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Model Development  We developed a dynamical model of PDE2 regulation of AMPAR
trafficking in D1-MSNs. This model was based on our previous model (1), with all the new
components/reactions listed in Tables S1 and S2. The novel connectivity is also depicted in Fig.
2A in the main text. The model consists of three-compartments: extracellular space, the plasma
membrane, and the cytoplasm. Surface area and volume dimensions for the cytoplasmic
compartment are based on ref. (2). ACS accounts for the majority of the cyclase activity in the
striatum (3). We included AC basal activity in the model to account for the rest of the cyclases
expressed, and we constrained it based on Fig S2A. We added a basal soluble guanylyl cyclase
activity based on ref. (4). We constrained all initial concentrations of ACs, and PDEs with
experimental basal and receptor stimulated cAMP values (5). We assumed basal cGMP levels to
be 10X less abundant than basal cAMP levels, an assumption based on cGMP and cAMP
measurements from other cell types (6), and used this value to constrain PDEs, and sGC initial
concentrations.

Initial concentrations are in units of molecules per square micrometer for membrane components
and micromolar for cytosolic components (Table S1); for those components not listed on the
table, the initial concentrations were set to zero. Components that are never limiting, such as
ATP, were labeled as “clamped”. When available, we used kinetic parameter values reported in
published experimental studies (Table S2). When kinetic parameters were not available, we used
experimental input:output relationships to constrain the model either from published experimental
data or from the current study (as shown in Fig S2). All binding reactions were represented
using mass action law. Enzymatic reactions were approximated using Michaelis Menten
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formalism, except for those involving PDEI and PDE2. All enzymatic reactions for species of
PDE1 or PDE2 were depicted using mass action law as follows:

kf Kear
PDE +cNMP <k:>PDE_CNMP —PDE + NMP

The kg, k, and k., values were calculated from experimental V. and K, values as follows:

The molecular weight of the enzyme was converted into g/mol. The total amount of enzyme used
in the reaction was converted into moles. Vmax was converted into units of mol/sec/mg. k., was
calculated by the equation: Vmax * (1mg/(# of moles of enzyme in reaction)). k; was calculated
by multiplying ke, by 4 (7). k¢ was calculated based on (k; + kear) / Kpp.

All experimental inhibitor data (BAY60) were explicitly modeled using second-order reactions
involving the drug and its target (Table S2). The full model is available at the Virtual Cell (VCell)
web  site, http://veell.org, under “publicly shared models” (username rsong:
PDE1 2 Crosstalk 2015). The MATLAB script is available upon request.

Parameter Sensitivity Analysis Parameter sensitivity analysis was performed using a partial least
squares (PLS) regression method developed by Sobie (8). The method consists of parameter
variation, multiple simulations with the varied parameters, and multivariable regression to
determine relationships between parameters and simulation outputs. All initial parameter values
were varied randomly one standard deviation of the distribution of the log-transformed initial
values. Simulations using the varied parameters were performed, and the resulting timecourse of
GluA1l membrane insertion in response to DA was used to calculate the corresponding AUC. The
regression analysis calculates a value (regression coefficient, Bprs) that minimizes the difference
between the actual value and the computed value given the varied set of parameters. Thus, a low
regression coefficient value signifies a parameter that is not sensitive. 1000 trials were conducted
to increase the accuracy of the regression analysis. Fig S3A is a scatterplot of actual AUC values
of GluA1 membrane insertion computed for each trial of randomized parameter values (x-axis)
versus the predicted values (y-axis) performed using the PLS regression. The R” value represents
the accuracy of the predictions compared to the actual values that is calculated from any given set
of parameters. The regression coefficient (Bp.s) for each parameter is plotted in Fig S3B. We
labeled parameters with Bprg values greater than 0.5 or less than -0.5 as sensitive parameters (8),
and listed them in Table S3.

Identified sensitive parameters and randomly selected non-sensitive parameters were further
tested in the model, by increasing and decreasing by 25% of their original value and comparing
the resulting GluAl membrane insertion timecourse to experimental data. We plotted the
resulting GluA1 membrane insertion timecourse against the experimental timecourse of GluAl
membrane insertion due to DIR stimulation (from Fig S2A). The experimental timecourse is
shown with error bars indicating the standard deviation of the mean (Fig S4). Varying sensitive
parameter by +/- 25% dramatically alters GluA1 membrane insertion while varying non-sensitive
parameter has no effect. In addition, the maximal value of GluA1 membrane insertion from each
simulation conducted is plotted against the maximal value from the experimental timecourse
(from Fig S2A) with upper and lower bounds representing the standard deviation of the mean for
comparison (Fig S5). Increasing or decreasing sensitive parameters result in GluA1 membrane
insertion values outside the experimental standard deviation boundaries, while varying non-
sensitive parameters has no effect.
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Figure S1 Pharmacological agents used in the current study have no effect on cellular pH

After 5 min baseline, 0.1 ptM A68930 (open square; 4 cells), 1.0 uM Bay60-7550 (star; 17 cells),
50 uM SNAP (triangle; 6 cells), or 10 uM MMPX (circle; 7 cells) was added.
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Figure S2 Experimental data used to constrain model

(A) PDE2 inhibition increases GluA1 membrane insertion. A DI1R agonist (1.0 uM SKF38393)
was added after 5 min baseline, followed by a 1.0 uM BAY60-7550 (blue; 6 cells) or DMSO
(gray; 7 cells). Simulation results are shown as blue (Bay60-7550) and black (CT) lines.

