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Fig. 4.2. Representative electron densities of EV-D68-inihibitor-11526093. The resolution of
the complex is 3.3 A. The backbone and sidechains of the amino acids fit in to the density nicely.
VP1, VP2, VP3 and VP4 are colored in blue, green, red and magenta, respectively. VP1, VP2,
VP3 and VP4 are colored in blue, green, red and magenta, respectively. .......ccccevvereiieneenieenen. 75

Fig. 4.3. The binding position and the electron density of inhibitor-11526093 (preliminary
data). (A) The inhibitor was found in the VP1 hydrophobic pocket. (B) The electron density of
the inhibitor, however, was weaker and less defined compared to the electron densities of the viral
proteins. At a contour level around 1 r.m.s.d, the inhibitor density is broken. (C) A contour level
around 0.6 r.m.s.d allows a better visualization of the inhibitor density. Overall, the weaker density
indicates the occupancy of the inhibitor may be loW...........cccoeviiiiiiiiiiiniiniieeceeee e 76

Fig. 4.4. Structural comparison of EV-D68 complexed with (A) pleconaril (PDB: 4wm?7) and
(B) inhibitor-11526093. Residues within a 4 A distance to any pleconaril or inhibitor-11526093
atoms are presented in the figure. These residues are highly conserved. The inhibitor (B) has
additional atoms and is associated with more residues. Shared conserved residues are colored in
cyan and the additional inhibitor residues are colored in green. Pleconaril and inhibitor-11526093
are colored gold in their respective panels. The chemical structures of the two compounds are
presented at the bottom of @ach panel............ccccoeviiiiiiiiiiiiiic e 77

Fig. 4.5. VP1 comparison: before and after inhibitor-11526093 binding. (A) Overlaid
structural diagrams of the native EV-D68 VP1[97] (PDB: 6crr) and VP1 after inhibitor binding
are colored in transparent blue and solid blue, respectively. Inhibitor-11526093 is shown in gold.
The observed dynamics are colored in transparent (native) or solid (after inhibitor binding) teal

15



and highlighted in a blue box. (B) A zoomed in view of the changes observed on the EF and GH
loops. Residues which moved are shown as sticks. Measurements of movement distance of the
residues, based on the Ca atoms, are provided in orange with accompanying arrows to indicate
QITECTION. vttt et b et e h e bt et sh e e bt et eshe e bt et e eb e e bt e st e ebee bt entesbeenbeennes 78
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ABSTRACT

Enterovirus (EV), a genus within the Picornaviridae family, contains icosahedral positive-
stranded RNA viruses linked to different human and mammalian diseases with a variety of
symptoms ranging from the common cold to central nervous system infection. An important
member within this genus is EV-D68. Unlike many enteroviruses that use the gastrointestinal tract
as the transmission and propagation route, EV-D68 infects the respiratory tract and causes
respiratory illness, especially in children. Severe infections of EV-D68 also lead to acute flaccid
myelitis (AFM), a polio-like neurological disease. Especially in recent years, EV-D68 has been on
a global upswing. However, no antiviral interventions against EV-D68 infection have been
developed to date. Antibodies neutralizing EV-D68 have significant vaccine and therapeutic
potentials. Here, the structures of the immune complex between EV-D68 and the Fab molecules
of EV-D68 human monoclonal antibodies have been reconstructed using cryo-electron microscopy
(cryo-EM). These structures show two Fab binding loci on the virion surface as well as the
essential amino acids involved in binding. In addition to antibodies, a drug candidate against EV-
D68 has been investigated in this work as an antiviral strategy. It is likely that this drug blocks
viral entry through binding in the hydrophobic pocket underneath the viral protein 1, the largest
structural protein of EV-D68. Furthermore, the morphogenesis of EV-D94, another causative virus
of polio-like disease, which is closely related to EV-D68 with 85% sequence identity, has been
investigated using cryo-EM. Compared to EV-D68, the shape of the canyon and the loops
containing the immunogenic recognition sites are different in EV-D94. The structures of each of
the three stages of EV-D94 particles (the full native virion, the uncoating intermediate, and the
empty virion) were identified and delineate the viral uncoating process. These findings reveal

useful knowledge and new insights to develop treatments against human EVs.
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1. INTRODUCTION

1.1 Overview of Enterovirus infection

Enterovirus (EV) is a genus within the Picornaviridae family, which contains a large number
of small, non-enveloped, positive-sense single-stranded RNA viruses with an icosahedral capsid
of approximately 300 A in diameter[1], [2]. Many of these small viruses are closely associated
with human diseases (Table. 1.1). The clinical progression of an EV infection can be characterized
by poliomyelitis, a neurological complication represented by muscle weakness and flaccid
paralysis which could be irreversible or even fatal[3]. In the late 19" century both Europe and the
United States suffered major outbreaks of poliomyelitis, which then continued as a worldwide
health issue until late 20" century. The origin of this disease is Poliovirus (PV), a virus which is
able to infect the central nervous system (CNS)[4]—[6]. In addition to poliomyelitis, symptoms of
PV infections also include aseptic meningitis and encephalitis[3], [7], [8]. However, scientific
research soon thereafter revealed that not only PV (and there are 3 serotypes), but also many EVs,

which are phylogenetically related to PV, can be responsible for the similar clinical features.

The isolation of coxsackievirus group A (CVA) occurred first during a poliomyelitis outbreak
in mid-20" century, soon followed by the discoveries of coxsackievirus group B (CVB) and
echovirus (ECV). On the basis of their pathogenesis in cell culture and the diseases caused in mice
and humans, these three viruses, together with PV, comprised the original classification of EV[6],
[9]. The virus diversity within each species, categorized as serotypes, were investigated and
evaluated based on surface antigens and animal raised antisera. However, this method proved too
laborious as more and more EVs were discovered[6], [10]. Thus, in the current classification
scheme, members within an EV genus are sorted into 15 species depending on certain sequence
similarity of the structural and non-structural protein regions[6], [11], [12]. Seven species are
specifically infectious to humans, including EV-A, EV-B, EV-C, EV-D, human rhinovirus (HRV)-
A, HRV-B and HRV-C[13], [14].

Nowadays, other than PV, numerous EVs, such as EV-A71, EV-D68, CV-A16, ECV-21, and
HRV-1A[14], [15], are present worldwide with symptoms ranging from mild infections with
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common cold and conjunctivitis to severe or even potentially fatal infections causing illnesses like
hand foot and mouth disease, inflammatory cardiomyopathy and polio-like CNS lesions (Table
1.1) [6], [14], [16]-[19]. In addition, the neurological complications caused by EV infections most
frequently occur in children with over 80 percent of EV patients under 15 years of age representing
the key disease group [6], [19]. The classical transmission pathway of EVs is the oral-fecal route[6].
Many EVs, like polio- and coxsackieviruses, are able to propagate in the alimentary tract due to
their stability at low pH[6], [7]. Some acid-sensitive EVs, such as EV-D68 and the HRVs, have a
predilection for the respiratory tract[14], [20], [21]. Interestingly, some EVs, like EV-D94, are

able to proliferate in pancreatic cells, making them potentially diabetogenic[22].

1.2 Virion Structure
1.2.1 Background of EV structural studies

Our current understanding of picornavirus structure is based on the three-dimensional (3D)
structures of two EVs: PV-1 and HRV-B14. The structures were solved in 1985 using X-ray
crystallography[23], [24]. This method has since been broadly used in contemporary virology[14],
[23]-[25]. The morphologies of different virion capsids, viral components and the virus-receptor
interactions, such as the structures of EV-A71[26], [27], EV-D68[2] and CVA-9[28], as well as
the virus-receptor complexes of CVA-21 with intercellular adhesion molecule (ICAM) 1[29] and
ECV-7 and 12 with decay-accelerating factor (DAF)[30], [31], were all investigated using this
method. However, for virus-protein complexes, solving the structures using X-ray crystallography

is not a simple task, and it was usually hard to obtain a resolution at atomic levels[32].
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Table 1.1

Typical clinical features and demographics of different EV infections.

Diseases High Risk Notable Causative or Related References
Age Groups EV and Classification
Poliomyelitis Children <5 PV-1,2,3 EV-C [61, [7], [33]
years old
Polio-like CNS Children, EV-A71 EV-A [6], [34]-[39]
complications juveniles and EV-D68 EV-D
young EV-D9%4
adults<22 EV-D70
years old
Encephalitis and | Children and CVA-9 EV-B [6], [17], [34],
meningitis juveniles ECV-21 [39]
between 5-14 EV-AT1 EV-A
years old
Cardiomyopathy | Young adults CVB-3 EV-B [6], [40]
between 20-
39 years old
Hand, foot and Children <10 EV-AT71 EV-A [19], [34],
mouth disease years old CVA-16 [41]-[43]
CVA-10
Common cold and Infancy to HRV-C15 RV-C [441-[47]
related respiratory early EV-D68 EV-D
illness childhood
Acute hemorrhagic | Juveniles and CVA-24 EV-C [6], [48]-[53]
conjunctivitis young adults EV-D70 EV-D
ECV-7 EV-B
Diabetes Potential CVB-4 EV-B [6], [22],
high risk in EV-D9%4 EV-D [541-[56]
children
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Nowadays, many virologists are using cryo-EM to study virus structure. In fact, electron

microscopy was the traditional way of observing the shapes and sizes of viruses and the

interactions between viruses and hosts before X-ray crystallography became widely used[32], [57].

For example, in the 1970s 3D virus structures were produced based on negative stained samples.

However, uneven staining and distortions of the sample due to the staining limited the

reconstruction quality. These issues were avoided by the use of cryo-EM, which preserves viruses

in vitreous ice by flash-freezing them at liquid nitrogen temperatures[32], [58]. By using cryo-EM,

the electron density maps of not only EVs, but also many larger icosahedral viruses, often can be

resolved to atomic levels and sometimes even beyond 3A resolution[59]-[62]. In particular, for

the virus-receptors and virus-antibodies complexes, a higher resolution, usually better than 4 A, is

also achievable through cryo-EM[32], [61], [63]-[65].

Fig. 1.1 A schematic view of an EV
capsid. The VP1, VP2 and VP3 are
colored in blue, green and red,
respectively. An asymmetric unit is
outlined in a black triangle, and VPI1,
VP2 and VP3 are emphasized using
darker colors. The pentagon, oval and
triangles indicate the five-fold, two-fold
and three-fold axes, respectively. The
same color scheme and geometric
labeling are used throughout the thesis.

1.2.2 Capsid framework

A mature EV virion has an icosahedral capsid with
a peripheral diameter of about 300 A following pseudo
T=3 symmetry[1], [14], [23], [24], [32]. The T number,
fully named as the triangulation number, represents the
quantity of protein subunits that are structurally similar
to each other within one asymmetric unit[66]. The
external shell of an EV capsid is built using 60 copies
of three structural viral polypeptides (VPs) : VP1, VP2
and VP3, each about 35 kDa in size[ 1], [32] (Fig. 1.1).
The three structural proteins are divergent in sequence
but conserved in topology: a wedge-shaped 8-stranded
beta (B)-barrel jelly roll motif that is composed of two
B-sheets and two helices. Each B-sheet is made of four
anti-parallel B-strands. The B-strands for the larger and
twisted B-sheet are labeled as B, I, D and G, whereas
the B-strands for the smaller B-sheet are labeled as C, H,
E and F [14], [32], [66], [67] (Fig. 1.2). The B-strands
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are connected by loops, and the sequence variability between the loops provide structural
distinctions in different EVs. Some of the hypervariable loops that decorate the external shell serve
as antigenic sites[1], [14]. The internal side of an EV capsid is coated with 60 copies of VP4[1],
[14], [23], [24], each about 4 kDa in size[32].

1.2.3 Inner capsid interactions

Interior protein interactions are essential to the stability of an EV capsid. A protein network
underneath the capsid surface near each three-fold axis contributes to the stability between the
capsid pentamers[14], [67]. A B-sheet structure is formed not only by the C, H, E and F B-strands
of VP3 and some residues on the N-termini of VP1[14], [67], but also the N-terminal extensions
of VP2 which bind to the RNA genome and associated with the carboxy (C)-termini of VP4 in the

meantime[67].

