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In Neurospora crassa, a transcription factor, WCC, activates the transcription of frq. FRQ forms homodimers
as well as complexes with an RNA helicase, FRH, and the WCC, and translocates into the nucleus to
inactivate the WCC, closing the time-delayed negative feedback loop. The detailed mechanism for closing this
loop, however, remains incompletely understood. In particular within the nucleus, the low amount of FRQ
compared with that of WC-1 creates a conundrum: How can the nuclear FRQ inactivate the larger amount of
WCC? One possibility is that FRQ might function as a catalytic component in phosphorylation-dependent
inhibition. However, in silico experiments reveal that stoichiometric noncatalytic binding and inhibition can
generate a robust oscillator, even when nuclear FRQ levels are substantially lower than nuclear WCC, so long
as there is FRQ-dependent clearance of WC-1 from the nucleus. Based on this model, we can predict and now
demonstrate that WC-1 stability cycles, that WC-1 is stable in the absence of FRQ, and that physical binding
between FRQ and WCC is essential for closure of the negative feedback loop. Moreover, and consistent with a

noncatalytic clearance-based model for inhibition, appreciable amounts of the nuclear FRQ:WCC complex
accumulate at some times of day, comprising as much as 10% of the nuclear WC-1.
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A network of complex dynamic processes underlies cir-
cadian rhythms. Events ranging from the activation of
clock genes to the modifications of clock proteins in-
volve regulatory control mechanisms as a function of
circadian time (CT). The ensemble of processes creates a
robust oscillatory system with a period of ~22 h in Neu-
rospora crassa. The mechanism of this robust oscillator
is largely based on a time-delayed negative feedback loop
where an activator (positive arm) activates an inhibitor
(negative arm) that will repress its own activator (Dunlap
1999; Liu and Bell-Pedersen 2006). A heterodimeric tran-
scription factor, WCC, is the positive arm, and FRQ
complexed with FRH is the negative arm. FRQ cycles in
abundance, undergoes extensive and progressive phos-
phorylation (Garceau et al. 1997), and is assumed to carry
out various functions at different CT's as a result of these
post-translational modifications. The level of WC-1
cycles anti-phasic to that of FRQ (Lee et al. 2000) and is
low in the frg-null mutant (frg’®) (Lee et al. 2000). The

4Corresponding author.

E-MAIL Jay.C.Dunlap@Dartmouth.edu; FAX (603) 650-1233.

Article published online ahead of print. Article and publication date are
at http://www.genesdev.org/cgi/doi/10.1101/gad.1706908.

daily increase in WC-1 abundance is correlated with the
appearance of the hyperphosphorylated, or mature, form
of FRQ), reflecting a positive role of FRQ in augmenting
the level of WC-1 (Lee et al. 2000; Schafmeier et al.
2006). Previously, it was shown that FRQ physically in-
teracts with the WCC (Cheng et al. 2001a, 2002; Denault
et al. 2001). Hence, it was assumed that the physical inter-
actions of FRQ with the WCC are at the core of inacti-
vating the WCC, although the detailed dynamics of the
negative feedback mechanism are yet to be uncovered.

Recently, Schafmeier et al. (2005) suggested that stoi-
chiometric physical interactions between FRQ and the
WCC are not sufficient to close the feedback loop. First
of all, weak or transient interactions between FRQ and
WCC were reported. Second, because most of the FRQ
resides in the cytoplasm while most of the WC-1 is in
the nucleus, the abundance of nuclear WC-1 (WC-1,) is
far greater than the nuclear FRQ (FRQ,). This compart-
mentalized abundance of activator (WC-1) and inhibitor
(FRQ) creates a conundrum: How does FRQ inhibit the
WCC? As Schafmeier et al. (2005) suggested, a sensible
way to decipher this problem is to suggest that FRQ acts
as an enzyme in a catalytic role to inactivate WCC via
FRQ-promoted phosphorylation. The catalytic activity
of FRQ, however, is yet to be demonstrated.
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Within recent years, the use of computational model-
ing and systems approaches to inform experimentation
has begun to impact the analysis of circadian rhythms in
fungi, plants, and animals (Gallego et al. 2006; Locke et
al. 2006; Hong et al. 2007; Ueda 2007; Akman et al.
2008). Recently, we also developed a mathematical
model for the Neurospora clock and used this to test
different possible closure mechanisms for the negative
feedback loop (Hong et al. 2008). These model simula-
tions provided several insights: First, it is possible for the
1:1 noncatalytic stoichiometric binding of FRQ to WC-1
to provide a plausible mechanism for closure of the nega-
tive feedback loop, even when the level of FRQ is sub-
stantially lower than that of WC-1 in the nucleus, so
long as there is FRQ-dependent clearance of WC-1 from
the nucleus. In this model, WC-1 disappears rapidly to-
gether with FRQ as a complex. The model makes the
obvious but untested prediction that nuclear WC-1 lev-
els will normally cycle but that WC-1,, will be stable in
the absence of FRQ. Also, physical binding between FRQ
and the WCC will be important for the FRQ-dependent
clearance of WC-1, and the complex of FRQ:WCC is pre-
dicted to rise to appreciable levels and then cycle in
amount within the nucleus. Such a relatively stable in-
teraction would not be expected if there is only a weak or
transient interaction as suggested from previous reports.

