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Spatial and Temporal Control of Lipid-Membrane Morphology
Induced by Sphingomyelinase

by
Ling Chao
Abstract

Sphingomyelinase (SMase) has been shown to be involved in a variety of cell regulation
processes. It can convert sphingomyelin (SM) to ceramide (Cer) and has been suggested to
influence the cellular processes by reorganizing the cell membrane morphology. This thesis aims
at a more comprehensive understanding of how sphingomyelinase (SMase) can regulate lipid
membrane heterogeneity.

We develop corralled model raft membranes in a microfluidic device to study the complex phase
phenomena induced by SMase. The mass balance of lipid molecules in each confined corral
greatly helps us to interpret results. By using the corralled membrane arrays, we are able to
obtain the overall statistical distribution of the induction time of a slow domain nucleation and
therefore fairly compare the membrane responses caused by different factors. In addition, the
flow control by a microfluidic device solves the difficulty of distributing SMase uniformly to
membrane systems. Furthermore, the laminar flow in a microchannel allows us to create model
membrane arrays with a variety of lipid membrane compositions or solution conditions, which
can serve as a screening tool to study a broad range of parameters associated with the
interactions between lipid membranes and SMase or other peripheral proteins.

We report that SMase can induce both a reaction-induced and a solvent-mediated phase
transformation, causing switches of three stationary membrane morphologies and multiple-time-
domain ceramide generation in model raft membranes. During the reaction-induced phase
transformation, the ceramide generated by SMase causes the disintegration of pre-existing rafts
rich in sphingomyelin and cholesterol, and recruit sphingomyelin to form SM-enriched domains
which are relatively inaccessible to SMase. Once most of the sphingomyelin is physically
trapped in SM-enriched domains and the SM concentration in the SMase-accessible region
becomes low, the morphology pauses. The pause situation is resolved after the formation of a 3-
D feature, rich in SMase, sphingomyelin (SMase’s substrate), and ceramide (SMase’s product),
which triggers the solvent-mediated phase transformation. This 3-D feature is hypothesized as a
slowly nucleating SMase-enriched phase where SMase processes sphingomyelin at low
concentration more efficiently. The disparate time-scales of the formation of these SMase-
features and the SM-enriched domains allow for the development of a significant duration of the
middle pause morphology between the two transformations. The results show that SMase can be
actively involved in the lipid membrane phase changes. The SMase-induced multi-stage
morphology evolution is not only due to the membrane compositional changes caused by SMase,



but also due to the selective binding of SMase, and SMase’s special phase behavior during the
solvent-mediated phase transformation.

We further demonstrate that lipid membrane composition and SMase concentration can be used
to tune the two phase transformations and therefore the intervals and spatial patterns of SMase-
induced multi-stage morphology evolution. At a physiologically relevant concentration of
SMase, we observe that membrane composition can influence the formation of SM-enriched
domains and the nucleation of SMase-features at different extents of time scale and thus
significantly tune the stable duration of the middle pause morphology. More importantly, the
induction time of SMase-feature nucleation can be significantly decreased by increasing the
supersaturating level of its three components in the membrane system.

We further model the spatio-temporal morphology change during the solvent-mediated phase
transformation. Three major kinetic processes are described in the model: the consumption of
SM by the enzymatic reaction at an SMase-feature, the diffusion of SM from SM-enriched
domains to an SMase-feature, and the release of SM due to the dissolution of SM-enriched
domains. We combine MATLAB coding with Comsol, a software using finite element method to
solve partial differential equations, to solve the model numerically due to the complex geometry
and the moving boundary of our membrane systems. The non-dimensionality of the model
allows the system to be characterized by three non-dimensional parameters. We show all of the
possible scenarios of spatial pattern change during the phase transformation. The modeling
results are shown to be consistent with our experimental results and can provide insights into the
system parameters which are difficult to measure.
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Alice P. Gast, = Adjunct Professor of Chemical Engineering

T. Alan Hatton, Ralph Landau Professor of Chemical Engineering
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Chapter 1. Introduction

1.1. Heterogeneity in Biological Lipid Membranes

The cell membrane used to be viewed as a homogeneous phospholipid bilayer, which acts
mainly as a solvent for integral proteins and as a permeability barrier for the cell.' The
perception of the cell membrane structure and dynamics has changed since researchers found
detergent-resistant fractions rich in sphingomyelin (SM) and cholesterol (Ch) in plasma
membranes, which was defined as lipid rafts (Figure 1-1)."* The strong interaction between
some lipids is suggested to cause the phase separation in cell membranes. The concept of
heterogeneity in lipid membrane has been further developed after researchers extensively studied
the lipid membrane phase behavior by reconstituting the lipid raft composition in cell-free lipid

model membranes.>”

Lipid membrane heterogeneity has been proposed as playing important roles in many cellular
processes.’ Segregation of various membrane domains in the cell membrane can create spatially
segregated environments, resulting in suitable platforms for signal transduction.” However,
questions still remain about lipid membrane domains’ size and stability, and about how their
functional mechanisms can be regulated."'® Therefore, knowledge about the underlying
mechanisms that control lateral lipid membrane heterogeneity is important for understanding the

cell membrane’s organization.
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Figure 1-1. Illustration of a lipid raft in cell plasma membranes.’

1.2. Roles of Sphingomyelinase in Nature

Sphingomyelinases (SMase) are enzymes that occur naturally in mammalian and bacterial cells
and catalyze the hydrolysis of the lipid sphingomyelin into ceramide and phosphorylcholine
(Figure 1-2). Many different kinds of sphingomyelinases have been identified and are
characterized by their ion dependence, pH optimum, or cellular localization.'"" A list of the
sphingomyelinases with their corresponding optimal pHs and locations can be found in
reviews.'”"” Among the different kinds of SMase, SMase from Bacillus cereus has been used
often for model system studies since its secondary structure,'* Mg”" binding and catalytic

. 1 . .16 -
function,”” and active site '° is better known.

In general, SMase has been suggested to be involved in a variety of cell regulation processes,
particularly in programmed cell death (apoptosis).'*'”* One of the two principal pathways in
apoptosis is receptor-mediated signaling at the plasma membrane.”* Many of these death

receptors have been reported to require SMase for their biological effects, and ceramide
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accumulation is generally observed in cells undergoing apoptosis.”>*’ Some other studies have

shown that SMase is required for causing radiation-induced apoptosis in tumor cells.’*

Furthermore, SMase has been demonstrated to mediate the infection of pathogens.**>

Substrate Product
Sphingomyelin (SM) Ceramide (Cer)

OH
Phasphate Sphingomyelinase T

aster band - (SM&SB) o

o P

Figure 1-2. Sphingomyelinase can hydrolyze sphingomyelin at its phosphate ester bond; the

product is ceramide.

1.3. Roles of Ceramide in Nature

Ceramide is a sphingolipid that has gained much attention as an important signaling molecule in
vital cell processes as diverse as apoptosis, growth arrest, senescence, differentiation, mediating
an immune response, and cell cycle arrest.'>* Structurally, ceramides are composed of a fatty
acid chain, of varied length, saturation, and hydroxylation, bound via an amide linkage to the
amino group of a sphingoid base. Ceramides constitute the hydrophobic backbone of all the
complex sphingolipids: sphingomyelin, cerebrosides, gangliosides, and others. The fatty acid

chain length of ceramide can vary from two to 28 carbons, although C-16 to C-24 ceramides are
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most abundant in mammalian cells. These fatty acids are usually saturated or monounsaturated.'

Ceramides are among the least polar, most hydrophobic lipids in nature.

Recent studies have begun to unravel the biophysical roles of ceramide in cell signaling. The
generation of ceramide by sphingomyelinase in response to a stress signal or other agonist can
induce local changes of the membrane environment. This, in turn, could affect the permeability
and fluidity of the membrane, increase movement of proteins into or from lipid rafts, cause
conformational changes in membrane-associated enzymes or receptors, etc. Although ceramide
has also been thought as a “second messenger” (a small molecule that has direct downstream
targets in cell signaling pathways), there is still no evidence showing which downstream targets
can directly interact with ceramide. In addition, unlike other better-studied second messengers,
such as lysophosphoglyceride generated by phospholipases A2 (PLA2), ceramide has been found
to strongly favor partitioning into bilayers instead of being a free lipid in solution. The
hydrophobic property further increases the possibility that the main role of ceramide is to cause

changes in the membrane properties.

Some studies have shown the differing properties of sphingomyelin and ceramide. Wang et al.
observed that ceramide exhibits a much higher affinity for ordered lipid domains than does
sphingomyelin.*” In addition, sphingomyelin interacts very tightly with cholesterol, through
hydrogen-bonding between the C-3 hydroxyl group of cholesterol and the headgroup of
sphingomyelin, and this serves as the basis for raft formation. Ceramide, on the other hand, have

very poor affinity for cholesterol and tend to separate into ceramide-enriched domains.*® These
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property differences have implied the possibility that the turnover of sphingomyelin to ceramide

will change both the dynamics and biophysical properties of cell membranes.

1.4. Sphingomyelinase-Lipid Membrane Interactions

1.4.1. Influence of Lipid Membrane Properties on Sphingomyelinase’s Behavior

Sphingomyelinase is one kind of peripheral protein. Evidence has shown that lipid organization
can modulate the interaction of many different kinds of peripheral proteins with membrane
surfaces. These peripheral proteins non-covalently bind to lipids, and thus the physical
chemistry of the lipid interface allows for a rapid and reversible control of peripheral interactions.
Kinnunen et al. provided a good review showing how composition, molecular organization,
surface pressure, electrostatic potential, interfacial curvature, and physical state (e.g., gel, fluid,
liquid-ordered etc.) of membrane lipids can regulate the binding of many different kinds of

peripheral proteins to the lipid surface.”

Interfacial lipases belong to a category of peripheral proteins that can hydrolyze their lipid
substrates after binding the lipid membranes. It is generally believed that the intermolecular

organization of the lipid substrate markedly affects the activity.*®

Among various
phospholipases, phospholipases A2 (PLA2) has been extensively studied on lipid monolayers
and could provide some insights into other lipases’ behaviors.****! PLA2 have been found to
have a lag time after the enzyme is exposed to membranes. Some studies have shown that the

existence of phase separation can reduce the lag time or increase the burst activity. PLA2

reaches its maximum activity in the range of temperature where the gel-to-liquid phase transition
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of the phospholipid substrate takes place.’’”> Grainger et al. found that lateral separation and
domain formation originated by the addition of non-substrate molecules would also induce
activation of PLA2.> The burst of activity at the end of the lag time is promoted by lateral
domain separation produced when the enzymatic lipid products reach a defined concentration
threshold. Further, the products or phases formed after the addition of PLA2 also seem to
influence PLA2’s activity and binding behavior. For example, the connectivity of distributed
substrate domains has been found to modulate pancreatic PLA2’s adsorption and activity.>
Grainger et al. observed that the formation of PLA2 enriched regions by epifluorescence

microscopy occurs after the products were generated in lipid monolayers.

In the last decade, sphingomyelinase has started to attract attention since it is found to be
involved in many cellular processes and its substrate is an important component of lipid rafts.
SMase activity was found to have lag times, followed by bursts of activity. The lag time of
SMase on the monolayers is suggested to originate from the partitioning process at the interface
and a bimolecular enzyme-dependent step followed by a slow, irreversible rate-limiting
enzymatic activation. After the lag time, the enzymatic activity rises quickly and reaches a

steady-state regime, subsequently followed by a gradual halting of product formation.”

Among the studies from monolayers and small lipid vesicles, the most conclusive finding
regarding SMase’s behavior is that SMase prefer their substrates in fluid states rather than gel

45,56
states. ™

Most kinds of sphingomyelin from different species have a gel-to-fluid transition
temperature in the physiological range of temperature (35°C-45°C). An interesting case is that

Ruiz-Arguello et al.”® have observed that the activity of SMase is lower when the lipid vesicles
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are in a gel state. When the temperature is increased and the systems have crossed into the fluid
states of the substrate, the activity increases and the lag time is decreases. They have also
observed that SMase activity at 37°C increases in proportion to the ratio of glycerophospholipids,
as diluting lipids, and the lag time becomes progressively shorter. Their studies suggest that
SMase requires the lipid substrate to be in a fluid bilayer, irrespective of whether this is achieved

through a thermotropic transition or by modulating bilayer composition.™

1.4.2. Influences of Sphingomyelinase on Lipid Membrane Structures

Many physiological studies have reported that SMase can induce cell morphology changes
during apoptosis. In general, large lipid membrane platforms with clustered receptors have been
observed in cells within a few minutes after SMase is activated, which is the early stage or
induction phase of apoptosis.”®*>>* The large platforms are thought to help concentrate and
thereby cluster the required membrane receptors, while the clustering has been found to be an
essential step for those receptors to trigger their subsequent cellular pathways.”’ At late stage or
the execution phase of apoptosis (occurring in hours or days after SMase is activated), the
membrane blebbing (or apoptotic body formation) can be observed. The blebbing, it has been

suggested, may be facilitated by the negative spontaneous curvature induced by ceramide.”®”

In model systems, many structural changes of membrane systems induced by SMase have also
been observed. These structural changes include lateral phase separation or domain formation,
enhancement of membrane permeability, the induction of membrane fusion, and small lipid

vesicle formation at the surface of giant vesicles. A brief summary is shown below.
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Domain formation has been detected by various kinds of analytic tools. For example, a
combination of differential scanning calorimetry and IR spectroscopy techniques has been used
to show that less than 5 mol% can cause a gel-fluid transition in small lipid vesicles."®
Epifluorescence microscopy has been used to visualize the formation of dark domains on pure

SM monolayers.*>*

Literature attributes the domain formation primarily to the distinctive
molecular structure of ceramide. First, chain mismatch appears to be an important factor
regulating the phase separation; however, such a phenomenon has also been observed in the
absence of chain length disparity in ceramide-phospholipid mixtures.®*®> Second, ceramide can
act both as acceptors and donors through their hydroxyl and amide groups, and thus have the

capacity to form extensive hydrogen bonds in the phospholipid bilayers.*>®

In addition to the domain formation or phase separation, several groups have also found that
adding SMase to SM-containing membranes induces membrane permeability and budding of
vesicles. Ruiz-Arguello et al. have observed that rapid efflux of fluorescent dyes occurred after
addition of SMase to large unilamellar vesicles consisting of SM, PE, Ch (2:1:1 mole ratio).”’
Montes et al. have shown that the mere presence of long chain ceramide can dramatically alter
the membrane permeability.®® The solute efflux was proposed to come from the property that
ceramide easily induces negative monolayer curvature, which causes membrane instability.*®
Figure 1-3(a) illustrates how the small-head-group molecular shape of ceramide can facilitate the
lamellar-hexagonal transition of lipids and cause the instability. Nurminen et al. coupled SMase
to microspheres held in a micropipette and brought the micropipette into contact with a giant

liposome membrane (with SOPC and SM) on a defined region where the enzyme reaction can be
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examined by microscopy. They observed the shedding of small vesicles from the membrane into
the interior of the giant liposome.” Zha et al. found adding SMase or ceramides induces the
rapid formation of vesicles (400nm) in fibroblasts and macrophages in the absence of ATP.”
This budding capacity has also been attributed to the tendency of ceramide to induce negative

spontaneous curvature (Figure 1-3(b)).”!
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Figure 1-3. (a) A general correlation between the molecular shape and its preferred molecular

organization. (b) A schematic illustration of how the curvature can be generated after the

formation of ceramide domains. "

Most of the studies have attributed the structural changes to the appearance of ceramide.
Recently, some studies have started to suggest that SMase molecule itself may also play roles in
the structural or phase changes besides generating ceramide. Studies on pure sphingomyelin
monolayers have shown that ceramide generated by SMase in situ can induce pattern formation
in membrane domains which cannot be achieved by incorporating ceramide ex sifu.**"
Recently, in model raft membranes, Johnston et al. and Chiantia et al. have used atomic force
microscopy (AFM) to demonstrate that SMase can induce topographical features more complex

73,74

than those generated by incorporating ceramide ex situ. However, the AFM studies have
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difficulty recording the kinetic processes of morphology changes in the presence of SMase
because of tip contamination problems, and have not been able to identify how SMase is
involved in the complex phase changes. Although some studies have used fluorescence
microscopy to record the real-time morphology changes in the presence of SMase, only early
time changes have been reported.””’® The complex heterogeneity, varying from region to region

and sample to sample, also makes the characterization difficult.

1.5. Model Lipid Membrane Systems

Model lipid membrane systems can be useful for studying the physical principles governing the
nature of the cell membrane because allow simplification of an otherwise impossibly complex
cell membrane. The current knowledge of the molecular processes occurring at biological
membranes has been aided by studies performed on lipid monolayers and bilayers in various
configurations: at the air-water interface, as giant unilamellar vesicles (GUVs; liposome size
above 1um) in solution, as black lipid films, and in various kinds of supported lipid bilayers
(SLBs) distinguished by the method of formation. By studying lipid-enzyme interaction in model
membrane systems, their physical chemistry can be isolated from a multitude of other processes.
The occurrence and properties of domains can be monitored with lipid probes and optical
measurements. The use of fluorescent lipid probes is particularly convenient because they allow

direct visualization of domains large enough to be resolved microscopically.
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Figure 1-4. Models of biological membranes: (a) Giant unilamellar vesicles (GUVs) (1um to
100 pm in diameter); (b) Bilayers formed by vesicle deposition on mica, glass, or silica
(supported lipid bilayers, SLBs).

7778 and SLBs”*® have received substantial attention.

Among the model membranes, GUVs
GUVs consist of a bilayer in the shape of a spherical shell, separating an “intracellular” liquid
volume from the “extracellular” space (Figure 1-4(a)), while the SLBs are planar extended
bilayers adsorbed on a suitable solid surface (Figure 1-4(b)). Although the preparation procedure
of monolayers is more developed, the behavior of domains in monolayers may not be entirely
representative of cell membranes composed of lipid bilayers. Black lipid films are unsupported
planar lipid bilayers which can be formed by a brush technique in a 150-200 mm diameter hole
in Teflon film and bathed by buffers (Figure 1-4(c)). They can be voltage-clamped to determine
their capacitance for the purpose of studying transport of materials across the membrane®';

however, the preparation is more difficult and less robust. Among the model membranes, giant

unilamellar vesicles (GUVs) and supported lipid bilayers (SLBs) were used in this project.
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77,78

GUVs consist of a free standing bilayer in the absence of solid support effects’”"", while the

SLBs have a fixed position, making it easier to trace domain changes” ™.

1.5.1. Supported Lipid Bilayers (SLBSs)

The fixed position of SLBs can facilitate the interpretation of structural and dynamic data
obtained in a system. That is, unlike a GUV moving and rotating around in the solution, planar
lipid bilayers ease the tracing of domain formation and movement since they are fixed to a
surface. In addition, SLBs are compatible with a wide range of surface analytical tools requiring
planar geometry. These tools include surface plasmon resonance (SPR),*? atomic force
microscopy (AFM),¥ Brewster angle microscopy, quartz crystal microbalance (QCM) 8

8% In early studies, SLBs were

ellipsometry, and fluorescence recovery after photobleaching.
mostly formed by sequential Langmuir-Blodgett (LB) deposition of two lipid monolayers on a
hydrophilic substrate’””* (Figure 1-4(d)); however, McConnell and coworkers found that
small vesicles can undergo rupture and fusion to form an extended, adsorbed, planar bilayer on
suitably prepared surfaces.”” This spontancous self-assembly of supported continuous bilayers
from vesicles in solution is commonly used for creation of SLBs today. The primary reason to
choose the vesicle deposition method, rather than LB deposition, is its experimental simplicity
and reproducibility. In addition, it is easy to integrate functional components such as integral

. 8594
proteins “" into the membrane.

Although questions remain about the influence of the solid support on some aspects of supported

planar lipid bilayers, some experiments have shown that supported bilayers retain their fluid
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properties by trapping a thin water layer between the solid support and the lipid bilayer.”
Dietrich et al. further showed, by photobleaching experiments, that supported lipid bilayers
diffuse laterally, indicating that the lipids retain their mobility. They have been shown to

96-99

preserve the thermal phase transitions of lipids and domain formation on them has also been

83,100-104
observed ™ )

1.5.2. Giant Unilamellar Vesicles (GUVs)

Giant unilamellar vesicles (GUVs) can provide a free standing bilayer, without potential solid
support effects. They consist of a bilayer in the shape of a spherical (in the bulk phase) shell,
separating an “intracellular” liquid volume from the “extracellular” space (Figure 1-4(b)). In
addition, the system is especially good for measuring permeability and observing domain
mobility unrestricted by solid supports. GUVs can be easily prepared by the electroformation

105,106 - - . -
7, which generates vesicles with size ranging

method developed by Angelova and Dimitrov
from 1-100 pm. Although phase dynamics can be easily observed on GUVs in the absence of

solid support effects, they rotate and make it difficult to trace phase changes in lipid bilayers.

1.5.3. Model Raft Compositions

In this study, ternary mixtures of lipids with 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC),
sphingomyelin (SM), and cholesterol (Chol) are primarily used to generate model raft
membranes. The ternary mixture of an unsaturated lipid, a saturated lipid, and cholesterol have

been demonstrated to have phase separation similar to that found in complex mixtures of cell
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extracts.” Figure 1-5 illustrates the chemical structures of the three lipids. The strong interaction
between sphingomyelin and cholesterol allows them to pack densely to form a liquid-ordered
(Lo) phase.38’107 DOPC is a symmetric unsaturated lipid, which usually packs less densely in lipid
membranes, and usually separates from the liquid-ordered (L,) phase to form a liquid-disordered
(L) phase. These L, and L4 phases appear below a certain transition temperature. Previous
studies have used phase diagrams to demonstrate how the transition temperature depends on the
lipid composition in ternary mixtures containing an unsaturated phospholipid, sphingomyelin

and cholesterol.’

In giant unilamellar vesicles, we have observed that DOPC/BSM/Chol membranes readily phase-
separate into mobile microscopic domains once the temperature is below the transition
temperature. However, in supported lipid bilayers, the phase-separated domains are

. -1 108,109
immobile

, although the mobility of each lipid molecule has been shown to be retained. The
domain size and morphology are found to relate to the thermal history during the preparation of

the supported lipid bilayers.'"
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Figure 1-5. Lipid structure and schematic of model lipid rafts in a phase-separated lipid

bilayer.'"!
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1.6. Thesis Objectives and Overview

This thesis aims to provide understanding of how Sphingomyelinase (SMase) can regulate lipid
membrane heterogeneity. We use corralled model raft membranes in a microfluidic device to
study the underlying reorganization mechanism, which is complicated by the composition
change caused by the reaction, the enzyme’s selective binding to different phases, the enzyme’s

special phase behavior, and the substrate’s accessibility and replenishment in different phases.

Chapter 2 describes the microfluidic platform with corralled membranes we developed in order
to study the complex phase behavior induced by SMase. The corralled membranes provide a
mass balance of lipid molecules during the reaction, and allow a large number of systems to be
observed in parallel. The flow controlled by a microfluidic device solves the difficulty of
distributing SMase uniformly. The laminar flow in a microchannel allows us to create model

membrane arrays with a variety of lipid membrane compositions or solution conditions.

Chapter 3 reports two SMase-induced phase transformations in model raft membranes: a
reaction-induced and a solvent-mediated phase transformation. Using multiple labeling
approaches, we record the multi-stage morphology evolution and examine where the SMase, its
substrate, and its product locate at different stages of the morphology evolution. The use of lipid
probe’s partition behavior as an internal reference allows us to correlate the characterization
results to the morphology evolution with time. The results show that SMase is actively involved
in the overall phase behavior, causing morphology switches and multiple-time-domain ceramide

generation.
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Chapter 4 examines carefully how the pre-existing rafts can be transformed to SM-enriched
domains in the reaction-induced phase transformation. The large pre-existing domains in giant
unilamellar vesicles and large annealed pre-existing domains in supported lipid bilayers allow us
to visualize the dynamics of domains during the competition between ceramide and cholesterol

for sphingomyelin.

Chapter 5 demonstrates that lipid membrane composition and concentration of SMase can be
used to adjust the kinetic processes of the two phase transformations and thereby the intervals
and spatial patterns of the multi-stage phenomena. Our corralled membrane systems allow us to
capture the stochastic nature of domain nucleation, which is a major difficulty in quantifying and

comparing the membrane responses caused by the different factors.

In Chapter 6, we develop a kinetic model to describe the morphology change during the solvent-
mediated phase transformation. We combine Matlab coding with Comsol, a software using a
finite element method to obtain spatio-temporal solutions, to numerically solve the system with

complex geometry and moving boundaries.
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Chapter 2. Microfluidic Devices for Studying Complex

Phase Phenomena Induced by Sphingomyelinase

2.1. Introduction

Since the SMase enzymatic reaction has strong interplay with the physical states of lipid
membranes, an effective control of microenvironment conditions during the enzymatic reaction
is needed for studying the system with high spatio-temporal resolution information (domain
dynamics) embedded in small amount of materials (lipid bilayers). We develop a microfluidic
platform with model membrane arrays to achieve easy tracking of the observed membrane
systems, effective control of reaction conditions, and high-throughput screening of experimental
conditions. Two different types of model membrane arrays are developed. The arrays of
supported lipid bilayer are formed by depositing small lipid vesicles to the glass surface
patterned with protein corrals. The arrays of giant unilamellar vesicles are formed by physically
trapping the giant vesicles into the protein-coated PDMS microwells by gravity. These
developed systems are also suitable for studying the phase changes of lipid membranes caused

by other peripheral proteins.

Most of our experiments are done in supported lipid bilayers (SLBs). Corralled supported lipid
bilayers allow the mass balance of lipid molecules during the surface reaction, greatly helping

the interpretation of the complex phase behaviors induced by SMase. In addition, the model
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membrane arrays with numerous separated systems which can be observed in parallel are used to
capture the stochastic nature of domain nucleation, in order to quantify the nucleation time and
compare the influences from different factors. The flow control by a microfluidic device solves
the difficulty in uniformly distributing SMase solutions to the membrane systems. Furthermore,
the laminar flow in microchannels can allow the reagents to follow the streamline with only
inter-diffusion, and thereby create a variety of lipid membrane compositions and solution
conditions for each membrane system confined in corrals. The variation of conditions in the
corralled systems on a single platform can be served as a screening tool to study a broad range of
parameters associated with the interactions between lipid membranes and SMase or other

peripheral proteins.

2.2. Development of Supported Lipid Membrane Arrays in a

Microfluidic Device

2.2.1. Fabrication of PDMS Microchannels and Stamps
The polydimethylsiloxane (PDMS) stamps and microchannels used in my project are made by a

method called soft lithography''?

, a popular and reliable technique for producing microfluidic
devices. PDMS is flexible enough to seal against most types of substrate surfaces and is rigid
enough to maintain channel structures. The technique incorporates photolithography methods
that have been used for years in the semiconductor industry into a micromolding scheme that

eventually produces micron-sized structures in negative relief in PDMS. The individual steps are

illustrated in Figure 2-1. Initially, a clean dry silicon wafer is spin-coated with a layer of SU8
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photoresist whose thickness is equal to the desired thickness of the stamps or microchannels. A
mask containing the pattern of structures is then placed over the wafer and exposed to ultraviolet
light. The negative photoresist crosslinks in the areas exposed to the light. After being
submerged in developer solution, only the crosslinked photoresist in the exposed regions remains
on the wafer. This pattern of photoresist thus serves as a mold or master for PDMS stamps or
channels. PDMS prepolymer, along with a curing agent, is then cast on the pattern-containing
wafer. At an elevated temperature, the PDMS cures, producing a soft flexible material with the
channels embedded in negative relief. The patterned PDMS can be easily peeled from the wafer.
The stamps can be used immediately after being cut to a suitable size. The microchannel pieces
can be sealed against a glass coverslip by treating the PDMS with air plasma. The holes are
punched by 20 gauge needles (610um) to form the inlets and outlets of the channels. We have
made masters with various desired configurations in the Microsystems Technology Laboratories

at MIT.

Unexposzed
SU-8 (B0 ym) l Surface treatment &

casting PDMS

l photoelithography
UV light PDMS
|| 1]

removing elastomer from
master

FPDMS ‘
1

development

seal against glass after plasma
treatment and insert tubing

Figure 2-1. Preparation steps of a PDMS microchannel (The illustration is adapted from H. Lu).
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2.2.2. Corral Printing by PDMS Stamps
Our goal is to create many different confined supported lipid membrane systems on a single
platform. Kung et al. have used microcontact printing to print protein patterns as barriers to

1315 The poly-(dimethylsiloxane)

confine the lateral diffusion of lipids in lipid membranes.
(PDMS) stamps used to print proteins onto glass is easy to integrate into my experimental setting.
In our experimental procedure, we fabricated a stamp with numerous 50x50 pm? corral patterns.
The size is chosen to mimic the relevant size of the plasma membrane of a cell. The surface of
the PDMS stamp was oxidized for approximately 30 sec in air plasma before incubated in a
solution containing 250 ug/mL bovine serum albumin (BSA) for 10 min. The stamp was then
dried under a nitrogen stream, removing excess solution from the stamp. The stamp was then
placed in contact with a clean glass surface under a weight of 10 g/cm® for about 10 min. After
the printing, small lipid vesicles were applied to the patterned surface and deposited to the glass
surface where there is no printed protein, creating supported lipid bilayers confined in corrals.
Usually, we can distinguish the printed protein pattern only after the non-printed regions are

filled with labeled lipid membranes. Here we use labeled BSA to demonstrate the performance

of PDMS printing before lipid vesicle deposition (Figure 2-2).

