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L. Introduction
Statement of Purpose

The biophysical and biochemical study of membrane proteins (MP) is uniquely challenged by the lipid
bilayer environment in which MPs reside. While fantastic methods have been developed over the years,
there is still a dearth of techniques to study MPs in their complex in vivo lipid environments. Study of
MPs in their native lipid environment is critical because the lipid environment is known to influence the
structure, function, and processing of MPs. The purpose of this dissertation is to characterize and
implement novel biochemical and biophysical tools for the study of MPs in biomedically important or
native lipid environments; a short review relevant to the methods developed below will be covered in
Chapter 1. Chapter 2 serves as a steppingstone and will characterize a previously understudied non-
ionic detergent, n-Dodecyl-B-D-Melibioside (DDMB), and its application ins MP studies.

The role of phase-phase separation in biology has recently become a critical focus of biochemistry and
biophysics. Lipids are known to undergo lipid-lipid phase separation and the biological poster child for
this, the raft hypothesis, is continually refined in the biological context. This thesis describes the first
isotropic particle, e.g. detergent micelles, that are capable of dissolving significant amounts of
sphingomyelin and cholesterol, key components of the aforementioned lipid-raft hypothesis. The
resulting new sphingomyelin and cholesterol rich bicelles (SCOR Bicelle) enable detailed studies of the
impact of lipid composition on MP structure and function. In Chapter 3, we explore the morphological
characterization of SCOR bicelles and the impact of a SCOR environment on the amyloid beta (AB)
precursor protein, C99. SCOR bicelles are an exciting step towards recreating a lipid raft environment
but lack the chemical complexity and heterogeneity of the native bilayer.

It is critical to remember that living systems represent entropy machines which constantly use energy to
maintain bilayer lipid leaflet asymmetry and change lipid bilayer composition in response to stimuli.
Therefore, it is important to develop new methods in which MP structure and function can be studied
while embracing the full complexity of the lipid environment in living systems. Single pass
transmembrane proteins (SPTPs) generally have the largest ratio of bilayer-exposed surface area per
transmembrane segment (TM), and | posit that this ratio makes them uniquely susceptible to changes in
bilayer composition. (Granted, this dissertation does not directly assess this hypothesis in living cells and
only establishes methods for future studies on this topic.) | here describe two novel methods for
delivering recombinant SPTPs to mammalian cells. Chapter 4 explores how amphipathic polymers can
deliver the severe acute respiratory syndrome 2 virus (SARS-CoV-2) envelope protein (S2-E) to the
mammalian cell plasma membrane (PM) and follow its subsequent retrograde trafficking to the
perinuclear space. The other delivery method leverages the ability of SPTPs to oligomerize and form
unique particles that are water soluble without the need of membrane mimetics. The biophysical
characterization of these detergent free particles and their uptake by mammalian cells are explored in
Chapter 5. Chapter 6 describes results in which we tested for binding between C99 and another key
Alzheimer’s disease (AD) protein, tau. Overarching conclusions and future directions for this thesis work
are covered in the final Chapter 7.



1.1 The vast complexity of the lipid bilayer.

In order to appreciate the importance of current scientific pursuits, it is immensely helpful to have
historical perspective on the hypothesis at hand. Tchaikovsky’s Swan Lake premiered the same year
(1877) that Wilhelm Pfeffer posited that a then-unseen plasma membrane (PM) acted as a cellular
barrier to water and certain solutes (1). A pioneering work in 1959 by Robertson used electron
microscopy to visualize this hypothesized barrier and showed that the PM has a single lipid bilayer with
electron dense proteins on each side of the bilayer (2). The Nicolson “fluid mosaic model” was published
in 1972 and underpins our modern understanding of how proteins, lipids, and carbohydrates all fit into
the overall structure of the PM lipid bilayer (3). The fluid mosaic model highlights how amphipathic and
MPs interact with and can span the “sea” of the lipid bilayer. The 1970s also contained some of the first
studies on lipid bilayer asymmetry and lipid phase heterogeneity (4,5). These historical works set the
foundation for modern studies of MPs in the complicated environment of mammalian lipid bilayers.

There are three main classes of lipids in eukaryotic cells: glycerophospholipids, sphingolipids, and sterols
(6). However, these three classes belie the true chemical complexity found in the lipid bilayer (7).
Lipidomics recently identified over 8000 lipid species in human platelets (8), highlighting the vast variety
of lipids found in vivo. The lipid bilayer complexity is further complicated when one considers that
organelles have varied lipid compositions (9,10) and different tissues have specific lipodomes (11).
Certain lipid species, such as phosphatidylinositol phosphates, have defined functions and can act as a
ligand for proteins (12-14) while most non-annular or “bulk” lipids do not have a known purpose and
their wider roles within the bilayer are even more obscured. Determining the impact (or lack thereof) of
changes in “bulk” lipid on MP structure and function (15) is challenged by a dearth of methods when
trying to study complex lipid phenomena such as leaflet asymmetry (16) and lipid-lipid separation (17).
The methods presented in Chapter 4 and 5 aim to expand our ability to study MPs in the context of in an
in vivo lipid environment while enabling application of chemical biological approaches originally
developed for in vitro studies.

1.2 Lipid heterogeneity and rafts

Lipid-lipid spatial heterogeneity has been observed in complex lipid environments of organelles (18),
bacteria (19), and in simple ternary lipid artificial bilayers (20,21). Lipids can form several different
phases depending on properties such as temperature, hydration, headgroups, and hydrocarbon chain
lengths (22). There are two lipid phase transitions pertinent to this dissertation, the gel (So) to liquid
disordered (Lg) transition and liquid ordered (L,) to liquid disordered (L4) transition. Lipids in the S, phase
are dominated by Van der Waals (VDW) forces and therefor have tight lateral packing, limited
translational diffusion, and fully extended fatty acid chains (23). Ls phase lipids do not possess ordered
acyl chains or lipid packing (22) and allow for rapid lateral diffusion (24). The S, to Lg transition
temperature (Tn) increases as a function of chain length since more energy is required to overcome the
increased VDW forces (25). Likewise, the kinks found in unsaturated fatty acids disrupt packing and
lower this Tr, (26). The L, phase is unique and can form when high concentrations of sterols are present
in the lipid bilayer (21). As shown in Figure 1.1, the L, phase can be thought of as having properties that
are intermediate between the S, and Ly phases since it exhibits increased lipid order due to packing of
hydrocarbon tails against the rigid sterol structure while also allowing some lateral diffusion of lipids
(27,28).
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Figure 1.1. The liquid ordered phase has properties that are intermediate between gel and disordered
phases. Addition of cholesterol to either the gel or disordered phase can result in the liquid ordered
phase. Figure adapted under CC BY 4.0 from Marc Eeman & Magali Deleu, «From biological membranes
to biomimetic model membranes», BASE [En ligne], numéro 4, Volume 14 (2010), 719-736 URL :
https.//popups.uliege.be/1780-4507/index.php Pid=6568.

Sphingolipids and sterols are often discussed in the same breath when referring to a specific L, phase
known as a lipid raft (29-31). Cholesterol and sphingomyelin have been shown to form an energetically
favorable complex that is stabilized by the higher Tr, of sphingolipids and by a hydrogen bond between
the cholesterol hydroxyl headgroup and sphingomyelin amide-linked acyl chain (32,33). This distinctive
sphingomyelin and cholesterol affinity likely drives clustering of these two lipids in vivo. Lipid rafts have
an increased bilayer thickness due to sterol-induced straightening of the lipid chains(28,34). L, and Ly can
coexist on a Gibbs phase diagram (21) and form spatially separated domains where the domain sizes and
lifetimes are dependent on composition and temperature (27,35,36). Simple artificial membrane studies
in Giant Unilamellar Vesicles (GUVs) set the foundation for lipid-lipid separation in vivo (30) where,
remarkably, the lipid and protein components of mammalian cell membranes can also form coexisting L,
and Lq phases. (It is astounding that despite of the vast chemical complexity of plasma membranes, their
bilayers occupy only a small number of definable phases.) In order to directly visualize the phase
separation, the mammalian lipids must be removed from the live cells through a membrane-oxidizing
blebbing process to form Giant Plasma Membrane Vesicles (GPMVs) (37,38).

Before GPMVs, lipid raft-like domains known as detergent resistant membranes (DRMs) were isolated
from cells via lysis with non-ionic detergents under cold temperatures (39). DRMs and GMPVs have both
shown that MPs have an affinity for the L, or Ly phases (17,40). | often find myself agreeing with the
Leventhal lab notion of MP phase preference: the L, phase excludes many MPs, but is permissive of
certain MPs. However, it does not actively enrich L, preferring proteins (41). The L, phase preference of
proteins along with their slower diffusion (42) within the L, phase had led to the idea that rafts function
as a spatially sequestered signaling and processing platform (30,43,44). The PM has the highest
concentration of cholesterol and sphingomyelin (6) and yet obvious L, and Ly phases are not observed in



living mammalian cells. This failure of the PM to phase separate into long-lived and microscopically
visible phases is likely intentional since long lived L, and Lq lipid phases would possibly limit signaling
flexibility and lead to undesirably large and sustained signaling domains. Moreover, clearly separated L,
and Lq phases have a sharp line tension boundary that contrasts the gradients often observed in living
systems (45). The PM likely exists near the critical point of the L, and Ly phases such that both phases
are small and short lived. This idea is supported by studies that show GPMVs need to be cooled below
the growing temperatures of their source cell lines in order to stably phase separate, presumably
because PMs tune their lipid compositions to be near the critical miscibility temperature (27,36,46). It is
important to reiterate that there is a substantial body of evidence that lipid-lipid heterogeneity and
changes in lipid order do occur in living cells. However, it is not yet obvious how lipid rafts or the L,
phase manifest in living cells and the extent to which they control cellular processes. Regardless of how
important lipid rafts end of being in biomedical research, the case can be made that mammalian MP
structure and function should be studied in membranes that contain all three classes of lipids found in
cells: glycerophospholipids, sphingolipids, and sterols.

2.1 How do we study membrane proteins?

Ideally all investigations on MP structure would be done or validated in vivo, but this is not possible for
most modern structural methods. Most biophysical and structural methods were originally developed
for soluble proteins and then adapted for MPs. Adapting MPs to these methods often involves replacing
the native lipid bilayer with a simpler alterative, referred to as a “membrane mimic” or “model
membrane”, (47-49) and dividing up the MP into soluble and membrane-bound fragments, colloquially
referred to as divide and conquer. It should be noted that removing a MP from the native lipid
environment represents another split in the divide and conquer approach. Structural biologists are
aware of the importance of the native bilayer and there is a strong drive to study MPs in their native
membrane environment as highlighted in an extensive collaboration on in vitro full-length EGFR in
mammalian cell derived vesicles (50).

The lipids surrounding a MP were historically thought of as a solvent without much attention being
placed on the ability of bulk lipids to impact protein structure and function (12-14). (Hence the fluid in
the fluid mosaic model) The easiest way to study the impact of lipids on MPs would be to use bilayered
vesicles. However, due to their large size, vesicles tend to settle in solution or complicate many
spectroscopic structural and biophysical methods that are reliant on optically clear solutions (51). This
desire for transparent solutions biases MP studies towards stabilizing the hydrophobic domains of MPs
with smaller membrane-mimetic particles. There are additional technical advantages of using small
particles such as tumbling rate and orientation bias. As shown in Figure 1.2, some examples of small
membrane mimics commonly used today are detergents (47), bicelles (47,52,53), nanodiscs (48,54,55),
and amphipols (56,57).
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Figure 1.2. Common membrane mimics for in vitro membrane protein work. Cartoon rendition of an
integral membrane protein in A) detergent micelle, B) amphipol polymer, C) bicelle, D) vesicle, E) SMALP,
and F) nanodisc. Figure adapted with permissions from Yeh V. (2019) Introduction. In: Study of
Bacteriorhodopsin in a Controlled Lipid Environment. Springer Theses (Recognizing Outstanding Ph.D.
Research). Springer, Singapore. https.//doi.org/10.1007/978-981-13-1238-0 1

2.2 Detergents

Detergents are routinely used as a membrane mimic due to their ease of use and comparatively low
cost. Lipids and detergents are both amphiphiles and therefore contain a hydrophilic head group and a
hydrophobic chain (58). Glycerophospholipids generally have two hydrocarbon chains while detergents
usually only have a single hydrophobic chain. This results in lipids having an overall cylinder structure
opposed to the cone structure associated to detergents (59). This conical shape causes detergents to
form a hydrophobic-core spheroid, referred to a micelle, when trying to balance their hydrophobic and
hydrophilic needs. The formation of these micelles requires the detergent to be at a a concentration
above the critical micelle concentration (CMC)(60). The CMC varies based on detergent properties such
as headgroup and hydrocarbon chain length. Another important factor in micelle size and shape is the
number of detergent molecules in each individual micelle, this is referred to as the aggregation number
(61,62). The CMC and aggregation number can be used to estimate the molar concentration of micelle in
any given solution. It is imperative to consider the protein to micelle ratio when doing MP studies
because it is deceptively easy to artificially crowd MPs together with a small number of micelles.

There are many factors one must consider when choosing a detergent for MP studies. Detergents
broadly have three types of head groups and their general denaturing tendency from highest to lowest
are: ionic, zwitterionic, and non-ionic (47). There is rarely an obvious choice of detergent for any given
MP and so a significant amount of effort should be devoted to finding the right surfactant. This task
appears daunting but structural biology sub-communities often gravitate towards a short list of



detergents that are well suited for their technique or protein. For example: cryo-electron microscopy
(Cryo-EM) MP structures are often solved in non-ionic detergents (63) whereas solution NMR studies are
biased toward use of anionic and zwitterionic detergents (64). Interestingly, some groups have used
detergents and organic solvents to carry out protein studies in reverse micelles where the hydrophobic
tails are facing the solvent and hydrophilic headgroups line the interior (65,66). Chapter 2 will go into
further detail about a non-ionic detergent, DDMB, that was found to be suitable for NMR and has
several physical characteristics that improve on the commonly used n-Dodecyl-B-D-maltoside (DDM).

A great advantage of detergents is their ability to easily dissolve small amount of most lipids (59). Lipid
and detergent mixtures are referred to as mixed micelles and lack spatial separation between the lipid
and detergent phases (67). As highlighted with bacterial diacylglycerol kinase (DAGK), DAGK in detergent
alone is not active, whereas solubilization in lipid (cardiolipin) and detergent mixed micelles supports
DAGK enzymatic activity (68). Incorporating higher ratios of lipid to detergent or complex lipid
compositions sometimes result in lipid precipitation or odd phase behavior where spheroid particles are
no longer present (69). On the other and certain combinations of detergent and lipid do not generate
mixed micelles and instead form unique particles with a defined lipid bilayer and detergent annulus;
these particles are known as bicelles.

2.3 Bicelles: A versatile membrane mimic.

In work starting during his postdoctoral studies in the James Prestegard lab at Yale, bicelles were
characterized and pioneered by my advisor Charles Sanders (70-72). Ideal bicelles are comprised of a
detergent and lipid mixture with a lipid bilayer core surrounded by a rim of detergent. The main
determinant for bicelle size and morphology is the lipid to detergent molar ratio, referred to as the g
ratio (52). High q bicelles, g of 2.5 or more, are large and display complex phase behavior such as
elongated (ribbon-like) or perforated bilayers (69). These high q ratio bicelles are used in NMR with
soluble proteins due to their ability to align with the of magnetic field (73,74) and have also found use in
MP x-ray crystallography (75). Bicelles with a q ratio between 0.25 and 1.0 are isotropic in nature and
commonly used in the study of MPs by NMR and optical spectroscopy due to their small size and
optically clear solutions (76). There is a long-running debate on whether these low g bicelles possess a
true lipid bilayer core with a detergent rim or are a mixed micelle (67,77).

Bicelles have traditionally used the short chain lipid 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC)
or detergent 3-([3-cholamidopropyl]dimethylammonio)-2-hydroxy-1-propanesulfonate (CHAPSO) as the
detergent/rim component and a wide array of glycerophospholipids have been used to make bicelles,
with the most popular being 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC). Bicelles have
successfully incorporated glycerophospholipids with either sphingolipids or sterols (78-81), but it was
not previously possible for isotropic particles to co-dissolve mixtures with appreciable amounts of all
three classes of lipid (82). (The difficulty is likely due to the special complex that is known to form
between cholesterol and sphingomyelin (32,33)) Chapter 3 describes the first-in-class creation of
sphingomyelin and cholesterol rich (SCOR) bicelles that exhibit the ideal bicelle morphology and are
suitable for a wide range of common structural biology techniques. Detergents will always be an integral
component of bicelles and this has driven others to develop detergent-free ways to stabilize MPs with
lipids, as we describe below.



2.4 Nanodiscs and SMALPs

Nanodiscs (54,83) and styrene-maleic acid lipid particles (SMALPs) (84,85) represent two popular
alternatives to bicelles, which replace the detergent rim of bicelles with either a protein or polymer
respectively. Nanodiscs use a membrane scaffold protein that mimics the high-density lipoprotein
apolipoprotein Al to encircle a lipid bilayer in a belt-like fashion (54,86,87). For nanodisc assembly, MPs
must first be removed from their natural bilayer and put in detergent/lipid mixed micelle. Detergent is
then removed from the system to force the lipids, apolipoprotein scaffold, and membrane protein of
interest to form nanodiscs. The assembly and detergent removal process usually requires significant
optimization. The Sanders lab had previously attempted to make SCOR nanodiscs but the resulting
particles were unstable and resulted in lipid vesiculation. SMALPs offer a distinct advantage for those
looking to study MPs in their native membrane environment. The SMALP polymer acts like a strong
detergent and can be used to lyse cells and remove MPs along with their surrounding lipids (88-90). As
with detergent resistant membranes, SMALPs were recently shown to solubilize cellular membranes and
density gradient ultracentrifugation was used to isolate large >250 nm raft-like and small <20 nm non-raft
lipid environments from T cells (91)

2.5 Amphipols

Amphipols are another class of polymer commonly used in the study of MPs. Amphipols act like a weak
detergent and can solubilize MPs in the absence or presence of lipids, but amphipols are not capable of
dissolving membranes (56,57,92). These weak detergent properties allow amphipols to be well tolerated
by animals and have been used in antibody development (93,94). The ability to solubilize MPs but not
dissolve membranes makes amphipols an ideal method to deliver MPs to preformed artificial lipid bilayers
(95). In Chapter 4, we show that this MP delivery idea can be extended to live mammalian cells. We show
that S2-E can be delivered directly to the PM of mammalian cells and the delivered S2-E is trafficked back
to disease relevant organelles.

2.6 Purification of membrane proteins without membrane mimics.

It is assumed that an integral MP requires a lipid bilayer, organic solvent, or one of many membrane
alternatives discussed above to remain soluble in aqueous environments. However, a small set of studies
has aimed to buck this trend and developed methods to study MPs lacking conventional membrane
mimics in aqueous environments. The properties that make the apolipoprotein Al protein useful for
nanodiscs also allows for solubilizing integral MPs when fused to the MP (96). Other groups have asked
the question: Can we make a MP soluble if we replace the lipid-facing residues with hydrophilic ones?
Remarkably yes. Computational guided mutagenesis has led to water soluble versions of the KcsA
potassium channel (97,98) and DsbB (99) that was able to catalyze disulfide bonds in vivo.

Interestingly, not all MPs need to undergo significant mutation or fusion to become water soluble.
Magnetotactic bacteria are able to synthesize magnetic nanoparticles out of iron oxide within a unique
vesicle/organelle known as a magnetosome (100). Several magnetosome proteins, such as Mms6, are
known to reside within the organelle lipid bilayer but appear to be amphiphiles when recombinantly
expressed in other bacteria (101). Recombinant magnetosome MP Mms6 forms protein micelles with the
C-terminus exposed to water and N-terminus buried like a micelle hydrophobic core (101). (Although it
should be noted that the term micelle may be misappropriated here since it us unknown if a CMC of
proteins exists as monomers in solution outside the particles). These odd protein-only micelles bind iron



and are likely important to magnetosome formation since addition of iron ions changes the shape of
aqueous Mms6 particles (102). Several other magnetosome MPs (103,104) have been found to form
water soluble micelles but this phenomenon is not known to occur in proteins of higher order organisms.

Integral MPs in higher order organisms could conceivably form protein micelles, but this is overlooked
since all integral MPs are presumed a priori to be insoluble in the absence of a membrane mimic. Mms6
is an integral MP and proteins with a simpler membrane topology should also be able to form protein
“micelles” as well. Single pass proteins would be an ideal candidate given their resemblance to a double-
headed detergent or bolaamphiphile (105). Chapter 5 will characterize and discuss how human single pass
proteins can form protein micelles or membrane mimic free protein particles (MeMFs).

3.1 Proteins

The main focus of this dissertations is the development of methods that allow MPs to be studied in
challenging lipid environments and in vivo. However, it is desirable to use relevant and biomedically
important proteins when developing these novel methods. Use of disease relevant MPs can forcefully
demonstrates the true usefulness of novel methods for using in solving modern biomedical problems.
The following section provides a brief introduction to the main proteins used in this dissertation and
their associated human diseases.

3.2 The Severe acute respiratory syndrome coronavirus two (SARS-CoV-2)

Much of my last year at Vanderbilt was dominated both scientifically and personally by the coronavirus
SARS-CoV-2 pandemic. This pandemic has shown how powerful science can be when many diverse
groups of scientists focus on one disease. Powerful vaccines to combat the current pandemic were
rapidly developed (106,107) but it will take years to manufacture and provide to the worldwide
population. Coronaviruses are positive-sense single stranded RNA viruses (108) present in a wide range
of species including avians, humans, and their companion animals (109). Given the previous prevalence
of coronavirus zoonotic events (110,111), it is critical to develop other therapies that can be generally
applied to coronavirus infections during future novel coronavirus infections. Due to safety, there are
several avian and mouse model viral systems used for the study of coronavirus, but it is not clear to
what degree conclusions in these model systems can be extrapolated to human B coronavirus (112). This
is one of the main reasons why it is important to develop methods which can allow experimental study
of human pathogen proteins while limiting risk from infectious diseases.

The spike (S), membrane (M), nucleocapsid (N), and envelope (E) proteins are the structural proteins
that form the mature viral particle. SARS infection in humans begins with the binding of the S protein to
the host angiotensin converting enzyme 2 (ACE2) (113) and the bulk of early structural biology work was
focused on this interaction (114,115). Impressively, electron microscopy was recently able to combine
low resolution S protein structures in intact virions with in vitro high-resolution structures (116). The
main function of the N protein is to form a compact complex with viral genomic RNA and be loaded into
in mature viral particles (117). The M protein is the main structural protein that is responsible for viral
assembly and shape (118). E proteins are also important for viral assembly since both M and E are
needed to form particles that resembles a virus without genetic material known as virus-like particles
(VLPs) (119-121). Both the M and E proteins are highly expressed during infection but only a small
fraction of the E protein is incorporated into the mature viral particles (122). The limited incorporation



of E into the mature viral particles implies that E carries out important functions aside from physical-
viral assembly.

For coronavirus assembly, the aforementioned structural proteins are translocated into the endoplasmic
reticulum (ER) and nascent viral particle assembly occurs in the ER to Golgi intermediate compartment
(ERGIC) (123). Assembled progeny virus move through the Golgi stacks and accumulate in the trans-
Golgi network (TGN) where they undergo post translational modifications such as glycosylation (124).
Traditionally, mature coronavirus particles were thought to egress via a traditional biosynthetic pathway
(125), but recent work has highlighted the possibility that egress occurs via deacidified lysosomes (126);
it is of course possible and likely that both pathways are used. Recent non-peer reviewed EM work has
shown viral particles present in both pathways during SAR-CoV-2 infection (127).

3.3 Coronavirus envelope protein

The function of E outside of viral assembly is poorly understood due to a lack of enzymatic activity and
multiple oligomeric states (128). E is important for viral fitness and deletion of E results lowers viral
titers by two orders of magnitude (129-131). E proteins are between 75-109 amino acids long and there
is significant sequence variability between coronaviruses (132) however, despite this sequence variance,
coronavirus E isoforms are thought to have the same general functions (128). E populates both low
order and higher order oligomeric state during infection, presumed to be monomers and
homopentamers respectively (133). The homopentameric form of E is a cation selective ion channel
referred to as a viroporin (134-136) and may represent a druggable target, analogous to the influenza
M2 protein and FDA approved amantadine (137,138). Viroporin formation is often associated with
changes in pH and it is documented that E is able to increase the pH of the Golgi and TGN (139,140). The
E viroporin can also transport calcium and this calcium transport is linked to inflammation and the
related acute respiratory distress syndrome (ARDS), a major cause of COVID-19 fatalities (141,142).
Given its potential as a drug target and functional readout, most studies have focused on the
homopentameric E with few studies looking at the function of monomer.

SARS-CoV-1 and SARS-CoV-2 E share over 95 % sequence similarity and so structural results for S1-E can
likely be extrapolated to S2-E (134,135). It was originally unknown if E was a single pass or hairpin-like
double pass MP in the thinner membranes of the ER and Golgi, but NMR structures found both
oligomeric states of E to be a single pass protein, as determined in both detergents and in ERGIC-
mimicking lipid bilayers (134-136,143-145). In agreement with these structures, glycosylation studies
found E to be a single pass protein with the carboxyl terminus facing the cytosol and the amino terminus
facing the organelle lumen (146). S2-E contains three cysteine residues in the juxta membrane region
that do not form disulfide bonds in vivo (147) and are not required for homopentamer formation
(135,143). In model systems, mutation of two or three but not one cysteine to alanine resulted in
reduced VLP formation and reduced viral yield (147). The cysteines of E can be palmitoylated but the
function of palmitoylation is unknown (147,148). It is important to note that palmitoylation does not
appear to impact the strict E localization to the ERGIC/Golgi/TGN (148). E is strongly retained at sites of
assembly and budding by the ER retention sequence DLLV (149). Exporting E from the perinuclear space
to the plasma membrane requires deletion of DLLV and a Golgi export signal (140). The DLLV sequence
in E is also proposed to increase virulence by disrupting the tight junction via binding and relocating
multiple tight junction proteins including the PALS1 protein (150,151).



It is convenient to think that viroporin channel formation is the main non-structural role of the envelope
protein. However, we observe in Chapter 4 that E viroporins have a low open state probability and a
recent publication found that the E-associated organelle pH increase is correlated with the monomeric E
concentration (139). Regardless of oligomeric state, it is documented that the E is able to increase the
pH of the Golgi and TGN(139,140). The increase in pH is thought to prevent overprocessing of the spike
protein during viral maturation (139). The E protein is also able to slow down secretory pathways in the
host cell but it is unclear if this is due to E-based pH changes or interaction with host proteins (152).
Given the complexity in oligomeric state and function of E, we wanted to develop a novel method where
S2-E could be studied in vivo. In Chapter 4 describes the purification and delivery of recombinant S2-E
to mammalian cells with amphipols.

3.4 Alzheimer’s Disease.

AD was first described in 1901 by Alois Alzheimer when observing short term memory loss in Auguste
Deter. Upon the death of Auguste, Alois identified the neurological amyloid plaques and neurofibril
tangles that we still associate with the AD (153). Auguste was only 55 when she died, and she likely
suffered from the familial early onset version of AD (FAD). FAD is often diagnosed before 65 and is
associated with mutations in gamma secretase (GS) subunits presenilin 1 (PSEN1), presenilin 2 (PSEN 2),
or amyloid precursor protein (APP) (154). Modern medicine has extended life expectancy which also
highlights the far more common late-onset sporadic version of AD (LOAD) (155). AD represents the
largest cause of dementia and will become a far more acute public health problem as life expectancy
continues to increase. Despite concerted efforts, there is still a dearth of therapy options for AD, as most
current treatments are palliative in nature (156). 2021 saw the approval of a contentious monoclonal
antibody curative therapy (aducanumab) that aims to rid the brain of amyloid plaques (157). Creating
therapies for AD has been difficult because the exact etiology of AD is not specifically known, but a
dominant hypothesis in the field, referred to as the amyloid cascade hypothesis (158-161), focuses on
the production of the AR peptides which ultimately forms the plaques for associated with the disease.

The amyloid hypothesis states that the accumulation of AB peptide oligomers and resultant plaques are
the primary cause of Alzheimer’s disease. APP can be processed in several ways (162) but as shown in
Figure 1.3, there are two major pathways (163): the majority of APP is processed in the non-
amyloidogenic pathway via initial cleavage by alpha secretase to produce the C83 fragment and a
minority of APP is subject to amyloidogenic processing via beta secretase to produce the C99 fragment.
Both the C83 and C99 TM fragments are then cleaved in the membrane by GS to yield either the non-
toxic p3 or plaque forming AP respectively. It should be highlighted that that the initial alpha or beta
secretase cleavage is often described as deterministic, however, alpha secretase can also cleave the C99
to generate C83 (164).
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Figure 1.3. Processing of APP. APP amyloidogenic is represented by the left pathway as APP is initially
cleaved by beta and then gamma secretase. The non-amyloidogenic pathway is shown on the right with
cleavage by alpha secretase before gamma secretase. Both pathways create the amyloid intracellular
signaling domain (AICD) after cleavage by gamma secretase.

FAD associated germline mutations are found within three critical proteins involved in APP processing
that ultimately result in altered AB production and plaque formation (154,165). FAD mutations
associated with APP are found within the C99 fragment and cluster at the GS cleavage sites and in the
AB peptide (https://www.alzforum.org/mutations/app). The other two sets of FAD mutations are within
subunits PSEN1 and PSEN2 of the multi-subunit GS (154). Generally, mutations in the AB sequence result
in either increased AP production or increased AR plague forming potential. Mutations near the GS cut
site result in increased production of AB42 over AB40 (166,167). AP42 is the main species of AR found in
amyloid plaques (168-170) and it contains additional hydrophobic residues isoleucine and alanine on the
C-terminus which increases the aggregation rate and toxicity of AB42 over AB40 (171). Although AR
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40/42 are the most commonly discussed, longer variants of AP are generated by GS due to variability in
the initial cut site and subsequent processivity (172). There is a known protective “Icelandic” AB
mutation (173) that protects against AD associated cognitive decline, further solidifying the genetic link
between AP and AD etiology.

The tau hypothesis is an alternative prominent hypothesis for AD etiology (174,175). While AB plaques
are found in the extracellular space, abnormal tau structures are often found within neurons in AD
brains (176). Tau is normally a microtubule binding protein that, upon hyperphosphorylation, forms
large aggregates referred to as a neurofibrillary tangles or paired helical filaments in tauopathies (177).
Since both AB and tau induce aberrant aggregates, it is tempting to try and link the two pathologies and
studies have shown that the presence of increased AP results in aberrant tau aggregation (178-180). It is
unclear if the impact of AB on tau is due to a direct binding and several studies have looked for a
physical interaction between tau and peptide fragments of AB, C99, and APP (181-185). Residues 713-
724 of C99 were previously found to bind tau(183-185), but are always found within or against the lipid
bilayer during structural studies(186-188). Recent studies had failed to affirm the C99-tau interaction
(182) and in Chapter 6, we confirmed the lack of a C99-tau interaction by conducting solution NMR
titrations with detergent solubilized C99 and soluble tau.

The genetic link between APP processing and AR in FAD is undeniable, but it is not clear if AB is the
causal agent in LOAD. The exact function of APP is in healthy humans is not well understood due to
ubiquitous expression in human tissues and the presence of three main isoforms. The isoform
associated with AD is APP695 (189,190). Further complicating understanding, deletion of APP in mice
results in only a mild phenotype due to the presence of APP like proteins 1 and 2 which can partially
compensate for the loss of APP (191). In addition to AB production, GS cleavage always releases the APP
intracellular domain (AICD) which is believed to act as an important signaling domain (192). AICD is
rapidly degraded once produced (193) and the short half-life of AICD increases the difficulty in
understanding APP function in healthy patients.

3.5 The C99 protein fragment and AD.

Aducanumab is a highly controversial AD therapy (157) that will require additional clinical trials, post
FDA authorization, to fully assess its efficacy. All other therapies targeting AB and GS are currently in
clinical trials or failed in the clinic due to intolerable side effects and failure to prevent worsening
cognition (156). Some of these failed therapies, and aducanumab, succeed in removing AB form the
brain and cerebral spinal fluid. The ability to remove AP from the brain but not prevent cognitive decline
has led some to question the amyloid hypothesis and there is now a shift in funding towards other
etiological possibilities (194). There also is growing interest in the idea that the direct precursor to ApB,
C99 is a significant contributor to AD outcomes (195).

The APP gene is located on chromosome 21 and trisomy 21, also known as Down syndrome (DS), is
associated with early onset Alzheimer’s disease and AB plaques (196,197). Fibroblasts from both DS
patients and mouse model systems have shown C99 to cause impaired endosomal trafficking and
endosomal swelling (198). C99 accumulation in endosomes ultimately results in failure of lysosomal and
autophagic functions (199,200) and rescue experiments using beta secretase deletions and inhibitors
show that these endosomal and lysosomal perturbations were not caused by AR accumulation (198-
200). The poisoning of lysozymes is especially problematic for neurons which cannot divide in order to
remove insoluble aggregates. In line with this idea, C99 and not AP plaques have recently been shown to
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accumulate and correlate with neuronal vulnerability (201). Moreover, the ability of neurons to degrade
misfolded protein aggregates deteriorates with time, making C99-induced issues with catabolism
become more apparent with age (202,203).

An important causal link between C99 and AD relevant to this dissertation is elevated cholesterol
(186,204,205). Hypercholesterolemia has been proposed as a risk factor for AD(206,207), although this
has been challenged (208). C99 has been shown to bind cholesterol in vitro (186), regulate cholesterol
trafficking (209), and cholesterol is known to compete with C99 homodimerization (204). The impact of
cholesterol on C99 dimerization is likely important because C99 oligomeric state has been reported to
impact AB production (210-217). Small amounts of cholesterol in addition to cholesterol and
sphingomyelin rich environments have both been shown to increase the production of AB (218).
(Although it should be noted that the impact of cholesterol on AB production can be biphasic and do not
lend itself to simple descriptions.) The literature has posited that the amyloidogenic processing pathway
for APP dominantly occurs in raft like environments (219,220) since alpha secretase is excluded from the
raft-like environment (221) and it was hypothesized that the C99-cholesterol complex would allow for
C99 localization within liquid rafts. In opposition to this idea, studies of C99 phase preference have
shown that in both synthetic GUVs (222) and neuron-derived GPMVs (223) that C99 localizes in the bulk
lipid disordered phase and is strongly excluded from the liquid ordered or raft phase. It is possible that
protein-protein interactions not found in GPMVs are required to drive C99 into raft-like environments in
vivo.

Mitochondrial dysfunction and associated increases in reactive oxygen species have long been
associated with AD (224,225). C99 expressing mice can be found to have mitochondrial defects that are
made worse with gamma secretase inhibitors (226). Recent work found C99 to be a regulator of
cholesterol synthesis and trafficking in the ER mitochondrial associated membrane (MAM) (209). They
propose that the failure to cleave C99 in the MAM results in dysregulated cholesterol trafficking and
synthesis. This study is particularly exciting since it bridges the ideas of C99-cholesterol interactions and
mitochondrial dysfunction. Regardless of the exact relationship between AD and C99, there is growing
link between the two and this has led to many structural studies on C99 in vitro in a variety of
membrane mimics.

3.6 C99 structural studies

There is heightened interest in understanding the impact of cholesterol and sphingomyelin on C99
structure due to the known impact of a SCOR environment on AR production (218). Since C99 is a small
single pass fragment of APP, it is too small for cryo-EM and too flexible for X-ray crystallography (227).
Solution NMR is ideal for small proteins and the main experimental technique used to study small
integral MPs (228). There are several solution NMR C99 or C99 fragment structures published
(204,229,230) and the first full length C99 structure was determined in 2012 by the Sanders lab (186).
LMPG, an anionic detergent, was used as the membrane mimetic and as shown in Figure 1.4, C99 was
found to possess a random coil N-terminus followed by a short amphipathic helix and TM. After the TM,
a long intracellular random coil C-loop is capped by an amphipathic helix at the C-terminus. A detergent-
hybrid of cholesterol known as chobimalt (231) was used to show that C99 may bind cholesterol(232).
The cholesterol C99 interaction was later validated in the more bilayer-like DMPC/DHPC bicelle using
true cholesterol. The cholesterol-laden bicelles were not stable over a long period of time and
prevented structural studies beyond demonstrating cholesterol binding.

13



C99

Ectoplasm

i

Cytosol

Figure 1.4: C99 sequence and topology. C99 sequence and topology determined in LMPG, DHPC/DMPC
bicelles, and SCOR bicelles. Adapted with permission from Song, Y., Hustedt, E. J., Brandon, S., and
Sanders, C. R. (2013) Competition Between Homodimerization and Cholesterol Binding to the C99
Domain of the Amyloid Precursor Protein. Biochemistry 52, 5051-5064.

It is important to note that there were no structures of C99 in a SCOR environment due to the absence
of a suitable membrane mimic (82). SCOR lipid compositions are traditionally restricted to vesicles which
are not suitable for solution NMR due to their large size/correlation times. Computational studies on
C99 in a SCOR environment have been published in the last few years and are based on experimental
structures determined in the absence of sphingomyelin and cholesterol (205,233-235). In Chapter 3, we
explore the impact of a SCOR environment on C99 structure using SCOR bicelles. A wealth of structural
information on C99 in membrane mimetics bereft of cholesterol and sphingomyelin allows for a
thorough comparison against C99 in a SCOR environment.

There is much interest in understanding the structure of the C99 oligomeric state due to the potential
impact on AB production. Dimerization of the full-length APP can be induced by heparin and mediated
by the extracellular ectodomains (236,237), but it is not clear what residues comprise the interface for
TM dimerization (212,215,238,239). All previous solution NMR structural studies of C99 dimerization
relied on the use of C99 fragments with only the TM or C55 fragment which lacks the C-loop and C-
terminal amphipathic helix (229,230). Some studies found that TM dimerization is mediated through
GXXXG motifs located on the N-terminal side of the TM (210,214,240-242) while others found
dimerization to be mediated by a GXXXA near the middle of the TM (230,243). The membrane mimic
used likely dictates the interface of dimerization (234) and this idea agrees with computational studies
that highlight all plausible C99 dimerization methods (244). The Xu lab determined in vivo that that the
TVIV motif in the C-terminal side of the C99 TM mediates dimerization (238); this is also where GS can

14



make the initial cleavage of C99. We show in Chapter 3 that C99 readily forms oligomers in a SCOR
environment, and the oligomers are mediated by both previously known and unknown C99 interfaces.

4, Summary

The following chapters in this dissertation focus on novel methods to study recombinant MPs in unique
detergents and native/complex lipid environments. These new methods were demonstrated with
disease relevant proteins in order to demonstrate the methods suitability in addressing important
biomedical questions. Chapter 2 examines the use of an underutilized non-ionic detergent, DDMB, for
solution NMR and membrane protein studies. Chapter 3 characterizes the morphology and stability of
DDMB-based SCOR bicelles and uses a wide variety of techniques to study the structure of C99 in a SCOR
environment. Delivery of SARS-Cov-2 E to live mammalian cells via amphipol and subsequent E
retrograde trafficking is described in Chapter 4. Chapter 5 highlights how single pass MPs can be purified
without any membrane mimic and their subsequent characterization. Chapter 6 does not utilize any
novel methods but uses solution NMR to see if soluble tau and C99 form a complex. The final Chapter
will provide a brief summary of this dissertation and future directions for others wanting to implement
or develop these methods and studies further.
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1l Dodecyl-B-Melibioside Detergent Micelles as a Medium for Membrane Proteins

This chapter is adapted from Dodecyl-8-Melibioside Detergent Micelles as a Medium for Membrane Proteins published in Biochemistry and has been reproduced with the permission of the
publisher. Hutchison JM, Lu Z, Li GC, Travis B, Mittal R, Deatherage CL, Sanders CR. Dodecyl-8-melibioside Detergent Micelles as a Medium for Membrane Proteins. Biochemistry. 2017 Oct
17;56(41):5481-5484. doi: 10.1021/acs.biochem.7b00810. Epub 2017 Oct 9. PMID: 28980804, PMCID: PMC5685800.

Introduction

Spectacular advances in membrane protein structural biology over the past 20 years have been enabled,
in part, by the development of new and improved model membranes for solubilizing and stabilizing
these difficult-to-study biomolecules. (47,53,58,64,245-249) Such media include nanodiscs, bicelles, new
classes of detergents, and lipidic cubic phases. Despite these advances, there remains room for
innovation. For example, there are few examples of successful use of non-ionic detergents in NMR
studies of membrane proteins. Given the widespread use of uncharged detergents such as n-dodecyl-B-
maltoside (B-DDM) in crystallization/diffraction studies of many different membrane proteins, the fact
that B-DDM, lauryl maltose neopentyl glycol (MNG), and other uncharged detergents have thus far been
of limited use for NMR has been vexing. This paper was originally motivated by the desire to find an
uncharged detergent that can be used to solubilize membrane proteins for NMR studies. This led one of
the authors of this work to recall an alkyl glycoside first synthesized and subjected to preliminary
characterization many years ago, n-dodecyl-B-melibioside (B-DDMB, Figure S2.1). (250) The disaccharide
melibiose is distinct from maltose and most other disaccharide in that its galactose and glucose units are
connected by an a(1->6) glycosidic linkage, conferring a much higher conformation freedom between
the two sugar groups than is possible for non-1->6 glycosides. We hypothesized that this enhanced
conformational flexibility might attune its micelle properties and interactions with membrane proteins
in a way that would promote its utility in both biochemical and biophysical studies, including solution
NMR spectroscopy. Preliminary testing of this hypothesis is presented herein.