The experimental data reported here support all of
these predictions and, moreover, reveal a daily cycle in
the stability of total WC-1 that was not predicted from
the model. Specifically, turnover of WC-1 is correlated
with the appearance of hypophosphorylated FRQ. Taken
together, the data support a model in which FRQ makes
a complex with the WCC and clears it from the nucleus,
thereby preventing it from binding to DNA to activate
transcription of frg. This FRQ-dependent clearance of
WC-1 from the nucleus contributes to closing of the
negative feedback loop.

Results

FRQ modulates the stability of WC-1 as a function
of CT

Prior to testing FRQ-dependent clearance of WC-1 from
the nucleus, we wanted to determine the half-lives of
both proteins as a function of CT. Both FRQ and WC-1
cycle in amount and go through protein modifications
that may affect their stability. Samples were treated with
cycloheximide (CHX) at the CT of interest and followed
for 12 h in CHX with 4-h resolution (Fig. 1A). WC-2 is
much more abundant than FRQ or WC-1 and appears to
be stable regardless of CT (Cheng et al. 2001b; Denault et
al. 2001; data not shown). FRQ is relatively unstable
throughout the circadian day, and the half-lives of FRQ
that we calculate are comparable with previously mea-
sured values (~2.5-4 h) (He et al. 2003; Ruoff et al. 2005).
The overall stability of WC-1 is greater compared with
FRQ but also changes as a function of CT (Fig. 1B). WC-1
is relatively less stable at CT3-5 and remarkably stable
at CT14. This was an unexpected finding—not predicted
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Figure 1. The stability of WC-1 changes as a function of CT.
(A) The half-lives of both FRQ and WC-1 were measured as a
function of CT. Cultures were grown as described in the Mate-
rials and Methods, CHX was added at the indicated CT, and
samples were harvested over the subsequent 12 h. FRQ is phos-
phorylated and degraded in a similar fashion at all times. WC-1
shows different stability profiles depending on the CT. A non-
specific band is shown as a loading control. (B) Half lives of FRQ
and WC-1 were determined through densitometric analysis of
blots such as those shown in A, plotting the change in optical
density of each band as a function of time. Error bars represent
+SD (n = 3). Two-way ANOVA indicates that there is no signif-
icant difference of half-life in FRQ (P = 1.0), but there is signif-
icant difference of half-life in WC-1 (P = 0.004) at different time
points. (C) WC-1 is relatively stable in the absence of FRQ.
Cultures were grown and processed as in A and half life deter-
mined as in B. (D) FRQ-independent phosphorylation and turn-
over of WC-1. WC-1 in frg'® is more stable than WC-1 in the
wild-type background in LL (shown in A,B). Linear ranges of
FRQ and WC-1 are measured and indicated in the Supplemental
Material (Supplemental Fig. S1). R* values from the linear re-
gressions of densitometry versus time provide an estimate of
precision for the half-life determinations.
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from the mathematical model—that could influence the
kinetics of negative feedback.

Previously, it was reported that the amount of WC-1 is
low in the absence of FRQ, and that the hyperphosphory-
lated (or mature) form of FRQ is correlated with and
promotes accumulation of WC-1 (Lee et al. 2000;
Schafmeier et al. 2006). Hence, it is possible that the
innate stability of WC-1 is constant, but the post-tran-
scriptional activation of WC-1 by the mature FRQ may
create what looks like more stable WC-1. In other words,
our observation may be a mere reflection of previous
results. In order to address this, we measured the half-life
of WC-1 in the frg-null mutant (frg’°) (Fig. 1C). WC-1 is
remarkably stable in the absence of FRQ at two different
times in constant darkness (DD16 and DD24) even
though the endogenous level of WC-1 is lower than in
the wild type as reported previously (Fig. 1C). Another
noteworthy observation is that the mechanisms regulat-
ing degradation of WC-1 in constant light (LL) appear in
part distinct from those regulating its degradation in DD.
As previously observed, WC-1 goes through phosphory-
lation before degradation in LL (Fig. 1D; Talora et al.
1999). Furthermore, this appears to be a FRQ-indepen-
dent phenomenon as we observe that phosphorylation of
WC-1 is robust in LL in the frg’® mutant. Intriguingly,
WC-1 is more stable in LL in the frg’? strain than in wild
type (Fig. 1, cf. A and D).

