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Table A. Molecular concentration
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Molecular Initial Notes and references
name concentration
DAvasal 0.5 uM Basal DA level is estimated as 0.1-1.0 uM [1, 2]. DApasat Was assumed to
(DAmax) (10 uM) be 0.5uM. DA-fiber activation gives 10 pM DA within 1 um from a
release site [3-5].
DIR ¥ 0.6 uM In many cell lines, the molar ratio of receptor:G protein:AC is ~1:100:3
D2R ¥ 0.6 uM [6]. Also in the striatum, there is 0.3~1 pmol/mg D1R [7, 8], which is two
orders of smaller than that of GoigsPy complex (G) [9]. We here set D1R:G
=D2R:G = 1:25, because the D1R is specifically expressed at DIR SPNs.
Adn.A2AR t 0.6 uM The concentration of A2AR was set to be the same as that of D2R [10].
The extracellular concentration of adenosine (Adn) is 25-250 nM [11],
and the affinity of A2AR for Adn is ~10 nM [12]. Thus, A2AR fully binds
to Adn.
G 15 uM The ratio of Goir: GB2: Gy2,3,7 1s 72: 220: 530 pmol/mg [7], and the molar
(Goiffy complex) ratio of Goir: GSiong: ACs in the striatum is ~27: 16: 1 [13]. Overall, the
molar ratio of Goigs: GPy: ACs is ~27: 80: 1. The amount of Goips 18
G¥ 15 uM similar to that of Gj [14]. No AC5 was assumed in the D2 SPN model,
(Gify complex) because D2R leads to the continuous activation of ACS, resulting in the
Gt 9 uM large continuous increase in cAMP. We consider that AC5 in D2 SPNs
ACI % 2 uM does not function due to an adaptation mechanism.
ACS § 0.14 uM
(Spine, D1 SPN),
0.035 uM
(Soma, D1 SPN),
0 uM
(Spine, D2 SPN)
RGS 4 uM The content of RGS7: RGS9: GPs is 4: 4: 8 fmol/mg in the striatum [15].
Twenty % of total G was assumed to be type 5 [16].
NMDAR ¥ 0 Presynaptic spiking leads to the activations of NMDAR and Ca*"-
(dimensionless) | permeable AMPAR [17]. The presynaptic spiking incremented NMDAR
by one.
VGCC + 0 Postsynaptic spiking lead to the activation of VGCC. The consecutive
(dimensionless) | three action potentials incremented VGCC by one.
Ca 0 M
CaPump + 1.2 uM Assumption.
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CB 120 uM Faas et al. [18].

NOCO 100 uM Faas et al. [18].

(CaM)

ATP 2000 uM Lindgren and Smith [19].

cAMP 0uM

PDE t 1.2 uM The concentration of phosphodiesterase (PDE) was determined to give
30-s PKA activation [20].

RC R:5uM Neurons have 1 ~4 uM PKA [21-23].

C:8uM

DARPP32 50 uM Bibb et al.[24]

PPl 2 uM Lindskog et al.[21, 25]

PP24, PP2B 1 uM

CK 40 uM ~100 uM CaMKII (CK) is expressed in hippocampus [26]. Total CaMKII
level in the striatum is ~40% lower than that in hippocampus [27].

1+ Membrane molecules. The effective cytosolic concentrations of membrane proteins were determined by the
multiplication of the indicated concentrations with SVR = SVRiarget / SVRspine Where SVRiarger and SVRgpine are the

surface-to-volume ratios of the target domain and spine, respectively.
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Table B. VGCC/NMDAR-Ca?*"- CB dynamics

CaChannel —

k

'deact,CaChannel

l kinflux,VGccx VGCC

3

~nwvpAR > ©8 < Capump

influx, NMDAR uptake,Ca

5::.:‘:2}’ CB

Ca.CB

Reaction Rate constant Notes and references

name

kdeact,vGee 205! The "CaChannel" represents Ca?* influx via VGCCs/NMDARs. Postsynaptic

PR 2000 pM s | spiking increased Ca?" level via VGCCs up to ~0.4 uM at SPN spines [17].
Two-photon uncaging of glutamate activates NMDAR and Ca*"-permeable
AMPAR, and the Ca** level increased up to ~2.0 pM [17].

