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Blue light regulates many molecular and physiological activities in a large number of organisms. In
Neurospora crassa, a eukaryotic model system for studying blue-light responses, the transcription factor and
blue-light photoreceptor WHITE COLLAR-1 (WC-1) and its partner WC-2 are central to blue-light sensing.
Neurospora’s light responses are transient, that is, following an initial acute phase of induction,
light-regulated processes are down-regulated under continuous illumination, a phenomenon called
photoadaptation. The molecular mechanism(s) of photoadaptation are not well understood. Here we show that
a common mechanism controls the light-induced transcription of immediate early genes (such as frq, al-3, and
vvd) in Neurospora, in which light induces the binding of identical large WC-1/WC-2 complexes (L-WCC) to
the light response elements (LREs) in their promoters. Using recombinant proteins, we show that the WC
complexes are functional without the requirement of additional factors. In vivo, WCC has a long period
photocycle, indicating that it cannot be efficiently used for repeated light activation. Contrary to previous
expectations, we demonstrate that the light-induced hyperphosphorylation of WC proteins inhibits bindings of
the L-WCC to the LREs. We show that, in vivo, due to its rapid hyperphosphorylation, L-WCC can only bind
transiently to LREs, indicating that WCC hyperphosphorylation is a critical process for photoadaptation.
Finally, phosphorylation was also shown to inhibit the LRE-binding activity of D-WCC (dark WC complex),
suggesting that it plays an important role in the circadian negative feedback loop.
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Light regulates a wide variety of physiological processes
in fungi. Neurospora crassa is one of the best understood
model organisms for understanding blue-light responses
in fungi and blue-light sensing in general (Linden et al.
1997; Liu 2003; Liu et al. 2003). In Neurospora, all
known light responses are mediated by blue light, and
almost all responses require the protein products of two
genes, white collar-1 (wc-1) and wc-2 (Degli Innocenti
and Russo 1984; Lakin-Thomas et al. 1990; Linden et al.
1997; Collett et al. 2002; He et al. 2002; Lee et al. 2003).
The cloning of the two wc genes by Macino and cowork-
ers (Ballario et al. 1996; Linden and Macino 1997) re-
vealed that they are both PER-ARNT-SIM (PAS) domain-
containing transcription factors with GATA type Zn-fin-
ger DNA-binding domains. WC-1 contains three PAS
domains, while WC-2 has only one PAS domain. The
most N-terminal PAS domain of WC-1 belongs to a spe-
cialized class of PAS domains known as LOV (light, oxy-
gen, or voltage) domains (Crosthwaite et al. 1997; He

et al. 2002; Cheng et al. 2003a). We and others have
shown that, similar to the well-studied phototropins in
plants (Briggs and Christie 2002), the LOV domain of
WC-1 is associated with a flavin and functions as a blue-
light photoreceptor in Neurospora (Froehlich et al. 2002;
He et al. 2002). However, in contrast to phototropins, the
LOV domain of WC-1 binds to FAD instead of FMN (fla-
vin mononucleotide) and contains a significant exten-
sion in the loop connecting the ��A and �C helices.

The WC proteins heterodimerize via their PAS do-
mains to form a WC complex (WCC) in vivo (Ballario et
al. 1998; Talora et al. 1999; Cheng et al. 2002, 2003a), and
it is this complex that mediates light responses by acti-
vating transcription of light-inducible genes (Linden et
al. 1997; Liu et al. 2003). Upon light exposure, the im-
mediate light-inducible genes such as the circadian clock
component frequency (frq), genes involved in carotenoid
biosynthesis (albino, al-1–al-3; vivid, vvd), are induced
to their peak levels in 15–30 min. Promoter analysis of
the frq promoter revealed that the rapid light induction
of frq transcription, a process that is critical for the light
resetting of the circadian clock (Crosthwaite et al. 1995),
is due to the light-induced binding of a large WCC (L-
WCC) to two imperfect GATN repeats, named light re-
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sponse elements (LREs) (Froehlich et al. 2002). The pre-
viously identified light response element (also called
APE) of al-3 also contains two GATA repeats (Carattoli
et al. 1994), but how light activates the transcription of
al-3 and other immediate light-inducible genes is not
known.

Phototropins, the plant blue-light photoreceptors me-
diating phototropism, are the best photochemically and
structurally studied LOV-domain-containing photore-
ceptors (Briggs and Huala 1999; Christie et al. 1999;
Crosson and Moffat 2001; Harper et al. 2003; Christie
and Briggs 2005). Like many other photoreceptors, pho-
totropins undergo rapid photocycles in the dark after
their light activation to return to the dark state (Salomon
et al. 2000), so that they can be repeatedly activated by
light. Whether WC-1 has a photocycle and how its pho-
tochemical property affects its function in light re-
sponses are not known.

Photoadaptation (or so-called light adaptation) is a
mechanism that organisms used to adjust the sensitivity
of their photoreception systems to prolonged light expo-
sure. In Neurospora, despite the continuous presence of
light, levels of immediate light-induced genes quickly
decrease to relatively low levels after 2 h in constant
light (LL) (Schrott 1981; Arpaia et al. 1999; Cheng et al.
2001a; Schwerdtfeger and Linden 2001; Shrode et al.
2001). In addition, shifting Neurospora from low- to
high-intensity light can trigger a second light induction
(Arpaia et al. 1999; Schwerdtfeger and Linden 2001).
These photoadaptative responses are typical for Neuro-
spora and similar to adaptive responses in vertebrates
(Pugh Jr. et al. 1999).

At the molecular level, the mechanism for photoadap-
tation is not well understood in Neurospora, although
VVD and protein kinase C (PKC) have been implicated in
this process (Arpaia et al. 1999; Heintzen et al. 2001;
Schwerdtfeger and Linden 2001; Shrode et al. 2001; Fran-
chi et al. 2005). VVD is a small protein consisting mostly
of a single LOV domain and is another blue-light photo-
receptor (Cheng et al. 2003a; Schwerdtfeger and Linden
2003) that acts as a repressor of light responses. PKC
affects light response probably by negatively regulating
the levels of WC-1 protein (Franchi et al. 2005).

