Figure S1: Sensitivity analysis (mechanistic model)
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Figure 1: Mechanistic model parameters are varied by two orders of magnitude above and below their optimal values
to examine their sensitivity with respect to the response time of the ON switch (red lines) and OFF switch (blue
lines). Response time is measured as the time taken for the ON switch to reach 90% of its maximum percentage CAR
expression, and the time taken for the OFF switch to reach 90% of its total decrease in percentage CAR expression.
In all simulations the concentration of 4OHT is fixed at 1 puM.



Figure S2: Sensitivity analysis (reduced model)
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Figure 2: Reduced model parameters are varied by two orders of magnitude above and below their optimal values
to examine their sensitivity with respect to the response time of the ON switch (red lines) and OFF switch (blue
lines). Response time is measured as the time taken for the ON switch to reach 90% of its maximum percentage CAR
expression, and the time taken for the OFF switch to reach 90% of its total decrease in percentage CAR expression.
In all simulations the concentration of 40HT is fixed at 1 pM.



Table S1: Biochemical equations
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Table 1: Biochemical equations describing the full reaction network of the inversion-excision switch (Fig. S1).
actions are paired for the two separate recombination events (inversion and excision) for the sake of brevity i.e. one
set of equations for i; and ip, and another set for e; and es. Activated FlpO that catalyses recombination events in
the nucleus is denoted by F'; unactivated FlpO in the cytosol is denoted by F; unactivated FIpO that leaks into the
nucleus is denoted by Fj. FlpO monomers bind to DNA attachment sites sequentially until two monomers occupy
each site; Fy 1 and F5 ¢ denote one monomer bound to each site and two monomers bound to one site, respectively.
DNA is denoted by D with a subscript corresponding to one of the five DNA states (S1, tS1, tSa, S2, Sx), and with
a superscript corresponding to one of the four recombination events (i1, iz, €1, €2). Each of the five strand exchanges
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that comprise a Holliday junction is denoted by the corresponding numbered H.



