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Background: The period length of the Neurospora circadian clock is dependent on expression levels of its core transcription

factor WCC.

Results: Glycogen synthase kinase (GSK) forms a complex with the WCC and regulates its abundance.
Conclusion: GSK modulates the period length of the circadian clock.
Significance: GSK is a novel clock component of Neurospora transducing signals to the core oscillator.

Timekeeping by circadian clocks relies upon precise adjust-
ment of expression levels of clock proteins. Here we identify
glycogen synthase kinase (GSK) as a novel and critical compo-
nent of the circadian clock of Neurospora crassa that regulates
the abundance of its core transcription factor white collar com-
plex (WCC) on a post-transcriptional level. We show that GSK
specifically binds and phosphorylates both subunits of the
WCC. Reduced expression of GSK promotes an increased accu-
mulation of WC-1, the limiting factor of the WCC, causing an
acceleration of the circadian clock and a shorter free-running
period.

Circadian clocks are biological oscillators that are found in
organisms ranging from cyanobacteria to mammals where they
allow anticipation of periodic changes in the environment asso-
ciated with the rotation of the earth. Eukaryotic circadian
clocks based on transcriptional/translational feedback loops
(TTFL),? in which negatively acting clock proteins rhythmically
repress their own synthesis by inhibiting the activity of their
transcription factors, thereby generating self-sustained
oscillations with a period length of about 24 h. Function,
activity, turnover as well as subcellular localization of clock
proteins are tightly regulated post-transcriptionally contribut-
ing to robust circadian oscillations on a transcriptional level. In
particular, phosphorylation of core clock proteins is crucial for
clock function (1-3). Various kinases and phosphatases medi-
ate phosphorylation and dephosphorylation of clock compo-
nents and their complex interplay determines fate and function
of the clock proteins they modify (1).

In the filamentous fungus Neurospora crassa the TTFL of the
circadian clock consists of the transcription factors white col-
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lar-1 AND white collar-2 (WC-1 and WC-2), which form the
white collar complex (WCC), and its negative regulator fre-
quency (FRQ) (4—6). WC-1 is also a blue light receptor ena-
bling Neurospora to synchronize its endogenous clock with the
exogenous 24 h day/night cycle (7). Active WCC directly and
indirectly drives the expression of several hundred clock con-
trolled genes (ccgs) (8, 9). FRQ, which is expressed under the
direct control of WCC, inactivates the transcription factor by
mediating its phosphorylation by casein kinase 1a (CK1la) (10).
Over the course of a circadian cycle, FRQ is progressively phos-
phorylated by CK1la and CK2 and then degraded via the ubiq-
uitin proteasome pathway (11-13). As the levels of FRQ
decrease, dephosphorylation of WCC by protein phosphatase
2A (PP2A) reactivates the transcription factor, thereby initiat-
ing a new circadian cycle (10). Active WCC is unstable and
DNA binding triggers its rapid degradation. Inactivation of the
WCC by FRQ-dependent phosphorylation stabilizes the WCC
and facilitates its accumulation in an inactive form (14).

In all eukaryotic clocks casein kinases 1 are essential to gen-
erate rhythmic oscillations (1, 15, 16). Other kinases are
involved in modulating period length and phase of the clocks.
Although they are not essential for circadian rhythmicity per se
(1), they might be important under entrained conditions (17).
Among these, glycogen synthase kinase 3 (GSK3) fulfills func-
tions in the Drosophila and mammalian clocks. The Drosophila
GSK3 ortholog SHAGGY (SGG) phosphorylates the negative
regulators timeless (TIM) and period (dPER), which are in a
cytoplasmic complex. Phosphorylation of TIM by SGG fosters
its degradation in response to light and allows nuclear entry of
dPER, while phosphorylation of dPER by SGG delays its nuclear
entry (18, 19). Mammalian GSK3f phosphorylates the clock
transcription factors CLOCK and BMAL-1, targeting both for
subsequent degradation (20, 21). The negative circadian regu-
lators PER2 and CRY2 are also phosphorylated by GSK3p, reg-
ulating their nuclear entry and proteasomal degradation,
respectively (22, 23). Inhibition or down-regulation of GSK has
opposing effects on the mammalian and Drosophila clock. In
mammals a shortening of the period length is observed (24),
while the period length increases in Drosophila (18).

