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Abstract

Experimental evidence points increasingly to the importance of posttranslational
processes such as phosphorylation and translocation in the molecular circadian
clocks of many organisms. We develop a mathematical model of the Drosophila cir-
cadian clock that incorporates the emerging details of the timing of nuclear translo-
cation of the PERIOD and TIMELESS proteins. Most models assume that these
proteins enter the nucleus as a complex, but recent experiments suggest that they
in fact enter the nucleus separately. Our model reproduces observed patterns of in-
tracellular localization of PERIOD and TIMELESS during light-dark cycles and in
constant darkness, as well as phenotypes of several clock mutants. We also use the
model to demonstrate how the Drosophila clock can exhibit robust oscillations with
constant mRNA levels of period or timeless, and propose a possible mechanism for
oscillations in double rescue experiments of per®-tim® mutants. The model also
explains (via posttranslational processes) the counter-intuitive observation that to-
tal dCLOCK levels are at their lowest at the circadian time when active nuclear

dCLOCK must be peaking in order to activate transcription of other clock genes,
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implying that for dCLOCK a posttranslationally-generated rhythm is more impor-
tant than the transcriptionally-generated rhythm. These results support the idea
that posttranslational processes play key roles in generating as well as modulating
robust circadian oscillations. While it appears that posttranslational mechanisms
alone are not sufficient to generate rhythms in Drosophila, posttranslational mech-

anisms can greatly amplify a very weak transcriptional rhythm.
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1 Introduction

As life evolved on our rotating world, many organisms developed endogenous
circadian (~24 h) clocks. These clocks are able to entrain to the 24 hour
light-dark (LD) cycle, but also exhibit, in the absence of external cues, robust
free-running oscillations with periods near 24 hours. The basis for the en-
dogenous clock lies in the rhythmic expression of certain clock genes together
with a variety of posttranslational mechanisms such as phosphorylation and

translocation. For a review, see Allada et al. (2001) or Young and Kay (2001).

Models of circadian rhythms typically view transcriptional-translational feed-
back loops as the drivers of oscillations, with posttranslational processes viewed
as a means of adjusting the amplitude and the period length. Multiple transcrip-

tional-translational feedback loops can potentially facilitate multiple input and
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output pathways (Cyran et al., 2003), as well as temperature compensation
(Ruoff et al., 2005). On the other hand, Lakin-Thomas (2006) has recently
suggested that we should consider whether we have overemphasized the role
of rhythmic transcription (or perhaps underemphasized the role of other pro-
cesses), particularly in light of experiments for which purely posttranslational
processes generate a robust circadian rhythm, for example, rhythmic in vitro
phosphorylation and dephosphorylation of the KaiC protein in cyanobacteria
(Nakajima et al., 2005). Others, including Kiyohara et al. (2006), have put
forth the possibility that posttranslational mechanisms regulated by kinase
activity form the core of the circadian clock, while rhythmic transcription
adds robustness and amplitude to the oscillations. Other posttranscriptional
and posttranslational processes may also play important roles in the clock

mechanism; for a review of these processes, see Harms et al. (2004).

The circadian clock of Drosophila has been extensively studied as a model sys-
tem for molecular chronobiology. Briefly, dCLOCK (CLK) and CYCLE (CYC)
proteins form a complex which activates transcription of the period (per) and
timeless (tim) genes. In turn, the PER and TIM proteins associate in the cy-
toplasm and eventually move to the nucleus, where PER fully and PER-TIM
partially inhibit the transcriptional activation of CLK-CYC by forming a com-
plex with it (Rothenfluh et al., 2000). Light results in the degradation of TIM,
thereby providing a highly effective means of shifting the phase of the clock,
for instance, by releasing PER in the nucleus from the PER-TIM complex, re-
sulting in strong downregulation of per and tim expression (Rothenfluh et al.,
2000). See Price (2004) and references therein for a more detailed discussion

of these clock genes.

Rhythmic expression of the clock genes occurs both in various areas of the



brain and in peripheral tissues like antennae, male reproductive tissues, and
eyes (Levine, 2004). In the accessory medulla of each fly are typically 16
ventral-lateral neurons (VLNs); some are classified as “small” and others as
“large.” The pacemaker for locomotor activity appears to be located in the
small vLLNs, which express the neurotransmitter pdf, while the large vLNs re-
ceive input from the retina and so may play a key role in light entrainment.
Rieger et al. (2006) recently did a functional analysis of the roles of vLNs
and hypothesize that a subgroup of the small vLNs acts as the main oscilla-
tor controlling morning and evening activity bouts in Drosophila. The small
and large vLNs exhibit differing profiles of TIM oscillation in general and of
nuclear accumulation in particular, suggesting that TIM may have different
functions in small and large vLNs (Yang and Sehgal, 2001; Shafer et al., 2002).
Such differences may support the different roles of the small and large vLNs,
given the importance of TIM in entrainment and phase-shifting. Expression
profiles of the clock genes also differ among the autonomous peripheral clocks,
which have quite different functions specific to each tissue. Given this variety
of Drosophila clocks, we focus on the small vLNs as important pacemakers,
but we expect that appropriate adjustments of model parameters will likely

yield valid models for the various other rhythmic tissues.

Most mathematical models of the Drosophila molecular clock focus on transcriptional-
translational feedback loop(s) as the generators of rhythmicity, with posttrans-
lational processes acting to adjust period and amplitude. The model of Leloup
and Goldbeter (1998) is based on direct negative feedback of a nuclear PER-
TIM complex on per and tim transcription and incorporates multiple phos-
phorylation of PER and TIM as a delaying mechanism. The model of Ueda

et al. (2001) includes expression of the clk gene, leading to two interlocked



feedback loops. The model of Smolen et al. (2004) focuses on the additional
feedback loops involving Pdp-1 and vri (but neglects tim). Ruoff et al. (2005)
explore mechanisms of temperature compensation via a model with a PdpI1-
mediated positive feedback loop as well as the negative feedback loop involving
PER-TIM and CLK. All of these models have in common the assumption that
PER and TIM proteins enter the nucleus as a complex. These models display
robust oscillations and behavior consistent with many experimental results,
including reproducing some mutant phenotypes. However, ignoring important
posttranslational processes can lead to predictions of arrhythmicity in the ab-
sence of rhythmic transcription, contrary to the findings of rhythmic mutants
with constant RNA levels of per (Frisch et al., 1994; Vosshall and Young, 1995;
Cheng and Hardin, 1998) or of tim or both tim and per (Yang and Sehgal,

2001), as pointed out by Lakin-Thomas (2006).

