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The current pandemic, COVID19, will remain engraved in our history. However, if
not the rapid response for vaccine and antibody development has been made from the
outset, this wound might be even deeper and more anguished. Advances in mRNA
vaccine delivery and pre-fusion spike stabilization were the cornerstones of this
success. And this footstone cannot be made without the structure information we
gathered in the past several years. Here, | will show how important and necessary the
structure information is for facilitating and even initiating vaccine, antibody and drug
development. To illustrate this argument, | am going to cover several examples across

coronavirus, henipavirus and orthopoxvirus structure studies using CryoEM and CryoET



techniques complemented with biochemical and biophysical assays, such as ELISA,
BLI and pseudovirus neutralization. The results from these studies are great examples
of how structure information can reshape our understanding of diverse biological
systems. And for the virology field, these new understandings are so valuable for

potential pandemic preparation. If the disaster reemerges, we will never be more

prepared by that time.
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Chapter 1. INTRODUCTION

From the arising of structure biology, it helped diverse biological fields in
various perspectives. Regardless of the approach considered, traditional
crystallography, current cryo-electron microscopy (Cryo-EM) or newly emerged machine
learning-based structure prediction, every technique has provided tremendous
information and solved enormous biological problems. In the last two decades, the
development and progression speed of electron microscopy (EM) has been stunning.
The number of volume maps obtained using cryoEM is growing exponentially, and the
highest resolution map generated by single particle Cryo-EM has almost caught up with
X-ray crystallography. Among all the improvements, the most remarkable one has to be
the time usage for solving one structure, which has been reduced from years to only
weeks. One great example of this will be SARS-CoV2 spike protein, where two groups
solved this structure independently only a few weeks after the release of the viral
genome sequence. This is a mark that single particle Cryo-EM has become a
streamlined and practical tool used daily by a wide researcher community. Such
“efficiency revolution” not just happened to single particle Cryo-EM, but is also currently
ongoing in the cryo-tomography (Cryo-ET) field. The data collection speed has been
improved from hours per tomograph to tens of minutes. The data processing time took
years less than a decade ago, and only takes a month or two nowadays. The reduction
of the application threshold of EM, not only accelerated our understanding of diverse

biological systems, but also fundamentally changed our observation method to these



systems, which allow us to receive the information that we simply cannot achieve using
traditional observation techniques.

Here, | will cover five short stories across MERS coronavirus spike
protein, Nipah Virus attachment protein, Hendra Virus attachment protein receptor
binding domain, Vaccinia virus and Cedar virus which | studied using single particle
Cryo-EM, Cryo-ET and subtomogram average techniques. Before we dive into structure
biology, let's have some background information about all these different viruses and

techniques.

1.1 Coronavirus

Due to the current pandemic, coronavirus (CoV) might become the most famous
or infamous virus to almost everyone. But this is not the first time that coronavirus
damages human society. Just in the last two decades, both severe acute respiratory
syndrome coronavirus (SARS-CoV) (1, 2) and Middle-East respiratory syndrome
coronavirus (3) (MERS-CoV) spilled over and caused deadly pneumonia in humans,
where SARS-CoV took more than 700 lifes and MERS-CoV caused at least 800 deaths.

Coronaviruses are enveloped RNA viruses composed of spike protein (S),
membrane protein (M), envelope protein (E) and cytoplasmic nucleocapsid protein (N),
where embecoviruses also contain hemagglutinin esterase (HE). Among all the CoV
proteins, spike protein is the main transmembrane glycoprotein that is responsible for
the immune response due to its involvement in the vira-host fusion process, the most
important step for viral infection. S protein forms homotrimers protruding from the viral

surface (4) that can be divided into two functional subunits, which are host cell receptor
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binding related S; subunit and fusion related S, subunit. For many CoVs, protease
cleavage between S, and S, is crucial for fusion event to happen, and the second
cleavage within S, (S, site) is necessary for S protein to change conformation from
pre-fusion state to post-fusion state, which allows the viral-host membrane merger to
happen (5).

While S, is important for fusion, most of the antigenicity of S protein comes from
S, subunit, since the receptor recognition is necessary for viral infection. Different CoVs
utilize S, subunit differently. OC43 and HKU1 for example both use domain A (S*) of S,
subunit to interact with host cell surface acetylated sialosides to enable host entry, while
MERS-CoV uses S” to interact with non-acetylated sialosides as initial attachment
process followed by entry receptor dipeptidyl-peptidase 4 (DPP4) interaction with
domain B (SB), and both SARS-CoV and SARS-CoV2 interact with host cell receptor

angiotensin-converting enzyme 2 (ACE2) directly with SB 7).

1.2 Henipavirus

Nipah virus (NiV) and Hendra virus (HeV) are bat-borne zoonotic pathogens of
the Henipavirus (HNV) genus causing encephalitis and respiratory symptoms in
humans, with fatality rates between 50 and 95%. Over the past two decades, NiV has
spilled over into humans almost annually in Bangladesh (Bangladesh strain, NiV-B) and
has also caused outbreaks in India (NiV-B) and the Philippines (Malaysia strain, NiV-M).
The detection of cross-reactive HNV antibodies (Abs) in humans and Pteropus bats in
Africa underscored that 2 billion people worldwide live in regions threatened by HNV

spillovers. Moreover, the recent discovery of a previously unknown HeV genotype is an


https://paperpile.com/c/9p7pLF/caXx
https://paperpile.com/c/9p7pLF/caXx+2Gv8+wwkb

urgent reminder of the HNV zoonotic threat. To date, no approved vaccines or
therapeutics for use in people exist against HNV infections (8, 9).

HNVs are enveloped RNA viruses whose entry into host cells requires fusion of
the viral membrane and the host plasma membrane through the concerted action of an
attachment (G) glycoprotein and a fusion (F) glycoprotein. The NiV and HeV entry
receptors at the surface of host cells are the transmembrane protein tyrosine kinases
ephrin-B2 or ephrin-B3. G and F have been proposed to undergo a cascade of
conformational changes to promote membrane fusion upon receptor engagement. HNV
G and F are the targets of the humoral immune response, and serum neutralizing Abs
are a correlate of protection in animals experimentally infected with NiV or HeV. The
cross-reactive NiV and HeV G-specific m102.4 monoclonal antibody (mAb) has been
administered on an emergency compassionate use basis to 15 individuals with high-risk
exposure to HeV or NiV infection and recently completed a phase 1 clinical trial in
Australia (8-10).

A soluble HeV G tetrameric ectodomain immunogen (HeV sG) elicits high titers
of cross-reactive neutralizing Abs and protects against both NiV and HeV challenge in
preclinical studies (17—17). A vaccine using HeV sG is commercially available for use in
horses in Australia (Equivac HeV, Zoetis Inc.), and a formulation suitable for human use
has recently entered phase 1 clinical trials (NCT04199169). Although crystal structures
of the isolated NiV and HeV G head domains were previously determined, no structural
information is available for any HNV G tetramer, hindering both our understanding of
immunity directed toward G and the rational design of improved vaccine candidates (8,

9).
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Besides these deadly HNV strains, this family also contains the bat-borne Cedar
virus (CedV) and Ghanaian virus (GhV) together with more distantly related Mojiang

virus (MojV), Langya virus (LayV), Gamak virus (GAKV) and Daeryong virus (DARV).

1.3 Orthopoxvirus

All the members of the orthopoxvirus family are enveloped single stranded DNA
viruses with very large genomes that can be more than 170 kbp and encode over 200
polypeptides (78). Orthopoxviruses have a very sophisticated viral life cycle. Virus starts
to assemble within cytoplasmic viral factories to form crescent-shaped membranes. The
resulting membrane fragments then enclose granular material from the virosomes, and
form the first step virion known as immature virions (IVs). The maturation continues and
forms a soap bar like structure where the envelope surrounds a broad bean-shaped
electron dense core structure (also called core wall) that contains viral DNA (79), named
intracellular mature virions (IMV). From this point, the virus can either be directly
released from the host cell as mature virions (MV), or sent to the trans-golgi to be
wrapped by another layer of membrane and become enveloped virions (EV).

While both virion types are pathogenic, they have slightly different infection
pathways. The EV will attach to the host cell receptor through the viral attachment
complex (AC) on the outer envelope, and the dissolution of the envelope will happen
after the docking process finishes, followed by the release of inner MV. On the other
hand, the directly released MV will skip the attachment step and directly go through the
fusion process through the entry fusion complex (EFC) (20). Though current studies

have shown that both the AC and EFC are potent antigenic targets, the structure
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information is limited on both complexes (27). Meanwhile, the structure and organization
of the core wall also remains a mystery. Thus gathering structure information about AC,

EFC and core wall will be beneficial for vaccine and drug development.

1.4 Single particle Cryo-EM

After the Nobel Prize was awarded to cryogenic electron microscopy (Cryo-EM)
in 2017, this technique has come to light for a more broad biological audience as well as
the public. However, Cryo-EM is actually not a “new” technique and can be traced back
to the 1960-70s (22). Nevertheless, due to the radiation damage caused by the electron
beam while lower beam intensity would lead to lower signal, this method had very
limited usage at that time. This dilemma was resolved until the 1980s, when new
cryogen, liquid propane and liquid ethane, were found to be able to create thin and
vitrified ice, which, unlike the normal ice we find in our daily life, forms a solid water
layer without a crystal packing (23, 24). From then on, the Cryo-EM field spent almost
40 years on scope development, sample preparation improvement as well as data
collection and analysis progress, and finally achieved what we called “resolution
revolution”, which refers to the advance in structure resolution from worse than 40A to
atomic resolution (~1A) (25). The number of protein structures solved by Cryo-EM is
growing exponentially due to the bypassing of the need to grow crystals for X-ray
crystallography. Also, together with the computational power progression as well as
camera development in the last couple of years, the field is currently undergoing an
“efficiency revolution”. That the structure determination has been reduced from years of

work to only several months. Among all the examples, every SARS-CoV2 spike protein
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structure that has been determined during the current pandemic could be the best
instance.

Single particle Cryo-EM is currently the most commonly used approach in the
Cryo-EM field. In single particle analysis, purified proteins or protein complexes are
rapidly plunge-frozen into liquid ethane at -180°C to yield vitreous ice, which preserves
the samples’ native state. Transmission electron microscopy (TEM) is then used to
collect numerous 2D snapshots of the target proteins. As the proteins are suspended
within the ice, they adopt random orientations. Thus these images show the sample at
various angles, and can be recombined into a high-resolution 3D reconstruction of the
sample through the process of so-called back projection. However, due to the
intrinsically low signal to noise ratio of TEM, tens to hundreds of thousands of 2D
snapshots are averaged together in order to boost the signal, thereby averaging out the
noise. The resulting atomic 3D reconstructed electron volume map allows us to build

detailed and accurate molecular models into it.

1.5 Cryo-ET

TEM tomography has traditionally been used for revealing cellular ultrastructural
morphologies using plastic-embedded stained samples and to study changes in cells
and tissues during disease. In the last decades, the breakthrough advances in
microscopes, stages, direct electron detectors, energy filters, phase plates, and data
processing software in combination with ongoing development of advanced sample
preparation techniques of frozen hydrated cells and other specimens have been

instrumental to allow for molecular-level views, some with near-atomic resolution, such



as the immature HIV-1 capsid (26, 27). On the other hand, tomography is a commonly
used technique that provides 3D information of an object and has been used in many
biological fields. For instance, computed tomography (CT) and magnetic resonance
imaging (MRI) used in medicine are all similar in concept to Cryo-ET, where a two
dimensional set of rotational images is collected from a 3D object, thus the back
projection of these 2D images is able to restore the original spatial information (27).

Due to the nature of the electron beam, where the mean free path is highly
limited by sample thickness due to inelastic collision, Cryo-ET focuses on cell organelle
and molecule level rather than full tissue or organ (28, 29). In fact, at this moment
Cryo-ET is the only method that can achieve subnanometer level resolution information
of macromolecules at native, or so called in situ, environment. This information is so
precious, since it bridges the gap between macromolecules’ ultrastructural features to

molecular level details.

1.6 Subtomogram average

In the same concept as single particle Cryo-EM, for subtomogram average,
instead of using 2D snapshots as in single particle Cryo-EM, subvolumes from the
tomogram that contains targeted macromolecules will be aligned and averaged together
based on identity and similarity in order to boost the signal and reach higher resolution.
Unlike the single particle approach, since the particles are already in 3D, no back
projection is needed for subtomogram average. Nevertheless, because of the sample
thickness, which can reach up to 500 nm, the signal to noise ratio is even worse. Thus,

the averaging step is crucial for subtomogram average approach to reduce the noise
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influence. Highly dependent on the number of copies of a molecule that can be defined,
the resulting resolution of electron volume maps can range from ~30A to near atomic

resolution (~3A).
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Chapter 2. Structures of MERS-CoV spike glyco-

protein in complex with sialoside attachment receptors

This chapter highlights the ability of single particle Cryo-EM on small molecule
discovery. Just half a decade ago, no one would really connect Cryo-EM with small
molecules due to the resolution limitation. This early 2019 work is an example that
Cryo-EM already possesses the capability for small molecule screening in complex with
target protein, and thus can be used for drug discovery. To illustrate this concept, here |
describe a single particle Cryo-EM structure of MERS-CoV spike in complex with 309
Da Sialic acid, Neu5Ac, at 2.5A local resolution.

On the biological side, this structure revealed the binding site of Sialic acid, which
is involved in the initial viral attachment process of MERS-CoV, thus directly relates to
viral infection and neutralization. This structure together with many other Sialic acid
alternatives bond spike protein structures in the resulting paper, gives us the hints for
potential viral attachment inhibitor drug design as well as indicates a very important

neutralizing epitope for vaccine and antibody drug development.

