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SUMMARY

Resonance allows systems to amplify their response to periodic stimuli and is well established in physics but
not yet described in gene regulatory networks. Here, we asked whether resonance exists in the dynamics of
p53, a tumor suppressor that oscillates after DNA damage to activate growth-inhibitory pathways. We devel-
oped a mathematical framework predicting that p53 exhibits damped oscillations after a single stimulus and
frequency-dependent amplitudes under periodic stimulation, both hallmarks of resonance. Using live single-
cell imaging, we confirmed these predictions: a single drug pulse that stabilizes p53 produced damped os-
cillations, while periodic pulses triggered frequency-dependent responses with maximal amplitudes at the
natural p53 oscillation frequency as well as minor peaks. Finally, theoretical analysis suggested that reso-
nance may enhance transcriptional responses and selectively activate downstream targets. Together, our
results identify resonance as a regulatory principle in gene networks, potentially linking oscillations of tran-

scription factors with selective gene activation through signal amplification.

INTRODUCTION

Resonance is a fundamental physical phenomenon, describing a
system that shows a selective response to an external periodic
signal, resulting in a maximal amplitude at a specific frequency.
First described by Galileo Galilei and later solved mathematically
by Leonard Euler,"? resonance has marked a paradigm in phys-
ical and engineering research, with applications such as electri-
cal resonance,** acoustic resonance,>° nuclear magnetic reso-
nance,” and many others. In the physical sciences, many
phenomena are explained using the theory of resonance, from
ocean tides® and climate changes of the Earth through stochas-
tic resonance,’ to emission and absorption of gamma radiation
by atomic nuclei, known as the Mdssbauer effect.'® Conse-
quently, Richard Feynman proposed that every issue of Physical
Review Letters publishes at least one resonance curve. "

For a system to exhibit a resonant response, it first needs to be
characterized as a damped oscillator." A classic example of a
damped oscillator is a spring. When triggered by an external
stimulus, it undergoes damped oscillations with amplitudes
that gradually decay due to energy loss from friction. At steady
state, it no longer shows oscillations but still has a hidden char-
acteristic frequency, which can become apparent following a
new external stimulus. A periodic external signal stimulating a
damped oscillator can result in frequency-dependent ampli-
tudes, with a maximum amplitude obtained at a specific
period—a hallmark of resonance (Figure 1A).

From a mathematical perspective, damped oscillations typi-
cally result from negative feedback loops (NFLs) (Figure 1B,

top). NFLs are commonly found in biological networks'*'® and

are crucial for maintaining stability and homeostasis. The eigen-
values derived from the equations describing NFLs provide infor-
mation about the system’s characteristic frequencies,’* which
can be reflected in damped or undamped oscillations when the
system is perturbed (Figure 1B, bottom). Indeed, many systems
in living organisms exhibit rhythms and oscillations, including
well-established circadian rhythms,>~'" calcium oscillations, '
pacemaker cells, ' cell cycle,?® and transcription factor (TF) re-
sponses such as the tumor suppressor protein p53 and the
pro-inflammatory factor nuclear factor kB (NF-kB).?"~2°

Here, we focused on the oscillatory behavior of the tumor sup-
pressor protein p53 as a model system for investigating reso-
nance in biological systems. p53 is regulated by an NFL with
Mdmz2,%* atranscriptional target of p53 and an E3 ubiquitin ligase
promoting p53 degradation (Figure 1C).?>?° In normal condi-
tions, p53 levels remain low due to constant degradation by
Mdm2. DNA damage disrupts the interaction between Mdm2
and p53, resulting in oscillations in p53 levels.??"?® We first
showed theoretically that resonance can appear in simulations
of mathematical models describing the p53/Mdm2 NFLs.
Nonlinear resonance effects led to small peaks at harmonic
and subharmonic frequencies, occurring at integer and fractions
of the resonant peak frequency, respectively. We then investi-
gated the dynamic behavior of p53 in single cells and revealed
that, in response to a single inhibition of Mdm2, p53 levels exhibit
damped oscillations. Furthermore, in response to periodic inhibi-
tion of Mdm2, p53 exhibits sustained undamped oscillations with
a frequency-dependent amplitude. Interestingly, the resonant
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Figure 1. Resonance is theoretically pre-
dicted to appear in the p53 network

(A) An external oscillatory signal (input) simulating
a damped oscillator can result in resonance with
period-dependent amplitude (output).