kuptake,Ca 2200 57! Yagishita et al. [20].

kon.cB 75 uM 157! Faas et al. [18].

kofr,cB 29557
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Table C. DA-D1/2R-G signaling

D1R-SPN
n,DA,DIR }, D1R

'f DA,D1R

DA - D 1 R on ,ACS$,GolfGTP

u off ACS,GolfGTP
> G, -GTP AC$.G,-GTP
[ ey Y | ”
G0|f- GBY G BY l kcat,hyd,Golf A C$ l kcat,hyd,GoIf

U e J G,-GDP——» AC$.G,-GDP

on ,AC$,GolfGDP

AC$ AC 1 y AC5 koff ACS$,GolfGDP

:dec,DA D2 R'SP N
DA inc,DA DA

onom | > D2R
'f DA,D2R

basal

DA ) D2R on AC1,GiGTP
\ ) Off AC1,GiGTP
L GrGTR T ACTGGTP
I v By kcat ,hyd,Gi kcal ,hyd,Gi

t kon,slzv / G GBYP % AC1 (;YGDP

on AC1,GiGDP

off,AC1,GiGDP

Adn.A2AR K

on,AC1,GolfGTP

\ ) N koff,Ac1,Go|fG1-p
( Keorcnnann Yy Gy GTP / AC1.G,-GTP

G0|f' GBY GBY l kcat,hyd,GoIf AC1 J kcat,hyd,GoIf

t Kon oy / G GDP% AC1G GDP

on ,AC1,GolfGDP

koff AC1,GolfGDP

Reaction Rate constant Notes and references

name

kdec.DA 505! Increased DA level decreases with a time constant of 0.005 s [3-5].
Kine.oA 507!

konpADIR 24 M5! DA binds to DIR and D2R with time constants of ¢, ~ 30 ms [28, 29].
kott,pA,DIR 505! Kgs were determined to satisfy Yapos' experiment [30, 31]. The Kd values
kon.DA.D2R 10 pM 157! (DIR, 2 uM; D2R, 10 uM) were close to those of the low affinity sites of
koft.pA.D2R 100 s7! DIR and D2R (4 uM and 2.5 puM, respectively) [32].
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kcat,exch,Golf

67 uM's™! /SVR

Km,exch,Golf

2 uM *SVR

keatexch Was determined based on [33, 34]. Kmexch 1S assumed to be

saturated.

Kkon,AC1,GolfGTP

40 uM's™! /SVR

koff, AC1,GolfGTP

47!

kon,AC1,GolfGDP

40 pM~ st /SVR

koff,AC1,GolfGDP

40 s7!

Goi-GTP binds to AC1 with a K¢ of ~0.1 uM, and Gei-GDP binds with a
K4 of ~1 uM [35]. Activation of D1 receptor leads to the activation of G-
protein in the range of < 100 ms [31, 36].

Kkon,AC5,GolfGTP

10 uM~!s! /SVR

koff,AC5,GolfGTP

1s!

Assumption.

konacsGotgop | 10 uM™'s™H /SVR

kofr.ACs Gottgpp | 1087

kecathyd,Golf 505! Galr itself shows strong GTPase activity (¢12 < 5 s) [37, 38].
on.Gpy 10 .M s /SVR | O'Neill et al [39].

Keat exch.Gi 800 UM 's 1 /SVR | Kmexch is assumed to be saturated.

K exchGi 0.2 uM s *SVR

kon,AC1,GiGTP

40 uM's™! /SVR

koff AC1,GiGTP

257!

kon,AC1,GiGDP

8 uM s 1 /SVR

koff,AC1,GiGDP

205!

Gi-GTP binds to AC1 with a K4 of ~0.05 pM, and G;-GDP binds with a
Kqof ~2.5 uM [35].

kcathyd,Gi 72 sV /SVR RGS9 shows strong GAP activity for G-GTP [40]. The GAP activity of
KinhydGi 12 uM *SVR RGS9-2 for G; are similar to that for G, [41].

keat,exch,A2AR 80 uM's™! /SVR Assumption.