Figure 2-2. The Texas-Red® labeled-bovine serum albumin (BSA) printed on a coverslip in a

200pum wide microchannel. The inner size of each corral is 50pm x 50pum. The darker left and
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right sides are the regions sealed with the PDMS slab. The boundaries show where the channel

side walls are located.

2.2.3. Formation of Supported Lipid Bilayers

The spontaneous self-assembly of supported continuous bilayers from small unilamellar lipid
vesicles in solutions is commonly used for creation of supported lipid bilayers (SLBs). The
vesicle deposition process depends on the interplay of membrane-support, inter-membrane, and
intra-membrane interactions. The nature of the support (its surface charge, structure, and
roughness), the nature of lipid vesicles (their composition, charge, size, and physical state), and
the aqueous environment (the pH and ionic strength) all influence the process.”’®*5486:90.116-124
Despite the accumulated efforts to understand and control the spontaneous SLB-formation

79,83,84,90,120-124

process by vesicle deposition , the optimal approach to tailor bilayer formation is

still unclear and experimental-based.

We chose some of our experimental parameters of vesicle deposition based on the directions
provided by the previous literature. First, Ca’" is a well-known promoter of SLB-
formation™**"'*!"7 We incorporated 2mM Ca*" in our vesicle deposition buffer (10mM HEPES,
2mM CaCl2, 10mM CaCl2, 100mM NaCl, pH=7.4). Second, many solid supports have been
reported as effective substrates for lipid vesicles to adsorb and break®™''"*''? and we chose glass
coverslips as our solid support due to its transparency and easy-sealing with PDMS slabs. Third,
Reimhult et al. have demonstrated that the vesicle to supported bilayer transition on SiO; (such
as glass surface) is thermally-activated and temperature-dependent '*°; bilayer formation can be

completely prevented even on SiO, at a sufficiently low temperature. In our experiments, we
37



operated the vesicle deposition process at a temperature 5°C above the miscibility transition
temperature of the used lipid mixture. Furthermore, the vesicle to bilayer transition has been

119

shown to be facilitated by applying osmotic stress on the vesicles ~ . We use pure water as the

washing buffer to cause the osmotic stress.

Our experimental procedures for generating small unilamellar lipid vesicles are as follows. First,
the lipid mixture with desired composition was dried from chloroform in a glass flask by
nitrogen flow and the residual solvent was fully removed by placing the flask on a vacuum pump
for at least 90 min. The dried lipid mixture was reconstituted in the buffer (10mM HEPES, 2mM
CaCl,, 10mM CaCl,, 100mM NaCl, pH=7.4) at a concentration of 2.5 mM. After the lipid
solution was mixed well and heated to a temperature above the miscibility transition temperature
of the lipid mixture, it was extruded 19 times through an 80-nm polycarbonate filter in an Avanti
Mini-Extruder (Alabaster, AL) to form small unilaminar vesicles (SUVs). The stock SUV
solutions were stored at 4°C for up to one week before being used. The stock solutions were

diluted to 0.2 mg/mL just before use for the vesicle deposition.

The prepared SUV solution was heated to a temperature above the miscibility transition
temperature of the lipid mixture and was flowed into a PDMS device with patterned glass
surface which had been kept at the same temperature. After the vesicle solution was incubated
with the glass surface for 30 min, water was flowed into the channel to wash away the excess
vesicles. We have tested several operating parameters of the vesicle deposition process in a

microchannel and listed them in Table 2-1.
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Table 2-1. Operating parameters of the vesicle deposition process in a 50 um high and 500 um

wide microchannel

Parameter Used value If operating at a much If operating at a much
smaller value larger value

Vesicle concentration |0.2 mg/ml Not enough for critical Taking more washing time
coverage

Vesicle size ~80 nm Difficult to generate by More defects observed in
extrusion method the formed membranes

Average exposure time |30 min More defects observed in | More adsorbed vesicles on

of vesicle solutions to the formed membranes the formed membranes

glass surface

Washing flow rate 15ul/min Insufficient washing and | More defects observed in

more adsorbed vesicles on
the formed membranes

the formed membranes

Temperature during
the vesicle deposition

5°C above Tm

Un-ruptured vesicles
adsorbed on glass surface

More defects observed in
the formed membranes

2.2.4. Microfluidic Assembly for Generating SLB Arrays

To assemble the PDMS microfluidic channel with SLB arrays, 20 gauge needles (610um) were

used to punch holes on the fabricated PDMS microchannel slabs in order to allow the later

connection between the channel inlets and outlets to the tubing. The microchannel slabs with

punched holes were then treated with air plasma for 15 sec, immediately followed by the sealing

against a protein-printed glass coverslip. Tygon tubings were connected to the punched holes on

PDMS slabs through 23 gauge stainless steel connectors. After the device was assembled, the

lipid vesicle solutions were driven into the channel by either syringe pump or gravity. With the

operating parameters introduced in the last section, the lipid vesicles deposited to the glass

surface where no protein had been coated. The overall process is shown in Figure 2-3. The upper

and side views of the formed corralled membranes are shown in Figure 2-4.
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Figure 2-3. Formation of corralled supported lipid bilayers in a microfluidic device. The BSA
(Bovine Serum Albumin) molecules are shown in blue color. They stained to the plasma-treated
PDMS stamp and were printed to the glass surface before the PDMS microchannel slab was
sealed with the glass. Lipid vesicles deposited to the region where there was no printed protein.
Vesicle solutions with different compositions can be flowed into the main channel at the same
time through multiple inlets to generate corralled membranes with different compositions in the

same platform. More detailed will be introduced in the section 2-7.
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Figure 2-4. The upper view and side view of Texas-Red DHPE-labeled membrane systems
confined in bovine serum albumin (BSA) corrals. The membrane composition is 40/40/20 molar

ratio of DOPC/egg SM/ Cholesterol with 0.5%Texas Red®-DHPE.
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2.3. Development of Giant Unilamellar Vesicle Arrays in a

Microfluidic Device

2.3.1. Electroformation of Giant Unilamellar Vesicles (GUVSs)

Giant unilamellar vesicles (GUVs) are spherical lipid bilayers that are 1-100 um in diameter. We
prepared GUVs by the electroformation method developed by Angelova and Dimitrov '*'% in a
special temperature-controlled chamber. As illustrated in Figure 2-5, dry lipid films on two

conductive substrates are hydrated in aqueous solution; upon application of a gentle AC field,

lipid bilayers swell from the film to form GUVs.

We followed the procedure developed by M. Horton, a previous group member. Indium tin
oxide- (ITO) coated glasses were purchased from Prizisions Glas and Optik GmbH (Iserlohn,
Germany) and were rinsed with deionized (DI) water. Approximately 40 pL of lipids in
chloroform at a concentration of 5 mg/mL were spread on the ITO plates; the lipid films were
dried 2 hr in a vacuum chamber. The dried plates were placed parallel 5 mm apart (face to face)
in a Teflon holder filled with a swelling solution and connected to a function generator with 1 V

AC, 10 Hz signal. The AC signal was applied 1.5-2.5 hr to form GUVs.

It has been shown that the presence of ions in the swelling solution is not ideal for the GUV
formation, and that sugar solutions can stabilize the GUVs. Therefore, we used a sucrose
solution as the swell solution and reconstituted the GUVs in the desired buffer after they were

formed and removed from the Teflon holder. The concentration of the sucrose solution is set to
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have the same osmolarity as the desired buffer to prevent the breakage of GUVs due to the

osmotic stress during the reconstitution.

l 1V 10Hz

O
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sugar swelling solution O

0

Il

Figure 2-5. Electroformation of giant unlamellar vesicles (GUVs)."'"!

2.3.2. Microfluidic Assembly for Generating GUV Arrays

We constructed GUV arrays by physically trapping GUVs into microwells made of
polydimethylsiloxane (PDMS). The GUVs move and rotate in solutions. The trapping of them in
microwells can facilitate us to keep track of the GUV during the observation of lipid membrane
domain changes. The laminar flow in an incorporated microfluidic channel can also allow us to
create the variation of solution conditions for GUVs trapped in different microwells. The PDMS
microwell was fabricated by soft lithography and the steps are shown in Figure 2-6. After the
fabrication of microwells in a microfluidic device, both a GUV solution and a buffer with lighter
density than the vesicle buffer were flowed into the microchannel. The flows were stopped to
allow the different streams to mix, resulting in lighter density solution outside GUVs than the

solution insides GUVs. The larger density of the buffer inside GUVs than the density of the
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buffer outside can drive the GUVs to settle down into the microwells due to gravity. Modifying

the PDMS surface with bovine serum albumin (BSA) can prevent undesirable deposition of the

GUVs to the surface.

1. Spin coating PDMS
to patterned wafer

| F AR NN

6. Modify PDMS surface
with DAPEG/PL

3. Bake the assembly to
enhance the sealing

2. Seal half-baked PDMS fim
with PDMS channel

- .

5. Seal the assembly with
coverslips by plasma

7. Settle down vesicles by density
difference of solutions

veskcles buffer Vesicles

buffer

N

Figure 2-6. Formation of corralled giant unilamellar vesicles in a microfluidic device. After the

fabrication of the microwell channel, the alternative flows of vesicle solutions and lighter-density

buffers are directed into the channel in order to construct the density difference between the

solution inside and outside the vesicles inside the channel, which drives the vesicles to settle into

the microwell due to gravity.
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Figure 2-7. The upper view and side view of Texas-Red DHPE-labeled GUVs confined in
PDMS microwells coated with bovine serum albumin (BSA). The membrane composition is

40/40/20 molar ratio of DOPC/egg SM/ Cholesterol with 0.5%Texas Red®-DHPE.

2.4. Mass Balance of Lipid Molecules in Confined Supported Lipid

Bilayers

The SLB membrane in a corral can be viewed as an individual system. The isolation of each
membrane system can allow the mass balance of lipid molecules in a corral during the surface
reaction. The mass balance during to the reaction here refers to the 1 to 1 stochiometric
relationship of the amount of sphingomyelin, the substrate of SMase, and the amount of
ceramide, the product of SMase, and the confinement of the other un-reacted lipids in a corral.
As we show in chapter 3 and 5, the mass balance dramatically helped the interpretation of the

complex morphology changes induced by SMase.
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We used the membranes with small amount of sphingomyelin-enriched phase (the dark phase
indicated by white circle in Figure 2-8) at room temperature since this type of domain is
microscopic and has a range of miscibility temperature which is accessible by the microscope-
temperature stage we used. The temperature was increased 1°C every 10 min to ensure that the
phase behavior in the membrane system close to its equilibrium state at the temperature during
the temperature change. Figure 2-8 shows that the dark phase amount is consistent in the
membrane systems confined to the same size. In addition, the dark phase dissolved with
increased temperature. Furthermore, the same amount of the dark phase in a corral can be
obtained in a corral after the temperature is increased from 24°C to a temperature at which all of
the dark phase is dissolved (30°C) and then brought back to 24°C. Despite the same amount of
phase in a corral, the dark phase nucleates at very different locations after the temperature cycle,
indicating the mobile nature of the lipid molecules. The results indicate that the lipid molecules

are restricted to each corral and are mobile in supported lipid bilayers confined in corrals.

Increasing T to dissolve domains Decreasing T to precipitate domains
having increasing solubility at higher T nucleating at different locations

Figure 2-8. Temperature cycle to demonstrate the freely mobile nature of lipid molecules in the
membrane confined in a corral. The open white circle highlights the dissolution-precipitation

nature of the SM-enriched domains in supported lipid bilayers. The original morphology of this
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system is formed after 0.005 unit/ml SMase is added to the membrane systems with 89.5mol%

DOPC/ 10mol% Egg SM/0.5mol%Texas-Red® DHPE for 10 min.

2.5. Performance Comparison between the Developed SLB Systems

and Conventional SLB Systems

To demonstrate the performance of the corralled membranes in a microfluidic device, we
compared the morphology changes induced by SMase in a corralled membrane system in a
microfluidic device and in a non-corralled membrane system with manual addition of reagents.
Figures 2-9(a, b, c¢) are the typical Texas-Red® DHPE images of corralled membrane systems
before the addition of SMase, about 20 min after the addition, and about 90 min after the
addition. In this system, the flow conditions of lipid vesicle solutions and washing solutions
during the formation of supported lipid bilayers were controlled at the operating conditions
mentioned in section 2.1.3. After the corralled membranes formed, the flow was controlled to
allow the lipid membrane to be exposed to 0.005 unit/ml sphingomyelinase (SMase) from
Bacillus cereus for 2 min at room temperature. On the other hand, Figures 2-9(d, e, f) show the
morphology change of a non-corralled membrane system. The membrane is prepared by
conventional incubation/washing steps: the vesicle solution and washing buffer were added to
and removed from a glass surface by pipette. The formed membrane on a glass was stored in a
small chamber with buffers. The calculated amount of SMase solution is added to the small
chamber by pipette to generate 0.005 unit/ml SMase concentration above the membrane system.
Figures 2-9(d, e, f) are the cropped images from a region having the same size and corresponding

timing as Figures 2-9(a, b, ¢) in a 2cm x 2cm piece of supported lipid bilayers.
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Before the addition of SMase, we usually observed some irregular micron-sized dark regions in
the membranes prepared by the conventional method (Figure 2-9(d)), but not in the corralled
membranes prepared under controlled washing flows (Figure 2-9(a)). These dark regions might
be defects reported in previous literature.”>’® After the addition of SMase, they seemed to attract
new domains to form around them, probably because growing around them is more energetically

favorable than nucleation.

After the addition of SMase, we observed that the heterogeneity induced by SMase is confined in
each of the corrals and each corralled membrane shows quite consistent morphology change
(Figures 2-9(b, c)). However, large-scale heterogeneity was observed in conventionally-formed
membranes after the addition of SMase (Figures 2-9(e, f)). Since previous literature has reported
that SMase has a high binding constant to its substrate and dissociates from the lipid membrane

126,127
very slowly >

, the distance between the location of a region of a membrane and where the
SMase is added would influence the initial condition of how much SMase binds to that region.
The large-scale heterogeneity could be attributed to the non-uniform distribution of SMase,
which is difficult to prevent in a manual addition but can be handled more easily by the
controlled flow in a microchannel. The more uniform initial condition of membrane morphology
and SMase distribution allows us to obtain consistent results from area to area. The fixed
controlled flow conditions also allow more robust results from sample to sample, which is

important for us to correlate time evolution results to other characterization results. In addition,

in a confined membrane, we can interpret the SMase-induced phase phenomena easily without
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considering which size and location of a region in a heterogeneous membrane is representative to

describe the phase behavior.

Figure 2-9. Corralled membranes in a microfluidic device for studying membrane morphology
changes induced by SMase. (a), (b), and (c) are images taken in the corralled membrane system
before the addition of SMase, at about 20 min after the addition, and at about 90 min after the
addition, respectively. (c), (d), and (e) show the performance of the non-corralled membrane
prepared by a conventional incubation/washing method and affected by the manually added
SMase. The images were taken at similar times to those in (a), (b), and (c), respectively. Both

membrane systems are composed of 40/40/20 molar ratio of DOPC/SM/Chol and incorporated
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with 0.5% mol of Texas-Red® DHPE to image the morphology changes. 0.005 unit/ml SMase

was used and the experiments were performed at room temperature.

2.6. Numerous systems in parallel to capture the stochastic nature of

domain nucleation

As we will show in chapter 3 and 5, the overall phase change induced by SMase is composed of
several nucleation and growth events of new domains. The stochastic nature of the nucleation
sometimes makes it difficult to quantify and compare the membrane responses caused by
different factors. Many repeated experiments or many systems with the same conditions would

be required to statistically describe the domain nucleation.

In most of our systems, we observed a slowly-nucleating feature rich in SMase, sphingomyelin
(the SMase’s substrate), and ceramide (the SMase’s product). The slow nucleation rate causes
the feature to have a wide distribution of induction time. We used the SLB arrays to capture the
distribution of the induction time of SMase-features in a single set of experiment. Figure 2-10
shows the images taken when only a few SMase-features had nucleated, when SMase-features
had already nucleated in half of the corrals, and when SMase-features had nucleated in all of the
forty-nine corralled membrane systems. Figure 2-11 illustrates how the number of corrals with
SMase-features changed with time in a set of experiments. Each line is from three sets of forty-
nine-corral experiments with the same composition. The four lines represent the four different
membrane compositions. Obtaining the distribution instead of single data points allowed us to
compare the effects caused by different membrane compositions and SMase concentrations. The

more complete analysis and discussion are in Chapter 5.
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Figure 2-10. Forty-nine 50 um x 50 pm membranes separated by corrals in a single set of
experiment. The large number of membrane systems allows us to quantify and compare the
phenomena in membranes with different conditions, whose difficulty is the large variation of the
SMase-feature nucleation time as demonstrated in Figure 2-11. (a)(b)(c) are the images taken in
60/20/20 DOPC/SM/Chol membranes when only a few SMase-features had nucleated, when
SMase-features had already nucleated in half of the corrals, and when SMase-features had
nucleated in all of the forty-nine corralled membrane systems, respectively. (d)(e)(f) are the
images taken in 40/40/20 DOPC/SM/Chol membranes. The bright rings in the images are the
diffraction patterns from the SMase-features on the opposite surface of the 50pm height

microchannel and can be ignored.
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Figure 2-11. How the number of corrals having SMase-features changes with time in a set of
experiment with forty-nine corrals. Each line is from three sets of forty-nine-corral experiments

with the same composition. The four lines represent the four different compositions.

2.7. Laminar flows to generate membrane arrays with various

compositions and solution conditions

Laminar flow occurs when the Reynolds number (Re) of a flow system is much less than one
(the Reynolds number represents a ratio of inertial to viscous forces acting on a fluid element and
is defined as Re =pUL/u, where p is the fluid density, U is the average velocity, L is a
characteristic length for the system, and p is the fluid viscosity). The flow in a microfluidic
device with micron-sized channel can be easily operated at the conditions allowing Re<<I. In a
laminar flow configuration, the molecules follow their streamlines and the mixing is limited by

their inter-diffusion.
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We utilized the laminar flow to create gradients with multiple components through the multiple
microfluidic inlet streams. In a laminar flow configuration, the mixing of adjacent streams is
limited by their inter-diffusion. The relative concentrations of different components vary
gradually and continuously over a transitional mixing region at the interfaces between the flows.

Ideally, the gradient can be controlled by flow parameters related to the ratio of axial flow rate
and lateral diffusion rate (or called the Peclet number=UL/D, where U is the average velocity, L
is a characteristic length for the system, and D is the diffusivity of the diffusing molecule). In
addition, the flow gradient can be estimated by solving the diffusion equations under some

appropriate assumptions.

Following the rationale, we can construct the gradient of small lipid vesicle solutions with
various compositions during the formation of supported lipid bilayers. During the bilayer
formation by vesicle deposition, the initial contact and sticking of vesicles to a surface is
irreversible. As a consequence, whatever composition of vesicles approaches the surface is
captured by the surface. Once the lipid membrane is captured by the surface, it is confined in its
own corral. This process yields spatially varying composition in different corrals. Similarly, we
can also construct spatially varying reaction conditions (such as enzyme concentration, and ionic

strength) over different corrals after the corralled membranes form.

Figure 2-12 demonstrates an example in which five lipid vesicle solutions with different
composition were flowed into the main channel. The flow was implemented by withdrawing the

fluid through a syringe pump since withdrawing has shown to give better flow stability than
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infusing. The main channel is 500 um wide and 50 um high, and the average flow rate is 5 pl/min.
Water’s density and viscosity are used as those of the dilute solutions. The calculated Re is 0.167,
indicating that the flows are in laminar flow configuration. The laminar flow configuration can
be visualized by using streams with different amount of fluorescent dyes into the same channel,

as shown in the lower middle picture in Figure 2-3.

We can further calculate the Peclet number to check the relative ratio of axial flow rate and
lateral diffusion rate in the system. The diffusion coefficients of vesicles can be estimated by the
Stokes-Einstein Relation, D=KgT/3nnd, where d is hydrodynamic diameter, Kg is Boltzman
constant, T is temperature, and D is translational diffusion constant. For a 80nm vesicle, the
estimated diffusion coefficient in water is 2.8x10'* m?%s. The Peclet number (Pe= UL/D) is
11745 if we use the width of each stream(~100 um) as the characteristic length (L). The large Pe
indicates that the inter-mixing of components between the streams is very minor, and thereby the
composition of the lipid membrane in a corral is probably very close to the composition of the
prepared lipid vesicles in the stream above the corral. The more obvious gradient or mixing can
be achieved by decreasing the flow rate, using a longer channel, and observing the gradient at
further downstream regions. For example, if we control the flow at 0.1 pl/min in a 50pum x 500
um channel, the Pe would be around 200. An obvious gradient would be observed at the end of a

channel with 2 cm length (200 times of the width of each stream).

After the formation of corralled lipid membranes with various compositions, uniform 0.005
unit/ml SMase solutions were flowed into the main channel in order to observe the domain

dynamics caused by SMase. Figure 2-12 clearly shows that the corralled membranes with
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different compositions have different domain morphology after they were exposed to the same
SMase solutions. The results demonstrate that condition variations among corrals on a single
platform is doable and can be a screening tool to study a broad range of parameters associated

with the interactions between lipid membranes and peripheral proteins.

1. Lipid vesicle solutions
with different composition

47.5D0PCAT SBSW
&ch

Figure 2-12. An example showing how the corralled membranes in a microfluidic channel can
be a screening tool. The composition variation was constructed first in this case. Later, the
morphology evolution can be observed under a fluorescence microscope easily after SMase was

uniformly distributed to the SLB array with composition variation.
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Chapter 3.  Sphingomyelinase-induced  phase
transformations: causing morphology switches and
multiple-time-domain ceramide generation in model

raft membranes

3.1. Introduction

As we have introduced in chapter 1, sphingomyelinase (SMase) in cell membranes has been

reported to be involved in a variety of cell regulation processes, particularly in programmed cell

13,17,19,21-23 65,128-132

death (apoptosis) . Both biophysical data on ceramide and evidence from
physiological studies”™>*~* have suggested that the SMase influences the cellular processes by
altering the phase dynamics in the membrane.”® In the early stage or induction phase of apoptosis,
large lipid membrane platforms with clustered receptors have been observed in cells in a few
minutes after SMase is activated. The large platforms are thought to help concentrate and thereby
cluster the required membrane receptors, while the clustering has been found to be an essential
step for those receptors to trigger their subsequent cellular pathways.”” In the late stage or the
execution phase of apoptosis, the negative spontaneous curvature induced by ceramide in the
membrane has been suggested to facilitate the membrane blebbing or apoptotic body

formation.>®>

55



Many biophysical studies have incorporated ceramide ex sifu into model raft membranes in order
to further understand the underlying mechanism of the lipid membrane phase change due to the
compositional change caused by SMase. Some bulk assay studies using a fluorescence
multiprobe and multiparameter approach have shown that ceramide can not only form ceramide-
enriched domains but can also recruit sphingomyelin to form sphingomyelin-enriched domains
in lipid bilayers with model raft compositions.'**'** Recent atomic force microscopy (AFM)
studies have also demonstrated the two different domains corresponding to those mentioned

4
above.”’

However, most of the analyses were done in the absence of SMase.

In fact, some studies have suggested that SMase may play other roles besides causing the
compositional change of lipid membranes. Studies on pure sphingomyelin monolayers have
shown that ceramide generated by SMase in situ can induce pattern formation in membrane
domains which cannot be achieved by incorporating ceramide ex situ®*’> Recently, in model raft
membranes, Johnston et al. and Chiantia et al. have used atomic force microscopy (AFM) to
demonstrate that SMase can induce topographical features more complex than those generated
by incorporating ceramide ex sifu.”'* However, the AFM studies have difficulty recording the
kinetic processes of morphology changes in the presence of SMase because of tip contamination
problems, and have not been able to identify how SMase is involved in the complex phase
changes. Although some studies have used fluorescence microscopy to record the real-time
morphology changes in the presence of SMase, only early time changes have been reported.”’
The complex heterogeneity, varying from region to region and sample to sample, also makes the

characterization difficult.
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In order to study whether and how the SMase is involved in the phase changes, we constructed a
well-controlled model membrane system in a microfluidic channel and used multiple labeling
approaches to identify where SMase binds and the major components of the different phases.
The planar surface of supported lipid bilayers (SLBs) provides a good platform for the easy
tracking of membrane domains. The SLBs were confined to corrals as described in chapter 2 in
order to provide control of the mass balance of lipid molecules during the surface enzymatic
reaction. The controlled flow in a microfluidic device primarily provides two advantages for the
study in this chapter. First, it provides a more robust preparation of SLBs. Second, the control
and uniform addition of SMase is essential for obtaining physiologically relevant and robust
results because of its high binding constant to its substrate and slow dissociation from the lipid

126,127

membrane . Non-uniform initial conditions may contribute to the later membrane

morphology heterogeneity and cause difficulty in interpreting the results.

The results in this chapter show that the overall morphology change can be generalized into three
stationary morphology stages separated by two transition stages in model raft membranes. The
real-time evolution of morphology over the biologically relevant time scale is imaged by Texas-
Red® DHPE, a fluorescent lipid probe. These lipid probe images are taken as references to
correlate the characterization results of observed features. With the help of antibodies and
labeled SMase, we identify the two transition stages as a reaction-induced and a solvent-
mediated phase transformation. More importantly, we observe a 3-D structure rich in SMase,
sphingomyelin, and ceramide, and the nucleation of this feature triggers the solvent-mediated

phase transformation. The multi-stage morphology evolution is shown to be caused not only by
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the phase change due to compositional changes, but also by the selective binding of the enzyme
to different phases, the accessibility and replenishment of the substrate in different phases, and

the enzyme’s special phase behavior.

3.2. Materials and Methods

3.2.1. Materials.

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1-Palmitoyl-2-Oleoyl-sn-Glycero-3-
Phosphocholine (POPC), cholesterol (Chol), brain sphingomyelin (BSM), and egg
sphingomyelin (ESM), were purchased from Avanti Polar Lipids (Alabaster, AL). Texas-
Red®1,2-dihexadecanoyl-sn-glycero-3 phosphoethanolamine triethylammonium salt (Texas-
Red® DHPE), 1,1’-didodecyl-3,3,3°,3 -tetramethylindocarbocyanine perchlorate (‘Dil’;
DilCi,(3)), Alexa Fluor® 488 Microscale Protein Labeling Kit, Alexa Fluor® 488 goat anti-
rabbit IgG, and Alexa Fluor® 488 goat anti-mouse IgM (u chain) were purchased from
Invitrogen (Eugene, OR). Lysenin antiserum was purchased from Peptides International, Inc.
(Louisville, KY). Sphingomyelinase from Bacillus cereus and all other reagents, unless
otherwise specified, were purchased from Sigma (St. Louis, MO). The PBS buffer in this paper

is 0.01 M phosphate buffered saline (138 mM NaCl/ 27 mM KCI, pH 7.4).
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3.2.2. Preparation of small unilamellar vesicles (SUVs)

Small unilamellar vesicles (SUVs) were prepared for the vesicle deposition to form supported
lipid bilayers (SLBs). SUVs were formed by extrusion where dried lipids were reconstituted in
the buffer (10 mM HEPES, 2 mM CaCl,, and 100 mM NaCl, PH=7.4) at a concentration of 2
mg/mL and then passed 19 times through an 80-nm polycarbonate filter in an Avanti Mini-
Extruder (Alabaster, AL). The stock SUV solutions were stored at 4°C for up to one week before
being used. The stock solutions were diluted to 0.2 mg/mL just before use in the vesicle

deposition.

3.2.3. Preparation of supported lipid bilayers on a glass coverslip

Glass coverslips were cleaned by argon plasma for 10 min. The prepared SUV solutions were
heated to a temperature above the miscibility transition temperature of the lipid mixture and were
added to the coverslips which had been already placed on a hot plate at the same temperature.
The coverslips were incubated with the SUV solutions for 30 min and rinsed extensively with

water at the same temperature.

3.2.4. Preparation of corralled supported lipid bilayers in a microfluidic device

The protein micro-contact printing developed by Kung et al."*® was used to construct supported
lipid bilayer systems in separate corrals. By controlling the size and shape of the printed corrals,
we can construct lipid membranes with controllable amount and position. We fabricated the

polydimethylsiloxane (PDMS) stamp with 50 um x 50 um corral configuration and used it to
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print bovine serum albumin (BSA) (250 pg/ml) to the clean glass coverslips cleaned by argon
plasma for 10 min before the printing. The patterned glass coverslips were later sealed with
PDMS microchannel slabs. The device with a patterned surface was used immediately or stored
under water for up to one day prior to use. The prepared SUV solutions were flowed into the
microchannel and the SUVs deposited on the glass surfaces that were devoid of protein. Later,
water was flowed into the channel to wash away the non-specifically bound vesicles. The
deposition process was performed at a temperature above the miscibility transition temperature
of the lipid mixture in a temperature-controlled water bath. The corralled membranes were stored
in water at room temperature and used within two days of preparation. The membranes were

heated to and kept at 37°C for 20 minutes before use.