To further investigate the stability changes of WC-1 in
correlation with FRQ, we used an inducible system
where we can artificially control the expression of FRQ
in the frq?® background (ras-1°9; frq'%qa-2p-frq) (Aron-
son et al. 1994). FRQ is induced and goes through exten-
sive phosphorylation over time upon addition of the in-
ducer, quinic acid (QA) (Fig. 2A). WC-1, on the other
hand, displays peculiar dynamics. From its initial condi-
tions, the level of WC-1 is decreased in correlation with
an intermediate phosphoisoform of FRQ (Fig. 2A). A hy-
perphosphorylated form of FRQ promotes WC-1 accu-
mulation at later times of induction, as previously
shown (Lee et al. 2000; Schafmeier et al. 2006). In the
absence of the inducer, there is no FRQ and WC-1 ran-
domly fluctuates (Fig. 2A). These intriguing results, in
particular the transient FRQ-induced turnover of WC-1,
were actually previously observed but not noted, as that
study only focused on the positive role of FRQ in aug-
menting the level of WC-1 (Fig. 2A; see also Fig. 2A in Lee
et al. 2000). In order to confirm the disappearance of
WC-1 in correlation with an intermediate phosphoiso-
form of FRQ, we performed a QA pulse followed by a
wash and a second QA pulse. We observe that WC-1
decreases upon the initial induction of FRQ (DD2, DD4,
and DD6), and it decreases again with reinduction of
FRQ (DD27 and DD29) (Fig. 2B). Furthermore, we mea-
sured the half-lives of WC-1 starting after different du-
rations of induction by QA (Fig. 2C). A 4-h induction
leads to intermediate phosphoisoforms of FRQ whereas a
12-h induction leads to hyperphosphoisoforms. We
treated samples with CHX after either 4- or 12-h induc-
tion by QA, and followed the stability of both FRQ and
WC-1 for 12 h in CHX. We observe that WC-1 is rela-
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Figure 2. An intermediate phosphoisoform of FRQ is corre-
lated with turnover of WC-1. (A) Cultures were grown and QA
added at time O to induce synthesis of FRQ as described in
Materials and Methods. FRQ is induced and goes through mul-
tiple phosphorylations over time (middle Ieft panel), whereas
WC-1 transiently decreases (DD1 and DD2), and then accumu-
lates (top left panel). (Right panels) In the absence of QA, there
is no detectable FRQ, and WC-1 shows random fluctuations
over time. Bands appearing in the right middle panel are non-
specific background. (B) Induction of FRQ by QA followed by
wash and reinduction. FRQ is induced for 6 h when QA is in-
troduced, and WC-1 first decreases in correlation with interme-
diate phosphoisoform of FRQ and then increases as hyperphos-
phorylated FRQ accumulates. When the medium is changed to
remove the QA, FRQ and WC-1 are stable, but reintroduction of
QA at DD25 elicits de novo synthesis of FRQ and another tran-
sient reduction of WC-1. Two-way ANOVA indicates that there
are no significant differences in the amount of the nonspecific
band at different time points (P = 0.99), whereas there is a sig-
nificant difference in the amount of WC-1 at different time
points (P = 0.001). Absence of FRQ at DD14 is due to a gel ar-
tefact. The abundance of WC-1 increases in correlation with
hyperphosphorylated FRQ as shown previously (Lee et al. 2000;
Schafmeier et al. 2006). (C) FRQ was induced either 4 h or 12 h
by QA before addition of CHX. Samples were harvested over 12
h in CHX with 4 h resolution. WC-1 is less stable when CHX is
added to cultures containing the intermediate phosphoisoform
of FRQ starting at 4 h after induction. Half lives were calculated
as in Figure 1. (D) WC-1 is relatively stable in the absence of
FRQ (no QA).
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tively less stable in correlation with the intermediate
phosphoisoform of FRQ (Fig. 2C), which reflects what we
observed at CT5 in the wild type (Fig. 1A). WC-1 seems
rather stable in the absence of FRQ with no inducer (Fig.
2D), reflecting its behavior in frq’° (Fig. 1C). Accumu-
lating data suggest that FRQ modulates the stability of
total WC-1 as a function of CT. Therefore, FRQ cannot
only promote the accumulation of WC-1 but also pro-
motes its turnover, thereby actively modulating the sta-
bility of WC-1 as a function of CT.

