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Frequency (FRQ) is a central component of interconnected negative and positive limbs of feedback loops of the
circadian clock of Neurospora. In the negative limb, FRQ inhibits its transcriptional activator White Collar
Complex (WCC) and in the positive limb, FRQ supports accumulation of WCC. We show that these
conflicting functions are confined to distinct subcellular compartments and coordinated in temporal fashion.
Inactivation of the transcriptional activator WCC requires nuclear FRQ and occurs early after the onset of
FRQ expression. Support of WCC accumulation requires cytosolic FRQ and occurs on a post-translational
level, when high amounts of FRQ have accumulated. The transcriptional function of FRQ in the negative loop
and its post-translational function in the positive loop are independent and associated with distinct regions of
FRQ. Phosphorylation of FRQ at the PEST-2 region triggers its maturation from a nuclear repressor toward a
cytoplasmic activator.
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Circadian rhythms are evolutionary widespread mecha-
nisms that provide the means for temporal organization
of physiology and behavior in many organisms. They are
driven by molecular clocks, which oscillate in self-sus-
tained fashion with an endogenous (free-running) period
of ∼1 d. The free-running oscillation is synchronized to
the 24-h geophysical rhythm of earth rotation via per-
ception and integration of environmental stimuli (so-
called Zeitgebers) such as light and ambient tempera-
ture. Interconnected negative and positive transcrip-
tional/translational feedback loops are critical for robust
circadian rhythmicity in many systems (Roenneberg and
Merrow 2003; Dunlap and Loros 2004; Gachon et al.
2004; Hardin 2004).

In mice, Period1/2 and Chryptochrome1/2 genes
(mPer1/2 and Cry1/2) are rhythmically expressed under
control of their transcriptional activator CLOCK/
BMAL1. mPER/CRY heterodimers inhibit CLOCK/
BMAL1 and thereby feedback-regulate transcription of
their own genes. CLOCK/BMAL1 is also an activator of
Rev-erb�. REV-ERB� is a transcriptional repressor of
Bmal1 (Preitner et al. 2002), which competes with the

transcriptional activator ROR� (Sato et al. 2004). Hence,
Bmal1 transcription is indirectly activated by mPER/
CRY, leading to rhythmic expression of Bmal1 (Reppert
and Weaver 2002; Gachon et al. 2004; Akashi and Ta-
kumi 2005).

In the Drosophila system, dPer and Timeless (Tim)
genes are rhythmically transcribed. dPER/TIM inhibits
its activator dCLOCK/CYCLE, which is also a transcrip-
tional activator of Vrille and Pdp1. Since VRILLE is a
repressor and PDP1 is an activator of dClock (Cyran et
al. 2003), dPER/TIM indirectly drives rhythmic tran-
scription of dClock (Stanewsky 2003; Hardin 2004).

Thus, mPER/CRY and dPER/TIM both act on a tran-
scriptional level in the nucleus. Furthermore, they act by
the same molecular mechanism in the positive and in
the negative limb of the circadian feedback loops; they
inhibit their transcriptional activator. This leads to re-
pression of transcription of genes in the negative limb
and to indirect activation of transcription of genes in the
positive limb via repression of a repressor gene (Gachon
et al. 2004; Hardin 2004).

Clock components are regulated by phosphorylation
and dephosphorylation (Lee et al. 1998, 2001; Kim et al.
2002; Nawathean and Rosbash 2004). These post-trans-
lational mechanisms are critical for circadian rhythmic-
ity in flies and mammals (Reppert and Weaver 2002;
Stanewsky 2003; Gachon et al. 2004; Hardin 2004). Re-
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cent findings suggest that in cyanobacteria, even the
core of the circadian pacemaker is based on autoregula-
tory rhythmic phosphorylation of the circadian clock
protein KaiC rather than on a transcriptional/transla-
tional feedback loop (Tomita et al. 2005). KaiC, when
incubated in vitro with KaiB and C, undergoes robust
cycles of autophosphorylation and dephosphorylation
(Nakajima et al. 2005).

In Neurospora, the frequency gene (frq) is transcribed
in rhythmic fashion and FRQ protein acts in a tempera-
ture-compensated manner in the negative and positive
feedback loop of the circadian clock (Roenneberg and
Merrow 2003; Dunlap and Loros 2004; Diernfellner et al.
2005). In the negative limb, FRQ inhibits its transcrip-
tional activator White Collar Complex (WCC) by facili-
tating its phosphorylation (Schafmeier et al. 2005), and
thus, FRQ represses its own gene on the level of tran-
scription (Aronson et al. 1994a; Froehlich et al. 2003). In
the course of a circadian period, FRQ is progressively
phosphorylated by several kinases, in particular CK-1a, a
homolog of mammalian CKI�/�, CKII and CAMK-1 (Görl
et al. 2001; Yang et al. 2001, 2002, 2003). The protein
phosphatases PP1 and PP2A dephosphorylate FRQ and
antagonize the effects of the kinases (Yang et al. 2004).
The PEST-1 sequence in the central portion of FRQ and
nearby sites are targets for phosphorylation (Liu et al.
2000; Görl et al. 2001; Yang et al. 2002, 2003, 2004).
Hyperphosphorylated FRQ is recognized by FWD-1, an
F-box protein of an SCF-type ubiquitin ligase (He et al.
2003). Phosphorylation, ubiquitination, and subsequent
degradation of FRQ are major determinants of circadian
period length.