Table S2: Model ODEs

— BplFal,
d[Fa] _ o —Ka[Fa]][4<;Ii[;1;]] BplFa =k [D F2 ol[F1+
—dr — Ky[Fy] — plLbl, . F3] — k1
iy B b[F][wHTJ—Bd[“OHT]’  Fual = k2 [DY, FIF] + k- (D5, — ka[D2 FI[FI+
atso ) _ ad—Ka][[;OHTHva[Fb]ﬂp[FljF | — ko[ D FIIF] + k_1[DY l;;] k[Ds, ]IF] + k_»[DZ F, 3]2 | - k(D2 F)[F)+
AP _ e (F, 5[DY Fao) — _ —k1[Ds,  Fa] — k2
48 = ko1 [DyL, F] = k1 [Dis, | [F] + k] S[an F4]7k2[Dll FS)[F] + k 1[D12 Fa] - ka[D2 Fy1](F] + b (D D2 P SlF+
' iy2 - [D” FLal[F] 4 k2 i2 Fgo][F]Jrk 2[ DY F|[F] + k_ 1Dy FS] %
[D 4 Fs] — k2 k. [DLZ Fs]*kl[D 1 g 1] 1[D F][ 12F ] = k2o [DG FI[F]+
(D2 Fy.1] ~ ki [D FIIF] + 1F | - kal D, FIF] + ks [DY, 1IzF]—kl[Dsl][F]Jr’f 2Dy 222F]—k2[D12F3][F]+
: D2 F) D, ]+ k(D2 DY, P k(D3 Fs”FHk_l[DWF]—kz[ D3, FiallF] + k- 2[12 Fl - kDI, FallFI+
y _
1[ DI Py — kol DY, Fya][F) + ks 27] — k1 (D2 Fo o)[F] + & 2[12 Fia] — ka (D2, FILF] + k(D o |~ ka[D32, FI[F+
k_ 2[ 12F 1]_k1[D12 F|[F]+ k_ 1[2DF 3] kz[Dt F)[F)+k_1[D tSy el,lF] kl[DtS1][F]+k72[Dt 1[220 Fd—kz[ﬁts Fs3][F]+
k_1 1 k_2[D}2 Fso] — 11‘ Fl+k_1[D;2 B ;2 F|[F] + ko
_kl[Dtsl][FH 1+ 2[Di2 Fy] - kalD'2 Bl Fia] = k2[D;3 <2 FI(F )+
k_1[D;%, Fl ia k_2[D% Fl+k_ [DtS L, & Fa] — ka[D
F11][F] + k1 [D°2 Fz 0]l | +k_2[Dg F> €2 2 FIF]
72 F3] — [Dfse1 k1D Fg]f 1105, wp 7k1[D32][ Fg]—k2[D )
: ?%thlFl 1] — ki1[D;2 F]ECF] J[FDQIIPEQ]tS k2[DelF][F]+k Z[D[DEl F] — k1[Dsy ][F] + k- 2[D s Dy 1]
t e —1 — tS ’
k-1[D elF]*kl[DSQH]F[]FLk:[D ! le—’”[D XU [d,%, f] = k1[Desy 1] + k-1[di3, f] = ka[Disy
& F] —ki[Dsy 1IF] + k—1[d;3, )
k_1[D E2 —k1[DtS1 i
D3, F] — b [Drey (F] + kr[D 1 | D2, Fial - k1[D}3, FIIF)
[Dtsl] — k_ 1[ tSlF} ! ! io ]_kQ[ng F][F]Jrk_l[ 517 5
dt i F] + k_z[Dtsl Fa0 !
ig F [F]—k_l[Dtsl ig [F]
dlPy5, = ki[Dis,] ) [Diz FS]_kl[Dtlez,o] g
i n ] 2, FIIF] = k2[D3, Fa0] + k-1[Dj%, F)
P45, 2.0l ka[D.3, D2 Fy] — k2[Dt51F1'1][ ’ 2 p3)[F)
~di k_1[Di2 Fya]+ koo 5, k_o[D'2 Fu] — kao[D,3, F5][F],
dDyE F1a) ki [D}%) F[F] — o 13, F1allF) = k—o[Di2 Fs] + k(D2
A ] in ][F]*kfl[Dzan]JrkZ[Dtsl "
D™ (D, Favo : Hi2) — ks[D3 Ful, °2 F[F),
a —k_3[D2 Fy] + k_s[H. k1 [D2 Flyl]fkl[DtSj
d[Dt%1F4] = k2[DtS1F3][F] ) 1] k_5[D2 Fy 0]*162[Dteg FIF]+ k- o
—at ez -2 5 ’
d . D2 F]+ tS1
APy Pl _ F1[Desy [IF] = k-1 [Dy5, ]+ k-1[Dj2, Fs] — k1[Dg3 Fao][F],
—dt F — tSq
B D52 Fao
APiS 20 _ L IDe2 FI(F) — ko . | = ka[D3Z, FI[F], 2 mIF],
1 [D F1 e ko[D Fs][
P F] = k_1[DZ Fia] + k2 5 Fs] + k—2[Di3, Fu] — k2[D;g,
APys Fal kl[Dt Ff ! Fs3] + ko[Dj2 F11][F] — k— 2[DtS1 3
- dt D2 3 tSy
MBI D2, PallF) - kD2, D2 7,
. k_s[H?] — ks[D{3,
eth F]fk_z[DtglF‘l]Jr -3
d[Dtsl Fal — kQ[Dt31F3][ i1 k [H”L
ai _g[HV) — ka[HIY] + k_4[H.
alEl] ks[Dl Fa] — ! v i
Tt 7‘1]+k}75[H3 ’
i1 i1 k 4[H2Ll]  kslHy i
W)~ py[HD] - ke ; 2]+ k_g[HI],
a8 i1 ks [Hg'] — ke[H5'] + k- ;
dlHz ] ks[Hy'] — k- i i H',,
at )~ hoolHY — Rr[H{Y) 4 e[
a[H,'] ke[HS'] — k_o[Hy i Fy],
pr 1] — ko7 [HE'] — k_g[Hg'] + ka[Dyk, Fu]
W) [k, i H2],
—_ 2]+ k_4[H,
i & Fa] — k_g[H}?] — ka[H,
WP = kDR ke . 2]
at ) Hig]_k5[H;2]+k_5[H3 )
AlE?] kalHy2] = k4| 2 2] 4 k_g[H2],
21 = koo [H?] — holH?] + k-
d[HS ] = kS[H ] - 7,2 H ]’
|+ k_7[Hg
d[}?i?] ke[Hy?) — k_o[H 2] — kr[H} ul,
—ai— = ke Hi?] = k—a[H?] + ka[D}, F.
d[H2] kr[Hy%) — k7] 1] 4 k_4[HSY,
o 4] — k_g[Hy] — ka[H{'] + k_a[H;
d[IZ% ! _ kS[DtSZ o ks[Hy ] + k_s[Hg'],
— R5
agly ka[H{'] = k—a[H3"] )+ k_g[HI,
i 1) — k_5[HS] — kelH.
T T R R A
— e
Wil = kol — 6[Hi1] k_a[HE'] + ka[DEL F)[DEL Fa),
3 Hg'] — k- 5 e
W = k)~ kgl ) 4 k(B2
at . k—g[H}?] — ka[H
d[H}2] [D;3, Fu] = k—s
T}_ ks [ 62] ks [H (’2]+k 5[H3 1ss
e e H — 5
aHg?) ka[H{?] — k_4 e H?),
dzz eo k 5[H52]_k6[ 2]+k76[ 4
‘”1;72] = ks[Hy?] — k- 2] — kr[HS2] + k_o[HE?),
B — k7
Wl = ka5 = ool HE?) 4 ks [DR 3D, P,
a2 21 = k_7[HZ?) — k_s[H
sz* = k7[H,



d[Dg, ]

