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ACTN1 (Krupp et al. 1999; Rycroft and Gibb 2004; Shaw 
and Koleske 2021) and calmodulin (Iacobucci and Popescu 
2017, 2019, 2020) The Ca2+-induced desensitization of 
NMDAR channels requires binding of both ACTN1 and 
calmodulin to the cytosolic C0 domain in GluN1 (Iacobucci 
and Popescu 2017, 2019, 2020; Zhang and Majerus 1998). 
The C-terminal EF-hand domain of ACTN1 (residues 
824–892, called ACTN_EF34) does not bind to Ca2+ in the 
physiological range (Backman 2015; Turner et al. 2020). 
Instead, the Ca2+-free EF-hand domain competes with CaM 
for binding to the IQ-motif in the CaV1.2 L-type Ca2+ chan-
nel (Turner et al. 2020). We hypothesize a similar com-
petitive binding of ACTN1 to C0 in GluN1 may promote 
conformational changes in NMDARs that control channel 
desensitization (Iacobucci and Popescu 2020; Krupp et al. 
1999; Wang et al. 2008).

Recent cryo-EM structures of NMDA receptors (Chou et 
al. 2020; Jalali-Yazdi et al. 2018; Karakas and Furukawa 
2014; Lee et al. 2014; Regan et al. 2018) reveal structural 
interactions between the extracellular amino-terminal and 
ligand-binding domains, and their coupling to the trans-
membrane channel domain. However, the C-terminal 
cytosolic domain of GluN1 (involved in channel desensiti-
zation) is not structurally defined in the available structures. 
The cytosolic region of GluN1 contains a predicted helical 

Biological context

Synaptic transmission and its plasticity in the brain is gov-
erned by Ca2+-dependent regulation of NMDA receptors 
that serve as ligand-gated Na+/Ca2+ channels (Traynelis 
et al. 2010). Different NMDA receptor subtypes are com-
prised of tetrameric combinations of glycine binding GluN1 
and glutamate binding GluN2A-D subunits (A-D) subunits 
(Benveniste and Mayer 1991; Clements and Westbrook 
1991) that assemble as a 2:2 complex, (GluN1)2:(GluN2)2. 
The ligand-gated opening of NMDAR channels leads to 
neuronal Ca2+ influx (Wadel et al. 2007), which promotes 
various Ca2+-dependent processes (Kunz et al. 2013; Puri 
2020). Prolonged elevation of the intracellular Ca2+ level 
is cytotoxic (Peng et al. 1998), and NMDAR channels are 
negatively regulated by a process known as Ca2+-dependent 
channel inactivation (CDI) (Zhang et al. 1998) mediated by 
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Abstract
N-methyl-D-aspartate receptors (NMDARs) consist of glycine-binding GluN1 and glutamate-binding GluN2 subunits 
that form tetrameric ion channels. NMDARs in the brain are important for controlling neuronal excitability to promote 
synaptic plasticity. The cytoskeletal protein, α-actinin-1 (100 kDa, called ACTN1) binds to the cytosolic C0 domain of 
GluN1 (residues 841–865) that may play a role in the Ca2+-dependent desensitization of NMDAR channels. Mutations 
that disrupt NMDAR channel function are linked to Alzheimer’s disease, depression, stroke, epilepsy, and schizophrenia. 
NMR chemical shift assignments are reported here for the C-terminal EF-hand domain of ACTN1 (residues 824–892, 
called ACTN_EF34) and ACTN_EF34 bound to the GluN1 C0 domain (BMRB numbers 52385 and 52386, respectively).
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C0 domain (residues 841–865) that binds to CaM (Ehlers 
et al. 1996) and ACTN1 (Merrill et al. 2007; Rycroft and 
Gibb 2004; Wyszynski et al. 1997). We recently reported 
NMR assignments of CaM bound to the GluN1 C0 domain 
(Bej and Ames 2023). We report here NMR chemical 
shift assignments of ACTN_EF34 bound to the GluN1 C0 
domain. These assignments provide a basis for elucidating 
the structure of ACTN1 bound to GluN1, which may pro-
vide insights into channel desensitization.

