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Regulation of circadian clock components by phosphorylation plays essential roles in clock functions and is
conserved from fungi to mammals. In the Neurospora circadian negative feedback loop, FREQUENCY (FRQ)
protein inhibits WHITE COLLAR (WC) complex activity by recruiting the casein kinases CKI and CKII to
phosphorylate the WC proteins, resulting in the repression of frq transcription. On the other hand, CKI and
CKII progressively phosphorylate FRQ to promote FRQ degradation, a process that is a major determinant of
circadian period length. Here, by using whole-cell isotope labeling and quantitative mass spectrometry
methods, we show that the WC-1 phosphorylation events critical for the negative feedback process occur
sequentially—first by a priming kinase, then by the FRQ-recruited casein kinases. We further show that the
cyclic AMP-dependent protein kinase A (PKA) is essential for clock function and inhibits WC activity by
serving as a priming kinase for the casein kinases. In addition, PKA also regulates FRQ phosphorylation, but
unlike CKI and CKII, PKA stabilizes FRQ, similar to the stabilization of human PERIOD2 (hPER2) due to the
phosphorylation at the familial advanced sleep phase syndrome (FASPS) site. Thus, PKA is a key clock
component that regulates several critical processes in the circadian negative feedback loop.
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The autoregulatory negative feedback loops controlling
the eukaryotic circadian clocks consist of positive and
negative elements (Dunlap 1999; King and Takahashi
2000; Allada et al. 2001; Reppert and Weaver 2001;
Young and Kay 2001; Sehgal 2004). Despite the evolu-
tionary distances among eukaryotic organisms, the cir-
cadian clock mechanisms from fungi to mammals share
remarkable similarities (Liu and Bell-Pedersen 2006;
Heintzen and Liu 2007). In the filamentous fungus Neu-
rospora circadian negative feedback loop, there are four
core components: WHITE COLLAR-1 (WC-1), WC-2,
FREQUENCY (FRQ), and a FRQ-interacting RNA heli-

case FRH (Dunlap 2006). Like their counterparts in the
animal clocks, WC-1 and WC-2 are PAS domain-contain-
ing transcription factors that form a heteromeric WC
complex (WCC). In the dark, WCC activates the tran-
scription of the frq gene by binding to the Clock box
(C-box) of frq promoter (Crosthwaite et al. 1997; Cheng
et al. 2001b, 2002; Loros and Dunlap 2001; Froehlich et
al. 2003; He and Liu 2005; He et al. 2006; Belden et al.
2007). After the synthesis of FRQ protein, FRQ self-
dimerizes and forms a complex (called FFC) with FRH
(Cheng et al. 2001a, 2005). FFC represses the transcrip-
tion of frq by inhibiting WCC activity through their
physical interaction (Aronson et al. 1994; Merrow et al.
1997, 2001; Cheng et al. 2001a, 2003; Denault et al. 2001;
Froehlich et al. 2003; He et al. 2006). This circadian nega-
tive feedback loop generates the robust circadian
rhythms of frq RNA and FRQ protein in constant dark-
ness (DD) (Garceau et al. 1997).

Post-translational modification of clock proteins by
phosphorylation plays essential roles in all circadian
clocks (Price et al. 1998; Lowrey et al. 2000; Lin et al.
2002; Sathyanarayanan et al. 2004; Liu 2005; Nakajima
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et al. 2005; Mori et al. 2007). In eukaryotic organisms,
the post-translational mechanisms regulating circadian
clocks are remarkably conserved from Neurospora to
mammals (Liu and Bell-Pedersen 2006; Heintzen and Liu
2007). The importance and conservation of the eukary-
otic circadian systems are highlighted by the fact that
either a mutation in human PERIOD2 (hPER2) at one of
its phosphorylation sites or a mutation of casein kinase
I (CKI) � causes familial advanced sleep phase syndrome
(FASPS) (Toh et al. 2001; Xu et al. 2005).

In Neurospora, WC-1, WC-2, and FRQ are regulated by
phosphorylation. The phosphorylation of WC plays an
essential role in the negative feedback loop process. WC
phosphorylation inhibits WCC activity and both WC-1
and WC-2 are hypophosphorylated in the frq-null strain,
suggesting that FRQ inhibits WCC activity by promot-
ing WC phosphorylation (He and Liu 2005; He et al.
2005b; Schafmeier et al. 2005). Our recent results indi-
cated that FRQ accomplishes its transcription repressor
function by recruiting CK-1a (the homolog of human
CKI �/�) and CKII to mediate the FRQ-dependent WC
phosphorylation (He et al. 2006). In Neurospora mutants
of ck-1a and the catalytic subunit of CKII (cka), WCs are
hypophosphorylated and the WCC activity cannot be in-
hibited by FRQ. A similar model was also proposed in
Drosophila (Nawathean and Rosbash 2004; Kim and Ed-
ery 2006; Yu et al. 2006; Kim et al. 2007), suggesting a
conserved mechanism for the negative feedback process
in eukaryotic circadian clocks. The phosphorylation
events mediated by CKI and CKII to inhibit WCC activ-
ity are not known.

FRQ is progressively phosphorylated by CK-1a, CKII,
and CAMK-1 (Garceau et al. 1997; Gorl et al. 2001; Yang
et al. 2001, 2002, 2003; He et al. 2006). Protein phospha-
tases PP1 and PP2A counter the action of the kinases to
regulate FRQ phosphorylation status (Yang et al. 2004).
The extensively phosphorylated FRQ is then targeted for
degradation through the ubiquitin–proteasome pathway
mediated by ubiquitin E3 ligase SCFFWD-1 (He et al. 2003,
2005a). In ck-1a and cka mutants, FRQ is hypophos-
phorylated and more stable relative to wild-type strain,
indicating that a major role of FRQ phosphorylation by
CK-1a and CKII is to promote FRQ degradation. This
phosphorylation-dependent degradation pathway is con-
served from Neurospora to mammals (He et al. 2006). In
Neurospora, the FRQ phosphorylation–degradation path-
way is a major determinant of the circadian period length
(Liu et al. 2000; Yang et al. 2003).

Although degradation has been shown to be a major
function of FRQ and animal PER phosphorylation, re-
cent studies of hPER2 phosphorylation at the FASPS site
suggest that this hPER2 phosphorylation leads to the sta-
bilization of the protein and increase of PER2 transcrip-
tion (Vanselow et al. 2006; Xu et al. 2007). Thus, phos-
phorylation of PER2 at different sites appears to have
opposite roles in regulating its stability. In addition, the
phosphorylation of hPER2 near the FASPS site occurs
sequentially. The initial phosphorylation of the FASPS
mutation site (S662) facilitates the phosphorylation of
downstream sites by CKI �/�. However, CKI cannot

phosphorylate S662, indicating the existence of an uni-
dentified kinase that acts as a priming kinase for CKI �/�.