Results and Discussion

DDMB was synthesized and purified as described in the Appendix 1 and Figure S2.2. Using an ANS dye-
based fluorescence method (251) the critical micelle concentration of -DDMB at 25 °C was determined
to be 0.3 mM. This is higher than for -DDM (0.2 mM (252)) and matches the value previously
determined for an unresolved mixture of a and B mixtures of DDMB. (253) Dynamic light scattering
(DLS) was employed to assess the size and aggregation number of B-DDMB micelles based on the
assumption that they are spherical. Our DLS measurements for micelles of pure f-DDMB at 25°C and at
concentrations <100 mM (Figure 2.1) indicate that the radius of hydration (Rh) for B-DDMB micelles is
2.9 nm and the aggregation number is roughly 84, corresponding to an aggregate molecular weight of
42 kDa. These results are similar to those previously reported for an a + B anomeric mixture of DDMB in
the 20—40 mM concentration range. (253) Multi-angle light scattering (MALS) was used to confirm the
DLS result. MALS determines the molecular weight of particles without needing a shape factor or
modeling. The MALS result of 46 kDa for the B-DDMB micelle (Table S2.1) was in good agreement with
the value determined by DLS.
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Figure 2.1. Use of DLS to characterize the mean radius of hydration (Rh) of 8-DDMB and 6-DDM
micelles. A) 10mM DDMB (black) or 10mM DDM (red) detergent was dissolved in water and subjected to
a 1°C/min temperature ramp. B) Example of a temperature ramp used in panel A. C) 8-DDMB micelle size
as a function of pH. The buffer was either 25mM imidazole buffered at either pH 7.5 or 6.5, or 25mM
sodium acetate at pH 5.5 or 4.5. D) B-DDMB micelles as a function of salt concentration.

[B-DDM(254) has previously been shown to form micelles in the range of 69—76 kDa, (255) significantly
larger than the ca. 42 kDa micelles formed by B-DDMB (see also the Rh comparisons in Figure 2.1A-B).
B-DDM micelles also exhibited a linear temperature-dependent increase in size at higher concentrations
(i.e. 100mM) not seen for B-DDMB micelles at 100 mM (Figure 2.1B). The Rh of B-DDMB micelles was
also independent of both pH and ionic strength (Figure 2.1C and 2.1D). The constancy of the properties
of B-DDMB micelles across a wide range of relevant pH, temperatures, concentrations, and ionic
strengths is useful because B-DDMB micelles can be employed in a wide range of conditions without
concern about major changes in micellar properties.

To test whether B-DDMB micelles are smaller than those of B-DDM in the presence of a membrane
protein we used SEC-MALS to examine the sizes of micelles containing E. coli diacylglycerol kinase
(DAGK), a 42 kDa homotrimeric mostly-helical protein with three transmembrane segments per subunit.
The B-DDMB/DAGK complex is roughly 30kD smaller than the BDDM/DAGK complex (Table $2.2),
indicating that the smaller micelle size of B-DDMB extends to its complex with DAGK.

We next tested the ability of B-DDMB to maintain the stability of a membrane protein. DAGK was
purified into B-DDMB and into each of four commonly used detergents (n-dodecylphosphocholine: DPC,
n-decyl-B-maltoside: B-DM, MNG, and B-DDM) and incubated at 70°C. Aliquots were removed as a
function of time and subjected to the standard DAGK activity assay (in DM/cardiolipin mixed micelles) to
determine t12 values for irreversible inactivation of the enzyme—a measure of thermostability.(256) As
shown in Figure 2.2, DAGK is much more stable in -DDM and B-DDMB (T2 of 8.5£0.5 h and 9.9+1.7 h
respectively) than in DPC or B-DM, where Ti2 in both cases was < 4 hours. In the case of MNG there
seem to be two populations of DAGK-MNG mixed micelles: a ca. 40% population in which DAGK is
sensitive to thermal degradation (T12 of 5.6 hours), while the other 60% population appears to be
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resistant to thermal degradation over a period of many hours. This heterogeneity may reflect the fact
that the properties of MNG are close to the borderline between being detergent-like and being lipid-
like, such that MNG may be able to form more than one type of kinetically stable complexes with some
membrane proteins. In any case, these results indicate that -DDMB is similar to B-DDM in terms of its
ability to suppress irreversible thermal inactivation of DAGK and much better than DPC or B-DM.(256)

* DM T12=3.3%1.3
1.04 A DPC Tw»=21%04
o v DDMB T::=9.9%1.7
> ® DDM T::=8.5:0.5
EO.B- ® MNG Tw*=5.6%1.3
B
<
_00.6-
I
N
 0.44
E
S
= 0.2+
0.0+ &

0 5 10 15 20 25 30
Time at 70°C (h)

Figure 2.2. Thermal stability of DAGK in 8-DDMB and other detergents. DAGK samples (0.2 mg/ml)
were incubated at 70°C, with aliquots being removed at time points and assayed in the standard 8-
DMy/cardiolipin mixed miceller DAGK activity assay. (257) T1/2* of MNG represents the DAGK population
that sensitive to thermal inactivation in MNG/DAGK mixed micelles.

We next tested the degree to which B-DDMB can serve as a medium that supports the native
functionality of a membrane protein. We again employed DAGK, which was purified into lipid-free B-
DDMB, MNG, 3-DDM, and B-DM. Aliquots from these stock solutions were then transferred into DAGK
assay mixtures prepared using several different types of micelles or detergent-cardiolipin mixed
micelles, including B-DM/cardiolipin mixed micelles (the traditional standard assay condition). As can be
seen in Figure 2.3, DAGK has only low activity (ca. 1 unit/mg) when assays are carried out in lipid-free B-
DDMB micelles, as is also the case for lipid-free f-DM, MNG, and B-DDM. However, the presence of
cardiolipin (CL) in the assay mixtures as a lipid activator dramatically enhances DAGK activity in B-DDM,
MNG, and B-DDMB. The activities observed in B-DDMB/CL and B-DDM/CL are not as high as for the
corresponding reactions carried out in B-DM/CL or MNG/CL, suggesting subtle differences in DAGK
structure and/or dynamics that result in sub-optimal catalytic properties in 3-DDMB/CL and B-DDM/CL
mixed micelles relative to B-DM/CL and MNG/CL conditions. When the same DAGK stock is used MNG
with cardiolipin gives a higher activity compared to DM with cardiolipin. A surprising observation is that
DAGK prepared in B-DDMB and then aliquoted (=250-fold diluted) into either B-DM/CL, B-DDM/CL, or B-
DDMB/CL mixed micelle assay mixtures yielded higher activities than the corresponding assays initiated
using small aliquots of DAGK prepared in 3-DM, B-DDM, or MNG micelles and then transferred to these
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same detergent/CL mixtures. Indeed, the observed specific activity of 16615 U/mg for DAGK purified
into B-DDMB and the aliquoted into B-DM/CL mixed micelles is much higher than the highest previously
reported 30°C mixed micellar specific activity for DAGK, which is 120 U/mg. (258,259) This suggests that
DAGK prepared in -DM (and, most likely, many other detergent types) micelles is susceptible to
irreversible misfolding, a problem that is avoided when the enzyme is prepared in B-DDMB. Indeed,
DAGK has long been known to be prone to misfold in detergent micelles. (258,260) These results show
that not only does B-DDMB provide a medium that supports the thermal stability of DAGK, but it also
seems to enhance its efficiency of folding during and following purification (see Appendix 1). On the
other hand, B-DDMB is typical of most detergents (261,262) in that it cannot itself satisfy the
requirement of DAGK requirement for the presence of a lipid cofactor for maximal catalytic activity.
(263,264)

166

Activity (U/mg)

W

DDM Stock!
DDM2xCL
DDM Stock/
DM1xCL
MNG Stock/
MNGOxCL
MNG Stock/
MNGTXCL
MNG Stock/
DM1xCL

Figure 2.3. DAGK activity assays started with detergent aliquots of DAGK diluted various micelle and
mixed micelle assay mixtures. DAGK was purified into 6-DDMB, 8-DM, 8-DDM, or MNG micelles (stock)
and then assayed using reaction mixtures at 30°C. The “standard” assay condition is labeled DM1xCL.
“1xCL” refers to the fact that the mole fraction of CL in the mixture is the same (1x) as in the standard
assay procedure. (257)

We next examined -DDMB micelles as a medium for NMR studies of membrane proteins. TROSY-HSQC
were collected for three different membrane proteins: (i) the human Notch1 transmembrane domain
(Notch-TMD) residues 1721-1771 (a single span protein), (ii) the 99-residue C99 domain of the human
amyloid precursor protein, the immediate precursor of the amyloid-B polypeptide (also with single
transmembrane segment), and (iii) the 160 residue human peripheral myelin protein 22 (a mostly helical
protein with 4 transmembrane segments). Each of these proteins was purified into -DDMB micelles,
into B-DDM micelles, and into the micelle type previously observed to yield the most favorable NMR
spectra for each protein following extensive screening. (232,265,266) A TROSY-HSQC spectrum was
collected for each sample. Figure 2.4 shows that B-DDMB yields spectra for C99 and the Notch-TMD that
are comparable in quality with the detergents previously shown to yield the best spectra for these
proteins (lyso-myristoylphosphatidylglycerol, LMPG, for C99 and lyso-myristoylphosphatidylcholine,
LMPC, for the Notch-TMD). Figure 2.4 also shows that B-DDMB also yields better spectra for C99 and the
Notch-TMD than B-DDM. In both cases certain peaks observed when the proteins are in B-DDMB are too
broad to detect in B-DDM. For example, there are a pair of black peaks near 111 PPM in the **N
dimension for the Notch-TMD in B-DDMB for which there are no corresponding red peaks from 3-DDM.
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The average N linewidths for Notch in the B-DDM micelle are ~32% larger than the linewidths for
Notch in B-DDMB, most likely reflecting the significantly larger size of f-DDM micelles compared to B-
DDMB micelles (see Table $2.2). The *N linewidths of C99 in a B-DDM micelle were ~12% larger than
the linewidths in the B-DDMB micelle.
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Figure 2.4. NMR spectra of single span membrane proteins in 8-DDMB and in other detergents. A)
400uM €99 in 9% B8-DDMB (black) and 400uM C99 in 9% LMPG (red). B) 400uM C99 in 9% 8-DDMB
(black) and 300 uM C99 in 9% 8-DDM (red). C) 230uM Notch-TMD in 5% 68-DDMB (black) and 300uM
Notch-TMD in 1% LMPC (red). D) 230uM Notch-TMD in 5% 8-DDMB (black) and 300uM Notch-TMD in
4.5% 6-DDM (red). E) 350uM PMP-22 in 20% 8-DDMB (black) and 700uM PMP-22 in 20% TDPC (red). F)
350uM PMP-22 in 20% 8-DDMB (black) and 400uM PMP-22 in 20% 6-DDM (red).

A more demanding test case for NMR is provided by the human PMP22, a tetraspan membrane protein.
Despite over a decade of effort to optimize NMR conditions for this disease-linked protein the best NMR
spectra acquired to date have been in tetradecylphosphocholine (TDPC) micelles and these are highly
unsatisfactory, characterized by the absence of many peaks and considerable heterogeneity of
linewidths among the peaks that can be observed. (265,266) As shown in Figure 2.4E, PMP22 presents
an improved spectrum when purified in -DDMB relative to TDPC. The quality of the spectrum from (-
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DDM and B-DDMB are more similar (Figure 2.4F), however, the f-DDMB spectrum exhibits more peaks
in the crowded region between 8.5 and 7.5 H ppm.

Conclusion

To conclude, detergents remain a nearly ubiquitous tool in biochemical and biophysical studies of
membrane proteins, usually being employed during purification and reconstitution, as well as often
being a component of the final model membrane system in which the membrane protein is
characterized. Here, studies of B-DDMB that show that it forms smaller micelles than the commonly
used B-DDM, even though both detergents have n-dodecyl tails and disaccharide head groups. f-DDMB
is just as good as B-DDM at maintaining the thermal stability of a complex membrane enzyme, DAGK.
Moreover, B-DDMB is better than any detergent yet tested as a medium in which to purify DAGK in a
way that avoids misfolding. Finally, for three different membrane proteins f-DDMB was seen to yield
NMR spectra of similar or even higher quality than previously observed for the best of the previously
tested detergents. This is an important development for non-ionic detergents, which have rarely been
used as membrane-mimetic media in previous NMR studies. We hope these observations will encourage
both further characterization of B-DDMB and exploration of applications for which it may be uniquely
well suited.
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This chapter is adapted Bicelles Rich in both Sphingolipids and Cholesterol and Their Use in Studies of Membrane Proteins published in JACS and has been reproduced with the permission of the
publisher. Hutchison JM, Shih KC, Scheidt HA, Fantin SM, Parson KF, Pantelopulos GA, Harrington HR, Mittendorf KF, Qian S, Stein RA, Collier SE, Chambers MG, Katsaras J, Voehler MW, Ruotolo
BT, Huster D, McFeeters RL, Straub JE, Nieh MP, Sanders CR. Bicelles Rich in both Sphingolipids and Cholesterol and Their Use in Studies of Membrane Proteins. J Am Chem Soc. 2020 Jul
22;142(29):12715-12729. doi: 10.1021/jacs.0c04669. Epub 2020 Jul 8. PMID: 32575981; PMCID: PMC7924963.

Introduction

The plasma membrane (PM) of mammalian cells and related endosome and lysosome membranes is
distinguished from other organellar membranes by its high levels of both cholesterol (Chol) and
sphingolipids, lipids that are well known to undergo unusually strong lipid-lipid interactions in the
membrane that result in local membrane clustering and ordering. (267) The observation of local
ordering of membrane lipids has led to the lipid raft hypothesis, which posits that phase separation can
occur in PMs, resulting in Chol and sphingolipid-rich ordered phase nanodomains (“lipid rafts”)
surrounded by disordered phase bilayers. (29-31) While the lipid raft hypothesis has been controversial,
(268) there is no question that PMs are rich in Chol and sphingolipids. (6) To test the impact of the
unique mammalian PM composition on protein structure and dynamics, there is a need for model
membranes that are rich in both Chol and sphingolipids that can be used in biochemical and biophysical
studies of isolated membrane proteins and complexes. However, except for bilayered lipid vesicles
(liposomes), no such model membrane system has previously been available, mainly due to difficulties
in co-solubilizing large molar fractions of Chol and sphingolipids to form mixed micelles, bicelles,
nanodiscs, or lipodisgs (the latter also known as SMALPs).

Both sphingolipid-rich bicelles and Chol-rich bicelles have been reported, (78-81) but not bicelles that
are rich in both these lipids. Chol-rich “native” eukaryotic bicelles have been used in studies of peptide
structures, but were not morphologically characterized and contained only ~ 1 mole % sphingomyelin
(SM). (269) Reinforcing the idea of poor SM/Chol co-solubility, recent work by Kot et al. showed that SM
and Chol mixtures are recalcitrant to the detergents traditionally used to form bicelles. (82) Peptide-
based nanodiscs have used to co-solubilize lipid mixtures containing SM and Chol, but only to 7 and 4
mol % respectively. (270) The difficulty of dissolving sphingolipid-Chol mixtures may be related to
energetically-favorable complex formation between these two lipids. (32,33) In this work we set out to
develop a model membrane system that is rich in both SM and Chol and that involves formation of
assemblies small enough to be monodisperse and optically clear, such that they can be employed in a
wide range of biophysical and biochemical applications requiring these properties. Here, we describe
the development and characterization of SM and Chol-rich SCOR bicelles. To demonstrate the utility of
this new model membrane system we also report reconstitution and biophysical characterization of the
transmembrane C99 domain of the human amyloid precursor protein (APP) into SCOR bicelles. It is
shown that this protein exhibits structural properties in this medium that are distinct from what has
previously been observed in more conventional model membrane media.

Results
Screening for a Detergent That Can Solubilize Phosphatidylcholine-Sphingolipid-Chol Mixtures

A screen of over 200 mixtures was conducted in search for a detergent that can co-solubilize Chol and
SM mixtures in the presence of phosphatidylcholine at a total detergent:lipid of 3:1 molar ratio (q =
0.33), with results summarized in Table $3.1. The choice of lipid mixtures tested was heavily weighted
towards lipid mixtures that either are known to form ordered phase bilayers at near-physiological
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temperatures or are predicted to do so. Among the cross-section of 35 detergents tested we found a
number that could could solubilize either Chol or SM, tested. However, only the recently introduced(68)
n-dodecyl-B-melibioside (DDMB) was successful at solubilizing mixtures of various forms of
phosphatidylcholine with both Chol and egg SM (eSM). eSM is predominantly (~86 %) composed of the
saturated C16-amidated form (https.//avantilipids.com/product/860061). It is notable that DDMB, with
its melibiose (galactose-a(1-2>6)-D-glucose) head group, was effective, while n-dodecyl-B-maltoside,
with its less flexible glucose-a(1->4)-D-glucose headgroup was not. DDMB was seen to be able to
solubilize a range of phospholipid-Chol-sphingomyelin mixtures. We chose DMPC as the
glycerophospholipid for the SCOR bicelles focused on in this work because of its extensive prior use in
well-characterized classical bicelle mixtures, including work involving our test protein for this study,
C99.(186,187,204,205,230,235,240,271-274) Accordingly, there is a wealth of previous data for classical
DMPC-based bicelles that can be compared to our results for the new SCOR bicelles.

Solid-State NMR Characterization of 4:2:1 DMPC:eSM:Chol Bilayered Vesicles

From the numerous mixtures tested (Table S1) we selected SCOR bicelles composed of DDMB and 4:2:1
DMPC:eSM:Chol SCOR to focus on in this study. Because detergent-free 4:2:1 DMPC:eSM:Chol lipid
bilayers have not previously been characterized, we examined vesicles of this composition using solid-
state NMR spectroscopy. The goal was to illuminate the bilayer phase properties of the parent lipid
mixture used for the SCOR bicelles. First, static 3'P NMR spectra were acquired as a function of
temperature, as shown in Figure 3.1A. All spectra for the 20 to 50°C temperature range exhibited a
single powder pattern characterized by an axially symmetric chemical shift anisotropy tensor spanning
~50 ppm, in which the individual 3!P NMR contributions of DMPC and eSM are indistinguishable. Such an
NMR powder pattern lineshape is characteristic of lipids undergoing rapid axially symmetric motional
averaging, as is typical for lamellar membranes in either the ordered or disordered but not the gel
phase.(23,275) Next, 2H NMR spectra of the mixture containing chain-perdeuterated DMPC-ds, were
measured as a function of temperature (Figure 3.1B). The typical superposition of quadrupolar Pake
powder patterns from all deuterons along the myristoyl chains is observed, where each quadrupolar
splitting provides information on the degree of molecular order of a particular methylene or methyl
segment in the lipid chain. Close inspection of the innermost (and most intense) terminal methyl group
splitting reveals the appearance of a second Pake doublet at temperatures below 30°C (Figure 3.1C).
This indicates that DMPC populates two different environments (as would be the case if DMPC is
distributed between two different phases).(27) No spectral features indicative of a gel (PB) or solid-
ordered (So) phase were observed even at 20°C, where pure DMPC membranes are well known to form
a gel phase. As expected, the widths of the 2H NMR quadrupolar Pake doublets decreased with
increasing temperature due to increased motional disorder of the C-D bond vectors along the chain, as
also seen in a plot of the first spectral moment as a function of temperature (Figure 3.1D). The slight
discontinuity seen at a temperature of ~30°C coincides with the spectral changes observed for the
methyl groups, also consistent with a transition from the ordered Lo phase to the disordered Ld phase
above this temperature.(275) Above 30°C, the spectral resolution is sufficient for dePakeing(276) the 2H
NMR spectra, resulting in the order parameter profiles along the carbon chains shown in Figure 3.1E.
These profiles are consistent with a somewhat disordered phase state at temperatures above 30°C. As
temperature increases, the order in the acyl chain decreases.
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Figure 3.1. Static 3'P and ?H NMR spectra of fully hydrated DMPC-dss,/eSM/Chol (4/2/1 mol/mol/mol)
vesicles at various temperatures. A) Static ’P NMR spectra exhibiting powder patterns reflecting axially
symmetric motional averaging of the lipid in the Lo phase at low and Ld phase at high temperatures. The
widths of the 3'P NMR spectra exclude that DMPC is in a gel phase. Red lines indicate best fit simulations
of the spectral line shape. Samples were observed to be slightly field-oriented. Spectra were simulated
using an ellipsoidal distribution function with aspect ratios of 0.65 — 0.75. B) °H NMR spectra of chain
perdeuterated DMPC-ds4 in the ternary lipid mixture as a function of temperature. C) Enlarged view of
the chain-terminal methyl group quadrupolar splitting of the 2H NMR spectra shown in B, which
highlights two sets of quadrupolar splitting at temperatures from 20 to 30°C. D) Plot of the 1st spectral
moment of the 2H NMR spectra shown in B as a function of temperature. E) DMPC chain order
parameters as a function of chain position in the ternary mixture at various temperatures, as determined
after dePakeing the NMR spectra shown in panel B.
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It has previously been seen that lipids in the Lo phase share a property with those in the Ld phase by
undergoing unhindered lateral diffusion and also long axis rotational diffusion around the bilayer
normal. (27,28) However, the Lo phase state differs from Ld by featuring a dramatic decrease in the
number of gauche dihedrals angle along the hydrocarbon chains due to strong ordering interactions
imposed by proximal Chol. (27,28) This trend is reflected by the wider span of the 2H NMR spectra below
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30°C relative to spectra from Ld phase bilayers, as was observed here. The population of gauche
conformers can be estimated from the average DMPC chain length determined from each 2H NMR
spectrum. (277,278) Each gauche excursion reduces the chain length by 1.1 A. (279) At 20°C, the
maximum quadrupolar splitting of DMPC in the mixture is 56 kHz, which is close to the maximum of 62.6
kHz, which would indicate fully extended all trans chains undergoing axially symmetric reorientation
along the long axis of the DMPC molecule, as expected for an ideal Lo phase state. The average chain
order parameter of DMPC-ds,4 in the mixture at 20°C can roughly be determined to be <S> = 0.36 given
the broad nature of the 2H NMR spectrum at this temperature. From the average order parameter of
0.36, the average length of DMPC chains in the mixture was estimated to be 13.1 A, which can be
compared to 15.2 A for an all trans chain. This suggests that the DMPC chains in the mixture exhibit on
average ~2 gauche defects at 20°C. At temperatures above 30°C, the chain length can be determined
precisely from the dePaked spectra, yielding chain lengths varying from 11.6 A at 32°C to 10.7 A at 50°C.
This would correspond to 3.3 to 4.1 gauche defects, which is in agreement with the population of the
liquid disordered (Ld) phase state in that temperature range. These results therefore suggest that the
4:2:1 DMPC:eSM:Chol mixture occupies an Lo-like phase state between 20 and 30°C and the Ld state
above 30°C. The transition between these phases is somewhat gradual.

The conclusion that the phase occupied by 4:2:1 DMPC:eSM:Chol at lower temperatures is Lo-like, but
not to an ideal extreme, is not surprising. Pure Lo phase formation is most often described only at Chol
contents higher than the 14 mol% of the current mixture. (27,280) To confirm that the 4:2:1 mixture
truly occupies a Lo-like phase below 30°C we applied *H MAS NMR to gain additional information. Figure
$3.1 shows a series of *H MAS NMR spectra of this mixture as a function of temperature. Particularly at
20 - 24°C, the observed NMR spectra closely resembles what has been defined as the pure Lo phase H
NMR spectrum. (280)

Taken together, the solid-state NMR characterization of the DMPC/eSM/Chol (4:2:1 mol/mol/mol)
mixture indicates the bilayers form are in a Lo-like phase state at temperatures below ~30°C and that
there is a transition to the Ld state above 30°C. The transition between these states is gradual. The fact
that the mixture appears to have properties that are at the borderline between Lo and Ld phases over
the 20-40°C temperature range is well suited for mimicking mammalian PMs, which also appear to
exhibit properties that also are borderline between these two phases. (35)

Small Angle Scattering Characterization of SCOR Bicelles

Small angle X-ray and neutron scattering (SAXS & SANS) methods are powerful tools for resolving the
ensemble morphology of particles. We therefore used these methods to characterize the shape and
structural organization of SCOR bicelles. Measurements were made for mixtures with lipid-to-DDMB q
ratios (q is the lipid-to-detergent mole ratio) ranging from 0.25 to 1.0, a range of q in which the bicelles
are small and monodisperse. Figure 3.2 shows that a simultaneous fit of the SAXS and SANS scattering
curves with a core shell bicelle model (Figure $3.2) for both g = 0.33 and 1.0 SCOR bicelles supports the
ideal bicelle model in which a discoidal lipid bilayer region is surrounded by a toroid of DDMB detergent.
It is noted that the deviation from fit at Q < 0.02 A in Figure 3.2B (SAXS data where Qis the scattering
vector) was likely due to the presence of air bubbles, but that this did not impact the best fitting
parameters, as the simultaneous fit with both SAXS and SANS data greatly reduced the uncertainty. Over
g ratios of 0.25 to 1.0, SCOR bicelles were seen to conform to the classical detergent edge-stabilized
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bilayer disc model with a near constant bilayer thickness of 4.7 nm at q=0.25to 5.3 nm at q = 1.0, and
with disc diameters ranging from ~7 nm at g = 0.25 to ~11 nm at g = 1.0 (Figures 3.2C and S3.2).

Due to the higher electron density of the phosphate groups, SAXS can provide model-free information
about headgroup-headgroup distances in bicelles (along the axis orthogonal to the plane of the bicelle)
via analysis of the second maxima, referred to as the Quax (Figure 3.2D). (62) As highlighted in Figure
3.2E, the mean headgroup-to-headgroup distance in the SCOR bicelles increases from 4.6 nm at q = 0.25
to 5.0 nmat g = 1.0 (~ 9 %), while for DMPC-DHPC bicelles the mean headgroup-to-headgroup distance
increases by ~44% over a very similar g range. (67) Mean headgroup-headgroup distances are
understood to approximate bilayer thickness and the SCOR bicelles are seen to exhibit only a slight
increase in bilayer thickness as a function of gq. The SCOR bilayer thickness of ~5.0 nmat g =1.0is
significantly larger than the ~4.3 nm bilayer thickness of pure DMPC. (67) This increase is likely because
Chol increases the bilayer thickness, as it is known to do in DMPC vesicles.(34) The thicker SCOR bilayer
is also consistent with the higher order of the bilayered domain of the SCOR bicelles, meaning a higher
proportion of trans conformations for the acyl chains of DMPC and eSM, as corroborated by our solid
state 2H NMR results for vesicles. The limited change in bilayer thickness of SCOR bicelles over a range of
g ratios implies minimal detergent penetration into the lipid core, even at low g ratios. Moreover, the
decay transition from the low-Q intensity plateau moves toward lower Q values, suggesting that the size
of bicelles increases with higher q ratios, as expected. In summary, combined SAXS and SANS results
demonstrate that SCOR bicelles have the bilayered disc morphology of ideal bicelles with limited
detergent penetration into the ~5 nm thick bilayer core.
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Figure 3.2. Small angle X-ray and neutron scattering of SCOR bicelles. A) Small-angle scattering
measurement for g= 0.33 SCOR bicelles at a total lipid+detergent concentration of 0.5 wt %, a
concentration at which bicelles were confirmed to persist (see later section of Results devoted to dynamic
light scattering). Fully protonated SCOR bicelles were prepared in H20 (SAXS) or in 100 % D20 (SANS),
with scattering results shown in red and blue, respectively. B) Small angle scattering measurements for
fully protonated q=1.0 SCOR bicelles at 0.5% w/v prepared in H,0 (SAXS) or in 100 % D10 (SANS), shown
in red and blue respectively. C) Models of SCOR bicelles at q=0.33 and g=1.0 (left and right, respectively)
based on small angle scattering core-shell bicelle model fitting of panels A and B (see Figure $3.2 and
Appendix 2 for a description of the model). D) SAXS scattering curves for 0.5 wt % DDMB micelles (red)
and for SCOR bicelles at lipid:detergent mole (q) ratios of 0.25 (orange), 0.33 (green), 0.5 (blue), and 1.0
(purple) buffered with 10 mM imidazole pH 6.5, 0.1 mM EDTA, and 0.3 mM DDMB. The Qmax peak is
around ~ 0.12. E) Mean headgroup-to-headgroup distance determined from scattering results shown in
panel D using Qmax ratios for classical and SCOR bicelles at various q ratios. The classical bicelle—
DMPC/DHPC—ratios are from Caldwell et al. (67)

Cryo-Electron Microscopy Visualization of SCOR Bicelles

We used transmission cryo-electron microscopy (cryo-EM) on SCOR bicelles frozen in vitreous ice to see
if it was possible to obtain direct visualization of bicelle discs. Figures 3.3A and B show cryo-EM
micrographs for g = 0.33 and 1.0 SCOR bicelles.

The cryo-EM micrographs did not reveal any self-association of the bicelle assemblies. SCOR bicelles
exhibit a hollow discoidal shape reflecting their electron-poor hydrocarbon interior and electron-rich
head group surface. Bicelle image populations were sufficiently uniform to be picked and class-
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averaged, with orthogonal views of the same reconstructions being shown for g =0.33 and g=1.0
bicelles in Figures 3.3C and 3.3D, respectively. As can be seen, for both compositions the discoidal
morphology is confirmed. Moreover the dimensions seen for both the q=0.33 (thickness of 5.3 +/- 0.7
nm, diameter of 6.9 +/- 0.8 nm) and g= 1.0 (thickness of 5.5 +/- 0.4 nm, diameter of 12.8 +/- 1.9 nm)
bicelles are in good agreement with the SAXS and SANS results (Figure 3.3E). It is important to note that
the q = 0.33 SCOR bicelle sample, (Figures 3.3A and C), contained the C99 protein, a small single-span
membrane protein (see later section of Results). We could not resolve any protein density, which was as
expected given the small (14 kDa) size of our C99 construct and its dynamic oligomeric state (see below).
These results confirm the conclusions of the scattering experiments and demonstrated that SCOR
bicelles are well-behaved in vitrified conditions, suggesting that they may be suitable for use in cryo-EM
studies of larger integral membrane proteins and their complexes, especially those with less dynamic
structures. We used the q = 0.33 SCOR bicelle for the C99 studies described below and estimated the
aggregate molecular weight of g = 0.33 SCOR bicelles to be around 100kD with roughly 185 lipid and
detergent molecules in each bicelle (see Appendix 2).
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Figure 3.3. Cryo-Electron microscopy of SCOR bicelles. A) Contrast-enhanced cryo-EM image of g= 0.33
SCOR bicelles with yellow circles highlighting individual particles. B) Contrast-enhanced cryo-EM image
of g= 1.0 SCOR bicelles with yellow circles highlighting individual particles. Samples in A and B are 0.64
wt % bicelle samples (at both g = 0.33 and q = 1.0) in 75 mM NaCl, 1 mM EDTA, 25 mM sodium acetate,
pH 4.5. C) and D) are orthogonal views of class averages for the g = 0.33 and q = 1.0 bicelles,
respectively. g=0.33 samples contained the C99 protein at a ~ 2:3 protein-to-bicelle ratio. C99 is not
observed owing to its small size. E) Comparison of SCOR bilayer thickness and diameter as determined
from cryo-EM (n=50), and small angle scattering fits.
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Use of Dynamic Light Scattering to Test the Resilience of SCOR Bicelles to Changes in Concentration,
pH, Salt and Temperature.

Dynamic light scattering was employed as a convenient way of exploring the range of conditions in
which the integrity of SCOR bicelles persists (Figure 3.4). Figure 3.4A shows that the radius of hydration
(Rn) determined from dynamic light scattering is in general agreement with the radius of gyration (Rg)
determined by SAXS from the Guinier region. It was also seen that SCOR bicelle size is not affected by
bicelle concentration (total lipid+detergent) above 0.25 wt%, but does exhibit a slight increase in radius
of hydration when the total bicelle concentration is reduced to 0.125 wt% (Figure 3.4B). The persistence
of SCOR bicelles at such low concentrations is likely due to the low critical micelle concentration (CMC)
of DDMB (0.3 mM(68)) relative to the higher critical micelle concentration of the most commonly used
detergent in conventional bicelles, dihexanoylphosphatidylcholine (DHPC, CMC of 10-15 mM (281)). It
was also seen that SCOR bicelle size is not significantly affected by pH, ionic strength, or temperature.
This robustness is well-suited for the possible utility of SCOR bicelles as a membrane mimetic medium
(Figure 3.4B-D).
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Figure 3.4. Dynamic light scattering of SCOR bicelles. (A) DLS-determined apparent hydrodynamic radii
(Ry) values are compared to SAXS and SANS-determined apparent radius of gyration (R,) values for SCOR
bicelles at various q (lipid:detergent) ratios. Error bars reflect the standard deviation of R, values
determined from three repetitions of 10 DLS acquisitions for each q ratio. (B) DLS-determined Ry for SCOR
bicelles at a q of 0.33 for various pH values as a function of bicelle solution wt %. Bicelles at pH 4.5 were
buffered with 10 mM sodium acetate, while bicelles at pH 6.5 and 7.8 were buffered with 10 mM
imidazole. (C) DLS-determined Ry values for SCOR bicelles at a q of 0.33 as a function of ionic strength.
(D) DLS-determined Ry values for SCOR bicelles at a q of 0.33 as a function of temperature. Temperature
ramps to and from 22 to 55 °C were conducted at rate of 1 °C/minute.
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Assignment of Backbone NMR Resonances for the Amyloid Precursor C99 Protein in SCOR Bicelles.

To demonstrate the utility of SCOR bicelles as a medium for biophysical studies of a membrane protein,
we selected for study the 99-residue C-terminal domain of the human amyloid precursor protein (APP),
the immediate precursor of the amyloid-beta polypeptides that are associated with Alzheimer’s disease.
C99 has previously been subjected to structural studies in micelles, bicelles, and lipid vesicles.
(186,187,204,205,230,235,240,271-274) When initially screening SCOR bicelle lipid compositions for
NMR studies of C99, we found that the 4:2:1 DMPC:eSM:Chol mixture at a q of 0.33 yielded *H,**N-
TROSY NMR spectra of reasonably high spectral quality, reminiscent of previous work with C99 in
DHPC/DMPC bicelles.(187) Using uniformly ?H,*3C,”>N-lableled C99 we assigned its backbone °N and *3C
NMR resonances in SCOR bicelles using traditional 3D NMR approaches supplemented with data from
amino acid-specific labeling experiments. Assignments were also facilitated by transferring some
previously-completed assignments from DDMB micelle conditions (Figures $3.3-S3.5). The H,> N-TROSY
spectrum of C99 in SCOR bicelles is shown in Figure 3.5. Over 90 % of C99 backbone resonances were
assigned, with the main hindrance for the remaining resonances being that some transmembrane or
juxtamembrane sites yield only very broad peaks.
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Figure 3.5. Assigned H,”>N-TROSY NMR spectrum of C99 in SCOR bicelles. The backbone amide *H-*N
peaks are labeled according to amino acid number. This spectrum was collected on a 400 uM C99 sample
in 10 wt % SCOR bicelles, g=0.33, in NMR buffer in a shaped tube at 45 °C and 900 MHz.
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Structural Studies of C99 in SCOR Bicelles

TALOS-N was used to analyze chemical shifts from C99 to map its secondary structure in SCOR bicelles.
In addition to the helical transmembrane domain, there is a short extracellular amphipathic “N-helix”
separated from the N-terminus of the transmembrane domain (TMD) by only a few linking residues.
There also is an amphipathic “C-helix” at the extreme C-terminus separated from the TMD by a 35
residue “C-loop”. A summary of the secondary structure elements and sequence is shown in Figure
3.6A. The overall secondary structure of full length C99 in SCOR bicelles is nearly identical to what was
previously been seen for full length C99 in micelles and in classical bicelles. (186,187)

To probe both the membrane topology and possible quaternary structural interfaces for C99 in SCOR
bicelles, TROSY NMR spectra were acquired in the presence of paramagnetic probes. The presence of
the lipophilic paramagnetic probe, 16-DOXYL-stearic acid (16-DSA), broadens NMR signals from residues
in direct contact with the membrane interface or hydrophobic interior. Conversely, the presence of the
water-soluble probe gadopentetic acid (Gd-DTPA) broadens the NMR signals from water-exposed sites.
Together, these probes permit mapping of which residues are exposed to the membrane and
extramembrane regions. As shown in Figures 3.6B and $3.6, resonances from both the N- and the C-
terminal helices (sites 690-697 and 761-770) were broadened by the presence of 16-DSA and are
partially protected from broadening by Gd-DTPA, indicating that these helices are amphipathic and
interact with the bicelle surface, similar to what has previously been seen for C99 in micelles, (232)
vesicles, (186) and in DMPC/DHPC bicelles. (187) However, a more surprising result for C99 in SCOR
bicelles is that a number of sites located in the C-terminal half of the C99 TMD (sites 710-720) were seen
to be protected against 16-DSA broadening, while sites in the N-terminal half (sites 700-709) of the TMD
were broadened (Figure 3.6B). This protection of transmembrane sites against access by a lipophilic
probe indicates the location of quaternary structural interface. This oligomeric interface does not
involve the GXXXG (residues 700-704) motifs seen to be critical for dimerization of C99 in some previous
experimental structural studies (214,240,282) all of which were conducted in conventional model
membranes bereft of Chol and SM. Instead, the transmembrane oligomerization sites are located in the
cytosolic half of the TMD.

Unusual paramagnetic probe NMR results were observed for residues 673-678 at the N-terminus and for
residues 735-745 in the C-loop that connects the TMD to the surface-associated C-helix. While analysis
of the NMR chemical shifts indicates random coil structure for the 37 residue C-loop (residues 724-760),
it was seen those residues 735 to 745 located midway through the loop were protected from both
lipophilic and water-soluble probes, while being flanked on each end by water-exposed segments
(Figure 3.6B). To verify these results, we collected an NMR spectrum after adding very high
concentrations of both Gd-DTPA and 16-DSA probes. As is shown in Figure 3.6C, this segment of the C-
terminal loop is the only part of the protein that was seen to be completely resistant to paramagnetic
broadening by the combined influence of excess levels of both probes. Residues 673-678 do not show
the same strong protection from excessive paramagnetic probes, indicating that these sites exhibit a
weaker or less populated state of the phenomenon occurring for residues 735-745.

To better elucidate the behavior of the C-loop, backbone amide proton exchange with water was
probed using the CLEANEX-PM experiment, (283) with the results being shown in Figure 3.6D. As
expected, the helical segments of the protein were resistant to amide exchange, while the seemingly
random coil segments (much of the N-terminus and C-loop) underwent facile exchange. The notable
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exception was the 735-745 residue segment of the C-loop. Even though this segment appears to adopt a
random coil-like secondary structure, it was seen to be resistant to amide exchange (Figure 3.6D),
results that complement the observation that this segment is inaccessible to both paramagnetic probes
(Figures 3.6B and C). N-terminus residues 673-678 are random coil and also exhibit, albeit to a lesser
degree, the same type of probe protection and reduced backbone hydrogen exchange as seen for loop
residues 735-745.

To gain further insight into the structure and dynamics of the paramagnetic probe-resistant and amide
exchange-resistant segment of the C-terminal cytosolic loop, we collected N NMR relaxation and H-
1>N NOE data for C99 in SCOR bicelles. The measured T1/T2 ratios and *H->N NOE values for the
cytosolic domain of C99 are shown in Figures 3.6E and F, respectively. The relatively high order of the
surface-associated C-terminal helix (sites 762-770) is evident from these measurements as is the gradual
increase in order as the TMD-anchored N-terminus of the cytosolic domain is approached. Notably,
these measurements also reveal that sites 735-745 of the C-loop are extremely mobile. While consistent
with the chemical shift/TALOS analysis showing that these sites appear to adopt random coil-like
structure, these are also the same sites that were seen to be resistant both to amide exchange and to
line broadening by lipophilic and water-soluble paramagnetic probes, which in both cases is suggestive
of significant tertiary or quaternary structure. The only previous experimental studies of the C99
cytosolic domain in the context of full-length C99 (186,187,232) indicated that the C-loop is largely
disordered and revealed no anomalies for the 735-745 segment. Interestingly, previous NMR studies of
the isolated cytosolic domain of C99 or of fragments of this domain (284-288) in aqueous buffer (no
model membranes) led to the conclusion that this segment does exhibit transient structural properties.
We also point out that the unusual observations seen in the C99 735-745 segment in SCOR bicelles are
not unprecedented in structural and dynamic studies of proteins. For example, a recent paper by Borgia
et al.(289) describes structural and dynamic studies of the interactions of human proteins histone H1
and its nuclear chaperone, the prothymosin a protein. It was shown that these two intrinsically
disordered proteins form a high affinity heterodimeric structure stabilized by electrostatic interactions,
while remaining disordered.
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Figure 3.6. Use of NMR to probe the topology and dynamics of C99 in SCOR bicelles. A) Sequence of
human C99 with numbering based either on C99 only (sites 1-99) or on the parent full-length amyloid
precursor protein (672-770). Green lines indicate boundaries of secondary structural elements as
determined in this work from analysis of the backbone NMR resonance chemical shifts and paramagnetic
data. Amino acids in the C-loop previously identified as being involved in transient amide backbone
hydrogen bonding are identified in red. (287) B) Topology of C99 in SCOR bicelles as mapped by site-
specific TROSY NMR peak linebroadening due to site access by lipophilic (16-DSA) or aqueous (Gd-DTPA)
paramagnetic probes. Mean intensity ratios (probe-exposed versus control peak height) are presented
for 16-DSA (red) and Gd-DTPA (black). The U-**N-C99 concentrations for all experiments were between
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~200 and 400 uM in 5-10 wt% SCOR bicelles, g = 0.33, in NMR buffer. Error bars for these n=3 data are
not shown here (to avoid clutter), but are displayed in Figure $3.6. C) Effect on C99 peak intensities of
adding both excess 16-DSA (to 12 mol %), and Gd-DTPA (to 3mM) to a 300uM U->N-C99 sample in 7 wt
% SCOR bicelles and NMR buffer at 45 °C. n=1 D) CLEANEX-PM amide exchange analysis of peak height
ratios for a 50 ms mixing time experiment. Ratios are of 50 ms mixing time versus no mixing time. E)
NMR N T1/T2 relaxation time ratios for the cytosolic domain of C99. T1 and T2 analyses are derived
from a 300 uM U->N-C99 sample in 5 wt % SCOR bicelles g=0.33 in NMR buffer at 45 °C. n=1 F) Intensity
ratios for H-*>N NOE signals from a 300 uM C99 sample in 10 wt % SCOR bicelles, g=0.33, in NMR buffer
at 45 °C. n=2 Small negative values in B are residues which were not assigned or were too broad; for C-F,
these values are represented by small negative green bars.

