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Supplementary Figure S1: qPCR data. a - Circadian expression of 5 core clock genes in liver and adrenal
gland and regression using Equation S1. b - Phase difference in gene expression of 8 clock genes in the liver
and adrenal gland. ¢ - Comparison of phases of genes that are circadian in the liver, adrenal gland, and heart.
Core-clock genes Bmall, Clock, Dbp, Rev-erbA, Per2 are marked in red. The mean phase difference of core
clock genes is 0.8 £ 0.43 hours whereas the mean phase difference between other common circadian genes is
3.13 + 2.01 hours. This confirms the expectation that the core clock is less variable.
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Supplementary Figure S2: Characterization of the final fits. a - Self-assessed tolerance ranges (tolpnase,
tolampt, and tolpynm from Equation S10) for the descriptive parameters are shown as the colored ranges; the
mean of the tolerance ranges are the measured descriptive parameter values (expphase; €LPampi; a0d €LPpwhm).
Crosses show the final values of the fitted model (simphase, SiMampt, and simpynm) for adrenal gland and
liver in DD and LD. b - Heat map of scores for different combinations of parameter sets and target expperiod,
ETPphase, €XDampl, ANd €TPpywhm values. ¢ - Effects (average fold change) of 10 % parameter variations on score
for different conditions - control analysis. Explicit delays and degradation rates have the strongest effect.
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Supplementary Figure S3: a - Simulated phase distribution for output genes with D-boxes, related
to Fig. 3a. Peak expression of D-box targets can be observed at around CT 14. b-d - Comparison of
experimental and simulated peak phase distributions. b - E-box targets have a peak around CT 10
(as predicted by simulations) but many other phases as well. This points to additional regulators as discussed
extensively in the main text. ¢ - A simple superposition of E-box simulations (red) and RRE simulations
(blue) can be compared with peak phase distribution from genes that are BMAL1 and REV-ERBA targets
(grey). Obviously, the experimental data for E-box and RRE-targets are quite different. d - If we simulate the
combinatorial and multiplicative effects of E-box and RREs (red) and compare them to peak phase distribution
from genes that are BMAL1 and REV-ERBA targets (gray), we obtain a better agreement with experimental
data. In particular, the RRE-elements shift the distribution to earlier phases (compared to pure E-boxes) and
broaden the distribution. Still, there are clear deviations pointing to co-regulators and post-transcriptional
effects.
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Supplementary Figure S4: Graphical control analysis of the consensus model. a - Effects of parameters
on period length. b - Effects of parameters on amplitudes. ¢ - Effects of parameters on phases. No oscillations
are observed in the areas without plotted values.
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Supplementary Figure S5: The role of the degradation rate an multiple regulators in determining
the phase and amplitude of gene expression. a - single activator. The solution of Equation S11 for the
production term from Equation S15 is plotted. For smaller degradation rates, the gene expression is delayed
and the relative amplitude is decreased. b - single repressor. The solution of Equation S11 for the production
term from Equation S16. Note the out-of-phase oscillations of repressor and target gene. ¢ - Two activators
lead to an intermediate phase. The solution of Equation S11 for the production term from Equation S17.
For two activators with the same amplitude, the phase of the production term is between the peaks of the
activators. The degradation step delays the actual mRNA expression compared to the production term itself.
d - Two out-of-phase activators. The solution of Equation S11 for the production term from Equation S17.
For two out-of-phase activators with the same amplitude, a perfect harmonic oscillation with a 12 h period
length can be observed. In all cases, Aget = Arep = 15 Jact = 10; Koot = Krep = 1.
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Supplementary Figure S6: The role of core-clock- and CCG-specific parameters in determining phases
and amplitudes of Cyp genes. Above: If core-clock and CCG parameters (including accg and docg) are
optimized, both resulting scores are below 0.02 (left-most columns). Fixing CCG parameters and changing
core-clock-parameters (liver DD to adrenal DD) leads to a score of about 32. Varying CCG parameters only
leads to similarly high scores. Below: Most of the overall score change comes from the change in the amplitudes
of Cyp genes.
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Supplementary Figure S7: Peak phase distributions of top 500 circadian genes in liver, adrenal gland,
pituitary gland, and heart. There are clear differences between peak phase distributions from all tissues.
Especially striking is the difference to peak phase distribution in heart even though the peak phases of core
clock genes are similar to other tissues (Fig. 6). Datasets from [1, 2, 3] were used to re-fit the data using our
biharmonic fit for liver, adrenal gland and heart. For pituitary gland we display the phases according to the
analysis in [1].