FRQ-dependent clearance of WC-1 from the nucleus

This information describing the half-lives of both FRQ
and WC-1 at different CTs provides a good perspective
for testing a central hypothesis deriving from the math-
ematical model: FRQ-dependent clearance of WC-1 from
the nucleus.

Intuitively, we thought that the clearance rate of
WC-1 from the nucleus may be faster at CT5 than CT14
based on the results obtained with the total lysates (Fig.
1A,B). From the model, however, we predicted constant
rapid clearance of both FRQ, and WC-1, from the
nucleus regardless of CT (Hong et al. 2008). In order to
test this (Fig. 3A), we treated samples with CHX at the
indicated CTs and followed changes in total and nuclear
FRQ and WC-1. As in Figure 1, samples from the total
lysates show that WC-1 is more stable at CT5 versus
CT14, and the overall stability of WC-1 is greater than
that of FRQ (Fig. 3A,B). In contrast, both FRQ,, and WC-
1, are rapidly cleared from the nucleus after the CHX
treatment regardless of the starting CTs (CT5 vs. CT14).
Interestingly, densitometric analysis indicates that the
clearance rates of FRQ,, and WC-1,, from the nucleus are
virtually identical, as qualitatively predicted from the
model, which is consistent with their being cleared out
as a complex (Fig. 3B). Lastly, both FRQ,, and WC-1,, are
significantly decreased in the nucleus after 8 h in CHX,
whereas total FRQ and WC-1 are still abundant. These
results reveal two things: (1) WC-1 appears not to be
predominantly nuclear at all times at least under these
experimental conditions, in contrast to conclusions from
previous studies (Schafmeier et al. 2005); and (2) there
may be degradation in the nucleus and/or export of FRQ,
and WC-1,, to the cytoplasm. The mathematical model
had predicted that this clearance of WC-1,, is a FRQ-
dependent mechanism; a corollary is that WC-1 should
be stable in the nucleus in the absence of FRQ. To test
this hypothesis, we performed a similar experiment with
a frg-null mutant (frg'%), and found WC-1,, to be stable in
the nucleus in the absence of FRQ in CHX (Fig. 3C).

The physical interaction between FRQ and WC-1 is
generally considered to be a key process for closing the
negative feedback loop. Given this, mutants that alter
this interaction might be expected to affect the rate of
clearance of WC-1 from the nucleus. To test this, we
used a strain (frq”;Myc-frq1) in which the coiled-coil re-
gion of FRQ is deleted (Cheng et al. 2001a). In such
strains, FRQ fails either to dimerize or to interact with
WC-1. In the mutant, FRQ accumulates and is phosphor-
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Figure 3. FRQ-dependent clearance of WC-1 from the nucleus.
(A) Total and nuclear profiles of both FRQ and WC-1 were fol-
lowed after addition of CHX at two different times. Although
total WC-1 slowly turns over (see also Fig. 1A), both FRQ and
WC-1 are rapidly cleared from the nucleus by hour 8 in CHX
regardless of initial CT. Tubulin is cytoplasmic and is used as a
control to validate the quality of the nuclear preparations. (B)
The densitometric analysis shown in A indicates that the clear-
ance rates of FRQ, and WC-1,, from the nucleus are similar and
distinct from the half-life of total WC-1. Two-way ANOVA in-
dicates that the half-life of total FRQ is significantly different
from that of total WC-1 at both CT5 (P =0.0005) and CT14
(P < 0.0001). Moreover, there is a significant difference between
the half-lives of total WC-1 versus both nuclear FRQ and WC-1.
P-value comparison between the half-lives of total WC-1 and
nuclear FRQ is 0.009, and between total WC-1 and nuclear
WC-1 is 0.007. There is no significant difference between the
half-lives of nuclear FRQ and nuclear WC-1 (P = 0.99). All P-
values are adjusted by the Tukey method. (C) WC-1,, is stable in
the nucleus in the frg’° mutant. In the absence of FRQ, WC-1,,
stays in the nucleus even after CHX treatment. (D) In the
frg”;MYC- frql mutant, FRQ is phosphorylated but does not
turn over and WC-1 is stable as in frq’°. The frg”;MYC- frql
mutant lacks the coiled-coil domain of FRQ and cannot bind to
the WCC (Cheng et al. 2001a).


