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Fig. S1 The effects of varying Kq of R33, K 45, by changing kon. When K, .35 changes, the
following relationship must be valid due to thermodynamic constraints:

Koo Karay = Koo Karaz 3 KareKairsg = Karig Kareg 8N Ky rao)Karag = Kairag Kuraz
In order to maintain the above relationships, Kj s, and K; gz, are increased or decreased by
same fold as that of K g5 . The change of K .., and K, g, is realised by changing their

respective kon. Solid red lines: K s is increased by 10 folds by changing kon, as binding of
Ca**-CaM complex to CAMTA is tighter than binding of free CaM to CAMTA. Dashed black
line: K sz is decreased by 100 folds by changing kon. The reference value is K35 =1.26-3

UM (Fig. 2).
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Fig. S2 The effects of varying Kq of R33, K 33, by changing koff. When K g, changes, the
following relationship must be valid due to thermodynamic constraints:

Koo Karay = Koo Karaz 3 KareKairsg = Karig Kareg 8N Ky rao)Karag = Kairag Kuraz
In order to maintain the above relationships, Kj s, and K; gz, are increased or decreased by
same fold as that of K g5 . The change of K .., and K, g, is realised by changing their

respective kon. Solid red lines: K g, is increased by 10 folds by changing koff, as binding of
Ca®**~CaM complex to CAMTA is tighter than binding of free CaM to CAMTA. Dashed black
line: K s is decreased by 100 folds by changing koff. The reference value is K gq5=1.26-3

UM (Fig. 2).
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Fig. S3 The effects of varying Kq of R20, K ¢, , by changing kon. When K ¢, changes, the
following relationship must be valid due to thermodynamic constraints:

KareoKawen = Kawn Koo s KameaKawen = Kagres Karao) 81 Kyrg)Karag = Kagrg Kairaa -
In order to maintain the above relationships, when K g, is increased, K; ,, andK;g,, are
increased and decreased by same fold as that of K, respectively. When K ¢, is decreased,
Karaz aNd K, are decreased and increased by same fold as that of K g, respectively. The

change of K, and K g,y is realised by changing their respective kon. Solid red lines: K ¢,

is increased by 10 folds by changing kon, as binding of Ca?*~CaM complex to CAMTA is tighter
than binding of free CaM to CAMTA. Dashed black line: Kz, is decreased by 100 folds by

changing kon. The reference value is K; ,, =1.2e-3 uM (Fig. 2).



[y
I~
o
o

[EEY
I
o
o

1000 -

co
o
o

=)
o
o

400 -

fold change of [MNNCCX]

200 -

fold change of [Ca%*]

Fig. S4 The effects of varying Kq of R20, K x,, , by changing koff. When K, ., changes, the
following relationship must be valid due to thermodynamic constraints:

Kawao Kaen = Kawn Koo KaranKamen = Kagrag Karag AN Kyra)Karag = KarigKarea -
In order to maintain the above relationships, when K g, is increased, K; ,, andK; g, are
increased and decreased by same fold as that of K, respectively. When K ., is decreased,
Karaz aNd Kz, are decreased and increased by same fold as that of K, respectively. The
change of K,y and K g, is realised by changing their respective koff. Solid red lines:

