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Chemistry

Lipid membranes are a fundamental structure of cells. In addition to compartmentalizing

biological components and forming a physical barrier to protect against unwanted interac-

tions. Membranes are a platform for protein signaling. This thesis investigates mechanisms

of protein-lipid interactions based on the membrane’s biophysical properties. First, we exam-

ine relationships between phase-separable membranes and 3D protein condensates, and we

describe how thermodynamically coupling these systems can alter the details of their phase

separation. We summarize key challenges in obtaining quantitative measurements of these

coupled systems, and we present solutions to circumvent some of these challenges. Second, we

use lipidomics to discover how common methods of making vesicles alter lipid compositions

(or not) with respect to a stock solution. Third, we investigate the mechanisms of an enzyme

in cholesterol synthesis, squalene monooxygenase. Specifically, we develop an approach to

measure the effects of cholesterol levels and membrane curvature on the interaction of squa-

lene monooxygenase’s degron with the membrane surface. Fourth, we develop a template for

implementing Wikipedia edits with undergraduates to increase students’ appreciation and

understanding of biophysics and biophysicists.
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Chapter 1

INTRODUCTION

1.1 Overview

Cell membranes are composed of lipids and proteins. The lipids play a large role the mem-

brane’s structural integrity, and the proteins play a large role in its function. These roles are

connected. The composition of lipid membranes influences the activity of various membrane

proteins and ion channels. Similarly, proteins can act to change the lipid compositions of

membranes.

1.2 Phospholipids: Structure and Properties

Phospholipids self-assemble into membranes because they are amphiphilic. Amphiphilies

are molecules that contain both hydrophilic (water-attracting) and hydrophobic (water-

repelling) components. A single phospholipid contains a polar, phosphate “head” and two,

fatty acid “tails” linked together via a glycerol backbone. This structure enables phospho-

lipids to self-assemble into a lipid bilayer when they are dispersed in aqueous solution. The

bilayer structure orients the hydrophobic, oily tails inward, shielding them from the water.

At the same time, the hydrophilic, polar head groups face the aqueous interior and exterior,

allowing favorable interactions with water.

The chemistry of the head and tail groups determines the physical properties of the

lipid and their organization within the membrane. For example, some phospholipids are

zwitterionic (neutrally-charged) at physiological pH (e.g., phosphatidylcholine; PC and phos-

phatidylethanolamine; PE); their positively-charged headgroups balance with the negatively-

charged phosphate group. In contrast, some phospholipids have an overall negative charge

(e.g. phosphatidylglycerol; PG, phosphatidylinositol; PI, and phosphatidylserine; PS) and
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some have an overall positive charge (e.g., dioleoyl-3-trimethylammonium propane, DOTAP).

In the plasma membranes of cells, phospholipids are asymmetrically distributed between the

inner and outer faces of the bilayers (the leaflets). Zwitterionic lipids are enriched in the outer

leaflet, whereas anionic lipids reside within the inner leaflet. The anionic lipids enhance bind-

ing of specific proteins such as synaptotagmins [1, 2]. Disruption of lipid asymmetry within

the plasma membrane has dire biological consequences. For example, if distribution of PS

on the outer leaflet changes by a little as 1 - 2 mol%, it activates an irreversible signal to

initiate clearing mechanisms such as cell death (apoptosis) [3].

The hydrophobic tails of phospholipids are made up of carbon chains of various lengths

and degrees of saturation. Each chain can be completely saturated, indicating all carbons are

connected by single bonds, or unsaturated, indicating the chains contain one or more double

bonds. The term unsaturated refers to the reduced number of hydrogen atoms. The chains

can also be methylated (-CH3), as in the lipid DiPhyPC. The chain length and degree of

saturation of the tails are the predominant contributors to the melting temperature of the

lipid.

In its broadest definition, the term “lipids” includes fats, oils, fatty acids, phospholipids,

and sterols. The melting temperature of lipids is easily conceptualized when considering

household fats and oils. For example, butter, a solid at room temperature, contains long,

saturated chains, whereas cooking oils that are liquid at room temperature contain unsatu-

rated lipid chains. The degree of saturation also influences the melting temperature. Adding

methylation of lipid chains generally decreases melting temperatures further. For example,

the melting temperature of lipids DPPC (di(16:0)PC), DOPC (di(18:1)PC), and DiPhyPC

(4ME(16:0)PC) are 41 °C, -17 °C, and < -120 °C, respectively [4]. Importantly, just as butter

can exist as a solid or liquid depending on the temperature, lipid bilayers can exist in a liquid

or solid-like (i.e., gel) state that is temperature-dependent.

The area ratio of the lipid head to the lipid tails determines the shape of the space

occupied by the lipid. For example, phospholipids with a large head group, such as phos-

phatidylcholine (PC), have cylindrical shapes. When cylindrical lipids self-assemble, they
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tend to form planar layers. Conversely, phospholipids with a small head group and bulky

tails, such as phosphatidylethanolamine (PE) form a cone-like shape, and therefore, tend to

form highly-curved structures such as micelles or tubes. These irregular shapes can facilitate

biological functions like membrane fusion [5].

Cholesterol is another vital lipid for the normal functioning of mammalian cells. It

contains a flat, rigid ring structure and a small, polar hydroxyl group (-OH). Structurally,

cholesterol influences both the permeability and fluidity of the plasma membrane [6], creat-

ing a strong barrier between the cytosol and the extracellular milieu. Membranes containing

cholesterol are typically less permeable, yet permit membrane bending, which is important

in processes such as endocytosis. Chemically, cholesterol is a precursor for the biosynthesis of

many molecules including bile acids, vitamin D, and several steroid hormones. When choles-

terol levels are low, synthesis is upregulated by increasing the activity of various enzymes,

such as HMG-Co reductase and squalene monooxygenase (see chapter 4). At the same time,

excess cholesterol can be toxic to cells. Therefore the cell must also be able to rapidly initi-

ate or cease cholesterol synthesis to maintain appropriate cholesterol levels. This process is

part of cell homeostasis. Dysregulation of cholesterol regulation networks is associated with

diseases including atherosclerosis, hypercholesterolemia, and cancer [7, 8]. A molecular un-

derstanding of the enzymes that regulate cholesterol levels is critical to understanding these

networks and to developing the next generation of therapeutic targets to treat and prevent

cholesterol-related diseases.

1.3 Lipid vesicles

Cellular membranes contain hundreds to thousands of different lipid molecules and proteins.

Furthermore, the specific composition varies between cell types and cellular organelles. The

lipid composition determines membrane biophysical properties such as charge, curvature,

lipid packing, melting temperature, bending rigidity, and liquid-liquid phase separation. In

light of the complexity of biological membranes, simple vesicles (also known as liposomes)

are used as models to isolate and test the influence of specific lipids on membrane behavior.
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Numerous techniques have been developed to produce vesicles exhibiting a range of sizes and

physical characteristics (refer to chapter 3 for detailed methods). For instance, electrofor-

mation methods predominantly yield very large vesicles (> 10 - 100 µm in diameter) with

single bilayers, called Giant Unilamellar Vesicles (GUVs). Other methods such as sonica-

tion and extrusion are best for generating small vesicles (10 -100 nm) characterized by high

curvature. Because GUVs are at least as big as most human cells, they enable the visualiza-

tion of membrane behaviors that would otherwise be too small to resolve with regular light

microscopy.

1.4 Liquid - liquid phase separation

Liquid-liquid phase separation (LLPS) is familiar from everyday experiences with immiscible

liquids like water and oil, which spontaneously separate into distinct phases. Biomolecules

such as RNA and proteins, and, separately, lipids can undergo similar demixing transitions.

1.4.1 Lipid Phase Separation

In membranes, liquid-liquid phase separation is a two-dimensional (2D) phenomenon. Lipids

separate laterally within the planes of the membranes into co-existing phases, call the “liquid-

ordered” (Lo) and “liquid-disordered” phases. These phases are distinguished by different

ratios of lipids and by the degree of order in the acyl chains. Reversible liquid-liquid phase

separation within membranes has been observed in synthetic lipid membranes, giant plasma

membranes vesicles (GMPVs) derived from cells, and the vacuole membrane in living yeast

cells [9–11]. Our lab and others typically observe co-existing phases in GUVs composed

of as few as three lipid types: high chain-melting temperature lipids, low chain-melting

temperature lipids, and cholesterol [12–14]. Recently, our lab discovered that liquid-liquid

phase separation is also possible with two components when the high chain-melting lipid is

replaced with a saturated sterol-lipid [15].

Phase separation is an energy-driven process. At low temperatures, the free energy is

lowest, when the membrane is demixed into co-existing liquid phases. Phase separation
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enhances favorable enthalpic interactions between similar lipid tails. At high temperatures,

entropic forces overcome interactions between individual lipids causing the membrane to mix

into a single, liquid phase. The temperature at which the membrane transitions from a mixed

to demixed state is called the miscibility transition temperature (Tmix). Tmix is dependent on

the membrane’s lipid composition and pressure. Researchers can identify liquid phases and

quantify Tmix using a variety of experimental techniques. These include imaging methods

such as fluorescence microscopy [16], cryo-electron microscopy (cryoEM) tomography [17],

and atomic force microscopy [18, 19] and indirect structure-probing measurements such as

small-angle-x-ray scattering (SAXS) [20], nuclear magnetic spectroscopy (NMR) [21], and

electron paramagnetic resonance spectroscopy (EPR) [22].

1.4.2 Protein Phase Separation: Protein Condensates

Solutions of protein and RNAmolecules have the potential to demix forming three-dimensional

(3D) liquid droplets. In a biological context, these droplets are commonly referred to as

membrane-less organelles, whereas in a physical context, they are commonly referred to as

condensate. Scientists first discovered the physical processes that drive condensate formation

over 100 hundred years ago. However, the work of pioneering work of Cliff Brangwynne and

Anthony Hyman of liquid-liquid phase separation in P granules in the germ cells of C. elegans

revitalized the search for LLPS in biological systems [23]. Due to the relatively large size (2−4

µm in diameter) of the P granules, they were able to directly observe these membrane-less

organelles deforming and fusing with one another around the germ nucleus, and they found

rapid molecular exchange with the surrounding cytoplasm [23]. Both processes are indicative

of liquid-liquid demixing. Since then, researchers have discovered similar structures, includ-

ing nucleoli, Cajal bodies, and stress granules, all exhibiting liquid-like properties [24]. These

structures form via spontaneous phase transitions that occur during molecular supersatura-

tion, which can be caused by amplified gene expression and post-translation modifications.

Above a concentration threshold, two distinct phases form: one is enriched in a specific set

of proteins and/or RNA, and the other phase is dilute.
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While the distinct driving forces for condensate formation are dependent on the pro-

tein/RNA system, multivalency and intrinsically disordered regions are common features in

phase-separable proteins. For example, many proteins contain repeats of the SRC-homology

3 (SH3) domain, which bind to proline-rich motifs (PRMs) to enable signaling complexes.

Multivalent peptides SH3n and PRMn (based on the sequences of SH3 and PRM) were

demonstrated to phase-separate when the valency of each sequence was n≥ 3 [25]. More-

over, the SH3 and PRM domains have been shown to facilitate phase separation in several

full-length proteins including the adaptor protein Nck and N-WASP [26].

Other protein condensates are highly enriched in intrinsically disordered regions that

contain high densities of polar and charged amino acids. These residues can enable charge-

charge, charge-π, and π − π stacking interactions, depending on their pattern and fre-

quency. [27–29]. The germ granule protein DDX4 phase-separates into 3D condensates due

to intrinsically disordered regions at its N and C terminus [28]. Conversely, if DDX4 be-

comes arginine-methylated, the saturation concentration required for condensate formation

increases 10-fold. DDX4 liquid droplets are an example of how cells use post-translational

modifications to control the composition and stability of 3D condensates. Liquid droplets

provide the cell with a powerful mechanism to concentrate or sequester various biomolecules

and have been implicated in critical biological processes including T-cell signaling [30] and

gene silencing [31,32].

1.5 Protein-Lipid Interactions

Membrane proteins can be membrane-spanning (transmembrane proteins) such as G-coupled

receptors and ion transport channels or peripheral such antimicrobial peptides and peripheral

enzymes. This thesis will focus on protein-lipid interactions of the latter. Despite the

often transient and weaker interaction (of peripheral proteins with membranes compared

transmembrane proteins), peripheral proteins are critical to many cellular processes from

signaling and recognition to membrane trafficking and cell division. Recruitment of proteins

to membranes can be tuned through electrostatic interactions, hydrophobic interactions, and
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fatty-acid modifications.

An excellent example of different types of membrane interactions is the secretory pathway.

The secretory pathway synthesizes proteins in the endoplasmic retciulum (ER) and folds and

delivers the proteins to various organelles throughout the cell. The pathway proceeds from

the ER membrane to various organelles, and eventually ends at the plasma membrane At

the beginning of the secretory pathway, membranes exhibit less ordered packing of lipids,

allowing cytosolic proteins to bury large hydrophobic groups within the membrane at spaces

in the membrane surface (defect sites) [33]. Towards the end of the secretory pathway,

membrane electrostatics plays a larger role in promoting the binding of charged proteins.

Again, these physicochemical parameters are a result of membrane composition. Membrane

electrostatics depend on the fraction of negatively charged lipids such as phosphatidylserine

and phosphoinositides, whereas packing defects are promoted by lipids with noncylindrical

shapes such phosphatidylethanolamines and lipids with unsaturated chains 34,35.

1.6 Thesis Outline

The research in this thesis employs model membranes to investigate two mechanisms that

drive interactions between proteins and membrane bilayers. Chapter 2 describes mecha-

nisms by which protein condensates interact with membranes and examines the effects of

thermodynamic coupling of membranes and condensates on their miscibility phase behavior.

We summarize foundational experiments coupling 2D and 3D phase-separable components,

outline experimental challenges of coupling these systems, and present tools to overcome

some of these challenges. In Chapter 3, we present lipidomics data for vesicle populations

produced by five common techniques: gentle hydration, electroformation (on both ITO slides

and Pt wires), emulsion phase transfer, and extrusion. We find that the ratios of the lipids

in the vesicles closely match the intended ratios from a master stock, except for vesicles

prepared by emulsion phase transfer, which contained lower ratios of cholesterol and unsat-

urated PC lipids. Chapter 4 investigates how the degron of squalene monooxygenase - a

rate-limiting enzyme in cholesterol synthesis, senses various properties of lipid membranes.



8

Specifically, we develop a method to test the effects of lipid composition and membrane

curvature on binding and interactions of the squalene monooxygenase’s degron with lipids

vesicles. Chapter 5 presents biophysics curricula developed for an undergraduate course.

The curricula guide students through creating Wikipedia articles, with the goal of increasing

of biophysical concepts among the students as well as the public.
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Chapter 2

COUPLING LIQUID PHASES IN 3D CONDENSATES AND 2D
MEMBRANES: SUCCESSES, CHALLENGES, AND TOOLS

This chapter was first published in Biophysical Journal in 2023, and was written in collabo-

ration with Sarah L. Keller [36].

Heidi M. J. Weakly and Sarah L. Keller. “Coupling liquid phases in 3D condensates and 2D

membranes: Successes, challenges, and tools”, Biophysical Journal, 2023; 123: 1329-1341.

https://doi.org/10.1016/j.bpj.2023.12.023.

2.1 Abstract

This review describes the major experimental challenges researchers meet when attempting

to couple phase separation between membranes and condensates. Although it is well known

that phase separation in a 2D membrane could affect molecules capable of forming a 3D

condensate (and vice versa), few researchers have quantified the effects to date. The scarcity

of these measurements is not due to a lack of intense interest or effort in the field. Rather,

it reflects significant experimental challenges in manipulating coupled membranes and con-

densates to yield quantitative values. These challenges transcend many molecular details,

which means they impact a wide range of systems. This review highlights recent exciting

successes in the field and lays out a comprehensive list of tools that address potential pitfalls

for researchers considering coupling membranes with condensates.

2.2 Introduction

Organelles in cells are either bounded by a two-dimensional (2D) membrane or are mem-

braneless, three-dimensional (3D) condensates. Membranes and condensates can both or-
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ganize through liquid-liquid phase separation, which can be crucial for cell viability. For

example, during periods of nutrient stress, lipid membranes of yeast vacuoles phase sepa-

rate into 2D domains [37–39], corresponding to liquid-ordered and liquid-disordered (Lo and

Ld) phases in model membranes [38]. These membrane transitions are reversible, and the

domains can merge quickly, like liquids [11,40]. Likewise, stress granules, which are conden-

sates enriched in RNA-binding proteins and mRNA, arise when cells experience stressors,

including heat and pH [41, 42]. When 3D condensates touch, they can merge quickly, like

liquids rather than solids [43].

In some cases, membranes and condensates interact. Wetting of membranes by molecules

found in condensates has been implicated in crucial biological functions such as signal trans-

duction pathways in T cells [31], tight junctions in endothelial cells [44], endocytic vesicle for-

mation [45], and other processes [46–50]. The biological importance of these phenomena has

prompted researchers to investigate thermodynamically coupled systems of phase-separating

membranes and phase-separating solutions.

Liquid-liquid phase separation has been widely reviewed for both 2D membranes [16,51–

54] and 3D condensates [27, 55–60]. Given the rich literature about the conditions needed

to achieve phase separation in both systems, it may seem surprising that few measurements

quantifying the effects of coupling between membranes and condensates have been reported

to date. This paucity is not due to researchers’ lack of interest. Rather, it reflects significant

experimental challenges that researchers have faced. Our goal in this review is to help new

researchers in the field quickly surmount challenges in coupling membranes to condensates.

We will briefly introduce relevant terminology and theoretical concepts, and then highlight

recent groundbreaking measurements. We will then describe experimental challenges that

researchers have faced and conclude with a list of techniques and molecular tools to mitigate

the challenges.
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2.3 Terminology and theoretical concepts of liquids on surfaces

Dewetting, partial wetting, and complete wetting reflect the strength of interactions between

molecules in liquid droplets and surfaces (Fig. 2.1A). As an example, dewetting occurs when

water beads on a hydrophobic surface. At the other extreme, wetting occurs when water

completely covers a hydrophilic surface. Partial wetting is characterized by a contact angle

between 0◦ (wetting) and 180◦ (dewetting); the “critical wetting point” occurs at the first

nonzero contact angle [61]. In the absence of a macroscopic droplet, interactions may be

sufficient to create a molecularly thin, 2D surface phase of the same molecules found in

liquid droplets, a phenomenon called “prewetting” [62–66]. These concepts apply equally

well when the droplet is a phase-separated fluid condensate and the surface is a membrane

(Fig. 2.1B-C) [67,68].

2.4 Recent progress in experiment, theory, and simulation

To date, investigators have focused on two observables that can provide insight into coupling

between liquid phases of membranes and condensates: (1) changes in morphology and (2)

shifts in phase boundaries, whether in concentration or miscibility transition temperature,

Tmix.

Membranes bend easily

When vesicle membranes are in contact with phase-separated 3D fluids, they adopt a range

of shapes (Fig. 2.1B–C and reviewed elsewhere [69–72]). When the membrane is also phase-

separated, coupled phase separation can occur. Coupling can be facilitated by incorporating

molecular tethers (discussed in detail in Tool 4) that link condensates to membranes (Fig.

2.1D). For example, when a phase-separating solution of polyethylene glycol (PEG) and dex-

tran is encapsulated in a vesicle containing a small fraction of PEG-lipids [67], membrane

domains enriched in PEG-lipids coat the solution phase enriched in PEG molecules. Subse-

quent fission of the vesicles results in two populations: one of which is enriched in PEG-lipids

and encapsulates PEG molecules [67].
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A.