2.1 Background

The Middle East respiratory syndrome coronavirus (MERS-CoV) was discovered
in 2012 on the Arabian Peninsula as the causative agent of acute respiratory distress
(and renal failure), with an unusually high fatality rate of ~35% (3). The vast majority of
the 2,482 confirmed cases were reported in the Middle East, although the virus was

introduced into 27 countries. A total of 203 new MERS-CoV cases were reported in
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1

2019 and there is currently no vaccine or cure for MERS. Zoonotic MERS-CoV
transmission from dromedary camels (the host reservoir for this virus) along with
human-to-human transmission are the two known modes of infection (30, 37).
Emergence of (zoonotic) coronaviruses has already and likely continue to occur in the
future, given the large reservoir in bats and birds, underscoring the importance of
studying these pathogens (32-35).

MERS-CoV is an enveloped Nidovirus decorated with homotrimers of the spike
(S) glycoprotein that mediates entry into host cells. S is the major antigen present at the
viral surface and is the target of neutralizing antibodies during infection as well as the
focus of vaccine design. Recent Cryo-EM structures of MERS-CoV and related
coronavirus S ectodomain trimers provided snapshots of this key protein in prefusion
(36—-43) and postfusion conformations (44), receptor-bound states (6, 45, 46) and in
complex with neutralizing antibodies (47, 48). MERS-CoV S is composed of an
N-terminal S1 subunit, which is folded as four domains (A—D) and mediates attachment
to dipeptidyl-peptidase 4 (DPP4, the host receptor) (49), and a C-terminal S2 subunit
that merges the viral and cellular membranes to initiate infection. MERS-CoV S is
cleaved at the junction between the S1 and S2 subunits either during viral biogenesis or
upon encounter of target cells (60-53). A second cleavage site, designated S2’, is found
upstream of the fusion peptide in the S2 subunit and is processed at the onset of
membrane fusion. Both cleavage sites participate in enhancing viral entry and
modulating host range and cell tropism (50, 51, 54).

Sialic acids (derivatives of neuraminic acid) are ubiquitous carbohydrates found

as terminal residues on glycoproteins and glycolipids decorating the surface of
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eukaryotic cells. Neuraminic acid modifications, along with the formation of specific
glycosidic linkages, result in a wide chemical variety of sialoglycoconjugates across cell
types, tissues and animal species (565). As a result, differential sialoside recognition can
profoundly impact the zoonotic transmission, tropism and virulence of many viruses. For
example, a few amino acid substitutions in influenza virus hemagglutinins account for
the preference switch from avian enteric tract to human respiratory tract sialylated
receptors (56-58).

MERS-CoV primarily infects human lung epithelial cells upon interacting with
DPP4 (49). Crystal structures of the MERS-CoV S domain B in complex with the DPP4
ectodomain (7, 59), along with cryo-EM structures of the MERS-CoV S ectodomain
trimer (43, 47, 48), have furthered our understanding of the mechanism of DPP4
engagement. In addition to attachment to DPP4, we recently showed that MERS-CoV
infection of human airway epithelial cells involves low-affinity interactions with
sialosides, using the S glycoprotein domain A, as depletion of sialic acid from the cell
surface dampened viral entry (60). A binding preference was found for a2,3-linked over
a2,6-linked sialosides, and these interactions were hindered by 9-O-acetylation or
5-N-glycolylation of the terminal neuraminic acid (60). Furthermore, we found that
MERS-CoV S sialylated receptors are abundant in the camel nasal respiratory
epithelium and the human lung alveoli, which coincides with DPP4 expression and the
sites of MERS-CoV replication in these mammals (60, 67). As sialoside modifications,
linkages and distribution vary among and within host species, the selectivity of
MERS-CoV S for certain sialoside glycotopes may provide a determinant of host and

tissue tropism of this zoonotic pathogen. These findings provided a plausible rationale
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for explaining that equine DPP4 could support MERS-CoV infection of cultured cells,
although horses were found to be resistant to experimental MERS-CoV infection
(despite the presence of DPP4 in their respiratory tract) (62—64). Although sialoside
attachment appears to be a key step modulating MERS-CoV infection, the location of
the sialoside-binding site, the interactions involved in ligand recognition and the
molecular basis for receptor specificity remain unknown. This information is crucial for
understanding viral tropism and infectivity, assessing the zoonotic potential of
MERS-CoV and related coronaviruses, and providing a blueprint for the design of
coronavirus inhibitors.

To understand the structural basis of MERS-CoV attachment to and specificity for
host sialosides, we determined cryo-EM structures of the S glycoprotein ectodomain
trimer in complex with 5-N-acetyl neuraminic acid (Neu5Ac) at 2.7A resolution globally.
We demonstrate that the receptor binds in a groove located at the surface of domain A
that is distinct from the 9-O-acetyl sialoside-engagement site identified for HCoV-OC43
and related -1 coronavirus S glycoproteins (46, 65). We further show that the residues
involved in Neu5Ac recognition are conserved across MERS-CoV isolates and essential
for MERS-CoV S-mediated hemagglutination of human erythrocytes and entry into
human airway epithelial cells. Our data rationalize MERS-CoV S attachment to
neuraminic acids that are not 9-O-acetylated or 5-N-glycolylated. This study provides a
structural framework for understanding MERS-CoV S sialoglycan receptor engagement,
illuminates host range and cell tropism, and identifies a site of vulnerability accessible to

neutralizing antibodies and small-molecule inhibitors.
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2.2 Asialoside-binding site in the MERS-CoV S glycoprotein

To identify the MERS-CoV S sialoside-recognition site, we determined a cryo-EM
structure of the MERS-CoV S 2P stabilized ectodomain trimer incubated with 100 mM
Neu5Ac at 2.7 A resolution (Figure 2.1 A-B, Figure 2.2 A-G and Table 1) (48). The
presence of the sialoside stabilized a large fraction of MERS-CoV S trimers in the
closed state, with all three DPP4-binding B domains adopting a down conformation,
obeying three-fold symmetry. We did not detect major conformational changes
compared to closed protomers of the LCAG60 Fab-bound MERS-CoV S structure (Ca
r.m.s. deviation (r.m.s.d.) of 1.35A for 1,145 aligned residues) (47). The resolution
estimate of our map is supported by the detection of ordered water molecules
interacting with the S glycoprotein (Figure 2.2 F-G) and by the observation of folic acid
bound to S, as previously identified using X-ray crystallography and mass spectrometry
of isolated domain A (48, 66). The density is equally well resolved for the ligand and the
surrounding S amino acid residues, allowing unambiguous identification of the binding
site and docking of NeuSAc in the map (Figure 2.2 D). The ligand interacts with a
groove located at the periphery of domain A that is distinct from the HCoV-OC43 S
9-O-acetyl sialoside-binding site19 (Figure 2.1 B-F and 2.3 A-C) (46). The absence of
N-linked glycans in the immediate vicinity of the binding groove probably facilitates
unobstructed engagement of sialoglycoconjugates at the surface of target cells (Figure
2.3 A). The ligand-binding site is located ~50 and ~75 A away from the DPP4-binding
site of a neighboring B domain in the closed or open state, respectively (Figure 2.1 B).

The ligand C1 carboxylate electrostatically interacts with the Ser133 side chain

hydroxyl, and the 5-nitrogen atom is hydrogen-bonded to the lle132 backbone carbonyl
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(Figure 2.1 D-F). The Neu5Ac hydroxyl group at position 8 is hydrogen-bonded to the
Arg307 side chain guanidium whereas the hydroxyl group at position 9 interacts with the
Arg307 guanidium as well as the Ala92 backbone amide and carbonyl oxygen via
hydrogen bonding (Figure 2.1 D-F). The ligand N-acetyl methyl inserts into a
hydrophobic depression defined by residues Phe39, Phe101, lle131 and lle132
whereas the N-acetyl carbonyl oxygen is hydrogen-bonded to the GIn36 side chain
amide (Figure 2.1 D-F). The sialoside buries 280 A? of its surface upon MERS-CoV S
engagement, corresponding to 61% of the ligand total accessible surface area, with
most interactions occurring on the same side of the ligand. Bioinformatics analysis of
MERS-CoV isolates shows that the residues contacting the sialoside or participating in
the formation of the binding groove are conserved. Specifically, GIn36, Phe39, Phe101,
lle132 and R307 are strictly conserved in the 284 MERS-CoV isolates sequenced so
far. The H91Y substitution is observed in four MERS-CoV isolates
(human/Korea/Seoul/168-1-2015 GB, ALB08311; human/Korea/Seoul/168-2-2015 GB,
ALB08322; human/KOR/Seoul/014-2015 GB, ANC28634.1;
human/Riyadh_1337/KSA/2014 GB, AMW90853.1), the S133N or S133R substitutions
are present in two isolates (human/England/4/2013 GB, AJD81440.1 and
Hu/Quaseem-KSA-18012872/2018 GB, QBF80608.1, respectively) and the Q304K

substitution is observed in 1 isolate (camel/lUAE/D1164.11/2014 GB, AJG44080.1).
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2.3 The sialoside binding site is required for S-mediated viral

attachment and entry

To evaluate the importance of the interactions identified by cryo-EM for sialoside
recognition, we substituted with alanine individual MERS-CoV S amino acid residues
interacting with Neub5Ac and assessed the effect on domain A-mediated
hemagglutination of human erythrocytes. As previously described, the wild-type
MERS-CoV S domain A fused to human immunoglobulin Fc only promoted
hemagglutination of human erythrocytes when multimerized on lumazine synthase
nanoparticles, indicative of enhancement of low-affinity interactions via avidity (Figure
2.4 A and 2.5 A) (60). Complete inhibition of hemagglutination was observed, however,
for each binding site mutant tested, that is, F39A, H91A, 1132A, S133A and R307A
(Figure 2.4 A and 2.5 A). These results validated the structural observations by
demonstrating that recognition of NeuS5Ac via these residues is necessary for
MERS-CoV S-mediated attachment to sialosides.

To further assess the functional relevance of the identified interactions, we
interrogated the impact of individual domain A substitutions on MERS-CoV S-mediated
entry into target cells. We used the murine leukemia virus platform with a luciferase
reporter for quantifying entry of particles pseudotyped with either wild-type or mutant
MERS-CoV S into human airway Calu-3 cells (67). The S133A and R307A substitutions
abrogated entry of pseudotyped particles due to disruption of the aforementioned
electrostatic interactions involving the NeuS5Ac C1 carboxylate and glycerol side chain,
respectively (Figure 2.4 B and 2.5 B). The F39A and H91A mutants showed reduced

infectivity of the pseudotyped particles by more than 90%, probably due to disruption of
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the ligand-binding groove and loss of favorable van der Waals or electrostatic
interactions (Figure 2.4 B and 2.5 B). These findings demonstrate the key role of the
identified residues for interacting with Neu5Ac in the context of a full-length,
membrane-embedded MERS-CoV S glycoprotein and show that attachment to sialoside
receptors using the binding site identified by cryo-EM is essential for promoting
MERS-CoV S-mediated entry into human airway Calu-3 cells. Furthermore, as sialidase
treatment of Calu-3 cells or mutations of the S sialoside-recognition site abrogated
MERS-CoV S-mediated entry, it is likely that sialoside attachment either precedes DPP4

engagement or occurs simultaneously (60).

2.4 Discussion

We show here that sialosides bind to MERS-CoV S using a site distinct from the
one observed for HCoV-OC43 S in complex with 9-O-acetyl sialylated receptors (46,
65), despite the fact that the bound ligands are only separated by a few angstroms from
each other when superimposing the two structures. Although the [-sandwich
architecture of domain A is conserved among all coronaviruses, distinct variable loops
are grafted onto it, and neither the MERS-CoV S nor the HCoV-OC43 S
sialoside-binding site is conserved in the infectious bronchitis virus S glycoprotein (38),
which is known to engage a2,3-sialosides at the surface of avian host cells (68). These
findings suggest coronavirus S glycoproteins have independently evolved the ability to
recognize sialosides using domain A, similar to their ability to engage different
proteinaceous receptors via modifications of domain B. Our results therefore set

coronavirus S glycoproteins apart from influenza virus A hemagglutinins, which
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recognize the NeuS5Ac moiety through a largely conserved binding site (56, 57). We
hypothesize that coronaviruses that utilize both an entry receptor and an attachment
receptor for infection, such as MERS-CoV or transmissible gastroenteritis virus, have
more evolutionary freedom with respect to their ability to attach to sialoglycans than
viruses only using an entry receptor. This could have led to the independent loss and/or
acquisition of a sialoside-recognition function as an adaptation to new hosts upon
cross-species transmission of distinct viruses. The ability to interact with
sialoglycoconjugates might be a recent MERS-CoV S acquisition, as neither HKU4 S1
nor HKU5 S1 could hemagglutinate human erythrocytes (60). This modular evolutionary
plasticity underlies coronavirus cross-species transmission, switching of host cell types
and viral fitness.

We previously suggested that MERS-CoV S interacts with sialoside receptors
through lower-affinity interactions than influenza A/California/04/2009 hemagglutinin
(containing the T200A and E227A substitutions), as multimerization with a lumazine
synthase nanoparticle was required to detect binding of a dimeric MERS-CoV S domain
A-Fc construct but not of a dimeric hemagglutinin ectodomain-Fc construct (60).
Because influenza A virus utilizes neuraminidase to promote the release of progeny
virions from host cells, off-target cells or decoys, the enhanced affinity for sialosides is
balanced with a receptor-destroying enzyme. Similarlyy, HCoV-OC43 possesses a
hemagglutinin esterase with receptor-destroying activity to achieve the same function
(69). Because MERS-CoV does not encode an equivalent enzyme, the binding dynamic
of viral particles to sialoside receptors is entirely based on the energetics of these

reversible interactions (60). The strong dependence on interactions with sialosides for
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MERS-CoV entry into human airway Calu-3 cells is therefore probably a result of the
high concentration of sialylated receptors (60), favoring virus adsorption through avidity
and potentially increasing the likelihood of binding to DPP4, leading to viral entry.
Similar roles have been proposed for carcinoembryonic antigen-related cell adhesion
molecule 5 and binding immunoglobulin protein (70, 71).