The negative feedback loop is connected with a posi-
tive loop. In this loop, FRQ facilitates accumulation of
high levels of WCC, which is essential to generate high-
amplitude self-sustained circadian rhythmicity (Lee et
al. 2000; Cheng et al. 2001). FRQ affects wc-2 transcrip-
tion and to some extent also trenscription of wc-1, but
neither gene is transcribed in rhythmic fashion (Lee et al.
2000; Cheng et al. 2001, 2003; Dragovic et al. 2002). FRQ
controls expression of WC-1 and probably also WC-2 on
a post-transcriptional level (Cheng et al. 2001). WC-2
protein levels are constant throughout a circadian pe-
riod, whereas WC-1 abundance oscillates with a low am-
plitude ∼6 h delayed compared with the FRQ abundance
rhythm (Lee et al. 2000; Cheng et al. 2001).

FRQ contains a functionally essential nuclear localiza-
tion sequence, NLS, (Luo et al. 1998). Yet, the majority of
FRQ is located in the cytosol (Cheng et al. 2005;
Schafmeier et al. 2005), suggesting a regulation of its
subcellular localization.

We show here that FRQ, in contrast to mPER/CRY
and dPER/TIM, acts in distinct subcellular compart-
ments and via distinct mechanisms in the negative and
positive limb. Thereby, apparently contradicting func-
tions of FRQ are separated in terms of space and time.
Negative feedback is carried out by nuclear FRQ early
after FRQ expression, whereas support of WC-1 expres-
sion, which is limiting for WCC formation, requires pro-
gressive accumulation of FRQ in the cytosol. Distinct

populations of FRQ, distinguished by phosphorylation
status, mediate nuclear and cytosolic functions. In par-
ticular, phosphorylation of serine residues within the
PEST-2 region of FRQ appears to be crucial for the ability
of FRQ to support WC-1 expression, but has no affect on
the negative feedback capacity of FRQ. We suggest that
progressive phosphorylation triggers maturation of FRQ
from a nuclear repressor toward a cytoplasmic activator.

Results

Temporal coordination of FRQ functions

FRQ inhibits synthesis of its own RNA by promoting
phosphorylation-dependent inactivation of its transcrip-
tional activator WCC (Schafmeier et al. 2005) and it sup-
ports WC-1 and WC-2 expression (Lee et al. 2000; Cheng
et al. 2001). To analyze the kinetics of these apparently
contradicting FRQ functions, we expressed in a frq-defi-
cient strain (frq9) a functional copy of the frq ORF under
control of the quinic acid (QA) inducible qa-2 promoter.
The frq9 allele encodes, due to a frame-shift mutation, a
C-terminally truncated protein that is defective in nega-
tive feedback (Aronson et al. 1994b; Merrow et al. 1997)
and in its ability to support WC-1 and WC-2 accumula-
tion (Cheng et al. 2001; Schafmeier et al. 2005). In the
absence of QA in the growth medium the frq9;qa-frq
strain expressed, like the parental frq9 strain, reduced
levels of WC-1 and WC-2, but elevated levels of frq9

RNA (Fig. 1A). Functional FRQ was then induced with
QA and the kinetics of accumulation of FRQ in total cell
extracts and in nuclei was analyzed over a time course of
12 h (Fig. 1B). Low levels of newly synthesized, hypo-
phosphorylated FRQ were detected in total cell extracts
and in nuclei 2 h after addition of QA. Levels and phos-
phorylation status of total FRQ increased and reached
levels similar to those in frq+ after 8–12 h of induction
(Fig. 1B; Supplementary Fig. S1). In contrast, nuclear
FRQ reached a plateau value already after 4 h, suggesting
that its accumulation in the nucleus is limited. Analysis
of WC-1 revealed that the newly induced FRQ was inef-
ficient in supporting accumulation of WC-1. WC-1 levels
increased significantly 8 h after FRQ induction and
reached frq+ levels after 12 h, confirming that FRQ sup-
ports expression of WC-1 with a substantial time lag (Lee
et al. 2000). The data suggest that high levels of FRQ
and/or hyperphosphorylated FRQ are required to support
accumulation of WC-1.

frq9 RNA was then measured by quantitative real-
time PCR (RT-PCR) using a probe specific to the 5�-UTR
of the frq9 allele, which is absent in the chimaeric qa-frq
gene. frq9 RNA was almost fully repressed 2 h after in-
duction of qa-frq and reached its minimum after 4 h (Fig.
1C), supporting that the kinetics of negative feedback
is fast (Merrow et al. 1997). Two-dimensional gel analy-
sis revealed that WC-2 was hyperphosphorylated 4 h af-
ter qa-frq induction (Fig. 1D), indicating that the WCC
was inactivated by FRQ-dependent phosphorylation
(Schafmeier et al. 2005). This demonstrates that low
amounts of hypophosphorylated FRQ were efficient in
negative feedback and rapid repression of the frq9 allele.
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Furthermore, frq9 RNA levels remained low throughout
the time course despite accumulation of substantial
amounts of WC-1. This demonstrates that FRQ pro-
motes expression of transcriptionally inactive WCC. In-
terestingly, the kinetics of WCC phosphorylation and
negative feedback on frq9 RNA correlated well with the
kinetics of FRQ accumulation in the nucleus, while the
kinetics of WC-1 accumulation correlated with accumu-
lation of total FRQ levels, which reflect primarily accu-
mulation of FRQ in the cytosol (Schafmeier et al. 2005).

To discriminate whether high levels of FRQ are re-

quired to support WC-1 accumulation or whether low
levels of newly synthesized FRQ would also directly or
indirectly support WC-1 expression with a time lag, we
induced different FRQ levels with increasing QA con-
centrations and analyzed steady-state levels of WC-1. As
shown in Figure 1E, accumulation of high steady-state
levels of WC-1 required high levels of FRQ.

Together, the data suggest that negative feedback on
one hand, and support of WC-1 expression on the other
hand, display distinct requirements for FRQ abundance
and phosphorylation. Low levels of hypophosphorylated
FRQ are immediately active in negative feedback, while
support of WC-1 expression occurs with a time lag, when
high levels and hyperphosphorylated FRQ have accumu-
lated. This allows temporal coordination of apparently
contradicting FRQ functions.

