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Summary

We report the role of dCREBZ, the Drosophilahomolog of CREB/CREM, in circadian rhythms.
dCREB2 activity cycles with a 24 hr rhythm in flies, both in a light:dark cycle and in constant
darkness. A mutation in dCREBZ shortens circadian locomotor rhythm in flies and dampens the
oscillation of period, a known clock gene. Cycling dCREB?2 activity is abolished in a period
mutant, indicating that dCREB2 and Period affect each other and suggesting that the two genes
participate in the same regulatory feedback loop. We propose that dCREB2 supports cycling of the
Period/Timeless oscillator. These findings support CREB’s role in mediating adaptive behavioral
responses to a variey of environmental stimuli (stress, growth factors, drug addiction, circadian
rhythms, and memory formation) in mammals and long-term memory formation and circadian
rhythms in Drosophila.

Introduction

The cAMP response element binding protein (CREB) has been shown to be involved in
adaptive behavioral responses to various external stimuli. These responses include stress
(Borsook et al., 1994; Tan et al., 1996), growth factor stimulation (reviewed by Segal and
Greenberg, 1996), drug addiction and withdrawal (Widnell et al., 1994; Carlezon et al.,
1998; reviewed by Self and Nestler, 1995), learning and memory (Bourtchuladze et al.,
1994; Yin et al., 1994, 1995a; reviewed by Dubnau and Tully, 1998; Silva et al., 1998), and
circadian rhythms (Ginty et al., 1993; Stehle et al., 1993; Foulkes et al., 1996).

Several groups have studied the involvement of CREB in mammalian circadian rhythms.
Ginty et al. (1993) showed that CREB is phosphorylated in the suprachiasmatic nucleus
(SCN) of the hypothalamus, the location of the mammalian clock, in response to a light
pulse delivered during the dark period. The light pulse, administered at a time that resets
the clock, causes a dramatic increase in the amount of Ser-133 phosphorylation, implicating
CREB in the reset mechanism. Recently, a CREB-responsive reporter was found to be
activated in the SCN by a light pulse, as well as to cycle in a circadian rhythm (D. Storm,
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personal communication; also see Discussion). A circadian response has also been shown
for the mouse CREM gene. Transcripts of an isoform of CREM called ICER (inducible
cAMP early repressor), were found to cycle in a circadian rhythm in the pineal gland (Stehle
et al., 1993; Foulkes et al., 1996), another anatomical component of the mammalian clock
system. These experiments suggest that CREB and CREM are regulated by the circadian
system but do not show whether or not they play a causative role in establishing circadian
rhythms.

In Drosophila, the mechanism of the circadian clock has been worked out in some detail.
The two best-characterized circadian genes in Drosophila are period (per) and timeless (tim).
perencodes a PAS domain protein (Reddy et al., 1984; Jackson et al., 1986; Citri et al.,
1987), while #m has no homology to known genes (Gekakis et al., 1995; Myers et al.,
1995). They both encode components of the clock and constitute an autoregulatory, negative
feedback loop that controls expression of their own transcripts (Hardin et al., 1990; Zwiebel
et al., 1991; Hardin et al., 1992). Flies mutant for either peror timdisplay aberrant circadian
locomotor rhythms (Konopka and Benzer, 1971; Sehgal et al., 1994). Three additional
circadian genes have recently been identified in Drosophila, dClock (Allada et al., 1998;
Darlington et al., 1998), cycle (Rutila et al., 1998), and double-time (Kloss et al., 1998;
Price et al., 1998). These genes all function to promote the oscillation of Per and Tim (see
Discussion).

We examined the role of dCREBZin circadian rhythms using a phenotypic assay in the
intact adult fly. We chose to use a transcriptional fusion with luciferase as a reporter
molecule for two reasons. First, luciferase can be quantitatively measured in the behaving
fly, and this measurement can be confirmed in vitro. Second, dynamic measurements can
be made easily because luciferase activity is short lived. Potentially, the use of luciferase
allows a more accurate picture of the timing of transcriptional activation. Our analysis

of such a reporter shows that dCREB2 activity cycles in a 24 hr rhythm in Drosophila.
Using mutations in both dCREBZ and per, our results suggest that ACREB2 participates in
the circadian feedback loop, and along with dClock, Cycle, and Double-time functions to
promote oscillations of Per and Tim.

CRE Reporter Activity Cycles in a Circadian Rhythm in Drosophila

To measure dCREB2 activity in vivo, we constructed transgenic Drosophila lines carrying
the luciferase reporter gene driven by an enhancer element comprised of consensus CREB
binding sites. Three cAMP response elements (CREs), 5'-TGACGTCA-3’, were placed
upstream of the TATA box region of the /sp70 gene promoter, followed by the luciferase
reporter gene (Figure 1A, see Experimental Procedures). This sequence was flanked by
the scsand scs” insulator elements (Udvardy et al., 1985; Kellum and Schedl, 1992;
Vazquez and Schedl, 1994) to reduce potential positional effects caused by the random
insertion site of the transgene (Henikoff, 1994). The construct was cloned into the pCaSpeR
transformation vector and injected into Drosophila embryos to generate transgenic lines
(Rubin and Spradling, 1982), referred to as CRE-luc lines throughout this paper. A mutant
CRE-luc reporter construct (MCRE-luc) was also generated in which the consensus CRE
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sites were mutated to TGAAATCA (Figure 1A). dCREB2 protein binds this mutant CRE
site with at least 20-fold lower affinity in gel shift experiments (Yin et al., 1995b). This
construct is otherwise identical to wild-type CRE-luc.

