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Article

Ca2+/calmodulin binding to PSD-95 mediates
homeostatic synaptic scaling down
Dhrubajyoti Chowdhury1,†, Matthew Turner2,†, Tommaso Patriarchi1, Anne C Hergarden1,

David Anderson2, Yonghong Zhang3 , Junqing Sun1, Chao-Yin Chen1, James B Ames2,* &

Johannes W Hell1,**

Abstract

Postsynaptic density protein-95 (PSD-95) localizes AMPA-type
glutamate receptors (AMPARs) to postsynaptic sites of glutamater-
gic synapses. Its postsynaptic displacement is necessary for loss of
AMPARs during homeostatic scaling down of synapses. Here, we
demonstrate that upon Ca2+ influx, Ca2+/calmodulin (Ca2+/CaM)
binding to the N-terminus of PSD-95 mediates postsynaptic loss of
PSD-95 and AMPARs during homeostatic scaling down. Our NMR
structural analysis identified E17 within the PSD-95 N-terminus as
important for binding to Ca2+/CaM by interacting with R126 on
CaM. Mutating E17 to R prevented homeostatic scaling down in
primary hippocampal neurons, which is rescued via charge inver-
sion by ectopic expression of CaMR126E, as determined by analysis
of miniature excitatory postsynaptic currents. Accordingly,
increased binding of Ca2+/CaM to PSD-95 induced by a chronic
increase in Ca2+ influx is a critical molecular event in homeostatic
downscaling of glutamatergic synaptic transmission.
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Introduction

Most synapses in the brain utilize glutamate as their neurotransmit-

ter (Micheva et al, 2010). It stimulates postsynaptic AMPA-type

glutamate receptors (AMPARs) that are exactly juxtaposed to presy-

naptic glutamate release sites (Tang et al, 2016; Sinnen et al, 2017).

Basal synaptic transmission is largely mediated by Na+ influx

through AMPARs. The synaptic strength is typically very stable over

long periods of time but a temporary increase in synaptic activity

can induce long-term potentiation (LTP) or long-term depression

(LTD) at individual synapses, which are mediated by trafficking of

AMPARs into and out of the activated synapses, respectively

(Collingridge et al, 2004; Malenka & Bear, 2004; Huganir & Nicoll,

2013). In contrast, prolonged changes in synaptic activity causing a

chronic increase or decrease in overall postsynaptic Ca2+ influx lead

to a neuron-wide down- or up-regulation of postsynaptic strength,

respectively, by regulating postsynaptic AMPAR content. Such

homeostatic synaptic scaling is critical for keeping neurons in the

correct dynamic range. Cumulative LTP events in an individual

neuron could lead to overexcitation of a neuron. To curb excitation,

a lasting substantial overall increase in synaptic input into a neuron

triggers a uniform decrease in synaptic strength over its whole

synapse population (O’Brien et al, 1998; Turrigiano et al, 1998),

termed synaptic scaling down. Such homeostatic adaptation serves

to stabilize the neuronal network by offsetting the destabilizing

effect of such activity changes. In addition, it has been implicated in

neurodevelopment (Desai et al, 2002) and in the etiology of neuro-

logical disorders (Pratt et al, 2011; Fernandes & Carvalho, 2016).

Scaling down of synaptic strength in response to chronic eleva-

tion of neuronal activity is expressed mainly by down-regulation of

synaptic AMPAR abundance (Wang et al, 2012). Previous studies

have identified different signaling molecules and pathways regulat-

ing AMPAR postsynaptic localization in homeostatic synaptic scal-

ing up induced by decreased synaptic input into a neuron.

Accordingly, scaling up requires GRIP1, which binds to the C-

terminus of GluA2 subunits and can stabilize GluA2-containing

AMPARs at postsynaptic sites (Gainey et al, 2015; Tan et al, 2015);

the l3A subunit, which is typically a central part of the adaptor

protein complex AP3A but appears to act on its own to redirect

AMPARs away from the AP3A-mediated trafficking to lysosomes

(Steinmetz et al, 2016); and phosphorylation of the AMPAR subunit

GluA1 on S845 by AKAP5-anchored PKA (Diering et al, 2014; Kim &

Ziff, 2014), which likely acts by driving GluA1 homomeric AMPARs

to perisynaptic and ultimately postsynaptic sites (Hayashi et al,

2000; Esteban et al, 2003; Thiagarajan et al, 2005; Yang et al, 2008;
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He et al, 2009; Joiner et al, 2010; Sanderson et al, 2016). In the

context of scaling up, S845 phosphorylation is further augmented by

decreased dephosphorylation by the Ca2+/calmodulin-dependent

phosphatase calcineurin/PP2B as the reduction in neuronal activity

that leads to scaling up decreases Ca2+ influx (Kim & Ziff, 2014).

The reversal of S845 phosphorylation appears to contribute to scal-

ing down (Diering et al, 2014) as does ubiquitination and protea-

somal degradation of AMPARs (Hou et al, 2011) and disinhibition

(i.e., activation) of the phosphatase PP1 due to phosphorylation of

its endogenous antagonist inhibitor-2 by the Ca2+/calmodulin-

dependent myosin light chain kinase, which might contribute to

scaling down by dephosphorylating the AMPAR GluA2 subunit on

S880 (Siddoway et al, 2013). Nevertheless, the molecular pathway

linking chronic synaptic activation and homeostatic scaling down of

AMPARs remains largely unmapped. This mechanism is absolutely

critical for maintaining proper neuronal function because reiterative

increases in excitatory input into a neuron as occurring upon multi-

ple events of LTP over time could lead to overstimulation of this

neuron.

PSD-95 plays an important role in scaling down (Sun &

Turrigiano, 2011). It anchors AMPARs at postsynaptic sites

(El-Husseini et al, 2000; El-Husseini Ael & Bredt, 2002; Elias et al,

2006; Schluter et al, 2006). PSD-95 consists of three PDZ domains,

an SH3 domain, and a guanylate kinase homology domain (GK). It

maintains postsynaptic AMPAR accumulation by interacting through

its first and second PDZ domains with the very C-terminal ends of

auxiliary subunits called transmembrane AMPAR regulatory

proteins (TARPs), including stargazin (Stg, c2) and its homologs c3,
c4, and c8 (Chen et al, 2000; Schnell et al, 2002; Opazo et al, 2010).

PSD-95 itself is palmitoylated at two cysteine residues (C3 and C5) at

its very N-terminus, which is required for its postsynaptic localiza-

tion (El-Husseini Ael et al, 2002). Chronic silencing of synaptic activ-

ity enhances PSD-95 palmitoylation (Noritake et al, 2009). Acute

Ca2+ influx through NMDA-type glutamate receptors (NMDARs)

releases PSD-95 temporarily from postsynaptic membranes (Sturgill

et al, 2009; Nelson et al, 2013). This release is an important part of

the molecular mechanism of LTD (Nelson et al, 2013).

Ca2+/calmodulin (Ca2+/CaM) interacts with PSD-95 and its

homologues SAP97 and SAP102 via their HOOK segments located

between their SH3 and GK domains (Masuko et al, 1999; Paarmann

et al, 2002; Fukunaga et al, 2005; Bartos et al, 2010). We recently

found that Ca2+/CaM also binds to the N-terminal 16 residues of

PSD-95 (Zhang et al, 2014). We showed by NMR structural analysis

that both CaM lobes collapse around a helix formed by PSD-95 resi-

dues 1–14 (Zhang et al, 2014). This interaction shields two palmi-

toylation sites (C3 and C5) that are crucial for postsynaptic targeting

of PSD-95. Y12 in PSD-95 makes the most contacts with Ca2+/CaM

(Zhang et al, 2014). The Y12E mutation abrogates binding of Ca2+/

CaM. It does not affect basal PSD-95 palmitoylation but antagonizes

the Ca2+-induced reduction in PSD-95 palmitoylation and impairs

the release of PSD-95 from postsynaptic membranes upon Ca2+

influx (Zhang et al, 2014).

PSD-95 can be phosphorylated at T19 by GSK3b (Nelson et al,

2013) in neurons and in vitro also by CDK5 (Morabito et al, 2004).

Phosphorylation of PSD-95 at T19 promotes Ca2+-induced mobiliza-

tion of PSD-95 during LTD (Nelson et al, 2013). Because our previ-

ous structural analysis did not resolve potential interactions

between Ca2+/CaM and the N-terminal sequence of PSD-95 beyond

residue 13, we tested whether phosphorylation of T19 increases the

affinity for Ca2+/CaM, which is in fact the case. This finding

allowed us to solve the NMR structure of Ca2+/CaM bound to the

N-terminal 21 residues of PSD-95 with T19 being phosphorylated

(PSD-95_pT19). This structure revealed that E17 of PSD-95 forms a

salt bridge with R126 of CaM, creating a unique opportunity for a

charge inversion experiment. This charge inversion approach

permitted us to unequivocally show that Ca2+/CaM binding to the

N-terminus of PSD-95 drives the loss of postsynaptic PSD-95 and

with it AMPARs during synaptic scaling down in response to chroni-

cally elevated neuronal activity. Thus, we identify a central molecu-

lar mechanism that underlies homeostatic synaptic scaling down,

and begin to understand how this downscaling works.