Oligomeric State of C99 in SCOR Bicelles

C99 has previously been seen to be either a monomer (186,204) or a homodimer, (214,240,282,290)
depending on the model membrane medium used and whether C99 was studied as the full length
protein or in a truncated form—most often the residues 1-55 fragment that lacks most of its cytosolic
domain. Based on the paramagnetic probe-protection results, it seems likely that C99 forms dimers or
some other oligomer in SCOR bicelles. Determining the oligomeric state of a small integral membrane
protein in a complex model membrane medium is often not straightforward, (291) so determination of
the C99 oligomeric state offered an ideal opportunity to test the suitability of SCOR bicelles to
applications involving a range of biochemical and biophysical techniques. Most measurements were
conducted under conditions in which the C99-to-bicelle ratio was carefully controlled to avoid non-
specific C99 interactions in crowded bicelles (“forced co-habitation” (292)). Specifically, sample
compositions were usually fixed in the range of 1 C99 molecule for every 1-2 SCOR bicelles. Moreover,
all experiments probing oligomerization employed SCOR bicelles with a q of 0.33 so that results using
different methods could be compared with each other and with the solution NMR results already
presented in this work. Here, we describe experiments conducted using Forster resonance energy
transfer (FRET) spectroscopy, electron paramagnetic resonance (EPR) double electron electron
resonance spectroscopy (DEER), chemical crosslinking/SDS PAGE, and native ion mobility - mass
spectrometry.

FRET was previously used to detect C99 dimerization in POPC/POPG vesicles. (204) The C99 H732C
mutation was used to provide a labeling site for IAEDANS (FRET donor) and for IANBD (FRET acceptor).
This site is in an unstructured region of the cytosolic loop and outside the C-loop paramagnetic probe-
protected region. IADEANS-C99 and IANBD-C99 were mixed in SCOR bicelles at various ratios using
conditions in which both the donor-tagged C99 concentration and overall protein:lipid concentration
were held constant. A linear relationship between FRET efficiency and the donor-to-acceptor ratio
affirms that C99 forms oligomers (Figures 3.7A and B), but poor labeling efficiency (see Appendix 2),
makes the identification of a specific oligomeric state difficult. (293) Nevertheless, the FRET results
confirm that C99 does form oligomers in SCOR bicelles. We next turned to EPR DEER measurements.

C99 with single cysteine sites located at either N- (K699C) or C-terminal (L723C) sides of the
transmembrane helix were spin-labeled with MTSL, followed by DEER measurements in SCOR bicelles,
as shown in Figures 3.7C and D. For both labeled forms, the observation of the DEER phenomenon
supports oligomerization and indicates a broad distribution of spin label/spin label distances. We did not
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observe any evidence of aggregation and only one peak is observed in the P(r) distribution, which
implies a dimer or trimer oligomeric state. (294) The P(r) distribution for each form was centered at ~31-
32 angstroms, which is slightly longer than expected for a tight dimer mediated by a transmembrane
interface. While some of the distance distribution almost certainly reflects spin label motions, (186) side
chain mobility cannot account for the full distance distribution for a tight dimeric state. However, either
a flexible dimer or a trimer can account for the slightly larger-than-expected P(r) distances. Another way
to determine oligomeric state with DEER is to reference the depth of modulation, (295) but we did not
implement this because of incomplete C99 labeling with MTSL. Neither the FRET nor EPR DEER results
rule out the possibility that there is also a population of C99 that remains monomeric. Since the FRET
and DEER results are consistent with the possibility that C99 may populate either or both dimers and
trimers in SCOR bicelles, we next turned to the use of chemical cross-linking in an attempt to covalently
trap C99 in dimer and/or trimer forms.

Chemical crosslinking combined with SDS-PAGE is an expeditious way to screen oligomeric states,
although results must be validated with an independent technique due to significant risk for false
positives/negatives. We cross-linked C99 with glutaraldehyde under near-NMR conditions followed by
SDS-PAGE and found that monomer, dimer, and trimer are all observed following cross-linking at high
glutaraldehyde concentrations (above 1 % w/v), as shown in Figure 3.7E. We observed an enrichment in
the trimer form as the cross-linker is increased and also confirmed the absence of significant
concentrations of higher order oligomers or aggregates. The cross-linking results clarify the FRET and
DEER results by suggesting that C99 populates monomer, dimer, and trimer oligomeric states in SCOR
bicelles.

In order to understand how the protein-to-lipid ratio affects C99 oligomerization in SCOR bicelles, we
also carried out crosslinking experiments at constant C99 but with increasing concentrations of SCOR
bicelles present. As shown in Figure 3.7F, increasing the bicelle concentrations increased the relative
population of monomer seen following crosslinking and also led to a reduction in the rate of crosslinking
efficiency as the glutaraldehyde concentration was increased. While 1:180 and 1:360 protein-to-
(lipid+detergent) ratios show only modest levels of monomer, crosslinking to dimers and trimers
appears to be far less efficient at and above 1:720. The monomer/dimer/trimer ratio is responsive to
the protein-to-lipid ratio with the ratio shifting to favor monomer when the protein is diluted with
additional bicelles. This suggests that monomer, dimer, and trimer forms of C99 are in equilibrium in
SCOR bicelles.
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Figure 3.7. C99 forms oligomers in SCOR bicelles. A) FRET spectra of IAEDANS-labeled C99 at a fixed
protein to bicelle concentration ratio in the presence of increasing amounts of IANBD-labeled C99. The
mole:mole ratios for each scan, in order of decreasing donor intensity, are (donor: acceptor): 1:0, 1:0.25,
1:1, 1:1.5, 1:2, and 1:3. B) Linear fit of normalized FRET efficiency from scans in A. Error bars represent
the error in determination of the FRET transfer efficiency. C) DEER spectra of MTSL-labeled 200 uM C99
(L723C mutant) in 5 wt% SCOR bicelles, g=0.33. D) DEER spectra of MTSL-labeled 200 uM €99 (K699C
mutant) in 5 wt % SCOR bicelles, g=0.33. E) Example SDS-PAGE (coomassie staining) of purified C99
following glutaraldehyde crosslinking of C99 in SCOR bicelles. Monomer, dimer, and trimer bands are
indicated by M, D, and T respectively. F) Quantification of monomeric C99 from SDS-PAGE crosslinking
experiments with C99, where the purification tag has been shortened and moved from the Cto N
terminus. Experiments were conducted with 50 uM C99 and various concentrations of SCOR bicelles in
NMR buffer at 25 ° C n=3. The legend indicates the protein to lipid ratio.
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We were intrigued that crosslinking revealed that C99 can populate monomer, dimer, and timer
oligomeric states in SCOR bicelles over a wide range of both C99-to-bicelle ratios and as detected over a
wide range of glutaraldehyde concentrations. These results are fully consistent with both the FRET and
DEER EPR results. Given the pitfalls that can accompany the interpretation of chemical cross-linking
studies, we turned to one last method, native ion mobility — mass spectrometry (nMS) (296,297) to
validate the chemical cross-linking results.

To our knowledge, bicelles of this complexity have not previously been used to study proteins via native
mass spectrometry. We were pleased to observe that, with optimization of instrument parameters,
intact C99 and C99 complexes could be readily liberated from SCOR bicelles. In agreement with previous
experiments there are clear trends in the ion mobility — mass spectrometry data, which can be
attributed to monomer, dimer and trimer oligomeric states of C99 liberated from SCOR bicelles (Figure
3.8A). As shown in Figure 3.8B, the C99 oligomer populations were found to be impacted by the
protein-to-lipid ratio (here defined to include both detergent and lipid), as indicated by a transition from
mostly trimer in 0.5 wt % bicelles to mostly monomer in 2.0 wt % bicelles under conditions in which the
C99 concentration was held constant. The native MS results are in excellent agreement with the
chemical crosslinking data as noted by the high monomer population seen by native mass spectrometry
at a protein to lipid ratio of ~1:1200 (~30 uM C99 in 2 wt % bicelle), as supported by observation of
inefficient crosslinking at ~1:1440 (~50 uM C99 in 4 wt % bicelle).
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Figure 3.8. Determination of the oligomeric composition of C99 in SCOR bicelles with ion mobility —
mass spectrometry (native mass spectrometry). A) Mass spectra of C99 complexes liberated from SCOR
bicelles (29 uM C99 in 1% wt/v SCOR bicelle g=0.33) show signals corresponding to the masses of
monomer, dimer, and trimer C99 complexes (top). lon mobility mass spectrometry data sets, which
report on the mass, charge, and orientationally averaged size of an analyte, are used to deconvolute
signals for which the mass-to-charge ratio alone is ambiguous between C99 complexes and monomer
species (bottom). For example, the signal corresponding to 2822 m/z is observed to be comprised of
monomeric and dimeric C99 from the ion mobility — mass spectrum shown. This approach also ensures
that any lipid noise produced by dissociated bicelles is removed from analysis. B) The relative intensities
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of each deconvoluted species were used to calculate the percent of each oligomeric species for 29 uM
C99 at 0.5%, 1%, and 2% w/v g= 0.33 SCOR bicelles.

DISCUSSION
SCOR Bicelles Represent a New Class of Bicelles

The development and characterization of SCOR bicelles described in this work provides the first isotropic
and optically clear model membrane system that is rich in both SM and Chol. It was shown that the
parent lipid mixture used for SCOR bicelle formation, 4:2:1 DMPC:eSM:Chol, forms bilayers that are
more highly ordered than DMPC-only bilayers and exhibit a Lo to Ld phase transition temperature close
to 30°C. It was observed that SCOR bicelles differ from conventional DMPC/DHPC bicelles both by being
significantly thicker and in that the bilayer thickness of SCOR bicelles is nearly independent of the g
(lipid-to-detergent mole) ratio. This confirms that the increased order of this membrane composition
observed in bilayered lipid vesicles composed of 4:2:1 DMPC:eSM:Chol is maintained in SCOR bicelles.
The lipid composition of mammalian PMs is, of course, vastly more complex than the lipid composition
of SCOR bicelles. However, the inclusion of both Chol and SM in SCOR bicelles leads to increased order in
their bilayer domain, representing a significant step closer to native PMs than conventional bicelles
formed with glycerophopholipids only. It is interesting to note that some conventional isotropic bicelles
have recently been shown to undergo lipid phase transitions (82) and that we are actively working to
understand whether SCOR bicelles exhibit any such phase transitions. We are also planning to
investigate whether there is any segregation of lipid types within the bilayered domains of SCOR bicelles
or if the three types of lipid are uniformly mixed.

Among the 35 detergents tested (see Table $S3.1), DDMB was seen to be the only detergent that was
capable of solubilizing a range of lipid mixtures containing both Chol and eSM. Why B-n-
dodecylmelibioside (DDMB) has this capability and not other detergents is not yet clear. It does seem
instructive that, in contrast to DDMB, B-n-dodecylmaltoside (DDM) is not a good Chol/eSM co-
solubilizer. This strongly suggests that the extra degree of conformational flexibility associated with the
a(1->6) linker between the galactoside and glucoside units in the melibiose headgroup of DDMB is key
to the effectiveness at co-solubilizing Chol and eSM.

Besides the DMPC-based 4:2:1 SCOR bicelles that were the focus of this paper, DDMB was found to be
capable of solubilizing a range of other Chol and eSM-rich lipid mixtures that also appear to form SCOR-
class bicelles, such as 4:1:1 POPC:eSM:Chol and 6:3:1 DPPC:eSM:Chol. This compositional flexibility is
advantageous when trying to optimize conditions to suit a particular protein or method. This property
will also enable studies to determine if either Chol and/or SM individually or only as a mixture
modulates membrane protein structure and function (32,33)

SCOR bicelles in focus on a 4:2:1 DMPC:EggSM:Cholesterol lipid mixture but it must be noted that DDMB
can dissolve a wide array of SCOR lipid compositions. SCOR bicelles can accommodate more complex
common lipids such as POPC with 16:0-18:1 chains, compared to the 14:0 of DMPC. Diverse headgroups
also are accommodated, for example: DMPC:DMPG:EggSM:Chol at a molar ratio of 2:2:2:1. DLS was
used to confirm that these mixtures resulted in SCOR bicelles and that the size of the resulting bicelles
were not drastically different than the main 4:2:1 mixture. Oddly enough, the lipid mixture of
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POPC:POPG:EggSM:Chol at a 2:2:2:1 ratio was not able to form SCOR bicelles. SCOR lipid mixtures that
failed to form bicelles resulted in either an obvious lipid precipitate or a transparent gel with a viscosity
similar to honey. The normal 4:2:1 SCOR mixture can also form this transparent gel at q ratios >1.
Generally, the higher the q ratio the lower the transition temperature from bicelle to transparent gel.
Heating of SCOR bicelles past this gel phase would result in a cloudy white precipitate that would settle
and become transparent again when cooled. The upper and lower phases were separated by an obvious
change refractive index and did not remix without agitation. Both phases contained bicelle-sized
isotropic particles, but the composition of each phase is unknown. | posit that the two phases could
represent a separation into bicelles containing majority DMPC/EggSM vs DMPC/Chol since DDMB is not
capable of solubilizing EggSM/Chol only mixtures. Low q bicelles used for structure determination did
not have an obvious gel phase and heating was beneficial for redissolving trace lipid vesiculation that
occurred when the SCOR bicelles sat at room temperature for a week or more. The above statements
are practical tips for successful use of SCOR bicelles but also highlight the highly complex phase behavior
available to SCOR bicelles. Traditional DMPC/DHPC bicelles at large q are capable of aligning in a
magnetic field(73,74) and have been used to calculate residues dipolar couplings for protein NMR
studies. As highlighted above, SCOR bicelles possess odd phase behavior and it is unknown if SCOR
bicelles can align in a magnetic field. Future studies will be required to determine if these non-bicelle
phases are biomedically useful or colloidal curiosities.

SCOR Bicelles Have an Idea Bilayered-Disc Morphology at Low q

It is generally accepted that classical DMPC/DHPC bicelles at q ratios between 2 and 6.5 form a true
discoidal morphology with spatial separation between lipid and detergent, with mixtures at even higher
g values adopting a “Swiss cheese”-like morphology. However, these “high q” bicelles are not
commonly used in solution state NMR studies of integral membrane proteins because of their large size
and/or because they fail to tumble isotropically, even sometimes aligning in strong magnetic
fields.(52,53,69) Recent work has indicated that at low q ratios suitable for solution NMR—generally less
than q = 0.7—DMPC/DHPC bicelles are discoidal but exhibit significant penetration of DHPC into the
bilayer core and, as q is reduced, become akin more to classical mixed micelles than ideal DHPC-edge-
stabilized bilayered discs. (67,76) Nevertheless, it should be noted that evidence also exists for near-
ideal bicelles at low q. (78,281) In this work SAXS, SANS, and cryo-EM are all in accord that the SCOR
bicelles contain an ideal discoidal morphology even at a q ratio of 0.33. As expected for ideal bicelles,
the diameters of the bilayered discs increase as q is increased from 0.33 to 1.0, while maintaining a
relatively stable bilayer thickness of ~5 nm. This consistency of membrane thickness with changing q
implies minimal detergent penetration into the bilayer domain. We hypothesize that the higher order of
the bilayered domain of SCOR bicelles relative to classical bicelles makes it more energetically
unfavorable for cone-shaped detergents such as DDMB to partition into the bilayered domain, such that
detergent molecules are efficiently relegated to the edges of the discs. In this regard, SCOR bicelles
resemble nanodiscs (54,83) and lipodisqs/SMALPs, (84,85) where bilayer discs are edge-stabilized by
either amphipathic proteins or amphipathic polymers that do not penetrate the bilayer interior.
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SCOR Bicelles are Robust and Compatible with a Wide Array of Experimental Methods

It was observed in this work that SCOR bicelles are stable over a range of concentrations, pH, ionic
strengths, and temperatures. This robustness makes SCOR bicelles well-suited for use as a membrane
mimetic, because it will permit biophysical and biochemical investigations may require varying
temperature, pH, or ionic strength to approximate the natural conditions of a membrane protein or to
investigate the effects of these parameters on a membrane protein. We found, for example that SCOR
bicelles are morphologically stable down to 0.25 wt % (total lipid + detergent) and only slightly increase
in size upon further dilution to 0.125 wt %. Indeed, even at 0.06 wt % (for g = 0.33) we did not observe
vesicle formation, although in this case it was not possible to obtain consistent sizes from sample to
sample after dilution, likely due to errors in determining detergent concentration (relative to CMC) that
become insignificant at higher bicelle concentrations. The working concentration range of classical DHPC
and CHAPSO-based DMPC (and other) bicelles is much more limited because DHPC and CHAPSO have
CMC values that are on the order of 40X higher than that of DDMB, such that vesicles begin to form
when the bicelle concentrations are lowered below ~ 2 wt % (see(298)).

The stability and constancy of SCOR bicelles over a range of conditions enabled successful use of this
medium in our studies of the human APP C99 protein using a range of biophysical and biochemical
methods, including NMR, DEER, FRET, NMS, and chemical crosslinking. We anticipate that it should be
possible to reconstitute many other membrane proteins in SCOR bicelles for analogous studies.
Moreover, retention of the bilayered disc morphology even at low concentrations should allow SCOR
bicelles to be used in studies that require a high level of dilution, such as cryo-EM. Cryo-EM has recently
yielded spectacular progress in determining high resolution structures of large membrane proteins.(299)
The authors are unaware of any examples of membrane protein structures being determined in bicelles
using cryo-EM, likely because conventional bicelles vesiculate when diluted to concentrations suitable
for rapid sample vitrification. The fact that we were able to directly image SCOR bicelles using cryo-EM
methods suggests they are suitable model membranes in which to solubilize larger membrane proteins
and complexes for cryo-EM analysis.

The Structure of C99 in SCOR Bicelles Exhibits Some Unexpected Features

The structure of the APP C99 protein or transmembrane domain-containing fragment has been
examined by a number of labs in various conventional model membrane systems.
(186,187,204,205,229,230,232,235,240,241,271-274) This previous body of work made C99 an ideal test
protein for study in SCOR bicelles. Full length C99 in SCOR bicelles exhibits a similar secondary structure
as seen in previous studies, where it has been shown to exhibit a disordered water-exposed N-terminus
followed by a short surface-associated amphipathic helix linked via a short loop to the transmembrane
domain. The helical transmembrane segment of C99 in SCOR bicelles is slightly longer than in
DMPC/DHPC bicelles, (187) but is similar in length to what was previously seen in DHPC-based
POPC/milk sphingomyelin bicelles. (187) This result is reasonable in light of the increased thickness of
SCOR bicelles relative to DMPC/DHPC bicelles and because DHPC/POPC/milk SM bicelles are also thicker
(POPC has longer fatty acids than DMPC and the most common fatty amide chain in milk SM is 23
carbons long, https://avantilipids.com/product/860063). Following the TMD of C99, there is a ~35 amino
acid random coil intracellular loop followed by a C-terminal surface-bound amphipathic helix.

While the secondary structure of full length C99 in SCOR bicelles is similar to what has previously been
observed, there were three aspects of its structure in SCOR bicelles that are surprising. The first is the
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fact that nearly all previous studies of C99 have, variously, observed that C99 is either a monomer, a
dimer, or a mixture of monomer and dimer, depending on sample conditions. In contrast, the results of
this work indicate that C99 in SCOR bicelles appears to populate an equilibrium mixture of monomer,
dimer, and trimer. This observation is not completely unprecedented, as Higashide et al. previously
observed that following mixture of mammalian CHO cells with the non-ionic detergent DDM, C99 was
seen to run as a mixture of monomer, dimer, and trimer on blue native PAGE, results that are strikingly
similar to those of this paper. (215) We do not know why SCOR bicelles promote formation of C99 trimer
along with monomer and dimer, but we do note that a common feature of the Higashide study and that
of this paper is the presence of Chol and SM in the C99 samples. Recent computational work by Sun et
al. suggested that the C99 TM dimer is less stable in a raft-like environment but did not look at trimer.
(239) Of course, the fact that C99 populates three oligomeric states in SCOR bicelles is vexing from a
practical standpoint, as it means that most of the C99 samples examined in this work involve a mixture
of three different forms of the protein, hindering attempts to interpret the data, especially the NMR
data, in terms of a single structural state. At the required protein concentration for NMR, C99 exists in a
dynamic mixture of oligomeric states, which—along the relatively large bicelle size—is likely the cause
for the additional NMR signal broadening compared to the DDMB micelles environment.

A second important structural observation for C99 in SCOR bicelles concerns the location(s) of its
oligomeric interface(s). There has previously been much interest in the dimerization of C99 due the
possibility that dimerization is linked to its cleavage (either promoting or hindering amyloid B (AB)
production). (211,213,290,300-303) Previous biophysical studies in which dimerization of C99 or of
derived TMD-containing fragments have usually pointed to Gzoo/70aXXXG704/70s, (210,214,240-242)
G709XXXA713, (230,243) or both (233,234,282) motifs located in the C99 TMD as being the location of the
dimerization interface. (210,211,214,240-243,282,303) Studies highlighting the GXXXA oligomerization
motif often additionally implicate the following TV71s residues. (230,233,234,243,282) These previous
experimental studies were often conducted in conventional model membranes bereft of Chol and SM
and often did not use full length C99. However, in the present work with SCOR bicelles, paramagnetic
probe accessibility studies indicated that the oligomer interface is located in the cytosolically disposed C-
terminal half of the TMD, roughly spanning residues 710-716. The fact that C99 populates both dimer
and trimer states in SCOR bicelles makes exact identification of the specific residues involved difficult,
but our results are very clear that the upper end of the TMD containing the GXXXG motifs is not
involved. (230,233,234)These conclusions are strongly supported by previous biochemical (Tango
assays) and biophysical (BRET) studies of C99 oligomer formation (assumed to be dimer) in mammalian
cells. (238) In that study, Yan et al. showed that C99 oligomerization is mediated by residues 714-717, in
agreement with the results in SCOR bicelles. A computational work study of the C99 TM dimer in a raft-
like environment also found the dimer is mediated by residues V711 and V715, (239) in close agreement
with our SCOR bicelle data. The fact that the oligomerization interface for C99 in SCOR bicelles appears
to be similarly located to the interface observed in mammalian PMs supports the notion that SCOR
bicelles may be a better mimic for mammalian plasma membranes than conventional model
membranes.

A third surprising structural observation made in this paper is that there is a segment within the long
cytosolic loop of C99 (resides 735-745, based on full length APP numbering), that seems to populate a
highly dynamic random coil ensemble of conformations and yet is both inaccessible to paramagnetic
probes and also resistant to backbone amide-water hydrogen exchange. N-terminal residues 673-678
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indicate a similar phenomenon, albeit to a lesser degree and this region is likely sampling beta sheet
secondary structure as seen in previous simulations (235) and known amyloid beta structure. (304) We
hypothesize that these results reflect participation of these segments in a dimer and/or trimer interface
that is predominantly random coil but can sample alpha helical and beta sheet states. (235) It should be
added that previous solution NMR studies of a soluble APP intracellular domain (AICD) fragment found
that residues V7, TPEER747 of AICD forms a transient N-terminal helix capping box(287,288), hinting at a
predilection of this segment for complex dynamics. Moreover, the non-conventional nature of the
dynamic structure formed by this segment is likely reflected by the fact that the PEER segment yielded
only broad and assignable resonances in our previous NMR studies of monomeric C99 in detergent
micelles. (186,187,232)

While unusual, the formation of non-canonical tertiary or quaternary structure seen for the C-loop 735-
745 segment is not unprecedented. Borgia et al recently reported a high-affinity heterodimeric
structural ensemble where two oppositely charged IDPs, histone H1 and its nuclear chaperone, the
prothymosin a protein, interact while retaining structural disorder. (289) They report a lack of peak
dispersion in the HSQC spectrum upon complex formation and no obvious indication of secondary
structure in the Ca chemical shifts, both classic indications of random coil. We find that the C99 C-loop
also possesses these classic random coil-like traits, and yet paramagnetic and hydrogen exchange
experiments indicate the presence of structure for residues 735-745. The C99 C-loop does not contain
the high charge densities found in Borgia et al; however, it is likely that the transmembrane
oligomerization facilitates co-localization of the C-loop interfaces. Our homo-oligomeric C99 C-loop
interface and the work of Borgia et al on a hetero-dimeric system appear to be similar in nature as both
represent oligomeric interfaces that lack classical structure.

Many proteins are known to interact with the intracellular portion of APP/C99 and we posit that this
paradoxical C-loop interaction may play a role in a regulatory mechanism that modulates interactions of
the 735-745 segment with cytoplasmic binding partners such as caspases and trafficking adaptor
proteins. (305) Phosphorylation in the C-loop oligomeric interface at T743 has been shown to impact AB
production (284,285,306) and it will be interesting to explore how the unstructured and dynamic
oligomeric interfaces impacts its interaction with other proteins and how this impacts AB production. A
summary of the oligomeric interfaces and dynamic oligomeric states found for C99 in SCOR bicelles is
highlighted in Figure 3.9.
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Figure 3.9. Schematic model for C99 in SCOR Bicelles. A) Model for monomeric C99 based on previous
studies of C99 in conventional DMPC/DHPC bicelles. (186) B) C99 in SCOR bicelles populates a dynamic
mixture of monomer/dimer/trimer. Two oligomeric interfaces were identified, one in the cytosolic half of
the TM and another in the disordered C-loop. The double headed arrow highlights that the bilayer
thickness of the SCOR lipid bilayer shown in B is thicker than the DMPC-only bilayer shown in A (not to
scale). The blue and orange lipids symbolize DMPC and eSM respectively. Green blocks represent Chol.

Conclusions

Here, we introduced a new phosphatidylcholine bicelle platform that is eSM and Chol-rich (SCOR). The
bicelles are ~5 nm thick and are edge-stabilized by a DDMB annulus. We found the SCOR bicelles to be
well-behaved, even at concentrations as low as 0.25 % w/v, making them highly suitable for cryo-EM
studies. SCOR bicelles are stable over a wide range of pH, ionic strength, concentration, and
temperature, such that they are well-suited for implementation of a wide range of biochemical and
biophysical techniques, as demonstrated in this manuscript on the well-characterized protein C99.
Moreover, the detergent used to form SCOR bicelles, DDMB, can support a wide array of other Chol and
eSM-rich lipid mixtures, potentiating future studies to examine how variations in lipid composition
impact membrane protein structure and function. Our studies of the C99 protein in SCOR bicelles
indicate notable differences in the structure and dynamics of this important protein relative to what had
previously been documented from studies of C99 in micelles, conventional bicelles or
glycerophospholipid vesicles. Moreover, the differences observed for the C99 oligomeric interfaces
present in SCOR bicelles seems to closely approximates the oligomeric interface documented in recent
studies of the protein in mammalian plasma membrane. This raises the possibility that the presence of
abundant Chol and sphingolipids in membranes may sometimes significantly alter the structure and
dynamics of some membrane proteins, and that SCOR bicelles may be a closer mimetic for some
biological membranes than conventional model membrane systems.
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IV. Recombinant SARS-CoV-2 envelope protein traffics to the trans-Golgi network following amphipol-
mediated delivery into human cell.

This chapter is adapted from Recombinant SARS-CoV-2 envelope protein traffics to the trans-Golgi network following amphipol-mediated delivery into human cell. Published in Journal of
Biological Chemistry and has been reproduced with the permission of the publisher Hutchison JM, Capone R, Luu DD, Shah KH, Hadziselimovic A, Van Horn WD, Sanders CR. Recombinant SARS-
CoV-2 envelope protein traffics to the trans-Golgi network following amphipol-mediated delivery into human cells. J Biol Chem. 2021 Jul 5:100940. doi: 10.1016/j.jbc.2021.100940. Epub ahead
of print. PMID: 34237302; PMCID: PMC825665.

Introduction

The severe acute respiratory syndrome 2 virus (SARS-CoV-2) became a focal point of science and society
in 2020. It is to be hoped that the ongoing vaccine development and delivery programs will soon allow
the world to return to an approximation of normalcy (106,107). However, previous coronavirus (CoV)
epidemics, including Middle East respiratory syndrome (MERS) (110) and SARS (111) from 2002-2003
foretell that future CoV zoonotic events (109) are likely to afflict humankind. Fundamental studies of the
molecular underpinnings of CoVs may help to mitigate the current and future pandemics.

Within CoVs, there are four critically conserved structural proteins (307,308), each of which is of
possible therapeutic importance due to their critical functions (309). Among these is the envelope (E)
protein. The E protein is a single-pass transmembrane protein whose roles in pathogenesis are
incompletely understood (128). However, its importance is highlighted by cellular studies showing that
the CoV E and M proteins alone are sufficient to produce a budding virus-like particle (VLP) (119-121).
Moreover, deletion of E dramatically lowers viral fitness (310-312) and growing evidence suggests that E
is directly responsible for acute respiratory distress syndrome (ARDS) occurring in conjunction with CoV
infections (313). E is highly expressed in infected cells, but only a small fraction is incorporated into
mature viral particles, implying functions beyond its role as a mature capsid structural protein (122).
Supporting this idea, E is known to populate both monomer and oligomer forms in vivo (133). Most
biophysical measurements have focused on the homopentamer form that functions as a cation-selective
ion channel (134-136,144), which is analogous to a well-studied and validated drug target, the influenza
M2 protein (137,138).

A distinct feature of coronavirus assembly is that their nascent particles (314) accumulate in the trans-
Golgi network (TGN) (124) before a unique cellular egress pathway via deacidified lysosomes (126). The
E protein is critical to viral maturation (119,122,149). Localization of SARS E protein to these membranes
is remarkably stringent, likely a consequence of Golgi-targeting motifs present in E protein (149). Since E
functions in multiple roles that are critical to viral fitness (129-131), it is desirable to develop methods to
further characterize key E-dependent pathogenic mechanisms. Current methods to study the E protein
in mammalian cells are reliant on transfection of genetic material encoding the protein into cells and its
subsequent transcription and translation. Here, we sought to develop a robust method for exogenous
delivery of purified SARS-CoV-2 envelope protein (S2-E) into human cell lines to enable chemical
biological methods for studies of S2-E function and possibly to potentiate novel therapeutic approaches.

Results and Discussion

We developed a straightforward bacterial expression and purification protocol that yields ~100 pg per
liter of culture of 90-95% pure full-length S2-E under conditions in which it is bereft of detergent and
lipid, with its aqueous solubility being maintained by complexation with the zwitterionic amphipol
PMAL-C8 (95,315) (Figure S4.1 and Appendix 3). This purification protocol has been streamlined to a
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single gravity column and does not require semi-automated chromatography or an ultracentrifuge. Once
purified into lipid/detergent-free amphipol solution, the S2-E/amphipol complexes remain stable and
soluble in aqueous solution even following removal of excess un-complexed amphipols. Amphipols are a
class of amphipathic polymers that exhibit weak detergent properties, in that they can solubilize and
stabilize membrane proteins but cannot solubilize or even permeabilize membranes (56,93).
Additionally, some amphipols are well tolerated by animals (316) and have been used in vaccine
development (93,94) because at least some forms do not elicit the production of anti-amphipol
antibodies (57).

Planar lipid bilayer electrophysiology was used to test if amphipols can deliver the S2-E protein to a
membrane environment to form ion channels without otherwise disrupting the lipid bilayer (Figure
4.1A). It was seen that amphipol-based S2-E delivery resulted in ion channel activity that is consistent
with previous SARS-CoV-1 E (317) and preliminary S2-E (318) channel measurements in terms of current
amplitudes, sodium cation selectivity, and open probabilities. (Figures 4.1B,C, and S4.2, and Appendix
3). The S2-E-dependent currents and similarity to other planar bilayer measurements support the idea
that S2-E is released spontaneously from amphipols into membranes. The bilayer integrity during
amphipol delivery and exposure was monitored through membrane capacitance measurements. The
bilayers remained stable throughout the recordings with an average value of 58 + 3 pF. These results
demonstrate that recombinant S2-E can be delivered into pre-formed lipid bilayers using amphipols,
where the protein not only inserts into the bilayers, but also retains ion channel function, without
significantly compromising the bilayer integrity.

We next tested whether S2-E can be delivered from amphipol complexes to the membranes of human
cells. To this end, S2-E was irreversibly tagged at one of its three native cysteine residues with
fluorophores nitrobenzoxadiazole (NBD) or Alexa Flour 488 (AF488). The native cysteine residues do not
form disulfide bonds in vivo (147) and are not required for ion channel formation (143,319), although
substituting two or three cysteines to alanine results in reduced viral fitness (147). NBD-labeling S2-E at
roughly one cysteine site per protein did not significantly lower the channel open state probabilities (P-
values of 0.125 at -100 mV and 0.055 at 100 mV) and did not change channel conductance properties
(Figure S4.3). (320,321). The solvatochromic properties of NBD (320) were better for observing the
deposition of S2-E on the plasma membrane at early time points (Figure $4.4) while the environment
insensitivity of AF488 (321) was more suited for S2-E colocalization experiments. No significant
difference was observed between S2-E labeled AF488 or NBD when quantifying colocalization (Figure
$4.5).
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Figure 4.1. Functional delivery of SARS-CoV-2 envelope protein from amphipol complexes to planar
lipid bilayers. (A) Schematic of SARS-CoV-2 envelope protein (S2-E) delivered using amphipols for
membrane protein insertion into planar lipid bilayers. (B) Representative single-channel current
recordings of PMAL-C8 amphipol-delivered S2-E as a function of transmembrane electrical potential
showing ion channel activity in POPC:POPE (3:1) planar bilayers, where S2-E fluctuates between closed
(C) and open (O) states. (C) The S2-E current-voltage relationship identifies a conductance of 9.0 + 0.3 pS
and a reversal potential of 53 + 3 mV in an asymmetric NaCl buffer, indicative of cation selectivity. Data
represent three replicates. Error bars are standard deviation from the three distinct amphipol delivery
experiments on different days (For open state probabilities see Figure S4.2). Single-channel current
recordings using S2-E-NBD also show similar conductance, see Figure $4.3. The trans-compartment is the
chamber with the command/input Ag-AgCl electrode whereas the grounded chamber is the cis-
compartment. Planar bilayer control experiments in which PMAL-C8 only was added (no S2-E), did not
exhibit channel activity at amphipol concentrations 1x or 50x relative to those used in these S2-E and S2-
E-NBD planar bilayer experiments.

As shown in Figures 4.2 and $4.6, the S2-E-NBD protein was delivered from amphipol complexes to Hela
cell membranes, with all cells exhibiting NBD signal within 30 min (Figure 4.2B). Figure 4.2C-F shows the
8 hour progression of the S2-E-NBD protein from the plasma membrane to a predominately perinuclear
intracellular location. After 16-18 hours nearly all the S2-E was observed in the vicinity of the nucleus,
with a clear focal area on one side of the nuclear compartment (Figure 4.2G,H). Delivered S2-E was
typically more diffuse at early time points but becomes punctate as it traffics towards the perinuclear
space.
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Cell surface Nucleus

Figure 4.2. Membrane incorporation and uptake of amphipol delivered SARS CoV-2 E protein by cells
and subsequent intracellular trafficking of the protein. Representative confocal microscopy images of
Hela cells at various time points following treatment with amphipol-complexed 2.5uM S2-E labeled with
NBD (S2-E-NBD). Color markers are: green, S2-E-NBD; red, cell membrane (we used WGA-AF555; wheat
germ agglutinin or WGA is an N-acetyl-glucosamine and sialic acid binding lectin, here conjugated to
AF555; blue, cell nuclei (we used DRAQ5, a cell permeable, far-red emitting fluorescent anthraquinone
DNA dye, that stains dsDNA). (A) is the untreated (0 uM) sample and 0 h time point, (B) is cells 0.5 h
after treatment, (C) is following 1 h, (D) 2 h, (E) 4 h, (F) 8 h, (G) 16 h, and (H) 24 h. The S2-E-NBD signal
migrates from the cell plasma membrane (see panel B) toward the perinuclear space (see panels G and
H). Time course experiments using the same cell markers were independently repeated 3 times using 3
different S2-E-NBD preparations. All scale bars are 25 um. See further details Appendix 3 and Figure
54.6.

The amount of S2-E signal in cells was dependent on the applied amphipol/S2-E dose (Figures $4.7). It
was verified that NBD did not drive S2-E internalization and perinuclear aggregation (Figure S4.7). To
ensure that we were microscopically tracking intact NBD labelled S2-E (52-E-NBD) instead of dye freed
from full length S2-E by degradation, we confirmed S2-E localization following cell fixation and
permeabilization with a polyclonal anti-S2-E antibody (Figure S4.5). We observed consistent strong co-
localization between S2-E labeled with either AF488 or NBD and the polyclonal anti-E signal. Cysteine-
reacted NBD was used as an S2-E degradation control and was found to stain all cellular membranes
(Figure S4.8). Therefore, delivered S2-E is not extensively degraded during the 24-hour treatment since
the level of anti-S2E and S2-E-dye colocalization remained strong at both short and long time points.
(Figure S4.5). We observed unspecific binding of the anti-E antibody in the nucleus and determined the
dye-tagged S2-E to be a better reporter of S2-E localization. (Figure S4.5) While amphipols have
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previously been reported to deliver select membrane proteins to artificial lipid bilayers (92,95), this
study represents the first use of amphipols to deliver a protein to mammalian cells. Elucidation of the
pathway(s) taken by the S2-E protein to dissociate from its soluble amphipol complex to then insert into
the membrane and adopt a trans bilayer configuration will require further study.

To ensure that the observed S2-E delivery and perinuclear trafficking was not unique to Hela cells, we
also examined possible delivery of S2-E from amphipol solutions into SW1573 human alveolar cells, a
COVID-19-relevant cell line (322). We observed (Figure S4.9) that S2-E is indeed taken up by these cells
and similarly undergoes surface-to-perinuclear retrograde trafficking as seen in Hela cells.

The fact that delivered S2-E retrograde traffics proximal to one side of the nucleus (Figure 4.2G,H) is
consistent with its localization at or near the Golgi compartments. To gain further insight into the final
cellular location of S2-E, we used organelle-specific monoclonal antibodies and wheat germ agglutinin
(WGA) to pinpoint the locations of the cis- and trans-Golgi, TGN, early endosomes, lysosomes,
endoplasmic reticulum (ER), aggresomes, and ERGIC relative to delivered S2-E in the perinuclear space
at late timepoints. In agreement with Figure 4.2B-E, S2-E does not strongly colocalize with markers of
ER/Golgi space at early time points and takes 18-24 h for the protein to accumulate in the perinuclear
space via retrograde trafficking (Figure 4.2G,H). At 18-24 h after initial delivery, S2-E was not found in
the ER, ERGIC, or cis-Golgi (Figures 4.3D-F and S4.10-S4.12). Instead, S2-E was seen to partially overlap
with the trans-Golgi marker Golgin 97 (323) in the area surrounding the Golgi, but not within the Golgi
(Figures 4.3A-C and S4.9).

The partial co-localization of S2-E with the trans-Golgi and exclusion from the cis-Golgi indicated that
delivered S2-E ultimately resides in the TGN and associated vesicles. WGA is an N-acetyl-glucosamine
and sialic acid binding lectin (324,325) that is often used in conjunction with fixed cells to stain the
plasma membrane (326). In live cells, WGA is rapidly endocytosed to the Golgi and specifically
accumulates in the endocytic TGN (Figure S4.13) (327-330). We observed strong colocalization between
WGA and delivered S2-E between 16-24h, indicating that S2-E accumulates in the TGN (Figures 4.3G-/
and $4.10). WGA and S2-E travel to the TGN independently and WGA does not induce S2-E TGN
colocalization. There is significant bi-directional traffic between the TGN and endosome/lysosome
systems (331) and we wanted to determine if delivered S2-E was accumulating in endosomes and
lysosomes at later timepoints. We did observe some colocalization of S2-E with early endosome marker
EEA1 (332) at late timepoints (Figure S4.14). Additionally, we observed colocalization of S2-E with late
endosomes and lysosomes as indicated by the overlap in S2-E and LAMP1 signals (Figure S4.15) (199).
Perinuclear S2-E containing LAMP1 positive vesicles were enlarged while peripheral LAMP1 positive
vesicles remained unchanged.

The localization of delivered S2-E to swollen TGN vesicles is likely disease relevant given that progeny
coronaviruses are known to accumulate in the TGN before cellular egress (124,140). Lysosomes have
long been associated with coronavirus infection (333) and recent work showed that coronavirus is
unique in its use of deacidified lysosomes for cellular egress (126). In line with these ideas, E increases
the pH of the Golgi (140) and TGN (139), apparently to protect the spike protein from premature
processing. E also has been shown to slow cellular secretory pathways (152).
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Golgin 97 Nucleus

ERGIC 53 Nucleus

WGA-AF555 Nucleus

Figure 4.3. SARS-CoV-2 envelope protein trdffics to the perinuclear space and accumulates in the trans
Golgi network (TGN). Representative confocal microscopy images showing Hela cells treated with 2.5
UM S2-E labeled with either NBD or AF488. Panels A-C and D-F show S2-E localization relative to the
Golgi (A-C) and ERGIC (D-F) as a function of increasing S2-E treatment time. Panels G-I shows cells that
were treated with S2-E-AF488 for 24h and labeled with WGA-AF555, the latter added either: (i) 24 hours
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after S2-E-AF488 treatment followed by immediate fixation (G, 0 h of WGA), (ii) 21 hours after S2-E-
AF488 treatment followed by an additional 3 hours of WGA incubation followed by fixation (H, 3 h of
WGA), or (iii) at the same time (0 h) S2-E-AF488 was added to the cells followed by 24 hours of
incubation followed by fixation (I, 24h of WGA). Notice how WGA accumulates and colocalizes with S2-E
over time. Note how WGA moves to the perinuclear space at a faster rate than S2-E; i.e. compare 3 h
WGA (H) versus S2-E at 2 h (B) or 6 h (E). Color scheme: green, S2-E labeled with NBD (A-F) or AF488 (G-
1); blue is the fluorescent dye DRAQ5, marking the cell nucleus; red, in panels A-C, is from an antibody to
Golgin-97, a Golgi marker; in panels D-F, red is from an antibody to ERGIC-53, a defining marker for the
ERGIC region and panels G-F is from WGA-AF555, a common marker for plasma membrane for fixed
cells. Panels A and D are the control samples where cells were not treated with S2-E-NBD. Panels A-|
were treated with labeled S2-E for the time indicated in green fonts, while WGA in panels G-I was added
for the stated time shown in red fonts, right before cell fixation. Co-localization analysis of panel |
between WGA-AF555 and S2-E-AF488 channels result in Pearson correlation coefficients (> 0.7, Figure
54.5). All experiments shown were repeated 3 times in panels A-F were using 3 different E-NBD
preparations, while in panels G-I twice with S2-E-NBD and once with S2-E-AF488. All three repeats show
comparable behaviors. Scale bars are 25 um. Further details in Appendix 3 Figure 54.10.