Luciferase activity in the CRE-luc flies was monitored according to the method of Brandes
et al. (1996), with some modifications (see Experimental Procedures). Briefly, flies were
maintained on a 12 hr light:12 hr dark cycle at 25°C on standard food. The flies were then
loaded into 96-well microtiter dishes containing an agar/sucrose solution supplemented with
luciferin, the substrate for luciferase. In vivo expression of luciferase activity was measured
in a plate-reading luminometer, with the expression level of each fly being measured hourly
over a period of 6-10 days.

The expression of luciferase in the wild-type CRE-luc flies oscillates in a 24 hr rhythm
(Figure 1B), both in a light:dark cycle (white bars:black bars) and in constant darkness
(gray bars:black bars). The main peak of activity occurs just after lights out, with the nadir
just before the main peak. Since this rhythmic transcription pattern is sustained in constant
darkness, it is regulated by the circadian system, rather than simply being a response

to light. In light:dark conditions, a second peak is observed in the middle of the day;
however, these two peaks gradually blend together under conditions of constant darkness
(Figure 1B). This pattern is very similar to that seen for per activity (Brandes et al., 1996;
Stanewsky et al., 1997). The per—luc reporter also exhibits a similar secondary peak under
light:dark conditions, even though per RNA peaks only once per cycle (Brandes et al., 1996;
Stanewsky et al., 1997). It is likely that the secondary peaks of both reporters, which occur
during the day, are due to a light response of luciferase rather than a circadian response. The
expression level of the mCRE-luc reporter is drastically reduced relative to the wild-type
reporter (Figure 1B), indicating that the CRE sites mediate the high-level expression of the
wild-type reporter. A similar experiment with standard error bars is shown in Figure 1C,
giving an indication of the variation between flies. Three independent lines of CRE-luc

and mCRE-luc were tested and showed nearly identical qualitative patterns of transcription
(periodicity, peaks, and troughs), with minor quantitative differences in the levels (data not
shown). Thus, this rhythmic transcription is independent from positional effects of the site
of transgene insertion. When extracts were made from the CRE-luc transgenic flies and
luciferase activity was measured in vitro, a similar rhythmic expression pattern was seen
(data not shown). This demonstrates that the cyclic transcription measured in vivo is not due
to circadian effects on feeding and substrate availability.

S162 Is a Mutation in the dCREB2 Gene

S162is a mutation that was isolated in a screen for lethal mutations on the Drosophila X
chromosome (Eberl et al., 1992). The S762 mutation and the dCREBZ2 gene both map to the
17A1-5 region (Eberl et al., 1992; Usui et al., 1993). S762is lethal, although not completely
penetrant, with fewer than 0.5% of hemizygous SZ62 males surviving to adulthood (Figure
2A, left). These escaper males are about three-fourths the size of wild-type flies but are
otherwise apparently normal. The lethality can be completely rescued by induction of a
dCREB2 transgene, hs-dCREB2-10, during development (Figure 2A, right panel). This
suggests that S762is an allele of dCREBZ2. To confirm this, we performed Western blot
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analysis of extracts made from SZ62escaper males (Figure 2B). A monoclonal antibody
(mAb 27) was used that recognizes a doublet of dCREB2 isoforms, indicated by the arrow.
In S162extracts, these wild-type forms do not exist while several smaller, mutant forms

are present, indicated by the arrowhead. Taken together, these three converging lines of data
(comapping, transgene rescue, and protein analysis) suggest very strongly that SZ62is a
mutation in the dCREBZ2 gene.

The CRE-luc Reporter Is dCREB2 Responsive, Demonstrating that dACREB2 Activity
Cycles in a Circadian Rhythm

To verify that the CRE-luc reporter reflected dCREB2 activity, we crossed the reporter into
the S762mutant background. Figure 2C shows that the SZ62 mutation dramatically reduces
both the expression levels (amplitude) and cycling pattern (periodicity) of the reporter,
demonstrating that the reporter is dCREB2 responsive. Therefore, the cycling of the reporter
indicates that dCREB2 activity cycles in a circadian manner.

