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Cellular/Molecular

Palmitoylation Controls NMDA Receptor Function and
Steroid Sensitivity
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NMDARSs are ligand-gated ion channels that cause an influx of Na™ and Ca>" into postsynaptic neurons. The resulting intra-
cellular Ca®" transient triggers synaptic plasticity. When prolonged, it may induce excitotoxicity, but it may also activate neg-
ative feedback to control the activity of NMDARs. Here, we report that a transient rise in intracellular Ca** (Ca** challenge)
increases the sensitivity of NMDARs but not AMPARs/kainate receptors to the endogenous inhibitory neurosteroid 20-oxo-
5B-pregnan-3a-yl 3-sulfate and to its synthetic analogs, such as 20-oxo-5f-pregnan-3a-yl 3-hemipimelate (PAhPim). In
cultured hippocampal neurons, 30 um PAhPim had virtually no effect on NMDAR responses; however, following the Ca®"
challenge, it inhibited the responses by 62%; similarly, the Ca®* challenge induced a 3.7-fold decrease in the steroid ICsy on
recombinant GluN1/GluN2B receptors. The increase in the NMDAR sensitivity to PAhPim was dependent on three cysteines
(C849, C854, and C871) located in the carboxy-terminal domain of the GluN2B subunit, previously identified to be palmitoy-
lated (Hayashi et al., 2009). Our experiments suggested that the Ca*" challenge induced receptor depalmitoylation, and sin-
gle-channel analysis revealed that this was accompanied by a 55% reduction in the probability of channel opening. Results of
in silico modeling indicate that receptor palmitoylation promotes anchoring of the GluN2B subunit carboxy-terminal domain
to the plasma membrane and facilitates channel opening. Depalmitoylation-induced changes in the NMDAR pharmacology
explain the neuroprotective effect of PAhPim on NMDA-induced excitotoxicity. We propose that palmitoylation-dependent
changes in the NMDAR sensitivity to steroids serve as an acute endogenous mechanism that controls NMDAR activity.

Key words: carboxy-terminal domain; molecular dynamics simulation; neurosteroid; NMDAR; palmitoylation; single-
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There is considerable interest in negative allosteric modulators of NMDARs that could compensate for receptor overactivation
by glutamate or de novo gain-of-function mutations in neurodevelopmental disorders. By a combination of electrophysiologi-
cal, pharmacological, and computational techniques we describe a novel feedback mechanism regulating NMDAR activity.
We find that a transient rise in intracellular Ca*" increases NMDAR sensitivity to inhibitory neurosteroids in a process de-
pendent on GluN2B subunit depalmitoylation. These results improve our understanding of the molecular mechanisms of ste-
roid action at the NMDAR and indeed of the basic properties of this important glutamate-gated ion channel and may aid in
the development of therapeutics for treating neurologic and psychiatric diseases related to overactivation of NMDARs without
affecting normal physiological functions. j
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Introduction

NMDARs are members of the glutamate-gated ion channel
superfamily. They mediate a component of excitatory synaptic
transmission in virtually all CNS circuits to regulate physiologi-
cal functions and synaptic plasticity (Traynelis et al., 2010).
NMDARs are heterotetramers, composed of four subunits: two
GluN1 and two GIuN2 and/or GluN3 subunits (Moriyoshi et al.,
1991; Kutsuwada et al., 1992; Meguro et al., 1992; Monyer et al.,
1992; Sucher et al., 1995; Hansen et al., 2018) . Each subunit con-
sists of an amino-terminal domain (ATD) and a ligand-binding
domain (LBD), both oriented extracellularly, a transmembrane
domain (TMD) that forms the ion channel, and an intracellular
carboxy-terminal domain (CTD) that has regulatory functions
(Karakas and Furukawa, 2014; Hardingham, 2019).

Glutamate released phasically from presynaptic terminals or
ambient glutamate present in the extracellular space leads to
NMDAR activation and Ca*" influx through these cation-per-
meant ion channels (Mayer et al., 1987). Under physiological
conditions, NMDAR-mediated rise in postsynaptic Ca*>" acti-
vates numerous signaling pathways essential for synaptic devel-
opment and plasticity (Constantine-Paton et al., 1990; Lynch,
2004; Malenka and Bear, 2004; Bouvier et al.,, 2018). Under
pathologic conditions, prolonged increase in Ca®" can lead to
excitotoxic cell death, associated, for example, with stroke, trau-
matic brain injury, or neurodegenerative diseases (Choi, 1987;
Hardingham and Bading, 2010). Since NMDARs are funda-
mental for maintaining normal brain function, with neurologic
and psychiatric consequences when dysregulated, the activity of
these receptors is controlled by a wide array of endogenous
agents, including small monovalent and divalent ions (H",
Mg**, Zn**, Cu®™), and allosteric modulators, such as neuro-
steroids and fatty acids (Hansen et al., 2018).

On a longer-term basis, the activity of NMDARs is dynami-
cally regulated by post-translational modifications, such as phos-
phorylation, ubiquitination, and palmitoylation (Traynelis et al.,
20105 Lussier et al., 2015), with some pathways directly activated
by intracellular Ca®*. Ca®*-triggered post-translational modifi-
cations can enhance NMDAR function in the context of synaptic
plasticity. NMDAR phosphorylation by kinases, such as PKC or
CaMKII, can influence receptor trafficking and channel gating,
resulting in increased synaptic strength (Vieira et al., 2020). On
the other hand, Ca®>" influx can also activate autoinhibitory feed-
back mechanisms. These include Ca**-calmodulin binding to
the CTD of the GluN1 subunit to reversibly reduce the open
probability (P,) of the NMDAR ion channel (Ehlers et al., 1996;
Krupp et al., 1999; Tacobucci and Popescu, 2020; Warnet et al.,
2020), or calcineurin-dependent NMDAR desensitization (Tong
et al., 1995; Lan et al., 2001; Maki et al., 2012). In turn, the Ca®"
permeability of neuronal NMDARs is regulated by the cAMP-
PKA signaling cascade (Skeberdis et al., 2006; Murphy et al.,
2014). In many cases, the molecular mechanisms that trigger
post-translational modification of NMDARs, as well as the con-
sequences of the modification on receptor function, pharmacol-
ogy, stability, trafficking, and synaptic expression are still poorly
understood.

This study demonstrates a novel form of Ca>*-dependent in-
hibitory feedback where the sensitivity of native NMDARs and
recombinant GluN1/GluN2B receptors to the endogenous inhib-
itory neurosteroid 20-oxo-5f3-pregnan-3a-yl 3-sulfate (PAS)
and its synthetic analogs is increased following receptor stimula-
tion in the presence of Ca®". The upregulation of the receptor
sensitivity to steroids is triggered by the intracellular Ca®* tran-
sient and is dependent on the CTD of the GluN2B subunit. The
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critical region is located immediately adjacent to the M4 domain
where cysteine residues C849, C854, and C871 can be palmitoy-
lated to modulate NMDAR activity.

Materials and Methods

Transfection and maintenance of cells

Electrophysiological experiments were performed as described previ-
ously, 24-48 h after transfection of cultured human embryonic kidney
293 (HEK) cells with cDNA containing GluN1-1a/GluN2B/GFP genes
(GenBank accession number U08261 and M91562) (Borovska et al.,
2012) and on cultured hippocampal neurons at DIV 8-13 (Vyklicky et
al., 2016).

Site-directed mutagenesis was performed using the QuikChange II
XL Site-Directed Mutagenesis Kit (Agilent Technologies) in accordance
with the instructions of the manufacturer, using manually designed pri-
mers purchased from Sigma Millipore. PCR was performed and the
Dpnl-treated product was transformed into ultracompetent XL10-Gold
Escherichia coli cells, positive clones were selected, and the presence of
all mutations was verified by DNA sequencing (Eurofins Genomics).
Amino acids are numbered according to the full-length protein, includ-
ing the signal peptide, with the initiating methionine as number 1.

For neuronal cultures, glass coverslips were coated with 0.1 mg/ml
poly-D-lysine and 0.2 mg/ml collagen (Serva). Primary cortical astrocyte
cultures were prepared from postnatal day 1 male Wistar rat pups and
grown for 1-2 weeks in DMEM with GlutaMax (Invitrogen), 10% FBS
(Invitrogen), and penicillin/streptomycin before being plated on coated
coverslips at ~6000 cells/cm®. Hippocampal neurons were isolated
from postnatal day 1 male Wistar rat pups and plated on top of the
astrocyte layer at ~50,000 cells/cm” in Neurobasal A medium with B27
Supplement (Invitrogen), GlutaMax, and penicillin/streptomycin.

Electrophysiological recording
All drugs, unless otherwise stated, were purchased from Sigma Millipore.
Experiments were performed at room temperature (21°C-24°C).