Around each five-fold axis, five copies of the amino (N)-termini of VP3 form a 5-stranded
cylindrical structure. This structure also interacts with the N-termini of VP1 and VP4, which
contributes to pentamer stability. In particular, VP4 is myristylated[1], [14], [67], [68], and
presumably makes contacts with the cell membrane, assisting in RNA dissociation from the capsid
during the uncoating process which usually happens during viral entry or antigenic conversion[1],
[68]-[70]. The myristylation of VP4 also contributes to capsid stability. Previous research found
that for PV-1 and many picornaviruses, myristylation occurs at the N-terminal glycine residue of
VP4, and the myristic acid directly interacts with the VP3 cylindrical structure[14], [68]. In
addition, even though the first 25-28 amino acids on N-terminus of VP4 are disordered[1], [71],
[72] for HRV-B14, HRV-A1l and HRV-A16, a density corresponding to a myristate moiety is

present close to the center of each pentamers.
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Fig. 1.2. A typical B-barrel jelly roll motif shown in ribbon diagram. This figure is generated
by UCSF ChimeraX[73] using the VP1 structure of EV-A71(PDB: 3vbs)[27].The two sets of anti-
parallel B-strands are labeled with BIDG and CHEF. The N- and C-termini are marked with red

arrows.

1.2.4 Capsid dynamics

The N-termini of VP1 and VP4, even though deeply buried, are sometimes exposed to the
surface, resulting a repeated structural expansion and contraction. This process is called
“breathing”[14], [74]-[76]. Previous research found that antibodies against a portion of the VP1
N-terminus that is usually located inside the virus and against VP4 were able to neutralize PV-1
particles. This process is reversible as viral infectivity is recovered after disruption of antibody-
virus complexes by freezing, indicating a reinternalization of the exposed VP1 and VP4
portions[77]. Similar dynamics are also found in HRV-B14[74], [78]. The extrusion of VP4 in
CVB-4 as well as the extrusion of the N-termini of VP1 and VP3 in both CVA-9 and swine
vesicular disease virus (EV-B species) were later described, suggesting that the “breathing”

process is common to many EVs[78]—[81]. This interesting “breathing” phenomenon explaining
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transient and reversible movements has been proposed to be relevant to viral entry and genome

release[77], [82], [83].

1.2.5 Surface features

The surface of an EV is not flat. At each five-fold axis, residues on VP1 protrude from the
surface and extend up to 165 A away from the virus center forming a plateau region[24]. The
plateau region is surrounded by an important hallmark of EVs: the “canyon”[14], [23], [24]. This
canyon, just as the name implies, is a deep depression on the surface of an EV virion with a depth
about 25 A and a width about 12-30 A (Fig. 1.3A)[23]. The north rim of the canyon is formed by
VP1, and the south rim of the canyon is formed by VP2 and VP3 (Fig. 1.3B). Specially, the GH
loop of VP1 plays a role in the formation of not only the canyon floor, but also part of the south
rim together with the C-termini of VP1 and VP3[1]. The canyon is hypothesized to be the site for
host cell receptor binding[1], [14], [23], [84]. Another broad and elevated region that stretches
about 150 A from the virus center is formed at each three-fold axis by residues on VP2 and VP3.
The surface height around each two-fold axis, however, is much lower which causes a disconnect

between the two neighboring elevated regions (Fig. 1.3A)[24].

The capsid surface is decorated by loops connecting the B-strands of the three larger capsid
proteins and their C-termini. Some of the hypervariable loops contains antigens that antibodies
recognize and bind. These antigenic sites were first characterized in HRV-B14 back in 1985 and
1986 using monoclonal antibodies and virus mutants [23], [85]-[87]. The first group of sites are
located on the loops between B-strands (f)B and BC of VP1 and VP3 and are labeled N-Agl and
N-AglI[88]. These were later changed into neutralizing immunogen (NIm)-IA and NIm-III in
order to represent that they locate on VP1 and VP3. In addition, the carboxyl ends of BB and D
correspond to the NIm-IB site, and the most external part of a large extended loop between BE and
BF of VP2 corresponds to the NIm-II site[23]. The four NIm sites are located on the canyon rim
(Fig. 1.3B). Other than these NIm sites, the N-termini of the internal buried structural proteins,
which may be exposed to the capsid surface during the breathing, are also potential

immunogens[78]-[81].
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1.2.6 Canyon hypothesis

The canyon itself was proposed and later confirmed as the host cell receptor binding site, with
canyon formation an apparent strategy that viruses use to protect the receptor binding site in a
surface crevice that is hard for antibodies to access[23], [84]. The amino acids lining the canyon
are much more conserved than the amino acids exposed on the virus surface[84], and mutagenesis
of the amino acids at the canyon base changes the affinity of receptor binding[89]. Interestingly,
viruses that infect plants, which have no immune systems, tend to have flatter protrusion and
depression on their surface compared to animal viruses[1]. This hypothesis has also been proven
using many virus-receptor structures, including HRV-B14, HRV-A16, CVA-21 and CVA-24 in
complexes with ICAM-1[29], [90], [91], CVB-3 in complex with coxsackievirus and adenovirus
receptor (CAR)[92], PV-1 in complex with poliovirus receptor[93] and so on. Receptor binding
into the canyon, the primary and most essential step of EV infection, triggers conformational
change and promotes uncoating and the release of the genome[82]. Even though the canyon region
is used as the receptor binding site for the majority of EVs, there are still exceptions. For example,
the low-density lipoprotein binds to some HRV-A viruses, like HRV-A2, at the five-fold plateau
regions[82], [94], [95]. Another example is the structure of HRV-C15 in complexes with cadherin-
related protein 3 which showed that this receptor binds to the viral surface around the three-fold

axis[96].

1.2.7 Hydrophobic pocket

A hydrophobic pocket (Fig. 1.3B,C) is found within the VP1 core underneath the canyon
floor[1], [14], [82]. Many EV structures, such as PV-1, EV-A71, EV-D68, CVA-21 and CVB-
3[14], have electron density corresponding to a lipid molecule within the pocket, called the pocket
factor, that is closely associated with hydrophobic side chains[67]. However, not all EV structures
have pocket factor densities, such as HRV-B14[14], [71], [72] and EV-D68 US/MO/14-18947
circulating strain[97], indicating a weak binding[1] or absence of the pocket factor[14], [97].
Moreover, the length of the pocket factor varies in different EVs (Table. 1.2).
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Table 1.2 Pocket factor length for typical EVs.

EV Pocket factor length References

PV-1 18Carbon long (C) [67]
CVA-16 18C [41]
CVA-10 18C [43]
EV-A71 12C [26]
CVB-3 16C [98]
ECV-7 12C [30]
HRV-A16 8C [71]

HRV-B14 Absent or weak binding [1], 23]

EV-D68 10C [2]
A B
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. 165

5-fold

Canyon floor
and the roof of the pocket

Pocket factor

7

L3
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Fig. 1.3. Representations of the essential EV features. (A) A schematic model of HRV-B14
(PDB: 1ncq[99]) colored radially. This panel is generated with UCSF Chimera[100]. The coloring
of the model is based on the radius from the virus center (in A). The “plateau”, “canyon” and the
“broad and elevated region” are distinguished based on color. (B) A schematic diagram of the
canyon in an asymmetric unit. The canyon is shown as a shaded region. The hydrophobic pocket
underneath the canyon is illustrated by an orange oval. The four neutralizing immunogens are
outlined in circles. This figure is based on the following references: [1], [86]. (C) Side view of the

canyon region. This figure is made based on the following references: [1], [82].
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The GH loop of VP1 which forms the canyon floor is also the roof of the pocket (Fig. 1.3C),
indicating a potential competing relationship between the pocket factor and receptor. It has been
proposed that the pocket factor stabilizes the virus capsid before a virus binds to the receptor and,
once binding occurs, the pocket factor is expelled from the capsid in order to initiate the uncoating
process[1], [101]. A series of Winthrop (WIN, named after the drug company that developed them
— Sterling-Winthrop) compounds[102], which are antivirals with higher binding affinity to the
pocket than naturally existing pocket factors, are able to occupy the pocket and stabilize capsid
conformation from uncoating and, in some cases, block the host cell receptor attachment[1], [82],
[84], [85], [102]-[104]. For instance, WIN compounds were found to replace the pocket factors of
PVs and HRV-1A which causes inhibition of the uncoating process. Furthermore, a WIN
compound is able to easily occupy the pocket space in wild type HRV-14 that contains no or only
a weakly bound pocket factor, where it contorts the shape of the pocket roof/canyon floor which
affects receptor binding into the canyon[1], [105]. Other pocket binding inhibitors, such as
vapendavir and pleconaril, have been developed against HRVs and have been found to be effective
not only against HRVs, but are also inhibiting some EVs such as EV-A71 and EV-D68§[2], [106]—
[109].

1.2.8 Genome structure

The genomic material of an EV is a 7.5kb single, positive-stranded RNA molecule[14], [110].
The 5’ end of the RNA is capped with a protein called VPg (viral protein genome-linked), a primer
for RNA synthesis[14], [111], [112]. The genome contains one open reading frame (ORF), which
is flanked by a 5’-noncoding region (NTR) and a 3’-NTR. The 5’-NTR has an internal ribosome
entry site (IRES) that promotes ribosome binding[14], [113]. The ORF encodes the viral
polyprotein, which is processed and converted to various viral proteins after the translation of the
viral proteases. Initially, the polyprotein is divided into three precursor proteins, P1, P2, and P3.
The capsid proteins which form the virion structure, VP1-VP4, come from P1, whereas the other
non-structural proteins that are required for protein processing and genome replication (such as the
proteases 2A, 3C and 3CD, the RNA polymerase 3D and the RNA synthesis primer 3B which is
the VPg protein) come from P2 and P3[14], [114]. In addition, 2A also cleaves cellular

proteins[115], [116], and sometimes these are associated with human diseases[115]. The ORF is
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followed by the 3’-NTR and a polyadenylation tail, and the latter found essential for viral
infectivity[ 14](Fig. 1.4).

Structural Non-Structural
. ONTR _ Region = Region  3NTR,
VPg IRES lTranslation
B Polyprotein

R

C | BAB[ 3CD |
T | /1t \
1[vPz] B[ 2C | II?,]3 3cl[sD__]

) tvry B

ﬁ 2A Cleavage site
" 3C/3CD Cleavage site

Fig. 1.4. EV genome and processing of proteins. The genomic material components are
highlighted in this diagram. The RNA encodes the essential information of the structural and non-
structural proteins, which are cleaved by the viral proteases. The 2A cleavage site is marked by a
green arrow, whereas the 3C (or 3CD) cleavage site is marked by a blue arrow. This figure is
drawn based on the following references: [14], [112].

1.3 Life cycle
1.3.1 Viral entry and uncoating

Attachment to the cell surface is the first step of EV infection and is primarily dependent on

cell surface receptors. Specific receptors have been identified for some EVs.

Some receptors, such as ICAM-1, the receptor for 90 HRVs[117] and some coxsackieviruses-
like CVA-21[29] and CVA-24[91], facilitate viral entry by binding to the canyon (Fig. 1.5A) using
the most N-terminal immunoglobulin-like (Ig-like) domains, destabilizing the capsid and
triggering uncoating and genome release[82]. In addition, ICAM-5, another member of the [CAM
family, has been found to be the receptor of EV-D68[118]. Other than proteins, some glycan

molecules also serve as entry receptors, for instance, sialic acid has been found to be the entry
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receptor of EV-D68[119]. However, binding to sialic acid triggers pocket factor release but not
uncoating, indicating the importance of an additional proteinaceous receptor, or a special chemical

condition[76], [119].

