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completely rescued mice of both strains from 
60% lulling doses of gainma irradiation (8 Gy 
for C57BL and 6 Gy for Balblc). Significant 
protection was also seen at higher doses of 
irradiation that were lethal for control animals 
(Fig. 4A). PFTa-injected mice lost less weight 
than irradiated mice that were not pretreated 
with the dmg (Fig. 4B). PFTa did not protect 
p53-null mice from lethal irradiation: which 
confirms that it acts through a p53-dependent 
mechanism in vivo (13). 

Dmg-mediated suppression of p53 results 
in the sunrival of cells that otherwise would 
be eliminated by p53 and that may increase 
the risk of new cancer development. In fact, 
p53-deficient mice are extremely sensitive to 
radiation-induced tumorigenesis (14). How- 
ever, in our study, no tumors or any other 
pathological lesions were found in the group 
of 30 survivors rescued from lethal gamma 
irradiation by PFTa. even at 7 months after 
irradiation. Thus. temporaly suppression of 
p53 appears to differ from p53 deficiency in 
terms of cancer predisposition. 

To monitor PFTa activity at the tissue level, 
we compared the effect of gamma radiation on 
DNA synthesis in tissues in PFTa-treated and 
untreated mice using a 14C-thymidine incorpo- 
ration assay. 14C labeling of slun. gut, and 
several other tissues was significantly de- 
creased after gamma irradiation in p53 + '+ mice 
but not p 5 3 '  mice, reflecting the p53 depen- 
dence of the effect. The radiation-induced de- 
crease in 14C-thymidine incorporation was less 
pronounced in PFTa-treated mice than in con- 
trol irradiated animals, presumably reflecting 
PFTa inhibition of p53 (Fig. 4B). These results 
suggest that PFTa attenuates the p53-depen- 
dent block of DNA replication in rapidly pro- 
liferating tissues after whole-body gamma irra- 
diation. Changes in thymidine incorporation 
correlated with the extent of apoptosis in 
the gut epithelium of gamma-irradiated 
mice. The extensive apoptosis observed in 
the crypts and villi of the small intestine 
was abrogated in mice treated with PFTa 
before irradiation (Fig. 4C). 

Our results raise the possibility of using 
PFTa (or other compounds with similar ac- 
tivity) to reduce the side effects of radiation 
therapy or chemotherapy for human cancers 
that have lost functional p53. Because the 
effects of PFTa are p53-dependent. the com- 
pound should not affect the sensitivity of 
such tumors to treatment. In fact. i.p. injec- 
tion of PFTa did not change the radiation 
response of p53-deficient tumor xenografts in 
p53+ + nude mice (15). 

It is likely that suppression of p53-depen- 
dent apoptosis has already been successfully 
and broadly applied to cancer patients in the 
form of growth factors supplementing chemo- 
therapy (16). The therapeutic effect of such 
supplements may be associated with their ac- 
tivity as survival factors suppressing p53-de- 

pendent apoptosis (1 7). PFTa can now be used 
to determine whether there are any other clini- 
cal situations in which p53 suppression might 
be desirable. These include heart and brain 
ischemia: which both result from local hypoxia, 
a potent activator of p53 (18). Systematic 
screening of synthetic and natusal compounds 
may lead to the identification of additional p53 
inhibitors that may protect tissue from the con- 
sequences of a variety of stresses. 
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A Role for the Proteasome in 
the Light Response of the 

Timeless Clock Protein 
Nirinjini Naidoo, Wei Song, Melissa Hunter-Ensor," Amita Sehgaly 

The cyclic expression of the period (PER) and timeless (TIM) proteins is critical 
for the molecular circadian feedback loop in Drosophila. The entrainment by 
light of the circadian clock is mediated by a reduction in TIM levels. To elucidate 
the mechanism of this process, the sensitivity of TIM regulation by light was 
tested in an in vitro assay wi th  inhibitors of candidate proteolytic pathways. 
The data suggested that TIM is degraded through a ubiquitin-proteasome 
mechanism. In addition, in cultures from third-instar larvae, TIM degradation 
was blocked specifically by inhibitors of proteasome activity. Degradation 
appeared t o  be preceded by tyrosine phosphorylation. Finally, TIM was ubi- 
quitinated in response t o  light in cultured cells. 

In organisms ranging from cyanobacteria to 
mammals, the endogenous circadian clock is 
a feedback loop composed of cycling gene 
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products that control their own synthesis. 
Such autoregulation has been demonstrated 
for the period (per) and timeless (tim) genes 
in Drosophila melanogaster, the frequencj) 
(frq) gene in i'v'e~rospora~ the lcai gene clus- 
ter in cyanobacteria: and appears to be true of 
the mammalianper genes (1, 2). In all cases; 
precisely timed negative feedback by the pro- 
teins results in rhythmic expression of the 
FWA. 

