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An opposite role for tau in circadian rhythms
revealed by mathematical modeling
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Biological clocks with a period of ~24 h (circadian) exist in most
organisms and time a variety of functions, including sleep-wake
cycles, hormone release, bioluminescence, and core body temper-
ature fluctuations. Much of our understanding of the clock mech-
anism comes from the identification of specific mutations that
affect circadian behavior. A widely studied mutation in casein
kinase | (CKl), the CKl&*?" mutant, has been shown to cause a loss
of kinase function in vitro, but it has been difficult to reconcile this
loss of function with the current model of circadian clock function.
Here we show that mathematical modeling predicts the opposite,
that the kinase mutant CKle®Y increases kinase activity, and we
verify this prediction experimentally. CKle®Y is a highly specific
gain-of-function mutation that increases the in vivo phosphoryla-
tion and degradation of the circadian regulators PER1 and PER2.
These findings experimentally validate a mathematical modeling
approach to a complex biological function, clarify the role of CKlin
the clock, and demonstrate that a specific mutation can be both a
gain and a loss of function depending on the substrate.

kinase | systems biology | phosphorylation | PER | degradation

Circadian rhythms govern key physiologic processes including
sleep—wake cycles; glucose, lipid, and drug metabolism;
heart rate; stress and growth hormones; and immunity, as well
as basic cellular processes such as timing of the cell division cycle
(1-6). The disruption of circadian rhythm causes significant
physiologic stress, is frequently experienced in jet lag and
night-shift work, and has been linked to bipolar disorder (7).
Thus, circadian regulation of physiology has important conse-
quences for health. A detailed quantitative model that makes
clear, testable, and accurate predictions about the clock and how
we may manipulate it can therefore have benefits for human
health.

Much of our understanding of clock components and their
interactions began with the identification of mutations that
affect circadian behavior (8, 9). In mammals, the original and
most extensively studied circadian rhythm mutation is the semi-
dominant fau, first described in 1988. Hamsters with this muta-
tion show phase-advanced activity and have a circadian period of
20 h when homozygous mutant animals are isolated from time
cues (9). This fau mutation has been identified as a missense
mutation within the substrate recognition site of casein kinase Ie
(denoted CKlIe'™") (10). CKle and the closely related CKIS are
widely expressed serine—threonine protein kinases implicated in
development, circadian rhythms, and DNA metabolism (11).
When tested in vitro on multiple substrates, CKIe'** was shown
to have a much reduced overall catalytic activity (10, 12, 13). This
partial loss-of-function mutation and its phenotype have been
difficult to reconcile with our current understanding of the
molecular feedback loop that governs timing in mammalian cells
(13) and recent empirical observations on clock function (14—
16). For example, Dey et al. (15) reported that PER proteins
disappeared from the nucleus more rapidly in the fau hamster
than in WT controls.

The mammalian clock is established by a transcription—
translation negative feedback loop, which establishes stable
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~24-h oscillations in transcription from circadian promoters.
These oscillations are then reinforced by additional feedback
loops. The core clock is regulated by the negative feedback of
PERIOD (PERI1 and PER2) and cryptochrome (CRY1 and
CRY?2) proteins on the transcription activation by heterodimeric
transcription factors CLOCK and BMALI. CLOCK and
BMALI drive expression both of circadian output genes and,
importantly, their own negative regulators PER1, PER2, CRY]1,
and CRY2. Within this molecular feedback loop, CKI binds to
and phosphorylates PER1 and PER2 to (i) promote the degra-
dation of the PER1 and PER?2 proteins and (ii) promote or block
the nuclear import of the PER1 but not PER2 proteins (14,
17-21).

From these findings, potential molecular explanations pro-
posed for the fast period phenotype of the fau mutation are that
(i) decreased phosphorylation causes decreased degradation of
the PER1 and PER2, which causes the proteins to accumulate
faster in the nucleus of the cell; or (if) decreased inhibition of
nuclear import causes PER1 to accumulate in the nucleus faster.
Although these models are intuitive, they may not be correct. For
example, increased PERIOD protein accumulation might speed
up the clock when PERIOD protein is scarce, but alternatively
it could slow down the clock when PERIOD levels are decreas-
ing. It is unclear from qualitative arguments which will have a
larger effect.

