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Abstract

Since dysregulation of membrane proteins (MPs) is commonly implicated in disease onset and
progression, there is compelling motivation to attain knowledge of MP structure and behavior to inform
targeted drug design. MPs are typically difficult to characterize because they require the unique
environment of a lipid bilayer to assume their native functional conformations. One way to address this
obstacle is by utilizing biomimetic model systems which recapitulate the fundamental properties of
naturally occurring membranes under well-defined conditions. The works compiled in this dissertation
focus on the fabrication, characterization, and application of two types of experimental platforms - The
supported lipid bilayer (SLB) and the nanolipoprotein particle (NLP). The SLB is a lipid bilayer that has been
reconstituted on a planar solid support. A nanolipoprotein particle (NLP) is a lipid bilayer disc stabilized by
two amphipathic “scaffold” apolipoproteins. Importantly, the NLP is capable of solubilizing functional MPs
by forming stable MP-NLP complexes using straightforward preparation methods. SLBs serve as reliable
platforms for studying a variety of membrane phenomena but have traditionally been challenging targets
for incorporation of MPs. We explore NLP-mediated delivery as a potential solution to this issue.
Experimental results revealed that transfer of lipids and proteins from NLPs to SLBs occurs spontaneously

under ambient conditions. Optimal conditions for enhancing delivery are also described.
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Chapter 1: Introduction

The cell membrane is a compositionally complex phospholipid bilayer that hosts an important
class of proteins known as, membrane proteins (MPs) or integral membrane proteins (IMP). MPs play
pronounced roles in critical cell processes including, adhesion, signal transduction, and carrier-mediated
transport.?2 Accordingly, MP-related dysregulation can lead to disease onset and progression.>*
Approximately 60% of currently marketed drugs achieve therapeutic effect by targeting MPs® even though
MPs make up less than 1% of solved high-resolution structures.® In addition to improved understanding
of molecular mechanisms which underlie important biological processes, comprehensive characterization
of these functional biomolecules could accelerate progress in structure-based drug design’ and lead to
superior homology models for screening of receptor binding compounds.®

Over the past two decades, gradual improvements in protein crystallization methodologies, Cryo-
electron microscopy (Cryo-EM), nuclear magnetic resonance (NMR) spectroscopy, and X-ray scattering
techniques have paved the way for a growing cache of solved MP structures.®® Yet, MPs remain
extremely difficult to produce, solubilize, and manipulate. Because MPs typically contain hydrophobic
domains which anchor preferentially into one or both sides of the phospholipid bilayer, they are prone to
denaturation or misfolding when removed from native membrane environments. To present MPs with
high fidelity in a non-native environment, it is necessary to use a biomimetic system which presents a
compartmentalized structure akin to that of a biological membrane.!*

The works compiled in this dissertation focus on the development of two types of model
membrane systems — The supported lipid bilayer (SLB) and the nanolipoprotein particle (NLP) a.k.a.
nanodisc — Into broadly applicable tools for membrane protein characterization. The planar SLB, described
in detail in Chapter 2, lends itself to surface-sensitive characterization methods which could be used to

probe MP structure. However, application of SLBs for investigation of MPs has traditionally been hindered



by challenges associated with integrating MPs into the SLB. This project aimed to address this issue by

way of NLP-mediated transport of functional MPs into SLBs. Described in detail in Chapter 3, the NLP was

found to be a viable delivery vehicle for introducing both lipids and MPs into SLBs under physiological

saline conditions. Subsequent efforts to optimize delivery revealed that transfer could be enhanced by

increasing the concentration of defects or incorporating NLP-binding molecules in the target SLB.

Additional content on fundamental properties of SLBs and experimental considerations are provided in

Chapters 4-5 and Chapter 6, respectively.
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Abstract:

The structure and lateral mobility of a polymer-cushioned membrane consisting of a phospholipid
bilayer supported on a poly(acrylic acid) (PAA) film was studied by means of neutron reflectivity and
fluorescence recovery after photobleaching (FRAP). High quality, high coverage lipid membranes were
constructed using either Langmuir-Blodgett (LB)/Langmuir Schaeffer (LS) or hybrid LB/vesicle fusion
deposition methods. The pH responsive PAA cushion is easily fabricated from inexpensive, commercially
available materials with nominal thickness controlled by spin coating conditions. The pH-sensitive
structure of the PAA cushion and coupling to the membrane can be used to control the hydrated thickness
of the cushion and membrane diffusivity. It provides a straightforward means to tailor diffusivity and
membrane-cushion coupling akin to the cytoskeleton, a biological polymeric network that influences the
structure and lateral organization of the cell membrane. At low pH, when the PAA cushion was collapsed,
diffusivity was strikingly lower than at high pH when the PAA was swollen. Under physiological conditions,
the diffusion rates of lipid membranes on a PAA cushion were indistinguishable from those on bare glass
supports. Furthermore, the cushioned membrane structure was stable during cycling through acidic,
neutral, and alkaline conditions. Altogether, the results of this work show that PAA provides a robust,
structurally tunable interface for biophysical studies of supported membranes, and has potential to serve
as a platform for investigation of membrane-embedded proteins and biosensing applications.

Author Contribution Notes:

Neutron reflectometry measurements and analysis were performed by S. Castorph, E. Watkins, and T. L.
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Introduction

Biological membranes are highly organized, responsive thin films composed of a myriad of lipids
and proteins. They are compositionally complex and dynamic in nature, lending themselves to key roles
in a multitude of critical cell functions. To investigate specific aspects of biological membranes, biomimetic
model platforms such as the supported lipid bilayer (SLB) have emerged as invaluable tools for research.
The SLB, which permits refined control over composition and phase in distinction from its biological
archetype, has been extensively used to study membrane dynamics, membrane structure, lipid-protein
interactions, and integral membrane protein properties.’? Further, the planar geometry of the SLB and
conferred stability of the substrate to the supported membrane enables the utilization of a wide variety
of surface-sensitive analytical techniques.

Although the SLB is appropriate for many biophysical studies, the close proximity of the solid
support to the bilayer can lead to undesirable protein-substrate interactions, alterations to the structure
of the supported membrane, and dampened membrane undulations.>* Protein-substrate interactions are
the foremost cause for concern because they frequently result in compromised protein function,
denaturation, as well as lateral immobilization of proteins within the membrane. One way to overcome
these limitations is to introduce a hydrophilic polymer cushion between the membrane and the solid
support. By acting as a hydrated spacer, the polymer film effectively prevents membrane-associated
biomolecules from interacting with the underlying hard substrate. Undesirable substrate effects such as
decreased lateral mobility and limited self-healing of the membrane are therefore ameliorated, and can
yield biomembrane properties akin to those of free-standing bilayers.

Polymer-cushioned SLBs can be distinguished based on their manner of preparation. Broadly
speaking, there are two basic approaches.’? >7 |n the first, the polymer layer is deposited onto the
substrate and the membrane is subsequently assembled on top of the cushion. #'* Cushion materials

5

developed using this methodology include polysaccharides like, dextran,®® chitosan,® agarose,!* and
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cellulose, as well as polymers such as, polyethyleneimine,®*° polynipam, and polyelectrolyte
films.222% In the second approach, polymer-functionalized lipids (i.e. lipopolymer tethers) or alkyl side
chains capable of inserting into the phospholipid bilayer are incorporated into the membrane itself.>%
These additives steady the overall structure and can suspend the membrane over the underlying hard
substrate.” ¥ 2> 2% Hybrid systems consisting of a grafted polymer cushion with embedded polymer-
functionalized lipids or polymer-reactive lipids have also been investigated.30-3!

There are several advantages of polymer-cushioned SLBs compared to those stabilized by
conventional inorganic, solid supports (e.g. glass, mica, silicon). First, the hydrophilic polymer cushion
enables formation of model membrane platforms that are more structurally evocative of free-standing
bilayers. Second, the polymer cushion can screen the membrane and constituent components from
interactions with the underlying solid support. Third, the polymer film can be designed to minimize
interactions between itself and the lipid bilayer to prevent immobilization or altered functionality of
membrane-associated biomolecules. Especially in studies involving transmembrane proteins in SLBs, it is
most necessary to select a polymer material that is hydrophilic, flexible, only slightly charged, loosely
cross-linked, and less interactive with membrane lipids or proteins.’3? Lastly, the polymer cushion can also
be suggestive of a model cytoskeleton or an extracellular matrix.

The cytoskeleton is an important architectural feature that affects lateral compartmentalization
and physical structure in the native cellular environment. Comprised of actin filaments, microtubules, and
intermediate filaments, the cytoskeleton can orchestrate forces required for cell movement and shape
change by polymerizing and depolymerizing in response to external stimuli.3 Plus, it can affect membrane
properties through nonspecific interactions.>* Polymer-cushioned SLBs are especially useful systems for
modeling the symbiotic relationship between these two structures. In addition to inducing an asymmetric

environment by coupling to only one side of the bilayer, a polymer cushion be systematically optimized

to simulate diverse cytoskeletal conditions. Parameters such as, polymer composition, degree of cross-



linking, and average molecular weight can all be adjusted to induce specific properties in the supported
bilayer.” %

In this work, we report the detailed characterization of a robust, versatile, and pH-sensitive
polymer-cushioned SLB which employs a thin spin coated poly(acrylic acid) (PAA) film to elevate the lipid
bilayer from the solid support and act as a cytoskeleton analogue. The structure of PAA-cushioned
membranes formed by Langmuir-Blodgett (LB)/ Langmuir-Schaeffer (LS) deposition and LB/vesicle fusion
was precisely established using neutron reflectivity (NR). Reflectivity results demonstrated that not unlike
other documented polyelectrolyte systems,?? 24 3638 pAA_cushioned membranes exhibit pH-dependent
swelling properties, with high degree of reversibility when cycling between swollen and collapsed states.
Additionally, PAA cushion thickness can be quantitatively tailored for different applications by modifying
the concentration of the spin coating solution. To better understand the implications of the state of the
PAA cushion on membrane fluidity, the pH dependence of membrane mobility was determined using
fluorescence recovery after photo bleaching (FRAP).>® These experiments revealed that PAA-cushioned
SLBs can be manipulated to transition from a relatively fast lipid diffusion rate at physiological and alkaline
pH conditions to a relatively slow diffusion rate under acidic conditions. Diffusion coefficient values
obtained under physiological and alkaline conditions were equivalent to those obtained from non-
cushioned SLBs. In summary, this system offers a reliable and facile means to fabricate supported
biological membranes where the influence of the underlying cushion can be tailored for biophysical
studies and biosensing applications. Moreover, all of the materials required to produce this platform are
inexpensive and readily available.

Materials

1,2-dimyristoleoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dipalmitoyl-sn-glycerol-3-

phosphatidylcholine (DPPC), and tail-deuterated DPPC (dDPPC) were purchased from Avanti Polar lipids

(Alabaster, AL). Texas Red® 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (Texas Red-DHPE) was



purchased from Invitrogen (Carlsbad, CA). Lipids were dissolved in chloroform, HPLC grade, purchased
from Fisher Scientific (Fairlawn, NJ) to make solutions at a final concentration of 1 mg/ml. For Neutron
Reflectivity (NR) measurements, buffer solutions were primarily made using prefabricated Fluka buffer
tablets at pH 4, pH 7, and pH 9. For fluorescence microscopy experiments, citric acid-sodium citrate,
sodium-disodium phosphate, and sodium carbonate-bicarbonate buffers were used to create solution
conditions at pH 4, pH 7.4, and pH 9.2, respectively. All buffer reagents, poly(acrylic acid) (PAA, MW = 450k,
0.1% cross-linked), and 3-(aminopropyl)triethoxysilane (APTES) were purchased from Sigma-Aldrich (St.
Louis, MO) and used without further purification. NR measurements used 3 inch diameter single crystal
quartz substrates (c-cut, a-quartz, density 2.64-2.65 gcm™3, Institute of Electronic Materials Technology,
Warsaw, Poland). Fluorescence microscopy experiments used 1 inch diameter circular fused quartz
substrates (thickness of 0.5 mm, A/4 surface roughness) and 18 mm diameter circular microscope cover
glass (thickness of 0.2 mm) were purchased from Mark Optics (Santa Ana, CA) and Fisher Scientific
(Pittsburgh, PA), respectively.
Methods
Preparation of PAA-Coated Surfaces

Glass and quartz substrates were cleaned according to the following procedure to remove organic
residues. Substrates were sonicated for 30 minutes in a strongly basic detergent (Hellmanex, Sigma
Aldrich), rinsed in MilliQ water, sonicated for 10 minutes in acetone, then isopropanol, and rinsed again
with MilliQ water. Finally, substrates were dried with a stream of nitrogen gas (Nz). The surfaces of clean
substrates were hydroxylated by exposure for 20-30 minutes in a UV-Ozone chamber (Jelight Company
Inc., Irvine, CA). A UV pen light can also be used for this purpose with typical exposure times of 1 hour.
The UV-treated substrates were then silanized by immersion in a gently stirred solution of 0.1% APTES in
toluene for 1 hour, followed by rinsing with fresh toluene and drying with N». Curing of the silane linkages

was carried out in an oven at 100 °C for 2 hours.



