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Mathematical Modelling and Scientific Computing in the
Biosciences

15 May 2007

Lecture 6: Overview

e Dynamical Properties of Matifs in Biological Circuits
- Incoherent Feed—-Forward Loop (11-FFL)

e Temporal Ordering
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Motifs: Feed—Forward Loops
We looked at the most common type of feed—forward loopsadherentC1-FFL

Now lets look at the 2nd most common type,ititherent1-FFL.
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Motifs: Feed—Forward Loops

CoherentC1-FFLandincoherent1-FFL
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Motifs: Feed—Forward Loops
e C1FFL solutionfiltering of briefon signals; well-resolvedff signals.

e Arises from asymmetry to input on/off responses

In[71]:= Xl nput =
{X[t] > UnitStep[t -1] -UnitStep[t -6] +UnitStep[t -7] -UnitStep[t -12] +UnitStep[t -20] -
UnitStep[t -21] +UnitStep[t -25] -UnitStep[t -26] +UnitStep[t -27] -
UnitStep[t -28] +UnitStep[t -29] -UnitStep[t -30]};
ClFFL_ODE_St epl nput = {Derivative[l][Y][t] == B=YUnitStep[X[t] -K_XY] - a_Y Y[t],
Derivative[l][Z][t] == B—ZUnitStep[X[t] -K_XZ] UnitStep[Y[t] -K_YZ] - a—Z Z[t]} /. %
t End = 33;
Constant sNDSol ve = {aY» 1, aZ->» 1, B_Y-> 1, B_Z~>» 1, K_.YZ- 0.8, K_XZ- 0.1, K_XY- 0.1};
ClFFLNunSol n = ({X[t] /. XInput, Y[t], Z[t]} /.
NDSol ve [ {CIFFL_ODE_St epl nput /. % Y[0] =0, Z[0] =0}, {Y[t], Z[t]}, {t, O, tEnd}]) // Flatten;
PLabel s = {("X[t1", "Y[t1", "Z[t1"};
Sol nPl ot s = Mapl ndexed [Pl ot [#1, {t, O, tEnd}, PlotStyle - {Hue[O0.1% #2[[1]1]], Thickness[0.0157]},
AxesLabel -» {"t", StyleForm[PLabel s[[#2[[1]]]], FontColor -» Hue[O.1=* #2[[1]]], FontSize - 16]},
Pl ot Range -> Al |, Di splayFunction -> lIdentity] &, CLFFLNunSol nj;
Sol nPI ot sNew = Sol nPl ot s;
Sol nPl ot sNew[ [2]] = Show[
{Sol nPlots[[2]], G aphics[{Dashing[{0.01, 0.02}], Line[{{0, K_YZ}, {tEnd, K_YZ}} /. Constant sNDSol ve]}],
Graphi cs[Text ["K_YZ", {20, -0.1+ K_YZ /. ConstantsNDSol ve}]1}, DisplayFunction- ldentity];
Show[Gr aphi csArray[{Sol nPl ot sNew}], Displ ayFunction- $Di spl ayFunction, |nmageSize -> {500, 130}1;
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Motifs: Feed—Forward Loops
e Delay in Z[t] when X[t]:0->1
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Motifs: Feed—-Forward Loops

e Due to the AND logic at Z, the equation fot FFL takes the form:

In[81]:= ClFFL_ODE = {Derivative[l1][Y][t] = B_YUnitStep[X[t] -K_XY] - a_Y Y[t],
Derivative[l][Z][t] == B—ZUnitStep[X[t] -K=XZ] UnitStep[Y[t] -K_YZ] - a—Z Z[t]};
%// Col utmFor m// Tr adi ti onal Form

Qut | 82]// Tradi t1 onal For m=
Y/ (t) = BY O(X(t) — KXY) — a—Y Y(t)
Z'(t) = B_Z O(X(t) — K_XZ) O(Y(t) - K_YZ) — a—Z Z(t)

e In contrast, due to the AND NOT logic at outpul 75 FL takes the form:

