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Abstract. The circadian rhythm of COP23, aprotein located in the cell membrane of Synechococcus RF-1, was regu-
lated by a circadian synthesis rhythm and a circadian degradation rhythm. The circadian synthesis rhythm was con-
trolled mainly at the transcriptiona level (Chen et ., 1996). For the circadian degradation rhythm, some factors were
responsible for COP23 degradation. The addition of chloramphenicol to the cultures prevented COP23 degradation,
s0 new protein(s) synthesis before the decline of COP23 must be essentid for COP23 degradation. When EGTA was
added to the Synechococcus RF-1 cultures before COP23 degradation, the decline of COP23 was prevented. Thus,
extracdlular Ca?* wasrequired for the circadian degradation of COP23. However, the addition of EGTA did not affect
the synthesis rhythm of COP23. Light was aso needed for COP23 degradation. Comparing the light spectra, blue
light is more effective for COP23 degradation than white or red light. Phosphorylation could not be detected in vivo
or in vitro before COP23 degradation. Thus, COP23 degradation seemed not to be attributed to its phosphorylation.
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Introduction

Circadian rhythms are awidespread phenomenon regu-
lated by biological clocks. They areresponsible for the
daily rhythmicity found inawidevariety of organisms,in-
cluding mammals, insects, higher plants, fungi, algae, and
cyanobacteria. The drcadian systemis generally composed
of three basic divisions: (8) a circadian oscillator; (b) in-
put pathwaysof signal transduction for clock setting; and
(c) output pathways of signal transduction for the tempo-
ral regulation of specific biological processes. Since agresat
dedl of studies havefocused on understanding the nature
of the" otillator,” remarkable progress has been made re-
garding its components and regulation (Young, 1998;
Dunlap, 1999; Johnson and Golden, 1999; Lowrey et d.,
2000). Thus, the molecular mechanisms of “ clock oscilla-
tors’ havebeenwidely studied in humans (Tel et ., 1997;
Sunetd.,1997), mice(Antocheta,1997; King e d., 1997),
Drosophila (Sehgal et al., 1995; Rosbash et a., 1996;
Young et a., 1996), Neurospora (Dunlap, 1996;
Crosthwaite et d., 1997), and cyanobacteria (Ishiuraet d.,
1998; Johnsonand Golden, 1999).

In unveiling the circadian clock, it isimportant to iden-
tify how environmenta cues such aslight or temperature
entrain the oscillator (input pathway) and how theinfor-
mation from the clock i stransduced to regulate rhythmic
cellular processes (output pathway) in addition to the regu-
lation mechanism of theoscill ator itself. Several research

* Corresponding author. Fax: 886-2-2782-7954; E-mail:
tanchi @gate.sinica.edu.tw

works have studied input and output pathways (Huang and
Grobbelaar, 1995; Liuet a., 1996; Tsinoremaset d., 1996;
Anderson and Kay, 1997; Katayamaet a., 1999; Kreps et
al., 2000). Some of them were investigated at a biochemi-
cal level. For example, theeffect of different light condi-
tionson the circadian expression of the gene encoding
chlorophyll &b binding protein was studied for the input
pathway (Somers et d., 1998; Bognar et al., 1999). In the
control mechanism of the output pathway, the rhythm of
CO, metabolismin Bryophyllum (Wilkins, 1992) and that
of bioluminescence or nitrate reductase in Gonyaulax
(Morseeta., 1989; Morseet ., 1990; Ramalho et a ., 1995)
were examined. In addition, a molecul ar mechanism that
links the feedback loop of the centra circadian oscillator
in the suprachiasmatic nucleusin miceto the regulation
of aclock-controlled gene has been discovered (Jin et al.,
1999).

In our previous studies, a23 kDacircadian oscill ating
protein, COP23, located in the cell membrane of
Synechococcus RF-1was cloned and characterized (Chen
et al., 1996). A search of the GenBank uncovered no ho-
mologous genes. Detection of COP23 in three other
cyanobacteria Synechococcus PCC7942, Synechocystis
PCC6803, and Cyanothece ATCC51142 by Southern hybrid-
ization using COP23 geneas aprobeindicated that hy-
bridization bands could only be detected in the genomic
DNA of Cyanothece ATCC51142. Both Synechococcus RF-
1 and Cyanothece ATCC51142 ae nitrogen-fixing unicel -
[ular cyanobacteria. Thus, COP23 might exist exclusively
inunicdlular cyanobacteria of nitrogen fixation.