It is likely that the Golgi-localization motifs (149) in S2-E drive its retrograde trafficking in a way closely
related to the mechanism that facilitates E protein perinuclear retention during viral infection. However,
we also considered the possibility that amphipol-mediated extracellular delivery of S2-E triggers ER
stress and unfolded protein response (UPR)-related retrograde trafficking, leading to deposition of S2-E
in perinuclear aggresomes. Aggresomes are ordered protein aggregates that form following transport of
certain proteins along microtubules by dynein to perinuclear microtubule-organizing centers (334) and
are often detected by the formation of vimentin cages (334). We looked but did not observe the
induction of vimentin cages with our delivered S2-E (Figure S4.16). The lack of aggresome formation
suggests that our delivered S2-E does not induce an obvious UPR stress, likely because the S2-E
accumulates in the TGN and not in the ER (335-337).

We did not observe an obvious enrichment of S2-E in the ERGIC or ER compartments before the
accumulation in the TGN. However, it is important to note that we focused on identifying the final
location of externally delivered S2-E and not its location in earlier timepoints. Additionally, further
studies will be required to understand by which pathways S2-E is trafficked to the TGN.

Conclusions

We have shown that the S2-E protein can be stripped of lipid and detergent and purified into aqueous
solutions in which its solubility is maintained solely by complexation with amphipols. The protein can
then be delivered to lipid bilayers, in which the protein spontaneously inserts into the membrane to
form ion channels. As proposed in Figure 4.4, addition of the S2-E protein to living human cells results in
plasma membrane integration and subsequent retrograde trafficking deep within the cell, ultimately
occupying enlarged LAMP1 positive vesicles derived from the TGN, which are believed to be critical for
coronavirus egress and pH dysregulation. The S2-E protein-to-cells approach established by this work
should be exploitable as a route to delivering chemically modified full length S2-E to cells in culture or
possibly even to cells under physiological conditions. This capability enables a wide range of chemical
biological tools to explore the biological function of this protein or to test whether chemical warhead-
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armed S2-E can play the role of a Trojan horse to interfere with SARS-CoV-2 replication, potentially as an
anti-COVID therapeutic or prophylactic. The results of this work also establish a general paradigm for
using amphipols to deliver membrane proteins to living cells, although whether numerous other
membrane proteins can be successfully delivered using this approach remains to be explored.

( ER ERGIC Golgi TGN LAMP1+ PM SZ-E1
) ﬁ 0{ Ca)ﬁansi O ) "?c*y
L o NBD J
O{
o
} )
o
o O

0.5-2hr
\

16-24hr

Figure 4.4. Schematic of amphipol-delivered $2-E and its localization within Hela cells at early and late
timepoints. Top Panel) Legend of cellular markers tested for colocalization with S2-E. Middle Panel) S2-E
is mainly localized on the plasma membrane at early time points. Bottom Panel) After 16-24 hours,
delivered S2-E is enriched within the TGN and LAMP1 positive vesicles. S2-E is also partially found within
early endosomes and the trans-Golgi. Organelles and S2-E are not to scale.
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V: Purification of Membrane Proteins Bereft of Membrane Mimics
Introduction

Integral membrane proteins (IMPs), by definition, contain highly hydrophobic transmembrane (TM)
domains that are inserted in the lipid bilayer in vivo and have very limited solubility in aqueous
environments. In order to prevent IMP aggregation, in vitro experiments use amphipathic membrane
mimetics to stabilize the TM domains (55,63,75,338). Detergents are the most commonly used mimic
due to their low cost and ease of use (47,63,339), but IMPs are only solubilized by detergents when they
are surrounded by a detergent micelle (340,341). Detergent micelles form when the detergent
concentration is above its critical micelle concentration (CMC), which reflects the free energy of
micellization (342,343). Membrane protein stability and oligomerization are sensitive to the protein:
micelle ratio and membrane proteins can be artificially “crowded” by limiting the micelle concentration
(344). However, diluting the detergent concentration below the CMC results in demicellization and rapid
IMP precipitation.

Significant effort is often required to find a suitable detergent that maintains IMP function and stability
(340,341,345). There are alternatives to pure detergents that are capable of dissolving lipids, including
nanodiscs (54,83), amphipols (57,338), Styrene maleic acid lipid particles (SMALPs) (84,85) and bicelles
(48,52). Some groups have employed more radical approaches, seeking to solubilize IMPs without the
need for any lipid bilayer mimic. Computer-aided mutagenesis studies have revealed that IMPs can be
made water soluble (97,98) and functional (99) if lipid-facing hydrophobic residues of a membrane
protein are mutated to hydrophilic residues. Other groups have fused the apolipoproteins such as those
used in nanodiscs directly to the IMP in order to greatly increase recombinant yield and water solubility
(96). Interestingly, there is a class of IMPs in the magnetosome organelle of Magnetotactic bacteria
(MTB)(346) that act as amphiphiles and form water soluble “protein micelles” when recombinantly
expressed (103,104). These protein micelles are able to bind iron and are likely an important step in
magnetosome formation (103). It is impressive that these magnetosome proteins, such as Mmsé6 are
unique in their ability to form water-soluble protein micelles without any modification (101,102). Small
water-soluble peptides such as the 26 residue melittin are able to conform to their environment and
readily form a monomer or tetramer in aqueous solutions (347) and aggregate in membranes to form
pores(348). The phenomenon of IMPs forming micelles in the absence of a membrane mimetic is
unknown in higher order organisms, but this is likely due to a lack of effort due to the a priori
assumption that IMPs require detergent.

Single-pass TM proteins(227) have the simplest membrane topology and are conceptually similar to a
double headed detergent connected by an alkane chain, or bolaamphiphile (105). It seems plausible that
some single pass transmembrane proteins might be able to self-associate and satisfy their own
hydrophobic and hydrophilic requirements in the absence of membrane mimic. However, this has not
been previously reported, most likely due to rapid IMP aggregation after demicellization in aqueous
solutions. We posit that controlled removal of detergent from a sterically isolated IMP can prevent
“runaway” aggregation and promote the formation of water-soluble protein “micelles”. We here show,
for the first time, that some human single pass TM proteins can indeed form stable water-soluble
particles lacking any detergent, lipid, or membrane mimic. These particles are referred to as membrane
mimetic free particles (MeMFs) and are reversible upon addition of detergent to form normal protein-
detergent micelle complexes (PDC).
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Several, but not all single pass membrane proteins tried were able to form MeMFs. The amyloid
precursor protein (APP) TM fragment and direct amyloid beta (AB) precursor, C99, forms MeMFs that
are stable in solution for months at 4 °C. The high stability and wealth of structural knowledge on C99 in
detergent and lipid bilayer systems(186-188,204,235) makes it an ideal test case for MeMF
characterization and comparison to normal PDCs. In addition to their interesting biophysical properties,
MeMFs are readily taken up by mammalian cells and accumulate at a perinuclear location. It is currently
unknown if these internalized C99 MeMFs are processed in biologically relevant pathway or simply
catabolized.

Materials and Methods
Expression and purification of C99

As previously reported (186,188,232,349), C99 was expressed in a pET-21a vector in BL21(DE3) cells and
grown in M9 minimal media. For NMR experiments, cells were grown on *NH4Cl-supplemented M9
medium at 37 °C with shaking at 230 rpm to an ODggo of ~ 0.6 before being induced with 1 mM IPTG.
Induced cells grew overnight at 18 °C with same shaking and were harvested the next morning by
centrifugation before being flash frozen in liquid N, and stored at -80 °C. Day 1 of purification involved
thawing ~6L worth (13-18 g wet cell mass) of the frozen cells to RT and resuspension in 140 mL of lysis
buffer, (75 mM Tris pH 7.8, 300 mM NacCl, 5 mM Mg-Acetate and 0.2 mM EDTA), before being
enzymatically lysed (RNase, DNase, and lysozyme) by tumbling at 4 °C for 2-4 hours. Lysed cells were
then sonicated on ice for 12 minutes with 5 second pulses, a 50 % duty cycle, and 60 % power. The C99-
continaing inclusion bodies were then separated from the soluble lysate by centrifugation at 25,000 xg
for 20 minutes at 4 °C. The pellet was resuspended in another 140 mL of lysis buffer with a Dounce
homogenizer and again sonicated and centrifuged. The clean inclusion body pellet was suspended in 140
mL of lysis buffer containing 3 % Empigen and DPC, protease inhibitor (P8849 Sigma), and 1mM DTT (if
purifying a cysteine mutant of C99). The C99 was extracted from the inclusion bodies overnight tumbling
at 4 °C.

On day 2, the inclusion body solution was spun down at 25,000 xg for 45 minutes at 4 °C in order to
remove insoluble precipitates. While centrifuging, a small volume of Ni-NTA resin, 0.5-1.5 mL, per 6L of
starting culture was equilibrated with 1xTris-buffered saline (TBS, 20 mM Tris pH 7.5 140 mM NaCl pH
7.8). After centrifugation, the supernatant was combined with the resin and tumbled at 4 °C for ~1-2
hour at 4 °C before being loaded in a gravity column. When developing the protocol for preparing
MeMFs, aliquots of the washes and elution were collected for Dynamic light scattering (DLS), SDS-PAGE,
and 3P NMR analysis. To remove impurities, the column was washed with 40 column volumes (CV) of
30 mM imidazole and 0.05 wt/v LMPG in TBS. Then excess detergent was removed from the column
with 20 x 10 CV of detergent-free TBS, with occasional bulb pipette agitation. C99 MeMFs were then
eluted with 10 mL of 250 mM Imidazole in TBS pH 7.8. Most of the C99 MeMFs elute in this first elution
step, deemed E1. Additional MeMFs can be nudged off the column with a second elution, E2, that
contains a small ~2x CMC amount of detergent—0.025 wt/v LMPG. The E2 elution contained MeMF
particles of comparable size to E1 and could be extensively dialyzed against detergent free solutions
without precipitation occurring. An aliquot from E1 was removed for DLS and SDS-PAGE analysis and the
elution was stored at 4 °C in a conical tube until needed. A typical yield was ~1-2 mgs of C99 MeMFs per
purification. All other MeMF IMP purifications we attempted (on human KCNE1, KCNE3, the SARS
coronavirus Envelope protein, diacylglycerol kinase, which we expressed as described in (68,350-353))
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were conducted using essentially the same protocol as developed for C99; limited Ni-NTA resin was used
for a normal on-resin purification followed by an extensive detergent-free TBS wash before elution in
detergent-free solution. The protein sequences used for these studies are listed below with the
transmembrane segment being highlighted in red.

C99

MDAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIATVIVITLVMLKKKQYTSIHHGVVEVDAAVTPEERHL
SKMQQNGYENPTYKFFEQMQNQGRILQISITLAAALEHHHHHH

Notch 1 TM
MGHHHHHHVQSETVEPPPPA QLHFMYVAAAAFVLLFFVGC GVLLSRKRRRQHGQLWFPE
KCNE1

MGHHHHHHGMILSNTTAVTPFLTKLWQETVQQGGNMSGLARRSPRSGDGKLEALYVLMVLGFFGFFTLGIMLSYIRS
KKLEHSNDPFNVYIESDAWQEKDKAYVQARVLESYKSCYVVENHLAIEQPNTHLPETKPSP

KCNE3

MGHHHHHHGMETTNGTETWYESLHAVLKALNATLHSNLLCRPGPGLGPDNQTEERRASLPGRDDNSYMYILFVMFL
FAVTVGSLILGYTRSRKVDKRSDPYHVYIKNRVSMI

S2-E

MYSFVSEETGTLIVNSVLLFLAFVVFLLVTLAILTALRLCAYCCNIVNVSLVKPSFYVYSRVKNLNSSRVPDLLVLESSGGGSI
LVPRGSGGSHHHHHHHHHH

DAGK

MANNTTGFTRIIKAAGYSWKGLRAAWINEAAFRQEGVAVLLAVVIACWLDVDAITRVLLISSVMLVMIVELLNSAIEAV
VDRIGSEYHELSGRAKDMGSAAVLIAIIDAVITWCILLWSHFG

MeMF fluorophore labeling.

A cysteine mutant in the cytosolic loop of C99, H732C, was previously used as a fluorophore labeling site
and this construct was again used here (188,204). The labeling reaction was carried out in a traditional
PDC since it was unknown if MeMFs would sterically occlude labeling. C99 H732C inclusion bodies were
solubilized in Empigen as above, but the centrifuged supernatant was tumbled with 2-3 mL of Ni-NTA
resin in order to increase the overall yield of C99 for the labeling step. To remove impurities, the
column was washed with 20 column volumes (CV) of 30 mM imidazole and 0.1 % wt/v LMPG in TBS. C99
in LMPG was eluted with 10 mL of 250 mM Imidazole and 0.1 % wt/v LMPG in TBS. The eluted C99 was
then immediately reacted with a >10x molar concentration (~1.5 mg) of IANBD thiol-reactive N,N'-
dimethyl-N-(iodoacetyl)-N'-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)ethylenediamine (IA-NBD) (Thermo Fisher)
dissolved in 300 pL of DMSO. The reaction vessel was covered with aluminum foil and tumbled at RT for
one hour before being placed at 4 °C overnight. The following morning, the imidazole was removed by
extensive buffer swapping with a Amicon Ultra-4 10KDa molecular weight cut-off filter (Millipore) into
TBS containing a 1x CMC of LMPG. The fluorophore labeled C99 was then bound normally to Ni-NTA
resin, stripped of detergent, and purified into MeMFs as indicated above. C99 MeMFs were stored
unconcentrated at 4 °C until concentrated immediately before tissue culture experiments. C99 MeMFs
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were concentrated with an a Amicon Ultra-4 10kDa cartridge and the final labeling efficiency was
determined by comparing the protein concentration (A280 = 11400 M-1 cm-1) to the NBD label
concentration (the latter determined by measuring absorbance at 472 nm with an excitation coefficient
of 23700 M-1 cm-1).

Dynamic Light Scattering

DLS was the main method used to quickly determine the presence and quality of DLPs present in
solution after purification. Samples and a detergent-only reference were filtered through a 0.22-micron
syringe filter in order to remove dust, trace protein aggregates, and shedding from the agarose column.
Filtered MeMFs were added to the inner chamber of a disposable cuvette and loaded into a Wyatt
DynaPro NanoStat DLS. Samples were allowed to equilibrate at 25 °C for 5 minutes before conducting
three readings consisting of 10 acquisitions with a five second integration window. Dynamics 7.5
software (Wyatt Technologies) uses the diffusion coefficient to calculate an apparent hydrodynamic
radius (Rh) via the Stokes-Einstein equation. MeMFs were always larger than micelles formed by
detergents used at the early stages of purification. MeMFs were usually exhibited an Rh of 7-20 nm
compared to 2-4 nm for most detergent micelles(62,255). We wanted to understand how stable MeMFs
were against mild denaturing conditions, urea, and if MeMFs would revert to a traditional PDC upon
addition of excess detergent. DLS was used for this purpose since it is a quick an effective way to screen
many conditions while requiring small sample volumes. The detergent to protein ratio and the urea
stability DLS experiments (below) used ~10 uM C99 MeMFs that had been extensively dialyzed into TBS
using a 6-8 kD molecular weight cut-off (MWCO) dialysis tubing (SpectraPor, part number 132660).
Samples were then mixed 1:1 with various concentrations LMPG or urea in TBS so that the final volume
for all samples was 200 uL. To reach equilibrium, samples sat at RT for at least half an hour before being
measured in the DLS instrument at 25 °C. Dynamics software was used to correct for changes in viscosity
urea containing samples.

NMR

31p 1D NMR was carried out to determine detergent concentrations an on a 500 MHz Bruker
spectrometer equipped with a 5mm BBFOplus probe, with 1024 scans at 25 °C. 1H, 15N, TROSY-based
HSQC experiments were carried out using a 900 MHz Bruker Avance Il spectrometer equipped with a
cryoprobe at 45 °C for experiments at either pH 7.8 or pH 6.5. The impact of detergent on C99 MeMF
samples was explored by running a TROSY-HSQC on 50 uM C99 MeMF in 25 mM Imidazole 75 mM NaCl
pH 7.8 and then adding 2.5 % wt/v LMPG and running a duplicate experiment. Experiments looking at
C99 MeMF hysteresis started with 50 uM C99 in 25 mM Imidazole 75 mM NaCl pH 7.8, followed by
addition of 2.5% LMPG before changing the pH to 6.5 with 1M HCI. The TROSY-HSQC of this sample was
compared against that from an identical TROSY-HSQC experiment run on a C99 sample that had never
been in the MeMF state, see fluorophore labeling above for how this sample was purified. Spectra were
processed using TOPSPIN 3.2 and analyzed using NMRFAM-SPARKY version 1.413.

Negative stain EM

Homemade negative stain grids were glow discharged immediately prior to staining. 5 uL of 1 uM C99
MeMF in 25 mM Imidazole 75 mM NaCl pH 7.8 either with or without 2.5 % wt/v LMPG was applied to
the grid for 30 seconds. The excess sample was then removed with filter paper and the grids were
washed twice in water. The grids were then quickly washed once in uranium acetate stain with stain
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being blotted away on filter paper before being stained again for 60 seconds before excess stain was
blotted away. Vacuum was then used to dry the grids in preparation for imaging on a Morgagni, 100kV
TEM.

Chemical Crosslinking

Glutaraldehyde crosslinking was previously used to accurately assess the oligomeric states of C99 (188)
and a modified version of that protocol is used here. ~ 40 uM C99 in MeMFs was filtered through a 0.22-
micron filter before being crosslinked with 0.01, 0.1, and 1.0 wt/v fresh glutaraldehyde for 30 minutes at
room temperature. Samples were run on SDS-PAGE and stained with SimplyBlue Coomassie alternative
(Invitrogen).

Circular Dichroism

Before CD, C99 MeMFs were extensively buffer swapped into phosphate buffer (25 mM NaPO4 and 75
mM NaF pH 7.8) with an Amicon Ultra-4 10KDa molecular weight cut-off filter and filtered through a
0.22-filter. Filtered C99 MeMFs were diluted down to 25 uM with or without 2.5 % wt/v LMPG and
allowed to sit at room temperature for half an hour before being loaded into Jasco J-810
spectropolarimeter (Jasco) in a 1 mm pathlength cuvette. Three acquisitions from 185-260 nm taken at
25 °C and averaged with buffer subtraction before being converted to molar ellipticity.

2D-IR

C99 MeMF samples for 2D-IR were extensively buffer swapped into phosphate buffer (25 mM NaPO4
and 75 mM NaF pH 7.5 99 % D20) with an Amicon Ultra-4 10KDa molecular weight cut-off filter
(Millipore). Samples were then concentrated to ~70-200 uM and filtered through a 0.22-micron syringe
filter before being stored on ice. Chain deuterated LMPG detergent (Anatrace) was used for all 2D-IR
experiments.

Results
How to make MeMFs

There are examples of limiting detergent in order to artificially crowd IMPs (344,354), but we are not
aware of any methods that aim to strip all the IMP of all detergent or membrane mimic. We attempted
to make MeMFs with two methodologies: method one involved dialysis of normally purified C99
solubilized in LMPG against buffer lacking detergent. Using a dialysis membrane with a molecular weight
cutoff below the mass of the detergent micelle allows for the slow removal of non-micelle associated
detergent i.e., the CMC. Extensive dialysis resulted in a large amount of C99 precipitation, likely due to
de-micellization when the detergent concentration fell below the CMC. C99 precipitation does not occur
during dialysis if the CMC of detergent is maintained in all buffers. While it is possible to slowly remove
the detergent from the system via dialysis, the CMC or demicellization event likely occurred quickly and
allowed for rapid C99 nucleation and subsequent aggregation.

Nucleation based protein aggregation in solution is often thought to contain a lag, exponential growth
phase, and plateau(355). We hypothesized that immobilizing the C99 on the stationary phase during
chromatography prior to detergent removal would allow us to prevent exponential aggregation upon
demicellization. As normal with C99 purification, C99 was extracted from E. coli inclusion bodies with a
harsh detergent and then bound to a gravity IMAC column. We used a very small amount of Ni-NTA
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resin ( ~0.1mL resin/gram wet cell mass) compared to previous literature ( ~2.0 mL resin/gram wet cell
mass)(186,232) in order to limit impurities and greatly enhance the concentration of C99 on the resin.
Empigen is a harsh detergent that is normally used to extract C99 from inclusion bodies, but it lacks
phosphorus. DPC was used instead of empigen for select experiments since it is observable by solution
NMR and is still harsh enough to extract C99 from inclusion bodies. The first part of the purification
swaps the harsh detergent in for a mild surfactant (LMPG) during impurity removal. The free detergent
was then removed from the system with a large excess of detergent-free washes before elution. 3!p
NMR indicated that 150-200 CV of washes are required to completely remove the free detergent as
shown in Figure 5.1, this is likely due to the IMAC column substrate, agarose, acting as a “detergent
sink”. C99 MeMFs were eluted off the column in a buffered solution lacking any detergent and were
stable for months when refrigerated. MeMF yields are significantly lower than from previously reported
purification in LMPG: 0.33 mg/L of C99 MeMF vs 20 mg/L C99 in LMPG(232). C99 MeMFs can be
concentrated to over 150 uM C99 and can be extensively dialyzed against solutions lacking detergent
without visible precipitation. We also attempted to make MeMFs by removing the detergent with urea,
a strong chaotropic agent that can unfold proteins(356,357) and exponentially increase detergent CMC
values (358). MeMFs did not elute from the column after being washed in buffered urea lacking
detergent, likely due to unfolding of the C99 secondary structure by urea in the absence of a detergent.

To test if MeMF formation was unique to C99 we attempted to make MeMFs using multiple different
single pass IMPs (KCNE1, KNCE3, Notchl TM and SARS-2 envelope protein) and one topologically
complex trimeric triple-pass IMP (DAGK). The Notchl TM and KCNE3 both formed MeMFs while the
SARS-2 envelope protein, KCNE1, and DAGK did not. Proteins that failed to form MeMFs either did not
elute off the column after detergent removal or precipitated within seconds of elution and formed
aggregates with a Rh > 300 nm. DAGK contains a topology that is likely too complex for MeMF
formation. It is unclear at this time why some single pass IMPs can form MeMFs while others do not.
KCNE1 did not form MeMFs even though it had significant hydrophilic domains on the amino and
carboxyl terminus like C99 and KCNE3. The Materials and Methods section lists the sequences of all
proteins tested for MeMF formation. For clarity and potential importance in AD etiology, as well as ease
of feasibility, this work focuses on the extensive characterization of C99 MeMFs.
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MeMFs are larger than most micelles.
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Figure 5.1: Removal of excess detergent prior to elution of C99 MeMFs. Overlaid 3P NMR spectra track
the removal of detergent prior to MeMF elution in the impurity removal (wash), and detergent removal
(CV), and elution steps (E1 and E2). All experiments had the same number of scans, 1024, so that the
detergent concentrations can be compared. For reference, the LMPG concentration is the wash step is
0.05 wt/v (~ 1ImM). N=2

A unique feature of the MeMFs is their increased size compared to that of a normal protein-detergent
complex (PDC) (62,255). Dynamic light scattering (DLS) determines diffusion coefficients in order to
estimate the size of particles in solution and is very sensitive to aggregation. DLS showed that the freshly
eluted C99 MeMFs were significantly larger (Rh ~7-14 nm) than the normal C99 in LMPG or DPC micelles
(Rh ~3 nm) (Figure 5.2). Importantly, DLS rarely found large aggregates to be present in the C99 MeMF
samples, indicating that extensive aggregation was not occurring. Chemical crosslinking of C99 was
previously used to accurately determine its sometimes-complex set of oligomeric states in bicelles(188)
and we wanted to see if C99 MeMFs formed a specific oligomer. Glutaraldehyde crosslinking and
subsequent SDS-PAGE revealed that the C99 MeMFs represented a distribution of molecular weights
with the majority being between the range 98 and 188 kD, representing between 7-14 C99 molecules
per MeMF (Figure 5.2). Negative stain EM was used to confirm the size of non-crosslinked C99 MeMFs,
Figure 5.3. EM showed the C99 MeMFs to be spherical and pairs of MeMFs would often appear to be
touching, helping to explain the large mass distribution observed in the crosslinking experiment. The EM
staining procedure did not include any detergents in the washing steps and so the detergent
concentration would plunge the detergent concentration of PDC solutions of C99 below the CMC. Figure
5.3 re-affirms the dialysis finding that C99 in PDC solutions precipitates when demicellization occurs and
does not lead to formation of spherical MeMFs.
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Figure 5.2. C99 MeMF particles are larger than the traditional detergent-protein complex. Left Panel:
Dynamic light scattering autocorrelation curves showing that ~10 uM C99 MeMFs are larger than 10 uM
C99 in LMPG micelles, indicated by the shift to the right in the autocorrelation curve. Right Panel: SDS-
PAGE of ~ 40 uM C99 in MeMFs crosslinked with 0.01, 0.1, and 1.0 wt/v fresh glutaraldehyde.
Crosslinking reveals a high molecular weight population corresponding to ~150kD, (right lanes) instead
of monomer in the absence of crosslinker (first lane after ladder). This experiment was replicated 3 times.
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Figure 5.3 Negative stain shows C99 MeMFs form spherical particles that do not aggregate upon
dilution. Left Panel: Negative stain of 1 uM C99 MeMF in 25 mM Imidazole 75 mM NaCl pH 7.8 without
2.5 % wt/v LMPG. Diluted C99 MeMFs are spherical or crescent particles that do not aggregate. The
particle sizes observed approximately agree with DLS. Right Panel: 1 uM C99 MeMF in 25 mM Imidazole
75 mM NaCl pH 7.8 with 2.5 % wt/v LMPG. C99 in LMPG diluted below detergent CMC during the
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staining process shows large aggregates that are commonly observed when detergent is quickly removed
from C99. N=1

MeMFs are reversible.

We tested if MeMF particles were reversible and able to revert to a traditional PDC upon the addition of
exogenous detergent. DLS reveals (Figure 5.4) that addition of LMPG detergent to C99 MeMFs resulted
in the MeMF particles getting smaller as a function of the C99: LMPG ratio. The decrease in particle size
is likely due to free detergent splitting MeMFs and stabilizing lower order C99 oligomers. With
increasing LMPG addition, these lower order oligomers are broken down until only LMPG micelle-sized
particles were visible. DLS was also used to test MeMF stability upon addition of chaotropic denaturing
agents. Up to 2.5 M urea was added to MeMFs without inducing aggregation (Figure 5.4). The protein to
detergent ratio and urea trends are not C99 MeMF-specific and were also replicated for Notch 1 TM
MeMFs.

DLS established that the MeMFs can be broken down by the addition of detergent, but it was unclear if
C99 suffered any hysteresis from being in the MeMF state. Solution NMR is sensitive to changes in the
chemical environment of every residue and can act as a “fingerprint” for a protein in defined conditions.
Due to the structural heterogeneity and large size of MeMFs, the majority of backbone amide
resonances in a 1H,15N TROSY-HSQC spectrum are broadened beyond detection for C99 in MeMFs
(Figure 5.5). However, it is interesting to note that a few residues are still observable in the spectrum.
These residues likely correspond to flexible portions of C99 that are more dynamic than those present in
the core of the C99 MeMF particles. Addition of excess LMPG detergent resulted in over 100 peaks
appearing, indicating the formation of the smaller, traditional PDC. The flexible residues in C99 MeMFs
could not be identified since this spectrum was collected at pH 7.8 and C99 was previously assigned in
LMPG at pH 6.5. The calculated pl of our C99 construct is 6.4 and, like many soluble proteins, MeMFs
rapidly precipitates at pH 6.5 when no charged detergent is present. Addition of excess LMPG to MeMFs
at pH 7.8 and then lowering the pH to 6.5 keeps C99 in solution and gives an excellent quality spectrum
(Figure 5.5). The spectrum of a C99 sample previously purified into MeMFs followed by detergent
addition overlayed nicely with a spectrum of C99 in LMPG micelles that had never been stripped of
detergent; indicating that the NMR “fingerprints” matched, and that no hysteresis was induced by
MeMF purification.
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Figure 5.4. MeMFs are broken up by detergent and resistant to addition of denaturing agents.
Addition of detergent to ~10 uM C99 MeMFs in TBS decreases their size in a concentration-dependent
manner, likely due to the conversion of the MeMFs back into traditional C99-detergent complexes. Urea
does not obviously impact the size of 10 uM C99 MeMFs in TBS. (N =2)
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Figure 5.5. MeMFs can be fully reversed to traditional protein-micelle complexes. Left Panel: TROSY-
HSQC of 50 uM U-15N-C99 MeMF in 25 mM Imidazole 75 mM NaCl pH 7.8 in red and spectrum following
addition of 2.5 % wt/v LMPG and running a duplicate experiment in black. Right Panel: TROSY HSQC of
50 uM C99 MeMFs in 25 mM Imidazole 75 mM NaCl pH 6.5 that had 2.5% LMPG added in red, overlaid
on a TROSY HSQC of 50 uM C99 in 25 mM Imidazole 75 mM NaCl pH 6.5 2.5% LMPG that had never been
purified as a MeMF in black. Notice how some residues are still visible for C99 in its MeMF form, left
panel. N=1

C99 MeMFs possess altered secondary structure.

The C99 TM is flanked by juxtamembrane regions that are thought to have significant beta sheet (S)
secondary structural propensity. The AR sequence that is liberated from C99 by gamma secretase
cleavage is responsible for the amyloid plaques associated with AD. AB plaques are dominated by B 2°
secondary structure (297,304); however, no stable B 2° structure is observed in monomeric C99 in LMPG
micelles (186,232). AP Residues 16-22 and 30-42 on the amino terminus of C99 are normally buried
within or associated with the lipid bilayer or detergent micelle, where they are helical. The membrane
association of these residues likely limits the ability of AB for form strong B sheet 2° structure. The C-
terminal cytosolic domain of C99 in LMPG micelles can participate in homo-oligomer transient hydrogen
bonding that samples beta sheet structure (286,287). Both N- and C-terminal C99 juxtamembrane
regions contain high amounts of random coil in a traditional PDC, but we hypothesized that BS would
become a prominent secondary structural feature of the detergent-free C99 MeMF assemblies (7-
14mers).

Circular dichroism (CD) is a traditional method for looking at protein secondary structure (51) and the
spectrum of C99 in LMPG is dominated by alpha helical secondary structure as indicated by peak at 192
nm and troughs at 208 nm and 222 nm (359). As shown in Figure 5.6, C99 MeMFs do not give an obvious
alpha helical spectrum and B-sheet structure appears to be present as indicated by the dip at 218
nm(360). As predicted by the solution NMR above, addition of detergent to MeMFs reverts the CD
spectrum back to one dominated by alpha helix secondary structure. Quantification of secondary
structure from CD spectra relies on a reference database of paired structures and spectra that should
include similar structures (361). Membrane protein secondary structure quantification based on soluble
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protein databases often leads to errors due to phenomena such as the solvent shift (362,363) that are
corrected by including membrane proteins in the database (364). While it can be argued that C99
MeMFs are similar to a soluble protein, CD databases do not contain particles similar to MeMFs and
therefore quantification of secondary structure prediction within MeMFs based on CD would lead to
possibly questionable results.
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Figure 5.6. C99 MeMFs do not exhibit traditional C99 secondary structure. CD spectra of 25 uM C99
MeMF in 25 mM NaPO, and 75 mM NaF pH 7.8, red, vs 25 uM C99 MeMF in 25 mM NaPO, and 75 mM
NaF pH 7.8 that had 2.5 % wt/v LMPG added to make a traditional protein-micelle complex, black.

2D-IR spectroscopy is another commonly used technique to examine protein secondary structure, unlike
CD, 2D-IR is based on amide backbone vibrations (365). C99 MeMFs give a strong resonance signal that
indicated the presence of BS. Similar to what was observed with CD, subsequent addition of excess
LMPG detergent then greatly diminishes the BS peak intensity and an alpha helical/random coil peak
appears. Once we had confirmed the presence of BS in C99 MeMFs, we were interested in
understanding their transition to traditional PDC upon addition of detergent.

Both CD and DLS require tens of minutes in order to collect high quality data and one advantage of 2D-IR
over CD is its higher sensitivity, conferring the ability to measure kinetics (366). The transition of C99
MeMFs to traditional PDCs occurred quickly and was complete within ten minutes. The speed of this
transition upon addition of mild detergents implies that MeMFs are not similar to AR amyloid, which are
also dominated by BS. Amyloid monomerization requires strong denaturing agents such as fluorinated
solvents (367,368). DLS indicated that the MeMF particles gradually get smaller as a function of
detergent concentration, and we wanted to see if this correlated to a gradual change secondary
structure. Surprisingly, the addition of detergent to MeMFs did not have a drastic impact on the
secondary structure below a detergent to protein ratio. The transition between fS-dominated and a-
helix-dominated spectra occurred in a step function-manner. It is important to note that this transition
ratio roughly corresponds to one C99 protein per detergent micelle in solution (62,255).
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Delivery of C99 MeMFs to mammalian cells.

A distinctive trait of MeMFs is that they provide a mode of membrane protein solubilization that
eliminates the need for use of model membranes such as potentially cytotoxic detergents or
undegradable polymers. We posited that MeMFs might enable the delivery of recombinant membrane
proteins into the membranes of live mammalian cells. For tracking purposes, we covalently labeled C99
MeMFs with a fluorophore, (NBD), via modification of H732C in the unstructured C99 cytosolic loop. As
shown in Figure 5.9, C99-MeMFs-NBD are taken up by Hela cells overtime accumulate labeled signal,
likely protein “dose” resulting in increased cell-internal fluorescence. With time, it was seen that the C99
signal accumulates in a perinuclear intracellular location. The exact C99-MeMFs localization is now
subject to additional investigation by other members of the Sanders Lab. These studies include use of
anti-C99 antibodies to ensure that we are tracking C99 and not a degradation-liberated fluorophore-
containing fragment of C99.

A

Blue: Cell Nucleus

Red: Cell Surface

Green: C99-DLPs

Figure 5.7. Time course of Hela cells treated with 2.5uM C99 DLPs labeled with NBD. Panel A shows
untreated cells and therefore also represent the zero timepoint for DLP treatment. Panel B-E shows cells
at various times after addition of DLPs to the culture. B) 1h, C) 2h, D) 18h, and E) 23h. N=1
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Discussion
MeMF formation requires steric immobilization.

MTB make a variety of magnetosome IMPs that form “protein micelles” when recombinantly purified in
the absence of detergent (101-104). We hesitate to refer to them as “micelles” since it is not obvious if a
CMC of monomeric protein is detected in solution. We are not aware of any reports of protein micelles
occurring in higher order organisms, but this is likely due to a lack of effort since most would assume a
priori that a detergent or some other membrane mimetic is required to solubilize an IMP in aqueous
environments. Single pass membrane proteins can be abstractly thought of as a double headed
detergent or “bolaamphiphile” (105) and we wanted to see if human single pass membrane proteins
could also form MeMFs or “protein micelles”.

It is generally assumed that the removal of detergent from a membrane protein results in rapid
precipitation when the detergent concentration goes below the CMC and demicellization occurs.
Indeed, we observed that aggregation does indeed occur when detergent is removed from C99 in
solution. We hypothesized that attaching micellar C99 to a stationary phase (chromatography resin) and
only then stripping off the detergent would prevent exponential aggregation and create conditions that ,
upon elution, would allow time for C99 to form smaller aggregates that represent a local minimum in
the energy landscape between unfolded and native states (369). Immobilizing the IMP during
demicellization appears from our results to be the key methodology that facilitates MeMF formation. It
is acknowledged that the formation of MeMFs is inefficient compared to traditional PDC purifications,
indicating that only a fraction of the C99 is able to form these water soluble MeMF particles, with most
C99 crashing out on the column. Maintenance of secondary structure also likely plays an important role
in MeMF formation since urea washes before elution prevented C99 MeMFs from eluting off the column
(356,357). We explore the unique details of MeMF secondary structure below.

MeMF Shape and Size

Mammalian TM proteins generally have an alpha helical TM segment that is far more rigid than the
hydrocarbon chain of a detergent or lipid. Due to this and their large mass, it is expected that MeMFs
would be larger than a normal C99 PDC or detergent micelle since MeMFs cannot easily bend their
transmembrane to efficiently accommodate their hydrophobic needs. Chemical crosslinking in Figure
5.2 indicates that multiple C99 proteins pack together to satisfy each other’s hydrophobic
transmembrane needs. The packing of the C99 in MeMFs is observed by negative stain EM to create a
spheroidal or crescent shaped particles. All linear amphipathic molecules such as lipid and detergents
are subject to packing geometries that are generally described as the molecular packing parameter
(MPP)(370,371). The MPP compares the area of the hydrophilic head groups and hydrophobic chain
volume and length in order to determine what shape of macromolecular-particle an amphipathic
molecule will form. Lipids generally have a cylindrical shape that form bilayers while most detergents,
have a conical shape and forms spherical, oblate, or prolate particles. Single pass membrane proteins
such as C99 often have large and disordered hydrophilic juxtamembrane regions that would occupy a
large area, and this is contrasted against the relatively compact a-helical TM. This overall shape would
resemble a hyperboloid and similar to bolaamphiphiles (371), would favor the formation of a spheroidal
particle. The TM of C99 likely passes straight through the MeMF center of mass, but it is also possible
that the C99 TM di-glycine hinge would allow for the U-shaped bending through the center of mass.
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C99 MeMFs Stabilize B-Sheet Structure

Previous solution NMR structures in LMPG showed monomeric C99 to have a random coil amino
terminus followed by a short amphipathic helix and helical transmembrane segment. The TM segment
contains a di-glycine hinge and is followed by a large random coil cytosolic loop ending in an
amphipathic helix at the carboxyl terminus (186,232). No obvious B-strand/sheet structure was
observed in monomeric C99 which is interesting given that C99 contains the AB sequence that is known
to form BS-based amyloid plaques in vivo. A separate study used FTIR to show the AB portion of C99 is
capable of forming BS under conditions that are expected to contain significant C99 dimer (372).
Moreover, solution NMR studies on the isolated cytosolic loop reported the presence of transient -
sheet hydrogen bonding patterns (286,287). We recently published the characterization of C99 as a
mixture of monomer, dimer, and trimer in a cholesterol-rich plasma membrane-like environment and
observed that TM-mediated oligomerization of C99 enabled random coil residues 673-678 and 735-745
on both sides of the TM to form transient hydrogen bond networks (188). This study did not present
evidence that the transient hydrogen bond networks formed B-sheet structure, but this is a logical
assumption given that previous structural work showed that these regions are prone to B-sheet
formation. The work presented below, and previous studies imply that C99 oligomers form B-sheet in
oligomeric interfaces in the juxtamembrane regions while monomeric C99 does not.

Both the CD and 2D-IR indicate that C99 MeMFs contain a significant amount of B-sheet structure that is
not present in the a-helix and random coil-dominated spectra of C99 in LMPG. It is doubtful that the TM
a-helix would unfold into B-strands since it is still buried in the MeMF hydrophobic core. This idea is
supported by the plateau in the CD spectrum which represents a mixture of a-helix and B-sheet
secondary structure in C99 MeMFs. We hypothesize that MeMFs are a defined oligomeric form of C99
and the C99 juxtamembrane regions are likely forming a B-sheet shell around the hydrophobic helical
TM core and that the B-sheet shell is what makes C99 MeMFs impressively stable (on the order of
months). Addition of excess detergent to C99 MeMFs resulted in a complete loss of BS secondary
structure. The transition is completed quickly, in under 10 minutes, and highlights that C99 MeMFs are
easily reversed to a traditional PDC with mild detergent. This MeMFs-to-PDC transition is not reversible
in solution since demicellization of C99 in solution results in exponential aggregation. It should be noted,
that once formed, amyloid plaques are very difficult to break up/monomerize and require harsh
denaturing agents (367,368). Thus, even though C99 MeMFs contain the AB sequence and S secondary
structure, they are not thermodynamic dead ends like amyloid fibrils.

DLS showed that addition of detergent to MeMFs results in smaller particles, and we expected a gradual
loss of beta sheet secondary structure as C99 transitioned out of MeMFs and into traditional PDCs.
Instead, 2D-IR indicated that there is a step-like transition in secondary structure that occurs at a certain
detergent to protein ratio, as detergent is added to a constant level of protein. This ratio is satisfying
because it is near the condition where each C99 would have its own detergent micelle. There is
significant interest in understanding the impact of C99 dimerization on AP production (211,213). The
majority of those studies focus on the on the N-terminal plus TM domain fragment of C99
(214,230,240,290) , which contains both the amyloid AR domain and all y-secretase cleavage sites
(373,374). My work here and previous works imply that any forced colocalization of C99 within single
micelles results in B-sheet formation. The complex secondary structures of C99 should be considered
when studying the impact of C99 dimerization on A production.
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MeMFs are readily taken up by mammalian cells

C99 is linked to cholesterol regulation (209), lysosomal dysfunction (198,199,375), and AD etiology
(190,195), and there is a growing interest in developing methods to study the impact and function of
C99 in vivo. C99 is rapidly degraded in vivo and is difficult to study since multiple protease inhibitors are
required (223). Delivery of C99 to mammalian cells via MeMFs allows for a novel transcription-free way
to study C99 in vivo. Here, C99 MeMFs were labeled with a fluorophore in order to track the delivered
C99 without the need for complex labeling schemes (376). We chose to the C99 H732C mutant because
this site is outside regions identified to have secondary structure in monomeric and oligomeric C99
(186,188). Moreover, this site was successfully labeled with a variety of fluorophores previously,
including NBD (204).

