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Abstract

To establish a new infection and gain entry to a cell, Human Immunodeficiency
Virus (HIV) must fuse its lipid envelope with the host cell plasma membrane. This
process of HIV membrane fusion is catalyzed by conformational rearrangements of the
HIV surface glycoprotein, Env, and proceeds through a series of intermediate states
involving rearrangements of the host and viral membranes. We sought to better
understand HIV membrane fusion and the mechanism by which it can be blocked by
restriction factors Serinc3 and Serinc5.

To do so required the development of new assays and tools. We demonstrated that
plasma membrane blebs incorporating the viral receptor, CD4, and co-receptor CCRS,
were useful model membranes for studying HIV membrane fusion by both total internal
reflection fluorescence microscopy (TIRFm) and cryo electron tomography (cryoET)
(Chapter 2). Additionally, we designed a modular perfusion chamber that improved
reliability and throughput of the TIRF-based fusion assay (Appendix B). With these, we
characterized Serinc-disrupted and unperturbed HIV membrane fusion intermediates and
showed that Serinc5 incorporation into HIV particles obstructs fusion at multiple
intermediate steps.

Next, to better understand the mechanism by which Serinc5 disrupts fusion, we
examined the importance of the viral membrane for Serinc5-mediated inhibition of HIV
membrane fusion (Chapter 3). We found that pretreatment of HIV particles with
phosphatidylethanolamine (PE) selectively increased fusion of Serinc5-containing HIV

particles regardless of acyl chain length or saturation, demonstrating the importance of



lipid headgroup interactions for Serinc5 restriction. Crucially, we demonstrated that
Serinc5 increases the fraction of the viral membrane in an ordered lipid phase by two
methods and provided the first examination of lipid phase behavior in an intact viral
membrane. Based on these data, we describe a model for the mechanism of Serinc5-
mediated restriction of HIV membrane fusion.

In addition to the assays and tools listed above, we developed a method to
construct semi-supported lipid bilayers (SSLBs) on holey carbon supports for cryoEM
and showed that SSLBs can reproduce multiple features of conventionally prepared
supported lipid bilayers (Chapter 4). We then demonstrated applications of cryoEM of
SSLBs for studying protein oligomerization, assembly, and interactions with membranes
at spatial frequencies not accessible by light microscopy.

The present work provides a detailed view of HIV fusion and how it is disrupted
by Serinc5’s alteration of the viral membrane. Additionally, we describe tools for the

study of membrane processes, including fusion.
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Chapter 1: Introduction

1.1 Introduction to Lipid Membranes:

Lipids are a class of biomolecules defined by their hydrophobicity but diverse in
their structure and function. In organisms, lipids enable many functions including energy
storage, cell signaling, and compartmentalization of biological functions. This property of
forming a barrier that chemically separates one set of molecules from another is so
fundamental that it defines the very beginnings of life when fatty acids aggregated and
sequestered other proto-biomolecules, forming the first protocells (Cornell et al., 2019;
Yewdall et al., 2018). Millions of years later, we study the emergent properties of
membrane formation and lipid organization as it relates to human health and disease.

The lipid species that compose biological membranes are amphipathic: one side
hydrophobic and the other hydrophilic. To minimize the entropic penalty of ordered
water molecules around hydrophobic molecules, amphipathic lipids spontaneously self-
assemble into micelles or bilayers or other structures (Sych et al., 2018). The existence of
two layers of lipids surrounding cells was first proposed by Gorter and Grendel in 1925
after they showed the surface area of lipids extracted from “chromocytes,” now called red
blood cells, was twice the surface area of the cells. Ten years later, Danielli and Davson
proposed proteins may be associated with the “lipoidal film” but it was not until 1972
that Singer and Nicolson theorized proteins were inserted into fluid lipid bilayers.

The exact composition of biological membranes varies by species and organelle

but, in humans, the lipid portion of membranes is primarily composed of phospholipids,



sphingolipids, and cholesterol (Casares et al., 2019; Spector and Yorek, 1985).
Phospholipids are defined structurally by two fatty acid “tails” linked to a glycerol-3-
phosphate. The phosphate can be additionally modified with a variety of polar
headgroups that impart charge or curvature. Of the phospholipids in eukaryotic
membranes, approximately half have a phosphatidylcholine (PC) headgroup. Its net zero
charge and lack of curvature make it a common structural lipid (Van Meer et al., 2008).
Sphingolipids are derived from sphingosine which has a long alkyl chain, analogous to
one fatty acid in phospholipids. An additional fatty acid is attached to sphingosine by an
amide linkage to generate a ceremide. Ceremide can be further modified with various
head groups to produce sphinogomyelin (choline), cerebrosides (monosaccharide), or
gangliosides (oligosaccharide) (Casares et al., 2019). The alkyl chain of sphingosine is
saturated and the fatty acids attached to sphingosine are generally saturated or trans-
unsaturated, meaning the molecule has a flat, columnar shape that packs well with other
flat lipids, generally saturated lipids and sterols (Merrill, 2008). Sphingolipids pack
particularly well with cholesterol-—so well that this has been dubbed the “umbrella
model” where the polar headgroup of a taller sphingolipid shields the much shorter and
more hydrophobic cholesterol from solvent interactions (Huang and Feigenson, 1999).
Additionally, the planar four ring structure of cholesterol packs well against the straight
alkyl chains of sphingolipids while allowing the hydroxyl group on cholesterol to
hydrogen bond with the amide nitrogen on sphingosine (Figure 1.1) (Fantini and

Barrantes, 2013).
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Figure 1.1 Configurations of cholesterol interactions with other membrane lipids.
Ball and stick models of cholesterol interacting with the phospholipid,
palmitoyloleoylphosphatidylcholine (POPC) A. or sphingomyelin (SM) B. A hydrogen
bond between the cholesterol hydroxyl and SM amine orients cholesterol with its a face
towards SM and its B face towards other lipids in the membrane. This configuration of
cholesterol and SM is referred to as the umbrella model. Reproduced from Fantini and

Barrantes, 2013.

The relative concentrations of lipid species varies based on organism, cell type
and organelle (Symons et al., 2020), but in eukaryotes, the concentrations of

sphingolipids and cholesterol correlate with each other. In most eukaryotic cells, there
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exists a gradient of sphingolipids and cholesterol through the secretory pathway such that
the endoplasmic reticulum is poor in sphingolipids and cholesterol but the plasma
membrane is enriched in both (Van Meer et al., 2008). There are also compositional
differences in the two leaflets of the bilayer. For example, in the plasma membrane,
phosphatidylserine (PS), phosphatidylethanolamine (PE), and phosphatidylinositols (PIs)
are largely confined to the inner, cytoplasmic leaflet while PC and sphingomyelin (SM)
are enriched in the outer leaflet. The degree to which specific species are enriched or
excluded appears to depend on the cell type studied and method used but these broad
generalizations are nonetheless useful for understanding the layers of organization of
lipid composition within cells (Van Meer et al., 2008).

Cholesterol is the notable exception to asymmetric composition and is found in
approximately equal concentrations in both leaflets (Van Meer, 1989). Due to its small
size and hydrophobicity, it is able to rapidly flip between leaflets (Miiller and Herrmann,
2002; Steck et al., 2002). It is energetically unfavorable for most phospholipids to flip
from one leaflet to the other as the hydrophilic headgroup would have to pass through the
hydrophobic bilayer interior. Even so, this process of flipping does occur on the time
scale of hours to days so cells must input energy to maintain concentration gradients of
lipids via ATP-dependent flippases (Daleke, 2003; Eeman and Deleu, 2010). To justify
this input of energy, lipid asymmetry must have utility to a cell and indeed, a few
examples have been observed. The best known example is the externalization of PS by

calcium-independent scramblases upon apoptosis as an “eat me” signal to macrophages
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(Suzuki et al., 2013). To maintain the specificity of this response, leaflet asymmetry must

actively be maintained.

1.2 Lipid Phases:

The lipid composition of membranes is spatially heterogeneous across cellular
compartments and leaflets as discussed above. The following section summarizes lateral
heterogeneity driven by phase separation within membranes. Lipid bilayers exist in one
of five phases: liquid ordered (L,), liquid disordered (Lq), gel solid-ordered (S,),
pseudocrystaline (L.), and ripple (Py) (Tristram-Nagle and Nagle, 2004). A lipid bilayer
composed of a single phospholipid species will be in a solid-ordered phase at
temperatures up to its melting temperature (Tm) and in a liquid crystalline or liquid
disordered phase above Tm (Figure 1.2). The liquid disordered phase is a fluid state
where individual lipid molecules pack very loosely, have numerous gauche
conformations in their tails, and are able to diffuse laterally past each other. In contrast,
the gel phase is a solid-like phase where lipids pack together tightly and individual lipids
are not able to laterally diffuse. The liquid ordered phase is a hybrid of the properties of
L4 and S, phases where lipids pack together tightly and are more ordered with mostly
trans conformation in their tails, yet individual lipid species are still able to diffuse
laterally, making this a liquid phase (Veatch and Keller, 2005). This is only possible in
membranes with sufficiently high sterol concentration to maintain fluidity of an
otherwise gel-like membrane and to promote ordered packing of lipids above their

melting temperature (Ackerman and Feigenson, 2015). Membranes composed of



cholesterol and two lipid species with different melting temperatures show coexistence of
immiscible L, and Lq phases at certain temperatures (Veatch and Keller, 2003). The
shape and relative sizes of L, and L4 domains within these phase separated membranes
depends on many factors including composition (Veatch and Keller, 2005), curvature,
and line tension (Baumgart et al., 2003). At very high concentrations of sterols and in the
presence of saturated phospholipids, crystalline domains composed of sterols can
spontaneously form within the bilayer. The concentration of sterol required to nucleate
this pseudocrystaline phase depends on the identity of the sterol and the composition of
the lipid bilayer (Ziblat et al., 2012). Lastly, the ripple phase is a periodic puckering of
the lipid bilayer that is often formed as a gel phase is warmed or as heat is removed from
an Lq bilayer (Akabori and Nagle, 2015; Sengupta et al., 2003). These last two phases do

not occur in biological membranes but are included here for completeness.
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Figure 1.2: Diagram showing different lipid packing with phase transitions. A
membrane in a solid-ordered phase can melt to a fluid disordered phase as temperature
increases above melting temperature (Tm). Increasing cholesterol concentration in a
membrane can convert both Lq and S, phases to a liquid ordered (L,) phase. Reproduced

from Eeman & Deleu 2010

1.3 The evolution of the lipid raft model:

In their pivotal 1997 paper, Simons and Ikonen described their lipid raft model,
which posited that sphingolipids and cholesterol cluster together and diffuse as a larger
unit through a fluid lipid bilayer. With further study, the lipid raft hypothesis and the
language used to describe it has been refined but the underlying concept of lateral
heterogeneity has remained (Veatch and Keller, 2005). While all lipids interact more
favorably with each other than water, some species interact slightly more favorably than
others due to geometry (Fantini and Barrantes, 2013; Soloviov et al., 2020). When
multiplied across the millions of lipid molecules in a membrane, this uneven mixing of
lipid species gives rise to the coexistence of liquid ordered and disordered phases
(Levental et al., 2020). Classically, L, domains in biological membranes are enriched in
cholesterol, sphingolipids, and saturated phospholipids (Brown and London, 2000).
However, the dynamic nature of domains means all of these species are found in both L,
and Lq¢ domains and individual lipid molecules can diffuse between them. Restating this
in terms of chemical kinetics, the rate constant of L, association is slightly higher than the

rate constant of dissociation for these three types of lipids and thus they become enriched



in L, domains. While micron-scale domains are easily observed in model membranes
(Veatch and Keller, 2005), ordered domains are predicted to be nano-scale and short-

lived in cellular membranes (Eggeling et al., 2009), making their observation difficult
(Jacobson et al., 2007) and the biological relevance of phase separation controversial

(Levental et al., 2020).

Historically, certain membrane proteins were thought to selectively concentrate
into lipid rafts and were thus defined as “raft associated” by their insolubility in the
detergent, Triton X-100 (Simons and Ikonen, 1997). Further study has revealed that on
the whole, the concentration of proteins within L, domains is lower than in non-domain
areas and that detergent resistance is a flawed proxy for domain partitioning (Lichtenberg
et al., 2005). A more modern understanding of protein-lipid domain interactions posits
that lipids and certain proteins work cooperatively to nucleate and stabilize membrane
heterogeneity where lipids may serve as a regularly spaced template for macromolecular
assembly (Levental et al., 2020). Moreover, protein immobilization after interaction with
membranes may coalesce stabilized annular lipids into larger scale domains (Lee, 2011).
In addition, long filamentous proteins like cortical actin have been shown to restrict the
diffusion of proteins and lipids to a small area with locally distinct properties in what has
been dubbed “corralling” (Arumugam et al., 2015; Dan¢k et al., 2020; Goiko et al., 2016;
Heinemann et al., 2013; Schiitte et al., 2017; Vogel et al., 2017). As actin exclusively
interacts with the inner leaflet of the plasma membrane, this raises questions about how

domain formation is transmitted across the bilayer leaflets.



In model membranes, mixtures of lipids resembling the composition of the outer
leaflet (PC, SM, Cholesterol) reliably phase separate in giant unilamellar vesicles
(GUVs) and supported planar bilayers (Dietrich et al., 2001). However, lipid mixtures
that mimic the composition of the inner leaflet of the membrane do not phase separate
under most conditions (Wang and Silvius, 2001). This discrepancy gives rise to the yet
unresolved question about how lipid domains arise in both leaflets of the membrane.
Previous work from the Tamm lab with asymmetric supported planar bilayers showed
that phase separation in one leaflet could induce phase separation in the opposite leaflet,
even if the composition of that leaflet did not phase separate in symmetric bilayers.
Specifically, a phase separated monolayer composed of cholesterol and two PC species
with different melting temperatures induced phase separation of a mixture of PC, PE, PS,
and cholesterol (Kiessling et al., 2009; Wan et al., 2008). This and other studies
(Fujimoto and Parmryd, 2017) provided strong evidence that phase behavior is
transmitted through the bilayer and phase separation in one leaflet can nucleate phase

separation in the opposite leaflet.

1.4 Methods and Models for Studying Membranes:

A multitude of methods and model systems for studying membrane behaviors
have been developed (Czogalla et al., 2014). They differ in their composition (synthetic
lipids, biological lipid extracts, incorporation of proteins) and in their geometries
(spherical vesicles or planar bilayers). As with all methods, each has strengths and
weaknesses for answering specific questions which will briefly be discussed here for the

methods relevant to this dissertation.
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The simplest models for studying membranes are liposomes, also called

unilamellar vesicles (Figure 1.3). These spherical bilayers can be composed of a single
species or complex mixture of synthetic or extracted lipids, and can range in size from
small (SUV5s), to large (LUV5s), to giant (GUVs), depending on how they are made. The
size of the vesicle and resulting curvature of the bilayer can impart different properties.
For example, as vesicle diameter decreases, lipids become more disordered, membrane
line tension increases, and vesicles become more likely to undergo membrane fusion
(Hernandez et al., 2014; Lin et al., 2012; Malinin and Lentz, 2004). GUV preparation is
quite different from SUV or LUV preparation so the following will focus on SUVs and
LUVs. There are many protocols for making unilamellar vesicles but the most common
methods begin by rehydrating a dried lipid film with aqueous buffer, which causes the
lipid film to swell and form multilamellar vesicles (MLVs) of varying size (Bangham and
Horne, 1964). These MLVs are then fragmented by sonication (Papahadjopoulos and
Watkins, 1967), or extrusion through filters of defined pore size (Olson et al., 1979) to
obtain unilamellar vesicles with a smaller distribution of sizes (Lasic, 1988) or by
repeated cycles of freezing and thawing to obtain more homogenous preparations of
MLVs. There are exceptions to this and LUVs prepared by certain methods may also
contain multilamellar vesicles (Scott et al., 2019). Alternative techniques for producing
SUV and LUVs include solubilization of a lipid mixture in aqueous solution by detergent
or organic solvent followed by removal of detergent/solvent (Nozaki et al., 1982; Szoka
and Papahadjopoulos, 1978) or controlled injection of phospholipids in organic solvent

into aqueous solution (Deamer and Bangham, 1976). Vesicles prepared these ways have a
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symmetric leaflet composition although recently, techniques have been developed to
prepare asymmetric vesicles as well (Doktorova et al., 2018). Additionally, membrane
proteins can be reconstituted into vesicles to make proteoliposomes. This provides a more
native-like environment than a detergent micelle for membrane proteins. SUVs and
LUVs have the benefits of a defined composition amenable to precise control and being
relatively cheap and simple to produce. They model protein-free bilayers well with the
flexibility to reconstitute membrane proteins as well. Their small size can be a hindrance
for fluorescence microscopy or an asset for cryo Electron Microscopy (cryoEM) or

spectroscopies such as circular dichroism or fluorescence.

Supported lipid bilayer

tens of nm ... tens of um

Pore-suspended lipid bilayer

OO~ -

10...1000 um

Black lipid membrane

Figure 1.3 Diagram comparing common model membranes, including supported
lipid bilayers (SLBs) and liposomes of varying size. Multilamellar vesicles (MLVs)
can be transformed into small (SUVs) or large unilamellar vesicles (LUVs) by repeated

freeze/thaw cycles, sonication, and extrusion. Adapted from Stein et al., 2017.
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Microscopy of spherical model membranes requires imaging and data analysis in

three spatial dimensions, which can complicate some experiments. Supported lipid
bilayers (SLBs) simplify data acquisition and analysis for many experiments by reducing
the number of dimensions with a planar membrane (Figure 1.3). Since they were
developed about 35 years ago, many iterations and applications of supported lipid
bilayers have been described (Brian and McConnell, 1984; Tamm, 1984; Tamm and
Groves, 2009; Tamm and McConnell, 1985). The simplest protocol for making SLBs is
via vesicle adsorption to a hydrophilic support. This produces an SLB with a symmetric
composition in both leaflets (Mapar et al., 2018). One critique of SLBs is that contacts
between lipid headgroups and the support constrains the motion of individual lipid
molecules, altering the properties of the membrane (Collins and Keller, 2008). Since
most support materials are not atomically flat, these points of contact are minimal
compared to the total concentration of lipids (Kiessling et al., 2009). To further minimize
interactions with the substrate, a polymer cushion can be used to increase the hydrophilic
cleft between membrane and support. Polymer-supported planar membranes are more
fluid and also retain leaflet asymmetry longer than non-polymer supported membranes
(Kiessling et al., 2006). For all supported membrane experiments described in this
dissertation, a PEGylated lipid modified with a silane was used (Wagner and Tamm,
2000). This specific polymer creates a 4 nm cleft of water between a SLB and substrate
(Kiessling and Tamm, 2003). Additionally, asymmetric planar membranes can be created
by sequentially depositing each leaflet on a substrate by the Langmuir-Blodgett method

followed by vesicle fusion (Kalb et al., 1992) or the Langmuir-Schaefer method (Tamm
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and McConnell, 1985). Furthermore, SLBs can be created from proteoliposomes to
reconstitute membrane proteins and model biological processes in a defined model
system (Kalb et al., 1992; Kiessling et al., 2015a).

Giant Plasma Membrane Vesicles (GPMVs or blebs) are small portions of the
plasma membranes of cells (Scott, 1976). They incorporate nearly all plasma membrane
proteins in their native fold, with post-translational modifications, except adhesion
factors, which are largely excluded from blebs (Bauer et al., 2009). Blebs also have the
same lipid composition as the plasma membrane they were prepared from (Symons et al.,
2020) although leaflet asymmetry is lost during the blebbing process (Baumgart et al.,
2007). Multiple methods to produce blebs have been described, ranging from
hypoosmotic stress (Sarabipour et al., 2015) to laser-induced blebbing (Kelly et al.,
2009). One of the most widely used involves chemical crosslinking with formaldehyde
and dithiothreitol (DTT) (Gerstle et al., 2018; Sezgin et al., 2012). The exact mechanism
by which this causes plasma membrane vesiculation is unknown (Levental and Levental,
2015). Blebs remain attached and contiguous with the plasma membrane unless they are
mechanically disturbed. With gentle shaking, blebs can be detached and purified (Scott,
1976). These blebs can then be used in their spherical state or added to a Langmuir-
Blodgett monolayer to form a supported planar plasma membrane (SPPM) (Yang et al.,
2017). Blebs are one of the highest fidelity models of the plasma membrane available and
are amenable to a wide range of experiments, but like every model, there are notable
differences from physiological conditions that limit interpretation. Blebs are not

metabolically active and are best thought of as a “dead” equilibrium state (Sezgin et al.,
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2012). Also, blebs are permeable to hydrophilic solutes up to 40 kDa (Skinkle, 2019) so
some cytosolic components are retained in blebs (Bauer et al., 2009) but many others leak
out. A preparation of blebs will have a range of sizes, all of them smaller than the parent
cell and thus blebs will always have higher curvature than the plasma membrane. This
can be circumvented by transforming blebs into an SPPM. Finally, the plasma membrane
is normally shaped by the cytoskeleton and while cytoskeletal proteins are found in blebs
(Bauer et al., 2009), they are not likely to be polymerized and thus do not exert the same
physical properties on the membrane (Schneider et al., 2017).

The selection of just these three membrane models is a focused slice through the
field of membrane biology and the descriptions presented here are not exhaustive for all
the variations and iterations that have been described. This reflects the diversity of
processes that occur at membranes as well. We turn attention from foundational concepts
in membrane biology to applications of membranes and their organization for

microbiology.

1.5 Introduction to Viruses:

Viruses are particles capable of directing self-replication in cells, but by strict
definitions are not considered living organisms. They are more numerous than every
human who has ever lived and every star in the known universe (“Microbiology by
numbers,” 2011). Specifically, bacteriophages are the most abundant biological entity in

the biosphere (Hatfull, 2015). With this magnitude there is vast diversity of which
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science has only sampled a miniscule fraction. Statistical estimates predict roughly
320,000 undiscovered mammalian viruses (Anthony et al., 2013).

Viral diversity is classified in two major systems: the International Committee on
Taxonomy of Viruses (ICTV) classifies based on conserved nucleic acid sequences
(International Committee on Taxonomy of Viruses, 2012) and the Baltimore
classification system classifies based on the nucleic acid that composes the viral genome
and how it is replicated (Baltimore, 1971). Practically, viruses can also be classified
based on their physical features such as the nucleic acid that composes the genome, the
presence or absence of a lipid envelope, or the shape, size, and symmetry of the capsid
(Lwoff et al., 1962). This thesis will focus on enveloped viruses and their interactions
with membranes.

The replicative cycle of a virus follows the same plot as any heist; get in, take all
you can, and get out without raising the alarm. In viral terms this translates to cell entry,
protein translation, genome replication, and finally particle assembly and release (Ryu,
2017). The details of each step varies between viruses but many follow this general
pattern. For enveloped viruses, particle assembly and release involves targeting viral
components to assembly platforms on host membranes, inducing membrane curvature to
initiate budding, and finally scission of host and progeny viral membranes (Perlmutter
and Hagan, 2015). Conversely, cell entry of enveloped viruses includes fusion of host and
viral membranes to release viral contents into the cytoplasm (Mercer et al., 2020; White

and Whittaker, 2016)
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1.6 Membrane Fusion:

During cell entry, the viral genome is introduced into the host cell from a viral
particle via membrane fusion. Membrane fusion is the process by which two lipid
bilayers become one continuous bilayer via a series of intermediate steps. Overall, the
end point of the membrane fusion reaction is energetically downhill from the starting
state (Cohen and Melikyan, 2004). However, fusion does not occur spontaneously on
biologically meaningful timescales because lipid bilayers are very stable assemblies that
require an input of energy to disrupt (Plemper and Melikyan, 2013).
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Figure 1.4 Lipidic fusion intermediates and intrinsically curved lipids. a. MeAn‘qi)’rénie
fusion begins as an area of close contact between bilayers (i.) where a point-like
protrusion (ii.) interacts with the second membrane, forming a hemifusion stalk (iii.). The
hemifusion stalk may either proceed directly to fusion pore opening (v.) or first convert
into a hemifusion diaphragm (iv.). b. Lipids can have positive (lysoPC LPC), neutral
(PC), or negative (PE, Diacylglycerol (DAG)) intrinsic membrane curvature. Negative
intrinsic curvature of the exterior leaflet stabilizes hemifusion intermediates and positive
intrinsic curvature in the interior leaflets stabilize fusion pores. Adapted from

Chernomordik and Kozlov, 2008.
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Before fusion can begin, membranes must overcome the repulsive hydration
force. Bringing membranes within 3 nm of each other removes water molecules from
their favorable interactions with phospholipid headgroups and requires an input of energy
(Gawrisch et al., 1992; Leikin et al., 1993; Rand and Parsegian, 1989). Once water has
been pushed aside from the cleft between membranes, dehydrated lipid headgroups of the
external leaflets can interact and form a point-like area of close contact (Figure 1.4, ii)
(Efrat et al., 2007). With a further input of energy to bend membrane leaflets and
transiently expose lipid tails to more water, the contact area expands into a hemifusion
stalk where the external leaflets of both bilayers have fused but the internal leaflets
remain unfused (Figure 1.4, iii) (Chernomordik and Kozlov, 2005). The hemifusion
membrane is likely free of transmembrane proteins because their hydrophilic,
cytoplasmic or extracellular domains would have to transit the hydrophobic bilayer
interior in order to occupy the hemifusion membrane (Nikolaus et al., 2010). Hemifusion
is generally agreed upon as an on-pathway intermediate state in membrane fusion
although some details remain the subject of debate. It remains undecided whether the
vertically oriented, “hemifusion stalk™ can proceed directly to fusion pore opening
(Kuzmin et al., 2001; Siegel, 1993) or must first widen into the extended “hemifusion
diaphragm” configuration (Figure 1.4, iv) (Markin et al., 1984). Many of these subtleties
may depend on the properties of the membranes undergoing fusion like the composition
and curvature of the membranes (Nikolaus et al., 2010). Hemifusion stalks, diaphragms,
and fusion pores are highly curved membrane states. Thus, columnar lipids without

intrinsic curvature, e.g. PC, must tilt or splay their acyl chains to accommodate curvature.
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Tilt applied to flat lipids results in voids between acyl chains, which incurs an energetic
penalty (Chernomordik and Kozlov, 2008; Siegel, 1993). Lipids with intrinsic curvature
like the cone-shaped phospholipids, PE and lysoPC with negative and positive
spontaneous curvature, respectively, can accommodate curvature without creating
vacuums (Figure 1.4b). Accordingly, hemifusion intermediates are stabilized by negative
spontaneous curvature in the exterior leaflets (Aeffner et al., 2012; Basanez et al., 1998;
Chernomordik et al., 1995, 1987; Haque and Lentz, 2004; Kasson and Pande, 2007,
Kreutzberger et al., 2015; Lentz and Lee, 1999; Meers et al., 2000; Meher and
Chakraborty, 2019; Yang and Huang, 2002). Additionally, small vesicles with high
curvature are more fusogenic due to strain and lateral tension at baseline that is relieved
by fusion (Haque and Lentz, 2004; Kasson and Pande, 2007; Lee and Schick, 2008).
Energetic calculations predict that the hemifusion diaphragm is more favorable than the
stalk, but the diaphragm does not form spontaneously in DOPC membranes without
lateral tension to pull the edges of the stalk (Chernomordik and Kozlov, 2003). The
propensity of a hemifusion diaphragm to transition to a fusion pore, the penultimate stage
in membrane fusion, also depends on lateral tension and spontaneous curvature of the
lipids (Chernomordik et al., 1987; Cohen et al., 1980; Shillcock and Lipowsky, 2005).
Therefore, the forces that create a diaphragm may very quickly lead to fusion pore
opening, as has been observed in molecular dynamics simulations of fusion (Risselada et
al., 2014). During fusion pore opening, the inner leaflets of the two membranes fuse and
an aqueous channel opens between the membranes (Figure 1.4, v). As with all

intermediate steps of membrane fusion, pore opening requires an input of energy (Cohen



19
and Melikyan, 2004). In models of fusion pores arising directly from hemifusion stalks,
proteins may stabilize the stalk and mechanically drive opening of a pore, providing the
required energy (Zimmerberg et al., 2006). Similar to hemifusion, fusion pores are
stabilized by lipids with spontaneous curvature, but the curvature of the fusing leaflet and
the effects of curved lipids are flipped compared to hemifusion (Markin and Albanesi,
2002). Negatively curved lipids, like PE, inhibit fusion pore formation and positively
curved lipids, like lysoPC, promote fusion pores (Chernomordik and Kozlov, 2003).

Experimentally, fusion pores can be observed by conductance of solutes: initially
ions (Zimmerberg et al., 1987) and upon expansion, fluorophores and other molecules of
increasing size. Opening of a small fusion pore is likely reversible (Chernomordik et al.,
2006; Melikyan et al., 1993) until an input of energy irreversibly expands the fusion pore
from its highly curved “hourglass” shape to the less curved post-fusion membrane

(Cohen and Melikyan, 2004). Wide fusion pore expansion completes membrane fusion.

1.7 Catalysis of Membrane Fusion by Proteins:

Cells use a cadre of proteins working in concert to overcome the kinetic barriers
of membrane fusion for a myriad of cellular functions including vesicle trafficking,
exocytosis, endosome maturation, syncytium formation, and mitochondrial remodeling.
Viruses also use proteins to mediate fusion, but, to economize on limited genome space,
most viruses use multiple copies of a single fusion protein (e.g. Retroviruses) while some
use a small number of different fusion proteins (e.g. Herpesviruses) (White et al., 2008).