http://www.cshlpress.com
http://genesdev.cshlp.org/

Downloaded from genesdev.cshlp.org on November 14, 2008 - Published by Cold Spring Harbor Laboratory Press

ylated (Fig. 3D) but fails to turn over in the normal man-
ner. Total WC-1 levels are greatly reduced, probably be-
cause the stabilization of WC-1 mediated by hyperphos-
phorylated FRQ (Schafmeier et al. 2006) is absent.
Interestingly, however, in this mutant, WC-1, appears
as stably in the nucleus as it does in the frg-null mutant
(frqg'®) in CHX (Fig. 3, cf. C and D). Therefore, the physi-
cal interaction between FRQ and WC-1 seems to be im-
portant for the FRQ-dependent clearance of WC-1 from
the nucleus. Based on these data, we propose that the
FRQ-dependent clearance of the WC-1 from the nucleus
is a closure mechanism of the negative feedback loop.

The amount of the FRQ,:WCC,, complex oscillates

Previous studies based principally on the examination of
total cell extracts had shown that the vast majority of
WCC is not associated with FRQ and led to the predic-
tion that FRQ:WCC interactions were weak and/or tran-
sient (Schafmeier et al. 2005). However, the marked dif-
ferential compartmentalization of FRQ and WC-1 makes
it very difficult to accurately assess the amount of com-
plex from analysis of whole-cell extracts. A number of
studies have shown that most of FRQ is in the cyto-
plasm, whereas most of WC-1 is in the nucleus. Given
this, unless the efficiency of a coimmunoprecipitation
(co-IP) is close to 100%, a co-IP of total extract with
anti-FRQ will follow cytoplasmic FRQ and with anti-
WC-1 will follow predominantly nuclear WC-1, in both
cases under-estimating the amount of FRQ:WCC simply
due to mass action. To re-examine this issue, we per-
formed a FRQ co-IP experiment using extracts from iso-
lated nuclei, since FRQ is limiting in the nucleus, and
compared this with similar analyses from total cell ex-
tracts (Fig. 4A). In agreement with previous work
(Schafmeier et al. 2005), the co-IP data indicate that the
percentage of WCC in complex with FRQ from the total
lysates is between 1% and 3%; it does not oscillate (Fig.
4B). In contrast, the co-IP results from the nuclear lysates
show that an appreciable amount of WC-1 is complexed
with FRQ—as much as 10% of the nuclear WC-1—and
furthermore that the amount of FRQ,:WCC, complex
oscillates (Fig. 4B). This oscillation in the amount of the
FRQ:WCC complex has also been confirmed recently by
mass spectrometry analysis using epitope-tagged proteins
(C. Baker, A. Kettenbach, J. Loros, S. Gerber, and J.C.
Dunlap, in prep.). Figure 4, B and C, plots the amount of
complex detected as a function of time, showing a very
low and relatively constant amount as assessed from co-
IP from total cell extracts as compared with a clearly
evident and cyclical amount detectable in co-IPs from
nuclear extracts. Notably and as predicted (Hong et al.
2008), the level of FRQ,:WC-1,, complex is high around
CT1 and low around CT10, and the peak of the complex
is followed by the peak of FRQ,..

Discussion

A time-delayed negative feedback loop is at the core of
the circadian rhythm’s blueprint in various organisms,

FRQ-dependent clearance of WC-1

Wild-type (ras-1od)
Total Extracts Nuclear Extracts
Input Co-IP Input Co-IP
]
SR | LT
we-1 ‘ o w®e. o ‘..-... . oo
WGC-2 I----~ -<-||n-..-. . |
DD (h) 12 16 20 24 12 16 20 24 12 16 20 24 12 16 20 24
CT (h) 1510 14 1 5 10 14 15 1014 1 5 10 14
12.0%
=t
N
T g
& /
SE  so% =
=
g3
w3
oa 4.0%
st -
s ° skl =~
2 | === —————- ————T
0.0%
DD 10 15 20 25
CT 23 4 10 15
Time (h)
|—=—wC-1 (nuc) —+—WC-2 (nuc) - ® - WC-1 (tot) - + - WC-2 (to) |
c 15
S 12
<
o
S 0o
=
&S 06
o
S 03
0
DD 10 15 20 25
cT 23 4 10 15

Time (h)