WCs autoregulate their own transcription and their
post-translational modifications (Ballario et al. 1996;
Talora et al. 1999; Schwerdtfeger and Linden 2000). wc-1
is an immediate early light-inducible gene. Both WCs are
phosphorylated proteins in the dark and become hyper-
phosphorylated after a light pulse. The light-induced WC
hyperphosphorylation was previously proposed to have
two roles. First, it may trigger WC-1 degradation, as
WC-1 is less stable in the light than in the dark (Talora
et al. 1999; Lee et al. 2000; Schwerdtfeger and Linden
2000; Franchi et al. 2005). Second, it was proposed to be
a mechanism that activates WCC, since WC-1 hyper-
phosphorylation appears to correlate with the activation
of transcription. Consistent with this, WC-1 stayed hy-
perphosphorylated in LL in vvd mutants (Heintzen et al.
2001; Schwerdtfeger and Linden 2001). However, there is
no direct evidence supporting the role of light-induced

hyperphosphorylation in activating WCC activity. On
the contrary, the correlation between the extent of WC-1
hyperphosphorylation and the levels of the light-induced
mRNAs can also be viewed as such that the WC-1 hy-
perphosphorylation coincides with the decrease of the
mRNA levels. In this view, the light-induced hyperphos-
phorylation of the WCs could be inhibitory to its activ-
ity.

In addition to their essential roles in light responses,
both WC proteins are also the positive elements of the
circadian feedback loop in Neurospora, essential for
clock function. In the dark, a heterodimeric WCC (D-
WCC) binds to the C-box (the distal LRE) of the frq pro-
moter, activating its transcription (Crosthwaite et al.
1997; Cheng et al. 2001b; Froehlich et al. 2003; Dunlap
and Loros 2004). On the other hand, FRQ and FRH (FRQ-
interaction RNA helicase), the negative elements in the
loop, repress the transcription of frq by inhibiting WCC
activity (Aronson et al. 1994; Cheng et al. 2001a, 2005;
Denault et al. 2001). The WC phosphorylation in the
dark appears to be an important event in this process.
Previously, we have shown that the light-independent
WC-1 phosphorylation negatively regulates its function
in the circadian feedback loop (He et al. 2005), a notion
that is further supported by a very recent study
(Schafmeier et al. 2005).

Here we set out to further elucidate the molecular
mechanism of light responses in Neurospora and the
regulation of WCC. We show that the light induction of
immediate light-inducible genes is regulated by a com-
mon mechanism through binding to their promoter
LREs by identical L-WCCs. Using recombinant WCC ex-
pressed from insect cells, we show that the WCCs con-
sist of only WC-1 and WC-2 proteins. Unlike the pho-
totropins, WCC has a long period photocycle in vivo,
consistent with Neurospora’s known refractory time in
response to a second light pulse. Furthermore, we dem-
onstrate that the light-dependent and light-independent
phosphorylation of WCC inhibit bindings of both
L-WCC and D-WCC to the LREs. Thus, phosphorylation
of WCC should be an important part of the photoadap-
tation mechanism and a critical process in the circadian
negative feedback loop.

Results

Light-induced binding of the identical L-WCC
to the LREs of the frq, vvd, and al-3 genes

Two LREs (proximal and distal), each containing two
imperfect GATN repeats, were previously identified in
the frq promoter to mediate its light-inducible transcrip-
tion (Froehlich et al. 2002). To determine how other im-
mediate light-inducible genes are regulated in Neuros-
pora, we examined the binding of WCC to the promoter
elements of the vvd (Heintzen et al. 2001) and al-3 genes.
Like frq, vvd and al-3 mRNA levels are induced to their
peak levels ∼15 min after light exposure (Baima et al.
1991; Carattoli et al. 1994; Crosthwaite et al. 1995;
Heintzen et al. 2001). However, these three genes have
different requirements of WC-1 levels for their light-in-
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duced transcription (Cheng et al. 2003a,b; Lee et al. 2003;
Liu 2003; Liu et al. 2003). While light induction of al-3 is
very sensitive to changes of WC-1 levels, near normal
light induction of frq can be achieved with very low lev-
els of WC-1. The requirement of WC-1 for light induc-
tion of vvd is between those two. Thus, these three genes
should represent the full range of light sensitivity of im-
mediate light-inducible genes in Neurospora.

An al-3 LRE element, containing two GATA repeats,
was previously identified to be required for its light in-
duction by deletion analysis of the al-3 promoter (Carat-
toli et al. 1994). By analyzing the promoter sequence of
the vvd promoter, we identified an LRE-like element lo-
cated ∼400 base pairs (bp) upstream from the transla-
tional start codon, containing two GATC repeats (Fig.
1A). Comparison of the four LREs from frq, al-3, and vvd
shows that the spacing between the two GATN motifs
in each LRE varies significantly. While the fourth posi-
tions of the GATN motifs are different among different
LREs, the same nucleotide is used for both GATN re-
peats in each. In addition, the fifth position of the first
GATN motif and the nucleotide that precedes the sec-
ond GATN motif are invariably a cytosine. Thus, a con-
sensus sequence of the LRE appears to be GATNC-----
CGATN, in which N can be any nucleotide but the same
nucleotide is used in both repeats.