This data shows that the activity of dCREB2 cycles but does not show whether or not the
actual protein level cycles. Flies entrained on a 12 hr light:12 hr dark cycle were collected
every 4 hr over a 24 hr period, and head extracts were prepared and analyzed by Western
blot using the mAb 27 antibody (Figure 3). The levels of dCREB2 protein did not appear

to vary over time. Similar samples were also probed with a phospho-specific antibody

that recognizes dCREB2 only when it is phosphorylated on Ser-230, which corresponds to
Ser-133 in mammalian CREB, a residue whose phosphorylation is required for activation
of CREB (Gonzalez and Montminy, 1989). However, the phosphorylation status of Ser-230
did not vary detectably over the circadian cycle (data not shown). Cycling of Ser-133
phosphorylation of CREB has been observed in the SCN of mice (D. Storm, personal
communication). In Drosophila, it may be that dCREB2 Ser-230 phosphorylation oscillates,
but only in a small subset of cells in the brain. Alternatively, the oscillation of the CRE-luc
reporter may be due to the oscillation of a dCREB2 binding partner or a different kinase (see
Discussion).

dCREB2 Affects the Circadian Clock

These experiments show that AdCREB?2 activity is under circadian control, but they do

not show whether dCREB2 plays a role in maintaining the rhythms or is just responsive

to them. We used the S762 mutation to address this question. To test for behavioral

effects of the mutation, SZ62escaper males were assayed for circadian locomotor activity
(see Experimental Procedures). The flies were tested for 10 days in constant darkness to
determine whether they displayed normal circadian fluctuations in activity. Of the 34 S162
mutants tested, 13 (38%) were arrhythmic while the 21 that were rhythmic had a short
period averaging 22.8 hr (Figure 4 and Table 1).

None of these flies had a wild-type 24 hr rhythm. The high percentage of arrhythmicity
is typical of mutations that affect period length (e.g., see Allada et al., 1998; Rutila et al.,
1998).

To verify that this behavioral phenotype was specific for the S762 mutation, we rescued the
phenotype by induction of the hs-dCREB2-10 transgene. To induce the transgene, larvae
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and pupae were subjected to a daily 60 min heat pulse of 37°C during development. All of
the rescued flies (12/12) were rhythmic, and they all displayed normal circadian locomotor
rhythms of 23.5-24 hr (Figure 4 and Table 1). This demonstrates that the short period
phenotype is caused by the SZ62 mutation rather than a second site mutation elsewhere on
the chromosome. It also shows the involvement of dCREBZ in the timing of the clock.

S162 Affects per Expression

If S162is indeed acting in the clock, then it should affect the perclock gene. We assayed the
effects of S162on two different per-dependent reporters. The first is a transcriptional fusion
with a 4.2 kb fragment of the per promoter upstream of the luciferase reporter gene, referred
to as per—luc (Brandes et al., 1996). The second is a translational fusion containing the same
promoter fragment, plus the 5" untranslated region and the first 2.4 kb of the per coding
region fused in frame to the luciferase gene, referred to as BG—luc (Stanewsky et al., 1997).
When the expression of these reporters was compared, it was found that the BG-luc reporter
cycles much more robustly than the per—luc reporter, consistent with the interpretation that
there are at least two mechanisms contributing to the cycling of Per: one mediated by the
promoter, and the other(s) mediated by sequences in either the pertranscript or Per protein
itself (Stanewsky et al., 1997). S162affects the two reporters differently. As shown in Figure
5A, the S162 mutation reduces both the expression level and cycling pattern of the per—luc
reporter. However, its effect on the BG—luc reporter is weaker (Figure 5B). In S162flies,

the BG—-luc reporter maintains a robust cycling pattern, although its expression level and
amplitude are reduced. The peak in the mutant background also occurs in advance of the
peak in wild-type flies (Figure 5C), consistent with the short period phenotype of these flies.

In this experiment, both the wild-type and mutant flies appear to have slightly longer than
24 hr rhythms (Figure 5B; see also Figure 1B). This is probably a result of using the
luciferase reporter to monitor rhythms, since the circadian rhythms measured via monitoring
luciferase in the luminometer tend to be a bit long. Therefore, the locomotor assay is better
for measuring exact period lengths (Figure 4 and Table 1), whereas the luminometer assay
is useful for rougher measurements of period length and for comparisons between lines. The
luminometer is also more amenable to high-throughput assays. The strong disruption of per—
luc expression in S162shows that perexpression is controlled, at least in part, by dCREB2.
The smaller effect of S1620n BG-luc, however, suggests that while dCREB?2 affects per
expression via its promoter, there are compensatory posttranscriptional mechanisms that can
partially overcome the transcriptional defects.