PAA was subsequently deposited onto the APTES-coated surfaces by spin coating solutions of 0.5-
5.0 mg/ml PAA dissolved in methanol. Prior to the spin coating, each solution was filtered through a 0.2
um Whatman® PFTE filter. Depending on the size of the substrate, 10-200 pL of solution was spread onto
the substrate to fully cover the surface. Samples were spun at 2000 RPM for 120 seconds. In order to
maximize coupling of PAA to the surface, the substrates were baked at 200 °C for 2 hours after spin coating
to enhance amide formation between PAA carboxylic acid and APTES amine functional groups. Before use,
the PAA-coated substrates were immersed in pH 8-10 buffer for 30 minutes to convert any newly formed
anhydrides back to carboxylates.
Deposition of Lipid Bilayers

Lipid bilayers were deposited onto the PAA-coated substrate by employing LB/LS deposition or
hybrid deposition using LB and vesicle fusion for the inner and the outer leaflets, respectively.*® For
reflectivity measurements, dDPPC membranes were formed at room temperature. For FRAP
measurements, bilayers composed of DMPC containing 1 mol% Texas Red® DHPE fluorescent probe were
formed at 18 °C. The DMPC membrane was deposited below its gel-fluid phase transition temperature (Tm
= 24 °C) because gel phase bilayers are typically more conducive to transfer onto a substrate by LB/LS
deposition. The LB/LS technique was performed using a Teflon® Langmuir—Blodgett trough (Nima, UK).
Each PAA-coated substrate was firstimmersed in a subphase of MilliQ water, upon which a lipid monolayer
was formed by spreading lipid, dissolved in chloroform, at the air-water interface. After spreading, the
solvent was allowed to evaporate for a minimum of 15 minutes before the monolayer was compressed at
a rate of 10-15 cm?/min to a desired lateral pressure (45 mN/m for DPPC, 30 mN/m for DMPC). Once the
desired surface pressure was achieved, the monolayer was equilibrated for at least 10 minutes. LB
deposition onto the substrate was accomplished by raising the substrate vertically, oriented perpendicular
to the surface of the subphase, through the air-water interface at a rate of 1 mm/min. After the substrate

was fully removed from the subphase, the outer leaflet was deposited using LS deposition or vesicle fusion.



For LS deposition, the outer leaflet was transferred by lowering the inner leaflet coated substrate through
the compressed lipid monolayer, this time oriented parallel to the air-water interface. Note that a faster
dipping speed (10 mm/min) was used to prevent lipids from dispersing back onto the air-water interface.
Once formed, the SLB was kept immersed in water. Using vesicle fusion, the SLB was formed by incubating
the LB-deposited lipid monolayer with a freshly prepared solution of small unilamellar vesicles (SUVs) for
30 minutes. SUVs were made by drying a chloroform/lipid solution under a stream of N, and applying
vacuum for at least 2 hours. Once dried, the lipids were resuspended in MilliQ water at a concentration of
1 mg/ml and probe tip sonicated to optical clarity to form a vesicle solution. Depending on the experiment,
samples were either stored in buffer containing low (10 mM) or high (140 mM) concentration of
monovalent salt (NaCl).

Fluorescence Recovery After Photobleaching (FRAP)

FRAP measurements were conducted on a Nikon Eclipse TE2000-S inverted fluorescence
microscope (Technical Instruments, Burlingame, CA) equipped with two neutral density filters (ND8 and
ND4), a Texas Red® filter set, and a Retige-1300 CCD camera (Technical Instruments). A mercury-vapor
lamp filtered through the neutral density filter was used to illuminate the sample. Images were recorded
through a Plan Fluor 10x objective (NA, 0.30) and processed using simple PCl software (Compix, Inc.,
Cranberry Township, PA). The sample was placed in a temperature controller on the microscope stage and
held at 30 + 1 °C (above the DMPC gel-phase transition temperature). Sample temperature was verified
using a thermocouple fixed close to the region where the images were taken.

A standard FRAP measurement was performed by removing the neutral density filters and
exposing a small spot with a high power beam through the Plan Fluor 40x objective (NA, 0.60) for 150
seconds, resulting in a circular 30 - 50 um diameter bleached spot in the field of view. The fluorescence
recovery process was then observed by recording an image of the entire field of view every 30 seconds

through the Plan Fluor 10x objective (NA, 0.30). During this recovery period, the neutral density filters
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were replaced to reduce further bleaching. The effective time-lapse video compiled from the acquired set
of images was used to calculate the diffusion coefficient using the method described below.

Time-lapse videos were analyzed using a FRAP analysis program created in MATLAB (MathWorks,
Natick, MA) by the Parikh research group and is described in detail elsewhere.** Basically, for each frame
of the bleached spot, the program tracked parameters such as, location, width, and cross-sectional
intensity to approximate the profile as a Gaussian function. Initial conditions extracted from the first post-
bleached image were fit to a standard diffusion equation, Eq. 1. Analysis of subsequent frames produced

a time-evolving Gaussian whose amplitude decayed as time increased as modeled by:

C,
A = —= Eg. 1
(t) 1+z_th [Eq. 1]

7

Where A(t) is amplitude as a function of time, G, is the initial amplitude, t is elapsed time, g, is the initial
width of the Gaussian, and D is the diffusion coefficient.
Neutron Reflectivity

Reflectivity, R, is defined as the ratio of the number of particles (neutrons or photons) elastically
and specularly scattered from a surface to that of the incident beam. When measured as a function of
wave-vector transfer, g, = 4w sin0/A, where ¢ is the angle of incidence and A is the wavelength of the
beam, the reflectivity curve contains information regarding the sample-normal profile of the in-plane
averaged scattering length density (SLD) and is therefore most suited for studies of interfacial, layered
films. The measured reflectivity curves were modeled using the Parratt formalism. The structural
components of the system were divided into homogeneous molecular slabs or boxes of different
scattering length density. These boxes, which physically represent different portions of the cushioned-
membrane layers, were then refined using a least-squared method (Parratt 1954) to determine the
thickness of each layer (box), scattering length density (£(z)), and adjacent interfacial roughness, enabling
the structural components perpendicular to the interface to be resolved.**** The model parameter

optimization was carried out using the software package MIRROR developed by William A. Hamilton and
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John B. Hayter, HFIR Center for Neutron Scattering, Condensed Matter Sciences Division, Oak Ridge
National Laboratory.*® A recent review provides a concise summary of neutron scattering characterization
of lipid membranes.*®

NR measurements were performed using the time-of-flight Surface Profile Analysis Reflectometer
(SPEAR) at Manuel Lujan Jr. Neutron Scattering Center (Los Alamos National Laboratory, NM). The
wavelengths of the neutrons were in the range of 4-16 A, and the measured g, range extended from
8x1073 to 0.2 AL, Specular reflectivities above noise level were obtained down to values of R = 10°. The
experimental uncertainties were estimated by the neutron counting statistics (standard deviation, oR)
with the experimental resolution in g, being approximated by 0q./q, = 3% for the measured g, range.
Results and Discussion
Properties of Poly(Acrylic Acid) (PAA) Cushions

PAA is a polyelectrolyte composed of ionizable monomers of carboxylic acid (Fig. 2.1) and is
available in a wide selection of molecular weights. The degree of ionization of the carboxylic acid groups
(pKa =4 —4.5%) can be adjusted by varying the pH of the aqueous solution. Under alkaline conditions (pH
> pKa) the majority of the PAA chains become deprotonated and the cushion gradually swells to 2-10
times its original, dry thickness. Under acidic conditions (pH < pKa), the PAA chains assume a
predominantly protonated state and the cushion collapses.?? As expected for an ideal polyelectrolyte, the
process of protonation or deprotonation is reversible.3¢3” The PAA film can be easily cycled between the

expanded and collapsed state by changing the pH of the imbibed solution.

HO 0

Fig. 2.1. Schematic of protonated poly(acrylic acid).
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Fig. 2.2: (A) Reflectivity curves from typical 1 mg/ml PAA and 2 mg/ml PAA samples. Solid lines are fits to
the data based on the SLD profiles shown in the inset. (B) Measured PAA film thickness as a function of
PAA spin coating solution concentration. Error bars on data points are indicative of film roughness.
PAA Films in Air

Before use, the quality and thickness of the spin coated PAA films were characterized by NR. Fig.
2.2 (A) shows characteristic NR data for two PAA layers on planar quartz substrates in air. One was

prepared using a 1 mg/ml PAA solution and the other from a 2 mg/ml PAA solution. Solid lines are least-

squares fits corresponding to parameterized slab models shown in the inset. The fitted SLD of 1.5-1.7x10"
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¢ A for PAA in ambient conditions is in excellent agreement with the expected SLD of 1.69x10¢ A based on
the chemical composition of protonated PAA and its bulk mass density,*® pary = 1.22 g/cm?. The grafting
density, o, of the PAA chains in the cushion layer can be calculated from the measured values of PAA film

thickness, d, according to Eq. 3,

Aparyn 4

where N, denotes the number of molecules per mole and My = 450,000 Da, the PAA molecular weight.
The APTES monolayer is visible as a dip in the SLD against the quartz surface. Fig. 2.2 (B) shows the
measured PAA thickness as a function of spin coating solution concentration, ranging from 0.5-5 mg/ml
PAA in methanol. Here, the roughness of the fitted PAA layer at the air-interface is indicated by the vertical
extension of the error bars. The thickness of the PAA layer is shown to increase linearly with concentration
of the spin coating solution.
PAA-Cushioned Membranes

The structure of PAA-cushioned SLBs was determined using NR. Measurements were sensitive to
variations in nuclear density between categorical layers of the SLB including, the solid quartz substrate,
the hydrated PAA cushion, the tail region of the lipid bilayer, and bulk water. SLBs were assembled using
DPPC with deuterated lipid tails (dDPPC) to enhance signal contrast of the membrane relative to the PAA
cushion and subphase. Fig. 2.3 (A) shows NR data (symbols) from a single dDPPC lipid bilayer, deposited
by LB-LS at a lateral pressure of 45 mN/m on top of a PAA layer formed using a 2 mg/ml PAA spin coating
solution. Solid lines are least-squares fits corresponding to parameterized slab models shown in Fig. 2.3
(B). Measurements were recorded under varied pH conditions, which were cycled sequentially from pH
~5.8 (MilliQ water) to pH 4, to pH 9, then back to pH 4. It was found that the PAA-cushioned SLB reflectivity
data could be modeled well with a simple two layer system of PAA and the deuterated tail region. For
example, at pH ~5.8 the thickness of the hydrated PAA and lipid tail region was 180 A and 41 A,

respectively. Note that we do not attempt to relate boxes and sample layers directly since the PAA layer
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and the inner headgroup region are described by one box only. To further minimize the parameter space,
the SLD of the quartz, deuterated tail region, and water substrate were kept fixed. Table 2.1 summarizes

the box model parameters obtained by fitting the data with this modeling approach.
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Fig. 2.3: (A) Reflectivity data from a dDPPC bilayer deposited on top of a PAA layer (2mg/ml) by LB/LS
subjected to extensive cycling of pH conditions along with optimized model fits. Measurements at
different pH conditions were performed sequentially as indicated in the key. (B) SLD profiles
corresponding to the line fits shown in (A).
In the collapsed, low pH state, the fitted SLD of 0.5 + 0.2 x10°® A2 for the PAA layer was consistent

with 33 to 55% hydration. Although the sensitivity to the absolute SLD/hydration state of the PAA layer is

relatively modest, there is high sensitivity to the thickness of this layer. As a result, thickness changes of
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the PAA layer from pH cycling are easily resolvable. The coverage of the dDPPC bilayer was estimated
from the thickness of the deuterated tail region optimized against NR data describing the cushioned
membrane when the PAA layer was collapsed (pH <6). Given the known volume of a 16-carbon lipid tail
(860 A3%) and the established area of DPPC lipids in the gel phase (46 A?), the ideal hydrocarbon tail layer
thickness, dii = 2(860 A%)/46 A2= 37 A. The fitted SLD of the hydrocarbon tail region of 39 A corresponds
well with calculated values.*” In effect, a well packed membrane covered 104 + 10% of the PAA surface as
calculated from both the model SLDs (here fixed to an SLD of 5.8x10° A for fluid hydrocarbon) and the
thickness of the deuterated tail region. The potentially greater than 100% coverage is consistent with the
increased roughness of the membrane (~12 A r.m.s.) compared to membranes supported directly on the
quartz substrate (4-8 A r.m.s) and the presence of gel-phase domains in the membrane.*®*? Conversely,

the SLD of a fully gel phase acyl chain region would be 20% higher.