The field of circadian rhythms has long benefited from
modeling studies (e.g., ref. 22). There have been many recent
advances in models of the molecular biology of circadian
rhythms (23-27). To test the role of the fau mutation in the
mammalian circadian clock we simulated the Forger—Peskin
model and modifications to this model because it directly and
accurately represents much of the detailed experimental data on
the mammalian circadian clock (28). Our quantitative analysis
predicts that, contrary to published in vitro results, the kinase
mutant CKIe' is a gain-of-function mutation, and we verify this
prediction experimentally. Our data show that CKIe*" is a highly
specific gain-of-function mutation that increases the in vivo
phosphorylation and degradation of the circadian regulators
PER1 and PER2. These findings experimentally validate a
mathematical modeling approach to a complex biological func-
tion and demonstrate that a specific mutation can be both a gain
and loss of function depending on the substrate.

Results: Mathematical Modeling Predicts a Gain of Function
for CKletau

To move beyond qualitative arguments on the effect of changes
in kinase activity on the clock, we simulated the Forger—Peskin
model of the mammalian circadian clock (28). In this model
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Fig. 1. The tau mutation is thought to decrease CKI activity and shows a

short-period phenotype. To test which events produce a short-period pheno-
type when their phosphorylation rates are decreased, we developed a simple
general model (see equations above) that represents a transcription—
translation negative feedback loop within a cell. mRNA can be in states m;and
protein, in states p,. The last state of the protein p, represses transcription as
described by the function f(p,). tr is the rate of translation. ¢; and g; are the
rates of change in the state of mRNA or protein, respectively (due to phos-
phorylation event or nuclear transport). To match experimental data we
added an extra phosphorylation step with rate k, producing protein in state
ppj, which cannot enter into the cell nucleus (19). The rates of degradation of
mRNAs and proteins are a;and bj, respectively. Specific rate constants need not
be known for our analysis because period of this model can be estimated by
taking the Fourier transform (indicated by capitalization) of each equation.
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balance. Decreasing kinase activity from the tau mutation would decrease the
rate of phosphorylation of the events that promote nuclear entry (g;), block
nuclear entry (k), or lead to degradation (b)). Decreasing gj, k, or b; (because
of a lower phosphorylation rate) increases the phase of (iw + b; + g; + k). To
balance this, w must decrease, and the period lengthens. This is in agreement
with predictions from the Forger-Peskin model (which is a more detailed
description of the circadian pacemaker). Only an increase in the phosphory-
lation rates gj, k, or b; can shorten the period of the clock. Hence, this model

predicts that the tau mutation is a gain of function.

is a real constant that can be estimated by linearization or harmonic

three possible phosphorylation states of the PERIOD proteins
are mediated by CKle: no phosphorylation, primary phosphor-
ylation, and secondary phosphorylation (see Fig. 1). Primary
phosphorylation decreases PERIOD stability and promotes
nuclear localization and PER-CRY binding. In the model,
secondary phosphorylation decreases nuclear entry of PERI.
When we decreased the rate of primary phosphorylation of
PER1 or PER2 we consistently found that the model predicted
a longer period. For example, a 50% decrease in the rate of the
primary phosphorylation of PER1 and PER2 lengthened the
period of the model by 0.13 and 2.43 h, respectively (for further
simulations see Fig. 6, which is published as supporting infor-
mation on the PNAS web site). Decreasing the rate of secondary
phosphorylation of PER1 also lengthened the period (by 0.03 h
for a 50% decrease; see Fig. 6). This quantitative model predicts
that, contrary to in vitro data, the fau mutation must cause
increased rather than decreased PER phosphorylation as the
explanation for a short period phenotype. This prediction of the
Forger—Peskin model is in direct conflict with the observed in
vitro decrease in CKle kinase activity caused by the tau mutation.

We next verified that the predictions of this model were not
specific to certain phosphorylation assumptions of the model.

Gallego et al.