Another type of receptor, DAF, promotes viral attachment to the host cell. The interactions
between DAF and some EVs have high association and dissociation rates because of low binding
affinity and do not lead to structural changes in virus particles, but probably promote attachment
to other cellular factors[14]. The structures of DAF binding to ECV-7[30], [92], ECV-12[31],
ECV-6[120] and CVB-3[121] also show that DAF binds near the two-fold axis (Fig. 1.5B) instead
of the canyon. What DAF does in some EV infections is to accumulate viruses on the cell surface
and bring viruses closer to the entry receptors[14], [82]. For example, CVB-3 binds to DAF at the
beginning of infection, which triggers actin rearrangements and brings the virus to the tight

junctions where the entry receptor CAR is hidden from the apical surface[82], [122].

Fig. 1.5. Comparison between EV entry and attachment receptors. This figure is generated
with UCSF Chimera[100]. (A) Schematic model of CVA-24 and the two most N-terminal domains
of the entry receptor ICAM-1 (PDB: 6eit[91]). The entry receptor binds to the canyon region. (B)
Schematic model of ECV-7 and full-length attachment receptor DAF (PDB: 3iyp[30]). Unlike the
entry receptors that bind to the canyon, DAF binds near the two-fold axis and left the canyon
region open. The models are colored radially.

After receptor binding, EVs are taken up by the cell through endocytosis. Previous studies

show that the clathrin-mediated pathway, which is a commonly utilized cellular uptake strategy,
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is used in the entry of many EVs like different HRVs and EV-A71[14], [82], [123]. Other EVs,
such as CVB-3 and ECV-1, have been found to use the caveolin-mediated endocytic pathway[14],
[82]. Receptor binding not only triggers endocytic uptake, but also induces uncoating, a process
of important structural changes which are critical for genome release and the subsequent
replication process. Once the entry receptor binds to the canyon, contacts between the receptor and
the canyon floor VP1 GH loop destabilizes the capsid[76]. Dramatic conformational changes are
then induced in the capsid framework, including the expulsion of the pocket factor, externalization
of VP1 N-termini and the loss of VP4. These structural changes turn a native EV virion into an
expanded altered (A)-particle, representing an intermediate stage before the EV particle can
completely release its genome into the cytosol[14], [76], [82], [124]-[126]. For most of the EVs,
receptor binding is the most critical determinant for this process. A recent study on EV-D68 also
showed that during the uncoating process, the GH loop of VP3 is extended and interacts with the
external VP1 N-terminal regions, which presumably facilitate the externalization of VP1 N-
terminus. Furthermore, around each two-fold axis, some VP2 residues get displaced, which opens
up a hole as a potential exit for the genomic RNA[97]. Importantly, for some EVs like HRVs and
EV-A71 to become fully uncoated, endosomal low pH is another important uncoating
requirement[14], [76], [127]. Specifically, in EV-D68, low pH is able to induce conformational
changes from a native virion to an A-particle in vitro without receptor binding[97]. On the contrary,

acid-stable EVs, such as the PVs, do not require low pH as an uncoating trigger[ 128].

An A-particle, as an uncoating intermediate, has higher affinity to the host cell membrane
due to the amphipathic property of the VP1 N-termini[14], [125], [129]. Importantly, it is
hypothesized that the externalized VP1 N-termini and VP4 form pores on the cell membrane in
order to translocate the RNA genome[76], [82]. A study on HRV-A16 suggests that VP4 is
responsible for pore formation and the externalized VP1 is presumably involved in making the

pores larger, which increases membrane permeability for RNA translocation[70].
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Fig. 1.6. Schematic representation of the EV life cycle. An EV virion attaches to the host cell
surface and binds to receptors for entry. Receptor binding and endosomal low pH trigger the
uncoating process. With these conformational changes, the native mature virion transforms to an
A-particle and deposits the RNA genome into the cytosol, which is later translated into structural
proteins and non-structural processing proteins that are essential in capsid formation and RNA
replication. When a new capsid is formed and packed with an RNA molecule, virion maturation is
induced. Newly produced viruses are released from the host cell through lytic and non-lytic
pathways. This figure is made based on the following references: [76].

1.3.2 Replication

As soon as an EV is uncoated and the genetic material is released into the cytosol, VPg is
cleaved[130]. A ribosome binds to IRES, followed by scanning of the initiation codon, which is
located 50-100 nucleotides after the 3’ end of the IRES [14]. Protein synthesis proceeds based on
the translation of the ORF. However, the polyprotein does not accumulate during cell infection
because it is cleaved into capsid proteins VPO, VP1 and VP3 and a set of non-structural processing
proteins once the coding regions of the viral proteases 2A, 3C and 3CD are translated (Fig.1.4).
Another product of polyprotein cleavage is the RNA polymerase 3D, which further synthesizes a
negative-stranded RNA based on the original positive-stranded RNA. The negative-stranded RNA
plays a role as a template for synthesizing more positive-stranded RNAs, which provides either
the resources to make more RNA molecules or the genetic material needed for the assembly of

new virus particles[14], [76]. The packaging of RNA into the capsid induces an autocatalytic
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mechanism that cleaves VPO into VP4 and VP2, resulting in the mature EV virion[76], [131]. It is
believed that the mature EV virions, in order to be released, induce cell death and lyse the host

cells via apoptosis[132]-[134]. However, many recent studies have found that EVs are able to exit

host cells through vesicles, which enhances the infection yield[76], [132], [133], [135].

1.4 Prevention and control

Fortunately, PV vaccines have been developed and PV infections have been reduced
dramatically. However, for non-polio EVs, which also cause severe human diseases, there are no
vaccines to protect against infections[6]. However, major progress has been made on a vaccine for
EV-AT71, the causative agent in hand, foot and mouth disease[6], [13]. The EV-A71 viral-like
particles, generated for vaccine purposes, showed strong immune responses in vitro and efficient
protection in vivo[136], [137]. Using VP1 as a neutralizing antigen has also been attempted by
many researchers, and the successful immune responses in both cell and animal experiments have
revealed the strong potentials of developing recombinant VP1 vaccines[138], [139]. However,
many factors such as the high cost of vaccine development and unwanted immune responses, have

brought limitations and challenges in vaccine design and optimization[140].

There are also no approved drugs against EV infections. However, potential antiviral
candidates have been developed[6], [141] such as WIN compounds[102]. These compounds
interfere with the life cycle of many EVs (for example, PV-1 and HRV-B14) at the entry step by
replacing the pocket factors. This either simply stabilizes the capsid and prevents the uncoating
process or causes large conformational changes on the canyon floor which further inhibits receptor
binding[ 1], [6]. Pleconaril, another pocket binding compound, has a broad efficiency against 90%
of HRVs[107] and 215 clinical EV strains including different coxsackieviruses and
echoviruses[108]. A structural study of EV-D68 also showed that pleconaril is able to replace the
pocket factor to inhibit viral infection[2]. Many therapeutic designs, especially in the field of EV-
A71, have used pleconaril as a template[142]. Other than pleconaril, additional capsid binding
inhibitors, such as vapendavir[106] and pocapavir[143], have been developed and found to be
efficient in inhibiting the entry process of many HRVs and PVs as well as some other EVs[109],
[144]. However, overall side effects and drug resistance resulting from virus mutations have

brought challenges in developing therapeutic strategies against EV infections[6], [145].
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2. CRYO-ELECTRON MICROSCOPIC STRUCTURES OF HUMAN
ENTEROVIRUS D68 IN COMPLEX WITH HUMAN MONOCLONAL
ANTIBODIES

Most of the content of this chapter has been published in Science Immunology: [146].

2.1 Abstract

Human enterovirus 68 (EV-D68) is an important human pathogen within the Enterovirus
genus that causes respiratory illness in children and severe infections can lead to neurological
disorders. Recently, a rising incidence of infections and outbreaks suggest that EV-D68 has
emerged as a public threat globally. However, to date, there are no specific vaccines to prevent
EV-D68 infections. Antibodies with potent neutralization abilities are potentially therapeutic
agents. Here, we present the cryo-electron microscopy (cryo-EM) structures of EV-D68 in
complex with two EV-D68 human monoclonal antibodies, EV68-159 and EV68-228, at a
resolution of 2.9 A and 3.1 A, respectively. These structures demonstrate that Fab molecules of
EV68-159 and EV68-228 bind the EV-D68 viral capsid at two distinctive loci around the three-
fold and five-fold axes, respectively. The neutralization of EV-D68 is likely achieved by blocking
viral entry through two different pathways. Furthermore, the structures also revealed the amino

acids involved in binding which presumably play important roles in controlling neuro-invasion.

2.2 Introduction

The Enterovirus (EV) genus contains a large number of icosahedral positive sense RNA
viruses with a diameter of about 300 A. Many members within this genus infect humans and cause
diseases with various symptoms from mild to severe. The most noted member is poliovirus, the
causative agent of poliomyelitis[6], [ 14]. However, starting from the 21% century, Enterovirus D68
(EV-D68), a childhood respiratory disease-causing agent that is also capable of causing polio-like
acute flaccid myelitis (AFM), has been described as the “new polio”. Especially since the year of
2014, noticeable numbers of AFM outbreaks have been reported across the globe, which suggests
that EV-D68 is a serious human pathogen that should not be overlooked[16], [147]. However,

there is are no vaccines or drugs against EV-D68 infections thus far.
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Like other EVs, the capsid structure of EV-D68 is consist of 60 copies of viral protein (VP)
1, VP2, VP3 and VP4, following an icosahedral pseudo T=3 symmetry[2]. The smallest protein,
VP4, forms a network on the interior wall of the capsid and interact with the RNA, whereas the
three larger proteins, VP1-3, each having a typical jelly roll fold pattern, form the capsid surface[2],
[23], [93]. A deep surface depression around each five-fold axis, called the “canyon”, is the
receptor binding site during viral entry[1], [23]. A glycan receptor, sialic acid, has been found to
bind to the canyon of EV-D68 and causing conformational changes including the expulsion of the
pocket factor which regulates capsid stability[119]. In addition, capsid stability is also influenced
by the N-termini as well as some specific B-strands of the VPs[67].

Several surface loops on VP1-3 close to the canyon, called neutralizing immunogens (NIms)
and numbered as NIm-I, II, III, respectively, have significant roles in antibody binding[23], [86].
A recent structural study between EV-D68 and two murine monoclonal antibodies (mAbs) shows
that some of these classical immunogenic sites are recognized by and interact with these mAbs.
The bindings of the two mAbs occur at two loci, one around the three-fold axes and the other
around five-fold axes[148]. However, it is essential to further study human mAbs against EV-D68,
since identifying additional or confirming already described epitopes recognized by human mAbs

will be important for vaccine and drug design against EV-D68S.

We have obtained two human mAbs, EV68-159 and EV68-228 from the laboratory of Dr.
James. E Crowe, Vanderbilt. Here, we describe two structures, EV-D68:Fab EV68-159 and EV-
D68:Fab EV68-228 of these complexes, at a resolution of 2.9 A and 3.1 A, respectively. The Fab
molecules EV68-159 and EV68-228 bind around the three-fold axes and the five-fold axes, at
unique epitopes compared to the previous complexes of EV-D68 and murine mAbs[148]. These
structures show at atomic level the similarities and distinctions between the EV68-159 and EV68-
228 neutralization mechanisms and reveal essential amino acids which could be the targets for

future therapeutic developments.
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2.3 Materials and methods
2.3.1 Cell lines and viruses

Human Rhabdomyosarcoma (RD, CCL-136, American Type Culture Collection) cells were
cultured in the medium containing Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich),
10% heat inactivated fetal bovine serum (HI-FBS, Sigma-Aldrich) together with 1X nonessential
amino acids (NEAA, Life Technologies). The EV-D68 US/MO/14-18947 strain (EV-D68 MO
strain) (GenBank accession no. AIS73051.1) was obtained from BEI Resources, National Institute
of Allergy and Infectious Diseases, National Institute of Health. Viruses were passaged in RD cells

and stored at -80 °C before large scale propagation.

