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Abstract

Multimeric membrane proteins are produced in the endoplasmic
reticulum and transported to their target membranes which, for ion
channels, is typically the plasma membrane. Despite the avail-
ability of many fully assembled channel structures, our under-
standing of assembly intermediates, multimer assembly
mechanisms, and potential functions of non-standard assemblies is
limited. We demonstrate that the pentameric ligand-gated ser-
otonin 5-HT3A receptor (5-HT3AR) can assemble to tetrameric
forms and report the structures of the tetramers in plasma mem-
branes of cell-derived microvesicles and in membrane memetics
using cryo-electron microscopy and tomography. The tetrameric
structures have near-symmetric transmembrane domains, and
asymmetric extracellular domains, and can bind serotonin mole-
cules. Computer simulations, based on our cryo-EM structures,
were used to decipher the assembly pathway of pentameric
5-HT3R and suggest a potential functional role for the tetrameric
receptors.
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Introduction

The formation of functional multimeric ion channels is a complex
process that is not fully understood. Subunit composition,
stoichiometry, and the relative positions of monomers within an
oligomer are critical for the proper function of the mature ion
channel. The synthesis, folding, and maturation of most eukaryotic
cell proteins, including secretory and membrane proteins, occur at
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the endoplasmic reticulum (ER) membrane. Here, the nascent
protein chain is transferred from the ribosome into the Sec61
translocation channel, which helps translocate hydrophilic
polypeptide segments across the ER membrane and integrate
hydrophobic transmembrane segments into the membrane (Lang
et al, 2017; Rapoport et al, 2017; Itskanov and Park, 2023). Once
in the ER, processing enzymes catalyze post-translational
modifications, and ER-resident chaperones facilitate monomer
folding and regulate their assembly into multimers (Wanamaker
et al, 2003).

The assembly of multimeric ion channels, such as the
pentameric ligand-gated ion channel (pLGIC) nicotinic acetylcho-
line receptors (nAChRs), is highly regulated. Only a small fraction
of newly synthesized subunits adopt the correct folding and receive
proper post-translational modifications necessary for oligomeriza-
tion (Colombo et al, 2013; Wanamaker et al, 2003). For nAChRs,
folding and oligomerization occur sequentially, with trimer
intermediates detected minutes after subunit synthesis, followed
by slower formation of tetramers and pentamers (Green and
Claudio, 1993). Fully assembled channels leave the ER in vesicles
that fuse with the trans-Golgi (Deutsch, 2003), undergo post-
translational processing, and appear on the cell surface upon vesicle
fusion with the plasma membrane. Another pLGIC, the serotonin
receptor 5-HT3,4, has been assayed for its intracellular biogenesis,
plasma membrane targeting, and ligand-induced internalization by
time-lapse microscopy (Ilegems et al, 2004). Ligand-binding to
newly synthesized 5-HT3,R was detected at the ER three hours
after transfection of HEK cells. Upon blocking the synthesis of new
proteins, the 5-HT3,R population in the ER and Golgi cisternae
moved to the cell surface, indicating successful receptor folding and
assembly (Ilegems et al, 2004). Some chaperones, like RIC-3,
facilitate the maturation of acetylcholine receptors and 5-HT3,R by
interacting with the intracellular domains (Halevi et al, 2002;
Pirayesh et al, 2020). Despite the characterization of the mature
receptors, the rules that govern the assembly of pLGICs subunits
into functional receptors and structural intermediates are not yet
understood.

"Max Planck Institute of Biophysics, Frankfurt am Main, Germany. 2Buchmann Institute for Molecular Life Sciences (BMLS), Goethe University of Frankfurt am Main, Frankfurt on
Main, Germany. 3The Research Center for Computer-aided Drug Discovery, Institute of Biomedicine and Biotechnology, The Shenzhen Institutes of Advanced Technology,
Chinese Academy of Sciences, Shenzhen 518055, China. “University of Chinese Academy of Sciences, Beijing 100049, China. >"Max-Delbriick-Center for Molecular Medicine in
the Helmholtz Association (MDC), In Situ Structural Biology, Robert-Réssle-Str. 10, 13125 Berlin, Germany. ®Institute of Chemical Sciences and Engineering (ISIC), Ecole
Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland. “Faculty of Pharmaceutical Sciences, Shenzhen University of Advanced Technology (SUAT), Shenzhen,
China. 8AlphaMol Science Ltd, Shenzhen 518055, China. °Institute of Medical Physics and Biophysics, Charité-Universitidtsmedizin, Berlin, Germany. °These authors contributed
equally: Bianca Introini, Wengiang Cui, Xiaofeng Chu. ®E-mail: horst.vogel@epfl.ch; shuguang.yuan@cadd2drug.org; mikhail.kudryashev@mdc-berlin.de

© The Author(s)

The EMBO Journal Volume 43 | Issue 20 | October 2024 | 4451- 4471 4451

‘0T'0£'S6'V6T d1 WO} 120z ‘2 ,equiadeq uo 5J0'SSGJC|O(]LUG'MMM//ISC|11L| wioJ} pepeojumoq


http://crossmark.crossref.org/dialog/?doi=10.1038/s44318-024-00191-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s44318-024-00191-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s44318-024-00191-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s44318-024-00191-5&domain=pdf
http://orcid.org/0000-0001-8727-1070
http://orcid.org/0000-0001-8727-1070
http://orcid.org/0000-0001-8727-1070
http://orcid.org/0000-0001-8727-1070
http://orcid.org/0000-0001-8727-1070
http://orcid.org/0000-0001-9913-3118
http://orcid.org/0000-0001-9913-3118
http://orcid.org/0000-0001-9913-3118
http://orcid.org/0000-0001-9913-3118
http://orcid.org/0000-0001-9913-3118
http://orcid.org/0000-0001-9695-8894
http://orcid.org/0000-0001-9695-8894
http://orcid.org/0000-0001-9695-8894
http://orcid.org/0000-0001-9695-8894
http://orcid.org/0000-0001-9695-8894
http://orcid.org/0000-0001-9858-4742
http://orcid.org/0000-0001-9858-4742
http://orcid.org/0000-0001-9858-4742
http://orcid.org/0000-0001-9858-4742
http://orcid.org/0000-0001-9858-4742
http://orcid.org/0000-0003-3550-6274
http://orcid.org/0000-0003-3550-6274
http://orcid.org/0000-0003-3550-6274
http://orcid.org/0000-0003-3550-6274
http://orcid.org/0000-0003-3550-6274
https://doi.org/10.1038/s44318-024-00191-5
mailto:horst.vogel@epfl.ch
mailto:shuguang.yuan@cadd2drug.org
mailto:mikhail.kudryashev@mdc-berlin.de

The EMBO Journal

Studies suggest that 5-HT3,R and other pLGIC family members
are homo- or heteropentamers assembled from structurally
homologous subunits (Wu et al, 2015). Five 5-HT3, subunits can
form functional homo-pentamers (Kudryashev et al, 2016; Zhang
et al, 2021; Polovinkin et al, 2018; Basak et al, 2018a; Hassaine et al,
2014), while 5-HT3, and 5-HT3p subunits can combine to form
the hetero-pentameric 5-HT3,5R with specific properties (Barrera
et al, 2008). However, the details of the assembly process are
unclear. Previous analyses suggested that 5-HT34R goes through
different oligomeric states upon destabilizing events (Tol et al,
2013; Nicke et al, 2004; Boess et al, 1995). Recent cryo-EM
structures of the pentameric 5-HT34R solubilized with detergent
(Polovinkin et al, 2018; Basak et al, 2018a, 2018b, 2020) or
reconstituted in saposins with lipids (Zhang et al, 2021) have been
reported, but none revealed the oligomerization process leading to
the mature pentameric form. High-resolution cryo-EM structures
of the glycine receptor (Zhu and Gouaux, 2021) in detergent
provided evidence that a pLGIC can undergo different assembly
states, suggesting that tetramers are structural intermediates of this
channel’s assembly process. There are no studies that show such
intermediate structures in native plasma membranes.

Here we report cryo-EM structures of tetrameric forms of
5-HT34R reconstituted into lipid bilayer nanodiscs and imaged in
cell-derived plasma membrane vesicles. Both symmetrical and
asymmetrical organizations of the receptor’s extracellular domain
were able to bind serotonin with different efficiency, but the
binding did not open the tetrameric transmembrane ion pore.
Cryo-electron tomography (cryo-ET) of plasma membrane vesicles
resolved tetrameric and pentameric forms coexisting in the same
membrane patches, strongly indicating the tetramers as inter-
mediates in the receptor assembly process. To further investigate
the mechanism of the assembly process of the 5-HT3,R, we
stepwise dissociated the pentameric receptor into lower oligomeric
forms down to monomers while preserving the conformation of the
subunits. Computer simulations modeled the stepwise pentameric
receptor assembly, suggesting that incorporating a monomer into a
tetramer is energetically more favorable than adding a dimer to a
trimer. Our analysis resolves the diversity of oligomeric states of
5-HT34R in the membranes and contributes to the understanding
of the receptor folding and assembly.

Results

Cryo-EM of 5-HT34R-Salipro reveals the presence of
stable tetrameric forms

We purified the full-length murine 5-HT3,R in a saposin
lipoprotein-stabilized lipid bilayer and performed single particle
cryo-EM, as we previously reported (Zhang et al, 2021). We imaged
the receptor in the apo state and in the presence of serotonin,
corresponding to the desensitized state (Appendix Fig. S1). 2D
classification of the resulting particles surprisingly revealed that a
fraction of proteins had tetrameric features (Fig. 1A). Consecutive
3D classification by CryoSPARC’s heterogeneous refinement
(Punjani et al, 2017) without imposition of symmetry revealed
that while -50% of particles adopted an expected previously
described C5-symmetric arrangement (Zhang et al, 2021), other
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particles unexpectedly formed a tetramer (Fig. 1C,E). Cryo-EM
maps of tetrameric 5-HT3,R in apo closed-state and serotonin-
bound conformations were obtained at resolutions of 3.5A and
3.4 A (Appendix Fig. S1).

Further classification of the tetrameric particles, without the
application of symmetry, resulted in two structures: a near-C2-
symmetric (which we will refer to as symmetric) and an asymmetric
tetramer (Fig. 1B,D). The differences in the conformations were
observed mostly in the extracellular domain (ECD): in the
asymmetric tetramer, the ECD is organized similarly to the
pentameric form of the receptor with one missing subunit (Fig. 1B),
while the second conformation assembles as an apparent dimer of
dimers (Fig. 1D). Both conformations showed tightly packed
transmembrane domains (TMD) with a C4 symmetry between the
membrane leaflets. In all the maps of the tetramers, the local
resolution of the TMD reached 2.8 A and the ECD around 3.6 A,
while the density of the intracellular domain (ICD) was poorly
ordered due to the higher flexibility of this domain compared to the
pentameric form of the channel (Fig. 1B,D; Appendix
Figs. S2 and S3). In the apo-dataset 60% of the particles represent
an asymmetric tetramer (Fig. 1B; Appendix Fig. S2) and 40% the
symmetric one (Fig. 1D; Appendix Fig. S2) while in the serotonin-
bound dataset, the ratio was 53:47 (Appendix Fig. S3). We observed
densities resembling N-linked glycosylation in the extracellular
domains of the tetramers in correspondence to N82, N164, and
N148 as it was previously reported for pentameric 5-HT3,R
(Hassaine et al, 2014) (Fig. 1B,D, in red).

