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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 MPshait complexn vivolipid 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 2serves as a steppingstone and wilbracterize a previously understudied Ron

ionic detergentn-Dodecyd -D-Melibioside(DDMB), and its application ins MP studies.

The role of phas@hase separation in biology has recently become a critical focus of biochemistry and
biophysics. Lipids arknown to undergo lipidipid 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 capalbldissolving significant amounts of
sphingomyelin and cholesterol, key components of the aforementionedgitchypothesis. The

resulting new sphingomyelin and cholesterol rich bicelles (SCOR Bicelle) enable detailed studies of the
impact of lipid compsition on MPstructure and function. I€hapter 3 we explore the morphological
characterization of SCOR bicelles and the impact of a SCOR environment on the amyloid beta (A
precursor protein, C99. SCOR bicelles are an exciting step towards recrdgtidgatt 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 chanigéd| 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 poteins (SPTPs) generally have the largest ratio of bieyeosed 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 directhess 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 c€lspter 4explores how amphipathic polymers can
deliver thesevere aute respiratory syndrome 2 virSARE 0\ 2) envelope protein (SE) 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 tceoltzgoamd 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 6describes results in which we tested for binding between C99 and another key

't T KSAYSNDAE RA&SIAS 60!50 LINRPGSAYS GFdzd h@SNI NOKAY
are covered in the finaChapter 7



1.1 The vast complexity of the lipiditayer.

In order to appreciate the importance of current scientific pursuits, it is immensely helpful to have
historical perspective on the hypothesis at hamdhaikovsk &wan Lak@remiered the same year
(1877) thatwWilhelm Pfeffeposited that a therunseen plasma membrane (PM) acted as a cellular
barrier to water and certain solutgg). A pioneering work in 1959 by Robertson used electron
microscopy to visualize this hypothesized barrier and showed that the BM Bingle lipid bilayer with
electron dense proteins on each side of the bilag@® ¢ KS bAO2f a2y aFfdzZAR Y2al A
in 1972 and underpins our modern understanding of how proteins, lipids, and carbohyddafi into

the overall structure of the PM lipid bilay&). The fluid mosaic model highlights how amphipathic and

ata AYUGSNIrOG éAGK YR OFy aLly GKS aasSré 2F GKS f
studies on lipid bilayer asymmetry and lipid phase heteroger{diy) 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: glycesppblipids, sphingolipids, and sterols
(6). However, these three classbesliethe true chemical complexity found in the lipid bilayéj.

Lipidomics recently identified over 8000 lipid species in human plat€@xshighlightng the vast variety

of lipids foundin viva The lipid bilayer complexity is further complicated when one considers that
organelles have varied lipid compositigi@s10)and different tissues have specific lipodon{&$).

Cetain lipid species, such asigsphatidylinositophosphates, have defined functions and can act as a
ligand for proteing12-14)while most nonl Yy y dzt | NJ igdbldodndi llztela &nown purpose and

their wider roles within the bilayer are even more obscured. Determining the impact (or lack thereof) of
OKIFy3aSa Ay aodz ¢ f ALAI)iszhalleaged by aideaittOad rdethBds WhgrR T dzy O (i
trying to study complex lipid phenomena such as leaflet asymn{g&)and lipidlipid separation(17).

The methods presented @hapter 4 and &im to expand our ability to study MPs in the context of in an
in vivolipid environment while enabling application of chemical biological approaches orginall
developed forin vitro studies.

1.2 Lipid heterogeneity and rafts

Lipidlipid spatial heterogeneity has been observed in complex lipid environments of orgafi@es
bacteria(19), and in simple ternary lipid artificial bilaygf0,21) Lipids can form several different

phases depending on properties such as temperature, hydration, headgrangb$yydrocarbon chain
lengths(22). There are two lipid phase transitions pertinent to this dissertation, the getq3quid
disordered (k) transition and liquid ordered ). to liquid disordered (). transition. Lipids in the,hase

are dominated by Van der Waals (VDW) forces and therefor have tight lateral packing, limited
translational diffusion, and fully extended fatty acid chai@3). Ly phase lipids do not possess ordered
acyl chains or lipid pacig (22)and allow for rapid lateral diffusiof24). The Sto Lj transition

temperature (T,) increases as a function of chain length since more energy is required to overcome the
increasedvDW force425). Lilewise, the kinks found in unsaturated fatty acids disrupt packing and
lower this T, (26). The Lphase is unique and can form when high concentrations of sterols are present
in the lipid bilayel(21). As shown ifrigure 1.1the L, phase can be thought of as having properties that
are intermediate between the,2nd Ly phases since it exhibits increased lipid order due to packing of
hydrocarbon tailsgainst 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 Marcre&rviagali Deleu, «From biological membranes
to biomimetic model membranes», BASE [En ligne], numéro 4, Volume 14 (20436 AL :
https://popups.uliege.be/178@507/index.php?id=6568.

Sphingolipids and sterols are often discussed in the same bvéaeh referring to a specifig pbhase

known as a lipid raf29-31). Cholesterol and sphingomyelin haveen shown to form an energetically
favorable complex that is stabilized by the highgioT sphingolipids and by a hydrogen bond between
the cholesterol hydroxyl headgroup and sphingomyalimidelinked acyl chai§32,33) This distinctive
sphingomyelin and cholesterol affinity likely drives clustering of these two lipidsa Lipid rafts have

an increased bilayer thickness due to starmluced straightening of the lipid chaii28,34) L, and lycan
coexist on a Gibbs phase diagré2i)and form spatially separated domains where the domain sizes and
lifetimes are dependent on composition and temperat(2&,35,36) Simple artificial membrane studies

in Giant WilamellarVesicles (GUVSs) set the foundation for lifjdd separatiorin vivo(30)where,
remarkably, the lipid and protein components of mammalian cell membranes can also form coexisting L
and ly phases. (It is astounding that despite of the vast chemmalpdexity 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 memobxadiging
blebbing process to fon Giant Plasma Membranéesicles (GPMVE£3}7,38)

Before GPMVs, lipid rafike domains known as detergent resistant membranes (DRMs) were isolated
from cells via lysis with neionic detergents under cold temperaturé39). DRMs and GMPVs haveth
shown that MPs have an affinity for thedr Ls phaseq17,40) | often find myself agreeing with the
Leventhal lab notion of MP phase preference: thphase excludes many MPs, lisijpermissive of
certain MPs. However, it does not actively enrigprieferring proteing41). The Lphase preference of
proteins along with their slower diffusiad2)within the L, phase had led to the idea that rafts function
as aspatially sequestered signaling and processing platfi@®y3,44) The PM has the highest
concentration of cholesterol and sphingomye(lé) and yet obviousdand ly phases are not observed in



living mammalian cells. This failure of the PM to phagagate into longlived and microscopically

visible phases is likely intentional since long liveand Ly lipid phases would possibly limit signaling
flexibility and lead to undesirably large and sustained signaling domains. Moreover, clearly separated L
and ly phases have a sharp line tension boundary that contrasts the gradients often observed in living
systemdq45). The PM likely exists near the critical point of thamd Ly phases such that both phases

are small and short lived. This idea is supported by studies that show GPMVs need to be coaled belo
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 temper¢tidr6,46) It is
important to reiterate that there is a substantial body of evidence that Hjgidi heterogeneity and

changes in lipid order docour in living cells. However, it is not yet obvious how lipid rafts or¢he 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 caseébeamade 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 validatedvq but this is not possible for

most modern structural methods. Most biophysical and structural methods were originally developed

for soluble poteins and then adapted for MPs. Adapting MPs to these methods often involves replacing

GKS yIGAD@S fALAR O0Af &SN gAGK | AAYLIX SNIIEOGSNFGAQD
Y S Y 6 NJ(47-89% akd dividing up the MP into soluble and membrarmund fragmentscolloquially

referred to as divide and conquédt.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 dlig& n

membrane environment as highlighted in an extensive collaboratioim @itro full-length EGFR in

mammalian cell derived vesicl&s0).

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 func{ii?l14). (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
spectroscopistructural and biophysical methods that are reliant on optically clear solu{his This

desire for transparent solutions biases MP studies towards stabilizing the hydrophobic domains of MPs
with smaller membranemimetic particles. There are additional technical advantages of using small
particles such as tumblgrate and orientation bias. As shownFigure 12, sme examples of small
membrane mimics commonly used today are deterg€a®, bicelleg47,52,53) nanodisc$48,54,55)

and amphipolg56,57)
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Figure 1.2. Common membrane mimics for in vitro membrane protein w@dtoon rendition of an

integral membrane protein iA) detergent micelleB) amphipol polymerC)bicelle,D) vesicle E)SMALP,
andF)nanodisc. Figure adapted with permissions fragh V. (2019) Introduction. In: Study of
Bacteriorhodopsin in a Controlled Lipid Environment. Springer Theses (Recognizing Outstanding Ph.D.
Research). Springer, Singapore. https://doi.org/10.1007/98813-12380 1

2.2 Detergents

Detergents are routinelysed 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 chair{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 deterggb®). This conical shape causes detergents to
form a hydrophobiecore spheroid, referred to a micelle, when trying to balance their hydrophobic and
hydrophilc needs. The formation of these micelles requires the detergent to be at a a concentration
above the critical micelle concentration (CN&L). 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 mi&ethis 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 igceatio 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 lael groups and their general denaturing tendency from highest to lowest
are: ionic, zwitterionic, and neionic (47). There is rarely an obvious choice of detergent for any given
MP and so a significant amount of effort should be devoted tdirfig the right surfactant. This task
appears daunting but structural biology sabmmunities often gravitate towards a short list of
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detergents that are well suited for their technique or protein. For example:-etgotron microscopy
(CrycEM) MP structugs are often solved in neionic detergent{63)whereas solubn NMR studies are
biased toward use of anionic and zwitterionic detergei®4). Interestingly, some groups have used
detergents ad organic solvents to carry out protein studies in reverse micelles where the hydrophobic
tails are facing the solvent and hydrophilic headgroups line the inté8®66) Chapter 2will go into

further detail about a nosionic detergent, DDMB, that was found to be suitable for NMR and has
several physical characteristics that improve on the commonly nd@ddecyiB-D-maltoside(DDM).

A great advantage of detergents is their abitityeasily dissolve small amount of most lip(89). Lipid

and detergent mixtures are referred to as mixed micelles and lack spatiaiatepabetween the lipid

and detergent phase7). As highlighted with bacterial diacylglyceroidse (DAGK), DAGK in detergent
alone is not active, whereas solubilization in lipid (cardiolipin) and detergent mixed micelles supports
DAGK enzymatic activi(@8). 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 presen{69). On the other and certain combinations of detergent and lipid do not generate
mixed micelles and insteddrm unique particles with a defined lipid bilayer and detergent annulus;

these patrticles 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 Safde®). 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 detergentamiatio, referred to as the g
ratio (52). High g bicelles, g of 2.5 or more, are large and display complex phase behavior such as
elongated (ribboHike) or perforated bilayer&69). These high g ratio bicelles are used in NMR with
soluble proteins due to their ability to align with the of magnetic figd,74)and have also found use in
MP xray crystallography75). 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 solution§76). There is a longunning debate on whether these low g bicelles possess a
true lipid bilayer core with a detergent rim or aravaxed micellg67,77)

Bicelles have traditionally used the short chain lipj2tdihexanoysn-glycere3-phosphocholie (DHPC)

or detergent3-([3-cholamidopropyl]dimethylammonie®-hydroxy1-propanesulfonat§ CHAPSO) as the
detergent/rim component and a wide array of glycerophospholipids have been used to make bicelles,
with the most popular beind,2-dimyristoytsnglyceo-3-phosphocholindDMPC). Bicelles have
successfully incorporated glycerophospholipids weither sphingolipids or sterolé78-81), but it was

not previously possible for isotropic particles todissolve mixtures with appreciable amountsadif
threeclasses of lipi82). (The difficulty is likely due to the special complex that is known to form
between cholesterol and sphingomye(i2,33) Chapter 3describes the firsin-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 deterffertways to stabilize MPs with
lipids, as we describe below.



2.4 Nanodiscs and SMALPs

Nanodiscs(54,83) and styrenemaleic acid lipid particles (SMALR8#,85) represent two popular
alternatives to bicelles, which replace the detergent rim of bicelles with either a protepolymer
respectively. Nanodiscs use a membrane scaffold protein that mimics thedbighty lipoprotein
apolipoprotein Al to encircle a lipid bilayer in a Héde 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 fromthe 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 senbdit 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 lysells and remove MPs along with their surrounding ligg&90). As

with detergent resistant membranes, SMALPs were recently shown to solubilize cellular membranes and
density gradient ultracentrifugation was used to isolatg&ar250 nm raftike and small <20 nm nemaft

lipid environments from T cel(81)

2.5 Amphipols

Amphipols are another class of polymer commonly used in the study of MPs. Ampluplike @ weak
detergent and can solubilize MPs in the absence or presence of lipids, but amphipols are not capable of
dissolving membrane$6,57,92) These weak detergent properties allow amphipols to be well tolerated

by animals and have been used in antibody developn{®@8i94) The ability to solubilize MPs but not
dissolve membranes makes amphipols an ideal methatitiver MPs to preformed artificial lipid bilayers

(95). InChapter 4, we show that this MP delivery idea can be extended to live mammalian cells. We show
that S2E can be delivered directly to the PM of mammalian cells and the deliveredsS2afficked back

to disease releant 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. Howesraall set of studies

has aimed to buck this trend and developed methods to study MPs lacking conventional membrane
mimicsin aqueous environments. The properties that make the apolipoprotein Al protein useful for
nanodiscs also allows for solubilizimgegral MPs when fused to the MP6). Other groups have asked

the question: Can we make a MP soluble if we replacdiphé-facing residues with hydrophilic ones?
Remarkably yes. Computational guided mutagenesis has led to water soluble versions of the KcsA
potassium channdB7,98)and DsbB(99)that was able to catalyze disulfide bondsviva

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 iroa wxikin a unique
vesicle/organelle known as a magnetosofi®0) Several magnetosome proteins, such as Mms6, are
known to reside within the organelle lipid bilayer but appear todmephiphiles when recombinantly
expressed in other bacter(d01) Recombinant magnetosome MP Mms6 forms protein micelles with the
Gterminus exposed to water and-términus buried like a micelle hydrophobic cdd®1) (Although it
should be noted thathe 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 potimmicelles bind iron
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and are likely important to magnetosome formation since addition ofi ilmns changes the shape of
aqueous Mms6 particle€l02) Several other magnesome MPg103,104)have been found to form
water soluble micelles but this phenomenianot 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 presumagbriorito be insoluble in the absence of a membranamic. MmMs6

is an integral MP and proteins with a simpler membrane topology should also be able to form protein
GYAOSttSaseg a gSttd {AyIES LI aa LINRPGSAya ¢g2dZ R
headed detergent obolaamphiphilg105) Chapter 5Swill 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 atial viva However, it is desirable to use relevant and biomedically
important proteins when developing these novel methodse 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 asseiated human diseases.

3.2 The Severe acute respiratory syndrome coronavirus two (SEBg2)

Much of my last year at Vanderbilt was dominated both scientifically and personally by the coronavirus
SAR&E0V2 pandemic. This pandemic has shown how powerigrse can be when many diverse
groups of scientists focus on one disease. Powerful vaccines to combat the current pandemic were
rapidly developed106,107)ut it will take years to manufacture and provide to the worldwide
population. Coronavirusesre positivesense single stranded RNA virugE38)present in a wide range

of species including avians, humans, and their companion an{ti@83 Given the previous prevalence
of coronavirus zoonotic even{410,111) it is critical to develop othetherapies 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 concisions in these model systems can be extrapolated to hum@asronavirug112) This

is one of the main reasons why it is important tovdlp 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 partile. SARS infection in humans begins with the binding of the S protein to
the hostangiotensin converting enzyme 2 (ACE2)3)and the bulk of early structural biology work was
focused on this interactio(114,115) Impressively, electron microscopy was recently able to combine
low resolution S protein structures in intact virions witthvitro high-resolution structureg116) The

main functon of the N protein is to form a compact complex with viral genomic RNA and be loaded into
in mature viral particle§117) The M protein is the main structural protein that is responsible for viral
assembly and shap@18) E proteins are also important for viral assembly since both M and E are
needed to form particles that resembles a vimishout genetic material known as virdige particles
(VLPs]J119121) Both the M and E proteins are highly expressed during infection but only a small
fraction of the E protein is incporated into the mature viral particlgd22) The limited incorporation
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of E into the mature viral particles implies that E carries out important functions aside from physical
viral assembly.

For coronavirus assembly, the aforementioned structpralkeins are translocated into the endoplasmic
reticulum (ER) and nascent viral particle assembly occurs in the ER to Golgi intermediate compartment
(ERGIQ)L23) Assembled progeny virus m@through the Golgi stacks and accumulate inttaes-

Golgi network (TGN) where they undergo post translational modifications such as glycogtia4ipn
Traditionally, mature coronavirus particles were thought to egresaraditional biosynthetic pathway
(125) but recent work has highlighted the possibility that egress occurs via deacidified lysod@@es

it is of course possiblend likely that both pathways are used. Recent p@er reviewed EM work has
shown viral particles present in both pathways during -&AR2 infection(127)

3.3 Coronavius envelopeprotein

The function of E outside of viral assembly is poorly understood due to a lack of enzymatic activity and
multiple oligomeric state§128) E is important for viral fitness and deletion of E results lowers viral
titers by two orders of magnituel(129-131) E proteins are between 7809 amino acids long and there
is significant sequence variability between coronaviryd&2)however, despite this sequence variance,
coronavirus E isoforms are thought to have the same general fundil@® E populates both low

order and higher order oligomeric state during infection, presumed to be mononmeks a
homopentamers respectivelfl 33) The homopentameciform of E is a cation selective ion channel
referred to as ariroporin(134-136)and may represent a druggable target, analogous to the influenza
M2 proteinand FDA approvedraantadine(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 a(iBJG&AD) The

E viroporin can also transport calcium and this calcium transport is linked to inflammation and the
related acute respiratory distress syndrome (ARDS),jarrcause of COVAID9 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.

SARE0V1 and SARG0V2 E share over 95 % sequence similarity and so structural results-Ebc&1
likely be extrapolated to SE(134,135) It was originally unknown if E was a single pass or hdikan
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 bilayer§l34-136,143145) 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 lumef146) S2E contains three cysteine residues in the juxta membrane region
that do not form disulfide bondm vivo(147)andare not required for homopentamer formation
(135,143) In model systems, mutation of twar three but not one cysteine to alanine resulted in
reduced VLP formation and reduced viral yigld7) The cysteines of E can be palmi&tgd but the
function of palmitoylation is unknow(147,148) It is important to note that palitoylation does not
appear to impact the strict E localization to the ERGIC/Golgi{I&8) E is strongly retained at sites of
assembly and budding by the ER retention sequence Q49Y Exporting E from the perinlgar space
to the plasma membrane requires deletion of DLLV and a Golgi export €idg6alThe 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 protdis0,151)



It is convenient tahink that viroporin channel formation is the main ngtructural role of the envelope
protein. However, we observe {Dhapter 4that E viroporins have a low open state probability and a
recent publication found that the-Bssociated organelle pH incredsecorrelated with themonomerice
concentration(139) Regardless of oligomeric state, it is documented that the E is able to increase the
pH of the Golgi and TGN89,140) The increase in pH is thought to prevent overprocessing of the spike
protein during viral maturatiorfl39) The E protein is also able to slow down secretory pathways in the
host cell but it is unclear if this is due tebBsed pH chares or interaction with host proteind52)

Given the complexity in oligomeric state and function of E, we wantetgwelop a novel method where
S2E could be studieth viva InChapter 4describes the purification and delivery of recombinartES2

to mammalian cells with amphipols.

odn !'fT KSAYSNRa 5ArAaSlasSo

AD was first described in 1901 by Alois Alzheimer when observing short term memoryAogsigte

Deter. Upon the death of Augusté\lois identified the neurological amyloid plaques aedirofibril

tangles that we still associate with the ATb3) Auguste was onlysbwhen 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 precursoprotein (APP}154) Modern medicine has extended life expectancy which also
highlights the far more common latenset sporadic version of AD (LOALH5) 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 naturd56) 2021 saw the approval of a contentious monoclonal
antibody curative therapyaducanumabjhat aims to rid the brain of amyloid plaquék57) 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 hypot{igsf<61) focuses on

the productionof the A peptides which ultimately forms the plaques for associated with the disease.

The amyloid hypothesis states that the accumulationiop@ptide oligomers and resultant plaques are

G§KS LINAYINEB OFdzaS 2F ! 1 KSA veSakwny$F2)BuSak sh@dwbin! t t O y
Figure 1.3there are two major pathwayd 63} the majority of APP is processed lirethon

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 cleavélste membrane by GS to yield either the ron

toxic p3 or plaque formingiArespectively. 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 C88164)
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Figure 1.3. Processing of ARKPP amyloidogenic is represented by the left pathway as APP is initially
cleavedby beta and then gamma secretase. The-aamyloidogenic 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 assciated germline mutations are found within three critical proteins involved in APP processing
that ultimately result in altered iAproduction and plaque formatio(l.54,165) FAD mutations

associated with AP are found within the C99 fragment and cluster at the GS cleavage sites and in the
A peptide fttps://www.alzforum.org/mutations/app). The other two sets of FAD mutations are within
subunits PSEN1 and PSEN2 of the muliunit G§154) Generally, mutations in thel Assequence result

in either increased iAproduction or increased plaque forming potential. Mutations near the GS cut
site result in increased production of A2 over A40(166,167) A 42 is the main species of Aound in
amyloid plaque$168-170)and it contains additional hydrophobic residues isoleucine and alanine on the
Gterminus which increases the aggregati@mte and toxicity of A42 over A40(171) Although A
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40/42 are the most commonly discussed, longer varian® adre generated by GS due to variability in

the initial cut site and subsequent processiity2yp ¢ KSNBE Aa | (1y26y LINRGSOGAD
mutation (173)that protects against AD associated cognitive decline, further solidifying the genetic link

between A and AD etiolgy.

The tau hypothesis is an alternative prominent hypothesis for AD eti¢lot;175) While A plagues
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 hyperphosphorylatomsf
large aggregates referred to as a neurofibrillary tangles or paired helical filamdatsoipathies(177)
Since both Aand tau induce aberra aggregates, it is tempting to try and link the two pathologies and
studies have shown that the presence of increasedesults in aberrant tau aggregati§h78180) It is
unclear if the impact of iAon tau is due to a direct binding and several studies have looked for a
physical interaction between tau and peptide fragments of 899, and APR81-185) Residues 713
724 of C99 were previously found to bind (283-185), but are always found within or against the lipid
bilayer during structurastudieg186-188). Recent studies had failed to affirm the @88 interaction
(182)and inChaper 6, we confirmed the lack of a C#8u interaction by conducting solution NMR
titrations with detergent solubilized C99 and soluble tau.

The genetic link between APP processing anthA-AD is undeniable, but it is not cleariifid the

causal agenin 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 APP§489,190) Further complicating understanding, deletion of APP in mice
results in only a mild phenotype due to the presence of APP like proteins 1 andiRcahipartially
compensate for the loss of ARF91) In addition to A production, GS cleavage always releabesAPP
intracellular domain (AICD) which is believed to act as an important signaling dd@2)nAICD is
rapidly degraded once producéti93)and the short haHife of AICD increases the difficulty in
understanding APP function in healthy patients.

3.5 The C99rotein fragment and AD.

Aducanumalis a highly controversial AD therafi67)that will require additional clinical trials, post
FDA authorization, to fully assess its efficacy. All other therapies targetinagd®GS are currently in
clinical trials or failed in the clinic due to intolerable side effects and failure to prevent wogseni
cognition(156) Some of these failed therapies, aaducanumabsucceed in removing Aorm the

brain and cerebral spinal fluid. The ability to removefdidm the brain but not pevent cognitive decline
has led some to question the amyloid hypothesis and there is now a shift in funding towards other
etiological possibilitie§194) There also is growing interest in the idea that the direct precursor o A
C99 is a significant contributor to AD outcon(&85)

The APP gene is located on chromosome 21 and trisomy 21, also known as Down syndrome (DS), is
F3a20AF0SR 6A0GK SI NI e i2pagués(ioe!197jFiBtlastsSinmBothRS & S &S |
patients and mouse model systems have shown C99 to cause impaired endosadffitking and

endosomal swellingl98) C99 accumulation in endosomes ultimately results in failure of lysosomal and
autophagic function§199200)and rescue experiments using beta secretase deletions and inhibitors

show that these endosomal and lysosomal perturbations were not caused hgcimulation(198

200) The poisoning of lysozymes is especially problematic for neurons which cannot divide in order to
remove insoluble aggregates. In line with thisadC99 and notiAplaques have recently been shown to
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accumulate and correlate with neuronal vulnerabili01) Moreover, the ability of neurons to degrade
misfolded protein aggregates deteriorates with time, making-{b@aced issues with catabolism
become more apparent with age02,203)

An important causal link between C99 and AD relevant to this dissertation is elevated cholesterol
(186,204,205)Hypercholesterolemidnas been proposed as a risk factor for(AWB,207) although this

has been challenge@08) C99 has been shown to bind cholestenovitro (186) regulate cholesterol
trafficking(209) and cholesterol is known to compete with C99 homodimeriza{@®4) The impact of
cholesterol on C99 dimerization is likely important because C99 oligomeric state hmasebeeed to
impact A production(210-217) Small amounts of cholesterol in addition to cholesterol and
sphingomyelin rich environments have both been shown to increase the production(@£L8)

(Although it should be noted that the impact of cholesterol dnpfoduction 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 environmef$9,220)%ince alpha secretase is excluded from the
raft-like environment(221)and it was hypothesized that the G88Rolesterol comple would allow for

C99 localization within liquid rafts. In opposition to this idea, studies of C99 phase preference have
shown that in both synthetic GUW222)and neuronderived GPMV&23)that C99 localizes in the bulk
lipid disordered phase and is strongly excluded from liquid ordered or raft phase. It is possible that
protein-protein interactions not found in GPMVs are required to drive C99 intdikaftenvironmentsn
vivo.

Mitochondrial dysfunction and associated increases in reactive oxygen species havedong be
associated with AlR24,225) C99 expressing mice can be fduo have mitochondrial defects that are
made worse with gamma secretase inhibit¢226) Recent work found C99 to be a regulator of
cholesterol synthesis and trafficking in the ER mitochondrial associated membrane (RBM)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-ch@!@3terol interactions and
mitochondrial dysfunction. Regardless of the exact relationship between AD and C99, there is growing
link between the two and thibas led to many structural studies on G8%itroin a variety of

membrane mimics.