2.3.2 Virus purification

RD cells were grown to 80% confluency and were infected with EV-D68 at a multiplicity of
infection of 0.01. Two days post infection, the cells were collected together with the supernatant
and spun down. The cell pellets were collected and after multiple freeze/thaw cycles spun down
to remove cell debris. All supernatants were combined and pelleted at 210,000 x g for 2 hours. The
pellets were incubated and resuspended in 250 mM HEPES (pH=7.5), 250 mM NaCl buffer, then
supplemented with final concentration 5 mM MgClz, 0.01 mg/mL deoxyribonuclease (DNase)
(Sigma-Aldrich), 0.8 mg/mL trypsin, 15 mM EDTA and 1% (w/v) n-lauryl-sarcosine. The sample
was then pelleted at 210,000 x g for 2 hours, resuspended, and loaded onto a potassium tartrate
gradient (10 to 40%, w/v) for the last round of ultracentrifugation at 160,000 x g for 2 hours. The
purified virus sample, which was observed as a blue band in the middle of the tube, was extracted
and buffered exchanged into 20mM Tris, 120mM NaCl, ImM EDTA (pH=8.0) buffer to remove

potassium tartrate.

2.3.3 Fab fragment purification

The two mAbs, EV68-159 and EV68-228, were provided by the laboratory of Dr. James
Crowe, Vanderbilt University. The Fab fragments were generated and purified with a Pierce Fab
Preparation Kit (Thermo Fisher Scientific). The Immobilized Papain vial spin column and Zeba
Spin Desalting Column were equilibrated with digestion buffer (35 mg cysteine-HCl per 10mL of
supplied Fab Digestion Buffer, pH~7.0) before use. The NAb Protein A Plus Spin Column was
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equilibrated with PBS buffer before use. The original IgG samples were prepared through Zeba
Spin Desalting Column, and 0.5mL of the prepared IGg samples were applied on the Immobilized
Papain vial and incubated at 37 °C for 5 hours fab digestion. The digested samples were then added
to NAD Protein A Plus Spin Column, and the fab fragments were purified with IgG Elution Buffer.
The final Fab fragments were buffer exchanged to PBS and stored at 4 °C.

234 Cryo-EM

For both EV-D68:Fab EV68-159 and EV-D68:Fab EV68-228 complexes, purified EV-D68
viruses and Fabs were mixed at a molar ratio of 1:200. After incubation at room temperature for
45 to 60 minutes, 3.5 pL of virus-Fab mixture sample were added to a glow-discharged 400 mesh
lacey carbon film copper grid (Ted Pella Inc.). Grids were plunge frozen (Cryoplunge 3 system,
Gatan) in liquid ethane after being blotted for 3.5 seconds in 75 to 80% humidity. Cryo-EM
datasets were collected on a 300 kV Titan Krios Microscope (Thermo Fisher Scientific). The EV-
D68:Fab EV68-159 dataset was acquired with a K2 Summit direct electron detector (Gatan) at a
nominal magnification of 81,000X, resulting in a super resolution pixel size of 0.874 A, with a
defocus range from 0.7 to 3.5 um. A total electron dose of 31.4 electrons/A? over 12 seconds of
exposure was split into 60 frames. For the EV-D68:Fab EV68-228 dataset, movies were collected
using the program Leginon[149] with a K3 Direct Detection Camera (Gatan) at a magnification of
64,000X, resulting in a super resolution pixel size of 0.662 A, with a defocus range from 0.7 to 2
um. A total electron dose of 44.2 electrons/A? over 2.6 seconds of exposure was recorded over 50
frames. Overall, 732 movies and 462 movies were acquired for the EV-D68:Fab EV68-159 and
EV-D68:Fab EV68-228 datasets, respectively.

2.3.5 Image processing, model building and refinement

For both datasets, motion correction was performed on the raw movie frames with
MotionCor2[150] as implemented in Appion[151] during data collection. The contrast transfer
function (CTF) was estimated on the aligned frames with CTFFINDA4[152]. Particle picking
templates were generated using the Appion Manual Picker[151] and templates for auto picking
were obtained through two-dimensional (2D) classification in XMIPP[153]. These templates were

then used for auto-picking in FindEM[154] and particles were extracted using RELION[155].
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These particles were then subjected to multiple rounds of 2D and 3D classifications in
RELIONJ155]. This resulted in 20,194 and 30,554 particles for the EV-D68:Fab EV68-228 and
EV-D68:Fab EV68-159 datasets which were selected for final 3D icosahedral reconstructions
using the program JSPR following the gold-standard refinement method[156]. The final
resolutions for both maps were estimated based on a gold-standard Fourier shell correlation cutoff
of 0.143[157]. Map sharpening was done in RELION[155] post-processing. Data collection

parameters and related items are summarized in Table 2.1.

The same methods were used for the atomic structures of both EV-D68:Fab EV68-159 and
EV-D68:Fab EV68-228. The X-ray crystallography model of the EV-D68 Fermon strain (PDB:
4WMBR) was selected as a starting reference for model building and was manually fitted into the
density maps using the program Chimera[100]. Using the initial fitting as a basis, the models were
rebuilt in Coot[158] and refined using real-space-refinement in PHENIX[159] to correct for
outliers and poorly fitted rotamers. Chimera[100], Coot[158] and CCP4i2-PISA[160] were used
to determine the binding interface residues. The final atomic models were validated in

MolProbity[161]. Refinement statistics are described in Table 2.1.

2.3.6 Data availability

The coordinates and maps of EV-D68:Fab EV68-159 and EV-D68:Fab EV68-228 have been
deposited in Protein Data Bank (accession codes: 6WDS, 6WDT, respectively) and Electron
Microscopy Data Bank (accession codes: EMD-21647, EMD-21648, respectively).

2.4 Results
2.4.1 Structural features of the immune complexes

Two potent neutralizing human mAbs, EV68-159 and EV68-228, were used to generate
immune complexes with the EV-D68 strain (US/MO/14-18947) for cryo-EM studies. The final
density maps attained a resolution of 2.9A and 3.1A, respectively (Fig. 2.1, Fig. 2.2, Fig. 2.3 and
Table. 2.1). The structures reveal two distinct binding sites: EV68-159 binds around the three-fold
axes, whereas EV68-228 binds around the five-fold axes between depressions that form the canyon

regions (Fig. 2.1, Fig. 2.4). Thus, for each Fab, a total of 60 copies bind to the virus particle. The
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Fab variable domains, which interact with the viral surface, display strong densities similar to the
viral capsid proteins, and an atomic model of each Fab was built together with the four viral capsid
proteins. In contrast, the Fab constant domains, which are located further from the viral surface,
display weaker and comparatively broken densities, and were excluded from atomic model
building. The backbone of the polypeptide chains and the majority of amino acid side chains are
well-ordered in the density maps, demonstrating the critical features of the binding interfaces
between virus particle and Fab molecule. For both models, the viral surface residues that were
facing and within a 4A distance from the Fab were identified as the footprint (Fig. 2.1C, Fig. 2.5

and Table. 2.2). The footprints show that both Fab molecules are located within one protomer.
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Fig. 2.1. Structural feature comparison between two immune complexes. (A) Radially colored
cryo-EM maps of EV-D68:Fab EV68-159 (left) or EV-D68:Fab EV68-228 (right). Each map is
projected down a two-fold axis of symmetry. The five-, three-, and two-fold axes of each
asymmetric unit are depicted using a triangle labeled with one pentagon, two small triangles, and
one oval, respectively. (B) Binding position comparison on an asymmetric unit. Viral proteins are
colored in blue (VP1), green (VP2) and red (VP3). Fab molecules are colored in grey (EV68-159)
or purple (EV68-228), and the heavy or light chains are shown in the same colors with dark or
light intensities, respectively. (C) Footprints of EV68-159 Fab (left) or EV68-228 Fab (right).
Radially colored 2D projections of the viral surface were created with RIVEM. Virus surface
residues facing any atoms from the Fab molecules within a distance of 4 A are outlined in light
blue (VP1), light green (VP2) and light red (VP3). The canyon region is outlined in yellow. Scale
bars in (A) and (C) indicate radial distance measured in A.
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Fig. 2.2. Representative densities from the EV-D68: Fab EV68-228 electron density map.
Viral proteins are colored in blue (VP1), green (VP2), red (VP3) and magenta (VP4).
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Fig. 2.3. Estimates of immune complex map resolutions. Map resolutions are estimated based
on the gold-standard Fourier shell correlation (FSC) cutoff of 0.143. The final resolutions for
EV68-159 (red curve) or EV68-228 (blue curve) complexes are 2.9 A or 3.1 A, respectively.
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Table 2.1. Cryo-EM data acquisition parameters and refinement statistics.

EV-D68:Fab EV68-159

EV-D68:Fab EV68-228

Magnification 81,000X 64,000X
Camera K2 Summit direct electron K3 Direct Detection
detector (Gatan) Camera (Gatan)
Voltage (kV) 300 300
Pixel size (A) 0.874 0.662
Defocus range (um) 0.7-3.5 0.7-2.0
Total electron dose 31.4 44.2
(electrons/A2)
Particles picked 42,078 27,390
Particles used 30,554 20,194
Map resolution 2.9 3.1
(FSC threshold =0.143)
Model building and refinement
Model building reference 4WM8 4WM8
(PDB code)
MolProbity score 1.93 1.96
Clash score 9.05 8.7
Rotamer outliers (%) 0.46 0.00
r.m.s.d
Bond length (A) 0.005 0.005
Bond angles (°) 0.691 0.689
Ramachandran plot (%)
Favored 93.08 91.70
Allowed 6.92 8.20
Outliers 0.00 0.10
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Table 2.2. Structural contact amino acid residues of EV-D68 and respective Fabs. Heavy
and light chains are labeled as H and L, respectively. Notably, only direct interactions that are
clearly observed in the electron density maps at high resolution are listed. This differs from
contact residues highlighted in the roadmaps (Fig. 2.1C, Fig. 2.5), which use a 4A cutoff for
displaying the overall footprint at maximum hydrogen bonding distance.

Viral amino acid Fab amino acid Potential interaction
EV68-159

VP1: GLU271 L: ILE9S Hydrogen bond
VP1: ARG272 L: SER26 Hydrogen bond
L: SER27 Hydrogen bond

L: ASP9%4 Salt bridge

VP1: ASP285 L: LYSS1 Salt bridge
VP3: GLU59 H: ARG102 Hydrogen bond
VP3: SER60 H: GLY100 Hydrogen bond
VP3: MET64 H: TYRS6 Hydrogen bond
VP3: GLUG65 H: SERS51 Hydrogen bond
H: THRS2 Hydrogen bond
H: SER53 Hydrogen bond

EV68-228

VP1: LYS71 H: SER30 Hydrogen bond
VP1: ARG72 H: TYR27 Hydrogen bond
VP1: SER73 H: ASN31 Hydrogen bond
VP1: GLY129 H: SER73 Hydrogen bond

VP1: LYS268 L: ASP92 Salt bridge
VP2: ASN136 L: SER30 Hydrogen bond
VP3: GLY 234 H: ASN102 Hydrogen bond
VP3: LEU236 H: ASN102 Hydrogen bond
VP3: ASP237 H: TYR34 Hydrogen bond
H: SER100 Hydrogen bond
H: CYS101 Hydrogen bond
H: ASN102 Hydrogen bond
VP3: HIS238 H: TYRS3 Hydrogen bond
H: TYR54 Hydrogen bond
VP3: GLU243 H: TYR33 Hydrogen bond
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Fig. 2.4. Comparison of the Fab binding sites. EV68-159 and EV68-228 are colored in gold and
blue, respectively, and the viral surface is colored in cyan. The left panel shows both variable
domains and constant domains, whereas the right panel shows only the variable domains,
demonstrating that the footprints of the two Fabs do not overlap.

2.4.2 EV-D68:Fab EV68-159 complex reveals new epitopes

In the EV-D68:Fab EV68-159 complex, each Fab masks a viral surface area around 990A2,
The heavy chain of EV68-159 contributes approximately 77% of the masked surface areas. At the
binding interface (Fig. 2.6, Table. 2.2), essential interactions are found between the EV68-159
light chain and three residues on the C-terminus of VP1: Glu271 and Arg272 (Fig. 2.7A) and
Asp285 (Fig. 2.7B). Residues Glu271 and Arg272 form hydrogen bonds with complementarity-
determining region (CDR)3 and CDR1 and Arg272 and Asp285 form salt bridges with CDR3 and
CDR2 residues, respectively. A series of hydrogen bonds was found between the heavy chain
CDR2 and CDR3 and the VP3 N-terminal loop before the B-§ strand (BB) (Fig. 2.6, Fig. 2.7C).
In general, the epitope that EV68-159 Fab binds is distinct from the classical NIm sites and the

previously reported ones in the EV-D68 murine mAb studies.
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Fig. 2.5. Roadmaps showing an enlarged view of the Fab footprints. The radially colored 2D
projection of the viral surface was created with RIVEM. Virus surface residues facing any atoms
from the Fab molecules within a distance of 4 A are outlined in light blue (VP1), light green (VP2)
and light red (VP3). The canyon region is outlined in yellow.