We previously identified five major in vivo WC-1
phosphorylation sites, located immediately downstream
from its DNA-binding domain (He et al. 2005b). The mu-
tation of a single phosphorylation site led to short-period
rhythm whereas the mutation of all five sites resulted in
arrhythmic phenotype, suggesting that the phosphoryla-
tion of multiple sites is critical for the negative feedback
process. However, it is not clear whether their phos-
phorylation is dependent on FRQ. In the study described
here, using a quantitative mass spectrometry (MS)
method, we demonstrated that these WC-1 sites are
phosphorylated sequentially, first by a FRQ-independent
kinase then by the FRQ-dependent kinase(s). Our results
suggest that protein kinase A (PKA) acts as a FRQ-inde-
pendent WC kinase and serves as a priming kinase for
the casein kinases in WC phosphorylation. Knockout of
a PKA catalytic subunit (pkac-1) or the down-regulation
of its regulatory subunit abolished normal circadian
rhythmicities. In addition to its role in controlling WC
phosphorylation and stability, PKA also phosphorylates
FRQ. In contrast to the role of casein kinases in promot-
ing FRQ degradation, PKA stabilizes FRQ in a manner
similar to the stabilization of hPER2 due to phosphory-
lation at the FASPS site. Together, these results demon-
strate that PKA is a critical component of the Neuro-
spora clock that regulates several processes in the circa-
dian negative feedback loop.

Results

Sequential phosphorylation of WC-1
by FRQ-independent and FRQ-dependent kinases

The five WC-1 serine phosphorylation sites near its
DNA-binding domain play a critical role in the circadian
negative feedback loop (He et al. 2005b). Although CK-1a
and CKII have been shown to mediate FRQ-dependent
WC phosphorylation, these residues do not resemble
typical CKI or CKII phosphorylation sites. However, if
one of these sites is first phosphorylated, the rest of the
sites will become potential CKI or CKII sites. To under-
stand the regulation of these WC-1 phosphorylation
events, we performed quantitative MS experiments (Fig.
1A). It is difficult to use conventional MS methods for
quantitative analysis due to experimental variations in
different MS runs and varied sensitivity of MS instru-
ments to different peptides. Recently, metabolic stable
isotope labeling in combination with MS has been
shown to be a powerful and sensitive method for quan-
titative proteomic analyses. These labeling methods in-
clude whole-cell protein labeling in 15N-enriched media
(Oda et al. 1999; Washburn et al. 2002). For isotope la-
beling, cells are cultured in growth medium lacking one
essential element but supplemented with its stable iso-
tope-labeled form. In the commonly used Neurospora
Vogel’s medium, >99% of nitrogen source comes from
NH4NO3, which can be replaced by NH4Cl. We found
that circadian conidiation rhythms and WC expression
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levels were normal when NH4Cl was used as the sole
nitrogen source (data not shown).

To compare WC phosphorylation profiles between a

wild-type strain and a frq-null (frq10) strain, we grew the
wc-2ko,Myc-His-WC-2 strain (phenotypically similar to
as wild-type strain; He et al. 2002) in medium with
15NH4Cl as the sole nitrogen source, while the
frq10,Myc-His-WC-2 strain was cultured in the non-iso-
tope-containing medium (14NH4Cl). The cultures were
harvested at DD24 (when WC is extensively phosphory-
lated in a wild-type strain) and protein extracts were pre-
pared separately. The protein extracts of these strains
were mixed at a ratio of 1:2 because of low WC levels in
the frq-null strain. The 15N/14N protein extract mixture
was then used for WCC purification using our previously
established protocol (Fig. 1B; He et al. 2002, 2005b) and
the purified 15N/14N WC-1 protein mixture was ana-
lyzed by MS after trypsin digestion.

Because all proteins in these two strains were differ-
entially labeled with 15N or normal 14N (15N and 14N
differ by 1 Da in molecular weight), on the mass spec-
trometer, each 15N-labeled peptide has a defined m/z
(mass-to-charge ratio) shift relative to its nonlabeled
counterpart. The ratio of the relative intensity of each
15N/14N peptide pair on mass spectra directly represents
the ratio of their abundances (Fig. 1A). Because the la-
beled and nonlabeled proteins are processed and ana-
lyzed together as one sample, experimental variations
due to separate protein purification and sample process-
ing were eliminated. Therefore, this method provides ac-
curate quantitative measurements of protein phosphory-
lation levels for phospho-peptides. For a FRQ-dependent
WC-1 phospho-peptide, its 15N/14N ratio should be >1 if
the 15N-labeled and unlabeled WC-1 proteins are present
in equal amount.

The nonphosphorylated peptides of WC-1 were used as
the internal controls to determine the relative WC-1 lev-
els from these two strains. Figure 1C shows the 15N/14N
ratios of 10 typical WC-1 nonphosphorylated peptides
from two independent experiments. The results indi-
cated that the levels of WC-1 from the two strains were
about the same; the average 15N/14N ratio was ∼1.1 with
standard deviations for the two experiments of 0.05 and
0.07, respectively, indicating the accuracy of the
method.

There was a total of 10 different WC-1 phospho-pep-
tides covering the region of amino acids 988–999 de-
tected in these two experiments, with one to four phos-
phorylated serines. Figure 1D shows the representative
MS profiles for two of the phospho-peptides in one of the
experiments. The 15N/14N ratios (after adjusting for
WC-1 protein levels from the two strains) for all phos-
pho-peptides are shown in Figure 1E. Among all of these
phospho-peptides, S990 was ubiquitously phosphory-
lated and was the only site that could be singly phos-
phorylated. These results suggest that the phosphoryla-
tion at these five sites occurs sequentially and that S990
is phosphorylated prior to the phosphorylation of other
sites. In addition, the peptides with S990 singly phos-
phorylated or S990 and S995 doubly phosphorylated
showed significantly lower 15N/14N ratios (from 0.29 to
0.90) than the control peptides, indicating that the phos-
phorylation of these two sites was not FRQ dependent.

Figure 1. The five WC-1 serine residues near its DNA-binding
domain are sequentially phosphorylated by FRQ-independent
and FRQ-dependent kinases. (A) A diagram depicting the experi-
mental procedures for the quantitative MS analysis of WC-1
phosphorylation using 15N stable isotope labeling of cultures.
Both strains contain the Myc-His-WC-2 construct. The bottom
panels show hypothetical MS results of the trypsin-digested
nonphosphorylated and phosphorylated peptides. (B) Colloidal
blue-stained SDS-PAGE gel showing the purified WC complex.
(C) A table showing the 15N/14N ratios of 10 typical WC-1 non-
phosphorylated peptides from two independent experiments.
(D) MS spectra of two of the WC-1 phospho-peptides. Both pep-
tides were triply charged as shown. The m/z of the 15N/14N
phospho-peptide pair and their mass difference (�mass) are in-
dicated. The ratios of the 15N/14N peptide pair were calculated
as described in Materials and Methods. (E) A table showing the
15N/14N ratios of the WC-1 phosphorylated peptides covering
amino acids 988–995 from two independent experiments. The
ratios were adjusted by the relative WC-1 levels in the two
strains. (F) A summary of the MS results showing the FRQ-
independent and FRQ-dependent WC-1 phosphorylation sites.
(G) In vitro phosphorylation of two WC-1 peptides (amino acids
984–1000) by CK-1a. The error bars indicate the standard devia-
tions.
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Furthermore, the low 15N/14N ratios of these peptides
indicate that the presence of FRQ in the wild-type strain
reduced their levels, probably by promoting the conver-
sion of these phospho-peptides into other peptide spe-
cies.