Results

Structural analysis of Ca2+/CaM binding to the N-terminus
of PSD-95

Previously, we solved the NMR structure of Ca2+/CaM bound to an

unphosphorylated N-terminal polypeptide of PSD-95 expressed in

E. coli (residues 1–71), which revealed the first 13-residues of PSD-95

to be sequestered inside a hydrophobic cavity formed by both lobes of

Ca2+/CaM (Zhang et al, 2014). T19 phosphorylation augments Ca2+-

induced mobilization of PSD-95 during LTD (Nelson et al, 2013).

Thus, we considered that phosphorylation could affect Ca2+/CaM

binding to the PSD-95 N-terminus. We first compared the binding of

Ca2+/CaM to both phosphorylated and unphosphorylated synthetic

PSD-95 peptides (residues 1–21). For this purpose, we titrated

synthetic fluorescein-labeled N-terminal PSD-95 peptides (residues 1–

21) with Ca2+/CaM and monitored fluorescence polarization (FP) to

measure their dissociation constants (Kd; Fig EV1; Zhang et al, 2014).

As hypothesized, the PSD-95 phosphorylation at T19 enhanced its

binding to Ca2+/CaM by more than twofold (Table 1). Similar to

earlier findings for the non-phosphorylated N-terminus of PSD-95

(Zhang et al, 2014), PSD-95_pT19 binding to apoCaM was unde-

tectable (Fig EV1). To understand the structural basis of this phospho-

rylation-induced enhancement of Ca2+/CaM binding and to inform

functional experiments, we determined the atomic resolution NMR

structure of Ca2+/CaM bound to a PSD-95 N-terminal peptide (resi-

dues 1–21) phosphorylated at T19 (PSD-95_pT19).

Table 1. Dissociation constants (in lM) for Ca2+/CaM binding to
PSD-95 by FP.

CaM

WT R126E K115E

PSD-95
peptide

WT 22.5 � 1.7 N.D. /

pT19 8.6 � 0.6 / /

Q15A 64.1 � 4.8 / /

E17R 77.8 � 5.9 22.8 � 3.5 /

T19K 32.3 � 2.4 / 11.5 � 0.8

T19E 18.5 � 1.4 / 115.8 � 8.7

N.D., not detectable.
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The two-dimensional HSQC NMR spectrum of 15N-labeled

Ca2+/CaM in the presence of saturating unlabeled PSD-95_pT19

demonstrated that Ca2+/CaM binds to PSD-95_pT19 with a 1:1

stoichiometry and forms a stably folded complex. Comparison of

NMR spectra of Ca2+/CaM bound to PSD-95_pT19 (green peaks

in Fig 1A) versus free Ca2+/CaM (red peaks in Fig 1A) revealed

many Ca2+/CaM residues that exhibited large spectral shifts

caused by the binding of PSD-95_pT19 (e.g., K115, T117, and

R126 in Fig 1A). The full list of chemical shift perturbation values

as a function of Ca2+/CaM residue number is shown in Fig 1B.

To more rigorously probe the structure of the complex, we

performed a detailed analysis of NMR residual dipolar couplings

(RDCs) of 15N-labeled Ca2+/CaM bound to unlabeled PSD-

95_pT19 as described previously (Zhang et al, 2014) (Fig 1C). The

RDC data provided important restraints for the orientation of each

main chain amide group in the protein and therefore helped

define the relative orientation of each a-helix in the structure. The

RDC and chemical shift perturbation data were both used as

structural restraints within HADDOCK to experimentally guide the

molecular docking of Ca2+/CaM bound PSD-95_pT19 (see Materi-

als and Methods). The final docked structures had an RMSD of

0.5 angstroms and correlation coefficient of R = 0.99 when

comparing the 74 observed RDCs with RDCs calculated by the

final structure (Fig 1D).
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Figure 1. NMR analysis of Ca2+/CaM binding to PSD-95_pT19.

A Overlay of 15N-1H HSQC spectra of 15N-labeled Ca2+/CaM by itself (red peaks) and after addition of saturating, unlabeled PSD-95 (1–21) (blue peaks) or saturating,
unlabeled PSD-95_pT19 (green peaks). All NMR experiments were recorded at 600 MHz 1H frequency.

B Chemical shift perturbation of CaM amide resonances in the absence versus presence of PSD-95_pT19. Chemical shift difference (CSD) plotted on the vertical axis was
defined as CSD = {(HNA – HNB)

2 + (15NA –
15NB)

2}1/2, where “A” and “B” designate free and bound states of CaM. HN and 15N represent amide 1H and 15N chemical
shifts, respectively. Perturbations greater than the average were used as active ambiguous restraints in the Haddock docking calculation (see Materials and Methods).

C Representative data from IPAP [15N-1H]-HSQC spectra of 15N-labeled Ca2+/CaM bound to PSD-95_pT19 in the absence (blue) and presence of 17 mg/ml filamentous
bacteriophage Pf1 (red). Residual dipolar couplings (RDCs) for backbone HN resonances are calculated (in Hertz) as the difference in splitting for the 15N-{1H} doublet
components (red peaks) relative to the isotropic 1JNH coupling (blue peaks). RDC values are calculated to be +40, +30, +20, +20, and �20 Hz for I100, I27, N137, D64,
and I130, respectively.

D Correlation between observed RDCs (panel C) versus RDCs calculated from the final NMR derived structure of Ca2+/CaM bound to PSD-95_pT19. The correlation
coefficient (R) equals 0.99, and Q is 0.11.
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The NMR structure of Ca2+/CaM bound to PSD-95_pT19 is

shown in Fig 2 (see Table 2 for structural statistics). The NMR

data defined the structure of the entire polypeptide chain of CaM

except for the first three residues at the N-terminus (A1–Q3) and

C-terminal residue (K148). The overall main chain structure of

Ca2+/CaM bound to the unphosphorylated PSD-95 N-terminal

peptide (Zhang et al, 2014; Fig 2A) looks similar to that bound to

PSD-95_pT19 (Fig 2B). The overall root-mean-squared deviation

between backbone atoms was < 1.4 Å when comparing the two

structures. The two lobes of CaM come together to form a

hydrophobic cavity that caps the PSD-95 N-terminal helix (residues

1–13, colored cyan in Fig 2A and B). The dominant interaction

involves PSD-95 residue Y12, which forms multiple contacts with

hydrophobic residues in the CaM C-lobe as described earlier

(Zhang et al, 2014; Fig 2C). PSD-95 residues L4 and T8 are on the

same helical surface as Y12 and make hydrophobic contacts with

CaM residues in the N-lobe (Fig 2C). PSD-95 residues C3, I6, and

K10 are on the helical surface opposite to that of Y12 (Fig 2C).

Residue C3 is well sequestered in the hydrophobic core of the

CaM N-lobe (residues L32, I63, and F68), whereas I6 and K10 are

more solvent exposed. PSD-95 residues 14-19 were previously

unstructured in the complex of Ca2+/CaM with the unphosphory-

lated N-terminus of PSD-95 (Zhang et al, 2014). These residues in

PSD-95_pT19 form a hook-like structure with a b-turn main chain

conformation that makes electrostatic contacts with Ca2+/CaM

(colored red in Fig 2B). The most striking intermolecular interac-

tions are (i) salt bridge between pT19 of PSD-95 and K115 from

CaM, (ii) salt bridge between E17 from PSD-95 and R126 from CaM,

and (iii) hydrogen bonding interaction involving the side-chain

amide group of Q15 from PSD-95 and the main chain carbonyl of

A147. Peptide binding studies below demonstrate that each of these

intermolecular contacts is important for binding.

Validation of the Ca2+/CaM–PSD-95 NMR structure

Substitutions in both CaM and PSD-95 peptide were designed to

validate the predicted intermolecular contacts between Ca2+/CaM

and PSD-95 (highlighted red in Fig 2B). We titrated synthetic fluo-

rescein-labeled N-terminal PSD-95 peptides (residues 1–21) with

Ca2+/CaM and measured FP to determine their Kd values (Fig 3).