The exposure of Synechococcus RF-1to adiurnal light/
dark regimen induced not only acircadian synthesis
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rhythm, but a so adircadian degradation rhythm of COP23.
It isevident that COP23 wasregulated rhythmically by an
“oscillator” (see* Results’). With an activetrandationa
rateand ahigh protein content, COP23 is an advantageous
system for studying the circadian output pathway in
Synechococcus RF-1. Inthis paper, factorsinvolvedin the
regulation of COP23 degradation areinvestigated.

Materials and Methods

Organism and Cultivation

The axenic culture of N_-fixing unicellular
cyanobacterium, Synechococcus RF-1 (PCC 8801), wasi o-
lated from arice field. Cellswere cultivated without aera-
tion or shaking in Erlenmeyer flasks contaning nitrate-free
BG-11 medium (Stanier et a., 1971) supplemented with 10
mM HEPES (N-[2-hydroxyethyl]piperazine-N" -[3-
propanesulfonic acid]) buffer, pH 8.0. The cultures were
incubated at 28° C under light (about 35 pmol - m2- s) from
white fluorescent tubes. They were grown either in con-
tinuous light (L/L) or in a12 h light/12 h dark (L/D)
regimen, depending on therequirement of theexperiments.
Cd| concentration was estimated from measurements of
optica density made with a photoelectric col orimeter
(Klett-Summerson, USA) fitted with a No. 42 bluefilter.
Culturein log phasewith a cell concentration of 3 x107
cellg/ml wasused for [*S]methionine labeling or for pro-
teinextraction.

Preparation of Protein Extracts by Boiling in

Buffer

A 10 ml sample of culture waswithdrawn at appropri-
ate times. Cell swere collected by centrifugation at 9,000
rpm (Sigma3MK, Germany) for 5 min. Thepelleted cells
werewashed twicewith distilled water by vortexing at maxi-
mal speed for 1 min (Vortex Genie 2, USA). Thewashed
cellswere coll ected by centrifugation, resuspended in 0.1
ml of SDS extraction buffer (62.5mM Tris, pH 6.8; 2% SDS,
10% glycerol), and then transferred to al.5 ml screw-top
via. The suspension was held in aboiling water bath for
5 min andimmediately cooled inan icebath for 3 min. The
extracted proteins were collected after centrifugation at
13,000 rpm (HeraeusBiofugefresco, Germany) for 5min.

Protein Labeling with [*’S]methionine

A 1 ml sample of culture was withdrawn at appropriate
times. Cdlswerecollected by centrifugation at 12,000 rpm
(KubotaKM 15200, Jgpan) for 1 min and then resuspended
in 0.2 ml of fresh medium containing 1.85 M Bq of [*5 me-
thionine(spedfic ectivity 37 TBg- mmol?). Thecdl sugpen-
sion wasincubated under the same conditions of light and
temperature asthe parent cultures. A 1 ml aiquot of 1%
casamino acid (acid-hydrolyzed casein purchased from
Difco, USA) was added to the cell suspension after 30 min
of incubation and then centrifuged. The pelleted cellswere
resuspended in 0.1 ml of SDSextraction buffer, boiled for
5 min, cooled onice, and then collected by centrifugation.
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Detection of Protein Phosphorylation in Vivo
and in Vitro

Eight ml of the culturesentrained by L/D (12/12) cycles
weretaken forin vivo phosphorylation. Nitrate-freeBG11
medium of the cultures were replaced with the same me-
dium without phosphate 2 h before labeling with [*2P]
orthophosphate. During labeling, cellswere collected by
centrifugation at 9,000 rpm (Sigma3 MK, Germany) for 5
min and then resuspended in 0.4 ml of nitrate-free BG11
without phosphate. To the suspensionswere added 1.85
MBq of [*2P]orthophosphate and followed with incubation
as in the parental culture for 30 min. The reaction was
stopped by incubaing at 60°C for 10 min and then centri-
fuging at 12,000 rpm (KubotaKM 15200, Japan) for 1 min.
The peleted cells were cooled on iceand washed twice
with nitrate-free BG11 without phosphate. Thecellswere
collected by centrifugation, and the proteinswereextracted
with 0.1 ml of SDSextraction buffer by boiling for 5min.