The model presented in this article (see Figure 1) modifies and extends previ-
ous models like that of Ueda et al. (2001) to include posttranslational processes
regulating the translocation of PER and TIM to the nucleus. Recent experi-
mental results (Shafer et al., 2002; Cyran et al., 2005) suggest that PER and
TIM may enter the nucleus separately, as the data show a significant lag be-
tween peak times of PER and TIM protein accumulation in the nucleus. The
dramatic movies produced by Meyer and Young (2006) directly demonstrate
the abillity of PER and TIM proteins to enter the nucleus separately in the S2
Drosophila cell line. PER tends to accumulate in the nucleus in the absence
of DOUBLETIME (DBT) and TIM (Price et al., 1998; Cyran et al., 2005),
while TIM tends to accumulate in the cytoplasm in the absence of PER (My-
ers et al., 1996), leading to the possibility that these opposing tendencies may

turn nuclear entry of these proteins into a switch, as suggested by Cyran et al.



(2005). Such a switch may be controlled in large part by the kinase activity of
DBT and SHAGGY (SGG) in the cytoplasm. DBT promotes degradation of
PER, which is suppressed when PER associates with TIM (Kloss et al., 2001).
The kinase activity of SGG appears to promote nuclear entry of TIM (Mar-
tinek et al., 2001). Based on these recent experimental results, Cyran et al.
(2005) hypothesize that the function of the PER-TIM complex in the cyto-
plasm may be to time the translocation from cytoplasm to nucleus of these

proteins, with the length of the delay regulated by kinase activity.

Using these findings, we develop a model whose major departure from previous
Drosophila circadian clock models is the treatment of the PER-TIM complex
and its roles in circadian oscillations. In previous models, the association of
PER and TIM in the cytoplasm provides the mechanism for nuclear entry. In
our model, the main function of this association (which is assumed to happen
fairly quickly and not be a source of delay) is to stabilize PER and retain
it in the cytoplasm. Experimental results support the proposition that PER
and TIM remain dimerized through most of their several hour stay in the
cytoplasm before dissociating and entering the nucleus separately, at differ-
ent times (Shafer et al., 2002; Cyran et al., 2005; Meyer and Young, 2006).
The SGG protein promotes phosphorylation of cytoplasmic TIM, and overex-
pression of SGG results in shortened periods while underexpression results in
lengthened periods (Martinek et al., 2001). This suggests that the prolonged
accumulation of PER and TIM in the cytoplasm is a result of the lag before
TIM has been sufficiently phosphorylated (or modified by some other post-

translational process) to dissociate from PER and enter the nucleus.

Another important consideration for the modeling concerns the CLK-CYC

complex, part of the positive limb of the main feedback loop. CYC is constitu-



tively highly abundant, but CLK is a limiting quantity in the clock mechanism
(Bae et al., 2000). The total amount of CLK protein at its peak (~ZT 0-4) is
several fold lower than that of PER or TIM at their peak (~ZT16-20) (Bae
et al., 2000). It also appears that CLK protein levels can peak slightly before
clk mRNA levels and that the mRNA and protein oscillations are closely in

phase (Lee et al., 1998), as opposed to the cases of per and tim for which

Nucleus

Cytoplasm

Fig. 1. The model of the Drosophila molecular clock mechanism within a small vLN.
In the cytoplasm, CLK protein associates with CYC (CC.) and then enters the nu-
cleus. Transcription of the clock genes per and tim is activated by nuclear CLK-CYC
(CCy), which inhibits transcription of c¢lk. The PER (PER,) and TIM (T'IM,) pro-
teins form a heterodimer (P7.) in the cytoplasm, which undergoes modifications
(PTY) and eventually disassociates into PE R} and TTM}. These modified proteins
may then enter the nucleus (PER,, and T'IM,,) and associate with C'C;, (to become

PCC,, or PTCC,).



the protein peak lags the mRNA peak by roughly 6 hours. (It is interesting
that a similar behavior appears in Bmall oscillations in the mouse liver (Lee
et al., 2001)). The mechanism of this unexpected behavior may be due to
differences in degradation mechanisms between CLK and PER proteins, or to
some unaccounted-for posttranscriptional regulation of c/k RNA. The fact that
these data are from head extracts may be important, given the essential differ-
ences in the PER and TIM rhythms between large and small vLNs observed
by Shafer et al. (2002), and the fact that CLK is also found in non-oscillating

cells (Houl et al., 2006).

An intriguing feature of CLK oscillation is the trough of overall abundance
around ZT12, precisely the time when the active nuclear CLK must be peak-
ing in order to activate transcription of clock genes. These properties of CLK
rhythm have not been reproduced by previous models like that of Ueda et al.
(2001), and they highlight the importance of posttranslational mechanisms
in producing oscillations. Our model demonstrates that through posttransla-
tional mechanisms, the abundance of active CLK-CYC can indeed peak during

the same time that the total CLK abundance is at its lowest value.

There is another possibility to explain the odd timing of CLK oscillations. It
could be that the CLK oscillation is an artifact of a particular measurement
technique. Houl et al. (2006) recently observed, using a new CLK antibody,
that CLK accumulates primarily in the nucleus and appears to remain at fairly
constant levels, in contrast to Western blot results. We also consider this pos-

sibility via a reduced model that assumes constant nuclear CLK abundance.