Supplementary tables

Supplementary Table S1: Peak characterisation of five model genes in the liver and adrenal gland
for DD and LD.

liver DD liver LD
Phase Max Min PWHM Phase Max Min PWHM
(CT) (a.u.) (a.u.) (h) (CT) (a.u.) (a.u.) (h)
Bmall 1.4 2.2 -0.1 10.8 0.7 2.1 -0.1 11.4
Rev-erba 7.7 2.9 -0.1 7.9 5.9 2.8 -0.2 8.3
Per2 17.7 2.0 0.2 9.6 15.1 2.5 0.2 7.5
Cryl 22.1 2.2 0.2 9.0 20.0 1.9 0.1 11.7
Dbp 11.0 3.0 -0.1 7.9 9.9 3.2 -0.2 7.4
adrenal gland DD adrenal gland LD
Phase Max Min PWHM Phase Max Min PWHM
(CT) (a.u.) (a.u.) (h) (CT) (a.u.) (a.u.) (h)
Bmall 23.1 2.1 0.3 8.8 21.6 2.2 0.2 9
Rev-erba 8.8 2.0 0.3 9.3 4.6 1.9 0.3 9.3
Per2 16.7 1.7 0.4 10.5 16.2 1.8 0.5 8.5
Cryl 19.3 1.5 0.3 13.8 18.5 2.1 0.3 8.4
Dbp 10.2 2.1 0.2 9.5 8.3 1.7 0.4 12.2

Each gene expression profile is characterized by the phase, minimum and maximum (relative amplitude), and
peak width at half of the maximum (PWHM).
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Supplementary Table S2: Literature data for some model parameters for the consensus model.

Symbol Value Unit Literature data
(cons)
TBmall 4.76 h Delay of Bmall. Reported values are between 0 h [4]

and 8 h [5]. [6] and [7] show that BMAL1 binding has a
peak around CT 6, which would suggest a value of
about 4 h.

TRev—erba 1.79 h Delay of Rev-erba. A value of approximately 2 h was
reported in [5]. Taking into account ChIP-seq data of
[8], the maximal binding of REV-ERBa occurs at ZT
1-5, which would suggest delays between 0 and 4 h.

TPer2 3.82 h Delay of Per2. [4] report a value of about 6 h. The
study of [7] found maximal binding of PER2 to
regulatory regions at around CT 17, which suggests
shorter delays of 3-4 h.
TCryl 3.13 h Delay of Cry!. [4] report a value of about 6 h. Shorter
delays are suggested by the study of [7], where maximal
binding of CRY1 to regulatory regions occurs at around
CT 0, implying delays of 3-4 h.

TDbp 2.08 h Delay of Dbp. Range of 0 - 2 h was reported in [9].
dBmal1 0.40 h™! Degradation rate of Bmall mRNA. The experimentally
determined range is 0.17 - 0.60 h™' [10, 11, 12].
dRev—erbo 0.67 ht Degradation rate of Rev-erba mRNA. The
experimentally determined range is 0.19 - 0.29 h™"
[10, 11].
dpera 0.51 h™! Degradation rate of Per2 mRNA. The experimentally
determined range is 0.24 - 0.80 h™" [10, 11].
doryl 0.20 h! Degradation rate of Cryl mRNA. The experimentally
determined range: 0.16 - 0.18 h™* [10, 11].
dpbp 0.56 ht Degradation rate of Dbp mRNA. The experimentally

determined range is 0.18 - 0.36 h™! [10, 11, 12].

