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A B S T R A C T   

Nicotinic acetylcholine receptors (nAChRs) are ligand-gated ion channels composed of five homologous subunits. 
The homopentameric α7-nAChR, abundantly expressed in the brain, is involved in the regulation of the neuronal 
plasticity and memory and undergoes phosphorylation by protein kinase A (PKA). Here, we extracted native α7- 
nAChR from murine brain, validated its assembly by cryo-EM and showed that phosphorylation by PKA in vitro 
enables its interaction with the abundant human brain protein 14-3-3ζ. Bioinformatic analysis narrowed the 
putative 14-3-3-binding site down to the fragment of the intracellular loop (ICL) containing Ser365 
(Q361RRCSLASVEMS372), known to be phosphorylated in vivo. We reconstructed the 14-3-3ζ/ICL peptide com
plex and determined its structure by X-ray crystallography, which confirmed the Ser365 phosphorylation- 
dependent canonical recognition of the ICL by 14-3-3. A common mechanism of nAChRs’ regulation by ICL 
phosphorylation and 14-3-3 binding that potentially affects nAChR activity, stoichiometry, and surface expres
sion is suggested.   

1. Introduction 

Nicotinic acetylcholine receptors (nAChRs) are pentameric ligand- 
gated ion channels. Human neuronal nAChRs are distributed in 
different brain areas and non-neuronal tissues [1]. The homopentameric 
α7-nAChR is involved in the regulation of neuronal plasticity and 
memory [2]. Dysfunctions of α7-nAChR provoke neuropathologies and 
cancer progression [3,4]. 

Proper folding and trafficking of α7-nAChR depend on the 

interaction with NACHO [5] and RIC3 [6], while modulation of 
α7-nAChR function is determined by endogenous acetylcholine and Ly-6 
proteins [7]. Each α7-nAChR subunit consists of an extracellular domain 
(ECD), transmembrane domain (TM), and intracellular domain con
taining two α-helices and prolonged disordered intracellular loop (ICL 
[8,9]) responsible for the interaction with G proteins [10], Janus Kinase 
2 [11], and PI3K [12]. ICL is phosphorylated by protein kinase A (PKA) 
[9,13], although the mechanistic consequences of this remain unclear. 

The cytosolic dimeric 14-3-3 proteins recognize phosphorylated 
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serine/threonine residues in distinct molecular contexts, such as RX2- 

3(pS/pT)X(P/G) [14]. There are seven 14-3-3 isoforms in humans, 
named by the Greek letters β, γ, ε, ζ, η, σ, τ; each monomer contains a 
conserved groove for phosphopeptide fragment recognition [15]. Iso
forms of 14-3-3 are often interchangeable in binding a given phospho
peptide, differing by affinities but not the overall binding mode [16]. 
Phosphorylated disordered regions are preferred by 14-3-3 [17] and 
their wide occurrence in kinases and phosphatases, cytoskeletal pro
teins, pro- and anti-apoptotic proteins, ion channels, and membrane 
receptors makes 14-3-3 proteins key physiological regulators [18]. 

NACHO and 14-3-3η were reported to regulate the subunit stoichi
ometry of α4β2-nAChR [19]. Interaction of 14-3-3η with α4 nAChR 
subunit is mediated by a RSLS467VQ sequence (hereinafter, numbering is 
given for full nAChR sequences including signal peptides) recognized by 
PKA [20]. 14-3-3 binding at another motif within ICL of the α3 nAChR 
subunit links this receptor subunit to a multiprotein complex essential 
for targeting of α3-containing nAChRs to synapses [21]. In insects, 
another PKA-phosphorylatable 14-3-3-binding motif, RSPS337TH, 
within ICL of α8-nAChR subunits was identified [22]. Therefore, 14-3-3 
proteins are likely to participate in various nAChR-related processes, 
which are still incompletely understood. 

Here, we discovered the 14-3-3 interaction with native neuronal α7- 
nAChR phosphorylated by PKA in vitro and revealed the 14-3-3 protein/ 
ICL peptide interface by X-ray crystallography, confirming the impor
tant role of RRCS365LA motif phosphorylation. 