Spatial coordination of FRQ functions

FRQ supports wc-2, and to some extent, also wc-1 tran-
scription and accumulation of WC-1 on a post-transcrip-
tional level (Lee et al. 2000; Cheng et al. 2001; Dragovic
et al. 2002; Káldi et al. 2005). Since WC-1 is not stable in
the absence of WC-2 (Cheng et al. 2001), the observed
post-transcriptional support of WC-1 accumulation
could be an indirect effect of FRQ supporting WC-2 ex-
pression on the transcriptional level. Thus, in frq-defi-
cient strains the concentration of free WC-2 could be-
come rate limiting for the kinetics of WCC formation.
This would lead to low WC-1 levels, since unassembled
WC-1 is efficiently degraded. To test this hypothesis, we
expressed in frq10 (frq deletion) an inducible qa-wc-2
gene. When transcription of qa-wc-2 was induced, WC-2
accumulated to wild-type levels (Fig. 2A). Yet, levels of
WC-1 increased only marginally, demonstrating that
WC-2 concentration is not rate limiting for WCC forma-
tion in frq10.

We then asked whether the post-transcriptional sup-
port of WC-1 accumulation is associated with a function
of FRQ in the cytosol. FRQ contains a nuclear localiza-
tion signal, which is essential for its function (Luo et al.
1998). Yet, only a small fraction of FRQ is localized in
the nucleus and the majority of the protein accumulates
in the cytosol (Cheng et al. 2005; Schafmeier et al. 2005).
We used the strain frq�NLS that encodes a FRQ version
where the NLS was deleted (Luo et al. 1998). As reported
previously (Luo et al. 1998), FRQ�NLS levels in the
nucleus were substantially reduced (Fig. 2B). WC-2 levels
were low in frq�NLS, demonstrating that nuclear func-
tions of FRQ were compromised (Fig. 2C, top). WC-1
levels, however, were not reduced, suggesting that its
accumulation was supported by cytoplasmic FRQ�NLS.
WC-1 and WC-2 (Fig. 2C) were hypophosphorylated in
frq�NLS, indicating that hyperphosphorylation of WCC
requires nuclear FRQ.

We have recently shown that deletion of the PEST-1
sequence of FRQ leads to accumulation of elevated lev-
els of FRQ�P-1 and of WC-1 (Görl et al. 2001). As shown
in Figure 2D, the cytosolic levels of FRQ�P-1 are el-
evated in comparison with FRQ levels in frq+, while

Figure 1. Contradicting FRQ functions are coordinated in tem-
poral fashion. (A) Expression levels of clock proteins and frq
mRNA in wild-type (frq+) and frq9 qa-frq. Total protein extracts
and RNA were prepared and analyzed by Western blotting (top)
and quantitative RT-PCR (bottom), respectively. Blots were
decorated with the indicated antibodies. (B) Kinetics of accu-
mulation of FRQ and WC-1. frq9;qa-frq was induced with 10−2

M QA and samples were harvested at the indicated time points
after QA addition. Expression of FRQ in total protein extracts
(T) and nuclei (N) and of WC-1 (accumulates in nuclei only) was
analyzed by Western blotting. Two-hundred micrograms of pro-
tein were loaded per lane. (C) Kinetics of repression of the in frq9

locus in frq9;qa-frq cells after induction of FRQ expression.
RNA prepared at the indicated time points was analyzed by
RT-PCR with primers and probes specific to the 5�-UTR of frq9,
which is absent in qa-frq. (D) WC-2 is hyperphosphorylated 4 h
after qa-frq induction. Samples from B were subjected to two-
dimensional gel electrophoresis—isoelectric focusing (IEF) and
subsequent SDS-PAGE (Schafmeier et al. 2005)—and immuno-
bloting with �WC-2 antiserum. (E) frq9;qa-frq cultures were
grown in the presence of the indicated concentrations of QA to
induce different steady-state levels of FRQ. Samples were ana-
lyzed by Western blotting with antibodies against FRQ and WC-
1. The open arrowhead indicates hyperphosphorylated WC-1.
(A,C) Values are mean ± SD.

Maturation of circadian clock protein

GENES & DEVELOPMENT 299



nuclear levels of FRQ�P-1 and FRQ are similar. Thus,
the increase in WC-1 amount (Fig. 2D) correlates with
the amount of cytosolic FRQ�P-1.

Together, the data suggest that accumulation of WC-1
is supported by cytoplasmic FRQ. By what mechanism
does cytoplasmic FRQ support WC-1 expression? Signals
for translational regulation are often located in the 5�-
and 3�-untranslated region (UTR) of mRNAs (Gebauer
and Hentze 2004). To exclude such potential regulation,
we expressed the wc-1 ORF (spliced c-DNA without
UTRs) under control of the qa-2 promoter in �wc-1 and
in frq10. We also expressed an N-terminally truncated
version of the ORF (wc-1�QM). The deleted region of
wc-1 encodes the N-terminal polyglutamine stretch and
a methionine-rich region of predicted low complexity
(data not shown), and we reasoned that this region could
potentially contain sequences regulating mRNA transla-
tion. Following induction of the qa-2 driven wc-1 gene,

WC-1 and WC-1�QM were efficiently expressed in �wc-
1, while expression levels of both proteins were low in
frq10 (Fig. 3A), in agreement with similar results by
Cheng et al. (2003). As measured by RT-PCR, wc-1 RNA
levels were 2.3 ± 0.4 (n = 4) times higher in wc-1 frq10

qawc-1 than in frq+ (data not shown). The data suggest
that FRQ supports WC-1 accumulation on a post-trans-
lational level. However, we cannot rule out that signals
for translational control are located in the wc-1�QM
ORF encoding the evolutionary conserved LOV and PAS
domains and the GATA-like zinc-finger of WC-1.