The specifics of how viral fusion proteins enable fusion varies between viruses but the
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mechanism is largely conserved. When an active fusion protein on the viral surface
(Figure 1.5, 11) receives a “triggering” signal, it undergoes a conformational change that
exposes and then inserts a hydrophobic “fusion peptide” or “fusion loop” into the host
cell membrane (Figure 1.5, iii) (Harrison, 2015; White and Whittaker, 2016). This
conformation is referred to as the “pre-hairpin intermediate” or “extended intermediate”
where the viral fusion protein bridges the viral and cellular membranes (Bullough et al.,
1994; Rey and Lok, 2018). The fusion protein then undergoes another conformational
change, overcoming the hydration force to draw the membranes closer together and
promote fusion (Chen et al., 1999). For HIV and other class I viral fusion proteins, the
pre-hairpin folds back onto itself (Figure 1.5, iv) to become a hairpin, or six-helix bundle
(6HB) (Figure 1.5, v), The exact relationship between viral fusion protein foldback and
membrane rearrangements remains somewhat enigmatic due to their small size and short
lifetime. Evidence from the best studied viral fusion protein, Influenza HA, suggests that
pre-hairpin refolding into the 6HB promotes hemifusion. Then, further foldback brings
the fusion peptide and transmembrane domains together to promote opening of a fusion
pore (Figure 1.5, vi) (Armstrong et al., 2000; Kemble et al., 1994; Lai and Freed, 2015;

Lee et al., 2017; Melikyan et al., 1995; Tamm, 2003).
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Flgure 1.5: Model of membrane fusion driven by viral fusion proteins. The cartoon
depicts fusion by a class I fusion protein but the process is similar for class II and III
fusion proteins. A viral fusion protein is rendered active in a priming step (i). Priming of
class I and II proteins generally involves proteolytic cleavage. The fusion competent
protein (ii.) then responds to a fusion trigger by refolding into a prehairpin with fusion
peptides inserted into the target membrane (iii.). The prehairpin folds back onto itself,
drawing the membranes into close apposition (iv.) until it forms a six-helix bundle (6HB)

and the membranes hemifuse (v.). Association of the fusion peptide and transmembrane

domains promotes fusion pore opening (vi.) Adapted from White and Whittaker, 2016.

Interestingly, structurally dissimilar viral fusion proteins accomplish this same
fusion mechanism with only small variations. These structural differences are formalized
into three classes. Class I includes trimeric proteins primarily composed of a-helices that

are activated by proteolytic cleavage (eg. Influenza HA, HIV Env, Paramyxovirus F).
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Class II includes dimeric proteins primarily composed of B-sheets that are activated by
proteolytic processing of a chaperone protein (eg. Flaviviruses and Alphaviruses).
Finally, class III, which are likely an equilibrium of monomer and trimer, are composed
of a mix of a-helix and B-sheet, and are not proteolytically activated (eg. Vesicular
Stomatitis Virus G) (Albertini et al., 2012; Harrison, 2015; Rey and Lok, 2018; White et
al., 2008). Proteolytic processing of class I and II proteins, whether during particle
assembly/maturation or during entry, creates an active fusion protein that is sensitive to
environmental triggers and able to perform the conformational changes described above.
Many viral fusion proteins have separate receptor binding and fusion domains that are
separated during activation (e.g. Influenza HA, HIV Env) (White et al., 2008). DNA
viruses with larger genomes perform the same two functions with separate proteins (e.g.
Herpesviruses, Poxviruses) (Eisenberg et al., 2012; Schmidt et al., 2012).

Cells assemble complexes of fusogenic and regulatory proteins to ensure proper
timing of intracellular membrane fusion in vesicle trafficking. Viruses must accomplish
the same regulation of fusion but without the luxury of multiple, distinct proteins.
Instead, they use metastable fusion proteins to sense environmental changes and respond
with conformational changes that drive membrane fusion (Harrison, 2015; White et al.,
2008). In this context, a metastable state describes a protein folding energy minimum that
is not the global minimum, but a kinetic barrier prevents it from adopting the more stable
fold. Introduction of the environmental trigger removes this kinetic barrier and the
protein is free to adopt the universally lowest energy fold, which is also the fusogenic

conformation (Carr and Kim, 1993).
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The fusion triggers of many viruses have been identified and range from low pH,
calcium, and proteolytic cleavage, to receptor and coreceptor binding. These
environmental changes are sensed by the fusion protein and translated into a
conformational and/or dynamic change. Illustrating this, the Ebola Virus fusion protein,
GP, has a complex fusion trigger involving all factors listed above: proteolytic cleavage
by cathepsins, binding its receptor, Niemann-Pick C intracellular cholesterol transporter
type I (NPC1), mildly acidic pH, apparently high calcium concentration, and perhaps yet
another cryptic factor (Fénéant et al., 2019). The final trigger, low pH, is sensed by
histidine and glutamate residues in the fusion domain, GP2 (Lee et al., 2016), which
causes compaction of the fusion loop to form a hydrophobic surface that inserts into the
host membrane and GP2 to fold back on itself (Gregory et al., 2014).

Some conformational changes of viral fusion proteins are reversible while others
are not. Recent single molecule FRET studies of HIV Env (Alsahafi et al., 2019; Lu et
al., 2019; Ma et al., 2018; Munro et al., 2014), Influenza HA (Das et al., 2018), and Ebola
Virus GP (Das et al., 2020; Durham et al., 2020), illustrate that even in the absence of a
fusion trigger, viral fusion proteins reversibly sample conformational states thought to be
on pathway intermediate states and even the final, post-fusion state. For Influenza HA,
the post-fusion state becomes irreversible after low pH treatment for 30 minutes at room
temperature but this transition to irreversibility is quickened by the presence of receptor
and a target membrane (Das et al., 2018; Leikina et al., 2002; Tatulian and Tamm, 1996).

Enveloped viruses must fuse with a host cell membrane to begin infection, but

exactly which membrane depends on the availability of receptors and environmental
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triggers. Within most organisms and tissues, the extracellular space is maintained at
neutral pH at homeostasis and thus low pH triggered viruses must make their way to an
acidic cellular compartment like endosomes or lysosomes for entry (Mercer et al., 2010;
White and Whittaker, 2016). After binding cell surface receptors and/or attachment
factors, viruses may enter the endocytic pathway via macropinocytosis or clathrin-
mediated endocytosis. As vesicles mature and progress through the endocytic pathway
from early endosomes to late endosomes and eventually to lysosomes, the pH decreases
from 6.3 to 5.5 to 4.7 respectively (Casey et al., 2010). For viruses with a simple low pH
fusion trigger, the virus traffics to an endosome of sufficiently low pH and then fuses.
Beyond pH, endosome maturation also changes the proteins present, certain ion
concentrations, and the lipid composition of the endolysosomes. These may introduce
additional fusion triggers like a receptor, a protease, or a cation (Nathan et al., 2020;
Straus et al., 2020). While not strictly a fusion trigger, the lipid composition of
endolysosomes also contributes to fusion compartment determination as it has been
shown that Semliki Forest Virus (SFV) and Hantavirus require a certain minimum
concentration of cholesterol for efficient fusion (Kielian and Helenius, 1984; Kleinfelter
et al., 2015; White and Helenius, 1980). Similarly, Influenza A fusion is enhanced by
increasing cholesterol in the target membrane (Domanska et al., 2013). For both HIV and
SFV, cholesterol concentration in the target membrane has been shown to influence the
depth of fusion peptide insertion (Lai et al., 2012; Umashankar et al., 2008). Cholesterol
has many effects on membranes, including maintenance of viscosity and phase

separation, which have also been shown to influence membrane fusion (Yang et al., 2017,
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2016b, 2016a). The importance of cholesterol in the target membrane very likely extends
to fusion of many enveloped viruses as well even if it has not been explicitly studied.

Dogma states viruses that fuse at neutral pH and whose receptor and fusion
trigger are present at the plasma membrane, such as HIV, can fuse with and enter at the
plasma membrane (McClure et al., 1988; Stein et al., 1987). The reality may be more
complicated as HIV pseudovirus particles have also been observed to fuse with an
acidified endocytic compartment (Sood et al., 2016) so it may be more accurate that HIV
is capable of fusion at the plasma membrane or within an early endosome but the cellular
location of HIV fusion appears to depend on the cell type studied (Clotet-Codina et al.,
2009; Dale et al., 2011; Herold et al., 2014) and availability of receptor (Padilla-Parra et
al., 2012). This may also be the case with SARS-CoV-2: within tissues where fusion-
triggering trypsin-like proteases are present (e.g. lung, small intestine), SARS-CoV-2
may be able to fuse with the plasma membrane of cells expressing its receptor, ACE2
(Hoffmann et al., 2020). In other tissues without cell surface trypsin-like proteases, the
virus and its receptor may be endocytosed where cathepsin within endolysosomes

promote cell entry (Walls et al., 2020).

1.8 Methods for studying viruses:

Arguably, the most important techniques for studying viruses are those for
growing viruses and their models in vitro. Before the advent of molecular biology,
viruses could be isolated from patient or environmental samples by culturing the filtered
sample in competent cells. Viruses grown this way could then be plaque isolated by

propagating material from a single plaque, presumably caused by a single infectious
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particle, to obtain a pure virus line (Dulbecco and Vogt, 1954). While accessible to many
clinical and research labs, culturing virus this way does not allow controlled genetic
modification of the virus to study the effect of specific mutations. Forward genetics
approaches were possible but imprecise (Desselberger, 2017).

The first solution to the problem of genetic intractability of viruses was the
development of a reverse genetics system for Poliovirus in 1981 (Racaniello and
Baltimore, 1981). This enabled production of replication competent viruses from
transfection of cDNA clones of viral genomes which could be modified and mutated. A
single plasmid containing the relatively small cDNA genomic clone of poliovirus (~7500
nucleotides) (Tavares et al., 2013) was sufficient for this simple, positive-sense RNA
virus. Negative-sense, segmented, and larger genomes require more complicated systems.
For negative-sense viruses, a positive-sense transcript of the components of the viral
replication machinery must be supplied along with a negative-sense transcript of the
genome. For segmented viruses, separate transcripts for each of the segments must be
transfected. For large viral genomes, multiple reverse genetics approaches have been
employed including cDNA expression from a Bacterial Artificial Chromosome (BAC), in
vitro ligation of cDNA fragments, and use of a helper vaccinia virus (Almazan et al.,
2014). Despite constant interest in Influenza A Virus, a reverse genetics system for the
virus was not developed until 1999 due to the difficulties of replicating its segmented,
negative-sense genome (Neumann et al., 1999). While reverse genetics viruses enable
easier correlation of genotype with phenotype, they are self-replicating and thus require

the same biosafety precautions as their parent virus (in the absence of attenuating
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mutations or gene deletions). Pseudoviruses also allow genetic manipulation of viral
proteins but are non-replicating and thus generally require a much lower biosafety level
than the virus they model.

The name “pseudovirus” was first used to describe a virus particle from a mouse
cell infected with polyoma virus which incorporated a segment of mouse DNA within the
polyomavirus capsid (Michel et al., 1967). From this incidental finding, the field gained
pseudoviruses as a versatile tool. The term applies to a viral particle that incorporates a
non-viral piece of genetic material, whether DNA or RNA (Aposhian, 1975). This can be
used to deliver a gene as a reporter of infection or to stably transduce cells. Pseudoviruses
are generated by transfection of plasmids to produce the viral structural proteins and the
non-viral genetic material with proper sequences for particle incorporation, transcription,
translation, and/or genome integration. For many pseudoviral systems, the genes for viral
structural proteins and the surface glycoproteins, including the fusion protein, are on
separate plasmids, enabling “pseudotyping” of various fusion proteins onto a particle
composed of the structural proteins of another virus (Steffen and Simmons, 2016). This
allows straightforward comparisons of the effects of various fusion proteins on a common
pseudoviral particle. While a somewhat more artificial system than viruses generated by
reverse genetics, pseudoviruses offer more adaptation to specific experimental needs and

applications extending beyond virology.

1.9 Viral Restriction Factors:

To counter viral infection, hosts have evolved multiple layers of immunity

(Duggal and Emerman, 2012). While adaptive and cellular immunity are important for
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controlling viral infections on the organismal level, this thesis will focus on cell-
autonomous intrinsic immunity mediated by restriction factors. Restriction factors (RFs)
are host proteins with direct antiviral activity defined by their ability to specifically
inhibit at least one aspect of the viral replication cycle (Colomer-Lluch et al., 2018).
Aside from their inhibitory properties, RFs are diverse in structure, localization and
mechanism of action. Loosely, RFs may act against only one virus or many, bear signals
of continual positive selection, and often are antagonized by viral factors, but only one or
a subset of these properties may apply to a single RF (Blanco-Melo et al., 2012). Some
restriction factors are constitutively expressed, like Serinc5 (Zutz et al., 2020), but
classically, RFs are upregulated by Interferon (IFN) signaling, as for IFITMs (P. Li et al.,
2017), APOBEC3G (Koning et al., 2009), and SAMHD1 (Zhaolong Li et al., 2020).

Present in nearly every cell type, type I IFNs are expressed upon detection of a
virus-like, non-self molecular pattern, like dSRNA or dsDNA in the endosome or
cytoplasm, by pattern recognition receptors including RIG-I and Toll-like receptors 3, 4,
7, 8, and 9 (Murira and Lamarre, 2016). Upon expression, type I IFNs initiate an anti-
viral transcriptional program in the infected cell and its neighbors via autocrine and
paracrine signaling (Fensterl and Sen, 2009). An optimal IFN response is essential for
effective control of viral infection as both inadequate and excessive IFN levels are
associated with pathology (Huang et al., 2019). As part of the anti-viral state induced by
IFNs, IFN-stimulated genes (ISGs) are expressed, including ones for some restriction

factors.
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Serinc3 and Serinc5 are the restriction factors primarily examined in this
dissertation but a brief overview of viral restriction factors is provided for

contextualization and comparison.

APOBEC3G and 3F: APOBEC3G and 3F are cytidine deaminases from the larger
AID/APOBEC family of enzymes (Colomer-Lluch et al., 2018). They restrict Hepatitis B
virus (HBV) (Turelli et al., 2004; Vartanian et al., 2010), retrotransposons (Koito and
Ikeda, 2013), and retroviruses, including HIV (Doehle et al., 2005) by inducing
hypermutation of the viral genome. By catalyzing deamination of cytidine to uracil,
APOBEC3G and 3F frequently create premature stop codons, leading to defective viral
particles (Fan et al., 2010; Kobayashi et al., 2004; Mahieux et al., 2005; Mangeat et al.,
2003). They can act within the nucleus and can incorporate into budding particles to
reduce their ability to productively infect other cells. In the case of HIV, APOBEC3G
incorporates into budding particles and induces hypermutation during reverse
transcription (Bieniasz, 2004). However, APOBEC3G is antagonized by the HIV
accessory protein, Vif (Mariani et al., 2003).

SAMHDI1: Like APOBECs, SAMHDI also acts on the viral genome but instead
of inducing mutations, it depletes dNTPs required for reverse transcription of
retroviruses. It is inducible by type I IFNs and antagonized by the HIV accessory protein
Vpx (Descours et al., 2012; Hrecka et al., 2011; Laguette et al., 2011).

TRIMs: The TRIM family are E3 ubiquitin ligases that can inhibit multiple viral
proteins and steps of the viral replication cycle (Nisole et al., 2005; Ozato et al., 2008) of

Influenza A (Di Pietro et al., 2013), HIV (Tissot and Mechti, 1995), Hepatitis B (Gao et
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al., 2009) and Hepatitis C (C. Yang et al., 2016). Perhaps best studied is the interaction
between TRIMS5a and HIV’s capsid protein; TRIMSa lattices coat the post-entry viral
capsid, destabilizing it and preventing effective reverse transcription(Ganser-Pornillos et
al., 2011; Ganser-Pornillos and Pornillos, 2019; Li et al., 2016; Sakuma et al., 2007;
Skorupka et al., 2019; Stremlau et al., 2006; Yu et al., 2020). The more recently
identified E3 ubiquitin ligase RFs, MARCH2 and 8, also restrict HIV infection by
lysosomal degradation of viral products but they target the fusion protein, Env, instead of
Gag (Tada et al., 2015; Zhang et al., 2018).

Tetherin: Tetherin is a type I IFN inducible protein and as suggested by its name,
tethers viral particles to the producing cell, preventing their release and infection of
subsequent cells (Colomer-Lluch et al., 2018). It is antagonized by HIV-1 Vpu and other
retroviral proteins (Blanco-Melo et al., 2016; Hotter et al., 2013; Neil et al., 2008; Van
Damme et al., 2008; Waheed et al., 2008).

IFITMs: Interferon-inducible transmembrane proteins (IFITMs) restrict cell entry
of enveloped viruses with all three classes of fusion proteins including HIV (Lu et al.,
2011), Influenza A (Bailey et al., 2012; Brass et al., 2009; Huang et al., 2011), West Nile
Virus (Gorman et al., 2016), Dengue Virus (Jiang et al., 2010), Vesicular Stomatitis
Virus (Weidner et al., 2010), and SARS-CoV-2 (Shi et al., 2020) among others. As
indicated in their name, their expression is stimulated by IFN treatment, including type I
and type II IFNs (Perreira et al., 2013; Smith et al., 2014). The three isoforms, IFITM1, 2,
and 3, localize to the plasma membrane and endolysosomes although this localization is

easily disrupted by overexpression (Bailey et al., 2014). Regardless, colocalization of the



31
IFITM protein to the compartment of viral entry appears to be essential for [FITM-
mediated restriction of cell entry (Suddala et al., 2019). All three IFITMs have been
reported to restrict HIV although specificity may depend on the cell type studied. The
most commonly suggested mechanism for IFITM restriction of viral entry is increasing
host cell membrane order by modulating membrane curvature via an amphipathic helix,
thus destabilizing the hemifusion state and preventing progression to full fusion
(Chesarino et al., 2017; Desai et al., 2014; Diamond and Farzan, 2013; Li et al., 2013).
Additionally, IFITMs can incorporate into viral particle membranes during budding and
decrease infectivity of those particles (Compton et al., 2014).

Serincs: The Serinc family of transmembrane proteins was recently identified as
retroviral restriction factors from a screen of HIV Nef interacting factors (Rosa et al.,
2015; Usami et al., 2015). The family is composed of five paralogues but only Serinc5,
and less frequently Serinc3, were found to inhibit HIV infection. In the setting of a cell
infected with a strain of HIV that lacks Nef, Serincs localize to the plasma membrane and
Serinc3 and 5 can incorporate into budding HIV particles. Serinc5 incorporation into
Nef-deficient HIV particles decreases their ability to infect subsequent cells, implicating
inhibition at the cell entry of the viral replication cycle (Rosa et al., 2015; Usami et al.,
2015). While Serinc4 is unable to incorporate into budding particles under normal
conditions, overexpression and inhibition of proteosomal degradation allows it to
incorporate into particles where it inhibits cell entry to a similar degree as Serinc5 (Qiu et
al., 2020). Oppositely, Serinc2 can incorporate into viral particles, to a slightly lower

extent than Serinc5, but it does not restrict their ability to infect (Rosa et al., 2015;
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Schulte et al., 2018). In cells infected with Nef-positive HI'V, Nef antagonizes Serincs by
targeting them to the lysosome for degradation (Rosa et al., 2015; Shi et al., 2018).
Additionally, if Serincs escape degradation and successfully incorporate into budding
HIV particles, Nef directly binds to an intraviral loop of Serinc5 and inactivates it (Dai et
al., 2018; Trautz et al., 2016). Later reports showed Serinc5 also restricts Hepatitis B
Virus (Liu et al., 2020) although the overwhelming interest in a new restriction factor for
HIV means the effects of Serincs are best characterized against HIV.

Prior to their identification as restriction factors, Serincs were thought to
contribute to the synthetic pathway of PS, hence the name Serine-incorporator shortened
to Serinc (Inuzuka et al., 2005). Atypical for a viral restriction factor, sequences of
Serincs do not show signatures of selection as would be expected for a protein interacting
with a quickly evolving virus; perhaps their role in PS synthesis constrains their evolution
(Murrell et al., 2016). Serincs are constitutively expressed in a wide variety of tissues
including placenta, skeletal muscle, testis, spleen, thymus, and leukocytes (Xu et al.,
2003). IFNa does not upregulate expression of Serinc5 but does increase protein
localization on the plasma membrane (Passos et al., 2019).

Despite identification as an RF only 5 years ago, significant work has been done
to elucidate the mechanism of Serincs’ restriction of HIV infection. The accumulated
evidence supports two non-exclusive theories: Serincs alter the viral membrane and/or
Serincs alter the structure and activity of Env. There is a greater preponderance of

evidence supporting the later, although the dearth of evidence supporting the former may
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be due to the lack of widely accessible assays for examining lipid behavior. In the
following, I review the literature on both hypotheses.

Given Serincs’ role in PS biosynthesis, a tempting early hypothesis was that
Serinc3 and 5 altered the lipid composition of regions of the plasma membrane where
HIV particles bud and thus altered the composition of the viral envelope. However, this
was thoroughly disproven by a study showing no changes in lipid composition of the
producer cell or viral particles upon Serinc5 expression and incorporation (Trautz et al.,
2017). As large transmembrane proteins, Serincs have ample surface area for lipid
interactions and cryoEM structures of Drosophila and Human Serinc5 identified a lipid
binding groove (Figure 1.6A and B). In the Drosophila structure, there was a density
within the lipid binding groove that resembled the unusual lipid, cardiolipin, although this
is not thought to be the physiological interaction. The stability of Drosophila and Human
Serinc5 was enhanced by addition of cholesterol and phosphatidylserine, indicating these
may be the more biologically relevant species. Interestingly, the Drosophila orthologue
formed a star-shaped hexamer with the lipid binding groove in the protomer interface,
implying a role for lipid-mediated oligomerization of Serinc5. However, the human
orthologue was not observed to oligomerize so the relationship of lipid-mediated
oligomerization to restriction remains uncertain (Pye et al., 2020). Further demonstrating
the importance of Serinc-lipid interactions, the human Serinc5 was found to partition into
detergent-resistant membranes and this partition was essential for restriction of HIV
infection (Schulte et al., 2018). HIV Env is known to partition into ordered lipid domains

(Schwarzer et al., 2014) and while detergent-resistant membranes are not always directly
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comparable to ordered lipid domains, these data suggest Env and Serincs could colocalize

on the plasma membrane and in the viral particle.

gp41

Extra-viral particle

Intra-viral particle

SERINCS

Figure 1.6: SerincS structure and potential interactions. Side views of Serinc5 as (A.)
surface or (B.) ribbon representations. A lipid moiety occupies the lipid binding groove.
Bilayer boundaries denoted by two planes. C. Speculative docking of HIV Env (PDB
6E8W and SFUU) with Serinc5. HIV Env receptor binding domain, gp120, in purple;
fusion domain, gp41, in brown and pink. Membrane proximal external region (MPER) of
gp41 highlighted in cyan. Extracellular loops 3 and 5 of Serinc5 highlighted in blue.

Adapted from Pye et al, 2020.

Multiple studies have mapped sequences for Serinc resistance to Env, specifically,

the flexible V1/V2 and V3 loops within gp120 (Beitari et al., 2017; Pye et al., 2020;
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Timilsina et al., 2020; Usami et al., 2015). Puzzlingly, the V1/V2 and V3 loops are near
the gp120 apex (Pan et al., 2015), far away from the membrane and Serinc5.
Additionally, multiple studies have observed conformational changes in Env, including
changes to antibody sensitivity, upon Serinc5 incorporation into the viral particle (Schulte
et al., 2018; Sood et al., 2017; Staropoli et al., 2019). These data suggest some form of
interaction between Serinc3/5 and Env whether that be direct binding causing a
conformational change (modeled in Figure 1.6C) or a more distal interaction mediated by
another factor. Two groups have documented a Serinc5-mediated disruption of Env
oligomerization within viral or cellular membranes with super resolution microscopy and
bi-molecular complementation respectively (Chen et al., 2020; Zhang et al., 2019). While
difficult to translate interactions observed by bi-molecular complementation to more
transient interactions occurring in vitro, Zhang et al. do claim to detect a direct interaction
between Serinc5 and Env.

Together, these results suggest Serinc5’s mechanism of action may involve
disruption of Env’s function but do not exclude the possibility of alteration of the
organization of the viral membrane. Changes to the viral membrane could be the
intermediary that exerts Serinc5’s effects on Env or may be an independent function of
Serinc5. With the results contained in this dissertation, we hope to clarify these possible

Serinc5 mechanisms of action.
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Chapter 2. HIV-cell membrane fusion
intermediates are restricted by Serincs as revealed

by cryo electron and TIRF microscopy

Amanda E. Ward, Volker Kiessling, Owen Pornillos, Judith M. White,

Barbie K. Ganser-Pornillos, Lukas K. Tamm (2020).

J. Biol. Chem. 295 (45): 15183-15195

2.1 Abstract

To enter a cell and establish infection, HIV must first fuse its lipid envelope with
the host cell plasma membrane. While the process of HIV membrane fusion can be
tracked by fluorescence microscopy, the 3D configuration of proteins and lipids at
intermediate steps can only be resolved with cryo Electron Tomography (cryoET).
However, cryoET of whole cells is technically difficult. To overcome this problem, we
have adapted giant plasma membrane vesicles (or blebs) from native cell membranes

expressing appropriate receptors as targets for fusion with HIV envelope glycoprotein-
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expressing pseudovirus particles with and without Serinc host restriction factors. The
fusion behavior of these particles was probed by TIRF microscopy on bleb-derived
supported membranes. Timed snapshots of fusion of the same particles with blebs were
examined by cryoET. The combination of these methods allowed us to characterize the
structures of various intermediates on the fusion pathway and showed that when Serincs3
and 5 (but not Serinc2) were present, later fusion products were more prevalent,
suggesting that Serinc3/5 act at multiple steps to prevent progression to full fusion. In
addition, the antifungal amphotericin B, reversed Serinc restriction, presumably by
intercalation into the fusing membranes. Our results provide a first high-resolution view
of Serinc restriction of HIV-cell membrane fusion and thus extend current structural and

functional information on Serinc as a lipid binding protein.

2.2 Introduction

To establish an infection, Human Immunodeficiency Virus (HIV) must enter the
cell by fusing its lipid membrane with a host cell membrane (Melikyan, 2011). HIV
membrane fusion is mediated by conformational rearrangements in the viral envelope
protein, Env, that are induced by binding to receptor, CD4, and co-receptor, CCRS or
CXCR4 (Blumenthal et al., 2012). The process of HIV membrane fusion is thought to
proceed through defined intermediate steps: receptor binding, hemifusion, and fusion
pore opening and widening, similar to other enveloped viruses such as influenza (Chen,
2019). The earliest step, receptor binding, has been visualized with nanometer resolution
by electron tomography of plastic sectioned cells (Sougrat et al., 2007) but subsequent

steps have not been directly observed. Fusion of influenza virus with its much simpler
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pH-sensitive fusion trigger has previously been studied by observing the merging of viral
membrane envelopes with artificial liposomes using cryo Electron Tomography (cryoET)
(Chlanda et al., 2016; Gui et al., 2016; Lee, 2010) but HIV’s requirement for two cell
surface membrane proteins to trigger fusion has made in vitro reconstitution difficult. In
order to examine fusion of HIV at the plasma membrane with cryoET we have adapted
giant plasma membrane vesicles (GPMVs or blebs) as model target membranes. Blebs
are detached plasma membrane-derived vesicles that are much smaller than a cell and can
easily be frozen in thin, vitreous ice required for cryoET. Blebs produced from cells
expressing CD4 and CCRS incorporate these full-length proteins along with their native
lipid environment and post-translational modifications (Sezgin et al., 2012; Yang et al.,
2017). Although we reported earlier that the final fusion product of Murine Leukemia
Virus pseudoviruses bearing HIV Env and plasma membrane blebs can be visualized in
projection by cryo Electron Microscopy (Yang et al., 2017), we show here that this
system is ideally suited to image timed snapshots of 3D volumes, thus revealing multiple
stages of the HIV fusion process by cryoET . In this study, we used a combination of
cryoET and total internal reflection fluorescence (TIRF) microscopy with membrane
blebs from HIV target cells to reveal various steps of fusion between two biological
membranes, namely the HIV envelope and plasma membranes of susceptible cells.
Tomograms of pseudovirus particles vitrified after different incubation times with
CD4+/CCRS5+ cell membrane blebs reveal a timeline of HIV fusion.

Serinc3 and Serinc5 are recently described viral restriction factors (Rosa et al.,
2015; Usami et al., 2015) that are thought to block infection at cell entry, although the

exact mechanism remains the subject of debate. Serincs comprise a family of five plasma
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membrane proteins (Inuzuka et al., 2005) that, in the absence of the HIV accessory
protein, Nef, can incorporate into budding viral particles and decrease the infectivity of
those progeny viral particles (Zhang et al., 2017). While isoforms Serinc3 and Serinc5
can block infection of subsequent cells, other isoforms, including Serinc2, do not.
Previous work has suggested that Serincs may act at the very earliest steps of membrane
fusion by changing the conformation or clustering of unliganded Env (Chen et al., 2020),
as evidenced by increased binding of broadly neutralizing antibodies to Env on Serinc5
containing viral particles (Beitari et al., 2017; Schulte et al., 2018; Sood et al., 2017).
Serincs are integral membrane proteins that have been reported to be involved in lipid
synthesis (Inuzuka et al., 2005). The structure of Serinc5 was solved recently, features a
lipid binding groove involving four of its ten transmembrane helices, and is stabilized by
cholesterol, cardiolipin, and phospholipids (Pye et al., 2020). Despite these observations,
when incorporated into viruses, Serincs do not appear to detectably alter the composition
of the viral membrane (Trautz et al., 2017). Some investigators have also suggested that
Serinc incorporation may change the distribution of Env in the viral membrane (Firrito et
al., 2018). Yet others have interpreted Serinc5’s strong inhibition of infection to be
indicative of an effect on fusion pore enlargement that would prevent delivery of the viral
nucleocapsid into the cytosol (Rosa et al., 2015; Usami et al., 2015). This view was
supported by the observation of impaired fusion pore formation using live cell imaging of
HIV pseudovirus cell entry (Sood et al., 2017).

