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ABSTRACT

Enveloped viruses utilize surface expressed glycoproteins in order to mediate both virus
attachment and entry. The purpose of this work was to characterize the Lassa virus glycoprotein
receptor binding (GP1) and fusion active (GP2) subunits, and to identify residues required for
receptor interaction(s) and mediating viral-cell fusion. We biochemically evaluated 140 constructs
containing mutations in either the GP1 or GP2 subunit. The constructs were assessed for their
ability to mediate fusion, become processed and surface expressed, and transduce two well
characterized haploid cell lines. Constructs harboring mutations within the GP1 subunit
hypothesized to be inhibiting primary receptor alpha-dystroglycan (aDG) usage were also tested
for protein-protein interaction. Our findings highlighted several amino acid residues required for
aDG interaction and presumably lysosomal associated membrane protein 1 (LAMP1), a second
Lassa virus receptor, interaction. We also identified residues mapping in or near GP2 functional

domains that are required for protein function.
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CHAPTER 1
SPECIFIC AIMS

Arenaviruses are an emerging threat throughout Africa and the Americas. Many
arenaviruses are capable of inducing hemorrhagic fever (HF) which causes classical symptoms
including mucosal bleeding, respiratory distress, and shock. Human infection primarily occurs
through contact with rodent reservoirs but can also occur via person-to-person contact. Currently
there is no vaccine for any arenaviral pathogen and treatment relies on semi-efficacious measures.
Both Ribavirin, a broadly acting anti-viral, and antibody therapy have been used to treat arenaviral
infections; however, these treatments are associated with severe side effects and are only effective
if used early in infection (1-3).

Numerous individuals worldwide are infected by arenaviruses each year. The Old World
arenavirus, Lassa virus (LASV), infects hundreds of thousands annually with a documented case
fatality rate of 1% (4). Due to the ease of transmission, lack of therapeutics, and mortality
associated with infection, LASV is categorized as a class A pathogen (5).

The appearance and protein structure of viruses depend on its lifecycle. Upon budding from
an infected host cell, the arenavirus particle is enveloped in a host membrane. In order to re-enter
host cells, enveloped viruses encode viral glycoprotein(s) to interact with cellular receptor(s) and
mediate fusion. The mature LASV glycoprotein (GP) exists as a trimer and is composed of three
domains: the stable signal peptide (SSP), GP1, and GP2. Each domain is responsible for a
functional step in virus entry. Lassa SSP is required for proper GP trafficking and pH sensing, GP1
is required for receptor binding, and GP2 is required for mediating fusion pore formation. Our goal
was to identify regions within GP1 required for receptor interactions as well as regions within GP2

required for mediating protein function/fusion.



Specific Aim 1

To determine the regions within LASV GP1 required for alpha-dystroglycan interaction

Old World and New World clade C arenaviruses primarily utilize alpha-dystroglycan
(aDGQG) to attach and enter cells. A second virus receptor in the lysosome, lysosomal associated
membrane protein-1 (LAMPL), is specifically utilized by LASV for efficient cellular entry. We
hypothesized that the aDG binding site is conserved among arenaviruses which utilize aDG for
cellular entry. To identify specific regions within LASV GP1 responsible for aDG interactions,
we utilized insertional mutagenesis, carbohydrate addition and subtractions, and alanine scanning
of charged and hydrophobic amino acids. The mutated constructs were tested for protein
expression, cleavage, fusion, transduction capability, and aDG binding. Data gained from these
experiments showed that the aDG receptor binding site is located at the trimer interface and may
span multiple GP1 monomers. These findings correlate with previously published data regarding
LCMV- aDG interactions.

Specific Aim 2

To determine specific residues within LASV GP2 required for mediating protein function

Lassa virus GP2 is the fusion active subunit of the GPC and unlike conventional class 1 fusion
proteins it contains both a fusion peptide and fusion loop. We hypothesized that both charged
and hydrophobic residues play critical functional roles within GP2. To examine the amino acids
necessary for fusion peptide functionality, GP2 reconfiguration, and fusion pore formation we
utilized alanine scanning to mutate both hydrophobic and charged residues within the GP2
subunit. Constructs were tested for protein surface expression, processing, fusion and

transduction capabilities using a Vesicular stomatitis virus (VSV) pseudotype system.



Information gained from these experiments highlighted residues involved in the fusion process.

Future experiments will biochemically test where in the fusion processes the mutation affects.



Chapter 2
Arenavirus Disease and Entry Mechanisms: A Review
Global Impact

Viruses impact health around the world on a daily basis. Unfortunately, diseases caused by
viruses do not often receive global attention until a large outbreak or spillover cases occur. The
2014 West Africa Ebola (EBOV) outbreak, which lasted approximately two years, showed how
emerging infectious diseases can negatively impact daily life. By the end of the outbreak, nearly
28,000 individuals were infected by EBOV which attributed to over 11,000 deaths (6). The size
and escalation of the outbreak prompted a quick research response around the world. In the United
States alone, roughly 2.8 billion dollars was spent on EBOV research and aid to better understand
how the virus functions and to prevent infection (6). Ultimately, EBOV research led to
advancements in vaccine development and therapeutics which helped to mitigate the outbreak (7,
8).

Apart from EBOV, the arenavirus family contains many emerging pathogens endemic to
Africa and the Americas. There are five arenaviral species endemic to South America and one
endemic to Africa associated with hemorrhagic fever. Lassa fever virus is the most predominant
arenavirus in Africa, and serology suggests that there are hundreds of thousands of infections per
year (9). Lassa virus is capable of causing hemorrhagic fever in humans, and is spread through
close contact with rodent hosts or infected individuals (10, 11). The first identified LASV host was
Mastomys natalensis, and in 2016 two other rodent reservoirs, Hylomyscus pamfi and Mastomys
erythroleucus, were identified in West Africa (12, 13). Identification of multiple LASV hosts is

significant because it could permit the maintenance of the virus in more demographic regions.



Current predictions state there will be a doubling of LASV infections by 2050 which is due to the
discovery of multiple rodent hosts and the current trend in global climate change allowing for more
ecological niches.

Although LASV is endemic to West Africa, globalization and world travel result in
imported cases around the world. There have been documented cases of LASV in Germany,
Sweden, the United Kingdom and the United States (14-17). In 2015, a man contracted LASV in
West Africa before traveling back to the US and died from the disease after being treated in New
Jersey. No known reservoirs for LASV exist outside of West Africa, but the disease has potential
to spread through person-to-person contact. Therefore, a better understanding of the virus is needed
for the future development of both therapeutics and vaccines.

Virus Entry Mechanisms

Virus entry is the first step of the infectious process. Surface expressed cellular proteins
and sugars act as receptors to anchor viral particles to the membrane. Viruses encased in a host
derived membrane encode receptor binding and fusion competent proteins to overcome lipid
membrane boundaries. Activation of the fusion subunit releases the viral genome into the cell for
replication. The location of the viral fusion event is specific to the virus but can occur either at the
cell surface or throughout the endocytic pathway.

Common forms of virus entry include clathrin mediated endocytosis (CME), caveolin-
dependent endocytosis and macropinocytosis. Clathrin polymerization and accessory proteins
create invaginations in the cellular membrane which ultimately undergo membrane scission by
dynamin. This process creates an endosomal vesicle in the cell cytoplasm which is trafficked to

target membranes (18). Caveolin, similar to clathrin, also coats endocytic vesicles and helps to



drive vesicle formation (19). Many viruses utilize CME for entry including the semliki forest virus
and vesicular stomatitis virus (VSV) (20, 21), while viruses such as SV40 exploit caveolar vesicles
for efficient cellular entry (22).

Unlike clathrin and caveolar dependent endocytosis, macropinocytosis is nonspecific (23).
Under normal physiological conditions, macropinocytosis is used by the cell to uptake fluids/small
molecules and is driven largely by actin rearrangement at the cell membrane. Although unspecific,
many viruses are able to hijack this pathway for internalization (23). Once endocytosed, the virus
containing vesicles are trafficked to a late endosome or endo-lysosome. Viruses that utilize this
pathway are able to mediate fusion pore formation at low-pH.

Lassa virus is able to enter cells through macropinocytosis and entry is largely independent
of clathrin and caveolin mediated endocytic pathways (24-26). This mechanism of uptake is unlike
the natural ligand of aDG, laminin, which is endocytosed in a dynamin dependent process (27).
After receptor interactions at the cell surface, the LASV particle is endocytosed and trafficked to
a late-endosome. Cellular factors involved in the uptake of LASV particles include actin
rearrangement, Cdc42 activation and activation of the sodium-hydrogen exchange which are all
hallmarks of macropinocytosis (25). Interestingly LASV does not induce membrane
ruffling/blebbing to the extent seen with other viruses utilizing macropinocytosis for entry (25,
26). By not causing extensive morphological changes at the cell membrane, the virus may be better
adept to avoid immune surveillance. Once the LASV containing vesicle fuses with a lysosome,
genome release is mediated through low-pH activation of the fusion subunit. The LASV receptor

interactions and fusion event will be discussed in the following sections.



Lassa Virus Particle Description

Viruses are one of the smallest infectious agents known, and contain either a DNA or RNA
genome which encode viral proteins. LASV is an enveloped virus consisting of a bi-segmented,
negative sense, single stranded RNA genome in ambisense orientation. Both RNA segments,
known as the large and small segment, encode two proteins. The large segment encodes both the
matrix (Z) protein and polymerase (L) while the short segment encodes for the nucleoprotein (NP)
and glycoprotein complex (GPC). All four proteins are required for a replication competent virus;
however, VLP formation can occur with solely expressing Z protein (28).

When viewed with electron microscopy, the arenavirus particle appears sandy and harbors
mature GP trimers imbedded in the viral membrane. The sandy appearance is due to the
incorporation of host ribosomes; however, this phenomenon does not enhance virus replication
(29). The GPs expressed on the viral surface enable LASV to bind host receptors, gain entry and
mediate fusion pore formation resulting in genome release. Particles void of glycoprotein are not
able to infect host cells.

Viral Glycoprotein Processing and Structure

Viral glycoproteins can be grouped into three classes. Each class shares commonalities in
the structure and function of the glycoprotein, as well as how the fusion pore is activated and
formed. LASV GPC is a class | fusion protein, and will be discussed at length. During replication,
viral glycoproteins that are considered class | are produced as precursors and must undergo
proteolytic cleavage to carry out viral functions. Without the cleavage/priming event, the precursor

glycoprotein is unable to function properly (30). This step is critical for the infectivity of future

progeny.



Class | viral glycoproteins undergo proteolytic cleavage at various time points of
infectivity; before, during or after viral egress. The cleavage event is carried out by host cell
proteases to create a mature form of the glycoprotein from the glycoprotein precursor. Several
Class | proteins have been extensively studied in regards to processing. For example, the HIV
envelope protein is produced in the ER and cleaved by cellular signal peptidases to produce gp160.
Then, proteolytic cleavage of the HIV-1 gpl60 precursor occurs intracellularly by subtillisin
family proteases, including both furin and LPC/PC7 (31, 32). This cleavage results in two subunits,
gp120 and gp41, responsible for host cell binding and fusion pore formation respectively. Without
gp160 processing, HIV-1 is unable to elicit cellular entry.

Like HIV, Influenza virus HA must undergo proteolytic cleavage to mediate virus
attachment and entry. Influenza HAQ is processed by host cell proteases to form the HA1 and HA2
subunits. Many proteases, including trypsin-like, subtillisin-like and serine member proteases have
been identified to support the processing of HAO (33-35). The cleavage site for HAO is dependent
on the strain of influenza, and the enzyme cleaves HAO is dependent on the amino acid
architecture. For instance, furin recognizes a polybasic cleavage site found in some avian HA
proteins while other HA cleavage sites harbor monobasic sequences (36). Unlike HIV, where
gp160 is processed in the infected cells, the processing event for influenza HA can occur in the
host cell, at the cell membrane or on mature viral particles.

The paramyxovirus fusion protein, F, requires proteolytic processing for functionality (30).
Many paramyxovirus F proteins encode a polybasic cleavage site and are processed intracellularly

by host furin proteases (33). Viruses that do not encode the furin cleavage site (R-X-K/R-R) may



be cleaved by other host proteases such as cathepsins or trypsin-like proteases (37-39). Without
protein processing, paramyxovirus F protein is unable to mediate virus-cell fusion.

Like the other Class | proteins above, the LASV glycoprotein complex (GPC) is first
synthesized as a precursor protein, GPC, which undergoes two cleavage evens (Fig 2.1). The first
processing event occurs in the ER by a host cell signal peptidase cleaving the LASV SPP, and the
second processing event occurs in the cis-Golgi by SKI-1/S1P producing the receptor binding and
fusion active subunits (40-43). Unlike other class | fusion proteins, the relatively long signal
peptide in arenaviruses is not degraded; it remains stable and serves a chaperone-like function
which is necessary for the correct protein processing, trafficking, and pH sensing/activation (44-
46).

