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ABSTRACT

Author: Therkelsen, Matthew, D. PhD
Institution: Purdue University

Degree Received: May 2019

Title: Structural Asymmetry of Flaviviruses
Committee Chair: Richard J. Kuhn

Flaviviruses are enveloped, positive-strand RNA viruses that are spread by mosquitoes and
ticks and can cause serious disease in humans. Flavivirus virions undergo extensive structural
changes during their life cycle, including during maturation and fusion. Flaviviruses are initially
assembled at the endoplasmic reticulum in a non-infectious, immature state, and then traffic to the
trans-Golgi network, where a pH drop triggers a structural rearrangement of glycoproteins prM
and E on the virus surface from 60 trimers to 90 dimers. A host protease, furin, then cleaves prM
which makes the transition irreversible. Upon exiting the host cell, pr disassociates from the virus
and the infectious, mature virus is able to enter a new cell.

In Chapter 1, an overview of flaviviruses is presented, including a brief history of their
discovery and interaction with humans, followed by what is known about their life cycle and the
maturation process. The structure of a mature flavivirus is then described, including the
symmetrical arrangement of glycoproteins on the virion surface, the lipid membrane, and the
nucleocapsid core, followed by an introduction of the structural proteins that assemble into the
virion. The structure of the immature flavivirus is then described. The chapter concludes with a
description of the dynamics and heterogeneity observed for flaviviruses.

The conformational rearrangements that occur during flavivirus maturation remain unclear.

The structures of immature and mature flaviviruses determined with cryo-electron microscopy

(cryo-EM) demonstrated that flaviviruses are icosahedral particles with 180 copies of
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glycoproteins on their surface. Icosahedral viruses typically have a quasi-equivalent arrangement
of glycoproteins, but flaviviruses lack quasi-equivalence and instead the three subunits within an
asymmetric unit occupy different chemical environments. Although the subunits are the same
proteins, the unique environment of each subunit can be exploited for tracking subunits during
conformational rearrangements. For example, the unique labeling of a subunit can be used to
identify it in the immature and mature virion.

In Chapter 2, the maturation process was studied by developing tools to differentially label
protein subunits and trap potential intermediates of maturation. The tools included heavy-atom
compounds and antibody Fabs, which were used to probe Kunjin virus (KUNV), an Australian
subtype of West Nile virus (WNYV). One heavy-atom compound, potassium tetranitroplatinate(II),
was found to derivatize immature KUNYV, likely at sites on both E and prM. Higher-resolution
studies will be required to determine if the compound differentially labeled the three subunits. The
other tool developed was the E16 Fab. E16 Fab, originally isolated from a mouse immunized with
WNYV E and found to bind to two out of three subunits on mature WNV, was used to differentially
label subunits in immature KUNV. Based on poor epitope accessibility on immature KUNV, E16
Fab was hypothesized to trap an intermediate state of maturation. In the cryo-EM reconstruction
of E16 Fab bound to immature KUNYV it was found that the virion had localized distorted density
and apparent non-uniform binding of the E16 Fab. Based on this result it was proposed that
flaviviruses had imperfect icosahedral symmetry.

The structural asymmetry of immature and mature flaviviruses was investigated in Chapter
3. Icosahedral symmetry has always been imposed during cryo-EM reconstructions of flaviviruses,
as it led to stable convergence of orientations. When reconstructions of immature KUNV and

ZIKV were performed without imposing symmetry, the reconstructions showed that the
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flaviviruses had an eccentric nucleocapsid core, which was positioned closer to the membrane at
one pole. At the opposite pole, the glycoprotein and inner leaflet densities were weak and distorted.
Furthermore, there were protrusions from the core that contacted the transmembrane helices of the
glycoproteins. In the asymmetric reconstruction of mature KUNV, the core was positioned
concentric with the glycoprotein shell, in contrast to the immature virion, indicating that
maturation alters the interactions between the core and the glycoproteins. The asymmetric
reconstructions suggested that there is variable contact between the core and glycoproteins during
assembly, which may be due to membrane curvature restrictions in the budding process.

In Chapter 4, extracellular vesicles (EVs) that were released during dengue virus (DENV)
infection were characterized by mass spectrometry. EVs may play a significant role in flavivirus
infection, as they have been shown to transport both viral proteins and infectious RNA. EVs likely
represent alternative modes of virus transmission and aid in immune evasion. However, previous
studies on EVs are controversial because EVs are potential contaminated during assays by co-
purifying virions and other particulates. The identification of EV biomarkers would greatly reduce
contamination because biomarkers would enable isolation of pure EVs by affinity purification.
Therefore, a strategy was developed to isolate EVs and profile them with proteomics. The four
proteins cystatin-A, filamin B, fibrinogen beta chain, and endothelin converting enzyme 1 were

found to be statistically enriched in the DENV sample and represent potential EV biomarkers.
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CHAPTER 1. FLAVIVIRUSES

1.1 Introduction

Flaviviruses are enveloped, positive-strand RNA viruses that are transmitted by
mosquitoes and ticks. These viruses cause serious disease in humans and represent a global public
health challenge. Yellow fever virus (YFV) was the first reported flavivirus, and gave the
Flaviviridae family its name: from the Latin flavus, “yellow”. Other flaviviruses include West Nile
virus (WNV), Zika virus (ZIKV), and dengue virus (DENV). A brief history of these viruses will
be described.

WNV is transmitted by Culex sp mosquitoes and can cause encephalitis and meningitis. It
was first introduced into the United States in the New York City area in 1999, where it led to 59
hospitalizations and seven deaths (1). The epidemic then spread across the east coast of the US
between 1999 and 2002. Birds are the natural reservoir of WNV, and the virus was particularly
virulent for birds in the family Corvidae such as crows and jays. Therefore a dead-bird-based
surveillance program was used to track the spread of the virus (1). The WNV sp includes Kunjin
virus (KUNV), an Australian subtype of WNV that in rare occasions can cause encephalitis (2).
Due to its low virulence, KUNV has been used as a model system to study WNV.

ZIKV was first isolated in 1947 from a sentinel rhesus macaque kept in a cage on a platform
in the Zika Forest in Uganda (3). The virus is transmitted by 4. aegypti mosquitoes, and was not
well studied until outbreaks began in 2007 in Yap Island in Micronesia (4). ZIKV was declared a
public health emergency by the World Health Organization in 2016, and it was determined to cause
microcephaly in developing fetuses (3).

A. aegypti mosquitoes also carry DENV, a virus which is localized in tropical and

subtropical regions. DENV infection elicits muscle and joint pain referred to as break-bone fever.
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There are four serotypes of DENV, and successive infections by different serotypes can lead to
DENYV hemorrhagic fever (DHF) and DENV shock syndrome (DSS) (5). The first DHF epidemic
was recorded in the Philippines between 1953 and 1954 (6). There are an estimated 390 million

cases of DENV each year, imposing a formidable public health burden on society (7).

1.2 Life Cycle

Flaviviruses enter a host cell by receptor-mediated endocytosis. Receptors for flaviviruses
have not been identified, indicating that multiple receptors may be used. Once internalized inside
the cell, the endosomal pH drops, triggering a conformational change of the viral glycoproteins
from 90 dimers to 60 trimers, and insertion of fusion peptides into the endosomal membrane (8,
9). Fusion then occurs and the viral genome is released into the cell. As the ~11 kb viral genome
is a positive-strand RNA, it can be immediately translated by ribosomes at the endoplasmic
reticulum (ER). The genome contains one open reading frame that is translated as a polyprotein
and cleaved by host and viral proteases into ten proteins, including the structural proteins envelope
(E), premembrane (prM), and capsid (C), and the nonstructural (NS) proteins NS1, NS2A, NS2B,
NS3, NS4A, NS4B, and NS5 (10). There are multiple signal sequences that direct the topology of
the viral proteins as they are threaded through the ER (Figure 1.1). Once cleaved, the structural
proteins will assemble into new viruses, while the nonstructural proteins will function in genome

synthesis, assembly, and innate immune antagonism.
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ER lumen

“ Cytoplasm

Viral serine protease cleavage site
<= Host signalase cleavage site
NH3* <= Furin cleavage site

Caspid
protein

Figure 1.1 Translation of the flavivirus structural proteins at the ER

The flavivirus genome is translated as a polyprotein that initiates at the N-terminus with C, prM,
and E. These proteins are threaded through the ER and contain signal sequences that are cleaved
by both host signalase proteins and the viral protease. The turns in the transmembrane helices of
prM and E do not extend into the cytoplasm and therefore do not directly interact with C. Adapted
with permission from (11).

The ER is a major site of activity for flaviviruses, as both replication of genomes and
assembly of new virions occur there. After an RNA genome is synthesized, C and RNA form a
nucleocapsid core and interact with E and prM, which are arranged on the ER membrane, likely
in trimeric arrays. The virion forms as the glycoprotein-decorated membrane envelopes the
nucleocapsid core, budding into the ER and undergoing scission to complete assembly. This
immature virus contains 60 copies of prM-E trimeric spikes arranged with icosahedral symmetry

(12). The immature virion then traffics along the secretory pathway. When the virus enters the

trans-Golgi network (TGN), it encounters low pH which causes a structural rearrangement on the
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surface of the virus: the glycoproteins rearrange from 60 trimers to 90 dimers (Figure 1.2) (13).
After this transition occurs, host furin cleaves prM into pr and M, irreversibly locking the virus
into its mature state (13). pr stays attached to the virus until the virus exits the cell, at which point

pr disassociates into the extracellular space (14). The mature virion then infects a new cell.



Endoplasmic reticulum trans-Golgi network Extracellular space

60 trimers of prM-E 90 dimers of M-E

Figure 1.2 Maturation pathway of flaviviruses

Flavivirus maturation is required to produce infectious particles. The conformational rearrangement causes 60 trimers of prM-E to form
90 dimers, changing the virus morphology from “spiky” to “smooth”. Low pH in the trans-Golgi network (TGN) triggers the
rearrangement, which is then locked into place with furin cleavage of prM. Once the virus is released into the extracellular space, pr
disassociates from the virus. Adapted with permission from (15).

IC
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1.3 Flavivirus Structure

The mature flavivirus is roughly spherical and ~50 nm in diameter. On the surface of the
virus is an icosahedral arrangement of 180 copies of M and E glycoproteins that lie flat, giving the
virion a smooth appearance (Figure 1.3) (16). The glycoproteins are dimers and arranged in closely
packed “rafts”. There are three sets of dimers in a raft that run roughly parallel, and 30 rafts
constitute the virus surface and are arranged in a herringbone pattern. Within a raft, one set of
dimers is positioned on an icosahedral twofold axis, with the neighboring dimer sets on quasi-
twofold axes. The icosahedral arrangement of the glycoproteins includes 12 vertices with fivefold
rotational symmetry, 20 triangular faces with threefold rotational symmetry, and 30 edges with
twofold rotational symmetry (17).

The asymmetric unit contains three subunits of M-E and 60 identical asymmetric units of
these subunits constitute the virus surface. Casper & Klug quasi-equivalence theory for icosahedral
viruses predicts that identical protein subunits will have slightly different environments due to
their packing arrangement (18—20). However, for flaviviruses it was found that subunits have non-
equivalent contacts with adjacent subunits and therefore each subunit resides in a completely
different chemical environment (16). The non-equivalence of flaviviruses influences antibody

binding and neutralization, and can result in variable occupancy of epitopes (21).



Figure 1.3 Structure of a mature flavivirus

Mature flaviviruses have a smooth appearance with subunits arranged in a herringbone pattern. (A) Surface view of a mature DENV
cryo-EM reconstruction showing three subunits within an asymmetric unit. The asymmetric unit is indicated by a red triangle. The
non-equivalent subunits are colored green, blue, and red. (B) E fitted into the cryo-EM reconstruction showing the packing
arrangement of glycoproteins. The individual domains of E are colored red, yellow, and blue for DI, DII, and DIII, respectively. The
fusion peptide located at the tip of DII is colored green. Adapted with permission from (16).

