRY (10, 11) as would be expected for a target of a photosen-
sory protein (dTIM) and the photosensory protein itself
(dCRY). Importantly, identical light-induced proteolysis kinet-
ics of dTIM co-expressed either with WT-dCRY or with a
mutant dCRY (W397F) that was reported to be non-photore-
ducible in vivo under the low fluence rate used in this series of
experiments lead us to conclude that light-induced photore-
duction of flavin cannot be the primary photochemical reaction
in dCRY-mediated photosignaling.

Conformational Change Induced by Light in the FAD,, and
FAD" Forms of dCRY and Functional Consequences—The in
vivo experiments described so far indicate that flavin photore-
duction is not the mechanism by which dCRY initiates pho-
tosignaling. However, these experiments did not resolve the
question of whether in vivo the flavinin dCRY isin the FAD__or
the FAD" form or whether the flavin redox status mattered for
dCRY function. We addressed this question by performing in
vitro experiments.

FEBRUARY 21, 2014 «VOLUME 289-NUMBER 8

Previously, using WT-dCRY in in vitro functional assays (13),
we found that: 1) exposure of dCRY (FAD,,) to blue light
resulted in rapid reduction of FAD to FAD", accompanied by
conformational change detectable by partial proteolysis and by
light-promoted dCRY-JET binding; 2) chemical reduction of
FAD,_, to FAD" with dithionite did not induce active formation
as probed by partial proteolysis or by dCRY-JET binding; and 3)
the chemically reduced form, upon exposure to blue light, did
undergo conformational change as evidenced by the partial prote-
olysis pattern as well as by light-promoted dCRY-JET interaction.
Based on these findings, we suggested that the flavin cofactor is in
the FAD" form in native dCRY. However, those experiments did
not rule out the possibility that dCRY with oxidized flavin might
undergo a similar conformational change upon light exposure,
bind to JET, and thus promote ubiquitylation of dTIM and its
subsequent proteolysis. To test this model, we purified the WT-
dCRY and dCRY with mutations in Trp residues that have been
implicated in photoreduction, and also JET, for investigating pro-
tein-protein interactions (Fig. 44). As expected, WT-dCRY and
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FIGURE 5. Light-induced conformational change in the dCRY (FAD") and dCRY (FAD_,). A, light-promoted trypsin proteolysis. dCRYs were kept in the dark
(D) or exposed to light for 10 min (L) during treatment with trypsin; C indicates control with no trypsin (20-fold diluted sample was loaded as compared with
trypsinized samples to get a nonsaturating signal). Then samples were separated on 4-15% SDS-PAGE, and then dCRY was detected by immunoblotting for
the FLAG tag at the N terminus of the protein. The light-induced trypsin cleavage sites are indicated using the nomenclature employed previously for dCRY

trypsin proteolysis (13). The FLAG tag at the N terminus is indicated with an F. B, wild-type or mutant dCRYs were exposed to 366-nm light (15 umol m

-2 5—1)

as indicated, and the redox status of FAD was monitored by absorption at 450 nm.

dCRY with the W536F mutation were readily photoreducible, but
the W397F and W397F/W536F mutants of dCRY were not (Fig.
4B). Under aerobic conditions, photoreduced dCRY and the
W536F mutant of dCRY reoxidized with identical kinetics (t, ~12
min) (Fig. 4C).

Having thus characterized the mutant proteins photochem-
ically, we then proceeded to analyze them for functional end-
points. First, we tested the various forms of dCRY for light-
induced conformational change as determined by partial
trypsin digestion. The results are shown in Fig. 5A. Both the
photoreducible WT-dCRY and W536F-dCRY and the non-
photoreducible mutants of dCRY (W397F and W397F/W536F)
undergo conformational change upon light exposure, making
two peptide bonds at the C terminus specifically sensitive to
proteolysis, although light exposure causes flavin reduction in
the first two but not in the last two as measured by flavin
absorption under these experimental conditions (Fig. 5B).
Next, we tested these proteins for a biologically relevant end
point, the binding to JET. As seen in Fig. 6, both the photore-
ducible WT-dCRY and the non-photoreducible W397F
mutant of dCRY bind to JET specifically and within the resolu-
tion of our assay to the same extent upon light exposure. We
conclude that photoreduction or reduced flavin is not neces-
sary for light-induced conformational change of dCRY and its
binding to JET to carry out its photosensory function.
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FIGURE 6. Effect of the redox status of flavin on the dCRY-JET interaction.
Wild-type or mutant dCRYs were mixed with GST-JET bound to glutathione-
agarose beads and kept in the dark (D) or exposed to light (L) for 10 min. Then,
the beads were collected by centrifugation and washed three times, and the
bound proteins were detected by immunoblotting.