Here we show that GSK also plays a role in setting the pace of
the circadian clock of Neurospora. GSK is not part of the core
feedback loop of the clock. It binds the WCC, presumably pro-
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moting its degradation via phosphorylation, thereby lengthen-
ing the circadian period by regulating the core clock transcrip-
tion factor levels.

EXPERIMENTAL PROCEDURES

Neurospora Strains and Culture Conditions—The Neuro-
spora glycogen synthase kinase (GSK, NCU04185.2) hetero-
karyon knock-out strain gsk” was obtained from the Fungal
Genetics Stock Center (FGSC #11500) along with the corre-
sponding background control strain wt9718. Conidial suspen-
sions in 1 M sorbitol were prepared from samples grown on
standard solid growth medium (2.2% agar, 0.3% D+ glucose
monohydrate, 0.17% L-arginine, 1 X Vogel’s medium, and 0.1%
biotin). 200 pg/ml hygromycin B (Applichem) was added to the
solid growth medium to enrich for gsk knock-out conidia. Race
tubes contained 2% agar, 0.1% D+ glucose monohydrate, 0.17%
L-arginine, 1 X Vogel’s medium, and 0.1% biotin. Where appli-
cable, QA and H,O, were added in concentrations as indicated
in the figures. Liquid culture medium contained 2% glucose,
0.5% arginine, and 1X Vogel’s medium. Cycloheximide (CHX)
was added at a concentration of 10 ug/ml where indicated.

The ga-gsk knock-in strain was generated by replacing the
endogenous promoter of gsk by the inducible qa2-promoter
along with N-terminal tagging of GSK with a FLAG epitope
using the protocol of Ref. 25. The construct was knocked into a
background strain expressing luciferase under the control of
the frq promoter (ras-1°%, pfrq-luc, Ref. 9).

The strains Awc-1, Awc-2, frq'°/qa-frq, and frq'’ and the
control strain wt74 contain the ras-1°? mutation (26). Analysis
of race tubes was performed using the Chrono program (T.
Roenneberg, LMU Munich).

For real-time luciferase measurements, 96-well plates were
prepared with medium as described elsewhere (9) and supplied
with QA in concentrations as indicated. Experiments were per-
formed in an EnVision Xcite Multiplate Reader (Perkin Elmer),
and the luciferase readout was evaluated with MultiCycle soft-
ware (Actimetrics).

Protein Extraction and Analysis—Extraction of Neurospora
protein was performed as described (27). Protein concentra-
tions were measured with NanoDrop® (PeqLab), and 400 g of
protein were loaded unless stated otherwise. Western blotting
was performed as described (10, 28). Enhanced chemilumines-
cence signals were detected with x-ray films. Quantification of
Western blots was performed using Image] software (Rasband,
W.S., Image]J, NIH). Subcellular fractionations were performed
as recently described (29). Antibodies used against FRQ, WC-1,
and WC-2 were previously described (28, 30). For GSK, a pep-
tide antibody was raised in rabbit against the extreme C termi-
nus of the protein (NH,-DNFTPMNKSEMMAKLD-COOH)
(Pineda, Berlin). When used in a 1:500 dilution, Western blot
analysis with the affinity-purified GSK antibody led to a strong
signal at the correct MW (~45 kDa) with low or no back-
ground. In the ga-gsk knock-in strain, the intensity of the band
corresponding to GSK was strongly reduced when cultures
were grown without QA in the medium (see Fig. 14).