2.4.3 EV68-228 neutralizes EV-D68 through another mechanism

In the EV-D68:Fab EV68-228 complex, each Fab masks approximately 1,170A2 of the viral
capsid surface. Similar to EV68-159, the heavy chain of the EV68-228 Fab dominates the
interaction with the viral capsid by masking around 84% of the surface area. The binding interface
(Fig. 2.6, Table. 2.2) is stabilized mainly by hydrogen bonds formed between the heavy chain
CDRs and the VP1 B as well as the VP3 C-terminus (Fig. 2.7D). Hydrogen bonds are also found
between the heavy chain framework region 3 and the VP1 DE loop, which corresponds to the
classical picornavirus immunogenic site NIm-IB, and between the light chain CDR1 and the VP2
EF loop, which corresponds to NIm-II. Furthermore, a salt bridge is observed between light chain
CDR3 and the Lys268 in the VP1 C-terminus.
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EV68-159

EV68-228

Fig. 2.6. Close-up view of the binding interfaces of EV68-159 and EV68-228. The viral capsid
is shown as surface and the Fab is shown in a cartoon representation. VP1, VP2 and VP3 are
colored in white, dark grey and silver, respectively. Heavy or light chains are colored in orange or
yellow, respectively. Viral residues making interactions are colored based on the heavy and light
chains, and the color intensities vary based on which of the VPs is involved in the contact. The
heavy and light chain complementarity-determining regions (HCDR and LCDR, respectively)
involved in the binding interfaces are shown with arrows.
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Fig. 2.7. Detailed view of virion-Fab interactions. (A) Representative interactions at the binding
interface of EV-D68:Fab EV68-159 (A, B and C) and EV-D68:Fab EV68-228 (D). Hydrogen
bonds are colored in cyan and salt bridges are colored in magenta.
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Fig. 2.8. Bulky side chains of the EV68-228 Fab heavy chain. This view shows an example of
bulky side chains forming a hydrophobic interaction network to stabilize the EV68-228 Fab, which
also is seen in the structure of the EV68-159 Fab.

2.44 A cysteine on EV68-228 heavy chain plays special roles in the immune complex

Bulky side chains are frequently observed at the interface for both Fabs and act to stabilize
the structures through aromatic interaction networks (Fig. 2.8). Furthermore, disulfide bonds are
also detected between CDR1 and CDR3 in heavy and light chains. Another pair of cysteines,
Cys101 and Cys106, are found within the CDR3 of the EV68-228 heavy chain and may form a
disulfide bond since they are at the correct distance and orientation (Fig. 2.7D). Specifically, when
the contour levels are reduced, the densities of the two cysteine side chains are connected. As
described above for the EV-D68: Fab EV68-228 complex, hydrogen bonds are formed between
the heavy chain CDR3 and the VP3 C-terminal residues adjacent to the canyon involving Cys101,
forming both a hydrogen bond and a disulfide bond (Fig. 2.7D, Table. 2.2). These cysteine

residues play critical roles in stabilizing both Fab structure and the virus-Fab binding interface.

2.5 Discussion

The EV68-159 Fab binds around the three-fold axes (Fig. 2.1, Fig. 2.4) and neutralizes EV-

D68 by interacting through a unique immunogenic site. The heavy chain interacts with the VP3
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N-terminal loop, which likely prevents the virus from uncoating, since the N-termini of the four
VPs contribute to capsid stability[67]. The light chain, on the other hand, interacts extensively with
three VP1 C-terminal residues neighboring the canyon, Glu271, Arg272 and Asp285 (Fig. 2.7A,
Table. 2.2). These three residues, as well as Glu59 on the N-terminal loop of VP3, are adjacent to
the sialic acid receptor binding site[119], suggesting that the EV68-159 Fab blocks virus from
binding to its receptor(s). In particular, these three VP1 residues are located on the EV-D68-
specific immunoreactive peptide, which is a 22-amino acid long VP1 C-terminal peptide that is
associated with AFM[35]. By blocking this specific position, the EV68-159 Fab is potentially able
to prevent neuro-invasion of EV-D68 in patients, which is especially significant for future vaccine

design.

The EV68-228 Fab binds around the five-fold axes (Fig. 2.1, Fig. 2.4) and recognizes a few
classical NIms[23], [86]. Other than that, each Fab may also prevent the virus from uncoating by
binding part of the VP1 BB, inhibiting externalization of the N-terminus of VP1, which is required
for entry. In addition, the Fab footprint includes residues on the C-terminus of VP3 (Fig. 2.7D),
which are not part of a classical NIm, especially residues Gly234, Leu236 and Glu243 (Table.
2.2). These three residues are adjacent to the canyon|[2] receptor binding site (Fig. 2.1C, Fig. 2.5),
suggesting that EV68-228 could block the virus from binding to receptors. Furthermore, Lys268
is two residues away from the recently found VP1 C-terminal immunoreactive peptide described

above, showing the potential of this Fab to prevent neuro-invasion as well.

The potential disulfide bond in the CDR3 of EV68-228 heavy chain is a structural moiety that
has now been observed in broadly neutralizing antiviral human mAbs for a number of viruses,
including both hepatitis C virus[162] and influenza A virus[163]. The intervening 4 amino acids
between cysteines form a smaller structured loop at the most distal tip of the full CDR3 loop,
stabilizing the CDR3 in a preconfigured state optimal for binding the viral antigen. For EV68-228,
specifically, the Cys101 is also able to interact with VP3 via a hydrogen bond besides making a
partially occupied disulfide bond with Cys106 (Fig. 2.7D), participating in both CDR3 loop

stabilization and interaction with antigen.
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Generally speaking, the structures of the immune complexes reveal details of the specific
interactions between EV-D68 and the Fab molecules and the neutralization mechanisms, which
could bring strong impact in developing therapeutic strategies against EV-D68 and other related

EVs.
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3. STRUCTURAL BASIS OF HUMAN ENTEROVIRUS DY%4
REPRESENTING DIFFERENT STAGES DURING VIRAL ENTRY

The content of this chapter includes text and data of a manuscript in preparation.

3.1 Abstract

Human enterovirus D94 (EV-D94) has been found in association with acute flaccid paralysis,
a polio-like central nervous system complication, and potentially diabetes. In addition, high
prevalence of this virus is found among Finnish population. Here we present the cryo-EM
structures of full native EV-D94 virions, an EV-D94 uncoating intermediate and empty viral
particles of EV-D94 at 2.9 A, 2.6 A and 2.9 A resolution, respectively. The structural features,
including the shape and orientation of surface loops, canyon and pocket factor, reveal the details
of immunogens, receptor usage and viral stability in EV-D94. Moreover, comparisons of these
three EV-D94 structures shed light on the enterovirus uncoating process. These results can serve
as a starting point for vaccine or anti-viral drug development to prevent or treat infections caused

by EV-D94 and related enteroviruses.

3.2 Introduction

Picornaviruses, a family of small, non-enveloped RNA viruses with an approximately 30 nm
diameter capsid, are associated with many animal and human diseases[14]. An important genus in
this family, Enterovirus (EV), contains a range of human pathogens [e.g., EVs, human rhinoviruses
(HRVs) and polioviruses (PVs)] which are responsible for health issues in millions of people
globally every year[12], [14], [164]; with symptoms ranging from mild respiratory illness[20],
[165] to severe neurological infections[19], [39], [166]. Human Enterovirus D94 (EV-D94) is a
relatively new serotype, which has been identified from sewage and an acute flaccid paralysis
case[167], [168]. In addition, EV-D94 has been suggested as a diabetogenic enterovirus due to its
ability to infect pancreatic islet B-cells[22]. As a potentially serious human health threat, EV-D94
may be more severe than has been assumed previously. However, the molecular mechanisms of

EV-D9%4 infection are still poorly understood.
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An EV capsid contains 60 identical protomers, each consisting of 4 unique structural proteins:
VP1, VP2, VP3 and VP4. VP1, VP2 and VP3, each contain a classical jelly roll fold motif and
form the external capsid shell with an icosahedral pseudo T=3 symmetry. VP4 lines the internal
surface of the capsid as well as the N-termini of the other 3 structural proteins[14], [23], [24]. All
of the N-termini, together with the B-strands of VP1, VP2 and VP3, maintain the capsid
stability[67]. Different insertions on the [-strands decorate the exterior of the capsid.
Hypervariable loops of the insertions have been shown to be the neutralizing immunogen sites
(NIms) and are labeled as NIm-I, NIm-II and NIm-III according to their association with VP1,
VP2 and VP3, respectively[23], [86]. At each of the five-fold axes, a deep depression on the viral
surface called the “canyon” surrounds a “plateau”, a higher altitude region above the mean viral
surface. The canyon is usually used as a site for binding the host cell receptor. The “north rim” is
formed by VP1, whereas the “south rim” is composed of multiple copies the VP1 N-terminus, the
VP1 GH loop, as well as the carboxy (C-) termini of VP2 and VP3. The GH loop of VP1 also
forms the canyon floor[1], [14], [23], [24], [84], [127]. The hydrophobic pocket underneath the
canyon floor is a feature common to many EVs. The pocket frequently contains a small, non-
protein molecule called the “pocket factor”, which is believed to be a fatty acid molecule
contributing to capsid stability as well as playing an important role during the infection process[1],

[82], [93], [169]-[171].

The initial step of EV infection is the binding between virus and receptor, which previous
studies have shown to involve binding to Immunoglobulin (Ig)-like receptors or carbohydrate
receptors like sialic acid. This in turn destabilizes the EV capsid and expels the “pocket factor”.
However, only the Ig-like receptors, but not sialic acid, are able to trigger uncoating and the
formation of the altered- (A-) particle [1], [119]. An A-particle is considered an intermediate state
of an EV virion that is characterized by open channels at the two-fold axes, a 4% expanded capsid
size, externalized N-termini of VPI and loss of VP4[14], [82], [124], [125], with reduced
infectivity and less stable[82], [97], [172]. The formation of the A-particle is essential for the

release of the viral genome into the host cell cytoplasm[70], [76], [82], [97].

EV-D9%4 belongs to the EV-D species and shares high sequence identity (~85%) with its

closest relative EV-D68, a human pathogen that mainly causes common cold symptoms among

52



children but sometimes leads to neurological issues[35], [147], [173]-[176]. It has been reported
that both EV-D94 and EV-D68 use sialic acid as a carbohydrate receptor. However, EV-D94 has
a broader tissue tropism[22], suggesting that EV-D94 recognizes distinct proteinaceous receptors

or even uses different infection pathways.

Here, we describe the cryo-electron microscopy (cryo-EM) structures of 3 different states of
EV-D94: full mature particles (2.9 A), A-particles (2.6 A) and empty particles (2.9 A). The
structures reported in this study reveal information about general structural features at an atomic
level as well as the early stage uncoating process of EV-D94, while providing a platform for the

potential development of a vaccine or anti-viral drugs against EV-D94 and related EVs.

3.3 Materials and methods
3.3.1 Celllines and viruses

Human Rhabdomyosarcoma (RD, CCL-136, American Type Culture Collection) cells were
cultured with Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich) supplemented with
10% heat inactivated fetal bovine serum (HI-FBS, Sigma-Aldrich) and 1X nonessential amino acid
(NEAA, Life Technologies). The EV-D94 E210 strain was obtained from the National Institute of
Public Health and the Environment in the Netherlands, passaged in RD cells and kept at -80 °C for

storage.