©1988-2005 Wolfram Research, Inc. All rights reserved.
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In|184|: =
| IFFL_.ODE = {Derivative[1][Y][t] = B_YUnitStep[X[t] - K_XY] - a_Y Y[t],
Derivative[l][Z][t] = ( B—Z - B—ZP) =
(UnitStep[X[t] -K_XZ] * (L-UnitStep[Y[t] -K_YZ])) +B—_ZP- a_Z Z[t]1};
%// Col utmForm// Tradi ti onal Form

Qut| 185]// Iradl t1onal For nF
Y (1) = Y O(X(t) - KXY) —a—_Y Y(t)
Z'(t) = B—ZP+ (B—Z — B—ZP) O(X(t) - K_XZ) (1 - 6(Y(t) - K__Y2)) —a—Z Z(})
whereB__Z is the unrepressed transcription rgteZP (<<B_Z) the repressed rate.

o « | » woo| 7 of 26

Motifs: Feed—Forward Loops
Let's try a simple step input fot FFL:

I n| 186]: =
Xl nput = {X[t] > UnitStep[t -1] -UnitStep[t -6]1};
| 1FFL_ODE_St epl nput = | 1FFL_ODE /. %
t End = 10;
Const ant sNDSol ve =
{aY¥> 1, aZ- 1, B_Y->1 B_Z-> 1 B_ZP-» 0.1, K_YZ- 0.5 K_XZ- 0.5 K_XY- 0.1};
| 1FFLNunSol n = ({X[t] /. XInput, Y[t], Z[t]} /.
NDSol ve[{l 1FFL_ODE_Steplnput /. % Y[0] =0, Z[0] =0}, {Y[t], Z[t]}, {t, O, tEnd}]) // Flatten;
PLabel s = {"X[t1", "Y[t1", "Z[t]1"};
Sol nPl ot s = Mapl ndexed [Pl ot [#1, {t, O, tEnd}, PlotStyle- {Hue[O.1=x #2[[1]]1], Thickness[0.015]},
AxesLabel » {"t", StyleForm[PLabel s[[#2[[1]]]], FontColor -» Hue[O0.1=* #2[[1]1]], FontSize- 16]},
Pl ot Range -> Al l, Di splayFunction-> ldentity] &, |1FFLNunSol nJ;
Sol nPl ot sNew = Sol nPl ot s;
Sol nPl ot sNew[ [2]] = Show[
{Sol nPlots[[2]], G aphics[{Dashing[{0.01, 0.02}], Line[{{0, K_YZ}, {tEnd, K_YZ}} /. Constant sNDSol ve]}],
Graphi cs[Text ["K_YZ", {10, -0.1+ K_YZ /. ConstantsNDSol ve}]]1}, DisplayFunction- ldentity];
Show[Gr aphi csArray[{Sol nPl ot sNew}], Displ ayFunction- $Di spl ayFuncti on, |mageSize -> {500, 130}1;
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Motifs: Feed—Forward Loops

e The output Z[t] essentially does not depend ordthationof the ON signal in X[t]:

