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Summary

The circadian clock protein Frequency (FRQ) feedback-
regulates its own expression by inhibiting its transcrip-
tional activator, White Collar Complex (WCC). We pre-
sent evidence that FRQ regulates the bulk of WCC
through modulation of its phosphorylation status rather
than via direct complex formation. In the absence of
FRQ, WCC is hypophosphorylated and transcription-
ally active, while WCC is hyperphosphorylated and
transcriptionally inactive when FRQ is expressed. The
phosphorylation status of WCC changes rhythmically
over a circadian cycle. Dephosphorylation and activa-
tion of WCC depend on protein phosphatase 2A
(PP2A), and WCC is a substrate of PP2A in vitro. Hy-
pophosphorylated WCC binds to the clock box of the
frq promoter even in the presence of FRQ, while bind-
ing of hyperphosphorylated WCC is compromised
even when FRQ is depleted. We propose that negative
feedback in the circadian clock of Neurospora is me-
diated by FRQ, which rhythmically promotes phos-
phorylation of WCC, functionally equivalent to a cyclin
recruiting cyclin-dependent kinase to its targets.

Introduction

Circadian clocks are self-sustained cellular oscillators
that organize temporal expression of a large number of
genes in many organisms. By synchronizing to the solar
light cycle, circadian oscillations achieve a precise 24
hr period, while the periodicity is w24 hr in the absence
of environmental cues. A negative transcriptional/trans-
lational feedback loop, interconnected with positive
and negative regulatory loops, constitutes the core of
circadian clocks in fungi, plants, and animals. Phos-
phorylation and posttranscriptional control mechanisms
regulate rhythmic subcellular distribution and turnover
kinetics of clock components and are crucial for period
length and robust rhythmicity (Dunlap 1999; Allada et al.,
2001; Young and Kay, 2001; Reppert and Weaver, 2002;
Schibler and Sassone-Corsi, 2002; Roenneberg and Mer-
row, 2003; Stanewsky, 2003; Gachon et al., 2004).

Here we have addressed the molecular mechanism
of negative feedback of the Neurospora clock protein
FRQ on expression of its own RNA. Rhythmic transcrip-
tion of frq is essential for circadian rhythmicity (Aronson
et al., 1994a). frq transcription is activated by the White
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Collar Complex (WCC), a hetero-oligomer containing
the PAS-domain transcription factors WC-1 and WC-2
(Linden and Macino, 1997; Froehlich et al., 2002; Froeh-
lich et al., 2003). WCC binds to two light-responsive
elements in the frq promoter (Froehlich et al., 2002). The
distal element, the clock box (C box), is necessary and
sufficient for rhythmic expression of frq RNA in con-
stant darkness (Froehlich et al., 2003). When FRQ pro-
tein is expressed, binding of WCC to the C box is com-
promised (Froehlich et al., 2003), resulting in reduction
of frq RNA levels (Aronson et al. 1994a). Previously syn-
thesized FRQ is degraded and active WCC emerges
again, initiating a new circadian cycle. FRQ also partici-
pates in positive regulation, supporting expression of
WC-1 and WC-2 (Lee et al., 2000; Cheng et al., 2001;
2003; Merrow et al., 2001). In constant darkness, the
negative and positive feedback loops lead to robust
self-sustained circadian oscillation in frq RNA and FRQ
protein amount with a period of w22 hr at 25°C. Period,
phase, and amplitude of oscillations of frq and FRQ
abundance are regulated by a number of protein ki-
nases and protein phosphatases (PP). CKI, CKII, and
CAMK-1 affect FRQ stability (Görl et al., 2001; Yang et
al., 2001; Yang et al., 2002; Yang et al., 2003). Similarly,
PP1 regulates FRQ turnover (Yang et al., 2004). PP2A
is a trimer of a catalytic (C), a structural (A), and a regu-
latory subunit (Virshup, 2000). Inactivation of rgb-1, one
regulatory subunit of PP2A, results in a severe growth
defect (Yatzkan and Yarden, 1999), reduced expression
of FRQ, and altered circadian rhythmicity (Yang et al.,
2004).

WC-1 contains a flavin binding LOV domain (Froeh-
lich et al., 2002; He et al., 2002). It acts as blue-light
receptor for photoperiodic entrainment and resetting of
the clock. Its activation by light is accompanied by
transient phosphorylation and subsequent degradation
(Talora et al., 1999; Schwerdtfeger and Linden, 2000;
Lee et al., 2003). In constant light, overall WCC activity
is increased and frq RNA and FRQ protein are constitu-
tively expressed at elevated levels. WC-1 is also phos-
phorylated in constant darkness at sites distinct from
the light-dependent phosphorylation sites (He et al. 2005).

The central pacemaker drives rhythmic expression of
a large number of clock-controlled genes (Bell-Ped-
ersen et al., 1996; Zhu et al., 2001; Correa et al., 2003;
Nowrousian et al., 2003).

FRQ was found in a complex with the RNA helicase
FRH (Cheng et al. 2005), a putative component of the
exosome complex that mediates 3# to 5# trimming of
many RNA species, including mRNA. The functional
significance of this association is not yet understood.

WCC is concentrated in the nucleus (Schwerdtfeger
and Linden, 2000), while the localization of FRQ is pre-
dominantly cytosolic, and the bulk of WCC does not in-
teract with FRQ (Cheng et al. 2005). We show that WCC
is expressed in excess over nuclear FRQ, excluding that
WCC is directly inactivated by complex formation with
FRQ. Rather, FRQ directly or indirectly controls the
phosphorylation state of WCC. In contrast to light-
dependent phosphorylation, FRQ-dependent phosphory-
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lation of WCC correlates with its inactivation and reduc- n
Wtion of frq RNA levels in vivo. Hypophosphorylated WCC,

on the other hand, supports expression of frq RNA. o
tRhythmic transcription of frq correlates with changes in

the phosphorylation status of WCC. Dephosphorylation a
of WCC in vivo is dependent on the PP2A regulatory
subunit RGB-1 and is accompanied by an increase in l

(frq RNA levels. In vitro, purified WCC is dephosphory-
lated by PP2A. Hypophosphorylated WCC binds effi- p

eciently to a C box oligonucleotide derived from the frq
promoter, while hyperphosphorylated WCC binds with i