To elucidate at which step(s) Serincs might interfere with membrane fusion, we
used a combination of TIRF microscopy and cryoET to monitor the evolution of fusion of

viral particles with and without restricting and non-restricting Serinc isoforms in their
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envelopes. With TIRF microscopy, we examine the fusion behavior of individual Serinc-
containing and Serinc-lacking HIV pseudovirus particles to bleb-derived receptor- and
co-receptor-containing supported planar plasma membranes (SPPMs) and find that
Serinc3 and Serinc5, but not Serinc2, create bottlenecks to fusion at the hemifusion and at
the pore expansion stage. Serinc3 and Serinc5, but not Serinc2, alter the progression of
fusion and also reveal a subpopulation of new “cinched” structures not seen in the
absence of Serincs. The combination of cryoET and TIRF microscopy on blebbed plasma
membranes from receptor-expressing cells proved to be a powerful approach to reveal
striking 3D images of membrane structures during restricted and unrestricted HIV fusion
and thus provide the first structural as well as new functional insights on how Serincs

restrict HIV entry into cells.

2.3 Results

Plasma Membrane Blebs as Models for Studying HIV Membrane Fusion

An ideal model target membrane for HIV fusion requires receptor, CD4, and co-
receptor, CCR5 or CXCR4, in a lipid bilayer of size and geometry amenable to
fluorescence and cryo-electron microscopies. Reconstitution of recombinant CD4 and
CCRS into proteoliposomes could produce such a model membrane but would be labor
intensive, technically difficult, and still generate lipid bilayers lacking many components
of the target biological membrane. Production of GPMVs or blebs from HelLa cells is
relatively simple (Sezgin et al., 2012) and such vesicles can be derived from cells that
express CD4 and CCRS5 (Yang et al., 2017). Blebs also have the advantage of featuring

the native lipid composition of the plasma membrane and full-length proteins with
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mammalian post-translational modifications (Figure 2.1a). We have previously
established that blebs and SPPMs are good models for studying fusion of single Murine
Leukemia Virus particles pseudotyped with HIV Env in the absence of Serincs (Yang et
al., 2017). To validate the fusion behaviors of HIV viral particles with and without
Serincs for structural characterization by cryoET we therefore turn first to their
characterization by TIRF microscopy.

We prepared blebs from HeLa cells expressing CD4 and CCRS as described in
the Methods section. Detached blebs were transformed from their spherical geometry into
a SPPM by first depositing a lipid monolayer on a quartz slide via the Langmuir-Blodgett
method, followed by spreading of the blebs on that monolayer (Yang et al., 2017) (see
Methods). The resultant SPPM was then used as a target membrane with which to study
single-particle fusion via TIRF microscopy (Figure 2.1b). We modified our prior single
particle fusion assay by employing HIV pseudovirus particles bearing HIV Env and
engineered to incorporate a freely diffusible mCherry content marker (Sood et al., 2016).
When such particles were introduced into an SPPM from HeLa CD4"/CCR5" cells, we
observed videos such as the region of interest (ROI) shown in Figure 2.1¢c. A sudden
appearance of punctate fluorescence indicates binding of the particle to the SPPM. The
peak and mean intensities of the ROI shown in Figure 2.1c are plotted over time in Figure
2.1d. The fluorescence of the particle shown was stable over about 12 seconds and then
gradually declined to background fluorescence due to fusion and release of soluble
mCherry into the cleft between the supported membrane and the quartz slide. Many such
intensity traces were aligned to the onset of fusion, characterized by a peak due to initial

content movement within the evanescent excitation field, and averaged (Figure 2.1e).



42

This average intensity was fit to a release model as described in supplemental Figure 2.S1

where mCherry is released into the aqueous cleft and allowed to diffuse laterally. Given

the similarity of intensity traces of slow decay events to other previously published

descriptions of single-particle viral fusion (Floyd et al., 2008) and vesicle fusion (Alex J.

B. Kreutzberger et al., 2017) to supported membranes, we interpreted events such as

those shown in Figures 2.1c-e to represent stable binding followed by membrane fusion

and release of viral contents. Of the particles that bind to SPPMs, a higher fraction

undergo fusion to CD4- and CCR5-containing membranes than to receptor-lacking

membranes prepared in the same manner, which indicates this process is HIV receptor

dependent (Figure 2.1f1).

a > L
25mM Paraformaldehyde \ g Detach via shaking  ~~ 7
| &l 2mM DTT \ Purify i
\gAal, — - 2y - L\
' “n . & A
CD4 and CCR5 - <) »
expressing Hela Cells
/
L 1] .|

-

",

P,
S2
N5

Fuse

Bind

o
‘@’

" "
\' 4 mCherry

i

Bind

I W
95

T T T T T 1
100 105 110 115 120 125
Time (s)

1.75 pm

o
3

14
o

lized Peak Fluor

Fraction Particles Fused
o o
N &

Nor
o
°

Time (s)



43

Figure 2.1: Membrane Blebs as a Model for Studying Viral Fusion. (a) Cartoon
depicting protocol for making CD4 and CCRS containing blebs from HeLa cells.
Detached blebs are mixed with HIV pseudoviruses and frozen for cryoET or used to form
a SPPM as shown in panel b. (b) Cartoon showing discrete steps of HIV fusion to a bleb-
derived SPPM in a TIRF-based single-particle fusion assay. All pseudoviruses are grown
with a genetically encoded soluble content marker, mCherry, that upon fusion diffuses
out of the virus and into the cleft between the SPPM and the substrate (described in (Sood
et al., 2016)) (c) Example micrographs of an HIV pseudovirus particle with a diffusible
mCherry content marker fusing with a CD4 and CCRS5 containing SPPM. Each box
represents the same region separated in time by 0.2 seconds. (d) Fluorescence intensity of
the same particle is plotted over time where “peak” is the intensity of the brightest pixel
in the 7x7 region and “mean” is the average intensity of the same area. (e) 30 intensity
traces of fusing particles were aligned to the increase in intensity at the onset of fusion,
averaged (black squares show the mean, grey shaded area shows standard deviation), and
fit to a release model as shown in Supplemental Figure 2.S1 (red line). (f) The fraction of
stably bound particles that undergo fusion to SPPMs made with blebs from CD4 and
CCRS overexpressing HeLa cells or HeLa cells that do not express either. Each point

represents a separately prepared bilayer. Error bars show SEM.

Observation of HIV Membrane Fusion by CryoET
Previous work has observed HIV particles bound to a T cell with multiple

densities in between (Sougrat et al., 2007) but no work to date has directly observed
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subsequent steps of HIV membrane fusion and cell entry by cryoET. To obtain detailed
snapshots of HIV pseudovirus particles in the act of membrane fusion, we employed
GPMVs/blebs as target membranes for studying HIV fusion by cryoET. To increase the
likelihood of observing short-lived fusion intermediates between CD4- and CCRS5-
containing blebs and HIV pseudoviruses, we synchronized fusion by prebinding
pseudoviruses to blebs at 4°C, raising the temperature to 37°C for defined, brief times,
and then immediately freezing the samples for cryoET. As fusion of multiple pseudovirus
particles and blebs proceeds, one would expect the resulting membraned structure to be
larger than the starting components, which is confirmed by the data shown in Figure 2.2a
(red bars). The diameter of membraned particles increased as the mixture of pseudovirus
and bleb was warmed for a longer time before freezing. This increase was blocked by
addition of the fusion inhibiting peptide T20, which binds to the N-terminal heptad repeat
region of HIV gp41, the transmembrane and fusion promoting subunit of Env, and
prevents the six-helix bundle formation that is required for fusion (Liu et al., 2005).
Consistent with its described mechanism of action, T20 treated samples only showed
receptor mediated binding events (Figure 2.2a, blue bars and Figure 2.2b). Samples
without T20 that were warmed for 10 seconds before freezing showed multiple
structures—receptor mediated binding, hemifusion and early fusion products—while
samples that were warmed for 30 seconds showed only some residual receptor mediated
binding events (Figure 2.2a). Receptor binding at the later time point may represent
defective pseudovirus particles that are incapable of fusion and thus remain attached to
the bleb when other pseudoviruses have fused and are indistinguishable from blebs. The

majority of tomograms of samples warmed to 37°C for 30 seconds showed large
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membraned particles that we deem late fusion products, which is consistent with
measurement of those particle’s diameters.

Examination of tomograms of T20 treated samples (Figure 2.2b and
Supplementary Video 2.1) showed viral and target membranes in very close apposition
but with a cleft between the densities characterizing the surfaces of both membranes.
Additionally, densities extending from the viral membrane surface with a shape
reminiscent of HIV Env (orange arrow) meet densities extending from the bleb
membrane that intersect the Env-like density. There are no such densities in the area of
closest approach of the two membranes. A similar scene was observed in tomograms of
virus and bleb without T20 (Figure 2.2¢ and Supplementary Video 2.2) leading us to
classify such interactions of virus and bleb as receptor mediated binding, an early step of
HIV fusion. In samples frozen 10 seconds after warming, we also observed events where
there was no cleft between the membrane surfaces, but the line and curvature of the inner
leaflet surfaces of the viral and bleb membranes were still clearly demarcated and not
interacting (Figure 2.2d and Supplementary Video 2.3). Based on the similarity of these
events to those observed in previous studies of influenza A fusion with liposomes by
cryoET (Chlanda et al., 2016) we classify these events as hemifusion.

We observed a third class of events where a single lipid bilayer surrounds
contents of two different textures with a narrowing of the lipid bilayer around the
transition between textures (Figure 2.2¢). The texture of the smaller lobe is reminiscent of
the darker texture seen in viruses (Figures 2.2b-d), and densities extend from the
membrane around the smaller lobe that could be HIV Env. Similar events were

previously observed for influenza A membrane fusion with liposomes and classified as an
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early stage of fusion pore dilation (Lee, 2010) leading us to classify these events as an
early fusion product, likely a step when the fusion pore is dilating and the viral matrix
layer is dissociating. Similar events were also observed after Herpes Simplex Virus-1
fusion to the plasma membrane of whole cells (Maurer et al., 2008). In the samples
warmed at 37°C for 30 seconds before freezing, we observe some virus particles binding
to blebs (Figure 2.2a) but we mostly observe images such as seen in Figure 2.2f where
there is a single, large membraned particle. Closer examination of the densities
protruding from the membrane show multiple mushroom-like densities that may be HIV
Env (orange arrows) and others that resemble the Ig-fold of CD4 (white arrows). Given
the increase in particle size at 30 seconds and the presence of densities in the unified
membrane that could be contributed by both virus and bleb, we interpret similar
structures to be the result of pseudovirus-bleb full fusion, likely the products of multiple
rounds of virus and bleb fusion.

Initial studies were performed with a HEK 293T-based packaging cell line that
produces viral particles with 10-fold higher incorporation of HIV Env (Stano et al., 2017)
(Figure 2.2b) but we did not observe any increased fusion, as reported by mCherry
release, with high Env pseudoviruses vs. pseudoviruses produced from standard HEK
293T cells, so all subsequent studies were performed with SF162 HIV Env pseudoviruses
produced from transiently transfected HEK 293T cells. In summary, using CD4- and
CCRS5-containing blebs as a target membrane to study HIV membrane fusion by cryoET,

we have observed intermediates of HIV membrane fusion.
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Figure 2.2: Observation of HIV Membrane Fusion Intermediate Structures by
cryoET. (a) Membraned particle size and enumeration of fusion intermediates for each
sample treatment. Spherical CD4 and CCRS5 containing blebs were mixed with HIV
pseudoviruses on ice and warmed to 37°C for the indicated time before freezing on a grid
for cryoET. The number of intermediate structures observed for each condition (left y-
axis) and the maximum diameter in the z-direction of membraned particles in a

tomogram (red bars and right y-axis) were plotted. Data are from one set of matched
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samples prepared and frozen at the same time and are taken from 109 similar tomograms.
The number of tomograms for each treatment in this matched set is listed below the x-
axis. Error bars represent SEM. Welch’s t-test shown above data ** p<0.01, ns not
significant. Examples of each type of event are shown in panels b-f. (b-f) Z-slices through
tomograms of HIV pseudovirus and blebs. Additional slices at higher zoom are shown on
the right and labeled with their slice number in the Z-direction. Tomograms are shown
with cryoCARE denoising to enhance contrast for display. Scale bars are 100 nm unless
otherwise indicated. Videos showing the complete tomograms and additional examples
can be found in the supplemental data. (b) Tomogram of V4 High Env HIV pseudovirus
and bleb mixture treated with 135 ng/mL T20. To highlight densities suggested to
represent Env (orange arrow) or could potentially be CD4 (white arrow), higher
magnification views are shown below with a 50nm scale bar. (¢c) Example tomogram
showing characteristics used to classify receptor mediated binding events. The mixture of
HIV pseudovirus and blebs with 40uM IP6 was warmed to 37°C for 10 seconds before
freezing. Defocus was -10 um. (d) Example tomogram showing characteristics used to
classify hemifusion events. The mixture of HIV pseudovirus and blebs with 40uM IP6
was warmed to 37°C for 10 seconds before freezing. Defocus was -10 um. (e) Example
tomogram showing characteristics used to classify early fusion product events. The
mixture of HIV pseudovirus and bleb was warmed to 37°C for 10 seconds before
freezing. These types of events were relatively rare in the dataset. Defocus was -6 um. (f)
Example tomogram of HIV pseudoviruses and blebs warmed to 37°C for 30 seconds,

which likely represents the product of multiple rounds of membrane fusion. Densities
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extend from the membrane that resemble HIV Env (orange arrows) and CD4 (white

arrows). Defocus was -6 um.

Effects of Serincs on HIV membrane fusion

We next applied both TIRF microscopy and cryoET to study fusion of Serinc-
containing HIV Env pseudoviruses. There was a decrease in Serinc2 and Serinc3-
containing HIV pseudovirus particles binding to CD4- and CCR5-containing SPPMs as
compared to pseudoviruses that did not incorporate Serincs (Serinc-lacking) but no
significant difference for Serinc5-containing pseudoviruses (Figure 2.3a). However, of
the particles that did bind, Serinc3- and Serinc5-containing pseudoviruses displayed
impaired release of viral contents while Serinc2 pseudoviruses had a similar fusion
probability to Serinc-lacking viruses (Figure 2.3b), as seen by Sood et al. for Serinc5 and
Serinc2, respectively (Sood et al., 2017). The magnitude of Serinc3 and Serinc5
restriction was titratable with transfection of increasing amounts of Serinc plasmid
(Supplemental Figure 2.S3a). For those viruses from Serinc-containing samples that did
fuse, the kinetics of progression from binding to fusion pore opening were not
appreciably different compared to those for Serinc-lacking pseudoviruses (Figure 2.3c¢).
Kinetics of viral content release are similar to previously published measurement of
influenza A fusion to supported bilayers (Floyd et al., 2008). The Serinc3 and Serinc5
particles that do fuse are a smaller subpopulation that could have lower Serinc
incorporation. Infection of TZM-bl cells by the same preparations of HI'V pseudovirus
particles (Figure 2.3d) recapitulated the SPPM fusion results (Figure 2.3b) where Serinc3

and Serinc5 restricted HIV infection but Serinc2 did not, which is consistent with
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previously published infection results (Beitari et al., 2017; Dai et al., 2018; Passos et al.,
2019; Rosa et al., 2015; Schulte et al., 2018; Sharma et al., 2018; Shi et al., 2018; Sood et
al., 2017; Trautz et al., 2017; Usami et al., 2015). Similarly, the size of membraned
particles visualized by cryoET at 30 seconds after mixing of pseudovirus and blebs was
notably smaller in tomograms of Serinc3 and Serinc5 containing pseudoviruses and blebs
(Figure 2.3e). Even at the later, 30 second time point when most Serinc-lacking viruses
had progressed to late fusion products (Figure 2.2a), we visualized many hemifusion and
early fusion product events in tomograms with Serinc3 and Serinc5 pseudoviruses
(Figure 2.3f).

Most tomograms of Serinc2 pseudoviruses looked very similar to the late fusion
products seen with Serinc-lacking pseudoviruses at the same 30 second time point
(Figure 2.3g); in 15 tomograms of Serinc2 samples, we observed only one early fusion
product (Figure 2.3h). Strikingly, some of the early fusion products observed in Serinc3
(Figure 2.31 and 2.3j) and Serinc5 (Figure 2.3k and 2.31) tomograms show a cinching of
membraned particles and in the tomograms where viral capsids can be visualized, the
capsid does not pass the narrowed section (Supplemental Figure 2.S4). Together, the
higher resolution snapshots of Serinc-disrupted fusion obtained with cryoET and the
information on the dynamic process of HIV pseudovirus fusion to SPPMs from TIRF
microscopy, show that Serinc3 and Serinc5 incorporation increases the likelihood of
observing hemifusion and abnormal early fusion products and inhibits the opening of

fusion pores large enough for passage of soluble mCherry.
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13.3 minutes. HIV pseudovirus particles used in this experiment were labeled only with
an mCherry content marker. Each point represents a separately prepared SPPM. Three
separate preparations of each type of pseudovirus were examined. (b) Fraction of bound
HIV pseudovirus particles that underwent fusion, as reported by loss of mCherry content
marker. Each point represents a separately prepared SPPM. Data were collected from 5
experiments from 3 separate preparations of each type of pseudovirus. (c) Single-particle
kinetics of pseudovirus fusion. The time between docking and the beginning of fusion, as
reported by loss of mCherry signal, was measured for individual viral fusion events; each
point represents an event. Events from five experiments and three separate HIV
pseudovirus preparations are shown for each type. In total, 336 Serinc-lacking events,
187 Serinc2 events, 95 Serinc3 events, and 88 Serinc5 events are shown. (d) Infection of
TZM-bl reporter cells by an equal amount of each type of HIV pseudovirus as measured
by HIV p24. Data shown are from three separate preparations of pseudovirus and three
infection experiments. For each experiment, the luciferase signal was normalized to the
Serinc-lacking signal from a parallel preparation of virus examined in the same
experiment. Error bars are SEM. (e) Maximum diameter in the z-direction of membraned
particles in a tomogram after mixing with CD4- and CCR5-containing blebs and warming
to 37°C for 30 seconds before freezing for cryoET. Each point represents a tomogram.
Error bars show SEM. (f) Enumeration of fusion intermediate structures observed in
tomograms of Serinc-lacking or Serinc-containing HIV pseudoviruses. The number of
tomograms for each treatment is listed below the x-axis. (g-1) Z-slices through
tomograms of Serinc-containing HIV pseudovirus and blebs that were warmed to 37°C

for 30 seconds before freezing for cryoET. Tomograms are shown with cryoCARE
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denoising to enhance contrast for display except where noted. Scale bars are 100 nm. (g)
Representative image of tomograms of Serinc2 containing HIV pseudoviruses (h) the
only early fusion product event observed in all tomograms of Serinc2 pseudoviruses and
blebs. Both tomograms were prepared with 40uM IP6 and acquired at -10 um defocus. (i-
J) Representative images of early fusion products of Serinc3 containing pseudoviruses
from different tomograms. 1 was acquired with -4 um defocus and j was prepared with
40uM IP6, taken at -10 um defocus, and is shown with non-anisotropic diffusion
filtering. (k) Representative image of an early fusion product of Serinc5-containing
pseudovirus and blebs. (1) an enlargement of the top image. The tomogram was taken at -
5 um defocus. Welch’s two-tailed t-test shown above data p<0.05, **p<0.01,

*Ex%p<0.0001, ns=not significant.

Perturbations of Membranes Rescues HIV Fusion from Serinc Restriction

To better understand the step at which Serinc3 and Serinc5 restrict HIV fusion,
we incorporated a fluorescent lipid, Atto488-DMPE, into the membrane of HIV
pseudoviruses (Figure 2.4a). Since membrane dyes have been reported to alter the
efficiency and kinetics of viral fusion (Rawle et al., 2019), we selected a phospholipid
conjugated to a non-membrane interacting fluorophore (Hughes et al., 2014) that should
have less of an effect on fusion and indeed, we observed the same fusion efficiency for
Serinc-lacking pseudoviruses whether they were or were not labeled with Atto488-DMPE
(Supplemental Figure 2.S5). Fluorophore-conjugated phospholipids do not readily flip
across a lipid bilayer (Blumenthal et al., 2002) so the dye is largely confined to the outer

leaflet of the viral membrane (Supplemental Figure 2.S6). Upon lipid mixing of the viral
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and target membranes, as occurs during hemifusion, the punctate fluorescence of the
membrane dye diffuses into the bilayer (Supplemental Figure 2.S7). When dual mCherry
and lipid labeled HIV pseudoviruses were allowed to fuse with a SPPM, no difference
was seen in fusion probability between Serinc-lacking and Serinc-containing viruses as
reported by the membrane dye (Figure 2.4b, green bars). However, incorporation of
Atto488-DMPE increased the full fusion (content release) probability of Serinc3- and
Serinc5-containing viruses, as reported by the mCherry content marker (Figure 2.4b, red
bars compared to Figure 2.3b). This is in contrast to the behavior of mCherry singly-
labeled particles where a clear diminution of content release was seen for Serinc3 and
Serinc5-containing particles vs. Serinc-lacking particles (Figure 2.3b). Labeling the virus
with Atto488-DMPE increases the speed of fusion pore opening of all types of
pseudoviruses (Figure 2.4¢) but there are no significant differences in the speed of lipid
mixing, i.e. hemifusion, of Serinc-lacking and Serinc-containing pseudoviruses as
reported by the membrane dye (Figure 2.4d). Changes in fusion probability and speed
with Atto488-DMPE treated pseudovirus could be the result of changes in lipid order of
the viral membrane.

The antifungal agent, Amphotericin B, is known to partition into membrane
interfaces and to induce local changes in lipid order (Dufourc et al., 1984), as may occur
in Atto488-DMPE treated viruses. We found that 1 uM of Amphotericin B increased
HIV pseudovirus infection of TZM-bl cells for Serinc5 containing pseudovirus with a
trend towards increase for Serinc3 containing particles. In contrast, Amphotericin B had
little effect on the infectivity of Serinc-lacking or Serinc2 containing particles (Figure

2.4e). In the single-particle SPPM fusion assay, 1 uM Amphotericin B rescued fusion of
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Serinc3 and Serinc5 containing pseudoviruses but had no effect on Serinc-lacking or
Serinc2 pseudoviruses (Figure 2.4f). Therefore, it appears that perturbation of the viral
membrane with lipophilic drugs such as Amphotericin B or incorporation of exogenous
lipids such as Atto488-DMPE can rescue Serinc3- and Serinc5-restricted HIV membrane

fusion.
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Figure 2.4: Perturbation of the viral membrane rescues HIV fusion and infection
from Serinc restriction. (a) Cartoon depicting SPPM fusion experiment with double-
labeled HIV pseudovirus. Since the vast majority of the Atto488-DMPE fluorescent
membrane dye is in the outer leaflet of the viral membrane (supplemental data), both
hemifusion and full fusion are reported as decay of the Atto488 fluorescence. Only full
fusion is reported as decay of mCherry fluorescence. (b) Fraction of bound HIV
pseudovirus particles that underwent fusion, as reported by loss of mCherry content
marker (red) or lipid mixing, as reported by loss of Atto488 fluorescence from membrane
dye (green). Data are from four separate experiments with two technical replicates for
each. Error bars are SEM. Unpaired two-tailed t-test shown above data. All comparisons
not shown are not significant. (¢) Comparison of single-particle kinetics of Atto488-
DMPE labeled vs. non-membrane labeled pseudovirus fusion. The time between docking
and the beginning of fusion was measured for individual viral fusion events. Each point
represents an event and events are from four experiments. In total, 462 mCherry content
only (unlabeled) events, 536 membrane-reported fusion events from Atto488-DMPE
labeled pseudovirus, and 330 content-reported fusion events from Atto488-DMPE
labeled pseudovirus are shown. (d) Single-particle kinetics of Atto488-DMPE reported
pseudovirus fusion. The time between docking and the beginning of lipid mixing was
measured for individual viral fusion events; each point represents an event and events are
from four experiments. In total, 536 Serinc-lacking events, 373 Serinc2 events, 459
Serinc3 events, and 485 Serinc5 events are shown. (e) Infection of Amphotericin B-
treated TZM-bl cells by Serinc-containing or -lacking HIV pseudoviruses. Cells were

pretreated with 1 uM Amphotericin B for 30 minutes before spinfection with HIV
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pseudoviruses, also in media with 1 uM Amphotericin B. Data shown represent three
separate preparations of pseudovirus and three infection experiments. Untreated data are
replotted from Figure 2.3d for comparison. Error bars are SEM. Paired two-way t-test
shown above data (f) Fraction of bound HIV pseudovirus particles that underwent fusion,
as reported by loss of mCherry content marker. Each point represents a separately
prepared SPPM. Untreated data are replotted from Figure 2.3b for comparison.
Amphotericin B treated data were collected from 3 experiments from 3 separate
preparations of each type of pseudovirus. Unpaired two-tailed t-test shown above data

*p<0.05, **p<0.01, ****p<0.0001, ns=not significant.

2.4 Discussion

In this study, we demonstrated that plasma membrane blebs are very useful
biological target membranes to study HIV membrane fusion with the powerful
combination of cryoET and TIRF microscopy. The two methods assess structural
intermediates and correlate them with functional states, respectively. The necessity of
two membrane protein receptors to trigger HIV fusion previously made in vitro
reconstitution of HIV fusion challenging but blebs from HIV target cells enable use of the
full-length receptor (CD4) and co-receptor (CCRS) in multiple modalities. With such
blebs, we have observed high-resolution snapshots of HIV membrane fusion intermediate
structures and characterized the bottlenecks of HIV fusion caused by the HIV restriction
factors, Serinc3 and Serinc5. This would likely not have been possible to achieve with

whole cells because flash-frozen samples would have been too thick in most locations of
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a cell to result in high resolution tomograms of a process that is rare and therefore hard to
capture.

We observed an increase in the number and types of fusion intermediate
structures visualized by cryoET in Serinc3 and Serinc5-containing samples (Figure 2.3f)
as well as a strong defect in content release from Serinc3 and Serinc5-containing particles
by TIRF (Figure 2.3b). This suggests that Serinc3/5 inhibit full fusion of HIV particles
without targeting one particular step in the fusion process. It is already known that the
energy required for each step during the fusion reaction increases along the fusion
pathway (Cohen and Melikyan, 2004; Kawamoto and Shinoda, 2014), so it is plausible
that Serinc3/5 increase the energy barriers between the intermediate states. Consequently,
most particles are unable to complete the final step (pore expansion) but instead populate
intermediate states. Broad energetic changes could also explain the abnormal, “cinched,”
early fusion products observed by cryoET that appear unable to fully dilate a fusion pore
(Figure 2.3f, 1, j, and 1). These membrane structures are undetectable by TIRF microscopy
because such wide fusion pores do not impede content (mCherry) release (Supplemental
Figure 2.1) and could only be seen in the cryo electron tomograms of HIV target cell
membrane blebs.

Examination of the kinetics of fusion by TIRF microscopy shows no slowing of
lipid mixing (Figure 2.4d) or content release (Figure 2.3¢) of Serinc-containing viruses
that do fuse under these conditions. One possible explanation is that the transition state
energies of hemifusion and small fusion pore opening are unchanged by Serinc3/5.
Together with the observation of hemifusion and cinched early fusion product events in

tomograms of Serinc3 and Serinc5 containing virus at the later, 30 second time point, it
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may be that Serinc3/5 containing virus particles can complete the earlier intermediates of
fusion but are slowed at later intermediate steps.

Interestingly, we discovered that treatment of HI'V pseudoviruses with the
membrane partitioning antifungal, Amphotericin B, has little effect on infection or fusion
of Serinc-lacking pseudoviruses but increases infection and rescues fusion of Serinc3 and
Serinc5 pseudoviruses, regardless of whether viral or target membranes are treated
(Figure 2.4e and 2.4f). Since Amphotericin B partitions into membranes and thereby
alters the headgroup structure of the lipids at the membrane-water interface, this finding
indicates that Serinc’s inhibitory activity on membrane fusion likely involves its
interaction with the membrane interface. This view is supported by similar results that
were obtained by the lipid headgroup altering fluorescent dye Atto488-DMPE. While it
was recently shown that Serinc$ itself selectively binds certain lipids (Pye et al., 2020),
our results strongly suggest that Serinc-lipid interactions are important for HIV
restriction. How exactly this membrane interactive activity of Serinc relates to the
recently described lipid binding grove on Serinc5 is not known and cannot be addressed
with the methods employed in this study, but would be interesting to follow up on in
future experiments.

In summary, we revealed three-dimensional structures of various intermediates on
the pathway of HIV virion to plasma membrane fusion at resolutions not previously seen.
We also demonstrated that the viral envelope-embedded restriction factors Serinc3 and
Serinc5 arrest fusion at multiple of these intermediate structures suggesting an underlying
mechanism with broad reaching changes to the energetics of fusion. These results provide

a new dimension to explain the mechanism of Serinc’s viral restriction function. In the
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process, we also showed that plasma membrane blebs are useful for studying HIV
membrane fusion in 3D by both cryoET and TIRF microscopy. The TIRF data on the
dynamics of fusion and the static cryoET snapshots of multiple fusion intermediate
structures complement each other. The methodology we developed could easily be used
to study membrane fusion and cell entry of other viruses, other types of membrane
fusion, and plasma membrane functions such as endocytosis, clustering of receptor

signaling molecules, and potentially, conformational changes of ion-channels.