3.2.5. Conjugation of Sphingomyelinase with Alexa Fluor ®488 Dye

Conjugation of Sphingomyelinase from_Bacillus cereus (Sigma, St. Louis, MO) with Alexa
Fluor® 488 dye was performed by using the Alexa Fluor®488 microscale protein labeling kit
from Invitrogen (Eugene, OR). The SMase as received was reconstituted to 1mg/ml and dialyzed
for 3 hrs in the HEPES buffer (10mM HEPES/ 100mM NaCl/ 2 mM MgCl,) at 25 °C. About 4.5
puL of 11.3 nmol/ml reactive Alexa Fluor 488 dye was used to label 31.4 ug of SMase in the

HPEPS buffer. Excessive dye was removed using a spin column with Bio-Gel P-6 fine resin.
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3.2.6. Characterization by immunostaining

After the SMase in the SLB system was washed extensively with PBS buffer, we used anti-
ceramide antibody to stain the ceramide and lysenin to stain the sphingomyelin in the system. 5
pg/ml monoclonal anti-ceramide antibody produced in mouse (clone MID 15B4) (Sigma, St.
Louis, MO) in a PBS buffer was flowed into the channel and incubated with the lipid membrane
for 20 min followed by a PBS buffer wash. After the wash, 10 ug/ml labeled secondary antibody,
Alexa Fluor® 488 goat anti-mouse IgM (u chain) (Invitrogen, Eugene, OR), was flowed into the
channel and incubated with the system for another 20 min followed by another PBS buffer wash.
We used the same incubation/wash procedure to detect the localization of the sphingomyelin. 10
pg/ml of lysenin, a sphingomyelin-specific binding protein, was introduced to the membrane and
the excess protein was washed away. The staining procedure was followed by using lysenin
antiserum from rabbit (diluted 1/1000 with PBS) and 20 pg/ml Alexa Fluor® 647 goat anti-
rabbit IgG as labeled secondary antibodies. For the double staining of both ceramide and
sphingomyelin as shown in Figure 3-6, anti-ceramide antibody and lysenin were mixed together
before flowed into the channel while kept at the concentration mentioned above. Second, Alexa
Fluor® 488 goat anti-mouse IgM and lysenin antiserum were flowed into the channel together
and washed. Finally, Alexa Fluor® 647 goat anti-rabbit IgG was flowed into the channel alone.
The doubling staining was compared with the single staining for either ceramide or
sphingomyelin, and no significant cross reactivity between these two sets of primary/secondary
antibodies was shown (Figure 3-9). After the staining process, we used fluorescence microscopy

to locate the labeled antibody complex on the membrane surface.
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3.2.7. Images by fluorescence microscopy

The morphology evolution images were observed using a Nikon TE2000-E inverted microscope
with a Nikon CF DL 20X objective and a Plan Neofluar 100X/1.30 oil immersion objective.
Temperature control of the samples was accomplished by a microscope heating stage unit
(Instec, Boulder, CO) and an objective collar heater (Bioptechs, Butler, PA). Experiments were

performed at 37°C unless otherwise specified.

Fluorescence confocal microscopy experiments were performed with a Zeiss laser scanning
module (LSM) microscope with a Plan-Apochromat 63X/1.4 oil immersion objective. For a
three-channel experiment, the excitation light from lasers at 633, 543 and 488 nm. The emission
was split by two dichroic mirrors (NFT 635 and NFT 545) and one filter (BP 505-530) to detect

the Alexa Fluor® 647, Texas-Red® DHPE, and Alexa Fluor® 488.

3.2.8. Image processing

The fractional area of the dark region in the florescence image was calculated with Matlab
software (Mathworks Inc., Natick, MA). The defined dark region was delineated by an image
processing routine to ensure the same standard for all of the images in the morphology evolution.
In short, this routine can first eliminate the uneven background from inevitable uneven
illumination based on two morphological operators, erosion and dilation."*® After removing the
uneven illumination, we can accurately define the region by Otsu’s threshold method"’, and
calculate the area ratio by the defined region. Figure 3-1 shows that elimination of the uneven

background is necessary for obtaining an accurate description of the domain ratio in an image.
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(a)

(d)

Figure 3-1. Performance of the image processing routine. (a) shows an original image; (b) shows
the region obtained by applying Otsu’s threshold method directly to the original image. The dark
region at the corners is caused by the uneven illumination; (c¢) shows the region obtained by
applying Otsu’s threshold method after the uneven illumination is eliminated; (d) shows the
superimposition of the borderlines of (c) to the original image, which indicates that our image

processing routine can accurately describe the domain morphology.

63



3.3. Results

3.3.1. Spatial morphology change with stages induced by sphingomyelinase

3.3.1.1. Detailed morphology evolution in a single corralled membrane system

We formed 50 um x 50 um corralled model membranes in a microfluidic device. The flow
conditions of lipid vesicle solutions and washing solutions during the formation of supported
lipid bilayers were controlled to be the same for every experiment in order to achieve a more
robust preparation of supported lipid bilayers. After the corralled membrane systems formed, the
flow in a microfluidic channel was controlled to allow the lipid membrane to be exposed to
0.005 unit/ml Sphingomyelinase (SMase) from Bacillus cereus for 2 minutes at room
temperature. 0.5 mol% Texas-Red® DHPE, a phospholipid with Texas-Red® dye-labeled

headgroup, was incorporated into lipid membrane systems to reveal the morphology change.

Figure 3-2(a) shows a detailed morphology evolution of the morphology change induced by
0.005 unit/ml SMase at 37°C in a single 50 ym x 50 pm corralled membrane. 40/40/20 molar
ratio of 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC)/ brain sphingomyelin (BSM)/
cholesterol (Chol) incorporated with 0.5 mol% of Texas-Red® DHPE is used in this experiment.
To further illustrate morphological change over time, the morphology evolution images were
processed with Matlab and the corresponding fractional areas of the dark region were used to
plot Figure 3-2(b). Before the addition of SMase (t= 0), the lipid membrane had small gray
blurred pre-existing domains, assumed to be sphingomyelin and cholesterol enriched domains,
based on previous phase studies of model raft membranes >'**. The bright patches were probably
the non-specifically bound small vesicles and most of them were washed away after the SMase

solution was introduced to the surface. After the addition of SMase, the pre-existing rafts faded
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away, and some dark domains started to grow quickly for a few minutes. Later, the morphology
change paused. The pause morphology started to reorganize after a bright feature appeared
(about 20 min after the addition of SMase). In this reorganization stage after the bright feature
formed, the dark domains revealed by Texas-Red® DHPE can be distinguished into two
different types: one type started to dissolve in a direction away from the bright feature (indicated
by dashed diamond in Figure 3-2(a)); in contrast, the other type started to grow (indicated by
dashed box in Figure 3-2(a)). Eventually, all of the dissolvable domains dissolved and all of the

other type domains grew to their full size. The final constant morphology lasted for days.

According to the characteristics of the domain morphology change, the morphology evolution
after the addition of SMase can be divided into four stages: (A) formation of two types of dark
domains; (B) a pause morphology; (C) dissolution of one type of dark domain, and growth of the

other type after the formation of bright features; (D) a final stationary morphology.
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Figure 3-2. (a) Morphology evolution images after the 40/40/20 DOPC/BSM/Chol Texas-Red®
DHPE-stained membrane in a 50 um x 50 um corral was treated with 0.005 unit/ml SMase at
37°C. White dashed diamond indicates the dark domains which dissolved after the bright feature
formed; white dashed box indicates the dark domains which grew after the bright feature formed.
(b) The graph illustrates how the fractional area of the overall dark region changed with time.
The data points denoted with closed rectangles have their corresponding images in (a). The

morphology evolution is described by four stages labeled as A, B, C, and D.

66



3.3.1.2. Comparable morphology evolution in model raft membranes with various
compositions
We also observed the morphology evolution with these stages in model membranes with
different ratios of unsaturated phospholipid/SM/Chol or different types of SM and unsaturated
phospholipid (Figure 3-3). In every of the membrane systems we tested, dark domains formed
quickly in minutes and a pause morphology was reached. Although all of these systems had dark
domains with different sizes and shapes in their pause morphologies, we observed that the pause
situation was always followed by the formation of bright features. In addition, two types of
domains can be always distinguished: one type of dark domain dissolved and the other grew after
the bright feature appeared. In the membrane systems with brain sphingomyelin, we noticed that
those dissolving-type dark domains have sizes of few microns, and those growing-type domains
are much smaller (Figure 3-3(a, b, ¢)). Sometimes the growing-type domains even cannot be
resolved in the pause morphology (Figure 3-3(a), stage B) and can be observed after they started
to grow after the bright feature occurs (Figure 3-3(a), stage C and D). In contrast, in the
membrane systems with egg sphingomyelin, those dissolving-type domains are much smaller
(around 1 um). Their growing-type domains at the pause morphology are even larger than their
dissolving-type domains and can grow to sizes of few microns in the final stage (Figure 3-3(d,
e)). One thing to notice is that these stages also occur in the membrane system without
cholesterol (Figure 3-3(c)). We did observe that the absence of cholesterol can delay the
appearing time of the bright features (or the time for stage C to start), and the related work is

shown in chapter 5.
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Figure 3-3. Morphology evolution with stages induced by SMase occurs in other Texas-Red®
DHPE-stained model raft membrane systems: (a) 60/40/0 DOPC/BSM(brain sphingomyelin)
/Chol; (b) 70/15/15 DOPC/BSM/Chol; (c) 40/40/20 DOPC/ESM(egg sphingomyelin)/Chol; (d)
40/40/20 POPC(1-Palmitoyl-2-Oleoyl-sn-Glycero-3-Phosphocholine)/ESM/ Chol . All of them
have two types of dark domains and bright features. One type dissolved and the other grew after
the formation of the bright features. Images were taken during their pause morphology (stage B),

when one type dark domains dissolved and the other grew (stage C), and the final stage (stage D).
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3.3.1.3. Control experiments with no observable stages

In the control experiment, no morphology change was observed in membranes with only DOPC
up to one day (Figure 3-4(b)). In addition, we did not observe these stages but only observed
continuous spatial morphology changes in membranes with only BSM (Figure 3-4(a)). The
darkness indicates the conversion of BSM to ceramide, which was confirmed by using anti-
ceramide to test the composition. The result suggests that the stages associated with changing
stationary spatial morphologies not only requires the substrate of SMase but may also require a

DOPC-enriched fluid phase to facilitate the phase transformation.

t= 20 min t=1 hr t=2 hr t= 1 day
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Figure 3-4. Control experiments following the evolution of model membranes with (a) pure
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BSM and (b) pure DOPC after they were treated with 0.005 unit/ml SMase at 37°C.

0.5mol%Texas-Red® DHPE was incorporated to both membrane systems.
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3.3.1.4. Observed features are not artifacts associated with the fluorescent lipid probe

The pre-added fluorescence lipid probe, Texas-Red® DHPE allows real time observation of the
evolution of the lipid membrane morphology; however, the probe could influence membrane
phase behaviors. To further ensure that the morphological evolution and the corresponding
features are not artifacts introduced by the fluorescence probe, we compared systems imaged
with pre-added lipid probe (Texas-Red® DHPE) with those imaged by the intercalating dye
(1,1'-didodecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate (DilC;»(3))) added after the
SMase reaction. The addition of intercalating dye after the reaction has proceeded to a particular
time point reveals the spatial morphology change in an unperturbed SMase-lipid membrane
system. Figure 3-5(a) is a typical Texas-Red® DHPE image we obtained when the SMase
reaction proceeded to stage C. We treated the membrane without any Texas-Red® DHPE under
the same conditions, and when the reaction proceeded to the time corresponding to stage C, we
added DilC,(3) to the system to stain the features (Figure 3-5(b)). As shown in Figure 4(b),
DilC2(3) can also distinguish three different features whose sizes and relative locations
correspond well to the features observed in Texas-Red® DHPE images although DilC;»(3) is
shown to have different staining preference for the various features. As shown by the B line in
Figure 3-5, DilC,,(3) happens to also preferentially stain the bright feature defined in Texas-
Red® DHPE images. Both of the dark domains defined in Texas-Red® DHPE images are
actually lighter than the background phase in DilC,,(3) images (indicated by the S line and the L

line).
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a. Pre-added lipid probes (Texas-Red® DHPE)  b. Post-added intercalating dye (DilC,,)

Figure 3-5. Corresponding features observed in membrane systems with (a) pre-added lipid
probes (Texas-Red® DHPE) and with (b) addition of the dye (DilC12) after the reaction. Line
(B) indicates the bright feature; line (S) indicates the smaller dark domains; line (L) indicates the
larger dark domains as defined in the Texas-Red® DHPE image. The different relative
fluorescence intensities of the features are due to the different staining properties of the two
probes. Both membrane systems are composed of 40/40/20 molar ratio of DOPC/BSM/Chol and

treated with 0.005 unit/ml SMase.

3.3.2. Ildentification of the major components of membrane domains by antibodies
Since Texas-Red® DHPE provided the real-time information but not the composition or the
identity of the domains, the identification of the domains at each stage in the morphology

evolution is critical for the interpretation of the complex phase behavior. To further identify and
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characterize membrane domains, we stained the ceramide in the membrane with anti-ceramide

and the sphingomyelin with lysenin, a sphingomyelin-specific binding protein '***!,

3.3.2.1. Double-labeling of SM and Cer in lipid probe-stained membranes

When the reactions in a Texas-Red® DHPE-stained membrane proceeded to stages B, C, or D,
both Alexa Fluor® 488-labeled anti-ceramide antibody complexes and Alexa Fluor® 647-
labeled lysenin antibody complexes were added to the membrane. The images obtained under a
three-channel confocal microscope (Figure 3-6(a); images before being superimposed are in
Figures 3-6) show that the dark domains dissolving after the bright feature forms are
sphingomyelin-enriched domains (SM-enriched domains) and that those domains growing after
the bright feature forms are ceramide-enriched domains (Cer-enriched domains). In stage B, both
SM-enriched domains and Cer-enriched domains exist. In stage C, those SM-enriched domains
close to the bright feature (indicated by the gray circle) disappear and the overall intensity from
anti-ceramide antibody complexes is higher than the intensity in stage B. In stage D, only Cer-
enriched domains can be significantly observed. Before the addition of SMase, only lysenin, but
no anti-ceramide, binds to the membrane significantly, which shows there is no non-specific
binding of anti-ceramide to the model raft membranes. Lysenin seems to bind to the whole
membrane, but not uniformly. This observation is probably due to the existence of the small pre-
existing domains rich in sphingomyelin and cholesterol which could not be resolved well by the

microscope.
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3.3.2.2. Double-labeling of SM and Cer in the absence of lipid probes

In order to ensure that the Texas-Red® lipid probe does not influence the qualitative
interpretation, and to rule out the possibility of energy transfer between the three fluorescence
dyes, we also apply the antibody characterization to the membranes in the absence of Texas-
Red® lipid probes (Figure 3-6(b); images before being superimposed are in Figures 3-7). Alexa
Fluor® 488-labeled anti-ceramide antibody complexes and Alexa Fluor® 647-labeled lysenin
were used. According to the emission and excitation specta of Alexa Fluor® 488 and Alexa
Fluor® 647, no significant energy transfer can occur between these two dyes. The results are
very similar to those obtained in Texas-Red® DHPE-stained membranes. In fact, without the
lipid probe, the distribution of Cer-enriched domains seems to be more uniform, and how
sphingomyelin is transformed to ceramide can be more easily seen. More importantly, we clearly
observed that both anti-ceramide and lysenin antibody complexes bind to the feature
corresponding to the bright feature shown in the Texas-Red DHPE images in the absence of the

lipid probe’s interference, indicating the feature contains both SM and Cer.
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Before addition

Figure 3-6. Fluorescence from antibodies shows the location of ceramide and sphingomyelin.
The reaction by 0.005 unit/ml SMase in the 40/40/20 DOPC/BSM/Chol membranes was
quenched at stages B, C, and D, and the membranes were treated with Alexa Fluor® 488-labeled
anti-ceramide and Alexa Fluor® 647-labeled lysenin. The red color is from Texas-Red® DHPE,
the green color indicates where ceramide locates, and the blue color indicates where
sphingomyelin locates. The open gray circles indicate those bright features which initiate the
reorganization of domains. (a) The membrane is stained by 0.5 mol% of Texas-Red DHPE.
Purple indicates where it is stained by both red and blue markers. The images from each color
channel before being superimposed are in Figure 3-7. (b) The membrane is not stained by
Texas-Red DHPE. The non-superimposed images are in Figure 3-8. Gray circles indicate where

the bright features locate.

74



Figure 3-7. The images of Figure 3-6(a) before superimposition: (a) illuminated by Texas Red®
DHPE; (b) illuminated by Alexa Fluor® 647-labeled lysenin; and (c) illuminated by Alexa

Fluor® 488-labeled anti-ceramide.

75



Before addition

Figure 3-8. The images of Figure 3-6(b) before superimposition: (a) illuminated by Alexa

Fluor® 488 labeled anti-ceramide; and (b) illuminated by Alexa Fluor® 647 labeled lysenin.

3.3.2.3. Single-labeling of either SM or Cer in the absence of lipid probes

To eliminate the possibility of any cross-reactivity between the two sets of antibody complexes,
we also conducted single labeling of either anti-ceramide or lysenin (Figure 3-9). The similar
results from the single labeling and each channel in the double labeling show that no significant

cross-reactivity is occurring between the two sets of antibody complexes.
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stage B stage C stage D

Figure 3-9. Single labeling of either SM or Cer. (a)The membrane is labeled with Alexa Fluor®

647 labeled lysenin. (b) The membrane is labeled with Alexa Fluor® 488 labeled anti-ceramide.

3.3.3. 3-D feature by fluorescence confocal imaging

3.3.3.1. Labeling of the bright feature in the absence of lipid probes

To further investigate the structure of the bright feature (defined in the Texas-Red® lipid probe
images), we used confocal microscope to record the labeled-antibody image stack in the z
direction perpendicular to the supported lipid bilayer plane. The membranes at stage D with
single labeling in the absence of Texas-Red® lipid probes are used in order to reduce any cross
reactivity between labeling molecules and to obtain clearer images. Figure 3-10(a) shows the
image stacks obtained from the system labeled by Alexa Fluor® 488-labeled anti-ceramide

antibody complexes and Figure 3-10(b) is from the system with Alexa Fluor® 647-labeled
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lysenin antibody complexes. The number at the upper right corner of an image indicates the
location of that image in the stack. “0” indicates the focal plane of the supported lipid bilayers,
“-1” indicates the first plane below the lipid membrane plane (the glass support side), “1”
indicate the first plane above the lipid membrane plane (the solution side), etc. The distance

between two consecutive planes is 0.36 um.

Figures 3-9(a) and (b) show that both anti-ceramide and lysenin bind to the bright features,
suggesting that these features contain both ceramide and sphingomyelin. In both systems,
hollow rings exist in the lipid membrane planes and these rings gradually shrink in the planes
away from the lipid membranes. The antibodies were added after these features formed and
would primarily stain their outer surface if no penetration occurred. We also imaged the planes
below the lipid membrane plane. The signal in the “-1” plane is weaker than the signal in the
planes above the lipid membrane and no signal can be observed in the planes further below the “-
1” plane. Therefore, the shrinking hollow rings in the z stack images at and above the lipid
membrane indicate that these features connect to the membrane and extrude out into the solution

side.

Figure 3-10. Fluorescence confocal imaging of the 3-D features in stage D. The features were

stained either (a) by Alexa Fluor® 488-labeled anti-ceramide or (b) by Alexa Fluor® 647-

labeled lysenin. The number at the upper right corner of an image indicates the location of that
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image in the stack. “0” indicates the focal plane of the supported lipid bilayers, “-1” indicates
the first plane below the lipid membrane plane (the glass support side), “1” indicates the first
plane above the lipid membrane plane (the solution side), etc. The distance between two

consecutive planes is 0.36 um.

3.3.3.2. Consistent appearances of the bright features among corralled membrane systems
We observed consistent appearance of the bright features in all of the corralled membranes. The
consistent appearance was already roughly observed in the Texas-Red® lipid probe images from
a regular microscope (Figure 3-1(c)). Here, we further observed their consistent appearance
clearly in confocal imaging of the labeled antibodies without any possible interference from the
lipid probe (Figure 3-11). The confocal imaging allows us to observe the size and shape of these
3-D features out of the lipid membrane plane. Four corrals cropped from a corralled membrane
system are used to demonstrate the consistency of these features in different corrals. The planes
are labeled in the same way as described in the last section. The consistency of the appearance in
each image from different focal planes shows that these 3-D features have a consistent size and
shape. The consistent appearances of these features in membranes with a confined size suggest
that these features could be another phase in addition to SM-enriched and Cer-enriched domains
in the SMase-lipid membrane system. Sometimes multiple 3-D features are formed in a corral.
For example, the upper right corral in Figure 3-11(b) has two features. Both 3-D features can be
observed clearly from the “1” plane to “3” plane and have smaller laterally projected diameter.
The overall extent of these two features seems to be similar to the extent of the feature in a one-

feature corral. The consistent extent is reasonable since each corralled membrane contains the
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same amount of reactants and SMase, which should result in the same phase extent. The different

number of the features in corrals confined to the same size is due to the kinetics of the nucleation

of the features, which will be further discussed in chapter 5.

H

a

..
H

(b)

Figure 3-11. Consistent appearance of the features among the membranes confined to the same

size. (a) The membrane systems were stained by Alexa Fluor® 488-labeled anti-ceramide. (b)
The membrane systems were stained by Alexa Fluor® 647-labeled lysenin. Both sets of images
were obtained in the stage D of the morphology evolution induced by 0.005 unit/ml SMase. The

images from different focal planes are numbered in the same way as described in Figure 3-10.
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The background signal with the corral shape in (b) was from the weak non-specific binding of

lysenin antibody complexes to the BSA used to print the corral.

3.3.4. Where does the SMase bind?

The selective binding of SMase or its spatial distribution over the lipid membrane was
investigated using Alexa Fluor®-488 labeled SMases. Figure 3-12 shows that morphology
evolution induced by the labeled SMase in a Texas-Red® DHPE-stained membrane (images
before being superimposed are in Figure 3-13). The images from Texas-Red® DHPE show that
the labeled SMase also induces the stages with corresponding dark domains and bright features
(defined in Texas-Red® images), although the size, shape and distribution of the dark domains
are not completely the same as those in a regular SMase system. The quick growth of dark
domains in minutes, a pause morphology, the formation of bright features followed by
dissolution of one type of domain and growth of the other, and a final stationary morphology can
be clearly observed (Figure 3-12). According to the consistent morphology they produce, we

suggest that the behavior of the labeled SMase is similar to the one of the regular SMase.

As shown in Figure 3-12, the yellow color saturated with both red and green colors at the bright
features (indicated by dashed circle) indicates that the bright feature is rich in not only Texas-
Red® DHPE but also a large amount of the labeled SMase. Another important thing to notice is
that the labeled SMase binds significantly to the growing-type dark domains but not to any of the
dissolving-type dark domains. The antibody characterization results in the previous paragraphs

have shown that the growing-type dark domains are Cer-enriched domains and the dissolving-
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type dark domains are SM-enriched domains. The lesser binding extent of the labeled SMase to
the SM-enriched domains suggests that SMase cannot easily access the sphingomyelin stored in

SM-enriched domains.

t=20.3 min t=22.7 min t= 30.0 min t=43.1 min t= 80.8 min

Figure 3-12. Morphology evolution of the 40/40/20 DOPC/BSM/Chol Texas-Red® DHPE-
stained membrane treated with 0.005 unit/ml Alexa Fluor®-488 labeled SMase. Red color is
from Texas-Red® DHPE and green color is from Alexa Fluor®-488 labeled SMase. The yellow
color indicates the superimposition of both red and green markers. The non-superimposed
images are in Figure 3-13. Dashed box indicates the growing-type dark domains; dashed
diamond indicates the dissolving-type dark domains; dashed circle indicates the bright feature, as

defined in Texas-Red® DHPE images.
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Figure 3-13. The images of Figure 3-12 before superimposition. The upper row shows the
images under the illumination of Texas Red® DHPE. The lower row shows the images under the

1llumination of Alexa Fluor® 488-labeled SMase.

3.3.5. ldentification of the solvent-mediated phase transformation process at stage C by
spatial sphingomyelin concentration profile
The domain reorganization at stage C occurs when the bright feature defined in Texas-Red®

DHPE images forms and causes SM-enriched domains to dissolve. To investigate what causes
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this domain reorganization, we carefully examined the spatial fluorescence intensity profile of
the labeled-lysenin complex images. Although the exact correlation between the fluorescence
intensity from the labeled-lysenin complex and the amount of sphingomyelin is not clear, the
stronger the intensity, the more sphingomyelin should be there. This positive correlation was
used to infer the spatial distribution of sphingomyelin. The typical fluorescence images of the
lysenin-labeled complex at stage B, C, and D in the SLB treated with 0.005 unit/ml SMase are
shown in Figure 3-14(a, b, c). To further demonstrate how the intensity varies spatially, the
surface plots of the fluorescence intensity from Figure 3-14(a, b, ¢) are shown in Figure 3-14(d, e,
f) respectively. The intensity of the SM-enriched domains was high and saturated the pixels. In
addition, the medium fluorescence intensity from the bright feature which causes the dissolution
of SM-enriched domains suggests that it also contains significant amount of sphingomyelin,
consistent with those results obtained by the confocal microscopy. Furthermore, there was also
significant fluorescence intensity from the background phase and it decreased towards the bright

feature which can be observed in Figure 3-14(b) or (e).

In order to obtain a clearer view of the sphingomyelin concentration variation along the radial
direction away from the bright feature, we plot the intensity profiles along the dashed lines in
Figure 3-14(a, b, c¢) in Figure 3-14(g). The concentration of SM in the background phase where
SM-enriched domains had not dissolved was significantly higher than the concentration where
they had already dissolved. Therefore, the decrease of the concentration of sphingomyelin in the
background phase, named as [SM], surrounding the SM-enriched domains is suggested to drive

the dissolution of these domains. The decrease of the [SM] along the radial direction towards the
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bright feature suggests that the bright feature consumes sphingomyelin and acts as a sink of

sphingomyelin molecules.
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Figure 3-14. Spatial sphingomyelin concentration profile indicated by fluorescence intensity of
the labeled-lysenin complex. (a, b, ¢) The typical fluorescence images of the labeled-lysenin
complex in the 40/40/20 DOPC/BSM/Chol membrane after the reaction induced by 0.005unit/ml
SMase is quenched at stage B, C, and D, respectively. (d, e, f) Surface plots of the fluorescence
intensity from d, e, f, respectively. (g) Intensity profiles of labeled lysenin along the dashed lines
in a, b, c. (h) Schematic representation of the concentration profile of SM in the radial direction
from the bright feature and how the consumption of SM can cause the dissolution of SM-

enriched domains.
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3.4. Discussion

3.4.1. The interpretation of the overall behavior

The interpretation of the phenomena induced by SMase reaction is illustrated in Figure 3-15,
combining the morphology evolution with the identification of the domains in each stage. Before
the addition of SMase, we observe pre-existing sub-micron-sized domains. These gray domains
are probably the conventional rafts rich in sphingomyelin and cholesterol, and the light
background region is a liquid-disordered DOPC-enriched phase. After the addition of SMase,
some dark domains grow (stage A) and a pause morphology is reached (stage B) in the Texas-
Red® DHPE-revealed morphology evolution. The antibody characterization suggests that these
dark domains are SM-enriched and Cer-enriched domains. The stable pause morphology can be
explained by our labeled SMase results showing that SMase cannot easily get access to SM-
enriched domains (Figure 3-12). The irregular shape of the SM-enriched domains indicates their
gel properties with which boundaries cannot relax to reduce the line tension with the surrounding
fluid phase. Once most of the SM is stored or aggregated in SM-enriched gel domains, the

overall reaction may become very slow, resulting in a period of stasis.

The pause ends after the bright features (defined in the Texas-Red® DHPE-revealed morphology
evolution) form. The results from labeled SMase and antibody characterization suggest that these
bright features are rich in SMase, and contain sphingomyelin and ceramide. Only after these
features rich in SMase form in the systems, the dissolution of SM-enriched domains and the
further growth of Cer-enriched domains can be observed (stage C). The mechanism of the SM-

enriched domain dissolution and conversion into Cer-enriched domains will be discussed later.
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The final stationary morphology is reached after all of the SM-enriched domains dissolve, and

the Cer-enriched domains fully grow (stage D).