Km,exch,AZAR 2 MM *SVR

Reactions between membrane molecules were multiplied/divided by SVR to give reaction rates per membrane area.
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Table D. Ca**-CaM-AC1 dynamics

Ca?-CaM binding

C C
NOCO % N1CO 4& N2CO

ca{u

NOC1 & N1C1 i N2C1

n,T,N

Caﬂizk " Ca <\$2k”c Ca ‘\izkm

C
NOC2 % N1C2 4& N2C2

ﬂTN
n,T,C

Ca‘\i

off,T,C

k

off,T,N

AC1-Ca?/CaM binding and its state transition

n,T,C

ca*{s.

off,T,C

2k

off,R,N

Ca?*-AC1.CaM binding

Ca Ca
AC1.NOCO &> AC1.N1CO, &» AC1.N2CO
ffTNV/a 2k off,R,N

n,T,C

off,T,C

Ca(i frr::c/a Ca Caﬁ ﬁT(T:C/a Caﬁ varT:C/a
AC1.NOC1 45* AC1.N1CT, <&+ AC1.N2C1

n,RN
ffTNY/a klfRN

Caxiirie ca COiis ca @O ala
AC1.NOC2 &> AC1.N1C2, &» AC1.N2C2

fiTNV/a 2k off,R,N

where # {0, 1, 2},
and $ e {0, 1, 2},

AC1 :I(\/O%gp )/(\/1%? )l(\/2gg\
=ayB,B, X=aBp, = a/B,B,

N#CS$ xfi‘,i;l”mAm'"““ N#CS :—» AC1__ N#CS :H AC1_ N#CS$ NOCT NICT NZGH

o e, . S (e e e

Reaction Rate constant Notes and references

name

konAC.CaM 50 uM st The dissociation constant of CaM (kofrac.cam / konac.cam) Was determined

kot AC.CaM 20! based on Masada et al. (Fig. 3a) [42].

o 1000 Allosteric regulation factors for CaM binding to Ca®* by AC1. o. (= 1000) was

Bi 3.1x1073 introduced to prevent Ca’>"-unbound CaM binding to ACI. B1, B2, and v

B2 0.104 were determined to give P1-kostrc = 8 57}, P2-kottrc = 1 s, and y- kot TN

Y 5.0x1075 =8 57!, respectively, for AC1-bound CaM [43].

feup,ac 405! Experiments showed that the activation of ACI in response to Ca*/CaM

Kdown,AC 405! stimulation accompanies a latent time [42, 44, 45]. The latency was modeled

as a state transition of CaM-bound AC1.

Kon, TN 770 pM 17! Faas et al. [18]. On/off-rate constants for Ca>" binding to CaM N-lobe, T-

Koft TN 160000 s state.

konRN 32000 uM's™! | Faas et al. [18]. On/off-rate constants for Ca®" binding to CaM N-lobe, R-

kottR N 22000 s™! state.

konT.C 84 uM 57! Faas et al. [18]. On/off-rate constants for Ca’ binding to CaM C-lobe, T-state.

kottT.C 2600 s™!
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kon,R,C

25 uMIs!

kottr,C

6.5s7!

Faas et al. [18]. On/off-rate constants for Ca®" binding to CaM C-lobe, R-

state.
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Table E. AC-cAMP dynamics

Urakubo et al.

f.., : [CaM-bound ACT_]= [ACT._N#CS], where# c{0,1,2} and$ e {0, 1,2},

9o | [G,,-bound ACT] =[AC1.G,-GTP] + [AC1.G,-GDF],

NS [G-bound AC1] =[AC1.G-GTP] + [AC1.G-GDF],
tot,., . [Total AC1]

Iacs [G,-bound ACS] = [AC5.G -GTP] + [AC5.G_-GDP] ,
Pacs [G-bound AC5] = [AC5.G-GTP] + [AC5.G-GDFP],

tot, . . [Total ACH]

AC5

fact " Gact " {1~ hagy } + Gacs " {1 ~hyes }

tot, ., * tot, ., tot, .