[=wc-1 (nuc) —+—WC-2 (nuc) - ¢ - WC (tot) - - WC-2tot) |

Figure 4. The level of the FRQ:WCC complex in the nucleus
oscillates and does not simply reflect the nuclear level of FRQ.
(A) Co-IP experiments with total lysates (left panels) versus
nuclear lysates (right panels). FRQ polyclonal antibody was
added to ~1 mg of protein for total lysates and 15 pg for nuclear
lysates. Total lysate blots represent 330 pg of the immunopre-
cipitate and nuclear extract blots 7.5 ng of protein. Ten micro-
grams of protein were loaded for total input and 1.5 ng of protein
for nuclear input. FRQ and WC-1 are detected from replicate
blots and WC-2 from the same blot as WC-1. FRQ is bound to
the WCC at all times. The oscillation of the FRQ:WCC complex
is reflected in the amount of WC-1 and WC-2 that coimmuno-
precipitates with FRQ. This is apparent in the nuclear lysates
whereas in the total lysates the amount of WC-1 and WC-2
simply reflect the amount of FRQ. (B) The densitometic analy-
sis shown in A indicates a cycle between ~4% and 9% of the
WCC in complex with FRQ in the nucleus. The amount of
coimmunoprecipitated WCC is here normalized to the input
WC-1. (C) As in B, but the amount of coimmunoprecipitated
WCC is normalized to the amount of immunoprecipitated FRQ.
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including Neurospora. FRQ inhibits its own activator
(Aronson et al. 1994), the heterodimeric transcription
factor WCC (Crosthwaite et al. 1997), with which it in-
teracts (Cheng et al. 2001a, 2002; Denault et al. 2001),
but the nature of this inhibition has remained the object
of much study. The first and simplest model, based on
the demonstrated interactions among the component
parts, was simply that FRQ would bind to the WCC and
reduce its activity. This notion gained some support
from studies describing a rhythm in the ability of WCC
from whole-cell extracts to bind to DNA, studies in
which it was shown that addition of in vitro translated
FRQ reduced the ability of in vitro translated WCC to
bind to DNA (Froehlich et al. 2003). However, more care-
ful estimations of intracellular distributions of FRQ and
the WCC showed FRQ to be generally cytoplasmic and
WCC nuclear to such an extent that the simple model
seemed untenable; the simultaneous discovery that
phosphorylation of WCC reduced its ability to bind to
DNA led to the hypothesis that FRQ-induced phosphor-
ylation of WCC was the basis of negative feedback (He
and Liu 2005; Schafmeier et al. 2005). Based as it is on
extrapolations from measurements of cytoplasmic and
nuclear FRQ levels, this later intuitive model assumes
no dynamic shuttling of proteins between compart-
ments. In hindsight, the role of FRQ-promoted phosphor-
ylation in modulating the affinity of WCC for DNA may
explain the results of Froehlich et al. (2003), too, in that
the in vitro translated FRQ could have acted to promote
phosphorylation of the in vitro translated WCC by the
casein kinase 1 (Basu et al. 2003) and casein kinase 2
(Majumdar et al. 2002) that are known to be present in
the reticulocyte lysates used for the in vitro translations.

Two separate issues conspired to suggest that further
examination of the mechanism of negative feedback
would be informative. In the first, development of a
mathematical model (Hong et al. 2008) of the oscillator

A

revealed that the original stoichiometric model based on
FRQ-WCC interactions could support oscillations in
WCC activity and frg expression, especially if the as-
sumption of a static population of FRQ within the
nucleus was questioned and shuttling of FRQ from the
cytoplasm into and out of the nucleus was allowed. The
second spur was the realization that, given the relative
inefficiency of co-IPs, measurements from whole-cell ex-
tracts based on co-IP data could never accurately report
levels of a FRQ:WCC complex, especially a nuclear com-
plex. Based on this, rhythmic FRQ-dependent clearance
of WC-1 from the nucleus was postulated as a mecha-
nism for closure of the circadian feedback loop, and the
data presented here are all consistent with this hypoth-
esis. In particular, FRQ-dependent clearance of WC-1
may be satisfied by two different possibilities: the rapid
degradation of the FRQ:WC-1 complex in the cytoplasm
(or in the nucleus) (Fig. 5A), or rapid export (shuttling) of
the FRQ:WC-1 complex from the nucleus (Fig. 5B). Both
scenarios would generate robust oscillations that fit the
known molecular profiles. Because our in silico experi-
ments (Supplemental Material) indicate that either cata-
lytic or noncatalytic functions of FRQ can generate ro-
bust oscillatory systems, it seems premature to suggest
that the mechanism of negative feedback is exclusively
through either mechanism. Rather, it becomes clear that
both (catalytic and noncatalytic) scenarios are plausible
based on mathematical modeling so long as there exists
FRQ-dependent clearance of WC-1 from the nucleus.
Indeed, such FRQ-dependent clearance of WC-1 has
been experimentally validated (Fig. 3A,C) and seemed to
require physical interactions between FRQ and WC-1
(Fig. 3D). A finding not predicted from the model was the
rediscovery (after Lee et al. 2000) of WC-1 turnover cor-
related with the appearance of hypophosphorylated FRQ
(Fig. 2A,B). At first glance, it would appear that this
could also contribute to the FRQ-mediated reduction of
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Figure 5. Models for FRQ-dependent clearance of WC-1 from the nucleus. (A) Model with rapid shuttling of FRQ,,:WC-1,, accompa-
nied by turnover in the cytoplasm. (B) Model with rapid shuttling of FRQ,;:WC-1,, accompanied by the inactivation of WC-1 in the
cytoplasm. FRQ is recycled (equivalent to a “catalytic-like” interaction between FRQ and WCC). Gray arrow indicates that the
reaction rate reflecting nuclear degradation is set to 0. Given a pool of cytoplasmic FRQ and allowing shuttling, mathematical analysis
of both models (as described in the Supplemental Material) shows each capable of generating robust oscillations. The detailed wiring
diagram of the complete model with equations is described in the Supplemental Material. (Figures adapted from Hong et al. 2008 with