154
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The structures of mature DENV, ZIKV, WNV, and Japanese encephalitis virus (JEV) appear
essentially the same, despite these viruses having distinct tropisms and disease outcomes (16, 22—
24). One difference in the virions that could help explain their unique pathogenesis is E
glycosylation. When comparing ZIKV to DENV, it was noted that the largest difference in the
structures was at the glycosylation site at N154 (22). Glycosylation status differs among
flaviviruses, as DENV is glycosylated at N153 and N67, while WNV and ZIKV are glycosylated
at N154. The glycosylation site and surrounding region in ZIKV were hypothesized to enable
ZIKV to cross the placental barrier and infect fetal brains (15). Unique structural features in
addition to the glycosylation site may be present in flaviviruses, but have possibly been hidden by
icosahedral symmetry constraints that were imposed when calculating cryo-EM reconstructions.

The glycoprotein shell of a flavivirus virion is composed of two glycoproteins M and E
(Figure 1.4). Both are membrane proteins with two transmembrane helices that act as double
membrane anchors. The ectodomain of E consists of a stem region and three domains I, 11, and III
(DI, DII, and DIII). DI is an eight stranded B-barrel, DII has a long, finger-like domain, and DIII
has an immunoglobin-like domain (25). DI, DII, and DIII function in viral conformational
rearrangements, fusion, and receptor engagement, respectively.

M is initially translated as prM and sits on top of the fusion peptide of E in the immature
virus preventing premature fusion of the virus with the producer cell. After furin cleavage of prM,
the remaining ectodomain of M is a short sequence (38 amino acids in DENV) which has a weakly
amphipathic alpha-helix and been hypothesized to act as a drawstring to facilitate the

conformational rearrangements of E protein (26).
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Glycoproteins (E, M)

Outer leaflet

Nucleocapsid core (C, RNA)

Figure 1.4 Composition of a flavivirus

Cross-section of a mature ZIKV cryo-EM reconstruction, colored radially. The nucleocapsid core
(dark blue) is located inside the virion and contains the single-stranded RNA genome and C.
Enclosing the core is a lipid bilayer, composed of an inner (cyan) and outer leaflet (green). The
transmembrane helices of E and M traverse the lipid bilayer. On the exterior of the virus, the
glycoprotein shell contains E and M (yellow, with red-colored glycans). Adapted with permission
from (22).

The lipid bilayer in the virion is approximately 45 A thick, consistent with lipid bilayers
found within a cell (16). In the mature virus the bilayer is polygonal shaped, from the
transmembrane helices which constrict localized regions of the membrane. In general, the
arrangement of the glycoproteins controls membrane curvature (27). 12 transmembrane helices

traverse the membrane within an asymmetric unit, and four helices are associated with each M-E

heterodimer (28). The position of the transmembrane helices is the same for dimers located at the
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icosahedral twofold and the quasi-twofold. The transmembrane helices do not extend beyond the
bilayer to make contact with C (28).

Underneath the virion membrane is the nucleocapsid core composed of the single-stranded
RNA genome and C. No discernable organization of the core has been identified in cryo-EM
reconstructions (29). Furthermore, a gap of ~15 A separates the inner leaflet and the nucleocapsid
core, making it unclear how the core could interact with the membrane (28). C is a highly basic,
alpha-helical protein that was shown to be a dimer in solution and was hypothesized to interact

with RNA on one side and membrane on the other side (30).

1.4 Immature Flavivirus Structure

The immature virus is ~60 nm in diameter and is composed of 60 trimeric projections of
prM-E, giving the virus a “spiky” appearance (Figure 1.5) (12). The protein subunits are arranged
with icosahedral symmetry, but the overall structure is distinct from the herringbone pattern seen
in the mature virus. Instead, the subunits are arranged as an interwoven lattice, with DIII of one E
contacting the base of E DII in an adjacent spike (31). As the subunits are more loosely packed
than in the mature virus, there is exposed lipid membrane on the virus surface.

The asymmetric unit of an immature virus contains three subunits of prM-E. The virion is
not quasi-equivalent, as was found for the mature virus. Each immature spike makes a short helix
formed by the distal ends of the E subunits, which are tilted upwards by approximately 25° with
respect to the surface and which are only approximately related by a threefold axis (12). The pr
domain covers the fusion peptide at the tip of E DII and helps hold the spike together by contacting
the other pr domains within a spike (31).

Similar to mature flaviviruses, there is little difference seen in the cryo-EM reconstructions

of immature DENV, YFV, ZIKV, and WNV (12, 32, 33). However, the reconstructions of
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immature flaviviruses have not reached atomic resolution, so it is difficult to fully evaluate the
differences in the viruses. The inability to reach atomic resolution for immature flaviviruses
suggests that there is flexibility in immature particles. The glycosylation status of prM is unique
for different flaviviruses; glycosylation occurs at N69, N70, and N15 for DENV, ZIKV, and WNV,

respectively (15).

Figure 1.5 Immature flavivirus

Immature flaviviruses have a spiky appearance from the 60 trimeric spikes that decorate the virion
surface. The three subunits that make up a spike are indicated in green and gray, for E and prM,
respectively. The three prM subunits within the gray density are not individually distinguishable
at this resolution. An asymmetric unit is depicted by the red triangle. Adapted with permission
from (12).
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Unlike in the mature virus where the transmembrane helices of E and M are in close
proximity, in the immature virus the transmembrane helices do not make contact and are located
farther apart. Therefore, during maturation not only do the ectodomains undergo conformational
changes, but a large movement of transmembrane domains also occurs (31). The two M
transmembrane helices undergo a rotation with respect to each another during maturation, as in the
immature virus they could be fit with an antiparallel coiled coil, whereas in the mature virus each
helix had to be fit independently (12, 16). In contrast, E transmembrane helices were readily fit
with a coiled coil in both immature and mature cryo-EM reconstructions.

The lipid bilayer is found between 165 and 205 A radii in both immature virus and mature
viruses (28). The membrane has the same polygonal shape in immature virus, with constrictions
at local regions where transmembrane helices are present (12). There is a gap of ~30 A between
the inner leaflet of the bilayer and the nucleocapsid core, which is twice the size found in the
mature virus. The nucleocapsid core in the immature virus lacks discernable organization, similar
to the mature virus (12). However, C fit into weak density observed in the immature ZIKV cryo-

EM reconstruction, indicating there may be partial icosahedral symmetry of C (32).

1.5 Dynamics of Flaviviruses

Cryo-EM reconstructions of flaviviruses depict the virus as a static particle, particularly
mature virus with its tightly packed arrangement of glycoproteins. However, studies with
antibodies and at high temperatures have shown that flaviviruses are dynamic and occupy transient
conformational states (Figure 1.6) (34). These transient states, which altogether are termed “viral
breathing”, have been studied with antibodies. For example, E111 strongly neutralizes DENV-1,
and yet recognizes an epitope that is entirely buried in E DIII (35). Furthermore, three ZIKV-

neutralizing antibodies, ZV-2, ZV-48, and ZV-64, recognize a buried epitope in DIII (36).
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Figure 1.6 Flavivirus conformational dynamics

Flaviviruses exhibit a broad range of motion that influences antibody binding. (A) Motion occurs
in flaviviruses in-between rafts, within rafts, between dimers, and within E monomers. (B) For any
epitope, theoretically 180 antibodies can bind to the virus. However, full saturation only occurs

after transient epitopes are exposed due to dynamic changes in the virus. Adapted with permission
from (34).

Dynamic changes in epitope accessibility were shown to be reversible for both DENV and

WNV (37). However, for the neutralizing antibody 1A1D-2 which was shown to bind an



30

inaccessible region of DIII, it was found that by increasing the incubation temperature to 37°C,
the binding of 1A1D-2 to DENV-2 increased from about one-third of particles to nearly all
particles (38). This demonstrated that high temperature can influence particle dynamics, which
was confirmed by incubating mature DENV-2 at 37°C. The virus had an irreversible “bumpy”
phenotype, which was hypothesized to represent a fusion intermediate (39, 40). Neither immature
DENV-2, nor mature WNV, was shown to exhibit conformational changes after incubation at 37°C,
indicating that mature DENV-2 may transition into a unique dead-end conformation at high
temperatures (40, 41).

Heterogeneity in maturation also plays a role in conformational dynamics. Furin processing
of flaviviruses is incomplete, yielding partially immature viruses that retain some prM (42). It was
found that different cell types produced DENV-2 with varying amounts of prM; virus from
dendritic cells, Vero monkey kidney cells, C6/36 insect cells, and HEK 293T kidney cells
contained 13, 52, 54, 63% prM, respectively (43). Antibody studies with DIII mAbs have shown
that prM content strongly influences neutralization (44, 45). The dynamics of these mixed particles

is likely distinct from either fully mature or fully immature particles.
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CHAPTER 2. HEAVY-ATOM DERIVATIZATION AND FAB
LABELING OF FLAVIVIRUSES TO STUDY MATURATION

2.1  Chapter Summary

Flaviviruses undergo a large structural rearrangement as part of the maturation process. In
order to investigate these changes, two strategies were developed including labeling E subunits
and trapping maturation intermediates. Labeling was performed by derivatizing immature KUNV
with heavy-atom compounds. One candidate, a platinum compound, was found to likely derivatize
immature KUNV at prM sites. For trapping studies, the E16 Fab was proposed to trap an
intermediate of maturation due to its inaccessible epitope on immature KUNV. In the
reconstruction of E16 Fab bound to immature KUNYV it was found that E16 bound asymmetrically
to one side of the particle, leading to weak distorted density in the reconstruction. These results

were inconsistent with the prior assumption that flaviviruses have icosahedral symmetry.

2.2 Introduction

The sequence of events that dictates how flaviviruses transition from immature to mature
virions remains unclear. Following the determination of cryo-EM structures for mature and
immature flaviviruses, a model was constructed for the conformational rearrangements that occur
during maturation by inferring the most probable subunit transitions (46). In this model (Figure
2.1A), the three non-equivalent subunits of prM-E heterodimers are shown in three different colors.
Subunits at the fivefold, threefold, and twofold symmetry axis are designated subunits A, B, and
C, respectively. During the conformational rearrangement, subunit B was proposed to dimerize

with another subunit B from a neighboring asymmetric unit, while subunit A dimerized with
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subunit C. The model was based on minimizing the amount of rotation needed for the subunits to
dimerize.

An alternative model was constructed by determining high-resolution structures of immature
and mature DENV, which allowed for fitting of the stem and transmembrane domains of E and
prM/M (31). In this model, subunit C was proposed to dimerize with another subunit C from an
adjacent asymmetric unit, while subunit A dimerized with subunit B (Figure 2.1B). The model
minimized the amount of translational movement for the stem and transmembrane domains, but
included substantial rotation of the subunits up to ~180°. Although the rotation-minimized and the
translation-minimized models provide possible pathways for maturation, both models rely on
subunit rotations of at least 50°. This would be a reasonable assumption for a virus that is sparsely
covered with glycoproteins such as HIV-1, which has only ~14 copies of glycoproteins on its
surface (47). However, based on cryo-EM reconstructions, immature flaviviruses are arranged
with an icosahedral array of subunits on the virion surface that restricts rotation and translation.
Therefore, we aimed here to develop a model that addressed the probable motions of subunits
within the context of the virion.

