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VHUT-cryo-FIB, a method to fabricate frozen hydrated lamellae from tissue W&
specimens for in situ cryo-electron tomography

Jianguo Zhang >“', Danyang Zhang > %', Lei Sun“", Gang Ji "¢, Xiaojun Huang®,
Tongxin Niu ”, Jiashu Xu®", Chengying Ma ¢, Yun Zhu ™", Ning Gao ¢, Wei Xu™°,
Fei Sun %"

2 National Key Laboratory of Biomacromolecules, CAS Center for Excellence in Biomacromolecules, Institute of Biophysics, Chinese Academy of Sciences, Beijing 100101,
China

Y University of Chinese Academy of Sciences, Beijing, China
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ARTICLE INFO ABSTRACT
Keywords: Cryo-electron tomography (cryo-ET) provides a promising approach to study intact structures of macromolecules
Cryofocused ion beam in situ, but the efficient preparation of high-quality cryosections represents a bottleneck. Although cryo-focused

Cryo-electron tomography
High-pressure freezing
Vibratome

Ultramicrotome cryo-trimming

ion beam (cryo-FIB) milling has emerged for large and flat cryo-lamella preparation, its application to tissue
specimens remains challenging. Here, we report an integrated workflow, VHUT-cryo-FIB, for efficiently pre-
paring frozen hydrated tissue lamella that can be readily used in subsequent cryo-ET studies. The workflow
includes vibratome slicing, high-pressure freezing, ultramicrotome cryo-trimming and cryo-FIB milling. Two
strategies were developed for loading cryo-lamella via a side-entry cryo-holder or an FEI AutoGrid. The workflow
was validated by using various tissue specimens, including rat skeletal muscle, rat liver and spinach leaf spec-
imens, and in situ structures of ribosomes were obtained at nanometer resolution from the spinach and liver
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1. Introduction

With the mature and rapid development of single-particle electron
cryomicroscopy, structural biology has entered a new era with an
increasing number of supra-macromolecular complexes and membrane
protein complexes whose structures are well resolved and studied. A
new direction has emerged involving the study of the structures of these
complexes in situ without purifying them from their native environment
and how these complexes locate and interact with their cellular envi-
ronment, providing deeper insights into their physiological functions.
Technological developments related to electron cryo-microscopy (cryo-
EM) provide another opportunity for high-resolution in situ structural
study. Cryo-electron tomography (cryo-ET) can reveal considerable rich
information on organelle and macromolecular complexes in their nat-
ural cellular environment (Lucic et al., 2005).

Due to the limited penetration (mean free path) of electrons at the
current accelerating voltage of the modern microscope, a thin (~200
nm) cryosection of cell or tissue specimen must be prepared, repre-
senting a persistent bottleneck in in situ cryo-ET studies. For decades,
thin cryosections of cells and tissues have been prepared primarily via
cryosectioning by cryo-ultramicrotomy (Al-Amoudi et al., 2004; Hsieh
et al., 2006; McDowall et al., 1983). However, cutting artifacts are
inevitable with cryo-ultramicrotomy, causing severe problems in sub-
sequent data collection and image analysis, which limits the widespread
application of cryo-ET in structural biology and cell biology (Al-Amoudi
et al., 2005; Rigort et al., 2010).

Cryo-focused ion beam (cryo-FIB) milling has emerged recently as an
alternative method to prepare high-quality cryo-lamellae of cells for in
situ structural study (Marko et al., 2006). Lamellae can be milled to 50 ~
300 nm thickness without producing the artifacts typically caused by

* Corresponding author at: National Key Laboratory of Biomacromolecules, CAS Center for Excellence in Biomacromolecules, Institute of Biophysics, Chinese

Academy of Sciences, Beijing 100101, China.
E-mail address: feisun@ibp.ac.cn (F. Sun).
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A cryo-electron microscopy support film formed by

2D crystals of hydrophobin HFBI

Hongcheng Fan'2, Bo Wang3, Yan Zhang1, Yun Zhu® ', Bo Song3, Haijin Xu3, Yujia Zhai,

Minggiang Qiao 34M g Fei Sun@ 25678

Cryo-electron microscopy (cryo-EM) has become a powerful tool to resolve high-resolution
structures of biomacromolecules in solution. However, air-water interface induced preferred
orientations, dissociation or denaturation of biomacromolecules during cryo-vitrification
remains a limiting factor for many specimens. To solve this bottleneck, we developed a cryo-
EM support film using 2D crystals of hydrophobin HFBI. The hydrophilic side of the HFBI film
adsorbs protein particles via electrostatic interactions and sequesters them from the air-
water interface, allowing the formation of sufficiently thin ice for high-quality data collection.
The particle orientation distribution can be regulated by adjusting the buffer pH. Using this
support, we determined the cryo-EM structures of catalase (2.29 A) and influenza hae-
magglutinin trimer (2.56 A), which exhibited strong preferred orientations using a conven-
tional cryo-vitrification protocol. We further show that the HFBI film is suitable to obtain high-
resolution structures of small proteins, including aldolase (150 kDa, 3.28 A) and haemoglobin
(64 kDa, 3.6 A). Our work suggests that HFBI films may have broad future applications in
increasing the success rate and efficiency of cryo-EM.