Table 2.1: Box model fitting parameters for dDPPC on a PAA cushion formed using a 2 mg/mL spin coating
solution.

PAAr.m.s Tail region Membrane
Condition PAA thickness PAA SLD rou h.ne'ss; thickngess r:m.s. 2
(A) +4 (x10°A2) +0.2 (Ag) 2 (A) £2 roughness X
= * (A) £2
H.,O 180 0.5 37 41 12 2.4
pH 4, 162 0.5 36 39 9 5.9
pH9
pH 4 171 0.5 32 39 13 2.1
pH 7.4
pH 4 151 0.5 28 37 9 5.1

Fixed parameters: Substrate quartz SLD = 4.18x10°® A2, quartz roughness 3 A, subphase H,O SLD = -
0.55x10°® A2, deuterated tail region SLD = 5.8x10°® A2. The SLD of the PAA film was allowed to vary.
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Cycling of pH clearly demonstrated that the PAA cushion thickness was very sensitive to the
environmental pH conditions. As can be seen in the reflectivity data and SLD model fits in Fig. 2.3, the PAA
layer collapsed at lower pH conditions (pH 5.8 or 4.0). At higher pH conditions (pH 7.4 and pH 9) the PAA
layer became negatively charged due to deprotonation and swelled substantially. Complementary
ellipsometry and AFM measurements revealed that the PAA thickness increased by about a factor of five
when going from pH 4 to pH 7.4.%2 This expansion was accompanied by an increase in interfacial roughness
of the PAA cushion. At pH 7.4 and pH 9, the contrast between the hydrated, diffuse PAA-cushioned SLB
and bulk water was reduced below detectable resolution. More specifically, the characteristic Kiessig
fringes were not observed and the reflectivity profile appeared to be that of the Fresnel from the quartz-
water interface. The coupling between the PAA cushion and the membrane is sufficient that the presence
of the membrane is no longer detectable by neutron reflectivity due to roughness of the membrane
interfacial layer. Importantly, the membrane remains contiguous at elevated pH as evidenced by FRAP
measurements described later.

Consistent with membrane continuity, the SLB structure was preserved upon lowering the
solution pH and re-collapse of the PAA cushion. Loss of material was only observed when the PAA films
were not cured, likely because cured PAA films were more stably grafted to the underlying substrate via
amide formation between the carboxylic acid groups in the PAA and the amine groups in the APTES layer.>
The reversibility of the swelling process of the PAA cushion, including its effects on the lipid bilayer, was
demonstrated by extended cycling of pH (pH 43)) shown in Fig. 2.3. Evidenced by the small decrease in
hydrocarbon tail region thickness (Table 2.1), there was a minor reduction in the coverage of the lipid
bilayer after pH cycling. This effect may have been due in part to the process of solvent exchange, which
could have introduced air bubbles into the sample holder. Variation in the thickness of the deuterated tail
region (SLD fixed to 5.8x10° A?) cannot be decoupled from the slight differences in the roughness of the

underlying PAA cushion in the collapsed state. At pH 4, small deviations in PAA thickness were likely
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because of improved solvent exchange process. However, the decrease in cushion roughness may indicate
that the PAA film becomes more uniform during the pH cycling process. Contrary to the alkaline conditions
that resulted in weak coupling between the membrane and deprotonated PAA cushion, acidic conditions
(pH 4) promoted strong attractive interactions between the membrane and the protonated cushion. This
finding was consistent with the reduced diffusion coefficient of PAA-cushioned SLBs under acidic
conditions as described later.
Hybrid LB/Vesicle Fusion of PAA-Cushioned Membranes

To investigate SLBs amenable to introduction of integral membrane proteins, we characterized
PAA-cushioned membranes that were prepared using a hybrid approach of depositing the inner leaflet by
LB and the outer leaflet, by vesicle fusion. Presumably, the SUVs here could be replaced by
proteoliposomes % in derivative experiments. Fig. 2.4 (A) shows NR data from dDPPC lipid bilayers formed
using this approach while Fig. 2.4 (B) shows the model SLDs corresponding to the least-squares fits. As
expected, the thickness of the PAA layer formed with a 1 mg/ml spin coating solution was definitively
smaller compared to that of the PAA layer formed with a 2 mg/ml spin coating solution. Based on the SLD
profile of the deuterated lipid tail region, the surface coverage of the membrane formed by vesicle fusion
deposition of the outer leaflet was approximately 10% less than that obtained using LS deposition. Still,
the membrane coverage was quite high and membrane structure was retained throughout cycling of pH
(results not shown). Ongoing studies now focus on optimization of deposition conditions and
incorporation of proteins for high-resolution structural characterization.
Membrane Diffusion

DMPC self-diffusion coefficients in PAA-cushioned bilayers doped with 1 mol% Texas Red-DHPE
prepared by LB/LS were determined as a function of pH and PAA film thickness. Control measurements of
lipid diffusion on ultra-clean, UV-ozone treated glass supports without PAA (uncoated) are provided for

comparison. The use of a quartz versus glass substrate was found to have negligible impact on diffusivity

18



measurements for both PAA-cushioned and non-cushioned membranes. For each SLB construction, FRAP
was performed at multiple locations (minimum of 4) across the surface for over 10 unique samples to
obtain the reported average diffusion coefficient. Differences in the background intensities in the figures
are due to minor discrepancies in light intensity, optical alignment of the microscope, and sample

characteristics during the time of the experiment.
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Fig. 2.4: (A) Reflectivity data from a dDPPC bilayer deposited on top of a 1 mg/ml and 2mg/ml PAA layer
by LB (inner leaflet) and vesicle fusion (outer leaflet) at pH 4.0 along with optimized model fits. (B) SLD
profiles corresponding to line fits shown in (A).
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Influence of Initial PAA Thickness and pH on Diffusion

Results from two nominal PAA film thicknesses are reported using spin coating solutions comprised
of 1 mg/ml and 2 mg/ml PAA in methanol. However, the diffusivity of lipids in PAA-cushioned SLBs was
found to be unaffected by the starting, dry thickness of the PAA. Hence, the total thickness of the cushion
can be liberally adjusted to meet the needs of different applications. Because the thickness of the polymer
cushion could also be manipulated by pH, the dry thickness was adapted as a metric for distinguishing the
effect of the total amount of PAA comprising the film. At pH 7.4, the diffusion coefficients of DMPC bilayers
on PAA-coated glass substrates formed by 1 mg/ml and 2 mg/ml PAA solutions were 1.93 pm?/s + 0.55 (N
=52) and 1.90 pm?/s + 0.86 (N = 13), respectively. A representative FRAP image sequence is shown in Fig.

2.5 and the summary of the diffusion coefficients is provided in Table 2.2.

Fig. 2.5: FRAP measurements of DMPC doped with 1% Texas Red-DHPE on 1 mg/mL concentration of PAA
coated glass substrate at pH 7.4. Image (A) was taken after 150 sec of photobleaching and the times
elapsed from this point are (B) 30 sec, (C) 1 min 30 sec, (D) 3 min, (E) 4 min 30 sec, (F) 6 min. Scale bar is
100 um.

20



Table 2.2: Diffusion coefficients of DMPC doped with 1 mol% Texas Red-DHPE on glass substrates, in 10
mM phosphate buffer adjusted to different pH conditions.

Diffusion Coefficient [um?/s]
pH 1 mg/ml* 2 mg/ml* no PAA
9.2 2.64 £0.80 2.53+0.78 2.39+0.33
7.4 1.93+0.55 1.90+0.86 1.73+0.44
4.0 0.12 £0.05 0.10+0.02 1.71+0.15

* Concentration of spin coating solution used to form the PAA film.

At 30 °C (above the gel-fluid phase transition temperature) in pH conditions where the polymer
was swollen (pH 9.2 and 7.4), the diffusivity of SLBs formed on PAA-cushioned and un-cushioned
substrates was between 1-3 um?/s. In contrast, the diffusivity of PAA-cushioned SLBs was reduced by
more than an order of magnitude at pH 4. To interrogate the impact of the collapsed polymer cushion on
lipid diffusion under acidic conditions (pH 4), the temperature of FRAP measurements was increased.
Remarkably, heating the samples to 45 °C allowed the lipid bilayer to diffuse at a similar rate to what was
observed at pH 9.2 or pH 7.4. In other words, the gel-fluid phase transition temperature of PAA-cushioned
membranes appeared to be elevated at lower pH conditions. Since the pKa of the amine group in DMPC
(pKa ~ ~7.9') was above the pH of the bulk acidic solution, the phenomenon was unlikely attributed to
changes in electrostatic charge of lipids in the membrane. Rather, elevation of the phase transition
temperature most likely resulted from prominent coupling interactions between the bilayer and
protonated PAA cushion.

Diffusion of PAA-Cushioned Membranes under Physiological Conditions

To test the behavior of PAA-cushioned SLBs under physiological saline conditions,> FRAP
experiments were repeated in 140 mM NaCl and 10 mM pH 7.4 phosphate buffer on films produced using
1 mg/ml PAA solution. Qualitative observations from fluorescence microscopy images indicated that the
PAA-cushioned bilayer had a homogeneous surface. The average diffusion coefficient was determined to

be 1.92 um?/s + 0.56 (N = 17), which was comparable to values obtained in the lower ionic strength
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conditions described earlier. Increasing the concentration of monovalent Na* ions had no discernable
impact on the mobility of the lipid bilayer. This result was in good agreement with the conclusions of
Jacobson and Papahadjopoulos,®® who reported no appreciable effect of monovalent salt concentration
on the phase transition temperature of electrically neutral PC bilayers.
Comparison to Reported Diffusion Coefficient Values

Reported diffusion coefficients for DMPC and DPPC bilayers on glass were factors of 1-2 higher
(2-4 um?/s) 7, but on the same order of magnitude as values measured on glass substrates in this study.
Not surprisingly, membranes supported by solid inorganic substrates typically exhibit slower diffusion
rates when compared to analogous free-standing bilayers.?? Improved mobility has been reported from
polyelectrolyte-supported bilayers, which can sustain diffusion coefficients on the order of 103-10 pm?/s
when the polyelectrolyte is completely swollen in water.%®>° Similarly in this work, lipids in the PAA-
cushioned SLBs diffused slightly faster than lipids in membranes supported on UV-ozone treated glass.
Moreover, lipid diffusivity could be arrested by reducing pH and driving the PAA into a collapsed state.
Conclusion

As demonstrated, PAA-cushioned membranes offer an easily tunable system for biophysical
studies. The membrane-cushion interactions can be modulated by changing the pH of the bulk solution
which, in turn, modulate membrane properties. The PAA cushion presents a reversible, convenient way
to restrict the diffusion of lipids and membrane-associated molecules, even at temperatures above the
canonical chain-melting phase transition temperature of the bilayer. Indeed, discordant results between
experiments on polymer-cushioned SLBs found in the literature are likely due to the pronounced
sensitivity of bilayer dynamics to subtle interactions with the cushion and solution conditions. The
extensive findings presented here, based on structural characterization using NR and diffusion coefficient
measurements using FRAP, highlight some important information for consideration. NR measurements

showed that the dry thickness of the PAA layer can be precisely controlled by adjusting the concentration
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of the spin coating solution. The degree of PAA cushion protonation and, therefore, the hydrated
thickness of the cushion can be easily manipulated by adjusting solution pH conditions. At pH 5.8 and pH
4, the cushion is collapsed (protonated) and contains ~40% water. At pH 7.4 and pH 9.2, the cushion swells
significantly (deprotonates) with an associated increase in roughness. Structural changes induced by pH
cycling are reversible and the structure of the membrane is maintained during this process. While further
in-depth studies are needed to assess long term membrane stability, both the PAA layer and the
supported membrane were exceptionally stable, as measurements over the course of several days yielded
similar results.

