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Abstract

Most enveloped viruses infect cells by binding receptors at the cell surface
and undergo trafficking through the endocytic pathway to a compartment with the
requisite conditions to trigger fusion with a host endosomal membrane. Both
binding at the cell surface and the eventual fusion of virus and host membranes
is mediated by the viral entry and fusion protein(s), proteins on the virus surface
that are sometimes simply referred to as glycoproteins. Under conducive
conditions the fusion protein(s) undergo conformational changes and induce the
merging of the host membrane and viral membrane, allowing viral contents to
enter the host cell cytoplasm initiating infection. Factors that induce
conformational change to trigger viral fusion with the host membrane can be low
pH, receptors in the endosomal membrane, proteases, a high concentration of a
specific cation such as calcium in the endosomal lumen, a specific lipid, or some
combination of these factors. These features of virus entry are reviewed in
Chapter 1.

Broad categories of compartments in the endocytic pathway include early
and late endosomes, which can be further categorized into subpopulations with
differing rates of maturation and motility characteristics. In Chapter 2, viral
particles pseudotyped with the vesicular stomatitis virus glycoprotein on their
surface and equipped with a novel pH sensor and a fluorescent content marker
were used to measure pH, motion, and fusion at the single particle level in live

cells. We found that the VSV-G particles fuse predominantly from more acidic



and more motile endosomes, and that a significant fraction of particles is
trafficked to more static and less acidic endosomes that do not support their
fusion. Moreover, the fusion-supporting endosomes undergo directed motion.

In Chapter 3, a correlative assay to ascertain the pH of fusion mediated by
Ebola virus glycoprotein is described. Ebola virus has a complex entry
mechanism and while assays reconstituting fusion have shown that pH plays a
critical role, the pH at which Ebola virus fuses in intact cells has not previously
been determined. A novel pH sensor, mNectarine-Lamp1 was used to
specifically assess late endosomal pH in cells treated with bafilomycin to
alkalinize endosomes. The inhibition of viral entry was assessed upon treatment
with the same concentration range of bafilomycin. The change in late endosomal
pH was then correlated with inhibition of entry. With this approach, we
determined that the majority of EBOV particles fuse in U20S cells below pH 5.7.
The methodology presented could be used to determine the pH dependence of
fusion in live cells for other enveloped viruses that enter cells through an

endosomal pathway.
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Chapter 1: Introduction

1.1 An Abstract of Viral trafficking and the Endocytic Pathway

Viruses must exploit host cell machinery to replicate. To gain access to
this machinery, the viral contents must enter the cytoplasm, after which the cell is
said to be infected. Enveloped viruses are a special category of virus that bear a
host-derived lipid membrane on their exterior. For most enveloped viruses to
infect cells they must bind receptors at the cell surface and then be internalized
into a vesicle, a small membrane bound compartment within the cell. Enveloped
viruses can then undergo trafficking through the endocytic system, a collection of
enclosed compartments within the cell that support cargo sorting, recycling and
degradation. Both binding at the cell surface and the eventual fusion of virus and
host membranes is mediated by the viral entry and fusion protein(s) (sometimes
called viral envelope glycoproteins), which are proteins on the virus surface.
Under conducive conditions the fusion protein(s) can undergo conformational
changes and induce the merging of the host membrane and viral membrane.
Factors that induce conformational change to trigger viral fusion with the host
membrane can be low pH, receptors in the endosomal membrane, a high
concentration of a specific cation such as calcium in the endosomal lumen, a
protease, a specific lipid, or some combination of these factors. To achieve
fusion, viruses must be trafficked to a compartment with these conducive

conditions.



Cargo enters the cell from the plasma membrane for a variety of
purposes: some proteins carry cargo into the cell or transmit signals and then are
sent back to the plasma membrane, while others are taken up to be degraded
with constituent parts reused. Once cargo progresses sufficiently in the endocytic
pathway and enters late endosomes, it cannot be recycled directly to the plasma
membrane and is typically destined for degradation. To avoid misdirection of
cargo for recycling or degradation, there are several tightly regulated steps at
which cargo can be retrieved or redirected. The sorting of cargo begins at the cell
surface, where specific cargo is concentrated in discrete areas of the plasma
membrane. Through a variety of mechanisms, the plasma membrane can form
ruffles or invaginations, which become enclosed vesicles within the cytoplasm, a
process called endocytosis. Broad categories of compartments in the endocytic
pathway include early and late endosomes. Vesicles containing incoming cargo
from the plasma membrane typically first fuse with early endosomes, though this
may vary based on the pathway by which the endosome is formed. Early
endosomes mature to late endosomes in a process that is characterized by the
exchange of membrane associated proteins on the cytosolic face of the
compartment. Maturation is generally understood to be an irreversible process
and is marked by changes in ion concentrations within the endosomal lumen,
generation of vesicles internal to the endosome and changes in the membrane
composition of the endosome that accompany the transition from early to late

endosome. Early endosomes have a pH closer to neutral, while late endosomes



are more acidic. The low pH in late endosomes works in concert with proteases
to break down proteins no longer needed by the cell.

In addition to the broad categories of early and late endosome, cargo may
be sorted to special subpopulations of early endosomes that can more rapidly
mature. While not a physiological cargo, viruses bind to and exploit host lipids or
proteins to make their way through the endocytic pathway to a compartment
where they can undergo fusion. The sorting of viruses may or may not follow the
physiological sorting of their receptors (examples will be discussed in Chapter 2).
Important information about the compartment in which the virus fuses and its
fusion requirements may also be derived from understanding the pH threshold for

viral fusion (examples will be discussed in Chapter 3).

1.2 Endocytosis and Characteristics of the Endocytic System

The plasma membrane is necessary to protect the cytosol from the
outside world, contain and concentrate the thousands of different chemical
reactions that take place inside the cell and modulate, and amplify signals to and
from the cell. To maintain the integrity of the plasma membrane, modulate the
levels of proteins involved in signaling and take in bulk nutrients, the cell must be
able to internalize material from medium surrounding the cell without breaching
the continuity of the plasma membrane. This is achieved by inward budding and
vesiculation of small areas of the plasma membrane. These inward buds become

vesicles by controlled fission from the plasma membrane.



The process of cells internalizing matter from their environment was first
observed in the 1880s and was termed phagocytosis (Schmid et al., 2014) from
the ancient Greek for “to eat” (dayeiv) and “skinfempty vessel” (kUT0Q).
Phagocytosis was easily observed with early technology in microscopy because
of large scale changes in the cell but it took many years for the process of
endocytosis and the endocytic system to be understood in greater detail as
microscopy technology evolved (Hansen et al., 1991; Novikoff et al., 1956;
Schmid et al., 1989; Yamada, 1955). While phagocytosis is a particular form of
endocytosis primarily targeting large particles and is especially important as a
cell defense mechanism, endocytosis is more generally the internalization of
material of all sizes, often selectively, from outside the cell to the interior. To
accomplish this, cells form vesicles that are small compartments made up of lipid
bilayer from the plasma membrane (de Bruyn et al., 1983; Dickson et al., 1983;
Herman & Albertini, 1983; Kartenbeck et al., 1981). These vesicles may also
contain proteins and materials either integral to or attached to the bilayer (Brown
& Goldstein, 1979; Jean-Alphonse & Hanyaloglu, 2011). By binding materials
that will be internalized, such as lipids or membrane proteins, many viruses hitch
a ride inside the cell along with physiological cargo. Vesicles formed from the
plasma membrane can go through several possible pathways, but the two
primary end fates of the vesicles and their cargo are degradation or recycling.

In the degradative pathway, cargo encounters compartments that are

progressively more acidic and hydrolytic enzymes can break down cargo (Kolter



& Sandhoff, 2010; Yadati et al., 2020). The low pH of later endocytic
compartments can trigger viral fusion (J. M. White et al., 2016) and is also
important for the dissociation of important cargo, such as iron or low-density
lipoproteins (LDL), from their transmembrane receptors (transferrin and LDL-
receptor respectively. Dissociation precedes recycling of receptors to the cell
surface (Alberts et al., 2002; Brown & Goldstein, 1979; Diaz et al., 1988;
Goldstein et al., 1982; Harding et al., 1983; Schneider & Williams, 1985; Vasile et
al., 1983). The first compartments that cargo typically encounters in the endocytic
pathway are early endosomes (EE) which are mildly acidic (pH ~7.0-6.0) and act
as an important sorting station from which cargo to be recycled can be recovered
(as reviewed in Huotari & Helenius, 2011). These compartments are generally
more peripheral (eg closer to the plasma membrane than the nucleus) but the
relationship between compartment localization and acidity is a cell type
dependent phenomenon (D. E. Johnson et al., 2016). The next set of
compartments, which are typically closer to the nucleus, deeper inside the cell,
are late endosomes (LE), which have pH ~6.0-4.5 (D. E. Johnson et al., 2016; R.
J. Lee et al., 1996; Ohkuma & Poole, 1978; Tycko et al., 1983), and contain
enzymes that can break down cargo. Entrance into late endosomes is a key
decision point as these compartments cannot typically recycle fluids or
membrane components directly to the plasma membrane. Lysosomes are
compartments containing a high concentration of hydrolytic enzymes that may

fuse with late endosomes. Endolysosome is a designation for the organelle that



results from the fusion of late endosomes and lysosomes; this is where much of
the degradative cargo is broken down (as reviewed in Luzio et al., 2014). The
lipid composition and overall ionic composition of compartments in the endocytic
pathway are unique and heavily regulated such that molecular machinery can
only operate within the lumen of or on the membrane of the physiologically
appropriate compartment (Huotari & Helenius, 2011). An overview of the
endocytic pathway is shown in Figure 1.1 and will be described in greater detail

through the next few sections of the introduction.
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Figure 1.1. An overview of the compartments of the endocytic pathway and
the flow of cargo. The endocytic pathway consists of a series of increasingly
acidic compartments with differing membrane composition. Incoming cargo from
the plasma membrane, including viruses, is contained in vesicles that fuse with
early endosomes (EE). Cargo destined for recycling is sorted to tubules, which
are then undergo scission. Cargo contained in these tubule-derived vesicles is
trafficked to recycling endosomes or back to the plasma membrane. Early
endosomes are relatively rich in PI(3)P, which recruits effectors that promote
endosome maturation and the formation of intraluminal vesicles (ILV) containing
degradative cargo. Late endosomes (LE) are more acidic than EE. Lysosomes



can fuse with LE, delivering hydrolytic enzymes to form endolysosomes, which
have very low pH, are rich in ILVs and can conduct degradation of cargo.
Endolysosomes and lysosomes are rich in the lipid LBPA. Endosomes at all
stages may fuse with endosomes of their own type in homotypic fusion events or
form vesicles to fuse with the trans-Golgi network (TGN). However, only EE and
recycling endosomes typically generate vesicles that can fuse directly with the
plasma membrane. Adapted from Huotari and Helenius 2011.

1.3 The Formation of Vesicles at the Plasma Membrane

Mechanistically, endocytosis occurs through clathrin-coated pits or modes
of clathrin-independent endocytosis. The clathrin-independent endocytosis
includes a variety of forms including caveolae and macropinocytosis. Clathrin-
mediated endocytosis is a tightly regulated process for selective cargo uptake
and will be discussed in greater detail below (Kaksonen & Roux, 2018; Mercer &
Helenius, 2009; Schmid et al., 2014). Caveolae are fairly stable structures
thought to be derived from lipid rafts (Parton & Simons, 2007). They can
sequester selected membrane components within the plasma membrane but
also occasionally undergo scission to form vesicles within the cell.
Macropinocytosis is the process of membrane ruffling driven by actin, generating
vesicles called macropinosomes. Generation of macropinosomes drives the bulk
uptake of extracellular fluids and the plasma membrane. The fate of
macropinosomes may vary based on how the macropinocytosis was induced and
the type of cell. In some cells, macropinosomes can acquire markers of early and
late endosomes, following a canonical endocytic pathway. In other cells, they can

be recycled to the cell surface (as reviewed in Johannes et al., 2015; Mercer &



Helenius, 2009). Some viruses, including Ebola virus, vaccinia mature virion virus
and herpes simplex virus 1, exploit macropinocytosis for internalization (Mercer &
Helenius, 2009).

Clathrin-mediated endocytosis is a highly selective mode of endocytosis in
which cargo selection and the stabilization of the pit are driven by coat proteins.
The coordination of the stabilization, scission and uncoating of the pit is
conducted in part by phospholipids, as will be discussed in greater detail in the
next section. Inner coat proteins bind to lipids in the plasma membrane as well as
particular sequences or motifs in receptors to be endocytosed. The inner coat
proteins then concentrate proteins to be endocytosed in a discrete area of the
cytoplasm. The adapter proteins may also play a role in generating curvature in
the lipid bilayer via amphipathic helices, which create local membrane defects
and can multiply curvature when numerous defects are in close proximity. An
outer layer consisting of self-assembling clathrin subunits interacts with the inner
layer to form a cage that coats the vesicle (Figure 1.2). The mechanistic role of
the clathrin subunits is either to stabilize or generate vesicle curvature around the
cargo. Actin polymerization plays a critical role in membrane deformation for pit
enlargement and curvature generation (as reviewed in Kaksonen & Roux, 2018).
Actin may play an especially important role when large cargo undergoes clathrin-
mediated endocytosis (Cureton et al., 2010). The role of clathrin in the generation
or stabilization of membrane curvature is highly debated in the field (Z. Chen &

Schmid, 2020). The release of the clathrin cage encircling the vesicle is



coordinated via dephosphorylation of a lipid present in mature pits
(phosphatidylinositol-4,5-biphosphate) and the action of the auxilin—HSC70 (heat
shock cognate 71 kDa protein) complex. The vesicle may then fuse with early
endosomes (Figure 1.2) (Cocucci et al., 2014; Kaksonen & Roux, 2018).

Some cellular receptors present in the plasma membrane and internalized
by clathrin mediated endocytosis serve as viral receptors, allowing viruses to
concentrate at sites of cargo internalization. One example of a viral receptor that
undergoes clathrin mediated endocytosis is low-density lipoprotein (LDL)
receptor, which acts as the receptor for vesicular stomatitis virus (VSV)
(Finkelshtein et al., 2013; Fischer et al., 1993; X. Sun et al., 2005). VSV as well
as other viruses and their receptors will be discussed at greater length in later

sub-section of this chapter (see Enveloped Viruses and their Fusion Triggers).
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Figure 1.2. Clathrin-mediated endocytosis generates vesicles for the
internalization of cargos, including viruses, from the plasma membrane of
the cell. Clathrin-mediated endocytosis is a carefully regulated process allowing
the concentration and endocytosis of cargo within coated vesicles. Viruses can
bind to physiological cargo and exploit this pathway to internalization. The
cytoplasmic domains of cargos can interact with coat proteins, both enabling the
formation of the coat (initiation) and further concentration of receptors (cargo
recruitment). The coat either mediates or stabilizes membrane bending
(membrane bending). Dynamin at the neck of the vesicle (blue bead-like
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structure) and pulling forces from the actin cytoskeleton help mediate scission.
For large cargo, pulling forces from actin are especially important and large actin
patches can form on vesicles. Following scission, the vesicle uncoats, permitting
fusion with early endosomes and ongoing trafficking. Adapted from Kaksonen &
Roux 2018.
1.4 Lipid Composition Provides Spatiotemporal Regulation

The maturation of endosomes within the endocytic pathway is largely
regulated by the association of cytosolic proteins with the vesicles within the
pathway; this process is coordinated by the presence of specific lipids within the
membrane. Thus, lipids function indirectly as the major regulators of several
processes key to endocytic maturation. The processes of fission and fusion of
compartments in the endocytic pathway (Gautreau et al., 2014), the recruitment
of machinery that creates vesicles within endosomes (Bissig & Gruenberg, 2013)
and aspects of cargo sorting to degradative or recycling pathways (Diaz-Rohrer
et al., 2014; Mayor et al., 1993; Mukherjee et al., 1999) are all lipid dependent
processes. In addition, the activity of some endosomal ion channels is regulated
by lipids (Q. Chen et al., 2017; Hirschi et al., 2017; Schmiege et al., 2017; She et
al., 2018; X. Wang et al., 2012) and so lipids contribute to changes in ionic
environment within the endocytic pathway with consequences for endosome
function (Freeman et al., 2020).

Phosphatidylinositol (Pl) is a relatively low-abundance lipid in cellular
membranes comprising less than 1% of cellular lipids (as reviewed in Shewan et

al., 2011) but is critical for regulating the assembly of protein complexes on

cellular membranes (Gautreau 2014, Cullen and Steinberg 2018, Henne 2013)
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as well as being responsible for activating ion channels (Q. Chen et al., 2017;
Hirschi et al., 2017; Schmiege et al., 2017; She et al., 2018; X. Wang et al.,
2012). The phosphorylation of the inositol head group of phosphatidylinositol
results in several different isoforms each of which has a specific localization
within cellular membranes. Phosphatidylinositol 4,5-biphosphate (PI(4,5)P2) is
primarily found at the plasma membrane. The numbers (4,5) designate the site of
the phosphorylation on the lipid head group. Phosphatidylinositol 3-phosphate
(PI(3)P) primarily resides in the early endosome membrane and in the membrane
of ILVs (Gillooly et al., 2000), while Phosphatidylinositol 3,5-biphosphate
(PI1(3,5)P2) is found on late endosomal membranes (Bissig & Gruenberg, 2013).
Both PI(3)P and PI(3,5)P2z are vitally important because they recruit Rab proteins
(discussed in greater detail in a later section), which scaffold and regulate other
proteins that allow endosomes to perform vital functions such as fuse with one
another or associate with the cellular cytoskeleton. PI(3,5)P2 is synthesized by
the phosphorylation of PI(3)P by the kinase PIKfyve. PIKfyve binds PI(3)P and
thus can associate with early endosomes (Huotari & Helenius, 2011). The exact
mechanism or combination of mechanism by which PI(3,5)P production is
coordinated with the overall maturation of endosomes is still under investigation,
but scaffolding proteins, the autophosphorylation of PIKfyve and the
dephosphorylation of PIKfyve by the protein/lipid phosphatase Fig4 all play roles
in regulating PIKfyve lipid kinase activity (Lees et al., 2020; Sbrissa et al., 2007).

The lipid turnover from PI(3)P to PI(3,5)P2 may have such complex regulation
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because key proteins in the endosome maturation process recognize these
phosphoinositides, and thus phosphoinositides play a role in regulating the
localization and timing of maturation events (Bissig & Gruenberg, 2013; Huotari &
Helenius, 2011).

In addition to phosphoinositides, the lipids cholesterol and
lysobisphosphatidic acid (LBPA) play important functional roles in endosome
function and maturation. While LBPA makes up only a small portion of cellular
lipids, it is highly abundant in the late endosome where it can make up to 15-20
mole percent of all phospholipid content. LBPA may aid the generation of internal
vesicles within the endosomal lumen with consequences for sorting (see Cargo
Sorting) and also mark a specific subpopulation of these vesicles generated later
in the endocytic pathway (Gruenberg, 2020). Late endosomes are an important
location in the cell for cholesterol storage. Among other functions, late
endosomal cholesterol stores are critical for regulating endosome motility
(Huotari & Helenius, 2011). Interestingly, LBPA is critical for the regulation of late
endosomal cholesterol stores and thus indirectly for cellular cholesterol
homeostasis (Chevallier et al., 2008). In sum, the lipid composition of various
compartments within the endocytic pathway is vital to the maturation and function

of these compartments.

1.5 Cargo Sorting
While some cargo entering the cell is destined to be digested to its

constituent parts and reused for metabolism, other cargo is eventually recycled
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back to the plasma membrane. From the perspective of a virus that requires
certain cues in the endocytic pathway to complete the entry process and undergo
fusion with the host cell, recycling is an undesirable fate. There are many levels
of control to ensure that proteins destined for degradation continue along the
endocytic pathway to the endolysosome, while those that will be reused are
recycled to the plasma membrane. This sorting process may begin at the plasma
membrane, where specific adaptor proteins may concentrate specific cargo (Cao
et al., 1998; F. Huang et al., 2004; Lakadamyali et al., 2006; Traub & Bonifacino,
2013). The concentration of cargo in areas of the plasma membrane can have
downstream consequences for cargo sorting to specific subpopulations of early
endosomes (Lakadamyali et al., 2006).

Early endosomes are heterogenous in membrane composition and cargo
content. Some subpopulations of early endosomes mature faster than others.
Subpopulations of endosomes that quickly advance to having the late endosomal
marker Rab7 often contain cargo that is destined for degradation (Lakadamyali et
al., 2006). Special subpopulations of endosomes may also play a role in cellular
signaling (Kalaidzidis et al., 2015; Mao et al., 2006; Miaczynska et al., 2004). For
example, APPL1 is a molecule that marks a specific population of early
endosomes that is essential to modulating glucose uptake in response to
signaling by the important metabolic hormone adiponectin (Mao et al., 2006).
Differing populations of endosomes may help sort lipids incoming from the

plasma membrane and receive specific kinds of lipid cargo preferentially (C. S.
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Chen et al., 1997). Thus, very early sorting events whereby specific cargos are
enriched first in discrete areas of the plasma membrane and then in specialized
early endosomal subpopulations, act to both maintain important signaling
pathways and ensure efficient cargo sorting.

Once incoming vesicles fuse with an existing early endosome
(Kamentseva et al., 2020), cargo destined for recycling is sorted into a tubular
region that extends from the spheroid central compartment of the endosome
(Franke et al., 2019; Geuze et al., 1983, 1987). Molecules called sorting nexins
recognize proteins to be recycled (Lucas et al., 2016; McNally et al., 2017).
Sorting nexins recruit other molecules and complexes that eventually help
promote scission of the tubular region to form a carrier. Retromer and Retriever
are two key complexes that mediate the sorting of cargo to the trans-Golgi
network and recycling endosomes respectively (McNally et al., 2017; Wassmer et
al., 2009). Carriers containing protein for recycling may undergo fusion with the
trans-Golgi network (TGN) or a recycling endosome act prior to eventual transit
back to the cell surface (Cullen & Steinberg, 2018). The recycling of viruses
back to the cell surface has been described in the literature (Owczarek et al.,
2019; Poston et al., 2021; L.-J. Zhang et al., 2020), but it is not clear how
common this phenomenon is or if the recycling process is related to the identity
of the viral receptor.

Another level of control in the sorting process involves sequestering

degradative cargo in vesicles internal to the endosome. Cargo that is destined for
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degradation is sometimes marked with ubiquitin, which, alongside the lipid
PI(3)P, is recognized by Endosomal Sorting Complex Required for Transport-0
(ESCRT-0). ESCRT-0 sequesters the degradative cargo such that it cannot
diffuse into the tubular recycling region (Cullen & Steinberg, 2018). The dual
binding of a ubiquitylated sequence and lipid by ESCRT-0 ensures that its activity
is restricted to early endosomes. ESCRT-0 is one member of a complex,
consisting also of ESCRT-1, 2 and 3, that generates membrane buds containing
the cargo recruited by ESCRT-0. The topology of the process is the opposite of
that depicted for clathrin mediated endocytosis in Figure 1.2; instead of pointing
into the cytoplasm, these buds point away from the cytoplasm into the lumen of
the endosome (Henne et al., 2013). The accumulation of ESCRT-3 at the neck of
the bud and the consequent increase in the curve at the bud neck likely mediate
vesicle scission with the assistance of VPS4. The role of VPS4 in mediating
disassembly of ESCRT-3 for further use is well described but the mechanism by
which it can help mediate vesicle scission has not been definitively demonstrated
(Liese et al., 2020; Remec Pavlin & Hurley, 2020; Wollert et al., 2009; Wollert &
Hurley, 2010). The vesicles generated within the endosomal lumen are called
intraluminal vesicles (ILVs, as discussed above). While the majority of
degradative cargo is contained in ILVs, away from any possibility of erroneous
recycling, a minor fraction may not be captured and will remain in the limiting

(and eventually lysosomal) membrane (Ukkonen et al., 1986).
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Membrane microdomains, areas of lipids that are more or less fluid than
surrounding areas, may also play an important role in cargo sorting, though the
mechanisms and details of the process is under investigation. Cholesterol,
sphingomyelin and phosphatidylserine are all enriched in recycling endosomes.
Further, cholesterol and sphingomyelin strongly colocalize with cargo undergoing
recycling (Gagescu et al., 2000). Both cholesterol and sphingomyelin are primary
constituents of nanodomains or microdomains in lipid bilayers that are said to be
ordered. These ordered domains have special biophysical properties and both
saturated lipids and certain proteins tend to congregate within them (Sezgin et
al., 2017). The mechanism of partitioning proteins into ordered domains may rely
on the length, surface area, and palmitoylation (a lipid modification) of the
transmembrane domain (TMD) of the protein (Lorent et al., 2017). Association
with rafts has been shown to mediate the recycling of some proteins, which have
longer TMDs, to the plasma membrane (Diaz-Rohrer et al., 2014). Thus, in
addition to recycling mediated by sorting nexins, a lipid dependent pathway

exists to recycle membrane proteins.

1.6 Endosome Fission and Fusion

The fission and fusion of endosomes is essential to maturation as well as
the generation of vesicles carrying cargo to be returned to the cell surface or
other organelles such as the TGN. Non-degradative sub-pathways within the
endosomal system, such as recycling or transport to the TGN, must be protected

from erroneously directing cargo toward degradation. Multiple levels of control
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prevent degradative vesicles and the plasma membrane or early endosomes
from fusing with one another. Both protein-protein and protein-lipid interactions
determine which vesicles or organelles within the endocytic pathway may fuse.
The multiple levels of recognition of the lipid and protein composition of the
membranes of any two prospective fusion partners serves as “fusion proof-
reading”. The recognition may be conducted by tethering factors that hold
vesicles close enough together to fuse and may also be conducted by proteins
recruiting the fusion machinery. While some aspects of what the minimal
requirements are to mediate fusion between vesicles are debated (Gautreau et
al., 2014), SNARE proteins are known to play a critical role in the final merger of
the highly selected membranes (Jahn & Scheller, 2006).

Members of the Rab family of proteins are commonly used as markers for
specific stages of endosomal maturation and can recruit proteins that modify the
membrane in which they reside. Rabs can recruit the machinery that allows
endosomal membrane fusion, making them a key regulator of endosomal
maturation (Gautreau et al., 2014). Among the 66 Rab proteins known to be
encoded within the human genome (Kldpper et al., 2012), the Rabs that have
garnered the most attention in the endosomal system are Rab5 (associated with
early endosomes), Rab7 (associated with late endosomes) and Rab11
(associated with recycling endosomes). This discussion will focus primarily on
Rab5 and Rab7 because of their role in advancing the endosomal maturation

program and the degradative pathway. Rab GTPases are soluble in their inactive
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form when they are bound to Guanosine-5'-diphosphate (GDP) and membrane
associated when in their active form bound to Guanosine-5'-triphosphate (GTP).
A Guanine nucleotide-exchange factor (GEF) catalyzes the exchange of GDP
(inactive) for GTP (active) while a GTPase-activating protein (GAP) can speed
the hydrolysis of GTP and conversion back to an inactive state. The mechanism
by which individual Rabs associate with specific membranes is still under
investigation (Wandinger-Ness & Zerial, 2014). The membrane association of
Rabs may be regulated in part by the localization of GEFs and GAPs that
operate on individual Rabs, activating Rabs that are needed at a given
compartment membrane and inactivating those that are not (Rivera-Molina &
Novick, 2009).