3.6 C9%tructural studies

There isheightened interest in understanding the impact of cholesterol and sphingomyelin on C99
structure due to the known impact of a SCOR environmentiopréduction(218) Since C99 is a small
single pass fragment of APP, it is too small for-&tband too flexible for-xay crystallography227)
Solution NMR is ideal for small prate and the main experimental technique used to study small
integral MPg228) There are several solutiorMR C99 or C99 fragment structures published
(204,229,230@and the first full length C99 structure was determined in 2012 by the Sandefs86p
LMPG, an anionic detergent, was used as the membrane mimetic and as shHeiyare 1.4C99 was
found to possess a random coitérminus followed by a short amphipathic helix and TM. After the TM,
a long intracellular random coitiBop is capped by an amphipathic helix at thee@ninus. A detergent
hybrid of cholesterol knan as chobimal{231)was used to show that C99 may bind cholest@32)
The cholesterol C99 interaction was later validated in the more bHékeDMPC/DHPC bicelle using
true cholesterol. The cholestertdden bicelles were not stable over a long period of time and
prevented structural studies beyond demonstrating chadest binding.
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Figure 1.4: C99 sequence and topolo@@9 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
Doman of the Amyloid Precursor Protein. BiochemisSgy50515064.

It is important to note that there were no structures of C99 in a SCOR environment due to the absence
of a suitable membrane mim{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 fesvar@hare based on experimental
structures determined in the absence of sphingomyelin and choles{2@&l,233235). InChapter 3 we

explore the impact of a SCOR environment on C99 structure using SCOR bicelles. A wealth of structural
information on C991 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 A production.Dimerization of the fullength APP can be induced by heparin and mediated
by the extracellular ectodomair(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 lackddbp &d €
terminal amphipathic helix229,230) Some studies found that TM dimerization is mediated through
GXXXG motifs located on the-tdrminal side of the TM210,214,24&@42)while others found
dimerization to be mediated by a GXXXA near the middle of th€2BM?243) The membrane mimic
used likely dictates the interface of dimerizati(®84)and this idea agreesith computational studies
that highlight all plausible C99 dimerization methda44) The Xu lab determineid vivothat that the
TVIV motif in the @erminal side of the C99 TM mediates dimerizat{@B8} this is also where GS can
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make the infial cleavage of C99. We showGhapter 3that 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 unigque
detergents and native/complex lipid environments. These new methods were demonstrated with
disease relevant proteins in order to demonstrate the methagigability in addressing important
biomedical questionLhapter 2examines the use of an underutilized nimmic detergent, DDMB, for
solution NMR and membrane protein studi€hapter 3characterizes the morphology and stability of
DDMBbased SCOR biadland uses a wide variety of technigues to study the structure of C99 in a SCOR
environment.Delivery of SARSov2 E to live mammalian cells via amphipol and subsequent E
retrograde trafficking is described @hapter 4 Chapter 5highlights how singleass MPs can be purified
without any membrane mimic and their subsequent characterizaf@imapter 6does 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 thidissertation and future directions for others wanting to implement

or develop these methods and studies further.
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Il. Dodecy} -Melibioside Detergent Micelles as a Medium for Membrane Proteins

This chapter is adapted froBodecyd -Melibioside Detergent Micelles as a Medium for Membrane Profribfished irBiochemistryand has been reproduced with the permission of the
publisher Hutchison JM, Lu Z, Li GC, Travis B, Mittal R, Deatherage CL, Sanders CR -Detieindide Detergent Micelles as a Medium for Membrane Proteins. Biochemistry. 2017 Oct
17;56(41):54835484. doi: 10.1021/acs.biochem.7b00810. Epub 2017 Oct 9. PMID:8ZBRFMCID: 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 difficultto-study biomolecules(47,53,58,64,24249)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 abnierdetergents in NMR

studies of membrane proteins. Given the widespread use of uncharged detergents sudodecgh -

Y f (2 DPWR)$ crystallization/diffraction studies ofany different membrane proteins, the fact

i K -mDM, 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 dtergent 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 agedodecyt -Y' St A 0 A -PEMBRIi§ure®2.1L (250)The disaccharide
melibiose is distinct from maltose and most other disaccharide in that its galactose and glucose units are

A = 4 A

the two sugar groups than is possible for ati 6 glycosides. We hypothesized that this enhanced
conformational flexibility might attune its micelle properties and interactiofith ywmembrane 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 gigil as described ithe Appendix landFigure S2.2Usingan ANS dye

based fluorescence methkiq251)the critical micelle concentrati6 20DMB at 25 °C was determined

G2 0S ndo Yad ¢ KREDM O\2aM R5R)EaKASMIcheKile Walug @e\ibusly
RSGSNX¥AYSR T2N Iy dzyNBaz2t @SR (253)DynadiaNBht @aftering YR | Y
65[ {0 6Fa SyLtz2&SR (2 I &as$aa&aDDMR Qicelies hasechdhgy R | IINB I |
FaadzYLIWiA2y (GKIFG GKS@ NB ALIKSNROI {DDMBhat2RICa(d it Y S| & dz
concentrations <100 mMAgure 2.)indh OF 0 S G KIF G (G KS NJ RRADMB migefesi&K @ RNJI U A 2
2.9 nm and the aggregation number is roughly &fresponding to an aggregate molecular weight of

nH {5F® ¢KSaAS NBadz Ga NB aAYAfTIFINI G2 (K2aS LINBOJA2
the 20c40 mM concentration rangg253)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 refsui 2 ¥ n ¢ -0D5B mideReKdblé $23 wab in good agreement with

the value determined by DLS.
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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 ramRus& y  LJ- YDBMB micelle sizé |
as a function of pH. The buffer was either 25mM imidazole buffered at either pH 7.5 or 6.5, or 25mM
da2RAdzy | OSil S IDDMBLdlicellpsapa fuhdtidnofdagt doncertration.

i -DDM(254)has previously been shown to form micelles in the range Q76%[x, (255)significantly
largerK Iy GKS OF ® nH | SODME (e &do th&RbmFadshids idrigured2elAB).

i -DDM micelles also exhibited a linear temperatdigpendent increase in size at higher concentrations
OAD®S D wmnnYa sDDYEMicellesSaSH00 mMBigNEe2.1B) @ ¢ K SDDMR migeffes was
also independent of both pH and ionic strenglligure 2.1@&nd 2.1D. The constancy of the properties

2 ¥-DDMB micelles across a wide range of relevant pH, temperatures, concentrations, and ionic
strengths is useful® O | dzADMB imicelles can be employed in a wide range of conditidth®ut
concern about major changes in micellar properties.

¢2 GSaid 56KaS (i KSINOSE € Sa | NB -DDMIntthe @dséndefofraynenibfaded S 2 F |
protein we used SERIALS to examie the sizes of micelles containikg coldiacylglycerol kinase

(DAGK), a 42 kDa homotrimeric mosiblical protein with three transmembrane segments per subunit.

¢tKS 5a. k5! DY O2YLX SE A& NRIAKf& onl FablaS2Apt £t SNI G KI y
iyRAOIFIGAY 3 GKF G §KSDKBrexténtisSNG cohplzswith GAGEK AT S 2 F |

2§ ySEG GSai SDDMB K ®aintain thé skabildy of2anembrane protein. DAGK was

LJdzNA T A -BBRVIBiaydiing edch of four commonly used detergentdqdecyphosphocholine: DPC,
n-decyb -Y I £ (i 2 /RS Ya biD-DDN) ¢nd indubated 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 t2 values for irreversile inactivation of the enzyntea measure of thermostabilit{256)As
showninFigure2.Z 5! DY A& Y dzOf 5¥2 MIPORBI(T. af 8.5-0.5\hyad 9.9+1.7 h
NEALISOGA DSt & DM, inkdreyT. il bth Eases wag dNd hoours. In the case of MNG there

seem to be two populations of DABKNG mixed micelles: a ca. 40% population in which DAGK is
sensitive to thermal degradationFof 5.6 hour3, 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 deteriiemtand being lipid

like, such that MNG may be able to form more than one type of kinetically stable complexes with some
YSYONI YS LINRPGSAY&ad LY ye56khasSixaleyhtenBBfdsR a8 AYyR
ability to suppress irreversible thermal inactivation ofDY | Yy R Y dzOK o SDMi(&BBY G Ky 5t

* DM T12=3.3%1.3
1.0 A DPC Tw=2.1%0.
v DDMB T::=9.9%1.7
2 m DDM T.=8.5+0.5
S 0.8 ® MNG T:*=5.6+1.3
2
<
_00.6~
@
N
w 0.4
E
S
= 0.24
0.0 o

0 5 10 15 20 25 30
Time at 70°C (h)

CA3dzZNBE HOH P ¢ KS NI EDDMBiaind ofhér HeteigentAEK sarhplzd (0.2 ngg/mil)

GSNBE AyOdzol SR G T1Tnc/ X 6A0GK fAljd2iad 6SAy3a NBY20Q
DM/cardiolipin mixed miceller DAGK activity as$a$7)T1/2* of MNG represents the DAGK population

that sensitive to thermal inactivation in MNG/DAGK mixed micelles.

Wey SEG (S&0SR (i K-BDMBSah N8 asia theditir thaD<pports the native

functionality of a membrane protein. We again employed DAGK, which was purified int® Ipg S i

55a. X abbsDa>> i{DM.Rliquots from these stock solutions were thigansferred into DAGK

assay mixtures prepared using several different types of micelles or detecgatiolipin mixed

YA OSt t Sa sDMicafdivtipidziniked Bhicélles (the traditional standard assay conuitids can be

seen inFigure 2.3 DAGK hasnly low activity (ca. 1 unit/mg) when assays are carried out iniphlS S i

DDMB micelles, as is also the case for{piNBSHa I a b D-DDM. fdwever, the presence of

cardiolipin (CL) in the assay mixtures as a lipid activator dramatically entanc&Y | OGDDMA G& Ay
abDX I5YR.id ¢KS I Ol A &A5lak K& [DDNYCRNGIS SaRas kigh as for the
O2NNBaLl2yRAY3 NBI-DMICL aryBNG/Q| shdydstiidRsulRlaldifferdnges in DAGK

structure and/or dynamics that resultsub2 LIJG A YI £ OF (I ft SHER 0 K LINPOINGORTI A S& Ay
YAESR YA OSt tDMECL ahl MINGICA ébAditicn® When the same DAGK stock is used MNG

with cardiolipin gives a higher activity compared to DM with cardiolipin. A surprising observatan is

51 DY LINBHEIENMBR YR 10 KSy -FI2tf ARj d22Ai IR S6Radk pApy/Hiaik /S[AXI K2SNNU i
DDMB/CL mixed micelle assay mixtures yielded higher activities than the corresponding assays initiated
dZaAy3 avl tf I f Al dz25aa>DPN, orAVING Micelldsldhd dheN BaRsfefrad toithese
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same detergent/CL mixtures. Indeed, the observed specific activity of 16615 U/mg for DAGK purified
Ayid®5d. FyR (KS -PN/GLjmizedim&élesisyhich higher than the highest previously
reported 30°C mixed micellar specific activity for DAGK, which is 120.(ZB8)259)This suggests that

51 DY LINXB DM NXaEBdRmoktyikely, many other detergent types) micelles is susceptible to
irreversible misfolding, aproblemtia A & | 2 ARSR ¢ KSy (-BBVBIndéed, YS A & LIN
DAGK has long been known to be prone to misfold in detergent mic@k3,260)These results show
0KIFG y2i -DDWB m@ovidea Siédium that supports the thermal stability of DAGK, but it also
seems to enhance its &tfency of folding during and following purification (s&gpendix ). On the

2 (i K S NJ -BOMB R Bypical of most deterges(®61,262)n that it cannot itself satisfy the

requirement of DAGK requirement for the presence of a lipid cofactor for maximal catalytic activity
(263,264)

Activity (U/mg)
8

B

DDMS8 Stock/,
DDMBOXCL

Figure 2.3. DAGK activity assays started with detergent aliquots of DAGK diluted various micelle and

mixed micelle assay mixtures.! DY ¢ a LIENRaT 2SR AE-DDAM, dr NG micelles (stock)

YR GKSy |aaléeSR dzaAy3a NBIOGA2Y YAEGdNBE G onc/ @
GMP/ [ ¢ NBFTSNER (2 GKS FFOdG GKIF{G GKSaswizheSandaml OGA 2 Y
assay procedurg257)

2§ ySEG SBDMB igeleRasia medium for NMR studies of membraneimatTROSMSQC

were collected for three different membrane proteins: (i) the human Notchl transmembrane domain
(Notch-TMD) residues 1721771 (a single span protein), (ii) the-8%idue C99 domain of the human

amyloid precursor protein, the immediateguursor of the amyloid LJ2f @ LISLIGARS ol t a2 62
transmembrane segment), and (iii) the 160 residue human peripheral myelin protein 22 (a mostly helical
LINPGSAY 6AGK n GNFXyaYSYONryS &S3YSynDMBmicelles, OK 2 F
A y (:DMimicelles, and into the micelle type previously observed to yield the most favorable NMR

spectra for each protein following extensive screen{282,265,266 A TROSMSQC spectrum was

collected for each sampl€igure 2.4 K 2 ¢ & -DDKB yieldspectra for C99 and the NotéRVID that

are comparable in quality with the detergents previously shown to yield the best spectra for these

proteins (lysemyristoylphosphatidylglycerol, LMPG, for C99 and-iygastoylphosphatidylcholine,

LMPC, for the NoteAMD).Figure 2.4 f & 2 & K DBNB als&ylielils better spectra for C99 and the

Notch¢ a 5 (i ®DM In both cases certain peaks observed when the proteins g#®DMB are too

ONRBI R 2 -DRS.FS éxample,there are a pair of black peaks near 111 PPMiNthe

dimension forthe Notclt a5 B3 Fali F2NJ 6 KAOK GKSNB | NB ypPM.O2 NNB a L.
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Theaveragé®h f Ay Sg ARG Ka -IDMNdicale aieG-B2%Aaytjer th&nShe linewidths for

b2{i OKs5hay. ¥ Yz2aild fA{1Ste NBTtSOGSsya YIKEGES taftA s AG2 YOUIyNE
DDMB micelles (s€Bable S2.2 The!sh f Ay S é A R (i KBDMniEellé whrp ~1R% larfer than

thS f Ay SoA RODKNEmideNe. G KS |
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Notch¢ a5 Ay M3> [at/ ONBGROMYYSbpaHoadhal DG OKWMIRinonn>a b:
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A more demanding test case for NMR is provided by the human PMP22, a tetraspan membrane protein.
Despit over a decade of effort to optimize NMR conditions for this diséiaged protein the best NMR
spectraacquired to date have been in tetradecylphosphocholine (TDPC) micelles and these are highly
unsatisfactory, characterized by the absence of many peallsconsiderable heterogeneity of

linewidths among the peaks thatin be observed265,266)As showrin Figure 2.4EPMP22resents

Yy AYLINRGSR aLISO(HEBd. s KSY | WAz TFAHAERECEY /id ¢KS |jdz f A
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55a |-gOMBIiare more similaFjgure 2.46 ¥ K 2 ¢ S ®BMEspeitiirs exhibits more peaks
in the crowded region between 8.5 and 7.5 H ppm.

Condusion

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 sysiarwhich the membrane protein is

OKI NI OiG SNA T SR ®DMEStheBshow dhét iA’rinSsinalldr Ficélles than the commonly

dza S-BDM, even though both detergentshavdlR2 RS Oet (Il Afa | yR RDDMBOOKIL NAF
Aa 2dza i -DOM afhaiaing te thermal stability of a complex membrane enzyme, DAGK.

a 2 NB 2 DOMEis better than any detergent yet tested as a medium in which to purify DAGK in a

gre OGKFd T @2ARa&a YAaFT2ft RAyad CAyDbMBwasedn2oNEld KNBES RA
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 #iamic detergents, which have rarely been

used as membranaimetic media in prexdus NMR studies. We hope these observations will encourage
020K TdzNI KSNJ ORDMBlard éxplovdtionlofiappicstiond fr which it may be uniquely

well suited.
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[1I. Bicelles Rich in both Sphingolipids a@tholesterol and Their Use in Studies of Membrane Proteins

This chapter is adapted Bicelles Rich in both Sphingolipids and Cholesterol and Their Use in Studies of Membrane IRteéeins)p@sand 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 SieS®i RAa@bkrs MG, Katsaras J, Voehler MW, Ruotolo
BT, Huster D, McFeeters RL, Straub JE, Nieh MP, Sanders CR. BidellestRi8phingolipids and Cholesterol and Their Use in Studies of Membrane Proteins. J Am Chem Soc. 2020 Jul
22;142(29):12718.2729. doi: 10.1021/jacs.0c04669. Epub 2020 Jul 8. PMID: 32575981; PMCID: PMC7924963.

Introduction

The plasma membrane (PM) mammalian cells and related endoserand lysosomenembranesis
distinguished from other granellar membranes by itigh levels of botltholesterol (Choland
sphingolipids, lipids that are well known to undengmusually strondipid-lipid interactionsin the
membranethat result in local merrane clustering andrdering (267)The observation obkal

ordering of membrane lipids has ledtiee lipid raft hypothesiswhich positghat phase separationan
occur in PMsresulting inCholand splingolipidrich ordered phase nanodol A ya o0&t A LA R NI T a
surrounded by disordered phadilayers(29-31) While the lipid raft hypothesis hasencontroversial
(268)there is no question that PMs are rich@holand sphingolipidg6) To test the impact of the
unigue mammalian PM composition on protein structure and dynamiesetis a need for model
membranesthat are rich in bothChol and sphingolipidbat can beused 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 avaitabialy due to difficulties

in co-solubilizng largemolar fractions ofCholand sphingtipidsto form mixed micelles, bicelles,
nanodiscs, or lipodisqshe latter also known as SMALPS)

Both sphingolipigtich bicelles ancChotrich bicelleshave been reported(78-81) but not bicelles that

are rich in both these lipid€hotricha y I G A @S¢ Sdz]  NE2GA O o0AO0SttSa KI @S
structures, but were not morphologically characterized and contained only ~ 1 mgpditigomyelin
(SM. (269)Reinforcing the idea of poor SM/Chol-solubility, recent work by Kot et al. showed that SM
and Cholmixtures are recalcitrant to the detergents traditionally used to form bice(&2)Peptide

based nanodisdsave used to ceolubilize lipid mixtures containing SM and Chot,dnly to 7 and 4

mol % respectively(270)The difficuty of dissolving sphingolipi@holmixtures may be related to
energeticallyfavorablecomplex formation between these two lipid82,33)In this work we set out to
develop a model membrane system that is rich in bBMand Choland that involves formadin of
assemblies small enough to be monodisperse and optically clear, such that they eaiplogedin a

wide range of biophysical and biocherai applications requiring these properties. Here, we describe
the development and characterizah of SMand Clol-rich SCOR bicelle$o demorstrate the utility of

this new model membrane systewe also report reconstitutiorand biophysical characterizatiar the
transmembrane C99 domain of the human amyloid precursor prq@iP)nto SCOR bicelles. It is
shownthat this protein exhibitstructural properties in this mediunat are distinct fromwhat has
previously been observed in more conventional model membrane media

Results
{ONBSYyAy3 F2NJ I 5SGSNHSY( ¢ Kl LWKN Y F2KQRUEAGFEANERT S t K2

A screen of over 200 mixtures was conducted in search for a detergent that sautlizeCholand
SMmixtures in the presence of phosphatidylcholine at a total detergent:lipid ofriithr ratio(q=
0.33),with resultssummarized imMable S3L. The choice of lipid mixtures tested was heavily weighted
towards lipid mixtures that either are known to form ordered phase bilayers at-pbgsiological
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temperatures or are predicted to do so. Among the cresstion of 35detergentstested we found a
number that couldcould solubilizeeither Cholor SM,tested. However,only the recently introduce8)
n-dodecyl -melibioside (DDMB) was successful at solubilizingures ofvarious forms of
phosphatidylcholine with botiCholandegg SM (eSM). eS8l predominantly (~86 %) composeftioe
saturated Clé&amidated form [ttps://avantilipids.com/product/860061 It is notable that DDMB, with
its melibiose (galactose GANG)-D-glucose) head group, was effective, whitdadecyt -maltoside,
with its less flexible glucose 6AM)-D-glucose hadgroup was not. DDMB wasento be able to
solubilize a range of phospholipiehotsphingomyelin mixturedVe choseDMPC as the
glycerophospholipidor the SCOR bicelléscused on in trs work becausef its extensive prior usi
well-characterizectlassicabicelle mixturesincluding work involving our test protein for this study,
C99(186,187,204,205,230,23%0,271274) Accordinglythere is awealth of previous data for classical
DMPGbased bicellethat can becompared toour results for the new SCOR bicelles.

SolidState 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
DMPCeSMCholSCOR to focus on in this sjudBecause detergeiitee 4:2:1DMPCeSMChol lipid
bilayers have not previously been characterized, we examined vesicles of this compasitipsolid
state NMRspectroscopy. The goal was to illuminate the bilayer phase properties of the parent lipid
mixture used for the SCOR bicellEsst, satic 3P NMR spectra weracquiredas a function of
temperature as shown ifrigure3.1A. All spectrafor the 20 to 50°C temperature range exhéita
single powder pattericharacterized by an axially symmetritemical shift anisotropy tensor spanning
~50 ppm,n whichthe individual®®P NMR contributionsf DMPC anéSMare indistinguishable. Such an
NMR powder pattern lineshape is characteristic of lipids undergaipigl axiadly symmetriomotional
averaging, ais typical for lamellanembranes in either the ordered or disorderedtimot the gel
phase(23,275)Next,?H NMR spectra of the mixture containing chpirdeuterated DMP@s4 were
measured as a function of temperatureigure3.1B). The typical superposition of quadrupolar Pake
powder patterns from all deuterons along the myristoyl chasnsbserved, where each quadrupolar
splitting provides information on the degree of molecular ordea @farticulamethyleneor methyl
segmentin the lipid chain. Close inspection of the innermost (and most intetiesalinal methyl group
splittingreveals the appearance of a second Pake doublet mperatures below 30°G-igure3.10.

This indicates that DMPC populates two different environméasswould be the caselfMPC is
distributed between two different phas@$27)No spectral features indicative of a @Bl ) or solid
ordered (®) phase were observed even at 20°C, where pure DiMi@8branes arevell known to form
a gel phase. As expected, thidths of the 2H NMRquadrupolarPake doublets decreadevith
increasingemperature due to increased motiondisorderof the GD bond vectorsalongthe chain as
alsoseenin a plot of the first spectral moment as a function of temperatufg(re3.1D). Theslight
discontinuityseenat a temperature of ~30°C coincides with the spectral changes observed for the
methyl groupsalso consistent with &ransitionfrom the ordered Lo phas® the disordered d phase
above this temperaturgé275)Above 30°Cthe spectral resolution is sufficient for dePakeiags) the 2H
NMR spectra, resulting in the order parameter profiles along the carbon chains shéigure3.1E
These profiles are consistent with a somewhat disordered phase state at temperatures3I3&/As
temperature increases, the order in theydchain decreases.
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Figure 3.1. Statié*P and’H NMR spectra of fully hydrated DMRiz4/eSM/Chol (4/2/1 mol/mol/mol)

vesicles at various temperature#) 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®!P NMR spectra exclude that DMPC is in a gel phase. Red lines indicfitesinasiations

of the spectral line shape. Samples were observed to be slighthpfielded. Spectra were simulated

using an ellipsoidal distribution function with aspect ratios of @.6575.B)°H NMR spectra of chain
perdeuterated DMP@s4 in theternary lipid mixture as a function of temperatuf@Enlarged view of

the chainterminal methyl group quadrupolar splitting of tAd NMR spectra shown in B, which

highlights two sets of quadrupolar splitting at temperatures from 20 to 3DYElot of he 1st spectral
moment of the’H NMR spectra shown in B as a function of tempera&)®MPC 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 pdhe

It has previously been seen that lipids in the Lo plemee a property withhose in theLdphase by
undergoing unhindered lateraiffusionandalsolong axis rotational diffusion around the bilayer
normal (27,28)Howeverthe Lophase statdiffers fromLdby featuring a dramatic decreagethe
number ofgauchedihedrals angle along the hydrocarbon chains due to strong ordering interactions
imposed by proximaChol.(27,28)Thistrend is reflected by the wider span of tAd NMR spectraelow
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30°Crelative to spectra fronbdphase bilayers, as was observed here. The populatigawthe

conformers can be estimated from the averdg®PCchain length determined froreach?H NMR

spectum. (277,278)Eachgaucheexcursion reduces the chain length by 1.12%9)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 extendadl trans chainsundergoing axially symmetric reorientation

along the long axis of the DMPC moleguale expected for an ideal Lo phase state. The average chain
order parameter of DMP@s4 in the mixture at 20°C can roughly be determirtede <S> = 0.36 given

the broad nature of theH NMR spectrum at this temperature. From the average order parameter of
0.36, the average length of DMPC chsin the mixture was estimated tbe 13.1 A, which can be
compared to 15.2 A for an atianschain. This suggests that théPC chains in the mixture exhibit on
average ~3jauchedefects at 20°C. At temperatures above 30°C, the chain length can be determined
precisely from the dePaked spectggelding chain lengths varying from 11.6 A at 32°C to 10.7 A at 50°C.
This would corspond to 3.3 to 4.fauchedefects, which is in agreement withe population of the

liquid disordered (Ld) phase state in that temperature range. These results therefore suggest that the
4:2:1 DMPCeSMCholmixture occupies a Lolike phase state betweep0 and 30°C and the Ld state
above 30°C. The transition between these phases is somewhat gradual.

