
BE 150 Spring 2018
Homework #7

Due at the start of lecture, May 23, 2018.

Problem 7.1 (Controlling p53 levels, 70 pts).
In class (lecture 16), we discussed the work from Galit Lahav’s lab in which they
investigated how temporal dynamics of p53 controls cell fate in MCF-7 cells. Natu-
rally, p53 levels oscillate upon exposure to stress due to γ radiation. To instead study
how cells respond to sustained levels of p53, the authors controlled p53 levels using
the drug Nutlin-3. To do this, they devised a program for adjusting Nutlin-3 levels
in the cell culture that would keep the p53 levels at a constant high level. They based
this program on a mathematical model of the p53 circuit (shown in Fig. 1) that they
developed and parametrized in an earlier paper (Batchelor, et al., Molecular Cell, 30,
277–289, 2008).

tion that is largely unexplored for most biological
pathways. We developed a mathematically de-
signed perturbation of p53 dynamics in response
to DNA damage and have shown experimentally
that p53 dynamics determine cellular responses.

p53 is a tumor suppressor activated in re-
sponse to cellular stress (18, 19). Induction of
p53 triggers multiple cellular programs ranging
from transient responses, such as DNA repair and
cell cycle arrest, to terminal fates such as cell
death (apoptosis) and permanent cell cycle arrest
(senescence) (Fig. 1A). Recently, it was shown
that different stresses evoke different dynamic
patterns of p53 protein levels (Fig. 1B) (20). In
response to DNA breaks caused by g-irradiation,
the levels of p53 exhibit a series of pulses with
fixed amplitude and frequency (4, 21). Higher
radiation doses increase the number of pulses
without affecting their amplitude or duration.

These p53 pulses were observed in a live mouse
model (22) and in various transformed and non-
transformed human cell lines (23–25). In con-
trast, ultraviolet (UV) radiation triggers a single
p53 pulse with a dose-dependent amplitude and
duration (20). Although much insight has been
gained into the molecular mechanisms that con-
trol these differential p53 dynamics in response
to g and UV radiation (20, 25, 26), the effect of
p53 dynamics on downstream responses remains
unknown. UV and g radiation activate distinct
targets of p53 (27) and lead to different cellular
outcomes (Fig. 1B), suggesting that downstream
elements in the p53 network may respond to the
dynamic profiles of p53. However, g and UV
radiation also lead to many p53-independent
events in cells, which could contribute to the dif-
ferential outcomes. A definitive conclusion about
the role of p53 dynamics on cellular outcomes
may come from experimentally perturbing p53
dynamics in response to the same stress and
observing the effect on downstream responses.

We developed a method for altering p53 dy-
namics after g-irradiation. Our goal was to switch
p53 natural pulses into a sustained p53 signal
held at the peak pulse amplitude (Fig. 1C). We
used the small molecule Nutlin-3, which binds
to the p53 inhibitor Mdm2, inhibiting degra-
dation of the p53 protein (28). Nutlin-3 is selective

for p53 because p53−/− cells show no change in
genome-wide expression profiling upon Nutlin-3
treatment (29). Achieving a sustained signaling
response with a single Nutlin-3 treatment proved
to be difficult: MDM2 is activated by p53, and
therefore, addition of Nutlin-3 not only stabi-
lizes p53 but also causes an increase in Mdm2
levels that eventually overcomes Nutlin-3 inhi-
bition, resulting in down-regulation of p53 (fig.
S1). Treatment with a higher dose of Nutlin-3 led
to prolonged induction of p53 but also to an
overshoot in p53 levels (fig. S1). To overcome
this obstacle, we trained our model of p53 dy-
namics (26) to predict the optimal sequence of
Nutlin-3 additions necessary to sustain p53 at a
constant level (Fig. 1D, fig. S2, and tables S1
and S2). The model predicted that three sequen-
tial treatments of Nutlin-3 at 2.5 hours (0.75 mM),
3.5 hours (2.25 mM), and 5.5 hours (4 mM) after
g-irradiation would produce a sustained p53 re-
sponse with an amplitude equal to p53 natural
pulses. This prediction was validated exper-
imentally in both cell populations and single
cells (Fig. 1E and fig. S3). These two dynamical
“inputs”—naturally pulsed and pharmacological-
ly sustained p53 signaling (hereafter, “pulsed”
and “sustained”)—were then used to study the
downstream effects of p53 dynamics on target
gene expression and cellular outcome.
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Fig. 1. Perturbation of p53 dynamics. (A) p53 mediates the response to mul-
tiple cellular stresses and evokes diverse cellular outcomes. (B) g-irradiation
leads to p53 pulses and cell cycle arrest; UV radiation induces a single pro-
longed pulse and leads to apoptosis. (C) p53’s natural pulses were perturbed
to produce a sustained response with equal amplitude, a. (D) A diagram
capturing the main species and parameters in the mathematical model of p53
dynamics after DNA damage (26). This model was used to predict the optimal
sequence of Nutlin-3 additions needed to generate a sustained p53 response

