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Abstract

Introduction—Calcium/calmodulin-dependent  (Ca**/CaM-
dependent) regulation of protein signaling has long been
recognized for its importance in a number of physiological
contexts. Found in almost all eukaryotic cells, Ca**/CaM-
dependent signaling participates in muscle development,
immune responses, cardiac myocyte function and regulation
of neuronal connectivity. In excitatory neurons, dynamic
changes in the strength of synaptic connections, known as
synaptic plasticity, occur when calcium ions (Ca*") flux
through NMDA receptors and bind the Ca*>-sensor calmod-
ulin (CaM). Ca®*/CaM, in turn, regulates downstream
protein signaling in actin polymerization, receptor traffick-
ing, and transcription factor activation. The activation of
downstream Ca?*/CaM-dependent binding proteins (CBPs)
is a function of the frequency of Ca’* flux, such that each
CBP is preferentially “tuned” to different Ca®* input signals.
We have recently reported that competition among CBPs for
CaM binding is alone sufficient to recreate in silico the
observed in vivo frequency-dependence of several CBPs.
However, CBP activation may strongly depend on the
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identity and concentration of proteins that constitute the
competitive pool; with important implications in the regula-
tion of CBPs in both normal and disease states.
Methods—Here, we extend our previous deterministic model
of competition among CBPs to include phosphodiesterases,
AMPAR receptors that are important in synaptic plasticity,
and enzymatic function of CBPs: cAMP regulation, kinase
activity, and phosphatase activity. After rigorous parame-
terization and validation by global sensitivity analysis using
Latin Hypercube Sampling (LHS) and Partial Rank Corre-
lation Coefficients (PRCC), we explore how perturbing the
competitive pool of CBPs influences downstream signaling
events. In particular, we hypothesize that although pertur-
bations may decrease activation of one CBP, increased
activation of a separate, but enzymatically-related CBP could
compensate for this loss, providing a homeostatic effect.
Results and Conclusions—First we compare dynamic model
output of two models: a two-state model of Ca®*/CaM
binding and a four-state model of Ca”>*/CaM binding. We
find that a four-state model of Ca®>*/CaM binding best
captures the dynamic nature of the rapid response of CaM
and CBPs to Ca>* flux in the system. Using global sensitivity
analysis, we find that model output is robust to parameter
variability. Indeed, although variations in the expression of
the CaM buffer neurogranin (Ng) may cause a decrease in
Ca’*/CaM-dependent kinase I1 (CaMKII) activation, overall
AMPA receptor phosphorylation is preserved; ostensibly by
a concomitant increase in adenylyl cyclase 8 (AC8)-mediated
activation of protein kinase A (PKA). Indeed phosphoryla-
tion of AMPAR receptors by CaMKII and PKA is robust
across a wide range of Ng concentrations, though increases
in AMPAR phosphorylation is seen at low Ng levels
approaching zero. Our results may explain recent counter-
intuitive results in neurogranin knockout mice and provide
further evidence that competitive tuning is an important
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mechanism in synaptic plasticity. These results may be
readily translated to other Ca®*/CaM-dependent signaling
systems in other cell types and can be used to suggest targeted
experimental investigation to explain counter-intuitive or
unexpected downstream signaling outcomes.

Keywords—Signal transduction, Dendritic spine, Calcium
signaling, Adenylyl cyclase, Ca”"/calmodulin-dependent
kinase II (CaMKII), Neurogranin.