B.

C.

D.

Dewetting Partial Wetting Full wetting

No tethers Tethers

air

water

contact
angle

membrane

condensate

solid

Figure 2.1: Schematic of dewetting, partial wetting, and complete wetting. A)
Liquid drops on solid surfaces. Liquid condensates B) inside or C) outside vesicle mem-
branes, both D) with and without tethers between lipid headgroups and molecules in the
condensate.

New concentration thresholds for proteins coupled to membranes

Condensates are dense clusters of biomolecules with reversible, multivalent interactions. Pro-

tein solutions demix into condensed and dilute phases when the protein concentration sur-

passes a threshold, sometimes called the “saturation concentration” (Fig. 2.2). When at least

one protein in a condensate binds to a membrane, the concentration of condensate locally

increases, so that condensate proteins prewet the membrane at lower concentrations than re-

quired for bulk condensates (Fig. 2.2) [26, 73, 74]. For example, when Whi3 proteins, which

are involved in RNA transcript regulation at the endoplasmic reticulum, are tethered to

membranes, they form surface condensates at concentrations orders of magnitude lower than
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in solution [50]. Similarly, the protein FtsZ, which is involved in cell division in E. coli, forms

small condensates with the DNA-binding protein SlmA at a lipid interface [75]. FtZ:SlmA

surface condensates coalesce on short timescales, characteristic of liquid phases [75]. Future

work will undoubtedly demonstrate this concept with other proteins, where the importance

of each system will lie in its cellular role.
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Figure 2.2: Surface condensates form at lower protein concentrations than bulk
condensates. Top: At low concentrations, soluble proteins are in a uniform, dilute phase.
When the protein concentration exceeds bulk condensate threshold, a droplet of condensed
protein phase coexists with the dilute protein solution. Bottom: If the protein binds to a
membrane, whether via a tether or not, a molecularly-thin, 2D condensate can prewet the
surface at a lower concentration than the bulk threshold. The surface condensate alters
the local distribution of tethers, but not their number. The bulk condensate threshold is
unchanged by the presence of the membrane.

If condensate proteins are tethered to only one of the membrane phases, domain forma-

tion can further concentrate the proteins [76]. Wang et al. found that low concentrations of

a particular protein (pLAT, the phosphorylated intracellular domain of linker for the activa-
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tion of T cells) condense on phase-separated membranes, whereas no condensated formed on

mixed membranes [76]. Similarly, charged lipids that are highly enriched in one membrane

phase can enable surface phases [77,78]. One example is the Noc condensate (a bacterial nu-

cleoid occlusion protein complex), which is enhanced by high surface densities of negatively

charged lipids [79].

Protein condensates shift membrane Tmix

Above a characteristic temperature, Tmix, membranes are uniform, whereas below Tmix,

membrane lipids demix into coexisting liquid ordered (Lo) and liquid disordered (Ld) phases

(Fig. 2.3). Given that Tmix increases when membrane components are crosslinked or ac-

cumulate in one phase [80–84], and that lipid packing can increase in membranes that are

wet by condensates [85], Tmix should increase when 3D condensates couple to one membrane

phase.

Indeed, Lee et al. found that more membranes phase separated when proteins were cou-

pled to the membrane’s Ld phase [86]. Chung et al. achieved a breakthrough by quantifying

a shift in Tmix [87]. They found that coupling a condensate of the proteins LAT, Grb2 and

SOS with model membranes increased Tmix (by 6°C for their specific membrane and solution

conditions) [87]. Wang et al. also quantified Tmix for a similar model system [76].

Tether density is a key parameter

In model membranes, increasing the coupling between condensates and membranes generally

increases phase separation [88,89]. In simulations and theory [65,66], coupling or tethering a

dilute solution of phase-separable molecules to a membrane expands the prewetting regime.

Rouches et al. found the prewetting regime increases further when the membrane is near

a miscibility critical point [65]. Integral membrane proteins may act as obstacles, further

modulating condensate-molecule interactions and reducing effective tether densities [90].

One way to tune the coupling strength is to vary densities of molecules that tether the

membrane to the condensate. Unfortunately, limited ranges of tether densities for measure-

ments of Tmix are experimentally accessible. Condensate molecules attached to a membrane
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Figure 2.3: Protein condensates can shift the mixing temperature, Tmix, of lipid
membranes to higher values. Top Row: At low temperatures, two liquid phases coexist
in the membrane: the liquid ordered phase (Lo) and the liquid disordered phase (Ld). At
high temperatures, the lipids mix in a single liquid phase. Bottom Row: Interactions between
a protein condensate and lipids in only one membrane phase (either the Lo or the Ld phase)
are predicted to increase the membrane’s Tmix, independent of molecular details [65].

surface experience lateral steric pressure above a surface density that is a function of the

molecule’s molar mass [91, 92]. Large molecules like PEG5000-DOPE can experience steric

pressure at membrane concentrations of only 1-2 mol% [92].

In cells, interfering with molecular linkers between condensates and membranes can dis-

rupt downstream signaling pathways. For example, decoupling LAT protein from membrane

domains by mutating the transmembrane domain of LAT prevents LAT condensate formation

and curtails downstream signaling events in T cells [76]. Mutating LAT’s transmembrane

domain changes the partitioning of the condensate within the membrane, effectively lowering

the local tether density. However, the specific molecular mechanisms by which de-coupling

condensates from membrane domains interferes with signaling is not yet known.
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2.5 Experimental challenges of characterizing phase-separation of membranes
in contact with protein solutions

Four challenges that researchers encounter when attempting to measure Tmix of membranes

in contact with protein and/or RNA solutions include: 1) aggregation of free-floating vesicles,

2) membrane tubulation, 3) difficulties in exchanging aqueous solutions, and 4) slow collective

motion of lipids in membranes deposited on solid surfaces. Liquid-liquid phase separation in

membranes is commonly imaged in ≥10 µm single-walled vesicles, in membranes on solid or

polymer substrates, or in membranes spanning holes in supports (Fig. 2.4). These systems

are called “giant unilamellar vesicles” (GUVs) [93], “supported lipid membranes” (SLBs)

[94,95], and “black lipid membranes” (BLMs) [96,97], respectively. While experiments may

be possible in all these systems, each has advantages and disadvantages.

A.

solid

B.

solid

C. D.

Supported lipid bilayersVesicle BLM

Figure 2.4: Schematics of four membrane configurations. A) a giant unilamellar
vesicle (GUV), B) a supported lipid membrane (SLB) on a solid support, C) a supported
lipid membrane on a polymer support, and D) a black lipid membrane (BLM) spanning solid
supports coated with oil (orange wedges). In all panels, hydrophobic regions of the bilayer
are light tan and lipid headgroups are dark brown.

For example, one feature of taut giant vesicles is that micron-sized domains can be imaged

by standard fluorescence microscopy. Moreover, when phase-separable solutions are enclosed

within vesicles, condensates are easily formed through changes in osmotic pressure [98] or

pH [99]. Challenges of free-floating vesicles include aggregation and shape changes, especially

under conditions optimized for proteins.
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2.5.1 Challenge 1: Aggregation of free-floating vesicles

Mixing vesicle solutions with condensate solutions can cause aggregation. Even simple salt-

containing buffers can cause aggregation of lipid vesicles as shown in Fig. 2.5. Furthermore,

when protein condensates bind to free-floating vesicles, condensates can bridge the gap be-

tween adjacent vesicles to create aggregates. Aggregation presents three disadvantages. First,

imaging membrane domains on aggregated vesicles is difficult, especially when domains are

small. The best method for imaging aggregated vesicles is confocal microscopy; however,

these microscopes typically lack the temperature control systems required to measure Tmix.

Second, proteins’ access to some membranes in the aggregate is hindered, leading to large

variation in protein concentration across membrane surfaces. Third, when membranes ad-

here, ordered domains localize to the interfaces and can appear at temperatures above Tmix

of unadhered membranes [100,101].

Figure 2.5: Lipid vesicles can aggregate in buffer. Here, vesicles are composed of 98
mol% di(18:1)PC and 2 mol% 18:1 DGS-NTA(Ni) (Avanti Polar Lipids) were produced by
a standard electroformation technique [102] and then introduced to an osmotically-matched
buffer of 25 mM HEPES and 150 mM NaCl. The image was collected by H.M.J.W. with a
Nikon Eclipse ME600L upright epifluorescence microscope and a Hamamatsu C13440 cam-
era.

Aggregation of vesicles is frequently mitigated by adding charged lipids or surfactants

[103]. However, at high salt concentrations the Debye length is shorter, reducing electro-

static repulsion between charged lipids. Adding a hydrophilic polymer such as PEG to lipid
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headgroups confers some steric repulsion, albeit at molecular length scales [104]. If experi-

ments can be completed quickly, it may be sufficient for vesicles to aggregate slowly, as when

they are dilute in solution. Tactics to avoid membrane aggregation include immobilizing

vesicles or directly assembling membranes on supports; the advantages and caveats of which

are discussed in Sec. 2.6.

2.5.2 Challenge 2: Membrane bending and tubulation

Tubules are common in membranes (Fig. 2.6), especially in vesicles with excess area (more

membrane than necessary to enclose their volume) [105,106], in supported membranes with

area changes [107,108], and in membranes that bind proteins [88,109,110]. Tubules can also

form in vesicles during gentle hydration [111] and electroformation [102,111]. In experiments

that couple membranes to condensates, tubules complicate quantitative measurements. First,

membrane phase separation is difficult to identify when domains nucleate in thin, undulat-

ing tubules. Second, tubulation can cause nonuniform lipid compositions [112]. Third,

confounding variables arise. For example, Ld phases appear in highly curved membranes of

vesicles [113] and supported bilayers [114]. Similarly, some proteins (e.g., the I-BAR protein

IRSp53 [115] preferentially partition onto tubules. Therefore, if condensate proteins interact

with tubules of only one membrane phase, it is unclear if the interaction arises from the

membrane’s lipid composition or its shape.

Membrane tubulation can be mitigated by membrane tension, typically applied through

osmotic pressure gradients. However, tension can shift the membrane’s miscibility tempera-

ture [116–119]. Unfortunately, membrane tubulation can be increased by factors as benign

as making membranes with different types of molecules (e.g., noncylindrical lipids [109,120],

charged lipids [121], or block copolymers [122], applying gradients in temperature [123] or

pH [124], introducing a plastic microbead [125], or establishing asymmetry in aqueous salt

or sugar concentrations [126, 127]. When vesicles encapsulate immiscible solutions, inward

tubules can coat the interface between the two solutions, whether the solutions have few

components (e.g., dextran and PEG [128]) or many (e.g., tonoplasts of A. thaliana) [70].
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20 µm

Lipid
vesicle

Tubules

Figure 2.6: Membrane tubules can form at vesicle surfaces, complicating quanti-
tative measurements of coupling between protein condensates and membranes.
Fluorescence micrograph of thin, white, Ld-phase tubules protruding from a broad area at
the top of the vesicle. The vesicle contains 31:31:35 mol% di(18:1)PC: di(16:0)PC:cholesterol
with 2.2 mol% 18:0-PEG5000 PE (Avanti Polar Lipids) and 0.8% Texas Red PE (Thermo
Fisher Scientific), in a hypertonic solution of sucrose at 33°C. The image was collected by
H.M.J.W. on instrumentation described elsewhere [17]. Contrast was enhanced to make dim
tubules visible.

Tubulation is also driven by membrane asymmetry [105] in lipids (e.g., GM1 [129],

DHA [130], cholesterol, or DOPC [107]), fatty acids [131], DNA origami [132,133], peptides

[134,135], or proteins [109,110,136]. Polypeptides with attractive domains, like FUSLC, gen-

erate inward tubules in vesicles, whereas repulsive protein domains generate outward tubules

[137]. Some proteins interact directly with membranes (e.g., N-BAR domains [110, 136]).

Others may be tethered to the membrane and interact via steric crowding; smaller proteins

produce membrane tubes more frequently [109]. Some tethered condensate proteins (the

RGG domain of LAF-1, the low-complexity domain of FUS, and the low complexity domain

of hnRNPA2) form molecularly thin, liquid domains on membranes and cause tubulation [88].

Higher densities of tethers cause more tubules [88, 109]. Testing prewetting theories [65] by

varying tether densities becomes challenging when broad ranges of tether densities become

inaccessible due to tubulation.
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2.5.3 Challenge 3: Difficulties in exchanging solutions

Condensate proteins are typically added to phase-separated membranes by solution exchange.

However, fluid flow can push free-floating giant (>10 µm) vesicles out of the field of view,

even when they have sunk in lower density solutions. To address this problem, membranes

can be tethered to surfaces, discussed further in Tool 3. Vesicles can also be deposited in

flow cells, captured in microfluidic wells, or trapped behind partitions [84,106,138,139]. One

caveat is that trapped vesicles often touch a solid surface, which can cause phase-separated

domains to reorganize, even when the surface is passivated with BSA proteins or when the

membrane’s temperature is above its miscibility transition [100, 140, 141]. An alternative

trapping method places neutrally buoyant vesicles in a dead-end microfluidic channel while

a solution flows past the channel’s entrance [142].

2.5.4 Challenge 4: Slow collective motion of lipids in membranes on solid surfaces

Depositing lipid membranes on surfaces solves many challenges, especially if the surface fits

inside a low-volume flow cell. However, hydrodynamic theory suggests that if the aqueous

layer between the membrane and surface is too thin, then lipid domains cannot form (or

grow by colliding and coalescing [143]) on experimental timescales [144]. As a result, the

domains are typically noncircular and can be too small to resolve by fluorescence microscopy

[145, 146]. Although circular, micron-scale liquid domains sometimes form in membranes

deposited directly on clean glass, they are immobile, and their thermal history may be

important [146,147].

2.6 Tools and Methods

2.6.1 Tool 1: Black Lipid Membranes

Black lipid membranes (BLMs, Fig. 2.4D), which span holes in supports, have several ad-

vantages for coupling condensates to membranes. Because both sides of the membrane are

in contact with thick water layers, round, micron-scale liquid domains form on experimental
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timescales. BLMs are compatible with fluid exchange. When proteins are introduced to

both sides of the membrane, transmembrane coupling of proteins is possible [73]. Even when

proteins are introduced to only one side, membrane tension prevents tubulation [73]. BLMs

that span large (micron-scale) distances are typically formed by one of four methods:

1) An oil droplet containing lipids is “painted” over a hole in a plastic sheet or microfluidic

device [148,149]. A lipid bilayer forms as oil drains to the hole’s perimeter, where oil bridges

the molecular thickness of the membrane and the macroscopic thickness of the plastic.

2) A Transmission Electron Microscopy (TEM) grid with an array of holes is coated with

an oil layer containing lipids by moving the grid from an oily solution into an aqueous solu-

tion [97]. Bilayers form as oil drains to the perimeters of the holes. A challenge is that the

volume of oil must be optimized for each lipid composition [97].

3) In the Montal-Mueller technique [96], lipid monolayers at air-water interfaces are passed

over a hole in a hydrophobic, plastic sheet pre-coated with long-chain oils. The oil at the

perimeter of the bilayer and any oil molecules that persist within the bilayer do not alter

its miscibility transition temperature or the areas of the two phases [150]. An advantage

of Montal-Mueller membranes is that each monolayer leaflet can contain a different ratio of

lipids: these asymmetric bilayers have opened new avenues for probing transbilayer coupling

of liquid phases [150]. Disadvantages are that the method is challenging and that volumes

are large (≈1 mL), so temperature changes slowly.

4) In modified Montal-Mueller techniques, lipid monolayers at two oil-water interfaces as-

semble into a bilayer. These bilayers are called various names (including contacting mono-

layers [151] and droplet interface bilayers [152], and they may contain nm-scale decane inclu-

sions [153]. In one technique [154], phase-separating membranes can span very large areas

(≈1 mm2, Fig. 2.7).
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Figure 2.7: Coexisting Lo and Ld phases can be imaged in black lipid membranes.
A) Custom chamber of laser-cut acrylic by Dave Richmond and Dan Fletcher [155]. Vertical
black lipid membranes form across the gap between the rectangular and circular wells. B)
Fluorescence micrograph of a membrane spanning ≈1 mm (the image width). The mem-
brane contains the lipids di(18:1)PC, di(16:0)PC, and cholesterol, and was imaged by Dave
Richmond and S.L.K. C) Schematic of Panel B, identifying Lo/Ld membrane phases. In the
micrograph, excess oil has not entirely drained to the hole’s perimeter.

2.6.2 Tool 2: Stacked and cushioned membranes

Membranes can be offset from solid supports by stacking membranes or assembling them on

polymer cushions. Controls may be needed to account for higher transition temperatures in

SLBs [156], especially on inhomogeneous surfaces [157], with respect to vesicles.

1) Stacked membranes

Membranes can be stacked by bursting a GUV on a membrane supported on a solid substrate.

The upper membrane may be separated from the lower membrane by a uniformly thin layer

of water or by a thick water pocket [145]; both present advantages and disadvantages. If the

upper membrane lies flat, binding of proteins can cause it to roll and delaminate; similar

changes in spontaneous curvature cause tubulation [158]. Affixing the upper membrane to

the lower membrane (e.g., via DNA binding) leads to other problems: the upper membrane

can disintegrate within hours unless it contains high ratios of saturated lipids [159, 160]. If

there is a water pocket, domains in the upper membrane may diffuse or may be immobilized

by membrane deformations, which are enhanced by protein binding [161]. An alternative

method of generating membrane stacks is to spin-coat lipids on a substrate such as mica [94]
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and erode the resulting multilayer with a jet of water [162]. In regions where only two stacked

membranes remain, domains in the upper membrane have some attributes of GUV domains:

liquid domains deform due to fluid flow, become round in tens of seconds, grow to be tens

of microns by Ostwald ripening, and occasionally coalesce [162]. Stacks of phase-separating

membranes are also made by hydrating dry lipids on a silicon substrate [163].

2) Membranes cushioned by polymer headgroups and/or substrates

Lipopolymers (lipids with polymer head groups) can offset membranes in which they reside

from solid substrates. Because polymer lengths can be varied, the distance and interac-

tion between the membrane and support can be tuned. Membranes separated from glass

supports by PEGylated fatty acids can grow to be micron-scale but are thereafter station-

ary and/or noncircular on experimental timescales [164]. Other headgroup modifications

include poly(2-oxazoline) polymers [165] and oligopeptides [166]. Another strategy is to coat

supports with polymers before depositing membranes. For example, polydimethylsiloxane

(PDMS) is easily patterned with microstructures to test the impact of curvature on domain

formation [114, 167]. The PDMS surface must be hydrophilic; otherwise, cholesterol can

leach into it from the membrane [168]. Membrane domains on PDMS or other stiff cushions

(e.g., cellulose) can be stationary on experimental timescales [169]. When the two strategies

are combined (membranes contain lipopolymer headgroups and rest on PDMS surfaces),

micron-scale, circular, liquid domains form in membranes cooled very slowly through Tmix,

at ≈0.04 oC/min [170]. A challenge is that these domains are also stationary on experimental

timescales [170].