Strongly supporting this notion, the 15N/14N ratios of
other phospho-peptides that had S988–S990, S988–S990–
S995, S990–S994–S995, or S988–S990–S994–S995 phos-
phorylated were all significantly greater than those of
the control peptides. In addition, as the number of phos-
phorylation sites increased, the 15N/14N ratios also in-
creased significantly. In the case of the phospho-peptide
with four sites phosphorylated, the 15N/14N ratio went
up to 14.72, indicating that the previous phosphorylation
events further promoted the sequential phosphorylation
of additional sites. Clearly, the phosphorylation of S988
and S994 is significantly promoted by FRQ and the phos-
phorylation at these sites is dependent on the phosphory-
lation of S990. Consistent with this conclusion, we also
did not find any S988, S992, or S994 singly phosphory-
lated peptides in separate nonquantitative MS experi-
ments. Although the phospho-peptide with S992 phos-
phorylated was identified in our previous experiments, it
was not found by MS in these two 15N experiments.

Taken together, these MS results indicate that the
phosphorylation of WC-1 at these five sites occurs se-
quentially (Fig. 1F). The S990 site is first phosphorylated
and the phosphorylations of S990 and S995 are indepen-
dent of FRQ. Afterward, FRQ promotes the phosphory-
lation of the other three sites. These results suggest that,
although none of these five sites resemble good CKI or
CKII phosphorylation sites—CKI and CKII prefer acidic
residues upstream of or downstream from the target site,
respectively—the phosphorylation of S990 can convert
the rest of the serine residues into efficient CKI or CKII
sites.

To directly test this hypothesis, we phosphorylated
two WC-1 synthetic peptides (amino acids 984–1000;
S990 is either phosphorylated [pS990] or nonphosphory-
lated [S990]) by the purified recombinant Neurospora
CK-1a in vitro. As shown in Figure 1G, although CK-1a
could modestly phosphorylate the nonphosphorylated
S990 peptide, the phosphorylation of S990 significantly
enhanced its ability to phosphorylate the pS990 peptide.
This result suggests that the phosphorylation S990 is a
priming event for the efficient phosphorylation of this
region by the casein kinases.

PKAC-1 is required for most of the PKA activity
in Neurospora

Since CK-1a and CKII mediate the FRQ-dependent WC
phosphorylation, the phosphorylation of S990 of WC-1
should be mediated by another kinase. S990 of WC-1 is
downstream from two lysine residues and is predicted to
be a potential PKA phosphorylation site (http://mendel.
imp.ac.at/sat/pkaPS), raising the possibility that PKA is
a priming kinase for WC phosphorylation. The eukary-
otic PKA holoenzyme consists of catalytic subunits and
inhibitory regulatory subunits. The binding of cyclic

AMP (cAMP) to the regulatory subunit results in its
dissociation from the holoenzyme and the activation of
the catalytic subunit (Taylor et al. 2005). In Neurospora,
the level of cAMP shows a daily rhythm (Hasunuma
et al. 1987), and inhibitors of cAMP phosphodiesterase
lengthen the period of the circadian conidiation rhythm
(Feldman 1975). In addition, PKA is known to regulate
Neurospora growth and development (Bruno et al. 1996;
Banno et al. 2005).

In Neurospora, two genes, pkac-1 and pkac-2, encode
the PKA catalytic subunits, and PKAC-1 is the major
catalytic subunit (Banno et al. 2005). To understand the
molecular components of the PKA holoenzyme in Neu-
rospora, we created a Neurospora strain (Myc-PKAC-1)
in which PKAC-1 is tagged by a 6-His and a 5-c-Myc tag
(He et al. 2005a). The purification of Myc-His-PKAC-1
from this strain and protein identification by MS re-
vealed only one regulatory subunit protein (named
PKAR, for PKA regulatory subunit) in the PKA holoen-
zyme (Fig. 2A).

To understand the role of PKA in the Neurospora cir-
cadian clock, we created a knockout strain for pkac-1 by
gene replacement. As seen in Figure 2B, although
PKAC-1 is not essential for survival, the pkac-1ko strain

Figure 2. Characterization of the Neurospora PKA mutants.
(A) A silver-stained SDS-PAGE gel showing the purified PKA
holoenzyme from the Myc-PKAC-1 strain. A wild-type strain
that lacks the Myc-tagged construct was used as the negative
control. The indicated PKA subunits were confirmed by MS-
based protein sequencing. (B) A photograph of the indicated
Neurospora strains grown in minimal medium slants. (C) PKA
assay in the presence of cAMP showing the lack of detectable
PKA activity in the pkac-1ko strain. (D) Western blot analysis
showing the low levels of PKAR protein in the mcb strain.
Cultures were grown in LL or DD at room temperature. (E) PKA
assay (without cAMP) showing the significantly higher PKA
activity in the mcb strain than that in the wild-type strain. (F)
PKA assay (without cAMP) showing that high temperature led
to a significant increase of PKA activity in both the wild-type
and mcb strains.
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exhibited severe growth and developmental defects, pro-
ducing few aerial hyphae and conidia. A PKA activity
assay showed that the mutant strain had lost all detect-
able PKA activity (Fig. 2C), indicating that PKAC-1 con-
tributes most of the PKA activity in Neurospora.

mcb (microcycle blastoconidiation) is a pkar mutant
with reduced PKAR expression and increased PKA
activity

The activity of the catalytic subunit of PKA is negatively
inhibited by the regulatory subunit. We were not able to
generate a homokaryotic pkar knockout strain, although
the knockout strain can be maintained in heterokaryon
(data not shown), suggesting that pkar is an essential
gene in Neurospora. mcb, a previously isolated tempera-
ture-sensitive Neurospora mutant, was thought to be
due to a mutation of pkar (Bruno et al. 1996), but the
nature and effect of the mutation are not known. When
we sequenced the PKAR ORF in the mcb mutant, we
found no mutation (data not shown), but a 19-base-pair
(bp) (nucleotides 289–307 upstream of the ORF) deletion
was identified in the putative 5� untranslated region
(UTR) of the gene. Examination of the pkar mRNA re-
vealed no significant difference between the wild-type
and mcb strains, suggesting that the deletion in the mcb
mutant did not affect the pkar transcription. However,
Western blot analysis using a PKAR-specific antibody
showed that PKAR protein levels were significantly re-
duced (∼20% of the wild-type level) in the mcb mutant
(Fig. 2D). The reduction of PKAR expression should re-
sult in increased PKA activity. As expected, compared
with the wild-type strain, the PKA activity was signifi-
cantly increased in the mcb mutant (Fig. 2E).