after g-irradiation (supplementary materials). (E) p53 dynamics under (left)
naturally pulsed or (right) pharmacologically sustained conditions. The se-
quence of Nutlin-3 treatments is denoted by differently colored bars. Pulses
in immunoblots appear as damped oscillations because of the asynchronous
responses of single cells. Representative single-cell traces show average nuclear
p53-Venus intensities that were normalized to the median value and zeroed
to the minimum value. Sequential Nutlin-3 treatment did not alter the am-
plitude of p53 (fig. S3).
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Figure 1: The p53 regulatory circuit. Taken from Purvis, et al., Science, 336,
1440–1444, 2012.

The p53 levels oscillate due to a delays in the autoinhibitory loops mediated by
Mdm2 andWip1. The dynamical equations for this circuit, as presented in the paper,
are

dPi

dt = β P −
α MPi M Pi

1 + (N(t − τ N)/K)nN − β SP Pi
(S/TS)

nS

1 + (S/TS)nS
− α Pi Pi, (7.1)

dPa

dt = β SP Pi
(S/TS)

nS

1 + (S/TS)nS
− α MPa M Pa

1 + (N(t − τ N)/K)nN , (7.2)

dM
dt = β M Pa(t − τ M) + β Mi

− α SM S M − α M M, (7.3)
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dW
dt = β W Pa(t − τ W)− α W W, (7.4)

dS
dt = β S θ (t)− α WS S (W/TW)nW

1 + (W/TW)nW
− α S S. (7.5)

Here, Pi and Pa denote the concentrations of inactive and active p53, respectively.
M and W are respectively the concentrations of Mdm2 and Wip1. The concentra-
tion of the DNA damage signal is denoted as S. Finally, N is the externally imposed
concentration of Nutlin-3. The function θ (t) is the Heaviside function. The pa-
rameters for the model are given on the last page of this problem set in a convenient
format for copying and pasting. Before proceeding, take a moment and make sure
you understand the physical meaning of each term in the equations.

a) Solve the equations numerically with N = 0. Plot the solution along with the
experimental measurements from the Purvis, et al. paper, given below.

time (hr) relative total p53 conc.
0 0.13
1 0.69
2 1.00
3 0.87
4 0.60
5 0.35
6 0.34
7 0.54
8 0.61
12 0.43

This helps verify that the model gives results similar to what you would ob-
serve experimentally.

b) Come up with a program for controlling the Nutlin-3 concentration so as to
bring the total p53 level to a sustained value similar to that of its maximum
value during oscillations in the absence of Nutlin-3. I.e., choose a function
N(t) to give a sustained level of p53 that is approximately unity (in the units
specified by the parameter values). You might want to consider experimental
constraints, for example that you might want to have only a few steps where
the Nutlin-3 concentrations are adjusted to ease experimentation. Show a plot
verifying that your scheme works.

Problem 7.2 (Ruling out oscillations, 30 pts).
This problem is based on problem 3.6 of Del Vecchio and Murray. There are fifteen cir-
cuits in Fig. 2. Use the Bendixson criterion to identify circuits that cannot give sus-
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tained oscillations. Hint: Read the relevant section of the lecture 18 notes to learn
about the Bendixson criterion.

Figure 2: A collection of two-gene circuits. Take fromDel Vecchio andMurray,
Biomolecular Feedback Systems, Princeton University Press, 2015.
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http://be150.caltech.edu/2018/handouts/l18_phase_portraits.html#Identification-of-oscillations


alpha_MPi = 5
alpha_Pi = 2
alpha_MPa = 1.4
alpha_SM = 0.5
alpha_M = 1
alpha_W = 0.7
alpha_WS = 50
alpha_S = 7.5
beta_P = 0.9
beta_SP = 10
beta_M = 0.9
beta_Mi = 0.2
beta_W = 0.25
beta_S = 10
tau_N = 0.4 # hours
tau_M = 0.7 # hours
tau_W = 1.25 # hours
K = 2.3 # µM
n_N = 3.3
n_S = 4
n_W = 4
T_W = 0.2
T_S = 1
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