We then examined the ability of WCC to bind these
LREs using electrophoretic mobility shift assays (EMSAs).
Using a wc-2ko, Myc-His-WC-2 strain, we obtained par-
tially purified WCC by nickel-column purification from
cultures grown in constant darkness (DD). The purified
protein extracts were either kept in DD or exposed to a
10-min light pulse (LP) in vitro before they were incu-
bated with different LRE probes. As shown in Figure 1B
using the frq LRE (distal), the DD sample mostly re-
sulted in a fast mobility gel shift (dark WCC, D-WCC),
and the LP treatment led to the formation of a slower
mobility protein–LRE complex. Such gel-shifts were su-
pershifted by the WC-1, WC-2, or the monoclonal c-Myc
antibodies, and were competed away by cold frq probe
but not by a cold probe with a mutated GATN motif.
These results are very similar to those previously re-
ported (Froehlich et al. 2002) and indicate that light in-
duces a large WCC (Light WCC, L-WCC) to bind to the
frq LRE. The bands lower than the D-WCC are likely due
to unspecific banding of the probe by the antiserum.

Similar EMSAs were performed using the vvd and al-3
LRE probes. As shown in Figure 1C and D, LP also in-
duced the binding of an L-WCC to these two LREs, and
such bindings can be supershifted with the WC antibod-
ies (data not shown) and can be specifically competed
away by the cold LRE probes. These data suggest that
these two promoter elements are, indeed, the LREs that
mediate the light-induced transcription of these two
genes. The D-WCC was also found to bind to the vvd and
al-3 LREs in the dark, perhaps explaining the fact that
these genes are also clock-controlled genes (Arpaia et al.
1995; Heintzen et al. 2001).

The gel mobilities of the L-WCC/LRE complexes are
similar for these three different LRE probes, suggesting

that they are likely the same L-WCC complex. To exam-
ine this, we performed competitive EMSA assays. As
shown in Figure 1E, the formation of the L-WCC/LRE
(frq) complex can be efficiently competed away by the
cold al-3 or vvd probe, indicating that identical L-WCC
complexes bind to different LREs after light exposure.
Thus, most, if not all, of the immediate light-inducible
transcription in Neurospora is regulated in the same manner.

Recombinant WCC expressed in insect cells is
sufficient for mediating the light-dependent binding
to the LREs

The L-WCC is larger than the D-WCC. Although WC-1
is known to self-associate (Cheng et al. 2003b), it is pos-

Figure 1. Light induces the binding of identical L-WCCs to the
LREs of frq, vvd, and al-3. (A) DNA sequence alignment of LREs
in the promoters of frq, al-3, and vvd. (frq-p) frq proximal LRE;
(frq-d) frq distal LRE. (B–D) EMSA assays showing the binding
of the WCC to the LREs of frq (distal) (B), vvd (C), and al-3 (D).
In some of EMSA assays, cold wild-type or mutated probes were
added, and in some, antibodies against the WC proteins were
used. (E) EMSA assay showing that the binding of the L-WCC to
the frq LRE (radioactive labeled) can be efficiently competed
away by the cold LREs of al-3 and vvd. For all EMSA experi-
ments described in this figure, partially purified WCC from
Neurospora (DD culture) was used. The LPs (10 min) were ad-
ministered in vitro.
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sible that novel proteins may be present in the L-WCC to
mediate the light response. To examine whether the WC
proteins themselves are sufficient to mediate light-in-
duced transcription and to examine whether there are
other components in the L-WCC, we expressed and pu-
rified the full-length recombinant WC-1, WC-2, or WCC
in the dark using an insect cell baculovirus expression
system (Fig. 2A). The WCC was expressed by cotrans-
fecting both WC-1 and His-WC-2 viruses and purified
using a nickel column. Fluorescence spectroscopic and
thin layer chromatography analyses showed that the pu-
rified WCC contained FAD (Fig. 2B; data not shown).
However, the comparison of the FAD levels to that of the
WCC showed that only 5%–10% of the insect-cell-ex-
pressed WCC contained the chromophore, suggesting
that only small amounts of the complex are functional.

EMSAs using these purified proteins were carried out
in DD or after an LP in vitro. As shown in Figure 2C,
only the WCC was able to bind LREs and induce the
L-WCC/LRE complexes. Side-by-side EMSA comparison
using the purified WCC from Neurospora and sf9 cells
showed that the gel mobilities of the WCC/LRE com-

plexes were identical. These data indicate that the WCC
alone is sufficient to mediate its light-induced and light-
independent LRE binding and there is likely no other
component in the WCCs in vivo. This is consistent with
the previous results using in vitro translated WC pro-
teins (Froehlich et al. 2002).

WCC purified from Neurospora does not have
an active photocycle in vitro

After activation by light, phototropins undergo rapid
photocycles (from seconds to minutes) and return to the
dark state, so that they can be repeatedly activated by
light (Christie et al. 1999; Salomon et al. 2000; Briggs and
Christie 2002; Harper et al. 2003). Since only a small
portion of the WCC purified from the insect cells con-
tained FAD, this prevented us from carrying out further
photochemical analysis of the complex in vitro. To ex-
amine whether the WCC has a photocycle, the Neuros-
pora purified WCC was used in EMSA to check whether
it can revert back to the dark state in DD after light
exposure. After a 10-min light pulse, the purified WCC
samples were incubated in DD for various periods before
they were mixed with the frq LRE probe. If there is an
active photocycle, the L-WCC should be converted back
to the dark state and can no longer bind to the DNA. As
shown in Figure 3, the duration of dark incubation up to
4 h did not significantly reduce the level of the L-WCC/
LRE complex. Similar results were also obtained using
the vvd and al-3 LRE probes (data not shown). These
results indicate that in vitro, most of the Neurospora
WCC, once activated by light, will stay activated and
cannot be converted back to the dark state. Thus, WC-1
does not appear to have an active photocycle as do the
phototropins. The lack of an active WC-1 photocycle
means that it cannot be repeatedly activated by light,
which is consistent with previous results showing that
Neurospora is insensitive to a second light pulse given

Figure 2. The recombinant sf9 insect-cell-expressed WCC is
sufficient to mediate the light-induced binding to the LREs. (A)
SDS-PAGE gel showing the nickel column purification products
of His-WC-1, His-WC-2, and the complex of WC-1 and His-
WC-2 from insect cells (grown in DD) infected by respective
viruses. (Control) Mock purification from uninfected cells. The
asterisks indicate a nonspecific band and the possible His-WC-1
degradation products. (B) Fluorescence emission spectra analy-
sis showing the presence of FAD in the purified WCC from
insect cells. (C) EMSA assay showing the induction of the L-
WCC/LRE (al-3 or vvd) complexes after an LP in vitro. (D)
EMSA assay showing the side-by-side comparison of the WCC/
LRE complexes (al-3 probe) using WCC purified from Neuros-
pora or insect cells.