One approach to study the conformational rearrangement of flaviviruses is to trap the virus
in an intermediate state using antibodies. The antibody that was selected to trap immature KUNV
was E16. E16 mAb was originally isolated by immunizing mice with WNV-NY99 E (48). The
antibody was protective against WNV-NY99 challenge in mice, cross-reactive in vitro to 10
different WNV strains, and found to bind to the DIII lateral ridge of E protein (48, 49). E16 Fab
binds immature WNYV in addition to mature WNV, and E16 Fab was shown to neutralize immature

WNV-965 reporter particles (50).
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The cryo-EM structure was determined of E16 Fab bound to mature WNV NY99, which
showed that E16 bound to only two out of three subunits within an asymmetric unit (51). These
were the subunits B and C, located at the threefold and twofold axes, respectively. Steric hindrance
blocked potential binding of subunit A at the fivefold. The complex structure provided a model for
neutralization, and it was proposed that E16 blocked the conformational rearrangement of E
protein during fusion, and therefore, would trap an intermediate state during pH-triggered fusion.
A cryo-EM structure of the complex at low pH supported this claim, as it was shown that fusion
was inhibited and the virus exhibited membrane expansion and glycoprotein heterogeneity (52).
The ability of E16 Fab to differentially label mature virus and trap a fusion intermediate suggest

that it can potentially trap an intermediate of maturation.
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Figure 2.1 Rearrangement of flaviviruses during maturation

Models for the conformational rearrangement of maturation. The arrangement of the three non-
equivalent E subunits are shown for the immature virus (left) and the mature virus (right), and
colored based on their position in the immature virus. The blue, red, and green subunits are located
at the fivefold, threefold, and twofold symmetry axes in the immature virus, respectively. prM is
shown in the immature virus as light blue, light red, and light green. An asymmetric unit is depicted
by the triangle. (A) In this model, subunit B and a neighboring subunit B undergo a large
translation and rotate ~150° in order to dimerize at a twofold axis, as subunits A and C dimerize
and rotate ~50°. (B) An alternative model in which subunit C and an adjacent C undergo a large
translation and rotate ~50°, while subunit A and B dimerize by rotating ~140° and ~180°,
respectively.
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Heavy-atoms derivatives such as platinum and mercury have been used extensively in x-ray
crystallography to solve the phase problem (53). Platinum compounds bind to cysteine, histidine,
and methionine residues, but have a preference for methionines, while mercury compounds bind
to cysteines or histidines, with a preference for cysteines (54). In isomorphous replacement or
anomalous scattering the role of heavy atoms is to change the x-ray scattering intensities such that
a difference map can be calculated and used to determine protein structure.

In electron microscopy (EM), unlike in x-ray crystallography, image contrast is a major
limiting factor. Although scattering by electrons is about 10* greater than x-rays, the scattering of
different atoms is similar, making it difficult to distinguish sample from background in EM (55).
Two common applications of heavy atoms are to increase the visibility of a protein sample with
negative staining, or to localize proteins in cells with antibodies conjugated to ~15-nm colloidal
gold. In cryo-EM, heavy-atom derivatization of proteins has not found widespread use, but the
high electron density of heavy atoms can provide a precise label for a residue or subunit of interest.
Examples include the labeling of hepatitis B virus (HBV), groEL, and 2D arrays of integrin beta-
1 (56-58). In the case of HBV, it was found that a tetrairidium label was visible at a range of
resolutions from 10-25 A (56). For flaviviruses, due to the non-equivalent chemical environment
of subunits within an asymmetric unit, it was hypothesized that each subunit would have a distinct
occupancy of a heavy-atom compound.

The maturation process of flaviviruses was studied using both heavy-atom labels and E16
Fab. These experiments led to the hypothesis that the virus did not have perfect icosahedral

symmetry, which will be investigated further in Chapter 3.
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2.3 Materials and Methods
2.3.1 Cell culture

C6/36 were grown in MEM supplemented with 25 mM HEPES at pH 7.3 and 10% FBS at

30°C.

2.3.2  Virus purification

Purification of immature KUNV was performed as described in Chapter 3, and is
reproduced here:

KUNV virus, strain MRM61C, was added to approximately 7x107 C6/36 cells at an MOI
of 8 in twenty 150 mm dishes. The passage of the virus was P3, and of the cells was P11. The cells
were infected with virus in 5 mL of PBS with 1% FBS, 1% CaCl, and 1% MgCl,, and rocked for
45 minutes at room temperature, followed by a 15 minute incubation at 30°C. 15 mL of MEM, 25
mM HEPES at pH 7.3 and 2% FBS was added to the cells. The cells were then incubated at 30°C
overnight. At 17 hours post infection (hpi), the inoculum was removed, and the cells were washed
twice with PBS, and incubated with new media including 20 mM NH4Cl. The wash and media
replacement was repeated at 19 hpi. Virus was harvested at 30, 48, and 70 hpi. Cytopathic effect
(CPE) was first observed at 48 hpi.

The 400 mL of media containing virus were clarified at 9,500 RPM in the JA-10 rotor
(Beckman Coulter, Inc.) for 20 minutes. 40% (w/v) PEG 8,000 was added to the media to a final
concentration of 8%. The media were then stirred slowly at 4°C overnight. The media were spun
at 9,500 RPM in a JA-10 rotor (Beckman Coulter, Inc) for 50 minutes. The supernatant was
removed and precipitated virus was resuspended in 15 mL of cold TNE pH 8 (12 mM Tris pH 8,
120 mM NaCl, 1 mM EDTA). The virus was then added to a polycarbonate bottle in which 2 mL

of a 22% sucrose solution in TNE was underlaid with a Pasteur pipette. The virus was spun in a
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Type Ti50.2 rotor (Beckman Coulter, Inc.) at 32,000 RPM for 2 hours. The supernatant was
removed and the pellet was resuspended in 1 mL of TNE. A potassium tartrate-glycerol gradient
was made with 10%-15%-20%-25%-30%-35% tartrate in TNE in an Ultra-Clear tube (Beckman
Coulter, Inc). To make the gradient, 1.5 mL of each layer was overlaid using a 1 mL pipette tip
that was cut with scissors to reduce mixing of the layers during layering. The virus was spun for 1
min at 3,000 x g to remove PEG aggregates, and then layered on top of the gradient. The layer
interfaces were marked and the gradient was spun for 2 hours at 32,000 RPM in a Type SW-41
rotor (Beckman Coulter, Inc.). The virus was visualized under a blue light. A blue band was
observed near the 20%-25% interface, and was extracted with a 22 gauge needle and syringe. The
virus was buffer exchanged and concentrated in a 100 kDa concentrator four times with TNE, to a

final volume of ~50 pL. Virus purity and the relative concentration of E protein was assessed by

SDS-PAGE with BSA standards.

2.3.3 Screening of heavy-atom labels

Solubilized heavy-atom compounds (HR2-442 and HR2-446, Hampton Research) were
diluted 1:100 to a concentration of 5 mM in HNE (12 mM HEPES pH 8, 120 mM NaCl, and 1
mM EDTA). Immature KUNV was buffer exchanged into HNE using an 100 kDa concentrator.
3.2 uL of KUNV was added to 0.8 uL of the compound for a final concentration of I mM and
incubated on ice for ten minutes. The virus-heavy atom mix was run on an 12% SDS-PAGE gel at
170 V, stained with Coomassie Brilliant Blue R-250 and scanned with the Odyssey CLx Imaging
System (LI-COR Biosciences). Densitometry analysis was performed with Image Studio Ver 4

(LI-COR Biosciences) by calculating the ratio of band intensities.
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2.3.4 Purification of E16 Fab

Humanized E16 IgG was a gift from Michael S. Diamond. E16 Fab was purified using the

Pierce Fab Preparation Kit (ThermoScientific), following manufacturer’s instructions.

2.3.5 Cryo-electron microscopy

An 0.2 mM final concentration of the Pt-NO> compound was added to 2.5 pL immature
KUNYV and incubated for approximately two minutes. The sample was added to a non-glow
discharged ultrathin lacey carbon grid (No. 01824, Ted Pella). The sample was blotted for seven
seconds, and then plunge-froze into liquid ethane using an CP3 plunger (Gatan) at 80-90%
humidity.

Data was collected using a Talos F200C microscope (Thermo Fisher Scientific) operated
at 200 kV and equipped with a Ceta 4k x 4k camera (FEI). 52 images were collected at a defocus
of ~10 pm and a dose rate of ~20 e’/A2. The magnification used was 45,000X, which corresponded
to a pixel size of 3.281 apix.

The E16 Fab-immature KUNV complex was prepared similarly. In brief, fivefold molar
excess of E16 Fab was added to immature KUNV at 37°C for 30 minutes, and the sample was
added to non-glow discharged lacey carbon grid (No. 01824, Ted Pella), and blotted for six seconds.
Data collection on the Titan Krios was performed as described in Chapter 3. A total of 264 cryo-

EM movies were collected.

2.3.6 Reconstructions

The icosahedral reconstruction of derivatized immature KUNV was performed as described
in Chapter 3, using a beta release of RELION 3.0 (59). In brief, 1,267 “good” particles were chosen

from 2D class averages and used for 3D initial model generation. Refinement of the initial model



39

while imposing icosahedral symmetry converged to 21 A reconstruction, based on the FSC 0.143
criterion.

Data processing of E16 Fab-immature KUNV was initially performed as described in
Chapter 3. In brief, 7,548 “good” particles for E16 Fab-immature KUNV were selected from 2D
class averages using a beta release of RELION 2.1 (60). Ab initio model generation, icosahedral
reconstructions, and asymmetric reconstructions were performed using cryoSPARC version 2
(61), following the standard refinement procedure. The icosahedral reconstruction did not

converge to a consistent solution, while the asymmetric reconstruction reached 22 A resolution.

2.3.7 Superimposition

The E16-E DIII crystal structure (49) was fit into the cryo-EM structures of immature and
mature ZIKV (62, 63) using the program UCSF Chimera (64). E DIII was superimposed onto the

density for ZIKV DIII located at a threefold axis.

2.3.8 Heat map

The derivatized immature KUNV map was normalized to the native map by applying the
structure factor of native to the derivatized using EMAN?2 (65). The derivatized density was then

displayed on the native density using UCSF Chimera (64).

2.4 Results

Due to the ability of E16 to trap a fusion intermediate, it was hypothesized that the E16 Fab
could also trap an intermediate of maturation. E16 likely trapped a fusion intermediate because it
had incomplete occupancy (two out of three subunits) on mature WNV. Therefore, the crystal
structure of the E16-E DIII complex (49) was superimposed onto the cryo-EM structure of

immature ZIKV in order to predict the occupancy of E16 on immature KUNV (62) (Figure 2.2B).
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The superimposition demonstrated that the epitope on immature ZIKV was inaccessible for all
three E subunits, as the epitope was blocked by adjacent E proteins in a spike. In contrast, the
epitope for E16 was freely accessible on mature ZIKV (63), in agreement with the WNV-E16
complex cryo-EM reconstruction (51). Although the E16 epitope on immature ZIKV appears
inaccessible, E16 Fab was shown to neutralize immature WNV-965 reporter particles (50).
Therefore, particle flexibility likely plays a role in E16 binding, which support the hypothesis that
E16 traps a transient state of the immature virus.

A B

Figure 2.2 E16 epitope accessibility on mature and immature flaviviruses

Semi-transparent surface view of mature and immature ZIKV with superimposed E16-E DIII
crystal structure (49). E16 (blue) bound to an E subunit (purple) at the threefold axis was
superimposed for both viruses. E16 also clashed with E subunits when superimposed at the
fivefold and twofold axes. (A) Mature ZIKV (63) and (B) immature ZIKV (62).