The conclusionhat the phase occupied by 4:2:1 DMEEMCholat lower temperatures is l-tike, but
not to an ideal extreme, is not surprising. Pure Lo phfasmation is most often describashly at Chol
contents higher than the 14 mol% of the current mixtuiz,280)To confirm thathe 4:2:1 mixture
truly occupies a L-tike phase below 3@we applied'H MAS NMR tgainadditional information Figure
S3.1shows a series dH MAS NMR spectra ofifmixture as a function of temperature. Particularly at
20 - 24°C, the observed NMR spectra closely reseswlaat has been defined as the pure Lo ph&de
NMR spectrum(280)

Taken togetherthe solidstate NMR characterization of the DMRESM Chol(4:2:1 mol/mol/mol)
mixtureindicatesthe bilayers form arén a Lelike phase state at temperatures below ~30°C trat

there is a transition to thé.d state above 30°C. Thransition between these states 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 mammaisls which also appear to
exhibitproperties that also are borderline between these two pha$as)

Small Angle Scattering Characterization of SC@RIRs

Small angle Xay and neutron scattering (SAZSANSi)nethodsare powerful toolsfor resolvingthe
ensemble morphology gfarticles We thereforeusedthese methodgo characterize the shape and
structural organization of SCOR bicelles. Measurgsemrre made for mixtures with lipitb-DDMB
ratios(q is the lipigto-detergent mole ratioyanging from 0.25 to 1. range of g in whicthe bicelles
are smalland monodispersefrigure 3.5hows that asimultaneous fit othe SAXS and SANS scattering
curveswith a core shell bicelle moddFigure S3.pfor both g = 0.33 and 1.0 SCOR bicdlggports the
ideal bicelle model in whichdiscoidal lipid bilayer regiois surrounded by a toroid of DDMB detergent.
It is noted that he deviation from fit aQ < 0.02 Ain Figure 3.2RSAXS datahere Q is the scattering
vector)waslikely due tothe presence ohir bubbles but that thisdid not impact thebestfitting
parametersasthe simultaneoudit with both SAXS anSANS datgreatly reduced the uncertainty. Over
g ratiosof 0.25 to 1.0SCOR bicelles were seterconform to the classical detergent edgtabilized
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bilayer disanodel with a near constant bilayer thickness of 4.7 nm at g = 0.25 tor6.8t q = 1.0and
with discdiameters ranging from ~7 nm at g = 0.25 to ~11 nm at q =Flgbifes 3.2C and S3.2

Due to thehigher electron densitpf the phosphategroups, SAX&nprovide modelfree information

about headgrougheadgroup distances in bicellédong the axis oltogonal to the plane of the bicelle)

via analysis ahe second maxima, referred to as thefFigure 3.2 (62) As highlighted ifrigure

3.2E the mean headgroufo-headgroup distancen the SCOR bicelles increases from 4.6 nm at q = 0.25
to 5.0 nm at q = 1.0 (~ 9 9hile for DMPEDHPC bicelles the mean headgraogheadgroup distance
increases by ~44% ovewary similarg range (67)Mean headgrougheadgroup distances are

understood to approximate bilayer thickness and the SCOR biesfleseen teexhibit only a slight
increasen bilayer thickness as a function of q. The SCOR bilayer thickineS© nmat g = 1.Gs
significantiarger than the ~4.3 nm bilayer thickness of pure DMBD) This increase is likely because
Cholincreassthe bilayer thickness, as it is known to ddDMPC vesicle@4) 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 acylains of DMPC anelSM, as corroborately our solid

state?H NMR results for vesicles. The limited chandglayer thickness of SCORdiles over a range of

g ratiosimplies minimal detergent penetration into the lipid comven at low g ratiodMoreover, the

decay transition from the lowQ intensity plateau moves toward lower Q values, suggesting that the size
of bicelles increases with higher q ratios, as expediedummary, combine8AXS and SAKSults
demonstrate that SCOR bicelles have bilayereddisc morphdogy of ideal bicelles with limited

detergent penetration into the ~5 nm thick bilayer core.
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Figure 3.2. Small angle-bay and neutron scattering of SCOR bicella}Smallanglescattering

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 SCOE&ebées were prepared in H20 (SAXS) or in 100 % D20 (SANS),
with scattering results shown in red and blue, respectiBIgmall angle scattering measurements for

fully protonated g=1.0 SCOR bicelles at 0.5% w/v prepare®ifIAXS) or in 100 Y¥OSANS shown

in red and blue respectivel@)Models of SCOR bicelles at q=0.33 and g=1.0 (left and right, respectively)
based on small angle scattering ceateell bicelle model fitting of panels A and B (Siggire S3.2 and

Appendix 2for a description of thenodel).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 DDEIBmax peak is

around ~ 0.12E)Mean headgrougo-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/DHPCratios are from Caldwell et &67)

CryoElectron Microscopy Visualization of SCOR Bicelles

We usal transmissiorcryo-electron microscopy (cry&M) on SCOR bicelles frozen in vitreous ice to see
if it was possible to obtain direct visualization of bicelle diségures 3.3A and Bhowcryo-EM
microgaphs for g = 0.33 and 1.0 SCla¢tlles.

The cryeEM micrographsdid notreveal anyselfassociation of the bicelle assemblies. SCOR bicelles
exhibit a hollow discoidal shape reflecting their electfwoor hydrocarbon interior and electrerich
head group surface. Bicelle image populations weercientlyuniform to be picked and class
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averaged, with orthogonal views of the same reconstructions being shown for q arid3g=1.0

bicelles inFigures 3.3C and 3.3Despectively. As can be sedor bothcompositiors the discoidal
morphology is confirmed. More@r the dimensions seen for both the q=0.33 (thickness of 5.8.#/

nm, diameter of 6.9 +/0.8nm) and g= 1.0 (thickness of 5.5 ®/4nm, diameter of 128 +/- 1.9 nm)

bicelles are in good agreement withie SAXS and SANS res(figure 3.3[E It is mportant to note that

the g = 0.33 SOR bicelle sampld;igures 3.3A and)Ccontainecthe C99protein, a small singlspan
membrane protein (see later section of Results). Weld not resolve any protein densjtwhich was as
expected given the small4kDa) size of our C99 construct and its dynamic oligomeric state (see below).
These results confirm the conclusions of the scattering experiments and demonstratesiGR

biceles are welbehaved in vitrifiecconditions, suggesting that they may betable for use in crydeM
studies oflargerintegral membrane proteins and their complexespecially 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 gf= 0.33 SCOR bicelles to be around 100kD with roughly 185 lipid and
detergent molecules in each bicelkeg Appendix R

]
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4 o Thickness EM

] o Thickness SAS
1 A Diameter SAS
] o Diameter EM

60 Angstrom 02 04 06 08 10

Figure 3.3. Crnyklectron microscopy of SCOR bicellag.Contrasenhanced crydeM image of g= 0.33

SCOR bicelles with yellow circles highlighting individual partiB)3ontrastenhanced crycM image

of g= 1.0 SCOR bicelles with yellow circles highlighting individual particles. Samples in A ar®4B are O

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)andD)are orthogonal views of class averages for the g = 0.33 and q = 1.0 bicelles,
respectively. q=0.33 samples contained the C99 protein-a2:3 proteirto-bicelle ratio. C99 is not

observed owing to its small siZz2l\Comparison of SCOR bilayer thickness and diameter as determined
from crycEM (n=50), and small angle scattering fits.
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Use of Dynamic Light Scattering to Test the Restienf 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
whichthe integrity of SCOR bicelles persidtggUre 3.3. Figure 3.4Ashows thatthe radius of hydration
(R, determined from dynamic light scattering isganeralagreement with the radius of gyrationd|R
determined by SAXfgom the Guinierregion It wasalso seen that SCOR bicelle size is not affected by
bicelleconcentration(total lipid+detergent) above 85 wt% but does exhibit a slight increase in radius
of hydration when the total bicelle concentration is reduced to 0.125 wWiiure 3.4B The persistence
of SCOR bicelles at such low concentrations is likely due to therikv@l micelle concentration (CMC)
of DDMB (0.3 mN68)) relative to thehigher critical micelle concentration of tmeost commonly used
detergent inconventionabicelles dihexanoylphosphatidylcholig®dHPCCMC of 1al5 mM(281).

was also seen that SCOR bicelle size is not significantly affected by pH, ionic stretegtiperature

This robustnesss wellsuited for the possible utility of SCOR bicelesa membrane mimetimedium
(Figure 3.4BD).
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Figure 3.4. Dynamic light scattering of SCOR bicel{@g DLSdetermined apparent hydrodynamic radii

(R, values & compared to SAXS and SAN&rmined apparent radius of gyrationgfRalues for SCOR
bicelles at various g (lipid:detergent) ratios. Error bars reflect the standard deviatignaifiBs

determined from three repetitions of 10 DLS acquisitions fdr gaatio.(B)DLSdetermined Rfor 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)DL&determined Rvalues for SCOR bicelles at a g of 0.33 as a function of ionic strength.
(D)DLSdetermined Rvalues 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 ®/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 selectedor studythe 99residue @erminal domain of the human amyloid precursor protein (APP),

the immediate precursor of the amyloloketa polypeptidesi K G F NB 242 0AF GSR 6AGK
C99 has previously been subjected to structural studies in micelles, bicelliepidrvesicles
(186,187,204,205,230,235,240,2274)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 g of 0.33 Yigfied

TROSY NMR spectra of reasonably high spegqtiality, reminiscent of previous work with C99 in
DHPDMPCbicelles(187)Using uniformlyH*C*N-lableled C99 we assigned its backbdié and**C

NMR resonances in SCOR bicelles using traditional 3D NMR approaches supplemented with data from
amino acidspecific labeling experiments. Assignments were also facilitated by transferring some
previouslycompleted assignments from DDMB micelle conditidfigres S3:83.5. The'HN-TROSY
spectrumof C99 in SCOR bicellsshown irFigure 3.5 Over 90 % of C99 backbone resonances were
assignedwith themain hindrancdor the remainingesonancedeing that some transmembrane or
juxtamembrane sites yield only very broad peaks.
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Figure 3.5. AssignetH '>N-TROSY NMR spectrum of C99 in SCOR bicEtlesackbone amide+t°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

TALOSN was usedo analyze chemical shifts fro@99 tomapits secondarystructurein SCOR bicelles

InF RRAGAZ2Y (G2 GKS KStAOFt GNIyaYSYoNIyS -RRIYARY I (K
separatel from the Nterminus of the transmembrane domaiii1D)by only a few linking residues.

¢CKSNB | fa2 A&aKBYAEYLKAE LdEniRa @pacaiidryn$the/ TMD by a 35
NBaARMRRLE D ! &adzYYFENB 2F (GKS &S5 02 ysRHowmEnFiguieNHzO i dzZNB &
3.6A Theoverall secondargtructure of full lengthC99 in SCOR bicelles is nearly identacealhat was

previously been seen for full length C99 in micellesiardassical bicelleg186,187)

To probe both the membrane topology and possible quaternary atratinterfaces for C99 in SCOR
bicelles,TROSY NMR spectrare acquired in the presence of paramagnetic probes. The piaseh

the lipophilic paramagnetic prob&6-DOXYdstearic acid16-DSA, broadens NMR signals from residues
in direct contactwith the membrane interface or hydrophobic interior. Conversely, the presence of the
water-soluble probegadopentetic acidGdDTPAbroadens the NMR signals from watexposed sites.
Together, these probes permit mapping of which residues are exposed to the membrane and
extramembrane regiong\s shown irFigures3.6B and 8.6, resonances from both the-Mnd the C
terminal helices (sites 69697 and 761770) were broadened by the pressce of 16DSA andire

partially protected from broadening by @TPA, indicating that these helices are amphipathic and
interact with the bicelle surface, similar to whads previously been seen for C99 in micel232)
vesicles(186)and in DMPC/DHPC bicell€s37)However, anore surprising result for C99 in SCOR
bicelles is that a number of sites located in the@ninal half of the C99 TBI (sites 71&/20) were seen

to be protected against 2®SA broadening, while sites in theéiminal half (sites 70er09) of the TMD
were broadenedKigure 3.6B This protectiorof transmembrane sites against access by a lipophilic
probe indicates the laation of quaternary structural interfacé his oligomeric interface does not

involve the GXXXG (residues 7@3) motifs seen to be critical for dimerization of C99 in some previous
experimental structural studie@®14,240,282all ofwhich were conducted in conventional model
membranes bereft o€holand SM. Insteadthe transmembrane oligomerization sites are located in the
cytosolic half of the TMD.

Unusual paramagnetic probe NMR results were observetekidues 673678 at the Nterminus and for
residues 735745 in theGloop that connects the TMD to the surfaessociated @elix. While analysis

of the NMR chmical shifts indicates random cetructure for the 37 residue Goop (residues 72460),

it was seen those residues 735 to 745 located midway through the loop were protected from both
lipophilic and watetsoluble probeswhile being flanked on each end by watstposed segments

(Figure 3.6 To verify these results, we collected an NMR spectfier adding very high
concentrations oboth GADTPA and EH®SA probes. As is showrfigure 3.6Cthis 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 combineafluence of excess levels of both probBesidues 67878 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 residue§435

Tobetter elucidate the behavior of the-IBop, backbone amide proton exchange with water was
probed using the CLEAXPM experiment(283)with the results being shown iRigure 3.6DAs
expected, the helical segments of the protein were resistant to araidbange, while the seemingly
random cal segnents (mud of the Nterminus andGloop) underwent facile exchange. The notable
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exception washe 735745residuesegment of the doop. Even though this segment appears to adopt a
random coilike secondary structure, it was seen to lesistant to amide exchand€igure3.6D),

results that complement the observatidghat this segment is inaccessible to both paramagnetabes
(Figures3.6B and ¢ N-terminus residues 67878 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 735745.

To gain further insight into the structure and dynanoéshe paramagnetic probeesistantand amide
exchangeresistant segment of the-@rminal cytosolic loop, we collecté¢@N NMR relaxation antH-

15N NOE data for C99 in SCOR bicelles. The measured T1/T2 ratisisAhdOE values for the
cytosolic domai of C99 are shown iRigures 3.6E and Fespectively. The relatively high order of the
surfaceassociated @erminal helix (sites 76270) is evident from these measurements as is the gradual
increase in order as the TM@hchored Nterminus of the cytoslic domain is approachedlotably;

these measurements also reveal that sites -73% of the Cloop are extremely mobile. While consistent
with the chemical shift/TALOS analysis showing that these sites appear to adopt randdike coll
structure, these ar@lso the same sites that were seen to be resistant liotamide exchange ant

line broadening by lipophilic and watepluble paramagnetic probewhich in both cases ®uggestive

of significant tertiary or quaternary structur&he only previous expienental studies othe C99

cytosolic domain ihe context offull-lengthC99(186,187,232)ndicated that the &oop is largely
disordered and revealed no anomalies for the ¥3% segmentinterestingly previous NMR studies of
the isolated cytosolic domain of C99 or of fragments of this dor{284-288)in aqueous buffer (no
model membranes) led tthe conclusiorthat this segment does exhibit transient structural properties.
We also point out thathie unusual observatiaseen in the C99 73345 segmenin SCOR bicellese

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 chaperon¢ghe LINE (i K & Y 2 & A wa8 shawNitihese ydintrinsically
disordered proteis 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 SC&RDIA) Sequence of

human C99 with numbering based either on C99 only (si®€ ar on the parent fulength amyloid
precursor protein (67Z70). Green lines indicate boundaries of secondary structural elements as
determined in this work from analgsof the backbone NMR resonance chemical shifts and paramagnetic
data. Amino acids in the-ldop previously identified as being involved in transient amide backbone
hydrogen bonding are identified in rg@87)B) Topology of C99 in SCOR bicelles as mapped by site
specific TROSY NMR peak linebroadening due to site access by liddphé) or aqueous (ITPA)
paramagnetic probes. Mean intensity ratios (prabgosed versus control peak height) are presented

for 16DSA (red) and GATPA (black). The®N-C99 concentrations for all experiments were between
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~200 and 400 uM in-B0 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 displaye#figure S3.6C)Effect on C99 peak intensities of

adding both excess IBSA (to 12 mol %), and Bd PA (to 3mM) to a 300uM-*N-C99 sample in 7 wt

% SCOR bicelles and NMR buffer at 45 *MYGILEANERM amide exchange analysis of peak height
ratios for a 50 ms mixing time experiment. Ratios are of 50 ms mixing time versus no mixitig) time.
NMR®*N T1/T2 relaxation time t@s for the cytosolic domain of C99. T1 and T2 analyses are derived
from a 300 uM W°N-C99 sample in 5 wt % SCOR bicelles q=0.33 in NMR buffer at 45PIntensity

ratios for'H-'*N NOE signals from a 300 uM C99 sample in 10 wt % SCOR bicel#3s,igMR buffer

at 45 °C. n=2 Small negative values in B are residues which were not assigned or were too bréad; for C
these values are represented by small negative green bars.

Oligomeric State of C99 in SCOR Bicelles

C99 has previously been seenbe either a monomef186,204)or ahomodimer, (214,24(0282,290)
depending on the model membrane medium usedl whether C99 was studied as the full length

protein or in a truncated form most often the residues-b5 fragment that lacks most of its cytosolic
domain.Based on the paramagnetic prolpeotection resultsit seenslikely that C99 forms dimers or
some other oligomem SCOR bicelleBetermining the oligomeric state of a small integral membrane
protein inacomplex model membrane madn is often not straightforward(291)so determination of

the C99 oligomeric stateffered an ideal opportunity to testhe suitability of SCOR bicelleés

applicatiors involving aange of liochemical andiophysical techniques. Mosteasurements were
conductedunder conditions in which the C38-bicelle ratio was carefully controlled to avoid ron
ALISOATAO [/ b Ay dSNI Ol A 2-Wabitatibrg (29Q)NIpeciRcallgsandgg OSt f S& o0 a ¥
compositions weraisually fixed in the range of 1 C99 molecule for eve2ySICOR bicelldgloreover,

all experiments probing oligomerization employed SCOR bicelles with a g of 0.33 so that results using
different methods could be compared with each other and with the solution NMR results already
presentedin this work Here, we describexperiments conductedsing Forster resonance energy
transfer (FRET) spectroscopy, electron paramagnetic resonance (EPR) double electron electron
resonance spectroscopy (DEER), chemical crosslinking/SDS PAGHyvaiamh mobility- mass
spectrometry.

FRET was previouslyadasto detect C9@imerization in POPC/POREsicles(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 lang outsde the Cloop paramagnetic probe

protected region IADEANE99 and IANBD99 were mixed in SCOR bicelles at various ratios using
conditions in which both the doneaggedC99 concentration and overall protein:lipid concentration

were held constant. A lineaelationship between FRET efficiency and the ddpesicceptor ratio

affirms that C99 forms oligomerEi@ures 3.7A and)Bbut poor labeling efficiendgee Appendix 2,

makes the identification of apecificoligomeric state difficult(293)Nevertheless,lie FRET results

confirm that C99 does form oligomers in SCOR bicelles. We next turned to EPR DEER measurements.

C99 with single cysteine sites loed at either N (K699C) oGterminal (L723C) sides of the
transmembrane helix were spiabeled with MTSLfollowed byDEER measurements in SCOR bicelles,
as shown irFigures 3.7C and.Bor both labeled forig) the observation of the DEER phenomenon
supports oligomerationand irdicates a broad distribution of spin label/spin label distances. We did not
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observe anevidence ofaggregatiorand only one peak is observed in the P(r) distribution, which
implies a dimer or trimer oligomeric stat€?94)The P(r) distribution for each form was centeigd-31-

32 angstromswhich is slightlydngerthan expected for a tight dimer mediated by a transmembrane
interface. While somef the distance distribution almost certainlgftects spin label motion$186)side
chain mobility cannot accourfior the full distance distribution for a tight dimeric statéowever either
aflexibledimer oratrimer can accounfor the slightly largethan-expected P(r) distance8nother way

to determine oligomeric state with DEER is téerence the depth omodulation,(295)but we did not
implement this because of incomplete C99 labeling with MW8Itherthe FRET nor EPR DE&RRIlts

rule out the possibility that there is also a population of C99 that remains monomeric. Since the FRET
andDEER results are consistent with the possibility that C99 may populate either or both dimers and
trimersin SCOR bicelles, we next turned to the use of chemical-ink@sg in an attempt to covalently
trap C99 in dimer and/or trimer forms.

Chemical craslinking combined with SDBAGHSs an expeditiousway to screen oligomeric states
althoughresults must bevalidatedwith an independent techniqudue tosignificantrisk for false
positives/negatives. We crodisked C99 with glutaraldehyde under nddMR conditiondollowed by
SDSPAGEaNd found that monomer, dimer, and trimer are aliservedfollowing crosdinking athigh
glutaraldehyde concentrations (above 1 % wAg,shown irFigure 3.7EWe observed an enrichmeim

the trimer form as the crsslinker is increased and also confied the absence of significant
concentrations ohigher orderoligomers oraggregats The crosdinking results clarify the FRET and
DEER results Ispggesing that C99 populates monomer, dimer, and trimer oligomeric states in SCOR
bicelles.

In order to understand how the proteito-lipid ratio affects C99 oligomerization in SCOR bicelles, we
also carried out crosslinking experimetsconstant C99 buwith increasng concentrations 08COR
bicelles present. As shownkiigure 3.7Fincreasing the bicelleoncentratiors increasel the relative
populationof monomer seen following crosslinkiagd alsded to a reduction in the rate of crosslinking
efficiencyas theglutaraldehydeconcentrationwasincreased. While 1:180 and 1:3f€btein-to-
(lipid+detergent)ratios showonly modest levels of monomgcrosslinkingo dimers and trimers

appears to be far less efficient at and abdv.720. The monomer/dimer/trigr ratio is responsive to

the proteinto-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 bicelldasFRET spectra of IAEDABIled C99 at a fixed
protein to bicelle concentration ratio in the presence of increasing amounts of #aR@&Bd C99. The
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We were intrigued thatrosslinking revealethat C99 can populatsionomer, dimerand timer
oligomeric statesn SCOR bicelles over a wide range of bothtG9ficelle ratios and adetected over a
wide range of glutaraldehyde concentratioffhese results are fully consistent with both the FRET and
DEER EPR results. Gitlmpitfalls that can accompany the interpretation of chemical cilodsng
studies, we turned to one last methd, native ion mobilityc mass spectrometrynMS)(296,297o

validate the chemical crodmking results.

To our knowledge, bicelles of this complexity have not previously been used to study proteins via native
mass spectroretry. We were pleased to observe thawith optimization of instrument parameters,
intact C99 and C99 complexes could be readily liberated from SCOR bicelpeement with previous
experimentghere are clear trends in the ion mobiliymass spectromtry data, which can be
attributed to monomer, dimer and trimer oligomeric statext C99 liberated from SCOR bicellegure
3.8A). As shown irFigure3.8B, the C99 oligomer populations were found toibgacted bythe
protein-to-lipid ratio (here defined to include both detergent and lipid} indicated by a transition from
mostly trimerin 0.5 wt % bicelleto mostly monomein 2.0 wt % bicelleunder conditions in whicthe
C99 concentratiomvas heldconstant.The native MSesults arein excellent agreement with the
chemical crosslinking data as noted by the high monomer populaten by native mass spectrometry
at a proteinto lipid ratio of ~1:120@~30 uM C99 in @t % bicelle)as supported by observatiaf
inefficient crosslinking at ~1:144650 puM C99 in Wt % bicellg.
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Figure 3.8. Determination of the oligomeric composition of C99 in SCOR bicelles with ion mqbility
mass spectrometry (native mass spectrometm).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 complexep). lon mobility mass spectrometry data sets, which

report on themass, charge, and orientationally averaged size of an analyte, are used to deconvolute
signals for which the made-charge ratio alone is ambiguous between C99 complexes and monomer
speciesk{ottom). For example, the signal corresponding to 2822 m/bsemved to be comprised of
monomeric and dimeric C99 from the ion maobititpass spectrum shown. This approach also ensures
that any lipid noise produced by dissociated bicelles is removed from arB)ygis. relative intensities
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of each deconvoluted spies 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 bhicelles.

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 formati#:2:1 DMPC:eSM:Chol, forms bilayers that are

more highly ordered than DMP@hly 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
sigrificantly 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 AMPC: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 conventisnabpic bicelles

have recently been shown to undergo lipid phasesitions(82)andthat we are actively working to
understandwhether SCOR bicelles exhibit any such phase transitions. We are also planning to
investigate whether there is any segreigat 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 (séable S3.}, DDMB was seen to be the only detergent that was

capable of solubilizing a range of lipidnk ( dzZNBa O2y il AyAy 3 m2GK / K2f | yR
dodecylmelibioside (DDMB) has this capability and not other detergents is not yet clear. It does seem
instructive that, in contrastt® 5 a . -2-dodecylnaltoside(DDOM) is not a good Chol/eSM €0

solubilizer. TH strongly suggests that the extra degree of conformational flexibility associated with the

h GANB) linker between the galactoside and glucoside units in the melibiose headgroup of DDMB is key

to the effectiveness at eceolubilizing Chol and eSM.

Besideshte DMP@hased 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 «8Mlipid mixtures that also appear to form SCOR
class bicelles, such as 4:1:1 POPC:€8Mand 6:3:1 DPPC:eSthol Thiscompositional flexibilitys
advantageous when trying to optimizenditions to suit a particular protein or methodhis property

will also enable studies to determine if either Chol and/or SM individually or only as a mixture
modulates membrae protein structure and functio(B82,33)

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 composit®@OR bicelles can accommodate more complex
common lipids such as POPC wlifh0-18:1chains, 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 confirnthat 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 SA&R BELOIR 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 g ratios >1.
Generally, the lgher the g 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 lohasgs were separated by an obvious
change refractive index and did not remix without agitation. Both phases contained ksczte

isotropic particles, but the composition of each phase is unknown. | posit that the two phases could
represent a separatiomto bicelles containing majority DMPC/EggSM vs DMPC/Chol since DDMB is not
capable of solubilizing EggSM/Chol only mixtukesv g bicelles used for structure determination did

not have an obvious gel phase and heating was beneficial for redissolviadipidcvesiculation 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 bicalldraditional DMPC/DHPC bicelles at large q are capable of aligning in a
magnetic field73,74)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 aligin a magnetic field. Future studies will be required to determine if thesehicelle

phases are biomedically useful or colloidal curiosities.