©1988-2005 Wolfram Research, Inc. All rights reserved.
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I n| 196]: =
XInput = {X[t] > UnitStep[t -1] -UnitStep[t -6] +UnitStep[t -10] -UnitStep[t -11]};
| 1FFL_ODE._St epl nput = | 1IFFL_.ODE /. %
t End = 15;
Const ant sNDSol ve =
{aY¥> 1, aZ-> 1, B_Y->1 B_Z-> 1 B_ZP-» 0.1, K_YZ- 0.5 K_XZ- 0.5 K_XY-> 0.1};
| 1FFLNunSol n = ({X[t] /. XInput, Y[t], Z[t]} /.
NDSol ve [ {l 1IFFL_ODE_Stepl nput /. % Y[0] =0, Z[0] =0}, {Y[t], Z[t]}, {t, O, tEnd}]) // Flatten;
PLabel s = {"X[t1", "Y[t]1", "Z[t]1"};
Sol nPl ot s = Mapl ndexed [Pl ot [#1, {t, O, tEnd}, PlotStyle-» {Hue[O.1x #2[[1]]], Thickness[0.015]},
AxeslLabel » {"t", StyleForm[PLabel s[[#2[[1]]]], FontColor » Hue[O.1x #2[[1]]], FontSize - 161},
Pl ot Range -> Al l, Di splayFunction-> ldentity] &, |1FFLNunSol nJ;
Sol nPl ot sNew = Sol nPl ot s;
Sol nPl ot sNew[ [2]] = Show[
{Sol nPlots[[2]], G aphics[{Dashing[{0.01, 0.02}], Line[{{O, K_YZ}, {tEnd, K_YZ}} /. ConstantsNDSol ve]}],
Graphi cs[Text ["K=YZ", {10, -0.1+ K_YZ /. ConstantsNDSol ve}]1}, DisplayFunction- Identity];
Show[Gr aphi csArray[{Sol nPl ot sNew}], DisplayFunction- $Di spl ayFunction, |nageSize -> {500, 130}];
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Motifs: Feed—Forward Loops

e Moreover, by increasing the degradation rate of gene 2(vi&), the peaks can become morése—like

©1988-2005 Wolfram Research, Inc. All rights reserved.
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I n| 216]: =
XInput = {X[t] > UnitStep[t -1] -UnitStep[t -6] +UnitStep[t -10] -UnitStep[t -11]};
| 1FFL_ODE._St epl nput = | 1IFFL_.ODE /. %
t End = 15;
Const ant sNDSol ve =
{aY> 1, aZ-10, B_Y- 1, f_Z>1, B_ZP-> 0.1, K_YZ- 0.5, K_XZ-> 0.5, K_XY- 0.1};
| 1FFLNunSol n = ({X[t] /. XInput, Y[t], Z[t]} /.
NDSol ve [ {l 1IFFL_ODE_Stepl nput /. % Y[0] =0, Z[O0] =0}, {Y[t], Z[t]}, {t, O, tEnd}]) // Flatten;
PLabel s = {"X[t1", "Y[t]1", "Z[t]"};
Sol nPl ot s = Mapl ndexed [Pl ot [#1, {t, O, tEnd}, PlotStyle-» {Hue[O.1x #2[[1]]], Thickness[0.015]},
AxeslLabel » {"t", StyleForm[PLabel s[[#2[[1]]]], FontColor » Hue[O.1x #2[[1]]], FontSize - 161},
Pl ot Range -> Al l, Di splayFunction-> ldentity] &, |1FFLNunSol nJ;
Sol nPl ot sNew = Sol nPl ot s;
Sol nPl ot sNew[ [2]] = Show[
{Sol nPlots[[2]], G aphics[{Dashing[{0.01, 0.02}], Line[{{O, K_YZ}, {tEnd, K_YZ}} /. ConstantsNDSol ve]}],
Graphi cs[Text ["K=YZ", {10, -0.1+ K_YZ /. ConstantsNDSol ve}]1}, DisplayFunction- Identity];
Show[Gr aphi csArray[{Sol nPl ot sNew}], DisplayFunction- $Di spl ayFunction, |nageSize -> {500, 130}];

