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Abstract

Calmodulin sits at the center of molecular mechanisms underlying learning and memory. Its
complex and sometimes opposite influences, mediated via the binding to various proteins,
are yet to be fully understood. Calcium/calmodulin-dependent protein kinase Il (CaMKIl)
and calcineurin (CaN) both bind open calmodulin, favoring Long-Term Potentiation (LTP) or
Depression (LTD) respectively. Neurogranin binds to the closed conformation of calmodulin
and its impact on synaptic plasticity is less clear. We set up a mechanistic computational
model based on allosteric principles to simulate calmodulin state transitions and its interac-
tions with calcium ions and the three binding partners mentioned above. We simulated cal-
cium spikes at various frequencies and show that neurogranin regulates synaptic plasticity
along three modalities. At low spike frequencies, neurogranin inhibits the onset of LTD by
limiting CaN activation. At intermediate frequencies, neurogranin facilitates LTD, but limits
LTP by precluding binding of CaMKII with calmodulin. Finally, at high spike frequencies,
neurogranin promotes LTP by enhancing CaMKII autophosphorylation. While neurogranin
might act as a calmodulin buffer, it does not significantly preclude the calmodulin opening by
calcium. On the contrary, neurogranin synchronizes the opening of calmodulin’s two lobes
and promotes their activation at specific frequencies. Neurogranin suppresses basal CaN
activity, thus increasing the chance of CaMKII trans-autophosphorylation at high-frequency
calcium spikes. Taken together, our study reveals dynamic regulatory roles played by neu-
rogranin on synaptic plasticity, which provide mechanistic explanations for opposing experi-
mental findings.

Author summary

How our brains learn and remember things lies in the subtle changes of the strength of
the connections between brain cells, the so-called synaptic plasticity. At the level of the
recipient neuron, some of the information is encoded into patterns of intracellular
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calcium spikes. Calmodulin, a small bi-lobed protein whose conformation is regulated by
the binding of calcium ions, decodes these signals and modulates the activity of specific
binding partners. Two key regulators, calcineurin and calcium/calmodulin-dependent
protein kinase II, which respectively weakens or strengthens synaptic connections, bind
both lobes of calmodulin in its open form, stabilized by calcium. On the contrary, neuro-
granin binds preferentially to one lobe of calmodulin when in the closed form, destabi-
lized by calcium. It was thus initially suggested that neurogranin would inhibit
calmodulin activation and decrease synaptic plasticity. However, past research showed
that neurogranin sometimes actually enhances synaptic plasticity, though the mechanism
was unclear. Our computational models showed that neurogranin synchronizes the acti-
vation of the two lobes of calmodulin, favoring opening at high-frequency calcium spikes.
By doing so, neurogranin increases the impact of calmodulin on calcium/calmodulin-
dependent protein kinase II and reduces its effect on calcineurin, resulting in a strength-
ening of synaptic connections.

Introduction

Calmodulin (CaM) is a small ubiquitous calcium-binding protein whose cellular activity is
mediated via the binding of a large array of target proteins. CaM comprises two lobes, each
binding two calcium ions, that can undergo transitions between a closed (T) and an open (R)
conformation. Calcium binding shifts the transition towards the open form [1, 2]. Some CaM-
binding proteins favor the open conformation while others tend to bind to the closed confor-
mation [3-8].

In neurons, CaM plays a crucial role in mediating calcium regulation of synaptic plasticity,
a mechanism underlying learning and memory. Among its main binding partners, Ca*"/cal-
modulin-dependent protein kinase II (CaMKII) and calcineurin (CaN) preferably bind to the
open (R) form of CaM, and compete to facilitate long-term potentiation(LTP) or long-term
depression (LTD) respectively [2, 9, 10]. On the contrary, neurogranin (Ng), an IQ domain-
containing protein, binds preferentially to the closed (T) state, therefore sequestering CaM
from its other targets in the absence of calcium [11-13]. Ng’s role in the regulation of synaptic
plasticity is still under debate. Ng seems to facilitate LTP induction at high frequency electrical
pulses [14-18]. However, it has also been reported to produce the opposite effect [19]. Deci-
phering the mechanisms underlying Ng’s opposing functions, and how Ng coordinates the
activities of CaMKII and CaN in response to calcium signals, are crucial for understanding
how CaM regulates brain function and dysfunction.

Although structurally similar, the two CaM lobes display different properties. The carboxy-
terminal (C) lobe possesses higher calcium binding affinities but slow kinetics while the
amino-terminal (N) lobe has lower calcium binding affinities but faster binding kinetics [6,
20-23]. In addition, the lobes exhibit a significant degree of structural autonomy [24, 25].
CaM lobes undergo constant transitions between the open and closed conformations, transi-
tions regulated by the binding of both calcium ions and target proteins. The key to under-
standing CaM function lies in the mechanisms underlying the differential activation of its
targets and how binding these targets feeds back to its conformational changes.

The two lobes contribute unevenly to target binding. Targets binding preferentially to the
closed state, especially Ng, interact predominantly with the C lobe [5, 7, 13, 26-28]. Whereas
targets binding preferentially to the open state, such as CaMKII and CaN, contact both
domains [4, 6, 8, 29, 30]. Accordingly, binding these targets affects differentially the
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conformational shifts of both lobes, as indicated by the modification of apparent calcium bind-
ing affinities [5, 6, 21, 26]. Targets stabilize the conformation for which they have the highest
affinity (i.e. the complexes have the lowest free energy). Reciprocal influences between target
binding and calcium binding often exhibit lobe specificity as well [5, 31-33]. Therefore, how
CaM regulates the function of its binding partners, including CaMKII, CaN, and Ng, is tightly
linked with its structure and the functional differences between its lobes.

A number of computational models have been developed to study the regulation of bidirec-
tional synaptic plasticity [34-39]. While these studies have advanced our understanding of
how CaMKII responds to different shapes of calcium signals, they modeled the activation of
CaM either using phenomenological descriptions such as the Hill or the Adair-Klotz equations
or using sequential bindings of calcium ions. Kubota et al. took one step further by considering
CaM’s lobe differences. They modeled the cooperativity between calcium-binding sites on
each lobe as consecutive bindings with increased affinities [32]. We previously proposed a
mechanistic description of CaM within an allosteric framework [2, 10], but which did not take
the role of Ng into account. A few models have advanced our understanding on how Ng facili-
tates LTP, putting forward Ng’s dynamic regulation of CaM concentration in the post-synaptic
density (PSD) and the reshaping of free calcium spikes as proposed mechanisms [40-42].
Using mathematical modeling, Romano et al. [43] recently showed that Ng facilitates CaMKII
activation at a 100 Hz-tetanus stimulation. However, they failed to show why, at the same
time, Ng hinders LTP induction, as observed by the same experimental group [19].

In this paper, we present a detailed mechanistic model of CaM in the context of synaptic
plasticity and its interactions with CaMKII, CaN, and Ng, based on the allosteric framework
and our previous hemiconcerted CaM model [25]. The four calcium-binding sites were explic-
itly modeled and each lobe of CaM undergoes independent state transitions. CaM binding to
its targets depends on the conformation of CaM rather than the number of calcium ions
bound to it, as the status of calcium saturation does not correlate with a specific conformation
[44-47]. In addition, we systematically re-estimated the allosteric parameters concerning the
two CaM lobes together, as well as the kinetic constants, based on steady states and calcium
chelating time course experimental data of full-length CaM. We simulated a wide range of cal-
cium-spike frequencies in a wild type context and for a Ng knock-out situation.

We show differences between CaM’s lobes in response to calcium signals. We show how
they contribute to, but also are influenced by, the differential binding of CaM’s targets. We
show that Ng is not merely a CaM buffer protein, but it can adjust the activation of CaM at
spike frequencies that maximize CaMKII activation. Ng synchronizes the opening of the two
CaM lobes. Ng’s regulation of LTP induction depends on the concentration of CaN, and its
quantity in relation to CaM.

Materials and methods
Model structure

We built a mechanistic mathematical model to describe the conformational changes of CaM
lobes, calcium bindings, and CaM interaction with binding partners. We expanded and re-
parameterized our previous hemiconcerted allosteric model of CaM by Lai et al. [25]. The
major differences between our model and other published CaM models are: 1) We do not
assume sequential bindings of calcium ions to the four binding sites. Instead, each calcium-
binding site on CaM is independent and independent from the binding of protein partners.2)
A target binds to CaM that has a specific conformation, other than a specific number of cal-
cium ions bound to it. Similarly, a target binds to CaM that has the preferred conformation,
with the same affinity regardless of the number of calcium ions bound. 3) We do not modify
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intrinsic affinities for CaM binding calcium to mimic the apparent affinity changes exerted by
CaM-binding targets. Calcium saturation decreases the free energy of the open state, favoring
the association with proteins preferentially binding to that conformation and hindering the
association with proteins preferentially binding to the closed state. Symmetrically, protein
binding partners shift the conformation equilibrium of CaM towards their preferred state,
which results in apparent affinity changes for calcium binding CaM.

On top of the model developed previously by Lai et al. [25], We explicitly modeled CaM’s
interaction with CaMKII, CaN and Ng. We detailed the autophosphorylation of CaMKII
monomers. We modeled their dephosphorylation as if directly mediated by CaN, omitting the
intermediate reactions involving DARPP-32/Inhibitor-1 and Protein Phosphatase 1. We also
implemented reactions to maintain basal calcium concentration, as well as enabling calcium
spikes at different frequencies, amplitudes, and duration. Reactions were primarily encoded in
mass-action law kinetics except for the reactions depicting the calcium pump and CaMKII
dephosphorylation. The model structure is partially illustrated in Fig 1, using no calcium or
one calcium ion bound CaM as examples. The full model is written by the Systems Biology
Markup Language (SBML) [48] in the supplementary material and has been deposited in Bio-
Models [49] (accession number: MODEL1903010001).

First, we modified the hemiconcerted CaM model by Lai et al. 2015 [25], to allow the bind-
ing of calcium ions to affect equally, but in opposite directions, both transitions of CaM lobes
between open and closed conformations. In other words, calcium binding not only speeds up
the T to R state transition but also slows down the R to T state transition. We also removed the
assumption that protein partners can bind to all possible conformations of CaM. Rather, we
defined these bindings based on the described properties of each specific protein.

CaMKII monomer binds to CaM when both lobes are in open states (namely the “RR” con-
formation). This binding exposes the kinase domain of CaMKII monomer, allowing it to phos-
phorylate and to be phosphorylated by its neighbor monomers within the same hexamer ring
if they are also in the active conformation [50]. We adapted and improved the approach used
by Li et al. 2012 [10] to compute the probability of having an adjacent active monomer, at each
time step, based on the proportion of active monomers in the whole system (CaM bound and/
or phosphorylated). For more details, see the section CaMKII autophosphorylation below. We
then used this probability to adjust the global autophosphorylation rate of CaMKII monomers.
Once phosphorylated, CaMKII monomers have a higher affinity for CaM than their non-phos-
phorylated counterparts and remain active even upon CaM dissociation [51]. CaMKII mono-
mers are dephosphorylated by Protein Phosphatase 1 (PP1). As CaN activates PP1 “linearly”
through dephosphorylation of Thr34-phospho-DARPP-32, which then releases PP1 inhibi-
tion, we simply modeled a direct dephosphorylation of CaMKII monomers by CaN using
Henry-Michaelis-Menten kinetics with total active CaN as the enzyme concentration.

CaN is a heterodimer containing a regulatory subunit (CaNB), and a catalytic subunit
(CaNA) [52]. In our model, the sequential binding of four calcium ions to CaNB is required
before CaNA can bind CaM, thereafter becoming active [53, 54]. CaNA binds to CaM when
both CaM lobes are in the open state (“RR”).