ABBREVIATIONS

ACl1 Adenylyl cyclase 1
AC8nt, AC8ct Adenylyl cyclase 8N/C-terminus

AMPAR o-Amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid receptor

Ca’" Calcium ion

CaM Calmodulin

CBP Calmodulin binding protein

CaMKII Calcium/calmodulin-dependent
protein kinase 11

CaN Calcineurin

Inh-1 Inhibitor 1

LTP Long-term potentiation

MLCK Myosin light chain kinase

NOS Nitric oxide synthetase

Ng Neurogranin

NMDAR N-methyl-p-aspartic acid receptor

PDEI, PDE4 Phosphodiesterase 1/4

PKA Protein kinase A

PPI Protein phosphatase 1

INTRODUCTION

Worldwide, as many as | billion people suffer from
neurological disorders.’* In the US alone, neurological
disorders affect more than 1 in 7 households.* At the
most basic level, these neurological disorders arise
from perturbations in protein signaling networks
within neuronal synapses. Normal synaptic function
requires dynamic, short-timescale regulation of the
connective strength of the synapse. This regulation is
initiated within the post-synapse by the influx of cal-
cium ions (Ca*") through NMDA receptors.'? Intra-
cellular Ca®* binds the Ca®" sensor protein calmodulin
(CaM), which subsequently activates a variety of Ca’"/
CaM-dependent protein signaling pathways. Ca®"/
CaM-dependent pathways may either potentiate
synaptic connective strength via AMPA receptor
(AMPAR) phosphorylation and trafficking to the sy-
napse, or they may depress synaptic strength by regu-
lating AMPAR de-phosphorylation and removal from
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the synapse (recently reviewed in Huganir and
Nicoll?!). Although many of the proteins that are
involved in Ca*"/CaM-dependent AMPAR regulation
are well known, the dynamics of the pathway(s) are far
from understood. With computer-guided studies, we
begin to characterize the dynamics and cross-talk
inherent to the protein interactions in these pathways,
possibly enabling the identification of new therapeutic
targets for treating neurological disorders.
Calmodulin (CaM) regulates synaptic plasticity by
selectively activating a number of downstream pro-
teins, termed calmodulin binding proteins (CBPs),
within the signaling networks responsible for either the
dynamic strengthening or weakening of synaptic con-
nections. The binding of CaM to its many downstream
binding partners™'>?’>* depends on the kinetic rates
with which different CaM species bind CBPs, such that
each CBP is preferentially activated by, or “tuned” to,
different input Ca’" signals. Aside from binding
dynamics, other mechanisms that regulate this tuning
include feedback loops, spatial localization, and a re-
cently described phenomenon called competitive tun-
ing.?>*>46 We have recently reported that competitive
tuning is sufficient to recreate, in silico, the in vivo Ca**
frequency-dependence of several CBPs.*> One predic-
tion from competitive tuning is that, in the absence of
other mechanisms, signaling outcomes may strongly
depend on the abundance and binding dynamics of
individual CBPs; parameters susceptible to perturba-
tion either by genetic regulation or by post-transla-
tional modification. It follows then that signaling
outcomes may lack robustness if competitive tuning
occurs in isolation of other regulatory mechanisms.
Indeed, modulating just one parameter (e.g., a
protein’s concentration) could cause a shift in compe-
tition that influences the signaling outcomes of other
proteins in the system, perhaps leading to non-intuitive
effects. We have previously shown that simulated
knockout of the CaM buffer neurogranin (Ng) shifts
the competition for CaM, non-intuitively decreasing
Ca”*/CaM-dependent kinase II (CaMKII) activation
and concomitantly increasing adenylyl cyclase (AC)
activation.** Our previous results may explain a sur-
prising experimental observation by Krucker et al.*° in
which Ng knockout (Ng KO) mice retain the ability to
acquire long-term potentiation (LTP), despite a con-
siderable reduction in CaMKII activity.?® In this pre-
sent work we further explore how competitive tuning
regulates LTP, hypothesizing that although reduced
CaMKII activation in the Ng KO should reduce the
phosphorylation of AMPA receptor GluA1 subunits at
residue S831, a coincident increase in AC activation
may cause an increase in GluAl subunit phosphory-
lation at residue S845. This would lead to robustness in
the overall level of GluA1 phosphorylation. Although
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there is still some debate about the precise roles of
phosphorylation at S831 and S845, it is well accepted
that phosphorylation of these sites is involved in the
function and location of AMPARs and in synaptic
plasticity (recently reviewed in Refs. 11 and 21). Thus,
competitive tuning alone could provide the mechanism
by which overall GluA1l phosphorylation levels are
maintained and provide a homeostatic effect on
synaptic plasticity.

Here, we compare two models of Ca2 +/CaM-de-
pendent activation of CBPs; a 2-state Ca2 +/CaM
binding model and a four-state Ca2 4/CaM-binding
model. We include well documented CBPs that are
highly expressed in neurons, and also include signaling
events downstream of Ca2 +/CaM binding, including
CaM-dependent enzymatic activity, PKA kinase acti-
vation, phosphatase regulation, and AMPAR receptor
phosphorylation. After validating the model, we use a
global sensitivity analysis to quantify the effect of
parameter perturbations on model outcomes. We also
find that at short timescales, competitive tuning pro-
vides robustness in overall GluAl phosphorylation
levels via upregulation in the activation of PKA-me-
diated phosphorylation of GluAl in conditions that
simulate the Ng KO. Our results provide further evi-
dence that competitive tuning could be an important
mechanism in the regulation and maintenance of
synaptic plasticity.

RESULTS AND DISCUSSION

Model Development
Model Structure

Similar to our previous work,* we constructed
models of CaM binding to a number of downstream
CBPs and allowed the CBPs to compete for the various
states of Ca?"/CaM. CaM has four binding sites for
Ca”" ions, two in EF-hand domains in the amino (N)
terminus, and two in EF-hand domains in the carboxy
(C) terminus. The binding of Ca”*" within each termi-
nus is highly cooperative, for example upon binding of
the first Ca>* ion at the N-terminus, a second Ca*" ion
binds rapidly to the N-terminus. But binding between
the termini is independent (i.e., Ca®"-binding at the N-
terminus does not change the binding of Ca®* at the C-
terminus). Many models of Ca*" signaling cascades in
neurons and cardiomyocytes have employed a simpli-
fied, yet still relevant model of Ca®* ions binding to
CaM where all four Ca’>" ions are assumed to bind
simultaneously (outlined in Fig. la). These models
have been used extensively and are thought to be quite
accurate, at least for scenarios in which the overall
magnitude of Ca®" flux is large, such as in Ca*"-de-

pendent Ca®" release phenomena or high frequency
Ca’" flux. However, more detailed descriptions of
CaM that account for its intermediate, sub-saturated
states (outlined in Fig. 1b) may be more appropriate
for situations in which Ca®" flux occurs at moderate to
low frequencies, or in conditions of limiting Ca**.*! It
has been shown that several CBPs (MLCK, CaMKII,
ACI and ACS) produce CaM-dependent activity even
with small increases in Ca®" concentration.®¥3%*®
Additionally, CaMKII has been shown to be enzy-
matically active with only two Ca®" ions bound to
CaM,'® and AC8 has been shown to bind CaM with
only two Ca** ions bound to CaM.** These observa-
tions and the fact that binding of Ca®" to CaM is
highly cooperative within each terminus, but not
between termini, together have led some to develop
models that include more intermediate states of Ca*"
binding to CaM.***3:46