Ky (rao) 18 Increased by 10 folds by changing kon, as binding of Ca®*—CaM complex to CAMTA
is tighter than binding of free CaM to CAMTA. Dashed black line: K, ¢, is decreased by 100
folds by changing koff. The reference value is K 0, =1.26-3 UM (Fig. 2).
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Fig. S5 The effects of varying the cooperative binding between CaM and CAMTA in the
presence of Ca** (P in Eqn 2 in the main text). Solid red lines: P=1.0. Dashed black line: P=1.0E-
3. The reference value is P=0.1 (Fig. 2).
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Fig. S6 The effects of varying the total CaM concentration on the amplification of Ca?* signals.
Solid red line: total CaM concentration is 1000 puM. Dashed black line: total CaM concentration
iS 0.1 uM. The reference value is 10 pM (Fig. 2).
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Fig. S7 The effects of simultaneously varying all five adjustable parameters (example 1). Solid
red line: total CaM concentration is 1000 pM, total CAMTA concentration: 1000 puM , the
cooperative binding between CaM and CAMTA in the presence of Ca?*due to on binding rate
(Q in Eqn 3): 100, the cooperative binding between CaM and CAMTA in the presence of Ca**
(P in Egn 2): 0.01, on rate for the binding between the Ca**~CaM complex and CAMTA
(Kon(r14)): 100 uM™s™. Dashed black line: total CaM concentration is 0.1 pM, total CAMTA
concentration: 0.1 uM , the cooperative binding between CaM and CAMTA in the presence of
Ca**due to on binding rate (Q in Eqn 3): 0.01, the cooperative binding between CaM and
CAMTA in the presence of Ca’* (P in Eqn 2): 1, on rate for the binding between the Ca’*~CaM
complex and CAMTA (Kon(ri4): 0.01 uM™ s, Reference value (Fig. 2): total CaM concentration
is 10 uM, total CAMTA concentration: 10 uM , the cooperative binding between CaM and
CAMTA in the presence of Ca?*due to on binding rate (Q in Eqn 3): 1, the cooperative binding
between CaM and CAMTA in the presence of Ca®* (P in Eqn 2): 0.1, on rate for the binding
between the Ca**~CaM complex and CAMTA (Kongr1s): 1 UM ™ s™.
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Fig. S8 The effects of simultaneously varying all five adjustable parameters (example 2). Solid
red line: total CaM concentration is 0.1 uM, total CAMTA concentration: 1000 pM, the
cooperative binding between CaM and CAMTA in the presence of Ca?*due to on binding rate (Q
in Eqn 3): 0.01, the cooperative binding between CaM and CAMTA in the presence of Ca®* (P
in Eqn 2): 0.01, on rate for the binding between the Ca**~CaM complex and CAMTA (Kon(r14)):
100 uMs™. Dashed black line: total CaM concentration is 1000 pM, total CAMTA
concentration: 0.1 UM , the cooperative binding between CaM and CAMTA in the presence of
Ca”*due to on binding rate (Q in Eqn 3): 100, the cooperative binding between CaM and
CAMTA in the presence of Ca’* (P in Eqn 2): 1, on rate for the binding between the Ca’*~CaM
complex and CAMTA (Kon(ria)): 0.01 uM™s™. Reference value (Fig. 2): total CaM concentration
is 10 uM, total CAMTA concentration: 10 M , the cooperative binding between CaM and
CAMTA in the presence of Ca’*due to on binding rate (Q in Eqn 3): 1, the cooperative binding
between CaM and CAMTA in the presence of Ca®* (P in Eqn 2): 0.1, on rate for the binding
between the Ca**~CaM complex and CAMTA (Kongria)): 1 UM ™s™
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Fig. S9 Dependence of fold change in gene expression induced by oscillatory calcium signature
(Fig. 2a) on the delay time. Binding affinity (Kg) is 1.1e-2 uM. Blue line: Delay time is 600 s
(reference value (Fig. 6)). Red line: Delay time is 1200 s. Green line: Delay time is 1800 s.
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Fig. S10 Dependence of fold change in gene expression induced by transient calcium signature
(Fig. 3a) on the delay time. Binding affinity (Kg) is 1.1e-2 uM. Blue line: Delay time is 600 s
(reference value (Fig. 6)). Red line: Delay time is 1200 s. Green line: Delay time is 1800 s.
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Fig. S11 Dependence of fold change in gene expression induced by prolonged calcium signature
(Fig. 4a) on the delay time. Binding affinity (Kg) is 1.1e-2 uM. Blue line: Delay time is 600 s
(reference value (Fig. 6)). Red line: Delay time is 1200 s. Green line: Delay time is 1800 s.
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Fig. S12 The effects of varying base rate for gene transcription (k) on fold change of gene
expression. Binding affinity (Kg) is 1.1e-2 uM. Red line: k, =5.0 x10° pM s™ (reference value