Figure 3. Most of the L-WCC cannot recover back to the dark
state after light activation in vitro. (A) EMSA assay showing the
binding of the WCC to the frq LRE after a 10-min in vitro LP.
Partially purified WCC from Neurospora (DD culture) was used.
After the LP, some of the samples were incubated in the dark for
the indicated time (in minutes) before they were mixed with the
LRE probe. (B) Densitometric analysis of the result in A and
several independent experiments.
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<1 h after the first one (Schrott 1981; Arpaia et al. 1999;
Schwerdtfeger and Linden 2001).

In vivo, WCC undergoes a photocycle with a long
period

We then asked whether WC-1 undergoes a photocycle in
vivo. If there is a photocycle, the same WC-1 that has
been activated by the first LP should be able to trigger
light responses by a second LP. To test this, we examined
the light-induced WC-1 hyperphosphorylation and light-
induced transcription of a wild-type strain by a second
LP (15 min) administered 4 h after the first one (Fig. 4A).
To block the production of the newly synthesized WC-1
protein, the protein synthesis inhibitor cycloheximide
(CHX, 50 µM) was added to the cultures. As shown in
Figure 4B in cultures with/without CHX, the first LP
induced hyperphosphorylation of WC-1 and transcrip-
tion of the immediate light-inducible genes (lanes 2,3),
including vvd, al-3, and wc-1. A high light intensity was
used for the first LP (∼3500 lux), so that all WC-1 pro-
teins should be activated. CHX treatment appeared to
have a general and nonspecific effect on the levels of
mRNAs, perhaps due to its role in blocking translation
and stabilizing mRNA. Four hours after the first LP (Fig.
4B, lane 5), WC-1 resumed its normal phosphorylation
state in DD in both sets of samples. For the CHX-treated
samples, the first LP also led to 40%–50% reduction of

the WC-1 level (Fig. 4B, cf. lanes 1 and 5, our WC-1
antibody is more sensitive to the hyperphosphorylated
WC-1 species than the hypophosphorylated forms), indi-
cating that light triggered the degradation of a portion of
WC-1, consistent with previous results (Talora et al.
1999; Lee et al. 2000; Franchi et al. 2005). In addition,
there was an increase of the least phosphorylated WC-1
species after 4 h in DD for the CHX-treated samples (Fig.
4B, cf. lanes 4 and 5), indicating an action of WC-1 de-
phosphorylation. Fifteen minutes after the second LP,
small but consistent inductions of WC-1 hyperphos-
phorylation and gene transcription of vvd, al-3, and wc-1
were observed (Fig. 4B, lane 6, CHX samples). Since these
light responses require WC-1 and there was no newly
synthesize WC-1, these data suggest that WC-1 is ca-
pable of being reactivated by light. Thus, it has a photo-
cycle in vivo, albeit with a long half-life.

To further confirm this conclusion and to exclude the
potential side-effects of CHX, we used a wc-1RIP, qa-
WC-1 strain, in which wc-1 is under the control of the
quinic acid (QA) inducible promoter. In the absence of
QA, there is no detectable WC-1 by Western blot analy-
sis (Cheng et al. 2001b). To examine the ability of WC-1
to be repeatedly activated by light pulses, the cultures
were first grown in DD in the presence of QA to induce
WC-1 expression, and then QA was removed 2 h before
the first LP. After the first LP (10 min), the cultures were
maintained in DD for 1–3 h before a second LP (Fig. 4C).

Figure 4. Two pulse experiments demonstrate that WC-1 has a long-period photocycle in vivo. (A) A schematic diagram depicts the
time points used to harvest Neurospora cultures for the experiment shown in B. A wild-type Neurospora strain was used. (1) DD. (2)
Immediately after the first LP. (3) Thirty minutes after the first LP. (4) Two hours after the first LP. (5) Four hours after the first LP.
(6) Immediately after the second 15-min LP. (7) Thirty minutes after the second LP. (B) Western and Northern blot analyses showing
that the second LP can result in light-induced WC-1 hyperphosphorylation and light-induced transcription. CHX was added to half of
the culture to block protein synthesis. (rp-10) A ribosomal protein gene that was used as a negative control for light responses in the
Northern blot analysis. (C) A schematic diagram depicts the time points used to harvest Neurospora cultures for the experiment shown
in D. The second LP was administered 1, 2, or 3 h after the first LP. (1) DD. (4,7,10) One, two, and three hours in DD after the first
LP, respectively. (2,5,8,11) Immediately after the first and the second LP. (3,6,9,12) Thirty minutes after the first or the second LP. (D)
Western and Northern blot analyses showing that the second LP can result in light-induced WC-1 hyperphosphorylation and light-
induced al-3 transcription. The wc-1RIP, qa-WC-1strain was used. The culture was first grown in medium containing QA for 1 d before
it was removed by washing the cultures with fresh minimal medium containing 2% glucose. The first LP was administered 2 h after
the removal of QA.
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As shown in Figure 4D, the second LP resulted in WC-1
hyperphosphorylation and induction of al-3 transcrip-
tion (Fig. 4D, lanes 5,8,11). The second LP administered
2 h after the first LP resulted in more light induction of
al-3 than that after only 1 h, suggesting that the WC-1
photocycle is >1 h. Together, these data demonstrate
that despite its long half-life, WC-1 does have a photo-
cycle in vivo. Such a slow photocycle means that WC-1
cannot be efficiently used for multiple photoactivations.
Thus, despite the presence of significant amounts of
WC-1 in LL, most cannot be activated by light to medi-
ate light-induced transcription.