Structure of the Lassa Virus Glycoprotein

The LASV glycoprotein is expressed as a trimeric complex imbedded in the viral envelope
(Fig 2.1). As stated previously, the mature trimeric GP complex can be divided into three domains:
GP1, GP2 and the SSP. Each domain is responsible for a major function in viral entry and their
structure will be discussed in detail.

The LASV SSP is an essential subunit in the mature glycoprotein and has multiple
functions within the LASV lifecycle. Sequence analysis of the arenaviral SSP reveals an N
terminal myristolation motif, two hydrophobic transmembrane domains, and a zinc finger binding
motif which secures an interaction with GP2. Membrane topology studies confirmed the
orientation of the SSP in the lipid bilayer. The arenaviral SSP positions both the N- and C-terminus
intracellularly, crosses the membrane twice and contains a small ectodomain (47). Mutational

analysis within the SSP reveals several key residues required for GPC trafficking and pH sensing.
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Specifically, interruption of a conserved K33 residue expressed in the ectodomain inhibits GP
fusion (48). Deviation from a charged residue at position K33 reduces fusion, so it is thought that
the conserved lysine residue may assist to destabilize the fusion active subunit under low-pH
conditions. Other studies show that SSP-GP2 interaction is necessary for proper protein
trafficking, and mutations to the zinc finger binding domain result in impaired glycoprotein
trafficking (49). In general, the SSP functions as a key subunit within the arenaviral GP assisting
in protein trafficking, folding and fusion.

A majority of the GP mass is composed of the GP1 and GP2 subunits. In the mature GP,
the GP1 and GP2 subunits interact non-covalently and mediate both receptor interactions and
fusion. Both the neutral and low-pH conformations of LASV GP1 have been crystalized (50, 51).
Comparison of the two crystals highlight structural rearrangements that occur within GP1 at low-
pH. The LASV histidine triad undergoes major rearrangements at low-pH which may help to
destabilize the GP1 trimer organization and release from GP2 (50, 51). A second conformational
difference seen comparing GP1 at neutral and low-pH is the position of the termini. At neutral pH,
the N-terminus of GP1 forms a beta strand and interacts with a second beta strand located in GP2
(50). The low-pH GP1 monomer positions both the N- and C-termini facing upwards away from
where the GP2 subunit would be located (51). Overall, the flexibility within the GP1 subunit may
allow for the disengagement of GP1 from GP2 and result in membrane fusion.

In addition to the crystallization studies, the LASV GP has been viewed with cryo-electron
tomography at various pH conditions. Structural changes within the GP occur when the pH is

lowered below 7, and at a pH of 3 the GP1 subunit disassociates from GP2 (52). This finding
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correlates with the previous crystal structures suggesting that both GP1 and GP2 undergo
conformational changes under low-pH.

The LASV GP2 subunit has only recently been crystalized in the pre-fusion form and has
not been crystalized in the post-fusion form (50). However, due to the highly conserved GP2
sequence/structure between LASV and LCMV, we can utilize the pre- and post-fusion LCMV
crystal structures for characterization (53, 54). Both LASV and LCMV are categorized as a Class
| fusion protein and consist of two heptad repeat (HR) domains, an N-terminal fusion peptide, and
an internal fusion loop. Each domain is required for the transition of pre-fusion GP2 to post-fusion
GP2. Specifically, the hydrophobic fusion loop and fusion peptide insert into the host membrane
upon GP2 activation. This event creates a bridge between the viral and host membranes. To close
the gap and mediate fusion pore formation, HR1 and HR2 undergo structural rearrangements
which lead to membrane merger. Taken together, all three arenaviral GP subunits function as a
unit to permit proper GP processing/folding, trafficking, internalization, and fusion allowing for
viral replication.

Virus Receptor Interactions

Enveloped viruses have evolved many mechanisms to accomplish membrane fusion and
genome delivery. Some virus such as paramyxoviruses, bind to the host cell and fuse at the cell
surface, whereas other viruses, including influenza, utilize cellar endocytosis machinery to be
delivered deeper in the cytoplasm where fusion is triggered by low-pH. In each case, the first step
in infection is attachment to the cellular membrane.

LASV entry requires a two-step process in which the GP undergoes a pH induced receptor

switch (Fig 2.2). Lassa GP1 first interacts with its primary receptor, aDG, expressed on the cell



12

surface (55). In cells lacking aDG, LASV is able to utilize other entry factors including heparan
sulfates, DC-SIGN and TAM family member proteins (56-58). Although LASV can use alternative
methods of entry, the most efficient virus uptake occurs through primary receptor usage.

The receptor binding domain within LASV GP1, required for aDG interaction, has not
been identified. However, the aDG binding site required for LASV attachment has been
extensively characterized. Interaction between LASV GP1 and aDG requires the expression of a
specific 0-mannosyl group on aDG (59). In cells lacking LARGE, the glycosyltransferase
necessary for the o-mannosyl modification, LASV is unable to efficiently enter (59). Bound to
aDG on the outer membrane, LASV is thought to become endocytosed through the
macropinocytosis pathway described earlier (24, 25, 58). Once in the macropinosome/endosome
LASV is trafficked until lysosomal merger, and acidification of the endo-lysosome compartment
causes conformational changes to occur within GP1. Similar to HIV gpl120 conformational
changes allowing for co-receptor binding, the pH induced changes in LASV GP1 reduces affinity
for aDG and increases affinity for LAMP1 (58, 60, 61). The second receptor for LASV, LAMP1,
was identified using a haploid screen in cells deficient in dystroglycan (58). Several other proteins
involved in trafficking, sugar structure and protein modifications were also identified. One
identified protein, ST3GALA4, involved in modifying complex N-glycans led the researchers to
mutate N-glycosylation motifs in the LAMP1 sequence. Interruption of a LAMP1 N-glycan motif
at position N76 impaired receptor interactions suggesting that this sugar structure is involved in
receptor binding (58).

The location of the LAMPL1 binding site within GP1 is currently being investigated in the

field. Ron Diskin’s group has shown that the LASV GP1-LAMP1 interaction occurs through a
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conserved histidine triad (H92-H93 and H230), and that mutations to the histidine triad reduce
LAMP1 binding (51). The histidine triad is conserved between LASV and LCMV; however,
previous studies have shown that LCMV does not bind to LAMP1 nor is LAMPL1 required for
entry (62). This suggests that either mutations to the LASV GP1 histidine triad alter protein folding
or the histidine triad of LASV/LCMV GP1 assume different conformations. Cryo-electron
tomography images of LASV GP1 show that under low-pH the GP1 trimer undergoes
conformational changes and exposes a LAMP1 binding groove located between monomers (52).
In accordance to Diskin’s group, the histidine triad is oriented within the putative LAMP1 binding
groove. This data suggests that the histidine residues are either directly involved in LAMP1
interaction or involved in GP1 conformational changes that indirectly affect LAMP1 binding (51,
52).

Although activation of the LASV GP can occur with low-pH alone (52, 63), the GP1-
LAMPL1 interaction is hypothesized to lower the activation energy needed to overcome GP
triggering (64). It is believed that protonation of the histidine triad leads to fusion activation.
Assuming the surface-exposed residue H230 is protonated first, this would increase the energy
needed to protonate the two nearby adjacent histidine residues (H92-H93). To overcome energy
boundaries, LAMP1 may supply a negative charge to the histidine triad under acidic conditions.
This would allow the charge of the microenvironment to become net neutral and may permit the
further protonation of H92-H93 (64). Ultimately, protonation of the histidine triad is thought to act
as a switch inducing conformational changes within GP1 leading to GP2 triggering. To support

this hypothesis, a negative charge at position H230 both inhibits GP1-LAMP1 interaction and
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allows for the early activation of LASV GP at a higher than optimal pH (64). Overall, the LAMP1
receptor interaction leads to the efficient activation of the fusion protein and enhances virus entry.

Class | Virus Fusion Proteins

All enveloped viruses encode proteins responsible for carrying out fusion pore formation.
The basic composition of a Class | fusion protein consists of two heptad repeats, a fusion peptide,
transmembrane domain, and cytoplasmic tail. Pre-fusion structures of Class I fusion proteins vary
between viral families; however, all Class | fusion proteins exist as trimers in both the pre and
post-fusion forms. The triggering event which mediates the transition from the pre-fusion to post-
fusion glycoprotein form virus specific and includes receptor binding, low-pH, and receptor
binding plus low-pH.

Following the activation of a Class | fusion protein, the fusion peptide is inserted into the
host cell membrane. Once a sufficient number of fusion proteins trigger and overcome the
metastable hairpin conformation, fusion will proceed. The hairpin folds back on itself in an
energetically favorable conformation and forms a six helix bundle mediated by the N- and C-
terminal heptad repeat domains (6HB). During the process of re-folding an intermediate state,
known as hemi-fusion occurs. Hemifusion is defined as the merger of the outer host membrane to
the outer viral membranes. Full collapse of the viral glycoprotein overcomes the hemifusion
intermediate and allows for fusion pore formation (Fig 2.3) (65). Establishment of the fusion pore
is needed for viral genome release.

The GP2 subunit of LASV and other arenaviruses is responsible for mediating fusion
between the viral and host cell membranes. The protein structure of GP2 resembles that of a class

one fusion protein, but the fusion domain resembles a hybrid structure containing both an internal
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fusion loop and an N terminal fusion peptide (53). The fusion peptide of LASV GP closely
resembles that of PIV5 F while the fusion loop resembles Ebola GP and other class 11/111 fusion
proteins (66). Both the fusion peptide and fusion loop work together to anchor GP2 into the host
membrane leading to fusion pore formation.

To understand the transition fusion proteins undergo when activated, the pre-fusion LASV
and post-fusion LCMV GP2 crystal structures will be compared (Fig 2.4). The amino acid
sequence similarity and protein structure between LASV and LCMV GP2 closely correlate. When
activated, the arenaviral GP2 subunit must undergo drastic conformational changes to mediate
fusion pore formation. In the pre-fusion state, the GP1 and GP2 subunits are in contact with one
another and share considerable surface area (Fig 2.4). The N-terminal fusion peptide is buried
between the GP1 and GP2 subunit interface. The heptad repeat regions, which facilitate 6HB
formation, are less structured compared to the post-fusion form. Heptad repeat 1 (HR1) is divided
into four separate domains in the pre-fusion state; three of four domains within HR1 create separate
alpha helixes and one domain is unstructured. While the HR2 domain interacts with b-sheets within
the T-loop as well as the N-terminus of GP2 (54). Overall, the pre-fusion structure of GP2 is
seemingly more compact and unstructured compared to the post-fusion structure.

The introduction of low-pH causes major conformational changes to occur within LCMV
and LASV GP (53, 54). In the post-fusion state, GP1 disassociates from the GP trimer. Heptad
repeat-1 forms a continuous a-helix, not seen in the pre-fusion state, and positions the N-terminal
fusion peptide and internal fusion loop to be inserted into the host membrane. Once a sufficient
number of GP triggering events have occurred to overcome membrane energy barriers, the

extended GP2 conformation folds back on itself to form a pre-bundle complex. The pre-bundle
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conformation brings the host and viral membranes in close proximity. Collapse of the pre-bundle
conformation results in 6HB and hemi-fusion to occur. In the 6HB conformation, HR1 and HR2
make several contacts and full collapse of the GP2 subunit allows for fusion pore formation to
occur. The formation of a fusion pore releases the viral genome into the cytoplasm for viral
replication.

Small Molecule Inhibitors

Several viral inhibitors have been developed that help reduce disease burden felt by HIV,
Influenza and many other viruses. These inhibitors are designed to block virus replication at critical
points throughout their lifecycle. Effectively blocking the virus lifecycle leads to lower titers in
the host and helps to clear infection. Inhibitors identified for HIV include both antibodies and
peptides which bind to the glycoprotein and inhibit virus entry (67, 68). Currently there is only
one fusion inhibitor, Fuzeon (T-20), used in the clinic to treat HIV-1. The peptide T-20 is derived
from the C terminal heptad repeat of gp41 and blocks HIV entry by inhibiting 6HB formation (69-
72). Blocking 6HB results in the inhibition of fusion pore formation which leads to lower viral
infection. A second promising HIV entry inhibitor, LP-19, works in a similar mechanism as
Fuzeon. When comparing LP-19 to T-20, LP-19 blocks HIV-1 entry with greater efficiency and is
more potent at lower concentrations (73). However, unlike Fuzeon, LP-19 has not undergone
clinical trials.

Severe cases of influenza can also be treated with viral inhibitors. There are currently four
viral inhibitors on the market which impede Influenza virus replication. Two inhibitors,
Amantadine and Rimantadine, act against the M2 proton channel and inhibit viral un-coating. Two

other inhibitors, oseltamivir and zanamivir, inhibit Influenza NA required for viral egress. Other
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inhibitors exist in the lab setting and include sialic acid like inhibitors and antibodies. These
inhibitors block virus entry by binding near the sialic acid binding domain within influenza HA
(74) (75-77).