SCOR Bicelles Have an Idea Bilayebést Morphology at Low g

It is generally accepted that classical DMPC/DRelles at g ratidsetween 2and6.5form a true

discoidal morphologwith spatial separation between lipid and detergent, with mixtures at even higher

j @I fdzSa | R2 LI Aiednorpholdgfps A 68 s ORSHBE S KSamt aKAIK lj&€ o
commony 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(52,53,69Recent work has indicated that low q ratics suitable for solution NMRgenerally less

than q = 0.T DMPC/DHPC bicellese discoidal buéexhibit significanpenetration of DHE into the

bilayer core and, as g is reduced, become akin nmiassical mixed midek than ideal DHR€dge
stabilized bilayered discé&7,76)Nevertheless, it should be noted that evidence also exists for-near

ideal bicelles at low d78,281)In this work SAXS, SANS, and-&fbare all in accord that the SCOR
bicelles contain an ideal discoidal morphology even at a g ratio of As38xpected 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 g
implies minimal deteggent 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 coneshaped detergents such as DDMB to partition into thayleited domain, such that
detergent molecules are efficiently relegated to the edges of the discs. In this regard, SCOR bicelles
resemble nanodisd$4,83)and lipodisqs/SMALP&4,85)where bilayer discs are edgtabilized by

either amphipathic proteins or amphipathic polymers that do not penetrate the bilayer interior.
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SCOR Bicelles@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 temperatureshis robustnessnakes SCOR bicelles walited for useas amembrane
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 ambrane protein. We found, for example that SCOR
bicelles are morphologically stable down to 0.25%(total lipid + detergent) anaghly slightly increase

in size upon further dilution to 0.125 wt %. Indeed, even at 0.06 wt % (for g = 0.33) we did enteobs
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 aamtrations. The working concentration range of classical DHPC
and CHAPS@ased 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 %(28).

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 chengslihkilng. 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 usedistudies that require a high level of dilution, such as 4 CrycEM has recently
yielded spectacular progress in determining high resolution structures of large membrane pf@&Ms

The authorsare unaware oiny examples of mbrane protein structures being determinéabicelles

using cryeEM, likelybecause conventional bicelles vesiculate when diluted to concentrations suitable
for rapid sample vitrification. Thfact that we were able to directly image SCOR bicelles usindzétyo
methods suggests they are suitable model membranes in which to solubilize larger membrane proteins
and complexes for cry&M analysis.

The Structure of C99 in SCOR Bicelles ExhibitseSdnexpected Features

The structure of the APP C99 protein or transmembrane doairtaining 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;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 disordatedexposed Nerminus
followed by a short surfacassociated 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 bicelldg4,87)but is similar in length to what was previously seen in Db&ed

POPC/milk sphingomyelin bicellés87) This result is reasonable in light of the increased thickness of
SCOR bicelles relative to DMPC/DHPléscand 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 longhttps://avantilipids.com/product/860068 Following the TMD of C99, there is a ~35 amin
acid random coil intracellular loop followed by dgtminal surfacebound amphipathic helix.

While the secondary structure of full length C99 in SCOR bicelles is similar to what has previously been
observedthere were three aspects of its structure 3COR 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 conditinoreRntrast, the resultsfo

this work indicate that C99 in SCOR bicelles appears to populate an equilibrium mixture of monomer,
dimer, and trimer. This observation is nhot completely unprecedented, as Higashide et al. previously
observed that following mixture of mammalian CHO asith the nonionic 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 papef215)We do not know why SCOR bicelles promote formation of C99 trimer
along with monomer and dimer, bute 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 dikafenvironment but did nolbok 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 stat&t the required protein concentration for NMR, C99 exists in a
dynamic mixture of oligomeric statewhicht along the relatively largbicelle size is likely the cause

for the additionaNMRsignal broadening compared to the DDMB micelles environment.

A second important structural observation for C99 in SCOR bicelles concelosatien(s)of its

oligomeric inteface(s). There has previously been much interest in the dimerization of C99 due the
L2aaAoAftAdGe GKIFIG RAYSNATFGA2Y A& ftAY1SR (2 AGa
production).(211,213,29@800-303) Previous biophysical studies in which dimerization of @9%

derived TMBcontaining fragmentfiave usuallyointed to Goo70aXXX@a70s, (210,214,24R242)

GrooXXX A3, (230,243)r both (233,234,282otifs located in the C99 TMD as being the location of the
dimerization interfge. (210,211,214,24@43,282,303%5tudies highlighting the GXXXA oligomerization
motif often additionally implicate the following T residues(230,233,234,243,282) heseprevious
experimental studiesvere often conducted in conventional model membranes bé@fCholand SM

and often did not use full length C3dowever, 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, raghly spanning residues 74M6. 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 th&XGXmnoatifs is not
involved.(230,233,234)hese conclusions are strongly supported by previous biochemical (Tango
assays) and biophysical (BRET) studies of C99 oligommetion (assumed to be dimer) in mammalian
cells.(238)In that study, Yan et al. showed th@®9oligomerizationis mediated byresidues 714717, in
agreement with the results in SCOR bicelles. A computational work study of the C99 TM dimer-in a raft
like environment also found théimeris mediated by residues V711 and V/(39)in close agreement

with our SCOR bicelle daflhe fact that the oligomerization interface for C99 in SCOR bicelles appears
to be similarly located to the interface observed iammmalian 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 7285, 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 amidater hydrogn exchange. Xerminal residues 67878
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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 simulati@s$)and known amyloid beta structuré304)We
hypothesize that these results reflect participation of these segments in a dimer and/or friteeiace
that is predominantly random coil but can sample alpha helical and beta sheet g22&3lt should be
added thatprevious solution NMR studied asolubleAPP intracellular domaii\(CD fragment found

that residues Wi TPEER; of AICD forms a transientfdrminal helix capping b@287,288) hinting at a
predilection of this segment for complex dynamics. Moreover, the-cmmventional nature of the
dynamic structure formed by this segmaatlikely reflected by the fact that the PEER segment yielded
only broad and assignable resonances inprevious NMR studies of monomeric C99 in detergent
micelles(186,187,232)

While unusual, the formation of necanorical tertiary or quaternary structure seen for thd@p 735
745 segment is nainprecedented. Borgia et al recently reported a hajfinity heterodimeric

structural ensemble where two oppositely charged IDfstone H1 and its nuclear chaperqgribe

pr2 (i K& Y 2 & A yintéractlWNiBrétsning structural disorde289)They reprt a lack of peak
dispersion in the HSQC spectrum upon complex formation and no obvious indication of secondary
d0NHzOGdzNB Ay GKS /h OKSYAOIt aKAFTiaz o2 HeopOtlaaro
also possesses these classic randoihilie traits, and yet paramagnetic and hydrogen exchange
experiments indicate the presence of structure for residues-785. he C99 doop does not contain

the high charge densities found in Borgia etralwever it is likelythat the transmembrane
oligomerizationfacilitates celocalization of the @oop interfacesOur homaoligomeric C99 op
interface and the work of Borgia et al on a hetatineric system appear to be similar in nature as both
represent oligomeric interfaces that lack classstalcture.

Many proteins are known to interact with the intracellular portion of APP/C99 and we posit that this

paradoxical doop interaction may play a role in a regulatory mechanism that modulates interactions of

the 735745 segment with cytoplasmidruling partners such as caspases and trafficking adaptor
proteins.(305)Phosphorylation intie Gloop oligomeric interfacat¢ Tno Kl & 0SSy akKz2gy o
production(284,285,306and it will be inteesting to explore how the unstructured and dynamic

2f A32YSNAO AYOGSNFI OSa AYLIOGa Ada AyuSNIOGA2Yy o6Al
summary of the oligomeric interfaces and dynamic oligomeric states found for C99 in SCOR bicelles is
highlighted inFigure3.9.
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Figure 3.9. Schematic model for C99 in SCOR Bica)&tdel for monomeric C99 based on previous
studies of C99 in conventional DMPC/DHPC bicdlE$)B) C99 in SCOR bicelles populates a dynamic
mixture ofmonomer/dimer/trimer. Two oligomeric interfaces were identified, one in the cytosolic half of
the TM and another in the disorderedd@p. The double headed arrow highlights that the bilayer

thickness of the SCOR lipid bilayer shown in B is thickerhtbddMP&nly bilayer shown in A (not to

scale). The blue and orange lipids symbolize DMPC and eSM respectively. Green blocks represent Chol.

Conclusions

Here, we introduceé new phosphatidylcholine bicelle platform that is e&iMl Chotrich (SCORYhe
bicellesare ~5 nmthick and are edgstabilized by a DDMB annulie found theSCOR bicellés be
well-behaved evenat concentrationsas low a®.25% w/v,making them highly suitable faryo-EM

studies SCOR bicelles are stable over a wide range of pH, ionic strength, concentration, and
temperature,such that they arevell-suitedfor implementationof a wide range of biochemical and
biophysical techniquesis demonstrated in this manuscript on the weltlaracterized protein C99
Moreover, he detergent used tdorm SCOR bicelles, DDMB, can support a wide arrathef Chol and
eSMrich lipidmixtures potentiating future studies to examine how variationgipid composition
impactmembraneprotein 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 sties 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 bicellebareagloser mimetic for some

biological membranes than conventional model membrane systems.
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IV. Recombinant SARS0oM2 envelope protein traffics to the tran&solgi network following amphipol
mediated delivery into human cell.

This chapter is adapted froRecombinant SAR® V2 envelope protein traffics to the trai®olgi network following amphipahediated delivery into humaeell. Publishedn Journal of
BiologicalChemistryand has been reproduced with the permission of the publidthetchison JM, Capone R, Luu DD, Shah KH, Hadziselimovic A, Van Horn WD, Sanders CR. Recombinant SARS
CoV2 envelope protein traffics to the traiolgi network following amphipehediated deliverynto 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 (S2®R&) 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 normal¢%06,107) However, previous coronavirus (CoV)
epidemics, including Middle East respiratory syndrome (MEHRS)and SAR& 11)from 20022003

foretell that future CoV zoonotic even(s09)are likely to afflict humankind. Fundamental studies of the
molecular underpinnings of CoVs niaglp to mitigate the current and future pandemics.

Within CoVs, there are four critically conserved structural proté303,308) each of which is of

possible therapeutic importance due to their critical functig®@89) Among these is thenvelope (E)
protein. TheE protein is a singipass transmembrane protein whose roles in pathogenesis are
incompletely understooq128) However, its importance is highlighted by cellular studies showing that
the CoV E and M proteins alone are sufficient to produce a buddinglikeugaticle (VLP}119121)
Moreover, deletion of E draatically lowers viral fitnes€310-312)and growing evidence suggestat 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 functie beyond its role as a mature capsid structural pro{éRzR)
Supporting this idea, E is known to populatgh monomer and oligomer formia vivo(133) Most
biophysical measurements have focused on the homopentamer form that functions as a-ssltative
ion channe(134-136,144) which is analogous to a walludied and validated drug target, the influenza
M2 protein(137,138)

A distinct feature of coronavirus assembly is that their nascent pariiglie¥)accumulate in thérans-

Golgi network (TGNL24)beforea unique cellular egregsathwayvia deacidified lysosom&426) The

E protein is gtical to viral maturation(119,122,149)Localization of SAR®Btein to these membranes

is remarkably stringent, likely a consequence of Galgjeting motifs pesent in E proteirf149) Since E
functions in multiple roles that are critical to viral fitng429-131), it is desirable to develop methods to
further characterize kef-dependentpathogenic mechanisms. Current methods to study the E protein
in mammalian cells are reliant on transfection of genetic material emgptlie protein into cells and its
subsequent transcription and translation. Here, we sought to develop a robust method for exogenous
delivery of purified SARSo\2 envelope protein (SE) intohumancelllinesto enable chemical

biological methods for stlies of SZE function angossiblyto potentiate noveltherapeutic approaches

Results and Discussion

We developed a straightforward bacterial expression and purification protocol that yields ~X# g
liter of cultureof 90-95% pure fullength S2E urder conditions in which it is bereft of detergent and
lipid, with its agueous solubility being maintained by complexation with the zwitterionic amphipol
PMALCB8(95,315)FigureS4.1 and Appendix)3This purification protocol has been streamlinedato
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single gravity column and does not requagmiautomated chromatographgr anultracentrifuge. Once
purified into lipid/detergentfree amphipol solution, the SEB/amphipol complexes remain stable and
soluble in aqueous solution even following removagrtess urcomplexed amphipols. Amphipols are a
class of amphipathic polymers that exhibit weak detergent properties, in that they can solubilize and
stabilize membrane protesbut cannot solubilize or even permeabilize membra(te; 93)

Additionally, some amphipols are well tolerated by aninfal)and have been used in vaccine
development(93,94)becauseat least some forms doot elicit the production of antamphipol
antibodies(57).

Planar lipid bilayer electrophysiology was used to test if amphigoisieliver the SZE protein to a
membrane environment to form ion channels without otherwise disrupting the lipid bildsiguge

4.1A). It was seen thahmphipd-based SzE delivery resulted in ion channel activity that is consistent
with previous SARG0V1 E(317)and preliminary SE(318)channel measurements in terms of current
amplitudes, sodium cation selectivity, and open probabilitiEggres 4.1B,C and S4.2, and Appendix

3). TheS2Edependent currents and similarity to other planar bilayer measurements support the idea
that S2E is released spontaneously from amphginto membranes. The bilayer integrity during
amphipol delivery and exposure was monitored through membrane atgrece measurements. The
bilayers remained stable throughout the recordings with an average value of 58 + 3 pF. These results
demonstrate that recombinant SE can be delivered into pfermed lipid bilayers using amphipols,
where the protein not only irexts into the bilayers, but also retains ion channel function, without
significantly compromising the bilayer integrity.

We next tested whether SE can be delivered from amphipol complexes to the membranes of human
cells. To this end, S2was irreverbly tagged at one dfs three native cysteine residues with
fluorophores nitrobenzoxadiazole (NBD) or Alexa Flour 488 (AF488). The native cysteine residues do not
form disulfide bondsn vivo(147)and are not required for ion channel formati¢b43,319) although
substituting two or three cysteines to alanine results in reduced viral fit(®4$%) NBDlabeling SZE at
roughly one cysteine site per protein did not significantly lower the channel open state probabilities (P
values of 0.125 at100 mV and 0.055 at 100 mV) and did not change channel conductance properties
(FigureS4.3. (320,321) The solvatochromic properties of NBBR20)were better for observing the
deposition of SZE on the plasma rmbraneat early time pointgFigureS4.4 while the environment
insensitivity of AF488321)was more suited for SE colocalization experiments. No significant
difference was observed between-EAabeled AF488 or NBD when quantifying caliaation Figure

S4.5.
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Figure 4.1. Functional delivery of SARSV2 envelope protein from amphipol complexes to planar

lipid bilayers.(A) Schematic of SARRV2 envelope protein (S2) delivered using amphipols for
membrane protein insertion into planar lipid bilaydB) Representative singlehannel current

recordings of PMACS8 amphipatielivered SE as a function of transmembrane dtéal potential

showing ion channel activity in POPC:POPE (3:1) planar bilayers, whkefle@2ates between closed

(C) and open (O) statg€)The SZE currentvoltage relationship identifies a conductance of 9.0 + 0.3 pS
and a reversal potential &3 + 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-gpee S#£). Singlechannel current
recordings using S2NBD also show similar conductance, Begire S4.3The transcompartment is the
chamber with the command/input A8gCl electrode whereas the grounded chamber is the cis
compartment. Planar bilayer contrekperiments in which PMALS only was added (no-&2, did not
exhibit channel activity at amphipol concentrations 1x or 50x relative to those used in tHEsn852
ENBD planar bilayer experiments.

Current (pA)

As shown irFigures 4.2 and S4.8he S2EENBDprotein was delivered from amphipol complexes to HelLa
cell membranes, with all cells exhibiting NBD signal within 30 Rigruie4.2B). Figure4.2GFshows the

8 hour progression of the S2NBD protein from the plasma membrane to a predominately perinuclear
intracellular location. After 188 hours nearly all the &2 was observed in the vicinity of the nucleus,
with a clear focal area on one side of the nuclear compartmeigiufe4.2G,H. Delivered SE was
typically more diffuse at early time points but becespunctate as it traffics towards the perinuclear
space.
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Cell surface Nucleus

Figure 4.2Membrane incorporation and uptake of amphipol delivered SARS-Z®&/protein by cells

and subsequent intracellular trafficking of the proteifRepresentative confocal microscopy imagé

Hela cells at various time points following treatment with amphgpohplexed 2.5uM SE labeled with
NBD (SZENBD). Color markers are: green;E58BD; red, cell membrane (we used W&A55; wheat
germ agglutinin or WGA is anatetytglucosamine ad sialic acid binding lectin, here conjugated to
AF555; blue, cell nuclei (we used DRAQ5, a cell permeakbied famitting 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 F=NB&DSgnal
migrates from the cell plasma membrane (see panel B) toward the perinuclear space (see panels G and
H). Time course experiments using the sameraalkers were independently repeated 3 times using 3
different S2ENBD preparations. All scale bars are 25 pum. See further dégilEndix 3and Figure

S4.6.

The amount of SE signal in cells was dependent on the applied amphipdt/82se Figures S4.7. It
was verified thalNBD did not drive SE internalization and perinuclear aggregatiéigureS4.7. To
ensure that we were microscopically tracking intBl@&D labelled SE G2ENBD)instead of dye freed
from full length SZE by degradation, weonfirmed SZE localization following cell fixation and
permeabilization with a polyclonal ari2E antibody FFigureS4.5. We observed cofstent strong ce
localization between SE labeled with either AF488 or NBD dhd polyclonal antE signal. Cysitee-
reactedNBD was used as1&2E degradation control and was found to stain all cellular membranes
(FigureS4.9. Therefore, delivered SR is not extensively degraded during thet#ur treatment since
the level of antiS2E and SE-dye colocalizatiomemained strong at both short and long time points.
(FigureS4.5. We observed unspecific binding of the datantibody in the nucleus and determined the
dye-taggedS2E to be @etter reporter of SZE localization.KigureS4.5 While amphipols have
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previously been reported to deliver select membrane proteins to artificial lipid bila@2,85) this

study represents the first use of amphipols to deliver a protein to mammalian cells. Elucidation of the
pathway(s) taken by the S2 protein to dissociate from its soluble amphipol complex to then insert into
the membrane andadopt a trans bilayer cdigurationwill require further study.

To ensure that the observed ¥2delivery and perinuclear trafficking was not unigue to HelLa calls, w
also examined possible delivery of52rom amphipol solutions into SW1573 human alveolar cells, a
COVIBL9-relevant cell ling322) We observedRigureS4.9 that S2E is indeed taken up by these cells
and similaly undergoessurfaceto-perinuclear retrograde trafficking as seen in HelLa cells.

The fact that delivered SR retrograde traffics proximal to one sidéthe nucleus Figure4.2G,H is
consistent with its localization at or near the Golgi compartments. To gain furtkight into the final
cellular location of SE, we used organeHlgpecific monoclonal antibodies and wheat germ agglutinin
(WGA) to pinpoint the locations of thes andtrans-Golgi, TGN, early endosomes, lysosomes,
endoplasmiaeticulum (ER), aggresws, and ERGIC relative to delivereeESa the perinuclear space
at late timepoints. In agreement withigure4.2B-E, S2E does not strongly colocalize with markers of
ER/Golgi space at early time poiatsdtakes B-24 h for the protein to accumulate ithe perinuclear
space via retrograde traffickingigure4.2G,H. At 1824 h after initial delivery, SE was not found in
the ER, ERGI@,cisGolgi Figures 4. D-Fand S4.1654.12. Instead,S2E was seen to partially overlap
with the trans-Golgi marke Golgin 91323)in the area surrounding the Golgi, but not within the Golgi
(Figures 4.3A-Cand S4.9.

The partial cdocalization of SE with thetrans-Golgi and exclusion from thesGolgi indicated that
delivered SZEultimately residesn the TGN and associated vesicles. WGA is-anétiytglucosamine
and sialic acid binding lect{824,325)hat is often used in conjunction with fixed cells to stain the
plasma membrang326) In live cells, WGA is rapidtndocytosed to the Golgi and specifically
accumulates in the endocytic TARNdure S4.18(327-330) We observed strong colocalization between
WGA and diivered SZE between 184h, indicating that SE accumulates in the TGNdures 4.3

and S4.10 WGA and SE travel to the TGN independently and WGA does not indude B2N
colocalization. There is significantdirectional traffic between the TGNd endosome/lysosome
systemgq331)and we wanted to determine if delivered Ewas accumulating in endosomes and
lysosomes at later timepoints. We did observe some colocalization-Bfigh early endosome marker
EEA1332)at late timepoints(Figure S4.1% Additionally, we observed colocalization ofS@ith late
endosomes and lysosomes as indicated by the overlap-b && LAMP1 sigrisgFigureS4.15 (199)
Perinuclear SE containind AMP1 positive vesicles were enlarged while peripheral LAMP1 positive
vedcles remained unchanged.

The localization of delivered #to swollen TGN vesiclisdikelydisease relevant given that progeny
coronaviruses are known to accumulate in the TGN before cellular eg2$44(. Lysosomes have
long been associated with coronavirus infect{@33)and recent work showed that coronavirus is
unique in its use of deacidified lysosomes for cellular egfE38) In line with these ideas,iBcreass
the pH of theGolgi(140)and TGN139) apparently b protectthe spike protein from premature
processingE alsdas been shown to slow cellular secretory pathwhys2)
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Golgin 97 Nucleus

ERGIC 53 Nucleus

WGA-AF555 Nucleus

Figure 4.3. SARG0V2 envelope protein traffics to the perinuclear space and accumulates in the trans
Golgi network (TGN)Representative confocal microscopy images showing Hela cells treated with 2.5
UM S2E labeled with either NBD or AF488. PesAdCand D-Fshow SZE localization relative to the

Golgi (AC) and ERGIC-f) as a function of increasing-E2reatment time. PanelS-| shows cells that

were treated with SZEAF488 for 24h and labeled with W@#&555, the latter added either) @4 hours
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after S2EAF488 treatment followed by immediate fixation (G, 0 h of WGA), (ii) 21 hours affer S2
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}B2F88 was added to the cells followed by 24 hours of
incubation followed by fixation (I, 24h of WGA). Notice how WGA accumulates and colocalizesBwith S2
over time. Note how WGA moves to the perinuclear space at a faster rate tHan.82compare 3 h
WGA(H) versus SE at 2 h (B) or 6 h (E). Color scheme: greeh, |88eled with NBD {R) or AF488 (G

1); blue is the fluorescent dye DRAQ5, marking the cell nucleus; red, in p&nhédsfrdom an antibody to
Golgin97, a Golgi marker; in panels/) red$ from an antibody to ERGES, a defining marker for the
ERGIC region and panels@& from WGAF555, a common marker for plasma membrane for fixed
cells. Panels A and D are the control samples where cells were not treated-&NBE2 Panels-A
weretreated with labeled SE for the time indicated in green fonts, while WGA in pandle/&s added

for the stated time shown in red fonts, right before cell fixationld€alization analysis of panel |
between WGAAF555 and SE-AF488 channels resultearson correlation coefficients (> (Ffigure

S4.5. All experiments shown were repeated 3 times in panélsvare using 3 differentiEBD
preparations, while in panels-lGwice with SZE=NBD and once with S2AF488. All three repeats show
comparablebehaviors. Scale bars are 25 um. Further detadgppendix 3Figure S4.10

It is likely that the Golgbcalization motif{149)in S2E drive its retrograde trafficking in a way closely
related to the mechanism that facilitatds proteinperinuclearretention during viral infectionHowever,

we also considered the possibilityat amphipotmediated extracellular delivery of triggers ER

stress and unfolded protein response (UP&ated retrograde trafficking, leading to degition of SZE

in perinuclear aggresomes. Aggresomes are ordered protein aggregates that form following transport of
certain proteins along microtubles by dynein to perinuclear microtubutaganizing center§334)and

are often detected by the formation of vimentin cag@84) We looked butdid not observe the

induction of vimentin cages with our delivered-BEZ-igure S4.16 The lack of aggresome formation
suggests that our delivered £does not inducan obvioudJPR stress, likely because theEs2

accumulates in the TGN and rintthe ER335-337)

We did not observe an obvious enrichment ofiSth the ERGI®@ 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 &2 and not its location in earlier timepoints. Additionally, further
studies will be requid to understand by which pathways-E2s trafficked to the TGN.

Conclusions

We have shown that the &2 protein can be stripped of lipid and detergent and purified into aqueous
solutions in which its solubility is maintained solely by complexation avitphipols. The protein can

then be delivered to lipid bilayers, in which the protein spontaneously inserts into the membrane to
form ion channels. Agroposedin Figure4.4, addition of the S:E protein to living human cells results in
plasma membrane ingration and subsequent retrograde trafficking deep within the, agtimately
occupyingenlarged LAMP1 positive vesictierived fromthe TGN, which are believed b critical for
coronavirus egress and pH dysregulatibhe SZE proteinto-cells approak established by this work
should be exploitable as a route to delivering chemically modified full lengtht8Zells in culture or
possibly even to cells under physiological conditions. This capability enables a wide range of chemical
biological tools® explore the biological function of this protein or to test whether chemical warhead
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armed SZE can play the role of a Trojan horse to interfere with SBR& replication, potentially as an
anti-COVID therapeutic or prophylactithe results of this wéralso establish a general paradigm for
using amphipols to deliver membrane proteins to living cells, although whetleerous other
membrane proteins can be successfully delivered using this approach remains to be explored.

ER ERGIC Golgi TGN LAMP1+ PM SZ-E1
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16-24hr

Figure 4.4Schematic of mmphipol-delivered SZE and its localization within HeLa cells at early and late
timepoints. Top Panel) Legend of cellular markers tested for colocalization wih [8&idle Panel) S2

is mainly localized on the plasma membrane at early time points. Bd®anel) After 124 hours,
delivered SiE is enriched within the TGN and LAMP1 positive vesiclEsisSi#so partially found within
early endosomes and the trai®olgi. Organelles and ¥are not to scale.
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V: Purification of MembraneProteins Bereft of Membrane Mimics
Introduction

Integral membrane proteins (IMPs), by definition, contain highly hydrophobic transmembrane (TM)
domains that are inserted in the lipid bilayiervivoand have very limited solubility in aqueous
environmentsln order to prevent IMP aggregatioim, vitro experiments use amphipathic membrane
mimetics to stabilize the TM domais5,63,75,338)Detergents are the most commonly used mimic

due to their low cost and ease of ugtr,63,339)but IMPs are only solubilized by detergents when they
are surrounded by a detergent mice({&40,341) Detergent micelles form when the detergent
concentration is above its critical micelle concentration @Mwvhich reflects the free energy of
micellization(342,343) Membrane protein stability and oligomerization are sensitive to the protein:
YAOSttS NIXrdA2 YR YSYONIYS LINRPBGOSAya OFy o6S I NIAFA
(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 alternativ&to pure detergents that are capable of dissolving lipids, including
nanodiscg54,83) amphipolg57,338) Syrene maleic acid lipid particldSMALPS)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. Computaided mutagenesis studies have revealed that IMPs can be
made water solubl€97,98)and functional99)if lipid-facing hydrophobic residues of a membrane

protein are mutated to hydrophilic residue®ther 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 waterfsalzo f S G LINRPGSAY YA OStt Saé¢ oK
expressed103,104) These protein micelles are able to bind iron and are likely an impiostap in
magnetosome formatiorfl03) It is impressive that these magnetosome proteins, sudiras6are

unique in their ability to form watesoluble protein micelles without any modificatigh01,102) Small
water-solublepeptidessuch as the 26 residue melittin are able to conform to their environment and
readily form a monomer or tetramer in aqueous soluti§g@47)and aggregate in membranes to form
poreq348) 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 @ pineri

assumption that IMPs require detergent.