Decreasing by 50% the overall rate of degradation, nuclear
import of the PER proteins, or nuclear export of the PER
proteins or decreasing the rate at which the PER proteins bound
to the CRY proteins all lead to a lengthened period (by 0.28,
0.26, 1.37, and 0.16 h, respectively; see Fig. 6). We changed the
order of phosphorylation so that all phosphorylation events
could occur simultaneously, and again no candidate phosphor-
ylation event that speeds up the clock in the face of a CKI
loss-of-function mutation could be found (data not shown). We
also considered the possibility that decreased phosphorylation of
BMALI could decrease its activation of circadian E-box pro-
moters (29). However, decreased BMALL activation of the
PERI1, PER2, CRY1, and CRY2 promoters also lengthens the
period (50% decrease increases the period by 0.12 h; see Fig. 6).
To further check these predictions, we analytically studied a
broad class of models and showed that there is no possible
explanation for decreased phosphorylation shortening the pe-
riod for the class of models considered (see Fig. 1). This analysis,
based on Fourier analysis, argues that the predictions of the
Forger—Peskin model are based on an underlying “design prin-
ciple” of the circadian clock and not based on a specific model
assumption. In particular, this analysis predicts that decreasing
the rate of nuclear localization or decreasing the rate of nuclear
export both increase the period of the clock. Thus, there is a clear
conflict between the experimental data and model predictions.

If the tau mutation caused a gain of function, and thereby
increased the rate of phosphorylation of sites on the PERIOD
proteins that are essential to clock function, a shorter period
would be expected, and this conflict would be resolved. We
therefore tested CKle function in cell-based assays using NIH
3T3 cells, a cell type known to sustain circadian rhythms in
culture (30). PER1 or PER2 was expressed alone or with WT
CKle, CKlIe'", or kinase-inactive CKIe(K38A). When expressed
alone, PER1 and PER?2 protein levels remain largely unchanged
over the course of the assay. Expression of WT CKle modestly
shortened the half-life, as previously reported, whereas CKIg'"
markedly decreased PER abundance (Fig. 24) and shortened the
PER1 and PER?2 half-lives (Fig. 2 B and C). Exogenous epitope-
tagged kinase expression was lower than endogenous kinase
levels, so the effects seen are not due to nonphysiologic levels of
mutant kinases (Fig. 2B). The kinase loss-of-function mutant
CKlIe(K38A) had no effect on PER abundance and half-life,
notably distinct from the effect of CKIe'*". These results indicate
that the fau mutation can act as a gain of function that stimulates
PER protein degradation.

All experiments were quantified and normalized to loading
controls. We then calculated the average rate of degradation for
each sample using the formula —log(fraction left with respect to
time 0)/(time elapsed). Without any kinase transfection the
average rate of degradation of PER1 and PER2 was 0.019 h™!
and 0.063 h™1, respectively. When WT kinase was coexpressed,
the average rates of degradation of PER1 and PER2 were 0.084
and 0.12 h~! (half-life of 11.9 and 8.58 h). When CKIe'¥" was
coexpressed with PER1 or PER2, the average rates of degra-
dation were 0.114 and 0.183 h™! (half-life of 8.72 and 5.45 h). In
contrast, when kinase-inactive CKIe(K38A) was coexpressed,
the average rates of degradation were negligibly different (no
change in PER1 and 0.064 h change for PER2). By using a
one-sided, unpaired ¢ test the fau mutant had a statistically
significant (P < 0.05) higher average rate of degradation than all
other cases considered, except when compared on PER2 with the
WT kinase [where the confidence (P = 0.176) was slightly lower].
Thus, we find that the fau mutation increases the degradation
rate of PER1 by 37% and of PER2 by 57% when compared with
expression of WT Kkinase.

To extend these findings we examined the downstream
consequences of PER phosphorylation. CKIe regulates PER1
and PER?2 stability by promoting their interaction with the