The preparation of an endosome to undergo fusion can begin with Rab
activity and the recognition of a Rab by proteins conducting endosomal
membrane fusion. Once Rab5-GTP has associated with early endosomes, it can
mediate interactions with PI(3)-kinase, allowing the production of PI(3)P, a
defining lipid for early endosomes (Gautreau et al., 2014). The fusion-promoting
protein Early Endosome Antigen-1 (EEA1) recognizes both PI(3)P and Rab5-
GTP. Experiments using endosomes and cytosol to reconstitute fusion in vitro
have shown EEA1 is capable of mediating endosome fusion on its own, but other
cytosolic factors may regulate or promote fusion (Christoforidis et al., 1999). A
tethering complex, Class C core vacuole/ endosome tethering (CORVET), may

be required for fusion specifically when one member of the fusion pair is an
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APPL1+ endosome (see Cargo Sorting) by bringing the endosomes into close
proximity (docking). CORVET can then bind to SNARE proteins, a family of
coiled-coil proteins that conduct essential membrane fusion events in the cell,
which then directly mediate fusion between participating endosomes (Balderhaar
et al., 2013; Perini et al., 2014). CORVET may play a different role in the case of
EEA1+ early endosomes, acting as a complimentary tethering factor for EEA1 to
enhance endosome-endosome docking rather than being strictly necessary for
docking and fusion (Perini et al., 2014). CORVET possesses two binding sites for
Rab5, which select for homotypic fusion (Peplowska 2007, Balderhaar 2013),
further illustrating another level at which specific vesicles may be recognized for
fusion. Homotypic fusion events may be an important step in the endosomal
maturation program as the enlargement of Rab5+ compartments, presumably by
fusion events, has been shown as the early endosomes accumulate increasing
amounts of Rabb prior to their maturation to late endosomes (Rink et al., 2005).
The switch from Rab5 to Rab7 is a critical step in the maturation of
endosomes as Rab7 has a different set of effectors that advance the endosomal
maturation program, including increasing motion and acidification. The
inactivation of Rab5 requires activity of a GAP while activation of Rab7 requires a
GEF (Gautreau et al., 2014). One hypothesized mechanism of Rab5/Rab7
exchange in mammalian cells is that a single complex, Sand-1/Mon1 and Ccz1,
mediates the inactivation of Rab5 and recruitment of Rab7-GTP. Upon a critical

concentration of PI(3)P, Sand-1/Mon1 may bind to the endosomal membrane
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displacing the Rab5 GEF, Rabex-5, ensuring that when Rab5 hydrolyzes GTP to
GDP, Rab5 will remain soluble. Further, Sand-1/Mon1 in complex with Ccz1 can
act as a Rab7 GEF to promote Rab7-GTP binding (Borchers et al., 2021). Thus,
Rab5-GDP dissociates and becomes soluble in a coordinated fashion with the
association of Rab7-GTP with the endosomal membrane

Rab7 recruits a variety of proteins and complexes to the late endosomal
membrane that further promote the endosomal maturation program. One such
complex is homotypic fusion and protein sorting (HOPS), which has two Rab7
binding domains and serves to tether late endosomes and/or lysosomes together
(Gautreau et al., 2014; Lirick et al., 2017). In addition to HOPS, homotypic fusion
events require SNARE proteins (Mima et al., 2008; Stroupe et al., 2006, 2009).
By mediating the assembly of heterotypic fusion machinery, Rab7-GTP may
allow late endosomes to fuse with lysosomes, which are dense in hydrolytic
enzymes, to form endolysosomes in which cargo degradation can take place.
Rab7-GTP also interacts with Rab-interacting lysosomal protein (RILP), which
indirectly mediates interaction with dynein, a plus-end directed motor protein that
moves along microtubules and can facilitate translocation of endosomes to the
perinuclear region (Gautreau et al., 2014), where in some cell types mature
endosomes and endolysosomes primarily reside (D. E. Johnson et al., 2016).
RILP also stabilizes the protein complex, vacuolar ATPase (V-ATPase), which
acidifies endosomes, and thus Rab7 may also indirectly play a role in generating

the endosomal pH gradient (De Luca et al., 2014).
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Recycling events and the exit of cargo from the degradative pathway
occur primarily by fission, in contrast to the fusion events that accompany the
maturation of endosomes and progress of degradative cargo in the endocytic
pathway. In early endosomes, recycling cargo is sorted into a tubular region,
which then undergoes scission to form a vesicle holding cargo to be recycled.
The scission event consists of two parts: constriction of the neck of the tubule
and a pulling force on the tubule away from the main body of the endosome. The
cytoskeleton is critical for these fission events as it provides pulling forces for the
scission of the tubule into a vesicle (Gautreau et al., 2014). A protein complex,
Wiskott Aldrich Syndrome protein and scar homologue complex (WASH), that
promotes actin polymerization also restricts diffusion of proteins into and out of
the tubular region of the endosome. In addition, WASH may be involved in
recruiting dynamin, which provides constriction at the neck of the tubule. After or
in concert with the constriction of the neck of the tubule, WASH activates actin-
related proteins-2/3 (ARP2/3), which polymerizes actin on the tubule surface
exerting a pushing force on the endosome surface (Derivery et al., 2009).
Complexes involved in cargo sorting, including Retromer, which was discussed in
a previous section, can then recruit motor proteins to the surface of the recycling
tubule. These motor proteins exert opposing forces, pulling the tubule and
endosome in opposite directions (Soppina et al., 2009; Wassmer et al., 2009),
which along with constriction and a pushing force from actin may generate

fission. Recently, ER-endosome membrane contact sites have been proposed to



22

mediate endosome fission at a step downstream of cargo sorting and
sequestration, perhaps by binding of an ER-associated protein to an ESCRT
complex interactor IST1 (increased sodium tolerance 1) and subsequent
perturbations of the cytoskeleton at the fission site generating pulling or pushing

(Allison et al., 2013; Hoyer et al., 2018).

1.7. The pH Gradient Within the Endocytic Pathway

The pH gradient within the endocytic pathway regulates key physiological
processes including the degradation of cargo, the dissociation of recycling cargo
from transmembrane receptors (Huotari & Helenius, 2011) and the generation of
intraluminal vesicles (Perrin et al., 2021). While early endosomes start at a
relatively modest pH of approximately 6-7, the concentration of protons in the late
endosomes can be more than ten times higher at a pH of approximately 4.5-6, as
pH is a log scale (Huotari & Helenius, 2011). The translocation of late
endosomes to the perinuclear region is correlated with this drop in pH (D. E.
Johnson et al., 2016).

Two main factors contribute to the pH in the late endosome: how quickly
protons are pumped in and how quickly they leak out. The protein complex
responsible for pumping protons into the lumen of the endosome is V-ATPase,
which consists of two subcomplexes that are each themselves multiprotein
complexes; V1 conducts ATP hydrolysis while VO acts as the transmembrane
proton pore. Several processes and factors regulate the activity of the V-ATPase.

The VO and V1 subunits must be assembled together for function. The rate at
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which the two subunits associate, and can thus function, may be higher in the
late endosome than in the early endosome (Lafourcade et al., 2008). Further, the
overall ionic content of the lumen influences transporter efficiency since protons
are positively charged and thus V-ATPase activity is electrogenic (Harikumar &
Reeves, 1983). Positive charge must leave the endosomal lumen in the form of
cations or anions must be internalized to permit the V-ATPase to continue
functioning in driving acidification (Fuchs et al., 1989; Steinberg et al., 2010).
Even as the V-ATPase pumps protons into the lumen, though, some
protons may leave the lumen via ion channels or transporters in a process
termed “proton leak.” Solute carrier proteins (SLCs) are an important group
facilitating proton leak as are cation-proton antiporters, which use the proton
gradient to drive cations, especially sodium and potassium into the endosomal
lumen (Chadwick et al., 2021). Late endosomes close to the plasma membrane
are less acidic than endosomes found near the nucleus in some cell types.
Endosomes in both locations were found to have similar levels of V-ATPase
activity, but late endosomes near the plasma membrane had greater proton leak.
Thus proton leak, not V-ATPase activity may be the primary determining factor in
the pH of individual late endosomes (D. E. Johnson et al., 2016). Possible
reasons for the “leakiness” difference between peripheral and perinuclear
endosomes include differences in lipid composition leading to differential
regulation of cation channels and antiporters as well as association with motor

proteins and their effectors.
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1.8. Tools to Study pH Within the Endocytic Pathway

As endosomes mature, pH decreases, thus pH can be an indirect way of
measuring endosomal maturation. By attaching a pH sensor to cargo that is
endocytosed, the kinetics of cargo uptake, passage through early endosome and
localization in late endosomes can be crudely assessed. In addition to indicating
the maturity of an endosome, the pH within compartments in the endocytic
pathway can provide an overall readout as to the “health” of the endocytic
pathway and state of the cell. For example, cancer cells can have different
distributions of lysosomal pH as compared to healthy cells of the same kind
(Webb et al., 2021) and endosomal acidification can play a role in neurologic
disease (Bonam et al., 2019).

Most commonly used pH sensors exploit fluorescence to provide
information about endocytic compartment pH. A sensor or sensors within the cell
can be excited with one or more specific wavelength(s) of light. The intensity
and/or wavelength of the light re-emitted from the sensor upon excitation then
provides a readout for pH. Factors other than pH, including the concentration of
the sensor and whether the sensor is slightly out of focus in fluorescence
microscopy, can affect emission intensity. Ideally, a sensor provides two
emissions, one that is insensitive to pH and one that is sensitive, allowing
correction for non-pH variables that affect emission intensity (Canton & Grinstein,

2015). Sensors also come in two different modalities: exogenously introduced
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(Canton & Grinstein, 2015) and genetically encoded (Bencina, 2013; H. Kim et
al., 2021; Martynov et al., 2018).

Introduced sensors are dissolved in the medium in which cells under
investigation are grown. Some of the sensor is endocytosed and ultimately
localizes to endosomes. If the sensor is transiently introduced and then replaced
with medium that does not contain the sensor, this pulse-chase experiment can
be used to examine compartments sequentially as the sensor is allowed to traffic
for varying amounts of time. With a sufficiently long chase period, the sensor
localizes to the late endosome as confirmed by colocalization with a late
endosomal antibody or fluorescent marker protein. Examples of sensors that are
internalized via endocytosis include dextran fluorescent conjugates and
fluorescent conjugates of physiological endocytic cargo such transferrin. A pH
insensitive dye such as Texas Red or rhodamine can be conjugated to some
molecules to be endocytosed and a pH sensitive dye such as Oregon Green or
fluorescein isothiocyanate to others (Canton & Grinstein, 2015; Ma et al., 2017;
Steinberg et al., 2010). This ensures that a ratio of the pH-sensitive and pH-
insensitive probes can be taken to control for factors such as variation in the
uptake of the probe(s). In addition to dye-conjugates, fluorescent weak bases are
also commonly used to identify endosomes and, in some cases, can be used to
provide a qualitative readout of acidification. Common examples of such
reagents are LysoTracker© probes (Canton & Grinstein, 2015) and Acridine

orange. These weakly basic dyes can cross cellular membranes but become
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trapped in acidic organelles by protonation (De Duve et al., 1974). Because they
can have toxic effects on the cell, can accumulate in non-endosome acidic
organelles, and cannot be calibrated, these dyes are typically not used in
applications where the quantitation of endosomal pH is desirable (Canton &
Grinstein, 2015).

Genetically encoded pH sensors are advantageous because they can be
specifically targeted to organelles and a wide variety of pH sensitivities is
achievable based on the constituent member proteins in the sensor. Targeting is
achieved by the expression of a fluorescent protein or proteins as a chimera with
a protein resident in the target compartment (Bencina, 2013). A single protein
can be used (D. E. Johnson et al., 2009) or a pair of proteins with differential pH
sensitivities to provide a ratiometric readout (Tanida et al., 2014). In some cases,
a single protein can provide a ratiometric readout due to a spectral shift in
emission intensity depending on pH (Mahon, 2011; Miesenbdck et al., 1998). A
key consideration in the use of genetically encoded pH sensors is the potential
for heterogenous expression levels between cells, meaning not all cells provide a
uniformly interpretable readout. Potential mis-localization of the probe is also a
caveat if the probe is highly overexpressed. Overall though, the modular design
of genetically encoded pH sensors, with tunability of both localization and pH
sensitivity, provides a powerful tool for measuring pH in both the endocytic

pathway and other organelles.
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Both endocytosed and genetically encoded sensors can be used for
quantitative evaluation of endocytic pH. To determine a pH value, sensors are
calibrated by selective introduction of a buffer of a known pH (Canton &
Grinstein, 2015; Ma et al., 2017). To allow the lysosomal pH to equilibrate with
the buffer of known pH, cellular membranes can be selectively permeabilized to
certain ions using molecules known as ionophores such that the intralysosomal
pH is intentionally adjusted. Nigericin, a potassium/proton exchanger (Graven et
al., 1966) is a commonly used ionophore that permits equilibration of potassium
and protons across the lysosomal membrane (Canton & Grinstein, 2015;
Steinberg et al., 2010). It is sometimes used in combination with monensin, a
sodium selective ionophore (Cussler et al., 1971; D. E. Johnson et al., 2016).
Once the lysosomal pH has equilibrated with the buffer of a known pH, individual
cells can be imaged and the fluorescence from the pH probe correlated to a
given pH for a number of pH conditions, generating a calibration curve. The pH of
an individual cell or set of cells in the experimental condition can then be
calculated from the calibration curve and the experimental fluorescence data
(Canton & Grinstein, 2015).

Fluorescence from pH sensor(s) can be read over many cells using a
plate reader device that measures collections of cells in a single well (Ma et al.,
2017), for many individual cells using flow cytometry (Nilsson et al., 2004), or in
specific regions or compartments of a single cell using fluorescence microscopy

(Canton & Grinstein, 2015). While plate reader measurements are relatively easy
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to conduct from a technical perspective and provide the advantage of averaging
over many cells in the measurement itself, it is not possible to exclude from
measurement cells that are either dead or provide other erroneous signals (Ma et
al., 2017). Flow cytometry offers a high-throughput method and the opportunity to
exclude dead cells, but not to measure endosomes individually (Nilsson et al.,
2004). Theoretically, a recent technology that combines flow cytometry and
microcopy (ImageStream, Amnis) could allow the measurement of individual
compartments; though in the technology’s current state of development,
achieving the resolution in three dimensions needed to examine selected
endosomes within a non-adherent cell would be challenging or impossible.
Fluorescence microscopy can be relatively low throughput compared to a plate
reader or cytometer, but offers the ability to differentiate individual endosomes
(D. E. Johnson et al., 2016) and exclude cells that are dead or may otherwise

provide erroneous data (Canton & Grinstein, 2015).

1.9 An overview of viral entry, replication and budding

Viruses are essentially tiny parasites. They cannot replicate on their own
and they consist simply of proteins and nucleic acid sequences and, for some,
lipids. Viruses exploit host cell proteins and energy derived from the host cell to
make copies of themselves. To a virus, every cell that it is capable of invading is
a potential copy machine. While it is not advantageous for the virus to kill its host,
viruses pathogenic to humans constitute a grave public health burden. A single

virus, Respiratory Syncitial Virus (RSV) killed an estimated 118,000 children
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globally in 2015 alone (Srikantiah et al., 2021). Viruses do not just affect human
health; they also can infect plants, animals and bacteria as well. These tiny
machines (typically ranging from 20-100nm in size) are mighty for their size
(Louten, 2016).

For animal cells the plasma membrane acts as a barrier, dividing the
genetic material, proteins and chemical reactions in the cytoplasm from the wide
world of the extracellular space. The plasma membrane, like any other biological
membrane, consists of a lipid bilayer containing proteins. The lipids and proteins
act as both curators and messengers (Dias & Nylandsted, 2021). Channels allow
ions to enter and exit the cell (Brini & Carafoli, 2011). Receptors on the plasma
membrane communicate signals from outside the cell to the cytoplasm, initiating
necessary physiological changes for processes such as cell proliferation (Hilger
et al., 2018). To infect cells, viruses must breach this division between outside
the cell and inside to seed their functional components into the cytoplasm. While
some viruses are able to enter the cell directly at the plasma membrane other
viruses must enter through intracellular compartments with particular
characteristics (Dimitrov, 2004; Hernandez-Gonzalez et al., 2021; J. M. White et
al., 2016). Once the virus has entered the cell cytoplasm, it can replicate using
host resources to copy its own viral genome and produce viral proteins.
Assembly of genetic material and viral proteins occurs at a host membrane.

Finally, viral particles exit the cell by budding from the plasma membrane or
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exocytosis. Enveloped viruses are defined by the host membrane they acquire

upon budding (Figure 1.3) (Hernandez-Gonzalez et al., 2021).
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Figure 1.3. The viral entry and replication cycle. Viruses require host proteins
to replicate. To access the host machinery mediating transcription and
translation, the viral contents must enter the cell. In the illustrated example, the
viral genome consists of DNA. A similar process occurs if the viral genome
consists of RNA but one or more additional steps are required. For viruses with
RNA genomes, an RNA-dependent RNA polymerase or reverse transcriptase is
necessary to produce mRNA for translation or circular DNA. In either case, the
MRNA encoding viral proteins is used as a template for host ribosomes to
produce viral proteins. These viral proteins then assemble and bud to produce a
new virion. Prior to or after exit from the cell, these virions may undergo
processing events that enable them to infect additional cells. Adapted from
Alberts et al., The Molecular Biology of the Cell.

Viral Entry

To understand the necessity for some viruses to reach a special

compartment to breach the lipid bilayer that protects the cell, we must first
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examine the component parts of the virus and their functions. On the surface of
the virus are the viral entry and fusion protein(s), which interact(s) with the host
cell. Viral entry proteins are also sometimes known as glycoproteins because of
the numerous glycosylations (or sugar molecules) that they bear. The interaction
of the viral entry protein with host proteins or lipids at the cell surface allows the
virus to bind to the cell. Conformational changes of the entry and fusion protein
generate the energy required to bring together the viral envelope and the host
lipid bilayer that separates the cytosol from the outside world (Dimitrov, 2004).
These conformational changes require both the priming and triggering of the
fusion protein. During priming, which may occur in the Golgi during particle
production (Roby et al., 2015), in the extracellular space (Hoffmann et al., 2020)
or in an endocytic compartment (Schornberg et al., 2006), the fusion protein is
converted into a fusion competent state. For some viruses, priming may require
multiple steps that occur in multiple stages during the maturation of viral particles
before they exit the host cell and after viral particles have been internalized.
Once primed, the viral fusion protein can be triggered via a cue that allows the
viral fusion protein to insert in the host membrane; in some cases this cue is low
pH within a compartment in the endocytic pathway (Figure 1.4)(J. M. White et al.,
2016). Details of the endocytic pathway and how the pH gradient, host factors
and ionic milieu act as triggering cures will be discuss in a later section of this

introduction.
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To trigger fusion between viral and host membrane, the viral fusion protein
must first insert into the host membrane. The insertion requires an extended
conformation of the fusion protein (J. M. White et al., 2016). A sequence of 20-30
amino acids known as the viral fusion peptide directly mediates interaction of the
viral fusion protein with the host membrane. The structure of these peptides and
their interaction with membranes are well studied for a number of viruses (Freitas
et al., 2011; Ghosh et al., 2000; Gregory et al., 2011; Han et al., 2001; Harter et
al., 1989; Y. Li & Tamm, 2007; Melo et al., 2009; Mendes et al., 2012; Smith et
al., 2012). In at least two cases, structural evidence directly shows that low pH
induces the exposure of the fusion peptide and insertion of the fusion peptide into
the host lipid bilayer (Gregory et al., 2011; Han et al., 2001; Lorieau et al., 2012).
After insertion into the target membrane, the fusion protein folds back to bring the
host and viral membrane into close apposition with the two membranes merging
once they are forced close enough (Figure 1.4) (Chernomordik et al., 1998;
Kozlovsky et al., 2002; Tatulian et al., 1995). The formation of an individual
fusion pore and its expansion may require multiple fusion proteins (Danieli et al.,
1996; Floyd et al., 2008). Once the fusion pore is sufficiently large, the viral

contents may pass into the cytoplasm, permitting viral replication to begin.



33

Fusion Incompetent Fusion Competent Prehairpin

C ] C ) [« )
C ) C ) C

Prime ) ? Trigger ) :::tlfg;

® @ ®

Prebundle

Close Apposition Hemifusion Fusion pore

Figure 1.4. The viral fusion protein mediates the close apposition and
merging of virus and host membranes. Prior to fusion, the viral entry protein
(depicted in dark blue [f- fusion subunit] and purple [rb- receptor binding domain])
must undergo a priming step which confers fusion competence to the viral entry
protein. Often the priming step is a proteolytic cleavage of the viral entry protein.
Once the entry protein is in the presence of necessary factors, the fusion peptide
is exposed and can interact with the host membrane (red bilayer). The entry
protein then undergoes a conformational change bringing the host membrane
and viral membrane (blue) into close proximity until the inner leaflet of the host
membrane and outer leaflet of the viral membrane are contiguous (hemifusion).
The event can then progress to full fusion in which a fusion pore forms making
the inner space of the virus and host cytoplasm contiguous. With formation of a
large enough fusion pore, viral contents pass to the cytoplasm completing the
entry process. Adapted from White 2016.

Viral Replication

All viruses have structural elements that constitute the viral core
underlying the viral envelope and glycoprotein. These repeating subunits of
protein often form a spherical shape. More rarely the favored geometry for
protein assembly may result in a bullet-shaped or filamentous virus. The primary
function of structural proteins is to protect the genetic material inside the virus

(Louten, 2016). The genetic material is the blueprint for viral replication and can
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consist of negative sense ribonucleic acids (RNA), positive sense RNA, or
deoxyribonucleic acids. Facilitating the replication of the genetic code are the
RNA or DNA polymerases carried by the virus. The virus then relies on host cell
ribosomes to translate the viral genetic material to make new viral proteins
(Louten, 2016). Once the viral proteins have been produced, four main steps
occur to make a new virion: assembly, envelopment, budding and maturation
(Figure 1.3). During assembly, the structural proteins that make up the viral core
and other parts of the virus, like the genetic material and polymerases, come
together. For enveloped viruses, this assemblage is then is coated with the host
membrane (envelopment). To allow budding of the virion and its subsequent
release from the cell, either at the plasma membrane or via the secretory
pathway, the enveloping membrane must be severed. The virion is then a
complete unit and undergoes additional changes (maturation) to become
infectious. These changes could involve proteolytic events or other
rearrangements of different viral subunits (Rheinemann & Sundquist, 2021).
Once the virion is mature it can go on to infect other cells and continue the cycle

of entry and replication (Figure 1.3).

1.10 Enveloped viruses and their fusion triggers, including pH

Viral entry proteins are encoded by the viral genome, and viral genome
relatedness is used to divide viruses into families and genera (Kuhn, 2021;
Louten, 2016). Thus, though viral entry proteins are unique to each virus, there

are frequently closely related viruses that have entry proteins with similar
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structure and interacting host factors. The viral entry protein, entry pathway and
fusion triggers for several families of virus will be described in order to better
contextualize the importance of the endocytic pathway and pH in triggering fusion

of the viral and host membranes.

Rhabdoviridae: vesicular stomatitis virus

The family Rhabdoviridae is made up of two genera of negative sense
RNA viruses, Lyssavirus and Vesiculovirus. The primary human pathogen in the
genera Lyssavirus is rabies, which is broadly distributed geographically, and if
the infection is left untreated typically causes death. For obvious reasons, rabies
cannot be studied without special biosafety precautions and is rarely used as a
model virus for laboratory studies (Rupprecht & Bleck, 1997). Vesicular stomatitis
virus (VSV) is a commonly used model virus that primarily infects livestock (Liu et
al., 2021) and is a member of the genera Vesiculovirus (Rupprecht & Bleck,
1997). VSV is a commonly used model because it can be used with biosafety
protections available to most laboratories (Liu et al., 2021) and has been
considered to have a relatively simple, pH-dependent fusion trigger without
requiring any preceding proteolytic cleavage events of the viral entry protein.

The viral entry protein of VSV, glycoprotein (G protein), forms a trimer (as
reviewed in E. Sun et al., 2013) which binds to LDL receptors at the cell surface,
mediating attachment and ensuring that the virus is endocytosed (Finkelshtein et

al., 2013; Fischer et al., 1993; X. Sun et al., 2005). The virus is trafficked to a
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sufficiently acidic compartment, where the G-protein undergoes a series of
conformational changes from an inactive state, to an extended state that
interacts with the viral membrane (low-pH triggered active conformation), to a
stable post-fusion state that is antigenically distinct from the inactive and active
states (Roche et al., 2006, 2007; E. Sun et al., 2013). G-protein is distinct among
other viral entry proteins due to the reversibility of the transition between inactive
and active states (E. Sun et al., 2013). Low pH is sufficient to trigger membrane
fusion mediated by G-protein, but several G-protein trimers are likely needed to
mediate virus-host membrane fusion and opening of the fusion pore (illustrated in
Figure 1.4) (I. S. Kim et al., 2016). The exact pH reported to trigger the host
membrane association or membrane fusion mediated by G protein varies widely
in the literature (Beilstein et al., 2020; Carneiro et al., 2001; Eidelman et al.,
1984; Fredericksen & Whitt, 1995; J. White et al., 1981). All currently reported
values are in reconstituted systems, rather than measured in whole cells.
Moreover, the pH values determined may vary based on the component parts of
the reconstituted system.

Historically, G protein was assumed to mediate the fusion of VSV with the
limiting membrane of the endosome, permitting the virus to infect cells directly
from the endosome (Superti et al., 1987). More recently though, VSV was shown
to fuse with ILVs in the endosomal lumen as an additional mechanism of entry.
After G protein mediates the fusion of VSV with ILVs, the viral nucleocapsid is

contained within the ILV. Upon reaching a late compartment of the endocytic
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pathway, the ILV can undergo retrofusion with the limiting membrane, allowing
the viral contents to enter the host cytoplasm (Le Blanc et al., 2005). A similar
mechanism of fusion has been proposed in another family of viruses, Flavivirus
(Nour et al., 2013). The process of ILV retrofusion occurs even in the absence of
virus (Perrin et al., 2021) and relies on the low pH and lipid composition,
especially LBPA content, found in late endosomes or endolysosomes (Amini-

Bavil-Olyaee et al., 2013; Le Blanc et al., 2005; Perrin et al., 2021).

Arenaviridae: Lassa virus and lymphocytic choriomeningitis virus

The family Arenaviridae is made up of two genera of viruses:
Mammarenavirus and the genus Reptarenavirus. Mammarenaviruses infect
mammals and are further divided into Old World and New World arenaviruses.
The Old World arenavirus Lassa (LASV) causes hemorrhagic fever, infecting
approximately 300,000 people per year. The New World arenavirus Lymphocytic
Choriomeningitis virus (LCMV) infects children and immunosuppressed
individuals. Because LCMV is typically not dangerous to healthy adults, it is a
commonly used virus to infect mice and conduct immunology and virology
studies (Hallam et al., 2018).

The entry protein for all arenaviruses is a trimer of heterotrimeric proteins
and requires multiple proteolytic cleavage events to be primed to fusion
competence. Each protein in the heterotrimer has a specific function: one

interacts with the host receptor (GP1), one drives fusion of the host and virus
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membranes (GP2), and another, the stable signal peptide, is essential for the
incorporation of the entry protein into viral particles (Hastie & Saphire, 2018;
Kunz et al., 2003). For the arenavirus to be internalized, first GP1 must interact
with the host receptor. For LASV the host cell-surface receptor is a sugar moiety
attached to the protein alpha-dystroglycan (Cao et al., 1998). Once internalized,
LASV switches to bind to the endosomal protein LAMP1, which acts as the
endocytic receptor for the virus (Jae et al., 2014). LCMV also uses alpha-
dystroglycan as a receptor (Cao et al., 1998; Rojek et al., 2008a). The
internalization of LCMV is dependent on intracellular cholesterol concentrations
but not clathrin-mediated endocytosis or caveolin (Rojek et al., 2008a), whereas
LASV has been described to be internalized via micropinocytosis or a clathrin-
mediated endocytosis like mechanism (Fedeli et al., 2020; Oppliger et al., 2016;
Vela et al., 2007). The transition of arenavirus entry proteins from a pre-fusion
state to post-fusion state is triggered by low pH. This transition is irreversible in
contrast to VSV (Hastie & Saphire, 2018). In the case of LASV, the endosomal
receptor LAMP1 allows fusion to be triggered at a higher pH. Theoretically, this
enables escape from the endocytic pathway earlier than the virus would escape

in the absence of the receptor (Hulseberg et al., 2018).