Figure 2. Support of WC-1 expression is a cytosolic function of
FRQ. (A) Overexpression of WC-2 does not significantly elevate
WC-1 levels in frq10. An inducible extra-copy of wc-2 (qa-wc-2)
was expressed in frq10 background. Indicated strains were grown
in LL, and total extracts were analyzed by Western blotting with
antibodies against WC-2 and WC-1. (*) Unspecific band. (B) Sub-
cellular distribution of FRQ and FRQ�NLS. (T) Total extract,
(C) cytosol, (N) nuclei. Two-hundred micrograms of protein
were loaded per lane. (C) Expression of WCC in frq�NLS. (Top)
Total cell extracts were subjected to SDS-PAGE and immuno-
decoration. (Open arrowhead) Hyperphosphorylated WC-1.
(Bottom) Extracts were analyzed by two-dimensional gel elec-
trophoresis and immunoblotting with �WC-2. (Arrowhead) Un-
phosphorylated WC-2. (D) FRQ and WC-1 accumulation in a
PEST-1 deletion strain. (Left) frq+ and frq�P-1 were grown in LL.
Samples were harvested and fractionated into cytosol (C) and
nuclei (N), and analyzed by Western blotting. (Right) Quantifi-
cation of FRQ and WC-1 from Western blots. Mean ± SD (n = 3).

Figure 3. FRQ supports WC-1 expression in a post-transla-
tional fashion. (A, left) The wc-1 gene (top), qa-2 promoter-
driven cDNA copies of the spliced full-size wc-1 ORF (middle),
and the truncated wc-1�QM ORF (bottom) are schematically
outlined. The wc-1�QM ORF lacks the first 860 base pairs (bp)
of wc-1 and the truncated protein starts presumably at methio-
nine 297. (Filled block arrows) Promoters; 5� and 3� untranslated
regions. (Gray and hatched boxes) Exons and introns. (Right)
Expression levels of full-length and truncated WC-1 forms are
shown by representative Western blots. (Top) WC-1 expression
in frq+ and frq10. (Middle) WC-1 expression in �wc-1;qa-wc-1
and frq10;qa-wc-1. (Bottom) Expression of WC-1�QM in �wc-
1;qa-wc-1�QM and frq10;qa-wc-1�QM. (*) Unspecific band. (B)
Stability of WC-1 in complex with WC-2. Indicated strains were
grown in DD and harvested at the indicated time points after
addition of 10 µg/mL cycloheximide (CHX). (Top) Total extracts
were analyzed by Western blotting and decoration with �WC-1
antiserum. (Bottom) Quantification of FRQ degradation kinet-
ics is shown for control. (C) FRQ does not support WC-1 accu-
mulation in the absence of WC-2. The indicated strains were
grown in LL. Extracts were prepared and analyzed by Western
blotting. FRQ, WC-1, and �-tubulin (Tub) are shown. (Bottom)
Expression levels of WC-1 relative to �-tubulin. The ratio of
WC-1/Tub in frq+ was set to 1 (n = 2).
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We then measured whether the turnover kinetics of
WC-1 is dependent on FRQ (Fig. 3B). When protein syn-
thesis was inhibited with cycloheximide, WC-1 was
equally stable in frq+ and frq10. Since WC-1 does not
accumulate to significant levels in the absence of WC-2,
(Cheng et al. 2002) the experiment measures only turn-
over of assembled WC-1. Accordingly, we concluded that
FRQ does not affect stability of WC-1 once the protein is
assembled in the WCC.

We then asked whether FRQ could stabilize newly
synthesized WC-1 prior to its assembly with WC-2; i.e.,
on the level of translation or folding. For this purpose, we
expressed in a �wc-2 strain FRQ under control of the
�-tubulin promoter (tub-frq), since the endogenous frq is
not transcribed in wc-2-deficient strains. Levels of FRQ
were lower in tub-frq than in frq+, but much higher than
in �wc-2 (Fig. 3C). Yet, WC-1 levels remained unaf-
fected, suggesting that FRQ may not facilitate transla-
tion of wc-1 RNA or folding of the polypeptide. Rather,
FRQ promotes accumulation of WC-1 only in presence
of WC-2.

Since FRQ does not apparently control translation and
folding of WC-1 nor turnover of the WCC complex, it
seems plausible that cytosolic FRQ assists the process of
assembly of WC-1 with WC-2 (see Discussion).

The PEST-2 sequence in FRQ is required for support
of WC-1 expression

FRQ9 is defective in negative feedback and does not sup-
port WC-1 accumulation, indicating that the C-terminal
portion of FRQ is necessary for both functions. The C-
terminal portion of FRQ contains the PEST-2 sequence
(Merrow and Dunlap 1994). PEST-2 is phosphorylated in
vitro by CK-1a (Görl et al. 2001). Analysis of GST-
PEST-2 by mass spectrometry revealed that PEST-2 is
phosphorylated at two serine residues, S885 and S887,
and a PEST-2-derived peptide, containing S885 and S887,
was phosphorylated by CK-1a (Supplementary Fig. S2).
To access whether PEST-2 has a function in negative
feedback or in support of WC-1 accumulation, we con-
structed the mutant alleles frq�P-2 and frq-S885/7N, in
which PEST-2 was deleted or the serine (S) codons 885
and 887 were changed to asparagine (N) codons. Since we
had previously shown that deletion of PEST-1 results in
stabilization of FRQ (Görl et al. 2001), we also deleted
PEST-1 in addition to PEST-2 (frq�P-1/2). The mutant
frq alleles and a wild-type copy (control) were expressed
in frq10, and expression levels (LL) of the FRQ variants
were analyzed (Fig. 4A). FRQ�P-2 levels were lower,
while FRQ�P-1/2 levels were similar to control levels of
FRQ. This suggests that PEST-1 and PEST-2 have differ-
ent functions. Deletion of PEST-2 leads to a reduced ex-
pression of FRQ, which can be compensated for by the
stabilizing effect of the PEST-1 deletion. PEST-1 is phos-
phorylated by CK-1a (Görl et al. 2001). PEST-2, which is
phosphorylated in vitro by CK-1a/b (Görl et al. 2001),
may also be a target for phoshorylation in vivo, since
hyperphosphorylated species of FRQ�P-2 appear to be
underrepresented in comparison with FRQ (Fig. 4A;

Supplementary Fig. S3). FRQ-S885/7N was expressed at
almost control levels and its phosphorylation status was
similar to that of FRQ (Fig. 4A).