Each of the single residue alterations Q15A, E17R, and T19K in the

PSD-95 peptide showed a decrease in binding affinity compared to

wild type (WT) (Fig 3A and Table 1). CaM with R126, which elec-

trostatically interacts with E17 of the PSD-95 peptide, mutated to

Glu showed no clearly detectable binding to the PSD-95 WT peptide

in our FP assay (Fig 3B). However, titrations of CaMR126E against

the charge-inverted PSD-95 E17R peptide yielded binding with an

affinity that is virtually identical to that of binding of WT CaM to

WT PSD-95 peptide (Fig 3B and Table 1). Accordingly, CaMR126E
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Figure 2. Ca2+/CaM makes electrostatic contacts with PSD-95
phosphorylated at T19.

A NMR structure of Ca2+/CaM (gray) bound to unphosphorylated PSD-95.
PSD-95 residues D2 (depicted as starting point) to R13 are resolved and
form an a-helix (cyan) (Zhang et al, 2014). Residues 14–19 of
unphosphorylated PSD-95 are unstructured and not shown. Ca2+ ions
bound to CaM are depicted by orange spheres.

B NMR structure of Ca2+/CaM bound to PSD-95 phosphorylated at T19 (PDB
accession no. 5J7J). Residues 14–19 of phosphorylated PSD-95 adopt a hook-
like structure (highlighted in red) not seen in unphosphorylated PSD-95.
This hook-like structure is stabilized by PSD-95 residues E17 and pT19
forming salt bridges with R126 and K115, respectively. Side-chain atoms are
depicted by a stick representation for PSD-95 residues Q15, E17, and T19
(red) and CaM residues K115, T117, and R126 (blue).

C Intermolecular contacts observed for residues in the helical segment of
PSD-95_pT19 (side-chain atoms shown as stick representation) and residues
in CaM (represented by the colored ovals).

Table 2. NMR structural statistics for Ca2+/CaM–PSD-95_pT19.

NMR distance restraints

Intermolecular 19

Hydrogen bonds 10

RDC Q-factor 0.037

1DHNRDC 74

RDC correlation coefficient (R) 0.99

Root-mean-squared deviation from average structure

CaM backbone atoms 1.0 Å � 0.6 for 200 structures

CaM backbone atoms (refined) 0.5 Å � 0.5 for 50 structures

Haddock scoring

Cluster size 200

van der Waals energy �57.7 � 4.8

Electrostatic energy �439.4 � 16.4

Restraints violation energy 791.0 � 44.32

Ramachandran plot

Most favored regions 89.7%

Allowed regions 9.3%

Unfavored regions 0.9%
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can fully rescue the decrease in binding caused by the E17R muta-

tion in PSD-95. Similarly, mutating the CaM residue K115 to E,

which electrostatically interacts with phospho-T19, restored and

actually augmented binding affinity to the PSD-95 T19K peptide to

result in an affinity that is stronger than the interaction between

WT CaM and WT PSD-95 peptide (Fig 3C and Table 1). These

results confirm two important intermolecular salt-bridge contacts,

PSD-95E17–CaMR126 and PSD-95pT19–CaMK115, which were seen in

the NMR structure (Fig 2B). On the other hand, the T19E alteration

increased binding affinity only moderately presumably because the

glutamate side chain is not as bulky and has less negative net charge

than a phosphoryl group.

Homeostatic synaptic downscaling is accompanied by a
reduction in PSD-95 palmitoylation

Acute Ca2+ influx through NMDARs triggers loss of a portion of

PSD-95 from spines (Sturgill et al, 2009; Nelson et al, 2013; Zhang

et al, 2014). This effect is mediated by Ca2+/CaM binding to the N-

terminus of PSD-95 (Zhang et al, 2014), which undergoes activity-

dependent changes in its palmitoylation status that influences its

synaptic accumulation (El-Husseini Ael et al, 2002; Noritake et al,

2009). Ca2+/CaM acts by sequestering Cys3 and Cys5 on PSD-95,

thereby preventing their (re)palmitoylation (Zhang et al, 2014).

Thus, we analyzed whether homeostatic scaling down is accompa-

nied by a net reduction in PSD-95 palmitoylation levels (Zhang et al,

2014). Synaptic downscaling was induced in cultured neurons by

blocking GABA A receptors with bicuculline (BIC) for 48 h (O’Brien

et al, 1998; Turrigiano et al, 1998). BIC treatment resulted in a

progressive decrease in PSD-95 palmitoylation levels reaching ~50%

of untreated cultures in 48 h (Fig 4). No change in palmitoylation

levels of trimeric G protein subunit Ga-i3 was observed, showing

the specificity of the effect of BIC.

Down-regulation of AMPARs at the surface requires Ca2+/CaM
binding to PSD-95

Because PSD-95 anchors AMPARs at postsynaptic sites, we hypothe-

sized that Ca2+/CaM binding to PSD-95 is a negative regulator not

only of postsynaptic PSD-95 localization but also AMPARs. To this

end, we generated CaM-binding-defective mutants (E17R and T19K)
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Figure 3. PSD-95 peptide titration with Ca2+/CaM.

A FP titrations showing the binding of wild-type (WT) CaM to PSD-95 (1–21)
peptides, either WT (blue), Q15A (salmon), E17R (black), T19E (green), or
T19K (yellow). The solid lines represent optimal theoretical curves
calculated using a one-site binding model described in Materials and
Methods. The calculated dissociation constants in each case are given in
Table 1.

B FP titrations showing the binding of R126E CaM to PSD-95 peptides, either
WT (blue) or E17R (black).

C FP titrations showing the binding of K115E CaM to PSD-95 peptides T19K
(yellow) or T19E (green).

Data information: (A–C) Basal levels of FP obtained in the absence of Ca2+/CaM
were determined for each titration and subtracted. Mean values from three
independent titrations (� SD) are indicated and fitted to a one-site binding
model (see Materials and Methods).
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Figure 4. Prolonged BIC treatment results in reduction in PSD-95
palmitoylation.

Cultured cortical neurons were treated with BIC (50 lM) at 15 DIV for 48 h or at
17 DIV for 2 h or left untreated before harvesting, extraction, and analysis of
palmitoylation by the biotin switch method and pull down with NeutrAvidin-
agarose beads.

A Representative immunoblots of pull-down samples (top two panels) and
total lysate (bottom two panels) for PSD-95 and, as control, the trimeric G
protein subunit Ga-i3. Omission of NH2OH before biotinylation resulted in
no NeutrAvidin pull down as negative control for non-specific pull down.

B Quantification of PSD-95 palmitoylation. Mean � SEM, seven samples from
three independent sets of cultures were analyzed per condition (**P < 0.01;
t-test).

Source data are available online for this figure.
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of PSD-95 and tested whether disrupting the CaM–PSD-95 interac-

tion attenuates AMPAR downscaling following BIC treatment. We

used a lentivirus-mediated molecular replacement strategy for

PSD-95 by simultaneous knockdown of endogenous PSD-95 with a

validated shRNA and ectopic expression of sh-resistant PSD-95

(Schluter et al, 2006; Xu et al, 2008). This strategy resulted in our

cultures in a nearly complete loss of endogenous PSD-95 and ectopic

expression of GFP-tagged PSD-95 at a level comparable to that of
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Figure 5. Point mutations of PSD-95 that disrupt Ca2+/CaM binding prevent BIC-induced loss of surface AMPARs during scaling down.

Cultured hippocampal neurons were infected at 14 DIV with lentivirus for expression of both shRNA against PSD-95 (sh95) and sh-resistant PSD-95-EGFP. Thus, endogenous
PSD-95 was replaced with either wild type (WT), E17R, or T19K PSD-95. Cultures were treated with or without BIC (50 lM) at 17 DIV for 24–48 h or left untreated before
fixation and staining for surface GluA1.

A Representative confocal microscopic images of PSD-95-EGFP fluorescence (green) and surface GluA1 immunostaining (red) at low (top panels; scale bar: 20 lm) and
high enlargement (bottom panels; scale bar: 5 lm).