In order to demonstrate a direct effect of the SZ62 mutation on the clock, we also examined
its effect on the Per protein itself. Wild-type and S162flies were entrained on a 12 hr
light:12 hr dark cycle and aliquots were frozen every 2 hr throughout the cycle. Head
extracts were prepared and analyzed by Western blot using an antibody directed against

Per. Two independently isolated sets of samples were analyzed and generated the same
results, although only one is shown. Figure 6A shows the circadian oscillation of Per protein
in wild-type flies. Per is present at very low levels at ZT 6 and ZT 8 (Zeitgeber time),
increasing to peak levels before lights on, which occurs at ZT 0. A corresponding change in
phosphorylation, and protein mobility, accompanies the change in absolute levels, with Per
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becoming more highly phosphorylated as it accumulates (Edery et al., 1994). This temporal
pattern of Per is altered in the S762 mutant background (Figure 6B), where Per is present at
more equal levels throughout the circadian cycle. At the peak time, ZT 20, the amount of Per
is at least comparable to that in wild-type flies; however, it decreases less at ZT 6 and ZT 8,
when Per is virtually absent in wild-type flies. At these trough periods of Per expression, a
discrete doublet protein band persists in SZ162, perhaps representing preservation of certain
phosphorylated forms (Edery et al., 1994). There also seems to be a general increase in the
amount of Per protein throughout the cycle in the mutant flies. The change in both per—luc
expression and Per protein levels in the S762 mutant background demonstrates that Per
activity is under the influence of the dCREBZ gene. The effects of S7620on Tim protein were
assayed in the same experiment. Figures 6C and 6D show the same blots as in Figures 6A
and 6B after they were stripped and reprobed with an antibody that recognizes Tim. The
effect of SZ620on Tim is much more subtle than the effect on Per. The Tim protein appears
to accumulate slightly sooner in the mutant than in the wild type (ZT 12 versus ZT 14);
however, its overall oscillation remains fairly normal.

dCREB2 and per Form a Feedback Loop

Because S162 affects the per—luc reporter and the Per protein, dCREB2 may be part of

the feedback loop controlling rhythmic perexpression. If dCREBZ and per are part of the
same feedback loop, then per mutants should affect the cycling of the CRE-luc reporter. We
crossed CRE-luc into three different per mutant backgrounds: per?, a null mutation resulting
in arrhythmic flies; per® (per short), which causes a short (~19 hr) period; and per! (per
long), which causes a long (~29 hr) period (Konopka and Benzer, 1971). As shown in Figure
7, CRE-luc expression mirrored the per phenotype in all cases. In the per? background, the
CRE-luc reporter did not cycle; in the per/ background, it cycled with a long rhythm; and

in the per % background, it cycled with a short rhythm. Therefore, mutations in per affect
dCREB2 activity.

Discussion

dCREB2 Activity Cycles in a Circadian Rhythm in Drosophila

Using an in vivo reporter assay, we have shown that dCREB2 activity cycles with a circadian
rhythm in Drosophila. This cycling takes place in tissues throughout the fly, because isolated
heads, thoraces, and abdomens all cycled when assayed independently (data not shown).
This is not unusual for a circadian gene in flies, since the pergene is known to cycle in
multiple tissues (Liu et al., 1988; Saez and Young, 1988; Siwicki et al., 1988; Hardin, 1994;
Emery et al., 1997; Plautz et al., 1997).

Although the CREM ICER transcript has been shown to cycle in a circadian rhythm in
mammals (Stehle et al., 1993), cycling of CREB activity has not previously been observed.
Changes in CREB phosphorylation have only been observed after a light pulse (Ginty

et al., 1993). Recent analysis of a CRE-mediated reporter transgene in mice, however,
indicates that CREB activity does in fact cycle, at least in the SCN (D. Storm, personal
communication). Circadian fluctuations in Ser-133 phosphorylation were also observed.
We were not able to observe circadian differences in dCREB2 protein levels or Ser-230
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phosphorylation in Drosophila, even though the activity of the protein clearly oscillates as
assayed by reporter activity. The dClock and Cycle proteins also do not cycle, although
their activities are rhythmic (Allada et al., 1998; Rutila et al., 1998; but see Darlington et
al., 1998). It is believed that this pattern of transcriptional activity is caused by the cycling
of a different binding partner, Per (Allada et al., 1998; Darlington et al., 1998; Gekakis et
al., 1998; Rutila et al., 1998). Similarly, dCREB2 may have an unknown binding partner
that cycles. For instance, the levels or activity of the dCREB2 cofactor, CBP, may cycle.
Alternatively, a kinase that phosphorylates dCREB2 at a residue other than Ser-230, and
which affects its activity, may cycle. It is also possible that ACREB2 RNA or protein levels
cycle in a small subset of cells in the brain, causing fluctuations that are below the detection
levels of our assays.

Per and dCREB2 Affect the Activity of Each Other

Traditionally, circadian genes have been divided into three groups: input genes, clock genes,
and output genes. Input genes mediate the effects of light on clock genes. As of yet,

no input genes in Drosophila have been identified. However, the target of the input is
Timeless degradation (Hunter-Ensor et al., 1996; Lee et al., 1996; Myers et al., 1996;

Zeng et al., 1996; Suri et al., 1998; Yang et al., 1998), which does not depend on any
previously identified photoreceptive pathway (Suri et al., 1998; Yang et al., 1998). Output
genes mediate the effects of the clock on behavioral outputs such as locomotor activity and
eclosion rhythms. Two output genes have been identified so far in Drosophila. Flies mutant
for protein kinase A (PKA) have defective locomotor rhythms but normal eclosion rhythms
(Majercak et al., 1997). Conversely, the /ark gene, encoding a novel RNA-binding protein,
affects eclosion rhythms but not locomotor rhythms (McNeil et al., 1998).