Values are shown for the consensus model (other parameter values are shown in Supplementary Dataset 1).
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Supplementary datasets

Supplementary dataset 1: qPCR data and primers. Experimental data for measured genes in the liver
and adrenal gland and primer sequences used in the study.

Supplementary dataset 2: Control analysis of the consensus model and parameter values. Changes
(in %) of amplitudes, phases, period length and score are shown for a 10 % change of a parameter value.
Supplementary dataset 3: List of circadian transcription factors in the liver and adrenal gland.
Supplementary dataset 4: Gene Ontology analysis of circadian probe sets from liver and adrenal

gland.
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Supplementary methods

Gene expression analysis and choice of model elements
Harmonic regression of gene expression data

Different sampling intervals require careful estimation of phases wia harmonic fits. Experimental data were

fitted by trigonometric functions with 24 h and 12 h period to represent variable waveforms:

Lsin [ 25¢) + a2 2T bisin (25t 4 b2 27 4 (s1)
Tt = alsin —_— az Cos —_— sSin —_— COs —_— C.
¢ 24h 24h 12h 12h

To get each gene’s circadian parameters, we normalized the data by dividing it by the mean level of expres-
sion. Gene expression of each gene was described by peak phase, relative amplitude, and width (peak width in
hours for the fit with 12 h harmonics). Raw data of gPCR gene expression are presented in the Supplementary
Table 1; differences between tissues are larger than typical statistical errors due to sampling. The same fitting

procedure was used for analyzing microarray gene expression data (]2, 1, 3]).

Choice of model components - 5 core clock genes

Asin a previous model [13] we decided to limit the number of model components. To model the clock in different
tissues and conditions we studied four data sets: gene expression in mouse liver and adrenal gland under DD
and LD conditions. Our final model describes time-dependent expression of five genes: Bmall, Rev-erba, Per2,
Cryl, and Dbp. Perl,2 and 38 have similar expression profiles and thus Per2 serves as a representative of this
gene group. The supporting role of Per! and Per3 is included implicitly in enlarged kinetic parameters of Per2
action. Per2 and Cryl thus serve as representatives of early and late negative E-box regulation and Bmall
for positive regulation [14]. We found that pairs of transcriptional activators and repressors (Ror and Rev-erb,
Dbp and E4bpj) peak at nearly opposite phases. Consequently, we chose only one representative of RRE-
and D-box-regulators. Anti-phasic regulators of RREs and D-boxes (E4BP4 for DBP, ROR for REV-ERB)
are implicitly represented through the different parameters values of the corresponding production terms as
discussed previously (Supplement S3 of [13]). Raw data with fits for the 5 chosen genes are presented in Fig.
S1.

The expression profiles of each gene can be characterized by descriptive parameters that were later used to

fit the model to the data (Table S1).

Phase difference in gene expression between liver and adrenal gland

The work of Oster et al. [2] shows that the genes from peripheral clocks are delayed relative to the SCN clock,
which is in line with our understanding of clock hierarchy. Additionally, the adrenal gland influences other
peripheral oscillators through glucocorticoids, which leads to the expectation that the expression of circadian
genes from other peripheral oscillators would be delayed compared to the adrenal gland. Interestingly, liver

genes were expressed earlier than adrenal genes in the data set of [2].

13



We plotted phase difference in expression of 8 clock genes circadianly expressed in the liver and adrenal
gland from our data set (Fig. S1). For our own data, the expression of liver genes is delayed when compared to

the same genes in the adrenal gland, and the difference is larger in LD conditions.

14



Modeling using a set of delay-differential equations

Our modeling approach is based on the regulatory regions of core clock genes. We defined two types of modu-
lators (based on [15]): activator and repressor modulators. The activating modulator describes the activation
action of the two transcriptional activators in our system: Bmall (a part of E-box modulator) and Dbp (D-box

modulator). It is given by the following equation:

G
1+ bg—=<t
¢ bac__ (S2)

Gi—rg)
1+ bag

act(G,bg,bag) =

Normalized concentration of an activator (Bmall or Dbp) is described by G(;a;;c), where G(;_.,) is the the
value of the variable G, taken at time (¢t — 7). Parameter 7¢ is the explicit delay of gene G, i.e. the time
delay between the peak of mRNA expression and the peak of functional protein in the nucleus. It includes
processes such as translation, post-translation modification, complex formation, and nuclear translocation. It
can be estimated to a certain extent by the literature data of mRNA and protein expression (Table S2). The
parameter bg (bg > 1) represents the fold activation of a target gene through the action of gene G.