In Vitro Phosphorylation Assay—Recombinant His-tagged
GSK and CKla were purified from Escherichia coli. GSK and
CKla cDNA fragments were cloned into pQE30 (Qiagen) plas-
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mids using Pstl and Sphl restriction sites. Kinase-encoding vec-
tors and an empty plasmid (mock control) were transformed
into the Escherichia coli strain M15 Prep4 (Qiagen). The cells
were induced overnight with 0.1 mm IPTG at 22 'C and His-
tagged proteins were purified at 4 'C using the standard His tag
purification protocol (QIAexpressionist, Qiagen). GSK, CKla,
and mock control elutions were re-buffered into stock buffer
(50 mm HEPES, 300 mMm NaCl, 5 mm MgCl,, and 1 mm DTT,
10% glycerol, pH 7.4) and stored at —20 ‘C. The amount of
enzyme required for saturating phosphorylation was deter-
mined by a series of dilutions, and 18.24 ug of CK1a, 38.88 ug of
GSK, and 24 ug of mock control proteins were added to 200 g
of total protein in a final reaction volume of 30 ul. Samples were
incubated for 1 h at 25 'C. Final reaction mixture contained 50
mwM HEPES/KOH, pH 7.4, 150 mM NaCl, 10 mm MgCl,, 10 mm
ATP, leupeptin (2 ug/ml), pepstatin A (2 ug/ml), PMSF (1 mm),
and PhosStop® phosphatase inhibitor mixture (Roche). Sam-
ples were analyzed by SDS-PAGE and immunoblotting. GSK
inhibitors indirubin-3’'-monoxime and kenpaullone (Merck)
were used at a final concentration of 3 um.

GSK Co-immunoprecipitation—Purified GSK antibody was
bound to 100 ul of protein A-Sepharose CL-4B beads (Amer-
sham Biosciences) and blocked with 5% milk in TBS. After
washing with standard protein extraction buffer, 5 mg of total
protein and fresh protease inhibitors were added, and the mix-
ture was incubated overnight at 4 "C. After two washing steps,
bound proteins were eluted by incubating the beads with 1X
Laemmli buffer at 95 "C for 5 min.

Quantitative Real-time PCR—Total mRNA from ground fro-
zen mycelia was prepared using peqGOLD TriFAST™
(peqLab, Germany) and reverse transcribed using the Quanti-
Tect Reverse Transcription Kit (Qiagen, Germany) following
the manufacturer’s instructions. Transcript levels were ana-
lyzed by quantitative real-time PCR as described previously
(29). Results shown are from at least three independent exper-
iments. Sequences of primers and probes used for RT-PCR
were: actin: F: gat gac aca gat cgt ttt cga gact, R: cgg agg cgt aga
gagaaa gga, Probe: 6-FAM-ccg cct tet acg tet ccatcc a-TAMRA;
we-1: F: acc teg ctg tce teg att tg, R: tge tgg gec tct tte aac tc,
Probe: 6-FAM-ccg tcc gac atc gtg ccg g-TAMRA,; frq: F: ttg taa
tga aag gtg tcc gaa ggt, R: gga gga aga agc gga aaa cg, Probe:
6-FAM-acc tcc caa tct ccg aac tcg cct g-TAMRA; we-2: F: agt ttg
cac cca atc cac aga, R: agg gtc gag cca tca tga ac, Probe: 6-FAM-
agt cgc ctt tct gee agg ceg-TAMRA; gsk: F: cec gac teg agg cac
aact, R: tgg ata gct cat gac ggg taa agt, Probe: 6-FAM-acc gtt agg
gat ctg cca ccg ctc tt-TAMRA.