Delivery of the C99-MeMFs-NBD to Hela cells resulted in internalization of MeMF that increases as a
function of exposure time. As shown in Figure 5.9, the uptake process appears to be slow, requiring at
least an hour to detect minor intracellular NBD fluorescence. However, internalized fluorescent signal is
readily observed in the perinuclear space after 18 h. Based on appearance, we predict that perinuclear
location occupied by C99-NBD will turn out to be the ER, but this will need to be determined in future
experiments. Localization of MeMF-derived C99 in the ER would open the door to an exciting approach
for studying the trafficking and function of C99 in cells and its contribution to AD etiology (377-379). If
the MeMFs were simply being catabolized as cell food, one may expect the C99 to be enrich in the
lysosomes distributed throughout the cell and not trafficked back to the perinuclear space. This is not
seen. Future work should focus on establishing the nature of the perinuclear localization of the C99
MeMFs and determination of whether exogenously-added C99 can be processed in biologically relevant
pathways, such as the amyloidogenic pathway.

Conclusions

Here, we show for the first time that mammalian single pass transmembrane proteins can be purified in
an aqueous environment without any model membranes. These particles are referred as MeMFs and
are larger than traditional PDCs. MeMFs can be converted back to a PDC with the addition of sufficient
detergent and suffer no hysteresis. C99 MeMFs were found to have B-sheet character that was not
observed in previous studies of monomeric C99. We posit that the BS enhances their stability by forming
a shell around the a-helical TM core of the MeMF. We do not yet know why some single pass proteins
are able to form MeMFs while others (so far) do not. It was seen that the C99 MeMFs were readily taken
up by mammalian cells and accumulate in the perinuclear space, in a yet unknown cellular location. We
speculate that the perinuclear location of C99 MeMFs is the ER, but this will need to validated in future
work. Another focus of future work should be to understand if the C99 delivered by MeMFs is viewed by
cells an endogenous protein and trafficked and processed as such, or instead is simply catabolized.
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VI. The Transmembrane Amyloid Precursor Protein C99 Fragment
Exhibits Non-Specific Interaction with Tau
Introduction

Hallmarks of Alzheimer’s disease (AD) include the widespread deposition of extracellular amyloid- (AB)
peptide aggregates derived from the amyloid precursor protein (APP) and intracellular neurofibrillary
tangles (NFTs) composed of the hyperphosphorylated microtubule associated protein tau (158,380,381).
AP plaques and NFTs have historically dominated AD research since they are clinical biomarkers (161).
The amyloid hypothesis posits that the pathological cascade of events in AD is initiated by the abnormal
aggregation of AP peptide (158). AB is generated by amyloidogenic proteolytic processing when APP is
initially cleaved by B-secretase (BACE1) to generate the soluble ectodomain, sAPP[3, and the 99-residue
transmembrane C-terminal fragment, CTF[B, referred here as C99. Subsequent y-secretase cleavage of
C99 yields 38-43 amino acid A3 peptides (190,382) and the soluble APP intracellular domain fragment
(190,305). The healthy function of APP and its fragments are still not well understood, partly due to
heterogeneity in the exact processing pathways and functional overlap with associated APP-like proteins
(189). The tau protein stabilizes and promotes the assembly of axonal microtubules in healthy neurons
(177) and has six isoforms ranging from 352-441 amino acids in length, each distinguished by either
three of four microtubule binding domains (383). All tau isoforms, when hyperphosphorylated, have
been observed to form paired helical filaments which comprise the characteristic NFTs in AD (384). Tau
phosphorylation is known to reduce its affinity for microtubules, which may drive NFT formation;
however, the exact mechanism of aggregation and propagation to other cells is not well understood
(174).

It is tempting to explore the relationship between APP and tau given their coincident aberrant
aggregates in AD. While there is evidence that AR and tau pathologies are connected, the definitive link
between these two hallmarks of AD remains elusive. Broadly, detectable AP plaque precedes tau
fibrillation during AD progression, and this has promoted the idea that the presence of AP aggregates in
the extracellular space somehow induces or enhances NFT formation in the cytosol (160). In support of
this, intracellular tau aggregation has been shown to be enhanced by extracellular AR deposition in vivo
and in mouse models (178-180,385,386). Moreover, AB amyloid plaques have been shown to exhibit a
prion-like seeding effect on paired helical filament (PHF) tau aggregates in an in vivo preclinical study
(387). Several studies have looked at colocalization of AB and other APP fragments with tau.
Immunohistology analyses suggest that both monomeric and oligomeric A interact with
phosphorylated tau in extracellular AR plaques and intracellularly as AD progresses in AD-affected
neurons (388). However, some studies do not detect widespread intracellular AB-tau colocalization and
instead observe colocalization at pre- and postsynaptic terminals (389) and synaptic compartments
(390). In the classical model for AD, extracellular AB forms toxic oligomers that go on to seed plaques
and that somehow then trigger intracellular tau fibrillization, a process that would appear to require the
mediation of an extracellular to intracellular signaling pathway. A number of different membrane
proteins or complexes have been considered as the transducers of this AB to tau signaling pathway (391-
394). However, it is also possible there is a direct interaction between AB and tau, is the trigger of
intracellular tau fibrillization.

In this regard, it is interesting to consider that extracellular AB may be able to bind to APP or C99 in the
plasma membrane (395-397), which is not surprising given that both C99 and AP (which share the AB
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sequence) form homo-oligomers. It is therefore conceivable that C99 (or possibly even full length APP)
could serve not only as the precursor of AB, but also as a receptor for AB. Given that C99 has a mostly-
disordered 45 residue C-terminal domain, there is much potential for C99 interaction with intracellular
tau. One can speculate, for example, that tau might not bind to the well-documented homodimeric
form of C99, but that binding of extracellular AB to dimeric C99 might drive C99 into a tau binding-
competent monomeric form.

Direct interaction of C99 and tau was reported in 1995 by Smith, et.al. (183) They found that tau bound
to extracellular senile plaques in situ and that binding efficiency was independent of tau
phosphorylation state (183). Several studies have previously mapped the binding of tau to APP residues
713-724 (183-185) which are in the cytosolic side of the transmembrane of APP and its derived C99
fragment (187,188). Residues 713-724 span a segment that is proteolytically processed by gamma
secretase during AP generation and a peptide representing residues 713-724 is not known to exist
outside of the lipid bilayer (374,398,399). Based on this work, the proposed APP-tau interface in vivo is
thought to only be present in the cytosolic-proximal half of transmembrane fragments of APP or C99. A
follow up study confirmed binding between full length APP and water-soluble tau via crosslinking (182)
in vitro but determined residues 390—412 in the APP ectodomains are responsible for tau binding.

To our knowledge direct interaction of full length C99 and tau has not been tested. It is reasonable to
wonder how the water soluble tau could bind APP/C99 at transmembrane residues 713-724 since the
binding site is buried within the lipid bilayer (185). However, given the importance of AD, we sought to
directly test whether tau and C99 bind each other. Titrations of C99 into tau and vice-versa were
performed using purified recombinant proteins. In both cases the titrand was uniformly 15N-isotopically
labeled so that individual amino acid chemical shifts could be tracked using 1H,15N TROSY-HSQC NMR
spectroscopy. We find that C99-residues 713-724 do not interact with tau and the interaction between
monomeric C99 in LMPG micelles and water-soluble tau is weak and non-specific.

Methods
Bacterial Expression of Full Length Tau;i-44;

The purification of recombinant tau employed in this work draws heavily upon previous methods (400).
Recombinant pET-29b plasmid (Addgene) with the gene for full-length tau (2N4R isoform, 441 residues)
was transformed into a BL-21 (DE3) E. coli strain and plated overnight on a LB/agar plate supplemented
with kanamycin (30 pg/mL). A 60 mL LB starter culture grown overnight at 37 °C was used to inoculate 6
x 1L of M9 minimal media supplemented with kanamycin (30 pg/mL). The culture was grown at 37 °C on
a platform shaker at 230 rpm. Expression was induced with the addition of 0.5 mM isopropyl B-d-1-
thiogalactopyranoside (IPTG) once cells reached ODggonm between 0.6-1.0. Cells were allowed to
continue shaking post-induction for 3 hours at 37 °C before being harvested by centrifugation at 5000 x
g for 30 min. Cell pellets were, combined and flash frozen in liquid N, and stored at -80 °C.

The resulting pellet was thawed and resuspended in 10 mL phosphate buffer (50 mM sodium
phosphate, 2.5 mM EDTA, 2 mM DTT, 0.5% Triton X-100, pH 6.2) per gram of wet cell mass
supplemented with protease inhibitor cocktail (P8849, Sigma). The suspension was sonicated on ice for
10 minutes (5 on/5 off cycle) at 60% power. After sonication, the suspension was stirred at 80 °C for 15-
20 minutes with a hot plate and then allowed to cool to room temperature. Precipitates were removed
via centrifugation at 25,000 x g for 30 minutes. The pellet was discarded and the supernatant was
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filtered with a 0.2 um syringe filter. The supernatant was then exchanged into cation exchange
chromatography buffer A (50 mM sodium phosphate, pH 6.4, 2 mM EDTA) using an Amicon 30 kDa MW
cutoff centrifuge filter (Millipore). Cation exchange chromatography was then conducted using the ATKA
Start system and the HiTrap SP HP 5 mL column (Cytivia). Protein was eluted using a gradient of 0-80%
Buffer B (50mM sodium phosphate, pH 6.4, 2mM EDTA, 2M NaCl) over 4-6 column volumes (CV).
Fractions were collected and run on SDS-PAGE, and fractions containing pure tau were pooled together.
Taui-a41 expression was confirmed via Western Blotting using anti-tau antibody (Cell Signaling #4019S).

Bacterial Expression of APP-C99

Expression and purification of C99 was carried out as previously described (188). Recombinant pET-21b
plasmid carrying Hiss-tagged C99 1109W (Tryptophan added to purification tag to aid UV-Vis detection)
was transformed into BL-21 (DE3) E. coli. 60 mL LB starter culture grown overnight at 37 °C was diluted
into 6x1L of M9 minimal media with ampicillin (100ug/mL). The culture was grown at 37 °C with 230 rpm
shaking. Expression was induced with the addition of 1 mM IPTG once cells reached ODgoonm 0.6-1.0.
Cells were harvested via centrifugation at 5000 x g for 30 min after overnight induction at 18 °C.
Harvested cell pellets were flash frozen in liquid nitrogen and stored at -80 °C.

Cell pellets were thawed to room temperature and resuspended in lysis buffer (75 mM Tris pH 7.8, 300
mM NaCl, 0.2 mM EDTA) before being enzymatically lysed by tumbling the suspension with lysozyme,
DNAse, RNase mixture for 1-2 hours. The lysate was then sonicated on ice at 60 % power for 10 minutes
at 50% duty cycle, followed by centrifugation at 25,000 x g for 20 minutes at 4 °C. The supernatant was
discarded and the inclusion body pellet was resuspended in lysis buffer with a Dounce homogenizer. The
sonication/centrifugation/resuspension cycle was carried out twice more to further remove
contaminants from the inclusion body pellet. 3% Empigen was added to the final inclusion body
resuspension and tumbled overnight at 4 °C to extract proteins.

The following morning, the insoluble fraction was removed via centrifugation at 25,000 x g for 30
minutes. The soluble fraction was tumbled for 45 minutes with 1-2 mL Ni-NTA resin that was pre-
equilibrated in Tris-buffered saline (TBS, 20 mM Tris pH 7.5 140 mM NacCl). After tumbling, the resin was
loaded onto a gravity column and rinsed with 10 CV of 3% Empigen (BOC Sciences) in TBS. Weakly-
bound impurities were removed and the protein was exchanged into lyso-phosphatidylglycerol (LMPG)
detergent with two 10 CV washes of 0.5 wt% LMPG in TBS containing 10 mM and 30 mM imidazole pH
7.8, respectively. Finally, C99 was eluted with an elution buffer of either 0.1 wt % or 0.5 wt % LMPG, 250
mM imidazole pH 7.8 in TBS.

Preparation of Sample for NMR Spectroscopy

For all experiments, both eluted proteins were first swapped into NMR buffer consisting of 25 mM
buffering agent (sodium acetate for pH 4.5, imidazole for pH 6.5), 75 mM NaCl, 2 mM EDTA and the
critical micelle concentration (CMC) of detergent (LMPG). Buffer swapping was performed using Amicon
MW cutoff filters (Millipore, 10kDa for C99, 30kDa for tau). Final concentrations for both proteins were
measured via UV absorption at 280 nm using their extinction coefficients (11,400 Mcm™ for C99 1109W
and 7450 Mtcm™ for tauy4s1). Titrations of unlabeled (0 to 300 uM) tau into 50 uM U-15N-C99 were
buffered with 25 mM imidazole, pH 6.5, 75 mM NaCl, 2 mM EDTA, 1% LMPG. Titration of unlabeled (0 to
200 uM) C99 into 50 uM U-15N-tau was buffered with 25 mM sodium acetate, pH 4.5, 75 mM NaCl, 2
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mM EDTA, 1% LMPG. All titration samples maintained the same concentration of LMPG in order to
prevent detergent based artifacts.

NMR Spectroscopy

Proton 1D and 1H,15N TROSY-HSQC NMR spectra were acquired at 45 °C on a cryoprobe-equipped 800
MHz Bruker Avance lll spectrometer. NMR data was processed with Topspin 3.2 and analyzed using
NMRFAM-SPARKY. Chemical shift perturbations were measured according to equation 1.

Eq.1

CSP, (48) =/ (8[*Ho] — S8[1H,])? + (0.14(8[*5N,] — S[*5N,]))?

where & [*Ho] and 6 [*°No] are the chemical shifts for a given peak in the 1H,15N TROSY-HSQC spectrum
prior to the start of the titration and & [*Hx] and & [*°Ny] are the chemical shifts for that same peak at a
given titration point, assuming fast exchange conditions on the NMR timescale, where each peak
reflects the populated-weighted average peak between free and complexed conditions.

Results

We started by conducting a tau into U-15N-C99 titration in LMPG detergent because the structure of
C99 was previously determined in LMPG at pH 6.5 by solution NMR (186). This previous work allowed
for the transfer of C99 resonance assignments to this titration experiment. In order to avoid detergent
and buffer-based artifacts, both tau and C99 were buffer swapped into the same buffer. A concentration
of 1 % LMPG detergent did not unfold soluble tau, as indicated by preserved peak dispersion in the
HSQC proton dimension (data not shown). Moreover, a ratio of 50 uM C99 and 1 % LMPG concentration
does not force C99 oligomerization by maintaining a 1 :8 ratio of C99 to LMPG micelle.

As shown in Figure 6.1, addition of 0-300 uM tau into 50 M C99 solution was seen to induce small
chemical shift perturbations (CSPs) in 19 peaks, mostly from residues near the protein-micelle interface
or in the unstructured soluble C-terminal loop. C99 CSPs were linear as a function of tau concentration
are therefore reflect a Kp of >300uM, consistent with non-specific tau interaction with C99.
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Figure 6.1. Titration of unlabeled tau into uniformly 15N-labeled C99. A) Overlaid 1H,15N TROSY
spectra of 50 uM 15N C99 in the presence of 0, 25, 50, 100, 200, and 300 uM unlabeled tau. The titration
was performed in 25 mM imidazole, pH 6.5, 75 mM NaCl, 2 mM EDTA, 1% LMPG. Several C99 resonances
shifted as a function of varying tau concentration. The titration series for eight of these resonances are
highlighted with their transferred assignment. B) Resonances highlighted in A have their CSPs plotted as
a function of tau concentration. C) Linear regression of B in order to highlight the non-saturating nature
of the CSP plots, indicative of non-specific binding. The CSPs for the resonance associated with E766
appears non-linear, but this is likely due to poor resolution, see insert in A.

We also conducted the reverse titration of unlabeled C99 into U-15N-tau for completeness. The reverse
titration was conducted at pH 4.5 because the TROSY spectrum of tau exhibited more peaks and
increased spectra dispersion at this reduced pH relative to pH 6.5 and previous work showed a strong
C99 peptide-tau interaction at pH 5.0(183). C99 is known to maintain its structure at pH 4.5 (188). We
observed large CSPs in many resonances as a function of C99 concentration however, as shown in Figure
6.2, the CSPs were again linear in nature, confirming only weak and likely non-specific binding between
soluble tau and C99. Backbone assignments for taui.441 have been reported previously in different buffer
conditions (401). We did not think the non-specific nature of the tau-C99 interaction warranted the
significant effort that would be required to transfer assignments between conditions.
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Figure 6.2. Titration of unlabeled €99 into uniformly-15N-labeled soluble tau;.441. A) Overlaid 1H,15N
TROSY spectra of 50 uM U-15N tau in the presence of 0, 25, 50, 100, and 200 uM unlabeled C99. The
titration was performed in 25 mM sodium acetate, pH 4.5, 75 mM NaCl, 2 mM EDTA, 1% LMPG. Several
tau resonances shifted as a function of C99 concentration. The titration series for six of these unknown
amino acid resonances are highlighted by I-VI in A. B) Resonances highlighted in A have their CSPs
plotted as a function C99 concentration. C) Linear regression of B in order to highlight the non-saturating
nature of the CSP plots, indicative of non-specific binding.

Discussion

Previous work suggested that tau binds to a short peptide derived from APP at a Kp of 9.6 nM (183) with
the binding interface on APP including residues located on the cytosolic end of its transmembrane
segment spanning residues 713-724 (183-185). Interestingly, these studies did not try and map any
binding interface to tau. All of these studies (183-185)- used either Nonidet P-40 (185) or Tween-20
(183,184) detergents at pHs ranging from 5 to 8; these non-ionic detergents are commonly used when
studying protein-protein interactions but lack a phospholipid-like structure. It is unclear if these
detergents are suitable when trying to determine binding of a transmembrane fragment to a large
soluble protein. A more recent work found no binding between APP residues 713-724 and tau (182),
however, these results should be regarded with caution since no detergent use was reported when
working with a transmembrane APP;13.730 fragment. All previous studies used short peptides to
investigate APP-tau binding interfaces and did not validate the APP713.724 interfaces with full-length APP
or C99. Moreover, these studies used either no detergent or non-ionic detergents that lack a
phospholipid-like structure. We therefore decided to carry out quantitative NMR-monitored titrations of
C99 and tau in a non-denaturing model membrane environment (LMPG micelles) to determine whether
these two proteins associate under conditions that are more physiological than in the previous studies.

75



Titration of tau into C99 and the reverse titration led to results indicating only weak and likely non-
specific binding between C99 and tau, as indicated by observation of only linear CSPs for a limited
number of peaks in the spectrum of the 15N-labeled protein as a function of the concentration of the
other (unlabeled) protein. Both titrations were conducted in the presence of 1 % LMPG, a mild and non-
denaturing detergent, in order to provide C99 with a membrane-mimetic environment without
unfolding tau. We also carried out one titration at acidic (pH4.5) and the other at neutral (pH 6.5) pH in
order to try and recreate the pH range used in previous work (183-185). It is unlikely that another
detergent or membrane model system would have yielded qualitatively different results. The lack of
interaction reported here is in contrast to the Kp of 9.6 nM reported previously by Smith et al (183). The
study by Smith and colleagues reported that the tau-C99 binding assay was done under buffer
conditions that lacked detergent and the strong binding affinity they observe is likely due to aggregation
of the APP transmembrane peptide.

Our results suggest that tau and full length C99 has little affinity for each other, at least under the
conditions of our study, which involved C99 in its monomeric form and both proteins in forms where
they have not been post-translationally modified. We cannot yet exclude the possibilities that the
affinity of tau for the dimeric form of C99 could be higher, or that higher affinity dependent on post-
translational modification in one or both proteins. We also cannot rule out the possibility that there is a
C99-mediated signaling pathway leading to tau, but that there are other proteins in the chain of
response from C99 to tau.

Conclusion

In summary, we find that soluble Tau and full length C99 in model membranes do not bind each other
with significant affinity. This is inconsistent with previous peptide-based only results that indicated C99
residues 713-724 bind tau in Tween-20 and Nonidet P-40, detergents that lack phospholipid-like
structure. Given that residues 713-724 of C99/APP will always be buried in the lipid bilayer under
physiological conditions, the lack of interaction observed here is not surprising. While our results cannot
rule the possibility that there may be conditions that we did not test in which these two proteins
interact with high affinity, the unmodified and monomeric forms of these two proteins do not avidly
interact under model membrane conditions.
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VII. Discussion and Future Directions
Amphipols

MPs usually must have a lipid bilayer mimic in order to stay soluble in aqueous environments and
detergents are often used for in vitro studies due to their ease of use and low cost (47). However,
detergents are problematic for in vivo work due to their ability to dissolve membranes and resulting high
cytotoxicity (402). The Sanders lab previously showed that amphipols could be used to deliver a
membrane protein to synthetic vesicles (95) and very high concentrations of amphipols are required to
observe in vivo cytotoxicity (57). An amphipol-quantum-dot complex had previously delivered siRNA to
live cells (403) and we advanced this idea further by delivering S2-E to multiple immortalized live
mammalian cell lines. As shown in Figure 7.1, we have successfully delivered other single pass MPs with
more complicated membrane topologies to mammalian cells. It is highly likely that this method of
protein delivery would work for many model organisms and could be used to quickly see how a
membrane protein functions in evolutionary distant organisms. DNA transfection of mammalian cells is
often toxic and certain cell lines are nearly impervious to transfection (404). The weak detergent
properties of amphipols allow them to be well tolerated by mammals and also would likely enable
studies of membrane protein delivery to entire small organisms such as C. elegans. Amphipols were
used to deliver recombinant protein to multiple mammalian cell types and amphipol delivery could be a
great way to “transfect” difficult immortal or primary mammalian cell lines. | personally think one great
potential application of the amphipol delivery method would be to deliver MPs of interest to
heterogeneous cellular environments such as organ slices.

A common complication of studying a protein of interest in vivo is the need to add a fluorescent tag such
as green fluorescent protein (GFP)(405). GFP and other fluorescent proteins are over 200 amino acids
and can be significantly larger than the protein of interest, as is the case with the 75 amino acid S2-E.
The large size of GFP can introduce artifacts like blocking important protein-protein interactions or
driving dimerization (406). Labs have started to address this concern and have developed much shorter
fluorescent tags that require arsenic dyes or terminal labeling such as the FIAsH (376) or STELLA systems
(407). Delivery of MPs with amphipols allows one to easily add small high-intensity fluorophores to any
position on the protein. It should also be possible to attach method specific tags for EPR (408) studies of
membrane protein in native lipid environments or ROS-generating photosensitizers (409).
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Figure 7.1. Delivery of C99 to Hela cells with amphipols. Confocal image of fixed HelLa cells after 16hr
exposure to C99 in amphipols. Nuclei in blue are stained with DRAQ5, a DNA intercalator; PM is stained
in red with WGA, a AF555 conjugated lectin; and C99 is in green due to NBD covalent labeling. Individual
channels are shown on the left panels and the large right panel is the composite image.

It must be acknowledged that the advantages mentioned above are best case scenarios and there are
many unknowns when working with more complex MPs. Anionic amphipols are known to aggregate in
the presence of multivalent ions (316,410,411). Even for zwitterionic amphipols we observed polymer
and S2-E aggregation at higher doses in complete tissue culture media and future studies should explore
use of non-ionic amphipols that are supposed to resist aggregation (412). Jean Luc Popot, a pioneer and
advocate for amphipol use, posited that MPs with complex folds would have a problematic
insertion/folding pathway when transitioning from amphipol to membrane (338). In support of this idea,
a previous study on DAGK found that DAGK delivered to membranes from amphipols was less efficient
than DAGK in amphipol mixed micelles. The lowered efficiency of DAGK in vesicles is possibly due to the
unfolding/incorrect insertion during the amphipol to vesicle transition (95). Lasty, amphipols are well
tolerated by cells, but cells are unlikely able to efficiently break down the polymer and it is unknown if
the polymer is endocytosed along with MPs and accumulates in cells.

Membrane mimic free protein particles

Solubilization of an integral MP without detergents or lipids has traditionally required extensive
computer aided mutagenesis (97-99) or fusion to an apolipoprotein scaffold (96). Magnetosome
organelle integral MPs are an odd exception and can form protein “micelles” when recombinantly
expressed (100-103). We here showed for the first time that several mammalian SPTPs are capable of
forming water soluble membrane memetic free (MeMFs) particles. This idea is initially perplexing until
one considers a SPTP to resemble the hydrophobic and hydrophilic architecture of a bolaamphiphile, a
double headed detergent that can form micelles (105). MeMF particles self-satisfy their own
hydrophobic and hydrophilic needs and therefore do not require any detergent to remain stable in
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solution. It important to highlight that MeMF particles are reversible upon addition of detergent and do
not suffer hysteresis as indicated by solution NMR and CD. Structural and functional studies of MPs
often require empirical screening of detergent types and buffer conditions. This can be a laborious
process since a separate purification is needed for each detergent tested. The MeMF particles are easily
reversed with detergent and could consequently be very beneficial during the detergent screening
process.

Our work did not explore why certain SPTPs can form MeMFs and other do not. There are the many
generic factors that play a role in general protein stability such as hydrogen bonding, charge distribution,
and hydrophobicity. However, the high stability of C99 MeMFs and extensive previous research provides
future studies with unique testable hypotheses. Both juxtamembrane regions of C99 are capable of
forming transient beta sheet structure when oligomerized (188). The crowding of C99 in MeMFs results
in additional beta sheet structure that is reversed upon the addition of detergent. It is possible that the
beta sheet secondary structure in the juxtamembrane regions result in a stabilizing “shell” around the
transmembrane core. C99 is also known to have a TM di-glycine hinge that allows for bending in the
lipid bilayer (186). The additional conformational flexibility afforded by this hinge may be highly
beneficial in MeMF formation and stability. All of the SPTP sequences used in this dissertation were
based on in vivo proteins and future studies on what allows or prevents MeMF formation will
undoubtably benefit from the use of more simplistic sequences.

Fluorescently labeled C99 MeMFs are readily taken up by immortalized mammalian cell lines and often
appear as puncta within the cytoplasm. We are currently working to understand if the delivered C99
inserts into the lipid bilayer and is recognized like endogenous C99 via y-secretase cleavage. It is also
possible the C99 MeMF particles are catabolized and accumulate in lysosomes. Regardless, the C99
MeMFs act as a proof of concept for cellular entry. Future studies will be required for the potential of
MeMFs to be fully realized.

Coronavirus envelope (E) protein

E is retained in the perinuclear space when produced by a host cell (122) but the protein/mechanism
that retains E is unknown (128). It was initially unclear if our delivered recombinant S2-E would stay on
the PM of mammalian cells or be trafficked back to the perinuclear space. Without knowledge of the
mechanism or pathways, we observed the delivered S2-E traffics back to the TGN and is enriched in
perinuclear LAMP1 positive vesicles. WGA also accumulates in the TGN and late endosome/lysosome
(327,328) and showed good colocalization with S2-E. It is possible that S2-E and WGA use the same
retrograde transport pathways, but this seems unlikely since WGA retrograde transport to the
perinuclear space was much faster, less than 3 hours, compared to the trafficking time of S2-E, 18-24
hours. In any case, much more work needs to be done to understand how the S2-E is trafficked form the
PM to the TGN.

We intended for the delivery of S2-E to act as a proof of concept for future studies on the pathogenic
functions of S2-E. VLPs lack viral genetic material and offer a safe way to test if the delivered S2-E can
function in its normal structural role of viral assembly. VLPs can be formed with only the M and E
protein (119-121) and so delivery of S2-E to an M expressing host cell could easily test for successful S2-
E incorporation into VLPs. Moreover, delivery of S2-E may allow for nuanced studies of non-structural
roles for E. pH dysregulation is one of the main non-structural roles attributed to E (139,140) and the
next logical step would be to determine if delivered S2-E increases organelle pH. pH dysregulation can
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be visually identified as swollen lysosomes in AD (198,199,375) and | think that this is likely occurring in
Hela cells when we deliver S2-E. Perinuclear lysosomes that contain S2-E appear swollen while
peripheral lysosomes remain unchanged. There is some evidence that the E monomer, and not
viroporin, drives the TGN pH dysregulation (139). It is easy to imagine delivering non-conducting channel
mutants to cells to try and determine the contribution of viroporin formation on E function and viral
fitness.

Our delivered S2-E contained a substantial C-terminal tag that did not interfere with channel function
but likely does mitigate some host-E protein-protein interactions. The DLLV sequence on the C-terminus
of S2-E is able to bind the tight-junction protein PALS1 (150,151) and retain PALS1 in the perinuclear
space; it is thought that this retention can ultimately disrupt the tight junction and increase overall
coronavirus virulence (413). Crystallographic structures indicate that the C-terminal tag on our delivered
S2-E prevents this PALS1 interaction (150,151). N-terminus tagged S2-E purification protocols are now
published and delivery of N-terminally tagged S2-E (414) could allow for a greater understanding of how
SARS-CoV-2 can manipulate tight junctions in human airway epithelium.

The strong TGN localization of delivered S2-E opens up the possibility of using it as a retrograde
trafficking tag as mutations that inhibit ion channel function are discovered. It is plausible to attach the
75 amino acid S2-E to a recombinantly expressed soluble or MPs and deliver the protein to cells with a
S2-E “anchor”. If the anchor is able to auto insert or is delivered by amphipols, then there is a good
chance that the protein would be endocytosed into the cell and trafficked to the TGN. Deletion of the C
terminal S2-E DLLV sequence and attachment of an export sequence is required to remove S2-E from
the perinuclear space (140). Therefore, any protein wanting to take advantage of the S2-E retrograde
trafficking would need to be linked to the N-terminus of the protein. Previous studies of E discovered
mutations that bias E towards the monomeric instead of pentameric oligomers in vivo and these
mutations could be potentially used with an S2-E tag to control colocalization of a protein of interest.

DDMB

There is currently a dearth of solution NMR structures solved in non-ionic detergent since non-ionic
detergents normally have a larger micelle than their ionic counterparts (62). The DDMB micelle is
significantly smaller ~20-30kD than other commonly used non-ionic detergents like DDM (68). It was
therefore straightforward to assign the TROSY-HSQC of C99 in DDMB and future studies could use
DDMB to study membrane protein structure. It is now realized that the commonly used ionic
dodecylphosphocholine (DPC) detergent can induce significant artifacts in MPs structures (339). Non-
ionic detergents are thought to be less denaturing (63) and can be used in ligand binding experiments
where ionic strength or charge repulsion of the detergent is an issue. We found that DAGK purified in
DDMB had increased enzymatic activity compared to other non-ionic detergents (68), indicating that
DDMB is likely less denaturing of MPs than many other commonly used detergents.

SCOR bicelle phases

Prior to our work on SCOR bicelles, there was a lack of isotropic particles that could incorporate
significant amounts of both cholesterol and sphingolipids (82). DDMB was the key to the creation of
SCOR bicelles and is chemically similar to commonly used non-ionic detergents such as DDM. Over 35
different detergents including DM and DDM were not able to dissolve SCOR lipids. We attribute the
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SCOR-dissolving properties of DDMB to the unusual headgroup flexibility conferred by increased degrees
of freedom afforded by the a(1->6) glycosidic linkage present in the melibiose headgroup (68).

We showed in Chapter 3 that the 4:2:1 lipid composition in detergent-free vesicles is capable of lipid-
lipid phase separation near physiological temperatures but it is unknown if lipid-lipid phase separation
occurs in the detergent-rich conditions of a bicelle. As shown in Figure 7.2, DLS solubility experiments
showed that DDMB requires DMPC to solubilize both EggSM and Chol. | hypothesized that the DMPC
acts as a physical buffer to mitigate repulsive forces between a DDMB rim and EggSM/Chol inner lipid
core. We are currently collaborating with ORNL and the Mu-Ping lab to carry out contrast variation SANS
experiments that will determine if lipid-lipid separation is present in SCOR bicelles. If lipid-lipid
separation is present, it will be hard to determine if the lipid-lipid separation is due to DDMB-SM/Chol
repulsive forces or to SM/Chol complex formation. Future MD simulations may be able to discern the
driver of lipid-lipid separation by varying the ratios of the SCOR bicelle lipid composition. In summary,
lipid-lipid separation in SCOR bicelles may not faithfully recreate the L.-Ls phases observed in lipid
bilayers but is a promising start.
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Figure 7.2: Dynamic light scattering of SCOR bicelles with various lipid compositions. Autocorrelation
curves collected for fully protonated 0.5 % wt % DDMB-based bicelle solutions of varying lipid
compositions at a constant q ratio. All bicelles with the exception of DDMB-SM-Chol (no DMPC) formed
bicelle particles as indicated by their overlapping curves. DDMB-SM-Chol mixtures did not form an
optically clear solution as highlighted by the right-shifted curve with multiple populations, as indicated by
humps in the curve.

Future applications of SCOR bicelles

The process of assigning the NMR spectrum of C99 in SCOR bicelles was very difficult due to the large
size of the SCOR bicelle and the complicated oligomeric state of C99 (188). We have looked at other
MPs in SCOR bicelles and found that small MPs such as our Notch construct (350,415) give good 1H,15N
TROSY-HSQC but that larger MPs such as PMP22 (40,265) do not. The size of the SCOR bicelles likely
limits their overall usefulness for membrane protein structure determination via solution NMR, but it
cannot be understated how SCOR bicelles were effortlessly compatible with many biophysical
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techniques as highlighted in Chapter 3. This section will focus on potential applications of SCOR bicelles
that are able to leverage their beneficial and unique properties.

The most commonly used bicelle detergents have a high CMC (DHPC is 14 mM) and are not suitable for
cryo-EM studies on MPs due to vesiculation upon dilution to below their CMC (298,416). DDMB has a
much lower CMC, 0.3 mM, and this allows SCOR bicelles to be diluted to EM appropriate concentrations
without vesiculation. SCOR bicelles were well behaved in cryo-EM and could be class averaged but were
not compatible with negative stain EM when diluted, likely due to lipid-grid charge interactions. While
not tested, it is likely that DDMB alone is compatible with cryo-EM since non-ionic detergents are
currently used in many membrane protein cryo-EM studies (63). In an effort to study MPs in a lipid
environment, many cryo-EM studies are now using Nano discs and SMALPs (63). The Sanders lab has
previously tried to purify MPs in nanodiscs using the 4:2:1 lipid mixture and found extensive lipid
vesiculation (rather than nanodisc assembly) following detergent removal to be a major impediment.
SCOR bicelles are thus the only isotropic particle that can incorporate significant amounts of both
cholesterol and sphingomyelin and are therefore an exciting option for those who want to study MP
structure in a SCOR environment.

As mentioned above, SCOR bicelles can incorporate a wide range of lipid compositions. The ability to
add or remove lipids to the membrane is especially important when trying to study MPs in a lipid raft-
like environment. It is important to understand if observed changes in membrane protein structure or
function are due to the cholesterol, sphingomyelin, the complex of cholesterol and sphingomyelin, or
changes in membrane thickness. Traditional DMPC/DHPC bicelles have a bilayer thickness of ~4.2 nm
(67) and SCOR bicelles have a bilayer thickness closer to ~5 nm, likely due to the ordering effect of
cholesterol on DMPC (34). Comparative studies between complete SCOR bicelles and SCOR bicelles
lacking lipid components, here referred to as degenerate bicelles, can allow for a nuanced
understanding of how different lipid components or their complex can impact protein structure and
function. As shown in Figure 7.3, degenerate bicelles and solution NMR were used to track C99 CSPs
from removal of lipid components while maintaining the overall bicelle size. Native mass spec has
implemented SCOR bicelles with great success when trying to understand the oligomeric state of both
C99 and PMP22 (188,417). It would be very interesting to see a systematic study comparing the
oligomeric states of MPs in the presence or absence of various lipid-raft components using degenerate
and SCOR bicelles
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Figure 7.3: Degenerate bicelles can investigate the importance of individual SCOR lipids. A) Combined
proton and nitrogen chemical shift differences between membrane mimetics are plotted as a function of
residue. Small negative bars represent residues that could not be accurately tracked between spectra or
were unassigned. Green lines estimate boundaries for C99 structural regions identified in the main text.
Samples were ~350 uM C99 in 10 wt % micelle/bicelle in matching buffer. B) Table showing DLS derived
radius of hydration, Ry, for each degenerate bicelle. Notice how the bicelles do stay the same relative size

if the g ratio is maintained.
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C99 structure in SCOR bicelles

Amyloidogenic C99 processing has many interesting connections to cholesterol and lipid rafts
(186,204,205,207,208,418) and SCOR bicelles facilitated the first study of C99 structure in a SCOR
environment. No obvious changes in C99 secondary structure or topology were observed when
comparing SCOR bicelles to previous studies lacking sphingomyelin and cholesterol (186,232). This was
initially disappointing but not surprising because C99 topology and secondary structure are resilient to
changes in membrane composition (187). However, further characterization revealed C99 oligomeric
interfaces and populations to be far more complex in SCOR bicelles than in LMPG or traditional bicelles.

Most methods used to determine oligomeric states of proteins were developed for soluble proteins and
their translation to MPs can be problematic. Many methods such as size exclusion chromatography, DLS,
and sedimentation analysis determine the oligomeric state of a protein based on the volume and mass
of the protein particles (419). These size-based methods generally have a hard time observing small
changes and the size of the membrane mimic can easily dwarf the size or density contributions of a
small MP. SCOR bicelles are roughly ten times the mass of C99 and so these methods were not able to
determine the C99 oligomeric state. We ultimately used native mass spectroscopy and chemical
crosslinking do determine that C99 in SCOR bicelles was a mixture of monomer, dimer, and trimer
because these techniques “remove” C99 from the SCOR bicelle.

Surprisingly, trimeric C99 was preferred over dimeric C99 in SCOR bicelles. The majority of the APP and
C99 literature focus on the monomer vs. dimer relationship (212-214,238,243) since there is no
precedent for a trimeric C99 in vivo. However, Higashide et al. showed via native PAGE that C99 is a
mixture of monomer, dimer, and trimer when solubilizing mammalian cells with a non-ionic detergent,
DDM (215). Furthering this point, the Sanders lab recently found that C99 is strongly excluded from the
L, phase in GPMVs derived from multiple human cell lines (223). The more ordered lipid environment of
the SCOR bicelles likely forces the C99 into a higher energy state manifest as C99 trimers. The
complicated oligomeric states of C99 in SCOR bicelles limits the biological conclusions that can be drawn
from the structure, but the interfaces that made up these oligomeric states are rich in positing power
(see below).

NMR amide backbone proton exchange and topology experiments identified regions of C99 that were
believed to be oligomeric interfaces in SCOR bicelles. We identified residues 710-716 as the
transmembrane oligomeric interface and this was in good agreement with in vivo studies that found
residues 714-717 mediate C99 dimerization (238). These residues are especially exciting when
considering recent studies that address topics other than C99 dimerization. A 2017 study from the
Bowie lab with my advisor and myself as middle-authors looked at TM backbone hydrogen bond
strength found that C99 residues T714 and V715 had backbone amide hydrogen bonds that were obviously
weaker than the rest of the TM domain (420). This publication posits that these weak hydrogen bonds
are weaker than water-water hydrogen bonds, but this is likely an underestimation of the true hydrogen
bond strength (421). The weaker hydrogen bonds in the C99 TM domain are near the y-secretase
cleavage (GS) sites and the authors of the Bowie paper posit that the weak bonds are important for C99
function/processing. In 2019, a structure of chemically crosslinked C83 and catalytically inactive GS
showed that GS unwinds the C99 TM helix prior to cleavage (373). It is not hard to imagine that
backbone hydrogen bond strength plays a role in C99 unwinding during sequential GS cleavage. Weaker
hydrogen bonds found in the Bowie study likely enhance the processivity of GS and encourage the
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production of shorter and less toxic AB peptides. It would be very interesting to look at the FAD
mutations near the GS cleavage site and see if changes in backbone hydrogen bonds correlate with an
increase in longer AB peptides.

The other oligomeric interfaces found within C99 in a SCOR environment were in the unstructured
juxtamembrane regions. These regions were similarly characterized by their resistance to amide
backbone proton exchange and lack of secondary structure as indicated by chemical shift analysis. The
first cytosolic region consisted of residues 673-678 on the amino terminus of C99 and AB. These
residues are known to form a B-sheet in amyloid aggregates (304), sample B-sheet structure in
simulations (235), and were predicted by FTIR to participate in B-sheet formation in a truncated version
of C99 lacking the cytosolic domains (372). Full length studies of monomeric C99 in LMPG did not
observe any B-sheet for residues 673-678 and it is highly likely that the B-sheet structure previously
observed by FTIR was due to homodimerization. This idea is supported by the fact that C99 is known to
homodimerize with a Kp of ~0.5 Mol % in vesicles (204) and the FTIR experiment was done at a protein
to lipid ratio of 1:50:2 Mol % (372).

As with the N-terminus, the cytosolic loop residues 735-745 of C99 appears to be unstructured when
examined by chemical shift analysis but contains tertiary or quaternary structure upon closer inspection.
Previous solution NMR studies looking at the soluble AICD peptide found that transient B-sheet
structure was present in residues 742-747 (286,287) and NMR studies of monomeric full length C99 had
difficulty assigning these peaks (186,187), an indication that these residues participate in complex
dynamics. We failed to disrupt the cytosolic loop interface with mutation of key B-sheet cytosolic
residues (286,287) indicating that the cytosolic loop interface is driven by colocalization of C99
transmembrane domains. The cytosolic loop of C99 is known to bind multiple regulatory soluble
proteins and undergo significant post translational modifications (305). Phosphorylation at residue T743
and the resulting interaction between C99 and Pin1 has been shown to impact Ap production
(284,285,306). Moreover, the cytosolic loop of APP is likely critical for the unknown function of APP
since it is highly resistant to mutations (422). The loop has no FAD mutations and has traditionally been
eclipsed in the literature by intense focus on the AB peptide. | would personally like to see more
research on the juxtamembrane region of APP, specifically the cytosolic loop and AICD. It is not obvious
how a non-enzymatic protein like APP would transmit information about its oligomeric state into the
cytosolic space. The cytosolic loop interface is only present in oligomeric C99 and likely alters the
accessibility of cytosolic proteins to interface residues. It would be very interesting to quantify and
compare the interaction between C99 and cytosolic binding partners as a function of C99 oligomeric
state.

