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Oscillations of the period (per) and timeless (tim) gene products are an integral part of the feedback loop that
underlies circadian behavioral rhythms in Drosophila melanogaster. Resetting this loop in response to light
requires the putative circadian photoreceptor cryptochrome (CRY). We dissected the early events in photic
resetting by determining the mechanisms underlying the CRY response to light and by investigating the re-
lationship between CRY and the light-induced ubiquitination of the TIM protein. In response to light, CRY is
degraded by the proteasome through a mechanism that requires electron transport. Various CRY mutant pro-
teins are not degraded, and this suggests that an intramolecular conversion is required for this light response.
Light-induced TIM ubiquitination precedes CRY degradation and is increased when electron transport is
blocked. Thus, inhibition of electron transport may “lock” CRY in an active state by preventing signaling
required either to degrade CRY or to convert it to an inactive form. High levels of CRY block TIM ubiquiti-
nation, suggesting a mechanism by which light-driven changes in CRY could control TIM ubiquitination.

In all organisms examined thus far, a feedback loop com-
prising cycling gene products that negatively regulate their own
synthesis lies at the heart of the circadian clock (7). In Dro-
sophila melanogaster, two of the genes that autoregulate in this
fashion are period (per) and timeless (tim). The per and tim
mRNA levels cycle with a circadian rhythm, such that RNA
levels are high at the end of the day (or beginning of the night)
and low at the end of the night (13, 36, 37). The two encoded
proteins (PER and TIM) also cycle, with protein accumulation
starting in the early evening and peaking in the middle of the
night (8, 15, 26, 47). As they accumulate in the cytoplasm PER
and TIM associate to form heterodimers (20, 47). This associ-
ation stabilizes PER and permits nuclear entry of both proteins
(30, 31, 34). Thus, while TIM does not require PER for sta-
bility, it is dependent on PER for nuclear transport. In the
nucleus, either one or both proteins repress the synthesis of the
per and tim mRNAs. Turnover of the two proteins, TIM in the
late night and PER in the early morning, allows RNA levels to
rise once again and the cycle continues.

Light acts as the primary zeitgeber, or timegiver, to synchro-
nize an organism to its environment. At a molecular level the
effect of light is to reduce levels of the TIM protein, an effect
that appears to mediate entrainment of the molecular loop and
thereby that of behavioral rhythms (15, 20, 26, 47). In fact, in
all organisms examined (Neurospora crassa, Drosophila, and
mammals), light changes levels of a clock component, indicat-
ing that this is a conserved general mechanism (7, 32, 41). The
photoreceptors used by the circadian clock are still a subject of
considerable debate, but in Drosophila it is clear that the visual
system is not required although it is a redundant pathway that
can mediate entrainment (14, 40, 46). The dedicated circadian
photoreceptor in Drosophila as well as in Arabidopsis thaliana
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is the flavin-binding photoreceptor, cryptochrome (CRY) (1,
9-11, 39). In Drosophila, levels of cry RNA and protein cycle
such that RNA levels peak at the end of the day and protein
levels are high at night (9). Flies containing a mutant cry gene
(cry®) display free-running behavioral rhythms but show defi-
cits in entrainment that are especially pronounced when cry” is
coupled with a visual-system mutation (14, 39). In addition,
cry” mutant flies are rhythmic in constant light while wild-type
flies are arrhythmic under such conditions, further demonstrat-
ing that their circadian system is defective in its ability to
perceive light (10).

We recently found that TIM degradation in response to light
is mediated by the proteasome and that TIM is phosphorylated
and ubiquitinated prior to its degradation (27). Ubiquitination
of TIM in response to light can be observed in cultured Dro-
sophila S2 cells. To analyze the upstream events in the photic
input pathway, we investigated the response of CRY to light
and the effect of CRY signaling on TIM ubiquitination in the
S2 cell culture system. Our data support a model in which CRY
undergoes a light-induced conformation change which leads to
its degradation by the proteasome. Blocking the transport of
electrons from reduced flavin inhibits CRY degradation and
increases TIM ubiquitination, indicating a causal relationship
between the two events. However, overexpression of CRY
attenuates TIM ubiquitination. Based on these data we pro-
pose a model according to which CRY controls TIM ubiquiti-
nation by actively blocking it in the dark and promoting it in
the presence of light.