(Fig. 6)). Blue line: k, =1.0x10°uM s™. Green line: k, =2.5x10°uM s™.
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Fig. S13 The effects of varying maximal rate for 4Ca**~CaM—-CAMTA complex-regulated gene
transcription (kz) on fold change of gene expression. Binding affinity (Kg) is 1.1e-2 uM. Red

line: k, =5.0x1072 puM s (reference value (Fig. 6)). Blue line: k, =0.1pM s™. Green line:
k, =2.5x102uM s™.



fold change of gene expression

0 T T T T T T 1
0 1000 2000 3000 4000 5000 6000 7000 8000

time (s)

Fig. S14 The effects of varying Hill coefficient (n) on fold change of gene expression. Binding
affinity (Kg) is 1.1e-2 pM. Red line: n=2 (reference value (Fig. 6)). Blue line: n=1. Green line:
n=3.
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Fig. S15 The effects of varying the decay constant of mRNA (ks) on fold change of gene
expression. Binding affinity (Kg) is 1.1e-2 uM. Red line: k, = 3.75x10™* s (reference value

(Fig. 6)). Blue line: k, =7.5x10™* s™. Green line: k, =1.875x10™* s™.



6 - - 10001

c
o o
o 5 - - 8001 b
oo b
— o
; 2
| c
8‘}, O 4 - - 6001 Fu o
: —-— -_—
T & S 4
59 5 O
Q. - QO
© X 3 - - 4001 O X
o v = o
= 0
et
5 £
- 2 - - 2001
9 8
(o]
Qo
1 T f T T T e’ T T 1
1.0E-08 1.0E-07 1.0E-06 1.0E-05 1.0E-04 1.0E-03 1.0E-02 1.0E-01 1.0E+00

[MNNCCX] (M)

Fig. S16 Gene expression accumulates all information during the lifetime of the transient
calcium signature (Fig. 3a) for binding affinity between the active complex 4Ca?*—CaM-—
CAMTA and DNA to be 1.1e-2 uM. Solid line (right y-axis): potential fold change of gene
expression if the concentration of 4Ca®*~CaM—CAMTA stays at each concentration sufficiently
long enough that a steady-state is established at each concentration. Dashed line (left y-axis):
actual fold change of gene expression for transient calcium signature (Fig. 3a). Gene expression
accumulates all information from the transient calcium signature (Fig. 3a) in a similar manner to
the first cycle of Fig. 7 (points I-1V), as analysed in the main text.
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Fig. S17 Gene expression accumulates all information during the lifetime of the prolonged
calcium signature (Fig. 4a) for binding affinity between the active complex 4Ca?*—CaM-—
CAMTA and DNA to be 1.1e-2 uM. Solid line (right y-axis): potential fold change of gene
expression if the concentration of 4Ca?*~CaM—CAMTA stays at each concentration sufficiently
long enough that a steady-state is established at each concentration. Dashed line (left y-axis):
actual fold change of gene expression for prolonged calcium signature (Fig. 4a). Gene expression
accumulates all information from the prolonged calcium signature (Fig. 4a) in a similar manner
to the first cycle of Fig. 7 (points 1-1V), as analysed in the main text.

expression



0.6

et =
w IS

[C;a“] (LM)

600 700 800 900 1000 1100

time (s)

Fig. S18 The reconstructed piecewise calcium signature with T=8 s and all other parameters are
exactly the same as in Fig. 8(a) (A=0.16uM, [Ca®"] , =0.52 uM and [Ca®'] . =0.10 uM).
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Fig. S19 The reconstructed piecewise calcium signature with T=200 s and all other parameters
are exactly the same as in Fig. 8(a) (A=0.16uM, [Ca®'] . =0.52 uM and [Ca*']_, =0.10 uM).
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Fig. S20 Effects of the number of calcium spikes on fold change in gene expression induced by
three piecewise calcium signatures that are reconstructed using the oscillatory calcium signature
(Fig. 2a). Binding affinity (Kq) between the active complex 4Ca?*—~CaM-CAMTA and DNAIs
1.1e-2 uM. A=0.16uM, [Ca**],., =0.52 uM and [Ca*'],,, =0.10 uM, T=8 s (a) blue line: 5
calcium spikes (i.e. the duration is 40 s); (b) red line: 40 calcium spikes (i.e. the duration is 320

s); (c) green line: 75 calcium spikes (i.e. the duration is 600 s).