We compare a 2-state CaM model to a 4-state CaM
model (Figs la and 1b). For both models we view
CaM as a limiting resource. There are many more
CBPs than CaM itself. Thus CBPs compete simulta-
neously for binding to CaM in its different states
(overview in Figs. lc, 1d and 2). Listed in Table 1, the
CBPs that are included in this work are highly ex-
pressed in neurons and widely reported to interact with
CaM (see Ref.53 for a review). The reactions that de-
scribe these interactions are listed in Table S1. To
study downstream events in Ca’"/CaM-dependent
signaling we additionally include enzymatic activation
of CBPs and the relevant proteins and nucleotides that
are downstream of CaM-binding. These include the
generation of cAMP by AC1 and ACS, hydrolysis of
cAMP by PDEIl and PDE4, activation of PKA by
cAMP, phosphorylation of GIluAl by PKA and
CaMKII, and de-phosphorylation of GluAl by CaN
and PP1 (summarized in Table 2; reactions listed in
Table S2). The interactions among Ca*" ions, proteins,
and nucleotides described above and shown schemat-
ically in Fig. 2 and the corresponding differential
equations are found in Supplemental Material section
‘Model Equations’. In total there are 91 equations and
225 parameters for the 2-state model and 151 equa-
tions and 447 parameters for the 4-state model.

Model Parameterization

Model parameters are either obtained directly from
literature or are calculated from published values using
the principle of microscopic reversibility and imple-
menting the assumption that Ca*" binding does not
affect the rate of protein dissociation from CaM kg,
but rather the association rate (k,,) such that the

ko

general equation Kp = 72" can be used to calculate rate

constants. These assumptions have been used regularly
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FIGURE 1. Schematic representations of binding models. (a, b) Binding models of Ca®*-binding to calmodulin. Four Ca®>* ions
(yellow circles) bind to CaM at binding sites in the amino (N) and carboxyl (C) termini. (a) 2-state model of Ca?* binding to CaM.
CaM with no Ca?* ions bound (CaM0) is assumed to simultaneously bind four Ca* ions forming a fully saturated Ca%>* bound CaM
(CaM4). (b) 4-state model of Ca®* binding to CaM where two Ca®* ions bind simultaneously to either the N- or C- termini of CaM
(CaM2 N or CaM2C, respectively). In a subsequent reaction two Ca2* ions bind to either termini to form fully saturated Ca?*-bound
CaM (CaM4). (c, d) Models of Ca®* binding to CaM and CaM binding to downstream binding partners. (c) 2-state binding model
where CaMO0 with no Ca®* ions bound binds to downstream binding partners (represented by CaM0-B). CaM4 can also bind to
downstream binding partners (CaM4-B). (d) 4-state binding model where all states of CaM (CaM0, CaM2 N, CaM2C, and CaM4) may
bind downstream binding partners (CaM0-B, CaM2N-B, CaM2C-B, and CalM4-B).

in the modeling literature by us and others®******> and

have been shown to be experimentally validated.*' For
the Ca®"/CaM-dependent enzymes AC, PDEI, and
CaN the catalytic activity is assumed to scale with the
amount of Ca®>" bound to CaM, similar to what has
been shown with CaMKIIL*® Thus we calculate scaled
values for the catalytic activity of sub-saturated Ca*"-
bound CaM-CBPs similar to our previous model of
CaMKII auto-phosphorylation.*> For example, the
catalytic activity of Ca’>"/CaM,c-CaN is slower than
that of Ca’>"/CaM4-CaN. In the absence of experi-
mental measurement of catalytic rate constants for
AC, PDEI, and CaN activity when bound to sub-
saturated CaM, we calculated these scaled catalytic
rate constants such that the rate of activity of the
CaM,c-bound state relative to that CaM,-bound state
was decreased by a similar proportion to that of the
phosphorylation rate CaM,c-CaMKII to CaMy-
CaMKII which has been previously measured.*® Cat-
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alytic rate constants for CaM,n-bound state of AC,
PDEI, and CaN was similarly scaled relative to the
ratio of phosphorylation rate constants of CaM,n-
CaMKII to CaM4-CaMKII. The values of all param-
eters are provided in Supplemental Table SS.

Prior to executing Ca®" flux, each simulation was
run for a time course of 30 s at a basal level of 5 nM
Ca’" to allow for steady state binding of CaM to
CBPs.*>*" The concentrations of all species at the end
of this preliminary simulation were used as the input
for simulations in which Ca®" flux was initiated at
varying frequencies.