Similarly, the repressor modulator is given by

1
Tep(G,ag) = T‘rc). (SS)
14+ =<
Here, the gene G stands for the three repressors in our system: Rev-erba, Per2, and Cryl. As above, %

is the normalized concentration of the repressor, and 7¢ is the explicit delay.

Equations

The chosen modeling system can be described with 5 delay-differential equations based on the promoter regions

of selected genes (Fig. 1c):

d[Bmall];

o = rep?(Rev-erbo, arl) — dgmai1 - [Bmall]s; (s4)
d[Rev—erb . .
% act®(Bmall, b2, ba2) - rep®(Per2, cr2) - rep®(Cryl, gr2) (85)
act(Dbp, f2, fa2) — drev-erba * [Rev—erba];
d[Per2
[ ;tT Jt act?(Bmall, b3, ba3) - rep®(Per2, cr3) - rep?(Cryl, gr3) (86)
act(Dbp, f3, fa3) — dpera - [Per2]s;
d[Cryl
% act?(Bmall, b4, bad) - rep? (Per2, crd) - rep?(Cryl, grd) (S7)

rep? (Rev—erba, ard) - act(Dbp, f4, fad) — dcry1 - [Cryl]s;

15



d[Dbp]¢

i act®(Bmall, b5, ba5) - rep® (Per2, crb) - rep®(Cryl, grb) — dpup - [Dbplt. (S8)

The exponents on the modulators represent the numbers of functional clock controlled elements in each
gene’s promoter region (number of E-boxes in the case of Bmall, Per2 and Cryl; number of RREs in the case

of Rev-erba, and number of D-boxes in the case of Dbp).

E/E’-box RRE D-box
Bmall 2 [5, 16]

Rev-erba | 3 [5, 17, 6] 1 [17]
Per2 2 [17, 18, 6] 1[17, 19]
Cryl 2 [20, 6] 2 [20] 1 [20]
Dbp 3 [21, 22, 6]

Note that the activating transcription factors RORa and ROR~y bind to RREs as well. As shown in the
Supplementary Dataset 1, these factors have mRNA expression peak around CT 20. Thus after some delay
ROR transcription factors enhance the expression of RRE target genes around CT 0 as well. This effect
of additional regulators is implicitly included in our parameters arl and ar4. In the same manner, the D-
box acting repressor E4ABP4 has nearly the opposite expression phase as the activator DBP and, hence, both
regulators can be modeled by a single activation term ("D-box modulator’).

Compared to the previous model [13], we simplified the kinetic terms and added Cryl repression. We also
excluded ROR#y, since it is implicitly considered as an out-of-phase activator of ROR-elements. We thus reduced
our model to a system with 5 DDEs with 34 parameters. Out of those, 5 are degradation rates that can be
quite well approximated by experimental measurements [10, 11, 12] and the 5 delays between peak expression

of mRNA and protein. The range for these values can also be taken from publications as discussed below.

Modeling output genes

Expression of core clock genes does not differ much between the liver and adrenal gland (Fig. S1, [23]). However,
larger differences in phase distributions and small overlap of circadian genes between tissues have been observed
for clock output genes (Fig. 6). In this light, it could be expected that the core clock is only affected weakly
by systemic signals while the effect of systemic signals is larger for clock-output genes (through secondary TFs,
co-factors, tissue-specific nuclear receptors ...). We show that our modeling framework, based on promoter
regions of clock and clock-controlled genes, could explain also the phase and tissue specificity of some clock
output genes.