permission from the Biophysical Society.)
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WCC actively, perhaps serving initially and acutely to
turn down frq expression while FRQ levels climb. How-
ever, the FRQ-dependent clearance of WC-1 from the
nucleus indicates that clearing of WC-1 from the nucleus
is a means of closing the circadian negative feedback
loop. This can be achieved by two ways: (1) degradation
of the FRQ:WCC complex in the nucleus, and/or (2)
FRQ-dependent export of WC-1 from the nucleus. If it is
FRQ-dependent degradation of WC-1 in the nucleus that
results in FRQ-dependent clearance of WC-1 from the
nucleus, that should be reflected in the total lysates con-
sidering that most WC-1 is in the nucleus. However, the
obvious differences in WC-1 dynamics in the total versus
nuclear lysates clearly signify FRQ-dependent export of
WC-1 from the nucleus and support the hypothesis that
nucleocytoplasmic shuttling of the WCC is a means of
closing the circadian negative feedback loop.

In summary, there appear to be four ways in which
FRQ influences the level and activity of the WCC,
through hypophosphorylated FRQ-mediated turnover of
WC-1 (Fig. 2; Lee et al. 2000), through hyperphosphory-
lated FRQ-mediated accumulation/stabilization of FRQ
(Lee et al. 2000; Schafmeier et al. 2006), though FRQ-
promoted phosphorylation of WCC (He and Liu 2005;
Schafmeier et al. 2005), and through formation of
FRQ:WCC complexes followed by FRQ-mediated clear-
ance of WCC (Figs. 3, 4). To varying degrees, these ac-
tivities are echoed among the regulatory loops described
for animal clocks (for review, see Mackey 2007). The
first, FRQ-mediated turnover of WC-1, finds a precedent
in the observation that in embryonic mouse fibroblasts,
robust transcription of Per?2 is tightly associated with
massive degradation of the CLOCK/BMALI heterodimer
(Kwon et al. 2006). In the interlocked feedback loops of
the mammalian clock, the negative element PER2 acts
through Rev-ERBa to promote increases in BMALI ex-
pression in a mechanism, producing the same result as
the FRQ-promoted stabilization of WC-1 (Shearman et
al. 2000; Preitner et al. 2002). Third, as is the case with
the WCC, CLOCK and BMALI1 undergo robust circadian
changes in phosphorylation that are believed to influ-
ence their activity (Lee et al. 2001; for review, see Vir-
shup et al. 2007). Finally, the FRQ-influenced clearance
of WCC described here as playing a major role in closure
of the circadian feedback loop finds a precedent in the
nucleocytoplasmic shuttling of the transcription factor,
BMALI, observed in mammalian systems (Tamaru et al.
2003; Kwon et al. 2006). In the above two studies, the
investigators show clock-controlled shuttling of BMALI,
although whether it is PER or CRY dependent is still
undetermined. Collectively, then, the data suggest that
there may be similar mechanistic details for closing the
circadian negative feedback loop from Neurospora to
mammals.

Materials and methods

Strains and growth conditions

Strains used for the experiments were clock wild-type 328-4
(ras-159; A), 164-273 ::pBA5O0 (ras-1°%frq'% qa-2p-frq(his-3::frq),

FRQ-dependent clearance of WC-1

a), 358-6 (ras-1°%frq’®, a), and frq®;MYC-frql. Liquid culture
medium (LCM) is 1x Vogel’s, 0.5% arginine, and 50 ng/mL bio-
tin with glucose at 0.1% or 2% as a carbon source. For total
lysates, samples were grown in the LCM and harvested as de-
scribed previously (Belden et al. 2007).