As Ng interacts mostly with the C lobe, in this model we considered that it bound to CaM
only when the C lobe was in the closed state, regardless of the N lobe conformation (“RT” and
“TT”). As a consequence, the association of CaM with Ng does not prevent the transitions of
the N lobe between T and R states. Moreover, due to the lack of relevant experimental data, we
assumed that the binding of Ng on the C lobe did not exert any allosteric effect on those
transitions.

To create a basal level of calcium (0.08 - 107° M), we implemented reactions to create con-
stant influx and removal of ions, by mimicking a passive calcium input channel and a
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Fig 1. Reaction Diagram involving CaM and its binding partners. Binding interactions and state transitions involving calcium, CaM and CaM-binding proteins. For
simplicity, only the binding of the first calcium ion is included. The reactions shown here are applied to all other calcium-bound forms, with any combination of filled
calcium-binding sites. a and b represents calcium binding on CaM N lobe; ¢ and d represent calcium binding on the C lobe. R indicates open lobes; T closed lobes.
Dissociation coefficients for calcium at specific binding sites are specified, as well as state transition constants (ratios between opposite state transition rates). Identical
dissociation constants for protein binding CaM are only written once. Parameter values are included in Table 1.

https://doi.org/10.1371/journal.pchi.1006991.g001

concentration-dependent calcium pump. Calcium input was encoded as a train of calcium
spikes at varied frequencies. Each calcium spike was generated by adding a zero-order calcium
creation during 8 ms (mimicking the opening of calcium channels), which elevated the free
calcium concentration transiently to 0.8 - 10~ M. The spike’s half-life time was about 30 ms,
corresponding to the experimental observation [55]. For each free calcium spike, a total of
1926 calcium ions were injected in the model over an 8 ms period. All reactions occur in a sin-
gle homogeneous compartment with a volume of 10" L.

Estimation of equilibrium constants for CaM and calcium

The function of allosteric proteins is characterized by two types of parameters. The thermal
equilibrium is quantified by L, the concentration ratio between the different states in the
absence of any allosteric effector. In our case, CaM lobes exist under two states, closed (T), and
open (R). And for each lobe, we have an allosteric constant L = [T]/[R]. Extremely large or
extremely small L indicates a system for which the equilibrium is strongly biased towards a
given conformation. In addition, for each allosteric effector, the ratio of their binding affinities
for the two conformations of CaM, dubbed c for calcium (cC = KCR/KCT; cN = KNR/KNT) or
e for Ng (e= Kd_Ng RT/Kd_Ng_TT = 1), indicates if a ligand favors one conformation or the
other. In addition, the allosteric parameter c reflects the influence of calcium binding on state
transitions. A larger ¢ indicates smaller effect, exerted by calcium binding, on state transitions,
or vice versa.
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We estimated the allosteric parameters for both N and C lobes by using experimental data
obtained predominantly from full-length CaM, where intrinsic phenylalanine and tyrosine
fluorescence were used for monitoring calcium saturation. We used three sets of steady-state
experimental data: 1) CaM titrating CaMKII peptide with a saturating amount of calcium ions
[6], 2) calcium saturation curves of the C lobe in the full-length CaM either without targets or
in the presence of CaMKII peptide or full-length Ng [6, 26], 3) calcium saturation curve of the
N lobe, in full-length CaM, without targets [6]. As the experimental data concerning the N
lobe of CaM is relatively scarce, we also used a calcium titration curve of a truncated N lobe of
CaM, that was locked in closed conformation [56].

To fully characterize the interactions between CaM and calcium, we thus have to estimate:
1) the binding affinities of calcium to the T state of CaM for sites on both lobes. Following Lai
et al. [25], we further hypothesized that within each CaM lobe, the affinities of the two cal-
cium-binding sites were the same and we had only two affinities to estimate (KNT and KCT),
2) the ratio between calcium affinity for the R and T states for both lobes (cN and ¢C) which
we assumed to be equal for the two binding sites within each lobe as in Lai et al. 2015 [25], 3)
the ratio of T state CaM to R state in the absence of calcium for both lobes (LN and LC), and 4)
the affinity of CaM to the CaMKII peptide (Kd_CaMKIIpep_RR) and Ng (Kd_Ng_TT and
Kd_Ng RT).

As for the full-length CaMKII, CaMKII peptide used in the published experimental datasets
binds to CaM when both lobes are in the R state. Ng only interacts with CaM’s C lobe and, as
explained in the model structure section, Kd_Ng RT = Kd_Ng_ TT, i.e. Ng binding does not
affect the state transitions of the N lobe and vice versa. The parameters remaining to be esti-
mated are therefore reduced to: KNT, KCT, cN, ¢C, LN, LC, Kd_CaMKIIpep_RR, and
Kd Ng TT.

Even with the assumptions described above, the amount of parameters to estimate is large
and correlations may arise between them. Moreover, the experimental conditions used in
these estimation procedures are highly diverse. Thus, we proceeded in several stages.

First, using calcium titration experiments of truncated N lobe locked in the closed confor-
mation by disulfide crosslinks [56], we estimated the affinity between calcium and the N lobe
in the T state to be KNT = 9.38 - 107> M (Sla and S1b Fig).

Using experimental measurements where CaM titrates CaMKII peptide in the presence of
saturating amount of calcium ions [6], we then estimated the affinity between CaM and CaM-
KII peptide (Kd_CaMKIIpep_RR). Because of the high calcium concentration, we assumed
that almost all CaM molecules were in the R state. This gave a value of Kd_CaMKII-
pep_RR =5.6 - 107" M (Slc and S1d Fig). This only provides an upper bound for the dissocia-
tion constant between CaMKII peptide and RR CaM, as not all CaM molecules are in the RR
state, even with the highest calcium concentration. In fact, this value was reduced to 3.2 - 10'°
M during the subsequent stages of parameter estimation.

Estimating parameter values requires sampling values within some given ranges. We calcu-
lated the boundary values of KCT and cC by assuming that the observed calcium saturation
levels of the C lobe, in the presence either of CaMKII peptide or of Ng [6, 26], reflected the cal-
cium-binding affinities when all C lobes were locked in the R or T state respectively, resulting
in ¢cC’' = 0.0011 (¢C = KCR/KCT) and KCT = 1.3 - 107> M (Sle to Slg Fig). This value of cC’
was used as the upper bound for estimating the real cC, as in reality, the CaMKII peptide is not
capable of locking all C lobes in the R state. Similarly, KCT' was used as the lower bound for
KCT, since not all C lobes are locked in the T state by Ng, i.e. the actual affinity of the T state
for calcium is lower.

Since KCT had the same order of magnitude as our estimated KNT, and calcium affinity for
the C lobe should be higher than for the N lobe, the range for the real KCT value was narrow.
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Thus, to further reduce the number of parameters to be estimated, we simply assumed that, in
the closed state, both C and N lobe shared the same calcium binding affinities, that is KCT =
KNT=9.38-10"° M.

Finally, we estimated the remaining parameters: cC, cN, LC, LN and Kd_Ng_TT together
using the full CaM model with steady state calcium titration curves [6, 26] and the boundary
values mentioned above. As shown in S2 Fig, all parameters except cC and LC are identifiable.
Fitting results are illustrated in S3 Fig. As Lai et al. [25], we found ¢C and LC highly correlated.
Fitted their logarithms with a linear regression model provided a slope of -1.9 (54 Fig). We
therefore further refined these two parameters while estimating the rate constants.

Estimations of kinetic rate constants

We estimated the affinity between open CaM (conformation “RR”) and CaN by using the CaN
dose-response to CaM, in the presence of saturating calcium concentration [57]. We also esti-
mated the association constant between the two proteins using stopped-flow kinetic data,
where mutant CaM was labeled by Acrylodan (CaM(C75) acr) [57]. The estimated affinity was
Kd_CaN_RR = 3.2 - 10~° M, with an association constant kon_CaN = 2.3 - 10’ M1.s™ (S5 Fig).

We directly used the dissociation constants of CaMKII and phospho-CaMKII from CaM
taken from the literature (koff_ CaMKII_RR = 1.1 s koff_CaMKIIp_RR =8.7 - 1072 1) [58],
and therefore only had to estimate their association rate constants. Based on previously pub-
lished works [23, 26], we hypothesized that calcium binding to the N lobe was 100 times faster
than to the C lobe, (kon_N = 100 x kon_C), and these did not depend on the conformation of
the lobes, therefore reducing the estimation of 8 unknown association rates to only 1, kon_CT.
Finally, we assumed that the base state-transition rates were the same for the two lobes,
k_TtoRCO = k_TtoRNO. The specific state transition rates, for all liganded populations, depend
on the number of calcium bound to the CaM lobe, the protein partner bound, and the alloste-
ric parameters estimated for this lobe. We also made use of the relationship between ¢C and
LC described above, and only had to estimate cC.

We used stopped-flow fluorometry measurements of quin-2 fluorescence increase, after the
addition of calcium-saturated CaM mix, in the presence of either CaMKII or phospho-CaM-
KII [31], and measurements of native tyrosine fluorescence decrease in the CaM C-terminal in
the presence of EGTA, with or without Ng [26].

Most of the parameters estimated at this stage were identifiable, except the association con-
stant between Ng and CaM kon_Ng, as well as the base state-transition rate k_TtoRCO (S6 and
S7 Figs). Thus, we chose the highest reasonable association constant for Ng and CaM
(kon_Ng=10"*M".s") and an average value for the transition rate among the range of values
that all reached best fit (k_T2RC0 = 316227). The fitted results are illustrated in S8 Fig.

CaMKII autophosphorylation

During simulations, we actively adjusted the global autophosphorylation rate of CaMKII
monomers based on the total amount of active monomers, that are the phosphorylated and/or
CaM bound monomers, and the likelihood of them having adjacent active monomers in
pseudo hexamer rings, an updated approach from our previous work [10].

Briefly speaking, there are 7 types of hexamers, containing 0 to 6 active monomers. For
each type, the possibilities of location for the active monomers are limited and we can easily
compute the probability for an active monomer to have a neighbor also active. The main
aspect of the procedure is to approximate the fraction of the different types of hexamers when
the total number of active monomers is updated from the simulation. We achieved this by run-
ning, for every 1 percent increase of active monomers, 1000 independent random distributions
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of the active monomers to hexamers. For every increase of active monomers, we then com-
puted the average occurrences of each type of hexamers and transformed them into the proba-
bility for a monomer to be distributed in a specific type of hexamer. We then multiplied the
distributions of monomers with their corresponding probability of adjacent active neighbors.
Finally, the summation of the above was used as the overall probability and the chance of hav-
ing an active neighbor monomer for each percent increase in total active monomers. We fitted
this data with a 5™ order polynomial function and embedded it into the model to adjust the
autophosphorylation rate of CaMKII monomer (S9 Fig).

Numerical simulations and analysis of results

All simulations, including timecourses with calcium spikes, were performed with COPASI
[59], using the LSODA solver [60]. Parameter estimations were conducted using the SBPIPE
package [61], combined with the “Particle swarm” optimization method (2000 iterations with
a swarm size of 50). Parameters used for simulation of the model are listed in Table 1.

The frequency of calcium spikes was directly encoded in the model together with the num-
ber of spikes, to control the total duration of calcium inputs. We ran the simulations on a com-
puting cluster, using Python’s ElementTree package to automatically modify the frequency
parameter in CopasiML files.

Each simulation started with a 5000 s equilibrium—with output interval size set at 1 s, fol-
lowed by the simulation of 300 calcium spikes at frequencies ranging from 0.1 Hz to 100 Hz,
with output interval size set at 0.0001 s. We recorded the evolution of all protein active forms
during 3000 s.

