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Abstract

This dissertation examines two phenomena related to the use of photosystem proteins and
hydrogenase enzymes in liposomes to form light-catalyzed fusion complexes for producing
molecular hydrogen. First, the method to best form fusion proteins of photosystem I (PSI)
using sortase-mediated ligation was examined. In this work, a surrogate for hydrogenase,
green fluorescent protein, was used and the concentrations of the ligation reaction compounds
were varied to most effectively achieve fusion complexes. Second, the process of detergent
solubilization of liposomes needed for PSI incorporation was examined. In this work,
mixtures of lipids were used to more closely imitate natural thylakoid membranes than single
lipid systems. I looked at factors that affect the ability to drive insertion of amphiphilic
detergent molecules into lipid bilayers by observing changes in lipid vesicle morphology as
the concentration of detergent is increased. Detergent molecules interact with liposomes
by inserting their hydrophobic portion into the bilayer, thereby partitioning the lipids and
causing swelling of the vesicle. As the vesicles are saturated with detergent, mixed lipid-
detergent micelles bud off until there is complete dissociation of liposomes. By studying
the detergent concentration these stages occur, I gained understanding about lipid-lipid
interactions and factors that affect the incorporation of PSI into liposomes. In this case,
I found that lipid shape, conical vs. cylindrical respectively, is a major influence in
the incorporation of detergent, Triton X-100 (TX). The conical nature of ePA leads to
increased mismatching within the bilayer and promotes increased uptake of TX before
dissociation. Additionally, the interaction of detergent with multiple membrane types present
was examined with two populations of liposomes made from egg phosphatidic acid (ePA) and
egg phosphatidylcholine (ePC). An equilibrium model was derived that predicts the point of

saturation for mixtures of two liposomes types and aligns with experimental observations.



Furthermore, the model estimates the number of detergent molecules incorporated into each

of the liposome populations.

vi



Table of Contents

1 Introduction

1.1

Relevance and Applicability . . . . . . ... .. ... ... .. . L.

1.2 Objectives and Organization of Chapters . . . . . . . .. .. ... ... ...

2 Literature Review

2.1

Photosystem I . . . . . . . . .. o o

2.2 Biological Membranes and Protein Reconstitution . . . . . .. .. ... ...

3.1

Preparation of Functional PSI with a Sortase Ligation Tag

Introduction . . . . . . ..

3.2 Materials and Methods . . . . . . . . .

3.3

3.2.1
3.2.2
3.2.3
3.2.4
3.2.5

Purification of Modified PSI from Synechocystis sp. PCC 6803 . . . .
Sortase I Purification and Ligation . . . .. ... ... ... .....
Protein Denaturing Electrophoresis . . . . . . . ... ... .. .. ..
Structural Characterization of PST . . . . .. .. ... ... ... ..

Laser Flash Photolysis . . . . . .. ... .. ... ... ........

Results and Discussion . . . . . . . . . .

3.3.1
3.3.2
3.3.3
3.3.4

Protein Subunits and LPETG-tag Accessibility . . . . ... ... ..
Absorbance and Scattering Characterization of PSI . . . . . . .. ..

Secondary Structure of PST . . . . . .. .00
Re-reduction Potential of LPETG-PsaE PSI . . . ... ... ... ..

3.4 Conclusions . . . . . . . .

vil



4 Effects of Lipid Shape on Detergent Solubilization in Mixed-Lipid Lipo-

somes 54
4.1 Introduction . . . . . . . .. L 56
4.2 Materials and Methods . . . . . . . . ... Lo o oL 58
4.2.1 Materials . . . . ..o 58
4.2.2 Liposome Preparation . . . . .. .. ... ... ... L. 60
4.2.3 Differential Scanning Calorimetry . . . . . . . . ... ... ... ... 60
4.2.4 Absorbance Spectrophotometry . . . . . ... ... ... .. ... .. 61
4.2.5 Dynamic Light Scattering . . . . .. .. ... ... ... ....... 62
4.2.6 Isothermal Titration Calorimetry . . . . ... .. ... ... ..... 63
4.3 Results and Discussion . . . . . . . ... L oL 64
4.3.1 Phase Transitions of Lipids and Lipid-Mixtures . . . .. .. ... .. 64
4.3.2 Turbidity Evidence of Mixed-Lipid Liposome Disruption by TX . .. 66
4.3.3 Size Distribution of Mixed-Lipid Liposomes and Mixed-Micelles . . . 68
4.3.4 Calorimetry Evidence of Mixed-Lipid Liposome Disruption by TX . . 71