Wreduced affinity. In summary, in vitro and in vivo evi-
dence suggests that FRQ inactivates WCC by promot- p

uing its phosphorylation. Recruitment by dephosphory-
lation of a relatively small fraction of active WCC f

tprimarily from a large pool of inactive protein rather
than by de novo synthesis may contribute to the ro- F

dbustness of the circadian oscillator.
o
pResults
e

Subcellular Distribution of Clock Proteins
Light-grown Neurospora (bd) was fractionated, and ali- a

dquots of total, cytosolic, and nuclear fractions were
analyzed by Western blotting (Figure 1A). The concen- a

dtration of FRQ in the cytosolic fraction was indistin-
guishable from its concentration in total cell extract. a

oApproximately 95% of FRQ was localized in the cyto-
sol, supporting recent findings that the vast majority of c

pFRQ was localized in the cytoplasm (Cheng et al. 2005).
In contrast, WC-1 and WC-2 were highly enriched in F
Figure 1. Subcellular Distribution and Quan-
tification of FRQ, WC-1, and WC-2

(A) Total protein extract from light-grown
Neurospora was fractionated into cytosol
and nuclei. Indicated amounts of protein were
analyzed by SDS-PAGE and immunoblotting
with antibodies against FRQ, WC-1, and
WC-2.
(B) Relative abundance of clock proteins in
subcellular compartments. Calibration curves
with radiolabeled clock proteins (Figure S1)
were used to convert Western blot signals
(FluorS-Max) of FRQ, WC-1, and WC-2 into
mole equivalents. WC-1 abundance in total
extract and in nuclei was set equal to 1.
(WC-1 was not quantified in the cytosolic
fraction.) Columns represent the average of
3 to 5 experiments with duplicate samples.
(Error bars: ± SD.)
(C) Relative concentration of FRQ and WC-1
in nuclei. Left panel: Aliquots of total cell ex-
tract and nuclei from light-grown Neuro-
spora and nuclei prepared at wCT16 (DD25)
were analyzed. Right panel: Molar ratio of
FRQ and WC-1 was determined. Values are
expressed relative to WC-1 abundance in to-
tal extract (LL), which was set equal to 1.
(D) The C-terminally truncated mutant FRQ9

protein is enriched in nuclei. Subcellular
fractions from frq+ and frq9 were analyzed
with the indicated antibodies. Right panels:
frq+; left panels: frq9. A longer exposure is
shown in the bottom panel to compare FRQ9

in total extract and cytosol.
uclei (Figure 1A). As reported previously, w1/3 of
C-2 was localized in the cytosol, and nuclear forms

f WC-2 displayed reduced electrophoretic mobility due
o compartment-specific phosphorylation (Schwerdtfeger
nd Linden, 2000).
WC-1 is a marker for WCC since it does not accumu-

ate in the absence of its assembly partner WC-2
Cheng et al., 2002). FRQ and WCC (WC-1) are ex-
ressed in similar amounts (Denault et al. 2001). How-
ver, as shown above, the vast majority of FRQ is local-

zed in the cytoplasm, while WCC is localized in nuclei.
e determined the stoichiometric relationship of clock

roteins in cytosol and nuclei (Figure 1B and Figure S1)
sing in vitro-synthesized radiolabeled clock proteins
or calibration (Denault et al., 2001). For an initial quan-
ification, light-grown Neurospora (LL) was used since
RQ is constitutively expressed at elevated levels un-
er these conditions. In total extracts, the molar ratio
f FRQ versus WCC (WC-1) was 4.3:1 (Figure 1B, left
anel). In nuclei, however, WCC was present in w7-fold
xcess over nuclear FRQ (Figure 1B, right panel).
In constant darkness (DD), frq RNA oscillates in

mount, reaching a maximum 4 hr after subjective
awn at circadian time 4 (CT4 wDD15) and a minimum
round CT15–17 (wDD25), i.e., 3–5 hr after subjective
usk. Neurospora was grown for 25 hr in DD (CT16),
nd nuclei were analyzed (Figure 1C). The molar ratio
f nuclear FRQ versus WC-1 was w1:15. Thus, under
onditions where frq RNA synthesis is maximally re-
ressed, WCC is present in large excess over nuclear
RQ.
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For the analysis shown above, the integrity of nuclei
is crucial. Several lines of evidence demonstrate that
the cytosolic localization of FRQ is not an artifact due
to damaged or perforated nuclei. Namely, the distinct
phosphorylation patterns of nuclear and cytosolic
WC-2 and the absence of WC-1 in the cytosolic fraction
indicate that nuclei remained mostly intact during the
preparation. Furthermore, we noticed that the C-ter-
minally truncated, mutant FRQ9 protein (Aronson et al.,
1994b), though expressed at low levels, is highly en-
riched in nuclear fractions (Figure 1D). This internal
control supports that the cytosolic localization of full-
size FRQ was not due to preparation artifacts.

Interaction of Clock Proteins
To determine whether FRQ interacts with WCC, nuclear
and total extracts (LL) were analyzed by gel filtration
(Figure 2A and Figure S2A). FRQ and WCC (WC-1)
eluted in separate fractions with minimal overlap, corre-
sponding to an apparent molecular mass (app. Mr) of
about 700 kDa and 450 kDa, respectively. An additional
peak corresponding to a complex of FRQ and WCC (ex-
pected Mr w700 kDa + 450 kDa) was not detected, sup-
porting that the majority of WCC did not stably interact
with FRQ and vice versa. The elution profiles of the
clock components did not change when nuclear extract
from dark-grown Neurospora was analyzed but the
levels of FRQ were lower (not shown). Corresponding
results were obtained by sucrose-density-gradient cen-
trifugation (Denault et al., 2001 and data not shown),
although the app. Mrs of FRQ and WCC were consis-
tently about half of those determined by gel filtration.

We then prepared total cell extract (DD25) and per-
formed immunoprecipitation. When WC-1 was immu-
nodepleted, a small amount of FRQ was coimmuno-
precipitated (Figure 2B). However, the fraction of FRQ
in complex with WCC corresponded to only w1.5%,
while the vast majority of FRQ was not associated with
WCC. Similarly, only a minor fraction of WC-1 coimmu-
noprecipitated with FRQ (Figure S2B), confirming re-
cent reports that only a small fraction of FRQ is associ-
ated with WCC (Cheng et al. 2005). This small fraction
could represent a subpopulation of WCC that is tran-
siently associated with FRQ.

In summary, subcellular localization studies, quantifi-
cation, gel filtration analysis, as well as immunoprecipi-
tation demonstrate quantitatively and qualitatively that
WCC is present in excess over FRQ in the nucleus and
that the vast majority of WCC is not associated with
FRQ. This raises the question of how FRQ feeds back
on WCC to inhibit synthesis of its own RNA. Obviously,
FRQ could neutralize only a very small fraction of WCC
by binding in a stoichiometric complex. Thus, FRQ may
trigger inactivation of an excess of WCC by catalytic
means.