In order to evaluate CaMKII and CaN’s effects on synaptic plasticity, we measured the
“activated area” [10], which was obtained by integrating, over the 3000 s, the product of their
relative activation (concentration of active proteins over total concentration) above basal activ-
ities (subtracting basal levels), by their catalytic constants on a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptor GluR1 subunit. The BCM-like curve [65], useful
to characterize bidirectional plasticity, was obtained by subtracting the activated area of CaN
from that of CaMKII for each calcium spike frequency.

Results
Ng sequesters closed-state CaM

We first studied how CaM-binding proteins can affect CaM’s apparent affinity for calcium at
steady states. As shown in Fig 2, and in accord with previous experiments [6, 26] and modeling
[25], the presence of Ng shifts the calcium-saturation curve of CaM’s C lobe towards higher
calcium concentration ranges, reducing the apparent affinity for calcium. This indicates that
Ng traps the C lobe in the closed, low-affinity, conformational state, and therefore hinders cal-
cium binding, in particular at low calcium concentrations. Conversely, CaMKII and CaN pro-
mote calcium binding to the C lobe, increasing the apparent affinity, through their preferential
binding to the open, high-affinity conformation (of both lobes).

Calcium saturation curves for full CaM show similar trends as for the C lobe (Fig 2), but
they also indicate CaM’s lobe differences in terms of calcium binding. The allosteric parame-
ters we estimated predict that the N lobe is more flexible and has greater potential to undergo
spontaneous conformational transitions than the Clobe (LN closer to 1 than LC). However,
the binding of calcium has less influence on the conformation of the N lobe, because of the
smaller ratio between the affinities for calcium of the two conformations in the N lobe com-
pared with the C lobe (cN closer to 1 than ¢C). The saturation curve of full CaM in the absence
of protein binding partners stretches across a wider range of calcium concentration than the C
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Table 1. List of parameters used in the model.

Estimated parameters for the N lobe (site: a,b) Estimated parameters for the C lobe (site: c,d)
Allosteric parameters:
N 0.01 cC 5-107°
LN 299 LC 195865
Dissociation constants of calcium from calcium lobes:
KNT 9.38-10°M KCT 9.38-10°M
KNR KNT x cN=9.38-10"7 M KCR KCTx cC=4.69-10"° M
Calcium binding rates:
kon_N 1.22-10°M" 57! | kon_C 1.22-10°M7" -s7!
Calcium dissociation rates:
koff NT 1.14-10%s7" koff CT 1.14-10%s7!
koff_NR 1.14-10*s™" koff_CR 065"
CaM state transition rates (0,1,2: number of calcium ions bound to that lobe):
k_TtoR_NO 316227 57 k_TtoR_CO 316227 s7"
k_RtoT_NO k_TtoR_NO - LN ~9.46 - 10" s™" k_RtoT_CO k_TtoR_C0-LC~6.2-10" s
k_TtoR_N1 k_TtoR_NO/+/cN =~ 3.16 - 10°s~* k_TtoR_C1 k_TtoR_C0/+/cC ~ 4.47 - 10" s~
k_RtoT_N1 k_RtoT_NO - v/cN ~ 9.46 - 10° s~ k_RtoT_C1 k_RtoT_CO - v/cC ~ 4.38-10°s™"
k_TtoR_N2 k_TtoR_NO/cN ~3.16 - 10" s™' 5™ k_TtoR_C2 k_TtoR_C0/cC~6.32-10°s™"
k_RtoT_N2 k_RtoT_NO - cN =~ 9.46 - 10°s™" k_R2T_C2 k_R2T_CO-cC=~3.1-10°s"
Parameters relating to CaM-binding substrates:

k_CaMKII_autop adjusted_coefficient x 6.3 s~ This is adjusted at each time step during simulation. Base rate is from [62].
koff_CaMKII_RR 1.1st CaMKIT’s dissociation rate from active CaM [58].
kon_CaMKII_RR 2.87-10°M7!. st Estimated CaMKII’s binding rate to active CaM
koff_CaMKIIp_RR 8.7-107°s7" Thr286-phospho-CaMKII’s dissociation rate from active CaM [58]
kon_CaMKIIp_RR 3.85-10° M -s7! Estimated Thr286-phospho-CaMKII’s binding rate to active CaM
kon_CaN_Cal, 2, 3,4 2100 M5! CaN B’s binding rate to Ca [10]
koff_CaN_Ca 0.0092 5" [10]
koff CaN_Ca_Ca 0.0312s7" [10]
koff CaN_Ca2_Ca 0.35257" [10]
koff_CaN_Ca3_Ca 09s7! [10]
kon_CaN_RR 23-10°Mt.s7t Estimated CaN’s binding rate to activated CaM
Kd_CaN_RR 326-10°M Estimated CaN’s dissociation constant from activated CaM
kon_Ng RT 1-10"M1. 7! Estimated Ng’s binding rate to CaM when C lobe is closed
kon_Ng_TT
Kd_Ng RT 12-100°M Estimated Ng’s dissociation constant from CaM, when C lobe is closed
Kd_Ng_TT
kcat_CaN_CaMKIIp 085" CaN’s catalytic efficiency on dephosphorylating CaMKII

Used in this paper
Km_CaN_CaMKIIp 2-10°M CaN’s Michaelis-Menten constant on dephosphorylating CaMKII

Used in this paper

Concentrations used in the model (unless specified):
basal Ca ** 8-107° M [63] CaM 4-107° M [64]
CaN 8-107° M [64] CaMKII 8-107° M [64]
Ng 4-107° M [64] compartment volume 1-107°L
Other Parameters):

Ca ** leak — Ca?* 3.85-10°M-s!
Ca** pump Ca® — Km=2-10°M Vmax=1-10"*M s

For parameter estimations, please see the method and supplementary sections. R: open; T: closed. When combined, the first letter indicates the state of CaM’s N lobe
while the second one indicates the state of the C lobe. Since kon, koff, and Kd are linked (Kd = koff/kon), only two of these three are displayed, depending on which ones
were actually estimated. For parameters concerning sequential dissociation of Ca’" ions from CaN, the first “Ca” indicates the number of Ca** ions bound to CaN, the

second “Ca” shows the one dissociating from CaN.

https://doi.org/10.1371/journal.pchi.1006991.1001
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Fig 2. Saturation curves of CaM by calcium. Values were obtained by scanning a range of initial calcium concentrations and running simulations until steady-state is
reached, using initial conditions described in Hoffman et al. 2014 [26]. a) shows only the saturation of C lobe (within the context of the entire CaM) while b) shows the
whole CaM, without any substrates (grey), with Ng (blue), non-phosphorylated CaMKII (orange), CaN (green) or Thr286-phospho-CaMKII (red). The x-axis shows the
free concentration of calcium and not the initial concentration used for the scan. [CaM] = 5 uM; [Ng/CaMKII/CaMKIIp/CaN] = 50 pM. Solid line: simulation results;

dots: experimental observations.

https://doi.org/10.1371/journal.pchi.1006991.g002

lobe, showing a larger contribution of the C lobe at lower calcium concentrations. As in our
model Ng only interacts with the C lobe, it has little effect on calcium binding to the N lobe. As
a consequence, the shift in the saturation curve is mostly seen at lower calcium concentrations.
Because both N and C lobes wrap around CaMKII and CaN, the presence of these proteins
greatly enhances calcium binding not only to the C lobe but also to the N lobe. However, the N
lobe’s calcium affinity is less increased by the conformational change to the open state.
Although having the highest affinity towards CaM, phospho-CaMKII cannot shift N lobe’s
affinity much compared to non-phospho CaMKII.

In line with the observations above, timecourse simulations show that the presence of Ng
speeds up calcium dissociation from CaM’s C lobe (Fig 3), in agreement with stopped-flow
fluorometry experimental observations [26]. The steady-state and kinetic results validate our
model assumptions and parameters. They also confirm well established functions of Ng: Ng
decreases calcium binding to CaM at steady states; Ng increases calcium dissociation from
CaM when free calcium concentration is decreased. Both observations arise from the preferen-
tial binding of Ng to a conformation of CaM’s C lobe with a low affinity for calcium.

Ng shifts CaM activation towards high-frequency calcium spikes

Post-synaptic stimulation triggers calcium spikes. During one spike, free calcium concentra-
tion transiently reaches a near-micromolar level in a few milliseconds, and subsequently
declines in about 200 milliseconds, due to calcium pumps and calcium-binding proteins [55].
Therefore, rather than looking at the responses of CaM to steady elevations of calcium concen-
tration, we must look at its responses to calcium spikes at different frequencies (Fig 4).
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Fig 3. Kinetics of calcium dissociation from CaM. Calcium dissociation from the C lobe of CaM was simulated upon
mixing calcium chelator EGTA (107> M) after the model simulation reached steady states with pre-mixed CaM

(10 uM) and calcium (100 uM) with (cyan) or without (salmon) Ng (50 uM). Solid line: simulation results; dots:
experimental observations [26].

https://doi.org/10.1371/journal.pchi.1006991.g003

First we simulated the CaM model without protein partners, using a fixed total calcium
input applied at varied spike frequencies. The results are in line with the behavior of our previ-
ous fully concerted model [10], and show that both CaM lobes respond differently to different
calcium spike frequencies. At high spike frequencies, both lobes stay in the open state for a
duration longer than calcium inputs (red dots in Fig 5 indicate the end of calcium stimulation).
However, the N and C lobes display different sensitivities towards calcium spike frequencies.
The C lobe opens at lower frequencies, and for a longer duration, whereas the N lobe requires
much higher spike frequencies to switch to the open conformation. In both lobes, the stabiliza-
tion of the open conformation follows the profiles of calcium binding.

When Ng was added to the model, the range of frequencies able to open most C lobes nar-
rows towards high values (Fig 5). The duration of these openings is also shorter than when Ng
is absent. Unsurprisingly, no change was observed for the N lobe (Fig 5). Overall, the opening
patterns of the C lobe in presence of Ng resemble those of the N lobe, restricting the opening
to high calcium input frequencies.

To better quantify CaM’s responses to the frequencies of calcium input, we calculated the
Area Under the Curve (AUC), that is the integral of the increased/decreased fraction of CaM
in the open/closed state (above/below basal level), over the entire simulation (see Methods).
We calculated these AUCs for all the possible conformations of CaM lobes: RR, RT, TR and
TT (where the first letter represents the state of the N lobe and the second represents the state
of the C lobe. We then plotted them against calcium spike frequencies (Fig 6).
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Fig 4. Free calcium concentration at various input frequencies. Intracellular free calcium elevation simulated with a single calcium input (a) or a train of inputs (b) at 1
Hz (red), 5 Hz (blue) and 10 Hz (grey). Each calcium spike represent the addition of 1926 ions over 8 ms.
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In the absence of Ng, CaM’s C lobe is very sensitive to calcium spikes at low frequencies.
The TR conformation is increased above its basal level (AUC>0) by calcium stimulation as
low as 0.1 Hz (Fig 6a). The TR conformation increases steeply around 3 Hz, peaks at 20 Hz,
then declines while the N lobe of the same CaM opens (increase of the RR conformation).
The RT conformation does not increase in response to calcium spikes. There is almost one
order of magnitude between the frequencies at which the C and N lobe open prominently
(Fig 6a).

Ng not only decreases the C lobe opening in response to low frequencies but also shifts it
towards higher frequencies. At about 10 Hz, both the TR and RT state start to increase and
peak around 25 Hz, indicating the opening of C and N lobes separately within two populations
of CaM molecules (Fig 6b). It seems that the N lobe can compete with the C lobe for calcium
binding to stabilize its open conformation only in the presence of Ng (Fig 6a). Calcium bind-
ing to the N lobe is 100 times faster than its binding to the C lobe. However, the rate of dissoci-
ation from the N lobe is also extremely high (corresponding to a lower affinity), which makes
the N lobe less efficient than the C lobe for calcium binding. The rates of transition from the
closed to open conformation, when no calcium ion is bound, are the same for both lobes. As a
result, at these intermediate frequencies, Ng facilitates the opening of the N lobe by decreasing
the opening of the C lobe and thus its binding of calcium. At high spike frequencies, the open-
ing of both lobes (RR state) follows almost the same profile as when Ng is absent and reaches
the same activity level at 100 Hz regardless of Ng’s presence (Fig 6b).