[Active AC] =

Active AC  PDE
ATP > camp S 5.AmP

cat,synth,cAMP cat,dec,cAMP

'm,synth,cAMP 'm,dec,cAMP

concentration (~ 2 mM).

Reaction Rate constant Notes and references

name

Kcat synth,c AMP 100 s™! Neuronal cAMP is increased up to 1.0~10 uM [46, 47], and we observed PKA
K synth,cAMP 0.1 uM response with a PKA-based FRET sensor (AKAR-CR) [20] where AKARs

have EC50 values of 0.5~2.0 uM cAMP [48]. Together, kcatsynth,caAMp Was set
to give ~1.0 pM cAMP. K gynihcamp Was set to be much smaller than ATP

kcat,dec,cAMP

0.33s7! Soderling et al. and Wang et al. [49, 50].

Km,dec,cAMP

0.05 uM
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Table F. PKA-DARPP32 dynamics

Urakubo et al.

cAMP cAMP Konc
k ff,C
RC %» R(cAMP)C %» R(2cAMP)C <> R
2k, C
C kcat,TSAP
K T34P
DARPP32 S5 e DARPP32P
ﬁ kcat,TMDP
K PPZB Km,'ruDP X
PRI PP2A PP foeer
C kca(,TSAP
Kirsee
DARPP32.PP1 >~ "™ DARPP32P
ﬁ kcat,TSADP
PPZB Km,T:mDP
PP2A
Reaction Rate constant Notes and references
name
kon.a 2 uM s PKA is activated by cAMP with an EC50 of ~2 pM [51], and the Hill
kofr,a 10s™! coefficientis ~2 [51]. The PKA reporter AKAR (thus PKA) is activated within
kon.c 10 yM st 5 s in response to cAMP or GPCR stimulations [52, 53].
kofr.c 40s™!
kcat,T34P 505! Hemmings et al. for T34 phosphorylation [54], and Km 134pp = 1.6 pM was
K 134p 2.4 uM taken from King et al. [55]. DIR activity leads to DARPP32 phosphorylation
keat,T34DP 0.5s™! at T34 with a time constant of ~3-10 min in the striatum [56, 57], and
KmT34DP 1.6 uM DARPP32 is dephosphorylated by PP2B and PP2A [55, 58].
kon,D32,pP1 2uM st Phorpho-T34 DARPP32 inhibits PP1 with an IC50 value of ~0.7 nM [59, 60],
kottp32,PP1 0.01s™! while dephospho-T34 DARPP32 does not inhibit PP1 [60].
kon.D32PPP1 0OuM st
kotr,p32ppP1 0.5s!




10 / 15 Urakubo et al.

Table G. PP1-CaMKII dynamics

CK < CKp Ca Ca
PP1 e CKIN1C1 4> CKN2C2 <5 CKN2C1
N#C$ k N#C$ : e R Kome TV

cat,T286DP
on,R,| on,R,f
? kon,cKp,caM ? kon,cK,CaM 2korf,R,N 2koﬂ,R,c

koﬂ,cKp,CaM funC koff,CK,CaM
CK.N#C$ 47% CKp.N#C$ Ca Ca
PP e CKp.N1C1, &> CKp.N2C2 % CKp.N2C1

2k 2k

off,R,N off,R,C

N#C$ € {N1C2, N2C1, N2C2}

[Active CK] = ( = [CK.N#CS$)] + [CKp.N#CS$] + [CKp]) / [Total CK]
= ([Total CK] - [CK] ) / [Total CK]
func =20 * [Active CKJ? * (-0.220 + 1.826*[Active CK] -0.80*[Active CKJ? )

Reaction Rate constant | Notes and references

name

kecat, T286DP 10s™! Bradshow et al. and Urakubo et al. [61, 62]..

K 1286DP 10 uM

kon,ck.cam 50 uMIs7! Dupont et al. and Meyer et al.[63, 64]

kofr.cK .Cam 10s™

Kon,CKp.CaM 50 uM st T286 phosphorylation leads to >1000-fold decrease in the dissociation rate of
koft.cKp.cam 0.001s™! Ca*"'CaM from CaMKII [63, 64].
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