TNational Key Laboratory of Biomacromolecules, CAS Center for Excellence in Biomacromolecules, Institute of Biophysics, Chinese Academy of Sciences,
100101, Beijing, China. 2 University of Chinese Academy of Sciences, Beijing, China. 3 The Key Laboratory of Molecular Microbiology and Technology, Ministry
of Education, College of Life Sciences, Nankai University, 300071, Tianjin, China. 4School of Life Science, Shanxi University, Shanxi, China. ° Center for
Biological Imaging, Institute of Biophysics, Chinese Academy of Sciences, 100101, Beijing, China. © Physical Science Laboratory, Huairou National
Comprehensive Science Center, No. 5 Yangi East Second Street, 101400, Beijing, China. / Bioland Laboratory, 510005, Guangzhou, Guangdong Province, China.
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Juan Du"?**2, Dejian Wang"*'2, Hongcheng Fan*5'2, Chanjuan Xu®'?, Linhua Tai**%,
Shuling Lin?*"?, Shuo Han', Qiuxiang Tan? Xinwei Wang®*, Tuo Xu"*, Hui Zhang?*,
Xiaojing Chu?, Cuiying Yi', Peng Liu®, Xiaomei Wang®, Yu Zhou'*, Jean-Philippe Pin’,
Philippe Rondard’, Hong Liu"**®™, Jianfeng Liu®®™, Fei Sun*5°1°™, Beili Wu?34#™ &
Qiang Zhao"*"™

The metabotropic glutamate receptors (mGlus) are involved in the modulation of
synaptic transmission and neuronal excitability in the central nervous system?.
These receptors probably exist as both homo- and heterodimers that have unique
pharmacological and functional properties**. Here we report four cryo-electron
microscopy structures of the human mGlu subtypes mGlu2 and mGlu7, including
inactive mGlu2 and mGlu7 homodimers; mGlu2 homodimer bound to an agonist and
apositive allosteric modulator; and inactive mGlu2-mGlu7 heterodimer. We
observed a subtype-dependent dimerization mode for these mGlus, as aunique
dimer interface thatis mediated by helix IV (and that isimportant for limiting
receptor activity) exists only in the inactive mGlu2 structure. The structures provide
molecular details of the inter- and intra-subunit conformational changes that are
required for receptor activation, which distinguish class C G-protein-coupled
receptors fromthose in classes A and B. Furthermore, our structure and functional
studies of the mGlu2-mGlu7 heterodimer suggest that the mGlu7 subunit has a
dominantrolein controlling dimeric association and G-protein activationin the
heterodimer. These insights into mGlu homo- and heterodimers highlight the

* IR — MR MAI R - SRS L EFI AR
8 F R 2 F AL

MR - IARIFANERIEEA R —RER
BEAR, ARSMEXBFNAREE c5
= EREBAEDF, BRILRK. AREE
c ANEEE T M - IR IRE M IR R,
ZEARETR, E—RREEERABEE cfF
NEFHUK . TRVMENMIREER c ALEES
MEFEREES, GRFRTEHE. TEI/IA

kb

iy

N-tel(.j NG

%
Phedley J&P" 0

FIKEASTAR 2021 FE TIEIRS

BRIZIEE. RFEEUNRESBEEFTE
%, HRXLAIREER c ANEBINARLEHEET LA
BNZEBEH BB ARERE D FIHEEN
SRR,

Aquifex aeolicus BEERHENS . &
EBANEZ—, RIBEEKEES95T. B
ZToHEHREMNSRRANES, BIEMH
WALEF, sEENSMIIRIME. £ 2012 F,
Hartmut Michel i2@HERIRIE T1ZEREB
—MRAFMEE R c |KEE, BReEE(AEIEE

complex landscape of mGlu dimerization and activation.