2.5 Materials and Methods

Cell lines, reagents, and plasmids: HEK 293T/17 cells (ATCC) were maintained in
high glucose Dulbecco’s Minimum Essential Media (Gibco) supplemented with 10%
fetal bovine serum (Atlanta Biologicals), 1% antibiotic-antimycotic (Gibco), 1 mM
sodium pyruvate (Gibco), and 2 mM glutamine (Gibco). V4 high HIV Envelope cells
were a gift from Michael Zwick (Stano et al., 2017) and were maintained in the same
medium as the HEK 293T/17 cells supplemented with 1 pg/mL puromycin (Gibco).
HeLa cells (ATCC), TZM-bl cells (AIDS Reagents Program) and CD4 and CCR5
overexpressing HeLa cells (gift of David M. Rekosh, University of Virginia) were
maintained in Iscove’s Modified Dulbecco’s Medium (Gibco) supplemented with 10%
fetal bovine serum and 1% antibiotic/antimycotic. The medium of the CD4 and CCR5
overexpressing HeLa cells was supplemented with 0.5 mg/mL of G418 (Gibco), and 1

png/mL puromycin. All cells were maintained at 37°C with 5% CO; atmosphere.
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pHIV-luciferase, pHIV-Rev, and pHIV-pack were gifts of Wen Yuan (University of
Virginia). pHIV-Env-SF162 was provided by the AIDS Reagent Program. pHIV-
imCherry (Sergi et al., 2013) was a gift of Gregory Melikian (Emory University). pPBJ5-
Serinc2-HA was a gift of Massimo Pizzato (University of Trento) and pPBJ5-Serinc3-
HA and pPBJ5-Serinc5-HA were gifts of Heinrich Gottlinger (University of

Massachusetts Medical School, Wooster).

HIV pseudovirus preparation: HIV pseudoviruses were produced by transfection of
HEK 293T cells (ATCC) with Lipofectamine 2000 (Invitrogen) and the following
amounts of plasmids per 10 cm dish: 13 pug pHIV-luciferase, 5 ug pHIV-pack, 4 ng
pHIV-Env-SF162 (Cheng-Mayer et al., 1997; Stamatatos et al., 2000, 1998), 4 ug pHIV-
imCherry, 1 ng pHIV-Rev and 4ug of pBJ5-Serinc2-HA (Rosa et al., 2015), pBJS5-
Serinc3-HA (Usami et al., 2015), or pBJ5-Serinc5-HA (Usami et al., 2015) as indicated
in text. “High Envelope” HIV pseudoviruses were produced in the previously described
V4 cell line (Stano et al., 2017) with the same amounts of plasmids excluding pHIV-Env-
SF162. Culture media was changed 4-6 hours after transfection to phenol-red free
DMEM supplemented with 10% FBS, 1% antibiotic-antimycotic, | mM sodium
pyruvate, and 2 mM glutamine. Culture supernatants were harvested 2 days after
transfection and cleared by centrifuging 5000xg before passing through a 0.22 um filter.
HIV pseudoviruses were pelleted through a 25% sucrose-HME (20 mM HEPES, 20 mM
morpholineethanesulfonic acid [MES], 130 mM NaCl, 1 mM EDTA [pH 7.4]) cushion as
previously described (Hulseberg et al., 2019) and resuspended in buffer HME without

sucrose. Pseudovirus preparations were further purified by density dependent
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centrifugation on a discontinuous sucrose gradient composed of 65% sucrose-HME and
25% sucrose-HME spun 151,000xg for 18 hours. Pseudovirus was collected from the
65%/25% sucrose interface, diluted in buffer HME without sucrose, and repelleted
through a 25% sucrose cushion. After resuspension in buffer HME without sucrose, the
pseudovirus preparation was aliquoted and stored at -80°C. Additionally, the
concentration of HIV p24 in each preparation was measured by ELISA (Toohey et al.,
1995; Wehrly and Chesebro, 1997) and used to normalize the amount of pseudovirus
added to downstream experiments. Each preparation of virus was checked for
incorporation of Serincs by western blotting against the HA tag (Supplemental Figure
2.S8) with a Rat anti-HA antibody (3F10, Roche) normalized to p24 as detected by
Human anti-HIV Immune Globulin (AIDS Reagent Program) (Cummins et al., 1991).
For some preparations of virus, a small amount was surface biotinylated with sulfo-NHS-
LB-biotin (Thermo Scientific) before western blotting with detection by streptavidin-

IR680 (LiCor Biosciences).

Infection of TZM-bl cells (Derdeyn et al., 2000; Platt et al., 2009; Takeuchi et al., 2008;
Wei et al., 2002) by HIV pseudoviruses was performed as previously described (Sarzotti-
Kelsoe et al., 2014) and firefly luciferase activity was measured two days post-infection
with the BriteLite reagent (Perkin Elmer) in a plate reader (Flex Station M5, Molecular
Devices). Pelleted HIV pseudovirus preparations were diluted in Opti-MEM (Gibco) to
the same concentration of p24 to ensure equal loading of viral particles. For infection
assays performed with Amphotericin B (Bio Basic), cells were pre-treated with 1 uM

Amphotericin B diluted in Opti-MEM or Opti-MEM alone for 30 minutes before HIV
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pseudoviruses, diluted in 1 uM Amphotericin B in Opti-MEM or Opti-MEM alone, were

added.

For some TIRF experiments, a fluorescent membrane label, Atto488-
dimyristoylphosphatidylethanolamine (DMPE) (Millipore-Sigma), was incorporated into
the viral membrane. Atto488-DMPE was dried on the bottom of a glass test tube to
remove chloroform/methanol solvent and resuspended in buffer HB (20 mM HEPES, 150
mM NaCl [pH 7.4]) to a concentration of 1.8 ug/mL. HIV pseudovirus was diluted to a
concentration of 2 ug/mL, as measured by p24, in buffer HB and mixed in a 1:3.5 ratio
with the dye suspension. The mixture was incubated at room temperature in the dark for 2
hours on a rotary spinner. To remove free Atto488-DMPE, the HIV pseudovirus mixture
was diluted up to 1.5 mL in buffer HB and pelleted by spinning at 21,000xg for 1 hour at
4°C. The viral pellet was washed in an additional 1.5 mL of buffer HB and pelleted
again. Atto488-DMPE labeled HIV pseudoviruses were used within 24 hours. For TIRF
experiments with Atto488-DMPE labeled virus, the chamber with the SPPM was washed

with 3 mL of buffer HB and allowed to equilibrate before pseudovirus was introduced.

Plasma Membrane Bleb Preparation: Blebs were produced from HeLa cells (ITCC) or
HeLa cells overexpressing CD4 and CCRS5 by previously published methods(Sezgin et
al., 2012; Yang et al., 2017). Briefly, when cells reached 90% confluence, they were
washed twice with blebbing buffer (10 mM HEPES, 150 mM NaCL, 2 mM CaCl2, pH
7.4) and blebbing was induced by replacing buffer on the cells with 5 mL of 25 mM

formaldehyde (J.T.Baker) and 2 mM Dithiothreitol (DTT) diluted in blebbing buffer and
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incubating the cells at 37°C, 5% CO- for 45 minutes. After 45 minutes, blebs were
detached from cells by shaking on a radial shaker at room temperature for 1 hour before
the supernatant was collected and cleared of large cell debris by centrifuging and 100xg
for 10 minutes. Blebs were pelleted at 20,000xg for 1 hr and washed twice in blebbing
buffer without DTT or formaldehyde. Blebs used for cryoET were washed and
resuspended in blebbing buffer without calcium and filtered through an 800nm filter. For
select cryoET experiments, 40uM inositol hexaphosphate (IP6) was added to wash and

resuspension buffers.

TIRF Supported Lipid Bilayer Fusion Assay:

Supported planar plasma membranes derived from blebs were prepared as previously
described (Kalb et al., 1992; Wagner and Tamm, 2000; Yang et al., 2017). Quartz slides
were cleaned in piranha solution (95% H2SO4 and 30% H>O: in a 3:1 ratio) and rinsed in
12 liters of deionized water. Next, a lipid monolayer composed of 4:1 brain
phosphatidylcholine and cholesterol (Avanti Polar Lipids) with 3% 1,2-dimyristoyl-sn-
glycero-3-phosphoethanolamine-PEG3400-triethoxysilane was deposited on the quartz
slide by the Langmuir-Blodgett method. A chloroform solution of the lipid mixture was
applied to a Nima 611 Langmuir-Blodgett trough and after letting the solvent evaporate
for 10 minutes, the lipid layer was compressed at a rate of 10 cm?/min to a pressure of 32
mN/m. A cleaned, rinsed, and dried quartz slide was rapidly dipped (68 mm/min) and
slowly removed (5 mm/min) from the trough and then dried in a desiccator chamber

overnight.
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The slide was then assembled into a custom-built microscopy flow cell (Appendix B) and
plasma membrane blebs diluted in blebbing buffer without DTT or formaldehyde were
flowed in to form the outer leaflet of the supported planar plasma membrane. After 2
hours at room temperature, the flow cell was washed with multiple volumes of blebbing
buffer, then multiple volumes of HME buffer, and transferred to a prism-based TIRF
microscope. The sample was excited with a 561nm diode laser (OBIS 561 nm LS,
Coherent) at an angle of 72 degrees from normal and emission light was filtered through
a dichroic mirror (DC565, Semrock) and a band-pass filter (BP605/50, Semrock). For
double labeled (membrane and content) experiments, the sample was excited with both a
488 nm (OBIS 488 nm LX, Coherent) laser and the 561nm laser. Emission light from
both labels was filtered by a dichroic mirror (DC-Di-493/574, Semrock) before the
combined light was split in two bands by an optosplit (Optosplit II, Andor Technology)
equipped with a dichroic mirror (DC562, Semrock) and two band pass filters (BPS525/50
and BP607/70, Semrock). Video was recorded by an EMCCD (DV887ESC-BV, Andor
Technology) in frame transfer mode with an exposure time of 0.2 s for 13.3 minutes as a
dilution of HIV pseudovirus totaling 16 ng of p24 as measured by ELISA was flowed
into the chamber. Laser intensity, shutter, and camera were controlled by a custom

LabView program (National Instruments).

Intensities of single particles over time were extracted with a custom-built LabView
program and classified as representing binding without fusion or binding with fusion
based on the following criteria: a rapid increase in intensity followed by multiple frames

of similar intensity without translation of the particle more than 4 pixels was classified as
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binding. If the intensity of the particle remained the same for the duration of the
acquisition or slowly bleached over 10 seconds or more, this was considered binding
without fusion. If the intensity of a bound particle decreased to background in one frame
(0.2 s), this was considered an unbinding event. If the intensity of a bound particle
decreased to background with a characteristic curve as shown in Figure 2.1e, it was

classified as binding with fusion.

CryoET of HIV Pseudoviruses and Membrane Blebs: Temperature was used to
synchronize HIV membrane fusion before freezing. HIV pseudovirus particles were
mixed with 10 nm colloidal gold fiducials and CD4 and CCRS5 containing membrane
blebs in a thin walled PCR tube on ice for 1 minute. The PCR tube was then transferred
to a heat block set at 37°C for either 10 or 30 seconds. The HIV/bleb/gold mixture was
rapidly transferred to a C-Flat 2/2-3C or Quantifoil 2/2 grid (Electron Microscopy
Sciences), previously glow discharged with amylamine (Sigma), blotted, and frozen in
liquid ethane before storage in liquid nitrogen. To aid the visualization of viral capsids,
40 uM inositol-hexakisphosphate (IP6) (Dick et al., 2018) was added to the membrane
blebs before freezing for some samples as it is expected to leak out of blebs (Skinkle,
2019). The grids were imaged on a Titan Krios electron microscope operating at 300 kV
equipped with a Falcon 3 detector and controlled by Tomography 4.0 software
(ThermoFisher Scientific). Bidirectional tilt series of regions of interest were acquired
with 2 degree increments from -60° to +60°. Magnification was 29,000X, which yielded

a pixel size of 0.288 nm.
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Tilt series images were motion corrected with MotionCor2 (Zheng et al., 2017) (5 by 5
patch for 10 iterations with a tolerance of 0.5) and tomograms were reconstructed in
IMOD (Mastronarde and Held, 2017). High tilt views that were obstructed were
excluded. Gold fiducials were used for alignment. Aligned tilt stacks were binned by 4
and back projected to create tomograms. To enhance contrast for display, tomograms
were denoised by cryoCARE (Buchholz et al., 2018) with the following parameters:
binned by 6, training volumes: 1200, validation volumes: 120, volume dimensions:

64x64x64, training epochs: 200, steps per epoch: 75.

Classification criteria for HIV fusion intermediate structures shown by cryoET.
Receptor mediated binding: One membraned vesicle must be approximately 100-150nm
in diameter and show a continuous, medium density texture inside the membrane; we
classify this as a viral particle. The target membrane vesicle can be any size and must
have a less regular and lower density texture inside. At least one instance where a dark,
linear density extends between viral and target membranes is required. This distinguishes
particles that may be close by chance from those that are interacting. We did not

distinguish between loose binding or tight binding.

Hemifusion: Using the same definition of viral particle and target membrane above,
hemifusion is defined such that there is at least one section through a tomogram (binned
by 4) where the densities of the outer lipid leaflets of viral and target membranes are

indistinguishable but the curvature of the inner leaflet is unchanged.
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Early Fusion Product: There must be only one contiguous membrane and it cannot be
spherical but rather have some sort of narrowing. There must be either 1) demarcation of
different textures within the volume surrounded by the membrane, 2) clear evidence of
viral products like a capsid within the membrane, or 3) virus-like membrane proteins in a

lobe of approximately 100nm in diameter.

Late Fusion Product: There must be only one contiguous membrane and it must be
spherical without focal narrowing. It must be much larger than a virus (>200nm
diameter). It must have some evidence of viral proteins whether that is characteristic Env-

like densities in the membrane or virus-like textured density inside.
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2.6 Supplemental Figures and Video Legends:
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Fig. 2.S1. Model of mCherry content release from HIV pseudoviruses during fusion.
(a) Cartoon of pseudovirus mCherry content release model. We assume the mCherry
content is freely mobile within the virus and is released into the aqueous cleft between
SPPM and quartz slide at the onset of fusion pore opening with a specific release rate £;.
Within the cleft, mCherry diffuses in 2-dimensions with a characteristic diffusion
coefficient D (0.1 um?/s). Other numerical parameters of the model include the radius of
the viral particle R (55 nm) and the characteristic penetration depth d, of the evanescent

field at the quartz/water interface. The release rate k., was adjusted for each type of
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pseudovirus (no Serinc: (1000 s™!, Serinc 2: 100 s!, Serinc 3: 1000 s!, Serinc 5: 200 s™).
The model is a simplified, one step release model, based on the more complex release
model of secretory vesicles described in detail in Kreutzberger et al., 2017 (b-e). Average
content release traces of HIV mCherry pseudoviruses with model calculations based on
the parameters above. Individual fusion events for each virus were aligned to the peak at
the onset of fusion and intensities were normalized to the “binding state” before fusion.
Aligned and normalized traces were averaged and the mean (black squares) and standard
deviation (grey shaded area) were plotted. (b) Serinc-lacking pseudovirus content release.
Average represents 35 individual fusion events. (c) Serinc2 pseudovirus content release.
Average represents 32 individual fusion events. (d) Serinc3 pseudovirus content release.
Average represents 32 individual fusion events. () Serinc5 pseudovirus content release.

Average represents 39 individual fusion events.
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Receptor Mediated Binding

samples were supplemented with IP6. Tomograms were all prepared with additional
IP6 and are shown with cryoCARE denoising to enhance contrast for display. Scale bars
are 100nm. (a) Example of receptor mediated binding (b) example of hemifusion with a
wider area of contact (¢) example of hemifusion with a narrower contact (d) Early fusion

where a viral capsid and an enclosed vesicle can be seen. Many blebs are multilamellar
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(like the bleb in panel b) whereas viruses are never multilamellar. Additional views of the

boxed areas at different slices in the z direction are shown to the right.
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Fig. 2.S3. Titration of Serinc3 and SerincS’s viral incorporation and inhibition of
viral content release. (a) Fraction of bound HIV pseudovirus particles that underwent
fusion, as reported by loss of mCherry content marker. Each point represents a separately
prepared bilayer. No Serinc and 4 pg data reproduced from Figure 2.3b for comparison.
All other data collected from 3 experiments and 1 preparation of HIV pseudovirus. (b,c)
The pBJ5 Serinc plasmids are expressed as C-terminal fusion proteins with an HA tag
which was used for detection of Serinc incorporation in HIV pseudoviruses by western
blot (green channel). The concentration of p24 in each preparation was measured by

ELISA and a roughly normalized amount of pseudovirus was loaded. p24 was detected
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by mouse anti-p24 (red channel). The expected molecular weights are 53kDa and 47kDa
for Serinc3 and Serinc5 respectively. (b) Titration Serinc3 incorporation into HIV
pseudoviruses. The mass of pBJ5-Serinc3-HA plasmid transfected per 10 cm? plate is
indicated for each lane. (¢) Titration Serinc5 incorporation into HIV pseudoviruses. The
mass of pBJ5-Serinc5-HA plasmid transfected per 10 cm? plate is indicated for each lane.
The density of Serinc5 bands is consistently higher than the density of Serinc3 bands for

an equivalent amount of virus (see Figure 2.S7).

Serinc3 Early Fusion Products Serinc3 Hemifusion

fusion events. All images are single z-slices through tomograms of HIV pseudoviruses
mixed with CD4/CCRS5-containing blebs and warmed to 37°C for 30 seconds before
freezing. All scale bars are 100 nm. “v” designates a viral particle. (a) Serinc3 HIV
pseudovirus mixed with blebs. Defocus = -10 um. (b) Serinc3 HIV pseudovirus mixed
with blebs. Defocus = -4 um. (c) Serinc3 HIV pseudovirus mixed with blebs. Defocus = -

4 um. (d) Serinc3 HIV pseudovirus mixed with blebs. Defocus = -4 um. (e) Serinc5 HIV
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pseudovirus mixed with blebs. Defocus = -4 um. (f) Serinc3 HIV pseudovirus mixed with
blebs. Defocus =-10 um. (g) Serinc5 HIV pseudovirus mixed with blebs. Defocus = -4

pm. (h) Serinc5 HIV pseudovirus mixed with blebs. Defocus = -4 um.
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Fig. 2.S5. Atto488-DMPE labeling does not affect fusion of Serinc-lacking particles,
but increases fusion of Serinc3-containing particles. Fraction of bound HIV
pseudovirus particles that underwent fusion, as reported by loss of mCherry content
marker. Each point represents a separately prepared SPPM. Data are paired repeats from
a single experiment. The same preparation of HIV pseudovirus was used for each set of
conditions (Serinc-lacking or Serinc3, respectively). The virus for the “No Serinc from

freezer” condition was thawed immediately before the experiment, diluted in buffer, and
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added directly to the SPPM without modification. The mock labeled conditions were
treated with the same buffers, incubations, and centrifugations alongside the Atto488-

DMPE labeled pseudovirus but without the addition of the lipid. Error bars are SD.
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Fig. 2.S6. Atto488-DMPE is mostly confined to the outer leaflet of the viral
membrane. HIV pseudoviruses were labeled with Atto488-DMPE as described in the
Methods section and fluorescence was measured in a plate reader (Exc 488nm, Em
514nm, Cutoff 505nm) before and after addition of cobalt chloride to quench solvent
accessible fluorophores. (a) Arbitrary fluorescence intensity (buffer fluorescence
subtracted) of HIV pseudoviruses before and after cobalt addition. Data are from one
experiment. Error bars show SD for 2 replicates of unlabeled No Serinc virus (b) The
same data as in panel a represented as percent of original fluorescence remaining after

cobalt addition.
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Fig. 2.S7. Average lipid mixing traces of HIV mCherry pseudoviruses labeled with
Atto488-DMPE. (a) Fluorescence intensity of a dual labeled (mCherry and Atto488-
DMPE) HIV pseudovirus particle fusing with an SPPM. (b) Example micrographs of the
membrane label for the particle shown in panel a. Each box represents the same region
separated in time by 0.2 seconds. (c-f) Individual events for each virus were aligned and
normalized in the same manner as the content release traces where events were aligned to
peak at the onset of fusion and intensities were normalized such that “binding” before
fusion was set to one and “baseline” after fusion was set to zero. Aligned and normalized
traces were averaged together and the mean (squares) and SD were plotted. Dissipation of

the Atto488-DMPE after lipid mixing would be expected to occur quickly via 2-
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dimensional diffusion of labeled lipids within the larger SPPM. The smaller peaks we
observe could be due to changes in the direction of the fluorescence dipole as the
spherical viral membrane collapses into the planar SPPM, as described by (Kiessling et
al., 2010). Averaged lipid mixing trace of Atto488-DMPE labeled (c) Serinc-lacking (d)

Serinc2 (e) Serinc3 (d) SerincS mCherry pseudoviruses.
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Fig. 2.S8. Protein incorporation into HIV pseudoviruses and effects on HIV
pseudovirus fusion. (a) The pBJ5 Serinc plasmids are expressed as C-terminal fusion
proteins with an HA tag which was used for detection of Serinc incorporation in HIV
pseudoviruses by western blot (green channel). The concentration of p24 in each
preparation was measured by ELISA and a normalized amount of pseudovirus was
loaded. p24 was detected by HIV Immune Globulin (red channel) and used for
normalization. Expected molecular weights of Serincs: Serinc2 51kDa, Serinc3 53kDa,

Serinc5 47kDa. (b) To assess surface glycoprotein incorporation, an equal amount of



virus as measured by p24 ELISA was surface biotinylated by sulfo-NHS-succinimide
ester before western blotting and detection by streptavidin-IR680 (red channel). (c)

Quantification of the ratio of the gp120 and p24 bands shown in b.
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Movie S1 (separate file). Z-slices through tomograms of HIV pseudovirus and blebs
treated with fusion inhibitor, T20. The video shows slices through the 3D volume of
the same tomogram as Figure 2.2b, moving from the bottom to the top. The pseudovirus
and bleb mixture was treated with 135 ng/mL T20. Tomogram is shown with non-

anisotropic diffusion filtering to enhance contrast for display. Scale bars are 100 nm.

Movie S2 (separate file). Z-slices through tomograms of HIV pseudovirus and blebs
showing receptor mediated binding. The video shows slices through the 3D volume of
the same tomogram as Figure 2.2¢, moving from the bottom to the top. The pseudovirus
and bleb mixture was warmed to 37°C for 10 seconds before freezing. Tomogram is

shown with cryoCARE denoising to enhance contrast for display. Scale bars are 100 nm.

Movie S3 (separate file). Z-slices through tomograms of HIV pseudovirus and blebs
showing hemifusion. The video shows slices through the 3D volume of the same
tomogram as Figure 2.2d, moving from the bottom to the top. The pseudovirus and bleb
mixture was warmed to 37°C for 10 seconds before freezing. Tomogram is shown with

cryoCARE denoising to enhance contrast for display. Scale bars are 100 nm.

Movie S4 (separate file). Z-slices through tomograms of Serinc2-containing HIV
pseudovirus and blebs. The video shows slices through the 3D volume of the same

tomogram as Figure 2.3g, moving from the bottom to the top. The pseudovirus and bleb
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mixture was warmed to 37°C for 30 seconds before freezing. Tomogram is shown with

cryoCARE denoising to enhance contrast for display. Scale bars are 100 nm.

Movie S5 (separate file). Z-slices through tomograms of Serinc3-containing HIV
pseudovirus and blebs. The video shows slices through the 3D volume of the same
tomogram as Figure 2.3h, moving from the bottom to the top. The pseudovirus and bleb
mixture was warmed to 37°C for 30 seconds before freezing. Tomogram is shown with

cryoCARE denoising to enhance contrast for display. Scale bars are 100 nm.

Movie S6 (separate file). Z-slices through tomograms of SerincS-containing HIV
pseudovirus and blebs. The video shows slices through the 3D volume of the same
tomogram as Figure 2.31, moving from the bottom to the top. The pseudovirus and bleb
mixture was warmed to 37°C for 30 seconds before freezing. Tomogram is shown with

cryoCARE denoising to enhance contrast for display. Scale bars are 100 nm.
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CHAPTER 3: SerincS restricts HIV membrane
fusion by altering lipid order and tension in the

viral membrane

Manuscript in preparation.

3.1 Abstract:

The host restriction factor, Serinc5, incorporates into budding HIV particles and
inhibits their infection by an incompletely understood mechanism. We have previously
reported that Serinc5 but not its paralogue, Serinc2, blocks HIV cell entry by membrane
fusion, specifically by inhibiting fusion pore formation and dilation. A compelling body
of work suggests Serinc5 may alter the conformation and clustering of the HIV fusion
protein, Env, although these changes would be expected to disrupt earlier steps in fusion
than pore dilation. To contribute an additional perspective to the developing model of
Serinc5 restriction, we assessed Serinc2 and Serinc5’s effects on HIV pseudoviral
membranes. Using a previously established TIRF-based single particle fusion assay, we
found that pre-treatment with exogenous phosphatidylethanolamine (PE) rescued HIV

pseudovirus fusion from restriction by Serinc5. This effect was specific for PE and did
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not depend on acyl chain length or saturation. Additionally, Serinc5 was found to
increase the portion of the viral membrane in an ordered phase by both fluorescence
lifetime imaging with an order and tension sensitive dye, FLIPPER-TR, and by
measuring pseudoviral membrane thickness via cryoEM. Together, these data suggest
Serinc5 alters multiple interrelated properties of the viral membrane—order, rigidity, line
tension, and lateral tension—which are predicted to alter the energies of fusion
intermediates to disfavor fusion completion. Understanding the mechanism of Serinc5
restriction could enable the development of novel antivirals that exploit the same viral

weaknesses.

3.2 Introduction:

Serinc5 is a recently described host restriction factor that incorporates into
budding HIV particles and inhibits infection at the cell entry step (Rosa et al., 2015;
Usami et al., 2015). While it is known to inhibit multiple steps of membrane fusion—
hemifusion, fusion pore opening, and fusion pore dilation (Sood et al., 2017; Ward et al.,
2020)—, the exact mechanism by which it does so remains uncertain. Many studies have
focused on the interaction between Serinc5 and the HIV fusion protein, Env,
demonstrating that Serinc5 alters Env conformation (Schulte et al., 2018; Staropoli et al.,
2019), antibody binding (Beitari et al., 2017; Sood et al., 2017) and clustering (Chen et
al., 2020). However, alterations in Env cannot fully explain the observed fusion defects
induced by Serinc5 incorporation. In current models of viral membrane fusion,
progression through early intermediate steps is driven by rearrangements of the viral

fusion protein (Harrison, 2015; White and Whittaker, 2016) but the penultimate step,
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fusion pore dilation, is driven by membrane tension and curvature (Kozlov and
Chernomordik, 2015). Disruption of fusion pore dilation as we previously observed
(Ward et al., 2020), suggests Serinc5 may alter properties of the viral membrane.

While it has already been shown that Serinc5 does not change the composition of
the viral membrane (Trautz et al., 2017), there are levels of organization of the membrane
which could be altered to change local concentrations of lipids. In model membranes, the
composition of the HIV membrane was shown to support liquid-liquid phase separation
(Huarte et al., 2016); areas enriched in saturated phospholipids, cholesterol and
sphingolipids with a more ordered packing of lipid acyl chains called liquid-ordered (L)
domains coexisting with liquid-disordered (L4) domains where unsaturated
phospholipids, less cholesterol and fewer sphingolipids pack in a more disordered manner
(Feigenson, 2006). As a consequence of ordered packing, membranes in an L, phase have
a higher lateral pressure and are several Angstroms thicker than membranes in an Lqg
phase (Levental et al., 2020). These two parameters can be reported by specific
fluorescent membrane probes (Ashdown and Owen, 2015; Colom et al., 2018; Niko et al.,
2016) and more recently, heterogeneity of membrane thickness was directly observed by
cryoEM (Cornell et al., 2020; Heberle et al., 2020). Additionally, the host plasma
membrane, from which the viral membrane is derived, has an asymmetric composition of
lipids where phosphatidylethanolamine (PE) and phosphatidylserine (PS) are actively
sequestered on the inner leaflet and are only present on the outer leaflet in times of
cellular stress (Lorent et al., 2020). In the HIV membrane, PS and PE are detectable in

the outer leaflet of the membrane (Amara and Mercer, 2015; Callahan et al., 2003; Chua
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et al., 2019; Huarte et al., 2016) and thus the asymmetry of the plasma membrane is
assumed to be lost in viral particles.

Previously, we have shown that membrane fusion of Serinc5-containing HIV
pseudoviruses is restored by incorporation of the exogenous lipid, Atto488-Dimyristoyl
PE (DMPE), and the lipophilic antifungal drug, amphotericin B, while fusion of HIV
particles containing the non-restricting paralogue, Serinc2, are unaffected (Ward et al.,
2020). These data suggest Serinc5 restriction may be dependent on the lipid environment
of the viral membrane. To address the hypothesis that Serinc5 alters lipid bilayer
properties of the HIV envelope, we systematically investigate the chemical and physical
properties of lipids required to overcome restriction by Serinc5 and the effects of Serinc5

incorporation on the order of the membrane of pseudoviral particles.
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Figure 3.1: A. Diagram of TIRF-based single HIV pseudovirus particle fusion assay.
Pseudovirus binding to a supported planar plasma membrane containing receptor and co-
receptor is reported as a sudden appearance of bright puncta that remains stationary for
several frames. Fusion is reported as a decrease in fluorescence over several frames as a

genetically encoded content marker, mCherry, diffuses away. B. Incorporation of
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Atto488-DMPE increases fusion of HIV pseudovirus particles containing Serinc3 and
Serinc5 but does not affect fusion of particles containing Serinc2 or No Serincs. Data
reproduced from Ward et al, 2020, with permission. *** p<(0.001. Each data point
represents the fraction of particles fused on a separately prepared bilayer. Each condition

includes data from at least three distinct preparations of pseudovirus.

