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In the frq-wc-based circadian feedback loops of Neurospora, two PAS domain-containing transcription
factors, WHITE COLLAR-1 (WC-1) and WC-2, form heterodimeric complexes that activate the transcription
of frequency (frq). FRQ serves two roles in these feedback loops: repressing its own transcription by interacting
with the WC complex and positively upregulating the levels of WC-1 and WC-2 proteins. We report here that
the steady-state level of WC-1 protein is independently regulated by both FRQ and WC-2 through different
posttranscriptional mechanisms. The WC-1 level is extremely low in wc-2 knockout strains, and this low level
of expression is independent of wc-1 transcription and FRQ protein expression. In addition, our data show that
the PAS domain of WC-2 mediates the interactions of this protein with both WC-1 and FRQ in vivo. Such
interactions are essential for maintaining the steady-state level of WC-1 and the proper function of WC-1 and
WC-2 in circadian clock and light responses.

Circadian clocks are responsible for controlling a wide vari-
ety of physiological, behavioral, cellular, and biochemical ac-
tivities in most eukaryotic and certain prokaryotic organisms.
The circadian oscillators are composed of positive and negative
elements which form the core of the oscillators generating the
basic circadian rhythmicity (16). In these networks the positive
elements of the loop activate the transcription of the negative
elements, while the negative elements feed back to block their
own activation by the positive elements. To date, all of the
identified positive elements in Neurospora, Drosophila, and
mammals are PER-ARNT-SIM (PAS) domain-containing
transcription factors (1, 10, 18, 23, 24, 40). These factors form
heterodimeric complexes that activate the transcription of the
negative elements in each system, generating protein products
of the negative elements that feed back to inhibit their own
expression via interactions with the positive elements (2, 7, 12,
15, 25, 27, 45, 48). In Drosophila, mammals, and Neurospora, it
was also found that the negative elements of the oscillator
activate the expression of one or two of the positive elements
(8, 20, 26, 28, 34, 44). Therefore, the negative and the positive
elements form positive feedback loops interlocked with the
negative feedback loop. The similar arrangement in different
clock systems suggests that it may be a common aspect in the
eukaryotic circadian oscillators. Studies with Neurospora sug-
gest that the interlocked positive feedback loops are important
for maintaining the robustness and stability of the clock (8, 28,
34).

In the Neurospora circadian feedback loops, the het-
erodimeric complexes formed by WHITE COLLAR-1 (WC-1)

and WC-2 (15, 46), two PAS domain-containing transcription
factors (containing GATA-type zinc finger DNA binding do-
mains) (46) are the positive components (8, 10), while two
forms of the FREQUENCY (FRQ) protein function as the
negative elements (2, 17, 30). In constant darkness, WC-1 and
WC-2 are required for the activation of frq and the generation
of circadian rhythms. In wc-1 and wc-2 mutants, frq mRNA and
FRQ protein levels are very low and the clock is defective
under normal conditions (10). By inducing the expression of
wc-1 or wc-2 in these mutants, frq expression can be activated
and thus the clock can be restarted (8). WC-1 and WC-2
proteins are also essential components for the light responses
in Neurospora, including light induction of frq and light reset-
ting of the clock (5, 10, 29). In the WC-1/WC-2 heterodimeric
complex, WC-1 is the limiting factor for the formation of the
complex (8, 15); thus, regulation of the level of WC-1 is im-
portant for the proper function of the Neurospora circadian
clock.

The protein products of the frq gene are the negative ele-
ments in the Neurospora circadian feedback loop (2, 11, 16,
31). Both forms of FRQ protein (large and small FRQ [SFRQ]
forms) are present in homodimeric complexes that feed back
to repress their own transcription, probably by interacting with
the WC-1/WC-2 complexes (2, 7, 15, 17, 30, 34). FRQ also
positively regulates protein levels of both WC-1 and WC-2,
forming positive feedback loops interlocked with the negative
feedback loop (8, 28, 34). FRQ appears to regulate wc-1 and
wc-2 through two different mechanisms: FRQ positively regu-
lates WC-1 through a posttranscriptional mechanism, leading
to its rhythmic expression, while FRQ increases the steady-
state level of wc-2 mRNA (8, 28). These positive feedback
loops appear to be important for maintaining the robustness
and stability of the clock, since higher levels of WC-1 and
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WC-2 expression lead to more robust and stable oscillation of
the clock (8, 28).