(B) Negative feedback loops (NFLs) are common
in gene regulatory networks and can give rise to
damped oscillations or sustained undamped os-
cillations, depending on their feedback parame-
ters.

(C) Schematic illustration of the p53/Mdm2 NFL.
p53 activates the transcription of Mdm2, whereas
Mdm2 marks p53 for degradation. Stimulation of
the p53/Mdm2 feedback can be achieved by in-
hibition of their interactions.

(D) Simulation of p53 dynamics in response to a
single stimulus (dotted black line) and to periodic
external pulses (green line).

Concentration [AU]
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T [A0] Time [AU] (E) p53 amplitude as a function of input period
Input period simulated for three input strengths. The magenta
arrow highlights a nonlinear effect of peak at half
c internal period. The orange arrow indicates a
E Resonant p53 response in silico small region of the nonlinear effect leading to
hysteresis.
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peak matched the natural frequency of p53 in response to DNA
damage and strongly matched the theoretical simulations. We
concluded the study by theoretically exploring possible func-
tions for resonance and oscillatory TF, including amplification
of transcriptional activity and selective gene expression.

RESULTS

Theory predicts the possibility of resonance in p53
dynamics

We hypothesized that p53, in its basal unperturbed conditions,
may retain a hidden eigenfrequency and therefore show damped
oscillations if perturbed. We first investigated this in sifico by
formulating a set of coupled differential equations describing
the p53/Mdm2 NFL.”° We modeled a scenario in which the
main NFL was inhibited (Figure 1C). Simulation of this model
(see STAR Methods) predicted that, in response to a single stim-
ulus, p53 undergoes damped oscillations followed by homeosta-
sis (Figure 1D, dotted black line). In response to periodic pertur-
bations, the model predicted continuous oscillatory behavior of
p53 (Figure 1D, green line).

2 Cell Systems 17, 101514, March 18, 2026

curve).?"?"?8 Enhancing the strength of

the external stimulus led to an increase

in the amplitude of p53 across different
input strengths (Figure 1E). The strongest simulated input (0.5)
resulted in a non-symmetric resonance curve (Figure 1E, green)
with additional peaks around harmonic fractions of the charac-
teristic frequency (Figure 1E, green curve, magenta arrow),
typical for a nonlinear system.*° In addition, we observed a small
region in which the resonance curve was skewed to the right,
suggesting bistability, in which both high-amplitude and low-
amplitude solutions are present for the same frequency. This
was also reflected by hysteresis, a phenomenon in which the
path of the system’s response differs between increasing and
decreasing inputs (Figure 1E, green curve, orange arrow).”'-
These mathematical results indicate that the p53/Mdm2 NFL
can theoretically exhibit resonant behavior.

Experiments confirm damped oscillations of p53
following a single stimulus

To experimentally test the plausibility of resonance in p53
behavior, we first examined whether p53 acts as a damped oscil-
lator following a single external stimulus, as predicted by the
model (Figure 1D). Cells expressing a fluorescent p53 reporter™
were subject to 1 pM nutlin, a compound that inhibits Mdm2 and
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Figure 2. p53 shows damped oscillations in response to a single nutlin treatment

(A) Schematic illustration of the experimental setup and the Mdm2/p53 feedback. Levels of p53-YFP (yellow fluorescent protein) are measured in single cells
stimulated with the small molecule nutlin, which disturbs the interaction between Mdm2 and p53.

(B) Four representative single-cell time series of p53 dynamics following a single treatment with 1 pM nutlin.

(C) Example of a fast Fourier transform (FFT) spectrum for a single-cell time series of p53 dynamics. (Inset) Detrended data (blue) and the sinusoidal function with

frequency corresponding to the peak in the FFT signal (orange).