Filoviridae: Ebolavirus

The family Filoviridae consists of six species of Ebolavirus, one species of

Marburg virus, and one species of Cuevavirus, which is more distantly related (H.
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Feldmann et al., 2013; T. Goldstein et al., 2018). Ebola ebolavirus (EBOV,
formerly Zaire ebolavirus) is notable for its pathogenicity in humans, resulting in
significant outbreaks in West Africa between 2013 and the present, 2021 (Jacob
et al., 2020). EBOV contains two nucleoproteins, two polymerase complex
proteins, a nuclocapsid associated protein (VP24), a matrix protein (VP40), and a
glycoprotein (GP) (Watt et al., 2014). These viral proteins are encoded in a
negative sense RNA genome. The GP protein protrudes from the cell-derived
virus membrane and acts as the entry and fusion protein (H. Feldmann et al.,
2013). Furin cleaves GP post-translationally to produce two polypeptide chains:
GP1 and GP2 (Volchkov et al., 1998). Fusion is mediated by GP2, which
contains an internal hydrophobic fusion loop that, when exposed by low pH and
association with necessary host factors, mediates interaction with the host
membrane (Adam et al., 2004; Gregory et al., 2011). Due to the high
pathogenicity of EBOV it is often studied using pseudoviruses or virus-like
particles, a model system that is not pathogenic. Pseudoviruses have structural
proteins derived from a non-filamentous virus (typically VSV or a retrovirus) but
bear the EBOV GP. Virus-like particles use the structural protein of EBOV, VP40,
such that the virus has a filamentous morphology and also bears the EBOV GP.
In both cases, the viral genome and other machinery essential for viral replication
is absent. Both pseudosviruses and virus-like particles bearing EBOV GP have

similar kinetics of infection (Mingo et al., 2015).
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EBOV GP can attach to a broad range of factors at the cell surface and is
taken into cells by macropinocytosis. Following macropinocytosis, EBOV is
enclosed in vesicles that can acquire early endosomal proteins such as Rab5
(Mercer & Helenius, 2009). EBOV is then trafficked to a late endosomal
compartment where GP1 can interact with a host factor, Niemann Pick disease
type-C1 protein (NPC1) (Mittler et al., 2021; Simmons et al., 2016; Spence et al.,
2019). NPC1 is a transmembrane, cholesterol export protein, which receives
cholesterol from the soluble lysosomal protein NPC2. GP1 interacts with NPC1 at
the same site as NPC1’s physiological partner, NPC2 (X. Li et al., 2016).
However, the cholesterol exporting function of NPC1 is not required for it to act
as the receptor for EBOV (Miller et al., 2012), leading to speculation that the
function of NPC1 in EBOV entry is to position GP2 for fusion or to permit
additional cleavage events in GP.

During trafficking, EBOV GP must undergo proteolytic cleavage events to
render it fusion competent. Required proteases include cysteine proteases
cathepsins B and L (Chandran et al., 2005; Schornberg et al., 2006). There are
some data to suggest additional proteases and cleavage events may be
required, but these additional proteases have not been discovered to date
(Fénéant et al., 2019). Low pH triggers interaction of the fusion loop with the host
membrane (Adam et al., 2004; Gregory et al., 2011). The fusion loop is most
active below pH 5.5 as determined in reconstituted systems (Gregory et al.,

2011; J. Lee et al., 2017). The full-length GP has been shown to be stabilized by
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low pH in the absence of receptor and other cellular factors. As a stable
conformation would likely prevent the GP from mediating fusion, this suggests
that, in the context of the full-length protein, low pH must be combined with other
factors to trigger fusion (Bortz et al., 2020). Calcium has also been suggested to
promote fusion either directly or by enhancing the binding of GP to the host
receptor NPC1 (Das et al., 2020; Nathan et al., 2019). Despite much debate in
the field over mechanistic roles of host factors, there is general agreement that,
in addition to NPC1, host cell proteases, late endosomal ion channels (controlling
pH and calcium levels) and host factors involved in endosomal trafficking and
maturation are all required to enable EBOV to fuse with the host membrane and
enable content release. This common set of factors is required for all
ebolaviruses even though the GP sequence differs slightly between individual

ebolavirus species (Hoffmann et al., 2016).

Retroviridae: Avian sarcoma leukosis virus

Avian sarcoma leukosis virus (ASLV) is an alpha retrovirus. Retroviruses
replicate by infecting cells and achieving the integration of their viral genome into
the host genome. From within its site in the host genome, the transcripts for viral
proteins are generated. ASLV infects birds and causes lymphoma. ASLV is
commonly used as a retrovirus model that is non-pathogenic to humans. Its entry
and fusion protein, Envelope (Env) can belong to a variety of viral subgroups (A-

E) that individually can interact with one of three different receptors, TVA, TVB or
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TVC. TVA is a LDL-receptor family related molecule, with an extracellular domain
that shares sequence identity with the LDL-A module and binds to ASLV Env.
TVB is a member of the tumor necrosis factor receptor (TNFR) family (as
reviewed in Barnard et al., 2006). TVA is of special interest because it has two
isoforms, one with a transmembrane domain (TVA950) and one that is lipid
anchored (TVA800) (Bates 1993). ASLV is known to be trafficked into the
endocytic pathway, where a pH of ~6.0 triggers fusion (Delos et al., 2010; Desai
et al., 2017; Melikyan et al., 2005; Padilla-Parra et al., 2012). While the
transmembrane receptor undergoes clathrin-mediated endocytosis to be
internalized and trafficked to the fusion site, the lipid anchored receptor
undergoes a form of lipid-raft dependent endocytosis (Gray et al., 2011; Narayan
et al., 2003). Both isoforms of the TVA receptor have been shown to have
differing characteristics of trafficking and fusion. When ASLYV is allowed to infect
lines of cells expressing only one TVA isoform, TVA950, ASLV is about equally
likely to fuse within endosomes that move fast or slowly. In contrast, when cells
express TVA800, ASLV is more likely to fuse within endosomes that move
slowly. In addition, the fusion pore expands more rapidly when the virus fuses in
the cell line expressing the transmembrane receptor (Padilla-Parra et al., 2012).
These sub-populations of endosomes will be discussed in greater detail in the

section that follows and in Chapter 2.
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1.11 Endosomal sub-populations in viral entry

Trafficking through the endocytic pathway allows some viruses to reach
compartments with the necessary conditions for fusion and, as in the case of
EBOV, undergo critical processing events. Sub-populations of early endosomes,
the first compartment many viruses encounter after internalization, can mature at
differing rates. Influenza virus is preferentially sorted to endosomes that rapidly
acquire Rab7, a marker of later more acidic endosomes (Lakadamyali et al.,
2006). Influenza virus is a member of the family Orthomyxoviridae and is
triggered to fuse by pH in the range 5.0-5.7, depending on the strain of influenza
(Gerlach et al., 2017; J. White et al., 1981). Lower pH can result in more efficient
fusion (Floyd et al., 2008), perhaps because at lower pH more fusion proteins are
active. This increases the chance that proximal viral fusion proteins will
simultaneously activate, allowing efficient formation of a fusion pore (Otterstrom
et al., 2014). Preferential sorting of influenza virus into faster maturing
endosomes that reach low pH more quickly may reduce the virus’ time to fusion
and allow it to infect cells more efficiently. The only other virus that has
previously been studied with respect to sorting to subpopulations of endosomes
is ASLV. In contrast to the preferential sorting of influenza, ASLV sorts to static
and dynamic endosomes in proportion to the abundance of those endosomes
(Padilla-Parra et al., 2012). While limited data are available about the mechanism
for sorting of ASLV or influenza in specific endosomal subpopulations,

physiological cargos may shed some light on the matter. Preferential sorting of
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LDL and transferrin to subpopulations of early endosomes originates at the
plasma membrane by clustering of the cargos in separate clathrin-coated pits
(Lakadamyali et al., 2006).

In addition to subpopulation of early endosomes, there may be multiple
sub-pathways within the degradative track of the endosomal system. Viruses
may exploit these sub-pathways enabling them to bypass innate immune factors
or to enter cells even under unfavorable conditions. The host cell possesses
innate immune defenses, some of which reside in the endocytic pathway.
Interferons, powerful proteins released by immune cells in the setting of infection,
can enhance the expression of viral restriction factors including interferon-
inducible transmembrane proteins (IFITMs). IFITM molecules consist of two
hydrophobic domains linked by an intracellular domain (as reviewed in Perreira
et al., 2013). The topology of IFITMs has been debated (Perreira et al., 2013),
but whether the hydrophobic domains are transmembrane or merely embedded
in the membrane may depend on the membrane in which the molecule is located
(F. Sun et al., 2020). Recent data suggest that the membrane orientation of
IFITMs is important as they restrict viral infection by perturbation of the host
membrane, blocking expansion of the viral fusion pore and preventing content
release (Guo et al., 2021). An additional mechanism of function may be
accelerating the trafficking of certain viruses to endolysosomes, potentiating their
degradation (Spence et al., 2019). A selection of viruses restricted by IFITMs

includes vesicular stomatitis virus, influenza virus and filoviruses (Perreira et al.,
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2013; Suddala et al., 2019). New World arenaviruses LASV and Junin virus are
known to escape restriction by IFITMs even though like influenza and filoviruses
they fuse late in the endocytic pathway (Brass et al., 2009; Suddala et al., 2019).
Data show that these viruses primarily colocalize with the isoform of IFITM that
predominates in late endosomes, IFITM3, after fusion of host and virus
membranes (Spence et al., 2019; Suddala et al., 2019), furthering the possibility
that these viruses escape host immune restriction by passing through a special
trafficking pathway and/or targeting to a special subset of late endosomes. There
remains much work to be done in understanding how and whether specific
viruses are sorted to particular pathways, and the advantages that certain

pathways may confer to the virus.

1.12 Summary

The endocytic pathway begins at the cell surface and consists of
compartments that mature and undergo fusion and fission events. Each
compartment of the endocytic system has its own membrane composition and
luminal environment. Via a complex series of mechanisms with multiple checks
and balances, cargo is targeted for recycling to the plasma membrane,
degradation or trafficking to other cellular compartments. Enveloped viruses have
proteins on their surface that can bind host receptors at the plasma membrane
and, once the virus has encountered appropriate conditions within the endocytic

pathway, mediate a fusion event that delivers the virus into the cytoplasm,
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causing the cell to become infected. Low pH is an important trigger for the fusion
of many viruses. Various probes can be used to measure pH in the endocytic
pathway and in the environment of the virus as it is trafficked. Viruses can take
unique routes through the endocytic pathway or be targeted to special sub-
populations of compartments that may confer the advantage of more efficient
fusion or avoidance of host immune factors. In the next chapters, | will describe
the development of a novel fluorescent pH probe, the optimization of another,
and the use of these probes to better understand critical aspects of viral

trafficking and fusion.
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Chapter 2. Endosomes supporting fusion
mediated by vesicular stomatitis virus
glycoprotein have distinctive motion and

acidification

Maya Cabot, Volker Kiessling, Judith M White, Lukas K Tamm

Traffic. 2022; 23( 4): 221- 234. doi:10.1111/tra. 12836

2.1 Abstract

Most enveloped viruses infect cells by binding receptors at the cell surface
and undergo trafficking through the endocytic pathway to a compartment with the
requisite conditions to trigger fusion with a host endosomal membrane. Broad
categories of compartments in the endocytic pathway include early and late
endosomes, which can be further categorized into subpopulations with differing
rates of maturation and motility characteristics. Endocytic compartments have
varying protein and lipid components, luminal ionic conditions and pH that
provide uniquely hospitable environments for specific viruses to fuse. In order to
characterize compartments that permit fusion, we studied the trafficking and
fusion of viral particles pseudotyped with the vesicular stomatitis virus

glycoprotein (VSV-G) on their surface and equipped with a novel pH sensor and
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a fluorescent content marker to measure pH, motion, and fusion at the single
particle level in live cells. We found that the VSV-G particles fuse predominantly
from more acidic and more motile endosomes, and that a significant fraction of
particles is trafficked to more static and less acidic endosomes that do not
support their fusion. Moreover, the fusion-supporting endosomes undergo

directed motion.

2.2 Introduction

Viruses infect host cells after binding to host receptors at the cell surface.
For most enveloped viruses, infection requires internalization and trafficking
through the endocytic pathway. Receptor binding occurs via glycoproteins on the
viral surface and conformational changes of these proteins mediate fusion
between the viral and host membranes, leading to infection. Some viruses fuse
early in the endocytic pathway, while others must be trafficked to late endosomes
to encounter conditions required to trigger fusion. These may include processing
by proteases, binding to endosomal receptors, as well as favorable conditions of
pH, lipid composition, and ionic milieu (J. M. White et al., 2016). Late endosomes
are more acidic than early endosomes, and endo-lysosomes and lysosomes are
more acidic still. In addition, each progressively more acidic compartment in the
pathway has its own lipid and protein components (Huotari & Helenius, 2011). In
many cases endosomal pH is the primary fusion trigger, though in some cases

there are other essential triggers (J. M. White et al., 2016). Viruses that fuse in
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late endosomes include influenza virus and lymphocytic choriomeningitis virus
(Pasqual et al., 2011; J. M. White et al., 2016). In contrast, Semliki forest virus
(Kielian et al., 1986) and avian sarcoma and leukosis virus (ASLV) fuse in early
endosomes (Padilla-Parra et al., 2012).

Early endosomes can be further distinguished as subpopulations with
differing characteristics (Kalaidzidis et al., 2015; Perini et al., 2014) and rates of
maturation (Lakadamyali et al., 2006). These subpopulations can be important
for cargo sorting and fate. While some cargos preferentially sort into faster-
maturing and more motile “dynamic” early endosomes, other cargos are
preferentially sorted to more slowly maturing and less motile “static” early
endosomes (nomenclature as per (Lakadamyali et al., 2006). Influenza virus is
preferentially sorted to a subset of motile endosomes (Lakadamyali et al., 2006).
In contrast, ASLV non-preferentially sorts to static and dynamic endosomes in
proportion to the abundance of those endosomes while reportedly preferentially
fusing with less motile, slow-moving compartments in a cell line expressing
TVA950, the transmembrane form of the ASLV receptor (Padilla-Parra et al.,
2012). Hence among viruses studied with respect to trafficking through
subpopulations of endosomes, one virus (influenza) has been reported to
preferentially sort to dynamic endosomes, while the other (ASLV) has been
reported to preferentially fuse in static endosomes. This stark difference led us to
ask whether particles bearing the glycoprotein of another virus, i.e., vesicular

stomatitis virus (VSV), fuse in dynamic or static endosomes. We addressed this
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question by single particle fluorescence microscopy correlating fusion with the pH
state and motility of endosomes in live cells. We also characterized the fate of
non-fusing particles. Although we chose to study trafficking and fusion directed
by the well characterized VSV glycoprotein (Carneiro et al., 2001; Roche et al.,
2006, 2007) as a model, the methods developed in this work should be
applicable to study trafficking and fusion of other enveloped viruses at the single
particle level in live cells.

VSV is an enveloped virus commonly used as a model for the study of the
trafficking and fusion of enveloped viruses. It is a member of the family
Rhabdoviridae, primarily causes acute iliness in hoofed animals, and can cause
mild symptoms in humans (Liu et al., 2021). Cell entry and fusion of VSV is
mediated by its envelope glycoprotein G. VSV-G is a class Il fusion protein
known for undergoing reversible conformational changes (Albertini et al., 2012; I.
S. Kim et al., 2016). The primary host receptor for VSV is the low-density
lipoprotein receptor (LDL-R) (Finkelshtein et al., 2013; Fischer et al., 1993),
which has previously been found to sort into dynamic endosomes (Lakadamyali
et al., 2006). After binding its receptor, VSV undergoes a mode of clathrin-
mediated endocytosis (CME) requiring actin (Cureton et al., 2009; X. Sun et al.,
2005), is trafficked through the endocytic pathway encountering progressively
lower pH, and is triggered to fuse with an endosomal membrane at low pH

(Fredericksen & Whitt, 1995; J. White et al., 1981).
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To examine trafficking and fusion mediated by VSV-G and address the
question of whether the virus fuses in dynamic or static endosomes, we use
murine leukemia virus (MLV) pseudotyped with VSV-G. Our VSV-G pseudotype
particles contain gag-mKate2 as a content marker to demonstrate full fusion and
a membrane anchored FRET-based ratiometric pH-sensor to monitor changes in
acidification as the virus particles are endocytosed and trafficked in live cells.
This system allows us not only to correlate fusion with endosomal pH at the
single particle level, but also to follow the velocity and directedness of motion of
virus-containing endosomes. By using this approach, we describe differing
characteristics in the populations of endosomes that support fusion events
versus those that do not. Endosomes that are more motile and more readily
acidified support VSV-G driven viral fusion events, whereas more static

endosomes do not appear to support fusion of VSV-G pseudoviral particles.

2.3 Results

Calibration and characterization of a FRET-based pH sensor in viral particles

Previous work used a FRET-based pH sensor consisting of mTFP1 and
eYFP as a chimera with the ICAM1 transmembrane domain (ICAM1-TMD) to
monitor pH during the trafficking of MLV bearing the envelope protein from ASLV
(Padilla-Parra et al., 2012). The paper’s authors identified two key limitations of
the mTFP1-eYFP pH sensor: the particles were not observable in the perinuclear

region due to noise contributed by cellular autofluorescence exceeding the signal
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of the sensor, and the sensor could not reliably detect pH values below 5.2. To
improve on these issues, we designed a new ratiometric pH sensor using mTFP1
and mCitrine as a FRET pair (Scott & Hoppe, 2015) attached to ICAM1-TMD
(Fig. 2.1A, B). mCitrine is approximately 1.5-fold brighter than eYFP and has a
lower pKa of 5.7 compared to 6.9 of eYFP (Griesbeck et al., 2001). Both mTFP1
and mCitrine are translated from a single open reading frame with ICAM1-TMD.
The fluorescent proteins are thus expressed in a one-to-one ratio permitting the
fluorescence intensity ratio of mTFP1 over mCitrine to be used as a pH indicator
(Fig. 2.1B). The use of a ratiometric probe is key for live cell imaging because
changes in focal plane affect both emissions wavelengths equally (Canton &
Grinstein, 2015), permitting the measurement of pH even when the probe is on a
moving object such as a viral particle or endosome. In unfused particles, ICAM1-
TMD anchors mTFP1-mCitrine in the membrane of the viral particle topologically
oriented toward the extracellular environment or, following endocytosis, into the
endosomal lumen. Following fusion, the FRET pair is expected to sense
endosomal pH via its luminal orientation with the TMD now embedded in the
endosomal membrane.

MLV particles pseudotyped with VSV-G and containing the FRET pH-
sensor were produced as described in Materials and Methods. The particles
were also labelled with a content marker, Gag-mKate2, which is cleaved to Gag
and mKate2 during capsid maturation (Markosyan et al., 2005). To calibrate the

sensor, particles were deposited on a poly-lysine coated glass coverslip and
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imaged in citrate-phosphate buffers of known pH. Individual, triply labelled
particles were selected and the mean emission intensities from 8.9 nm wide
spectral bands were extracted from each particle region. Particle regions were
background subtracted and the emission intensity ratios of mTFP1 to mCitrine
(l494.0-502.9 /1530.0-538.9) were calculated for each pH. The sensor fluorescence ratio
undergoes a transition from a high to a low FRET state as the pH is decreased
from 7.4 to 4.2 (Fig. 2.1C). Based on the measured fluorescence, the FRET
sensor is well-equipped to distinguish pH in the range of 4.5-6.2 but is less
discriminating between pH 6.2 and 7.4. At very low pH (4.2-4.5) there is high
particle-particle variability in fluorescence ratio (Supp. Fig. 2.1A, B). When
buffers of decreasing pH were applied sequentially, most (10/13) individual virus
particles’ fluorescence ratio responses increased with decreasing pH as
expected. However, three of 13 particles were unresponsive or displayed a
scattered fluorescence ratio response (Supp. Fig. 2.2A, B). We do not know why
the fluorescence of a few particles displayed these unexpected pH
dependencies, but one explanation could be that one or the other fluorescent
protein is not properly folded or their folding is differently sensitive to pH in these
outlier particles.

To assess the performance of the pH sensor over repeated exposures
and the variation of the fluorescence ratio for a single particle on a frame-to-
frame basis, virus particles were imaged on a coverslip for 16 minutes in neutral

live cell imaging buffer before imaging was paused, a buffer of pH 5.2 was
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introduced, and imaging was continued (Supp. Fig. 2.2C). While some particles
could be observed for many minutes after the pH change, several particles were
visible only briefly after the introduction of low pH buffer or were no longer visible
at all. As expected, the fluorescence ratio increased with the addition of low pH
buffer for all particles still observed after buffer replacement (Supp. Fig 2.2C).
The mean values (Supp. Fig. 2.2D) and standard deviations (Supp. Fig. 2.2E) of
the fluorescence ratios over the first six frames (in pH 7.4 buffer) were calculated
for each of these particles. The median value of the mean ratio for all particles
over the first six frames was 0.58, which corresponds according to the calibration
curve of Fig. 1C to pH 6.8. The median value of the standard deviation was
0.045, which is equivalent to a range of pH 6.6-7.2 around the median initial ratio
of all particles, slightly below the pH 7.4 buffer surrounding the particles. Once
the buffer was shifted to pH 5.2, the median fluorescence ratio value of the mean
fluorescence ratio for all particles in the six subsequent frames was 1.38, which
corresponds to a pH of 5.1 according to the calibration curve. This is
approximately the same as the pH 5.2 buffer surrounding the particles, further

verifying the accurate readout of the sensor at low pH.
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Figure 2.1. Design and calibration of a FRET-based pH sensor to measure
cellular trafficking and the pH of fusion of viruses in cells. A) Schematic of
an MLV particle pseudotyped with VSV-G glycoprotein and bearing a FRET-
based pH sensor with mKate2 as a content marker. B) Schematic representation
of the pH sensor construct. The pre-protrypsin leader sequence (Leader) is
followed by 3xFLAG sequences, followed by the fluorescent protein and ICAM1
transmembrane domain sequences. Linkers between components are i., ii., iii.,
and iv. where iv. separates the first four amino acids of the ICAM1 cytoplasmlc
domain and the stop codon indicated by the red asterisk. The sequence of linker
ii. between mTFP1 and mCitrine is RSTSLQEFGT. C) The pH sensitive mTFP1-
mCitrine FRET pair on the pseudotyped viral particle (as shown in panel A) is
calibrated with buffers of known pH on coverslips. The ratio of the fluorescence
emission intensities at 494nm/530nm is used as a proxy for FRET efficiency and
plotted as a function of pH. The error bars represent the standard errors of the
mean (SEM). Numerical values of the mean and SEM and numbers of individual
particles evaluated at each pH are listed in Supplemental Figure 1B.

Visualization, pH dependence and time-course of fusion of VSV-G mediated

fusion events
Having established the characteristics of the new FRET-based pH sensor

in isolated viral particles, we used this sensor to track the measured pH (as
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calculated from the calibration curve in Figure 2.1C) of endosomes harboring
VSV-G pseudotyped viruses and their eventual fusion by live cell imaging.
Parameters to describe these endosomes included their pH, changes in pH, and
their displacement and velocity of motion within the cell. Pseudoviral particles
were spun onto A549 cells in the cold, a field of view was selected for imaging,
and the cold buffer was replaced with warm (37° C) imaging buffer immediately
prior to commencing imaging, which was conducted at 37° C. Fusion events
were identified by a sudden drop of the mKate2 signal while the mTFP1 and
mCitrine signals persisted, as indicated in the representative example shown in
Fig. 2.2A by the magenta arrow at 28.3 minutes. Fusion events, initially assessed
by direct visualization, were confirmed by quantitation of the raw and background
subtracted signals of all three channels (Fig. 2.2B, 2.2C) as described in the
Materials and Methods. The displacement and velocity of the particle shown in
panel A were plotted as a function of time in Figs. 2.2D and 2.2E, respectively.
The displacement and velocity results from this example particle, as well as from

many other particles will be described in a later section.
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Figure 2.2 Progression of an individual example virus particle from the start
of imaging to fusion and beyond simultaneously observed with three
fluorescence channels. A) Images of the particle in the mTFP1 (494-511nm)
(top), mCitrine (521-538nm) (middle), and mKate2 (593-741nm) (bottom)
channels. Images are 20s apart and the track is cropped to 10 frames before and
5 frames after fusion. The size of each image is 2.94 x 2.94 ym, centered around
the particle centroid determined by tracking. In all images the arrow indicates the
time at which fusion ends. B) Raw extracted intensity from a 2.94? um? box
surrounding the particle centroid and plotted over time. C) Background
subtracted intensity using a 1.96 pm diameter inner circle with an outer 0.28 um
diameter annular region from which the mean intensity was calculated and
subtracted from the intensity of the inner region. D) Path of the particle over time
within a boxed region from the total field of view. The color of the line represents
time according to the scale on the right. The arrow indicates the position of the
particle at the time that fusion is completed. E) Velocity was calculated by taking
the distance between the localization of the particles at adjacent points in time
and multiplying by the frame rate (1/20s). A 3-frame (one minute) rolling average
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of the velocities was taken and plotted as a function of time. The dotted line
indicates the time at which fusion is completed.

For each particle undergoing fusion, the ratio of the mTFP1 to mCitrine
fluorescence intensity was extracted and plotted at 20 second intervals, the
frame rate of imaging, over all frames in which the particle was observed (Fig.
2.3A). The time of fusion, determined as the time of disappearance of the
mKate2 signal (Fig. 2.2A, 2.2C), is shown as a vertical dashed line in Fig. 2.3A.
Several interesting phenomena of change in fluorescence ratio were observed
immediately prior to or following fusion events. In several examples, the pH
sensor signal disappeared or experienced significant frame to frame variation
within five minutes following fusion (Fig. 2.3A: examples ii., iv., v., ix., xii., and
xiv.). This is similar to the phenomenon observed when virus particles were
rapidly acidified on a coverslip (Supp. Fig. 2.2C) and may be due to loss of signal
from the FRET donor and acceptor, perhaps caused by quenching of the signal
due to protonation of the chromophore or irreversible protein unfolding at very
low pH (less than pH 4.2). Several fusion events occurred during periods of
increasing fluorescence ratio indicating acidification (Fig. 2.3A: examples iii., vi.,
vii., and xviii.). Even transient shifts to lower pH may trigger viral content release.
A decrease in ratio (alkalinization) immediately follows fusion (Fig. 2.3A:
examples vi., vii., X., Xi., xiii.) for five of the fusion events. Temporary

alkalinization of endosomes following fusion could be caused by a leaky fusion
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event in which there is a loss of contiguity in the endosomal membrane(Chlanda
et al., 2016) allowing the permeation of cytosolic contents into the endosome.

The mean time of fusion (content release), counted from the start of
imaging and derived from the 18 events shown in Fig. 2.3A, is distributed
primarily in observation times less than 45 minutes with a mean value of 25.2 min
(Fig. 2.3B). The mean fluorescence ratio at fusion was 1.24 +/- 0.08 (SEM),
which is the equivalent of pH 5.3 (pH 5.2-5.4). The total range of pH values
measured at viral fusion extended from a fluorescence ratio of 0.67 (pH 6.4) to
1.78 (pH 4.2) (Fig. 2.3C).

For virus particles encountering progressively more acidic environments
as they move along the endocytic pathway, the fluorescence ratio is expected to
increase. For 8 of the 18 fusing particles, the change in fluorescence ratio from
the first time the particle is observed to the time of fusion was positive as
expected, with a mean increase of 0.17 +/- 0.77 over all particles observed
(Supp. Fig. 2.3A). Five of the 18 fusing particles had very small fluorescence
ratio changes that fell within the expected frame-to-frame variability of the probe
(2 SD of frame-to-frame ratio difference for single particles; Supp. Fig. 2.2E) and
thus cannot be interpreted as having a meaningful change in pH during the
observed time before they fuse (Supp. Fig. 2.3A). Five of the 18 fusing particles
demonstrated increasing pH between the time the particle was first observed and
the time of fusion. This latter result may both reflect physiologic fluctuations in the

pH in the endosome and the possibility that observation of some particles may
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have only commenced soon before fusion (Fig. 2.3A), when the particle may
already have been in a moderately acidic environment.

Rapid fluctuations in pH during the trafficking of fusing virus particles were
a particularly interesting phenomenon observed in several cases (Fig. 2.3A:
examples i., iii., xvii.). Similar fluctuations have been observed during trafficking
of influenza virus (Lakadamyali et al., 2003, 2006) but were not observed to the
same extent during the trafficking of ASLV (Padilla-Parra et al., 2012). For trace i.
in Fig. 2.3A, the measured pH decreases from 5.7 to a local minimum of under
4.2 at arate of at least -0.4 pH units per minute during the four minutes
immediately following fusion. The pH is rapidly restored to a calibrated pH of 5.6
at the rate of at least 0.6 pH units per minute during the next two minutes (Supp.
Fig. 2.3B). This pattern of rapid acidification followed by alkalinization is also
seen in trace xvii. in Fig. 2.3A and is quantified in Supp. Fig. 2.3C. Fluctuations in
pH over the course of minutes may reflect proton leak variability over time (Grabe
& Oster, 2001; D. E. Johnson et al., 2016) or other transient changes in
endosomes. The very rapid rates of acidification following alkalinization are
consistent with the previously observed general kinetics of V-ATPase when

reacidifying endosomes (D. E. Johnson et al., 2016).
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Figure 2.3. Kinetics and pH characteristics of VSV-G mediated viral particle
trafficking and fusion. A) Fluorescence emission intensity ratio plotted over
time for all particles that fuse. The dashed vertical line represents the time of
fusion as determined by the spreading or disappearance of the mKate2 signal. B)
Frequency histogram of the time from the beginning of imaging to the time at
which fusion occurs. C) Frequency histogram of the 494nm/530nm emission
intensity ratios at the time of fusion using a six-frame moving average. The pH
range falling within each histogram bin is shown in blue; fluorescence ratios were
converted to pH range using the calibration curve (shown in Figure 1C). 18 fusion
events were analyzed (out of 88 particles meeting the criteria described in the
Materials and Methods) and are represented here (n=18).