Extension of the model to the additional output gene is described with:

d[CCG),

m act®(Bmall, b, ba) - rep” (Per2, cr) - rep® (Cryl, gr) (S9)

repRRE(Revferba, ar) - actD(Dbp7 f, fa) —d-[CCG];.

16



Modeling of the output gene follows the same framework as for the core clock model. Bmall, Per2 and Cryl
describe the potential E-box regulation act(Bmall, b, ba) - rep” (Per2, cr) - rep”(Cryl, gr); the exponent F
stands for the number of E-boxes. RRE regulation is effective through Rev-erba rep®™F(Rev—erba, ar) with
RRE representing the number of ROR-elements. Similarly, D-box regulation is described through the action of
Dbp with a term act” (Dbp, f, fa).
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Fitting
Fitting procedure

To fit the model, we applied evolutionary optimization strategies to estimate unknown parameters. For each
parameter, we chose initial value and a range in which the parameter space will be sampled. In the first round,
random values of parameters within the ranges were chosen and the system was evaluated (dde23 solver) by the
score for each parameter set. For the second round, the best scoring parameter set was taken and the process
was repeated with a halved range of possible parameter values for each parameter. In total, 10 such rounds
were performed to get the final parameter set.

First, we fitted the consensus model using all 4 data sets. The final parameter set was taken as starting
parameter values for fitting the other models. Multiple fittings were carried out and for each model version
(liver /adrenal gland, DD /LD), multiple minima of the score were examined through control analysis presented

below. Parameter values were rounded to 2-3 digits.

Score and descriptive parameter tolerances

We focused on descriptive parameters for the core clock genes rather than the data points themselves. We
described each gene with its amplitude, peak width, and phase relative to the phase of Bmalil. The model was
fitted based on these descriptive parameters with self-assessed tolerance ranges (explained below). During the

fitting procedure, each step was evaluated by computing the score for a specific parameter set (Equation S10):

score — (expperizzl; Simperiod)2 n Z (exppha.;zl_ Simphase)2 + Z (expa'mzlel_Q Simampl)Q T Z (exppwh:;l; Simpwhm)2 .

2
period phase ampl pwhm

(S10)

The parameters expperiod and SiMperiod represented measured and simulated period length, respectively.
Terms for phases (ezpphase, SiMphase), amplitudes (expampt, SiMampi), and peak widths are constructed in the
same manner (eXPpwhm, SiMpwhm) for all genes.

An important step was assessing the tolerance ranges, since they determine the contributions of all terms in
Equation S10. The tolerance for the period length is strict: tolperiog = 0.1h. Based on our previous work [13]
we decided that the phases of the core clock genes should have a narrow tolerance range for fitting (tolpngse =
10.6 min). Thus they contribute more to the score than amplitudes and peak widths.

Amplitudes of the core clock genes vary between 1.3 and 3.5. Some genes (Bmall) have almost constant
amplitudes in all 4 conditions, whereas some genes exhibit quite strong differences between conditions (Dbp).
We chose relatively large amplitude tolerances: tolgmp = 0.5a.u. Thus we cover the largest differences between
genes but still the amplitudes have somewhat limited impact.

For a perfect sine wave, width of a peak would be 12 h. For the core clock genes, we can observe sharper
peaks (Rev-erba) or even broader peaks (Cryl). Also in the peak width category, the tolerance range is quite
broad: tolpwhm = 1h. By using this framework, we can differentiate between really sharp peaks (7-8 h) and

really flat peaks (12-13 h).
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The self-assessed tolerance ranges with target values expphase, €XPampl, and exPpwhm are shown in Fig. S2

together with optimized simulated values simphase; 5iMampl, and siMpwnm-

Parameter estimation - literature data

Since the basis of our model is the composition of each gene’s regulatory region, the determination of the number
of clock-controlled elements (CCE) is crucial. When possible, we took experimentally validated CCEs as in [13].
Numbers of CCEs and citations are shown in section Equations in Supplementary Methods.