(D) Data (green), detrended data (blue), and exponential decaying fit with four free parameters (magenta).
(E and F) Distribution of the decay parameter (E) and the period (F) from fitting single-cell trajectories as in (D). n = 169 cells.

has previously been used to alter p53 dynamics (Figure 2A),%*°
We then imaged cells for over 24 h and quantified the dynamics
of p53 inindividual cells. We found that a single treatment of nut-
lin led to one large p53 pulse followed by damped oscillations
(Figure 2B). To analyze this behavior, we first computed the po-
wer spectrum of the dynamics following the initial p53 pulse and
revealed an oscillatory signal with a frequency of approximately
5.5 h (Figure 2C), along with a strong fit between single-cell tra-
jectories and the corresponding sinusoidal dynamics (Figure 2D,
inset). We next used these fits to extract the eigenfrequencies
and oscillation decay rates for trajectories obtained from single
cells (Figure 2D). The distribution of the decay constants (y) re-
vealed a median of 0.11/h (Figure 2E), and the periods
(T) showed a median of 5.67 h (Figure 2F). Taken together, these

results reveal that following a single stimulation with nutlin, the
p53/Mdm2 NFL acts as a damped oscillator with periods close
to the ones observed following DNA damage.

Experiments confirm resonance in p53 dynamics in
response to periodic stimuli

Based on the mathematical simulations (Figure 1E) and the obser-
vation that p53 shows damped oscillations in response to a single
nutlin stimulus (Figure 2), we predicted that repeated periodic nut-
lin stimulation would trigger a series of p53 oscillations and that a
nutlin input with a period of approximately 5.5 h would lead to
maximal amplitudes of these oscillations. To test this, we devel-
oped a microfluidic device that controls the influx and efflux of me-
dia within a cellular culture environment (Figure 3A). This setup
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Figure 3. Resonance is experimentally detected in p53 dynamics
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(A) Schematic illustration of the experimental setup and the Mdm2/p53 feedback. Levels of p53-YFP are measured in single cells treated with periodic nutlin

stimulation using a microfluidic cell chamber.

B) Representative examples of p53 traces from single cells (green) in response to five different nutlin periods (blue).
C) Population mean (green dark line) and standard deviation of the mean (green shadows) in response to five different nutlin periods (blue).

E) Boxplot showing all the amplitudes for each cell. Red lines indicate the median. n = 824 cells total.

(
(
(D) Distributions of p53 local extrema for the various nutlin periods across all cells.
(
(

F) Mean and standard deviation of the mean of the experimentally measured p53 amplitude in response to different nutlin periods (red) compared with numerical
simulations with 10% extrinsic noise in all the parameters. Green line, median; shaded region, standard deviation.

allows precise, periodic switching between drug-free media and
media containing nutlin, providing controlled dosing conditions
during imaging (see STAR Methods). We subjected cells to a
range of periodic nutlin treatments and monitored p53 reporter
levels in single cells for 50 h (Figure 3B). We found that p53 levels
oscillated across all the examined nutlin periods, with oscillation
periods that mimics the period of nutlin treatment. Notably, this
behavior differs from entrainment, as it arises from an external pe-
riodic input perturbing a damped oscillator at steady state,
whereas entrainment involves two sustained oscillators synchro-
nizing to a common frequency.

4 Cell Systems 77, 101514, March 18, 2026

We next set out to determine the relationship between nutlin
period and p53 amplitude. As predicted by our model, p53
amplitude in response to nutlin administered with a 5.5-h period
was the largest compared with slower or faster nutlin periods
(Figure 3C). Note that at steady state, p53 shows spontaneous
fluctuations,®® and therefore its first peak amplitude can vary
dramatically depending on its initial levels. Indeed, we found
no correlation between the first p53 amplitude and the mean
amplitude of subsequent pulses. We therefore analyzed p53
amplitude under each nutlin period by computationally identi-
fying the local extrema in the p53 traces starting from the second
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Figure 4. Potential function of genetic reso-
nance
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pulse (Figure 3D). We detected a resonance peak when we
quantified the amplitudes across all cells (Figure 3E, bottom;
Mann-Whitney U test, p < 10~'"). A similar pattern was found
by deriving the mean amplitude for each nutlin period
(Figure 3F, red points).