MATERIALS AND METHODS

Plasmid construction. The pIZ-cry expression plasmid was constructed by
ligating the entire coding region of dcry (nucleotides 1 to 1629; GenBank acces-
sion no. AB018050) into expression vector pIZ/His-V5 (Invitrogen), which uses
the OpIE2 promoter. The design inserted the V5 epitope at the carboxy terminus
of CRY. CRY mutants CRY-N (amino acids 1 to 423 of CRY), CRY-C (amino
acids 244 to 542), and CRY® (39) were also subcloned into pIZ/His-V5. Expres-
sion plasmids hs-tim, hs-cry and hs-Ub were constructed by cloning full-length
c¢DNAs for tim (28), cry, and an hemagglutinin (HA)-tagged ubiquitin octamer
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(42), respectively, into hsp70 promoter-driven expression vector pCasPer-hs (27).
All constructs were verified by restriction enzyme digestion and sequencing.

Fly genetics. The UAS-cry transgenic line, P{UAS-dcry}, was generously pro-
vided by T. Tanimura (Kyushu University, Ropponmatsu, Japan) (16). To obtain
CRY-overexpressing flies, the P{UAS-dcry} line was crossed with the act5C-
GALA effector line.

Cell transfections and pharmacological treatment. All plasmids, hs-tim (1
pg/well), hs-Ub (1 pg/well), hs-cry, and wild-type and mutant pIZ-cry (amounts
specified in each figure legend) were transfected using the calcium phosphate
coprecipitation method. The calcium phosphate precipitate was mixed with 5 X
10° cells, and the mixture was incubated for 16 h. The cells were grown for an
additional 24 h in fresh media. To induce the expression of transfected genes in
the pCasPer-hs vector, cells were incubated for 30 min at 37°C and allowed to
recover at room temperature for the times indicated in the figure legends. For
light treatment (at the bench top, ~600 Ix) the cells were exposed to a 10-min or
2- or 5-h light pulse after recovery from heat shock (see figure legends for
details). For transfections where no heat shock was involved, light treatment was
initiated 40 to 48 h after transfection. Diphenylene iodonium (DPI; Sigma) and
MG115 (Z-Leu-Leu-Nva-H; Peptides International) dissolved in dimethyl sul-
foxide and lactacystin (BIOMOL) dissolved in water were used at a final con-
centration of 20 wM. After the treatments required for each experiment, cells
were harvested and lysed as described below.

Coimmunoprecipitations. S2 cells were washed once with phosphate-buffered
saline (PBS) and lysed in Triton immunoprecipitation buffer (150 mM NaCl, 50
mM Tris [pH 7.5], 10 mM EDTA [pH 8.0], 0.2% Triton X-100, 10 mM dithio-
threitol, protease inhibitor cocktail; Boehringer Mannheim). Cell extracts were
clarified by centrifugation (16,181 X g, 20 min at 4°C), and protein concentra-
tions were determined using the Bio-Rad DC protein assay. One milligram of
total protein from each clarified supernatant was incubated with 1 ul of an
antibody to TIM (UPRS) overnight at 4°C. The immune complex was bound to
protein G beads by incubation at 4°C for 1 h. Beads were then washed three
times with PBS, mixed with sodium dodecyl sulfate (SDS) gel loading buffer (40
wl), and boiled, and the supernatant was loaded onto SDS-polyacrylamide gel
electrophoresis gels. To assay ubiquitination, Western blots of the precipitates
were probed with an anti-HA antibody as described below (the transfected
ubiquitin is tagged with HA).

Western blots. Fly head extracts were obtained as follows. Heads from frozen
flies were homogenized in the Triton immunoprecipitation buffer described
above. Extracts were clarified by centrifugation (16,181 X g, 20 min at 4°C), and
the protein concentration was determined. One hundred to 150 pg of protein
from the clarified supernatant was loaded onto SDS-polyacrylamide gel electro-
phoresis gels and transferred to a nitrocellulose membrane. For S2 cell Western
blots, equivalent amounts of protein from S2 cells were loaded (amount used in
each experiment is indicated in the figure legends). After being blocked in 1%
bovine serum albumin and 3% nonfat dry milk in PBS, the blot was incubated
with either a 1:1,000 dilution of rabbit anti-HA antibody (Clontech; see Fig. 5
and 7A), a 1:300 dilution of mouse anti-HA antibody (provided by Jeffrey Field;
see Fig. 6) (12), a 1:1,000 dilution of rat anti-TIM antibody UPRS (15), a 1:1,000
dilution of mouse anti-V5 antibody (Invitrogen), a 1:200 dilution of rat anti-CRY
(raised to a full-length glutathione S-transferase~CRY fusion protein; see Fig.
7A), or a 1:5,000 dilution of rabbit anti-MAPK (mitogen-activated protein ki-
nase; Sigma) in blocking solution for 1 h at room temperature. Subsequently, the
blot was washed three times for 10 min each in PBS and then incubated with
horseradish peroxidase-conjugated secondary antibody (1:1,000; Amersham).
The signal was visualized with the ECL kit (Amersham). To ensure equal loading
on each lane, the blot was stripped in stripping buffer (62.5 mM Tris-HCI [pH
7.6], 100 mM 2-mercaptoethanol, 5% SDS) at 55°C for 30 min, rinsed in PBS,
blocked, and processed for detecting other bound proteins. In CRY experiments,
overall levels of MAPK were quantitated to control for protein concentration
and loading (see Fig. 1 and 3), whereas immunoprecipitated TIM levels were
used as a control in TIM ubiquitination experiments (see Fig. 6 and 7). The
Western blotting data were quantified on a densitometer (Molecular Dynamics),
and the relative optical density (ROD) of the protein of interest was then
determined. The means * standard errors of the means (SEM) of the experi-
ments were plotted, and Student’s ¢ test was used to make comparisons between
control and experimental groups.