PNAS | July 11,2006 | vol. 103 | no.28 | 10619

APPLIED
MATHEMATICS

BIOCHEMISTRY



Lo L

P

1\

BN AS DN AS P

A myc-PER1 myc-PER2
HA-CKI - wr tau KA - WT tau KA
IB:myC | e s o — S —

IB:HA — — —_—— ——

IB:ACHN e e s— — - e n—  —

B

myc-PER1 + + + +
HA-CKle - WT tau K38A

CHX(h)O1.53501.53501.53 5 015 3 5

1510417/ ————————————

_— e —— e K

IB:CKI ;
e
C
myc-PER2 + + + +
HA-CKle - WT tau K38A

CHX(h) 015 3 5 015 3 5 0 153 5 015 3 5
BIMYC  am i v oo o o o -

IB:HA
IB:Actin

RNt e W i s g W
TRTI: - --------—"‘

Fig.2. CKletincreases the degradation of PER1 and PER2. (A) Coexpression
with CKlgt?¥ reduces the abundance of PER1 and PER2 proteins. Myc epitope-
tagged mPER1 or mPER2 was coexpressed with HA epitope-tagged CKle WT,
tau, or K38A mutants in 3T3 cells for 20 h as indicated. The abundance of PER
proteins was then determined by immunoblotting (IB) with anti-myc antibod-
ies. (B and C) CKle™V increases the degradation rate of PER proteins. Twenty
hours after transfection, cells were treated with 10 ug/ml cycloheximide
(CHX) for0, 1.5, 3, or 5 h. The abundance of PER1 or PER2 in the cell lysates was
determined by immunoblotting. The data shown are representative results of
at least three separate experiments. In B, the asterisk indicates HA-tagged
CKle. CKlgtau expression increased the degradation of PER1 3.4-fold and the
degradation of PER2 2.9-fold compared with no kinase (P < 0.05 for both) and
1.4-fold and 1.6-fold compared with WT CKle (P = 0.3 for PER1 and 0.0033 for
PER2).

SCFA-TrCP E3 ubiquitin ligase (14, 21), which leads to their
degradation by the ubiquitin/proteasome pathway. When the
proteasome proteolytic activity was inhibited with MG132, the
CKle'*"-dependent degradation of PER1 was nearly com-
pletely abrogated (Fig. 34). Consistent with these results, a
dominant-negative form of B-TrCP also reversed the CKIg'"-
dependent degradation of PER1 and PER2 (31) (Fig. 3B and
Fig. 74, which is published as supporting information on the
PNAS web site). Taken together, these results confirm that
CKIe'™ accelerates the previously demonstrated B-TrCP-
dependent proteasomal degradation of PER1 and PER2 (14).

CKIg'" has been demonstrated to be a partial loss-of-function
mutation (10). This finding is at odds with the data in Fig. 2 that
the fau mutation enhances the phosphorylation-dependent deg-
radation of PER. We therefore confirmed that CKIe™" ex-
pressed in cells is less active than WT CKle on the nonspecific
substrate casein (Fig. 7B). To test whether the CKI&'** mutation
specifically increased the cellular phosphorylation of the PER
proteins, the incorporation of [**P]orthophosphate into PER2 in
cells coexpressing WT or mutant CKle was assessed. As Fig. 44
shows, expression of CKIe'*" caused a marked increase in PER2
phosphorylation in cells compared with WT CKle, whereas the

10620 | www.pnas.org/cgi/doi/10.1073/pnas.0604511103

A Vehicle MG132

myc-PER1  +  + + + + +
HA-CKle - WT tau - WT  tau
CHX(h) 0 5 0 50 5 05 05 0 5

IB: oomyc . - - ....--

1B: CLACHN o e i e S 0 e e e e

B myc-PER1 + + + + + +
HA-CKle - tau KA - tau KA
BTICPON) - . _ + + +

IB: omyc s - - TT o

IB: 0LACHN e w— —— - —

Fig.3. CKletincreases degradation of PER proteins through the ubiquitin—
proteasome pathway. (A) Inhibition of the proteasome prevents CKlgtau-
induced PER1 degradation. NIH 3T3 cells cotransfected with myc-PER1, HA-
CKle, and CKletaU were pretreated with vehicle or the proteasome inhibitor
MG132 (30 M) for 5 h and then treated with cycloheximide and analyzed as
in Fig. 2. (B) Dominant-negative B-TrCP blocks the CKlgetU-induced degrada-
tion of PER1 and PER2. Myc-tagged PER1 was coexpressed with HA-tagged
CKletau or CKle(K38A) and the dominant-negative B-TrCP(AFbox) as indicated.
The abundance of PER was visualized by immunoblotting (IB). Each study was
performed at least twice, and in each repetition, MG-132 and dominant-
negative B-TrCP inhibited degradation by at least 50%.