Rhythmic feedback is effected largely 
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through circadian control o f  protein levels. els o f  R N A  (2). Degradation o f  the proteins 
Thus, when protein levels are high, nega- eliminates feedback and allows R N A  levels 
tive feedback occurs, resulting in low lev- to rise once again. Early disappearance o f  

Fig. 1. Degradation of A t1m0 - yw B 
TIM by a light-induced 
activitv. Dash indicates - dark llght dark light - + Dark 
incub& without the 220 
addition of extract. Ap- 
proximately 1 mg of 
head extract made from 
yellow-white ( w) flies 
kollected at i t 1 9  (36) 
was incubated either ,u~" +6&a+u.4z4 ,.L. 
with an antibody to  
TIM (UPR8) (7) o iwi th  ZZLI-b 

an antibody to  PER - 
(UPR1) (5) overnight at 
4OC. The immune com- 
~Lex was bound to  Dro- 
iein C beads by inchba- 
tion at 4OC for 1 hour and then washed in PBS. Head extract (37) fromyw or timO flies collected at ZT20 
either after a 1-hour pulse of light (Light) or unpulsed (dark) was added to  the immunoprecipitated TIM 
and incubated for 1 hour at 25OC. TIM levels were assayed by SDS-polyacrylamide gel electrophoresis 
and immunoblotting. We routinely detect two bands with this particular antibody to  TIM. Based on data 
in the laboratory, we believe that they reflect products of alternatively spliced forms of TIM (73). They 
both respond to light. The variability of this assay is addressed in (76). (A) Degradation of TIM by a 
light-induced activity inyw and timO flies. (B) A Light-treatedyw extract that degraded TIM (upper panel) 
failed to  degrade PER (lower panel). (C) Inhibition of degradation activity by inhibitors of the 
proteasome. These experiments were carried out as above, except for incubation of the light-treated 
extracts with the inhibitors MC115 (40 pM), MC132 (40 pM), and ALLN (40 pM) for 30 min at 4OC 
before their incubation with immunoprecipitated TIM. Light and dark control extracts had no inhibitors 
added. 

the protein (in the case o f  the per' mutant) 
results in an earlier rise o f  R N A  levels and 
a shortening o f  circadian period b y  -5 
hours (3). In addition, the accumulation o f  
both PER and T I M  proteins lags behind the 
rise o f  their RNAs b y  -6 hours and, at least 
in the case o f  PER, is regulated at the level 
o f  protein stability rather than R N A  trans- 
lation (4, 5). Phosphorylation o f  PER b y  
the casein kinase encoded b y  the double- 
time gene renders it unstable in the absence 
o f  T I M  (6). Finally, levels o f  the T I M  
protein, but not o f  the RNA, are reduced b y  
light, a response that shifts the phase o f  the 
clock and apparently mediates resetting o f  
behavioral rhythms (7-12). 

To  investigate the nature o f  the T I M  
l ight response, we developed an in vitro 
assay. We entrained flies to a 12 hour 
light112 hour dark cycle and prepared head 
extracts f rom flies collected at either Z T  
(zeitgeber time) 20 or immediately after a 
1-hour l ight pulse delivered at Z T  19 
(ZTO = lights on; ZT12 = lights off). 
These extracts were incubated w i th  T I M  
protein immunoprecipitated f rom f l y  heads. 
After a I-hour incubation at room temper- 
ature, we assayed T I M  levels b y  protein 
immunoblots. Addition o f  the pulsed ex- 

Fig. 2. TIM degradation in lateral neurons is mediated by the proteasome. 
(A) TIM degradation was assayed in larval lateral neurons in the presence 
or absence of specific inhibitors. TIM staining is shown on the right and 
PDH on the left. The lateral neurons are indicated by arrows. Third-instar 
larvae were collected at ZTZO on ice, washed in 70% ethanol, and held 
in Schneider's medium on ice. The CNS was dissected out and maintained 
in culture medium [Schneider's medium containing 100 penicillin ( ~ ~ g l  
ml), streptomycin (100 pglml), fungizone (0.25 kglml), gentamycin (20 
pg/ml), insulin (500 nglml), and 20% fetal bovine serum]. (B) For the 
inhibitor studies, the inhibitors MG115 (200 p,M) or lactacystin (50 kM) 
or the vehicle control (DMSO) were Dresent in the culture medium during 
dissection and incubat'ion.   he tissui was incubated for approximately 45 
min with the inhibitor before receiving a 20-min light pulse, followed by an additional 40-min incubation in low Light. The tissue was fixed in 4% 
paraformaldehyde in PBS for 30 rnin before washing and staining with TIM and PDH antibodies (38). 
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tract reduced the TIM signal (Fig. 1A). 
Unpulsed head extract had no effect on the 
level of TIM, indicating that the reduction 
was light-specific. This light-induced re- 
duction was also observed in timO flies 
(which lack TIM protein) and was, in fact, 
routinely higher in these flies, which may 
suggest some down-regulation by the clock 
in wild-type flies. An immunoprecipitated 
PER substrate was not degraded by addi- 
tion of the pulsed extract (Fig. 1B). 