WCC transiently binds to the promoters of the
immediate light-inducible genes

When Neurospora is transferred from DD to LL, the im-
mediate light-inducible genes will be rapidly induced,
reaching their peak levels ∼15 min in LL. Afterward,
their mRNA levels quickly decrease and stay at low lev-
els (the levels are higher than the basal levels in DD) in
LL, a process called photoadaptation. As shown above,
the WCC has a slow photocycle in vivo, and in vitro,
after its activation by light, it stays activated. Thus, if
there is no other process(es) regulating its DNA-binding
activity in vivo, we would expect that the L-WCC should
bind to the LREs constantly in LL. To test this possibil-
ity, we performed chromatin immunoprecipitation
(ChIP) assays to examine the binding of the WCC to the
LREs (vvd, al-3, and frq) in vivo after a dark-to-light tran-
sition. Our WC-2 antibody was used for the immunopre-
cipitation. As shown in Figure 5, the light activation of
WCC association with the LREs was transient, reaching
their peaks after 15 min in LL. Afterward, the levels of
the binding quickly decreased to low levels in LL. Sig-
nificant WCC binding was also found for the frq LRE in
the dark, consistent with frq being directly regulated by
D-WCC in DD (Crosthwaite et al. 1997; Cheng et al.

2001b; Froehlich et al. 2003). These data indicate that
the light-induced binding of WCC to the LREs correlates
with the light induction of transcription, and that there
is an unknown mechanism negatively regulating the ac-
tivity of WCC after light exposure.

Light-induced WC-1 hyperphosphorylation does not
correlate with promoter binding

The dark-to-light transition results in transient hyper-
phosphorylation of WC-1 and WC-2, peaking after 15–30
min in LL (Talora et al. 1999; Schwerdtfeger and Linden
2000; Cheng et al. 2003a; He et al. 2005). In addition,
WC-1 becomes less phosphorylated after prolonged ex-
posure in LL, but its phosphorylation level is more ex-
tensive than that in DD (Schwerdtfeger and Linden 2001;
Cheng et al. 2003a). Although the degradation of WC-1
by light could partially contribute to the photoadapta-
tion process, the effect of light on WC-1 level is only
modest and cannot explain the dramatic decrease of the
mRNA levels after 30 min in the light. Previously, WC
hyperphosphorylation was proposed to be an activation
mechanism for WCC activity.

To understand the function of the light-induced WC
hyperphosphorylation, we performed a detailed time
course to examine the relationship between the light-
induced WC-1 hyperphosphorylation and the light-in-
duced mRNA levels. As shown in Figure 6A, both WC-1
hyperphosphorylation and light-induced mRNA levels
reached their peaks after 15 min in LL, and their levels
quickly decreased afterward. Although light induction of
these genes all showed clear photoadaptation, the ki-
netic profile of vvd is different from those of al-3 and
wc-1. The light activation of vvd is prolonged in LL,
while the levels of al-1 and wc-1 drop to near very low
levels in 90 min. The kinetic of frq light induction is
similar to that of the vvd (Collett et al. 2002; Schwerdt-
feger and Linden 2003).

Clear increases of mRNA levels were seen after 5 min
in LL, a time when WC-1 hyperphosphorylation was not
obvious. At 30 min in LL, while WC-1 was still exten-
sively hyperphosphorylated, the mRNA levels were al-
ready in the process of rapid decline. When taken into
account the time needed for gene transcription and ki-
netics of the mRNA levels, the peak of WCC activity
must occur before 15 min in LL. Thus, the peak of WC-1
hyperphosphorylation does not appear to correlate with
the peak of WCC activity.

We then performed ChIP assays to determine the peak
time of WCC binding to the LREs in vivo. As expected,
the binding of WCC to the LREs was seen 2 min after
light exposure, reached its peak at 5 min, and decreased
afterward (Fig. 6B). The rapid binding of L-WCC to the
LRE was further confirmed by EMSA using nuclear ex-
tracts. As shown Figure 6C, the nuclear extracts prepared
from the culture after 2 min of light exposure (lacking
hyperphosphorylation) resulted in more L-WCC/LRE
complex than the extracts from later time points. The
time difference between the ChIP and EMSA assays is
likely due to the time needed for the activated WCC to

Figure 5. The L-WCC binds to the LREs transiently after trans-
fer from DD to LL. ChIP assay using WC-2 antibody showing
the binding of WCC to the LREs of vvd, al-3, and frq. The
densitometric analysis of three independent experiments is
shown in the bottom panel.
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find its targets in vivo. Together, these data indicate that
WCC binds to its targets rapidly after its activation by
light and the hyperphosphorylation state of WC-1 does
not correlate with the DNA-binding ability of WCC.
Thus, it is unlikely that the light-induced WC-1 hyper-
phosphorylation has a stimulatory role on WCC activity.

Phosphorylation of WCC inhibits the binding of both
L-WCC and D-WCC to the LREs

To demonstrate the role of the WC phosphorylation in
regulating its activity, WCC was partially purified from

a Neurospora culture that had been exposed to light for
15 min. Afterward, part of the purification products was
treated with �-phosphatase before the EMSA assay. As
shown in Figure 7A, the dephosphorylation of WCC led
to significant increases of both L-WCC and D-WCC/LRE
(vvd) complexes, effects that could be completely
blocked by the addition of phosphatase inhibitors. A
similar finding was also observed for the frq LRE probe
(Fig. 7B). These results indicate that phosphorylation of
WCC inhibits the DNA-binding activity of both L-WCC
and D-WCC.

Inhibition of the activity of D-WCC by phosphoryla-
tion is consistent with our recent results showing that
the mutation of the WC-1 light-independent phosphory-
lation sites positively regulates WCC activity in the dark
(He et al. 2005). It also provides direct biochemical sup-
port for an important role for the WCC dark phosphory-
lation in the circadian negative feedback loop (He et al.
2005; Schafmeier et al. 2005).