B Quantification of surface GluA1 intensity from (A) showed reduction in AMPAR surface levels during scaling down in neurons expressing WT PSD-95 but not in those
expressing either E17R or T19K mutants. Mean � SEM, three dendritic segments from each of 31–42 neurons from three independent sets of cultures were analyzed
per condition (**P < 0.01; n.s., not significant; one-way ANOVA followed by Bonferroni’s post hoc test).
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endogenous PSD-95 in uninfected cultures (Fig EV2). As an initial

proxy for homeostatic synaptic downscaling, surface levels of

endogenous AMPARs were monitored by labeling with an antibody

against the extracellular N-terminus of the GluA1 subunit without

permeabilization in primary hippocampal neurons infected with

virus carrying either WT or mutant forms of PSD-95-EGFP. As

expected, BIC treatment for 24–48 h resulted in an ~30% loss of

surface GluA1 when endogenous PSD-95 was replaced with

PSD-95WT (P < 0.01; Fig 5). In contrast, no down-regulation was

observed with either PSD-95E17R or PSD-95T19K. In parallel, PSD-

95WT but not PSD-95E17R or PSD-95T19K showed a significant reduc-

tion in spine enrichment during BIC-induced downscaling

(P < 0.001 relative to basal conditions; Fig 6A and B). This effect

was specific as BIC did not affect the subcellular localization of

mCherry, which showed no enrichment in spines (Fig 6C). Neither

mutation altered synaptic targeting of PSD-95 as evident from the

comparable levels of spine enrichment, puncta size, and puncta

intensity of all the GFP-PSD-95 variants under basal conditions

(Fig 6D–F). The basal spine enrichment of PSD-95 (~2-fold; Fig 6D)

is similar to previous work (Ehrlich & Malinow, 2004). As palmitoy-

lation is absolutely required for postsynaptic localization of PSD-95

(El-Husseini et al, 2000), the finding that neither mutation is

affecting postsynaptic targeting of PSD-95 indicates that neither

mutation disturbs palmitoylation in neurons. Furthermore, the

mutations did not affect basal palmitoylation of PSD-95 in HEK293

cells (Fig EV3A), co-immunoprecipitation of GluN2B and GluA1

with GFP-PSD-95 (Fig EV3B), or colocalization of GluA1 with

GFP-PSD-95 (Fig EV3C). There was also no difference in density,

head diameter, and length of spines on neurons expressing PSD-95

WT versus the two mutations (Fig 6G–I), arguing against structural

alterations of spines, which could influence the effect of BIC.

E17 in the N-terminus of PSD-95 had been implicated earlier in

LTD (Xu et al, 2008). In fact, mutating E17 identified here as critical

for Ca2+/CaM binding, to Arg impaired LTD in the earlier work (Xu

et al, 2008). To fully disambiguate the role of Ca2+/CaM binding in

down-regulation of surface AMPARs as suggested in the above

experiments, we applied a charge inversion strategy. As before, we

replaced endogenous PSD-95 with shRNA-resistant PSD-95WT or

PSD-95E17R and tested whether ectopic expression of charge-inverted

CaMR126E could rescue the impairment in down-regulation of surface

AMPARs seen with PSD-95E17R. Similar to the above experiment,

neurons that expressed PSD-95E17R paired with CaMWT did not show

down-regulation when PSD-95WT-expressing neurons did (P < 0.01

relative to basal levels; Fig 7). Critically, CaMR126E rescued the loss

of down-regulation seen with PSD-95E17R (P < 0.05 relative to basal

levels; Fig 7). Taken together, these results demonstrate that inter-

action of PSD-95 with CaM following chronic elevation of synaptic

activity underlies removal of AMPARs from the neuronal surface

and of PSD-95 from synapses.

Homeostatic synaptic downscaling requires Ca2+/CaM binding
to PSD-95

Synaptic downscaling is defined as a decrease in synaptic strength

that affects all synapses to a comparable degree. Analysis of

AMPARs surface expression by immunostaining does not strictly

represent such downscaling, whether applied to the whole dendritic

surface as in Fig 7 or restricted to synaptic AMPARs, not all of

which are activated during spontaneous events such as mEPSCs

(Sinnen et al, 2017). Thus, we performed mEPSC analysis from

neurons in which endogenous PSD-95 had been replaced as above

with either PSD-95WT or PSD-95E17R and either CaMWT or CaMR126E

had been co-expressed. BIC treatment decreased mEPSC amplitude

by about 15% when CaMWT was co-expressed with PSD-95WT but

not with PSD-95E17R (Fig 8A and B) Importantly, co-expression of

CaMR126E with PSD-95E17R restored the decrease in mEPSC ampli-

tude. At the same time, neither mEPSC frequency nor decay time

was affected (Fig 8C and D). The BIC-induced decrease in mEPSC

amplitude was obvious over the whole range of synaptic strengths

indicating that this decrease reflected true cell-wide homeostatic

downscaling (Fig 8B, right). Accordingly, binding of Ca2+/CaM to

the N-terminus of PSD-95 is required for scaling down synaptic

strength during chronically elevated activity.

Homeostatic synaptic downscaling is accompanied by an
increase in spine neck length

Although earlier work did not provide evidence for a change in

spine size during scaling up (Soares et al, 2013), a recent publica-

tion reported that 48 h BIC treatment led to a 15–20% reduction in

the average spine size (Rajman et al, 2017). We compared spine

dimensions under control conditions (as given in Fig 6H and I) with

those following BIC treatment. We observed in neurons ectopically

expressing WT PSD-95-EGFP a decrease of ~5% upon bicuculline

treatment as compared to control treatment, which did not reach

statistical significance (Fig EV4A). Notably, BIC increased spine

head diameter in neurons expressing the E17R and T19K mutants

by ~9% and ~3%, respectively, augmenting the actual difference in

▸Figure 6. Point mutations of PSD-95 that disrupt calmodulin binding prevent BIC-induced loss of PSD-95 from spines.

Cultured hippocampal neurons were co-transfected with mCherry and EGFP-tagged PSD-95 wild type (WT), E17R, or T19K at 10–11 DIV and treated with BIC (50 lM) or left
untreated at 17 DIV for 24–48 h before fixation.

A Representative confocal microscopic images of PSD-95-EGFP (green) and mCherry (red) used as “fill” to visualize the dendrite with spine heads (scale bar: 2 lm)
after control (top) and BIC treatment (bottom). Individual channels are shown in grayscale.

B BIC treatment reduced spine enrichment of WT but not E17R or T19K PSD-95 as quantified as the ratio of EGFP intensity in spine heads relative to that in the
adjacent dendritic shaft. Values were normalized to control treatments, which were set to equal 100% for each PSD-95 construct.

C mCherry showed no enrichment in spines and BIC had no effect on its localization.
D–F Spine enrichment and puncta size and intensity of PSD-95 were comparable under basal conditions for WT, E17R, and T19K PSD-95 (A.U., arbitrary unit).
G–I Spine density, head diameter, and length were comparable under basal conditions for neurons expressing WT, E17R, and T19K PSD-95.

Data information: (B–I) Mean � SEM are shown. Statistical analysis was performed on n = 166–202 spines from 10 to 16 neurons per condition from three independent
sets of cultures (***P < 0.001; n.s., not significant; one-way ANOVA followed by Bonferroni’s post hoc test).

The EMBO Journal Vol 37 | No 1 | 2018 ª 2017 The Authors

The EMBO Journal CaM and PSD-95 in synaptic homeostasis Dhrubajyoti Chowdhury et al

128



A

WT

E17R

T19K

PSD-95-EGFPmCherry

mCherry PSD-95-EGFP

Merge

Merge
+Bicuculline

0

2

1

Sp
in

e
en

ric
hm

en
t

0

100

50

Sp
in

e
en

ric
hm

en
t 

   
  (

%
 b

as
al

)

WT
E17

R
T19

KGFP-PSD-95:

WT
E17

R
T19

KGFP-PSD-95:

Activated 
(+Bicuculline)

***

n.s.
n.s.

0

0.2

0.4

0.6

Sp
in

e:
D

en
dr

ite
   

(m
C

he
rr

y)

Bicuculline - +
GFP-PSD-95

B C

D

0

2

1

Sp
in

es
pe

r 1
0 

μm

3

4

WT
E17

R
T19

KGFP-PSD-95:

E

0

1

W
T

E17
R

T19
K

P
un

ct
a 

si
ze

 (A
.U

.)

GFP-PSD-95: W
T

E17
R

T19
KGFP-PSD-95:

0

1

P
un

ct
a 

in
te

ns
ity

 (A
.U

.)

F

G

W
T

E17
R

T19
KGFP-PSD-95:

0.0

0.2

0.4

  S
pi

ne
 h

ea
d 

di
am

et
er

 (μ
m

)

0.0

0.5

S
pi

ne
 le

ng
th

 (μ
m

)

1.0

W
T

E17
R

T19
KGFP-PSD-95:

H I

WT

E17R

T19K

Basal

Figure 6.

ª 2017 The Authors The EMBO Journal Vol 37 | No 1 | 2018

Dhrubajyoti Chowdhury et al CaM and PSD-95 in synaptic homeostasis The EMBO Journal

129



spine size changes between WT and mutants although none of these

effects reached statistical significance. This observation is analogous

to findings by Rajman et al (2017), that is, treatments that

prevented down scaling BIC increased rather than decreased spine

size (see Discussion). Remarkably, we found that BIC robustly

increased spine length by 20–30% for WT as well as the PSD-95

mutants. Given that spine head diameter did not change this increase

reflects a lengthening of the spine neck. This spine neck lengthening

during homeostatic synaptic down scaling is to our knowledge a

novel finding. It can be expected to decrease the conduction of

electric signals from spine to shaft and thereby decrease the overall

excitation of the receiving neuron (Araya et al, 2006, 2014).