The ability of heavy atoms to derivatize immature KUNV was also analyzed. Immature
KUNYV was incubated with heavy-atom compounds which were chosen for derivatization based

on their reactivity over a range of pH from 5-8 (Table 2.1) (Hampton Research). pH reactivity was

considered because a low pH would be necessary to initiate maturation.
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Table 2.1 Properties of heavy-atom compounds used to label immature KUNV

Name Formula ID pH Min pH Max
Potassium hexachloroplatinate(1V) K,PtClg Pt-Cl 4.2 8.4
Potassium tetranitroplatinate(ll) KoPt(NO,)4 Pt-NO, 2.0 8.6
Potassium tetracyanoplatinate(ll) hydrate K,Pt(CN), - xH,O Pt-CN 3.6 8.7
Ethylmercurithiosalicyclic acid, sodium salt CgHgHgNaO,S Hg 5.4 8.4

The protein and heavy-atom mixtures were screened by SDS-PAGE. A gel shift in the
protein bands corresponded to derivatization, although not all derivatized proteins will necessarily
show a change in mobility (66). In the gel, both Pt-Cl and the Pt-NO, compounds caused E and
prM bands to shift in their molecular weight, while neither the Pt-CN nor the Hg compound had
this effect (Figure 2.3). For the Pt-Cl compound, smeared bands appeared at ~40 and ~60 kDa,
along with a complete loss in intensity of the E band, and an ~85% reduction in the intensity of
the prM band, as determined by densitometry analysis compared to mock. For the Pt-NO»
compound a smear appeared between and 40 and 50 kDa, with an ~82% reduction in the E band
intensity and an ~11% reduction of prM intensity. These results indicated that the Pt-Cl and Pt-

NO:z compounds derivatized immature KUNV.

- Pt-Cl PtNO, Pt-CN Hg
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Figure 2.3 Coomassie stained gel of immature KUNV with heavy-atom labels

Immature KUNV was incubated with mock (-), Pt-Cl, Pt-NO,, Pt-CN, or Hg compounds. The band
for E is seen at ~55 kDa, prM ~ 17 kDa, and C ~ 12 kDa.
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Cryo-EM datasets were collected on the Titan Krios for native immature KUNV and on
the Talos F200C for immature KUNV derivatized with the Pt-NO> compound. Heavy-atom
derivatization can denature proteins by disturbing protein folding (66). 2D class averages of
immature KUNV derivatized with the Pt-NO> compound showed that the virus resembled native
virus with no obvious defects (Figure 2.4A and B). An icosahedral reconstruction of the ~1,200
particles had the same spiky morphology as immature flaviviruses and reached a resolution of ~21

A (Figure 2.5).

Figure 2.4 2D class averages of immature KUNV datasets

Classes ordered by population for immature KUNV cryo-EM datasets. (A) Native immature
KUNV. (B) Immature KUNV derivatized with the Pt-NO> compound.
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Figure 2.5 Icosahedral reconstruction of derivatized immature KUNV

Cryo-EM reconstruction of immature KUNYV derivatized with the Pt-NO> compound (A) Surface
view of the reconstruction contoured at ~3 o, colored radially as indicated in the color key. (B)
Fourier shell correlation (FSC) of the reconstruction indicating a resolution of 21 A based on FSC
0.143 criterion.

Unfortunately, the heavy atoms were not apparent in the 21 A reconstruction. To identify
the possible locations of the heavy atoms, the density of the derivatized reconstruction was
normalized to the density of the native reconstruction. The native reconstruction was then colored
based on the density of the derivatized reconstruction (Figure 2.6). The highest density differences
were found in prM. Based on the known location of the three prM subunits within a spike density,

it appears that there is differential labeling with the Pt-NO> compound, but a higher resolution

structure is required to evaluate this hypothesis.
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Figure 2.6 Heat map of potential heavy-atom locations

The density of the derivatized reconstruction was normalized to the native virus, and then the
native virus was colored based on the density differences, as indicated in the color key. The density
values ranged from 0.002 to 0.03. The highest density difference is seen in the prM region of the
virus.

A cryo-EM dataset was collected on the Titan Krios for E16 bound to immature KUNV.
2D class averages for E16 bound to KUNV showed no obvious Fab density (Figure 2.7). However,
fuzzy density was observed on one side of the particle in almost all classes that extended from the
edge of the nucleocapsid core to the glycoprotein layer. Some classes such as 4, 5, 6, 8, and 10
also showed oblong particles, and these particles had cores that appeared to be eccentrically
positioned within the glycoprotein layer. Fuzzy density on one side of the particle was also

observed in class 5 in native immature KUNV (Figure 2.4A), but it was less apparent than in the

Fab-bound complex.
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Figure 2.7 2D class averages of the E16 Fab-immature KUNV dataset

Classes ordered by population. Localized fuzzy density in the glycoprotein spikes is most apparent
in classes 1 and 3.

An icosahedral reconstruction of the E16 Fab-immature KUNV complex did not converge
to a consistent reconstruction. Therefore, an asymmetric reconstruction was performed using
cryoSPARC version 2 (61), which resulted in a reconstruction at ~22 A resolution (Figure 2.8).
No density for E16 Fab was seen in this reconstruction. The reconstruction had an overall spiky
morphology, characteristic of immature flaviviruses, but weak distorted density was apparent on

one side of the particle, in agreement with what was seen in the 2D class averages.
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Figure 2.8 Asymmetric reconstruction of E16-immature KUNV complex

(A) Surface view of the asymmetric reconstruction of E16-immature KUNV, colored radially as
indicated in the color key and contoured at ~2.5 o. The electron density on one side of the particle
is weak and distorted. (B) FSC curve indicating that the resolution of the reconstruction is ~22 A.

A grayscale central cross-section (Figure 2.9), shows the inner density distribution for this
reconstruction. Distinct density layers for the inner and outer leaflet of the membrane are apparent

in the majority of the membrane. In the weak density region, there are protrusions from the core

to the membrane and glycoprotein density layer.
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Figure 2.9 Central cross-section for E16 Fab-immature KUNV complex

Grayscale central cross-section for the asymmetric reconstruction. There is weak density on one
side of the particle, including protrusions that extend from the core to the membrane layer.
These results indicate that E16 likely binds to a localized flexible region of the virus, and

that Fab binding appears to distort the virus and induce heterogeneity.

2.5 Discussion

The conformational rearrangement of flaviviruses was investigated using heavy-atom
compounds and E16 Fab. A Pt-NO> compound derivatized immature KUNV based on a gel shift
assay and a cryo-EM reconstruction of the derivatized virus. After normalizing the density of the
derivatized virus to the native virus, it appeared that prM was derivatized by the compound. Further
characterization is required to determine if the Pt-NO> compound differentially labeled E and/or

prM subunits and thus can be used to study maturation.
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E16 bound to immature KUNV caused a large change in the structure of the virus, such that
when assuming icosahedral symmetry the structure did not converge to a consistent solution. This
result was in agreement with the epitope being inaccessible, which was demonstrated by
superimposing the crystal structure of E16-E DIII onto the immature virus structure. The
asymmetric reconstruction of the complex confirmed that Fab binding led to weak distorted density
on one side of the particle.

In both the 2D class averages and the asymmetric reconstruction, there was partial strong
density for the glycoprotein spikes at one side of the particle, indicating that E16 must bind to a
distinct, localized region of the virus. If instead, virion flexibility was randomly distributed on the
virus surface and thus E16 bound randomly, then the averaged reconstruction would have
uniformly weak distorted density. This was not observed. Unlike the glycoproteins, the membrane
layer and core in the El6-immature KUNV reconstruction appeared generally intact. As is
typically observed for flavivirus reconstructions, the core was not well resolved in the
reconstruction.

Asymmetric antibody binding of flaviviruses is not limited to E16, as it was shown that
ZIKV-195 Fab also bound primarily to one side of mature ZIKV (67). Only 21% of the data was
used for the icosahedral reconstruction of the complex because the majority of the 2D class
averages displayed a localized binding of the antibody that was too heterogenous to successfully
average.

The E16 Fab-immature KUNV reconstruction indicated that immature flaviviruses may have
a localized deviation from symmetry. While the E16 Fab was not be usable for probing the
sequence of events of flavivirus maturation, it uncovered a false assumption to be investigated in

order to understand maturation. Flaviviruses have always been assumed to have icosahedral
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symmetry, and the models for maturation were constructed within an asymmetric unit. If
flaviviruses assemble with imperfect icosahedral symmetry, the deviations in symmetry would
likely impart structural flexibility and facilitate rotations and translations of the E protein subunits.
Asymmetry of flaviviruses will be investigated in Chapter 3, with the use of asymmetric

reconstructions.
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CHAPTER 3. FLAVIVIRUSES HAVE IMPERFECT ICOSAHEDRAL
SYMMETRY

The following chapter is a modified version of a publication (68).

3.1 Chapter Summary

Flaviviruses assemble initially in an immature, non-infectious state and undergo extensive
conformational rearrangements to generate mature virus. Previous cryo-electron microscopy
(cryo-EM) structural studies of flaviviruses assumed icosahedral symmetry and showed the
concentric organization of the external glycoprotein shell, the lipid membrane and the internal
nucleocapsid core. We show here that when icosahedral symmetry constraints were excluded in
calculating the cryo-EM reconstruction of an immature flavivirus, the nucleocapsid core was
positioned asymmetrically with respect to the glycoprotein shell. The core was positioned closer
to the lipid membrane at the “proximal pole”, and at the “distal pole”, the outer glycoprotein spikes
and inner membrane leaflet were either perturbed or missing. In contrast, in the asymmetric
reconstruction of a mature flavivirus, the core was positioned concentric with the glycoprotein
shell. The deviations from icosahedral symmetry demonstrated that the core and glycoproteins

have varied interactions, which likely promotes viral assembly and budding.

3.2 Introduction

Flavivirus virions mature as they pass through the secretory system, acquiring their
membrane when they bud into the endoplasmic reticulum (ER) (69). There are 60 copies of the
trimeric glycoproteins present as spikes on the immature virus (31, 32, 46). After exposure to low

pH in the trans-Golgi network, the glycoproteins undergo a conformational rearrangement from
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60 trimers to 90 dimers, which lie flat on the virus surface (13, 70). In the structures of mature
flaviviruses, the glycoproteins are arranged in a herringbone pattern that forms the outer shell of
the virus (16, 22,23, 71, 72). In contrast, flavivirus cores appear to lack a discernable organization,
and icosahedrally averaged reconstructions of flaviviruses show no structure for the core other
than a roughly spherical shell (16, 22, 23, 29, 31, 32, 46, 71, 72). The crystal and NMR structures
of the capsid protein suggest that the capsid associates with genomic RNA on one side and
membrane on the other side (30, 73, 74).

Asymmetric cryo-EM reconstructions of bacteriophages have proven useful to elucidate
the structure of portals and tails at unique vertices (75, 76). Asymmetric reconstructions have also
been used to determine unique features of genomic and protein architecture inside virions (77-82).
The antibody reactivity of flaviviruses suggests that virions exhibit conformational variability (34).
In order to study unique structural features that may have been hidden by icosahedral averaging,
an asymmetric reconstruction was performed of immature Kunjin virus (KUNV), a WNV
Australian subtype with low virulence. It was found that the viral core was asymmetrically
positioned with respect to the glycoprotein shell. In contrast, an asymmetric reconstruction of
mature KUNV showed concentric positioning of the core. However, both structures showed

perturbations in the glycoprotein organization.

3.3 Materials and Methods
3.3.1 Cell lines

C6/36 were grown in MEM supplemented with 25 mM HEPES at pH 7.3 and 10% FBS at
30°C. Vero cells were grown in DMEM supplemented with 1X non-essential amino acids (NEAA)

and 10% FBS at 37°C.
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3.3.2 Immature KUNYV infection

KUNV virus, strain MRM61C, was added to approximately 7x107 C6/36 cells at an MOI
of 8 in twenty 150 mm dishes. The passage of the virus was P3, and of the cells was P11. The cells
were infected with virus in 5 mL of PBS with 1% FBS, 1% CaCl, and 1% MgCl,, and rocked for
45 minutes at room temperature, followed by a 15 minute incubation at 30°C. 15 mL of MEM, 25
mM HEPES at pH 7.3 and 2% FBS was added to the cells. The cells were then incubated at 30°C
overnight. At 17 hours post infection (hpi), the inoculum was removed, and the cells were washed
twice with PBS, and incubated with new media including 20 mM NH4Cl. The wash and media
replacement was repeated at 19 hpi. Virus was harvested at 30, 48, and 70 hpi. Cytopathic effect

(CPE) was first observed at 48 hpi.