Notes S1 Modelling equations

1. Modelling equations for the binding of calcium, CaM and CAMTA

dt] - _kon(Rl) [M 77777 ][Ca%] + koff(Rl) [M ——C—f] - kon(R3) [M ————— ][Cah] + kOff(R3) [M N*”*]

diM_ ¢ ]_

T Konrny [M_____ 1[Ca*"]- Kott ey [M __c__ 1= Kon(rzy [M . JlCa*1+ Kot (r2y [M__cc_]

- kon(RS) [M Wc”][cah]?L koff(RS) My 1- kon(RlS) [M__c__I[X]+ koff(RlB) M ¢ «]

d[M + +
Wced i I T Ky e M ce 1KMo TECR> T+ Ky M e

- kon(RZO) M IIX]+ koff(RZO) [M__cex]

d[M + +
% =Konry[M_____ J[Ca’ ]_koff(RS)[MN————]_kon(R4)[MN———7][Ca2 1+ Kot ray [M ]

- kon(Rg) [M N———f][Ca2+] + koff(RQ) [M N—C——] - kon(R14) [M N————][X ] + koff(R14) [M N-———X ]

d[M + +
e g M TC 1Ky Mc- 1Ko My e TICE T+ K M

+ kon(RQ) [M fou][cah] - koff(Rg) [M N—C——] - kon(RlO) [M N,C”][Caz*] + koff(RlO) [M N—CC—]
- kon(Rl7) [M N—C——][X ] + koff(Rl?) [M N-C-X ]

d[M_cc.] . .
(;lt = =k0n(R7)[M,CC7][Ca2 ]_koff(R7)[M N—CC—]_kon(RS)[MN—CC—][CaZ ]+koff(R8)[MNNCC*]

+k0n(R10)[MN—C——][Ca2+]_koﬁ(RlO)[MN—CC—]_kon(RlQ)[MN—CC—][X]+koff(R19)[MN—CCX]
M—k M Ca?1-k M -k M Ca®1+k M

at = 0n(R4)[ v J[Ca™] off(R4)[ -] on(Rll)[ - J[Ca™ ]+ off(Rll)[ NG ]
_kon(RlS)[MNN———][X]+koff(R13)[MNN——X]
M—k M Ca®*1-k M k M Ca*1-k M

ot = on(RG)[ noc_J[Ca™"] off(RG)[ we 1+ on(Rll)[ w-—J[Ca™"] off(Rll)[ e

- kon(RlZ) M NNC——][CaZJr] + koff(RlZ) [M NNCC—] - kon(RlS) M NNC——][X 1+ koh‘(RlG) M NNC-X ]



d[M yuee ] . .
(‘T’[NCC - kon(RB) [M N—CC—][CaZ 1+ koff(RB) [M NNCC—] + kon(RlZ) [M NNC——][CaZ 1- koff(RIZ) [M NNCC*]

- kon(R33) [M NNCC—][X 1+ koff(R33) [M NNCCX]

diM___ x1_

T = _kon(R21) [M___4 ][Ca%] + koff(RZl) M ¢ x]- kon(R23) [M___4 ][Ca%] + koff(R23) My «]