Diffusion experiments of PAA-cushioned SLBs showed that while altering the dry thickness of PAA
did not affect the lipid diffusion coefficient, changes in pH can be used to stimulate emphatic, physical
change in the membrane by modulating coupling of the bilayer to the polymer cushion. Namely, the
lateral diffusion of lipids and membrane-associated molecules can be restricted by exposing PAA-
cushioned SLBs to acidic conditions. The resulting stronger attractive interactions between the membrane
and the collapsed, largely protonated PAA film effectively elevate the supported membrane’s gel-fluid
phase transition temperature. In summary, pH can be used to modify lipid diffusivity by altering the PAA
cushion’s three-dimensional structure and coupling of the membrane to the cushion. Furthermore, under
physiological or alkaline conditions, lipids in PAA-cushioned membranes diffuse as fast as those in bilayers
supported by bare, hydrophilic glass substrates.

Given their durable architecture and tractable diffusivity, PAA-cushioned membranes are a
promising platform for closely mimicking a membrane in association with a cytoskeleton while accessing
the advantages of a two-dimensional model membrane. High quality, high coverage membrane bilayers
can be deposited on top of a PAA layer using both LB/LS and hybrid LB/vesicle fusion deposition methods.

Overall, PAA-cushioned membranes seem well suited for exceedingly diverse applications including,
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elucidation of membrane properties and membrane-protein interactions, as well as provide a framework

for studying integral membrane proteins where the influence of the underlying support is minimized.
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Abstract: A nanolipoprotein particle (NLP) is a lipid bilayer disc stabilized by two amphipathic
“scaffold” apolipoproteins. It has been most notably utilized as a tool for solubilizing a variety of
membrane proteins while preserving structural and functional properties. Transfer of functional
proteins from NLPs into model membrane systems such as supported lipid bilayers (SLBs) would
enable new opportunities for example: Two-dimensional protein crystallization and studies on
protein-protein interactions. This work used fluorescence microscopy (FM) and atomic force
microscopy (AFM) to investigate the interaction between NLPs and SLBs. When incubated with
SLBs, NLPs were found to spontaneously deliver lipid and protein cargo. The impact of membrane
composition on lipid exchange was explored, revealing a positive correlation between the
magnitude of lipid transfer and concentration of defects in the target SLB. Incorporation of lipids
capable of binding specifically to polyhistidine tags encoded into the apolipoproteins also
boosted transfer of NLP cargo. Optimal conditions for lipid and protein delivery from NLPs to SLBs
are proposed based on interaction mechanisms.
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Introduction

Over the past two decades, the biomimetic nanolipoprotein particle (NLP) a.k.a.
nanodisc! or reconstituted high-density lipoprotein (HDL) particle, has been steadily developed
as a promising drug delivery vehicle?> as well as a proficient tool for the expression and
characterization of assorted membrane proteins.*® Biocompatible and amenable to modification
for enhanced serum stability,” NLPs emulate naturally occurring HDL particles, which transport
lipidic cargo in the circulatory system.®° HDL particles are soluble lipoprotein complexes with
cores comprised of triglycerides, cholesterol esters, and cholesterols, encapsulated by a
phospholipid bilayer and secured by amphipathic apolipoproteins.’® Apolipoproteins mediate
interactions with plasma membrane surface receptors and enable delivery of cholesterol via
selective cellular uptake pathways.? 1112 Additionally, they act as “scaffold” proteins that control
particle size and structure.

In distinction from their biological HDL counterparts, ApoAl-based NLPs are discoidal
lipid bilayers with an average thickness of 5 nm and diameters that range between 10 - 30 nm
depending on the specific apolipoprotein and its ratio compared to lipids.* 131> Each ApoA1l-
based NLP has two apolipoproteins that insulate the hydrophobic core and dictate particle size.
There are two popular methods for assembling NLPs in vitro. The first is reconstitution of
apolipoprotein in the presence of lipids (vesicles) and detergent,’ 1617 where gradual dilution of
the detergent induces self-assembly of NLPs. The second is cell-free expression of apolipoprotein
in the presence of lipids. Importantly, the NLP assembly techniques result in production of
identical nanoparticles.'* Since the apolipoprotein can be made to encode a polyhistidine tag,

NLPs can be purified using straightforward affinity chromatography procedures. The principle
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advantage of cell-free expression is its capacity for simultaneous production of apolipoproteins
and membrane proteins without the need for adding or removing detergents.* When co-
expressed with NLPs, membrane proteins have been found to insert into NLP bilayers to form a
stably solubilized membrane protein-NLP complexes (MP-NLPs). Importantly, membrane
proteins in MP-NLP complexes have been shown to retain their structure and functionality using
the “One-Pot” cell-free approach.> 8

MP-NLP complexes have potential for broad utility in pharmaceuticals applications and
in fundamental research on protein-protein and protein-lipid interactions. While strategies for
preparation and characterization of proteins using high spatial resolution analytical techniques
such as electron microscopy and X-ray crystallography have steadily improved, the crucial task of
examining protein structure and functionality in native lipid environments remains a persistent
challenge.® Even though membrane proteins make up over 60% of drug targets,?° less than 1%
of solved protein crystal structures are membrane proteins.?! This is compelling motivation for
development of broadly applicable, lipid-based characterization platforms, especially amid
growing evidence that lipids not only stabilize,?? but regulate membrane protein activity.?324 MP-
NLPs offer one modality for examining properties of membrane proteins embedded in lipid
bilayers. Several studies using NLPs to examine protein activity, 2> oligomerization,?®?’ and
diffusion dynamics'® 2 have been reported.

Another platform that recapitulates physicochemical properties of native membranes is
the supported lipid bilayer (SLB). Similar to NLPs, SLBs are powerful tools for studying membrane
proteins because they allow for observation of protein-lipid interactions,?* 2° protein-protein

interactions,3° conformational changes, and hydrophobic mismatch with high fidelity.3* A SLB is
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a lipid bilayer that has been reconstituted on a solid, normally planar substrate such as silica or
mica.32 SLBs are generally more robust than freestanding bilayers. Further, SLBs are compatible
with two-dimensional characterization methods including wide-field fluorescence microscopy
(FM), electron microscopy, atomic force microscopy (AFM), and neutron or X-ray scattering. In
addition, SLB lipid composition can be precisely tailored to simulate nano- to microscopic phase
separation and lipid raft domains.3® For studies on membrane proteins, SLBs can be modified
with polymer cushions3*3¢ to prevent unwanted interactions between embedded proteins and
the underlying substrate. SLBs can also be micropatterned®” to manipulate the spatial
organization of associated molecules.

Mechanisms by which NLPs transfer lipids and proteins to and from other lipid constructs
have been explored with bicelles?”> 38 and with other NLPs,3 but scarcely with continuous
bilayers. A recent study by Patriarchi et al.*° showed that NLPs could deliver functional B»-
adrenergic receptor, a G-protein coupled receptor (GPCR), into the plasma membrane of living
cells. However, the underlying mechanism behind the protein transfer process remains obscure.
In this work, we used wide-field FM and AFM to determine the impacts of composition and the
presence of defects on lipid cargo transfer from NLPs to SLBs.

Materials and Methods
General Materials and Methods

MilliQ deionized water (resistivity 218 MQ-cm) from a Barnstead water purification
system (Thermo Fisher Scientific) was used in all protocols except cell-free expression, which
utilized DNA-ase free water included in the Invitrogen Expressway Maxi kit. The lipids 1,2-

dimyristoleoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dipalmitoyl-sn-glycerol-3-
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Phosphatidylcholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE), 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-
carboxypentyl)iminodiacetic acid)succinyl] (nickel salt) (DOGS-NTA-Ni), and 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammonium salt)
(Rhodamine-DHPE) were purchased from Avanti Polar Lipids, Inc. Texas Red™ 1,2-
Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine, Triethylammonium Salt (TR-DHPE) and
Oregon Green™ 488 1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (OG-DHPE) labeled
lipid reagents were purchased from Thermo Fisher Scientific. Lipids were dissolved in Chloroform,
HPLC grade (Thermo Fisher Scientific) to make solutions at a concentration of 1 mg/ml. Sodium
chloride (2 99% purity), imidazole (= 99% purity), Trizma® hydrochloride and Trizma® base were
used to prepare pH 7.4 Tris buffer. Sodium cholate hydrate (> 99% purity) was purchased from
Sigma-Aldrich, Inc. Phosphate buffered saline (PBS) dry pack, ultra-pure grade, was purchased
from Apex Bioresearch, Inc. and dissolved in MilliQ deionized water to make PBS buffer (10 mM
phosphate buffer, 137 mM NaCl, 2.7 mM KCl).

Glass coverslips (Thermo Fisher Scientific) were cleaned with Hellmanex basic detergent
(Sigma-Aldrich), rinsed with MilliQ deionized water followed by 200 proof ethanol, and dried
under a stream of nitrogen (specialty grade, 99.998% pure). Lastly, glass substrates were UV-
ozone treated to promote hydroxyl group formation at the surface and used within 30 min of
treatment. Coverslips functionalized with poly(acrylic acid) (PAA) cushions were additionally
subjected to sonication in acetone, then isopropyl alcohol to ensure full removal of organic
contaminants from the surface prior to UV-ozone treatment and PAA deposition. Mica (Axim

Mica) was freshly cleaved before use.
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PAA Cushion Preparation

PAA cushions were prepared using spin-coating methods previously described by El-
Khouri et al.3* Basically, deposition solutions were prepared by dissolving PAA (450k MW, 0.1%
cross-linked, Sigma-Aldrich, Inc.) in methanol (> 99% purity, Sigma-Aldrich) at a concentration of
1 mg/mL. To enable covalent grafting of polymer chains to the silica substrate, coverslip surfaces
were initially functionalized with aminopropyltriethoxysilane (APTES, Gelest, Inc.) by solution
deposition in toluene (= 99% purity, Sigma-Aldrich). The PAA cushion was then formed by spin-
coating and subsequent curing. Finally, PAA substrates were immersed in Tris buffer (pH 9) to
convert anhydrides to carboxylates and relieve mechanical stresses in the polymer layer. As
previously reported,3* cushion thickness can be modified by altering the concentration of the
PAA in the spin-coating solution. The technique of UV-Ozone photolithography was used to
pattern PAA cushions into arrays of 100 — 200 um squares. Areas exposed during
photolithography were subsequently treated with AquaSil siliconizing fluid (Thermo Fisher
Scientific) to render them resistant to nonspecific protein adsorption. Additional details for PAA-
cushion preparation is provided in the Supporting Information.