Discussion

The PSD-95 N-terminus as a CaM-binding site

The N-terminus of PSD-95 diverges from other CaM target sites (Hoe-

flich & Ikura, 2002). It does not conform to the typical consensus

sequence of most other CaM-binding motifs (IQ, 1–10, 1–14 and 1–

16) (Rhoads & Friedberg, 1997). However, PSD-95 residues 2–19

have some similarity with the CaM-binding site of the Ca2+/CaM-

dependent protein kinase kinase, CaMKK (50% homology and 25%

identical to CaMKK residues 338–354 (Kurokawa et al, 2001).

Conserved hydrophobic residues (residues 4–7 in PSD-95 and
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Figure 7. R126E mutation on CaM restores the BIC-induced decrease in surface GluA1 that is impaired by PSD-95 E17R mutation.

Cultured hippocampal neurons were transfected at 10–11 DIV with the indicated CaM-IRES-ECFP plasmids and infected at 14 DIV with lentivirus expressing shRNA against
PSD-95 (sh95) and sh-resistant wild type (WT) or E17R PSD-95-EGFP. Cultures were treated with BIC (50 lM) or left untreated at 17 DIV for 24–48 h before fixation.

A Representative confocal microscopic images of intrinsic ECFP and EGFP fluorescence, and surface GluA1 immunostaining at low (top panels; scale bar: 20 lm) and
high enlargement (bottom panels; scale bar: 5 lm).

B Quantification of surface GluA1 intensity from (A) showed impaired AMPAR downscaling in neurons expressing PSD-95-E17R in the presence of wild-type CaM (CaM-
WT) that was rescued by co-expression of CaM-R126E. Mean � SEM, three dendritic segments from each of 18–26 neurons from three independent sets of cultures
were analyzed per condition (**P < 0.01, *P < 0.05 versus untreated basal levels; one-way ANOVA followed by Bonferroni’s post hoc test).
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residues 342–345 in CaMKK) make critical contacts with the N-lobe

in CaM. In addition, a conserved basic residue (R351 in CaMKK, R13

in PSD-95) preceding an aromatic one (F352 in CaMKK, Y14 in PSD-

95) forms contacts with residues in the C-lobe of CaM, as detailed

earlier (Zhang et al, 2014). The PSD-95 N-terminus forms an a-helix
(residues 1–13) that resembles the a-helix formed by CaMKK

(residues 338–349). However, the unphosphorylated PSD-95 N-

terminus appears unstructured after residue 13 (residues 14–71) in

contrast to a stable hairpin-loop structure (residues 352–357) formed

immediately adjacent to the a-helix in CaMKK (residues 338–349).

This additional hairpin-loop structure in CaMKK may explain why

CaM binds to CaMKK with ~10-fold higher affinity compared to
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Figure 8. R126E mutation on CaM restores scaling down of AMPAR mEPSC amplitude that is impaired by PSD-95 E17R mutation.

Cultured hippocampal neurons were co-transfected at 10–11 DIV with RFP and the indicated CaM-IRES-ECFP plasmids and infected at 12–13 DIV with lentivirus
expressing shRNA against PSD-95 (sh95) and sh-resistant wild type (WT) or E17R PSD-95-EGFP. mEPSC recordings were performed at DIV 17–19, following 48 h of control
or BIC (50 lM) treatment.

A Representative traces of AMPAR mEPSC recordings (left) and averages of all mEPSC events from single representative neurons (right) drawn to scale (top) and
normalized to peak (bottom).

B Quantification of mEPSC amplitude revealed downscaling by BIC in neurons expressing PSD-95WT/CaMWT or PSD-95E17R/CaMR126E but not PSD-95E17R/CaMWT (left)
over the full range of amplitude distributions (right).

C, D Mini-EPSC frequency (C) and decay time (D) were comparable among all conditions.

Data information: Mean � SEM, n = 11–25 neurons per condition from 8 to 14 independent sets of cultures prepared from the embryos of 8–14 dams; *P < 0.05, two-
way ANOVA followed by Bonferroni’s post hoc test.
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PSD-95. In our current structure of Ca2+/CaM bound to

PSD-95_pT19, a hairpin loop is now seen in phosphorylated PSD-95

(residues 14–19, highlighted red in Fig 2B), which is similar to the

hairpin-loop structure of CaMKK. The phosphorylation at T19 stabi-

lizes the hairpin loop in PSD-95 due to its electrostatic contacts with

Ca2+/CaM. The phosphoryl group attached at T19 in PSD-95 inter-

acts with K115 in CaM, and PSD-95 residue E17 interacts with R126

in CaM (Fig 3B). The hairpin loop in CaMKK makes a somewhat

similar electrostatic interaction involving R351 in CaMKK and E123

in CaM. The hairpin loop in phosphorylated PSD-95 enhances its

binding affinity for Ca2+/CaM, which is consistent with the higher

affinity CaM binding observed for CaMKK (Tokumitsu et al, 1997).

The finding that phosphorylation of a CaM target binding site

strengthens its binding to Ca2+/CaM via a direct contact between the

phosphoryl-moiety and CaM is to our knowledge a new mechanism of

positive regulation of Ca2+/CaM binding. There are other examples

where phosphorylation of a target protein promotes its binding to

Ca2+/CaM. For instance, phosphorylation of the Ca2+- and

CaM-dependent protein kinase CaMKII on T286 strongly enhances

Ca2+/CaM binding to a site located ~10–20 residues upstream of the

phosphorylation site (Meyer et al, 1992; Singla et al, 2001; Hell,

2014). However, this increase in Ca2+/CaM-binding affinity is not due

to a direct interaction between phospho-T286 and CaM. Instead,

phosphorylation at T286 causes increased exposure of the actual

Ca2+/CaM-binding site as this site is displaced by T286 phosphoryla-

tion from the binding pocket at the kinase domain of CaMKII (Meyer

et al, 1992; Singla et al, 2001; Hell, 2014). The direct salt-bridge

interaction between phospho-T19 (PSD-95) and K115 in CaM exempli-

fies a new paradigm for regulation of Ca2+/CaM target binding. This

electrostatic interaction is further enhanced by E17 in PSD-95 interact-

ing with R126 in CaM. Identification of the latter interaction created

the opportunity for a charge inversion experiment in neurons to indis-

putably establish that Ca2+/CaM binding to the N-terminus of PSD-95

is critical for homeostatic synaptic downscaling.

Phosphorylation of PSD-95 on T19 by glycogen synthase kinase-

3b (GSK3b) is important for PSD-95 dispersal from spines during

LTD (Peineau et al, 2007; Nelson et al, 2013). We monitored T19

phosphorylation over the course of BIC treatment but could not

detect the increase we expected based on that earlier work on LTD

(Fig EV5). This result opens up the possibility that LTD and homeo-

static synaptic down scaling differentially depend on T19 phosphory-

lation. However, we do not want to draw firm conclusions from this

negative result as we cannot rule out an increase in T19 phosphory-

lation that is too small for detection but “chronic” (i.e., it is occur-

ring over an expanded period during bicuculline treatment). Such a

lingering latent increase could modestly yet chronically augment

Ca2+/CaM binding to the N-terminus of PSD-95 and thereby synaptic

down scaling. We also cannot rule out loss of phospho-T19 during

sample preparation despite the use of potent phosphatase inhibitors,

which could result in equalization of phospho-T19 levels. Pharmaco-

logical inhibition as well as knock down of GSK3b has negative

effects on synaptic strength (Wei et al, 2010). Accordingly, GSK3b
activity is required under basal conditions for maintenance of normal

postsynaptic AMPAR activity presumably by acting via mechanisms

that differ from those responsible for LTD as reported by Nelson et al

(2013). This requirement of intact GSK3b signaling for preservation

of synaptic transmission currently prevents further exploration of a

potential role of GSK3b in homeostatic synaptic downscaling.

Ca2+/CaM binding to PSD-95 is important for homeostatic
synaptic downscaling

Postsynaptic Ca2+ influx increases diffusion of PSD-95 out of spines

from ~15% to ~40% over a 30 min time period (Steiner et al, 2008;

Nelson et al, 2013; Zhang et al, 2014). We showed previously that

this effect is mediated by Ca2+/CaM binding to the very N-terminus

of PSD-95. We now demonstrate via charge inversion experiments

that this very interaction plays an important role in homeostatic

synaptic scaling down.