The fact that the positive elements in Neurospora, Drosoph-
ila, and mammals are all heterodimeric transcription activation
complexes consisting of PAS domain-containing factors sug-
gests that a key aspect of the clock mechanism is similar in
different systems. Although these PAS domains are thought to
function chiefly as protein-protein interaction modules (4, 22),
their role in the assembly of these heterodimeric complexes
remains unclear. For the PAS-containing transcription factors
of the mammalian and Drosophila clocks, presently no in vivo
evidence exists regarding the molecular basis of their interac-
tions. Heterodimerization among other basic helix-loop-helix
(bHLH) PAS proteins is thought to be mediated by their
bHLH DNA binding domains, while their PAS domains might
determine the specificity of the interactions (37, 39, 49). In
Neurospora, WC-1 and WC-2 were shown to interact through
their PAS domains by in vitro binding assay (4), but this has yet
to be demonstrated in vivo. In this study, we show that the PAS
domain of WC-2 is essential for the formation of the WC-1/
WC-2 complex in vivo and that formation of this complex does
not require most of the protein regions outside of the PAS
domain. More importantly, our data show that the formation
of WC-1/WC-2 complex is essential for maintaining the steady-
state level of WC-1 protein and for the functions of both
proteins in circadian clock generation and light responses in
Neurospora. Together our data indicate that the level of WC-1
protein is regulated independently by FRQ and WC-2 through
different posttranscriptional mechanisms, and both regulations
are important in maintaining WC-1 levels in the wild type.

MATERIALS AND METHODS

Strains and culture conditions. The bd, a (wild-type clock) strain was used as
the wild-type strain in this study. wc-2 mutants ER33 (Fungal Genetics Stock
Center [FGSC] #4408, a point mutation in the conserved Zn finger region) and
234w (FGSC #3817, a point mutation that generates a premature stop codon
downstream of the coiled coil domain, creating a truncated protein of 356 amino
acids [aa]) (29) were obtained from FGSC. 93-4 (his-3 bd frq10) (frq�), 87-12
(wild-type clock, his-3 bdA), 161-8 (his-3 bd wc-1ER53), 241-23 (his-3 bd wc-2ko),
and 304-4 (his-3 bd wc-2ko frq9) were the host strains for various his-3 targeting
constructs used (3, 9, 10). In the frq10 (frq�) strain, 5.3 kb of the frq locus has
been deleted (3). The wc-1 strain used in this study was derived from FGSC
#4397(ER53) (10, 14), and it makes an �80-kDa truncated WC-1 protein (data
not shown). In the wc-2ko (wc-2�)strain the wild-type wc-2 locus is replaced by a
hph gene (9); thus, no endogenous WC-2 protein is made.

Liquid culture conditions were the as same those previously described (2, 13,
31), except a lower glucose concentration was used in the media for strains used
for quinic acids (QA) induction (1� Vogel’s, 0.1% glucose, 0.17% arginine, 10�2

M QA) (8). Race tube assay medium contains 1� Vogel’s, 0.1% glucose, 0.17%
arginine, 50 ng of biotin/ml, and 1.5% agar. Calculations of period length were
performed as described previously (30) with Chrono II, version 11.1 (Till Roen-
neberg, Ludwigs-Maximillian University, Munich, Germany).

Plasmids. The qa-WC1 and qa-WC-2 his-3 targeting constructs were made
previously (8). To create the qa-SFRQ::qa-WC-1 construct, the XbaI-NdeI frag-
ment of pYL74 (containing qa-SFRQ) was blunt ended and inserted into the
NdeI (blunt-ended) site of pqa-WC-1. The Myc-WC-2 and Myc-WC-1 constructs
(pMyc-WC-2 and pMyc-WC-1) were made by inserting a PCR fragment con-
taining the 5 c-Myc epitope tags (80 aa) (7) into the BstXI site of pWC2-1 or the
NsiI site of pWC1-1. pWC2-1 contains a SmaI fragment of the wc-2 locus in
pDE3dBH which can rescue the circadian and light phenotype of the wc-2
mutant (29). pUC19-Myc-WC-2 is the plasmid template for all in vitro site-
specific mutagenesis, and it contains a SmaI-StuI fragment of wc-2 (includes the
entire open reading frame [ORF]). All the deletions and point mutations of the
WC-2 ORF were made by using the Transformer Site-Directed Mutagenesis kit
(Clontech Laboratories, Inc., Palo Alto, Calif.), and the pSspI/EcoRV primer
was used as the selection primer. The mutagenic primers used were WC2(33-

127) (to delete WC-2 aa 33 to 127), WC2.PAS (to delete WC-2 aa 187 to 211),
and WC2.309RR (to change both aa 309 isoleucine and 312 leucine to arginines).
All resulting plasmid constructs were targeted by transformation to the his-3
locus of the host strains as previously described (6).

Protein and RNA analyses. Protein extraction, quantification, Western blot
analysis, and immunoprecipitation assays are as previously described (7, 17). The
purification of Neurospora nuclei was performed as previously described (33).
Equal amounts of total protein (40 to 100 �g) were loaded in each protein lane,
and after the blots were developed by chemiluminescence (Amersham) they
were stained by amido black to verify equal loading of protein (30).

RNA extraction and Northern blot analysis were performed as previously
described (11). Equal amounts of total RNA (40 �g) were loaded onto agarose
gels for electrophoresis, and the gels were blotted and probed with RNA probe
specific for frq, wc-1, or wc-2 (5, 11, 29).