Pre-existing morphology A: Growth of both SM- B: Pause morphology C: Reaction at SMase-feature D: Constant morphology

enriched domains and Cer- resulting in dissolution of SM-  with only Cer-enriched
enriched domains enriched domains domains
Cer-enriched domains SMase-feature

Pre-existing domains
rich in SM and Chol SM-enriched domains Phase with [SM] below the solubility
limit of SM-enriched domains

Figure 3-15. Schematic illustration of the spatial morphology change induced by SMase. The
evolution is composed of three constant morphology stages (pre-existing, B, D) switched by two

transformation stages (A, C).

Our anti-ceramide antibody characterization results (Figure 3-6) show that the mode of ceramide
generation also changes with these stages. Figure 3-15 shows a schematic illustration of how the
ceramide and sphingomyelin contents in a membrane system may change with the stages. Before
the addition of SMase, no labeled anti-ceramide antibody can be observed. After the addition of
SMase, only a small amount of labeled anti-ceramide is observed in stage B and no significant
difference can be observed over the whole stage B. After the transformation stage C, a
significant increase of the labeled anti-ceramide amount can be observed in the final stage D.
The anti-ceramide antibody characterization is shown to be consistent with the lysenin antibody

characterization indicating the sphingomyelin amount change with the stages (Figures 3-5 and 3-
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13). The membrane before addition of SMase is rich in sphingomyelin. In stage B, the un-reacted
sphingomyelin is stored in gel-like SM-enriched domains. In stage C, the SM released from the
SM-enriched domains is probably primarily converted to Cer at the SMase-feature (section 3.3.5).
The significant growth of the Cer-enriched domains is followed after the ceramide generated at
the SMase-features diffuses back to the whole membrane. These consistent characterization
results following the reaction stoichiometry show how the ceramide generation can change with

the stages caused by the SMase-induced complex phase behavior, as illustrated in Figure 3-16.
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Figure 3-16. Schematic illustration of the multiple-time-domain ceramide generation due to the

phase changes induced by SMase.

3.4.2. The formation of SMase-feature

We hypothesize that the bright feature rich in SMase is another phase in addition to SM-enriched
domains, Cer-enriched domains and the DOPC-enriched phase in SMase-model raft membrane
systems. The feature is always found to nucleate in the fluid DOPC-enriched phase, and contains

not only SMase but also SM and Cer, as shown from our antibody characterization and labeled
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SMase experiments (Figures 3-9). The confocal imaging of antibody characterization further
shows that these features have consistent 3-D appearances and fluorescence intensity from either
anti-ceramide or lysenin antibody complexes in the membrane systems confined to the same size

(Figure 3-11).

In our experiments, we remove SMase from the bulk solution after the membrane is exposed to
the SMase solution for two minutes; therefore, the supply of SMase to form the SMase-features
can only be from the SMase binding to the membrane during this period and remaining after the

126,12
6127 allow a

washing step. The high binding rate and slow dissociation rate of SMase
significant amount of SMase still binding to the membrane after the washing step. This
experimental procedure excludes the possibility that the bright feature rich in SMase is formed
from precipitation from an excess of SMase in the bulk solution. In addition, under this
experiment condition, we can also ensure that the amount of SMase in the membrane systems in
the later stage C cannot be more than the amount in the earlier stage B. Therefore, the further
significant ceramide generation in stage C after a period of stasis (stage B) is not due to the

increased amount of SMase but probably due to the SMase’s property change after the SMase is

concentrated to the SMase-features.

We speculate that the SMase in the SMase-feature can process SM at low SM concentration
more efficiently. Labeled SMase experiments suggest that the pause morphology in stage B can
be explained by the formation of SM-enriched domains leaving the DOPC-enriched phase with a
low concentration of SM, and the inaccessibility of SMase to the SM-enriched gel domains. The

labeled lysenin intensity profile experiments show that the SM concentration level in the DOPC-
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enriched phase did not change in stage B; however, once an SMase-feature nucleated in the
DOPC-enriched phase, the SM concentration in the DOPC-enriched phase started to reduce
significantly (Figure 3-14). Since the overall SMase amount in stage C is similar to or less than
the amount in stage B, we reason that the concentrated SMase with its substrate and product (SM
and Cer) at the SMase-features can process its substrate at low concentrations more efficiently
than can the distributed SMase on the DOPC-enriched phase. Further investigations on the
structure and composition of the SMase-features could further clarify the reasons for this

behavior.

We observed that the formation of SMase-features at about half an hour after the addition of
SMase, which allows the development of the stage B in the morphology evolution. The
appearance of the SMase-features after a period of stasis can be explained by their long induction
time. Nucleation of a new phase is known to be a kinetic process, influenced by the organization
of the new formed phase. Usually, the slower the nucleation rate, the longer the induction time
42 We observed very few numbers of these features forming in a corralled membrane compared
with other kinds of domains, indicating their slow nucleation rates, which is consistent with the
observed long induction time. In this study, we qualitatively demonstrate the appearance of these
features and further statistical studies about the nucleation time of these features will be shown in

chapter 5.

The observation of an enzyme-enriched phase was also reported in a lipid monolayer system

with another kind of interfacial lipase, phospholipase A.'* Although the function of the
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phospholipase A-enriched domain was not addressed, this enzyme domain was also shown to

occur in the middle of the reaction and to cause the dissolution of its substrate domains.

3.4.3. Reaction-induced phase transformation by SMase

We directly visualize a kinetic process of the growth of domains which are characterized as SM-
enriched and Cer-enriched domains induced by SMase in a model raft membrane. Recently,
Castro et al. have used the fluorescence multiprobe and multiparameter approach to show that
one ceramide molecule could recruit up to three sphingomyelin molecules to form gel domains in

model raft membranes.'*

In the absence of SMase, their study suggests that it is
thermodynamically favorable for ceramide to cause the formation of not only Cer-enriched
domains but also SM-enriched domains. That is, a three-phase regime, consisting of a liquid-
disordered, SM-enriched, and Cer-enriched phases, exists in a certain model raft composition
range in lipid membranes, as shown in Figure 3-17. In the presence of SMase, our study shows
one kinetic process by which this phase change occurs, driven by the compositional changes or
the generation of ceramide by SMase (shown by the purple line in Figure 3-17). The
compositional change drives the system to cross a phase boundary and to enter into a three-phase
coexistence regime, and thus the original phases in the system can be transformed to the three
phases mentioned above. As temperature and pressure are kept constant under most biological

conditions in nature, the compositional change induced by an enzymatic reaction could be a way

to transform one phase to another and to switch the spatial pattern.
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Figure 3-17. SMase enzymatic reaction causes the membrane system entering into a three phase
coexistent region in a PC-SM-Cer ternary mixture phase diagram. The phase diagram is adapted
from Castrol et al **: G1 represents the Cer-enriched phase, G2 represents SM-enriched phase an
F1 represents a PC-enriched phase. The purple dot indicates the initial location of a membrane
system before addition of SMase (in the absence of Cer). After the addition of SMase, the
location of the membrane system in the phase diagram is shifted due to the composition change

caused by SMase enzymatic reaction. The purple line indicates the shifted direction determined

by the reaction stoichiometry (one SM to one Cer).

3.4.4. Solvent-mediated phase transformation
The domain reorganization in stage C starts once an SMase-feature nucleates. The relatively fast
morphological change and the antibody characterization indicate that the membrane composition

starts to change significantly. Several evidences suggest that the reaction primarily occur at the
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SMase-feature in this stage C although slow reaction may still occur in the fluid DOPC-enriched
phase or even at the SM-enriched and Cer-enriched domains. First, the SM concentration
decreasing towards the SMase domain shown in Figure 3-14(g) indicates that the SMase-feature
serves as a sink for SM. In addition, all of the features in stage C except the SMase-feature also
appear in stage B but no obvious morphology change can be observed. Furthermore, from our
antibody characterization results, the ceramide amount starts to increase significantly only after

the SMase-features form.

This phenomenon is analogous to a solvent-mediated phase transformation, in which a substance
undergoes solid-to-solid phase changes via a solution phase in a three-dimensional system. A
schematic illustration of this phenomenon is given in Figure 3-14(h). The SM-enriched domain is
analogous to a precipitate in the fluid DOPC-enriched phase saturated with SM ([SM]s.) in stage
B. Once an SMase-feature nucleates, which is another form of precipitate, it starts to consume
SM and decrease the SM concentration in the fluid DOPC-enriched phase. The SM-enriched
domains begin to dissolve once their surrounding SM concentration in the DOPC-enriched phase
drops below its solubility limit. With time, more and more SM is consumed at the SMase-feature
and thus the [SM]g,: front moves away from the SMase domain and more SM-enriched domains
dissolve. After SM is converted to Cer at the SMase-feature, the Cer diffuses back to grow Cer-
enriched domains. A regular solvent-mediated phase transformation is composed of only the
dissolution of a less stable form of precipitate and the growth of a more stable form. The

behavior we observed here is further mediated by a chemical reaction.
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3.4.5. Potential biological implications of the morphology switches and multiple-time-
domain ceramide generation

In the overall process induced by a single addition of SMase, we report that SMase can be

actively involved in the membrane phase behavior and induce two phase transformations with

disparate time scales to switch a pre-existing raft morphology to a pause morphology with both

SM-enriched and Cer-enriched domains, and switch the pause morphology to a post-reaction

morphology with only Cer-enriched domains.

The existence of the switches between lipid membrane morphologies could be important since
different domain morphologies may assume different functional states. In fact, the different cell
membrane morphologies occurring at different time scales have been reported during apoptosis
in physiological studies when SMase is activated. In early stage of apoptosis, large micron-sized

- - - - . . 35,144-148
platforms for protein clustering are observed in cells of diverse origins °

. No significant
cell membrane morphological response was reported after the large signaling platforms form. In
the late stage of apoptosis, some physiological studies report the appearance of membrane bulges
whose formation could be facilitated by the existence of Cer-enriched domains.”®**'* The
similar timing and sequence of these different cell membrane morphologies to the morphology

change induced by the SMase in model raft membranes may suggest that the two SMase-induced

phase transformations may contribute to cell membrane heterogeneity in apoptosis.

The kinetics of ceramide accumulation in cells undergoing apoptosis have been reported to have

multiple time domains '". A modest accumulation of ceramide in minutes corresponding to the

28,146,147,150,151

early stage of apoptosis is observed in some cell systems , whereas a much more
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significant accumulation of ceramide is observed on the hour time scale corresponding to the late

58,149,152

stage of apoptosis . The very different responses, ranging from minutes to hours, have

. . 17,153
become a major source of confusion "

. In our studies, we observed that only a small amount
of SM is converted to Cer in stage A, since SMase cannot easily access the SM once it is trapped
in SM-enriched domains. Most of the SM is converted to Cer after the formation of the slowly-
nucleating SMase-feature, where SMase appears to process the low SM concentration left in the
solvent phase (the DOPC-enriched phase) more efficiently. Questions still remain about the
origin of the ceramide accumulation in cells undergoing apoptosis. The multiple-time-domain

ceramide generation due the complex phase behavior induced by SMase suggests an alternative

possibility that could contribute to the multiple-time-domain ceramide accumulation in cells.

3.5. Conclusion

Here we report that SMase can induce a reaction-induced and a solvent-mediated phase
transformation in model raft membranes. SMase can be actively involved in the lipid membrane
phase changes and the overall morphology change is caused not only by phase change due to
compositional changes by SMase, but also by the selective binding of the SMase and SMase’s
special phase behavior during the solvent-mediated phase transfromation. The reaction-induced
phase transformation, triggered by the addition of SMase, transforms a pre-existing morphology
to a pause morphology with coexisting ceramide-enriched (Cer-enriched) and sphingomyelin-
enriched (SM-enriched) domains. Later, the solvent-mediated phase transformation, triggered by
the formation of a 3-D SMase-feature, occurs to further transform all of the SM-enriched

domains into Cer-enriched domains. The results from antibody characterization and confocal
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imaging suggest that the 3-D feature is rich in SMase, sphingomyelin (the substrate of the
enzyme) and ceramide (the product of the enzyme). The distribution of sphingomyelin in the
lipid membrane obtained by the fluorescence intensity profile of lysenin suggests that the SMase
at this special feature processes sphingomyelin more efficiently. The existence of the stable
pause morphology between the two transformations can be explained by the physical trapping of
SM in SM-enriched domains, which SMase cannot easily access. The disparate time-scale of the
formation of the SMase-features and the SM-enriched domains allows for developing a
significant duration of the middle pause morphology. The occurrence of these two
transformations causes switches of three stationary membrane morphologies and the ceramide

generation by SMase can be also divided into multiple-time-domains in model raft membranes.
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Chapter 4. Domain Dynamics during Reaction-

induced Phase Transformation

4.1. Introduction

Physiological studies have reported that large platforms containing ceramide form in a few
minutes after sphingomyelinase (SMase) translocates to the cell membrane at the early stage (or

28353837 These large platforms facilitate the clustering of death

induction phase) of apoptosis.
receptors for triggering their subsequent cellular pathways. Questions remain about the
mechanism underlying the spatial pattern rearrangement between the pre-existing rafts and the
later large platform. Although literature has proposed that ceramide generated by SMase drives

154, the fact that some membrane

the pre-existing rafts to coalesce to form the large platform
proteins found in the conventional rafts are absent in the later ceramide-containing large

.. . . . 1
platforms is inconsistent with the coalescence conjecture.'”

It has been reported that ceramide can replace cholesterol in the conventional rafts which are rich
in sphingomyelin and cholesterol.””® Some other studies have reported that ceramide can recruit
sphingomyelin to form membrane domains rich in sphingomyelin and ceramide in environments

134155 However, most of the studies have been done in the absence of

with or without cholestero
SMase and have not shown how the domain dynamics proceeds under the competition between

ceramide and cholesterol for sphingomyelin after ceramide is generated by SMase in situ.
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In chapter 3, we have shown that SMase induces a reaction-induced phase transformation to
transform a pre-existing raft morphology to a stationary morphology containing micron-sized
SM-enriched domains. The SM-enriched domains are suggested to form due to the recruitment
of SM by the generated Cer."”’ However, in chapter 3, the pre-existing rafts in the prepared
supported lipid bilayers (SLBs) were sub-micron-sized and the detailed morphology evolution

during the transformation has not been clearly visualized by fluorescence microscopy.

In this chapter, we prepare both a GUV system and an SLB system with micron-sized pre-
existing domains to visualize the domain dynamics during the reaction-induced phase
transformation. Giant unilamellar vesicles (GUVs) have been shown to have consistently
micron-sized pre-existing rafts.”'*® The appearance of the pre-existing domains in supported
lipid bilayers (SLBs) has been shown to be more complicated and to vary with the thermal
history of the preparation.'®* "' We are able to prepare the micron-sized pre-existing domains by
adjusting the thermal history during the supported lipid bilayer formation. The overall SMase-
induced phase behavior is comparable in both the GUV system and the SLB system in spite of
the different mobility of domains. The results show the dynamics of the transformation from pre-

existing rafts to SM-enriched domains under the competition between ceramide and cholesterol.
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4.2. Methods

4.2.1. Materials

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), cholesterol (Chol), and brain sphingomyelin
(BSM) were purchased from Avanti Polar Lipids (Alabaster, AL). Texas-Red®1,2-
dihexadecanoyl-sn-glycero-3 phosphoethanolamine triethylammonium salt (Texas Red® DHPE)
and Alexa Fluor® 488 goat anti-rabbit IgG were purchased from Invitrogen (Eugene, OR).
Lysenin antiserum was purchased from Peptides International, Inc. (Louisville, KY).
Sphingomyelinase from Bacillus cereus and all other reagents, unless otherwise specified, were
purchased from Sigma (St. Louis, MO). The PBS buffer in this paper is 0.01 M phosphate

buffered saline (138 mM NaCl/ 27 mM KCI, pH 7.4).

4.2.2. Preparation of giant unilamellar vesicles by electroformation

We prepared giant unilamellar vesicles (GUVs) using the electroformation technique of
Angelova and Dimitrov '** in a temperature-controlled chamber. Approximately 20 pL of lipids
dissolved in chloroform at a concentration of 5 mg/mL were spread onto each of two 5cm x Scm
conductive indium tin oxide plates and dried under vacuum. 0.5 mol% Texas-Red® DHPE was
incorporated into the lipid mixture (unless otherwise specified). The GUVs were grown in a 270
mM sucrose solution for 1.5 hr at a temperature above the lipid miscibility transition
temperature. The buffer with an osmolarity of 270mM (2.5mM MgCl,/125mM NaCl/12.5mM
HEPES, PH=7.4) was used to dilute our GUV stock solution in a 4:1 volume ratio in order to
make the GUVs’ buffer 2mM MgCl,/100mM NaCl/10mM HEPES/54mM sucrose) similar to

that used in the SLB system.
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4.2.3. Preparation of small unilamellar vesicles (SUVs)

Small unilamellar vesicles (SUVs) were prepared for the vesicle deposition to form supported
lipid bilayers (SLBs). SUVs were formed by using the extrusion technique where dried lipids are
reconstituted in the buffer (10 mM HEPES, 2 mM CaCl,, and 100 mM NaCl, PH=7.4) at a
concentration of 2 mg/mL and then passed 19 times through an 80-nm polycarbonate filter in an
Avanti Mini-Extruder (Alabaster, AL). 0.5 mol% Texas-Red® DHPE was incorporated into the
lipid mixture (unless otherwise specified). The stock SUV solutions were stored at 4°C for up to
one week before being used. The stock solutions were diluted to 0.2 mg/mL right before being

used for the vesicle deposition.

4.2.4. Preparation of supported lipid bilayers

The prepared SUV solutions were flowed into a microchannel and deposited on the glass
surfaces in the microchannel. More details can be found in our previous report.'”’ Later, water
was flowed into the channel to wash away the non-specifically bound vesicles. The deposition
process was performed at a temperature above the miscibility transition temperature of the lipid
mixture in a temperature-controlled water bath. The supported lipid membranes were stored in
water at room temperature and used within two days of preparation. The membranes were heated

to and kept at 37°C for 20 minutes before use.
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4.2.5. Characterization of the micron-sized pre-existing domains

To obtain 40/40/20 DOPC/BSM/Chol membranes with large pre-existing domains, water at
room temperature instead of at 37°C was used to wash away the excess vesicles, and the other
steps were the same as those described in the last paragraph. We used lysenin to stain the
sphingomyelin in lipid membrane systems. Ten pg/ml of lysenin, a sphingomyelin-specific
binding protein, in the PBS buffer, was flowed into the channel and incubated with the lipid
membrane for 20 min followed by a PBS buffer wash. After the wash, lysenin antiserum from
rabbit (diluted 1/1000 with PBS), was flowed into the channel and incubated with the system for
another 20 min, followed by another PBS buffer wash. The staining procedure was followed by

using 20 pg/ml Alexa Fluor® 488 goat anti-rabbit IgG as labeled secondary antibodies.

4.2.6. Images by fluorescence microscopy

The morphology evolution images were observed using a Nikon TE2000-E inverted microscope
with a Plan Neofluor 100X/1.30 oil immersion objective. The lysenin-characterization
experiments and the morphology evolution of the SLB with micron-sized pre-existing domains
were performed with a Zeiss laser scanning module (LSM) microscope with a Plan-Apochromat
63X/1.4 oil immersion objective. For a two-channel experiment, the excitation light from lasers
at 488 and 543 nm was reflected by a dichroic mirror (HFT 488/543) and the emission was split
by a second dichroic mirror (NFT 490) into two channels; light was passed through a 505-719
emission filter in the first channel and a 558719 emission filter in the second channel to detect

the Alexa Fluor® 488 and Texas-Red® DHPE, respectively.
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4.3. Results

4.3.1. Multi-stage morphology evolution induced by SMase in giant unilamellar vesicles
with freely mobile domains
The upper row in Figure 4-1 shows the domain morphology change of a GUV with 40/40/20
molar ratio of DOPC/SM/Chol induced by 0.005 unit/ml SMase at room temperature. Unlike
SLBs fixed to solid supports, GUVs move around in solutions. In order to capture the domain
dynamics of a GUV, we used a buffer with lighter density than the GUV stock solution to dilute
the GUV solutions (while the osmolarity was kept the same). Since the GUV stock solution is a
sucrose solution and GUV membrane has limited permeability to sucrose, the addition of lighter
buffer (2.5mM CaCl,/125mM NaCl/12.5mM HEPES) results in the density difference between
the solutions inside and outside the GUVs. The higher density of the solution inside GUVs (than
the density of the buffer outside) can drive the GUVs to settle down to the bottom of an observed

well rather than easily move around in the solution.

After the addition of SMase, modulation of the boundaries of the micron-sized pre-existing
domains occurred and some small dark domains became visible just beyond the previous
boundaries (Figure 4-1(a)). The newly formed dark domains had dynamic movement, which
usually lasted for about 10 min. During that period, the dark domains collided with each other,
and then the morphology evolution paused after the network morphology formed (Figure 4-1(b)).
The network morphology probably formed because these newly formed domains are in gel or
solid phase and therefore could not fully coalesce to reduce their line tension when they collided
with each other. That is, due to the slow diffusion of the lipid molecules in solid phase, the

system was kinetically trapped in the network morphology with the relatively large interface.
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The more detailed figures during this early stage are in Figure 4-2 and will be further discussed
in the next paragraph. The pause morphology lasted for about 15-30 min, varying with different
vesicle samples we observed. Later, as shown in Figure 4-1(c), a bright feature of large extent
appeared and the dark domains became dynamic again. At this stage, the vesicle crumpled and
completely collapsed after a few minutes. Figure 4-1(d) was taken of a vesicle deposited on a

glass surface after its collapse.

In our previous study, we used antibodies and labeled-SMase to characterize the domain identity
during the morphology evolution in SLBs and found that the morphology evolution can be
divided into stages after the addition of SMase: (A) formation of both SM-enriched domains and
Cer-enriched domains; (B) pause morphology; (C) nucleation of an SMase-feature followed by
dissolution of the SM-enriched domains and further growth of the Cer-enriched domains; and
(D) a stationary morphology with only the Cer-enriched domains present. The representative
pictures of each of the stages are shown in the lower row of Figure 4-1. We have not been able to
clearly characterize the domain identity in GUVs as we did in SLBs. Thorough washing to
remove the background signal during the immunestaining is more difficult to achieve in GUV

systems since the GUVs easily break or move around during the multiple washing steps.

However, if we compare the morphology evolution in GUVs (upper row in Figure 4-1) with the
one observed in a corralled SLB membrane system (lower row in Figure 4-1), the two have
comparable features occurring in the same order. The formation of new dark domains in GUVs
can be compared to the stage A observed in SLBs (Figure 4-1(a) and (A)). The major difference

is the dynamic movement of the dark domains in GUVs, which is probably due to the lack of
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restriction from the solid support. The pause network morphology following the new dark
domain formation stage can be compared to the stage B in SLBs (Figure 4-1(b) and (B)). No
network morphology is observed in SLBs, probably because the solid support restricts the
domains’ mobility and thereby limits their chance to collide with each other. In GUVs, some
bright features also appear after the pause morphology, which corresponds to the stage C (Figure
4-1(c) and (C)). After the GUVs become crumpled and are deposited on a glass surface, they

have almost the same morphology as that observed in the stage D in SLBs (Figure 4-1(d) and

(D).

Before-GUV

Figure 4-1. Comparable multi-stage morphology evolution induced by 0.005 unit/ml SMase in
GUVs and SLBs. Both membrane systems contain a 40/40/20 molar ratio of DOPC/BSM/Chol
with 0.5mol% Texas-Red® DHPE. The upper row is the images taken during the morphology
evolution of GUVs: (a) is the image taken 4 min after the addition of SMase; (b) 10 min after the
addition; (c¢) 30 min after the addition; (d) 50 min after the addition. The scale bar indicates the
length of 10 pm. The scale bar is much shorter in (d) than in others, since the membrane has

been deposited on the surface and thereby the lateral projection area became larger. The lower
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row is the representative images in each stage of the morphology evolution of SLBs: (stage A) 2
min after the addition of SMase; (stage B) 17 min after the addition; (stage C) 45 min after the

addition; (stage D) 80 min after the addition.

4.3.2. Detailed early-stage morphology evolution in a GUV

The domains in a GUV move around on the 3-D shell. Although the 3-D morphology image can
be obtained by confocal microscopy, it takes a few minutes to scan a GUV’s 3-D shell, which is
not fast enough to capture the rapid dynamics of domains in the early stage. To observe how pre-
existing rafts transformed to later new dark domains by using a regular microscope with a fixed
focal plane, we chose a GUV with the pre-existing domain configuration in a way that we can

clearly visualize and distinguish both a pre-existing raft and newly formed domains (Figure 4-2).

The pre-existing raft is the dark region enclosed by a white circle on the left of the vesicle. After
the addition of SMase, we observe the modulation of the boundary of the pre-existing rafts.
Some small dark domains (1-2 um) separate out from the boundary of the pre-existing large raft.
The separated-out domains move fast and are difficult to trace. Later, some domains start to stick
to each other and form larger dendritic entities. These larger dendritic entities move more slowly
than the smaller entities, and they also stick to each other if they collide. Finally, all of the

domains are stuck to each other and the network morphology forms.

The small bright spots occurring in this early stage are thought of as small vesicles or lipid probe

aggregates adsorbed on the GUV. They have been observed quite often in GUV systems even
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before the addition of SMase. Unlike the extensive bright features that appeare after the pause
morphology, these small bright spots do not significantly change their sizes and locations during
the overall process. These small bright spots are thought not to be involved in the overall
process and their relatively fixed position can also be used as a reference to see the relative

motion of domains on a GUV surface.

Figure 4-2. Early-stage SMase-induced morphology evolution in a GUV. The membrane system

contains 40/40/20 DOPC/BSM/ Chol and was exposed to 0.005 unit/ml SMase.

4.3.3. Detailed early-stage morphology evolution in SLBs

The pre-existing domain morphology in SLBs is more complex and varies with the thermal
history during the bilayer formation. Here, we prepared two SLB membrane systems: one with
sub-micron-sized pre-existing domains and the other with micron-sized pre-existing domains,

and observed their early-stage morphology evolution (stage A).
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Figure 4-3(a) shows the early morphology evolution in an SLB membrane system with sub-
micron-sized pre-existing domains. At t=0, the immobile sub-micron-sized dark domains are
probably the rafts rich in SM and Ch according to the lipid probe’s partition behavior.'> The
small bright dots are probably the adsorbed small vesicles which were found not to influence the
overall morphology evolution. After the addition of SMase, the immobile sub-micron-sized dark
domains became fuzzy (comparing the pictures at t=0, 0.5, and 1.5 min). At t=1.5 min, the
boundary of the original sub-micron-sized domains could no longer be easily distinguished and
what we observed was the gray fuzziness in the light background phase. The fuzziness in the
light background phase indicates that the composition in that region is different from the
composition of the light background phase or that there are very small domains which cannot be
easily resolved by a microscope. At the same time, some new dark domains nucleated and grew
with time (comparing the pictures at t=1.5, 2, 2.5, and 6 min). These new dark domains in this
SLB system have been characterized in chapter 3 as micron-sized SM-enriched domains and
sub-micron-sized Cer-enriched domains. The formation of these new dark domains seemed to
consume the gray fuzziness since the region surrounding the domains in the background phase is
lighter, and the gray fuzzy area in the background phase diminished with the growth of these

domains. Eventually, all of the fuzziness was gone and the background phase looked uniform.

Figure 4-3(b) shows the early morphology evolution in an SLB membrane system with micron-
sized pre-existing domains. The new dark domains were clearly shown to nucleate in a region
other than where the pre-existing domains were located, and the pre-existing domains gradually
dissolved. At an early time, the new dark domains primarily nucleated in most of the region in
the DOPC-enriched phase but not in the region close to the pre-existing domains. While the pre-

existing domains faded away, some new dark domains also started to nucleate at the boundaries
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of fading pre-existing domains. Eventually, all of the pre-existing domains dissolved and the new
dark domains stopped growing. We observed higher density of new dark domains in the region
close to where pre-existing domains had been present. The observation is reasonable since the
pre-existing rafts have a higher content of SM than the pre-existing light background phase does.
The larger supply source of SM can locally provide more SM or Cer, resulting in higher density

of new domains if the diffusion of lipid molecules is not fast enough.

a t=0 min t= 0.5 min t= 1.5 min t=2 mm t= 2.5 min t= 6 mln
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Figure 4-3. Early-stage SMase-induced morphology evolution in SLB systems (a) with sub-

micron-sized pre-existing domains and (b) with micron-sized pre-existing domains. Both
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membrane systems contain 40/40/20 DOPC/BSM/ Chol and 0.5 mol% of Texas-Red® DHPE
and were exposed to 0.005 unit/ml SMase. (a) was obtained by a regular Nikon TE2000-E
inverted microscope with a Plan Neofluar 100X/1.30 oil immersion objective. (b) was obtained
in a Zeiss laser scanning module microscope with a Plan-Apochromat 63X/1.4 oil immersion

objective.