Although MERS-CoV S is densely decorated with N-linked glycans, the
sialoside-recognition site is unobstructed, a possible requirement for receptor
engagement. This finding is in marked contrast with the conformational masking and/or
glycan shielding of the domain B entry receptor-binding motifs observed for several
coronavirus S glycoproteins, including MERS-CoV S (6, 41, 43, 47, 48). We recently
identified an antibody-blocking domain A-mediated hemagglutination of erythrocytes
with in vitro neutralizing activity of MERS-CoV S pseudovirions and partial in vivo
prophylactic protection of mice challenged with a lethal dose of MERS-CoV (72). These
findings, along with our mutagenesis data, indicate that the sialoside-binding groove
identified here represents a key site of vulnerability to inhibitors of MERS-CoV infection

that could be targeted for the future development of therapeutics.
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2.5 Figures & Tables

Figure 2.1 Cryo-EM identification of a sialoside-binding site in the MERS-CoV S

glycoprotein.

(A) NeubAc. (B) Molecular surface representation of the MERS-CoV S
ectodomain trimer, with each protomer in a different color. The Neu5Ac ligands are
rendered as spheres. (C) Spatial relationships between the attachment (sialoside) and
entry (DDP4) receptor-binding sites are illustrated using a composite model obtained
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from the cryo-EM structure shown in a, the cryo-EM structure of MERS-CoV S bound to
the LCAG0 neutralizing antibody Fab fragment (PDB 6NB3) and a crystal structure of
the MERS-CoV S domain B bound to DPP4 (PDB 4KRO0). The sialoside-binding site is
located ~50 and ~75 A away from the DPP4-binding site of a neighboring B domain in
the closed or open state, respectively. (D) Surface representation of the ligand-binding
site colored by electrostatic potential from -12 (red) to +10 (blue) kBT/ec. Neu5Ac is
shown in stick representation. (E-F) Two orthogonal views of the sialoside-binding site
rendered as a ribbon diagram with the side chains of key surrounding residues shown
as sticks. Neu5Ac is rendered as sticks and the corresponding region of cryo-EM
density is shown as a blue mesh contoured at 5.50. Dashed lines show selected
electrostatic interactions formed between MERS-CoV S amino acid residues and the
ligand. In all panels, nitrogen and oxygen atoms are colored blue and red, respectively,
while carbon atoms are colored gray (Neu5Ac) or pink (MERS-CoV S). Glycans in
MERS-CoV S have been omitted for clarity.
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Figure 2.2 CryoEM analysis of the MERS-CoV S glycoprotein in complex with

Neu5Ac at 2.7 A resolution.
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(A-B) Representative electron micrograph (A) and class averages (B) for the
Neu5Ac-bound MERS-CoV S structure. (C) Gold-standard (blue) and map/model (red)
Fourier shell correlation curves. The 0.143 and 0.5 cutoffs are indicated by horizontal
dashed lines. (D) Local resolution map calculated using cryoSPARC. The Neu5Ac
ligand is estimated to be resolved at 3A resolution. (E-G) Representative cryoEM
densities shown as blue mesh with the corresponding atomic model rendered as sticks
colored gray, blue and red for carbon, nitrogen and oxygen atoms, respectively. Dashed
bonds indicate hydrogen bonds with ordered water molecules.
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Figure 2.3 MERS-CoV S and HCoV-OC43 S glycoproteins interact with

sialosides, using distinct binding grooves.

A MERS-CoV S + Neu5Ac B HCoV-OC43 S + 9-O-Ac-NeuSAc

(A-B) Molecular surface representation of the MERS-CoV S (A) and HCoV-OC43
S (B) A domains bound to Neu5Ac and 5-N-acetyl,9-O-acetyl neuraminic acid a-methyl
glycoside (9-O-Ac-NeubSAc, PDB 6NZK), respectively, and oriented identically. The
sialosides are rendered as sticks with carbon, nitrogen and oxygen atoms colored gray,
blue and red, respectively. N-linked glycans observed in the cryo-EM reconstructions
are rendered as dark blue spheres. (C) Ribbon diagrams of superimposed MERS-CoV
S (pink) and HCoV-0OC43 S (gold) A domains with bound sialosides. The sialosides are
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rendered as sticks with carbon, nitrogen and oxygen atoms colored pink (MERS-CoV S)
or gold (HCoV-OC43 S), blue and red, respectively.
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Figure 2.4 The ligand-binding site is required for MERS-CoV S-mediated

attachment to sialosides and entry into human airway epithelial cells.
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(A) Hemagglutination assay using MERS-CoV S wild type (WT) or mutants.
Wells positive for hemagglutination (HA) are encircled. F39A, H91A, 1132A, S133A or
R307A substitutions completely abrogated domain A-Fc-mediated hemagglutination of
human erythrocytes. Mock-treated erythrocytes, absence of the protein A-fused
lumazine synthase (pA-LS) or replacement of domain A with domain B (Dom. B) were
used as negative controls. The assays were performed four times and a representative
experiment is shown. (B) MERS-CoV S F39A, H91A, S133A or R307A substitutions
inhibited entry of pseudotyped murine leukemia viral particles into human airway Calu-3
cells. Data are normalized relative to wild type and shown as mean and s.d. of n=3
pseudovirus experiments (technical replicates).
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Figure 2.5 SDS-PAGE and Western blot analyses.
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(A) SDS-PAGE analysis of purified wild type or mutants MERS-CoV S domain A
fused to human immunoglobulin Fc. Two micrograms of each protein were loaded. (B)
Western-blot analysis of murine leukemia viral particles pseudotyped with wild type or
mutants MERS-CoV S using an anti-MERS-CoV S1 polyclonal antibody. Uncropped blot
image is available as source data.
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Chapter 3. Architecture and antigenicity of the Nipah

virus attachment glycoprotein

This chapter highlights the ability of single particle Cryo-EM on solving
heterogeneous structures. Until now, rigidness and symmetry continue to be the key for
solving high resolution structure, and a heterogeneous dataset will always lead to
nothing but artificial noise. Here, | demonstrate that the current single particle Cryo-EM
data processing pipeline is able to overcome such limitations by describing a
zero-symmetric homotetramers structure of Nipah virus attachment protein, NiVG, at
3.2-3.5A as well as multi-classes negative stain EM maps from single multicomplex
dataset of G protein in complex with polyclonal antibody Fab fragments.

On the biological side, this is the first attachment protein full ectodomain structure
of not only the henipavirus family but also the whole paramyxovirus superfamily. This
structure also revealed a very important broadly neutralizing epitope for both Nipah and
Hendra virus, and allowed us to propose a synergistic mAb cocktail. Meantime, the
structures of G protein in complex with polyclonal Fab fragments narrow down the
potent antigenic site, which is further validated by depletion experiments. Together, this

study provides a blueprint for henipavirus vaccine development.

3.1 Abstract

Nipah virus (NiV) and Hendra virus (HeV) are zoonotic henipaviruses (HNVSs)
responsible for outbreaks of encephalitis and respiratory illness. The entry of HNVs into

host cells requires the attachment (G) and fusion (F) glycoproteins, which are the main
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targets of antibody responses. To understand viral infection and host immunity, we
determined a cryo—electron microscopy structure of the NiV G homotetrameric
ectodomain in complex with the nAH1.3 broadly neutralizing antibody Fab fragment. We
show that a cocktail of two nonoverlapping G-specific antibodies neutralizes NiV and
HeV synergistically and limits the emergence of escape mutants. Analysis of polyclonal
serum antibody responses elicited by vaccination of macaques with NiV G indicates that
the receptor binding head domain is immunodominant. These results pave the way for

implementing multipronged therapeutic strategies against these deadly pathogens.

3.2 Architecture of the NiV G tetramer

To unveil the three-dimensional (3D) organization of the HNV G protein and
provide a blueprint for vaccine design, we determined a cryo—electron microscopy
(cryo-EM) structure of the NiV G ectodomain homotetramer bound to the mouse nAH1.3
neutralizing antibody Fab fragment at 3.5-A overall resolution (Figure 3.1) (73). We
used local refinement to account for the flexibility of the viral membrane proximal region
relative to the distal region, yielding reconstructions at 3.5-A and 3.2-A resolution,
respectively, allowing us to build a (composite) model of the NiV G ectodomain tetramer
(Figure 3.2 A-C, 3.1 and table S1). The final model comprises nearly the entire NiV sG
ectodomain from residues 96 to 602 along with the nAH1.3 Fab variable domains. NiV
G forms a 200-A-long and 120-A-wide intertwined homotetramer. At the core is an
N-terminal four-helix bundle (the stalk) followed by an interlaced B sandwich (the neck)

that connects to a C-terminal B propeller head domain on each protomer (Figure 3.2
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A-C). The NiV G tetramer is stabilized by interprotomer disulfide bonds formed in the
neck and stalk (Figure 3.2 D).

NiV G residues 96 to 147 form a pseudo—two-fold symmetric helical bundle,
which is presumably extended at its N-terminal end toward the viral membrane in which
the tetramer is anchored (residues 70 to 95 are weakly resolved in the cryo-EM map
and were not modeled) (Figure 3.2 A-C). The interlaced B sandwich neck domain is
formed by apposition of two four-stranded mixed B sheets, packed against each other
through hydrophobic contacts, comprising residues 153 to 163 from each of the four
protomers (Figure 3.2 D). The neck is covalently cross-linked through formation of two
antiparallel interprotomer disulfide bonds between residues C158 and C162 of chains A
and D and two antiparallel disulfide bonds between residues C158 and C162 of chains
B and C. The neck is decorated with four N-linked glycans protruding from residue N159
on each protomer, partially shielding this domain on both sides of the [ sandwich
(Figure 3.2 D). Each of the four C-terminal head domains form a six-bladed 3 propeller
decorated with five N-linked oligosaccharides at positions N306, N378, N417, N481,
and N529, which are all resolved in the cryo-EM map (Figure 3.2 A-C). Two head
domains are connected to the neck through flexible linkers folding back toward the viral
membrane, with the 3 propellers docked on either side of the stalk (Figure 3.2 B-C). The
other two head domains form a head-to-tail dimer positioned distal to the viral
membrane and are connected to the neck through linkers that adopt distinct folds
(Figure 3.2 B-C). As a result, the NiV G tetramer is assembled from four identical
polypeptides adopting three distinct folding patterns (Figure 3.2 E). Interactions between

the two distal head domains maintain their approximately antiparallel orientation,
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whereas contacts between each proximal head and the NiV G stalk lead to their
pseudo—two-fold symmetrical arrangement. Only one of the four head domains orients
its receptor binding site toward the host cell surface, whereas the other three sites point
toward the viral membrane (Figure 3.2 F), suggesting that conformational dynamics
would allow reorienting the head domains for receptor engagement. Although the
cryo-EM map does not resolve the topology of the two stalk C146 disulfide bonds
unambiguously, previous biochemical data suggest that they form across pairs of
protomers that are not covalently cross-linked in the neck (74, 75). The overall NiV G
architecture described here adopts a distinctive two-heads-up and two-heads-down
conformation that is different from structures of any other paramyxovirus attachment
glycoproteins. In comparison, Newcastle disease virus hemagglutinin-neuraminidase
(HN) ectodomain adopts a four-heads-down conformation, whereas parainfluenza virus
5 HN exhibits a distinct two-heads-up and two-heads-down conformation with the

receptor binding sites oriented differently than for NiV G (Figure 3.3) (76, 77).

3.3 nAH1.3-mediated broad neutralization of NiV and HeV

The nAH1.3 mAb was previously shown to potently neutralize NiV-M, NiV-B, and
HeV in vitro (73). Using a green fluorescent protein (GFP)-encoding,
replication-competent Cedar (henipa)virus (rCedV) chimeras in which the native
glycoproteins are substituted with the NiV-B (rCedV-NiV-B-GFP) or the HeV
(rCedV-HeV-GFP) F and G glycoproteins (78), we determined nAH1.3 half-maximum
inhibitory concentrations (IC50) of 33 and 32 ng/ml, respectively (Figure 3.4 A). This

neutralization potency is comparable to the human mAb m102.4, for which we
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determined IC50 values of 17 and 58 ng/ml against rCedV-NiV-B-GFP and
rCedV-HeV-GFP, respectively (Figure 3.4 B). Our cryo-EM structure reveals that one
nAH1.3 Fab fragment is bound to each NiV G head domain (Figure 3.2 B-C and 3.5 A).
nAH1.3 heavy and light chains interact with an antigenic site located on the side of the 8
propeller that is opposite to the ephrin-B2 or ephrin-B3 binding site (Figure 3.5 A). As a
result, NnAH1.3 does not compete with receptor binding to the NiV G ectodomain (Figure
3.5 B), unlike m102.4, which forms interactions mimicking receptor interactions (79).
nAH1.3 buries ~1000 A2 of its paratope upon binding through shape complementarity
and hydrogen bonding involving complementarity-determining regions (CDRs) H1, H3,
L1, and L2, explaining its high-affinity binding to NiV G (Figure 3.5 C-D and 3.4 C).
nAH1.3 is conformation dependent and recognizes a discontinuous epitope, spanning
residues 172, 182 to 191, 358, 448 to 451, 468 to 478, 515 to 518, and 570 and 571,
which is in close proximity to the oligosaccharide at position N481 (Figure 3.2 A and 3.5
A). Twenty-one out of 26 epitope residues are strictly conserved across NiV G and HeV
G, and three residues are conservatively substituted from NiV G to HeV G
[Asn187—GIn (N187Q), N478Q, and I517L]. Only two residues are nonconservatively
substituted (L470D and K571V), and these map to the periphery of the epitope (Figure
3.5 E). Our structural data suggest that none of the five substitutions would affect
nAH1.3 recognition, as confirmed by the similar neutralization potencies determined
against rCedV-NiV-B-GFP and rCedV-HeV-GFP (Figure 3.4 A). However, no
cross-reactivity was detected with more-divergent HNV sG ectodomain tetramers from
CedV, Ghana virus (GhV), and Mojiang virus (MojV) (Figure 3.4 D-E). Given that mAb

nAH1.3 does not appear to affect the overall NiV G conformation or bind to the ephrin
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virus entry receptor binding site, we propose that the mAb inhibits HNV entry into cells
by interfering with its F fusion triggering mechanism, as supported by membrane fusion
assays (80).