Whole-cell recording. Responses were recorded using a patch-clamp
amplifier (Axopatch 200B; Molecular Devices) after series resistance
(<10 M() and capacitance compensation of 80%-90%. For the applica-
tion of test and control solutions, a microprocessor-controlled multibar-
rel fast perfusion system was used, with a time constant of solution
exchange around the cells of ~10ms. Agonist-induced responses were
low-pass filtered at 2 kHz, digitally sampled at 5 kHz, and analyzed with
pClamp software version 10.4 (Molecular Devices). Patch pipettes (3-5
MQ) pulled from borosilicate glass were filled with a Cs " -based intracel-
lular solution (ICS) containing the following (in mm): 125 gluconic acid
&-lactone, 15 CsCl, 5 EGTA, 10 HEPES, 3 MgCl,, 0.5 CaCl,, and 2 ATP-
Mg salt (pH adjusted to 7.2 with CsOH). Extracellular solution (ECS)
contained the following (in mm): 160 NaCl, 2.5 KCI, 10 HEPES, 10 glu-
cose, 0.3 CaCly, and 0.1 EDTA (pH adjusted to 7.3 with NaOH).
NMDAR responses were induced by 1 um or 1 mm glutamate (in
recombinant receptors) and 10 um or 100 um NMDA (in native recep-
tors) applied together with 10 um glycine. The ECS used for native
receptors had the same composition as the ECS used for recombinant
receptors. For native NMDAR recordings, the ECS additionally con-
tained 10 um CNQX, 10 um bicuculline, and 0.5 um TTX (all from
Tocris Bioscience). AMPAR currents were induced with 5 um AMPA,
and the ECS additionally contained 50 um D-AP5, 10 um bicuculline, 0.5
uM TTX, and 10 um cyclothiazide (all from Tocris Bioscience). For the
Ca?* challenge, the ECS contained 2 mm CaCl,. Steroids were dissolved
in DMSO and added to the ECS at the indicated concentrations, with
the final DMSO concentration of 1%. An equivalent amount of
DMSO was present in control solutions. Tunicamycin was dissolved
in DMSO to create a stock solution of 10 mg/ml and stored at 4°C.
Transfected HEK cells were incubated with tunicamycin (final con-
centration 1 ug/ml) in serum-free media for 1-2 h before electrophys-
iological recordings.

Single-channel recording. Stationary one-channel activity was
recorded at room temperature using the cell-attached patch-clamp tech-
nique. Recordings were analog-filtered at 10kHz with a 4-pole Bessel
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filter and sampled at 25 kHz. Thick-wall borosilicate patch pipettes were
pulled and fire-polished, achieving resistances of 12-25 MQ and filled
with Ca**-free ECS containing the following (in mm): 160 NaCl, 2.5
KCl, 1 EDTA, 10 HEPES, 0.1 glycine, and 1 glutamate (adjusted to pH
7.3 with NaOH). Recordings were performed in the absence of divalent
ions (1 mm EDTA) to achieve unitary current. Inward openings were
detected by applying a pipette potential of 100 mV (estimated holding
potential of -130 mV).

Data analysis

Analysis of the steroid effect. The relative degree of the steroid inhibi-
tion of Control (Ecenor) and Test (Eres) responses was calculated as
follows:

E=(1—(Is/I4)) x 100 (1)

where I is the amplitude of the agonist-induced response and Is is the
amplitude of the response recorded in the presence of the agonist and
the steroid.

Difference in the steroid-induced inhibition of Control and Test
responses (AE) was calculated as follows:

AE = ETest - ECtmtrul (2)

where Ere¢ and Ecouor are the relative degrees of the steroid inhibition
of Test and Control responses, respectively.

The relative agonist-induced responses (I; I = Is/I4) recorded in the
presence of the steroid and determined in individual cells were fit to the
following logistic equation:

I =1/(1+([steroid] /ICs)") (3)

where [steroid] is the steroid concentration, ICs is the steroid concen-
tration that produces a 50% inhibition of agonist-evoked current, and h
is the apparent Hill coefficient.

Analysis of inactivation. Inactivation of NMDAR responses (A) was
calculated as follows:

A= (1 - (IATest/IAConrml)) x 100 (4)

where I 7.y is the amplitude of the agonist-induced Test response (after
the Ca®* challenge) and I conror is the amplitude of the agonist-induced
Control response (before the Ca®™" challenge).

Analysis of single-channel activity. Data analysis was performed on
recorded patches that contained enough events in control (>4000
events) and were entirely free of overlapping openings (99% confidence
of having just one channel in the patch) (Colquhoun and Hawkes, 1990)
using QuB software (State University of New York). The data were ideal-
ized with a segmental k-means algorithm (F. Qin, 2004) using a digital
low-pass filter at 12 kHz and applying 0.12 ms of dead time. The analysis
of idealized data was performed with the maximum interval likelihood
algorithm (F. Qin et al., 1997; Amico-Ruvio and Popescu, 2010).

Kinetic analysis was performed on patches with a minimum of 10-
min-long recordings; the first 10min was analyzed and compared
between WT and mutated GluN1/GluN2B receptors. Models were cre-
ated based on log-likelihood improvement of 10 units per added state
and contained four open states and five closed states (5C40) where C4
and C5 represent long-lived nonconductive states of desensitization and
inactivation, respectively. C1, C2, and C3 represent closed states within
bursts. For each patch, two open states can be identified (fast and slow),
and the slow open state can be further divided into three modes (low,
medium, and high) (Amico-Ruvio and Popescu, 2010).

Ca’" imaging

Standard whole-cell patch-clamp method was used. Borosilicate glass
pipettes (3-5 M{}) were filled with the standard ICS supplemented with
100 um fura-2 (Invitrogen). Microspectrofluorometric measurements of
Ca®" currents were performed under the control of Cell*R software
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(Olympus) using a Cell*R imaging system built on IX81 microscope
(Olympus), using Polychrome V illuminator (Till Photonics). Fluorescence
emission was detected by an Orca-ER cooled camera (Hamamatsu
Photonics). Fluorescence images were obtained by exposing cells to
340 nm and 380 nm excitation light alternating under computer con-
trol. The emitted light signal (>510 nm) was stored as pairs of images
and the ratio of paired images (F340/F380) was calculated.

Excitotoxicity assay

Primary hippocampal cultures at DIV 12 were treated with various con-
centrations of NMDA (3, 10, or 30 um) and with 20-oxo-5 /3 -pregnan-
3a-yl 3-hemipimelate (PAhPim) (30 um) or the corresponding vol-
ume of DMSO vehicle (0.3%) for 2 h at 37°C in complete MEM
(MEM salt solution containing the following [in mwm]: 120 NaCl,
5 KCl, 25 NaHCO;, 1 NaH,PO,2H,0, 2 CaCl,, 1 MgCl,, supple-
mented with MEM amino acids and MEM vitamins [Invitrogen],
10 mm glucose, and 30 um glycine). After the treatment, cultures were
washed with conditioned Neurobasal medium collected before the
treatment, and were maintained at 37°C overnight. The next day,
5 uM Hoechst 33342 dye (H) and 6 um propidium iodide (PI) were
added to the media for 30 min at 37°C. Cultures were then washed
with standard ECS. Fluorescence of H (excitation at 380 nm) and PI
(excitation at 540 nm) was measured using the Cell*R imaging system
(Olympus) in ECS at 24°C. The quantification was performed using
ImageJ 1.52 (National Institutes of Health). In each FOV, the total
number of neuronal nuclei was estimated from the Hoechst staining
(Hy), based on the characteristic higher-intensity staining of neuro-
nal versus astrocyte nuclei. The number of necrotic nuclei was deter-
mined from the PI staining. The % of dead neurons (D) was
calculated as follows:

D = (PI/Hy) x 100 (5)

Steroid synthesis

The steroids were prepared by multistep synthetic procedures as
described previously: PAS (Stastna et al., 2009), PAhPim (VyKklicky et al.,
2016), and (3S)-3-(amino)—4-((58 -androstan-3a-yl)-amino)-4-oxobu-
tanoic acid (ANDAsp) (Adla et al, 2017). The structures of all synthe-
sized steroids were confirmed by 'H and '*C NMR, MS, and HR-MS
spectra.

Statistical analysis

All data are expressed as mean * SEM. Group differences were analyzed
using Student’s ¢ test or one-way ANOVA followed by multiple compar-
ison procedures when indicated, using the statistical software package
SigmaStat 3.5 (Systat Software).

Molecular modeling

Homology modeling. The initial model of the GluN2B segment M4-
E878X containing residues 811-877 of the rat GluN2B subunit (number-
ing according to the uniport id Q00960) (UniProt, 2019) was built in
MODELLER 9.23 (Sali and Blundell, 1993; Webb and Sali, 2014) using
the automodel function. Our previously prepared GluN1/GluN2B
homology model (Ladislav et al., 2018), based on the available structures
4pe5, 4tll, and 4tlm (Karakas and Furukawa, 2014; C. H. Lee et al., 2014),
was extended at the C-termini and the M4-E878X segment extracted
from the produced model.