RESULTS

FRQ differentially regulates WC-1 and WC-2, and its effect
on WC-1 is independent of WC-2. Although it is clear that
FRQ positively regulates levels of wc-2 mRNA and both WC-1
and WC-2 proteins (8, 28, 34), the mode of regulation of FRQ
on WC-1 is unclear due to conflicting data on how FRQ affects
the abundance of wc-1 mRNA. The results of Lee et al. (28)
and our results (8) show that comparable levels of wc-1 mRNA
are produced in wild-type and frq� strains (frq10), indicating
that a posttranscriptional mechanism is responsible for the
regulation. This contrasts with data in a recent report by Mer-
row et al., who found that the abundance of wc-1 mRNA is
much less in frq null strains than in the wild-type strain, sug-
gesting that FRQ affects the steady-state level of wc-1 mRNA
(34). To clarify whether FRQ posttranscriptionally regulates
WC-1, we introduced a QA-inducible promoter (qa-2)-con-
trolled WC-1 construct, qa-WC-1 (8), into frq10 and wc-1ER53

(making a truncated WC-1 protein of about 80 kDa) strains
and examined the levels of WC-1 protein and wc-1 mRNA
generated by induction with 0.01 M QA. In the presence of
QA, genes under control of the qa-2 promoter are constitu-
tively expressed (2, 19). If FRQ positively regulates WC-1 by
increasing its mRNA level, we should expect that WC-1 should
be similarly induced in these two strains. We found that this is
not the case. As shown in Fig. 1A, the induced WC-1 protein
level in the frq�, qa-WC-1 strain is significantly lower than that
of the wc-1ER53, qa-WC-1 strain, even though the induction
levels of qa-wc-1 mRNA were comparable in both strains. The
larger size of the qa-wc-1 mRNA is due to the lack of the
transcription terminator sequence in the part of the wc-1 3�
untranslated region in the qa-WC-1 construct, leading to the
extension of the transcript (5, 8). These data indicate that FRQ
posttranscriptionally regulates the steady-state level of WC-1
protein.

In contrast to the differential induction of WC-1 that we
observed, WC-2 was induced to similar levels in frq�, qa-WC-2
and wc-2�, qa-WC-2 strains (Fig. 1B). Combined with previous
data (8), this result suggests that the positive role that FRQ has
on WC-2 protein level is achieved by increasing the steady-
state level of wc-2 mRNA.

Since FRQ positively regulates the levels of both WC-1 and
WC-2 proteins, it is possible that its effect on WC-1 is through
WC-2, since these two proteins are present in heterodimeric
complexes. To test this possibility we examined the effect of
various WC-2 protein levels on WC-1 in two different strains
where WC-2 or FRQ expression was under the control of a
qa-2-inducible promoter, frq�, qa-WC-2 and wc-2�, qa-FRQ
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(2, 8). As shown in Fig. 1C, the dramatic induction of WC-2
protein in the frq�, qa-WC-2 strain failed to change the level of
WC-1 (lanes 3 and 4), indicating that the positive role of FRQ
on WC-1 is independent of WC-2. Consistent with this result,
the induction of FRQ in the wc-2�, qa-FRQ strain increased
WC-1 levels (Fig. 1D and E). In addition, we found that levels
of WC-1 in the wc-2�, qa-FRQ strain are much lower than
those of the wild type, suggesting that WC-2 is important for
maintaining the normal level of WC-1 (see below).

WC-1 protein level is extremely low in wc-2 knockout
strains, and the effect of wc-2 on wc-1 is posttranscriptional
and independent of frq. As shown in Fig. 1D, the level of WC-1
is very low in the wc-2�, qa-FRQ strain. To examine the effect
of WC-2 on the level of WC-1 protein, we examined the WC-1
level in a wc-2 knockout (wc-2�) strain (9). We found that the
WC-1 level was also extremely low in this strain, much lower
than what was found in the frq� strain (Fig. 2A). Northern blot

analysis revealed that the levels of wc-1 mRNA were compa-
rable in different mutant strains, indicating that the effect of
WC-2 on WC-1 is posttranscriptional. Similar results were
obtained for cultures grown in either constant light (LL) or
constant darkness (DD24) conditions (data not shown).