Clock genes comprise the timekeeping mechanism itself and consist of a feedback loop
designed to maintain the oscillation of Per and Tim. Of the known genes involved in
circadian rhythms, Per and Tim are the only two that cycle at both the RNA and protein
levels (Hardin et al., 1990; Sehgal et al., 1995; Hunter-Ensor et al., 1996; Myers et al., 1996;
Zeng et al., 1996) and are known to control their own levels of transcription (Hardin et al.,
1990; Zwiebel et al., 1991; Hardin et al., 1992). Other components, including dClock, Cycle,
and Double-time, function to maintain strong oscillations of Per and Tim but do not cycle at
the transcript or protein level.

If dCREBZ2 were acting only as an input gene, then it would act upstream of the clock.
Therefore, a dCREB2 mutation would affect Per activity but not vice versa. Likewise, if
dCREBZacted as an output gene, then it would act downstream of the clock. Thus, a
mutation in perwould be expected to influence dCREB2 activity, but a dCREB2 mutation
would have no effect on Per activity. Our data shows that dCREBZ2 acts as if it were both
an input and an output gene. The S162 dCREB2 mutation affects Per levels, and the per?
mutation reduces dCREB?2 activity, showing that the two genes mutually affect each other’s
activity. Two models would be most consistent with this data. One is that dCREB2 plays
two separate roles in circadian rhythms: one as an input gene, and one as an output gene.
In support of this, the work in mammals showing that CREB is phosphorylated in the SCN
in response to a light pulse (Ginty et al., 1993) implies that CREB may act as an input
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gene. dCREB?2 could play separate roles as an input and an output gene. This model, while
a formal possibility, is not the simplest model, and in our view is less likely than the one
described below.

A more straightforward model is that ACREB2 participates in the clock feedback loop. This
would explain why dCREB2 and Per mutually affect each other. In this model, \CREB2
functions to promote transcription of per, although the mechanism by which it acts is not
clear. Recent work from several labs has shown that dClock and Cycle activate transcription
of perand timvia the E box sites in their promoters (Hao et al., 1997; Darlington et

al., 1998; Gekakis et al., 1998). E boxes are bound by basic helix-loop-helix (bHLH)
transcription factors (Murre et al., 1989), of which both dClock and Cycle are members
(Allada et al., 1998; Darlington et al., 1998; Gekakis et al., 1998; Rutila et al., 1998).

Per protein antagonizes this process (Darlington et al., 1998), presumably by forming
nonfunctional heterodimers with dClock and/or Cycle, via their PAS domains (Huang et
al., 1993). Since dCREB2 is a bZIP protein and lacks a PAS domain, it is not likely that it
would interact directly with any of the PAS domain—containing proteins. However, it could
bind a different region of the promoter and exert its effects additively.

Hardin and colleagues have identified separate regions of the perpromoter that are required
for its cycling pattern and wild-type expression levels (Hardin et al., 1992; Hao et al.,

1997, 1999). They made transgenic lines carrying reporters under the control of various
portions of the per promoter, focusing on the first 4 kb upstream of the transcription start
site, which was shown to be sufficient for generating wild-type levels of perexpression. A
69 bp fragment from the per promoter containing an E box site was found to be sufficient
for rhythmic expression of perand rhythmic behavior in flies (Hao et al., 1999). However,
the absolute levels of transcript produced by this fragment could not be tested since it

was fused to two different heterologous basal promoter elements, which varied in their
effect on expression. Previous work showed that 1.2 kb of the endogenous per promoter
(containing this 69 bp fragment) was sufficient for rhythmic expression. However, this
fragment yielded only one-fifth of wild-type levels of pertranscript, whereas a 4.0 kb
fragment of the promoter produced fully wild-type levels (Hardin et al., 1992). Therefore,
the region between 1.2 and 4 kb upstream of the transcription start site is required for normal
expression levels of per. There are three CREB binding sites, at positions —3210, —2990,
and —1335, which lie in this region (P. Hardin, personal communication). The —1335 site,
CGACGTCA, differs by only one base from the consensus CRE site (TGACGTCA), while
the —3210 and —2990 sites contain the first five bases of the consensus site (TGACG),
which are sufficient for CREB-mediated transcription (Sassone-Corsi, 1995). Since the S162
mutation reduces per—luc reporter expression, it is possible that ACREB2 contributes to per
expression by acting through these sites. Further experiments will be needed to test this
hypothesis and clarify the mechanism by which dCREB?2 affects perexpression.

We do not know if there are any CRE sites in the #im promoter. However, if dCREB2
affected the transcription of peronly, it would still contribute to increased levels of

the Per/Tim heterodimer, since Per protein is stabilized by the interaction with Tim
(Gekakis et al., 1995). Analysis of the S762 mutation suggests that dCREB2, in addition
to affecting pertranscription (as measured using the per—luc and BG-luc reporters), is
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likely to affect other components of the clock. The levels of Per protein appear increased

in the mutant background (Figures 6A and 6B), indicating that there is likely to be a
compensatory change, reversing the effects on transcription. These other changes probably
affect posttranslational processes (phosphorylation, dephosphorylation, and/or degradation).