At room temperature, the growth of mcb mutant was
near normal, albeit with significantly reduced conidial
production (Fig. 2B). At restrictive temperature (37°C),
the mcb strain fails to grow due to loss of growth polarity
(Bruno et al. 1996). To understand the molecular basis of
the temperature-sensitive phenotype of the mcb mutant,
we compared the PKA activity in the wild-type and mcb
strains grown at different temperatures. As shown in Fig-
ure 2F, PKA activity was significantly increased in both
strains at 37°C compared with room temperature, but at
both temperatures, PKA activity was significantly higher
in the mcb strain than that in the wild-type strain. Since
the knockout of pkar is lethal in Neurospora, a very high
PKA activity in the mcb strain at 37°C should arrest cell
growth. Thus, the temperature sensitivity of the mcb
mutant should be due to temperature-dependent in-
crease of PKA activity.

PKA subunits are required for circadian clock function

To understand the role of PKA in the circadian clock, we
first examined circadian conidiation rhythm of the mu-
tant strains at room temperature by race tube assay. As
shown in Figure 3A, both the pkac-1ko and mcb strains
grew more slowly than the wild-type strain and no cir-

cadian conidiation rhythms were observed in either mu-
tant strain. To confirm that the mcb phenotype is indeed
due to the reduction of PKAR expression, we created a
wild-type strain (dspkar) that carries a construct that al-
lows inducible expression of a double-stranded RNA
(dsRNA) specific for pkar. The pkar dsRNA construct is
under the control of a quinic acid (QA)-inducible pro-
moter so that the pkar expression is silenced by the ad-
dition of the inducer QA (Cheng et al. 2005; Maiti et al.
2007). As shown in Figure 3B, in the absence of QA, both
the wild-type and dspkar strains exhibited robust circa-
dian conidiation rhythms. However, in the presence of
QA, the rhythms in the wild-type strain persisted, but
the dspkar strain exhibited no circadian conidiation
rhythm. These results indicate that both the loss of
PKAC-1 and increase of PKA activity abolish the overt
circadian rhythmicity in Neurospora.

We then investigated the circadian rhythms at the mo-
lecular level. As shown in Figure 4A, while there were
robust oscillations of FRQ amounts and its phosphory-
lation status in DD in the wild-type strain, such robust
oscillations were abolished in both the pkac-1ko and mcb
strains after the initial light-to-dark (LD) transition. In
the pkac-1ko strain, the FRQ levels were comparable
with that in the wild-type strain in constant light (LL,
time 0); however, the levels in DD were significantly
lower than those in the wild-type strain and might fluc-
tuate with a very low amplitude. On the other hand, the
FRQ levels and its phosphorylation profile stayed con-
stant at intermediate levels in the mcb strain in DD.
Consistent with this, the FRQ oscillations were also
largely abolished in the dspkar strain in the presence of
QA (Fig. 4B; Supplementary Fig. 1A). These results sug-
gest that the proper control of PKA activity is essential
for robust oscillations of FRQ and that PKA regulates
FRQ levels.

Consistent with these results, we also found that the
clock-controlled gene 1 (ccg-1) mRNA rhythm was abol-
ished in both the pkac-1ko and mcb strains, although
these mutants exhibited opposite phenotypes (Fig. 4C;
Supplementary Fig. 1B). In the pkac-1ko strain, ccg-1 lev-
els were constantly high, whereas in the mcb strain
ccg-1 levels were constantly low. Taken together, these

Figure 3. Circadian conidiation rhythms are abolished in PKA
mutants. (A) Race tube assay of the wild-type, pkac-1ko, and
mcb strains. The daily growth fronts of the cultures are marked
by black lines. (B) Race tube assay of the wild-type and dspkar
strains in the absence or presence of QA (0.01 M).
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data indicate that both of the PKA subunits are required
for the normal function of the Neurospora circadian
clock.

PKA stabilizes WC-1 and WC-2

The low FRQ levels in the pkac-1ko strain prompted us
to examine the expression of WCs in the pkac-1ko and
mcb strains. As shown in Figure 5A, the levels of both
WC-1 and WC-2 in DD and LL were significantly lower
in the pkac-1ko strain than those in the wild-type strain.
The differences in WC levels were especially dramatic in
DD: After the LD transition, both WC-1 and WC-2 levels
were further decreased in DD in the pkac-1ko strain. On
the other hand, the WC-1 and WC-2 levels in mcb strain
were comparable with those in the wild-type strain.

The low WC levels in the pkac-1ko strain suggest that
WCs are unstable in the absence of PKA. To test this
possibility, we compared the WC stability in the wild-
type and pkac-1ko strains after the addition of the protein
synthesis inhibitor cycloheximide (CHX). As shown in
Figure 5B, both WC-1 and WC-2 degraded significantly
faster in the pkac-1ko strain than in the wild-type strain.

These results indicate that PKA stabilizes the WC pro-
teins.

PKA inhibits frq transcription but stabilizes FRQ
protein

If WCC activity is similar in the wild-type and pkac-1ko

strains, we should expect to see low frq mRNA levels in
the pkac-1ko strain. On the contrary, we found that the
levels of frq mRNA in the pkac-1ko strain were compa-
rable with or higher than the wild-type levels in DD (Fig.
5C). In contrast, the frq mRNA levels were drastically
reduced in the mcb strain in DD despite its near normal
amounts of WC proteins. Interestingly, in LL, the frq
mRNA levels were comparable in the wild-type and mu-
tant strains, suggesting that effects of PKA on frq tran-
scription are mostly limited to DD. These data suggest
that PKA strongly inhibits frq transcription in DD.

The intermediate FRQ protein levels but extremely

Figure 5. PKA stabilizes WCs and FRQ and represses frq tran-
scription. (A) Western blot analyses of WC-1 and WC-2 showing
the low WC-1 and WC-2 levels in the pkac-1ko strain. Cultures
were harvested at the indicated DD time points. The experi-
ments for three strains were performed at the same time. Simi-
lar results were obtained in three independent experiments. (B)
WC-1 and WC-2 are not stable in the pkac-1ko strain. Protein
stability was determined by measuring WC levels after the ad-
dition of CHX (10 µg/mL). The summary of three independent
experiments is shown. (C) Northern blot analysis showing the
frq mRNA levels in the indicated strains at different time points
in LL and DD. (D) Western blot analysis showing that FRQ is
more stable in the mcb strain than the wild-type strain. Densi-
tometric analyses of the results from four independent experi-
ments are shown below.