RESULTS

Down-regulation of GSK Results in a Short Period
Phenotype—Because GSK is an essential protein, we generated
a knock-in strain expressing GSK under the control of the qa-2
promoter, which is inducible in proportion to the concentra-
tion of quinic acid (QA) in the medium (Fig. 1A). A ras®? strain
with a luciferase reporter under the control of the frq promoter
was used as the background strain (ras®?, pfrq-luc (9); hereafter
referred as to wt ctrl). The resulting strain, ras®?, pfrq-luc, qa-
flag-gsk (hereafter referred to as ga-gsk) expressed only trace
amounts of GSK without QA, while near-wild type GSK protein
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FIGURE 1. Dose-dependent expression of GSK modulates the period
length of the circadian clock. A, schematic representation of the knock-in
cassette used to replace the gsk promoter with the QA inducible ga-2 pro-
moter. The cassette was transformed into the ras-1°9, pfrq-luc strain, which
expresses luciferase under the control of the frg promoter. Representative
Western blots show levels of GSK in the ga-gsk strain compared with its cor-
responding background control strain wt ctrl. Cultures were grown in light at
25 °Cinthe presence orabsence of 1.5 X 10~ *MQA. B, rhythmic expression of
the frg-luc promoter in ga-gsk (black traces) and wt ctrl (gray traces) in the
presence of the indicated QA concentrations. Luciferase activity of the strains
was continuously monitored in DD after a 1 h light pulse. Representative
bioluminescence records of individual cultures are shown. C, summary of the
average period lengths of ga-gsk (white bars) and wt ctrl (black bar) as deter-
mined by luciferase measurements at the indicated QA concentrations. Error
bars show = S.E.For wt ctrl the average period length at all QA concentrations
is shown. n/a, experiment was not performed under these conditions. See
also supplemental Table S1. D, summary of the average period lengths of
qa-gsk (white bars) and wt ctrl (black bar) grown on racetubes with the indi-
cated QA concentrations (= S.E.). For wt ctrl the average period length at 0
and 1.5 X 10 *mQA is shown. See also supplemental Table S2. ar, arrhythmic.
* and *** indicate p values of =0.05 and =<0.0005, respectively using two-
tailed Student’s t-test.

levels were produced with the addition of 1.5 mM QA into the
growth medium (Fig. 1A4).

We performed real-time luciferase measurements to study
the effects of GSK on the circadian clock. For this we supplied
the growth medium with of QA ranging from 1.5 X 10”7 M to
1.5 X 1072 m. The results show that QA affects the period
length in the ga-gsk strain but not in the wt ctrl in a concentra-
tion-dependent manner (Fig. 1B). At 1.5 X 10”7 M QA ga-gsk
exhibits a slightly but significantly shorter period than wt ctrl.
The period length of ga-gsk lengthened with increasing QA con-
centrations and was >3 h longer than w¢ ctrlat 1.5 X 10~ m (Fig.
1C and supplemental Table S1). In addition, the robustness of
the bioluminescence rhythm of ga-gsk decreased at high QA
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concentrations. The data indicate that expression levels of GSK
correlate with period length.

Next we assessed period length by analyzing the conidiation
rhythm of Neurospora on racetubes. Also under these condi-
tions the period length of ga-gsk was dependent on QA concen-
tration. In the absence of QA the period of ga-gsk was >2 h
shorter than the period of the wt ctrl, while the period length of
both strains was similar at 1.5 X 10~° M. At QA concentrations
of 1.5 X 10"* M and 1.5 X 10~? M conidiation rhythms of the
qa-gsk strain was lost, which could be due to the decreased
robustness of the clock on a molecular level (Fig. 1B). Moreover,
the strain failed to entrain to light/dark (12 h/12 h) cycles at
these QA levels (not shown). As in the real-time luciferase
measurements, rhythmic conidiation was also unaffected by
QA in the wt ctrl strain (supplemental Table S2).

In summary, GSK lengthens the circadian period in a dose-
dependent manner. GSK levels substantially lower than wild
type significantly shorten but do not abolish circadian rhythm,
suggesting a modulating role of GSK in the Neurospora clock.

GSK Activity Affects Levels of WC-1—We next investigated
the impact of GSK expression of core clock components. To be
able to reliably compare protein levels in cultures supplied with
different QA concentrations we grew Neurospora under con-
stant light conditions, where the clock components are consti-
tutively expressed and clock driven fluctuations due to differ-
ences in period lengths do not occur. As expected, GSK levels in
qa-gsk increased in a QA-dependent manner but were unaf-
fected by QA in the wt ctri strain (Fig. 2A). Interestingly, WC-1
levels were elevated when GSK expression was low (1.5 X 1077
M QA), and similar to those in the wt ctrl strain when GSK was
expressed at wild type levels (1.5 X 1072 m QA). FRQ levels
were also slightly elevated at low GSK, while no difference in
WC-2 protein could be observed (Fig. 24).