3.3.3 Mature KUNYV infection

Approximately 1x107 Vero cells at P11 were infected by KUNV virus P3 at an MOI of 8.
The cells were infected as described for immature virus, with the following changes: incubations
were performed at 37°C and the media used during the infection was DMEM with 1X NEAA and

2% FBS. Virus was harvested at 24, 50 and 70 hpi, and CPE was first observed at 24 hpi.

3.3.4 Virus purification

The 400 mL of media containing virus were clarified at 9,500 RPM in the JA-10 rotor
(Beckman Coulter, Inc.) for 20 minutes. 40% (w/v) PEG 8,000 was added to the media to a final
concentration of 8%. The media were then stirred slowly at 4°C overnight. The media were spun
at 9,500 RPM in a JA-10 rotor (Beckman Coulter, Inc) for 50 minutes. The supernatant was
removed and precipitated virus was resuspended in 15 mL of cold TNE pH 8 (12 mM Tris pH 8,
120 mM NaCl, 1 mM EDTA). The virus was then added to a polycarbonate bottle in which 2 mL

of a 22% sucrose solution in TNE was underlaid with a Pasteur pipette. The virus was spun in a
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Type Ti50.2 rotor (Beckman Coulter, Inc.) at 32,000 RPM for 2 hours. The supernatant was
removed and the pellet was resuspended in 1 mL of TNE. A potassium tartrate — glycerol gradient
was made with 10%-15%-20%-25%-30%-35% tartrate in TNE in an Ultra-Clear tube (Beckman
Coulter, Inc). To make the gradient, 1.5 mL of each layer was overlaid using a 1 mL pipette tip
that was cut with scissors to reduce mixing of the layers during layering. The virus was spun for 1
min at 3,000 x g to remove PEG aggregates, and then layered on top of the gradient. The layer
interfaces were marked and the gradient was spun for 2 hours at 32,000 RPM in a Type SW-41
rotor (Beckman Coulter, Inc.). The virus was visualized under a blue light. A blue band was
observed near the 20%/25% interface, and was extracted with a 22 gauge needle and syringe. The
virus was buffer exchanged and concentrated in a 100 kDa concentrator four times with TNE, to a
final volume of ~50 pL. Virus purity and the relative concentration of E protein was assessed by

SDS-PAGE with BSA standards.

3.3.5 Cryo-electron microscopy

2.5 pL of virus was added to the carbon side of non-glow discharged ultrathin lacey carbon
grids No. 01824 (Ted Pella) and plunge-frozen into liquid ethane using an CP3 plunger (Gatan) at
85% humidity. Blotting times used were between 6 and 8 seconds.

Data was collected using a Titan Krios microscope (FEI) operated at 300 kV and equipped
with a K2 Summit direct electron detector (Gatan). The magnification used was 18,000X in super-
resolution counting mode, which corresponded to a pixel size of 0.81 A per pixel. The objective
lens astigmatism was corrected with s2stigmator (83). Frames were recorded every 0.2 s for 8 s,
with a dose rate of ~ 8 electrons per physical pixel per second. The total dose for each image stack

of forty frames was ~ 24 electrons per A2 The defocus range used was -0.5 to -3 pm.
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387 and 369 movies were collected for immature and mature virus, respectively. The
Appion (84) and Leginon (85) systems were used for data collection and preprocessing. Individual
frames of raw movies were aligned and distortion corrected with MotionCor2 (86). CTF values
were estimated with CTFFIND4 (87). Particle picking was done with FindEM (88), resulting in
12,567 immature particles and 23,145 mature particles. A box size of 1280 x 1280 pixels was used

for both particles, and the particles were binned 4x.

3.3.6 Icosahedral reconstruction

Reconstructions were performed with a beta release of the RELION 2.1 program (60). For
the immature virus reconstruction, a particle mask of 650 A in diameter was used. Two rounds of
2D alignment and classification were performed to remove “junk” particles from the dataset. The
first round was run with 50 classes. Fifteen “good” classes were selected, which contained a total
of 9,368 particles. A second round of 2D classification with 40 classes was run. Ten classes
contained particles with defined features, which in total contained 7,396 particles. A random subset
of 2,000 particles were selected from this dataset for initial model generation.

Five iterations of stochastic gradient descent (SGD) were performed in RELION with the
2,000 particle subset to generate an initial model. Two rounds of refinement of the initial model
were then performed using “auto-refinement” mode, which was run with all 7,396 particles while
icosahedral symmetry was imposed. Sampling was initiated with 3.75° global sampling and local
sampling starting at 0.9°. The reconstruction reached 9.3 A using the “gold-standard” Fourier shell
correlation (FSC) of 0.143.

The reconstruction for mature virus was performed similarly. A particle mask of 550 A in
diameter was used for the mature particle. Two rounds of 2D classification were performed to

remove “junk” particles. In the first round, 50 classes were used, and eleven classes were selected
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that contained 16,938 particles. A second round of 2D classification resulted in two major classes
that that were selected with a total of 9,206 particles. The particle set was used for SGD initial
model generation in RELION. Refinement was carried out in “auto-refinement” mode, using the
initial model low-pass filtered to 80 A. The resolution was estimated to be 6.4 A using the “gold-

standard” FSC.

3.3.7 Asymmetric reconstruction

Asymmetric reconstructions were performed with RELION 2.1. The icosahedral
reconstruction of the immature virus was used as an initial model and low-pass filtered to 35 A.
Sampling was initiated with 3.75° global sampling and local sampling starting at 0.9°. The angles
for the 9,368 particles used in the icosahedral reconstruction were matched to the icosahedral
density without imposing symmetry. As the map is icosahedral it would not be expected to change
greatly, as each of the 60 icosahedral positions are equally valid for a given image. However, the
nucleocapsid core repositioned itself from the center to one side of the glycoprotein shell within
five iterations, which suggests its signal was strong enough to select a unique orientation. The
reconstruction reached 19 A resolution.

The refinement was repeated in “3D classification” mode, with a T factor of 0.5. A low T
factor was suggested to promote the emergence of asymmetric features in the refinement of other
viruses (81). This structure also resulted in the same asymmetric positioning of the nucleocapsid
core.

Mature virus was reconstructed using the icosahedral mature virus, low pass filtered to 40
A resolution, as an initial model. The refinement, using 9,206 particles, reached 35 A resolution.

The asymmetric reconstruction of immature KUNV likely reached higher resolution because the



56

immature virus has recognizable “spiky” features as compared to the smooth surface of the mature

virus, which made alignment more accurate for the immature virus.

3.3.8 Asymmetric reconstruction of immature ZIKV

An asymmetric reconstruction was calculated for immature ZIKV using previously
published data (32). The reconstruction was performed using the standard refinement procedure in
cryoSPARC (61), and reached ~20 A resolution. Similar to the immature KUNV reconstruction,
asymmetric features such as the eccentric positioning of the core were observed in the immature

ZIKV reconstruction.

3.3.9 Simulations

To validate the asymmetric reconstruction method, simulations were performed with
RELION. The icosahedral reconstruction of immature KUNV was projected using “relion_project”
for the 7,396 orientations determined for the icosahedral reconstruction. Noise was added to the
simulated projections. The simulated projections were then used to refine the icosahedral
reconstruction, without imposing symmetry. The reconstruction maintained its icosahedral
symmetry and did not have an eccentrically positioned core. Thus, the reconstruction procedure
did not introduce asymmetrical artifact.

A similar simulation was performed to confirm that known asymmetry was properly
aligned and averaged during the asymmetric reconstruction. The asymmetric reconstruction of
immature KUNV was projected at the orientations determined for the asymmetric reconstruction,
and noise was added. The asymmetric refinement of an icosahedral initial model led to the

emergence of features observed for the asymmetric reconstruction within five iterations.
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3.3.10 Image generation, local resolution estimates, and measurements

Immature and mature reconstructions were contoured at 3 ¢ in UCSF Chimera (64). Local
resolution maps of immature KUNV were generated using ResMap (89) with a maximum
resolution of 12 A for the icosahedral reconstruction, and 45 A for the asymmetric reconstruction.
JSPR (90) was used to calculate radial density distributions. Figures were prepared with UCSF
Chimera and Affinity Designer (Serif). UCSF Chimera and IMOD (91) were used to perform

measurements of the particles.

3.4 Results

Cryo-EM movies of immature and mature KUNV were collected on an FEI Titan Krios
equipped with a K2 direct electron detector (Table 3.1). Immature and mature KUNV showed
characteristic “spiky” particles and “smooth” particles, respectively (Figure 3.1). An asymmetric
reconstruction of immature KUNV was performed with the program RELION 2.1 (60), starting
with an icosahedral reconstruction (Figure 3.2A and B) as an initial model. The asymmetric

reconstruction was refined to ~20 A resolution (Figure 3.2C and D and 3.3).

Table 3.1 Cryo-EM data collection and processing statistics

Dataset Immature KUNV Mature KUNV
Microscope Titan Krios Titan Krios
Accelerating voltage, kV 300 300
Camera Gatan K2 Gatan K2
Mode Super-resolution Super-resolution
Number of movies 387 369
Pixel size, A/pixel 0.81 0.81
Dose rate, e’/pixel/s 8 8

Total dose e /A2 24 24
Frame rate, ms 200 200
Defocus, mm 0.5-3.0 0.5-3.0
Number of particles for reconstruction 7,396 9,206
Icosahedral resolution, A 9.3 6.4

Asymmetric resolution, A 19 35
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Figure 3.1 Cryo-EM particles of immature and mature KUNV

Particles from cryo-EM micrographs of (A) immature “spiky” KUNV and (B) mature “smooth”
KUNV. The defocus for these particles was 2-3 um. Scale bar is 200 A.

The position of the majority of the glycoprotein trimers in the asymmetric reconstruction
of the immature virus correspond to their position in the icosahedral reconstruction, demonstrating
that the glycoprotein shell has approximate icosahedral symmetry. In addition, the position of the
transmembrane densities of these glycoproteins in the asymmetric reconstruction is essentially the
same as in the icosahedral reconstruction.

However, unlike the icosahedral reconstruction in which the nucleocapsid core density is
situated concentric with the glycoprotein shell, in the asymmetric reconstruction the nucleocapsid
core is positioned eccentrically, coming closer to the membrane on one side, the “proximal pole”,
than on the other side, the “distal pole”, of the glycoprotein shell. At the distal pole, where the core
is farthest from the glycoprotein shell, there are significant distortions in the glycoprotein
organization (Figure 3.2D). The poles are defined by a line that passes through the center of the
reconstruction and intersects the approximate center of the distorted glycoprotein density in the

asymmetric reconstruction (Figure 3.2E).
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Figure 3.2 Cryo-EM reconstructions of immature KUNV

(A) Surface view of the icosahedral reconstruction, colored radially as indicated in the color key.
The icosahedral asymmetric unit is indicated by a black triangle. (B) Central cross-section of the
icosahedral reconstruction. (C) Surface view of the asymmetric reconstruction. (D) Central cross-
section of the asymmetric reconstruction shown in three orthogonal views. The black arrow
indicates the proximal pole, where the nucleocapsid core approaches closer to the glycoprotein
shell, whereas the red arrow indicates the distal pole, where the core is farthest from the shell. The
solid line in A and C and the dotted line in B and D are defined by joining the points of the center
of the reconstruction and the approximate center of the glycoprotein distorted density in the
asymmetric reconstruction. (E) Surface view of the asymmetric reconstruction showing the
locations of the proximal and distal poles. Black arrows point to where the solid line intersects the
glycoprotein surface. All reconstructions are contoured at 2-3 ©.
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Figure 3.3 Characterization of immature KUNV reconstruction

(A) FSC curves of two random half-sets of icosahedral (blue) and asymmetric (red) reconstructions.
(B) Central cross-section of the icosahedral reconstruction colored by local resolution. (C) Central
cross-section of the asymmetric reconstruction colored by local resolution. Grayscale sections of
(D) icosahedral and (E) asymmetric reconstructions.
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The eccentricity of the core was also observed in an independent asymmetric
reconstruction of immature ZIKV (Figure 3.4A and B). Furthermore, a test was performed to
validate that the method was unbiased: simulated projection images were generated from an
1cosahedral reconstruction of immature KUNV, which were then used for a reconstruction without
imposing symmetry. The reconstruction was icosahedral, demonstrating that relaxing symmetry

constraints during a reconstruction did not induce artificial asymmetry (Figure 3.4C).