The larger pre-existing domains seemed to influence the transformation time. All of the dark
domains in the system with sub-micron-sized pre-existing domains were observed to nucleate
and fully grow at similar times (at around t=1.5 min and t=6 min, Figure 4-3(a)). However, in the
system with micron-sized pre-existing domains, we observed that the new dark domains in the
region not close to those micron-sized domains nucleated at around t=2 min and grew to their
full size at around t=5 min, while those new dark domains close to the micron-sized pre-existing
domains started to nucleate later, at around t=4.5 min and grew to their full size at around t=10
min (supplementary Figure 4-1). The two groups of formation times probably result from the
heterogeneity of SM supply. The pre-existing domains have higher SM content and can supply
more SM than the background light phase can. The new domain formation depends on the local
concentration of SM and Cer. If the length scale of the heterogeneity of the SM supply source is
longer than the diffusion length scale during the domain formation time, the domain formation
can be heterogeneous depending on the heterogeneity of SM supply. This can explain why we
observed a more uniform formation of new domains in the system with sub-micron-sized pre-
existing domains (shorter length scale of the heterogeneity of SM supply), but the two groups of
formation time in the system with micron-sized pre-existing domains (longer length scale of the

heterogeneity). In addition, the sizes of the new dark domains in the system with micron-sized
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pre-existing domains are observed to be much smaller than the domains in the system with sub-
micron-sized pre-existing domains. The influence of the pre-existing domain size on the spatio-

temporal morphology change during the transformation will be discussed in section 4.4.2.

4.3.4. Characterization of the pre-existing domains in SLBs.

Although dark domains in model raft membranes with Texas-Red® DHPE are usually thought to
be the conventional rafts rich in SM and Chol, most of the characterizations have been done in
GUVs without solid support effects. The pre-existing domain morphology in SLBs has been
shown to be more complex and the defects sometimes appearing in SLBs also look dark. Here,
we used lysenin, a sphingomyelin-specific binding protein, to further examine the relative SM
content in different phases and whether the pre-existing large dark domains in Texas-Red®
DHPE images are rich in SM. Figures 4-4(d)(e)(f) shows the lysenin images of the membranes
with pure DOPC and 40/40/20 molar ratio of DOPC/BSM/Chol with sub-micron-sized pre-
existing domains, and the same composition with large micron-sized domains; Figures 4-
4(a)(b)(c) are their corresponding images under the illumination of 0.5 mol% of Texas-Red®
DHPE in the membrane. Figures 4-4(a) and (d) are used as controls to show that no labeled
lysenin can be observed under the exposure time and experimental conditions we used. Figures
4-4(c) and (f) show that the micron-sized dark pre-existing domains are rich in SM and that the
light background phase also contains a significant amount of SM. Comparing with the previous
phase studies with GUVs™"’, we think these large pre-existing domains are the conventional
rafts rich in sphingomyelin and cholesterol, and the light background phase is the DOPC-

enriched phase. When the pre-existing domains are sub-micron-sized (Figure 4-4(b)), the
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resolution of the domains in the lysenin image is not sufficient and the intensity of labeled

lysenin is probably the average of the intensities from the two coexistent phases (Figure 4-4(e)).

..

Figure 4-4. Characterization of the large micron-sized pre-existing domains in a 40/40/20

DOPC/BSM/Chol membrane and of other membrane systems for comparison. The upper row
shows the images under the illumination of Texas-Red® DHPE. The lower row shows the
images from the excitation of Alexa Fluor® 488-labeled lysenin, a sphingomyelin-specific
binding protein. (a)(e) the 40/40/20 DOPC/BSM/Chol membrane with large micron-sized pre-
existing domains; (b)(f) the 40/40/20 DOPC/BSM/Chol membrane with sub-micron-sized pre-
existing domains; (c)(f) the membrane with the pause morphology after the 40/40/20
DOPC/BSM/Chol membrane was exposed to 0.005 unit/ml SMase; (d)(h) the pure DOPC

membrane.
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4.4, Discussion

4.4.1. The comparable SMase-induced multi-stage morphology evolution in GUVs and
SLBs
We observe comparable stages of phase behavior in SLBs and GUVs. The primary difference is
the mobility of domains, which is consistent with the observations in previous studies.*”"*® The
high mobility of domains in GUVs provides domains the opportunity to collide with each other.
Since the SM-enriched domains are probably gel domains (or solid phase), they do not coalesce
but become faceted on collision, leading to the network morphology in the corresponding stage
B in GUVs. On the other hand, in SLBs, the domains are pinned and do not have a chance to
collide with each other, creating separated domains in stage B. One potential explanation for the
pinning of domains is that the domain is a group of molecules having strong interaction with
each other and their interaction with the solid support is greater than that of an individual
molecule. The multibody interaction with the solid support significantly reduces the mobility of a
domain in SLBs, while the mobility of each lipid molecule is less influenced. Since the overall
phase changes strongly depend on the mobility of an individual molecule, they can be similar in

GUVs and SLBs, while the mobility of domains in the two systems is different.

4.4.2. Transformation of pre-existing SM-Chol-rafts to SM-Cer-enriched domains

In GUV systems with micron-sized pre-existing rafts, the new dark domains separate out from
the modulating pre-existing domains after the addition of SMase (Figure 4-2). The pre-existing
domains are thought to be SM-Chol-enriched rafts and the new dark domains are thought to be

SM-Cer-enriched domains (the SM-enriched domains introduced in chapter 3). The separating-
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out observation can be explained by the competitive Chol-SM-Cer interactions. After SMase
generates Cer from SM inside or at the boundary of the pre-existing SM-Chol rafts, the Cer
concentration starts to be increased. Once a local Cer concentration is increased to a regime
where SM-Cer-enriched domains can form, SM-Cer-enriched domains separate out from the
SM-Chol-enriched rafts. This observation is consistent with the previous study reporting that Cer

156

can replace Chol in the lipid rafts ™ and the study showing that Cer thermodynamically forms a

160

stable phase with SM™ ™. Here, we further directly visualize how the domain dynamics proceed

during the competition between Chol and Cer for SM.

In SLB membranes where domains are immobile, we observe that the pre-existing domains
dissolve, and the new domains nucleate in regions other than where the pre-existing rafts locate.
This dissolution-nucleation observation is shown clearly in the system with large micron-sized
pre-existing domains (Figure 4-3(b)). In the sub-micron-sized pre-existing-domain SLB system,
the fuzziness of the pre-existing domains after the addition of SMase also indicates the domains’
dissolution or disintegration. In the lysenin characterization experiment, we further confirm that
the pre-existing rafts and later domains have different lysenin intensity, indicating their different
SM content or different physical states. The characterization results support that the pre-existing
domains in SLB systems are SM-Chol-enriched rafts, and that the later new domains are SM-

Cer-enriched domains, similar to those observed in GUV systems.

Observations in both GUVs and SLBs consistently show that new SM-Cer domains form and
pre-existing SM-Chol rafts disintegrate. However, unlike in GUV, where SM-Cer-enriched

domains separate out from the SM-Chol-enriched rafts, the SM-Chol domains dissolve and the
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SM-Cer-enriched domains nucleate in SLBs. This difference can be explained by solid support
effects. The solid support has attractive forces with the lipid molecules, which may result in an
energy barrier to lipids diffusing laterally to nucleate new domains. Therefore, the new SM-Cer
domains do not form as readily as those in GUV systems without solid support effects. The
generation of Cer from SM disturbs the interaction between SM and Chol in the pre-existing
SM-Chol rafts, resulting in their dissolution or disintegration. Since the nucleation of new SM-
Cer domains probably requires more energy, the released SM and Cer molecules would tend to
attach to the already-nucleated SM-Cer domains and make them grow instead of nucleating to

form more domains.

Another way to explain the difference is that the solid support alters the SM-Chol-Cer-DOPC
phase diagram. The alteration results in the membrane system entering into a meta-stable regime
when Cer is generated by SMase, and the domain formation occurs by nucleation and growth;
while in GUVs, the system enters into an unstable regime and the domain formation occurs by
spinodal decomposition. Blanchette et al. have reported that the domain formation in SLBs when
the system temperature is decreased below the miscibility transition temperature, follows the

1

nucleation and growth mechanism'®'; spinodal decomposition has also been reported in GUVs

139 Although the domain formation in our systems is induced by the composition change

before
due to the reaction instead of by decreasing the system temperature through a thermotropic

transition, the observations in the previous literature support that the two different formation

mechanisms in SLBs and GUVs in our system are probably due to solid support effects.
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These observations are all consistent in showing the competition between Chol and Cer for SM
and exclude the possibility of the direct coalescence of the pre-existing rafts to form later large
platforms. Instead, there is a reshuffling of lipid molecules during the transformation from the
pre-existing morphology with SM-Chol rafts to the next morphology with SM-Cer-enriched
domains. If different membrane proteins have different partition behavior in different types of
domains®’, the reshuffling of lipid molecules also implies that the membrane proteins can easily
reshuffle during the reaction-induced phase transformation. This reshuffling phenomenon can
explain why the membrane proteins found in the conventional cholesterol rafts are absent in the
later ceramide-containing large platforms, which could not be explained by the previous

. 1
coalescence conjecture.'>

The pre-existing raft morphology has been shown to influence the transformation rate. The SLB
system with larger prepared pre-existing rafts has a slower transformation rate than the one with
smaller prepared rafts does (Figure 4-3). These observations can be explained by the fact that the
reshuffling of lipid molecules is limited by the interface extent of the rafts. The morphology with
larger rafts contains less interface between the rafts and the DOPC-enriched phase. No matter
whether Cer is generated inside a raft or at the boundary of a raft, Cer, Chol, and SM molecules
need to cross through the interface to reshuffle. It can be expected that the high concentration of
Chol would hinder the rate for Cer to recruit SM due to the competition. The escape of SM and
Cer, or the expelling of cholesterol from the rafts, could facilitate the formation of SM-Cer
enriched domains. Since a larger pre-existing domain has a smaller original interface, it is less
efficient for the molecules to reshuffle and that could delay the formation rate of SM-enriched

domains.
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4.5. Conclusion

The overall multi-stage morphology evolution in GUVs is comparable to the one we observed in
SLBs. Similar features are observed in the same order and the primary difference is the mobility
of domains. The early-stage morphology evolutions in GUVs and SLBs consistently show the

formation of SM-Cer-enriched domains and the disintegration of the pre-existing SM-Chol rafts.

In SLBs, the new domains are observed to form by nucleation and growth, while in GUVs, the
new domains are observed to separate out from the pre-existing domains. We suggest that the
solid support may alter lipid membrane’s phase diagram by its attractive force with the lipid
membrane and makes the system to enter into a meta-stable regime after the system composition
is changed by SMase, while the system can enter into an unstable regime and undergo spinodal
decomposition if there is no solid support effect. The comparisons of the morphology evolution
between the SLBs with micron-sized and with sub-micron-sized pre-existing domains
demonstrate that the size of pre-existing domains can influence the phase transformation rate.
The influence is attributed to the reasons that the size of the pre-existing domains rich in SM can
influence the length scale of heterogeneity of the SM supply, and that the size is correlated to the

amount of interface where lipid molecules can exchange during the phase change.

We show how the domain dynamics proceed during the competition between Chol and Cer for
SM. The results exclude the possibility of the direct coalescence of the pre-existing rafts to form
later large platforms containing SM and Cer. Instead, there is a reshuffling of lipid molecules
during the transformation from the pre-existing morphology with SM-Chol rafts to the next

morphology with SM-Cer-enriched domains. According to the raft hypothesis, the reshuffling of
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lipid molecules implies that the membrane proteins can easily reshuffle. This reshuftling
phenomenon can explain why the membrane proteins found in the conventional cholesterol rafts
are absent in the later ceramide-containing large platforms, which could not be explained by the

previous coalescence conjecture.
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Chapter 5. Tunable Spatio-temporal Membrane
Morphology of Sphingomyelinase-induced Phase

Transformations

5.1. Introduction

We have previously reported in chapter 3 that SMase can induce two phase transformation
processes in model raft membranes, causing spatial morphology switches and multiple-time-
domain ceramide generation."””’ We are further interested in how the physiologically relevant
factors can tune the two phase transformation processes and thereby tune the spatio-temporal
morphology change. Literature reports have suggested that lipid microdomains can influence
cell signaling by creating different local environments suitable for signal transduction.®’-'**!%3
The domain types and spatial patterns appear to influence signaling quality and strength.'®*'%®
The sustained interval of a stationary spatial morphology could influence the signal
duration.'®'**'"" The dynamics during the microdomain reorganization could also influence the
kinetics of membrane protein recruitment by different microdomains. Therefore, knowledge
about the spatio-temporal morphology tuning by physical processes occurring in lipid

membranes may be able to provide insights into novel therapeutic opportunities. '>>*!"!
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Different cell morphology at different times and multiple-time-domain ceramide accumulation'’
have been reported after SMase is activated during apoptosis in physiological studies. For the
cell morphology change in the early stage of apoptosis, large micron-sized platforms for protein

- - - L 35,144-148
clustering are observed in cells of diverse origins.”™

No significant cell membrane
morphological response has been reported after the large signaling platforms form. In the late
stage of apoptosis, some physiological studies report the appearance of membrane bulges whose
formation could be facilitated by the existence of Cer-enriched domains. **>**'* For the ceramide
accumulation, a modest accumulation of ceramide in minutes corresponding to the early stage of

28,146,147,150,151

apoptosis is observed in some cell systems , whereas a much more significant

accumulation of ceramide is observed on the hour time scale corresponding to the late stage of

58,59,149,152

apoptosis. These studies indicate that the multiple-time-domain phenomena may be

required for different functionality at different times in the cellular process.

The timing and sequence of these phenomena observed in cells are similar to those of the
morphology switches and ceramide generation by SMase in our model systems. Although the
cell morphology change and ceramide accumulation in cells could originate from many different
sources in complex cell systems, their consistent timing and sequence with those observed in our
model systems (with only basic components of cell membranes and SMase) suggests that the
SMase’s special behavior may be a contributing factor to the multiple-time-domain phenomena

in cells.

Lipid membrane composition and SMase concentration have been shown to vary in different

17,19,34,172-174

cells or under different stimulation , and to cause different ceramide responses '’ and
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morphology change dynamics in cells.'*®

In this chapter, we are interested in studying whether
and how these two physiologically relevant factors can tune the spatio-temporal membrane

morphology change induced by SMase in the cell-free model system with only lipid membranes

and SMase.

In this study, we demonstrate that lipid membrane compositions and the concentration of SMase
can be used to adjust the kinetic processes of the two SMase-induced phase transformations and
therefore to the intervals and spatial patterns of the multi-stage morphology change. A wide
distribution of induction time of SMase-feature nucleation is observed. The stochastic nature of
the nucleation makes it difficult to quantify and compare the membrane responses caused by the
different factors. In order to statistically describe SMase-feature’s nucleation, we constructed a
platform where numerous separated membrane systems are corralled to a size mimicking the
plasma membrane size of a cell and can be observed in a single set of experiments. At a
physiologically relevant concentration of SMase, the membrane composition is found to tune the
formation time of SM-enriched domains and the nucleation time of SMase-feature to different
extents and thereby significantly tune the stable duration of the middle pause morphology. In
addition, the induction time of SMase-feature nucleation time can be significantly tuned by the
concentrations of SMase-features’ components. Furthermore, during the solvent-mediated phase
transformation, the dissolution of SM-enriched domains is shown to be influenced by the
combined effects of the reaction of SM at an SMase-feature, the diffusion of SM from SM-

enriched domains to an SMase-feature, and the dissolution of SM-enriched domains.
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5.2. Methods

All of the materials and methods used in this chapter are the same as those used in chapter 3

(section 3.2).

5.3. Results

5.3.1. Intervals of multi-stage morphology evolution influenced by membrane
compositions
Four membrane compositions were chosen to probe the effects of the amount of sphingomyelin
and the presence of cholesterol on the dynamics of the multi-stage membranes. 40 mol% SM and
20 mol% SM were chosen, based on the plasma membrane compositions in nature.'™
Cholesterol has been shown to regulate the physical properties of cell membranes primarily due
to its strong interaction with sphingomyelin.'” Therefore, to investigate the role of cholesterol in
the complex phase behavior induced by SMase, we prepared lipid membrane systems with and

without cholesterol.

Figure 5-1 demonstrates that the four different compositions all showed the same qualitative
phenomena with distinct evolutionary stages as we reported in chapter 3: (A) growth of both
SM-enriched domains and Cer-enriched domains; (B) pause morphology; (C) nucleation of an
SMase-feature followed by dissolution of the SM-enriched domains and further growth of the
Cer-enriched domains; (D) a stationary morphology with only the Cer-enriched domains present.

In addition, the change in the relative amount of SM-enriched domains and Cer-enriched
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domains with time follow the same trend as illustrated in Figure 5-2. However, the interval over

which each stage persists varies significantly with the composition.
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Figure 5-1. (a) Schematic illustration of the multi-stagged morphology induced by SMase. (b)
Morphology evolution of lipid membranes with several physiologically relevant compositions
treated with 0.005 unit/ml SMase. The features and characteristics of all four stages (A, B, C,
and D) can be observed with each of the four different compositions. The duration of each of the

stages was influenced by lipid membrane compositions as shown in Table 5-1.
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Figure 5-2. Schematic illustration of how the extents of Cer-enriched domains and SM-enriched

domains in a corralled membrane system change with the stages (A, B, C, D).

Table 5-1. The duration of each stage of morphology evolution for lipid membranes with four

different compositions treated with 0.005 unit/ml SMase at 37°C. The definitions of ta, tg, tc , Ap

and Ap are illustrated in Figure 5-2.

Composition (mol%o)
(DOPC/SM/Chol) t A (min) t g12) (Min) t c (min)
40/40/20 45+0.3 195+1.8 50.0+4.3
60/40/0 3.2+0.7 48.4 +2.3 484+ 1.4
60/20/20 3.0+0.1 60.0 £ 2.96 12.6+0.9
80/20/0 20+0.1 149.2 + 3.7 84.4+8.1
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In order to compare quantitatively the durations of each of the stages in systems with different
conditions, we defined ta, tg, and tc, obtained as follows: ts is the duration of stage A, and
characterizes the rate at which the pre-existing morphology is transformed to the pause
morphology. We used Matlab to process the morphology evolution images as described in
section 5.2.5. ta is selected to be the time at which the change of the dark region fractional area
per minute became less than 2% of the overall change until that time. tg represents the interval
during which the pause morphology is sustained, and was obtained by subtracting ts from the
time of the nucleation of an SMase-feature. The transformation time of the pause morphology to
the next constant morphology, tc, was obtained by measuring the time required for all of the SM-
enriched domains in a 50 pm x 50 um corral to completely dissolve following the nucleation of
the SMase-feature. Table 5-1 shows the comparison of these intervals for the four different

compositions.

All of the data reported were from at least three different experiments. A single set of experiment
with one composition included averages over forty-nine 50 pm x 50 um membrane systems in
separated corrals, as shown in Figure 2-10. The ta values in Table 5-1 are the averages over nine
membrane systems, three randomly picked corrals from each of the three sets of experiments.
Although we found that the growth of domains in stage A is quite consistent in all of the forty-

nine membrane systems, the time for SMase-features to nucleate had a wide distribution.

As introduced in section 2.6, we use the numerous number of corralled membrane systems in a
single platform to capture the stochastic nature of the SMase-feature nucleation. Figure 2-10 is

an example showing the images taken when only a few SMase-features had nucleated, when
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SMase-features had already nucleated in half of the corrals, and when SMase-features had
nucleated in all of the corralled membrane systems. Since the distribution of the induction time
of SMase-feature nucleation is wide, it can cause the difficulty to compare the effects caused by
different factors. By counting the number of corrals which already had SMase-features with
time, we can obtain the overall statistical distribution of the induction time of the nucleation as
shown in Figure 5-3. Obtaining the overall statistic distributions can allow us to fairly compare
the influences from different factors, which cannot be achieved by observing only few systems.
Each line in Figure 5-3 is from three sets of forty-nine-corral experiments with the same
composition. The four lines represent the four different compositions. For the convenience of the
quantitative comparisons, we defined tg(i/2) as the time when SMase-features have appeared in
half of the forty-nine corrals. tg(12) of a certain composition in Table 5-1 is the tg(2) averaged

over three sets of experiments.

SMase-features were found to nucleate at different locations in a corral and sometimes multiple
nucleations occurred in a corral. The dissolution rate and pattern change were shown to be
consistent in all of the corralled membranes with same composition until the dissolution pattern
reaches the corral boundaries. However, the overall dissolution time, tc, varies with the location
of SMase in a corral. For comparison, the tcs in Table 5-1 were obtained from the 50 pm x 50
um membrane systems with only one SMase-feature nucleating within the middle region of the
membrane, within a radius of 10 um from the center of a corral. The location of an SMase-
feature in a corral can influence the time needed for all of the SM-enriched domains in a corral to
dissolve when the diffusion is limited in the solvent-mediated phase transformation, which is a

topic elaborated on in chapter 6.
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Figure 5-3. How the number of corrals having SMase-features changes with time in a set of

experiment with forty-nine corrals. Each line is from three sets of forty-nine-corral experiments

with the same composition. The four lines represent the four different compositions.

As shown in Table 5-1, the membrane composition influenced ta, tg, and tc to different extents.
All of the compositions treated with 0.005 unit/ml SMase concentration had values of t, in the
range of a few minutes. In these few minutes, all of the SM-enriched domains had already almost
grown into the full size they have in the pause morphology. In addition, we observed that the
SMase-features in the systems with cholesterol have significantly shorter induction time
compared to those systems in the absence of cholesterol. The induction time is also shorter in

membranes with 40 mol% of SM than with 20 mol% of SM. Under this SMase concentration
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(0.005unit/ml), the four different compositions cause very different induction times of SMase-
feature nucleation, ranging from 25 min to 2.5 hr, while only cause the formation time of SM-
enriched domains ranging from 2 min to 4.5 min. The combination of the influences causes these
systems to have significantly different durations of the middle pause morphology between the
two transformations (represented as the values of tg). Furthermore, we observed that the values
of tc exhibited a peculiar trend: they were similar in systems with 40 mol% SM with or without
cholesterol, but quite different in the systems with 20 mol% SM. The peculiar trend can be
explained by the combined effects of the SMase reaction at SMase-feature, the diffusion of SM,
and the dissolution of SM-enriched domains during the solvent-mediated phase transformation

process at stage C, as will be discussed later.

Another interesting thing to mention is that the appearance of the SMase-features is different in
membranes with and without cholesterol. We have previously shown that the SMase-feature in
40/40/40 DOPC/SM/Chol membranes is a 3-D feature extruded out from the membrane into its
solution side and has a smooth outer surface (Figure 3-10). Here, using the low exposure time of
Texas-Red ® DHPE images, we observed that the outer surface of an SMase-feature in 60/40
DOPC/SM membranes is needle-shaped (Figure 5-4(b)). An SMase-feature in 40/40/20
DOPC/SM/Chol membranes observed under the same conditions is also shown here for the

comparison (Figure 5-4(a)).
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Figure 5-4. The appearance of SMase-features in stage D in the membranes treated with 0.005
unit/ml SMase. The images were obtained by incorporating 0.5 mol% of Texas-Red® DHPE
into membranes before the SMase reaction. (a) The membrane contains 40/40/20
DOPC/SM/Chol before addition of SMase. (b) The membrane contains 60/40 DOPC/SM in the

absence of cholesterol before addition of SMase.

5.3.2. Induction time of SMase-feature nucleation

The formation of SMase-features usually takes minutes to hours. The induction time for the
SMase-feature is important since it triggers the domain reorganization and determines how long
the pause morphology can be sustained. The observed time elapse prior to the formation of an
appreciable amount of the new phase after the initial supersaturation of the components in the
parent phase is a characteristic feature of first-order phase transitions in three-dimensional
systems. It is attributed to the threshold nature of the dependence of nucleation rate on the degree
of supersaturation.'** We have reported previously that SMase-features are composed of SMase,
Cer and SM, and they nucleate in the DOPC-enriched phase. Here, we are interested in whether
the higher supersaturation of the substances composing the SMase-features can increase the

nucleation rate and reduce the induction time in this two-dimensional lipid membrane system.
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5.3.2.1. Influence of SMase concentration on the induction time

First, we examined the influence of different SMase concentrations, ranging from 0.001-0.05
unit/ml, to 40/40/20 DOPC/SM/Chol membranes. The induction time is shown to decrease from
95 min to 10 min while the SMase concentration was increased (Table 5-2(a)-(d)). The increased
SMase concentration in 60/20/20 DOPC/SM/Chol membranes is also shown to decrease the

induction time (Table 5-2()-(g)).

In most of the experiments, we removed SMase from the bulk solution after the membrane is
exposed to the SMase solution for two minutes (Table 5-2(a)-(d), (f)-(g)). The procedure is
probably more physiologically relevant than immersing the membrane systems under a SMase
solution over the whole process, since SMase translocates to the plasma membrane only upon
stimulations in nature.”> In this procedure, the supply of SMase to form the SMase-features can
only be from the SMase binding to the membrane during this two-min period and remaining after

the washing step. The high binding rate and slow dissociation rate of SMase'**'?’

probably allow
a significant amount of SMase still binding to the membrane after the washing step. Although we
do not know how much SMase binds to the membrane with this experimental procedure, we
applied the same procedure to all of the SMase concentrations we tested to ensure that the bulk
concentration can have a positive correlation to the amount of SMase binding to the membrane if
the membrane had not saturated with SMase. We also prepared a system exposed to 0.05unit/ml
SMase for the overall process (Table 5-2(¢)). Immersing the membrane in SMase solution results

in faster nucleation and shorter induction time than exposing the membrane to the same

concentration for two minutes does. This result is probably due to the fact that immersing SMase
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in bulk solution can keep the equilibrium of SMase binding and prevents the extent of

dissociation occurring after the SMase solution is removed.

The average number of SMase-features in a corral is found to increase with the SMase
concentration we used (Figure 5-5 and Table 5-2). The trend is the opposite to the trend of
induction time. It is noteworthy that the overall extent of all of the SMase-features in a corral is
quite consistent in the systems with different SMase concentrations, even in the membrane
system immersed in an SMase solution for the duration of the overall process (Figure 5-5). The
consistent extents are found in confined corrals with same membrane composition but the extent

is less in the membranes with less pre-existing SM content (Figure 5-5, the comparison between

(a)-(e) and (f)-(g)).

Table 5-2. The induction time for SMase-feature nucleation and the number of SMase-feature
per 50 um x 50um corral in the final constant morphology: (a)-(d) when the 40/40/20
DOPC/SM/Chol membranes were exposed to different SMase concentrations (0.001-0.05
unit/ml) for 2 min; (e) when the 40/40/20 DOPC/SM/Chol membrane was exposed to 0.05
unit/ml SMase during the overall process; (f)-(g) when the 60/20/20 DOPC/SM/Chol membranes

were exposed to different SMase concentrations (0.001 and 0.005 unit/ml) for 2 min.

40/40/20 of 60/20/20 of
Composition DOPC/SM/Chol DOPC/SM/Chol

SMase
concentration | (a)0.001 | (b) 0.005| (c) 0.01 | (d) 0.05 () 0.05 | (f) 0.001 |(g) 0.005
(Unit/ml) twomin| twomin| twomin| twomin| Overall| twomin| two min

te(1/2) (min) 95 20 15 11 10 > 360 60
Average # of]
SMase-features 1 1.4 2.3 2.8 4.5 1 1
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.-.--.-
Figure 5-5. The representative corralled membrane images of the final constant morphology
when the membranes are exposed to the different conditions listed in Table 5-2. The bright ring

in (e) is the diffraction pattern from the SMase-feature on the opposite surface of the 50 um

height microchannel.

5.3.2.2. Influence of ceramide, and sphingomyelin on the induction time

We examined the influence from ceramide and sphingomyelin by preparing a series of
membranes with different amounts of pre-existing Cer, ranging from 5 mol% to 20 mol% with
the total amount of Cer and SM equal to 40 mol%. We assumed that the Cer concentration in the
DOPC-enriched phase would also increase with the prepared Cer content. The induction time is
about 4 min in 20 mol% Cer membranes, 10 min in 10 mol% Cer membranes, and 20 min in 5
mol% Cer membranes. SMase-features formed almost immediately in 20 mol% Cer membranes,
and the induction time increased with the decreased in pre-existing Cer (Figure 5-6). All of the
membrane systems with pre-existing Cer have shorter induction times than the system without
any pre-existing Cer (tpa+tg~ 24 min for 404020 DOPC/SM/Chol membranes from Table 5-1). It
was difficult to obtain stable supported lipid bilayers with more than 20 mol% Cer due to Cer’s
special molecular shape and hydrophobicity. We were not able to further increase the Cer
content in the system with Cer and SM equal to 40 mol% to further explore whether the

induction time would start to increase when the SM amount became the limiting factor in the
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system instead of the Cer amount. However, when we reduced the SM content to zero, we did
not observe the formation of SMase-features up to 3 hr in membranes with 60 mol% of DOPC
and 20 mol% of Cer and 20 mol% of cholesterol (Figure 5-7), indicating that the presence of SM

1s also crucial for the formation of an SMase-feature.

t= 0 min t=4 min t=10 min t= 20 min t= 30 min

Figure 5-6. Morphology evolution of membranes with various amount of pre-existing ceramide
after addition of 0.005 unit/ml SMase. All of the membrane systems contain 40/40/20 molar ratio
of DOPC/(SM+Cer)/Chol, and having (a) 5 mol% Cer, (b) 10 mol% Cer, and (c) 20 mol% Cer.
The darkness occurring in the late stage after SMase-features form is probably due to the

instability of the membranes.
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Before  joum After 3 hr

Figure 5-7. No SMase-features can be observed three hours after the addition of 0.005 unit/ml
SMase to the membrane containing 20 mol% of ceramide but no sphingomyelin (60/20/20 molar
ratio of DOPC/Cer/Chol). The small bright spots were probably the non-specifically bound small
vesicles which had existed before the addition of SMase. The dark domains shown in both before
and after addition of SMase are probably ceramide-enriched domains since no domains can be

observed in the control (DOPC membranes containing 20 mol% of cholesterol).

