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Proof-by-synthesis of the transcriptional logic of
mammalian circadian clocks

Maki Ukai-Tadenuma'?, Takeya Kasukawa>*and Hiroki R. Ueda"**

Mammalian circadian clocks consist of complex regulatory loops mediated through—at least—morning, daytime and night-time
DNA elements. To prove the transcriptional logic of mammalian clocks, we developed an in cellulo mammalian cell-culture
system that allowed us to design and implement artificial transcriptional circuits. Here we show that morning activation and
night-time repression can yield the transcriptional output during the daytime, and similarly that daytime activation and morning
repression can yield night-time transcriptional output. We also observed that the diverse transcriptional outputs of other phases
can be generated through the expression of simple combinations of transcriptional activators and repressors. These results reveal
design principles not only for understanding the continuous transcriptional outputs observed in vivo but also for the logical
construction of artificial promoters working at novel phases. Logical synthesis of artificial circuits, with an identified structure
and observed dynamics, provides an alternative strategy applicable to the investigation of complex biological systems.

The transcriptional circuit underlying mammalian circadian clocks con-
sists of at least three clock-controlled DNA elements (CCEs): morning
(E-box/E"-box, CACGT[G/T])"*, daytime (D-box, TTA[T/C]GTAA)*
and night-time (RRE, [A/T]A[A/TINT[A/G]GGTCA)®*, and at least
20 clock or clock-controlled genes*”*-? (Fig. 1a). E-box-mediated tran-
scription is directly or indirectly controlled by at least 11 transcription
factors®?' and thus has a critical function as the core of mammalian
circadian clocks*?, whereas the D-box-mediated and RRE-mediated
transcriptions are controlled by four*-? and five®”**"? transcription
factors, respectively, and function primarily as output or stabilizing
loops*™¥**-*” of mammalian circadian clocks.

Although the network structure of these cis-elements and trans-regu-
lators has been described comprehensively?, the dynamic principles gov-
erning this transcriptional circuit remain elusive. With an eye towards
gaining a system-level understanding of the transcriptional logic under-
lying mammalian circadian clocks, we carefully reviewed its network
structure (Fig. 1a). First, we examined the daytime expression mediated
through the D-box, which is bound competitively by its transcriptional
activators (Dbp, Tef and HIf) and its transcriptional repressor (E4bp4).
Dbp, Tef and Hlf are expressed during the morning under the control of
the E-box, whereas E4bp4 is expressed during the night-time under the
control of the RRE*. On the basis of this circuit information, we formed
the hypothesis that one (or more) morning activator(s) and a night-time
repressor could together determine the daytime transcriptional output
mediated through the D-box. Similarly, we examined the night-time

expression mediated through the RRE, which is bound competitively
by its activators (Rora, Rorff and Rory) and its repressors (RevErbAa and
RevErbAp). Because two of the three RRE activators (Rora and Rorf) are
expressed during the daytime under the control of the D-box, and because
the RRE repressors (RevErbAa and RevErbAf3) seem strongly influenced
by the two morning elements (E-boxes) in their intronic promoter regions
for their morning expression, we formulated another simple hypothesis:
one or more daytime activators and one or more morning repressors can
specify the night-time transcriptional output by regulating the RRE. As an
initial investigation into the dynamic principles governing circadian tran-
scriptional circuits, we focused on the daytime and night-time expres-
sion among three timings in mammalian circadian clocks. To test the
hypotheses derived above (from examining the natural circadian circuit)
we synthesized artificial transcriptional circuits to simulate the natural
circuits physically and then observed the resulting system dynamics.

RESULTS

In cellulo mammalian cell-culture system for physical simulation
of natural transcriptional circuits

We developed an in cellulo mammalian cell-culture system consist-
ing of mouse clock cells (NIH3T3 (ref. 30)), an artificial activator
(destabilized GAL4-VP16 fusion proteins, dGAL4-VP16), an arti-
ficial repressor (destabilized GAL4 proteins, dGAL4), and an output
reporter harbouring a gene encoding destabilized luciferase (dLuc)
driven by a minimal cytomegalovirus promoter (CMVmini) fused with
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Figure 1 Using an in cellulo mammalian cell-culture system for the physical
simulation of natural transcriptional circuits. (a) The natural transcriptional
circuit of mammalian circadian clocks. Clock-controlled elements (CCE;
rectangles), transcriptional activators (green ovals) and repressors (magenta
ovals) are indicated. Grey lines between CCEs and transcription factors

(that is, activators or repressors) indicate that the evolutionarily conserved
CCEs are located on the promoter (or enhancer) regions of the respective
transcription factor genes (grey dotted lines indicate putative CCEs determined
by bioinformatics analysis). Green lines from transcriptional activators to CCEs
indicate activation; magenta lines from transcriptional repressors to CCEs
indicate repression. (b) The artificial transcriptional system synthesized in this
study. A destabilized (that is, PEST-fused) GAL4-VP16 fusion protein
(dGAL4-VP16) and destabilized GAL4 protein (dGAL4) were used as the

four tandem repeats of the galactose upstream activating sequence
(UAS; Supplementary Text and Supplementary Fig. Sla), which are
bound by the GAL4 DNA-binding domain (Fig. 1b). This system is

0 2 4 6
Cycloheximide treatment (h)

activator and repressor, respectively (top and middle). These transcription
factors are expressed under the control of three tandem repeats of clock-
controlled (DNA) elements (CCEs). Once expressed, the artificial activator

and repressor competitively bind the four tandem repeats of the galactose

UAS in the artificial promoter to regulate the output reporter gene, encoding
destabilized luciferase (dLuc, bottom). SV40, SV40 promoter; CMVmini,
minimal CMV promoter. (c) Western blot analysis by cycloheximide treatment
experiments revealed the protein half-life of dGAL4-VP16-Flag or dGAL4-Flag.
The levels of dGAL4-VP16-Flag (white arrowhead) and dGAL4-Flag (black
arrowhead) proteins were normalized by using tubulin-a protein levels as a
loading control (left panel). Quantitative densitometric analysis shows the
comparable half-lives of dGAL4-VP16-Flag and dGAL4—Flag to be 3.76 h and
2.96 h, respectively (right panel). The protein levels are shown relative to ¢ = 0.

designed on the basis of a previous finding®' that the hybrid protein
GAL4-VP16 can activate transcription efficiently in mammalian cells
but the GAL4 protein alone cannot. We found that the half-lives of
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dGAL4-VP16 and dGAL4 were comparable in our system: 3.76 h and
2.96 h, respectively (Fig. 1c). Thus, by extension, the artificial activator
and repressor can competitively regulate the output reporter through
the UAS. Finally, the artificial activator and repressor are driven by
the SV40 basic promoter fused with three tandem repeats of CCEs
(Supplementary Text and Supplementary Fig. S1b). We control the
expression of these artificial regulators by using either the morning
(E"-box), the daytime (D-box) or the night-time (RRE) elements as
the CCEs". To observe the dynamic behaviour of this artificial circuit,
NIH3T3 host cells were transiently transfected with activator, repres-
sor and reporter plasmids, stimulated with forskolin to synchronize
the circadian rhythmicity of the individual cellular clocks, and then
monitored in real time for bioluminescence over several days.

We reasoned that if (and only if) the peak timing of the expression
(that is, the ‘phase’) of the transcriptional activator(s) and repressor(s)
is a good determinant of the phase of the downstream transcriptional
output, it should be possible to generate the natural phases in the clock
cells by using synthetic transcription factors and promoters. If so, the
finding would be remarkable because transcription factors are regu-
lated by various post-transcriptional mechanisms®, including transla-
tion*, phosphorylation®?>**-, ubiquitylation®**-*, sumoylation*' and
nuclear transportation®***—these post-transcriptional mechanisms are
thought to contribute, at least in part, to the phases of the downstream
transcriptional outputs. In other words, a successful reconstruction of
the natural circadian phases would imply that the network structure
of transcriptional circuits determines the fundamental timing of the
outputs from the circadian system. After transcription, the system
output timing can then be reinforced or modified by the various post-
transcriptional mechanisms listed above.

Proof-by-synthesis of daytime and night-time transcriptional
regulations

Using the artificial circuit system (Fig. 1b), we attempted to test our
hypothesis for daytime output by examining the dynamic behaviour of
the transcriptional output generated by an artificial morning activator
and an artificial night-time repressor, which were controlled by E’-box
elements and RRE elements, respectively. We first confirmed the circadian
oscillations of output dLuc messenger RNA (mRNA), as well as the timing
of the binding of the activator (d1GAL4-VP16) and repressor (dGAL4)
to the UAS—the peak times were at 2.0 h, 3.0 h and 16.0 h before the
second peak of output luciferase activity, respectively (Fig. 2a, b, and
Supplementary Fig. S1c). We noted that the peak time of output mRNA
abundance closely (within about 1.0 h) matched the peak time of the
activator binding in our iz cellulo system. Natural circadian systems show
similar timing between the peak times of mRNA output and activator
binding to the DNA element—at least for E-box activators (BMALIL/
CLOCK)—where the peak time of E-box-controlled mRNA expression
is at zeitgeber time (ZT) 7 (ref. 43) which is in the middle of the range of
peak time binding of BMAL1/CLOCK to the E-box, ZT 6-8.

When monitored by luciferase activity, the phases of the activa-
tor and repressor in this experiment were detected at circadian time
(CT) 4.0+0.29 (s.d., n=3), and CT 17.1 £0.37 (n = 3; Fig. 2c and
Supplementary Fig. S2a, left). The transcriptional output driven by these
regulators showed circadian oscillation with a phase at CT 7.7 £ 0.85
(n=4), which is close (1.0 h or less) to the corresponding natural day-
time (D-box) phase, CT 8.7 £ 1.13. This result suggests that morning

activation and night-time repression are sufficient to determine the
daytime transcriptional output. High-amplitude circadian oscillation
was not detected by expressing either the morning activator or the night-
time repressor alone (Supplementary Fig. S2b). Even when we used the
thymidine kinase (TK) promoter fused with 3 x CCE as a weaker driver,
which generates sevenfold less expression than the SV40 promoter
(1:(7.28 £ 0.70); Supplementary Fig. S2b, left), we still could not detect
high-amplitude circadian oscillations (Supplementary Fig. S2b). These
results illustrate that the competition between a morning activator and
night-time repressor is essential for generating detectable circadian oscil-
lations during daytime, which confirms observations of natural circadian
systems, in which a morning activator (Dbp, Tef or HIf) and a night-time
repressor (E4bp4) also competitively bind to the D-box element®**2.
Through this competitive binding, we speculate that the D-box element
can integrate both the morning-phase information conferred by its acti-
vator (Dbp, Tef or HIf) and the night-time-phase information conferred
by its repressor (E4bp4) to generate the daytime information.