4.3.5 Triton X-100 Association with ePA as a Function of pH and Charge . 74
4.3.6  Size Distribution of ePA Liposomes and Mixed-Micelles with Varying

4.4 Conclusions . . . . . . . 78

5 Prediction Model for Saturation of Bimodal Liposome Systems and

Detergent Binding Events 86
5.1 Imtroduction . . . . . . .. Lo 88
5.2 Materials and Methods . . . . . . . ... o oo 89
5.2.1 Materials . . . . .. 89
5.2.2 Liposome Preparation . . . .. ... .. ... ... .......... 89
5.2.3 Differential Scanning Calorimetry . . . . . . .. ... ... ... ... 90
5.2.4 Absorbance Spectrophotometry . . . . .. ... .. .. ... ..... 91
5.2.5 Dynamic Light Scattering . . . . ... ... . ... .. ... ... 91
5.3 Results and Discussion . . . . . . . .. .. Lo Lo 92

viii



5.3.1 Differential Scanning Calorimetry . . . . . . .. ... ... ... ... 92
5.3.2 Spectrophotometry Demonstrating Association of TX with a Mixed
Liposome Solution . . . . . . ... . ... .. ... . ... ... 93

5.3.3 Dynamic Light Scattering Demonstrating Association of TX with a

Mixed Liposome Solution . . . . .. ... ... ... .. ....... 95
5.4 Equilibrium Model . . . . . . . .. o 99
5.5 Equilibrium Model Results and Discussion . . . . ... ... ... ...... 104

5.5.1 Solve for Relationship of Absorbance and TX Sites at [Dj}] at Best n

and o Fits . . . . .. e 104

5.6 Conclusions . . . . . . . . . . e 107

6 Summary and Future Work 113
Vita 115

X



List of Tables

4.1

4.2

5.1
5.2

5.3

Average diameter of ePC:ePA mixed-lipid liposomes and mixed-micelles made
with TX in Stage IIL. . . . . . . . .. .o o o o
Average diameter of ePA liposomes and mixed-micelles in Stage III at pH 6,

Toand 8. L L e

Diameter of mixed ePC and ePA liposomes . . . . . . .. .. .. ... ....
Variables used in solving equilibrium model for total detergent concentration
at saturation . . . . ... Lo Lo

r? fit to experimental values for equilibrium model at select n and o . . . . .



List of Figures

2.1
2.2
2.3
24
2.5
2.6
2.7
2.8
2.9
2.10

2.11
2.12

2.13

2.14

2.15

3.1

Photosynthetic electron transport chain in the thylakoid membrane. . . . . .
Depiction of Photosystem I subunits. . . . . . . ... ... ... .......
Photosystem I electron transport pathway. . . . . . ... ... ... ... ..
Plant Photosystem I with chlorophyll pigments. . . . . .. .. .. ... ...
Electrochemical potential gain in PSI upon photo-reduction. . . . .. . . ..
Depiction of detergent molecule,micelle, lipid molecule, and a lipid bilayer.

All-atom molecular dynamics simulation of PSI trimer in DDM detergent.

Formation of liposomes from dried lipid films in buffer. . . . . . . ... ...
Stages of detergent solubilization of liposomes. . . . . . .. .. .. ... ...
Turbidity observed as the detergent-lipid ratios increase and structural
changes occur in the liposome. . . . . . . . . ..o Lo o L
Reconstitution of lactose trasnport protein into vesicles. . . . . . . .. . . ..
Photo-reduction of PSI in liposomes measured by the concentration of
phenyldicarborane anion. . . . . . . . . ... Lo Lo
Photo-reduction of PSI in liposomes measured by fluorescence change in 9-
aminoacridine dye. . . . . . . ... L
Comparison of PSI reconstution procedures and detergent use on photoactiv-
Y. e e e e
PSI-vesicles showing light induced proton concentration changes for a compu-

tational model and experimental data. . . . . ... ... ... .. ......