catalytically inactive CKIe(K38A) had little effect on PER2
phosphorylation (Fig. 44). To test whether in cells CKIe"" is a
general gain of function, its effect on BMALLI phosphorylation
was assessed. We have previously reported that BMALL is a
cellular substrate of CKle and that expression of CKIg(K38A)
decreases cellular BMALI phosphorylation (29). CKIe', like
CKIeg(K38A), inhibits the cellular phosphorylation of BMALLI in
cells (Fig. 4B). Thus, CKIe"" appears to be a PER-specific
gain-of-function mutation in vivo. To extend this result, we tested
whether CKIe'™" was a loss or gain of function in vivo in a distinct
signaling pathway (Fig. 7C). CKle is a positive regulator of the
Whnt signaling pathway and activates B-catenin- and TCF/Lef-
1-dependent transcription (32-34). WT CKle caused a 2.5-fold
increase in B-catenin-dependent transcription. Neither kinase-
inactive CKIe(K38A) nor CKlIe'™ was able to activate the Wnt
pathway. This finding demonstrates that the CKIe'™" mutation
produces a highly selective and substrate-specific gain of func-
tion. Consistent with this finding, if CKIe®™" was a gain of
function in the Wnt pathway, significant developmental abnor-
malities in the fau hamster would have been expected.

We considered two potential mechanisms for how the tau
mutation could cause increased in vivo phosphorylation of
PER2. CKIe'*" may increase phosphorylation of all of the CKI
sites in the PER proteins, or it may selectively phosphorylate a
subset of CKI sites in PER that specifically regulates its stability.
To differentiate between these possibilities, the cellular phos-
phorylation sites on PER2 (Fig. 4C) and PER1 (Fig. 7D) were
examined by two-dimensional phosphopeptide mapping after
metabolic labeling of cells. Expression of WT CKle increases the
prominence of a number of phosphopeptides (Fig. 4C Center, 1,
2, and 4), consistent with increased phosphorylation of all CKI
sites within PER2. Coexpression of CKIe'"", however, increases
the relative intensity of only three specific phosphopeptides
(designated peptides 3, 4, and 5 in Fig. 4C). A similar increase
in a limited number of phosphopeptides was seen when CKIe'?"
was expressed with PER1 (Fig. 7D). We conclude that the fau
mutation causes a site-specific increase in PER protein phos-
phorylation at sites that stimulate degradation.

Gallego et al.
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Fig. 4. CKlet is a PER-specific gain of function in cells. (A) CKlstY is a gain
of function on PER2 in an in vivo kinase assay. Myc-PER2 and HA-CKI (as
indicated) were coexpressed in NIH 3T3 cells. In vivo phosphorylation of PER2
was assessed by 3 h of metabolic labeling with [32P]orthophosphoric acid (150
nCi per well). Myc-PER2 was immunopurified and analyzed by SDS/PAGE,
transferred to a poly(vinylidene difluoride) membrane, autoradiographed,
and immunoblotted (IB). Phosphorylation-stimulated proteolysis was inhib-
ited by inclusion of 30 uM MG-132 starting 2 h before labeling. Equal expres-
sion of WT and mutant kinases was verified in parallel nonradioactive exper-
iments. This experiment was repeated at least three times with similar results.
(B) CKletau is a loss of function on the intracellular circadian substrate BMALT1.
Myc epitope-tagged BMALT was expressed in 3T3 cells alone or with the
indicated CKI constructs. Metabolic labeling was performed as above and as
previously described (29), with the inclusion of the CKl inhibitor 1C261 where
indicated. The CKlgt¥ mutant represses BMAL1 phosphorylation, similar to
the effect of CKle(K38A) and 1C261. (C) CKletU phosphorylates a specific site(s)
on PER2. PER2 was metabolically labeled with [32P]Jorthophosphate as above,
except that 1 mCi per well was used. Immunopurified myc-PER2 was analyzed
by combined trypsin/chymotrypsin digest, and two-dimensional phos-
phopeptide mapping was performed as previously described (44). CKle ex-
pression enhanced phosphorylation of peptides 1, 2, and 4, and CKlgta¥
expression specifically increased phosphorylation of peptides 3, 4, and 5.