Methods and experiments

Preparation of ACTN_EF34 bound to GluN1 C0. The third 
and fourth EF-hands of human α-actinin-1 (residues 824–
892, called ACTN_EF34) were subcloned into pET15b 
expression vector (Novagen) and overexpressed in E. coli 
strain BL21(DE3) that produced recombinant N-terminal 
6xHis-tagged (MGSSHHHHHSSGLVPRGSHM) ACTN_
EF34 protein. Uniformly 13C,15N-labeled ACTN_EF34 
samples were obtained as described previously (Turner et al. 
2020) by growing cells in M9 minimal media supplemented 
with 15NH4Cl (1 g/L) and 13C-labled D-glucose (3 g/L) 
(Cambridge Isotopes Laboratories). The soluble fraction of 
the cell lysate was loaded onto a HisTrap HP column pre-
equilibrated with wash buffer (20 mM Tris (pH 8.0), 500 
mM NaCl, 10 mM imidazole, 1 mM β-mercaptoethanol) 
and eluted at 300 mM imidazole. The eluted fraction con-
taining ACTN_EF34 was loaded onto a HiPrep Q Sepha-
rose anion exchange column pre-equilibrated with 50 mM 
Tris (pH 8.0), 25 mM KCl, 1 mM EGTA, 1 mM DTT and 
eluted using a linear KCl gradient (0 to 625 mM). The purity 
and identity of the eluted protein fractions were confirmed 
by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE). A peptide fragment of the GluN1 C0 
domain (residues 841–865) was purchased from GenScript 
and samples were prepared as described previously (Bej 
and Ames 2023). A 1.5-fold excess of peptide was added 
to ACTN_EF34, incubated at room temperature for 30 min, 
and concentrated to 0.5 mM in a final volume of 0.5 ml.

NMR spectroscopy. NMR samples of Ca2+-free forms 
of free ACTN_EF34 (or ACTN_EF34/C0) were dissolved 
in 20 mM Tris-d11 (pH 7.5), 1 mM EDTA-d12, and 1 mM 
DTT-d10 containing 8% or 100% (v/v) D2O and packed 
into precision NMR tubes (Wilmad). NMR experiments 
on ACTN_EF34 and ACTN_EF34/C0 were performed 
at 302 K on a Bruker Avance III 800 MHz spectrometer 
equipped with a four-channel interface and triple resonance 
cryogenic (TCI) probe. The 15N-1H HSQC spectra (Fig. 1A 
and C) were recorded with 256 × 2048 complex points for 
15N(F1) and 1H(F2). Triple resonance NMR experiments 
(HNCACB, HN(CO)CACB, HNCO, HBHA(CO)NH, and 

HBHANH) were performed and analyzed to assign the 
backbone resonances. CC(CO)NH, H(CCO)NH, HCCH-
TOCSY, HBCBCGCDHD, HBCBCGCDCEHE, and 
13C-edited NOESY-HSQC were analyzed to assign the 
side chain resonances. All NMR data were processed using 
NMRPipe (Delaglio et al. 1995) and assignment was per-
formed using Sparky (Lee et al. 2015).

Extent of assignments and data deposition

The 15N-1H HSQC spectra of Ca2+-free forms of 13C, 
15N-labeled ACTN_EF34 (Fig. 1A) and 13C, 15N-labeled 
ACTN_EF34 bound to unlabeled C0 (called ACTN_EF34/
C0 in Fig. 1C) illustrate backbone resonance assignments 
for the 64 non-proline residues (excluding the N-terminal 
6xHis-tag and thrombin cleavage site: MGSSHHHHHSS-
GLVPRGSHM). The highly resolved 15N-1H HSQC peaks 
with uniform intensities suggest that free ACTN_EF34 and 
ACTN_EF34/C0 both adopt a stable and folded structure. All 
64 non-proline resonances were assigned for free ACTN_
EF34, and 52 out of 64 non-proline amide resonances were 
assigned for ACTN_EF34/C0, indicated by the labeled 
peaks in Fig. 1A and C. The unassigned amide resonances 
(for residues T825, M830, F833, G838, D839, K840, M864, 
A865, M880, S881, S883, and Y887) have very weak NMR 
intensities, perhaps caused by exchange broadening due 
to interactions with the C0 peptide. The amide resonances 
assigned to G869 and V873 exhibited noteworthy upfield 
shifts in both free ACTN_EF34 (Fig. 1A) and ACTN_EF34/
C0 (Fig. 1C), because these residues are flanked by nearby 
aromatic rings of Y842 and Y867. Side chain aliphatic 
resonance assignments of free ACTN_EF34 (Fig. 1B) and 
ACTN_EF34/C0 (Fig. 1D) are illustrated by the labeled 
peaks in the constant-time 13C-1H HSQC spectra (Fig. 1B 
and D). The chemical shift assignments (1H, 13C, and 15N) 
for free ACTN_EF34 and ACTN_EF34/C0 were deposited 
in the BioMagResBank (http://www.bmrb.wisc.edu) under 
accession number 52385 and 52386, respectively.