The mGlus contain a large extracellular domain composed of the
Venus flytrap domain (VFT) that binds agonist and a cysteine-rich
domain (CRD) that is connected to a seven-helical transmembrane
domain (TMD), which is responsible for G-protein coupling®. It has
previously been acknowledged that homodimerizationis mandatory
for the function of the mGlus, which makes these receptors complex
allosteric proteins with two subunits that influence each other?. In
addition, thereis increasing evidence that suggests that the subunits
of different mGlus can associate to form several types of heterodi-
mer, which adds to the complexity of function modulation in this
receptor family>*. However, conformational differences between the
mGlu homo- and heterodimers and how these dimers control mGlu
function remain unclear. We therefore performed single-particle
cryo-electron microscopy (cryo-EM) and X-ray crystallography stud-
ies to solve structures of mGlu2 and mGlu7 in both homo- and heter-
odimeric organizations, which provide insights into mGlu activity
modulation.

Structure determination of mGlu2 and mGlu?7

For the structure determination ofinactive mGlu2 and mGlu7 homodi-
mers, we purified a modified mGlu2 or mGlu7 in the presence of its
selective negative allosteric modulator (NAM) (NAM563° for mGlu2 and
MMPIP¢ for mGlu7) (construct design and function characterization are
described in Methods) (Extended Data Fig. 1a-1). We obtained stable
protein of mGlu2 bound to agonist by co-purifying another modified
receptor with the agonist LY354740’, the positive allosteric modulator
(PAM) JNJ-40411813% and the nanobody DN13 (which acts as an mGlu2
PAM?) (Extended Data Fig. e, i, n—q). To solve the structure of the
mGlu2-mGlu7 heterodimer, we co-purified an FK506 binding protein
(FKBP)-tagged mGlu2 and arapamycin binding fragment (FRB)-tagged
mGlu7 in the presence of NAM563 and MMPIP (Extended Data Fig. 1r,
Supplementary Fig.1). We determined the inactive structures of mGlu2,
mGlu7, mGlu2-mGlu7 and the agonist- and PAM-bound mGlu2 struc-
ture by cryo-EM at overall resolutions of 3.6 A, 4.0 A,3.9 Aand 3.1A,

'State Key Laboratory of Drug Research, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai, China. ?CAS Key Laboratory of Receptor Research, Shanghai Institute
of Materia Medica, Chinese Academy of Sciences, Shanghai, China. *School of Pharmaceutical Science and Technology, Hangzhou Institute for Advanced Study, University of Chinese
Academy of Sciences, Hangzhou, China. “University of Chinese Academy of Sciences, Beijing, China. °National Laboratory of Biomacromolecules, National Center of Protein Science-Beijing,
CAS Center for Excellence in Biomacromolecules, Institute of Biophysics, Chinese Academy of Sciences, Beijing, China. °Key Laboratory of Molecular Biophysics of MOE, International
Research Center for Sensory Biology and Technology of MOST, College of Life Science and Technology, Huazhong University of Science and Technology, Wuhan, China. “Institut de
Génomique Fonctionnelle (IGF), Université de Montpellier, CNRS, INSERM, Montpellier, France. ®School of Life Science and Technology, ShanghaiTech University, Shanghai, China. °Bioland
Laboratory (Guangzhou Regenerative Medicine and Health Guangdong Laboratory), Guangzhou, China. '°Center for Biological Imaging, Institute of Biophysics, Chinese Academy of
Sciences, Beijing, China. "Zhongshan Branch, Institute of Drug Discovery and Development, Chinese Academy of Sciences, Zhongshan, China. ?These authors contributed equally: Juan Du,
Dejian Wang, Hongcheng Fan, Chanjuan Xu, Linhua Tai, Shuling Lin. *e-mail: hliu@simm.ac.cn; jfliu@mail.hust.edu.cn; feisun@ibp.ac.cn; beiliwu@simm.ac.cn; zhaog@simm.ac.cn
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The Unusual Homodimer of a Heme-Copper Terminal Oxidase Allows
Itself to Utilize Two Electron Donors

Guoliang Zhu", Hui Zeng",* Shuangbo Zhang', Jana Juli, Linhua Tai, Danyang Zhang,
Xiaoyun Pang, Yan Zhang, Sin Man Lam, Yun Zhu,* Guohong Peng,* Hartmut Michel,* and

Fei Sun*

Abstract: The heme-copper oxidase superfamily comprises
cytochrome c and ubiquinol oxidases. These enzymes catalyze
the transfer of electrons from different electron donors onto
molecular oxygen. A B-family cytochrome c oxidase from the
hyperthermophilic bacterium Aquifex aeolicus was discovered
previously to be able to use both cytochrome ¢ and naphtho-
quinol as electron donors. Its molecular mechanism as well as
the evolutionary significance are yet unknown. Here we solved
its 3.4 A resolution electron cryo-microscopic structure and
discovered a novel dimeric structure mediated by subunit 1
(CoxA2) that would be essential for naphthoquinol binding
and oxidation. The unique structural features in both proton
and oxygen pathways suggest an evolutionary adaptation of
this oxidase to its hyperthermophilic environment. Our results
add a new conceptual understanding of structural variation of
cytochrome c oxidases in different species.