Treatment of 5-HT3,R with SDS revealed progressive dissocia-
tion of pentamers into lower oligomeric states, with more
monomers at higher SDS concentrations (Fig. 1F). Interestingly,
the circular dichroism (CD) spectrum of the mostly monomeric
fraction is nearly-identical to the untreated pentameric form
(Fig. 1G). While our cryo-EM data demonstrates that the tetramers
maintain the overall conformation of monomers, the unfolding
experiments suggest that lower-order oligomers maintain a stable
conformation even in aggressive environments.

Our cryo-EM maps allowed refinement of the available atomic
model (PDB ID: 6Y59 (Zhang et al, 2021)) into the transmembrane
and extracellular domains, but not into the intracellular domains.
Comparison of the chains constituting the symmetric apo tetramer
to the atomic model of the C5-symmetric apo-state (PDB ID: 6Y59
(Zhang et al, 2021)) showed a very similar structure of the domains
with the average root mean squared deviation of the carbon atoms
in the main chain (Ca RMSD) of 0.64 A to 1.07 A (Fig. 2A-C). The
highest deviation of "2 A was detected in the helices M3 and in the
generally more flexible horizontal MX helices (Fig. 2A).

The differences between the tetrameric conformations were
larger in the extracellular domain (Fig. 2F). The extracellular
domain of the chains C and D of the asymmetric tetramer are
displaced by 6-14 A outwards from the receptor’s central axis,
leaving a larger space between the extracellular domains of chains A
and D (Fig. 2D-F). The transmembrane domains of the tetrameric
conformations were less variable, with displacements of 1-4A
(Fig. 2F,G). Given the new unexpected tetrameric forms, we
wondered whether the tetramers are assembly intermediates for the
pentamer or are they able to perform their own functions? To
address the function of tetramers, we performed molecular
calculations based on our structures.

© The Author(s)
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Transition between the tetrameric forms of 5-HT3,R

To assess whether the transition from one tetrameric form

another is energetically possible, we computed the translation free-

© The Author(s)

The EMBO Journal

Asymmetric tetramer APO
385K particles

Symmetric tetramer APO
230K particles

—— untreated
2% SDS
2% SDS, 5 min sonication

—_
(S,

190 200 210 220 230
Wavelength (nm)

32 10 — 2% SDA, 5 min heating 90°C
RS —— 2% SDS, sonicate, heat, sonicate
Bt °
[}
§& O
6 -
=S92
E

240

energy surface (FES) expressed as Gibbs free energy (kJ/mol) at
310K (Fig. 3A) using the “flexible axis” approach (Kutzner et al,
to 2011). The analysis of FES suggested that the transition from a
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symmetric (6.4 kJ/mol) to an asymmetric tetramer (3.6 kJ/mol) is
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Figure 1. Pentameric and lower oligomeric forms of 5-HT3,R.

Bianca Introini et al

(A) 2D class averages from the apo dataset of 5-HT34R in Salipro, pentameric (purple), and tetrameric (gray) arrangements. (B) Cryo-EM map of tetrameric 5-HT34R in
an asymmetric conformation in the serotonin-free state. The subunits are color-coded: chain A is pale blue, chain B is pale yellow, chain C is green, and chain D is mustard.
Salipro belt is in transparent yellow and N-glycosylations are in red. (C) Volume rendering of the apparent pentameric form of 5-HT3,R, containing approximately half of
the particles. Sections through the transmembrane domain shown on the right indicate the characteristic arrangement of the subunits in the TMD. (D) Cryo-EM map of
tetrameric 5-HT3R in a symmetric conformation in the serotonin-free state. The subunits are color-coded: chain A is pale blue, chain B is pale yellow, chain C is green, and
chain D is mustard. Salipro belt is in transparent yellow and N-glycosylations are in red. (E) Volume rendering of the apparent tetrameric form of 5-HT34R, containing
approximately half of the particles. Sections through the transmembrane domain shown on the right indicate the tetrameric arrangement of the subunits in the TMD. (F)
BN-PAGE of 5-HT34R unfolding by SDS. Samples were incubated for 30 min with increasing amounts of SDS (0 to 10 mM) and separated by native PAGE. Oligomers of
BSA were used as size indicators (66, 132, 198, and 264 kDa). Oligomers of the receptor are indicated as 1-mer (monomer), 2-mer (dimer), 3-mer (trimer), 4-mer
(tetramer), and 5-mer (pentamer). (G) Unfolding of 5-HT34R by SDS measured by CD spectroscopy. Samples containing 150 pg 5-HT34R were denatured by incubation
with 2% SDS and a combination of sonication and heating, showing similar spectral profiles.

energetically possible and is likely to happen spontaneously
(AG = —2.8 kJ/mol = —0.67 kcal/mol). We next probed the transi-
tion of the symmetric to the asymmetric form. For this we used
guided MD simulations, sampling the time interval of 1000 ps
(Fig. 3B). Molecular dynamics (MD) simulations showed that the
solvent-accessible surface area reduces during the transition from
the symmetric conformation to the asymmetric one from 690 to
650 nm* (Fig. 3B). The reduction of the solvent-accessible area and
of the gyration radius for the asymmetric state highlights that the
asymmetric state is more compact than the symmetric one
(Fig. 3A). During the progression from the symmetric to the
asymmetric form we observed a redistribution of the numbers of
hydrogen bonds between the chains with a decrease of the number
of H-bonds between chains A-B and C-D and an increase between
chains B-C (Fig. 3C).

Both the symmetric and asymmetric tetramers have a narrower
pore compared to the previously reported pentameric structures
(PDB ID: 6Y5A = asymmetric 5-HT-bound, PDB ID: 6Y59 =
symmetric apo and PDB ID: 6Y5B = asymmetric apo). The range of
pore width of 1.2-3.0 A (Fig. 3D) suggests that water molecules
should not penetrate the pore. We tested the ability of the
tetrameric forms to hydrate the pore with all-atom molecular
dynamics simulations and measured the number of water
molecules in the pore. While few water molecules were observed
close to both the intracellular and extracellular exits from the pore,
the central ion pore region (corresponding to the residue L260) of
both the symmetric and the asymmetric tetramers did not contain
any water molecules during the whole long-time scaled MD
simulations (Fig. 3E, top panels). This analysis suggests that the
captured structures are not permeable to water and ions.

Tetramers of the 5-HT34R are capable of
binding serotonin

Our dataset of 5-HT34R, recorded in the presence of serotonin and
without extracellular calcium, should correspond to a desensitized
state of the receptor. Structural analysis revealed densities for
serotonin in the ligand binding pockets (LBPs): for the symmetric
tetramer two pockets were occupied—between the chains A and B
(LBP1) and C and D (LBP3) (Appendix Fig. S4). The distance
between the extracellular domains for the other chain pairs B/C and
A/D was too wide to form an LBP (Fig. EV1A; Appendix Fig. $4D).
For the asymmetric tetramer, two bound serotonin molecules were
observed—between the chains A and B (LBP1) and between the
chains B and C (LBP2) (Figs. EV3H-J and 4A,C-E). The interface
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between the chains C/D at the extracellular side had a lower
resolution (~4 A) which was not sufficient to build an atomic
model, therefore, we could not conclude if there is a serotonin
molecule in the corresponding binding pockets. The distance
between the chains D and A was too far to form a contact (Fig. 4A).

Upon serotonin binding, the receptor’s LBP side chains compactify,
the loop C “caps” the LBP, and side chains of W63, R65, Y126, W156,
and Y207 interact with the serotonin molecule (Zhang et al, 2021;
Polovinkin et al, 2018; Basak et al, 2018a). In tetramers, the
displacement of the C-loop and of the interacting residues were
minimal for the LBPs of the asymmetric tetramer and LBP1 of the
symmetric tetramer. The serotonin poses were significantly different
compared to fully functional pentamers (Figs. 4G,H and EV1G,H).
Only for LBP2 of the asymmetric tetramer, the serotonin pose was
similar to the fully assembled pentamer (Fig. 4H). Side chains in LBP2,
specifically W63, W156, Y207, and F199, rearranged closer to the
serotonin molecule, showing high similarity to the LBP of the
functional pentamer (Fig. 4H; Appendix Fig. S4).

We evaluated the stability of the interaction between serotonin (5-
HT) and the LBPs using the PDBePISA server (Krissinel and Henrick,
2007). We calculated the solvation-free energy (AiG, kcal/mol) gain
upon forming interfaces between a specific chain and the ligand, and
the AiG P-value, an indicator of an interaction-specific interface
(Figs. 4F and EV1F). AiG P-values < 0.5 indicate a specific molecular
interaction due to higher hydrophobicity than expected for a non-
specific interface. The previously reported C5-symmetric pentamer
had an average AiG of —3 kcal/mol and a AiG P-value of 0.45. Similar
values were only obtained for LBP2 of the asymmetric tetramer (LBP1
AiG —2.7 keal/mol, AiG P-value 0.46, Fig. 4F,H). In contrast, the AiG
for LBP1 of the asymmetric tetramer and both LBPs of the symmetric
tetramer suggested less efficient binding (Figs. 4F,G and EVIF-H).
Only for the asymmetric tetramer the calculated AiG P-value was
significant (P = 0.48, Fig. 4F), suggesting a specific interaction. The AiG
P-value calculated for LBP1 of the symmetric tetramer was >0.5 (i.e.,
0.59, Fig. EV1F), suggesting a non-specific molecular interaction. No
significant conformational changes in the transmembrane domains of
the tetrameric forms were observed upon ligand binding (Figs. 4B
and EV1B). Significant differences between the symmetric and
asymmetric tetramer 5-HT-bound forms were identified primarily
within the extracellular domain (Fig. EV2A-C). Chains A and B form
the conserved LPB1, maintaining a stable conformation (Fig. EV2B,C).
Notable alterations are observed within the extracellular domain of
chains C and D (Fig. EV2B,C). The transmembrane domain exhibits a
consistently stable arrangement across both serotonin-bound tetra-
meric forms (Fig. EV2D).

© The Author(s)
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Figure 2. Comparison of the protomers of tetrameric and pentameric forms of the 5-HT3,R.

(A) Atomic models of single subunits of the tetramer, colored based on Ca RMSD value in A when compared to a subunit of the pentameric apo C5 5-HT3AR (PDB ID:
6Y59). (B, C) Tables showing values of Ca RMSD (A) at the level of the extracellular domain (ECD) and transmembrane domain (TMD) between the indicated chains.
(D-G) Superposition of atomic models of the apo symmetric and asymmetric tetramers aligned at subunits A. (E) Top view of superposed symmetric (i.e., S-T APO) and
asymmetric (i.e., As-T APO) tetramers. Red arrows indicate the differences between the N-terminal helices of the symmetric and the asymmetric structures. (F)
Comparison of chains C and D of symmetric (sage green) and asymmetric (cornflower blue) apo structures when aligned with respect to subunit A. (G) Superposition of
structures at L260 (9’ position) of TM2. Displacements measured at the Ca atoms of indicated residues on each helix in the same cross-section are shown for (E-G). A
downward displacement of both C and D helices is observed in the transition from symmetric to asymmetric. Source data are available online for this figure.