2.6.3 Tool 3: Membrane-substrate tethers

To mitigate aggregation of free-floating vesicles and their displacement by fluid flow, vesicles

can be attached to substrates via molecular tethers. A typical approach is to coat the

substrate with a functionalized polymer such as PEG-biotin, followed by the addition of an

avidin, which binds biotinylated lipids anchored in the membrane [171–173]. Optimizing the

tether concentration is important: giant vesicles with high tether densities deform such that
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large areas are in contact with the substrate, leading to domain reorganization [140]. This

adhesion can be reduced by incorporating a co-polymer like PEG-silane or PLL-g-PEG at

the interface [174, 175]. Alternative tethers use DNA-lipids [176], which are well suited for

≈100 nm vesicles. However, as with other tethers, high concentrations of DNA-lipids cause

giant vesicles to rupture, forming patches on glass and SLB supports [160]. However, when

too few tethers are deployed, lipid anchors pull out of giant vesicles when flow is introduced.

Another alternative is to use electroformed vesicles that are still tethered to their conductive

substrates by tubules that withstand slow exchange of solutions [177]. However, these vesicles

often touch, and quantification of the total membrane area is difficult.

2.6.4 Tool 4: Tethers to couple condensates to membranes

To couple phase separation in condensates and membranes, the two systems must be in

contact. One option is to link condensates to membranes via tethers (Fig. 2.1D), which

include histidine-binding lipids, phosphoinositide lipids, polymer-based linkers, lipid-DNA

linkers, and biotinylated lipids. In the literature, “tethers” include molecules that bind

membranes to substrates (see Tool 3). Some molecules can be used for both purposes, al-

though membrane-substrate tethers are often designed to bind irreversibly under experimen-

tal conditions, whereas membrane-condensate interactions should be reversible. One clever

approach is to tether only one protein of a multi-component condensate to the membrane

and then introduce remaining proteins in solution [86, 87]. Tethers enable strong controls

that distinguish effects of localizing a protein on a membrane and adding more proteins to

form a condensate [86, 87] or that distinguish effects of attaching condensate molecules to

immobile versus mobile tethers [50]. In turn, new controls are warranted. For example,

Cans et al. [98] attribute increases in membrane Tmix to the addition of PEG-lipid tethers

and to encapsulation of a solution of PEG and dextran in vesicles. Similarly, membrane

Tmix can shift when tethers bind multiple lipids (as streptavidin with biotinylated lipids, or

choleratoxin with GM1-lipids) [80]. Most tethers strongly partition into either the Lo or Ld

membrane phase, which likely also shifts Tmix.
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Histidine-binding lipids Polyhistidine tags (His-tags) are sequences of 2-6 histidines at-

tached to proteins, commonly used to purify them via affinity chromatography [178]. The

tags can also link proteins to membranes via phospholipids with nickel- or copper-chelating

headgroups (e.g., NTA(Ni) or IDA(Cu)). Metal-chelating tethers have two advantages. First,

binding of his-tagged proteins to lipids is reversible upon addition of EDTA at low concen-

trations [179]. Second, the tethers can preferentially partition to the Lo or Ld phase of

membranes, depending on the length and saturation of their lipid tails [17].

A disadvantage of metal-chelating lipid tethers is their high melting temperatures. For

instance, lipids with IDA (iminodiacetic acid) headgroups and 16: 0 carbon chains melt at

55 °C (73 °C in the presence of Cu2+). As a result, binary membranes of this lipid and a low

melting lipid (e.g., POPC) demix into gel and liquid phases at room temperature [109,179].

Also, metal-chelating tethers are incompatible with thiol compounds, which disrupt links

between His-tagged proteins and NTA(Ni) lipids [180]. This impedes super-resolution imag-

ing techniques, which frequently use thiols to enable fluorophore photoswitching. Similarly,

if aqueous solutions require oxygen scavenging systems with glucose, it is important to run

controls that measure how glucose affects phase separation of condensates [180].

Phosphoinositides

Negatively charged phosphoinositide (PI) lipids are found in membranes of eukaryotic cells,

including the endoplasmic reticulum, endosomes, and plasma membranes. Although PI-

lipids are low abundance, they are important because of the specificity with which several

proteins bind to them [181], making PIs a convenient tether to protein condensates. One

such protein, N-WASP, has been used to anchor actin networks to membranes containing a

fluorescently labeled PIP2-lipid (di(16:0)-TMR-PIP2) that preferentially partitioned to the

Ld phase [84]. Challenges of PI-lipids are that they may cluster if buffers contain divalent

cations [182, 183], they are difficult to incorporate in model membranes at concentrations

above a few mole percent [182], and they can leach from membranes to form micelles in

solution [184].

PEG-lipids
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Pegylated lipids (PEG-lipids) can directly couple membranes to phase-separating solutions

of PEG and dextran [67, 98, 185] or can behave as a tether when modified with functional

groups like biotin. At low concentrations of PEG-lipids, their partitioning between membrane

phases is influenced by the lipid tails, the length of the polymer, and the hydrophobicity of

the functional group [186]. At higher concentrations set by the PEG-lipids’ molar mass,

steric interactions can drive PEG-lipids from domains [92]. At membrane concentrations of

PEG(2000)-lipid above ≈10 mol%, vesicles break up into membrane discs [187].

DNA-lipids

Liquid-liquid phase separation has been implicated in organization [30, 188] and repair of

DNA [189,190]. DNA strands attached to lipid headgroups can interact with biocondensates

by binding to complement strands, interacting with DNA-binding proteins, or folding into

aptamers that bind other molecules. For short strands, hybridization can be reversed by

increasing temperature. DNA strands are typically anchored to the membrane by one or

more sterols. By modifying the number of sterols, replacing cholesterol with tocopherol,

or replacing model membranes with giant plasma membrane vesicles, the partitioning of

DNA-lipids can be tuned between the Lo and Ld phases [191–193].

Biotinylated lipids

Biotin and avidin proteins bind with high affinity (Kd ≈10-15 M) [194]. Biotin conjugated to

the headgroup of phospholipids is frequently used to facilitate protein-membrane interactions.

A caveat is that vesicles that contain biotinylated lipids can be crosslinked by avidin (which

contains four binding sites for biotin) and form multi-vesicle aggregates. Vesicles can be

redispersed by adding soluble biotin, which has a higher affinity than biotinylated lipids for

avidin [195,196]. Some researchers incorporate a third molecule that reversibly interacts with

a membrane or condensate, such as a biotinylated DNA oligonucleotide [50]. If proximity

between a lipid and its biotin label is a concern, polyethylene glycol can be inserted as a

spacer, as in biotin-PEG-lipids. A caveat is that the spacer length (and the mole fraction

of biotin-PEG-lipid in the membrane) affects the partitioning of biotin-PEG-lipids between

membrane phases [197].
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2.6.5 Tool 5: Compatible proteins

Tools 1-4 focused on membrane components. Which corresponding protein systems should

researchers choose? The PhaSepBD database contains thousands of entries [198], but will

any protein system that undergoes phase separation suffice? The phase behavior and molec-

ular interactions of condensates are reviewed elsewhere [27, 71, 199]. In brief, condensate

molecules that are primarily polar and charged are described by Flory-Huggins theory for

enthalpically driven phase separation. Above an upper critical temperature or upon ad-

dition of salt, entropic forces overcome chain-chain interactions and the system ceases to

phase separate. In contrast, condensate molecules that are primarily hydrophobic, such as

elastin-like polypeptides, have lower critical temperatures above which interactions between

the peptides and solvent are disfavored, and the system phase separates [199]. The ideal

choice of proteins depends on the experimental design. For example, if salt will be added to

affect protein phase separation, the proteins should be charged and potential effects of salt

on membrane phase separation should also be considered [77, 78]. Similarly, if temperature

will be varied to affect membrane phase separation, the potential effects of protein interac-

tions and denaturation should be considered (Fig. 2.8). Molecules that may tolerate higher

temperatures include engineered peptides [25] or a polymeric systems [200]. An alternative

tactic is to choose membranes that demix at lower temperatures [76].

Several researchers have leveraged protein systems known to cluster on membranes. For

example, condensates of the linker for the activation of T cells (LAT) and its binding partners

(Grb2 and Sos1) have been employed to shift membrane miscibility temperatures [76, 87].

Another protein system in use is Nephrin and its cytoplasmic binding partners (Nck and

N-WASP) [25,26].

2.7 Conclusion

In conclusion, quantitative experiments that couple lipid membranes and protein condensates

require clever design choices. Here, we have reviewed several challenges that arise in the ex-
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T=20°C T=40°C

T=54°C T=70°C

5 µm

Figure 2.8: Condensates can destabilize as temperature increases. Representative
fluorescence micrographs of solutions of 25 µM MBP-(SH3)5-His, 37.5 µM (PRM)5, 25 mM
HEPES, and 150 mM NaCl after mixing 2 hr at room temperature. At low temperatures, the
condensates form spherical droplets with sharp edges, characteristic of liquid-liquid phase
separation (20°C and 40°C). At higher temperatures, the edges of the condensates blur, their
shapes become nonspherical, and bright puncta appear throughout the solution (54°C and
70°C). This behavior cannot be explained by shape fluctuations near a critical point and may
reflect protein denaturation. The proteins were produced and purified by Michael Cotten
and Michael Rosen; solutions were mixed and imaged by H.M.J.W.

periments, as well as several tools that mitigate the challenges. Using these tools, researchers

have made recent, exciting successes in observing thermodynamic changes in coupled sys-

tems, including shifts in membrane transition temperatures and the formation of surface

condensates. We expect to see additional advances in the future, especially in research that

combines theory and modeling to support quantitative experiments that characterize surface

phases under prewetting conditions.
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Chapter 3

COMMON METHODS OF MAKING GIANT VESICLES
(EXCEPT EMULSION TECHNIQUES) CAPTURE INTENDED

LIPID RATIOS

This chapter was first published in BioRxiv in 2024, and was written in collaboration with

Kent J. Wilson, Gunnar J. Goetz, Emily L. Pruitt, Amy Li, Libin Xu, and Sarah L. Keller

[201].

Heidi M. J. Weakly, Kent J. Wilson, Gunnar J. Goetz, Emily L. Pruitt, Amy Li, Libin Xu,

and Sarah L. Keller. 2024. “Common methods of making giant vesicles (except emulsion

techniques) capture intended lipid ratios.” bioRxiv doi: 10.1101/2024.02.21.581444

3.1 Abstract

Researchers choose different methods of making giant unilamellar vesicles in order to satisfy

different constraints of their experimental designs. A challenge of using a variety of meth-

ods is that each may produce vesicles of different lipid compositions, even if all vesicles are

made from a common stock mixture. Here, we use mass spectrometry to investigate ratios of

lipids in giant vesicles made by four common methods: electroformation on indium tin oxide

slides, electroformation on platinum wires, gentle hydration, and emulsion transfer. The vesi-

cles are made from a mixture of common lipid types: di(18:1)PC, di(16:0)PC, di(18:1)PG,

di(12:0)PE, and cholesterol. We find that electroformation and hydration methods result

in only minor shifts (≤ 5 mol%) in lipid ratio relative to the stock solution. It was previ-

ously known that the remaining method, emulsion transfer, severely reduces the amount of

cholesterol in membranes. Here, we show that the emulsion transfer method also skews the

ratios of lipids in a chain-dependent manner. For example, vesicles made by emulsion trans-
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fer using only PC-lipids contain less unsaturated lipid (di(16:1)PC relative to di(16:0)PC)

and less shorter-chain lipid (di(16:1)PC relative to di(18:1)PC). A separate technique, ex-

trusion, is often used by researchers to convert giant vesicles into smaller vesicles. We find

that extrusion decreases cholesterol fractions (by 5.0 ± 3.3 mol% in vesicles that originally

contained ≈25 mol% cholesterol). Even if all researchers were to use the same method of

making vesicles, a separate question arises about whether vesicle lipid compositions vary

from experiment to experiment. For the most common methods of producing GUVs (elec-

troformation and gentle hydration), sample-to-sample variations in average lipid ratios are

roughly ±2 mol%.

3.2 Introduction

Giant unilamellar vesicles (GUVs) come in many forms, from simple models of minimal mem-

branes to complex mimics of living cells. Each application of GUVs requires that different

constraints be met, such as controlling vesicle size [202–204], number of lamellae [205–207],

compositional asymmetry [208–210], membrane charge [78, 211] and encapsulation of so-

lutes [212, 213]. In response, many methods have been developed to produce GUVs [93],

where each method prioritizes different constraints. However, when the community uses

more than one method to make GUVs, an uncomfortable question arises: do the vesicles

produced by each method contain the same ratio of lipids as the stock solution from which

the vesicles were made? If not, do all methods alter the intended lipid ratio in the same way,

or does each method yield different ratios? These straightforward questions have a huge im-

pact: researchers who use different methods cannot compare their results unless they know

that their vesicle compositions are comparable, or, at the least, unless they know how to

estimate the magnitude of the offset in lipid composition they might observe.

Concerns that different vesicle-making methods may incorporate different ratios of lipids

into membranes are well-founded, especially when one of the lipids is a sterol. The solubilities

of sterols in membranes of giant vesicles are sensitive to experimental conditions and to the

identities of the other lipids in the membrane [214–217]. Even when the mole fraction
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Figure 3.1: Structures of several lipids frequently found in GUVs. Formal names
of lipids reflect the length and unsaturation of the acyl chains and the headgroup type,
whereas common names reflect historical sources. For example, di(18:1)PC (commonly called
DOPC) is a zwitterionic lipid with a phosphatidylcholine (PC) headgroup and two 18-carbon
chains, each with one double bond, whereas di(16:0)PC is saturated, with 16 carbons in each
chain. Di(18:1)PG is a charged and unsaturated lipid with a phosphatidylglycerol (PG)
headgroup. Phosphatidylethanolamine (PE) headgroups, as in di(12:0)PE, are smaller than
PC headgroups, so PE-lipids are typically cone-shaped. Cholesterol has a hydroxyl moiety
as a headgroup and a fused, four-ring structure with an 8-carbon chain.

of cholesterol is below its membrane solubility limit, extrusion of vesicles may perturb the

cholesterol fraction [218]. Cholesterol levels are known to be especially low in vesicles made by

emulsion transfer techniques [219–221]. Challenges also exist in incorporating sufficient lipids

with high melting temperatures [16], high charge [78,222] or high spontaneous curvature [205]

into membranes of giant vesicles.

Here, we used mass spectrometry to directly measure average mole fractions of lipids

in vesicles made by multiple methods. To minimize experimental error, we produced the

vesicles from a common lipid stock solution. We chose the lipids in our stock to span a broad

range of characteristics (Fig. 3.1). They include cylindrical, zwitterionic lipids with both low
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and high melting temperatures (di(18:1)PC and di(16:0)PC), a charged lipid (di(18:1)PG),

a cone-shaped lipid (di(12:0)PE), and a sterol (cholesterol). Each lipid is included for a

different reason. PC-lipids produce stable membranes and are the most abundant lipid

in mammalian cells [223–225]. PG-lipids are abundant in mycobacteria [226]. Their low

pKa [227] and subsequent charge can increase the yield of vesicles made by gentle hydration,

as does charged phosphatidylserine (PS) lipids [211]. PE-lipids facilitate membrane fusion

and are abundant in the inner leaflet of red cell membranes [223, 225, 228]. Cholesterol,

in addition to facilitating membrane fusion [229], enables large-scale, liquid-liquid phase

separation in membranes [230] and constitutes a large fraction (up to ≈40 mol%) of lipids in

mammalian membranes [225]. We mixed these lipids in a ratio likely to produce high yields of

giant vesicles. Specifically, our stock solution contains high fractions of PC-lipids to stabilize

GUVs and low fractions of PE-lipids to avoid inverted hexagonal phases and minimize tubule

formation [223]. Similarly, we use low fractions of PG-lipids to enable electroformation and

low fractions of cholesterol to avoid its membrane solubility limit [214–217].

A) ITO Electroformation 

V

reservoir

B) Pt Electroformation

V

reservoir

C) Gentle Hydration

reservoir

D) Emulsion Transfer

reservoir

E) Extrusion

reservoir

before after

Figure 3.2: Methods of producing vesicles, showing reservoirs of unincorporated
lipids. A) In “ITO electroformation”, an alternating field is applied across a hydrated lipid
film on slides coated with indium tin oxide. Afterward, a residue of lipid remains on the
slide. B) In “Pt electroformation”, an alternating field is applied across a hydrated film on
platinum wires. Afterward, a residue of lipids remains on the wires. C) In gentle hydration,
vesicles form spontaneously from a hydrated lipid film on a glass surface. Afterward, a
residue of lipids remains on the glass. D) In emulsion transfer, lipids from an oil solution
assemble at water/oil interfaces to form emulsion droplets, which then pass through a second
interface to form vesicles. Afterward, a reservoir of lipids remains in the oil. E) In extrusion,
smaller vesicles are made by passing giant vesicles through a porous filter. Afterward, a
reservoir of lipids and vesicles remain on the filter. Figures are not to scale.
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We chose four common techniques of producing GUVs: electroformation on slides coated

with indium tin oxide (ITO), electroformation on platinum (Pt) wires, emulsion transfer,

and gentle hydration (Fig. 3.2). We also included a common technique of converting giant

vesicles into smaller vesicles: extrusion across a porous membrane filter. Each technique

has advantages. Electroformation produces stable GUVs that span a wide range of sizes,

frequently up to 100 µm [102]. Emulsion transfer is valued for high encapsulation efficiency

[231]. Gentle hydration incorporates (and often requires) charged lipids in GUVs [211].

Extrusion converts GUVs into vesicles of smaller and more uniform sizes. Each technique

leaves a reservoir of excess lipids that were not incorporated in the vesicles. These reservoirs

may not contain the same ratio of lipids as the vesicles (Fig. 3.2, insets).

Our use of mass spectrometry to measure average vesicle compositions complements

recent advances in using Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) to

directly measure vesicle-to-vesicle variations in lipid compositions [232]. The two techniques

are synergistic. Whereas current ToF-SIMS analyses excel at measuring relative compositions

in individual vesicles, the technique currently has low sample-to-sample reproducibility for

vesicle populations [232]. Our mass spectrometry technique does the opposite. It excels in

reproducibly evaluating lipid ratios in vesicle populations and does not evaluate compositions

of individual vesicles.

3.3 Materials and methods

Chemicals

PC-lipids, PG-lipids, PE-lipids, and all lipid standards for mass spectrometry were ob-

tained from Avanti Polar Lipids and used without further purification. Lipids are de-

noted for their headgroup (e.g., “PC”, “PG”, or “PE”), the number of carbon chains

(e.g., “di” = 2), and each chain’s number of carbons and unsaturation (e.g., “18:1”). Spe-

cific lipids in our samples include dioleoyl-phosphocholine (di(18:1)PC or DOPC, Tmelt =

-18.3 ± 3.6°C [4]), dipalmitoyl-phosphocholine (di(16:0)PC or DPPC, Tmelt = 41.3 ± 1.8°C
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[4], dioleoyl-phosphoglycerol (di(18:1)PG or DOPG, Tmelt = -18°C [233]), and dilauroyl-

phosphoethanolamine (di(12:0)PE or DLPE, Tmelt = 49.3 ± 1.7°C [234]). Lipid standards

include di(15:0)PC, (16:0/18:1)PC, di(15:0)PE, di(15:0)PG, and d7-cholesterol. Cholesterol

(Sigma-Aldrich) and a fluorescently labeled lipid (Texas Red DPPE, Life Technologies) were

dissolved in choloroform at 10 mg/mL and 1 mg/mL, respectively. Mineral oil (light, biore-

agent, 0.84 g/mL, 14.2-17.2 cSt at 40°C) was from Sigma Aldrich.