Although there are no licensed viral inhibitors, besides ribavirin, used for arenaviral
treatment, several have been identified in a lab setting. Many of the identified arenaviral inhibitors
block pH induced glycoprotein activation. A recently developed small peptide derived from
Pichinde virus HR-N, AVP-p, blocks entry of several arenaviruses through early triggering of the
arenavirus glycoprotein (78). Early activation of the viral glycoprotein results in reduced viral
infectivity. Other arenaviral inhibitors have been identified via high throughput screening.
Specifically ST-193, 16G8 and 17D1 reduce LASV GP medicated entry and are shown to be
inhibiting low-pH conformational changes (79-81). The primary region thought to be targeted by
the inhibitors is the SSP and GP2 interface (79). The SSP-GP2 interaction is required for multiple
GP protein functions including protein trafficking, pH sensing and fusion. Therefore, blocking the
SSP-GP2 interface would impair normal GP functions and result in less virus entry.

In order to design future arenaviral inhibitors, a basic understanding of the viral entry
proteins is needed. The work presented here sought to better define micro domains within the
LASV GP1 and GP2 subunit required for receptor interaction(s) and fusion respectively. To
identify the aDG receptor binding site within LASV GP1 and functional domains within GP2 we
utilized site directed insertional and point mutagenesis. Data gained from these studies highlights

amino acid residues required receptor interaction and GP2 function.
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Figure 2.1. The subunits and structure of the Lassa virus glycoprotein complex. (A) The
LASV glycoprotein complex consists of the membrane-integrated stable signal peptide (SSP)
(blue), GP1 subunit (purple) and the non-covalently attached GP2 subunit (green). The GPC is
cleaved by signal peptidase (red arrow) and SKI-1/S1P (yellow arrow) during protein processing.

(B) Cartoon of the SSP, GP1 and GP2 heterotimer complex in the lipid bilayer.
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Figure 2.2. LASV Enters Cells via Macropinocytosis and Undergoes a Receptor Switch to

Mediate Efficient Cellular Entry. (1) Lassa virus binds to aDG expressed on the outer cell
membrane and is endocytosed by micropinocytosis. (2-3) Upon macropinosome maturation the
vesicle fuses with a lysosome. The LASV GP undergoes a receptor switch when exposed to low-
pH in the lysosomal environment; losing affinity for aDG and gaining affinity for LAMPL. (4-5)
Low-pH along with LAMP1 binding activates the LASV GP2 fusion protein and allows for
fusion pore formation. The opening of a fusion pore releases the LASV genome into the cell

cytoplasm for replication.
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Figure 2.3. Class | membrane fusion pathway. The steps leading from Class | fusion protein
activation to mediating fusion pore formation. (i-ii) The viral glycoprotein, expressing a receptor
binding domain and a fusion active subunit, undergoes a triggering event. (iii) An extended
prehairpin conformation forms following the glycoprotein triggering event. (iv) To overcome the
energy needed for membrane merger, multiple viral glycoproteins are needed to tigger. These
triggering events lead to a cluster of hairpins. Prebundle formation brings the host and viral
membranes in close apposition. (v) 6HB formation drives the hemifusion event, which mediates
the merger of the outer viral envelope and host membrane (not shown). After hemifusion, full

collapse of the viral glycoprotein occurs and results in fusion pore formation.
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Figure 2.4. Structural Differences Between LASV/LCMV Pre-Fusion and Post-Fusion
Conformations. The LASV fusion protein undergoes major confomrational changes when
exposed to low-pH. (left) Under neutral pH, LASV GP2 shares a large amount of surface area with
the receptor binding GP1 subunit and the domains required for mediating viral-host membrane
fusion are seemingly unstructured to the post-fusion structure (right). After activation, the HR1
domains makes a continuous alpha-helix and interacts with HR2 to mediate 6HB and fusion pore

formation.
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CHAPTER 3
MUTATIONAL ANALYSIS OF LASSA VIRUS GLYCOPROTEIN HIGHLIGHTS
REGIONS REQUIRED FOR ALPHA-DYSTROGLYCAN UTILIZATION

Introduction and Objectives

Lassa fever is a hemorrhagic disease caused by an Old World arenavirus known as Lassa
virus (LASV). The virus was first isolated in Nigeria in 1969 and is currently endemic in West
Africa (82). Serological studies suggest hundreds of thousands of people are infected each year
(9). While most infections are mild or asymptomatic, 15-20% of cases require hospitalization and
result in approximately 5000 deaths annually (83-85). The rodent host for LASV is the
multimammate rat, Mastomys natalenis (13). Recently, the virus has been isolated from
Hylomyscus pamfi and Mastomys erythroleucus, potentially increasing its geographic range (12).
Human exposure occurs through direct contact with the infected rodents, rodent excrement, or
close contact with infected patients (10). Due to the high morbidity and mortality associated with
Lassa hemorrhagic fever, LASV is classified as a category A pathogen (86).

Lassa virus is an enveloped ambisense RNA virus with a bi-segmented genome. Viral
particles are covered in mature glycoprotein (GP) trimeric spikes, which mediate viral entry. Like
other class 1 viral fusion proteins, the envelope glycoprotein precursor (GPC) is translated as a
single polypeptide and is proteolytically cleaved into three subunits. Processing occurs first in the
ER by a cellular signal peptidase. GPC is then trafficked to the cis-Golgi and processed by cellular
proprotein convertase subtilisin kexin isozyme-1/site-1 protease (SKI-1/S1P) to produce a non-
covalent stable signal peptide SSP/GP1/GP2 hetero-trimer (Fig 3.1 A-B) (40-43). Unlike other

class | fusion proteins, the relatively long signal peptide of GPC is not degraded; it serves a
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chaperone-like function necessary for the correct trafficking and processing of GP (44, 46, 87).
SSP interacts with the cytoplasmic domain of GP2 and is involved in pH sensing (48, 49, 88). GP1
is responsible for binding to cellular receptors (55, 58), while GP2 mediates membrane fusion
during viral entry (53, 54, 89).

Cellular entry of LASV is a multistep process involving multiple GP1-receptor
interactions. First, GP1 interacts with a cell surface receptor on the plasma membrane, mainly
alpha-dystroglycan (aDG) (55). Additional surface receptors can mediate LASV entry in the
absence of aDG, including heparin sulfate, DC-SIGN and TAM family members (56-58). This
initial GP1-receptor interaction induces viral internalization through a clathrin, caveolin, and
dynamin independent process (24, 25, 58). Once within the low-pH environment of the endo-
lysosomal compartment, GP undergoes conformational changes that reduce its affinity for aDG
and increase its affinity to a second receptor, lysosomal associated membrane protein 1 (LAMP1)
(60, 61). Engagement of LAMP1 by LASV GP1 is hypothesized to lower the activation energy
needed to mediate GP2 conformational changes that fuse the viral and cellular membranes,
completing the entry pathway (52).

Previous studies have provided new structural information for both the pre-fusion
conformation and pH-induced changes in the LASV glycoprotein. Recently, the trimeric pre-
fusion GP1/GP2 crystal of LASV was solved (50). This structure provides novel insight into the
LASV GP complex including trimer organization, glycosylation, and potential receptor binding
sites. The LASV GP1 monomeric protein was previously crystalized under low-pH conditions (pH
5) (51). The low-pH purified protein was unable to interact with DG, but interacted with LAMP1,

suggesting that the crystal structure resembles GP1 in the lysosome (51). Comparison of the pre-
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fusion GP1 crystal (isolated at pH 8) and the pH 5 GP1 crystal structure highlights several low-
pH-induced conformational changes required for LAMP-1 interactions (50).

In addition to the crystallization studies, a cryo-electron tomography (cryo-ET) study was
able to construct three-dimensional structures of LASV GP trimers under increasingly acidic pH
conditions (pH 7, 5, and 3) (52). Tomographic reconstructions suggest the GP1 subunit undergoes
conformational changes at pH 5, opening a putative LAMP1 binding crevice at the GP1 trimeric
interface (51, 52). Pseudoatomic models fit both pre-fusion GP1/GP2 and low-pH GP1 crystal
structures into the low resolution cryo-ET densities, providing three-dimensional models of GP
trimer organization (50-53).

LASV entry is most efficient when GP1 interacts with aDG and LAMP1. While the GP1
binding interface has been mapped in both aDG and LAMP1, the corresponding receptor-binding
sites in GP1 have yet to be elucidated. Utilizing the new crystal structure as a model, we used
carbohydrate shielding, insertional mutagenesis, and alanine scanning mutagenesis to identify
regions within GP1 important for receptor interactions (Fig 3.1D). Previous data suggests that the
LASV GP must be in a trimeric form to interact with aDG. We hypothesize that the receptor biding
domain involves at least two GP1 monomers and is located in the central trimeric core.

Materials and Methods

Cell lines and transfections. Vero (African green monkey kidney) cells stably expressing human
SLAM were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5%
(vol/vol) fetal bovine serum (FBS) at 37°C and 5% CO3 (90). HAP1 and HAP1-ADAGTI cells

(Horizon Discovery) were maintained in Iscove’s media supplemented with 10% (vol/vol) FBS at
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37°C and 5% CO.. All transient transfections were performed using GeneJuice (Millipore) as per
manufacturer’s instructions.

Molecular biology. The LASV GPC protein coding sequence was codon optimized for mammalian
expression and cloned into a pcDNA3.lintron vector. Gene expression was initiated by a CMV
promotor and the B-globin intron was engineered in the 5’ untranslated region (UTR) to increase
protein production. A carboxy-terminal 3xFLAG tag was added to the cytoplasmic tail of the GP2
subunit for biochemical detection. HA tag coding sequence (YPYDVPDYA) was added to the
plasmid at the indicated locations using PCR-based insertional mutagenesis with Q5 polymerase
(NEB). Point mutations were introduced with QuikChange mutagenesis and PfuTurbo-HS
polymerase (Agilent). The plasmid DNA of each construct was sequenced, and the presence of
each mutation was confirmed. Complete sequence information is available upon request.

Surface biotinylation. Vero cells were transfected with plasmid DNA encoding the indicated Lassa
GPC mutants. Thirty-six hours following transfection, cells were washed with cold PBS and
biotinylated with 0.5 mg/mL sulfosuccinimidyl-2-(biotinamido) ethyl-1,3-dithiopropionate
(Thermo) for 30 min on ice. The reaction was quenched using Tris-HCI, and cells were lysed in
M2 lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) at 4°C and
clarified with centrifugation (20,000xg, 15 min). Lysate was incubated with streptavidin sepharose
beads (GE Healthcare) for 60 min while rotating. Following incubation, the streptavidin sepharose
beads were washed in buffer 1 (100 mM Tris (91), 500 mM lithium chloride, 0.1% Triton X-100)
and then in buffer 2 (20 mM HEPES [pH 7.2], 2 mM EGTA, 10 mM magnesium chloride, 0.1%

Triton X-100), incubated in urea buffer (200 mM Tris, pH 6.8, 8 M urea, 5% sodium dodecyl
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sulfate [SDS], 0.1 mM EDTA, 0.03% bromophenol blue, 1.5% dithiothreitol) for 30 min at 55°C,
and subjected to immunoblot analysis.

Antibodies and immunoblots. Surface biotinylated material was fractionated by gel electrophoresis
on 10% Tris-glycine gels (ThermoFisher) and transferred to polyvinylidene difluoride (PVDF)
membranes (GE Healthcare). GP was detected with specific antibodies directed against the Flag
epitope tag (M2; Sigma). Immunoblots were developed using mouse 1gG horseradish peroxidase
(HRP)-conjugated secondary antibodies (Jackson) and a ChemiDoc digital imaging system (Bio-
Rad). Each experiment was repeated at least three independent times and a representative image
is shown. Trichloroacetic acid (TCA) precipitated pseudotyped particles were fractionated as
described for biotinylated material. Protein was detected with specific antibodies directed against
LASV GP2 (22.5D), kindly provided by Dr. James Robinson (Tulane University), and against
VSV matrix (23H12, courtesy of Dr. Douglas Lyles; Kerafast) (92, 93). Alpha dystroglycan was
detected with 11H6 monoclonal antibody (EMD Millipore). Immunoblots were developed using
HRP-conjugated human IgG and mouse 1gG (Jackson) secondary antibodies, respectively, and a
ChemiDoc digital imaging system (Bio-Rad). Immunoblots were quantified using ImageLab
software.