2-State vs 4-State CaM Binding Models

In previous work we have shown that a thermody-
namically complete, 9-state model of Ca>* binding to
CaM did not significantly change model output rela-
tive to a 4-state binding model.* In this work our first
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FIGURE 2. Schematic of the CaM-dependent protein
signaling network. Ca?* ions flux through the NMDA
receptor, initiating a cascade of signaling that results in
phosphorylation of the AMPA receptors. CaM-binding
proteins (neurogranin (Ng), muscle light chain kinase
(MLCK), neuronal nitric oxide synthetase (NOS), calcineurin
(CaN, also known as protein phosphatase 3),
Ca?*/calmodulin-dependent kinase Il (CaMKiI),
phosphodiesterase 1 (PDE1), adenylyl cyclase 1 (AC1) and
adenylyl cyclase 8 (AC8)) simultaneously compete for CaM
binding. CaM binding activates the catalytic activity of CaMKIlI,
which phosphorylates the AMPA receptor GluA1 subunit at
site S831. Generation of cAMP by CaM-bound adenylyl
cyclases activates the catalytic activity of protein kinase A
(PKA, also known as cAMP-dependent kinase), which
phosphorylates Inh-1 as well as GIuA1 at site S845.
Phosphodiesterases (both CaM-dependent PDE1 and
constitutively active PDE4) regulate intracellular levels of
cAMP by hydrolysis, thereby regulating PKA activity. PP1 may
additionally de-phosphorylate CaMKIl or GluA1. PP1 may
become sequestered by Inh-1, until Inh-1 is de-
phosphorylated by CaN.

task was to compare a 2-state binding model to that of
a 4-state binding model (Figs. 1c and 1d) to validate
the hypothesis that the dynamics of CBP binding by
CaM are optimally represented by a 4-state binding
model. For this, we analyzed model output when
stimulated at a frequency of 10 Hz (see Methods). In
Fig. 3 we used two metrics to show how the 2-state
model (Figs. 3a and 3c) and 4-state model (Figs. 3b
and 3d) each responded to 10 Hz Ca”" stimulation.
The first metric (Figs. 3a and 3b) monitored CBP
binding only to fully-saturated CaM, over time. The
second metric (Figs. 3¢ and 3d) monitored the total
CBP binding to all Ca*"/CaM states. The only dif-
ference between metrics for the 2-state model is that
the second metric additionally accounts for each CBP
bound to apo-CaM (CaM,), if any. Similarly, using the
second metric for the 4-state model involves summing

the concentrations of each CBP bound to each Ca’*/
CaM state: CaM,, CaM,y, CaM,c, and CaM,.

By monitoring either CaMy-bound or all CaM-
bound CBP, we assessed the added value of a relatively
detailed 4-state model to the simpler 2-state model of
Ca’"/CaM. In Fig. 3a, each CBP-CaM, trace exhib-
ited wavelets implying a frequency detection inherent
to CBP activation. For most CBPs such as CaN (blue)
and ACS8ct (black), relative activation by CaM, gen-
erally increased over time, which was consistent with
expectation for CBPs exposed to a continuous, fre-
quency-based stimulus. In contrast, Ng (pink) rapidly
decreased in relative CaMy binding over time though
this was also expected due to the high affinity of Ng for
CaM, compared to CaM,. In Fig. 3c, the 2-state
model elicited similar time-course trends for each CBP
compared to Fig. 3a, and because the traces lack fre-
quency-associated wavelets, it appears that CaM, was
significantly bound to CBPs, particularly during inter-
spike intervals of Ca”*". The differences between
monitoring solely CaMy- vs. all CaM-bound CBPs
were further evidenced by Supplemental Fig. S1, which
shows equivalent output but for a model stimulated at
50 Hz.

For the 4-state model, the Ca®" frequency-associ-
ated waveforms were much more prominent than in
the 2-state model (compare Figs. 3b and 3d to
Figs. 3a and 3c), indicating that the 4-state model is
much more responsive to Ca®* than the 2-state model
(some data obscured by the highly dynamic traces).
See also results from 50 Hz stimulation in Supple-
mental Fig. SI. Of note, there is a significant differ-
ence in the dynamics of binding of CaM to AC8,;; and
NOS between the 2-state and 4-state models (compare
Figs. 3a and 3¢ to Figs. 3b and 3c) at 10 Hz. Addi-
tionally, the 4-state model is altogether more respon-
sive to rapid changes in Ca’" concentration, even
when all the CaM-bound CBPs are summed (Fig. 3d).
Taken together this data provides a strong motivation
to move forward with the 4-state model as the best
model to simulate the frequency-dependent response
of CBPs.

Frequency Analysis

Because our current 4-state model dramatically ex-
pands on previous work, we wanted to assess the fre-
quency-dependence of CBP activation. We define two
metrics in order to compare the frequency response of
all CBPs. In the first metric, Normalized C,,, the time-
averaged integration of all CaMy-bound CBPs
(Equation S1) is normalized to the highest Cy,; value of
each CBP, respectively. In the second metric, Nor-
malized Cy,, the time-averaged integration of all CaM
species-bound CBPs (Equation S2) is normalized to the
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TABLE 1. Calmodulin binding proteins.