To validate our structural data, we passaged chimeric rCedV-NiV-B-GFP and
rCedV-HeV-GFP in the presence of a subneutralizing concentration of nAH1.3. Deep
sequencing revealed the selection of a clone harboring the 1520T mutation (T1559C
nucleotide substitution) introducing an N-linked glycosylation site at position N518 of
NiV G. This is within the epitope recognized by nAH1.3 and likely abrogates mAb
binding and neutralization via steric hindrance (Figure 3.5 F and 3.6 A). For HeV G, we
identified an escape mutant harboring the T117A and N186D mutations. The latter
substitution resides within the epitope and likely disrupts interactions with the nAH1.3
light chain (Figure 3.5 D, F and 3.6 B). Previously identified Q450K and R516K nAH1.3
escape mutations further validate our structure, as both residues form extensive
interactions with the Fab heavy chain (Figure 3.5 F) (73). Moreover, passaging of
rCedV-HeV-GFP in the presence of m102.4 led to the emergence of a single amino acid
mutation in HeV G (D582N) (Figure 3.6 C), which is identical to the one previously
identified using authentic HeV and NiV, validating the use of the chimeras as a

surrogate system for pathogenic HNVs (73).

3.4 Synergistic neutralization of NiV and HeV by a mAb cocktail

mAb cocktails have successfully been used to prevent or treat infections with
RNA viruses (87). For instance, although the individual Regeneron 10933 (casirivimab)

and 10987 (imdevimab) mAbs against severe acute respiratory syndrome coronavirus 2
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(SARS-CoV-2) are affected by a range of residue substitutions detected in clinical
isolates, their combined cocktail proved more resilient to escape mutations (82, 83).
Because experimental passaging of NiV and HeV with low concentrations of
neutralizing mAbs can favor the emergence of neutralization escape mutants, we tested
a cocktail of m102.4 and nAH1.3, which recognize epitopes located on opposite sides of
the B propeller (Figure 3.7 A). Analysis of the negatively stained complex between NiV
G and the nAH1.3 and m102.4 Fabs by single particle analysis confirmed formation of a
ternary complex (Figure 3.8 A-C), allowing the determination of a 3D reconstruction with
three nAH1.3 and three m102.4 Fabs bound to a NiV G tetramer (Figure 3.8 C). We
subsequently used biolayer interferometry to confirm that both mAbs can recognize the
NiV G ectodomain immobilized at the surface of biosensors irrespective of their order of
addition (Figure 3.7 B). We then carried out virus neutralization assays using
rCedV-NiV-B-GFP or rCedV-HeV-GFP to examine whether these mAbs had synergistic
virus-neutralizing activity (78). Using a concentration matrix of each mAb, we found that
combining m102.4 and nAH1.3 led to synergistic neutralization of the two rCedV
chimeras (Figure 3.7 C-D and 3.9 A-B). Passaging chimeric rCedV-HeV-GFP in the
presence of the cocktail of nAH1.3 and m102.4 led to the emergence of the T117A,
N186D, and T507I triple mutant, with T5071 mapping to the m102.4 epitope and N186D
to the nAH1.3 epitope, as described above (Figure 3.5 D, F and 3.6 D). These findings
support the potential use of a cocktail of these two noncompeting G
glycoprotein—directed neutralizing mAbs as a therapeutic against these two deadly
HNVs owing to their synergy and the higher barrier for resistance due to the

requirement for multiple mutations to escape neutralization.
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3.5 The NiV G head domain is the main target of vaccine-elicited

serum neutralization

We next investigated the nature and fine specificity of polyclonal Ab responses
against the NiV G and HeV G glycoproteins using sera from two rhesus macaques that
were immunized three times (4 weeks apart) with 200 pg of an alum-adjuvanted
equimolar mixture of the purified NiV-B and NiV-M sG tetramers (Figure 3.10 A). The
two immunizations elicited potent serum neutralizing activity at day 84, with geometric
mean neutralization titers of 1/8434 and 1/992 against rCedV-NiV-B-GFP and
rCedV-HeV-GFP, respectively (Figure 3.10 B). Using a competition enzyme-linked
immunosorbent assay (ELISA) with the nAH1.3 (73), m102.4 (84), and HENV-32 mAbs
(85), we showed that vaccine-elicited Abs target at least three distinct antigenic sites at
the surface of the NiV G head domain with comparable magnitudes, illustrating the
diversity of polyclonal Ab responses elicited by vaccination (Figure 3.10 C-E). To directly
visualize the epitopes recognized by serum Abs, we used single particle electron
microscopy analysis of negatively stained complexes formed between NiV G and
purified polyclonal Fab fragments [obtained from immunoglobulin G (IgG) cleavage]
after size-exclusion chromatography (86—-88). 3D classification of the data led to the
identification of at least three distinct classes of head-binding Abs and one class of
stalk-specific Ab (Figure 3.10 F-J and 3.8 D-F). Overall, Ab responses are almost
exclusively directed to the NiV G head domain, despite using the full ectodomain
tetramer for immunization, underscoring an apparent focusing of Ab responses on the

receptor binding domain (Figure 3.10 F-J and 3.8 D-F).


https://paperpile.com/c/9p7pLF/3tE4
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To understand the quantitative contribution of the different NiV G domains to
serum neutralizing activity induced by vaccination, we depleted polyclonal Abs using
either the purified isolated NiV G head domain or the tetrameric NiV G ectodomain.
Neutralizing Ab titers for each of the two rhesus macaques were respectively reduced
by a factor of 9 and 19 against rCedV-NiV-B-GFP (Figure 3.10 K and 3.9 C-F) and by a
factor of 9 and 93 against rCedV-HeV-GFP (Figure 3.10 L and 3.9 G-H) after depletion
of NiV G head-specific Abs. Serum Ab depletion using the NiV G ectodomain tetramer
resulted in a respective dampening of neutralizing activity by a factor of 11 and 13
against rCedV-NiV-B-GFP (Figure 3.10 K and 3.9 I-L) and by a factor of 69 and 2.5
against rCedV-HeV-GFP (Figure 3.10 L and 3.9 M-N). Collectively, these data indicate
that the NiV G head domain is immunodominant and the target of most serum

neutralizing activity elicited by NiV G vaccination in rhesus macaques.

3.6 Discussion

Our structure of the NiV G ectodomain tetramer reveals the ultrastructural
organization of this key target of the immune system, informs the mechanism of HNV
entry into host cells, and provides a blueprint for engineering next-generation vaccine
candidates with improved stability and immunogenicity, as was achieved for respiratory
syncytial virus and SARS-CoV-2 (5, 48, 89—-95). The discovery that the NiV and HeV G
head domain is the target of most neutralizing activity in the serum of rhesus macaques
vaccinated with tetrameric NiV G ectodomains motivates the development of vaccines
focusing Ab responses on this domain of vulnerability. Presenting the head antigen as

an ordered array through multivalent display holds the promise of enhancing


https://paperpile.com/c/9p7pLF/o2Cq+hP6R+eocP+wD5R+LwIT+QGT2+caXx+flEo+Rbr2
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immunogenicity, as recently described for SARS-CoV-2 (92, 96, 97), and would allow
presentation of a mosaic of HNV head domains with the goal of inducing neutralizing Ab
responses with maximal breadth (87, 97-99). Finally, the enhanced expression yield,
stability, and homogeneity of the NiV G head domain compared with HeV sG would

improve scalability of the manufacturing process of such a vaccine (78).


https://paperpile.com/c/9p7pLF/LwIT+rLJA+aHnE
https://paperpile.com/c/9p7pLF/GDwy+aHnE+HYRB+5mcp
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3.7 Figures & Tables

Figure 3.1 Cryo-EM data collection and processing of NiV G in complex with the

nAH1.3 Fab fragment.
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(A) Representative micrograph low-pass filtered at 10A. Scale bar: 500A (B)
Representative 2D class averages. Scale bar: 100A (C) CryoEM data processing flow
chart including local resolution maps computed using cryoSPARC.
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Figure 3.2 Architecture of the NiV G homotetramer.
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(A) Linear representation of the NiV G ectodomain (as resolved in the cryo-EM
map), which contains an N-terminal stalk (residues 96 to 147), a neck domain (residues
148 to 165), a linker region (residues 166 to 177), and a C-terminal head domain
(residues 178 to 602). Green arrowheads indicate N-linked glycosylation sites. Yellow
lines refer to cysteine residues. (B and C) Ribbon diagram of the NiV G ectodomain
bound to the broadly neutralizing nAH1.3 Fab fragment in two orthogonal orientations.
Each of the four NiV G protomers is shown in a different color, and resolved N-linked
glycans are rendered as green surfaces. The nAH1.3 heavy and light chains are colored
gold and yellow, respectively, and only the variable domains were modeled in density.
The linkers connecting the neck to the two proximal head domains are shown as dotted
lines owing to weaker density in the cryo-EM reconstruction. (D) Zoomed-in view of the
interlaced B sandwich neck domain showing the four antiparallel interprotomer disulfide
bonds between residues C158 and C162 and the glycan at position N159 protruding
from the two chains shown in the foreground. (E) Superimposition of NiV G protomers
based on the stalk highlighting that the same polypeptide chain adopts three distinct
folds in the homotetrameric assembly. (F) Schematic representation of the NiV G
homotetramer showing that only one out of four head domains orients its receptor
binding site (arrow) toward the host cell membrane (light gray), whereas the other three
sites point toward the viral membrane (dark gray). EB2, ephrin-B2.
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Figure 3.3 Comparison of NiV G and other paramyxovirus attachment

glycoproteins.
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(A) NiV G adopts a two heads up and two heads down conformation, which is
different from parainfluenza virus 5 (PIV5) HN “2 heads up 2 heads down” state (PDB
4JF7) and of Newcastle disease virus (NDV) HN “4 heads down” state (PDB 3T1E). The
cartoon diagram shows the orientation of the head domains (semicircles) with an arrow
indicating the receptorbinding site. The stalk is represented as a thin rod and the
receptor is represented as a purple thick rectangle.
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Figure 3.4 Characterization of the inhibitory and biophysical properties of the

nAH1.3 mAD.
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(A-B) nAH1.3-mediated neutralization (A) and m102.4-mediated neutralization
(B) of rCedV-NiVB-GFP (black) and rCedV-HeV-GFP (blue) in Vero 76 cells. (C) Binding
of the nAH1.3 Fab fragment to the immobilized NiV G head domain. nAH1.3
concentrations used were 20 nM (red), 10 nM (orange), 5 nM (green), 2.5 nM (blue),
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1.25 nM (purple) and 0.625 nM (pink). Black traces show the fit to the data using a 1:1
global model and the vertical dashed line corresponds to the transition between
association and dissociation phases. We determined an equilibrium dissociation
constant (KD) of 2.65 nM. (D-E) Biolayer interferometry analysis of binding of the
nAH1.3 IgG and ephrin-B2 to the immobilized HNV G proteins. Amine-coupled NiV G
(black), CedV G (red), GhV G (orange), or MojV G (green) biosensor probes were
dipped into 600 nM nAH1.3 IgG (D) or 600 nM human ephrin-B2 monomer (E).
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Figure 3.5 Structural basis for nAH1.3-mediated broad neutralization of NiV and
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(A) Superimposition of the NiV G head domain (blue surface) bound to nAH1.3
(heavy and light chains, colored gold and yellow, respectively) or to ephrin-B2 [purple;
Protein Data Bank (PDB) ID 2VSM] showing that they bind to opposite sides of the 3
propeller. (B) Biolayer interferometry analysis of binding of the nAH1.3 Fab and EB2 to
immobilized NiV G ectodomain showing absence of competition irrespective of their
order of addition. Each NiV G loaded anti-penta-His biosensor probe was sequentially
dipped in a solution containing 25 nM nAH1.3 Fab (red) and then 50 nM EB2 plus 25
nM nAH1.3 Fab (red) or 50 nM EB2 and then 25 nM of nAH1.3 Fab plus 50 nM EB2
(green). Controls with only nAH1.3 Fab (blue) or EB2 (orange) are shown for
comparison. (C) Zoomed-in view of the interface between NiV G and nAH1.3 with
selected side chains shown as sticks. Single-letter abbreviations for the amino acid
residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, lle; K,
Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y,
Tyr. (D) Ribbon diagram of a NiV G head domain (blue) with the interacting nAH1.3
heavy and light chains CDRs (CDRH and CDRL) rendered in gold and yellow,
respectively. (E) Molecular surface representation of the NiV G head showing the
nAH1.3 footprint colored by residue conservation between NiV G and HeV G.
Conservative sub, conservative substitution; semi-conservative sub, semi-conservative
substitution. (F) Molecular surface representation of the NiV G head showing the
nAH1.3 escape mutations identified here (1520T introducing an N-linked glycosylation
site at position N518; N186D comes from HeV G escape mutant) and Q450K and
R516K [previously described].
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Figure 3.6 Deep-sequencing of chimeric rCedV-NiV-B-GFP and rCedV-HeV-GFP