We next tested the hypothesis for night-time output by examining
another artificial circuit, consisting of an artificial daytime activator
under D-box control and a morning repressor under E’-box control
(Fig. 2d and Supplementary Fig. S2a, right). When monitored by luci-
ferase activity, the phases of a transcriptional activator and repressor in
this experiment were at CT 8.7 and 9.1 (mean = 8.9, n =2) and CT 3.8
and 4.0 (mean = 3.9, n =2), respectively. The transcriptional output
driven by the regulators showed circadian oscillation with its phase at
CT 16.6 + 1.04 (n = 3), which is also very close (1.0 h or less) to the corre-
sponding natural night-time phase (CT 17.0 + 0.81). As with the daytime
transcriptional output, a high-amplitude circadian oscillation could not
be generated by expressing the daytime activator or morning repressor
alone (Supplementary Fig. S2b). These results therefore also confirmed
that the competition between a daytime activator and a morning repres-
sor is important in generating detectable circadian oscillation during
the night-time in cells. Together, our reconstruction experiments for
daytime and night-time expressions imply that the input phases of tran-
scription factors can determine the phases of transcriptional output.

Synthesis of novel output phases in cellulo and in vivo

These findings led us to reason that various combinations of transcription
factors with CCEs for the three basic circadian phases (morning, daytime
and night-time) might generate not only the basic phases, such as day-
time and night-time, but also other phases. To explore this possibility, we
examined artificial circuits with various other activator-repressor pairs. In
a circuit with an artificial night-time activator under RRE control and a
daytime repressor under D-box control, we observed high-amplitude cir-
cadian output with the phase at CT 22.2 £ 0.70 (n = 4), which is 1.8 h before
asubjective dawn (Fig. 3a and Supplementary Fig. S2c, left). We then tested
the remaining combinations of regulators: that is, a night-time activator and
a morning repressor, a morning activator and a daytime repressor, and a
daytime activator and a night-time repressor. All of these artificial circuits
showed circadian transcriptional outputs, with phases at CT 20.6 £ 0.91 (s.d,
n=4;asubjective late night), CT 4.7 + 0.40 (s.d., n = 3; 1.3 h before a subjec-
tive noon) and CT 11.0 £ 0.79 (s.d., n = 3; 1.0 h before a subjective dusk),
respectively (Fig. 3b—d and Supplementary Fig. S2¢). From these results we
concluded that, through simple combinations of the transcription factors
of the three basic circadian phases, we can generate diverse transcriptional
outputs that peak close to a subjective noon, dawn, dusk or late night.
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Figure 2 Proof-by-synthesis of daytime and night-time transcriptional
regulations. (a) Quantification of the output dLuc mRNA from the artificial
output reporter. The amounts of dLuc mRNA relative to constitutively
expressed Gapdh (glyceraldehyde-3-phosphate dehydrogenase) mRNA
(points) are indicated along with the luciferase (LUC) activity (lines) for two
different artificial transcriptional circuits: one using dGAL4-VP16-Flag
(green) and another using dGal4—Flag (magenta). The estimated peak of
output dLuc mRNA (marked with an orange asterisk) occurs 2.0 h before the
second peak of output luciferase activity. (b) Quantification of GAL4A-VP16-
Flag and GAL4-Flag bindings to the UAS in artificial transcriptional circuits.
After normalization for the amount of input DNA, the amounts of UAS
regions immunoprecipitated by anti-Flag antibody (squares) and by anti-V5
antibody (triangles) were quantified relative to a constitutively unbound actin
promoter region (Act-5"). These relative amounts of UAS ChIP products are
indicated along with the luciferase activity (line) for two different artificial
transcriptional circuits using dGAL4-VP16-Flag (green) and dGAL4-Flag
(magenta) (see also Supplementary Fig. S1c for other results of the negative

o
Y

o
-

Activator: D-box

2 3 4

(6]

Normalized bioluminescence

Repressor: E-box

2 3 4

)]

Output: UAS

Low

control). The estimated peak times of UAS ChIP products bound by the
activator (dGAL4-VP16, marked with a green asterisk) and the repressor
(dGAL4, marked with a magenta asterisk) were 3.0 and 16.0 h before the
second peak of output luciferase activity, respectively. (c, d) Synthesis of
daytime or night-time expressions from two different artificial transcriptional
circuits: morning activator under E -box control and night-time repressor
under RRE control (c), and daytime activator under D-box control and
morning repressor under E’-box control (d). Heat maps (top) indicate high
(magenta) or low (green) representative promoter activities and output of
each artificial transcriptional circuit monitored by bioluminescence from
NIH3T3 cells. The bioluminescence data were detrended in baseline and
amplitude, then normalized to set their maximum, minimum and average
to 1, -1 and O, respectively (see also Supplementary Fig. S2a for the

raw bioluminescence data). The schemes at the bottom summarize the
timings of peaks (that is, ‘phases’) of promoter activity, where an activator
(green oval), repressor (magenta oval) and output reporter (orange oval) are
indicated with their phases in circadian time (magenta numbers).
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Figure 3 Synthesis of various output phases from three basic circadian
phases in artificial transcriptional circuits. Promoter activities of an
activator, repressor and output reporter in four different artificial
transcriptional circuits: (a) night-time activator under RRE control and
daytime repressor under D-box control, (b) night-time activator under
RRE control and morning repressor under E"-box control, (c) morning

Even if the phase of the activator was not changed, an advance or delay
in the repressor phase led to a corresponding change in the phase of tran-
scriptional output (Fig. 4a—c). Conversely, a change in the activator phase
also led to a corresponding alteration in the output phase (Supplementary
Fig. $3). We can deduce from these findings that mammalian circadian
clocks can start from three basic circadian phases to generate finally,

0 1 2 3 4 5
Repressor : RRE

0 1 2 3 4 5
Output : UAS

activator under E"-box control and daytime repressor under D-box control,
and (d) daytime activator under D-box control and night-time repressor
under RRE control. Heat maps at the top indicate representative
promoter activities, and the schemes at the bottom summarize the
results, as described for Fig. 2 (see also Supplementary Fig. S2c for the
raw bioluminescence data).

through the transcriptional cascade, practically continuous phases,
which have been observed in vivo in central and peripheral clock tis-
sues including the suprachiasmatic nucleus, heart and liver®*-*. This
concept is reinforced by our observations that many transcription factors
are expressed rhythmically at various phases in the liver (Fig. 4d), and
that some seem to be controlled directly by the circadian clock through
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Figure 4 Transcriptional mechanisms to generate various output phases.
(a—c) Output phases in artificial transcriptional circuits with a morning
activator (a), daytime activator (b) or night-time activator (c). The phase of
an output reporter (green lines and numbers) is indicated in circadian time
(hours) for each repressor used. In artificial transcriptional circuits

in cellulo, the output phase could be changed according to the input phase

E-boxes, D-boxes or RREs (Supplementary Table S1). Furthermore, tran-
scriptional activator(s) and repressor(s) binding to similar DNA elements
are expressed at various phases in vivo (Supplementary Table S1), and
are therefore expected, from our in cellulo findings, to generate addi-
tional output phases.

Transcriptional logic underlying mammalian circadian clocks

On the basis of the findings in this study, we can now examine two
predictions on the timing (‘phase’) and relative amplitude of circadian
output oscillations in our previous report?, which proposed that the
phase advancement of a repressor relative to an activator causes a phase
delay of expression (‘repressor-precedes-activator’ mechanism), whereas
the phase advancement of an activator relative to a repressor causes a
phase advancement of expression (‘activator-precedes-repressor’ mecha-
nism). The previous paper also proposed that a larger phase difference
between an activator and a repressor generates a greater relative ampli-
tude of output rhythm (‘repressor-antiphasic-to-activator’ mechanism).
To verify these predictions, we modelled the transcriptional system by
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of the repressor even if that of the activator was unchanged. (d) /n vivo
periodic gene expression of various known transcription factors in mouse
liver under light/dark (LD) and constant darkness (DD) conditions. Columns
represent time points, and rows represent the probe sets for transcription
factors. The expression levels of each probe set were normalized so that their
average and standard deviation were set to O and 1, respectively.

using an activator, a repressor and an output reporter. To implement
this transcriptional system numerically, we searched for the sets of
parameters that could reproduce the observed reporter output of the
in cellulo mammalian cell-culture system (see Supplementary Text).
We then plotted the theoretical relationship between the output phases
(the delay/advancement of output expressions) and the input phases
(the phase differences between activators and repressors; Fig. 5a) and
found that the experimental data (coloured dots) matched the theoretical
plot (black line). This supported the ‘repressor-precedes-activator’ and
‘activator-precedes-repressor’ mechanisms for the output phases. These
repressor-precedes-activator and activator-precedes-repressor mecha-
nisms can delay or advance the default output phase (Fig. 5a, dashed line)
to generate new output phases, respectively (see also Fig. 5a, green circle
and square), which probably serve to create the seemingly continuous
output phases observed in vivo®#+-4e,

We also plotted the theoretical relationship between the relative ampli-
tudes of outputs and the input phases (the phase differences between
activators and repressors; Fig. 5b). We noticed that some outliers had
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Figure 5 Transcriptional logic underlying mammalian circadian clocks.

(a) Observed and simulated relationships between input transcription
factors and the phase of the output reporter. Axes represent the phase
differences (hours) between activator and repressor (x axis) and between
output and activator (y axis). Points show the means of the measurement data
(duplicated independently)—different point colour and shape combinations
represent different transcription factor combinations. The curve shows a
simulated relationship calculated from a theoretical model. The dashed
line (at about +4 h) shows the default output reporter phase that occurs
when a repressor is antiphasic to an activator. (b) Observed and simulated
relationships between input transcription factors and the relative amplitude
of the output reporter. The y axis represents the relative amplitude of the
output reporter. The curve shows a simulated relationship calculated from
our theoretical model. The points marked with an asterisk indicate outliers
that have a lower relative amplitude (by 0.2 or more) than the predicted
curve. (c) Observed relationships between the changes in expression levels
of input transcription factors and the relative amplitude of the output

a lower relative amplitude (by 0.2 or more; Fig. 5b, asterisked) than the
predicted curve (Fig. 5b, black line), which seems to have been due to the
larger changes (fourfold or more) in the expression levels of activator or
repressor (Fig. 5¢). These results are consistent with the prediction from
the sensitivity analysis of the relative amplitude and phase for a simulation
model with representative parameter values (Supplementary Text and
Supplementary Fig. S4), in which the increased circadian expression of

reporter. The x axis represents the ratio of activator expression to repressor
expression. The outlier points marked with an asterisk indicate experiments
in which there was a large difference (more than fourfold) in the expression
levels of activator relative to repressor (the points marked with an asterisk
here are consistent with the outliers from b). (d) The predicted sensitivity

of the relative amplitude when the circadian expression of an activator or a
repressor is changed fourfold (proportional changes in the expression level of
transcription factor affect both amplitude a and baseline y simultaneously).
Activator or repressor expression levels were varied fourfold (from X0.5 to
X2); the coloured curves indicate the predicted effects of these changes in
expression levels of transcription factors on relative amplitude of reporter
output. (e) Perturbation experiments of natural transcriptional circuits.