Molecular dynamics (MD) simulations. The simulations of the M4-
E878X segment of the GIuN2B model were prepared using CHARMM-
GUI (Jo et al.,, 2008; J. Lee et al,, 2016) by introducing the palmitoyl
modifications of cysteine residues C849, C854, and C871 where neces-
sary, and inserting the model into a membrane containing DOPC and
cholesterol (1:1). The simulation box (100 A x 100 A x 97 A) was filled
with TIP3P water and a charge-neutral system with a final salt concen-
tration of 150 mum was created adding Na™ and CI” ions. MD simulations
of 200 ns were performed using Gromacs 2018.8 (Abraham et al., 2015)
and CHARMM36 forcefield (Klauda et al., 2010) with the Nosé-Hoover
thermostat and the Parrinello-Rahman barostat collecting the geometry
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every 10 ps. Visualization of structures, graphical representation, and the
analysis of residues surrounding selected regions were performed using
PyMOL (Molecular Graphics System, Version 2.3.0).

Results

NMDAR sensitivity to inhibitory neurosteroids increases
following receptor stimulation in the presence of Ca>"
Endogenous neurosteroid PAS is an inhibitor of all major
NMDAR isoforms (Park-Chung et al, 1994; Petrovic et al.,
2005). In the course of our experiments, we have noticed that the
degree of 50 um PAS inhibition of GluN1/GIuN2B receptor
response varied considerably (from 36.7% to 73.6%; n =81), sug-
gesting that an endogenous mechanism may affect the sensitivity
of NMDARSs to neurosteroids. Since NMDAR ion channels are
Ca®"-permeant (MacDermott et al., 1986), we hypothesized that
changes in intracellular Ca®" concentration ([Ca®"];) may trig-
ger an endogenous mechanism that affects the NMDAR sensitiv-
ity to steroids. Therefore, we assessed NMDAR sensitivity to the
inhibitory effect of the steroid before and after a [Ca**]; increase.
Shortly after attaining the whole-cell configuration (1-3 min), we
measured the effect of the steroid on responses induced by 1 um
glutamate in the presence of 0.2 mm [Ca®*], (control response).
Subsequently, [Ca>*]; was increased by activating NMDARs by 1
mM glutamate in the presence of 2 mm [Ca®"], for 50 s (Ca®"
challenge). The effect of the Ca®" challenge on steroid inhibition
was then tested on responses again induced by 1 um glutamate
and recorded in the presence of 0.2 mm [Ca®"], (test response)
(Fig. 1). The control responses recorded in HEK cells expressing
GluN1/GluN2B receptors were robustly inhibited by 100 um
PAS (58.5 £ 2.1%; n=>5), but the test responses were even more
sensitive to PAS inhibition (74.1 = 3.3%; n =5) (Fig. 1A). Consistent
with stimulation-induced NMDAR inactivation (Rosenmund and
Westbrook, 1993; Vyklicky, 1993), the maximal amplitude of the test
responses was on average 30.6 = 1.7% (n=60) of the amplitude of
the control responses.

A similar analysis of the inhibitory effect of synthetic PAS
analogs 30 um PAhPim (Vyklicky et al., 2016) and 20 um
ANDAsp (Adla et al., 2017) (Fig. 1A) showed that these steroids
also inhibited the test responses more strongly than the control
responses. The relative increase in the inhibitory effect at GIuN1/
GluN2B receptors was 16% for PAS, 52% for PAhPim, and 14%
for ANDAsp. Similar, but stronger, effects were seen for the
Ca’" challenge in native NMDARs expressed in cultured hippo-
campal neurons activated by 10 um NMDA; this was particularly
noticeable for PAhPim (30 uMm) that actually slightly potentiated
the control responses, by 1.9 = 0.7% (n = 6), while strongly inhib-
iting the test responses, by 61.9*3.3% (n=6) (Fig. 1B). No
increase in the inhibitory effect of PAhPim was observed for
native AMPARSs (Fig. 1B). Since the relative increase in the inhib-
itory effect was largest for PAhPim, this steroid was used in sub-
sequent experiments.

To better characterize the effect of the Ca>* challenge on the
NMDAR sensitivity to steroid inhibition, we determined the
dose-response relationship for the inhibition of GluN1/GluN2B
receptors by PAhPim. The analysis indicated a leftward shift
from ICsy = 44.6 £ 4.9 um (n=38) for the PAhPim inhibition of
the control responses to IC5y = 12.1 = 1.2 um (n = 8) determined
for the test responses (Fig. 1C). This was even more pronounced
in cultured hippocampal neurons; at 30 um, PAhPim had virtu-
ally no effect on control responses, while the test responses were
inhibited with the ICsy = 25.4 = 1.3 um (n=6) (Fig. 1D).

To examine the possibility that the consequences of the Ca**
challenge for the NMDAR pharmacology might be because of
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prolonged NMDAR stimulation rather than an increase in the
[Ca®>"];, we performed experiments in which the challenge was
delivered in the absence of [Ca®"], (in nominally Ca®"-free
ECS). Under these conditions, PAhPim (30 um) inhibited the
test responses induced in recombinant GluN1/GluN2B receptors
significantly less (by 36.0 =4.7%; n=5) than test responses
recorded following the Ca®>" challenge in the presence of 2 mm
[Ca®"], (by 73.0 = 1.8%; n=60) (p < 0.001; unpaired ¢ test).

We next considered whether the increase in the NMDAR sen-
sitivity to PAhPim inhibition is directly dependent on the ele-
vated [Ca**]; or whether the transient rise in [Ca®"]; activates
downstream intracellular mechanisms that in turn modulate
NMDAR inhibition by PAhPim. Figure 2 shows results of
experiments in which Ca*" imaging was used simultaneously
with whole-cell patch-clamp recording. Despite intracellular dial-
ysis with the Ca®" chelator EGTA (5 mwm) in the ICS, ratiometric
Ca** imaging indicated a robust increase in the [Ca®"); during
the Ca®* challenge. This is expected since NMDAR ion channels
are highly permeable to Ca®>* (MacDermott et al., 1986), EGTA
is a relatively slow Ca®>" chelator (Stern, 1992), and the buffering
capacity of 5 mm EGTA is not sufficient to fully buffer long-term
Ca’>" influx. The fluorescence ratio (F340/F380) increased >2-
fold during the Ca>* challenge and then returned to control val-
ues within ~2 min (Fig. 2). In contrast, the degree of PAhPim-
induced inhibition of the test responses of GluN1/GluN2B recep-
tors to glutamate was not appreciably changed regardless of the
time (0.5-30 min) after the Ca®" challenge (Fig. 2). A relatively
constant degree of PAhPim inhibition of test responses was
apparent for measurements made during simultaneous voltage-
clamp recording and Ca®>" imaging (where the ICS contained
fura), as well as for measurements from cells dialyzed with regu-
lar ICS (without fura). These experiments indicate that Ca®™"
influx is required for the increased steroid-induced inhibition of
the test responses. However, the increased NMDAR sensitivity to
inhibitory steroid action outlasts the [Ca>*]; increase, suggesting
that the transient [Ca®"]; increase triggers some intracellular
mechanism that maintains the increased inhibition even after the
[Ca®*]; had returned to baseline levels.

Increased NMDAR sensitivity to steroids depends on the
CTD of the GluN2B subunit

Given the role of the [Ca®"]; increase in modulating NMDAR
sensitivity to inhibitory steroids, we focused on the intracellularly
oriented CTD of GluN subunits, as the most likely structural tar-
get to mediate the effects of [Ca**]; signaling on NMDAR func-
tion. We used recombinant GluN1/GluN2B receptors with
truncated CTD (GluN1(R839X) and GluN2B(R847X)). Control
responses induced in GluN1(R839X)/GluN2B(R847X) receptors
were profoundly inhibited by PAhPim (30 um), and the Ca**
challenge did not increase the inhibition further. The degree of
PAhPim inhibition of the control and the test GluN1(R839X)/
GluN2B(R847X) receptor responses was larger (by 24% and
23%, respectively; p < 0.001, unpaired t test) than the inhibition
of the test responses of GluN1/GIuN2B(WT) receptors (Fig. 3).
In a separate experiment, a second Ca>" challenge in HEK cells
expressing GluN1/GluN2B(WT) receptors increased PAhPim-
induced inhibition beyond the level induced by the first Ca**
challenge (by 6%-18%), approaching the degree of steroid inhibi-
tion observed for GluNI1(R839X)/GluN2B(R847X) receptors,
suggesting that the combined GluN1 and GluN2B CTD trunca-
tion increases the inhibitory effect of the steroid to a maximum.
In contrast, control responses induced in GluNI1(R839X)/
GluN2B receptors were inhibited by PAhPim to the extent
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Figure 1. NMDAR apparent affinity for steroids is increased following the Ca®* challenge. Examples of traces obtained from HEK cells expressing GluN1/GIuN2B receptors (4) and from cul-
tured rat hippocampal neurons expressing native NMDARs and AMPARs (B). PAS (100 zum) and PAhPim were applied in the presence of 1 um glutamate (4) or 10 zm NMDA or 5 um AMPA
(B). Open and filled bars represent the duration of the steroid and the agonist application, respectively, in the continuous presence of 0.2 mu [Ca>* ], before (Control) and after (Test) the appli-
cation of 1 mm glutamate (4) or 100 wm NMDA (B) in the presence of 2 mm [(a”]D (@ challenge is shown in 4, inset). Right, Control (black) and test (red) responses are displayed overlaid
and normalized with respect to the current amplitude before the steroid application to show the difference in the steroid inhibitory effect. The structure of the steroids used is shown in 4 (top
right corner). Bar graphs represent the inhibitory effect = SEM for PAS (100 zum), PARPim (30 £um), and ANDAsp (20 ) on control (open bars) and test (red bars) responses determined in
HEK cells expressing GIuN1/GIuN2B receptors (4) and in cultured rat hippocampal neurons expressing native NMDA or AMPARs (B). Data were statistically analyzed using paired ¢ tests.
+Statistically significant difference between control and test responses (for details and p values, see Extended Data Table 1-1). Dose—response analysis of the PAhPim (3-30 wm) effect on the

control and test responses recorded from recombinant GluN1/GIuN2B receptors (€) and the test responses recorded from native NMDARs in cultured hippocampal neurons (D). Steroid-induced
inhibition was fitted to Equation 3.