3.3 Results:

Treatment of HIV pseudovirus particles with exogenous PE restores membrane
fusion, regardless of acyl chain length or saturation.

We used a previously described total internal reflection fluorescence (TIRF)-based,
single-particle fusion assay to examine the effects of pretreatment of HIV pseudovirus
particles with exogenous lipids (Figure 3.1A). Briefly, binding of pseudovirus particles
engineered to incorporate an mCherry content marker to a supported planar plasma
membrane containing CD4 and CCRS5 is reported as the sudden appearance of punctate
fluorescence. After remaining stably bound for several frames, the particle either fuses, as
reported by a decay of fluorescence as the mCherry content diffuses away over multiple
frames of recorded video, or becomes unbound from the membrane, reported by a sudden
drop in fluorescence intensity back to baseline over a single frame. We previously used
this assay to study fusion of HIV pseudoviruses labeled with Atto488-DMPE and found
incorporation of the fluorescent lipid specifically increased fusion of Serinc5-containing
HIV pseudoviruses (Figure 3.1B). DMPE modified at the headgroup with Atto488 is
chemically distinct from unmodified DMPE so we assessed the effects of exogenous

unmodified DMPE on fusion of HIV pseudoviruses incorporating Serinc5, Serinc2, or No
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Serinc (Figure 3.2). Additionally, we compared the effects of acyl chain length and
saturation by examining the fusion of pseudoviruses pre-treated with dipalmitoyl (DP),
dioleoyl (DO), and palmitoyl-oleoyl (PO) PE. Both saturated (DMPE and DPPE) and
unsaturated (DOPE) lipids increased fusion of Serinc5-containing pseudoviruses with
only minimal effect on Serinc2 and No Serinc pseudoviruses. This indicates the
restoration of fusion of Serinc5-containing pseudoviruses upon PE pretreatment is not
caused by the Atto488 modification that was previously used, but is a function of the PE
headgroup independent of acyl chain length or saturation. To further prove that the PE
headgroup is critical to counteract the fusion restriction of Serinc5, we pretreated
particles with palmitoyl-oleoyl-phosphatidylcholine (POPC) or POPS and found that
these lipids had no effect on fusion of any of the pseudoviruses tested. While fewer
particles incorporated fluorescently labeled PC than PE or PS (Supplemental Figure
3.S1A) and the amount of PC incorporated was lower than PE or PS (Supplemental
Figure 3.S1B), PS incorporation was equal to PE incorporation yet still failed to increase
fusion of Serinc5-containing particles, indicating the specificity of PE in overcoming
Serinc5-restriction of HIV membrane fusion. Due to their smaller headgroup and
hydrogen bonding capability, PEs are known to alter the lateral pressure profile and

hence membrane tension in lipid bilayers (Fan et al., 2016).
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Figure 3.2: PE pretreatment of HIV pseudoviruses specifically overcomes restriction

of fusion of Serinc5-containing particles. HIV pseudoviruses with or without Serincs

were treated with the lipids listed on the X-axis, separated from free lipids, and fusion in

a single-particle assay was assessed. A two-way ANOVA test was conducted to examine

the statistical significance of the effects of Serinc incorporation and lipid treatment on

HIV pseudovirus fusion. There was a statistically significant interaction between the two

factors, F(14, 88)=4.894, p<0.001. Tukey’s multiple comparisons test showed significant

differences in the means of the comparisons shown above (**** p<0.0001, ns not

significant). None of the No Serinc-Serinc2 comparisons were significant. Each data

point represents the fraction of particles fused on a separately prepared bilayer. Each

condition includes data from at least three distinct preparations of pseudovirus.

SerincS increases the portion of the viral membrane in an ordered lipid state

In order to examine if Serinc5 changes the order and tension of the lipid bilayer in the

HIV envelope, we labeled pseudovirus particles with the fluorescent membrane dye
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FLIPPER-TR. This push-pull fluorescent probe changes wavelength (red-shifted
excitation) and has a longer lifetime in membranes with increased lipid order and higher
lateral pressure (Colom et al., 2018; Dal Molin et al., 2015; Licari et al., 2020).
FLIPPER-TR has been used as a reporter of membrane order not only in lipid model
membranes but also in a variety of biological membranes in cells (Colom et al., 2018;
Dal Molin et al., 2015; Goujon et al., 2019). To calibrate the FLIPPR-TR method for
application to pseudoviruses, we first measured the fluorescence lifetimes of large
unilamellar vesicles (LUVs) stained with FLIPPER-TR (Figure 3.3, left). LUVs were
made of ternary lipid compositions previously reported to exist as all Lo, all Lqg, or co-
existing Lo/Lq phases (De Almeida et al., 2003; Ionova et al., 2012). As expected, we
observed long, short, and intermediate average lifetimes for Lo, L4, and Lo/Lqa LUVs,
respectively (Figure 3.3, left). HIV pseudoviruses were stained with FLIPPR-TR and
imaged in the same manner by fluorescence lifetime (FL) microscopy. The lifetime of the
dye in pseudovirus membranes without Serincs was similar to LUVs with coexisting L,
and Lqphases whereas the lifetime in pseudovirus membranes with Serinc5 was more

comparable to LUVs in the L, phase (Figure 3.3, right).
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Figure 3.3: Fluorescence lifetimes of the lipid order sensitive membrane dye,
FLIPPER-TR, in liposomes of defined lipid composition and in HIV pseudovirus
particles. Liposomes of compositions known to exist solely in L, (35/40/25,
SM/chol/POPC), solely Lq (25/5/70, SM/chol/POPC), or as a mixture of L, and Lqg
(40/20/40, SM/chol/POPC) phases were used as standards for comparison. Lifetimes
were determined by FL microscopy and average lifetimes of a given field of view are
plotted on the y-axis after background subtraction. Each data point is a field of view

within a single sample.

Increased membrane order is usually accompanied by an increase in membrane
thickness. However, it is not trivial to measure membrane thickness in biological
membrane samples, especially if the membrane itself contains coexisting areas of
variable thickness. This problem can be overcome by applying cryo-EM to LUVs and,
under favorable conditions, to plasma membrane-derived blebs as has been recently

shown by Heberle et al., 2020 and Cornell et al, 2020. In order to detect membrane
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thickness changes in the envelopes of native HIV pseudovirus particles, we flash-froze
such particles with Serinc2, Serinc5, or No Serincs and imaged them by cryoEM. The
distance between the two lines of density, or “troughs,” produced by the bilayer was
measured in 5 nm membrane segments as described previously (Heberle et al., 2020). To
calibrate our measurements of viral membrane thickness and to confirm consistency with
published results, we added LUVs of a composition that is known to support coexistence
of L, and L4 domains (Figure 3.4A). In agreement with previously published data, we
observed thicker and thinner portions of the lipid bilayer, indicative of coexisting L, and
L4 domains in the LUV model membranes. We also observed variations in thickness
within the membrane envelopes of individual HIV pseudovirus particles although the
height differences of thicker and thinner portions of the membrane were not as dramatic
as in LUVs (Figure 3.4A). The majority of the membrane area of HIV pseudoviruses with
Serinc2 appears thinner, and therefore, may be in a phase resembling the Lg phase of pure
lipid LUVs (Figure 3.4A). In pseudoviruses containing Serinc5, we also observed a
variation in the thickness of the membrane, but in this case a larger portion of the
Serinc5-containing membrane appears thicker, resembling the L, phase of pure lipid
LUVs (Figure 3.4A). The mean bilayer thicknesses were similar for No Serinc and
Serinc2 pseudoviruses but the distribution of Serinc5 pseudoviruses skewed towards
thicker membranes (Figure 3.4B). This skewed distribution may be attributable to the
known per particle variability in Serinc5 incorporation (Sood et al., 2017). The
distribution of particle sizes is comparable for HIV pseudoviruses with and without
Serincs and we detected no relationship between particle size and mean membrane

thickness (Supplemental Figure 3.S2). Examining membrane thickness at a higher level
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of granularity, the pseudoviral membrane segments did not fall into two easily discernible

populations like the 2-phase LUV controls, but they were more broadly distributed than a

single phase LUV (Figure 3.4C). These distributions include all segments from all

particles within a preparation and thus collapses measurements taken on single particles

to a bulk measurement. Similar to the per particle mean membrane thickness

distributions, the Serinc5 distribution skews to a larger bilayer thickness.
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Figure 3.4: SerincS incorporation heterogeneously increases membrane thickness of
HIV pseudovirus particles , as measured by cryoEM. A. Example micrographs with
membrane thickness (Dtr) overlay of HIV pseudoviruses or LUVs composed of a
20/40/35/5 ratio of Chol/DPPC/DOPC/POPG as LUV control. The measured distances
between intensity troughs (Drr) for 5 nm segments of the membranes were plotted as a
smoothed, colored overlay according to the scale on the right side of the image. B.
Distributions of the mean membrane thickness of HIV pseudovirus particles. Each point
represents one pseudovirus particle. C. Distribution of membrane thickness (Drr)
measurements of 5 nm segments of HIV pseudovirus or LUV membranes. 1-phase LUV
control composed of DOPC and 2-phase LUV control composed of a 20/40/40 ratio of
Chol/DPPC/DOPC. LUV distributions reproduced from Heberle et al., 2020. No Serinc
and Serinc5 conditions include data from two independent preparations of pseudovirus.

Serinc2 condition includes data from one preparation of pseudovirus.

3.4 Discussion:

In this study, we sought to understand the mechanism by which Serincs might
restrict HIV Env-mediated membrane fusion and hence entry of HIV particles into cells.
We previously established that Serincs 3 and 5, but not Serinc2, inhibit fusion pore
opening and constrict the widening of the fusion “neck” of virus particles fusing with
plasma membranes that were derived from HIV receptor and co-receptor expressing cells
(Ward et al., 2020). The constricted fusion necks could not be explained by Serinc3/5’s
possible function as a lipid binding or translocating integral membrane protein (Pye et al.,

2020; Trautz et al., 2017), nor by the observation that Serincs may alter Env
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conformation or clustering (Beitari et al., 2017; Chen et al., 2020; Schulte et al., 2018;
Sood et al., 2017; Staropoli et al., 2019). In an attempt to reveal how Serincs may inhibit
virus entry, we employed recently described fluorescence and cryoEM methods to assess
the importance of the viral membrane to the mechanism of Serinc5’s inhibition of HIV
membrane fusion. Our observation via two modalities that Serinc5 increases the order of
HIV pseudoviral membranes (Figures 3.3 and 3.4) provides an important perspective for
developing a complete understanding of Serinc5’s function.

As a result of increased order, the Serinc5 viral membrane is stiffer, which
increases the energy required to bend it into highly curved intermediates like hemifusion
stalks, diaphragms, and fusion pores (Figure 3.5). Increased membrane stiffness has been
shown to have an inhibitory effect on polyethylene glycol (PEG)-induced fusion (Fan et
al., 2016). Additionally, increasing the area of the membrane in ordered domains alters
line tension between domains and lateral tension in the viral membrane. Previous work
has shown that in phase separated viral and target membranes, minimization of the
energy of line tension drives HIV gp41-mediated fusion and that altering the
circumference of ordered domains in the target membrane promotes or inhibits fusion as
well (S.-T. Yang et al., 2016). Applying this simplified model to study the effect of
increased ordered domain area in a viral membrane of 110 nm diameter, we found that
increasing the fraction of the membrane in an ordered domain first increases and then
sharply decreases the contribution of line tension to the free energy change of fusion
(Supplemental Figure 3.S3). Thus, increased ordered domain area in a viral particle
would be expected to decrease fusion. The final step of fusion, fusion pore expansion, is

known to be dependent on lateral tension in the membrane (Kliesch et al., 2017; Kozlov
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and Chernomordik, 2015; Shillcock and Lipowsky, 2005; Staykova et al., 2011). Using a
tension-sensitive membrane probe (Colom et al., 2018; Dal Molin et al., 2015; Licari et
al., 2020), we have demonstrated that tension is decreased in membranes of Serinc5 virus
particles (Figure 3.3). Decreased lateral tension would be expected to inhibit fusion pore
expansion resulting in the increased frequency with which we observed “early fusion
products” with cinched membranes (Ward et al., 2020).

Our observation that PE selectively increases fusion of Serinc5-containing viruses
(Figure 3.2) is further demonstration of the importance of altered membrane tension for
Serinc5-mediated fusion inhibition. PE is known to enhance membrane fusion, especially
when preferentially incorporated into the exterior leaflet of the membrane (Chernomordik
and Kozlov, 2005; Churchward et al., 2008; Kreutzberger et al., 2017). As a wedge-
shaped molecule, PE induces frustrated negative curvature in the pre-fusion membrane,
increasing lateral tension in the headgroup region (Fan et al., 2016). Furthermore, if the
curvature of ordered and disordered domains differ, their interface would be highly
curved (Baumgart et al., 2003). PE’s intrinsic curvature may enable it to partition to the
domain boundary, thereby altering the energetic contribution of line tension to the fusion
reaction although this is speculative. The specific increase in fusion of Serinc5-containing
viruses demonstrates that Serinc5 alters membrane tension, which is reversed by addition
of exogenous PE.

We have also observed coexistence of ordered and disordered domains in HIV
pseudoviral membranes which, to our knowledge, is the first time phase separation has
been directly observed in a viral membrane. Bulk measurements of lipid order of HIV

particles has shown it is largely ordered but depends on the producing cell line (Lorizate
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et al., 2009). Phase separation has been observed in supported lipid bilayers made from

viral membrane lipid extracts (Huarte et al., 2016) but never intact viral particles.
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Figure 3.5: Theoretical model of energetic changes to fusion resulting from Serinc5-

induced ordering of the viral membrane. The free energy change of intermediate steps

along the fusion reaction (orange titles) is shown by the blue line. Proposed effects of

Serinc5-induced alteration of membrane order are listed in black below each intermediate

state although many of these properties are inter-related. The effect of increased order on

the contribution of line tension to the energetics of fusion is shown by the red dashed

line. Intermediate states are written in orange letters. Proposed effects of Serinc5-induced

membrane alterations written in black under the applicable intermediate state or in red for

the global changes.
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It was known that both Env and Serinc5 partition into ordered membrane domains
(Schulte et al., 2018; Schwarzer et al., 2014) and that Serinc5 disrupts clustering on Env
in the viral membrane (Chen et al., 2020). If clustering in the mature viral envelope is
driven by confinement of Env to ordered domains, increasing the area of ordered domains
could result in a loss of clustering. This is similar to the observation of lipid domain-
driven clustering of Influenza A hemagglutinin (Domanska et al., 2015; Goronzy et al.,
2018) but HIV particles have only 7-10 trimers per particle (Klein and Bjorkman, 2010;
Zhu et al., 2006, 2003) as compared to Influenza’s 300-400 trimers per particle (Harris et
al., 2006; Yamaguchi et al., 2008) making HIV even more reliant on Env clustering for
efficient fusion. Furthermore, the conformation of Env is known to be dependent on its
lipid environment (Salimi et al., 2020). Thus Serinc5-induced alteration of the local lipid
environment would also be expected to cause conformational changes in Env as have
been observed (Schulte et al., 2018; Staropoli et al., 2019). It is telling that the strongest
effect of Serinc5 incorporation on antibody binding to Env is on antibodies directed to the
membrane proximal external region (MPER) (Beitari et al., 2017; Sood et al., 2017).
Many monoclonal antibodies that recognize MPER also include the neighboring lipid
headgroups in the binding site (Chen et al., 2014; Rantalainen et al., 2020) so altered
membrane thickness and local composition would also be expected to affect anti-MPER
binding. As noted previously, changes in the function of Env would only be expected to
affect the early steps of membrane fusion that are dependent on conformational
rearrangements of Env. Changes to the properties of the viral membrane could also

explain the observed defects in progression of the later stages of fusion.
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Previously, we hypothesized that Serinc5 would need to cause “broad energetic
changes” to the membrane fusion process to accumulate arrested intermediates at every
step, as we observed (Ward et al., 2020). With the data presented in this work, we
provide details as to how Serinc5 can alter one property of the virus and disrupt nearly

every aspect of fusion, lending context to previous work in the field.

3.5 Materials and Methods:

Cell lines, reagents, and plasmids: HEK 293T/17 cells (ATCC) were maintained in
high glucose Dulbecco’s Minimum Essential Media (Gibco) supplemented with 10%
fetal bovine serum (Atlanta Biologicals), 1% antibiotic-antimycotic (Gibco), 1 mM
sodium pyruvate (Gibco), and 2 mM glutamine (Gibco). CD4 and CCRS5 overexpressing
HeLa cells (gift of David M. Rekosh, University of Virginia) were maintained in Iscove’s
Modified Dulbecco’s Medium (Gibco) supplemented with 10% fetal bovine serum and
1% antibiotic/antimycotic with 0.5 mg/mL of G418 (Gibco), and 1 pg/mL puromycin.

All cells were maintained at 37°C with 5% CO, atmosphere.

pHIV-luciferase, pHIV-Rev, and pHIV-pack were gifts of Wen Yuan (University of
Virginia). pHIV-Env-SF162 was provided by the AIDS Reagent Program. pHIV-
imCherry (Sergi et al., 2013) was a gift of Gregory Melikian (Emory University). pPBJ5-
Serinc2-HA was a gift of Massimo Pizzato (University of Trento) and pPBJ5-Serinc5-
HA was a gift of Heinrich Gottlinger (University of Massachusetts Medical School,

Worcester).
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The following compounds were purchased from Avanti Polar Lipids and used without
modification: brain phosphatidylcholine (bPC), egg sphingomyelin (SM), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine (POPE), 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE), 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine
(DMPE), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE), 1-palmitoyl-2-
oleoyl-glycero-3-phosphocholine (POPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG), 1-palmitoyl-2-{6-[(7-nitro-2-1,3-
benzoxadiazol-4-yl)amino]hexanoyl} -sn-glycero-3-phosphocholine (NBD-PC), 1-
palmitoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino |hexanoyl} -sn-glycero-3-
phosphoserine (NBD-PS), and 1-palmitoyl-2-{6-[(7-nitro-2-1,3-benzoxadiazol-4-
yl)amino]hexanoyl}-sn-glycero-3-phosphoethanolamine (NBD-PE). Cholesterol was
purchased from Sigma-Aldrich. 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-
PEG3400-triethoxysilane (DPS) was synthesized as described previously (Wagner and

Tamm, 2000).

HIV pseudovirus preparation: HIV pseudoviruses were produced as described before
by transfection of HEK 293T cells (ATCC) with Lipofectamine 2000 (Invitrogen) and the
following amounts of plasmids per 10 cm dish: 13 ug pHIV-luciferase, 5 ug pHIV-pack,
4 nug pHIV-Env-SF162 (Cheng-Mayer et al., 1997; Stamatatos et al., 2000, 1998), 4 ug
pHIV-imCherry, 1 ng pHIV-Rev and 4pg of pBJ5-Serinc2-HA (Rosa et al., 2015) or
pBJ5-Serinc5-HA (Usami et al., 2015) as indicated in text. Culture media was changed 4-
6 hours after transfection to phenol-red free DMEM supplemented with 10% FBS, 1%

antibiotic-antimycotic, 1 mM sodium pyruvate, and 2 mM glutamine. Culture
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supernatants were harvested 2 days after transfection and cleared by centrifuging 5000xg
before passing through a 0.22 pm filter. HIV pseudoviruses were pelleted through a 25%
sucrose-HME (20 mM HEPES, 20 mM morpholineethanesulfonic acid [MES], 130 mM
NaCl, 1 mM EDTA [pH 7.4]) cushion as previously described (Hulseberg et al., 2019)
and resuspended in buffer HME without sucrose. Pseudovirus preparations for cryoEM
were further purified by density dependent centrifugation on a discontinuous sucrose
gradient composed of 65% sucrose-HME and 25% sucrose-HME spun 151,000xg for 18
hours. Pseudovirus was collected from the 65%/25% sucrose interface, diluted in buffer
HME without sucrose, and repelleted through a 25% sucrose cushion. After resuspension
in buffer HME without sucrose, the pseudovirus preparation was aliquoted and stored at -
80°C. Additionally, the concentration of HIV p24 in each preparation was measured by
ELISA (Toohey et al., 1995; Wehrly and Chesebro, 1997) and used to normalize the

amount of pseudovirus added to downstream experiments.

Lipid pre-treatment of viruses: 10-'° moles of the indicated lipid were dried on the
bottom of a glass test tube to remove chloroform/methanol solvent and resuspended by
vigorous vortexing in buffer HB (20 mM HEPES, 150 mM NaCl [pH 7.4]) to yield a
concentration of 1.4 uM. 21 ng of HIV pseudovirus, as measured by p24 ELISA, was
mixed with the lipid suspension. The mixture was incubated at room temperature for 2
hours on a rotary spinner. To remove free lipid, the HIV pseudovirus mixture was diluted
up to 1.5 mL in buffer HB and pelleted by spinning at 21,000xg for 1 hour at 4°C before
final resuspension in buffer HB. Lipid-treated HIV pseudoviruses were used within 24

hours.
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Large unilamellar vesicle preparation: Chloroform stocks of desired lipids were mixed
and the solvent was evaporated under a gentle stream of nitrogen gas. The resulting lipid
film was desiccated under vacuum for at least one hour before resuspension in buffer
appropriate to the experiment to a final concentration of 1 mM. After vortexing at room
temperature, the lipid suspension was subjected to 10 freeze/thaw cycles in liquid
nitrogen and warm water before extrusion through two 100 nm polycarbonate membranes

(Avestin). Resulting LUVs were stored at 4°C and used within 24 hours of extrusion.

Plasma membrane bleb preparation: Blebs were produced from HeLa cells
overexpressing CD4 and CCRS by previously published methods (Sezgin et al., 2012;
Yang et al., 2017). Briefly, when cells reached 90% confluence, they were washed twice
with blebbing buffer (10 mM HEPES, 150 mM NaCl, 2 mM CaCls, pH 7.4) and blebbing
was induced by replacing buffer on the cells with 5 mL of 25 mM formaldehyde
(J.T.Baker) and 2 mM dithiothreitol (DTT) diluted in blebbing buffer and incubating the
cells at 37°C, 5% CO; for 1 hour. After an hour, blebs were detached from cells by
shaking on a radial shaker at room temperature for 1 hour before the supernatant was
collected and cleared of large cell debris by centrifuging at 100xg for 10 minutes. Blebs
were pelleted at 20,000xg for 1 hour and washed twice in blebbing buffer without DTT or

formaldehyde.

TIRF supported lipid bilayer fusion assay: Supported planar plasma membranes

derived from blebs were prepared as previously described (Kalb et al., 1992; Wagner and
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Tamm, 2000; Yang et al., 2017). Quartz slides were cleaned in piranha solution (95%
H>S0O4 and 30% H20: in a 3:1 ratio) and rinsed in 12 liters of deionized water. Next, a
lipid monolayer composed of 4:1 brain phosphatidylcholine and cholesterol (Avanti Polar
Lipids) with 3% 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-PEG3400-
triethoxysilane was deposited on the quartz slide by the Langmuir-Blodgett method. A
chloroform solution of the lipid mixture was applied to a Nima 611 Langmuir-Blodgett
trough and after letting the solvent evaporate for 10 minutes, the lipid layer was
compressed at a rate of 10 cm?/min to a pressure of 32 mN/m. A cleaned, rinsed, and
dried quartz slide was rapidly dipped (68 mm/min) and slowly removed (5 mm/min) from

the trough and then dried in a desiccator chamber overnight.

The slide was then assembled into a custom-built microscopy flow cell and plasma
membrane blebs diluted in blebbing buffer without DTT or formaldehyde were flowed in
to form the outer leaflet of the supported planar plasma membrane. After 1-2 hours at
room temperature, the flow cell was washed with multiple volumes of blebbing buffer,
then multiple volumes of buffer HB, and transferred to a prism-based TIRF microscope
(Zeiss AxioObserver Z1). The sample was excited with a 561nm diode laser (OBIS 561
nm LS, Coherent) at an angle of 72 degrees from normal and emission light was filtered
through a dichroic mirror (DC565, Semrock) and a band-pass filter (BP605/50,
Semrock). Video was recorded by an EMCCD (DV887ESC-BV, Andor Technology) in
frame transfer mode with an exposure time of 0.2 s for 13.3 minutes as a dilution of HIV

pseudovirus totaling 21 ng of p24 as measured by ELISA was flowed into the chamber.
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Laser intensity, shutter, and camera were controlled by a custom LabView program

(National Instruments).

Intensities of single particles over time were extracted with a custom-built LabView
program and classified as representing binding without fusion or binding with fusion

based on the criteria described in Ward et al, 2020.

FLIM data acquisition and analysis: HIV pseudoviruses and LUVs were stained with
500 nM FLIPPER-TR for 3 hours at room temperature before pelleting at 26,200xg at
4°C for 1 hour to remove free dye. Pseudoviruses and LUVs were resuspended in buffer
HB and added to a coverslip cleaned with piranha solution and treated with CellTak.
After liposomes and pseudoviruses were allowed to adhere for 30 minutes, unbound
sample was washed in buffer HB before fixation with 4% formaldehyde for 10 minutes,
quenching with 1% glycine for 5 minutes and washing in buffer HB before mounting in
Prolong Gold antifade (Invitrogen). Stained and mounted samples were imaged on a
Leica Stellaris8 microscope with FALCON software. Background was subtracted and
lifetime for the field of view was fit with two components. Only the longer component is

displayed.

CryoEM of HIV pseudovirus particles: C-Flat 2/2-3C or 1.2/1.3-3C grids (Electron
Microscopy Sciences) were glow discharged at 10 mA for 90 seconds. A suspension of
HIV pseudovirus in buffer HME was applied and blotted from the grid before freezing in

liquid nitrogen cooled ethane. For initial experiments, LUVs composed of 20/40/35/5
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Chol/DPPC/DOPC/POPG were spiked into the pseudovirus suspension before freezing to
serve as internal standards for quality control. The grids were imaged on a Titan Krios
electron microscope operating at 300 kV equipped with a K3/GIF (Gatan) and controlled
by EPU software (ThermoFisher Scientific). Magnification was 33,000X, which yielded
a pixel size of 2.7 A. As described in Heberle et al., 2020, the optimal total dose was set
at 13.8 e/A%. Micrographs were motion corrected with MotionCorr2 (Zheng et al., 2017)
(10 by 10 patch for 10 iterations with a tolerance of 0.5, dose weighted) before analysis

of trough-to-trough distance as described previously (Heberle et al., 2020).

3.6 Supplemental Figures:
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Supplemental Figure 3.S1: Incorporation of exogenous lipids into HIV
pseudoviruses. HI'V pseudoviruses were treated with an NBD acyl chain version of the

phospholipid listed on the X-axis. A. The percentage of particles (defined as mCherry
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fluorescent region of interest) exhibiting NBD fluorescence. B. The ratio of NBD to
mCherry fluorescence intensity of the particles that had incorporated NBD-lipid is plotted
as a proxy for relative amount of exogenous lipid incorporated into the viral membrane.
The dashed line is the median and the dotted lines are quartiles. **** p<(0.0001, ns not

significant.
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Supplemental Figure 3.S2: Relationship between size distribution and membrane
thickness for HIV pseudoviruses imaged by cryoEM. The diameter of the pseudovirus
membrane contour was plotted against the mean bilayer thickness for each particle

analyzed in Figure 3.4.
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Supplemental Figure 3.S3: Contribution of line tension to energy change of fusion.
Based on the model described in Yang et al., 2016, the effect of increasing the fraction of
the viral membrane in a single ordered domain on the contribution of line tension to the
energy change of fusion is plotted in panel A. The radius of the virus was held constant at
55 nm and the radius of domains in the plasma membrane were varied from 10 to 100 nm
as shown in the key. Positive values of -dE/KT (above the x-axis) favor fusion. In panel
B, the effect of increasing domain fraction and size in the plasma membrane is plotted.
The radius and L, domain area fraction of the viral membrane are held constant at 55 nm

and 0.5 respectively.
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CHAPTER 4: Fluid semi-supported lipid bilayers

for cryo-electron microscopy

4.1 Abstract:

Supported lipid bilayers (SLBs) on hydrophilic solid substrates are useful model systems
with a simplified planar geometry for studying membranes and their functions. To take
advantage of the recent advances in cryo Electron Microscopy (cryoEM) we have
developed a method to create SLBs on commercially available holey carbon grids used
for cryoEM. These membranes span the carbon support film and its holes and thus, we
have named them semi-supported lipid bilayers (SSLBs). SSLBs have similar properties
to SLBs and we show that lipids in SSLBs can phase separate and diffuse freely over the
carbon film and the holes. Like other SLBs, SSLBs can be created with a range of lipid
and protein compositions, including asymmetric leaflet compositions, biological
membrane preparations, and recombinant integral membrane proteins. Additionally, we
demonstrate the utility of SSLBs for studying membrane protein oligomerization,
membrane association of soluble proteins, and membrane deformation by protein
assemblies. While not amenable to all cryoEM-based applications, SSLBs allow higher-

resolution visualization of membrane behavior and processes.
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4.2 Introduction:

Lipid membranes and their emergent properties influence the structure, assembly,
and function of membrane proteins, which in turn, cooperatively contribute to the
organization of the membrane (Cournia et al., 2015; Levental et al., 2020). Supported
lipid bilayers (SLBs) are useful models for observing these behaviors of lipids and
proteins in controlled, reconstituted systems (Tamm and McConnell, 1985). Their planar
geometry simplifies many experiments and they have been created with a broad range of
compositions—synthetic lipids, recombinant membrane proteins, and biological
preparations of membranes (Richards et al., 2016; Sezgin et al., 2020; Yang et al.,
2017)—representative of the diverse physiological functions they have been used to
model. SLBs are amenable to observation with a variety of techniques ranging from
fluorescence microscopy (Floyd et al., 2008; Kiessling et al., 2017; Liu et al., 2017),
electrophysiology (Khan et al., 2017), surface plasmon resonance (Barros et al., 2016;
Terrettaz et al., 1993), quartz crystal microbalance (Cho et al., 2010; Nielsen and Otzen,
2019), to atomic force microscopy (AFM) (Levy and Milhiet, 2013), allowing the
observation of phenomena across scales and modalities. However, the most common
modality, fluorescence microscopy, is limited in resolution by the Abbe diffraction limit
of visible light (Abbe, 1873). Certain super-resolution techniques are able to achieve
resolutions below this theoretical limit (B. Huang et al., 2010) and AFM routinely
achieves sub-nanometer resolution (Ando, 2019; Uchihashi and Scheuring, 2018) but
cryo Electron Microscopy (cryoEM) allows yet higher resolution than either of these
techniques. In this work we aim to adapt SLBs to take advantage of the recent advances

in cryoEM.
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CryoEM allows observation of fully hydrated biological samples frozen in very
thin vitreous ice and has been used to image small vesicles (Wytrwal et al., 2014),
suspensions of membrane proteins in small membrane mimetics (detergent micelles
(Linke, 2009), vesicles (Liu and Sigworth, 2014), nanodiscs (Kern et al., 2019; Ritchie et
al., 2009; Schuler et al., 2013), and lipodisqs (Knowles et al., 2009)), ion-milled cellular
lamellae (Albert et al., 2020; Bykov et al., 2017; Guo et al., 2018), and lipid monolayers
(Bischler et al., 1998; Hemming et al., 1995)), which have yielded a wealth of
information about membrane protein structure, protein-lipid interactions, and lipid
organization in membranes. Most of these cryoEM modalities are well suited to
determination of high-resolution structures, but are either highly artificial systems
divorced from larger biological assemblies or, like cryo Electron Tomography (cryoET)
of focused ion beam (FIB) milled cells, are low throughput. While cryoET is a powerful
technique for visualizing protein structures and assemblies in situ, it can be difficult to
interpret data about one protein of interest in a busy cellular environment (Turk and
Baumeister, 2020). Here we describe a method to create fluid semi-supported lipid
bilayers (SSLBs) on EM grids to serve as a complementary and more accessible
technique for reconstituting biological phenomena and studying membranes by cryoEM.
While SSLBs are a more artificial system than cellular cryoET and not well suited for
high resolution protein structure determination, reconstitution allows observation of
biological assemblies under controlled conditions where the effect of a single factor can
be assayed.