Based on backbone chemical shifts (1HN, 15N, 13Cα, 
13Cβ, 13CO), secondary structural elements and random-coil 
index order parameters (RCI S2) were predicted using the 
TALOS + server (Shen et al. 2009) (Fig. 2). The secondary 
structure of free ACTN_EF34 and ACTN_EF34/C0 are very 
similar to previous NMR structures of ACTN1 (Drmota Pre-
bil et al. 2016; Turner et al. 2020). The secondary structure 
of both free ACTN_EF34 and ACTN_EF34/C0 has four 
α-helices (blue cylinders in Fig. 2A and C): H1 (residues 
825–837), H2 (residues 845–851), H3 (residues 854–864), 
and H4 (residues 879–888) as well as two short β-strands 
(red triangles in Fig. 2A and C): S1 (residues 842–843) and 
S2 (residues 877–878) located in the loop region of the two 
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EF-hands as seen in previous structures of ACTN1 (Drmota 
Prebil et al. 2016; Turner et al. 2020). The C-terminal helix 
(H4) is 4 residues longer in ACTN_EF34/C0 compared 
to that of free ACTN_EF34. The shorter H4 helix in free 
ACTN_EF34 might be explained by the dynamical nature 
of the C-terminal region, which has RCI S2 values of less 
than 0.6 (Fig. 2B) compared to higher RCI S2 values for 
ACTN_EF34/C0 (Fig. 2D). These results suggest that C0 
binding to ACTN_EF34 stabilizes the H4 helix.

A comparison of chemical shifts between free ACTN_
EF34 and ACTN_EF34/C0 suggests residues in ACTN_
EF34 that may interact with the bound C0 peptide (Fig. 3A 
and C). The largest chemical shift perturbations (CSPs) were 
observed for exposed residues (A826, V829, A831, L836, 
I843, L848, L852, M864, L877, M880, F882, and A885) 
in both EF-hands of ACTN_EF34 that cluster to form a 
potential GluN1 binding site (see spheres in Fig. 3B and D). 

Indeed, these same exposed residues of ACTN_EF34 (A826, 
V829, L836, L852, and F882) interact with the CaV1.2 IQ 
peptide in the previous NMR structure of ACTN1 bound to 
CaV1.2 IQ (Turner et al. 2020). We propose the exposed 
hydrophobic crevice in ACTN_EF34 (Fig. 3B and D) may 
interact with a helical C0 peptide like what is seen in the 
ACTN1/IQ NMR structure.

Fig. 1 Backbone and side chain resonance assignments of free ACTN_
EF34 and ACTN_EF34 bound to GluN1 C0 peptide. 15N-1H HSQC 
spectra of free ACTN_EF34 (A) and ACTN_EF34/C0 (C) illustrate 
backbone assignments indicated by labeled peaks. Constant-time 13C-
1H HSQC spectra of free ACTN_EF34 (B) and ACTN_EF34/C0 (D) 

illustrate side chain methyl assignments. All spectra recorded at 800 
MHz 1H frequency on samples that contained 0.5 mM 13C,15N-labeled 
ACTN_EF34 (bound to unlabeled C0 peptide) in 20 mM Tris-d11 (pH 
7.5), 1 mM EDTA-d12, and 1 mM DTT-d10 at 302 K

 

1 3

241



A. Bej et al.

Fig. 2 Secondary structure and random-coil index order parameters 
(RCI S2) analysis of free ACTN_EF34 and ACTN_EF34/C0 using 
TALOS + server (Shen et al. 2009). Probability of secondary structural 
elements of free ACTN_EF34 (A) and ACTN_EF34/C0 (C). Blue cyl-

inders represent α-helices and red arrows indicate β-strands derived 
from the NMR structure of ACTN_EF34 bound to the IQ-motif from 
the L-type Ca2+ channel (PDB ID: 6C0A). The predicted RCI S2 of 
free ACTN_EF34 (B) and ACTN_EF34/C0 (D)
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Fig. 3 Chemical shift perturbation (CSP) for free 
ACTN_EF34 versus ACTN_EF34/C0. CSP values of 
backbone amide resonances (A) were calculated as:  
CSP =