Cell-to-cell fusion assay. Vero cells were co-transfected with Lassa GP mutants and pmaxGFP
(4:1 ratio). Forty hours following transfection, media was removed and replaced with DPBS (pH
4) and incubated (37°C and 5% CO) for 30 min to allow glycoprotein triggering. The DPBS was
replaced with DMEM and cells were incubated for an additional 3 hours to enable membrane

rearrangement and clear syncytia formation. Four representative pictures of the fusion were taken
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using the Zoe microscope (Bio-Rad) (20x magnification) and unfused cells were counted.

Quantification of fusion was calculated using the following equation:

Fusion — (unfused cells in mock transfected — unfused cells in mutant transfected) % 100
uston = (unfused cells in mock transfected — unfused cells in WT GPC transfected)

Each mutant was assessed in the fusion assay in three independent experiments.

VSV pseudotype production and transductions. GP constructs lacking the c-terminal 3xFlag tag
were used to make the vesicular stomatitis virus (VSV) pseudotyped particles. Vero cells were
transfected with LASV GP DNA. Thirty-six hours following transfection the cells were transduced
with VSVAG-GFP particles pseudotyped with VSV-G (MOI 1) for one hour (courtesy of Dr.
Michael Whitt; KeraFAST) (94). The particle-containing media was then replaced with fresh
DMEM. VSVAG-GFP particles displaying the LASV GP were collected 12 hours following the
transduction. These particles were applied onto HAP1 and HAP1-ADAG]1 cells in volumes of 0.25
mL and 1 mL, respectively. A higher volume of particles was used to transduce HAP1- ADAG1
cells in order to overcome the decreased transduction efficiency when the cells are missing the
primary receptor (58). The number of GFP positive cells was enumerated in a flow cytometer.
Results are displayed as the percent of GFP positive cells present in a population of 10,000 live
cell events compared to GP wild-type transduction. To monitor GP incorporation onto the VSV
particles, 1 mL of pre-cleared VSV transduction particles were precipitated using 10% wt/vol
TCA. The TCA treated proteins were pelleted (20,000xg, 30 min, 4°C), washed with acetone,
dried, and denatured using SDS-Urea buffer (200 mM Tris, pH 6.8, 8 M urea, 5% sodium dodecyl
sulfate [SDS], 0.1 mM EDTA, 0.03% bromophenol blue). Particles were subjected to immunoblot

analysis for both VSV matrix levels and incorporated GP2.
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Co-immunoprecipitation. Sheep polyclonal anti-human dystroglycan antibodies (R&D Systems)
were bound to protein G beads (BioRad) and incubated with aDG purified from rabbit muscle
(95). The prepared beads were then divided equally into VSV pseudotyped particles containing a
normalized about of GP and incubated for 1 hour. Protein complexes were precipitated and washed
three times with PBS. Bound proteins were eluted by incubating beads with urea-SDS plus DTT,
heat denatured (56°C for 30 min), and separated on SDS-PAGE. Immunoblot analysis examined
the amount of precipitated aDG and associated GP2.
Results

With the overarching goal of understanding the functional and spatial organization of the
arenavirus pre-fusion glycoprotein structure, we utilized the trimeric GP pre-fusion crystal
structure (50) to identify residues involved in receptor interactions.
Function of GPC N-Linked Glycans

Arenavirus GP N-linked glycans play significant biochemical roles in virus-cell
interactions (96, 97). Previous studies found that specific N-linked glycans in LCMV GP1 were
necessary for GP trafficking, fusion activity, and infectivity (96). LASV GP1 contains seven
conserved N-linked glycosylation sites. Removing glycans at positions 81, 91, 101, and 121 was
previously shown to inhibit GPC processing into GP1 and GP2 (97), although receptor binding
and fusion activity were not evaluated. We reproduced the seven N-glycan mutants by changing
glycosylation site motifs from N-X-S/T to N-X-A. To examine the level of processed GP on the
cell surface, surface proteins were biotinylated, concentrated using streptavidin sepharose beads,
and subjected to immunoblot analysis (Fig 3.2A). All mutated GP’s migrated faster than parental

GP, confirming that all seven sites are glycosylated. We similarly found that removing the N-
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linked sites at T81 and S91 resulted in GPC processing defects (Fig 3.2A and C). However, we
found the remaining five N-glycan mutations result in detectable levels of GP1-GP2 processing,
including T101 and S121. Our use of a codon optimized expression construct and examining
surface material 36 hours after transfection, rather than 24, may have enabled T101A and S121A
to reach a detectable steady state levels of processed GP1-GP2 at the cell surface (97).

To determine if the constructs lacking N-glycans produce functional GP, we determined if
they could produce syncytia, or multinucleated cells, in a cell-to-cell based fusion assay.
Incubating LASV GP transfected cells with a low-pH buffer results in efficient GP activation and
results in robust syncytia formation (Fig 3.2B). By comparing the extent of syncytium formation
between mutant and parental GP, we can determine the fusion efficiency of each mutant. The
fusion activity of the N-glycan mutants closely correlated with the cleavage efficiency (Fig 3.2C),
suggesting the glycans are not required for productive cell-to-cell fusion.

Cell-to-cell fusion assays do not completely recapitulate the process that occurs when a
viral particle fuses with an endosomal membrane. Virus-to-cell entry requires the viral
glycoprotein to facilitate interactions with cellular receptors to initiate endocytosis. Once
trafficking to the proper cellular compartment occurs, LASV virus must undergo a receptor switch
in the endo-lysosome before membrane fusion. In order to determine if the GP1 constructs can
mediate viral entry, VSV pseudotyped particles were produced containing LASV GP on their
surface. Particle transduction was monitored in two haploid cell lines, HAP1 and HAP1-ADAG].
LASV entry into HAP1 cells and HAP1-ADAGT1, a cell line deficient in aDG, has been thoroughly
documented by recent genetic screens (58, 59). Gene-trap screening of HAP1 cells re-confirmed

LASV GP’s interaction with properly glycosylated aDG significantly enhances cell entry (59). A
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second gene-trap screen in HAP1-ADAGI cells identified an additional, lysosomal receptor,
LAMP1 (58). Because efficient HAP1 entry of LASV occurs through aDG interactions, and
HAP1-ADAGI1 cell entry occurs through other cell surface receptors, such as heparin sulfate
receptors (58), we propose that constructs exclusively demonstrating reduced transduction
efficiency into HAP1 cells are inefficiently engaging aDG. In order to demonstrate the entry
enhancement by aDG, we added the same volume of pseudotyped particles coated with LASV GP
on both cell lines (Fig 3.2D). LASV GP entry into HAP1 cells produced 8.4 + 0.83 times more
GFP positive cells than the same volume of particles added to HAP1-ADAGI1 cells. To compensate
for the decreased entry into HAP1-ADAGI cells, we increased the volume of particles used to
transduce this cell type. When examining the transduction efficiencies, each mutant was compared
to parental GP in each cell type. Therefor specific defects in HAP1 cell entry would highlight
mutations that facilitated viral uptake through aDG interactions.

Because GP can only fuse if GP1-GP2 processing occurs, we examined transduction
efficiency for constructs with at least 50% cleavage efficiency. Five glycosylation removal GP1
constructs were examined in transduction assays, T101A, S111A, S121A, S169A and T226A. All
five constructs efficiently transduced both cell types, suggesting GP missing a single N-glycan
retains cell entry (Fig 3.2E).

Engineering N-linked glycosylation sites onto GP1

Carbohydrate shielding, or glycosylation site additions, can be used to map glycoprotein
structural domains (98-100). We engineered seven additional glycosylation sites throughout GP1
(Fig 3.3). All glycosylation sites were predicted to be present on the surface of the GP1 model,

although H141N, N148S, V187T, and Y253N had potential to impede trimer formation based on



31

the new trimeric structure (32). The mutants were evaluated for the incorporation of the glycan, as
well as processing with surface biotinylation assays (Fig 3.3A). Glycosylation additions were
confirmed by the slower mobility pattern of GP1-GP2 on an immunoblot compared to parental
GP, which was observed for mutants H141N, V187T, D211S, and Q232N (Fig 3.3A). The
remaining constructs K116S, N148S, and Y253N were not glycosylated, suggesting these motifs
were not recognized by cellular glycotransferases. The trimeric structure predicts N148 and Y253
to be located at the center of the trimer, possibly making these residues inaccessible. K116 was
also not glycosylated, despite its predicted location on top of the trimer with clear access to
glycotransferases. The natural glycosylation site at N119 may sterically prevent neighboring
glycan additions.

Cleavage was reduced for all glycosylated constructs except for D211S, indicating the
additional glycans reduced SKI-1/S1P recognition or efficient GP trafficking to the Golgi in most
cases. Cell-to-cell fusion activity was proportional to cleavage efficiency, suggesting the additional
glycans did not prevent GP2 activation at low-pH if GP1-GP2 processing occurred (Fig 3.3B).
Although Y 253N did not appear to be glycosylated, the mutation decreased fusion relative to the
amount of cleaved GP suggesting that the point mutation alone may decrease the efficiency of GP
refolding and completing the fusion process.

Transduction assays were performed with K116S, N148S, D211S, and Y253N, which
demonstrated >50% GP processing (Fig 3.3C). Both D211S and Y253N reduced transduction
compared to parental GP, yet transduction levels between HAP1 and HAP1-ADAGT cells were
similar. This suggests mutations were not altering interactions with aDG, but inhibiting an entry

step common in both cell types. The Y253 construct’s reduced fusion activity may account for
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reduced transduction levels, while the additional glycan on D211S may have decreased

transduction efficiency in both cell lines.

Characterization of GP1 using insertional mutagenesis

Few of the additional N-linked glycosylation sites that we engineered were efficiently
glycosylated (Fig 3.3). Therefore we employed insertional mutagenesis to add bulky epitope tags
throughout GP1 to impede receptor binding (Fig 3.4). The nine amino acid HA epitope tag
(YPYDVPDYA) was inserted at 21 positions along the length of GP1. Insertion sites were chosen
to avoid perturbation or disruption of protein tertiary structures. To increase the flexibility of the
HA tag, 14 insertions included Gly-Gly-Ser linkers (IHA) flanking the insertion.

Surface expression of HA insertion constructs varied. Most constructs were produced, but
the majority of insertions resulted in processing defects, evidenced by the lack of cleaved GP2 in
surface biotinylated material (Fig 3.4A). Although the HA insertion sites were added to
unstructured surface loops, the insertions appeared to alter protein folding in the majority of the
constructs, preventing GPC processing by SKI-1/S1P. Overall, only seven of the twenty-one
mutants displayed appreciable cleavage compared to parental GP (Fig 3.4A).

To test for GP fusion activity, the mutant constructs were expressed in Vero cells and
incubated with a low-pH buffer to trigger conformational changes. As expected, mutations that
inhibited GPC cleavage did not display any fusion activity (Fig 3.4B). Constructs that retained
GPC processing all produced syncytia, suggesting the HA insertions did not prevent the low-pH

conformational changes when SKI-1/S1P recognition occurred (Fig 3.4B).
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Transductions were carried out for seven of the 21 insertion constructs. Only one construct,
61HA, was able to transduce both cell lines (Fig 3.4C). The GP1/GP2 crystal structure found the
N-terminal region of GP1 produces an extended B-sheet that interacts with GP2 (32) (Fig 3.1D).
Therefore, the HA epitope tag addition after residue 61 would be near the viral membrane and
separated from main body of GP1. Three constructs, 146HA, 227HA and 250HA, were able to
transduce HAP1-ADAGI cells but were unable to efficiently transduce HAP1 cells, suggesting
that these insertions inhibit aDG utilization (Fig 3.4C). As expected, HAP1 transduction was not
completely eliminated. Lassa entry into HAP1 can occur through an alternative pathway that does
not require aDG (58, 59). Therefore, particles that have reduced affinity for aDG may still be able
to enter HAP1 cells through the alternative, albeit less efficient pathway. The remaining three
constructs; 150HA, 172HA and 230HA showed low to no transduction in both HAP1 cell lines,
suggesting the inserts inhibited a step in the entry process that is in common between both cell
lines, such as LAMP1 interaction (Fig 3.4C).

Alanine scanning of hydrophobic and charged residues

Large insertions and glycan additions tended to block GP cleavage, preventing full GP
characterization. To increase the chances of producing GP trimers that are trafficked to the cell
surface in a processed state, we introduced single amino acid substitutions. Hydrophobic and
charged residues can be critical for virus glycoprotein-receptor interactions and entry (91, 101-
104). To locate possible aDG binding sites in LASV GP1, alanine scanning was used to mutate
conserved hydrophobic and charged residues. Out of 16 hydrophobic mutants, 11 demonstrated
more than a 50% reduction in cleavage efficiency, and/or fusion activity compared to parental GP

(Fig 3.5 A-B). Several of the hydrophobic residues were located in secondary structures of GP1,
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and presumably alanine substitutions resulted in protein misfolding. For the remaining mutants,
those that produced cleaved GP2 were able to form syncytia. The L133A mutant produced little
protein, and along with the decreased cleavage efficiency (60% of parental GP), resulted in very
low fusion activity.