To further demonstrate the role of the light-induced
WCC hyperphosphorylation in inhibiting L-WCC bind-
ing to the LREs, we performed EMSA using WCC puri-

Figure 6. After the transfer from DD to LL, the peaks of L-
WCC binding to the LREs are not correlated with the peak of
WC-1 hyperphosphorylation. (A) Western and Northern blot
analysis showing the kinetics of the light-induced WC-1 hyper-
phosphorylation and the light induction of vvd, al-3, and wc-1
mRNA after the dark-to-light transfer. Densitometric analysis
of the Northern blot experiment is shown in the bottom panel.
(B) ChIP assay showing the binding kinetics between WCC and
LREs (al-3 and frq). (C) EMSA assay showing the binding kinet-
ics between L-WCC and the vvd LRE. Nuclear extracts purified
from cultures harvested in the indicated time points (minutes)
were used in the assay. The bottom panel is the Western blot
result showing the WC-1 protein for these samples.

Figure 7. Dephosphorylation of WCC significantly enhances
the binding of both L-WCC and D-WCC to the LREs. (A,B)
EMSA assays showing the binding of purified Neurospora WCC
to the LREs (vvd or frq) with/without the �-phosphatase treat-
ment. The cultures were harvested after a 15-min LP. All
samples contained phosphatase buffer and were treated by the
same procedure except the presence of phosphatase or phospha-
tase inhibitors. The top panel of A is the Western blot result
showing the phosphorylation profile of WC-1 used in the EMSA
assay. (C) EMSA assay showing the binding of L-WCC to the
vvd LRE after an LP in vitro. The WCC was purified from cul-
tures grown in DD.
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fied from a culture grown in DD, which lacks the light-
induced hyperphosphorylation. If the inhibition of
L-WCC DNA binding by phosphorylation shown above
is mostly due to the light-induced WC hyperphosphory-
lation, for an LP given in vitro, we expect that the PPase
treatment of WCC from DD should not significantly af-
fect the DNA binding of the L-WCC. As shown in Figure
7C, the PPase treatment only resulted in a small increase
of the formation L-WCC/LRE complex, in contrast with
the strong effects shown in Figure 7A and B. Thus, the
light-induced hyperphosphorylation of WCC is respon-
sible for most of the inhibition of L-WCC binding we
observed in Figure 7A and B. Together, these data indi-
cate that the light-induced WC phosphorylation nega-
tively regulates the activity of L-WCC, which should
result in its transient binding to the LREs and the de-
crease of transcription of light-inducible genes 15 min
after the light exposure. Therefore, this post-transla-
tional regulation should be an important process medi-
ating photoadaptation in Neurospora.

Discussion

A common mechanism regulating the light induction
of immediate early genes

The WC proteins mediate almost all known light re-
sponses in Neurospora, and WC-1 is the blue-light pho-
toreceptor. In this study, we showed that al-3 and vvd,
two immediate-early light-inducible genes, are regulated
in the same manner as previously demonstrated for frq—
light-induced identical L-WCCs to bind to the LREs in
their promoters (Froehlich et al. 2002). Thus, despite
their different requirements of WC-1 levels for their light
inductions (Liu et al. 2003), this mechanism should ap-
ply to all immediate early light-inducible genes in this
organism. The different requirements of WC-1 levels of
different genes may be due to different promoter con-
texts of the LREs (which may affect the affinity between
L-WCC and LRE) or the number of LREs in their pro-
moters. Among known immediate-early genes, frq is
least sensitive to changes in WC-1 levels, probably be-
cause it has two LREs in its promoter (Froehlich et al.
2002), allowing it to more efficiently recruit the L-WCC
in vivo.

Using recombinant WCC from insect cells, we showed
that both the D-WCC and the L-WCC consist of only
WC-1 and WC-2 proteins. This is consistent with the
earlier result using in vitro translated WC proteins made
from the rabbit reticulocyte lysate system (Froehlich et
al. 2002, 2003). Therefore, the L-WCC should be the re-
sult of multimerization of the WC proteins, a notion that
is supported by the observation of WC-1 self-association
in vivo (Cheng et al. 2003b). However, it is possible that
other factor(s) may interact with the WCCs to regulate
their activities before their binding to the LREs.

Long period photocycle of WC-1

In vitro, the persistent activation of L-WCC in DD after
an LP (Fig. 3) suggests that, unlike the phototropins,

most of the WC-1 cannot recover back to the dark state
after its photoactivation. The in vivo experiments
showed that, although Neurospora is insensitive to a sec-
ond light if given <1 h of dark recovery time (Schrott
1981; Arpaia et al. 1999; Schwerdtfeger and Linden
2001), WCC can respond to a second light pulse after >1
h in DD (Fig. 4). These data, although indirect, suggest
that WC-1 has a long period photocycle (>1 h). This is
likely due to the formation of long-lived photoactivated
intermediate in its LOV domain, which involves the for-
mation of a covalent bond between the critical and
highly conserved cysteine residue of the LOV domain
and the flavin chromophore (Salomon et al. 2000; Cros-
son and Moffat 2002; Crosson et al. 2003; Harper et al.
2003). Such a photochemical characteristic of WC-1 will
render most of the proteins incapable of being reacti-
vated by light and will have a major impact on its func-
tion (see below).

The Arabidopsis FKF1 (Flavin-binding, Kelch repeat,
F-box) protein and its homologs are another class of
LOV-domain-containing blue-light receptors in plants
mediating circadian and photoperiodic responses
(Somers et al. 2000; Cheng et al. 2003a; Imaizumi et al.
2003; Mas et al. 2003). Studies of the recombinant FKF1
protein showed that it does not have appreciable dark
recovery in vitro. Thus, these LOV-domain-containing
proteins, like WC-1, also do not have active photocycles.
Although FKF-1 and its related homologs bind to FMN,
they and WC-1 share a significant extension in the loop
connecting the ��A and �C helices, a feature probably
contributing to their common photochemical behavior.