2 Mathematical modeling

The model, given in Figure 2, consists of 16 differential equations modeling the

interlocked per, tim and clk loops, with special consideration given to the post-

translational behavior of PER and TIM. These equations are derived in part

from the model of 10 differential equations proposed by Ueda et al. (2001), al-

though with significant modifications and additions, including a major change

in the role of the PER-TIM complex. We also include the binding of PER and

PER-TIM to CLK-CYC in the nucleus to fully or partially inhibit transcrip-

tional activation, handled in a similar manner as the analogous mechanism in

the mammalian model of Leloup and Goldbeter (2004).

The model given in Figure 2 is based on the following assumptions:

(1)
(2)

CYC, DBT, and SGG are constitutively abundant.

CLK protein can activate transcription of per and tim after associating
with CYC, undergoing posttranslational modifications such as phospho-
rylation, and entering the nucleus. These posttranslational modifications
are represented by the sequence C'LK.. (hypophosphorylated CLK protein
in the cytoplasm), CC. (phosphorylated CLK in the cytoplasm which is
in a complex with CYC), and CC,, (fully phosphorylated CLK-CYC in
the nucleus).

We neglect the further feedback loops involving Pdp-1 and vri, and as-
sume a negative feedback on clk by active nuclear CYC-CLK complexes,
as is done in the model of Ueda et al. (2001).

PER fully inhibits the transcriptional activity of CLK-CYC in the nucleus

by forming a complex with it (PCC,,), while PER-TIM is only partially



inhibiting (PT'CC,). Hence the mRNA synthesis terms involve CC,, +
sPTCC,, where s is a constant between 0 and 1 that represents the

partial transcriptional activity of PER-TIM-CLK-CYC. Note that the
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Fig. 2. Differential equations describing the molecular clock mechanism of
Drosophila. Clk,,, Pery,, and Tim,, represent the abundance of clk, per, and tim
mRNA, respectively. To describe transcription, we use Hill equations with Hill co-
efficient equal to 2, while the translation rates are assumed proportional to the
mRNA abundance. Degradation is described by a Michaelis-Menten-type term plus
a linear term. The subscript ¢ indicates abundance of a protein in the cytoplasm,
while n indicates nuclear protein. The superscript * indicates a posttranslationally
modified quantity, e.g., multiply phosphorylated. PT represents the abundance of
PER-TIM heterodimers, while CC represents the CLK-CY C heterodimer, PCC the

PER-CLK-CYC complex, and PTCC the PER-TIM-CLK-CYC complex.
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quantity C'C,, represents CLK-CYC that is not in a complex with either
PER or TIM. Since PER-CY C-CLK is assumed to have no transcriptional
activity, it is not included in these expressions.

PER is intrinsically a nuclear protein, while TIM is intrinsically cytoplas-
mic. That is, in the absence of posttranslational modfications (via kinase
activity or association with other proteins), PER tends to accumulate in
the nucleus while TIM tends to accumulate in the cytoplasm (see Figure
1 for the pathways of PER and TIM into the nucleus). The model does
not account for the possibility that nuclear TIM may translocate back
to the cytoplasm since Meyer and Young (2006) did not see significant
evidence of such behavior. PER has a direct pathway to the nucleus (via
the term upprPER.), and so, in the absence of SGG and DBT, PER
can enter the nucleus and suppress CLK-activated transcription.

We assume that PER is always in a complex with DBT, and that the ini-
tial effect of DBT on PER is to greatly increase its rate of degradation.
PER, is the abundance of PER protein in the cytoplasm that is not in a
complex with TIM and for which the effect of DBT is to promote degra-
dation. Hence we expect PER, to have a very high rate of degradation
dpgr. (To model the absence of functional DBT, we set dpgr = dy, the
generic value.) Note that the dpgg term represents DBT-mediated degra-
dation of PER, not phosphorylation. After multiple phosphorylations and
possibly other modifications, the action of DBT on PER changes (we call
this “fully modified” PER and label it PERY), allowing PER to enter
the nucleus and remain stable there.

SGG phosphorylates TIM in the cytoplasm (T'IM,), including TIM as-
sociated with PER (PT,), resulting in the modified form PT). After

sufficient modification, TIM dissociates from PER, becoming T'IM, and
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then translocates to the nucleus to become TIM,,. TIM cannot translo-
cate to the nucleus without first being modified while dimerized with
PER.

(8) Light degrades only TIM protein. The effect of light on the PER-TIM
complex is to release PER by degrading TIM, in accordance with the
findings of Zeng et al. (1996). To model this effect of light, terms with
rate constant dy, are subtracted from quantities involving TIM, and added
to those quantities representing the remainder of the complex. For exam-
ple, if light degrades TIM that is currently part of PER-TIM-CLK-CYC
complexes in the nucleus, then the quantity PTCC,, decreases at a rate
of d PTCC,, and the quantity PC'C,, increases at that same rate (some

PER-TIM-CLK-CYC changes to PER-CLK-CYC).

Parameters were chosen using a coordinate search method, similar to that
described by Forger and Peskin (2003), using data from Lee et al. (1998),
Bae et al. (2000), and Shafer et al. (2002). The data are from small vLNs
when available, otherwise from head extracts, as indicated in Figure 3, for
flies entrained to a 12:12 LD cycle and then released for a day into constant
darkness. The detailed data gathered by Shafer et al. (2002) for cytoplasmic
and nuclear PER and TIM levels in the small vLNs are particularly useful for
our purpose. Since the units of abundance of RNAs and proteins are arbitrary
in the model simulations (and in most experimental results), we reduce the
number of parameters by normalizing the variables so that the transcription
rates Uek, Uper, and vy, effectively equal 1 (through a change of variables,
e.g., Clkm(new) = Clkym/var), and the PER translation rate vpgg also equals
1 (by scaling all protein quantities with respect to vpgr). This eliminates

redundancy in the parameter space, so that the coordinate search will be more
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efficient. The simulations mimic the experimental method of entrainment to an
LD cycle followed by a day of constant darkness. Since the intrinsic period is
important in this protocol, the period of the model was adjusted by rescaling
the rate parameters after each parameter change so that the free-running
period is always 23.9h in the coordinate search simulations. All simulations
were run in Matlab using ode45 as the main solver. The method described

here resulted in the parameter values listed in Table 1.