Structural analysis of the tetramers in the presence of serotonin
and CaCl,, which inhibits desensitization and allows the formation
of the active state of the receptor, showed an overall resemblance to
the ligand-unbound and -bound tetramers at 6A resolution
(Fig. EV3). No noticeable displacements of the transmembrane
helices were revealed, suggesting that the tetrameric receptors
represent a closed ion pore (Fig. EV3E).

Tetrameric forms are delivered to the plasma membrane
where they co-localize with pentamers

We investigated whether tetrameric forms could be delivered to the

plasma membrane, potentially playing a functional role. Using a
previously described plasma membrane-derived microvesicle

© The Author(s)

system in human cell lines (Pick et al, 2005), we imaged
5-HT3,R in microvesicles by cryo-ET. Tomograms contained
distinguishable 5-HT3,R-shaped densities (Fig. 5A-D). All
observed 5-HT3,R-containing vesicles in 309 tomograms showed
the expected orientation when inserted in the plasma membrane.
On the contrary, receptors localized at ER membranes would
contain inverted protein topology (Duran and Meiler, 2013) and
vesicles would occasionally contain ribosomes. The receptors were
located in clusters, similar to previous findings in the plasma
membrane of live HEK cells (Pick et al, 2003), with both
pentameric and tetrameric receptors present (Fig. 5E). Examination
of the inter-receptor distances indicated a clustering of pentamers
in close proximity, while tetramers exhibited a more dispersed
distribution with an average separation in the range of 30 nm
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(A) Free energy surface obtained from enforced rotation simulation (ERS) during the rearrangement, depicted as a function of RMSD (X-axis) and the radius of gyration
(Rgyr) as the Y-axis. Gibbs free energy values (G, kJ/mol) are represented by a rainbow color code. (B) Changes in Solvent Accessible Surface Area (SASA) of tetramer
structures over simulation time in the ERS. (C) Number of hydrogen bonds at the interface between two specific subunits during the transition from symmetric

(time = O ps) to asymmetric tetramer (time = 1000 ps) in the ERS. (D) Pore radius for different structures. Solid lines represent the average radius over 1 us conventional
simulations, with the shaded area indicating the standard deviation. The vertical dashed line denotes the radius of a water molecule (1.4 A). (E) Average water molecule
density in the TMD within 4 A from L260 during conventional MD. Top: Water molecule densities are shown in blue; the subunits of the indicated model are gray. For each
subunit, the residue L260 is shown as sticks. Bottom: Number of water molecules observed for the apo tetramer symmetric (S-T APO, in sage green) and asymmetric (As-
T APO, in cornflower blue)) over 1 ps simulations (left panel). The histograms (right panels) show the averaged distribution of the number of water molecules observed

during the simulation on the left. Source data are available online for this figure.

(Fig. 5E). The tendency of pentamers to cluster aligns with previous
observations in vivo within the plasma membrane of HEK cells
(Pick et al, 2003).

We next performed subtomogram classification and averaging of
the receptor-like densities without applying symmetry (Fig. EV4A-E).
From the manually picked thirty thousand particles, a subset of 4431
particles generated a density map resembling the asymmetric tetramer
observed in our single-particle analysis at a resolution of 25.2 A
(Figs. 5F,H and EV4E). Another subset of 3031 particles produced a
density map depicting an apparently symmetrical pentameric receptor
at a resolution of 19.6 A (Figs. 5G-1 and EV4D). Despite more
particles contributing to the tetrameric isoform, the resolution was
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higher for the pentamer, suggesting the tetramer is more flexible. Both
atomic models of tetramers from our single-particle cryo-EM analysis
fitted well into the tetrameric map from subtomogram averaging
(Fig. 5H).

Energy landscapes and assembly of multimers

We next computationally probed if the tetrameric forms of 5-HT3,R
could serve as intermediates for the assembly process of the
pentameric receptors. For this, we used coarse-grained atomistic MD
simulations in combination with metadynamics simulations, a widely
used method for the sampling of rare biological events by analyzing

© The Author(s)
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Only the extracellular domain reorganizes upon 5-HT binding

AiG (kcal/mol) and relative AiG P-value of
SRO and indicated chain (PDBePISA )

6Y5A
LBP1 (chain A) | -1.3,0.46 |-3.0,0.48
LBP2 (chainB) | -2.7,0.42 |-3.0,0.45

=)
3

Figure 4. The binding of serotonin does not lead to conformational changes in the transmembrane domain.

(A, B) Superposition of the apo- (i.e.,, As-T APO) and serotonin-bound (i.e., As-T 5-HT) structures for the asymmetric tetramer. (A) Red arrows indicate the direction of
the movement of the N-terminal helices. As we observed for the symmetric form, the HOLO conformation showed densities for serotonin only in two LBPs (numbered 1
and 2). (B) Cross-sections at the TMD residue L260 (9’ position) of M2. Displacements measured at the Ca atoms of the indicated residues on each helix in the same
cross-section are shown. No large movements were observed. (C, D) Close-up of the LBPs of the apo and serotonin-bound tetramers. Serotonin is shown in orange. (E)
Depicts the planes shown in (A) and (B) and serotonin densities are shown in orange. (F) Solvation-free energy gain (AiG, kcal/mol) on formation of the interface between
indicated chains and ligands. Negative values indicate a hydrophobic interface, thus the more negative the value, the stronger the interaction. The AiG P-value is defined in
(Krissinel, 2009). It is a measure of the specificity of the interface, P < 0.5 indicates interfaces with a higher-than-expected hydrophobicity, suggesting a specific molecular
interaction. AiG and AiG P-values were calculated using the PDBePISA server (Krissinel and Henrick, 2007). PDB IDs of each tetrameric form deposited is reported above
each panel. (G, H) Superpositions of the LBPs occupied by serotonin of the HOLO tetrameric 5-HT3R (As-T 5-HT) with the respective LBPs of the pentameric 5-HT3R (PDB
ID:6Y5A). Serotonin molecules bound to the tetramers are displayed in orange while those bound to 6Y5A are in lavender

free energy landscapes of biomolecules (Barducci et al, 2011, 2008;
Bussi and Laio, 2020). Starting from monomers, we simulated the
possible oligomerization steps that can lead to the formation of a final
pentameric 5-HT34R (i.e.,, Monomer + Monomer = Dimer, Monomer
+ Dimer = Trimer, Trimer + Monomer = Tetramer, and so on, as
shown in Fig. EV5A-F). We calculated free energy surfaces (FES) for
given oligomerization states as a function of distance between
extracellular regions and transmembrane regions (Fig. EV5A-F).
FES analysis for the interaction between two monomers and between a
dimer and a monomer, showed energy barriers of 10.2 and 6.9 kcal/
mol respectively (Figs. 6 and EV5A, B). Two scenarios for tetramer
formation are possible: a symmetric tetramer forms from two dimers
with a barrier of 16.8 kcal/mol, or a potentially less symmetric tetramer
forms from a trimer and a monomer with a barrier of 12.3 kcal/mol

© The Author(s)

(Figs. 6 and EV5C,D). Overall, the global minimum of FES appeared at
low distances between the subunits (ECD < 50 A and TMD < 40 A) for
all the calculations, suggesting that the formation of lower oligomeric
states is energetically favorable.

Interestingly, there were alternative local minima in the FES
plots for the formation of tetramers and pentamers (Fig. EV5D,E).
The FES for the formation of the tetramer from a trimer and a
monomer shows two energy minima of —33.6 and —33.5 kcal/mol
(Fig. EV5D, white and red circles). The structure of the symmetric
tetramer observed in our cryo-EM data (Fig. EV5D, black circle) is
a few Angstroms away from both those energy minima. The
formation of pentamers from trimers and dimers also has two
minima of FES which are further away from each other (Fig. EV5E,
white and red circles). The minima closer to the observed structure
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Figure 5. Structural analysis of tetrameric and pentameric forms of 5-HT3,R in plasma membrane vesicles.

(A, B) Slices through tomograms of native microvesicles (MV) from cells overexpressing 5-HT3R. Scale bars: 50 nm. (A) Side views of the individual receptors are
marked with red asterisks. (B) Top views of the receptors in the same vesicle; red circles highlight pentamers, blue squares—tetramers. (C, D) Views through individual
tetramers (C) and pentamers (D). (E) Distance between closest neighbors in plasma membrane-derived microvesicles. (F, G) Subtomogram average structures of a
tetramer (F) and a pentamer (G). The dotted white line indicates the slice of extracellular domain shown in (H) and (l). Scale bars are in solid white: 10 nm. (H, I) Volume-
rendered visualizations of the average structures in native microvesicles overlaid with the atomic models of the asymmetric tetramer (H) and of the pentamer (I, PDB ID:

6Y59). Source data are available online for this figure.

(Fig. EV5D, black circle) corresponds to the energy minima of
—46.2 kcal/mol. The major differences observed between the two
alternative energy minima were observed in the ECD domain
(Appendix Fig. S5). The energy barrier for the formation of a
pentamer from a tetramer and a monomer is 11.1 kcal/mol (Figs. 6
and EV5F) and it is lower than the addition of a dimer to a trimer.
Therefore, from the energy landscape point of view, the lowest
energy valley for the assembly of a pentamer is the addition of
monomers to the existing complex one by one (Fig. 6).

We next conducted guided molecular dynamics simulations to
form oligomers from specific combinations of precursors. For this, we
computationally pulled away one subunit from a particular assembly
over a simulation time of 500 ns. Reversing this process on the time
axis corresponds to the formation of a particular oligomer of the
receptor starting by forming a dimer from the interaction of two
monomers and then proceeding with the formation of higher-order
oligomers (Fig. 7A,B). During the formation of different oligomeric
forms, the initial contact area was similar across all simulations: the
hydrophobic TM domains of the interacting subunits approached each
other first, followed by a structural rearrangement of the ECD region
(Fig. 7C-H). In dimer formation, the first contact between the two
monomers occurred over the entire length of their M2 helices
(Fig. 7C). For higher-order oligomers, the first contact between
interacting subunits was at the inner leaflet of the membrane
(Fig. 7D-H). A simulation of pentamer formation from an asymmetric
tetramer is presented in Movie EV1.

Discussion
We demonstrated that the homo-pentameric ligand-gated ion

channel 5-HT3,R can form stable tetramers in lipid bilayers and
cellular membranes. In the presence of SDS, fully assembled
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pentamers dissociate into lower-order oligomers down to mono-
mers, preserving the overall conformation of the subunits.
However, as we estimate, this process would have a high energetic
cost, which makes dissociation of pentamers during sample
preparation or in natural cellular conditions unlikely. It is therefore
tempting to attribute the tetrameric structures to assembly
intermediates of the receptors. Glycine receptors from the cys-
loop pLGIC family were recently purified from brain spinal cord in
a trimeric and a tetrameric form, suggesting that these forms
represent partially assembled alpha subunits of a hetero-pentameric
receptor (Zhu and Gouaux, 2021). Unlike the glycine receptor
tetramers, which exhibit an unfilled space in the transmembrane
domain, our tetramers form a nearly C4-symmetric arrangement in
the TMD, suggesting a more stable configuration. Lower oligomeric
forms of 5-HT3,R may also be present in our cryo-EM samples,
but at lower amounts, preventing their reliable detection by this
technique. Furthermore, we demonstrate not only the existence of
tetrameric forms but also their successful delivery to the cellular
plasma membrane. This suggests that tetramers passed the quality
control mechanisms for membrane protein assembly. Interestingly,
the presence of tetramers in a purified preparation for single-
particle cryo-EM was recently reported (Lopez-Sanchez et al, 2024),
however, their fraction was low, which did not allow obtaining
high-resolution structures. In our current work, as well as in the
report by Lopez-Sanchez and colleagues, the protein was produced
in the tetracycline-inducible expression system in HEK293 cells,
optimized for high protein yield, resulting in up to 10 receptors per
cell (Hassaine et al, 2013). This is higher than the number of
5-HT34R per neuronal cell, therefore the ratio of the tetramers to
pentamers in vivo might differ.