To get experimentally determined ranges for some other parameters, published data were investigated. For
explicit delays 7 we took the time difference between peak of mRNA and peak of protein expression [5, 4, 9] -
these values were taken into account to get the range of parameter values in the fitting procedure. Similarly, we
determined a range of values for degradation rates from [10, 11, 12]. Deviations of our fitted parameter values
from the measured values are smaller than differences between different cell types and different methods.

Transcriptional regulation of clock genes involves many co-factors such as CBP/P300 and numerous epi-
genetic regulations [7]. For parameters describing transcriptional activation and repression almost no direct
measurements are available. Thus kinetic parameters of transcriptional activation and repression can only be
regarded as effective values. Consequently, it makes sense to estimate those parameters by fitting our model to
the measured expression profiles. For the remaining parameters, we started with the parameter values used in
our previously published model [13]. Since we had reasonable starting conditions, parameter values could be

effectively optimized with a routine described below.
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Analysis of the final model
Comparison of optimized fits

Fig. S2 shows the ranges and final values of the model’s descriptive parameters. In addition to the period length,
amplitudes, phases and peak widths, the levels of genes were considered. Out of the best-scoring parameter
sets, we chose the ones that were best representing the measured amounts of mRNA.

We then analyzed the final fits of all model variants (adrenal gland/liver, DD/LD). All final scores were
between 3 and 10. We might also ask how a model that was fitted to a given tissue performs for the other
tissues. Calculating a score of a model using other data sets quantifies the distances between a given model
and other tissues and conditions. We thus used the five final parameter sets and cross-checked the scores for all
possible combinations of parameter sets and target values expperiod, €XPphase, €XPampl, ANA €LPpwhm. Fig. S2
shows that we get the lowest scores when the correct combination of parameter set and target values expperiod,
€TPphase, €XDampl, aNd €ZPpuwhm is used (diagonal elements). The score increases for all other combinations,
in some cases even above 100 (off-diagonal). The consensus model is by design somewhere between adrenal
gland and liver target values. Additionally, we can see that the differences between tissues are larger that the
differences between DD and LD conditions. For example, using a parameter set, optimized for adrenal gland

DD, gives a score above 100 with ezpperiod, €XPphases €XDampl, ANd €XDpwhm from liver DD.

Control analysis

To analyze the behavior of the 5 models for changing parameter values, a simplified control analysis was
performed (Supplementary Dataset 4). We look for changes in system variables in response to changes in
parameter values. Each model parameter was varied by +10 % and the relative changes in score, period length,
amplitudes, and phases of all genes relative to Bmall were calculated.

Control analysis of the consensus model revealed that certain parameters are particularly important. Among
these essential parameters are delays (TBmai1, TRev—erba, TPer2; Tery1), degradation parameters (drey—erba,
dcry1), and parameters quantifying transcription via E-boxes and RREs (g73, brev—erba; Dper2, bory1). There
are, however, some differences between control analyses of 5 model versions. For example, drey—erba S€EMS tO
play a bigger role in the adrenal gland LD, and dpe,2 is the most important degradation rate in adrenal DD.
Among the delays, TBmqi1 1S much more important in liver DD than in the other models. Some other parameters
(such as bpero, cr2, crb, gr3, brey—erba) show varying influences on the score.

We compare control analysis for all 5 parameter sets (Fig. S2). Effects of parameters on the score are
the highest for delays and degradation rates, because they influence practically all amplitudes, phases, and the
period length. Parameters with smaller influence on the score (for example fa2, fa3, fa4) still contribute to
certain properties of specific genes. Supplementary Fig. 4 graphically shows the effects of changes of parameter
values on period length, phases, and amplitudes of individual model genes. Here parameters were varied over 3
orders of magnitude around the default parameter value (10"). The analysis shows that the model is robust with

respect to parameter changes over about one order of magnitude. Large parameter changes lead to bifurcations
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which will be analyzed in a forthcoming study.

