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d 5-HT3 receptors are imaged in lipid bilayers by cryo electron

tomography

d Subtomogram averaging resulted in a 3D structure at 12 Å

resolution

d No major differences were found between EM and X-ray

structures

d Inter-receptor interactions in the membrane are mediated by

short horizontal helices
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In Brief

Membrane proteins may change

structure in the absence of lipids. A 12-Å

resolution structure of a ligand-gated ion

channel in a lipid bilayer was obtained by

cryo electron tomography. This approach

is generally applicable to resolve 3D

structures of non-crystalline proteins in

membranes.

Kudryashev et al., 2016, Structure 24, 165–170
January 5, 2016 ª2016 Elsevier Ltd All rights reserved
http://dx.doi.org/10.1016/j.str.2015.11.004

mailto:misha.kudryashev@biophys.mpg.de
mailto:horst.vogel@epfl.ch
http://dx.doi.org/10.1016/j.str.2015.11.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.str.2015.11.004&domain=pdf


Structure

Short Article

The Structure of the Mouse Serotonin
5-HT3 Receptor in Lipid Vesicles
Mikhail Kudryashev,1,2,6,* Daniel Castaño-Dı́ez,1,3 Cédric Deluz,4 Gherici Hassaine,4,7 Luigino Grasso,4

Alexandra Graf-Meyer,1,5 Horst Vogel,4,* and Henning Stahlberg1

1Center for Cellular Imaging and NanoAnalytics (C-CINA), Biozentrum, University of Basel, Mattenstrasse 26, 4058 Basel, Switzerland
2Focal Area Infection Biology, Biozentrum, University of Basel, Klingelbergstrasse 50/70, 4056 Basel, Switzerland
3Scientific Computing Unit, Max Planck Institute for Brain Research, Max-von-Laue-Straße 4, 60438 Frankfurt am Main, Germany
4Ecole Polytechnique Fédérale de Lausanne (EPFL), Institute of Chemical Sciences and Engineering (ISIC), Station 6, 1015 Lausanne,

Switzerland
5Present address: Friedrich Miescher Institute for Biomedical Research, Maulbeerstraße 66, 4002 Basel, Switzerland
6Present address: Max Planck Institute for Biophysics, Max-von-Laue-Straße 3, and Buchman Institute for Molecular Life Sciences, Goethe

University of Frankfurt, Max-von-Laue-Straße 15, 60438 Frankfurt am Main, Germany
7Present address: Theranyx, Grand Luminy Enterprises, Case 922, 163 Avenue de Luminy, 13288 Marseille Cedex 09, France

*Correspondence: misha.kudryashev@biophys.mpg.de (M.K.), horst.vogel@epfl.ch (H.V.)
http://dx.doi.org/10.1016/j.str.2015.11.004

SUMMARY

The function of membrane proteins is best under-
stood if their structure in the lipid membrane is
known. Here, we determined the structure of the
mouse serotonin 5-HT3 receptor inserted in lipid bila-
yers to a resolution of 12 Å without stabilizing
antibodies by cryo electron tomography and sub-
tomogram averaging. The reconstruction reveals
protein secondary structure elements in the trans-
membrane region, the extracellular pore, and the
transmembrane channel pathway, showing anoverall
similarity to theavailableX-raymodel of the truncated
5-HT3 receptor determined in the presence of a stabi-
lizing nanobody. Structural analysis of the 5-HT3 re-
ceptor embedded in a lipid bilayer allowed the posi-
tion of the membrane to be determined. Interactions
between the densely packed receptors in lipids
were visualized, revealing that the interactions were
maintained by the short horizontal helices. In com-
bination with methodological improvements, our
approach enables the structural analysis of mem-
brane proteins in response to voltage and ligand
gating.

INTRODUCTION

Membrane proteins perform a variety of vital functions in living

organisms, and knowledge of their structure is a prerequisite

to understanding their function (Bill et al., 2011; Vinothkumar

and Henderson, 2010). Recent developments in direct electron

detection and software for single-particle cryo electron micro-

scopy (cryo-EM) allow atomic resolution structures of non-crys-

talline proteins and protein complexes to be solved (Cheng,

2015). Reports indicate that lipids and detergents affect the con-

formations of membrane proteins and their mutual interactions

(Li et al., 2014; Sun et al., 2015).

High-resolution structures of membrane proteins in lipid bila-

yers can be obtained by cryo electron crystallography (Abeyr-

athne et al., 2010). This, however, requires the production of or-

dered two-dimensional (2D) crystals. An alternative approach is

to image non-crystalline membrane proteins in lipid vesicles by

cryo electron tomography (cryo-ET) and process the volumes

by subtomogram averaging (STA) (Eibauer et al., 2012). Several

reconstructions have been obtained at subnanometer resolution

(8–9 Å) using this method, namely, for the large stable chapero-

nin GroEL (Bartesaghi et al., 2012), a large icosahedral virus

(Bharat et al., 2015), the structural protein of HIV (Schur et al.,

2013), and native virions (Schur et al., 2015). The resolution ob-

tained by cryo-ET and STA is still a critical issue; however, the

advantages of direct electron detectors (DEDs) for tomography

have so far been exploited to a lesser degree than for single-par-

ticle cryo-EM.

Here we concentrate on the serotonin-gated 5-HT3 receptor

(Maricq et al., 1991), which is a pentameric ligand-gated ion

channel belonging to the superfamily of Cys-loop receptors

(Thompson et al., 2010). The 5-HT3 receptor is expressed in

the CNS in the regions responsible for vomiting, pain, the reward

system, cognition, and anxiety control; rodent models suggest

that 5-HT3 receptors are involved in pain perception, emotions,

memory, and psychiatric and gastrointestinal disorders (Walstab

et al., 2010).

The 3D structure of the detergent-solubilized 5-HT3 receptor in

complex with a high-affinity nanobody, VHH15, has been solved

at a resolution of 3.5 Å by X-ray crystallography (Hassaine et al.,

2014), which revealed the architecture of the homopentameric

receptor, including extracellular, transmembrane, and intracel-

lular domains. The bound nanobody stabilizes a non-conducting

channel conformation. Consequently, imaging of the receptor re-

constituted in a native-like lipid bilayer in the absence of a re-

stricting nanobody is useful in understanding the physiologically

important conformation and the gating mechanism of the

receptor.

Here, our aim was to determine the structure of the native,

non-crystalline 5-HT3 receptor in a lipid bilayer. For this we re-

constituted the purified, detergent-solubilized receptor in lipid

vesicles and performed cryo-ET using direct electron detection
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