Comparison of acidification and properties of motion for fusion permissive and

non-permissive endosomes

We next compared the features of fusion permissive endosomes and

endosomes that did not permit fusion. The FRET-based pH sensor (Fig. 2.1A, B)
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is topologically oriented toward the extracellular/luminal space both while
embedded in the viral membrane during trafficking and in the endosomal
membrane after fusion, permitting measurement of pH during viral trafficking as
well as during and following fusion. Fusion events were identified as described in
Figure 2 and in the Materials and Methods in 13 separate experiments conducted
on seven separate days. All monodisperse, triple labelled virus particles (mTFP1,
mCitrine, gag-mKate2) that were observable for at least 20 frames (~7 minutes)
were identified in experiments containing at least one fusion event. Of 88 total
particles that were detected and tracked, 18 underwent fusion corresponding to a
fusion efficiency of 20.4% for qualified triply labelled particles. We empirically
observed a number of significant differences between fusion permissive and
fusion non-permissive endosomes.

Fusion permissive endosomes display a higher maximum degree of
acidification than fusion non-permissive endosomes. Fusion permissive
endosomes achieve a median minimum pH of 4.2 compared to a median
minimum pH of 5.3 in fusion non-permissive endosomes (Fig. 2.4A);
fluorescence ratios were converted to pH values using the calibration curve of
Fig. 2.1C. The pH sensor can best differentiate between pHs in the range of 4.5-
6.2 and the upper plateau of the fit for the calibration curve is at pH 4.2, meaning
that values at or below 4.2 represent highly acidic values and cannot be
interpreted precisely. Despite the greater acidification of fusion permissive

endosomes, both categories of endosomes had similar pH values when they
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were first observed (pH ~5.5, Fig. 2.4B), and similar values for the most alkaline
pH they ever experienced during the whole observation period (pH ~6, Fig.
2.4C). Our observation that most virus particles, regardless of their ability to fuse,
appear to start in endosomes with calibrated pH values below seven may be
indicative of an initial rapid trafficking period into mildly acidic early endosomes
during the one to two minutes required to refocus the microscope after the
addition of warm buffer. Prior work found that up to 50% of ASLV viral particles
reach a compartment of pH 6.2 or lower within two minutes of the initiation of
viral trafficking (Padilla-Parra et al., 2012).

We also calculated the fluorescence ratio difference over the entire time
the FRET pair could be observed in a given endosome. According to this
analysis, fusion permissive endosomes became more acidified from their starting
state than fusion non-permissive endosomes. The median ratio changes were
+0.24 and +0.01 units, respectively (Fig. 2.4D). The difference between the initial
and final pH was —0.4 units for fusion permissive and —0.1 units for fusion non-

permissive endosomes (Fig. 2.4E).
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Figure 2.4. Fusion permissive and fusion non-permissive endosomes
exhibit different extents of acidification. A) Maximum emission intensity ratios
(494nm/530nm) achieved in tracks based on a six-frame rolling average for
fusion permissive and fusion non-permissive endosomes. The right Y axis
displays reference pH values. (Note that the relationship between pH and ratio is
not linear; see Figure 1C). All selected particles were non-overlapping with other
particles, had apparent diameters less than ~1.5 um, and were triple labelled.
Non-fusing particles are from experiments, in which fusion events were observed
in other locations. B) Initial emission intensity ratios over the first 6 observable
frames for fusion permissive and fusion non-permissive endosomes. C) Minimum
emission intensity ratios in tracks based on a six-frame rolling average for fusion
permissive and fusion non-permissive endosomes. D) Difference between
emission intensity ratios at the time at which the particle is first observable (start)
and the time at which the pH sensor from the particle is last observable (end) for
fusion permissive and fusion non-permissive endosomes. E) The initial and final
emission intensity ratios from panel D converted to pH using the fit of the
calibration curve (Figure 1C) and plotted as pH differences over the observable
time for fusion permissive and fusion non-permissive endosomes. No change in
pH is indicated with a horizontal dashed line. In all panels, points represent the
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values for individual particles and horizontal lines represent the median value of
each group. Numbers of fusing particles and non-fusing particles are n=18 and
n=70, respectively. A Mann-Whitney test (non-parametric assumption) was used
to assess the significance of the differences in the distribution of fluorescence
ratio values (A-D) or pH (E) (p<0.05 = *, p<0.01 =**, p<0.0001="***, ns, not
significant). In E, observations where the initial and final values fell above or
below the lower and upper limits of the calibration curve fit were excluded from
analysis and the numbers are n=17 for fusing and n=68 for non-fusing particles.
Fusion permissive and non-permissive endosomes displayed different
displacements and velocities of displacement during the observed trafficking
times in the cell. Velocities were measured from particle localizations in
consecutive frames and a three-frame (one minute) rolling average was taken for
each time point. While the motions of both fusion permissive and non-permissive
endosomes were mostly slow and included stationary segments, leading to
median velocities of all segments in a track of ~0.01 um/s (Fig. 5A), the fastest
steps in fusion permissive endosomes had higher velocities (~0.05 um/s)
compared to those observed in non-permissive endosomes (~0.01 um/s) (Fig.
5B). The total displacement, defined by the distance traveled between the
coordinate points at which the particle was first and last observed, was
determined for both subpopulations of endosomes. The median total
displacement of fusion permissive endosomes was higher than that of non-
permissive endosomes (Fig. 5C). This result is somewhat surprising in light of the
similar median velocities of the two subpopulations of endosomes, but suggests

that the high maximum velocities found in fusion permissive endosomes make an

outsized contribution to their total displacement. Finally, FRET signals from
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tracks of fusion permissive and non-permissive endosomes could be observed
for a similar length of time (Fig. 5D), demonstrating that the difference in total
displacement and maximum velocity did not depend on the total time for which

the particle was observed.
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Figure 2.5. Fusion permissive endosomes have higher maximum velocities
and travel further than fusion non-permissive endosomes. A) Median
velocities from all segments in a given track for fusion permissive and fusion non-
permissive endosomes. The median value for each endosome is calculated
based on a 3-frame (1 minute) rolling average of the velocities of all segments in
a given track. B) Maximum velocities determined as the highest velocity of for
any segment based on a 3-frame rolling average as in A) for fusion permissive
and fusion non-permissive endosomes. C) Total displacements calculated from
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the distance between the coordinate points at which the FRET sensor signal is
first and last observed for fusion permissive and fusion non-permissive
endosomes. D) Total track lengths, i.e. times that the FRET sensor signal was
observable calculated as the time difference between when particles are first and
last observed for fusion permissive and fusion non-permissive endosomes. In all
panels, points represent the values for individual particles and the horizontal lines
represent the medians. A Mann-Whitney test (non-parametric assumption) was
used to assess the significance of the differences in the distribution of all values
(p<0.05 =*, p<0.01 =**, p<0.0001="***, ns, not significant).

Mean squared displacement and trajectory analysis of fusion permissive and

non-permissive endosomes

Given the different maximum velocities and total displacements between
fusion permissive and non-permissive endosomes, a mean-squared
displacement (MSD) analysis was conducted to determine whether the two
subpopulations of endosomes exhibit different modes of motion. We used plots
of MSD versus time to distinguish between random (diffusive) and directed
motion (Qian et al., 1991; Saxton & Jacobson, 1997). To facilitate this analysis,
we took a randomly chosen 18-member subset from the fusion non-permissive
endosomes such that equal numbers of the two subpopulations of endosomes
were analyzed. The MSD (um?) at each time step up to 400 seconds (6.7
minutes) was calculated and plotted for the 18 fusion permissive and 18 non-
permissive endosomes (Supp. Fig. 2.4A, B). For better visualization, we also
averaged the MSD values for all 18 tracks in each set at each time lag and
plotted the averaged MSD at each time lag (Fig. 2.6A). This averaged MSD plot
is dramatically different for fusion permissive and non-permissive endosomes,

with fusion permissive-endosomes showing an upwards bending curve indicative
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of directed motion, while the fusion non-permissive endosomes exhibited a more
linear MSD vs. time relationship indicating free (Brownian) diffusion (Fig. 2.6A).
As expected, there is higher variability at longer time steps since these are
derived from fewer measurements (Qian et al., 1991). The same trend observed
in the averaged data can be seen in many curves of individual endosomes
(Supp. Fig. 2.4A, B).

The MSD data from 17 out of 18 fusion tracks could be reasonably fit with
a model for directed motion (Equation 1 in Materials and Methods) with the
velocity coefficient v as one of the fitting parameters. The particles were binned
according to their velocity coefficients and moved with an average velocity
coefficient of 0.0027 um/s (Fig. 2.6B). The velocity coefficients plotted for the
fusion-permissive endosomes are consistent with previously published values for
slow directed motion of endosomes containing influenza virus along microtubules
or microfilaments (L. Xia et al., 2021). The difference in characteristics of motion
and acidification between fusion permissive and non-permissive endosomes are
indicative of two distinctive populations of endosomes, one of which undergoes
acidification and trafficking, and one of which is relatively static on the time-scale

of trafficking and fusion of MLV particles bearing VSV-G (Figure 2.7).
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Figure 2.6. Motion analysis reveals behavior consistent with directed
motion in fusion-permissive endosomes. A) Mean square displacements
(MSD) (um?) plotted vs. time step At for endosomes harboring fusing and non-
fusing virus particles. Each data point represents the mean MSD of 18
endosomes containing fusing or non-fusing particles respectively, at each time
step. The grey envelopes represent the standard errors of the mean for all
particles in the plotted data set at At. B) Distribution of velocities (v) of directed
motion of fusing virus particles. To test for a component of directed motion, the
MSD of fusing particles was fit with Equation 1 in Materials and Methods. Time
steps up to 60% of the total length of the track were fit. 17/18 of the fusing
particle MSD curves could be fit with this model; one curve had a decrease in
MSD values at higher values of At such that it could not be fit with Equation 1.
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Figure 2.7. Summary of characteristics for fusion permissive and fusion
non-permissive endosomes with a model for viral particle trafficking during
cell entry. A) Summary of characteristics of fusion permissive and non-
permissive endosomes based on the single virus particle tracking and fusion data
presented in Figures 2.4-6. B) Model of trafficking of VSV-G pseudotyped viral
particles in fusion permissive and non-permissive endosomes. In this model,
fusion is associated with the maturation of the subpopulation of fusion permissive
endosomes, many of which also undergo directed motion, likely along elements
of the cytoskeleton. The sorting of particles to fusion permissive or non-
permissive endosomes does not appear to be preferential (see Discussion).
Three fusion scenarios are displayed: In path (a) the virus fuses directly with the
limiting endosomal membrane; in path (i) the virus fuses prior to directed motion
of the endosome or in an endosome that does not undergo directed motion; in
path (ii) the virus fuses after the endosome containing it undergoes directed
motion. In path (b) the virus undergoes fusion with an intralumenal vesicle, which
then undergoes retrofusion with the limiting membrane of the endosome in a
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more acidic compartment. The ILV-containing compartment also may or may not
undergo directed motion prior to fusion. Components of the viral particle are as
represented in Figure 2.1A.
2.4 Discussion

In this study, we have investigated the fusion of single virus particles
mediated by the surface glycoprotein VSV-G in whole, live A549 cells and
discovered that two subpopulations of endosomes with different characteristics of
acidification and intracellular motion play a role in the fate of individual viral
particles. Endosomes that did support fusion of internalized viruses were more
acidic, more motile and underwent directed motion to a greater extent than
endosomes that did not support fusion (Fig. 2.7A). Based on our findings, we
propose a model whereby the sorting of viral particles into more dynamic
endosomes disposes particles to undergo fusion; conversely the sorting of virus
particles to a more static subpopulation of endosomes traps these particles in

locations where they are strongly disinclined to fuse (Fig. 2.7B).

Distinctive pools of endosomes and viral fusion

The presence of different pools of early endosomes has previously been
established (Kalaidzidis et al., 2015; Miaczynska et al., 2004; Perini et al., 2014)
with some less motile early endosomes maturing more slowly, as defined by a
longer time lag to the acquisition of Rab7, and some more motile early
endosomes maturing more rapidly (Lakadamyali et al., 2006). Maintenance of

these separate populations of dynamic and static early endosomes is dependent
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on intact microtubules and the early endosomal tethering complex CORVET,
while sorting of cargo into subpopulations relies on differential clustering of the
cargo at the cell surface (Lakadamyali et al., 2006; Perini et al., 2014). The
significance of these separate pools to viral infectivity has only begun to be
studied, with differing results as to whether viruses are more likely to be sorted to
or fuse from dynamic or static early endosomes (Lakadamyali et al., 2006;
Padilla-Parra et al., 2012). We found that viral particles pseudotyped with VSV-G
had a fusion efficiency (as indicated by content release) of approximately 20%.
Fusion permissive endosomes moved a median 3.8 um during their entire
observation times (Fig. 5C) with a mean velocity of 0.16 um/min (Fig. 6B). They
also decreased their pH on average by -0.4 units during the entire observation
time (Fig. 4E) and reached an average pH of 5.3 immediately before fusion (Fig.
4C). Most of the remaining 80% of patrticles, consisting of the non-fusing subset,
were contained in endosomes that had a lower motility and lower overall
acidification than endosomes bearing particles that fused. For comparison,
endosomes bearing virus particles that did not fuse moved on the median only
1.0 um (Fig. 5C), moved diffusively with no discernible component of directed
motion (Fig. 6A), and lowered their pH on average only by -0.1 units during the
entire observation time (Fig. 4E). Only 10 of the 70 fusion non-permissive
endosomes achieved a change in pH above the median change in pH for fusion-

permissive endosomes (Fig. 4E).
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The sorting of viruses and physiological cargoes to subpopulations of
early endosomes may rely on a number of factors including cargo size and
qualities of the receptor. The static subpopulation of endosomes is in the majority
(65%) and the minority of endosomes are dynamic (35%) in BSC-1 cells. In the
same cells, influenza virus is preferentially sorted to the dynamic endosome
subpopulation as compared to static endosomes. When bound with its
endogenous ligand, LDL, LDL-R, which also serves as the VSV-G receptor, is
preferentially sorted to dynamic endosomes as well (Lakadamyali et al., 2006). In
contrast to influenza virus, ASLV pseudotyped viral particles were found to sort
predominately (70%) to less motile endosomes in CV-1 cells expressing the
transmembrane receptor for ASLV, TVA950 (Padilla-Parra et al., 2012). The 70%
of ASLV sorted to less motile endosomes is consistent with the overall proportion
(65%) of static endosomes (Lakadamyali et al., 2006). This suggests that ASLV
is sorted to static and dynamic subpopulations in proportion to the abundance of
each endosome subpopulation, without preference for either subpopulation. In
our current study, VSV-G pseudotyped particles are also sorted without a clear
preference for dynamic endosomes.

The indiscriminate sorting of VSV-G pseudotyped particles as compared
to the preferential sorting of LDL-bound LDL-R to dynamic endosomes may be
due to the smaller size of LDL compared to MLV particles. MLV particles are
approximately five times larger in diameter than LDL, the physiological cargo for

LDL-R (Jeon & Blacklow, 2005; Yeager et al., 1998). The importance of cargo
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and viral particle size with respect to trafficking has previously been
demonstrated. VSV particles required an actin dependent mechanism of clathrin-
mediated endocytosis as compared to small, defective viral particles that were
otherwise similar (Cureton et al., 2009). The MLV particles bearing VSV-G used
in the present study are more spheroid in comparison to the bullet shape of VSV.
They are ~25% smaller in length than the maximum dimension of VSV particles,
but they are almost twice as wide (Cureton et al., 2010; Yeager et al., 1998),
suggesting that they, like VSV, are large enough to potentially undergo clathrin-
mediated endocytosis in a different manner than relatively small cargo such as
LDL. Smaller particle size has also been shown to have important downstream
effects in motility; smaller cargo are more likely to undergo fast directed motion
(Aoyama et al., 2017). Binding avidity for ligands to receptors has also previously
been shown to affect cargo fate (Ghaffarian & Muro, 2014). Therefore, it is
possible that the number of glycoproteins on a single viral particle that bind to
multiple LDL-Rs in a single clathrin coated pit could also determine to which type
of endosome the internalized virus is directed.

In general accordance with our findings that fusion non-permissive
endosomes did not achieve the same extent of acidification as fusion permissive
endosomes, endosomes containing ASLV particles that failed to fuse showed a
pH distribution shifted toward more neutral pH values compared to fusing
particles (Padilla-Parra et al., 2012). However, while ASLV was observed to

undergo an initial period of acidification to a pH of approximately 6.2-6.0 and then
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stay close to that pH, we observed continued further acidification as well as
significant physiological fluctuations in pH in endosomes bearing VSV-G viral
particles (Fig. 3A, 4C-E). One limitation of the prior study, as identified by the
authors, with respect to measuring pH during trafficking of ASLV particles, was
difficulty in observing pH values below 6.0 due to cellular autofluorescence and,
potentially, the higher pKa of the pH sensor used in that study (Padilla-Parra et
al., 2012). We did not observe significant cellular autofluorescence and utilized a
FRET acceptor fluorescent protein that was 1.5-fold brighter than the acceptor
protein used in the previous work. Moreover, mCitrine, used in our work as the
acceptor fluorescent protein, has a pKa of 5.7 (Griesbeck et al., 2001), permitting
measurements down to pH 4.2 in live cell imaging.

Determining the compartment identity of both fusion permissive and non-
permissive populations of endosomes would be fertile ground for future study.
While the current experimental system has the advantage of a ratiometric pH
probe in combination with a content marker, allowing the measurement of both
pH and content release, the combination of fluorophores occupies a broad
spectral range (approximately 475-750 nm emission wavelength). Recently
developed near infrared fluorescent proteins (Matlashov et al., 2020) may offer
an exciting opportunity to express fluorescent chimeras of compartment markers
(such as APPL1, EEA1, Rab5, Rab7 or Rab11) that will not interfere with imaging
of the FRET-based pH probe and viral content marker described in this study.

One intriguing possibility is that fusion non-permissive endosomes recycle viral



76

particles to the cell surface, a phenomenon recently described for Zika and
influenza viruses (Owczarek et al., 2019; Z.-G. Wang et al., n.d.) thus providing

an additional layer of defense to the host cell.

Characteristics of VSV-G mediated fusion

Viral internalization and trafficking through the endocytic pathway are key
requirements for productive fusion and infection by most enveloped viruses (J. M.
White et al., 2016). We identified individual full fusion events based on content
release of mKate2 (Fig. 2A-C, Fig. 3A). By simultaneously tracking the pH
sensors on individual particles prior to, during, and following fusion, we were able
to quantify pH changes as well as the pH at which full fusion occurred. The mean
lag time from initiating trafficking via addition of warm medium to fusion was 25
minutes for the 18 fusing particles observed (Fig. 3B). Although the time course
of fusion for viral particles may depend on cell type and viral model, it is
interesting that our results are substantially similar to at least three previously
published studies, i.e., similar values of approximately 20-35 minutes were
obtained in bulk assays for half-maximal infection or fusion of viral particles
bearing VSV-G (Le Blanc et al., 2005; Mingo et al., 2015; Saeed et al., 2006).
This indicates that the FRET-based pH sensor does not appear to significantly
change the kinetics of trafficking and/or fusion. The heterogeneity of the time
course of fusion seen in our single particle experiments likely not only reflects

biological variabilities of individual particles, but likely also reflects the
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heterogeneity of maturation of the endosomes harboring the viral particles,
leading to a quite broad range of times to achieve fusion.

To our knowledge, this is the first single-particle measurement of the pH of
VSV-G mediated full fusion in intact cells. Our data suggest that most full fusion
and content release events occur at a mean pH ranging from 5.2 to 5.4 (Fig. 3C)
in whole cells. Interaction of VSV-G with liposomes, reflecting an early stage of
fusion, requires a pH trigger reported to be anywhere from approximately 4.0 to
6.0 (Carneiro et al., 2001; Eidelman et al., 1984) although the biggest structural
changes in the VSV-G protein occurs between pH 5.5 and pH 6.5 (Carneiro et
al., 2001). Cell-cell fusion mediated by G protein expressed in the plasma
membrane showed half maximal fusion at approximately pH 6.0-6.2
(Fredericksen & Whitt, 1995; J. White et al., 1981), though the extent of cell-cell
fusion has been demonstrated to be greater at pH 5.5 (Beilstein et al., 2020). The
efficiency of VSV fusion (lipid mixing) with a supported lipid bilayer is also
greatest at pH 5.5 (I. S. Kim et al., 2016). Differences in the target membrane
with which VSV-G fuses and ionic conditions in the endosome likely influence the
fusion behavior of internalized viruses and environmental conditions in the
endosome may differ significantly from these earlier model systems used to
study membrane binding and fusion.

Previous findings suggest that VSV-G mediated virus entry includes an
intermediate step of fusion whereby viral particles first fuse with intraluminal

vesicles (ILVs) within endosomes (Le Blanc et al., 2005). The endosomes



78

containing these virus-bearing ILVs then mature, acidifying further, and acquiring
lysobisphosphatidic acid (LBPA). In the presence of the appropriate lipid
composition and pH, ILVs then undergo retrofusion with the limiting membrane
enabling the release of viral contents in the cytoplasm (Le Blanc et al., 2005)
(Fig. 7B). The findings that VSV-G may fuse with intraluminal vesicles is further
supported by the fact that anionic lipids, such as LBPA, promote VSV-G content
release (Matos et al., 2013; Roth & Whittaker, 2011) and these lipids are
potentially enriched in ILVs (Kobayashi et al., 1998). The lower average pH of
content release determined in our experiments compared to the interaction of
VSV-G with plasma membranes (e.g., for cell-cell fusion) reported at higher pH
could be explained by the proposed mechanism of viral content release requiring
ILV retrofusion in the late endosome. Many of the content release events we
observe may therefore represent retrofusion events that may require a lower pH
than the initial fusion with ILVs and are known to depend on the lipid composition
of the late endosomes (Amini-Bavil-Olyaee et al., 2013; Le Blanc et al., 2005;
Perrin et al., 2021). The small number (3/18) of content release events we
observe at greater than pH 6.0 (Fig. 3C) may represent direct virus fusion with
the limiting membrane of the endosome. It is possible content release via
retrofusion is the predominant mechanism while fusion with the limiting
membrane only predominates when the retrofusion mechanism has been
blocked in some way or is not advantageous within a given cell or endosome.

This is supported by data showing that content release is markedly less efficient
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when ILVs cannot be formed or trafficked, but that some content release still

occurs under these conditions (Le Blanc et al., 2005; Pasqual et al., 2011).

General considerations of FRET-based pH sensors to track viruses and study

membrane fusion

The FRET-based pH sensor consisting of mTFP1 and mCitrine enhanced
our ability to observe the trafficking of viral particles to low pH compartments and
the pH of endosomes following viral fusion. Important was the lower pKa and
higher emission intensity of mCitrine compared to FRET donors in previously
used sensors. This system in conjunction with a third soluble content probe
included in the viral particle to measure content release (full fusion) should be
useful to follow the trafficking and fusion of other viruses. Improved far red
fluorescence proteins such as mCardinal (Chu et al., 2014) or the recently
developed FR-MQV (Mukherjee et al., 2020) could further enhance signal over
noise, improving particle tracking and perhaps allowing identification of more
fusion events in every field of view. The mTFP1-mCitrine sensor could also be
used in future experiments to describe pH and motion of individual physiological
cargos during trafficking, thereby solidifying the role of distinctive populations of
endosomes on the fate of specific cargoes.

Important to the success of the current study was also the software
developed to extract the traces of trafficking particles and their fusion events.

Summing the fluorescence from three spectrally well-defined channels and
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defining appropriate surrounding backgrounds around moving particles in live
cells was critical for identifying fusion events (Fig. 2, 3). In addition, this software
enabled trajectory analysis to distinguish different modes of motion of organelles
or viruses in cells (Fig. 6).

The current study should also serve as a helpful illustration of the virtue
and limitations of current pH sensing and tracking methods. As illustrated in
many of our figures, the spread of biological variations of individual particles and
the uncertainties of the measured parameters can be quite large. Careful
calibration of the probes and analytical methods including defining the
appropriate statistical descriptions of error is important. Despite these
challenges, it is possible to extract meaningful new biological data from single
particle tracking and pH measurements in cells as demonstrated in the present
work. We expect that the continued development of new technologies in
microscopy will further improve signal-to-noise and enable the tracking of many
particles in the same field of view at high time resolution, thereby increasing

assay throughput.

2.5 Materials and Methods
Cell lines

A549 cells came from the lab of Judy White and were verified by ATCC
Human Cell Line STR Profiling Service. A549 cells were grown in Ham’s F12

Nutrient Mixture with 10% FBS v/v and 100 units/mL penicillin, 100 units/mL
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streptomycin, 0.25 micrograms/mL amphotericin B. U20S and HEK293T17 cells
were grown in high glucose DMEM supplemented with 10% FBS v/v, 2mM L-
Glutamine, 1 mM sodium pyruvate, 100 units/mL penicillin, 100 units/mL

streptomycin, 0.25 micrograms/mL amphotericin B.

Plasmids and cloning

To construct the FRET-based pH sensor, the mTFP1-mCitrine fragment
was synthesized by GENEWIZ. The linker between the two constituent
fluorescent proteins was RSTSLQEFGT. The gene fragment was then inserted in
the place of ecto-pHIluorin (EcpH) in EcpH-TM, a gift from Gregory Melikian
(Addgene plasmid # 85389; http://n2t.net/addgene:85389; RRID:
Addgene_85389).(Miyauchi et al., 2011) The mTFP1-mCitrine gene fragments
and EcpH-TM were separately digested using Hindlll HF and EcoRI HF (New
England Biolabs) according to manufacturer instructions for 1 hr. Digestions were
gel purified; then EcPh-TM and the insert were ligated with T4 ligase (NEB). The
ligation reaction was heat inactivated and transformed into DH5a. competent cells
(NEB). Colonies were selected on LB-carbenecillin plates. Plasmids were initially
screened by digestion and then the sequence of the open reading frame was
verified with primers corresponding to sequences in CMV (forward), TFP
(forward), hGH poly(A) (reverse).

Additional plasmids used included Gag-mKate2 (a gift from Gregory

Melikian, Emory University), Murine leukemia virus (Friend strain) gag-pol
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plasmid (a gift from Jean Millet at Cornell University and Jean Dubuisson at the
Centre National de la Recherche Scientifique in Lille), pTG-luc (a gift from Gary
Whittaker at Cornell University and Jean Dubuisson at the Centre National de la
Recherche Scientifique in Lille), VSV-G plasmid (a gift from Michael Whitt at the

University of Tennessee).

Preparation of pseudovirus

VSV-G bearing MLV pseudovirus with the FRET-based pH sensor and
gag-mKate2 content marker was prepared by transfecting HEK293 T17 cells in
Optimem-| using polyethylenimine and a 4:2:0.75:2:3 ratio: pTG-luc:pCMV gag-
pol:gag-mKate2:VSV-G:mCitrine-mTFP1-ICAM1. HEK293 T17 cells were
seeded at a density of ~5x10° cells/well in a 6 well tissue culture dish 24 hours
prior to transfection. Optimem-I medium was replaced after 4-6 hours with high-
glucose DMEM supplemented with 10% FBS. Supernatant was collected after 48
hours and purified by low-speed centrifugation, passage through a 0.45 uM filter,
and centrifugation at 1.04x10° x g through a 25% sucrose-HM cushion. The
supernatant and the cushion were aspirated to the pellet, which was
resuspended in HM buffer (130 mM NaCl, 20 mM HEPES, 20 mM MES, pH 7.4)
at ~140x concentration relative to the initial volume of viral supernatant.
Resuspended pseudovirus was stored in aliquots at -80° C.

The infectivity of generated pseudoviruses was evaluated by luciferase

assay as described previously.(Hulseberg et al., 2019) Briefly, A549 target cells
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were seeded at 2.5x10* cells/well in a 96 well plate and infected by spinning at 4°
C. Cells were prepared according to Britelite plus Reporter Gene Assay system
(PerkinElmer). The assay was read on a GloMax Explorer (Promega). The
pseudovirus preparation used to generate data contained in Figures 1-6 was
found to be infectious (Supp. Fig. 5A). Additional viral preparations were found to
be similarly infectious (Supp. Fig. 5B) and have comparable calibration curves

(Supp. Fig. 5C).