typical for the control GluN1/GluN2B(WT) receptor responses, ~ GluN1/GluN2B(R847X) receptors was similar to the effect in
and the inhibition of test GluNI1(R839X)/GluN2B receptor  GluN1(R839X)/GluN2B(R847X) receptors (Fig. 3A,B). These
responses increased as observed for the test GluN1/GluN2B  data indicate that the GIuN2B CTD is critically involved in con-
(WT) receptor responses (Fig. 3). The effect of PAhPim in  trolling NMDAR steroid sensitivity.
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The GIuN2B CTD has been shown to bind various intracellu-
lar proteins, including postsynaptic density protein-95 (Kornau
et al, 1995), calmodulin (Ehlers et al, 1996), and «-actin
(Wyszynski et al.,, 1997), and is the target of post-translational
modification, including phosphorylation by multiple protein ki-
nases at serine, threonine, and tryptophan residues (Traynelis et
al., 2010), palmitoylated at two clusters of cysteines (Hayashi et
al.,, 2009), and ubiquitinated at lysines (Jurd et al., 2008). To nar-
row down possible intracellular mechanisms that may control
NMDAR steroid sensitivity, we analyzed the effect of PAhPim
on recombinant GluN1/GIuN2B receptors with the GluN2B
CTD truncated to different lengths. As shown in Figure 4, the
relative degree of PAhPim inhibition of control and test
responses induced in receptors containing the GluN2B subunit
truncated in the terminal region of the CTD (GluN1/GluN2B
(Y1281X; Y1004X; E955X; 1925X; and T888X)) was not signifi-
cantly different from PAhPim inhibition determined in GluN1/
GluN2B(WT) receptors.

Using the same strategy, we proceeded to analyze the effect
of PAhPim on receptors with longer truncations of the
GIluN2B CTD tail. The effect of PAhPim at GluN1/GluN2B
(E878X) receptors was intermediate between the effect at WT
receptors and those lacking the entire CTD (GluN1/GluN2B
(R847X), with control responses being more inhibited by
PAhPim compared with GluN1/GluN2B(WT) receptors, but
the Ca®" challenge induced increase in the PAhPim inhibitory
effect similar to that observed for WT receptors (Fig. 4). The
effect of PAhPim at GluN1/GluN2B(S870X; F862X; and
C854X) was significantly different from the effect on GluN1/
GIluN2B(WT) receptors and similar to PAhPim inhibition
seen in receptors lacking the entire CTD (GluN1/GluN2B
(R847X)). These results indicate that a stretch of 32 amino
acid residues located in the juxtamembrane region of the
GluN2B CTD (R847 to E878) is critical
for the modulation of NMDAR sensitiv-
ity to inhibitory steroids.

The region of the CTD of the GluN2B
subunit critical for controlling the NMDAR
sensitivity to PAhPim inhibition (R847-
E878) contains three cysteine residues
(C849, C854, and C871), which can be
palmitoylated (Hayashi et al., 2009) (Fig.
5A). To test whether the NMDAR steroid
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Figure 2. Increased GIuN1/GIuN2B receptor sensitivity to PAhPim is induced by increased
[Ca**];, but its maintenance is Ca*" -independent. Simultaneous Ca*" imaging and gluta-
mate-evoked current recording was used to monitor changes in [Ca>*]; and the degree of
PAhPim inhibition (for details, see Materials and Methods). The relative degree of PAhPim
(30 um) inhibition of control (open symbols) and test (filled symbols) responses of GIuN1/
GIuN2B receptors is plotted as a function of time (symbols represent individual cells) (top).
Blue rectangle represents the duration of the Ca®* challenge. fura fluorescence ratio F340/
F380 acquired at the frequency of 1 Hz was assessed before, during, and after the Ca>" chal-
lenge. Graph represents mean (black line) == SEM (gray area) F340/F380 values (n = 6) (bot-
tom). Mean PAhPim inhibition (red line) = SEM (gray area) at 1.3-2.3min (steroid
application immediately after the Ca*" challenge when F340/F380 was maximal;
77.8 = 4.7%) and at 5-7 min (when F340/F380 was again at baseline levels; 67.9 == 4.2%;
n=6). The degree of inhibition was not significantly different between these time periods
(paired t test; p = 0.059).
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we generated a triple mutant of the GIUN1A/GIuUN2B 20
GluN2B subunit where all three cysteines R%';g‘)gl GluNzB = 104
(C849, C854, and C871) were mutated to w g 0
nonpalmitoylable alanine GluN2B(AAA). C1482 P R oV
Unlike GluN1/GluN2B(WT) receptors, GIUN1/GIUN2BA \\,& 0@ 54
where the Ca®" challenge increases ste- GluN1J I GIluN2B $ > ,\\O\

Sl s . R847X ’\ S
roid inhibition, control responses evoked c938 NS

]_1 nA o o

in cells expressing the nonpalmitoylable
mutant were already profoundly inhibited
by PAhPim (30 um) and the Ca*™ challenge
increased the degree of inhibition only
slightly (Fig. 5B,C). To test the importance
of each of the three relevant cysteine resi-
dues, we produced a set of three mutants
where the individual cysteines were mutated
to alanine: C849A (GIuN2B(ACC)), C854A
(GIuN2B(CAC)), and C871A (GluN2B
(CCA)). PAhPim inhibited the control
responses of GluN1/GluN2B(ACC) and

Figure 3.

Increased NMDAR sensitivity to PAhPim is dependent on the CTD of the GIuN2B subunit. A, Examples of traces
obtained from HEK cells expressing GluN1/GIuN2B(WT), GIuN1(R839X)/GIuN2B(R847X), GIuN1(R839X)/GIuN2B, and GIuN1/
GluN2B(R847X) receptors. PAhPim (30 um) was applied in the presence of glutamate (1 ). Open and filled bars represent
the time of PAhPim and glutamate application, respectively. Right, Control (black) and test (red) responses are displayed
overlaid and normalized with respect to the current amplitude before the steroid application to show the difference in the
steroid inhibitory effect. Left, Diagrams represent the membrane topology and the truncation of the receptor. B, Bar graph
represents the relative degree of PAhPim (30 ) inhibition of the control and the test responses evoked by 1 um glutamate
in WT (black and red horizontal lines, respectively, == SEM in gray) or in truncated GluN1/GIuN2B receptors. Data are mean
PAhPim-induced inhibition in % = SEM. *Statistically significant difference between control versus test responses.
§Statistically significant difference between the control response recorded from receptors lacking GIuNT and/or GIuN2B CTD
versus WT (for details and p values, see Extended Data Table 3-1).


https://doi.org/10.1523/JNEUROSCI.2654-20.2021.tab3-1

Hubalkova etal. e Palmitoylation of NMDA Receptors

J. Neurosci., March 10, 2021 - 41(10):2119-2134 - 2125

GIuN1/GIUN2B(E878X) GIuN1/GIuN2B(S870X) disrupted following an increase in [Ca®"];
Control Test Control Test by a mechanism that does not involve
PARPIm PARPIm o~ depalmitoylation. To distinguish between

-
-
03nA
10s
B 1007 O Control
Bl Test 5
90 §
* X §
804 M . 1 ox & :
— ]
= 701
s
= 601
Ke]
% 50" §
£ 40
304
20
10
0-
NG Sy
$FFEE S E F &

Figure 4. A region in the GIuN2B CTD adjacent to the M4 helix is critical for controlling NMDAR steroid sensitivity. A,
Examples of traces obtained from HEK cells expressing GIuN1/GluN2B(E878X) and GluN1/GIuN2B(S870X) receptors. PAhPim
(30 um) was applied in the presence of glutamate (1 wm). Open and filled bars represent the duration of steroid and gluta-
mate application, respectively. Right, Control (black) and test (red) responses are displayed overlaid and normalized with
respect to the current amplitude before the steroid application to show the difference in the steroid inhibitory effect. B, Bar
graph represents the relative degree of PAhPim (30 ruv) inhibition of control and test responses to 1 um glutamate induced
in WT (black and red horizontal lines, respectively, == SEM in gray), or truncated GIuN1/GIuN2B receptors. Data are mean
PAhPim-induced inhibition in % = SEM. *Statistically significant difference between control versus test responses.
§Statistically significant difference between control responses recorded from truncated GluN1/GIuN2B receptors versus WT

(for details and p values, see Extended Data Table 4-1).