In order to determine the nature of the pro- 

Thus, we used a primary culture assay in 
which we investigated the effect of two 
proteasomal inhibitors, lactacystin and 
MG 1 15 on the TIM light response. Lacta- 
cystin, a microbial metabolite, is the most 
specific known naturally occuring inhibitor 
of the proteasome (1 7). It spontaneously 
hydrolyzes into clastolactacystin B lactone, 
which is the active species that reacts with 
the proteasome, inhibiting its chymotryptic 
and tryptic peptidase-like activity (18). 
MGI 15 (Fig. 1C) is a potent synthetic pep- 

hydrolysis of macromolecular substrates 
(14). The <loo% block by lactacystin may 
reflect variable permeability or instability 
of the lactone metabolite. The dimethyl 
sulfoxide vehicle did not inhibit degrada- 
tion. Treatment with PMSF, a serine pro- 
tease inhibitor, also did not affect degrada- 
tion (13). 

Proteasomes are multicatalytic, multi- 
subunit proteolytic complexes with highly 
conserved structures, and they play a key 
role in a variety of cellular processes, in- 
cluding the cell cycle, transcriptional regu- 
lation, removal of abnormal proteins from 

teolytic activity, we assayed several general tide aldehyde inhibitor with an inhibition 
classes of protease inhibitors. Inhibitors of constant (K,) of 0.02 pM. 
serine proteases ~henyhnethylsulfonyl fluoride 
(PMSF) and aprotinin] and aspartate proteases 
(pepstatin) were not very effective in blocking 
TIM degradation (13). However, degradation 
was inhibited by the proteasomal inhibitors 
acetyl-leu-leu-norleucinal (ALLN), cbz-leu- 
leu-norvalinal (ZLZNVaH or MG115) and cbz- 
leu-leu-leucinal (ZL,H or MG132) (Fig. 1C). 
These peptide aldehydes strongly inhibit the 
chymotryptic activity of the e m o t i c  26Spro- 
teasome (14). TIM degradation was also 

For our -assay, we dissected the central 
nervous system (CNS) of third-instar larvae 

the cell, antigen presentation (20), and even 
in the turnover of'a mammalian circadian- 
regulated protein (21). The TIM response 
to light is blocked specifically, in two dif- 

as described (19) and maintained them in 
culture medium for 1 hour. Some samples 
were exposed to a pulse of light for 20 min 
and were fixed at the end of the hour. Dark 

ferent assays, by several inhibitors of the 
proteasome, which is important given that 

control samples were also incubated for an 
hour in the dark (Fig. 2). We then examined 
TIM expression in the lateral neurons (clock 
cells), which were located by costaining 
with an antibody to pigment-dispersing 
hormone (PDH) (Fig. 2). We observed 
strong TIM staining in lateral neurons of 

lactacystin, which was thought to affect 
only the proteasome (17), was recently 
shown to also act on a second multisubunit 
enzyme (22). Because the newly identified 
enzyme is insensitive to ALLN, it cannot 
account for the TIM response (see Fig. 1C). 
For the ubiquitin-proteasome system, pro- 
line glutamate serine threonine (PEST) re- 

blocked by bestatin, a metalloprotease inhibitor, 
and by leupeptin, which inhibits cysteine pro- 
teases and has some effects on other pmteolytic unpulsed tissue, but little to no TIM in CNS 
systems, including the proteasome (15). The tissue that had received a light pulse (Fig. 2 
precise mechanism of action in this case is not and Table 1). The effect of inhibitors was 
known. Consistent with a role for the protea- tested by adding them to the culture medi- 
some, we found that depletion of ubiquitin fiom um at the start of the incubation. Tissue 
the extract blocked TIM degradation (13). treated with lactacystin and MG115 before 