Introduction

In all respiring organisms electrochemical proton gradi-
ents drive the flux of protons back through the membrane via
ATP-synthases, which produces adenosine-5'-triphosphate by
attaching an inorganic phosphate to adenosine-5'-diphos-
phate. In aerobic organisms, the electrochemical proton
gradient is generated by a series of proton translocation
reactions in the respiratory chains. Cytochrome ¢ oxidase
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(CcO) is the terminal enzyme in the respiratory chains of
many aerobic organisms. It is located in the inner membrane
of mitochondria and bacteria, and catalyzes the electron
transfer from cytochrome c¢ to molecular oxygen that is
reduced to water. Studies on this integral membrane protein
complex revealed that eight protons are taken up from the
matrix side of mitochondrial membrane or from the bacterial
cytoplasm (N-side), four protons are pumped across the
membrane into the intermembrane space of mitochondria or
the periplasm of gram-negative bacteria (P-side), while
another four protons are used for water formation.!!

CcO is a member of the heme- and copper-containing
terminal oxidases (HCOs) superfamily,? which also includes
ubiquinol oxidases (QOXs), for example, the well-studied
cytochrome bos from Escherichia coli (E. coli)® but not the
cytochrome bd oxidases from the same bacterium.! HCOs
are classified into three families, A, B and C, based on their
amino acid sequences and proton transfer pathways.”! They
are multi-subunit complexes, for example, they possess 14
protein subunits in mammalian mitochondria'® and 3 subunits
in some bacteria.”

The conserved central catalytic subunit I contains two
heme groups and a copper atom (Cug). The low-spin heme
can be a heme a or a heme b in prokaryotes,*® whereas only
heme a has been found in mitochondrial cytochrome c¢
oxidases.”) The low-spin heme a in the A-family CcO from
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The sorting nexin (SNX) family of proteins deform the membrane
to generate transport carriers in endosomal pathways. Here, we
elucidate how a prototypic member, SNX1, acts in this process.
Performing cryoelectron microscopy, we find that SNX1 assembles
into a protein lattice that consists of helical rows of SNX1 dimers
wrapped around tubular membranes in a crosslinked fashion. We
also visualize the details of this structure, which provides a molecular
understanding of how various parts of SNX1 contribute to its ability
to deform the membrane. Moreover, we have compared the SNX1
structure with a previously elucidated structure of an endosomal
coat complex formed by retromer coupled to a SNX, which reveals
how the molecular organization of the SNX in this coat complex is
affected by retromer. The comparison also suggests insight into
intermediary stages of assembly that results in the formation of the
retromer-SNX coat complex on the membrane.

helical reconstruction | coat complex | membrane deformation | SNX1 |
cryoelectron microscopy

orting nexins (SNXSs) exist as a large family of proteins de-

fined by the presence of a PX (phox homology) domain (1,
2). Members of this family have been found to act as coat proteins
in endosomal pathways that include recycling from endosomes to
the plasma membrane and retrieval from endosomes to the Golgi
complex (3, 4). Defects in these transport processes is associated
with various neurologic disorders including Alzheimer’s disease,
Parkinson’s disease, and Down’s syndrome (5, 6).

Coat proteins assemble into complexes on the membrane to
initiate intracellular transport pathways by coupling two main
functions: bending the membrane to generate transport carriers
and binding to cargoes for their sorting into these carriers (7).
Retromer, a trimeric complex consisting of Vps26, Vps29, and
Vps35, has been found to couple with different SNXs to form
multiple endosomal coat complexes, in which select members of
the SNX family act in membrane deformation while retromer
acts in cargo recognition (8-17). Recently, a detailed molecular
view of this functional cooperation has been achieved by elucidating
the structure of a retromer-SNX complex on the membrane (18).

Notably, it has been further discovered recently that an endo-
somal coat complex can be formed with only SNX members. SNX1/
2 have been found to heterodimerize with SNX5/6 to form the
endosomal SNX-BAR sorting complex for promoting exit 1
(ESCPE-1) complex, in which SNX1/2 are proposed to act in
membrane deformation while SNX5/6 act in cargo recognition
(19). As such, a key question has become whether SNX that acts
in membrane deformation in this type of coat complex would be
organized similarly on the membrane, as previously elucidated
for SNX in the context of a retromer-SNX complex (18).