Photoadaptation in Neurospora

Photoadaptation mechanisms allow organisms to adjust
their physiological activities to prolonged light exposure.
In Neurospora, after the initial rapid induction of light-
inducible genes, the responses quickly decrease and stay
at low levels (Schrott 1981; Arpaia et al. 1999; Heintzen
et al. 2001; Schwerdtfeger and Linden 2001; Shrode et al.
2001), the results of light insensitivity. Similar to the
kinetics of the induction of immediate-early genes, WC
proteins first become hyperphosphorylated after 15–30
min in LL, and then the levels of their phosphorylation
decrease and are maintained at levels that are higher
than those in DD (Talora et al. 1999; Schwerdtfeger and
Linden 2000, 2001; Cheng et al. 2003a; He et al. 2005).

Based on previous studies and the results of this study,
photoadaptation in Neurospora is mediated by several
regulations. First, light triggers the degradation of part of
the WC-1 pool, a process probably mediated by its hy-
perphosphorylation (Fig. 4; Talora et al. 1999; Lee et al.
2000). We estimate that ∼40%–50% of WC-1 is degraded
through this process. Phosphorylation-dependent pro-
tein degradation has been demonstrated for FRQ in Neu-
rospora, a critical process regulating the circadian clock
(Liu et al. 2000; Gorl et al. 2001; Yang et al. 2002, 2004;
He et al. 2003).

Second, as we demonstrated in this study, contrary to
previous expectations, the light-induced WC hyperphos-
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phorylation inhibits the DNA-binding ability of the L-
WCC (Fig. 7). This inhibition should lead to transient
binding of the L-WCC to the LREs and the decrease of
the transcription of the light-inducible gene after 15–30
min in LL (Fig. 6). Afterward, the light activation of the
WCC and the light-induced WCC phosphorylation prob-
ably reach a balance in LL so that the transcription of
light-inducible genes is maintained at levels that are
higher than those in DD but are significantly lower than
the initial light responses. The sites of the light-induced
WC phosphorylation and the kinase(s) involved are not
known. PKC was previously implicated as a kinase that
phosphorylates WC-1 and down-regulates its levels, but
it was thought not to be the kinase that mediates the
WC-1 hyperphosphorylation (Arpaia et al. 1999; Franchi
et al. 2005). The expression of a dominant-negative or a
constitutive active form of PKC leads to changes in the
WC-1 levels and light responses (Franchi et al. 2005).

Third, the lack of an active WC-1 photocycle means
that, once the WCC is activated by light and inhibited by
phosphorylation, it cannot be efficiently reused for pho-
toactivation. This is consistent with the results of the
two-pulse experiments, which showed that Neurospora
is sensitive to a second light pulse given 1 h after the first
one (Schrott 1981; Arpaia et al. 1999; Schwerdtfeger and
Linden 2001), a time when the newly synthesized WC-1
protein can be detected (Talora et al. 1999). Thus, the
light responses in LL should be mediated mostly by the
newly synthesized WC-1 protein. Since the light induc-
tion of wc-1 transcription is itself photoadaptive (Figs. 4,
6), the production of the newly synthesized WC-1 pro-
tein will be low in LL, which further limits light re-
sponses. The limited production of newly synthesized
WC-1 and different requirements of WC-1 levels for light
induction of different genes should explain the different
light-response kinetics for frq, vvd, and al-3 genes. In LL,
the light-induced transcription for frq and vvd is pro-
longed compared to those of the al genes (Fig. 6;
Crosthwaite et al. 1995; Arpaia et al. 1999; Heintzen et
al. 2001; Collett et al. 2002; Schwerdtfeger and Linden
2003), probably because the al genes are most sensitive
to changes of WC-1 levels for their light induction (Liu et
al. 2003).

Finally, factors such as VVD can also play an impor-
tant role in mediating the photoadaptive responses in
Neurospora (Heintzen et al. 2001; Schwerdtfeger and
Linden 2001, 2003; Shrode et al. 2001). VVD is a wc-
dependent LOV-domain containing a blue-light photore-
ceptor (Cheng et al. 2003a; Schwerdtfeger and Linden
2003). Interestingly, the recombinant VVD also has a
very slow photocycle (∼5 h) in vitro. In vvd mutants,
light responses are increased and the photoadaptive re-
sponses are partially impaired. In addition, the mutants
are insensitive to changes in light intensity. Thus, VVD
appears to be a general repressor of light responses in
Neurospora. How VVD functions is not known. Because
VVD and WCs have different cellular localizations, VVD
may indirectly affect WC activity after light responses.
VVD is expressed at undetectable levels in the dark.
Thus, the lack of VVD action in the initial phase of light

exposure should also be partly responsible for the strong
light responses in the first 15–30 min in LL. WC-1 hy-
perphosphorylation in LL is prolonged in vvd mutants
(Heintzen et al. 2001; Schwerdtfeger and Linden 2001). In
light of the results presented in this study and since
WC-1 hyperphosphorylation is also a light response, the
prolonged WC-1 hyperphosphorylation in vvd mutants
should be the result of enhanced light response of the
WC-1 phosphorylation process.

The role of D-WCC phosphorylation in the circadian
negative feedback loop

WC proteins are phosphorylated in the dark. Previously,
by mutating the five WC-1 light-independent phosphory-
lation sites near their Zn-finger regions, we showed that
these phosphorylation events are important for its func-
tion as the positive element in the circadian negative
feedback loop (He et al. 2005). Based on the result, we
proposed that the phosphorylation of the WC-1 in the
dark negatively regulates its role as a transcriptional ac-
tivator. This model is further supported by a very recent
study suggesting that the FRQ-dependent WC phos-
phorylation is important for repressing WC activity in
DD (Schafmeier et al. 2005). Despite these studies, a di-
rect demonstration of the negative role of the WC dark
phosphorylation is lacking. In this study, we provided
direct biochemical evidence showing that dephosphory-
lation of the WCC significantly increased the DNA-
binding ability of both D-WCC and L-WCC (Fig. 7A,B).
Thus, the WC phosphorylation in the dark is a critical
process mediating the closing of the circadian negative
feedback loop in Neurospora. Because of the similarities
between the circadian negative feedback loops of Neu-
rospora and those of the higher eukaryotic organisms
(Young and Kay 2001; Dunlap and Loros 2004), similar
mechanisms may be also involved in the regulation of
the circadian negative feedback loops in other eukaryotic
organisms.