For in vitro phosphorylation, 13 ml of L/D-entrai ned
Synechococcus RF-1 cultureswere collected by centrifu-
gation at 9,000 rpm (Sigma3MK, Germany) for 5 min and
washed with 1 ml of kinase buffer (25 mM Tris, pH 7.6; 2
mM MnCl,, 10 mM MgCl., 0.1 mM CaCl,). The pelleted
cellswere resuspended in 0.1 ml of kinase buffer in the
presence of 1 mM PM SF (phenylmethyl sulfunyl fluoride).
The suspension was added to 0.1 g of sea-sand (0.1-0.3
mm diameter, Merck) and then broken by vibrating (5,000
rpm) three times for 50 sec with a Mini-Beadbeater
(Biospec., USA). The homogenized cellswere cool ed on
ice, then the sea-sand and unbroken cells wereremoved
by centrifugation at 2,000 rpm (KubotaKM 15200, Japan)
for 3 min. The supernatant was collected, and 3.7 MBq of
[y-*2P] AT Pwas added. Thereaction mixturewasincubated
at 28° Cfor 30 min, stopped by adding 100 pl of SDS ex-
traction buffer, and boiled for 5 min. The supernatant was
collected by centrifugation at 12,000 rpm (Kubota
KM15200, Japan) for 5 min, and then analy zed by 12% SDS-
PAGE and autoradiography.

SDS-PAGE and COP23 Identification

The SDS-PAGE was conducted with the Mini-Protean
Il dual-dab cdl apparatus (BioRad, USA). A 12% poly-
acrylamide gel was used for electrophoresis. The protein
bandswere detected by staining the gel with Coomassie
Blue. For the [*S]methionine-labeled sample, thegel was
vacuum-dried at 80° C after dectrophoresis, and then a
Kodak X-ray film was exposed to it at room temperature.
Asreported in the previous paper (28), the electrophoretic
mobility and amino acid sequence of COP23 have been
determined. In this study, partia N-termina sequence
analysis or Western analysis was used, if needed, for the
identification of COP23inthegd.

Results

New Protein Synthesis was Needed Before the
Initiation of Rapid COP23 Degradation
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As described in our previous papers, when the
Synechococcus RF-1 cultures were transferred to continu-
ous light after 12 h L/12 h D entrainment, the membrane
protein COP23 exhibited adrcadian rhythminits mRNA
level, synthesisrate, and protein content (Chen et al.,
1996). As shown in the upper panel of Figure 1, the pro-
tein content of COP23 declined greatly during light phase
after L/D entrainment. The declineof COP23 in the light
phase must have been dueto protein degradation rather
than protein modification because Western analysisde-
tected no shifted band(s) (data not shown). If chloram-
phenicol was added to the RF-1 cultures before COP23
decrease (lower panel of Figure 1), the degradation was
inhibited. Thus, new protein synthesis must beinvolved
in the sensitivity of promoting COP23 to proteolysis, ei-
ther the de novo synthesis of anew protease, or essen-
tial for proteaseactivity.
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Figure 1. New protein synthesis was required for COP23
degradation. Upper pand, The Synechococcus RF-1 cultures
were entrained by diurna L/D (12/12) regimen. The proteins
were extracted with SDS extraction buffer a timeintervals of 4
h and then analyzed by 12% SDS-PAGE. Lower pand, thepro-
teinsin the same L/D-entrained Synechococcus RF-1 cultures
were extracted and analyzed asin the upper panel except that
chloramphenicol (100 pg/ml)wasadded & ZT20h (D8 h). ZT24
(ZTO0) representslight on and ZT12 light off in theL/D cycle.
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Extracellular Ca’* was Required for COP23 Deg-
radation

Asindicated in Figure 1, the protein content of COP23
declined during the light phase and increased in the dark
phase in L/D-entrained Synechococcus RF-1 cultures.
When theL/D-entrained RF-1 cultures weretransferred to
continuous illumination (L/L), therhythm of COP23 per-
sisted (Figure 2A). If EGTA was added to the cultures be-
fore theonset of degradation, the declineof COP23in the
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Figure 2. Effectsof EGTA addition and C&* replenishment on
the circadian rhythm of COP23 content in Synechococcus RF-1.
A, The Synechococcus RF-1 cultureswere entrained by diurnal
L/D cycles and then transferred to continuous light. B, To the
culturesasin A were added 2 mM EGTA (final concentration)
a 16 h (arrow) under L/L condition. Ascompared with A, it
showed that COP23 was not degraded after EGTA addition. C,
To the EGTA pretreated culturesasin B were added 2.5 mM
CaCl, a 20 h (vertical arrowhead) under L/L condition. COP23
was degraded significantly a 26 h under L/L condition asin A.
Proteins were extracted at time intervals with SDS extraction
buffer. The relative concentration of protein bands in the SDS-
PAGE gd wasdetected by staining with Coomassie Blue. M
refersto the protein marker.
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light phase (subjective day) wasinhibited, preventing the
circadian fluctuation of COP23 content (Figure 2B).
However, if Ca?* was supplemented before COP23
degradation, the rapid degradation resumed at the same
timeas thecultureswithout EGTA trestment (Figure2C).