Figure 4. The normal circadian rhythms at the molecular lev-
els are abolished in the PKA mutants. (A) Western blot analysis
of the indicated strains showing the expression of FRQ in DD at
different time points. The densitometric results of Western
blots are shown in the bottom panel. Similar results were ob-
tained in three independent experiments. (B) Western blot
analyses showing the loss of FRQ oscillation in the dspkar
strain when pkar was inducibly silenced (QA concentration was
0.01 M). (C) Northern blot analyses showing the expression of
ccg-1.
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low frq mRNA levels in DD in the mcb strain (Figs. 4A,
5C) suggest that FRQ is more stable in this mutant. Fur-
ther supporting this conclusion, the levels of FRQ were
low in the pkac-1ko strain despite the high frq mRNA
levels (Figs. 4A, 5C). When we examined FRQ stability in
DD (DD20), as expected, we found that FRQ degradation
rate was significantly slower in the mcb strain than in
the wild-type strain (Fig. 5D). These results indicate that,
in contrast to CKI and CKII that promote FRQ degrada-
tion, PKA stabilizes FRQ.

PKA inhibits WCC DNA-binding activity

To investigate whether PKA inhibits frq transcription by
inhibiting the WCC activity, we performed chromatin
immunoprecipitation (ChIP) assays to examine the WCC
binding to the C-box of frq promoter in vivo. As shown
in Figure 6A, in agreement with our previous results (He
et al. 2006), the WCC binding to the C-box was rhythmic
in the wild-type strain, peaking at DD14 and low at

DD22. Despite the extremely low WC levels in the pkac-
1ko strain (Fig. 5A), the WCC binding to the C-box stayed
at the wild-type peak levels in DD. In contrast, the
WCC-binding levels in the mcb strain were very low
(lower than the wild-type trough level) even though its
WC levels were comparable with those in the wild-type
strain. Consistent with this result, there was also very
little WCC binding to the C-box in the dspkar strain
when the pkar expression was silenced (Fig. 6B). These
results were in agreement with the results of frq mRNA
expression in these mutants. Together, they indicate
that, like CKI and CKII, PKA inhibits frq transcription
by inactivating WCC, suggesting that these kinases act
in the same pathway. The strong inhibitory role of PKA
on WCC activity suggests that PKA acts upstream of the
casein kinases in WCC inhibition.

In addition to their essential role in the circadian nega-
tive feedback loop, WCs are also required for all known
light responses in Neurospora and WC-1 functions as the
photoreceptor (Froehlich et al. 2002; He et al. 2002; He
and Liu 2005). Similar to the role of WC phosphorylation
in the dark, light-dependent WC phosphorylation can
also inhibit WCC activity as a light-activated transcrip-
tional complex (He and Liu 2005). To examine whether
PKA also negatively regulates WCC function in the light
response, we examined light-induced albino-3 (al-3, a
rapidly light-induced gene) expression. We showed pre-
viously that light triggers the WCC binding to the al-3
promoter (He and Liu 2005). As shown in Figure 6C, the
light induction of al-3 was elevated in the pkac-1ko

strain but was significantly blunted in the mcb strain,
indicating that PKA also inhibits the light function of
WCC.

PKA associates with WCC and can phosphorylate
S990 of WC-1

The involvement of a priming kinase for WC phosphory-
lation and the different substrate preferences of PKA and
the casein kinases suggest that PKA may act as a priming
kinase for the CK-1a- and CKII-mediated WC phosphory-
lation. Thus, we compared WC-1 and WC-2 phosphory-
lation profiles in the wild-type and pkac-1ko strains in
DD. As shown in Figure 7A, WC-1 and WC-2 in the
wild-type strain were hypophosphorylated at DD16 and
became extensively phosphorylated at DD24, similar to
previously published results (Schafmeier et al. 2005). In
the pkac-1ko strain, however, both WC proteins were
hypophosphorylated at these time points, suggesting
that PKA regulates WC phosphorylation.

We then examined whether PKA interacts with WCC
in vivo. Using the Myc-PAKC-1 strain, we found that the
immunoprecipitation of WC-2 specifically pulled down
Myc-PKAC-1, indicating that PKA associates with WCC
in vivo (Fig. 7B). On the other hand, immunoprecipita-
tion of FRQ failed to precipitate Myc-PKAC-1 (data not
shown), suggesting that the PKA–WCC interaction is in-
dependent of FRQ.

To determine whether PKA directly phosphorylates
the WCs, we partially purified the Myc-His-PKAC-1

Figure 6. PKA inhibits WCC binding to the frq C-box. (A) ChIP
assays using WC-2 antibody showing the WCC binding to the
frq C-box in the indicated strains at the indicated time points.
The densitometric analyses of the ChIP results from three ex-
periments are shown below. (B) ChIP assays using WC-2 anti-
body showing the WCC binding to the frq C-box in the wild-
type and dspkar strains in the presence of QA (0.01 M). (C)
Quantitative RT–PCR results showing the light induction of
al-3 mRNA in the indicated three strains. Cultures were trans-
ferred to LL at DD24.
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from the pkac-1ko strain using a nickel column. Western
blot analyses revealed that PKAC-1, WC-1, and WC-2
were all significantly enriched by the purification, con-
sistent with an association between PKA and WCC (data
not shown). We then performed in vitro phosphorylation
assay using the purification products in the absence or
presence of cAMP. As shown in Figure 7C, significant
amounts of WC-1 and WC-2 phosphorylation were ob-
served in the presence of cAMP, suggesting that PKA
directly phosphorylates WC proteins. Together, these
data suggest that PKA is a WC kinase. However, unlike
CK-1a and CKII, which are dependent on FRQ to phos-
phorylate WCs, PKA’s phosphorylation of WCs is most
likely independent of FRQ due to the PKA–WCC asso-
ciation.

We then asked whether PKA can phosphorylate S990
of WC-1 by phosphorylating the WC-1 peptides with
commercially available PKA. As shown in Figure 7D,
PKA efficiently phosphorylated the S990 peptide but
failed to phosphorylate the pS990 peptide, suggesting
that S990 is indeed a PKA site. Taken together, these
results suggest that PKA and the casein kinases phos-
phorylate WCs in a sequential manner, with PKA acting
as the priming kinase.