Materials and methods

Strains and culture conditions

The wild-type strain (87-3 bd, a) was used in this study. A wc-
1RIP strain (He et al. 2002) was used as the host strain for his-3
targeting a qa-wc1-2 construct (Cheng et al. 2001b). Cultures
were grown in minimal medium (1× Vogel’s, 2% glucose) unless
specified. Light intensity (1600 lux) was used for all light treat-
ment experiments except for the two pulse experiments, in
which 3500 lux was used for the first light pulse. To block
protein synthesis, the cultures were first treated with 50 µM
cycloheximide (CHX) for 1 h before exposure to light. For in-
duction of WC-1 in the wc-1RIP, qa-WC-1 strain, cultures were
grown in liquid medium containing 10 mM QA, 1× Vogel’s,
0.1% glucose, and 0.17% arginine for 24 h in DD. After blotting
excess media off mycelia mats, the mats were transferred into
500 mL of fresh minimal medium (2% glucose) without QA
with shaking for 15 min. After blotting off excess media again,
the mats were transferred into 500 mL of fresh minimal me-
dium without QA. Cultures were incubated for 2 h in DD and
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transferred into 50 mL of fresh minimal medium before light
exposure.

Purification of insect-cell-expressed WC proteins and WCC

Expression of the individual WC proteins and the WCC in sf9
cells was performed according to the protocol provided by the
manufacturer (Bac-to-Bac Baculovirus Expression System; Invit-
rogen). To obtain the WCC, the insect cells were infected by
both a virus expressing WC-1 and a virus expressing His-WC-2.
His-tagged proteins were purified with a nickel column. Fluo-
rescence spectra analyses and TLC were performed as previ-
ously described (He et al. 2002).

Electrophoretic mobility shift assay

An electrophoretic mobility shift assay (EMSA) and the purifi-
cation of nuclear extracts were performed as previously de-
scribed (Froehlich et al. 2002). The partial purification of WCC
from Neurospora tissue (wc-2KO, Myc-His-WC-2) with a nickel
column was performed as previously described (He et al. 2002).
One microgram of partially purified WCC and 5 µg of nuclear
extracts were used for EMSA. The probes used for EMSA were
vvd probe, ATCCTGCTCCAGATCCCCTACATTACATCTC
GATCGACGGCATTC; vvd mutated probe, ATCCTGCTCT
CTGTCCCCTACATTACATCTGTCCTGACGGCATTC; al-3
probe, GGCAATATTCGATACCCGCACGCTATGACGATA
ATACCGC (Ballario et al. 1996); al-3 mutated probe, GGCA
ATATTCACCGCCCGCACGCTATGACGTCCATACCGC; frq
probe, CGTCCTGATGCCGCTGCAAGACCGATGACGCTG
CAAAATTGAGATCT (Froehlich et al. 2002); and frq mutated
probe, CGTCCTTCCTCCGCTGCAAGACCTCTCACGCTG
CAAAATTGAGATCT.

Protein and RNA analyses

Protein analyses were as previously described (Garceau et al.
1997; Cheng et al. 2001a). Equal amounts of total protein (40 µg)
were loaded in each lane, and after Western blot analyses, the
blots were developed by chemiluminescence (ECL; Amersham
Pharmacia). RNA extraction and Northern blot analysis were
performed as previously described (Crosthwaite et al. 1995).
Equal amounts of total RNA (20 µg) were loaded in each lane in
agarose gels. After electrophoresis, the gels were blotted and
probed with RNA probes specific for vvd, al-3, frq, wc-1, and
rp-10. Densitometric analyses of the results were performed by
using NIH IMAGE 1.61.

ChIP assay

The ChIP protocol was modified from a published protocol
(Johnson et al. 2002). The tissues were fixed in minimal media
containing 1% formaldehyde for 15 min at room temperature in
DD. The immunoprecipitation was performed using our WC-2
antibody (Cheng et al. 2001a). After DNA extraction, the pellets
were resuspended in 50 µL of TE. Afterward, 2 µL of DNA
solution was used for PCR. The primer pairs that cover the LREs
were as follows: The frq primers are GCCATTCAAGT
CAAGCTCGTACCC and GAGCAACGTCCCACATCTTCT
AAC. The primers for al-3 are CTCAGCAGGCAAGCA
GGGCAAATC and CTAACCCCGTGCGTCGTCTGATCC.
The vvd primers are CGCACCCAAGATTACTGTTTCCACC
and TAGAGTCGAGGATGAGATGGAG. PCR reactions were
4 min at 94°C, 26–29 cycles of 94°C (15 sec), 60°C (30 sec), and
72°C for 1 min. PCR products were resolved by electrophoresis
on a 2% agarose gel. Each experiment was independently per-

formed at least three times, and immunoprecipitation without
the WC-2 antibody was used as the negative control.

Treatment with �-phosphatase

Treatment with �-phosphatase was performed in 50 µL of reac-
tion containing 10 µg of partially purified WCC, 20 µg of BSA,
and 400 U of �-phosphatase (New England Biolabs), with the
phosphatase buffer provided by the manufacturer. When used,
phosphatase inhibitors (10 mM sodium orthovanadate and 5
mM sodium fluoride at pH 7.6) were added to the reaction. After
treatment for 30 min at 30°C, the samples were subjected to an
LP. Afterward, 10 µL of reaction mixture was used for EMSA.
The control samples were treated by the same procedures ex-
cept for the addition of the �-phosphatase.
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