The parameter values (listed in Table 1) selected by the coordinate search to fit
the data have some interesting implications. The value s = 0.27 indicates that
PER-TIM is indeed only partially effective in suppressing the transcriptional
activity of CLK-CYC. The rate of CLK synthesis (vop) is several fold lower
than that for PER (vpggr), consistent with the fact that CLK is a limiting
factor in the Drosophila molecular clock (Bae et al., 2000). The rate of TIM
synthesis vy is surprisingly low and the degradation rate dry,, is fairly high,
but this is balanced by the stability of TIM when in a complex with PER,
so that reasonably high levels do accumulate during the cycle. These values
may explain why PER peaks earlier than TIM in the cycle (see Figure 3).
The linear degradation rate dpgp for partially modified PER (without TIM)
in the cytoplasm is extremely high while the Michaelis degradation constant
is surprisingly low, so DBT-mediated degradation of PER is a strongly linear
process in the model. The rate constant hpr for formation of PER-TIM com-
plex in the cytoplasm is extremely high, so these complexes take very little
time to form. In contrast, the Michaelis constant prry, for phosphorylation
(and whatever other posttranslational processes the PER-TIM complex un-
dergoes in the cytoplasm) is modest, so that this process takes several hours.

The dephosphorylation rate gpr for PER-TIM is quite low, so dephospho-
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Fig. 3. Simulations of the model given in Figure 2 and the parameter values listed
in Table 1. The circles indicate datapoints from experiments used to fit parameters
in coordinate search method. The data for clk RNA (of head extracts) are from (Lee
et al., 1998), while data for total CLK protein and per mRNA (of head extracts)
are from (Bae et al., 2000). The data for cytoplasmic and nuclear levels of PER
and TIM (of small vLNs) are from (Shafer et al., 2002). All data are from Canton

S wild type flies.

rylation plays a very minor role in the model. The rate constant hpro for
association of TIM and PER-CLK-CYC is very high, so once TIM enters the
nucleus, it rapidly forms a complex with PER-CLK-CYC, thereby partially

suppressing transcriptional activation of per and tim.

The model displays the essential characteristics of a circadian clock. It contin-
ues to exhibit robust oscillations when any parameter is varied by up to 20%
from the values listed in Table 1, for which the model produces oscillations
with free-running period 23.9h. Also see Table 1 for the effect of parameter
value changes on the free-running period. The model entrains to LD cycles by
means of the TIM degradation parameter dy, which is set to 0.5 in the pres-
ence of light and to 0 in darkness. A photic phase response curve (PRC) for

the model is obtained by setting d;, = 1 for 2 hours (to simulate the response
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to an intense light pulse) during the otherwise constant darkness following
entrainment to an LD cycle. See Figure 4A, which was generated via 90 simu-
lations, with a pulse given at a different time in each simulation. The crossover
point between advances and delays is early in the simulation, after 5 hours
of darkness, rather than after 7 hours as observed in (Stanewsky et al., 1998;
Bao et al., 2001). This is an improvement over the PRC of the model of Ueda
et al. (2001) for which the crossover point is only 2 hours into darkness. This
improvement is likely due to the assumption that PER-TIM only partially
inhibits CLK-CYC’s transcriptional activities, since changing the partial in-
hibition to total inhibition (s = 0) in the model moves the crossover point
in the PRC several hours earlier. The current model remains imperfect in
its light response predictions since it does not include CRYPTOCHROME
(CRY). TIM degradation is mediated via the response of CRY to light and so
the abundance and localization of CRY at the time of the pulse could play an
important gating role in phase resetting. For the effect of non-photic pulses on

the phase, see Figures 4B and 4C and the discussion at the end of the article.

The relative amounts and peak times of the proteins are accurately predicted
by the model. In fly head extracts, CLK is present in limiting amounts, with
peak CLK abundance roughly 1/5 that of PER and TIM peak levels; see
Figure 4 of (Bae et al., 2000). While our coordinate search routine did not
explicitly consider relative peak levels of CLK and PER proteins, the resulting
parameters yield a total CLK peak equal to 1/5.3 of the peak PER level (when
entrained to a 12:12 LD cycle). Lee et al. (1998) found total TIM peaking
before PER in experiments, which is reproduced by our model as shown in
Figure 3, but is not predicted by model of Ueda et al. (2001), for which TIM

and PER have identical oscillations.
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Further support for this model’s description of posttranslational behavior of
PER and TIM lies in its prediction of the effect of SGG on period length.
Martinek et al. (2001) propose that SGG promotes the phosphorylation of

TIM in the cytoplasm, and find that overexpression of SGG leads to shortened
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Fig. 4. A. Anchored photic PRC. Light pulses are given (in otherwise constant dark-
ness) following the last lights-off after entrainment to a 12:12 LD cycle (12 hours
with dy, = 0.5 followed by 12 hours with d;, = 0). To simulate response to a short
intense light pulse, we set dr, = 1 for 2 hours beginning at the indicated time af-
ter lights off (otherwise d;, = 0). A phase advance is plotted as a positive change
in phase, while a phase delay is plotted as a negative change in phase. The phase
shift is calculated by comparing the peak of oscillations after 7 days to an unpulsed
“control” simulation, to mimic the experimental procedure of comparing behavior
of pulsed flies with that of control flies, e.g., as done by Bao et al. (2001). The
black bars mark subjective night and the gray bar marks subjective day. B. Induced
transcription PRC. A clock gene is induced for 2 hours by adding a constant rate
of transcription (1 for clk and per, 0.2 for tim) following the last lights-off after
entrainment to a 12:12 LD cycle. C. PRC generated by manipulating posttransla-
tional processes. The black curve shows the PRC generated by reducing the rate
mpr of disassociation of modified PER-TIM in the cytoplasm (PT}) to one-fifth its
normal value for 2 hours. The blue curve shows the PRC generated by reducing the
degradation rate diz3 of PER in the nucleus (PER,,) to one-fifth its normal value
for 2 hours. The blue curve shows the PRC generated by reducing the degradation

rate dy4 of TIM in the nucleus (T'IM,) to one-fifth its normal value for 2 hours.
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periods and underexpression to lengthened periods. Our model’s predictions
agree with this effect of SGG on the period. For example, decreasing prras by
10% leads to a lengthened period of 25.1h, while increasing by 10% leads to a

shortened period of 23.0h (see Table 1).