A B

Figure 3.4 Asymmetric reconstructions

Grayscale central sections of reconstructions. (A) Immature KUNYV reconstruction. (B) Immature
ZIKYV reconstruction. (C) Simulated icosahedral data.
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The core density in the asymmetric reconstruction is an oblate spheroid, with an
approximate diameter of ~260 A stretching from pole-to-pole (Figure 3.5). The gap between the
core and the inner leaflet of the membrane is ~23 A at the proximal pole, slightly smaller than the
gap observed in the icosahedral reconstruction. The maximum external diameter of the
glycoprotein shell is ~560 A. There are density protrusions from the core connecting it to density

that represents presumably transmembrane helices of the prM and E glycoproteins.

A B
300 A

Figure 3.5 Measurements of immature KUNV

(A) Central cross-section of the icosahedral reconstruction colored radially as indicated in the color
key. (B) Central cross-section of the asymmetric reconstruction. Reconstructions are contoured at
3 o, and arrows indicate distances defined by the brackets.

Density for the inner leaflet of the membrane and the transmembrane helices is missing in
the distal pole region, resulting in a large gap between the core and membrane of ~64 A. A radial
density plot shows there is a density peak at the distal pole, near the expected radius for the inner

leaflet, which is not observed at the proximal pole (Figure 3.6). This suggests there is distinct

density at the distal pole region.
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Figure 3.6 Comparison of density values in immature KUNV reconstructions

(A) Radial density plot of rotationally averaged icosahedral and asymmetric reconstructions. The
center of the asymmetric reconstruction was defined by aligning the reconstruction to the
icosahedral reconstruction. The icosahedral and asymmetric reconstructions are shown in blue and
red, respectively. (B) Radial density plots calculated in the direction of a fivefold axis. The
icosahedral reconstruction was rotated so that a fivefold axis was positioned along the Z-axis in
Chimera. The asymmetric reconstruction was aligned to the icosahedral reconstruction, by aligning
the fivefold axis closest to either the proximal pole or distal pole to the icosahedral fivefold axis
positioned on the Z-axis. The icosahedral radial density plot is shown in blue, and asymmetric
radial density plots for the proximal pole and distal pole are shown in red and yellow, respectively.
The asymmetric distal and proximal pole share density features such as a peak at ~195 A for the
outer leaflet of the membrane. However, the asymmetric distal pole has a distinct density
distribution, such as the peak at ~150 A (black arrow) that is not observed in the icosahedral
reconstruction or at the proximal pole of the asymmetric reconstruction.

A ~35 A asymmetric reconstruction of mature KUNV was calculated using an icosahedral
reconstruction as an initial model (Figure 3.7). This reconstruction has layers of membrane and
glycoproteins at the same radial distance as in the icosahedral reconstruction. The virus is roughly
spherical, and has an uneven surface, with a large patch of distorted density. The core in the
asymmetric reconstruction of the mature virus (unlike in the immature virus) is positioned
concentric with the glycoprotein shell (Figure 3.7D). Protrusions extend from the core in the

mature virus into the glycoprotein layer, but the density is noisy, and less well resolved than for

the immature virus.
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Figure 3.7 Cryo-EM reconstructions of mature KUNV

(A) Icosahedral reconstruction of mature virus colored radially as indicated by the color key with
the asymmetric unit indicated by a black triangle. (B) Cross-section of the icosahedral
reconstruction. (C) Asymmetric reconstruction of the mature virus. (D) Cross-sections of the
asymmetric reconstruction shown in three orthogonal views. All reconstructions are contoured at
~3 o. (E) FSC curves of two random halfsets of the icosahedral (blue) and asymmetric (red)

reconstructions. The icosahedral reconstruction reached the Nyquist frequency at a pixel size of
3.24 A/pixel (4x binned).
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3.5 Discussion

Cells infected with a flavivirus synthesize glycoproteins that probably form trimers in the
membranes of the endoplasmic reticulum. As these trimers aggregate in the ER membrane, each
with essentially the same structure and in identical environments, they will tend to form
icosahedral structures as predicted for the assembly of viruses by Crick and Watson (92). However,
what determines the triangulation number and size of the final assembled virus is unclear. One
determinant that may influence particle size is the nucleocapsid core. In the absence of a core,
recombinant subviral particles (SVPs) containing prM and E have been reported to have a
triangulation number of T=1 (93). The core in immature KUNV contacts the glycoproteins at their
transmembrane domains, as was also observed for immature ZIKV (32), and these interactions
could influence particle assembly and size. There are likely multiple determinants of particle size,
since SVPs lacking cores have been observed that separate into two distinct size classes of
approximately the same size as infectious virions as well as the smaller T=1 predicted particles
(94).

The tendency to form three-dimensional icosahedral structures of any size in a membrane
is inconsistent with the normal planar structure of a membrane. As more trimeric glycoproteins
are recruited into the nascent icosahedral structure, there is pressure for the partially formed
glycoprotein shell to grow and finally close at what will become the distal pole (Figure 3.8). The
closing of the shell is likely impeded by the high membrane curvature and steric clashes with
adjacent spike glycoproteins at the bud neck, and probably results in missing trimers at the distal
pole. In agreement with this hypothesis, a simulation of icosahedral virus budding determined that
the final 1-3 subunits were not incorporated into nascent particles (95). Alternatively, one or more
host proteins that might promote budding could be incorporated into the virus particle at the late

stage of viral budding. It is unknown what viral and host machinery is involved in membrane



66

scission during the final moments of budding, but the ESCRT proteins may play a role, as these

were implicated for flavivirus budding (96).

Cytoplasm

ER

Maturation

Trans-Golgi
Network

Gchoproteins& Nucleocapsid core @

Figure 3.8 Model for flavivirus assembly

(1) The glycoproteins (red) assemble on the ER membrane and form the beginning of an
icosahedron. (2) The nucleocapsid core (blue), which has an unknown structure, interacts with the
glycoproteins on the ER membrane. (3) As the bud grows, more glycoprotein trimers are recruited
into the virion. (4) At late stage budding, virions are unable to incorporate the final copies of the
trimeric glycoprotein spikes, which results in (5) fewer glycoproteins and distortions in the
glycoprotein shell (top three trimers). The newly formed immature virus then leaves the ER and
traffics through the Golgi, and encounters low pH in the trans-Golgi network. (6) Maturation in
the trans-Golgi network results in a large conformational rearrangement and distortions across the
particle. As a result of maturation, the nucleocapsid is repositioned to be concentric with the
glycoprotein shell.
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The nucleocapsid core was found to be eccentrically positioned in an immature flavivirus,
similar to its positioning in herpesvirus and HIV (97, 98). However, the flavivirus core is unique
in that it repositions as a result of maturation. During the maturation process, the glycoproteins
undergo conformational rearrangements from trimers to dimers possibly loosening capsid-
glycoprotein interactions and leading to the release and centering of the nucleocapsid core. The
connections between glycoprotein transmembrane domains and the core in immature ZIKV
suggested that the core had icosahedral symmetry (32). Based on the asymmetric reconstructions
of KUNV and ZIKYV, there is at minimum, partial icosahedral symmetry in the core, at the capsid-
glycoprotein contact sites. Partial icosahedral symmetry in nucleocapsid cores is not limited to
flaviviruses. The cores of alphaviruses and hepatitis B virus were assumed to be icosahedral, but
have been found to assemble with imperfect icosahedral symmetry (99, 100).

By avoiding the assumption of icosahedral symmetry, it has here been possible to
determine the structure of an immature particle during early stages of assembly and budding. It
would seem probable that other enveloped viruses might have a similar assembly process within a

cell.
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CHAPTER 4. PROTEOMIC PROFILING OF EXTRACELLULAR
VESICLES INDUCED IN DENGUE VIRUS INFECTION

4.1 Chapter Summary

DENYV modulates host cell pathways during an infection to promote its replication, assembly,
and entry into new cells. Extracellular vesicles (EVs) that are released by host cells have been
shown to reprogram metabolic and signaling pathways in neighboring cells, but it is unknown how
they are altered by DENV infection. EVs are heterogeneous in size and cargo, and without strong
biomarkers to identify EV populations, it is challenging to define their role in DENV infection. A
method to purify and evaluate EVs using sucrose gradient ultracentrifugation and negative stain
EM was developed. Proteomic analysis of the DENV-induced EVs compared to mock identified
four DENV-enriched proteins that can be used to pull out EV populations and advance mechanistic

studies of EVs.

4.2  Introduction

Extracellular vesicles (EVs) are small, lipid-enclosed transport vesicles that carry proteins,
lipids, and nucleic acids from one cell to another (101). Heterogeneous in size and content, they
are utilized by cells for communication, for example to influence metabolic pathways in
neighboring cells. Due to the small size (~100 nm in diameter) and complexity of EVs, it remains
a challenge to study pure EV populations (102). It is common to see several methods of purification
attempted in a given study, for example a recent EV publication used both differential
ultracentrifugation and an EV isolation kit for purification (103). There is also confusion about

how to classify EVs, as no consistent biomarkers have emerged from proteomics analyses (104).
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Understanding the role of EVs in viral infection is significant because EVs contribute to viral
transmission and pathogenesis, as well as to the host immune response. In general, EVs have been
shown to promote both the immune response and viral infection. For hepatitis C virus (HCV), a
member of the Flaviviridae family, it was determined that EVs from HCV-infected Huh-7.5 cells
transported HCV RNA to non-permissive dendritic cells and activated their interferon response
(105). Alternatively, EVs isolated from HCV-infected Huh-7.5 cells and from patient sera were
packaged with viral RNA that was shown to mediate transmission of HCV in hepatocytes (106).

The role of EVs in flavivirus infection, in particular for DENV, has not been well studied.
EVs isolated from patient sera stained positive for E and NS1 by flow cytometry, indicating that
EVs may carry DENV proteins on their surface (107). It was also shown that DENV-infected Huh-
7 cells released EVs that carried infectious DENV RNA, as well as E, prM, and NS1 (108).
Furthermore, DENV-infected insect cells released infectious EVs that contained viral RNA and E
(109). A potential caveat of these studies is if virions and other particulates were inadvertently co-
purified with EVs.

As there are no good biomarkers for EVs, we aimed here to use proteomics to identify
suitable protein candidates that could be used to isolate EVs that were relevant to DENV infection.

These EVs can then be used for mechanistic studies to identify their role in DENV transmission.