Mutations in two other members of the CKI family also cause
short circadian periods and a decrease in vitro CKI kinase activity
(12, 35, 36). Our detailed quantitative model suggests, however,
that all short period mutations in CKI family members will
produce a gain of function on circadian substrates. To assess this
hypothesis, the human short-period mutant CKI8(T44A) and the
Drosophila double-time short-period mutant P47S (dbtS) (engi-
neered into CKle) were coexpressed with PER1 or PER2.
Consistent with the model predictions and similar to the effect
of CKIe', both of these short-period mutants in CKI showed
increased activity on the PER proteins, as reflected in a kinase-
dependent decrease in electrophoretic mobility (Fig. 5). These
results are consistent with an accelerated mobility shift of
Drosophila PER seen with coexpression of dbtS in S2 cells (16).
Coexpression of the kinase-inactive K38A mutant or an engi-
neered Drosophila long-period mutant dbtL [CKIe(M80I)] did
not lead to a consistent change in PER electrophoretic mobility.
Thus, all short-period mutations in CKI appear to enhance the
phosphorylation of PERIOD proteins in cells. But notably,
unlike CKlIe'", not all of the other short-period mutations in
CKI accelerated the degradation of the PER proteins. We
speculate that these gain-of-function mutations may increase
phosphorylation of PERIOD at distinct regulatory sites.

Discussion

Mechanistic models of signaling pathways rely heavily on in vitro
and cell-based analysis of the behavior of molecular components.

Gallego et al.
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Fig.5. Short-period mutations are active on PER proteins in vivo. PER1 (Left)
or PER2 (Right) was expressed with the indicated kinase in 3T3 cells, and the
effect on electrophoretic mobility was assessed by SDS/PAGE and immuno-
blotting (IB). The CKle(T44A) mutation was in human CKle, whereas the
Drosophila dbtS and dbtL mutations were made in the same highly conserved
residues in human CKle. Protein expression was confirmed by immunoblot
using the Myc or HA epitope tags.

One goal of these studies is to predict the behavior of these
pathways in complex systems. Circadian rhythms have fascinated
biologists and mathematicians alike because of the precise
self-regulating oscillator and the availability of a number of
molecularly characterized circadian rhythms mutants. A math-
ematical model that accurately describes many aspects of circa-
dian behavior (23, 28) predicts the output of the clock but made
a nonintuitive prediction about the nature of the fau mutation in
CKle that is in conflict with published results that CKIe'" is a
partial loss-of-function mutation that accelerates the clock. The
quantitative model makes the opposite prediction: that all
loss-of-function mutations in CKI can only slow, not accelerate,
the circadian period. This prediction was tested in mammalian
cells, and we found that, contrary to what was observed in vitro,
the three known short-period circadian rhythm mutations, in
hamster, human, and Drosophila CKI, efficiently increase phos-
phorylation of a biologically critical substrate in cells. In cells we
find that CKIe"" is a gain-of-function mutation that generates a
short period by increasing the rate of phosphorylation of specific
residues on the PERIOD proteins, resulting in their more rapid
degradation. Consistent with these data, pharmacologic inhibi-
tion of CKI activity or the proteasome also increases circadian
period length (14). This finding supports the conclusion that
nonintuitive predictions provided by quantitative analysis can
provide important insights into basic biological mechanisms. It
also provides a cautionary tale regarding extrapolation of in vitro
phosphorylation sites to in vivo activities.

Importantly, CKIe'" acts as a gain-of-function mutation only
when mPER is the substrate; when tested in the Wnt signaling
pathway, CKIe'™" behaves similarly to the loss-of-function mu-
tation CKIgX¥A, The fact that the fau mutation selectively
increases phosphorylation of PER proteins may be under strong
genetic selection. A broad gain-of-function mutation in CKI is
unlikely to be tolerated because CKI regulates the activity of
multiple pathways. If CKIe'*" was a gain of function in the Wnt
pathway, significant developmental abnormalities in the tau
hamster would have been expected.

Why would the short-period CKI mutations produce a gain of
function in the degradation pathway yet decrease overall PER
phosphorylation in vitro? In vitro CKI appears to phosphorylate
a large number of nonphysiologic sites. Supporting this finding,
we and others have mapped multiple in vitro CKI phosphoryla-
tion sites on PER2 (data not shown and ref. 37); the great
majority of these in vitro phosphorylation sites have upstream
acidic residues, making them good artificial CKI sites. CKle can
efficiently phosphorylate substrates with acidic character (either
acidic residues or phosphoryl groups) immediately upstream of