Reverse transcription-PCR. mRNA from S2 cells was isolated using the
MicroPoly(A)Pure kit and transcribed to first-strand cDNA with an oligo(dT)
primer using the Superscript preamplification system (Life Technologies). To
ensure that the PCR product was derived from mRNA and not genomic DNA,
a negative control in which reverse transcriptase was omitted was included.
Subsequent PCR amplification was carried out with a primer pair that amplifies
nucleotides 654 to 1089 of cry.
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FIG. 1. CRY isdegraded by the proteasome in response to light. S2
cells were transfected with pIZ-cry (2 pg/well) and then left in the dark
for 40 h. A proteasome inhibitor, either MG115 (A) or lactacystin
(lacta) (B), was added to the culture media at 20 uM. The cells were
subsequently kept in light (L) or dark (D) for 5 h prior to Western blot
analysis. (Left) Western blots (150 pg/lane) were probed first with an
anti-V5 antibody to detect pIZ-cry and then with an anti-MAPK anti-
body to control for loading. (Right) For each proteasome inhibitor,
data from three independent experiments were quantified on a densi-
tometer (Molecular Dynamics). The ROD of the CRY signal was nor-
malized to that of MAPK, and the means = SEM are graphed. *, sig-
nificantly different from the light-treated control assayed in the absence
of the proteasome inhibitor (+ = —3.05 and P < 0.04 for MG115, and
t = —3.22 and P = (.03 for lactacystin). MG115 and lactacystin did not
produce significant changes in CRY expression in the samples that
were maintained in the dark ( = —2.66 and P = 0.056, and r = —0.32
and P = 0.77, respectively).

RESULTS

CRY is degraded by the proteasome in response to light.
The profile of CRY protein expression in light-dark (LD)
cycles suggested that the protein is unstable in the presence of
light (9). Light-induced instability of CRY was supported by
experiments in which CRY was expressed in S2 cells (4). We
transfected cells with a pIZ-cry construct, in which CRY is
tagged with a V5 epitope, and noticed that levels of the protein
were reduced by light treatment. To identify the mechanisms
that degrade CRY, we treated CRY -transfected cells with
light in the presence of proteasome inhibitors MG115 and
lactacystin. Both these agents were effective in blocking CRY
degradation (Fig. 1). This effect of light on both TIM (27) and
CRY suggests that the action of a ubiquitin/proteasome deg-
radation pathway may be one of the first events in photic
resetting in Drosophila.

CRY mutants are not degraded by light. We previously
reported light-induced ubiquitination of TIM in S2 cells (fur-
ther discussed below). The photoreceptor that transduced pho-
tic signals to TIM was not known, but, based on data implying
a role for CRY in circadian photoreception (11, 39) together
with the reported light-activated direct interaction of TIM and
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FIG. 2. Effect of light on CRY mutants. (A) Expression of endog-
enous cry in S2 cells. A 435-bp band corresponding to dcry (bp 654 to
1089) was detected through reverse transcription-PCR with S2 mRNA
(lane 1). There was no band when reverse transcriptase was eliminated
from the reaction, indicating that the product is derived from RNA
(lane 2). Lane M, molecular weight markers (Life Technologies). (B)
(Top) Schematic representation of CRY mutants. The CRY" mutant
carries a missense mutation (asterisk) that substitutes an asparagine
(N) for an aspartic acid (D) in the flavin-binding site. Both CRY-N and
CRY-C contain the 14 highly conserved residues required for flavin
binding but lack sequences at the C and N termini, respectively. (Mid-
dle) Western analysis of S2 cells transfected with the mutant cry DNA
(2 ng/well). Light-treated cells were exposed to a 2-h light pulse. Equal
amounts of light-treated (L) and dark control (D) lysates (150 wg/lane)
were loaded onto the gel, and the blot was probed with an anti-V5 anti-
body. (Bottom) The Western blotting data from this experiment and from
several others were quantified on a densitometer (Molecular Dynam-
ics). The ROD of the signal obtained under different conditions was nor-
malized to that of wild-type CRY in the dark, and the means = SEM were
plotted. The numbers of independent experiments are in parentheses.