GSK down-regulation affects the free running period in con-
stant darkness indicating that the main function of GSK in the
clock is independent of light. WC-1 is a blue light photorecep-
tor that is phosphorylated and degraded in a light dependent
manner. Accumulation of WC-1 upon down-regulation of GSK
was independent of light and was not affected by temperature
(Fig. 2B and supplemental Fig. S1). Rapid hyperphosphoryla-
tion of WC-1, which is a hallmark of the light activation of the
WCC (31), was also independent of the expression levels of
GSK (Fig. 2C), indicating that GSK activity is not essential in
light dependent phosphorylation of the WCC. Thus, the data
suggest a light and temperature independent effect of GSK on
WC-1 abundance.

Period Length Is Short in a Heterokaryon gsk Knock-out
Strain—To confirm the effects of altered GSK activity on the
Neurospora circadian clock, we performed additional experi-
ments using a gsk heterokaryotic knockdown strain (gsk*,
FGSC#11500). gsk"** expressed reduced levels of GSK protein
and mRNA compared with its corresponding wild-type con-
trol strain wt9718 independent of temperature (Fig. 34 and
supplemental Fig. S2). Neurospora strains carrying the mutant
ras® allele produce a circadian banding pattern in race tubes.
In non-bd strains banding on racetubes is suppressed due to
accumulating CO,, but can be induced by oxidative stress (26).
To assess the circadian conidiation rhythm of gsk”* and the

VOLUME 287 +NUMBER 44+-OCTOBER 26, 2012


http://www.jbc.org/cgi/content/full/M112.396622/DC1
http://www.jbc.org/cgi/content/full/M112.396622/DC1
http://www.jbc.org/cgi/content/full/M112.396622/DC1
http://www.jbc.org/cgi/content/full/M112.396622/DC1
http://www.jbc.org/cgi/content/full/M112.396622/DC1
http://www.jbc.org/cgi/content/full/M112.396622/DC1

wt ctrl

Ponceau S

GSK

FIGURE 2. Down-regulation of GSK leads to increased WC-1 levels. A, QA
titration: Western blots showing levels of GSK, WC-1, WC-2, and FRQ in the
qa-gsk and wt ctrl strains from cultures grown at 25 °Cin light at the indicated
QA concentrations. A Ponceau stain of the blot is shown as a loading control.
B, down-regulation of GSK affects WC-1 independent of light. Representative
Western blots showing levels of WC-1 and GSKin ga-gsk grown in darkness for
30 h (DD30) in the presence or absence of 1.5 X 10> m QA. As a loading
control the blot was additionally decorated for tubulin. C, Western blot show-
ing that light induced hyperphosphorylation of WC-1 is not affected when
GSK levels are low. Cultures grown in the presence or absence of QA in con-
stant darkness for 24 h (DD24) were transferred to light and harvested after 15
min (LI 15"). Black arrowheads indicate hyperphosphorylated WC-1 species.

wt9718 racetube medium was supplied with 10 mm H,O,,
which resulted in a visible circadian banding pattern (Fig. 3B).
When grown at 30 °C, the period length of gsk”* was 2 h shorter
than that of w9718 (Fig. 3C and supplemental Table S2) essen-
tially phenocopying the effect of the dose-dependent down-
regulation of GSK in the ga-gsk strain. No significant difference
in period length between wt9718 and gsk”** was observed at
25 °C (supplemental Table S2). This might be due to the still
rather high levels of GSK in the gsk”* strain, which may not be
limiting at 25 °C.