3.3.2 Propagation and purification of EV-D94

To grow viruses for structural studies, RD cells were cultured to 80% confluency and then
infected with EV-D94 at 33 °C. A mixture of cells and medium was collected 48 hours post
infection when complete cell death was observed and then spun down at 4,500 RPM (JA-10 rotor)
for 15 minutes to separate cells and supernatant. The cell pellet was resuspended by pipetting
multiple times to break intact cells and release the virus in them. This mixture was then spun down
together with the previous supernatant at 9,500 RPM (JA-10 rotor) for 50 minutes and the
supernatant was spun down at 48,000 RPM (50.2ti rotor) for 2 hours. The pellets were resuspended
and incubated in 250 mM HEPES, 250 mM NaCl (pH 7.5) buffer and then treated with final
concentration 5 mM MgCl,, 0.01 mg/mL deoxyribonuclease (DNase) (Sigma-Aldrich), 0.8
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mg/mL trypsin (Sigma-Aldrich), 15 mM EDTA and 1% (m/v) n-lauryl-sarcosine. The sample was
spun down at 48,000 RPM (50.2ti rotor) for 2 hours with a 30% sucrose cushion. After
centrifugation, the pellet was again resuspended and incubated in 250 mM HEPES, 250 mM NaCl
(pH 7.5) buffer and applied onto a potassium tartrate gradient (10-40%, w/v) and separated at
36,000 RPM (SW41 rotor) for 2 hours. The lowest and the most dominant band, indicating
particles with the highest sedimentation coefficient, was harvested and buffer exchanged against a

buffer containing 20 mM Tris, 120 mM NaCl, 1 mM EDTA (pH 8.0).

3.3.3 Cryo-EM

For cryo-EM grid preparation, 3.5 pL of purified EV-D94 were applied to a glow-discharged
400 mesh lacey carbon film copper grid (Ted Pella Inc.). At a humidity of 75%, grids were blotted
for 4 seconds and plunge frozen (Cryoplunge 3 system, Gatan) in liquid ethane. Samples were
imaged on a 300 kV Titan Krios transmission electron microscope (ThermoFisher) equipped with
a BioQuantum energy filter and a K2 detector. Movies were acquired using Leginon[149] at a
nominal magnification of 81,000x in super resolution mode with a calibrated pixel size of 0.874
A per pixel. The defocus range was set to 0.7-3.5 um and a total dose of 27 e/A? during a 10

seconds exposure was used for each movie split over 50 frames.

3.3.4 Image processing

A total of 1390 movies were recorded in one session. Motion between individual frames
within one movie was estimated and subsequently corrected using MotionCor2[150] as
implemented in the Appion pipeline[151], in parallel with the data collection. CTF estimation on
the aligned and averaged frames was done using CTFFIND4[152]. Particles were selected
manually from 50 micrographs using the Appion Manual Picker[151] and used to generate
templates by 2D classification in XMIPP[153]. Afterwards, 210,926 particles were selected by
automated template matching as implemented in FindEM[154]. The particles were extracted and
normalized using RELION[155] and sorted and classified using 2D and 3D classification in the
same program. The final classification yielded a total of 7,374 full particles, 34,954 empty particles
and 165,338 A-particles. The three types of particles were reconstructed using the program
JSPR[156] using a gold-standard refinement approach[157]. The resolution of all three EV-D94
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structures was estimated using the Fourier shell correlation[177] at a threshold of 0.143. All maps

were sharpened before model building using RELION[155].

3.3.5 Model building and refinement

The asymmetric units of the three EV-D94 structures, including VP1, VP2, VP3 and VP4,
were manually built into the density maps based on the crystal structure of EV-D68 (PDB: 4wm&)
using the program COOT[158] and refined using the program Phenix[159]. Multiple rounds of
model rebuilding in COOT[158] and real space refinement in Phenix[159] were done to improve
the model fitting against the cryo-EM density maps. The final model quality was evaluated based
on Molprobity[161].

3.4 Results
3.4.1 Structure determination

EV-D94 was cultivated in RD cells and purified using ultracentrifugation. The lowest and the
most dominant band with the highest sedimentation coefficient was harvested and used for cryo-
EM data collection (Fig. 3.1A). A total of 210,926 particles were extracted from 1,389
micrographs and sorted into 7,374 full particles, 34,954 empty particles and 165,338 uncoating
intermediate A-particles using two-dimensional (2D) (Fig. 3.1B) and 3D classification in
RELIONJ155] (Fig. 3.1C). These classes were subsequently reconstructed and refined using
JSPR[156], using a gold-standard approach. The final maps for the full particle, A-particle and
empty particle reached resolutions of 2.9 A, 2.6 A and 2.9 A (Fig. 3.2A), respectively, according
to the Fourier shell correlation (FSC) at 0.143, allowing accurate fitting of the amino acid backbone
and side chains (Fig. 3.3). The atomic models were manually built in COOT[158] and refined
using Phenix[159].

3.4.2 The atomic model of EV-D94 full particle

The overall structure of EV-D94 is similar to EV-D68 and other viruses of the EV genus. The
three large structural proteins, VP1, VP2 and VP3, each have an eight-stranded antiparallel “jelly
roll” fold. The surface of the capsid follows pseudo T=3 icosahedral symmetry with VP1 located
around the five-fold axes and VP2 and VP3 extending through the two-fold and three-fold axes
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(Fig. 3.2A, B). Around the “plateau” region at each of the five-fold axis, EV-D94 has two rings of
protruding loops (Fig. 3.2A, C). The VP1 BC loop (the loop that joins P strand B and C) forms the
protrusion of the outer ring around the five-fold axis, whereas the VP1 DE loop forms the
protrusion of the inner ring near the five-fold vertex. Some residues located in the two loop regions
correspond to the NIm-IA and NIm-IB sites that are recognized by neutralizing antibodies to other
EVs[23], [86] (Fig. 3.2C, Fig. 3.4A, B). Among typical EV-D species, residues on and close to
the NIm sites are the least conserved regions in VP1, with the exception of the NIm-IB residues
on the BC loop, which are very conserved (Fig. 3.5). The BC and DE loops in EV-D94 extend
further from the viral surface in comparison to other neuro-invasive EVs like EV-D68 and EV-
A71 (Fig. 3.6A, B). The densities for the two loop regions, however, are not as good as the
densities for the rest of the virus, indicating some amount of flexibility, but remaining sufficiently

defined to allow model building (Fig. 3.4C).

3.4.3 The “south rim” of the EV-D94 canyon has a different shape

Like other EVs, VP1 of EV-D94 forms the “north rim” of the canyon. The VP1 GH loop
contributes to the formation of the canyon floor and the “south rim” of the canyon. The C-termini
of VP1 and VP3 as well as the VP2 EF loop complete the “south rim” of the canyon (Fig. 3.4A).
The overall shape of the canyon in EV-D94 is similar to EV-D68. However, residues 204-212 on
the VP1 GH loop of EV-D94 are extended in comparison to EV-D68, which alters the shape of
the “south rim” of the canyon and likely contributes to a different receptor specificity during viral
attachment. This extended GH loop region is found in both EV-A71 and PV-1, where EV-A71 has
a broader shape and PV-1 has an elongated configuration that is extending away from the viral
center (Fig. 3.6C). In addition, the VP2 EF loop that also forms the “south rim” of the canyon is
shorter in EV-D94 than what has been described for both EV-A71 and PV-1.
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Fig. 3.1. Cryo-EM of EV-D94. (A) Cryo-EM image of EV-D94 particles (scale bar = 200nm). (B)
2D class averages of the virus. After 2D classification, two types of EV-D94 particles were
identified: a “full class” that contains inner density (upper panel; 172712 particles) and an “empty
class” that contains no inner density (lower panel; 34954 particles). The inner density corresponds
to the genomic material of the virus. (C) Cross sections of the 3D classes obtained by refining the
full particles obtained from 2D classification show two distinct structural states. The central slice
of the full particles (upper panel) shows a filled core and the presence of VP4 indicated with red
arrows. The central slice of the A-particles (lower panel) lacks a strong internal density and is
missing VP4. The resulting holes on the surface of the capsid and between the capsid proteins and
the genomic material are indicated with blue arrows.
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Fig. 3.2. Structural overview of EV-D94. (A) Cryo-EM structures of EV-D94 full particle, A-
particle and empty particle looking down a two-fold axis. The outline of an icosahedral asymmetric
unit of the full particle is represented by a black pentagon, an oval and rectangles, respectively.
The holes on the two-fold axes on the A-particle and empty particle are outlined by red circles. (B)
Ribbon diagram of EV-D94 full particle along a five-fold axis (left). The density of an asymmetric
unit is shown in gray with VP1 in blue, VP2 in green, VP3 in red and VP4 shown in magenta
(right). (C) Two rings of protruding loops at the five-fold axis are surrounded by the canyon
regions of EV-D94.
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Fig. 3.3. Electron density map sections from the EV-D94 full particle. VP1, VP2, VP3 and
VP4 are colored in blue, green, red and magenta, respectively.
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Fig. 3.4. The VP1 NIm sites viewed from an icosahedral asymmetric unit. (A) An icosahedral
asymmetric unit of the full particle shown as a ribbon. The VPs are colored following the same
color scheme as in Figure 3.3. The NIm-IA and NIm-IB regions on the BC and DE loops are
colored in red and orange, respectively. (B) A closed-up view of the two protruding loops on VP1.
Different B-strands, loops and the NIm regions are labeled. (C) The Ca backbone of the BC (right
panel) and DE (left panel) loops (shown in ribbon) build into the cryo-EM density map (gray). The
NIm-IA and NIm-IB regions are colored in red and orange, respectively, and the NIms are labeled.
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Fig. 3.5. Sequence alignment of the VP1 proteins of 3 typical viruses from the EV-D species.
The specific residues in NIm-IA and NIm-IB sites are marked in red and orange arrows,
respectively. The specific residue positions are based on[2], [23], [86]. The BC and DE loops are
labeled based on[2] and previous published EV-D68 structures (PDB: 4wm8, 6crr) and the EV-
D94 structure reported here.
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GH loop (partially)

Fig. 3.6. VP1 comparison between EV-D94 and 3 classical EVs. (A) Superposition of VP1 of
EV-D9%4, EV-D68[2] (PDB: 4wm8), EV-A71[27] (PDB: 3vbs) and PV-1[178] (PDB:1asj) colored
in blue, green, orange and gold, respectively. (B) The BC and DE loops are highlighted with a blue
box. (C) The partial GH loops which form the “south rim” of the canyon are highlighted with a
magenta box.

3.4.4 The hydrophobic pocket and the pocket factor

The hydrophobic pocket, located underneath the canyon floor, is a common feature in all EV
structures. The pocket is usually occupied by pocket factor, which contributes to capsid stability.
The same feature is observed in the VP1 pocket of EV-D94. The electron density of the EV-D94
pocket factor shows some discontinuity at a sigma level of 1.0, which may be due to the flexibility
in this area of the molecule (Fig. 3.7A). Increasing the sigma level leads to a continuous density
located in the pocket. Based on these observations, the pocket factor of EV-D94 is likely to be an
18 carbon-long fatty acid molecule, similar to the pocket factors of EV-A71 and PV-1 (Fig. 3.7B).
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Fig. 3.7. The EV-D94 pocket factor. (A) The pocket factor of EV-in the cryo-EM density map
together with the residues that are interacting with it. The VP1 residues are labeled in blue and a
VP3 residue is labeled in red, corresponding to the color scheme of the VPs used in other figures.
Ile184 on VPI1 is the residue that defines the orientation of EV-D94 pocket factor. (B)
Superposition of the pocket factor of EV-D94 (blue), EV-D68 (green), EV-A71 (orange) and PV-
1 (gold). EV-D94 contains a pocket factor that is closely related to EV-A71 and PV-1. The citations
for EV-D68, EV-A71 and PV-1 are the same as in Fig. 3.6.