One of the best characterized mechanisms of membrane defor-
mation involves proteins that possess the BAR (Bin/Amphiphysin/
Rvs) domain. This domain has been shown to undergo homo-
dimerization to form a banana-shaped structure, which can im-
part membrane curvature through a scaffolding mechanism that
involves electrostatic interactions between the positive charges
lining the concave side of the curved BAR dimer and the neg-
ative charges that line the surface of the membrane bilayer. In
some cases, the BAR domain can deform the membrane through

PNAS 2021 Vol. 118 No. 10 e2022614118
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a second mechanism, which involves the formation of an amphi-
pathic helix that inserts into one leaflet of the membrane bilayer to
generate bilayer asymmetry in driving membrane curvature (20, 21).

Besides the PX domain, SNX1 also possesses a BAR domain.
However, studies have found that its BAR domain is not suffi-
cient in driving membrane deformation. Instead, the PX domain
as well as the linker region between the BAR and PX domains
are also needed (22, 23). As such, a key goal has been to achieve
a better understanding of how the various parts of SNX1 con-
tribute to its ability to deform the membrane.

Structural studies, such as those involving crystallography and
single-particle electron microscopy (EM), have been advancing a
molecular understanding of coat proteins (24), including compo-
nents of endosomal coats (17, 19, 22, 25-27). Notably, however,
these approaches solve protein structures in solution, but the
functional form of coat proteins involves their association with the
membrane. In this study, we have pursued cryo-EM to reveal how
SNX1 is organized on the membrane to explain its ability to deform
the membrane. The result advances a molecular understanding of
how an endosomal coat that contains only SNXs generates trans-
port carriers. Moreover, by comparing our SNX1 structure to the
previously solved retromer-SNX structure (18), we delineate the
extent to which the molecular organization of SNX on the mem-
brane is affected by the presence of retromer. This comparison also
suggests insight into intermediary stages of coat assembly that form
the retromer-SNX complex on the membrane.

Results

Membrane Binding and Tubulation by SNX1. We initially generated
liposomes that contain the major phospholipids of organellar

Significance

Coat proteins play a central role in the intracellular transport
pathways by coupling two main functions: bending the membrane
to generate transport carriers and binding to cargoes for their
sorting into these carriers. Studies thus far have mostly solved the
structure of coat proteins in solution, but their functional form
requires assembly on the membrane into protein complexes. Here,
we have pursued cryo-EM to reveal in molecular detail how SNX1
assembles on the membrane to deform the membrane. When
compared to a previously solved retromer-SNX complex, our elu-
cidation also suggests how retromer affects SNX in this complex as
well as the intermediary stages of this coat assembly.
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ABSTRACT

The nuclear pore complex (NPC), one of the largest
protein complexes in eukaryotes, serves as a physical
gate to regulate nucleocytoplasmic transport. Here, we
determined the 8 A resolution cryo-electron microscopic
(cryo-EM) structure of the outer rings containing nuclear
ring (NR) and cytoplasmic ring (CR) from the Xenopus
laevis NPC, with local resolutions reaching 4.9 A. With
the aid of AlphaFold2, we managed to build a pseu-
doatomic model of the outer rings, including the Y
complexes and flanking components. In this most
comprehensive and accurate model of outer rings to
date, the almost complete Y complex structure exhibits
much tighter interaction in the hub region. In addition to
two copies of Y complexes, each asymmetric subunit in
CR contains five copies of Nup358, two copies of the
Nup214 complex, two copies of Nup205 and one copy of
newly identified Nup93, while that in NR contains one
copy of Nup205, one copy of ELYS and one copy of
Nup93. These in-depth structural features represent a
great advance in understanding the assembly of NPCs.

Linhua Tai, Yun Zhu and He Ren have contributed equally to this
work.

Supplementary Information The online version contains supple-
mentary material available at https://doi.org/10.1007/s13238-021-
00895-y.