+k0n(R15)[M 77777 ][X]_kofr(R15)[M,”x]
—d[M"C’X]—k M Ca®'1-k M -k M Ca®1+k M

at =Konray [M____x JICQ™" ] =Kot royy [M __c_x 1= Konran [M __c_x ICA™ T+ Kot (ron [M __cex]
—Kon(rzsy [M__¢_x I[Ca* 1+ Kot (r25) M n_c_x 1+ Konrig [IM ¢ IIXT =Ko (rag) [M ¢ «]
—d[M"CCX]—k M Ca*'1-k M -k M Ca*"1+k M

at = 0n(R22)[ __cx1[Ca™] of‘f(R22)[ ~cex] on(R27)[ __cexJ[Ca™ ]+ of‘f(R27)[ N_cex )
+Konrao) [M __cc_ IIXT =Kot ra0y [M __cex ]

d M — + +
% = kon(R23)[M————X][Ca2 ]_koff(R23)[MN———X]_kon(R24)[MN———X][Caz ]+koff(R24)[MNN——X]

—kon(Rzg)[MN___X][Ca2+]+koff(R29)[MN—C—X]+kon(Rl4)[MN————][X]_kOff(R14)[MN___X]
d[My_c_x] . ¥
gtc : :kon(RZS)[M——C—X][Ca2 ]_koff(RZS)[MN—C—X]_kon(Rzﬁ)[MN—C—X][Ca2 ]+koff(R26)[MNNC—X]

+ kon(R29) My« J[Ca**]- koﬁ(RZQ) My cx]- kon(Rso) [My ¢ x J[Ca* ]+ koff(RBO) My cex]
+ kon(Rl7) [M N—C——][X ] - koff(Rl7) [M N-C-X ]

d[M, cox ] X .
—(;lt = kon(R27) [M ”ccx][CaZ 1- koff(R27) [My_cex]— kon(R28) [M Nfccx][Cfi2 I+ koff(RZS) [M neex]

+ kon(R30) [M N-C-X ][Ca%] - koff(RSO) [M N—CCX] + kon(Rl9) [M N—CC—][X 1- koff(RlQ) M N—CCX]



d[M n__x] + *
(;l: : =k0n(R24)[MN———X][Ca2 ]_koff(RZA)[MNN——X]_kon(R3l)[MNN——X][Ca2 ]+koff(R31)[MNNC—X]

+ kon(RlS) [M NN———][X ] - koff(RlS) [M NN--X ]

d[M e « ] X .
% = kon(RZG)[MN—C—X][CaZ ]_koff(RZS)[MNNC—X]+k0n(R3l)[MNN——X][CaZ ]_kof‘f(RBl)[MNNC—X]

- kon(R32) [M \ne-x J[Ca* ]+ koff(R32) [Myneex]+ kon(RlG) [M e 1[X]- kof‘f(RlG) M e x]

d[M ey ] . .
d’\l:CCX - kon(R28) [M N—CCX][CaZ 1- koff(R28) [Mncex]+ kon(Rsz) [M ne-x ][Ca2 1- koff(R32) [M e

+ kon(R33) [M NNCC—][X ] - kof‘f(R33) [M NNCCX]

CaM _t : the total concentration of CaM, which is the summation of free CaM and all CaM

complexes.

CaM _t=[M____ 1+IM_ ]+ [M_ 1+ M T+ [My T+ My ]
+HMy T+ Mg T+ IMgnee 1HIM T+ M T+IM 4]
+HMy T+ My e x T+HIMy cox ]+ M T+ IM e x 1+ IM e

X_t: the total concentration of CAMTA, which is the summation of free CAMTA and all
CAMTA complexes.

X_t=[X]+[M_;J+[M_ x]+[M__cex ]+ My 1+ [M ¢ «]
+HIMy cox ]+ My x 1+ M e x T+ M yyeex]

2. Modelling equations for gene expression

) ([MNNCCX] J
2
k
d[mRNA] _, 4 — k,[MRNA]

at 1 1+([l\/u\lNCCX] ]
k4




Where kj is the base rate for gene transcription, k; is the maximal rate for CAMTA-regulated
gene transcription, k3 is the decay rate constant for the mRNA, kg is the binding affinity between
4Ca**-CaM-CAMTA complex and DNA, n is Hill coefficient.



