Supplementary information for “Stress-specific response of
the p53-Mdm2 feedback loop”

Alexander Hunziker!, Mogens H Jensen! and Sandeep Krishna*!?

LCenter for Models of Life, Niels Bohr Institute, Copenhagen, Denmark

2National Centre for Biological Sciences, Bangalore, India

Email: Alexander Hunziker - hunziker@nbi.dk; Mogens H Jensen - mhjensen@nbi.dk; Sandeep Krishna - sandeep@nbi.dk;

*Corresponding author

The model

Our model focuses on the following four concentrations: nuclear-p53, p; Mdm2, m; Mdm2 mRNA, m,,; and
the p53-Mdm2 complex, ¢. The temporal dynamics of these components of the model is specified by four
ordinary differential equations:

dp

u o—ap—kgpm + kyc + e (1)
dm
s = kup® = Bm, 2)
d
TTZ = kymy, — kfpm + kye + dc — ym (3)
d
d—; = kypm — kye —c—c (4)

Parameter values

There are 9 parameters in these equations. Some can be fixed or constrained using data from literature:

1. p53 does not measurably degrade over 120 min in the absence of Mdm2 [1]. Therefore, its Mdm2-
independent degradation rate, a, is very low. We took a = 0.1hr~!, corresponding to a half life of 7.5 hours.
In any case, as shown in Fig. 3 of the main text, varying o by upto 5-fold up or down makes no difference
to the behaviour of the model.

2. The Mdm2 mRNA half-life has been measured to be 1-2 hours [2,3], so we fixed 3 = 0.6hr~! correspond-
ing to a half-life of a little over 1 hr.

3. kp has been measured in ref. [4] to be 1.4 to 2 s~1. We therefore fix k, = 7200hr 1.

4. The dissociation constant kp = ky/ky of the p53-Mdm2 complex has been reported to be various numbers,
ranging from 100 molecules [5] (around 0.2 nM'), to 60 nM [4] to 700 nM [4]. This implies k¢ should lie in
the range 10-36,000 nM ~‘hr—1.

5. The Mdm2-dependent half-life of p53 was measured to be less than 15 min [1]. We therefore explored ¢
in the range 1-20 hr~!, corresponding to a half-life in the range 2-40 min.

11nM ~ 0.6V molecules/cell, where V' is the volume of the cell in wm?. As a default, we assume a cell volume of around
830 um3, corresponding to a sphere of radius around 6 um. This gives 1nM=500 molecules/cell.



Knowing the levels of p53 and Mdm?2 in the absence of stress can be used to constrain the values of o,y and
the product k;ky as follows:

The level of p53 in cells has been measured to be in the range 17,000-200,000 molecules in various cell
lines [6, 7], which is around 35-400 nM (assuming as before InM=500 molecules/cell). We aimed for a total
p53 level of 100 nM in the absence of stress. Further, we aimed to have enough Mdm2 such that 80-90% of
the total p53 is in complex with Mdm2. This means the free p53 should be around 20nM. And free Mdm?2
level should be around 9 or 10 times kp (so that ¢/pt* = m/(m+kp) ~ 0.9). As a starting point, using we
assumed this level would be around 10-20 nM, so the total Mdm2 would also be around 100 nM, i.e., the
complex dominates both p53 as well as Mdm2 levels. Now we can obtain two relations connecting as yet
unkown parameters to known ones:

(a) In steady-state, production and degradation of p53 should balance, so

o~ dc

Taking a value of § = 10 or 11 Ar~!, in the middle of the range we wanted to explore, and with ¢ = 80 to
90 nM (because 80-90% of p53 is bound), we get an estimate of o ~ 1000 nM.hr~—!, which is what we use
as the default value.