© The Author(s) 2022
Published online: 11 January 2022

KEYWORDS nuclear pore complex, cryo-EM, Xenopus
laevis, AlphaFold2, nuclear ring, cytoplasmic ring

INTRODUCTION

In eukaryotes, a double-layered membrane encloses a large
organelle called the nucleus to separate genetic materials
from the cytoplasm (Lin and Hoelz, 2019). The nuclear pore
complex (NPC) fuses the inner and outer nucleus membrane
(INM and ONM) to form the sole gateway mediating cargo
transfer between the nucleoplasm and cytoplasm (Hoelz
et al., 2011; Hampoelz et al., 2019). NPCs are formed by
approximately 30 different kinds of nucleoporins (Nups) with
multiple copies in an eightfold symmetrical assembly. Each
NPC contains approximately 550 proteins in fungi or
approximately 1000 proteins in vertebrates (Rout et al.,
2000; Cronshaw et al., 2002; Ori et al., 2013). NPCs have a
cylindrical appearance throughout their overall organization,
where a central channel mediating bidirectional nucleocyto-
plasmic cargo transfer exists (Hinshaw et al., 1992; Akey
and Radermacher, 1993). Three scaffold rings, including an
inner ring (IR), a cytoplasmic ring (CR) and a nuclear ring
(NR), anchored onto the nuclear envelope (NE), provide
bases for other functional parts, such as the cytoplasmic
filament, nuclear basket, and permeability barrier (Beck
et al., 2004; Beck et al., 2007; Maimon et al., 2012; Bui et al.,
2013).

Detailed structural information is necessary for a mech-
anistic understanding of NPC functions, but it has long been
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The spike protein of severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) mediates membrane fusion to allow entry of
the viral genome into host cells. To understand its detailed entry
mechanism and develop a specific entry inhibitor, in situ struc-
tural information on the SARS-CoV-2 spike protein in different
states is urgent. Here, by using cryo-electron tomography, we
observed both prefusion and postfusion spikes in
p-propiolactone-inactivated SARS-CoV-2 virions and solved the in
situ structure of the postfusion spike at nanometer resolution.
Compared to previous reports, the six-helix bundle fusion core, the
glycosylation sites, and the location of the transmembrane domain
were clearly resolved. We observed oligomerization patterns of
the spikes on the viral membrane, likely suggesting a mechanism
of fusion pore formation.

cryo-electron tomography | postfusion state | SARS-CoV-2 | spike protein |
subtomogram analysis

ver the past two decades, several zoonotic coronavirus

(CoV) diseases have emerged and posed a devastating
threat to global public health and the economy, such as severe
acute respiratory syndrome (SARS) (1), Middle East respira-
tory syndrome (MERS) (2), and COVID-19 (3). As of this writ-
ing, COVID-19 has more than 229 million confirmed cases and
has caused 4.7 million deaths worldwide, with rapidly increasing
numbers. This pneumonia epidemic was caused by a novel
coronavirus named SARS coronavirus 2 (SARS-CoV-2), a
B-coronavirus, with a genomic sequence that is closely related
to SARS-CoV. SARS-CoV-2 is an enveloped, positive-sense
single-stranded RNA virus with an ~30-kb genome (4). Given
the current pandemic situation, understanding the structure of
SARS-CoV-2 as well as its infection process is very important
for vaccine development and drug discovery.

The SARS-CoV-2 genome encodes three viral surface pro-
teins: the spike (S) glycoprotein, envelope (E) protein, and mem-
brane (M) protein. During the infection process, the trimeric S
glycoprotein is cleaved by host proteases (4, 5) to produce two
functional subunits: The N-terminal S1 subunit is responsible for
receptor recognition, and the C-terminal S2 subunit is responsi-
ble for membrane fusion (6). Mediated by receptor binding and
proteolytic activation, the S1 subunit falls off, and the S2 subunit
undergoes extensive and irreversible conformational changes to
insert its hydrophobic fusion peptide (FP) into the target cell
membrane. Subsequently, two heptad repeat regions of the S2
subunit, heptad repeat 1 (HR1) and heptad repeat 2 (HR2),
form a stable six-helix bundle (6-HB) fusion core to bring
together the viral and cellular membranes, leading to colocaliza-
tion of the FP and the transmembrane (TM) region at the same
end to form the fusion pore (7). Thus, the S protein is one of the
major targets for developing vaccines and antiviral drugs.

After the outbreak of COVID-19, the in vitro structures of
SARS-CoV-2 S in the prefusion state were promptly solved

PNAS 2021 Vol. 118 No. 48 2112703118
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using single-particle cryo-electron microscopy (cryo-EM) (8, 9)
and X-ray crystallography (7, 10, 11). Soon afterward, the in
situ structures of S in the prefusion state were revealed by cryo-
electron tomography (cryo-ET) and cryo-subtomogram averag-
ing (cryo-STA) (12-14), uncovering the distribution of different
conformational states as well as the native glycosylation sites.
However, how the S protein is activated to induce membrane
fusion with its host is less understood. The structure of S in the
postfusion state would provide an important clue to investigate
the fusion mechanism. The high-resolution structure of recom-
binant S in the postfusion state has been reported by Cai et al.
(15), but this in vitro study failed to determine how the postfu-
sion S proteins organize on the membrane. Previous in situ
studies (12, 13, 16) explored this question but yielded limited
information, due to the poor quality of the density map. In
addition, we previously showed that the recombinant 6-HB
fusion core of S in the postfusion state would be an effective
target for the design of viral fusion inhibitors (7), which needs
to be further validated by a higher-resolution structure and gly-
cosylation information of in situ S in the postfusion state.