Despite the high structural similarity between the individual
monomers in the tetrameric and pentameric forms of the receptor,
the inter-protomer interactions, as well as the poses of serotonin in
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Figure 6. Proposed model for pentamer assembly pathway.

The energy barrier values necessary to transit from one oligomeric state to another are expressed in kcal/mol. Under each arrow S7A-F refers to one of the FES

representations shown in Fig. EV5A-F and 3A refers to Fig. 3A.

the ligand-binding pockets are different. The only ligand binding
pocket that showed the pose of the serotonin molecule similar to a
functional pentamer was the LBP2 of the asymmetric tetramer.
LBP2 is located at the sole interface where each of the ECD
domains has neighboring domains that seemingly stabilize the LBP,
facilitating the efficient binding of serotonin. Therefore, our data
suggests that for serotonin to bind functionally to an LBP, both
5-HT3R monomers forming the LBP have ordered neighboring
subunits. However, as there is only one LBP resembling the
pentameric receptor, the tetrameric receptors have a closed pore, a
conclusion that we confirmed by MD simulations. In our cryo-EM
structures, ligand binding also did not lead to functional
displacement of the transmembrane helices. Previous single-
channel analysis of a7-nAChR/5-HT3R chimeras demonstrated
that the generation of stable currents required the binding of two to
three ligands in non-consecutive binding pockets (Eisel¢ et al, 1993;
Rayes et al, 2005). The absence of the functional consecutive LBPs
in tetramers prevents the receptors from opening in response to
serotonin binding.

Our simulations suggest an assembly mechanism for 5-HT3,R:
two monomers combine to form a dimer, which subsequently
assembles into a trimer with the addition of another monomer.
This trimer then incorporates another monomer to form a
tetramer. Tetramers exist in two states: symmetric and asymmetric,
with the ability to interchange between them with low-energy
barriers. Finally, a pentamer is formed by adding a monomer to the
asymmetric tetramer. The assembly process of 5-HT3,R multimers
initiates with interactions among the transmembrane domains,
followed by associations between the extracellular domains. While
5-HT34Rs and some other pentameric ligand-gated ion channels
(e.g., nAChR) feature an intracellular domain that engages with
transmembrane chaperones such as RIC-3 during receptor
assembly, our data did not reveal the presence of associated
chaperones. This absence was noted both in purified receptors and
in cellular membranes. However, RIC-3 is not essential for the
5-HT3R assembly but enhances the surface expression of the
receptors and modulates the subunit composition (Walstab et al,
2010; Cheng et al, 2005). The ability of the extracellular domains of
pLGICs to form pentamers independently of the transmembrane
domain is well-established. Our simulations showed that

© The Author(s)

transitioning from an asymmetric to a symmetric tetramer requires
surmounting a minor energy barrier (AG = —0.67 kcal/mol).
Computational pulling experiments further demonstrated that the
transmembrane domains are pulled apart right after the extra-
cellular domains, suggesting that the initial interactions are
primarily driven by hydrophobic interactions within the TM
domains. At the cytoplasmic side of the 5-HT3AR membrane the
receptor harbors short horizontal MX-helices positioned adjacent
to the M4 helices, while the interactions between the protomers are
modulated by M1, M2, and M3 helices. We previously suggested
that the MX helices mediate interactions between assembled
receptors in membranes (Kudryashev et al, 2016). Given that most
pLGICs (e.g., GABAAR, GlyR), including bacterial counterparts,
lack intracellular domains or MX helices (Jaiteh et al, 2016), we
propose that the assembly mechanism of oligomers from
precursors, driven by hydrophobic forces, could be conserved.
However, the specific functions of intracellular domains and MX
helices may vary depending on the protein.

Tetrameric forms of 5-HT3,R, which may represent assembly
intermediates preceding pentamers, are delivered to the plasma
membrane, suggesting possible functional implications. A related
pLGIC, a7 nAChR, mediates calcium signaling via both ionotropic
and metabotropic mechanisms (Kabbani and Nichols, 2018). Due
to the similarities in the overall architecture of 5-HT3AR and a7
nAChR, it is possible that tetrameric 5-HT3AR could also interact
with other molecules and perform signaling functions without ion
flow through the pore. Moreover, preclinical studies of 5-HT3,R
antagonists in depression and comorbid anxiety models showed
encouraging results (Bhatt et al, 2013; Gupta et al, 2011).
Competitive antagonists of 5-HT3R were proposed to increase
the presence of free 5-HT, thereby enabling its binding to other
serotonin receptors (Bhatt et al, 2021). Thus, non-ionotropically
active 5-HT3,R tetramers could contribute to serotonin home-
ostasis in the brain and regulate the availability of 5-HT.
Furthermore, we observed the presence of microdomains in plasma
membrane-derived vesicles characterized by the presence of densely
packed tetrameric and pentameric receptors. These formations may
arise from interactions among receptors or between specific lipids
and receptors. Elevated concentrations of receptors in localized
areas could enhance the efficiency of ligand binding and potentially
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Figure 7. Formation of 5-HT3,R oligomers from precursors simulated by guided MD.

Graphs depict the closest distance between ECDs (green) and TMDs (blue) centers of an oligomer over simulation time. Subunits were pulled apart; invert time scale for
assembly view. Close-ups show TMD centroid distances at first contact, e.g., 10 A (A), 17 A (B), marked by red dashed lines. All curves are triplicate averages. Models
display the first contact residues for each simulation: dimer (A, B), trimer (C, D), tetramer (E, F), and pentamer formation (G, H). Source data are available online for this

figure.

influence receptor trafficking dynamics. Given the pivotal role of
N-glycosylation in trafficking processes (Monk et al, 2004), the
glycosylation of tetramers may serve as a facilitator for such
trafficking events. Finally, understanding the sequence and
mechanism of assembly presents opportunities for innovative
pharmacological interventions targeting membrane protein assem-
bly. The use of specific small molecules, peptides, or nanobodies
that interact at the multimerization interface may modulate the
amount of target protein. A similar approach has been suggested
for blocking AP42 (Linse et al, 2022) polymerization and may be
extrapolated to drug targets involving membrane proteins.

Methods

5-HT34R expression, purification, and reconstitution
in saposins

Murine wild-type 5-HT3A receptor containing four N-terminal
Strepll tags was expressed by a stable T-Rex-293 cell line. As
previously performed and described by us (Zhang et al, 2021),
protein expression was induced by adding tetracycline to the
cultures and by lowering the shaker’s temperature to 30 °C. In order
to increase protein expression levels (Chaudhary et al, 2012;
Gorman et al, 1983), sodium butyrate was added shortly after the
induction. The following steps were performed at 4°C, unless
differently specified. For the purification of the receptor, cells were
resuspended in lysis buffer (10 mM HEPES, 1 mM EDTA, pH 7.4
plus 2 pg/mL leupeptin, 2 ug/mL pepstatin A, 0.2 mg/mL benza-
midine-HCI, 20 ug/mL AEBSF, and 3 pug/mL aprotinin) using a
dounce homogeniser and subsequently disrupted using a Micro-
fluidizer processor (Microfluidics M-110L) at 80 psi. Cell debris was
removed by centrifugation (10,000 x g, 45 min) and the membrane
pellet was isolated from the clarified lysate by ultracentrifugation
for 6h at 130,000 x g&. The membrane pellet was mechanically
resuspended in solubilization buffer (final concentrations: 50 mM
Tris, 500 mM NaCl, CI12E9 (Anatrace) 0.75% (w/v), pH 8) and
subsequently, it was left under gentle stirring for 2h. Non-
solubilised material was removed by centrifugation for 1h at
49,000 x g. The supernatant was then passed through a 0.45-um-
pore filter and applied to a 5mL Streptactin Superflow high-
capacity column (IBA) (equilibration and washing buffer: 50 mM
Tris, 150 mM NaCl, 0.01% C12E9, pH 8, flow rate of 1 mL/min).
After the washing of the column with 250 mL of washing buffer, the
receptor was eluted with the above-mentioned buffer supplemented
with 10 mM D-desthiobiotin. The peak fractions were pooled and
concentrated to ~300puL for the further reconstitution of the
channel into saposins and porcine brain polar lipids (BPL, Avanti
Polar Lipids) (i.e., 5-HT3R-Salipro). Briefly, Once the lipids were
prepared as previously described (Zhang et al, 2021), the purified
channel was first incubated for 15 min at room temperature on an

© The Author(s)

orbital rocker with a 450-fold molar excess of detergent-
destabilized BPL (650 g/mol). Secondly, saposin was added to 30-
fold molar excess relative to 5-HT3,R and the sample was
incubated for 15min at room temperature. Subsequently, the
sample was incubated for 15min at room temperature with
100-200 mg of wet BioBeads SM2 resin (Bio-Rad), and this last
step was repeated in total two times. The sample was then filtered
through a 0.22 pm-pore centrifugal filter and injected into a
Superose 6 Increase 10/300 column (GE Healthcare) (SEC buffer
25 mM HEPES, 125 mM NaCl, pH 7.4). SEC peak fractions were
pooled together and sample concentration was adjusted upon
checking by negative staining using a Tecnai Spirit Biotwin at
120 kV (ThermoFisher Scientific).

Unfolding of 5-HT34R in SDS

Blue native PAGE and circular dichroism (CD) measurements were
performed as described previously (Tol et al, 2013). Electrophoresis:
Pre-casted 5-20% gradient gels (Bio-Rad) were loaded with 10 pg of
solubilized protein in sample buffer (final concentrations 10%
glycerol, 0.2% Coomassie brilliant blue G-250 and 20 mM
6-aminohexanoic acid). NaCl concentration was kept below
25 mM, and the nonionic detergent concentration was not higher
than 10 mM. Electrophoresis was performed at 4 °C, starting with
20 min at 25V, until all samples entered the gel, followed by 2 h at
125V, until the Coomassie front was leaking in the anode buffer.
When the gel run was finished, excess Coomassie dye from empty
detergent micelles was removed by destaining, and protein bands
were accentuated by normal staining. The oligomers of BSA
(ranging from 66 to 264 kD) were used as a molecular mass marker.
CD measurements were performed as described before, on a model
62DS CD spectrometer (Aviv Biomedical, USA). Solubilized
5-HT3R was diluted to a concentration of 150 ug/ml in KPi buffer
(10 mM potassium phosphate pH 7.4, with 0.025% (w/v) C12E9).
In case the stock concentration was smaller than 2 mg/ml, the
sample was dialyzed for several hours against the same buffer to
prevent high UV-absorption buffer components. CD-spectra were
recorded in 1 mm quartz cuvettes at a sampling interval of 1 nm, a
bandwidth of 1.5 nm, and an average time of 5s. Generally, spectra
were measured from 260 to 190 nm. Spectra were smoothed by
Savitzky-Golay filtering with 7 points and a second-order
polynomial using Igor Pro (Wavemetrics) and converted to molar
ellipticity values.