Our results place dCREB2 in the clock mechanism and suggest that its function is to
contribute to high levels of perexpression. Other genes that affect perand timact either

at the transcriptional level (dClock and Cycle) or at the posttranslational level, as in the

case of Double-time (Kloss et al., 1998; Price et al., 1998), which acts by phosphorylating
Per, thereby accelerating its degradation. Our data is most consistent with a model in which
dCREB2 also acts to maintain Per/Tim cycling. In this model, it acts on the per promoter,
along with dClock and Cycle, to affect transcription of per, thereby modulating levels of the
Per/Tim heterodimer. Our data also suggest that dCREB2 affects the levels of the Per protein
through indirect posttranscriptional mechanism(s).

How Common Is Rhythmic Transcription?

Although only a small number of genes have been identified that control the clock, many
have been identified whose transcription cycles in a circadian manner in response to the
clock. Large-scale molecular screens for differentially expressed transcripts between day and
night have yielded collections of genes in Drosophila (Van Gelder et al., 1995; Rouyer et

al., 1997), Neurospora (Loros et al., 1989), and cyanobacteria (Liu et al., 1995) that are
regulated by the circadian clock.

Recently, it has been demonstrated that cyclical transcription can also occur in a cell culture
system when the cells are challenged with a high serum shock (Balsalobre et al., 1998).
This result suggests that the machinery exists in cells to synchronize and maintain rhythmic
transcription. Since the per—luc reporter gene can cycle in most tissues of the adult fly, it

is reasonable to speculate that many genes may have rhythmic patterns in their activity,
which when assayed in unsynchronized tissue culture cells appear to be independent of

the circadian system. Indeed, in the fly it has been shown that many tissues are actually
photoreceptive, and the oscillations of peractivity in these tissues can be reset by light
(Plautz et al., 1997). However, this is not likely to be the case in mammals, where light

is unable to reach most tissues. Autonomous cycling of transcription in tissue and tissue
culture cells need not imply that these actually function in vivo in an independent manner.
Instead, it is more likely that in whole mammals, cells and tissues are capable of maintaining
rhythmic transcription, but they are subservient to the central circadian system, which
entrains them, insuring synchrony.

In the mammalian SCN, the immediate-early gene c-7os cycles in a circadian rhythm (Geusz
etal., 1997). In addition, c-7os, as well as c-jun, junB, and junD, are upregulated in the

SCN after a nighttime light pulse (Kornhauser et al., 1990, 1992; Rusak et al., 1992). fosis
known to be regulated by CREB in a number of different contexts (Sassone-Corsi, 1995).
Recent work in the hippocampus shows that brain-derived neurotrophic factor (BDNF) also
cycles in its expression, with a peak during the nighttime (Berchtold et al., submitted).

The regulation of BDNF is complex, with multiple promoter elements that determine
transcription initiation. However, the only transcript that cycles is the one that is initiated
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from exon 111, which is the promoter regulated by CREB. Therefore, rhythmic transcription
mediated by CREB may be quite general.

What Is the Biological Significance of dCREB2’s Participation in the Clock?

Since a mutation in the dCREBZ2 gene affects the clock, the possibility exists that stimuli
that activate CREB could affect circadian rhythmicity. This is clearly true for light pulses
that reset the clock when delivered at the appropriate times during the nighttime period

and have been shown to induce CREB phosphorylation in mammals (Ginty et al., 1993; D.
Storm, personal communication). What about “noncircadian” stimuli? One example of this
phenomenon is work by Amir and Stewart (1996) showing that rats can learn an association
between air puffs delivered to the eye (conditioned stimulus) and light (unconditioned
stimulus). After acquisition, the conditioned stimulus alone, when delivered during the
nighttime period, phase shifts the clock. This suggests that there may be much more overlap
in the conditioning circuitry and the circadian circuitry than is generally appreciated. Since
the molecules within all of these neurons are similar, the molecular pathways may also
overlap.

What Is the Biological Significance of the Circadian Clock Affecting CREB Activity?

CREB-mediated transcription occurs in response to stimuli that induce stress, long-term
memory formation, and growth factor responses. What is the significance of the fact that
this transcription factor also responds to circadian signals, which happen regularly over a
24 hr period? One speculation is that the cyclical pattern in CREB activity means that there
are optimal periods during the 24 hr cycle for CREB-responsive physiological processes.
One physiological process for which there is evidence that the nighttime period is important
is the consolidation of long-term memory formation. Over the years, a large number of
experiments, primarily on rodents and humans, suggest a possible involvement of some
aspect of nighttime sleep in the consolidation of memory (Wilson and McNaughton, 1994;
Karni et al., 1994; reviewed by Sejnowski, 1995; Dotto, 1996). A unifying interpretation

of the physiological and behavioral data is that the brain utilizes the sleep period to
“replay” plasticity-related events, thereby insuring their total consolidation and maintenance
(Wilson and McNaughton, 1994). This replay occurs during sleep, when there is minimal
external input into the brain. Our speculation is that the circadian system controls some

of the neuronal activity that occurs during the sleep period. This activity in turn leads to
activation of CREB-responsive transcription, which may be important in consolidating and
maintaining preexisting circuits and memories. Experiments to test these types of ideas are
underway.