Master Stock

A master lipid stock solution was prepared for a 5-component mixture (DOPC/DPPC/

DOPG/DLPE/Cholesterol with 0.8% Texas Red-DPPE) in chloroform and stored at -20°C

in a vial sealed with Teflon tape and electrical tape.

Electroformation on ITO Slides

Electroformation followed standard procedures [102]. Briefly, for each sample, 0.25 mg of

total lipid (29 µL of master stock solution) was heated to 60°C and spread across two ITO-

coated glass slides using the side of a glass Pasteur pipette. The slides were placed under

vacuum for ≈30 min to allow residual chloroform to evaporate. An electroformation chamber

was made by sandwiching 0.3 mm thick Teflon spacers between the ITO-coated slides. The

chamber was filled with 300 mM sucrose (≈300 µL) and sealed with vacuum grease. The

chamber was then attached to metal electrodes using stainless steel binder clips. An AC

voltage of 1.0 V was applied across the electrodes at 10 Hz for 2 hr at 60°C. The temperature

of 60°C is roughly 20°C above the highest lipid Tmelt in the system.

Electroformation on Platinum wires

A chamber was adapted from previous designs [235]. Briefly, a vertical hole of 15 mm

diameter was cut in a 25 mm x 25 mm x 5 mm block of Teflon. Two holes of ≈0.25-mm

diameter were cut horizontally through the chamber, separated by 2.5 mm. Two 0.25-mm
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platinum wires were inserted into the two holes. Before each use, the wires and chamber were

cleaned with chloroform. The bottom of the Teflon chamber was sealed with a glass cover

slip, and the chamber was placed on a 60°C hot plate. Next, 5.7 µL of master stock solution

was deposited in evenly spaced 0.5-µL drops on both wires. The interior of the chamber was

filled with 300 mM sucrose solution, and the top was sealed with a glass cover slip. An AC

voltage of 2.5 V was applied at 10 Hz for 2 hr at 60°C.

Gentle Hydration

For each sample, 0.2 – 0.8 mg of total lipid from the master stock was transferred into a

glass test tube. The test tube was placed in a water bath at > 50°C while chloroform was

removed from the lipid solution by a steady stream of N2 gas to form a lipid film. To remove

residual chloroform from the film, the test tube was placed under vacuum for ≥1 hr. After

drying, the lipid film was rehydrated by adding 0.2 - 0.8 mL of 300 mM sucrose, so that the

test tube contained 1 mL of solution for every 1 mg of lipid. The test tube was sealed with

parafilm and maintained in an oven at 50°C for 24 hr. while vesicles formed.

Emulsion Transfer

The procedure was adapted from standard protocols [220, 231, 236] and was conducted at

room temperature (20-25°C). A lipid film was deposited inside a test tube by drying 45.8 µL

of master stock solution (0.4 mg total lipid) under a gentle stream of nitrogen gas and placing

the test tube in a vacuum chamber for ≥ 30 min. The test tube and a sealed container of

mineral oil were quickly transferred to a glove box (Techni-Dome 360° Glove Box Chamber)

which was then purged with N2 gas until humidity reached ≤ 25% (ThermPro Digital Indoor

Thermometer). The container of mineral oil was opened only in the glove box, and 200 µL of

mineral oil was added to the test tube. The test tube was sealed with Teflon, parafilm, and

electrical tape, removed from the glove box, and sonicated in a water bath (CO-Z Digital

Ultrasonic Cleaner Model 10A, 40 kHz) for ≥ 30 min at 50°C. The resulting lipid-in-oil

solution was mixed with 20 µL of an aqueous, 300 mM sucrose solution by vigorous pipetting
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or by mechanical agitation to create an emulsion. Approximately 200 µL of the emulsion was

layered above 300 µL of an aqueous, 300 mM glucose solution in a 1.5 mL microcentrifuge

tube and then centrifuged at 9000 g for 30 min to drive dense, sucrose emulsion droplets

through the oil/water interface. The supernatant was removed without disturbing the vesicle

pellet until minimal solution covered the pellet. The pellet was resuspended in 600-800 µL

of 300 mM glucose by gentle pipetting, using tips that had been cut to larger diameters to

minimize shearing.

Vesicle Sedimentation and Storage

For vesicles made by electroformation and gentle hydration, vesicles were separated from

lipid aggregates by sedimenting vesicles in an osmotically matched glucose solution as in

Fig. A.1. Briefly, 200 µL of vesicle solution was added on top of 800 µL of glucose solution

in a 13x1000 glass test tube (Fisher Scientific). Vesicles sank to the bottom of the tube for

10 min. Then 150 µL of vesicle solution was transferred from the bottom of the tube to a

microcentrifuge tube. For emulsion transfer, vesicles were sedimented after resuspension in

600-800 µL of a glucose solution. For all methods, separated vesicle samples were stored at

-20°C in parafilm-sealed 1.5 mL microcentrifuge tubes.

Vesicle Imaging

To verify that the four methods above produced giant vesicles, vesicle solutions were imaged

between glass slides on a Nikon Eclipse ME600L upright epifluorescence microscope using a

Hamamatsu C13440 camera at room temperature (25°C).

Extrusion

Vesicle solutions were prepared by gentle hydration, and then sedimented to remove lipid

aggregates. The sedimented vesicle solution was split into two samples of equal volume.

The first sample was reserved for “Before” extrusion measurements and the second sample
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was extruded to obtain an “After” measurement. To minimize the loss of solution due

to dead volume of the miniextruder (Avanti Polar Lipids), the filter supports and 0.1 µm

polycarbonate filter were prewet by passing 1 mL of a sucrose solution through them prior

to loading the sample. The complete extruder assembly (the heat block, the syringe with the

vesicle solution, and the empty syringe) was maintained at 50 °C for 30 min before extrusion.

Finally, the vesicle solution was passed through the filter 9 times and collected for analysis.

HILIC-IM-MS Analysis of Phospholipids

Internal lipid standards were added to samples prior to lipid extraction to account for lipid

loss during extraction and to aid in relative quantitation for each lipid class. Total lipids

from aliquots of each sample were extracted by the method of Bligh and Dyer [237]. Extracts

were dried in a vacuum concentrator and reconstituted in 2:1 acetonitrile-methanol. Lipid

analysis was conducted using hydrophilic interaction liquid chromatography (HILIC) cou-

pled with ion mobility-mass spectrometry (IM-MS) in positive electrospray ionization mode

(Waters Synapt XS HDMS; Waters Corp., Milford, MA). Chromatographic separations were

carried out using a Phenomenex Kinetex HILIC column (50 x 2.1 mm, 1.7 µm) with 95% ace-

tonitrile/5% water/5 mM ammonium acetate as mobile phase A and 50% acetonitrile/50%

water/5 mM ammonium acetate as mobile phase B (Waters Acquity FTN UPLC; Waters

Corp.). Collisional cross-section calibration and IM-MS analysis were conducted as described

previously [238–240]. Data alignment and peak detection were performed in Progenesis QI

(Nonlinear Dynamics; Waters Corp.). Retention time calibration and lipid identification were

calculated with the LiPydomics Python package [241]. Lipid abundances were normalized

to their internal standards.

For the five methods tested, the lipid components were normalized to the following in-

ternal standards: di(16:0)PC and di(18:1)PC to di(15:0)PC, di(12:0)PE to di(15:0)PE, and

di(18:1)PG to di(15:0)PG. For the two-component emulsion transfer measurements, the mas-

ter stock solution included mass spectrometry standards for saturated and unsaturated lipids

(di(15:0)PC and (16:0)(18:1)PC, respectively).
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UHPLC-MS/MS Analysis of Cholesterol

An internal standard d7-cholesterol was added with lipid standards to samples prior to ex-

traction. The same extracts were used for analysis of phospholipids and cholesterol. Ex-

tracts were prepared as described in the previous section and analyzed through ultra-high

performance liquid chromatography-tandem mass spectrometry (UHPLC-MS/MS) using at-

mospheric pressure chemical ionization (Sciex QTRAP 6500; SCIEX, Framingham, MA or

Waters Xevo TQ-XS; Waters Corp.) [242]. Reversed-phase chromatography separations were

carried out using a Phenomenex Kinetex C18 column (100 mm x 2.1 mm, 1.7 µm) with a

90% methanol/10% water/0.1% formic acid mobile phase. Quantitation methods and peak

integration were performed using Analyst software (SCIEX Analyst 5.1; SCIEX) or MassL-

ynx and TargetLynx software (Waters Corp.). Concentrations of cholesterol were obtained

using peak ratios relative to d7-cholesterol [242].

Analysis and Plotting

The lipid abundances are the raw values obtained from the mass spectrometry measurements.

To calculate lipid composition as mole percentages, the abundance of each lipid (normalized

to a lipid standard) was divided by the total lipid abundance for each sample (Tab. A.5).

The mean percentage of each lipid type and the standard deviation were calculated for three

independent samples. Ternary plots were generated using the open-source Python library,

python-ternary (https://github.com/marcharper/python-ternary).

3.4 Results and discussion

Our experiments answer four types of questions: 1) Do all methods produce giant vesicles

with sufficient yield? 2) How do the ratios of lipids in vesicles produced by each method

differ from ratios in vesicles produced by the other methods, 3) How do those ratios differ

from the stock solution, and 4) How reproducible is the lipid composition each method?
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All methods produce giant unilamellar vesicles

As expected, electroformation on either ITO slides or platinum wires typically produces high

yields of unilamellar vesicles (Fig. A.2 and Fig. A.3). Electroformation on platinum wires

form smaller vesicles than electroformation on ITO slides; however, the size and physical

separation of the wires can impact the size of the GUVs formed. Vesicles made by gentle

hydration consistently have more lamellae or nested vesicles (Fig. A.4), and vesicles made by

emulsion transfer consistently have defects of lipid aggregates or nested vesicles (Fig. A.5).

Vesicles extruded through 100 nm membrane filters are too small to be resolved (Fig. A.6).

Vesicles made by electroformation and gentle hydration exhibit liquid-liquid phase sepa-

ration of their membranes, consistent with the tendency for membranes to demix when they

contain mixtures of high-Tmelt lipids, low-Tmelt lipids, and cholesterol [16]. In contrast, the

vesicles prepared by emulsion transfer did not exhibit liquid-liquid phase separation at room

temperature, indicating that the lipid composition of emulsion transfer vesicles differed from

the lipid composition of the other vesicles (Fig. A.5).

Electroformation and gentle hydration create vesicles with minor offsets in

lipid ratios

Our central result is that three methods of producing giant vesicles (electroformation on ITO

slides, electroformation on platinum wires, and gentle hydration) result in similar percentages

of lipids in the membranes. Moreover, these percentages are similar to that of the master

stock solution. These similarities are shown in the first four stacked bars in Fig. 3.3A.

Another way to visualize the minor differences in lipid ratios between the three methods

is to zoom into a region of the pseudo-ternary diagram in Fig. 3.3B. Lipid compositions

of vesicles made by the two electroformation methods (triangles and circles) and the gentle

hydration method (squares) cluster around the master stock solution (star). Fig. 3.3B shows

that electroforming vesicles on ITO slides and on platinum wires shifts lipid mole ratios from

the master stock solution by roughly 3.5 mol% and 1.5 mol%, respectively. Similarly, gentle
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Figure 3.3: Lipid percentages in 5-component vesicles produced by different meth-
ods. A) Percent of each lipid component in the master stock solution and in the three inde-
pendent vesicle solutions of each technique made from the master stock solution. Values are
averages, and error bars above each section of the bar chart are standard deviations of three
independent experiments. Full data appear in Tab. A.1, A.5, and A.6. B) Lipid percentages
for the three independent solutions of each technique plotted on a pseudo-ternary diagram,
where the three vertices represent cholesterol, the sum of the saturated lipids (di(16:0)PC
and di(12:0)PE), and the sum of the unsaturated lipids (di(18:1)PC and di(18:1)PG).
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hydration of vesicles shifts lipid mole ratios by roughly 4 mol%, in the direction of increasing

cholesterol. The data in Fig. 3.3 also show that reproducibility of the electroformation

and hydration methods is high, based on the close clustering of data from three independent

experiments. The range of sample-to-sample lipid ratios for each method is within ±2 mol%.

Our result that electroformation and gentle hydration do not produce vesicles with wildly

different mole fractions of cholesterol is consistent with reports that the maximum amount of

cholesterol that can be incorporated into membranes is roughly equivalent for vesicles made

by electroformation (between 65 and 70 mol% [217]), gentle hydration (61 mol% [243] or

≤63 mol% [214]), and a third method, rapid solvent exchange (66 ± 1 mol% [214]). Recent

ToF-SIMS data disagree with these results, but have low reproducibility: in two independent

experiments, the amount of cholesterol in GUVs made by electroformation was either roughly

one-quarter or two thirds of that in GUVs made by gentle hydration [232].

Shifts in lipid compositions in Fig. 3.3 are largely due to different mole fractions of choles-

terol in vesicles with respect to the master stock solution. In contrast, only small shifts of ≈1

mol% are seen in PE-lipid and PG-lipids (Fig. A.7). These shifts are the same magnitude

as sample-to-sample differences of independent experiments. The small shift in di(12:0)PE

seems surprising in light of previous studies using lipid mixtures extracted from rabbit sar-

coplasmic reticulum: PE-lipids were grossly over-represented in the lipids left behind on a

glass substrate [205]. The particular lipid we use, di(12:0)PE, may integrate better into vesi-

cles than other PE lipids because it is in a liquid, lamellar phase (rather than a gel phase or

an inverted hexagonal phase). In contrast, the small shift in the charged PG-lipid is not as

surprising, at least for gentle hydration. Blosser et al. found no statistically significant shift

in the mole fraction of diphytanoylPG lipids with respect to a stock solution for vesicles that

were made by gentle hydration [78]. Similarly, Angelova found no significant difference in

the mole fractions of charged (PS-lipids) and uncharged lipids (PC-lipids) between a vesicle

solution made by gentle hydration and a lipid film left behind on a glass surface [205].

How will the minor shifts in lipid ratios we observe in Fig. 3.3 impact how the biophysics

community interprets data from GUVs? It depends on how experiments are designed. Broad
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conclusions derived from experiments that increment stock lipid compositions by ≈5 mol%

will likely apply equally well to vesicles electroformed on ITO slides or on platinum electrodes,

and may slightly differ when applied to vesicles made by gentle hydration. In contrast,

detailed conclusions that depend on incrementing lipid compositions by only ≈1 mol% will

likely apply only to vesicles made by a single method and will likely be affected by sample-

to-sample differences. More detailed conclusions are difficult to extract from the data in

Fig. 3.3 because only the percentages of the lipids (rather than their absolute values) are

relevant. For example, an increase in the ratio of cholesterol to phospholipids could be due

to an absolute increase in cholesterol, an absolute decrease in phospholipids, or both.

Emulsion transfer results in too little cholesterol in vesicles

Emulsion transfer forms vesicles with less cholesterol. Unlike the electroformation and gentle

hydration methods, the emulsion transfer method creates large shifts in lipid compositions

of vesicles (Fig. 3.3). When compared to the master stock solution, the emulsion phase

transfer method incorporated only ≈20% of the expected amount of cholesterol. This result

is consistent with previous reports of low cholesterol in vesicle membranes made by emulsion

techniques such as cDICE (<1% of the expected cholesterol [?]), double-layer cDICE (25-

35% of the expected cholesterol [221]), emulsion phase transfer (28-50% of the expected

cholesterol [220]), and droplet shooting size-filtration (33-50% of the expected cholesterol

[244]), as discussed in [219]. The problem likely arises because cholesterol lacks a large polar

headgroup to drive it out of bulk oil, toward an interface with water. The problem can be

mitigated, but not eliminated, by switching from heavy [219] to light mineral oil or adding

higher levels of cholesterol to the oil than the target membrane level [220].

Too much saturated and long-chain PC-lipids in vesicles made by emulsion

transfer

We were surprised to find that the emulsion transfer method also vastly skews the ratio of

the PC-lipids; di(16:0)PC is over-represented by a factor of ≈21.5 in the vesicles compared
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Figure 3.4: Emulsion phase transfer incorporates more saturated and long-chain
lipids into vesicles. A) Ratio of lipids in vesicles made from a stock, 50:50 mixture of two
PC-lipids with chain lengths of 16 carbons, one saturated and one unsaturated. B) Lipid
composition of vesicles made from a stock solution containing two unsaturated PC lipids,
one with a chain length of 18 carbons and one with a chain length of 16 carbons. In both
panels, values are averages, and error bars above each section of the bar chart are standard
deviations of three independent experiments. Full data appear in Tab. A.2 and A.3.

to the master stock solution (Fig. 3.3). The effect is so large that nearly all loss of choles-

terol in emulsion transfer vesicles appears to be counteracted by a gain in di(16:0)PC. To

our knowledge, shifts in phospholipid compositions have not previously been measured in

emulsion transfer vesicles.

Two structural characteristics of di(16:0)PC could have caused it to be over-represented

relative to di(18:1)PC in vesicles made by emulsion transfer: chain length and saturation.

To determine whether each of these characteristics is salient on its own, we designed two

additional experiments. In the first experiment, we made a 50:50 stock solution of lipids

that differ only in their degree of unsaturation: di(16:0)PC and di(16:1)PC. We found that

vesicles made by emulsion phase transfer from this stock solution contained significantly more

saturated lipid, in a ratio of 60:40 (Fig. 3.4A). The stock solution did not contain cholesterol,

so the over-representation of the saturated lipid is not due to known, favorable interactions
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Figure 3.5: Extrusion of giant vesicles decreases their cholesterol content. A)
Percentage of all five lipids in vesicles made via gentle hydration, before and after extrusion
through a 0.1 µM filter. Values are averages, and error bars above each section of the
bar chart are standard deviations of three independent experiments. B) Mole fractions
of each experiment plotted on a pseudo-ternary diagram, before and after extrusion. The
three vertices correspond to cholesterol, the sum of the saturated lipids (di(16:0)PC and
di(12:0)PE), and the sum of the unsaturated lipids (di(18:1)PC and di(18:1)PG). Full data
appear in Tab. A.5 and A.6 These gentle hydration samples were prepared and measured
separately from samples comparing the four other methods.

between cholesterol and saturated lipids [245]. In the second experiment, we made a 50:50

stock solution of lipids that differ only in their chain length: di(16:1)PC and di(18:1)PC. We

found that vesicles made by emulsion phase transfer from this stock solution contained 3-10

mol% more of the longer-chain lipid, but with lower reproducibility (Fig. 3.4B).

Extrusion of vesicles results in lower cholesterol fractions

Some powerful techniques of assessing membrane phase behavior use giant vesicles whereas

others (e.g., electron microscopy and neutron scattering [17, 246, 247]) require ≈100 nm
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vesicles, produced by extruding vesicles through polycarbonate filters. Here, we conducted a

new series of experiments to compare ratios of lipids in solutions of giant vesicles generated

by gentle hydration with ratios from the same solutions after extrusion (Fig. A.6).

We find decreases in cholesterol due to extrusion (Fig. 3.5). In terms of absolute numbers,

these shifts are not huge, a decrease of 5.0 ± 3.3 mol% cholesterol, where the uncertainty

is the standard deviation for three independent experiments. In terms of the total percent

of cholesterol, the shifts are significant, roughly 1/5 of cholesterol is lost upon extrusion of

vesicles made by gentle hydration. This value is in between reports of no loss of cholesterol

from some membranes (specifically, for binary membranes of 33% cholesterol with di(18:1)PC

or di(14:0)PC or for ternary mixtures of 2:1:3 PC-lipids/eggPC/cholesterol) and a loss of

≈1/3 to ≈1/2 of cholesterol from other membranes (namely for binary membranes of 33%

cholesterol with 16:0/18:1PC, di(16:0)PC, or di(20:4)PC) [218]. In other words, no clear

trend has been uncovered to explain how lipid unsaturation affects the loss of cholesterol

from vesicles upon extrusion.