Pore spanning membranes have been prepared on specially fabricated aluminum,

gold, and silicon oxide supports with regularly patterned holes for fluorescence and
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atomic force microscopies (Hennesthal et al., 2002; Schwenen et al., 2015; Sibold et al.,
2020; Steltenkamp et al., 2006) so we adapted these methods for commercially available
holey carbon grids used for cryoEM. Lipid monolayers have been deposited on grids to
serve as templates for crystals (Chiu et al., 1997; Lévy et al., 1999; Uzgiris and Kornberg,
1983; Yeager et al., 2013) or as a substrate for protein complex purification (Janknecht et
al., 1991). For these techniques, a solution of lipids in a volatile organic solvent is added
to a droplet of water to apply lipids at the air/water interface with a spontaneous
orientation of hydrophobic tails towards air and with hydrophilic heads towards the
water. The aligned lipids are then deposited onto a hydrophobic carbon support film on
an electron microscopy sample grid with tails facing the support. Others have used a
Langmuir-Blodgett trough in a similar manner although they dipped a grid through the
air/water interface in the Langmuir-Blodgett method. This created bilayers in holes of the
support separated by areas of monomer over the support, similar to black lipid
membranes (Mcalduff et al., 2002).

We aimed to create a continuous bilayer amenable to protein incorporation from
various membrane preparations (Figure 4.1A) and thus modified these techniques,
flipping the orientation of the monolayer by converting a hydrophobic holey carbon film
into a positively charged hydrophilic surface and using a Langmuir trough to orient lipids
and control lateral pressure as we deposit a lipid monolayer by gently placing a grid on
the air/water interface (Figure 4.1B). Additionally, we use a tethered silane-modified
PEG cushion to create a water filled cleft between lipid monolayer and carbon film to
ensure membrane proteins in the bilayer are unconstrained by irregularities in the surface

of the carbon film (Wagner and Tamm, 2000). The polymer supported monolayer is dried
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before a second leaflet is created by vesicle fusion in the presence of calcium (Kalb et al.,
1992). This sequential construction of a lipid bilayer allows creation of asymmetric
membranes and allows customization as needed for an experiment. In this paper, we
demonstrate construction of protein-free asymmetric lipid bilayers, plasma membrane-
derived asymmetric lipid bilayers, and membranes incorporating a recombinant integral
membrane protein. We evaluate the quality of these bilayers based on their mobility,
ability to phase separate, incorporation of known lipids and proteins, and reconstitution of
biochemical assemblies. We also demonstrate their application to study protein
association and assembly on lipid bilayers as relevant for antimicrobial peptide

development and elucidation of the mechanism of membrane bending during HIV

budding.
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Figure 4.1: Schematic of semi-supported lipid bilayers on EM grids and general
protocol for their preparation. A. Cartoon of an EM copper grid and side view of a
square showing the end result: a semi-supported lipid bilayer with different lipid

compositions in the two leaflets spanning carbon-supported and free-standing areas over
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the carbon holes. B. Cartoon of the method for the preparation of the semi-supported lipid
bilayer by sequential formation of a supported lipid monolayer on a Langmuir trough and
formation of the distal monolayer by vesicle, proteoliposome, or plasma membrane bleb

fusion on commercially available EM grids with holey carbon films.

4.3 Results:

Leaflet asymmetry and phase separation in fluid SSLBs on EM grids

To confirm that we had constructed a supported bilayer as we aimed to, we observed the
EM grid bilayer via confocal fluorescence microscopy, a modality where membrane
appearance and behavior is well characterized (Honigmann et al., 2010; Kiessling et al.,
2015b; Sibold et al., 2020). In a bilayer composed of a fluorescent lipid mixture known to
phase separate (33:40:20:2:2 brain phosphatidylcholine (bPC): brain sphingomyelin
(bSM):cholesterol (chol):biotin-Dipalmitoylphosphatidylethanolamine
(DPPE):Rhodamine-DPPE +3% DPS) we observed areas of bright fluorescence that
spanned holes in the carbon support film but not the copper grid bars (Figure 4.2A).
Within the bright squares, there are approximately circular areas of darkness where the
fluorescent lipid is excluded which are likely ordered lipid domains. These domains are
highly mobile and we have observed them fuse together into larger domains
(Supplemental Video 1). The same grid was vitrified and imaged by cryoEM (Figure
4.2B). Ni-DGS, a nickel chelating lipid, was previously incorporated into the outer leaflet
of the bilayers to provide contrast for cryoEM. Micrographs of SSLBs made with the
phase separated mixture showed continuous dark areas of higher electron density that

span holes in the carbon support film. Within the bilayer areas, there are areas of even
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higher density where the Ni-lipid is concentrated in domains (white arrows). Lipid
domains are expected to be preserved in flash frozen samples for cryoEM as vitrification
occurs so rapidly that even water molecules cannot undergo a phase transition (Dubochet
et al., 1987). The areas of highest density, thought to be ordered domains, are absent from
SLBs prepared from a mixture of lipids that does not phase separate (Figure 4.2C). In
both phase separated and non-phase separated grids, the bilayer is not perfectly
continuous as shown by the edges of the nickel-containing second leaflet (Figure 4.2B
and C, black arrows), but importantly, the bilayer does span holes in the carbon support

film without discernable changes.
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Figure 4.2: Semi-supported lipid bilayers on holey carbon films exhibit similar

properties as bilayers on continuous supports. A. Confocal fluorescence images of a

SLB grid suspended in buffer in a petri dish with coverslip glass bottom. The monolayer

is composed of bPC:bSM:chol:Biotin-DPPE:Rhodamine-DPPE:DPS in a 33:40:20:2:2:3

ratio. The second leaflet was formed from 50 nm small unilamellar vesicles (SUVs)

composed of bPC:bSM:chol:Ni-DGS in a 38:40:20:2 ratio. Overlay of red, Rhodamine-

PE fluorescence, and gray, differential interference contrast (DIC) micrographs. Scale bar
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1s 50 um and grid spacing is the same between images. B. Same grid as in A vitrified and
imaged by cryoEM. Black arrows, edge of bilayer. White arrows, dark patches with an
increased concentration of Ni-DGS. Carbon foil holes are 1.2 um in diameter for scale.
C. SLB grid prepared in parallel with grid shown in A and B. The first leaflet monolayer
is composed of bPC:cholesterol:Rhodamine-DPPE:DPS in a 72:20:5:3 ratio. The second
leaflet monolayer was formed from 50 nm SUVs composed of bPC:cholesterol:Ni-DGS
in a 78:20:2 ratio. Black arrows, edge of bilayer. Circular holes in carbon film are 1.2 pm

in diameter for scale.

SSLBs on EM grids incorporate plasma membrane components

To demonstrate the utility of SSLBs for reconstituting preparations of biological
membranes, we used plasma membrane blebs to form the second leaflet of the bilayer as
has previously been done for more conventional applications of SLBs (Ward et al., 2020;
Yang et al., 2017). To easily confirm that plasma membrane proteins are incorporated
into the SLBs on grids, blebs were surface biotinylated before their addition to the
monolayer. The sulfo-NHS-LC-biotin reagent used is membrane impermeable and
attaches a biotin and chemical linker to primary amines, which would include proteins
and phosphatidylethanolamine (PE) exposed on the outer leaflet of bleb membranes.
Bilayer incorporation of biotinylated components was detected by binding streptavidin-
gold nanoparticles before freezing and imaging by cryoEM (Figure 4.3A). In the bilayers
made from biotinylated blebs, gold nanoparticles were observed both over carbon and in
grid holes (Figure 4.3B). Fewer gold nanoparticles were observed in SLBs created from

blebs that had not been biotinylated (Figure 4.3C) but were not completely absent. This
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is due to difficulties of washing a fragile membrane to fully remove unbound
nanoparticles. These representative micrographs are supported statistically by the larger
number of gold nanoparticles observed over holes in the carbon support (Figure 4.3D)
and in fields of view containing hole and carbon support (Figure 4.3E). While
biotinylation cannot report on which orientation or conformation proteins adopt upon
SSLB incorporation, these data show plasma membrane components are incorporated
into SSLBs on holey carbon grids. Based on previous experience, with very similar
systems in a conventional SLB format, we think that most gold particles attached to the

carbon-distal side of the membrane.
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Figure 4.3. SSLB on grids can incorporate plasma membrane components. A.
Cartoon depicting formation of an SSLB formed from a monolayer composed of
bPC:cholesterol:DPS in a 77:20:3 ratio and a second leaflet formed from plasma
membrane blebs that had been surface biotinylated by EZ-link Sulfo-NHS-LC-Biotin or
mock treated. After SSLBs were formed and unincorporated excess blebs were washed
away, streptavidin-gold 5 nm nanoparticles were added to both types of grids. Unbound
gold was washed before vitrification. B. and C. Example micrographs of membranes

made from biotinylated or mock treated blebs. White arrows point to streptavidin gold
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nanoparticles. Hole diameter is 1.2 um for scale. D. The number of gold particles visible
in a carbon foil hole was counted in 101 and 111 exposures of biotinylated and mock
treated grids respectively. Data are combined from three separate experiments. E. In the
same images as D, the number of gold particles visible in the entire field of view
(25,000x magnification centered on foil hole) were counted. These counts include gold
nanoparticles over carbon and in the foil hole. **** p<0.0001 by unpaired t-test with

Welch’s correction.

SSLBs containing a recombinant integral membrane protein

OprG is a protein in the outer membrane of the bacterium, Pseudomonas aeruginosa, that
adopts the B-barrel fold typical of bacterial outer membrane porins and transporters
(Kucharska et al., 2015). The lumen of the B-barrel is too narrow to conduct its cargo,
uncharged amino acids, and thus the active form of the channel is thought to be a higher-
order oligomer, likely a trimer (Sanganna Gari et al., 2018). While the individual channel
is too small to be reliably distinguished by cryoEM, the trimer is predicted to be 6 nm in
diameter (Figure 4.4B), well within the resolution range of the modality. We created
symmetric SSLBs on holey carbon grids from proteoliposomes containing OprG (Figure
4.4A) and imaged them by automated acquisition for single-particle analysis. In this
dataset, we collected approximately 800 micrographs like the one shown in Figure 4.4C
where the most immediately recognizable features are ice contaminants (distinguished by
sharp Fresnel edges) but also contain an abundance of uniform rings of density of
approximately 6 nm diameter (Figure 4.4D). Interestingly, we also observe two or three

conjoined rings in these micrographs (Figure 4.4E). With automated particle picking of
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the ringed densities in this dataset, we generated 2D class averages that show a round
density of approximately 6 nm in diameter containing three opacities arranged in a
triangle (Figure 4.4F). This agrees with the predicted configuration of an OprG trimer
based on previous NMR structures (Kucharska et al., 2015; Sanganna Gari et al., 2018);
the three circular opacities are likely the barrel lumens and the ring-like density
surrounding them is likely contributed by their flexible extracellular loops. Additionally,
some of the classes showed two conjoined rings (Figure 4.4F, right-most column), which
may be the higher order oligomers previously seen in crosslinking experiments

(Sanganna Gari et al., 2018).
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Figure 4.4: Semi-supported lipid bilayers containing a reconstituted integral
membrane protein. A. Cartoon showing formation of an SSLB from proteoliposomes
containing the outer membrane protein OprG from P. aeruginosa. Proteoliposomes
composed of eggPC and eggPA in a 20:1 ratio were added to a monolayer of the same
composition with 3 mol% DPS. B. Model of OprG trimer as described in Sanganna Gari

et al., 2018. Diameter and side length of the trimer were measured as 63.6 (distance A)
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and 61.4 A (distance B) respectively. C. Example micrograph of a semi-supported lipid
bilayer containing OprG. Scale bar 50 nm. D. Enlarged area of panel C showing round
densities thought to be multimers of OprG (white arrows). Note ice contaminant is larger
and has more defined Fresnel edges (black arrow). Scale bar 50 nm. E. Enlargement of a
second micrograph with examples of single, double, and triple rings (white arrows). Scale
bar 50 nm. G. 2D classes of OprG. Scale bar 60 A. Number of particles (ptcls)

contributing to a class and effective sample size (ess) calculated by cryoSPARC.

Application of SSLBs: Antimicrobial peptide assembly on SSLBs

SSLBs on holey carbon grids can also be used to study protein association with and
assembly on membranes. Peptide 1 (P1) is an antimicrobial peptide derived from the N-
terminus of the human chemokine, CXCL10, that is known to interact with membranes
(more details in Appendix A). Unstructured in solution, P1 adopts a B-strand secondary
structure upon association with membranes (Figure A.4) but its tertiary and quaternary
structures are unknown. To better understand the structural changes that follow
membrane association, we added P1 to a symmetric SSLB composed of E. coli polar
lipids (PL) (Figure 4.5A) and observed the formation of round densities of approximately
50 nm in diameter, indicating an association containing many peptides (Figure 4.5B and
C). Interestingly, the round densities were irregular in shape but relatively uniform in size
and are mostly absent from areas of the grid that lack a bilayer. The peptide in solution in
the absence of a bilayer did not produce these round densities (Figure 4.5D and E)

indicating this multimerization is membrane dependent.
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Figure 4.5: An antimicrobial peptide derived from the N-terminus of CXCL10

multimerizes in the presence of semi-supported lipid bilayers. A. Cartoon showing
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sequential bilayer formation followed by peptide addition. The peptide is mostly
disordered in solution but becomes more ordered upon interaction with membranes. B
and C. Micrographs of CXCL10 peptide 1 in RPMI medium+5.5mg/mL bovine serum
albumin (BSA) with symmetric semi-supported lipid bilayers composed of E. coli polar
lipid extracts. D and E. Peptide 1 in RPMI+5.5mg/mL BSA frozen on a grid without a
lipid bilayer. Darker densities over carbon are residual ethane from vitrification. Holes in

carbon film are 1.2 pm for scale, scale bars are 350 nm.

Application of SSLBs: Reconstitution of HIV Gag assembly at the plasma
membrane

SSLBs on holey carbon grids can also be used to reconstitute assembly of and
possible precursors to budding HIV particles. To create a progeny viral particle, HIV’s
proteins and RNA genome associate on the plasma membrane of an infected cell,
inducing curvature and recruiting host factors that aid in assembly and budding (Briggs
and Kréusslich, 2011; Ganser-Pornillos et al., 2012; Sundquist and Krausslich, 2012).
Viral assembly is an intricate process known to be regulated by lipid composition,
asymmetry, and phase separation in the plasma membrane (Favard et al., 2019; Sengupta
et al., 2019; Wen et al., 2016) as well as other host and viral factors (Lippincott-Schwartz
et al., 2017). Traditional supported lipid bilayers are useful for reconstitution of this
process (Barros et al., 2016) but budding particles appear as diffraction limited spots by
fluorescence microscopy and the support material may not allow membrane curvature
induced by the assembly of many copies of the main HIV structural polyprotein, Gag. To

assess the suitability of SSLBs on EM grids for further studies reconstituting HIV
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assembly and budding, we created a simplified construct that replaced MA, the N-
terminal domain of Gag, with a His tag and expressed it in E. coli (Figure 4.6A). This
construct is expected to bind Ni-DGS present in the semi-supported lipid bilayer but an
additional assembly cofactor, inositol hexakisphosphate (IP6), is required to observe
round areas of increased density of a comparable size to a viral particle (Figure 4.6B and
C). Identically prepared membranes without IP6 show diffuse density attributable to the
Ni-DGS but no similarly round features (Figure 4.6D and E). IP6 is known to stabilize
Gag (Dick et al., 2018) and has previously been used to reconstitute Gag assembly in
vitro (Kucharska et al., 2019). Therefore, SSLBs reproduce known phenomena and reveal

a possible configuration of an early intermediate of HI'V budding.
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Figure 4.6: HIV Gag creates round features on semi-supported lipid bilayers in the
presence of inositol hexakisphosphate, IP6. A. Cartoon showing formation of a semi-
supported lipid bilayer from a monolayer composed of 78:20:2 bPC:chol:NBD-DPPE

+3% DPS and LUVs composed of 76:20:2:2 bPC:chol:Rh-DOPE:Ni-DGS. The inclusion



126

of Ni-DGS in the outer leaflet enables the HIV Gag construct with an N-terminal His tag
to associate with the membrane. B and C. Micrographs of HIV Gag associating with
semi-supported lipid bilayers in the presence of 40 uM IP6. Black arrows point towards
round areas approximately 150 nm in diameter with higher density. Over the carbon
support, these round areas are typically surrounded by a “halo” of low density. D and E.
Micrographs of HIV Gag associating with semi-supported lipid bilayers in the absence of
IP6. Round areas of higher density are not seen in these samples. Holes in carbon film are

1.2 pum for scale.

4.4 Discussion:

Building on previously described technologies, we have developed a method for
constructing semi-supported lipid bilayers on holey carbon supports for cryoEM. The
described method produces contiguous areas of lipid bilayers that span holes in the
carbon support film (Figure 4.2) and can incorporate membrane proteins (Figures 4.3 and
4.4) that show similar structure and oligomerization to that described in SLBs (Figure
4.4). Moreover, sequential formation of lipid mono and then bilayers, allows asymmetric
SSLBs (Figure 4.2). Biological membranes are asymmetric in composition (Lorent et al.,
2020; Op den Kamp, 1979; Van Meer et al., 2008) whereas most membrane models,
including nanodiscs, lipodiscs, and proteoliposomes, are symmetric. Lipid asymmetry is
essential for multiple biological functions (Clarke et al., 2020) and thus SSLBs may
provide a more realistic model of biological membranes than others commonly used for
cryoEM. It should be noted that SSLBs are not fully contiguous across the entire grid but

rather form patches within grid squares, the edges of which can be seen as borders of
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discontinuous density (Figures 4.2B and 4.2C, black arrows). With screening, these
patches are easily identified and abundant enough to allow automated image acquisition
(Figure 4.4). While bilayer edges may alter lipid order or protein behavior near them,
these effects should be less significant in bilayers spanning tens of microns than those
described for <10 nanometer diameter lipodisqs and nanodiscs (Thonghin et al., 2018).
In support of our claim that we have constructed SSLBs, we observed specific
lipid incorporation in both monolayers and bilayers (Rh-DPPE and Ni-DGS,
respectively) as imaged by fluorescence and cryo electron microscopies (Figure 4.2).
Additionally, in SSLBs we have observed liquid-liquid phase separation (Figure 4.2A
and 4.2B) and rapid lipid diffusion (Supplemental Video 1), which are well-documented
phenomena characteristic of more traditional supported lipid bilayers, (Crane and Tamm,
2004; Honigmann et al., 2010; Kiessling et al., 2009; Lingwood et al., 2008; Wan et al.,
2008). Phase separation has been imaged by cryoEM in spherical model membranes
(Cornell et al., 2020; Heberle et al., 2020) but the current work likely represents the first
observation of phase separation by cryoEM in a planar bilayer. The areas of higher
electron density that we interpret to be lipid domains appear more spiculate (Figure 4.2B)
than the perfectly round and smooth domains visible by fluorescence microscopy (Figure
4.2A) and predicted by line tension. While we do not expect cryo preservation to alter the
appearance of lipid domains, we have no evidence to dismiss this possibility. Nanometer
scale lipid domains in supported lipid bilayers imaged with the higher resolution of AFM
can appear smooth or similarly spiculate, depending on the membrane composition and
temperature (Bhojoo et al., 2018; Botet-Carreras et al., 2019; Chiantia et al., 2006; Gumi-

Audenis et al., 2016; Vazquez et al., 2021). Additionally, within domains we observe



128

smaller areas of contrasting density that would be too small to observe with fluorescence
microscopy but similar domains-within-domains are regularly seen with AFM (Bhojoo et
al., 2018; Botet-Carreras et al., 2019; Gumi-Audenis et al., 2016; Vazquez et al., 2021).
The consistency between the appearance of lipid domains in SSLBs by fluorescence and
cryo electron microscopies with previous observations of phase separated membranes by
fluorescence and AFM suggest that SSLBs are bilayers with similar properties to SLBs.

Membrane proteins can be incorporated into supported lipid bilayers by fusing
proteoliposomes or biological membrane preparations, like plasma membrane blebs, on a
supported monolayer (Diaz et al., 2008; Richards et al., 2016; Wagner and Tamm, 2001,
2000). Maintaining protein conformation, orientation, and diffusion in the bilayer can be
a challenge although all are aided by introduction of a polymer cushion, which minimizes
protein adsorption to the support material and creates space for protein domains below
the bilayer (Wagner and Tamm, 2000). In SSLBs, free-standing membranes over holes in
the support material would not be expected to have similar issues but we have included a
PEG-based cushion to minimize adsorption over the supported areas.

As planar bilayers, SSLBs are well suited to model biological membranes with
low curvature, like the plasma membrane. To further demonstrate the suitability of
SSLBs for studying plasma membrane processes, we have shown that a commonly used
plasma membrane preparation can form SSLBs and incorporates biotinylated membrane
proteins (Figure 4.3). However, detection of biotinylation cannot report on whether
proteins incorporate with the correct tertiary or quaternary structure.

To confirm that protein conformation is preserved in SSLBs, we studied a

membrane protein for which the structure and oligomerization are known, P. aeruginosa
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OprG (Kucharska et al., 2015; Sanganna Gari et al., 2018). 2D class averages revealed a
ring of density with the expected diameter, containing three circular opacities (Figure
4.4E), which are likely the lumens of the three B-barrels that compose a trimeric channel.
This agrees well with the published structures and suggests that at least a portion of
proteins incorporate into SSLBs with proper tertiary and quaternary structure.
Additionally, we observed “fused rings” of densities (Figure 4.4E and 4.4F, right-most
column) which may be a minor population of even larger assemblies of OprG, as
previously observed by cross-linking (Sanganna Gari et al., 2018). However, as a 25.5
kDa protein, OprG is near the lower size limit for single-particle cryoEM so in this
particular application, we may underestimate the proportion of monomers or dimers. This
would likely not be an issue for application of the technique to larger membrane proteins.
Harnessing the capabilities of single-particle cryoEM for the study of a heterogeneous
population of membrane protein oligomers will allow visualization of oligomers and
quantification of the relative frequency of oligomerization states.

In addition to membrane proteins, SSLBs can also be used to study the
interactions of soluble proteins with membranes. Antimicrobial peptide (AMP)
interactions with membranes have been studied by AFM (Juhaniewicz and Sek, 2015;
Mularski et al., 2016; Pittman et al., 2018) and produced important mechanistic insights
but cryoEM has become the more accessible technique. Classically, AMPs are
unstructured in aqueous buffers and adopt a more ordered conformation upon interaction
with membranes (Yeaman and Yount, 2003). The AMP, P1 follows this pattern as well
(Figure A.4) and we have visualized round assemblies of P1 of approximately 50 nm on

SSLBs (Figure 4.5B and 4.5C) that are not observed in solution (Figure 4.5D and 4.5E).
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Direct observation of the effect of AMPs on membranes in this way helps clarify
potential mechanisms of action.

In a second application of SSLBs, we have demonstrated that SSL.Bs reproduce
IP6-induced initiation of HIV Gag assembly on the plasma membrane of an infected cell
(Figure 4.6). Round areas of higher density with diameter slightly larger than an HIV
particle were observed in the presence of the assembly co-factor, IP6 (Figure 4.6B), but
not observed in membranes without IP6 (Figure 4.6C), where Gag is capable of binding
the membrane but likely cannot assemble. In [P6-treated samples, a “halo” of low density
surrounded the areas of high density. Nickel chelating lipids contribute electron density
and their bulky headgroups would be excluded from areas of high curvature, like the
boundary between different curvatures, giving rise to a ring of low density. This
indirectly suggests these areas of HIV Gag assembly may be capable of inducing
membrane curvature although further studies with cryoET would be required to
demonstrate that.

In summary, we have developed a method for creating semi-supported lipid
bilayers on commercially available holey carbon EM grids that can be easily modified to

suit a range of experiments examining membrane and protein behavior.



131

4.5 Materials and Methods:

Reagents: The following compounds were purchased from Avanti Polar Lipids and used
without modification: brain phosphatidylcholine (bPC), egg phosphatidylcholine (egg
PC), egg L-a-phosphatidic acid (egg PA), brain sphingomyelin (bSM), 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rh-DPPE), 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4-yl)
(NBD-DPPE), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl)
sodium salt (Biotin-DPPE), 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-
carboxypentyl)iminodiacetic acid)succinyl] Nickel (Ni-DGS), and E. coli polar lipid
extract (E. coli PL). Cholesterol and streptavidin-coated 10 nm gold nanoparticles were
purchased from Sigma-Aldrich. 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-
PEG3400-triethoxysilane (DPS) was synthesized as described previously (Wagner and
Tamm, 2000). Peptides were prepared as described in Appendix A and diluted in phenol-
red free Roswell Park Memorial Institute (RPMI) 1640 medium (Gibco) with 5.5 mg/mL

bovine serum albumin (BSA, Sigma-Aldrich)

EM grid preparation and monolayer deposition with Langmuir trough:

A chloroform solution of a lipid mixture containing 3% DPS was applied to a Nima 611
Langmuir-Blodgett trough and after letting the solvent evaporate for 10 minutes, the lipid
layer was compressed at a rate of 10 cm?/min to a pressure of 32 mN/m. C-Flat 1.2/1.3-
300 mesh holey carbon grids (Electron Microscopy Sciences) were glow discharged at 20
mA for 45 seconds with amylamine (Sigma) immediately before monolayer deposition.

Grids were held with PTFE-coated tweezers as they were delicately placed carbon side
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down on the compressed lipid monolayer on the trough. The grid was removed from the
trough with tweezers with an adhering water droplet. This water droplet was allowed to
evaporate before the grid with the transferred lipid monolayer was stored in a desiccator

for at least 16 hours before use.

Bilayer formation by vesicle fusion:

Parafilm was spread over an empty pipette tip box to create a clean and portable surface
to hold up to 96 droplets. The appropriate membrane preparation for the experiment
(LUVs, blebs, or proteoliposomes) was diluted 1:10 in appropriate buffer and a 30 uL.
droplet was placed on the parafilm. Grids with transferred lipid monolayers were placed
monolayer side down on the droplet and 3 pL of calcium rupture buffer (75 mM CaCl,
10 mM HEPES, pH 7.4) was carefully pipetted on the opposite side of the grid. Grids
were incubated in this manner for 1-2 hours at room temperature before washing by

sequentially tapping the grid on droplets of experiment appropriate buffer.

Vitrification and cryoEM imaging:

After bilayer formation, washing, and additional steps as appropriate for the experiment,
3 uL of additional buffer was pipetted on top of the membrane, the grid was blotted on
the opposite side and plunged into liquid ethane before storage in liquid nitrogen. All data
was acquired on a Tecnai F20 EM operating at 120 kV and cryogenic temperature with a
field emission gun and a CCD camera except for the OprG single particle analysis

dataset.
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SUV and LUV preparation:

Chloroform stocks of desired lipids were mixed and the solvent was evaporated under a
gentle stream of nitrogen gas. The resulting lipid film was desiccated under vacuum for at
least one hour before resuspension in buffer appropriate to the experiment to a final
concentration of 1 mM. After vortexing at room temperature, the lipid suspension was
subjected to 10 freeze/thaw cycles in liquid nitrogen and warm water before extrusion
through two, 50 nm polycarbonate membranes (Avestin) for SUVs or 100 nm membranes

for LUVs. SUVs and LUVs were stored at 4 °C and used within 24 hours of extrusion.