Setting vrry to 0 (so no functional TIM protein is produced, as in a tim?
mutant) leads to loss of oscillations with a very low constitutive PER level of
0.18, compared to the peak value of 1.05 for PER in the full model. This agrees
well with the finding of Price et al. (1995) that loss of functional TIM leads to
very low constitutive PER levels of roughly 10% of the wild type peak value.
If vpgr is set to 0 (so no functional PER protein is produced, as in a per®
mutant), then the model predicts that TIM will accumulate in the cytoplasm
(with a constitutive level of 5.44 in the cytoplasm only, compared to a normal
peak value of 0.66 for total TIM), which agrees with the observations of Myers

et al. (1996).

Decreasing dpgg (to increase stability of PER,.) shortens the predicted period
(speeds up the cycle), while increasing dpgr (to decrease stability of PER.)
lengthens it (see Table 1). Simulating the absence of functional DBT by set-
ting dpgr equal to dy results in a very short period (17h) rhythm with high
levels of PER and very low levels of TIM (see Figure 5). Price et al. (1998)
observed apparently constitutive PER and almost no TIM for larval dbt? mu-
tants in constant darkness, but this could be difficult to distinguish from a
small amplitude and short period oscillation, given that samples were taken
only 2-3 times per day. Whether oscillations occur may also depend on which
type of lateral neuron is sampled. It is particularly interesting to note that
the model predicts that tim expression will be greatly reduced in the absence

of DBT, without any assumption of a direct effect of DBT on tim products.
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To more appropriately model lack of functional DBT, further details should
be added to the model.

Oscillations with constant transcription of one or two clock genes.

Antiphase oscillation of clk with per and tim appears to be unnecessary in
generating robust oscillations. This is in accord with experimental results of
Kim et al. (2002), who found that circadian regulation was largely unaffected
in transgenic flies where per regulatory sequences were used to drive rhythmic
transcription of clk. The total level of CLK protein in the nucleus can be held
constant, as in Figure 6, with oscillations depending on the association of
CLK-CYC with PER or PER-TIM in the nucleus, rather than any change in
the total abundance of CLK-CYC. Robust oscillations can also be generated

if the transcription rate of clk is held constant; see Figure 7.

Robust oscillations can be achieved with constant levels of RNA in two clock
genes. With a constant clk transcription rate of 1.0 and a constant per tran-
scription rate between 0.25 and 0.9 (see Figure 8 for an example using a
constant per transcription rate of 0.3), the model shows robust oscillations

with free-running periods in the range 18-60h (where increasing the rate de-

| | —Total CLK
— Total PER
--Nuclear PER

[N

1 |[——Total TIM

o
3

Protein abundance

o

5 10 15 20 25 30
Time in hours

o

Fig. 5. Simulation showing protein levels in the absence of functional DBT, modeled
by setting dprr equal to dy (so dppr=0.02), that is, we assume the main effect of
DBT is to increase the degradation rate of cytoplasmic PER. The model predicts a
very short period rhythm (17h) with high levels of PER and very low levels of TIM

(without any assumption of a direct effect of DBT on tim).

18



RNA abundance TIM protein localization

1 0.2
—per —cyto
0'5\/\—/ —tim 0_1\ /\ — nucl
0 0
0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
Abundance of nuclear CLK dimers PER protein localization
0.06
0.4
0.04 —Total ——cyto
pcc 0.2 7n)l/JC|
0.02 —PTCC :
0 0
0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
Time in hours Time in hours

Fig. 6. Example of free-running oscillations with a constant level of CLK-CYC
(entirely in nucleus). The first three equations of the full model in Figure 2 are
neglected, as is any degradation of CLK protein. Total abundance of CLK is fixed

at 0.05. Remaining parameters are as listed in Table 1.

RNA abundance TIM protein localization
15
T 0.4
1 —per ——cyto
0 A — 0
0 6 12 18 24 30 36 42 48 0 6 1218 24 30 36 42 48
Abundance of nuclear CLK dimers PER protein localization
0.06 1
—CC
0.04 pPCC ——Cyto
0.5 —nucl
0.02 —PTCC
0 0
0 6 12182430364248 0 6 1218 24 30 36 42 48
Time in hours Time in hours

Fig. 7. Example of free-running oscillations with a constant rate of transcription of

clk (resulting in a constant level of clk RNA). The constant rate of clk transcription

Veiphi
k3+(CCn+sPTCCy

is achieved by replacing the term B with the value v in the first
equation of the model given in Figure 2. All parameters are as listed in Table 1.

The free-running period is 26.9h.
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RNA abundance TIM protein localization

2 0.3
—clk 0.2 —cyto
1 per —nucl
—tim 0.1
0 0
0 6 12 18 24 30 36 42 48 0 6 1218243036 42 48
Abundance of nuclear CLK dimers PER protein localization
0.06
0.8
0.04 —CC 0.6 ——cyto
PCC 0.4 —nucl
0.02 —PTCC '
0.2
0 0
0 6 121824 30364248 0 6 121824 30364248
Time in hours Time in hours

Fig. 8. Robust oscillations with a constant rate of transcription of clk and per. The

constant rate of clk transcription is as described in Figure 7, while a constant rate of

Vper (CCp+sPTCCy)2 .
k24+(CCr+sPTCChr)? with 3vper.

per transcription is achieved by replacing the term

All parameter values are as listed in Table 1. The free-running period is 23.6h.

creases the period, with very low amplitude rhythms at the extreme ends of
the range). Other values for the constant rate of transcription yield steady
state (arrhythmic) solutions. The model can also produce oscillations with a
constant rates of clk and tim transcription, which tend to have strong PER os-
cillation but weaker TIM oscillation. For example, a constant clk transcription
rate of 0.2 yields oscillations for a constant tim transcription rate between 0.3
and 0.6, with periods in the narrow range 23.5-25.2h, with period increasing as
the transcription rate increases (see Figure 9 for an example using a constant
rate of 0.4). Higher constant transcription rates of either clk or tim result in
very large accumulations of TIM in the cytoplasm. Note that in Figure 9 that
while TIM levels in the cytoplasm are high with a small amplitude oscillation,
TIM levels in the nucleus exhibit a strong rhythm, so it is possible for rhythms

to persist despite large, nearly constitutive levels of total TIM accumulation.