2. Materials and methods 

2.1. Bacterial expression of TRX-Strep-LT fusion protein 

To extract native α7-nAChR from the mouse brain homogenate, we 
used recombinant chimeric neurotoxin LT, an efficient inhibitor of this 
receptor [23], produced in E. coli cells. For further purification of the 
α7-nAChR/LT complex, we used Strep-tag linked to the toxin molecule. 
LT contains five disulfide bonds, and addition of Strep-tag could influ
ence the toxin folding, thus we produced LT as a fusion protein with 
thioredoxin (TRX). Such fusion construct previously was used for 

successful production of homologous neurotoxin NTII [24]. TRX and LT 
molecules were fused by a linker containing Strep-tag and the site for 
cleavage by thrombin (Fig. 1A). Production of TRX-Strep-LT was as 
described in Ref. [24] except the use of Origami 2(DE3) cells. 
TRX-Strep-LT was purified using Strep-Tactin XT Sepharose (Cytiva). 
TRX-Strep-LT was eluted by 50 mM biotin (Sigma) and dialyzed against 
TBS buffer. 

2.2. Electrophysiological recordings in X. laevis oocytes 

To confirm TRX-Strep-LT activity, we used two-electrode voltage 
clamp recordings in Xenopus laevis oocytes expressing human α7-nAChR 
as described in Ref. [23]. 

2.3. Animals 

Animal care and experimental procedures were performed in 
accordance with the guidelines of EU Directive 2010/63/EU for animal 
experiments and approved by the Ethical Committee of the Shemyakin- 
Ovchinnikov Institute of Bioorganic Chemistry RAS for the control of the 
maintenance and use of animals (protocol #222 from February 13, 
2018). Male mice at the age of 8 months were anesthetized with 2% 
vaporized isoflurane and sacrificed by cervical dislocation. Whole mice 
brains were immediately isolated, frozen in liquid nitrogen and stored at 
− 80 ◦C before the experiment. 

2.4. Reconstitution of the α7-nAChR/LT/14-3-3ζ complex 

Whole murine brains were homogenized (60 mg of brains in 1 ml of 
TBS buffer supplemented with protease inhibitor cocktail: 1 mM PMSF, 
0.8 μM aprotinin, 4.3 μM leupeptin, 2 μM pepstatin A (Sigma), and 
SMALP 140 (Cube-biotech) was added up to 2.5%. Suspension was 
solubilized overnight at 4 ◦C under stirring and clarified by centrifuga
tion for 1 h at 100,000 g, 4 ◦C. TRX-Strep-LT was added up to 0.3 mg/ml 
to the supernatant containing extracted α7-nAChRs/SMALP, and the 
mixture was incubated for 8 h at 4 ◦C under stirring. α7-nAChR/TRX- 
Strep-LT complex was immobilized on the Strep-Tactin XT Sepharose 

Fig. 1. Interaction of 14-3-3ζ with native α7-nAChR extracted from murine brain homogenate by TRX-Strep-LT. (A). Design of the fusion proteins consisted of TRX 
and the neurotoxins ImI or LT. (B). Workflow and results of Western blotting and cryo-EM analyses (example of 2D classes, size of the mask 20 nm) of α7-nAChR/ 
SMALP extracted from murine brain homogenate by TRX-Strep-LT. Whole western blot membranes are shown in Fig. S2. 
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resin by overnight incubation at 4 ◦C under mild stirring. The resulting 
resin was transferred to a gravity flow column and washed with 10 V of 
phosphorylation buffer (12.5 mM Hepes, 1 mM MgCl2, 2.5 mM NaCl, pH 
7.3). Phosphorylation of immobilized α7-nAChR was carried out by in
cubation with 0.075 mM ATP and 0.025 mg/ml His6-tagged catalytic 
subunit of mouse PKA [25] for 1 h at 37 ◦C. The resin was washed with 3 
V of TBS followed by incubation with thrombin (20 u/mg of fusion 
protein, Technologia Standart) for 4 h, 4 ◦C. Sample eluted from the 
resin after thrombin cleavage was incubated with 1.3 mg/ml His6-
tagged recombinant 14-3-3ζ [25] for 1 h, 4 ◦C and then concentrated 
using a 100-kDa cut-off centricon (Millipore). Purification of the 
α7-nAChR/LT/14-3-3ζ complex was carried out by size-exclusion 
chromatography (SEC) on a Superdex 200 Increase 10/300 column 
(Cytiva) calibrated by thyroglobulin (17 nm), ferritin (12.2 nm), 
aldolase (9.6 nm), BSA (7.1 nm), and ovalbumin (6.1 nm). Chromato
graphic fractions were concentrated and analyzed by Western blotting 
and cryo-EM. 