cooo
N D OB

t t

T2 46 8101214 2 4 6 8101214 2 4 6 810121«

| < | > | woo| 1of 1

Motifs: Feed—Forward Loops

e For largen__Z, the system responds likeoalse—generator

©1988-2005 Wolfram Research, Inc. All rights reserved.
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I n| 226]: =
Xinput = {X[t] » UnitStep[t -1] -UnitStep[t -6] + UnitStep[t -7] -UnitStep[t -12] +
UnitStep[t -18] -UnitStep[t -19] +UnitStep[t -24] -UnitStep[t -25]};
| 1FFL_ODE_St epl nput = | 1IFFL_.ODE /. %
t End = 30;
Const ant sNDSol ve =
{aeY> 1, aZ- 10, B_Y- 1, B_Z- 1, B_ZP> 0.1, K_YZ-> 0.5, K_XZ- 0.5 K_XY- 0.1};
| 1FFLNunSol n = ({X[t] /. XInput, Y[t], Z[t]} /.
NDSol ve [ {l 1IFFL_ODE_Stepl nput /. % Y[0] =0, Z[O0] =0}, {Y[t], Z[t]}, {t, O, tEnd}]) // Flatten;
PLabel s = ("X[t1", "Y[t1", "Z[t1"};
Sol nPl ot s = Mapl ndexed [Pl ot [#1, {t, O, tEnd}, PlotStyle-» {Hue[O.1x #2[[1]]], Thickness[0.015]},
AxesLabel » {"t", StyleForm[PLabel s[[#2[[1]]]], FontColor » Hue[O.1x #2[[1]]], FontSize - 161},
Pl ot Range -> Al l, Di splayFunction -> ldentity] &, |1FFLNunSol nJ;
Sol nPl ot sNew = Sol nPl ot s;
Sol nPl ot sNew[ [2]] = Show[
{Sol nPlots[[2]], G aphics[{Dashing[{0.01, 0.02}], Line[{{O, K_YZ}, {tEnd, K_YZ}} /. ConstantsNDSol ve]}],
Graphi cs[Text ["K=YZ", {10, -0.1+ K_YZ /. ConstantsNDSol ve}]1}, DisplayFunction- Identity];
Show[Gr aphi csArray[{Sol nPl ot sNew}], DisplayFunction- $Di spl ayFunction, |nageSize -> {500, 130}];
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Motifs: Feed—Forward Loops

e Consider gene Y undergoing the usual constant production and linear degradation:

In| 325]:=
YEqn = | 1IFFL_CDE[[1]] /. {UnitStep[l nput _] -> 1};
%/. t - Styl eForm[t, Font Col or » RGBCol or [1, 0, 0]] // Tradi tional Form

Qut | 326]// Iradi t1 onal For m=
Y (t) = Y —a—_Y Y(t)

Setting the derivative to zero, find the possible steady—state solutions:

In|327|: =
YSt eadyState =
Sol ve[YEgn /. {Derivative[n_][x_][t_1- 0}, Y[t]1]1/. {t > Infinity} //Flatten//First

Qut | 327| =

Y[o] > B_Y

a_Y

e The solution for Y[t] can be easily solved: the solution involves exponential decay @t Mte

©1988-2005 Wolfram Research, Inc. All rights reserved.
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In|321]:=
YEqnSol n =
DSol ve[{YEqn, Y[O] =0}, Y[t], t]/. (YSteadyState /. Rule[a_, b_] - Rulef[b, al) //
Flatten//First //Sinmplify;
%/. t - Styl eForm[t, Font Col or » RGBCol or [1, O, 0]] // Tradi tional Form

Qut | 322|// Tradi t1 onal For m=
Y(©) - (L—e Y1) Y(c0)

W « | » | on ] 12 of 26

Motifs: Feed—Forward Loops

In|328]:=
InitTimeAssunption={ Y[t] < K_YZ, X[t] > K_XZ};
InitZEqn = Sinpl i fy [l 1IFFL_ODE[[2]], Assunptions - %;
%/I/I Tradi ti onal Form
Nu

Qut | 330|// Tradi t1 onal For m~
BZ=a_ZZM)+Z ()

Inl331]:=
InitZSol n =DSol ve[{l nitZEqn, Z[0] =0}, Z[t], t]
%/. t - Styl eForm[t, Font Col or - RGBCol or [1, O, O
Qut|332|// Tradi t1onal For nF
B_z_e—a_zt ,B_Z
a_Z

[[1, 111 7/ Full Sinplify;
11 7/ Tradi tional Form

Z(t) »

However, at* whenY[t*]= K__YZ, gene Z is repressed: the ODE is then

In|375]:=
RepressedAssunption= { Y[t] > K_YZ, X[t] > K_XZ};
RepressedZEgn = Si npl i fy[| 1FFL_ODE[[2]], Assunptions -» %;
%// Tradi ti onal Form