We find that the decrease in cholesterol upon extrusion is offset by smaller increases in

PC-lipids (1.4 ± 0.7 mol% for di(16:0)PC, and 1.5 ± 0.8 mol% for di(18:1)PC, respectively).

Shifts in PE- and PG-lipids are insignificant (0.4 ± 0.9 mol% for di(12:0)PE and 2.5 ±

3.4 mol% for di(18:1)PG). As before, the main conclusion is that experiments that report

results at high precision (e.g., 1 mol%) will be sensitive to how vesicles are made and to

sample-to-sample differences.

3.5 Caveats

In the sections above, we tested whether several methods of making vesicles skew the ratio

of lipids in membranes. Many unexplored variations on each method exist. For example,

we made vesicles by gentle hydration in water rather than in salt solutions, and the vesicles

formed on a glass surface rather than on polymer-coated substrates [248, 249] or on tracing

paper [250]. Similarly, we converted giant vesicles into smaller vesicles by extruding them

rather than by freeze/thaw cycles or sonication.
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Similar caveats apply to the choice of master stock solution. Many lipid mixtures are

equally relevant and may produce different shifts in lipid ratios. Whenever lipid stocks

contain small fractions of some lipids (like the PE-and PG-lipids in our sample), small shifts

in their mole fractions will be observed, even if the percent change is high. Although we

found small shifts in all lipid fractions for most methods, it is worth bearing in mind that

small shifts can result in big changes, especially in lipid phase behavior. If a membrane lies

near a phase boundary, a tiny shift in its lipid composition can lead a previously uniform

membrane to demix into coexisting phases, or a liquid membrane to turn into a gel phase.

For researchers who are comparing vesicles made by different methods, a best practice is to

choose a ratio of lipids that lies in the middle of whatever phase region is desired.

3.6 Conclusions

In summary, electroformation and gentle hydration, the most common methods of producing

GUVs, result in minor shifts (≤5 mol%) in the lipid ratio relative to a stock solution and

minor (±2 mol%) sample-to-sample variations for independent experiments. Researchers

will find the magnitudes of these shifts to be either comfortingly small or alarmingly large,

depending on how they design their experiments. For example, experiments that report

concentrations incremented by only ≈1 mol% will be highly sensitive to the vesicle-making

method and to sample-to-sample differences. An additional method (emulsion transfer)

results in large shifts. Although it was previously known that vesicles made by emulsion

transfer contain much less cholesterol than the stock solutions from which they are made,

we found the surprising result that emulsion transfer vesicles also contain less unsaturated

lipid and less shorter-chain lipid. Extrusion of vesicles can further decrease a membrane’s

cholesterol content.
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Chapter 4

MEMBRANE-SENSING PROPERTIES OF THE SQUALENE
MONOOXYGENASE DEGRON

This chapter was written in collaboration with Sharona E. Gordon and Sarah L. Keller. All

experiments were conducted by Heidi M.J. Weakly.

4.1 Introduction

4.1.1 Cholesterol synthesis and the enzymatic role of squalene monooxygenase

Plasma membranes of animal cells contain high fractions of cholesterol (roughly 0.8 moles

of cholesterol for every mole of phospholipids) [251], which contributes to the membrane’s

structural integrity [6]. Cholesterol levels in organelle membranes are much lower. For

example, the endoplasmic reticulum (ER) contains roughly 0.05 moles for every mole of

phospholipids [252,253]. Cells have evolved intricate mechanisms to regulate cholesterol levels

and maintain homeostasis [251]. Enzymes play a key role in this process [252,253]. Regulated

by gene expression, protein localization, and post-translational modifications, enzymes can

activate or deactivate metabolic synthesis depending on the needs of the cell.

Cells synthesize new cholesterol in the endoplasmic reticulum (ER) via the mevalonate

pathway. Two steps in the mevalonate pathway are controlled by rate-limiting enzymes (Fig.

4.1). The first of these steps involves the formation of mevalonate acid and is catalyzed by

the HMG-CoA reductase (HMGCR) enzyme [254]. HMGCR is a well-characterized enzyme

and the therapeutic target for agents that lower cholesterol levels, i.e., statins. The second

rate-limiting step involves the enzyme squalene monooxygenase (SM), also known as squalene

epoxidase [255]. Squalene monooxygenase converts squalene to 2,3(S)-monooxidosqualene,

which is subsequently converted to cholesterol through a multi-step pathway [256].
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Squalene monooxygenase is a potential therapeutic target for treating and preventing

cholesterol-related diseases. Videlicet, a statin that inhibits HMGCR has an undesired side

effect of preventing synthesis of necessary molecules from the mevalonate pathway such as

ubiquinone and dolichol [257,258]. Targeting SM, which enters the mevalonate pathway after

ubiquinone and dolichol are produced, is a promising alternative to current statin therapies.

Figure 4.1: HMG-CoA reductase and squalene monooxygenase control rate-
limiting steps in cholesterol synthesis. A simplified depiction of the mevalonate path-
way in which de novo cholesterol is synthesized. Multi-step reactions are denoted by double
arrows. HMG-CoA reductase (HMGCR) converts HMG-CoA into mevalonate. In several
reactions downstream, squalene monooxygenase (SM) catalyzes the conversion of squalene
substrate to form 2,3(S)-monooxidosqualene. The final, major product of the reaction path-
way is cholesterol.
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4.1.2 Squalene monooxygenase: structure

Broadly, the architecture of squalene monooxygenase (SM) is divided into two parts - an

N-terminal regulatory domain and a C-terminal catalytic domain. The catalytic domain

composes the bulk of the protein and contains the binding sites for flavin adenosine dinu-

cleotide (FAD) co-factor, squalene, and SM inhibitors. Crystal structures of human squalene

monooxygenase with small molecule inhibitors provide details of the conformational changes

necessary for squalene and inhibitor binding [259]. The catalytic domain also contains two

potential transmembrane domains.

This thesis chapter focuses on the regulatory domain, which contains the first 100 amino

acids of SM (SM100). The regulatory domain is necessary for cholesterol-dependent degra-

dation, and it retains this function even when it is isolated from the catalytic domain [260].

The N and C termini of SM100 are both known to be cytosolic, but the structure and bind-

ing of the N-terminal regulatory domain are less well characterized, for two main reasons.

First, the hydrophobicity of SM100 has impeded studies of full-length SM [259,260]. Second,

unlike the catalytic domain, SM100 contains small disordered regions that have not been

resolved with X-ray crystallography [261]. In the last decade, pivotal studies have success-

fully validated two membrane-embedded structures within SM100 - a re-entrant loop [262]

and an amphipathic helix [261]. These studies [261, 262] utilized extensive mutations, cir-

cular dichroism, and protein expression assays to determine that the re-entrant loop and

amphipathic helix undergo structural changes in response to excess cholesterol.

4.1.3 Degron mechanisms of squalene monooxygenase

To restore protein homeostasis in eukaryotes, damaged proteins can be cleared by protea-

somes or lysosomes [263]. Generally, proteasomes eliminate short-lived proteins and soluble

misfolded proteins via the ubiquitin-protease system, whereas lysosomes degrade long-lived

proteins and insoluble protein aggregates via endocytic, phagocytic or autophagic path-

ways [264].
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When cholesterol is in excess in the endoplasmic reticulum (presumably >5% [252]), SM

undergoes cholesterol-accelerated degradation by the ubiquitin-proteasome system, mediated

by the E3 ubiquitin ligase MARCH6 [265]. This process is an excellent example of feedback

inhibition: squalene monooxygenase is required for cholesterol synthesis, while excess choles-

terol accelerates the degradation of SM. When protein degradation is regulated intrinsically

by a specific amino acid sequence, the sequence is termed a degron. Degrons contain com-

mon structural features that promote degradation, including ubiquitination sites (e.g., lysine

amino acids) and unstable secondary structures such as amphipathic helices or intrinsically

disordered regions [266, 267]. Deg1, a degron evolutionary similar to SM100, has been em-

ployed in multiple studies to uncover the mechanisms of protein degradation [268,269].

A. 

low cholesterol high cholesterol

no helix

B.

low order high order

C. 

micelle

12-residue degron helix

Figure 4.2: Structure and membrane binding mechanisms of the regulatory do-
main of squalene monooxygenase (SM100). A) Working model for the interaction
of SM100 and membranes. At low membrane cholesterol levels, the degron region forms a
short amphipathic helix that associates with the membrane. At high membrane cholesterol
levels, the amphipathic helix is displaced from the membrane. This process unravels the
protein and exposes the hydrophobic residues that created the amphipathic helix. B) Chua
et al. 2017 confirmed the structure of SM100 in detergent micelles that lack other physical
properties of lipid membranes. C) This chapter will investigate the binding and structure of
the degron region in lipid membranes to understand the role of biochemical properties (e.g.,
due to cholesterol mole fraction) and biophysical properties (e.g., due to membrane order).

Chua et al. were the first to identify a degron sequence in SM [261]. Their proposed mech-

anism for cholesterol sensing is that squalene monooxygenase binds to membranes with low

cholesterol by forming an amphipathic helix. As cholesterol levels increase, the amphipathic

helix is expelled from the membrane and undergoes a structural change, initiating squalene

monooxygenase degradation [261] (Fig. 4.2A). Interestingly, there are several examples of
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proteins that are regulated by sterols including the HMGR enzyme in the mevalonate path-

way [91] and Niemann-Pick C1 protein, which is required for the transport of LDL-derived

(ingested) cholesterol into cells [270]. However, these proteins contain specific sterol-sensing

domains [271] that are not present in SM100. To date, it is not yet known if SM100 binds

to cholesterol.

Key evidence is still missing to prove that cholesterol concentration is the mechanism by

which the degron binds to membranes. Past work has measured the cholesterol-dependent

degradation of SM100 in cell membranes (by delivering cholesterol to membranes with cy-

clodextrin), whereas SM helicity has been measured only in detergent micelles [261] (Fig.

4.2B). Physical properties of the membrane may also influence degron binding: lipid packing

defects and membrane curvature are known to drive the binding of amphipathic helices of

various proteins. For example, Sikdar et al. used molecular dynamic simulations to show

that partitioning of the hepatitis A virus-2B peptide into membrane bilayers is predominantly

driven by sensing of lipid packing defects, rather than sensing of cholesterol [272]. Levels

of other lipids including plasmalogens and unsaturated fatty acids can increase or decrease

SM protein levels [273, 274], suggesting the membrane-sensing mechanisms of SM are more

complex than a simple model in which SM senses only the mole fraction of cholesterol in a

membrane.

4.2 Aims and hypothesis

Prior work with squalene monooxygenase has demonstrated its cholesterol-dependent func-

tion. Through extensive mutagenesis and evolutionary comparisons, scientists have identi-

fied that the function of the degron is sequence-specific and positively correlates with the

hydrophobicity of the degron region. Our ultimate aim is to identify the mechanistic details

that influence the degron’s binding to membranes. In the near term, the goal of this chapter

is to develop an approach to test:

Aim 1. What conditions allow the SM degron to bind to the membrane?

Aim 2. What is the mechanism of membrane binding?
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Aim 3. Does lipid order influence the binding of the degron to the membrane? (Fig 1C).

4.2.1 Peptide and protein design

To investigate the binding of squalene monooxygenase to membranes in response to choles-

terol levels, I first designed a synthesized peptide (Ser43 - Gly77) containing the SM degron

sequence, with the goal of mimicking the function of the native squalene monooxygenase de-

gron. I modified the peptide with an N-terminal biotin-aminohexanoic linker (Biotin-Ahx)

and C-terminal amidation. The aminohexanoic linker provides additional space to ensure

recognition of the full peptide sequence when biotin is bound to avidin/streptavidin/Strep-

TactinR○ [275]. I also mutated the sequence with a single amino acid substitution (Phe63 to

Trp63) to enable fluorescence detection of the degron in membranes.

In parallel, I utilized bacterial purification to express a longer portion of the regulatory

domain (SM50-100). To do so, I had to overcome challenges in cloning small peptides (<

100 amino acids). Small peptides have a propensity to be degraded by endogenous proteases

in E. coli expression systems; this is especially true for sequences with disordered structures

like SM100 [276]. Another challenge is that small peptides can easily become over-expressed.

When the volume of peptide becomes too high for the E. coli control machinery, the peptide

forms insoluble aggregates, also known as inclusion bodies [277]. Inclusion bodies require

complex processes to recover and purify the peptide [278]. These challenges cannot be solved

by simply expressing a longer sequence, as Padyana et al. have reported difficulty in express-

ing full-length native squalene monooxygenase. Their crystallography experiments had to

employ an N-terminally truncated version of SM (residues 118-574) [259]. One strategy to

improve expression and purification of short peptide sequences in E. coli is to fuse the peptide

sequence to a larger protein. To test this approach, I linked SM50-100 to Maltose Binding

Protein (MBP). Additionally, I incorporated a site for the Tobacco Etch Virus (TEV) pro-

tease between the MBP and SM50-100 sequence to aid in the future cleavage of SM50-100

from MBP.
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4.3 Materials and Methods

4.3.1 Materials

All phospholipids were obtained from Avanti Polar Lipids (Alabaster, AL) and were used

without further purification. Two peptides based on the squalene monooxygenase degron

Biotin-Ahx-GSGSYRCRHRNGGLLGRQQSGSQWALFSDILSGLPFIG-NH2 and Ac-Lys(Biotin)-

GSGSYRCRHRNGGLLGRQQSGSQWALFSDILSGLPFIG-NH2 were synthesized and pu-

rified by Eton Bioscience (San Diego, CA). The identity of the peptides was confirmed by

HPLC and mass spectroscopy by the commercial supplier. Cloning reagents, including re-

striction enzymes, were purchased from New England Biolabs (NEB).

4.3.2 Constructs, cloning, and bacterial culture

To construct the MBP-SM50-100 fusion protein, a double-stranded DNA fragment with

amino acids 50-100 of the regulatory domain was purchased from Integrated DNA Technolo-

gies (IDT) (Full sequence in Appendix B). This fragment will be referred to as the “SM

gene block” or “gene block” throughout the methods. A flexible, glycine-serine linker (GSS-

GSSG) and free cysteine to enable the conjugation of fluorescent labels were added to the

N-terminal side of the SM gene block. An Avi-tag (GLNDIFEAQKIEWHE), which contains

a biotinylation site for the E. coli biotin ligase BirA, was added to the C-terminus. The ends

of the gene block included restriction enzyme sites (HindIII and XhoI) to insert the fragment

into the parent vector via traditional cloning. The final sequence was codon optimized to

promote gene expression in E. coli. The quality of the gene block was confirmed by capillary

electrophoresis and mass spectrometry by the supplier (IDT). The lyophilized SM gene block

was resuspended in Tris-EDTA (TE) buffer at 10 ng/µL.

The MBP vector and SM gene block insert were cloned using traditional cloning tech-

niques (restriction digest, ligation, and transformation) following NEB protocols. The MBP

backbone was treated with Quick CIP from NEB. CIP is a derivative of calf intestinal al-

kaline phosphatase added to prevent recirculation during ligation by dephosphorylation of
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the free 5’ and 3’ ends. The insert and vector were mixed 3:1 by mass. MBP-SM50-100

was transformed into E. coli cells (DH5α) with a 2-hour outgrowth in SOC media. The

culture was spread on selection plates and allowed to grow overnight. The final selection

had distinct, single colonies and more colonies than the vector only (negative control). Mul-

tiple colonies were selected and grown overnight in sterile Luria Broth. Plasmid DNA was

purified (QIAprep Spin Miniprep Kit, QIAGEN) and sequenced with a single oligo primer

(CAGCAGCCAACTCAGCTTCC) (Eurofins).

Upon sequence confirmation, the MBP-SM50-100 plasmid was transformed in BL-21(DE3)

cells via heat shock and grown overnight on selection plates. One colony was collected and

grown overnight in 5 mL of Luria Broth. A 60 mL solution of culture medium was prepared

(Terrific Broth, 1% glucose, and antibiotic) and inoculated with the overnight culture at

1:500. When the optical density reached 0.9, 1 mM IPTG was added to induce protein ex-

pression. The culture was incubated overnight at 18 °C. Cells were pelleted by centrifuging

the culture medium at 5000 rpm for 25 minutes at 4 °C. The supernatant was discarded and

all pellets were stored at -20 °C until further purification.

4.3.3 Protein purification

Cell pellets were resuspended in lysis buffer (Pierce protease inhibitor and 2 mM 2-mercaptoethanol)

and then lysed with an Avestin Emusiflex C3 (Bee International, South Easton, MA). The

lysed cell solution was centrifuged at 18,000 rpm (40,000 rcf) for 30 min at 4 °C. The cleared

lysate solution was decanted and added to amylose resin (NEB) for batch binding. The resin

was washed and equilibrated with column buffer (25 mM HEPES, 150 mM NaCl, pH 7.4),

before binding. Following 1 hr of mixing at 4 °C, the resin solution was gently pipetted into

a disposable column (Cytiva Life Sciences). The column was gently flushed with a column

volume of wash buffer to decrease nonspecific binding. The wash step was completed 5x,

each with one column volume of buffer. The protein was eluted using 10 mM maltose in col-

umn buffer. The protein fractions were supplemented with a 10% (by vol.) glycerol solution,

flash-frozen in liquid nitrogen, and stored at -80 °C.
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4.3.4 Size exclusion chromatography (SEC)

Purified MBP-SM50-100 and cleaved SM50-100 were analyzed using size exclusion chro-

matography (SEC) (GE AKTA Explorer). The evening before FLPC analysis, the fusion

protein was cleaved with Tobacco Etch Virus (TEV) protease (expressed and purified in-

house) at 4 °C. TEV conditions were based on optimization experiments (Fig. B.1). A

Superdex 75 10/300 GL column (Cytiva Life Sciences) was equilibrated with 1x protein

buffer (20 mM HEPES, 100 mM NaCl, pH 7.4) at 0.8 mL/min at room temperature. Before

injection on the column, the protein solution was filtered through a regenerated cellulose

membrane (pore size 0.2 µM). As a secondary purification, 1 mL fractions were collected for

gel analysis and subsequent use.

4.3.5 Bimane-C3-maleimide labeling

A 10 mM stock of bimane-C3-maleimide (Molecular Probes, Inc.) was solubilized in dimethyl

sulfoxide (DMSO) and diluted before subsequent experiments with protein. For fluorescence

studies, bimane-C3-maleimide was diluted to final concentration 0.25 µM in 200 µL of 20

mM HEPES, 100 mM NaCl. Protein was added in excess at a final concentration of 0.75

µM to bind as much probe as possible. Bimane-C3-maleimide is a convenient label because

its fluorescence intensity increases as it binds to cysteine. A Horbia Fluorlog 3 was used

to measure the emission spectra of bimane-C3-maleimide with protein. Emission reached

equilibrium after 30 min., indicating the binding reaction between bimane-C3-maleimide

and the Cys49 was complete (Fig. B.2).