According to the classical theory of linear resonance, the
amplitude-versus-frequency curve exhibits a single peak, with
amplitudes decreasing to the left and right of the peak. Based
on this, the null hypothesis is that the p53 amplitudes in response
to periods of 11 and 2.5 h would be smaller than those at 4 and 7
h, respectively. Our experimental measurements revealed a de-
parture from this expected pattern. The amplitudes for 11 and
2.5 h periods were slightly larger than the ones for 7 and 4 h,
respectively (Mann-Whitney U test, p = 0.003 and p = 0.37)
(Figures 3E and 3F). The appearance of minor sub- and super-
harmonic peaks may result from nonlinearity of the p53 oscil-
lator, although we cannot conclusively state that nonlinear
resonance is the sole mechanism underlying this behavior.*°
Mathematical simulation of p53 responses to external periods
ranging from 1-12 h closely matched the experimental results
(Figure 3F), strengthening the possibility of nonlinear resonance
within p53 dynamics and confirming that the p53/Mdm2 NFL
reaches maximal response amplitudes at frequencies close to
its natural oscillation period following DNA damage.

Potential functions of resonance in genetic networks

We next sought to theoretically explore the potential functional
role of resonance in biology. It has previously been observed
that an increase in the amplitudes of TF oscillations enhances
the concentration of their downstream targets.®”*° Since
p53’s transcriptional activity and its binding to DNA require the
formation of tetramers (dimer of dimers), and many other TFs

Eigenfrequency of network (Normalized)

form homodimers (Figure 4A), we derived the average concen-
tration of protein complexes with n components as a function
of their oscillation amplitude (Figure 4B). We found that higher
amplitudes enhance the formation of homodimers with larger n
complexes, resulting in higher concentrations of the functional
protein complexes (Figure 4B). Comparing this analytical result
to simulations (Figure 4B; see STAR Methods) showed strong
agreement. It should be noted that there is no enhancement in
functionality for monomers—only higher-order complexes are
enhanced by higher amplitudes. Thus, resonance in p53, result-
ing in maximum amplitude at its natural period, is predicted to
enhance the concentration of its tetrameric complexes and
therefore its transcriptional activity.

Since we have shown that resonance exists in the p53
network, we hypothesize that other NFLs with complex eigen-
values may also exhibit resonant responses. We therefore
used p53 oscillatory behavior in response to DNA damage as
the source of periodic stimulus and investigated its effect on hy-
pothetical targets genes with distinct eigenfrequencies, ;
(Figure 4C). We constructed a simple two-component NFL, acti-
vated by an oscillatory input of p53 and ran 1,000 simulations
with random parameters. All simulations were constrained to
be stable, with a fixed decay rate of 0.1/h, similar to p53 oscilla-
tions after DNA damage. The eigenfrequency of each NFL there-
fore was dependent on the random parameters and, for
simplicity, was normalized to the period of the p53 oscillator.
Our simulations revealed that only a fraction of target genes is
strongly amplified by p53 oscillations after DNA damage
(Figure 4D, inset orange), while many are minimally affected
(Figure 4D, inset blue). Analysis of the amplitude of all down-
stream targets revealed a resonance curve, with the highest in-
duction obtained at eigenfrequencies equal or close to those
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of the p53 oscillator. This suggests that oscillations in a key TF,
such as p53, may serve to selectively enhance targets whose
NFL eigenfrequencies match the period of the upstream signal.

DISCUSSION

The phenomenon of resonance has been studied and applied in
engineering and physics for centuries; however, it has yet to be
seen in biological signaling. Here, we combined theoretical simu-
lations with live single-cell imaging experiments to uncover reso-
nance within the p53/Mdm2 NFL. We found that external periodic
perturbation of p53 at steady state results in oscillations that match
the external period and exhibit frequency-dependent amplitudes.
In the classical theory of resonance, maximal amplitude is ob-
tained under one specific frequency. However, NFLs involving
nonlinear interactions may result in additional resonance peaks
and hysteresis. Our model predicted both behaviors (Figure 1E).
We were unable to experimentally detect hysteresis, most likely
since it exists within a frequency window of only a few minutes.
However, we were able to detect minor resonance peaks at half
and double the optimal period (Figures 3E and 3F), suggesting a
nonlinear resonance phenomenon. Further testing how the input
strength (nutlin concentration) affects the height of the sub-and su-
per-harmonic peaks will be required to validate and uncover the
existence of nonlinearity in this system. Interestingly, the highest
amplitude of p53 oscillations resulted from an external period
similar to the p53 period in response to DNA damage in human
cells (5.5 h). It was recently shown that the frequency of p53 oscil-
lations in mice is faster (~ 2.7 h) due to enhanced p53/Mdm2 feed-
back," raising the question of whether a resonant peak in mouse
cells exists at this shorter period.