The relative amplitudes of luciferase activity are derived from the raw
bioluminescence data of a daytime output reporter (p3 X D-box-SV40-dLuc)
for various amounts of activator (DBP from p3 X E’-box-SV40-Dbp) or
repressor (E4BP4 from p3 X RRE-SV40-E4bp4). Shown are the averages of
the raw bioluminescence data from two or three independent samples.

activator (simultaneous increase in both amplitude a, and baseline y,)
can decrease the relative amplitude of output oscillations (Fig. 5d), while
not greatly affecting the output phase (Supplementary Fig. S4a, panels
enclosed in the frame). Aside from the outliers (which are due to the
greater expression of the activator), experimental data (Fig. 5b, coloured
dots) matched the theoretical plot (Fig. 5b, black line), supporting the
‘repressor-antiphasic-to-activator’ mechanism for the relative amplitude.
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This ‘repressor-antiphasic-to-activator’ mechanism is intuitive because
it probably reflects the number of hours during which the activator can
activate before the repressor begins to repress. However trivial it may
seem, this intuitive repressor-antiphasic-to-activator mechanism is non-
trivial and is even critical in generating higher-amplitude promoter activ-
ity in living cells, because no detectable oscillations are generated when a
repressor is expressed in phase with an activator in various combinations
(Supplementary Fig. S2d) or when an activator or repressor is expressed
alone (Supplementary Fig. S2b).

Perturbation experiments of the natural transcriptional circuit in

mammalian circadian clocks

One of the benefits and meanings of theoretical analysis is its formula-
tion of a prediction that, if verified, leads us to a deeper understanding of
the system in question. As discussed above, our simulation model with
representative parameter values (see Supplementary Text) shows that
an increase in circadian expression of an activator or repressor causes
a decrease or an increase, respectively, in the relative amplitudes of the
outputs (Fig. 5d). We reasoned that if (and only if) our simulation model
could recapitulate the natural circadian system, it should be possible to
apply the predictions derived from our simulation model to the natural
transcriptional circuit in mammalian circadian clocks. To verify our
predictions, we performed two perturbation experiments to increase the
circadian expression of a natural activator, DBP, or repressor, E4BP4, by
using p3 x E"-box-SV40-Dbp or p3 x RRE-SV40-E4bp4, respectively.
As predicted, the relative amplitude of a natural downstream output
from the D-box element, which is monitored by p3 x D-box-SV40-dLuc,
is decreased (0.68-fold) or increased (1.76-fold) by the increase in cir-
cadian expression of activator or repressor, respectively (Fig. 5¢). On
the basis of these results, we concluded that both our simulation model
and the derived design principles successfully recapitulated the natural
transcriptional circuit in the mammalian circadian clocks.

DISCUSSION

In this study we successfully reconstructed two natural phases of the cir-
cadian clock (that is, daytime and night-time expression). The probability
that any artificially generated peak will lie within 1 h of the naturally
observed output peak is 2 in 24 (or 0.083) at best. The chance that two
of two experiments would produce outputs within a 1 h difference from
the targets is therefore 0.083 x 0.083 = 0.0069 (less than 0.05). Even if we
adopt more stringent statistical criteria (the probability that two of three
basic phases would be generated), the chance is (number of ways of select-
ing any 2 from 3) x 0.083 x 0.083 x (1 — 0.083) = 0.0191 (less than 0.05).
On the basis of these calculations, we conclude that our reconstruction of
two natural phases in the circadian clock is statistically significant.

In this study we focused mainly on the competitive binding between
transcription activators and repressors that control the phase and ampli-
tude of the circadian output oscillations in mammalian circadian clocks.
However, in the natural circadian clock systems of mammals and other
organisms, transcription factors undergo various types of post-transcrip-
tional regulation®?****-%2 such as modification and degradation, which
may also contribute to the timing of the output phase and its amplitude.
It will therefore be important in future to incorporate such post-tran-
scriptional regulation into our in cellulo system to investigate its physical
role in a circadian system. For example, it is already known that the VP16
polypeptide used in our in cellulo system is subject to ubiquitylation,

ARTICLES

which is important in transcriptional activation®. Once the VP16-specific
ubiquitin ligase has been identified (it is as yet unidentified) it can be
applied to our in cellulo system to investigate the impact of the post-
transcriptional regulation on the circadian output oscillations.

In theory, the design principles described here for the phase and rela-
tive amplitude in mammalian circadian clocks can also be applied to the
post-transcriptional regulation of transcription factors in mammals and
other organisms, thereby allowing one to predict whether cyclic post-
transcriptional regulation—depending on its phase—advances or delays
the phase of the output, and whether it increases or decreases the relative
amplitude of the output. For instance, the WC-1-WC-2 activator complex is
expressed rhythmically by post-transcriptional regulation, whereas the wc-1
and wc-2 mRNAs in the Neurospora clock system are expressed constantly.
The WC-1-WC-2 activator complex peaking at CT 17-18 and the FRQ
repressor peaking at CT 8-10 drives many clock-controlled genes, and the
overt rhythm in banding peaks at about CT 22 (refs 48, 49). This is quite
consistent with the behaviour of our artificial circuit, in which an artificial
night-time activator under RRE control (peaking at about CT 17-18) and
a daytime repressor under D-box control (peaking at about CT 8) yield
a high-amplitude circadian output whose phase is at CT 22.2—about
1.8 h before subjective dawn (Fig. 3a). This consistency implies a general
applicability of the transcriptional logic that we describe in this study.

In summary, this study presents a synthetic approach to the ‘proof-by-
synthesis’ of transcriptional logic. This approach provides us with a new
strategy, not only to investigate the sufficiency of identified components
of transcriptional circuits and their interactions, but also to reveal as yet
unidentified components or interactions. For example, although we suc-
cessfully (re)generated two basic phases, daytime and night-time, as well
as additional phases near the subjective noon, dawn, dusk and late night,
from the three basic circadian phases, we have not yet been able to regener-
ate one basic circadian phase, morning, which we expect to be regulated
directly or indirectly by the three basic phases, to maintain circadian oscil-
lations. Thus, in our in cellulo study, morning transcriptional regulation
is still a ‘missing link” in the mammalian clock system. Because a strong
repressor at evening phase seems indispensable to the reconstruction of
the morning phase, a candidate transcription factor could be CRY1, which
is a transcriptional repressor expressed during the evening®. However, the
expression regulation mechanism of the Cryl gene remains unknown
because more than one DNA element seems involved in the expression®.
Hence, the challenge of synthesizing evening and morning expression still
lies ahead as we work towards the complete reconstruction of the tran-
scriptional circuits underlying mammalian circadian clocks. O

METHODS

Construction of plasmid pG4-dLuc, p3 x CCE-SV40-dGAL4-VP16 and
p3 x CCE-SV40-dGal4. To construct the output reporter plasmids, the pG5Luc
(containing five UAS) plasmid in the CheckMate Mammalian Two-Hybrid system
(Promega) was modified to contain four tandem repeats of the galactose UASs and
a gene encoding destabilized luciferase (dLuc) as follows: pG5Luc was digested
with EcoRI and Nhel, blunted with T4 DNA polymerase, and ligated with itself.
The product was then digested with SphI and Sall, ligated to the SphI-Sall frag-
ment from the SV40-dLuc plasmid, containing the PEST sequence of dLuc*, and
termed pG4-dLuc. To construct activator or repressor plasmids, we modified the
pBIND and pACT (Promega) vectors as follows. We amplified the VP16 coding
sequences from pACT (Promega) by PCR with a forward primer containing an
EcoRV recognition sequence (5-GATATCCTCGACGGCCCCCCCGACCG-3’
) and a reverse primer containing a NotI recognition sequence (5'-GCGGCCGCT
CTAGATGGCGATCCCGGACCCGGGGAATC-3"). The PCR product was then
digested with EcoRV and Notl, and then fused to the Gal4 gene in the pBIND vector.
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A PEST fragment, amplified from the SV40-dLuc plasmid by PCR with forward
(5"-ATGCGGTACCAGCCATGGCTTCCCGCCG-3") and reverse (5"-CGTGG
GTACCCACATTGATCCTAGCAGAAGC-3") primers containing the Kpnl rec-
ognition sequence, was inserted into the VP16-fused and original pBIND vectors,
previously digested with KpnI. These products were termed pPCMV-dGAL4-VP16
and pCMV-dGal4, respectively. To drive the artificial activator or repressor in three
basic circadian phases (morning, daytime or night-time), p3 x CCE-SV40-dLuc
plasmids*—which contained the Per2 E"-box (5 "-gcgcgcgeggt CACGT Tttccactatgtg
acagcggagg-3 "), the Per3 D-box (5 -cccgegeg T'TATGTA Aggtactcg-3 ) or the Brmall
RRE (5"-aggcagAAAGTAGGTCAgggacg-3°) as a CCE (CCEs are indicated with
underlines)—were digested with Kpnl and HindIII, blunted by T4 DNA polymerase,
and inserted into the Bg/IT and Nhel site of pCMV-dGAL4-VP16 or pPCMV-dGal4.
The end products, p3 x CCE-SV40-dGAL4-VP16 and p3 x CCE-SV40-dGal4, were
used as the activator or repressor plasmids for the artificial transcription circuits.

Real-time circadian reporter assays. Real-time circadian assays were performed as
described previously**, with the following modifications. NIH3T3 cells (American
Type Culture Collection) were grown in DMEM medium (Invitrogen) supplemented
with 10% FBS (JRH Biosciences) and antibiotics (25 U ml™" penicillin, 25 mg ml™'
streptomycin; Invitrogen). At 24 h before transfection, cells were plated at 10° cells
per well in 35-mm dishes. These cells were transfected with FuGene6 (Roche) in
accordance with the manufacturer’s instructions. The cells in each well were trans-
fected with three plasmids (0.4 pg of dLuc reporter plasmid, 0.025 pg of p3 x CCE-
SV40-dGAL4-VP16 and 0.1 pg of p3 x CCE-SV40-dGal4). As the dLuc reporter
plasmid we used p3 x CCE-SV40-dLuc* for monitoring the promoter activity of the
artificial transcription factors, or pG4-dLuc for monitoring the transcriptional output
in artificial transcriptional circuits. The amount of transfected plasmid was adjusted
to 2.0 pg with empty vector. After 72 h, the medium in each well was replaced with
2ml of culture medium (DMEM/10% FBS) supplemented with 10 mM HEPES
(pH 7.2; Invitrogen), 0.1 mM luciferin (Promega), antibiotics and 0.01 uM forskolin
(Nacalai Tesque). Bioluminescence was measured with photomultiplier tube detec-
tor assemblies (LM2400; Hamamatsu Photonics). The modules and cultures were
maintained in a darkroom at 30 °C and interfaced with computers for continuous
data acquisition. Photons were counted for 1 min at 12-min intervals.