Singlepass TM poteing(227)have the simplest membrane topology and are conceptually similar to a
double headed detergent connected by an alkane chain, or bolaamph{ieifg It seems plausible that
some single pass transmembrane proteins might be able teassticiateand 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 controlleemoval of detergent from a sterically isolated IMP can prevent
GNXzy b g &8¢ | 3INBIFGAZ2Y | yRAZINEYR2SE SLINKBES F2 NFYXQRyt &
for the first time, that some human single pass TM proteiasindeed form stable watesoluble

particles lacking any detergent, lipid, or membrane mimic. These particles are referred to as membrane
mimetic free particles (MeMFs) arade reversible upon addition of detergent to form normal protein
detergent micelle complexes (PDC).
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Several, buhot all single pass membrane proteins tried were able to form MeMFs. The amyloid
precursor protein (APP) TM fragment and direct amyloid beta ffecursor, C99, forms MeMFs that
are stable in solution for months at°€. The high stability and wealth afugtural knowledge on C99 in
detergent and lipid bilayer systerfi86-188,204,235nakes it an idedkest case for MeMF
characterization and comparison to normal PO@sddition to their interesting biophysical properties,
MeMFs are readily taken up by mammalian cells and accumatateerinucleardocation It is currently
unknown iftheseinternalizedC99 MeMFs are processetbiologically relevant pathway or simply
catabolized.

Materials and Methods
Expression and purification of C99

As previously reporte(ll86,188,232,349)C99 was expressed irpgTF21a vector in BL21(DE3) celtsd

grown in M9 minimal media. For NMR experiments, cells were growfNdhClsupplemented M9

mediumat 37°Cwith shakingat 230 pmto an ORy of ~ 0.6 before being induced with 1 mM IPTG.
Induced cells grew overnight at 28 withsameshaking and were harvested the next morning by
centrifugation before being flash frozeém liquid N and stored at80°C. Day 1 of purificationwolved

thawing ~6L worth (138 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 NaCl, 5 mM-Mzgptate and 0.2 mM EDTAgfore being

enzymatically lysed (RNase, DNase, and lysoZyyneimbling at £C for 24 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 fritva solublelysate by centrifugation at 25,000 xg

for 20 minutes at £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 d lysis buffer containing 3 % Empigemd 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 sglown at 25,000 xg for 45 minutes at@ in order to

remove insoluble precipitates. While centrifuging, a small volumdi-dfTAresin, 0.51.5 mL, per 6L of

A0 NIAy3a Odztf GdzZNB g+ a SljdzAift AN SR gAGK mIPHYNRATMO dzF
7.8). After centrifugation, the supernatant was combined with the resin and tumbled@tfdr ~12

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 codlddor Dynamic light scattering (DLS), $12&E,
and®P 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 C¢f detergentfree 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 wite@nd elution, E2, that

contains a smak2xCMC amount of detergent0.025 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. Aaliquot from E1 was removed for DLS and-8BBG&E analysis and the
elution was stored at 4C in a conical tube until needed. A typical yield wa& tigs of C99 MeMFs per
purification. All other MeMF IMP purifications we attempted (on human KCNE1, KGNMERARS
coronavirusEnvelopeprotein, diacylglycerol kinasevhich we expressed as described68,350353))
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were conducted using essentially the same protocol as developed for C99; limidHANiesin was used
for a normal orresin purification followed by an extensive detergdrae TBS wash before elution in
detergentfree solution. The protein sequencased for these studies are listed below with the
transmembrane segment being highlighted in red.

C99

MDAEFRHDSGYEVHHQKLVFFAEDVESNKIVGGVVIATVIVITLKKKQYTSIHHGVVEVDAAVTPEERHL
SKMQQNGYENPTYKFFEQMQNQGRILQISITLAAALEHHHHHH

Notch 1 TM
MGHHHHHHVQSETVEPPEPAFMYVAAAAFVLLFFVGC BKRRRQHGQLWFPE
KCNE1

MGHHHHHHGMSNTTAVTPFLTKLWQETVQQGGNMSGLARRSPREGDGRIIESFFGFFTLGIMBSYIR
KKLEHSNDPFNVYIESDAWQEKDKAYVQARVLESYKSCYVVENHLAIEQPNTHLPETKPSP

KCNE3

MGHHHHHHGMETTNGTETWYESLHAVLKALNATLHEFNGILGRPNQTEERRPGRDDNSYMYILFVMFL
FAVVGSLILGYTRSRKVDKRSDPYHVYIKNRVSMI

S2E

MYSFMSETGTLIVNSVLLFLAFVVFLLVTLACAKCRNIVNVSLVKPSFYVYSRVKNLNSSRVPDLLVLESSGGGSI
LVPRGSGGSHHHHHHHHHH

DAGK

MANNTTGFTRIIKAAGY SWKGLRAAWHFREXGVAVLLAVVIACVDATRVLLISSVMLVMIVERAIEAV
VDRIGSEYHELSGRAKBMAVLIAIIDAVITWCILHRG

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 h¢i88,204) The labeling reaction was carried out in a traditional

PDC since it was unknown if MeMFs would sterically occlude labeling. C99 HT3&Gnrmdies were

solubilized irEmpigeras above, but the centrifuged supernatant was tumbled wiB 2L of NINTA

resin in order to increase the overall yield of C99 for the labeling step. To remove impurities, the

column was washed with 20 column uotes (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 >k@nolar concentrationtMm ®p Y30 2F L! b. 5 GKA2f 1N
dySikKetnbnmoA2R2I OStGéetonbUynotTnyAdNROSYTI num2El mmZo 1l
dissolved in 30QiL of DMSO. The reactimesselwas coveredvith aluminum foil and tumbled at RT for

one hour before being placed at’@ overnight. Theoflowing morning, the imidazole was removed by

extensive buffer swapping with/Amicon Ultra4 10KDa molecular weight cuff filter (Millipore)into

TBS containing &x CMC of LMPG. The fluorophore labeled C99 was then boommdallyto NiFNTA

resin, strpped of detergent, and purified into MeMFs as indicated above. C99 MeMFs were stored
unconcentrated at 4C until concentrated immediately before tissue culture experiments. C99 MeMFs
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were concentrated with an Amicon Ultrad4 10kDacartridge and the findabeling efficiency was
RSGSNXY¥AYSR 08 O2YLINARYy3I GKS LINRPGSAY O2yOSYidNI GAZ2Y
concentration (the latter determined by measuring absorbance at 472 nm with an excitation coefficient

2T HoTnn abm OYbLMUO®

DynamicLightScattering

DLS was the main method used to quickly determine the presence and quality of DLPs present in
solution after purification. Samples and a detergenty reference were filtered through a 0.2&icron

syringe filter in order to remove dust, traceqgtein aggregates, and shedding from the agarose column.
Filtered MeMFsvere added to the inner chamber of a disposable cuveitel loaded into a Wyatt

DynaPro NanoSt&)LS. Samples were allowed to equilibrate at@%or 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 calculatmparent hydrodynamic

radius (Rh) via the Stoké&dnstein equation. MeMFs were always larger than micelles formed by
detergents used at the early stages of purification. MeMFs were usually exhibited an 0 ahy

compared to 24 nm for most detergent mgelleg62,255) 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 1M C99 MeMFshat had been extensively dialyzed into TBS
dZaAy3 | cmy 15 Y2fSOdzZ I NJ 6 SAIKUG,pdideimae? BF60J.a2 / ho RA
Samples were then mixed 1:1 with various concentrations LMPG or urea in TBS so that the final volume
for all sampks was 20QuL. To reach equilibrium, samples sdtRT for at least half an hour before being
measured in the DLS instrument at Z5 Dynamics software was used to correct for changes in viscosity
urea containing samples.

NMR

3P 1D NMR was carried out tletermine detergent concentrations an on a 500 MHz Bruker
spectrometer equipped with &mm BBFOplugrobe, with 1024 scans at 2&. 1H, 15NTROSYased
HSQ@xperiments were carried out using@@0MHz Bruker Avance Ill spectrometer equipped with a
cryoprobeat 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 TREBS®QC 080 uM C99 MeMF in 25 mM Imidazole 75 mM NaCl
pH 7.8 and then adding 2.5 % wt/v LMPG and running a duplicateiesgre. Experiments looking at
C99 MeMF hysteresis started with M C99 in 25 mMmidazole 75mM NaCl pH .8, followed by
addition of2.5% LMP®efore changing the pH to 6.5 with 1M HCI. The TRESYC of this sample was
compared against that from an identical TRBSQC experiment run on a C99 sample that had never
been in the MeMF state, see fluorophore labeling above for how this sample wifieg5pectra were
processedisingTOPSPIN 3.2 and analyzed using NMRERRRKY version 1.413

Negative stain EM

Homemade negative stain grids were glow discharged immediately prior to stainuwhgf3 uM C99
MeMF in25mM Imidazole 73nM NaCl pH 7.8ither 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 acetatevgkagtain
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beingblotted 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 imagindg/mmgagni, 100kV
TEM

Chemical Crosslinking

Glutaraldehyde crosslinking wpgeviously used to accurately assess the oligomeric states of188)

and a modified version of that protocol is used here. 1NDC99 in MeMFw/as 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 SBYSGE and stained with SimplyBlue Coomassie alternative
(Invitrogen).

CircularDichroism

Before CD, C99 MeMFs were extensively buffer swapped into phosphate buffer (25 miyladdP®
mM NaF pH 7.8) with admicon Ultra4 10KDa molecular weight cutf filter and filtered through a
0.22filter. Filtered C99 MeMFs were diluted down to |29 with or without 2.5 % wt/v LMPG and
allowed to sit at room temperature for half an hour before being loaded Jateco-810
spectropolarimeter (Jasco) in a 1 mm pathlengtivette. Three acquisitions from 1850 nm taken at
25°Cand averaged with buffer subtraction before being converted to molar ellipticity.

2DIR

C99 MeMF samples for 2R were extensively buffer swapped into phosphate buffer (25 mM NaPO
and 75 mM NalpH 7.5 99 % D20) with @&micon Ultra4 10KDa molecular weight cuiff filter
(Millipore). Samples were then concentrated to ~Z00uM and filtered through a 0.2nicron syringe
filter before being stored on ice. Chain deuterated LMPG detergent (Anatrase)ised for all 2IR
experimens.

Results
How to make MeMFs

There are examples of limiting detergent in order to artificially crowd 1{824,354) but we are not

aware of any methods that aim to strgil the IMP of all detergent or membrane mimic. We attempted

to make MeMFs with two methodologies: method one involved dialysis of normalliiquL€99

solubilized in LMPG against buffer lacking detergent. Using a dialysis membrane with a molecular weight
cutoff below the mass of the detergenticelleallows for the slow removal of nemicelle associated
detergent i.e., the CMC. Extensive diaysisulted 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 [goss#howlyremove

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 thougluoiatain a lag, exponential growth
phase, and plategB@55) We hypothesized that immobilizing the C99tha 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 Erooelinclusion bdieswith a
harsh detergent and thendund to a gravity IMAC column. We used a very small amountiiKi
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resin ( ~0.1mL resin/gram wet cell mass) compared to previous literature ( ~2.0 mL resin/gram wet cell
massj186,232)in order to limitimpurities 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 i@blaeskby 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 systewith a large excess of detergefiee washes before elutio*P

NMR indicated that 15@00 CV of washes are required to completely remove the free detergent as
showninFigure5Z G KA & Aa fA1Sf@& RdzS (2 GKS Ladgent 02f dzvYy a
AAY1éd /| pbp aSaca ¢oSNB StdzZiSR 2FF (GKS O2fdzyy Ay |
stable for months when refrigerated. MeMF yields are significantly lower than from previously reported
purification in LMPG: 0.33 mg/L of C99 MeMF@#®/L C99 in LMRZ32) C99 MeMFs can be

concentrated to over 15QM C99 and can be extensively dialyzed against solutions lacking detergent
without visible precipitation. We also attempted to make MeMFs by removing the detergémuvea,

a strong chaotropic agent that can unfold protgiBs6,357)and exponentially increase detergent CMC
values(358) MeMFs did not elute from the column after being wadhn 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 (KCNEMQE3, Notchl TM and SAR&nvelope protein) and one topologically
complex trimeric triplepass IMP (DAGK). The Notchl TM and KCNE3 both formed MeMFs while the
SARE envelope protein, KCNE1, and DAGK did not. Proteins that failed to form MeMFs eithetr did
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 pasBdMan form MeMFs while others do not.
KCNEL1 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 MeMFormation. For clarity and potential importance in AD etioloay 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 piio elution of C99 MeMFverlaid®'P NMR spectra track

the removal of detergent prior to MeMF elution in the impurity removal (wastt) detergent removal

(CV) and elutiorsteps(E1 and E2)All experiments had the same number of scans, 1024, sthibat
detergent concentrations can be compared. For reference, the LMPG concentration is the wash step is
0.05 wt/v (~ 1mM). N=2

Auniguefeature of the MeMFs is their increased size compared to that of a normal prdetergent

complex (PDQ¥2,255) 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 (RHL4Him) than the normal C99 in LMPG or DPC micelles
(Rh ~3 nmjFigure 5.2. Importantly, DLS rarely found large aggregates to be present in the C99 MeMF
samples, indicating that extensive aggregation was motaing. Chemical crosslinking of C99 was
previously used to accurately determine its sometircesnplex set of oligomeric states in bice(lE38)

and we wanted to see if C99 MeMFs formed a specific oligomer. Glutaraldehyde crosslinking and
subsequent SDBAGE revealed that the C99 MeMFs represented a distribution of molecular weights
with the majority being betweethe range98 and 188 kD, represent between 714 C99 molecules

per MeMF Figure 5.2. Negative stain EM was used to confirm the size oferosslinked C99 MeMFs,
Figure 5.3EM showed the C99 MeMFs to be spherical and pairs of MeMFs would often appear to be
touching, helping to explairhe large mass distribution observed in the crosslinking experiment. The EM
staining proceduraid not include any detergents in the washing steps and so the detergent
concentration would plunge the detergenbncentration of PDC solutions of C99 below @C Figure
5.3re-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 detergpriitein complex.Left Panel:

Dynamic light scattering autocorrelation curves showing that tfiGC99 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 ~ 40M C99 in MeMFs crosslinked with 0.01, 0.1, and 1.0 wt/v fresh glutaraldehyde.

Crosslinking reveals a high molecular weight populatioresponding to ~150kD, (right lanes) instead

of monomer in the absence of crosslinker (first lane after ladder). This experiment was replicated 3 times.

box1.3c.2.tif

box14D 20 nm nakedc99 3¢ 100 nm

18:22 03/06/19 HV=100.0kV 15:38 03/04/19 HV=100.0kV
Direct Mag: 56000x Direct Mag: 28000x
AMT Camera System AMT Camera System

box1.4b.7.ti f

Figure 5.3 Negative stain shows C99 MeMFs form spherical particles that do not aggregate upon
dilution. Left Panel: Negative stain ofM C99 MeMF in 25 mM Imidazole 75 mM NaCl pHviti&ut

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 Ram&iC99 MeMF in 25 mM Imidazole
75 mM NaCl pH 78ith 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

MeMFsare reversible.

We tested if MeMF particles were reversible and able to revert to a traditional PDC upon the addition of
exogenous detergent. DLS revedi(re 5.4hat addition of LMPG detergent to C99 MeMFs resulted

in the MeMF particles getting sniet 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 LMBE&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 aggreg&iguré 5.4. The protein to
detergent ratio and urea trends are h€99 MeMFspecific 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 sengitiamties in the
OKSYAOIt SYy@ANRBYYSYil 2F SOSNEB NBaARd:S FyR OFy I Of
Due to the structural heterogeneity and large size of MeMFs, the majority of backbone amide

resonances in a 1H,15N TR&8QC spectrumre broadened beyond detection for C99 in MeMFs

(Figure 5.3. 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

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 wasected 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 5.3. The spectrum of a C99 sample previously purified into MeMFs followed by detergent

addition overlayed nicely with a spectrum of C99 in LMR¢€&lles that had never been stripped of

detergent; indicating thathe NMRa FA Y ASNIINAy G aé¢ YI GOKSRXY yR (KIG y?2
MeMF purification
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Figure 5.4. MeMFare broken up by detergent and resistant to addition of denaturing agents.
Addition of detergent to ~1AM C99 MeMFs in TBS decreases their size in a concenapemdent
manner, likely due to the conversion of the MeMFs back into traditionatl€@@8ent complexes. Urea
does not obviously impact the size ofld C99 MeMFs in TB® 2)
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Figure 5.5. MeMFs can be fully reversed to traditional protaiicelle complexed.eft Panel: TROSY

HSQC of 5aM U-15N-C99 MeMF in 25 mM Imidazole 75 nN4CI 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 HSQG®M 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 fiked by juxtamembrane regions that are thought to have significant beta shet({
secondary structural propensitfhe A sequence that is liberated from C99 by gamma secretase
cleavage isesponsible for the amyloid plagues associated with ADplAques are dominated by H ¢
secondary structur¢297,304) however, no stable  stracture is observed in monomeric C99 in LMPG
micelles(186,232) A Residues 122 and 3842 on the amino terminus of C99 are normallyibd

within or associated with the lipid bilayer or detergent micelle, where they are helical. The membrane
association of these residues likely limits the abilityiof AT 2 NJ T 2 NJY 2&sfiustirg/The ¢ & KS S (i
terminal cytosolic domain of C99 in LMP@elles can participate in horaligomer transient hydrogen
bonding that samples beta sheet structy286,287) Both N and CGterminal C99 juxtamembrane

regions contain high amounts of random coil in a traditibPDC, but we hypothesized thafwould
become a prominent secondary structural feature of the detergfes¢ C99 MeMF assemblies (7
14mers).

Circular dichroism (CD) is a traditional method for looking at protein secondary strsfi)end the
spectrum of C99 in LMPG is dominated by alphahletecondary structure as indicated by peak @2

nm and troughs at 208m and 222nm (359) As shown irFigure 5.6 C99 MeMEdo not give an obvious
alpha helical spectrum ah -sheet structureappears 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 setary structure. Quantification of secondary
structure from CD spectra relies on a reference database of paired structures and spectra that should
include similar structureg361) Membrane protein secondary structure quantification based on soluble
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protein databases often leads to errors due to phenomena such as the solver(B§i2ifB63that are
corrected by including membrane proteins in the databé®1) 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 MeMigsed on CD would lead to
possiblyquestionableresults.
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Figure 5.6.C99 MeMFs do not exhibit traditional C99 secondary struct@b. spectra of 26M C99
MeMF in 25 mM NaP£and 75 mM NaF pH 7.8, red, vsi28 C99 MeMF in 25 mM Nakénd 75 mM
NaF pH 7.8 that had 2.5 % wt/v LMPG added to make a traditional pmoie&lle complex, black.

2DIR spectroscopy is another commonly used technique to examine protein secondary struntilke,
CD, 2BIR ishased on amide backbone vibratie(365) C99 MeMFs give a strong resonance sitival
indicated tre presence of { Similar to what was observed with CD, subsequent addition of excess
LMPG detergent then greatly diminishes thgpeak intensity and an alpha helical/random coil peak
appears. Once we had confirmed the presence dh C99 MeMFs, we weliaterested 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 advantadje of 2D
over CD is its higher sensitivity, conferring the abitityheasure kinetic§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 similai tarAyloid, which are
also dominated by { Amyloid monomerization requires strg 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 maflhe transition betweeh {dominated and -
helixdominated spectra occurreith a step functiormanner. It ismportant to note that this transition
ratio roughly corresponds to one C99 protein per detergent micelle in sol(6i®y255)

65



Delivery of C99 MeMFs to mammaliaells.

A distinctive trait of MeMFs is that they provide a mode of membrane protein solubilization that
eliminates the need for usef 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 modificatmfiH732C in the unstructured C99 cytosolic loop. As
shown inFigure5.9, C99MeMFsNBD are taken up by HeLa ceN®rtimeaccumulate labeled signal,
likelyLINE 0 SAY &G R24aS¢ NEiatezialfluosestensdeyWith tynd, Ntlvas eBrRhbECD9 f
signal accumulates in a perinuclear intracellular location. The exaeMERE-s localization is now

subject to additional investigation by other membeifsthe Sanders Lab. These studies include use of
anti-C99 antibodies to ensure that we are tracking C99 and not a degraditerated fluorophore
containing fragment of C99.

A

Blue: Cell Nucleus

Red: Cell Surface

Green: C99-DLPs

Figure 57. Time course of HelLa cells treated with 2N C99 DLPs labeledith NBD.Panel A shows
untreated cells and therefore also represent the zero timepoint for DLP treatRamel BE shows cells
at various times after addition of DLPs to the culture. B) 1h, C) 2BhDand E23h. N=1
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Discussion
MeMF formation requres steric immobilization.

a¢. YI1S I @FrNARSGe 2F YIlI3IySiz2az2ysS Lata OGKFG F2NY
the absence of detergerfl01-104p 2 S KSaAdlF dS G2 NBFSNI (2 GKSY |a &
CMC of monomericrptein 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

priorithat a detergent or some other membrane mimetic is requitedolubilize an IMP in aqueous

environments. Single pass membrane proteins can be abstractly thought of as a double headed
RSGSNHEHSY G 2 NJ (@03)ard e wantéfd io Isée K luBan single pass membrane proteins

could also formMeMF2 NJ G LINR G SAY YA OStt Sa¢ o

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 doegeed 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 st§B&®) 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 ablddan 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 hasa 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 easilyerend th
transmembrane to efficiently accommodate their hydrophobic needs. Chemical crosslinkiggiia
52AYRAOFGSa GKIFG Ydztf GALX S / b LINRPGSAya LI O1 23S0k
transmembrane needs. The packing of the C99 in MeMFs is oloskeyveegative stain EM to create a
spheroidal or crescent shaped partigléll linear amphipathic molecules such as lipid and detergents
are subject to packing geometries that are generally described as the molecular packing parameter
(MPPJ370,371) The MPP compares the area of the hydrophilic head groups and hydrophobic chain
volume and length in order to determine what shape of macromoleepdaticle an amphipditic

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 disorderatdtdhilic juxtamembrane regions that would occupy a
large area, and this is contrasted against the relatively comp#ealical TM. This overall shape would
resemble a hyperboloid and similar to bolaamphiph{&&1) would favor the formation of a spheroidal
partide. The TM of C99 likely passes straight through the MeMF center of mass, but it is also possible
that the C99 TM dglycine hinge would allow for the-thaped bending through the center of mass.
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C99 MeMFs Stabilize-Sheet Structure

Previous solution NMRtructures 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 dglycine hinge and is followed by a large random coil cytosolic loop endamg in
amphipathic helix at the carboxyl termin(86,232) No obvious -strand/sheetstructure was
observed in monomeric C99 which is interesting given that C99 contains teeglience that is known
to formi {based amyloid plaques viva A separate study used FTIR to show thep@rtion of C99 is
capable of forming {under conditions that are expected to contain significant C99 dii3i2)
Moreover, solution NMR studies on the isolated cytosolic loop reported the presence of transient
sheethydrogen bonding pattern&86,287) We recently published the characterization of C99 as a
mixture of monomer, dimer, and trimer in a cholester@h plasma membrantike environment and
observed that TMmediated oligomerization of C9%abled random coil residuds’3-678and 735745
on both sides of the TM to form transient hydrogen bond netwdd&8) This study did not present
evidence that the transient hydrogen bond networks formesgheet structure but this is a logical
assumption given that previous structural work shaltbat these regions are prone tesheet
formation. The work presented below, and previous studies imply that C99 oligomers fsineet in
oligomeric interfaces in the juxtamembrane regions while monomeric C99 does not.

Both the CD and 2IR indicate tat C99 MeMFs contain a significant amount efheetstructure that is
not present in the -helix and random ceiflominated spectra of C99 in LMPG. It is doubtful that the TM
h-helix would unfold intd -strandssince it is still buried in the MeMF hydrodhio core. This idea is
supported by the plateau in the CD spectrum which represents a mixturéhefixandi -sheet

secondary structure in C99 MeMFs. We hypothesize that MeMFs are a defined oligomeric form of C99
and the C99 juxtamembrane regions are ljkirming a -sheetshell around the hydrophobic helical

TM core and that thé -sheetshell is what makes C99 MeMFs impressively stable (on the order of
months). Addition of excess detergent to C99 MeMFs resulted in a complete logsefondary

structure. The transition is completed quickly, in under 10 minutes, and highlightCogitleMFs are
easily reversed to a traditional PDC with mild detergent. This MebHPOC transition is not reversible

in solution since demicellization of C99 in solutiosulés in exponential aggregation. It should be ngted
that once formedamyloid plaques are very difficult to break up/monomerize and require harsh
denaturing agent$367,368) Thus, even though C99 MeMFs contain theséquence andl {secondary
structure, theyare notthermodynamic 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, 2BIR indicated that there is a stdilxe trarsition in secondary structure that occurs atertain
detergent toproteinratio, as detergenis 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 dimerizationiopréduction(211,213) The
majority of those stidies focus on the on the-i¢rminal plus TM domain fragment of C99
(214,230,240,290)which contains both theamyloidA domain and all -secretase cleavage sites
(373,374) My work here and previous works imply that any forced colocalization of C99 within single
micelles results in-sheetformation. The complex secondary structures of C99 should be considered
when studying the impact of C99 dimerization on A LINR2 RdzO( A 2 y
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MeMFs are readily taken up by mammalian cells

C99 is linked to cholesterol regulati¢?09) lysosomal dysfunctio(198,199,375)and AD etiology
(190,195) and there is a @wing interest in developing methods to study the impact and function of
C99in viva C99 is rapidly degradedl vivoand is difficult to study since multiple protease inhibitors are
required(223) Delivery of C99 to mammalian cells via MeMFs allows for a novel transciiifg@way

to study C99n viva Here, C99 MeMFs were labeled with a fluorophore in order to track the delivered
C99 without the need for complex labeling scher(&) We chose to th€99H732C mutant because
this site is outside regions identified to have secondary structuneadnomeric and oligomeric C99
(186,188) Moreover, this site was successfully labeled with a variety of fluorophores previously,
includingNBD(204)

Delivery of the C991eMFsNBD to HeLa cells resulted in internalization of MeMF that increases as a
function of exposure time. As shownHkigure 59, the uptake process appears to be slow, requiring at
least an hour to deteaminor intracellular NBD fluorescence. However, internalized fluorescent signal is
readily observed in the perinuclear space after 18&sed on appearance gwredict that perinuclear
location occupied by C99BD will turn out to be the ER, but this will ne® be determined in future
experiments. Localization of MeMferived 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 eti(8@@879). 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 establishing the nature of the perinuclear localization of the C99
MeMFs and determination of whether exogenoualyded C99 can be processed in biologically relevant
pathways, such as the amyloidogenic pathway.