Although the in vitro assay indicated a the light pulse revealed robust TIM staining 
mechanism for TIM'S response to light, its in the lateral neurons. The strong inhibition 
usefulness was limited by its variability by MG115 was consistent with a report that 
(16). To verify the findings of this assay, this is a much more effective inhibitor of 
we sought to develop an in vivo system. proteolysis in intact cells than of in vitro 

Table 1. Light-induced TIM degradation was assayed in lateral neurons in the presence of protease or 
kinase inhibitors. Each sample corresponds to lateral neurons from a single larval brain hemisphere (in 
some larvae both hemispheres were retained, but this was not always the case). n indicates the total 
number of samples from at least two experiments for each inhibitor (except PMSF and PD 98059, which 
were only tested once). Each experiment assayed three to five samples. "Residual" staining indicates 
samples in which staining was reduced but still detectable. 

I--- Ught - I Dark --I 

Samples staining for TIM (%) 
Inhibitor n 

Fig. 3. Light-induced 
ubiquitination of TIM g 

Positive Residual Negative 

Kinase inhibitors 
100 0 

0 10 
100 0 
57 29 
0 16 
0 0 
0 0 
0 0 

Protease inhibitors 
100 0 

0 11 
100 0 
73 22 
71 14 
0 0 
0 12 

in cultured cells. per, 
tim, and HA-tagged ubiq- (l 
uitin were cloned into 
the hsp70 promoter- L'qM 
driven expression vec- 
tor pCasPer-hs, to  form hs-per, hs-tim, and 
hs-Ub. Drosophila 52 cells were transfected by 
means of the calcium phosphate procedure, 
and expression was induced by heat shock (39). 
After 2 hours of light or dark treatment, the 
cells were harvested and Lysed. TIM or PER was 
immunoprecipitated as described in Fig. 1. The 
protein immunoblots were probed with an an- 
tibody to HA (1:1000 dilution). The constructs 
used in each transfection are indicated above 
each lane. The number at the Left of the panels 
indicates the position of the molecular weight 
marker. 

No lnhibitor (dark control) 
No lnhibitor (light control) 
Cenistein (100 pg/ml) 
Ceinstein (25 pg/ml) 
Cenistein (12.5 pg/ml) 
Staurosporin (1 pM) 
Calphostin C (1 pM) 
PD 98059 (100 pM) 

No lnhibitor (dark control) 
No lnhibitor (light control) 
Zl2NVa (200 pM) 
Lactacystin (50-100 pM) 
Bestatin (130-250 pM) 
PMSF (1 mM) 
DMSO (vehicle control) 
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gions sometimes serve as putative degrada- 
tion/phosphorylation signals in the target 
molecule (23). The TIM protein sequence 
revealed the presence of seven PEST re- 
gions concentrated near the NH, and 
COOH termini. 

Most cellular proteins that are degraded 
by the proteasome are ubiquitinated and 

then targeted to the proteasome (24). To 
determine whether TIM is ubiquitinated, 
which would also demonstrate that it is a 
direct target of the proteasome, we used a 
cell culture system. We expressed TIM and 
a hemagglutinin (HA)-tagged ubiquitin oc- 
tamer (25) under heat shock control in Dro- 
sophila S2 cells. After a 30-min heat shock, 

cells were either maintained in the dark or 
treated with light for 2 hours, after which 
the cells were lysed and immunoprecipi- 
tates of TIM were probed with an antibody 
to HA. We found that TIM was ubiquiti- 
nated in response to light (Fig. 3). The 
effect was specific for TIM, because PER 
was not ubiquitinated with or without light 

tim O - yw 

light dark light 

220 

Staurosporin-PDH Staurosoorin-TIM eenistein 125 udml) or 1 uM staurosoorin fBi- 
- - .. . . 

1 
-. - &nol) wa; add& bhfore l i iht  treatmint in the 

samples indicated. The dark control was fixed 
immediately in this experiment. (6) Head extracts 
(containing phosphatase inhibitors, okadaic acid, 
and bromotetramisole oxalate) were prepared 
from adult fly heads collected after a 20-min light 
pulse at ZT19 (light) or from unpulsed controls 
collected at the same time (dark). Extracts were 
incubated at 2S°C for 40 min (foryw only) and 
then treated with an antibody to TIM. Aliquots of 
the TIM immunoprecipitates were run on two gels, 
and the protein immunoblots were probed either 
with a n  antibody to phosphotyrosine (Sigma, 
1: 200 dilution) (top) or with an antibody to TIM 
(bottom). The Location of the TIMIphosphoty- 
rosine band is indicated by an arrow. The numbers 
at the Left indicate the position of the molecular 
weight marker. The 40-min 25OC incubation was 
done to  promote the TIM degradation process, 
which would allow us to examine the effect of 
proteasome inhibitors on phosphorylation. How- 
ever, the additional incubation did not lead to  any 
TIM degradation, and so we observed the same 
level of phosphorylation with and without protea- 
some inhibitors (73). Please note that the timO 
sample was not subjected to the extra incubation 
before immunoprecipitation. It is included here to 
distinguish the TIM band from a cross-reacting 
lower band. In other experiments where y w  and 
timO flies were treated identically, the phosphoty- 
rosine band in TIM immunoprecipitates was spe- 
cif ic to yw. 
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treatment (Fig. 3). Extended light treatment 
also degraded TIM in these cells, and this 
degradation was inhibited by the protea- 
some inhibitor MG115 (13). 

