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1 Disordered nature of PAGE4 using Uversky’s boundary line

The degree of disorder of PAGE4 can be measured by calculating its mean hydrophobicity [1] and mean net
charge. The mean hydrophobicity was calculated using Kyte-Doolittle approximation with the ExPASy server
(under normalized scale). We used a window size of 5 residues. The results, compared with the Uversky’s

boundary line (Eq. S1) [2], (Figure S1) indicates that all three forms of PAGE4 can be classified as disordered

proteins.
(H) = (|{g)| + 1.151)/2.785 (S1)
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Figure S1: The mean hydrophobicity and mean net charge calculated for three phosphorylated forms of
PAGE4. When compared with the Uversky’s boundary line, all three forms PAGE4 fall into the category of
disordered proteins.

2 Simulation Results with Different Scaling Factor Ciaing

The Veiee = Cscaling Kelec D g:f; e "ii/'0 ysed in our simulation potential has a constant scaling factor

signifying the strength of the electrostatic potential compared with other parts of the AWSEM Hamiltonian.
In the main text, we used Cycaling = 4.0 in our simulations. We show a comparison for other values of Cycaling

below (Table S2). The RMS Dist 1863 of WT-PAGE4 for both Cscaling = 1.0 and Cycating = 2.0 are larger



than that in Cyaling = 4.0. Upon the reduction of electrostatic force (Cscating changing from 4.0 to 1.0), the

difference in sizes among different phoshporylated forms of PAGE4 decreases.

Cscaling =1.0
(Rg) (A) RMS Dist 18 63 (A) RMS Dist 63_102 (SIM) (A)
Wildtype Form 38.4 67.0 55.9
HIPK-1 Form 38.4 66.8 57.5
CLK-2 Form 39.8 67.9 56.5
Cscaling =20
(Rg) (A) RMS Dist 18.63 (A) RMS Dist 63102 (SIM) (A)
Wildtype Form 374 66.4 54.1
HIPK-1 Form 37.4 66.5 55.8
CLK-2 Form 40.7 70.1 56.5
Oscaling =4.0
(Rg) (A) RMS Dist 18 63 (A) RMS Dist 63.102 (SIM) (A)
Wildtype Form 32.9 57.4 51.2
HIPK-1 Form 32.1 55.6 51.4
CLK-2 Form 41.8 73.4 54.8

Table S1: A summary of the results from the simulations with different values of Cycaling-

To further our understanding in structural details. The structure ensemble and averaged contact map from
the simulation with Cgcaling = 1.0 are plotted in Figure S2. In contrast to Figure 2 of the main text, there
are no N-terminal loop formation in either the structure ensemble or the averaged contact map. This further
demonstrates that electrostatic force drives the N-terminal loop formation in our simulation with Cycaling = 4.0,

the loss of this loop formation causes the expansion in the size of PAGE4 upon hyperphosphorylation.

3 Simulation Results without the shift of v value

To test the simulation of PAGE4 without the shift of v values, we performed the same simulations with Cecaling
= 1.0 and Cqcaling = 4.0 with the unshifted v values. The results are shown below (Table S3 and Figure S3).

It is clear that without the shift of v parameters, the simulated proteins are over-collapsed.

Cscaling =1.0
(Rg) (A) RMS Dist 18.63 (A) RMS Dist 63102 (SIM) (A)
Wildtype Form 15.6 229 294
HIPK-1 Form 15.5 24.1 29.1
CLK-2 Form 15.4 24.7 30.5

Cscaling =4.0
(Rg) (A) RMS Dist 18,63 (A) RMS Dist 63_102 (SIM) (A)

Wildtype Form 15.3 224 26.6
HIPK-1 Form 15.5 23.8 29.1
CLK-2 Form 18.1 30.5 30.8

Table S2: A summary of the results from the simulations of PAGE4 with unshifted v parameters.
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Figure S2: The structure ensemble of different types of PAGE4 collected from the simulations with Cgcaling =
1.0. A The structural ensemble generated during our simulations. Randomly picked structures are RMSD
aligned by the N-motif. In these simulations, the reduction in electrostatic force causes a lack of N-terminal loop
formation. B The average contact map generated from the simulations. The color bar shows the probability of
contacts formation during our simulations. C The top three principal modes generated from the contact-based

principal component analysis. We plot the coefficients of the principal components, which corresponds to the
change of each contact.
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Figure S3: The ensemble averaged properties of PAGE4 from simulations with unshifted v parameters. We
plot here the results with Cgcating = 4.0. A The free energy plot based on the Radius of Gyration (Rg). B

The probability distribution of distance between two residue pairs that were previously measured in smFRET
experiments.