FRQ-Dependent Phosphorylation of WCC
Analysis of nuclear fractions indicated that WC-1 and
WC-2 were phosphorylated in constant conditions (Fig-
ure S3; Lee et al., 2000; Schwerdtfeger and Linden,
2000). To investigate whether FRQ affects the phos-
phorylation status of WCC, we analyzed nuclear frac-
tions of two frq-deficient strains. In frq10, the frq gene
Figure 2. The Majority of WCC Does Not Stably Interact with FRQ

(A) Nuclear extract was subjected to gel filtration chromatography
(Superose 6). Fractions (0.5 ml) were collected and aliquots were
analyzed by SDS-PAGE and immunoblotting with antibodies
against FRQ and WC-1. Signals were quantified by densitometry
and plotted versus elution volume. Curves fitted to the data points
are shown. Solid black line: FRQ; solid gray line: WC-1. Maximal
signals were set equal to 10. Dashed line: FRQ abundance in rela-
tion to WC-1. Arrows indicate size standards: thyroglobulin, 669
kDa; apoferritin, 443 kDa; alcohol dehydrogenase, 150 kDa.
(B) Total cell extract (DD25) was subjected to immunoprecipitation
with α-WC-1 antibodies. Thirteen percent of the total, 100% of the
immunoprecipitate (IP), and 13% of the supernatant (Sup) was ana-
lyzed.
is deleted, and in the frq9 mutant, a truncated, nonfunc-
tional protein is expressed due to a premature stop (Ar-
onson et al., 1994b). Interestingly, WC-1 and WC-2 spe-
cies with reduced electrophoretic mobility were absent
in both strains (Figure 3A, upper panels), suggesting
that the phosphorylation status of WCC is dependent
on FRQ. To characterize the phosphorylations in more
detail, samples were analyzed by 2D gel electrophore-
sis. We were not able to detect WC-1 on 2D gels. Using
cell-free-synthesized radiolabeled WC-1, we found that
it did not efficiently enter the isoelectric focusing strips
(data not shown). WC-2, which was detected on 2D
gels, was phosphorylated at multiple sites in frq+ (Fig-
ure 3A, lower panels). In frq9, WC-2 was hypophosphor-
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Figure 3. WC-1 and WC-2 Are Expressed and
Phosphorylated in FRQ-Dependent Fashion

(A) Phosphorylation status and expression
levels of WCC in frq+ and frq-deficient
strains. Upper panels: 1D gel electrophore-
sis. �wc-2 is shown to control specificity of
antibodies. WC-1 is not stably expressed in
�wc-2. Lower panels: Analysis of WC-2
phosphorylation by 2D gel electrophoresis of
frq+ (DD25) and frq9 extract.
(B) frq9 RNA is expressed in a high amount.
Total RNA was prepared from frq+ and frq9

grown in constant light (LL) or constant dark-
ness for 15 hr (DD15) and 25 hr (DD25) as
indicated. RNA was reverse transcribed and
frq-RNA abundance relative to actin RNA was
measured by quantitative real-time PCR. (Er-
ror bars: ± SD.)
(C) Phosphorylation status of WC-2 in the
WCC. frq+ extracts (DD15 and DD25) and
frq9 extracts (DD25) were prepared and WCC
was immunoprecipitated with αWC-1 anti-
bodies. WC-2 in the immunoprecipitate was
analyzed by 2D gel electrophoresis.
(D) Unphosphorylated WC-2 is underrepre-
sented in WCC of frq+ but abundant in WCC
of frq9. The fraction of unphosphorylated
WC-2 in total extracts and in immunopurified
WCC was quantified.
(E) Time-of-day-specific phosphorylation sta-
tus of WC-2. Total protein extracts of cells
harvested at the indicated time points were
analyzed by 2D gel electrophoresis and
Western blotting with α-WC-2 antibodies
(upper panels). Two hypophosphorylated
WC-2 species (black arrowheads) and two
hyperphosphorylated forms (gray arrow-
heads) were quantified by densitometry. The
ratio of hyper- to hypophosphorylated WC-2
is plotted versus the incubation time in DD
(lower panel).
(F) Circadian analysis of FRQ. Neurospora
was harvested at the indicated time points
in DD, and FRQ was analyzed by SDS-PAGE
and Western blotting.
ylated: about one half was unphosphorylated, and the
irest was phosphorylated at one or two sites. It should

be pointed out that FRQ9 did not support hyperphos- l
uphorylation of WCC, although nuclear levels of FRQ9

and FRQ are similar (Figure 1D), suggesting that the I
iC-terminal domain of FRQ is crucial for this function.

To correlate FRQ-dependent phosphorylation with s
sWCC activity, frq9 and frq RNA was measured by quan-

titative RT-PCR (Figure 3B) and Northern blotting (data u
wnot shown). At DD15, frq RNA was expressed in a 2.5-

fold higher amount than at DD25, reflecting circadian a
aoscillation. Interestingly, the frq9 RNA level was almost

5-fold higher than the peak level of frq RNA (DD15). In n
cfrq+, WCC is apparently not fully active at DD15, al-

though FRQ levels are very low (circadian trough) and p
tfrq RNA levels are at a circadian peak. The data sug-

gest that a pool of largely inactive WCC is present in
Wfrq+ at all times throughout a circadian period. frq9 and

frq RNA were both expressed at a higher level in LL p
athan in DD (Figure 3B). Yet frq9 RNA was expressed in a

higher amount than frq RNA, demonstrating that FRQ- t
(dependent negative feedback is antagonizing light-

induced activation of WCC. p
The data suggest that unphosphorylated WCC in frq9

s transcriptionally more active than hyperphosphory-
ated WCC in frq+. However, the absolute amount of
nphosphorylated WC-2 was higher in frq+ than in frq9.

t should be pointed out that w1/3 of WC-2 is localized
n the cytosol (see Figure 1). Immunoprecipitation and
ubsequent 2D gel analysis and quantification demon-
trate that w10% of WC-2 in complex with WC-1 was
nphosphorylated in frq+ at DD15 and w6.5% at DD25,
hile w50% was unphosphorylated in frq9. (Figures 3C
nd 3D). Thus, although overall levels of WCC (WC-1)
re four to five times lower in frq9 (Figure 3A and data
ot shown), there is more unphosphorylated WC-2 in
omplex with WC-1. Accordingly, the amount of un-
hosphorylated WC-2 in complex with WC-1 appears
o correlate with frq transcription.