√(
∆ HN)2

+ (0.14 × ∆ N)2, where ΔHN and ΔN are the observed 
difference in the amide 1H and 15N chemical shifts, respec-
tively between free ACTN_EF34 and ACTN_EF34/C0. CSP 
values of side chain methyl resonances (C) were calculated as:  
CSP =

√
(∆ H)2 + (0.3 × ∆ C)2 (Williamson 2013), where ΔH and ΔC are 

the observed difference in the methyl 1H and 13C chemical shifts, 
respectively between free ACTN_EF34 and ACTN_EF34/C0. CSP 
values of backbone amide resonances (B) and side chain methyl reso-
nances (D) are mapped onto the ACTN1 structure (PDB ID: 6C0A, 
chain A (Turner et al. 2020). Residues with largest CSP values are 
shown as spheres and labeled accordingly. Residues, without CSP 
values including proline, amino acids without methyl group, or unas-
signed resonances, are colored gray

 

1 3

243



A. Bej et al.

Lee CH, Lu W, Michel JC, Goehring A, Du J, Song X, Gouaux E 
(2014) NMDA receptor structures reveal subunit arrangement 
and pore architecture. Nature 511:191–197

Lee W, Tonelli M, Markley JL (2015) NMRFAM-SPARKY: enhanced 
software for biomolecular NMR spectroscopy. Bioinformatics 
31:1325–1327

Merrill MA, Malik Z, Akyol Z, Bartos JA, Leonard AS, Hudmon A, 
Shea MA, Hell JW (2007) Displacement of alpha-actinin from 
the NMDA receptor NR1 C0 domain by Ca2+/calmodulin pro-
motes CaMKII binding. Biochemistry 46:8485–8497

Peng TI, Jou MJ, Sheu SS, Greenamyre JT (1998) Visualization of 
NMDA receptor-induced mitochondrial calcium accumulation in 
striatal neurons. Exp Neurol 149:1–12

Puri BK (2020) Calcium Signaling and Gene Expression. Adv Exp 
Med Biol 1131:537–545

Regan MC, Grant T, McDaniel MJ, Karakas E, Zhang J, Traynelis SF, 
Grigorieff N, Furukawa H (2018) Structural mechanism of func-
tional modulation by gene splicing in NMDA receptors. Neuron 
98:521–529 e3

Rycroft BK, Gibb AJ (2004) Regulation of single NMDA receptor 
channel activity by alpha-actinin and calmodulin in rat hippocam-
pal granule cells. J Physiol 557:795–808

Shaw JE, Koleske AJ (2021) Functional interactions of ion channels 
with the actin cytoskeleton: does coupling to dynamic actin regu-
late NMDA receptors? J Physiol 599:431–441

Shen Y, Delaglio F, Cornilescu G, Bax A (2009) TALOS+: a hybrid 
method for predicting protein backbone torsion angles from 
NMR chemical shifts. J Biomol NMR 44:213–223

Traynelis SF, Wollmuth LP, McBain CJ, Menniti FS, Vance KM, 
Ogden KK, Hansen KB, Yuan H, Myers SJ, Dingledine R (2010) 
Glutamate receptor ion channels: structure, regulation, and func-
tion. Pharmacol Rev 62:405–496

Turner M, Anderson DE, Nieves-Cintron M, Bartels P, Coleman AM, 
Yarov V, Bers DM, Navedo MF, Horne MC, Ames JB, Hell JW 
(2020) a-Actinin-1 promotes gating of the L-type Ca2 + Channel 
CaV1.2. EMBO J 39:e102622

Wadel K, Neher E, Sakaba T (2007) The coupling between synaptic 
vesicles and Ca2 + channels determines fast neurotransmitter 
release. Neuron 53:563–575

Wang C, Wang HG, Xie H, Pitt GS (2008) Ca2+/CaM controls 
Ca2+-dependent inactivation of NMDA receptors by dimeriz-
ing the NR1 C termini. J Neuroscience: Official J Soc Neurosci 
28:1865–1870