WC-1 Levels Are Elevated Post-transcriptionally in gsk"*'—
We next assessed the expression levels of clock proteins in
gsk™*" and wt9718 (Fig. 4A). In cultures grown at 30 °C, levels of
WC-1 were 1.7-fold higher in gsk”* than in the wt9718 (p =
0.0071). WC-2 expression was similar in both strains and levels
of FRQ were slightly higher in gsk”* than in wt9718. Clock
protein and mRNA levels were not significantly affected in
gsk"*" when the strain was grown at 25 °C (supplemental Fig. S3,
A and B). We then quantified the levels of clock gene mRNAs
(Fig. 4B, right panels). Levels of wc-1 RNA were similar in gsk*
and wt9718 indicating that the accumulation of WC-1 in gsk”*
is due to a post-transcriptional effect of GSK. Levels wc-2 RNA
levels were not affected by GSK in accordance with WC-2 pro-
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FIGURE 3. Period length is affected in the gsk knockdown strain gsk"*’.
A, total levels of GSK mRNA and protein are lower in the gsk"® strain com-
pared with its background control strain wt9718in constant light (LL) at 30 °C.
* indicates a p value of =0.05 using two-tailed Student’s t-test. B, represent-
ative banding patterns of the circadian conidiation rhythm in strains that are
wild type for ras-1, with or without 10 mm H,0, at 30 °C. C, summary of the
average period lengths from racetubes grown at 30 °C (=S.E.). *** indicates a
p value of =0.0005 using two-tailed Student’s t-test. See also supplemental
Table S2.

tein expression. frqg RNA was slightly elevated in gsk”*, suggest-
ing that the observed increase in FRQ is due to increased WCC
activity, resulting from the higher WC-1 levels.

The results suggest a destabilizing role of GSK in the turn-
over of WC-1 in constant conditions (DD). However, WC-1 is
stable for many hours in DD (32, 33). Even in a strain that does
neither express functional FRQ nor VVD, which both stabilize
WCC in positive feedback loops (7, 29), WC-1 was stable (sup-
plemental Fig. S4A). Accordingly, a cycloheximide (CHX) assay
is not suited to resolve differences in the half-life of WC-1 on
this timescale. Rapid degradation of WC-1 is induced by light
(10, 31). Light induced turnover of WC-1 was not affected by
GSK (supplemental Fig. S4, B and C).

GSK Associates with WCC in Vivo—To elucidate whether
GSK interacts directly with one of the core clock proteins we
performed co-immunoprecipitation assays (Co-IP). We found
that WC-1 and WC-2 were co-immunoprecipitated with GSK,
while FRQ was not detected in a complex with GSK (Fig. 54).
Only a small fraction of the WCC (~10%) co-precipitated with
GSK under the conditions used.

Subcellular fractionation revealed that the majority of GSK
was localized in the cytosol, while the WCC, which rapidly
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FIGURE 4.WC-1 levels are elevated in gsk"*' in a post-transcriptional man-
ner. A, representative Western blots showing levels of clock proteins in the
gsk® strain compared with its background control strain wt9718 at steady
state conditions (LL, 30 °C). B, quantification of WC-1, WC-2, and FRQ protein
(left panels) and mRNA (right panels) from at least three independent experi-
ments are shown (= S.E.). wt9718 RNA and protein levels were used as refer-
ence. Differences between strains were analyzed using two-tailed Student’s
t-test, and p values =0.05 are indicated with *.

shuttles between compartments (14), was predominantly
nuclear (Fig. 5B). Co-IPs from cytosolic and nuclear fractions
showed that the WCC interacts with GSK in both compart-
ments (Fig. 5C).

WC-2 was co-precipitated with GSK from a cell extract of a
Awe-1 strain, demonstrating that GSK associates with WC-2
independent of WC-1 (Fig. 5D). Since WC-1 is unstable and
does not accumulate in the absence of WC-2, we could not
analyze whether GSK also directly associates with WC-1.