Conclusions

Here, we showfor 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 Blx@enaddition ofsufficient
detergent and suffer no hysteresis. C99 MeMFs were found to haleet character that was not
20aSNIWSR Ay LINB@OA2dza aA0dzRASA 27F YieiystaMi§ Kyhfamirg d cp @
a shell around thé -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 spaaeyet unknowreellular 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 proteand trafficked and processed as such, or instead is simply catabolized.
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VI.The Transmembrane Amyloid Precursor Protein C99 Fragment
Exhibits NorSpecific Interaction with Tau
Introduction

I FEEYENL A 2F ! €1 KSAY SuNBpreaRkdepostiorsoSextiadelfular athyoidA YzRS (G K S
peptide aggregates derived from the amyloid precursor protein (APP) and intracellular neurofibrillary
tangles (NFTs) composed of the hyperphosphorylated microtubule associated protéirb8&880,381)

A plaques and NFTs have historically dominated AD research since they are clinical bio(dé@ers
The amyloid hypothesis posits that the pathological cascade of eventsigidilated by the abnormal
aggre@tion of A peptide(158) A isgenerated by amyloidogenic proteolytic processing when APP is
initially cleaved by -secretase (BACE1) to generate the soluble ectodomain, sARE the 9%esidue
transmembrane @erminal fragment, CTF, referred here as C99. Subsequgrgecretae cleavage of

C99 yields 383 amino acid A peptides(190,382)and the soluble APP intracellular domain fragment
(190,305) The healthy function of APP and its fragmentsstitenot well understood, partly due to
heterogeneity in the exact processing pathways and functional overlap with associatdiké\pfteins
(189) Thetau protein stabilizes and promotes the assembly of axonal microtubules in healthy neurons
(177)and has six isoforms ranging from 3%21 amino acids in length, each distinguished by either
three of four microtubule binding domair{883) All tau isoforms, when hyperphosphorylated, have
been observed to form paired heal filaments which comprise the characteristic NFTs i(38B) Tau
phosphorylation is known to reduce its affinity for microtubules, which may drive NFT tiorma

however, the exact mechanism of aggregation and propagation to other cells is not well understood
(174)

It is tempting to explore the relationshipebween APP and tau given their coincident aberrant

aggregates in AD. While there is evidence #hatnd tau pathologies are connectetie definitive link

between these two hallmarks of AD remains elusBmadly, detectable Aplaque precedes tau

fibrillation during AD progression, and this has promoted the idea that the presenceaggkegates in

the extracellular space somehow induces or enhances NFT formation in the ¢&3pln support of

this, intracellulatau aggregation has been shown to be enhanced by extracelluldepositionin vivo

and in mouse modelE 78-180,385,386) Moreover A amyloid plaques have been shown to exhibit a

prion-like seeding effect on paired helical filament (PHF) tau aggregatesnnvamopreclinical study

(387). Several studies have looked at colocalization obAd other APP fragments with tau.

Immunohistology analyses suggest that both monomeric and oligomerictéract with

phosphoylated tau in extracellulaf plaques and intracellularly as AD progresses irafi€rted

neurons(388) However, some studies do not detect widesgd intracellular A-tau colocalization and

instead observe colocalization at pend postsynaptic terminal@89)and synaptic compartments

B0)LY (KS Oflaaadrt Y2RSt F2NJ ! 5% SEGNI OSt f dzf | NJ ! |
and that somehow then trigger intracellular tau fibrillization, a process that would appear to require the
mediation of an extracellular to intracellular siding pathway. A number of different membrane
LINEGSAY& 2N O2YLX SES&E KI 88 6SSy O2y&aARSNEBRL-Ia GKS
394). However, it is also possible there is a direct interaction betweeand tay is the trigger of

intracellular tau fibrillization.

Ly GKA& NBIFNRT Al Aad AyGaSNBaday3a a2 y &
plasma membran¢395-397), which is not surprising givenK I &G 623G K / o FyR i 0O0gKA
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sequence) form homeoligomers. It is therefore conceivable that C99 (or possibly even full &)

O2dz R aSNWBS y2i 2yfe Fa GKS LINBOddzZNBE2NJ 2F !-i T 0dzi
disordered 45 residue-@rminal domain, there is much potential for C99 interaction with intracellular

tau. One can speculate, for example,ttteu might not bind to the weldocumented homodimeric

F2NY 2F [/ ppS odzi GKIFIG o0AYyRAYy3I 2F SEGNI OSt € dzAf | NI ! ]
competent monomeric form.

Direct interaction of C99 and tau was reported in 1995 by Smith, €t&3)They found that tau bound

to extracellular senile plagués stu and that binding efficiency was independent of tau

phosphorylation stat€183) Sveral 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 71324 span a segment that is proteolytically processed by gamma
secretase during Ageneration and a peptide representing residues-723 is not known to exist

outside of the lipid bilayef374,398,399)Based on this work, the proposed AR interfacein vivois
thought to only be present in the cytosciicoximal half of transmembrane fragments of APP or C99. A
follow up study confirmed binding betweealflength APP and wateyoluble tau via crosslinkir(@82)

in vitrobut determined residue890¢412 in theAPP ectodomains are responsible for tau binding.

To our knowledge direct interaction @fll lengthC99 and tau has not been tested. It is reasonable to
wonder how the water soluble tau could bind APP/C99 at transmembrane residueg®41sdnce the
binding site is buried within the lipid bilay&x85) However, given taimportance of AD, we sought to
directly test whether tau and C99 bind each oth@&itrations of C99 into tau and visgrsa were
performed using purified recombinant proteins. In bathises the titrandvas uniformly 15Nsotopically
labeled so that indiidual amino acid chemical shifts could be tracked using 1H,15N THR&IZEY NMR
spectroscopy. We find that C98sidues 71324 do not interact with tau and the interaction between
monomeric C99 in LMPG micelles and waeluble tau is weak and nespecifc.

Methods
Bacterial Expression of Full Length 1Lau

The purification of recombinant tau employed in this work draws heavily upon previous me@@@is

Recombinant pEZ9b plasmid (Addgen&ith the gene for fullength tau (2N4R isoform, 441 residues)

was transformed into a B21 (DE3E. colstrainand 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 useddolate 6

x 1L of M9 minimal media supplemented with kanamycing@@nL). The culture was grown at 37 °C on

I LX FGF2NY &KFTSNIFG Hon NLIYD 9ELINBAaAAA2dI- 61 & Ay Rdz
thiogalactopyranoside (IPTG) once cells readbBghonmbetween0.6-1.0. Cells were allowed to

continue shaking poshduction for 3 hours at 37 °C before being harvested by centrifugation at 5000 x

g for 30 min. Cell pellets wereombined andlash frozen in liquidN, and stored at80 °C.

The resuing pellet was thawed and resuspended in 10 mL phosphate buffer (50 mM sodium
phosphate, 2.5 mM EDTA, 2 mM DTT, 0.5% Tritb®0XpH 6.2) per gram of wet cell mass

supplemented with protease inhibitor cocktail (P8849, Sigma). The suspension was sooncetedor

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 &finutes. The pellet was discarded and the supernatant was
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filtered with a 0.2um syringe filterThe 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
Stat system and the HiTrap SP HP 5 mL column (Cytivia). Protein was eluted using a graei@tb of O
Buffer B (50mM sodium phosphate, pH 6.4, 2mM EDTA, 2M NaCl)-6vasldmn volumes (CV).

Fractions were collected and run on SBSGE, and fractions contaig pure tau were pooled together.
Tau.441 €Xpression was confirmed via Western Blotting using-tmtiantibody (Cell Signaling #4019S).

Bacterial Expression of ARR9

Expression and purification of C99 was carried out as previously des¢i&@dRecombinant pEZ1b
plasmid carrying Higagged C99 1109W (Tryptophan added to purification tag to ai/id\detection)

was transformed into BR1 OE3)E. coli60 mL LB starter culture grown overnight at 37 °C was diluted
into 6x1L of M9 minimal media with ampicillin (1@@mL). The culture was grown at 37 °C with 230 rpm
shaking. Expression was induced with the addition of 1 mM IPTG once cetisd€2i@oonm0.6-1.0.

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 store@0atC.

Cell pellets were thawed to room temperature andusgended in lysis buffer (75 mM Tris pH 7.8, 300

mM NacCl, 0.2 mM EDTA) before being enzymatically lysed by tumbling the suspension with lysozyme,
DNAse, RNase mixture fo2lhours. 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 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 eiatrifugation at 25,000 x g for 30

minutes. The soluble fraction was tumbled for 45 minutes withrhL NiNTA resin that was pre

SljdAft AN SR Ay ¢NAaAanmodzFFSNBR &alfAyS 6¢. {3 Hn Ya
loaded onto a gravitgolumn and rinsed with 10 CV of 3% Empigen (BOC Sciences) in TBS. Weakly

bound impurities were removed and the protein was exchanged intepyssphatidylglycerol (LMPG)

detergent with two 10 CV washes of 0.5 wt% LMPG in TBS containing 10 mM and 30daxhdlarpH

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 MR 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 (Millipoe, 10kDa for C99, 30kDa for tau). Final concentrations for both proteins were
measured via UV absorption at 280 nm using their extinction coefficients (11,400rMor C99 1109W

and 7450 Mcm? for taus.441). Titrations of unlabeled (0 to 300 uM) tau into 50 uM.EN-C99 were

buffered with 25 mM imidazole, pH 6.5, 75 mM NaCl, 2 mM EDTA, 1% LMPG. Titration of unlabeled (0 to
200 pM) C99 into 50 uM-W5Ntau was buffered with 25 mM sodium acetate, pH 4.5, M8 MaCl, 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 TRGA$SQC NMR spectra were acquired at 45 °C on a cryopmbpped 800
MHzBruker Avance lll spectrometer. NMR data was processed with Topspin 3.2 and analyzed using
NMRFAMSPARKY. Chemical shift perturbations were measured according to equation 1.

Eqg. 1

8 YO 1 0 1 0 1Y 0 ] O

whS NBH8  koy™Rg] are thé chemical shifts for a given peak in ¢ 15N TROSYSQC spectrum
LINA2NJ G2 GKS aidl NgB 2 R Sheidheriddl skifts rfthat sghie peak atoa
given titration point, assuming fast exchangeditions on the NMR timescale, where each peak
reflects the populateelveighted average peak between free and complexed conditions.

Results

We started by conducting a tau into15N-C99 titration in LMPG detergent because the structure of

C99 was previously determined in LMPG at pH 6.5 by solution(l8&R This previous work allowed

for the transfer of C99 resonance assignments to this titration experiment. In order to avoid detergent

and bufferbased artifats, 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 dimensiqdata not showpd a 2 NBE2 GSNE | NI ( AMPG oficendration> a / o
does not force C99 oligomerization by maintaining a 1 :8 ratio of C99 to LMPG micelle.

As shown irFigure 6.1 additonofGo nn >a Gl dz Ayad2 pn >a /[ pp az2tdzirazy
chemical shift perturbations (CSHs)L9 peaks, mstly fromresidues near the proteimicelle interface

or in the unstructured soluble-@rminal loop. C99 CSPs were linear as a function of tau concentration

are therefore reflectad ¥ Honn>ax O2 seedfia lSnfeiactionwithikCoy/ 2 v
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Figure 6.1. Titration of unlabeled tau into uniformly 15ldbeled C99A) Overlaid 1H,15N TROSY
ALISOGNY 2F pn >a wmMpb [/ dbdp Ay GKS LINBasSyOS 2F n:z
was performed in 25 mM imidazole, pH 6.5, 75 mM Na@IM 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 assignmei®) Resonances highlighted Avhave their CSPs plotted as
afunction of tau concentratiorC)Linear regression @& in order to highlight the nosaturating nature

of the CSP plots, indicative of rgpecific binding. The CSPs for the resonance associated with E766
appears nodinear, but this is likely due to poresolution, see insert i

We also conducted the reverse titration of unlabeled C99 inttbMHtau for completeness. The reverse
titration was conducted at pH 4.5 because the TROSY spectrum of tau exhibited more peaks and
increased spectra dispersiat this reduced pH relative to pH 6.5 and previous work showed a strong
C99 peptiddau interaction at pH 583) C99 is known to maintain its structure at pH @88) We
observed large CSPs in many resonances as a function of C99 concentration however, as Sigong in
6.2, the CSPs were again linear in nature, confirming only weak angdniteekpecific binding between
soluble tau and C99. Backbone assignments forsabhave been reported previously in different buffer
conditions(401) We did not think the nosspecific nature of the ta€99 interaction warranted the
significant effort that would be required to transfer assignments between conditions.
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Figure 6.2. Titration of unlabeled C99 into uniforrlypN-labeled soluble tawss:. A)Overlaid 1H,15N
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titration was performed in 25 mM sodium acetate, pH,45 mM NaCl, 2 mM EDTA, 1% LMPG. Several

LINS&aSyO0S 2F nz

Hp Z

pnz

tau resonances shifted as a function of C99 concentration. The titration series for six of these unknown

amino acid resonances are highlighted H4l inA. B) Resonances highlighted Athave their CSPs

plotted as a function C99 concentratio@)Linear regression & in order to highlight the nosaturating
nature of the CSP plots, indicative of rapecific binding.

Discussion

Previous work suggested that tau binds to a short peptide derived from APR af 8.8 nM(183)with
the binding interface on APP including residues located on the cytosolic end of its transmembrane
segment spanning residues #¥24(183-185) Interestingly, these studies did not try and map any

binding interface to tauAll of these studie§183185) used either Nonidet 0 (185)or Tween20

(183,184 )detergents at pHs ranging from 5 to 8; these fionic detergents are commonly used when

studying proteinprotein interactions but lack a phospholipiike 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/243and &u (182)

however, hese results should be regarded with caution sinogetergent use was reported when

working with a transmembrane ARBrsofragment. All previous studies used short peptides to

investigate APfau binding interfaces and did not validate the ARR4interfaces with fullength APP
or C99. Moreover, these studies used either no detergent orinait detergents that lack a
phospholipidlike structure. We therefore decided to carry out quantitative NiWiBnitored titrations of

C99 and tau in a nedenatuiing model membrane environment (LMPG micelles) to determine whether

these two proteins associate under conditions that are more physiological than in the previous studies.
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Titration of tau into C99 and the reverse titration led to results indicating aaak 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 15#beled protein as a function of the concentration of the
other (unlabeled) protein. Botlittations were conducted in the presence of 1 % LMPG, a mild and non
denaturing detergent, in order to provide C99 with a membranienetic environment without

unfolding tau. We also carried out one titration at acidic (pH4.5) and the other at neutral §pidHb in
order to try and recreate the pH range used in previous Wb83-185) 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 &f 9.6 nMreported previously by Smith et €183) The
study by Smith and colleagues reported that the-@@9 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 transembrane peptide.

Our results suggest that tau amall lengthC99 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 beemposttranslationally 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 or post
translational modification in one or both proteins. We also cannot ouliethe possibility that there is a
C99mediated 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 afull lengthC99 in model membranes do nonldieach other

with significant affinity. This is inconsistent with previous peptidsed only results that indicated C99
residues 713724 bind tau in Tweef0 and Nonidet 0, detergents that lack phospholipiitke

structure. Given that residues 74/24 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 theseproteins

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

MPsusuallymust have a lipid bilayer mimio order to stay soluble iaqueous environmentand
detergents are often used fan vitro studiesdue to their ease of use and low cq4t7). However,
detergents are problematic fan vivowork due to their ability to dissolve membranes and resulting high
cytotoxicity (402) TheSanders lab previously showed that amphipols could be used to deliver a
membrane protein to synthetic vesid€d5)and very high concentratiorsf amphipols are required to
observein vivocytotoxicity (57). An anphipolquantum-dot complexhad previously delivexd siRNA to

live cellg403)and we advanced tisidea further by delivering S to multiple immortalized live
mammalian cell linesAs shown ifFigure7.1, we have successfully delivered other single paBswith
more complicated membrane topologiés mammalian celldt 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 functiosin evolutionary distant organismBNAtransfection of mammalian cells is
often toxic and certain cell lines are nearly impervious to transfeqd@d) The weak detergent
properties of amphipolsllow them to be well tolerated by mammals aatsowould likely enable

studies of membrane protein delivery to entire smatjanisms such aS.elegans Amphipok were

used todeliver recombinant protein tonultiple mammaliarcel typesand amphipol delivery could be a
IANBFG sl& (2 aGNIyaFsSoOidée RATFTA Olgerdonally hivikkoNdigledt 2 NJ  LIN.
potential applicationof the amphipol delivery method would lie deliverMPsof interest to
heterogeneous cellular environments such as organ slices.

A common complicatioof studying a protein of interesh vivois the need to add #uorescent tag such
asgreen fluorescent proteifGFP)405) GFP and otheftuorescent proteins ar@ver 200 amino acids
and can be significantly larger than the proteirinterest, as is the case with the 75 amino acieES2
The large size of GFP datroduceartifactslike blockingmportant protein-protein interactiors or
driving dimerizatior(406) Labshave started to addresthis concerrandhave developed much shorter
fluorescenttagsthat require arsenic dyes or terminkbelingsuch aghe FIASH376)or STELL#ystems
(407) Delivery ofMPswith amphipols allow®neto easily addsmall highrintensity fluorophoredo any
position on the protein. It shouldlso be possible tattach method specific tags f&@PR408)studies of
membrane protein in né@ve lipid environments or RG§enerating photosensitize(g09)
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Figure 7.1 Delivery of C99 to He cells with amphipolsConfocal image of fixed HeLa cells after 16hr
exposurgo C99in amphipols Nuclei inblueare stained wittDRAQS5, a DNA intercalatétM is stained

in redwith WGA, aAF555 conjugated lectin; and C99 igiieendue to NBD covalent labelingndividual
channels are shown on the left panels and the large right panel is the composite image.

It must be acknowledgkthat the advantagementionedabove are bestasescenariosandthere are
many unknownsvhen working with more compledPs Anionic anphipols are known to aggregate in
the presence of multivalent ion816,410,411)Even for zwitterionic amphipolsenobservedbolymer
and S2E aggregation at higher dosgscompletetissue culture mediand future studieshouldexplore
use ofnonrionic anphipolsthat are supposed to resist aggregati¢hl2) Jean Luc Popot,@oneerand
advocatefor amphipol useposited thatMPswith complex folds would have@oblematic
insertion/folding pathwaywhen transitioning fromamphipol to membane(338) In support of this idea,
a previous stug on DAGKound thatDAGK delivered to membras&om amphipolswvas less efficient
than DAGK in amphipol mixed micell€kae lowered efficiency of DAGK in vesitdgsossibly due to the
unfolding/incorrectinsertion during the amphipol to vesicle transitiq@5). Lasty, anphipols are well
tolerated bycells,but cells are unlikely able to efficiently break down the polymer gl unknownif
the polymer is endocytosealong with MPsand accumulates in csll

Membranemimic free protein particles

Solubilizatiorof an integraMP without detergents or lipids has traditionally required extensive

computer aided mutagenes(97-99) or fusion to an apolipoprotein scaffol@6). Magnetosome
organelleintegralMPsarean odd exception and canformp®®*h y a YA OSt t S&a¢é¢ HKSy NBO2
expressed100-103). We here showed for the first time that several mammalsir Pare capable of

formingwater solublemembrane memetic free (MeMFparticles. This idea is initially perpleximagtil

one considers &P TRo resemble the hydrophobic and hydrophilic architectureadfolaamphiphile a

double headed detergerthat can form micelle§105) MeMF particles seléatisfy their own

hydrophobic and hydrophilic needs and theref@o not require any detergent to remain stable in
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solution. It important to highlight that MeMF particles are reversible upon additiatetérgent and do
not suffer hysteresias indicated by solution NMR and Guctural and functional studies bfPs

often require empirical screening of detergent types dnudfer conditions. This can be a laborious
process since a separate purificatiemieeded for each detergent tested. The MepMitticles are easily
reversed with detergent andouldconsequentlybe very beneficial during the detergent screening
process

Our work did not explore why certaBPTPsan form MeMF&nd other do not Therearethe many
generic factors that play a role in general protein stability such as hydrogen bonding, charge distribution,
and hydrophobicityHowever, thehigh stalility of C99 MeMF&nd extensive previous researplovides
future studies withunique testablehypothesesBothjuxtamembraneregions of C99 are capable of
forming transient beta sheet structurghen oligomerized188) Thecrowding ofC99 inMeMFs resuk
in additionalbeta sheet structurdéhat isreversed upon the addition of detergerit is possible that the
beta sheet secondary structure in the juxtamembrane regions resalstailizingd & K &dufdéhe
transmembrane coreC99 is also known to haverd 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 stabilitll of the SPTRequences useih this dissertatiorwere
based onn vivoproteinsand 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 take by immortalized mammalian cell lines and often
appear as puncta withithe cytoplasm. We are currently working to understand if the delivered C99
inserts into the lipid bilayer and iscognizedike endogenou£99 vid -secretase cleavage. It is also
possiblethe C99 MeMF particles amatabolized andccumulag in lysosomesRegardless, the C99
MeMFs act as a proof of concept for cellular entiature studies will be required for the potential of
MeMFs to be fully realized.

Coronavirusenvelope (E) protein

Eisretained in theperinuclearspace when produced kyhost cell(122)but the proteifmechanisn
that retains Eisunknown(128) It wasinitially unclearif our delivered recombinant SE would stay on
the PMof mammalian cells or be trafficked back to fherinuclear spacedithout knowledge of the
mechanism or pathways,ewobservedhe deliveredS2Etraffics back to the TGMndisenrichedin
perinuclearLAMP1 positive vesicled/GA also accumulagén the TGN and late endos@ftysosone
(327,328)and showed good colocalization with-82t ispossible thatS2E and WGAisethe same
retrogradetransportpathways, but thiseemsunlikely sincBVGA retrograde transport to the
perinuclear space was much faster, less than 3 hours, compared toaffieking time ofS2E,18-24
hours.In any casemuch morework needgo be doneto understandhow the SZE is traffickedorm the
PMto the TGN.

Weintended for the delivery of SE toact as a proof bconceptfor future studieson the pathogenic
functionsof S2E.VLPdack viral genetic material araffer a safe way to test if the delivered-&2an
functionin its normal structural rolef viral asembly VLPs can be formed with only the M and E
protein (119-121)and sodelivery of SZE to an M expressing host cell could eag#gt for successfub2
Eincorporationinto VLPsMoreover, delivery of SE may allow for nuanced studiebrmn-structural
rolesfor E pH dysregulation is one of the main netructural roles attributed to £139,140)andthe
nextlogical stepvould beto determineif deliveredS2Eincrease®rganelle pH. pH dysregulati@an
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be visually identified as swollen lysosoniefD(198,199,375and | think thatthis is likely occurringn
HelLa cells when weeliver SZE Perinucleatysosomes that contain S2appear swollen while
peripherallysosomes remain unchangethere is some evidence that tianonomer, and not
viroporin, drives the TGN pH dysregulat{@39) It is easy to imagindelivering noaconducting channel
mutants tocells to try and determingéhe contribution of viroporin formatioron E function andsiral
fitness

Our delivered SE contained a substantiatt€rminal tag that did not interfere with channel function
but likelydoesmitigate some hostE proteinprotein interactionsThe DLLV segnce on the @erminus

of S2E isableto bind thetight-junction proteinPALS1150,151)andretain PALSL1 in the perinuclear
space it is thaught that this retention camltimately disrupt the tight junction and incase overall
coronavirus virulencé413) Crystallographic structures indicate that theegEminal tag on our delivered
S2E prevents thiPALS1 interactio(l50,151) NterminustaggedS2E purification grotocolsare now
publishedand delivery ofN-terminallytagged SZE(414)could allow for a greater understanding of how
SARE0V2 can manipulatetight junctions in humarairway epithelium.

The strong TGN localization of deliveredES@pens up tl possibility ofisingit as a retrograde
trafficking tagasmutations that inhibit ion channel functioare discoveredit is plausibleto attach the
75amino acid SEto a recombinantly expressed soluldeMPsand deliver the protein to cells with a
S29 4 Iy IDtKezahthotbis able to auto insert s delivered by amphipols, then there is a good
chance that the protein would bendocytosed into tk celland trafficked to the TGNDeletion of theC
terminal S2ZEDLLYV sequence and attanent ofan export sequence is required to removelS#om
the perinuclear spac€l40) Therefore, anyrotein wanting to take advantage of the $retrograde
trafficking would needo be linkedto the Nterminus of the protein.Previous studiesfdediscovered
mutationsthat biasEtowardsthe monomericinstead ofpentamericoligomersin vivoand these
mutations could bepotentiallyused with anS2E tag to controtolocalization of a protein of interest.