CRY (4), we suspected that S2 cells expressed endogenous cry.
As shown in Fig. 2A, we confirmed the presence of cry RNA in
S2 cells. Consistent with the presence of endogenous CRY in
our S2 cells, we found that light-dependent inhibition of PER-
TIM feedback activity, which is known to be CRY dependent
(4), occurred to a significant extent in the absence of trans-
fected CRY (S. Sathyanarayanan, F. Lin, and A. Sehgal, un-
published data). The presence of endogenous photic signaling
mechanisms in S2 cells provided us with a system in which we
could assay the degradation of transfected CRY regardless of
its ability to transduce a photic signal.
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To determine whether a specific region of CRY mediates its
degradation, we transfected different CRY mutants and as-
sayed their response to light. As shown in Fig. 2B, CRY-N (ami-
no acids 1 to 423) has the C-terminal 119 amino acids deleted
and CRY-C (amino acids 244 to 542) has the N-terminal 243
amino acids deleted. The cry” mutation is a missense mutation
within the sequence that encodes the highly conserved flavin-
binding region of Drosophila CRY. It corresponds to the orig-
inal cry mutation isolated through a genetic screen of Drosoph-
ila (39). Treatment with light did not reduce the levels of any
of these mutant CRY proteins (Fig. 2B). For CRY-N the levels
were consistently low with and without light treatment, indi-
cating a general instability of the protein. CRY-C was ex-
pressed at high levels, and levels of CRY" were equivalent to
those of the wild type. However, none of these proteins showed
a response to light. Since there is no common sequence that is
deleted in all these constructs, this indicates either that CRY
degradation requires more than one part of the molecule or
that the overall conformation of the molecule is important
for its recognition by the degradation system. The large dele-
tions in CRY-N and CRY-C may prevent such a conformation
change. For CRY®, the mutation is thought to prevent associ-
ation with flavin, which may be required for a redox-mediated
conformation change (see below).

CRY degradation requires redox activity. CRY signaling in
plants requires redox activity and is mediated, at least in part,
by the flavin moiety bound to CRY (23, 45). This is based on
the finding that DPI, which inhibits the transport of electrons
from reduced flavin, was effective in blocking CRY-mediated
photic signaling in Arabidopsis (23). In addition, flavins partic-
ipate in electron transport in other systems, the most relevant
system being that of the photolyases, which are homologous to
CRYs and which are known to repair DNA through an elec-
tron transfer mechanism (2, 6).

Based on the data implicating electron transport in Arabi-
dopsis CRY signaling, we determined the effect of electron
transport inhibitors on degradation of Drosophila CRY. As
shown in Fig. 3, DPI attenuated CRY degradation. Thus, pho-
tic signaling by Drosophila CRY involves redox activity, most
likely mediated by the flavin. Note that the doses of DPI used
here have not been associated with any toxic effects in cell
culture systems (5, 35). Ferricyanide, which blocks electron
transport in the membrane, attenuated CRY degradation to a
limited extent (data not shown).

Relationship between light responses of CRY and TIM. The
presence of endogenous CRY in our S2 cells supported the
idea that the light-dependent TIM ubiquitination we reported
previously (27) was mediated by CRY. As mentioned above,
the data of Ceriani et al., demonstrating a light-dependent
interaction between TIM and CRY, also suggested that CRY
regulates TIM (4). To determine if the TIM response to light
requires CRY, we assayed TIM levels in light-pulsed and un-
pulsed cry” flies. As shown in Fig. 4, while wild-type flies
showed the characteristic decrease in TIM levels with light
treatment, this response was lacking in cry” flies. Using a his-
tochemistry assay, Ivachenko et al. also recently reported that
TIM does not respond to light in larval lateral neurons and
adult Malpighian tubules of c¢ry” flies (17).