Although EGTA disturbed the circadian rhythm of
COP23 content in the Synechococcus RF-1 cultures (Figure
2B), it did not significantly influenceitssynthesis rhythm.
If EGTA was added to the culturesat different time points,
the sy nthesisrhythm of COP23 wasnot affected through
detection of [®*S]methionine incorporation (Figure 3).
Based on the dataof Chen et d. (1991), amino acid uptake
aso revealed circadian rhythms. The uptake efficiency of
the amino acids including methi onine was higher during
the light phase than during the dark phase after the
Synechococcus RF-1 cultures were entrained by L/D
cycles. Thus, the higher synthesis rate of COP23 at dark
phase is not due to the uptake rhythm of [*S]methionine
(Figure 3). The resultsindicated that the synthesis of
COP23 isnot feedback i nhibited by accumulation of COP23
itself, but that synthesis of COP23 is controlled by an
“oscillator,” and the “ oscillator” remains running even
when extracellular Ca?* ischelaed by EGTA. Nevertheless,
the results did not exclude the possibility that calciumis
required for clock function. SinceEGTA mainly effectson
theremoval of Ce?* fromtheincubation medium (Chen et
al., 1988). As aconsequence, the concentration of cyto-
solic Ce?* may still remain high enough for the* oscilla-
tor” to function normally for the duration of theexperiment
after addition of EGTA.
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Figure 3. The circadian synthesis of COP23 in Synechococcus
RF-1 wasnot affected by EGTA addition. A, Cultureswithout
EGTA addition (control experiment). B, EGTA (2 mM) was
added at 1 h after the cultures were transferred to constant
illumination. C, EGTA (2 mM) wasadded &t 16 h after the cul-
tureswere transferred to constant illumination. Analysis was
started at 2 h after the diurnal L/D-entrained cultureswere trans-
ferred to continuous light. Protein samples extracted from [3°9]
methionine-labeled cultures were andyzed as described in Ma-
terialsand Methods. The COP23 band isindicated by arrowhead.
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In the experiments of EGTA -trestment, 97 kDaprotein
showing no rhythmicity was found to decrease immedi-
ately after addition of EGTA to theculture (Figure 2B). It
was confirmed to be a Ca?*-binding protein by “Ca-auto-
radiography (datanot shown). Festures of this Ca?*-bind-
ing protein will be described in futurereports.

Light was Essential for COP23 Degradation

The protein COP23 has been shown to accumulate in
the dark phase and decrease during thelight phasein the
L/D-entrained cultures (proteinsat early light phase was
shown in theleft pand of Figure4A). However, COP23
was not degraded when the L/D-entrained cultureswere
kept in darkness during thelight phase instead of main-
taningtheoriginal L/D regime(middiepand of Figure4A).
Degradation of COP23 resumed when the cultureskept in
thedark werere-exposed tolight (right pand of Figure 4A).
The results indicated that light was essential for COP23
degradation.

To examine if light effects on COP23 degradation oc-
curred at specific periods such asduring thelight phase,
the L/D-entrained cultures were transferred to continuous
darkness at the beginning of the dark phase and pulse-
labeled with [*S]methionine a DO h (beginning of the dark
phase) for 1 h. Sampleswere taken from the labeled cul-
turesat timeintervalsinitiated at D4 h and then illuminaed
for 2 h. Then the membrane proteins were extracted and
anadyzed by SDS-PAGE and autoradiography. It appeared
that the newly synthesized COP23 did not declineif the
cultureswere not illuminaed (Figure 4B, upper pandl); for
the samples exposed to light, decreased levels of COP23
occurred only in those culturestaken after D10 h (Figure
4B, lower panel). Thetimesat which degradation wasini-
tiated after illumination were corrdated to the light phase
of entrainment. Thus, light effects on COP23 degradation
occurred at specific light phases rather than at dark phases.