To investigate whether the phosphorylation status of
CC oscillates in circadian fashion, extracts were pre-

ared at 4 hr intervals from dark-grown Neurospora and
nalyzed by 2D gel electrophoresis. The phosphoryla-
ion status of WC-2 was dependent on circadian time
Figure 3E). The fraction of hyper- versus hypophos-
horylated WC-2 was lowest at DD12, i.e., at the onset
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of frq transcription, when FRQ protein levels are low
(Figure 3F). It should be noted that the hypophosphory-
lated WC-2 present throughout the circadian cycle rep-
resents predominantly cytosolic WC-2, which is not in-
corporated into WCC (compare with Figure 3C). The
cytosolic fraction of WC-2 is hypophosphorylated at all
times (see Figure 1).

A significant fraction of WC-2 was phosphorylated at
either time point in DD, while the majority of WC-2 was
unphosphorylated in frq9. This suggests that WCC may
not be fully active in frq+ at any circadian time (see
below).

As shown in Figure 3A, the low-mobility form of WC-1
represents a species phosphorylated in an FRQ-depen-
dent manner. When analyzed on 1D gels, the ratio of
high- versus low-mobility species of WC-1 appeared to
be slightly higher at DD15 than at DD25 (data not
shown), suggesting that the phosphorylation status of
WC-1 may oscillate with low amplitude.

In summary, a comparison of WCC phosphorylation
status and corresponding frq RNA levels indicates that
the extent of WCC phosphorylation correlates inversely
with its activity. In the course of a circadian cycle, the
pool of WCC undergoes a change in phosphorylation
status. FRQ directly or indirectly promotes phosphory-
lation of WCC. The hyperphosphorylated pool of WCC
in frq+ displays considerably low activity compared to
the activity of hypophosphorylated WCC in frq9.

Activation of WCC
We then asked whether phosphorylation status and ac-
tivity of the entire pool of WCC could be manipulated
in vivo. If factors establishing WCC phosphorylation
(e.g., FRQ, kinases, and phosphatases) were turned
over at different rates, inhibition of de novo synthesis
of these factors could significantly unbalance the phos-
phorylation status of WCC. To probe this hypothesis,
we used the translational inhibitor cycloheximide
(CHX). frq+ cultures were initially grown in constant light
to accumulate high levels of FRQ. Since WCC is stable
in the dark (Lee et al., 2000 and data not shown), the
cultures were then transferred to the dark (LD transfer)
with and without addition of CHX. frq RNA amount,
phosphorylation status of WCC, and turnover of FRQ
were determined over a time course of 16 hr (Figure 4).
In the control incubation (−CHX), frq RNA levels were
low 2 hr after LD transfer, demonstrating that frq RNA
synthesis was efficiently suppressed via negative feed-
back of the high amounts of FRQ synthesized during
the preceding light incubation (Figures 4A and 4B). frq
RNA reached a circadian peak at DD16, indicating that
the circadian clock was running. In the presence of
CHX, frq RNA levels were also low at DD2. Sub-
sequently, however, frq RNA amounts increased dra-
matically, reaching a w40-fold higher level at DD16
compared with −CHX cultures. Since no protein is syn-
thesized in the presence of CHX, the significant in-
crease in frq RNA amount must be due to activation
of previously synthesized components. Corresponding
results were obtained when dark-grown frq+ was incu-
bated with CHX (see Figure 5C). frq9 RNA levels are
elevated compared to frq+. When frq9 was incubated
with CHX (Figures 4A and 4B), frq9 RNA levels remained
constant at intermediate level over the entire time
period. This indicates that the CHX-dependent increase
of frq RNA is dependent on functional FRQ and not due
to a pleiotropic effect of CHX. This was supported by
further controls: no CHX-dependent increase of frq
RNA amount was observed in a wc-1-deficient strain
(data not shown). Furthermore, levels of control RNAs
(cyclophilin RNA and tim17 RNA) did not increase in the
presence of CHX (data not shown). These data demon-
strate that the CHX-dependent increase in frq RNA is
specific and dependent on FRQ and WCC.

We analyzed the phosphorylation status of WC-1 and
WC-2 (Figure 4C). Both proteins were dephosphory-
lated in the presence of CHX. In frq9, WC-1 was hypo-
phosporylated (high-mobility form) and expressed in a
low amount, and its phosphorylation status did not
change upon incubation with CHX. Similarly, the phos-
phorylation status of WC-2 did not change in frq9 (not
shown). Thus, abundance of frq and frq9 RNA corre-
lates with the phosphorylation status of WCC, support-
ing the hypothesis that the hypophosphorylated form
of WCC is transcriptionally more active.

CHX-specific activation of WCC did not correlate
with the apparent kinetics of FRQ turnover, which was
similar upon LD transfer in presence and absence of
CHX (Figure S4 and Görl et al., 2001), suggesting that
FRQ may not be the rate-limiting component affected
by CHX. However, negative feedback on the frq pro-
moter is never complete. Thus, in the absence of CHX,
low levels of FRQ are synthesized even when frq RNA
levels are at trough. If newly synthesized FRQ were
active in feedback, the pool of WCC might never be-
come completely activated in the absence of CHX. In
contrast, WCC could become fully activated by efficient
inhibition of de novo FRQ synthesis.

To test whether tighter repression of FRQ synthesis
would lead to more efficient activation of WCC, we ex-
pressed in frq9 a His-tagged version of FRQ (FRQ-His)
under control of the qa-2 promoter, which is tightly reg-
ulated by quinic acid (QA). To generate high peak-to-
trough oscillation of FRQ, the transformed strain was
initially grown in the absence of QA. Then, QA was
added to induce synthesis of FRQ-His. After 4 hr, the
cells were transferred to growth medium without QA to
repress synthesis of FRQ-His and incubated for 16 hr.
No FRQ-His was detected prior to addition of QA, dem-
onstrating that the qa-2 promoter was tightly repressed
(Figure 4D). As expected, WC-1 levels were low in the
absence of FRQ; WC-1 and WC-2 accumulated in hy-
pophosphorylated form and the mutant frq9 allele was
efficiently transcribed, as measured with a 5#UTR-spe-
cific probe absent in the qa-2-driven frq+ allele (Figure
4D). Four hours after addition of QA, FRQ-His was ex-
pressed. WC-1 levels were slightly elevated, reflecting
that the newly synthesized FRQ started to support ac-
cumulation of WC-1 (Lee et al., 2000). Low-mobility
forms of WC-1 and WC-2 appeared, and frq9 RNA was
efficiently repressed (Figure 4D). This indicates that low
levels of newly synthesized FRQ were active in negative
feedback and in triggering phosphorylation of WCC. Af-
ter transfer to QA-free medium, synthesis of FRQ-His
continued for w4 hr (not shown), and the protein was
then degraded during the subsequent period. Low levels
of hyperphosphorylated FRQ-His were detected after
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Figure 4. Activation of WCC Correlates with
Dephosphorylation