GSK Phosphorylates the WCC in Vitro—Given the observa-
tion that GSK binds to the WCC in vivo, we asked whether the
transcription factor is also a substrate of GSK. Therefore, we
tested whether recombinant Neurospora GSK is capable of
phosphorylating the WCC in vitro. CK1a, which is known to
phosphorylate the WCC, was used as a positive control. How-
ever, when a purified kinase is incubated with a purified protein
in vitro, the enzyme will generally phosphorylate the protein to
some extent. Specificity and physiological relevance of such
phosphorylations are difficult to estimate. To test whether the
WCC is a specific substrate of GSK, whole cell protein extract
was incubated with purified recombinant GSK and ATP. SDS-
PAGE and Coomassie Blue staining revealed that the overall
electrophoretic mobility of Neurospora proteins was not
affected by recombinant GSK, demonstrating that the majority
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cytosol. Light grown cultures from the indicated strains were incubated at
30 °C and mycelia was subjected to subcellular fractionation. Western blots
were immunoprobed for WC-1, WC-2, and GSK. C, GSK is bound to WCC in
both cytosol and nucleus. GSK co-IP assays from nuclear and cytosolic frac-
tions of wt9718 (LL) are shown. D, co-IP using GSK antibody and no antibody
control from total cell extracts of Awc-1. For the Co-IPs 200 pg total and an
equivalent of 200 ug supernatant and 800 g (A and D) or 1600 ug (C) IP
protein were loaded.

of proteins were not efficiently phosphorylated (Fig. 64, left). In
contrast, the entire pool of WC-1 and a substantial portion of
WC-2 were shifted to a higher electrophoretic mobility (Fig.
6A, right), indicating that they were efficiently and specifically
phosphorylated by GSK despite the presence of a huge excess of
other proteins. The electrophoretic mobility shift was dose-de-
pendent on GSK (Fig. 6B) and efficiently prevented by the GSK
inhibitor indirubin (Fig. 6B). The data demonstrate that the
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FIGURE 6. GSK specifically phosphorylates the WCC in vitro. Neurospora
GSK, CK1a, and control (mock purification) proteins were added to Neuro-
sporatotal cell extracts. A, left: representative Coomassie Blue staining of an in
vitro phosphorylation assay gel. Note that there is no overall phosphorylation
of proteins. Approximate locations of WC-1, WC-2, and FRQ proteins on the
gel areindicated. Right: representative Western blots of WC-1, WC-2, and FRQ
from the in vitro phosphorylation assay are shown. Hyperphosphorylated
species are indicated as pWC-1, pWC-2, and pFRQ. For in vitro phosphoryla-
tion of WC-1 and WC-2 total protein extracts was obtained from wt9718 cul-
tures grown in light at 25 °C. Hypophosphorylated FRQ protein was obtained
by inducing FRQ from a quinic acid-inducible promoter in a frg-null back-
ground (frq’? qa-frq) for 4 h, and extracts from this strain were phosphory-
lated in vitro. B, Western blot showing that phosphorylation of WC-1 and
WC-2 by GSK is dependent on the amount of GSK added and can be selec-
tively inhibited by GSK inhibitor indirubin.

WCC is a specific substrate of GSK. Recombinant CK1a phos-
phorylated WC-1 and WC-2 in a total protein extract but not
Neurospora proteins in general, confirming that both clock
proteins are specific substrates of CK1a (6).

We also asked whether FRQ is a substrate of GSK. Under
steady-state conditions, FRQ is heterogeneously phosphory-
lated at numeroussites (11, 34, 35). Hence, additional phosphor-
ylation by GSK may be difficult to detect. To generate a pool of
hypo-phosphorylated FRQ, we expressed for 4 h a pulse of FRQ
from a qa-inducible promoter in a frg-null background (frg*’
qa-frq). Subsequently a protein extract was prepared and incu-
bated with recombinant GSK. Although FRQ harbors many
putative GSK phosphorylation sites, it was not visibly modified
by the kinase in the in vitro assays (Fig. 6A), suggesting that it is
not an efficient substrate of GSK. In contrast, incubation of the
extract with CKla resulted in efficient hyperphosphorylation of
FRQ.