Therefore, Ng does not prevent CaM activation by calcium spikes. Instead, Ng synchronizes
both lobes to respond towards higher calcium spike frequencies, hence narrowing the fre-
quency range at which CaM responses.
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Fig 5. Calcium binding and CaM conformational changes in response to calcium input frequencies. Calcium binding CaM was followed during simulations using
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Ng facilitates CaMKII activation at high calcium spike frequencies

We then investigated Ng’s role in regulating the activation of CaMKII and CaN by CaM. We
first added only CaMKII and CaN in the model (without Ng), as well as the inhibition of CaM-
KII autophosphorylation by CaN (see Materials and methods). In all the subsequent simula-
tions, the concentration of CaM is smaller than the total concentration of its binding proteins.
As above, we simulated trains of calcium spikes at various frequencies but resulting in a fixed
additional amount of calcium ions. To compute their activity on phosphorylation of AMPA
receptor subunit GluR1, we multiplied the fraction of active CaMKII and CaN by their respec-
tive catalytic constants (kcat).

Fig 7 shows example timecourses of protein activity changes following 300 calcium-spike
stimulations at 10 Hz or 30 Hz. In the absence of Ng, resting calcium level opens a small pro-
portion of CaM, resulting in higher basal CaN activity than CaMKII. With a 10 Hz calcium
stimulation, the opening of CaM leads to a fast and strong elevation of CaN, accompanied by a
gentler rise of CaMKII activity, with CaN and CaMKII activities reaching to the same level
(Fig 7a). At 30 Hz, the acute elevation of calcium gives rises to sharp and prominent increases
of both CaMKII and CaN activities, and the activity of CaMKII overcomes that of CaN. How-
ever, the activation of CaMKII decays very quickly to its resting level, potentially due to the
slower deactivation and high basal activity of CaN, which prevents the onset of CaMKII autop-
hosphorylation (Fig 7b).

When Ng is present in the model, CaN basal activity is lower at resting calcium concentra-
tion, indicating decreased open CaM because of Ng binding. Calcium inputs at both
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frequencies raise Ca-saturation of CaM, stabilizing open CaM free of any protein partner. This
triggers an equilibrium shift (reduced closed CaM free of protein partners) and a release of
CaM from Ng. At 10 Hz, a small proportion of CaM is released from Ng, inducing a strong
activation of CaN, but a much weaker activation of CaMKII (Fig 7c). At 30 Hz, Ng releases
almost all CaM. This transient but strong CaM release robustly increases CaMKII and CaN
activity. At both frequencies, the decay of CaN activity is faster than when Ng is absent. The
most striking difference is in the way CaMKII activity decays. A significant proportion of
CaMKII monomers remain active, and autophosphorylated, for more than 10 minutes, which
is far beyond the total duration of calcium stimulation (Fig 7d and S10 Fig). These results indi-
cate an multi-phasic regulation of CaMKII activity by Ng. At an intermediate spike frequency
(10 Hz), Ng restrains CaMKII activation; at a high spike frequency (30 Hz), Ng promotes it.

In most LTP-induction protocols, the high-frequency stimulation is not applied continu-
ously but split into discrete bursts. We verified the observation presented above by stimulating
the model with three 100 Hz, 100-spike bursts, separated by 10-minute intervals [15]. As
shown in Fig 8, we obtained results similar to a setup featuring a continuous 300-spike stimu-
lation (S11 Fig). When Ng is present (Fig 8a), a significant proportion of CaMKII monomers
retain their activities for about 10 minutes after the end of each burst. Whereas in the absence
of Ng (Fig 8b), the elevated basal CaN prevents such a long-lasting CaMKII activation, result-
ing in a more transient CaMKII activity. Interestingly, with such a discrete-bursts stimulation,
the overall CaMKII activity (integrated over time) is increased by nearly 20% compared with
continuous 300-spike stimulation.

We systematically explored 30 frequencies, ranging from 0.1 to 100 Hz. To represent the
combined effect of CaMKII and CaN on GluR1, thus their impact on synaptic plasticity, we
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Fig 8. CaMKII and CaN activation in response to repeated high-frequency calcium spikes. Computational models were simulated, with (a) or without (b) Ng, by 300
calcium spikes organized into three 100-spike discrete bursts at 100 Hz each, separated by 10 min intervals. Each calcium input was as described in Fig 3. Both protein
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80 UM; keatcanvxn = 2 875 keatcage = 0.57.

https://doi.org/10.1371/journal.pchi.1006991.g008

subtracted their “activated area”, following a continuous 300-spike stimulation at each fre-
quency. The “activated area” is an integration of the activity change of an enzyme (above basal
level) along time, after the calcium stimulation of a specific frequency. It was calculated based
on the timecourse result, such as examples in Fig 7. For each curve in Fig 9a, negative values
indicate that CaN activation overcomes CaMKII activation, thus facilitating LTD. Whereas
positive values show that CaMKII activation overcomes CaN activation, thus facilitating LTP.
Both curves, with (circle) and without (cross) Ng, show triphasic responses, reproducing the
classical BCM curve, with predominant CaN activity at low calcium-spike frequencies and
overriding CaMKII activity at high spike frequencies. However, the presence of Ng results in
an upright shift of the frequency-response curve, indicating the hindered onset of LTD,
increased frequency for LTP onset and lifted CaMKII responses at high spike frequencies.

The difference of responses in the presence and the absence of Ng is explained by its differ-
ent effects on the “activated area” of CaN (green) and CaMKII (red), that vary according to the
frequency (Fig 9b). Because of CaN’s relatively low concentration and its higher affinity for
CaM than non-phospho CaMKII monomers, CaN becomes active even at low spike frequen-
cies. This strongly inhibits CaMKII autophosphorylation. Despite this constant presence of
phosphatase activity, both CaN and CaMKII activity change with frequency, including in the
presence of Ng. Thus, Ng regulates the activation of CaMKII and CaN, modulating synaptic
plasticity, in three phases: At low spike frequencies, Ng hinders the activation of both proteins,
albeit with a stronger effect on CaN, thus inhibiting LTD. As the spike frequency increases,
CaN activity rises to induce LTD. The declining phase of CaN activity corresponds to the
increasing CaMKII activity, marking the transition from LTD to LTP. The presence of Ng
shifts this transition to higher frequencies, therefore increasing the frequency required for LTP
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Fig 9. Activity of CaMKII and CaN in response to calcium spike frequencies. Protein activities, as described in Fig 7, were integrated over time. The effect on synaptic
plasticity was calculated by subtracting CaN’s activated area from CaMKII (a). Each protein’s activated area was also plotted as a function of calcium input frequency (b).
Models were stimulated either with (grey circle) or without Ng (black cross). All protein concentrations were as described in Fig 7 and in Table 1.
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induction. At high spike frequencies, Ng predominantly facilitates CaMKII autophosphoryla-
tion, thus promoting LTP. As Ng’s regulatory role in synaptic plasticity and CaMKII activation
depends on calcium-spike frequencies, and intracellular patterns of calcium elevation vary
dependent on the LTP-induction protocols and the specific cellular environment (e.g. the
number of receptors), Ng’s non-monotonic regulation might provide a clue to opposing exper-
imental observations in Ng knock-out mice. Ng raises the threshold frequency to activate
CaMKII. However, once the threshold is crossed, Ng facilitates its activation.

The fact that sustained CaMKII activity at high calcium spike frequencies was observed
only in the presence of Ng was intriguing. To simulate the autophosphorylation of CaMKII
monomers, we continuously adjusted the phosphorylation rate based on the total number of
active CaMKII monomers (CaM bound and/or phosphorylated), and their random distribu-
tions within pseudo hexamer rings. Therefore, to initiate the autophosphorylation of CaMKII,
a large number of CaM molecules need to bind to CaMKI]I, to ensure adjacent neighbor mono-
mers are active within hexamer rings (see Method for more details). If the only function of Ng
was to buffer CaM and preclude it from opening, it would not facilitate CaMKII activation,
given that the concentration of CaM is already a limiting factor [10]. In the following section,
we shed light on the mechanisms underlying Ng’s positive regulation on CaMKII activation at
high calcium-spike frequencies.

Ng facilitates CaMKII activation by suppressing the activity of CaN

Ng’s positive impact on CaMKII activation at high-frequency calcium stimulation has been
observed experimentally [15, 19]. However, no underlying mechanism was suggested.
Sustained CaMKII activation is due to its autophosphorylation, and CaN regulates its
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dephosphorylation via PP1. We thus hypothesized that CaN might play an important role in
mediating Ng’s effect on CaMKII activation.

The frequency-response plot (Fig 9b) shows that the presence of Ng causes a significant
change in the plateau activity of CaMKII at high spike frequencies, but a fairly small change of
CaN activity. It is therefore difficult to see how such a small change could have an important
effect on CaMKII autophosphorylation. However, the phosphorylation of CaMKII is regulated
not only by the dynamic elevation of CaN following calcium spikes that is shown in Fig 9b,
but also by CaN’s basal activity which is elevated in the absence of Ng (Fig 7a and 7b). This
increased basal activity causes a greater change of CaN’s activated area without affecting the
CaMKII curve (as shown on S12 Fig, where CaN’s frequency dependent curve is further
increased by 54 units). Thus, at high spike frequencies, CaN activity is higher than CaMKII
activity in the absence of Ng. However, in the presence of Ng, the activity of CaN is lower than
CaMKII. This is reflected in the difference of “activated area” curves in S12 Fig.

To further assess CaN’s role, we removed it from the model and re-simulated the various
frequencies of calcium spikes, with and without Ng. As shown in Fig 10a, removing CaN dra-
matically increases CaMKII activity at high calcium-spike frequencies regardless of Ng’s pres-
ence. Moreover, CaMKII reaches similar maximal activity in both situations. As the presence
of Ng does not increase CaMKII activity at high calcium-spike frequencies (see grey curve on
Fig 10a), the previously observed positive impact of Ng on CaMKII activation (Fig 9) is
completely lost. The key impact of removing Ng is a shift of the BCM-like curve towards lower
spike frequencies, which indicates a negative effect of Ng on CaMKII in the absence of CaN.

To address whether it is CaN phosphatase activity or its high-affinity binding to CaM
which mediates Ng’s effect on CaMKII activation, we simulated the model after removing
CaN’s phosphatase activity (kcat = 0), keeping its concentration at the value used to generate
Fig 9 (Table 1). Without CaN phosphatase activity, the presence of Ng decreases CaMKII
activation at high spike frequencies (Fig 10b), showing that it retain only an inhibitory role.
Therefore, Ng facilitates CaMKII activation by suppressing the phosphatase activity of CaN.
Furthermore, CaN’s central role on mediating Ng’s effect cannot be replaced by any other
high-affinity CaM-binding proteins.
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Fig 10. CaN mediates Ng’s effect on CaMKII activation. Models were simulated without CaN (a) or without CaN’s phosphatase activity (kcat = 0)(b) or with double
amount of CaN (c). The combined response of CaMKII and CaN to calcium spike frequencies were quantified as described in Fig 9: with Ng (grey circle) and without
(black cross). Simulation conditions and concentrations are as described in Fig 7. Double amount of CaN equals to 16 M.

https://doi.org/10.1371/journal.pcbi.1006991.9010
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We then doubled CaN concentration, to twice its detected level in the hippocampus CA1
region [64], while keeping its phosphatase activity (Fig 10c). At low spike frequencies, CaN
activity suppresses CaMKII as seen above with normal CaN concentration. However, at high
frequencies CaMKII activity can no longer overturn CaN activation, resulting in abolished
LTP induction regardless of Ng’s presence. This indicates that high CaN concentration sup-
presses the positive effect of Ng on CaMKII activation and LTP induction at high frequency
stimulations. To summarize, when there is not enough CaN, CaMKII activation is excessive
and when there is too much CaN, CaMKII activation is insufficient. In both cases, Ng exerts
no positive effect on CaMKII activation.