Phase determination of CCGs - Cyp genes

It is difficult to attribute how much core-clock and gene-specific parameters contribute to the phase and ampli-
tude of an output gene. We show that variation of just a couple of output parameters sets the balance between
contributions from different promoter elements and their regulators. We can, however, provide some more de-
tailed analysis of Cyp phase determination. In Supplementary Figure S6 we compare the score of the optimized
system to the scores when only core-clock, only CCG, and all parameters are varied. The results indicate that
contributions of core-clock variability and CCG parameters are comparable. For Cyp7al, the combined effect is
greater than the sum of the two individual effects. In the lower graph we show the contributions of amplitudes
to the scores. We can see that for Cyp51 most of the contribution comes from the differences in the amplitudes
between different conditions.

It was demonstrated in Fig. 2b that the Cryl modulator leads to large Cyp7al amplitudes in liver DD.
Here we discuss the regulation in some detail. According to our measurements shown in Fig. la, Cryl mRNA
peaks at CT 20 (yellow arrow). The delay between Cryl expression and inhibitory actions is between 3 and 4
h according to the model. Consequently, E-box driven transcription of Cyp7al (shown in Fig. 2b) is inhibited
around CT 24. This implies that the Cryl-driven E-box modulator has a peak at around CT 12 leading to
the expression of Cyp7al. According to the control analysis of our model, D-boxes and RREs have only minor
effects on Cyp7al transcription. The half-life of Cyp7al leads to an additional shift of the mRNA peak time
as discussed previously [13] (section 'Degradation rate and combinatorial action of modulators determine phase
and amplitude of target gene expression’ of the Supplementary Experimental Procedures). This example shows
how phases are determined by the combined action of activators such as BMAL1 and E-box repressors (CRY1

and PER2).
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Degradation rate and combinatorial action of modulators determine phase and

amplitude of target gene expression
Rhythmic production term

We can describe the mRNA concentration of a clock output gene as

E:p—dn:, (S11)

where z is the concentration of mRNA | p the production term, and d the degradation rate of the mRNA.
If the transcription factor driving the transcription is expressed in a circadian manner, we can assume periodic

production of the mRNA with the production term p

p = a+ Acos(wt). (S12)

Here, a is the basal transcription rate, A the amplitude of the production term, and w = 224—7;1 ~ 0.26h! for
a circadian period length of 24 h. For this case, we can solve the equation analytically and write the asymptotic
solution as
a

x(t) = p + ﬁ (d cos(wt) + wsin(wt)) . (S13)

Analysis of the solution shows that the peak of mRNA can be strongly influenced by the degradation rate.
For large degradation rates (d > w), mRNA is nearly in-phase with the production term (cos-term dominates).
For small degradation rates, the sin-term dominates which leads to delays up to 6 h. A more detailed analysis

of the role of the degradation rate on the phase and amplitude is provided in the supplemental material to [13].

Gene expression is driven by activator and repressor interplay

In a more realistic example, gene expression can be driven by activators and repressors with circadian expression.

We can describe the concentration of an activator or a repressor as:

21
—t

[regl =1+ Acos(24

) (S14)

where A is the relative amplitude of the regulator’s oscillation. According to [15], we can describe the

production term p of Equation S11 for an example with one activator as

1 + Yact Zigg],

T

(S15)

where gq¢ is the factor with which the activator modifies the gene expression rate and K., is a scaled
dissociation constant for the activator.

For a single repressor, a similar production term can be constructed:

22



1

TR

p (S16)

According to the detailed analysis in [24], interesting behavior arises when two separate circadian transcrip-

tion factors bind to separate binding sites. For two out-of-phase activators, the production term takes the form

of
14+ Acos(27 1) 14+ A cos(2Zt—m)
1+91K7124 % 1+92TQ4 (S].?)
p= 2r PR .
1 1+Aco?( o t) 1 1+Acos(224t )

Additionally, an activator and repressor can regulate a target gene transcription independently at the same

time:

14+Ager cos( g—zt)

1 + Jact Kot 1
= ac X S18
p 1+ 1+Aa;;:<:(§—1t) 14 1+AT}?Tc;s(§—Zt) (518)

The solutions of Equation S11 for the production terms described in Equations S15-S17 are shown in Fig.
S5. Solutions for different degradation rates are plotted to show the role of the degradation rate in the phase

determination of gene expression.
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