The comparison of WC-1 levels in frq� and wc-2� strains
suggests that the low level of WC-1 observed in the wc-2�

strain is not due solely to the low abundance of FRQ in that
strain, indicating that additional regulation is involved. To fur-
ther rule out the possibility that the low FRQ level is respon-
sible for the low WC-1 level, we made a construct where both

FIG. 1. FRQ posttranscriptionally regulates WC-1 independent of
WC-2. WC-1, WC-2, or FRQ was induced with 0.01 M QA in either
frq10 or wc mutant strains in LL. The strains used are labeled at the top
of each panel. (A and B) Western and Northern blot analyses were
performed to show the expression levels of WC proteins or mRNA.
Densitometric analysis of Western blots from three independent ex-
periments is shown in the bottom graphs. Error bars represent stan-
dard deviation. The two arrows in panel A indicate the endogenous
wc-1 mRNA and the induced qa-wc-1 mRNA. The larger size of the
qa-wc-1 mRNA is due to a transcriptional extension at the 3� untrans-
lated region of qa-wc-1. (C) Western blot analysis showing that the
induction of WC-2 in frq� strains fails to increase WC-1 levels. wt, wild
type. (D) Western blot analysis showing that FRQ can increase WC-1
levels in the absence of WC-2. Triplicate samples are shown. Two
different exposures of the WC-1 signal are shown, including an over-
night (O/N) exposure to visualize the weak WC-1 signals in a wc-2�,
qa-FRQ strain. (E) Densitometric analysis of the Western blot results
shown in panel D. Error bars represent standard deviations.

FIG. 2. The WC-1 level is extremely low in wc-2 knockout strains,
and the effect of WC-2 on WC-1 is independent of FRQ expression.
(A) The levels of wc-1 protein (top) and mRNA (middle) were exam-
ined in various mutants and wild-type (wt) strains at DD24. Densito-
metric analysis of blots from three independent experiments is shown
in the bottom graph. Error bars represent standard deviations. (B and
C) The level of WC-1 is extremely low in a wc-2ko strain despite the
induction of both SFRQ (B) and qa-wc-1 mRNA at the same time (C).
In panel B, Western blot analysis shows that the induction of SFRQ
failed to restore WC-1 levels back to wild-type amounts. In panel C,
the Northern blot results corresponding to the samples depicted in
panel B show that the qa-wc-1 mRNA was induced in the presence of
QA. (D) The levels of WC-1 and WC-2 were examined by Western
blot analysis in LL with the indicated mutant strains. To induce WC-2
in the wc-2, frq double mutant (wc-2�, frq9, qa-WC-2), 0.01 M QA was
used.
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WC-1 and the SFRQ (100 aa smaller than the large form of
FRQ) were put under the control of the inducible qa-2 pro-
moter (qa-WC-1 and qa-SFRQ) and introduced into a wc-2�

strain. Our preliminary experiments showed that either FRQ
form was able to positively regulate WC-1 (data not shown). As
shown in Fig. 2B and C, the level of WC-1 protein is still very
low in this strain despite the fact that both SFRQ and qa-wc-1
mRNA were induced. This result indicates that while FRQ can
increase the WC-1 level in a wc-2� strain (Fig. 1D), the ab-
sence of the wc-2 gene leads to a very low level of WC-1.

To further confirm our conclusion, a wc-2�, frq� (frq9) dou-
ble mutant was made and the qa-WC-2 construct was intro-
duced into this strain (8). As shown in Fig. 2D, the level of
WC-1 is also extremely low in the wc-2�, frq� double mutant,
similar to that of the wc-2� strain. By inducing WC-2 expres-
sion in this strain, we could restore the level of WC-1 to that of
the frq� strain. Consistent with the results shown in Fig. 1C,
the inability for the overexpressed WC-2 to increase WC-1
protein to a level that is above that of a frq� strain indicates
that FRQ and WC-2 both independently regulate WC-1 and
that the combination of these effects is important for main-
taining WC-1 protein level in the wild type.

Functional WC-2 is not required for maintaining WC-1
level. The extremely low level of WC-1 in wc-2 knockout
strains contrasts with the moderate WC-1 levels previously
reported in a wc-2 truncation strain (234w) (42, 46), raising the
possibility that functional WC-2 protein is not required for
maintaining the WC-1 protein level. To test this possibility,
WC-1 protein levels were examined in two existing wc-2 mu-
tants and several newly created wc-2 mutants. Figure 3A de-
picts the linear structure of the WC-2 ORF. Sequence analysis
revealed that it contains a PAS domain, a coiled coil domain,
a putative nuclear localization domain, and a GATA-type zinc
finger DNA binding domain (29). Two existing mutants are
affected in the C-terminal half of the WC-2 protein: 234w
produces a truncated WC-2 protein consisting of 356 aa, while
ER33 contains a point mutation in the conserved Zn finger
region (10, 29). To study the functions of the rest of the
protein, a 5 c-Myc epitope tag (7) was inserted into the amino
terminus of the protein at the BstXI site to create the Myc-
WC-2 construct. Our data showed that Myc-WC-2 is able to
rescue all of the defects of the wc-2 knockout strain, including
normal WC-1 level, light responses, and circadian rhythms (see
Fig. 6 and data not shown). Starting with this construct, we
generated additional constructs containing various mutations.
The Myc-WC-2(33-127) construct contains an in-frame dele-
tion (from aa 33 to 127) of most of the protein to the amino-
terminal side of the PAS domain. In contrast, the Myc-WC-
2(309RR) construct contains two point mutations (I309R and
L312R) designed to disrupt the protein-protein interaction
surface of the putative coiled-coil domain. Similar mutations
have been shown to severely impair the function of the coiled
coil domain of FRQ (7). These mutant constructs were intro-
duced into a wc-2� strain.