2.5. Western blotting 

Detection of the complex α7-nAChR/(His6-tagged 14-3-3ζ) in SEC 
fractions was carried out by Western blotting using primary Abs 
ABIN5611363 (1:1000, Antibodies Online), and secondary Abs 111- 
035-003 (1:5000, Jackson Immunoresearch) for α7-nAChR; and HRP- 
conjugated anti His-Tag Abs (A7058, 1:5000, Sigma) for 14-3-3ζ. 

2.6. Cryo-EM sample preparation and image collection 

Grids preparation, particle picking, and images collection and anal
ysis were performed as described in Ref. [26]. 

2.7. Cloning, expression, and purification of 14-3-3ζ-α7(ICL)365 chimera 

The gene encoding the chimeric protein composed of human 14-3-3ζ 
(Uniprot ID P63104, residues M1-T229, optimized for PKA co-expression 
and crystallization [16,25]) and the functional ICL fragment of human 
α7-nAChR (Uniprot ID: P36544, residues Q361RRCSLASVEMS372, α7 
(ICL)365) connected by the GGGG linker to the C-terminus of 14-3-3ζ, 
was obtained by replacement of the gene encoding NPM1 peptide in the 
gene construction for another 14-3-3ζ chimera [25] by the α7(ICL)365 

sequence. 
The DNA insert was obtained in one-step PCR using T7 forward 

primer and the 1433za7_365 reverse primer 5′-TATATCTCGAGTCAC
GACATTTCTACTGAAGCCAAA
GAGCAACGACGTTGACCACCTCCACCGGTC-3′, and cloned into the 
pET28-His-3C vector using NdeI and XhoI sites. 

Expression, phosphorylation, and purification of the chimera were 
performed as described earlier [25]. 

2.8. Thermal shift assay 

Unphosphorylated or phosphorylated chimera (40 μl, final protein 
concentration 4 μM) were supplemented with ProteOrange (Lumiprobe; 
final concentration 5X) and subjected to thermal unfolding profiling as 
described earlier [25]. 

2.9. Protein crystallization 

Crystallization screening of the 14-3-3ζ-α7(ICL)365 chimera (24 mg/ 
ml in 20 mM Tris-HCl buffer, pH 7.6, 150 mM NaCl) was performed as 
described in Ref. [25]. Best crystals grew at 15 ◦C in 0.2 M magnesium 
acetate tetrahydrate, 0.1 M sodium cacodylate trihydrate pH 6.5, 20% 
PEG 8000, were cryoprotected by 20% ethylene glycol (Hampton 
Research, USA) and flash-frozen in liquid nitrogen. 

2.10. X-ray data collection and structure determination 

Diffraction data were collected at 100 K at a Rigaku OD XtaLAB 
Synergy-S diffractometer (Rigaku, USA) and processed in CrysAlisPro 
software (Oxford Diffraction/Agilent Technologies UK Ltd, Yarnton) 
(Table S1). The structure was solved by MOLREP [27] using 14-3-3ζ 
structure (PDB ID: 6FNC) as a search model. Linker and phosphopeptide 
residues were build based on the difference electron density maps de 
novo in COOT [29]. The refinement was carried out using REFMAC5 
[28] involving hydrogens in riding positions, isotropic individual atom 
B-factors as well as NCS and TLS (Table S1). 