It is important to discuss in what ways our work is distinct from
other studies examining the effect of frequency-dependent re-
sponses. First, the term “frequency” can refer either to the total
number of occurrences or to the number of periodic peaks of an
oscillator per time. The influential work by Elowitz and co-
workers*? outlined how frequency, in terms of total numbers of
bursts, can affect gene regulation. In our study, we refer specif-
ically to the periodic frequency of an oscillator and its impact on
the output amplitude, which can only be achieved by an oscillatory
source. It is also critical not to confuse resonance with entrain-
ment. Entrainment has been studied in various biological systems.
For example, it was shown that external oscillations can adjust the
oscillatory frequency of NF-xB.%"*>#* |n addition, the landmark
paper by Zambrano et al.*® demonstrated the ability of a biological
oscillator to synchronize through phase and frequency entrain-
ment. Even in the context of p53, we have recently discovered
synchronization, entrainment, and the emergence of complex be-
haviors in response to an external periodic stimulus.*® The distinc-
tion between these studies of entrainment and our work is crucial:
entrainment modifies oscillation frequency through the effect of
one oscillator on the other, whereas resonance enhances the
amplitude of the output based on the input frequency by stimu-
lating a damped oscillatory system at its homeostatic steady
state. Our study therefore focuses on the effect on p53 under
basal growth conditions when p53 levels are at low steady state
and do not oscillate. This approach allows detecting signatures
of resonance while avoiding the influence of other pathways that
might affect the cellular state following DNA damage.

6 Cell Systems 17, 101514, March 18, 2026
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Experimentally, it has been shown that oscillations can be
used to identify NFL structures based on characteristics of the
response,®’ and that triggering NFL with an oscillatory signal
can provide fundamental insight into their structure and specific
dynamical features.*® We suspect that resonance may exist in
other oscillatory TFs that form NFLs, such as NF-kB.*° Reso-
nance and its theoretical functional role in stimulating specific
downstream targets based on oscillatory frequency may explain
the mechanism by which downstream targets of oscillating NF-
kB are differentially stimulated at various frequencies.®” For the
p53 system, it has so far been challenging to vary its frequency.
The experimental system presented here offers new approaches
for varying p53 frequency and investigating the effect on tetra-
merization state (the functional units of p53) and choice of down-
stream programs, which will help determine whether resonance
indeed enhances selective target genes, as proposed here by
our theoretical model.

Taken together, our work revealed that the physical phenom-
enon of resonance can emerge in the genetic p53 network. We
believe that this discovery will prompt the scientific community
to investigate resonance in additional systems with NFLs.
Should resonance be unveiled across additional genetic circuits,
it would mark a great leap in our understanding of the function of
oscillations in biology. It would be exciting if a fundamental phys-
ical principle such as resonance also proves to have functional
relevance in the core networks of living organisms.

Limitations of the study

In this study, we show that the p53 peak in response to external
perturbation with a period of 5.5 h is significantly larger than the
amplitudes obtained at other periods. Since the amplitudes at
2.5 and 11 h are slightly larger than the amplitudes observed at 4
and 7 h, respectively, we suggest the existence of nonlinearity.
Firmly confirming such a potential nonlinear nature will require
additional measurement at higher resolution across external pe-
riods. We also acknowledge that, although we theoretically sug-
gest a new mechanism for differentially stimulating downstream
networks, we have not experimentally validated this mechanism.
Performing such experiments will require global measurements
of downstream target expression in response to various fre-
quencies of p53. Finally, while we suggest that resonance could
be fundamental for key TFs with hundreds of downstream targets,
we have only shown the existence of resonance in the p53
network.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Mogens H. Jensen,
mhjensen@nbi.dk.

Materials availability
All materials are either commercially available or can be available upon
request.