4.3.6 Cy3b-maleimide labeling

For the co-sedimentation assays, MBP-SM50-100 was labeled with Cy3b-maleimide (AAT

Bioquest, Pleasanton, CA) at Cys49. All labeling experiments utilized a 2.5 mM stock of

Cy3b-maleimide in DMSO (stored at -20 °C). To remain within the loading volume capacity

of the purification columns, the total volume of all reactions was 75 µL. Before labeling, MBP-
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SM50-100 was treated with 2.5x molar excess of tris(2-carboxyethyl)phosphine (TCEP) for

20 min. TCEP is a reducing agent that disrupts disulfide bonds, including any at position

Cys49, that would prevent cysteine-malemimide conjugation. Then, TCEP was removed by

gravity filtration with a Bio-Spin 6 column from Bio-Rad. Next, the labeling reaction was

prepared by mixing 20 µM TCEP-treated MBP-SM50-100 with 80 µM Cy3b-maleimide in

20 mM HEPES, 100 mM NaCl, pH 7.4. The solution was briefly centrifuged and left to

react for 2 hr. at room temperature. Free dye was removed using a new Bio-Spin 6 column.

Fractions from the columns were collected and analyzed using in-gel fluorescence to confirm

the removal of the free dye.

4.3.7 Vesicle preparation

Vesicles, also known as liposomes, were prepared using sonication or extrusion methods.

Lipid solutions in chloroform contained mixtures of these lipids: DOPC (di18:1 PC), choles-

terol, and 10 mol% DOPG (di18:1 PG). In the co-sedimentation assays, cholesterol consti-

tuted 10 or 50 mol% of the total vesicle composition.

Vesicles were prepared by placing the sample in a water bath above the melting tem-

perature of all lipid species and sparging with nitrogen gas for 1-2 min. to create a lipid

film. Afterward, the sample was placed under vacuum for 2 hrs. to remove any residual

chloroform. The dry lipid film was hydrated with buffer (20 mM HEPES, 100 mM NaCl, pH

7.4) to a final concentration of 1-10 mg/ml and briefly vortexed. To prepare vesicles with an

average radius of 50 nm, vesicles were tip-sonicated (Brandon Sonifier 450, VWR Scientific)

at 50% duty cycle and 1-2 output power for 4 min. or until the solution turned from opaque

to clear.

To form vesicle solutions with higher curvature (smaller radii), vesicle solutions were

passed multiple times through various sizes of polycarbonate filters using a miniextruder

(Avanti Polar Lipids). A custom-built heat block was utilized to interface the miniex-

truder with two 1 mL gas-tight syringes (Hamilton Co.) and two dual syringe pumps (Genie

TouchTM, Kent Scientific Co.). The syringe pumps eliminated pressure leaks that had oc-
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curred when the vesicles were extruded by hand in initial tests.

The miniexturder apparatus was assembled by prewetting two, 10 mm polyethylene filter

supports (WhatmanTM) and a single polycarbonate filter (Nucleopore Track-Etch Membrane,

WhatmanTM) with buffer. To minimize loss of the vesicle solution, 1.0 mL of buffer was

passed through the entire assembly before the sample was extruded. Vesicles were passed 9

times through membrane filters with 0.1 µm pores. For each sample, a small fraction was

reserved and analyzed on a particle sizer (Wyatt DynaPro Plate Reader III).

4.3.8 Co-sedimentation assay

Co-sedimentation assays to quantify protein-lipid vesicle interactions followed previously

established methods [279]. In this experiment, vesicles and protein were mixed in 200 µL of

solution at a ratio of 1:100 or 1:500 protein to lipid, where lipid refers to the total cholesterol

concentration in the sample. Samples were allowed to come to equilibrium for 30 min. and

then centrifuged in a Beckman Coulter OptimaTM Ultracentrifuge (TA100.1 rotor) at 80,000

rpm (279,000 rcf) for 1 hr at 4 °C. Immediately following ultracentrifugation, the sample

tubes were carefully removed from the rotor, and the supernatant was separated from the

vesicle pellets. The pellets were resuspended in 15 µL of buffer (20 mM HEPES, 100 mM

NaCl, pH 7.4) and transferred to new 0.2 mL tubes. All samples were analyzed using SDS-

PAGE gels loaded with equivalent fractions of supernatant and resuspended cell pellet. For

gels with fluorescently labeled protein, the gel was imaged on an Amersham ImageQuant

800 (Cytiva), and then stained for 1 hr with Quick Coomassie Blue. Before imaging, gels

stained with Quick Coomassie Blue were destained with DI water overnight. To quantify the

extent of membrane-bound protein, the integrated intensity of the vesicle pellet band was

compared to the integrated intensity of the pellet + supernatant. Images were processed

with Fiji (ImageJ). In brief, regions of interest were created around each band (representing

the sample), and at the top of the gel (representing the background). The total integrated

intensity of the background was then subtracted from the total integrated intensity of the

corresponding band.
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4.3.9 Fluorescence quenching assays

Fluorescence emission spectra were measured using a Horiba Fluorolog 3 spectrophotometer.

To probe protein-lipid interactions with bimane-C3-maleimide, all samples were pipetted into

a 1-cm quartz cuvette. The samples were excited with a wavelength of 380 nm and emission

was recorded from 400 nm to 640 nm. The excitation and emission slits were both set to

3 nm bandwidth. At higher concentrations of protein, the slits were adjusted to 2 nm to

remain within the linear range of the fluorometer. Initial measurements with only buffer

(no protein or lipid vesicles) were taken and later used for background subtraction. Lipid

vesicles were added at a concentration of 100 µM and measurements were immediately taken

to establish a t0 baseline. The emission spectra were measured again after 5 and 10 min.

at room temperature. The samples were not mixed between measurements. By adding

more vesicles to the same sample cell, this workflow was repeated for solutions containing

500 µM and 1000 µM lipid vesicles. Vesicle additions were performed with concentrated

stocks to prevent over-dilution of bimane-C3-maleimide-SM100. For all titrations, the final

concentration of bimane-labeled protein was within ≤ 5% of the initial concentration. All

data were analyzed and plotted in MATLAB (Mathworks, Inc.).

4.4 Results and Discussion

4.4.1 Peptide Solubility

I began experiments in this chapter with commercially synthesized peptides. However, the

solubility of these peptides presented multiple challenges that we attributed to the pep-

tides’ electrostatic charge (+3.0 at pH 7.0) and hydrophobicity (39 % of total residues are

hydrophobic). Qualitative experiments demonstrated the peptides were insoluble under neu-

tral conditions in both water and buffer (30 mM HEPES, 130 mM KCl, pH 7.4).

A common strategy to enhance solubility is to hydrate basic peptides in 10-30% acetic acid

or to dissolve hydrophobic peptides in an organic solvent such as methanol or DMSO, then

to follow with a water or buffer dilution. Initially, this strategy seemed promising. I found
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that the peptides were soluble at 1 mM with 18 % glacial acetic acid; however, the acetic acid

concentration reduced the solution pH to 2.0. Despite its efficacy in solubilizing the peptide,

the acidic environment precluded fluorescent labeling of the peptide via cysteine-maleimide

chemistry. Unfortunately, readjustment of the solution pH to ∼ 7.0, resulted in precipitation

of the peptide. I could not test the potential impact of higher buffer concentrations (i.e.,

HEPES) or different buffers such as Tris or MOPS due to the limited amount of commercially

sourced peptide.

I performed alternative tests to determine the effects of organic solvents on peptide solu-

bility as follows: first, I dissolved 1 mM of each peptide was dissolved in 100% DMSO. While

both peptide solutions were translucent in 100% DMSO, the solution became turbid after

minimal additions with buffer. Surprisingly, the buffer was only 18% of the total volume

when the peptides precipitated. Given our inability to achieve peptide dissolution under the

required experimental conditions (pH 7.0-7.4 and ≤ 1% DMSO), we redirected our efforts

to designing and producing the fusion protein, MBP-SM100. The fusion protein offered

multiple advantages compared to the synthesized peptide, e.g., superior solubility and the

capability to produce larger protein quantities via bacterial expression for further analyses.

4.4.2 MBP-SM50-100 and SM50-100 Biochemical Validation

I assessed the purity of the fusion protein (MBP-SM50-100), before and after cleavage by

TEV protease, using size exclusion chromatography (SEC) with a Cytiva Superdex 75,

10/300 on a GE AKTA Explorer. Before TEV cleavage (Fig. 4.3A), the chromatograph

for MBP-SM50-100 showed a set of early elution peaks representing aggregates of the fusion

protein. A single peak at a higher elution volume was representative of soluble and mono-

disperse MBP-SM50-100. After TEV cleavage (Fig. 4.3B), the single peak disappears and

is replaced by two peaks corresponding to the MBP and SM50-100 fractions. The shift of

the peaks in figure 4.3C indicates that the protein was cut to completion.
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Figure 4.3: SEC analysis of MBP-SM50-100 and SM50-100 shows the proteins
are soluble and mono-dispersed. Normalized absorption at 280 nm (blue curve) and
normalized fluorescence intensity (excitation at 280nm, emission at 340nm) (orange curve)
of MBP-SM50-100 on a Cytiva Superdex 75, 10/300 A) before TEV cleavage and B) SM50-
100 after TEV. The y-axis represents the elution volume. The first set of peaks [*] represents
oligomers or aggregates of the fusion protein, MBP-SM50-100. [†] is mono-disperse MBP-
SM50-100. After cleavage (B), the fusion protein is separated into two, new peaks: MBP
[‡] and SM50-100 [⋆]. C) The MBP peaks ( [*] and [†]) shift to higher elution volumes after
TEV cleavage, indicating the protein was cut to completion.

4.4.3 Degron binding to lipid vesicles

I conducted co-sedimentation experiments to test the binding of the fusion protein, MBP-

SM50-100, to vesicles with varying cholesterol concentrations. The results, depicted in Fig.
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4.4, showed no clear binding of the fusion protein to vesicles containing 10 mol% or 50 mol%

cholesterol. While the fluorescent intensity of the low cholesterol condition was more intense

than that of the high cholesterol condition, both were similar to the negative control.

Figure 4.4: MBP-SM50-100 binding to lipid vesicles. A) Co-sedimentation assays
were used to measure the membrane-bound fraction (pellet, P) of MBP-SM50-100 (labeled
with Cy3b-maleimide). Vesicles (10% and 50% cholesterol (chol.), 25 µM total lipid) were
incubated with MBP-SM50-100 (70 nM) for 30 min and then ultracentrifuged at 80,000 rpm
(279,000 xg) for 1 hr. B) In-gel fluorescence of membrane-bound MBP-SM50-100 at 10
mol% and 50 mol% cholesterol and a negative control, no vesicles. C) Quantification of the
intensity of each band in B).

One explanation for this outcome is that the MBP component of the fusion protein

prevents the binding of the degron to the membrane. This is a plausible explanation, given

that MBP is roughly five times larger than SM50-100 and may therefore impede protein-

lipid interactions. Additionally, the negative control’s fluorescence intensity may have been

affected by protein aggregates, which also sediment with vesicles, so could skew the results.

Finally, it is also plausible that the degron may require vesicles with either a lower cholesterol

concentration or a higher curvature to bind effectively. Future investigation is necessary to

determine the effects of each variable on degron binding.

Another method to access protein-lipid interactions and binding is with fluorescence

quenching, in which the fluorescent emission intensity decreases due to interactions between

the fluorescent probe and a quencher (i.e., the non-polar tails of the membrane). Bimane is
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a good candidate for quenching because its fluorescence has been well characterized and it

is likely small enough to prevent perturbations of the protein’s structure on its own [280].

To test the interaction of the N-terminal half of SM50-100 with vesicles, I labeled Cys49

with bimane-C3-maleimide and measured the emission spectra of bimane with and without

lipid vesicles. As shown in Fig. 4.5, titration of bimane-C3-SM50-100 with 100 µM, 500

µM, and 1000 µM lipid vesicles does not affect the emission spectrum. This negative result

could indicate that the N-terminal of SM50-100 is not interacting with vesicles under the

experimental conditions or that the Cys49 position is too buried within the protein to detect

environmental changes.

Figure 4.5: Fluorescence emission spectra of Bimane-labeled MBP-SM50-100 with
lipid vesicles. A) Intensity was measured at 0 µM, 100 µM, 500 µM, and 1000 µM total
lipid. All measurements were taken 10 min after the addition of lipid vesicles to the sample
cell. Vesicle composition was 95 mol% POPC and 5 mol% DOPG.

4.5 Conclusions and Future Work

In this chapter, I outline an approach to test the interactions of squalene monooxygenase with

membranes of different biochemical and biophysical properties. By utilizing lipid vesicles,

I can precisely tune membrane features such as the concentration of cholesterol, membrane

order (i.e., packing), and membrane size. My preliminary results show that MBP-SM50-
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100 does not bind to low-cholesterol vesicles (≤ 10 mol %). In co-sedimentation assays

to measure the fraction of membrane-bound MBP-SM50-100, no significant difference was

detected between low-cholesterol vesicles and high-cholesterol vesicles. Although I did not

observe cholesterol-dependent changes in binding (Fig. 4.4 C), my SEC analysis of MBP-

SM50-100 indicates that the protein is susceptible to aggregation (Fig. 4.3), meaning the

protein can sediment in the absence of vesicles [281]. There are several options for improving

the reliability of the co-sedimentation experiments; these include repeating the experiments

with protein purified from SEC or testing the cleaved protein (SM50-100). Alternatively,

binding could be assessed with a flotation assay, which is not sensitive to protein aggregates.

To employ an alternative assay to test for binding of MBP-SM50-100 of membranes,

I labeled Cys49 with bimane-C3-maleimide. I then attempted to measure changes in the

emission spectrum when MBP-SM50-100 was mixed with vesicles containing 10 mol% and

50 mol% cholesterol. My experiments revealed no change in the fluorescent emission of

bimane. As before, the MBP may be too large to allow binding of the degron. Alternatively,

Cys49 may be too distant from the membrane-bound region or too buried within the protein

to detect significant changes in bimane fluorescence.

Each experiment I have conducted to date has not definitively shown binding of SM50-

100 to membranes, but each experiment also has significant caveats. In future work, I

plan to probe interactions of the degron region and membranes using tryptophan mutants

of the degron. To test this approach, we choose two sites to mutate from phenylalanine

(Phe) to tryptophan (Trp): Phe63 and Phe66. I initiated a collaboration with theorists

(Mark Uline and Roberto Gambarini at the University of South Carolina), who conducted

all-atom molecular simulations of these mutants (residues 61-73) with membranes. Their

initial simulations revealed that both protein mutants insert into 100 % DOPC membranes

at 0.1 M NaCl. However, the Phe66 Trp mutant binds to the membrane faster (40 ns)

than either the Phe63 Trp mutant or the native sequence, which require 170 ns and 335

ns, respectively. Given these results, future work could measure tryptophan fluorescence to

elucidate interactions of the Phe66 Trp mutant with the membrane and to further understand
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the mechanisms and structural configurations of the degron. Moreover, these experiments

could be conducted with vesicles composed of a range of cholesterol concentrations.

A challenge of using tryptophan fluorescence to detect membrane binding is that SM must

be separated from MBP. This is because tryptophan residues in MBP may make it difficult

to determine which parts of the tryptophan emission spectra are due to interactions of SM

with the membrane. One solution to this problem could be to cleave MBP from SM50-100 at

the TEV site. However, although the SEC results validate the solubility and monodispersity

of cleaved SM, further controls are needed to confirm its stability. For example, analyzing

centrifuged solutions of cleaved SM could confirm the protein does not form aggregates after

SEC purification.

In summary, many unanswered questions remain about how squalene monooxygenase in-

teracts with membranes. Decades of studies in cells have provided some information about its

structure and the mechanisms involved in its degradation. However, using cell-based assays

to determine binding has limitations, as there are many intermediate steps between mem-

brane binding and protein expression that are not well understood. Therefore, using protein

expression levels to determine membrane binding is just the first step in understanding the

binding mechanisms of squalene monooxygenase.

Our goal is to answer questions about SM by measuring its binding to membranes in a

method that is as direct as possible and that uses model systems in which we can precisely

tune membrane properties. Furthermore, we would like to continue exploring the relationship

between membrane curvature, membrane order, and degron binding. Even if we find that

binding of the degron to membranes is cholesterol-dependent, we still need to understand the

role of membrane curvature and order. We hypothesize that these variables play a crucial

role in degron binding and that specific conditions can trigger the displacement of the degron.

To test this hypothesis, future research can employ extruded vesicles with high curvatures

(similar to ER membranes) and could assess the role of membrane order by using vesicles

comprised of varying ratios of saturated and unsaturated lipids.

In conclusion, we have presented an approach for measuring the binding of squalene



65

monooxygenase to membranes and subsequent structural changes. Our approach leverages

protein mutants and multiple assays to detect changes in the environment of the protein.

We envision future experiments that may offer new insights into the mechanism of squalene

monooxygenase and may improve our understanding of cholesterol synthesis and regulation.



66

Chapter 5

STEP-UP: STUDENTS WRITE BIOPHYSICS CONTENT FOR
WIKIPEDIA

The content held in this chapter was designed for educational purposes and may be shared

and adapted for educational, non-commercial, purposes under fair use.

5.1 What is STEP-UP?

Science Teaching Experience Program for Upcoming PhDs (STEP-UP) is a year-long, train-

ing program at the University of Washington (UW), in which graduate students develop and

implement student-centered curricula as the instructors of record for upper division STEM

courses [282]. The program focuses on evidence-based teaching practices that support active

learning and promote equitable classroom environments [283]. Broadly, the program is bro-

ken into two parts. First, the STEP-UP cohort of roughly 20 graduate students complete

a one-quarter course, in which they learn course design, pedagogical theory, and teaching

strategies. The cohort practices implementing these skills in a mock classroom with under-

graduate volunteers. In the program’s second half, STEP-UP participants design and teach

undergraduate courses at UW. Most often, the courses are taught by a team of three instruc-

tors, and the teaching load is divided among different units within the course. I designed

the course, The Molecular Mechanisms of Life and Death (BIOL 410B), for the STEP-UP

program, with my co-instructors Nicole Marsh and Cassidy Hagan. We taught the course

in the Spring Quarter of 2024. Most of the 23 students were senior undergraduates; 82%

described the course as ”in their major”. The Biophysics WikiProject I designed was the

final assessment of my biophysics unit. This thesis chapter presents course materials for the

Biophysics Wikiproject (Appendix C) and offers insights and recommendations to enhance



67

project implementation and student learning in future iterations.

5.2 Inspiration: Why ask students to edit Wikipedia?

In 2023, Wikipedia comprised more than 63 million articles, and English Wikipedia attracted

84 billion views [284]. These statistics reflect why Wikipedia is consistently one of the 10

most popular websites in the world [285]. Despite Wikipedia’s far-reaching audience, only 19

% of English Wikipedia biographies are about women. An encouraging aspect is that gender

gaps on Wikipedia can be addressed, as its open-source format allows anyone to create and

edit content. Many communities, such as 500 Women Scientists, have worked to design and

implement programming to ensure the contributions of women and minorities in science,

technology, engineering, and mathematics (STEM) are reflected in the world’s largest free

encyclopedia. One example of these types of events is a “Wiki-thon”, which brings together

individuals to learn how to edit Wikipedia among a community of supportive peers.