5.4. Discussion

5.4.1. Influence of cholesterol on the duration of middle pause morphology

The tas of the four different compositions (40/40/20, 60/40/0, 60/20/20, and 80/20/0 molar ratio
of DOPC/SM/Chol) are all in the range of a few minutes. The membranes with cholesterol have
statistically longer tas than those without cholesterol (about 1 minute difference) (Table 5-1).
London et al. have shown that Cer can replace Chol in rafts where SM and Chol originally had
strong interaction.””® Recent studies have also shown that Cer can recruit SM to form SM-
enriched domains."**'>> The longer t4 may be due to the fact that competition between ceramide

and cholesterol for SM delays the formation process of SM-enriched domains. The pre-existing
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rafts in supported lipid bilayers in this study are too small to demonstrate how the pre-existing
rafts are transformed to SM-enriched domains. We will in the future use giant unilamellar
vesicles with larger pre-existing rafts and supported lipid bilayers with larger annealed pre-
existing rafts prepared by a different protocol to further investigate the transformation process of

pre-existing rafts to SM-enriched domains.

The membranes with cholesterol are shown to have much shorter induction time of SMase-
feature nucleation than the membranes without cholesterol (Table 5-1). In contrast to the minute-
scale differences of tas, these induction times have hour-scale differences. Figure 5-4 also shows
that cholesterol influences the appearance or shape of SMase-features. The different shape
suggests that cholesterol involves the phase behavior of SMase-features and probably reduces the
energy barrier of the nucleation. In addition, as we will show in a more complete analysis in the
next paragraph, when we applied the Avrami equation (describing the appearance rate of a new
phase from a previous one) to the nucleation of SMase-feature, the Avrami exponents (an
indication of nucleation type, dimensionality and geometry of the formed entities) are shown to
be different in the membranes with and without cholesterol. The difference of the Avrami

exponents also suggests that cholesterol influences the formation mechanism of SMase-features.

Overall, the presence of cholesterol seems to delay the formation of SM-enriched domains and
speed up the SMase-feature nucleation at physiologically relevant concentrations of SMase. The
combination of the influences leads to a decrease of the stable duration of the middle pause
morphology between the two SMase-induced phase transformations. In addition, the influence of

cholesterol on the induction time of SM-enriched domain nucleation is at the time scale of hours,
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which is more significant than the influence on the formation time of SMase-enriched domains

(at the time scale of minutes).

5.4.2. Analyses of distribution of induction time of SMase-feature nucleation by Avrami
equation

The Avrami equation has been used widely to describe the kinetics of the appearance of a new
phase from a parent phase upon change of conditions. It is originally derived using the general
geometry of growing precipitates and includes the effect of depletion of the parent phase during
the transformation.'’® Thereby, it provides a quantitative description of the kinetics of a
transformation in a medium where the total amount of reactants is restricted. The equation
follows the general form:

f=1-—exp(—kt™) (5-1)
where f is the transformed fraction, t is time after the transformation starts, k is a constant usually
depending on the overall transformation rate, and n is the Avrami exponent which is usually an
indication of nucleation type, dimensionality and geometry of the formed entities. For fitting

data, the equation is usually rearranged to the following form:

log(—=In(1 - f)) = logk + nlog(t) (5-2)

In this study, we would like to describe the kinetics of the appearing time of SMase-features (the
distribution of the induction time). In our systems, we have forty-nine corrals in a set of
experiment, and each corral region can be viewed as a discrete region with the same initial

condition. Once the SMase, SM, and Cer in the DOPC-enriched phase are transformed to an
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observable-sized SMase-feature in a corral, we view that the parent phase in that corral is already
transformed to its new phase. Figure 5-3 is the transformation-time curve obtained under this
definition for the four different membrane compositions. We plot the data in a In(-In(1-f)) vs.
In(t) plot ( Figure 5-8(a)). We found that the data between -0.6 and 0.6 in the y axis, In(-In(1-f)),

1" corral in a 49-corral-

(corresponding to the nucleation occurring in the 20™ corral and in the 4
membrane system) can be fitted well to straight lines in a In(-In(1-f)) vs. In(t) plot (Figure 5-
8(b)). In addition, the two membrane compositions with 20 mol% cholesterol have similar

Avrami exponents close to 1.5 (the slopes), and the two with no cholesterol have similar Avrami

exponents close to 1.9.

In phase transformation of systems with simple components, the Avrami exponent (n) is directly
related to nucleation type, dimensionality and geometry of the formed entities. The intercept (k)
is viewed as a transformation rate constant.'’® In our systems with multiple complex-molecular-
structured reactants, we have not been able to tell the meanings of these numbers. However, it is
interesting that the Avrami exponents of the two membrane systems with cholesterol are
consistent and so do the two with no cholesterol (Figure 5-8(b)). The shift of Avrami
components from 1.9 to 1.5 in the presence of cholesterol suggests that cholesterol may influence
the structure of the formed SMase-feature. The obtained intercepts probably reflect the averaged
induction time and their numbers are consistent with the representative induction times (tg(i/2)s)

shown in Table 5-1.
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Figure 5-8. Fitting the kinetics of the appearing time (or the induction time) of SMase-features
in forty-nine corralled membranes to the Avrami equation. The fraction of corrals with SMase-
features (f) is averaged from three sets of experiments corresponding to the averaged number of

corrals having SMase-features in the transformation-time plot in Figure 5-3 but in a fraction form.
137



(a) The plot describing the transformation of all of the forty-nine corralled membranes. (b) Part
of the plot with the data between -0.6 and 0.6 in the y axis (corresponding to the nucleation
occurring in the 20" corral and in the 41" corral in a forty-nine-corral-membrane system). The
upper two linear fitting equations and R-squared values are for 40/40/20 and 60/20/20
DOPC/SM/Ch membranes (from left to right, respectively). The lower two fitting equations are

for 60/40 and 80/20 DOPC/SM/Ch membranes (from left to right, respectively).

The data obtained before the nucleation occurring in the 20™ corral and after the 41™ corral are

found to have smaller slopes than those between the 20" corral and 41™

corral, especially for
those membrane systems with 20 mol% of SM. The multiple segments of this type of graph have
been observed in previous studies in materials with more complex molecular structures, such as
polymers, lipids, and proteins.'””” In our systems, the early deviation and inconsistency may
be due to the impurity existing in some of the corrals. The impurity may be able to serve as
nuclei and reduce the energy barrier of nucleation in some of the corrals, causing them to have
SMase-features earlier than the case if no impurity exists. The impurity effect could become
more obvious in the systems with longer intrinsic induction times, and could become embedded
in the major transformation events in the shorter-induction-time systems. This conjecture
explains why the membrane systems with longer induction times (membranes with 20 mol% of

SM), would have small-slope lines before the 20" corral, but the membrane systems with smaller

induction times would not (Figure 5-8(a)).
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5.4.3. Tuning of induction time of SMase domain’s nucleation by SMase, Cer, and SM.

The induction time for the SMase-feature is important since it determines when the morphology
can be further transformed by the SMase-induced solvent-mediated phase transformation. We
have reported previously that SMase-features are composed of SMase, Cer and SM, and they
nucleate in the DOPC-enriched phase. In this study, we further demonstrate that the induction
can be tuned by the concentrations of its components. Increasing the concentrations of SMase
solutions in a physiologically relevant range or increasing a pre-existing ceramide amount is
shown to significantly reduce the induction time (Table 5-2 and Figure 5-6). In addition, no
SMase-features can be observed in 60/20/20 DOPC/Cer/Chol membranes, indicating that the
presence of SM is also required for the formation of SMase-features (Figure 5-7). One thing to
notice is that there are still some experimental difficulties in decoupling the effects from SM and
Cer. Although we can control pre-existing membrane compositions and SMase bulk
concentrations, we have not been able to control the concentrations of SM and of Cer in the
DOPC-enriched phase in the pause morphology stage, which depends on the DOPC-SM-Cer-
chol phase diagram and the kinetic process of the reaction-induced phase transformation. In this
study, we assume that increasing the pre-existing ceramide content can also increase the Cer
concentration in the DOPC-enriched phase, but the exact concentration would require a
technique to quantify the composition in a single bilayer. Despite the experimental difficulty, we
demonstrate that the induction time of SMase-feature nucleation is tunable by the concentration

of its components.

The number of SMase-features may be different in each corral but the overall extent of SMase-

features is found to be consistent in the membrane systems with same composition even if
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treated with different SMase concentrations (Table 5-2). However, the overall extent is
significantly less in the membranes with less pre-existing SM (Table 5-2, the comparison
between the 40/40/20 and 60/20/20 DOPC/SM/Chol membrane sets). In the membrane systems
confined to a certain size with certain amount of lipids, this situation indicates that SM but not
SMase is the limiting substance for the formation of SMase-features in the range of SMase
concentrations we used. The average number of SMase-features in a corral is found to increase
with the SMase concentration, which suggests that the nucleation rate is increased with the
increased SMase concentration. This result is consistent with the general correlation obtained in
the nucleation of substances in three-dimensional systems: the faster nucleation rate corresponds
to a shorter induction time.'** Once an SMase-feature nucleates, it grows and consumes SM. The
decreased supersaturation level of SM and SMase probably makes it more difficult for additional
SMase-features to nucleate in the same corral, which could explain why only one SMase-feature

was observed per corral in many of the systems.

5.4.4. Spatial morphology change during the solvent-mediated phase transformation

We observe the dissolution of SM-enriched domains starts from the region where SMase-
features locate and the dissolution propagates in the radial direction away from the SMase-
features in all of the four compositions we tested. However, a sharp dissolution ring is only
observed in the membranes with 40 mol% of SM (with or without cholesterol), while a more
gradual dissolution occurs in membranes with 20 mol% of SM (Figure 5-1, stage C; or the
illustration in Figure 5-9). Since SM-enriched domains can start to dissolve only when the

surrounding SM concentration gets below the solubility limit, we can approximately tell where
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the saturating concentration front already reached by observing how far the SM-enriched
domains were affected and started to dissolve. Conceptually, a sharp dissolution ring implies that
the dissolution rate is fast so that once the concentration is below the saturating point, the
domains can readily dissolve. The gradual dissolution implies that the dissolution is not fast
enough compared to the change rate of saturating concentration front. In the next paragraph, we
will use a simple model to describe the spatial concentration profile of SM and discuss how the
SM-enriched domain morphology would change in the extreme cases when different kinetic

factors in the solvent-mediated phase transformation are limited.

Overall
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Figure 5-9. Comparison of how the spatial morphology change and the interval for all of the

SM-enriched domains to dissolve during the solvent-mediated phase transformation. The
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illustrations in the right column show the spatial morphology changes and SM concentration
profile in the DOPC-enriched phase along the radial direction from an SMase-feature. The solid
irregular objects represent SM-enriched domain, and the dashed irregular lines are used to
indicate the SM-enriched domains which have dissolved. The object at y axis represents an
SMase-feature. The black arrow indicates the diffusion direction of SM molecules. The gray
arrows indicate the movement direction of the concentration front and the completely dissolution
front. SM-enriched domains start to dissolve when they are exposed to SM concentration below
their solubility. The sharp dissolution front occurs only when the saturating SM concentration
front matches the completely-dissolution front. If the saturating SM concentration front moves
faster than the completely-dissolution front, shrinkage of SM-enriched domains from their entire

boundaries can be observed.

To discuss the spatial morphology change, which is directly correlated to spatial SM
concentration profile, we use the conservation equation of SM molecules and apply Fick’s law to
describe the diffusion flux of SM molecules in the 2-D fluid DOPC-enriched phase. We have
shown in our previous study that the reaction occurring in the DOPC-enriched phase is negligible
during the solvent-mediated phase transformation and that there is no flow in the DOPC-
enriched phase to cause convection. Therefore, only the accumulation term and the diffusion flux
term need to be considered in the conservation equation. If we assume this system is analogous
to dilute binary mixture solutions, the conservation equation of SM in the 2-D polar coordinate

180
may be expressed as " :

oSM] _ D(az[SM] L Lasmy

5-1
ot or? r or -
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where ¢ is time after an SMase-feature nucleates, r is the distance from the center of the SMase-

feature, and D is the diffusion coefficient of SM in the DOPC-enriched phase.

We have shown in our previous study that the reaction is found to primarily occur at SMase-
features, the dissolution occurs at the boundaries of SM-enriched domains, and the resulting
concentration gradient drives the diffusion of SM molecules from the SM-enriched domains to
SMase-features'>’. In this simplified model, we assume there is no accumulation of SM
molecules on the interfaces and that SM molecules do not diffuse on the interfaces. Therefore,
based on the conservation of SM, at a point on the interface of the SMase-feature and the DOPC-
enriched phase, the diffusion flux of SM to the SMase-feature should be equal to the
consumption rate of SM due to the enzymatic reaction. At a point on the interface of the SM-
enriched domains and the DOPC-enriched phase, the diffusion flux of SM from the SM-enriched
domains should be equal to the releasing rate of SM due to the dissolution of SM-enriched

domains. Therefore, at the boundaries, the following equations need to be satisfied:

- ko LM1) (5-2)
ng
-~ M1 L5M 1) (5-3)

where [SM]g and [SM]p, are, respectively, the SM concentrations at the interface of the SMase-
feature and the DOPC-enriched phase, and at the interface of the SM-enriched domains and the

DOPC-enriched phase. ng and np are the normal vectors pointing outwards from the SMase-
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feature and the SM-enriched domains at their boundaries. [SM]g, [SM]p , ng , and np are all
functions of locations of the boundaries. They can be expressed as functions of », and 0 in the
polar coordinate, and change with time due to SMase-feature’s growth and SM-enriched
domains’ dissolution. fg represents the consumption rate of SM at the interface of the SMase-
feature and the DOPC-enriched phase due to the enzymatic reaction, and is probably a function
of [SM]g and the catalytic rate constant of the SMase-feature (kg). fp represents the releasing
rate of SM at the interface of the SM-enriched domains and the DOPC-enriched phase due to the
dissolution, and is probably a function of [SM]p, the saturating SM concentration ([SM]s,), and

the dissolution constant of SM-enriched domains (kp).

This problem is complicated by the moving boundaries due to the dissolution, the complex
geometry of the boundaries, and the lack of knowledge of the reaction kinetics of SM at SMase-
features and of the dissolution kinetics of SM-enriched domains. Here, we make the subsequent
assumptions and simplifications in order to obtain an approximate correlation of the SM
concentration profile to the rate constants of the three major events in the solvent-mediated phase
transformation process. First, although we lack knowledge of the reaction kinetics and the
dissolution kinetics, the higher SM concentration should increase the reaction rate and the lower
SM concentration should provide a larger driving force for dissolution. We assume first-order

kinetics of reaction and dissolution, and f; and fp may be expressed:

Jo =ks[SM]; (5-4)

Io =kp([SM ], —[SM],) (5-5)
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Second, we assume that the process is at pseudo-steady state, which is valid when the boundaries
move sufficiently slowly and the diffusion profile is similar to that found at a stationary
interface; therefore, the left term of Equation 5-1 is set to be zero. Furthermore, to simplify the
geometry, we set the center of the SMase-feature as the origin, and that the SMase-feature has an
average size with average radius equal to Rg. The geometry of SM-enriched domains is
simplified by only considering the points on the boundary of SM-enriched domains whose
normal vector is towards the origin, and by setting the boundary at an average distance from the
origin (Rp). In addition, since we assume that the boundaries move sufficiently slowly, the

boundary conditions may be expressed as:

atr=R,, [SM]=[SM], (5-6)

r=R,, [SM]=[SM],
where [SM]g and [SM]p need to satisfy Equations 2 and 3.

After Equation 1 is solved based on the simplified boundary conditions, the concentration profile
in the DOPC-enriched phase in the radial direction away from the SMase-feature can be

expressed as:

[SM1, In(——)+[SM], ln(—RD )
[SM]= Re ’ (5-7)
R
In(—2)
R

G
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Substituting Equation (7) into Equations (2) and (3) at the boundaries, we obtain

[SM1p ~[Mls _ ks p y Ro (5-8)
[SMl; DR

(M1, ~[SM _ Ko p 1 R (5-9)

[SM ], —[SM], D R;

We use the simplified model to consider the extreme cases when the processes are reaction-
limited, diffusion-limited, or dissolution-limited. The SM concentration profiles and their
corresponding spatial morphology changes in the three extreme cases are illustrated in Figure 5-
10. When the overall process is limited by diffusion (or D << kp, ki), the concentration
difference ([SM]p-[SM]) needs to be large, the SM concentration at the SMase-feature ([SM]g)
needs to be low, and the SM concentration at the SM-enriched domain ([SM]p) needs to be close
to the saturating SM concentration ([SM]s,) to satisfy Equation 8 and 9. Similarly, when the
process is limited by reaction (or kg << D, kp), the concentration difference needs to be small,
and both [SM]g and [SM]p need to be large but cannot exceed [SM]sy; therefore, the
concentration profile is relatively uniform and stays at its high level close to [SM]s:. When the
process is limited by dissolution (or kp << D, kg), the concentration difference needs to be small,
and both [SM]g and [SM]p need to be low; therefore, the concentration profile is relatively

uniform and stays at its low level.
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Figure 5-10. Illustrations of the SM concentration profile with the corresponding spatial
morphology changes in the extreme cases when the solvent-mediated phase transformation
process is limited by the diffusion, by the reaction at SMase-features, or by the dissolution at the
boundaries of SM-enriched domains based on pseudo-steady state analysis. The gray irregular
objects represent SM-enriched domain, and the dashed irregular lines are used to indicate the

part of the SM-enriched domains which have dissolved.

The simplified pseudo-steady state model suggests that the sharp dissolution front can be
observed when the process is limited by diffusion. The amount of SM that can be transferred is
limited, so that SM concentration around the SM-enriched domains remains at its highest level,
the saturating SM concentration, until the material fully dissolves and is transferred away. When
the reaction and/or dissolution become more dominant in the process, the model suggests that the
concentration becomes more homogenized. Consequently, a more isotropic dissolution should be

observed.

Therefore, the observed sharp dissolution front (the anisotropic dissolution in the membrane
systems with 40 mol% of SM) probably indicates that their solvent-mediated phase

transformation process is limited by diffusion of SM molecules in the DOPC-enriched phase.
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However, the sharp dissolution front was not observed in the membrane systems with 20 mol%
of SM. The SM-enriched domains do not just dissolve primarily from the side facing the SMase-
feature, but dissolve from the entire boundaries, although the SM-enriched domains closer to the
SMase-feature still dissolve completely earlier than those farther from the SMase-feature
(illustrated in Figure 5-9). Therefore, the process is no longer just limited by diffusion, and either
reaction or dissolution or both processes become important in influencing the spatial change and
the overall transformation rate. This situation is intuitively reasonable since the changed
composition might alter the composition of the SMase-feature and hence reduce its catalytic
performance, and the dissolution capability can also be decreased due to the reduced interface for
dissolution, while the diffusion coefficients are similar in all of our membrane systems.
According to the pseudo-steady state model, if the reaction is relatively important or limited in
the system, we should observe the entire concentration profile to be closer to the saturating SM
concentration; if the dissolution is more important, we should observe the entire concentration
profile to be quite low. However, we have not been able to measure the SM concentration profile
in membranes with 20 mol% SM by the intensity of labeled-lysenin due to the large background
noise compared to the signal. More advanced techniques for characterizing the spatial

compositions of lipid membranes would provide additional insights into the governing processes.

Although both the anisotropic dissolution and isotropic dissolution of SM-enriched domains are
observed, Cer-enriched domains are observed to grow isotropically in all of the compositions we
experimented on. The uniform growth indicates that the ceramide concentration is quite
homogeneous in a corral. Because the ceramide is primarily supplied from the SMase-feature

where SM can be converted to Cer, the Cer needs to diffuse to other region to homogenize its
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concentration in a corral. The observation, therefore, indicates that the growth rate of the Cer-
enriched domains is relatively slower than the diffusion rate of ceramide molecules in the

DOPC-enriched phase.

5.4.5. Temporal control during the solvent-mediated phase transformation

It takes about 50 min to dissolve all of the membranes with 40 mol% SM with and without Chol
(Table 5-1 or Figure 5-9). We have shown that the process in the membranes with 40 mol% SM
is limited by diffusion. We measured the lateral diffusion coefficient of lipid molecules in the
SLBs by fluorescence recovery after photobleaching (FRAP) and found that it is 1.91 um?*/sec
for the membrane with 40/40/20 molar ratio of DOPC/SM/Chol, and 2.45 um%/sec for the
membrane with 60/20/20 molar ratio of DOPC/SM/Chol. According to the pseudo-steady state
analysis, the characteristic time for the concentration profile with 25 pm penetration depth, half
length of a corral, to have significant change is about five minutes. The tcs we obtained in the
membranes with 40 mol% SM are much longer than the characteristic time. These results are
reasonable and expected since the SM-enriched domains store large amounts of SM and release
SM only when the surrounding SM concentration is below the solubility limit. The driving force
of diffusion depends on SM concentration in the DOPC-enriched phase but not on the overall
amount of SM. Since SM concentration in the DOPC-enriched phase cannot be higher the
saturating SM concentration, the overall diffusion rate is limited by the saturating SM
concentration no matter how much SM stored in SM-enriched domains. Therefore, more time is
needed to deliver the extra amount of SM released from SM-enriched domains to SMase-

features.
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We expect membranes with 20 mol% of SM to have the transformation intervals shorter than the
intervals in membranes with 40 mol% of SM, since less SM needs to be processed. For 60/20/20
DOPC/SM/Chol membranes, the tc is 12 min, which is larger than 5 min and less than 50 min, as
expected. However, the tc of the membranes without cholesterol is 84 min, longer than 50 min.
Our conjecture is that the catalytic performance of their SMase-features may be much lower in

80/20 DOPC/SM membranes due to the change of the SMase-features’ composition.

5.5. Conclusion

We have previously reported that SMase can induce a reaction-induced phase transformation and
a solvent-mediated phase transformation, causing membrane switches and multiple-time-domain
ceramide generation in model raft membranes. Herein, we further demonstrate that the interval
and the spatial change of the stages in the overall process can be adjusted by physiologically
tunable parameters, specifically, membrane composition and SMase concentration, based on the
two identified phase transformation processes. A platform with large numbers of corralled
membranes in parallel enabled us to overcome the difficulties of quantification and comparison
of the phenomena between different systems caused by the large variation of the SMase-feature

nucleation time.

At a physiologically relevant concentration of SMase, the presence of cholesterol seems to delay

the formation of SM-enriched domain and speed up the SMase-feature nucleation, leading to a
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shorter duration of the middle pause morphology. The outer appearance of SMase-features and
the fitting of induction time distribution of SMase-feature nucleation to the Avrami equation

suggest that cholesterol influences the formation mechanism of SMase-features.

We have previously shown that SMase-features, which can trigger the solvent-mediated phase
transformation, contain SMase, sphingomyelin, and ceramide. Here, we further show that the
induction time of SMase-feature nucleation decreases with the increased supersaturating level of
SMase and with the increased pre-existing ceramide amount. Sphingomyelin is also required for
the formation of the SMase-feature. The result suggests that the starting time of the morphology
reorganization in a 2-D membrane system could be also tuned by the supersaturating level of its

components, which is similar to the nucleation of substances in 3-D systems.

Furthermore, the interval of the solvent-mediated phase transformation is suggested to be
primarily influenced by the interplay of the reaction rate of SM at SMase-features, the diffusion
rate of SM from SM-enriched domains to SMase-feature, and the dissolution rate of SM-
enriched domains. When decreasing SM content in the lipid membrane from 40 mol% to 20
mol%, the physiologically relevant range, the spatial pattern change shifts from anisotropic
dissolution of SM-enriched domains to a more isotropic dissolution. The pseudo-steady state
model suggests that the anisotropic dissolution indicates the solvent-mediated phase
transformation process in the 40 mol% SM membrane is limited by diffusion, and the more
isotropic dissolution in the 20 mol% SM membrane indicated that reaction and dissolution could

also become important in that case.
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Chapter 6. Modeling of the SMase-induced Solvent-

Mediated Phase Transformation

6.1. Introduction

During the solvent-mediated phase transformation (stage C), we have primarily observed the
occurrence of three processes. The first one is the dissolution of SM-enriched domains. The
second one is the reaction at an SMase-feature. This reaction is thought to occur primarily at the
SMase-feature during stage C, since the other features except the SMase-feature are also
observed in the previous pause morphology (stage B) but no significant generation of product
can be found. The third process is the diffusion of SM molecules from SM-enriched domains to
the SMase-feature. The lysenin characterization in chapter 3 showed that there is a decrease of
SM concentration from the dissolving SM-enriched domains towards the SMase-feature. The SM
concentration in the DOPC-enriched phase changes from an initial uniform saturating SM

concentration at stage B to a final uniform lower concentration at stage D.

We generally observe that the dissolution of SM-enriched domains starts from the region where
SMase-features locate, and propagates in the radial direction away from the SMase-features.
However, the dissolution pattern change has been observed to vary with membrane composition.
A sharp dissolution ring is observed in the membranes with 40 mol% of SM (60/40/0 and

40/40/20 DOPC/SM/Chol), while a more gradual dissolution occurs in membranes with 20
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mol% of SM (80/20/0 and 60/20/20 DOPC/SM/Chol) (chapter 3). We developed a simple
pseudo-steady-state model in chapter 5 to provide a possible explanation for the observations.
However, the model did not consider the system’s complex geometry and was used to describe
the concentration qualitatively in the extreme cases when any one of the three kinetic processes

1s dominant.

To further discuss the spatial pattern change of SM-enriched domains, which is directly
correlated to the spatial SM concentration profile, we use the conservation equation of SM
molecules to solve the time-dependent SM concentration profile in the 2-D fluid DOPC-enriched
phase. We solve the model numerically instead of analytically due to the complex geometry and
the moving boundary of the system. The multiple and dispersed interfaces of the interested
DOPC-enriched region with the SM-enriched domains cause the difficulty in describing the
boundary of the relevant region in mathematical equations. In addition, the extent of the
boundaries with the SM-enriched domains decreases with time. The boundary moving with time
is implicit since it depends on the local SM concentration, which changes while the boundary
moves. In this chapter, we use Comsol software to numerically solve the spatial concentration
profile. This software uses finite element method, a numerical technique for finding the
approximate solution of partial differential equations. The method tessellates the relevant region
into meshes and updates the variables at each mesh spatio-temporally according to the governing

equations and boundary conditions.

There are two methods which can be combined with Comsol software to deal with moving

boundary problems. One is the updating marker point method and the other is the level set
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method. The updating marker point is a conventional method in which the boundaries are
discretized into many marker points, whose locations are updated after each time step.'®""'®* The
level set method views the boundary as the zero-level set of a function describing the global

boundary change trajectory.'®”

The traditional updating method can be accurate for the small-
scale motions of interface, but suffers from the topological changes if the morphology change is
complex, resulting in local singularity problems during the simulation. The level set method is
more powerful for dealing with all kinds of interface motions, including the appearance and

disappearance of the interface. However, the level set method usually requires a larger number

of meshes around the moving boundary than the updating method.

In this study, we choose to use the updating marker point method since it was expected to take
less computing time than the level set method in our system with numerous moving boundaries.
Since the boundary motion in our system is relatively predictable, we incorporate remedy
algorithms in Matlab coding to solve the potential singularity problems in the traditional marker
point method. Under the condition that the rate constants associated with the intrinsic enzymatic
reaction at an SMase-feature and with the dissolution of SM-enriched domains are still unknown,
the non-dimensionalization helps us to obtain a general model and insights into how each of the
kinetic processes in the solvent-mediated phase transformation can influence the morphology
change. We demonstrate the characteristics of all the possible scenarios of the model. Our
experimental observations can be fit well to the modeling results. The modeling results also

provide inights into parameters which is difficult to measure.
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6.2. Model Description

6.2.1. 2-D membrane morphology description

The solvent-mediated phase transformation starts after an SMase-feature nucleates. Figure 6-1
illustrates a typical membrane morphology we observe at the beginning of the phase
transformation. The membrane system is confined in a corral. The blue objects are SM-enriched
domains and the yellow object is an SMase-feature. To simplify the system, both the domains are
set to be round and the SMase-feature is set to nucleate at the center of the membrane system.
The normal directions of the corral boundary, the SMase-feature boundary, and the SM-enriched
domain boundary are set as nj, n, and n3, respectively. The normal directions vary with the

geometry of the objects and are functions of the coordinates.