As shown in Fig. 3B to E, WC-1 protein levels in these wc-2
mutants are comparable to those of the wild type, except in
234w. In addition, the mutant WC-2 proteins were found to be
expressed at about the wild-type level in these strains. Al-
though the predicted size of Myc-WC-2(33-127) is about the
same as that of endogenous WC-2, the 27 acidic aa in the 5

c-Myc epitope tag is likely responsible for the slower mobility
of the Myc-WC-2(33-127) protein (Fig. 3B). Similar to previ-
ously reported results (42), the WC-1 level in 234w is only
slightly lower than that of the wild type. These data indicate
that a fully functional WC-2 protein is not required for main-
taining the WC-1 level. The low but detectable FRQ level and
the level in the ER33 mutant comparable to that of wild-type

FIG. 3. Functional WC-2 is not required for maintaining WC-1
level or forming complexes with WC-1. (A) Schematic depiction of the
domain architecture of the WC-2 protein, along with the location of
mutations in various mutants used in this work. CC, coiled coil domain;
NLS, nuclear localization signal; Zn, GATA-type Zn finger DNA
binding domain; BstXI, restriction site used to introduce the 5 c-Myc
epitope tag. (B to E) Western blot analyses showing WC-1 levels in
various wc-2 mutants in LL. (F) Immunoprecipitation assay (IP) using
WC-1 antiserum shows that the mutant WC-2 proteins can still form
complexes with WC-1 in vivo. The Neurospora protein extracts were
either immunoprecipitated by WC-1 antiserum (right panels) or ana-
lyzed directly by Western blot analyses. Lane 1, wild-type (wt) strain;
lane 2, wc-2� Myc-WC-2(33-127) (note the endogenous WC-2 band);
lane 3, 234w. PI, wild-type extracts were immunoprecipitated with the
preimmune antiserum. (G) Immunoprecipitation assay using c-Myc
monoclonal antibody showing that Myc-WC2.309RR and Myc-
WC2(33-127) can form complexes with WC-1 and FRQ. The wild-type
extract was used as the control, since it does not contain c-Myc-tagged
WC-2.
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WC-1 suggest that even a low level of FRQ is able to support
a near-normal level of WC-1 (Fig. 3E).

Since the PAS domain of WC-2 is predicted to mediate the
interactions between WC-1 and WC-2, it is likely that these
mutated WC-2 proteins can still form complexes with WC-1.
To directly examine this possibility, we performed immunopre-
cipitation assays with WC-1 antiserum. As expected, we found
that the mutant WC-2 forms can still form complexes with
WC-1 (Fig. 3F and data not shown). As shown in Fig. 3F, the
truncated WC-2 proteins in Myc-WC-2(33-127) (in a wild-type
background) and 234w strains were coprecipitated with WC-1.
By performing additional immunoprecipitation assays with a
c-Myc monoclonal antibody, we showed that Myc-WC-2(33-
127) and Myc-WC-2(309RR) can still form complexes with
WC-1 and FRQ (Fig. 3G). These results clearly suggest that
the N terminus and the coiled coil regions of WC-2 are not
essential for its interactions with WC-1 and FRQ. Due to low
levels of FRQ in 234W and ER33 strains, we do not know
whether WC-2 in these two strains can still form complexes
with FRQ.

Alteration of WC-2 PAS domain results in loss of WC-1/
WC-2 and WC-2/FRQ interactions and an extremely low level
of WC-1. Since the regulation of WC-2 on WC-1 is posttran-
scriptional, it is possible that the interaction between WC-1
and WC-2 is important for maintaining the steady-state level of
WC-1. Although the PAS regions of WC proteins interact with
each other in vitro (4), no in vivo experimental evidence has yet
been generated to support this hypothesis. Unlike WC-1 and
most other eukaryotic PAS domain-containing proteins, WC-2
has only a single PAS repeat. Although the primary amino acid
sequences of PAS domains are poorly conserved, these do-
mains all appear to adopt a similar mixed �/�-type fold (Fig.
4A) (21, 35, 36). To mutate the WC-2 PAS structure, two
strands and its linker region (G� and H�) of the central �
sheet were deleted (Myc-WC-2.PAS), which should destroy
the formation of the PAS structure. To examine whether PAS-
mutated WC-2 can still interact with WC-1, this construct was
introduced into a wild-type strain so that endogenous WC-1,
WC-2, and FRQ could be used as the internal controls for
immunoprecipitation assays. As expected, the PAS-deleted
Myc-WC-2 protein failed to form a complex with WC-1, al-
though both the endogenous WC-2 and the Myc-tagged wild-
type WC-2 proteins can be coprecipitated by WC-1 (Fig. 4B).
With c-Myc monoclonal antibody to perform immunoprecipi-
tation assay, our data also showed that Myc-WC-2.PAS could
not form complexes with either WC-1 or FRQ (Fig. 4C). To-
gether these data indicate that the PAS domain of WC-2 is
essential for the interactions among WC-1, WC-2, and FRQ in
vivo.