In the present work, we utilized cryo-ET and cryo-STA to
study the structure of SARS-CoV-2 viruses that were inacti-
vated by p-propiolactone (BPL). We solved the in situ struc-
tures of S in both the prefusion and postfusion states with
resolutions of 12.9 and 10.9 A, respectively. In addition to

Significance

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) is a severe threat to public health and the global econ-
omy. Its spike protein is responsible for the membrane
fusion and is thus a major target for vaccine and drug devel-
opment. Our study presents the in situ structure of the spike
protein in the postfusion state with higher resolution, giving
further insights into the design of a viral entry inhibitor. Our
observation of the oligomerization states of spikes on the
viral membrane implies a possible mechanism of membrane
fusion for viral infection.
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Structural and functional basis for pan-CoV fusion inhibitors
against SARS-CoV-2 and its variants with preclinical

evaluation

Shuai Xia', Qiaoshuai Lan ', Yun Zhu?, Chao Wang?, Wei Xu', Yutang Li', Lijue Wang', Fanke Jiao', Jie Zhou', Chen Hua', Qian Wang’,
Xia Cai', Yang Wu', Jie Gao®, Huan Liu*, Ge Sun?* Jan Miinch @7, Frank Kirchhoff @°, Zhenghong Yuan', Youhua Xie®', Fei Sun®®*,

Shibo Jiang ®'™ and Lu Lu@®'™

The COVID-19 pandemic poses a global threat to public health and economy. The continuously emerging SARS-CoV-2 variants
present a major challenge to the development of antiviral agents and vaccines. In this study, we identified that EK1 and cholesterol-
coupled derivative of EK1, EK1C4, as pan-CoV fusion inhibitors, exhibit potent antiviral activity against SARS-CoV-2 infection in both
lung- and intestine-derived cell lines (Calu-3 and Caco2, respectively). They are also effective against infection of pseudotyped
SARS-CoV-2 variants B.1.1.7 (Alpha) and B.1.1.248 (Gamma) as well as those with mutations in S protein, including N417T, E484K,
N501Y, and D614G, which are common in South African and Brazilian variants. Crystal structure revealed that EK1 targets the HR1
domain in the SARS-CoV-2 S protein to block virus-cell fusion and provide mechanistic insights into its broad and effective antiviral
activity. Nasal administration of EK1 peptides to hACE2 transgenic mice significantly reduced viral titers in lung and intestinal
tissues. EK1 showed good safety profiles in various animal models, supporting further clinical development of EK1-based pan-CoV

fusion inhibitors against SARS-CoV-2 and its variants.

Signal Transduction and Targeted Therapy (2021)6:288

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
the causative agent of coronavirus disease 2019 (COVID-19). SARS-
CoV-2 belongs to the coronaviridae family, 3-coronavirus genera,
and shows close relationship with SARS-CoV.'? As of 28 June 2021,
SARS-CoV-2 had caused 180,817,269 confirmed cases and
3,923,238 deaths worldwide (https://covid19.who.int/). SARS-CoV-
2 transmits mainly through the respiratory pathway and may
cause severe respiratory symptoms, such as dyspnea and even
pulmonary failure> Additionally, SARS-CoV-2 RNA has been
frequently detected in fecal samples from COVID-19 patients with
gastrointestinal symptoms, including abdominal pain, diarrhea,
vomiting, anorexia and nausea, suggesting that SARS-CoV-2 may
also be transmitted through the fecal-oral pathway,*® which
further increases the difficulty in combating SARS-CoV-2
pandemic.

Additionally, as the global pandemic of SARS-CoV-2 presents
different states of infectivity in different countries, many variants
have emerged and spread worldwide. For example, the Alpha
variant B.1.1.7 emerged in southeastern England in November
2020 and has quickly spread worldwide to become the dominant
circulating SARS-CoV-2 variant in many countries.® Recently,

; https://doi.org/10.1038/s41392-021-00712-2

B.1.1.248 (Gamma) and B.1.351 (Beta) variants with enhanced
transmissibility and/or pathogenicity have also been reported and
became dominant in South African variants and Brazilian,
respectively.”® Such SARS-CoV-2 variants have brought a more
severe challenge to the prevention and control of the COVID-19
pandemic.