(B) cGMP dose response curve of PDE2 activation from experimental data from Surapisitchat et
al. (9). Experimental data is shown (average, black squares/line; +/- standard error as dashed
lines) and simulation results (gray circles).
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Figure S3 Parameter sensitivity analysis

(A) Actual surface GluA1 AUC values computed from each trial of randomized parameters (x-
axis) versus predicted surface GluAl AUC values (y-axis) from the PLS regression analysis (R?
value = 0.9217). (B) The regression coefficient generated by the PLS regression analysis (BpLs)
for each parameter with red dotted lines indicating the sensitivity threshold.
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Fig S4 Comparison of identified sensitive and non-sensitive parameters to experimental GluAl
membrane insertion timecourse

Each sensitive parameter (A-H) or non-sensitive parameter (I) was increased (red line) or
decreased (blue line) by 25% of its original value. The corresponding simulation of GluA1
membrane insertion timecourse is plotted, versus experimental D1R-stimulated GluA1 membrane
insertion timecourse (black square) with error bars indicating the standard deviation of the mean.
Gray line represents timecourse simulation with 0.1 pM of DA. A list identifying all parameters
is shown in Table S3.
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Fig S5 Comparison of identified sensitive and non-sensitive parameters to experimental maximal

GluA1 membrane insertion

Maximal GluA1 membrane insertion value from simulations conducted in Fig S4 is plotted.
Sensitive (black filled-in circle) parameter and non-sensitive (open square) parameter values were
increased by 25% (A) or decreased by 25% (B). The dashed gray line is the mean of last two
time points (maximal GluA1 membrane insertion) from experimental D1R-stimulated GluA1
membrane insertion, with dotted lines representing +/- standard deviation. Open circle represent
simulation with 0.1 uM of DA.
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PDE2DN PDE2D485A

Fig S6 Cellular expression of PDE2 mutants in MSNs

Representative images of the cellular expression of PDE2 mutants PDE2DN and PDE2D485A in
MSNs from experiments shown Fig 4.
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Fig S7 Overexpression of a non-striatal enriched PDE does not affect D1-induced increase in
GluAl surface expression. (A) PDE4AS5 overexpression does not affect surface GluAl levels
induced by D1 stimulation in D1-MSNs (open circles; 5 cells). (A) PDE4AS5 overexpression

significantly decreases cAMP levels induced by 13 uM forskolin in MSNs (open circles: 8 cells;
black square: 4 cells).
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Fig S8 Full images of immunoblots shown in Fig 7. (A) PDE2 inhibition increases D1-induced
surface GluA1; (left panel) short exposure to show surface GluA1; (right panel) long exposure to
show total GluA1 and GAPDH. (B) PDE1 inhibition decreases D1-induced surface GluAl.
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Table S1 Initial Concentrations

Initial
Species concentrations Units Reference
sGC 0.15 uM Estimated
sGC is activated by SNAP treatment.
sGC basal | 0.15 By | (6)

sGC_basal was added to maintain a basal cGMP concentration ~0.01 uM, 10 fold lower
than cAMP based on (6).

GTP (clamped) | 500 | uM | (10)

GTP concentration based on (10).

PDE1 0.5 pM Assumed
PDE2 0.5 pM Assumed
ACbg 15 molecules*pm™ | (5)
Background AC added to maintain basal cAMP concentration ~0.1 pM (5).
PDEbg_cAMP | 0.1 | uM | Estimated

Background cAMP PDE was added to ensure that cAMP does not exceed ~1.5 uM when
both PDEI1 and PDE2 are inhibited, based on cAMP levels induced by IBMX treatment
from (5). This accounts for PDEs not represented in the model.

PDEbg_cGMP | 0.1 | uM | Estimated
Background cGMP PDE was added to ensure that cGMP does not exceed ~0.15 pM

when both PDE1 and PDE2 are inhibited, based on cAMP levels induced by IBMX
treatment from (5). This accounts for PDEs not represented in the model.
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Table S2 Reaction parameters

Michaelis-Menten Reactions

Enzyme Substrate Product Km (uM) | kcat (s'l) Reference

ACbg ATP cAMP 1030 0.9 1,5

We maintained the Km for ACbg same as Km for basal activity of AC5. kcat for ACbg
was increased to maintain a basal cAMP concentration of ~0.1 uM (1,5).