SLB Sample Preparation

SLBs were deposited on bare glass coverslips (Thermo Fisher Scientific) or freshly cleaved
mica (Axim Mica) using vesicle fusion, Langmuir-Blodgett (LB)-LB deposition, or LB-Langmuir-
Schaeffer (LS) deposition. In LB-LB deposition, each leaflet was added by moving the substrate
vertically through a compressed lipid monolayer at an air-water interface. In LB-LS deposition,

the outer leaflet was transferred by lowering the substrate through the air-water interface
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oriented parallel to the monolayer.3% 4! Details on methods used to produce each SLB are
summarized in Table 3.51 in Supporting Information.
Vesicle Sample Preparation

Vesicle solutions for comparative lipid exchange experiments were prepared by
sonication. A mixture of DMPC containing 2 mol% Rhodamine-DHPE was dissolved in chloroform,
dried under nitrogen, and placed under vacuum for at least 4 h. The mixture was hydrated with
PBS buffer to a concentration of 0.1 mg/mL, vortexed for 15 sec, and then placed in an ultrasonic
bath sonicator for 30 min. Vesicle solutions were always used within 1 hour after preparation.
Size determination by dynamic light scattering (DLS, Malvern Zeta Sizer) revealed an average
vesicle size of 55.5 £ 11 nm in diameter.
NLP Assembly from Lyophilized Apolipoprotein

The NLPs stabilized with membrane scaffold protein MSP1D1 (MSP1D1-NLPs) were
assembled using methods adopted from the process described by Zeno et al.*? In brief, a
stoichiometric excess of DMPC doped with 2 mol% Rhodamine-DHPE was dried in a glass vial with
nitrogen and placed under mild vacuum for at least 6 hr. The lipid mixture was then hydrated in
Tris buffer containing sodium cholate hydrate and added to another aliquot of Tris buffer
containing MSP1D1. Each MSP1D1 had a chain length of 217 amino acids (25.3 kDa) and a
polyhistidine tag attached to its N-terminus. After incubation, the mixture was transferred to a
10 kDa MWCO Slide-A-Lyzer dialysis cassette (Thermo Fisher Scientific) and dialyzed at 4 °C, in
Tris buffer (pH 7.4) to promote cholate removal and NLP assembly. Subsequent purification
(described below) ensured complete cholate removal from the final product. For the detailed

protocol for synthesis of MSP1D1-NLPs, see Supporting Information.
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NLP Assembly using Cell-Free Expression

The NLPs stabilized with apolipoprotein A49ApoAl (A49ApoAl1-NLPs) and with
embedded receptor tyrosine kinase CLIP-ErbB2/HER2 (CLIP-ErbB2-NLPs) were prepared using
cell-free expression methods described by He et al.®> The cell-free reaction was carried out using
the Invitrogen Expressway™ Maxi Cell-Free E. coli Expression System (Thermo Fisher Scientific).
Plasmids encoding CLIP-ErbB2/HER2 and a truncated 6xHis-tagged version of human
apolipoprotein A-lI, missing the amino-terminal 49 amino acids (A49ApoAl) were codon
optimized for E. coli expression.> A49ApoA1-NLPs were assembled with DMPC vesicles containing
0.5 mol% TR-DHPE. CLIP-ErbB2 NLPs were conjugated with fluorescent substrate CLIP-Cell TMR-
Star (New England Biolabs), added to the cell-free reaction 1 hr prior to purification.

NLP Purification and Verification

All NLPs were isolated by nickel affinity purification. Initially, samples were incubated for
1 hr with HisPur™ Ni-NTA resin (Thermo Fisher Scientific), rinsed with Tris buffer (pH 7.4) at 4°C.
Next, 3-4 wash steps were then performed using Tris buffer containing 20 mM imidazole,
followed by 3-4 elution steps with Tris buffer containing 400 mM imidazole. NLPs in the eluted
fraction were concentrated using a Vivaspin 100 kDa MWCO centrifugal concentrator®?® (Thermo
Fisher Scientific). To remove imidazole from the solution, concentrated samples were transferred
to 10 kDa MWCO Slide-A-Lyzer dialysis cassettes (Thermo Fisher Scientific) and dialyzed at 4 °C,
in PBS buffer (pH 7.4) at over 500 times the sample volume (4 buffer exchanges over 36 hours).
Recovered samples were stored in the dark at 4 °C until use.

Production of MSP1D1, A49ApoA1, and CLIP-ErbB2/HER2 protein particles was verified

by SDS-PAGE. Protein concentration in each sample was adjusted to 0.1 mg/mL and verified by

35



measuring peak absorbance at 280 nm using a UV-vis spectrophotometer (Shimadzu Scientific
Instruments). The average discoidal diameter of MSP1D1-NLPs, determined by DLS (Malvern Zeta
Sizer), was 20.7 + 1.6 nm and comparable to sizes reported for A49ApoA1-NLPs* and CLIP-ErbB2-
NLPs.> Additional details on NLP verification are included in the Supporting Information.

NLP Incubation with SLBs

At the start of each incubation step, 50 pL of 0.1 mg/mL NLP solution was pipetted into
a 3 mL volume of PBS buffer containing the SLB (final NLP concentration ~1.6 ug/mL). At the end
of each incubation period, residual NLPs or vesicles were removed by exchanging the incubation
solution covering the SLB with fresh buffer. Total incubation time was varied to suit the unique
conditions of each experiment. For example, in FM measurements, MSP1D1-NLPs and
A49ApoA1-NLPs were incubated with glass-supported bilayers for 15 min and PAA-cushioned
SLBs for 30 min, respectively. However, CLIP-ErbB2-NLPs were incubated for 12 hr with PAA-
cushioned SLBs because earlier trials (unpublished data) indicated that at least several hours
were required to accumulate enough protein in the SLB to produce an appreciable fluorescent
signal. For lengthier AFM experiments, A49ApoA1-NLPs were also incubated for 12 hr with SLBs.
The extended duration was necessary to assure the samples had reached static equilibrium
before the start of topography scans.

Fluorescence Microscopy

The FM images were acquired using a Nikon Eclipse E600 microscope connected to an
Andor Zyla sCMOS camera (DG-152V-C1E-FI) at 40X magnification. A mercury short-arc lamp
(Osram, HBO 100W/2) was used to illuminate samples. A TRITC filter cube (dichroic cut-on

wavelength 562 nm), TR filter cube (dichroic cut-on wavelength 593 nm), and FITC filter cube
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(dichroic cut-on wavelength 506 nm) were used to isolate fluorescence emission from
Rhodamine-DHPE/CLIP-Cell TMR-Star, TR-DHPE, and OG-DHPE, respectively. For mean
fluorescence intensity measurements, at least 10 images were recorded across the surface of
each sample and analyzed using a MATLAB program (see Supporting Information for details).

Atomic Force Microscopy

AFM images were acquired in PBS buffer using a MFP3D-SA system (Asylum Research,
Santa Barbara, CA) equipped with a medium soft silicon cantilever (model AC240TS-R3, Asylum
Research, Santa Barbara, CA) with a spring constant of 2 N/m. Images were recorded in tapping
mode AFM with a set point of 250-300 mV and a scan rate of 1.5 Hz. AFM images were analyzed
using Gwyddion ver. 2.49.
Results

Impact of SLB Composition on Lipid Exchange

Fig. 3.1 shows the mean fluorescence intensity of various composition SLBs after
incubation with fluorescently labeled MSP1D1-NLPs and fluorescently labeled control vesicles,
normalized by the fluorescence intensity of unlabeled SLBs on glass. Combined with qualitative
observations (Fig. 3.2), these results provide insight into the influence of target membrane
composition and properties for optimizing NLP-SLB interactions and material transfer from NLPs
to the SLB. Lipid transfer was markedly enhanced by defects in the supported membrane and
prevented in well-packed, gel-phase membranes. The SLB with the most pronounced lipid
exchange with NLPs had an outer leaflet composition of DMPC + 5 mol% DOGS-NTA and an inner
leaflet composition of DMPC. DMPC membranes are near the phase-transition state at room

temperature (Tm = 24 °C). Lipid transfer was further enhanced by doping the SLB mixture with
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DOGS-NTA. DOGS-NTA, a nickel-chelating lipid, is capable of specific binding to the polyhistidine-
tag of the apolipoprotein, thus acting as an anchor point. When SLBs comprised of DMPC + 5
mol% DOGS-NTA were supported by gel phase inner leaflets comprised of DPPE (Tm = 63 °C), the
concentration of defects was reduced®* %3 and a corresponding reduction in lipid exchange was
observed.

In fluid phase membranes comprised of DOPC + 5 mol% DOGS-NTA (Tm = -17 °C), where
defects were relatively abundant, lipid exchange was significant and comparable to the amount
observed in DMPC + 5 mol% DOGS-NTA. Phase separation in these otherwise homogeneous
samples signaled that both DMPC and fluorescent lipid Rhodamine B-DHPE were delivered. In
phase separated SLBs comprised of an inner DPPC (Tm = 41 °C) leaflet and an outer DPPE:DOPC
(3:7 molar ratio) leaflet, the prevalent fluid phase meant that lipid exchange was only slightly
suppressed despite having a gel phase inner leaflet and a fraction of the surface occupied by gel
phase domains. Interestingly, incorporation of DOGS-NTA into DPPE:DOPC membranes did not
boost lipid exchange the same way it did for DMPC membranes. Instead, incorporation of DOGS-
NTA into the phase separated systems reduced the standard deviation across samples, perhaps
by driving broader incorporation of fluorescent lipids across the SLB surface as opposed to
localized exchange with defects. Homogeneous gel-phase SLBs showed no evidence of lipid
exchange upon extended incubation with NLPs.

There was more lipid exchange from NLPs compared to vesicle controls (Fig. 3.2 insets).
When defects were suppressed in DMPC + 5 mol% DOGS-NTA SLBs with inner leaflets comprised
of DPPE, similar levels of materials transfer to the SLB were obtained. Fluorescence recovery after

photobleaching (FRAP), an indicator of the lateral mobility of fluorescently labeled lipids in the
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SLB, was consistently observed in samples incubated with NLPs (see Supporting Information Fig.
3.53). Furthermore, the intensity measurements of SLBs incubated with vesicles were often
artificially enhanced by the presence of adsorbed vesicles on the surface (see Supporting
Information Fig. 3.S4). Taken together, these results demonstrate that NLPs offer an
improvement over vesicle incubation and are a viable delivery vehicle for transferring small
biomolecules such as lipids to a variety of SLB compositions. Exchange is optimized in the
presence of defects or, when defects are suppressed, the presence of specific, NLP binding lipids

at the SLB surface.
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Fig. 3.1. Degree of lipid transfer as a function of composition, as indicated by the mean fluorescence
intensity of SLBs after incubation with MSP1D1-NLPs and vesicles containing 2 mol% Rhodamine-DHPE at
room temperature, normalized by the fluorescence intensity of unlabeled SLBs on glass. Transfer was
enhanced by the presence of bilayer defects, which are abundant in fluid phase (DOPC) membranes and
in membranes not coupled to a gel phase (DPPC or DPPE) inner leaflet. For near phase-transition (DMPC)
membranes, transfer was further enhanced by addition of DOGS-NTA, a nickel-chelating lipid capable of
specific binding to NLPs via the polyhistidine-tag incorporated in each apolipoprotein sequence.
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Fig. 3.2. FM images of different composition (label: outer leaflet, inner leaflet) SLBs after incubation with
MSP1D1-NLPs and vesicles (insets) containing fluorescent lipid Rhodamine B-DHPE (scale bar = 100 um
for image and inset) at room temperature. (A) Introduction of DMPC from NLPs into fluid phase DOPC
SLBs resulted in phase separation and partitioning of the fluorophore into liquid-disordered (L,) domains.
(B, C) In phase-separated DPPE:DOPC SLBs, gel-phase domains appeared dark in contrast with the
surrounding fluid-phase matrix. (D) Lipid transfer was suppressed in DMPC SLBs coupled to a gel-phase
inner leaflet despite having polyhistidine-binding DOGS-NTA. Exchange in DMPC membranes was
enhanced by (E) changing the inner leaflet to DMPC, (F) and then incorporating DOGS-NTA. Intensity was
scaled identically for all images shown here.

AFM of SLBs Incubated with NLPs

Topographicimages acquired by AFM suggest a highly complex mechanism of interaction
between NLPs and SLBs. Fig. 3.3 shows AFM images of SLBs with outer and inner leaflets
comprised of DMPC + 5 mol% DOGS-NTA and DPPE, respectively, incubated with and without
NLPs. Phase separation and defects in the form of transmembrane holes (depth ~ 5 nm) are

evident in the control sample. This microstructure is typical for DMPC membranes which reside
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in near-transition states at room temperature. In the sample incubated with NLPs, there is no
discernable phase separation and holes are absent from the surface. There are also ring-like
features with an average height of ~1 nm distributed across the surface. In previous attempts to
image the interaction between NLPs and the SLB in situ, nonspecific adsorption of NLPs to the
AFM probe disrupted image acquisition. Consequentially, it was difficult to determine the exact
mechanism behind this complex surface rearrangement. However, the size distribution of the
rings (122.1 + 85 nm) was comparable to that of defects in the control sample (143.2 + 74 nm),
suggesting that defects act as docking sites for the NLPs and play a key a role in mediating the
formation of the final nanostructure.