We used the S2 cell system to determine the relationship
between light-induced CRY degradation and TIM ubiquitina-
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FIG. 3. CRY degradation requires electron transport. The CRY
response to light was tested in transfected S2 cells in the presence of
electron transport inhibitor DPI. Cells were transfected with pIZ-cry (2
ng/well), and DPI was added to the culture media immediately before
a 5-h light pulse. (Top) CRY expression was assayed through Western
blots using an anti-V5 antibody. The blots were then stripped and
reprobed with an anti-MAPK antibody. Three independent experi-
ments were performed and analyzed. (Bottom) The ROD of the CRY
signal was determined and normalized to that of MAPK. *, signifi-
cantly different from the light-treated sample assayed in the absence of
DPI (t = —3.65, P < 0.03).

tion and degradation. One possibility we considered was that
CRY was required for TIM stability. In this model, light-
induced CRY degradation would lead to TIM degradation,
perhaps by exposing relevant sites on TIM to phosphorylation
and ubiquitination events. Although TIM and CRY do not
bind each other in the dark in the yeast two-hybrid system, they
can be coimmunoprecipitated from S2 cells, suggesting that
they are present in the same complex (4). Thus, removal of
CRY in response to light could affect TIM processing. Alter-
natively, light exposure may lead to some conformational
and/or redox changes in CRY which trigger downstream events
including TIM ubiquitination and CRY degradation. To dis-
tinguish between these two possibilities, we examined the time
course of TIM ubiquitination and that of CRY degradation in
S2 cells. We detected an increase in TIM ubiquitination within
5 min of light exposure (Fig. 5A), while CRY levels in the same
extracts remained unchanged up to the end of a 30-min light
pulse (Fig. 5B). Thus, overall degradation of CRY does not
appear to be required for TIM ubiquitination. Although we
cannot exclude the possibility that CRY is removed from a
complex with TIM, it is more likely that in response to light
CRY transmits a signal that leads to TIM ubiquitination.

We failed to detect significant degradation of TIM in S2 cells
in response to light. This may be due, in part, to the HA tag on
the ubiquitin, which could interfere with proteasomal diges-
tion. However, other researchers have also noted that TIM is
not turned over upon light exposure in S2 cells (4). Extended
incubation (up to 6 h post-TIM induction) of transfected cells
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resulted in TIM degradation in both dark- and light-treated
cells (data not shown).

We next examined TIM ubiquitination in the presence of
electron transport inhibitor DPI. TIM ubiquitination was in-
creased by DPI (Fig. 6), although CRY degradation was
blocked, which is consistent with the idea that TIM ubiquiti-
nation does not require degradation of CRY (Fig. 5). In fact,
the increased TIM ubiquitination is most likely due to the
accumulation of activated CRY, effected through a block ei-
ther in degradation or in the reconversion of CRY to an inac-
tive form.

Effect of CRY overexpression on the TIM light response. As
noted above, we believe that light-induced TIM ubiquitination
in S2 cells is mediated by endogenous CRY. To test the effects
of increasing CRY levels on light-induced TIM ubiquitination,
we cotransfected S2 cells with hs-tim, hs-Ub (27), and different
concentrations of either pIZ-cry or hs-cry and assayed TIM
ubiquitination 2 h after light exposure.

High concentrations of both hs-cry and pIZ-cry decreased
TIM ubiquitination (Fig. 7A and data not shown). However,
ubiquitination of TIM was enhanced when <0.2 g of hs-cry/
well was transfected (Fig. 7A). pIZ-cry did not increase TIM
ubiquitination when transfected at low concentrations, most
likely because this plasmid yielded higher levels of CRY ex-
pression. Taken together these observations indicate that small
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FIG. 4. TIM is not degraded by light in cry” flies. Wild-type (Can-
ton S) and cry” flies were treated with a 1-h light pulse at zeitgeber time
20 (ZT20; ZTO0, lights on; ZT12, lights off [12-h—12-h LD cycle]). (Top)
At the end of 1 h, light-pulsed flies (LP) and unpulsed controls (NP)
were harvested and head extracts (100 pg/lane) were assayed for TIM
expression. The Western blots were stripped and reprobed with an
anti-MAPK antibody to control for loading (in other experiments we
determined that levels of MAPK do not cycle in adult fly heads [J.
Williams and A. Sehgal, unpublished data]). (Bottom) The data were
quantified on a densitometer, and TIM levels were normalized relative
to those of MAPK. The means = SEM of three experiments are shown
for both genotypes in light and dark. TIM levels were significantly
reduced by light in wild-type flies (t = —3.78; P = 0.019) but not in the
cry” mutant (t = —1.31; P = 0.26).
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FIG. 5. TIM ubiquitination precedes CRY degradation. We deter-
mined the time course of light-induced TIM ubiquitination and of
CRY degradation in S2 cells. Cells were cotransfected with hs-tim,
hs-Ub (this expresses an HA-tagged ubiquitin octamer), and pIZ-cry (2
png/well). (A) Expression of TIM and HA-tagged ubiquitin was induced
through heat shock treatment (see Materials and Methods). After
recovery from heat shock, cells were exposed to light for the indicated
times and harvested immediately. TIM ubiquitination was assayed by
probing TIM immunoprecipitates with an anti-HA antibody. Similar
results were obtained in two independent experiments. (B) Samples
from panel A were run on a separate gel and probed with anti-V5 to
determine the level of CRY after light treatment.