Experimental Procedures

Reporter Constructs and Transgenic Lines

Standard recombinant DNA techniques were used to assemble the CRE-luc and mCRE-luc
constructs. The enhancer-detecting vector pCaSpeR hs43 Bgal was modified so that 3X CRE
(TGACGTCA) or 3X mCRE (TGAAATCA) sites were placed in front of the hsp70 TATA
box, and the /acZ gene was replaced with a modified luciferase gene. The details of the
construction are available upon request. The entire cassette was subcloned into a P element
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vector insulated with the SCS and SCS9 insulator elements (Kellum and Schedl, 1992). The
constructs were injected into Drosophila embryos to create transgenic lines as previously
described (Rubin and Spradling, 1982). The hs-dCREB2-10 transgenic line was made from
the dCREB2-d cDNA (Yin et al., 1995b).

Luciferase Assay

In vivo luciferase expression in Drosophila was measured as previously described (Brandes
et al., 1996; Stanewsky et al., 1997), with the following modifications: each well of a

black 96-well microtiter dish (Dynatech) was filled with 250 Oul of a 1% agar, 5% sucrose
solution, followed by 100 pl of a 1% agar, 5% sucrose, 5 mM luciferin (BioSynth) solution.
Flies were anesthetized with CO, and then placed individually into the wells. The plates
were covered with adhesive plastic sheets (Packard, Top-Seal), and air holes were punched
over each well with a needle. The plates were returned to a 25°C incubator on a 12 hr
light:12 hr dark cycle overnight. The following day, the plates were loaded into a Packard
TopCount Microplate Scintillation and Luminescence Counter and maintained either on a
12 hr light:12 hr dark cycle (LD) or constant darkness (DD) according to the experiment.
The flies were then cycled through the luminometer so that their luciferase expression was
measured roughly every hour for the duration of the experiment. The data were imported
into Microsoft Excel using the Import-and-Analysis program (J. Plautz and S. Kay, personal
communication). The data was then analyzed using Microsoft Excel. The graphs shown are
averages of multiple flies, usually between 20 and 40 per experiment. The averages are
subjected to a smoothing curve, whereby each data point represents the average of itself plus
the two data points on either side.

Rescue of S162 by Induction of dCREB2

S162/FM7 females were mated to +/Y; hs-dCREB2-10 males. Progeny from this cross were
subjected to a daily 60 min heat shock at 37°C throughout the larval and pupal stages by
submerging the vials in a water bath. Flies were maintained at 25°C prior to and following
the heat shocks.

Locomotor Assays

The circadian locomotor activity of flies was assayed and analyzed as previously described
(Hamblen et al., 1986; Sehgal et al., 1992). Periods were calculated by XZ periodogram
analysis.

Western Blotting

For all blots, flies were quickly frozen in liquid nitrogen. For analysis of dCREBZ2 proteins,
fly heads were separated from bodies by sieving, and total head extracts were prepared by
powdering the fly tissue in the cold, periodically dipping the tubes (which contained the
tissue) in a liquid nitrogen bath. A standard 1X SDS sample buffer was added, and the
samples were boiled. Samples were clarified by centrifugation prior to gel loading. SDS—
polyacrylamide gel electrophoresis and Western blot analysis were carried out as described
(Ausubel et al., 1989). The membranes were probed with a 1:20 dilution of dCREB2 mouse
monoclonal antibody (27-118), followed by a goat anti-mouse HRP-conjugated secondary
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antibody (Bio-Rad), followed by chemiluminescent detection (Amersham). The monoclonal
antibody was raised by injecting bacterially expressed, gel-purified, full-length dCREB2-b
protein into mice. Monoclonal antibodies were generated from these mice using standard
techniques. The Ser-230 phospho-specific antibody will be described elsewhere (J. Horiuchi
and J. C. P. Y., unpublished data).

The Per and Tim Western analyses were performed on circadian entrained flies as previously
described (Price et al., 1998). The equivalence of protein levels in different samples was
established using cross-reacting bands on the Western, direct comparison of protein staining
intensity on Coomassie gels, and reprobing of stripped blots with antibodies against other fly
antigens.
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(A) Constructs used to generate CRE-luc and mCRE-luc transgenic flies. Abbreviations:
P, P transposable element inverted repeats; INS, SCS and SCS’ insulator elements; TATA,
TATA box sequence from hsp 70 promoter. These constructs were cloned into the pCaSpeR

transformation vector.