Schematic of a sortase catalyzed ligation to bing LPETG-PsaE PSI to a GGG-

peptide sequence. . . . . . . . L e

x1

35



3.2
3.3
3.4
3.5

3.6
3.7

3.8
3.9

3.10
3.11

3.12

4.1

4.2

4.3

4.4

4.5

4.6

Schematic of laser-flash photolysis set-up. . . . . . . .. ... ... ... ...
Denaturing gel of purified PSI protein subunits. . . . . .. ... ... . ...
Denaturing gel of LPETG-PsaE of PSI ligated to GGG-GFP.. . . . . .. ..
Room temperature absorbance spectrum of purified LPETG-PsaE PSI and
WT PSILin 0.04% DDM. . . . . . . . . e
Size distribution of purified LPETG-PsaE PSI with 0.04% DDM. . . .. ..
Low temperature fluorescence spectra of LPETG-PsaE PSI and WT PSI in
0.04% DDM. . . . . e
Circular dichroism spectra of LEPTG-PsaE PSI in 0.04% DDM . . . . . ..
Ramachandran secondary structure analysis of published PSI structure from
the protein database . . . . . . . . ... ...
Chemical reaction for the light induced reduction and oxidation of PSI

Laser flash photolysis of LPETG-PsaE PSI at varying donor (DCPIP)

concentrations to observe the oxidation state of P700. . . . . . . . . . . . ..

Dependence in the observed rate constants of PSI with DCPIP concentration.

(Fatty acid distribution, chemical and shape structures, and ionization
potential of egg phosphatidylcholine (PC) and egg phosphatidic acid (PA).

Demonstration of morphological changes in detergent solubilization of lipo-
somes observed throughout turbidity measurements with absorbance spec-
trophotometry. . . . . ...
Lipid phase transitions determined using differential scanning calorimetry of
PC MLVs, PA MLVs, and 1:1 16:0PC-16:0PA mixed-lipid MLVs. . . . . . ..
Turbidity changes in mixed-lipid ePC:ePA liposomes at 100:0,75:25, 50:50,
25:75, and 0:100 induced by TX detergent addition and measured using
absorbance spectrometry at 400nm. . . . . . . .. ... ...
D:L ratio at saturation and solubilization for mixed ePC and ePA lipid
liposomes. . . . . . . . e

Particle size distribution measured using dynamic light scattering of mixed-

lipid liposome samples as extruded liposomes and mixed-micelles in Stage III.

xil

43
44

45
45

46
48

49
49

99

63

65

67

68

70



4.7

4.8

4.9
4.10

4.11

5.1
5.2
5.3
5.4
5.6

5.7
5.8
5.9

[sothermal titration calorimetry for solubilization of preformed liposomes with
step-wise titrations of TX. Liposomes made with 100:0, 75:25, and 0:100
ePC:ePA. . . o 73
Turbidity changes in ePA liposomes at pH 6, pH 7, and pH 8, and ePC
liposomes induced by detergent addition and measured using absorbance
spectrometry at 400nm. . . . . . ... Lo 75
D:L ratio at saturation and solubilization of ePA liposomes at pH 6, 7 and 8. 76
Particle size distribution of ePA liposomes and mixed-micelles in Stage III at
pHO6, Tand 8. . . . . . . . o 7
Ilustration of the influence of lipid shape in the outer liposomes leaflet on TX

incorporation. . . . . . ... L. L e 80

Demonstration of morphological changes in detergent solubilization of liposomes 89

Lipid bilayer transitions using DSC . . . . . . . .. ... 0oL 94
Turbidity changes in mixed solutions . . . . . .. ... .. ... ....... 96
TX concentration at liposome saturation, Dg, of mixture . . . . . .. . . .. 96

Graphical explanation of the relationship between total detergent and bound

detergent at saturation for samples of pure A-type and pure B-type liposomes. 101