DDMB

There is currently a dearth gblution NMR structures solved in ndsnic detergentsince mon-ionic
detergentsnormally have a largenicelle than their ionic counterpar{®2). The DDMB micelle is
significantly smaller ~280kDthan other commonly used neionic detergents like DDNB8). It was
therefore straightforward to assign the TRA$SQC of C99 in DDMB and future studies could use
DDMB to study membrane protein structure. It is now realized that the commonlyiosed
dodecylphosphocholinedDP ¢ detergent can induce significant artifactsiPsstructures(339) Nm-
ionic detergents are thought to be less denatur{68)and @n be used in ligand binding experiments
where ionic strength or charge repulsion of the detergent is an isslesfound that DAGK purified in
DDMBhad increased enzymatic activity compared to other#mamc detergentg68), indicating that
DDMBislikely lessdenaturing ofMPsthan many other commonly used detergents

SCORicelle phases

Prior to our work on SCOR bicelles, there was a laidotwbpic particles that could incorporate
significant amounts dboth cholesterol and sphingolipid82). DDMBwas the key to the creation of
SCOR bicelles andcisemically similard commonly usedhon-ionic detergents such as DDRver 35
different detergents including DNMind DDM weranot able to dissolv&COR lipid§Ve attribute the
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SCORilissolvingproperties of DDMB tthe unusual headgroup flexibility conferred creased degres
of freedom afforded by the &EM) glycosidic linkageresent in the melibiose headgroyps).

We showed irChapter3 that the 4:2:1 lipid compositiom detergentfree vesiclgis capable of lipid

lipid phase separation near physiological temperatures but it is unknolpidflipid phase separation
occurs in the detergentich conditionsof a bicelle As shown irfFigue 7.2, DLS solubility experiments
showedthat DDMB requires DMPC to solubilize both EggSM and ICtyplothesized 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 dlaborating with ORNL and the MRing lab to carry out contrast variation SANS
experiments that will determine if lipiipid separation is present in SCOR bicelfdgid-lipid

separation igpresent, i will be hard to determinéf the lipidHipid sepaation is due to DDMEM/Chol
repulsive forces oto SM/Chol complex formation. Future MD simulations may be able to discern the
driver of lipidlipid separation by varying the ratios of ts&ORicelle lipid compositionn summary,
lipid-lipid separatio in SCOR bicelles may faithfully recreate the k-Ly phasesobserved in lipid

bilayers butis a promising start.
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Figure7.2: Dynamic light scattering of SCOR bicelles with various lipid compositidngcorrelation
curves collected for fully protonated 0.5 % wt % DEdd&d bicelle solutions of varying lipid
compositions at a constant g ratio. All bicelles with the exceptidDMBSM-Chol (no DMPC) formed
bicelle particles as indicated by their overlapping curves. DBMBhol mixtures did not form an
optically clear solution as highlighted by the rigiifted curve with multiple populations, as indicated by
humps in the awe.

Future applications of SCORicelles

The process of assignitite NMR spectrum o£99 in SCOR bicelles was very difficult due to the large
size of the SCOR bicelle ahd complicatedoligomeric state of C9@.88) We have looked at other
MPsin SCOR bicelles and found that sriviilssuch as our Notch constru(350,415)give good 1H,15N
TROSHSQC buthat largerMPssuch as PMP20,265)do not. The size of the SCOR bicelles likely
limits their overall usefulness for membrane protein structure determination via solution NMR, but
cannotbe understatechow SCOR bicellegere effortlesslycompaible with many biophysical
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techniques as highlighted @hapter3. This section will focus on potential applications of SCOR bicelles
that are able to leverage their beneficial and unique properties.

The most commonly usdalcelledetergents have a higgMC(DHPC is 14 mM) arde not suitable for
cryo-EM studies omMPsdue to vesiculation upon dilutioto below their CM§298,416) DDMB has a
much lower CM0.3 mM,and this allows SCOR bicelles to be diluteBEXbappropriate concentrations
without vesiculation SCOR bicelles were well behaved in ¢ and could be class averagada were
not compatible with negative stain EM when diluted, likely due to {god chargeinteractions While
not tested, it is kely that DDMBaloneis compatible with cry¢EM since notionic detergentsare
currently used in may membrane proteircryo-EM studieg63). In an effort to studyMPsin a lipid
environment, many cryM studies are nowsingNano discs and SMAL@B8). TheSanders lab has
previously tried to puriffMPsin nanodiscs using the 4:2:1 lipid mixture and found extensive lipid
vesiculdgion (rather than nanodisc assemblfgflowing detergent removato be a major impediment.
SCOR bicelles atteusthe only isotropic particle that can incorporate significant amounts of both
cholesterol and sphingomyelin aage therefore an exciting option for those who want to stutiyP
structure in a SCOR environment.

As mentioned above, SCOR bicelles can incatp@ wide range of lipid compositioriEhe ability to

add or remove lipids to the membrane is especially important when trying to $¢lRiin a lipid raft

like environment. It is important to understandabservedchanges imembrane proteirstructure o
function are due to the cholesteradphingomyelin, 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 Y& a bilayer thickness closer+6 nm, likely due to the ordering effect of
cholesterolon DMPQ34) Comparative studies between complete SCOR bicelleS@@icelles
lacking lipid componentherereferred to as degenerate bicelles, can allowdanuanced

understanding of how different lipid components or theomplex canmpactprotein structure and
function. As shown irFigure7.3, degenerate bicelles and solution NMR were used to track C99 CSPs
from removal of lipid components while maintaining the overall bicelle di&tive mass spec has
implemented SCOR bicelles with great success when trying to understand the oligomerif Stath

C99 and PMP2@288,417) It would be very interesting to see a systematic stodmparingthe

oligomeric states oMPsin the presence or absenaé various lipidraft components using degenerate
and SCOR bicelles
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Figure7.3: Degeneratebicelles can investigate the importance of individual SCOR lipfsCombined

proton and nitrogen chemical shift differences between membrane mimeticdadtedpas a function of
residue. Small negative bars represent residhascould not be accurately tracked between spectra or
were unassigned. Green lines estimate boundaries for C99 structural regions identified in the main text.
Samples were350 uM C99 in 10 wt % micelle/biceflanatching bufferB) Table showing DLS derived
radiusof hydration R,, for eachdegeneratebicelle. Notice how the bicelles sitay the same relative size

if the q ratio is maintained.
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C99structure in SCORicelles

AmyloidogenicC99processindias manynterestingconnections to cholestera@nd lipid rafts
(186,204,205,207,208,418nd SCOR bicelldacilitatedthe first study of C98tructurein a SCOR
environment.No obvious changes i@99secondary structurer topologywere observed when
comparingSCOR bicellgs previous studietacking sphingomyelin and choleste(t86,232) This was
initially disappointing but not surprisingecauseC99 topology andecondary structure are resilient to
changes in membraneomposition(187) However, @irther characterization revaed C99oligomeric
interfaces angopulationsto be far morecomplex in SCOR bicelles than in LMPG or traditional bicelles.

Most methods used to determine oligomeric states of proteins were developed for soluble preteths
their translation toMPscan beproblematc. Many methodssuch assize exclusion chromatoguhy, DLS,
andsedimentation analysidetermine the oligomeric state of a protebased on thevolumeandmass

of the protein particleg419) Thesesizebasedmethodsgeneraly have a hard tim@bserving small
changesandthe size of the membrane mimic can easily dwhée size ordensitycontributionsof a
smallMP. SCOR bicelles are rougtéy timesthe mass of @9 and so these methods were not able to
determine theC99oligomeric stateWe ultimatelyusednative mass spemscopyand chemical
crosslinkinglo determine that C99 in SCOR bicelles auvaéxture of monomer, dimer, and trimer
becausehese techniquest NS Y2 @S¢ [/ dop FNRBY GKS {/ hw o0AOStftS

Surprisinglytrimeric C99waspreferred overdimeric C99 in SCOR bicellEse majority of the APP and
C99 literature focus othe monomervs dimer relationship(212-214,238,243%ince there is no
precedentfor atrimeric C99n viva However Higashideet al. showed va native PAGEhat C99 is a
mixture of monomer, dimer, and trimer whesolubilizing mammalian celivith a norrionic detergent,
DDM(215) Furthering this point, th&anders lakrecentlyfound that C99 is strongly excluded from the
L, phasein GPMVslerived from multiple human cell liné223) The more ordered lipid environment of
the SCOR hétleslikelyforces the C99 into a higher energy state manitestC99 trimersThe
complicatedoligomeric states of C99 BICOR bicelldigits the biological conclusions that can be drawn
from the structure but the interfaces tht made up these oligomeric states are rictpwsiting power
(seebelow).

NMRamide backbon@roton exchangeand topologyexperimentsidentified regions of C99 that were
believed to be oligomeric interfacés SCOR bitles.We identified residue10-716as the
transmembraneoligomeric interfaceand this was in good agreement withvivostudiesthat found
residues 714717 mediate C99 dimerizatio(238) These residues arspeciallyexciting when
considemgrecent studies thaaddress topics other than C99 dimerizati&®017study fromthe

Bowie labwith my advisor and myself as midedeithorslooked at TM backbone hydrogen bond
strengthfound that C99residuesTyi4 and V715 had backbone amidéydrogen bondshat were obviously
weaker than the rest of th& M domain(420) This publication posits that these weak hydrogen bonds
are weaker tharwater-water hydrogerbonds,but this is likely a underestimation othe true hydrogen
bond strength(421) The weaker hydrogen bonds in the CB4 domain are near the-secretase
cleavage (GSjtes and the authors of thBowie paper posit that theveak bonds are important for C99
function/processingIn 2019 a structure of chemically crosslinke@83 anctatalytically inactivésS
showed thatGSunwinds theC99TM helix prior to cleavag€373) It isnot hard to imagine that
backbonehydrogen bondstrengthplaysa role in C99 unwinding durirsgquentialGS cleavagéVeaker
hydrogen bondgound in the Bowiestudylikely enhance the processivity of GS artouragehe
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production of shorter and less toxic ABptides.It would be very interesting to look #he FAD
mutationsnearthe GS cleavage sigadsee ifchanges ibackbone hydrogen bonds correlate wih
increase in longer A peptides.

The other oligomeric interfaces founalithin C99 ina SCORNvironmentwere in the unstructured
juxtamembraneregions. These regions wesanilarlycharacterized by theiresistance tamide
backboneproton exchangeand lack ofecondary structure as indicated by chemical shift analybis.
first cytosolic regiorconsisted ofesidues673;678on the aminoterminus of C9%ndA . These
residues aré&nown to formai -sheet in amyloid aggregat€304) samplé -sheet structure in
simulations(235) and were predictd by FTIRo participate in -sheet formationin a truncated version
of C99 lacking the cytosolic domaiid§2) Full length sudies ofmonomeric C99 in LMPdd not
observe any -sheetfor residues 67&%78and it is highly likely that thie-sheet structure previously
observed by FTiRas due tchomodimerization This idea is supported by the fact tha®9is knownto
homodimeriz with a K, of ~0.5 Mol % in vesiclé204)and the FTIRXxperimentwas done at a protein
to lipid ratio of 1:502 Mol %(372)

As with theN-terminus, the cytosolic loopesidues 73545 of C99 appears to be unstructurechen
examinedby chemical shift analysis babntairstertiary or quaternarystructureupon closer inspection.
Previous solution NMR studies looking at the soluble AICD peptide fountfahatenti -sheet
structurewaspresentin residues’42-747 (286,287)and NMRstudies ofmonomericfull length C9%ad
difficulty assigning these peaks86,187) an indicatiorthat these residuegarticipate incomplex
dynamicsWe failed todisruptthe cytosolidoop interface with mutatiorof keyi -sheetcytosolic
residues(286,287)ndicating thatthe cytosolic loop interface is driven by colocalization of C99
transmembrane domaing.he cytosolic loop of C99 is knovim bind multiple regulatorysoluble
proteins andundergo significant post translational modificati{305) Phosphorylation at residu€743
and the resulting interaction between C99 anidPhas been shown to impact Aproduction
(284,285,306)Moreover, the cytosolic loop of APR likely critical for th@&inknownfunction of APP
sinceit is highlyresistant to mutationg422) The loop has no FAD mutaticsusd has traditionally been
eclipsedin the literatureby intense focus on thé& peptide. | would personally like to see more
research on thguxtamembrane regiowf APP, specifically the cytosolic loop and AIC® not obvious
how a norenzymatic protein like APP would transnmformation aboutits oligomericstate into the
cytosolic spaceThecytosolic loop interface is only present in oligomeric C99liety altersthe
accessibilityf cytosolic proteins tanterface residues. It would be very interestinggoantify and
comparethe interaction betweerC99 and cytosolicinding partnes as a function of C99 oligomeric
state.

C99 andau

Both APPandtauform insoluble aggregatethat are widely recognizedsalefininghallmarks ofAD

(176) Severapreviousstudiesusedpeptide fragmentof C99 to showAPPtransmembrane residues
713724 0f C99/APMound totau (183,184) The tau-bindingC99peptide sequencess alwaysburied

within the membraneduring structural studie§186-188)and thereforethe peptideis sequestered and
unavailable to bindau inin viva We carried oubinding expeiments betweerfull lengthC99 and
solubletauwith solution NMRand did not observepecificbinding It should be noted that both C99

and tau were expressed in bacteria and lackegipost translational modifications such as tau
hyperphosphorylationFAD mutants have recently been found to substantially increase the generation
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of A FNIF AYSyida dzJ G2 nd FYAY2ASE OPDRYGAYY I SYIATKTRPRY (0 K
APP 73-724(172) While not done here, it would be interesting to see if these #8hdragmentsare
able to bind solubleau.

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 highbginie

usefulness of novehethods for addressing modern biomedical problefisere 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 andshsed their suitability for a

wide range of biochemical and biophysical methods by studying the structure 8f the LINS O dzNB& 2 NE  /
Ideally, alin vitrostructural and function studies would be validated in native lipid environments but
there is a laclof methods to deliver purified membrane proteins to eukaryotic cells. | developed
methods to deliver recombinantgxpressed membrane proteins to mammalian cells with amphipathic
polymers and model membrane free particles. These methods are unique ithéyaallow forin vitro
labeling of membrane proteins before delivering them to biologically relevant membréngsny hope
that the broader scientific community will use these methods to study their own membrane proteins
and expand upon the methods dethed 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.Dodecyd -Melibioside Detergent Micelles as a Medium for Membrane
Proteins

Contents:
Supporting Material and Methods with embedded Figur.$.
Expanded Caption for Figurésl-2.4
Supporting Table &1

Supporting Reference

Supporting Materialsand Methods

Materials. n-Decydi -D-a I £ (i 2 EDMR ®DodecyiR-D-Y | f (i 2 3DDM)S-n-Dddecyl Melibioside

0 iIDDMB) h-DodecylphosphocholinDPC)1-Myristoyt2-HydroxysnGlycere3-Phosphocholine

(LMPC), and-Myristoyl2-Hydroxysn-Glycere3-Phosphe(1'-rac-Glycerol) (MPG) were purchased

from Anatrace. High grade imidazole, leucine, lysozyme, DNase, and RNase were purchased from Sigma.
Amicon Ultracel 10 kDa and 30 kDa molecular weighoéuMWCO) spin filters were purchased from
Millipore. DO (99 %) anéPNH,CI werepurchased from Cambridge Isotopes Lab. Lauryl betaine

(Empigen), 30% solution, was purchased from BOC Sci¢tarésctPro NNTA Superflow nickel resin

was purchased from-Brime. DTT and IPTG were purchased from Research Products International.

Preparation of FDodecyd -a S f A 0 2-BDMR)SI -DIDMB was synthesized and purifieelising a
common glycosyl donor intermediate. The synthesis scheme is shown in Supporting2Bigiites

glycosyl donor was synthesized in two steps with an overadl gie85%. 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 Lewisacid catalyzed glycosylation reaction of the aforementioned glycosyl donor with the acceptor,
n-dodecanol, provided the protected glycoside with ayieldof @pprA Y I 6 St & y 2o ¢KS NBa
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

LINE A RPRa i K&l NBS G DPMBwag purdiidd By révebse pHase C18 chromatography

using a linear gradient of 5000% methanol in deionized water.

Supporting Figure.1
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Melibiose perbenzoyl bromomelibiose
BBMeli

a. Pyridine, BzCl, 0°C to RT, 24 hrs; b. DCM, 33%HBr in AcOH, 4°C to RT, 6 hrs;

n-Dodecyl-beta-D-Melibioside
R= C12H250H; ME12

c. BBMeli, DCM, dodecanol, AgOTf, -20°C to RT, 24 hrs; d. NaOMe, MeOH, RT, 48hrs

Scheme 1. Synthesis of Melibiosides via benzoyl group protection

Dynamic Light Scatteringstock solutions of e&cdetergent were created by dissolving powdered
detergent in ultrapure water. The stock solutions were flash frozen in liquid nitrogen and sto/2@ at

°C. All samples were mixed before ~300 pL was passed through a 0.2 um syringe filter inspeciit.S
disposable cuvette. The sample chamber in the cuvette held roughly 100 pL and the excess 200 uL was
used to compensate for evaporation from the sample chamber during heating. The disposable cuvette
was covered with a disposable cap and placed into thattWiyechnologies DynaPro NanoStar

instrument for thermal equilibration. The samples were generally subjected to a temperature ramp from
~22 °C to 55 °C with a ramp rate of 1 °C/min, with 5 acquisitions of 5 second integration timeé€r 80
points. The mielles were typically monodisperse, but at lower detergent concentrat{gris mM)

aberrant readings were common. Acquisitions with a 25 % or higher polydispersity were not subjected
to further analysis. The Stoké&snstein equation (Eq. 1) was used to detae the hydrodynamic radius

RO DAl RSNAOSR RAFTFdzaAA2Yy O2yaidlyidarT

1 Aisssamp t G171 Yy

viscosity, and Ds the diffusion coefficient. Temperature and NaCl concentration effects on viscosity
were taken ito account by the Dynamics 7.1.9 software when determinindtis important to note
that the R determined by DLS is based on several assumptions and serves as an approximate measure

of size.

v o

(1)

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 geasit 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 tb DLS, found in Supporting Table 1, were usually in agreement with previously

reported aggregation numbers determined with other methods.

Static Light ScatterindpLSderived R and aggregate molecular weight values are reasonable
approximations, howewuethere 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 Nan@@fzahte of single angle

static light scattering and was used to confirmthe RS i SNXY A Y SR Y2 SOMdhel NJ ¢ SA AK(
refractive index increment (dn/dc) value needed for the SLS analysis was previously reported to be 0.133

(). An inline Wyatt Technoffies DAWN8+ multi angle static light scattering instrument coupled to an

! 3Af Syd munn &aSNASAE NBFTNI OGA@BS AyRSE RSGSO42NI 41 &
55a. YAOSHEBAARYKR® 2T n oDDMB, wididh & redganhiie light BfXide |

chemical similarity of these detergents. A dn/dc of 0.139 was determined for®OR@&5 5a -y R i

DDMB static light scattering results (Table 1) are in good agreement with the DLS results and the

discrepancy for DPC is likely due to diffezes in DPC concentration and buffer composition.

NMR Spectroscopytwo-dimensionalH'>°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 Avase spectrometers equipped with cryoprobes. Data was processed in TopSpin v3.2 and
visualized with NMRFAISPARKY v3.115. Linewidths were determined with NMRview software with
spectra that were processed in an identical manner.

Expression and Purificatiaf E. coli Diacylgycerol Kinase (DA@XAGK was expressed and purified

using methods similar to those described previo(®)ly His-tagged forms of wild type (WT) and of a

stability enhanced triple mutant%3C, 170L, V107Byrm of DAGK3)0 & (. NRIBINBE 5 & @Y ¢ 0 & SNB
expressed usingTrcbased pSDO005 vectdry transformed intoE. colWH1061 cells, which lack

endogenous DAGK and are leucine auxotrgphs DAGK was expressed and purified as previously
reported(6). In brief, WH1061 cells were grown\t®, Leusupplemented media and induced with 1

mM IPTG after reaching an @bmof 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 NacCl, 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 lysisumd 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 buffequilibrated Ni(Ilkb ¢ ! & { dzZLISNF t 2 &
resin ata ratio of 1 mL NNTA per 1 gram starting wet cell mass (buffer A is 40 mM Tris pH 7.8, 300 mM
NacCl, 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 vessaved 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, reflectig completion of elution of noilis; tagged protein impurities from the resin. The

detergent was exchanged by 10 X 1 column volume washes using a solution containing 0.5% wi/v of the
RSAANBR TAySSa . RSairS NEEND)yaid 2% mM Tris pH 7.8. GKR 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/@rh).

Purification of C99The Histagged 99 residue-@rminal domain of the human amyloid precursor

protein has previously been expressed and purified into LMPG mi@e8¢such that only a brief

overview is given here. C99 was expressed fromZd&Th BL21(DE3) cellwhich were grown in
BNH,Cksupplemented M9 medium to an OD600 of ©.6 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)lysis buffer (75 mM Tris pH 7.8, 300 mM NaCl, 5 mM MgAcetate and 0.2 mM
EDTA) by tumbling the mixture for 2 hours at RT. The lysate was thengoalmated on ice and then
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centrifuged at 20,000 x g for 20 minutes at 4 °C. The resulting pellet cont&iNiabled 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 NacCl, and 0.2 % sodium dodecyl sulfate) and tumbled
overnight at room temperature. The didged inclusion body solution was centrifuged at 30,000 x g for

45 minutes at 25 °C and the supernatant was added to urea¢ggDbrated NiINTA at a ratio of 1 mL

Ni resin per original 1 gram wet cells. The resin and supernatant were then tumbled fours2eh

room temperature and the resin was loaded onto a gravity column. On the column the resin was
washed with 4 CV of ureaDS 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 inMlazole pH 7.8 containing 0.05% (w/v) of the
FAYLFE RSGSNBSY E-DEYNA ThB 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
imidazolepH 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 bu#fiechanged and concentrated to 3@00 uM

by repeated centrifugal ultrafiltration at 1000 x g in an Aanid0 kDa MWCO spin filter followed by

buffer dilution and reconcentration. 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 (i) 5 mM Na acetate pH 4.5 or 6.5, 75 mM NaCl, 1 mM EDTA, 9% detergent, and 10% D20

% KSy5 5ia  PDNMB where used as the detergent in the elution. Concentrated samples were stored
at room temperature.

Purification of the Notch 1 Transmembrane Domdihepurification of the HisNotchl construct used

in this paper has previously been publisi&3(10). The TM/IJM domain (1721771) of Notchl was

expressed using a pTrcHis vectoEircolBL21(DE3). Cells were grown at 37 °C in 2.8 L Fernbach flasks

with 500 mL*NH,CHabeled 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, proteasditdricocktail (Sigma P8849), and 1 mM DTT.

Lysate was then probsonicated and the recombinant Notchl 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 at4 °C to remove insoluble components. 0.2 mL eflNA 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 load&xda 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 columnswsuccessively 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 reequilibrating with 20 column volumes of 0.25% buffer A containing Bithen ¢5p5za .i-X |
55ax 2NJ[at/ T b2i0OKm gl a StdziSR 2FF (GKS O2f dzyy oA
55 a . -BDM, or LMPC (10 CV). Acetic acid was used to adjust the pH of eluted protein solution to 5.5

and the protein was both buffeexchangednd concentrated using concentrated 2800 uM by

repeated centrifugal ultrafiltration at 1000 x g in an Amicon 10 kDa MWCO spin filter followed by buffer
dilution and reconcentration. 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
Ya bt/ t3X M Ya 95¢! 3 mmE: -B55a.Y -BOWRoncdnlrde@darmpes (G St &  pi2
were stored at room temperature.

Expression and Purification of PMP@dld-type PMP22 was expressed and purified according to
previously published protoc@1)with slight modifications. Briefly, the Higagged PMP22 fusion
protein was expressed recombinantlytscherichi@oliBL21(DE3) Star grown in minimal meatidaC.
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Protein expression was initiated by the addition of IPTG when thgo@aches 1.€1.2 and cells were
grown for an additional 24 hours at 20 before harvesting. After cell lysis, the fusion protein was
extracted from the membrane using Empigen (&Y 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), 10 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 gidstivage mixture was buffexchanged
and resuspended in 50 mM TRIS, pH 8.0, 40 mM imidazole, 1.0@&ER® 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 sdions 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 alkip SPepharose FF cation exchange colUB&
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 NacCl. The fractions containing
PMP22 were pooled, buffeexchanged, and concentrateding 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.

DAGK Enzyme Activity Assaysssays were conducted using variations of a previously reported
assayl2,13). 0.2 mg/mL DAGK stock solutions in the detergmmttaining 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 phosphomtditidAG to the conversion of NADH

to NAD+ by excess lactate dehydrogenase and pyruvate kinase. One mL of assay mix (75 mM PIPES pH
cdPpxz pn Ya [A/ X nodm Ya 9D¢C! 2-5a0M5 &3 -OPDMB Bmol 1 dH  Ya
% cardiolipin, 4.5 mol% dihamoylglycerol, 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
quartz cuvette and then incubated in a 30 °C temperattwatrolled UWis spectrophotomer sample

cell. Thé -DDM and -DDMB assay mixes contained roughly slightly less cardiolipin than the traditional

i -DM assay mixes due to the increased molecular weight of DDM. A ~2 L aliquot of purified DAGK at
0.2 mg/mL was thoroughly mixed with thesay 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 W8 Errorbars reflect standard

deviafons calculated baseoh 34 replicates per condition.