reveals G protein mutations that permit escape from nAH1.3 or m102.4 mAbs.
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(A) rCedV-NiV-B-GFP was passaged in the presence of nAH1.3 until the virus
was no longer neutralized by the mAb. Deep sequencing of this virus revealed a single
mutation, 1520T, in the NiV G protein allowing the chimeric virus to evade neutralization
by nAH1.3. (B-D) rCedV-HeV-GFP was passaged in the presence of nAH1.3 (B),
m102.4 (C), or a combination of nAH1.3 and m102.4 (D) until the virus was no longer
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neutralized by the mAb(s). Deep sequencing of this virus revealed two mutations,
T117A and N186D, in the HeV G protein allowing the chimeric virus to evade
neutralization by nAH1.3. A single G protein mutation, D582N, allowed rCedV-HeV-GFP
to escape neutralization by m102.4. Three G protein mutations, T117A, N186D, and
T5071, permitted the chimeric virus to evade neutralization from the nAH1.3 and m102.4
mADb cocktail.
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Figure 3.7 A HNV G head-directed mAb cocktail with synergistic neutralizing

activity.
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(A) Superimposition of the NiV G head domain (blue surface) bound to nAH1.3
(heavy and light chains colored gold and yellow, respectively) or to the m102.3 Fab
(heavy and light chains colored dark and light gray, respectively; PDB ID 6CMI) showing
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that they bind to opposite sides of the B propeller. m102.3 is closely related to the
m102.4 mAb. (B) Biolayer interferometry analysis of binding of the nAH1.3 and m102.4
IgGs to the immobilized NiV G ectodomain showing absence of competition irrespective
of the order of addition. Each NiV G loaded anti-penta-His biosensor probe was
sequentially dipped in a solution containing 100 nM nAH1.3 IgG (red) and then 100 nM
m102.4 1gG plus 100 nM nAH1.3 IgG (red) or 100 nM m102.4 IgG and then 100 nM of
nAH1.3 IgG plus 100 nM m102.4 1gG (green). Controls with only nAH1.3 IgG (blue) or
m102.4 1gG (orange) are shown for comparison. (C and D) Synergy maps for
neutralization of replication-competent rCedV-NiV-B-GFP (C) and rCedV-HeV-GFP (D)
by varying concentrations of the m102.4 and nAH1.3 mAb cocktail analyzed with
SynergyFinder. ZIP synergy score >10 indicates a strong synergistic relationship. The
white box indicates the most synergistic region on each plot.
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Figure 3.8 EM characterization of the NiVG/m102.4/nAH1.3 complex and

polyclonal epitope mapping.
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(A-C) Representative micrograph (A), 2D class averages (B) and 3D
reconstruction (C) of the negatively stained complex between NiV G and the m102.4
and nAH1.3 Fab fragments. Scale bar: 1000A. The map with the fitted model shows
three nAH1.3 Fab (gold/yellow) and three m102.4 Fabs (grey) bound to NiV G
(red/blue). (D-F) Representative micrograph (D), 2D class averages (E) and data
processing flow chart (F) of the dataset of NiV G bound to purified polyclonal serum Fab
fragments elicited by vaccination of rhesus macaques with an equimolar mixture of NiV
G Bangladesh and Malaysia. The double bar separates the datasets obtained with Fabs
purified from NHP 171269 (top) and from NHP 180227 (bottom). The latter data set
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allowed identification of a stalk-directed Fab. Selected 3D classes from the first 3D
classification of the NHP 171269 dataset have been highlighted with red boxes.
Selected 3D classes from the second 3D classification of the NHP 171269 dataset have
been assigned to three groups labeled by blue, orange and green boxes. The stalk
binding class from the NHP 180227 dataset is highlighted with a purple box. The
remaining classes from the NHP 180227 dataset were similar to those of the NHP
171269 dataset. Scale bar: 1000A.



Figure 3.9 Evaluation of neutralization synergy and depletion study.
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(A) Neutralization synergy of m102.4 and nAH1.3 against rCedV-NiV-B-GFP. (B)
Neutralization synergy of m102.4 and nAH1.3 against rCedV-HeV-GFP. (C, F, I, L)
Binding of various dilutions of rhesus macaque vaccine-elicited polyclonal Abs to the
immobilized NiV sG ectodomain after head or ectodomain depletion analyzed by ELISA.
(D-E) Evaluation of serum neutralizing activity against rCedV-NiVB-GFP before and
after depletion of head-targeting Abs. (G-H) Evaluation of serum neutralizing activity
against rCedV-HeV-GFP before and after depletion of head-targeting Abs. (J-K)
Evaluation of serum neutralizing activity against rCedV-NiV-B-GFP before and after
depletion of sG-targeting Abs. (M-N) Evaluation of serum neutralizing activity against
rCedV-HeV-GFP before and after depletion of sG-targeting Abs.
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Figure 3.10 The NiV G receptor binding head domain is immunodominant and

accounts for most of the neutralizing activity elicited by vaccination.
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(A) Study design for vaccination of rhesus macaques, where two rhesus
macaques have been immunized three times (4 weeks apart) with 200 ug of an
alum-adjuvanted equimolar mixture of the purified NiV-B and NiV-M sG tetramers. Blood
was collected on days 42 and 84 after immunization. (B) Serum neutralizing Ab titers
against rCedV-NiV-B-GFP and rCedV-HeV-GFP measured on day 84. The curves for
each animal are shown in black or blue. (C to E) Competition ELISAs showing binding
of biotinylated nAH1.3 (C), m102.4 (D), and HENV-32 (E) mAbs to the immobilized NiV
G ectodomain in the presence of various dilutions of vaccine-elicited rhesus macaque
sera (obtained on day 84). The curves for each animal are shown in black or blue,
whereas binding of the mAb in the absence of sera is shown in green (control). (F-l)
Representative electron microscopy reconstructions (gray surfaces) of negatively
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stained complexes formed between purified polyclonal serum Fab fragments and NiV G
fitted with atomic models for visualization of antigenic sites targeted. (J) Surface
representation of the NiV G tetramer with three head domain—specific Fabs bound (left)
and a stalk-directed Fab bound (right), highlighting antigenic sites detected in
vaccine-elicited polyclonal serum Abs. (K and L) Neutralizing Ab titers against
rCedV-NiV-B-GFP (K) and rCedV-HeV-GFP (L) before and after depletion with the NiV
G head domain (Head) or the ectodomain tetramer (Ecto).
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Chapter 4. Potent monoclonal antibody-mediated

neutralization of a divergent Hendra virus variant

This chapter highlights how structure information generated by single particle
Cryo-EM can facilitate antibody drug discovery. Structure biology has been considered
as the last molecular validation sole for a really long time. Here | present one polyclonal
antibody cocktail discovery work, which shows how structure information is able to
initiate application studies.

On the biological side, | proposed the concept of orthogonal epitopes, which are
not only non-overlapping spatially but also independent in neutralizing mechanisms. To
prove the concept, we suggested a tetravalent antibody cocktail and validated both by

binding and neutralization experiments.

4.1 Background

A novel Hendra virus variant (HeV-g2) was detected in Australia in horses that
succumbed to fatal HeV illness and in two species of flying foxes suffering vasculitis
(700, 1017). Despite frequent HeV testing in horses in areas with known viral circulation
in wildlife, this new HeV-g2 escaped routine PCR-based testing due to much lower
sequence conservation than ever detected compared with prototypic HeV. Furthermore,
HeV-g2 was detected in regions of Australia previously thought to be at low risk of HeV
cross-species transmission (700, 101). HeV-g2 F and G share 95.60 and 92.85% amino

acid sequence identity with their counterparts in prototypic HeV, respectively.
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Given the marked genetic divergence of HeV-g2 relative to HeV, it is unknown
whether this newly discovered virus will share similar receptor usage and antigenic
properties relative to prototypic HeV. Here, we set out to investigate the ability of
HeV-g2 to utilize EB2 and EB3 as receptors for entry into cells and the likelihood that
postexposure therapies and vaccines in development will be effective against this new
variant. We show that several HNV F- and G-specific mAbs cross-react with HeV-g2
glycoproteins and inhibit entry into target cells. We identify and characterize a mAb
cross-neutralizing HeV and HeV-g2, designated hAH1.3, and determined its structure
bound to the HeV G head domain, revealing recognition of an antigenic site distinct from
those targeted by all other known HNV G-reactive mAbs. These data delineate a path
forward to deploy mAb mixtures with a high barrier to the emergence of escape

mutants.

4.2 HeV-g2 and HeV Share a Conserved Receptor Tropism

Comparison of the HeV and HeV-g2 G sequences revealed that there are 33
residue substitutions between the two variants, most of them clustering within the
receptor-binding G head domain (Figure 4.1). To understand the effect of these
substitutions on receptor usage, we evaluated binding of purified monomeric HeV and
HeV-g2 G head domains to immobilized EB2 and EB3 genetically fused to the human
immunoglobulin 1 (IgG1) Fc fragment using biolayer interferometry (BLI). Despite the
four residue differences between human EB2 (hEB2) and Pteropus alecto EB2
(PaEB2), both G head domain variants bound indistinguishably with monovalent binding

affinities in the 0.5 to 1 nM range (Figure 4.2 A, B, D, E and 4.3 A-D). The strictly
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conserved EB3 bound with comparable affinities to HeV and HeV-g2 G head domains,
though affinities for EB3 were much lower than for EB2 (Figure 4.2 A, C, F, G and 4.3
E-H). These findings suggest that HeV-g2 recognizes each of the two known human
receptor subtypes with similar efficiency to HeV, consistent with the strict conservation
of the receptor-binding interface. Furthermore, the small number of (largely
conservative) mutations found between hEB2 and PaEB2 and the strict conservation of
hEB3 and PaEB3 (Figure 4.3) concur with the undistinguishable binding properties
observed here across orthologs, supporting the role of flying foxes as reservoir hosts for
both variants of HeV (and NiV).

To investigate the ability of HeV-g2 to utilize hEB2 and hEB3 for cell entry, we
generated a green fluorescent protein (GFP)—encoding, replication-competent, Cedar
(henipa)virus (rCedV) chimera in which the native glycoproteins are substituted with the
HeV-g2 F and G glycoproteins (rCedV-HeV-g2-GFP). Stable expression of hEB2
(HeLa-USU-EB2) or hEB3 (HelLa-USU-EB3) rendered HeLa-USU cells susceptible to
rCedV-HeV-g2-GFP, as was the case for the rCedV-HeV-GFP positive control which
harbors the prototypical HeV F and G glycoproteins (Figure 4.2 H-1 and 4.4) (102—-105).
We did not observe any significant differences in the percentage of GFP foci upon
rCedV-HeV-g2-GFP infection of HeLa-USU-EB2 (91%) or HeLa-USU-EB3 (98%) cells
compared with rCedV-HeV-GFP (set to 100%). No evidence of infection was observed
in HelLa cells infected with either rCedV-HeV-g2-GFP or rCedV-HeV-GFP (Figure 4.4).
Therefore, HeV-g2 retains the same receptor tropism as HeV and is expected to have a

similar tissue tropism upon infection of humans and other animals.


https://paperpile.com/c/9p7pLF/SRgj+LJGw+gEaX+AbOK
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4.3 Broadly Neutralizing HNV G-Specific mAbs Inhibit HeV-g2

Several G-targeted neutralizing mAbs have been described and shown to protect
against lethal HeV and NiV challenge in a postexposure setting (8, 73, 78, 79, 85, 106,
107). Here, we investigated whether three potent and noncompeting neutralizing mAbs,
m102.4, HENV-32, and nAH1.3, can cross-react with HeV-g2 G and neutralize
rCedV-HeV-g2-GFP. Only 1 out of 33 residues that are mutated between HeV-g2 and
prototypic HeV maps to an epitope recognized by one of these mAbs: The conservative
R201K substitution is found within the HENV-32 binding site and recapitulates the NiV G
K201 residue, explaining that HENV-32 broadly neutralizes NiV, HeV, and HeV-g2
(Figure 4.5 A-C) (85). Indeed, we found that m102.4 and HENV-32 bound to each
variant indistinguishably whereas nAH1.3 recognized the two variants with roughly
comparable efficiencies by BLI (Figure 4.5 D-F). Enzyme-linked immunosorbent assays
(ELISASs) also indicated that each mAb has comparable affinity for the HeV and HeV-g2
G head domains, including the neutralizing mAbs HENV-103 and HENV-117 (Figure
4.6) (78). The neutralization potency of m102.4, HENV-32, and nAH1.3 was comparable
against each of the two viruses (rCedV-HeV-g2-GFP and rCedV-HeV-GFP) with nAH1.3
exhibiting an order of magnitude greater neutralizing activity than the other two mAbs
(Figure 4.5 G-l). These data show that broadly neutralizing HNV mAbs recognizing
three distinct G head domain antigenic sites are potent inhibitors of the recently

described HeV-g2 variant.


https://paperpile.com/c/9p7pLF/ZNfq+Abba+7eYx+i0bh+Fyew+u52J+3tE4
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61

4.4 The hAH1.3 Neutralizihng mAb Defines a HeV/HeV-g2 G

Antigenic Site

The mouse hAH1.3 mAb was previously reported to potently neutralize HeV but
not NiV (73). We determined a crystal structure of the hAH1.3 Fab fragment in complex
with the HeV G head domain at 2.75-A resolution (SI Appendix, Table S4). hAH1.3
interacts with an antigenic site located opposite of the head—head dimerization interface
and thus of the HENV-32 epitope, which is also distinct from the receptor binding site or
the nAH1.3 epitope (Figure 4.7 A) (8, 85, 108, 109). As a result, hAH1.3 does not
compete with the hEB2 receptor for binding to the HeV G head domain (as opposed to
m102.4) and is unlikely to disturb the G head—head dimerization interface (in contrast to
HENV-32) (Figure 4.7 A and 4.8). hAH1.3 binding does not induce major conformational
changes of the HeV G head domain. All six hAH1.3 complementary determining regions
participate in the paratope through shape complementarity and hydrogen bonding
burying an excess of 1,000 A2 at the interface with HeV G and involving contacts with
the HeV G polypeptide and N-linked oligosaccharides at positions N378, N481, and
N529 (Figure 4.7 B and 4.9). The sole residue substitution in the hAH1.3 epitope
(Hhev386Nyey2) does not prevent cross-reactivity with both HeV and HeV-g2 head
domains, as observed using BLI (Figure 4.7 C-D and 4.1, Table S2). Accordingly,
hAH1.3 inhibited with comparable potencies rCedV-HeV-GFP (50% inhibitory
concentration [IC50]: 25.47 ng/mL) and rCedV-HeV-g2-GFP (IC50: 22.07 ng/mL)
(Figure 4.7 E). Although the structure suggests that the effect of individual NiV G

substitutions within the hAH1.3 epitope relative to HeV G (I385T, H386K, K388Q, and


https://paperpile.com/c/9p7pLF/3tE4
https://paperpile.com/c/9p7pLF/Fyew+SG2K+4Yoa+ZNfq
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S483T) is expected to be moderate, the additive effect of all four mutations likely

explains the lack of hAH1.3 cross-reactivity with NiV (Figure 4.7 C, F and 4.1).