(B) In vivo cycling of CRE-luc and mCRE-luc reporter expression as measured in a

Packard TopCount Luminometer (see Experimental Procedures). All time points represent
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an average of data points from 30 flies. The bar below the graph indicates light:dark
conditions. White box, light period; black box, dark period; gray box, dark period during
former light hours (subjective day). Vertical bars in the graph represent lights out and are
spaced 24 hr apart.

(C) Similar graph as in (B) but with standard error bars added.
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Figure 2.

Characterization of the S162 Mutation

(A) Crossing S162/FMT7 heterozygous females to wild-type males results in fewer than 0.5%
of the male progeny carrying the SZ62 mutation (left panel). This percentage of SZ62males
can be increased by crossing S162/IFM7 females to transgenic males homozygous for a heat
shock—inducible form of dCREB2, hs-dCREB2-10. This construct encodes an isoform of
dCREB?2 (see Experimental Procedures). The transgene is induced by a daily 60 min heat
shock of 37°C during the larval and pupal stages of development. This results in 50% of the
male progeny carrying the SZ62 mutation (right panel).

(B) Western blot analysis of extracts from wild-type males and S162escaper males.
Extracts were prepared from whole flies and were analyzed on a 12% denaturing SDS—
polyacrylamide gel followed by Western blot analysis. A mouse monoclonal antibody (mAb
27) raised against full-length dCREB2 was used to probe the membrane. This antibody
recognizes two wild-type dCREB2 proteins of about 38-40 kDa, indicated by the arrow.
The S162 mutant forms are indicated by an arrowhead. The high molecular weight band
observed in both lanes is a cross-reacting band.

(C) Expression of the CRE-luc reporter in S162 mutant flies. SI62/FM7 females were
mated to males homozygous for the CRE-luc reporter transgene. Escaper males of the
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genotype S162Y; CRE-luc/+ were assayed in the luminometer. The traces represent an
average of data from 15 flies (S162 mutants) or 30 flies (wild type). See Figure 1 legend for
description of the graph.
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Figure 3.
dCREB?2 Protein Levels Do Not Appear to Cycle in a Circadian Rhythm

Western blot analysis of extracts prepared from adult fly heads. Flies were collected every
4 hr over a 24 hr period. Total extracts were prepared from heads, and equal amounts of
protein were loaded and analyzed by Western blot as described in Figure 2.
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Figure 4.
Circadian Locomotor Activity Defect of S262 Mutant Flies and Rescue by hs-dCREB2-10

Flies were analyzed for circadian locomotor activity as described in the Experimental
Procedures. Both S762mutant flies (black bars) and S762 mutants that had been rescued by
developmental induction of hs-dCREB2-10 (gray bars) were assayed. See also Table 1.
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Figureb.
Expression of per—luc and BG-luc Reporters in the S762 Mutant Background

(A) Expression of the per—luc reporter in a wild-type or S162 mutant background. For the
wild-type background, +/+ females were crossed to per-luc homozygous males, and per—
luc/+ male progeny were tested. For the SZ62background, S162FM7 females were crossed
to homozygous per—luc males, and escaper males of the genotype S162/Y; per—luc/+ were
tested. Crosses were similar for experiments with BG-luc.

(B) Expression of the BG-luc reporter in a wild-type or SZ62 mutant background.
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(C) Replotting of the first 48 hr of the graph in (B). The solid lines are placed at the peaks of
the wild-type curve, and the dashed lines are at the peaks of the S162curve.

Neuron. Author manuscript; available in PMC 2025 January 27.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Belvin et al. Page 25

C 0 4 8 12 16 20

D o 4 8 12 16 2

Figure®6.
Per Protein Expression in Wild-Type and 5162 Mutant Flies

(A) Head extracts from wild-type flies were analyzed by Western blot using a Per antibody.
Flies were collected every 2 hr throughout the circadian cycle and are plotted from ZT 0 (far
left lane) to ZT 22 (far right lane). Per protein is present as a series of bands indicated by the
arrow.

(B) Head extracts from S162flies analyzed as in panel (A).

(C and D) Same blots as in (A) and (B) but probed with an antibody to Tim protein.
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Figure7.
Expression of the CRE-luc Reporter in per Mutant Backgrounds

Females homozygous for one of three per mutations (described in the text) were crossed

to males homozygous for the CRE-luc reporter, and male progeny of the genotype per’Y;
CRE-luc/+ were assayed in the luminometer. Abbreviations: pero, per? or pernull; perl, per
or per long, pers, per® or per short. The flies had been entrained to a 12 hr light:12 hr dark
cycle for 4 days before the start of the experiment. The flies were then switched to constant
darkness for the duration of the experiment. Each trace represents the average of data from
40 flies.
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Table 1.
Period Length of S162Mutants and SZ62, hs-dCREB2-10 Rescued Flies

S162 S162 ; dCREB2
% Arrhythmic 38 0
Period (hr) 22.8 23.7
Standard error 0.09 0.10
n 21 12

Flies that displayed no obvious rhythm after periodogram analysis were considered to be arrhythmic. Period, mean period of rhythmic flies;
standard error, standard error of the mean period; n, number of flies for which a period could be calculated.
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