C99 and tau

Both APP and tau form insoluble aggregates that are widely recognized as defining hallmarks of AD
(176). Several previous studies used peptide fragments of C99 to show APP transmembrane residues
713-724 of C99/APP bound to tau (183,184). The tau-binding C99 peptide sequences is always buried
within the membrane during structural studies (186-188) and therefore the peptide is sequestered and
unavailable to bind tau in in vivo. We carried out binding experiments between full length C99 and
soluble tau with solution NMR and did not observe specific binding. It should be noted that both C99
and tau were expressed in bacteria and lacked any post translational modifications such as tau
hyperphosphorylation. FAD mutants have recently been found to substantially increase the generation
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of AB fragments up to 49 amino acids in length and these “long-ABs” contain significant portions of the
APP 713-724 (172). While not done here, it would be interesting to see if these long-AB fragments are
able to bind soluble tau.

Conclusions

This dissertation presents new methods for the study membrane proteins in complex and native
environments. These methods were applied to disease relevant proteins and highlight the true
usefulness of novel methods for addressing modern biomedical problems. There is a dearth of isotropic
particles capable of solubilizing lipid raft forming lipids such as sphingomyelin and cholesterol. |
characterized the first sphingolipid and cholesterol rich bicelles and showcased their suitability for a
wide range of biochemical and biophysical methods by studying the structure of the AB precursor, C99.
Ideally, all in vitro structural and function studies would be validated in native lipid environments but
there is a lack of methods to deliver purified membrane proteins to eukaryotic cells. | developed
methods to deliver recombinantly-expressed membrane proteins to mammalian cells with amphipathic
polymers and model membrane free particles. These methods are unique in that they allow for in vitro
labeling of membrane proteins before delivering them to biologically relevant membranes. It is my hope
that the broader scientific community will use these methods to study their own membrane proteins
and expand upon the methods described here. | am an apostle for these techniques and love discussing
their future applications; feel free to contact me if you ever want to try out or are curious about the
methods discussed here.
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Appendix 1. Dodecyl-B-Melibioside Detergent Micelles as a Medium for Membrane
Proteins

Contents:
Supporting Material and Methods with embedded Figure S2.1.
Expanded Caption for Figures 2.1-2.4
Supporting Table S2.1

Supporting Reference

Supporting Materials and Methods

Materials. n-Decyl-B-D-Maltoside (B-DM), n-Dodecyl-R-D-maltoside (3-DDM), B-n-Dodecyl Melibioside
(B-DDMB), n-Dodecylphosphocholine (DPC), 1-Myristoyl-2-Hydroxy-sn-Glycero-3-Phosphocholine
(LMPC), and 1-Myristoyl-2-Hydroxy-sn-Glycero-3-Phospho-(1'-rac-Glycerol) (LMPG) were purchased
from Anatrace. High grade imidazole, leucine, lysozyme, DNase, and RNase were purchased from Sigma.
Amicon Ultracel 10 kDa and 30 kDa molecular weight cut-off (MWCO) spin filters were purchased from
Millipore. D,0 (99 %) and *NH4Cl were purchased from Cambridge Isotopes Lab. Lauryl betaine
(Empigen), 30% solution, was purchased from BOC Sciences. PerfectPro Ni-NTA Superflow nickel resin
was purchased from 5-Prime. DTT and IPTG were purchased from Research Products International.

Preparation of n-Dodecyl-8-Meliboside (6-DDMB). [B-DDMB was synthesized and purified in-using a
common glycosyl donor intermediate. The synthesis scheme is shown in Supporting Figure 2.1. The
glycosyl donor was synthesized in two steps with an overall yield of 85%. Sequentially, the melibiose
hydroxyl groups were protected, followed by bromination of the anomeric position to create a suitable
leaving group. These two steps were carried out with minimum requisite workup protocols while the
resultant donor, perbenzoyl bromomelibiose, was used for glycosylation without further purification.

The Lewis-acid catalyzed glycosylation reaction of the aforementioned glycosyl donor with the acceptor,
n-dodecanol, provided the protected glycoside with a yield of approximately 80%. The respective -
isomer was separated at this stage by silica gel column chromatography using a suitable ratio of ethyl
acetate in hexanes. Finally, the global deprotection of the hydroxyl protecting groups in a basic medium
provided the B-DDMB target in 70% yield. B-DDMB was purified by reverse phase C18 chromatography
using a linear gradient of 50-100% methanol in deionized water.

Supporting Figure 2.1
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Scheme 1. Synthesis of Melibiosides via benzoyl group protection

Dynamic Light Scattering. Stock solutions of each detergent were created by dissolving powdered
detergent in ultrapure water. The stock solutions were flash frozen in liquid nitrogen and stored at -20
°C. All samples were mixed before ~300 uL was passed through a 0.2 um syringe filter into a DLS-specific
disposable cuvette. The sample chamber in the cuvette held roughly 100 pL and the excess 200 pL was
used to compensate for evaporation from the sample chamber during heating. The disposable cuvette
was covered with a disposable cap and placed into the Wyatt Technologies DynaPro NanoStar
instrument for thermal equilibration. The samples were generally subjected to a temperature ramp from
~22 °Cto 55 °C with a ramp rate of 1 °C/min, with 5 acquisitions of 5 second integration time for 80-90
points. The micelles were typically monodisperse, but at lower detergent concentrations (< 1 mM)
aberrant readings were common. Acquisitions with a 25 % or higher polydispersity were not subjected
to further analysis. The Stokes-Einstein equation (Eq. 1) was used to determine the hydrodynamic radius
(Rw) via derived diffusion constants; k is Boltzmann’s constant, T is the absolute temperature, 7 is sample
viscosity, and D is the diffusion coefficient. Temperature and NaCl concentration effects on viscosity
were taken into account by the Dynamics 7.1.9 software when determining Rs. It is important to note
that the R, determined by DLS is based on several assumptions and serves as an approximate measure
of size.

kT
- 671'7]Dt

(1)

Rp

The DLS method was evaluated by taking well characterized detergents and analyzing the data to
determine the micellar radius of hydration. The apparent micelle molecular weight was determined
based on the assumption that the micelles at 25 °C have a density and shape similar to globular proteins,
an option built into the Dynamics 7.1.9 software. This approach leads to an apparent aggregate
molecular weight, from which the detergent aggregation number can be calculated. The aggregation
number values from the DLS, found in Supporting Table 1, were usually in agreement with previously
reported aggregation numbers determined with other methods.

Static Light Scattering. DLS-derived R and aggregate molecular weight values are reasonable
approximations, however there are significant assumptions which must be made to extract micelle

molecular weight and aggregation number. Static light scattering (SLS) can directly determine molecular
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weight and was used to confirm the DLS results. The Wyatt DynaPro NanoStar is capable of single angle
static light scattering and was used to confirm the DLS-determined molecular weight for B-DM; the
refractive index increment (dn/dc) value needed for the SLS analysis was previously reported to be 0.133
(1). Aninline Wyatt Technologies DAWN8+ multi angle static light scattering instrument coupled to an
Agilent 1200 series refractive index detector was used to determine the molecular weight of DPC and [3-
DDMB micelles. The B-DDM dn/dc of 0.133 was used for B-DDMB, which is reasonable in light of the
chemical similarity of these detergents. A dn/dc of 0.139 was determined for DPC. The B-DDM and B-
DDMB static light scattering results (Table 1) are in good agreement with the DLS results and the
discrepancy for DPC is likely due to differences in DPC concentration and buffer composition.

NMR Spectroscopy. Two-dimensional *H,»>N-TROSY spectra were collected at 318 K with the
trosyetf3gpsi pulse program of the Bruker library. Experiments were conducted using 800 MHz or 900
MHz Bruker Avance spectrometers equipped with cryoprobes. Data was processed in TopSpin v3.2 and
visualized with NMRFAM-SPARKY v3.115. Linewidths were determined with NMRview software with
spectra that were processed in an identical manner.

Expression and Purification of E. coli Diacylgycerol Kinase (DAGK). DAGK was expressed and purified
using methods similar to those described previously(2). Hiss-tagged forms of wild type (WT) and of a
stability enhanced triple mutant (153C, 170L, V107D) form of DAGK (3) (“triple super DAGK") were
expressed using pTrc-based pSD005 vectors(4) transformed into E. coli WH1061 cells, which lack
endogenous DAGK and are leucine auxotrophs (5). DAGK was expressed and purified as previously
reported(6). In brief, WH1061 cells were grown in M9, Leu-supplemented media and induced with 1
mM IPTG after reaching an ODggonm Of 0.8. Induced cells were cultured for 24 hours at RT before being
pelleted and frozen in liquid nitrogen. Frozen cell pellets were thawed on ice and 20 mL of lysis buffer
(300 mM NaCl, 75 mM Tris pH 7.8, 0.2 mg/mL PMSF, 5 mM MgAcetate, and 0.2 mM EDTA) was added
per gram of wet cell pellet followed by addition of lysozyme (to 2 mg/ml), RNase (to 0.2 mg/ml), and
DNase (to 0.2 mg/ml). After tumbling at RT for ~1hr, the lysis mixture was sonicated on ice and Empigen
was added to 3%, followed by tumbling for ~1 hr at 4 °C. This solution was then centrifuged at 20,000 x g
for 20 min at 4 °C and the supernatant was combined with buffer A-equilibrated Ni(ll)-NTA “Superflow”
resin at a ratio of 1 mL Ni-NTA per 1 gram starting wet cell mass (buffer A is 40 mM Tris pH 7.8, 300 mM
NaCl, plus 0.5 mM fresh DTT). The resin and lysate supernatant were tumbled at RT for 1 hr before being
centrifuged at 1000 x g for 5 min. The supernatant was removed and the resin was loaded into a gravity
column and washed with buffer A containing 3% Empigen. To remove impurities, resin was washed with
buffer A containing 1.5% Empigen and 40 mM imidazole until absorbance at 280 nm returned to
baseline, reflecting completion of elution of non-Hiss tagged protein impurities from the resin. The
detergent was exchanged by 10 X 1 column volume washes using a solution containing 0.5% w/v of the
desired final detergent (B-DDMB, B-DM, or B-DDM) and 25 mM Tris pH 7.8. DAGK was eluted from the
column using a buffer containing 250 mM imidazole pH 7.8 and 0.5% (w/v) of the detergent of choice.
Following elution, the A280 of the purified DAGK solution was measured to determine the DAGK
concentration based on 1.8 OD/(mg/ml-cm).

Purification of C99. The Hise-tagged 99 residue C-terminal domain of the human amyloid precursor
protein has previously been expressed and purified into LMPG micelles(7,8) such that only a brief
overview is given here. C99 was expressed from pET-21a in BL21(DE3) cells, which were grown in
1>NH4Cl-supplemented M9 medium to an OD600 of 0.6-0.7 before being induced with 1 mM IPTG.
Induced cells were grown overnight at 18 °C. The cells were pelleted and enzymatically lysed (RNase,
DNase, and lysozyme) in lysis buffer (75 mM Tris pH 7.8, 300 mM NacCl, 5 mM MgAcetate and 0.2 mM
EDTA) by tumbling the mixture for 2 hours at RT. The lysate was then probe-sonicated on ice and then
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centrifuged at 20,000 x g for 20 minutes at 4 °C. The resulting pellet containing **N-labled C99 was
resuspended in lysis buffer and sonicated/centrifuged two more times. The inclusion body pellet was
then dissolved by urea/SDS (8 M urea, 300 mM NaCl, and 0.2 % sodium dodecyl sulfate) and tumbled
overnight at room temperature. The dissolved inclusion body solution was centrifuged at 30,000 x g for
45 minutes at 25 °C and the supernatant was added to urea/SDS-equilibrated Ni-NTA at a ratio of 1 mL
Ni resin per original 1 gram wet cells. The resin and supernatant were then tumbled for ~2 hours at
room temperature and the resin was loaded onto a gravity column. On the column the resin was
washed with 4 CV of urea-SDS followed by 6 CV of 0.2 % SDS in Tris buffered saline at pH 7.8. Impurities
were washed off the column with 8 X 1 CV of 10 mM Imidazole pH 7.8 containing 0.05% (w/v) of the
final detergent (LMPG, B-DDMB, or B-DDM). This was followed by elution with by 6 X 1 CV of 30 mM
Imidazole pH 7.8 containing 0.05% of the final detergent. C99 was eluted off the column with 250 mM
imidazole pH 7.8 containing 0.5 % of the final detergent. The pH of the pure C99 solution was adjusted
to 4.5 or 6.5 with acetic acid. The protein was both buffer-exchanged and concentrated to 300-400 uM
by repeated centrifugal ultrafiltration at 1000 x g in an Amicon 10 kDa MWCO spin filter followed by
buffer dilution and re-concentration. The compositions of the final buffers used were either (i) 25 mM
imidazole at pH 6.5, 10% D20, 0.5 mM EDTA, and 9% detergent when LMPG was the detergent used in
elution or (ii) 25 mM Na acetate pH 4.5 or 6.5, 75 mM NacCl, 1 mM EDTA, 9% detergent, and 10% D20
when 3-DDM or B-DDMB where used as the detergent in the elution. Concentrated samples were stored
at room temperature.

Purification of the Notch 1 Transmembrane Domain. The purification of the Hise-Notch1 construct used
in this paper has previously been published (9) (10) . The TM/JM domain (1721-1771) of Notch1 was
expressed using a pTrcHis vector in E. coli BL21(DE3). Cells were grown at 37 °C in 2.8 L Fernbach flasks
with 500 mL **NH4Cl-labeled M9 media to an OD600 of 0.8, followed by induction with 1 mM IPTG at 25
°C for 20 hours. The harvested cells were subjected to enzymatic lysis for 30 minutes at 4 °C after being
suspended in lysis buffer with 1 mM PMSF, protease inhibitor cocktail (Sigma P8849), and 1 mM DTT.
Lysate was then probe-sonicated and the recombinant Notch1 was extracted by adding 3% Empigen to
the lysate and tumbling for 4 hrs at 4 °C. The solubilized lysate was centrifuged at 30,000 x g for 45
minutes at 4 °C to remove insoluble components. 0.2 mL of Ni-NTA per liter of starting M9 media was
equilibrated with 1X buffer A (40 mM Tris pH 7.8, 300 mM NaCl, and 1 mM DTT) and then added to the
supernatant and tumbled overnight at 4 °C. Tumbled resin was loaded onto a small gravity column and
rinsed with 10 CV of buffer A with 3% Empigen and then 10 X 1 CV of buffer A with 1.5% Empigen. The
column detergent was swapped to LMPG to remove contaminants by washing with buffer A containing
0.2 % LMPG and the column was successively eluted with this buffer at imidazole concentrations 0 mM
(12 CV), 25 mM (25 CV), and 65 mM (25 CV). LMPG was then either replaced by the final detergent of
choice by re-equilibrating with 20 column volumes of 0.25% buffer A containing either 0.5% B-DDMB, B-
DDM, or LMPC; Notch1 was eluted off the column with 300 mM IMD pH 7.8 containing either 0.5% -
DDMB, B-DDM, or LMPC (10 CV). Acetic acid was used to adjust the pH of eluted protein solution to 5.5
and the protein was both buffer-exchanged and concentrated using concentrated 200-300 uM by
repeated centrifugal ultrafiltration at 1000 x g in an Amicon 10 kDa MWCO spin filter followed by buffer
dilution and re-concentration. The compositions of the final buffers used were either (1) 65 mM
imidazole at pH 5.5, 2 mM DTT, 10% D20, 1 mM EDTA, and 1% LMPC or (2) 25 mM Na acetate pH 5.5, 75
mM NacCl, 1 mM EDTA, 10% D20, and approximately 5% B-DDMB or B-DDM. Concentrated samples
were stored at room temperature.

Expression and Purification of PMP22. Wild-type PMP22 was expressed and purified according to
previously published protocol(11) with slight modifications. Briefly, the Hisio-tagged PMP22 fusion
protein was expressed recombinantly in Escherichia coli BL21(DE3) Star grown in minimal media at 20BC.
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Protein expression was initiated by the addition of IPTG when the ODgyo reaches 1.0-1.2 and cells were
grown for an additional 24 hours at 20BC before harvesting. After cell lysis, the fusion protein was
extracted from the membrane using Empigen (Sigma) and was bound to Ni(ll) resin. After washing with
40 mM imidazole to remove nonspecific binding, Empigen was then exchanged with the desired
detergent by washing the resin containing the bound protein extensively with 25 mM phosphate buffer
(pH 7.2), 1.0 mM TCEP, and 0.5% (w/v) of the desired detergent. The fusion protein was then eluted
with buffer containing 50 mM TRIS, pH 8.0, 250 mM imidazole, 1.0 mM TCEP, and 0.5% of the desired
detergent, and was then subsequently cleaved using thrombin.

After thrombin cleavage, the cleaved PMP22 is separated from the uncleaved fusion protein by
again conducting Ni(ll) affinity chromatography where the post-cleavage mixture was buffer-exchanged
and resuspended in 50 mM TRIS, pH 8.0, 40 mM imidazole, 1.0 mM TCEP before incubation with Ni(ll)
resin for an hour. The resin was then washed with increasing concentration of imidazole. The cleaved
PMP22 is mostly present in the flow through and the first wash eluate of the resin with 40 mM
imidazole. These two solutions contain a few contaminants, so they are pooled together and buffer-
exchanged with buffer containing 50 mM acetate (pH 5.0) and 1 mM DTT for further purification by
cation exchange chromatography using a Hi-Trap SP-sepharose FF cation exchange column (GE
Healthcare Life Sciences). For the sample in TDPC, PMP22 elutes at around 0.20 M NaCl, while for the
samples at DDM and DDMB, PMP22 elutes at both 0.20 M and 0.40 M NaCl. The fractions containing
PMP22 were pooled, buffer-exchanged, and concentrated using a 30 kDa MWCO Amicon Ultra
centrifugal filters (Millipore). The final NMR buffer contains 50 mM acetate (pH 5.0), 10 mM DTT, 1 mM
EDTA, 5% D,0.

DAGK Enzyme Activity Assays. Assays were conducted using variations of a previously reported
assay(12,13). 0.2 mg/mL DAGK stock solutions in the detergent-containing elution buffer from above
were prepared, from which aliquots were used to start DAGK activity assay reaction. The DAGK activity
assay couples the production of ADP by DAGK upon phosphorylation of DAG to the conversion of NADH
to NAD+ by excess lactate dehydrogenase and pyruvate kinase. One mL of assay mix (75 mM PIPES pH
6.9, 50 mM LiCl, 0.1 mM EGTA, 0.1 mM EDTA, 0.2 mM DTT, 1 % (w/v) B-DM, B-DDM, or B-DDMB, 3 mol
% cardiolipin, 4.5 mol% dihexanoylglycerol, 20 units each of lactate dehydrogenase and pyruvate kinase,
1 mM phosphoenolpyruvate, 3 mM ATP, 0.25 mM NADH, and 15 mM MgAcetate) were pipetted into a
guartz cuvette and then incubated in a 30 °C temperature-controlled UV-Vis spectrophotometer sample
cell. The B-DDM and B-DDMB assay mixes contained roughly slightly less cardiolipin than the traditional
[B-DM assay mixes due to the increased molecular weight of DDM. A ~2 pl aliquot of purified DAGK at
0.2 mg/mL was thoroughly mixed with the assay solution to start the assay, which was monitored at 340
nm. The linear decrease of absorbance at 340 nm signifies conversion of NADH to NAD+ and was
guantitated to determine the DAGK activity as in previous work (12). Error bars reflect standard
deviations calculated based on 3-4 replicates per condition.

Expanded Figure Captions (see main paper):

Figure 2.1. Use of dynamic light scattering (DLS) to characterize the mean radius of hydration (Rh) of B-
DDMB and B-DDM micelles. A) 10mM DDMB (black) or 10mM DDM (red) detergent was dissolved in water
and subjected to a 1°C/min temperature ramp; apparent micelle size was tracked by DLS. Each mean
hydrodynamic radius value is the average over a temperature range indicated. For mean radius of 27 °C
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the temperature range is 22-32 °C and for 50 °C the temperature range is 45-50 °C. B) Example of a
temperature ramp used in panel A. C) B-DDMB micelle size as a function of pH (average value of the
temperature range from 22 to 70 °C. The buffer was either 25mM imidazole buffered at pH 7.5 or 6.5 or
25mM sodium acetate at pH 5.5 or 4.5. The total B-DDMB concentration was 10 mM. D) 3-DDMB micelle
size (average value over the temperature range from 22 to 55 °C) as a function of salt concentration at 10
mM total B-DDMB.

Figure 2.2. Thermal stability of DAGK in B-DDMB and other detergents. DAGK samples (0.2 mg/ml) were
incubated at 70°C, with aliquots being removed at time points and flash frozen prior to later assay in the
standard DM/cardiolipin mixed miceller DAGK activity assay (12). The B-DDMB, B-DDM, B-DM, and DPC
concentrations were 0.5 wt% (5 mg/ml) and samples were buffered with 250mM imidazole at pH 7.8.

Figure 2.3. DAGK activity assays started with detergent aliquots of DAGK diluted various micelle and mixed
micelle assay mixtures. DAGK was purified into DDMB, DM, or DDM micelles. The long-established
“standard” assay condition is labeled DM1XCL and contains 21 mM B-DM and 0.66 mM (3 mol%) CL. “1XCL”
refers to the fact that the mole fraction of CL in the mixture is the same (1X) that as in the traditional assay
procedure(12). All assays contained 1 wt% detergent (3B-DDMB, B-DDM or -DM) and either no lipid (OCL),
0.66 mM CL (1CL), or 1.32 mM CL (2CL). The B-DDM and B-DDMB assay mixes contain ~6 % less mol %
cardiolipin than the DM assay mix.

Figure 2.4. NMR spectra of single span membrane proteins in B-DDMB and in other detergents. **N,H-
TROSY-HSQC spectra were collected at 45°C on a 900MHz or 800MHz cryoprobe-equipped Bruker Avance
[l. A) 400puM C99 in 9% B-DDMB 25mM sodium acetate pH 6.5 (black) and 400uM C99 in 9% LMPG plus
25mM Imidazole pH 6.5 (red). C) 230uM Notch-TMD in 5% B-DDMB plus 25mM sodium acetate pH 5.5
(black) and 300uM Notch-TMD in 1% LMPC 65mM imidazole pH 5.5 (red). B) 400uM C99 in 9% B-DDMB
plus 25mM sodium acetate pH 4.5 (black) and 300 uM C99 in 9% B-DDM 25mM sodium acetate pH 4.5
(red). D) 230uM Notch-TMD in 5% B-DDMB plus 25mM sodium acetate pH 5.5 (black) and 300uM Notch-
TMD in 4.5% B-DDM plus 25mM sodium acetate pH 5.5 (red). E) 350uM PMP22 in 20% 3-DDMB plus 50
mM acetate (pH 5.0), 10 mM DTT, 1 mM EDTA (black) and 700uM PMP22 in 20% TDPC plus 50 mM acetate
(pH 5.0), 10 mM DTT, 1 mM EDTA (red). F) 350uM PMP22 in 20% B-DDMB plus 50 mM acetate (pH 5.0),
10 mM DTT, 1 mM EDTA (black) and 400uM PMP22 in 20% B-DDM plus 50 mM acetate (pH 5.0), 10 mM
DTT, 1 mM EDTA (red).

Table S2.1. Micelle molecular weights determined by DLS and SLS for 3-DDMB and for selected other
previously well-characterized detergents.
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Detergent DLS Micelle SLS Micelle Aggregation Aggregation Number
MW(Da)® MW(Da) Number (Literature)

B-DM 33,000 £ 700 31,500 + 200° 67-70 (DLS) 692, 82-90 (14)
65-66 (SLS)

B-DDM 59,000 + 3000 N/A 109-121 (DLS) 78-149 (15), 135-145

(14) (1)

DPC 26,500 + 1000 19,500 + 400¢ 73-78 (DLS) 542
54-57 (SLS) 60-80(14)

B-DDMB 42,000 £ 2000 44,400 + 300° 80-88 (DLS) 65 (a/B anomeric
87-89 (SLS) mixture) (16)

a. Values previously reported by Anatrace in their catalog.
b. DLS values were conducted at 25 °C with a detergent concentration of 10mM in water.
c. Values calculated at 10% DPC w/v in phosphate buffer solution pH 6.5.
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Appendix 2. Bicelles Rich in both Sphingolipids and Cholesterol and Their Use in

Studies of Membrane Proteins

The document includes:
Materials and Methods
Supplementary Figures $3.1-S3.6
Supplementary Table S3.1

Supplementary References

Materials and Methods.

Materials: B-n-Dodecyl melibioside (DDMB), 1-myristoyl-2-hydroxy-sn-glycero-3-phosphocholine
(LMPC), and 1-myristoyl-2-hydroxy-sn-glycero-3-phospho-(1'-rac-glycerol) (LMPG) were purchased from
Anatrace. 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dimyristoyl-sn-glycero-3-
phospho-(1'-rac-glycerol) (DMPG) were purchased from Avanti Polar Lipids or CardenPharma. High
purity cholesterol, imidazole, isoleucine, valine, alanine, phenylalanine, leucine, lysozyme, DNase, and
RNase were purchased from Sigma-Aldrich. Amicon Ultracel 10 kDa and 30kDa molecular weight cut-off
(MWCO) spin filters were purchased from Millipore. D,0 (99%), 1>’N-amino acids, and **NH4Cl were
purchased from Cambridge Isotopes Lab. Lauryl betaine (Empigen), 30% solution, was purchased from
BOC Sciences. PerfectPro Ni-NTA Superflow nickel resin was purchased from 5-Prime. Dithiothreitol
(DTT) and isopropylthiogalactoside (IPTG) were purchased from Research Products International. (S-(1-
oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate) (MTSL), 2-(14-
carboxytetradecyl)-2-ethyl-4,4-dimethyl-3-oxazolidinyloxy (16-DSA), and Gd-diethylenetriamine penta-
acetic acid (Gd-DTPA) were purchased from Santa Cruz Biotechnology. Egg Sphingomyelin was
purchased from NOF Corporation. (N,N'-Dimethyl-N-(iodoacetyl)-N'-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)ethylenediamine) (IANBD) and (1,5-IAEDANS, 5-((((2-iodoacetyl)amino)ethyl)amino)naphthalene-1-
sulfonic acid) (IAEDANS) were purchased from Thermo Fisher.

Detergent Solubilization Tests for Cholesterol and/or Sphingomyelin-Containing Lipid Mixtures. 50
mgs of various cholesterol and/or sphingomyelin-containing lipid mixtures (see Table S1) were mixed
with any one of 35 different detergents at the desired lipid-to-detergent mole ratio (q) in sealable glass
vials with 1 ml of 50 mM phosphate buffer plus 1 mM EDTA at pH 7.0. The final detergent+lipid
concentration was therefore 5% wt/vol. A cross-section of 35 different detergents were selected and a
total of over 200 mixtures were tested. Samples were mixed vigorously by vortexing and then subjected
to repeated heating (up to 100 °C) and cooling (including ice bath) cycles, flash freeze-thaw cycles with
thawing first at room temperature and then via warm bath sonication (Fisher Scientific Solid-State
Ultrasonic FS-9), and 10 day incubation at 37 °C to test in a robust manner if it was possible to form fully
dissolved mixtures of mixed micelles or bicelles, depending on q ratio. Results are summarized in Table
S1.
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SCOR Bicelle Formation

Powdered DMPC, sphingomyelin, and cholesterol were warmed in sealed container from -30 °C to room
temperature before being weighed out into a sealable ~15 mL glass vial. A benzene and ethanol mixture
(95:5 v/v) was used to fully dissolve the lipid mixture with the aid of vortexing. Once fully dissolved, the
majority of the solvent was evaporated at 45 °C with a Smart Evaporator C1 (BioChromato) equipped
with a small roughing pump. The resulting gel-like mixture was then frozen and lyophilized overnight to
remove remaining solvent. A 15 wt % stock solution of DDMB in ultrapure water was added to the
lyophilized lipids to the desired DDMB-to-total lipid mole ratio to create a proto-bicelle mixture.
Additional ultrapure water with ~1mM EDTA pH 7.8 was added to bring the proto-bicelle mixture to the
desired final volume, with a typical final detergent+lipid weight-% value being 4%. The mixture was then
extensively vortexed and flash frozen in liquid nitrogen. The frozen mixture was then placed in a warm
sonication bath (Fisher Scientific Solid-State Ultrasonic FS-9) until it thawed and warmed to the bath
temperature. This cycle of vortexing, freezing, and sonicated thawing was repeated at least three times,
but some lipid mixtures required over 30 cycles to become completely clear. Generally, the final bicelle
solution was a 4 wt % bicelle solution of 10 mL volume. Dynamic light scattering (see below) was used
to confirm that the bicelles were present and of the expected size. Bicelles were always prepared in
advance and stored at -30 °C after being flash frozen. The primary sphingolipid and cholesterol-rich
(SCOR) bicelles referred to in the paper contain an overall lipid:detergent mole ratio of 1:3 (q=0.33) with
the lipid component consisting of DMPC:Egg Sphingomyelin:Cholesterol at a molar ratio of 4:2:1. Other
mixtures that were tested for possible bicelle formation are listed in Supplemental Table 1. Egg SM is
predominantly (~86 mole %) composed of the saturated C16-amidated form
(https://avantilipids.com/product/860061), with minor compositions of other saturated forms, including
the C18-amidated form (~6 mole %) and the C22-amidated form (3 mole %); the C24:1 unsaturated form
is also present (~3 mole %).

Solid State NMR of 4:2:1 DMPC:eggSphingomyelin:Cholesterol Bilayered Vesicles

DMPC or DMPC-ds4, egg SM, and cholesterol were mixed in a chloroform/methanol mixture at a molar
ratio of 4:2:1. After evaporating the solvent, the samples were re-dissolved in cyclohexane and
lyophilized overnight. The obtained fluffy powder was hydrated with 50 wt% D,0 for *H MAS NMR or
with deuterium-depleted H,0 to generate multilamellar vesicles for the other solid state NMR
measurements.

Static 2H and 3P NMR experiments were carried out on a Bruker Avance | 750 MHz spectrometer
(Bruker Biospin, Rheinstetten, Germany) operating at resonance frequencies of 114.9 MHz for 2H and
303.1 MHz for 3'P. A double channel solids probe equipped with a 5 mm solenoid coil was used.

For the 3!P NMR spectra, a Hahn-echo pulse sequence was used. A 3'P 90° pulse length of 14 ps, a Hahn-
echo delay of 30 s, a spectral width of 100 kHz, and a recycle delay of 2.5 s were used. Continuous-
wave proton decoupling was applied during signal acquisition. The measured NMR spectra were
simulated using a program written in Mathcad 2001 to obtain the chemical shift anisotropy. The 2H NMR
spectra were accumulated with a spectral width of +250 kHz using quadrature phase detection. A phase-
cycled quadrupolar echo sequence was used.(17) The typical length of a 90° pulse was 5.0 us, and a
relaxation delay of 1 s was applied. NMR spectra were dePaked using the algorithm of McCabe and
Wassall(18) and the order parameter profiles of the acyl chains were determined.(19)

'H magic-angle spinning (MAS) NMR measurements were conducted on a Bruker 600 Avance IIl NMR
spectrometer at a resonance frequency of 600.1 MHz using a triple channel 3.2 mm MAS probe. The H
90° pulse length was 4 us and the relaxation delay was 3 s. The MAS frequency was 10 kHz.
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Small Angle X-Ray and Neutron Scattering

SCOR bicelle stocks were prepared at Vanderbilt and checked by DLS before being flash frozen and
shipped on dry ice to the ORNL Bio-SANS and NSLS Il LiX beamlines, where they were stored frozen and
subjected to small angle scattering experiments, both X-ray and neutron. On arrival, SANS bicelle
samples were checked for homogeneity and radius of gyration with a BioSAXS-2000 (Rigaku). Bicelle
samples were diluted to 0.5 or 1.0 wt % to suppress inter-particle interactions (i.e. structure factor) to
scattering curves while maintaining signal. It is known from DLS that SCOR bicelles of a given DDMB/lipid
composition maintain their size over a range of concentrations spanning 0.25 wt% to 20.0 wt%. Bicelle
samples were buffered with 10 mM imidazole pH 6.5, 0.1 mM EDTA, and 0.3 mM DDMB (0.3 mM being
the CMC of DDMB). Samples were syringe-filtered through a 0.1um filter before being placed in a banjo
cell on the beamline. SANS scans of fully protonated SCOR bicelles at lipid:detergent mole-to-mole ratios
(q) of 0.25, 0.33, 0.5, and 1.0, as well as of DDMB-only micelles scans, were collected in ~100 % D,0
buffer.

SAXS experiments were performed on the 16ID-LiX beamline at the National Synchrotron Light Source |
(NSLS 1), located at the Brookhaven National Laboratory (Upton, NY), with the standard flow-cell-based
solution scattering setup and the X-ray energy of 13.5 keV with Q range from 0.005 to 2.5 A~ Radial
averaging and Q-conversion of data were performed using the standard software, merging data from all
three detectors used in the measurements. The background subtraction was performed based on the
water scattering (hydrogen bond) at ~2.0 A%

All SANS experiments were conducted at Oak Ridge National Lab on the Bio-SANS(20) beamline at a
sample-to-detector distance of 7 m using an average neutron wavelength of 6 A with a wavelength
spread of 15%. The combination of small-angle and wide-angle detectors allowed detection of Q ranging
from 0.003 to 0.7 A* where Q is the scattering vector, defined as Q=4nm/A sin /2, with 8 and A being
the scattering angle and wavelength, respectively. The radius of gyration was determined from bicelles
with the ATSAS software. Appropriate background of buffer was subtracted and data reduction was
carried out before fitting following the standard procedure provided by facility-supplied reduction
software.

Small Angle Scattering Analysis
SANS data analysis was performed using SASView 4.2.0 software (http://www.sasview.org/). The core-
shell bicelle model used here is defined by the following equations. The scattering length density of the

bicelle core (p.), face (ps) and rim (p;) are defined as the follows:
pc 0<r<R;, -L<z<L

p(r) =4pr 0<r <R, —(L+t;)<z<-LL<z<(L+t) (1)
pr R<r<R+2t; —(L+t)<z<(L+tf)

Where R, 2L, t;, and t, stand for the radius, length, thickness of face and rim of the bicelle, respectively.
Accordingly, the form factor of the bicelle could be presented in the following equations.

1(q, @) = %fon/z F(q,a)?sin(a) da + BKG (2)
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2J,(qR sin @) sin(qL cos a)

(pe = pr)Ve (qRsina)  qLcosa
2J1(gR sin @) sin(q(L + tf) cos a)
*I" (qRsina) q(L +tf)cosa ®
2J1(q(R + t,) sina) sin(q(L + tf) cosa)
(qR+t)sina)  q(L+tf)cosa

Fga)=| +(pr—pr)Ve

+(pr - ps)Vt

where a is the angle between g and the bilayer normal, whereas V;, Vcand V..r are the total volume of
the bicelle, core, and core + faces, respectively. R is the core radius, 2L is the length of the core, and J; is
first order Bessel function.(21)

Bicelle Transbilayer Bilayer Head Group-to-Head Group Span
SAXS scattering curves for DDMB micelles and SCOR bicelles at various q (Lipid:Detergent mole-to-mole
ratios) were plotted in Origin v8.6. The peak, indicated in Figure 3.2D, was fit to a bi-Gaussian peak to
obtain the peak maximum (Qmax) While accounting for peak asymmetry. Qmax was converted into a
headgroup-headgroup distance, L, in a model independent manner using equation 4.(22)

L=211/Qumax (4)

Modeling of Bicelle Structure/Composition Based on Small Angle Scattering Data

The SCOR bicelle dimensions at a q of 0.33 were determined from the SAXS and SANS global fitting. The
surface area and volume of the bicelles were calculated via equations 5 and 6, respectively, where a, b,
and c are radii and a=b. The surface area of a lipid or detergent head group was assumed to be 70A2.
Average lipid/detergent weights and volumes were calculated based on the overall mol % as shown in
equation 7. The total number of lipid and detergent molecules in a bicelle assembly was determined via
volume and surface area arguments based on the population average (i) shown in equations 8 and 9.
Multiplying the aggregation number by the average molecular weight reveals the bicelles to be ~98000-
106000 Daltons. This value is in agreement with the ~105000 Daltons estimate provided by DLS (will be

described below).
1/1.6

(ab)1'6+(ac)1'6+(bc)1'6)

SApicette = 4”( A (5)

4
Vhicelie = gnabc (6)

1 4 2 1 2
MW, (q=033) = g((MWDMPc * ;) + (MWEggSM * ;) + (MWChol * ;)) +5 (MWppup) (7)
Lipid Parameters Used for These Calculations

Component Molecular Weight Volume (A3)
DDMB 510.6 453*(23)
DMPC 677.9 1099(24)
Egg Sphingomyelin 711 1232(25)
Cholesterol 386.7 630(24)
K (g=0.33) 555 658
* Volume of DDM (which is chemically similar to DDMB)
Nogg= Ybicelle — ._191 molecules (8)
i
Nogg= % = ~177 molecules (9)
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Cryo-EM data collection

3.0 ul of 0.64 wt % bicelle samples (at both q=1and q=0.33)in 75 mM NaCl, 1 mM EDTA, 25 mM
sodium acetate, pH 4.5 were applied to a 200 mesh Quantifoil R1.2/1.3 that was glow discharged for 2
min at 25 milliamperes. The grid was blotted for 2s with a blot force of 5 or 6 before being plunged into
liquid ethane using a Thermo Scientific Vitrobot Mark IV at 22°C and 100% humidity. The bicelle
micrographs were collected using a Thermo Scientific Polara TF30 microscope at Vanderbilt operated at
300 keV. Micrographs were recorded using counted mode on a K2 Summit direct electron detector
(Gatan) at a nominal magnification of 31,000x% in a defocus range of -1.5 to -3.5 um at a low-dose
condition with a calibrated magnification of 1.24 A/pixel. The bicelle samples were exposed for 8 s over
40 frames, resulting in a total dose of 75 e-/A2. Data were collected both manually and with automation
using SerialEM.

Image processing of the Polara datasets

All images were motion-corrected using motioncor2 with a dose weighting parameter of 2.3
e~/angstrom/frame and a total dose of 40e"/A2. The contrast transfer function for each image was
determined using Gctf(26) and used to remove micrographs with low maximum resolution or high
astigmatism. Further processing was carried out using RELION2.(27) Putative particles were identified by
autopicking, using representative class averages obtained from manually picked particles as templates. q
= 1.0 Bicelle particles were extracted at a box size of 250 x 250 pixels and q = 0.33 bicelle particles were
extracted at a box size of 128 x 128. 2D class averages were determined using 25 iterations of
classification. Bicelle dimensions were determined from 50 particles using Imagel.

Dynamic Light Scattering

SCOR bicelle solutions were allowed to equilibrate at room temperature and visually checked for
transparency and diluted to 0.5 wt % solutions [(100X weight (lipid+detergent)/volume] unless noted.
The buffer used for dilution contained a critical micelle concentration of DDMB (0.3 mM), 10 mM buffer
(either sodium acetate for pH 4.5 or imidazole for pH 6.5 and 7.8), and varying NaCl concentration.
Solutions were filtered through 0.1 um syringe filters to remove dust and trace residual lipid vesicles.
The bicelle solution was then added to the inner and overflow chamber of a disposable cuvette, which
helps to suppress evaporation from the experimentally observable inner chamber. Finally, the
disposable DLS cuvette was capped before being loaded in the DLS instrument. Experiments were
generally carried out at 25 °C, with temperature-dependent experiments involving ramping from 22 °C
to 55 °C at a rate of 1 °C/minute. Possible changes in viscosity occurring when ionic strength and/or
temperature were varied were taken into account by the Dynamics 7.5 software (Wyatt Technologies).
The DLS software calculates an apparent hydrodynamic radius (Ry) via the Stokes-Einstein equation (Eq.

10):

kT

where k is Boltzmann’s constant, T is the absolute temperature, 17 is sample viscosity, and D is the
diffusion coefficient. The apparent molecular weight of the SCOR bicelles was calculated in the Dynamics
software, as based on the measured apparent radius of hydration, using the assumption that the density
of the bicelle is similar to that of a globular protein.

Rh=

Recombinant Expression of the C99 Protein

The C99 construct used in this study has been previously purified into, variously, LMPG micelles, DDMB
micelles, and DMPC/DHPC bicelles, as reported.(8,28,29) Therefore, only a brief explanation will be
given here. Unless otherwise stated, the construct used in this study had a tryptophan incorporated in
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the C-terminal purification tag at position 109 to aid in UV-Vis based protein quantification. For °N-
labeled C99 samples, protein was expressed based on a pET-21a vector in BL21(DE3) cells, which were
grown in ®NH4Cl-supplemented M9 medium to an ODeoo of ~ 0.6 before being induced with 1 mM IPTG.
Induced cells were incubated overnight with shaking at 18 °C and harvested in the morning by
centrifugation. The cells were flash frozen in liquid nitrogen and stored at -80 °C. Uniformly triple-
labeled C99 (%H, 13C, and **N) was produced following the gradual conditioning of E. coli cells to
deuterated media as follows: a single colony was picked and allowed to grow overnight at 37 °C in 50 mL
of protonated LB media containing ampicillin. The next morning, 1 mL of the LB media was transferred
to 30 mL of protonated M9 media and allowed to grow to an O.D. of ~0.8 at 37 °C, at which point 1 mL
was placed in 30 mL of 70 % D,0 M9 media containing ampicillin. The 70 % D,O medium was allowed to
grow overnight to an 0.D. of ~0.8 and then one mL was placed in 30 mL of triple labeled (U-*3C,**N, plus
99 % D,0) M9 media at 37 °C. If the cells were able to grow in the 99 % D,0 aliquot to an ODego
approaching 1.0 or above, 8 mL of the aliquot was transferred into ~1 L triple-labeled M9 media at 37 °C
containing ampicillin. This culture was induced when the ODegoo reached ~0.4 with 1.1 mM IPTG and then
incubated with continued shaking at 18 °C for 28 hours before being harvested and flash frozen.