Comparing the effectsof differentlight spectra—nclud-
ing whitelight (from fluorescent lamps), red light (660 nm),
and bluelight (425 nm)—reveded that bluelight is more
effectivethan red light for COP23 degradation (Figure 4C).
Bluelight was effective on COP23 degradation when the
light intensity waslowered to 20 pmol - mr?- s*; however, red
light had no significant effects even when itsintensity was
raised to 500 pmol- nr2- s, Whitelight with spectramainly
covering thebluelight rangewas a so effective, but it had
lesseffect on COP23 degradation than bluelight.

Phosphorylation Seemed not to be Coupled with
COP23 Degradation

Theinterconversion of proteinsby phosphorylation-
dephosphorylation may play important rolesin the regu-
lation of protein degradation (Goldberg and John, 1976).
Some evidenceindicates that the cyclic degradation of the
PER protein in Drosophila aswell asthe FRQ proteinin
Neurospora (Edery et d., 1994; Dembinskaetal., 1997; Liu
et al., 2000) may be triggered by phosphorylation.
Therefore, it was examined whether COP23, like PER
protein, was phosphorylated during the degradation



Lin et al. —Regulation of crcadian protein degradation

A hoursin L replaced re-expose to
light phase (L) by D phase light at 3h
2 4 B 2 4 B 2 4 &
L L ] e e et Pt UU'GJ
MMM MMM AN
k=3 WY i .,.=:_’;_f- '.':i:
-l . — ] — a -l
" . p——
wom o = = s == __-*-_ -
B
D4 D& DE D0 D12 D14
exposure of light for Zh at
D4 D8 DE D10 D12 O4
C
M D W B R
: ; I L WU (Beally (Retl
e sl
— ——— - CTYPZ2A

Figure 4. COP23 degradation was light-dependent. A, Light
effects on COP23 degradation. Content of COP23 in the diur-
nal L/D-entrained Synechococcus RF-1 cultures were analyzed
a 2, 4, and 6 h, respectively, during light phase (I&ft); the same
time points as |eft pand but the light phase was replaced by
dark condition (middle); the cultures after light to dark replace-
ment were re-exposed to light at the time-point (3 h) indicated
by an arrow (right). The COP23 band isindicated by arrowhead.
B, Effects of lighton COP23 degradation at different time points.
Upper panel: The L/D-entrained Synechococcus RF-1 cultures
were transferred to continuous darkness at the beginning of dark
phase. The cultureswere pulse-labeled with [*S] methionine at
DO h for 1 h. Samples were teken a 2 hintervas initiated at
D4 h. COP23 was assayed by SDS-PAGE and detected by
autoradiography. Lower pane: The procedures were the same
as upper panel except that the cultures taken at time intervals
were exposed to light for 2 h. C, Spectrum effect on COP23
degradation. Content of COP23 was analyzed at 2 h &fter the
light phase of L/D-entrained cultureswas replaced by dark con-
dition (D); illuminated by white light from fluorescent lamp (W,
50 pumol- m2- s%); by bluelight (B, 50 pmol- m2- s2); or by red
light (R, 50 pmol - m2- s?). When the culture was trested with
blueor red light, bandpassfilter (425BP70 or 660BP70, Omega
Optical Inc., VT, USA) was mounted in front of Kodak dide
projector to provide light of specified wavelength.
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periods. According to the experiments of [*2P]orthophos-
phate incorporation in vivo or [y-**P]ATPin vitro, phos-
phorylation of COP23 band was not detected (data not
shown).