Six hydrophobic mutants were examined in transduction assays. The majority of the
hydrophobic mutations transduced both cell lines as well as wild-type GP (Fig 3.5C). The low
protein level seen with L133A did not significantly impact transduction efficiency. While F147A
was able to transduce HAP1-ADAGT cells at a similar level as wild-type GP, transduction in HAP1
cells was reduced to 42%. The transduction defect in HAP1 cells with no defect in HAP1 ADAGI
cells suggests F147 is important for efficient aDG utilization.

Fourteen conserved charged residues were mutated to alanine, including a described
histidine triad (H92, H93, and H230), which has been implicated in LAMP1 interaction (51, 61).
All mutated GPs were cleaved and transported to the cell membrane at levels greater than 60% of
parental GP (Fig 3.6A). The charged residue mutants also displayed high levels of cell-to-cell
fusion activity (Fig 3.6B). Only GP mutant R248A-R250A demonstrated reduced fusion.

We produced VSV pseudoparticles expressing all fourteen charged mutations and tested
their ability to transduce HAP1 and HAP1-ADAGI1 cells (Fig 3.6C). Mutant H92A-H93A was
unable to transduce either cell type tested. H230A, the third residue of the described histidine triad,
showed relatively high levels of transduction. Mutants K125A-K126A, H141A, and R248A-
R250A demonstrated a reduced transduction in HAP1 cells compared to HAP1-ADAGT cells.
Although transduction into HAP1 cells was not completely inhibited, the data suggest the

mutations may decrease efficient interaction with aDG.
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Additional Targeted Mutations

The transduction data suggested residues located near the center of the GP1 trimer were
key for efficient aDG entry. To more fully examine this region, an additional fifteen point
mutations were created that focused on the regions surrounding the top of the GP1 trimer and
residues adjacent to mutations that reduced transduction in HAP1 cells (Fig 3.7). To determine if
combining some of the individual mutations that modestly decreased HAP1 entry would
synergistically eliminate aDG binding, two double mutants that incorporated mutations at GP
residues 141 and 147 were made. Constructs H92Y-H93Y and H230Y were also made to compare
the effects of alanine versus tyrosine substitutions and to reproduce similar constructs tested in the
study by Cohen-Dvashi et al (51, 61). Overall, surface expression and processing of the additional
targeted mutants were near wild-type LASV GP levels with the exception of H92Y-H93Y and
H141N-F147A. Both of these double mutants were produced but were poorly processed (Fig
3.7A). When the asparagine at position H141 in the double mutant was changed to alanine, surface
expression, processing, and fusion increased. Histidines at position 92 and 93, when changed to
alanines, retain processing and fusion activity (Fig 3.6B), but tyrosine substitution lead to GPC
processing defects (Fig 3.7A). Previous work by Cohen-Dvashi et al tested individual mutations
H92Y, HI3Y, and H230Y for processing, surface expression, and fusion activity (61). When they
individually changed each histidine to tyrosine, they found a reduction in the level of cleaved,
surface expressed GP, but no significant changes in cell-to-cell fusion. Our double mutant, H92Y -
HI3Y, completely inhibited GP processing as well as fusion (Fig 3.7A and B). Similar to the

previous study, H230Y was efficiently processed and induced cell-to-cell fusion at levels greater
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than wild-type GP. In general fusion activity, with the exception of A177S, again closely correlated
with cleavage efficiency (Fig 3.7B).

Of the 15 constructs made, 13 were tested in transduction assays. Only two constructs;
Y150A and H141A/F147A showed reduced transduction in HAP1 cells compared to HAP1-
ADAGI1 cells (Figure 3.7C). The combination of H141A and F147A had an additive effect.
Individual changes dropped HAP1 transduction to 40% of parental GP, and the double mutant
dropped HAPL1 transduction to 10% of parental GP while retaining near wild-type levels of HAP1-
ADAGT transduction. All other constructs were able to transduce HAP1 and HAP1-ADAGI1 cells
with similar efficiencies (Fig 3.7C). While H230Y did not result in cell type specific transduction
defects, this mutation moderately reduced transduction in both cell lines, similar to the previous
study (61).

GP incorporation onto VSV particles

While many of the constructs produced particles that transduced both cell types, some
constructs did not efficiently transduce either cell line, or displayed a deficiency in a specific cell
type. To ensure the low transducing constructs incorporated sufficient levels GP on the particle,
immunoblots were performed (Fig 3.8). All particles incorporated the mutated GP constructs,
including those constructs that failed to transduce both cell lines. K125A-K126A and Y150A, two
mutants that demonstrated a reduction in HAP1 transduction and an enhancement in HAP1-
ADAGT1 cells, were consistently found on VSV particles at higher levels than wild-type GP.
Similarly, R248-R250A was found on particles at a higher rate that parental GP, although it did

not transduce better than wild-type.
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Residues H141-F147 and R248-R250 are critical for aDG interaction

In order to directly assess the ability of GP mutants to bind with aDG, we performed a co-
immunoprecipitation experiment. Beads coated with aDG were incubated with VSV pseudotyped
particles containing either parental or mutant GP. We examined GP-H141A-F147A and GP-
R248A-R250A, because they each contained point mutations that resulted in HAP1 entry defects.
In addition, we evaluated GP-H230Y, a construct implicated in LAMP1 binding. Parental GP and
GP-H230Y were efficiently precipitated by aDG, whereas we were unable to biochemically detect
GP-H141A-F147A and GP-R248A-R250A (Fig 3.9A). This data further supports our conclusions
that the central core of GP mediates interaction with aDG (Fig 3.9B).

Discussion

Here we provide data highlighting LASV GP1 residues important for receptor interactions.
We produced and characterized a library of 80 constructs. Transduction was monitored in cell lines
that differentially express the LASV receptor aDG. Biochemical characterization grouped GP1
mutants into various categories based on their transduction phenotypes (Table 3.1). The data
implicate regions of GP1 that facilitate entry through aDG, as well as residues involved with
LAMP1 interaction.

We tested all of the constructs in cell-to-cell fusion assays, and those that were efficiently
processed, in pseudotype particle entry assays. A number of mutants including, H92A-H93A,
150IHA, 172HA, and 230IHA, produced large syncytia in cell-to-cell fusion assays, yet were
unable to facilitate entry when incorporated onto VSV particles. This suggests the requirements
for cell-to-cell fusion and virus-to-cell fusion are different. The luminal pH of most lysosomes

ranges from 4.5-5 (105). In contrast, we utilized PBS at pH 4 in the cell-to-cell fusion assay
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because this pH produced the most syncytia (data not shown and (106, 107)). We speculate
LAMP1 may facilitate fusion pore formation at a more alkaline pH, thereby increasing the
efficiency of LASV entry (61). The fusion assay may be able to circumvent the LAMP1
requirement with a more acidic environment, triggering fusion pore formation without LAMP1
interaction. This would explain why mutants can produce large syncytia when exogenous low pH
buffer is added, yet are unable to productively enter cells on a pseudotyped particle. Removal of
LAMP1 from cells dramatically decreases LASV entry efficiency, but does not eliminate it (58).
Perhaps some virions encounter lysosomes with lower pH ranges, and the extra acidic environment
overcomes the LAMP1 requirement similar to the cell-to-cell fusion assay.

LASV entry requires interactions with both cell surface receptors and an internal receptor,
LAMP1 (58). As previously mentioned, we identified a number of constructs that blocked entry
into both cell types tested: H92A-H93A, 150IHA, 172HA, and 230IHA. Both H92-H93 and H230
have been previously implicated in GP1-LAMPL1 interaction (51). Protonation of the histidine
residues may facilitate conformational changes that expose the LAMP1 binding site (61), which
cryo-ET reconstructions suggest occurs in grooves between GP1 monomers that form under low-
pH conditions (52). While histidines at positions 92, 93, and 230 may facilitate the low-pH
conformational changes, 150IHA and 172HA fall on the opposite face of the crystal structure. If
LAMP1 binding is occurring in a low-pH induced groove, both 150IHA and 172HA may sterically
prevent LAMP1 binding, or cause premature shedding of GP1 from the glycoprotein complex. We
did not identify any individual point mutations that prevented entry into both cell lines that were
not previously associated with inducing low-pH conformational changes, suggesting further work

is required to locate the specific residues directly involved in LAMPL1 interaction.



39

While most constructs efficiently entered both cell lines, those containing mutations
between amino acids 141-150 and 248-250 of GP1 demonstrated reduced transduction in HAP1
cells expressing aDG. A co-immunoprecipitation using VSV pseudotyped particles confirmed the
role of residues H141, F147, R248, and R250 in direct DG binding. Residues H141, N146, F147,
and Y150 face the three-fold axis of the trimer, forming a putative receptor binding site (Fig 3.9B,
shown in red). A similar region within LCMV has been implicated in LCMV GP1-aDG interaction
(53). Previous biochemical studies show OW arenavirus monomeric GP1 is unable to interact with
aDG, which supports a binding site that requires an intact trimer (51, 53, 58). Residues R248 and
R250 also face this center axis, but are located deeper in the core (Fig 3.9B, shown in orange).
Presumably, aDG would not be interacting with the buried center of the trimer, but removal of the
charged residues may alter the conformation of the domain above. K125A-K126A and 227HA
modestly reduced HAP1 transduction and are located further away from the trimeric center. These
mutations may exert long-range conformational changes that alter the aDG binding site (Fig 9B,
shown in yellow). For example, K125 and K126 line the GP1-GP1 interface within the trimer, and
therefore may play a role in maintaining the center conformation.

In 2015, the largest screen of LASV genomes revealed that isolates are highly
heterogeneous and group by geographic distribution (108). The GP1 subunit had the highest
sequence diversity of the four viral proteins, presumably due to continuous immune selection.
When comparing the GP1 subunit among the 180 sequences collected, 68% of the amino acid
sequence was conserved. However, the regions we identified in this study that mediate aDG entry
were 98-100% conserved, suggesting these residues are important for the structure or function of

GP1. The few residues that differed contained conservative amino acid substitutions. Several



40

additional Old World arenaviruses including LCMV, Mopeia (MOPV), and Mobala (MOBV) use
aDG as their primary surface receptor (109). A GP1 sequence alignment of these four viruses
reveals the regions we identified in LASV-aDG engagement are similar among these Old World
arenaviruses (Fig 3.9C). Furthermore, LCMV shares 63% sequence identity with LASV, and
similar regions on GP1 have been implicated in LCMV’s GP1-aDG binding site (53). Five
residues have been identified which enhance LCMV GP1 binding to aDG; H136, S153, Y155,
R190, and L260 (53, 110-114). Residues S153, Y155, R190, and L260 are located in the same
region on GP1 that faces the three-fold trimer axis (53), further supporting this region’s importance
in aDG binding.

In summary, our data suggests that the aDG binding site on LASV GP1 is found at the top
central core of the GP trimer. These data correlate with the hypothesized aDG binding regions
within LCMV GP1 (53). Our data supports the hypothesis that the histidine triad plays a role in
the pH conformational changes required for LAMPL1 interaction. In addition, we identify two HA
insertion mutants, 150HA and 172HA, that may sterically block LAMP1 binding. Knowledge
gained by this study will aid the development of small molecule inhibitors to block LASV entry

through its receptors aDG and LAMP1.
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Figure 3.1. The subunits and structure of the Lassa virus glycoprotein complex. (A) The
LASV glycoprotein complex consists of the membrane-integrated stable signal peptide (SSP)
(blue), GP1 subunit (purple) and the non-covalently attached GP2 subunit (green). The GPC is
cleaved by signal peptidase (red arrow) and SKI-1/S1P (yellow arrow) during protein processing.
(B) Cartoon of the SSP, GP1 and GP2 heterotrimer complex in the lipid bilayer. (C) Trimeric
LASV GP1-GP2 crystal structure, top down view, GP1 is in purple and GP2 in green (PDB 5vk?2)
(50). (D) The LASV GP1-GP2 crystal structure, side view, (PDB 5vk2) The engineered GP1
constructs are color-coded as follows: glycosylation site removals and additions (pink); HA-tagged
sites (orange), alanine scanning of charged residues (yellow), alanine scanning of hydrophobic
residues (blue), additional targeted residues (red). Note many of the targeted residues were found

in regions of the structure that did not crystalize. All structures were rendered with PyMol.
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Figure 3.2. Processing and functional characteristics of surface-expressed GP1 N-
glycosylation sites. (A) Vero cells were transfected with the indicated FLAG-tagged LASV GP
variant or negative control. After 36 hours, cells were subjected to surface biotinylation. Surface
expressed biotinylated proteins were concentrated using streptavidin sepharose beads. Precipitated
proteins were separated by SDS-PAGE. Immunoblots were carried out to detect LASV GP surface

expressed protein using an anti-FLAG antibody, M2. Immunoblot is a representative of four trials.
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(B) Microphotographs of Vero cells co-transfected with plasmid DNA encoding LASV GP
construct and GFP. Cell-to-cell fusion was assessed 3 h following low-pH media shock;
magnification x20. Representative fields of view are shown. (C) Fusion data for each construct
was quantified via counting unfused cells and comparing to mock transfected wells. Quantified
fusion data for each construct was normalized to LASV wt-GPC-3xFLAG. Cleavage efficiency
was normalized to FLAG tagged GP using densitometry analysis. (D) Parental GP transduction
efficiency in HAP1 and HAP1-ADAGI cells. VSVAG-GFP pseudo-particles containing LASV
GP were added to both cells and the number of GFP positive cells were enumerated in a flow
cytometer. The percentage of the cell population that was GFP positive is shown. (E) VSVAG-
GFP pseudo-particles containing LASV GP or N-glycosylation mutants were used to transduce
HAP1 and HAP1-ADAGTI cells. The number of GFP positive cells were enumerated in a flow
cytometer. Transduction efficiencies were normalized to parental LASV GP particle transduction
values in each respective cell type. All data are based on the average and standard error of the

mean of at least three replicate experiments.