Sphingosine (Ci1sH37NO>), the pocket factor identified in EV-A71 and PV-1[26], [179], fits
the density observed in EV-D94, but with a slightly different orientation due to the curvature of
the density. In contrast, EV-D68 has a shorter pocket factor with only 10 carbon atoms[2] (Fig.
3.7). However, as in EV-D68, the orientation of the EV-D94 pocket factor is controlled by Ile184
(Fig 3.7A). Furthermore, residues that are in contact with the pocket factor are highly conserved

between EV-D68 and EV-D9%4.
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3.4.5 A conserved site could bind sialic acid

The three most studied EV-D species viruses, EV-D68, EV-D70 and EV-D94, are known to
utilize sialic acid as a carbohydrate receptor[180]. The crystal structure of EV-D68 binding
sialylated glycan receptor shows that Arg270, Pro274 and Asn275 on VP1, as well as Asp91,
Arg95, Argl04, Asp232, Pro231, and Ile233 on VP3 form polar interactions with sialic
acid[119]. These residues are conserved within EV-D68 and EV-D94, except for Arg270 in VP1,
which is mutated to lysine in some EV-D68 isolates, and to histidine in EV-D94. Furthermore,
these residues also show the same orientation in EV-D68 and EV-D94, with the exception of

Arg95 in VP3 which has a different configuration in comparison to the other EVs (Fig. 3.8).

\ HIS2721

PRO2313

Sialic acid moiety

ARG953 ASP913

Fig. 3.8. Superposition of the EV-D94 and EV-D68 residues that interact with the sialic acid
moiety. The EV-D94 and EV-D68 residues are colored in cyan and light purple, respectively, and
the sialic acid moiety is colored in navy. The EV-D68 residues and the sialic acid moiety are
adapted from[119](PDB: 5bno). Nitrogen and oxygen atoms are colored in blue and red. The VP1
and VP3 residues are indicated with a superscript. The residue labeling is based on EV-D94.
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3.4.6 The atomic models of EV-D94 A-particle and empty particle

The EV-D94 A-particle (Fig. 3.2A, Fig. 3.9) shows the typical conformational changes
associated with uncoating described in other EVs[97]. This includes the missing electron densities
of VP4, the first 41 residues at the VP1 N-terminus, the pocket factor as well as the externalization
of residues 42-52 on VP1. Besides, EV-D94 A-particle also loses the last 26 residues on the VP1
C-terminus and the last 14 residues on the VP3 C-terminus. Furthermore, the VP1 BC and DE
loops containing the NIm-IA and NIm-IB sites become disordered (Fig. 3.9B, C). Importantly, the
VP1 CD, EF and GH loops shift towards the viral center about 1.5-2.5 A (Ca atoms unless
specified else way) (Fig. 3.9B, D), causing the collapse of the hydrophobic pocket. In VP2, a helix
(residue 91-98) at the two-fold axis moves about 1.5 A away. In addition, the N-terminal region
(residue 41-57) and the C-terminus (residue 240-247) which are both close to the two-fold axis
become more flexible (Fig. 3.9E). These changes promote an opening at the two-fold axis on a
global scale. This opening is also contributed by the VP3 a2 helix on the EF loop (residues 144-
151), which moves about 3-4 A away from the two-fold axis (Fig. 3.9G). The VP3 GH loop, which
forms a compact loop in the full particle, is elongated and externalized in the A-particle and
interacts with the externalized residues on VPI1 N-terminus described above (Fig. 3.9F).
Furthermore, the VP3 FG loop becomes more structured and the HI loops of VP2 and VP3 both
move 1.5-3 A towards the three-fold axis (Fig. 3.9H), promoting hydrogen bonding between VP2
and VP3 around the three-fold axis (Fig. 3.10). The A-particle and the empty particle of EV-D9%4
have high structural similarity to each other, with the major difference between the two is the
presence or absence of the genomic material (Fig. 3.1B) which likely exits through the pores

located at the two-fold axis.
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Fig. 3.9. Comparison between EV-D94 A-particle and full particle. (A) Superposition of the
EV-D94 A-particle and full particle protomers. VP1, VP2 and VP3 are shown in blue, green and
red respectively. The chains in the A-particle are shown in bold colors, whereas the ones in the
full particle are shown in the same colors with 70% transparency. (B) An enlarged view of the
VP1 comparison. (C) An enlarged view comparing the VP1 BC and DE loops (dash lines indicate
broken loops) and (D) the VP1 EF (highlighted in teal) and GH loops (pink). (E) An enlarged view
comparing VP2. The N-terminal region (orange), C-terminus (purple) and the helix (marine) are
emphasized. (F) An enlarged view comparing VP3 GH loops (cyan), (G) a2 helix on EF loop as
well as (H) Comparison of the region of VP2 HI loop (yellow) and VP3 HI loop (wheat). A view
of the VP3 FG loops (grey) is also shown.
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Fig. 3.10. Potential hydrogen bonds between VP2 and VP3 of EV-D94 A-particle and full
particle around the three-fold axis. Comparisons are done at (A) VP2 and VP3 HI loops and (B)
FG loops. Potential hydrogen bonds are colored in blue, and VP2 and VP3 portions are colored in
green and red, respectively.

3.5 Discussion

It has been reported that EV-D94 has a broad tissue tropism, including pancreatic islets and
human leukocyte cell lines, suggesting that EV-D94 has the potential to directly or indirectly
induce type-I diabetes[22]. This altered tissue tropism is affected by receptor usage. For majority
of the EVs the “canyon” acts as the receptor binding site[1], [84] and is critical for understanding
receptor usage. Even though EV-D94 shares high sequence identity with EV-D68, EV-D94 has an
expanded GH loop at the “south rim” of the canyon (Fig. 3.6C), resulting a different canyon shape,
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which could indicate a unique receptor usage which may further affect the cell tropism. In addition,
even though the receptor of EV-D94 has not yet been identified, a previous study suggested EV-
D94 is able to use sialic acid as a carbohydrate receptor like EV-D68[119], [180]. Based on the
structure of the EV-D94 full particle, the sialic acid binding site is conserved structurally (Fig.
3.8), suggesting that sialic acid may play an important role during EV-D94 infection.

Another characteristic feature of EVs is their high “plateau” surrounded by a deep “canyon”
at each of the five-fold axes. The “plateau” region of EV-D94 contains two protruding loops, the
BC and DE loop [23], [86] (Fig. 3.4). These extended loops are not conserved among EVs. For
instance, EV-A71 and EV-D68 have less elongated BC loops and short or disordered DE loops
(Fig. 3.6A, B), the latter resulting in a small depression at each of the five-fold vertices[2], [27].
However, the BC and DE loops for PV-1[178] are comparable in size to those in EV-D94, pointing

towards a potential link between these two neuro-invasive viruses.

Based on the EV-D94 full particle structure, the potential pocket factor of EV-D94
corresponds to a fatty acid molecule with approximately 18 carbon atoms, comparable to what has
been described for EV-A71 and PV-1 [26], [27], [178] (Fig. 3.7). Having a longer pocket factor
may enhance the stability of EV-D94, since EV-D68 and some rhinoviruses, which are sensitive
to the higher temperature and acidic environments[97], [181], [ 182] contain pocket factors that are

either shorter (with 10 to 12 carbon atoms) [2], [71], [183] or potentially absent [23], [184].

The structure of the EV-D94 A-particle indicates an uncoating process structurally similar to
other EVs. Importantly, the VP1 CD, EF and GH loops shift towards the viral center (Fig. 3.9B,
D), potentially causing the collapse of the hydrophobic pocket and the expulsion of the pocket
factor. Moreover, the protein dynamics in VP2 and VP3 promotes the formation of a pore at the
two-fold axis, which is presumably used for RNA translocation (Fig. 3.9E, G). The VP3 GH loop
is externalized and associated with the externalized VP1 N-terminus, likely facilitating the exit of
RNA. Specially, around the three-fold axis, the VP3 FG loop becomes more compact (Fig 3.9H),
bringing more hydrogen bonding options with the VP2 FG loop. Additional hydrogen bonds are
also found between VP2 and the VP3 HI loop (Fig. 3.10). Due to these shifts, each protomer is

more densely packed at the three-fold axis. However, these shifts, at the same time, also cause
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separations between the three protomers that meet at the three-fold axis, which may further

destabilize the capsid.

The atomic models for EV-D94 full particle, A-particle and empty particle, as reported here,
not only introduce structural features of EV-D94, but also establish details of EV uncoating process,
which provide meaningful knowledge in developing therapeutic strategies against EV-D94 and

other related EVs in the long run.
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4. STRUCTURAL STUDY OF HUMAN ENTEROVIRUS D68
COMPLEXED WITH AN INHIBITOR

4.1 Abstract

Human enterovirus D68 (EV-D68) is one of the leading causes of childhood respiratory
diseases and severe EV-D68 infections sometimes lead to polio-like neurological disorders.
However, to date there are no antiviral treatments available. Pleconaril, a rhinovirus inhibitor that
is also able to bind and inhibit EV-D68 infections, has been used as a template for developing anti-
EV compounds. Here, we present the structure of EV-D68 in complex with a recently developed
pleconaril derivative. Our initial data shows that this compound binds into the hydrophobic pocket,
leading to conformational changes in the canyon region and potentially altering the viral entry

process.

4.2 Introduction

Enterovirus (EV) is a virus genus which contains various human pathogens, including the
widely known poliovirus (PV) and varieties of human rhinoviruses (HRVs). Starting in the 21
century, EV-D68, another member within this genus, has become a notable public health threat
worldwide. EV-D68 primarily causes respiratory illness in children, but some central nervous
system diseases similar to polio are also found in EV-D68 infections[20], [35], [174], [185].

Currently there are no approved drugs to treat EV-D68 infections.

To develop strategies against viral infection, it is important to understand the structure of a
virion. Like other EVs, an EV-D68 capsid is composed of 60 copies of four viral proteins (VPs):
VP1, VP2, VP3 and VP4. The VP1, VP2 and VP3 compose the external surface of the capsid
following pseudo T=3 icosahedral symmetry[2], [23], [24]. A crevice, called the “canyon”,
encircles each of the five-fold axes on the external surface and serves as the receptor binding site
during viral entry. Underneath the canyon and in the core of VP1, a hydrophobic pocket is present.
For some EVs, a “pocket factor”, a fatty-acid molecule that functions in capsid stability, is found

inside the pocket. During viral entry, the host cell receptor binds to the canyon, pushes the canyon
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floor and squeezes the pocket, destabilizing and transforming the viral capsid and triggering

genome release. If a pocket factor exists, it will be expelled during this process[1], [82], [84].

Many anti-EV inhibitors have been developed based on their potential to bind to the pocket
region[1], [186]. These inhibitors are pocket binding molecules which simply fill the empty pocket
or compete with the pocket factor to occupy the pocket space in order to stabilize the viral capsid
and prevent the virus from uncoating. Furthermore, some of these inhibitors are able to change the
shape of the pocket roof, which is also the canyon floor. This change in the canyon can also prevent
the virus from binding to receptors, based on the mechanism described above. An example of this

type of inhibitor are the WIN compounds developed against some HRVs[ 1], [102], [105].

Pleconaril, another notable pocket binding molecule, is capable of inhibiting 215 EVs and 90%
of HRVs[107], [108]. Importantly, pleconaril has shown high clinical efficiency in adult patients
with a common cold[187]. Moreover, pleconaril proved to be an adequate inhibitor against EV-
D68 prototype in vitro by binding to the pocket and replacing the native short pocket factor[2].
Even though pleconaril was not approved for medical use due to significant side effects[188],
[189], studies of pleconaril use against EVs still position the inhibitor as a promising template for
the development of anti-EV therapeutics[190], [191]. Especially, some pleconaril derivatives have
been generated and tested against EV-D68[189]. Here, we present the 3.3 A cryo-electron
microscopic (cryo-EM) structure of EV-D68 in complex with an inhibitor derived from pleconaril.
We show that the inhibitor binds in the hydrophobic pocket of EV-D68 in a manner similar to
pleconaril. Importantly, this inhibitor also triggers conformational changes in the canyon region,

which potentially interferes with virus binding to receptors.