(b) Production and degradation of Mdm2 should also balance:

kiky o tot
p°=ym

Taking m'! ~ 100nM and p ~ 20nM, this leads to
ktktl = 02’}/ (5)

With «, 8, k, and o fixed as explained above, we varied other parameters to find oscillations similar
to those described in response to DNA damage in [8,9]. k; and § were varied in the ranges mentioned
above, and a very wide range of v was explored (0.01-100 hr~1), with k;ky set according to Eq. 5. Fig.
2 in the main text and Figs. S1-S3 show the regions where interesting behaviour was observed. We found
that ky = 2500nM ~thr=1,§ = 2hr~!,y = 0.5hr~! produced oscillations of the correct time period and
characteristics.

From this state we looked in the direction of increasing k; and ¢, and decreasing -, for the default “resting
state” of the cell (because DNA damage was to be modelled by decreasing k; and ¢, and increasing ). We
wanted the resting state to have:

1. no oscillations
2. a low level of p53, around 100 nM
3. a high enough level of Mdm2 such that 80-90% of p53 is bound to Mdm2

We obtained such a state with ky = 5000nM ~'hr=1,6 = 11hr~!, v = 0.2hr~!, and kiky = 0.04nM ~ hr—2.
(Note that the values of k; and k;; do not have independent significance. Increasing one can be compensated
by decreasing the other, which will simply change the mRNA level. Since we are focussing on protein levels
and not mRNA level, we arbitrarily set k; = 0.03nM ~*hr~! and ky = 1.4hr‘1.) With these parameters, in
steady-state, we obtain p ~ 17nM, m =~ 8nM and ¢ ~ 91nM. Thus, p'°* ~ 108nM and c/p'°* ~ 84%, which
is what we were aiming for.

Parameter changes to mimic stresses
Nutlin prevents the binding of p53 to Mdm2, so we model this by decreasing k; 10-fold. Given that k; is
kept constant this implies a 10-fold increase in the dissociation constant, kp.

As explained in the main text, we model DNA damage stress by decreasing ¢, increasing v and increasing
kp from the resting state. We found, as described earlier, that choosing 6 = 2hr~!, v = 0.5hr~! and



ky = 2500nM ~1hr=! produced oscillations that matched those described in [8]. They observe the first peak
at around 30 min, the second at 6 hrs and the third in the range 9-13 h. The amplitude of the second peak
is around 50% of the first, while the amplitude of the third is around 40% of the first.

Oncogene regulation was modelled as a decrease in ¢ only. Therefore, we chose the same change as for
DNA damage: 6 = 2hr~!. The same change was used in modelling hypoxia along with, as explained in the
main text, a reduction of k;, 3-fold, to 0.01 nM ~'hr~!. The precise amounts by which to change parameters
for each stress of course depend on the intensity of the stress, so we can at best pick out the different
directions in parameter space along which the cell is moved, upon being subject to different stresses.

Finally, in order to model the presence of the G allele at SNP309, we used a resting state with a higher
k; value. Stresses applied to these cells were modelled using the same parameter changes as above. Again,
the precise amount k; is increased by the G allele is unknown, so we chose, in Fig. 4, to double the default
value in order to make obvious the differences in response to stresses.

Implementation

The differential equations were integrated using (i) MATLABs ode45 and odel5s solvers, and (ii) an adaptive
step-size fourth order Runge-Kutta algorithm implemented in C++. The model is also available in SBML
format as part of this supplementary material.

In calculating long-timescale features of p53 dynamics (i.e., after initial transients) as a function of various
parameters, each run was made for 200 hours. The initial 100 hours of each run were discarded, and the rest
used to determine maximum, minimum and average free p53 levels. From this the spikyness and fold-changes
(for the sensitivity analysis of Fig. 3 in the main text) were calculated. The average separation between
positions of maximum free p53 was taken as an estimate of the time period where oscillations were detected.