GluN1/GluN2B(CCA) receptors to the same extent as test
responses of WT receptors. The control responses of GluN1/
GluN2B(CAC) receptors were inhibited by the steroid to a
degree that was intermediate between that observed for con-
trol responses of the GluN1/GluN2B(WT) and the GIluN1/
GIluN2B(AAA) receptors (Fig. 5C). In addition, we have per-
formed experiments in which PAhPim sensitivity was deter-
mined in receptors containing a partially truncated GluN2B
CTD and the cysteines C849, C854, and C871 mutated to ala-
nine (GluN1/GluN2B(AAA, E878X)). Steroid sensitivity of
these receptors was similar to that observed for receptors
containing a full-length GluN2B CTD with the three cys-
teines mutated to alanines (GluN1/GluN2B(AAA)). These
data indicate that the mechanism involved in the increased
NMDAR sensitivity to inhibitory steroids following the Ca**
challenge depends on the palmitoylation of the cysteine resi-
dues located in the juxtamembrane region and, further, that
the disruption of just one palmitoylation site (any of C849,
C854, or C871) increases NMDAR steroid sensitivity.

We hypothesized that the increased NMDAR sensitivity to
inhibitory steroids may occur as a consequence of receptor
depalmitoylation triggered by [Ca**]; and/or that palmitoyl-
ation-dependent CTD interaction with the plasma membrane is

A&

these possibilities, we used tunicamycin, a

= nucleoside antibiotic that, because of its
structural similarity with palmitoyl CoA, can
inhibit protein palmitoylation within hours
(Patterson and Skene, 1995). HEK cells
expressing GluN1/GluN2B(WT) receptors
were treated for 1-2 h before electrophysio-
logical experiments with 1.2 um tunicamy-
cin. The inhibition of control responses
by PAhPim in tunicamycin-treated
HEK cells (48.3 = 5.9%; n=10) was sig-
nificantly greater than in tunicamycin-
untreated cells 21.1 = 1.9%; n = 60) (Fig.
5D); thus, we conclude that palmitoyl-
ation influences the NMDAR sensitivity
to inhibitory neurosteroids.

[0.1 nA

10s

Effects of palmitoylation on the
functional properties of the NMDAR
channel

To investigate the effects of palmitoylation
on the gating properties, we performed
long-duration cell-attached recording from
HEK cells expressing GluN1/GluN2B(WT)
or GluN1/GluN2B(AAA) receptors. For
each receptor type, we obtained steady-state
single-channel current recordings contain-
ing only one active channel. Inward cur-
rents were obtained in the presence of
saturating concentrations of glutamate
(1 mm) and glycine (0.1 mwm), at a physio-
logical proton concentration, pH 7.3, and
in the absence of divalent cations (1 mm
EDTA). Both receptor genotypes produced
unitary currents of uniform amplitudes,
with no obvious sublevel conductances
(Fig. 6A). Accumulated single-channel data
were used to estimate channel P,, mean
open time, and mean closed time, as global characteristics of the
gating kinetics (Table 1). The most striking change was observed
for the P, that was diminished by ~50% in GluN1/GluN2B
(AAA) receptors. We also noticed a trend toward longer closures
in mutated receptors; however, the difference in the mean closed
time did not achieve statistical significance.

To investigate in further detail how the mutation of palmi-
toylable cysteines (C849, C854, C871) to alanines influences the
NMDAR gating kinetics, we examined the distributions of event
durations observed for mutated and WT receptors (Fig. 6B-G).
Previous work established that NMDARs have complex open
and closed event duration distributions (Gibb and Colquhoun,
1991). Openings of GluN1/GluN2B(WT) and GluN1/GluN2B
(AAA) receptor channels distribute to four components (Tq,
Tosow Tozmediums Toznigh).- These reflect the two obligatory
components present in each mode (To; and Top,), with addi-
tional multiplicity resulting from the distinct durations of To, in
each mode (TOZI()wx Tozmedium» and TOZhigh) (Banke and
Traynelis, 2003; Popescu and Auerbach, 2003; Popescu et al.,
2004; Amico-Ruvio and Popescu, 2010) (Fig. 6B,C,F). The time
constant of the Tope, component (7o) Was significantly
shortened (by 65%) in the activity recorded from GluN1/
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GluN2B(AAA) receptors. Other time
constants of open time distribution com-
ponents (TOI» TO2medium> and TOZhigh)
and the relative areas of the individual
components (Ao, — Aoznigh) in GluN1/
GIuN2B(AAA) receptors had WT-like
values (Fig. 6C; Table 2).

The closings of GluN1/GIuN2B(WT)
and GluN1/GluN2B(AAA) receptor chan-
nels distribute to five components: three
shorter components (T¢;-Tc3) that repre-
sent mostly closings within bursts, and
two longer components (Tc, and Tcs)
that represent mostly long-term closings
between bursts (desensitized states) (Fig.
6D-F). The time constants of the T, and
T3 components (7, and 7¢3), that repre-
sent the majority of closings within bursts,
were significantly prolonged (5-fold and
3-fold, respectively) in the activity re-
corded from GluN1/GIuN2B(AAA) recep-
tors. The time constants belonging to the
Tc1, Ty, and Tes components (7¢y, Tca
and 7¢s), and the relative areas of the indi-
vidual components Ac;-Acs in GluN1/
GluN2B(AAA) receptors had WT-like val-
ues (Fig. 6E; Table 3).

Next, we fit the entire sequence of
events observed in each record with a lin-
ear model comprised of five closed (C1-
C5) and four open (O1-O4) states. The
kinetic modeling indicated that, com-
pared with GluN1/GluN2B(WT) recep-
tors, gating changes were observed for
GluN1/GluN2B(AAA) receptors (Fig.
6F). The most pronounced rate changes
concerned decelerated rate constants
among individual liganded states with the
channel closed (C3-Cl1), particularly the
rates C3—C2 (2.9-fold decrease) and
C3«C2 (4.7-fold decrease); in addition,
the resensitization rate constant (C5—
C3) was also slowed (2.2-fold). In con-
trast, rate constants leading from the open
state (O2) were accelerated, particularly
the rates 02— 03 (3.5-fold) and Ol« O2
(1.7-fold). These results show that muta-
tions that abolish palmitoylation at sites
located at the GluN2B CTD in the prox-
imity of the TMD have complex conse-
quences for the NMDAR channel gating
properties, generally favoring reduced
channel activity.

Since neurosteroids are use-depend-
ent NMDAR inhibitors (Petrovic et al.,
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Figure 5.  Receptors with the GIUN2B subunit mutated at palmitoylation sites have increased steroid sensitivity. 4, Amino

acid sequence of a portion of the M4 helix and the membrane-proximal region of the GIuN2B subunit CTD. Yellow represents
the membrane region. Gray represents the sites at which the CTD was truncated (labeled below). Red represents palmitoylated
cysteines. B, Example of a control and a test response from GIuN1/GIuN2B(AAA) receptors. PAhPim (30 xum) was applied in the
presence of glutamate (1 wm). Open and filled bars represent the duration of steroid and glutamate application, respectively.
Right, Control (black) and test (red) responses are displayed overlaid and normalized with respect to the current amplitude
before the steroid application to show the difference in the steroid inhibitory effect. C, Bar graph represents the relative degree
of PAhPim (30 zum) inhibition of control and test responses to 1 um glutamate induced in WT (black and red horizontal lines,
respectively, = SEM in gray), or mutated GIuN1/GIuN2B receptors. Substitutions of cysteine with alanine are marked in paren-
theses and correspond to substitutions of C849A, (854A, and/or (871A, respectively. Cysteine substitutions were created also in
the truncated GluN2B(E878X) subunit; data for GluN1/GIuN2B(AAA, E878X) receptors are shown; additional mutations are listed
in Extended Data Table 5-1. D, Bar graph represents the relative degree of PAhPim (30 wum) inhibition of control and test
responses to 1 um glutamate in tunicamycin-treated HEK cells. Data are mean steroid inhibition in % == SEM. Horizontal lines
indicate the mean PAhPim inhibition of control (black line = SEM in gray) and test (red line = SEM in gray) responses in tuni-
camycin-untreated cells (same data as shown in (). *Statistically significant difference between control versus test responses.
§Statistically significant difference between control responses recorded from mutated GIuN1/GIuN2B receptors versus WT (for
details and p values, see Extended Data Table 5-1).