44

B Cleavage efficiency
Fusion activity

K
C HAP1
B HAP1-ADAG

q 100 l ]

O g0

- |

= 60 l
(0]

O 40

0]

o 20

Figure 3.3. Functional analysis of GP1 containing engineered N-linked glycosylation sites.
(A) Surface expressed GP of N-glycan mutants and immunoblot analysis using anti-FLAG

antibody M2 for detection. (B) Cleavage efficiency and cell-to-cell fusion data. (C) Transduction
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of HAP1 and HAP1-ADAGI1 cells using VSV pseudotyped particles. All data are based on the

average and standard error of the mean of at least three replicate experiments.
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Figure 3.4. Insertional mutagenesis of LASV GPC blocks entry in specific cell lines. (A)
Surface expressed HA-tagged mutants and immunoblot analysis detected with anti-FLAG

antibody M2. (B) Cleavage efficiency and cell-to-cell fusion data. (C) Transduction of HAP1 and
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HAP1-ADAGTI cells using VSV pseudotyped particles. All data are based on the average and

standard error of the mean of at least three replicate experiments. ***, p-value < 0.001.
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Figure 3.5. Mutating hydrophobic GP1 residues impedes protein processing.

(A) Surface expressed hydrophobic mutants and immunoblot analysis using anti-FLAG antibody
M2. (B) Cleavage efficiency and cell-to-cell fusion data. (C) Transduction of HAP1 and HAP1-

ADAGT cells using VSV pseudotyped particles. All data are based on the average and standard
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error of the mean of at least three replicate experiments. Blue dash highlights the constructs that

transduced HAP1-ADAG]1 similar to parental GP, yet show a defect in HAP1 entry.
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Figure 3.6. Charged GP1 residues are required for efficient HAP1 entry. (A) Surface

expressed charged mutants and immunoblot analysis using anti-FLAG antibody M2. (B) Cleavage

efficiency and fusion ability data. (C) Transduction

of HAP1 and HAP1-ADAGI1 cells using VSV
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pseudotyped particles. All data are based on the average and standard error of the mean of at least
three replicate experiments. Blue dash highlights the constructs that transduced HAP1-ADAG]I

more than twice as efficiently as HAPL1 cells.
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Figure 3.7. Residues involved with the GP1 trimer core are critical for DG interaction.

(A) Surface expressed targeted GP1 mutants and immunoblot analysis using anti-FLAG antibody
M2. (B) Cleavage efficiency and fusion ability data. (C) Transduction of HAP1 and HAP1-
ADAGTI cells using VSV pseudotyped particles. All data are based on the average and standard

error of the mean of at least three replicate experiments. *, p-value <0.05; 88, p-value <0.01.
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Figure 3.8. GP constructs are efficiently incorporated onto VSV particles. Vero cells were
used to produce VSV pseudo-particles. Cell supernatants, containing pseudotyped particles, were
collected and precipitated with TCA to determine the level of LASV GP incorporation into VSV
envelopes. GP constructs demonstrating low HAP1 transduction, or GP constructs that were
unable to transduce both cell types were tested. Precipitated proteins were separated by SDS-

PAGE and immunoblotted for LASV GP2 (monoclonal 12.4D) and VSV-M (monoclonal 23H12).
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Figure 3.9. Identification and mapping residues implicated in LASV receptor-binding and

viral entry. (A) To directly examine GP1 mutant binding, or lack of binding, to aDG, we

performed a co-immunoprecipitation assay. aDG coated beads were incubated with VSV
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pseudotyped particles containing either parental or mutant LASV GP. All proteins interacting with
the aDG coated beads were concentrated and separated by SDS-PAGE. While parental GP and
GP-H230Y were able to bind to aDG, GP-H141A-F147A and GP-R248A-R250A were not. (B)
LASV GP constructs exhibiting reduced entry into HAP1 cells were mapped onto the LASV pre-
fusion crystal structure (PDB 5vk2; GP1 is shown in purple and GP2 is shown in green). Regions
that are significantly involved in aDG interactions are shown in red (H141, N146, F147, and
Y150). Regions that also demonstrated reduced HAP1 entry are shown in orange (R248 and R250)
and yellow (K125, K126 and W227). The histidine triad is shown in pink (H92, H93, and H230).
Residues are color coded to match Table 1. Both a cartoon structure and surface rendering of the
structure demonstrates that the aDG binding site is located in a cavity on the top of the trimer. (C)
Sequence alignment of Old World arenaviruses that use aDG. Regions in LCMV involved in aDG
binding are shown in blue, while the regions we have implicated for LASV entry are shown in red.
R248 and R250 are highlighted in orange. The histidine triad implicated in LAMPL1 interaction are

in pink.



Table 3.1. Summary of Fusion, GP cleavage and Transductions

L61HA
K63A
EG67A

H92A-H93A

T101A

E104A

S111A

H115A

K116S

F117A

S121A

K125A-K126A

L128A

D130A

L133A

N148S N-gly addition  63.8+ 7.1 83.3+7.9 96.7 + 4.9 97.9+11.0
Q149A Targeted 99.6+10.2 66.5%85 83.1+4.9 70.1+21.8
~ YIS0A  Tageted  755:67 1059116  622:23 117944 Il
Y150IHA HA + linker 86.6+7.2  1058+3.9 26.0+10.1 5+0.8
E151A Targeted 94.1+8.7 75.1+10.1 64.1+9.0 70.9+20.8
D156A Charged 75.4+ 1.4 66.1+ 8.5 87.0+9.38 81.4+4.6
K161A Charged 98.6+2.1 96.1+1.8 92.2+2.6 93.0+8.6
S169A N-gly removal 63.7+99  584+18.4 87.6+4.7 112.8+15.3
H170A Targeted 91.2+75 915+138 80.0 + 10.0 72.7+18.2
Y172A Targeted 50.0+4.3 66.6+13.8 89.3+7.9 85.5+19.0
Y172HA HAinsertion  77.9+7.6 95.4+59 43+1.8 46+25
D175A Targeted 86.6 £9.1 74.4+95 95.1+7.9 85.6 + 8.0
A177S Targeted 51.4+12.8 92.7+17.2 60.1+ 13.4 48.6 + 14.3
N178A Targeted 81.1+6.1  659+13.3 86.9+2.4 73.2+21.8
H179A Targeted 926+11.4 1153+6.1 71.9+938 54.5 + 13.3
R193A Charged 87.5+1.9 99.7 + 3.7 103.9+2.9 98.5 + 15.6
I201A Hydrophobic  933+1.6 108.0 +14.8 97.1+23 108.8 + 8.9
R207A Targeted 83.4+10.2 65.8+6.7 85.4+7.2 74.2+12.9
D211S N-gly addition  72.3+6.3 99.5+8.9 64.1 + 18.5 447 +9.7
T226A N-gly removal 586+75  82.4+20.7 75.3+10.6 85.9 + 6.6
W227IHA HA + linker 79.5+2.9 58.5+ 16 24.3+4.38 103.7 +4.1

HA insertion
Charged
Charged
Charged

N-gly removal
Charged
N-gly removal
Charged
N-gly addition
Hydrophobic
N-gly removal
Charged

Hydrophobic
Charged

Hydrophobic

624 +12.1
89.8+090.1
100.8+5.4
75.0 £10.9
92.8+0.1
93.7+4.8
77.1+6.1
95.5+5.9
83.6+6.0
89.4+22
64.0+55
76.0 £ 10.6
70.8+5.0
85.0+4.8
19.0+4.2

49.4 £ 19
91.3+£93
1049+ 3.8
99.1+5.0
98.9+13.2
95.5+34
79.4+17.5
91.3+10.7
82.1+115
96.3+1.8
86.8 +12.5
89.5+10.2
107.0+11.1
102.3+9.0
61.0+11.2

73.6 115
102.1 + 3.8
98.7 £5.2
3.4+0.8
96.5+8.7
102.8+0.5
101.2+3.9
69.6 + 10.9
103.5+6.6
101.1 £ 0.6
98.6+4.4
75.6+11.4
88.3+35
93.7+7.3
94.7£6.7

67.9+8.6
114.5 £ 19.7
1029+1.4
23x0.6
96.3+17.6
102.4 +14.2
112.9+12.8
39.9+27
93.9+8.8
116.1 +1.7
121.0+9.8
137.2+18.4
107.8+12.4
81.0+12.4
75.0 £ 15.6



E228A
H230A
H230Y
H230IHA
R250HA
D251A

R248A-R250A

1252A
Y253N

Charged
Charged
Targeted
HA + linker
HA insertion
Targeted
Charged

Hydrophobic
N-gly addition

77.7+13.4
97.7+4.8
106.7 £ 9.7
103.8 +7.3
72.3+8.6
55.7+3.9
43.4+12.3
705+75
47.7 £ 8.3

109.7 +5.8
87.6 £ 13.5
102.3 +10.3
75.8 £13
86.2+4
509+54
128.9+4.9
50.5+8.3
84972

104.6 £ 0.3
87.3+2.1
64.1+35
59+22
10.2+ 2.6
76.6 + 3.9
30.2+£85
88.3+1.6
54.4 +15.0

97.8 +15.0
75.4+13.0
39.4+3.9
53+3.1
8257
83.2+5.2
68.5 £ 15.0
91.8+4.3
47.2+10.9

S7

I: Transduction reduced in both cell types; II: Transduction reduced in HAP1 cells compared to

HAP1-ADAG cells; III: No receptor binding defects
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Chapter 4
MUTATIONAL ANALYSIS OF LASSA VIRUS GP2 SUBUNIT HIGHLIGHTS
REGIONS REQUIRED FOR PROTEIN FUNCTION

Introduction and Objectives

Arenaviruses are endemic to many countries throughout the world and are divided into two
subgroups based on geographic distribution: Old World and New World arenaviruses. Both
subgroups contain human pathogens capable of causing severe hemorrhagic fever with high
morbidity and mortality. Lassa virus (LASV) is an Old World arenavirus endemic to West Africa
and the agent that causes Lassa Fever. Each year several hundred-thousand people become infected
with LASV and those infections result in nearly 5,000 deaths (85). Human infections occur from
zoonotic spread from a rodent host. The main rodent host for LASV is mastomys natalensis; in
2016 two other potential reservoirs were found Hylomyscus pamfi and Mastomys erythroleucus
(12, 13). Lassa virus infection can occur through many routes including aerosolization of
contaminated rodent excrement, abrasions on skin, and infectious body fluids (10). Due to the lack
of vaccines and effective therapeutics, LASV is categorized as a class A pathogen (86).

The arenavirus particle consists of a host derived lipid envelope and contains a bi-
segmented RNA genome in ambisense orientation. Embedded in the envelope are mature trimeric
viral glycoprotein (GP) spikes which are necessary for attachment and entry. The glycoprotein
precursor (GPC) is produced in infected cells as a type | membrane protein which is then processed
twice by host cell peptidases. The first processing event occurs in the ER by a cellular peptidase,
producing the stable signal peptide (SSP) subunit. The second processing event occurs in the cis-

Golgi by subtilisin kexin isozyme-1/site-1 protease (SKI-1/S1P) which produces the GP1 and GP2
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subunits (44, 46, 87). Unlike traditional class I fusion proteins, the SSP of arenaviruses is not
degraded but becomes part of the trimeric glycoprotein complex. The SSP assists in many
chaperone roles including protein processing, trafficking, and pH sensing (48, 49, 88). While the
function of GP1 and GP2 is to mediate receptor interactions and membrane fusion respectfully
(53-55, 58, 89).