PNAS | July 11,2006 | vol. 103 | no.28 | 10621

APPLIED
MATHEMATICS

BIOCHEMISTRY



Lo L

P

1\

BN AS DN AS P

the target site, presumably because of interactions with the
positively charged arginine at the CKI position 178 (10, 13).
However, these in vitro sites are nonconserved even between
mammalian PER2s, strongly suggesting that they are irrelevant
to cellular PER2 phosphorylation and function. If the CKIe'"
mutation hinders phosphorylation of these nonphysiologic sites,
that could explain why in vitro it has decreased overall activity.
Invivo, the phosphorylation of irrelevant sites may be suppressed
by (i) modification of CKI activity due to changes in its phos-
phorylation state and (ii) the fact that PER2 is in a multiprotein
complex interacting with other circadian regulators, including
cellular phosphatases. Our experimental data demonstrate that
the tau mutation increases the rate of degradation of PER
proteins by increasing site-specific phosphorylation, and the
modeling studies indicate that this increase can be the cause of
a faster circadian period. We note that our data do not exclude
the possibility that in vivo the CKIe*™* mutation could indirectly,
rather than directly, increase the phosphorylation of PER pro-
teins, for example, by decreasing the activity of a phosphatase or
increasing the activity of another kinase.

Since its identification in 1988, the circadian period mutant tau
has been a critical tool in dissecting physiological and molecular
mechanisms of mammalian circadian biology (9). Modeling can
lead to unexpected and testable predictions about mechanism.
Here, modeling leads to the unexpected finding that, although
the tau mutation creates a partial loss of function on standard
substrates, it is a gain of function in the circadian clock that
speeds up the clock by increasing the phosphorylation-
dependent degradation of PER proteins. Despite the rich history
of experimental results in circadian rhythms that were inspired
by, interpreted through, and incorporated into mathematical
models (see ref. 22), model-based experimental approaches are
almost never used in studies of the genetic and molecular biology
of circadian rhythms [a notable exception is Locke et al. (25)].
The current study makes clear that incorporating modeling as
part of a systematic approach to circadian research can
strengthen both experimental design and conceptual analysis.
One goal of the study of human circadian rhythms is the
development of tools to manipulate the clock to relieve human
suffering, in the form of depression, insomnia, and chronic
fatigue (36, 38). Inhibitors of CKI activity have been proposed
as interventions in these disorders, but predictions of drug
effects have been based on the models incorporating the hy-
pothesis that kinase loss-of-function mutations speed up the
clock. Our data suggest that CKI inhibitors may have effects on
human circadian rhythms opposite from those predicted by
previous models.

Materials and Methods

Plasmids and Antibodies. The hemagglutinin (HA)-tagged CKle
was cloned in pCEP4 (Invitrogen) as previously described (39,
40). Myc epitope-tagged PER1 and PER2, myc-CKI8, and
BTrCP(AFbox) were subcloned into pCS2+MT as described (14,
19). The mutations K38A and R178C in CKle and T44A in CKIé
were generated by using a QuikChange site-directed mutagen-
esis kit (Stratagene) according to the manufacturer’s directions.
Anti-HA (F-7) and anti-myc (9E10) antibodies were obtained
from Santa Cruz Biotechnology. Monoclonal anti-CKle anti-
body was obtained from Transduction Laboratories, and the
anti-actin (A2066) antibody was from Sigma.

Cell Culture, Maintenance, and Transient Transfection. NIH 3713 cells
and HEK 293 STF cells were grown in DMEM or DMEM
(Invitrogen) supplemented with 10% calf serum and 10% FBS,
respectively, and antibiotics (100 units/ml penicillin and 100
pg/ml streptomycin). Cultures were maintained in a humidified
incubator at 37°C and 5% CO,. When they reached 80-90%
confluence, cells were transfected with Lipofectamine 2000
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(Invitrogen) according to the manufacturer’s instructions. The
total amount of transfected DNA was adjusted to 2 ug with
empty vector when necessary.

Degradation Assays. Approximately 20 h after transfection, cells
were treated with cycloheximide (10 wg/ml; Biomol) diluted in
DMEM. At the indicated times, cells were washed once with PBS
and lysed in lysis buffer (150 mM NaCl/20 mM Hepes, pH
7.5/0.1% Nonidet P-40/1 mM EDTA/2 mM DTT) supple-
mented with 1X Complete protease inhibitor mixture (Roche
Applied Science). The cells were then mechanically sheared, and
the lysates were centrifuged at 16,000 X g for 10 min at 4°C. One
hundred micrograms of total protein was resolved in SDS/
PAGE, and then proteins were transferred to a nitrocellulose
membrane (Hybond-C Extra; Amersham Pharmacia Bio-
sciences) and further analyzed by immunoblotting with the
indicated antibodies.