4 Dimensionless model

The original set of equations for WT-PAGE4 (Py), HIPK1-PAGE4 (Py1), CLK2-PAGE4 (Py) and the CLK2
enzyme (C) is given by Equations (5-8) in the Methods section. To derive the dimensionless version of the
model, time and variables are rescaled according to the following transformation: t' = 7t, (P}, PL, Pfy) =
Py(Py, Pum, Pu), C' = CoC and H' = HoH. Here t', P};, P}, C' and H' are dimensionless and 7, P, Cy and
Hj are scaling factors. Next, we choose 7 = 1/kn, Co = kuPo/gu, Ho = kuPo/gm and let Py be an arbitrary

level of molecules. This choice leads to the dimensionless model (removing the ’):

dPy Py
YU _ry—H — P 2
R T (82)
dPM PU PM
—H - — P
dt Po +a CPM-Fﬁ ML M (83)
dPy _, Py
@ Y+ (54)
dc + +
E:FCH (Pm(t — 1a), Pyo, nes Ac)H (U, Ug, nu, Au) —vcC (S5)

where the new parameters are defined as follows: T'v = guy/Poku, « = A/Py, 8 = B/Py, yuv = ku/knu,
i = km/ku, Tc = guge/k% Po. The parameters of the shifted Hill functions were rescaled as follows: the delay
term 7q becomes 74/ky, the threshold levels Pyig becomes Pyo/ Py, and the Hill coefficients and fold-changes
were already dimensionless. The parameters for androgen treatment U and Uy were chosen in the dimensionless
model, and therefore need no rescaling (see the ”Parameters estimation” section). The set of equation S1-S4

was used for the numerical simulation of the Page4 circuit (see ”Details on numerical simulation”).

5 Parameters estimation

All the model’s parameters are presented in Table S3. The parameters H, vy, «, 8, M, L'c, 74, Pwmo, nc,
Ac and ¢ were taken from the original model of the Page4 circuit[3]. Additionally, WT-PAGE4’s production
and degradation rates were chosen as I'y = 70 and vy = 0.4. 'y = 70 was established phenomenologically to
guarantee a level similar to that of HIPK1-PAGE4 and CLK2-PAGE4. Further, vy = 0.4 considered that the
half-life of the wild-type is 2-3 times larger than that of CLK2-PAGEA4[4], therefore ky/ky = 0.4.

The parameters for ADT were estimated phenomenologically: since the treatment level U is a parameter,

the strength of the therapy depends only on the ratio U/Upy: ratio of 1 represents no effect while a ratio > 1



represent an applied therapy (see the definition of the shifted Hill function in the Methods section). Therefore,
we chose a level U/Uy = 3 yielding a strong therapy (or, U = 3 and Uy = 1, where both parameters are
normalized by Up). Additionally, ny = 2 and Ay = 3. To model the overexpression of AR during BAT

therapy, we used a shifted Hill function with the same threshold and Hill coefficient but the new fold-change

Apat = 0.1.
Role Name Value
HIPK1 Enzyme level H 50
WT-PAGE4 degradation rate YU 0.1
WT-PAGE4 threshold «a 5
HIPK-PAGE4 threshold B 20
HIPK1-PAGE4 degradation rate ™M 0.25
CLK2 production rate I'c 20
CLK2 activation Delay T4 1.5
HIPK1 threshold for CLK2 activation Puo 20
Hill coefficient for CLK2 activation ng 4
Fold-change for CLK2 production Ac 10
CLK2 degradation rate Yo 1.0
WT-PAGE4 production rate Ty 70
CLK2-PAGEA4 degradation rate YH 1.0
ADT/BAT level U 3
Threshold for ADT/BAT Uo 1
Hill coefficient for ADT/BAT ny 2
Fold-change of CLK2 production for ADT Au 3

Fold-change of CLK2 production for BAT  Agar 0.1

Table S3: A summary of the parameters used in the mathematical model.

6 Details on numerical simulation

The dimensionless system of Equations S1-S4 were solved numerically using a direct Eulerian integrator with
a timestep dt = 0.001. All code was developed in Python by FB, and it is available online in the Github page
of FB (https://github.com/federicobocci9l). All figures regarding the Paged circuit were realized with the
Matplotlib Python library[5].

Addressing the timescale of oscillations requires converting the time ¢ to the original physical measure. The
physical time was obtained by multiplying the arbitrary simulation time by the factor 7 = 1/ky. In all figures,

the time on the x-axis has been rescaled to its physical value to appreciate the timescale for oscillations.
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Figure S4: Sensitivity analysis of the model’s parameters. A. Oscillation amplitude of the cellular level of
CLK2 upon a 10-fold variation of the model’s parameters. The oscillation amplitude is defined as the ratio
between standard deviation and average of CLK2 over the temporal trajectory shown in Figure 5B. The
continuous vertical black line depicts the original parameter value, while the dotted vertical black lines show
the 2-fold variation interval. B. Oscillation period of the cellular level of CLK2 upon a 10-fold variation of the
model’s parameters. Plain white regions indicate the parameter regions where oscillations are absent (compare
to panel A). C-D Temporal dynamics of CLK2 in the presence of Androgen deprivation for different values of
the Hill coefficient for the treatment inhibition of CLK2 C. and treatment intensity D.. The vertical dotted
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Figure S5: ADT for varying timescales. Simulations showing the dynamics of CLK2-PAGE4 as affected by
varying timescales for inhibiting ADT (as shown in orange rectangles) — 1 day A., 2 days B., 4 days C., and
7 days D..
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