4.5 Structure-Guided Formulation of a Tetravalent mAb Mixture

Superimposition of the m102.4-, HENV-32—, nAH1.3-, and hAH1.3-bound G
structures indicated that the four mAbs target entirely distinct, nonoverlapping antigenic
sites on HNV G (Figure 4.10 A). Using BLI, we confirmed that all four mAbs can
simultaneously recognize the HeV or HeV-g2 G head domain immobilized at the surface
of biosensors upon sequential incubation with combinations of these mAbs (Figure 4.10
B). Furthermore, an equimolar mixture of all four mAbs mediated potent,
concentration-dependent inhibition of both rCedV-HeV-GFP and rCedV-HeV-g2-GFP
(Figure 4.10 C). Given that HENV-32 recognizes an antigenic site buried at the interface
between G protomers and based on steric considerations, it is possible that binding of
the four-mAb mixture would disrupt G tetramers, as observed with some coronavirus
mADbs, possibly contributing to neutralization. These data delineate a path forward for
deploying multivalent mAb combinations for postexposure treatment that would pose a
higher barrier to the emergence of escape mutants than individual constituting mAbs
(8).

To further evaluate the possible effects of the HeV-g2 G amino acid sequence
variation on its antigenic landscape, we measured the neutralizing activity of rhesus
macaque polyclonal sera elicited by immunization with equimolar concentrations of
NiV-Malaysia sG and NiV-Bangladesh sG (8). We determined serum neutralizing

activities of 1/578 and 1/894 against rCedV-HeV-GFP and rCedV-HeV-g2-GFP,


https://paperpile.com/c/9p7pLF/ZNfq
https://paperpile.com/c/9p7pLF/ZNfq
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respectively, for one animal, and of 1/242 and 1/714 against rCedV-HeV-GFP and
rCedV-HeV-g2-GFP, respectively, for the second animal (Figure 4.10 D-F). In both
cases, the sera are slightly more potent against HeV-g2 than HeV
(vaccine-mismatched) but less than NiV (vaccine-matched), for which the neutralizing
activity was 1/11,785 and 1/6,036 (8). The comparable vaccine-elicited neutralizing
antibody responses against HeV-g2 and HeV indicate that the changes in HeV-g2 G do

not dampen polyclonal serum neutralizing activity.

4.6 Discussion

Since its discovery in 1994, 65 spillovers of HeV to domestic horses have been
detected in Australia with sporadic human exposure and disease. A new HeV variant,
termed HeV-g2, was recently described from two independent discoveries: one from a
retrospectively diagnosed horse succumbing to henipaviral disease in 2015, which
enabled a second fatal equine case to be diagnosed in October 2021, and the other
from a long-term effort to monitor and survey the flying fox population in different states
of Australia (700). The HeV-g2 genome differs from that of the prototypic HeV
sufficiently to have failed detection by real-time RT-PCR—-based disease surveillance in
horses and viral reservoir surveillance of flying foxes. The identification of HeV-g2
extends the known HNV genetic diversity and also highlights the broad geographical
range of potential HeV spillover.

We show here that HeV-g2 retains the same receptor tropism as prototypic HeV
and utilizes EB2 and EB3 as bona fide entry receptors. Moreover, a panel of nine mAbs

targeting several epitopes on the HeV G glycoprotein cross-reacts and retains potent


https://paperpile.com/c/9p7pLF/ZNfq
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neutralizing activities against HeV-g2. We describe a mAb, designated hAH1.3,
cross-reacting with HeV and HeV-g2 G by targeting an antigenic site which is conserved
among HeV variants but not NiV. As the epitopes of the hAH1.3, m102.4, HENV-32, and
nAH1.3 neutralizing mAbs are distinct, we formulated a tetravalent mAb mixture potently
neutralizing HeV and HeV-g2 which is expected to have a much higher barrier for the
emergence of escape mutants relative to individual constituting mAbs (8). Our data
support the clinical development of multivalent mAb mixtures for postexposure therapy
as such countermeasures are expected to retain broad neutralizing activity against
known and unknown NiV and HeV variants. NiV sG subunit vaccine-elicited neutralizing
antibody responses are equivalently potent against HeV and HeV-g2, indicating that this
newly emerged HeV-g2 variant does not erode cross-neutralizing polyclonal antibody
responses more than HeV. We expect these findings to hold true in horses vaccinated
with Equivac HeV and in humans, as the only HNV vaccine in clinical development is
based on HeV sG which elicits better cross-protective titers than NiV sG against
heterotypic challenge in animals (73). Collectively, our data provide a comprehensive
assessment of available countermeasures against this newly described HeV-g2 variant

and delineate multiple strategies for pandemic preparedness.


https://paperpile.com/c/9p7pLF/ZNfq
https://paperpile.com/c/9p7pLF/lwfu
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4.7 Figures & Tables

Figure 4.1 Sequence conservation between HeV and HeV-g2 G and F

glycoproteins.

A

HeV_G
HeV-g2_6

HeV_G
HeV=g2_6

o <
oo

He
HeV-g:

HeV_G
HeV-g2_6

HeV_G
HeY-g2_6

HeV_F
HeV-g2_F

HeV_F
HeV-g2_F

HeV_F
HeV-g2_F

HeV_F
HeV-g2_F

HeV_F
HeV-g2_F

1 10 20 30 40 50 60 70 80 90 100 110 120 130

ﬁﬂﬁﬂSKLVSLHNNLSEKIKDQEKVIKNVYETHDIKKINUELLDSKILﬁﬁFNTVIHLLESIIIIVHNINIIBNYTRTTDNQRLIKESLHSUQnﬂIKHLTDKIETEIEPKVSLIDTSSTITIFHNIGLLGSK
HAESKYYRPSSSL SSKIKDOGKITKNYYGTHDIKKINDGLLDSKILGAFNTYIALLGSITITVHNYHITQNYART TONQALIKDSLOSYQOQIKAL TOKIGTEIGPKYSLIDTSSTITIPANIGLLGSK

< Intravirion ><Transmembrane>< Stalk
131 140 150 160 170 180 190 200 210 220 230 240 250 260

ISQSTSSINENVNDKCKF TLPPLKIHECNISCPNPLPFREYRPISQGYSDLYGLPNOICLOKTTSTILKPRLISYTLPINTREGYCITOPLLAYDNGFFAYSHLEKIGSCTRGIAKQRIIGYGEYLDRGD
ISQSTSSINENYNDKCKF TLPPLKIHECNISCPNPLPFREYRPISQGYSDLYGLPNOQICLORTTSTILKPKLISYTLPINTREGYCITDPLLTIDNGFFAYSHLEKIGSCTRGIAKQRIIGYGEYLDRGD

e > Koo - N @ CK - > <--Linker--> <
261 270 280 290 300 310 320 330 340 350 360 370 380 390
|

&VPSKFHTNVHTPFNPSTIHHESSTVHEUFYVTLERVSHVEDPILNSTSHTESLSLIRLHVRFKSDSEUVNQKYIHITKUEREKYDKVHFYGFSEIKDEDTLYFPHVGFLFRTEFQYHDSNCPIINEKVS
KYPSHFHTHYMTPPNPSTYHHCSSTYHDDFYYTLCAYSHYGDPILNGTSHIESLFYIRLAYRPKTDGGGYNOKYITHTKIERGKYDKYHPYGPSGIKQGDTLYFPAYGFLPRTEFQYNDSNCPIINCKYS

Head
391 400 410 420 430 440 450 460 470 480 430 500 510 520

KAENCRLSHGYNSKSHYILRSGLLKYNLSLGGDIILQF IETADNRLTIGSPSKIYNSLGQPYFYQASYSHDTHIKLGDYDTYDPLRVOHRNNSYISRPGASACPRFNVCPEVCHEGT YNDAFLIDRLNHY
KAENCRLSHGINPRSHYVLRSGLLKYNLSLGEDTRLOQF IETADNRLTIGSPSKIYNSLGQPYF YQASYSHDTHIKLGDYDTVDPLKYQHRNNSYISRPGASQCPRFNYCPEVCHEGTYNDAFLIDRLNHI

H d
Head

521 530 540 550 560 570 580 590 600 604
I I

SAGYYLNSNOTRAENPYFAYFKDNEILYQYPLAEDDTHAQKTITDCFLLENYIHCISLYEIYDTGDSYIRPKLFAYKIPAQCSES
SAGYYLNSNOTRENPYFAYFKDNETL YQVQLADEDTHAQRTITDCFLLDNYIMCISLVETYDTGDSYIRPKLFAVKIPAOCSGN

>

1 10 20 30 40 50 60 70 80 90 100 110 120 130

I
HATQEVRLKCLLCGITVLVLSLEGLGILHYEKLSKIGLVKGITRKYKIKSNPLTKDIVIKHIPNYSNYSKCTGTYHENYKSRLTGILSPIKGATEL YNNNTHDLYGDVKLAGYYHAGIAIGIATARQITA
HATQRVKYSYLICGIVISALSLEGLGILHYEKLSKIGL VKGYTRKYKIKSNPLTKDIVIKHIPNYSNYSKCTGTYHENYKNRLTGILSPIKGATEL YNNNTHDLIGDVKLAGYVHAGIAIGIATARQITA

B - | <-om-FP--—- > <-
131 140 150 160 170 180 130 200 210 220 230 240 250 260

I 1
GYALYEAHKNADNINKLKSSIESTNEAYVKLOETAEKTYYVLTALQDYINTHLYPTIDQISCKQTELALDLALSKYLSDLLFYFGPNLODPYSNSHTIQAISOAFGGNYETLLRTLGYATEDFDDLLESD
GYALYEANKNADNINKLKSSIESTNEAVYKLQETAEKTYYYLTALQDYINTRLYPTIDQISCKQTELALDLALSKYLSDLLFYFGPRLADPYSNSHTIQATSQAFGGNYETLLRTLGYATEDFDDLLESD

HRA >
261 270 280 290 300 310 320 330 340 350 360 370 380 390
1

éITGDIUYVDLSSYYIIVRUYFPILTEIQQHYVQELLPVEFHNDNSEHIBIUFNFVLIRNTLIENIEUKYELITKKSVICNQHYHTFHTHSUREELTGSTUKEFRELVVSSHUPRFHLEEGVLFHNEISU
SITGOIVYYDLSSYYIIVRYYFPILTEIQOAYVQELLPYSFNNDNSEHISIVPNFYLIRNTLISHIEVKYCLTTKKSYICHQDYATPHTSTYRECLTGSTDKCPRELYYSSHYPRFALSGGYLFANCISY

?91 400 410 420 430 440 450 460 470 480 490 500 510 52?

TCQCQTTGRAISQSGEQTLLHIDNTTCTTYVLGNIIISLGKYLGSINYNSESIAYGPPYYTOKVDISSQISSHNQSLOQSKDY IKEAQKILDTYNPSLISHLSHIILYVLSIAALCIGLITFISFYIVEK
TCQCQTTGRAISASGEQTLLHIDNTTCTTYYLGNITISLGKYLGSTHYNSESIAYGPPYYTDRVDISSQISSHNQSLOQQSKDY IKEAQRILDTYNPSLISHLSHIVLYYLSTAALCIGLITLISFIIVEK

< HRB > <-Transmembrane-><

521 530 540 546
I 1

iRENVSRLDDRQVRFVSNEDLYYI&T
KRGNYSRLDDRRYRPYSNGDLYYIGT
--------- Intravirion---------->

(A) Sequence alignment between HeV and HeV-g2 G glycoproteins. (B)
Sequence alignment between HeV and HeV-g2 F glycoproteins. SP, signal peptide; FP,
fusion peptide; HRA/B, heptad repeats A/B.