Data and code availability
® All data and simulation code are publicly available at: https://github.
com/Mathiasheltberg/GeneticResonancelnp53_CellSystems/tree/
main/DataToUpload.
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Code for single cell analysis This paper Zenodo: 10.5281/zenodo.17297418
Experimental models: Cell lines

MCF7p53YFP Stewart-Ornstein and Lahav®® N/A
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Nutlin3A Sigma SML0580

Software and algorithms

Custom Matlab Scriptsimage analysis Stewart-Ornstein and Lahav®® N/A

Custom Python Scriptsentrainment This paper Zenodo: 10.5281/zenodo.17297418
analysis

METHOD DETAILS

Experimental setup

Live-cell microscopy

MCF7 human cells expressing p53-YFP under the ubiquitin promoter, and a constitutively expressed nuclear marker (H2B-
mCherry)*® were grown in RPMI supplement with 10% FBS and antibiotics (100 mg/mL streptomycin, 250 ng/mL fungizone).

Two days before imaging, 20,000 cells were seeded onto 35mm poly-d-lysine-coated glass bottom plates (MatTek Corporation.
2 hrs before imaging, cell’s media was replaced with transparent media (RPMI lacking riboflavin and phenol red, Invitrogen) and
5% FBS.

Imaging was conducted using a Nikon Eclipse TE-2000 inverted microscope with a 20x Plan Apo objective and a Hammamatsu
Orca ER camera, equipped with environmental chamber controlling temperature, atmosphere (5% CO2) and humidity. Images were
acquired every 10 minutes using the MetaMorph Software. Subsequent tracking and image analysis were executed using previously
established protocols.”® In brief, we used a semi-automated MATLAB-based method that tracks cells by identifying cell centroids
using intensity and shape information of the constitutively expressed nuclear marker (H2B-mCherry),

Microfluidics device

The Arduino, an open-source electronics platform, was coupled with a set of hydraulic pumps to control periodic changes from drug-
free media to media with nutlin, while cells were under the microscope. To dynamically control the exposure of cells to nutlin pulses
during live imaging, a custom-built microfluidics system was designed. Cells were seeded onto 35mm poly-d-lysine-coated glass-
bottom plates, which were covered with a plastic top drilled with two holes using a diamond bit and Dremel tool. Into these holes, two
blunt-end, gauge 20 steel needles were inserted, each connected to 0.5 mm ID x 0.86 mm wall thickness silicone tubing (2.22 mm
OD). One tube served for the fluid input, and the other as the output for fluid removal. Two peristaltic pumps (Langer Instruments, T60-
S2 & WX10-14), operating at matched speeds, were used to maintain a stable 2 ml volume by ensuring equal rates of influx and efflux.
The flow rate was adjusted to achieve gradual media exchanges that avoid disturbing cell adherence. Each media exchange lasted
for 5 minutes. The influx tubing was connected to an Arduino-controlled valve, which uses a simple IF command to switch the input
media between two bottles: one containing drug-free RPMI transparent media, and the other containing RPMI supplemented with
nutlin. By adjusting the switching frequency, we controlled the timing of nutlin exposure.

Data analysis

We started by fitting a second-degree polynomial to the first pulse of p53 and calculated its height and position. We then applied
Chauvenet’s criterion to discard small fraction of non-responding cells or cells with diverging concentrations. Next, we fitted the dy-
namics after the first p53 pulse with a first-degree polynomial fit, and re-applied Chauvenet’s criterion. With this method we ended up
with a dataset of 169 cells out of the 222 that were imaged. This resulted in a dataset of trajectories whose dynamical features can be
statistically examined.

To extract the frequency and decay constant of the p53 damped oscillator, we applied Scipy’s Fast-Fourier Transform, which
directly extracts the oscillations period. This period was then used as initial value for the final fit, which was performed using the Scipy
optimize library based on least squares fit. Local peaks and valleys were defined as the highest or lowest values respectively, in the
vicinity of +/-6 datapoints.
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Mathematical models
Model of p53 dynamics

dp _ k2 P .
e ky — m/\//ﬁ (Equation S1)
14n P
am 5
o - kdp® — ksm

n(t) = 2(1 + sgn (sin(f; t)))

The p53-Mdm2 circuit was simulated using the differential equations below:

Here p, m, and M represent the concentrations of p53, Mdm2-mRNA, and Mdm2, respectively. In this model, p53 is produced at a
fixed rate (k_1) and degraded following binding to Mdm?2 via a saturated degradation process (k_2, k_3). The Mdm2-mRNA is pro-
duced proportionally to the square of the p53 level reflecting the dimeric action of p53 with a scaling production parameter (k_4) and
is degraded through a first-order decay process (k_5). Finally, the protein Mdmz2 is synthesized in proportion to the Mdm2-mRNA
concentration with a constant rate (k_6) and is similarly subjected to first-order decay (k_7). Stimulation with nutlin (n), was introduced
as a dimensionless variable that impacts the degradation of p53. This framework strives to minimize the number of parameters while
adequately capturing the dynamics of the system. Parameter values were determined to recapitulate the previously described p53
low steady levels in normal growth conditions and oscillations with a frequency of approximately 5.5 hours in response to DNA dam-
age.”"*° For parameter values we used: k_1=3.0yMh'k 2=45h", k 3=05pM,k 4=03uyM " h" k 5=1h", k 6=1h"and
k_7=0.7h™.

Simulation of downstream targets
We consider a biochemical negative feedback loop between species x and y that can be described by the following equations:
Tracking software available at: https://github.com/balvahal/p53CinemaManual

X = —cx=ay=dx? (Equation S2)

y = Assin(ot) + b — ay — dx? (Equation S3)

By finding the fixed points and calculating the Jacobian we find the real part of the fixed point to be:

2 2
21p = —c—a+2d2_PC b

cac2+b2d dg (Equation S4)

Fixing \lambda_R = —0.1 we isolate the parameter a and define:

2= (—[3 + \/Z) (Equation S5)
2
with
2 d .
p=2lg+Cc+2C = (Equation S6)
and
d d b* .
A= - 4(2/19132? - bzg + dzg) (Equation S7)

Where parameters b,c, and d are chosen from random distributions with b=A_1-3-Rn, c=5-Rn and d=20-Rn; Rn being a uniformly
distributed parameter between 0 and, and b > A_1 for the stimulation to be positive. The numbers we multiply the random number
by (3, 5, and 20) are chosen to get a numerically stable simulation while still obtaining a spread in the eigenfrequency.

Derivation of protein complex concentration

The concentration of a protein complex, C, made of n components, is described by the differential equation:

"C’I_f = (p(t))" — AC withp(t) = k + A sin (ot) (Equation S8)
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Here the first term on the right side represents the concentration of the components needed to make up C. We imagine this to be a
protein part of a resonant network, but this derivation could also be applicable to genes stimulated by oscillatory transcription factors
that work as complexes. Now this can be solved by:

n
a@c + AC = K" (1 +ésin(wt)) (Equation S9)
at k
:% = K" <1 +'£sin (a)t)) eMwithU = Ce? (Equation S10)
Starting with n = 1 we get:
1 A
u(t) = k/ <1 + Fsin(wt’))e“dt’ (Equation S11)
0
ko A o+ (Asin(wt) — o cos(wt))e! )
=3 (e —1) + k AT (Equation S12)

We see that terms with exp(-\Delta t) quickly dies off, and on average the terms involving sin and cos are zero. This means that the
average level is simply:

(CHNpoq = % (Equation S13)
Expanding to larger n we get:
t n
ue =k / (1 +£sin (a)t/)) e*at’ (Equation S14)
0
t N i
= / > (2) (é) sin' (wt')e® at’ (Equation S15)
0 j-0 k7 \k
The expansion of sin "n(wt) can be written as:
2 = n
inp = = _ T—k_ . _ . . .
sin"0 = = kz:% (= 1) Fsin((n — 2k)0) if nis odd (Equation S16)
21
2 n_k
sin"6 = 217 % + ; ; 0(— 1)<2 ) (g)cos((n — 2k)0)if nis even (Equation S17)
3 =

Since all terms except for the first term in the even expansion, are proportional to sin, we see that on average (and thereby in steady
state) we get only a nonzero number for the even terms. This means we can write:

n n/2 2i :
(C(t), = kK > (’2) % (%) (%)/f nis even (Equation S18)
i=1
n (n—1)/2 2i .
(), = kK > (%‘) 2%@) (2”—“>ifnis odd (Equation S19)

This gives an exact connection between the average level of a protein complex as a function of the amplitude of oscillations in the
subunits. Note that if TFs as p53 work as tetramers, we expect that the efficiency of downstream gene stimulation is enhanced
following the same functional dependence.
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