Particle and experimental analysis criteria for calibration and live cell imaging

Stringent quantitative selection criteria were applied to ensure that the pH
readout was uniform between calibration and live cell imaging, as well as that
tracking would be accurate. Only particles with fluorescence from gag-mKate2
(content marker), mTFP1 (FRET donor) and mCitrine (FRET acceptor) were
included in analysis of calibration experiments and live cell imaging. In addition,
only particles less than approximately 1.5 um in apparent diameter were included
in the analysis as larger spots were considered to be part of aggregates.

Live cell imaging was performed on 27 plates of cells on 11 separate
days. In each plate of cells, a single field of view was imaged, comprising one
individual experiment. Of these 27 individual experiments, only 13 individual
experiments conducted on 7 separate days had ideal conditions in which the field
of view had 5-20 viral particles visible in the collected image series and a viral

content release event was observed in the field of view. For four of the individual
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experiments conducted, more than one fusion event was observed in the field of
view. Individual experiments with too many particles in the field of view were
excluded because individual particles couldn’t be differentiated and tracked
during trafficking.

For the 13 plates retained for analysis, the criteria described above for
particle selection was applied (triply labelled, less than 1.5um in apparent
diameter). As an additional measure to avoid including particles where tracking
was ambiguous in the analysis, particles were excluded if they could be observed
in the same 2.94 um? area as another particle at any time while they were
tracked. Only particles that could be observed for at least 20 frames (6.67
minutes) were included in the analysis. From a total observation of 5041 particle
tracks from the 13 individual experiments, 930 tracks were retained based on the
applied criteria of the particle/endosome being tracked for at least 20 frames.
After the additional particle inclusion criteria (listed above) were applied, 88
tracks remained. Within these 88 tracks, 18 fusion events occurred. Intensity and

trajectory analysis were conducted for all 88 tracks.

Calibration and evaluation of FRET-based pH sensor

6-8 microliters of suspended pseudoviral particles labelled with the FRET-
based pH sensor, mCitrine-mTFP1-ICAM1, and the content label, gag-mKate2
were spun for 20 min at 4° C and 200xg onto poly-L-lysine 0.1% V/V (Sigma-

Aldrich) coated 35mm imaging dishes with a #1.5 glass insert (Mattek), such that
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there were ~5-20 particles per field of view. The particles were observed on a
laser scanning confocal microscope (LSM880, Carl Zeiss) at 37° C with a 63x
(1.4 NA) oil immersion objective. The pH sensor was excited with an Argon laser
at 458nm and the content label was excited at 561nm. Emissions intensities were
collected in 15 x 8.9nm-width spectral bands between 472nm and 606nm using
the GaAsp spectral detector of the microscope. In addition, emissions above
606nm were collected in a photomultiplier tube detector and that intensity was
assigned to mKate2.

Mean fluorescence emission intensities at each wavelength were
extracted from the region of each triple labelled, detected particle in each field of
view and background subtraction was performed.

The donor intensity relative to the acceptor intensity was quantified by
measuring the ratio of the intensities from the two respective bands according to
l494.0-502.9 /1530.0-538.9. The mean and standard deviations of all evaluated particles
for a given prep at a given pH were plotted and fit with a sigmoidal function in

GraphPad Prism 9.

Live cell imaging

A549 cells were seeded 24-32 hours prior to imaging at a concentration of
approximately 1x10° cells/dish onto a 35mm imaging dish with #1.5 glass slide
insert (Mattek) coated with fibronectin. Prior to addition of virus, cells were chilled

on ice for 10 minutes, then washed with cold HEPES imaging buffer (Life
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Technologies) supplemented with 4.5 mg/mL glucose. 8-12 uL of pseudoviral
particles were spun onto cells for 20 minutes at 4° C and 200 x g. A single
pseudovirus preparation was used to generate the data derived from live cell
imaging and displayed in Figures 2-6. Based on the similar infectivity and pH
sensor calibration of viral particles from different preparations (Supp. Fig. 5 B,C),
we expect that live cell imaging data from additional pseudovirus preparations
would produce very similar results to those shown in Figures 2-6. Cells were
washed in 2 mL of cold imaging buffer, placed on the microscope with the stage
warmed to 37° C and the field-of-view for imaging was selected. After field-of-
view and focus were set, viral trafficking was initiated by removal of 4° C imaging
buffer and replacement with 37° C imaging buffer. A one to two-minute period of
re-focusing followed the addition of 37° C imaging buffer and time zero in all
experiments is the initiation of imaging after this initial time lag.

Excitation and detector configurations were the same as described for
calibration and evaluation of the FRET-based pH sensor. An additional
photomultiplier detector was used to generate a pseudo-DIC image of the cells
using the transmitted light from the 458nm excitation. Frames were taken every
20s for at least one hour in a z-stack of 13 planes with 0.535nm between each
plane. The image size was (800 x 800 pixel?) with a pixel resolution of 0.141
nm/pixel and an optical zoom of 1.2x. The Definite Focus feature of the

microscope was used every 5 frames to avoid vertical drift.
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Analysis of live cell imaging

Unless otherwise noted, particles were tracked in 2D using a maximum
intensity Z-projection of the integrated intensities from emission bands 494-502
nm, 530-538 nm, and 593-741nm. The cell area was masked for analysis using
the pseudo-DIC image to exclude particles directly adhered to the glass insert of
the imaging dish. Particles were tracked using the TrackMate (Tinevez et al.,
2017). Particles were detected using a Laplacian of Gaussian segmentation and
an expected minimum particle radius of 700-800 nm and an intensity threshold
appropriate to the individual experiment. The simple Linear Assignment Problem
(LAP) tracker was used with a maximum search distance of 2 nm for consecutive
frames and a search radius of 3 nm for missed frames with a maximum of 2
missed frames permitted. Tracks with less than 4 spots were eliminated. In cases
where a particle was visible but below the selected threshold for 2 or more
frames, tracks were manually connected. Manual connection of particle
localizations was only performed in cases where based on the sparseness of
particles we had a high degree of confidence the particle identified by the
tracking program at two separated time points was the same.

Tracking results were compiled into tracks and intensities from 494.0-
502.9 and 530.0-538.9 were extracted using the MATLAB (R2018a, MathWorks).
The mean intensity of the background at all extracted emissions intensities was
subtracted from the mean intensity of the particle area, with the background

region being a 2 pixel-width annular region around each 14 pixel (1.96um)
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diameter circular particle region. This data was used to calculate fluorescence
ratios.

An in-house designed MATLAB (R2020b, MathWorks) application
extracted and stored image regions of 21x21 pixel dimensions around each
tracked particle and from 3 spectral channels. This data was then visualized and
analyzed to identify fusion events, displacements and motion by custom built
software written in LabView (National Instruments). Emissions collected from
wavelengths 494-511 were assigned to channel 1, 521-538 to channel 2, and
593-741nm to channel 3. The extracted image regions corresponding to the
trajectory of each file were read into LabView. Fusion was identified as a well-
defined decrease of the mKate2 signal over 1 minute or less while signal
corresponding to the FRET pair persisted. Only well-centered particles in the
extracted region that had an approximate apparent diameter of less than 1.5 um
were considered for fusion analysis and only particles satisfying the same criteria
were selected for the comparison set of non-fusing particles.

The velocity coefficient (v), representing the velocity of directed motion
apart from drift or diffusion, was obtained using a directed-motion model of

mean-squared displacement (MSD, p)

(Equation 1) p(t) =4 DT +Vv2T?
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where D is the observed diffusion coefficient and T is the time lag. Only time lags
less than 60% of the total length of the entire tracks were used to fit to equation 1
because of the degree of imprecision in time lags that are long relative to the
length of the observation time of the particle (Qian et al., 1991).

pH values were determined from the measured fluorescence emission
intensity ratios lsg4.0-502.9 /1530.0-538.9 USiNg a standard table calculated from the fit in

the calibration experiment of Fig. 1C (see Statistical Analysis and Data Fitting).

Statistical analysis and data fitting

Particle localization and emissions intensity data for all experiments was
initially aggregated in R Studio (v. 1.1.453, R Studio Team 2020). Velocity, total
displacement, fluorescence intensity ratio change, and related values were
calculated in R Studio unless otherwise indicated. Statistical analysis was
conducted in GraphPad Prism (Version 9.1.2 for Mac) and compared with the
distributions of groups without an underlying assumption of parametric
distributions (Mann-Whitney test). The two-tailed P-values were calculated and

the summary values are reported in the relevant figures.
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2.6 Supplemental Figures
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6.0 0.88 0.06 37
6.2 0.66 0.04 48
7.1 0.63 0.05 86
7.4 0.74 0.05 84

Supplemental Figure 2.S1. The pH sensitivity of the mTFP1-mCitrine FRET
pair. A) Fluorescence intensity ratio data for individual virus particles from the
experiment in Figure 2.1C is plotted at three pH values where each dot
represents the emissions intensity ratio (494-502nm)/(530-538nm) for one
particle. Blue bars represent the median ratio value of all particles at that pH. B)
The fluorescence intensity ratio values (494nm/530nm) from the plot in Figure
2.1C. The number of individual particles at each pH varied in part because
particles lifted from the coverslip or, in some cases, did not fluoresce above
background at standard imaging settings at low pH. All data in A and B are from
a single preparation of virus.
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Supplemental Figure 2.S2. Variability of fluorescence behavior and pH
response of viral particles with the mTFP1-mCitrine FRET pH sensor on
coverslips. A) Particles spun onto a poly-lysine coverslip were imaged in three
buffers of known pH consecutively applied and the 494nm/530nm emission
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intensity ratio of 13 individual particles was determined. B) Proportion of particles
in A that show the expected progression of increasing ratio with decreasing pH
for all points (negative slope) versus proportion of particles that do not show this
expected behavior (non-negative slope). C) Particles spun onto a poly-lysine
coverslip were imaged in pH 7.1 buffer every 12s. After 16 min, pH 5.2 buffer
was added as represented by the vertical dashed line. 494nm/530nm
fluorescence intensity ratios are graphed over time. D) Distribution of the
emission intensity ratio (494nm/530nm) of the experiment in panel A averaged
over the first 6 frames. E) Distribution of standard deviations of the
494nm/530nm fluorescence intensity ratios over the first 6 frames of each
experiment in panel C, representing frame-to-frame variability for individual
particles.
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Supplemental Figure 2.S3. Additional acidification characteristics of

endosomes harboring viral particles that fuse. A) Frequency histogram of the
difference of 494nm/530nm emission intensity ratios between the mean of the six
frames over which the particles are first observed (start) and the time at which
the particles fuse (fusion). Blue lines denote the “zero” bin that contains particles
within the band of frame-to-frame variability of the FRET sensor, i.e. particles
displaying insignificant ratio changes. B) Quantification of a rapid fluctuation in
pH in a fusion permissive endosome beginning about 5 minutes following fusion
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of the viral particle. The fluorescence ratio over the entire observation time is
depicted in Fig. 2.3A panel i. C) Quantification of a pH fluctuation in an
endosome occurring in a time window 5-10 minutes prior to the fusion of the viral
particle. The fluorescence ratio over the entire observation time is depicted in
Fig. 2.3A panel xvii. For B and C, when fluorescence ratio values fell above the
upper limit of the calibration curve, the pH was less than 4.2 but the exact value
of the pH could not be determined. The values listed in the right are for the rate
of pH change per minute over the entire time segment leading to the highest ratio
(lowest pH value) and over the time period of re-alkalization to baseline.
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Supplemental Figure 2.54. Motion analysis for individual endosomes
harboring fusing and non-fusing viral particles. A) The mean squared
displacement (um?) was calculated from particle localizations generated from
tracking and plotted up to a maximum time step of 400 seconds for all fusion-
permissive endosomes. The smallest time step is 20 seconds. B) Same as A., for
fusion non-permissive endosomes. The averaged data from panels A. and B. are
presented in Figure 2.6A.
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Supplemental Figure 2.S5. Infectivity and calibration curves of viral
particles pseudotyped with VSV-G, bearing the pH sensor mTFP1-mCitrine
and the content marker Gag-mKate2. A) The infectivity of pseudovirus used in
imaging experiments from which the data displayed in Figures 1-6 originates. B)
Infectivity data as in panel A (shown as red striped bars) alongside infectivity
data for two other viral preparations produced using the same procedure as for
the preparation in panel A. For viral preparation 2, the 1:1600 dilution was not
assessed (indicated by ND). Data in (B) is plotted on a log scale. (A-B) Cells
were infected as described in the Materials and Methods and the level of
infection was measured by luciferase assay. Relative luminescence units, where
a higher value indicates a greater degree of infection, are plotted for several viral
dilutions. Data represent average luminescence units + 1SD, measured in
triplicate, from one experiment. C) Calibration curves of the pH-sensitive FRET
pair for the three viral preparations whose infectivities are shown in panel B. The
calibration values are depicted as red squares for the viral preparation whose
infectivity is shown in panels A and B (Viral Preparation 1) and whose calibration
is also shown in Fig. 2.1C. For viral preparation 3, data was collected at pH 4.5,
5.2, 6.0 and 7.1 only. Error bars represent 1 SD of the fluorescence ratios of
individual particles found in each pH condition. For each pH condition, at least 32
individual particles were measured.
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Chapter 3: Determination of the pH of Ebola Virus

Fusion in Live Cells by Correlative Assay

3.1 Abstract

Ebola virus (EBOV) is a negative sense RNA virus presenting a serious
risk to human health. The virus has a complex mechanism of entry into host
cells. It is internalized and trafficked to an acidic late endosome (LE), where its
glycoprotein (GP) is proteolytically processed and binds to its host cell receptor
(NPC1) before fusion ensues. Studies that have reconstituted the fusion of EBOV
GP or isolated portions of EBOV GP with artificial membranes or cell plasma
membranes have yielded an estimated fusion pH of less than 5.5. While
providing very valuable information on the pH of fusion of EBOV, these studies
provide only partial insight on the conditions of fusion within live cells as key
factors from the endosomal milieu, for example NPC1 or endosomal lipids, were
not present. To gain further insight into the pH of EBOV fusion from within
endosomes, we employed EBOV models with full-length GP to determine the pH
dependence of EBOV fusion in live cells. We employed a novel endosome pH
sensor, mNectarine-Lamp1, and correlated inhibition of viral entry by bafilomycin,
an agent blocking viral entry by alkalinizing the LE lumen, with pH of the LE
lumen (measured with mNectarine-LAMP1) upon treatment with the same

concentrations of bafilomycin. With this approach, we determined that the
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majority of EBOV particles fuse in U20S cells below pH 5.7. The methodology
presented could be used to determine the pH dependence of fusion in live cells

for other enveloped viruses that enter cells through an endosomal pathway.

3.2 Introduction

Ebola virus (EBOV) is an enveloped virus with a high degree of
pathogenicity and has been responsible for a significant public health burden in
West Africa over recent years. Because the virus can persist in animal
populations as well as immune privileged human tissues such as the eye and
testes, future outbreaks are virtually inevitable (Jacob et al., 2020). EBOV is a
member of the family filoviridae, named for the filamentous shape of individual
viral particles (D. F. and H. Feldmann, 2015). EBOV contains two nucleoproteins,
two polymerase complex proteins, a nucleocapsid associated protein (VP24), a
matrix protein (VP40), and a glycoprotein (GP) (Watt et al., 2014), which are
encoded in a negative-sense RNA genome (H. Feldmann et al., 2013). The
EBOV GP is the portion of the virus that interacts with the host cell. A complex
series of steps renders GP competent to mediate fusion of the virus with the host
cell (Fénéant et al., 2019; J. M. White et al., 2016).

EBOV attachment to the cell is mediated by the interaction of GP or the
viral envelope with proteins in the plasma membrane including lectins and
TIM/TAM family members (Nanbo et al., 2010). The virus is then internalized via

a macropinocytosis-like mechanism (Nanbo et al., 2010; Saeed et al., 2010) and
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is trafficked to an acidic intracellular compartment, the late endosome (Simmons
et al., 2016), where the viral glycoprotein (GP) is primed for fusion by proteolytic
cleavage conducted by the cysteine proteases cathepsins B and L (Chandran et
al., 2005; Schornberg et al., 2006). Low pH induces a change in the conformation
of a key portion of the glycoprotein that enables fusion of the host and viral
membrane, resulting in the release of viral contents into the cell cytoplasm and
infection of the cell (Bar et al., 2006; Gregory et al., 2011; J. Lee et al., 2017). For
fusion to occur, the virus must associate with its receptor, Niemann Pick disease
type-C1 protein (NPC1) (Cété et al., 2011; Miller et al., 2012; Mittler et al., 2021;
Spence et al., 2016). The portion of GP that binds NPC1 is known as GP1, while
GP2 is responsible for mediating fusion with the host membrane (J. M. White et
al., 2016). The mechanism served by NPC1 in EBOV fusion is not fully
elucidated, but it may reposition GP2 in a manner that is favorable for fusion or
allow other as yet unknown proteases to more efficiently act upon GP (Fénéant
et al., 2019; J. M. White et al., 2016).

The role of late endosomal pH in the fusion of EBOV has been widely
discussed and debated. Low pH is known to cause important structural changes
in GP that result in the exposure of the fusion peptide, a moderately hydrophobic
portion of GP2 that inserts itself into the lipid bilayer of the host membrane to
initiate fusion (Gregory et al., 2011; J. Lee et al., 2017). However, a recent study
has introduced new questions by demonstrating that low pH may stabilize the

overall structure of GP, potentially opposing fusion (Bortz et al., 2020). It is
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possible that low pH only induces conformational changes favoring fusion in the
presence of other cellular factors such as full length NPC1 and appropriate levels
of calcium (Das et al., 2020; Nathan et al., 2019), further emphasizing the need
to study the pH of EBOV fusion in a cellular context. Therefore, we sought to fill
the knowledge gap as to the pH of fusion of EBOV in live cells. To determine the
pH of fusion, we performed an assay correlating endosomal pH with the ability of
the virus to infect cells. We expressed a previously described fluorescent pH
sensor mNectarine (D. E. Johnson et al., 2009), as a chimera with Lamp1, a
resident late endosomal transmembrane protein, in U20S cells. By imaging the
mNectarine-Lamp1 pH sensor in live cells, we then measured the pH in late
endosomes under both physiological conditions and when endosomes were
alkalinized using bafilomycin, a vacuolar ATPase (V-ATPase) inhibitor. We
concurrently determined the inhibitory concentration of bafilomycin for the
infectivity of virus-like particles (VLPs) bearing EBOV GP in U20S cells. We
estimated the required pH for EBOV fusion in live cells by correlating these two

measurements (Supp. Fig. 3.1).

3.3 Results

Expression and localization of mNectarine-Lamp1

To determine the pH of fusion for EBOV, we sought to develop a pH probe
specifically targeted to the subset of late endosomes where EBOV fuses. A red

fluorescent protein, mNectarine (D. E. Johnson et al., 2009), was cloned as a
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chimera with Lamp1. mNectarine is derived from a mFruit construct combining
mutations in mCherry2 and mTangerine and was generated using multiple
rounds of error-prone PCR for mutagenesis and selection for enhanced
fluorescence emissions intensity (D. E. Johnson et al., 2009). Lamp1 was chosen
to both target and anchor mNectarine in the endosomal membrane because it
had previously been described to reside in the same cellular compartments as
NPC1 (Macias-Vidal et al., 2014; Xie et al., 2011). In addition, Lamp1 has also
been shown to colocalize with TPC2 (Ruas et al., 2014), a protein that is be
required for efficient EBOV entry (Sakurai et al., 2015). Moreover, many EBOV
particles undergo lipid mixing with the host membrane in Lamp1+ compartments
(Spence et al., 2016). The construct was engineered with a signal sequence
preceding mNectarine such that mNectarine was translated into the luminal
space of the endosome. mNectarine was linked directly to Lamp1. The design of
the construct also preserved the late endosomal targeting sequence of Lamp1
(Rohrer et al., 1996) (Fig. 3.1A).

The mNectarine-Lamp1 chimera was expressed in U20S cells and the
localization of mNectarine-Lamp1 was evaluated. U20S cells were chosen for
their flat morphology, making them utile for microscopy, and their previous use in
studies of EBOV entry (Spence et al., 2019). To confirm that mNectarine-Lamp1
localizes to compartments in which EBOV undergoes fusion, mNectarine-Lamp1
was co-expressed with NPC1-eGFP or TPC2-GFP, both of which mark

compartments where EBOV fuses (Simmons et al., 2016). Less than one in 20
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cells surviving transfection highly expressed both fluorescent chimeras. Sample
images are shown for cells co-expressing mNectarine-Lamp1 and TPC2-GFP or
NPC1-eGFP (Fig. 3.1 C, D). Object-based colocalization was conducted for nine
cells co-expressing mNectarine-Lamp1 and NPC1-eGFP. An object-based
approach was used because the variable relative abundance of mNectarine-
Lamp1 and NPC1-eGFP in each cell rendered pixel-by-pixel measurement of co-
localization less meaningful (Comeau et al., 2006). Endosomes positive for
mNectarine-Lamp1 were segmented and the distribution of signal intensity of
NPC1-GFP within this population of endosomes was measured. A control area
from within the cell body was also measured and plotted for comparison (Fig.
3.1E). The data demonstrates that the signal of NPC1-eGFP is substantially
higher in mNectarine-Lamp1 positive compartments than in a control area,
suggesting that many endosomes containing mNectarine-Lamp1 also contain
NPC1. Further, most mNectarine-Lamp1 colocalizes with TPC2-GFP. In a
sample of 11 cells, the Manders coefficient (M1) that measures the proportion of
mNectarine-LAMP1 that overlaps with TPC2-GFP is 0.99, with a maximum
possible score of 1 indicating total overlap (representative image in 3.1 C). Thus,
colocalization data suggests that mNectarine-Lamp1 localizes to the EBOV

fusion compartment.
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Figure 3.1. mNectarine-Lamp1 localizes to late endosomes and senses
luminal pH. A) The open-reading frame of the mNectarine-Lamp1 construct
consists of a leader sequence to ensure translation into ER lumen (topologically
analogous to extracellular space or endosomal lumen), an HA tag, a short linker
(i.), mNectarine, a linker region (ii.) and Lamp1 including its lysosomal targeting
sequence (iii.). The stop is indicated by the asterisk. B) Once translated, the
polypeptide is directed to the endosome by the lysosomal targeting sequence of
Lamp1. mNectarine resides in the endosomal lumen. C) Images of a U20S cell
co-expressing mNectarine-Lamp1 and TPC2-GFP with (i.) mNectarine-Lamp1 in
red, (ii.) TPC2-GFP in green, and (iii.) images of both overlaid with a DIC image
of the cell. D) Images of a U20S cell co-expressing mNectarine-Lamp1 and
NPC1-eGFP with (i.) mNectarine-Lamp1 in red, (ii.) NPC1-eGFP in green, and
(iii.) images of both overlaid with DAPI stain for the cell nucleus. E) The co-
localization of mNectarine-Lamp1 and NPC1-eGFP (representative image in D)
was evaluated using an object-based approach for a sample of nine cells. The
mean NPC1-eGFP fluorescence intensity in each late endosome, as identified
from the fluorescence of mNectarine-Lamp1, was plotted. A negative control
comparison set of endosome regions that would not be expected to contain a
significant amount of NPC1-eGFP (see Materials and Methods, Analysis of
imaging experiments) was plotted for comparison.

Calibration of mNectarine-Lamp1

The mNectarine-Lamp1 probe was calibrated in-situ using buffers of a
known pH containing ionophores that permitted the equilibration of the
endosomal pH with the buffer solution in which the cells were bathed. Images of
a single cell bathed in a series of buffers with decreasing pH demonstrate that
the intensity of emissions from mNectarine decreases with decreasing pH (Fig.
3.2 A). To quantify the pH response of mNectarine for individual cells, the
perimeter of each cell was defined using a differential interference contrast (DIC)
image of the cell. The thresholded mean fluorescence intensity within each cell
above was then computed and plotted for a series of pH buffers ranging from 4.5

to 7.5. These full calibration curves were completed for four cells (Supp. Fig. 3.2)
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and a representative curve is shown in Fig. 3.2 B. The calibration curves shown
for mNectarine-Lamp1 in whole cells (Supp. Fig. 3.2) yield a calculated pKa of
6.1-6.3 for mNectarine-Lamp1. This is slightly lower than the pKa determined
from a previously described calibration curve obtained for mNectarine alone
purified from E. coli (pKa = 6.9) and analyzed in buffers of known pH using a

spectrofluorometer (D. E. Johnson et al., 2009).

A.

Imaging Buffer pH 7.4 pH 5.25 pH 4.5

Mean Fluorescence Intensity
N
1

Figure 3.2. mNectarine-Lamp1 fluorescence intensity decreases with
decreasing pH. A) An image of a U20S cell expressing mNectarine-Lamp1 was
collected in imaging buffer. Subsequently buffers of pH 7.4, 5.25 and 4.5
containing ionophores were added and images were collected. All images are
displayed on the same 16-color scale with white indicating zero intensity, then
pink to yellow indicating increasing intensity. B) The calibration curve of a single
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cell fit was with a sigmoidal curve. The mean fluorescence intensity in a single
plane of the cell body (region defined by DIC image of the cell) was determined
in buffers of known pH containing ionophores and plotted over the pH of the
applied buffers. The calibration data was not generated from the cell depicted in
panel A. Additional calibration curves are shown in Supp. Fig. 3.1.

Correlative assay to determine the pH of full fusion for Ebola virus

Having established the localization and the pH response of the mNectarine-
LAMP1 sensor, the change in late endosomal pH in response to varying
concentrations of bafilomycin was determined. These data regarding late
endosomal pH were used in conjunction with data from assays assessing entry
of EBOV VLPs to estimate a pH of fusion mediated by EBOV GP (Supp. Fig.
3.1). To assess late endosomal pH, U20S cells expressing mNectarine-Lamp1
were pre-treated with DMSO (vehicle for bafilomycin, mock treatment), 10 nM, 15
nM bafilomycin and 25 nM bafilomycin (Figure 3.3A). The mean fluorescence
intensity of mNectarine-Lamp1 was determined on a per cell basis. In
comparison to the mock treated control group, cells treated with bafilomycin had
increased fluorescence of mNectarine-Lamp1 indicating that the endosomes had
become more alkaline as expected. Each individual cell underwent a calibration
procedure in-situ using two buffers of known pH after initial imaging. The buffers
contained ionophores permitting equilibration of the endosomal lumen. The
fluorescence intensity value of mNectarine-Lamp1 in the calibration buffers was
used in conjunction with the initial measured fluorescence intensity of mNectarine

to calculate the mean late endosomal pH within each cell.
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The distribution of mean endosomal pH for individual cells was relatively
narrow for mock treated cells (median = 4.7, interquartile range = 4.6-5.1) and
broadened with 10 nM bafilomycin (median = 5.6, interquartile range = 5.2-6.4) or
15 nM bafilomycin treatment (median = 5.8, interquartile range = 5.5-6.4) (Figure
3.3A). Treatment with 25 nM bafilomycin again narrowed the distribution of pHs
observed on a per cell basis and severely alkalinized late endosomes (median
pH = 6.4, interquartile range = 6.2-6.5). The median pH value of approximately
4.7 determined for late endosomes in mock treated cells matches well with
previously published data describing late endosomal pH (D. E. Johnson et al.,
2016; R. J. Lee et al., 1996; Linders et al., 2022; Mundy et al., 2012; Ohkuma &
Poole, 1978; Tycko et al., 1983), further supporting the use of the sensor to
provide a late endosomal readout.

The effects of alkalinizing late endosomes on the infectivity of EBOV VLPs
were also determined. VLPs have the filamentous morphology of live EBOV and
bear EBOV GP but lack the required components for replication, rendering them
non-pathogenic. Cells were pretreated with bafilomycin, VLPs were applied, and
cytoplasmic entry assays were conducted in U20S cells. The entry assays were
used to assess what proportion of individual cells were infected in the presence
of a given concentration of bafilomycin. Five entry assays were conducted on
separate days (Supp. Fig. 3.3) and the results averaged to generate an inhibition
curve (Figure 3.3B). To generate the inhibition curve, the proportion of cells

infected in each increasing concentration of bafilomycin was normalized to the
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percent of cells infected in the 0 nM bafilomycin condition. The relative entry was
plotted over a range of bafilomycin concentrations. Sigmoidal fitting was
performed on the inhibition curve (Figure 3.3B) and the concentration of
bafilomycin that inhibited 50% of EBOV VLP entry was found to be 13 nM.