In this model, we have the dissolution occurring at the boundaries of the SM-enriched domains,
the enzymatic reaction at the boundary of the SMase-feature, and the diffusion in the DOPC-
enriched phase. The overall phase transformation occurs in 2-D. Although we have shown that
the SMase-feature has a 3-D structure, it connects to the DOPC-enriched phase in the membrane
through a 2-D boundary (shown in the characterization results by confocal microscopy in chapter
3). Here, we only consider the flux of SM from the 2-D boundary as the effective reaction

consumption from the SMase-feature.

We assume that the dissolution is first-order and its driving force is the difference between the
local SM concentration, to which the SM-enriched domains are exposed, and the saturating SM
concentration. Therefore, the dissolution rate (Rp) per unit length of SM-enriched domain

boundary can be expressed as Rp=kp([SM]sa-[SM]), where kp is the rate constant of the first-
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order dissolution, [SM], is the saturating concentration of the SM-enriched domains, and [SM]
is the local SM concentration in the DOPC-enriched phase. During the dissolution of SM-
enriched domains, the rates of motion of the boundaries depend on their local [SM]. For a
certain portion of boundary with small length As, there is a movement of Ah in At in the normal

direction of the local interface, as illustrated in Figure 6-1.

We assume that the enzymatic reaction is also first-order and proportional to the local SM
concentration in the DOPC-enriched phase once the concentration is above a threshold.
Therefore, the consumption rate (Rg) per unit length of SMase-feature boundary can be
expressed as Rg=kg([SM]-[SM]y), where kg is the effective rate constant of the first-order
reaction, [SM] is the threshold concentration, and [SM] is the local SM concentration in the
DOPC-enriched phase. We further assume that the 2-D boundary of the SMase-feature does not

change significantly through the whole process and therefore hold it constant.

The consumption of SM at the SMase-feature boundary decreases its local SM concentration and

the resulting concentration gradient drives the diffusion of SM molecules from the SM-enriched

domains to SMase-features.
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Illustration Phase identity Sphingomyelin | Outward normal direction | Associated Associated rates
object concentration at the boundary rate constant
White region | DOPC-enriched phase [SM] N/A N/A N/A
| Corral boundary no flux n1 N/A N/A
SMase-feature [SM], n2 kg ks([SM]-[SM],)
SM-enriched domains [SMggiig n3 ko ko([SM]eo-[SM]p)

Figure 6-1. Schematic illustration of the model of a system during the solvent-mediated phase

transformation.
Table 6-1. Definition of the symbols used in the model.
Symbol Meaning Unit Property
[SM] Sphingomyelin concentration in DOPC- | Amount/area | Dependent variable
enriched phase (function of
location and time)
[SM]sat | Sphingomyelin concentration in the Amount/area | Fixed parameter
DOPC-enriched phase at the boundary
equilibrating with SM-enriched domains
[SM], | The threshold sphingomyelin Amount/area | Fixed parameter
concentration for the enzymatic reaction
to occur at an SMase-feature
[SM]so1ia | Density of SM inside SM-enriched Amount/area | Fixed parameter
domains
kg First-order enzymatic reaction rate Length/time | Fixed parameter
constant at the 2-D boundary of SMase-
features
kp First-order dissolution rate constant of Length/time | Fixed parameter
SM-enriched domains
D Diffusivity of SM in the DOPC-enriched Area/time Fixed parameter
phase
h Motion of the interface of SM-enriched Length Dependent variable
domains in the normal direction (function of
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location and time)
As Arc length of the local boundary of SM- Length Fixed parameter
enriched domains
ni Normal direction of corral boundaries Length Variable (function
of location)
n2 Normal direction of SMase-feature Length Variable (function
boundaries of location)
n3 Normal direction of SM-enriched Length Variable (function
domain boundaries of location and
time)

6.2.2. Governing Equations

The aim of this model is to obtain the SM concentration profile in the DOPC-enriched phase,
which is directly related to the dissolution and therefore the spatial pattern change of membrane
morphology. We use the conservation equation of SM molecules and apply Fick’s law to
describe the diffusion flux of SM molecules in the 2-D fluid DOPC-enriched phase. There is no
convection flow in the DOPC-enriched phase in the corralled membrane system. Only the
accumulation term and the diffusion flux term need to be considered in the conservation
equation. If we assume this system is analogous to dilute binary mixture solutions, the

conservation equation of SM in the 2-D polar coordinates may be expressed as '*:

asml_ (az[SM] L Lasm,

ot or? r or

(6-1)

where ¢ is time after an SMase-feature nucleates, 7 is the distance from the center of the SMase-
feature, and D 1is the diffusion coefficient of SM in the DOPC-enriched phase. The initial
condition (at = 0) of this solvent-mediated phase transformation can be expressed as:

[SM]=[SM ]sat (everywhere in the DOPC-enriched phase) (6-2)
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There are three sets of boundary conditions, and we assume that there is no accumulation of SM
molecules on the interfaces and that SM molecules do not diffuse on the interfaces. First, there is
no SM flux through the corral boundaries (Equation 6-3). Second, at any point on the interface of
the SM-enriched domains and the DOPC-enriched phase, the diffusion flux of SM from the SM-
enriched domains should be equal to the releasing rate of SM due to the dissolution of SM-
enriched domains (Equation 6-4). Third, at a point on the interface of the SMase-feature and the
DOPC-enriched phase, the diffusion flux of SM to the SMase-feature should be equal to the

consumption rate of SM due to the enzymatic reaction (Equation 6-5).

_Dd[SM] corral — 0 (6-3)
dn,
d[SM
DM = Re =k (M1, = [SM) (©4)
n,
d[SM
- D [ ] |SM—domains = RD = kD ([SM]sat - [SM]) (6-5)

dn,

The meanings of the symbols can be found in Table 6-1. The normal vectors, n, and n3, point
outwards from the SMase-feature and the SM-enriched domains at their boundaries, respectively.
The normal vector, n;, of the corral boundaries points outwards from the membrane system.
These normal vectors are all functions of locations of the boundaries and can be expressed as
functions of » and 0 in polar coordinates. The vector n; also changes with time due to SM-

enriched domains’ dissolution.
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During the dissolution of the SM-enriched domains, we assume that SM molecules do not
accumulate at and diffuse tangentially along the interfaces. The local disappearing rate of the
SM-enriched domains times the SM density in the SM-enriched domains should be equal to the
local dissolution rate or the local releasing rate of SM per unit length of the boundary, which is
driven by the concentration below the saturating concentration. The motion rate of a local

boundary with length As can be expressed as:

O s it ey As([SM 1., —[SM1,,,)) =k, ([SM,,, ~[SM 1)As

at with their geometry at time t (6_6)

where the symbols are defined in Table 6-1.

6.3. Non-Dimensionalization

The derivation in the previous section yields four variables: concentration, time, the distance
from the SMase-feature, and the dissolution length, and three important constants associated with
the dissolution, the reaction, and the diffusion: ko, ks, and D. Although the diffusivity of the
lipids in the membrane system is known, the dissolution rate constant of SM-enriched domains
and the effective intrinsic reaction rate constant at the boundary of SMase-feature are unknown.
To obtain a generalized model and to gain further insight into the interplay of the three rates, we
apply non-dimensionalization to analyze how the change of the ratio of the reaction rate, the
dissolution rate, and the diffusion rate can influence the process. The introduced non-

dimensional variables and parameters are shown in Table 6-2.
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Table 6-2. Summary of the scaled variables and model parameters for analyzing the overall

pattern change. The definitions of the other symbols can be found in Table 6-1.

Variables [SM]-[SM] Scaled SM concentration in the
= : DOPC-enriched phase
[SM],, —[SM],

¢ Scaled time

n Scaled length in the normal
= direction of the corral boundary

Scaled length in the normal
direction of the SMase-feature
boundary

Scaled length in the normal
direction of the SM-enriched
domain boundary

Scaled displacement of the SM-
enriched domain boundary

Parameters k Ratio of reaction rate to diffusion
Dag =— rate
(D/R)

D k, Ratio of dissolution rate to
a. — e
>~ (D/R) diffusion rate

Ratio of amount of SM stored in

_ [SM],., the SM-enriched domains to
[SM], .. —[SM] amount stored in the fluid

DOPC-enriched phase

sat

After the non-dimensional variables and parameters are substituted into the equations introduced
in the last section, the governing equation can be rewritten as:

0’C 1oC _aC
on® non Oor (6-7)

The initial condition can be rewritten as:
c=1 (6-8)
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The boundary conditions can be expressed as:

S_C 0 (6-9)
T ortary
oC k,
5 =—7C=Da;C (6-10)
1), |SMase~ feature (D/R)
boundary
oC k,
i = 1 — C = Da 1 - C
8773 gM—ddoma[n (D/R) ( ) D( ) (6_1 1)
The equation of motion of the SM-enriched domain boundary can be expressed as:
y = b qocy=— 1 payi-c)=kDay1-C)
ot (C,u —DR(D/RY) (Cooa =1 (6-12)

6.4. Algorithms for tracking boundary and redistributing marker points

To solve the moving boundary problem, we combine Comsol, which solves the spatial
concentration profile by finite element method, with the algorithms for tracking boundary and
redistributing marker points in Matlab coding (as shown in Appendix). After discretizing the
boundary into a set of marker points, we obtain the final solutions by iteratively following
several steps: (1) Sending the geometry of the interested region to Comsol solver in order to
obtain the spatial concentration profile; (2) Updating the location of each marker point by the
equation of motion of the boundary, dependent on the concentration; (3) Redistributing the

marker points to increase the robustness of simulation and to prevent local singularity problems.
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6.4.1. Comsol solver for the spatial concentration profile

The initial morphology and three sets of boundary conditions are entered into a Comsol software:
the insulation condition for the corral boundary; the leaving SM flux equal to the effective
reaction rate at the SMase-feature boundary; and the entering SM flux equal to the dissolution
rate of SM-enriched domains at the SM-enriched domain boundary. The Comsol software is used
to solve the spatial concentration profile developed after a small time step with the temporarily
fixed boundaries. After the concentration profile is obtained, the boundaries can be updated with
the algorithms introduced in the following sections. The new boundaries result in a new
geometry of the region of interest, which will be entered into the Comsol solver again to obtain
the concentration profile after another smaller time step. This iterative process discretizes the
concentration profile development and the dissolution process with time steps. The smaller time

steps typically result in more accurate results, although more computation time is required.

6.4.2. Updating the marker points by the equation of motion of the boundary

The displacement of each marker point on the boundary is calculated by the equation of motion
of the SM-enriched domain boundary (Equation 6-6). The updating in the numerical method is
implemented by discretizing the Lagrangian form of the equation of motion.

([SM1,, —[SM]) .
P ([SM 1,y —[SM1,,) (6-19)

The above equation can provide the magnitude of the displacement, which is in the normal

direction of the local interface, towards SM-enriched domains. We approximate the normal
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direction of the interface at a marker point (P;) by using the two neighboring marker points (P;.
and Piy). First, the two neighboring marker points can be used to approximate the tangential unit
vector (njy).

Nni¢ = M (6-20)

PPl
Then, since the normal vector and the tangential vector are perpendicular to each other, their
inner product is zero. The direction of the normal vector can be calculated by the following
equation:
Nig XNyp =0 (6-21)
Finally, whether the normal vector is towards SM-enriched domains can be judged by the

clockwise or counterclockwise order of the marker points.

6.4.3. Redistributing the marker points

Initially, we have n marker points at the boundary of each SM-enriched domain. After the
locations of marker points are updated, they may become closer together or further apart.
Sometimes, undesired topological changes also occur. To ensure robust simulation, we adapt the
algorithms developed by Chen et al.'®' to check and redistribute the marker points each time they

are updated (Figure 6-3).

When the two consecutive marker points, P; and Py, are too far apart, a new marker point is
added and the marker point numbering is updated using the following algorithm (Figure 6-3(a)):

Pjinew=Pjold for I <j<i (6-22)
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P; new=(Pjola TPj+1,010)/2 for j=i+1 (6-23)

Pj,new:Pj—l,old fOI‘j > i+2 (6-24)

When the two consecutive marker points, P; and Pj;, are too close together, they are replaced by
one new marker point and the marker point numbering is updated using the following algorithm

(Figure 6-3(b)):

Pj,new:Pj,old for 1 SJ < i-1 (6-25)
Pj,new:(Pj,old "'Pj-%—l,old)/2 for ] =1 (6-26)
Pjnew=Pji1,01a forj =i+l (6-27)

If a topological change occurs between P; and P, all of these points are eliminated and
replaced with a new marker point at their algebraic average position. The marker point

numbering is updated using the following algorithm (Figure 6-3(c)):

Pj,new:Pj,old for 1 S_] Sl (6—28)
Pinew = 2t Poota /(m+1) for j=i+1 (6-29)
Pj,new: j+m,old fOI'j >1+2 (6-30)

P
e
=
lr,.&-‘—— . F/_rOP—:-_‘\ g
PH P, i+1 pm FII 1 Tier FH: M

Py

l eliminate
add new delete topological change
marker point l marker point

s
s P
P B P ;\\‘

FI-"I - Ppn p“ ' LF]
la) (b} ic)
Figure 6-2. Algorithms for redistributing of marker points.'™!
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After updating the marker points each time, we use an algorithm to check whether the number of
marker points is already less than a certain threshold number. Since the redistributing algorithms
shown above have ensured a moderate density of marker points on a boundary, the decreasing
number of marker points generally indicates the reduction of the boundary. If the number of
marker points drops below a certain threshold, we can expect that the corresponding SM-
enriched domain will fully dissolved in the next time step. In this case, we can remove all of the
marker points for that boundary to prevent potential singularity problems. These singularity
problems can occur if the displacements of the marker points cross over the previous boundaries
in the next time step, which is due to the artifact from discretization and does not occur in reality.
It can be expected that the threshold number depends on the interval of the time step used. In our
algorithm, we usually set the threshold number as one-twentieth of the number of original
marker points, while the interval of the time step is set to be one-hundredth of the overall

simulation time.

6.5. Results

After using non-dimensionality in equations to solve the overall spatial pattern change of SM-
enriched domains in a corral (section 6.3.1, Equations 6-7 to 6-12), we only have three
parameters to describe our systems: Dac (representing the reaction rate constant to the
diffusivity), Da» (representing the dissolution rate constant to the diffusivity), and K
(representing the SM amount stored in SM-enriched domains compared to the amount which can
be stored in the DOPC-enriched phase). These three parameters all have their important physical

meanings and can be used to divide system phenomena into groups. Here, we study how these
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three parameters can influence the spatial pattern change. The modeling results are compared
with the morphology changes observed in our experiments to further understand the physical

processes occurring in the SMase-induced solvent-mediated phase transformation.

6.5.1. Varying Da> and Dac: the ratio of the reaction, dissolution, and diffusion rates

In our model of the solvent-mediated phase transformation, there are three kinetic processes
occurring in series: reaction, diffusion and dissolution. Since these steps are in series, the rate-
limiting step(s) will determine the performance of the overall phase transformation. There are
seven scenarios to cover all of the possibilities: three scenarios when any of the three kinetic
processes are limited, three scenarios when two of the three processes are limited, and one
scenario when three processes are all important. Da» and Dac are the two independent parameters,
which determine the relative importance of the reaction, dissolution, and diffusion processes. We

keep K as a constant and vary Da» and Dac to obtain the seven scenarios mentioned above.

6.5.1.1. Distinct characteristics when any of the three processes dominates

Figure 6-3 shows the modeling results obtained when any of the three processes is limited. We
use a system with Da,=100 and Da«=100 to represent the situation when the diffusion process
dominates (D << kg, kp); a system with Da,=0.01 and Da«=1 to represent the situation when the
dissolution process dominates (kp << kg, D); and a system with Da,=1 and Da«=0.01 to represent

the situation when the reaction process dominates (kg << D, kp).
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The initial geometry of membrane morphology is set to mimic the experimental observations in
the 40 mol% SM systems at the beginning of the solvent-mediated phase transformation. The
small white region in the middle is an SMase-feature, and the other white regions are SM-
enriched domains, which dissolve with time. The color shows the scaled SM concentration as
shown in the color bar on the right side of the pictures. A color towards red indicates a higher

concentration and a color towards blue indicates a lower concentration.

The results show that the morphology evolution has distinct characteristics when different
processes are dominant, as summarized in Table 6.3. When the diffusion is limited (D << kg, kp),
there is a sharp dissolution ring and the SM concentration spans the whole scaled range from the
reaction site to the dissolution site. When the dissolution is limited (kp << D, kg), the domains
dissolve uniformly while the SM concentration in the DOPC-enriched phase is relatively low.
When the reaction is limited (kg << D, kp), the domains dissolve relatively uniformly while the
SM concentration is relatively high. In addition, the overall dissolution time in the reaction-
limited system is longer than in the dissolution-limited system. This occurs because the interface
of SM-enriched domains where dissolution can occur is much larger than the SMase-feature
interface where the reaction can occur in our model, and the rate constants we use are

represented as per unit interface.

The numerical results match the qualitative analyses in the pseudo-steady-state model in chapter
5. In a diffusion-limited system, the concentration gradient in the DOPC-enriched phase is high
to increase the diffusion driving force so that the three processes can balance. In a reaction-
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limited system with small reaction rate constant, the concentration is high to enhance the reaction
process. In a dissolution-limited system, the concentration tends to become low to increase the

driving force for the dissolution process.

a Diffusion limited

kG, kp>> D

o el o
[SM],=[SM]..,
SMlg= [SMI,

b/ Dissolution limited

D, kg >>kp t=0 -
ol A A N

| IS IS i W

smiisml, € R

Reaction limited

(N D, ky >> k _, =0 =100 =200 =250 =300

e EEan
|

:[SM]G ~[SMl 6? [SM],~[SM]
Figure 6-3. Modeling results with varying Da» and Dag, and fixed K from the non-dimensional

sat

n (dimensionless length
from SMase-feature)

model for studying the overall spatial pattern change. (a) shows a system with Da,=100 and
Das=100; (b) shows a system with Da,=0.01 and Dac=1; (c) shows a system with Da,=1 and
Das=0.01. All of the systems have K=1. The cartoons on the left illustrate the results we obtained
from the pseudo-steady state model developed in chapter 5, which are consistent with the

numerically solved modeling results obtained by the way introduced in this chapter.
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Table 6-3. The parameter settings and distinct characteristics when the system is diffusion-

limited, dissolution-limited, or reaction-limited.

Limited Process Parameter Dissolution Averaged Concentration
Setting type Concentration Gradient
Diffusion(D<<kg, kp ) Dag=100 Sharp Medium Large
Da[): 100
Dissolution(kp << D, kg ) Dag=1 Uniform Low Small
Dap=0.01
Reaction(kg << D, kp) Dag=0.01 Gradual High Small
DaD= 1

6.5.1.2. Dissolution behavior of each SM-enriched domain when any of the three processes

dominates

We have discussed the overall spatial pattern change in section 6.5.1.1, and in this section, we
examine the shape change of each SM-enriched domain at different locations relative to an
SMase-feature. We simplify the system by constructing an initial morphology with ordered SM-
enriched domains as shown in the left side of Figure 6-4. The domains are arranged in an ordered
structure so that each domain with a diameter, d;, is apart from the next one by two times d; from
center to center, where the SMase-feature is located, and each domain has a similar neighbor
structure. The diameter of a domain (d;) is set to be one-tenth of the overall system’s size (R).
The morphology is symmetric and the figures on the left of Figure 6-4 show just a quarter of the
morphology and we measure the motion of the alphabetically named portions of the interfaces.
The initial distances of these portions of the interfaces from the SMase-feature (r) are set to be di,

2di, 3di, 4di, Sdi, and 6di.
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The plots on the right of Figure 6-4 show the displacement versus time of the labeled portions in
their local normal directions towards SM-enriched domains. In a diffusion-limited system
(Figure 6-4(a)), the shape change of each domain is significantly isotropic. The displacement
velocity significantly varies with locations of the portions of the interfaces. The portions do not
start to dissolve significantly before the previous portion fully dissolved. For example, the

displacement of portion C starts to increase significantly not until portion A fully dissolved.

In a dissolution-limited system (Figure 6-4(b)), the shape change of each domain is isotropic, and

the displacement velocities are similar in all of the portions of the interfaces.

In a reaction-limited system (Figure 6-4(c)), the displacement velocity also varies with locations.
However, unlike the sequencing characteristic we observed in a diffusion-limited system, the
velocities of different portions have a similar trend. In addition, although the shape change of
each domain is anisotropic in domains close to SMase-feature, the shape change of those distant

domains is relatively isotropic.

The shape change of each domain and the displacement velocity in the diffusion-limited and the
dissolution-limited system are expected and consistent with the results from the pseudo-steady
state model shown in chapter 5. The pseudo-steady state model is qualitatively consistent with
the overall pattern change and average concentration of a reaction-limited system; however, it

was not able to capture the difference of the portions with difference distances from an SMase-
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feature. This is because we did not consider the geometry factor in the pseudo-steady model,

which can be incorporated into our current numerically-solved model.

The different displacement velocity of different portions of the interfaces in a reaction-limited
system comes from the SM concentration gradient in the fluid DOPC-enriched phase. Although
we have shown that the concentration profile is relatively uniform in Figure 6-3(c), the
concentration gradient still exist so that the diffusion occurs to transfer SM molecules towards
the SMase-feature located in the center of a corral. The concentration decreases towards the
SMase-feature. The displacement velocity of a portion of a SM-enriched domain boundary
depends on its local concentration. Therefore, the portions closer to the SMase-feature dissolve
more quickly since they expose to a lower concentration, which is equivalent to larger driving
force for dissolution. In addition, we observe that those portions closer to the SMase-feature start
to dissolve earlier than distant ones because the concentration profile gradually propagated away
from an SMase-feature after the reaction initiates the overall process. The closer the portions, the
earlier their surrounding concentrations are affected. Furthermore, we observe the distant
domains dissolve more isotropically than closer domains. The isotropic dissolution of a domain
indicates that all of the portions on the boundary of the domain have a similar displacement
velocity. According to the conservation equation in -8 coordinate, the concentration profile in
the r-direction away from the SMase-feature is in log form. The concentration gradient
dramatically decreases with . That is, the concentrations of two fixed-distance portions are more
similar at larger r than at smaller ». Therefore, the portions of a distant domain have more a
similar concentration and thereby a more similar displacement velocity than the portions of a

domain closer to the SMase-feature, which is shown on the right plot of Figure 6-4(c).
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Figure 6-4. Dissolution pattern of each SM-enriched domain when any one of three kinetic
processes is limited. The round yellow object is an SMase-feature while the other objects are
SM-enriched domains at different locations relative to the SMase-feature. The dark lines indicate

the location of the SM-enriched domain interface after each time step. The distance of the
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adjacent two dark lines indicates the motion of the SM-enriched domain interface during the
interval of a time step. The alphabets label the portions of interfaces where we measure the
motion rate. The initial distances of A, B, C, D, E, and F from the SMase-feature are set to be d;,
2d;, 3di, 4d;, 5d;, and 6d;. The motion rates at theses portions of the interfaces are plotted on the
right. (a) shows a system with Dap=100 and Dag=100, and the interval of each time step is 0.05 1;
(b) shows a system with Dap=0.01 and Dag=1, and the interval of each time step is 0.5 t; (c)
shows a system with Dap=1 and Dag=0.01, and the interval of each time step is 5 1. All of the

systems have K=1.

6.5.1.3. Combined characteristics when more than one of the processes dominate

When more than one of the kinetic processes dominate, the modeling results show that the
system has combined characteristics of the distinct characteristics of each of the limited
scenarios (Figure 6-5). For example, when three processes all dominate, we observe that the
system has a gradual dissolution pattern instead of a sharp dissolution ring, and the dissolution
time and the concentration profile are also between the characteristics of the three extreme cases
shown in section 6.5.1.1 (Figures 6-5(a)(e)). Overall, there are four scenarios: one case when
three processes all dominate and three cases when any two of the three processes dominate.

Table 6-4 shows the parameter settings and the characteristics of the four scenarios.
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Figure 6-5. Modeling results with varying Da, and Dac, and fixed K (K=1) from the non-
dimensional model for studying the overall spatial pattern change. (a) shows a system with
Dar=1 and Dac=1 (dissolution, reaction, and diffusion processes all dominate); (b) shows a
system with Dar,=0.01 and Dac=0.01 (dissolution and reaction processes dominate); (c¢) shows a
system with Dar,=1 and Dac=100 (dissolution and diffusion processes dominate); (d) shows a
system with Da,=100 and Das=1 (reaction and diffusion processes dominate). (¢) is the cartoon

showing the gradual dissolution of (a) along the radial direction away from the central SMase-
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feature. (f) is the cartoon showing the uniform dissolution of (f). The concentration is in the

medium range which is the combination of the high concentration characteristic of a reaction-

limited system and the low concentration characteristic of a dissolution-limited system.

Table 6-4. The parameter settings and distinct characteristics when more than one of the kinetic

processes are limited.

Limited Process Parameter Dissolution Averaged Concentration
Setting type Concentration Gradient
Diffusion, Reaction, Dag=1 Gradual Medium Medium
Dissolution (D~kg~kp) Dap=1
Reaction, Dissolution Dag=0.01 Uniform Medium Small
(kg, kp << D) Dap=0.01
Reaction, Diffusion Dag=1 Gradual High Large
(k(‘,, D << kD) DaD=100
Dissolution, Diffusion Dag=100 Gradual Low Large
(kD, D << kG) Dap=1
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6.5.2. Varying K: the ratio of SM content in the DOPC-enriched phase to the content in

SM-enriched domains

K represents the SM which can be stored in DOPC-enriched phase ([SM]s.) compared to the SM
stored in the SM-enriched domains ([SM]soliq). If the SM amount stored in SM-enriched domains
is the same as the one in the DOPC-enriched phase, the concentration is uniform in the initial
condition (and K—o). If the SM releasing from the SM-enriched domain regions is not
constrained in this case (i.e., the dissolution is not limited), the system should perform similarly
to the system with only the DOPC-enriched phase with saturating SM. On the other hand, if there
is a high density of SM stored in the domains, more SM needs to be processed and delivered and

therefore more time is needed for the overall process to be completed.

Figures 6-6, 6-7, and 6-8 show the modeling results with varying K in to shown in diffusion-
limited, dissolution-limited, and reaction-limited systems. The results show that K does not
influence the distinct characteristics introduced in section 6.5.1.1. The major influence from K is
that the overall dissolution time is delayed with decreased K, which is equivalent to increased

stored SM density.

While K=10, which means [SM]s1ig=1.1[SM]sar, Wwe observe that the overall concentration profile
change is very similar to when there are no SM-enriched domains in both the diffusion-limited
system and the reaction-limited system (the first and second rows in Figures 6-6 and 6-7). The
comparison in the dissolution-limited system cannot be made since dissolution rate cannot be

specified in the system without any domains. However, we can clearly observe that the shrinking
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rate of each domain is decreased with the decreased K (or the increased SM density in the

domains) in the dissolution-limited system (Figure 6-8).

=0.5 =1 =2 =10 =100

Figure 6-6. Modeling results with varying K in the diffusion-limited system (Da,=100 and
Das=100) from the non-dimensional model for studying the overall spatial pattern change. The

first row is a system in the absence of any SM-enriched domains.
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Figure 6-7. Modeling results with varying K in the reaction-limited system (Da=1 and

1= 5000

t‘ - 4000

Dac=0.01) from the non-dimensional model for studying the overall spatial pattern change. The

first row is a system in the absence of any SM-enriched domains.
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Figure 6-8. Modeling results with varying K in the reaction-limited system (Da»=0.01 and

Dac=1) from the non-dimensional model for studying the overall spatial pattern change.

6.5.3. Varying the initial geometry: number density of SM-enriched domains

Here, we examine the effects from the initial geometry. Under the same initial geometry, we
have shown all of the possible scenarios based on the three parameters in the model in sections
6.5.1 and 6.5.2. The initial geometry in those sections was set to mimic the membrane

morphology we experimentally observed in membranes with 40 mol% of SM.
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From our experimental observations, when we decreased the pre-existing SM content in the
membrane systems containing the same type of SM, we found that the number of domains
decreased while the average domain size is still similar. Therefore, in this section, we are
particularly interested in how the number of SM-enriched domains in a system can influence the
overall dissolution time, since the systems with different numbers of domains in a corral have
been observed to have different dissolution times. This information can help us to further
understand the overall dissolution behavior, which can be governed by not only the three

physical parameters but also by a geometry factor, the number of domains.