Discussion

Several papers have reported that the circadian rhyth-
micity of some physiological processes aremodulated by
C&*levels. For example, entrainment or resetting of the
rhythmic oscillations such as the conidiation rhythmin
Neurospora crassa (Nekashima, 1986), thecircadian rhythm
of cel division in Euglena gracilis (Tamponnet and
Edmunds, 1990), circadian lesflet movement in Robinia
pseudoacacia (Gomez and Simon, 1995) and in Cassia fas-
ciculate (Roblin and Fleurat-L essard, 1984) isaffected by
intracellular Ca?* levels. In the organisms with neural
systems, Caz*isinvolvedin intercellular communication,
S0 it was suggested to play acrucia rolein clock entrain-
ment (Geutz and Block, 1994). In plants, Ca?*isrecognized
as essentia for the signal transduction of phytochrome
(Bowler et al., 1994). In the transgenic tobacco and
Arabidopsis transformed with Ce?*-sensitiveapoaequorin,
the rhythmic luminescence of aequorin, isregulated by cy-
tosolicand chloroplestic Ce?*levels (Johnson et a., 1995).
Thus, Ca&2* might play important rolesin thecircadian in-
put pathway and then affect the phase-resetting of the
clock by light (Neuhauset a., 1993). However, the func-
tion of Ca*" a the molecular level has not been fully
identified, and no evidence proves Ca* to bean intrinsic
component of the clock “ oscillator.” Circadian rhythms
have been identified in a few prokaryotes (Huang and
Grobbd aar, 1995; Johnson and Golden, 1999), and someof
them may aso beregulated by Ca* level. For instance,
thedrcadian nitrogen-fixing activity (Chen et al., 1988) and
dark respiration rate (Chen et al., 1989) in Synechococcus
RF-1 are both regulated by extracellular C&* levels, asis
the circadian degradation of COP23. Therefore, Ce?*is
involved, at least, in theregulation of somecircadian out-
put pathways in Synechococcus RF-1 athough no papers
concerning theinfluence of intracellular Ca* over circa
dian rhythmin prokaryotes haveyet appeared.

Themechanism of light effects onthe d ock entrainment
has been intensely studied, and some reports were con-
cerned with the bluelight effects. In Neurospora, theex-
pression of thewe-1 gene istranscriptionally induced by
bluelight (Ballario et d., 1996; Froehlich et d., 2002). In
addition, blue light aso triggers the turnover of the TIM
protein in Drosophila (Hunter-Ensor et d., 1996; Myers
etd., 1996; Zenget d., 1996; Emery et d., 1998; Stanewsky
et a., 1998). In thispaper, degradation of COP23 isaso
regulated by bluelight. It isinteresting to seethat the sta-
bilities of TIM, an intrinsic component of the “ oscillator”
in Drosophila, and of COP23, the “ oscillator” -controlled
protein in Synechococcus RF-1, are both significantly &f -
fected by bluelight. When fruit flieswereilluminated at
varioustimesin the middleof the night, light caused TIM
to disappear prematurely in al cases (Hunter-Ensor et d.,
1996). Asaconsequence, exposure of Drosophila to con-
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stant daylight causes arrhythmicity. However, in
Synechococcus RF-1, the rhythm of COP23 persisted un-
der L/L after being entrained by diurnal L/D cycles. As
shown in Figure4B, thelight sensitivity of COP23 wasef-
fectively limited to thelate dark phase aswell as the light
phase. Therefore, the regulaion mechanisms of blue light
over both systemscould bedifferent. TIM isubiquitinaed
inresponsetolight in fruit flies, and soitsdegradation is
suggested to be through aubiquitin-proteasome mecha
nism(Naidoo et a ., 1999). Nevertheless, itisbelieved that
the ubiquitin-proteasome system is not present in the
prokaryotes, and COP23 is amembrane-located proteinin
the cyanobacterium Synechococcus RF-1, soitisunlikely
to beinvolved in the ubiquiti n-proteasome system as in
eukaryotesfor its degradation. Our preliminary data (not
shown) indicated that alight-dependent protein modifica
tion system specific to COP23 as well as a rhythmic pro-
tease activity occurred in the early light phase are present
in the membrane fraction of Synechococcus RF-1.
Therefore, it issuggested that the circadian degradation
of COP23 is controlled by acircadian protease activity
coupled withthelight-modul ated modification of COP23.

Although the degradation of COP23 was light
dependent, it did not mean that COP23 would be degraded
if the RF-1 culture was exposed to light. Asindicated in
Figure 2A, the rhythm of COP23 content persisted under
L/L after entrained by diurnal L/D cycles. In our
experiments, thelight sensitivity of COP23 degradation
waseffective only when COP23 was programmed to bede-
graded by the circadian clock (Figure4B). Therefore, the
degradation of COP23 was prind pally regulated by an“ os-
cillator” and sub-regulated by light.

Conditionsin thenatura environment, including illu-
mination and temperature, do not always fluctuate
uniformly. For the adaptation of an orgamismto variable
environments, the“ oscillator” offersthe capacity for the
clock to bereset by daily environmental cues. However,
thisresetting process takes at least one diurnal cycle. As
aoconsequence, the* oscillator” may not respond asquickly
asthedaily variation in theenvironment. Therefore, acir-
cadian output pathway which isprincipally rather than ab-
solutely regulated by an “oscillator” better allows an
organism to adapt to the fluctuation of natural
environments, especially therhythmic proteins which may
play major rolesin an organism.
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