Protein

Description and chemical reactions

Adenylyl cyclase 1 (AC1)

Adenylyl cyclase 8 (AC8)

Ca?*/CaM-dependent kinase Il (CaMKIl)

Calcineurin (CaN)

Myosin light chain kinase (MLCK)
Neurogranin (Ng)

Nitric oxide synthetase (NOS)

Phosphodiesterase 1 (PDE1)

A prominent adenylyl cyclase isoform in hippocampal neurons. Binds CaM at
its C1p domain and, when activated, converts ATP to cAMP®7:36:51

A prominent adenyly! cyclase isoform in hippocampal neurons. Binds Ca®*/
CaM at both its N- and C-termini, which are explicitly accounted for in this
work.'®%% Ca?*/CaM-AC8ct (C-terminus-bound AC8) may bind ATP for
conversion to cAMP®®

Ca®*/CaM-dependent kinase. Highly expressed in brain, and especially hip-
pocampal tissue.®* In this work, CaMKII is modeled as monomers which,
when active, may dimerize and subsequently become Ca®*/CaM-indepen-
dent via autophosphorylation.®® Active CaMKII phosphorylates many down-
stream proteins such as the GluA1 subunit of AMPA receptors?

A Ca*/CaM-dependent serine/threonine phosphatase.?®*° CaN dephospho-
rylates GIuA1 at S845°

A putatively abundant CBP in dendritic spines, which we model using kinetic
parameters derived from studies on smooth muscle.!?:28-0

A membrane-associated protein, and one of the few proteins that strongly binds
CaM in absence of Ca?*14:20:44.55

Typically a membrane-associated protein that binds tightly to CaM and gen-
erates Nitric Oxide from citrulline and arginine®'24°

A Ca®*/CaM dependent phosphodiesterase that cleaves cAMP into AMP®

TABLE 2. Non-calmodulin binding proteins included in model.

GluA1

Inhibitor 1 (Inh-1)

Phosphodiesterase 4 (PDE4)

PKA inhibitor

Protein kinase A (PKA, also known as
cAMP-dependent kinase)
Protein phosphatase 1 (PP1)

One of four subunits of «-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor (AMPA receptor). Is phosphorylated at amino acid residue S831 by
CaMKIl and residue S845 by PKA'®38 Increase AMPA phosphorylation is impli-
cated in synaptic plasticity, and GluA1-p845 may be necessary for exocytosis of
AMPARSs to the synaptic membrane'®

When phosphorylated by active PKAc, Inh-1 may bind PP1, inhibiting the ability of
PP1 to de-phosphorylate GluA1. Inh-1 is de-phosphorylated by CaM-activated
CaN'®

PDE4 is not Ca®"/CaM dependent but plays a significant role in regulating the
levels of cAMP in cells by cleaving cAMP into AMP. Phosphorylation by active
PKAc increases the enzymatic activity of PDE4"”

A generic model species representative of many unspecified off-target binding
partners for PKA. These binding partners sequester PKA, preventing its phos-
phorylation of GluA1, and they additionally participate in the pathway restoring
PKACc to the original four-subunit, auto-regulated PKA heteromer'”

Binds up to four cAMP, liberating catalytic subunits that bind and phosphorylate a
number of downstream targets such as PDE4, Inh-1, and GluA18-%8

PP1 de-phosphorylates GluA1 subunits at both S831 and S845, in addition to
CaMKII T286."8 In this model, PP1 may only bind CaMKIl when CaMKIl is un-
bound to Ca®*/CaM

highest Cy, value of each CBP, respectively. Normal-
ized Cp; and Cy, values for each CBP are plotted at
various Ca’" flux frequencies (Fig. 4).

The frequency responses of the various CBPs, when
accounting for all CaM-binding, are in good agree-
ment with previously published results. For example,
CaMKII (green trace) exhibited its highest CaMy-
binding (and thus, activation) at high frequencies,
peaking around 100 Hz (Figs. 4a and 4b). High fre-
quency activation of CaMKII coincides with the pro-
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tein’s putative role in long-term potentiation, which is
initiated under high-frequency (~ 100 Hz) Ca’** flux.
Interestingly, Ng, which has a higher affinity for CaM,
than CaM,, exhibited relatively little CaMy-binding
across most frequencies, before spiking at about 80 Hz
(Figs. 4a and 4c). This spike in average CaMy-bound
Ng is explained by the full saturation of CaMy at high
frequencies. Indeed, when accounting for all CaM-
binding (Fig. 4b), Ng exhibits a peak activation at
lower frequencies, which is more consistent with
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FIGURE 3. Time-course comparison of Ca?*/CaM binding models. (a, b) Response of binding models to 10 Hz Ca®* frequency
stimulation, monitoring each CBP bound to Ca®*-saturated CaM,. (c, d) Response of binding models to 10 Hz Ca®>* frequency
stimulation, monitoring the cumulative concentration of each CBP bound to any Ca?*/CaM state. Similar data for models
stimulated at 50 Hz Ca** is provided in Fig. S1.

expectation.>® Most notably, when analyzing Nor- caused a downward shift and sharpening in peak
malized Cy; (Figs. 4a and 4c) many CBPs such as ACI1, activation frequency for ACS8,,;.