After attending Wikipedia Edit for Change 2022, hosted by the University of California

Berkeley Libraries, I was inspired to teach my students how to edit Wikipedia, with the goal

that our edits would contribute toward making Wikipedia a platform that more accurately

represents the diversity of sciences and scientists. Furthermore, as Wikipedia is frequently

the first place undergraduates interact with new science topics, I was inspired to work with

my students to create free, accessible content about biophysics. My course plan leveraged the

lessons I learned from myWiki-thon experience, and utilized the process to frame the problem

and the course assignment, and motivated my students to translate topics in biophysics for

general audiences.

5.3 Project Design

The biophysics unit of the course utilized a combination of academic papers and online re-

sources to teach biophysical concepts, techniques, and applications. The WikiProject was

introduced in the first lecture of the unit. The objectives of the initial classroom session

were that students would be able to:
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1. Describe biophysics and themes in biophysics

2. Ask scientific questions about a biological system that could be answered with biophysics

3. Discuss the importance and limitations of Wikipedia

4. Navigate Wikipedia and analyze content for editing

5. Identify a subject for the WikiProject

5.3.1 Introduction to Wikipedia

With permission from the UC Berkeley Library, I adapted content from the Wiki-thon for

the course. In the first lecture, students were introduced to the content policies of Wikipedia,

which are summarized below.

Neutral point of view. All content should be impartial and written in a neutral tone. All

major points of view and theories must be presented equally.

Verifiablity and Notability. All content must be supported by independent, published

materials with citations in the text. Whenever possible, it is recommended to use aca-

demic and peer-reviewed publications. Other reliable sources might include university-level

textbooks, books published by reputable publishing houses, journals, and mainstream news-

papers. Wikipedia uses notability tests to determine if a topic should have its own article.

Content that does not pass these tests will be flagged and possibly removed from Wikipedia.

Notability and verifiability are interconnected. Topics are accepted as notable if they exhibit

“significant coverage” from reputable and independent sources [286]

No original content. Wikipedia is first and foremost an encyclopedia. All content must

be summarized from other sources. Original content such as stories, poems, or blogs should

not be shared on Wikipedia.

Conflict of Interest. Wikipedia advises that users do not edit or create any content that

could be a conflict of interest. It was emphasized that the goal was to remain unbiased and

impartial. As an example for our class, we discussed how we could not write a biography

about a current instructor or research supervisor.
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Following a discussion of these policies, I taught students how to add a source or update

an existing source on a Wikipedia page. Students learned about Wikipedia Talk Pages and

Wikiproject Groups, both of which are resources on Wikipedia for determining and discussing

what content on Wikipedia needs revision.

Students learned that the Talk page is a forum to discuss what content needs revision in

light of other Wikipedia edits. In class, students browsed through a couple of Talk pages and

shared some brief conclusions from the page with their peers, and then the classroom. Talk

pages also include a rating of the quality of the material, determined by various Wikipedia

groups.

Finally, I taught students about the sandbox feature, a separate page that allows for draft-

ing changes to articles, without augmenting or removing content from the official Wikipedia

page. We discussed that we would be drafting our edits to Wikipedia using the Sandbox

feature.

5.3.2 Project Score

By completing the WikiProject students would learn to critically analyze scientific content

on Wikipedia, evaluate gaps in biophysics knowledge, and create new Wikipedia content

based on course material and their research. I presented an outline of the WikiProject in a

handout following the first lecture (Appendix C).

Students were given the option to either edit an existing Wikipedia page on a biophysical

topic or create a new Wikipedia page for a scientist. Students were required to sign up for

a topic in a shared Google sheet, and they were allowed to change their subject as many

times as they wanted. However, each student needed to have a unique, biophysics-related

subject that was distinct from their peers. I provided the students with a non-exhaustive list

of biophysics subjects before the start of the session (Appendix C). Each topic was labeled

with the quality of the current page (A, B, C, start, or stub) and an importance indicator

(Top, High, Mid, or Low), determined by scientific WikiProject groups. The importance
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indicator highlighted the probability that a topic would be searched. This information was

provided to help students determine which topics would be easiest to improve, which would

have the most impact on Wikipedia articles or a combination of these factors.

Step-by-step details of how I instructed the students to complete the project are con-

tained in Appendix C. Briefly, I required that students submit four documents that formed

the scaffold of the WikiProject. (1) To interact with and critically analyze text, students

had to read and summarize a current Wikipedia article related to a biophysics topic and

then generate a list of content items for improvement. Students were explicitly told that

although additional technical content of the Wikipedia article might need revision, anything

unrelated to biophysics was outside the project’s scope. Students were encouraged to leave

non-biophysics suggestions on the Talk page. If the students choose to create a new page

for a scientist, they were tasked with finding and summarizing three independent sources

on their scientist. (2) The second document contained the primary research component.

Students were required to use the university library databases to find and read a paper or to

explore the content of a scientist’s web page to find research themes and publications. The

goal of the document was to guide students in summarizing and paraphrasing the results of

their literature research. The final two documents were (3) their proposal, drafted in their

Wikipedia sandbox, and (4) a one-page (or less) description of their proposal.

5.3.3 Project timeline and deadlines

One goal that guided my design of the WikiProject was building trust with the students by

inspiring them to choose topics of interest to them and support their exploration. Expecta-

tions, the project deadline, and the assessment criteria were shared upfront, including the

grading rubric uploaded to Canvas (Appendix C).

Students had four weeks to complete the project, and the submission was due one week

after the final class period. This deadline allowed students to choose subjects discussed on

the last day of the biophysics unit.

Students were encouraged to start their projects early and submit their work for feedback
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before the project deadline. Specifically, the students were presented with two optional

deadlines, in which they could submit the first two documents of the assignment and receive

instructor feedback. (Appendix C, Proposal, Important Dates). In other words, students

could complete research portions of the project early to ask questions and ensure they were

meeting the objectives of the project. I implemented this by creating optional assignments

on the course website for students to upload their material by the (optional) deadlines. For

students who took advantage of this option, I uploaded feedback to Canvas before the next

class session.

5.4 Challenges and recommendations

As with any new course, the end of the quarter revealed areas for improvement. Two

categories of future improvement are summarized here: self-reflections and suggestions from

student evaluation.

5.4.1 Self-reflections on the Biophysics Wikiproject

1. Students would benefit from more examples of how to edit and improve

Wikipedia.

When I first presented this project to my students, I indicated that choosing to create

a new page on a scientist might take 1-2 hours longer than editing an existing page, given

that creating a new page would require finding multiple, independent sources describing the

scientist. Upon reflection, I think that mentioning 1-2 more hours of work may have deterred

some students from making pages for scientists (roughly 20% students made new scientist

biographies).

Separately, to practice with Wikipedia’s structure and syntax, I drafted a new page for a

scientist using Wikipedia’s sandbox, and I submitted the draft to Wikipedia for review (using

features in the sandbox). I think students would have benefited from some documentation

of this process (e.g., a video summarizing the major points). Seeing the steps involved in

creating the page and the final draft may have inspired others to create new Wikipedia pages.
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Within “the Propose an Edit to Wikipedia” handout (Appendix C), I encouraged students

to be creative with their edits. I gave an example of creating a helpful table to summarize

information that might be overwhelming if presented in only text. I think exploring more of

these types of examples, either in class or through an additional, small assignment, would

have prompted students to brainstorm ideas for improving different pages. The additional

examples could have provided scaffolding to approach the project more creatively.

I can only speculate about how students eventually chose to fulfill the project, but it

seemed that most students found a review article on a topic and used material within the

review to supplement an existing page. My intent was the opposite: that students would have

found gaps in a Wikipedia page, and then conducted online research to add new information.

2. Adding one in-class work session could prevent many problems that stu-

dents encountered with Wikipedia syntax.

A common issue in the final project submission was formatting. A significant number

of students had problems with Wikipedia’s sandbox feature - both using it and generating

a .pdf document of their sandbox. A few students submitted their projects essentially in

coding language, which made it difficult for me to read their projects to grade them.

I think many of these issues could be eliminated in the future by requiring that students

work with the sandbox feature during a class session. Unfortunately, the biophysics unit

constituted only one of three units. Thus, additional in-class time for live practice could not

be accommodated. If time permits in future sessions, I would recommend that each student

practice using the sandbox to write roughly a half page of class notes. In addition to the

syntax, they could practice other important features for articles such as including citations,

creating subheadings, and adding embedded links to other Wikipedia pages. At the end of

that session, students would then submit their notes in the same format required for the

final project.

3. Incentives could be better structured so that more work done by students

is submitted to Wikipedia.

Many students created interesting and well-described edits for Wikipedia. Though stu-
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dents were only tasked with creating proposals; they were not required to upload their edits

to Wikipedia’s main page.

Students were offered three extra credit points (on top of the project’s 100 total points) if

they submitted their proposal to Wikipedia (after they made any necessary changes given by

the instructor). The large majority of proposals only required minor edits such as including

the source the student used for a specific statement or adding 1-2 sentences for clarifica-

tion. Unfortunately, some students with excellent proposals did not upload their edits to

Wikipedia, because it did not seem worthwhile for them to implement the small changes or

because they were not motivated by the small number of extra points.

If more instruction time were available, it would be feasible for an instructor to require

students to submit their proposals and also to require students to make edits in response

to the instructor’s suggestions. However, this cannot be accomplished in a timeline as brief

as three weeks. In at least one case, a student did not include adequate scientific sources

or included substantial information that was misrepresented. If this information had been

uploaded to Wikipedia, it would have diminished rather than improved the quality of the

posted material. My course lacked the time to work with the students through iterative

rounds of edits that would have been necessary for all of them to produce high-quality edits

suitable for posting on Wikipedia.

5.4.2 Suggestions from student evaluation

In the course evaluations, many students had good suggestions for improving the WikiPro-

ject. One suggestion, consistent with my observations, was to create a short video about

navigating Wikipedia on Canvas so that students could reference it throughout the project.

I agree this would benefit students, especially if they missed class sessions introducing the

basics of Wikipedia or in-class work sessions (if offered).

Another interesting idea presented by several students was turning the WikiProject into

a group project. The students suggested breaking up the components of the Wikipedia page

and assigning them to different group members. For a senior undergraduate course, I found it
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more appropriate for each student to create an individual proposal, tailored to their interests.

An excellent suggestion was to have students peer-edit each other’s proposals. The stu-

dent, who made this suggestion, pointed out that peer-editing would also allow students to

learn about a topic they didn’t personally research. I also think this is a great idea for future

implementations. If class time permits, an entire period could be dedicated to each student

sharing their proposal.

5.5 Final thoughts and conclusions

On the first day of instruction, none of the students could describe biophysics or what ideas

might be related to biophysics. Designing and teaching this course was a tremendous amount

of work. In the end, it was rewarding to see students build confidence in the material

and begin to ask questions about scientific research. In an open-ended question on the

student evaluations, I asked the students: “What is your advice to future students taking

this biophysics module?” The answers overwhelmingly encouraged future students to not be

afraid of asking questions. Unbeknownst to my students, my goals for this course were 1)

to build students’ confidence in their abilities to read and analyze scientific papers and 2) to

teach students to ask effective questions. The student evaluations reflect that progress was

made toward both of these goals.

My favorite pieces of advice that students offered for future students are below:

“Don’t be afraid of physics! Applying physics to biology can lead to neat experiments

and results. Don’t be afraid to ask questions as well.”

“Come to class ready to make some inferences and hypothesize about scientific data. There

aren’t exams and you aren’t tested on any knowledge, so perhaps the most useful thing

you can get out of this class is an understanding of how these ideas and concepts apply to

biological research happening right now.”
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In summary, I would assign the WikiProject again. However, I would work to improve

the implementation by providing the students with more examples and methods for editing

content on Wikipedia. Furthermore, I would require students to interact with the sandbox

feature to improve their user experience and understanding of the various tools well before

the project deadline. Overall, I think the students had a positive experience. In the student

evaluations, 92% of students said they “strongly agree ” or “agree” that they now have the

skills to edit content on Wikipedia in the future. In addition, 52% of students “agree” that

they are now more interested in improving Wikipedia (through edits of scientific or other

content) than they were before this course.

I encourage future instructors to build on the materials I developed and insights I have

outlined to create an engaging learning opportunity for students and to improve Wikipedia so

that it contains better scientific content and representation. The objectives of the WikiPro-

ject are aimed at the highest levels of Bloom’s taxonomy (analyze, evaluate, and create).

Removing the syntaxial barriers for students to focus on the deeper work should be the

primary goal of most future augmentations.
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Chapter 6

CONCLUSIONS AND FUTURE DIRECTIONS

This thesis employs lipid vesicles as a model for cellular membranes to ask questions

about protein-lipid interactions. First, utilizing lipids vesicles composed of lipids ratios that

phase separate, we asked whether we could couple 2D phase separation in membranes to 3D

protein condensates. Specifically, our initial goal was to quantify the effects of coupled phase

behavior on the miscibility temperature of membranes. This question proved challenging

given that experimental conditions optimized for membranes are typically incompatible with

experimental conditions optimized for proteins. In chapter 2, we characterized the exper-

imental challenges researchers face when coupling membrane phase separation to protein

condensates. To help future researchers circumvent these challenges, we summarized numer-

ous experimental tools for researchers to employ. Given the current, immense interest in

protein phase separation and the fact that new areas of the phase diagram (the pre-wetting

regime) are not yet well understood, we anticipate more researchers will seek to investigate

coupling between membrane phase separation and protein phase separation; we hope our

review will provide insight and value to those investigations.

In chapter 3, we examined whether common methods of making lipid vesicles capture

intended lipid ratios using mass spectroscopy. Lipid vesicles were formed from an iden-

tical master stock containing five different lipid species and then compared to the parent

stock. We measured shifts in cholesterol for gentle hydration (∼20% increase) and ITO

electroformation (∼80% decrease). In the ITO electroformation and emulsion phase transfer

techniques, we measured shifts in the PC-lipid incorporation ratio dependent on the level

of chain saturation. For all methods of vesicle formation, we observed small deviations in

the population-averaged lipid ratios. We found that lipid ratios within a single technique
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are highly reproducible. Future researchers could leverage our results in many ways. For

example, researchers could zero in on specific lipid ratios in their experiments (e.g., ternary

lipid compositions or mixtures of various ratios of cholesterol and PC-lipids). Researchers

could use our results as a starting point to investigate the mechanisms of lipid incorporation.

They could also expand our results to examine how the lipid composition of vesicles depends

on other parameters, such as vesicle size or variables specific to the technique (e.g., differ-

ent re-hydration solvents in gentle hydration techniques or different oils in emulsion phase

transfer techniques).

In chapter 4, we developed an approach to probe interactions of squalene monooxyge-

nase, a rate-limiting enzyme in cholesterol synthesis, with membranes. We describe the

design and characterization of an analog protein (residues 50-100) for testing membrane in-

teractions with squalene monooxygenase’s degron. By combining a co-sedimentation assay

with single tryptophan mutants of squalene monooxygenase, we captured preliminary data

supporting the feasibility of this approach to directly measure the influence of membrane

cholesterol levels on degron binding. Furthermore, we designed tryptophan mutants to de-

termine the structure of degron in response to cholesterol levels and membrane binding.

Cholesterol concentration is one possible variable that influences the mechanism of binding.

We anticipate that future investigators will use the tools and experimental approaches we

have developed to test the influence of other important membrane properties (such as lipid

order and membrane curvature) on squalene monooxygenase.

Building on the biophysics research in this thesis, chapter 5 describes new educational

curricula to increase student understanding of biophysical subjects and techniques by editing

biophysics content on Wikipedia. The chapter outlines a Wikipedia project for college-

level courses, presents grading materials, and discusses improvements for future educational

implementations of the project.
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Appendix A

SUPPORTING MATERIALS: COMMON METHODS OF
MAKING GIANT VESICLES (EXCEPT EMULSION

TECHNIQUES) CAPTURE INTENDED LIPID RATIOS

A

time

B

Sedimented vesicle 
solution for analysis

Supernatant

50 µm

Figure A.1: Sedimenting vesicles removes some lipid aggregates. A) Vesicles filled
with a dense sucrose solution sink in an osmotically matched glucose solution. B) After
sinking, large vesicles are observed only in the sedimented solution, and not in the super-
natant. The vesicles in these images were made by emulsion phase transfer. The density of
giant vesicles in the supernatant is representative of all techniques.
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Figure A.2: Representative fluorescence micrographs of vesicles made by electro-
formation on ITO-coated slides. A) Schematic of ITO electroformation. B) Close-up
of vesicles in the blue box in panel C. C) Full field of view of vesicles produced by electro-
formation on ITO slides. As expected, ITO electroformation produces the highest yield of
giant, unilamellar vesicles (GUVs) of the four methods tested for producing vesicles. Some
multilamellar vesicles, nested vesicles (large vesicles filled with multiple small vesicles) and
some bright, lipid aggregates are also produced.
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Figure A.3: Representative fluorescence micrographs of vesicles made by electro-
formation on platinum wires. A) Schematic of Pt electroformation. B) Close-up of
vesicles in the blue box in panel C. C) Full field of view of vesicles produced by electrofor-
mation on Pt wires. The volume of stock solution used is low relative to the other methods
and therefore produces a lower yield of vesicles at the same stock concentration.
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Figure A.4: Representative fluorescence micrographs of vesicles made by gentle
hydration for 24 hrs. A) Schematic of gentle hydration. B) Close-up of vesicles in the blue
box in panel C. C) Full field of view of vesicles produced by gentle hydration. As expected,
the sample predominantly contains multilamellar vesicles and nested vesicles. When contrast
is optimized for the bright, multi-layered vesicles, unilamellar vesicles in the same field of
view can be too dim to be imaged.
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Figure A.5: Representative fluorescence micrographs of vesicles made by emulsion
phase transfer. A) Schematic of emulsion phase transfer. B) Close-up of vesicles in the
blue box in panel C. C) Full field of view of vesicles produced by emulsion phase transfer.
The emulsion transfer method produces a high yield of giant unilamellar vesicles as well as
defects including nested vesicles and lipid aggregates.
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Figure A.6: Vesicles after extrusion. A) Schematic of extrusion. B) Representative
fluorescence micrograph of vesicles after extrusion through a 100 nm diameter membrane
filter. As expected, most vesicles are too small to be resolved with standard microscopy.
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Figure A.7: Lipid percentages in 5-component vesicles produced by different meth-
ods, plotted as pseudo-ternary diagrams in which one vertex is di(12:0)PE or
di(18:1)PG. Vesicles were prepared by four methods: electroformation on ITO slides, elec-
troformation on platinum wires, gentle hydration, and emulsion phase transfer. Three in-
dependent preparations and experiments were run for each method. A) Lipid percentages
of all solutions are plotted on a pseudo-ternary diagram, where the three vertices represent
di(12:0)PE, cholesterol, and the sum of all other lipids. B) Lipid percentages of all solutions
are plotted on a pseudo-ternary diagram, where the three vertices represent di(18:1)PE,
cholesterol, and the sum of all other lipids. In both panels, the lipid percentages for the
master stock solution are shown as a star. Deviations from the master stock solution in
increments of 1% and 2% of DLPE or DOPG are shown as shaded regions.
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Table A.1: Lipid compositions of five-component vesicles analyzed by mass spectrometry,
expressed as percentages of total lipid

Percentage of total lipid

Method Sample Cholesterol
di(16:0)PC

(DPPC)

di(18:1)PC

(DOPC)

di(12:0)PE

(DLPE)

di(18:1)PG

(DOPG)

Stock solution Master stock 17.0% 28.4% 38.3% 5.8% 10.4%

ITO electroform.