The results of the mNectarine-Lamp1 assay to measure late endosomal pH
and the EBOV VLP entry assay were tabulated together to estimate the pH
required to trigger EBOV GP mediated fusion (Figure 3.3C). The inhibition of viral
entry in the presence 10 nM and 15 nM bafilomycin, the concentrations used to
perturb endosomal pH, was 36 and 53%, respectively. The correlating median
late endosomal pH in each condition is 5.6 and 5.8, respectively. The first quartile
endosomal pH in each condition is approximately 5.2 and 5.5, respectively, and
the minimum late endosomal pH in a single cell is 5.0. The 50% inhibitory
concentration of 13 nM (calculated from a fit of the inhibition curve) falls between
10 nM and 15 nM, equivalent to a late endosomal pH of ~5.7. We therefore
estimate that a pH under 5.7 facilitates EBOV fusion. Although the pH best

supporting EBOV fusion may be slightly lower (see Discussion).
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Figure 3.3. Correlative data describe the relationship between inhibition of
viral entry and the mean pH in late endosomes on a per-cell basis. A) The
mean pH of late endosomes was determined in U20S cells expressing
mNectarine-Lamp1 and treated with bafilomycin or mock treated with DMSO.
The mean emissions intensity from mNectarine-Lamp1 was taken in individual
cells and those cells were then treated with buffers of a known pH. The pH of
each cell was determined using own-cell calibration data and calculated pH
values that fell above or below the pH values of the two calibration buffers are
plotted in pink. Data points that fall between the pH values of the two calibration
buffers are plotted in black. The first quartile, median and second quatrtile are
plotted as blue bars. 31 individual cells were measured for the mock treatment
condition, 21 for 10 nM bafilomycin, 67 for 15 nM bafilomycin, and 19 for
bafilomycin 25 nM. B) Entry assays of EBOV VLPs into U20S cells were
conducted in the presence of varying concentrations of bafilomycin. Cells were
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pretreated for 1 hour in bafilomycin and the indicated concentration of
bafilomycin was maintained during the course of the assay. 5 biological
replicates (with 3-4 technical replicates per concentration of bafilomycin per
assay) were measured and the results averaged. Error bars are 1SD of biological
replicates. A sigmoidal curve was fit to the results. C) The median pH and
percent inhibition (calculated from sigmoidal fit in B) tabulated together.

V-ATPase inhibition and the trafficking of virus-like particles

Endosome acidification is a key part of the endosomal maturation program
and bafilomycin treatment alkalizes late endosomes by inhibition of the V-
ATPase, which pumps protons into the endosomal lumen (Bowman et al., 1988;
Yoshimori et al., 1991). For EBOV to enter cells, it must be trafficked to mature
endosomes where it encounters NPC1 and other requisite factors to trigger
fusion (J. M. White et al., 2016). Evidence in the literature regarding the effect of
bafilomycin treatment on trafficking of cargo from the plasma membrane to
endosomes is equivocal (Bayer et al., 1998; Matsumoto & Nakanishi-Matsui,
2019; Stenbeck & Horton, 2004). To determine whether the inhibition of entry of
EBOQV in the presence of bafilomycin may be due in part to loss of trafficking of
EBOV in addition to endosomal alkalization, we examined the co-localization of
EBOV VLPs with the fusion compartment marker and viral receptor NPC1.

The co-localization of EBOV VLPs with NPC1 was compared in the
presence and absence of bafilomycin after zero hours of trafficking and two
hours of trafficking, the point at which maximal infection or colocalization with
NPC1 is anticipated (Mingo et al., 2015; Spence et al., 2016). Colocalization of

the EBOV VLPs, bearing a fluorescently labelled structural protein (mCherry-
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VP40), and NPC1, detected by immunofluorescence, was assessed by
fluorescence microscopy and quantitated using a Manders coefficient.
Nocodazole (400 uM), which depolymerizes microtubules and severely limits the
trafficking of EBOV VLPs to late endosomes (Mingo et al., 2015), was used as a
negative control for colocalization of NPC1 and EBOV-VLP at 2 hours.
Bafilomycin treatment (15 nM) substantially reduced the colocalization of NPC1
and EBOV-VLP compared to the mock treated condition (DMSO, bafilomycin
vehicle), though the reduction was not as severe as with treatment by
nocodazole (Figure 3.4, Supp. Fig 3.5). The reduction in expected trafficking of
EBOV-VLP to a compartment containing NPC1, requisite for EBOV fusion, may
cause some of the reduction in EBOV entry in the presence of bafilomycin

(Figure 3.4, Fig. 3.3 B), introducing a confounding factor in the correlative assay.
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Figure 3.4. Bafilomycin inhibits the trafficking of EBOV VLPs in U20S cells.
EBOV VLPs were applied to U20S cells and the effect of mock (DMSO),
bafilomycin (15 nM) or nocodazole treatment (400 uM) on VLP trafficking to the
EBOV fusion compartment (NPC1+) was assessed by immunofluorescence.
Colocalization was calculated on a per-pixel basis and represents the overlap of
thresholded VP40-mCherry signal from the VLPs with immunostained NPC1
(marked by Alexa-488). The colocalization of VLPs with NPC1 after 2 hours of
trafficking for each cell was normalized to the mean value of colocalization at 0
hours over all cells in the same treatment group. This normalization was intended
to compensate for differences in initial binding. 36 cells were assessed for the
mock treatment, 35 for bafilomycin treatment and 33 for nocodazole treatment.
The data are derived from experiments conducted on two separate days. A
Kruskall-Wallis test (non-parametric multigroup statistical test) identified a
statistically significant difference between mock treatment and both bafilomycin
and nocodazole treatments (****, p < 0.0001; ns, no significance).
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3.4 Discussion

Considerations in the use of a correlative assay to determine the pH of EBOV

fusion

All measurements in the correlative assay used to estimate the pH
required to trigger fusion mediated by EBOV GP were conducted on a per cell
basis. Using a fluorescent sensor that specifically localized to late endosomes
(Figure 1C-E), we determined the pH of late endosomes in a median U20S cell
to be ~4.7. Treatment with bafilomycin in concentrations of 10 nM and 15 nM
raised the mean late endosomal pH in a median U20S cell to 5.6 and 5.8
respectively (Figure 3.3C). Relative to the entry of EBOV VLPs into untreated
cells, the entry of VLPs is inhibited by bafilomycin treatment with a 50% inhibitory
concentration of 13nM. Because the assay is correlative, with pH and entry
evaluated in separate experiments, it is uncertain where infected cells fall within
the distribution of mean (per-cell) late endosomal pH compared to uninfected
cells (Figure 3.3C). If we assume that cells falling within a specific part of the pH
distribution are not preferentially entered, we can infer that the threshold pH for
50% efficient entry is 5.7. On the other hand, findings in reconstituted systems
show that pH less than 5.5 best supports fusion (Bar et al., 2006; Gregory et al.,
2011; J. Lee et al., 2017), suggesting that the subset of cells with the lowest
mean late endosomal pH favor entry. If cells with more acidic late endosomes
preferentially support fusion, most fusion events that still occur under 15nM

bafilomycin treatment (close to the IC50 of 13nM) would be in cells with a mean
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endosomal pH between 5.0 (lowest observable mean endosomal pH) and 5.6
(the median of the mean endosomal pH).

Aside from some uncertainty regarding through which subset of cells
fusion occurs, it is not possible to know through what subset of endosomes entry
occurs. Previous work has shown that late endosomes in fact have heterogenous
pH (D. E. Johnson et al., 2016). It may be that even in the presence of
bafilomycin treatment, endosomes have heterogenous pH. The particles that
undergo fusion may do so preferentially through the most acidic endosomes, as
only a few particles may have to enter a given cell for the cell to be counted as
infected in the entry assay. It is also possible that particles enter through
endosomes that have a combination of sufficiently low pH and other
characteristics such as a specific concentration of calcium (Das et al., 2020;
Nathan et al., 2019) or that some unknown factor promoting EBOV fusion
(Fénéant et al., 2019; J. M. White et al., 2016) defines the endosomal
subpopulation through which the particles enter. The question of what subset of
cells or endosomes support entry can only be fully resolved by live cell imaging in
which pH and fusion can simultaneously be observed. As described in Chapter 2,
endosomes that supported viral content release mediated by the vesicular
stomatitis virus fusion protein (VSV-G) were more acidified and motile than
endosomes that did not mediate fusion events. If we conducted experiments

using a similar system as in Chapter 2 to determine the EBOV pH of fusion, it is
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possible that we would observe a unique subpopulation of endosomes that

support fusion events and are characterized by acidification or motion.

Inhibition by bafilomycin of the trafficking of EBOV virus-like particles

The inhibition of trafficking of EBOV VLPs by bafilomycin introduces a
confounding factor in the interpretation of the entry assay relative to pH data. The
structure of the correlative assay assumes that loss of entry is due to alkalization
of late endosomes rather than secondary factors. The failure of EBOV VLPs to
co-localize with NPC1 in the setting of bafilomycin treatment is somewhat
surprising based on previous findings that EBOV VLPs co-localize with NPC1 to
the same or greater extent with bafilomycin treatment as opposed to mock
treatment (Mingo et al., 2015). The effects of bafilomycin may be cell line and
concentration dependent as other work has reported varying consequences for
trafficking (Bayer et al., 1998; L. S. Johnson et al., 1993; Mingo et al., 2015;
Stenbeck & Horton, 2004). While a fluid phase marker was shown to traffic
normally in HeLa cells treated with 20nM bafilomycin, 200nM bafilomycin
inhibited trafficking of the marker (L. S. Johnson et al., 1993). In osteoclasts, a
specialized cell type that is rich in secretory lysosomes, treatment with just 25nM
bafilomycin inhibited uptake of a fluid phase marker by 35% (Stenbeck & Horton,
2004). The use of HeLa or BSC1 cells in lieu of U20S cells may eliminate the
effect of bafilomycin on EBOV VLP trafficking (L. S. Johnson et al., 1993; Mingo

et al., 2015) at the concentrations described in this study (0-15nM).
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Testing a different agent by which to alkalinize endosomes may also
permit normal trafficking of viral particles. Bafilomycin inhibits the V-ATPase,
which interacts with molecules driving endosomal maturation (De Luca & Bucci,
2014; Matsumoto & Nakanishi-Matsui, 2019) and thus bafilomycin may inhibit
trafficking by a mechanism other than alkalization of the endosomal lumen.
Ammonium chloride directly alkalinizes endosomes as a weak base and while it
may somewhat inhibit the maturation of endosomes, the effect is not as
pronounced as with bafilomycin treatment (Clague et al., 1994; Ukkonen et al.,
1986). Recently, a novel set of nanoparticles was designed to buffer endosomes
to specific known pH values (pH 4.4-7.1) and additionally use fluorescence to
indicate which endosomes are at or below the clamped pH. The nanoparticles
enter the cells by fluid phase uptake (C. Wang et al., 2015). Some evidence
exists to show that buffering the endocytic pathway through the use of
nanoparticles still permits normal physiological functions as the treatment of cells
with nanoparticles of pKa 4.4 did not block autophagosome maturation (C. Wang
et al., 2017). When cells were treated with nanoparticles of pKa 6.2,
compartments bearing Rab5, an early endosome marker, eventually acquired
LAMP2, a late endosome and lysosome resident protein, indicating normal
endosome maturation (C. Wang et al., 2015). The effect of the application of
nanoparticle buffers of any pKa on the trafficking of cargo to late endosomes has
not been investigated directly however and would need to be elucidated prior to

using nanoparticle buffers as a means of perturbing viral fusion.
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Advancing the correlative assay for pH of fusion with ratiometric pH sensors

A correlative approach to determining the pH of viral fusion in whole cells
offers the advantage of being relatively high throughput. For numerous less-
studied viruses, the assay could be applied as a high-throughput method for
estimating what pH is sufficient for fusion. Since only one curve would need to be
generated describing the correlation between endosomal pH and the
concentration of an alkalinizing agent used, each virus under investigation would
simply require an entry assay to determine the inhibitory concentration of the
alkalinizing agent.

The use of the assay as a high throughput method for determining a pH
threshold for the fusion of many viruses could be made even more robust by the
replacement of mNectarine with a ratiometric fluorescent pH sensor. A
ratiometric pH sensor was not used in this study because we initially planned to
use the sensor in conjunction with additional sensors or viral labels. This required
we minimize the fluorescence emissions range of the pH sensor as most
ratiometric pH sensors that function well at low pH consist of multiple
fluorophores. For the purposes of solely advancing the correlative assay though,
a ratiometric pH sensor would be ideal. The readout of ratiometric pH sensors is
unaffected by the expression level in individual cells (see Chapter 2) (Canton &
Grinstein, 2015) and thus a generic calibration curve relating a fluorescence
emissions intensity ratio to pH could be used for all cells. The recently described

pHLARE is a ratiometric pH sensor that is targeted to late endosomes via Lamp1
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and is sensitive to pH variations between 4.5 and 6.5 (Webb et al., 2021), a
range highly relevant to the fusion of pH-triggered enveloped viruses (Lozach et
al., 2011; J. M. White et al., 2016) and could enhance the robustness of the

correlative assay.

Alternative approaches to determining the pH of EBOV fusion

Single particle approaches provide definitive information regarding the
fusion of individual viral particles to construct a distribution of the pH at which
fusion events occur. To monitor pH, a sensor may either be anchored in the
endosomal membrane (as described in this Chapter) or the viral membrane (as
described in Chapter 2). Fusion for individual particles can then be monitored via
release of fluorescently labeled viral contents (as described in Chapter 2) or
changes in fluorescence of a lipid label in the viral membrane (Simmons et al.,
2016; Spence et al., 2016; L.-J. Zhang et al., 2020). The disadvantage of single
particle approaches is that live cell imaging experiments with single particle
tracking are technically challenging and are relatively low throughput. We
attempted to use the assay described in Chapter 2 consisting of a pseudovirus
particle with a content marker and FRET based pH sensor to also determine the
pH of EBOV fusion. Unfortunately, the particles generated bearing EBOV GP
were quite dilute and yielded low infectivity when assayed by a luminescence
assay (10,000 RLU or less compared to greater than 500,000 RLU for VSV-G,

see Chapter 2 for VSV-G data). It is possible that, as discussed in Chapter 2 and
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Appendix A, alternative model viral systems, such as vesicular stomatitis virus
pseudotypes may improve viral infectivity and/or allow the production of more
concentrated viral particles (Hulseberg et al., 2018; Schornberg et al., 2006). In
addition, improvements in imaging technology and labeling schemes may allow

the measurement of pH at the time of fusion of EBOV particles.

3.5 Materials and Methods

Cloning and plasmids

The leader-mNectarine-Lamp1 construct was cloned into the pcDNA3. 1
(Invitrogen) vector by a multistep process that used assembly in pDisplay
(Invitrogen) followed by digestion of the open reading frame and ligation into
pcDNA3.1. The protocol is detailed below. pPBAD-mNectarine was a gift from
Robert Campbell (Addgene plasmid # 21717 ; http://n2t.net/addgene:21717 ;
RRID:Addgene_21717) (Johnson 2009). pRK5-LAMP1-FLAG was a gift from
David Sabatini (Addgene plasmid # 71868 ; http://n2t.net/addgene:71868 ;
RRID:Addgene_71868) (Wang 2015).

Primers (Table 3.1) were designed for amplification of mNectarine and
Lamp1 such that sequence overlap was generated between these two fragments
and pDisplay. pDisplay was digested with Smal (New England Biolabs) to
generate a linear fragment and gel purified by kit (Qiagen, catalogue #28706). An
assembly of the pDisplay backbone and mNectarine and Lamp1 inserts was
conducted using NEBuilder HiFi Assembly (New England Biolabs). A 3:3:1 molar

ratio of mNectarine insert to Lamp1 insert to linearized vector was used and the
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assembly reaction was incubated for 30 minutes at 50° C. The reaction product
was transformed into XL 10 Blue competent cells (Agilent). Colonies were
selected on carbenicillin (Sigma-Aldrich) plates. DNA was prepared from single
colonies and screened by restriction digest of the assembled fragment using Bglll
and Pstl (New England Biolabs). Colonies positive for the assembled insert of
mNectarine-Lamp1 were amplified by PCR (primers in Table 3.1) along with the
leader sequence derived from pDisplay, generating the desired open reading
frame and cleavage sites for Notl and BamHI (New England Biolabs). The
amplified fragment of leader-mNectarine-Lamp1 was cleaned on a QlAquick
column (Qiagen) and digested by Notl and BamHI. pcDNA3.1 was also digested
by Notl and BamHI and purified on an agarose gel. The insert was ligated into
pcDNAS3.1 using T4 ligase (New England Biolabs). The ligation was transformed
into DH5a competent cells (Life Technologies). The construct was verified by
sequencing and is referred to as mNectarine-Lamp1.

Plasmids used for expression of TPC2-GFP and NPC1-eGFP were from
Origene (cat # RG209023) and David Castle at the University of Virginia,

respectively.
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Table 3.1. Primers for sequence amplification

Target Orientation | Sequence

mNectarine Forward CCCAGCCGGCCAGATCTCCCGTGAGCAAGGGCGAGGAG

mNectarine Reverse CCGCCGGATCCTCCCTTGTACAGCTCGTCCATGC

GCTGTACAAGGGAGGATCCGGCGGAGGTTCTGGTGGTGCAATGTTTATGGTGAAA
Lamp1 Forward AATG

Lamp1 Reverse GACCTGCAGCCGCGGATCCCCTAGATAGTCTGGTAGCC

open reading
frame in
pDisplay Forward GCGACGGGATCCGGAATTCGGCTTGGGGATATCCACC

open reading
frame in
pDisplay Reverse CGTATGCGGCCGCCCTGCAGCCGCGGATCC

Cell Culture

U20S cells (from Dorothy Schafer, University of Virginia) and HEK293T17
cells (from Judith White, University of Virginia) were grown in high glucose
Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% FBS v/v,
2mM L-glutamine, 1 mM sodium pyruvate, 100 units/mL penicillin, 100 units/mL
streptomycin, 0.25 micrograms/mL amphotericin B (all from Gibco Life

Technologies).

Preparation of virus-like particles

Virus-like particles (VLPs) bearing Ebola virus glycoprotein were prepared
as previously described (Shoemaker et al., 2013). Briefly, 293T17 cells were
transfected with plasmids for VP40, B-lactamase-VP40, mCherry-VP40 and the
Ebolavirus glycoprotein. Supernatant from the cells was harvested and clarified.
The supernatant was then placed over a sucrose cushion and the virus-like
particles pelleted by ultracentrifugation. The virus-like particles were then

resuspended and frozen at -80 °C for further use. The infectivity of each
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preparation was determined using the B-lactamase/CCF2 method described

below (Virus entry assays).

Expression of fluorescent chimeras

mNectarine-Lamp1 was expressed in U20S cells. The cells were
transfected by electroporation in a Nucleofector 2b device (Amaxa). Cells used
for transfections were 70-85% confluent and had been passaged less than 30
times. U20S cells were lifted by trypsin, gently pelleted, resuspended in PBS and
counted. 1x108 cells were spun down, washed with 5 mL of PBS and spun down
again. The cells were then resuspended in 100 pL of electroporation solution, 1
Mg of purified mNectarine-LAMP1 cDNA was added, and the mix was gently
pipetted into a cuvette for electroporation (Ingenio, Mirus Bio, catalogue #50121).
The cells were electroporated using program X-001. 500uL of warm culture
medium was added to the cuvette and the cell mixture was transferred to a single
well of a prepared 6-well plate containing warm medium. After approximately 16-
24 hours the transfected cells were lifted, counted and transferred to a fibronectin
coated slip or plate for imaging (see sections below).

For co-transfection experiments, the same electroporation protocol above
was conducted but the DNA mixture used was modified. For co-transfection of
TPC2-GFP or NPC1-eGFP and mNectarine-Lamp1, 0.9 ug of each DNA was

used per electroporation reaction. Cells co-transfected with NPC1-eGFP and
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mNectarine-Lamp1 were fixed with 4% paraformaldehyde and stained with DAPI

prior to imaging.

Live cell imaging and v-ATPase inhibition experiments

Transfected cells (see Expression of mNectarine-Lamp1 section above)
were seeded onto fibronectin-coated 35 mm dishes with a #1.5 glass slip insert
(Mattek) at a density of 1.2x105 cells per dish. Cells were imaged 18-24 hours
after seeding on a LSM880 scanning confocal microscope (Zeiss). Growth
medium was exchanged for Live Cell Imaging Solution (Invitrogen) containing 4.5
mg/mL glucose prior to imaging. A heated stage was used to maintain the
temperature of the cells at 37 °C. mNectarine was excited at 561 nm and
emissions were collected from 565-680 nm in a photomultiplier tube detector. In
addition, signal was collected to generate a pseudo-DIC image that could be
used to define the cell perimeter. A 40x/1.4 NA DIC oil immersion objective
(Zeiss) was used to collect the 1024x1024 pixel images.

For experiments in which cells were treated with bafilomycin to inhibit V-
ATPase and alkalize the endosomes, growth medium containing the indicated
concentration of bafilomycin (Sigma-Aldrich, 20 uM working solution in DMSO)
was exchanged onto the cells ~1.5 hours prior to imaging. The same
concentration of bafilomycin was maintained throughout the experiment by
application of imaging buffer containing bafilomycin. For the mock treatment

condition, 0.2% (v/v) DMSO was added to imaging buffer.
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Calibration of mNectarine and photobleaching analysis

Cells were prepared as described above in the section Live Cell Imaging.
After each experiment, mNectarine was calibrated in situ on a per-cell basis
using a 2-point calibration curve. Pairs of buffers were used rather than a full
calibration curve to minimize photobleaching following the initial period of
imaging the experimental condition. For each mock or bafilomycin treatment
condition, a pair of buffers was used such that the intensity of mNectarine when
bathed in those buffers encompassed the approximate range of intensities
observed in the experimental condition. The pairs of buffers used for each
experimental condition are listed in Table 3.2.

To perform the calibration in situ, pairs of buffers with known pHs were
prepared with the following composition: 143 mM KCI, 5 mM glucose, 1TmM
MgClz, 1 mM CaClz, 20 mM MES or sodium acetate or HEPES, 10 pM nigericin
and 5 uM monensin (Sigma-Aldrich). After the initial imaging period, the Live Cell
Imaging Solution was removed, the well of the dish was gently rinsed with 500 pL
of the calibration buffer, and 1 mL of
calibration buffer was applied. The first calibration buffer was applied for a period
of at least 10 minutes to allow the ionophores to reach full effectiveness and
allow the pH inside of the endosomes to fully equilibrate with the pH of the
bathing buffer. Subsequent buffers were incubated for at least 5 minutes prior to

imaging.
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Additional buffers at pH 7.5, 7.1, 6.5, 6.1, 5.8, 5.2, 5.0, 4.5 were prepared
to generate the full calibration curves of mNectarine-Lamp1 (as shown in Figure
3.2 B, Supp. Fig. 3.2). When completing a full calibration curve, buffers were
applied in the order from high pH to low pH.

Photobleaching analysis was conducted in whole cells to ensure that
taking several Z-stacks of cells when collecting the in-situ calibration curve would
not affect pH determination. Bleaching was approximately linear (Supp. Fig. 3.4).
Based on the determination of bleaching using a laser power of 1.5%, it was
decided to use a lower laser power for live cell imaging to minimize
photobleaching. The laser power used varied slightly based on whether the cells
were treated to alkalinize late endosomes. In all cases the same laser power was
used for both the initial data collection (imaging buffer) and calibration. When
endosomes were highly alkalinized resulting in a bright signal from mNectarine, a
lower laser power was used for collection and calibration. The laser power used
was always below 1.2% and, in most cases, ranged from 0.3-1%. No correction

was performed for photobleaching.

Table 3.2. pH buffers for calibration of mNectarine-Lamp1

Condition High pH buffer | Low pH buffer

Mock Treatment 5.1 4.5
Bafilomycin 10 nM 6.5 5.0
Bafilomycin 15 nM 7.1 5.2
Bafilomycin 25 nM 6.5 6.1
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Virus-like particle entry assays

Entry assays were conducted as previously described (Mingo et al., 2015;
Shoemaker et al., 2013). Briefly, U20S cells were seeded at a density of 4.5x104
cells per well in a 96 well plate. Cells were seeded from plates that were no less
than 70-90% confluent. Cells were pretreated for one hour at 37° C with the
indicated concentration of bafilomycin. Virus-like particles were bound to cells by
spinning (250 x g) at 4° C in the presence of the indicated concentration of
bafilomycin. VLPs used in these experiments had previously been assayed for
infectivity. An amount of virus was applied such that on average 17% of cells
were infected in the mock condition. After infection, cells were transferred to a
37° C incubator for 3 hours. Entry was then stopped by washing samples once
with loading buffer (phenol red free DMEM supplemented with 2 mM L-glutamine,
2.5 mM, probenecid, 25 mM HEPES, and 200 nM bafilomycin). A B-lactamase
substrate, CCF2, was then loaded into cells by incubation in the dark for 1 hour.
Cells were fixed and analyzed for cleavage of CCF2 by use of flow cytometry (as

previously described, Shoemaker et al., 2013).

Virus-like Particle Trafficking Assay

A viral trafficking assay was used to assess the progress of VLPs to the
fusion compartment in the presence of bafilomycin, nocodazole or mock
treatments in Figure 4. VLPs bearing a fluorescently labeled structural protein
(VP40-mCherry) were used as in the virus entry assays. The colocalization of

these VLPs with immunostained NPC1 was assessed. Higher co-localization at
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longer timepoints indicated that more viral particles had been internalized
trafficked to the fusion compartment.

U20S cells were seeded onto fibronectin coated #1 coverslips contained
in a 24-well plate at a density of 3.2-3.5x104 cells/well such that the cells were no
more than 70% confluent at the commencement of the trafficking assay. 24-36
hours after seeding cells were chilled on ice for 10 minutes. Cells were
pretreated with DMSO, 15nM bafilomycin or 400 uM nocodazole. Purified VLPs
were diluted in Opti-MEM (Gibco) with a concentration of 0.2% (v/v) DMSO,
bafilomycin or nocodazole such that the pretreatment conditions were
maintained. The VLPs were diluted such that the concentration of VLPs per well
would be expected to yield ~30% infection based on infection data for a given
viral preparation (see Virus-like Particle Entry Assays). The VLP mixtures were
applied to the pre-chilled cells and spun for 1 hr at 4° C at 250xg. Samples in the
0 hr condition were immediately placed on ice, rinsed in PBS and fixed in 4%
paraformaldehyde. Samples in the 2 hr condition were warmed to 37° C and
incubated in 5% COzfor two hours, after which they were rinsed and fixed. The
overall immunofluorescence protocol was performed as previously described
(Mingo et al., 2015). Briefly, all samples were permeabilized and blocked using a
saponin/bovine serum albumin solution (10% heat inactivated Supplemented Calf
Serum (HyClone), 0.05% saponin (Sigma S-1252), 10 mM glycine pH 7.4, 10
mM HEPES pH 7.4). Immunofluorescence staining was then conducted for NPC1
using an anti-NPC1 primary antibody (1:500; Abcam, ab134113) and anti-rabbit

Alexa Fluor-488 as the secondary antibody (1:1500; Invitrogen). Coverslips were
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mounted using Prolong Gold (Invitrogen), sealed and underwent confocal
scanning imaging (LSM880, Zeiss).

Collected images were analyzed in FIJI (Imaged) using JACoP (Bolte &
Cordelieres, 2006). The automatic thresholding function was used and the
Manders value for co-localization of VLPs with NPC1+ immunostained
compartments was calculated. Higher Manders values represent a greater
overlap of signal above threshold from the two channels with a maximum value
of one. To account for any differences in virus binding between treatment
conditions, Manders (M1) values after two hours of trafficking for each field of
view in each treatment were normalized to the mean Manders value in the
corresponding zero-hour time point for the same treatment. Only assays in which
the nocodazole was shown to inhibit trafficking relative to mock treatment were
included in the analysis.

Analysis of imaging experiments to assess late endosomal pH

For live cell imaging experiments, the cell body was masked based on the
pseudo-DIC image. As above, the analysis was conducted using FIJI. The mean
emission intensity between 565 and 680 nm was assessed within the region of
the cell body. To evaluate the background signal, the emission intensity of
mNectarine and/or cellular autofluorescence outside discrete punctate areas
representing endosomes but within the cell body was assessed in mock treated
cells. Based on the mean signal intensity from the background area, a threshold

was applied on a per experiment basis (sets of cells in a single condition
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collected on the same plate). Threshold intensity values ranged from <3-10 (in a
255 value, 8-bit image). The same analysis procedure was applied to generate
intensity values for the in situ calibration curve. A mean pH of the late
endosomes in each cell was calculated by converting the mean, thresholded
intensity within the cell body to a pH by interpolation using the 2-point calibration
curve (see Calibration of mNectarine).