(A) frq RNA levels are induced by CHX. Light-
grown frq+ and frq9 were transferred to dark-
ness in the presence or absence of 10 �g/ml
CHX. Samples were harvested at indicated
time points, and frq RNA was measured by
Northern blot analysis.
(B) frq RNA amount was quantified and plot-
ted versus incubation period.
(C) Dephosphorylation of WCC is induced by
CHX. Protein extracts prepared prior to the
addition of CHX (0 hr) and after addition of
CHX were analyzed by immunoblotting with
antibodies against WC-1 and WC-2.
(D) Pulse of FRQ expression under control
of the qa-2 promoter. frq9, qa-FRQ-His was
grown in 2% glucose medium. 10 mM quinic
acid (QA) was added to induce synthesis of
His-tagged FRQ. After 4 hr, cells were trans-
ferred to QA-free medium (0.1% glucose).
Samples were harvested at time 0 hr and 4
hr after induction with QA and 16 hr after
transfer. Upper panels: Western blot analysis
of FRQ, WC-1, and WC-2. Note that low-
mobility (hyperphosphorylated) species of
WC-1 and WC-2 appear after induction of
FRQ and high-mobility (hypophosphory-
lated) species after 16 hr incubation without
QA. Lower panel: frq9 RNA was quantified by
RT-PCR. A TaqMan probe specific to the 5#
untranslated region of frq9 was used to
discriminate frq9 RNA (driven by the frq pro-
moter) from the functional frq gene (ORF
only) driven by the qa-2 promoter. (n = 6; er-
ror bars: ± SD.)
16 hr (Figure 4D). WC-1 levels were lower than after t
wFRQ-His induction but slightly higher than initial WC-1

levels. WC-1 and WC-2 were both in hypophosphory- m
alated form. Interestingly, frq9 RNA levels were 3-fold

higher than the initial levels and w40-fold higher than m
strough levels after FRQ-His induction. This indicates

that a control of FRQ synthesis tighter than in frq+ pro- r
pduces significant changes in phosphorylation status of

WCC and high peak-to-trough ratios of frq9 RNA. The c
pdata strongly suggest that during a circadian cycle in

frq+, FRQ-mediated feedback on WCC activity sets in p
well before the pool of WCC is fully activated. a

m
aDephosphorylation of WCC Is Dependent

on the RGB-1 Regulatory Subunit of PP2A
WRecently, Liu and coworkers have shown that expres-
tsion of frq RNA and FRQ protein was reduced in a
cstrain in which RGB-1, a regulatory subunit of PP2A,
fwas inactivated by repeat-induced point mutation (RIP)
C(Yang et al., 2004). Expression levels of WC-1 were not
laffected in rgb-1RIP. Since these observations are con-
tsistent with reduced WCC activity, we compared WCC
sphosphorylation status in frq+ and rgb-1RIP. About 50%
cof WC-1 was shifted in electrophoretic mobility in frq+

t(Figure 5A). In contrast, electrophoretic mobility of

essentially all WC-1 was reduced in rgb-1RIP, indicating
hat the entire pool of WC-1 was hyperphosphorylated
hen RGB-1-dependent function of PP2A was compro-
ised. The phosphorylation status of WC-2 was also

ffected by PP2A (Figure 5B). In addition to un- and
onophosphorylated WC-2, two hyperphosphorylated

pecies, comprising w60% of WC-2, accumulated in
gb-1RIP. However, compared to frq+, the apparent
hosphorylation status of WC-2 did not change in cir-
adian fashion in rgb-1RIP. Thus, neither did hypophos-
horylated WC-2 accumulate at DD15 nor were highly
hosphorylated species detected at DD25. The lack of
n apparent high-amplitude phosphorylation rhythm
irrors the reported low-amplitude rhythm in frq RNA

bundance in rgb-1RIP (Yang et al., 2004).
To test whether dephosphorylation and activation of
CC are dependent on PP2A, frq+ and rgb-1RIP cul-

ures (DD15) were incubated with CHX. WC-1 was effi-
iently dephosphorylated after CHX treatment of frq+

or 4 hr and 8 hr but remained hyperphosphorylated in
HX-treated rgb-1RIP (Figure 5A, right panel). frq RNA

evels increased in CHX-treated frq+ but not in CHX-
reated rgb-1RIP (Figure 5C). Together, the data demon-
trate that the RGB-1-dependent function of PP2A is
rucial for both the phosphorylation status of WCC and
he CHX-induced activation of frq.
Next, rgb-1RIP extract was prepared and WCC was im-
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Figure 5. PP2A-Controlled Phosphorylation
Status Determines WCC Activity

(A) Phosphorylation status of WC-1 depends
on RGB-1, a regulatory subunit of PP2A. frq+

and rgb-1RIP (Fungal Genetic Stock Center)
were incubated as indicated without and
with CHX, and WC-1 was analyzed. WC-1 re-
mains hyperphosphorylated (arrowhead) in
CHX-treated rgb-1RIP.
(B) Phosphorylation status of WC-2 is af-
fected by PP2A. rgb-1RIP cultures were har-
vested at DD15 and DD25, extracts were
prepared in the presence of phosphatase
inhibitors, and WC-2 was analyzed by 2D
electrophoresis. Un-, mono-, di-, and tri-
phosphorylated WC-2 species (a–d) were
quantified by densitometry (lower panel).
(C) CHX-induced increase in frq RNA is de-
pendent on RGB-1. frq RNA was quantifified
by RT-PCR. (n = 4; error bars: ± SD.)
(D) In vitro dephosphorylation of WC-1 by
frq9 extract. WC-1 was immunoprecipitated
from rgb-1RIP cell extract. The immunopre-
cipitate (lane 1) was incubated for 1 hr at
30°C with frq9 extract (lane 2) or with frq9

extract and caliculin A (lane 3). Samples
were analyzed by Western blotting.
(E) Dephosphorylation of WC-1 by PP2A.
WC-1 was immunoprecipitated from total
cell extract. The immunoprecipitate (Input)
was incubated without (MOCK) or with puri-
fied human PP2A AC dimer (Upstate Bio-
tech) for 20 min at 30°C, and samples were
analyzed.
munoprecipitated with WC-1-specific antibodies. When
the immunopurified WCC was incubated with protein
extract prepared from frq9, WC-1 was efficiently de-
phosphorylated, indicating that the frq9 extract con-
tained a WCC-specific phosphatase activity that was
apparently absent in rgb-1RIP (Figure 5D). The dephos-
phorylation was inhibited by caliculin A.

Then, immunoprecipitated WCC was incubated with
purified human PP2A (AC dimer). WC-1 (Figure 5E) and
WC-2 (data not shown) were dephosphorylated, dem-
onstrating that WCC is a direct substrate of PP2A in vitro.