Simulation of a per?’-tim°" double rescue.
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While it is not possible to produce oscillations in this model with constant
transcription of both per and tim, the model does suggest a possible mechanism
for the rescue of per®-tim® mutants in the experiments of Yang and Sehgal
(2001). We conjecture that the TIM! protein is partially functional, based on
the 5% of tim"! flies with rhythmicity, as observed by Sehgal et al. (1994). We
can model reduced functionality of TIM protein via reduced quantities, for
example, by significantly decreasing the tim maximum transcription rate v,,.
If vy < .45, arrhythmia occurs. Hence the TIM®' protein can be partially
functional and yet no rhythms are generated. See Figure 10. Those few tim°!
flies that show some rhythmicity may have TIM®' with just barely sufficient

functionality to generate weak rhythms.

Based on this idea, we model a per®-tim°'-type mutant by setting the per
maximum transcription rate vy, equal to 0 (no functional PER produced)

and reducing the tim maximum transcription rate vy, to 28% of its normal

RNA abundance TIM protein localization
8
2 NS S
2
6 —uclk —evio
4 — per y
tim 1 —nucl
2
0 0
0 6 121824303642 48 0 6 1218 24 30 36 42 48
Abundance of nuclear CLK dimers PER protein localization
1
0.04
cc ——cyto
—pPcCC 05 nﬁcl
0.02 —PTCC
0 0
0 6 12182430364248 0 6 1218 24 30 36 42 48
Time in hours Time in hours

Fig. 9. Robust oscillations with a constant rate of transcription of clk and tim. The

constant rate of clk transcription is 0.2v., and the constant rate of tim transcription

Vi (CCr+sPTCCy)?)
kZ+(CCn+sPTCCyp)?

is achieved by replacing the term with 0.4v¢,,. All parameter

values are as listed in Table 1. Free-running period in this simulation is 25.1h.
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Simulation of tim®* mutant

8 0.2F 3
S — Total CLK
T 0.15 — Total PER
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0 6 12 18 24 30 36 42 48
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Fig. 10. Simulation of an arrhythmic tim®-type mutant. The tim maximum tran-
scription rate vy, is reduced to 40% of its normal value, in order to model reduced

functionality of TIM protein via reduced quantities.

Abundance of RNA TIM protein localization
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. —nucl
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m
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Fig. 11. Simulation of the double-rescue of a per®’-tim%'-type mutant. The per
maximum transcription rate vy, is set equal to 0 (no functional PER produced)
and the tim maximum transcription rate v, is reduced to 28% of its normal value
(as listed in Table 1), in order to model reduced functionality of TIM protein via
reduced quantities. Constant transcription rates 0.32 for per and 0.16 for tim are

added to the right hand sides of the equations for 42 7 and deiTm in Figure 2 to

mimic the rescue experiments of Yang and Sehgal (2001). This restores rhythmicity

to the nuclear protein levels, with free-running period 26.2h in DD.
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value (as listed in Table 1), which results in arrhythmia. The rescue of this
per®-tim®-type mutant can be achieved by adding constant transcription

rates 0.32 for per and 0.16 for tim to the right hand sides of the equations

dPerm,
dt

dTimm

o in Figure 2, to mimic the rescue experiments of Yang

for and

and Sehgal (2001). This results in a free-running rhythm with period 26.2h,
similar to the mean period of 26.9h given by Yang and Sehgal (2001) for a
particular per®-tim® rescue experiment in which 52% of flies were rhythmic.
See Figure 11 for a simulation. In general, the rescue experiments of Yang
and Sehgal (2001) show great variability in period, both shorter and longer
than 24h, and in our model a similarly wide range of free-running periods can
be generated by altering the parameter values for the constant transcriptions
rates of per and tim. Note that the oscillation of tsm mRNA in Figure 11 is
of very low amplitude and would likely appear constitutive in experiments,
consistent with the finding of constitutive tim mRNA in the double rescue
experiments of Yang and Sehgal (2001). In addition, clk expression is signifi-
cantly down-regulated in the simulations shown in Figures 10 and 11, although
the parameters regulating clk expression are unchanged from “wild-type” (Ta-
ble 1). This is also in agreement with the experimental findings of Yang and

Sehgal (2001).

Simulation of per®, per’, and tim"Y’ mutants.

We can also use the model to simulate three additional clock gene mutations:
per®, per’, and timUL. Marrus et al. (1996) found that the per® mutation
leads to a truncated nuclear protein accumulation phase and so to a prema-
ture RNA increase, resulting in a very short period of 19h. Meyer and Young
(2006) observed that the per” mutation delayed nuclear accumulation in vivo

without affecting rates of PER-TIM assembly, resulting in a period of 28h and
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mean onset of nuclear accumulation 152 min later (on average) than for per.
They hypothesize that the per” mutation likely reduces the rate of PER-TIM
dissociation. Meyer and Young (2006) also observed that the timYL mutation
delays PER and TIM nuclear turnover, leading to a 33h period, with no effect
on timing of nuclear translocation. To model these mutations, we use param-
eter values as listed in Table 1, except for the following: PER,, degradation

constants are increased to dy3 = 0.064 and g3 = 0.08 to mimic the truncated

Wild-type protein localization, 1=23.9h

15
Simulation of per S mutant, 1=19.1h
15
1k
0.5 ) - ) ~
(0 —— == U ——— = ! =
0 5 10 15 20 25 30 35 40
Simulation of per L mutant, 1=27.8h
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0.5 (,»%\
0 - — = ! L - =
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Simulation of tim Y- mutant, 1=32.7h
15 T T T .
1,
O.SX "“4;=- ::=\
0 = ; ! Seen ' -
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Fig. 12. Simulations mimicking three clock gene mutations: per®, per”, and timY”