FRQ is also a PKA substrate

In addition to PKA’s effects on the WCs, PKA also sta-
bilizes FRQ (Fig. 5D), suggesting that FRQ is also a PKA
substrate. To examine this possibility, we compared
FRQ phosphorylation profiles in the wild-type and pkac-
1ko strains (Fig. 7E). Although the FRQ phosphorylation
profiles were very similar in these two strains in LL, at
DD20 and DD24, when FRQ in the wild-type strain was
extensively phosphorylated, FRQ was mostly hypophos-
phorylated in the pkac-1ko strain. This result is consis-
tent with our observation that the effect of PKA on FRQ
levels is mostly limited to DD (Figs. 4, 5) and suggests
that PKA regulates FRQ phosphorylation. To demon-
strate that PKA can directly phosphorylate FRQ, we pu-
rified Myc-PKA to near homogeneity (as shown in Fig.
2A) from the Myc-PKAC-1 strain. Afterward, the final
c-Myc immunoprecipitate was incubated with purified
recombinant full-length FRQ (expressed in insect sf9
cells) in the presence of radioactive ATP. As shown in
Figure 7F, the purified PKA directly phosphorylated FRQ
and the presence of cAMP increased the level of phos-
phorylation. The significant amount of FRQ phosphory-
lation without cAMP was most likely due to some of the
Myc-PKAC-1 purified without PKAR (Fig. 2A), resulting
in cAMP-independent activity. These results suggest
that although PKA plays an opposite role in regulating
FRQ stability as CK-1a and CKII, it can also phosphory-
late FRQ.

Discussion

Phosphorylation of circadian clock proteins is essential
for circadian clock mechanisms in both eukaryotes and
prokaryotes. In this study, we showed that the phos-
phorylation sites near the WC-1 DNA-binding domain
are phosphorylated in a sequential manner—first by a
FRQ-independent kinase, and then by a FRQ-dependent
kinase(s), most likely CK-1a or CKII. Our results also
suggest that PKA is the kinase that mediates the FRQ-
independent WC phosphorylation. Both PKAC-1 and its
regulatory subunit PKAR are essential for normal circa-
dian rhythmicity. PKA associates with and can phos-
phorylate the WC proteins, which leads to their stabili-
zation. Our results indicate that the phosphorylation of
WCs by PKA strongly inhibits WCC activity, resulting
in the inhibition of frq transcription. In addition to its
effects on the WCs, PKA can also phosphorylate FRQ.
Importantly, in contrast to the role of CK-1a and CKII in

Figure 7. PKA associates with WCC and phosphorylates WCs
and FRQ. (A) Western blot analyses showing the phosphoryla-
tion profiles of WC-1 and WC-2 in the wild-type and pkac-1ko

strains at the indicated DD time points. Arrows indicate the
extensively phosphorylated WC species. (B) Immunoprecipita-
tion (IP) assay showing that WC-2 interacts with Myc-PKAC-1.
The Myc-PKAC-1 strain was used. (PI) WC-2 preimmune anti-
serum was used; (IP) WC-2 antiserum was used. (C) Western
blot analysis showing that partially purified PKA phosphory-
lates WCs in a cAMP-dependent manner. Partially purified PKA
was obtained by purifying Myc-PKAC-1 from the Myc-PKAC-1
strain using a nickel column. Equal amounts of proteins were
used in both reactions. Arrows indicate the phosphorylated WC
species. Note that our WC-1 antibody is more sensitive to phos-
phorylated WC-1 species than to hypophosphorylated WC-1 (He
and Liu 2005). (D) Phosphorylation of WC-1 peptides by PKA.
Bovine PKA was used. (E) Western blot analysis showing that
FRQ is hypophosphorylated in DD in the pkac-1ko strain. The
arrow indicates the extensively phosphorylated FRQ species. (F)
In vitro kinase assay showing that purified Neurospora PKA
phosphorylates FRQ. PKA was purified from the Myc-PKAC-1
strain by nickel column purification and c-Myc antibody IP.
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promoting FRQ degradation, phosphorylation by PKA
stabilizes FRQ. These data reveal that the PKA-mediated
FRQ phosphorylation in Neurospora has effects similar
to hPER2 phosphorylation at the FASPS site (Vanselow
et al. 2006; Xu et al. 2007). Thus, PKA, in addition to its
other cellular functions, is a critical post-translational
regulator involved in multiple processes of the Neuro-
spora circadian negative feedback loop.

Sequential WC-1 phosphorylation
by FRQ-independent and FRQ-dependent kinases

The five phosphorylation sites immediately downstream
from the WC-1 DNA-binding domain are critical for
WC-1 function in the circadian negative feedback loop
(He et al. 2005b). By performing quantitative MS analy-
ses in combination with whole-cell metabolic stable iso-
tope labeling, we demonstrated that these sites are phos-
phorylated sequentially (Fig. 1). Serine S990 is the first
phosphorylated; S990 and S995 are phosphorylated by a
FRQ-independent kinase, and the other sites are then
phosphorylated by FRQ-dependent kinase(s). We showed
previously that CK-1a and CKII mediate the FRQ-depen-
dent WC phosphorylation to inhibit WCC activity (He et
al. 2006). While these five sites do not resemble typical
CKI or CKII sites, which are generally upstream of or
downstream from acidic residues, the initial phosphory-
lation of S990 can convert the other sites to efficient CKI
or CKII sites. Supporting this notion, we found that the
phosphorylation of S990 indeed significantly enhanced
the ability of CK-1a to phosphorylate this region (Fig. 1).
Thus, our results are consistent with CKI and/or CKII
mediation of the FRQ-dependent phosphorylation of
WC-1.

The sequential phosphorylation events allow for ex-
tensive phosphorylation of WCC, which results in the
efficient inhibition of its DNA-binding activity in a
FRQ-dependent manner. Consistent with this notion,
FRQ-mediated WC phosphorylation and inhibition of frq
transcription occur in <2 h (Merrow et al. 1997;
Schafmeier et al. 2005, 2006). The phosphorylation of
WCs by a priming kinase and the recruitment of CKI
and/or CKII to the WCs by FRQ are likely to ensure rapid
phosphorylation and inhibition of WCC in a FRQ-depen-
dent manner. It should be noted that in addition to these
five WC-1 sites, other WC-1 and WC-2 phosphorylation
sites may also contribute to the inhibition of WCC ac-
tivity. It is not clear whether other WC sites are also
regulated in a similar manner.

PKA acts as a priming kinase for CK-1a or CKII
in WC phosphorylation

The revelation of FRQ-independent WC-1 phosphoryla-
tion indicates the existence of a priming kinase that me-
diates the WC phosphorylation by CK-1a and CKII. Sev-
eral lines of evidence presented in this study suggest that
PKA plays such a role. First, both WC-1 and WC-2 are
hypophosphorylated in the pkac-1ko strain (Fig. 7A). Sec-

ond, PKA associates with WCC in vivo and can phos-
phorylate WC-1 and WC-2 (Fig. 7B,C). S990 of WC-1, a
priming phoshorylation site of WC-1, can be phosphory-
lated by PKA. The fact that PKA associates with WCC
but not FRQ suggests that the phosphorylation of WCs
by PKA is independent of FRQ. Thus, PKA may first
phosphorylate S990, and then the other sites are phos-
phorylated by CK-1a or CKII.