TX saturation of mixed liposomes at 0:1 to 1:0 mole fraction ePC:ePA . . . 105
TX saturation of mixed liposomes at 0:1 to 1:0 mole fraction ePC:ePA . . . 106
XYZ plot and coefficient of determination for model . . . . . . . . ... ... 108

xiil



Chapter 1

Introduction

The overarching goal of this research was to create a liposome system that enables
insertion of the photosynthetic protein Photosystem I in a native-like membrane. Renewable
energy is a topic of much interest as fossil fuel demands continue to rise above projected
production capacity [4], and concern about greenhouse gas emissions also continues to grow.
In this arena, biologically derived hydrogen production systems utilizing photosynthetic
plants and microorganisms have gained attention. Plant-based materials would provide a
nearly unlimited resource alternative to present technology, which uses expensive, inorganic,
and rare materials. Part of the photosynthesis pathway is Photosystem I (PSI), which
is a protein that absorbs solar energy and converts it into reducing power for forming
carbohydrates from CO,. This protein is an ideal candidate for providing a reductant
for forming molecular hydrogen from protons owing to a quantum efficiency nearing unity
(99.95%) and approximately a 1 V potential [1]. This protein has been used to create
renewable energy devices that produce electricity and hydrogen fuel. However, the overall
efficiency in these devices is at least two orders of magnitude lower than traditional

photovoltaic materials [2].



1.1 Relevance and Applicability

Life on earth is made possible by energy from the sun. This energy is captured by
organisms which readily convert it into chemical energy by a process known as photosynthe-
sis. Photosynthesis is performed across a membrane allowing for the maintenance of proton
gradients, required for energy storage in ATP. The majority of photosynthesis is oxygenic,
occurring in plants, green algae, and cyanobacteria, during which carbon dioxide is absorbed
from the atmosphere, energy is stored as carbohydrates, and oxygen is released in the process
of aerobic respiration.

In addition to providing the energy for life, photosynthetic organisms also provide the
energy that spurred the industrial revolution, as well as the majority of the fuel for modern
society. Coal, petroleum, and natural gas are made from energy from the sun that was
converted, compressed, and stored in organisms thousands of years ago. These sources
have high concentrations of carbon that make them efficient sources of energy to drive our
demands. Unfortunately, fossil fuel is most often burned to harness the energy, and in the
process, many harmful gases are released into the atmosphere and water sources. Due to
these environmental concerns, alternative sources of energy are currently being researched.
Biofuel is one option currently in use as a source of alternative energy. Similarly to fossil
fuel, the energy in biofuels also comes from the sun through photosynthesis, as it is derived
from biological materials.

Other types of alternative energy have also made use of energy from the sun. The first of
these is a solar water heater, which uses solar thermal energy to heat water. An extremely
common collector of solar energy in many parts of the world, China for example, is the
photovoltaic cell, which collects energy using the photovoltaic effect properties inherent in
semi-conductors. Absorption of solar energy causes excitation of electrons within the solar
cell, thereby energizing the electrons to travel freely as electrical energy. Many of these
devices have an internal quantum efficiency in the 80" and 90" percentile, meaning that 80 to
90 charge carriers are collected for every 100 photons absorbed by the cell. However, problems

with these types of energy collection devices often include health and safety concerns, along



with their price and durability. These problems make Photosystem I an attractive option
for biophotovoltaics, along with the fact that PSI has a high internal quantum efficiency [3].

The aim of this work with PSI is to increase the in vitro photo-efficiency of the protein in
a photovoltaic device by developing the groundwork for insertion of membrane proteins into
synthetic lipid bilayers, called liposomes, through detergent mediated solubilization. PSI is
located within the thylakoid membrane, which is composed of a mixture of lipid types and
fatty acids. The majority of research performed on detergent solubilization has focused on
single lipid liposomes. This dissertation aims to close the gap between single lipid liposomes

solubilizations and liposomes that more closely mimic the thylakoid membrane.