4.3 Materials and Methods
4.3.1 Cell culture

HEK 293T, Vero, and Huh-7 cells were grown in DMEM supplemented with 1X non-

essential amino acids (NEAA) and 10% FBS at 37°C.
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4.3.2 Purification of EVs by differential ultracentrifugation

The Thailand/16681/1984 strain of DENV-2 or mock virus was added to ~3 x 10° Huh-7
cells in a T150 at an MOI of 8. The virus was incubated with the cells in 5 mL of PBS with | mM
MgClz, 1 mM CaCl,, and 1% FBS, and rocked at room temperature for 45 minutes, and then
incubated at 37°C for 15 minutes. 15 mL of DMEM with 2% FBS and 1X glutamine was added
to each T150, and the cells were incubated at 37°C. At 48 hpi, CPE was observed and the media
were removed and clarified at 300 x g for 15 minutes.

The 20 mL of media were spun at 32,000 RPM for 2 hours in a Ti50.2 rotor (Beckman
Coulter, Inc). The supernatant was poured out, and any remaining supernatant was aspirated. Faint

pellets were observed for DENV and mock, and the pellets were resuspended in 250 uL. PBS.

4.3.3 Purification of EVs by OptiPrep gradient ultracentrifugation

HEK 293T cells were split into twenty 150 mm dishes. After two days of growth the media
were harvested from approximately 6.5 x 107 cells, and clarified at 9,500 RPM for 15 minutes in
aJA-10 rotor (Beckman Coulter, Inc). 400 mL of 2X PEG solution (16% PEG 8,000 and 1M NaCl)
was added to the media and stirred to dissolve. The mix was incubated overnight at 4°C.

The PEG-media solution was spun at 10,000 x g in a JA-10 rotor (Beckman Coulter, Inc)
for 50 minutes. There was a very large pellet present on the sides of the bottle. The pellet was
resuspended in 20 mL of HEPES buffer (12 mM HEPES pH 8, 120 mM NaCl, 2 mM MgCl,) and
spun in a Ti50.2 rotor (Beckman Coulter, Inc) at 32,000 RPM for 2 hours. The pellet was yellow
and brown colored, and was resuspended in 1 mL of HEPES buffer.

A discontinuous OptiPrep gradient was made with 10-20-25-30-40% OptiPrep in HEPES
buffer. 1.5 mL of each layer was underlaid to make the gradient, with 2 mL of the 10% layer. The

resuspended pellets were spun at 3,000 x g for 1 minute to pellet any aggregates. The supernatant



71

was removed and layered on top of the gradient. The aggregated pellet was then washed with 0.5
mL of HEPES buffer and spun again, with the supernatant added to the top of the gradient. The
gradient was spun at 32,000 RPM in a SW41 rotor (Beckman Coulter, Inc) for 2 hours. Bands
were visible at the 10/20% and 20/25% interface. ~1 mL fractions were collected using a peristaltic

pump from the bottom of the tube.

4.3.4 SDS-PAGE and western blot

4 uL of sample was added to 1 pL. of 5X reducing dye and boiled for 5 minutes. The sample
was loaded onto a 12% polyacrylamide gel and run at 170 V for 1 hour. The gel was boiled in
Coomassie Brilliant Blue R-250 for ~10 seconds, and then rocked at room temperature for 5
minutes before destaining.

The SDS-PAGE for western blots was run similarly, except with 16 uL of sample added
to 4 uL of 5X reducing dye. After electrophoresis, the gel was transferred onto a nitrocellulose
membrane at 100 V for 1 hour. Then the membrane was blocked in 2.5% milk in PBS-T overnight
at 4°C. The next day, the membrane was quickly washed with PBS-T, and then incubated with 10
mL of mouse anti-CD81 (JS-81, BD Biosciences) at a dilution of 1:500 in PBS-T for 1 hour. The
membrane was washed three times for 5 minutes each in PBS-T, and then incubated with 10 mL
of the secondary antibody (IR Dye 800CW Goat anti-Mouse, LI-COR Biosciences) at a dilution
of 1:10,000 in PBS-T for 1 hour in the dark. The membrane was again washed three times, and

then imaged using the Odyssey CLx Imaging System (LI-COR Biosciences).

4.3.5 Agarose gel electrophoresis

8.4 uL of gradient fractions were added to 1.6 uL of 6X dye and loaded onto a 0.8% agarose

gel. The gel was run at 140 V and nucleic acids were visualized with the GelDoc-It Imager (UVP).
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4.3.6 Negative stain EM

Negative staining was performed following the droplet method (110). Briefly, 3 uL of
sample was added to a glow-discharged copper grid. The solution was blotted away after ~15
minutes, and then the grid was washed twice with 25 uL of steamed distilled water, while blotting
in-between washes. The grid was then stained with 10 pL of 0.75% uranyl formate, which was
blotted away after 10 seconds. The grid was then air dried.

Transmission EM was done using the Tecnai T20 (FEI) or Tecnai T12 (FEI). The nominal
magnifications used were between 40,000-50,000X, which corresponded to pixel sizes of ~6-9

Alpixel.

4.3.7 Purification of EVs by sucrose gradient ultracentrifugation

HEK293T cells and Veros were split into twenty 150 mm dishes, and the media were
harvested after 3 days of growth. The media were clarified at 5,000 RPM for 30 minutes in a JA-
10 rotor (Beckman Coulter, Inc). 100 mL of 5X PEG solution (40% PEG 8,000 2.5 M NaCl) was
added and inverted to dissolve. The mix was incubated at 4°C for 3 hours. The PEG solution was
spun at 15,000 x g in a JA-10 rotor (Beckman Coulter, Inc) for 50 minutes. There was a large white
pellet for both 293T and Vero media. The pellets were resuspended in 20 mL of TNE (12 mM Tris
pH 8, 120 mM NaCl, 1 mM EDTA), and spun in a Ti50.2 rotor (Beckman Coulter, Inc) at 10,000
X g overnight.

The pellets were resuspended in 1 mL of TNE and added to 1 mL of 85% sucrose in an
Ultra-Clear tube (Beckman Coulter, Inc). 5 mL of 35% sucrose was overlaid, followed by 3 mL
of 5% sucrose on top, based on a flotation assay protocol (111). The gradient was spun in a SW41
rotor (Beckman Coulter, Inc) at 38,000 RPM for 2 hours. The gray band present at the 5/35%

interface was extracted with a 22G needle and syringe and buffer exchanged four times into TNE.



73

Purification of DENV- and mock-infected Huh-7 media was performed similarly, with the
following modifications. Three replicates of DENV-2 and mock virus were performed with ten
150 mm dishes of ~1 x 108 total Huh-7 cells. One replicate for DENV and mock was performed
earlier and with a different DENV stock. The MOI for the infections was ~0.5. The virus was
added to the cells in 5 mL of DMEM in 2% FBS, and the cells were rocked at room temperature
for 1 hour. 15 mL of DMEM and 2% FBS was then added, and cells were incubated at 37°C. The
media were harvested when CPE was observed, which occurred at 48 hpi for one replicate and 68
hpi for the other two replicates. After PEG precipitation, the resuspended PEG pellets were spun
in a Ti50.2 rotor (Beckman Coulter, Inc) at 32,000 RPM for 2 hours. The rest of the purification
was performed as described for HEK 293T and Veros. Following purification, the samples were
heat-inactivated at 55°C for 30 minutes before submitting to the Bindley Bioscience Center mass

spectrometry facility.

4.3.8 Protein extraction and digestion

Samples were dried for 1 hour in a vacuum centrifuge and 100 pL of ammonium
bicarbonate (ABC) was added to the pellets. Samples were then homogenized in a barocycler
(Pressure Biosciences) set to 35 kpsi for 20 seconds, followed by atmospheric pressure for 10
seconds, for 90 cycles. The samples were compared to BSA standards using a bicinchoninic acid
(BCA) assay to estimate protein concentration. The sample was then precipitated with four
volumes of acetone, and stored at -20°C overnight.

Acetone precipitated samples were spun at 14,000 RPM for 15 minutes. The supernatant
was removed and resuspended in acetone. The samples were incubated at -20°C for 15 minutes,
then spun at 14,000 RPM for 10 minutes. The supernatant was removed and the sample was dried

in a vacuum centrifuge for 15 minutes. 10 uL of 10 mM DTT/urea was added and the samples
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were placed in a rotary shaker for 30 minutes at 37°C. Next, 10 puL of the alkylating solution was
added (195 pL acetonitrile (ACN), 4 uL 2-iodoethanol, 1 pL triethylphosphine) and again samples
were placed in a rotary shaker for 30 minutes at 37°C. Following the reduction and alkylation steps,
samples were dried in vacuum centrifuge for 30 minutes.

20 pg of trypsin-LysC was dissolved in 400 pL 25 mM ABC and 80 puL was added to the
samples for digestion. Digestion occurred at 50°C in a barocycler (Pressure Biosciences) set to 20
kpsi for 50 seconds, then atmospheric pressure for 10 seconds, for 60 cycles. Peptides were then
purified with a C18 MicroSpin columns (Nest Group) following manufacturer’s instructions.
Peptides were eluted with 80% ACN, 0.1% formic acid and dried in a vacuum centrifuge for 1

hour. The samples were stored at -20°C prior to LC-MS/MS.

43.9 LC-MS/MS

This paragraph was provided by Victoria Hedrick at the Bindley Bioscience Center.

Digested samples were analyzed using the Dionex UltiMate 3000 RSLC Nano System
which was coupled to a Q Exactive™ HF Hybrid Quadrupole-Orbitrap Mass Spectrometer
(Thermo Scientific, Waltham, MA). Peptides were first loaded onto a 300 um i.d. x Smm C18
PepMap™ 100 trap column and washed with 98% purified water/2% acetonitrile (ACN)/0.01%
formic acid (FA) using a flow rate of 5 pl/minute. After 5 minutes, the trap column was switched
in-line with a 75 pm x 50 cm reverse phase Acclaim™ PepMap™ RSLC C18 analytical column
heated to 50°C. Peptides were separated over the analytical column using a 120 minute method at
a flow rate of 300 nl/minute. Mobile phase A contained 0.01% FA in purified water while mobile
phase B consisted of 0.01 % FA/80% ACN in purified water. The linear gradient began at 2% B
and reached 10% B in 5 minutes, 30% B in 80 minutes, 45% B in 91 minutes, and 100% B in 93

minutes. The column was held at 100% B for the next 5 minutes before returning to 5% B where
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it was equilibrated for 20 minutes. Samples were injected into the QE HF through the Nanospray
Flex™ Jon Source fitted with an emitter tip from New Objective. MS spectra were collected from
400 to 1600 m/z at 120,000 resolution, a maximum injection time of 100 ms, and a dynamic
exclusion of 15 s. The top 20 precursors were fragmented using higher-energy C-trap dissociation
(HCD) at a normalized collision energy of 27%. MS/MS spectra were acquired in the Orbitrap at

a resolution of 15,000 with a maximum injection time of 20ms.

4.3.10 Data analysis

Peptides were matched to proteins using MaxQuant 1.6.3.3 (112) and searched in the
UniProt H. sapiens database (113) downloaded on February 7, 2019 combined with the DENV-2
strain 16681 protein sequences, a list of contaminants, and a reverse decoy database. Digestion
was set to Trypsin and Lys-C, and chosen modifications were oxidation (M), acetyl (N-terminal)
with fixed modifications iodioethanol (C). Peptide tolerance was set to 10 ppm, and label free
quantification was performed. All other default options were used, including a false discovery rate
of 1%.

Filtering of the dataset was performed in Excel (Microsoft). First, contaminants and reverse
hits were removed, as well as proteins with zero raw intensity values and any proteins with zero
or one MS/MS counts. This led to a list of 1,554 proteins. The list was further filtered to 226
proteins by keeping only proteins that were observed in > 2 replicates in either the DENV or mock
datasets. Of the 226 proteins, 141 were found in only the DENV sample, one was only found in
the mock sample, and 84 were found in both datasets. To avoid data value imputation, the list was
further filtered to keep only proteins that appeared in all three replicates. This list included four
proteins found only in the DENV sample, and 32 proteins found in both DENV and mock. The

label free quantification (LFQ) values were then log,-transformed and averages for the replicates
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were calculated. Fold enrichment was calculated by subtracting the transformed mock averages
from the DENV transformed averages. A two-tailed Student’s t-test was used to calculate
statistical significance. A protein was considered statistically significant if it had a p-value of 0.05

or greater, and a fold enrichment of three or greater. Only four proteins fit this criteria.