If the interaction between WC-1 and WC-2 is important for
the stability of WC-1, we should expect that the PAS-mutated
WC-2 protein cannot maintain a normal WC-1 level in a wc-2�

background. This is exactly what we found: although the Myc-
WC-2.PAS proteins were normally expressed in wc-2� strains,
the level of WC-1 protein was low and similar to what was
found for wc-2� strains (Fig. 4D). Together with the results
depicted in Fig. 3, these data strongly suggest that the WC-2
PAS domain-mediated WC-1/WC-2 interaction is important
for maintaining the steady-state level of WC-1 protein. In the
absence of WC-2, we suggest that WC-1 protein is unstable and

is quickly degraded. Despite the strong influence of WC-2 on
WC-1 levels, our data also indicate that WC-2 protein is stable
in the absence of WC-1 or WC-1/WC-2 interaction (Fig. 4 and
6B).

In Drosophila, the PAS domain-mediated PERIOD-TIME-
LESS (PER-TIM) interaction affects both nuclear localization
and the stability of PER protein (38, 41, 43, 47). Thus, it is
possible that the low WC-1 level is due to its failure to enter
into the nucleus in the absence of WC-2. A previous report has
shown that the nuclear entries of WC-1 and WC-2 are inde-
pendent from each other (42), although it should be noted that
the wc-2 mutant (234w) used in that study can still form com-
plexes with WC-1 (Fig. 3F). To clarify this issue, we examined
the nuclear localization of WC-1 in wc-2� strains. Because of
the low level of WC-1 in wc-2� strains and the limited speci-
ficity of our WC-1 antiserum, we generated a strain in which a
5 c-Myc epitope tag was inserted into the N-terminal end of
WC-1 (Myc-WC-1). The Myc-WC-1 construct was able to res-
cue the circadian and light responses of the wc-1 mutant strain
(data not shown). Thus, it could function as the endogenous
WC-1 protein. Nuclear localization of Myc-WC2.PAS in the
wc-2�, Myc-WC2.PAS strain was also examined to see whether
the WC-1/WC-2 interaction is needed for the nuclear entry of
WC-2. As shown in Fig. 5, Myc-WC-1 (lane 1 of panel A) and
Myc-WC2.PAS (lane 2 of panel B) proteins were enriched in
the nuclear fractions. These data indicate that the interaction
of WC-1/WC-2 is not required for the nuclear localization of
either WC-1 or WC-2.

FIG. 4. Deletion of part of the WC-2 PAS domain leads to the loss
of its interactions with WC-1 and FRQ and results in an extremely low
level of WC-1. (A) Schematic diagram of conserved secondary struc-
ture elements among all PAS domains, labeled in accordance with the
nomenclature of Gong et al. (21). (B and C) Immunoprecipitation
assays (IP) showing that the WC-2 PAS domain is essential for WC-2
interaction with WC-1 (B) and FRQ (C). The constructs were intro-
duced into a wild-type (wt) strain, and Neurospora protein extracts
were either immunoprecipitated by WC-1 (B) or c-Myc (C) antiserum
or were analyzed directly by Western blot analysis. WC-1, WC-2,
c-Myc, and FRQ antisera were used for Western blot analysis. Lane 1,
wild type; lane 2, wild type, Myc-WC-2; lane 3, wild type, Myc-WC-
2.PAS. (D) Western blot analyses show that the WC-1 level is ex-
tremely low in two independent wc-2�, Myc-WC-2.PAS transformants.
The Myc-WC-2.PAS construct was introduced into the wc-2 null strain.
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Circadian phenotypes and light responses in the wc-2 mu-
tants reveal that the PAS domain of WC-2 is essential for
WC-2 function in these two processes. To study the functional
role played by various regions of WC-2 in regulating the cir-
cadian clock, we used race tube assays to examine the circadian
conidiation rhythms in the wc-2 mutant strains (in the wc-2�

background) (Fig. 6A). The levels of FRQ protein in these
mutants were also examined under LL and DD24 conditions
(Fig. 6B). As previously reported, the wc-2 knockout strain
exhibits no circadian conidiation rhythms under normal con-
ditions (9). While the wild-type Myc-WC-2 construct can fully
rescue the robust conidiation rhythm of the wc-2� strain, none
of the wc-2 mutant constructs did (Fig. 6A). The PAS mutation
of WC-2 (Myc-WC-2.PAS) led to complete loss of conidiation
rhythm (Fig. 6A) and very low levels of FRQ (Fig. 6B), indi-
cating that the WC-2 PAS domain is essential for its circadian
clock function. Less severe phenotypes were observed with
Myc-WC-2(33-127) and Myc-WC-2(309RR) strains, both of
which can still interact with WC-1 and FRQ (Fig. 3G) and
support FRQ expression in LL and in DD24. In contrast to the
complete loss of conidiation rhythm in the Myc-WC-2.PAS
strain, both mutants exhibited conidiation rhythm for 1 to 2
days in DD24 before becoming arrhythmic. These data suggest
that both mutations result in partially functional WC-2 protein
and that both regions are important for robust oscillation of
the circadian clock.