Fig. 3.4 shows AFM images of SLBs with outer and inner leaflets comprised of DPPC:DOPC
+ 5 mol% DOGS-NTA:Chol (9:9:2 molar ratio) and DPPE, respectively, incubated with and without
NLPs. Phase separation and transmembrane holes were again observed in the control sample.
Like the DMPC membrane results, incubating NLPs with DPPC:DOPC:Chol membranes appeared
to result in suppressed phase separation. Line profile scans exposed defects with a similar size
distribution (501.2 £ 334 nm) to that of defects observed in the control sample (456.7 £ 234 nm).
However, defects in SLBs incubated with NLPs had a shortened depth of ~1.5 nm compared to ~5
nm in the control samples. Assuming that lipid transfer from the NLPs resulted in filling of defects
in both of the compositions examined using AFM, increased lateral pressure from lipid crowding

could have induced mixing in the system and suppressed phase separation as observed.3°
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Fig. 3.3. (Right) AFM topographic images (scale bar = 3 um) and (Left) line profile scans of DMPC + 5 mol%
DOGS-NTA (inner leaflet DPPE) SLBs recorded at room temperature in PBS buffer, after 12 hr incubation
and subsequent rinsing. (Top) SLBs incubated without NLPs exhibited defects in the form of holes with an
average depth of ~ 5 nm due to solubilization of lipid over time. Since SLBs were imaged under ambient
conditions near the phase transition temperature of DMPC (T, = 24 °C), phase separation was observed.
(Bottom) SLBs incubated with NLPs presented raised ring-like features. Line profile scans revealed that
holes were not present, suggesting that defects had become filled as a result of materials transfer from

NLPs.
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Fig. 3.4. (Right) AFM topographic images (scale bar = 3 um) and (Left) line profile scans of DPPC:DOPC + 5
mol% DOGS-NTA:Chol (9:9:2) (inner leaflet DPPC) SLBs recorded at room temperature in PBS buffer, after
12 hr incubation and subsequent rinsing. (Top) SLBs incubated without NLPs exhibited phase separation
and defects in the form of holes with an average depth of ~5 nm. (Bottom) Phase separation was
suppressed in SLBs incubated with NLPs. Further, defects appeared partially filled with an average depth
of ~1.5 nm.

Lipid Transfer between NLPs and PAA-Cushioned SLBs

Fig. 3.5A shows FM images of a patterned PAA-cushioned membrane labeled with OG-
DHPE. As seen in Fig. 3.5B, addition of A49ApoA1-NLPs containing TR-DHPE resulted in lipid
transfer, made apparent by co-localization of TR-DHPE and OG-DHPE emission on membrane
patches. When the experiment was repeated with CLIP-ErbB2-NLPs (labeled with CLIP-Cell TMR-

Star), the SLB was not labeled to reduce background noise. After a 12 hr incubation period, CLIP-
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ErbB2/HER2 transfer was confirmed when emission from the conjugated fluorescent substrate,
CLIP-Cell TMR-Cell was detected in the SLB. Details on negative control trials are described in
Supporting Information. FRAP experiments revealed that CLIP-ErbB2/HER2 exhibited lateral
mobility, but only in areas where the membrane appeared to be suspended between PAA
patches (Fig. 3.6). Restricted mobility in directly supported membranes was likely due to the pH-
sensitive properties of PAA cushions. When stored in acidic conditions (pH < 4) or in solutions
with low ionic strength, the polymer assumes a collapsed structure where lateral diffusivity in
the supported bilayer can be reduced by several orders of magnitude compared to a fluid bilayer
supported on an oxide substrate.?* While not done in this experiment, it is possible to induce
mobility in PAA-cushioned SLBs by adjusting the pH to 7.4 or higher. Under neutral to alkaline
conditions, coupling between the cushion and the lipid bilayer becomes weakened as ionization
of PAA chains causes the former to swell with water.3* Note that effective pH equilibration
requires that ions be able to diffuse into the water layer between the membrane and underlying
substrate. However, a tightly packed, continuous bilayer may effectively “seal” the PAA cushion
from the bulk solution. This issue could be circumvented by introducing defects or channels into
the membrane. Straightforward methods for doing so include, patterning, thermal cycling, and
incorporation of transmembrane channel proteins such as gramicidin. In general, pH-sensitive
membranes such as PAA-cushioned SLBs offer a convenient mode of controlling the diffusivity of

proteins in model systems.
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Fig. 3.5. FM of an OG-DHPE-labeled micropatterned PAA-cushioned (DMPC + 5 mol% DOGS-NTA) SLB after
incubation with NLPs containing TR-DHPE (scale bar = 200 um). Lipid transfer was evidenced by the co-
localization of fluorescent emission from (A) OG-DHPE and (B) TR-DHPE.

Fig. 3.6. FRAP of a micropatterned PAA-cushioned (DMPC + 5 mol% DOGS-NTA) SLB after incubation with
CLIP-ErbB2-NLPs (scale bar = 200 um). Because the bilayer was deposited after patterning and passivation
of exposed surfaces, parts of the membrane “bridged” across PAA patches (squares) to form a continuous
bilayer across the surface. (A) Photobleaching a small region of the SLB (darkened circular area, diameter
~150 um) verified that CLIP-ErbB2/HER2 incorporated into both directly supported and suspended areas
of the bilayer. (B) Partial recovery during FRAP, evidenced by brightening and the blurring of edges in the
photobleached region, was observed in suspended regions over time.
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Mechanisms of Transfer

Enhanced transfer in samples with more defects and containing DOGS-NTA suggests that
materials delivery from NLPs can be regulated by the target lipid environment and by the
presence of apolipoprotein-binding molecules. These results are in accord with previous studies
on lipid exchange between NLPs and other biomimetic lipid systems.3839 Still, the vast parameter
space around this complex interaction makes it difficult to define an exact mechanism. Given the
scarcity of information pertaining to NLP-SLB systems, tangential research from HDL particles
may provide clues on the range of behaviors that might be further explored. In biological systems,
HDL particles are thought to deliver lipids directly to cell membranes upon binding with the
scavenger receptor, class B type 1 (SR-B1).***> Importantly, lipid uptake is selective and does not
compromise the structural fidelity of the HDL particle when mediated by SR-B1.1! Yet in another
independent study on model membranes, HDL particles appear to integrate upon contact even
in the absence of surface receptors.® Further, associated apolipoproteins do not appear to
discriminate between different types of lipid domains.*® Unsurprisingly, NLPs exhibit similar
capacity for cargo delivery through either specific or non-specific interactions with SLBs. In the
case of the latter, defects appear to serve as the principle sites for materials exchange based on
the results of this study. Continuing efforts to determine mechanisms of NLP-SLB interactions
would benefit from examining the kinetics of lipid transfer and the residence time of
apolipoprotein at the SLB surface, with and without specific binding receptor analogs.
Conclusions

This work explored the viability of using NLPs to deliver lipids and proteins to SLBs. FM

experiments revealed that the efficacy of lipid exchange depended on the composition of the
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target bilayer. Transfer was improved by incorporating polyhistidine tag-binding lipids into the
SLB which selectively bound NLP apolipoproteins encoded with polyhistidine tags. The most
dominant influence on the magnitude of lipid exchange appeared to be the concentration of
defects in the SLB. AFM experiments showed that incubation with NLPs resulted in the formation
of topographical features with similar size distribution as that of defects observed in control
samples. Although the structural rearrangement was too complex to outline a clear mechanism,
it verified interactions between NLPs and the SLB, which resulted in changes to the structure of
the SLB as well as direct transfer of cargo from the NLP to the SLB. Lastly, preliminary FM
experiments with NLPs containing embedded receptor tyrosine kinase CLIP-ErbB2/HER2
demonstrated that protein cargoes could be delivered from NLPs to PAA-cushioned SLBs.

There are notable advantages in using model membrane systems - NLPs enable access
to a growing selection of membrane proteins, while SLBs create opportunities to study them in
modular, two-dimensional environments. Indeed, the integration of cell-free expression into
NLPs is a growing area of focus and eliminates challenging purification steps of traditional cell-
based protein expression. The SLB platform is also very flexible. The composition of the SLB can
also be readily adjusted to enhance or decrease loading to suit specific applications, as well as
investigate the impact of membrane composition on protein function in a controlled fashion.
Nevertheless, there are limitations to this approach. Namely, aging effects necessitate that
experiments be conducted within a short period of time. NLPs should be utilized within 1 week
of synthesis, as DLS experiments revealed that they are prone to aggregation over time
(unpublished data). Likewise, SLBs are susceptible to long term lipid solubilization and should be

utilized within 24 hr or kept in lipid-saturated solution conditions to prevent equilibration
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induced desorption. Solution conditions must also be considered carefully. While we did not
closely examine NLP stability under varied ionic strength conditions, we found that NLPs tended
to aggregate in deionized water and therefore recommend that they be stored in solutions with
sufficiently high ionic strength (> 100 mM). In general, NLP aggregates can be dispersed by quick
sonication, vortexing, or rapid pipetting.

In conclusion, this work shows that NLP-mediated transfer can be used to introduce lipids
and membrane proteins into SLBs under well-defined conditions. Next steps should focus on
transfer of different membrane proteins to SLBs, with special attention paid to target membrane
composition to maximize loading. Equally important will be verification of the structural fidelity
and functionality of ErbB2/HER2 after delivery, likely through observation of domain recognition
and binding by fluorescently labeled antibodies.

Associated Content
Detailed methods, sample specifications, and additional figures in Supporting Information.
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Supporting Information
PAA Cushion Preparation (Detailed Protocol)

PAA cushions were prepared using spin-coating methods described by El-Khouri et al.! PAA (450k
MW, 0.1% cross-linked, Sigma-Aldrich, Inc.) was dissolved in methanol (= 99% purity, Sigma-Aldrich) at a
concentration of 1 mg/mL, stirred overnight (<16 hr), and subsequently passed through a 0.2 uM
Whatman PFTE filter. Next, coverslips were functionalized with aminopropyltriethoxysilane (APTES) by
immersion in a gently stirred solution of ¥1 mM APTES (Gelest Inc.) in toluene (> 99% purity, Sigma-
Aldrich) for one 1 hr. Silanized samples were then rinsed with toluene, dried under a light stream of
nitrogen (specialty grade, 99.998% pure), and cured for 2 hr at 100 °C.

Once samples had cooled to room temperature, PAA was deposited by gently injecting dissolved
PAA on the silanized surface and spin-coating for 2 min at 2000 RPM. Covalent linkage between the PAA
and APTES was promoted through subsequent curing for 2 hr at 200 °C. Finally, PAA substrates were
immersed in Tris buffer (pH 9) to convert anhydrides to carboxylates and relieve mechanical stresses in
the polymer layer. Areas exposed during photolithography were subsequently treated with AquaSil
siliconizing fluid (Thermo Fisher Scientific) per manufacturer instructions to render them resistant to
nonspecific protein adsorption.

MSP1D1-NLP Assembly (Detailed Protocol)

NLPs stabilized with membrane scaffold protein MSP1D1 (MSP1D1-NLPs) were assembled using
methods adopted from protocols described by Zeno et al.? A stoichiometric excess (4.3 mg) of DMPC
containing 2 mol% Rhodamine-DHPE was dried in a glass vial with nitrogen (specialty grade, 99.998% pure)
and placed under mild vacuum for at least 6 hr. The lipid mixture was then rehydrated in reconstitution
buffer consisting of 17 mg of sodium cholate hydrate added to 1 mL of Tris buffer (pH 7.4), transferred to
a plastic centrifuge tube, mixed using a vortex shaker at room temperature for 30 min, and then sonicated

for 10 min.
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2 mg of lyophilized apolipoprotein MSP1D1 (Cube Biotech, Inc.), resuspended in 0.5 mL of MilliQ
deionized water, was then added to the lipid mixture such that the molar ratio of lipid-protein was 80:1.
The lipid-protein mixture was subsequently incubated for 2 hr, alternating between light shaking at 4 °C
and 37 °C every 20 min. After incubation, the mixture was transferred to a 10 kDa MWCO Slide-A-Lyzer
dialysis cassette (Thermo Fisher Scientific) and dialyzed at 4 °C, in Tris buffer (pH 7.4) at over 300 times
the sample volume (4 buffer exchanges over 48 hr) to promote cholate removal and NLP assembly. NLPs
were isolated from the dialyzed mixture by nickel affinity purification.