Lef1-Luciferase Reporter Gene Assay. HEK 293 STF cells with an
integrated SuperTop Flash TCF-luciferase reporter (41) plated
in 12-well plates were transfected with 600 ng of pCEP4—-4HA-
CKI (WT), HA-CKIe™, HA-CKIe(K38A), or empty vector
along with 2 ng of a Renilla luciferase control plasmid. At 24 h
after transfection, cells were lysed, and firefly and Renilla
luciferase were measured with the Dual-Luciferase reporter
assay system (Promega) and a microtiter plate luminometer
(Dynatech Laboratories) according to the manufacturers’ in-
structions. To standardize for transfection efficiency, the firefly
luciferase activities of all transfected cells were divided by the
Renilla luciferase activities. The fold increase of Lef-1-
dependent activity was defined by comparing the normalized
level observed from cells transfected with empty vector pCEP4.

Immunoprecipitation Kinase Assay. NIH 3T3 cells were transiently
transfected with 1 ug of HA-tagged CKI expression constructs
as indicated in the figure. Eighteen hours after transfection, cells
were lysed in 200 ul of RIPA buffer (50 mM Hepes, pH 7.5/1%
Nonidet P-40/0.1% SDS/150 mM NaCl/1 mM EDTA) supple-
mented with 1 mM DTT, 1X Complete protease inhibitor
mixture, and the phosphatase inhibitors sodium fluoride (50
mM), B-glycerophosphate (20 mM), and sodium orthovanadate
(20 mM). HA epitope-tagged proteins were immunoprecipitated
from 300 pg of soluble cell-free extract with 0.5 ug of anti-HA
antibody for 1 h. Immune complexes were then mixed with 25 ul
of protein A—agarose beads (Invitrogen) for 30 min at 4°C with
gentle agitation. The isolated beads were collected by gentle
centrifugation at 185 X g and subsequently washed once each
with lysis buffer and lysis buffer lacking both SDS and DTT, and
then twice in protein storage buffer/kinase buffer (10% su-
crose/50 mM Hepes, pH 7.2/15 mM NaCl/1 mM DTT/0.5 mM
EDTA). For determining CKI activity, 1.2 ug of casein was
added to the immunoprecipitates, and the reactions were incu-
bated for 15 min at 37°C in kinase reaction mixture (30 mM
Hepes, pH 7.5/1 mM MgCl,/0.1 mM DTT) containing 5 nCi (1
Ci = 37 GBq) of [y-**P]ATP. The reactions were stopped by
boiling samples in 25 pl of 5X SDS/PAGE loading buffer.
Proteins were separated by 9% SDS/PAGE, transferred to a
nitrocellulose membrane, and then visualized by autoradiogra-
phy. Next, to confirm the equal presence of CKI in the immu-
noprecipitate, immunoblotting with anti-HA antibody was per-
formed. Quantification of [3?P]casein was performed by using a
Storm 860 gel imaging system (Molecular Dynamics). Fold
activation of the kinase was normalized to the CKle expression
levels estimated by immunoblotting analysis.

Metabolic Labeling of Cells. 3T3 cells were transiently transfected

with 1.5 ug of mPER2 plasmid alone or with 0.5 ug of HA-CKIE,
HA-CKIe™", or HA-CKIg(K38A). Eighteen hours after trans-
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fection, cells were pretreated with 20 uM MG132 for 3 h and
then labeled for 3 h with [*?P]orthophosphoric acid (150 wCi/ml)
in phosphate-free DMEM containing MG132. After labeling,
cells were washed and then lysed in RIPA buffer supplemented
with 2 mM DTT, 10 mM sodium fluoride, 10 mM B-glycerol
phosphate, 1 mM NaVOy, and 1X Complete protease inhibitor
mixture. Myc epitope-tagged PER2 was immunoprecipitated
from 500 ug of lysate with 2 ug of anti-myc antibodies and
protein A—agarose. After washing, bound proteins were eluted in
5x SDS/PAGE loading buffer and examined by SDS/PAGE
and PhosphorImager analysis.

Phosphopeptide Mapping. Metabolic labeling and immunoprecipi-
tation were performed as described above, except that 2 mCi/ml
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