increases in CRY promote TIM ubiquitination after 2 h of
light exposure but that high levels attenuate it. However, even
in the presence of high levels of CRY, TIM ubiquitination
increased during the first 10 to 15 min of light treatment (Fig.
5A). The block at later time points in CRY-overexpressing
cells (Fig. 7A) is indicative of a deficit in the maintenance of
TIM ubiquitination, which may be due to enhanced deactiva-
tion of CRY (see Discussion).

Our data on the differential effects of low and high CRY
concentrations are supported by results of CRY overexpres-
sion in transgenic flies. Flies that overexpress CRY under con-
trol of the tim promoter show enhanced resetting, while those
that express CRY under the actin 5c promoter show a reduc-
tion of light-induced phase delays (16). The difference in the
phenotypes of these two overexpression strains may lie in the
level of overexpression. To determine whether the reduced
resetting in the actin 5c line correlated with reduced TIM
degradation in response to light, we crossed flies carrying a
UAS-cry construct to others carrying an actin 5¢ promoter-
GAL4 transgene and assayed the resulting progeny for TIM
expression. TIM expression was examined at different times of
day by Western blotting of adult fly head extracts (Fig. 7B). In
CRY overexpression flies TIM levels were considerably higher
than wild-type levels at time points 1 and 4 but equivalent to
wild-type levels at all other time points. Thus, the effect was
specific for the early part of the day, when TIM is normally
turned over in response to light.

DISCUSSION

Degradation of CRY by light invokes analogies with the
plant photoreceptors, phytochrome (PHY) and CRY, both of
which are degraded in response to light (22, 38). Thus, it may
be a common mechanism to control levels of the photorecep-
tor and thereby the strength of the photic response. Moreover,
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as noted here for CRY, PHY is known to be degraded by the
proteasome (38).

The role of the proteasome in degradation of both CRY and
TIM also underscores similarities with the cell cycle. The cell
cycle is characterized by cycling proteins that undergo phos-
phorylation and subsequent degradation, in many cases by the
proteasome (18). We now know that both PER and TIM are
cyclically phosphorylated and that phosphorylation plays a role
in turnover of both proteins (27, 30). For TIM, light-induced
degradation is effected through an increase in phosphorylation
and ubiquitination (27). Thus, as for the cell cycle, multiple
proteins in the circadian cycle are turned over by the ubiquitin-
proteasome pathway. However, PER turnover may utilize a
different pathway since ubiquitination of PER has not been
observed (27).

The mechanisms that lead to CRY degradation in response
to light are not clear, but we hypothesize that a conformation
change in CRY is required. A light-induced conformation
change is supported by the following lines of evidence. (i) In
the yeast two-hybrid system CRY interacts with full-length
TIM in the presence of light but not in the dark (4). (ii)
Sequences that mediate CRY degradation do not appear to
map to a unique part of the molecule, suggesting that the