Synaptic PSD-95 is dynamically palmitoylated and depalmitoy-

lated (El-Husseini Ael et al, 2002; Fukata et al, 2004, 2013; Zhang

et al, 2014; Yokoi et al, 2016), which enhances and reduces its

synaptic accumulation, respectively. In fact, PSD-95 undergoes

depalmitoylation/repalmitoylation cycles with a half-life of ~2.4 h

under basal conditions, which is much faster than palmitoylation

turnover of several other postsynaptic proteins including AMPARs

and NMDARs (Yokoi et al, 2016). Ca2+ influx via NMDARs further

reduces palmitoylation levels of PSD-95 (El-Husseini Ael et al, 2002;

Zhang et al, 2014). Acute Ca2+ influx and the ensuing Ca2+/CaM

binding to the N-terminus of PSD-95 prevent repalmitoylation of

PSD-95 at its palmitoylation sites Cys3 and Cys5, thereby destabiliz-

ing PSD-95 in spines (Zhang et al, 2014). Therefore, we hypothe-

sized that this mechanism could be important for homeostatic

synaptic downscaling when synaptic activity and thereby Ca2+

influx via NMDARs and Ca2+ channels is chronically increased.

Prolonged (48 h) treatment with BIC results in an about 50% reduc-

tion in PSD-95 palmitoylation (Fig 4), consistent with our model

that Ca2+/CaM binding to the N-terminus of PSD-95 shifts PSD-95

toward depalmitoylation. Moreover, our charge inversion experi-

ments with PSD-95E17R and CaMR126E unequivocally demonstrate

that homeostatic downscaling depends on Ca2+/CaM binding to

PSD-95. It would be difficult to explain in any other way how

CaMR126E but not CaMWT could rescue the loss of homeostatic

downscaling seen upon molecular replacement of endogenous

PSD-95 with CaM-binding-defective PSD-95E17R.

Changes in spine geometry upon synaptic downscaling

Recent work showed that BIC treatment results in a 15–20%

decrease in spine size (Rajman et al, 2017). In our cultures, the BIC-

induced decrease in spine size was minimal in neurons expressing

WT PSD-95 (~5%) and did not reach statistical significance. We do

not know the reason for this difference. One possibility is that dif-

ferences in the culturing conditions are responsible for this dif-

ference. However, similar to the increase in spine size we observed

in neurons expressing the Ca2+/CaM-binding-deficient PSD-95

mutants (Fig EV4A), the work by Rajman et al (2017) also found

such an increase when blocking scaling down. In detail, chronic

picrotoxin treatment, which, like BIC, increases network activity by

inhibiting GABA A receptors, resulted in a modest spine enlarge-

ment when miR129, which is required for down scaling, was down

regulated with anti-miR129 plasmid. The same was true when the

miR129 targets Atp2b4 and doublecortin (DCX) were ectopically

expressed to prevent their down-regulation by miR129 during home-

ostatic synaptic down scaling, which required the down-regulation

of Atp2b4 and DCX by miR129 (Rajman et al, 2017). Collectively,

these results suggest that when mechanisms of down scaling are
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blocked, the increase in network activity can actually drive a modest

increase in spine size. These observations are also consistent with

our original finding that preventing Ca2+/CaM from binding to the

N-terminus of PSD-95 not only impaired the diffusion of PSD-95 out

of spines during short periods of strong Ca2+ influx but actually

allowed an increase in spine content of PSD-95 (Zhang et al, 2014).

Notably, the modest increase in spine size induced by the BIC treat-

ment does not seem to be translating into an increase in mEPSC

amplitude as observed by Rajman et al (2017) and by us (Fig 8).

Such dissociation between spine head size and AMPAR content has

been previously reported for LTD and homeostatic scaling (Sdrulla

& Linden, 2007; Wang et al, 2007; Beique et al, 2011; Soares et al,

2013). Of note, our work is completely consistent with that by

Rajman et al (2017) reporting that down-regulation of the plasma

membrane Ca2+-ATPase Atp2b4 is important for down scaling.

Because these Ca2+-ATPase and related Ca2+-ATPases are stimu-

lated by Ca2+/CaM and extrude Ca2+ from cells, their reduction

would lead to increased Ca2+ accumulation and thereby

increased Ca2+/CaM binding to PSD-95 and its displacement from

postsynaptic sites.

Finally, we find a clear, strong increase in spine neck length of

20–30% for WT and the two PSD-95 mutants. Spine neck lengthen-

ing decreases conduction of electric signals from spine to shaft and

thereby to the soma of the postsynaptic neuron (Araya et al, 2006,

2014). Given that bicuculline-induced spine neck elongation is seen

upon transfection with WT as well as both PSD-95 mutants, it is

obviously independent of binding of Ca2+/CaM to the N-terminus of

PSD-95 and its displacement and thus might constitute a parallel

mechanism for homeostatic down scaling of postsynaptic signals

reaching the soma. In fact, spine neck formation requires bIII spec-
trin, which is present in the spine neck but largely absent in the

head (Efimova et al, 2017) when the opposite is the case for PSD-95

(Fukata et al, 2013; Nair et al, 2013). Accordingly, the cytoskeleton

in the neck differs from that in the head, which might be governed

independent of PSD-95.

We conclude that downscaling during a chronic elevation in

neuronal activity is at least to a substantial degree mediated by

Ca2+/CaM binding to the N-terminus of PSD-95. This finding

precisely defines a specific molecular step in homeostatic synaptic

scaling down that connects the increase in Ca2+ influx that results

from heightened neuronal activity to the reduction in postsynaptic

strength. These results also identify a functional role for the

dynamic regulation of postsynaptic PSD-95 content by Ca2+ influx

and CaM.

Materials and Methods

Ethical approval

All animal procedures had been approved by the University of Cali-

fornia at Davis and followed NIH guidelines.

Fluorescence polarization (FP) assays

Fluorescein-labeled peptides (100 nM; ChinaPeptides, Shanghai,

China) were titrated with increasing concentrations of purified CaM

in FP buffer (50 mM HEPES, pH 7.4, 100 mM KCl, 1 mM MgCl2,

10 mM CaCl2, 0.05 mM EGTA, 5 mM nitrilotriacetic acid) and FP

determined with a Synergy 2 plate reader (BioTek, Winooski, VT)

as described (Lim et al, 2002).

The dissociation constant (KD) for each titration was calculated

according to a one-site binding model:

Polarization ð% changeÞ ¼ Bmax � Calmodulin½ �free
Calmodulin½ �freeþKD

� �

where Bmax is a normalization scaling factor (normalized for the

polarization change at saturation).

NMR spectroscopy

Xenopus calmodulin was expressed in E. coli strain BL21(DE3)

grown in LB medium (unlabeled proteins) or in M9 medium supple-

mented with 15NH4Cl.
15N-labeled CaM used in NMR experiments

was prepared as described previously (Zhang et al, 2012).

All NMR experiments were performed on samples containing
15N-labeled Ca2+/CaM bound to a saturating amount of unlabeled

N-terminal PSD-95 peptide (residues 1–21), which was phosphory-

lated at residue T19 (called PSD-95_pT19; ChinaPeptides, Shanghai,

China). The peptide was dissolved in d6-DMSO to give a peptide

concentration of 7.8 mM. An aliquot of peptide (1.5 equivalents)

was added to a dilute solution of 15N-labeled Ca2+/CaM (50 lM
protein dissolved in 20 mM 2-amino-2-hydroxymethyl-propane-1,3-

diol-d11 (Tris-d11) with 5 mM CaCl2, 50 mM NaCl, 5 mM dithio-

threitol-d10 (DTT-d10) and 95% H2O/5% D2O) and incubated at

15°C for 1 h to ensure complete binding of the peptide. The complex

(called CaM/PSD-95_pT19) was then concentrated to a final

concentration of 500 lM in a final volume of 500 ll for NMR

experiments.

All NMR measurements were carried out at 298 K with a Bruker

Avance III 600 MHz spectrometer equipped with a four-channel

interface and triple-resonance cryoprobe (TCI). Two-dimensional

NMR experiments (HSQC and HSQC-IPAP) were recorded on a

sample of 15N-labeled Ca2+/CaM bound to unlabeled PSD-95_pT19.

Three-dimensional NMR experiments for assigning backbone and

side-chain resonances were recorded on a double labeled sample

(15N, 13C-labeled Ca2+/CaM bound to unlabeled PSD-95_pT19) as

described previously (Zhang et al, 2014). NMR data were processed

using NMRPipe (Delaglio et al, 1995) and analyzed with SPARKY

(Goddard T.D. and Kneller D.G., University of California at San

Francisco).

To measure residual dipolar couplings (RDCs) of CaM bound

to PSD-95_pT19, the filamentous bacteriophage Pf1 (Asla Biotech

Ltd., Latvia) was used as an orienting medium. Pf1 (17 mg/ml)

was added to 15N-labeled CaM bound to unlabeled PSD-95_pT19

at pH 7.0, to produce weak alignment of the complex. 1H-15N

residual dipolar coupling constants (DNH) were measured using a

2D IPAP (inphase/antiphase) 1H-15N HSQC experiment (Ottinger

et al, 1998).