1.2 Objectives and Organization of Chapters

The objectives were to develop a framework for a native-like synthetic membrane for PSI.
These gaps have been filled here by the solubilization of naturally derived lipid liposomes and
by establishing the activity and functionalization of a mutant PSI. In Chapter 2, the literature
on photosynthesis and photosynthetic devices, as well as the state of research in the formation
of functionalized membranes, including liposomes is described. In Chapter 3, the structure
and functionalization of mutant PSI are compared with that of wild type PSI. In Chapter 4,
mixed-lipid liposomes are utilized to develop a model for understanding detergent association
with membranes dependent on lipid shape. In Chapter 5, an equilibrium mode is derived
for detergent association with multiple populations of liposomes. Lastly, in Chapter 6, the

overarching conclusions are summarized and future directions for this work are presented.
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Chapter 2

Literature Review

2.1 Photosystem I

Photosynthesis is the process by which plants and cyanobacteria convert sunlight and
water into energy to promote growth and subsistence. This process occurs in the thylakoid
membrane as a highly efficient photosynthetic reaction system that works in two stages, each
of which occurs in a large protein complex. This is observed in Figure 2.1.

In the first stage, within Photosystem II (PSII), electrons are harvested from water
molecules, and in the second stage, within Photosystem I (PSI), the electrons are energized
to allow for energy storage. PSII and PSI are housed in the thylakoid membrane, which
has an acidic aqueous environment on the inside called the lumen, and a neutral aqueous
environment on the outside called the stroma. The stroma also houses proteins responsible
for carbohydrate production. Both protein complexes contain hundreds of light-absorbing
pigment molecules that transfer photons as resonance and vibrational energy to a reaction
center to be used. In PSII, photons are absorbed and funneled to a manganese center in
the lumen, which acts as an oxygen-evolving complex and catalyzes the division of water
into protons and oxygen, O,. Electrons are released into an electron transport chain in PSII
(see Figure 2.1). These electrons are passed through a series of electron acceptors in PSII
until it reaches plastoquinone (PQ), where it assists in creating a proton gradient by binding
protons to PQ and moving them from the stroma to the lumen. P(Q migrates through

the membrane to the cytochrome bgf complex, where it releases protons and electrons.
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Figure 2.1: Photosynthetic electron transport chain in the thylakoid membrane.
(Reproduced with permission from Le [41].)

The electrons are then shuttled through the cytochrome bgf complex to a soluble electron
carrier, like cytochrome, which diffuses through the lumen to PSI. Photons absorbed by
light-harvesting complexes in association with PSI are transported to the reaction center
and induce charge separation, passing an electron through a transport chain to the stroma,
where it can be converted into chemical energy. The P700 reaction center is re-reduced by
cytochrome or other donors present. In the stroma, ferrodoxin (Fd) is present to accept
the electron from PSI and transport it to Fd-NADP oxidoreductase where it is used in the
reduction of nicotinamide adenine dinucleotide phosphate (NADP+) to nicotinamide adenine
dinucleotide phosphate-oxidase (NADPH). An alternative to the ferrodoxin pathways occurs
in the presence of hydrogenase enzymes, which utilize the electrons to reduce protons and
form molecular hydrogen. In addition to the electron pathway, photosynthesis also assists
in the creation of another energy storage molecule, adenosine triphosphate (ATP). ATP
production is driven by the electrochemical proton gradient across the thylakoid membrane,
which powers the ATP synthase enzyme complex in the binding of inorganic phosphate (Pi)
with adenosine diphosphate (ADP). NADPH and ATP can then be used as reducing agents
in the Calvin Cycle to upgrade the energy to the carbohydrate storage form [7].



The architecture of light-harvesting complexes and electron transport chain in PSI is
highly complex. In Thermosynechococcus elongatus (T. elongatus), each PSI monomer is
formed by 12 polypeptide subunits (see Figure 2.2). Much of the interwoven peptide structure
is highly conserved between photosynthetic organisms. It consists of 23 transmembrane a-
helices, and a three protein stromal hump [11]. Within this structure are 127 cofactors,
consisting of 2 phylloquinones, 3 iron-sulfur clusters, 22 carotenoids, 4 lipids, a calcium ion,
and 96 chlorophylls a’s — six of which are responsible for electron transfer, while the other
ninety act as photon antennas. In cyanobacteria, PSI monomers exist primarily in groups
of three joined homo-monomeric complexes weighing 1068 kilodaltons together [33]. In T.
elongatus, the clover-leaf-like PSI trimer has a diameter of 22 nm and a height of 10.5 nm
[25, 9]. Variations in PSI exist between photosynthetic species, as Synechocystis PCC 6803
only contains 11 polypeptide subunits, and in plants, PSI is present as a monomer with light
harvesting complexes (See Figure 2.2).