To characterize the PEST-2 mutant proteins, we deter-
mined their stability and subcellular distribution. Turn-
over kinetics of FRQ�P-2 and FRQ-S885/7N were not
significantly different from those of FRQ (Supplemen-
tary Fig. S4) and their subcellular distribution was not
affected (data not shown). As expected, FRQ�P-1/2 was
stabilized due to the deletion of PEST-1 (Supplementary
Fig. S4).

Figure 4. PEST-2 of FRQ is crucial for positive but not for
negative feedback. (A) Expression of PEST-2 mutant versions of
FRQ. frq10, his-3 was transformed with the wild-type frq gene
(ctr.) and the indicated PEST-2 mutant alleles. Arrowheads in-
dicate three major FRQ species of different electrophoetic mo-
bility reflecting heterogeneous phosphorylation status. frq10 is
shown for control. (B) Expression levels of WC-1 (two different
experiments are shown) and WC-2 in the indicated strains.
�-Tubulin (Tub) is shown for control. (Bottom) Quantification
of WC-1 and WC-2 relative expression levels. Mean ± SD; n = 3.
(C) Expression levels of WC-1 after induction of wild-type and
mutated frq alleles under control of the qa-2 promoter. Cells
were harvested 16 h after induction and total extracts of unin-
duced and induced cells were subjected to Western analysis. (D)
Repression of the endogenous frq9 allele by QA-induced wild-
type FRQ, FRQ�P-2, and FRQ-S885/7N. Mean values of two
independent RT-PCR determinations with triplicate reactions
(±SD). RNA levels before QA-induction were set equal to 1. (E)
FRQS885/7D supports expression of WC-1 and WC-2. frq10,
his-3 was transformed with frq+ (ctr.) and frqS885/7D alleles
(two transformants are shown). (Left) Expression levels of WC-1
and WC-2 were analyzed by Western blotting. (Right) Quantifi-
cation of WC-1 and WC-2 levels in the indicated strains
(mean ± SD, n = 4).
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We then determined expression levels of WC-1 in the
transformed strains (Fig. 4B,C). WC-1 was inefficiently
expressed in frq�P-2, frq�P-1/2, and frq-S885/7N. In con-
trast, efficient WC-1 accumulation was supported by au-
thentic FRQ (Fig. 4B,C). PEST-1 had no direct effect on
WC-1 expression (see Fig. 2D); the elevated levels of
FRQ�P-1 supported accumulation of correspondingly el-
evated amounts of WC-1. WC-2 levels were reduced in
frq�P-2 and frq�P-1/2, but not in frq-S885/7N (Fig. 4B).
For further analysis, we expressed inducible copies of frq,
frq�P-2, and frq-S885/7N under control of the qa-2 pro-
moter in an frq10 strain and analyzed WC-1 expression
(Fig. 4C). Without induction of the qa-2 promoter, WC-1
levels were low in all three strains. WC-1 level increased
when expression of wild-type frq was induced, but not
upon induction of frq�P-2 and frq-S885/7N. The data
indicate that expression of the mutant FRQ proteins did
not affect WC-1 levels. Rather, PEST-2 is required for the
support of WC-1 expression. S885 and S887 of FRQ ap-
pear to be crucial for this function.

A key function of FRQ is its ability to inhibit synthesis
of its own mRNA. To measure whether PEST-2 affects
negative feedback, we expressed qa-frq, qa-frq�P-2, and
qa-frqS885/7N in a frq9 strain. Prior to addition of QA,
the frq9 allele was efficiently transcribed, since FRQ9

protein is defective in negative feedback (Fig. 4D). When
QA was added (DD), frq9 RNA was efficiently repressed
by FRQ as well as by the induced FRQ�P2 and FRQS885/
7N, demonstrating that PEST-2 is not required for nega-
tive feedback. This indicates that negative feedback and
support of WC-1 accumulation are two mechanistically
distinct functions that are associated with distinct re-
gions of FRQ.

Support of WC-1 accumulation by FRQ appears to be
dependent on the putative phosphorylation sites S885
and/or S887. To mimic phosphorylation, we constructed
frq alleles, where the codons S885 and S887 were
changed by site directed mutagenesis to aspartate (D)
codons. When expressed in a frq10 background, the mu-
tant protein, FRQS885/7D, supported accumulation of
high levels of WC-1 (Fig. 4E), suggesting that WC-1 ac-
cumulation is regulated by phosphorylation of FRQ at
S885 and S887. As in frqS885/7N, WC-2 levels were not
affected in frqS885/7D (Fig. 4E).

frq�P-2 and frq-S885/7N strains did not show a mo-
lecular rhythm of frq RNA (data not shown) and FRQ
protein abundance (Supplementary Fig. S5) and displayed
no conidial banding when grown in constant darkness
(DD) on race-tubes (Fig. 5A). This demonstrates that the
positive limb of the interconnected feedback loops is
crucial for free-running rhyhtmicity. To assess whether
the strains had generally lost the ability to form conidial
bands, race tubes were exposed to 12 h light/12 h dark
(LD) cycles (Fig. 5B). frq9 was arrhythmic under such
regime, since light-driven conidial banding requires FRQ
(Chang and Nakashima 1997; Merrow et al. 1999). Inter-
estingly, frqS885/7N showed conidial banding in LD
cycles, while frq�P-2 did not. This suggests that deletion
of PEST-2 causes a more severe functional defect than
exchange of S885 and S887.