FIG. 6. TIM ubiquitination is increased by blocking electron trans-
port. Cells were transfected with hs-tim (T), hs-Ub (U), and pIZ-cry
(C) (0.2 pgfwell). After a 30-min heat shock, the cells were maintained
in the dark for 2 h. DPI (20 uM) was added to the cultures 10, 20, or
30 min prior to the initiation of a 10-min light pulse (L). Controls were
maintained in the dark (D) during this time. (Top) TIM ubiquitination
was assayed as described for Fig. 5. (Middle) The blot was reprobed
with an anti-TIM antibody to visualize overall TIM levels. TIM ubiqg-
uitination was increased in the DPI-treated groups. (Bottom) Quanti-
tation of data from three independent experiments. In all cases, the
ROD of the ubiquitinated TIM species in DPI-treated groups was
quantified on a densitometer and normalized to the ROD of ubiqui-
tinated TIM in untreated cells. The duration of DPI treatment prior to
the light pulse is indicated within each bar. The numbers of times an
experimental condition was repeated are in parentheses.
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FIG. 7. Effect of CRY overexpression on light-induced TIM ubiq-
uitination and TIM expression. (A) hs-tim, hs-Ub, and different amounts
of the hs-cry plasmid were transfected into S2 cells where indicated. (Top)
To analyze ubiquitination, TIM immunoprecipitates were probed with
an anti-HA antibody. (Middle) The blots were reprobed with an anti-
TIM antibody to evaluate overall levels of TIM. (Bottom) CRY levels
were verified by probing the same lysates (100 wg) with an anti-CRY
antibody. The differential effects of low and high concentrations of
CRY were observed in two independent experiments with the hs-cry
plasmid. Blocking by high concentrations of CRY was also seen in
multiple experiments with the pIZ-cry plasmid (see text). (B) Light-
induced degradation of TIM protein is delayed in flies that overexpress
CRY. Flies were collected at the indicated zeitgeber times (ZT) during
the third day of a 12-h-12-h LD cycle. (Top) Western blots of yw and
Act5C-GAL4/UAS-cry adult head extracts (100 pg/lane) were probed
with an anti-TIM antibody. (Bottom) Data from two or three inde-
pendent experiments (the data for all the yw time points and UAS-cry
ZT23 are based on two experiments; data for UAS-cry time points
other than ZT23 are based on three) were quantified on a densitom-
eter. Means = SEM are plotted. A more detailed comparison of early
day time points (ZT1, -2, and -4 to -6) between the two genotypes con-
firmed that TIM levels were higher in UAS-cry flies in the early part of
the day (data not shown).

tertiary structure is important (Fig. 2). (iii) The CRY" protein
is not degraded by light (Fig. 2). All these mutants were tested
in the presence of endogenous CRY, and so their ability to
signal was dissociated from their degradation. Although the
single amino acid mutated in the flavin-binding region in
CRY" could play a direct role in the degradation process, it is
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far more likely that it affects a flavin-mediated conformation
change. The fact that CRY" does not associate with TIM in the
yeast two-hybrid system (4) is consistent with an inability to
undergo a conformation change.

Ceriani et al. showed recently that CRY blocks PER and
TIM autoregulation of their own RNA synthesis in a light-
dependent manner in S2 cells (4). As TIM degradation is not
detectable in S2 cells, they suggested that the inhibition of TIM
activity, rather than its degradation, by CRY is the primary
response to light. We believe that this block in PER-TIM
activity may be the immediate response of the clock to light.
Presumably this block persists as long as the photic signals are
present and CRY is not degraded. However, a phase change of
several hours, which can be produced with a pulse of <1 min
of light, must require an irreversible change in a clock compo-
nent. We show that TIM is ubiquitinated in S2 cells within 5
min of light treatment. In flies, TIM degradation (which pre-
sumably follows ubiquitination) occurs within 30 to 60 min of
light treatment (15) and is apparently critical for resetting the
clock (40, 46). As shown in Fig. 4 and as reported by Ivachenko
et al., a CRY molecule with a functional flavin-binding domain
is required for this response (17).

Signaling by flavins frequently involves a redox change (2,
23, 24). In fact, we show here that a reagent that blocks the
transfer of electrons from reduced flavin prevents CRY deg-
radation by light. At the same time, it increases TIM ubiquiti-
nation. Based on the recently proposed models for Arabidopsis
CRY (45), DPI may block either intramolecular electron trans-
port required for a change in CRY conformation or inter-
molecular transport to a signaling pathway that effects deg-
radation. Assuming that active CRY, which promotes TIM
ubiquitination, is produced by a conformation change, we sug-
gest that the DPI-sensitive step occurs after the conformation
change. It should be noted that DPI can also block the activity
of other flavoproteins, such as NADPH oxidase and nitric
oxide synthase, that play a role in redox processes (21, 44).