Table 3.S1. Supported Lipid Bilayer Sample Details

Imaging Preparation
Method Outer Leaflet Inner Leaflet Support Method
EM DOPC+ 5 mol% DOGS- DOPC+ 5 mol% DOGS- Glass Vesicle Fusion
NTA NTA Coverslip
Glass
FM DPPE:DOPC (3:7) DPPC . LB-LB
Coverslip
DPPE:DOPC + 5 mol% Glass
FM DPP LB-LB
DOGS-NTA (3:7) ¢ Coverslip
DMPC + 5 mol% DOGS- Glass
FM NTA DPPE Coverslip LB-L8
FM DMPC DMPC Glass LB-LB
Coverslip
DMPC + 5 mol% DOGS- Glass
FM NTA DMPC Coverslip LB-LB
0, -
AFM DMPC +5 mol% DOGS DPPE Mica LB-LB
NTA
DPPC:DOPC + 5 mol% .
AFM DOGS-NTA:Chol (9:9:2) DPPE Mica LB-LB
DMPC + 5 mol% DOGS- DMPC + 5 mol% .
FM NTA DOGS-NTA PAA-Cushion LB-LS
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SDS-PAGE

SDS-PAGE on A49ApoA1-NLPs (Fig. 3.51A) and CLIP-ErbB2-NLPs (Fig. 3.S1B) was performed using
NuPAGE Novex™ 4-12% Bis-Tris protein gels (Thermo Fisher Scientific). Samples were heated to 98 °C for
5 min with NuPAGE LDS Sample Buffer and NuPAGE reducing Agent, mixed per manufacturer
specifications. Gels were run at 200V for approximately 30 min. Bands were compared against NUPAGE

Novex™ pre-stained standard to determine molecular weight.
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Fig. 3.S1. SDS-PAGE gels of (A) A49ApoA1-NLPs and (B) CLIP-ErbB2-NLPs. The sizes of CLIP-ErbB2/HER2
and A49ApoA1 (lacking post-translational modification) are ~120 kDa and ~26 kDa, respectively.
SDS-PAGE on MSP1D1-NLPs (Fig. 3.52) was performed using Mini-PROTEAN® TGX Precast Gels
(Bio-Rad Laboratories, Inc.). Samples were heated to 80 °C for 10 min with Laemmli sample buffer and 1-
mercaptoethanol, mixed per manufacturer specifications. Gels were run at 200V for approximately 30

min. Bands were compared against Precision Plus Protein™ pre-stained standard to determine molecular

weight.
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Fig. 3.52. SDS-PAGE gel of MSP1D1-NLPs. The size of MSP1D1 is ~25 kDa.

UV-Vis Spectrophotometry

Protein concentration was quantified by measuring peak absorbance at 280 nm and applying the
Beer-Lambert Law (Egn. S1) where A is the measured absorbance, € is the protein’s intrinsic extinction
coefficient, b is the path length (1 cm in this case), and c is the concentration.

A= exbxc Eqn. S1

The absorbance spectrum of a control solution with a known concentration of vesicles composed
of DMPC containing 2 mol% Rhodamine-DHPE was recorded and used to calibrate for vesicle contributions
to the spectra obtained for NLPs.
Particle Size Analysis of NLPs

The Stokes diameter, ds reported using dynamic light scattering assumes a spherical particle. This
value can be used to derive a discoidal diameter, dp using the following equation Eqn. S2, which equates
the area of a sphere to that of a cylinder.® The height of the disc, h is assumed to be 5 nm, the height of a

typical bilayer in an NLP.
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1/2

dp = (23;-;3) Egn. S2

Excluding large contaminants (> 1000 nm diameter), the size distribution measurements of
MSP1D1-NLP mixtures, measured in terms of the Stokes diameter were bimodal. One peak, centered at
203.1 +57.0 nm, was attributed to residual vesicles in solution. The other, centered at 14.8 £ 2.7 nm, was
ascribed to NLPs and corresponded to a discoidal diameter of 20.7 £ 1.6 nm.

Negative Control — CLIP-Cell TMR-Star

A negative control experiment was conducted to determine whether fluorescent substrate CLIP-
Cell TMR-Star inserted into the hydrophobic domain of the NLP bilayer. Negative control NLPs were
expressed using cell-free expression and subjected to the same CLIP-Cell TMR-Star conjugation protocol
that was used to label CLIP-ErbB2-NLPs before purification. When these NLPs were incubated with
unlabeled SLBs, no detectable fluorescence was imparting into the sample. This indicated CLIP-Cell TMR-
Star did not insert into NLPs in the absence of a CLIP-tagged membrane protein and that the purification
scheme was sufficient for removing unconjugated substrate from the final product.

Fluorescence Intensity Analysis

Mean fluorescence intensity was measured as the grayscale intensity (arbitrary unit) averaged
across 10+ raw images recorded from across the surface of each sample. Illumination conditions and
temperature (T = 25 °C) were kept consistent across all samples. Outliers, defined as images with intensity
values that were more than three scaled median absolute deviations away from the median, were
removed. Images from 3-5 samples, collected over at least 3 independent experiments were analyzed for
each composition. Normalized fluorescence intensity was calculated by dividing the mean fluorescence
intensity by that of unlabeled SLBs.

Fluorescence Recovery after Photobleaching (FRAP)
FRAP was performed by closing the aperture to expose a small section of the field of view for 5

min, and then recording an image time-lapse of the entire area over 20-30 min. To minimize
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photobleaching throughout the session, the shutter was closed between image captures. Lateral mobility
of fluorescent molecules in the SLB was confirmed by observation of recovery (brightening) of the

photobleached area over time (Fig. 3.53).

Fig. 3.53. FRAP of a DMPC + 5 mol% DOGS-NTA (inner leaflet DMPC) SLB after incubation with MSP1D1-
NLPs containing fluorescent lipid Rhodamine-B DHPE at T = 25 °C. More rapid recovery was observed when
the temperature was raised well above the transition temperature of DMPC (Tm =24 °C), to T = 33 °C.
(scale bar =100 um)
Fluorescence Analysis of Vesicle Control Samples

Control SLB samples incubated with vesicles exhibited noticeable variability in the measured
fluorescence intensity across the surface area of individual samples. Qualitative analysis of FM images
revealed that this was due to vesicles adsorbed unevenly across the surface (Fig. 3.54). No recovery was
observed during FRAP, but it is possible that recovery was not detected due to the low signal to noise ratio
for these samples. Nonetheless, incubation with vesicles, unlike NLPs, did not result in even incorporation
of fluorescence across the SLB. Given this crucial distinction in the interaction mechanism, it was not

appropriate to quantify the degree of transfer for each experimental condition as a ratio of the average

fluorescent signal of SLBs incubated with NLPs compared to vesicle controls.
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DOGS-NTA . _ - DMPC + 5 mol%
(symmetric) : DOGS-NTA (3:7);DPPE

DPPEDOPC(37), DPPE:DOPC +5 mo|% - -
DPPC .. o - DOGS-NTA (3:7), DPRC **

Fig. 3.54. (A, B, C) Most FM images of SLBs after incubation with vesicles (composition: DMPC + 2 mol%
Rhodamine B-DHPE) exhibited minimal fluorescence emission. (D) In limited regions, usually in close
proximity to where the vesicle solution was injected, fluorescence intensity was sometimes artificially
enhanced by a large number of adsorbed vesicles on the surface. Fluorescent lipids transported to SLBs
from vesicles did not appear mobile (exhibited no recovery during FRAP). (scale bar = 100 um)
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Chapter 4: Mind the line tension — A new criteria for nanodomains in

biological membranes

Amanda T. Dang® and Tonya L. Kuhl?

!Department of Materials Science and Engineering, University of California, Davis CA
’Department of Chemical Engineering, University of California, Davis CA

Publication Reference: Dang, A.T. and T.L. Kuhl, Mind the Line Tension: New Criteria for Nanodomains in
Biological Membranes. Biophysical Journal, 2017. 112(7): p. 1291-1292.

The compositionally diverse lipid bilayer that forms the two-dimensional fluid matrix of the cell
plasma membrane is not simply a passive boundary but has functionality associated with cholesterol-
related heterogeneity %. A key question is whether this heterogeneity leads to the coexistence of liquid-
ordered (Lo) and liquid-disordered (Lq) regions on the nanometer scale %%, At the moment, there is little
experimental evidence of stable L, domains (i.e. lipid rafts) in live cells %> %, The work by Usery et al.
establishes that there exists an abrupt transition from nanoscopic to microscopic domains in model lipid
bilayers in response to minor changes in composition. Line tension was found to have a ubiquitous
association with this phenomenon across a variety of lipid mixtures, presenting exciting context for why
only nanoscopic heterogeneity is detected in complex biological systems.

L, domains, which form as a result of favorable enthalpic interactions between high melting
temperature lipids and sterols, are thought to occur transiently and on the order of tens of nanometers
in size in biological membranes %, Early studies on detergent-resistant membranes suggested certain
proteins partition preferentially into L, compartments within the plasma membrane % ¥, leading to
pronounced interest in the properties and functional roles of lipid domains in nature. Now, 20 years past
the inception of the lipid raft model %, the underlying basis of phase separation is clear but, how this is
translated in a cellular context remains obscure. The abiding mystery is sustained in large part by the

inherent obstacles faced in the characterization of dynamic, nanoscopic domains in vivo %% Much
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information has instead been gathered through investigation of biomimetic model systems which permit
exquisite compositional control and access to a wide array of characterization techniques % %1%, The
guestion now is how to link these mimetic, well-defined systems to cellular membranes that have a virtual
zoo of different constituent molecules.

Usery et al. shed light on the correlation between lipid phase morphology and line tension by
examining GUVs produced from a sweeping collection of compositionally varied quaternary phospholipid
mixtures %°. Mixtures were adjusted to contain different ratios of cholesterol, high melting point lipid, low
melting point lipid known to induce nanoscopic domains, and low melting point lipid known to induce
microscopic domains. A key compositional quantity, p, defined as the replacement ratio of the latter two
components 1, was introduced as an analytical parameter for the purposes of this study. Multilamellar
vesicles (MUVs) and large unilamellar vesicles (LUVs) were also employed, although size and curvature
effects were found to have negligible impacts on phase behavior.

By gradually replacing low melting point lipid known to induce nanoscopic domains with low
melting point lipid known to induce microscopic domains (increasing p value), Usery et al. showed that a
stark transition from nanoscopic to micron-sized domains occurred upon reaching some critical value, p*.
Although p* exhibited dependence on the types of lipids incorporated in the immediate mixture, the
corresponding line tension was always ~ 0.3 pN. Through meticulous characterization, Usery et al. probed
several domain properties using flicker spectroscopy %, fluorescence measurements, small-angle
neutron scattering (SANS), molecular dynamics (MD) simulations, and electron spin resonance (ESR)
spectroscopy to arrive at this simple, yet cogent result. ESR spectroscopy in particular revealed that in
spite of the dramatic changes observed in domain size, there was actually little variation in other
characteristic properties of L, and L4 phases (e.g. partitioning coefficient, rotational diffusion coefficient,

order parameter) upon transition from nanoscopic to micron-sized domains.
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In discussion, Usery et al. proposed that competing interactions arising from line tension and
dipole-dipole repulsion were principle determinants of domain size. Indeed, the critical observed line
tension (~ 0.3 pN) was on the order of measurements reported in separate studies on L,-Lg phase
boundaries % 1%, The balancing role of dipole-dipole interactions, while intuitive and also discussed in
independent literature %, was less well-defined. Another possible explanation may be that entropic
fluctuations are sufficient at such low line tensions to prevent domain growth. Still, the overall body of
work presented by Usery et al. should be regarded as a meaningful and detailed study on the significance
of line tension in regulating the size of domains in fluid phase-separated lipid bilayers. The observation of
a recurring line tension value associated with the sudden, astonishing increase in domain size across
multiple lipid mixtures inspires an intriguing framework for continued research beyond biomimetic model
systems. In environments as complex as native plasma membranes, do line tension-dominated
mechanisms of phase separation lead to the widespread formation of compositionally distinct, but
similarly sized L, nanodomains? Is the critical line tension altered by the presence of proteins which
partition preferentially into L, phases 1? If so, could biology make use of modulations in line tension to
coordinate cell processes? There is ample opportunity to build upon this extensive and compelling work
by Usery et al.