resulting in ~50% GluN1/GluN2B receptor activation compared

2005; Vyklicky et al., 2015), the change in the PAhPim inhibitory
effect following the Ca*" challenge may be indirect, resulting
from the altered receptor channel P, because of depalmitoylation
(Table 1) and/or inactivation of the NMDAR (Legendre et al.,
1993). To exclude the possibility that the change in the P, alone
underlies the increased NMDAR steroid sensitivity following the
Ca*™" challenge we: (1) assessed the effect of PAhPim on control
and test responses evoked by 0.55 um glutamate, a concentration

with 1 um glutamate; and (2) examined receptors mutated in the
linker region (GluN1(I664G)/GluN2B) that have the P, dimin-
ished to 3.5+ 0.6% (n=4), and receptors mutated in the TMD
(GluN1/GluN2B(V821A)) that have the P, reduced to 6.5+
0.3% (n=4), compared with GluN1/GluN2B(WT) receptors that
have the P, = 9.7 = 2.8% (n =24) (Hrcka Krausova et al., 2020).
Figure 7 shows that neither the reduced glutamate concentration
nor the mutations reducing the P, affected the PAhPim


https://doi.org/10.1523/JNEUROSCI.2654-20.2021.tab5-1
https://doi.org/10.1523/JNEUROSCI.2654-20.2021.tab5-1

Hubalkova et al.  Palmitoylation of NMDA Receptors J. Neurosci., March 10, 2021 - 41(10):2119-2134 . 2127

A GIuN1/GIuN2B GIUN1/GIUN2B(AAA)
NIRRT AR T TR T W T |
15 pA [5pA
1s 1s
100 ms 100 ms
TV TR T E I T TT W0+ 5 oA T T T o+ 5 pA
AT T VAU T T YT TWIETY TN LLALL
T RTHLATIATAI WK WY T YT T T LU | T T i
WU LA T T T U Vol T T I I 11144 A A R V0
T W T AT T VAT T T T
g W ATy T7 ¥ | L T T
TTII T TITITTY TV T T TN
IMPTTATTIIT VYT U ITTTTRNPUT T W™ TN T T AT T T R
i T T T T T T TIT T T "
A 1 40000 0 0 T
B GIuN1/GIuN2B GIuN1/GIuN2B(AAA) c
03 0.3 4 O /GluN2B
. Tms (A %) T ms (A %) o B /GIuN2B(AAA)
= 0.077 (9) 0.071 (17) gL
go2 0.64 (4) 0.2 0.46 (13) © 510
- - ©
= 4.6 (65 41 (58) g2
2 0.1 T505 5
o 5 £
p=4
0.0 0.0
Fo) ,]}o\“ @ebqﬁ\\é‘
Q ,\Oq’ O
D GIuN1/GIuN2B N E O /GIUNZB
Tms (A %) 8 m /GIuN2B(AAA)
02 0.088(10) (. o
s 1.3 (26) 2@ 7
T 17 (60) SE
S 346 (3) 2%
= 0.1 1701 (1) 0.1 3§
©
= E o
8 5E
S
0 .......... 0 8
-1 0 1 3 4 4 0 1 2 3 4
Closed time (log10 ms)
F  GluN1/GIuN2B G
200 340 6800 6100 460 39 0.05 Po
C3~—~C2~—=C1~—=01~—~02 ~—= 03 ~—=04 :
230 7~ 5300 14000 560 900 133 01s
o.7y1(.4 1%.8 '
c5 c4
GIuN1/GIuN2B(AAA) GIuN1/GIluN2B
70 160 5400 5700 1600 26 GIuN1/GIuN2B(AAA)

C3~—=C2~—=>C1~——=01~—>02 ~—~03 ~—=04
49 4600 17000 960 950 17

0.31/0.58 15/ 16
C5 C4

Figure 6.  Effects of NMDAR palmitoylation on gating. A, Representative steady-state recordings of continuous single-channel activity in HEK cell-attached patches expressing GluN1/GIuN2B
(WT) or GIluN1/GIuN2B(AAA) receptors. Unitary currents (downward deflections) were activated by 1 mm glutamate and 100 wm glycine at a pipette potential of 100 mV (estimated holding
potential —130 mV). Data are shown on two different time scales. Open (B,€) and closed (D,E) duration distributions of single GIuN1/GIuN2B(WT) and GluN1/GIuN2B(AAA) receptor channels.
Overlaid are probability density functions (thick lines) and individual kinetic components (thin lines). Insets, Calculated time constants (7 (ms)) and areas (A (%)) for each component in a corre-
sponding color code. Summary bar graph represents the relative changes in the duration of open (€) and closed (E) time constants (for the absolute values of the open and closed time con-
stants, see Tables 2 and 3, respectively). *Statistically significant difference between GIuN1/GIuN2B(AAA) versus WT (p << 0.05; unpaired ¢ test). F, Kinetic models optimized by fits to the
entire sequence of closed and open intervals in each record; for each transition, rate constants (in s~") are given as means: GluN1/GluN2B(WT), n = 10; GluN1/GIuN2B(AAA), n = 9. Blue repre-
sents rate constants showing a significant increase relative to GluN1/GIuN2B(WT). Red represents rate constants showing a significant decrease relative to GluN1/GIuN2B(WT). p << 0.05 (paired
t test). Al states (C, 0) represent fully glutamate- and glycine-liganded receptors. G, Macroscopic responses to 10 ms applications of 1 mum glutamate were simulated with the model in F (top,

absolute scale; bottom, normalized to the peak amplitude). Rate constants for glutamate binding/unbinding (additional two states before (3) were k, = 6 ™ "s™" and k, = 155" (Amico-
Ruvio and Popescu, 2010).

Table 1. Effects of alanine substitution of palmitoylatable cysteines (C849, (854, (871) of the GluN2B subunit on global kinetic properties of individual receptors®

Py Mean open time (ms) Mean closed time (ms) Amplitude (pA) Total events n
GIuN1/GIuN2B(WT) 0.10 £ 0.02 45+04 8329 8705 2 x10° 10
GluN1/GIuN2B(AAA) 0.045 = 0.011* 4.5+ 0.5%* 159 = 39t 7.5 = 0.4tt 9 x 10* 9

“Data are mean *+ SEM; n is the number of patches recorded from.
Significant difference versus the WT receptor (unpaired t test): *p = 0.032; **p = 1.000; tp =0.131; +1p = 0.082.
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Table 2. Effects of alanine substitution of palmitoylatable cysteines ((849, (854, (871) of the GIuN2B subunit on open-time intervals®

Tor (M) (Agr) (%) Toztow (MS) (Agaiow) (%) Toamed (MS) Agameq (%) 702 high (MS) Aoz hign (%) n
GIuN1/GIuN2B (WT) 0.070 = 0.005 1.137 £ 0.325 4.585 +0.430 12.756 * 2.378 10
(126 = 1.2) (1.0 +3.7) (56.4 + 6.8) (20.1 = 7.6)
GIuN1/GIuN2B(AAA) 0.061 = 0.003: 0.398 = 0.0565% 4.530 = 0.500t 12.654 = 1.759tt 9
(13.0 = 1.1)f (125 £ 0.7)4 (57.1 £5.2)8 (17.5 = 5.2)88

“Data are mean =+ SEM; n is the number of patches recorded from.

Significant difference versus the WT receptor (unpaired t test): #p = 0.152; #:p = 0.049; tp = 0.934; t1p = 0.973; $p = 0.810; +p = 0.710; §p = 0.937; §8p = 0.786.

Table 3. Effects of alanine substitution of palmitoylatable cysteines ((849, (854, (871) of the GIuN2B subunit on dosed time intervals®

Tar (ms) (Acy) (%) T¢ (ms) A, (%) 7¢ (ms) Acs (%) Tea (MS) Acy (%) 7¢s (ms) Acs (%) n
GIuN1/GIuN2B (WT) 0.143 £ 0.026 3.22+0.78 265+ 42 364 + 92 3537 = 1321 10
(119 =1.4) (17.5 = 4.1) (571 = 5.7) (12.0 = 3.5) (1.5 +0.6)
GIuN1/GIuN2B(AAA) 0.176 £ 0.027x* 16.44 = 447 87.4 £ 21.7 614 + 10311 5991 = 1519ttt 9
(121 £ 1.4)% (34.8 = 7.8)4 (38.7 £ 6.7)8 (13.4 £ 3.1)88 (1.0 =0.2)]|

“Data are mean *+ SEM; n is the number of patches recorded from.

Significant difference versus the WT receptor (unpaired t test): #p =0.391; ##p = 0.007; tp = 0.010; t1p = 0.087; t1tp=0.237; 4p = 0.921; +4p = 0.059; §p = 0.051; §8p = 0.770; ||p = 0.460.

inhibition of control and test responses compared with GluN1/
GluN2B(WT) receptors activated by 1 um glutamate. These data
suggest that the underlying reason for the observed increase in
the PAhPim inhibitory effect following the Ca®" challenge are
palmitoylation/depalmitoylation-dependent structural changes
in the receptor.