ITO 1 14.2% 28.0% 43.4% 4.4% 9.9%

ITO 2 15.3% 28.1% 41.9% 4.7% 9.9%

ITO 3 12.6% 29.5% 43.6% 5.1% 9.2%

Pt electroform.

Pt 1 17.4% 28.5% 40.7% 4.4% 9.0%

Pt 2 15.0% 29.2% 41.1% 4.9% 9.9%

Pt 3 15.5% 30.1% 39.7% 4.5% 10.1%

Gentle hydration

GH 1 22.9% 26.1% 35.3% 5.5% 10.1%

GH 2 20.1% 27.1% 37.1% 5.0% 10.6%

GH 3 20.9% 26.3% 36.2% 5.7% 10.9%

Emulsion transfer

Emulsion 1 3.4% 44.0% 35.4% 5.7% 11.6%

Emulsion 2 3.5% 45.9% 35.1% 5.2% 10.2%

Emulsion 3 3.8% 42.1% 37.3% 5.4% 11.3%

Table A.2: Percentages of lipids in GUVs made by emulsion transfer from a binary mixture
of an unsaturated lipid and a saturated lipid

Percentage of total lipid

Method Sample di(16:0)PC di(16:1)PC

Stock solution for lipid saturation experiments Saturation stock 49.1% 50.9%

Emulsion transfer (ET)

ET saturation 1 58.2% 41.8%

ET saturation 2 58.0% 42.0%

ET saturation 3 57.3% 42.7%
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Table A.3: Percentages of lipids in GUVs made by emulsion transfer from a binary mixture
of lipids with different chain lengths

Percentage of total lipid

Method Sample di(18:1)PC di(16:1)PC

Stock solution for lipid length experiments Length stock 49.1% 50.9%

Emulsion phase transfer (ET)

ET length 1 58.8% 41.2%

ET length 2 58.7% 41.3%

ET length 3 53.1% 46.9%

Table A.4: Lipid compositions analyzed by mass spectrometry and expressed as percentages
of total lipid for vesicles produced by gentle hydration (“before extrusion”) and then extruded
(“after extrusion”). For example, “Experiment 1 – After” was made from an aliquot of the
solution from “Experiment 1 – Before”.

Percentage of total lipid

Method Sample Cholesterol
di(16:0)PC

(DPPC)

di(18:1)PC

(DOPC)

di(12:0)PE

(DLPE)

di(18:1)PG

(DOPG)

Before

extrusion

Exp. 1 - Before 23.6% 25.2% 29.2% 6.9% 15.0%

Exp. 2 - Before 26.3% 26.5% 25.6% 6.5% 15.1%

Exp. 3 - Before 27.7% 25.8% 25.2% 6.3% 14.9%

After

extrusion

Exp. 1 - After 18.0% 27.9% 32.1% 5.2% 16.9%

Exp.2 - After 22.4% 27.3% 27.1% 6.7% 16.6%

Exp. 3 - After 22.3% 27.0% 28.4% 6.7% 15.6%
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Table A.5: Phospholipid abundances of five-component vesicles analyzed by mass spectrom-
etry.
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Table A.6: Cholesterol abundances of five-component vesicles analyzed by mass spectrome-
try.

d7-cholesterol area

(internal standard)
Cholesterol area

Master stock 3.21E+07 8.59E+06

ITO electroform. 1 2.68E+07 5.13E+06

ITO electroform. 2 2.76E+07 7.67E+06

ITO electroform. 3 2.53E+07 3.39E+06

Pt electroform 1 2.84E+07 8.33E+06

Pt electroform 2 2.61E+07 4.91E+06

Pt electroform 3 2.62E+07 5.33E+06

Gentle hydration 1 2.99E+07 1.57E+07

Gentle hydration 2 2.71E+07 8.93E+06

Gentle hydration 3 2.33E+07 8.05E+06

Emulsion transfer 1 2.23E+07 2.85E+05

Emulsion transfer 2 2.35E+07 3.88E+05

Emulsion transfer 3 3.67E+07 6.13E+05
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Table A.7: Phospholipid abundances in GUVs made by emulsion transfer from a binary
mixture of an unsaturated lipid and a saturated lipid

Lipid

di(15:0)PC

(internal

standard)

di(16:0)PC

(16:0/18:1)PC

(internal

standard)

di(16:1)PC

m/z 706.5 734.6 760.6 730.5

Retention time (minutes) 3.312 3.312 3.259 3.414

Calibrated retention time (minutes) 5.445 5.445 5.453 5.429

Collisional cross section (Å2) 239.9 249.9 248.7 240.9

Saturation stock abundance 14259.5 490722.3 12208.1 434934.4

ET saturation 1 abundance 54941.2 45862.2 52621.1 31490.8

ET saturation 2 abundance 58862.0 21123.8 55943.2 14554.5

ET saturation 3 abundance 57614.3 39973.9 54335.7 28099.2

Table A.8: Phospholipid abundances in GUVs made by emulsion transfer from a binary
mixture of lipids with different chain lengths.

Lipid

(16:0/18:1)PC

(internal

standard)

di(16:1)PC di(18:1)PC

m/z 760.6 730.5 786.6

Retention time (minutes) 3.259 3.414 3.225

Calibrated retention time (minutes) 5.453 5.429 5.459

Collisional cross section (Å2) 248.7 240.9 254.0

Length stock abundance 8362.4 428416.6 412967.2

ET length 1 abundance 51197.1 13380.6 19090.4

ET length 2 abundance 53042.6 5718.8 8128.1

ET length 3 abundance 54721.9 10486.8 11892.0
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Table A.9: Phospholipid abundances in GUVs produced by gentle hydration (“before extru-
sion”) and then extruded (“after extrusion”). For example, “After extrusion 1” was made
from an aliquot of the solution from “Before extrusion 1”.
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(Å

2)
23
9.
9

24
9.
9

25
4.
0

23
2.
0

21
6.
8

23
9.
8

24
8.
4

B
ef
or
e
ex
tr
u
si
on

1

ab
u
n
d
an

ce
56
82
2.
3

84
58
3.
4

97
99
4.
1

85
47
1.
0

34
71
9.
6

36
54
3.
5

32
41
6.
2

B
ef
or
e
ex
tr
u
si
on

2

ab
u
n
d
an

ce
63
19
1.
0

11
38
15
.1

10
96
39
.1

10
16
36
.3

44
98
4.
7

39
89
7.
5

40
81
6.
1

B
ef
or
e
ex
tr
u
si
on

3

ab
u
n
d
an

ce
63
43
0.
2

15
99
11
.8

15
61
15
.9

95
76
4.
3

59
01
4.
5

30
61
1.
1

44
52
6.
0

A
ft
er

ex
tr
u
si
on

1

ab
u
n
d
an

ce
54
68
3.
8

32
54
4.
4

37
47
3.
0

89
29
6.
3

99
11
.4

43
70
6.
7

15
78
8.
9

A
ft
er

ex
tr
u
si
on

2

ab
u
n
d
an

ce
65
04
1.
1

65
51
0.
5

65
08
2.
1

96
92
5.
9

23
87
7.
9

37
76
3.
1

23
18
5.
0

A
ft
er

ex
tr
u
si
on

3

ab
u
n
d
an

ce
50
21
6.
3

63
41
5.
0

66
75
2.
6

85
18
9.
5

26
66
3.
7

36
80
1.
5

26
75
3.
6

angle=90



119

Table A.10: Cholesterol abundances in GUVs produced by gentle hydration (“before extru-
sion”) and then extruded (“after extrusion”). For example, “After extrusion 1” was made
from an aliquot of the solution from “Before extrusion 1”.

Sample Cholesterol area
d7-cholesterol area

(internal standard)

Master stock 3.88E+08 1.61E+07

Before extrusion 1 4.26E+06 1.70E+07

Before extrusion 2 5.44E+06 1.69E+07

Before extrusion 3 8.02E+06 1.65E+07

After extrusion 1 1.09E+06 1.58E+07

After extrusion 2 2.47E+06 1.66E+07

After extrusion 3 2.89E+06 1.54E+07
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Appendix B

SUPPORTING MATERIALS: MEMBRANE-SENSING
PROPERTIES OF SQUALENE MONOOXYGENASE DEGRON

gBlock sequence for SM50-100:

GTC GAT GAA GCT TTG AAA GAC GCG CAG ACT CGC ATC ACC AAA GAG AAT

CTT TAC TTC CAG GGC GGT AGC TCC GGC TCA TCC GGG TGT AAT GGC GGA

TTG CTT GGT CGT CAA CAA AGT GGA AGT CAA TTT GCC TTA TTT TCC GAT

ATT CTT TCG GGG CTT CCG TTC ATT GGG TTC TTT TGG GCC AAG AGC CCC

CCC GAG TCC GAA AAT AAA GAG CAA TTA GAA GCC CGC CGC CGT CGC AAA

GGT CTT AAT GAC ATT TTC GAA GCT CAA AAA ATT GAA TGG CAT GAG TAA

TAA CTC GAG CAC CAC

50 kDa

[TEV] (%v/v)

30 kDa

1%0% 2% 5% 10%

Figure B.1: Optimization of MBP-SM50-100 cleavage by TEV protease. Optimiza-
tion of MBP-SM50-100 cleavage by TEV protease. Approximately 10 µg of MBP-SM50-100
was cut overnight with TEV protease (1%, 2%, 5%, and 10% vol/vol) at 4 °C. Following
cleavage, the samples were mixed with SDS detergent, briefly vortexed and analyzed by
Coomassie Blue staining.
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Figure B.2: Fluorescent sensitivity of Bimane-C3-maleimide by cysteine conju-
gation. 1 µM Bimane-C3-maleimide was mixed 1 µM MBP-SM50-100 to label protein via
cysteine-maleimide chemistry. Fluorescence emission spectra were measured at various times
after mixing in the fluorometer.
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Appendix C

SUPPORTING MATERIALS: STEP-UP WIKIPEDIA
ASSIGNMENT

The content held in this Appendix was designed for educational purposes and may be shared

and adapted for educational, non-commercial, purposes under fair use.
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‭scientific papers.‬
‭6.‬ ‭Create a draft of your edits in your sandbox, including citations.‬
‭7.‬ ‭On Canvas, upload your summaries from steps 4-5, a .pdf of your sandbox proposal, and a short‬

‭paragraph describing why choose the scientist.‬

‭IMPORTANT DATES‬
‭Project due date:‬‭May 16‬‭th‬‭, 2022, at 11:59pm‬
‭The‬ ‭project‬ ‭is‬ ‭due‬ ‭after‬ ‭the‬ ‭end‬ ‭of‬ ‭the‬ ‭unit,‬ ‭to‬ ‭allow‬ ‭you‬ ‭to‬ ‭choose‬ ‭any‬ ‭topic‬ ‭related‬ ‭to‬ ‭the‬ ‭lecture‬
‭material. The entire project should take 4-5 hours for you to complete.‬

‭Optional:‬ ‭If‬ ‭you‬ ‭would‬ ‭like‬ ‭to‬ ‭receive‬ ‭feedback‬ ‭on‬ ‭your‬ ‭proposal‬ ‭before‬ ‭the‬ ‭final‬ ‭due‬ ‭date,‬ ‭you‬ ‭can‬
‭submit the materials from steps 4 and 5 on the following dates:‬
‭4/26/22:‬‭Upload your summary of the Wikipedia page‬‭or scientist references (Step 4)‬
‭5/3/22:‬‭Upload your summary from the scientific publication‬‭(Step 5)‬
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‭DETAILS ABOUT STEP 4‬
‭Option 1. Biophysics Topic‬

‭The‬‭objective‬‭of‬‭step‬‭4‬‭is‬‭to‬‭read‬‭and‬‭understand‬‭the‬‭current‬‭Wikipedia‬‭page.‬‭You‬‭will‬‭summarize‬‭the‬
‭major points of the page and generate notes on the sections/content that requires editing.‬
‭It might be helpful to ask the following questions:‬

‭●‬ ‭How does this topic relate to themes or techniques in biophysics?‬
‭●‬ ‭Are‬ ‭the‬ ‭major‬ ‭points‬ ‭cited‬ ‭by‬ ‭reliable‬ ‭resources‬ ‭such‬ ‭as‬ ‭scientific‬ ‭journals‬ ‭or‬ ‭university‬

‭textbooks?‬
‭●‬ ‭Is the language concise and clear enough that a non-expert could understand it?‬
‭●‬ ‭Is there anything that you should suggest in the Talk page for future revisions?‬

‭Remember‬ ‭the‬ ‭goal‬ ‭of‬ ‭the‬ ‭project‬ ‭is‬ ‭to‬ ‭improve‬ ‭topics‬ ‭related‬ ‭to‬ ‭biophysics.‬ ‭There‬ ‭will‬ ‭likely‬ ‭be‬
‭other‬‭technical‬‭content‬‭on‬‭the‬‭page‬‭that‬‭needs‬‭revising,‬‭but‬‭that‬‭is‬‭beyond‬‭the‬‭requirements‬‭of‬‭the‬
‭project. Please feel free to add these suggestions to the Talk page.‬

‭Option 2. Biophysicist/Scientist‬

‭In‬ ‭step‬ ‭4,‬ ‭your‬ ‭task‬ ‭is‬ ‭to‬ ‭find‬ ‭3-4‬ ‭independent‬ ‭references‬ ‭about‬ ‭your‬ ‭scientist.‬ ‭Your‬ ‭sources‬ ‭may‬
‭include‬‭newspapers‬‭(university-level‬‭or‬‭major‬‭newspapers)‬‭or‬‭online‬‭articles.‬‭The‬‭scientist’s‬‭personal‬
‭website‬ ‭and‬ ‭press‬ ‭releases‬ ‭from‬ ‭their‬ ‭institution‬ ‭are‬ ‭not‬ ‭considered‬ ‭independent‬ ‭resources.‬
‭Summarize‬ ‭the‬ ‭main‬ ‭points,‬ ‭related‬ ‭to‬ ‭the‬ ‭scientist,‬ ‭and‬ ‭include‬ ‭the‬ ‭citation‬‭for‬‭each‬‭source.‬‭You‬
‭may use APA, MLA, or Harvard press citation formats.‬

‭DETAILS ABOUT STEP 5‬
‭Use‬‭the‬‭UW‬‭library‬‭databases‬‭to‬‭select‬‭a‬‭review‬‭article‬‭on‬‭your‬‭topic‬‭(or‬‭written‬‭by‬‭your‬‭scientist).‬‭Focus‬
‭on‬‭a‬‭subtopic‬‭(e.g.,‬‭a‬‭specific‬‭cell‬‭type‬‭or‬‭receptor)‬‭and‬‭read‬‭through‬‭those‬‭sections.‬‭You‬‭do‬‭not‬‭need‬‭to‬
‭read‬ ‭the‬ ‭entire‬ ‭paper.‬ ‭Include‬ ‭the‬ ‭title‬ ‭of‬ ‭the‬ ‭sub-section‬ ‭in‬ ‭the‬ ‭review‬ ‭and‬ ‭a‬ ‭summary‬ ‭of‬ ‭the‬ ‭main‬
‭points. As you read, look up 1-2 articles cited in the review and read the corresponding abstract(s).‬
‭*If‬ ‭you‬‭are‬‭creating‬‭a‬‭Wikipedia‬‭page‬‭for‬‭a‬‭scientist,‬‭you‬‭will‬‭need‬‭to‬‭use‬‭one‬‭of‬‭their‬‭papers‬‭and‬‭their‬
‭personal website to create a summary of their research‬

‭GRADING‬
‭Summary of the Wikipedia Page or Independent sources on scientist‬ ‭20 points‬
‭Summary of the review article or scientific paper‬ ‭30 points‬
‭Wikipedia proposal (.pdf of your sandbox)‬ ‭40 points‬
‭1-paragraph explanation/description of your proposal‬ ‭10 points‬
‭Wikipedia Edit Project (Total)‬ ‭100 points‬

‭TIPS‬

‭●‬ ‭Start‬‭the‬‭assignment‬‭early.‬‭It‬‭will‬‭help‬‭to‬‭be‬‭further‬‭along‬‭if‬‭you‬‭get‬‭frustrated‬‭on‬‭the‬‭technical‬
‭points of the Wikipedia sandbox during the editing stage.‬

‭●‬ ‭Feel‬ ‭free‬ ‭to‬ ‭get‬ ‭creative‬ ‭with‬ ‭your‬ ‭proposal!‬ ‭You‬ ‭may‬‭want‬‭to‬‭draft‬‭a‬‭new‬‭list‬‭or‬‭table‬‭for‬‭the‬
‭Wikipedia page. Search chromatin on Wikipedia for examples.‬

‭●‬ ‭You‬‭may‬‭change‬‭your‬‭topic/scientist‬‭as‬‭many‬‭times‬‭as‬‭you‬‭want.‬‭If‬‭you‬‭change‬‭your‬‭topic,‬‭please‬
‭update‬‭the‬‭google‬‭page‬‭to‬‭ensure‬‭that‬‭nobody‬‭else‬‭is‬‭already‬‭working‬‭on‬‭your‬‭topic‬‭and‬‭to‬‭alert‬
‭others of your new topic.‬
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Wikipedia Project: Biophysical Topics 
Introduction to Biophysics 

Biophysics covers a broad range of topics. Many of the subjects you discussed in your 

other courses (biochemistry, immunology, etc.) are likely are related to physical principles or 

techniques. For your project, you may choose any topic if you can relate it to the themes of 

biophysics. For example, you may choose a specific protein or cell type that has unique physical 

or mechanical properties. Alternatively, you may choose an analytical technique and discuss the 

various applications of the technique.  

If you need help choosing a topic, please feel free to explore this list of topics that need 

your skills to achieve good article status on Wikipedia. For each topic in the table below, the 

importance and quality of the current page is noted (Figure 1). 

  

Subjects Techniques Scientists 

Biophysics (Top/C) 
Biological Membrane (Top/C) 
Bleb (Cell Biology) (Mid/Stub) 
Calcium Imaging (Mid/Start) 
Cell Migration (High/Start) 
Chromatin (High/B) 
Cilium (Top/C) 
Collagen (High/C) 
Cytoskeleton (Top/C) 
DNA Condensation (Mid/Start) 
Endocytosis (High/C) 
Intrinsically disordered proteins 
(Mid/Start) 
Lipid bilayer fusion (Mid/B) 
Membrane biology (Mid/Stub) 
Membrane Curvature (Low/Start) 
Membrane Fluidity (Mid/Start) 
Nuclear Pore (Mid/C) 
Osmotic Pressure (High/Start) 
Paraspeckle (Mid/Start) 
Protein aggregation (High/Start) 
Protein-lipid interaction 
(Low/Start) 
Pseudopodia (High/Start) 
Rheology (Mid/C) 
Signalosome (Start) 
Syncytiotrophoblast (Low/Start) 
Virophysics (Mid/Start) 
 

AlphaFold (High/C) 
Atomic Force Microscopy (High/C) 
Crystallography (High/Start) 
FRET (Low/Start) 
Super-Resolution Microscopy 
(Mid/B) 
 

Christopher Barnes  
Biophysics of viruses 
 
Alena Grabowski  
Applied biomechanics 
 
Gail Robertson  
Biogenesis 
 
Nancy Forde  
Collagen mechanics 
 
Raghuveer Parthasarathy 
Membranes; gut 
microbiota 
 
Sheila Patek  
Evolutionary biomechanics 
 
Padmini Rangamani  
Cell signaling 
 
Lena Ting  
Neuromechanics 
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Figure 1. Description of the article quality ratings for WikiProjects (from Wikipedia: Content Assignment) 
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