Rhythmicity, period length and phase analysis of real-time bioluminescence
data. The rhythmicity and period length of the promoter activity for each reporter
were determined as described previously”. Bioluminescence time-series data were
detrended by subtracting the trend curve of a 42 h timescale, calculated by the
smoothing spline method with corresponding stiffness®, and then used in the fol-
lowing analysis. Autocorrelation of the detrended time-series data was then cal-
culated within the range 16-28 h to determine the circadian period of oscillation,
which was defined to provide the strongest autocorrelation. Statistical significance
(with p = 0 as most significant and p = 1 as least significant) of the circadian oscilla-
tion was evaluated by comparing the strongest autocorrelation of the detrended data
within the range 16-28 h against that of white noise (p < 0.01). The periods of three
dLuc reporters (two p3 x CCE-SV40-dLuc reporters for monitoring the promoter
activity of the activator or repressor, and a pG4-dLuc reporter for monitoring the
promoter activity of the output reporter) were calculated for each artificial circuit,
and the mean value of the three periods was considered the ‘circuit period.

To calculate the normalized bioluminescence data (that is, the oscillatory
component of the bioluminescence data) shown in Fig. 2c-d and Fig. 3a-d, the
moving average of the absolute value of the detrended bioluminescence data
was calculated first. The window size of the moving average was set to half of the
circuit period calculated above. Then the oscillatory component of the detrended
data was calculated by dividing the data by the moving average of the data at each
time point. To calculate the peak time, a cosine curve was fitted to have maximum
correlation with the normalized bioluminescence data. The peak time of the fitted
cosine curve was used as the phase of each reporter.

Calculation of natural output phases of the E"-box, the D-box and the RRE. For
comparison with the artificial output phases, the natural output phases control-
led by the CCEs were determined as follows. NIH3T3 cells were transfected with
p3 x CCE-SV40-dLuc, the dLuc gene being driven by the SV40 basic promoter
fused with three tandem repeats of CCEs, and then monitored for 5 days for
each CCE (n = 25-30). The means and standard deviations of the phase for the
CCEs were 3.8 + 0.84 (E"-box), 8.7 + 1.13 (D-box) and 17.0 + 0.81 (RRE) in CT,

where we define CT 0 as the time of forskolin stimulation. These mean values
were regarded as the natural output phases for the morning (E’-box), daytime
(D-box) and night-time (RRE) elements in the experiments.

GeneChip expression data. The previously published genome-wide expression
data for the liver® were re-analysed and re-annotated in this study, as described
in detail in Supplementary Methods.

Theoretical model of the circadian circuit. Our theoretical model is based on the for-
mula in our previous report* and has been extended to introduce basal transcription,
degradation of mRNAs, and the translation and degradation of proteins to express the
amount of the output proteins. The model comprises five formulas: the protein levels
of the activator and repressor, the transcriptional activity of the output reporter, the
mRNA level of the output reporter, and the protein level of the output reporter.

The protein levels of the activator and repressor are modelled as the sum of
an oscillating component and a constant component. A formula for the protein
level of an activator at time ¢ is

t-a

A(t) = a, |1+cos |21 +Y,

24

where a,, aand y,, are the amplitude, phase and constant component of the activa-
tor, respectively. A formula for the protein level of a repressor at time ¢ is

t—b
1+ cos 2w

R(t) =04 +Yy

24

where o, band y, are the amplitude, phase and constant component of the repres-
sor, respectively.
The transcriptional activity of an output reporter at time ¢ is formulated as

Aw |
K

— —+p
A(t) R(t)
K K

A R

TH=V,

where 1/K, and 1/K are the strengths of the binding affinities of the activator and
repressor, respectively. The constants K, and K, are inversely proportional to the
strengths of the binding affinities (the larger the values of K, and K, the weaker
the binding), » is the Hill coefficient, { is the basal transcriptional activity and
V, is the efficiency of transcription.

The mRNA and protein levels of an output reporter, M(t) and P(t), are mod-
elled using differential equations, and formulated as

a4 M(t) =T(1)- [IW%ZJM(U

dt |
]P(t)

where V., is the efficiency of translation, and T, and T, are the half-life of the
mRNA and protein, respectively.

Detailed information of the other experimental and computational methods
is described in Supplementary Methods.

d log 2
—Pt)=V.M(t) -
<P =V M @) [ 3

Note: Supplementary Information is available on the Nature Cell Biology website.
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Figure S1 Evaluating our in cellulo mammalian cell culture system. a,
Determination of number of UASs in the artificial promoter to regulate the
output reporter gene. We first constructed reporter vectors, varying the number
of UAS (from 1 through 5) on the promoter driving a reporter gene (dLuc).

We transfected them with a morning activator and a night-time repressor into
NIH3T3 cells and then monitored the bioluminescence from the cells. The raw
bioluminescence data from two independent samples are shown. The relative
amplitudes of each output signal from two independent samples are also
shown (lower left panel). b, Determination of number of CCEs in the artificial
promoter to regulate the activator and repressor genes. We first constructed
two sets of vectors with two and three copies of the clock-controlled elements
(CCE; E’-box from the Per2 gene, or RRE from the Bmall gene) on promoters
driving a reporter gene (dLuc), an artificial activator gene (dGal4-VP16) or an
artificial repressor gene (dGal4). We then monitored their promoter activities
(either 2x or 3x E'-box, and either 2x or 3x RRE) as well as the output

Relative Amplitude — LUC activity

0.5
o —— 2xCCE Using dGAL4-Flag
] 0.4 — B Thp-5' ChIP product by anti-Flag
= A A Tbp-5' ChIP product by anti-V5
g— 0.3 . = LUC activity
<
'g 0.2 f——"
©
o 01
o

0

2 3 4 5
Day

(UAS) from artificial transcriptional circuits with a morning activator and a
night-time repressor. The raw bioluminescence data from two independent
samples are shown. The relative amplitudes of each output signal from two
independent samples are also shown (lower left panel). ¢, Negative controls
for quantification of GAL4-VP16-FLAG and GAL4-FLAG bindings to the UAS
in the artificial transcriptional circuits. After normalization for the amount of
input DNA, the amount of Thp promoter (Tbp-5’) region immunoprecipitated
by anti-FLAG antibody (squares) and by anti-V5 antibody (triangles) were
quantified relative to a constitutively unbound region (Act-5"). These relative
amounts of Thp-5' ChlP products are indicated along with the LUC activity
(line) for two different artificial transcriptional circuits using dGAL4-VP16-
FLAG (green) and dGAL4-FLAG (magenta). ChIP assays were performed with
the artificial transcriptional circuit (morning activator and night-time repressor)
in NIH3T3 cells at 4-h intervals for 24 h with anti-FLAG antibody and anti-V5
antibody as negative control.
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Figure S2 Raw bioluminescence data from artificial transcriptional circuits
with various combinations of activators and repressors. a, Synthesis of day-
time and night-time expressions in two different artificial transcriptional
circuits. Promoter activities of an activator, repressor, and output reporter
in two different artificial transcriptional circuits: (left) morning activator
under E’-box control and night-time repressor under RRE control, and
(right) day-time activator under D-box control and morning repressor

under E’-box control. b, High-amplitude transcriptional oscillation cannot
be generated by an activator or a repressor alone. (left) The activities of
the SV40 promoter and thymidine kinase (TK) promoter. The promoter
activities were monitored by bioluminescence from NIH3T3 cells, which
were transfected SV40-dLuc and TK-dLuc. The transcriptional activity

of TK promoter indicates lower expression than SV40 promoter (1:7.28

+ 0.70). (right) Promoter activities of the output reporter in six different
artificial transcriptional circuits. The promoters used to regulate the
activator and repressor genes were SV40 promoter (SV40, left panels) and
TK promoter (TK, right panels): morning activator or repressor alone (upper

panels), day-time activator or repressor alone (middle panels) and night-
time activator or repressor alone (lower panels). ¢, Synthesis of various
phases from three basic circadian phases in artificial transcriptional
circuits. Promoter activities of an activator, a repressor, and an output
reporter in four different artificial transcriptional circuits: (left) night-
time activator under RRE control and day-time repressor under D-box
control, (middle left) night-time activator under RRE control and morning
repressor under E’-box control: (middle right) morning activator under
E’-box control and day-time repressor under D-box control: and (right)
day-time activator under D-box control and night-time repressor under
RRE control. d, Promoter activity in artificial transcriptional circuits with
a repressor in phase with an activator. Promoter activities of an activator,
repressor, and output reporter in three different artificial transcriptional
circuits: (left) morning activator and repressor both under E’-box control:
(middle) day-time activator and repressor both under D-box control: and
(right) night-time activator and repressor both under RRE control. The raw
bioluminescence data from two independent samples are shown.
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Figure S3 Transcriptional mechanisms to generate novel phases. Output
phases in artificial transcriptional circuits with a morning repressor

(a), day-time repressor (b), or night-time repressor (c). The phase of an
output reporter (magenta lines and numbers) is indicated in circadian

Activator : E’-box

11.0
Activator : D-box

time (h) with the activator used (bold black). In artificial transcriptional
circuits in cellulo, the output phase could be changed according to

the input phase of the activator, even if that of the repressor was
unchanged.
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Figure S4 Sensitivity of the output phase and the relative amplitude to each
parameter. a, The sensitivity of the output phase over -12 < a-b< 12 is
shown when each parameter value was changed by 1 hour (a and b) or 4-fold
(the others). X-axis represents the advance of a repressor compared to an
activator (h) (phase difference between an activator and repressor), while
Y-axis represents the delay of an output reporter compared to an activator
(h) (phase difference between an output reporter and activator). The effects
of simultaneous increases in both absolute amplitude and base-line levels
of an input activator (a4 and y,) or repressor (az and yg) are also shown in
the boxed-panel (inbox). The black curve shows a simulation model with
representative parameter values of one hundred fitted parameter sets; the
other curves show changed values for sensitive analysis. b, The simulated
sensitivity of the output phase to the parameter describing each process.
Each bar shows the average phase difference obtained by changing its
original parameter value by 1 hour (parameter a and b) or 4-fold (other
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parameters). Each error bar represents standard error. These values were
calculated from 100 simulations with trimming of the 5% outliers. ¢, The
sensitivity of the relative amplitude over -12 < a-b < 12 is shown when each
parameter value was changed by 1 hour (a and b) or 4-fold (the others).
X-axis represents the advance of a repressor compared to an activator

(h) (phase difference between an activator and repressor), while Y-axis
represents the relative amplitude of oscillation of output protein (dLUC)
activity. The black curve shows a simulation model with representative
parameter values of one hundred fitted parameter sets; the other curves
show changed values for sensitive analysis. d, The simulated sensitivity
of the relative amplitude to the parameter describing each process. Each
bar shows the average relative amplitude difference obtained by changing
its original parameter value by 1 hour (parameter a and b) or 4-fold (other
parameters). Each error bar represents standard error. These values were
calculated from 100 simulations with trimming of the 5% outliers.
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Supplementary Text

Determination of number of the galactose upstream activating sequences.