(free-running in DD). The dashed blue curve gives total cytoplasmic PER levels
and the solid blue curve gives total nuclear PER levels, while the dashed red curve
gives total cytoplasmic TIM levels and the solid red curve gives total nuclear TIM
levels. The parameters are as listed in Table 1, except for the following: the PER,,
degradation constants are increased to di3 = 0.064 and g;3 = 0.08 to mimic per>;
the rate mpp of PER-TIM dissociation in the cytoplasm is reduced to one-third
of its normal value to mimic per’; and the nuclear TIM degradation rate dy4 is

reduced to 0.066 to mimic timY~L.
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nuclear protein accumulation phase of per®; the rate mpr of PER-TIM disso-
ciation in the cytoplasm is reduced to one-third of its normal value to mimic
the delayed nuclear translocation rate of the PER* protein via a reduced rate
of PER-TIM dissociation in the cytoplasm; and the nuclear TIM degradation
rate dy4 is reduced to 0.066 to mimic the reduced degradation rate of nuclear
TIMY”. These altered parameter values where selected to yield free-running
periods 19.1h for per®, 27.8h for per’, and 32.7h for timY~. The protein local-
ization patterns in these simulations are similar to the observed effects of these
mutations (Marrus et al., 1996; Meyer and Young, 2006). See Figure 12. Also,
despite the very short period in the per® mutant, the model predicts that it
can entrain to a 12:12 LD cycle, which has been observed experimentally by

Marrus et al. (1996).

3 Discussion

While we do not deny the importance of rhythmic transcription in the Drosophila
clock, we feel that the importance of some posttranslational processes has
been underestimated. The model presented here begins to address the roles of
some of these processes in the clock, but many other processes remain to be
addressed, such as posttranscriptional processes, the effects of successive phos-
phorylation of proteins such as PER and CLK, and the role of phosphatases
in the clock mechanism. As experiments continue to reveal more details of the
clock, mathematical models can support the development of a more accurate
description of the clock mechanism by testing hypotheses. An excellent exam-
ple is the recent paper by Gallego et al. (2006) that clarified the role of kinase

activity in the hamster tau mutation.
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Our model requires many assumptions and some guesses based on recent ex-
perimental results. For example, we hypothesize that DBT’s effect on PER
depends on the number of phosphorylations. Initially, DBT appears to pro-
mote degradation of PER and cause its retention in the cytoplasm. However,
PER does eventually move into the nucleus where it appears to be quite sta-
ble, although still associated with DBT (but not TIM for some time). Nuclear
PER protein persists through the morning following the rapid degradation of
TIM (Weber and Kay, 2003). Hence light-induced degradation of TIM speeds
up nuclear translocation of PER during early night when PER and TIM are
primarily in the cytoplasm, and it increases transcriptional suppression during
late night and early morning when PER and TIM are primarily in the nucleus.
This suggests that after further phosphorylation of PER, DBT ceases to block
the nuclear translocation of PER and also no longer promotes the degradation
of PER. This process could parallel that of the mammalian casein kinase Ie
(a homolog of DBT) that controls the nuclear entry of mammalian PERIOD1

protein (Vielhaber et al., 2000).

PER-TIM dissociation plays important roles.

PER appears to be released from the PER-TIM complex at two different
times in the circadian cycle: before nuclear entry in the middle of the night
and again around dawn. These dissociations may play important roles in the
phase-shifting mechanism of the clock. The Drosophila clock does not shift in
response to light during subjective day (CT0-10) because TIM is not present.
During this time, PER finishes the cycle by fully suppressing the transcrip-
tional activity of CLK-CYC. The Drosophila clock delays in response to light
pulses during CT10-19, when TIM is mostly present in the cytoplasm. How-

ever, it may be important for suppression of CLK-CYC transcriptional activity
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to begin before CT19 in order for the cycle to have a 24 hour period. The dis-
sociation of PER and TIM followed by delayed nuclear entry of TIM allows
PER to begin suppressing CLK-CYC in the nucleus during CT16-19, during
which time the clock continues responding to light by delaying. TIM is strongly
present in the nucleus during CT19-24, effectively reducing the suppression of
CLK-CYC. If a light pulse occurs during this time, PER is released and so

advances the cycle by fully suppressing CLK-CYC.

It is not necessary for PER to enter the nucleus before TIM. Some simulations
show PER and TIM entering the nucleus at about the same time, or TIM
entering before PER, which typically lengthens the period (e.g., see Figure
11). The experiments of Meyer and Young (2006) also show variability in the
relative timing of nuclear entry of PER and TIM. The dissociation of PER and
TIM offers the circadian molecular mechanism another means of adjusting the

period and phase of the oscillations, through flexibility in the relative timing

of the nuclear entry of PER and TIM.

CLK oscillation is unnecessary.

The model exhibits robust oscillations with constitutive CLK, so long as total
CLK levels remain well below total PER levels (specifically, if total CLK
abundance is between (.02 and 0.09, yielding free-running periods of 14-35
hours). In fact, Kim et al. (2002) found that the Drosophila clock is very
modestly altered by clk RNA being in phase with per and tim (rather than
the usual antiphase relation), and so rhythmicity of clk expression appears
to have little functional significance (although perhaps some effect on light
response patterns). With CLK levels well below those of PER, it is the timing
of PER translocating to the nucleus and so inhibiting CLK’s transcriptional

activation that is key to the clock oscillation, while the timing of the trough
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or peak of overall CLK abundance has little effect.

Minimal rhythmic transcription is sufficient.