66

Figure 4.2 HeV and HeV-g2 share a conserved receptor tropism.
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Figure 4.3 Biolayer interferometry evaluation of receptor binding.
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(A-D) Biolayer interferometry analysis of binding of the HeV/HeV-g2 G head
domain to immobilized human/P. alecto EB2-Fc. (E-H) Biolayer interferometry analysis
of binding of HeV/HeV-g2 G Head domain to immobilized 4 human/P. alecto EB3-Fc.
Black traces show the fit to the data using a 1:1 global model. The vertical dashed line
corresponds to the transition between association and dissociation phases.
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Figure 4.4 Assessment of ephrin receptor tropism.
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(A) The HelLa-USU cell line does not express EB2 or EB3, and is thus not
permissive to rCedV-HeV-GFP or rCedV-HeV-g2-GFP entry. Brightfield, fluorescence
and merged images are shown (left to right).
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Figure 4.5 Broadly neutralizing HNV G-specific mAbs inhibit HeV-g2.
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(A-C) Ribbon diagram of the HeV G head domain (gray) with the interacting
heavy- and light-chain complementarity-determining regions (CDRs) of m102.3 (parent
mAb of m102.4; PDB ID code 6CMI) (A), HENV-32 (PDB ID code 6VY4) (B), and
nAH1.3 (PDB ID code 7TXZ) (C) rendered in gold and yellow, respectively. Residues
that are mutated in HeV-g2 G relative to HeV G are colored red. (D-F) BLI binding
analysis of 100 nm HeV (red) or HeV-g2 (orange) G head domain to m102.4 (D),
HENV-32 (E), or nAH1.3 (F) IgG immobilized at the surface of AHC biosensors. (G-l)
m102.4- (G), HENV-32— (H), and nAH1.3-mediated (l) neutralization of rCedV-HeV-GFP
(black) or rCedV-HeV-g2-GFP (blue). The limit of detection for the neutralization assay
was 50 fluorescent foci. The differences of IC5, values for each mAb between
rCedV-HeV-GFP and rCedV-HeV-g2-GFP were not statistically significant (Student’s t
test) with P values of 0.447, 0.609, and 0.117 for m102.4, HENV-32, and nAH1.3,
respectively. Error bars: SD. Moreover, we observed Pearson correlations of 0.9819,
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0.9942, and 0.9909 for the m102.4, HENV-32, and nAH1.3 IC;, values, respectively,
between rCedV-HeV-GFP and rCedV-HeV-g2-GFP with P values smaller than 0.0001.
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Figure 4.6 Enzyme-linked immunosorbent assays of G-directed mAb binding.
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Figure 4.7 hAH1.3 cross-reacts with and neutralizes HeV and HeV-g2.
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(A) Superimposition of the HeV G head domain (gray surface) bound to hAH1.3
(heavy and light chains are colored gold and yellow, respectively) with the EB2-bound
NiV G head structure (purple; PDB ID code 2VSM; only EB2 is shown for clarity)
showing the epitope does not overlap with the receptor binding site or the dimerization
interface (transparent volume indicating the neighboring G head domain in the tetramer;
PDB ID code 7TXZ). N-linked glycans are rendered as green surfaces. (B) Ribbon
diagram of the HeV G head domain (gray) with the interacting hAH1.3 heavy- and
lightchain CDRs rendered in gold and yellow, respectively. (C) BLI binding analysis of
100 nm hAH1.3 IgG to immobilized HeV G, HeV-g2, or NiV G head domains. (D)
Molecular surface representation of the HeV G head showing the hAH1.3 footprint
colored by residue conservation between HeV G and HeV-g2 G. Semi-Conservative
sub, semiconservative substitution. (E) hAH1.3- mediated neutralization of
rCedV-HeV-GFP (black) or rCedV-HeV-g2-GFP (blue). The limit of detection for the
neutralization assay was 50 fluorescent foci. The hAH1.3 IC50 values were not
statistically  different  (Students 't test) between rCedV-HeV-GFP and
rCedV-HeV-g2-GFP (P = 0.736). Moreover, we observed a Pearson correlation of
0.9974 for the hAH1.3 IC50 values between rCedV-HeV-GFP and rCedV-HeV-g2-GFP
with P values smaller than 0.0001. Error bars: SD. (F) Molecular surface representation
of the HeV G head showing residue differences between HeV and NiV within the
hAH1.3 epitope. Conservative sub, conservative substitution. Semi conservative sub,
semi-conservative substitution.
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Figure 4.8 Competition biolayer interferometry analysis of binding of the hAH1.3

Fab and EB2 to the immobilized HeV G head domain.
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(A) Each HeV G head loaded Ni-NTA biosensor probe was sequentially dipped in
a solution containing 100 nM hAH1.3 IgG (red) and then 250 nM hEB2 + 100 nM
hAH1.3 IgG (red). Controls with only hAH1.3 IgG (green) or hEB2 (blue) are shown for
comparison. No competition was observed.
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Figure 4.9 Close-up view of the hAH1.3 epitope and representative electron

density.

Heavy Chain

c . G 1
:’\/A"x ¢ Yyt
N481 JG& N

Glycan )
XY, .

s Ns29 4
SO Glycan o e\

] e
N HeV Head — o Y
M N

(A) Zoomed-in view of the interface between HeV G and hAH1.3 with selected
side chains shown as sticks. The HeV G head domain is rendered in gray whereas the
hAH1.3 heavy and light chains are colored gold and yellow, respectively. (B) Zoomed-in
view around HeV G residue H386 with 2Fo-Fc electron density shown as gray mesh
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contoured at approximately 2o. (C-G) HeV G head N-linked glycans with 2Fo-Fc
electron density shown as gray mesh.
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Figure 4.10 G-targeted tetravalent mAb mixture and vaccine-elicited antibodies

broadly neutralize HeV-g2.
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(A) hAH1.3 (blue), m102.3/m.102.4 (green), nAH1.3 (pink), and HENV-32 (red)
mADbs recognize nonoverlapping epitopes on the HeV G head (gray). The HeV G head
is rendered in the same orientation as in Fig. 4A, where the head—head dimerization
interface faces to the right and the receptor-binding interface faces to the top. (B) BLI
analysis of binding of m102.4, HENV-32, nAH1.3, and hAH1.3 IgG to the immobilized
HeV G head showing the absence of competition among mAbs. The red trace shows
the HeV G head-153-50A fusion—loaded anti—penta-His biosensor sequentially dipped
into a solution containing 100 nm m102.4, followed by 100 nm m102.4 + 100 nm
HENV-32, followed by 100 nm m102.4 + 100 nm HENV-32 + 100 nm nAH1.3, followed
by 100 nm m102.4 + 100 nm HENV-32 + 100 nm nAH1.3 + 100 nm hAH1.3, and buffer
alone. Controls with only m102.4 1gG (orange), HENV-32 1gG (green), nAH1.3 IgG
(cyan), and hAH1.3 IgG (blue) are shown for comparison. Negative sensor refers to an
uncoated anti—penta-His biosensor dipped into 100 nm m102.4 + 100 nm HENV-32 +
100 nm nAH1.3 + 100 nm hAH1.3, and negative 153-50A refers to the HeV G
head-153-50A fusion—loaded anti—penta-His biosensor dipped into buffer alone. (C)
Neutralization of rCedV-HeV-GFP (black) or rCedV-HeV-g2-GFP (blue) by the
tetravalent m102.4/HENV-32/nAH1.3/hAH1.3 mAb mixture (1:1:1:1 molar ratio). (D)
Study design for vaccination of rhesus macaques. Two animals were immunized three
times (4 wk apart) with 200 pg of an alum-adjuvanted equimolar mixture of the purified
NiV-B and NiV-M sG tetramers. Sera were collected on day 42 and day 84
postimmunization. (E) Day 84 NHP 171269 serum neutralizing activity against
rCedV-HeV-GFP (black) and rCedV-HeV-g2-GFP (blue). (F) Day 84 NHP 180227 serum
neutralizing activity against rCedV-HeV-GFP (black) and rCedV-HeV-g2-GFP (blue).
The limit of detection for the neutralization assay was 50 fluorescent foci. Error bars:
SD.
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Chapter 5. Core wall structure and organization of

Vaccinia virus

This chapter highlights how Cryo-ET and subtomogram average can capture
intermediate resolution electron volume maps of organized protein complexes without
macroscale symmetry. To validate this idea, here | achieve a medium resolution (~10A)
electron volume map on one component of the Vaccinia virus core wall complexes. With
the current advance in structure prediction, preliminary evidence has shown that A10L
1-614 in the form of 213kDa trimer (71kDa each monomer), could be the potential
candidate for the spike layer. Unlike non-enveloped viruses whose capsid wall usually
has high marcolevel symmetry, Vaccinia virus is an enveloped virus with no symmetry,
where its core wall is an organized multi-protein layer with no global symmetry.

On the biological side, this is the first detailed observation of the orthopoxvirus
core wall. This is the first time that we observed the core wall complex at near molecular
level, and it is also the first time we localized and oriented the previously suggested
core wall proteins. This work in progress bears the promise of revealing the detailed
organization of the core wall and to not only give us biological information about the
Vaccinia virus architecture, but to also give us hints for drug design targeting anti-core

wall formation .

5.1 Background

Vaccinia virus (VACV) is the prototype orthopoxvirus in the Poxviridae family,

which contains a 190 kbp large DNA genome that replicates and assembles entirely in
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the cytoplasm of the host cell. This large genome encodes 263 potential open reading
frames leading to the production of more than 100 proteins that are associated with viral
assembly in specific cytoplasmic areas named viral factories or virosomes (79,
110-112). VACV morphogenesis has always been a good study target for electron
microscopy, and quite detailed information about viral assembly has been obtained (719,
113-118). Based on this information, a viral life cycle was proposed where the virus
assembly starts within virosomes initiated by the formation of crescent-shaped
membranes; the membranes then enclose electron-dense material from the virosomes
and form initial virions, so-called immature virion (IV); IV will further mature inside the
host cytoplasm and transform into soap bar-shaped intracellular mature virion (IMV)
where the envelope surrounds a broad bean-like core with viral DNA inside; most IMVs
will directly release from host cell as mature virion (MV) while a small amount will be
packed with another envelope layer by trans-Golgi network as enveloped virion (EV)
(19, 119).

Between IV and IMV, there is one decisive difference that marks the virion phase
change. The IMV has two membrane-like layers when observed by both conventional
thin sectioning and cryo-EM, where the inner one represents the newly formed core
structure (117). The core is made by two substructures, the proteinaceous external core
wall and an internal DNA-containing nucleocapsid. The core wall further contains two
layers, where A10L and A4L are located on the outside and A3 located inside
(720-125). The VACV core is not just structurally important for the virion but dynamically
adopting the representing environment where early viral transcription occurs upon entry

of VACV in the host cell (720). Thus, the VACV core, especially the core wall assembly
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and disassembly mechanisms, is crucial for understanding orthopoxvirus packaging and
is important for treatment development.

While the core wall morphology has been well studied, the molecular details of
this substructure remain largely unknown due to the resolution limitation of both light
microscopy as well as electron microscopy. In the 1990s, different groups identified that
the outer layer of the Vaccinia core wall formed by continuous spike-like protrusions
using TEM (7711, 123). Though studies have shown that these protrusions colocalize
with A4L and A10L, the structure detail of these spikes has never been revealed. Here,
leveraging recent advances in Cryo-ET and subtomogram average, we describe this
outer core wall layer in molecular detail and obtain an electron density map of a single

spike unit at ~10A resolution.

5.2 Architecture and organization of Vaccinia MV

To reveal the molecular detail of VACV MV, we performed Cryo-ET to capture the
high resolution information in 3D. The MVs have been amplified in mammalian cell line
and quality controlled by negative stain EM (Figure 5.1 A). The resulting images
revealed the presence of a majority of MVs and a small fraction of EVs. To image this
sample by Cyo-ET we used the previously described dose-symmetric tilt method (26).
The example reconstructed tomograms have been binned into 10A per pixel followed by
deconvolution denoise in order to boost the signal (Figure 5.1 B-F). All observed MVs
form a roughly uniformly-sized soap bar-shaped structure with roughly 340 nm in X-axis,

260 nm in Y-axis and 120 nm in Z-axis, which correlates with previous studies.
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The high resolution and high signal tomograms allow us to observe an
undescribed virion organization. The fusion proteins and related proteins form a dense
layer decorating the periphery of the lipid bilayer envelope . From the outside toward the
center of the virus, we visualized newly observed thin protein layer, continuous spike
layer, inner core wall layer, newly observed thread layer and DNA material in the
coronal plane (Figure 5.1 B-C, G). In the median or transverse plane, we have two
lateral bodies in between the spike layer and the envelope (Figure 5.1 D-E). Due to this
special arrangement, the core wall forms a broad bean like structure, where its “belly”
has been pushed inward by the two lateral bodies and detached from the envelope
while the spike layer attaches to the membrane through the thin layer around the

equator plan (Figure 5.1 G).

5.3 Structure determination of Vaccinia outer core wall layer

Though no symmetry can be applied to any part of the VACV, the spike layer is
the only component that has a continuous regular pattern. Thus obtaining higher
resolution information on the single repeat unit of the spike layer is feasible through
subtomogram averaging. Subtomogram extraction coordinates are determined by
subdivision of the manually defined surfaces which are traced on the spike layer, and
particles have been extracted from original unprocessed tomograms (Figure 5.2 A). 3D
classification has revealed multiple local arrangements of the spike layer due to the
local flatness and curvature, which correlates with Cryo-ET observation of the core wall
architecture (Figure 5.1 H and 5.2 B). Detailed inner core wall can be observed by C1

reconstruction with unidirectional curvature and shows a repeated square packing
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pattern with double sublayers, whose repeat pattern differs from the spike layer (Figure
5.2 C-D). C3 reconstruction gives the best density for the spike layer with no change in
the spike structure, which indicates the spike repeat unit likely has C3 symmetry (Figure
5.2 E-F). Details of the thin layer have been partially averaged out but still can be
observed in low threshold (Figure 5.2 G). When focused on the center spike unit, the
resulting density forms a crown-shaped structure on the bottom and protrusions on the
top (Figure 5.2 H). A clear gap can be observed between the spike layer and the inner
core wall, which indicates that the spike anchor onto the inner core wall is likely through
flexible linkers (Figure 5.2).

Previous studies, putatively assigned the spike identity to either A4L, A10L or A3.
The structure prediction has been conducted on each of the candidates as well as their
posttranslational modification forms (Figure 5.3). Alphafold2 predictions on A10L and A3
resulted in high confidence structures, whereas the prediction on A4L was highly
uncertain possibly due to the high proline content (Figure 5.3). Docking a trimeric AF2
model of A10L 1-614 yielded a reasonable, but imperfect, fitting with the subtomogram
spike density and future work will allow to confirm or disprove this assignment (Figure

5.21and 5.3 F).