Sample vitrification, cryo-EM data collection

Cryo-EM grids were prepared in the presence (i.e., holo) and
absence (i.e., apo) of natural agonist serotonin (5-HT). In this case,
we used photo-caged serotonin (RuBi-5-HT, Aabcam) that was
activated by exposure to light. To observe the active form of the
channel (i.e., holo active), the receptor was incubated in ice for 1 h
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before freezing with 100 uM 5-HT and 2 mM CaCl,. 3 uL (for apo
and holo active samples) or 2 uL (for holo deactivated samples) of
5-HT3 4R reconstituted in Salipro (Frauenfeld et al, 2016) at a final
concentration of 0.01-0.07 mg/mL were applied onto freshly glow-
discharged (15mA for 45s in a PELCO easiGlow system) Cu/C,
R2/2, 300 or 400 mesh copper grids (Quantifoil) coated with a
~2 nm thick carbon layer. For the holo-deactivated sample, 1 pL of
600 uM caged serotonin (RuBi-5-HT, Abcam, final concentration
on grid 200 uM) was directly added to 2 uL of the sample directly
on the grid. Caged serotonin was used for further research reasons.
For this experiment, the two components were incubated in dark
conditions for 1 min on the grid and the ligand was further released
upon controlled illumination with a harmless LED light source
operating at 445 nm (blue) inserted in one of the lateral apertures of
Vitrobot Mark IV (Thermo Fisher Scientific) right before the grid
fell into liquid ethane.

All samples were blotted for 4.5-5.5s with blot force 20 (595
Whatman paper) at 4°C in 100% humidity and plunge-frozen
into liquid ethane using a Vitrobot Mark IV (Thermo Fisher
Scientific). Cryo-EM data were collected automatically using EPU
software (Thermo Fisher Scientific) on a Titan Krios G3i
microscope at 300kV, equipped with a K3 (Gatan) detector
operating in electron counting mode and a Bioquantum energy
filter (Gatan). Movies were acquired at a nominal magnification of
105,000x, resulting in a pixel size of 0.837 A. Total accumulated
exposure of all the specimens ranged from 40 to 60 e/A%. For both
the apo and the holo-deactivated samples two data sets were
collected from different preparations while for the holo-active
sample, two data sets were collected on different dates from the
same grid. Further data collection details are provided in Appendix
Table S1.

Isolation 5-HT3R vesicle and sample preparation and
cryo-ET data collection

5-HT3R was expressed in the T-Rex-293 cell line as described
earlier in Methods. After cells were collected, the supernatant of the
growth medium was centrifuged at 3000 x g for 30 min to remove
large vesicles and cell fragments that were out of interest.
Microvesicles were collected from the pellet after supernatant
centrifugation at 10,000 xg for 30min. Microvesicles were
resuspended in 500 ul PBS and hydrated overnight at 4°C.
Microvesicles were incubated with 2mM CaCl, and 100 uM
serotonin for 40 min on ice before vitrification. The concentration
of microvesicles was checked via negative staining. Grids of
Quantifoil Au/Au R2/2 were glow-discharged on the PELCO
easiGlow system using 15mA for 45s. Four ul of microvesicle
solution was applied to the grid and then vitrified by Vitrobot Mark
IV (Thermo Fisher Scientific) adopting blot time of 4s and blot
force of 10.

Tilt series were recorded on the Thermo Fisher Scientific Titan
Krios G3i in Core Facility for Cryo Electron Microscopy, Charité —
Universitidtsmedizin Berlin. Tilt series of +/—48° were acquired at a
nominal magnification of 64,000x (0.69 A per pixel in super-
resolution mode) using SerialEM with a Hybrid-STA script
(Sanchez et al, 2020) or PACEtomo (Eisenstein et al, 2023). The
electron dose was 29.3 and 4.9 e¢/A? for non-tilted and tilted
projections, respectively. Frame stacks were recorded on a Gatan
K3 electron detector at the defocus range of —3 ~ —5 um.
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Cryo-ET data processing and subtomogram averaging

Raw images output by electron microscope were directly imported
to TomoBEAR (Balyschew et al, 2023), a workflow engine for
streamlined processing of cryo-ET data for subtomogram aver-
aging. The raw images were sorted according to different tilt series.
MotionCor2 (Zheng et al, 2017) was used for correcting beam-
induced motion, IMOD (Kremer et al, 1996) was used for
generating tilt stacks, the fiducial beads were detected by Dynamo
Tilt Series Alignment (Coray et al, 2024) and GCTF (Zhang, 2016)
was used for defocus estimation. IMOD was then used for fiducial
model refinement and tomographic reconstruction. The coordi-
nates of particles were detected by template matching implemented
in TomoBEAR. Candidate particles (30,623) were cropped and
contaminations were excluded by Dynamo multi-reference classi-
fication (Castaiio-Diez et al, 2012) adopting a local angular search
in the pixel size of 11.04 A. After several times of cleaning, classes
of tetramer and pentamer were observed during classification in
Dynamo when using a tight mask and searching for 360° for the in-
plane Euler angle in the pixel size of 5.52 A. Pentamer classes and
tetramer classes were imported separately to the subtomogram
averaging pipeline of Relion 4.0 (Zivanov et al, 2022). For pentamer
and tetramer classes, duplicated particles (distance <50 A) were
removed. Relion 3D classifications were executed using local search
to exclude contaminations and heterogeneity particles. Finally, 3D
refinements were executed at the pixel size of 5.52A, and
resolutions were estimated by Fourier shell correlation. The data
flow is presented in Fig. EV3.

Image processing for single particle cryo-EM

During data collection all data sets were pre-processed using
CryoSPARC Live (Punjani, 2021) for frame alignment, contrast
transfer function (CTF) estimation, particle picking, and extraction
with a box size of 330 pixels (288 A). Particularly, 2D classification
“on-the-fly” helped to monitor data quality including particle
orientation and oligomeric state of the channel. In CryoSPARC
(Punjani et al, 2017), further 2D classification and 3D hetero-
geneous refinement (without imposing symmetry) allowed to
separate the tetrameric particles from the pentameric. After an
initial 3D non-uniform refinement, tetramers’ 3D refined particles
together with a real-space mask excluding the Salipro belt and the
solvent were used as inputs for 3D variability analysis (3DVA)
(Punjani and Fleet, 2021). 3DVA was run using three variability
components and a low-pass filter resolution of 6 A. By using the
cluster mode function in CryoSPARC in both the apo and holo
deactivated data sets, particles were resolved into two main clusters
that yielded both the symmetric and asymmetric maps of the
tetramer. The obtained particle sets were again subjected to a non-
uniform refinement in CryoSPARC, which resulted in maps of
3.5A resolution for the apo asymmetric tetramer (~385K
particles), of 3.4 A resolution for the apo symmetric tetramer
(~230K particles), of 3.3 A resolution for the holo deactivated
asymmetric tetramer (~338 K particles) and of 3.4 A resolution for
the holo deactivated symmetric tetramer (~296 K particles). Local
resolution estimation was performed in CryoSPARC. All resolu-
tions were estimated according to the Fourier shell correlation
(FSC) 0.143 cut-off criterion of two independently refined half
maps (Rosenthal and Henderson, 2003).
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Calculation of minimal neighbor distance among
5-HT3Rs on microvesicles

Minimal neighbor distances of pentamers and tetramers were
calculated separately. For pentamers or tetramers, coordinates were
extracted from the final .star files from the Relion 3D refinement
jobs and split according to tomogram indexes. Foreach tomogram,
Euclidean distances between each particle and every other particle
were calculated, and the lowest value was chosen. The distribution
range of minimal neighbor distances (0 to 687 nm) was split into
100 intervals and the probabilities of each interval were calculated
and plotted. The probabilities of distances larger than 400 nm were
low and were truncated from the graphs for clarity.

Model building and analysis

The initial model was built manually in UCSF Chimera (Pettersen
et al, 2004) with single subunits from the published Salipro-5-HT3R
(PDB accession code 6Y5A and 6Y59) for guidance. ISOLDE (Croll,
2018) was used for the initial model fitting. Densities corresponding to
N-linked glycosylation adjacent to N82, N148, and N164 at the ECD
were resolved but not included in the model (Fig. 1B,D, in red). COOT
(Emsley et al, 2010) together with PHENIX (Liebschner et al, 2019)
were used for the iterative refinement of the models. Model quality was
assessed with Molprobity (Chen et al, 2010). Structural Figures were
prepared using UCSF ChimeraX (Meng et al, 2023). The figures in this
paper were made using BioRender.com.

Protein interaction interface analysis

PDB files were processed with the PISA (Protein Interfaces, Surfaces,
and Assemblies) program (Krissinel and Henrick, 2007) which
calculates interface and different components of the binding free
energy, including the solvation-free energy gain upon formation of the
interface (AiG, kcal/mol) and the associated AiG P-value, which is a
probability measure of the specificity of the interface.

Protein structure preparations for simulations

All protein models were prepared with the Protein Preparation
Wizard (Madhavi Sastry et al, 2013) included in Maestro under the
OPLS4 force field (Lu et al, 2021): hydrogen atoms were added to
the prepared cryo-EM structures at physiological pH (7.0) with the
PROPKA tool (Bas et al, 2008) to optimize the hydrogen bond
network. All water molecules were removed; C- and N-terminal
cappings were added; disulfide bonds were assigned and con-
strained energy minimizations were carried out on the full-atomic
models until the RMSD of the heavy atoms converged to 0.3 A.

Molecular dynamics simulation

We used three MD flavors customized for the particular problems. For
the analysis of the transition between the tetrameric forms (Fig. 3A+C),
we performed an enhanced rotation MD simulation (Kutzner et al,
2011). We performed all-atom MD simulations to analyze the atomic
details for the pore permeation by water molecules (Fig. 3E). In this
case, we took advantage of the relatively small size of the simulation
system. To study the oligomerization processes, we performed the
coarse-grained MD combined with sampling by metadynamics. We
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chose this combination of methods because the whole system is
extremely large after we separate the molecules to a large distance.

Membrane systems were built using the membrane building tool
CHARMM-GUI (Jo et al, 2008) and the OPM webserver (Lomize et al,
2012) was used to align the experimental structures in the lipid bilayer.
To mimic the lipid composition of brain polar lipid, we used POPC,
POPS, POPE, and cholesterol at a molar ratio of 15:22:39:24.
Symmetrical and asymmetrical tetramer models were embedded in a
lipid bilayer of 300 lipids, coupled to TIP3P water molecules comprising
0.15M NaCl. The final systems contained 176,555 atoms and 177,295
atoms, respectively, with a volume of 100 x 100 x 180 A%, All systems
were simulated using CHARMM36m force field (Huang et al, 2017).
The MD simulations were performed in GROMACS (Berendsen et al,
1995). The systems were minimized with a 50,000-step energy
minimization using the steepest descent algorithm. The systems were
subjected to temperature equilibrating in the NVT ensemble at 310 K for
200 ps and then to density equilibrating in the NPT ensemble at 310 K
and latm for 10ns. The heavy atoms were constrained using a
harmonic restraint with a force constant set to 1000 k] mol~! nm~2 in the
equilibrating steps. The production runs lasted 1 ps and three replicas
were used to ensure reproducibility. The convergence of the simulation
was confirmed by the analysis of RMSD of trajectories over time.