3. Results and discussion 

3.1. Recombinant 14-3-3ζ interacts with native human α7-nAChR 
phosphorylated by PKA 

Phosphorylation of α7-nAChR’s ICL by PKA modulates the function 
of this receptor and its surface expression [13]. Given that 14-3-3 pro
teins often recognize PKA-phosphorylated motifs in their targets [30], 
we suggested the direct interaction between 14-3-3 and 
PKA-phosphorylated α7-nAChR. 

To test this, we first extracted the native receptor from murine brain 
homogenate using recombinant analogs of selective α7-nAChR in
hibitors as the baits: α-conotoxin ImI from Conus imperialis [31] and 
three-finger neurotoxin LT, a homolog of NTI from Naja oxiana [23]. 
Both neurotoxins were expressed as fusion proteins with TRX containing 
Strep-tag for specific isolation of the α7-nAChR/neurotoxin complex. 
The linker between TRX and neurotoxins’ molecules contained the site 
for thrombin cleavage (Fig. 1A). Electrophysiological study of the fusion 
proteins in Xenopus laevis oocytes expressing α7-nAChR revealed that 
only TRX-Strep-LT demonstrated irreversible inhibitory activity at the 
receptor (IC50 ~ 1 μM, Figs. S1A and B), while TRX-Strep-ImI showed 
significantly lower activity and reversible binding to the receptor 
(Fig. S1A). Notably, LT inhibits α7-nAChR with nanomolar activity [23]. 
Given the preservation of the correct spatial structure of LT within the 
fusion as confirmed by NMR (Fig. S1C), a diminished activity of 
TRX-Strep-LT was likely caused by fused TRX. Nevertheless, the LT 
interaction with α7-nAChR was irreversible (Fig. 1SA), and for further 
work TRX-Strep-LT was chosen. 

To solubilize α7-nAChR from the brain homogenate and stabilize it in 
solution, we used styrene maleic anhydride polymers (SMALP) forming 
lipodiscs with the incorporated receptor [32]. SMALP-treated, clarified 
brain homogenate was incubated with TRX-Strep-LT and then loaded on 
Strep-Tactin Sepharose to extract the α7-nAChR/LT complexes (Fig. 1B). 
Immobilized via LT, the receptor was phosphorylated in vitro by PKA 
directly on the resin, washed, and then detached from the resin by 
thrombin treatment. Eluted α7-nAChR/LT complexes were incubated 
with recombinant N-terminally His6-tagged 14-3-3ζ and then purified by 
SEC. Western blotting revealed that the SEC fraction#1 corresponding to 
large particles with an average diameter of ~11 nm demonstrated the 
highest α7-nAChR content and contained 14-3-3ζ (Fig. 1B). Keeping in 
mind a lower size of a 14-3-3ζ dimer (~7 nm), we assumed the 
α7-nAChR/14-3-3ζ complex formation in the fraction#1, while the 
fraction#3 contained 14-3-3ζ excess (Fig. 1B). Cryo-EM analysis of the 
fraction#1 confirmed the native pentameric organization of α7-nAChR 
in the complex with LT and 14-3-3ζ, although the collected dataset did 
not allow us to observe the side projections of the complex and to un
equivocally determine the 14-3-3-binding site(s). 

3.2. ICL of α7-nAChR contains a putative 14-3-3-binding site 
phosphorylated by PKA 

To evaluate putative 14-3-3-binding sites in human α7-nAChR 
(Fig. 2A), state-of-the-art tools 14-3-3-Pred (http://www.compbio.du 
ndee.ac.uk/1433pred), 14-3-3-site finder (https://rconnect.byu.edu/ 
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14-3-3-site-finder/), and PhosphoSitePlus (https://www.phosphosite.or 
g/homeAction.action) were used. Among ten sites in full-length α7- 
nAChR considered, only four sites are known to be phosphorylated in 
vivo (T83, T221, T225, S365). Among three predicted 14-3-3-binding 
sites with scores above 0.5 (T230, S289, and S365), S365 has the 
highest scores and is the only known to be phosphorylated (Table 1). It is 
located within ICL (Fig. 2A and B) and is conserved in vertebrates 
(Fig. 2C). Being important for phosphorylation by PKA and for α7- 
nAChR function [13], it is likely recognized by 14-3-3, which required 

straight testing. 