Haddock structure determination of CaM/pT19 PSD-95 (1–21)

The molecular docking of Ca2+/CaM and pT19 PSD-95 (1–21) was

performed using the Haddock d-level 2.2 web server as described

(van Zundert & Bonvin, 2014). Residual dipolar couplings, chemi-

cal shift perturbation, and mutagenesis data were used as
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structural restraints. For active restraints or ambiguous interaction

restraints (AIR), chemical shift perturbation was used, selecting

residues whose chemical shift perturbation falls above the average

perturbation. Charge reversal mutagenesis data (Table 1) that

defined the intermolecular salt bridge between E17(PSD-95)/R126

(CaM) and pT19(PSD-95)/K115 (CaM) were used as unambiguous

restraints.

The initial docking calculation used the structure of CaM (2MES)

and helical structure of PSD-95 N-terminal peptide (residues 1–14;

Zhang et al, 2014) as input structures for Haddock. PSD-95 residues

14–21 were defined to be fully flexible for docking. UCSF Chimera

(Pettersen et al, 2004) was used to introduce a phosphate group at

the T19 position. Fifty-nine AIR restraints were used for CaM based

on chemical shift perturbation data and 14 active restraints were

used for PSD-95 from chemical shift perturbation of PSD-95 previ-

ously defined by (Zhang et al, 2014). Unambiguous restraints were

introduced to define key intermolecular interactions (Q15 (PSD-95)/

A147 (CaM); E17 (PSD-95)/R126 (CaM); and pT19 (PSD-95)/K115

(CaM)); the E17 (PSD-95)/R126 (CaM) interaction was verified by

mutagenesis (Table 1). In addition, an unambiguous restraint

between C3 (PSD-95) and I63 (CaM) was added based on visual

inspection of the structure refined by RDC restraints. This interac-

tion is supported by earlier data indicating that C3E substitution in

the N-terminal PSD-95 peptide 1–13 decreased binding to Ca2+/CaM

(Zhang et al, 2014).

Initial docking calculations used AIRs based on chemical shift

perturbation, grouping the top 200 structures for simulated anneal-

ing and water refinement. The lowest energy structures were then

run again, adding unambiguous restraints based on mutagenesis

data. Rigid-body docking, simulated annealing, and water refine-

ment were run using the top 200 structures. RDC restraints assigned

to CaM were then added using the Sani statement, with tensor

values Dr and Da calculated using the program PALES

(Zweckstetter, 2008). A total of 74 RDC values were used from resi-

dues found in regions of regular secondary structure and as deemed

reliable by the PALES calculation.

cDNA constructs

Molecular replacement construct for PSD-95 in lentiviral vector

(Schluter et al, 2006) was kindly provided by Dr. Robert C. Malenka

(Stanford University, CA) and CaM-IRES-EGFP in L309 (Pang et al,

2010) by Dr. Zhiping P. Pang (Rutgers, NJ). The EGFP tag in CaM-

IRES-EGFP was replaced by ECFP by subcloning into pECFP-N1,

provided by Dr. Kevin Xiang (UC Davis). Point mutations in PSD-95

and CaM were introduced by PCR mutagenesis. Accuracy of the

various constructs was analyzed by automated DNA sequencing.

mCherry plasmid was kindly provided by Dr. Nikolai Otmakhov

(Brandeis University, MA).

Neuronal culture

Primary hippocampal and cortical neurons were cultured from E18

rat pups as described previously (Perez-Otano et al, 2006). For

immunofluorescence and electrophysiology, hippocampal neurons

were plated at a density of 10,000–15,000 and 30,000 per well,

respectively, onto 12-mm coverslips coated with a mixture of poly-

DL-ornithine (Sigma) and laminin (Corning), and maintained in

Neurobasal medium supplemented with B27 (Life Technologies) and

5% fetal bovine serum (FBS) (Atlanta Biologicals). For biochemistry,

cortical neurons were plated onto 6-well plates or 60 mm dishes

coated with poly-L-lysine (Peptide Institute Inc.) at a density of 0.3

or 1 × 106 cells per well or dish, respectively.

Lentivirus production and infection of neuronal cultures

The lentiviral expression vector and three helper plasmids (pRSV-

Rev, pMDLg/pRRE, and VSVG-expressing plasmid) were co-trans-

fected into human embryonic kidney 293T (HEK293T) cells using

Ca2+ phosphate and maintained in DMEM supplemented with 10%

FBS. Cell culture media were collected 40 h after transfection, fil-

tered through 0.45-lm filters, and centrifuged at 50,000 × g for 2 h

at 4°C to concentrate the viral particles. To infect neuronal cultures,

concentrated viral solutions were added to conditioned media and

incubated for 4–6 h before replacing with fresh media.

Co-immunoprecipitation

Cultured cortical neurons were infected with lentivirus delivering

PSD-95-EGFP molecular replacement constructs at DIV 12 and

processed for immunoprecipitation at DIV 17. Cells were washed

with PBS and extracted in lysis buffer (50 mM Tris, pH 9, 1%

deoxycholate, 10 mM NaF, 1.5 lM pepstatin A, 2.1 lM leupeptin,

0.3 lM aprotinin, 0.2 mM PMSF) at 36°C for 30 min. Insoluble

material was cleared by centrifuging at 100,000 × g for 30 min, and

the resulting supernatants dialyzed overnight against binding buffer

(50 mM Tris, pH 7.4, 0.1% Triton X-100). 50–75 lg of lysate was

pre-cleared with 20 ll protein G-Sepharose beads (GE Healthcare)

for 1 h at 4°C. Pre-cleared extracts were incubated with 3 ll of

rabbit anti-GFP (Synaptic Systems) for 3 h at 4°C followed by 2 h

incubation with 30 ll protein G-Sepharose beads. Beads were

washed four times with binding buffer, and immunoprecipitated

proteins eluted with SDS sample buffer for subsequent electrophore-

sis and immunoblotting.

Primary antibodies

Mouse anti-PSD-95 (K28/43), anti-GFP (N86/38), anti-GluN2B

(N59/36) (NeuroMab, UC Davis), anti-b-actin (Abcam), rabbit

anti-Galpha-i3 (C10, Santa Cruz Biotechnology), anti-PSD-95

(phospho-T19) [EPR2619(2)] (Abcam), and anti-GluA1 (JWH labo-

ratory; Patriarchi et al, 2016) were used for immunoblotting, and

rabbit anti-GluA1 (PC246, Calbiochem) for immunofluorescence.

Rabbit anti-GFP (Synaptic Systems) was used for immunoprecipita-

tion.

Immunofluorescence

For surface AMPAR labeling, cultured neurons at 14-day in vitro

(DIV) were infected with lentivirus, delivering PSD-95 molecular

replacement constructs. This infection was preceded, if indicated,

by transfection with CaM-IRES-ECFP constructs using Ca2+ phos-

phate on 10–12 DIV. Neurons were fixed for 5 min at room

temperature in phosphate-buffered saline (PBS) containing 4%

paraformaldehyde/4% sucrose, washed with PBS, blocked with

5% bovine serum albumin (BSA)/4% normal goat serum (Jackson
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ImmunoResearch) in PBS for 30 min, and incubated with rabbit

anti-GluA1 N-terminal antibody in PBS containing 2% BSA for 2 h

at room temperature without permeabilization. Following washes

with PBS and blocking for 1 h, samples were incubated with

AlexaFluor 555-conjugated anti-rabbit secondary antibody (Molecular

Probes) in PBS containing 5% BSA for 1 h. After final washes

with PBS, coverslips were mounted onto glass slides using

ProLong Gold AntiFade reagent (Molecular Probes). Fluorescence

images were acquired on an LSM700 confocal microscope (Zeiss)

using a 63× oil-immersion objective (NA 1.4) and optical zoom of

0.5, as a Z-series of 8–10 slices with 0.3–0.4 lm intervals and

pixel size 0.1 lm. All conditions within the same experiment were

imaged using the same microscope settings. Maximum intensity

projection images were analyzed with MetaMorph Imaging (Molec-

ular Devices). Briefly, 3–4 dendritic segments between branch

points (total length 100–120 lm) among secondary and tertiary

dendrites along similar distances out from the soma were manu-

ally traced per neuron and average intensities per square area of

surface fluorescence staining measured. For background correc-

tion, fluorescence intensities of equivalent areas drawn outside the

labeled neurons were subtracted. For colocalization analysis,

“correlation plot” plug-in within MetaMorph was used to obtain

the correlation coefficient (r) of the pixel intensity data that

measures the correlation between the intensities of corresponding

pixels in two channels for each image. Data were averaged per

neuron, and means from several neurons were then averaged to

obtain a final mean. Subsequently, data from at least 3 indepen-

dent experiments performed in different cultures were pooled to

obtain a mean for each condition.