Plasma membrane bleb preparation, biotinylation, and SSLB formation:

CD4 and CCRS5 overexpressing HeLa cells (gift of David M. Rekosh, University of
Virginia) were maintained at 37 °C with 5% CO; atmosphere in Iscove’s Modified
Dulbecco’s Medium (Gibco) supplemented with 10% fetal bovine serum, 1%

antibiotic/antimycotic, 0.5 mg/mL of G418 (Gibco), and 1 pg/mL puromycin.

Blebs were produced from CD4+/CCR5+ HeLa cells by previously published methods
(Sezgin et al., 2012; Yang et al., 2017). Briefly, when cells reached 90% confluence, they
were washed twice with blebbing buffer (10 mM HEPES, 150 mM NaCL, 2 mM CaCl,,
pH 7.4) and blebbing was induced by replacing buffer on the cells with 5 mL of 25 mM
formaldehyde (J.T.Baker) and 2 mM Dithiothreitol (DTT) diluted in blebbing buffer and
incubating the cells at 37°C, 5% CO- for 1 hour. After 1 hour, blebs were detached from
cells by shaking on a radial shaker at room temperature for 1 hour before the supernatant

was collected and cleared of large cell debris by centrifuging at 100xg for 10 minutes.



134

Blebs were pelleted at 20,000xg for 1 hour and washed twice in blebbing buffer without
formaldehyde or DTT before being resuspended in phosphate buffered saline with or
without 2 mg/mL surface biotinylating agent, sulfo-NHS-LC-biotin (Thermo Fisher
Scientific). Biotinylation was allowed to proceed at room temperature for 30 minutes
before the blebs were pelleted at 21,000xg for 1 hour and resuspended in blebbing buffer

without formaldehyde or DTT.

SSLBs were formed on grids by diluting blebs (biotinylated or mock biotinylated) 1:10 in
blebbing buffer without formaldehyde or DTT followed by washing in the same buffer.
All grids were incubated with streptavidin-gold nanoparticles diluted 1:50 in blebbing
buffer without formaldehyde or DTT for 30 minutes at room temperature before
additional washing in blebbing buffer without formaldehyde or DTT. The grids were

frozen after the second round of washing.

P. aeruginosa OprG proteoliposome preparation:

OprG protein was expressed and purified in a urea-denatured form and refolded n-
dodecylphosphocholine (Anatrace) as described previously (Kucharska et al.,

2015). Liposomes were made by suspending a dried film of 3 pmol of egg PC and 0.15
umol of egg PA in 20 uL of a 0.18 mM micellar solution of n-dodecylphosphocholine
(Anatrace) in water containing 1 nmol OprG (protein-to-lipid ratio 1:3150, detergent to
lipid ratio 1:875). Samples were vortexed for 10 seconds, followed by sonication in a
bath sonicator for 15 minutes, twice, then dehydrated in vacuo. Dried films were

resuspended in 200 pL of 12 mM stachyose, 12 mM HEPES (pH 7.5), then vortexed for
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10 seconds, followed by sonication in a water bath at room temperature for 15 minutes
and repeated by another round of 10 second vortexing and 15 minute sonication. SSLBs
were formed on grids by diluting proteoliposomes 1:10 in 12 mM HEPES (pH 7.5) and
washing in the same buffer. The grids were frozen after washing without additional

reagents.

SSLB grids containing OprG were imaged on a Titan Krios EM operating at 300 kV
equipped with a K3/GIF (Gatan) direct electron detector and controlled by EPU software
(ThermoFisher Scientific). Magnification was 81,000X, which yielded a pixel size of
1.08 A. CryoSPARC was used for all data processing (Punjani et al., 2017). Micrographs
were motion corrected and their contrast transfer function (CTF) was estimated. 2D class
averages were generated from manually picked particles and used as templates for
automated particle picking. 2D class averages were calculated from automatically picked

particles.

Peptide assembly on SSLBs:

SSLBs were formed on grids by diluting LUV's composed of E. coli polar lipid extract
1:10 in RPMI media with 5.5 mg/mL BSA and washing in the same buffer. The grids
were then incubated in 8 uM of Peptide 1 (described in Appendix A) diluted in
RPMI+BSA for 30 minutes before a second round of washing and vitrification for

cryoEM.

Gag protein preparation and assembly on SSLBs:
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E. coli transformed with the AMA-6xHis-Gag construct were grown in Luria Bertani
(LB) broth, pelleted, and resuspended in 50 mM Tris pH 8.3/1 M LiCl with protease
inhibitor cocktail. Bacteria were lysed with deoxycholate and lysozyme on ice before
sonication with a tip sonicator. Insoluble material was pelleted at 18,000 RPM for 45
minutes and the resulting supernatant was filtered (0.8 pm) before affinity purification
with nickel-NTA resin. The protein was eluted from the resin in fractions with 50 mM
Tris pH 8.3/1 M LiCl with an increasing concentration of imidazole up to 300 mM.
Fractions containing the protein of interest were combined and dialyzed against 20 mM
Tris pH 8.0/500 mM NaCl/2 mM B-mercaptoethanol (B-ME) overnight. The protein was
passed over a Q anion exchange column and eluted in fractions with 20 mM Tris pH
8.0/1.5 M NaCl/2 mM B-ME. The eluted protein was concentrated in a spin concentrator
with 5000 molecular weight cutoff before dialysis against 20 mM Tris pH 8.0/500 mM

NacCl overnight. The protein was kept at 4°C or flash frozen and stored at -80°C.

SSLBs were formed on grids by diluting LUV's composed of 76:20:2:2 bPC:chol:Rh-
DOPE:Ni-DGS in 20 mM Tris pH 8.0/500 mM NaCl and washing in the same buffer.
The SSLB was incubated with 1mg/mL of AMA-6xHis-Gag at room temperature for 1
hour in the same buffer with or without 40 um IP6. The grids were washed in buffer with

or without 40 pm IP6 before freezing.
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4.6 Supplemental Video Legend:

Supplemental Video 1: Lipid domains are mobile and capable of fusion in phase
separated SSLBs. Confocal fluorescence images of a the same grid as Figure 4.2A,
suspended in buffer in a petri dish with coverslip glass bottom. A white arrow points
towards an example of domain fusion. The monolayer is composed of
bPC:bSM:chol:Biotin-DPPE:Rhodamine-DPPE:DPS in a 33:40:20:2:2:3 ratio. The
second leaflet was formed from 50 nm small unilamellar vesicles composed of
bPC:bSM:chol:Ni-DGS in a 38:40:20:2 ratio. Overlay of red, Rhodamine-PE
fluorescence, and gray, differential interference contrast (DIC) micrographs. Scale bar is

50 um. Acquisition time scale was 3.9 frames per second, video sped up 10X.
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Chapter 5: Discussion and Summary

We have produced data on the development of model membranes and their use
for studying immunity to pathogens. Specifically, we have demonstrated that blebs
incorporating appropriate receptors can be used to study viral membrane fusion by
cryoET and TIRFm. Then, we characterized uninhibited and Serinc3/5-interrupted HIV
fusion with both methods which revealed that Serinc3 and Serinc5 inhibit multiple
intermediate steps of membrane fusion. While earlier fusion intermediates are
morphologically similar between Serinc5-containing and -lacking pseudoviruses, the
penultimate “early fusion product” of Serinc5-containing particles showed a cinched
fusion pore as if unable to fully dilate. Additionally, treatment with Atto488-DMPE or
amphotericin B selectively increased fusion of Serinc3 and Serinc5 pseudoviruses. This
rescue of fusion in Serinc5-containing pseudoviruses was repeatable with all chain
lengths and saturations of unmodified PE but not with PC or PS. From these data, we
hypothesized that the viral lipid environment may be important for Serinc5 function. To
that end, we examined the effect of Serinc incorporation on lipid order in the viral
membrane by cryoEM and fluorescence lifetime microscopy. Both techniques showed an
increase in the portion of the viral membrane in an ordered domain in pseudoviruses
incorporating SerincS. Therefore, we suggest that by increasing membrane order, Serinc5
alters the energetics of fusion, leading to the accumulation of stalled fusion intermediates,
including the striking semi-dilated fusion pores we observed.

We built on previously-described techniques to develop a method for creating

semi-supported lipid bilayers (SSLBs) on holey carbon EM grids and then demonstrated
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their utility for observing lipid phase separation, membrane protein multimerization, and
association and assembly of soluble proteins on membranes. Most of these applications
of SSLBs supported larger collaborative projects, one of which is described in Appendix

A.

5.1 Further studies and applications of semi-supported lipid bilayers:

We have described a method for constructing SSLBs and provided evidence of
their similarity to conventionally-prepared supported lipid bilayers. More direct evidence
of specific bilayer formation could be obtained with electron (Carlemalm and
Wieslander, 1975; Hui, 1977) or x-ray diffraction (Tyler et al., 2015), although both
would require additional expertise and/or instrumentation. Since the membranes are
vitrified so quickly that even water molecules cannot rearrange into crystals (Dubochet et
al., 1987), the disordered packing of lipids inherent in some biological membranes is
expected to be preserved. While this is a benefit of the technique that allows higher
fidelity modeling of biological membranes, it may hinder the usefulness of diffractive
techniques that rely on regular spacings of atoms.

While we were originally motivated to develop another method for observing
viral or intracellular membrane fusion by cryoEM, SSLBs are adaptable and could be
useful for studying nearly any process involving a membrane. It is beyond the scope of
this thesis to demonstrate the full range of their applications but we expect the technique
to be of interest to cell biologists, membrane biophysicists, and structural biologists.
SSLBs are not useful for structural biology because the membrane imparts an orientation

on particles, making 3D structure determination impossible. However, we envision
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SSLBs to be a complementary method for structural biologists to demonstrate the
relevance of structures solved in membrane mimetics to bilayers of more physiological
compositions.

SSLBs are particularly well-suited for studying membrane trafficking. Many
important membrane processes, like endo/exocytosis, involve protein complexes and
vesicles on a scale of hundreds of nanometers which appear as diffraction-limited spots
by fluorescence microscopy (Alberts et al., 2002a, 2002b). Visualizing localizations of
protein densities with cryoEM will enable a greater understanding of these processes. The
unique advantage of SSLBs is their suitability to study the deformation of the free-
standing portion of the membrane. While we have shown micrographs that implicate the
induction of membrane curvature by HIV Gag, further studies could use cryoET to
directly observe membrane curvature. We have used HIV Gag to induce curvature but
there are also many cellular proteins involved in membrane trafficking that induce
curvature including clathrin, COPI/II, caveolins, BAR domain proteins, and ESCRT
proteins (McMahon and Boucrot, 2015). Previously, large-scale induction of curvature by
these proteins was studied in unilamellar vesicles (Dodonova et al., 2015; Kroppen et al.,
2020; McCullough et al., 2018) but the rigidity of support material under conventional
SLBs limited their use for these studies. With cryoET of SSLBs, induction of membrane
curvature, both large and small, can be assessed. Additionally, asymmetric leaflet
composition is essential for stabilization of membrane curvature (McMahon and Boucrot,
2015). While some techniques have been described for selectively enriching or depleting
certain lipid species from the outer leaflet of vesicles (Chiantia et al., 2011; Doktorova et

al., 2018; Steinkiihler et al., 2018), SSLBs offer more precise control of the composition
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of both leaflets. This allows titration of certain lipid species and observation of their
effects on various phenomena, as has similarly been done with conventional SLBs

(Kreutzberger et al., 2017; Kreutzberger et al., 2015).

5.2 Further studies and applications of blebs as target membranes for

studying viral fusion by cryoET:

In this dissertation, we synchronized HIV fusion with temperature by mixing
pseudoviruses and blebs on ice in a PCR tube, transferring the tube to a heat block at
37°C for 10 or 30 seconds, and then freezing as rapidly as possible. These methods were
adequate for comparing the dramatic differences between fusion of Serinc5-containing or
-lacking pseudoviruses but could be improved on. If the kinetics of viral fusion were to
be studied with greater subtlety, a temperature jump device could be used to precisely
raise the temperature of a sample on an EM grid with a pulse of light less than a second
before freezing (Chestnut et al., 1992; S. Li et al., 2017; Yoder et al., 2020). Additionally,
receptor and co-receptor binding are sufficient for triggering HIV fusion, but fusion of
many other viruses is dependent on the introduction of soluble chemical factors like pH
or calcium (Harrison, 2015; White and Whittaker, 2016). Fusion could be triggered in a
virus and bleb mixture on an EM grid by the addition of a low pH or calcium-containing
buffer. Combining both methods, a laser pulse could be used to release caged protons
(Costello et al., 2012) already present in a virus and bleb mixture at a precise interval

before freezing to allow even greater temporal control of fusion triggering and freezing.
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5.3 Further studies to substantiate our model of Serinc5-mediated

restriction of HIV membrane fusion:

We have demonstrated that Serinc5 alters the order and organization of the HIV
viral membrane to disrupt fusion and interpreted this in terms of the energetics of fusion
to explain the mechanism of Serinc5’s restriction of HIV. While the model we present is
consistent with previously-published studies of Serinc5, it could be further substantiated
by additional studies on the interactions between Serinc5, Env, and the viral membrane.

Domain partitioning of Env in blebs with or without Serincs could be used to
support the speculation that an increase in the portion of the viral membrane in an
ordered domain would decrease Env clustering. The ratio of Env in ordered versus
disordered domains under various conditions would be assessed as done previously for
CD4 and CCRS5 (Yang et al., 2017). These conditions should include treatment with
exogenous PE, amphotericin B, and linactants that are known to change the shape and
size of domains (Yang et al., 2015). Our proposed model predicts that blebs containing
Serinc5 would have a larger portion of the viral membrane in ordered domains and a
greater distance between Env trimers in those domains. Notably, the viral membrane is
enriched in cholesterol as compared to blebs, so if Serinc5’s alteration of lipid order is
dependent on a high concentration of cholesterol, no changes to order would be observed
in SerincS5-containing blebs. While not compatible with the experiments described above,
this too would be an interesting observation deserving of further study.

Similarly, to assess the interaction of Serinc5, Env, and the viral membrane in a
pseudovirus particle, one could build on the work of Chen et al., 2020 by treating

Serinc5-containing HIV pseudoviruses with exogenous PE, amphotericin B, or linactants
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and observing Env clustering via super-resolution microscopy. If PE and amphotericin B
restore Env clustering like they restore fusion of Serinc5 pseudoviruses, it would suggest
that Serinc5’s disruption of Env clustering is dependent on viral membrane lipid order.
This would be further supported if PE or amphotericin B treatment decreases lipid order
of Serinc5-containing pseudoviruses as reported by FLIPPER-TR.

We have also speculated that Serinc5 alterations of viral membrane order would
induce conformational changes in Env. This could be directly assessed with
subtomogram averaging (STA) of Env on HIV pseudovirus particles with and without
Serinc5. STA is a method for obtaining higher resolution views of repeated features in a
tomogram by iteratively extracting subvolumes, aligning them to a template, and
averaging their intensities (Wan and Briggs, 2016). Not only would STA produce
structures of Env in these two conditions, but it also would define the locations of Env
trimers on the surface of the viral particle. From these, nearest-neighbor distances could
be computed to assess Env clustering. Moreover, the viral membrane immediately
surrounding Env would be included in the resulting average. If Serinc5 does force Env
into a thicker membrane, a change in the thickness of the bilayer immediately
surrounding Env should be detectable by STA. We have attempted STA on tomograms of
V4 High Env HIV pseudoviruses like those in Figure 2.2b, but the alignment of particles
to the template was dominated by the missing wedge of information inherent in
tomography and thus unlikely to produce high-quality results (Schmid and Booth, 2008).
Further optimization of sample preparation and imaging conditions for STA may
alleviate this issue. While STA of HIV Env is possible (Ze Li et al., 2020), it remains

extremely difficult.
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5.4 Contextualization of proposed Serinc5 mechanism of action within

the current understanding of viral restriction factors:

Alteration of viral membrane properties has been known to inhibit fusion of a
broad variety of viruses and the same may be true of Serinc-mediated alterations. Serinc5
restriction of Hepatitis B Virus (Liu et al., 2020) and Influenza A Virus (IAV) has been
described (Diehl et al., 2019). However, Serinc5 activity against other enveloped viruses
depended on the pseudoviral system studied (Diehl et al., 2019) and is of uncertain
biological relevance. Considering the breadth of viruses blocked by similar restriction
factors, it is very likely that Serincs do not act against only a few viruses, but the scope of
study has not allowed the identification of the full breadth of Serincs’ activity. Following
from this, only Serinc3 and Serinc5 have been shown to have antiviral activity, but
perhaps the other Serinc family members, Serincl, Serinc2, and Serinc4, show antiviral
activity against yet unidentified viruses or in unidentified environments. For instance,
Serinc4 is prevented from incorporating into HIV particles by a high level of proteasomal
degradation, even at baseline in the uninfected cell (Qiu et al., 2020). Many viruses are
known to alter proteasomal activity to avoid immune detection and boost translation of
viral proteins. Additionally, interferon (IFN) signaling changes the composition and
catalytic activity of the proteasome (McCarthy and Weinberg, 2015). Therefore, it is
possible Serinc4 may be active under certain conditions or against enveloped viruses that
alter proteasomal degradation.

Alteration of membrane properties has also been proposed as the mechanism of
action of IFN-induced transmembrane proteins (IFITMs), a family of restriction factors

with activity against many enveloped viruses (Chesarino et al., 2017; Guo et al., 2020; Li



145

et al., 2013; Suddala et al., 2019). IFITM activity has been best characterized in cellular
membranes where colocalization to the membraned compartment of entry and alteration
of membrane order are required for restriction (Chesarino et al., 2017; Li et al., 2013). In
model membranes, IFITM3 inhibits fusion by partitioning into L4 domains, inducing
negative curvature, and increasing membrane order (Guo et al., 2020). More similar to
the described functions of Serincs, IFITMs can also incorporate into budding HIV
particles and decrease their infectivity (Compton et al., 2014; Tartour et al., 2017, 2014).
However, the effect of IFITMs on viral membranes has not yet been directly
demonstrated. Both Serinc5 and IFITM3 have been described to oligomerize and cluster
under certain conditions, but Serincs and IFITMs are structurally very different. Serincs
are large proteins with 10-13 transmembrane domains while IFITMs are small proteins
with only one transmembrane domain and an amphipathic helix (Chen et al., 2020;
Kummer et al., 2019; Pye et al., 2020; Rahman et al., 2020). IFITM-mediated alteration
of membrane properties is dependent on its amphipathic helix (Chesarino et al., 2017) but
an analogous domain in Serinc5 is not apparent. This raises the question of how Serinc5
induces ordering of membranes. The data presented in this thesis cannot directly address
this question but leave it for future studies. Speculating based on the structure of Serinc5
and its stabilization with exogenous cholesterol addition (Pye et al., 2020), Serinc5 may
locally concentrate cholesterol in its annular lipids, leading to a more ordered packing of
lipids in its vicinity. Serinc5 clustering, as has been observed in viral particles (Chen et
al., 2020), could extend the effects of short-range associations with cholesterol and
coalesce into larger ordered domains on the scale of tens of nanometers. This would not

be mediated by a specific domain as described for IFITMs (Chesarino et al., 2017), but
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rather a cooperative stabilization of Serinc5 and ordered membrane domains—a common

theme for membrane proteins (Levental et al., 2020).

5.5 Altered viral membrane order as a therapeutic target:

The alteration of membrane properties to prevent viral membrane fusion is a
common mechanism shared by IFITM3, Serinc5, and some potential broad-spectrum
antiviral compounds in development (Vigant et al., 2015). These compounds fall into
three categories: cholesterol-depleting agents, rigid amphipathic fusion inhibitors
(RAFTIs), and lipid oxidation agents. Cholesterol is essential for maintaining membrane
fluidity and its depletion has been shown to be inhibitory for HIV (Campbell et al., 2002;
Liao et al., 2001; Viard et al., 2002), IAV (Domanska et al., 2013; Fedson, 2013; Sun and
Whittaker, 2003), and other viruses (Kleinfelter et al., 2015; Umashankar et al., 2008;
Van Duijjl-Richter et al., 2015). Statins are a class of FDA-approved drugs that inhibit
cholesterol synthesis and have been associated with lower disease severity of Ebola Virus
infection (Johansen et al., 2015; Shrivastava-Ranjan et al., 2018). Statins have also been
associated with lower disease severity of IAV infection but the significance of this effect
is debated (Fedson, 2013, 2006; Haidari et al., 2007; Mehrbod et al., 2014). The
proprietary compound SPO1A from Samaritan Pharmaceuticals was reported to reduce
cellular cholesterol and HIV viral load when given as adjunctive antiretroviral therapy in
a Phase I/II clinical trial although the results are not publicly available (Teissier et al.,
2011).

RAFIs are compounds with an inverted cone shape that insert into membranes

(Vigant et al., 2015, 2010). While their exact mechanism of action is not certain, RAFIs
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are thought to work by inducing curvature in the viral membrane that destabilizes fusion
intermediates (Melikyan, 2010; Nieto-Garai et al., 2018; Speerstra et al., 2018; St.
Vincent et al., 2010). They show antiviral activity with little cytotoxicity at nanomolar
concentrations in vitro but have not yet been tested in vivo (Speerstra et al., 2018).

Lipid oxidizers, or type II photosensitizers, incorporate into membranes and
generate singlet oxygen radicals upon exposure to visible light. These radicals oxidize
carbon-carbon double bonds in unsaturated acyl chains and introduce a hydrophilic
hydroperoxy group, leading to increased positive curvature and decreased fluidity of
bilayers (Vigant et al., 2015). Without the lipid homeostatic mechanisms present in
cellular membranes, viruses cannot repair the oxidative damage and thus viral treatment
with lipid oxidizers is irreversible but cell-cell fusion is unaffected (Vigant et al., 2013).
Several of these compounds exhibit broad antiviral activity with low nanomolar ICsg
concentrations against enveloped viruses in vitro and in vivo (Vigant et al., 2014; Wolf et
al., 2010).

The discovery of Serinc5’s alteration of the viral membrane to block fusion and
prevent infection lends further support to the development of antivirals targeting
membrane properties. Further study of the mechanism by which Serinc5 alters lipid order

may provide a new strategy for the design of membrane-altering antivirals.

5.6 Summary:

In this work, we have developed two model membrane systems, characterized the
defect in HIV membrane fusion due to Serinc3 and Serinc5, and demonstrated that

Serinc5 alters viral membrane order to disrupt fusion. Our investigation of Serincs
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provides context to previous work in the field and a critical piece of Serinc5’s mechanism
of action. With further study, these results could inform the design of new antivirals.
More immediately, the tools we developed can be used to study membrane fusion and

other membrane processes.
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Appendix A: Characterization of anti-microbial
peptides derived from CXCL10

Introduction:

Bacterial resistance to clinically available antibiotics is a global threat of
increasing concern (Livermore, 2004; Morehead and Scarbrough, 2018; The Lancet,
2009). Towards addressing this issue, the World Health Organization (WHO) has
committed to a five-pronged Global Action Plan where one prong is the development of
novel antibiotics (WHO, 2015). Antimicrobial peptides (AMPs) are produced by
organisms for host defense and have been studied for decades as a potential source of
new antibiotics (Lei et al., 2019). Over 3,000 natural and synthetic peptides have been
described, of which, seven have been approved by the Food and Drug Administration
(Chen and Lu, 2020). The nearly unlimited combinatorial space of peptides, further
expanded by chemical modifications (Porto et al., 2018; Rathinakumar et al., 2009;
Torres et al., 2019), position AMPs as a rich source of potential antibiotics.

Classical AMPs are cationic amphiphiles that are unstructured in solution and
adopt an a-helical secondary structure in hydrophobic environments. The peptide,
melittin, is a prototypical a-helical AMP—although it is far too toxic to be of clinical use
(Y. Huang et al., 2010). More broadly, however, AMPs are diverse in structure with
many examples that form B-strands (Dong et al., 2019) or remain unstructured (Takahashi
et al., 2010). Their cationic residues are thought to interact with the negative charge of
lipid headgroups, and their hydrophobic faces with the bilayer interior, leading to the
disruption of bacterial cell membranes (Y. Huang et al., 2010; Lei et al., 2019). Although

the mechanism of action for AMPs depends on the specific peptide studied, it is generally
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thought to involve permeabilization of the cell membrane, antagonism of membrane
processes, and/or recruitment of immune cells (Guha et al., 2019; Shagaghi et al., 2018;
Shenkarev et al., 2011). The lack of clear structure-to-function relationships that confer
antimicrobial activity contributes to the complexity of optimizing AMPs for clinical use
(Chen and Lu, 2020).

The human chemokine, CXCL10, in addition to its immune signaling capabilities,
has been found to exhibit broad antimicrobial activity against Gram-positive and -
negative bacteria (Cole et al., 2001; Crawford et al., 2017, 2010; Oppenheim et al., 2003),
including multidrug resistant clinical isolates (Crawford et al., 2017) and B. anthracis
spores (Crawford et al., 2009). Further investigations have revealed two possible
mechanisms of antimicrobial activity of CXCL10: 1) a likely interaction between the N-
terminus of CXCL10 and the bacterial membrane protein, FtsX, and 2) a non-specific
interaction between the C-terminal amphipathic helix and bacterial cell membranes
(Margulieux et al., 2016). Peptides derived from the C-terminus of chemokines CCL13,
CCL20, CXCLA4, and CXCL9 have been shown to retain the antimicrobial activity of the
parent protein (Crawford et al., 2019) and thus we hypothesized that peptides derived
from the C-terminus of CXCL10 may also have broad antimicrobial activity.
Additionally, a C-terminally truncated version of CXCL10 retained antimicrobial activity
(Margulieux et al., 2016) and thus we hypothesize that peptides derived from the N-
terminus will also be antimicrobial. In the following study, we examined the suitability of

peptides derived from the N- and C-terminal regions of CXCL10 as novel antibiotics.
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Results:

Both N- and C-terminal CXCL10 peptides show broad antimicrobial activity.

For the purposes of this study, we compared the bactericidal activities of the N- and C-
terminal peptides (P1 and P9, respectively) that are expected to show antimicrobial
activity with that of a peptide derived from the middle of CXCL10, PS5, that is not
expected to be antimicrobial. (Figure A.1A). P1 and P9 each killed a broad, yet unique,
range of multidrug resistant bacteria in hypotonic buffer while P5 showed no activity
against any of the strains tested (Figure A.1B). The tested panel of multidrug-resistant
bacteria included Gram-negative (Salmonella typhi, Shigella flexneri, Acinetobacter
baumannii, Enterobacter cloacae, Pseudomonas aeruginosa) and Gram-positive
(Enterococcus faecium, Staphylococcus aureus) organisms that cause disease in humans.
P1 and P9 demonstrated differing activity against the isolates examined: P1 potently
killed the two Gram-positive organisms, whereas P9 showed less activity against E.
faecium and no activity against S. aureus. While both P1 and P9 were potent
antimicrobials against some Gram-negative organisms (S. typhi, S. flexneri), P9
demonstrated greater activity than P1 against A. baumanii and P. aeruginosa. Some of
these trends were replicated when the assay was performed in isotonic Roswell Park
Memorial Institute (RPMI) medium; P1 is still much more active than P9 against S.
aureus and P1 still potently inhibits S. #yphi and E. cloacae, although P9 activity is lost

against S. typhi, E. cloacae, and P. aeruginosa (Figure A.1C).
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Figure A.1: Bacterial survival after CXCL10 peptide treatment. A. Schematic
depicting the division of CXCL10 into peptides; the three peptides examined in this study
are denoted with red bars. B. Bactericidal activity of P1, P5, and P9 in hypotonic buffer
against multidrug resistant panel. Killing of the indicated bacterial pathogen upon
exposure to 1.4 uM (MDR A. baumannii), 2.8 uM (MDR S. flexneri and MDR S. Typhi),
5.6 uM (MDR P. aeruginosa), 11.2 uM (MRSA and VRE), or 16.8 uM (MDR
Enterobacter cloacae), peptide P1, P5, or P9 in 10 mM potassium phosphate buffer
supplemented with 1% Tryptic Soy Broth as measured by colony-forming unit (cfu)
determination. Data expressed as % survival (logio) relative to the species-matched
untreated control, represent the mean + SEM. n = 3. C. Bactericidal activity as measured
using the fluorescent viability reagent alamarBlue. Indicated bacteria were treated with
50 uM P1, P5, or P9 in RPMI medium against selection of multidrug resistant organisms.
Data expressed as % survival as above and are from three replicate experiments. Error
bars are SEM. nd, none detected. *** p < 0.001 by one-way ANOVA with Dunnett’s

multiple comparisons post hoc test.