PDEbg cAMP | cGMP AMP | 10 | 25 | Estimated

The Km and kcat values for background cAMP PDE were constrained to maintain basal
cAMP concentration ~0.1 uM and to ensure that cAMP does not exceed ~1.5 uM when
both PDE1 and PDE2 are inhibited, based on cAMP levels induced by IBMX treatment

from (6).

sGC basal | GTP lcGmP [ 100 [ 0.18 | @
Basal sGC rate constants based on (4)
PDEbg cGMP | cGMP | GmP | 25 | 25 | Estimated

The Km and kcat values for background cGMP PDE were chosen to maintain basal cGMP
concentration ~0.01 pM and to ensure that cGMP does not exceed ~0.15 pM to account

for PDEs not represented in the model.

sGC active GTP cGMP 45 7.35 (4,11)
Active sGC rates based on (4,11)

Mass Action Reactions
Reactions kf Units kr Units Reference
PDE1+cAMP4 - PDEl cAMP 036 |s™*uM' [189 |5 (12)
PDEl cAMP<- PDEI+AMP 473 |s 0 s uM!

MW PDEI1B = 63kDa; we calculated the rate constants based
and Vmax=1.76 pmol/min/mg values from (12)

on basal

PDE]1 activity Km=66 uM

-1

PDE1+cGMP< - PDEI cGMP 7.0 s'*uM!' (336 |s (12)

PDE cGMP & - PDE1+GMP 8.4 s 0 s uM!

MW PDEIB = 63kDa; we calculated the rate constants based on Km=6 pM and Vmax=8
umol/min/mg values from (12).

PDE2+cAMP€ - PDE2 cAMP 3.5 s uM?! | 84 s (13)

PDE2 cAMP<-> AMP+PDE2 21 s 0 s uM!

MW PDE2A =105kDa; we calculated the rate constants based on Km=30 uM and Vmax=120

umol/min/mg values from (13). Rate co

nstants were scaled down to fit Fig S2A.

PDE2+cGMP< - PDE2 ¢cGMP

10.7

gl MM-I

86.0

-1
S

(13)

PDE2 ¢cGMP< > PDE2+cGMP

21.5

-1

S

0

gl uM'l

MW PDE2A =105kDa; we calculated the rate constants based on Km=10 uM and Vmax=123

umol/min/mg values from (13).

PDE2+cGMP< - PDE2 active

| 4.1

| st um? |09

-1
s

L9

Rate constants for activation of PDE2 by cGMP were based on cGMP effect on PDE2 cAMP
hydrolytic activity from (9) and Fig S2B.

PDE2 activetcAMP& >
PDE2 active cAMP

14

. MM-I

84

-1
S

(13,14)

PDE2 active cAMP& >

84

-1

S

0

gl MM-I
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PDE2_active+AMP | | | | |

cGMP activated PDE2 increases cAMP hydrolytic activity by ~3.5-6 fold (13,14). kf and kcat
values for cAMP hydrolysis by active PDE2 were scaled up, assuming a Km of 12 (2.5X lower

than basal Km).

PDE2 activetcGMP& >

PDE2 active cGMP 107 | s™uM' |86 s (13)
PDE2 active cGMP&—>

GMP+PDE2 active 215 |s 0 s uM!

MW PDE2A =105kDa; Km=10 pM and Vmax=123 pmol/min/mg were used to calculate the rate
constants based on (13).

MMPX + PDE1 €~ PDEI inhibited | 1.0 s uM! [ 1.2 s (15)

Rate constants were constrained using experimental ICso = 5.2 uM (15).

BAY60 + PDE2 >
PDE2 inhibited 1.0 suM! [ 0.01 |s? (16)

Rate constants were constrained using the ICso = 0.0047 uM (16) and from Fig S2A.

SNAP + sGC inactive < =
sGC active 1.0 s uM! 1025 | (11,17)

SNAP is a NO donor. The Kp (0.25 pM) of NO to sGC was used (11,17) to estimate SNAP rate
constants.

Table S3
Bp s Value Parameter name Reaction information

0.52303 | AC5 Initial concentration

0.51671 | Four1N Initial concentration

0.62273 | GIuA1 Initial concentration
-0.7086 | PP1 Initial concentration
0.5023 | kcat_r010 ATP->cAMP (AC5_Ga)

-0.51502 | km_r046 GluA1->GIluA1_845 (PKA)
0.5155 | km_r047 GluA1_845->GIuA1(PP1)

0.57578 | kf r048 FourtN+GIluA1_ 845<->AMPAR

Table S3 Sensitive parameters identified by PLS regression analysis
List of sensitive parameters identified from the PLS regression analysis with their corresponding
regression coefficient values (Bprg).
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