Amino acid-specific labeling was achieved through the use of an auxotrophic E. coli strain, CT19. The
CT19 strain is deficient with regard to synthesis of specific amino acids (Val, Ala, Tyr, Leu, lle, Asp, Phe,
and Trp), such that these amino acids must be added to the medium to enable growth.(30) The “CT19
medium” was similar to traditional M9 except that 0.5g/L of Val, Ala, Leu, lle, and Phe are added directly
to the medium before autoclave-based sterilization. Additionally, 0.5g of Tyr and Asp and 0.1g of Trp
were added to the media when adding other traditional M9 reagents (vitamins, glucose, etc.) before
inoculation. The C99 plasmid used above was transformed into CT19 cells and plated on an ampicillin,
kanamycin, and tetracycline supplemented agar plate. The next day, a colony was picked and placed in
100 mL of antibiotic-supplemented LB, which was allowed to grow overnight at 37 °C. The next morning,
12 mL of the overnight LB was placed in unlabeled CT19 medium and allowed to grow to an O.D. of ~ 0.7
at 37 °C. The CT19 cells were then harvested by centrifugation at 3000xg for 20 minutes at 25 °C before
being resuspended in fresh CT19 medium with a single *N-supplemented amino acid. The cells and
media were then incubated with shaking at 18 °C and induced with 1mM IPTG for 13 hours before being
harvested and flash frozen.

Purification of C99 into SCOR Bicelles

Frozen cell pellets were thawed, suspended in lysis buffer (75 mM Tris pH 7.8, 300 mM NaCl, 5 mM
MgAcetate and 0.2 mM EDTA), and then enzymatically lysed (RNase, DNase, and lysozyme) by tumbling
the mixture for at least 2 hours at RT. The lysate was then probe-sonicated on ice for 10 minutes with a
50% duty cycle followed by centrifugaton at 20,000 x g for 20 minutes at 4 °C. The resulting inclusion
body pellet containing isotopically-labeled C99 was resuspended in lysis buffer with a Dounce
homogenizer and sonicated/centrifuged two more times to remove cytosolic and membrane
contaminants. The inclusion body pellet was dissolved in lysis buffer without EDTA and containing 3%
Empigen detergent and allowed to tumble overnight at 4 °C. The insoluble fraction was removed by
centrifuging the solution at 25,000xg for 45 minutes at 4 °C. The supernatant was combined with pre-
equilibrated Ni-NTA at a ratio of 1 mL of resin for every 7 grams of original wet cell mass. The resin and
supernatant were allowed to tumble at room temperature for 1-2 hours. The suspension was
centrifuged at 200xg to pellet the protein-laden resin, which was loaded into a gravity column and
washed with 20 column volumes (CV) of EDTA-free lysis buffer with 3 % Empigen. To remove weakly
bound impurities and change the membrane mimetic, the column was washed with 20 CV of 0.25 wt %
SCOR bicelles in 30 mM imidazole pH 7.8. C99 was eluted from the column with 0.5 wt % SCOR bicelles
in 500 mM imidazole pH 7.8. Protein elution was tracked my monitoring the absorbance at 280nm and
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only the main peak was collected. The C99 concentration was determined via UV absorption at 280 nm
using a molar extinction coefficient of 11,400 Mcm™; this value is different from previously reported
coefficients due to the inclusion of a tryptophan in the purification tag. The purity of C99 was assessed
by SDS-PAGE. The C99-SCOR bicelle complex was found to remain soluble for several months at
moderately acidic pH, such that glacial acetic acid was used to adjust the pH of the C99 solution to pH
4.5 soon after purification. The protein-bicelle complex was then buffer-swapped into NMR buffer (25
mM sodium acetate pH 4.5 with 75 mM sodium chloride, 1 mM EDTA, and a critical micelle
concentration of DDMB 0.3 mM) by 2 rounds of 10-20X concentration via centrifugal ultra-filtration
using an Amicon Ultra-4 30KDa molecular weight cut-off filter (Millipore) followed by 10X-20X dilution
with the NMR buffer before a final concentration step. The final bicelle concentration was in the 5-10
wt-% range. The concentrated sample was stored at 4 °C for short term storage or frozen in liquid
nitrogen for long term storage at -80 °C.

Backbone NMR Resonance Assignments for C99 in SCOR Bicelles

The NMR resonance assignment process for C99 in SCOR bicelles was challenging due to the large size
(roughly 100 kDa, minus protein) of the g =0.33 SCOR bicelles. All NMR experiments reported here were
measured on a 900 MHz Bruker Avance lll spectrometer equipped with a cryoprobe in a Bruker shaped
sample tube (Z106898) and at 45 °C. TROSY-based HSQC, HNCO, HNCA, and HNCB spectra were acquired
on 400-puM C99 samples in 10 wt % SCOR bicelles q=0.33 in NMR buffer. Non-transmembrane segments
of the protein were easily and confidently assigned, but $3C resonances from transmembrane sites
tended to be very broad even though C99 was perdeuterated. We therefore also incorporated a strategy
in which we collected NMR data for C99 in DDMB micelles, a condition that yields spectra that are
similar to those for C99 in SCOR bicelles, only much more highly resolved (and therefore easier to
assign). TROSY-based HSQC, HNCO, HN(CA)CO, HNCA, and HNCB spectra were acquired on a 350-uM
perdeuterated U-'3C,>N-C99 sample in 10 wt % DDMB in NMR buffer. These spectra were used to help
complete the assignment of the H,*>N-TROSY resonances of C99 in DDMB, as shown in supplemental
Figure S3.4. It was possible to transfer many of these assignments to previously unassigned peaks from
C99 in SCOR bicelles, a process that was facilitated by drawing upon previously completed assignments
for C99 in conventional DMPC/DHPC bicelles.(8) The assighment process was also facilitated by
collection of TROSY spectra from C99 prepared with amino acid type-specific 1°N-labeling. Spectra were
processed in TOPSPIN 3.2 and analyzed using NMRFAM-SPARKY version 1.413. Chemical shift values for
C99 in SCOR bicelles are listed under BMRB ascension number 50083.

Nitroxide Spin-Labeling of C99

C99 was purified and labeled with the paramagnetic probe MTSL as previously reported.(31) C99 with a
L723C or K699C mutation was purified in a similar manner as WT C99, with the following exceptions. To
remove impurities, the initial C99-bound Ni(ll)-resin was washed extensively with 10mM imidazole pH
7.8, 0.05% LMPG in 1x Tris-buffered saline (TBS) followed by an extensive wash with 30mM imidazole,
pH 7.8, 0.05% LMPG in 1x TBS. Next, the mutant C99 was eluted from the resin in 20 mM Tris, 200 mM
NaCl, 0.05% LMPG, 250 mM imidazole at pH 7.8, such that the final C99 concentration for the whole
elution fraction was ~50 uM. The pH of the eluate was adjusted to 6.5 with 1M HCl and 1 mM EDTA was
added before the solution was concentrated 10X to ~0.5 mL using centrifugal ultrafiltration with an
Amicon Ultra-4 30KDa molecular weight cut-off filter cartridge. The retentate was transferred to a 1.5
mL Eppendorf tube and fresh DTT was added to 2.5 mM after replacing the air in the tube with Ar gas.
The sample was gently tumbled at room temperature overnight to reduce disulfide bonds. The next
morning, 250 mM MTSL dissolved in DMSO was added to 10 mM in the L723C or K699C C99 in LMPG
solution, and the sample was gently tumbled at room temperature for 30 minutes before being
transferred to 37 °C for three hours. The sample was stored at room temperature overnight. The sample
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was then buffer-exchanged using the same type of Amicon filter as used above with 50 mM phosphate
buffer pH 7.8 until the final imidazole concentration was 2.5 mM. The MTSL-labeled C99 was then re-
associated to 1 mL of fresh Ni resin by tumbling the resin and protein together for one hour at 4 °C. The
C99-bound resin was then loaded into a gravity column and extensively washed with 50 mM phosphate
buffer pH 7.8 with 0.05 wt % LMPG to remove MTSL-modified DTT and unreacted MTSL. The resin-
associated spin-labeled C99 protein was then re-equilibrated with a SCOR bicelles solution and eluted
from the column as described previously for WT C99 in SCOR bicelles. The spin labeling efficiency for
each C99 sample was quantified by double integrating EPR. The estimated spin label concentration was
then compared to the protein concentration determined by UV absorbance at 280 nm using an
extinction coefficient of 11400 M~*cm™. In both cases, the spin labeling efficiency was observed by EPR
to be ~30-40%.

Measurement of NMR °N Relaxation Times and *H-'°N Steady State NOEs (ssNOEs)

TROSY-based **N T1, T2, and *H-'°N ssNOE were collected on a U-*>N 300 uM C99 sample in 5 wt % SCOR
bicelles at g=0.33 in NMR buffer at 45 °C. Steady-state heteronuclear NOE values were determined from
peak intensity ratios between interleaved spectra collected with and without 3 second presaturation. An
interleaved T1 experiment was run with B values of 0.1, 0.25, 0.5, 0.8, 1.1, 1.4, 2.5, and 4.5 seconds. The
interleaved T2 experiment was run with B times of 17, 34, 51, 68, 85, 102, 119, and 136 milliseconds.
Spectra and relaxation times were analyzed with SPARKY, using its peak height analysis extension. The
reported error for each measurement represents the uncertainty of the fit. For SCOR bicelle samples T2
relaxation rates were too short for many transmembrane C99 sites. Therefore, relaxation times could
not be measured, reflecting the >100 kDa molecular weight of the C99/SCOR bicelle assemblies.

Probing the Membrane Topology of C99 in SCOR Bicelles

Lipophilic (16-DSA) and aqueous (Gd-DTPA) paramagnetic probes have previously been used in
conjunction with NMR to probe the membrane topology of sites within C99 and other membrane
proteins.(29) A 900 MHz Bruker Avance Il spectrometer equipped with a cryoprobe was used to collect
'H,15N-TROSY spectra on 200-400 pM U-°N-C99 samples in 5-10 wt % q=0.33 SCOR bicelles in NMR
buffer at 45 °C. The exposure of amide sites to the paramagnetic probes was determined by comparing
residue peak heights between matched reference and probe-containing C99 samples. The optimal probe
concentration was in each case determined empirically. Due to lipid solubility issues, 16-DSA
experiments required that 16-DSA be added at the early organic solvent step of bicelle preparation (see
previous section). With the exception of the experiment summarized in Figure 3.6C, all Gd(II1)-DTPA and
16-DSA addition experiments were completed in triplicate, with probe-induced reductions in peak
intensity being averaged for the three replicates. In this case, the uncertainty of each measurement was
determined to be the standard deviation calculated for the replicates. One replicate of each experiment
involved a construct of C99 where the purification tag was moved from the C-terminus to the N-
terminus, referred to as NT2, which revealed that results were independent of which terminus the
purification tag was attached to. A non-paramagnetic 16-DSA reference spectrum was collected
following addition of ascorbic acid in NMR buffer to 10 mM as a nitroxide reducing agent, followed by 1-
hour incubation before collecting the reference spectrum. Gd-DTPA experiments were carried out by
collecting TROSY spectra using matched acquisition parameters, first in the absence of the chelate and
then following addition of Gd-DTPA dissolved in NMR buffer to 1 mM.

Water-protein NH proton chemical exchange was also tracked by NMR. CLEANEX-PM(32) HSQC spectra
was acquired on 350 pM U-"N-C99 samples in 10 wt % SCOR bicelles q=0.33 in NMR buffer at 45 °C.
Peak intensities acquired with 100, 50, and 10 ms mixing times were compared to a reference spectrum.
It was found that the 50 ms mixing time result exhibited the highest dynamic range of peak intensities.
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Forster Resonance Energy Transfer (FRET) of C99 in SCOR Bicelles

L732C C99 was overexpressed in a large culture (12 L) and was purified into g = 0.33 SCOR bicelles,
followed by adjustment of the pH to 4.5 with glacial acetic acid. EDTA and fresh DTT were added to the
protein solution to 1 mM and 2.5 mM, respectively, and the solution was tumbled overnight at room
temperature. The reduced protein was checked using SDS-PAGE to verify that L732C C99 was
monomeric. The L732C-C99 in SCOR bicelle solution was then buffer-swapped into NMR buffer to
remove DTT and concentrated 10X with an Amicon Ultra-4 30KDa filter cartridge, repeated three times.
The protein concentration was determined by UV spectrophotometry at 280 nm before being split into
two aliquots. To each aliquot was added either fresh DMSO-dissolved IANBD or IAEDANS from 200 mM
stocks to a molar concentration 10 times that of C99. The mixture was covered in foil and allowed to
react with the dyes for two days at room temperature with gentle tumbling. To remove excess dye, the
samples were extensively buffer exchanged into fresh NMR buffer. Labeling efficiency was determined
using UV-Vis by comparing the protein concentration and dye concentrations using extinction
coefficients of 5600 M*cm™ at 337 nm for IAEDANS and 23700 Mlcm™ at 472 nm for IANBD. While the
extent of IAEDANS labeling was found to be ~100 %, the IANBD labeling efficiency was found to be only
~25 %.

All FRET experiments were conducted at 25 °C and samples were mixed for at least 1 hour before
collection of a spectrum. IAEDANS (donor) was excited at 336 nm and IANBD (acceptor) was excited at
463 nm while emission spectra were collected from 346 to 700 nm. FRET experiments were carried out
on a Fluoromax-3 (Horiba) spectrometer. Experiments with increasing acceptor-labeled C99 maintained
a constant protein-to-lipid ratio. FRET efficiency (E) was determined according to equations 11 and 12
and then normalized from 0 to 1 so the methods of determining efficiency could be compared. Ipa is the
intensity of the donor in the presence of acceptor and I is the intensity of the same concentration of
donor in the absence of acceptor.

(B) =1-22 (11)
D
Ia is the intensity of the acceptor and Ip is the intensity of the donor.
— _la
(B) = 4 (12)

Both methods yielded similar efficiency values when normalized from 0 to 1 and were linear in nature.

Electron Paramagnetic Resonance (EPR) Double Electron Electron Resonance (DEER) of C99 in SCOR
Bicelles.

X-band (9.5 GHz) CW-EPR spectra were collected at room temperature using a Bruker EMX spectrometer
at an incident power of 10 mW and 1.6-gauss modulation amplitude. DEER experiments were performed
at 83 K on a Bruker 580 pulsed EPR spectrometer at Q-band frequency (34 GHz) using a standard four-
pulse protocol.(33) Samples were diluted with NMR buffer from ~200 BM K699C or L723C C99 in NMR
buffer and 5 % SCOR bicelles (g = 0.33). Analysis of the DEER data to determine the distance probability
distribution (P(r)) was carried out using in house software running in MATLAB.(34)

Glutaraldehyde Crosslinking of C99 in SCOR Bicelles

Glutaraldehyde (GA) crosslinking followed by SDS-PAGE was used to probe the oligomerization of C99.
C99 was purified into SCOR bicelles as described above. A stock protein sample of 250 uM C99 in 2.5 wt-
% bicelles g =0.33 was aliquoted into a 50-pL volume containing freshly diluted glutaraldehyde, 50 M
€99, SCOR bicelle g=0.33 from 0.5 to 4.0 wt % and 0.1 mM EDTA. Chemical crosslinking and other
biophysical techniques below require a lower protein and bicelle concentration than the NMR
experiments, but the ratio of C99 to lipid is similar between all experiments. Samples were mixed and
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then allowed to react at room temperature for 30 minutes before 15 uL was removed and quenched
with 2 pL of 1 M tris-glycine. Samples were then subjected to SDS-PAGE stained with SimplyBlue and
imaged on a Kodak Gel Logic 112. Images were checked for oversaturation. Oligomeric band signals
were integrated and analyzed using Imagel. This process was repeated for three separate C99
purifications.

lon mobility - mass spectrometry (IM-MS) experiments.

All IM-MS data were collected using a Synapt G2 HDMS IM-Q-ToF mass spectrometer (Waters, Milford,
MA), with a direct infusion nESI source set to positive ion mode. The instrument settings were tuned to
generate intact C99 and C99 complex ions while completely dissociating them from SCOR bicelles,
including appropriately tuned settings for the sampling cone (80 V), trap cell accelerating potential
(200V) and the transfer cell accelerating potential (70V).(35,36) The trapping cell wave velocity and
height were 116 m/s and 0.1 V. The IMS wave velocity and height were 250 m/s and 15 V. The transfer
cell wave velocity and height were 300 m/s and 10 V. Prior to analysis, C99 in SCOR bicelles at a protein
concentration of 29 uM was exchanged from buffer containing 25 mM sodium acetate, 75 mM NaCl, 1
mM EDTA, 500 mM imidazole, and 1 x CMC (0.3 mM) of DDMB to 200 mM ammonium acetate
containing 1 x CMC of DDMB detergent using 30 kDa Amicon Ultra-0.5 centrifugal filter cartridges
(MilliporeSigma, Burlington, MA). For bicelle dilution experiments, C99 was bound to Ni resin as
described above and the resin was split into equal aliquots. Different wt/v percentages of bicelles were
used to elute C99 from each aliquot of resin and each dilution was buffer exchanged and analyzed via
IM-MS the same way. For all SCOR bicelles measured at varying wt %, C99 was observed as monomeric,
dimeric, and trimeric species, with charge state distributions of 4+ - 6+, 7+ - 12+, and 11+ - 13+
respectively. These charge states were observed to persist across all bicelle weight percentages, and
were extracted into a text-based format using TWIM Extract to compute the relative intensity of each
species at a given bicelle weight percentage.(37)
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Supplementary Figures.
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Figure S3.1. 'H magic angle spinning (MAS) NMR spectra of hydrated DMPC/egg-SM/cholesterol
(4/2/1 mol/mol/mol) vesicles at various temperatures. NMR spectra were recorded at a MAS

frequency of 10 kHz.
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Figure S3.2
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Figure S3.2. Fitting of small angle scattering data for SCOR Bicelles. (A) Descriptive dimensions for the
core-shell bicelle model. (B) Bicelle dimensions as a function of g, based on fitting the SAXS and SANS
data to the core-shell bicelle model shown in A.

132



Figure S3.3
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Figure S3.3. Example of use of 3-D NMR data to assign backbone resonances for C99 in SCOR bicelles. C
a peaks are shown in red and C 3 peaks are shown in blue for residues 738-741. This spectrum was
collected on a 400-uM C99 sample in 10 wt % SCOR bicelles, g=0.33, in NMR buffer at 45 °C in a shaped

tube at 900 MHz.
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Figure S3.4
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Figure $3.4. Assigned H,”>N-TROSY NMR spectrum of C99 in DDMB Micelles. The backbone amide

. ide H-
15N peaks are labeled according to amino acid number. This spectrum was collected using a 350-uM C99

sample in 10 wt % DDMB in NMR buffer at 45 °C in a shaped tube at 900 MHz
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Figure S3.5
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Figure $S3.5. Using of specific ®N-amino acid labeling to help resolve ambiguous resonance
assignments in SCOR bicelles. °*N-specifically labeled amino acid TROSY spectra are overlaid on top of
the black spectrum (900 MHz) from U->N-C99 (the latter from a sample containing) 500 uM C99 in 10
wt % SCOR bicelles, g=0.33, in NMR buffer and a shaped tube at 45 °C. Spectra from C99 samples
labeled, respectively, with >N-Phe (500 uM, navy), ©>°N-Leu (400 uM, yellow), °N-Val (400 uM, green),
1>N-lle (600 uM, red), and *N-Ala (400 uM, cyan) were all collected in 20 wt % SCOR bicelles, q=0.33, in
NMR buffer, using an 800MHz magnet at 45 °C.
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Figure S3.6
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Figure S3.6. Replot of the Gd(III)-DTPA and 16-DSA paramagnetic probe NMR experiments presented
in Figure 3.6B of the main paper. The plot is the same except that n=3 error bars for each data point are
now shown. (A) Mean intensity reduction for residues of C99 in topology experiments with 1ImM Gd-
DTPA present. (B) Mean intensity reduction for residues of C99 in topology experiments with 6-9 lipid
mol % 16-DSA present. Both panels represent three independent experiments, in each case with one of
the three experiments using a C99 construct with the purification tag moved from the C-terminus to the
N-terminus. Error is the standard deviation, and small negative peaks indicate unassigned residues (no
data). C99 concentrations for all experiments were between ~200 and 400 uM in 5-10 wt% SCOR
bicelles, g=0.33.
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Table S3.1. Detergent Solubilization Tests for Various Cholesterol and/or Sphingomyelin-

Containing Lipid Mixtures.

Lipid Mixture

2:1 DPPC:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

Detergent

Dodecylphosphocholine (DPC)

Sodium Dodecylsulfate (SDS)

Dodecylphosphocholine (DPC)

Decylphosphocholine (DecPC)

Fenfos-5

Tetradecylphosphocoline (TDPC)

Lyso-myristoylphosphatidylcholine
(LMPC)

Lyso-myristoylphosphatidylglycerol
(LMPG)

Lauryl sarcosine (LSC)
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q ratio

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

cmC
(mM)

1.5

1.5

11

0.12

0.07

1.8

14

Observations

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky at RT.

Did not solubilize with boiling,
ice bath, or freeze thaw,
became clearer in warm room
after 10 days. Still somewhat
cloudy

Solubilized after two cycles of
ice bath, vortexing and boiling,
remains clear at RT

Solubilized after two cycles of
ice bath, vortexing and boiling,
remains clear at RT

Did not solubilize with boiling,
ice bath, or freeze-thaw,
became clearer in warm room
after 10 days. milky at RT

Did not solubilize with boiling,
ice bath, or freeze thaw,
became clearer in warm room
after 10 days. Still somewhat
cloudy, better than SDS

Did not solubilize with boiling,
ice bath, or freeze thaw,
became clearer in warm room
after 10 days. Cloudy at RT

Did not solubilize with boiling,
ice bath, freeze thaw or warm
room. Cloudy and viscous at RT

Did not solubilize with boiling,
ice bath, or freeze thaw,
became clearer in warm room
after 10 days. Cloudy at RT



6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Chol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

Lubrol 17A17 10% 0.33

Brij 97 (Brij 010) 0.33 0.04
Brij 35 0.33 0.09
Brij 58 10% 0.33 0.08
Cymal-4 0.33 7.6
Dodecylmelibioside (DDMB) 0.33 0.3
Decylmaltoside (DM) 0.33 2
Dodecylmaltoside (DDM) 0.33 0.17
Octylglucoside (OGC) 0.33 19
Lauryl Maltoside Neopentylglycol (LMN) 0.33 0.01
Octyl Glucose Neopentyl Glycol (OGNG) 0.33 1
Cymal-5 Neopentylglycol 0.33 0.0058
Tween 20 0.33 0.06
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Solubilized after two cycles of
ice bath, vortexing and boiling,
remains clear at RT

Became cloudy and solid after
going through cycles of the
boiling, ice bath and vortexing,
it also went through a freeze
thaw and was in the warm
room for 10 days. It remains in
a solid gel like state at RT
Solubilized after one cycles of
ice bath, vortexing and boiling,
remains clear at RT

Solubilized after three cycles of
ice bath, vortexing and boiling,
remains clear at RT

Solubilized after one cycles of
ice bath, vortexing and boiling,
remains clear at RT

Solubilized after one cycles of
ice bath, vortexing and boiling,
remains clear at RT

Solubilized after one cycles of
ice bath, vortexing and boiling,
remains clear at RT

Solubilized after one cycles of
ice bath, vortexing and boiling,
remains clear at RT

Solubilized after one cycles of
ice bath, vortexing and boiling,
remains clear at RT

Did not solubilize with boiling,
ice bath, or freeze thaw,
became clearer in warm room
after 10 days. Cloudy and
viscous at RT

Solubilized after two cycles of
ice bath, vortexing and boiling,
remains clear at RT

Solubilized after two cycles of
ice bath, vortexing and boiling,
remains clear at RT

did not solubilize with boiling,
ice bath, or freeze thaw,
became clearer in warm room
after 10 days. Cloudy at RT



6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

Zwittergent-3-14

Zwittergent-3-10

FOSMEA-10

FOSMEA-12

TRIPAO 10%

ASB-14

ANAPOE-C12E8 10%

ANAPOE-C8E4

Cyclophos-5

Cyclophos-7

Fluorinated Octyl Maltoside (FOM)

C-HEGA-11

LDAO

140

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.4

25

0.43

4.5

0.09

4.5

0.63

12

Solubilized after one cycles of
ice bath, vortexing and boiling,
remains clear at RT

Solubilized after one cycles of
ice bath, vortexing and boiling,
remains clear at RT

Solubilized after one cycles of
ice bath, vortexing and boiling,
remains clear at RT

Did not solubilize with boiling,
ice bath, or freeze thaw,
became clearer in warm room
after 10 days. Milky and viscous
at RT

Did not solubilize with boiling,
ice bath, or freeze thaw,
became clearer in warm room
after 10 days. Somewhat cloudy
at RT

Did not solubilize with boiling,
ice bath, or freeze thaw,
became clearer in warm room
after 10 days. Still somewhat
cloudy, better than SDS

Did not solubilize with boiling,
ice bath, or freeze thaw,
became clearer in warm room
after 10 days. Milky and viscous
at RT

Did not solubilize with boiling,
ice bath, or freeze thaw,
became clearer in warm room
after 10 days. Somewhat cloudy
at RT

Did not solubilize with boiling,
ice bath, or freeze thaw,
became clearer in warm room
after 10 days. Somewhat cloudy
at RT

Did not solubilize with boiling,
ice bath, or freeze thaw,
became clearer in warm room
after 10 days. Somewhat cloudy
at RT

Did not solubilize with boiling,
ice bath, or freeze thaw,
became clearer in warm room
after 10 days. Cloudy at RT

Solubilized after two cycles of
ice bath, vortexing and boiling,
remains clear at RT

Solubilized after two cycles of
ice bath, vortexing and boiling,
remains clear at RT



6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

Sodium Dodecylsulfate (SDS)

Dodecylphosphocholine (DPC)

Decylphosphocholine (DecPC)

Fenfos-5

Tetradecylphosphocoline (TDPC)

Lyso-myristoylphosphatidylcholine

(LMPC)

Lyso-myristoylphosphatidylglycerol
(LMPG)

Lauryl sarcosine (LSC)

Lubrol 17A17 10%

Brij 97 (Brij 010)

Brij 35

141

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

1.5

11

0.12

0.07

1.8

14

0.04

0.09

Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final Solution is milky
with large particulate.

Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky
with large particulate.

Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky
with large particulate.

Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final Solution is milky
with large particulate.

Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is
consistently milky

Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky
with large particulate.

Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final Solution is
consistently milky

Solubilized after one cycle of ice
bath/boiling. Looks cloudy, but
like a tradtional 2.5 bicelle.

Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky
with large particulate.

Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky
with large particulate.

Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky
with large particulate.



6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

Brij 58

Cymal-4

Dodecyl Melibioside (DDMB)

Decylmaltoside (DM)

Dodecylmaltoside (DDM)

Octylglucoside (OGC)

Lauryl Maltoside Neopentylglycol (LMN)

Octyl Glucose Neopentyl Glycol (OGNG)

Cymal-5 Neopentylglycol

Tween 20

Zwittergent-3-14

142

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

0.08

7.6

0.3

0.17

19

0.01

0.0058

0.06

0.4

Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is
consistently milky

Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky
with large particulate.

Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky/

Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky
with large particulate.

Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky.
Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky.
Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky.
Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky.
Did not solubilize upon adding
detergent solution, boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is
consistently milky.

Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is
consistently milky.

Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky.



6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

6:1:1 POPC:ESM:Cholesterol

Zwittergent-3-10

FOSMEA-10

FOSMEA-12

TRIPAO 10%

ASB-14

ANAPOE-C12E8 10%

ANAPOE-C8E4

Cyclophos-5

Cyclophos-7

Fluorinated Octyl Maltoside (FOM)

C-HEGA-11

LDAO

143

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

2.5

25

0.43

4.5

0.09

4.5

0.63

12

Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky.
Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky.
Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky.
Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky.
Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky.
Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is
consistently milky.

Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is
consistently milky.

Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky.
Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky.
Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky.
Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky.
Did not solubilize upon adding
detergent solution, Boiling-ice
bath cycles, freeze thaw, or
after placing in warm room for
10 days. Final solution is milky.



2:1 DPPC:Cholesterol

2:1 DPPC:Cholesterol

2:1 DPPC:Cholesterol

2:1 DPPC:Cholesterol

2:1 DPPC:Cholesterol

2:1 DPPC:Cholesterol

2:1 DPPC:Cholesterol

2:1 DPPC:Cholesterol

2:1 DPPC:Cholesterol

2:1 DPPC:Cholesterol

2:1 DPPC:Cholesterol

2:1 DPPC:Cholesterol

2:1 DPPC:Cholesterol

Decylphosphocholine (DecPC)

Lauryl sarcosine (LSC)

Lubrol 17A17 10%

Brij 35

Brij 58

Cymal-4

Beta-Decylmaltoside (DM)

Beta-Dodecylmaltoside (DDM)

Beta-Octylglucoside (OGC)

Beta-Octyl Glucose Neopentyl Glycol

(OGNG)

Cymal-5 Neopentylglycol

Zwittergent-3-14

Zwittergent-3-10

144

0.33

2.5

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

11

14

0.09

0.08

7.6

0.17

19

0.0058

0.4

25

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky at RT.



2:1 DPPC:Cholesterol

2:1 DPPC:Cholesterol

2:1 DPPC:Cholesterol

2:1 DPPC:Cholesterol

2:1 DPPC:Cholesterol

6:3:1
DMPC:ESM:Cholesterol

6:3:1
DMPC:ESM:Cholesterol

6:3:1
DMPC:ESM:Cholesterol

6:3:1
DMPC:ESM:Cholesterol

6:3:1
DMPC:ESM:Cholesterol

6:3:1
DMPC:ESM:Cholesterol

6:3:1
DMPC:ESM:Cholesterol

6:3:1
DMPC:ESM:Cholesterol

Beta-Dodecyl Melibioside (DDMB)

FOSMEA-10

C-HEGA-11

LDAO

Brij 97 (Brij 010)

Dodecylphosphocholine (DPC)

Decylphosphocholine (DecPC)

Lauryl sarcosine (LSC)

Brij 35

Cymal-4

Beta-Decylmaltoside (DM)

Beta-Octylglucoside (OGC)

Beta-Octyl Glucose Neopentyl Glycol

(OGNG)

0.33

0.33

0.33

0.33

0.33

0.33

0.33

2.5

0.33

0.33

0.33

0.33

0.33

0.3

12

0.04

1.5

11

14

0.09

7.6

19

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky at RT.
Solubilized after two cycles of
ice-bath, boiling, and vortexing.
Final solution is clear at RT

Solubilized after two cycles of
ice-bath, boiling, and vortexing.
Final solution is clear at RT

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is cloudy at RT.

Solubilized after two cycles of
ice-bath, boiling, and vortexing.
This solution showed viscosity
above RT. Final Solution is clear
at RT

Solubilized after two cycles of
ice-bath, boiling, and vortexing.
This solution showed viscosity
above RT. Final Solution is clear
at RT

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky at RT.



6:3:1
DMPC:ESM:Cholesterol

6:3:1
DMPC:ESM:Cholesterol

6:3:1
DMPC:ESM:Cholesterol

6:3:1
DMPC:ESM:Cholesterol

6:3:1
DMPC:ESM:Cholesterol

6:3:1
DMPC:ESM:Cholesterol

6:3:1

DMPC:ESM:Cholesterol

6:3:1

DMPC:ESM:Cholesterol

2:1:1 POPC:ESM:Cholesterol

2:1:1 POPC:ESM:Cholesterol

2:1:1 POPC:ESM:Cholesterol

2:1:1 POPC:ESM:Cholesterol

Cymal-5 Neopentylglycol

Zwittergent-3-14

Zwittergent-3-10

Dodecyl Melibioside (DDMB)

FOSMEA-10

C-HEGA-11

LDAO

Brij 97 (Brij 010)

Dodecylphosphocholine (DPC)

Decylphosphocholine (DecPC)

Lauryl sarcosine (LSC)

Lubrol 17A17 10%

146

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

2.5

0.33

0.006

0.4

25

0.3

11

0.04

1.5

11

14

Solubilized after two cycles of
ice-bath, boiling, and vortexing.
Final Solution is clear at RT

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky at RT.
Solubilized after two cycles of
ice-bath, boiling, and vortexing.
This solution showed viscosity
above RT. Final Solution is clear
at RT

Solubilized after two cycles of
ice-bath, boiling, and vortexing.
Final Solution is clear at RT

Solubilized after two cycles of
ice-bath, boiling, and vortexing.
This solution showed viscosity
above RT. Final Solution is clear
at RT

Solubilized after two cycles of
ice-bath, boiling, and vortexing.
This solution showed viscosity
above RT. Final Solution is clear
at RT

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is cloudy and slighty
viscous at RT.

Solubilized after two cycles of
ice-bath, boiling, and vortexing.
This solution showed viscosity
above RT. Final Solution is clear
at RT

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky
and slightly viscous at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is slightly
milky/consistent at RT.



2:1:1 POPC:ESM:Cholesterol

2:1:1 POPC:ESM:Cholesterol

2:1:1 POPC:ESM:Cholesterol

2:1:1 POPC:ESM:Cholesterol

2:1:1 POPC:ESM:Cholesterol

2:1:1 POPC:ESM:Cholesterol

2:1:1 POPC:ESM:Cholesterol

2:1:1 POPC:ESM:Cholesterol

2:1:1 POPC:ESM:Cholesterol

2:1:1 POPC:ESM:Cholesterol

2:1:1 POPC:ESM:Cholesterol

Brij 35

Brij 58

Cymal-4

Decylmaltoside (DM)

Dodecylmaltoside (DDM)

Octylglucoside (OGC)

Octyl Glucose Neopentyl Glycol (OGNG)

Cymal-5 Neopentylglycol

Zwittergent-3-14

Zwittergent-3-10

Dodecyl Melibioside (DDMB)

147

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.09

0.08

7.6

0.17

19

0.0058

0.4

25

0.3

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is slightly
milky/consistent at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is very cloudy and
slightly viscous at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky/soapy at RT.
Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is very soapy at RT.
Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is soapy and viscous at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently cloudy
at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is soapy and viscous at
RT.



2:1:1 POPC:ESM:Cholesterol

2:1:1 POPC:ESM:Cholesterol

2:1:1 POPC:ESM:Cholesterol

2:1:1 POPC:ESM:Cholesterol

2:1:1 DPPC:ESM:Cholesterol

2:1:1 DPPC:ESM:Cholesterol

2:1:1 DPPC:ESM:Cholestrol

2:1:1 DPPC:ESM:Cholesterol

2:1:1 DPPC:ESM:Cholesterol

2:1:1 DPPC:ESM:Cholesterol

2:1:1 DPPC:ESM:Cholesterol

FOSMEA-10

C-HEGA-11

LDAO

Brij 97 (Brij 010)

Dodecylphosphocholine (DPC)

Decylphosphocholine (DecPC)

Lauryl sarcosine (LSC)

Lubrol 17A17 10%

Brij 35

Brij 58

Cymal-4

148

0.33

0.33

0.33

0.33

0.33

0.33

2.5

0.33

0.33

0.33

0.33

12

0.04

1.5

11

14

0.09

0.08

7.6

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is Consistently very
cloudy at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently slightly
milky at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently very
cloudy at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky and slightly
viscous at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently cloudy
at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently very
cloudy at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.



2:1:1 DPPC:ESM:Cholesterol

2:1:1 DPPC:ESM:Cholesterol

2:1:1 DPPC:ESM:Cholesterol

2:1:1 DPPC:ESM:Cholesterol

2:1:1 DPPC:ESM:Cholesterol

2:1:1 DPPC:ESM:Cholesterol

2:1:1 DPPC:ESM:Cholesterol

2:1:1 DPPC:ESM:Cholesterol

2:1:1 DPPC:ESM:Cholesterol

2:1:1 DPPC:ESM:Cholesterol

2:1 EMS:Cholesterol

Decylmaltoside (DM)

Dodecylmaltoside (DDM)

Octylglucoside (OGC)

Octyl Glucose Neopentyl Glycol (OGNG)

Zwittergent-3-14

Zwittergent-3-10

Dodecyl Melibioside (DDMB)

FOSMEA-10

C-HEGA-11

Brij 97 (Brij 010)

Dodecylphosphocholine (DPC)

149

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.17

19

0.4

25

0.3

12

0.04

15

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution was part gel part liquid
but only liquid and somewhat
clear at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky/soapy at RT.
Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky/soapy at RT.
Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution was part gel part liquid
but only liquid and cloudy at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently very
cloudy at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky and slightly
viscous at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.



2:1 EMS:Cholesterol

2:1 EMS:Cholesterol

2:1 EMS:Cholesterol

2:1 EMS:Cholesterol

2:1 EMS:Cholesterol

2:1 EMS:Cholesterol

2:1 EMS:Cholesterol

2:1 EMS:Cholesterol

2:1 EMS:Cholesterol

2:1 EMS:Cholesterol

2:1 EMS:Cholesterol

Decylphosphocholine (DecPC)

Lauryl sarcosine (LSC)

Lubrol 17A17 10%

Brij 35

Brij 58 10%

Cymal-4

Decylmaltoside (DM)

Dodecylmaltoside (DDM)

Octylglucoside (OGC)

Octyl Glucose Neopentyl Glycol (OGNG)

Zwittergent-3-14

150

0.33

2.5

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

11

14

0.09

0.08

7.6

0.17

19

0.4

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky
and slightly viscous at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently very
cloudy at RT

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is cconsistently milky
at RT.



2:1 EMS:Cholesterol

2:1 EMS:Cholesterol

2:1 EMS:Cholesterol

2:1 EMS:Cholesterol

2:1 EMS:Cholesterol

2:1 EMS:Cholesterol

1:1:1 POPC:ESM:Cholesterol

1:1:1 POPC:ESM:Cholesterol

1:1:1 POPC:ESM:Cholesterol

1:1:1 POPC:ESM:Cholesterol

1:1:1 POPC:ESM:Cholesterol

Zwittergent-3-10

Dodecyl Melibioside (DDMB)

FOSMEA-10

C-HEGA-11

LDAO

Brij 97 (Brij 010)

Dodecylphosphocholine (DPC)

Decylphosphocholine (DecPC)

Lauryl sarcosine (LSC)

Lubrol 17A17 10%

Brij 35

151

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

2.5

0.33

0.33

25

0.3

12

0.04

1.5

11

14

0.09

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky with particles
at RT

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently very
cloudy at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky/soapy and
slightly viscous at RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently very
cloudy at RT.



1:1:1 POPC:ESM:Cholesterol

1:1:1 POPC:ESM:Cholesterol

1:1:1 POPC:ESM:Cholesterol

1:1:1 POPC:ESM:Cholesterol

1:1:1 POPC:ESM:Cholesterol

1:1:1 POPC:ESM:Cholesterol

1:1:1 POPC:ESM:Cholesterol

1:1:1 POPC:ESM:Cholesterol

1:1:1 POPC:ESM:Cholesterol

1:1:1 POPC:ESM:Cholesterol

1:1:1 POPC:ESM:Cholesterol

Brij 58 10%

Cymal-4

Decylmaltoside (DM)

Dodecylmaltoside (DDM)

Octylglucoside (OGC)

Octyl Glucose Neopentyl Glycol (OGNG)

Cymal-5 Neopentylglycol

Zwittergent-3-14

Zwittergent-3-10

B-Dodecyl Melibioside (DDMB)

FOSMEA-10

152

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.08

7.6

0.17

19

0.0058

0.4

25

0.3

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.



1:1:1 POPC:ESM:Cholesterol

1:1:1 POPC:ESM:Cholesterol

1:1:1 POPC:ESM:Cholesterol

4:1:1 POPC:ESM:Chol

6:2:1 POPC:ESM:Chol

6:1:2 POPC:ESM:Chol

6:3:1 DMPC:ESM:Chol

4:1:1 DMPC:ESM:Chol

4:2:1 DMPC:ESM:Chol

2:1:1 DMPC:ESM:Chol

4:1:2 DMPC:ESM:Chol

6:3:1 DPPC:ESM:Chol

C-HEGA-11

LDAO

Brij 97 (Brij 010)

DDMB

DDMB

DDMB

DDMB

DDMB

DDMB

DDMB

DDMB

DDMB

153

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

12

0.04

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is consistently milky at
RT.

Did not solubilize after ice-bath,
boiling, vortexing, freeze
thawing, or being placed in the
warm room for a week. Final
solution is milky/soapy and
slightly viscous at RT.

Solution is clear after one
cycles.

Solution is clear after two
cycles.

Solution is cloudy after three
cycles.

Solution is clear after two
cycles.

Solution is clear after three
cycles.

Solution is clear after three
cycles.

Solution is cloudy after three
cycles.

Solution is cloudy after three
cycles.

Solution is clear after three
cycles.



4:1:1 POPC:ESM:Chol

6:2:1 POPC:ESM:Chol

6:1:2 POPC:ESM:Chol

4:1:1 DMPC:ESM:Chol

6:3:1 DMPC:ESM:Chol

4:1:1 DMPC:ESM:Chol

4:2:1 DMPC:ESM:Chol

2:1:1 DMPC:ESM:Chol

4:1:2 DMPC:ESM:Chol

6:3:1 DPPC:ESM:Chol

DDMB (alpha anomer)

DDMB (alpha anomer)

DDMB (alpha anomer)

DDMB (alpha anaomer)

Tetradecyl Melibioside

Tetradecyl Melibioside

Tetradecyl Melibioside

Tetradecyl Melibioside

Tetradecyl Melibioside

Tetradecyl Melibioside

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

0.33

ND

ND

ND

ND

0.4

0.14

0.14

0.14

0.14

0.14

Solution is clear after three
cycles.