ACS, Ng, and NOS have highly similar peak activation
frequencies. If distinct Ca”" signals/frequencies elicit
activation of distinct Ca®>"/CaM-dependent pathways
and were in-part dependent on competitive tuning,

Sensitivity of GluAl Phosphorylation to Variation
in Key Input Parameters

then we would have expected each CBP to have a more Global sensitivity analysis was performed to assess
distinguishable frequency of peak activation. how variation in input parameters contributed to

The frequency dependence of the CBPs is clearer variation in the overall phosphorylation of GluAl.
when we analyze the data using the second metric, Latin Hypercube Sampling (LHS) was used to effi-
Normalized Cy,. As seen in Figs. 4b and 4d, this ciently sample the input parameters over fourfold
analysis revealed how CaM, and the intermediate range (2-fold increased and decreased). Partial Rank
Ca’"/CaM states can, in conjunction with saturated Correlation Coefficients (PRCC) was used to quantify
CaMy, contribute to the frequency-dependence of CBP how the variation in each input parameter contributed
activation. This is additional evidence that suggests to overall phosphorylation of GluAl (sum of all

that a 4-state model of Ca?*/CaM binding is able to phosphorylated GluA1 species). To test the hypothesis
capture the frequency dependent changes in CBP that CaMKII significantly contributes to GluAl

activation. These results also compare favorably with phosphorylation under normal Ng concentrations, and
our previous work.*> However, in our previous work PKA (via AC1/8 activation of cAMP) significantly
the adenylyl cyclase CBPs (AC1, AC8,, and ACS,) contributes to GluAl phosphorylation when Ng is
generally exhibits activation that peaked at higher- knocked down, we performed LHS/PRCC analysis

frequencies (greater than 50 Hz). In Figs. 4b and 4d, it under a both wild-type Ng condition and a total Ng
appears that incorporating the additional CBP (PDE1) KO condition. For both conditions, the parameters
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FIGURE 4. Frequency-dependence of CBPs. (a, b) Relative time-averaged concentrations of CaM;-bound CBPs (Cy,) and all CaM-
bound CBPs (C,y), respectively, for the 4-state model. (c, d) Heatmap representations of data shown in a and b, where each row
denotes the CaM,- and total CaM-binding to each CBP. Blue denotes minimal relative activation of CBP, and red denotes maximal
relative activation of CBP. Note the shifts in the frequencies of peak CBP activation when accounting only for CaM,-binding (c) and

all CaM-CBP binding (d).

with absolute PRCC’s greater than our threshold of
0.5 are shown in Table 3.

In the WT Ng condition at 100 Hz Ca’* flux, all
association and catalytic rate parameters (kB or kg,
where B represents the different CBPs) were varied
simultaneously. As expected, we find that the phos-
phorylation rate constant of CaMKII-mediated phos-
phorylation of GluA1 kkCMAGAL is highly correlated
with total GluAl phosphorylation (Table 3). Addi-
tionally, the catalytic rate constant for AC1-CaM,
production of cAMP (KAC1CaM4) and that of the
downstream output of ACIl activation (PKA,
feKCaMAGUAT) “were also highly correlated with phos-
phorylation of GluAl. This indicates that at 100 Hz
and WT Ng conditions, increases in the rate of CaMy
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binding to ACI leads to increases in phosphorylation
of GluAl.

For the second set of conditions the concentration
of Ng was set to zero to simulate Ng KO. In com-
parison to the WT Ng case, it is first interesting to note
that the phosphorylation rate constant AXMAGRAL s
no longer highly correlated with GluA1 phosphoryla-
tion (PRCC value = 0.467, below our threshold of
0.5). Though admittedly this PRCC value for
Jefs CoMaGIuAT s still somewhat high, its reduction in the
Ng KO analysis suggests a diminished importance for
CaMKII-mediated phosphorylation of GluAl sub-
units. In accordance with our over-arching hypothesis
that competitive tuning mediates a shift in pathway
activation, we refer again to Table 3 for clues as to the
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TABLE 3. Sensitivity analysis of kinetic parameters at 100 Hz Ca®*.

Parameter Description PRCC
khc1CaMa Catalytic rate of cCAMP production by AC1 bound to CaM, 0.808
khC1Cama Association rate of AC1 to CaM, 0.758
kPKACGIUAT Catalytic rate of GluA1 phosphorylation by PKAc 0.597
KiXCaMAGIuAT Catalytic rate of GluA1 by CaMKII activated by CaM, 0.584
KGaMKIIGIuAT Association rate of CaMKII to GluA1 0.527
kKCam4 Association rate of CaMKIl to CaM, - 0.732
Ky DE4CAMP Catalytic rate of cCAMP degradation by PDE, — 0.805
[Ngl =0

Parameter Description PRCC
KPKACGIuAT Catalytic rate of GluA1 phosphorylation by PKAc 0.785
KhC1CaMs Catalytic rate of cAMP production by AC1 bound to CaM, 0.763
K KACGIuAT Association rate of GIuA1 to PKAc 0.636
khCBetCam4 Catalytic rate of cAMP production by AC8-Ct bound to CaM, 0.618
kg DEACAMP Catalytic rate of cAMP degradation by PDE — 0.864

alternative proteins contributing to GluA1l phospho-
rylation. Indeed, both the association and catalytic
rates of PKAc for GluA1 (k[EACGIUAT and kPRACGINAL
respectively) have significantly greater PRCC values in
the Ng KO compared to the WT case. Furthermore,
the catalytic rate of cAMP production by AC8.-CaMy
(kyCte'CM%) also exhibits a significant PRCC in the Ng

KO case. Note that the short timescale over which we
simulate competitive tuning in this sensitivity analysis
is biophysically relevant; LTP is classically elicited by a
100 Hz stimulus over one second.'”?' Additionally,
previous models indicate that the predominant Ca*"/
CaM state may change in fractions of seconds, which is
important considering that each Ca®*/CaM state ex-
hibits significant binding affinities for various
CBPs.**% Altogether, the results of our sensitivity
analysis indicate that, at least for 100 Hz Ca®" and
short timescales (< 2 s), competition for Ca**/CaM-
binding may support a shift in signaling in which Ng
perturbation causes AC to overtake CaMKII as the
primary activator of pathways leading to GluA1l sub-
unit phosphorylation.