Since the subunit rotation is a rare biological event, the unbiased
MD simulation might take an unexpectedly long time to sample.
Therefore, for the simulations in Fig. 3A-C, we introduced a novel
method to enforce the rotation changes between the symmetric and
the asymmetric structure (Kutzner et al, 2011). It allows flexible
adaptations of both the rotating subunit as well as the rotation axis
during the simulation. Apart from the rotation itself, it imposes
minimal constraints on the rotating group, allowing conforma-
tional adaptations to the surroundings. The radial profiles of
proteins obtained from MD simulations were analyzed using
CHAP (Klesse et al, 2019). The density of lipids was analyzed in the
GROmaps tool. All Figures from MD simulations have been
prepared in PyMOL (The PyMOL Molecular Graphics System,
Version 1.2r3pre, Schrodinger, LLC). The parameters for MD
simulations are shown in Appendix Tables S2-4.

Metadynamics simulation

To probe how pentamers could form, we applied well-tempered
metadynamics simulations, which is a reliable and widely used method
for sampling rare biological events, such as protein-protein binding
(Barducci et al, 2011, 2008). Metadynamics simulations were
conducted using GROMACS-2021.5 (Berendsen et al, 1995) patched
with plumed-2.7.3 (Bonomi et al, 2009). Coarse-grained (CG)
simulation systems were built to investigate the assembly process of
the 5-HT3R. We combined an Elastic Network with the Martini3force
field (Souza et al, 2021) to obtain the initial atomic models. All CG
systems were embedded in a phosphatidylcholine lipid bilayer (as
described above) and were solvated in Martini CG water boxes,
containing 0.15M NaCl. In the CG simulations, a 5000-step energy
minimization was then followed by a 5-ns NPT pre-equilibration
simulation in which the positional constraints of the protein backbone
beads were gradually relaxed. In the simulations, the temperature was
set to 310 K using the V-rescale thermostat, and the pressure was set to
1 bar using a semi-isotropic coupling method. Free-energy profiles of
the systems were calculated. Metadynamics simulations use a history-
dependent potential V (s, t) to accelerate the sampling of the collective
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variables (CVs), s (s1, 82, ..., Sm). V (s, t) is usually constructed as the
sum of multiple Gaussians centered along the trajectory of the CVs:

V(S7 t) = i G(S, tj) = i Wﬁ exp <_ W)
= i=1

j=1

To achieve this, a Gaussian-shaped potential is added to bias the
system at the current position of the CVs, periodically during the
simulation. The height of the Gaussian is decreased with the
amount of bias already deposited according to

[t
w=wpe L& l1g

In our simulations, the distance between the mass center of the
TMD and that of the ECD for each subunit was assigned as the CVs,
while the width of Gaussians, o, was set as 0.3. The time interval T was
1.0 ps. Well-tempered metadynamics involves adjusting the height, w;,
in a manner that depended on V (s, ), where the initial height of
Gaussians wy was 1.5 kcal/mol, and the simulation temperature was
310K Each metadynamics simulation lasted for 500ns. The
convergence of the simulations was confirmed by the analysis of
distance plots over time. More details of metaMD simulations can be
found in our previous works (Yuan et al, 2014; Chan et al, 2018).

Data availability

The EM maps have been deposited to EMDB: EMD-16387 (5-HT-
bound, asymmetric), EMD-16386 (5-HT-bound, symmetric),
EMD-16384 (apo, asymmetric) and EMD-16385 (apo, symmetric)
with the corresponding atomic maps deposited to PDB ID: 8C21
(5-HT-bound, asymmetric), 8C20 (5-HT-bound, symmetric),
8C1W (apo, asymmetric) and 8C1Z (apo, symmetric). Subtomo-
gram averages were deposited to EMDB with the accession codes
EMD-19419 (tetramer) and EMD-19420 (pentamer).

The source data of this paper are collected in the following
database record: biostudies:S-SCDT-10_1038-S44318-024-00191-5.

Expanded view data, supplementary information, appendices are
available for this paper at https://doi.org/10.1038/s44318-024-00191-5.

Peer review information

A peer review file is available at https://doi.org/10.1038/s44318-024-00191-5

References

Balyschew N, Yushkevich A, Mikirtumov V, Sanchez RM, Sprink T, Kudryashev M
(2023) Streamlined structure determination by cryo-electron tomography and
subtomogram averaging using TomoBEAR. Nat Commun 14:6543

Barducci A, Bonomi M, Parrinello M (2011) Metadynamics. WIREs Comput Mol
Sci 1:826-843

Barducci A, Bussi G, Parrinello M (2008) Well-tempered metadynamics: a
smoothly converging and tunable free-energy method. Phys Rev Lett
100:020603

4464 The EMBO Journal Volume 43 | Issue 20 | October 2024 | 4451- 4471

Bianca Introini et al

Barrera NP, Henderson RM, Edwardson JM (2008) Determination of the
architecture of ionotropic receptors using AFM imaging. Pfliig Arch - Eur J
Physiol 456:199-209

Bas DC, Rogers DM, Jensen JH (2008) Very fast prediction and rationalization of
pKa values for protein-ligand complexes. Proteins Struct Funct Bioinforma
73:765-783

Basak S, Gicheru Y, Rao S, Sansom MSP, Chakrapani S (2018a) Cryo-EM reveals
two distinct serotonin-bound conformations of full-length 5-HT3A receptor.
Nature 563:270-274

Basak S, Gicheru Y, Samanta A, Molugu SK, Huang W, De la Fuente M, Hughes T,
Taylor DJ, Nieman MT, Moiseenkova-Bell V et al (2018b) Cryo-EM structure
of 5-HT3A receptor in its resting conformation. Nat Commun 9:514

Basak S, Kumar A, Ramsey S, Gibbs E, Kapoor A, Filizola M, Chakrapani S (2020)
High-resolution structures of multiple 5-HT3AR-setron complexes reveal a
novel mechanism of competitive inhibition. eLife 9:e57870

Berendsen HJC, van der Spoel D, van Drunen R (1995) GROMACS: a message-
passing parallel molecular dynamics implementation. Comput Phys Commun
91:43-56

Bhatt S, Devadoss T, Manjula NS, Rajangam J (2021) 5-HT3 receptor antagonism:
a potential therapeutic approach for the treatment of depression and other
disorders. Curr Neuropharmacol 19:1545-1559

Bhatt S, Mahesh R, Devadoss T, Jindal AK (2013) Anti-depressant like activity of
N-n-butyl-3-methoxyquinoxaline-2-carboxamide (60) a 5-HT3 receptor
antagonist. Indian J Exp Biol 51:435-443

Boess FG, Beroukhim R, Martin IL (1995) Ultrastructure of the
5-hydroxytryptamine3 receptor. J Neurochem 64:1401-1405

Bonomi M, Branduardi D, Bussi G, Camilloni C, Provasi D, Raiteri P, Donadio D,
Marinelli F, Pietrucci F, Broglia RA et al (2009) PLUMED: a portable plugin for
free-energy calculations with molecular dynamics. Comput Phys Commun
180:1961-1972

Bussi G, Laio A (2020) Using metadynamics to explore complex free-energy
landscapes. Nat Rev Phys 2:200-212

Castario-Diez D, Kudryashev M, Arheit M, Stahlberg H (2012) Dynamo: a flexible,
user-friendly development tool for subtomogram averaging of cryo-EM data in
high-performance computing environments. Spec Issue Electron Tomogr
178:139-151

Chan HCS, Wang J, Palczewski K, Filipek S, Vogel H, Liu Z-J, Yuan S (2018) Exploring a
new ligand binding site of G protein-coupled receptors. Chem Sci 9:6480-6489

Chaudhary S, Pak JE, Gruswitz F, Sharma V, Stroud RM (2012) Overexpressing
human membrane proteins in stably transfected and clonal human embryonic
kidney 293S cells. Nat Protoc 7:453-466

Chen VB, Arendall 3rd WB, Headd JJ, Keedy DA, Immormino RM, Kapral GJ,
Murray LW, Richardson JS, Richardson DC (2010) MolProbity: all-atom
structure validation for macromolecular crystallography. Acta Crystallogr D
Biol Crystallogr 66:12-21

Cheng A, McDonald NA, Connolly CN (2005) Cell surface expression of
5-hydroxytryptamine type 3 receptors is promoted by RIC-3*. J Biol Chem
280:22502-22507

Colombo SF, Mazzo F, Pistillo F, Gotti C (2013) Biogenesis, trafficking and up-
regulation of nicotinic ACh receptors. Biochem Pharm 86:1063-1073

Coray R, Navarro P, Scaramuzza S, Stahlberg H, Castafio-Diez D (2024)
Automated fiducial-based alignment of cryo-electron tomography tilt series in
Dynamo. Structure https://doi.org/10.1016/j.str.2024.07.003

Croll TI (2018) it ISOLDE: a physically realistic environment for model building into
low-resolution electron-density maps. Acta Crystallogr Sect D 74:519-530

Deutsch C (2003) The birth of a channel. Neuron 40:265-276

Duran AM, Meiler J (2013) Inverted topologies in membrane proteins: a mini-
review. Comput Struct Biotechnol J 8:201308004

© The Author(s)

‘0T'0£'S6'6T dI WO #7202 ‘2 Joquisoag uo Bio'ssaidoguuis mmwy/sdiy Loy papeo|umoq


https://www.ebi.ac.uk/emdb/EMD-16387
https://www.ebi.ac.uk/emdb/EMD-16386
https://www.ebi.ac.uk/emdb/EMD-16384
https://www.ebi.ac.uk/emdb/EMD-16385
https://doi.org/10.2210/pdb8C21/pdb
https://www.rcsb.org/structure/8C20
https://www.rcsb.org/structure/8C1W
https://www.rcsb.org/structure/8C1Z
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-19419
https://www.ebi.ac.uk/emdb/EMD-19420
https://www.ebi.ac.uk/biostudies/sourcedata/studies/S-SCDT-10_1038-S44318-024-00191-5
https://doi.org/10.1038/s44318-024-00191-5
https://doi.org/10.1038/s44318-024-00191-5
https://doi.org/10.1016/j.str.2024.07.003

Bianca Introini et al

Eiselé J-L, Bertrand S, Galzi J-L, Devillers-Thiéry A, Changeux J-P, Bertrand D
(1993) Chimaeric nicotinic-serotonergic receptor combines distinct ligand
binding and channel specificities. Nature 366:479-483

Eisenstein F, Yanagisawa H, Kashihara H, Kikkawa M, Tsukita S, Danev R (2023)
Parallel cryo electron tomography on in situ lamellae. Nat Methods 20:131-138

Emsley P, Lohkamp B, Scott WG, Cowtan K (2010) Features and development of
Coot. Acta Crystallogr D Biol Crystallogr 66:486-501