Third, like CK-1a and CKII, PKA inhibits WCC activ-
ity and frq transcription. The strong effect of PKA on
WCC activity is indicated by the high WCC binding to
the C-box and high frq mRNA levels in DD in the pkac-
1ko strain despite its extremely low WC protein levels
(Figs. 5A,C, 6A). In comparison, the WC levels are higher
in the ck-1a mutant and cka mutants than those in the
pkac-1ko strain (He et al. 2006). In addition, the increase
of PKA activity in the mcb mutant drastically reduces
the WCC binding to the frq C-box and inhibits frq tran-
scription to very low levels in DD (Figs. 5C, 6A). These
results suggest that PKA acts upstream of CK-1a and
CKII in the WCC inhibition process.

Finally, PKA is required for clock function. Both the
elimination of most PKA activity by deleting pkac-1 and
the increase of PKA activity by reducing its regulatory
subunit levels result in the abolishment of robust circa-
dian rhythms at the physiological and molecular levels
(Figs. 3, 4). These data suggest that the proper control of
PKA activity is critical for clock regulation. Taken to-
gether, these data suggest that PKA acts as a priming
kinase to mediate FRQ-dependent WCC phosphoryla-
tion by CK-1a and CKII. It is also likely, however, that
some of the FRQ-dependent WC phosphorylation events
(at other sites) can occur independent of PKA, and addi-
tional kinase(s) can also contribute to the process. Inter-
estingly, PKA is also known to be a priming kinase for
the CKI family members (including DBT) in the Dro-
sophila hedgehog pathway (Jia et al. 2004).

The cAMP level is controlled by the circadian clock in
Neurospora (Hasunuma et al. 1987). Thus, although PKA
can phosphorylate the WCs independent of FRQ, the
daily rhythm of cAMP in a wild-type strain should regu-
late PKA function rhythmically, forming another post-
translational loop in the circadian clock.

The role of PKA in stabilizing FRQ: implications
in circadian period determination

Like PER phosphorylation in animals, one of the main
functions of FRQ phosphorylation is to promote its deg-
radation through the ubiquitin/proteasome pathway me-
diated by the ubiquitin E3 ligase SCFFWD-1 (Liu et al.
2000; Gorl et al. 2001; Yang et al. 2002, 2004; He et al.
2003, 2005a, 2006). In this study, we showed that, unlike
CK-1a and CKII, which promote FRQ degradation, PKA
stabilizes FRQ. In the pkac-1ko strain, the FRQ protein
levels are low in DD despite the high frq mRNA levels.
In the mcb strain, in which PKA activity is high, frq
mRNA levels are extremely low, but FRQ protein is at
an intermediate level in DD. In addition, FRQ protein is
more stable in the mcb strain than in the wild-type
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strain. Furthermore, our results suggest that the stabili-
zation of FRQ by PKA is likely due to phosphorylation of
FRQ by PKA. Supporting this notion, we found that FRQ
is hypophosphorylated in DD in the pkac-1ko strain. In
addition, the Neurospora PKA can directly phosphory-
late FRQ in vitro. Although PKA does not associate tightly
with FRQ, it is possible that, just like FRQ recruits CK-1a
and CKII to phosphorylate the WCs, WCC can bring PKA
to FRQ due to the association of WCC and PKA.

How does PKA phosphorylation of FRQ inhibit its deg-
radation? In the mammalian WNT signaling pathway,
phosphorylation of �-catenin by PKA is known to inhibit
the ubiquitination of �-catenin promoted by CKI and
GSK-3� phosphorylation (Hino et al. 2005). Thus, it is
possible that a similar mechanism is at work here. The
FRQ phosphorylation by PKA probably either alters the
FRQ structure conformation or inhibits its phosphoryla-
tion by CK-1a and CKII, so that it cannot be efficiently
ubiquitinated and degraded.

What is the role of these opposite functions of FRQ
phosphorylation? It is very likely that the phosphoryla-
tion events mediating FRQ degradation or FRQ stabili-
zation occur at different regions on FRQ. These opposite
but independent functions of FRQ phosphorylation can
maintain the needed precision of the circadian period
length, which is largely determined by FRQ stability in
this organism.

In addition, the temperature-dependent increase of
PKA activity (Fig. 2F) may also contribute to the mecha-
nism of temperature compensation, a fundamental prop-
erty of all circadian clocks. The temperature-dependent
changes in PKA activity may counter potential changes
in casein kinase activities at different temperatures, al-
lowing the stability of FRQ to be relatively constant
within the physiological temperature range, thus similar
period length at different temperatures.

Recent studies of the FASPS mutation site in the hu-
man Per2 revealed that the phosphorylation of this site
leads to hPer2 stabilization rather than degradation (Van-
selow et al. 2006; Xu et al. 2007). The S662G mutation of
hPer2 in FASPS abolishes the phosphorylation of down-
stream sites by CKI �/�. S662 is not phosphorylated by
CKI, indicating the existence of an unidentified priming
kinase. Interestingly, S662 is located downstream from a
lysine residue and is predicted to be a potential PKA site.
Although the cAMP/PKA pathway has been shown to
play an important role in light input of the clock and the
output pathways in animals (Prosser and Gillette 1989,
1991; Majercak et al. 1997), the role of PKA in the cir-
cadian negative feedback loops is not clear. Because of
the conservation of the post-translational regulations of
circadian oscillators from Neurospora to mammals, our
results raise the possibility that PKA may have similar
roles in animal circadian oscillators.

Materials and methods

Strains and culture conditions

87-3 (bd a) was used as the wild-type strain in this study. The bd
pkac-1ko strain was created by deleting the entire PKAC-1 ORF

through homologous recombination using a protocol described
previously (He et al. 2006). A mcb strain (FGSC #7094) was
obtained from the Fungal Genetic Stock Center and was crossed
with a bd strain to create the bd mcb strain. The dspkar strain
was created by introducing a QA-inducible dsRNA construct
specific for pkar into a wild-type strain at the his-3 locus as
described previously (Cheng et al. 2005). Liquid cultures were
grown in minimal medium (1× Vogel’s, 2% glucose). For puri-
fication of WCC for the quantitative MS experiments, NH4Cl or
15NH4Cl (Cambridge Isotope Laboratories) was used to replace
NH4NO3 in the Vogel’s medium. When QA was used, liquid
cultures were grown in 0.01 M QA (pH 5.8), 1× Vogel’s, 0.1%
glucose, and 0.17% arginine. Race tube medium contained 1×
Vogel’s, 0.1% glucose (0% when QA was used), 0.17% arginine,
50 ng/mL biotin, and 1.5% agar.