As seen in Figures 7-9, oscillations can be achieved with constant levels of RNA
of clk and per or tim for a restricted range of values of the transcription rate
parameters; outside this narrow range, the model predicts arrhythmia. For a
certain range of parameter values, oscillations can also persist with a constant
transcription rate of per and a reduced rhythmic transcription rate of tim
enhanced by an additional constant rate. This could explain the appearance
of rhythmic individuals in a majority arrhythmic population of mutants with
constant transcription rates (Frisch et al., 1994; Vosshall and Young, 1995;
Cheng and Hardin, 1998; Yang and Sehgal, 2001). For a small range of rate
values, oscillations of a circadian-like period will occur, but outside that range
(corresponding to either under- or overexpression of a clock gene), the model

predicts that the clock is arrhythmic.

The double rescue simulation in Figure 11 is particularly interesting, as it
shows that robust oscillations can persist with constant transcription of per
and slight oscillations of clk and tim. While complete loss of oscillations in
the transcription of per and tim always leads to arrhythmia in the model, it
is possible to generate oscillations with minimal rhythmic transcription, due
to various posttranslational mechanisms amplifying the weak transcriptional
rhythm. Particularly important mechanisms appear to be the delay resulting
from the TIM sequestering PER in the cytoplasm until the dissociation of the
PER-TIM complex, the differential times of nuclear entry of PER and TIM,
and the partial suppression of PER-TIM versus the total suppression of PER
on the transcriptional activity of CLK-CYC. Some of these mechanisms are

strongly associated with kinase activity, with DBT and SGG playing key roles.
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Suggested experiments to validate model.

We have tested our model’s predictions against many known experimental
results. For the most part, the model reasonably reproduces these results. One
possible exception is its prediction of rhythmicity (with very short period) in
the absence of functional DBT. It would be interesting to see the experiments
of Price et al. (1998) done with more frequent time sampling (of the small
vLNs;, if possible) in order to compare to our simulation (which itself has
some weaknesses in not fully accounting for all of the possible effects of DBT
in cytoplasm and nucleus). Our model does reproduce their finding that TIM

levels are suppressed, so some features do match the experimental data.

We have also generated some simulations that do not correspond to experi-
ments in the literature (to our knowledge). We simulated the effects on nuclear
localization of PER and TIM of the per’ and timY’ mutations, to compare
to the experiments of Meyer and Young (2006). We also simulated the effects
of the per® mutation, and it would be interesting to see how that compares

to an experiment with per® like those of Meyer and Young (2006).

Another set of simulations that would be interesting to compare to experi-
ments in order to test the model are shown in Figures 4B and 4C: PRCs that
result from pulses (at different times of day) of induced clock gene expres-
sion or of suppression of certain posttranslational mechanisms. We generated
these PRCs in order to explore when the system is most sensitive to these
processes and how changes to them affect the phase of the clock. The clock
gene induction PRC could perhaps be generated experimentally through heat
pulses, with gene expression induced by a heat shock promoter. The model
predicts that inducing clk during the last part of subjective day or during early

subjective night delays the clock , but has little effect on the clock the rest of
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the time. In contrast, inducing per causes delays during subjective night and
advances during subjective day. The clock is very sensitive to tim induction; a
modest pulse of induced transcription (only a fifth the value of the rates used
for clk or per) causes very large advances during subjective day, and smaller
delays during subjective night. Under constant conditions, the TIM level dur-
ing subjective day is essentially zero, so inducing tim transcription during the
subjective day (in DD) starts the next cycle and so advances the phase. See

Figure 4B.

Figure 4C shows effect of decreasing the rate of important posttranslational
processes at different times of day. Reducing the rate of PER-TIM dissocia-
tion causes modest delays during the first half of subjective night (the part
of the cycle when PER-TIM is at high levels in the cytoplasm and nuclear
entry of PER and TIM would normally begin), but little effect otherwise. Re-
ducing the degradation rate of nuclear PER protein results in large advances
around subjective dusk (when nuclear PER levels are peaking; retaining PER
longer prolongs the suppression of CLK-CYC and so more quickly finishes the
current cycle). Reducing the degradation rate of nuclear TIM protein during
the first half of subjective day causes small delays (TIM levels at this times
are normally decreasing, so slowing the degradation delays the vanishing of
TIM), and during the first half of subjective night causes small advances (when
TIM levels are increasing, so decreasing the degradation rate speeds up the

accumulation of TIM).

The model also predicts that a “triple rescue” experiment may be possible. If
clk and per transcription rates are constant, while t2m transcription is nearly
constant (in the sense of the double rescue simulation in Figure 11), then

the posttranslational mechanisms sufficiently amplify this slight rhythm into
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a robust rhythm in the nuclear proteins. See Figure 13. The relatively large
constant transcription rate for per leads to cytoplasmic accumulation of PER.
The free running period is prolonged due to gradual increase of TIM in the

cytoplasm, eventually followed by PER nuclear entry.

In conclusion, our model is detailed enough that it captures many of the
important features of observed clock gene expression and the consequences of
various mutations and other changes of the molecular clock, including those
involving the localization of PER and TIM. In particular, the modeling in
this paper supports the idea that posttranslational processes play key roles

in generating as well as modulating robust circadian oscillations. It appears
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Fig. 13. Simulation of the triple rescue of a clk®-per® -tim®-type mutant. The clk
and per maximum transcription rates vey and vpe, are set equal to 0 (to simulate
no functional CLK or PER proteins being produced), while the ¢tim maximum tran-
scription rate vy, is reduced to 12% of its normal value (as listed in Table 1), in
order to model reduced functionality of TIM protein via reduced quantities. This
leads to arrhythmicity in the model. To “rescue” the rhythm, constant transcription
rates 0.5 for clk, 0.4 for per, and 0.15 for tim are added to the right hand sides of

. dclk'm dP m dTi m ] 1 1cl
the equations for &=z, <2 and 7= in Figure 2. This restores rhythmicity

of the nuclear proteins, with free-running period 49h in DD. (All other parameters

are as listed in Table 1.)
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that posttranslational mechanisms alone are not sufficient to generate rhythms
in Drosophila, but low-amplitude transcriptional rhythms can be amplified by
posttranslational mechanisms to yield robust oscillations of the nuclear protein

levels.
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