Effect of palmitoylation on CTD interaction with the
membrane

Our experimental results indicate that palmitoylation of three
cysteines (C849, C854, and C871) in the intracellular CTD of the
receptor affects NMDAR affinity for PAhPim, binding at a site
located at the extracellular channel vestibule (Vyklicky et al,
2015). We hypothesized that palmitoylation could: (1) induce
structural changes of the otherwise intrinsically disordered juxta-
membrane region of the GluN2B CTD; (2) influence the interac-
tion of the juxtamembrane region of the GluN2B CTD with the
membrane; and (3) related to both points above, induce changes
in the M4 helix structure or dynamics affecting the role of the
M4 helix within the TMD. To elucidate the structural conse-
quences of GluN2B CTD palmitoylation, we used all-atom MD
simulations of a model system of the M4-E878X segment of the
GluN2B subunit, containing the M4 helix extended by the juxta-
membrane region of the GluN2B CTD immersed in a model
membrane. Our MD results indicated that palmitoylated as well
as nonpalmitoylated M4-E878X CTD segments were spending
most of the simulation time in contact with the membrane sur-
face and adopting a relatively extended conformation. In simula-
tions starting with the palmitoyl moieties pointing into the
solution, we observed a fast reorientation of the aliphatic tails
and their incorporation into the membrane, reaching the final
orientation aligned with the phospholipid hydrophobic tails
within <100 ns (Fig. 8A). This orientation was then stable during
the rest of the simulation, and no dissociation was observed at
the simulation time scale. The positions of the terminal palmitoyl
aliphatic carbons and Ca atoms of the cysteine residues with or
without palmitoylation are shown relative to the membrane
thickness in Figure 8B-D. The flipping of the palmitoylated cys-
teine residues when entering the membrane was compensated by
the flexibility of neighboring residues and did not induce any sig-
nificant structural changes of the M4 helix. The nonpalmitoy-
lated M4-E878X CTD segment showed higher mobility and
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Figure 7.  Analysis of the effect of low P, on the GIuNT/GIUN2B receptor sensitivity to
PAhPim. A, Examples of currents from GIuN1/GluN2B(WT) receptors. PAhPim (30 wum) was
applied in the presence of glutamate (0.55 wu). Open and filled bars represent the duration
of steroid and glutamate application, respectively. Right, Control (black) and test (red)
responses are displayed overlaid and normalized with respect to the current amplitude before
the steroid application to show the difference in the steroid inhibitory effect. B, Bar graph
represents the inhibitory effect of PAhPim (30 wm) on control and test responses induced by
0.55 um glutamate in GIuN1/GIuN2B(WT) receptors and in mutated receptors (GluN1/GIuN2B
(V821A); GluN1/GIuN2B(1664G)) activated by 1 um glutamate. Data are mean PAhPim-
induced inhibition in % == SEM. Horizontal lines indicate the degree of PAhPim-induced inhi-
bition of control (black) and test (red) responses induced in GIuN1/GIuN2B(WT) receptors by
1 um glutamate. Gray areas represent the SEM. =Statistically significant difference between
control versus test responses (paired t test) (for details and p values, see Extended Data
Table 7-1).
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In silico analysis of the structural consequences of CTD palmitoylation. A, Typical orientation of palmitoylated cysteine residues ((849 in blue, (854 in green, (871 in red) before

(top) and after (bottom) the MD simulation of the palmitoylated M4-E878X CTD segment (orange diagram) in the model membrane shown as lines (carbon in gray, oxygen in red, and nitrogen
in blue). The positions of the terminal palmitoyl aliphatic (Pa) carbons (B) and Cc atoms of cysteine residues with (C) or without (D) palmitoylation are shown relative to the membrane thick-
ness. The y coordinates 0.00 and 1.00 represent the relative average position of phosphates of the lower and the upper membrane leaflet, respectively. Value of 0.50 indicates the lipophilic cen-
ter of the membrane, and values outside of the 0-1 interval indicate the solvent phase. E, F, The projection of the palmitoylated (E) or the nonpalmitoylated (F) M4-E878X CTD segment
cysteine residue Cev positions to the membrane plane during the MD simulation. Color shades represent the percentage of simulation time spent in the given locations.

larger lateral displacements projected to the plane of the mem-
brane compared with the much less mobile palmitoylated M4-
E878X CTD segment (Fig. 8E,F).

NMDAR sensitivity to steroids in stressed cells

To examine possible physiological consequences of the Ca®*-
induced increase in NMDAR sensitivity to inhibitory steroids, we
examined the effects of PAhPim on NMDAR-mediated excitotoxic-
ity in primary hippocampal cultures (Fig. 9). Applying NMDA
directly to the media leads to neuronal cell death that is mediated
primarily by Ca®*-dependent mechanisms (Choi et al., 1988). We
hypothesized that, if NMDARSs undergo a change in the steroid sen-
sitivity during the excitotoxic challenge, similar to what we see in
whole-cell recording following the Ca** challenge, then PAhPim
will have a neuroprotective effect, particularly under more severe
conditions.

As expected, NMDA, in a dose-dependent manner, increased
the number of cells stained by PI, a marker of cell death. Bath appli-
cation of 3 um NMDA did not increase the percentage of PI-posi-
tive neurons over control; but following the application of 10 or 30

uM NMDA, the percentage of PI-positive neurons was significantly
increased. PAhPim (30 uMm) had no effect on cell death in the ab-
sence of NMDA or in the presence of lower NMDA concentrations
of 3 or 10 um (Extended Data Table 9-1). However, when coapplied
with 30 um NMDA, PAhPim significantly reduced the percentage
of Pl-positive neurons (Fig. 9). While our experiments do not
address the question of whether endogenous neurosteroids are
indeed present before and/or during the excitotoxic insult, our
result with exogenously applied synthetic steroid is consistent with
our electrophysiological observations that large Ca*™ influx through
NMDAR channels increases the receptor sensitivity to inhibitory
steroids. Interestingly, this Ca®* -dependent feedback mechanism of
NMDAR subunit palmitoylation/depalmitoylation could act “on
demand” to increase the inhibitory effect of neurosteroid-based
NMDAR modulators to render them neuroprotective against
NMDAR-mediated cell injury and excitotoxicity when needed,
without unwanted side effects under physiological conditions.

Discussion
The results reported here show that the NMDAR sensitivity to
inhibitory neurosteroids is controlled by palmitoylation at
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PAhPim is neuroprotective against NMDA-induced excitotoxicity. A, Representative images of Pl-stained cultures treated with control media, 30 m PAhPim, 30 um NMDA, or 30
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tures treated with NMDA + PAhPim. §Statistically significant difference between the percentage of dead neurons assessed in control media-treated cultures versus cultures treated with

different concentrations of NMDA (for details and p values, see Extended Data Table 9-1).
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Figure 10.  Amino acid sequence alignment of the M4 domain and the proximal region of the CTD across rat glutamate receptor subunits. Shown are the NMDA subtype rat GIuN subunits,
AMPA subtype rat GluA subunits, and kainate subtype rat GIuK subunits. The numbering is for the mature protein. The CTDs of all subunits are truncated. The portion of the M4 helix facing

intracellularly (yellow) and cysteines (red) are shown.

cysteine residues located in the CTD of the GIuN2B subunit.
Depalmitoylation is triggered by a rise in [Ca®*];; and in addition
to steroid sensitivity, it has consequences for the NMDAR chan-
nel P,.

Systematic CTD truncation and single-amino acid substitu-
tion experiments have led to the identification of three cysteine
residues located in the juxtamembrane region of the GluN2B
CTD that are critically involved in the control of the NMDAR
function and sensitivity to inhibitory steroids. These cysteines
were previously found to be palmitoylated (Hayashi et al., 2009).
Palmitoylation is a reversible post-translational modification that
results in the addition of a 16-carbon saturated fatty acyl chain to
cytoplasmic cysteine residues (Conibear and Davis, 2010). At the
cellular level, this protein modification promotes protein folding,
targeting, membrane tethering, trafficking, localization into spe-
cific membrane domains, and proper orientation within the
membrane (Charollais and Van Der Goot, 2009). Protein palmi-
toylation has been described for many cytosolic and membrane-
bound proteins, including ligand-gated ion channels: AMPARs
(Hayashi et al.,, 2005), kainate receptors (Pickering et al., 1995),
NMDARs (Hayashi, 2020), GABA 4 receptors (Rathenberg et al.,
2004), and P2X7 receptors (Gonnord et al., 2009).

Studies conducted on NMDARs suggest that the GluN1 subu-
nit does not undergo palmitoylation, while the GluN2A and
GluN2B subunits have two separate clusters of CTD cysteine res-
idues that can be palmitoylated. The first cluster in the proximity
of the M4 segment increases nearby tyrosine phosphorylation by
Src family kinases, regulating surface expression and receptor
internalization, and the second cluster is associated with the
accumulation of NMDARSs in the Golgi apparatus and decreased

surface expression (Hayashi et al., 2009; Hayashi, 2020).
Similarly, AMPAR GluAl subunit has two known palmitoylation
sites, one in the M2 membrane domain that, when palmitoylated,
increases receptor surface expression, and the second one in the
CTD that, when palmitoylated, reduces receptor surface expres-
sion and PKC-mediated phosphorylation (Lin et al, 2009;
Hayashi, 2020). The homomeric GluK2 kainate receptor under-
goes palmitoylation at its CTD cysteine residues C827 and C840,
and this modulates PKC-mediated phosphorylation of the recep-
tor without affecting basal receptor function (Pickering et al.,
1995). Sequence alignment of the ionotropic glutamate receptor
family shows that GluN2A-D, GluAl, GluK1, and GluK2 subu-
nits contain palmitoylable cysteines (http://csspalm.biocuckoo.
org/), indicating that receptors containing these subunits may
undergo similar structural rearrangements when depalmitoy-
lated as we show for GluN1/GluN2B receptors. In contrast,
GluN1, GIluN3A, GluA2, and GluA3 subunits do not contain
cysteine residues in the juxtamembrane region (Fig. 10).