Analysis of imaging experiments to assess co-localization of mNectarine-Lamp1
with cellular markers

The colocalization of mNectarine-Lamp1 with TPC2-GFP was determined
in FIJI using a Manders coefficient as described above in the section Viral
trafficking assay.

Object-based colocalization for mNectarine-Lamp1 was determined in FlJI
by identification of mNectarine-Lamp1 endosomes and the quantitation of mean
NPC1-eGFP fluorescence intensity in each endosome. This approach was used
instead of a Manders coefficient because the variable relative abundance of
mNectarine-Lamp1 and NPC1-eGFP in each cell rendered pixel-by-pixel
measurement of co-localization less meaningful (Comeau et al., 2006).
Endosomes were identified by use of a binary image generated using an
automated Otsu threshold on the image generated by emissions from
mNectarine-Lamp1 only. Then the particle analysis function was used to
generate regions of interest (ROI) representing endosomes. These ROl were

applied to the image of NPC1-eGFP and the mean intensity within each ROI
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quantified and plotted as a distribution. A comparison data set (negative control
for colocalization) was taken by taking the mNectarine-Lamp1ROlIs from one cell
and applying them to the image of NPC1-eGFP in a different cell, such that the
ROI set would not be expected to solely or even primarily sample endosomes.
The mean intensity values of NPC1-eGFP in this control set was considered to

be background or coincidental.

Data Analysis
Plots were generated in R Studio and Prism 9 (GraphPad). Statistical

significance was evaluated by a Kruskall-Wallis test.

3.6 Supplemental Figures

Bafilomycin treatment at 10nM, 15 nM and 25
nM concentrations
(vATP-ase inhibitor, raises pH)

/ \

U20S cells expressing
mNectarine-Lamp1 late
endosomal pH sensor

l |

Percent of cells
entered by EBOV VLPS

Entry assay using EBOV
VLPs in U20S cells

pH measurement «—>

Supplemental Figure 3.1. Schematic representation of a correlative assay
to estimate the pH of EBOV fusion. Bafilomycin was used to alkalinize the
endosomes of U20S cells and the change in late endosomal pH and the entry of
EBOV VLPs was measured. The correlating change in pH and inhibition of entry
was used to estimate a pH of fusion.



Mean Fluorescence

132

4_
o Cell 1
2 3 = Cell 2
e o] + Cell 3
(]
£ o = Cell 4
E .
0 1 1 1
4 5 6 8

Supplemental Figure 3.2. mNectarine-Lamp1 calibration curves for four
individual cells. Calibration curves of mNectarine-Lamp1 were collected in
several cells. Data was collected, analyzed and fit as described in Figure 2B. The
calibration curve depicted in Figure 2B is Cell 3 above.
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Supplemental Figure 3.3. Individual entry assay data of EBOV VLP into
U20S cells treated with bafilomycin. U20S cells were pretreated with
bafilomycin for 1 hour and EBOV VLPs were applied. The data averaged from 5
biological replicates in Fig. 3B is plotted by individual assay. Error bars in each
plot represent one standard deviation of 3-4 technical replicates for the individual
assay.
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Supplemental Figure 3.4. Bleaching data for mNectarine-Lamp1 in whole
cells. A mNectarine-Lamp1 expressing cell (representative of typical
fluorescence intensity of a cell used in live cell imaging experiments) was serially
exposed using the same imaging parameters as live cell experiments. The laser
power was set slightly above that used for most live cell imaging experiments
(1.5%, vs. a typical power of 0.3-1%). Exposures were collected in seven plane
Z-stacks and the mean fluorescence intensity from the brightest plane was
determined, normalized to the initial fluorescence intensity and plotted. A linear
decrease in fluorescence intensity was observed with continued exposure.
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Mock Nocodazole Bafilomycin
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Supplemental Figure 3.5. Sample images from virus-like particle trafficking
assay. Images from the virus-like particle trafficking assay from which co-
localization data in Figure 3.4 is derived. Immunostained NPC1 is indicated in
green, VLPs are in red and DAPI labelling of the nucleus is in blue. Viral particles
that co-localize with NPC1 are indicated by grey arrowheads. After two hours of
trafficking, four particles co-localize with NPC1 in the mock condition, one co-
localizes in the bafilomycin treatment condition and none colocalize in the
nocodazole treatment condition. A 20 um scale bar is in grey in the lower left.
Virus-like particles are <1 um in size.
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Chapter 4: Discussion and Outlook

4.1 An overview of subpopulations of endosomes and opportunities to
advance the field

While the endocytic system has canonically been divided into broad
categories of compartments with similar functional roles or associated proteins,
the endocytic system is in reality far subtler and more complex. Over the past 20
years, studies have from time to time directly addressed or hinted at the role or
existence of specific subpopulations of endosomes. These studies have largely
been enabled by imaging approaches with sufficient spatial and time resolution to
study individual endosomes (D. E. Johnson et al., 2016; Suresh et al., 2021). The
functional roles of subpopulations of early or late endosomes in cargo trafficking
or cell physiology are addressed in a handful of publications (Cao et al., 1998;
Kalaidzidis et al., 2015; Lakadamyali et al., 2006; Miaczynska et al., 2004;
Padilla-Parra et al., 2012; Perini et al., 2014). Several of these studies focus on
separate populations of early endosomes and their role in advancing degradative
cargo to late endosomes while enabling recycling cargo to reach the plasma
membrane more efficiently (Kalaidzidis et al., 2015; Lakadamyali et al., 2006;
Miaczynska et al., 2004). Subpopulations of endosomes may also play a role in
growth signaling, sensing cargo in early endosomes and affecting a

transcriptional response (Cao et al., 1998; Miaczynska et al., 2004).
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The picture of how heterogeneity of compartments within the endocytic
system affects cellular physiology is far from complete even in the face of the
interesting studies cited above. Factors that have hindered more rapid
advancement in the field over the past decades include technical challenges
inherent in imaging single endosomes, disparate approaches and definitions of
endosomal subpopulations between studies and a lack of attention toward the
subject due to its technical and conceptual complexity. In the study of trafficking,
much focus has historically been placed on protein markers of compartment
identity (such as Rabs, see Chapter 1.2). This approach has utility since it can
act as a uniform standard for compartment identity between various studies, but
has limits in usefulness for understanding subpopulations of endosomes and
their role in cellular processes. Tying functional identity, such as lumenal pH,
protease activity, motility and whether a given compartment acts as a site of viral
fusion, to compartment identity as determined by protein marker will better
contribute to understanding the impact and relevance of endosomal
subpopulations to cellular physiology As will be discussed in following sections
covering new research directions and methods, developments in imaging
technology and fluorescent proteins may enable further studies of endosomal
subpopulations and promote a more nuanced and detailed view of the endocytic

system.
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4.2 Connecting subpopulations and sub-pathways of endosomes to innate
immune mechanisms

Viruses may exploit endosomal subpopulations and sub-pathways either
to advance more efficiently to endosomal compartments where they can fuse or
to evade host immune factors. Several papers have described how different
viruses may bypass specific populations of endosomes (Oppliger et al., 2016;
Pasqual et al., 2011; Quirin et al., 2008; Rojek et al., 2008b; Spence et al., 2019;
Suddala et al., 2019) In one example, influenza virus entry into host cells is
restricted by the innate immune factor IFITM3 (localized primarily in late
endosomes) while the entry of Lassa virus is not (Brass et al., 2009; Feeley et
al., 2011; Spence et al., 2019; Suddala et al., 2019; X. Sun et al., 2016). Both
influenza and Lassa require a low pH characteristic of late endosomes to trigger
fusion. While influenza co-localizes with IFITM3 prior to fusion, blocking
downstream steps in infection, Lassa virus particles do not co-localize with
IFITM3 until after they have undergone hemifusion (lipid mixing of the viral
envelope and host membrane, see Figure 1.4) (Suddala et al., 2019). It seems
that Lassa virus escapes IFITM3 restriction by avoiding trafficking through
compartments containing IFITM3. Whether other viruses escaping IFITM
similarly take special endocytic sub-pathways and whether this pathway
originates from any particular subpopulation of endosomes remain to be
determined. Subpopulations of endosomes and the early events in virus

internalization likely contribute to determining what sub-pathway viruses are
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trafficked along and whether they are able to avoid innate immune restriction in
endosomes.

A more complete picture of the role of endosomal subpopulations in
downstream events in trafficking and host restriction of viral entry has been
hampered in part by definitions of endosomal subpopulations (discussed here)
and imaging constraints (discussed later). Based on viral markers, compartment
markers and imaging modalities, studies addressing endosomal subpopulations
in viral entry (Chapter 2) (Lakadamyali et al., 2006; Padilla-Parra et al., 2012) all
used slightly different definitions of endosomal subpopulations. This variability
between studies makes it hard to directly compare the role of viral entry proteins
in mediating the sorting of viral particles to subpopulations of endosomes. A
unifying and comprehensive study using a single pseudoviral model (with MLV
pseudovirus as described in Chapter 2 as one example) bearing various viral
glycoproteins (such as Lassa, influenza and VSV) is needed to resolve the role of
viral entry proteins in sorting of viral particles to endosomal subpopulations and
of the role of endosomal subpopulations in viral fusion. Multiple functional
readouts for endosomal subpopulation, such as kinetics and extent of viral
acidification, viral particle velocity and protease activity, could be examined for
each viral entry protein using the same viral system. In conjunction and/or in
separate experiments, endosomal subpopulations could be described in terms of
their protein markers (Rabs and similar common markers). Such a direct

comparison between viruses would be technically challenging and labor
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intensive, but more thoroughly define the role of viral entry proteins in mediating
the sorting of particles to different endosomal subpopulations. The study could be
extended to determine whether early sorting events of viral particles to
endosomal sub-populations drive particles into specific endosomal sub-

pathways.

4.3 Future studies into the fate of non-fusing viral particles

Most studies of viral trafficking focus on the particles that do fuse
(Lakadamyali et al., 2003; Simmons et al., 2016; Spence et al., 2016), rather
than the fate of viral particles that do not fuse. In Chapter 2, we described a sub-
population of endosomes that do not support viral fusion mediated by VSV-G.
Based on the constraints of our study, we were not able to determine the fate of
these non-fusing particles but future studies may be able to approach this
question. Functionally, the endosomes that did not support fusion were less
motile and less acidified over an approximately one-hour observation period
compared to endosomes that did support fusion mediated by VSV-G. Since we
did not monitor the particles indefinitely, it is possible that non-fusing particles do
go on to fuse eventually as the endosomes in which they are contained will
eventually mature. This outcome seems unlikely based on bulk data
demonstrating VSV-G mediates trafficking and fusion of most VSV-G viral
particles within 1 hour of infection (Mingo et al., 2015; Saeed et al., 2006).

Conversely, the long dwell time of non-fusing particles in early endosomes may
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facilitate viral degradation (Johannsdottir et al., 2009) and these more static
endosomes may protect the cell from viral infection. Imaging techniques that
preserve cells and are less phototoxic than scanning confocal microcopy
(Chapter 2), such as spinning disk confocal, could enable the observation of the
fate of non-fusing viral particles over the course of hours and answer the
question of whether particles that do not fuse initially are degraded or go on to
fuse after an extended observation.

Another possibility is that these fusion non-permissive endosomes
eventually recycle non-fusing particles to the cell surface (Owczarek et al., 2019;
Z.-G. Wang et al., 2022). Additional imaging experiments using markers of
specialized endocytic compartments will be needed to resolve this question. If
non-fusing viral particles are observed to co-localize with a fluorescent marker for
Rab11, a key membrane associated protein of recycling endosomes (Wandinger-
Ness & Zerial, 2014), that would tend to indicate non-fusing particles are
eventually returned to the plasma membrane. Further compartment markers
such as Rab5, APPL1 and EEA1 could be used to determine whether non-fusing
viruses colocalize with any specific subpopulation of early endosomes
(Kalaidzidis et al., 2015; Perini et al., 2014).

While viruses do not need to be very efficient to cause infection since they
can hijack cellular machinery to copy themselves many times over, mechanisms
in the endosomal pathway that result in the recycling or degradation of some

proportion of viral particles could buy the host time to mount an immune
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response by decreasing the initial number of particles infecting a given cell. A
lower initial number of particles infecting a collection of cells could delay rapid
increases in the viral load within the whole organism. Thus, understanding the
fate of non-fusing viruses may enable a better understanding of the factors
determining viral fusion efficiency and could contribute to an understanding of
cargo-sorting within the endocytic system as a potential innate defense against

viral infection.

4.4 Future studies of the role of viral particle size and avidity for cellular
receptors in sorting to endosomal subpopulations

Plasma membrane receptors are sorted for recycling or degradation
based on amino acid sequences and/or structural motif in their cytoplasmic
domains (Mellman, 1996) as well as into which lipid domains they partition
(Diaz-Rohrer et al., 2014). As viruses bind to and are internalized with plasma
membrane receptors, it might be expected that they are sorted with these
receptors. In Chapter 2, we describe that the sorting of viral particles bearing
VSV-G differs from that of the VSV receptor, LDL-R. While LDL-R bearing its
physiological cargo, LDL, has previously been found to preferentially sort to
dynamic endosomes (Lakadamyali et al., 2006), viral particles bearing VSV-G
were sorted to static and dynamic endosomes approximately in proportion to the

expected abundance of these endosomes (Chapter 2).



142

The difference in behavior between the physiological ligand and viral
particles may be due to avidity and particle size. It would be interesting to
carefully control the average active number of VSV-G molecules per particle and
thus measure avidity effects on the sorting of the virus to endosomal
subpopulations and downstream effects on viral trafficking. In principle, such a
study might be possible by treating a viral preparation with various
concentrations of an antibody (or antibody fragment) against VSV-G and using
antibody-treated particles to infect cells. A similar approach has previously been
used to relate fusion protein stoichiometry and fusion kinetics of influenza with an
artificial membrane (Otterstrom et al., 2014), though the approach would require
some re-engineering to work in whole cells.

The effect of particle size in sorting could be examined by generating size-
controlled nanoparticles bearing a lipid bilayer (or host-derived membrane) and a
viral glycoprotein. Nanoparticles of known size functionalized with viral
glycoproteins have previously been reported in the literature (H.-W. Chen et al.,
2016), and the technique could be re-engineered to label the nanoparticles with
various labels, facilitating their tracking in live cell imaging. Understanding how
viral particle size affects sorting to subpopulations of endosomes may help
describe the mechanistic basis of differential sorting of specific viruses to various
endosomal subpopulations as viruses vary in their size and morphology (Louten,

2016, p. 201).
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4.5 Developments in fluorescent proteins and sensors

Studying the trafficking of individual viruses in the endocytic pathway
using fluorescence microscopy often relies on fluorescent proteins to observe
markers of cellular compartments (Lakadamyali et al., 2006; Spence et al., 2016,
2019; Z.-G. Wang et al., 2022) or viral content release (Chapters 2) (Padilla-
Parra et al., 2012; Simmons et al., 2016; Sood et al., 2017). To assess content
release, viral structural proteins are typically expressed as a chimera with a
fluorescent protein, enabling incorporation of the fluorescent protein into the
virion (Sherer et al., 2003). In other cases (Chapter 2) (Miyauchi et al., 2011;
Padilla-Parra et al., 2012), fluorescent proteins or biosensors can be
incorporated into the virion membrane to measure conditions in the
compartments through which the viruses are trafficked. Key technical issues of
concern in these approaches include the brightness of fluorophores and avoiding
spectral overlap between probes that might be used simultaneously, such as a
viral content marker, lipid label and compartment markers. Recent developments
in fluorescent proteins and labeling with synthetic fluorophores such as quantum
dots may open possibilities to accurately monitor several aspects of trafficking
and fusion simultaneously.

As described in Chapter 2, challenges in using fluorescent biosensors in
the viral membrane include brightness of the biosensor, the range of pHs that
can accurately be measured and the compatibility of the spectral occupancy of

the biosensor with the use of additional fluorescent markers. A recently described
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fluorescent pH sensor, pH-Lemon offers a slightly improved range of sensitivity
with the ability to distinguish pH values falling in the range 4.4-7.0 (Burgstaller et
al., 2019). pH-Lemon is FRET-based and ratiometric and consists of Tg2-eYFP.
One possible variation of pH-Lemon (Burgstaller et al., 2019) would be to use
mCitrine as an acceptor in place of eYFP. mCitrine is brighter than eYFP and has
a lower pKa than eYFP (Griesbeck et al., 2001) such that in combination with
Tqg2 it could provide reliable pH measurements below pH 4.5. The trade-off to
replacing eYFP with mCitrine could be lower sensitivity of the sensor near neutral
pH. The construction of pH-Lemon also gives a hint about how the pH sensing
FRET pair mTFP1-mCitrine (Chapter 2) might be further optimized. In pH-Lemon,
the fusion of N-terminus of the donor to C-terminus of the acceptor was found to
slightly increase the dynamic range of the pair (Burgstaller et al., 2019). A similar
approach could be tried with mTFP1-mCitrine, reorienting the C-terminus of
mCitrine to the N-terminus of mTFP1.

Another recently reported pH sensing method uses the fluorescence
lifetime imaging of RpHLuorin2, a ratiometric pH probe derived from green-
fluorescent protein (GFP), to address the problem of spectral occupancy.
Fluorescence lifetime imaging of RpHLuorin2 enables accurate measurement of
pH values as low as 5 with excitation at only 488nm and counting photons with
wavelength 502nm to 530nm (Linders et al., 2022). By use of RpHLuorin with
fluorescence lifetime imaging, compartment markers or viral content markers

emitting in the red, far red and near infrared bands of the light spectrum could all
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be used while also monitoring pH. Both of the described sensors could be
anchored in the viral membrane with a non-viral protein such as ICAM1 (Chapter
2).

Other studies have used lipid labelling to track viral trafficking and lipid-
mixing events (Lakadamyali et al., 2003, 2006; Spence et al., 2016, 2019). New
labels using the conjugation of quantum dots, extremely bright fluorophores that
are highly resistant to photobleaching, to viral membrane lipids or to proteins that
bind viral membrane lipids may provide a brighter readout and the ability to
monitor pH (Z.-G. Wang et al., 2022). One disadvantage of conjugating quantum
dots to lipids in the viral membrane or using lipid-binding proteins conjugated with
quantum dots is that they are large compared to a fluorescent protein (Hink et al.,
2000; Wichner et al., 2017) and may perturb the viral envelope or interact with
the viral fusion protein. A possible solution is to express a transmembrane
protein (such as ICAM1 as described in Chapter 2) with a special amino acid
sequence inserted (such as a SNAP tag) that could then be recognized by a
functionalized quantum dot (Petershans et al., 2011; Wichner et al., 2017, p. 2).
This would avoid direct interaction between the quantum dot and the viral
envelope, which for some viruses has a critical role in mediating attachment and
fusion (Richard et al., 2015). Another solution would be to use a synthetic dye
that is smaller in size than a quantum dot and is conjugated to recognize SNAP
tags (for example SNAP-surface Alexa dyes, NEB). The use of quantum dots as

biosensors and markers of hemifusion could enable monitoring of viral particles
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at high temporal and spatial resolution, enhancing understanding of trafficking
kinetics, modes of motion and potentially sub-populations of endosomes that

contain viral particles.

4.6 Developments in the spatio-temporal resolution of microscopy to
enhance study of viruses and the endocytic system

Studies of viral trafficking in whole cells may be dramatically enhanced by
the use of new imaging technologies such as lattice light sheet microscopy (B.-C.
Chen et al., 2014). Lattice light sheet microscopy relies on illuminating the
sample with a specially structured beam of light at an angle that is perpendicular
(B.-C. Chen et al., 2014) or oblique (Sapoznik et al., 2020) to the objective lens
that collects emissions signal. The latticed sheet of light can be “dithered” or
repeatedly swept over a single cell to collect many x-y planes at a high rate of
speed (100s per second)(B.-C. Chen et al., 2014). The advantages of lattice light
sheet are a relatively low exposure of sample to photons compared to scanning
confocal imaging, offering reduced photobleaching and toxicity, with high time
and spatial resolution. The technique has not yet been published in an
application studying virus trafficking and entry but promisingly has been used for
monitoring phagocytosis (Vorselen et al., 2021), clathrin-mediated endocytosis
(Sapoznik et al., 2020), macropinocytosis (Quinn et al., 2021) and other
physiological phenomena (Chou et al., 2021; Geoghegan et al., 2021) that must

be monitored at high spatial resolution in live cells to derive biologically
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interesting data. For the purposes of monitoring viral entry, as described in
Chapter 2, the high time resolution would help resolve some of the problems with

differentiating particles, thus increasing assay throughput.

4.7 Conclusions

The study of endocytic subpopulations and sub-pathways is a rich area
that has been and will continue to be enabled by advances in biochemistry and
imaging technology. Defining endosomal subpopulations by their functional
attributes (such as acidification, motility and protease activity) is especially useful
to understanding their role in physiological processes. The role of endosome
subpopulations in viral fusion is of great interest because of the potential to shed
light on the role of the endocytic pathway in targeting some viral particles for
recycling or degradation and thus mediating a means of host defense. In addition
to the nature of the receptor to which a viral particle binds, the size of the particle
and avidity of the particle for the viral receptor may play a role in the sorting of
the particle to a particular endosomal subpopulation. More clearly defining the
nature of endosomal subpopulations will make it easier to compare the results of
studies examining the sorting of different viruses or physiological cargos to these

endosomal subpopulations and would aid the field.
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Appendix A: The comparison of the
characteristics of FRET-based pH sensors and the
optimization of the preparation of viral particles

bearing FRET-based pH sensors

A.1 Introduction

Many enveloped viruses are triggered to undergo fusion by low pH in the
endocytic pathway (Chapter 2, Chapter 3, White 2016). The pH of viral fusion
can be measured by separately assessing viral infection and the pH of
endosomes (Chapter 3) or by attaching a pH sensor directly to the viral particle
that also contains a marker for content release (Chapter 2). When the pH sensor
is attached to the viral membrane or the pH of individual endosomes are
measured, a ratiometric pH probe is required. For a ratiometric pH probe,
changes in focal plane of the probe, such as when a viral particle moves along
the Z-axis inside the cell, affect the intensities of the two emission wavelengths of
the probe equally. On the other hand, emission wavelengths and their intensities
are affected differentially by changes in pH. This enables the accurate
measurement of pH in spite of any motion of the probe (Canton & Grinstein,
2015). In some cases, ratiometric pH probes consist of a single fluorophore with

differential sensitivity to pH with respect to the intensity of two emission
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wavelengths (Mahon, 2011; Sankaranarayanan et al., 2000). Other ratiometric
probes consist of two separate fluorophores, one pH sensitive and one
insensitive, typically linked to dextran or another substrate that undergoes fluid
uptake or endocytosis. The emission intensity from the pH sensitive component
can be normalized to the pH insensitive component (D. E. Johnson et al., 2016).
A genetically encoded pH sensor targeted to late endosomes by the
transmembrane protein Lamp1 also uses two separate fluorophores, one in the
endosomal lumen to sense endosomal pH and one in the cytosol (with a pKa well
below typical cytosolic pH) to act as a pH insensitive constant (Webb et al.,
2021).

Forster resonance energy transfer (FRET)-based pH sensors rely on the
ratio of emission intensities from two component fluorophores with differential
sensitivity to changes in pH that are expressed as a single polypeptide chain in a
1:1 ratio. The donor fluorophore (lower excitation wavelength) is excited and
resonantly transfers energy to the acceptor fluorophore (higher excitation
wavelength). As the acceptor fluorophore is quenched by protonation due to
decreasing pH, the emission intensity corresponding to the acceptor decreases
and the emission intensity of the donor increases. With progressively lower pH
the ratio of fluorescence intensity of the donor to the acceptor is expected to
increase. One advantage of FRET-based pH sensors is that their response to pH
can be fine-tuned and optimized for use in specific pH ranges by swapping out

one or the other of the component proteins for a protein with a different pKa/pH
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sensitivity (Esposito et al., 2008). Such sensors have been used in several cases
where a wide range of pH must be measured and targeting of the probe to a
specific organelle or incorporation into a viral particle is desired (Burgstaller et al.,
2019; Padilla-Parra et al., 2012) (Chapter 2).

Previous work using a FRET-based pH sensor to measure pH during viral
trafficking in the endocytic pathway used the FRET pair mTFP1-eYFP expressed
as a chimera with ICAM1, which was then incorporated into the viral envelope
(Padilla-Parra et al., 2012). As the authors of this study noted, observing pH
values below 6.0 was challenging due to cellular autofluorescence; the relatively
high pKa of eYFP may have been a contributing factor (Griesbeck et al., 2001).
Many viruses fuse late in the endocytic pathway, in compartments with a pH less
than 6.0 (Table A.1). To enable the study of later fusing viruses we engineered a
FRET-based pH sensor with a FRET acceptor, mCitrine, having lower pKa and
higher brightness than eYFP (Table A.2). The mTFP1-mCitrine FRET pair was
expressed as a chimera with ICAM1, which was incorporated into the membrane
of MLV viral particles (see Chapter 2). In this Appendix, we characterize the
mTFP1-mCitrine sensor, including its brightness and pH response, in comparison
to mTFP1-eYFP. We also compare the effect of fluorescent labelling on the
infectivity of viral particles. Finally, we describe the importance of using a non-
spectrally overlapping viral content marker as we found spectral overlap and

interference between viral content markers with the FRET-based pH sensor.
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Table A.1. pH of fusion for several enveloped viruses. To determine the
range of pH sensitivity for a sensor to measure the trafficking and fusion of
enveloped viruses, the literature was surveyed and a table of fusion pH values
prepared. Most values derive from reconstituted systems. The ASLV value is in
bold because it is the only direct measure of viral content release in conjunction
with pH in live cells that we are aware of. The measurement of pH values 5.0-6.2
is essential for a pH sensor to be used measuring pH experienced by enveloped
viruses during trafficking and fusion.

Virus pH of fusion Method

A ~6.2 Cell-cell fusion (J. White et al., 1980)

SFV ~6 Cell-cell fusion, liposome fusion (J. White et
al., 1980; J. White & Helenius, 1980)

ASLV 5.8-6.1 Direct measure w/FRET pair (Padilla-Parra et
al., 2012)

Lassa 5.5 Cell-cell fusion (Hulseberg et al., 2018)

Influenza (WSN) | <5.5 Hemolysis (Maeda & Ohnishi, 1980)

Influenza 5.0-5.5 Hemolysis (Maeda & Ohnishi, 1980)

(AOPRS)

Influenza 5.2 Cell-cell fusion (Gething et al., 1986)

(Japan)

Table A.2. Characteristics of component fluorescent proteins for pH-

sensing FRET pairs. The key characteristics of component fluorescent proteins
were tabulated from the literature (Griesbeck 2001, Ai 2006). mCitrine is brighter

and has a lower pKa than eYFP but similar peak excitation and emission

wavelengths.

Protein | Ex. | Em. | pKa | Quantum Yield Brightness
eYFP 513 | 527 | 6.9 | 0.61 50.9
mCitrine | 516 | 529 | 5.7 | 0.76 58.5
mTFP1 | 462 | 492 | 4.3 | 0.85 54
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A.2. Results and Discussion

Comparison of mTFP1-mCitrine-ICAM1 and mTFP1-eYFP-ICAM1 FRET-based

pH sensors

Based on the comparative properties of eYFP and mCitrine (Griesbeck et
al., 2001), mTFP1-mCitrine was expected to be brighter and to FRET efficiently
at lower pH levels compared to mTFP1-eYFP. Pseudoviral particles bearing
Lassa virus glycoprotein, one of the FRET-based pH sensors described above
and the viral content marker Gag-mKate2 were prepared. Prepared pseudoviral
particles bearing either mTFP1-eYFP-ICAM1 or mTFP1-mCitrine-ICAM1 were
adhered separately to coverslips in imaging dishes such that they could be
imaged in a series of citrate-phosphate buffers of known pH. Individual, triply
labelled particles were selected and the mean emission intensities from 8.9 nm
wide spectral bands were extracted from each particle region. These spectral
emissions intensities were plotted for particles bearing either mTFP1-eYFP-
ICAM1 (Figure A.1 A, top) or mTFP1-mCitrine-ICAM1 (Figure A.1 A, bottom). At
all pH values, mTFP1-mCitrine is relatively brighter (under identical imaging
conditions) compared to mTFP1-eFYP. One unusual feature is that mTFP1
signal remains fairly steady from pH 5.2 to pH 4.5 in the mTFP1-mCitrine
construct, while mCitrine is slightly decreased (loss of FRET without a
commensurate increase in donor fluorescence). This could be because at pH 4.5

mTFP1 begins to be quenched, even though it is not transferring energy to
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mCitrine to as great an extent as at high pH and the direct quenching balances
any increased intensity from mTFP1 due to loss of FRET.