We tested other CaN concentrations and plotted the differences of CaMKII activation
reached at a high calcium spike frequency (100 Hz), in the presence and absence of Ng. Fig 11
shows a nonlinear relationship between the concentration of CaN and the effect of Ng on
CaMKII activation. It seems that with those concentrations of Ng, CaM, and CaMKII, Ng dis-
plays the highest positive effect on CaMKII activation when CaN concentration is about 4
micromolar. Reducing or increasing CaN concentration weakens Ng’s impact on CaMKIL

These results suggest that a key role for CaN is to control how Ng affects CaMKII activation
at higher calcium spike frequencies. The presence of Ng facilitates a prompt release of large
quantities of CaM at specific spike frequencies. This facilitates the onset of CaMKII activation
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Fig 11. CaN concentration affects Ng regulation of CaMKII activation. Different CaN concentrations were applied
in the presence and absence of Ng. The difference between CaMKIT’s activated areas reached in response to a 100 Hz
calcium spike frequency in presence and absence of Ng were plotted against CaN concentration. The relationship was
further fitted into a polynomial function (method loess() from ggplot2) and plotted as the blue line. Red points are the
values coming from our simulations. Shaded light grey area represents the 95% confidence interval for the fitting.

https://doi.org/10.1371/journal.pcbi.1006991.9011
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Fig 12. Ng concentration affects synaptic plasticity. Computational models with various Ng concentrations were
stimulated by 300 calcium spikes at various frequencies. The concentrations of proteins, except Ng, were listed in
Table 1 and remain unchanged. In particular, the concentration of CaM is 40 uM. The activated areas of CaMKII and
CaN were calculated and their net effects on AMPA receptor phosphorylation were calculated as described in Fig 7,
and plotted as a function of calcium spike frequency.

https://doi.org/10.1371/journal.pcbi.1006991.g012

and autophosphorylation, allowing it to overcome CaN’s negative feedback. Removal or over-
expression of CaN eliminates Ng’s positive regulation on CaMKI]I, reducing its role to merely
a CaM buffer.

The concentration of Ng impacts LTP induction

Previous research showed that Ng constantly moves in and out of the PSD. Its function as a
regulator of synaptic plasticity may partly rely on its recruitment of CaM in the PSD [66].
While this is certainly an important aspect of Ng’s function, modeling Ng and CaM transloca-
tion in and out the PSD may blur other Ng’s impacts on plasticity. We have already shown that
the concentration of CaM is limited in the PSD and increasing it has a positive effect on LTP
induction [10].

The model presented here only incorporated the binding of CaM by Ng in a homogeneous
compartment. However, we showed that increasing the concentration of Ng, while keeping
the concentration of CaM the same, has a positive effect on LTP induction. As shown in Fig
12, a higher Ng concentration results in a higher response from CaMKII over CaN, with a
steeper transition from LTD to LTP. Despite a relative shift toward CaMKII at all frequencies,
the transition between CaN and CaMKII (©,,) occurs at higher frequencies when the concen-
tration of Ng increases. Furthermore, the LTD response deepens when the concentration of
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Ng decreases whereas the LTP response strengthens when the concentration of Ng increases.
Therefore, the synaptic response brought forward by Ng’s translocation may lie in between
these lines with a broader dynamic range across responses of LTD and LTP.

Discussion

CaM regulates synaptic plasticity via its binding partners [26, 31, 67], some of which have well-
known functions while other non-catalytic binding proteins’ roles are less clear. One such pro-
tein is Ng, a highly expressed brain protein that carries a CaM-binding IQ domain [68, 69].

Ng primarily interacts with the closed C-lobe of CaM [13, 26], and is considered to buffer
CaM [11, 12, 69, 70]. Despite many studies of its function in regulating synaptic plasticity, its
precise role is still questioned. Several in vivo experiments showed that Ng facilitates CaMKII
activation during LTP induction protocols [16, 19], and it is not a CaM buffer because CaMKII
activation requires a significant amount of open CaM. To confuse matters further, the knock-
out of Ng in mouse can either facilitate or inhibit LTP induction [14-19].

By setting up a mechanistic model of CaM and incorporating conformational changes of its
two lobes, we explored the potential roles Ng plays in regulating bidirectional synaptic plastic-
ity mediated by CaMKII and CaN.

It has been established that the C lobe of CaM has higher affinities but slower binding kinet-
ics for calcium ions than the N lobe [11, 20, 23, 31]. Therefore, it has been proposed that the
rate-limiting event for CaM opening is the calcium binding to its C lobe [26, 32, 67]. However,
our simulation results showed the contrary. When there is no CaM-binding partner, it is the
opening of N lobe requires higher calcium spike frequencies and larger free calcium elevations
than the C lobe (Fig 6a). This is because the N lobe has fast calcium-binding rates and low
binding affinities, resulting in rapid calcium dissociation. Hence, the calcium binding to the N
lobe follows calcium spikes too close to stabilize the open conformation before the decline of
free calcium concentration.

We further showed that Ng synchronizes the openings of CaM lobes at a specific calcium
spike frequency. This is because Ng preferentially binds to the C lobe of CaM at low-fre-
quency calcium spikes and releases it at high-frequency stimulation when the N lobe is
opening (Fig 6b). This synchronization minimizes CaM opening during weak calcium stimu-
lation, reduces basal CaN activity, and enhances CaMKII activation when calcium signal is
strong (Figs 7 and 9).

Our findings are in agreement with studies proposing that Ng and other IQ motif proteins
act as CaM caches, enhancing the activation of CaM-binding partners when the elevation of
free calcium concentration is high [42, 68, 71]. Our study further shows that this increased free
calcium concentration is the result of the increased calcium spike frequency, other than total
calcium ions. Furthermore, the mechanisms underlying this dynamic regulation can be
explained by the allosteric regulation of CaM lobes and the reciprocal influence between CaM
and its binding partners.

Our frequency-response curves (Fig 9a) match with experimental observations by Huang
et al. [16], where the absence of Ng facilitates LTD but impairs LTP induction, resulting in a
down-shifted BCM curve. Upon Ng’s removal, our BCM-like curve also shifts towards low fre-
quency calcium spikes, indicating a potentially easier onset of LTP at intermediate frequencies.
This finding is in partial agreement with what has been published by Krucker et al. [19], a
major experimental study questioning Ng’s positive role on synaptic plasticity. In their work,
the mouse brains without Ng expression display lowered CaMKII activation after a high fre-
quency train of electrical stimulation, and an easier onset of LTP under stimulation at interme-
diate frequencies [19]. Krucker et al. also showed that without Ng, LTP is enhanced at high
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spike frequencies, which is opposite from what was observed by Huang et al. and by our simu-
lation result. Our research can not explain this discrepancy directly, because of our simplified
representation of LTP. Nevertheless, we showed that in the absence of Ng, lowered CaMKII
activity does not abolish LTP induction at high-frequency calcium stimulation. We further
revealed that the LTP-induction frequency and the amplitude of LTP can be dynamically regu-
lated by the expression levels of CaN and Ng (Figs 11 and 12).

The most intriguing finding from our research is that CaN mediates Ng’s regulatory role in
the LTP induction at high frequency calcium spikes. CaN is one of the highly expressed protein
phosphatases in the nervous system [72], and its dysfunction has been associated with many
neurological diseases [73-76]. It has been shown that CaN involves in processes weakening
synaptic connections [77-82]. And blockage of CaN has shown to encourage learning and
memory [83, 84]. Our findings do not contradict these views. In fact, we showed that Ng’s pos-
itive impact on CaMKII activation and LTP induction is due to its suppressing of CaN activity,
especially at the basal calcium concentration.

When Ng is knocked out, CaM is prone to be activated by the basal level of calcium, there-
fore elevating the resting level of CaN activity, which in turn decreasing CaMKII autopho-
sphorylation. We further showed that it is CaN’s phosphatase activity, other than its high-
affinity binding to CaM, mediates the function of Ng. Therefore, when CaN concentration is
very low, the difference of CaN basal activity in the presence and the absence of Ng has little
impact on CaMKII activity. On the other hand, when CaN concentration is high, its phospha-
tase activity obstructs CaMKII autophosphorylation even in the presence of Ng. This sensitiv-
ity to CaN concentration may provide a further explanation for conflicting experimental
observations where Ng knock out did not always result in reduced LTP induction [15, 19].
Further experimental validations focusing on CaN’s contribution to Ng’s role in synaptic plas-
ticity, will definitely provide new insights about the function of Ng and will broaden our
understanding of synaptic plasticity.

One aspect to the regulations of Ng, which we did not include in our model, is the phos-
phorylation of Ng by the y isoform of protein kinase C (PKCy) [85]. Phosphorylated Ng losses
its ability to bind CaM [12, 86, 87]. The activation of PKCy is mediated by metabotropic gluta-
mate receptor (mGluR), therefore being associated with low-frequency stimulation and the
resulted slow calcium release. Although our study did not focus on this type of calcium signals,
we could still speculate that under the stimulation of low-frequency calcium spikes, combined
with the phosphorylation of Ng thereby releasing of CaM, CaN would be predominantly acti-
vated and contribute to the LTD induction [88].

In both repeated and continuous stimulation (Figs 8 and 7), only a small amount of CaM-
KII monomers retain long-lasting activities after the high-frequency calcium stimulation.
Because of the large total number of CaMKII monomers, this corresponds to approximately
700 phosphorylated monomers, or nearly 60 CaMKII dodecamers. The NR2B-containing N-
methyl-D-aspartate (NMDA) receptors are responsible for binding Thr286-phospho-CaMKII
[89], and are present in the PSD in a small quantity [90]. These active CaMKII dodecamers are
sufficient to saturate C terminal tails of NR2B containing NMDA receptors in the PSD, there-
fore facilitating AMPA receptor insertion and LTP induction.

This also reveals a limitation in our current approach to approximate CaMKII autopho-
sphorylation rates, which is to estimate the probability for a given monomer to have an active
neighbor. Our dendritic-spine model contains a large number of CaMKII monomers, repre-
senting a considerable amount of hexamers. Since we assumed a single homogeneous com-
partment, all monomers possess an equal chance to interact with CaM. Therefore, a
substantial amount of active CaM molecules are required to activate two adjacent CaMKII
monomers of a hexamer ring, in order to initiate trans-autophosphorylation. An improved
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approach would be to consider the PSD as a spatially confined compartment that is separated
from the rest of the dendritic spine. In such a multi-compartment model, we could incorporate
the clustering and translocation of CaMKII dodecamers, which could increase the chance of
the PSD-located CaMKII to bind CaM and potentially provide a more accurate estimation of
CaMKII autophosphorylation rates. However, the current low estimation of CaMKII autopho-
sphorylation rates does not affect our major findings, which are based on the comparison of
CaMKII activation in the presence and absence of Ng, and the rate of CaMKII autophosphory-
lation is adjusted in the same way for both situations. The only difference could be that the fre-
quencies we found to be able to induce LTP might be higher than reality, albeit for both
scenarios.

We have built our model based on a highly simplified concept, in which the effectiveness of
the phosphatase and the kinase is directly used as a measure for synaptic plasticity. Although
the requirements of CaN and CaMKII for the induction of synaptic plasticity are well estab-
lished [9, 38], there are more modulators and interactions involved in different stages of mem-
ory consolidation [9]. The difficulties of incorporating more molecular interactions in the
model are in estimating their relevant equilibrium and kinetic constants systematically and
ensuring these parameters are identifiable, which we tried to ensure in this study. Our mathe-
matical model can be expanded and parameters can be reused in future studies to further our
understanding of CaM and its binding proteins.