The number of the galactose upstream activating sequences (UASs) was determined by
the following experiments. We constructed reporter vectors with varying numbers of
UAS (from 1 through 5) on the promoter driving dLuc output, reporter, transfected the
vector into NIH3T3 cells and then monitored bioluminescence from the transfected cells
(Supplementary Fig. 1a). We observed that reporter vectors with 1 or 2xUAS did not
exhibit high-amplitude oscillations, while those with 3, 4, and 5xUAS produced
high-amplitude oscillations in comparable phases. In this manuscript, we adopt
4xUAS because outputs with 4<UAS results in the relative amplitudes with the smallest

variation (Supplementary Fig. 1a lower left).

Determination of number of the clock-controlled elements.

To determine the number of clock-controlled elements (CCE) that we should use to
drive activator/repressor expression, we constructed two sets of vectors containing
either two or three copies of the CCEs on promoters driving dLuc reporter or artificial
activators/repressors, and monitored their promoter activities and transcriptional output
(Supplementary Fig. 1b). Via bioluminescence, we observed that promoter activities
and outputs for both 2 and 3xCCE exhibited comparable phases and relative amplitudes
(Supplementary Fig. 1b lower left). Although we could have used 2xCCE, we opted
to use 3xCCE in our system, because it has been the construct used since our preceding

1
works .
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Comparison of the previous predictions and the numerical experimental data

The predictions of repressor-antiphasic-to-activator and repressor-precedes-activator
mechanisms in the previous report’ is well matched with our numerical experimental
data although we should give attention to the difference of the transcription activity that
was evaluated in the previous model and the output protein activities that were
measured in our experiment. Due to transcription and translation of an output reporter,
the simulation model with representative parameter values (black line in Fig. 5a) in our
current manuscript has an approximately 4-hour delay from the previous model. This
delay is comparable to the delay estimated from our experiment in Fig. 2a and b, where
the peak-time of dGAL4-VP16 binding to UAS and peak-time of Luciferase mRNA are
about 3.0-hour and 2.0-hour before that of output Luciferase activity, respectively, and
thus the delay between transcription activity and output protein was estimated as about

2.0-3.0 hours.

Sensitivity analysis of the phase and relative amplitude of the output oscillations

We calculated the sensitivity of the phase and the relative amplitude of the output
oscillation to each parameter by changing the parameter's value by 4-fold (from 1/2- to
2-times the original parameter value) (Supplementary Fig. 4a, c), except for the input
phase of the transcriptional factors, which we changed by 1 h (from a 0.5-h delay to
0.5-h in advance of the original phase). By repeating this procedure for 100 fitted
parameter sets, we also evaluated the average contribution of each process

(Supplementary Fig. 4b, d).
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As expected from our in cellulo mammalian cell culture system results (Figs.
4a-c), the phase difference of input transcription factors can contribute to the output
phase in silico (Supplementary Fig. 4b). For example, a 1-h alteration in the phase of
an activator or a repressor led to ~1 h changes in the output phase (0.98 h for a and 0.62
h for b). In addition, the absolute amplitude and base-line level of the input
transcription factor phases contributed to the output phase: a 4-fold parameter change in
the absolute amplitude (a4 and ar) or the absolute base-line level (y4 and yz) of an
activator or repressor could alter the output phase by 1 ~2 h (0.95 h for ay, 1.77 h for ag,
0.70 h for y4 and 1.03 h for yz). However, the effects of absolute amplitudes and
base-line levels on output phase seemed to cancel out when they were both increased
simultaneously. This was because the effects of simultaneous increases of both absolute
amplitude and base-line levels of the inputs are smaller than independent increases in
absolute amplitude or base-line levels (0.33 h for a4 and y4, and 0.80 h for ar and yz and
see also Supplementary Fig. 4a inbox). We noted that binding affinities of the input
activator or repressor onto the promoters (1/Ky, or 1/Kz) are theoretically equivalent to
the simultaneous increase of a4 and y,4, or az and yz, respectively (0.33 h for 1/K, and
0.80 h for 1/Kz). We also noted that the half-life of the mRNA or protein of a reporter
(1.07 h for 7; and 2.14 h for 7>) contributed more to the output phase than the reporter's
transcription or translation processes (<0.01 h for g, V; and V), which implies that the
degradation process can cause output phases to be fairly continuous, as is observed in
vivo™.

As for the contribution of input transcription factors to the relative amplitude of
the output oscillations (Supplementary Fig. 4d), we find that the absolute amplitudes
and base-line levels of the inputs have larger effects than the phases of the inputs (0.15
for ay, 0.12 for ag, 0.12 for y4 and 0.08 for yg, 0.03 for a, 0.03 h for b). Interestingly,

these effects of absolute amplitudes and base-line levels of the inputs do not seem to
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cancel out much when both are increased simultaneously since the effects of
simultaneous increase of both absolute amplitude and base-line levels of the inputs are
similar to, or greater than, those of either absolute amplitude or base-line levels of the
inputs (0.16 for a4 and y,, and 0.14 for ag and yz and see also Fig. 5d). Hence, we
observe a marked contrast to the output phase, implying that absolute circadian
expression levels of the inputs seem to play a key role in controlling the relative

amplitudes of outputs.

To recap, we noted: 1) that binding affinity of the input activator or repressor
onto the promoters (1/Ky, or 1/Kz) are theoretically equivalent to the simultaneous
increase of a4 and y,4, or ag and yg, respectively (0.16 for 1/K, and 0.14 for 1/Ky), and;
2) that the half-life of the mRNA or protein of a reporter (0.08 for 7; and 0.28 h for 7>)
also contributed to the relative amplitude of the output Interestingly, however, basal
transcription is more important for the relative amplitude of the output than the

efficiencies of transcription and translation (0.15 for £, <0.001 for V; and V>).
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Supplementary Methods

Construction of pCMV-dGal4-VP16-Flag and pCMV-dGal4-Flag. To construct
Flag-tagged activator and repressor plasmids regulated by CMV promoter, the
Flag-PEST coding DNA fragment, amplified from the pCMV-dGal4 plasmid (See
Methods in main text) by PCR with forward
(5'-GGCCGCAGGTACCGACTACAAGGATGACGATGACAAGAGCCATGGCTTCCC
GCCGGCGGTG-3') and reverse
(5'-TTATTCAGGTACCCACATTGATCCTAGCAGAAGC-3") primers containing the
Kpnl recognition sequence (under line) and Flag coding sequence (italics), was inserted
into the VP16-fused and original pBIND vectors (Promega, See Methods in main text),
previously digested with Kpnl. These products were termed pCMV-dGal4-VP16-Flag

and pCMV-dGal4-Flag, respectively, and used for Western Blot analysis.

Measurement of protein half-lives of dGAL4-VP16-FLAG and dGAL4-FLAG.
NIH3T3 cells (American Type Culture Collection) were grown in DMEM (Invitrogen)
supplemented with 10% FBS (JRH Biosciences) and antibiotics (25 U/ml penicillin, 25
mg/ml streptomycin; Invitrogen). Cells were plated at 1x10° cells per dish in 90-mm
dishes 24 h before transfection. These cells were transfected with FuGene6 (Roche)
according to the manufacturer's instructions. The cells in each well were transfected
with 12 pg of pCMV-dGal4-VP16-Flag or pCMV-dGal4-Flag. After 24 h, the cells
in each well were harvested and plated in 6 35-mm dishes. After 48 h, the cells were
treated with cycloheximide (CHX, SIGMA) at a final concentration of 100 pg/ml until
their harvest. The treated cells were harvested at 0, 2, 4 and 6 h and used for Western

Blot Analysis.
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For Western Blot Analysis, each nuclear and cytoplasmic fraction was
extracted from the harvested cells with NE-PER Nuclear and Cytoplasmic Extraction
Reagents (PIERCE). Each cell lysate was applied to a lane of polyacrylamide gels.
For immunoblot analysis, proteins were transferred to PVDF membranes. Anti-FLAG
M2 monoclonal Antibody-Peroxidase Conjugate (SIGMA) was diluted 2000-fold and
used for detection of dGAL4-VP16-FLAG and dGAL4-FLAG protein. Anti-Tubulina
monoclonal antibody (clone DM1A, LAB VISION) was diluted 330-fold, and used for
detection of Tubulina protein as internal control. For visualization, ECL Plus Western
Blotting Detection System (GE Healthcare) and LAS-1000 (FUJIFILM) were used

according to the manufacturer's instructions.

Construction of plasmid pG1-dLuc, pG2-dLuc, pG3-dLuc and pG5-dLuc. To
construct the output reporter plasmids, the pG5Luc (containing five UAS) plasmid in
the CheckMate Mammalian Two-Hybrid system (Promega) was modified to contain
one, two or three tandem repeats of the galactose upstream activating sequences (UAS)
and a gene encoding destabilized luciferase (dLuc) as follows. pG5Luc was digested
with Xbal (partial digestion) and EcoRI (for remaining one UAS), Xhol and Nhel (for
remaining two UAS), or Xhol and EcoRI (for remaining three UAS). These digested
vectors were blunted by T4 DNA Polymerase, and ligated with itself. The products
and pG5Luc (Promega) were then digested with Sphl and Sal/l, ligated to the Sphl-Sall
fragment from the SV40-dLuc plasmid, which contains the PEST sequence of the dLuc'
and termed pG1-dLuc (containing one UAS), pG2-dLuc (containing two UAS),
pG3-dLuc (containing three UAS), and pG5- dLuc (containing five UAS). These

constructs were used as the reporter plasmids for the artificial transcription circuits.
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Real-time circadian reporter assays using reporter vectors with UAS (1-5x%).
Real-time circadian assays were performed as previously described'® with the following
modifications. NIH3T3 cells (American Type Culture Collection) were grown in
DMEM (Invitrogen) supplemented with 10% FBS (JRH Biosciences) and antibiotics
(25 U/ml penicillin, 25 mg/ml streptomycin; Invitrogen). Cells were plated at 1x10°
cells per well in 35-mm dishes 24 h before transfection. These cells were transfected
with FuGene6 (Roche) according to the manufacturer's instructions. The cells in each
well were transfected with three plasmids (0.4 pg of dLuc reporter plasmid, 0.025 pg of
p3xE'-box-SV40-dGal4-VP16, and 0.1 pg of p3xRRE-SV40-dGal4). As the dLuc
reporter plasmid, we used p3xE'-box-SV40-dLuc and p3*xRRE-SV40-dLuc' for
monitoring the promoter activity of the artificial transcription factors, or pG1-dLuc,
pG2-dLuc, pG3-dLuc, pG4-dLuc , and pG5-dLuc for monitoring the transcriptional
output in the artificial transcriptional circuits. The amount of transfected plasmid was
adjusted to 2.0 ug with empty vector. After 72 h, the media in each well was replaced
with 2 ml of culture medium (DMEM/10% FBS) supplemented with 10 mM HEPES
(pH 7.2, Invitrogen), 0.1 mM luciferin (Promega), antibiotics, and 0.01 uM forskolin
(Nacalai Tesque). Bioluminescence was measured with photomultiplier tube (PMT)
detector assemblies (LM2400, Hamamatsu Photonics). The modules and cultures
were maintained in a darkroom at 30°C and interfaced with computers for continuous

data acquisition. Photons were counted for 1 min at 12-min intervals.