Williamson MP (2013) Using chemical shift perturbation to character-
ise ligand binding. Progress Nucl Magn Reson Spectrosc 73:1–16

Wyszynski M, Lin J, Rao A, Nigh E, Beggs AH, Craig AM, Sheng M 
(1997) Competitive binding of alpha-actinin and calmodulin to 
the NMDA receptor. Nature 385:439–442

Zhang X, Majerus PW (1998) Phosphatidylinositol signalling reac-
tions. Semin Cell Dev Biol 9:153–160

Zhang S, Ehlers MD, Bernhardt JP, Su C-T, Huganir RL (1998) 
Calmodulin mediates calcium-dependent inactivation of 
N-Methyl-D-Aspartate receptors. Neuron 21:443–453

Publisher’s note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Backman L (2015) Calcium affinity of human α-actinin 1. Peer J 
3:e944

Bej A, Ames JB (2023) Chemical shift assignments of calmodulin 
bound to the GluN1 C0 domain (residues 841–865) of the NMDA 
receptor. Biomol NMR Assignments 17:61–65

Benveniste M, Mayer ML (1991) Kinetic analysis of antagonist action 
at N-methyl-D-aspartic acid receptors. Two binding sites each for 
glutamate and glycine. Biophys J 59:560–573

Chou TH, Tajima N, Romero-Hernandez A, Furukawa H (2020) Struc-
tural basis of functional transitions in mammalian NMDA recep-
tors. Cell 182:357–371 e13

Clements JD, Westbrook GL (1991) Activation kinetics reveal the 
number of glutamate and glycine binding sites on the N-methyl-
D-aspartate receptor. Neuron 7:605–613

Delaglio F, Grzesiek S, Vuister GW, Zhu G, Pfeiffer J, Bax A (1995) 
NMRPipe: a multidimensional spectral processing system based 
on UNIX pipes. J Biomol NMR 6:277–293

Drmota Prebil S, Slapsak U, Pavsic M, Ilc G, Puz V, de Almeida 
Ribeiro E, Anrather D, Hartl M, Backman L, Plavec J, Lenar-
cic B, Djinovic-Carugo K (2016) Structure and calcium-binding 
studies of calmodulin-like domain of human non-muscle alpha-
actinin-1. Sci Rep 6:27383

Ehlers MD, Zhang S, Bernhadt JP, Huganir RL (1996) Inactivation 
of NMDA receptors by direct interaction of calmodulin with the 
NR1 subunit. Cell 84:745–755

Iacobucci GJ, Popescu GK (2017) Resident Calmodulin primes 
NMDA receptors for ca(2+)-Dependent inactivation. Biophys J 
113:2236–2248

Iacobucci GJ, Popescu GK (2019) Spatial coupling Tunes NMDA 
receptor responses via ca(2+) diffusion. J Neuroscience: Official 
J Soc Neurosci 39:8831–8844

Iacobucci GJ, Popescu GK (2020) Ca(2+)-Dependent inactivation 
of GluN2A and GluN2B NMDA receptors occurs by a common 
kinetic mechanism. Biophys J 118:798–812

Jalali-Yazdi F, Chowdhury S, Yoshioka C, Gouaux E (2018) Mech-
anisms for zinc and Proton Inhibition of the GluN1/GluN2A 
NMDA receptor. Cell 175:1520–1532 e15

Karakas E, Furukawa H (2014) Crystal structure of a heterotetrameric 
NMDA receptor ion channel. Science 344:992–997

Krupp JJ, Vissel B, Thomas CG, Heinemann SF, Westbrook GL (1999) 
Interactions of calmodulin and alpha-actinin with the NR1 sub-
unit modulate Ca2+-dependent inactivation of NMDA receptors. 
J Neurosci 19:1165–1178

Kunz PA, Roberts AC, Philpot BD (2013) Presynaptic NMDA receptor 
mechanisms for enhancing spontaneous neurotransmitter release. 
J Neurosci 33:7762–7769

1 3

244

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Chemical shift assignments of the α-actinin C-terminal EF-hand domain bound to a cytosolic C0 domain of GluN1 (residues 841–865) from the NMDA receptor
	Abstract
	Biological context
	Methods and experiments
	Extent of assignments and data deposition
	References