To analyze whether the failure to support accumula-
tion of WC-1 is the sole defect of the PEST-2 mutant
strains, frq�P-2 and frq-S885/7N were transformed with
a qa-wc-1 gene. In the absence of QA, low levels of WC-1
were expressed in both mutant strains (Fig. 5C). When
wc-1 RNA synthesis was induced, increased expression
of WC-1 was detected. However, despite the presence of
a highly transcribed extra copy of the wc-1 gene (data not
shown), WC-1 levels remained markedy lower than in
frq+ (Fig. 5C), demonstrating once more that functional
FRQ is required for WC-1 accumulation. WC-1 levels
were higher in frq-S885/7N;qa-wc-1 than in frq�P-2;qa-
wc-1, supporting the notion that deletion of PEST-2
causes a more severe defect than exchange of S885 and
S887. The data demonstrate that the PEST-2-associated
function of FRQ is required to support expression of WC-
1, even when efficient wc-1 transcription is driven by a
heterologous promoter.

Race tubes were inoculated with frq-S885/7N;qa-wc-1
and frq�P-2;qa-wc-1 and incubated in DD (Fig. 5D). In
the absence of QA in the growth medium, both strains
did not show rhythmic conidiation. In the presence of
QA, frq�P-2;qa-wc-1 remained arrhythmic, while frq-

Figure 5. Conidiation rhythm in wild-type and PEST-2 mutant
strains. (A) Racetube assay showing arrhythmic behavior of
PEST-2 mutants under free-running conditions (DD). White
bars indicate light periods and black bars indicate darkness.
(Bottom) Densitometric traces of ctr. and frq�P2. (B) frq-S885/
7N shows rhythmic conidiation in LD cycles. Indicated strains
were exposed to 12 h light/12 h dark cycles. (C, top) Induced
expression of WC-1 from an additional gene copy under qa-2
promoter control. Cells were grown in the absence of QA (−) or
wc-1 was induced for 16 h (+). (Bottom) Rescue of overt rhyth-
micity in frq-S885/7N by QA-induced expression of WC-1. Ra-
cetubes without (−) or with (+) QA were inoculated with the
indicated strains and incubated in DD. (D) Ser-to-Asp exchange
of residues 885 and 887 of FRQ result in a 3-h phase advance of
the conidiation rhythm. Racetube analysis of frqS885/7D and
frq+ (ctr.) transformed frq10 strains.
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S885/7N;qa-wc-1 displayed rhythmic circadian conidia-
tion.

Finally, frq-S885/7D was rhythmic on race tubes in
DD (Fig. 5E). The free-running period (21.52 ± 0.74x h,
n = 8) was similar to that of the frq+-transformed control
strain (21.59 ± 0.5 h, n = 2), indicating that the principle
functions of FRQ were not compromised. However, the
phase of conidiation of frq-S885/7D (DD 8 ± 0.55) was
advanced by 3 h compared with the control strain (DD
11.1 ± 0.4) (Fig. 5E).

Together, the data demonstrate that nuclear and cyto-
plasmic functions of FRQ are distinct and associated
with distinct portions of FRQ. Overt rhythmicity is lost
when the cytoplasmic function of FRQ is compromised.
PEST-2 is crucial for the support of WC-1 accumulation,
but is neither required for negative feedback nor rate
limiting for FRQ turnover. The kinetics of FRQ phos-
phorylation at S885 and S887 appear to determine WC-1
accumulation and the phase of conidiation.

Discussion

FRQ is part of interlocked positive and negative feedback
loops that are crucial for robust circadian rhythmicity of
Neurospora. In these loops, FRQ exerts apparently con-
flicting functions. In the negative limb of the interlocked
loops, FRQ inhibits its own expression by phosphoryla-
tion-dependent inactivation of its transcriptional activa-
tor WCC (Schafmeier et al. 2005). In the positive limb,
FRQ supports accumulation of WCC (Lee et al. 2000;
Cheng et al. 2001).

We present evidence that these conflicting functions
of FRQ are confined to distinct subcellular compart-
ments, coordinated in temporal fashion and regulated by
phosphorylation of FRQ. Phosphorylation-dependent in-
activation of WCC requires nuclear FRQ. Low levels of
FRQ are sufficient and hypophosphorylated FRQ appears
to be particularly active in negative feedback. Thus,
negative feedback sets in early after FRQ expression.
Support of WC-1 accumulation, in contrast, is mediated
by cytosolic FRQ. It requires higher levels of FRQ than
negative feedback and it requires phosphorylation of
FRQ. Accordingly, WCC accumulation is supported late
after FRQ expression, when significant levels of cyto-
plasmic FRQ have built up and when FRQ is hyperphos-
phorylated.

A function of FRQ in the cytosol was surprising and
unexpected, since cytoplasmic sequestration of clock
proteins in mammals and flies is generally assumed to
provide the means for accumulation of inactive protein
that becomes activated upon regulated nuclear import.
When imported into the nucleus, mPER/CRY and dPER/
TIM act by a single mechanism; they inactivate CLOCK/
BMAL1 and dCLOCK/CYCLE, rerspectively, and thus
repress genes that are activated by these transcription
factors (Reppert and Weaver 2002; Stanewsky 2003;
Gachon et al. 2004; Hardin 2004). This leads to direct
repression of genes in the negative limb and activation of
genes in the positive limb via repression of a repressor
gene.