Qut|377]//7 Tradi ti1onal For m=
B_ZP=a_ZZ({t)+Z (1)

Let’'s now find out when (repression time for Z) occurs:

In| 378 : =
TStarEgn = Y[t ] == K_YZ;

In| 379 : =
Of [Sol ve::"ifun"];
t_StarSol n= (Sol ve[TStarEqn /. YEqnSol n, t] //Flatten //First //Sinplify) /.
{t » t\[UnderBracket] Star}

Qut | 380| =
Lo 1- K_YZ
t_Star » - 911 - vir!
aY
| « | y | oo 13 of 26

Motifs: Feed—Forward Loops

Now lets solve the equation for Z[t] after tirtie the initial Z[t] solution at*is

©1988-2005 Wolfram Research, Inc. All rights reserved.
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In| 381 :=
InitZAt _t_Star = (InitZSoln//Last) /. t » t_Star

Qut | 381 =
B_Z _et _Star a_Z B_Z
aZ

With the computedt substituted, this is:

In| 382 : =
I'nitZAt —t _Star = %;/. t_StarSoln // Ful | Sinplify
Qut | 382| =
K vz \ o%
bz (_1+ (1-%22) )
a_Z

For simplicity, let us denote Z[ asz0

In| 383]:=
Repr essedZSol n =
Ful | Si mpl i fy[DSol ve[{RepressedZEqn, Z[t _Star] =20}, Z[t], t]] //FullSinplify //
Flatten // First;
%/. t - Styl eForm[t, Font Col or » RGBCol or [1, 0, 0]] // Tradi tional Form

Qut| 384|// Tradi t1 onal For nF
2 S8 (7047 — B_ZP) + f_ZP

Z(t) - 7

Which when using _St ar Sol n explicitly, is:

In| 385]: =
Ful | RepressedZSol n = RepressedZSoln /. t _StarSoln // Ful |l Sinplify;
%/. t - Styl eForm[t, Font Col or » RGBCol or [1, 0, 0]] // Tradi ti onal Form

Qut | 386]// Tradi t1 onal For nF

_aZ (Iog(l— KYTO:)Z Jray )

- «v  (Z0a_Z-pB_ZP)+pB_ZP
a_Z

e
Z(t) »

W « | » | on ] 14 of 26

Motifs: Feed—Forward Loops

Now let’s look at the asymtopic limit ofsto: try

In|387]: =
((RepressedZSoln //First) /. t - Infinity) -»
Limt [Ful | RepressedZSoln// Last, t - Infinity]

Qut| 387] =

azta Y+Log[lf%])

- Y (20 aZ - B_ZP) + B_ZP
, t > oo]
a_Z

Z[w] s Limit [

It didn’t work because we need to know the signs of the constants. Extract the constants from the expression:

©1988-2005 Wolfram Research, Inc. All rights reserved.
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I n| 388]: =

Al | Param= Conpl enent [Cases [RepressedZSol n // Last, _Synbol, Infinity] // Union, {t, e}];

Al | Par anPosAssunp = Map[# > 0 & Al | Param]

Qut | 389 =
{t_Star >0, 200, aZ>0, B_ZP >0}

With the now withAssunpt i ons— Al | Par anPosAssunp, the limit calculation gives the result:

In| 390 : =
ZSteadyState = ((RepressedZSoln //First) /. t » Infinity) -»
Li mit [Ful | RepressedZSoln// Last, t - Infinity, Assunptions - All ParanPosAssunp]
Qut | 390| =
B_ZP
Z[oo] - 7

T I e | 15 of 26

Motifs: Feed—Forward Loops

Now let us manipulate FullRepressedZSoln to see how it goeszfrdoZ[ «] .