Potential Robustness Provided by Competitive Tuning

Having seen in the preceding sections that our ex-
panded model exhibits similar frequency dependence
to a previous result, and that perturbing Ng causes a
shift in the parameters most strongly associated with
GluAl phosphorylation, we now explore the func-
tional consequences of competitive tuning in this sim-
plified model of synaptic plasticity. One hallmark of
synaptic plasticity is the phosphorylation of AMPAR
GluA1 subunits at two residues: S831 and S845. S831
is phosphorylated by CaM-bound CaMKII or

pCaMKII, and S845 is phosphorylated by catalytic
PKA (PKACc).

Previously we have shown that competitive tuning
was able to explain counter-intuitive experimental re-
sults showing that Ng genetic knock-out (Ng KO) re-
sults in decreased CaMKII activation/
autophosphorylation.*> This same work also predicted
that knocking out Ng concentration would cause a
shift in CaM binding away from CaMKII in favor of
ACS8. Noting that activated AC1 and AC8ct generate
cAMP, which in turn activates PKA, it seemed that
competitive tuning could provide a mechanism for the
system to account for perturbations in Ng expression.
That is, because Ng KO reduces CaMKII-facilitated
phosphorylation of GluA1l S831, competitive tuning
could drive the alternative activation of more AC8ct,
increasing PKA activation and in turn, phosphoryla-
tion of GluA1 S845.

In Fig. 5, we explore this potential mechanism by
simulating Ng knockdown, while monitoring the time-
averaged concentration of phosphorylated AMPARs
(pGluAl) under three different Ca®" flux frequencies.
Note that in the simulations for Fig. 5, the number of
Ca”" pulses is conserved with varying Ca”" frequency.
In order to easily compare across Ca’" frequencies,
each panel in Fig. 5 is additionally normalized against
the time-averaged pGluA1l concentration observed for
the WT Ng case. For all three stimulation frequencies
in Fig. 5, GluA1 subunits phosphorylated by CaMKII
at S831 (p831, red) decrease with decreasing Ng con-
centration. As expected, GluA1l phosphorylation by
PKAc at S845 (p845, blue) increases with decreasing
Ng concentration. However, only for 10 Hz stimula-
tion (Fig. 5a) does the cumulative GluA1 phosphory-
lation remain relatively constant for all Ng
concentrations. Surprisingly, Ng KO caused phos-
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FIGURE 5. Phosphorylation of AMPAR GluA1 Subunits at S831 and S845. Time-averaged concentrations of total phosphorylation
(pGluA1, purple), CaMKIl-mediated phosphorylation at S831 (p831, red), and PKA-mediated phosphorylation at S845 (p845, blue)
against Ng concentration. For each panel, the 4-state Ca?*/CaM binding model was stimulated at either (a) 10 Hz (b) 50 Hz, or (c)
100 Hz Ca®* stimulation. In order to compare Ca®* frequencies, each panel is additionally normalized against the [pGluA1]

observed for WT Ng (65 uM).

phorylation at S845 to significantly increase at higher
frequencies, whereas the decrease in S831 phosphory-
lation was relatively modest. It would appear that
while competitive tuning could facilitate robustness to
perturbations in Ng expression, the system tends to
over-correct at early timescales in the absence of
additional regulatory mechanisms.

These results imply that high frequency stimulation
such as those that elicit LTP (100 Hz) should be more
easily attainable upon Ng KO. This result is consistent
with Krucker er al.,”® who showed that even though
CaMKII activation/phosphorylation is reduced upon
Ng KO, long-term potentiation can be achieved fol-
lowing stimulation by only a single 100 Hz tetanus.
Further, it is worth noting that for all Ca®* frequencies
presenting in Fig. 5, shifts in overall pGluAl levels
with decreasing Ng concentration were largely negli-
gible until Ng expression was reduced by more than
half. Thus, it appears that the system is robust to
modest perturbations to Ng expression, such as what
might be seen in Ng heterozygous animals.