CXCL10-derived peptides show minimal toxicity against human cells.
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While P1 and P9 are able to decrease bacterial viability, their suitability as potential
antimicrobial therapy depends on their toxicity against eukaryotic cells as well. For
example, the peptide, melittin, found in bee venom, potently kills both bacterial and
eukaryotic cells by permeabilizing their plasma membranes, making it unsuitable as an
antibiotic. As a well-studied peptide with a known mechanism of action, we used it as a
control for studies of CXCL10 peptide toxicity against human cells. When added to red
blood cells (RBCs), melittin permeabilizes the cellular membrane, releasing pigmented
hemoglobin into the supernatant which is detectable by increased absorbance at 540 nm
(Figure A.2A, black diamond). When CXCL10 peptides at a range of concentrations are
added to RBCs, hemolysis is nearly undetectable for most conditions (Figure A.2A).
Very low hemolytic activity of CXCL10 peptides is encouraging for their suitability as
antimicrobial therapy, although RBCs are highly specialized cells that lack typical
organelles and do not perform the same functions as most human cell types. To assess
peptide toxicity against a more typical human cell, we observed CXCL10 peptide activity
against Human Embryonic Kidney (HEK293T/17) cells. After peptide treatment,
viability was assessed by staining with the LIVE/DEAD kit components, calcein-AM and
ethidium homodimer, as has been described previously (Apostol et al., 2003; Fifre et al.,
2006). Echoing the hemolysis data, P5 and P9 at all concentrations tested had no effect
on cell viability although P1 slightly reduced viability in a concentration dependent
manner (Figure A.2B). However, cytotoxicity by P1 was much smaller than that of

melittin and P1-treated samples showed >75% viability at concentrations up to 20 pM.
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Figure A.2: CXCL10-derived peptides show low toxicity against human cells. A.
Human red blood cells (RBCs) in RPMI medium were treated with peptides at the
concentration shown on the X-axis, and hemolysis was assessed relative to the complete
permeabilization of RBC membranes with Triton X-100. Data points represent mean
values from at least three replicate experiments. Error bars are SEM and plotted for all
data points. B. Viability of peptide-treated HEK293T cells in RPMI medium as assessed
by the ratio of calcein-AM to ethidium homodimer staining and normalized to media
alone condition (Melittin, OuM). Data are mean with SEM from at least three replicate

experiments.

CXCL10-derived peptides permeabilize LUVs.

Membrane permeabilization is a principal mechanism by which antimicrobial peptides
kill bacteria (Mahlapuu et al., 2016). To test if CXCL10-derived peptides can
permeabilize bacteria-like and/or eukaryotic-like model membranes, we assessed dye
leakage from large unilamellar vesicles (LUVs). P1 and P9 permeabilized LUVs of all

compositions in a concentration dependent manner up to a plateau. For all four
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compositions tested, P1 permeabilized most potently, followed by P9 and finally P5
which showed low permeabilization of all compositions of LUVs (Figure A.3). There are
subtle differences in the concentration dependence for each LUV composition but
generally, the extent of permeabilization was independent of composition. If selective
permeabilization of bacterial but not eukaryotic membranes were the major mechanism
of action of CXCL10 peptides, there should be stark differences in permeabilization
between the bacteria-like E. coli PL and PE:PG LUVs (Figure A.3A and A.3C), and the
eukaryotic-like membranes containing cholesterol (Figure A.3B and A.3D); these
differences were not observed. While LUVs model simplified lipid compositions of
cellular bilayers fairly well, they do not reproduce additional factors such as curvature or
protein composition. Based on these data, P1, and to a lesser extent P9, can interact with
and permeabilize protein-free lipid bilayers. The discrepancy between effective bacterial
killing with low eukaryotic cell toxicity and comparable permeabilization of bacterial and
eukaryotic-like LUVs suggest that selective permeabilization of bacterial membranes
may contribute to, but is not the entirety of the mechanism of action of P1 or P9.

Additional factors may regulate the activity of P1 and P9.
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Figure A.3: Permeabilization of LUVs of differing composition by CXCL10-derived
peptides. LUVs loaded with a self-quenching concentration of the soluble fluorophore
calcein were treated with CXCL10-derived peptides in hypotonic phosphate buffer at
concentrations listed on the X-axis. Permeabilization was detected by increased
fluorescence as calcein is diluted in the bulk buffer and dequenches. Data are normalized
to Triton X-100 detergent treatment and are from at least 4 separate experiments. LUV
were composed of A. E. coli polar lipid (PL) extract, B. 4:1 molar ratio of brain
phosphatidylcholine (brainPC):cholesterol, C. 7:3 molar ratio of
dioleoylphosphatidylethanolamine (DOPE) DOPE to
palmitoyloleoylphosphatidylglycerol (POPG), or D. 5:2:3 molar ratio of

brainPC:cholesterol:POPG.
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Classical AMPs adopt an a-helical secondary structure although p-strand and unordered
AMPs have been described as well. We used circular dichroism (CD) spectroscopy to
assess the secondary structure of P1 and P9 in buffer or membrane mimetic
environments. In aqueous buffer, both P1 and P9 are largely unordered (Figure A.4A and
A.4B, black lines) but their spectra shift with the addition of the organic solvent,
trifluoroethane (TFE), or E. coli PL LUVs (Figure A.4A and A.4B). Using the SELCON3
algorithm to estimate the fraction of residues in a specific secondary structure from CD
spectra, we quantified the fraction of unordered residues in P1 and P9 (Figure A.4C and
A.4D). The fraction of unordered residues in P1 is unchanged by TFE addition, but
steadily decreases with increasing concentration of LUV (Figure A.4C). In contrast, the
fraction of unordered residues in P9 drastically decreases with TFE addition and is
similarly decreased by all concentrations of LUV (Figure A.4D). The increased order in
P1 upon increasing LUV addition tracks with increasing adoption of a -strand secondary
structure (Figure A.4E). Similarly, the increased order in P9 upon TFE addition is due to
adoption of an a-helical secondary structure (Figure A.4F). While the fraction of
unordered residues in P9 does not change dramatically with increasing concentration of
LUVs, the fraction of a-helical residues does. These data suggest that both peptides
become more ordered in membranes although P1 primarily adopts a B-strand secondary
structure whereas P9 is more like a classical, a-helical AMP. Hydrophobicity as supplied
by TFE is sufficient for P9 to become helical but hydrophobicity alone is not sufficient

for P1 to increase its B-strand content.
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Figure A.4: Secondary structure of P1 and P9 in membrane mimetics. A. and B. CD
spectra of P1 and P9 in hypotonic phosphate buffer (black lines), a 1:1 trifluoroethane
(TFE) and water mixture (pink lines), or LUVs composed of E. coli polar lipid extract
(teal lines). Lines are the average of six spectra from at least three separate experiments
with LOWESS smoothing. C-F. SELCON3 estimates from CD spectra of the fraction of

residues in a secondary structure. In addition to the conditions shown in panels A and B,
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LUVs were titrated to give the peptide to lipid molar ratios listed below the X-axis. Each
point is a prediction from the average of two spectra from the same sample. Data are
from three separate experiments. Mean and SEM are plotted for each. C. and D.
Prediction of fractions of unordered residues E. Predictions of the fraction of P1 residues

in a B-strand-like fold. F. Predictions of the fraction of P9 residues in an a-helix-like fold.

Discussion:

The increasing prevalence of infections caused by multidrug-resistant organisms
is an issue of great concern, which may be partially alleviated by the development of
novel antibiotics. In this work, we have demonstrated that peptides derived from the N-
and C-terminus of CXCL10 (P1 and P9, respectively) show broad antimicrobial activity
against Gram-negative and -positive multidrug-resistant bacterial pathogens (Figure A.1B
and 1C) with minimal toxicity against human cells (Figure A.2). These in vitro results are
encouraging, and will be followed by in vivo experiments demonstrating therapeutic
utility (e.g. improved bacterial clearance, decreased mortality, decreased weight loss,
etc.) in an animal model of bacterial infection.

Building on previous reports of CXCL10’s dual mechanisms of action (Crawford
et al., 2011; Margulieux et al., 2016), we have begun to investigate the apparently distinct
mechanisms of actions of P1 and P9. With LUV permeability experiments (Figure A.3)
and CD spectroscopy (Figure A.4), we have demonstrated that P1 and P9 are capable of
interacting with lipid bilayers and change conformation upon doing so— hallmarks of
AMPs (Huan et al., 2020). While both peptides are capable of permeabilizing LUVs to a

greater extent than the inactive control peptide, PS5, P1 does so more potently than P9
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(Figure A.3). This apparent difference in potency could be explained by the higher
portion of lysine residues in P9 than in P1 (5 vs 0), which are known to favor lipid
translocation across bilayers rather than true permeabilization (Kol et al., 2001). In
support of this, alanine scan mutations demonstrated the importance of all five lysines in
P9 for antimicrobial activity (data not shown). However, P5 which does not kill bacteria
also has three lysines; thus, lipid translocation via lysine residues may contribute to, but
is not the sole mechanism of action of P9. Most cationic AMPs are thought to act by
binding the higher proportion of negatively charged lipids, like PG, in bacterial
membranes. We did observe increased potency of P1 and P9 in membranes containing
PG (Figure 3D) as compared to a similar composition that lacked PG (Figure A.3B) but
the difference was not large enough to explain selective permeabilization of bacterial but
not eukaryotic membranes.

An alternative model for AMP activity is depolarization rather than
permeabilization of membranes (Mahlapuu et al., 2016). Upon interaction with
membranes, some AMPs are thought to collapse the membrane potential, thereby
inhibiting respiration and disrupting osmotic regulation. Eventually, these changes would
be expected to lead to membrane permeabilization and membrane permeabilization also
collapses membrane potential so these two models are not completely distinct (Yeaman
and Yount, 2003). Membrane depolarization by CXCL10 peptides could be assessed
using the potentiometric probe, DiSC3-5. This fluorescent probe accumulates on
hyperpolarized membranes to self-quenching concentrations and upon depolarization,

dissociates from membranes resulting in an increase in fluorescence (Shapiro, 1994;
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Singh and Nicholls, 1985). Further studies of the effect of CXCL10 peptides on
membrane potential may be important for elucidating their mechanisms of action.

Yet another described mechanism of action of some AMPs is the collapse of
bacterial proteostasis by targeting aggregation prone regions in the bacterial proteome
with an amyloidogenic peptide (Khodaparast et al., 2018). While the data presented on P1
is limited and thus concluding on its mechanism of action is speculative, the available
data are consistent with bactericidal activity via amyloid formation on bacterial
membranes. While mostly unstructured in aqueous buffer, P1 adopts a B-strand in the
presence of lipid bilayers (Figure A.4A, A.4C, and A.4D). The hydrophobic environment
of TFE is not sufficient to induce this transformation so the conformational switch may
be the addition of an organizing surface, like LUVs, for multimerization and the
formation of B-sheets. Consistent with these data, P1 in RPMI+5.5 BSA mg/mL, as
imaged by cryoEM, had no discernable features but when P1 in the same medium was
added to supported lipid bilayers composed of E. coli PL, electron-dense round features
of similar size but variable shape were visualized (Figure 4.5). The similar sizes suggest
some ordering principle in the formation of these multimers, such as amyloid formation,
but the lack of a defined structure disfavors a specific interaction interface. These data
may also indicate the formation of membrane pores as has been described for other -
strand AMPs (Lipkin and Lazaridis, 2015; Rausch et al., 2007, 2005). The detection of an
amyloid specific fold with the fluorescent amyloid probe, Thioflavin T, may help
distinguish between these two possible mechanisms (Xue et al., 2017). If P1 did adopt an

amyloid-like fold upon association with bacterial or bacterial-like membranes, it could
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suggest P1 kills bacteria by targeting aggregation prone regions of the bacterial proteome
as has been described by Khodaparast et al., 2018.

In summary, we have demonstrated that P1 and P9 are capable of permeabilizing
membranes and that both peptides undergo structural changes upon interaction with
membranes, typical characteristics of AMPs. Our in vitro demonstration of the broad
antibacterial activity and low cytotoxicity of P1 and P9 makes both of them promising

potential therapeutics deserving of additional study.

Materials and Methods:

Reagents: The following compounds were purchased from Avanti Polar Lipids and used
without modification: brain phosphatidylcholine (brainPC), E. coli polar lipid extract (E.
coli PL), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE), and 1,2-
dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DOPG). Cholesterol and bovine serum
albumin (BSA) were purchased from Sigma-Aldrich. Peptides were custom synthesized
by GenScript by solid-state, microwave-assisted peptide synthesis and purified by high

pressure liquid chromatography (HPLC) before lyophilization.

Bacterial strains used in this study:
K. pneumoniae BL13802 (CFSANO044570)
A. baumannii ARO0304

P. aeruginosa ARO0231
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S. typhi BL31130 (CFSAN059647)
S. flexneri BL28504 (CFSAN059650)
E. faecium ARO0575

E. cloacae BL36213 (CFSAN059636)
S. aureus LAC (USA300)

Bacterial killing assays: Bacteria were inoculated from glycerol stocks into Luria
Bertani (LB) broth and grown overnight at 37°C with shaking. A portion of the culture
was diluted in fresh LB and grown to an ODgoo of 0.6. The culture was then diluted in
either RPMI (Gibco) or hypotonic media (10mM H>KPO4 with 1% tryptic soy broth) and
mixed CXCL10 peptides at the concentration indicated in a 96 well plate. The plate was
incubated at 37°C with shaking for 2 hours. To determine CFUs, bacteria were diluted in
sterile saline and plated on LB agar. Treatment counts (CFU/ml) were divided by the
average counts for the untreated control for the specific strain to determine % survival.
To determine killing by alamarBlue staining, each well was diluted 1:2 in fresh 2x LB,
divided into triplicates, and transferred to a new 96-well plate. 10% (v/v) of alamarBlue
Cell Viability Reagent (ThermoFisher) was added to each prepared well and incubated in
the dark at 37°C without shaking. As alamar Blue is reduced by live, metabolically active
bacteria, it generates a fluorescent product and also changes color by eye. The incubation
was allowed to proceed until the untreated control showed adequate color change.
Fluorescence (Exc 530/10 nm, Emis 590/20 nm) was measured in a PerkinElmer
VICTOR Multilabel Counter. All wells were blanked by subtracting the average signal

from wells containing buffer alone + alamarBlue. Treatment wells (peptide, vehicle, etc.)
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were normalized to the strain-specific untreated controls for that particular experiment to

calculate % survival.

Fluorescent content LUV preparation: Chloroform stocks of desired lipids were mixed
and the solvent was evaporated under a gentle stream of nitrogen gas. The resulting lipid
film was desiccated under vacuum for at least one hour before resuspension in potassium
phosphate buffer with calcein (10mM H>KPO4, 75mM calcein, pH 7.4) to a final
concentration of ImM. After vortexing at room temperature, the lipid suspension was
subjected to 10 freeze/thaw cycles in liquid nitrogen and warm water before extrusion
through a 200nm nanosizer (T&T Scientific). LUVs were separated from free dye by size
exclusion with a PD-10, Sephadex G-25 column (GE LifeSciences), followed by
pelleting and washing twice with phosphate buffer without calcein at 100,000 xg at 4°C

for 1 hour. LUVs were stored at 4°C and used within 24 hours of extrusion.

LUV permeability assay: The concentration of LUVs was adjusted to be roughly
equivalent based on their fluorescence intensity (Exc 485 nm Emis 538 nm) and 90 uL of
the adjusted LUV suspension was added to each well of a clear-bottom, 96-well plate.
The fluorescence intensity of each well was measured as baseline (Ipaseline) in a
SpectraMax M5 plate reader (Molecular Devices). Peptides were diluted in potassium
phosphate buffer (10mM H>KPO4, pH 7.4) and added to the appropriate well. The
fluorescence intensity of each well was measured again, 15 minutes after the addition of

peptides. LUVs were then fully permeabilized by the addition of 10% Triton X-100 and
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the maximum fluorescence intensity was measured (Imax). The normalized fluorescence
intensity was calculated for each well with the following equation:

I — Ibaseline

Liormatizea = I — ]
max baseline

CD spectra acquisition and analysis: Peptides were dissolved in potassium phosphate
buffer (10mM H>KPOy4, pH 7.4) and diluted to a final concentration of 20.83 uM with
50% (v/v) Trifluoroethane (TFE) in water, LUV in potassium phosphate buffer, or
buffer only and incubated at 37°C for 1 hour. The mixtures were transferred to 2 or 0.5
mm quartz cuvettes and spectra were collected from 190 to 250 nm with a wavelength
step of 1 nm in either a JASCO J-1500 or an AVIV model 215 spectropolarimeter. Two
spectra for each sample were collected at room temperature and averaged. Spectra were
analyzed and converted to mean residue molar ellipticity with DichroWeb using the
SELCON3 algorithm (Sreerama and Woody, 1993; Whitmore and Wallace, 2008). Mean
residue molar ellipticity was calculated with the following equation:

0.1+ M)

Ae =6
=P W+ C+3298)

Where Ag is mean residue ellipticity in degrees cm? dmol™! residue™!. 0 is the measured
ellipticity in millidegrees. M is mean residue weight given by the peptide’s weight in
daltons/the number of peptide bonds (the number of residues minus one). L is the

pathlength of the cuvette given in cm. C is the concentration of the peptide in g/L.

Hemolysis assay: Human venous blood was drawn from consenting donors in

accordance with an approved IRB protocol. RBCs were then separated from other blood
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components by a Ficoll gradient as previously described (Ragland and Criss, 2019).
RBCs were then washed three times in phosphate buffered saline (Gibco), with pelleting
at 1000xg for 10 minutes at 4°C. After the final wash, the supernatant was carefully
removed and an adequate volume of RPMI + 5.5 mg/mL BSA was added to yield a 10%
(v/v) solution of RBCs. Peptides or controls (medium alone or 20% Triton X-100) were
diluted in the same medium in a v-bottom 96-well plate and the RBC solution was added
to each well with mixing. The plate was covered and incubated at 37°C for 1 hour before
centrifuging at 500 xg for 5 minutes to pellet intact RBCs. The resulting supernatant was
carefully transferred to a clear-bottom 96-well plate and the absorbance at 540 nm was
measured in a SpectraMax M5 plate reader (Molecular Devices). Normalized hemolysis

was calculated relative to Triton X-100 condition with the following formula:

A - Amedium

Hemolysisnormatizea = 2 )
Triton medium

Cell viability assay:

HEK 293T/17 cells (ATCC) were maintained in high glucose Dulbecco’s Minimum
Essential Media (Gibco) supplemented with 10% fetal bovine serum (Atlanta
Biologicals), 1% antibiotic-antimycotic (Gibco), 1 mM sodium pyruvate (Gibco), and 2
mM glutamine (Gibco). For viability assays, cells were cultured in clear, cell-culture-
treated, 48-well plates overnight in the same medium and environmental conditions.
Growth media was removed and cells were washed with phosphate buffered saline
(PBS). Peptides diluted in RPMI + 5.5 mg/mL BSA were incubated with cells for 1 hour

at 37°C. Medium was then aspirated and cells were stained with LIVE/DEAD kit
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components (ThermoFisher) according to the manufacturer directions. Fluorescence of
each well was measured in a SpectraMax M5 plate reader (Molecular Devices) in well
scan mode. Fluorescence from two wavelengths (Excl 488 nm Em1 508 nm Cutoffl 495
nm; Exc2, 528 nm Em2 617 nm, Cutoff2 610 nm) was measured and intensity of all tiles
in a well was summed. The ratio of intensities in green/red channels for a well was

normalized to the ratio from untreated control wells which received only RPMI + BSA.
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Appendix B: Design, rapid prototyping, and usage
of a modular chamber for TIRF microscopy

Introduction:

Total Internal Reflect Fluorescence (TIRF) Microscopy is a diffraction-limited,
widefield illumination technique that improves on the signal-to-noise ratio of
epifluorescence by exclusively exciting fluorophores within approximately 100 nm of a
support material of higher refractive index than the sample (Tamm, 1993). This can be
accomplished one of two ways: objective based TIRF and prism-based TIRF. Both rely
on altering the angle of incidence of the excitation light but use different optic
configurations to achieve it. In an objective based TIRF microscope, the excitation light
is translated from the optical axis at the back focal plane of the microscope such that it is
incident upon the sample coverslip at or above the critical angle at which it is totally
internally reflected. In contrast, prism-based TIRF uses a prism in contact with the
support material and cut on the correct angle to bend the excitation light to the critical
angle in the support material. As the prisms used for this are quartz, this means the
support material must be quartz as well to achieve internal reflection at the support
material/aqueous sample interface rather than at the prism/support material interface
(Martin-Fernandez et al., 2013). While there are many iterations of this general design
(Chen et al., 2013), the simplest requires the sample to be enclosed on the bottom by
coverglass suitable for the objective and by a quartz slide (to match the refractive index
of the prism) on top. The distance separating them must be less than the focal length of

the objective to ensure focus at the correct plane. Additionally for TIRF of supported
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lipid bilayers, the quartz slide must be useable in the Langmuir-Blodgett trough so the
sample chamber for prism-based TIRF must be able to be disassembled and reassembled.
Dr. Volker Kiessling had machined an aluminum and Teflon sample chamber for
prism-based TIRF that met these criteria but the design could be improved upon. In this
original design, the TIRF chambers were composed of an aluminum frame that held a
quartz slide and a second aluminum and teflon piece glued to a glass coverslip. Both
sides were held together around the quartz slide by four screws. Firstly, the design
required at least 1.2 mL of sample and/or buffers to fill. For abundant or concentrated
samples this was no issue but for scarce and expensive samples, this limited the number
of samples that could be examined. Second, two small channels in the Teflon piece could
be accessed by a 26 gauge needle bent at a 90 degree angle to exchange buffers but this
channel could become blocked by the glue. Difficulties accessing these flow channels
frequently led to backflow of buffers and leakage. Third, the coverglass frequently
cracked during use, leading to leakage of sample and requiring frequent maintenance of
the chambers to replace broken glass. Finally, the four screws holding the chamber
together received daily wear as the chambers were assembled and disassembled
repeatedly and exposed to corrosive buffers. Corrosion and thread stripping meant the
screws did not reliably create a water tight chamber, also leading to leakage and sample

loss. Experience with the previous chambers motivated the following design criteria:

1) Glass coverslip and quartz slide are held at a set distance compatible with the

focal length of a 63X objective.
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2) Aqueous buffers can be rapidly exchanged from the water-tight chamber without
leaking

3) The volume of sample required to fill imaging chamber is minimized

4) The chamber is easily assembled and disassembled

5) Only infrequent maintenance is required

To achieve this, I designed the new chambers in CAD, compared various materials
and additive manufacturing (3D printing) methods, and tested performance against the
criteria listed above. Here, I narratively describe the iterative design process followed by
excerpts from the provisional patent filing of the final design.

The initial design used disc magnets to hold two cassettes together around a coverslip,
a flow insert with tubing attachments, and the quartz slide. Each part was modified
several times but the overarching concept remained. The disc magnets were replaced with
bar magnets (Figure B.1, column 1-10 vs 11-12) to deliver more force (2.31bs vs. 0.31bs)
and ensure adequate pressure for a water-tight seal. The rigid tubes in the initial design
attached well to flexible tubing but the flow insert itself did not form a water-tight seal
and thus was replaced with a rubber-like polymer, TangoBlack. This required redesign of
how buffers would be exchanged through the chamber (Figure B.1, columns 5-9). Rather
than flexible tubing attached to a rigid tube, a semi-rigid intravenous (I'V) catheter was
inserted into the flexible TangoBlack flow insert. The inclusion of an IV catheter as the
tubing adaptor also allowed luer lock connections to more complicated tubing to regulate
the flow of multiple reagents in and out of the chamber. All of the luer lock tubing,

stopcocks, etc. used for these purposes were past expiration date surplus infusion supplies
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acquired from the hospital medical equipment recycling center. With a few iterations to
adjust the width of the flow insert (Figure B.1, columns 5-9), the coverglass and quartz
were at an acceptable distance such that the objective could focus on the quartz. This

design met the criteria listed above and is shown in more detail in Figure B.2.

Figure B.1. Prototyping a modular 3D printed sample chamber for TIRFm. Objects
are arranged chronologically from left to right. The multiple parts that composed an
assembly are grouped into a column. Aluminum foil was placed under parts in columns
5-11 to create contrast between a black object and the black background. Parts that
remained unchanged in the subsequent iteration of an assembly are not duplicated; thus

the top-most object in column 2 is included in the assemblies in columns 3-10.
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Figure B.2. Exploded-view CAD rendering of final assembly. The 3D printed flow
insert (yellow) is held between a quartz slide (teal) and glass coverslip (green) by a bar

magnets in two halves of a rigid cassette (pink)

The third design criterion, minimize volume required to fill the chamber, comes at
the expense of area available for observation. The acceptability of this compromise may
depend on the goals of the experiment and thus I took advantage of the modularity of the
sample chamber and designed flow inserts with various configurations. For experiments
where maximizing viewable area is higher priority than minimizing sample volume, the
flow insert with circular area (Figure B.3, yellow) can be used with no other modification

of the chamber. For the opposite case, the flow insert with the more narrow channel could
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be used (Figure B.3, orange). For most experiments, a compromise between both is
preferable (Figure B.3, red) and anecdotally, this shape allows even flow of fluids in the
chamber, an important quality for creating supported lipid bilayers on Langmuir-Blodgett
monolayers. Expanding on the idea of modularity, I also designed an insert with two
inlets and two outlets for an experiment observing the mixing of two reagents or to
accommodate simultaneous data acquisition with a microprobe for pH (Figure B.3,
green). Additionally, to increase throughput by observing two samples on one slide, I
created a flow insert with two separate channels (Figure B.4, blue). Observing two
samples on one slide is one approach to maximizing throughput for the single-particle
TIRF assay described in chapters 2 and 3 but I also developed a secondary approach to
increase throughput of lipid monolayer deposition on quartz with the Langmuir-Blodgett

trough described below.

Figure B.3. Exploded-view CAD rendering of assembly, demonstrating modularity
and adaptability of the flow insert. Five examples of flow inserts suited for different

purposes are shown side by side. Only one can be used a time.
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Excerpt from Provisional Patent:

“An aspect of an embodiment of the present invention provides, among other
things, a TIRF sample chamber that can be 3D printed inexpensively and efficiently. An
aspect of an embodiment of the present invention provides among other things, an
improved design to simplify and improve aspects related to: cleaning/repairing,
decreasing the volume of sample required, and incorporating luer lock tubing for easy
liquid exchange through the chamber. In an aspect of an embodiment the chamber may
be composed of three 3D printed parts, 16 small bar magnets, a glass coverslip and a
quartz slide. Additionally, an aspect of an embodiment of the present invention provides,
among other things, a design providing modularity that allows the inner-most part, the
“flow insert”, to be adapted to the requirements of different samples. For example, some
experiments can be performed with just one “in” flow port and one “out” flow port but to
examine the mixing of two components requires two “in” flow ports. This may be
achieved by swapping the flow insert for one with two “in” flow ports while the rest of
the chamber may remain the same.

An aspect of an embodiment of the present invention provides, among other
things, a 3D printed sample chamber for total-internal reflection fluorescence
microscopy, and related method of use and manufacture.

An aspect of an embodiment of the present invention provides, among other
things, 3D printed microscopy chambers, and related methods of use and manufacture.

An aspect of an embodiment of the present invention provides, among other

things, an approach whereby the total cost of the chamber is about $20-$25 and all parts
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are reusable. TIRF microscopy is used by many fields including cell biology, physiology,

and biophysics and a low-cost sample chamber could be of interest to those who use it.
An aspect of various embodiments of the present invention may provide a number

of novel and nonobvious features, elements, advantages, and characteristics, such as but

not limited thereto, the following:
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An aspect of an embodiment of the present invention provides, among other

things, the capability of manufacturing of a sample chamber by 3D printing.

An aspect of an embodiment of the present invention provides, among other
things, a sample chamber that may be completely closed except for the inlet and
outlet so it can be used with both upright and inverted microscopy without any

modification.

An aspect of an embodiment of the present invention provides, among other
things, a sample chamber that may be easily assembled and disassembled. This
means, for example but not limited thereto, the glass coverslip and/or quartz slide
can be separately treated or modified in a myriad of way. Examples of potential

modifications may include, but not limited thereto:

®

Culturing cells or tissues on the quartz slide.

b. Protein binding for measurement of binding kinetics.

c. Microarray of DNA, RNA, or proteins.

d. Charge deposition with plasma treatment.

e. Material deposition or modification (sialyation, oxide deposition, etc.)

f.  Micropatterning or etching.
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4. An aspect of an embodiment of the present invention provides, among other
things, a sample chamber that is modular so slides, coverslips, flow gaskets,
optical elements, sensors, and more can be incorporated as needed to
accommodate a broad range of experiments. The case may include magnet closure
that fits into common microscopy stages and provides a constant base for nearly

all possible variations.

Design and prototyping of a multisubstrate holder for Langmuir-Blodgett
monolayer deposition:

Developed by Dr. Katharine Blodgett, the first woman to earn a PhD in physics
from Cambridge (“Katharine Burr Blodgett,” 1980), the Langmuir-Blodgett trough is a
device for depositing a single molecule thick Langmuir-Blodgett film by slowly dipping a
substrate through a monomolecular film of amphiphiles layered on top of water.
Langmuir-Blodgett troughs are commercially available with a motorized arm to control
the speed of substrate dipping although most only hold one substrate at a time. I designed
and prototyped a substrate dipper that can dip up to 6 quartz slides, glass coverslips, or
silicon wafers at a time. Laterally expanding the design of the manufactured substrate
holder allows three substrates to be dipped at once. In the manufactured holder, a spring
clip holds the substrate in place but to simplify the design and allow a second layer of
substrates on the back, the new design uses 10x5x2 mm magnets to hold the substrate in
place; a magnet is inserted into a hollow space in each of the three prongs and a second
magnet is used to hold a substrate to that prong. A cushion is used between the exterior
magnets and substrate for delicate substrates that can crack or scratch. With a long post,

the new dipper design fits into the round adaptor for the trough and can be used without
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any other physical modification. To accommodate the increased surface area, the rate of
compression of the lipid surface must also be increased to ensure maintenance of a

constant pressure.

Figure B.4 Multisubstrate holder for Langmuir-Blodgett film deposition. A.
Commercially available substrate holder with single substrate. The holder attaches to the
dipping mechanism of the Langmuir-Blodgett trough by the black, round piece. B.
Multisubstrate holders with three substrates each. The post of the substrate holder inserts
into the black, round piece. C. Side view of multisubstrate dipper showing the hollowed
compartment where a bar magnet is inserted to produce an attractive force with the

external bar magnet that holds the substrate in place.
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