Finally, a FLAG-tagged version of RGB-1, which was
stably expressed in Neurospora, accumulated in cyto-
sol and nuclei (Figure S5A), indicating that it assembled
with the A and C subunits of PP2A (Virshup, 2000). Its
subcellular distribution was independent of FRQ, and it
did not coimmunoprecipitate with FRQ (data not shown),
suggesting that PP2A function may not be modulated
by FRQ. However, the phosphorylation status of WC-2
was slightly shifted toward hypophosphorylation, sug-
gesting that the overexpressed protein was active in
promoting dephosphorylation of WC-2 (Figure S5B).

Together, the data demonstrate that CHX-dependent
activation of WCC correlates with its dephosphoryla-
tion in vivo. CHX-dependent dephosphorylation as well
as transcriptional activation of WCC is directly or indi-
rectly dependent on PP2A.

Binding of WCC to the C Box
The analysis of frq9 in vivo clearly demonstrates that

hypophosphorylated WCC is transcriptionally active,
but there is only a strong in vivo correlation that hyper-
phosphorylated WCC is less active. Since these spe-
cies accumulate only in the presence of functional FRQ,
it cannot be rigorously concluded that FRQ, though
present in a substoichiometric amount, inactivates
WCC by other means. To obtain direct evidence, we
studied in vitro binding of WCC to a C box oligonucleo-
tide derived from the frq promoter (Froehlich et al.,
2003). Nuclear extracts were prepared from frq9 (DD15)
and from frq+ at DD15 and DD25. The capacity of WCC
to bind to a radiolabeled oligonucleotide specific to the
C box was then analyzed by electrophoretic mobility
shift assay (EMSA). frq9 nuclear extract efficiently
shifted the mobility of the C box oligonucleotide (Figure
6A). frq+ nuclear extracts prepared at DD15 and DD25
differed slightly in their ability to bind to the C box, but
both were significantly less efficient in EMSA than
frq9 extract. This indicates that low amounts of hypo-
phosphorylated WCC present in frq9 were more active
than high amounts of hyperphosphorylated WCC pres-
ent in frq+.

If WCC is inactivated by FRQ-dependent phosphory-
lation rather than by complex formation with FRQ per
se, neither addition nor depletion of FRQ should affect
binding of WCC to the C box. Thus, we affinity purified
FRQ-His, which is active in negative feedback in vivo
(see Figure 4D). frq9 nuclear extract was then incubated
with increasing amounts of purified FRQ-His and sub-
jected to EMSA (Figure 6B, left lanes). Addition of FRQ-
His in w40-fold molar excess over WC-1 did not reduce

binding of WCC to the C box. The data support that
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Figure 6. FRQ Does Not Directly Affect WCC
Binding to the C Box of the frq Promoter

(A) Electrophoretic mobility shift assay
(EMSA). A 32P-labeled oligonucleotide corre-
sponding to the C box of the frq promoter
(Froehlich et al., 2003) was incubated with
the indicated nuclear extracts (3 �g).
(B) Addition or depletion of FRQ does not af-
fect binding of WCC to the C box. Purified
FRQ-His (top left panel) was added to frq9

nuclear extract in w10×, 20×, or 40× excess
over WC-1, and EMSA (lower panel) was per-
formed (lanes 1–3). FRQ-depleted DD25 ex-
tract and control-treated extract (top right
panel) were used for EMSA (lower panel,
lanes 4 and 5).
(C and D) Hypophosphorylated WCC binds
preferentially to the C box. A C box oligonu-
cleotide carrying a sulfhydryl at the 5# end of
the upper strand was coupled to SulfoLink
resin. frq+ extract (LL) was mixed with 100
�g/ml poly dI/dC and passed over the C box
affinity column. WC-2 was analyzed by 1D
(C) and 2D (D) gel electrophoresis. The frac-
tion of un- and monophosphorylated WC-2
(Hypo, black arrowheads) and the fraction of
hyperphosphorylated WC-2 (Hyper, gray ar-
rowheads) were quantified by densitometry.
The ratio of bound to unbound WC-2 is
shown in the lower panel.
(E) Model of FRQ-dependent negative feed-
back on WCC. Hypophosphorylated WCC
binds to the C box in the frq promoter and
activates transcription (left), while hyper-
phosphorylated WCC binds with reduced af-
finity and is transcriptionally inactive (right).
WCC is inactivated via phosphorylation by
unknown kinase and is activated by dephos-
phorylation requiring PP2A directly or indi-
rectly. FRQ promotes inactivation of WCC by
activating phosphorylation or inhibiting de-
phosphorylation of WCC.
WCC is not inactivated by direct complex formation h
awith FRQ.

According to our hypothesis, depletion of FRQ n
tshould not restore impaired binding to the C box of

phosphorylated WCC. To test this prediction, FRQ was i
timmunodepleted from frq+ DD25 extract. Depletion of

FRQ neither increased nor decreased the interaction of t
eWCC with the C box (Figure 6B, right lanes). Thus, at

DD25, WCC is mostly incapable of binding to the C box, h
tand FRQ is not directly required to maintain WCC in an

inactive state. y
Then, to directly compare the binding activity of
yper- and hypophosphorylated WCC, we prepared an
ffinity resin by coupling a sulfhydrylated C box oligo-
ucleotide to an iodoacetate resin. frq+ extract was
hen passed over the affinity column. Poly dI/dC was
ncluded to reduce unspecific binding. Under the condi-
ions used (100 mM KCl), about 40% of WCC bound to
he C box affinity resin. As shown by 1D and 2D gel
lectrophoresis and quantification (Figures 6C and 6D),
ypophosphorylated WC-2 species were enriched in
he bound fraction, demonstrating that hyperphosphor-
lated WCC is less active in binding to the C box.
In summary, the data indicate that binding of WCC to
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the C box depends on its phosphorylation status and
is independent of presence or absence of FRQ.

Discussion
The Neurospora clock protein FRQ feedback-regulates
its own mRNA synthesis by inhibiting its transcriptional
activator WCC. Here we have analyzed the mechanism
of negative feedback. We show that FRQ and WCC,
though expressed in similar abundance, localize to dif-
ferent subcellular compartments. WCC is highly en-
riched in nuclei, while FRQ localizes predominantly to
the cytosolic compartment, resulting in excess of WCC
over nuclear FRQ even at times of day when frq RNA
synthesis is maximally repressed. Furthermore, the vast
majority of WCC is not interacting with FRQ. Small
amounts of WCC were found in a complex with FRQ,
in agreement with earlier reports (Denault et al., 2001;
Merrow et al., 2001; Yang et al., 2002; Cheng et al. 2003;
Cheng et al., 2005), but this cannot account for the in-
activity of the bulk of WCC. Our data present quantita-
tive and qualitative evidence that the activity of WCC is
regulated by a mechanism different from direct stable
complex formation with FRQ.