In addition, post-transcriptional mechanisms contrib-
ute to the circadian loops in flies and mammals. In Dro-
sophila, dCLOCK/CYCLE activates transcription of
Vrille and Pdp1, encoding a repressor and a transcrip-
tional activator of dClock, respectively. Yet, VRILLE
levels peak 3–6 h before PDP1 (Cyran et al. 2003), sug-
gesting a considerably complex regulation beyond the
level of rhythmic transcription. Furthermore, flies re-
main rhythmic when dClock is expressed in antiphase
under control of the per promoter (Kim et al. 2002), even
when dPER and Tim are constitutively expressed (Yang
and Sehgal 2001), suggesting that transcriptional control
of the positive limb and the negative limb is not abso-
lutely essential for clock function. In the mouse system,
mPer1/2, mCry1/2, Rev-erb�, and ROR� transcript lev-
els peak at different circadian times, which cannot be
explained by a simple transcriptional control of these
genes by CLOCK/BMAL1 (Gachon et al. 2004; Sato et
al. 2004) Futhermore, in a rev-erb� knock-out mouse,
Bmal1 is constitutively transcribed at elevated levels;
yet mPer2 and mCry1/2 are rhythmically transcribed
and the circadian clock is running (Preitner et al. 2002).
This demonstrates that transcriptional control of the
positive limb is not strictly required for rhythmicity in
mice. Interestingly, dimerization of BMAL1 with the
CLOCK paralog NPAS2 is regulated on a metabolic level
through a heme-binding PAS-domain (Dioum et al.
2002), suggesting that also the interaction of BMAL1
with CLOCK may be regulated by a post-translational
mechanism. There is, however, no evidence that PERs,
CRYs, or TIMs are directly involved in post-translational
regulation of the circadian clock in mammals and flies.

In Neurospora, FRQ activates wc-2 transcription by an
unknown mechanism (Cheng et al. 2003). This function
of FRQ could be indirect and analogous to the function of
mPER/CRY and dPER/TIM in mammals and flies; i.e.,
via transcriptional repression of a WCC-controlled puta-
tive repressor of wc-2. FRQ also affects transcription of
wc-1 (Dragovic et al. 2002; Káldi et al. 2005). However,
levels of WCC are dependent on FRQ even when wc-1 or
wc-2 are constitutively transcribed from a heterologous
promoter, demonstrating that transcriptional control of
the positive limb is not required. Thus, FRQ acts on a
transcriptional level in the negative limb of the circadian
feedback loop; the critical function of FRQ in the posi-
tive limb appears to be associated with post-translational
regulation. How does FRQ exert apparently diverse func-
tions such as inactivation of WCC in the nucleus and
support of WCC accumulation in the cytosol? We have
shown recently that FRQ feeds back on the transcription
of its own gene by promoting phosphorylation of WCC,
which leads to inactivation of the transcription factor
(Schafmeier et al. 2005). Here, we present evidence that
support of WCC accumulation is a post-translational
process supported by FRQ in the cytosol. FRQ appears to
act on the level of WCC assembly. Although it seems
unlikely that FRQ is a general chaperone, it may specifi-
cally facilitate biogenesis of WCC. It is tempting to
speculate that FRQ supports WCC accumulation by a
molecular mechanism similar to the mode by which it
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inhibits WCC in the negative limb. Thus, FRQ may fa-
cilitate phosphorylation of cytosolic WC-1 or WC-2.
Phosphorylation could enhance assembly competence of
WC-1 with WC-2, either directly or indirectly, by pro-
moting their accumulation in the nucleus. Recently, five
adjacent phosphorylation sites in WC-1 have been iden-
tified that affect expression levels of WCC (He et al.
2005). However, it was not investigated whether phos-
phorylation of WC-1 at these sites is facilitated by FRQ.

In the course of a circadian period, FRQ is progres-
sively phosphorylated and degraded. The phosphoryla-
tion targets identified hitherto, in particular PEST-1 and

nearby sites, regulate turnover of FRQ and are major de-
terminants of period length (Görl et al. 2001; Yang et al.
2001, 2002, 2003). We show here that PEST-2 has no
rate-limiting function in FRQ turnover. Rather, PEST-2
is required to support accumulation of WCC. In particu-
lar, the putative CK-1a phosphorylation sites S885 and
S887 are critical for this function. PEST-2 is not required
for negative feedback. The functions of FRQ in the nega-
tive and positive limbs of the circadian feedback loops
are therefore associated with distinct regions or domains
of FRQ. We present evidence that hyperphosphorylated
FRQ is significantly less efficient in negative feedback
than the hypophosphorylated protein. Thus, not only
FRQ stability, but also its functions in the negative and
positive limps of the feedback loop appear to be regulated
by phosphorylation. Given the lack of homology of FRQ
with evolutionary conserved protein domains of known
function, FRQ could provide a platform for association of
kinases and phosphatases modifying WC-1, WC-2, and
also FRQ itself. Phosphorylation of FRQ could modulate
its affinity for its interaction partners and thus regulate
specific FRQ functions. We propose that progressive
phosphorylation of FRQ in the course of a circadian pe-
riod triggers its gradual maturation to a cytoplasmic ac-
tivator (Fig. 6). Early after expression, hypophosphory-
lated FRQ acts as a repressor by promoting phosphory-
lation of WCC in the nucleus. Later, when hypo- and
hyperphosphorylated forms of FRQ have accumulated,
both functions of FRQ are active; cytoplasmic FRQ sup-
ports accumulation of WCC, which is efficiently inacti-
vated by nuclear FRQ. Thereby, FRQ supports accumu-
lation of high levels of its inactive transcription factor,
and finally, when FRQ is predominantly hyperphos-
phorylated and on the pathway to degradation, negative
feedback is relieved and the accumulated inactive WCC
becomes progressively activated by PP2A-dependent de-
phosphorylation (Schafmeier et al. 2005), which then
dominates kinetically over FRQ dependent WCC pho-
shorylation.