DISCUSSION

Here we identified GSK as a new component of the circadian
clock of Neurospora crassa. GSK binds the circadian transcrip-
tion factor WCC in vivo and phosphorylates both subunits with

OCTOBER 26, 2012 +VOLUME 287 +-NUMBER 44

GSK Modulates the Neurospora Circadian Clock

high specificity in a complex protein environment in vitro.
Reduced expression of GSK in vivo resulted in elevated accu-
mulation of WC-1, the limiting subunit of the WCC, and a
shorter free-running period of the circadian clock. Wild type
period length could be restored by induced expression of GSK,
which in turn led to a reduction of total WC-1 levels. Induced
expression of WCC is sufficient to shorten period length in a
dose-dependent manner (36).

GSK is involved in the molecular mechanisms of circadian
clocks in mammals and flies. Similar to our observations in
Neurospora, GSK-mediated phosphorylation of clock proteins
in mammals and Drosophila is also not essential for the clock
but rather impacts on the circadian time-keeping process in a
subtle manner. Specific inhibition of GSK or down-regulation
by siRNA results in period shortening of the mouse circadian
clock (24). In contrast, lithium, which is known to inhibit GSK
activity, was reported to have a period lengthening effect in
mammals (24, 37). These observations are comparable to the
ones made in Neurospora, where lithium causes severe period
lengthening (38), while down-regulation of GSK led to signifi-
cant period shortening. Inhibition of GSK could have a different
effect than down-regulation of the kinase. Since it is known to
have profound effects on many cellular processes unrelated to
GSK (reviewed in Ref. 39) it cannot be excluded that other tar-
gets of lithium impact on the circadian clock.

The findings suggest that the functions of GSK might be sim-
ilar in the clocks of Neurospora and mammals. In Neurospora
GSK affects expression levels of the WCC. In mammals, GSK3
phosphorylates and destabilizes CLOCK and BMALLI, the pos-
itive elements of the mammalian clock (20, 21). However, PER2
and CRY?2 are also phosphorylated by GSK3, which impacts
on nuclear entry and proteasomal degradation of the proteins,
respectively (22, 23). We could not find evidence that the neg-
ative clock regulator FRQ in Neurospora is a target of GSK.

Contrary to Neurospora, the Drosophila GSK homolog
SHAGGY (SGG) phosphorylates the negative elements of the
clock, timeless (TIM) and period (dPER). Accordingly, a reduc-
tion in SGG activity causes an increase in period length (18). It
was recently shown that, as part of a multi-kinase hierarchical
phosphorylation cascade, SGG phosphorylates and delays
nuclear entry of dPER (19). Similarly, nuclear translocation of
PER2 in mammals is also influenced by GSK38 phosphoryla-
tion (23). The subcellular localization of the WCC was not
affected by reduced GSK levels (gsk* strain, Fig. 5B).

GSK appears to regulate accumulation of WCC on a post-
transcriptional level, as wc-1 RNA levels were not affected by
down-regulation of the kinase. Since GSK affects the free-run-
ning period of Neurospora the kinase must act on the dark form
of the WCC. While the transient hyperphosphorylation and
destabilization of the WCC upon light exposure has been ana-
lyzed in considerable detail (29, 32, 40), little is known about the
turnover of WCC in constant conditions. It has been shown
that the WCC is extremely stable in DD (32, 41). We show that
GSK hyperphosphorylates the WCC in vitro. In vivo, GSK is
bound to only a minor fraction of WCC, suggesting that GSK is
limiting and may act in a processive manner. Since hyperphos-
phorylated forms of WC-1 and WC-2 do not accumulate, the
fraction of the WCC phosphorylated by GSK may be rapidly
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degraded, while the majority of WCC, which is not in complex
with GSK, is stable in constant conditions. Thus, we hypothe-
size that by promoting phosphorylation and turnover of a small
fraction of the WCC, GSK fine-tunes the steady state levels of
the WCC. The signals and metabolic cues regulating the inter-
action of GSK with the WCC and its subsequent phosphoryla-
tion, as well as the sites in WCC phosphorylated by GSK are not
known and remain to be investigated.
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