5.4 Discussion

Since the discovery of Vaccinia virus, the curiosity towards its architecture and
organization never vanished. Due to the previous technical limitation in both light
microscopy as well as the electron microscopy, our understanding about VACV is

always limited by the resolution of observation. That is, though the general morphology
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of different VACV virions has been described, the molecular detail of any component
has never been revealed. Here, benefitting from the recent advance in Cryo-ET together
with the subtomogram averaging approach, we described the general architecture of
VACV MV and its layer organization with unprecedented details. Recent development in
the subtomogram averaging approach, especially in particle extraction coordinates
annotation and subtomo 3D classification, gives us the chance to achieve molecular
detail of the MV spike layer. Although the term “spike”, also named as “palisade”, has
been used for decades, this is the first time we observed and confirmed that this layer is
composed of trimeric spikes (726). The resulting electron density also provides novel
details towards the inner core wall and confirms the existence of the thin layer, while the
thread layer has not been visualized due to the size of extracted subtomograms.
Medium resolution density map can be acquired when only focusing on the center spike
trimeric unit. The resulting map clearly shows the boundary of each monomer within the
trimer, which provides preliminary evidence that trimeric A10L 1-614 might be the unit
element of the spike layer. Together, with further biochemical and biophysical validation,
we hope our study can provide a detailed description of the VACV MV focusing on its
core wall, especially with the spike layer. With further functional studies, this work will
further our understanding of the ultrastructural organization of orthopoxviruses along

with their assembly/disassembly pathways.
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5.5 Figures & Tables

Figure 5.1 Architecture and organization of Vaccinia MV revealed by Cryo-ET
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(A) Negative stain image of Vaccinia MV. (B-C) Cross section of single MV in
coronal plane, where B is at the center of the Z axis and C is at the middle of the bottom
half. Corresponding components have been labeled. Blue square refers to the bottom
right zoom in view of the near horizontal spike layer. Red square refers to panel F, the
zoom in view of the MV boundary. (D-E) Cross section of single MV in transverse plane,
where D is at the center of the Z axis and E is at the middle of the bottom half.
Corresponding components have been labeled. Lateral bodies cannot be directly
viewed, the labeled regions refer to the annotated region in previous studies. (F) Zoom
in view of the MV boundary. Corresponding components have been labeled. Cartoon on
the right is a simplified representation. (G) Cartoon representation of core wall shape
formation, where inner blue line refers to core wall, red solid ellipses refer to lateral
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bodies, yellow lines refer to connection between core wall and envelope, outer empty
ellipse refers to viral envelope. Arrows refer to the core wall curvature direction, whose
color matches the source of the force.
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Figure 5.2 Molecular detail of Vaccinia MV core wall determined by subtomogram
average
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(A) Representative mesh (orange) and calculated points (blue) of spike layer
extraction coordinates. (B) 3D classification shows possible variations of spike layer
curvature. (C) C1 (asymmetric) refinement of most right class in panel B at low
threshold, where the right figure is the left one rotated 90 degree along Z-axis. Spike
layer and inner core wall layer have been labeled. Bottom blue lines indicate the
curvature of the corresponding core wall. (D) Inner core wall layer of C1 refinement.
Two sublayers can be observed, where the top layer formed by square repeats and
bottom layer formed by tube-like densities. (E-F) C3 symmetry refinement of panel C,
where the top density has been removed and only center trimers have been shown. (G)
Middle cross section of C3 symmetry refinement at low threshold. Corresponding
components have been labeled. Thin layer can be observed between the top-most
density and the spike layer. (H) Electron density for center spike unit. (I) Center spike
unit density fitted with Alphafold2 predicted A10 1-614 trimer (Figure 5.3 F), where each
monomer has been colored in different gray gradients respectively.
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Figure 5.3 Structure prediction of key core wall proteins
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(A-F) Alphafold2 predictions of (A) A10 residue 1-614, (B) A10 residue 697-891,
(C) A3, (D) A4, (E) trimeric A4 and (F) trimeric A10 residue 1-614. The color represents
the prediction confidence calculated by Alphafold2, pLDDT (range from 0 to 100), where
blue is the lower boundary and red is the upper boundary.
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Chapter 6. Nucleoprotein ultrastructure of the Cedar

virus

This chapter highlights how Cryo-ET and subtomogram averages can capture
medium resolution electron volume maps of less rigid protein complexes. To prove this
idea, here | acquire a medium low resolution (~15-20A) electron volume map of Cedar
virus nucleoprotein. Differ from Vaccinia virus, though Cedar virus is also enveloped
virus, it does not have any organized protein layer, where its nucleoprotein protein only
forms a very flexible helical filament.

On the biological side, this is the first observation of the henipavirus
nucleoprotein filament in situ. Though the single turn nucleoprotein complex has already
been described by single particle Cryo-EM in vitro, the in situ structure has the potential
to produce a more precise definition on turn and rise as well as the contact site. Such

information will be helpful for anti-nucleoprotein antiviral drug design.

6.1 Background

As the two major members of Henipavirus, Nipah virus (NiV) and Hendra virus
(HeV) are highly pathogenic bat-borne paramyxoviruses that are classified as biosafety
level-4 (BSL-4) select agents. Thus a significant challenge in studying Henipavirus is
the requirement for BSL-4 containment suites. Due to this limitation, limited in situ
information about Henipavirus morphology has been reported (727). Cedar virus, on the
other hand, is nonpathogenic to humans, has been isolated from P. alecto and P.

poliocephalus in Australia, which provides a powerful tool for studying Henipavirus in a
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BSL-2 setup (7103, 105, 128). Here we described Cedar virus ultrastructure and
morphology in situ using Cryo-ET, and further demonstrated its nucleocapsid
ultrastructure and organization by subtomogram average with very preliminary data. By
acquiring larger datasets together with deepening on data analysis, we hope the
information gathered from this in situ study could provide hints for future antiviral drug

design and vaccine development.

6.2 In situ ultrastructure and morphology of Cedar virus

Wild type Cedar virus has been amplified in mammalian cell line and purified by
sucrose gradient. Resulting live virus has been prepared for Cryo-ET imaging using the
same strategy described in Chapter 5. As described in other Paramyxoviruses, the size
of Cedar virus also varies a lot, where its diameter ranges from a little more than 100
nm to 300 nm and more, i.e. this is a pleomorphic virus (Figure 6.1 A-C). No well
defined viral shape has been observed for Cedar virus, where the general organization
is simply dense RNA material enclosed by a lipid membrane (Figure 6.1 A-C). Though
most virions are either ball-shaped or like a leaked balloon, some of which have a very
interesting empty cavity attached to the main viral body (Figure 6.1 B). The function and
identity of these cavities are still unclear, as this is the first time it has been observed,
but the electron density inside is denser than the outside buffer and seems some of
which has membrane proteins loosely distributed, but they may represent artifacts of
preparation (Figure 6.1 B). Cryo-ET reveals further details on the Cedar virus
organization: the F and G glycoproteins sit outside the envelope with highly packed

nucleoprotein filament enclosed inside (Figure 6.1 C-F). The nucleoprotein has clear


https://paperpile.com/c/9p7pLF/AbOK+VUsD+LJGw

92

density and forms helical repeats (Figure 6.1 E). As observed in respiratory syncytial
virus (RSV) studies, no matrix protein has been found in these mature Cedar viruses

(129).

6.3 Structure and organization of Cedar virus nucleoprotein

Due to the flexibility and low contrast of the glycoproteins together with the local
heterogeneity, subtomogram averaging is very challenging on these two targets. On the
other hand, the nucleoprotein filament is a more tractable candidate. Due to the high
flexibility and complicated twist of these filaments, geometric tracing in 3D is not
practical, thus manual picking along the nucleoprotein raise has been performed to
generate preliminary data (Figure 6.2 A). The resulting subtomograms can be averaged
into 2-turn repeats or 4-turn repeats depending on the the box size but no longer
filament can be reconstructed, which may relate to the flexibility of the filament (Figure
6.2 B-C). A single turn Nipah virus nucleoprotein complex has been described by single
particle Cryo-EM in vitro (730). The reconstructed density maps are able to fit with the
corresponding number of single turn nucleoprotein complexes (Figure 6.2 D-G).
However, the clam-shaped assembly suggested by the in vitro study cannot be

observed and further investigations are needed to reconcile these data (730).

6.4 Discussion

From the emergence of the deadly henipaviruses, a model system that can be
used for studying this primarily BSL-4 restricted viral family has been needed. The

discovery of Cedar virus fulfilled this imperative need. However, after 10 years of its first
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detection, there is still no systematic description of the viral morphology. Thus, drawing
support from the recent advance in Cryo-ET together with the subtomogram averaging
approach, we are beginning to describe the morphology and general architecture of
mature Cedar virus. With only a couple thousands nucleoprotein repeats through
manual picking, we are able to reconstruct subtomogram averaging densities of the
nucleoprotein filament complex up to 4 turns, where the resulting maps can be validated
by in vitro structure fitting. With larger dataset, refined particle extraction coordinates
and more elaborated data processing, a higher resolution and more detailed electron
density map can be guaranteed. We hope this in situ study can prove the concept that
any repeated protein complex is able to be reconstructed by subtomogram averaging
with present processing pipeline and processing capacity. With further validation, we
hope our observations can provide useful information for henipavirus vaccine

development as well as anti-nucleoprotein antiviral drug design.
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6.5 Figures & Tables

Figure 6.1 Architecture and organization of Cedar virus revealed by Cryo-ET
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(A-B) Cryo-EM images for different wild type Cedar virus particles.
Corresponding components have been labeled. (C) Cross section of single Cedar virus
in the coronal plane at the center of the Z axis. Corresponding components have been
labeled. Purple rectangular refers to panel D, the zoom in view of viral boundary. (D)
Zoom in view of the viral boundary. Corresponding components have been labeled.
Yellow rectangular refers to panel E, the zoom in view of nucleoprotein. (E) Zoom in
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view of nucleoprotein repeats. (F) Cartoon of simplified representation Cedar virus
organization. Corresponding components have been labeled and the double blue line
refers to the envelope.
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Figure 6.2 Molecular detail of Cedar virus nucleoprotein determined by

subtomogram average

| Nucleocapsid
Repeats

(A) Representative tomogram slide for particle extraction coordinates annotation.
(B-C) Reconstructed electron density maps of 2-turn (at high threshold) and 4-turn (at
low threshold) nucleoprotein repeats in back, side and front view respectively. (D-F)
2-turn reconstruction fitted with PDB 7NT5 in side, D, and front view, E. (F-G) 4-turn
reconstruction fitted with PDB 7NT5 in side, F, and front view, G.
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Chapter 7. Conclusion and future directions

Back in 2016, the first spike protein structure of a coronavirus was determined in
the Veesler lab by Lexi Walls at 4A using single particle Cryo-EM (40). In order to
achieve the near-atomic resolution electron density map used for building such
molecular model, the whole lab has put 1 year of incredible efforts. Only 3 years later in
early 2019, still using single particle Cryo-EM, we solved the MERS-CoV spike protein
at 2.7A within less than 3 months, as described in chapter 2. We were not only able to
achieve well resolved electron density for the protein itself but also for the small
molecules as well as organized water networks. Another 3 years passed, at this
moment, 3 weeks is long enough to obtain a 2.5A spike protein structure. And with
reasonable efforts, we can even push the resolution to 2.2A, which has already reached
the nyquist limitation for that particular dataset (137). These successes are not only
contributed by the “resolution revolution” in the Cryo-EM field, but more importantly is
due to the current ongoing “efficiency revolution”, both in data collection speed as well
as in data processing capacity. As a result, during the current pandemic we can keep
up our antigenic knowledge of the spike protein when new variants emerge incessantly.

While the spike protein obeys C3 symmetry most of the time and has a MW of
over 400 kDa, we demonstrated that cryoEM also has the ability to solve much smaller,
heterogeneous and non-symmetric protein complexes at near-atomic resolution, as
described in chapter 3. We also illustrated that the current single particle data analysis
pipeline can sort out not just heterogeneous proteins but also heterogeneous datasets

where multiple macromolecular species present at the same time. Such competence is
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critical for solving systematic problems, such as antigenicity potency distribution of
certain antigen.

With all these advances in EM, the resolution, the variety and the number of
protein structures being solved all ameliorated enormously. But achieving beautiful
structures is never the end of structure biology, it is only the end of the beginning. In
chapter 4, we described how the structure information we acquired in chapter 3 can be
used for building up new strategies for antiviral antibody cocktail development. The
architecture and antigenicity of Nipah virus G protein expedited the identification of
orthogonal mAb pairs for possible future cocktail development.

As we can see how powerful and useful single particle Cryo-EM can be, Cryo-ET
and subtomogram averaging, the single particle approach in Cryo-ET, have also
progressed dramatically. Only a few years ago, Cryo-ET was only used for microscale
observation but not at molecular level. However, recently multiple groups have shown
that Cryo-ET can give us reasonable high resolution information, where subtomogram
reconstruction can achieve near-atomic resolution. Chapter 5 and 6 are examples of
how Cryo-ET and subtomogram averaging yield structural information within an in situ
environment. The most important fact about these two stories is that the time spent on
each of the projects to achieve the results at the current stage only took around two
months, instead of years as most previously published Cryo-ET work could sometimes
take.

Nonetheless, as we can see from these two Cryo-ET studies, to fully achieve an
atomic or near-atomic structure by subtomogram averaging still needs a lot of effort. But

the limitations on high resolution Cryo-ET structures are nothing different from the



99

limitations for single particle Cryo-EM 6 years ago, which are just particle picking and
computational power. Looking at the path of single particle approach development, it will
not be a big surprise that within countable years that solving high resolution Cryo-ET
structures will transform from “insurmountable” to “routine”.

In all, | hope this dissertation draws an outline of how structure biology can be
adopted for application approaches, and how it can change our perspective in various

ways.
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