Construction of plasmid p2xCCE-SV40-dLuc, p2xCCE-SV40-dGal4-VP16 and
p2xCCE-SV40-dGal4. To construct activator or repressor plasmids regulated by two
tandem repeated clock-controlled element (CCE), we modified the pPCMV-dGal4-VP16
or pCMV-dGal4 vectors as follows. The oligonucleotides containing two tandem

repeat sequences of CCEs were annealed, and inserted into MIul/Bgl/lI site of the
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SV40-dLuc vectors'. These products (p2xCCE-SV40-dLuc plasmids) were digested
with Kpnl and HindIlIl, blunted by T4 DNA polymerase, and inserted into the Bg/Il and
Nhel site of pPCMV-dGal4-VP16 or pCMV-dGal4. The end products,
p2xCCE-SV40-dGal4-VP16 or p2xCCE-SV40-dGal4, and the intermediate product
p2xCCE-SV40-dLuc were used as the activator or repressor plasmids for the artificial

transcription circuits, and as the reporter plasmid for promoter activity, respectively.

The oligonucleotide sequence for two tandem repeated clock-controlled element.

2x Per?2 E'-box-forward:
5'-CGCGGCGCGCGCGGTCACGTTTTCCACTATGTGACAGCGGAGGGCGCGCG
CGGTCACGTTTTCCACTATGTGACAGCGGAGG-3'

2x Per?2 E'-box-reverse:
5'-GATCCCTCCGCTGTCACATAGTGGAAAACGTGACCGCGCGCGECeeTecae
TGTCACATAGTGGAAAACGTGACCGCGCGCGC-3'

2x Bmall RRE-forward:
5'-CGCGAGGCAGAAAGTAGGTCAGGGACGAGGCAGAAAGTAGGTCAGGGA
CG-3'

2x Bmall RRE-reverse:

5-GATCCGTCCCTGACCTACTTTCTGCCTCGTCCCTGACCTACTTTCTGCCT-3'

Real-time circadian reporter assays using artificial activator and repressor derived
by 2xCCE-SV40 promoters. Real-time circadian assays were performed as

previously described'® and as mentioned above with the following modifications.
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NIH3T3 cells were plated at 1x10° cells per well in 35-mm dishes 24 h before
transfection, and were transfected with FuGene6. The cells in each well were
transfected with three plasmids (0.4 ug of dLuc reporter plasmid, 0.025 pg of
p2xE'-box-SV40-dGal4-VP16, and 0.1 pg of p2xRRE-SV40-dGal4). As the dLuc
reporter plasmid, we used p2xE'-box-SV40-dLuc and p3xRRE-SV40-dLuc' for
monitoring the promoter activity of the artificial transcription factors, and pG4-dLuc for
monitoring the transcriptional output in artificial transcriptional circuits. The amount
of transfected plasmid was adjusted to 2.0 ug with empty vector. After 72 h, the media
in each well was replaced with 2 ml of culture medium including 0.01 uM forskolin.
Bioluminescence was measured with photomultiplier tube (PMT) detector assemblies

(LM2400) in a darkroom at 30°C.

Construction of p3xE'-box-SV40-dGal4-VP16-Flag and
p3XRRE-SV40-dGal4-Flag. To construct Flag-tagged activator and repressor
plasmids regulated by E'-box and RRE, the Flag-PEST coding DNA fragment,
amplified from the pCMV-dGal4 plasmid (See Methods in main text) by PCR with
forward
(5'-GGCCGCAGGTACCGACTACAAGGATGACGATGACAAGAGCCATGGCTTCCC
GCCGGCGGTG-3') and reverse
(5'-TTATTCAGGTACCCACATTGATCCTAGCAGAAGC-3") primers containing the
Kpnl recognition sequence (under line) and Flag sequence (italics), was inserted into
the Kpnl sites of p3XE'-box-SV40-dGal4-VP16 and p3XRRE-SV40-dGal4 vectors (See
Methods in main text), that were previously digested with Kpnl. These products were
termed p3xE'-box-SV40-dGal4-VP16-Flag and p3xRRE-SV40-dGal4-Flag, and used

for Chromatin Immunoprecipitation assay.
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Chromatin Immunoprecipitation (ChIP) assay and Quantitative PCR of ChIP
pruduct. NIH3T3 cells (American Type Culture Collection) were grown in DMEM
(Invitrogen) supplemented with 10% FBS (JRH Biosciences) and antibiotics (25 U/ml
penicillin, 25 mg/ml streptomycin; Invitrogen). Cells were plated at 1x10° cells per
dish in 14 90-mm dishes 24 h before transfection. These cells were transfected with
FuGene6 (Roche) according to the manufacturer's instructions. The cells in each dish
were transfected with three plasmids ({8 ng of pG4-dLuc, 4.8 pug of
p3XE'-box-SV40-dGal4-VP16-Flag and 19.2 pg of p3XRRE-SV40-dGal4} and {8 ng
of pG4-dLuc, 4.8 ng of p3xE'-box-SV40-dGal4-VP16 and 19.2 pug of
p3XRRE-SV40-dGal4-Flag}). After 24 h, the cells in each well were harvested and
plated in 14 90-mm dishes and two 35-mm dishes. After 48 h, the media in each dish
was replaced with 10 ml of culture medium (DMEM/10% FBS) supplemented with 10
mM HEPES (pH 7.2, Invitrogen), antibiotics, and 0.01 uM forskolin (Nacalai Tesque),
and cultured at 30°C. After 12, 16, 20, 24, 28, 32, 36 h from the stimulation, the
treated cells were fixed with 1% paraformaldehyde by a set of two dishes and used for
Chromatin Immunoprecipitation. In the same time, bioluminescence was measured
with photomultiplier tube (PMT) detector assemblies (LM2400, Hamamatsu Photonics)
with the cells in 35-mm dishes, which was replaced with 2 ml of culture medium
(DMEM/10% FBS) supplemented with 10 mM HEPES (pH 7.2, Invitrogen), 0.1 mM
luciferin (Promega), antibiotics, and 0.01 uM forskolin (Nacalai Tesque). The
modules and cultures were maintained in a darkroom at 30°C and interfaced with
computers for continuous data acquisition. Photons were counted for 1 min at 12-min

intervals.

Chromatin Immunoprecipitation assays with these NIH3T3 cells were

performed as previously described’ with the following modifications. In this report,

10

© 2008 Macmillan Publishers Limited. All rights reserved.



we used Chromatin Immunoprecipitation Assay Kits (Upstate Biotechnology),
anti-FLAG M2 antibody (Sigma) and anti-V5 antibody (Sigma). Protein G-Sepharose
(GE Healthcare) was used for precipitation of antibody/protein immune complexes.
The resulting precipitated DNA was quantified by quantitative PCR. Quantitative
PCR was performed using ABI Prism 7700 and Power SYBR Green Reagents (Applied
Biosystems).Samples contained 1xPower SYBR Green Master Mix (Applied
Biosystems), 0.5 uM primers and 1/25 ChIP product DNA in a 10 pl volume. The
PCR conditions were as follows: 10 min at 95°C, then 45 cycles of 15 s at 94°C, 30 s at
59°C and 1 min at 72°C.  Absolute DNA abundance was calculated using the standard
curve obtained from NIH3T3 cell's genomic DNA and pG4-dLuc plasmid. The Act

promoter (Act-5") and Thp promoter (7hp-5') regions were used as the internal control.

Primer sequence for Quantitative PCR of ChIP product.

UAS-forward: 5-TAGGCTGTCCCCAGTGCAAG-3'

UAS-reverse: 5'-CGATAGAGAAATGTTCTGGCAC-3'

Act-5'-forward: 5'-CCAAGAGGCTCCCTCCACA-3'

Act-5'"-reverse: 5'-GTGCAAGGGAGAAAGATGCC-3'

Tbp-5'-forward: 5'-GAGAGCATTGGACTCCCCAG-3'

Tbp-5'-reverse: 5'-“AGCACCCACATGGCTACTCAC-3'

Quantitative PCR of dLuc mRNA. NIH3T3 cells were transfected on the same
condition as ChIP assay (as described above), and harvested at same timing of ChIP
assay. Total RNAs were purified from the harvested cells using TRIzol reagent

(Invitrogen), and treated with DNasel with RNeasy kit (QIAGEN) and RNase-free
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DNase set (QIAGEN) according to the standard protocol. The cDNA was synthesized
from 0.25 pg of total RNA with random 6mer (Promega) and Superscript II Reverse
Transcriptase (Invitrogen) according to the standard protocol. Quantitative PCR was
performed using ABI Prism 7700 and Power SYBR Green Reagents (Applied
Biosystems). Samples contained 1xPower SYBR Green Master Mix (Applied
Biosystems), 0.5 uM primers and 1/20 synthesized cDNA in a 10 pl volume. The
PCR conditions were as follows: 10 min at 95°C, then 45 cycles of 15 s at 94°C, 30 s at
59°C and 1 min at 72°C. Absolute cDNA abundance was calculated using the standard
curve obtained from NIH3T3 cell's genomic DNA and pG4-dLuc plasmid. Gapdh

mRNA expression levels were quantified and used as the internal control.

Primer sequence for Quantitative PCR of mRNA.

Luciferase-forward: 5'-CTTACTGGGACGAAGACGAACAC-3'

Luciferase-reverse: 5'-GAGACTTCAGGCGGTCAACG -3'

Gapdh-forward: 5'-CAAGGAGTAAGAAACCCTGGACC-3'

Gapdh-reverse: 5'-CGAGTTGGGATAGGGCCTCT-3'

Peak-time estimation of transcription factors' binding and Luciferase mRNA.
First, we chose the largest points in the latter 4 time points (24 h - 36 h) for the
dGAL4-VP16-FLAG ChIP and the Luciferase mRNA experiments, and the largest
point in the former 4 time points (12 h - 24 h) for the dGAL4-FLAG ChIP experiment.
Next, we fitted a quadratic function to 3 time points around the largest point for each
experiment, and identified the top of the function as a peak-time of the experiment.

The peak-times were converted into circadian time by using periods of simultaneously
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measured Luciferase activities (21.66 for the Luciferase mRNA experiments, and 20.92
for the ChIP experiments), by the function: (the raw peak-time / the period of the

Luciferase activity) * 24.