We thank Dr. Anne Kenworthy and Dr. Krishnan Raghunathan for generously sharing their insight

on this subject.
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Chapter 5: Theoretical Interaction Energies between a Silica Surface

and a Phospholipid Bilayer

Project Background

In a collaboration with Dr. Daryl Y. Sasaki’s group (Sandia National Laboratory), we investigated
the phenomenon of acid-triggered hole and blister formation in silica-supported SLBs.! The following is a
reformatted excerpt from my contribution to the project, which describes the theoretical van der Waals,
electrostatic, and combined interaction energies per unit area between a silica surface and a phospholipid
bilayer as a function of separation distance (d), modeled as two flat surfaces interacting across an aqueous

medium of known dielectric constant (e.=78).

Electrostatic Energy Contribution

The electrostatic energy contribution was calculated as the numerical solution to the Poisson-
Boltzmann equation for two flat surfaces (Equation 1):

VW= o/(e€0) (Equation 1)

Where W is the electrostatic potential, ¢ is the surface charge density, €, is the dielectric constant of the
aqueous solution, and € is the vacuum permittivity. To estimate the surface potential and surface charge
density values for RCA-cleaned glass at infinite separation, | measured the zeta potential of colloidal
analogues for each material (see below). Using RCA-cleaned silica beads, | observed a negative zeta
potential at the silica-water interface that was consistent with values reported in the literature?. Using
vesicles comprised of POPC and cholesterol, | detected a minor negative charge, even in the absence of
negatively charged fluorescent lipid TR-DHPE. Although PC lipids are zwitterionic, previous work has

shown that many pure lipid mixtures typically register a small negative zeta potential®.
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| present the theoretical calculations for a negatively charged membrane and an electroneutral

membrane using two sets of boundary conditions. In Fig. 5.1A and Fig. 5.1B, assuming a fixed surface

potential results in a net attractive electrostatic interaction. Conversely in Fig. 5.1C and Fig. 5.1D,

assuming a fixed surface charge density results in a minor repulsive interaction.
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Fig. 5.1. The theoretical electrostatic (purple circles), van der Waals (blue squares), and combined
interaction energies (green triangles) between a negatively charged silica surface (Wsiica= -20 mV; Osilica= -
15 mC/m?) and a supported lipid bilayer as a function of average separation distance, d, in a solvent
containing a monovalent salt concentration of 110 mM (Debye length ~0.9 nm). Electrostatic
contributions (magnified in insets) were calculated as the numerical solution to the Poisson-Boltzmann
equation assuming (A) fixed surface electrostatic potential boundary conditions and an electroneutral
membrane, (B) fixed surface electrostatic potential boundary conditions and a negatively charged
membrane, (C) fixed surface charge density boundary conditions and an electroneutral membrane, (D)
fixed surface charge density boundary conditions and a negatively charged membrane.
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Van der Waals Energy Contribution

In all cases, short-ranged van der Waals interactions ultimately dominate due to the screening of
electrostatic interactions in high salt concentration conditions (Debye length ~9 A). The van der Waals
contribution was calculated analytically using the classical expression for the interaction energy per unit
area for two flat surfaces (Equation 2)*:

Wuaw= (-A)/(12d?) (Equation 2)

Where W.qw is the van der Waals interaction energy per unit area, d is the separation distance, and A is
the Hamaker constant. The Hamaker constant was estimated using experimental refractive index values
attained by Kienle et al®. The combined interaction was determined as the linear combination of the

electrostatic and van der Waals energy contributions.

Zeta Potential Measurement

Zeta potential measurements for RCA-cleaned silica beads and lipid vesicles were recorded using
a Malvern Zetasizer (Table 5.1). For each sample, the zeta potential was measured with the solvent
(citrate-phosphate buffer) adjusted to pH 7.4, and then again upon adjustment to pH 5. Dynamic light
scattering (DLS) was used to determine the average particle size and distribution of the vesicle samples.

Table 5.1. Zeta Potential Measurements

Samole Average Particle Size Zeta Potential, Zeta Potential, pH 5
P [nm] pH 7.4 [mV] [mV]
POPC:Chol (7:3) + 0.3 mol%
+ - + - +
TR-DHPE 254 £ 20.7 2.74 £ 0.838 3.14+£1.08
POPC:Chol (7:3) 266 £52.2 -1.80 £ .519 -1.98 + 0.930
RCA-cleaned silica beads 400 + 40 * 2174116 -23.03+1.08
(Polysciences, Inc.)

* Manufacturer specifications
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Determining Surface Charge Density from Zeta Potential
The corresponding surface charge density for a given surface potential value, estimated using the
measured zeta potential, was determined by examining the numerical solution to the Poisson-Boltzmann

equation at infinite separation (Fig. 5.2):
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Fig. 5.2: Theoretical surface charge density corresponding to a given surface potential value, calculated as
the numerical solution to the Poisson-Boltzmann equation for two surfaces at infinite separation.
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Chapter 6: Experimental Considerations

The following is a compilation of miscellaneous experimental notes intended to inform future studies

related the body of work presented in this dissertation.

Fabrication of PAA-cushioned Supported Lipid Bilayers

Extensive notes on preparation and characterization of SLBs can be found in a tutorial by Kurniawan
et al.}, for which | provided fluorescence microscopy and atomic force microscopy data and analysis.
LB/LB was ideal for formation of high quality SLBs directly on hard substrates (e.g. glass, mica), but
resulted in delamination when used to deposit bilayers on PAA cushions. Successful deposition onto
PAA cushions required LB/LS.

PAA cushions were reusable and could be cleaned with Hellmanex and ethanol.

Due to the polar headgroup, DPPE lipid solutions were typically dissolved in mixtures of CHCl; and
MeOH, whereas other lipid mixtures were dissolved in pure CHCls. DPPE solutions were also typically
given extra time to warm up to room temperature to ensure full solubilization before spreading.
APTES solutions were not used if precipitates were visible in the bottle or if the solution was turbid.
Fresh solutions were used whenever possible.

All PAA cushion fabrication steps, with the exception of curing, where performed in the laminar flow

cabinet to prevent contamination.

AFM of Supported Lipid Bilayers and Nanolipoprotein Particles

Tapping mode AFM was used to image all surfaces. Contact mode was only used to determine the
location of the surface along the (normal) z-axis, and to verify the presence of a bilayer by

mechanically removing a small patch of membrane and checking for a ~5 nm step height.
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AC240 silicon nitride tips were compatible with SLB surfaces. However, addition of NLPs or vesicles
would result signal disruption due to adsorption or particles to the cantilever.

To mount mica-supported SLBs in the Asylum liquid sample holder (designed for 0.5” diameter circular
glass coverslips), mica freshly cleaved and glued onto a circular coverslip using epoxy resin. Previous
attempts to use vacuum grease and double-sided tape tended to resulted in contamination of the

buffer or delamination.

Fluorescence Microscopy of SLBs

Confocal fluorescence microscopy and total internal reflection fluorescence (TIRF) microscopy were
tested as alternative imaging methods for fluorescently labeled SLBs and SLBs incubated with
fluorescently labeled NLPs. However, the signal strength from the membrane was too low to achieve
an appreciable signal using the available instrument (Olympus FV1000 Laser Scanning Confocal).

Background fluorescence from silica-based substrates should be measured and subtracted
accordingly when quantifying the average fluorescent intensity of SLBs. The signal-to-noise ratio was
especially low when using silica-based substrates and a FITC filter cube (dichroic cut-on A=506 nm), so
SLBs labeled with corresponding dyes (e.g. Oregon Green™) were typically patterned to present well-
defined geometric features for identification. Background noise was also reduced by imaging in a dark

room and by storing samples in container made of black Delrin® during imaging.

UV-Ozone Patterning of Supported Lipid Bilayers

SLBs were patterned by exposing surfaces to UV emission through a photomask. Throughout the
patterning process (~30 min), the SLBs and photomask were kept submerged in DI water contained in
a quartz dish. The UV source was typically mounted (outside of the quartz dish) directly underneath

the sample to maximize the intensity of exposure.
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e Attempts to achieve the same effect using a UV-ozone chamber were unsuccessful, possibly because
the light source was fixed too far from the surface or because ozone accumulation in the chamber
resulted in degradation of the sample.

e PAA-cushioned SLBs could be patterned before or after bilayer deposition. If patterned before forming
the membrane (dry cushion only), UV-ozone patterning could be performed in air. Note that this
option would often result in sample heating due to the long exposure time.

e Pre-patterning the PAA before bilayer deposition often resulted in instances where the bilayer
“sealed” the PAA patches from the bulk solution.

e Exposed regions could be readily passivated against non-specific protein and lipid adsorption using
BSA or a siliconizing fluid (e.g. Aquasil). SLBs deposited onto passivated, patterned, PAA-cushioned
surfaces sometimes formed continuous bilayers by “bridging” across the passivated regions.

e SLBs should be kept in lipid-saturated conditions for long-term storage to prevent solubilization of

lipid into the buffer/subphase over time.

Fabrication and Characterization of Nanolipoprotein Particles

e Cell-free expression was most successful when the total reaction volume was between 500 — 1000 pL.
Protein yield was observed to decrease when we scaled down to conserve materials.

e  MP-NLPs formed with polymeric stabilizers (e.g. telodendrimers) sticking out from the disc bilayer
were not observed to interact with SLBs when characterized using AFM. The result suggested that
membrane-to-membrane contact was important for lipid/protein transfer from NLPs to SLBs, but was
not explored conclusively in this work.

e NLPs should not be stored in deionized water. Unpublished DLS results showed that high ionic (~100

mM) strength was necessary to prevent particle aggregation. NLPs were stable in Tris and PBS buffer.
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e NLPs appeared to aggregate slowly over time when stored in buffer, even with sufficiently high ionic
strength. Samples aged over a week are not recommended for use, although vortexing and quick
sonication can be used to re-disperse samples if fresh NLPs are not available.

e DLS and UV-Vis spectroscopy measurements were typically convoluted by signal contributions from
vesicles, likely originating from a small population of NLPs that were in a dissociated state (comprised
of free lipids and partially water-soluble apolipoprotein). While it was possible to gather an
approximate concentration based on a de-convoluted spectrum and SDS-PAGE results, specific
guantification assays (e.g. ELISA) and size exclusion chromatography were most accurate and ideal.
When more accurate options were unavailable, batch-based experiments were selected to ensure
that NLP concentration was consistent across all trials.

e Apolipoproteins can be labeled with BODIPY fluorescent dye during cell-free expression using

tTM

FluoroTect™ Greenyys in vitro Translation Labeling System (Promega). While this dye was effective at

|”

enabling “in-gel” detection during SDS-page, it was too weak to produce a clear signal during wide-
field fluorescence microscopy, confocal fluorescence microscopy, and TIRF microscopy of NLPs bound
to a SLB surface (via DOGS-NTA linker groups).

o NLPs should be stored at 4 °C when not in use. “Empty” NLPs without embedded MPs are durable
enough for storage under freezing conditions (-20 °C), but should be checked for stability if subjected

to several freeze-thaw cycles. Empty NLPs are also amenable to lyophilization (no attempts were

made to lyophilize MP-NLPs). Once lyophilized, NLPs can be placed in -20 °C for long-term storage.

Incubation of SLBs with NLPs

e Samples were constrained to small volumes by either using custom-machined holders or by incubating

in an “inverted drop” formed between the sample (oriented upside down) and an underlying surface.
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e Insitu cell-free expression of NLPs in the presence of a SLB resulted in degradation of the SLB, likely
due to exposure to enzymes or other lipid-soluble components in the cell lysate mixture.

e During long incubation periods, samples were stored in a sealed container with a wet paper towel to
prevent evaporation.
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