To overcome lipid membrane boundaries, enveloped viruses encode proteins capable of
mediating fusion between the viral and cellular membranes. The fusion event for LASV GP occurs
in an endo-lysosomal compartment under low-pH (52). Presumably, interaction between GP1 and
lysosomal associated membrane protein 1, LAMP1, lowers the energy barrier needed for fusion
protein activation (64). Triggering of GP2 drives the merger of viral and host cell membranes to
create a fusion pore that the viral genome is shuttled through.

The pre-fusion LASV GP2 and post-fusion lymphocytic choriomeningitis virus (LCMV)
GP2 have been crystalized (50, 54). Due to the high sequence similarity between OW arenaviral
GP2 proteins, we can utilize the low-pH crystal of LCMV to infer the structure of post-fusion
LASV GP2. The arenavirus fusion protein encodes two heptad repeat (HR) domains, a single pass
transmembrane domain and a fusion peptide (N-FP) similar to retroviruses, filoviruses,
paramyxoviruses, and influenza (53). Unlike typical class | fusion proteins, the arenavirus GP2
also encodes for an internal fusion loop (I-FP). Under low-pH, the arenaviral GP undergoes major
conformational changes to mediate viral fusion. First, the fusion peptide/loop is inserted into the
host membrane. After multiple GP2 subunits are triggered, and the energy requirements to
overcome membrane barriers are met, the glycoproteins collapse in an energetically favorable

conformation known as a six-helix bundle (6HB) (Fig 4.1). Formation of 6HB is mediated by HR1
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and HR2 rearrangements transitioning from the hairpin conformation to 6HB. Full collapse of the
glycoprotein allows for fusion pore formation and genome release into the cytoplasm (65).

In an attempt to better understand residues involved GP2 function, we utilized alanine
scanning mutagenesis to identify conserved residues critical in the fusion process. We
hypothesized that charged and hydrophobic residues residing in or near the previously defined
GP2 functional domains are required for GP2 mediated fusion. Through biochemical analysis, we
identified several charged and hydrophobic residues that inhibit functions of the LASV GP2
subunit. Mutations which caused impaired GP2 function were located in or near HR1, HR2, the
fusion peptide or fusion loop. Each of these domains are required and function together to facilitate
the glycoprotein mediated fusion event.

Materials and Methods

Cell lines and transfections. Vero (African green monkey kidney) cells stably expressing human
SLAM were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5%
(vol/vol) fetal bovine serum (FBS) and kept at at 37°C and 5% CO; (90). HAP1 and HAP1-
ADAGT cells (Horizon) were maintained in Iscove’s media supplemented with 10% (vol/vol) FBS
and kept at 37°C and 5% CO2. All transient transfections were performed using GeneJuice
(Millipore) according to the manufacturer’s instructions.

Molecular biology. The LASV GPC protein coding sequence was codon optimized for
mammalian expression and cloned into a pcDNA3.lintron vector. Gene expression was initiated
by a CMV promotor and the -globin intron was engineered in the 5’ untranslated region (UTR)
to increase protein production. A carboxy-terminal 3xFLAG tag was added to the cytoplasmic tail

of the GP2 subunit for biochemical detection of charged constructs. Point mutations were
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introduced with QuikChange mutagenesis and PfuTurbo-HS polymerase (Agilent). Sequence
analysis for each plasmid DNA was carried out, and the presence of the mutation was confirmed.
Complete sequence information is available upon request.

Surface biotinylation. Vero cells were transfected with plasmid DNA encoding the indicated
Lassa GPC construct. Thirty-six hours following transfection, cells were washed with cold PBS
and biotinylated with 0.5 mg/mL sulfosuccinimidyl-2-(biotinamido) ethyl-1,3-dithiopropionate
(Thermo) for 30 min on ice. The reaction was quenched using Tris-HCI, and cells were lysed in
M2 lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) at 4°C and
clarified with centrifugation (20,000xg, 15 min). Lysate was incubated with streptavidin sepharose
beads (GE Healthcare) for 60 min while rotating. Following incubation, the streptavidin sepharose
beads were washed in buffer 1 (100 mM Tris (91), 500 mM lithium chloride, 0.1% Triton X-100)
and then in buffer 2 (20 mM HEPES [pH 7.2], 2 mM EGTA, 10 mM magnesium chloride, 0.1%
Triton X-100), incubated in urea buffer (200 mM Tris, pH 6.8, 8 M urea, 5% sodium dodecyl
sulfate [SDS], 0.1 mM EDTA, 0.03% bromophenol blue, 1.5% dithiothreitol) for 30 min at 55°C,
and subjected to immunoblot analysis.

Antibodies and immunoblots. Surface biotinylated material was fractionated by gel
electrophoresis on 10% Tris-glycine gels (ThermoFisher) and transferred to polyvinylidene
difluoride (PVDF) membranes (GE Healthcare). GP was detected with specific antibodies directed
against the Flag epitope tag (M2; Sigma) or against LASV GP2 (22.5D), kindly provided by Dr.
James Robinson (Tulane University). Immunoblots were developed using mouse 1gG horseradish
peroxidase (HRP)-conjugated secondary antibodies (Jackson) and a ChemiDoc digital imaging

system (Bio-Rad). Immunoblots were quantified using ImageLab software.
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Cell-to-cell fusion assay. Vero cells were co-transfected with Lassa GP mutants and pmaxGFP
(4:1 ratio). Forty hours following transfection, media was removed and replaced with DPBS (pH
4) and incubated (37°C and 5% CO>) for 30 min to allow glycoprotein triggering. The DPBS was
replaced with DMEM and cells were incubated for an additional 3 hours to enable membrane
rearrangement and syncytia formation. Four representative pictures of the fusion were taken using
Zoe microscope (Bio-Rad) (20x magnification) and unfused cells were counted. Quantification of

fusion was calculated using the following equation:

Fusion — (unfused cells in mock transfected — unfused cells in mutant transfected) % 100
uston = (unfused cells in mock transfected — unfused cells in WT GPC transfected)

Each mutant was assessed in the fusion assay in three independent experiments.

VSV pseudotype production and transductions. GP constructs lacking the c-terminal 3xFlag
tag were used to make the vesicular stomatitis virus (VSV) pseudotyped particles. Vero cells were
transfected with LASV GP DNA. Thirty-six hours following transfection the cells were transduced
with VSVAG-GFP particles pseudotyped with VSV-G (MOI 1) for one hour (courtesy of Dr.
Michael Whitt; KeraFAST) (94). The particle-containing media was then replaced with fresh
DMEM. VSVAG-GFP particles displaying the LASV GP were collected 12 hours following the
transduction. These particles were applied onto HAP1 and HAP1-ADAGI cells in volumes of 0.25
mL and 1 mL, respectively. A higher volume of particles was used to transduce HAP1- ADAG1
cells in order to overcome the decreased transduction efficiency when the cells are missing the
primary receptor (58). The number of GFP positive cells was enumerated in a flow cytometer.
Results are displayed as the percent of GFP positive cells present in a population of 10,000 live

cell events compared to GP wild-type transduction.
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Results
Characterization of Charged Constructs

Charged amino acid residues play critical roles in protein organization and function (115).
Previous studies of the arenaviral GP2 subunit have characterized the C- terminal domain required
for SSP interactions and several hydrophobic amino acids within the fusion peptide and fusion
loop (88, 107). However, there has not been an extensive characterization of the GP2 subunit as a
whole. We mutated and characterized 31 conserved charged residues throughout the fusion active
subunit of LASV. The 31 constructs were expressed in Vero cells, those present on the surface
were biotinylated, concentrated with streptavidin beads and analyzed through western blot to
determine the constructs expression and cleavage efficiencies (Fig 4.2A)., with the exception of
E308A and H467A-R468A, all mutant constructs were processed to some degree, evidenced by
the GP2 bands (Fig 4.2A).

To determine if the charged constructs produced functional GP, we assessed fusion activity
using a cell-to-cell based fusion assay. Incubating cells expressing LASV GP with a low-pH buffer
mimics the low-pH environment in the lysosome and results in robust syncytia formation. Fusion
efficiency is determined by comparing the extent of syncytia formation caused by the mutant and
parental GP. Several constructs, in or near functional domains, expressing processed GP2 (D268A,
R282A, K291A, K471A and R422A) caused a reduction (<25%) in fusion compared to wild-type
LASV GP. Other mutated residues within these domains, which did not affect fusion, may be more
tolerant of mutations (Fig 4.2B).

Our cell-to-cell fusion assay bypasses virus entry and only tests for the ability of GP2 to

trigger at an artificially low-pH. To test if the GP2 mutations affect viral entry, we utilized a VSV



64

pseudotyping system to incorporate our GP constructs onto a VSV particle lacking its native
glycoprotein. VSV-LASV GP particles require LASV receptor usage for entry and trafficking to
an endo-lysosomal compartment for efficient GP triggering. A factor that could cause differences
seen between our cell-to-cell fusion assay and transduction assay is the pH which the GP is exposed
to. The pH in a lysosomal compartment ranges from 4.5 to 5 which is higher than the pH 4 buffer
used in our cell-to-cell fusion assay (116). Mutations that alter pH sensitivity may allow for
syncytia formation in our cell-to-cell fusion assay and alter transduction efficiency. The two
haploid cell lines used in our transduction assay have been extensively characterized for LASV
entry (58, 59). Both are used here for the efficient characterization of our GP constructs.

Glycoprotein processing is required for fusion; therefore, we only examined transduction
efficiency for constructs expressing >20% cleaved GP2, and >40% fusion/cleavage efficiency
compared to WtLASV GP. Because we only tested fusion competent constructs in our transduction
assay we expected all constructs to efficiently enter the haploid cell lines tested. In total, 20
constructs were assayed for their ability to transduce HAP and HAP-ADAG cell lines. Because
GP2 is not thought to directly be involved in receptor interactions, little difference was expected
between cell line transduction efficiencies. All constructs were able to effectively gain entry into
the HAP1 cell lines tested except for one construct (K465A) which did not efficiently transduce
into either HAP cell line (Fig 4.2C).
Characterization of Hydrophobic Residues

Hydrophobic residues within viral fusion proteins are involved in protein folding and many
functional domain processes. Previous studies have identified hydrophobic residues within the

fusion domains and C-terminus of the arenaviral GP2 subunit that are required for fusion (107).
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We expanded the number of GP2 mutations and characterized 29 constructs. Mutations were made
throughout the GP2 subunit to identify conserved residues involved in GP structure and function.
Cell surface expression of the glycoprotein constructs and processing was analyzed through
surface biotinylation. A majority of the constructs were cleaved but there were several constructs
(F293A, F309A, L315A-F316A, L344A-1345A and L372A) that did not produce detectible GP2
with immunoblot analysis (Fig 4.3A). Three of our hydrophobic constructs had been previously
characterized; however, our cleavage data for two constructs differed. Surface biotinylation data
carried out by Klewitz et al. showed that F262A and L266A were unable to become surface
expressed, but underwent some processing as seen in their total lysate blot (107). Our data disputes
their data and suggests that both F262A and L266A are surface expressed near WtGP levels (Fig
4.3A). The difference in these phenotypes could be because we allow our transduction to incubate
for 36 hours versus 24 hours.

To determine if the hydrophobic constructs produced functional protein, we again assessed
the constructs in our cell to-cell fusion assay. Many of the hydrophobic mutations resulted in
reduced or completely abolished cell-to-cell fusion. In total, there were eight processed
hydrophobic constructs that fused <25% compared to wild-type LASV GP (Fig 4.3B). Of the eight
constructs, five were located within GP2 functional domains including the internal fusion peptide
and HR1/HR2 domains. The three constructs (394A, 399A and 415A) that negatively impacted
fusion and were not located within functional domains were positioned near the HR1 and HR2
domains (Fig 4.3B).

Transduction was carried out for ten constructs that expressed over 20% surface expressed

GP2, and above 40% cleavage and fusion efficiency (Fig 4.3C). Again, transduction into HAP and



66

HAP-ADAG cell lines followed a similar trend. There were three constructs (313A, 361A and

387A) that expressed transduction phenotypes which were less than half off their fusion activity.

The other seven constructs expressed similar transduction ability and fusion activity (Fig 4.3C).
Discussion

Here we produced and characterized a library of 60 constructs to provide the groundwork
for identifying residues involved in GP2 function and fusion mechanisms. Of our 60 constructs,
29 mutations were located within GP2 functional domains. Each construct was tested for protein
processing, expression and fusion. Transduction was carried out with constructs expressing over
20% surface expressed cleaved GP2 and over 40% processing and fusion. Previously defined
haploid cell lines were used to carry out viral transduction to assess the differences between our
cell-to-cell fusion assay and an intact viral pathway (58, 59). These data highlight residues
involved in mediating cell fusion and allowing particle entry. Constructs that were expressed and
processed but were unable to mediate efficient cell-to-cell fusion at low-pH will be tested in future
biochemical assays to determine where in the entry pathway the mutation is affecting.