In conclusion, our study revealed complex and dynamic roles Ng plays in regulating bidi-
rectional synaptic plasticity. Ng functions via preferential binding to CaM C lobe at the closed
conformation. And by doing so, Ng synchronizes the openings of two CaM lobes, limiting
CaMKII activation at intermediate calcium spike frequencies, while facilitating it at high fre-
quencies. Apparently contradictory experimental observations regarding its effect on LTP
induction might be all valid. As we already showed before [10], the exact CaMKII activity
required to induce LTP is dependent on conditions and other molecular components inside
the postsynaptic dendritic spine. Ng’s positive regulation of CaMKII activity depends on both
its concentration and that of CaN. Furthermore, it depends on calcium spike frequencies and
the threshold CaMKII activity required to facilitate AMPA receptor insertion and LTP
induction.

Supporting information

S1 Fig. Estimations of boundaries for allosteric parameter cC and calcium affinity to a
binding site on CaM’s C lobe (KCT) and N lobe (KAT), as well as affinity between CaMKII
peptide and open CaM (Kd_CaMKIIpeptide_RR).

(EPS)

S2 Fig. Estimations and correlations of allosteric parameters cC, cN, LC, LN, and affinity
between Ng and closed CaM (Kd_Ng TT).
(EPS)

S3 Fig. Steady state validation of calcium binding CaM. Comparison of steady state simula-
tion results (solid lines) and published experimental observations (dots) of calcium binding C
lobe (a) and N lobe (b) of CaM. To compare with experimental data published by Hoffman

et al. [26], the model was set up with [CaM] = 5 uM and [Ng] = 50 uM. To compare with
experiments published by Evans et al. [6], model initial states were set up as [CaM] = 2 uM
and [CaMKII] = 10 pM.

(EPS)
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S4 Fig. Linear relationship between log10(cC) and log10(LC).
(EPS)

S5 Fig. Estimations of CaN binding (kon_PP2B_CaM) and releasing open CaM
(koff_PP2B_CaM).
(EPS)

S6 Fig. Estimation of allosteric parameter cC and association constants for CaM binding
CaMKII (kon_CaMKII), phospho-CaMKII (kon_CaMKIIp) and Ng (kon_Ng), calcium
binding C lobe of CaM (kon_CT) and the conformational transition rate of C lobe, when
no calcium or protein is bound (k_T2R_C0).

(EPS)

S7 Fig. Correlation analysis of each pair of the parameters estimated above in S6 Fig, based
on parameter values searched and their scores for fitting experimental observations.
(EPS)

S8 Fig. Validations of calcium dissociation kinetics from CaM. Calcium dissociation from
C-lobe of CaM (a,b) were measured upon mixing calcium chelator EGTA (107 M), and sim-
ulated after reaching equilibrium with pre-mixed CaM (10 uM) and calcium (100 uM) with
(cyan) or without (salmon) Ng (50 puM). Calcium dissociation from whole CaM (c) were mea-
sured upon mixing calcium chelator quin2 (150 pM), and simulated after reaching equilib-
rium with pre-mixed CaM (2 uM) and calcium (20 pM) with CaMKII (2 uM salmon) or
phospho-CaMKII (2 uM cyan). Solid line: simulation results; dots: experimental observations
[26, 31].

(EPS)

$9 Fig. Calculation of the rate of CaMKII autophosphorylation. The procedure for calculat-
ing the rate of CaMKII autophosphorylation rate as a function of active CaMKII monomers
(for details see Methods section).

(EPS)

$10 Fig. Protein activation after calcium inputs at 30 Hz. Computational models with (a) or
without (b) Ng were stimulated by 300 calcium spikes at 30Hz. Protein activities were normal-
ized by their total concentration, and CaMKII and CaN were further multiplied by their cata-
Iytic efficiencies towards GluR1 subunit of AMPAR. [CaM] = 40 puM, [Ng] = 40 pM, [CaN] =
8 uM, [CaMKII] = 80 uM; kcatcavxn = 2 85 keatca = 0.5

(EPS)

S11 Fig. Protein activation after calcium inputs at 100 Hz. Computational models were sim-
ulated with (a) or without (b) Ng, with 300 calcium spikes at 100 Hz. Each calcium input was
as described in Fig 3. Both protein activities were normalized to their total concentration, then
multiplied by their catalytic constant for GluR1. [CaM] = 40 uM, [Ng] = 40 pM, [CaN] =

8 uM, [CaMKII] = 80 uM; kcatcamia = 2 st keatcy =0.57

(EPS)

S12 Fig. Ng affects basal activity of CaN. Protein activity change, triggered by the train

of calcium spikes (as described in Fig 7), and its basal level, were integrated over time

(3000 s) and plotted as a function of calcium input frequency. Models were stimulated either
with (grey circle) or without Ng (black cross). All protein concentrations were listed in
Table 1.

(EPS)
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S1 File. Computational model. The computational model, including calcium stimulation,
was encoded in Systems Biology Markup Language (SBML) Version 1 Level 3.
(XML)

Acknowledgments

We thank Dr Len Stephens, Dr Simon Andrews, and Dr Michael Wakelam for their support
and help.

Author Contributions

Conceptualization: Lu Li, Massimo Lai, Nicolas Le Novere, Stuart J. Edelstein.
Data curation: Stephen Cole.

Formal analysis: Lu Li.

Funding acquisition: Nicolas Le Noveére.
Investigation: Lu Li, Massimo Lai.

Methodology: Lu Li, Nicolas Le Novere.

Project administration: Nicolas Le Novere.
Supervision: Nicolas Le Novére, Stuart J. Edelstein.
Validation: Lu Li, Nicolas Le Novere.

Visualization: Lu Li, Stephen Cole, Nicolas Le Novere.
Writing - original draft: Lu Li, Nicolas Le Novere.

Writing - review & editing: Lu Li, Massimo Lai, Stephen Cole, Nicolas Le Novere, Stuart J.
Edelstein.

References

1. Chattopadhyaya R, Meador WE, Means AR, Quiocho FA. Calmodulin structure refined at 1.7 A resolu-
tion. Journal of Molecular Biology. 1992. https://doi.org/10.1016/0022-2836(92)90324-d PMID:
1474585

2. Stefan MI, Edelstein SJ, Le Novere N. An allosteric model of calmodulin explains differential activation
of PP2B and CaMKII. Proc Natl Acad Sci U S A. 2008; 105(31):10768—10773. https://doi.org/10.1073/
pnas.0804672105 PMID: 18669651

3. Crivici A, Ikura M. Molecular and structural basis of target recognition by calmodulin. Annual Review of
Biophysics and Biomolecular Structure. 1995; 24:85—-116. https://doi.org/10.1146/annurev.bb.24.
060195.000505 PMID: 7663132

4. Rhoads AR, Friedberg F. Sequence motifs for calmodulin recognition. The FASEB journal. 1997;
11(5):331-340.

5. Theoharis NT, Sorensen BR, Theisen-Toupal J, Shea MA. The neuronal voltage-dependent sodium
channel type Il 1Q motif lowers the calcium affinity of the C-domain of calmodulin. Biochemistry. 2008;
47(1):112—123. https://doi.org/10.1021/bi7013129 PMID: 18067319

6. EvansTIA, Shea MA. Energetics of calmodulin domain interactions with the calmodulin binding domain
of CaMKII. Proteins: Structure, Function and Bioinformatics. 2009; 76(1):47—61. https://doi.org/10.
1002/prot.22317

7. Feldkamp MD, Yu L, Shea MA. Structural and energetic determinants of apo calmodulin binding to the
1Q motif of the Na V1.2 voltage-dependent sodium channel. Structure. 2011; 19(5):733-747. https://doi.
org/10.1016/j.str.2011.02.009 PMID: 21439835

8. O’Donnell SE, Yu L, Fowler CA, Shea MA. Recognition of B-calcineurin by the domains of calmodulin:
Thermodynamic and structural evidence for distinct roles. Proteins: Structure, Function and Bioinfor-
matics. 2011; 79(3):765-786. https://doi.org/10.1002/prot.22917

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1006991 February 12, 2020 25/29


http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1006991.s013
https://doi.org/10.1016/0022-2836(92)90324-d
http://www.ncbi.nlm.nih.gov/pubmed/1474585
https://doi.org/10.1073/pnas.0804672105
https://doi.org/10.1073/pnas.0804672105
http://www.ncbi.nlm.nih.gov/pubmed/18669651
https://doi.org/10.1146/annurev.bb.24.060195.000505
https://doi.org/10.1146/annurev.bb.24.060195.000505
http://www.ncbi.nlm.nih.gov/pubmed/7663132
https://doi.org/10.1021/bi7013129
http://www.ncbi.nlm.nih.gov/pubmed/18067319
https://doi.org/10.1002/prot.22317
https://doi.org/10.1002/prot.22317
https://doi.org/10.1016/j.str.2011.02.009
https://doi.org/10.1016/j.str.2011.02.009
http://www.ncbi.nlm.nih.gov/pubmed/21439835
https://doi.org/10.1002/prot.22917
https://doi.org/10.1371/journal.pcbi.1006991

GPLOS |saisermom

Neurogranin stimulates CaMKII by suppressing calcineurin

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Malenka RC, Bear MF. LTP and LTD: an embarrassment of riches. Neuron. 2004; 44(1):5-21. https:/
doi.org/10.1016/j.neuron.2004.09.012 PMID: 15450156

Li L, Stefan MI, Novere NL. Calcium Input Frequency, Duration and Amplitude Differentially Modulate
the Relative Activation of Calcineurin and CaMKIIl. PLoS One. 2012; 7(9):e43810. https://doi.org/10.
1371/journal.pone.0043810 PMID: 22962589

Putkey JA, Kleerekoper Q, Gaertner TR, Waxham MN. A New Role for IQ Motif Proteins in Regulating
Calmodulin Function. Journal of Biological Chemistry. 2003; 278(50):49667-49670. https://doi.org/10.
1074/jbc.C300372200 PMID: 14551202

Huang KP, Huang FL, Chen HC. Characterization of a 7.5-kDa protein kinase C substrate (RC3 protein,
neurogranin) from rat brain. Arch Biochem Biophys. 1993; 305(2):570-580. https://doi.org/10.1006/
abbi.1993.1463 PMID: 8080473

Kumar V, Chichili VP, Zhong L, Tang X, Velazquez-Campoy A, Sheu FS, et al. Structural basis for the
interaction of unstructured neuron specific substrates neuromodulin and neurogranin with Calmodulin.
Sci Rep. 2013; 3:1392. https://doi.org/10.1038/srep01392 PMID: 23462742

Fedorov NB, Pasinelli P, Oestreicher AB, DeGraan PNE, Reymann KG. Antibodies to Postsynaptic
PKC Substrate Neurogranin Prevent Long-term Potentiation in Hippocampal CA1 Neurons. European
Journal of Neuroscience. 1995; 7(4):819-822. https://doi.org/10.1111/].1460-9568.1995.tb00685.x
PMID: 7620629

Pak JH, Huang FL, Li J, Balschun D, Reymann KG, Chiang C, et al. Involvement of neurogranin in the
modulation of calcium/calmodulin-dependent protein kinase Il, synaptic plasticity, and spatial learning:
a study with knockout mice. Proc Natl Acad Sci U S A. 2000; 97(21):11232—11237. https://doi.org/10.
1073/pnas.210184697 PMID: 11016969

Huang KP, Huang FL, Jager T, Li J, Reymann KG, Balschun D. Neurogranin/RC3 enhances long-term
potentiation and learning by promoting calcium-mediated signaling. J Neurosci. 2004; 24(47):10660—
10669. https://doi.org/10.1523/JNEUROSCI.2213-04.2004 PMID: 15564582