7= = ko1lDE Fl = ka[Ds, )[F] + k-1 [DE F] = k1 [Dsy [[F] + k-1 [dd, f1 = k1[Ds, 1] + k-1 [dE f] = k1 [Ds, (£,
d[Dll F] ) ) ) )
—a— = k[Ds)[F] - k,l[Dlsl1 F]+k_2[Dg, F2 0] = k2D, F][F] + k_1[DZ | F11] - k1[Dg, FI[F],
d[Dgl F2,0] i
— = kz[D F][F] - k_2[Dg. L Fo0] 4 ko 1[Dg L Fs] = k1[Dg) F2,0][F],
d[D ?S’llFl 1] _ k i1 i i1 i
—ar— = FkilDg FIIF] = k1[Dg, Fia] + k—2[Dg, Fs] = k2[Dg, F11][F],
d[D” 3] i i i i
% = kl[D L F20llF] — k-1[Dg : L F3] 4 k2[D 1 L FallF] - kfz[Dsll F3] + kfz[Dsll Fy] — kz[DSl1 F5][F],
i1
APs, b ka[D F3)[F] — k_o[D™ Fy] + k_s[H{1] — ks[DL F.
at = 2[Dg, Fs —2[Dg) Fu —3[H, 3[Dg, Fa],
d[D2 F) i i ;
—a— zil = kl[Dsl][F]—k,l[DzF]+k g[D )y 0]—k2[D F][ ]+k,1[D521F111]—kl[DS"’lF][F],
D F3 0] i : ; ;
—S2% = ke[D2 F[F] — k2[DZ Fa0] + k-1[DZ, F3] — k1[D2 F20][F),
ap g Fy 1] i i i i
Sdlit = ki[DZ FI[F) = k_1[DZ Fia] + k_z[Dgl Fs] — ka[DZ F1a][F],
D F3)
T: ki [DE F20][F]—k—1[D ) F3] + k2 [DG F1al[F] — k- 2[DZ ) Fs] + ko 2[DZ F4]—k2[D > F][FT],
a[Dd ? Fy) ; i
—— = ka[D2 F][F] — k_3[DZ Fa] + k_3[H;?] — ks[DZ Ful,
d[Dg,] e e .
22 = k_[DgLF] - kl[Ds2][F] +k-1[DE F] = k1[Ds,][F] + k-1[dgL F] — k1 [Dis, |[F] + k-1[dE F] — k1[Ds, ][F],
d[DEL F] e
%f = ki[Ds,][F] - k,l[DS2 F]+ k,g[DS2 Fa] — k2[Dg; F][F],
d[Dg, F2] e e e e
dig = kz[DS{zF][F] - k:,g[DSI2 Fo]l + k_s[H'] — kg[DsleQ],
DG F] e e e
e‘étz = ki[Dsg,][F] = k—1[DG F] + k—2[Dg> F»] — k2[D FI[F],
dPg, Fal e e e e
S22 kao[DG F[F] — k—[D Fs] + k—3s[H5?] — ks[DE Fa),
a[Dg ] p
X = ka[DEFl - ki[Dsy ][F] + k-1 [DZ F] — k1[Ds y |[F] + k_1[dS._F] = k1[Ds [F] + k_1[d& F] — k1[Dsy ][F] — 6[Ds x|,
d[Del Fl e e e
SX— = ka[Dsyl[F] — k1 [DS Fl+ k2D, Fo] — kx[DELFI[F,
d[DEL o)
—SX— = ke[DE FIIF] - k_2[DE Fo] + k_s[H:'] — ks[DE. Fal,
d[DZ2 F) . De
% = ki[Dsyl[F] - k1[D@ Fl+k_2[DZ F2] — ks[DZ F[F],
DG Fal . . .
—f— = k2[DP FIIF] — k_2[D F2] + k_s[H:?] — ks[DS_F],
da[D ] i e i e
dttsz = k—l[Dté‘gF] — k1[Dys, |[F] + k—l[DtégF] — k1 [Des, J[F] + k—l[dtlng] = k1[Des, |[F] + k_l[dfé2F] — ka1 [Des, )1,
d[D}L F) i
— 32— = k[Dis,)[F] — k-1[DiL Fl+ k_2[DiY Fa o] — ka[Dik FI[F] + k_1[Dik, Fi1] — ki [Dik FI[F],
4D}k, Fa o] i i " i
X = ka2[Di}, FI[F] — k_2[D;§, Fa 0l + k-1[D,g, Fs] — k1[D,§, F2 0] [F],
e S k_1[D'L F k_2[D'L Fs] — ka[D'L Fy |][F
dt = 1 tSo I[F] — k-1l 55 1,1] + k—2[ S5 3] — ko 55 1,1][F],
d[D}L F3] P
% = kDL, Faol[F) = k1 [Djk, Fs] + ka[Djk, F1al[F] — k-a[DjL) Fs] + k_o[DiL Fu] — ka[DiL Fy][F],
Dk Fy) ;
—22— = ka[D)}, F3)[F] — k_2[D;k, Fa] + k_s[HS'] — ks[D;L, Ful,
d[Dé F)
—@r— = k1[Dus,][F] = k—1[D{3, F] + k_2[D{3, Fa 0] — ka[D{3, FI[F] + k—1[D;}, Fia] — k1[Di, FI[F],
d[D{L Fs o]
—t5 57 k2[D;d, FI[F] — k—2[D;}, F2 0l + k-1[D;3, Fs] — k1[Dj}, F2,0][F],
d[DtégFlvl] _ k Del F e1 eq
—F—— = kDL FI[F] - k-1[D{}, F1,1] + k—2[D;}, F3] — k2[D;§, F11][F],
d[D{L Fg)
— 22 = kl[D:é Fa0][F] — k—l[DféZFs] + kz[Dts2 Fi1][F] — k- 2[DtS2F3] + k_2[Dgg) Ful — kz[Dts2 F3][F],
d[D{L Fy) . .
—F— = ka[D{L, FS][F] — k_2[Dj} Fa] + k_g[Hy] — ks[DyL, Fu.