First, obtain replacement rule foreg]

In[391: =
ZSteadyState /. Rule[a_, b_]1 » Rule[b, a]

Qut | 391 =
B_ZP

7 > Z[o]

Algebraic manupulations give the result:

In|392|: =
Si npRepr essedZSol n = (Expand[#] & //@ RepressedZSoln) /. %// Ful |l Sinplify;
%/. t - Styl eForm[t, Font Col or » RGCol or [1, 0, 0]] // Tradi ti onal Form

Qut | 393|// Iradit1onal Forme
Z(t) » 2SR (70 — Z(00)) + Z(o0)

That is, it undergoes an exponential decay ataraté after t_Star.

I e e | 16 of 26

Motifs: Feed—Forward Loops
Now, let us find the response time for Z to increase to half its (final) steady—state value.

We equate 1/2 Z

©1988-2005 Wolfram Research, Inc. All rights reserved.
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In| 394|: =
ResponseTi neEqn = (I nitZSoln// Last) ==1/2 =« (ZSteadyState // Last);
%// Tradi tional Form
Qut | 395|// Iradi ti1onal FornF
BZ—-et2p_7 B_ZP
a_Z T 20 Z

In| 396]: =
ResponseTi neSol n = (Sol ve[ResponseTi neEqn, t]1[[1, 111 // Full Sinmplify) // Conpl exExpand

Qut | 396] =
Log[1 - 35551
t - — o=
oz

Let us now define the repression factor, B=2/_ZP (which is >>1 given the assumptions)

In| 403]: =
ResponseTi me = Toget her //@ (ResponseTineSoln /. { B—_ZP/ B—_Z > 1/F})

Qut | 403| =
Log| 712+'%F 1
t - - 7
| « | » woo| 17 of 26

Motifs: Feed—Forward Loops

What does this response time look like?

Inl417|: =
Pl ot [ (ResponseTine // Last) /. a—Z-» 1, {F, 1, 10}, PlotRange - All, Axes - None,
Franme -» True, FranelLabel » {"Repression Coefficient, F', "Response Tine"},
Rot at eLabel -» Fal se, | mageSi ze » {400, 200}1];

0.7¢

0.6¢

. 0
Response Ti ne

2 4 6 8 10
Repressi on Coefficient, F
That is, thehighertheF =p_Z/3_ZP, thefasterthe response.

The speed-up of response time via repression, is reminisceegative auto—regulatiqifast lecture).

©1988-2005 Wolfram Research, Inc. All rights reserved.
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In| 420]: =
ResponseTi neNoRepressionLimt =Limt[#, F- 1] & //@ ResponseTi ne

Qut | 420] =

¢ - Log[2]

a_Z

I I e | 18 of 26

Motifs: Feed—Forward Loops

Speed-up foON signal in X[t], for various repression coefficient F

F -> 2.
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Motifs: Feed—Forward Loops

No speed-up foDFFsignal in X[t], for various repression coefficient F

F -> 2.
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Motifs: Feed—Forward Loops

Acceleration/pulse-like solution has been observed experimentally, for galatose utilization system:
S. Mangan, S. ltzkovitz, A. Zaslaver and U. Alon, J. Mol. B28b (2006).

©1988-2005 Wolfram Research, Inc. All rights reserved.
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Motifs: Feed—Forward Loops

Without incoherent feed-forward loop, the lacZ system shows behavior approximatgtl/@fco] = 1 — e *".

In contrast, the behavior of wild—type galE shows (~3—fold) accelerated response and overshoot.

l )’J_J‘/ i Lactose, IPTG

©1988-2005 Wolfram Research, Inc. All rights reserved.
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Conclusions:

e C1-FFLcan give act to filter brief (noisy) signals, and respond only to persistent ones.

e |1-FFL can
- act as a pulse—generator

— decrease response time to an ON signal (similar to negative auto-regulation)

| O 23 of 26

Temporal Ordering

e Reaching production goal with minimal enzyme production: "just—in—time" transcription program : A. Zaslave
Mayo et al, Nature Geneti@6 (2004).

e Activity profiles of of arginine biosynthesis operons:
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e What motifs can give rise to thesenporal orders
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Temporal Ordering

Consider regulator gene X controlling 3 genes: Z1, Z2, Z3 (e.g., genes responding to a single stress).
In particular, Z1, Z2, Z3 are activated, wihbtivation threshold&__zZ1, K_72, K_7Z3 (with respect to X).