Solution is clear after three
cycles.

Solution is clear after three
cycles.

Solution is clear after three
cycles.

Solution is clear after two
cycles.

Solution is clear after three
cycles.

Solution is clear after three
cycles.

Solution is cloudy after three
cycles.

Solution is clear after two
cycles.

Solution is clear after three
cycles.
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Appendix 3. Recombinant SARS-CoV-2 envelope protein traffics to the trans-Golgi network

following amphipol-mediated delivery into human cells

Contents
Supporting Materials and Methods
Supporting References

Supporting Figures $4.1-54.16

Supporting Materials and Methods

Recombinant SARS-CoV-2 Envelope protein construct

DNA encoding the SARS CoV-2 envelope protein (S2-E) sequence followed by a C-terminal linker with a
thrombin cleavage site and 10X His tag was inserted into a pET-21b plasmid vector. The encoded S2-E
sequence is as shown below, with the added linker/thrombin site/tag indicated in blue font:

MYSFVSEETGTLIVNSVLLFLAFVVFLLVTLAILTALRLCAYCCNIVNVSLVKPSFYVYS-
RVKNLNSSRVPDLLVLESSGGGSILVPRGSGGSHHHHHHHHHH

Multiple constructs were tested for expression in several bacterial strains and the inclusion of the linker
with thrombin cut site significantly increased expression levels.

Recombinant expression of the SARS-CoV-2 Envelope protein

The expression plasmid indicated above was transformed into Rosetta 2(DE3) pLysS cells. Transformed
cells were then spread on agar LB plates supplemented with ampicillin and chloramphenicol before
overnight growth at 37 °C. Colonies were picked the next afternoon and used to inoculate LB medium
(150 mL in 500 mL baffled flask) supplemented with 100 uM ampicillin and 34 uM chloramphenicol
before culturing the bacteria overnight with rotary shaking at 37 °C at 230 rotations per minute (RPM).
The next morning, 20 mL of overnight culture was added to 1 L of antibiotic-supplemented M9 medium
with added MEM vitamins (Corning) in a 2 L baffled flask and grown at 37 °C at 230 RPM. After ~5-8
hours, when the cultures had grown to an ODggo of 0.6-0.8 they were induced with 1 mM isopropyl B-D-
1-thiogalactopyranoside. Induced cultures were allowed to incubate overnight at 37 °C at 230 RPM to
facilitate production of S2-E inclusion bodies. Cultures were harvested the next morning by spinning
cultures down at 3500 x g for 20 min at 4 °C and the pelleted cells were flash frozen in liquid nitrogen
before being stored at —80 °C. Six liters of culture typically resulted in a wet cell mass of 10-14 g.
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Purification of the SARS-CoV-2 Envelope protein

10-14 grams of frozen cells were thawed at room temperature and suspended in 140 mL of lysis
buffer—75mM tris(hydroxymethyl)aminomethane (Tris) pH 7.8, 300 mL NaCl, and 0.2 mM
ethylenediaminetetraacetic acid (EDTA)—supplemented with 0.5 mM magnesium acetate, lysozyme,
ribonuclease, deoxyribonuclease, and 50 pL/gram wet cell mass protease inhibitor (P8849 Sigma). The
lysis slurry was tumbled for two hours at 4 °C before being sonicated with a (Fisher Scientific, model
FB705) on ice for 12 minutes at 60% power with alternating 5 second pulses and pauses (total power
imparted on the slurry was ~ 80 klJ). The sonicated slurry was centrifuged at 25,000 x g for 20 minutes at
4 °C and the supernatant was discarded. The inclusion body pellets were resuspended with a Dounce
homogenizer in 140 mL of lysis buffer. The sonication and centrifugation steps were repeated once in
order to further clean the inclusion bodies. Clean inclusion body pellets were resuspended in 140 mL of
lysis buffer supplemented with 3 % w/v N-dodecyl-N,N-dimethylglycine (Empigen), 0.5 mM
dithiothreitol (DTT), and 25 uL/gram wet cell mass protease inhibitor before being tumbled overnight at
4 °C. The next morning, persistently insoluble materials were removed from the dissolved inclusion
bodies by spinning at 25,000 x g for 45 minutes at 4 °C. The supernatant was saved.

2 mL of HisPur Ni-NTA Superflow agarose resin (Thermo Scientific) was equilibrated in lysis buffer before
being mixed with the supernatant. The resin and supernatant were tumbled 1-2 hours at 4 °C before the
resin was loaded onto a gravity column connected to an A,so detector. To wash away unbound
impurities, 15 column volumes (CV) of 0.3% Empigen, 1xTris-buffered saline (TBS, 20 mM Tris pH 7.5 140
mM NaCl), plus 0.25 mM DTT were passed through the resin. Low-affinity impurities were washed away
with 15 CV washes of 30 mM imidazole, 1x TBS, 0.1% 1-myristoyl-2-hydroxy-sn-glycero-3-
phosphocholine (LMPC), and 0.25 mM DTT. This was repeated for 75, 90, and 120 mM imidazole washes
in order to remove the remaining impurities. A 10 CV solution of 0.2 wt% PMAL-C8 (Anatrace, Maumee,
OH) in 1X TBS was washed over the resin in 2 CV pulses in order to remove the majority of the detergent
and exchange the resin-bound envelope protein into amphipols. Excess amphipols and residual
detergent were then removed by washing the column with 10 CV of 1x TBS. Amphipol-complexed
envelope protein was then eluted from the column with 5 CV of 250 mM imidazole in 1x TBS pH 7.8. It
was seen that envelope protein could be eluted in either amphipol PMAL-C8 or A8-35 (Anatrace), but
PMAL-C8 was chosen because it is zwitterionic and easier to work with than the anionic A8-35. The S2-E
construct tag can be proteolytically removed with thrombin in detergent solutions for structural and
biochemical studies, but this was not carried out here because the thrombin precipitated the S2-E in
PMAL-C8 amphipols solutions.

Fluorescent labeling of S2-E

Immediately after the envelope protein was eluted in complex with PMAL-C8, 1.5 mg of thiol-reactive
N,N'-dimethyl-N-(iodoacetyl)-N'-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)ethylenediamine (IA-NBD) (Thermo
Fisher) or AFDye 488 Maleimide (Flouroprobes) was dissolved into 300 uL of dimethyl sulfoxide (DMSO)
and added to the ~10 mL of eluted protein for labeling of one or more of its 3 cysteine residues (which
are sequentially proximal within the S2-E extramembrane C-terminus). The reaction tube was covered in
foil and tumbled at room temperature for one hour before being filtered through a 0.8 um Acrodisc low-
protein binding filter (PALL PN 4618). The filtered amphipol/S2-E solution was then extensively dialyzed
against 1x TBS pH 7.8 with 0.25 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP) and EDTA in 6-8
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kD molecular weight cut-off (MWCO) dialysis tubing from Spectra/Por (part number 132660). On the
morning of tissue culture treatment, the dialyzed protein was concentrated ~10x in a 10kD MWCO
Amicon Ultra-15 filter cartridge by centrifuging at 2500 x g at room temperature (RT). Protein purity was
checked by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) and the concentration
was determined by measuring absorbance at 280 nm using an extinction coefficient of 6000 M-cm™.
AFDye 488 Maleimide dye has absorbance at A280 and so the protein concetration was determined by
reference on SDS-PAGE against unlabeled or NBD labeled E. Dye labeling efficiency was checked by
measuring absorbance at 472 nm or 493 nm with an excitation coefficient of 23700 M-*cm™ or 72000
M-1cm for NBD or AF488 respectively. It was seen that the labeling efficiency was usually ~0.7
flourophore per protein, indicating that, on the average, only one of three wild type cysteine residues
was modified. Dye-modified S2-E (S2-E-Dye) was normally used within one week (with storage at 4 °C)
following completion of preparation. Indeed, we observed that preparations that were stored for longer
than 3 weeks at 4 °C led to cellular results in which S2-E-NBD was seen to traffic as usual to the
perinuclear space but did not then obviously segregate to one side of the nucleus at longer timepoints
(16/24h), as was seen when freshly prepared samples were employed. Starting with six liters of culture,
this protocol yields roughly 500 ug of fluorescently labeled S2-E protein.

Functional delivery of SARS-CoV-2 envelope protein from amphipols to planar bilayers

Planar lipid bilayers were formed from a solution of synthetic 1-palmitoyl-2-oleoyl-glycero-3-
phosphocoline (POPC) and 1-palmitoyl-2-oleoyl-glycero-3-phosphoethanolamine (POPE, Avanti Polar
Lipids) in a 3:1 mole ratio in n-decane (Sigma-Aldrich). A glass bulb was used to apply the POPC/POPE
solution in a 150 um aperture of a Delrin cup (Warner Instruments), separating the cis and trans
chambers. Asymmetric buffers were used, with 5 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), 500 mM NacCl, pH 7.2 for the cis chamber, and 5 mM HEPES, 50 mM NaCl, pH 7.2 for the
trans chamber as done in previous studies for comparison.(38,39) The bilayer capacitance ranged
between 50-65 pF.

Delivery of the SARS-CoV-2 envelope protein (S2-E) complexed by PMAL-C8 amphipols to pre-formed
planar bilayers was achieved spontaneously by pipette addition of ~1 uL of ~3 uM of the S2-E—amphipol
complex and accompanied by stirring of the chambers. Each chamber (cis/trans) had 2.5 mL of buffer
(5mL total volume). Incorporation of S2-E was achieved by addition of PMAL-C8 complexed S2-E to
either the cis or to both cis and trans chambers. The final concentration of protein varied from ~5 nM—
15 nM. S2-E unitary currents were collected from a BC-535 amplifier (Warner Instruments) at 23 + 1°C,
10 mV/pA gain and low-pass filtered by a 4-pole Bessel filter at 1 kHz. The resulting data were digitized
using an analog-to-digital converter (Digidata 1550A, Molecular Devices) at 1 kHz using the pClamp10.7
software suite (Molecular Devices). The single-channel data were collected over separate amphipol
delivery experiments carried out on different days, with three-minute recordings for each voltage.
Recordings were analyzed using the single-channel search in ClampFit 10.7 (Molecular Devices) filtered
with a 100 Hz low pass Gaussian filter and ignoring short level changes of 25 ms duration to obtain the
number of events, open probability, reversal potential, and single-channel conductance. Similar
conditions were conducted with the S2-E-NBD. Control experiments where PMAL-C8 only (no S2-E) was
added to the planar bilayers did not exhibit channel activity at 1x or 50x amphipol concentrations
relative to those used in S2-E and S2-E-NBD planar bilayer experiments.
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Maintenance of cell cultures

Human cell lines HelLa (ATCC cat# CCL-2) and alveolar SW1573 (ATCC cat# CRL-2170) cells were obtained
from ATCC. Hela cells were maintained in a tissue culture incubator with humidified air supplemented
with 5% CO, at 37 °C. Hela cells were grown in low glucose Dulbecco’s Modified Eagles Medium (DMEM,
Gibco cat#t 11885-084) supplemented with 10% fetal bovine serum (FBS, Gibco 26140-079), 1%
penicillin/streptomycin (P/S, Corning, Ref 30-0020Cl). SW1573 cells were kept in a tissue culture
incubator with humidified air without added CO, at 37°C. The SW1573 were grown and maintained in
(Leibovitz’s medium # 15, or L-15; ATCC cat # 30-2008) supplemented with 10% FBS and 1% P/S. Both
cell lines were passaged 2 times a week and seeded such as to always remain below 95% confluency.

Cell culture treatments

The underlying idea of our S2-E-to-cell experiments was to treat cells with aliquots of fluorescently-
tagged S2-E/amphipol and then to follow cell association and intracellular trafficking of the
flurorescently-taged protein over time. These experiments were conducted with healthy growing cells
that are well attached to a glass coverslip surface. These cells were treated with various concentrations
of SE-2 protein/amphipol for differing amounts of time. This is achieved with freshly concentrated, and
preferably freshly made, SE-2 protein complexed with amphipol PMAL-C8 in TBS. In order not to perturb
the cells by changes in osmotic pressure, pH, or temperature the stock S2-E amphipol solution was
processed prior to addition to the cells. S2-E was first dialyzed against TBS. Further, the resulting S2-
E/amphipol solution was added to fresh 37 °C pre-warmed cell media and mixed before aliquots were
then added to cells. The added volume of the S2-E/amphipol solution added to the cell culture never
exceeded 10% of the culture volume and was often less (4-6%). At the chosen time points, the coverslip
containing attached cells was rinsed to discard floating cell debris and then “fixed” with
paraformaldehyde. Fixing is intended to chemically freeze cells. The procedure kills the cells but
preserves their plasma membrane surface and intracellular structures. After discarding excess fixative,
cells are treated differently depending on the cell structures we wished to observe in relation to S2-E
protein. When the goal was to see S2-E in relation to the plasma membrane we used WGA a lecithin
conjugated to a fluorophore together with a cell nucleus dye DRAQ5 which preferentially binds double-
stranded DNA. When the intent was to observe intracellular organelles Golgi, ERGIC, and others the
fixed cells were permeabilized by incubation with detergent with the goal being to make small holes of
sufficient size, for antibodies specific to those structures, to enter the cell surface and gain access to
Golgi,ERGIC, and other cell organelles.

Exponentially growing cells were plated in the wells of a 12-well plate with 1.5 thickness glass coverslips
(Fisherbrand cat # 12-545-81) at a cell density of 20-23,000 live cells/well in 2mL cell media. After a day,
the cells destined for 24h and 16-18h time points were treated by rinsing once with Dulbecco’s
phosphate buffered saline without calcium and magnesium (DPBS, Corning cat 21-031-CV) and by
adding 1 mL of fresh medium with no more than 5-10 % volume of freshly concentrated S2-E protein
(labelled or not) with amphipol in the dialysis buffer at the concentrations stated in the figure captions.
Cells were protected from light. The remaining and undiluted S2-E/amphipol stock was stored at 4 °C
overnight protected from light and used in the same way the next morning for the remaining time
points. At the appropriate time, each coverslip was transferred into a fresh 12-well plate well facing
upwards containing 2 mL of 37 °C pre-warmed DPBS. DPBS was discarded by suction, and cell fixation
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was started by adding gently 1 mL/well of pre-warm 4% paraformaldehyde (PFA, EMS cat #15714)
dissolved in DPBS for 15 min at 37 °C. After fixation in 4% PFA, all steps were carried out with gentle
mixing and at room temperature and with plates protected from light by being kept wrap in aluminum
foil. All solutions were filtered prior to addition to coverslips to avoid addition or formation of
aggregates. Fixation was stopped by discarding the 4% PFA solution by suction and by gently rinsing 2
times with 2 mL/well with DPBS for 15 min/each. The cell membrane was labeled with wheat germ
agglutinin conjugated to Alexa Fluor-555 (WGA-AF555 Invitrogen cat# W32464) at a final concentration
of 5 pg/mL for 15 min using 1 mL/well. Coverslips were then rinsed from excess WGA-AF555 by rinsing 2
times with 2 mL/well in DPBS for 15 min for each time point and once using 100mM glycine in DPBS. The
times of cell treatment were imperfectly staggered. After the 100 mM glycine rinse, the timepoint
samples were set aside without shaking until other time points were completed. When all time points
had finished the 100 mM glycine rinse, all coverslips were transferred into a common 12-well plate, and
the following treatments proceeded as a group.

For time-course S2-E-NBD trafficking course experiments without antibodies (Figs. 4.2 and S4.6) cells
were cell nucleus-labeled using freshly opened of DRAQS5 (Invitrogen cat #65-0880), an anthraquinone
membrane permeable dye with high affinity for double-stranded DNA. DRAQ5 was used diluted 1:2500
in DPBS using 2 mL/well and incubated for 1 h. Excess DRAQ5 was then rinsed away twice with 2mL/well
5-10 min each DPBS +0.01% Triton X-100 (TX-100) and once with DPBS only. Coverslips were mounted in
glass slides using Prolong Gold antifade (Invitrogen, cat # P10144) and cured, typically for 2 days, before
imaging.

For experiments requiring antibody detection of organelle-specific marker proteins (Figs. 4.3, S10-S12,
and $14-S16) or anti-E (Figs. $4.5 and S4.7), cells were permeabilized with 1 mL/well containing 0.1% TX-
100 dissolved in DPBS for 15 min. Permeabilization was stopped by rinsing twice in 2 mL/well DPBS and
blocking overnight with 2 mL/well of 1% BSA dissolved in DPBS with 0.01% TX-100. The day after, plates
were allowed to reach RT for 30-40 min without mixing and then treated with specific antibodies for
detection of Golgin97 (1 mL/well, diluted 1: 500; Invitrogen, cat #A21270), or ERGIC53 (40) (1 mL/well,
diluted 1:500; ENZO cat# ENZ-ABS300), or for E protein detection (1:1000 dilution of rabbit polyclonal
antibody ProSci cat# 10-518, (this polyclonal was not very specific and weakly reacts to a nuclear protein
in Hela cells, see Fig. S4.5 panel E) or KDEL (1mL/well diluted 1:400; Abcam, cat# EPR12668) or GM130
(1mL/well diluted 1:500; Cell Signaling, cat #12480S) or EEA1 (1mL/well diluted 1:450; Invitrogen, cat #
MAS5-14794) or Lamp1 (1mL/well diluted 1:400; Encorbio, cat # MCA-5H6) or vimentin (1ImL/well diluted
1:500; Cell Signaling, cat #5741S. All antibodies were diluted in freshly made and 0.2 um filtered 1% BSA
dissolved in DPBS + 0.01% TX100 (1%BSA)and incubated for 2 h at RT with gentle mixing. Each coverslip
was treated to remove unbound primary antibody by rinsing 3 times with 2mL/well DPBS + 0.01% TX-
100, 15 min each. Samples were then incubated with a secondary antibody conjugated to a fluorescent
dye using 1 mL/well for 1 hr in 1% bovine serum albumin (BSA) using 1:1000 dilution of goat anti-mouse
conjugated to Alexa Fluor 546 (AF546; Invitrogen cat#f A11030), against mouse mAb for Golgin-97 and
ERGIC53. For samples treated with rabbit anti-E polyclonal (in Fig. S4.7) we used donkey anti-rabbit
conjugated Alexa Fluor 488 (AF488; Invitrogen cat# A32790). For Figures S4.5, S4.10-54.12, S4.14 and
S4.16 where samples were treated with rabbit antibodies and we used donkey anti-rabbit conjugated
Alexa Fluor 555 (Invitrogen cat # A31572),while for anti-Lamp1 (Fig. S4.15) we used goat anti-mouse
conjugated Alexa Fluor 555 (Invitrogen cat # A32727). After 1 h incubation with gentle shaking the
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samples were rinsed twice for 15 min with 2 mL/well DPBS + 0.01% TX100 and treated in the same way
as above for nuclear counter-staining using DRAQ5 and coverslip mounting.

For live-cell imaging experiments, Hela cells exponentially growing and maintained as above were split
into a 12-well plate (Corning # 3512) or 35 mm glass bottom petri dishes (MatTek Part No. P35G-1.5-12-
C) ata density of 5000 cells/cm? the day before treatment and grown overnight in 5% CO, atmosphere.
The next day, cells were rinsed once with RT DPBS and their cell culture media was exchanged for 1 mL
pre-warmed L15 complete medium and placed in a 0% CO; incubator for 30 minutes. After thermal
equilibration to L15 media, samples imaged within 3 hours were treated with 10 pg /mL of WGA-555,
and for nuclear labeling used 1-drop/mL Hoechst 33342 (Invitrogen, cat # R37605), and 2.5 uM of either
AF488 or NBD labeled S2-E in PMAL-C8 was added before being placed back in the 0% CO2 incubator for
the first hour. For samples imaged 24 h after after treatment with S2-E-label (data not shown), WGA-
AF555, and the nuclear stain were added one hour before imaging. Samples were imaged both before
and after washing away labeling media (52-E, WGA-555, and NucBlue) in order to determine if free S2-E
interfered with imaging (see Fig. S4.4).

For live cell imaging with cysteine-NBD (Fig. S4.8), Hela cells growing in low glucose DMEM were split
into 35 mm glass bottom petri dishes (MatTek Part No. P35G-1.5-12-C) at a density of 5000 cells/cm?
and grown for ~36 hours in 5% CO,. The cysteine-NBD was created the morning before the Hela cell
treatment. One mg of IA-NBD amine was reacted with two mg of L-cysteine amino acid in one mL of
80/20 water/DMSO and reacted in the dark at RT for one hour. The resulting mixture was filtered with a
0.8 um Acrodisc low-protein binding filter and the NBD concentration was determined by UV-Vis as with
S2-E. Cells were treated with 5 UM cysteine-NBD and placed back in the incubator before imaging. Prior
to imaging, media was replaced with 1 mL of dye-free pre-warmed complete DMEM low glucose media.

Cell imaging

All confocal experiments shown were imaged using a LSM 510 confocal microscope, with a Plan-
Neofluar 40x/1.30 Oil DIC objective. The confocal pinholes were set at 84um for the 633 nm HeNel laser
line, at 80um, for the 543 nm HeNel laser line, and at 86um for the Argon laser. These settings
correspond to a pinhole diameter of 1.00 Airy units for the HeNe2 laser (633 nm), and the same optical
slice of 1.1 um for all three lines. These settings were kept for all channels in all experiments. The
fluorophores were excited using the 488 nm line of a 40 mW Argon laser set at 10% power (reduced at
source to 50%, for a final 5%) for NBD and AF488 signal. The 543 nm line was set at 10% power for WGA-
AF555 and for anti-mouse AF546, whereas the 633 nm line of a HeNe laser was set to 15-50% power for
DRAQS5 depending on the dye emission intensity. Images were collected at 1-2x and occasionally 3x
zoom. The frame size was set usually to 1024, data depth was 8 bit, and Multi track/frame mode was
used, for each channel. The scan average parameter was usually set to 4, but sometimes to 8 or 16. For
presentation purposes, images were processed using ImageJ software.

Live cell imaging was done with an ECHO Revolve equipped with a ELWD Universal Condenser; NA 0.30
WD 73m and using a 40x PLAN Fluorite LWD CC Phase Ph2 NA 0.60 objective. LED light cubes used were:
DAPI - EX:385/30 EM:450/50 DM:425, for the nuclear stain; FITC - EX:470/40 EM:525/50 DM:495 for the
E-labeled protein, and TxRED - EX:560/40 EM:635/60 DM:600 for WGA-AF555.
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Statistics

The numbers of replicates, validation of reagents, software, and statistical approaches are detailed in
the above methods and/or in the relevant figure captions.
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Supporting Figures

Figure S4.1

A L FT 30 75 90 120 Ex Rin Elu
198

98

62
49

38
28

14

Figure S4.1. Representative SDS-PAGE of SARS-CoV-2 envelope protein (S2-E) purified into PMAL-C8. A)
Each lane represents a step in the purification protocol after passing detergent-solubilized inclusion
bodies over the column. SDS-PAGE samples were boiled and reduced with 5mM DTT before being run.
Gels were stained with the SimplyBlue coomassie alternative (Invitrogen). Lanes from left to right are:
Molecular Weight Standard Ladder SeeBlue Plus2, Flow-Through, 30 mM imidazole wash, 75 mM
imidazole wash, 90 mM imidazole wash, 120 mM imidazole wash, Exchange into PMAL-C8, Rinse unbound
PMAL-C8, and Elution. The black arrow points to the purified S2-E protein in the final elution. B) Chemical
structure of PMAL-C8.
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Figure S4.2
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Figure S4.2. S2-E ion channel open probability and current amplitude distribution from planar bilayer
electrophysiology measurements after amphipol delivery. Previous studies of CoV E proteins indicate
that the channel has low open probabilities and current amplitudes. (A) Shows the open probability as a
function of voltage for the data in Fig. 4.1C. Error bars are SEM from three distinct delivery experiments
on different days and in total correspond to 9 min of measurement. (B) Identifies the number of events
and the respective currents recorded at -100 mV. The historgram was fit to a 3 polynomial Gaussian fit
with an average amplitude of 1.47 + 0.05 pA for the open state. As in panel A, these data are from three
separate recordings.
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Figure S4.3
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Figure S4.3. Planar lipid bilayer electrophysiology characterization of NBD-labeled SARS-CoV-2 envelope
protein delivered from amphipols. (A) Comparison of unlabeled (WT) and NBD-labeled S2-E current-
voltage relationship shows that NBD-labeling has no meaningful impact on conductance and reversal
potential (B). (C) NBD-labeling of S2-E results in a nonstatistically significant decrease in open probability
relative to the WT based on calculations of an unpaired t-test with P-values of 0.125 at -100 mV and 0.055
at 100 mV. Data represent three replicates. Error bars are standard deviations from three distinct delivery
experiments on different days and correspond to a total measurement time of 9 min.
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Figure S4.4

Pre-Wash Post-Wash

NBD

AF488

Figure S4.4. Comparison of live cell imaging when S2-E is labeled with either NBD or AF488. Top Left:
The solvatochromic properties of NBD allows for live cell imaging of amphipol-mediated S2-E-NBD delivery
to the plasma membrane. The S2-E-NBD has a low fluorescent intensity in bulk solution and this facilitates
live cell imaging with the S2-E-NBD containing media--supplemental reference (41). While this is an
undesirable characteristic for soluble targets it is suited for use with membrane proteins where the
intensity of NBD is orders of magnitude higher when associated with the lipid bilayer. Bottom Left: AF488
is not solvatochromic and thus has a constant high fluorescent intensity, supplemental reference (42). The
high background from S2-E-AF488 prevents live cell imaging of S2-E-AF488 delivery to the plasma
membrane. Top Right: Washing away the S2-E-NBD containing medium and replacing it with fresh S2-E-
NBD-free media does not significantly impact visualization of S2-E-NBD delivery to cells. Bottom Right:
Washing away the S2-E-AF488 containing media and replacing it with fresh S2-E-AF488 free media
drastically reduces background and allows adequate visualization of S2-E-AF488 delivery to cells. DAPI and
TXRED settings were 110 ms at 16 % power and 620 ms at 81 % power respectively for all images. FITC
settings were 570 ms, with power levels are indicated on each panel in the upper right hand corner. This
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experiment was performed twice with identical overall results. Scale bars are 25um. Since S2-E is a
membrane protein and given the ease of use, lower molecular weight, and lower cost of NBD; we
preferencially used this label for most experiments. NBD use in membrane proteins appears validated by
the comparable Pearson correlation coefficients results obtained using either S2-E-NBD and S2-E-AF488
(see captions for Figs. S4.5 and S4.10).

Figure S4.5 (First Page of Three-Page Figure)
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Figure S4.5. panels C and D (Second Page of Three-Page Figure)
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Figure S4.5. panel E (Third Page of Three-Page Figure)
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Fig. S4.5. (This page and 2 preceding pages). SARS-CoV-2 envelope protein labeling in cysteines with
NBD or AF488 does not affect E retrograde trafficking. To validate the integrity of the fluorescent signals
from S2-E-NBD or S2-E-AF488 over time, Hela cell samples were treated with each labeled protein for 1
h or 24 h. After the indicated times,samples were fixed, membrane stained with WGA-AF555, and probed
with polyclonal anti-E antibodies (ProSci cat#10-518; dilution1:1000). Panel A shows Hela cells treated
with 2.5uM S2-E-AF488 after 1 h. First row, individual color channels used to detect cell surface (red), S2-
E-AF488 (green) and anti-E (blue). Second row shows the merged image of the above three channels,
followed by the co-localized image in white between S2-E-AF488 (green) and anti-E (blue) images. The last
image is the intensity plot between green and blue images. Colocalization image and intensity plots were
obtained using the Image-J plugin Colocalization Threshold, without ROls. Panel B shows cells treated with
S2-E-AF488 for 24 h. Both rows in B are presented as in panel A. Panel C shows Hela cells treated with
2.5uM E-NBD after 1 h. First row in C shows individual color channels used to detect cell surface (red), E-
NBD (green) and anti-E (blue). Second row in C shows the merged image, followed by the co-localized
image between S2-E-AF488 and anti-E, and the intensity plot between green and blue images. Panel D
shows cells treated with S2-E-AF488 after 24 h. Both rows in D are presented as in panel C. Experiments
shown in panels A-D were performed 3 independent times, twice using E-NBD and once with S2-E-AF488.
For each E-labeled time point, at least 5 images were recorded and analyzed for colocalization, using four
Image-J plugins (Colocalization Test, Colocalization Threshold, Coloc-2, and JACoP). As expected, all
colocalized images in panels A-D show strong Pearson correlation with comparable coefficients. Using the
colocalization-threshold plugin, average Pearson correlation coefficients with standard deviations for
each experiment were: S2-E-NBD#1; 1 h, 0.72 £ 0.05 and 24 h, 0.68 + 0.03; for S2-E-AF488; 1 h, 0.73 £ 0.09

w
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and 24 h, 0.68 + 0.05 and for S2-E-NBD#2; 1 h, 0.77 £ 0.05, 24 h, 0.70 + 0.11. Panel E is Hela cells non-
treated with S2-E but probed with anti-E antibodies showing that the antibodies used exhibit non-specific
binding to a nuclear target. Note that the anti-E and co-localized images are enhanced to show the
unspecific binding of the anti-E, and that Hela cells treated with S2-E-NBD or S2-E-AF488 do not show
green fluorescence in the cell nuclei. Scale bars are 20 um. For more details see online Materials and
Methods.
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Figure S4.6
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Figure S4.6. Individual channels for each composite image shown in Fig. 4.2 of the main text. Color
scheme: green, NBD-labeled S2-E; red, cell surface plasma membrane (WGA-AF555); and blue, cell nuclei
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(DRAQS5). Note the movement over time of the S2-E-NBD signal towards one side of the cell nucleus while
the red signal remains constant. Scale bar 25 pm.

Figure S4.7 (Four-Page Figure)
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Figure S4.7. Lower Panel I. Individual channels and composite of upper panels A and B-E
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Figure S4.7. Lower Panel Il. Individual channels and composite of upper panels A, F-I
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Figure S4.7. Lower Panel lll. Individual channels and composite of upper panels A and J-K
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Figure S4.7 (This page and 3 preceding pages). Unmodified S2-E protein delivered to cells from PMAL-
C8 amphipol shows similar cell membrane localization and retrograde kinetics as for the NBD-tagged
S2-E protein. The time course and concentration dependency of unmodified S2-E was followed using
rabbit anti-E polyclonal antibodies. Rabbit antibodies were detected using anti-rabbit conjugated AF488
(green). Hela cell surface plasma membranes (red) were detected using WGA-AF555, while cell nuclei
(blue) were labeled using DRAQS5. Applied unlabeled S2-E concentrations were 1 uM for panels B-E, 3uM
for panels F-I, and 10uM in panels J and K. Time points are: Oh and untreated sample (A); for the 1uM
series: 2h (B), 6h (C) 18h (D) and 24h (E); for 3uM series: 2h (F), 6h (G) 18h (H) and 24h (1); for cells treated
with 10uM unlabeled E: 18h (D) and 24h (E). At 10uM, S2-E observation of cell debris suggest cellular
toxicity. Overall, delivery and retrograde transport of unmodified S2-E follows a similar time course as for
NBD-labeled S2-E; however, the control sample without added E but treated with anti-E (panel A) did
exhibit a weak unspecific binding on the green channel (see also Fig. S4.5 panel E). The lower panels | (2™
page of Fig.), Il (3™ page), and Il (4" page) of the figure show the individual channels of each composite
image presented in the upper panel. For comparison purposes, we re-used the untreated control (panel
A) at each S2-E concentration 1 uM, 3 uM and 10 uM. For lower panel | ( A-D), lower panel Il (A, G-I) and
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panel Il (A, J and K). All scale bars are 25 um. This experiment was independently repeated twice. For
further experimental details see the above Supporting Materials and Methods.

Figure S4.8

Figure S4.8. Cysteine-NBD uniformly stains membranes in Hela cells. A) Hela cells stained with only
NucBlue. B) Hela cells stained with NucBlue and 5 puM cysteine-NBD for one hour. C) Hela cells stained
with NucBlue and 5 uM cysteine-NBD after 18 hours. Note that cysteine-NBD stains all membranes in
Hela cells and this does not occur with S2-E-NBD, even after 18 hours. This indicates that S2-E-NBD is not
degraded to the point of liberating NBD dye. This experiment was repeated twice. Scale bars 25 um.
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Figure S4.9. (2 Page Figure)
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Figure $S4.9. Lower Panel. Individual channels and composite of upper panels A-D. (Figure Page 2 of 2)
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Figure S4.9 (above 2 pages). Cell membrane delivery and uptake of the SARS-CoV-2 envelope protein
with PMAL-C8 amphipol in a human alveolar cell line. Representative confocal microscopy images
showing SW1573 cells treated with increasing concentrations of added NBD-labeled S2-E. All time points
were collected at 18h. (A) untreated control OuM, (B) 2.5uM S2-E in the cell culture, (C) 5uM, and 10uM
(D and E). Color scheme is: green, NBD-labeled S2-E; red, cell plasma membrane (WGA-AF555); blue, cell
nuclei (DRAQ5). As in Hela cells, at 18hrs after cell treatment the S2-E-NBD signal is primarily at a
perinuclear location (panels B and C). For cells incubated with the highest level (10uM) of S2-E-NBD, some
of the protein appears to be aggregated (D) while in panel E—top left side, SW1573 shows signs of co-
localization of S2-E with the plasma membrane label, indicating cell membrane fragments, possibly
suggesting cellular toxicity at 10uM S2-E-NBD. The lower panel (2" page) of the figure shows the
individual channels of each composite image presented in the upper panel. Scale bars are 25 um. This
experiment was conducted once. For further experimental details see the Supporting Materials and
Methods.
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Figure S4.10 (2 Page Figure)
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ERGIC-53 Nucleus Merge

Figure S4.10 (Page 2 of 2 Page Figure)
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Fig $4.10. Individual channels for merged images from Figure 4.3. (above 2 pages) Rows A to C; Hela
cells treated with 2.5uM E-NBD (green), for 0, 2 and 18 h were tested for Golgi localization (red) using
anti-Golgin-97 (Invitrogen cat# A21270 diluted 1:500). Golgin-97 was detected using anti-mouse
conjugated AlexaFluor546. Cellular nuclei (blue) were detected using DRAQ5. Notice how the S2-E-NBD
signal (green) moves towards the perinuclear space over time; and poorly overlap with the Golgin-97
signal. Correlation analysis using Image)J plugin Colocalization Threshold for row C: 18h S2-E-NBD (green)
versus Golgin-97 (red) yields poor Pearson correlation coefficient. Analysis of several other S2-E-NBD 16-
21 h and Golgin-97 confirm further poor correlation (~ 0-0.2). Rows D to F; Hela cells treated with 2.5uM
S2-E-NBD (green) for 0, 6 and 18 h were tested for ERGIC localization (red) using monoclonal antibody
against ERGIC-53 protein. Anti -ERGIC-53 antibodies and cell nuclei were detected using the same
conditions used for Golgin-97 in panels A-C. Notice how the S2-E-NBD signal (green) moves toward the
perinuclear space over time and appears to overlap with part of the ERGIC-53 signal. Correlation analysis
using Imagel Colocalization Threshold for row F: 18h S2-E-NBD (green) versus ERGIC-53 (red) yields poor
Pearson correlation coefficients. Analysis of several other E-NBD 16-24 h and ERGIC-53 confirm further
this poor correlation (~ 0-0.2). Rows G to I; Hela cells treated with 2.5uM S2-E-AF488 (green) for 24 h
were tested for wheat germ agglutinin co-localization (red) using WGA-AF555 at 10ug/mL for the indicates
times. In panel G, WGA was added after cell fixation marking the cell membrane, while in panel H, WGA
was added 3 h before cell fixation. In panel |, S2-E-AF488 and WGA-AF555 were added together 24 h
before cell fixation. Notice how the WGA signal (red) moves towards the perinuclear space over time and
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overlaps well with the S2-E-AF488 in the merged image (panel 1). Correlation analysis using Imagel
Colocalization Threshold between row I: 24 h S2-E-AF488 (green) versus 24h WGA-AF555 (red) yields a
strong Pearson correlation coefficient; this remains the case with either S2-E-AF488 or S2-E-NBD. Analysis
of several other equally 24h treated S2-E-AF488 or S2-E-NBD and 24h WGA-AF555 confirm the strong
correlation (3 experiments, 2 with S2-E-NBD and one with S2-E-AF488; analyzed cells = 13, 19, 12, for
Pearson correlation coefficient averages with standard deviations for 5 images of each experiment were:
0.67 £0.15; 0.73 £ 0.16; 0.68 + 0.097. Scale bars are 25 um. For further details see online Materials and
Methods.
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Figure S4.11

E-AF488

Fig. S4.11. SARS-CoV-2 envelope protein traffics to the perinuclear space and does not accumulate in the
endoplasmic reticulum. Representative confocal microscopy images showing Hela cells treated for 24 h with 2.5
UM S2-E labeled with AF488 (A) or without S2-E (B), and probed with the KDEL antibody conjugated to AF555
(Abcam, cat# EPR12668), a known marker for the endoplasmic reticulum. For each column, the first image is the
Merge of the below 3 channels, in red anti-KDEL, in green for A, is S2-E-AF488 and in column B no added S2-E, in
blue cell nuclei. This experiment was repeated twice once with S2-E-NBD and once with S2-E-AF488. No significant
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colocalization was observed between KDEL and S2-E-AF488 after 24 h treatment. Scale bars are 20 pum. For more
details see online Materials and Methods.

Figure S4.12

E-AF488

Fig. S4.12. SARS-CoV-2 envelope protein traffics to the perinuclear space and does not accumulate in the cis-Golgi.
Representative confocal microscopy images showing Hela cells treated for 24h with 2.5 uM S2-E labeled with AF488
(A) or without S2-E (B) and probed with the GM130 antibody (Cell Signaling, cat #12480S), a known marker for the
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cis-Golgi. For each column, the first image is the Merge of the below 3 channels, red (anti-GM130), green (for A only,
S2-E-AF488) and blue (cell nuclei). This experiment was repeated twice, once with S2-E-NBD and once with S2-E-
AF488. No significant colocalization was observed between GM130 and S2-E-AF488. Scale bars are 20 um. For more
details see online Materials and Methods.

Figure S4.13

WGA Nucleus Merge

Fig. $4.13. Wheat germ agglutinin (WGA) protein retrograde traffics and accumulates in the perinuclear space.
Representative confocal microscopy images showing Hela cells treated with 10 pug/mL WGA conjugated to
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AlexaFluor-555. For each row, the first image in red is WGA-AF555, the second show the blue cell nuclei, and the
third is the merge image of both channels. In row A cell were WGA-AF555 treated post fixation or 0 h, while in panels
B-D cells were treated with WGA and fixed after 20 min (B), 3 h (C), 24 h (D). Notice how, over time, WGA
accumulates in the perinuclear space. WGA has been shown in prior studies to be quickly internalized and
accumulate in the trans-Golgi network (TGN) See supplemental references (43,44). Experiments were independently
repeated three times, twice using S2-E-NBD and once with S2-E-AF488. Scale bars are 20 um. For more details see
online Materials and Methods.

Figure S4.14

E-AF488
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Fig. S4.14. Some SARS-CoV-2 envelope protein is found in early endosomes at late time points. Representative
confocal microscopy images showing Hela cells treated for 24 h with 2.5 uM S2-E labeled with AF488 (A) or without
S2-E (B) and probed with anti-EEA1 antibody (Invitrogen, cat # MA5-14794), a well establish marker for early
endosomes. For each column, the first image is the merge of 3 channels: red (anti-EEA1), green (for A only, S2-E-
AF488), and blue (cell nuclei). This experiment was repeated twice, once with S2-E-NBD and once with S2-E-AF488.
Some EEA1 vesicles show colocalization with S2-E, most colocalized vesicles appear also as enlarged vesicles.
Examples of this are shown with white arrows in panel A merge. Using the image-J plugin colocalization-threshold,
the Pearson correlation coefficient between green and red images in column A was determined to be 0.45,
suggesting a weak to moderate correlation. Scale bars are 20 um. For more details see online Materials and Methods.

Figure S4.15
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E-AF488

Nucleus

Fig. $S4.15. SARS-CoV-2 envelope protein is also found in late endosomes at late time points. Representative
confocal microscopy images showing Hela cells treated for 24 h with 2.5 uM S2-E labeled with AF488 (A) or without
S2-E (B) and probed with anti-Lamp1 antibody (Encorbio, cat # MCA-5H6), an established marker for late endosomes,
endolysosomes, and lysosomes. For each column, the first image is the merge of 3 channels: red (anti-Lamp1), green
(for A only, S2-E-AF488) and blue (cell nuclei). This experiment was carried out once. Notice how cells treated with
S2-E show enlarged vesicles in the red channel, and how these vesicles overlap with the S2-E-AF488 signal. Using the
Image-J plugin colocalization-threshold without ROI, the Pearson correlation coefficient between panel A, green and
red images, was determined to be 0.64, suggesting good correlation. Scale bars are 20 um. For more details see
online Materials and Methods.
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Figure S4.16

Vimentin

Vimentin + MG-132 Vimentin + vehicle

E-AF488

Fig. $4.16. SARS-CoV-2 envelope protein traffics to the perinuclear space and does not accumulate in aggresome
vimentin-cages. Representative confocal microscopy images showing Hela cells treated for 24 h with 2.5 uM S2-E
labeled with AF488 (A) and two control samples. As the positive control Hela cells were treated with 12 uM MG-132
for 21 h (B). MG-132 is a protease inhibitor known to induce formation of perinuclear, typically one sided, vimentin
cages containing denatured proteins. As a negative control (C) show cells treated only with DMSO vehicle. For each
column, the first image is the merge of 3 channels: red (anti-vimentin, Cell Signaling, cat #5741S) ], green (panel A
only, S2-E-AF488), and blue (cell nuclei). This experiment was repeated twice once with S2-E-NBD and once with S2-
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E-AF488. No vimentin cages were observed, suggesting that the majority of S2-E is not in aggresomes. Scale bars are
20 um. For more details see online Materials and Methods.
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