Table 2: Mechanistic model ODEs derived from biochemical equations through the application of mass action kinetics.



Table S3: Optimal parameter set (mechanistic model)

Parameter Value (M~1s™1) Parameter Value (s!) Parameter Value (Ms™1!)

kl (11762) 0.1322 k_ (11,62) 0.9584 Qg 0.5950
ko (i1,e2) 0.4585 k 2 (i1,e2) 0.8997 o 0.7735
ky (iz.e1) 0.2639 1 (izer)  0.9835 - -

k?g (12,61) 0.9152 k‘ 2 (12,61) 0.9232 — —
k3 0.2495 k_3 0.9563 - -
k4 0.3160 k_4 0.0652 - -
ks 0.8690 k_s 0.8571 - -
ke 0.3282 k_¢ 0.3254 - -
k7 0.8436 k_v 0.8657 — -
ks 0.4897 k_g 0.1614 — —
K, 0.7693 K, 0.4187 - -
- - Bp 0.7793 - -
- - Ba 0.3725 - -
— — ) 0.9733 — -

Table 3: The optimal mechanistic model parameter values inferred by the genetic algorithm through global optimisa-
tion. Model parameters are dimensional, taking SI units arising from standard mass action kinetics.



Table S4: Optimal parameter set (reduced model)

Parameter Value (M~1s™1) Parameter Value (s=!) Parameter Value (Ms™!)

k1 0.9956 Ky 0.0108 Qq 0.0063
ko 0.8365 Bp 0.6494 oy 0.0001
ks 0.9984 Ba 0.9935 — —
k4 0.9950 ) 0.0215 — —
ky 0.3525 - - - -
K, 0.0036 — —

Table 4: The optimal reduced model parameter values inferred by the genetic algorithm through global optimisation.
Model parameters are dimensional, taking SI units arising from standard mass action kinetics.



Section S1: Conservation relations

To demonstrate how the factor of a half arises in our ODE for State 2, consider the simple biochemical reaction

equation:

AL pByc

k_1

(1)

That is, a reaction in which one molecule (A4) forms two distinct products (B, C) and both products must combine in
order to reproduce the original molecule. The application of mass action kinetics produces the following ODE model:

dA

— =k_1BC — kA
dt 1 14,
dB

— =k A—-k_1BC
dt 1 1 )
dc

— =kA—-k_1BC.
dt 1 1

From this we can derive the following conservation relations:

at  dt
e dt

From (5) we have

dA dB
/(dtert)dt—/Odt,

- A+ B =c, (constant of integration)
—— C:Ao, (attZO,A:Ao,B:O)
Similarly, from (6)
A+C = A.

Hence, adding (10) and (11) gives

94 + B + C =2A4,,

B C
+2+2 0

(12)

(13)

Therefore, in order to preserve the initial concentration of the molecule A (Ap), we must impose the factor of a half
in our ODE for State 2. The corresponding numerical solutions will therefore satisfy the desired relationship that the
summed concentrations of all model variables at any time point ¢ will equal the initial concentration of model variables
present when ¢t = 0. This preserves the conservation of mass for the excision reactions which give rise to two products:

the final genetic state (State 2) and the circle of DNA.