The SARS-CoV-2 spike (S) protein presents on the viral surface
and plays a crucial role in mediating viral infection.” S protein can
be divided into two subunits, S1 and S2. The S1 subunit contains
the receptor binding domain (RBD), which is responsible for virus
binding to the cellular receptor, human angiotensin-converting
enzyme-2 (hACE2), and possibly other receptors, such as heparin
and the tyrosine-protein kinase receptor UFO (AXL).'®'" In the
prefusion state, S1 subunits rest above S2 subunits, preventing
conformational rearrangement of S2 subunits from a metastable
prefusion conformation to a highly stable postfusion conforma-
tion."? Hence, the viral S1 subunit, especially the RBD, is exposed
and vulnerable to host immunity. Indeed, under the pressure of
host immunity, some mutations, which have occurred in the RBD,
such as N501Y, K417N, and E484K, are found in numerous variants,
including B.1.1.248 and B.1.351 dominant variants.”® These
mutations may play important roles in increasing viral fitness or
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Structure-based evidence for the enhanced
transmissibility of the dominant SARS-CoV-2 B.1.1.7

variant (Alpha)

Shuai Xia', Zuoling Wen*?, Lijue Wang', Qiaoshuai Lan', Fanke Jiao', Linhua Tai**, Qian Wang', Fei Sun®*,

Shibo Jiang "B LU Lu®'™ and Yun Zhu”®

Dear Editor,

Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), the causative agent of coronavirus disease
2019 (COVID-19), has resulted in over 245 million
infections and ~5 million deaths, severely threatening
global public health. Moreover, numerous SARS-CoV-2
variants of concern (VOCs) with even higher transmissi-
bility, such as B.1.1.7 (Alpha), B.1.351 (Beta), B.1. 617.2
(Delta), and C.37 (Lambda), are continuously emergingl,
Monitoring these dominant SARS-CoV-2 variants and
exploring the potential reason for their higher transmis-
sibility are important for controlling the current COVID-
19 pandemic. B.1.1.7, the first SARS-CoV-2 VOC, was
first identified on September 20, 2020 in the United
Kingdom (UK) and quickly became the locally dominant
circulating mutant. Currently, it has spread to more than
90 countries, causing ~10 million infections (https://cov-
lineages.org/global_report.html). Previous studies have
reported that the B.1.1.7 variant shows a significant
increase in the effective reproductive rate with increased
secondary attack rate”. However, basic studies elucidating
the mechanism underlying the increased infectivity of the
B.1.1.7 variant are lacking. In particular, structural studies
of the complex containing the B.1.1.7 mutant spike (S)
protein and hACE2 receptor are not currently available.
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Therefore, it is still unclear whether the higher infectivity
of the full-length B.1.1.7 mutant S protein is related to its
increased receptor-binding affinity.

The rapid spread of B.1.1.7 has increased concern about
those natural mutations in the S protein, including 69-70
deletion, 144 deletion, N501Y, A570D, D614G, P681H,
T7161, S982A, and D1118H (Fig. 1la). Previous studies
reported that the B.1.1.7 mutant S protein showed greater
receptor-binding affinity than the wild-type (WT) S pro-
tein®. In contrast, some researchers found a reduced
binding affinity between B.1.1.7 and hACE2*°. These
conflicting results challenge the assumption of “the higher
infectivity of B.1.1.7 mediated by the enhanced receptor-
binding affinity”. Therefore, it is necessary to reveal the
structure of the B.1.1.7 S-hACE2 complex to fully
understand the potential mechanism underlying the high
infectivity of the B.1.1.7 variant.

To determine the structural basis for the enhanced
infectivity mediated by the S protein of the dominant
SARS-CoV-2 B.1.1.7 variant, we used cryo-electron
microscopy (cryo-EM) single-particle analysis (SPA) to
solve the structures of B1.1.7 S in the 1-RBD-up state and
the B1.1.7 S-hACE2 complex (Supplementary Fig. S1 and
Table S1) with resolutions of 3.7 and 4.1 A, respectively,
according to the gold standard Fourier shell correlation
(FSC) coefficient of 0.143 (Supplementary Fig. S2). To
improve protein stability for cryo-EM data processing,
proline substitutions at K986 and V987 and a “GSAS”
substitution at the furin cleavage site (S1/S2 site, R682 to
R685) were introduced into the purified S protein,
according to a previous report®. In the two structures, the
most stable region with the highest local resolution is the
helical bundle of the S2 subunit (Supplementary Fig. S2

and Video S1), consistent with the previous reports>®.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction

BY 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 license, and indicate if
changes were made. The images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons license 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 license, visit http://creativecommons.org/licenses/by/4.0/.
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