4.3.11 Gene Ontology (GO) analysis

The protein IDs of the 141 proteins that were identified in only the DENV sample were
submitted to the Gene Ontology knowledgebase (114). The top five results based on p-values in

biological process, molecular function and cellular component were reported.

4.4 Results

In order to use proteomics to identify potential biomarkers of DENV-induced EVs, EVs had
to be separated from contaminants in the media. In the literature there is no consistent method for
isolating EVs from cell media, so several strategies were attempted. Differential
ultracentrifugation of mock-infected Huh-7 cells yielded EVs based on the characteristic donut
shape seen in negative stain EM (Figure 4.1). However, the high protein contamination observed
by negative stain limited the usability of the purification for proteomics analysis, and therefore EV

purification by gradient ultracentrifugation was performed.
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Figure 4.1 Mock-infected Huh-7 EVs isolated by differential ultracentrifugation
Negative stain EM of purified Huh-7 media with EVs (black arrows). There is high protein

contamination seen in the background. Pixel size: 9.24 A/pixel.

As it was unclear which gradient reagent would work best in terms of both separation and
EV stability, OptiPrep was initially used based on its extensive use in the literature for EV
separation. Additionally, CD81, a tetraspanin protein and proposed biomarker of EVs, was used
to identify EVs within the gradient. In a pilot study, mock-infected HEK 293T media were purified
with an OptiPrep gradient and fractionated (Figure 4.2A). A CD81 western blot of the gradient-
fractionated media indicated that CD81 was found in primarily fractions 5-8 (Figure 4.2B). The
fractions were also run on an agarose gel to identify fractions containing nucleic acids, as EVs are
known to be packaged with RNAs. Fractions 5-7 showed bands for nucleic acids, in agreement
with CD81 (Figure 4.2C). When these fractions were combined, concentrated and run on an SDS-

PAGE gel, there was a high number of protein bands present (Figure 4.2D).
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Figure 4.2 Characterization of HEK 293T EV purification

OptiPrep gradient-fractionated EV prep. (A) Fractions were collected from bottom to top (1 is
bottom, 10 is top). (B) CD81 western blot of fractions. The CD81 band is seen at ~25 kDa, with
fraction 7 containing the strongest band. (C) Agarose gel of fractions, with nucleic acid seen most
brightly in fraction 6 and 7. (D) SDS-PAGE of pooled and concentrated fractions 5-7. (E) Negative
stain EM of pooled and concentrated fractions 5-7 with observed EVs (black arrows). Pixel size:
6.66 A/pixel.
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Negative stain EM was used to evaluate the purity and concentration of EVs in the combined
fractions, which showed that although EVs were recovered, there was high protein contamination
(Figure 4.2E). The contamination and low number of EVs recovered indicated that OptiPrep was
not an ideal gradient solution for separation. Sucrose gradients are frequently used for subcellular
fractionation as well as liposome flotation assays. Therefore, it was hypothesized that sucrose
solution might better separate EVs from proteins with similar density properties. Additionally, in
the flotation assay, liposomes are added to the bottom of the gradient and floated up. This method
has been shown to reduce aggregated protein co-purifying with liposomes, and was therefore used
to separate EVs.

EVs were isolated from mock-infected HEK 293T and Vero media with sucrose gradients,
following a similar procedure as a flotation assay (111). The purified samples were negative
stained and imaged. Negative stain EM showed that the EVs from both cell types were free of
background protein (Figure 4.3).

Therefore, the adapted flotation assay protocol was used to purify EVs from mock and
DENV-infected Huh-7 cells. Negative stain EM showed that the EVs were relatively clean from
protein and particulate contamination (Figure 4.4). The EVs were heterogenous and ranged in size

from ~40 to 300 nm in diameter.
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Figure 4.3 EVs isolated from mock-infected 293Ts and Veros

Negative stain EM of EVs purified using a sucrose gradient. EVs were purified from (A) HEK
293T media and (B) Vero media. Pixel size: 6.66 A/pixel.
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Figure 4.4 EVs isolated from infected Huh-7’s

Negative stain EM of Huh-7 EVs purified by sucrose gradient ultracentrifugation. (A) Mock-
infected Huh-7 EVs. (B) DENV-infected Huh-7 EVs. Pixel size: 6.66 A/pixel.
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Three replicates of EV samples for mock and DENV were prepared for mass spectrometry
and analyzed by LC-MS/MS. Database searching and label-free quantification (LFQ) was
performed with Maxquant 1.6.3.3 (112) which identified 1,554 proteins. LFQ values represent
normalized peptide ion intensities. DENV proteins that were found in the protein list in > 2
replicates were the structural proteins E, M, and C as well as nonstructural protein 1 (NS1) (Table

4.1).

Table 4.1 DENV proteins identified in EV sample

Label free quantification (LFQ) values for DENV proteins identified in > 2 replicates were logs-
transformed and averaged.

Protein Average Log, LFQ intensity

Structural proteins

E 31.2

M 27.3

C 27.7
Non structural proteins

NS1 29.3

Based on the average LFQ values, there was higher E and NS1 in the sample, and similar
amounts of M and C. A western blot for DENV E confirmed that E was present in all DENV

samples (Figure 4.5).
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Figure 4.5 Western blot for DENV E
Three replicates for mock-infected and DENV-infected Huh-7 were probed with 4G2 mAb. E: ~54

kDa.

The dataset was initially filtered to identify proteins found in > 2 replicates of the DENV
sample and not the mock sample (DENV-enriched). Proteins that were in > 2 replicates of the
mock sample and not the DENV sample (DENV-depleted) were also searched for, but only one
protein, a keratin, was identified, which is a common contaminant for mass spectrometry. The list
of DENV-enriched proteins included 141 proteins. The proteins were analyzed by gene ontology
(GO) analysis, which indicated that the DENV-enriched proteins were generally involved in
vesicular transport and were components of extracellular vesicles, confirming that the purification

procedure successfully isolated EVs (Table 4.2).
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Table 4.2 GO term analysis of EV proteins found in DENV and not mock sample

Proteins identified in > 2 replicates in the DENV sample and not the mock sample (DENV-
enriched) were searched in the GO database for biological processes, molecular functions and
cellular components. The top five results for each category are shown. Count in gene set indicates
the number of proteins that were found in the dataset compared to the GO reference list. P-value
refers to a statistical over-representation of input genes relative to the reference list.

GO Term Countin Gene Set P-value
Biological Process
Localization 95 of 5651 2.03x107°
Transport 84 of 4467 9.55x10™"°
Establishment of localization 85 of 4588 1.11x107"®
Exocytosis 37 of 781 6.45x10™""
Regulated exocytosis 35 of 693 1.26x107"°
Molecular Function
Cell adhesion molecule binding 33 0f483 9.01x10™°
Cadherin binding 23 of 315 1.83x10™"
Protein binding 121 0f 11890 3.99x107°
Protein-containing complex binding 33 of 1096 1.14x107°
Binding 135 of 15185 2.32x107°
Cellular Component
Extracellular exosome 114 of 2096 6.59x107
Extracellular vesicle 114 of 2117 1.93x10%
Extracellular organelle 114 of 2119 2.14x107%2
Vesicle 122 of 3812 9.07x10°%
Extracellular region part 117 of 3529 1.47x10%

To identify potential EV biomarkers of DENV infection, the list of proteins was more
stringently filtered to only the proteins found in all three replicates, which reduced the dataset to
36 proteins. Label free quantification was used to calculate the enrichment of each protein along
with statistical significance. Hits were classified as those with greater than threefold enrichment
and p-values of 0.05 or greater. Based on the criteria, only four proteins remained as candidates,
cystatin-A (CSTA), filamin B (FLNB), fibrinogen beta chain (FGB), and endothelin converting

enzyme 1 (ECE1) (Figure 4.6).
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Figure 4.6 DENV-enriched Huh-7 EV proteins

Volcano plot of DENV-enriched host proteins relative to mock. The horizontal line designates a
p-value of 0.05, and the vertical line designates threefold enrichment, which was the criteria used
to identify candidate proteins. Four proteins that were only found in the DENV sample were
identified within these thresholds.

The properties of these four proteins was investigated in the literature (Table 4.3). CSTA
is a member of the cystatin family which are known inhibitors of cysteine proteases, such as
cathepsins found in lysosomes (115). FLNB cross-links actin and is an important component of
the cytoskeleton and the extracellular matrix. FGB is involved in forming fibrin for blood clotting.
Lastly, ECEL1 is a glycosylated metalloprotease that cleaves and activates endothelin, a potent
vasoconstrictor (116). It has also been found to degrade proteins and peptides including o-

synuclein, bradykinin, and somatostatin (117). As an integral membrane protein it resides on the

plasma membrane and in intracellular and extracellular vesicles (118, 119).
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Table 4.3 Properties of DENV-enriched Huh-7 protein hits

Protein Protein ID Type Mol. Weight (kDa)
Cystatin-A CSTA Soluble 11

Filamin B FLNB Soluble 278
Fibrinogen beta chain FGB Soluble 56
Endothelin converting enzyme 1 ECE1 Integral membrane protein 87

CSTA, FLNB, and FGB are soluble proteins, and are therefore either EV cargo or
peripherally associated with EV lipids or membrane proteins. In contrast, ECE1 is an integral
membrane protein and likely found inside the EV membrane. These proteins provide potential
biomarkers for DENV infection, as well as immunoprecipitation targets for pulling down EV

subpopulations, and can guide investigation into the role of EVs in DENV infection.

4.5 Discussion

As methods for EV purification are not standardized, method development of the
purification procedure was necessary in order to obtain EV proteomics datasets. Optimization
required being able to identify when EVs were isolated free of impurities. Although various
biochemical methods were attempted, including western blots, ultimately negative stain EM was
the best method for confirming that EVs were pure. Compared to virus purifications, such as those
described in Chapter 3, the yields of EVs from twenty dishes of cell media was low. It is possible
that the purification procedure destroyed EVs, or that cell lines released fewer EVs than expected.
HEK 293Ts, Veros, and Huh-7’s were all found to release EVs in amounts that were observable
by negative stain EM. Negative stain EM unfortunately dehydrates EVs and changes their shape,
so it was difficult to analyze the structural heterogeneity in EVs. Improvements in the purification
scheme should yield sufficient quantities of EVs for cryo-EM, which would allow for a full

characterization of EV structure.
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The DENV proteins NS1, E, M and C were all identified by mass spectrometry in the EV
sample. It is likely that virions co-purified with EVs even following the flotation assay, and indeed
virions were observed in EV purifications in negative stain EM. Previous studies which used
ultracentrifugation to isolate flavivirus EVs also likely contained virions and other particulates
(109). With the identification of EV biomarkers and use of affinity purification, it will be possible
to independently evaluate whether EVs carry viral proteins or RNA because these samples will
not be contaminated by virions.

Mass spectrometry of Huh-7 EVs identified 141 proteins that were enriched in the DENV
sample over mock. These proteins were involved in vesicular transport and were known
components of EVs. From this dataset, only four proteins were identified that were both threefold
enriched and statistically significant. These were the proteins CSTA, FLNB, FGB, and ECE].
While these proteins do not interact, they have overlapping known functions, for example FGB
and ECEI are involved in vascular remodeling. However, the role of these proteins in DENV
infection remains to be validated and evaluated, as well as if they are present in the same EVs or
different populations. As candidate EV biomarkers for DENV infection, these proteins will

facilitate future mechanistic studies.
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