Since wc-2 is also an essential component of light responses
in Neurospora (29), Northern blot analyses were performed to
examine the light induction of frq and albino-3 (al-3) mRNA in
these wc-2 mutant strains (Fig. 6C). Neither frq nor al-3 dem-
onstrated any light induction at the mRNA level in the Myc-
WC-2.PAS and 234w strains, indicating that both the PAS
domain and the C-terminal region of WC-2 are essential for

the light induction of gene expression. Consistent with WC-2
proteins being partially functional in the Myc-WC-2(33-127)
and Myc-WC-2(309RR) mutants, light induction of the frq and
al-3 mRNAs were observed and the induction level was com-
parable to that of the wild type (Fig. 6C). As previously re-
ported, we found that frq but not al-3 mRNA is induced in
ER33 (10, 29). This final result is an intriguing one, suggesting
that the light induction of frq and al-3 have different require-
ments for the functional activity of WC-2.

DISCUSSION

In the Neurospora frq-wc-based circadian feedback loops, the
two PAS domain-containing transcription factors, WC-1 and
WC-2, form heterodimeric complexes that activate the tran-
scription of frq, while FRQ protein products have two roles: to
repress FRQ’s own transcription by interacting with the WC
complex and to positively regulate the levels of WC-1 and
WC-2 proteins, forming interlocked circadian feedback loops
(Fig. 7) (32). In this study, we report that the positive regula-

FIG. 5. Nuclear localization of WC-1 and WC-2 are independent
from each other. Western blot analyses of the nuclear and cytosolic
preparations from wild-type (wt), wc-2�, Myc-WC-1 (lane 1) and wc-
2�, Myc-WC2.PAS (lane 2) strains were performed. The strains were
grown in LL. (A) Western blot analysis was performed with WC-1
(top) or c-Myc (bottom) monoclonal antibodies to show the levels of
WC-1 and Myc-WC-1. (B) The blots were probed with WC-2 (top) or
c-Myc (bottom) monoclonal antibodies to show the levels of WC-2 and
Myc-WC-2. An asterisk indicates nonspecific bands recognized by our
WC-1 and WC-2 antisera.

FIG. 6. The WC-2 PAS domain is essential for WC-2 functions in
circadian clock and light responses. (A) Race tube assays showing the
circadian conidiation rhythms of various wc-2 mutants. The short black
lines mark the growth fronts of Neurospora every 24 h in DD24. KO,
knockout. (B) Western blot analyses showing the expression of WC-1,
WC-2, and FRQ in various wc-2 mutants in LL (L) and DD24 (D). The
asterisk indicates a nonspecific band recognized by our WC-2 anti-
serum. (C) Northern blot analyses showing the light induction of frq
and al-3 mRNA in various wc-2 mutants. LP, cultures were given a
20-min light pulse at DD23 before harvest. Lane 1, wild type (wt); lane
2, wc-2�, Myc-WC2(33-127); lane 3, wc-2�, Myc-WC2.PAS; lane 4,
wc-2�, Myc-WC2.309RR; lane 5, wc-2234w; lane 6, wc-2ER33.
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tion of FRQ on WC-1 is a posttranscriptional one (8, 28) and
is independent of WC-2. A central observation of this paper
was our finding of extremely low levels of WC-1 in wc-2�

strains. Further, the level of WC-1 in these strains is indepen-
dent of wc-1 transcription and FRQ protein expression. Thus,
the steady-state level of WC-1 is posttranscriptionally regu-
lated independently by FRQ and WC-2. Both regulations are
important in maintaining the steady-state level of WC-1 pro-
tein in wild-type strains that are required for normal light
responses and normal circadian rhythmicity. Our data further
showed that the PAS domain of WC-2 is essential for its in vivo
interactions with WC-1 and FRQ and its function in circadian
clock and light responses.

By examining the WC-1 level and WC-1/WC-2 protein-pro-
tein interaction in various wc-2 mutants, we found that a fully
functional WC-2 is not required for maintaining WC-1 levels,
provided that protein-protein interactions between WC-1 and
WC-2 can still be maintained. The PAS domain of WC-2 is
central to these interactions, as shown by the failure of the
Myc-WC2.PAS construct to maintain WC-1 levels in a wc-2�

strain. Significantly, the deletion of the WC-2 PAS also impairs
its ability to interact with FRQ, suggesting that the WC-2 PAS
domain also mediates the WC interaction with FRQ to close
the circadian negative feedback loop. However, we could not
exclude the possibility that the deletion of part of the WC-2
PAS region changed the overall structure of WC-2, and such
change might affect its ability to interact with WC-1.