We show that the phosphorylation status of WCC is
dependent on FRQ. Both components, WC-1 and WC-2,
are phosphorylated. Recently, five phosphorylation sites
of WC-1 were identified (He et al., 2005). Phosphoryla-
tion of these sites negatively regulates the function of
WC-1. Whether these are the sites that are phosphory-
lated in an FRQ-dependent manner remains to be in-
vestigated. Phosphorylation sites in WC-2 are not
known. The phosphorylation status of WC-2 oscillates
in the course of a circadian cycle and correlates with
the function of WCC as transcriptional activator: hypo-
phosphorylated WCC efficiently binds to the C box of
the frq promoter in vitro and supports transcription of
frq RNA in vivo, while hyperphosphorylated WCC binds
to the C box with reduced affinity and does not effi-
ciently activate transcription. Impaired binding of hy-
perphosphorylated WCC is independent of the pres-
ence of FRQ, demonstrating that hyperphosphorylation
interferes with DNA binding. Additionally, distinct phos-
phorylation steps could independently contribute to
inactivation of WCC by different molecular mechanisms
similar to those leading to inactivation of the transcrip-
tion factor Pho2/Pho4 of S. cerevisiae (Carroll and
O’Shea, 2002; Byrne et al., 2004). In this system, five
distinct phosphorylations of Pho4 interfere with its tran-
scriptional activity, inhibit complex formation with Pho2,
promote nuclear export, and block nuclear import.

FRQ-dependent phosphorylation leads to inactiva-
tion of WCC. Since light-induced phosphorylation of
WCC leads to activation, the corresponding phosphor-
ylation sites must be distinct. We do not know whether
WCC is also activated by phosphorylation at distinct
sites in DD. Two-dimensional gel electrophoresis ana-
lyzes the overall number of phosphorylations but does
not discriminate between phosphorylation at different
sites. If WCC would be activated and inactivated via
phosphorylation, the apparent circadian oscillation of
the overall phosphorylation status of WCC would not
reflect the dynamics of phosphorylation at distinct
sites.
Together, observations in vivo and in vitro demon-
strate that FRQ controls WCC activity by modulating its
phosphorylation status. The small fraction of WCC that
is found in complex with FRQ suggests a “hit-and-run”
mode of WCC inactivation. Since FRQ is apparently not
interacting with RGB-1 and since WCC is hypophos-
phorylated in the absence of FRQ, it may transiently
recruit or activate a kinase and thereby facilitate phos-
phorylation of WCC. By promoting phosphorylation of
WCC in rhythmic fashion, the clock protein FRQ can be
viewed as a circadian cyclin, functionally equivalent to
a cyclin regulating its molecular targets via cyclin-
dependent kinase (CDK), similar to Pho80/Pho85, a
yeast cyclin/CDK complex that inactivates the tran-
scription factor Pho2/Pho4 (Carroll and O’Shea, 2002;
Byrne et al., 2004).

FRQ, though preferentially localized in the cytoplasm,
contains a nuclear localization sequence (NLS) that is
essential for clock function (Luo et al., 1998). Compati-
ble with a hit-and-run mechanism, FRQ may shuttle
components between cytosol and nuclei that regulate
phosphorylation of WCC. Since subcellular distribution
of RGB-1 was not dependent on FRQ, it may transport
a kinase into the nucleus. The C-terminally truncated
FRQ9 protein is enriched in nuclei. Yet WCC is hypo-
phosphorylated in frq9, suggesting that the C-terminal
domain of FRQ is required for both subcellular localiza-
tion or shuttling of FRQ and phosphorylation of WCC.
FRQ is in a complex with CK-1a (Görl et al., 2001), a
homolog of mammalian CKI�δ and Drosophila Double-
time (DBT). It remains to be investigated whether FRQ-
associated CK-1a phosphorylates WCC.

In the Wnt/β-catenin signaling pathway, CKI�δ was
shown to collaborate with PP2A (Gao et al., 2002; Swia-
tek et al., 2004). We show that PP2A with its regulatory
subunit RGB-1 is required for establishing the phos-
phorylation status of WCC in vivo. CHX-induced dephos-
phorylation of WCC and activation of frq transcription
is also dependent on functional RGB-1. It seems likely
that WCC is directly dephosphorylated and activated
by PP2A/RGB-1. However, an indirect mechanism can-
not be excluded, and other phosphatases may contrib-
ute to the phosphorylation status of WCC.

Oscillation of frq abundance is driven by a pool of
WCC that is only partially active even when frq RNA
levels are at their circadian peak. WCC was fully acti-
vated when FRQ expression under control of the heter-
ologous qa-2 promoter was tightly repressed or when
FRQ synthesis was inhibited by CHX. Activation was
accompanied by extensive dephosphorylation of WCC
and resulted in w40-fold activation of frq transcription.
Apparently, in constant conditions, FRQ-mediated nega-
tive feedback (WCC phosphorylation) already sets in
before the pool of WCC is fully activated, maintaining
WCC in a mostly inactive form throughout the entire
circadian cycle.

Recruiting active WCC primarily from a large pool of
inactive protein rather than by de novo synthesis could
contribute to robustness of the circadian oscillator.
De novo biogenesis of WCC would primarily serve the
purpose of replenishing the WCC pool. In accordance,
WC-2 is expressed in excess and at constant levels,
while WC-1 levels oscillate supported by FRQ (Lee et
al., 2000; Cheng et al., 2001; Görl et al., 2001). However,
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Ithe peak of WC-1 expression (CT14–19) does not coin-
Acide with the peak of frq RNA (CT4), suggesting that
2FRQ supports expression of inactive WCC to replenish
T

the pool. a
In summary, our data suggest that FRQ feedback-

regulates its own RNA synthesis by antagonizing PP2A- A
dependent activation of WCC (Figure 6E). A post- P

2translational feedback loop promoting rhythmic
Mphosphorylation of KaiC is critical in the circadian sys-
[tem of cyanobacteria (Tomita et al., 2005). It is not
s

known whether corresponding mechanisms of negative 6
feedback contribute to clock function in other circadian m
systems, but reported data seem compatible with such �

aa mode of posttranslational regulation in mice and flies.
Mouse CLK/BMAL1 is phosphorylated and interacts