DD-to-CT conversions

DD indicates the number of hours that a culture was held in
darkness, after a transfer from LL, prior to sampling. CT repre-
sents subjective time within the daily circadian cycle when the
clock is running under DD. By convention, one circadian cycle
(~22 h in Neurospora) is broken into 24 circadian hours, and
CT12 reflects the light-to-dark transition. Thus in DD, subjec-
tive day is CT0-12 and subjective night is CT12-24.

CHX experiments and measurements of half-life

Mycelial pads were grown in 50 mL of 2% glucose LCM in
250-mL Erlenmeyer flasks with overnight shaking at 25°C in LL
before transfer to DD at 25°C. Samples were treated with 40
pg/mL CHX at indicated DD times and harvested over 12 h with
4-h resolution. Half-lives were measured as in Ruoff et al.
(2005): Degradation data of FRQ and WC-1 were used to calcu-
late degradation rates of each protein (k;) by fitting data to first-
order decay kinetics [i.e., P = P, x exp(-k,t), where P is protein
(i.e., FRQJ], and the degradation rate is used to calculate half-life
(t1 = In2/k,).

QA-induction experiments

Mycelial pads were grown in 50 mL of 2% glucose LCM in
250-mL Erlenmeyer flasks with overnight shaking at 25°C in
LL. Samples were then transferred to 50 mL of 0.1% glucose
LCM and grown overnight at 25°C in LL before adding QA for
efficient induction. QA (102 M) was applied to samples at the
time of transfer from LL to DD. Samples were harvested at
indicated DD times as described previously (Belden et al. 2007).
For QA induction, wash, and QA reinduction experiment,
samples were treated as above except that they were transferred
yet again from QA-containing 0.1% glucose LCM to fresh 0.1%
glucose LCM (50 mL). Samples were retreated with QA (1072 M)
and harvested at indicated DD times. For the QA induction and
CHX experiment, samples were grown as above except that the
CHX was applied after either 4-h or 12-h induction, and har-
vested over 12 h in the CHX with 4-h resolution.

Isolation of nuclei

Nuclei were isolated with a protocol modified from that pub-
lished previously (Loros and Dunlap 1991; Luo et al. 1998). The
myecelial pads were grown in 350 mL of 2% glucose LCM in 1-L
Erlenmeyer flasks overnight at 25°C in LL before transferring to
DD. CHX was added at indicated DD times, and samples were
harvested at indicated DD times. The mycelial pads (5-8 g, blot-
dried wet weight) were ground with ~12 g of cold glass beads in
a bead-beater (Biospec Products) containing 15 mL of cold buffer
A (1 M sorbitol, 7% [w/v] Ficoll, 20% [v/v] glycerol, 5 mM
magnesium acetate, 3 mM CaCl,, 3 mM dithiothreitol [DTT],
50 mM Tris-HCI at pH 7.5). The crude homogenate was filtered
through cheesecloth, and 2 vol of cold buffer B (10% [v/v] glyc-
erol, 5 mM magnesium acetate, 25 mM Tris-HCI at pH 7.5)
were slowly added with stirring. The diluted homogenate was
centrifuged at 3000g for 7 min at 4°C in a SW 28 rotor to remove
cell debris. The resulting supernatants were removed (this is
referred as the total cell lysate), layered onto 5-mL step gradi-
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ents (1 M sucrose, 10% [v/v] glycerol, 5 mM magnesium acetate,
1 mM DTT, 25 mM Tris-HCI at pH 7.5) in a 50-mL tube and
centrifuged at 9400g for 15 min at 4°C in a SW 28 rotor to pellet
the nuclei. The resulting nuclear pellets were gently lysed in
RIPA (150 mM sodium chloride, 1% NP-40, 0.5% sodium de-
oxycholate, 0.1% SDS, 50 mM Tris at pH 7.5) buffer and cen-
trifuged at 13,2000 rpm for 15 min at 4°C. All the buffers con-
tain 1 pg/mL leupeptin, 1 ng/mL pepstatin A, and 1 mM phenyl-
methylsulfonyl fluoride (PMSE). Prior to the nuclear extraction,
a portion of mycelial tissue is saved for a total lysis.

Co-IP and Western blots

Co-IP experiments with the total lysates were performed as de-
scribed previously except that 1% Triton was omitted during
the wash (Denault et al. 2001). Co-IP experiments with the
nuclear extracts were performed as with total lysates except
that 15 ng of protein were used instead of 1 mg. Immunoblot
analysis was done as described (Garceau et al. 1997) with the
FRQ, WC-1, or WC-2 antibodies as described in previous pub-
lications (Garceau et al. 1997; Lee et al. 2000; Denault et al.
2001).
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