DISCUSSION

The redox status of flavin in photosensory CRYs has been the
subject of numerous studies, which have led to two main mod-
els for CRY photosignaling (3—5). One model posits that the
flavin is in the two-electron oxidized form in plant CRYs and in
insect Type 1 CRYs (5, 25, 29). An alternative model proposes
that the flavin is in two-electron reduced form in vivo in the
form of dihydroquinone (FADH™) in plants and anionic
semiquinone (FAD") in Type 1 CRYs (2, 3, 8, 26, 27). We will
refer to these as the oxidized flavin and the reduced flavin
models.

In the oxidized flavin model (5, 25, 29), it is proposed that
light initiates intraprotein electron transfer through the Trp
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triad, generating flavin neutral semiquinone (FAD", signaling
state) and eventually flavin hydroquinone (FADH™, signal
down-regulation) in plant CRYs, and generating FAD" from
oxidized flavin in Type 1 CRYs, including dCRY. The intrapro-
tein electron transfer is presumed to cause the conformational
change that initiates the photosignal. With AtCRY1, it has been
reported that mutations that block electron transfer abolish
photoreduction in vitro and photoreceptor activity in vivo,
leading to the conclusion that the photopigment contained oxi-
dized flavin and that photoinduced electron transfer through
the Trp triad is an essential step in photosignaling (5). However,
a subsequent study with AtCRY2 found that Trp triad mutants
were virtually indistinguishable from wild type in all blue-light
response phenotypic endpoints (33) and concluded that, based
in part on considerations of intracellular redox potential, the
flavin cofactor is likely to be in the FADH ™ state (3). In the case
of Type 1 CRYs, including dCRY, the purified protein contains
FAD_, that is readily photoreduced to the FAD" form through
electron transfer through the Trp triad (25-27). Largely based
on this fact, it was also proposed that electron transfer through
the Trp triad is the primary photochemical event in dCRY sig-
naling (25). Moreover, the electron transfer through the Trp
triad to flavin generates a charge separated radical pair, and this
has led to the proposal that dCRY acts not only as a circadian
photoreceptor but also as a magnetoreceptor (23, 24). In sup-
port of a magnetosensory function of dCRY, it was found that
Drosophila was capable of sensing the magnetic field and that
the magnetosensory function was lost in dCRY null mutants
(23, 24). However, mutations in the Trp triad did not affect the
magnetosensory capacity of the fly (23), raising some doubts
about the role of electron transfer through the Trp triad in
photosensory (circadian and magnetic) function of dCRY.

In the reduced flavin model (2, 27), it is posited that CRY
contains flavin in the FAD" state (Type 1 CRYs) or the FADH™
state (plant CRYs) in vivo and that the oxidized flavin observed
in purified CRYs is an artifact resulting from the exposure of
CRYs to air for extended periods during purification. The find-
ings that blocking electron transfer through the Trp triad did
not affect the photosensory function of dCRY in the circadian
clock (2, 27) or in photoactivated magnetoreception (23) are
consistent with this view. Based on these considerations, we
previously proposed that in vivo, dCRY must contain the flavin
in the FAD" form, in analogy with photolyase, which contains
flavin in the FADH™ form and carries out catalysis by cyclic
non-reductive electron transfer (1, 2). However, although pho-
tolyase containing FAD__ is functionally inert in vitro (1), in this
study, we show that the dCRY (FAD_,) and dCRY (FAD") forms
are equally effective photoreceptors for light-induced confor-
mational change as probed by partial proteolysis and by light-
induced dCRY-JET binding.

Our results appear to be contradictory to the recent finding
that the W397F mutation impaired the conformational change
of dCRY (22). However, in that study, the conformational
change was probed with antibody directed to the C terminus of
dCRY, which might have interfered with the proteolytic probe
for conformational change. Our use of a tag at the N terminus
overcomes this limitation and therefore more likely represents
the actual photochemical process.

FEBRUARY 21, 2014 «VOLUME 289-NUMBER 8

While this manuscript was in preparation, a study was pub-
lished claiming that flavin reduction either by light or chemi-
cally was necessary for the conformational change leading to
the dCRY signaling state (34). Our data presented in this study
unambiguously show that light excitation of dCRY FAD can
cause functionally relevant conformational change in the
absence of flavin reduction.

We should note that the flavin cofactor of dCRY in all four
redox states can undergo light-induced intramolecular electron
transfer between the isoalloxazine and adenine moieties
whether or not there is a redox-active amino acid in the vicinity
that may participate in electron transfer (35). Such intramolec-
ular electron transfer causes a sudden local electrostatic alter-
ation and leads to a local conformational change. Thus, we con-
clude that the redox status of dCRY in vivo could be either form.
The actual in vivo redox state of flavin and whether dCRY could
exist in more than one redox state in Drosophila (all of which
are equally effective in circadian photoreception) remain to be
determined to reconcile the various observations and models
for dCRY photosignaling.
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