Twith PER/CRY complexes (Lee et al., 2001). BMAL1 ap-
Ppears to be negatively regulated by MAP kinase (Sa-
Cnada et al., 2002). The fraction of CLK/BMAL1 interact-
t

ing in vivo with PER/CRY has not yet been determined. R
CLK/BMAL1 activates and PER/CRY inhibits transcrip- d

ation of per2, cry, and rev-erbα genes, leading to rhyth-
dmic expression of their mRNAs. Yet the circadian
mphases of accumulation of these mRNAs differ by up to
c11 hr, such that peak levels of the inhibitor PER/CRY
j

coincide with trough levels of rev-erbα RNA and almost
peak levels of per2 and cry RNA (for review, see R
Gachon et al., 2004). A simple mechanism of feedback R
cannot fully account for these observations. P

2Drosophila PER/TIM inhibits DNA binding of CLK/
tCYC (Lee et al., 1999). Phosphorylation of CLK/CYC os-
acillates in circadian fashion (Lee et al., 1998, 1999; Kim
R

et al., 2002). PP2A controls PER stability in Drosophila p
(Sathyanarayanan et al., 2004), but a role in regulation c
of CLK/CYC was not investigated. DBT collaborates
with CKII to potentiate PER-dependent transcriptional E

Erepression of CLK/CYC (Nawathean and Rosbash,
t2004), but it is not known whether repression requires
fphosphorylation of CLK/CYC.
e

Thus, although the role of phosphorylation of CLK/ d
CYC and CLK/BMAL1 remains to be determined, mod-
ulation of transcription-factor activity by a mechanism C
similar to that described here for WCC could also con- A
tribute to clock function in these circadian systems. u

AExperimental Procedures

wStrains and Growth Conditions
rNeurospora strains used in this study (frq+, frq9, frq10, and �wc-2)
bcarried the bd mutation. Standard growth medium contained 2%
aglucose, 0.5% L-arginine, 1× Vogel’s, and 10 ng/ml biotin.
a
2

Protein Analysis
Extraction of Neurospora protein and subcellular fractionation was
performed as described (Luo et al., 1998; Görl et al., 2001). For

S2D gel analysis, phosphatase inhibitors were added: 30 mM Na
Spyrophosphate, 20 mM Na phosphate, 5 mM EDTA, 400 nM oka-
adaic acid, 20 mM caliculin, and 2 mM vanadate. Nuclear extracts
Dwere prepared by incubating nuclei at 4°C under shaking for 30 min

in protein extraction buffer (50 mM HEPES [pH 7.4], 10% glycerol,
137 mM NaCl, 5 mM EDTA, 1 mM phenylmethyl sulfonyl fluoride, A
1 �g/ml leupeptin, 1 �g/ml pepstatin A). Western blotting was per-
formed as described (Görl et al., 2001). Enhanced chemilumines- W

acence signals were detected with either X-ray films or a FluorS-
Max imager (Bio-Rad). Series of exposures in the range of 5 s to w

e30 min were generated. Quantification was performed using the
QuantityOne software (Bio-Rad). b
mmunoprecipitation
ntibody was prebound to protein A-Sepharose beads (30 �l) for
hr at room temperature. Beads were washed three times with

BS, and 1.5 mg of protein extract in 500 �l extraction buffer was
dded. Samples were incubated under rotation for 4–16 hr at 4°C.

nalysis of Protein Complexes by Gel Filtration Chromatography
rotein extracts (12 mg/ml) were incubated for 30 min at 4°C with
00 �g/�l DNaseI, 100 �g/�l RNaseA, 10 �M distamycin, and 5 mM
gCl2 in a total volume of 600 �l Superose 6 buffer (25 mM HEPES

pH 7.4], 1% glycerol, 137 mM NaCl, 1mM EDTA). After a clarifying
pin (20 min; 45,000 rpm TLA55), 500 �l were loaded on a Superose
column (Amersham). Chromatography was performed at 4°C (0.3
l/min) with an Äkta-Explorer system (Amersham). Fractions (500
l) were collected and subjected to TCA precipitation, SDS-PAGE,
nd Western blotting.

wo-Dimensional Gel Electrophoresis
rotein extracts were denaturated (7 M urea, 2 M thiourea, 4%
HAPS, 40 mM Tris, 1% DTT, 0.5% Servalyte 3-10, and Roche pro-

ease inhibitor cocktail complete plus EDTA) and loaded on
eadyStrip IPG strips (17 cm [pH 4–7], Bio-Rad). Strips were rehy-
rated for 12 hr and isoelectric focusing (IEF) was performed in
Protean IEF system (Bio-Rad) with 50,000V × hr. Prior to two-

imensional analysis by SDS-PAGE, strips were soaked (2 × 15
in) in 6 M urea, 30% glycerol, 2% SDS, 0.39 M Tris-HCl [pH 8.8]

ontaining 0.001% DTT and 0.00046% iodoacetamide and sub-
ected to SDS-PAGE.

NA Analysis
NA was prepared and analyzed by quantitative real-time PCR (RT-
CR) or Northern blotting essentially as described (Merrow et al.,
001; Görl et al., 2001): cDNA was synthesized from 2 �g DNase-
reated total RNA using the SuperscriptII RT system (Invitrogen)
nd random hexamer primers. frq and actin cDNA was detected by
T-PCR (ABI-Prism 7000, Applied Biosystems) using TaqMan
robes (Görl et al., 2001). Triplicate reactions (25 �l) containing
DNA equivalent to 0.1 �g RNA were analyzed.

lectrophoretic Mobility Shift Assay (EMSA)
MSA of [γ-32P]ATP-labeled double-stranded C box oligonucleo-

ide was performed as described (Froehlich et al., 2002). Eighteen
entomoles of purified C box oligonucleotide and 3 �g of nuclear
xtract were incubated on ice for 30 min. One microgram of poly
I/dC was used as unspecific competitor.

Box Affinity Chromatography
double-stranded C box oligonucleotide was synthesized, and the

pper strand was derivatized with a 5# sulfhydryl: 5#-SH-GTGCCC
GAGGCGTCCTGATGCCGCTGCAAGACCGAGACGCTGCAAAATTG
GATCTA.
Six nanomoles of double-stranded SH-C box oligonucleotide
as coupled to 1 ml SulfoLink matrix (Pierce). The C box affinity

esin was incubated with 1.5 mg protein extract in 1 ml EMSA
uffer (Froehlich et al., 2002), 100 mM KCl, 0.1 mg/ml poly dI/dC,
nd phosphatase and protease inhibitors for 15 min rotating and
n additional 15 min resting at RT. The resin was then washed with
ml buffer and eluted with EMSA buffer containing 1 M KCl.

upplemental Data
upplemental Data include five figures and can be found with this
rticle online at http://www.cell.com/cgi/content/full/122/2/235/
C1/.
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