Although our data implicate a ubiquitin- 
proteasomal mechanism, they do not pre- 
clude a role for other proteolyic systems. In 
particular, bestatin is an effective blocker in 
the in vitro assay, which may indicate a role 
for a metalloprotease, in particular an amino- 
peptidase. The inhibitory effects of bestatin 
on this process could reflect a recently pro- 
posed proteasomal mechanism that involves a 
dipeptide pump (26) or, alternatively, prepro- 
cessing by a metalloprotease. The ErbB4 ty- 
rosine kinase receptor is cleaved by a metal- 
loprotease, then ubiquitinated and degraded 
by the proteasome (27). 

As mentioned above, some cell cycle 
proteins are degraded via the proteasome 
pathway. In many cases, this degradation is 
preceded by a phosphorylation event (28- 
30). Moreover, PER degradation requires 
its phosphorylation by the casein kinase 
encoded by the double-time gene (6).  To 
investigate a possible role for phosphoryl- 
ation in the degradation of TIM, we exam- 
ined the effect of several kinase inhibitors 
in the in vivo primary culture assay. The 
tyrosine kinase inhibitor genistein blocked 
the degradation of TIM in the lateral neurons 
after a pulse of light, whereas the serine-threo- 
nine inhibitors stausosporin and calphostin C 
and the MEK inhibitor PD98059 did not (Fig. 
4A and Table 1) (31-35). These results suggest 
that tyrosine kinase activity precedes degrada- 
tion of TIM. The concentrations of genistein 
that were effective in this assay (>50 pm) 
suggest a c-sl-c-like kinase activity (31), al- 
though the concentration dependence must be 
interpreted with caution, because it could be a 
measure of permeability or drug stability. 

To determine whether the tyrosine phos- 
phosylation occused on TIM itself, we probed 
protein immunoblots of TIM immunoprecipi- 
tates with an antibody to phosphotysosine. Af- 
ter 20 min of light treatment at ZT19, we were 
able to detect TIM with the antibody to phos- 
photysosine (Fig. 4B). TIM in the "dark sam- 
ples was sometimes detected with this antibody 
but not consistently, which suggests that ty- 
rosine phosphosylation of TIM is increased by 
light. The mobility of the TIM band in the 
light-treated sample was also reduced, presum- 
ably because of phosphoiylation. 

Together, our data indicate that the TIM 
response to light involves tyrosine phospho- 
rylation and ubiquitination, followed by 
proteasomal degradation. An important 
question that arises from these studies is, 
what is the role of the proteasome pathway 
in free-running behavioral rhythms. Are the 
mechanisms that degrade TIM in response 
to light the same as those that degrade it in 
constant darkness, in which case light may 

serve only to further activate a process that 
is already under way. We propose that 
cyclic turnover of TIM under free-running 
conditions is mediated by phosphorylation, 
which targets it for degradation, perhaps by 
the proteasome. TIM is progressively phos- 
phorylated throughout the night, and max- 
imally phosphorylated forms are found just 
before the rapid decline of protein levels 
(10). From this point on, until the middle of 
the day, TIM levels remain low because of 
the low levels of RNA. As the repression of 
transcription is released, most likely be- 
cause of the decrease in PER levels, RNA 
accumulates and protein also starts to ac- 
cumulate, albeit slowly because it is still 
subject to phosphorylation and degradation. 
When the rate of TIM synthesis exceeds the 
rate of phosphorylationidegradation, higher 
levels of protein are observed, but as the 
phosphorylation program continues and 
RNA levels are reduced (because of nega- 
tive feedback), levels of the protein drop 
off. Light could enhance TIM degradation 
by increasing TIM phosphorylation or in- 
creasing proteolytic activity in some man- 
ner (or both). This model would predict that 
the presence of light accelerates the falling 
phase of the protein and delays the rising 
phase, both through the same mechanism. 
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