I n| 1499 : =
SIM_ODE = {X' [t] =B_X UnitStep[t -1] (1-UnitStep[t -5]) - a_X=* X[t ],
Z1' [t] =B_Z1 xUnitStep[X[t] - K_Z1] - a_Z1 «Z1[t ],
Z2' [t] = B_Z2 »UnitStep[X[t] - K_Z2] - a_Z2 *Z2[t ],
Z3' [t] = p_Z3 xUnitStep[X[t] - K_Z3] - aZ3 *Z3[t ]};
%// Tabl eForm// Tradi ti onal Form
Qut | 15001 // Tradi t1 onal For m=
X (1) = X (1-6(t-5)) 6t — 1) — a_X X(t)
Z1' (t) = f_Z1O(X(t) - K_Z1) — a_Z1 Z1(t)
22 (t) = B_Z26(X(t) — K_Z2) — a_Z2 Z2(t)
73 (t) = B_Z36(X(t) - K_Z3) — a__Z3 Z3(1)

Suppose K.Z1 < K_Z2 < K_Z3:

©1988-2005 Wolfram Research, Inc. All rights reserved.
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I n| 1501] : =
Const ant sRul e =
{K_Z1-50.1, K_Z2-50.4", K_Z3-50.7", K_X- 0.95, aX>1, aZl>» 1, aZ2->1,
aZ3 -1, B X-> 1, B XP-» 0.1, B_Z1-»1, B_Z2-1, B_Z3->1, n-> 8};
SI M_ODE /. Constant sRul e // Tabl eForm// Tradi ti onal For m

Qut | 1502]// Tradi t1onal For nE
XM =@1A-0t-95)6(t-1) — X()

Z1' (t) = O(X(t) — 0.1) — Z1(t)
Z2 (t) = O(X(t) — 0.4) — Z2(t)
Z3 (t) = O(X(t) — 0.7) — Z3(t)
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Temporal Ordering

I n| 1509]| : =
Var Li st = Cases[SI M_ODE, _Synbol [_Synbol ], Infinity] // Union;
ICList =#== 0&/@VarList /. t » 0O;
t End = 10;
SI M_Sol n = NDSol ve[{SI M_ODE /. ConstantsRule, |CList}, VarlList, {t, 0, tEnd}] // Flatten;
Sol nPlots =
Mapl ndexed[Pl ot [#, {t, O, tEnd}, Pl otRange - {{O0, tEnd}, {O, 1}}, PlotStyle- {Thickness[0.01],
Hue[0. 2 First [#2]]}, DisplayFunction- ldentity] & VarlList /. SI M_Sol nJ;
Show[G aphi csArray[{{Sol nPlots[[1]]1}, {Show[{Sol nPlots[[2]], SolnPlots[[3]], SolnPlots[[4]1]},
Pl ot Label -> "Z1, Z2, Z3"1}}11;

1
0.8
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0.4
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1 Z1, 72, Z3
0.8
0.6
0.4
0.2
2 4 6 8 10

Switching—on behavior of Z's: Last-In—First—-OwiFO)
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Temporal Ordering

How to switch on genes Z1, Z2, Z3, controlled by X, that activations showing the First—In—FirdeHam)t¢rder?

For instance, as seen in the activity profiles of of arginine biosynthesis operons:

argR

D~ g

N-Ac-glutamylp
= argt
N-Ac-glutamyl SA
(=3
argh
carap | Glutamine | [ nacomimine |
e -
P “argt
29, [caramoy-f] 0z 0 6o & 10
=
ki Time {min)
Aspartate Citrulline
0w @ e w100 =
Time (min) - it
u-‘ 3 ! ? argH
Arginine 0 2 4 @ @ 100
N idstebes

Hint: generalize a feed—forward loop. We will consider this in an exercise.
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