For spine enrichment experiments, cultured neurons were co-

transfected with mCherry (used as neuronal “fill” to visualize

dendritic spines) and any of the indicated PSD-95 constructs carry-

ing a C-terminal EGFP tag as described above. Neurons were fixed

as above for 10 min, washed with PBS, and mounted onto glass

slides. Confocal images of the intrinsic fluorescence were obtained

as described above except that an optical zoom of 1.5 and 10–14

slices was used. Maximum intensity projection images were

obtained, and dendritic spine heads were visually detected and

their outlines manually traced using MetaMorph. Average fluores-

cence intensities per square area for the traced areas along with

those of the adjacent dendritic shaft were determined. Spine

enrichment is measured as the ratio of EGFP intensity in spine

heads to that in the adjacent dendrite. Spine morphological

analysis was performed semi-automatically with NeuronStudio

(Rodriguez et al, 2008). For all experiments, cultures were treated

with or without bicuculline methiodide (Sigma) (50 lM) for

24–48 h before fixation on DIV 19–21.

Palmitoylation assay

Palmitoylation in neurons was assessed in cell extracts from sister

cultures of DIV 17–18 cortical neurons (1 × 106 cells/60-mm dish)

using acyl-biotinyl exchange (ABE) method as described previously

(Wan et al, 2007) with certain modifications. After brief rinse with

PBS, cells were lysed in 0.1 ml of lysis buffer (LB; PBS, pH 7.2,

150 mM NaCl, 5 mM EDTA, 1.5 lM pepstatin A, 2.1 lM leupeptin,

0.3 lM aprotinin, 0.2 mM PMSF, 10 mM NaF) containing 2% SDS

and, to block free thiols, 25 mM N-ethyl-maleimide (NEM; Sigma).

After 15 min of extraction at 37°C, samples were diluted 10-fold

with LB containing 2% Triton X-100 and 25 mM NEM and incu-

bated at 4°C for 1 h. Lysates were cleared by centrifugation at

16,000 × g for 10 min, and resulting supernatants were used for the

ABE assay after estimating protein concentrations using BCA assay

(ThermoScientific). Supernatants (140–150 lg) were precipitated by

chloroform–methanol (CM) and protein pellets solubilized in 0.5 ml

of PBS, pH 7.2, 4% SDS, 5 mM EDTA (4SB) supplemented with

25 mM NEM at 37°C for 10 min. The protein was diluted fivefold

with LB containing 0.2% Triton X-100 and 1 mM NEM and incu-

bated at 4°C overnight with end-to-end rotation. Excess NEM was

removed by three sequential CM precipitations followed by solubi-

lization in 0.24 ml of buffer 4SB. To cleave thioester bonds and

allow incorporation of a biotin moiety at exposed sulfur atoms, each

sample was diluted fivefold in 0.7 M hydroxylamine (NH2OH), pH

7.4, 0.2% Triton X-100, 1.5 lM pepstatin A, 2.1 lM leupeptin,

0.3 lM aprotinin, 0.2 mM PMSF (HB) containing 1 mM EZ-link

HPDP-biotin (ThermoScientific). As a control, a duplicate of one of

the samples was diluted fivefold in the same buffer in which

hydroxylamine was replaced with Tris (50 mM, pH 7.4). In the

absence of hydroxylamine, palmitate groups are not removed

thereby preventing biotinylation-mediated purification. The mixture

was incubated at room temperature for 1 h with end-to-end rotation

and subjected to CM precipitation. The precipitated protein was

solubilized in buffer 4SB, diluted fivefold with buffer LB containing

0.2% Triton X-100 and 0.2 mM HPDP-biotin, and incubated for 1 h

at room temperature with end-to-end rotation. Unreacted HPDP-

biotin was removed by two sequential CM precipitations, and the

protein pellets solubilized in 0.1 ml of PBS, pH 7.2, 2% SDS, 5 mM

EDTA (2SB). Following twofold dilution in LB containing 0.2%

Triton X-100, 10% (v/v) of each sample was saved as input to

assess total expression levels. Sample was further diluted fivefold in

LB containing 0.2% Triton X-100 and incubated at room tempera-

ture for 30 min with end-to-end rotation. After brief centrifugation,

the supernatant was incubated with 40 ll UltraLink NeutrAvidin

Plus agarose beads (ThermoScientific) for 90 min at room tempera-

ture with end-to-end rotation to isolate biotinylated proteins. After

washing the beads with LB containing 0.2% Triton X-100 and 0.2%

SDS, bound proteins were eluted with 50 ll of SDS–PAGE sample

buffer at 95°C for 5 min. Eluates and inputs were subjected to SDS–

PAGE and analyzed by Western blotting using indicated primary

antibodies and horseradish peroxidase-conjugated secondary anti-

bodies (Bio-Rad) before ECL detection (SuperSignal West Femto,

ThermoScientific). Films were scanned, and non-saturated,

immunoreactive bands were quantitated using Adobe Photoshop.

The level of palmitoylation was quantified as the ratio obtained by

normalizing the band in the pull-down blot to the corresponding

input band for each sample. Before calculating the ratio, both the

pull-down and input bands for PSD-95 were normalized to bands

for the control protein within respective lanes to correct for potential

variations in sample handling and loading.

For palmitoylation in HEK293 cells, cells were transfected with

indicated PSD-95-EGFP constructs using jetPrime reagent (Polyplus

Transfection). 24 h post-transfection, cells were washed in PBS and

lysed with 100–250 ll of lysis buffer (LB) containing 1% Triton X-

100 for 1 h at 4°C. Lysates were cleared by centrifugation at

16,000 × g for 30 min, and resulting supernatants were used for the

ABE assay as described above.
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Detection of phospho-T19-PSD-95

Phosphorylation of PSD-95 in neurons was assessed in cell

extracts from sister cultures of DIV 17-18 cortical neurons (1 × 106

cells/60-mm dish). Whole-cell lysates were prepared as described

for palmitoylation assays. Lysates were subjected to SDS–PAGE

and analyzed by Western blotting using indicated primary anti-

bodies. The level of phosphorylation was quantified as the ratio

obtained by normalizing the band in the pT19 blot to the corre-

sponding band in total PSD-95 blot for each sample. Before calcu-

lating the ratio, both the pT19 and total PSD-95 bands were

normalized to bands for b-actin within respective lanes to correct

for potential variations in loading.

Miniature excitatory postsynaptic currents (mEPSC) analysis

Primary hippocampal neurons were co-transfected with RFP and

either WT or R126E mutant CaM-IRES-ECFP plasmids at DIV 10–

11. RFP was used as a transfection marker. Same cultures were

subsequently infected with lentivirus delivering molecular replace-

ment constructs of PSD-95-EGFP (WT or E17R) at DIV 12–13.

Recording of mEPSCs was performed at DIV 17–19 following 48 h

of BIC treatment, using slightly modified protocols published

earlier (Matt et al, 2011; Chen et al, 2014). Coverslips with

cultured neurons were transferred into a submerged-type recording

chamber, and neurons, both transfected and infected, were visually

selected for recording by RFP and GFP epifluorescence. External

solution contained (in mM) the following: 135 NaCl, 5 KCl, 1 CaCl2,

1 MgSO4, 10 HEPES, 0.001 tetrodotoxin (Tocris), 0.02 bicuculline

(Sigma), 0.05 DL-AP5 (Tocris Bioscience), pH 7.4, 280–300 mOsm/

l. Patch micropipettes (2–4 MΩ) were filled with intracellular solu-

tion (in mM; 145 CsCl, 0.1 CaCl2, 2 MgSO4, 1 EGTA, 5 HEPES, pH

7.4, 280–300 mOsm/l). The seal resistance was greater than 1 GΩ,
and the series resistance was no greater than 20 MΩ. Recordings

were made with an Axopatch 200B patch-amplifier (Molecular

Devices). All neurons were voltage-clamped at �70 mV, and

whole-cell currents were filtered at 2 kHz and digitized at 10 kHz.

The mEPSC events were detected with MiniAnalysis software

(Synaptosoft Inc.), and the accuracy of detection was confirmed by

visual inspection. In each individual experiment, neurons from all

six groups were recorded on the same day.

Statistical analysis

All data were expressed as mean � SEM, unless otherwise indi-

cated. Student’s unpaired two-tailed t-test was used for comparing

two groups. Multiple comparisons were performed using one-way or

two-way ANOVA followed by Bonferroni’s post hoc test for pairwise

comparisons. Statistical significance was determined with GraphPad

Prism or SigmaPlot software and was considered as P < 0.05.

Data availability

The NMR assignments have been deposited in the BMRB (accession

number 30062). The atomic coordinates have been deposited into

the Protein Databank (5J7J).

Expanded View for this article is available online.
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