3.3. Structural interface between 14-3-3ζ and phosphorylated α7(ICL)365 

Protein-peptide approach is widely adopted for 14-3-3 proteins as 
they preferentially recognize flexible regions in their partners [17]. To 
this end, 14-3-3-peptide chimeras, in which the partner peptide frag
ment is phosphorylated by co-expressed PKA in E. coli, are particularly 
useful [25]. Therefore, we fused the ICL peptide Q361RRCS365LAS
VEMS372 from human α7-nAChR (α7(ICL)365), which includes the min
imal predicted 14-3-3-binding site RRCS365LA (Table 1), to the 
C-terminus of human 14-3-3ζ and expressed the chimera with or without 
the constitutively active PKA. 

PKA co-expression led to the downward shift on native PAGE, indi
cating stoichiometric chimera phosphorylation (Fig. 3A). This increased 
thermal stability of the chimera (Fig. 3B), indicating the formation of the 
14-3-3/phosphopeptide complex [25]. Importantly, no 14-3-3ζ/α7 
(ICL)365 interaction was observed without PKA phosphorylation (Fig. 3A 
and B), which confirmed the phosphorylation-mediated recognition and 
enabled structural analysis. 

Crystallization of the phosphorylated 14-3-3ζ-α7(ICL)365 chimera 
allowed X-ray structure determination at 1.95 Å resolution. The asym
metric unit contained two 14-3-3ζ subunits each with 
Q361RRCpS365LASVEMS372 peptide bound in the amphipathic groove of 
14-3-3ζ (Fig. 3C), like in other 14-3-3/phosphopeptide complexes [30]. 
The observed 14-3-3-bound conformation of the target phosphopeptide 
revealed the R362-S368 region of α7-nAChR involved in the interaction. 
It is canonically stabilized by the coordination of the Ser365’s phosphate 

Fig. 2. Conserved Ser365-containing motif in vertebrate α7-nAChRs. (A). Sequence of the intracellular loop (ICL) of α7-nAChR. The putative 14-3-3-binding site is 
shown by gray. Ser365 residue phosphorylated by PKA is in red. MA and MX are helices according to Uniprot ID: P36544. (B). Structure of human α7-nAChR (PDB ID 
7RPM) showing the location of the Ser365-containing motif (magenta, top view). (C). PKA-phosphorylatable site within ICL in various α7-nAChR orthologs. Identical 
residues are highlighted by gray, similar residues are highlighted by cyan according to five similarity groups: D,E/W,Y,F/R,K,H/N,Q/M,V,I,L,A/G,C,P,S,T. Notably, 
numbers are given for the full α7-nAChR sequence with signal peptide. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 

Table 1 
Potential 14-3-3-binding sites in human α7-nAChR.  

Site Context sequence 
(phosphoS/T in 
square brackets) 

PhosphoSitePlus 
annotated 

14-3-3-Pred 
consensus 
score 

14-3-3 site 
finder, top 
10% (rank) 

T83 WLQMSW[T] 
DHYL 

þ 0.324 - 

S92 YLQWNV[S] 
EYPG 

- 0.267 - 

S117 DILLYN[S]ADER - 0.106 þ (5th) 
T125 DERFDA[T]FHTN - 0.213 þ (4th) 
T221 EPYPDV[T]FTVT þ ¡0.243 - 
T225 DVTFTV[T] 

MRRR 
þ ¡0.144 - 

T230 VTMRRR[T] 
LYYG 

- 0.789 þþ (3rd) 

S289 MPATSD[S]VPLI - 0.714 þþ (2nd) 
S365 HKQRRC[S]LASV þ 0.992 þþþ (1st) 
S413 CGRMAC[S] 

PTHD 
- 0.046 þ (6th)  
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moiety by Arg56, Arg127 and Tyr128 of 14-3-3ζ, and water-mediated 
contacts with Arg60 in-trans and Arg362 in-cis (Fig. 3D). Leu366 of the 
peptide faces the hydrophobic side of the 14-3-3 groove, in line with the 
known preference toward hydrophobic aliphatic side chains in this po
sition [14]. Asn173 and Asn224 of 14-3-3ζ contribute to the canonical 
stabilization of the peptide backbone conformation [30]. Ser368 of the 
peptide contacts the backbone carbonyl of pSer365, stabilizing a C-ter
minal kink of the peptide chain (Fig. 3D), reminiscent of several other 
14-3-3 complex structures in leaving the fusicoccin-binding cleft for 
possible modulation by drugs [33]. 