PKA assay

PKA assays were performed using the PepTag nonradioactive
PKA assay kit (Promega) following the manufacturer’s protocol.
The tissue was extracted by an extraction buffer (25 mM Tris-
HCl at pH 7.4, 0.5 mM EDTA, 0.5 mM EGTA, 10 mM �-mer-
captoethanol, 1 µg/mL leupeptin, 1 µg/mL aprotinin, 1 mM
PMSF) and 10 µg of protein were used in each assay. The reac-
tions were kept for 30 min at 30°C. PKA activity was visualized
by agarose gel electrophoresis of a fluorescent PKA substrate.
The gel was photographed under UV light.

Generation of antiserum against PKAR

The GST-PKAR fusion protein (containing PKAR amino acids
1–378) was expressed in BL21 cells, and the soluble proteins
were purified with Glutathione-Uniflow Resin (Clontech) and
used as the antigen to generate rabbit polyclonal antiserum (Co-
calico Biologicals, Inc.).

Purification of the Myc-His-PKAC-1 from Neurospora

The pkac-1ko, Myc-His-PKAC-1, and wild-type strains (as the
negative control) were cultured in LL in liquid medium contain-
ing 0.01 M QA, 1× Vogel’s, 0.1% glucose, and 0.17% arginine
before harvesting (∼25 g of tissue). The purification was per-
formed as described previously (He et al. 2002, 2005a). The final
c-Myc precipitates were separated in SDS-PAGE gel and the gel
was subsequently silver-stained according to the manufactur-
er’s instructions (SiverQuest, Invitrogen). The specific bands
were excised and subjected to tryptic digestion and nano-HPLC/
electrospray MS (ESI-MS) analysis.

MS analyses

The WC-1 proteins in gel were digested with 10 ng/µL sequenc-
ing grade trypsin (Promega) in 50 mM NH4HCO3 (pH 7.8) over-
night at 37°C. The resulting peptides were extracted with 5%
formic acid/50% acetonitrile and 0.1% formic acid/75% aceto-
nitrile sequentially and concentrated to ∼10 µL.

The extracted peptides were analyzed by a capillary analytical
column (50 µm × 10 cm) packed with YMC 5-µm spherical C18
revered phase particles (YMC). To elute peptides from the col-
umn, an Agilent 1100 series binary pumps system was used to
generate the following HPLC gradient: 0%–5% B in 5 min, 5%–
40% B in 25 min, and 40%–100% B in 10 min (A = 0.1 M acetic
acid in water, B = 0.1 M acetic acid/70% acetonitrile). The
eluted peptides were sprayed directly into a QSTAR XL mass
spectrometer (MDS SCIEX) equipped with a nano-ESI ion
source. The spectra were acquired in “information-dependent”
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mode. The main parameters used in the acquisition method
were as follows: MS scans were from 400 to 2000 Da; the top
three most-abundant peaks in the MS scan were selected for
MS/MS scans under “enhance all” mode using low resolution
for precursor ion isolation; dynamic exclusion time was 20 sec,
accumulation time was 1 sec for all scans, and spray voltage was
2.1 KV.

Database searches were performed on a Mascot server (Matrix
Science Ltd.). For each sample, two database searches were car-
ried out: one with 14N amino acids and another with 15N amino
acids. For quantitative analysis of the identified peptides, the
14N/15N result files from the Mascot search were merged and
imported into the open source software MSQuant (http://
msquant.sourceforge.net). The 14N/15N peptide pairs were rec-
ognized by MSQuant based on the information from Mascot
search results and the calculated difference in their m/z. The
ratios of the 15N/14N peptide pairs were calculated based on the
summed peak intensities from individual Extracted Ion Chro-
matography (XIC). The average 15N/14N ratio of the 10 typical
nonphosphorylated peptides was used as the correction factor to
determine the 15N/14N ratios of the phospho-peptides.

Protein and RNA analyses

Protein extraction, Western blot analysis, and immunoprecipi-
tation assays were performed as described previously (Garceau
et al. 1997; Cheng et al. 2001a). Equal amounts of total protein
(40 µg) were loaded in each protein lane of SDS-PAGE and, after
electrophoresis, proteins were transferred onto PVDF mem-
brane and Western blot analyses were performed. To analyze the
phosphorylation profiles of WC-2, 10% SDS-PAGE gels contain-
ing a ratio of 149:1 acrylamide/bisacrylamide were used. Oth-
erwise, 7.5% SDS-PAGE gels containing a ratio of 37.5:1 acryl-
amide/bisacrylamide were used.

RNA extraction and Northern blot analyses were performed
as described previously (Aronson et al. 1994). Equal amounts of
total RNA (20 µg) were loaded onto agarose gels for electropho-
resis, and the gels were blotted and probed with an RNA probe
specific for frq.

To compare protein or RNA levels from different strains, the
experiments were performed side by side and the protein or
RNA samples were transferred to the same membrane for West-
ern or Northern blot analysis.

ChIP assay

The ChIP assay was performed as described previously (He and
Liu 2005; He et al. 2006). The immunoprecipitation was per-
formed using our WC-2 antibody. Each experiment was inde-
pendently performed three times and immunoprecipitation
without the WC-2 antibody was used as the negative control.

Purification of insect cell-expressed FRQ proteins

Expression of full-length FRQ in sf9 insect cells was performed
according to the protocol provided by the manufacturer (Bac-to-
Bac Baculovirus Expression System, Invitrogen). The insect
cells were infected by a virus expressing His-FRQ (6-His tag at
the N terminus). His-tagged proteins were purified with a nickel
column.

In vitro phosphorylation

The WC-1 peptides used for the in vitro phosphorylation were
MSKKSNSPSHSSPLHRE and MSKKSNpSPSHSSPLHRE. The in
vitro phosphorylation of the peptides (100 µM) by CK-1a (1 ng/

µL) or PKA (2.5 U/µL) was preformed as described previously
(Xu et al. 2007). Recombinant N-terminal His-tagged full-length
CK-1a was expressed in Escherichia coli and purified by a nickel
column. The bovine PKA catalytic subunit was purchased from
Promega.

For WC phosphorylation by PKA, the partially purified Myc-
His-PKAC-1 (also containing WCs) from a nickel column was
used. The reaction (2.6 µg of protein) took place in a buffer
containing 20 mM Tris-HCl (pH 7.4), 10 mM MgCl2, and 1 mM
ATP for 30 min at 30°C with or without cAMP (1 µM). For FRQ
phosphorylation, His-FRQ purified from sf9 cells (0.2 µg) was
incubated with 4 µL of c-Myc agarose beads bound by Myc-His-
PKAC-1 in the presence of 6.7 µM [�32P]ATP (3000 Ci/mmol).
For WC-1 and WC-2, Western blotting was performed to detect
the phosphorylation pattern changes. For FRQ, phosphorylation
was quantitated by autoradiography.
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Note added in proof

Since the submission of this manuscript, a paper (Ziv et al.
2007) has been published online that also describes the muta-
tion of pkar in the Neurospora mcb mutant.
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