CONCLUSIONS

Competitive tuning is a recently-described phe-
nomenon in which signaling molecules compete for
binding of a common activator. Although others have
either alluded to or invoked competition as being
important in signal transduction,’****3* our work
shows that competition may play a larger role in
informing signaling outcomes than previously thought.
In this work we first compare a 2-state and 4-state
model of competitive binding for Ca®*/CaM and
determined that a 4-state model is best-suited to
accurately detect the frequency dependence of a com-
petitive CaM-CBP reaction network under dynamic
stimulation. We also verify that expanding our 4-state
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model network to include an additional CBPs and
downstream species preserves the overall competitive
tuning phenomenon. We explore the functional impli-
cations of competitive tuning by using sensitivity
analysis to identify the parameters most strongly cor-
related with a hallmark of synaptic plasticity, AMPAR
GluAl subunit phosphorylation. We further explore
the implications of competitive tuning by building on a
previous result showing that Ng KO counter-intu-
itively decreases CaMKII activation and autophos-
phorylation. Because competitive models indicate that
Ng KO causes an increase in Ca>"/CaM binding to
ACS8, we hypothesize that competitive tuning could
provide a mechanism that compensates for a loss in
CaMKII-mediated phosphorylation of GluAl by
promoting (via AC) PKA-mediated phosphorylation
of GluAl. Indeed, in Fig. 5 we observe that for high
Ca”’" flux frequencies, Ng knockdown results in a
switch between CaMKII and PKA in cumulative ki-
nase activity.

Interestingly, stimulating at an LTP-inducing Ca**
frequency of 100 Hz (Fig. 5c) further causes an
upregulation of GluA1 phosphorylation by PKA in the
Ng KO case. This upregulation could explain results
by Krucker et al. who observed that LTP could be
elicited by just a single tetanus of stimulation at
100 Hz in brain slices of Ng KOs. Note that the cur-
rent model includes both PP1- and CaN-dependent
dephosphorylation of GluA1. Contrary to expectation,
the combined action of PP1 and Ca®"/CaM-dependent
dephosphorylation by CaN seemingly did not dra-
matically decrease GluA1 phosphorylation levels in the
presence of compensation facilitated by competitive
tuning. Of course, other regulatory mechanisms could
additionally be affecting GluA1l phosphorylation le-
vels. For example, spatial localizations of proteins such
as Ng and PPI, or perhaps A-kinase-anchoring pro-
teins (AKAPs), could be required to increase, through
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avidity effects, the local concentrations of CaMKII,
AC, and/or CaN in the dendritic spine. Alterna-
tively, it may be required to analyze the reaction
network presented here on longer timescales in order
to discern the complete downstream effects of com-
petitive tuning. As it currently stands, our current
results are focused on short-term effects of Ca’'-
dependent signaling. Future work is needed to ana-
lyze longer term processes (e.g., receptor localization,
other feedback mechanisms, receptor trafficking). It
remains unclear whether increased GluAl phospho-
rylation in Ng KO is an expected consequence of Ng
perturbation and represents an example how com-
petitive tuning can impart robustness to model out-
comes across a wide range of Ng concentrations, or
whether the maintenance of GluAl phosphorylation
is a result of missing layers of model regulation.
Future work will include these additional mecha-
nisms of regulation and will explore other protein
activation dynamics in GIluAl phosphorylation. A
key prediction from our model that could be readily
experimentally tested is that the relative level of
phosphorylation of GluA1l at p845 would increase in
Ng KO mice and phosphorylation of GluAl at p831
would decrease.

METHODS

Simulation Methods

Chemical reactions between species were written
and converted to ordinary differential equations
according to laws of mass action using the XCellerator
package.*” Mathematica was used to solve the differ-
ential equations using the NDSolve command. All
other data analysis (including integration of species
concentration over time and the LHS/PRCC sensitiv-
ity analysis) were performed in Mathematica (Wolfram
Research, Mathematical version 11). Model output is
plotted in the 2D graphing program GraphPad Prism
(GraphPad, version 7).

Ca’" stimulation was implemented as a boundary
condition forcing function for the system of differential
equations solved in Mathematica. To control for the
magnitude of “*** exposure from a single Ca** pulse,
Ca”" spike half widths are set to 5 ms regardless of
frequency. To reduce computational complexity and
control for the cumulative magnitude of Ca®* expo-
sure across all simulations, total magnitude of calcium
flux is conserved at 100 pulses regardless of Ca*" fre-
quency.

All the equations for this model can be found in S1
Appendix. Mathematica files for the complete models
can be found on the Purdue PURR database.*

Sensitivity Analysis

A global sensitivity analysis was used to investigate
how variation in input parameter values contributed to
variation in model output. LHS was used to efficiently
sample input parameters over a range of values that
were determined by experimental measurement or
calculated by thermodynamic equilibrium (see Model
Parameterization for a more in-depth discussion of
model parameterization). In all variations of our sen-
sitivity analysis, each parameter was sampled at least
250 times using values within 2-fold of each parame-
ter’s listed value (See S1 Appendix). PRCC were used
correlate the rank contribution of parameter variation
on the variation in desired model output as described
in our previous work.*****> We have previously shown
that allowing the Ky of an interaction to vary by either
varying the k,, or ko (but not both simultaneously)
produced similar results in the sensitivity analysis.>*
Therefore only association rate constants (k,,) and
catalytic rate constants (k) were varied. PRCC anal-
ysis produces correlation factors over a range of 1 to
— 1, where 1 indicates perfect positive correlation and
— 1 indicates perfect negative correlation. In order to
show the parameters whose variation most greatly
impacted model output (total phosphorylation of
GluA1l AMPAR subunits), a threshold PRCC value of
absolute magnitude of 0.5 was used to generate the
parameter list in Table 3.
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The online version of this article (https://doi.org/10.
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