Expanded Figure Captions (see main paper):

CAJembS ! 43S 2F ReylFYAO fAIKG aO0FGGSNRAYy3a o5[fm (2 OK
55a. ilysR YR®StE ©HS mnYa 55a. oOf-Olu 2NJ mnYa 55a 0N
FYR &dz02SOGSR (G2 | wmc/ kKYAY SY LISNJ (G dzNB NI YLIT | LJLJ
KeERNRReylIYAO NIYRAdza @I t dzS 7\51 0KS | gBMI BER2AZENRF
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KS GSYLISNI GmzNB cN: YR XF2Nhwn c/ 1mKSch&YLIB NIOEDNGIX
SYLISNF GdzNB NI YL HA SR XYyO8H yStariwS/wa | FdzyOiArzy
SYLISNI GdzNB NI Y®DS ETRBY owlzF TENI vha SAGKSNI wHpYa AYAR
pYa a2RAdzy | OSGIGS 1M54d Q2608 Wi NPp B Y aKISY § D6 ¥ Sd
AT S 61 @SNY IS @I fdzS 2SN WKS (&S Y LISy EmiNeaEe SNIRER SaAl- 2 )
Ya U(GP®S&. @

I Cn Cn

QX

CAJwEdBS ¢ KSNXYIf adGli®msaAlieyRTF26KBNI REFIGISNESYWaO® B SRNE
AyOdzo I GSR i Tnc/ 3T 6AGK FEtAljdz2ia 0SAYyRI NBYX2BSRY!I i
dGFYRINR 5akOFNRAZ2fALIAY YOAMPSOUR BE5KBISE 5 SWIa3! DYRI 6l X &
O2yOSyiGNYXGA2ya 6SNB nop ¢&> o6p YIkKYEO YR &l YLX Sa&
CAdwWaB 5! DYAW@G aalea aidrlrNISR gAGK RSGSNESYyd It Aldz
YAOSttS laale YAEGdAINBao® 5! DY 614 LNGALSRE AFKEAR
aadtyRENRE Fdale O2yRAUGAZY MBatlingBtSRabSam:- YR YR/ (
NEFSNA (2 GKS FILO0G GGKIFIG GKS Y2tS FTNIOGA2Yy 2F [ [ Ay
LINE OSRaeNB ! £t | adaléea O2@%Glai®SR i&NBET YIRS BINKSWI y@ |
ndcc [YaoM/ [0 2N MESBES5xal@Raonl jgamwe YAESE O2yidl Ay
OFNRAZ2EfALIAY G(KFYy (GKS 5a | aalée YAEO®

CAJembBS baw &LISOGNI 2F aAyIE®S5aLI Yy RSXY N2 UBISINNRES Sy

¢whif { v/ &LISOGN}r 6SNB O2ff SOGSR I (flpaec LILIGK | Nl Il |

LLL® !0 nninkk5a ./ digp ay &8:RAdzy F OSGFGS LI co®p o66f 1 Ol
HpYa LYA RI 128 LI c opab NB@SER: LOfodza HHopnYkaa ab22RIAGHKY | O
60t O10 Iym:aoSnnNQé W2 G[OKt /| cpYa AYARFT 2t $BlJa. pdp O
L dza HpY d2RAdzy | OSGFGS LI imsbp wpY¥ad O DRA IR odSi Ix

ONBRO ® 5uma5|om6a5pa:b2ilﬁ)rﬁza HpYa &2RAdzy | OSGF @S LI p
tab5 AY®HmapiS dza HpYa &a2RAdzY I OSGIGS LisSSmop L NARP®
Ya FOSGFGS 6L podnovos mn Ya 5¢¢X M Ya 95¢! o6t O10
dJ p®dndI mMn Ya 5¢¢>X M Ya 99®!I5ad NERWH @O0 ormn ¥ O Stid ti
Mn Ya 5¢¢X M Ya 95¢! oofli®pba L¥BEnpnx&Xat aO0OSEl ¥ 8
5¢¢> M Ya 95¢! ONBROOD

Table @m ® aAhOSttS Y2t SOdz I NJ ¢S A I-ROMB aRi$otisBIetMAOthSErR 0 & 5|
previously wellcharacterized detergents.
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Detergent | DLS Micelle SLS Micelle Aggregation Aggregation Number
MW(Day MW(Da) Number (Literature)

i -DM 33,000 + 700 31,500 + 200 | 67-70 (DLS) 69, 8290(14)
65-66 (SLS)

i -DDM 59,000 + 3000 | N/A 109121 (DLS) | 78-149(15) 135145

(14)(1)

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

i -DDMB 42,000 + 2000 | 44,400 + 30D | 80-88 (DLS) cp Ohki | Y32
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 wi/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 Figures33l-S3.6
Supplementary Table &1

Supplementary References

Materials and Methods.

Materials:i -n-Dodecyl melibioside (DDMB)Myristoyt2-hydroxysn-glycera3-phosphocholine

(LMPC), and-finyristoyl2-hydroxysnglycere3-phosphe(1'-rac-glycerol) (LMPG) were purchased from
Anatrace 1,2-dimyristoytsnglycera3-phosphocholine (DMPC) and Bnyristoytsn-glycere3-
phosphe(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 Sig&ldrich. Amicon Ultracel 10 kDa and 30kDa molecular weigkdf€ut
(MWCO) spin filters were purchased from MilliporeO§99%)*N-amino acids, ané’NH,C| were
purchased from Cambridge Isotopes Lab. Lauryl betaine (EmpRf@26 solution, was purchased from
BOC Sciences. PerfectPreNNiA Superflow nickel resin was purchased freRrigne. Dithiothreitol

(DTT) and isopropylthiogalactoside (IPTG) were purchased from Research Products Internafibnal. (S
oxyt2,2,5,5tetramethyl-2,5-dihydro-1Hpyrrol-3-yl)methyl methanesulfonothioate) (MTSLY T4
carboxytetradecytp-ethyl-4,4-dimethyl3-oxazolidinyloxy (1®SA), and Gdiethylenetriamine penta
acetic acid (G TPA) were purchased from Santa Cruz Biotechnology. Egg Spyétigomas

purchased from NOF Corporation. (NDifnethytN-(iodoacetyIN'-(7-nitrobenz2-oxa1,3-diazot4-
yl)ethylenediamine) (IANBD) and (LAEDANS,-§((2iodoacetyl)amino)ethyl)amino)naphthalefie
sulfonic acid) (IAEDANS) were purchased from Thé&iisteer.

Detergent Solubilization Tests for Cholesterol and/or Sphingomy«iontaining Lipid Mixtures50

mgs of various cholesterol and/or sphingomyedontaining lipid mixtures (see Table S1) were mixed

with any one of 35 different detergents at the desired ljddetergent mole ratio (q) in sealable glass

vials with 1 ml of 50 mM phosphate buffer plusnM EDTA at pH 7.0. The final detergent+lipid
concentration was therefore 5% wt/vol. A cressction 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, flashthraezgycles with
thawing first at room temperature and then via warm bath sonicatieisher Scientific Soligtate

Ultrasonic F9), and 10 day incubation at 37 °Ctést 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 seattginer 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-tile¢é mixture was then frozen and lyophilized overnight to
remove remaining solvent. A 15 wt % stock solution of DDMB in ulteayater was added to the

lyophilized lipids to the desired DDM&:-total lipid mole ratio to create a protbicelle mixture.

Additional ultrapure water with ~1mM EDTA pH 7.8 was added to bring the-progétle mixture to the
desired final volume, with gypical final detergent+lipid weigHo 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 Seffithte Ultrasonic F9) 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 W% 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 aB0 °C after being flash frozen. The primgpkingolipid andcholesterotrich
(SCORbicelles referred to in the paper contain an overall lipid:detergent mole ratio of 1:3 (gq=0.33) with
the lipid component consisting of DMPC:Egg Sphingomyelin:Cholesterol at a molar ratio of 4:2:1. Other
mixtures thatwere tested for possible bicelle formation are listed in Supplemental Table 1. Egg SM is
predominantly (~86 mole %) composed of the saturated-@&h&lated form
(https://avantilipids.com/product/8600@), with minor compositions of other saturated forms, including

the C18amidated form (~6 mole %) and the C&aidated form (3 mole %); the C24:1 unsaturated form

is also present (~3 mole %).

Solid State NMR of 4:2:1 DMPC:eggSphingomyelin:Cholestelayd&ed Vesicles

DMPC or DMR@s4, 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 werdissolved in cyclohexane and
lyophilized overnight. The obtained fluffy wder was hydrated with 50 wt%,0 for'H MAS NMR or

with deuteriumdepleted HO to generate multilamellar vesicles for the other solid state NMR
measurements.

Static’H and®'P NMR experiments were carried out on a Bruker Avance | 750 MHz spectrometer
(Bruker Biospin, Rheinstetten, Germany) operating at resonance frequencies of 114.9 NHHarfor
303.1 MHz fof'P. A double channel solids probe equipped withrarb solenoid oil was used.

For the®'P NMR spectra, a Halatho pulse sequence was usedA ¢n e LJdz 4|8, afH8y I G K 2 F
echo delay of 3@, a spectral width of 10kHz, and a recycle delay of Z.5vere used. Continuous

wave proton decoupling was appliedrilug signal acquisition. The measured NMR spectra were

simulated using a program written in Mathcad 2001 to obtain the chemical shift anisotropgyHTHRIR

spectra were accumulated with a spectral width of £®5{r using quadrature phase detection. A pias

cycled quadrupolar echo sequence was ug€ed.The typical length of a 90° pulse was ) and a

relaxation delay of ¥ was applied. NMR spectra were dePaked using the algorithm of McCabe and
Wassall18)and the order parameter profiles of the acylains were determine19)

'H magieangle spinning (MAS) NMR measurements were conducted on a Bruker 600 Avance Ill NMR
spectrometer at a resonance frequency of 60MHz using a triple channel 3x22m MAS probe. ThiH
90° pulse length was4s and the elaxation delay was 8. The MAS frequency was Kiz.

122


https://avantilipids.com/product/860061

Small Angle »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 HANS and NSLS Il LiX bews] where they were stored frozen and
subjected to small angle scattering experiments, bottayand neutron. On arrival, SANS bicelle

samples were checked for homogeneity and radius of gyration with a BieZRARERigaku). Bicelle

samples were dilutetb 0.5 or 1.0 wt % to suppress intparticle 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 concentratspenning 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 syrifigered through a 0.1um filter before being placed in a banjo

cell on the beamlineSANS scans of fully protonated SCOR bicelles at lipid:detergentonulge ratios

(q) of 0.25, 0.33, 0.5, and 1.0, as well as of DiMIB micelles scans, were collected in ~100% D

buffer.

SAXS experiments were performed on the 16 beamline athe National Synchrotron Light Source |l
(NSLS 1I), located at the Brookhaven National Laboratory (Upton, NY), with the standardlifltased
solution scattering setup and therdy energy of 13.5 keV with Q range from 0.005 to 25R4dial
averagingand Qconversion 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) B2.0 A,

All SANS experimentgere conducted at Oak Ridge National Lab on theBibl&0)beamline at a
sampleto-detector distance of 7 m using an average neutron wavelength of 6 A with a wavelength

spread of 15%. The combination of sralgle and wideangle detectors allowed deteicin of Q ranging

from 0.003 to 0.7 & where Qis the scattering vector, defined @ ny ~ k< &AAY ‘KHX @gAGK
the scattering angle and wavelength, respectively. The radius of gyration was determined from bicelles
with the ATSAS software. Apprage background of buffer was subtracted and data reduction was

carried out before fitting following the standard procedure provided by faeslitgplied reduction

software.

Small Angle Scattering Analysis
SANS data analysis was performed using SASV2evsbftware (http://www.sasview.org/). The core
shell bicelle model used here is defined by the following equations. The scattering length density of the
0AOSTt f 8 OBNDISY ) aNldefined &s the follows:
i Mo a 0

i " m i 'y!mo o6 & op a 0O o 1)

Y i Y ¢onN O o & 0O o
WhereR 2L, t;, andt, 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.

oth  —— o 0BT Q| 600 (2)
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whereh is the angle between and the bilayer normal, wherea, Vc.andV..:are the total volume of
the bicelle, core, and core + faces, respectively. R is the core radius, 2L is the length of the chis, and
first order Bessel functiofR1)

BicelleTransbilayer Bilayer Head Groutp-Head Group Span
SAXS scattering curves for DDMB micelles and SCOR bicelles at various q (Lipid:Detergzmatole
ratios) were plotted in Origin v8.6. The peak, indicated in Fig®, wasfit to a bi-Gaussian peak to
obtain the peak maximum &) while accounting for peak asymmetry. Qmax was converted into a
headgroupheadgroup distance, L, in a model independent manner using equati®)4.

[ T H maK V (4)

Modeling of Bicelle Structure/CompositinBased 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 araadii and a=b. The surface area of a lipid or detergent head group was assumed tbe 70A
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 moleculesliicalle assembly was determined via
volume and surface area arguments based on the population average (1) shown in equations 8 and 9.
Multiplying the aggregation number by the average molecular weight reveals the bicelles to be ~98000
106000 Daltons. Thislue is in agreement with the ~105000 Daltons estimate provided by DLS (will be
described below).

. 8 8 g T8
YO T (5)
0 AT (6)
0w 8 - dw z - 0w Z - Dw z- -0 w (7)
Lipid Parameters Used for These Calculations
Component Molecular Weight Volume (&)
DDMB 510.6 453*(23)
DMPC 677.9 109924)
Egg Sphingomyelin 711 123225)
Cholesterol 386.7 630(24)
M (g=0.33) 555 658

* Volume of DDMwhich is chemically similar to DDMB)
0 XpwPé aQOO & Qi (8)

xpX&KEAQHOAQI (9
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CryoEM data collection

odn >t 2F nodcn o0 7> 0AOSBiIB75IMMNAC, BraM EDTA] 25anMi K lj T
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 ethaneusing 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 Sumeuitelectron detector

ODFGEFYO G F y2YAYLEE YI3IYATFAOLFIGAZ2Y 2F dosennnkP Ay
condition with a calibrated magnification of 1.24 A/pixel. The bicelle samples were exposed for 8 s over

40 frames, resultinginatota R2 &S 2 F 71 p cdldcted batinarfuallyiand wittSaNBmation

using SerialEM.

Image processing of the Polara datasets

All images were motiogorrected using motioncor2 with a dose weighting parameter of 2.3
eb/angstrom/frame and a total dosef 40€/A2. The contrast transfer function for each image was
determined using Gaf6)and used to remove micrographs with low maximum resolution or high
astigmatism. Further processing was carried out using RELEFIN2utative particles were identifiebly
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 class averages were determined using 25 iterations of
classification. Bicelle dimensions were determined from 50 particles using ImageJ.

Dynamic Light Scattering
SCOR bicelle solutions were allowed to equilibrate at room temperature and visuallydheck
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 imidagdbr pH 6.5 and 7.8), and varying NaCl concentration.
Solutions were filtered through 0.1 pum 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 cuvetie, w
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 temperatwdependent expaments 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 lcallates an apparent hydrodynamic radil)(via the Stoke&instein equation (Eq.
10):

Y — (10)

GKSNBE 1 Aa .2f01YFyyQa 02y aissayipieViscosityhand BitieS | 6 & 2 £ dzi
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 dadpular protein.

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 repdBe&2B,29)Therefore, only a brief explanation will be

given here. Unless otherwise stated, the construadim this study had a tryptophan incorporated in
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the Gterminal purification tag at position 109 to aid in ¥ based protein quantification. F&N-

labeled C99 samples, protein was expressed based on-a¥sEector in BL21(DE3) celldich were

grown in**NH,Ctsupplemented M9 medium to an @gof ~ 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 darckd at-80 °C. Uniformly triple

labeled C99%H,°C, and"®*N) was produced following the gradual conditionind=otolicells to

deuterated media as follows: a single colony was picked and allowed to grow overnight at 37 °C in 50 mL
of protonated LB meia containing ampicillinThe 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 %0DM9 mediacontaining ampicillinThe 70 %2,0 medium was allowed to
grow overnight to an O.D. of ~0.8 and then one mL was placed in 30 mL of triple labél€d®) plus

99 % DO) M9 media at 37 °C. If the cells were able to grow in the 993/@lijuot to an O

approaching 1.0 or above, 8 mL of the aliquot was transferred into ~1 L-fipddéed M9 media at 37 °C
containing ampicillin. This culture was induced when thes©¥Bached ~0.4 with 1.1 mM IPTG and then
incubated with continued shaking at 18 °C fortizfirs before being harvested and flash frozen.

Amino acidspecific labeling was achieved through the use of an auxotrdahiolistrain, CT19. The

CT19 strain is deficient with regard to synthesis of specific amino acids (Val, Ala, Tyr, Ley,Plege Asp

and Trp), such that these amino acids must be added to the medium to enable g8WthK S &/ ¢ m
YSRAdZYé 61 & AAYATLFINI G2 GNIRAGAZ2YIET ad SEOSLI GKI
to the medium before autoclavbased steriliation. 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 antibiotisupplemented LB, which was allowed to grow overnight at 37 °C. The next morning,
12 mL of the overnight LB was placed in unlabel&t90nedium 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 sifijlsupplemented amino acid. The cells and
mediawere 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 msI iNEICI,
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 psob&ated on ice for 10 minutes with a

50% duty cycle followed by centrifugaton at 200 g for 20 minutes at 4 °C. The resulting inclusion

body pellet containing isotopicalgbeled C99 was resuspended in lysis buffer with a Dounce
homogenizer and sonicated/centrifuged two more times to remove cytosolic and membrane
contaminants. The ingsion 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 supernasantembined with pre
equilibrated NiNTA 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 fe2 hours. The suspension was

centrifuged at 200xg to pellet the prein-laden resin, which was loaded into a gravity column and

washed with 20 column volumes (CV) of EfY€A 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 %
SCORicelles 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 wiagrded via UV absorption at 280 nm
using a molar extinction coefficient of 11,400'%M?; 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 SDFAGE. The C99COR 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 protelvicelle complex was then lffer-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 of2(@X concentration via centrifugal ultfdtration

using an Amicon Ultrd 30KDa molecal weight cutoff filter (Millipore) followed by 10520X dilution

with the NMR buffer before a final concentration step. The final bicelle concentration was irlibe 5
wt-% range. The concentrated sample was stored at 4 °C for short term storage orifrdigerd

nitrogen for long term storage a80 °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 proteiaj the g =0.33 SCOR bicelles. All NMR experiments reported here were
measured on a 900 MHz Bruker Avance Il spectrometer equipped with a cryoprobe in a Bruker shaped
sample tube (Z2106898) and at 45 °C. TR@S¥d HSQC, HNCO, HNCA, and HNCB spectra were acquired
on 400uM C99 samples in 10 wt % SCOR bicelles g=0.33 in NMR buffearabhkimembrane segments

of the protein were easily and confidently assigned, BGtresonances from transmembrane sites

tended to be very broad even though C99 was perdeuteratedth&iefore 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). TRO$4sedHSQC, HNCO, HN(CA)CO, HNCA, and HNCB spectra were acquiredubn a 350
perdeuterated U=C°N-C99 sample in 10 wt % DDMB in NMR buffer. These spectra were used to help
complete the assignment of th#d,'>N-TROSY resonances of C99 in DDMB, as shownpilesigmtal

Figure 8.4. 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 bisgB3 The assignment process was also facilitated by

collection of TROSY spectra from C99 prepared with amino aciegspgmfic'®N-labeling. Spectra were
processed in TOPSPIN 3.2 and analyzed using NMBPARKY version 1.413. Chemical shift values for
(99 in SCOR bicelles are listed under BMRB ascension number 50083.

Nitroxide SpinLabeling of C99

C99 was purified and labeled with the paramagnetic probe MTSL as previously ref@int€89 with a
L723C or K699C mutation was purified in a similar maas&/T C99, with the following exceptions. To
remove impurities, the initial C98ound Ni(lljresin was washed extensively with 10mM imidazole pH

7.8, 0.05% LMPG in 1x Thisffered saline (TBS) followed by an extensive wash with 30mM imidazole,
pH 7.8, 5% LMPG in 1x TBS. Next, the mutant C99 was eluted from the resin in 20 mM Tris, 200 mM
NacCl, 0.05% LMPG, 250 mM imidazole at pH 7.8, such that the final C99 concentration for the whole
elution fraction was ~50 pM. The pH of the eluate was adjusted tavtb1M HCl and 1 mM EDTA was
added before the solution was concentrated 10X to ~0.5 mL using centrifugal ultrafiltration with an
Amicon Ultra4 30KDa molecular weight caoff filter cartridge. The retentate was transferred to a 1.5

mL Eppendorf tube anlesh 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 $GROCMPG
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 bufferexchanged using the same type of iBon filter as used above with 50 mM phosphate
buffer pH 7.8 until the final imidazole concentration was 2.5 mM. The Nakgeled C99 was then+e
associated to 1 mL of fresh Ni resin by tumbling the resin and protein together for one hour at 4 °C. The
C99bound 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 Mitrfeldified DTT and unreacted MTSL. The resin
associated spitabeled C99 protein was then-ggjuilibrated with a SOR 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 therotein concentration determined by UV absorbance at 280 nm using an

extinction coefficient of 11400 Mcrt?. In both cases, the spin labeling efficiency was observed by EPR
to be ~3040%.

Measurement of NMR°N Relaxation Times antH-'°N Steady State NBs (ssSNOESs)

TROSYased™N T1, T2, antH-°N ssNOE were collected on &% 300 uM C99 sample in 5 % SCOR
bicelles at g=0.33 in NMR buffer at 45 °C. Stesdie 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 withvalues 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 wititimes of 17, 34, 51, 68, 85, 102, 119, and 136 milliseconds.
Spectra and relaxation times were analyzed with SPARKY, using its peak height attehgne 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 measuredreflecting the >100 kibmolecular weight of the C99/SCOR bicelle assemblies.

Probing the Membrane Topology of C99 in SCOR Bicelles

Lipophilic (16DSA) and aqueous (€ETPA) paramagnetic probes have previously been used in
conjunction with NMR to probe the membrane topologysaés within C99 and other membrane
proteins(29)A 900 MHz Bruker Avance Il spectrometer equipped with a cryoprobe was used to collect
H®™N-TROSY spectra on 2000 uM UN-C99 samples in-50 wt % q=0.33 SCOR bicelles in NMR

buffer at 45 °C. The expore of amide sites to the paramagnetic probes was determined by comparing
residue peak heights between matched reference and prodretaining C99 samples. The optimal probe
concentration was in each case determined empirically. Due to lipid solubiligsis$6DSA

experiments required that :®SA be added at the early organic solvent step of bicelle preparation (see
previous section). With the exception of the experiment summarized in FRyg€all Gd(IIRDTPA and
16-DSA addition experiments were cphated in triplicate, with probénduced 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 bfeaperiment
involved a construct of C99 where the purification tag was moved from {teen@nus to the N

terminus, referred to as NT2, which revealed that results were independent of which terminus the
purification tag was attached to. A nggaramagneticl6-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:[BIPA experiments were carried out by
collecting TRSY spectra using matched acquisition parameters, first in the absence of the chelate and
then following addition of G TPA dissolved in NMR buffer to 1 mM.

Water-protein NH proton chemical exchange was also tracked by NMR. CLEMEXHSQC spectra

was acquired on 350 pM-EN-C99 samples in 10 wt % SCOR bicelles g=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 thighest 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 withacial 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 usingBBGSE to verify that L732C C99 was
monomeric.The L732€99 in SCOR bicelle solution was then btdteapped into NMR buffer to

remove DTT and concentrated 10X with an Amicon 4ItBOKDa filter cartridge, repeated three times.
The protein concentration was determined by UV spectrophotometry at 28@e&fore being split into

two aliquots. To each aliquot was added either fresh DM&Solved 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 dayest room temperature with gentle tumbling. To remove excess dye, the
samples were extensively buffer exchanged into fresh NMR buffer. Labeling efficiency was determined
using UWis by comparing the protein concentration and dye concentrations using gatinc

coefficients of 5600 Mcm* at 337 nm for IAEDANS and 23700cki 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@af€ 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 Fluoromax3 (Horiba) spectrometer. Experiments with increasing accelatoeled C99 maintained

a constant proteirto-lipid ratio. FRET efficiency (E) was determined according to equations 11 and 12
and then normalized from 0 to 1 so the methods of detaring efficiency could be comparedais the
intensity of the donor in the presence of acceptor agi$lthe intensity of the same concentration of

donor in the absence of acceptor.

o p — (11)
lais the intensity of the acceptor andis the intensity of the donor.
o — (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 (BERR) ECOR
Bicelles.

X-band (9.5 GHz) GBPR spectra were collected at room temperature using a Bruker EMX spectrometer
at an incident power of 10 mW and 1gauss modulation amplitude. DEER experiments were performed
at 83 K on a Bruker 580 pulsed EpBctrometer at Gband frequency (34 GHz) using a standard-four
pulse protocol33) Samples were diluted with NMR buffer from ~2M K699C or L723C C99 in NMR
buffer and 5 % SCOR bicelles (q = 0.33). Analysis of the DEER data to determine the distabiiéypro
distribution (P(r)) was carried out using in house software running in MA{34AB.

Glutaraldehyde Crosslinking of C99 in SCOR Bicelles

Glutaraldehyde (GA) crosslinking followed by -8B&E was used to probe the oligomerization of C99.

C99 was pufied into SCOR bicelles as described above. A stock protein sample of 250 uM C994n 2.5 wt
% bicelles q =0.33 was aliquoted into afiOvolume containing freshly diluted glutaraldehy8ezM
C99,SCOR bhicelle g=0.33 from 0.5 to 4.0 wt % and 0.1 mM EID€&hical crosslinking and other
biophysical techniques below requieglower protein and bicelle concentration than the NMR

experiments, but the ratio of C99 to lipid is similar betweerafleriments. Samples were mixed and
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then allowed to react at roontemperature for 30 minutes before 15 yL was removed and quenched
with 2 pL of 1 M trigglycine. Samples were then subjected to $IA&E stained with SimplyBlue and
imaged on a Kodak Gel Logic 112. Images were checked for oversaturation. Oligomerigread si
were integrated and analyzed using ImageJ. This process was repeated for three separate C99
purifications.

lon mobility - mass spectrometry (IMMS) experiments.

All IMMS data were collected using a Synapt G2 HDMQ-TMF mass spectrometer (WateMilford,

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 fordtsampling cone (80 V), trap cell accelerating potential

(200V) and the transfer cell accelerating potential (7¢38)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 transf
cell wave velocity and height were 300 m/s and 10 V. Prior to analysis, C99 in SCOR bicelles at a protein
O2yOSYyiNI GA2Y 2F Hp >a 6 a SOMODEUMAGRER 7HIMEaTI], 10 dzF T S NJ
mM EDTA, 500 mM imidazole, and 1 x CMC (0.3 mEDPMB to 200 mM ammonium acetate

containing 1 x CMC of DDMB detergent using 30 kDa AmiconQBticentrifugal filter cartridges
(MilliporeSigma, Burlington, MA). For bicelle dilution experiments, C99 was bound to Ni resin as
described above and the resivas 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 %, C9%waesi glssmonomeric,
dimeric, and trimeric species, with charge state distributions of @, 7+ 12+, and 11+ 13+

respectively. These charge states were observed to persist across all bicelle weight percentages, and
were extracted into a texbased famat using TWIM Extract to compute the relative intensity of each
species at a given bicelle weight percent¢ge)
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Supplementary Figures.

Figure 8.1

Figure 8.1. H magic angle spinning (MAS) NMR spectra of hydrdbddPC/eggSM/cholesterol
(4/2/1 mol/mol/mol) vesicles at various temperaturesNMR spectra were recorded at a MAS
frequency of 10 kHz.
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