In total, 5 of the produced charged constructs expressed fusion defects below 25 percent,
and only two of the fusion defective constructs were located in a functional domain. Both basic
residues (R282 and K291) within the I-FP caused fusion defects when mutated. Residue R282 is
positioned adjacent to E289 and under low-pH these residues may play structural roles to properly
position the fusion loop and mediate membrane merger (50). Under neutral pH, residue K291 is in
close proximity to the N-terminus of GP1 (50). If interactions between K291 and T70 within GP1
occur, it may help to position the fusion loop for when GP1 conformational changes occur. Other

charged residues which cause fusion deficiencies when mutated include D268, K417 and R422.
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Although these residues fall outside of the GP2 functional domains they seem to be important for
mediating virus induced fusion. We can speculate on how residue D268 may be involved in the
fusion process due to its incorporation in a recently published LASV GP crystal structure (50).
The aspartic acid residue at position 268 is located between the N-FP and I-FP and in close
proximity to K272. This charge-charge interaction may help structure the region around the fusion
peptide and fusion loop required for mediating membrane merger. Residues K417 and R422 are
not incorporated in either the neutral or low-pH GP2 crystal structures but are located between
HR2 and transmembrane domain (50, 54). These residues could also play key roles in GP2
structural rearrangements leading to membrane merger.

Eight of the produced hydrophobic constructs resulted in fusion defects below 25 percent.
Two mutations (L280A and L285A-1286A) within I-FP resulted in impaired fusion which suggests
that these residues may be critical for I-FP insertion. It was expected that altering hydrophobic
residues within this domain would cause fusion defects because hydrophobic residues within viral
fusion peptides/fusion loops are required to insert into the host membrane. One residue, 1323,
located in the HR1 domain and two other residues, 1403 and 1411, located in the HR2 domain also
resulted in fusion defects when mutated. Residue 1323 is located in the region of HRI that interacts
with HR2 to form 6HB, so it is possible that the 1323 A mutation may impair fusion by interrupting
6HB formation (54). Residues 1403 and 1411 located within HR2 may also be involved in 6HB
formation and mediating viral-host membrane merger (54). Therefore, mutations to these residues
could impair GP mediated fusion by blocking 6HB formation. Other residues which negatively
impacted fusion but were not located in GP2 functional domains include L394, F399 and L415A.

In the post-fusion GP2 state, L394 and F399 are located within an unstructured loop which
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interacts with HR1 and interruption of these interactions could inhibit fusion pore formation (54).
L415 is the residue directly after the HR2 domain and interruption of this residue presumably
inhibits 6HB formation (54).

Viral transduction was carried out for constructs expressing over 20% surface expressed
GP2, and over 40% fusion and cleavage efficiency. While all constructs were able to transduce at
some level, a subset of constructs (R356A, 1361A, L387A and K465A) expressing near wtGP
levels of cell-to-cell fusion were unable to mediate high transduction levels. These mutations may
cause GP2 to become less sensitive to low-pH and the endo-lysosomal pH is not low enough to
allow for efficient GP triggering.

Taken together, these data demonstrate that both conserved hydrophobic and charged
residues throughout GP2 are required for protein function. Specifically, residues near or within the
I-FP, HR1 and HR2 domains play critical roles within the fusion process. Residues involved in the
structure or insertion of I-FP include L280, L285-1286, R282 and K291. Residues which may be
involved in 6HB formation include 1323, R355, L394, F399, 1404, 1411 and L415. There were also
several amino acids (D268, K368, K417, R422 and K461) outside of defined structural domains
that negatively affected fusion. Further experiments will be required to biochemically test where

in the fusion process these mutations are affecting.
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Figure 4.1. Mapping the charged and hydrophobic mutations on LASV GP2 pre- and post-
fusion states. (left) The LASV GP1-GP2 pre-fusion crystal structure (PDB 5vk?2), rotated 180°
(50). The GP1 subunit is shown in purple and the GP2 subunit is shown in green. (right) The LASV
GP2 post-fusion GP2 crystal structure (3mko) (54). Mutations produced throughout the GP2
subunit are color-coded as follows: charged-alanine (blue) and hydrophobic-alanine (orange).
Mutated residues which were not located in crystalized regions are not represented in the structures

above. All structures were rendered with PyMol.



70

A > S
& XXX A oF S XXX AT, aF
SB Q & QgDngng?ghQ9~Q§2Qﬂr Q deﬂiQ$§2§a22h29§ﬂ;2*1Q*-
CL O GO ORI OO ONROIORONC)
100kDa
GP1GP2 == (S Y — : ; 70kDa
55kD
GP2 -~ *-- L I - ;
35kDa
X AT
P & V\QP@ y\q‘@
SN T s s
SRS I Q Ot q’v & GRS
RAETISE Q*‘ Q &9 Q“\Q{" XoteRete
SB FEFEFFFFE S FEFFFEFE K
100kDa
GPiGP2 s D . . 70kDa
P — - —_— P e e e 55kDa
2 35kDa
B
160
140
Q120 |
5100 I I I | I.Cleavage efficiency
qC) 80 | I I I I Fusion efficiency
T 11
I

KT X T KX
SNV D B S P L PN oD oS
&0&&&¢@@¢Q&QPP@

T
%%9*&¢@+e¢+++ L

R e S S P P L e QQ&@&@

4_
C g &
100 il M
& 80 ‘ I i
EGO I W HAP1
5 Il HAP1-DAG
o
5 40 I
0.
20
-
R R
P Do oV °°f5 fb"’fb‘bf? RGN RERG
N R RN *’Q*‘ &
RIS XSS QV
4.



71

Figure 4.2. Processing and functional characteristics of conserved charged GP2 residues. (A)
Vero cells transduced with the indicated LASV GP constructs were subjected to cell surface
biotinylation after 36 hours. Biotinylated proteins were concentrated using streptavidin sepharose
beads, denatured and separated by SDS-PAGE. LASV GP was detected using an anti-FLAG
antibody, M2, against the C-terminal GP2 3x flag tag. (B) Cleavage efficiency and cell-to-cell
fusion data was quantified as previously stated. (C) VSVAG-LASV GP constructs encoding GFP
were used to transduce HAP1 and HAP1-ADAGI cells; efficiently transduced cells expressed
GFP. Transduction was quantified using flow cytometry gating for GFP positive cells.
Transduction efficiency, for each construct, was normalized to wild-type LASV GP particle
transduction for both cell lines tested. All data are based on the average and standard error of the

mean of at least three replicate experiments.
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Figure 4.3. Processing and functional characteristics of conserved hydrophobic GP2
residues. (A) Surface expressed hydrophobic constructs were examined through SDS-PAGE and
detected with anti-GP2 antibody, 22.5D. (B) Cleavage efficiency and cell-to-cell fusion data. (C)
Transduction of HAP1 and HAP1-ADAGT] cells using VSV pseudotyped particles. All data are

based on the average and standard error of the mean of at least three replicate experiments.



Table 4.1. Summary of Fusion, GP cleavage and Transductions

Mutant

F262A
L266A
E270A
E272A
D273A
K300A
H305A
D306A
L313A
K320A
L326A
K327A
L349A
K352A
H354A
R356A
I358A
I361A
K384A
L387A
H398A
E404A
H448A
L449A
K451A
[458A
K461A
K465A
R481A
R490A-R491A

Classificatio
n

Hydrophobic
Hydrophobic
Charged
Charged
Charged
Charged
Charged
Charged
Hydrophobic
Charged
Hydrophobic
Charged
Hydrophobic
Charged
Charged
Charged
Hydrophobic
Hydrophobic
Charged
Hydrophobic
Charged
Charged
Charged
Hydrophobic
Charged
Hydrophobic
Charged
Charged
Charged
Charged

Fusion
Activity
92.4+17
69.3+17
117.7 +£13
64.1+22
829+6
55.1 + 26
63.4+18
83.4+13
60.7 £ 21
96+ 9
905
7839
93.2+8
90.3+11
96.9 £ 4
92314
98.3+5
102.2 £ 24
6461
112.9+29
68.6 + 33
51.2+13
649+3
87.8+11
77.1+12
91.8+8
50.9+7
40.1+11
749+2
91.8+7

Cleavage
Efficiency

106.6 + 7
86 + 20
123.9 + 23
1125+ 13
103.4+10
86.4+3
88.8+1
80.1+13
98.7+1
101.5+3
70.4 +13
89.8+6
99.9+2
57.8 + 29
87.6+19
78.3+15
103.3+2
103.9+2
49.2 + 16
102.2 + 3
80.6 £ 12
97.1+3
115+6
91.2+3
109.8 +1
1034 +1
103.2+8
110.6 £ 12
141.3+24
138.3 + 33

Transduction Efficiency

HAP1

73.9 +13
43.8 + 15
83.8+8
93.1+7
89.5+7
98.9+6
59.8 + 15
60.7 + 15
39.2+9
90.1+3
82.5+15
91.3%+6
61.6 + 15
62.4 +19
80.7%7
50.3+24
85.6 +14
234+10
69.2+4
47.2+10
89.2+5
85.8+10
55.7 + 27
78.4+14
92.6+6
100.8 £ 19
57.3+18
24+1
96.6+9
995+5

HAP1-ADAG

96.7+9
70.1+17
65.9+ 10
78.9 +18
56.8 + 11
95.6+8
34.7+10
56.6 + 13
383+11
55.2+8
74.3 +10
7911
61.6 + 10
70.7 + 21
68.9 + 22
37.7+8
77.4+18
244+9
52+ 13
40.6 + 15
52 +18
58.3+14
31.8+5
70 £ 17
79.4 +12
82.6 + 26
21.4+7
23+4
91.1+13
823+11

74
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CHAPTER 5
CONCLUSION

The purpose of the work presented here was to identify amino acids within LASV GP1
required for aDG receptor binding and residues within GP2 required for protein functionality. In
total, we characterized 140 constructs containing engineered mutations throughout the LASV GP.
These constructs were biochemically tested for their ability to become processed, surface
expressed, mediate cell-to-cell fusion, and transduce two different haploid cell lines. Mutations
within the GP1 subunit, thought to be inhibiting aDG interactions, were also tested for their ability
to bind aDG through co-immunoprecipitation.

Several conclusions on the domains and specific amino acid residues critical for LASV GP
function have been reached through these studies. First, the aDG receptor binding site for OW
arenaviruses is conserved. We, along with others, demonstrate that the aDG binding site for
arenaviruses exists atop of the GP trimer (53). Experimental evidence suggests that the aDG
binding site spans multiple GP1 monomers and requires an intact trimer because monomeric GP
is unable to mediate aDG binding.

Secondly, we further supported regions within LASV GP1 required for LAMP1
interactions. Lassa virus is currently the only known arenavirus to require LAMP1 for efficient
cellular entry. We and others demonstrated that the histidine triad within GP1 is important for
mediating LAMP1 interactions (51, 61). Presumably the histidine triad indirectly affects LAMP1
binding through pH induced conformational changes. We also showed that insertional mutations
near the LAMP1 binding crevice abolished transduction into both HAP1 and HAP1-DAG cells

suggesting that these HA tag inserts interfere with LAMP1 interaction.
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Lastly we have highlighted conserved residues within LASV GP2 required for mediating
GP induced fusion by altering both hydrophobic and charged residues to alanine. We identified
several residues within the GP2 fusion peptide, fusion loop and heptad repeats and some outside
of these specified domains which alter GP2 function. Residues located in the fusion loop that
negatively impacted fusion include L280, L285-1286, R282 and K291. These residues may help
to position the fusion loop for insertion or could be directly involved in membrane insertion.
Several other residues (1323, R355, 1404, 1411 and L415) located near or within the HR1 and HR2
domains of LASV GP2 also negatively affected fusion. These amino acids could be involved in
6HB formation to mediate virus-host membrane merger. Future experiments will be required to
biochemically test these claims.

Ultimately, knowledge gained by these studies have answered several core questions about
the LASV GP which the scientific community can utilize in future arenaviral exploration. By
determining the aDG receptor binding domain on GP1, other groups can apply our data to design
small molecules that competitively inhibit receptor interaction. The discovery of entry inhibitors
against LASV GP would have a large impact on the medical treatment of the disease due to the
current lack of available therapeutics.

Also, our work with the LASV GP2 subunit highlighted several residues involved in
protein function. In the future, constructs resulting in fusion defects but still expressing near wild
type levels of protein processing/expression will be assessed to identify where in the fusion process
the mutation is disrupting. For instance, GP2 triggering results in the disassociation of the GP1
subunit. Therefore, to identify if the mutation is affecting glycoprotein triggering, we can develop

experiments to assay for GP1 disassociation. If the mutated glycoprotein is able to trigger but is
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still unable to mediate fusion, then we can assess if the mutation is inhibiting 6HB formation by
utilizing native page. Taking these steps would give us a better understanding on GP2
functionality, highlight residues required for viral entry, and potentially aid in the future

development of antiviral compounds that target regions required for GP2 function.
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