Frauenfeld J, Léving R, Armache J-P, Sonnen AF-P, Guettou F, Moberg P, Zhu L,
Jegerschold C, Flayhan A, Briggs JAG et al (2016) A saposin-lipoprotein
nanoparticle system for membrane proteins. Nat Methods 13:345-351

Gorman CM, Howard BH, Reeves R (1983) Expression of recombinant plasmids in
mammalian cells is enhanced by sodium butyrate. Nucleic Acids Res 11:7631-7648

Green WN, Claudio T (1993) Acetylcholine receptor assembly: subunit folding
and oligomerization occur sequentially. Cell 74:57-69

Gupta D, Devadoss T, Bhatt S, Gautam B, Jindal A, Pandey D, Mahesh R (2011)
Anti-depressant-like activity of a novel serotonin type-3 (5-HT 3) receptor
antagonist in rodent models of depression. Indian J Exp Biol 49:619-626

Halevi S, McKay J, Palfreyman M, Yassin L, Eshel M, Jorgensen E, Treinin M
(2002) The C.elegans ric-3 gene is required for maturation of nicotinic
acetylcholine receptors. EMBO J 21:1012-1020

Hassaine G, Deluz C, Grasso L, Wyss R, Tol MB, Hovius R, Graff A, Stahlberg H,
Tomizaki T, Desmyter A et al (2014) X-ray structure of the mouse serotonin
5-HT3 receptor. Nature 512:276-281

Hassaine G, Deluz C, Li X-D, Graff A, Vogel H, Nury H (2013) Large scale
expression and purification of the mouse 5-HT3 receptor. Biochimica et
Biophysica Acta (BBA). Biomembranes 1828:2544-2552

Huang J, Rauscher S, Nawrocki G, Ran T, Feig M, de Groot BL, Grubmiiller H,
MacKerell AD (2017) CHARMM36m: an improved force field for folded and
intrinsically disordered proteins. Nat Methods 14:71-73

llegems E, Pick HM, Deluz C, Kellenberger S, Vogel H (2004) Noninvasive
imaging of 5-HT3 receptor trafficking in live cells: FROM BIOSYNTHESIS TO
ENDOCYTOSIS. J Biol Chem 279:53346-53352

Itskanov S, Park E (2023) Mechanism of protein translocation by the Sec61
translocon complex. Cold Spring Harb Perspect Biol 15:a041250

Jaiteh M, Taly A, Hénin J (2016) Evolution of pentameric ligand-gated ion
channels: pro-loop receptors. PLoS ONE 11:e0151934

Jo S, Kim T, lyer VG, Im W (2008) CHARMM-GUI: a web-based graphical user
interface for CHARMM. J Comput Chem 29:1859-1865

Kabbani N, Nichols RA (2018) Beyond the channel: metabotropic signaling by
nicotinic receptors. Trends Pharm Sci 39:354-366

Klesse G, Rao S, Sansom MSP, Tucker SJ (2019) CHAP: a versatile tool for the
structural and functional annotation of ion channel pores. J Mol Biol
431:3353-3365

Kremer JR, Mastronarde DN, Mcintosh JR (1996) Computer visualization of
three-dimensional image data using IMOD. J Struct Biol 116:71-76

Krissinel E, Henrick K (2007) Inference of macromolecular assemblies from
crystalline state. J Mol Biol 372:774-797

Krissinel E (2009) Crystal contacts as nature's docking solutions. J Comput
Chem 31:133-143

Kudryashev M, Castafio-Diez D, Deluz C, Hassaine G, Grasso L, Graf-Meyer A,
Vogel H, Stahlberg H (2016) The structure of the mouse serotonin 5-HT3
receptor in lipid vesicles. Structure 24:165-170

Kutzner C, Grubmiiller H, de Groot BL, Zachariae U (2011) Computational
electrophysiology: the molecular dynamics of ion channel permeation and
selectivity in atomistic detail. Biophys J 101:809-817

Lang S, Pfeffer S, Lee P-H, Cavalié A, Helms V, Forster F, Zimmermann R (2017)
An update on sec61 channel functions, mechanisms, and related diseases.
Front Physiol 8:887

© The Author(s)

The EMBO Journal

Liebschner D, Afonine PV, Baker ML, Bunkéczi G, Chen VB, Croll Tl, Hintze B,
Hung L-W, Jain S, McCoy AJ et al (2019) Macromolecular structure
determination using X-rays, neutrons and electrons: recent developments in it
Phenix. Acta Crystallogr Sect D 75:861-877

Linse S, Sormanni P, O'Connell DJ (2022) An aggregation inhibitor specific to
oligomeric intermediates of AB42 derived from phage display libraries of
stable, small proteins. Proc Natl Acad Sci USA 119:¢2121966119

Lomize MA, Pogozheva ID, Joo H, Mosberg HI, Lomize AL (2012) OPM database
and PPM web server: resources for positioning of proteins in membranes.
Nucleic Acids Res 40:D370-D376

Lépez-Sanchez U, Munro LJ, Ladefoged, LK et al (2024) Structural determinants
for activity of the antidepressant vortioxetine at human and rodent 5-HT3
receptors. Nat Struct Mol Biol https://doi.org/10.1038/s41594-024-01282-x

Lu C, Wu C, Ghoreishi D, Chen W, Wang L, Damm W, Ross GA, Dahlgren MK,
Russell E, Von Bargen CD et al (2021) OPLS4: improving force field accuracy on
challenging regimes of chemical space. J Chem Theory Comput 17:4291-4300

Madhavi Sastry G, Adzhigirey M, Day T, Annabhimoju R, Sherman W (2013)
Protein and ligand preparation: parameters, protocols, and influence on virtual
screening enrichments. J Comput Aided Mol Des 27:221-234

Meng EC, Goddard TD, Pettersen EF, Couch GS, Pearson ZJ, Morris JH, Ferrin TE
(2023) UCSF ChimeraX: tools for structure building and analysis. Protein Sci
32:e4792

Monk SA, Williams JM, Hope AG, Barnes NM (2004) ldentification and
importance of N-glycosylation of the human 5-hydroxytryptamine3A receptor
subunit. Biochem Pharm 68:1787-1796

Nicke A, Thurau H, Sadtler S, Rettinger J, Schmalzing G (2004) Assembly of
nicotinic alpha7 subunits in Xenopus oocytes is partially blocked at the
tetramer level. FEBS Lett 575:52-58

Pettersen E, Goddard T, Huang C, Couch G, Greenblatt D, Meng E, Ferrin T
(2004) UCSF chimera—a visualization system for exploratory research and
analysis. J Comput Chem 25:1605-1612

Pick H, Preuss AK, Mayer M, Wohland T, Hovius R, Vogel H (2003) Monitoring
expression and clustering of the ionotropic 5HT3 receptor in plasma
membranes of live biological cells. Biochemistry 42:877-884

Pick H, Schmid EL, Tairi A-P, llegems E, Hovius R, Vogel H (2005) Investigating
cellular signaling reactions in single attoliter vesicles. ] Am Chem Soc
127:2908-2912

Pirayesh E, Stuebler AG, Pandhare A, Jansen M (2020) Delineating the site of
interaction of the 5-HT3A receptor with the chaperone protein RIC-3. Biophys
J 118:934-943

Polovinkin L, Hassaine G, Perot J, Neumann E, Jensen AA, Lefebvre SN, Corringer
P-J, Neyton J, Chipot C, Dehez F et al (2018) Conformational transitions of the
serotonin 5-HT(3) receptor. Nature 563:275-279

Punjani A (2021) Real-time cryo-EM structure determination. Microsc Microanal
27(S1H:M56-1157

Punjani A, Fleet DJ (2021) 3D variability analysis: resolving continuous flexibility
and discrete heterogeneity from single particle cryo-EM. J Struct Biol
213:107702

Punjani A, Rubinstein JL, Fleet DJ, Brubaker MA (2017) cryoSPARC: algorithms
for rapid unsupervised cryo-EM structure determination. Nat Methods
14:290-296

Rapoport TA, Li L, Park E (2017) Structural and mechanistic insights into protein
translocation. Annu Rev Cell Dev Biol 33:369-390

Rayes D, Spitzmaul G, Sine SM, Bouzat C (2005) Single-channel kinetic analysis
of chimeric a7-5HT3A receptors. Mol Pharm 68:1475

Rosenthal PB, Henderson R (2003) Optimal determination of particle orientation,
absolute hand, and contrast loss in single-particle electron cryomicroscopy. J
Mol Biol 333:721-745

The EMBO Journal Volume 43 | Issue 20 | October 2024 | 4451- 4471 4465

‘0T'0£'S6'6T dI WO #7202 ‘2 Joquisoag uo Bio'ssaidoguuis mmwy/sdiy Loy papeo|umoq


https://doi.org/10.1038/s41594-024-01282-x

The EMBO Journal

Sanchez RM, Zhang Y, Chen W, Dietrich L, Kudryashev M (2020) Subnanometer-
resolution structure determination in situ by hybrid subtomogram averaging -
single particle cryo-EM. Nat Commun 11:3709

Souza PCT, Alessandri R, Barnoud J, Thallmair S, Faustino |, Griinewald F,
Patmanidis |, Abdizadeh H, Bruininks BMH, Wassenaar TA et al (2021)
Martini 3: a general purpose force field for coarse-grained molecular
dynamics. Nat Methods 18:382-388

The PyMOL Molecular Graphics System, Version 1.2r3pre, Schrédinger, LLC

Tol MB, Deluz C, Hassaine G, Graff A, Stahlberg H, Vogel H (2013) Thermal
unfolding of a mammalian pentameric ligand-gated ion channel proceeds at
consecutive, distinct steps. J Biol Chem 288:5756-5769

Walstab J, Hammer C, Lasitschka F, Méller D, Connolly CN, Rappold G, Briiss M,
Bonisch H, Niesler B (2010) RIC-3 exclusively enhances the surface expression
of human homomeric 5-hydroxytryptamine type 3A (5-HT3A) receptors
despite direct interactions with 5-HT3A, -C, -D, and -E subunits. J Biol Chem
285:26956-26965

Wanamaker CP, Christianson JC, Green WN (2003) Regulation of nicotinic
acetylcholine receptor assembly. Ann N. Y Acad Sci 998:66-80

Wu Z, Cheng H, Jiang Y, Melcher K, Xu HE (2015) lon channels gated by
acetylcholine and serotonin: structures, biology, and drug discovery. Acta
Pharm Sin 36:895-907

Yuan S, Filipek S, Palczewski K, Vogel H (2014) Activation of G-protein-coupled
receptors correlates with the formation of a continuous internal water
pathway. Nat Commun 5:4733

Zhang K (2016) Gctf: real-time CTF determination and correction. J Struct Biol
193:1-12

Zhang Y, Dijkman PM, Zou R, Zandl-Lang M, Sanchez RM, Eckhardt-Strelau L, Kofeler
H, Vogel H, Yuan S, Kudryashev M (2021) Asymmetric opening of the
homopentameric 5-HT3A serotonin receptor in lipid bilayers. Nat Commun 12:1074

Zheng SQ, Palovcak E, Armache J-P, Verba KA, Cheng Y, Agard DA (2017)
MotionCor2: anisotropic correction of beam-induced motion for improved
cryo-electron microscopy. Nat Methods 14:331