Construction of plasmid p3xCCE-TK-dGal4-VP16 and p3xCCE-TK-dGal4. To
construct activator or repressor plasmids regulated by thymidine kinase (TK) promoter,
we modified the pPCMV-dGal4-VP16 or pCMV-dGal4 vectors as follows. We
amplified the TK promoter sequences from pMU2-P(TK) (unpublished, the origin of
TK promoter was phRL-TK (Promega)) by PCR with a forward primer containing an
BgllI recognition sequence (5-ATATATAGATCTCTAGCCCGGGCTCGAGATC-3"

and a reverse primer containing a Nhel recognition sequence

(5'-GTAGTAGCTAGCCCGTTATAGTTACTGCAGAAGC-3"). The PCR product

was then digested with Bg/II and Nhel, and inserted in the pCMV-dGal4-VP16 or
pCMV-dGal4 vectors, that were previously digested with Bg/Il and Nhel. To drive the
artificial activator or repressor by CCE, the oligonucleotides containing three tandem
repeat sequences of CCEs were annealed, and inserted into Bg/II site of the
pTK-dGal4-VP16 or pTK-dGal4 vectors. The end products,
p3xXCCE-TK-dGal4-VP16 and p3xCCE-TK-dGal4 plasmids, were used as the activator

or repressor plasmids for the artificial transcription circuits.

The oligonucleotide sequence for three tandem repeated clock-controlled element.

3x Per2 E'-box-forward:

5-GATCGCGCGCGCGGTCACGTTTTCCACTATGTGACAGCGGAGGGCGCGCG
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CGGTCACGTTTTCCACTATGTGACAGCGGAGGGCGCGCGCGGTCACGTTTTC
CACTATGTGACAGCGGAG-3'

3% Per2 E'-box-reverse:
5'-GATCCTCCGCTGTCACATAGTGGAAAACGTGACCGCGCGCGCCCTCCGCT
GTCACATAGTGGAAAACGTGACCGCGCGCGCCCTCCGCTGTCACATAGTGG
AAAACGTGACCGCGCGCGC-3'

3x Per3 D-box-forward:
5'-GATCCCCGCGCGTTATGTAAGGTACTCGCCCGCGCGTTATGTAAGGTACT
CGCCCGCGCGTTATGTAAGGTACTCG-3'

3x Per3 D-box-reverse:
5'-GATCCGAGTACCTTACATAACGCGCGGGCGAGTACCTTACATAACGCGCG
GGCGAGTACCTTACATAACGCGCGGG-3'

3x Bmall RRE-forward:
5'-GATCAGGCAGAAAGTAGGTCAGGGACGAGGCAGAAAGTAGGTCAGGGA
CGAGGCAGAAAGTAGGTCAGGGACG-3'

3x Bmall RRE-reverse:
5'-GATCCGTCCCTGACCTACTTTCTGCCTCGTCCCTGACCTACTTTCTGCCTC
GTCCCTGACCTACTTTCTGCCT-3'

Re-annotation of clock-controlled genes. The previously published genome-wide
expression data for the liver > were re-analyzed and re-annotated to find transcription
factors that showed circadian expression. Each probe set that was identified as a

clock-controlled gene in the previous report >, was annotated by using link information
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in the Entrez Gene database (gene name, gene symbol, and Entrez Gene ID), link
information in the TRANSFAC database (FACTOR, MATRIX, consensus binding sites,
CLASS ID, and upstream transcription factors), the Affymetrix annotation file (InterPro
ID), and information in the mammalian promoter/enhancer database (clock-controlled
elements, E-box, D-box, and RRE) (Kumaki ef al., submitted). The annotation table is

shown in Supplementary Table 1 online.

Parameter search. First, the initial parameter set in the formulas of our theoretical
model was randomly chosen except for K4, Kr (=1/2), a (=0), band n (=1). As
multiplying by K4, Kz is equivalent to dividing by both a4, ar and y4, y& , in the formula
T(t), K4 and Ky were fixed to a constant (1/2) to eliminate ambiguity. If the minimum
amplitude of an output with a specific initial parameter set (obtained by changing the
phase of the repressor) was too low or too high (<1/100 or >100-fold of a mean
amplitude of an activator and a repressor), the initial parameter set was discarded and a

new parameter set was randomly searched again.

Second, one parameter other than K4, Kz, a, b, n was chosen, and then ten
different values of the parameter were generated within 30-fold of its original value.
For each value of the parameter, graphs like that in Fig. 5a and b were drawn by
changing the value of . The first graph (Fig. Sa) shows relationships between phase
differences of the activator and the repressor (activator phase — repressor phase) and
phase differences of the activator and the output protein (output protein phase —
activator phase). The second graph (Fig. 5b) shows relationships between phase
difference of the activator and the repressor and the relative amplitude of the output
protein. The points in these graphs represent observed outputs of various

combinations of activators and repressors. The parameter value that had the lowest

15

© 2008 Macmillan Publishers Limited. All rights reserved.



least squares distance to the measured experimental points was chosen as the new value
of the parameter. We did not use *-marked points because these outlier points have
larger (>4-fold amounts of the activator than the repressor) differences between
amounts of the activator and the repressor (Fig. 5¢), and also seem to have lower
relative amplitudes. This second fitting procedure was repeated until no more
improvements were observed, and the final parameter set was recorded as a fitted

parameter set. By repeating these procedures, we found 100 fitted parameter sets.

Sensitivity analysis. All parameters except for n were analyzed for the degree to
which the output phase and the relative amplitude was sensitive to them. To calculate
the sensitivity of the output phase to a certain parameter, the value of the parameter was
changed within 1 hour (0.5-hour advance and 0.5-h delay) for a or b, or changed within
a 4-fold (one-half and double the original parameter value) if it was one of the other
parameters. For each parameter change, the maximum changes in phase difference
between the activator and the output were calculated for each b within -12 <5 < 12, and
the average value of the maximum phase change (or the change of the relative
amplitude) was calculated over -12 < b < 12 and defined as the "phase change" (or
"relative amplitude change") due to the parameter change. This procedure was
performed for each parameter set in 100 fitted parameter sets. The average and SEM
of the phase change due to the parameter change were then calculated over the 100
fitted parameter sets with trimming of the 5% outliers, and defined as the measures of

sensitivity of the corresponding parameter change.

Construction of p3xE'-box-SV40-Dbp and p3xRRE-SV40-E4bp4. To construct

Dbp and E4bp4 gene expression vectors regulated by E'-box and RRE, the Dbp and
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E4bp4 coding sequence were amplified from the pMU2-Dbp and pMU2-E4bp4
plasmids (Kumaki ef al., submitted) by PCR with forward
(5'-CTCGAAGGAGAGGCCACCATGGAC-3") and reverse
(5'-GCACCCGACATAGATTCATTAACCC-3") primers, and phosphorylated by
Mighty Cloning kit <Blunt End> (TaKaRa). The vectors for insertion of these PCR
fragment were amplified from the p3xE'-box-SV40-dGal4 and p3xRRE-SV40-dGal4
plasmids (See Methods in main text) by invert PCR with forward
(5'-GGTACCTGAATAACTAAGGCCGCTTCC-3") and reverse
(5'-CAGGAGGCTTGCTTCAAGCTGGC-3") primers, and blunted by T4 DNA
Polymerase, and then dephosphorylated by Bacterial Alkaline Phosphatase. The
dGal4 coding region was deleted by this treatment. The Dbp and p3*xE'-box-SV40
PCR fragments, and E4bp4 and p3xRRE-SV40 PCR fragments were ligated,
respectively. These products were termed p3XE'-box-SV40-Dbp and p3xRRE-

SV40-E4bp4, and used for perturbation experiment.

Perturbation experiments of natural transcriptional circuits to verify the
predictions. Real-time circadian assays were performed as previously described'
with the following modifications. NIH3T3 cells (American Type Culture Collection)
were grown in DMEM (Invitrogen) supplemented with 10% FBS (JRH Biosciences)
and antibiotics (25 U/ml penicillin, 25 mg/ml streptomycin; Invitrogen). Cells were
plated at 1x10° cells per well in 35-mm dishes 24 h before transfection. These cells
were transfected with FuGene6 (Roche) according to the manufacturer's instructions.
The cells in each well were transfected with two plasmids (0.5 pg of

p3 xD-box-SV40-dLuc' reporter plasmid, 0, 0.1, 0.3, 0.6, 0.9, 1.2, 1.5 pg of
p3xE'-box-SV40-Dbp or p3xRRE-SV40-E4bp4). The amount of transfected plasmid

was adjusted to 2.0 pg with empty vector. After 72 h, the media in each well was
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replaced with 2 ml of culture medium (DMEM/10% FBS) supplemented with 10 mM
HEPES (pH 7.2, Invitrogen), 0.1 mM luciferin (Promega), antibiotics, and 0.01 uM
forskolin (Nacalai Tesque). Bioluminescence was measured with photomultiplier tube
(PMT) detector assemblies (LM2400, Hamamatsu Photonics). The modules and
cultures were maintained in a darkroom at 30°C and interfaced with computers for