Zhong L, Cherry T, Bies CE, Florence MA, Gerges NZ. Neurogranin enhances synaptic strength
through its interaction with calmodulin. EMBO J. 2009; 28(19):3027-3039. https://doi.org/10.1038/
emboj.2009.236 PMID: 19713936

Zhong L, Gerges NZ. Neurogranin and synaptic plasticity balance. Commun Integr Biol. 2010;
3(4):340-342. https://doi.org/10.4161/cib.3.4.11763 PMID: 20798820

Krucker T, Siggins GR, McNamara RK, Lindsley KA, Dao A, Allison DW, et al. Targeted disruption of RC3
reveals a calmodulin-based mechanism for regulating metaplasticity in the hippocampus. J Neurosci.
2002; 22(13):5525-5535. https://doi.org/10.1523/JNEUROSCI.22-13-05525.2002 PMID: 12097504

Linse S, Helmersson A, Forsén S. Calcium binding to calmodulin and its globular domains. J Biol Chem.
1991; 266(13):8050-8054. PMID: 1902469

Bayley PM, Findlay WA, Martin SR. Target recognition by calmodulin: dissecting the kinetics and affinity
of interaction using short peptide sequences. Protein Sci. 1996; 5(7):1215-1228. https://doi.org/10.
1002/pro.5560050701 PMID: 8819155

VanScyoc WS, Sorensen BR, Rusinova E, Laws WR, Alexander Ross JB, Shea MA. Calcium binding
to calmodulin mutants monitored by domain-specific intrinsic phenylalanine and tyrosine fluorescence.
Biophysical Journal. 2002; 83(5):2767—2780. https://doi.org/10.1016/S0006-3495(02)75286-7 PMID:
12414709

Faas GC, Raghavachari S, Lisman JE, Mody |. Calmodulin as a direct detector of Ca2+ signals. Nat
Neurosci. 2011; 14(3):301-304. https://doi.org/10.1038/nn.2746 PMID: 21258328

Finn BE, Evenas J, Drakenberg T, Waltho JP, Thulin E, Forsén S. Calcium-induced structural changes
and domain autonomy in calmodulin. Nature Structural Biology. 1995; 2(9):777-783. https://doi.org/10.
1038/nsb0995-777 PMID: 7552749

Lai M, Brun D, Edelstein SJ, Le Novére N. Modulation of Calmodulin Lobes by Different Targets: An
Allosteric Model with Hemiconcerted Conformational Transitions. PLoS Computational Biology. 2015;
11(1). https://doi.org/10.1371/journal.pcbi. 1004063

Hoffman L, Chandrasekar A, Wang X, Putkey JA, Waxham MN. Neurogranin alters the structure and
calcium binding properties of calmodulin. Journal of Biological Chemistry. 2014; 289(21):14644—14655.
https://doi.org/10.1074/jbc.M114.560656 PMID: 24713697

Chichili VPR, Xiao Y, Seetharaman J, Cummins TR, Sivaraman J. Structural Basis for the Modulation of
the Neuronal Voltage-Gated Sodium Channel NaV1.6 by Calmodulin. Scientific Reports. 2013; 3(1):2435.
https://doi.org/10.1038/srep02435

Cui Y, Wen J, Sze KH, Man D, Lin D, Liu M, et al. Interaction between calcium-free calmodulin and 1Q
motif of neurogranin studied by nuclear magnetic resonance spectroscopy. Anal Biochem. 2003; 315
(2):175-182. https://doi.org/10.1016/s0003-2697(03)00007-1 PMID: 12689827

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1006991 February 12, 2020 26/29


https://doi.org/10.1016/j.neuron.2004.09.012
https://doi.org/10.1016/j.neuron.2004.09.012
http://www.ncbi.nlm.nih.gov/pubmed/15450156
https://doi.org/10.1371/journal.pone.0043810
https://doi.org/10.1371/journal.pone.0043810
http://www.ncbi.nlm.nih.gov/pubmed/22962589
https://doi.org/10.1074/jbc.C300372200
https://doi.org/10.1074/jbc.C300372200
http://www.ncbi.nlm.nih.gov/pubmed/14551202
https://doi.org/10.1006/abbi.1993.1463
https://doi.org/10.1006/abbi.1993.1463
http://www.ncbi.nlm.nih.gov/pubmed/8080473
https://doi.org/10.1038/srep01392
http://www.ncbi.nlm.nih.gov/pubmed/23462742
https://doi.org/10.1111/j.1460-9568.1995.tb00685.x
http://www.ncbi.nlm.nih.gov/pubmed/7620629
https://doi.org/10.1073/pnas.210184697
https://doi.org/10.1073/pnas.210184697
http://www.ncbi.nlm.nih.gov/pubmed/11016969
https://doi.org/10.1523/JNEUROSCI.2213-04.2004
http://www.ncbi.nlm.nih.gov/pubmed/15564582
https://doi.org/10.1038/emboj.2009.236
https://doi.org/10.1038/emboj.2009.236
http://www.ncbi.nlm.nih.gov/pubmed/19713936
https://doi.org/10.4161/cib.3.4.11763
http://www.ncbi.nlm.nih.gov/pubmed/20798820
https://doi.org/10.1523/JNEUROSCI.22-13-05525.2002
http://www.ncbi.nlm.nih.gov/pubmed/12097504
http://www.ncbi.nlm.nih.gov/pubmed/1902469
https://doi.org/10.1002/pro.5560050701
https://doi.org/10.1002/pro.5560050701
http://www.ncbi.nlm.nih.gov/pubmed/8819155
https://doi.org/10.1016/S0006-3495(02)75286-7
http://www.ncbi.nlm.nih.gov/pubmed/12414709
https://doi.org/10.1038/nn.2746
http://www.ncbi.nlm.nih.gov/pubmed/21258328
https://doi.org/10.1038/nsb0995-777
https://doi.org/10.1038/nsb0995-777
http://www.ncbi.nlm.nih.gov/pubmed/7552749
https://doi.org/10.1371/journal.pcbi.1004063
https://doi.org/10.1074/jbc.M114.560656
http://www.ncbi.nlm.nih.gov/pubmed/24713697
https://doi.org/10.1038/srep02435
https://doi.org/10.1016/s0003-2697(03)00007-1
http://www.ncbi.nlm.nih.gov/pubmed/12689827
https://doi.org/10.1371/journal.pcbi.1006991

GPLOS |saisermom

Neurogranin stimulates CaMKII by suppressing calcineurin

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

Ikura M, Clore G, Gronenborn A, Zhu G, Klee C, Bax A. Solution structure of a calmodulin-target peptide
complex by multidimensional NMR. Science. 1992; 256(5057):632—638.

Meador W, Means A, Quiocho F. Target enzyme recognition by calmodulin: 2.4 A structure of a calmod-
ulin-peptide complex. Science. 1992; 257(5074):1251-1255.

Gaertner TR, Putkey JA, Waxham MN. RC3/Neurogranin and Ca2+/calmodulin-dependent protein
kinase Il produce opposing effects on the affinity of calmodulin for calcium. J Biol Chem. 2004; 279
(38):39374-39382. https://doi.org/10.1074/jbc.M405352200 PMID: 15262982

Kubota Y, Waxham MN. Lobe specific Ca2+-calmodulin nano-domain in neuronal spines: A single mol-
ecule level analysis. PLoS Computational Biology. 2010; 6(11). https://doi.org/10.1371/journal.pcbi.
1000987 PMID: 21085618

Putkey JA, Waxham MN, Gaertner TR, Brewer KJ, Goldsmith M, Kubota Y, et al. Acidic/IQ motif regula-
tor of calmodulin. J Biol Chem. 2008; 283(3):1401-1410. https://doi.org/10.1074/jbc.M703831200
PMID: 17991744

D’Alcantara P, Schiffmann SN, Swillens S. Bidirectional synaptic plasticity as a consequence of interde-
pendent Ca2+-controlled phosphorylation and dephosphorylation pathways. Eur J Neurosci. 2003;
17(12):2521-2528. https://doi.org/10.1046/j.1460-9568.2003.02693.x PMID: 12823459

Holmes WR. Models of calmodulin trapping and CaM kinase Il activation in a dendritic spine. J Comput
Neurosci. 2000; 8(1):65-85. https://doi.org/10.1023/a:1008969032563 PMID: 10798500

Zhabotinsky AM. Bistability in the Ca(2+)/calmodulin-dependent protein kinase-phosphatase system.
Biophys J. 2000; 79(5):2211-2221. https://doi.org/10.1016/S0006-3495(00)76469-1 PMID:
11053103

Kubota Y, Bower JM. Transient versus asymptotic dynamics of CaM kinase II: possible roles of phos-
phatase. J Comput Neurosci. 2001; 11(3):263-279. https://doi.org/10.1023/a:1013727331979 PMID:
11796942

Lisman JE, Zhabotinsky AM. A model of synaptic memory: a CaMKII/PP1 switch that potentiates trans-
mission by organizing an AMPA receptor anchoring assembly. Neuron. 2001; 31(2):191-201. https://
doi.org/10.1016/s0896-6273(01)00364-6 PMID: 11502252

Hayer A, Bhalla US. Molecular switches at the synapse emerge from receptor and kinase traffic. PLoS
Comput Biol. 2005; 1(2):137—154. https://doi.org/10.1371/journal.pcbi.0010020 PMID: 16110334

Kubota Y, Putkey JA, Neal Waxham M. Neurogranin controls the spatiotemporal pattern of postsynaptic
Ca 2+/CaM signaling. Biophysical Journal. 2007. https://doi.org/10.1529/biophysj.107.106849

Kubota Y, Putkey JA, Shouval HZ, Waxham MN. IQ-motif proteins influence intracellular free Ca2+ in
hippocampal neurons through their interactions with calmodulin. J Neurophysiol. 2008; 99(1):264—276.
https://doi.org/10.1152/jn.00876.2007 PMID: 17959737

Zhabotinsky AM, Camp RN, Epstein IR, Lisman JE. Role of the neurogranin concentrated in spines in
the induction of long-term potentiation. J Neurosci. 2006; 26(28):7337—7347. https://doi.org/10.1523/
JNEUROSCI.0729-06.2006 PMID: 16837580

Romano DR, Pharris MC, Patel NM, Kinzer-Ursem TL. Competitive tuning: Competition’s role in setting
the frequency-dependence of Ca2+-dependent proteins. PLoS Computational Biology. 2017; 13(11).
https://doi.org/10.1371/journal.pcbi.1005820

Shifman JM, Choi MH, Mihalas S, Mayo SL, Kennedy MB. Ca**/calmodulin-dependent protein kinase I
(CaMKiIl) is activated by calmodulin with two bound calciums. Proc Natl Acad Sci U S A. 2006; 103
(38):13968—-13973. https://doi.org/10.1073/pnas.0606433103 PMID: 16966599

Tjandra N, Kuboniwa H, Ren H, Bax A. Rotational Dynamics of Calcium-Free Calmodulin Studied by
15N-NMR Relaxation Measurements. European Journal of Biochemistry. 1995. PMID: 7601131

Malmendal A, Evenas J, Forsén S, Akke M. Structural dynamics in the C-terminal domain of calmodulin
at low calcium levels. Journal of Molecular Biology. 1999. https://doi.org/10.1006/jmbi.1999.3188

Schumacher MA, Rivard AF, Bachinger HP, Adelman JP. Structure of the gating domain of a Ca2+-acti-
vated K+ channel complexed with Ca2+/calmodulin. Nature. 2001; 410(6832):1120—1124. https://doi.
org/10.1038/35074145 PMID: 11323678

Hucka M, Finney A, Sauro HM, Bolouri H, Doyle JC, Kitano H, et al. The systems biology markup lan-
guage (SBML): A medium for representation and exchange of biochemical network models. Bioinfor-
matics. 2003. https://doi.org/10.1093/bioinformatics/btg015 PMID: 12611808