The modeling results in Figure 6-9 come from the systems with varying numbers of SM-enriched
domains. They show that the overall dissolution time is approximately proportional to the
number density of the domains, while these systems’ three model parameters are kept the same.
The modeling results indicate that even if the physical properties of membrane systems are the
same, the numbers of SM-enriched domains can contribute to the delay of the overall dissolution

time.
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Figure 6-9. Modeling results with varying density of domain number in the diffusion-limited
system (Dar=1 and Dac=1) from the non-dimensional model for studying the overall spatial
pattern change. The number densities of the SM-enriched domains in the systems are (a) 0, (b)

20, (c) 30, and (d) 40 per corral. The diameter of each domain is one-tenth of the corral length.

6.5.4. Comparisons with the experimental results

From our experiments, we have observed sharp dissolution rings in the membrane systems with
40 mol% of SM (40/40/20 and 60/40/0 molar ratio of DOPC/brain SM/Chol) (as shown in
chapter 5). If the developed model truthfully describes the system, the modeling result indicates
that the membrane systems with 40 mol% of SM are limited by diffusion. That is, the associated
reaction constant and dissolution constant are much larger than the diffusivity divided by the

corral length. To obtain the corresponding t of the morphology evolution from our experimental
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results, we need to scale the time of the morphology evolution with the diffusion characteristic
time (R*/D). R is the length of a corral, 50 pm. We measured the lateral diffusivity (D) of lipid
molecules in the SLBs by fluorescence recovery after photobleaching (FRAP) and found that it is
1.91 umz/sec for the membrane with 40/40/20 molar ratio of DOPC/SM/Chol. The morphology
evolution with the corresponding t is shown in Figures 6-10 (a)(b). From our experiments, we
have observed that the duration to dissolve all of the SM-enriched domains in the membranes
with 40 mol% SM with and without Chol (Table 5-1) is about 50 min, which corresponds to

about t=10.

In the model we develop, Fick’s Law is used to describe the diffusion kinetic process; the first-
order reaction is used to describe the effective SM consumption at the SMase-feature interface;
the first-order dissolution is used to describe the SM releasing from the SM-enriched domain
interface. There are only three parameters (Das, Da», and K) to describe a fixed-initial-
morphology system. Varying these three parameters can describe all of the situations that can
occur in this model. We have shown in section 6.5.1.1 and 6.5.1.3 that varying Dac and Dao
produces seven scenarios that cover all of the possibilities. The sharp dissolution ring can only
occur in a diffusion-limited system (Das >>1 and Da» >>1). The decrease of either Das or Da»
causes a more gradual dissolution. In addition, we have also shown that the distinct dissolution
pattern change is not influenced by K (section 6.5.2). Therefore, the sharp dissolution ring in the

model occurs if and only if the system is diffusion-limited.

In our model, when a system is diffusion-limited, the pattern change is not influenced much by

the exact values of Dap and Dag as long as they are both much larger than one. Therefore, we
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can use the use the system with Dap=100 and Dag=100 to generally represent diffusion-limited
systems. K becomes the only parameter left that can influence the overall dissolution time in the
model when the model has a fixed initial geometry mimicking the experimental observations.
Decreased K results in longer overall dissolution time, since more SM is stored in the SM-
enriched domains and requires more time to be processed and delivered, as we have shown in

section 6.5.1.2.

If we compare the modeling results with our experimental observations, we find that the overall
dissolution interval in the model of a diffusion-limited system with K~0.05 is about =10 which
is consistent with our observations in the 40 mol% SM experiments. If we examine and compare
the detailed morphology evolution, Figure 6-10 shows that the experimental results match well to
the modeling results. The consistent results suggest the validity of our model. In addition,
K~0.05 suggests that the SM content in the SM-enriched domains is about twenty times of the
content in the DOPC-enriched phase. This information is valuable since the composition

information in lipid membrane is usually difficult to measure.
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Figure 6-10. Comparison of the dissolution ring growth from modeling result and from
experimental results. (a) is the experimental result from the 40/40/20 molar ratio of DOPC/brain
SM/Chol membrane treated with 0.005 unit/ml SMase. (b) is the experimental result from the
60/40/0 molar ratio of DOPC/brain SM/Chol membrane treated with 0.005 unit/ml SMase. (c) is
the modeling result of the system with K=0.05 in the diffusion-limited system (Da»,=100 and

Das=100) from the non-dimensional model for studying the overall spatial pattern change.
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Chapter 7. Conclusions and Outlook

7.1. Conclusions

Sphingomyelinase (SMase) has been suggested to be involved in a variety of cellular processes
by reorganizing the cell membrane heterogeneity. However, the regulation of membrane
heterogeneity by SMase was still unclear since the enzymatic reaction has strong interplay with
the physical states of lipid membranes. We developed corralled membrane arrays in a
microfluidic device to achieve effective control of microenvironment conditions during the
enzymatic reaction, which is needed for studying the system with high spatio-temporal resolution
information (domain dynamics) embedded in a small amount of materials (lipid bilayers). We
reported that SMase can induce a reaction-induced and a solvent-mediated phase transformation,
causing switches of three stationary membrane morphologies and multiple-time-domain
ceramide generation in model raft membranes. We further demonstrated that lipid membrane
composition and SMase concentration can be used to tune the two phase transformation
processes and therefore the intervals and spatial patterns of the SMase-induced multi-stage
morphology evolution. Furthermore, we modeled the spatio-temporal morphology change during
the solvent-mediated phase transformation. The modeling results were shown to be consistent
with our experimental results and can provide insights into the system parameters that are

difficult to measure.
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The overall results showed that SMase can be actively involved in the lipid membrane phase
changes. The SMase-induced multi-stage morphology evolution is not only due to compositional
changes caused by SMase, but also due to the selective binding of SMase, and the SMase’s
special phase behavior. The timing and sequence of the morphology switches and ceramide
generation by SMase in our model systems were observed to be similar to those of the cell
morphology and cell ceramide accumulation observed in physiological studies. Although the cell
morphology change and ceramide accumulation in cells could originate from many different
sources in complex cell systems, the consistent timing and sequence with that observed in our
model systems (with only basic components of cell membranes and SMase) suggests that the
lipid membrane phase behavior induced by SMase may be a contributing factor to the multiple-
time-domain phenomena in cells. The spatio-temporally tunable SMase-induced multi-stage
morphology evolution based on the two phase transformations could also provide a spatio-

temporal control mechanism of phase dynamics in the cell membrane.

7.1.1. Development of corralled model membrane arrays in a microfluidic device

We developed a microfluidic platform with model membrane arrays to achieve easy tracking of
the observed membrane systems, effective control of reaction conditions, and high-throughput
screening of experimental conditions. Corralled supported lipid bilayers allowed the mass
balance of lipid molecules during the surface reaction, greatly facilitating the interpretation of the
complex phase behaviors induced by SMase. In addition, the model membrane arrays with
numerous separated systems in parallel were used to capture the wide distribution of the

induction time of domain nucleation, allowing us to compare the effects caused by different
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factors. The flow control by a microfluidic device addressed the difficulty of distributing SMase
solutions uniformly to the membrane systems, allowing us to obtain robust results from area to
area and from sample to sample, which is required for correlating our characterization results to

the morphology evolution results.

7.1.2. SMase induces two phase transformations in model raft membranes

The reaction-induced phase transformation, triggered by the addition of SMase, transformed a
pre-existing raft morphology to a pause morphology with coexisting ceramide-enriched (Cer-
enriched) and sphingomyelin-enriched (SM-enriched) domains. The pause situation was resolved
after the solvent-mediated phase transformation occurred to further transform all of the SM-
enriched domains into Cer-enriched domains. Labeled SMase experiments suggested that the
stable morphology in the middle was due to the physical trapping of SM in the SM-enriched
domains that are found to be relatively inaccessible to SMase. The characterization results from
confocal fluorescence imaging showed that the trigger of the solvent-mediated phase
transformation is the formation of a 3-D feature rich in SMase, sphingomyelin, and ceramide.
This 3-D feature was hypothesized as a slowly nucleating phase of SMase with the lipids, where
SMase processes sphingomyelin more efficiently. The disparate time-scales of the formation of
these SMase-features and the SM-enriched domains allowed for the development of a significant

duration of the middle pause morphology between the two transformations.
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7.1.3. Tunable intervals and spatial pattern of multi-stage morphology evolution based on
the two phase transformations
We demonstrated that lipid membrane composition and SMase concentration can be used to tune
the intervals and spatial patterns of the SMase-induced multi-stage morphology evolution. At a
physiologically relevant concentration of SMase, we found that membrane composition can tune
the formation of SM-enriched domains and the nucleation of SMase-features at different extents
of time scale and thus significantly tune the stable duration of the middle pause morphology. In
addition, the induction time of SMase-feature nucleation, the trigger of the solvent-mediated
phase transformation, decreased with the increased supersaturating level of SMase and increased
pre-existing ceramide amount. Sphingomyelin was also required for the formation of the SMase-
feature. During the solvent-mediated phase transformation, the interval and the spatial pattern
change were suggested to be primarily influenced by the interplay of the reaction of SM at an
SMase-feature, the diffusion of SM from SM-enriched domains to an SMase-feature, and the
dissolution of SM-enriched domains. The pseudo-steady state model indicated that the
anisotropic dissolution occurs when a system is diffusion-limited, while the isotropic dissolution

is characteristic of a reaction-limited or dissolution-limited system.

7.1.4. Reshuffling of lipid molecules during the SMase-induced reaction-induced phase
transformation

The overall multi-stage morphology evolution in giant unilamellar vesicles (GUVs) with mobile

domains was comparable to what we observed in supported lipid bilayers (SLBs) with fixed

domains. Similar features occurred in the same order and the primary difference was the mobility
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of domains. The early-stage morphology evolutions in GUVs and SLBs consistently showed the
formation of SM-Cer-enriched domains and the disintegration of the pre-existing SM-Chol rafts.
The results excluded the possibility of the direct coalescence of the pre-existing rafts to form
later large platforms containing SM and Cer. Instead, there was a reshuffling of lipid molecules
during the transformation from the pre-existing morphology with SM-Chol rafts to the next
morphology with SM-Cer-enriched domains. According to the raft hypothesis, the reshuftfling of
lipid molecules implies that the membrane proteins can easily reshuffle. This reshuftling
phenomenon can explain why the membrane proteins found in the conventional cholesterol rafts
are absent in the later ceramide-containing large platforms, which could not be explained by the

previous coalescence conjecture.

7.1.5. Modeling the spatio-temporal morphology change during the solvent-mediated
phase transformation
We built a model to explore the spatio-temporal morphology change during the solvent-mediated
phase transformation. Three major kinetic processes were described in the model: the
consumption of SM by the enzymatic reaction at an SMase-feature, the diffusion of SM from
SM-enriched domains to an SMase-feature, and the release of SM due to the dissolution of SM-
enriched domains. We combined MATLAB coding with Comsol to solve the model, with
complex geometry and moving boundary. The non-dimensionality of the model allows the
system to be characterized by only three non-dimensional parameters. We show all of the
possible scenarios of spatial pattern change during the phase transformation. The modeling

results were shown to be consistent with our experimental results. Since the phenomena in cells
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are more complex and can be contributed to by many factors, such as the force from the
cytoskeleton, the present modeling work, which is based on the contribution from the lipid
membrane phase behavior can provide a framework for the future incorporation of other

identified factors to determine the cell membrane responses.

7.2. Outlook

7.2.1. Monitoring the conversion rate of SM from bulk solutions and the morphology
change in parallel

SMase converts SM to hydrophobic Cer and hydrophilic phosphorylcholine. The conventional

method to measure the SMase’s activity is to measure the increasing phosphorylcholine content

in bulk solutions after SMase is added to the solutions containing small lipid vesicles. The

commercial assay kit can convert phosphorylcholine to detectable fluorescent resorufin, as

shown in Figure 7-1.

We have interpreted the ceramide generation in our model system by observing the extent of
labeled anti-ceramide in the system, as shown in chapter 3. Our characterization results have
shown that the ceramide generation can be divided into multiple time-domains and ceramide is
generated significantly only after an SMase-feature nucleates. In chapter 5, we have further
shown that the SMase-feature nucleation has a wide distribution of induction time. We can
expect that the overall conversion rate of SM measured from bulk solutions would be the
summation of the conversion rates from each membrane system, which has variation in the

SMase-feature’s nucleation time. One example is shown in Figure 7-2, in which the green color
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indicates where ceramide locates, and only those membrane systems that already had SMase-

features (the orange-yellow dots) have significant amounts of ceramide.

We would like to observe the morphology evolution and measure the overall conversion rate by
the conventional method at the same time. Since we perform our experiments in a microchannel,
we can flow the reagents of the assay kit and measure the fluorescence intensity of resorufin
directly in the channel. Since resorufin emits fluorescence at red wavelength, we will need to use

another type of lipid probe instead of the Texas-Red® DHPE we usually used.

One of the goals is to demonstrate if the overall conversion rate of SM would be a combination
of the conversion rates from each of the membrane systems among the membrane array, which
has varied SMase-feature nucleation times. The results can be used to link the current studies

with a detailed phase change mechanism to conventional bulk SMase activity measurements.

Amplex Red Resorufin
HO 0 0 Peroxidase | HO )
N N
“
H,0, ).,
|
betaine - choline *+—— Phosphorylcholine Sphingomyelin
aldehyde S oR— Alkaline phosphatase (head group of
Sphingomyelin) SMase

Figure 7-1. The commercial assay kit converts phosphorylcholine to detectable fluorescent

resorufin in several steps.
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Figure 7-2. The variation of ceramide generation among the model membrane array exposed to
the same conditions is displayed by an image illuminated by Alexa Fluor® 488-labeled anti-
ceramide. The green color indicates where ceramide locates and only those membrane systems

that already had SMase-features (the orange-yellow dots) have significant amounts of ceramide.

7.2.2. Examination of the SMase-induced phenomena in cells

It would be interesting to further examine whether the SMase-induced phase transformations can
be observed clearly in cells. The reason we used model membrane systems in this study is that
direct cause-effect relationships are difficult to identify in complex cell systems. By using model
systems with controlled environments, we are able to study SMase-lipid membrane interactions
and identify the contributions of basic components in the cell membrane. Further investigation in
cells could allow us to learn if the SMase-lipid membrane interactions can significantly influence

the cell morphology and play a dominant role in the cell membrane behavior.
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Suitable stimuli can be provided to initiate the translocation of cell-produced SMase to the cell
membrane by the protocol in previous physiological studies. Cells with the knockout gene of
SMase can be used as a control. Immunostaining can be used to stain where SMase, Cer, and

SM locate in the cell plasma membrane in the same way as we did for our model systems.

To examine whether the two SMase-induced phase transformations occur significantly in the cell
membrane, we can first quantitatively compare the features and domains observed in cells and in
our model systems. Second, we can examine whether the time of occurrence of these features
can be tuned in the same way as those in our model systems. We have used membrane
composition and SMase concentration in this study to tune the two phase transformations. In
cells, different cell membrane compositions can be achieved by using different types of cells, and
different amounts of SMase translocating to the cell plasma membranes can be achieved by using

different stimuli.

With further investigation in cells, we will be able to learn whether the SMase-induced phase
transformations play a dominant role in influencing the cell membrane heterogeneity. The cell
signaling always needs to pass through the cell plasma membrane. More and more studies have
suggested that the membrane heterogeneity influences the initiation time, signal strength and
signal duration. If these phenomena are dominant in the cell membrane, they may serve as
spatio-temporal control mechanisms of how the signaling enters the cell. The tunable ability of
membrane heterogeneity based on the predictive mechanisms may have therapeutic applications

for the SMase-related cellular processes.
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APPENDIX

Matlab Code for Modeling SM-induced Solvent-mediated Phase Transfromation

1. Program: moving boundary.m-- Main program that generates and updates the marker
points on the boundaries of domains after every time step.

2. Subroutine: m_fem comsol.m-- To solve the concentration profile via Comsol solver

3. Subroutine: updating markerp.m-- To eliminate undesired topological changes and
redistribute the marker points

4. Subroutine: calculate normal.m-- To calculate the normal vector of domain boundary at
each marker point

5. Subroutine: random_init.m-- To obtain a random distribution of domains in the initial
morphology
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function fem=moving_boundary(d, n, num, timeinterval, step, DaG, DaD, Dk,
filename, filenamel, check)

%name the figures with the Input parameters---—-——-————————— o~
stril=num2str(d);
str2=num2str(n);
str3=num2str(num);
str4=num2str(timeinterval);
str5=num2str(step);
stré=num2str(DaG) ;
str7=num2str(DaD);
str8=num2str(Dk);
stro9=["d=" strl ",n=" str2 ",num=" str3 " ,timeinterval=" str4 " ,step=" strb
",DaG=" ...
str6 " ,DaD=" str7 °,Dk=" str8, °"","Surface: Concentration, c"];
strl0=["d=" strl ",n=" str2 ",num=" str3 ",timeinterval="];
stril=[ str5 ",DaG=" str6 ",DaD=" str7 ",Dk=" str8 ];

%input the initial geometry--—————————
%coordinates of the center of round objects--obtained from random_init.m
xoo=[ 0.8710 0.2993 -0.2987 -0.4080 0.5004 ...

-0.5012 -0.2189 -0.7851 0.0919 -0.3465 ...

0.7767 0.2118 0.5950 0.8433 -0.2296 .-

0.6932 -0.6617 0.6418 0.4450 0.0188 ...

0.1311 -0.6670 -0.8336 -0.6582 0.1185 ...

-0.5445 0.7864 0.5406 -0.8985 -0.8256 ];

yoo=[ 0.8362 0.4071 0.0410 0.3931 -0.7541 ...
-0.5329 -0.2873 0.4704 -0.8074 0.8378 ...
-0.2196 0.1126 0.8239 0.1471 -0.6068 ...
-0.5226 -0.7848 0.4744  -0.3269 0.4915 ...
0.8169 0.0889 -0.4091 0.8975 -0.4062 ...
0.6516 -0.8426 0.1686 0.7254 -0.1371 1];

r=0.1;% radius of the round objects

%to construct and plot initial marker points
figure;

orig_length=2*r*pi/n;%length between two marker points
s=0:360/n:(360-360/n);

for i=1:num

X0=x00(1)+r*cos(s/360*2*pi);
yo=yoo(1)+r*sin(s/360*2*pi);

p{i}=[xo0; yo];% p(0)

hold on;

plot (xo0,yo0);

end

%time step to obtain the updated geometry---———-——-———————————
%initial set up

fem0=0;

inde=ones(1, num);

time_dissolution=zeros(1, num);

%the time step starts
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for f=1l:step

Wdifferent time steps have different intervals to increase the time
%scale we examine

if (F>40)&&(F<=46)
timeinterval_m=10*timeinterval;

elseif >46
timeinterval_m=100*timeinterval;

else
timeinterval _m=timeinterval;

end

%obtain the concentration profile in m_fem_comsol
fem=m_fem_comsol(d, num, p, timeinterval_m, DaG, DaD,f, femO);
clear femO;

femO=Fem;

clear poO;

pO=p;

%updating marker points of each domain
for i=1:num% for ith domain
if length(p{i})>d
clear u;
%obtain concentration at marker points from the concentration profile
obtained in m_fem_comsol
u = postinterp(fem, "c*, p{i});

%calculate the displacement of marker points

clear nx;clear ny;

[nx, ny]=calculate_normal (p{i});%obtain normal vector toward domains at
the marker points

clear h

h=timeinterval_m*Dk*DaD*(ones(1, length(u))-u);%Equation of motion of
domain boundary

clear xo; clear yo;

xo=p{i}(1,:);

yo=p{i}(2,:);

X0=x0+nx.*h;%1l*n

yo=yo+ny.*h;%1l*n

clear p{i};

p{i}=[xo0; yo];%2*n--updated p after boundary moved

%to redistribute marker points and eliminate undesired topological
changes in updating_markerp.m

clear restructured _p;

[restructed_p, N]=updating markerp(p{i}, pO{i}, orig_length, d, check);

clear p{i};

p{i}=restructed p;%2*n resturctured p

psize(i)=length(p{i});

clear xo;

clear yo;

xo=p{i}(1,:);

yo=p{i}(2,:);

%polt the updated boundaries of domains

hold on;

plot(xo, yo,"m-");
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end%end if the ith domain still exists
end%end of updating boundaries of each domain (i)

% plot the concentration profile plot with initial geometry of domains
figure;
for 1=1:num
xol=xoo0(1)+r*cos(s/360*2*pi)
yol=yoo(i)+r*sin(s/360*2*pi)
hold on;
plot(xol,yol, "k-")
end
hold onj;
postplot(fem, ...
"tridata®,{"c","cont","internal "}, ...
“tridlim®,[0 1], ...
“trimap”, "jet(1024)", ...
"solnum®,"end®, ...
“title®,str9, ...
"refine",3, ...
“axis®,[-1,1,-1,1,-1,1]);
str20=num2str(f);
filenameK=[ filenamel str20];
saveas(gcfF,filenameK, " jpg~)
close(gcf)

end% end of each timestep

saveas(gcf,filenamel, " jpg~)
close(gcf)
end

0% —===

% e ——

function fem=m_fem_comsol(d, num, p, timeinterval, DaG, DaD,f, femO)
flclear fem

% COMSOL version

clear vrsn

vrsn.name = "COMSOL 3.2%;

vrsn.ext = "7;

vrsn.major = 0;

vrsn.build = 222;

vrsn.rcs = "$Name: $";

vrsn.date = "$Date: 2005/09/01 18:02:30 $";
fem.version = vrsn;

%construct initial geometry---------——— -
gl=square2(°"2","base”, "center”, "pos”,{"0","0"},"rot","0");%corral boundary
g2=circ2("0.05", "base”, "center”, "pos”,{"0","0"}, "rot","0") ;%SMase-feature

g6=geomcomp({g91,92}, "ns”,{"gl","g2"},"sf","gl-g2","edge”, "none");
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for 1=1:num %ith SM-domains
clear c;clear g;
it length(p{i})>d

c=geomspline(p{i}, “splinemethod”, "uniform®,“closed”,"on");

g=solid2(c);

g6=geomcomp({g6,9%},"ns",{"g6","g"},"sf","g6-g", "edge”, "none");

end
end

clear s
s.objs={g6};
s.name={"C0O1"};
s.tags={"g6"};

fem.draw=struct("s",s);
fem.geom=geomcsg(fem) ;

fem_mesh = meshinit(fem);
fem.shape 2;
fem.xmesh meshextend(fem) ;

% Boundary conditions----—————————————————— -

clear appl

appl.mode.class = "Diffusion”;
appl.module = "CHEM";

appl .assignsuffix = * chdi”;

clear bnd

bnd.type = {"NO","N","N"};
bnd.kc = {0,DaG,DaD};
bnd.cb = {0,0,1};

bnd.ind(1:4)=[1,1,1,1];
bnd.ind(5:8)=[2,2,2,2]1;

nk=0;
for 1=1:num
if length(p{i})>d
nk=nk+length(p{i});
end
end

if nk==0

else
bnd.ind(9:8+nk)=ones(1,nk).*3;
end

appl.bnd = bnd;

%initial condition———-————————————

clear equ

equ.init =1;

equ.ind = [1];

appl.equ = equ;
fem_.appl{1} = appl;
fem_border = 1;
fem.outform = "general”;
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fem.units = "SI~;

% Multiphysics--~-—————--——---—---—
fem=multiphysics(fem);

% Extend mesh—--——————— oo
fem.xmesh=meshextend(fem);

% Evaluate initial value using current solution---————————————————————
if f==
fem.sol=Femtime(fem,

"solcomp”,{"c"},
"outcomp®,{"c"},
“tlist”,[O:timeinterval :timeinterval],
“"tout”,"tlist");

else

init = asseminit(fem, "init",fem0)

% Solve problem

fem_sol=Femtime(fem,
"init",init,
"solcomp”®,{"c"},
"outcomp”,{"c"},
“tlist”,[O:timeinterval :timeinterval],
“tout”,"tlist");

end

end

% —o———————==
% oo

function [restructed_p, N]=updating_markerp(p, p0, orig_length, d, check)
clear p_add
tot _num_added =0;

IN = inpolygon(p(1,:), p(2,:), p0(1.:), pO(2,:) );
INN=1-1IN;
%check 1f the displacement of boundaries is beyond the region of the original
domain
if ~isempty(Find(INN,1))
restructed_p=[0; 0];
N=0;
else

it length(p)>d
crosstest=1;
while (crosstest>0) && (length(p)>d)
crosstest=0;
for i=1:length(p)
add_point=0;

if check >length(p)
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end

check=length(p);

for j=2:check

[cros, crosy]=polyxpoly([p(l,1),p(1,mod(i,

length(p))+1)1, [P(2,1),p(2,mod(i, length(p))+1)], [pP(1,mod(i+j-1, length(p))+1),

p(l, mo
p(2,mod

length(

length(

end
if

end
end
end
end

% to re
num_add
kk=1;

while (

for i=
%add po

d(i+j, length(p))+1)],[p(2,mod(i+j-1, length(p))+1),
(i+j, Tength(p)+1)1);
if ~isempty(cros)
crosstest=crosstest+1;
if (i+j+1)<= length(p)
p_add(l1,:)= sum(p(,i:i+j+1))/(+2);
p_add(2,:)= sum(p2,i:i+j+1))/(J+2);
p=[p(:,1:i-1) p_add p(:,i+j+2:length(p))];
else
p_add(1,:)= (sum(p(1,i:length(p)))+ sum(p(l,l:i+j+1-
P)))N/(+2);
p_add(2,:)= (sum(p(2,i:length(p)))+ sum(p(2,1l:i+j+1-
P/ (+2);
p=[p(:,i+j+2-length(p):i-1) p_add];
end
tot _num_added=tot num added-j-1;
add_point=1;
break;
end

add_point
break;

distribute marker points—--——-——————————
=1;

num_add~=0)&&(length(p)>d)

kk: (length(p)-1)%%%kk-->1
ints if two points are too far apart
it length(p)<=d
break;
end
num_add=round(norm(p(:, i+1)-p(:,i))/orig_length)-1;

clear p_add;
if num_add>0
for jj=1:num_add

4 p_add(:,§i)=p(:,)+jj/(num_add+1)*(p(:,1+1)-p(:,i));

end;
tot _num_added=tot num_added+num_add;
p=[p(:,1:1) p_add p(:,i+l:length(p))];

% kk=i-1;

break;

end;
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%remove points If two points are too close
it norm(p(:,i+1)-p(:,i))/orig_length < 0.625
p_add=(p(:,1)+p(:,i+1))/2;
it 1+2>length(p)
p=[p(:,1:i-1) p_add ];
else
p=[p(:,1:1-1) p_add p(:, i+2:length(p))];
end
tot_num_added=tot_num_added-1;
num_add =1;
%kk=1-1;%%
break;
end
end
end

%special treatment to the starting and end marker points---—-——-—————————-
it (length(p)>d)
num_add=round(norm(p(:,1)-p(:, length(p)))/orig_length)-1;
clear p_add;
if num_add>0
for jj=1:num_add
p_add(:,jj)=p(:, length(p))+ji/(num_add+1)*(p(:,1)-p(:,
length(p)));
end;
p=L p p_add];
tot _num_added=tot num_added+num_add;
end;

if norm(p(:,1)-p(:, length(p)))/orig_length < 0.625
p_add=(p(:, length(p))+p(:,1))/2;
p=[p_add p(:, 2:length(p)-1)];
tot _num_added=tot num_added-1;

end;

end
restructed p=p;
N=tot num_added;

end
return;

% s p——
% s p——

function [nx, ny]=calculate_normal (p)
[m.n]=size(p);

for i=2:(n-1)

length=((p(1,i+1)-p(1,i-1))"2+(p(2, i+1)-p(2,i-1))"2)"0.5;
ny(i)=(p(1,i+1)-p(1,i-1))/length;
nx(1)=-(p(2,1+1)-p(2,i-1))/length;

end

length=((p(1,2)-p(1,n))"2+(p(2,2)-p(2,n))"2)"0.5;
ny(1)=(p(1,2)-p(1,n))/length;
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nx(1)=-(p(2,2)-p(2,n))/length;
length=((p(1,1)-p(1,n-1))"2+(p(2,1)-p(2,n-1))"2)"0.5;
ny(n)=(p(1,1)-p(1,n-1))/length;

nx(n)=-(p(2,1)-p(2,n-1))/length;

end

0/0 e ———————————————————
% s o

function [xo,yo]=random_init(a,b,n,r,dist)
a=a+r;
b=b-r;

xo(1)=a+(b-a)*rand(1,1);
yo(1)=a+(b-a)*rand(1,1);

for 1=2:n
test=0
while test==
xo(1)=a+(b-a)*rand(1,1);
yo(i)=a+(b-a)*rand(1,1);
for j=1:(i-1)
k=(yo(i)-yo(J))"2+(xo(1)-x0(J))"2;
if k<=(dist*r)n2
test=0
break;
else
end
test=1
end

end
end

s=0:360/20: (360-360/20) ;
figure;

for i=1:n
X00=x0(1)+r*cos(s/360*2*pi);
yoo=yo(1)+r*sin(s/360*2*pi);
hold on;

plot (xo00,y00);

end

end
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