continuous data acquisition. Photons were counted for 1 min at 12-min intervals.
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	Proof-by-synthesis of the transcriptional logic of mammalian circadian clocks
	Results
	In cellulo mammalian cell-culture system for physical simulation of natural transcriptional circuits
	Figure 1 Using an in cellulo mammalian cell-culture system for the physical simulation of natural transcriptional circuits. (a) The natural transcriptional circuit of mammalian circadian clocks. Clock-controlled elements (CCE; rectangles), transcriptional activators (green ovals) and repressors (magenta ovals) are indicated. Grey lines between CCEs and transcription factors (that is, activators or repressors) indicate that the evolutionarily conserved CCEs are located on the promoter (or enhancer) regions of the respective transcription factor genes (grey dotted lines indicate putative CCEs determined by bioinformatics analysis). Green lines from transcriptional activators to CCEs indicate activation; magenta lines from transcriptional repressors to CCEs indicate repression. (b) The artificial transcriptional system synthesized in this study. A destabilized (that is, PEST-fused) GAL4–VP16 fusion protein (dGAL4–VP16) and destabilized GAL4 protein (dGAL4) were used as the activator and repressor, respectively (top and middle). These transcription factors are expressed under the control of three tandem repeats of clock-controlled (DNA) elements (CCEs). Once expressed, the artificial activator and repressor competitively bind the four tandem repeats of the galactose UAS in the artificial promoter to regulate the output reporter gene, encoding destabilized luciferase (dLuc, bottom). SV40, SV40 promoter; CMVmini, minimal CMV promoter. (c) Western blot analysis by cycloheximide treatment experiments revealed the protein half-life of dGAL4–VP16–Flag or dGAL4–Flag. The levels of dGAL4–VP16–Flag (white arrowhead) and dGAL4–Flag (black arrowhead) proteins were normalized by using tubulin-α protein levels as a loading control (left panel). Quantitative densitometric analysis shows the comparable half-lives of dGAL4–VP16–Flag and dGAL4–Flag to be 3.76 h and 2.96 h, respectively (right panel). The protein levels are shown relative to t = 0.
	Proof-by-synthesis of daytime and night-time transcriptional regulations
	Synthesis of novel output phases in cellulo and in vivo
	Figure 2 Proof-by-synthesis of daytime and night-time transcriptional regulations. (a) Quantification of the output dLuc mRNA from the artificial output reporter. The amounts of dLuc mRNA relative to constitutively expressed Gapdh (glyceraldehyde-3-phosphate dehydrogenase) mRNA (points) are indicated along with the luciferase (LUC) activity (lines) for two different artificial transcriptional circuits: one using dGAL4–VP16–Flag (green) and another using dGal4–Flag (magenta). The estimated peak of output dLuc mRNA (marked with an orange asterisk) occurs 2.0 h before the second peak of output luciferase activity. (b) Quantification of GAL4–VP16–Flag and GAL4–Flag bindings to the UAS in artificial transcriptional circuits. After normalization for the amount of input DNA, the amounts of UAS regions immunoprecipitated by anti-Flag antibody (squares) and by anti-V5 antibody (triangles) were quantified relative to a constitutively unbound actin promoter region (Act-5´). These relative amounts of UAS ChIP products are indicated along with the luciferase activity (line) for two different artificial transcriptional circuits using dGAL4–VP16–Flag (green) and dGAL4–Flag (magenta) (see also Supplementary Fig. S1c for other results of the negative control). The estimated peak times of UAS ChIP products bound by the activator (dGAL4–VP16, marked with a green asterisk) and the repressor (dGAL4, marked with a magenta asterisk) were 3.0 and 16.0 h before the second peak of output luciferase activity, respectively. (c, d) Synthesis of daytime or night-time expressions from two different artificial transcriptional circuits: morning activator under E´-box control and night-time repressor under RRE control (c), and daytime activator under D-box control and morning repressor under E´-box control (d). Heat maps (top) indicate high (magenta) or low (green) representative promoter activities and output of each artificial transcriptional circuit monitored by bioluminescence from NIH3T3 cells. The bioluminescence data were detrended in baseline and amplitude, then normalized to set their maximum, minimum and average to 1, −1 and 0, respectively (see also Supplementary Fig. S2a for the raw bioluminescence data). The schemes at the bottom summarize the timings of peaks (that is, ‘phases’) of promoter activity, where an activator (green oval), repressor (magenta oval) and output reporter (orange oval) are indicated with their phases in circadian time (magenta numbers).
	Figure 3 Synthesis of various output phases from three basic circadian phases in artificial transcriptional circuits. Promoter activities of an activator, repressor and output reporter in four different artificial transcriptional circuits: (a) night-time activator under RRE control and daytime repressor under D-box control, (b) night-time activator under RRE control and morning repressor under E´-box control, (c) morning activator under E´-box control and daytime repressor under D-box control, and (d) daytime activator under D-box control and night-time repressor under RRE control. Heat maps at the top indicate representative promoter activities, and the schemes at the bottom summarize the results, as described for Fig. 2 (see also Supplementary Fig. S2c for the raw bioluminescence data). 
	Figure 4 Transcriptional mechanisms to generate various output phases. (a–c) Output phases in artificial transcriptional circuits with a morning activator (a), daytime activator (b) or night-time activator (c). The phase of an output reporter (green lines and numbers) is indicated in circadian time (hours) for each repressor used. In artificial transcriptional circuits in cellulo, the output phase could be changed according to the input phase of the repressor even if that of the activator was unchanged. (d) In vivo periodic gene expression of various known transcription factors in mouse liver under light/dark (LD) and constant darkness (DD) conditions. Columns represent time points, and rows represent the probe sets for transcription factors. The expression levels of each probe set were normalized so that their average and standard deviation were set to 0 and 1, respectively.
	Transcriptional logic underlying mammalian circadian clocks
	Figure 5 Transcriptional logic underlying mammalian circadian clocks. (a) Observed and simulated relationships between input transcription factors and the phase of the output reporter. Axes represent the phase differences (hours) between activator and repressor (x axis) and between output and activator (y axis). Points show the means of the measurement data (duplicated independently)—different point colour and shape combinations represent different transcription factor combinations. The curve shows a simulated relationship calculated from a theoretical model. The dashed line (at about +4 h) shows the default output reporter phase that occurs when a repressor is antiphasic to an activator. (b) Observed and simulated relationships between input transcription factors and the relative amplitude of the output reporter. The y axis represents the relative amplitude of the output reporter. The curve shows a simulated relationship calculated from our theoretical model. The points marked with an asterisk indicate outliers that have a lower relative amplitude (by 0.2 or more) than the predicted curve. (c) Observed relationships between the changes in expression levels of input transcription factors and the relative amplitude of the output reporter. The x axis represents the ratio of activator expression to repressor expression. The outlier points marked with an asterisk indicate experiments in which there was a large difference (more than fourfold) in the expression levels of activator relative to repressor (the points marked with an asterisk here are consistent with the outliers from b). (d) The predicted sensitivity of the relative amplitude when the circadian expression of an activator or a repressor is changed fourfold (proportional changes in the expression level of transcription factor affect both amplitude α and baseline γ simultaneously). Activator or repressor expression levels were varied fourfold (from ×0.5 to ×2); the coloured curves indicate the predicted effects of these changes in expression levels of transcription factors on relative amplitude of reporter output. (e) Perturbation experiments of natural transcriptional circuits. The relative amplitudes of luciferase activity are derived from the raw bioluminescence data of a daytime output reporter (p3 × D-box-SV40-dLuc) for various amounts of activator (DBP from p3 × E´-box-SV40-Dbp) or repressor (E4BP4 from p3 × RRE-SV40-E4bp4). Shown are the averages of the raw bioluminescence data from two or three independent samples. 
	Perturbation experiments of the natural transcriptional circuit in mammalian circadian clocks
	Discussion
	Methods
	Real-time circadian reporter assays. Real-time circadian assays were performed as described previously4,29, with the following modifications. NIH3T3 cells (American Type Culture Collection) were grown in DMEM medium (Invitrogen) supplemented with 10% FBS (JRH Biosciences) and antibiotics (25 U ml−1 penicillin, 25 mg ml−1 streptomycin; Invitrogen). At 24 h before transfection, cells were plated at 105 cells per well in 35-mm dishes. These cells were transfected with FuGene6 (Roche) in accordance with the manufacturer’s instructions. The cells in each well were transfected with three plasmids (0.4 µg of dLuc reporter plasmid, 0.025 µg of p3 × CCE-SV40-dGAL4–VP16 and 0.1 µg of p3 × CCE-SV40-dGal4). As the dLuc reporter plasmid we used p3 × CCE-SV40-dLuc4 for monitoring the promoter activity of the artificial transcription factors, or pG4-dLuc for monitoring the transcriptional output in artificial transcriptional circuits. The amount of transfected plasmid was adjusted to 2.0 µg with empty vector. After 72 h, the medium in each well was replaced with 2 ml of culture medium (DMEM/10% FBS) supplemented with 10 mM HEPES (pH 7.2; Invitrogen), 0.1 mM luciferin (Promega), antibiotics and 0.01 µM forskolin (Nacalai Tesque). Bioluminescence was measured with photomultiplier tube detector assemblies (LM2400; Hamamatsu Photonics). The modules and cultures were maintained in a darkroom at 30 °C and interfaced with computers for continuous data acquisition. Photons were counted for 1 min at 12-min intervals.
	Rhythmicity, period length and phase analysis of real-time bioluminescence data. The rhythmicity and period length of the promoter activity for each reporter were determined as described previously29. Bioluminescence time-series data were detrended by subtracting the trend curve of a 42 h timescale, calculated by the smoothing spline method with corresponding stiffness29, and then used in the following analysis. Autocorrelation of the detrended time-series data was then calculated within the range 16–28 h to determine the circadian period of oscillation, which was defined to provide the strongest autocorrelation. Statistical significance (with p = 0 as most significant and p = 1 as least significant) of the circadian oscillation was evaluated by comparing the strongest autocorrelation of the detrended data within the range 16–28 h against that of white noise (p < 0.01). The periods of three dLuc reporters (two p3 × CCE-SV40-dLuc reporters for monitoring the promoter activity of the activator or repressor, and a pG4-dLuc reporter for monitoring the promoter activity of the output reporter) were calculated for each artificial circuit, and the mean value of the three periods was considered the ‘circuit period.’

	To calculate the normalized bioluminescence data (that is, the oscillatory component of the bioluminescence data) shown in Fig. 2c–d and Fig. 3a–d, the moving average of the absolute value of the detrended bioluminescence data was calculated first. The window size of the moving average was set to half of the circuit period calculated above. Then the oscillatory component of the detrended data was calculated by dividing the data by the moving average of the data at each time point. To calculate the peak time, a cosine curve was fitted to have maximum correlation with the normalized bioluminescence data. The peak time of the fitted cosine curve was used as the phase of each reporter.
	Calculation of natural output phases of the E´-box, the D-box and the RRE. For comparison with the artificial output phases, the natural output phases controlled by the CCEs were determined as follows. NIH3T3 cells were transfected with p3 × CCE-SV40-dLuc, the dLuc gene being driven by the SV40 basic promoter fused with three tandem repeats of CCEs, and then monitored for 5 days for each CCE (n = 25–30). The means and standard deviations of the phase for the CCEs were 3.8 ± 0.84 (E´-box), 8.7 ± 1.13 (D-box) and 17.0 ± 0.81 (RRE) in CT, where we define CT 0 as the time of forskolin stimulation. These mean values were regarded as the natural output phases for the morning (E´-box), daytime (D-box) and night-time (RRE) elements in the experiments.
	GeneChip expression data. The previously published genome-wide expression data for the liver8 were re-analysed and re-annotated in this study, as described in detail in Supplementary Methods.
	Theoretical model of the circadian circuit. Our theoretical model is based on the formula in our previous report4 and has been extended to introduce basal transcription, degradation of mRNAs, and the translation and degradation of proteins to express the amount of the output proteins. The model comprises five formulas: the protein levels of the activator and repressor, the transcriptional activity of the output reporter, the mRNA level of the output reporter, and the protein level of the output reporter.

	The protein levels of the activator and repressor are modelled as the sum of an oscillating component and a constant component. A formula for the protein level of an activator at time t is
	                              ￼
	where αA, a and γA are the amplitude, phase and constant component of the activator, respectively. A formula for the protein level of a repressor at time t is

	                              ￼
	where αR, b and γR are the amplitude, phase and constant component of the repressor, respectively.

	The transcriptional activity of an output reporter at time t is formulated as
	                     ￼
	           
	  
	where 1/KA and 1/KR are the strengths of the binding affinities of the activator and repressor, respectively. The constants KA and KR are inversely proportional to the strengths of the binding affinities (the larger the values of KA and KR, the weaker the binding), n is the Hill coefficient, β is the basal transcriptional activity and V1 is the efficiency of transcription.

	The mRNA and protein levels of an output reporter, M(t) and P(t), are modelled using differential equations, and formulated as
	                                 ￼
	      
	                                     ￼
	where V2 is the efficiency of translation, and T1 and T2 are the half-life of the mRNA and protein, respectively.

	Detailed information of the other experimental and computational methods is described in Supplementary Methods.
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