4.3 Materials and methods
4.3.1 Cell lines, viruses and inhibitors

Human Rhabdomyosarcoma (RD, CCL-136) cells were purchased from American Type
Culture Collection (ATCC) and were used in virus propagation. The RD cell were cultured using
Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich) supplied with 10% heat

inactivated fetal bovine serum (HI-FBS, Sigma-Aldrich) and 1X non-essential amino acids
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(NEAA, Life Technologies). The EV-D68 US/MO/14-18947 strain (EV-D68 MO strain)
(GenBank accession no. AIS73051.1) was obtained from BEI Resources, National Institute of
Allergy and Infectious Diseases, National Institute of Health. The virus stock was passaged in
RD cells and preserved at -80 °C. The inhibitors (molecule ID: 11526091, 11526092 and
11526093) were supplied by Collaborations Pharmaceuticals, Inc.

4.3.2 Propagation and purification of EV-D68

RD cells were cultured at 37 °C to 80% confluency and then infected with EV-D68 at a
multiplicity of infection (MOI) of around 0.01. Viruses were grown at 33 °C. After 2 days post
infection, the cells and supernatant were harvested and spun down at 9,500 RPM (JA-10 rotor).
The cell pellets were collected and lysed by three freeze and thaw cycles and spun down to isolate
the virus inside cell debris. Subsequently, all supernatants were spun down at 48,000 RPM (50.2ti
rotor) for 2 hours. The pellets were incubated and resuspended in 250 mM HEPES (pH=7.5), 250
mM NaCl buffer and then supplemented with a final concentration of 5 mM MgCl,, 0.01 mg/mL
deoxyribonuclease (DNase) (Sigma-Aldrich), 0.8 mg/mL trypsin and 1% (w/v) n-lauryl-sarcosine.
After another round of centrifugation at 48,000 RPM (50.2ti rotor) for 2 hours, the resulting pellet
was incubated and resuspended in 250 mM HEPES (pH=7.5), 250 mM NaCl buffer and then
loaded onto a potassium tartrate gradient (10% to 40%, w/v) and spun down at 36,000 RPM (SW41
rotor) for 2 hours. The purified EV-D68 full particle band was extracted and buffer exchanged
against 20mM Tris, 120mM NaCl (pH=8.0) buffer to remove the potassium tartrate.

4.3.3 Sample preparation

The inhibitors (molecule ID: 11526091, 11526092 and 11526093) were supplied by
Collaborations Pharmaceuticals, Inc. as powder (3 mg each). For each inhibitor, a 10 mg/mL stock
solution was made by dissolving the compound in DMSO. The purified EV-D68 full particles
(approximately 1 mg/mL in 20mM Tris, 120mM NaCl, pH=8.0 buffer) were split into 3 parts, and
each was incubated with a final concentration of 0.2 mg/mL (in PBS) inhibitor (molar ratio 1:2000)
at 4 °C for 20 hours. 3.5 uL of control (EV-D68 viruses alone) and each of the virus-inhibitor
mixtures was applied on a glow-discharged 400 mesh lacey carbon film copper grid (Ted Pella

Inc.), blotted for 3.5 seconds at 75% to 80% humidity, and plunge frozen in liquid ethane.
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4.3.4 Cryo-EM and data processing

Grids were pre-screened using a 200 kV Talos F200C Microscope (Thermo Fisher Scientific).
The cryo-EM dataset for the EV-D68-inihibitor-11526093 was collected on a 300 kV Titan Krios
Microscope (Thermo Fisher Scientific). A total of 641 movies were collected with a K3 direct
electron detection camera (Gatan) at a magnification of 64,000X using the program Leginon[149],
with a super resolution pixel size of 0.662 A. The defocus range varied from 0.7 to 2 um. A total
electron dose of 36.06 electrons/A? over 2.6 seconds was split into 50 frames. The dataset was
processed using cryoSPARC v2.14.2[192], including the following steps: motion correction, CTF-
estimation, particle picking and extraction, 2-dimensional (2D) classification and 3D
reconstruction. The final resolution was estimated based on a gold-standard Fourier shell
correlation cutoff of 0.143[157]. The X-ray crystallography model of EV-D68 Fermon strain (PDB:
4wm8) was used as a reference model, and was manually built into the EV-D68-inihibitor-
11526093 density map using Chimera[100]. The model was adjusted in Coot[158] and refined
using PHENIX][159].

4.4 Results
4.4.1 Virus production and sample screening

Full EV-D68 virus particles were separated by potassium tartrate density gradient and shown
as a blue dominant band in the tube (Fig. 4.1A). The purified virus was extracted from the tube
and used in preparing a grid for each virus-inhibitor complex and a virus control. The EV-D68
control grid (Fig. 4.1B), together with the grids containing samples of EV-D68 in complex with
inhibitor-11526091 (Fig. 4.1C), inhibitor-11526092 and inhibitor-11526093 (Fig. 4.1D), were
screened using a 200 kV Talos F200C Microscope. On grids containing EV-D68-inhibitor-
11526091 and EV-D68-inhibitor-11526093, viral particles were observed. The particle density of
EV-D68-inhibitor-11526093 and the control were similar (Fig. 4.1D), whereas the particle density
of EV-D68-inhibitor-11526091 was less than the control (Fig. 4.1C). The grid of EV-D68-

inhibitor-11526092 was too icy and no particles were visible.
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4.4.2 Preliminary results for the binding of inhibitor-11526093

The reconstruction of EV-D68-inihibitor-11526093 complex reached a resolution of 3.3 A,
showing clear electron density for the protein backbone and side chains (Fig. 4.2). However, the
density for inhibitor-11526093 (Fig. 4.3A) in the VP1 hydrophobic pocket is not as well defined
as the density of the four viral proteins and is very fragmented at a reasonable contour level (Fig.
4.3B), indicating the occupancy of the inhibitor may be low. By increasing the sigma levels, the
density of the inhibitor becomes better defined, and fitting of the inhibitor molecule is possible
(Fig. 4.3C). Compared to the structure of EV-D68 complexed with pleconaril[2] (PDB: 4wm7)
(Fig. 4.4A), the inhibitor and pleconaril both bind to the VP1 pocket in a similar manner. Residues
in contact with both the inhibitor and pleconaril are conserved. The inhibitor has a few more atoms

than pleconaril and associates with slightly more residues. (Fig. 4.4B).

Fig. 4.1. Virus production and sample screening. (A) EV-D68 full particles are visible as a
dominant blue band (white arrow) after centrifugation. Cryo-EM micrographs of (B) EV-D68
control as well as EV-D68 in complex with (C) inhibitor-11526091 and (D) inhibitor 11526093
are shown at a magnification of 57,000X. The scale bar indicates 200nm. EV-D68-inhibitor-
11526093 (D) exhibits a similar particle density to the EV-D68 control (B).
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Fig. 4.2. Representative electron densities of EV-D68-inihibitor-11526093. The resolution of
the complex is 3.3 A. The backbone and sidechains of the amino acids fit in to the density nicely.
VP1, VP2, VP3 and VP4 are colored in blue, green, red and magenta, respectively. VP1, VP2,
VP3 and VP4 are colored in blue, green, red and magenta, respectively.
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Fig. 4.3. The binding position and the electron density of inhibitor-11526093 (preliminary
data). (A) The inhibitor was found in the VP1 hydrophobic pocket. (B) The electron density of
the inhibitor, however, was weaker and less defined compared to the electron densities of the viral
proteins. At a contour level around 1 r.m.s.d, the inhibitor density is broken. (C) A contour level
around 0.6 r.m.s.d allows a better visualization of the inhibitor density. Overall, the weaker density
indicates the occupancy of the inhibitor may be low.
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Fig. 4.4. Structural comparison of EV-D68 complexed with (A) pleconaril (PDB: 4wm?7) and
(B) inhibitor-11526093. Residues within a 4 A distance to any pleconaril or inhibitor-11526093
atoms are presented in the figure. These residues are highly conserved. The inhibitor (B) has
additional atoms and is associated with more residues. Shared conserved residues are colored in
cyan and the additional inhibitor residues are colored in green. Pleconaril and inhibitor-11526093
are colored gold in their respective panels. The chemical structures of the two compounds are
presented at the bottom of each panel.
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4.4.3 Possible dynamics in VP1

Comparison of VP1 of the native EV-D68 MO strain structure[97] (PDB: 6c¢rr) to the EV-
D68-inhibitor1 1526093 structure shows potential dynamic changes in the EF and GH loops (Fig.
4.5A). Residues 213-218 on the GH loop moved approximately 2 A (measured based on the Ca

atoms) outward and away from the hydrophobic pocket. Similar movements were observed for

GH loop !

/4

y  ASN206

Fig. 4.5. VP1 comparison: before and after inhibitor-11526093 binding. (A) Overlaid
structural diagrams of the native EV-D68 VP1[97] (PDB: 6crr) and VP1 after inhibitor binding
are colored in transparent blue and solid blue, respectively. Inhibitor-11526093 is shown in gold.
The observed dynamics are colored in transparent (native) or solid (after inhibitor binding) teal
and highlighted in a blue box. (B) A zoomed in view of the changes observed on the EF and GH
loops. Residues which moved are shown as sticks. Measurements of movement distance of the
residues, based on the Ca atoms, are provided in orange with accompanying arrows to indicate
direction.

residues 150-152 on the EF loop, especially Gly151 which moved 3.6 A outward. Movement of
Asn206 on the GH loop is also visible. Since the GH loop forms much of the canyon and the EF
loop is adjacent to the “north rim” of the canyon, these residue shifts described above (Fig. 4.5B)

presumably bring conformational changes to the canyon region overall.
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4.5 Discussion

Pleconaril is an efficient pocket binding inhibitor of many EVs[99], [107], [108] including
EV-D68[2]. The three inhibitors tested in this study, 11526091, 11526092 and 11526093, were
derived from pleconaril. During the screening process, particle density was significantly reduced
in the EV-D68-inhibitor-11526091 sample, indicating the potential that inhibitor-11526091
destroys EV-D68 virions at the tested concentration (Fig. 4.1C). The same holds true for inhibitor-
11526092 for which no viral particles were visible after incubation. Distortions of the viral
particles may change the overall sample conditions, which potentially affect the freezing results.
Generally speaking, the binding and freezing conditions for EV-D68-inihibitor-11526091 and EV-
D68-inihibitor-11526092 need to be verified in further experiments. The EV-D68-inihibitor-
11526093 sample (Fig. 4.1D) was the only one selected for data collection and further studies.

Inhibitor-11526093 density was found in the hydrophobic pocket as expected (Fig. 4.3A),
since pleconaril is known to bind in the same region while complexing with EV-D68[2]. Residues
associated with the inhibitor were also highly conserved when compared to pleconaril [2] (Fig.
4.4), indicating the inhibitor and pleconaril bind EV-D68 in very similar manners. However, unlike
what is reported the structure of EV-D68 complexed with pleconaril (the ILE211 on VP1 GH loop
moves towards the pocket and possibly blocks the pocket entryway once pleconaril enters[2]), the
inhibitor brings more changes on the VP1 GH loop and EF loop presumably by pushing them
outward from the pocket. Residues 213-218 on GH loop that not only forms the “north rim” of the
canyon, but also locates close to the canyon floor which at the same time acts as the pocket roof] 1]
that the inhibitor is tightly associated with, have gone through this movement, suggesting that the
inhibitor may push the “north rim” of the canyon, which triggers more dynamics in the canyon
region that potentially alters receptor binding and affects viral entry (Fig. 4.5). This preliminary
result is similar to the HRV-B14 and WIN compound study which shows that pocket space is
easily occupied by the WIN compound with the canyon shape changing, leading to an inhibition
of the host cell receptor binding[1].

Overall, our results delineate that inhibitor-11526093 possibly occupies the empty pocket of

EV-D68 MO strain virus [97] and enlarges the pocket slightly by pushing the GH loop. This may

trigger further conformational changes in the canyon region, preventing receptor binding and viral
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entry. Even though the occupancy of the inhibitor may be low, there is also a possibility that the
inhibitor binds to the pocket, changes the canyon and dissociates from the viral capsid. In general,

inhibitor-11526093 shows good potential in the anti-EV-D68 therapeutic field.
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