We show here that high levels of CRY block TIM ubiquiti-
nation. Our data on the effects of CRY in S2 cells are sup-
ported by in vivo fly data. Transgenic flies that overexpressed
CRY under control of the #im promoter showed enhanced
resetting, indicating that within a certain range increasing lev-
els of the photoreceptor amplify the photic signal (9). Like-
wise, at very low concentrations in cultured cells we observed
increased TIM ubiquitination (Fig. 7A). However, when CRY
was overexpressed by the actin 5c¢ promoter in flies (16) and
also in the cultured cells when it increased beyond a certain
level (Fig. 7A), the photic signal is reduced. The transgenic
lines that expressed CRY under the control of the actin 5c
promoter showed smaller phase shifts than the wild type, per-
haps because the actin promoter drives a high level of expres-
sion at all times of day, as distinct from the #im promoter,
which is rhythmically transcribed. In addition, the actin 5c line
that expressed the highest levels of CRY showed decreased
sensitivity to light such that a higher intensity of light was
required to produce shifts equivalent to that for the wild type.
Our data demonstrate that in these flies levels of TIM in the
early part of the day are increased. This could be due to the
effect of CRY overexpression on the feedback mechanism;
since CRY is known to attenuate negative feedback by PER
and TIM in a light-dependent manner (4), CRY overexpres-
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FIG. 8. Model for the effect of CRY on TIM. The light-induced
conformation of CRY promotes TIM ubiquitination, perhaps through
direct interaction with TIM. This conformation of CRY also signals to
a degradation pathway through a DPI-sensitive electron transport
mechanism. As a result, both CRY and TIM are degraded (although
TIM degradation is not observed in S2 cells, light-induced TIM deg-
radation in flies is CRY dependent [17] [Fig. 4]). We assume that, like
other photoreceptors, CRY is eventually deactivated. Overexpression
of CRY may favor its deactivation, resulting in decreased TIM ubiq-
uitination in S2 cells and decreased degradation in flies (Fig. 7). We
suggest that the inactive CRY actively inhibits TIM ubiquitination, a
mechanism by which CRY could also control TIM ubiquitination in the
dark (see Discussion). FADH, reduced flavin adenine dinucleotide.

sion could result in reduced feedback and thereby increased
tim RNA expression. However, one would expect the increased
RNA to also result in high levels of TIM at night, which was
not observed here (Fig. 7B). Given that daytime levels are
preferentially affected, together with the behavioral phenotype
of these flies, we favor the alternative explanation that the TIM
response to light is reduced due to attenuation of photic sig-
naling by overexpressed CRY.

We infer that, in the actin 5¢c-CRY flies as well as in the S2
cells, less CRY is present in an active (light-induced) confor-
mation. Overexpression may result in rapid deactivation of
CRY in continuous light, which would account for the decrease
in TIM ubiquitination observed at later time points (compare
Fig. 5 and 7). We note that photoreceptors are known to be
deactivated in the presence of continuous light (25), a process
that may be augmented by overexpression. An attractive pos-
sibility is that the inactive form of CRY prevents TIM ubig-
uitination while the light-induced form, which binds TIM di-
rectly, promotes TIM ubiquitination (Fig. 8). In the CRY
overexpression situation the high levels of inactive CRY during
both the light and the dark attenuate TIM ubiquitination.
Since the inactive form is normally found in the dark, this
would be indicative of a role for CRY in blocking TIM ubig-
uitination in the dark (Fig. 8). It may be possible to test this
model by generating mutations that lock CRY in a particular
conformation. It would also be interesting to determine the
effects of acute CRY induction on overall TIM levels and on
light-induced TIM degradation in flies. A function for CRY in
stabilizing TIM may also have relevance for its mechanism of
action within the clock. To date, there is no evidence to suggest
that CRY is involved in generating free-running behavioral
rhythms in Drosophila, but it apparently participates in clock
function in peripheral tissues (17, 19). Interestingly, in Mal-
pighian tubules, where CRY appears to be part of the clock,
TIM levels are low in cry” flies (17). In addition, mammalian
CRY is part of the clock that controls behavioral rhythms and
is thought to stabilize mPER2 (33). It is conceivable that, as a
clock component, CRY controls free-running degradation of
clock proteins, thereby promoting molecular oscillations.
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The lack of TIM degradation in S2 cells suggests that some
components of the pathway are absent or expressed at low
levels in these cells. Nevertheless, it is clear that S2 cells are
capable of circadian photoreception and support all the events
that lead up to the first response of a clock protein. Given that
the S2 cell line is an embryonic line that has not differentiated
completely, this suggests that photoreceptors, and in some
cases perhaps even circadian oscillators, are found in undiffer-
entiated embryonic cells, which give rise to specific organs. In
this context, note that some mammalian cells display cyclic
expression of clock genes when serum shocked (3). In addition,
circadian oscillators that can be entrained by light have been
described in isolated organs from both vertebrates and inver-
tebrates (29, 43).
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