The observed phosphopeptide conformation indicates that the 
recognition of the Q361RRCpS365LASVEMS372 fragment of ICL of human 
α7-nAChR by 14-3-3ζ is highly similar to other 14-3-3/phosphopeptide 
complexes [30], hinting at the fundamental role of 14-3-3ζ binding to 
α7-nAChR. PKA phosphorylation of Ser365 in α7-nAChR is known to 
downregulate this receptor [13]. 14-3-3 proteins are highly abundant in 
the human brain reaching >1% of soluble neuronal proteins (https://p 
ax-db.org) and are, therefore, well expected partners of α7-nAChR in 
this tissue. We propose either a direct modulatory effect of S365 phos
phorylation and 14-3-3 binding on the α7-nAChR activity via ICL sta
bilization in a distinct conformation with restricted dynamics, or an 
indirect effect of such binding on the surface expression of α7-nAChR, 
for example, via masking the endoplasmic retention dibasic motifs, like 
for other membrane proteins [34]. 

Conserved in α7-nAChR orthologs, the S365 site may be absent in 
other nAChR subunits. Yet, the presence of alternative sites for PKA 
phosphorylation and 14-3-3 binding (e.g., S467 in rat α4 [20] and 
Ser337 in insect α8 [22]) suggests the common mechanism of regulation 
of different nAChRs by ICL phosphorylation and 14-3-3 binding. 
Another potential mechanism can exploit 14-3-3 binding to modulate 
the nAChRs assembly mediated by ICL recognition. By having distinct 
binding sites on ICLs of various nAChR subunits, 14-3-3 dimers could 

regulate nAChRs stoichiometry, favoring the assemblies with matching 
combinations of binding site pairs; that requires further investigations. 

In summary, to the best of our knowledge, this is the first structure of 
the intracellular loop from any nAChR in complex with a partner pro
tein. High resolution achieved (1.95 Å) enables consideration of the 
obtained complex as a new drug target [33]. Furthermore, our data 
provide insights into the potential commonality of the regulatory 
mechanism based on the ICL phosphorylation and 14-3-3 binding for 
various nAChR types, which probably deals with constraining the 
intrinsic dynamics of this physiologically relevant structural element. 
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Fig. 3. Recognition of the Q361RRCpS365LASVEMS372 fragment of ICL of α7-nAChR by human 14-3-3ζ. (A). Native SDS-PAGE of the purified unphosphorylated (U) 
and phosphorylated (P) 14-3-3ζ-α7(ICL)365 chimera. (B). Thermal denaturation of the unphosphorylated (black trace) or phosphorylated (purple trace) chimera 
detected by changes of ProteOrange fluorescence intensity at a constant heating of 1 ◦C/min. The first derivative of the raw data is presented. The control curve for 
buffer is shown by light gray. Tm of the peaks is shown in ◦C. (C). Crystal structure of the phosphorylated 14-3-3ζ-α7(ICL)365 chimera showing the 14-3-3ζ dimer (tints 
of blue) with two copies of the Q361RRCpS365LASVEMS372 peptide bound in the 14-3-3 grooves. The 2Fo-Fc electron density for the peptide fragments contoured at 
1σ is shown by thin mesh with the same color as the peptides themselves. Linker residues are omitted for clarity. (D). Close up view of the interface formed between 
the Q361RRCpS365LASVEMS372 peptide (violet sticks) and 14-3-3ζ (cyan). Residues of 14-3-3ζ are shown in italics. Bridging water molecules are shown by small red 
spheres, H-bonds are shown by yellow dashed lines. Alternative conformations of C364 and Q361, and the side chain of the latter are omitted. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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