As an approximation of FRET efficiency, the ratio of the emission intensity
from mTFP1 (494nm) over eYFP or mCitrine (530nm) was calculated for
individual particles. Particle regions were background subtracted and the
emission intensity ratios of mMTFP1 to mCitrine (l494.0-502.9 /l530.0-538.9) were
calculated for each pH. The sensor fluorescence ratio undergoes a transition
from a high to a low FRET state as the pH is decreased from 7.4 t0 4.2 (see
Chapter 2). The distribution of ratios calculated from individual particles in buffers
of known pH was plotted (Figure A.1 B). Both sensors follow the expected
pattern as the center of the distribution of the particle ratios increases with
decreasing pH. The spread of ratios for individual particles with mTFP1-eYFP at
pH 4.5 is quite broad. Fluorescence intensity ratio data derived from the
experiment shown in Figure A.1 B as well as additional data collected from
particles in additional buffers of known pH was plotted in Figure A.1 C to
construct calibration curves of mTFP1-eYFP and mTFP1-mCitrine. Particles
bearing mTFP1-eYFP show a greater variability in ratio at low pH compared to
particles bearing mTFP1-mCitrine. The transition of mMTFP1-eYFP is steeper than
mTFP1-mCitrine from low-high pH. The approximate pH response of both is the
same near neutral pH. Based on the sigmoidal fit of the data the pKa of mTFP1-
eYFP was 5.3 (5.0-5.5, 95% confidence interval) and the pKa of mTFP1-mCitrine

was 5.5 (5.3-5.9, 95% confidence interval). The pKa of particles bearing mTFP1-
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mCitrine and the fusion protein of vesicular stomatitis virus was found have a

similar pKa of 5.7 (see Chapter 2).
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Figure A1.1. mTFP1-mCitrine is brighter than mTFP1-eYFP and provides a
more reliable readout at low pH. MLV viral particles bearing mTFP1-eYFP-
ICAM1 or mTFP1-mCitrine-ICAM1 and Lassa virus glycoprotein were adhered to
a coverslip and observed using a confocal microscope with equipped with
spectral detector. The particles were excited at 488 and the emissions spectrum
was observed in 8.9 nm bands. Particle regions were identified and the mean
fluorescence emissions intensities extracted for each particle. A background
region was taken and the fluorescence intensities from the background region
was subtracted from all particle regions. A) The integrated emissions intensity of
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all observed particles at each pH (pH 4.5 = purple, 5.2 = green, 7.1 = pink) was
plotted to generate an emissions spectrum for mTFP1-eYFP (top) and mTFP1-
mCitrine (bottom). The smoothed curve represents a series of local fits of a
polynomial curve (loess) to the data. B) The distribution of fluorescence intensity
ratios from individual particles in three buffers of known pH. The ratio of the
background subtracted emissions intensity at 494nm and at 530nm was taken.
The distributions of the ratio at each of the three pHs was plotted for particles
with mTFP1-eYFP (left) and mTFP1-mCitrine (right). C) The mean fluorescence
intensity ratios for particles in buffers of known pH (determined as B) were
plotted. The error bars represent the SEM of all the particles measured at a given
pH. (A-C) Integrated intensities and ratio distributions come from 30-75 particles
per pH.

Further optimization of probe brightness and sensitivity would benefit the
development of an optimal pH probe to investigate the trafficking and fusion of
enveloped viruses. Ideas for optimization include inverting the position of FRET
donor and acceptor relative to ICAM1 and trying different N-terminus to C-
terminus orientations of both donor and acceptor. The FRET based pH probe pH-
Lemon, consisting of Tq2 and eYFP was optimized by reorientation of the N-C
terminus of the acceptor, eYFP. pH-Lemon itself may be useful for measuring the
trafficking and fusion of enveloped viruses as it can reliably discriminate pH
values as high as 6.0-7.0 and low as 4.0-4.5 (Burgstaller 2019, see Chapter 3).
Tqg2 due to its low pKa could prove a useful FRET donor when used with
mCitrine as a FRET acceptor as well. In fact, use of a Tq2-mCitrine FRET pair

could maximize brightness and discrimination between low pH values.

The effect of fluorescent labels on pseudovirus infectivity and capsid maturation

Fluorescent labelling of MLV Gag protein is known to inhibit viral infectivity

(Sherer et al., 2003). Further, while previous work using the FRET-based pH
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sensor mTFP1-eYFP-ICAM1 in a viral membrane noted that a titer had been
conducted to assay infectivity of particles bearing the sensor, the associated data
was not shown or described (Padilla-Parra et al., 2012). To determine the
combined and individual effects of a fluorescent content marker on the interior of
the viral particle (mKate2) and a pH sensor (nTFP1-mCitrine-ICAM1) in the
membrane, MLV pseudoviruses with varied combinations of labels were
prepared in parallel. One viral preparation had neither content marker nor pH
sensors. Two viral preparations had either content marker or pH sensor and one
viral preparation had both content marker and FRET-based pH sensor. All viral
preparations were equipped with VSV-G as a viral entry and fusion protein.
Although the preparations were conducted in parallel and every effort was made
to ensure all steps were conducted uniformly, one caveat is that slight variations
in the aspiration of the supernatant over the viral pellet (see Materials and
Methods) can result in slightly variable absolute concentrations of pseudovirus
even when preparations are done in parallel.

The viral preparations (prepared in parallel) were diluted 1:100 and
assayed for infectivity in parallel on A549 cells (Figure A.2 A). Increasing values
of luminescence indicate a greater degree of infection. As expected based on
previously reported results (Sherer et al., 2003), the addition of a content maker
alone decreased viral infectivity by ~50% compared to unlabeled pseudovirus.
The use of the pH sensor alone decreased viral infectivity by ~70% compared to

unlabeled pseudovirus. The content marker and pH sensor did not appear to
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have an additive effect as combined they decreased infectivity by ~70%
compared to unlabeled pseudovirus. All viral preparations (with and without
labels) still had substantial infectivity though and individual particles bearing
fluorescent labels were observed to infect A549 cells (Chapter 2).

Further optimization of the ratio of labelled MLV Gag plasmid (Gag-
mKate2) to unlabeled Gag-pol plasmid in the preparation may be required to
maximize viral infectivity. One challenge was that mKate2 was not particularly
bright when the amount of plasmid was reduced (data not shown). Using a
brighter fluorescent protein such as the recently developed FR-MQV (Mukherjee
et al., 2020) might enable using a reduced amount of plasmid encoding labelled
Gag and thus improve viral titers.

The viral content marker Gag-mKate2 is encoded as a single protein and
undergoes cleavage during virion maturation yielding free mKate2 (Markosyan et
al., 2005). To determine whether either label affected viral capsid maturation and
whether un-cleaved Gag-mKate2 could be observed, a blot was performed for
MLV Gag (Figure A.2B). Equal volumes of each parallel preparation of MLV
pseudovirus (as described for Figure A.2 A) were loaded on a gel. The gel was
then transferred to a nitrocellulose membrane and immunoblotted for MLV Gag.
Bands were observed corresponding to mature MLV capsid (~30 kDa) and
immature MLV capsid (~60 kDa) as expected. No band was observed
corresponding to the expected mass of mKate2 with mature capsid (~86 kDa),

nor does any band corresponds to the mass of ~46 kDa expected for mKate2



158

covalently bound to mature Gag. Thus, the evidence suggests that mKate2 is
cleaved from Gag during maturation as previously described (Markosyan et al.,
2005).

The relative amount of mature capsid in pseudoviruses prepared with all
four labelling schemes was measured by quantitating band intensity in the blot in
Figure A1.2 B corresponding to a mass of ~30 kDa (Figure A.2 C). The band
intensities were then normalized to the brightest mature capsid band, which was
generated by the pH-sensor alone viral preparation. The absolute band intensity
corresponding to mature capsid was also compared to the absolute band
intensity representing immature capsid and all preparations had at least ~1.5x as
much mature capsid as immature capsid (Figure A.2 D).

Somewhat surprisingly, the band with the lowest intensity corresponding
to mature capsid (Figure A.2 C) came from the preparation that was also the
most infective, the one without any fluorescent label. The relatively low apparent
amount of mature capsid in the most infective preparation may indicate that the
no-label viral preparation was particularly dilute. If the preparations were to be
normalized by the concentration of particles in the infection assay, it is possible
the preparation without any fluorescent labels would be even more infective than
we perceived in our assay. To know for certain if the inherent slight variability of
particle concentration (see above) affects infectivity, we would need to develop

an enzyme linked immunoassay to detect MLV Gag.



159

A B 1 2 3 4
o
e 6
8 5%10°- 250
g 4x106- 150
£ 100
£  3x%106- o
£ ] 75 - .
| -
J 2x10 - e
2 1x106- >0
©
E» 0- 37 —— G e —
FRET Label + + - . 25 W -‘-”
Content Label - + + - 20 W
15
o
C.
D.
>-° 1.1" e 3_
= 5
g % g £ T  2-
£5 091 LEG
c- Qo
§§ 0.8- 528
22 0.7 55 1
& L
0.6- = 0
FRET Label + + - - FRET Label + + - -
Content Label - + + - Content Label - + o+ -

Figure A.2. The effects of the FRET sensor and viral content marker on
infectivity and viral proteins. A) The infectivity of generated MLV
pseudoviruses bearing VSV-G was evaluated by luciferase assay. The
pseudoviruses had been prepared identically and parallel except for the
combination of labels used. The fluorescent labelling scheme, some combination
of mTFP1-mCitrine-ICAM1 (FRET label), gag-mKate2 (content label) or neither,
is indicated by the legend directly under the plot. The pseudoviruses were
diluted 1:100 and applied to A549 cells. Increasing relative luminescence
indicates an increasing degree of infectivity. The assay was conducted once.
Error bars represent the standard deviation of three technical replicates. B) The
same viral preparations as in panel A were immunoblotted for MLV gag protein.
The band at ~65 kDa represents uncleaved, immature capsid (structural) protein
and the band at ~30 kDa represents cleaved, mature capsid. No band
corresponds to the anticipated mass of Gag-mKate2, indicating that the
fluorescent content marker is likely cleaved and freely diffusing. C) The mature
capsid band (~30kDa) was quantitated from the immunoblot in Panel B to
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determine if the concentration of mature capsid was unusually low in the viruses
carrying a content label. There was no obvious association between one or other
of the virus labels and the amount of mature capsid. D) The ratio of mature to
immature capsid from the blot in Panel B was calculated to determine if a content
label was associated with loss of capsid maturation. There is no obvious
association with content labels and the ratio indicating the relative amount of
mature capsid.

The effect of viral content marker on pH sensing

To ensure that the content marker did not interfere with FRET in the pH
sensor, the change in the fluorescence intensity ratio (as described above) in
response to buffers of known pH was compared in viral particles that were
equipped with Lassa virus glycoprotein, mTFP1-mCitrine-ICAM1 and either had a
content marker or had no content marker. The viral particles with and without
content marker were prepared in parallel. Two different content markers were
tested, Gag-mKO (Figure A.3 A) and Gag-mKate2 (Figure A.3 B). The excitation
peak of mKO has substantial overlap with the emissions peak of mCitrine, but
Gag-mKO was initially tested because it was bright and readily available. A high
degree of FRET efficiency between a fluorescent protein in the viral core and a
pH sensor in the viral membrane seemed to be unlikely based on spatial
separation. Counter to expectations though, the pH response of the FRET sensor
was seriously dampened by the presence of Gag-mKO (Figure A.3 A). In
retrospect, this phenomenon has precedent in the literature as transmembrane
FRET has previously been reported (Haga et al., 2012). In contrast, mKate2,
which absorbs and emits light further to the red than mKO and has little overlap

in its excitation peak with the emissions peak of mCitrine, shows little or no effect
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on the fluorescence emissions ratio as readout for pH (Figure A.3 B). We urge
caution in the use of content markers in combination with any kind of label
residing in the membrane when there is spectral overlap between the two. Until
there is evidence to the contrary, it should be assumed that fluorescent viral
content markers can resonantly transfer energy to fluorophores in or near the

viral membrane.
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Figure A1.3. The effect of viral particle content markers on pH response of
mTFP1-mCitrine. A) MLV particles bearing mTFP1-mCitrine-ICAM1 (FRET
probe) and Lassa virus glycoprotein were adhered to a coverslip and observed in
two buffers of known pH. Two viral preparations were made in parallel, one with
the content marker Gag-mKO and one without. For particles with Gag-mKO
content marker, n=13 and 27 for pH 7.1 and 5.1, respectively. For particles
without Gag-mKO, n=40 and 80 for pH 7.1 and 5.1, respectively. B) MLV
particles bearing mTFP1-mCitrine-ICAM1 (FRET probe) and VSV-G were
adhered to a coverslip and observed in five buffers of known pH. Two viral
preparations were made in parallel, one with the content marker Gag-mKate2
and one without. The number of particles per condition at each pH ranged from
23-59. (A-B) The fluorescence intensity of particles was analyzed and ratios were
calculated as in Figure A1.1B-C. Error bars represent the standard errors of the
mean.
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A.3. Materials and Methods

Cell Lines

All cell lines and tissue culture procedures were conducted as described in
Chapter 2, Materials and Methods.
Plasmids and cloning

Plasmids were obtained as described in Chapter 2, Materials and
Methods. Lassa GP plasmid (Josiah strain, tagless) was a gift of Gregory
Melikian, Emory University). mTFP1-eYFP1-ICAM1 was constructed (Figure 2.1)
and cloned as described for mTFP1-mCitrine-ICAM1, except that the sequence
of mCitrine1 was replaced with the sequence for eYFP.
Preparation of pseudovirus

MLV pseudovirus was prepared and infectivity assayed as described in
Chapter 2, Materials and Methods. When indicated, Lassa GP plasmid was used
instead of VSV-G, mTFP1-eYFP-ICAM1 was used instead of mTFP1-mCitrine-
ICAM1, or Gag-mKO instead of Gag-mKate2. When swapped into cDNA
mixtures for viral preparations, these plasmids were used in the same ratios as
indicated for the plasmids they replaced. When pseudovirus was prepared
without a tagged Gag the amount of plasmid DNA was not replaced with
additional Gag-pol plasmid.

Calibration and evaluation of FRET-based pH sensor, particle selection
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Calibration of the FRET-based pH sensor and particle selection for
calibration experiment was performed as described in Chapter 2, Materials and
Methods.

Immunoblot of MLV Gag

Equal volumes of pseudovirus preparation from parallel viral preparations
with varying labelling schemes (content marker and/or FRET-based pH sensor
present or absent) were boiled in sample buffer containing reducing agent and
loaded onto a 4-20% tris-glycine gel (MiniProtean TGX, Bio-Rad). The gel was
run to completion (180V, 1 hour) and transferred to nitrocellulose (60V, 1.5
hours). The membrane was blocked at room temperature overnight in Odyssey
Intercept buffer (Licor). The membrane was incubated in 1:1500 anti-MLV Gag
p30 antibody (Abcam, #130757), washed, incubated in 1:10,000 donkey anti-
mouse IR800 secondary antibody (Licor), washed and imaged. The blot image
was quantified in Imaged. Each band was quantified three times and the results
averaged.

Plots and Statistics
Plots were prepared using R Studio or Prism (GraphPad). Fitting of

calibration curves was conducted in Prism.
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Appendix B: Preliminary Investigation Into
Inhibitors of Late Endosomal Cation Channels

and Ebola Virus Infection

B.1 Introduction

To infect cells, Ebola virus (EBOV) undergoes attachment to the cell, is
internalized via a macropinocytosis-like mechanism (Nanbo et al., 2010; Saeed
et al., 2010) into the endocytic system and is trafficked to an acidic intracellular
compartment, the late endosome containing NPC1, the intracellular receptor for
EBOV (Simmons et al., 2016; further details in Chapter 3). While the role of
NPC1 and a low pH trigger in EBOV fusion with the host membrane has been
well established (C6té et al., 2011; Miller et al., 2012; Mittler et al., 2021; Spence
et al., 2019), a late endosomal cation channel, the two-pore channel (TPC1/2),
has also been found to be essential for efficient entry of EBOV (Sakurai et al.,
2015).

While the activation and selectivity of the two-pore channel has been
debated, it can pass calcium ions and its proposed role in EBOV entry is
connected to the promotion of EBOV fusion by calcium ions (Das et al., 2020;
Fan et al., 2017; Nathan et al., 2019). TPC1 and 3 are distributed throughout the
endocytic system and TPC2 localizes particularly to late endosomes and

lysosomes (Calcraft et al., 2009). The intracellular location of two pore channels
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have made them challenging to study directly. Thus, there has been substantial
debate about the selectivity of the channels for cations and the
regulation/activation of these channels. The channels have been studied in a
variety of reconstituted systems. While initial work supported NAADP as the
activator of calcium current through TPCs (Brailoiu et al., 2010; Calcraft et al.,
2009; Churchill et al., 2002; Pitt et al., 2010), a more complex picture has
emerged whereby PI(3,5)P2, a late endosomal lipid, activates a sodium current
through TPC1/2. Further, a binding site for PI(3,5)P2was found in structures of
mouse TPC1 (She et al., 2018) and human TPC2 (She et al., 2019). One
challenge in studying TPCs previously was the lack of agonists with high
specificity, though very recently two specific agonists that stimulate either Na* or
Ca?* release have been reported (Gerndt et al., 2020) and these specific
agonists helped enable discovery of a specific inhibitor (Muller et al., 2021).
Channels with similar localization that are also activated by PI1(3,5)P2and
can localize to late endosomes are TRPML1-3 (Venkatachalam et al., 2015).
TRPML1 is particularly well studied. Like TPC2, TRPML1 is stimulated by
PI1(3,5)P2 and primarily has a calcium conductance (Dong et al., 2010). Initial
studies of TPCs in EBOV entry used inhibitors may affect TRPML1 as well
(Sakurai et al., 2015). In addition, inhibitors of phosphoinositide kinase
(PIKFYVE), the enzyme that converts PI(3)P to PI(3,5)P2, block EBOV infection
(Nelson et al., 2017; Qiu et al., 2018). Whether inhibitors act through TRPML1,

TPC2, or a third unknown mechanism is unknown. PIKFYVE inhibitors have also



166

been shown to change the character of late endosomal compartments and/or
block trafficking of EBOV to the NPC1+ entry compartment (Kang et al., 2020;
Nelson et al., 2017; Qiu et al., 2018), suggesting that TRPML1 or TPC2 may
have a role in virus trafficking or regulating late endosomal compartment
character in a way that facilitates viral entry. To discriminate between potential
roles of TPC2 and TRPML1-3 in EBOV entry, we used TRPML channel specific
agonists and antagonists to probe whether stimulating or blocking TRPML1-3

channels affects EBOV entry.

B.2 Results, Methods and Discussion

As a non-pathogenic model for EBOV, we used virus-like particles (VLPs,
as described in Chapter 3). Several TRPML agonists and inhibitors shown in
Table B2.1 were gifted to us by Haoxing Xu (University of Michigan). In addition,
bepridil, a calcium channel inhibitor known to block EBOV infection, and
bafilomycin, a V-ATPase inhibitor (see Chapter 3), were used as negative

controls for infection of cells by VLPs bearing EBOV GP.

Compound Action Specificity

ML-SA1 Agonist TRPML1, 2, 3 (Shen 2012)

ML-SI3 Inhibitor TRPML (Samie 2013, Wang 2015)
ML-SI4 Inhibitor Data not available (Zhang 2016)
Bepridil Inhibitor Not channel specific

Table B2.1. Selected compounds perturbing the activity of calcium
channels in endolysosomes and their specificity. A TRPML-specific agonist
and several inhibitors were provided by the lab of Haoxing Xu. Bepridil (Sigma-
Aldrich), a non-specific calcium channel inhibitor was used as a negative control
for EBOV entry.
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U20S cells were seeded in a 96-well plate and twenty-four hours later
pretreated with inhibitors or agonists against TRPML at 37° C for 1 hour. As
described in Chapter 3, VLPs were applied to the cells by spinning at 250 x g for
one hour at 4° C. The same concentration of inhibitor or agonist as indicated in
figures was maintained on cells throughout the experiment. For a mock
treatment, 0.05% (v/v) of the inhibitor/agonist solvent DMSO was used. After the
VLPs were applied to cells, the plates were shifted to 37° C and the entry assay
was completed as described in Chapter 3. The assay readout is the proportion of
cells in which cleavage of a cytoplasmic fluorescent substrate has occurred. An
enzyme contained in VLPs, B-lactamase, cleaves and converts the fluorescence
emission color of the fluorescent substrate once the VLP has entered the cell.

For TRPML inhibitor ML-Sl14, entry assays were performed on three
separate days using two concentrations of inhibitor, 10 uM and 30 uM. The
average percentage of cells entered in the mock condition over all three days
was 22%. For each separate experiment, the percent entry at each treatment
condition was plotted as a percent entry relative to mock, where 100% indicates
that the same amount of entry occurs as in the mock condition (Figure B2.1 A).
Treatment with 10 uM ML-SI4 reduced entry to 82% of mock and treatment with
30 uM ML-SI4 reduced entry to 66% of mock.

One potentially confounding factor is the effect of ML-S14 on cell viability.
If ML-SI4 decreases the number of viable cells in each well, the percent entry

relative to mock would be expected to decrease regardless of whether or not ML-
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Sl4 blocks infection. One of the three replicates that comprise the data in Figure
B2.1A was conducted in conjunction with an assay that uses cellular ATP levels
(CellTiter-Glo, Promega) to assess viability. To assess cellular viability in
conjunction with viral entry, two plates were seeded with cells in parallel, one to
be used for the viral entry assay as described above and one to be used to
assess viability. The plates were treated identically with inhibitors and with
changes of cell growth medium until the point where the “stop entry” buffer is
added to the viral entry assay plate (see Chapter 3). At that point the viral entry
plate was treated as described in Chapter 3 and the cell viability assay was
executed as described in the manufacturer’s instructions. The cell viability assay
(Figure A2.1 C) showed a decrease in viability in response to treatment with ML-
Sl4. This decrease in viability was less than the magnitude of inhibition of entry
by the compound, but still substantial (Figure A.2 B). It was not possible to
conclusively determine therefore whether the reduction in entry was due primarily
to loss of cell viability (and thus loss of cells that could be entered) or due to an

actual block on virus entering cells.
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Figure B2.1. Treatment of U20S cells with the TRPML inhibitor ML-SI4
reduces EBOV viral entry but also reduces cell viability. A) U20S cells were
pre-treated with ML-S14 and VLPs were applied to the cells. The entry of VLPs
into cells was measured by cleavage of a fluorescent substrate. Within each
individual assay the percent entry was normalized to the percent entry observed
in the mock treatment condition (DMSQO). Three entry assays were conducted on
separate days and the error bars represent 1SD of entry from all three assays. B)
Results from one of the assays included in A) was plotted individually and the
inhibition of viral entry by bepridil (negative control for entry) was included. The
error bars represent the standard deviation of three technical replicates. C) A
parallel assay was conducted on the same day under the same conditions as the
assay in (B) to assess cell viability when treated with TRPML inhibitors and
bepridil. As for the entry assays, the viability was normalized to mock treatment.
Error bars represent the standard deviation of three technical replicates.

The effect of additional TRPML inhibitors and agonists (Table A2.1) on
viral entry were examined by entry assay. Entry assays were conducted as

described for Figure A2.1. The entry assays were conducted twice with all
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compounds (two separate days) and the results for individual assays were
plotted separately. No inhibitor or agonist (with the exception of ML-SI4) as
described above showed a clear pattern of inhibition that intensified with
increasing concentrations of inhibitor or agonist (Figure A2.2 A,B). Unexpectedly,
the agonist ML-SA1 and the inhibitor ML-SI3 enhance infection at moderate
concentrations while at high concentrations they show some level of inhibiting
viral entry. In the case of the inhibitor ML-SI3, high concentrations could have
non-specific activity on other channels or cause some perturbation in cellular
physiology indirectly that inhibits EBOV trafficking and entry. Cell viability could
not be measured due to a limited available amount of the compounds, but it is
possible that as for ML-SI4 the other compounds reduce viability, introducing a

confounding factor in the interpretation of entry data.
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Figure B2.2. The effect of several TRPML inhibitors and agonists on EBOV
entry. A-B) The entry assay described in Figure A1.1 was conducted for the
TRPML1 agonist MA-SA1 and the inhibitors ML-SI3 and ML-SI4. Error bars
represent 1SD of three technical replicates. A) Bafilomycin is used as a negative
control for viral entry. B) The results for ML-SI4 and bepridil in this assay are the
same as those shown in Figure A1.1 (C). Bepridil is used as a negative control
for viral entry.

While the initial data showing a possible effect of TRPML inhibitors and
agonists on EBOV entry is intriguing, further study is necessary to determine

whether this effect is verifiable and independent of any effect of the compounds

on cell viability. First, testing the effect of all compounds on viability would be
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necessary to draw firm conclusions. Second, while ML-SI3 (Samie et al., 20183;
W. Wang et al., 2015) and ML-SA1 (Shen et al., 2012) have been well described
as specific to TRPML channels, ML-S14 (X. Zhang et al., 2016) has limited data
to demonstrate specificity and thus cells where TRPML1-3 are knocked down or
knocked out would be required to interpret the results. We attempted to knockout
TRPML1 in U20S cells without success (data not shown), but it is possible a
knockdown approach might be more successful.

With respect to viruses other than EBOV, there have been several reports
published recently as to the role of TRPML in the trafficking and fusion of
enveloped viruses, with conflicting conclusions about the importance of TRPML.
TRPML has been investigated in the trafficking and entry of Middle Eastern
Respiratory Syndrome Coronavirus (MERS) using a knock down model
(Gunaratne et al., 2018). Though the knockdown was not very efficient and there
was some reduction in infection, this reduction was not statistically significant. It
is also important to note that only TRPML1 was knocked down and that
simultaneous knockdown of TPC and TRPML1 or multiple TRPML isoforms was
not attempted. Therefore, it is possible that remaining TRPML isoforms acted
redundantly to promote normal viral trafficking. The same study did find TPC1/2
to be required for efficient infection and determined that the mechanism was
related to a loss of viral trafficking and endosome motility in the absence of

functioning TPC (Gunaratne et al., 2018).
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More recent reports found a role for TRPML1-3 in flavivirus infection. Zika
virus (ZIKV) and Dengue virus (DENV) infection was inhibited through treatment
of cells with ML-SA1, a TRPML agonist (Z. Xia et al., 2020). The infection of cells
by Japanese encephalitis virus (JEV) was inhibited by TRPML knock-down and
berbamine, a compound found to inhibit calcium currents stimulated by the
TRPML agonist ML-SA1. The authors hypothesize, as well as provide some
evidence to support the idea that inhibiting TRPML perturbs the homeostasis of
plasma membrane receptors for JEV by altering trafficking in the endosomal
system (L. Huang et al., 2021). Thus, in one case activating TRPML seems to
inhibit viral entry and in the other inhibiting TRPML inhibits viral entry, making the
role of TRPML in flavivirus entry quite conflicted.

Finally using the tools of overexpression, dominant negative channels and
genetic knock-outs, TRPML2 was shown to enhance infection for a wide variety
of enveloped viruses including yellow fever virus, influenza virus and equine
arteritis virus. The mechanism was determined using microscopy and
biochemical assays. While influenza was internalized at normal levels in cells
overexpressing TRPML2 it had increased colocalization with late endosomal
markers, suggesting that TRPML2 enhances trafficking of influenza to late
endosomes, where it can be triggered to fuse by low pH (Rinkenberger &
Schoggins, 2018).

In summary, while the recent work seems to report a role for TRPML in

the trafficking of at least some enveloped viruses, the mechanism of TRPML in
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viral trafficking is quite conflicted. Addressing the role of each TRP channel
individually using highly specific tools such as knockouts and knockdowns in
parallel with the use of inhibitors may yield more definitive results with multiple
approaches hopefully yielding similar outcomes. Definitely, much more work
remains to be done to understand the range of enveloped viruses requiring
TRPML for entry and infection and the full spectrum of mechanisms by which

TRPML may affect viral entry.
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