Time period and spikyness of oscillations

Fig. S1 shows the time period and spikyness of oscillations as a function of two parameters. Spikyness
is defined as (max-min)/average [10]. The white lines correspond to the contour of spikyness=1. Fig. S2
shows three examples of time series of free p53 and free Mdm2 levels to illustrate the kinds of oscillatory
and steady-state behaviour generated by the model over long time scales.

p53 levels

In Fig. S3 we show the peak free p53 level, the average free p53 level, and the ratio of free to bound p53
as a function of two parameters. The white lines correspond to the spikyness=1 contour obtained from the
previous calculations shown in Fig. S1. Fig. S4 shows the sensitivity analysis, as in Fig. 3 of the main
text, for peak free p53 level, the average free p53 level, and the ratio of free to bound p53. Fig. S5 shows
the dynamics of the free p53 level, total p53 level (free+bound) and ratio of free to bound p53, for the four
different stresses that were shown in Fig. 2 of the main text.

Stochastic simulations

The stochastic simulations were done using the Gillespie algorithm [11], implemented in C++, applied to the
model equations. In the standard simulations, 1nM was equated to 500 molecules per cell (which corresponds
to assuming a cell volume of around 830 um?, equal to that of a sphere of radius around 6 M) in converting
the second-order reaction rates to probabilities per unit time required by the Gillespie algorithm. These
gave results essentially indistinguishable from the deterministic runs (see Fig. S6). In order to increase the
amount of noise in the runs, we arbitrarily reduced the assumed cell volume such that 1nM corresponded to
1 molecule (for this to be correct the cells would have to be as small as typical bacterial cells). See the red
curve in Fig. S6. This decreases the number of molecules thereby increasing the noise in the system without



altering the molecular processes and their relative rates. The runs shown in Fig. 5 in the main text were
made using this noise level.
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Figure S1: Left panels: time period of oscillations (in hours). No sustained oscillations occur in dark blue
areas. Right panels: spikyness, (max-min)/average, of free p53 levels. White curves in all plots correspond

to the contour of spikyness=1.
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Figure S2: Three time series showing spiky, smooth and damped oscillations in free p53 (blue). Also shown

is free Mdm?2 (green). Initial conditions were taken to be the steady-state values in the default resting state,
as defined in the main text.



log,,(P53 ) log, ,(CP53 [p53 0/ Cpm O

0.5
20 2.2
2
11 0.4
18
0.3
1.6
w
14 0.2
12
2 0.1
1
1 1 1 0
01 02 0.5 1 01 02 0.5 1 01 02 0.5 1
Y i Y
log,,(P53, ..) log, (CP53 [ps3 0/ Cpm O

3
BN
PN = o
[ O
[NEEEN

250 500 25005000 25000 250 500 25005000 25000 250 500 25005000 25000
f f f
log,,(P53 ) log, ,(CP53 p53 0/ Opm O
20 20

11 11

1 1 1
0.005 0.01 0.03 0.1 0.005 0.01 0.03 0.1 0.005 0.01 ‘ 0.03 0.1
k

Figure S3: Peak levels of free p53 (left panels), average free p53 (middle) and the ratio of free to bound p53
(right panels), as a function of various parameters. White lines correspond to the contour of spikyness=1
for free p53. The left panels are the same as the ones shown in Fig. 2 of the main text.
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Figure S4: Change in peak free p53 level (top), average p53 level (middle) and ratio of free to bound p53
(bottom), as a function of changes in parameters. For each curve, the specified parameter is varied keeping
all others fixed at their default values as specified in Table 1 of the main text. The middle panel is identical
to Fig. 3 of the main text.
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Figure S5: Temporal dynamics of free p53 (top two), total p53 (middle two), and ratio of free to bound p53
(bottom two), in response to four stresses. The top two panels are identical to Fig. 2A of the main text.
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Figure S6: Stochastic simulations of the p53-Mdm2 model. The light blue curve shows the behaviour of free
p53 in the deterministic model in response to DNA damage (the curve is identical to the one in Fig. 2A of the
main text). A Gillespie simulation with InM=500 molecules/cell (dark blue curve) is indistinguishable from
the deterministic result. Assuming a smaller volume of the cell increases noise in the Gillespie simulations
(green curve: 1nM=10 molecules/cell; red curve: 1nM=1 molecule/cell), especially in the position of the
later peaks. The red curve is the same as that shown in Fig. 5 in the main text.
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