Our MD simulation (Fig. 8) shows rapid palmitoyl interac-
tion with the cytoplasmic membrane resulting in only subtle
effects on the CTD structure and/or its interaction with the adja-
cent receptor domains. To elucidate the molecular mechanism
whereby the palmitoyl-mediated anchoring of the CTD could
promote changes in the pharmacology and gating of the receptor
(Figs. 1, 6), we took advantage of our recently described model of
the NMDAR transition from the ion channel open state to the
relaxed unliganded state where the channel is closed. This transi-
tion is accompanied by large rearrangements, of which the most
prominent is the LBD and the TMD counterrotation around the
longitudinal axis of the receptor (Cerny et al., 2019). Since the


http://csspalm.biocuckoo.org/
http://csspalm.biocuckoo.org/
https://doi.org/10.1523/JNEUROSCI.2654-20.2021.tab9-1

Hubalkova et al.  Palmitoylation of NMDA Receptors J. Neurosci., March 10, 2021 - 41(10):2119-2134 - 2131

A ATD-LBD overlay Closed GIluN1 Open
GIluN2B
M4 M4
H840
Closed
i, H840
b
M4

H840 g
e o
i M4 Closed
H840 M4
B M4 overlay Closed Open
M4
é°H842651 ~ M3
ﬂ oo % Closed
H840 M3 M4 AB51
M4
H840 ‘
E o5
O M3 H840
M4

M4

10 A

M4

Figure 11.  Structural features of NMDAR channel opening. Models of the GluN1/GluN2B receptor TMD (GIuN1 in gray, GluN2B in orange) with extracellular segments of the M3 helices repre-
sented by the Ca atoms of GIuN2B A651, indicated by red spheres, and the intracellular portion of the M4 helices represented by the Ca atoms of GIuN2B H840, indicated by green spheres
(see A, inset). A, Structural snapshots of the GluN1/GIuN2B TMD in gray/orange stick backbone representation (viewed from the extracellular side) with the NMDAR in the nonactivated state
with the channel closed (Closed, left) and activated with the channel open (Open, right). The snapshots were selected from an aggregate of nearly 1 pis of unbiased all-atom implicit membrane
and solvent MD simulations of the structural transition from the closed to the open state of the NMDAR (for details, see Cerny et al., 2019). Both structures were aligned with respect to the
ATD and the LBD and are shown separately for display purposes. Right, Empty green circles represent the position of the GIuN2B H840 residue ensemble in the corresponding closed state.
Dashed line with arrowhead indicates the movement of the M4 helices during the opening transition. B, Structural snapshots of the TMD (viewed from the extracellular side) with the NMDAR
in the nonactivated state with the channel closed (Closed, left) and activated with the channel open (Open, right). Both structures were aligned with respect to the GIuN2B M4 helices and are
shown separately for display purposes. Right, Empty red circles represent the position of the GIUN2B A651 residue ensemble in the corresponding closed state. Dashed line with arrowhead indi-
cates the movement of the M3 helices during the opening transition.

simulations were performed with the receptor without the full
CTD and using an implicit membrane description, it is difficult
to determine the extent of the actual relative rotation of the
TMD with respect to the LBD or vice versa.

Figure 11 illustrates two extreme cases. The first case assumes
that the ATD and the LBD domains are fixed and only the TMD
is allowed to rotate. To understand the motivation for this sce-
nario, it is worth noting that the TMD molecular mass is more
than sixfold lower than that of the extracellular domains (the

difference is even larger when accounting for glycosylation). It is
quite likely that, in contrast to the compact structures of the
ATD, LBD, and TMD, the mostly intrinsically disordered
GluN2B subunit CTD (Ryan et al., 2008) will have a much lower
stabilizing effect despite its large mass. When comparing the
masses of the extracellular domains with the CTD, the extracellu-
lar part is still >1.4-fold heavier. To visualize the movements of
the TMD during its transition from the closed state to the open
state, we took the MD snapshots belonging to previously
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assigned Markov states (Cerny et al., 2019) and we aligned them
with respect to the extracellular part of the receptor. This align-
ment highlights two structural consequences in the TMD: The
intracellular segments of the GluN2B M4 helices, represented by
GluN2B(H840), move around the z axis in an interval of 0°-74°,
corresponding to a displacement of 0°-38 A. In contrast, the
extracellular segments of the M3 (the site of the channel gate),
represented by GluN2B(A651), occupy the same space for both
the open and the closed state (Fig. 11A). This indicates that the
ion channel gate opens rather reluctantly when the CTD is not
anchored to the membrane.

The second case assumes that the M4 will be fixed and the
LBD with the ATD will rotate. This mimics palmitoylated recep-
tor, where the palmitoyls anchor the M4 helices to the mem-
brane. To visualize the movements of the TMD during the
closed-to-open transition, the MD simulation snapshots were
aligned with respect to the intracellular segments of the GluN2B
M4 helices. The position of several M3 and M4 amino acids is
shown in Figure 11B. This analysis reveals a quarter-of-the-turn
rotation of the extracellular segments of the M3 helices of the
GluN1 and GIluN2B subunits (Fig. 11B), representing an iris-like
motion of the M3 helices occurring during the channel transition
from the closed to the open state (Kazi et al,, 2014; Cerny et al,,
2019). This model stresses the importance of relatively fixed M4
helices for the operation of the NMDAR as a molecular machine.
Palmitoylation-mediated anchoring of the juxtamembrane por-
tion of the CTD may thus provide an important additional TMD
stabilizing factor. Further, the MD simulation is consistent with
the idea that the loss of the CTD anchoring may change the
structure or accessibility of the extracellular channel vestibule
(extracellular M3 segments) recognized as the inhibitory steroid
site of action (Vyklicky et al., 2015).

The results of the single-channel analysis support the role of
the CTD anchoring in the gating mechanisms of GluN1/GluN2B
(WT) and GluN1/GluN2B(AAA) receptors (Fig. 6). Changes in
both the open and the closed time distributions indicate that
depalmitoylated receptors have a lower P,, and kinetic models
derived from this allowed us to predict macroscopic responses to
brief pulses of glutamate that reproduce responses of synaptic
receptors. The results showed that GluN1/GluN2B(AAA) recep-
tors produced currents with the peak amplitude diminished by
59% and the weighted deactivation slowed by 54% (Fig. 6G). The
role of palmitoylation in NMDAR gating described here may
provide an alternative explanation of the functional changes
observed in NMDARs with CTD truncations (Maki et al., 2012;
Punnakkal et al., 2012; Tacobucci and Popescu, 2020).

Although there are numerous studies concerning the role of
palmitoylation in the control of channel cell-surface expression
and spatial organization (Shipston, 2011; Lussier et al., 2015), rel-
atively few studies have described effects of palmitoylation on
intrinsic activity and/or gating kinetics of ion channels.
Palmitoylation of the voltage-sensitive potassium channel Kv-1.1
increases the intrinsic voltage sensitivity of the channel
(Gubitosi-Klug et al., 2005), whereas the palmitoylated regula-
tory 2a subunit of the N-type calcium channel controls volt-
age-dependent inactivation (N. Qin et al., 1998). Recently, it has
been shown that NMDAR potentiation by docosahexaenoic acid
was reduced in GluN1/GluN2A receptors with alanine substitu-
tions of cysteines (C848, C853, C870) in the GluN2A subunit,
alone or in combination with phenylalanine substitution of tyro-
sine (Y842), indicating that cysteine modification could be a con-
tributing factor in the control of the potentiating effect of
docosahexaenoic acid at the NMDAR (Wilding et al., 2016).

Hubalkova etal. e Palmitoylation of NMDA Receptors

The increase in the [Ca**]; following NMDAR activation is
necessary for normal synaptic transmission and triggers cellular
processes associated with LTP and LTD. However, pathologic
overactivation of NMDARs and the resulting prolonged [Ca*™);
elevation is harmful for neurons. Therefore, [Ca®"]; is tightly
regulated by cellular buffers and pumps and also by direct Ca>*-
mediated negative feedback that controls NMDAR activity
(Mayer and Westbrook, 1985; Zorumski et al., 1989; Legendre et
al., 1993; Vyklicky, 1993; Medina et al., 1995; Iacobucci and
Popescu, 2020). Our results suggest that the GluN2B subunit
CTD depalmitoylation may provide an additional mechanism
for the control of Ca®" entry at synaptic and extrasynaptic sites.

In conclusion, based on the results reported here, we propose
a mechanism whereby palmitoylation of the GluN2B subunit
regulates the NMDAR sensitivity to inhibitory neurosteroids and
influences receptor gating. In addition, we explore molecular
mechanisms of palmitoylation-dependent structural changes at
the GluN2B subunit CTD and TMD. Deeper understanding of
this novel regulation of neurosteroid inhibition could be used for
the development of new therapeutic strategies in the treatment
of neurologic and psychiatric disorders associated with patho-
logic NMDAR function.
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