Materials and methods

Strains and growth conditions

Neurospora strains used in this study (frq+, frq9, frq10, frq�NLS,
�wc-1, and �wc-2) carried the bd mutation (Loros et al.
1986). For transformations, bd; frq10; his-3 and bd; �wc-1; his-3
were used. Standard medium contained 2% glucose, 0.5% L-
arginine, 1× Vogel’s, and 10 ng/mL biotin, solid medium con-
tained an additional 2% agar. For induction of genes under con-
trol of the qa-2 promoter, Neurospora was transferred to induc-
tion medium (2% sucrose, 0.17% L-arginine, 1× Vogel’s, and 10
ng/mL biotin) containing 0.3% QA. In race-tube medium, glu-
cose content was reduced to 0.1%, and arginine was reduced to
0.17%. Analysis of race tubes was performed using the ChronoII
program (T. Roenneberg, Ludwig-Maximilians-Universitat, Mu-
nich, Germany).

Plasmid constructs and Neurospora transformation

The frq ORF was cloned into a pGEM4 plasmid, resulting
in pG4-ORF (Görl et al. 2001). In pG4-ORF�P2, nucleotides

Figure 6. Model for FRQ function in nucleus and cytosol.
(Morning/Midday) Newly synthesized FRQ is active as a repres-
sor of WCC in the nucleus. Low levels of hypophosphorylated
FRQ are sufficient to promote phosphorylation and inactivation
of WCC. (Evening) FRQ supports accumulation of inactive
WCC. High levels of hyperphosphorylated cytosolic FRQ are
required to support WC-1 accumulation. Cytosolic FRQ may
act on the level of WCC assembly. Newly assembled WCC ac-
cumulates in the nucleus and is inactivated via FRQ-dependent
phosphorylation. frq transcription remains repressed. (Night)
FRQ is progressively phosphorylated and degraded. As the FRQ
concentration decreases, PP2A dependent dephosphorylation of
WCC dominates over phosphorylation (Schafmeier et al. 2005).
Dephosphorylated WCC binds to the frq promoter and activates
transcription.
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2535–2661 of frq-ORF (encoding PEST-2) were replaced with
CGCGGCCGC, creating a NotI site. In pG4-ORF-S885/7N,
the codons for the serine residues 885 and 887 were exchanged
to AAT by site-directed mutagenesis (QuikChange XL, Strata-
gene) resulting in asparagine codons. The SfiI–XbaI fragment of
pBM61frq was replaced by the corresponding fragment of pG4-
ORF�P2 and pG4-ORF-S885/7N, resulting in pBM61frq�PEST-2
and pBM61frq S885/7N, respectively. pBM61frq�PEST-1/2 was
constructed correspondingly using the vector pBM61frq�PEST-1
(Görl et al. 2001). pBM61frq S885/7D was obtained by site-di-
rected mutagenesis.

For transformation, Neurospora cells were grown on solid me-
dium for 5–7 d, and conidia were harvested by shaking in 1 M
sorbitol. Conidia were washed in 1 M sobitol several times and
concentrated to an optical density of 300–600/mL suspension.
Fifty microliters of the suspension were incubated with linear-
ized plasmid DNA (derivatives of pBM60 for targeted insertion
into the his-3 locus) for 5 min on ice. Cells were transformated
by electroporation in a 0.2-cm cuvette (voltage gradient: 1.5
kV/cm; capacitance: 25 µ FD; resistance: 600 ohms; Gene
Pulser; Bio-Rad). One milliliter of 1 M sorbitol was added to
each cuvette, the suspension was mixed by gently pipetting up
and down, and 200–800 µL were added to 10 mL of top-agar, and
plated on medium. Transformants were picked after 2–3 d of
incubation at 30°C and transformed into standard liquid me-
dium. Insertion of the target gene was verified by PCR. Homo-
caryotic strains were generated by purification by several plat-
ing steps and checked by quantitative PCR.

Protein analysis

Extraction of Neurospora protein and subcellular fractionation
was performed as described (Luo et al. 1998; Görl et al. 2001).
Nuclear extracts were prepared by incubating nuclei at 4°C un-
der shaking for 30 min in protein extraction buffer (50 mM
HEPES at pH 7.4, 10% glycerol, 137 mM NaCl, 5 mM EDTA, 1
mM phenylmethyl sulfonyl fluoride, 1 µg/mL leupeptin, 1 µg/
mL pepstatin A). Two-dimensional gel analysis was performed
as described in Schafmeier et al. (2005). Samples contained the
following phosphatase inhibitors: 30 mM Na-pyrophosphate, 20
mM Na phosphate, 5 mM EDTA, 400 nM ocadaic acid, 20 mM
caliculin, and 2 mM vanadate. Western blotting was performed
as described (Görl et al. 2001). Enhanced chemiluminescence
signals were detected with X-ray films. Series of exposures in
the range of 5 sec to 30 min were generated. Quantification was
performed using the QuantityOne software (Bio-Rad).

GST-PEST-2 and a PEST-2-derived peptide were phosphory-
lated in vitro using recombinant CK1a (Görl et al. 2001). Phos-
phorylation sites were determined by mass spectrometry by F.
Lottspeich, Max-Planck-Institut, Martinsried, Germany.

RNA analysis

RNA was prepared and analyzed by quantitative real-time PCR
(RT-PCR) essentially as described (Görl et al. 2001; Merrow et
al. 2001); cDNA was synthesized from 2 µg of DNase-treated
total RNA using the SuperScriptII RT-system (Invitrogen) and
random hexamer primers. frq and actin cDNA was detected by
RT-PCR (ABI-Prism 7000, Applied Biosystems) using TaqMan
probes (Görl et al. 2001). Triplicate reactions (25 µL) containing
cDNA equivalent to 0.1 µg RNA were analyzed.
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