The very low level of WC-1 in the absence of WC-1/WC-2
interaction indicates that such interaction is important for
maintaining the steady-state level of WC-1. Although it is
possible that WC-2 might regulate WC-1 at the level of trans-
lation, we think the most likely scenario is that WC-1 protein
becomes very unstable in the absence of WC-2 or when it
cannot form a complex with WC-2. Consistent with our notion,
a very low level of WC-1 was found in a wc-1 PAS mutant (42).
Although it is not known whether mutant WC-1 can still in-
teract with WC-2 in that mutant, it is reasonable to speculate
that the PAS domain of WC-1 mediates its interaction with
WC-2. This contrasts with the regulation of FRQ on WC-1,
where the absence of FRQ does not seem to affect the stability
of WC-1 (28). To directly assay the effect that WC-2 has on
WC-1 protein stability in wild-type and wc-2� strains, we car-

ried out 35S-pulse-chase labeling experiments. However, we
were unable to detect WC-1 protein in [35S]methionine-la-
beled Neurospora protein extracts for the wc-2� strains, prob-
ably due to the low level of WC-1 protein and specificity of our
WC-1 antiserum, although we were able to detect WC-1 in a
wild-type strain (data not shown).

Similar PAS-mediated protein-protein interactions have
also been found for PER and TIM proteins of Drosophila, the
negative clock elements in the Drosophila circadian feedback
loop. It was shown that two domains of PER, including the
PAS domain of this protein, interact with two other non-PAS
domains of TIM, and such interactions are important for the
nuclear localization for both proteins and for the stability of
PER (38, 41, 43, 47). In tim01 and per01 flies, PER and TIM
proteins were only found in the cytoplasm and the level of PER
is low in tim01 flies. The inability of these two proteins to
migrate into the nucleus results in the loss of circadian behav-
ioral rhythms and molecular oscillations. In Neurospora, al-
though the stability of WC-1 may dependent on the WC-1/
WC-2 interaction, the nuclear entries of both proteins are
independent from each other (Fig. 5) (42).

Previously it was found that WC-2 may mediate the inter-
action between FRQ and WC-1 (15). In addition, we found
that FRQ interacts with itself through its coiled coil domain (7)
and that the formation of the FRQ coiled coil structure is
essential for its self association and its interaction with the WC
complex. The presence of a putative coiled coil motif in WC-2
raises the possibility that FRQ and WC-2 may associate via
these motifs. However, when we directly tested this hypothesis
with Myc-WC2(309RR), a mutant specifically designed to dis-
rupt the hydrophobic interface of the coiled coil region of
WC-2, we found that WC-2 can still interact with FRQ and
WC-1 and can activate FRQ in light and dark conditions (Fig.
6). This result suggests that WC-2’s coiled coil structure is not
essential for the protein interactions. Despite these near-nor-
mal phenotypes at the molecular level, this mutant has a severe
defect in the generation of a robust circadian conidiation
rhythm (Fig. 6A). Specifically, this mutant exhibits low ampli-
tude conidiation rhythms for about 2 days before becoming
arrhythmic. These data suggest that the coiled coil domain of
WC-2 plays a role in maintaining robust rhythmicity in DD24.
Although it is possible that the coiled coil of WC-2 may still be
involved in mediating its interaction with WC-1 and FRQ, it is
also possible that it serves as an interaction surface with an-
other unidentified clock protein. In this study we found that
WC-2 protein with the PAS deletion lost its ability to interact
with FRQ, suggesting that the WC-2 PAS domain mediates the
FRQ/WC-2 interaction. However, this simple interpretation of
the results is complicated by the fact that the WC-1 level is low
and cannot form a complex with WC-2 in the mutant, since the
formation of the WC-1/WC-2 complex may be important for
the FRQ-WC interaction.

In conclusion, our data show that the steady-state level of
WC-1 protein is regulated independently by FRQ and WC-2
posttranscriptionally. The WC-2 PAS domain mediates its in-
teraction with WC-1 and FRQ, and the formation of the WC-
1/WC-2 complex is essential for maintaining the steady-state
level of WC-1 and the function of both proteins in circadian
clock and light responses of Neurospora.

FIG. 7. The Neurospora circadian feedback loops. WC-1 and WC-2
form a heterodimeric complex to activate the transcription of frq. If
WC-1 cannot form this complex with WC-2, it is quickly degraded.
FRQ proteins form homodimers that interact with the WC-1/WC-2
complex to inhibit their transcriptional activation, forming the negative
feedback loop. FRQ also positively regulates the levels of both WC-1
and WC-2, forming the positive feedback loops. Progressive phosphor-
ylation of FRQ leads to its degradation.
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