Chelliah V, Juty N, Ajmera |, Ali R, Dumousseau M, Glont M, et al. BioModels: Ten-year anniversary.
Nucleic Acids Research. 2015. https://doi.org/10.1093/nar/gku1181 PMID: 25414348

Rosenberg OS, Deindl S, Sung RJ, Nairn AC, Kuriyan J. Structure of the autoinhibited kinase domain of
CaMKIl and SAXS analysis of the holoenzyme. Cell. 2005; 123(5):849-860. https://doi.org/10.1016/j.
cell.2005.10.029 PMID: 16325579

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1006991 February 12, 2020 27/29


https://doi.org/10.1074/jbc.M405352200
http://www.ncbi.nlm.nih.gov/pubmed/15262982
https://doi.org/10.1371/journal.pcbi.1000987
https://doi.org/10.1371/journal.pcbi.1000987
http://www.ncbi.nlm.nih.gov/pubmed/21085618
https://doi.org/10.1074/jbc.M703831200
http://www.ncbi.nlm.nih.gov/pubmed/17991744
https://doi.org/10.1046/j.1460-9568.2003.02693.x
http://www.ncbi.nlm.nih.gov/pubmed/12823459
https://doi.org/10.1023/a:1008969032563
http://www.ncbi.nlm.nih.gov/pubmed/10798500
https://doi.org/10.1016/S0006-3495(00)76469-1
http://www.ncbi.nlm.nih.gov/pubmed/11053103
https://doi.org/10.1023/a:1013727331979
http://www.ncbi.nlm.nih.gov/pubmed/11796942
https://doi.org/10.1016/s0896-6273(01)00364-6
https://doi.org/10.1016/s0896-6273(01)00364-6
http://www.ncbi.nlm.nih.gov/pubmed/11502252
https://doi.org/10.1371/journal.pcbi.0010020
http://www.ncbi.nlm.nih.gov/pubmed/16110334
https://doi.org/10.1529/biophysj.107.106849
https://doi.org/10.1152/jn.00876.2007
http://www.ncbi.nlm.nih.gov/pubmed/17959737
https://doi.org/10.1523/JNEUROSCI.0729-06.2006
https://doi.org/10.1523/JNEUROSCI.0729-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16837580
https://doi.org/10.1371/journal.pcbi.1005820
https://doi.org/10.1073/pnas.0606433103
http://www.ncbi.nlm.nih.gov/pubmed/16966599
http://www.ncbi.nlm.nih.gov/pubmed/7601131
https://doi.org/10.1006/jmbi.1999.3188
https://doi.org/10.1038/35074145
https://doi.org/10.1038/35074145
http://www.ncbi.nlm.nih.gov/pubmed/11323678
https://doi.org/10.1093/bioinformatics/btg015
http://www.ncbi.nlm.nih.gov/pubmed/12611808
https://doi.org/10.1093/nar/gku1181
http://www.ncbi.nlm.nih.gov/pubmed/25414348
https://doi.org/10.1016/j.cell.2005.10.029
https://doi.org/10.1016/j.cell.2005.10.029
http://www.ncbi.nlm.nih.gov/pubmed/16325579
https://doi.org/10.1371/journal.pcbi.1006991

GPLOS |saisermom

Neurogranin stimulates CaMKII by suppressing calcineurin

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Waxham MN, Aronowski J, Westgate Sa, Kelly PT. Mutagenesis of Thr-286 in monomeric Ca2+/cal-
modulin-dependent protein kinase Il eliminates Ca2+/calmodulin-independent activity. Proceedings of
the National Academy of Sciences of the United States of America. 1990; 87(4):1273-7. https://doi.org/
10.1073/pnas.87.4.1273 PMID: 2154738

Klee CB, Crouch TH, Krinks MH. Calcineurin: a calcium- and calmodulin-binding protein of the nervous
system. Proceedings of the National Academy of Sciences of the United States of America. 1979;
76(12):6270-3. https://doi.org/10.1073/pnas.76.12.6270 PMID: 293720

Perrino BA, Ng LY, Soderling TR. Calcium regulation of calcineurin phosphatase activity by its B subunit
and calmodulin: Role of the autoinhibition domain. Journal of Biological Chemistry. 1995; 270(1):340—
346. https://doi.org/10.1074/jbc.270.1.340 PMID: 7814394

Kissinger CR, Parge HE, Knighton DR, Lewis CT, Pelletier LA, Tempczyk A, et al. Crystal structures of
human calcineurin and the human FKBP12-FK506-calcineurin complex. Nature. 1995; 378(6557):641—
644. https://doi.org/10.1038/378641a0 PMID: 8524402

Sabatini BL, Oertner TG, Svoboda K. The life cycle of Ca(2+) ions in dendritic spines. Neuron. 2002;
33(8):439-452. https://doi.org/10.1016/s0896-6273(02)00573-1 PMID: 11832230

Grabarek Z. Structure of a trapped intermediate of calmodulin: Calcium regulation of EF-hand proteins
from a new perspective; 2005.

Quintana AR, Wang D, Forbes JE, Waxham MN. Kinetics of calmodulin binding to calcineurin. Biochem
Biophys Res Commun. 2005; 334(2):674-680. https:/doi.org/10.1016/j.bbrc.2005.06.152 PMID:
16009337

Putkey JA, Waxham MN. A peptide model for calmodulin trapping by calcium/calmodulin-dependent
protein kinase Il. Journal of Biological Chemistry. 1996; 271(47):29619-29623. https://doi.org/10.1074/
jbc.271.47.29619 PMID: 8939892

Hoops S, Sahle S, Gauges R, Lee C, Pahle J, Simus N, et al. COPASI-a COmplex PAthway Simulator.
Bioinformatics. 2006; 22:3067—74. https://doi.org/10.1093/bicinformatics/btl485 PMID: 17032683

Petzold L. Automatic Selection of Methods for Solving Stiff and Nonstiff Systems of Ordinary Differential
Equations. SIAM Journal on Scientific and Statistical Computing. 1983. https://doi.org/10.1137/
0904010

Dalle Pezze P, Le Novére N. SBpipe: A collection of pipelines for automating repetitive simulation and
analysis tasks. BMC Systems Biology. 2017. https://doi.org/10.1186/s12918-017-0423-3 PMID:
28395655

Luci¢ V, Greif GJ, Kennedy MB. Detailed state model of CaMKI| activation and autophosphorylation.
Eur Biophys J. 2008; 38(1):83—98. https://doi.org/10.1007/s00249-008-0362-4 PMID: 18769913

Allbritton NL, Meyer T, Stryer L. Range of messenger action of calcium ion and inositol 1,4,5-trispho-
sphate. Science. 1992; 258(5089):1812—1815.

Sharma K, Schmitt S, Bergner CG, Tyanova S, Kannaiyan N, Manrique-Hoyos N, et al. Cell type— and
brain region—resolved mouse brain proteome. Nature Neuroscience. 2015; 18(12):1819-1831. https://
doi.org/10.1038/nn.4160 PMID: 26523646

Bienenstock EL, Cooper LN, Munro PW. Theory for the development of neuron selectivity: orientation
specificity and binocular interaction in visual cortex. J Neurosci. 1982; 2(1):32—48. https://doi.org/10.
1523/JNEUROSCI.02-01-00032.1982 PMID: 7054394

Petersen A, Gerges NZ. Neurogranin regulates CaM dynamics at dendritic spines. Scientific Reports.
2015; 5:1-10. https://doi.org/10.1038/srep11135

Peersen OB, Madsen TS, Falke JJ. Intermolecular tuning of calmodulin by target peptides and proteins:
differential effects on Ca2+ binding and implications for kinase activation. Protein Sci. 1997; 6(4):794—
807. https://doi.org/10.1002/pro.5560060406 PMID: 9098889

Gerendasy DD, Sutcliffe JG. RC3/neurogranin, a postsynaptic calpacitin for setting the response
threshold to calcium influxes. Molecular Neurobiology. 1997. https://doi.org/10.1007/bf02740632 PMID:
9396008

Baudier J, Deloulme JC, Van Dorsselaer A, Black D, Matthes HWD. Purification and characterization of
a brain-specific protein kinase C substrate, neurogranin (p17). Identification of a consensus amino acid
sequence between neurogranin and neuromodulin (GAP43) that corresponds to the protein kinase C
phosphorylation si. Journal of Biological Chemistry. 1991.

Gerendasy D. Homeostatic tuning of Ca2+ signal transduction by members of the calpacitin protein
family. Journal of Neuroscience Research. 1999. https://doi.org/10.1002/(SICI)1097-4547(19991001)
58:1%3C107::AID-JNR11%3E3.0.CO;2-G PMID: 10491576

Prichard L, Deloulme JC, Storm DR. Interactions between neurogranin and calmodulin in vivo. Journal
of Biological Chemistry. 1999. https://doi.org/10.1074/jbc.274.12.7689 PMID: 10075657

Baumgartel K, Mansuy IM. Neural functions of calcineurin in synaptic plasticity and memory; 2012.

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1006991 February 12, 2020 28/29


https://doi.org/10.1073/pnas.87.4.1273
https://doi.org/10.1073/pnas.87.4.1273
http://www.ncbi.nlm.nih.gov/pubmed/2154738
https://doi.org/10.1073/pnas.76.12.6270
http://www.ncbi.nlm.nih.gov/pubmed/293720
https://doi.org/10.1074/jbc.270.1.340
http://www.ncbi.nlm.nih.gov/pubmed/7814394
https://doi.org/10.1038/378641a0
http://www.ncbi.nlm.nih.gov/pubmed/8524402
https://doi.org/10.1016/s0896-6273(02)00573-1
http://www.ncbi.nlm.nih.gov/pubmed/11832230
https://doi.org/10.1016/j.bbrc.2005.06.152
http://www.ncbi.nlm.nih.gov/pubmed/16009337
https://doi.org/10.1074/jbc.271.47.29619
https://doi.org/10.1074/jbc.271.47.29619
http://www.ncbi.nlm.nih.gov/pubmed/8939892
https://doi.org/10.1093/bioinformatics/btl485
http://www.ncbi.nlm.nih.gov/pubmed/17032683
https://doi.org/10.1137/0904010
https://doi.org/10.1137/0904010
https://doi.org/10.1186/s12918-017-0423-3
http://www.ncbi.nlm.nih.gov/pubmed/28395655
https://doi.org/10.1007/s00249-008-0362-4
http://www.ncbi.nlm.nih.gov/pubmed/18769913
https://doi.org/10.1038/nn.4160
https://doi.org/10.1038/nn.4160
http://www.ncbi.nlm.nih.gov/pubmed/26523646
https://doi.org/10.1523/JNEUROSCI.02-01-00032.1982
https://doi.org/10.1523/JNEUROSCI.02-01-00032.1982
http://www.ncbi.nlm.nih.gov/pubmed/7054394
https://doi.org/10.1038/srep11135
https://doi.org/10.1002/pro.5560060406
http://www.ncbi.nlm.nih.gov/pubmed/9098889
https://doi.org/10.1007/bf02740632
http://www.ncbi.nlm.nih.gov/pubmed/9396008
https://doi.org/10.1002/(SICI)1097-4547(19991001)58:1%3C107::AID-JNR11%3E3.0.CO;2-G
https://doi.org/10.1002/(SICI)1097-4547(19991001)58:1%3C107::AID-JNR11%3E3.0.CO;2-G
http://www.ncbi.nlm.nih.gov/pubmed/10491576
https://doi.org/10.1074/jbc.274.12.7689
http://www.ncbi.nlm.nih.gov/pubmed/10075657
https://doi.org/10.1371/journal.pcbi.1006991

GPLOS |saisermom

Neurogranin stimulates CaMKII by suppressing calcineurin
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