Zhu H, Gouaux E (2021) Architecture and assembly mechanism of native glycine
receptors. Nature 599:513-517

Zivanov J, Otén J, Ke Z, von Kiigelgen A, Pyle E, Qu K, Morado D, Castafio-Diez D,
Zanetti G, Bharat TA et al (2022) A Bayesian approach to single-particle
electron cryo-tomography in RELION-4.0. elife 11:e83724

Acknowledgements

The work was supported by the Sofja Kovalevskaja Award from the Alexander
von Humboldt Foundation and the KU3222/2-1 KU3222/3-1 grants from the
German Research Fund (DFG) to Mikhail Kudryashev. Mikhail Kudryashev is
supported by the Helmholtz Association. Shuguang Yuan and Horst Vogel are
supported by the Chinese Academy of Sciences and the Shenzhen Institute of
Advanced Technology. Further funding from the following sources is
acknowledged: Shenzhen government (grant no. JCYJ20200109114818703 to
SY); Guangdong province (grant no. 2019QNO1Y306 to SY); Shenzhen Key
Laboratory for Computer Aided Drug Discovery at SIAT
(ZDSYS20201230165400001 to SY and HV); the AlphaMol and SIATJoint
Laboratory to SY and HV. The Guangdong Retired Expert, The Chinese Academy
of Science President’s International Fellowship Initiative (PIFI) (2020FSBO003),
the NSFC-SNF grant (No. 32161133022, Shenzhen Pengcheng Scientist, the
Shenzhen Government Top-Talent Working Funding and the Guangdong
Province Academician Work Funding to HV. The authors thank Werner
Kiihlbrandt and Uljana Kravcenko for useful discussions. We thank the Central
Electron Microscopy Facility of the Max Planck Institute of Biophysics and Dr.
Sonja Welsch for support in the acquisition of the single particle cryo-EM data.
We thank the Core Facility for cryo-Electron Microscopy (CFcryoEM) of the

4466 The EMBO Journal Volume 43 | Issue 20 | October 2024 | 4451- 4471

Bianca Introini et al

Charité - Universitatsmedizin Berlin for support in the acquisition of the data.
CFcryoEM was supported by the DFG through grant No. INST 335/588-1 FUGG
and the Berlin University Alliance (BUA). We thank Ozkan Yildiz and Juan
Castillo from the Max Planck Institute of Biophysics for the IT support at the
Max Planck of Biophysics and the high-performance computing team at the
MDC for supporting our operation at the Max-Cluster.

Author contributions

Bianca Introini: Conceptualization; Data curation; Formal analysis; Validation;
Investigation; Visualization; Writing—original draft; Writing—review and

editing. Wenqiang Cui: Data curation; Software; Formal analysis; Validation;
Investigation; Visualization; Methodology; Writing—original draft; Writing—
review and editing. Xiaofeng Chu: Data curation; Formal analysis; Validation;
Investigation; Visualization; Methodology; Writing—review and editing.

Yingyi Zhang: Data curation; Formal analysis; Investigation; Methodology; Writing
—review and editing. Ana Catarina Alves: Formal analysis; Validation;
Investigation; Writing—review and editing. Luise Eckhardt-Strelau: Investigation.
Sabrina Golusik: Investigation. Menno Tol: Formal analysis; Investigation. Horst
Vogel: Supervision; Conceptualization; Formal analysis; Funding acquisition;
Validation; Visualization; Methodology; Writing—original draft; Project
administration; Writing—review and editing. Shuguang Yuan: Conceptualization;
Data curation; Software; Formal analysis; Supervision; Funding acquisition;
Validation; Investigation; Methodology; Writing—original draft; Project
administration; Writing—review and editing. Mikhail Kudryashev:
Conceptualization; Data curation; Software; Formal analysis; Supervision; Funding
acquisition; Validation; Investigation; Methodology; Writing—original draft; Project
administration; Writing—review and editing.

Source data underlying figure panels in this paper may have individual
authorship assigned. Where available, figure panel/source data authorship is
listed in the following database record: biostudies:S-SCDT-10_1038-544318-
024-00191-5.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Disclosure and competing interests statement
HV and SY are cofounders of AlphaMol Science Ltd.

Open Access This article is licensed under a Creative Commons Attribution 4.0
International License, which permits use, sharing, adaptation, distribution and
reproduction in any medium or format, as long as you give appropriate credit to
the original author(s) and the source, provide a link to the Creative Commons
licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence,
unless indicated otherwise in a credit line to the material. If material is not
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/. Creative Com-
mons Public Domain Dedication waiver http://creativecommons.org/public-
domain/zero/1.0/ applies to the data associated with this article, unless
otherwise stated in a credit line to the data, but does not extend to the graphical
or creative elements of illustrations, charts, or figures. This waiver removes legal
barriers to the re-use and mining of research data. According to standard
scholarly practice, it is recommended to provide appropriate citation and
attribution whenever technically possible.

© The Author(s) 2024

© The Author(s)

‘0T'0£'S6'6T dI WO #7202 ‘2 Joquisoag uo Bio'ssaidoguuis mmwy/sdiy Loy papeo|umoq


https://www.ebi.ac.uk/biostudies/sourcedata/studies/S-SCDT-10_1038-S44318-024-00191-5
https://www.ebi.ac.uk/biostudies/sourcedata/studies/S-SCDT-10_1038-S44318-024-00191-5
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/

Bianca Introini et al The EMBO Journal

Expanded View Figures

Only the extracellular domain reorganizes upon 5-HT binding

AiG (kcal/mol) and relative AiG P-value of
SRO and indicated chain (PDBePISA )

6Y5A
LBP1 (chainA) | -1.5,0.59 | -3.0,0.48
LBP3 (chainC) | -1.0,0.59 | -3.0,0.45

Figure EV1. The binding of serotonin does not lead to conformational changes in the transmembrane domain.

(A, B) Superposition of apo- (i.e., S-T APO) and serotonin-bound (i.e., S-T 5-HT) structures for the symmetric tetramer, with serotonin densities in dark orange. Red arrows
indicate N-terminal helices movement. Serotonin densities were resolved in two LBPs for the HOLO conformation. (B) Cross-sections at the TMD residue L260 (9’
position) of M2 show no large movements. Displacements measured at the Ca atoms of indicated residues on each helix are shown. (C, D) Close-up of the LBPs of the apo
and serotonin-bound tetramers, with serotonin in orange. (E) Depicts the planes shown in (A) and (B) and shows the locations of 5-HT molecules in red. (F) Solvation-free
energy gain (AiG, kcal/mol) on the formation of the interface between indicated chains and ligands, calculated using PDBePISA server (Krissinel and Henrick, 2007).
Negative values indicate a hydrophobic interface, with more negative values indicating stronger interaction. The AiG P-value is defined in (Krissinel, 2009). It is a measure
of the specificity of the interface, P-values less than 0.5 suggest a specific molecular interaction. PDB IDs of each tetrameric form are reported above each panel. (G, H)
Superpositions of the LBPs occupied by serotonin of the HOLO tetrameric 5-HT3AR with the respective LBPs of the pentameric 5-HT5HT3,R (PDB ID:6Y5A). Serotonin
molecules bound to the tetramers are displayed in orange, and those bound to 6Y5A are in lavender.
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5-HT-bound tetramer:
from symmetric to asymmetric

Figure EV2. The transition from sy tric to asy tric tetramer i the major movement of two subunits.

Superposition of the models of the holo symmetric and holo asymmetric tetramers when aligned to subunit A. (A) Lateral view of the indicated superposed channels with
the positions of the cross-sections analyzed in (B), (C), and (D). The models in (A) are visualized as chain traces. (B) Top view of the superposed channels. Red arrows
indicate the direction of the movement of the N-terminal helices. (C) Cross-section at LBPs Serotonin molecules from the symmetric holo tetramer is shown in red, while
those from the asymmetric holo tetramer are in orange. (D) Cross-sections at the TMD residue L260 (9’ position) of M2. Displacements measured at the Ca atoms of the
indicated residues on each helix in the same cross-section are shown. Also, in the presence of the ligand, both C and D helices are experiencing a downward movement
while transitioning from symmetric to asymmetric.
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Asymmetric tetramer with 5-HT and 2mM CaCl ,

B GSFSC Resolution: 6.55A

L0 —— No Mask (7.64)
~— Spherical (7.24)
—— Loose (74)

0.8 —— Tight (6.54)
—— Corrected (6.54)

0.6

0.4+

0.2+

0.0

DC 12A 5.9A4 3.9A 2.9A 2.3A 2A 1.?A

Figure EV3. The addition of CaCl, and serotonin does not cause relevant movements at the transmembrane level.

(A) Cryo-EM map of asymmetric 5-HT3AR tetramer in the presence of serotonin and 2 mM CaCl2 at a resolution of 6.55 A. Positions of the cross-sections analyzed in (C),
(D), and (E) are highlighted. (B) Estimating the resolution of the maps by FSC. (C-E) Maps of the asymmetric tetramer in the APO (green), HOLO desensitized (blue) and
HOLO with CaCl; (salmon) were superposed and gaussian-filtered (standard dev 2.51) to facilitate comparison. (C) top view of the superposed maps. (D) Cross-section at
the level of the ligand binding pockets (LBPs). The serotonin molecules visualized as balls and sticks are from the asymmetric holo tetramer (PDB ID: 8C21). The map
suggests that in the presence of CaCl,, there is a closure of the loop C of the LBP. (E) Cross-sections at the TMD at the level of the residue L260 (9’ position) of M2.
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Template matching and
preliminary screening
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Figure EV4. Overview of the workflow of cryo-ET and subtomogram classification and averaging.

(A) Representative slice of a tomogram. (B) The particles were identified using GPU-accelerated template matching implemented in TomoBEAR (Balyschew et al, 2023).
(C) Initially picked particles were subject to classification in Dynamo (Castafio-Diez et al, 2012). (D) Pentamer-looking classes were merged and processed to 19.6 A
resolution. and (E) the tetramer-looking classes were merged to produce a 25 A map. No symmetry was applied.
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Figure EV5. Free energy surfaces (FES) acquired from metadynamics simulations for the assembly process of the 5-HT34R.

(A-F) Free energy surfaces (FES) acquired from metadynamics simulations. X-axis represents the distance between the extracellular regions of the two subunits in A,
Y-axis represents the distance between the transmembrane regions of the two subunits in A. The computed Gibbs free energy values (G) are expressed in kcal/mol and
are represented by isoenergy lines drawn every 1kJ/mol and shown in rainbow color. The black circle at the intersection of the two dotted lines represents the highest
energy well (x, y, and z1) of the starting complex (i.e., the structure obtained from the cryo-EM experiment). The red circle represents the location of the lowest energy well
(x, y, and z2) near the starting structure. A white circle represents a second low-energy well. The energy barrier is calculated as the difference between z1 and z2. The
resulting value corresponds to the energy barrier (kcal/mol) that has to be overcome for the transition to a certain higher oligomeric organization. For each transition this
value is depicted in Fig. 6G. A: monomer + monomer = dimer; B: dimer + monomer = trimer; C: dimer + dimer = symmetric tetramer; FD trimer + monomer =
symmetric tetramer; E: trimer + dimer = pentamer; F: tetramer + monomer = pentamer.
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