In all photosynthetic organisms, the electron transport chain in this protein complex
is centered about a heterodimer formed by integral membrane proteins, PsaA and PsaB
(see Figure 2.3). These proteins are made of 11 transmembrane helices each. At their
luminal juncture is a P700 reaction center, fashioned by a chlorophyll a epimer (Chla’) and
regular chlorophyll a (Chla), which causes charge separation when excited. Corresponding
chlorophyll a’s in position A are present to accept electrons and allow transfer to a subsequent
Chla at Ag. Following the electron’s path, phylloquinones QK-A and QK-B, are then utilized
as acceptors. Although the reduction pathway is present in both PsaA and PsaB, there is
evidence to demonstrate electrons only follow the one in the PsaA subunit. Kinetic studies
have shown the reaction rate in PsaA is much faster than in PsaB. The alternative pathway
is likely an artifact of early photosynthetic systems [72, 10]. After reduction of QK-A,
electrons are transferred to a shared [4Fe-4S] cube, named F, near the lumen and upper
PSI subunit, PsaC. PsaC houses two more iron-sulfur clusters, whose proximity allows the
transfer of redox potential to Fl4, then on to Fg based on proximity of the structures. The
upper PsaC subunit is a part of the stromal hump, also containing PsaD and PsaE subunits.
These three polypeptide subunits extend into the stroma and are responsible for creating an

electrostatic binding pocket for functional electron-accepting proteins, such as ferredoxin or
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Figure 2.3: PSI electron transport pathway. Upon illumination, P700 passes an electron
through 2 chlorophyll @ molecules (Ag, A1) in the PsaB subunit and three iron-sulfur clusters
(Fx, Fa, Fg), and externally to a low potential electron acceptor. P700 is re-reduced by a
high potential electron donor, such as DCPIP™.

flavodoxin. These proteins allow the release of reductants from PSI and re-reduction at the
active site [33, 72, 11, 20]. Other subunits that assist in PSI function are PsaF and Psal..
These polypeptides extend into the lumen and electrostatically bind PC to receive electrons
at the reaction center. Additionally, in cyanobacteria, Psal. functions to bind three PSI
monomers into a trimer by electrostatic interactions.

In addition to forming the reaction center, PsaA and PsaB play an important part in
binding and orienting most of the chlorophyll in Figure 2.4, and all of the carotenoid pigments
responsible for harvesting photons. Chlorophyll molecules can also be found in the proteins
which surround the core — PsaJ, PsaK, Psal., PsaM, and PsaX (if present). Each of these
small hydrophobic proteins binds 1-3 Chla’s as well. These chlorophyll molecules are efficient
absorbers of light at 430nm and 663nm. The beauty of the number of chlorophylls present
in close proximity is that, as photons are absorbed and Chla is excited to the first excited

singlet state, the energy is converted to vibrational and rotational excitation, which can be
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Figure 2.4: Ribbon structure of plant PSI with bound chlorophyll pigments., shown in
green. Depiction of PDB ID: 1JBO0. [8]

passed to neighboring Chla’s and funneled to the P700 reaction center for charge separation.
Additional resonance energy comes from carotenoids which assist in the collection of light
at wavelengths primarily between 400 and 500 nm’s [11]. This combination of light energy
absorption and energy transfer to the reaction center yields an exceptional midpoint potential
of -1.3V in the charge-separated state (see Figure 2.5) [20].

These remarkable electronic properties of PSI make it a good candidate for studies
utilizing light energy to generate photocurrents in a biological photovoltaic cell. Many studies
have made use of this by the attachment of reaction centers to substrates for the collection
of photo-electricity. These studies have looked at different methods to attach PSI to an
electrode and different electrodes compatibilities with PST [59, 51, 64, 47, 39, 38, 13, 3, 43,
26, 23]. The highest reported photocurrent in an artificial nano-device is 335 e~s 'PSI!
[38]. In vivo electron transport in PSI occurs at a rate of 47 e~s~'PSI™!, which is a seventh

of the rate of that device. Part of this efficiency gain in nano-devices is the avoidance of
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the diffusion limited step for association of electron donors with the PsaF dock of natural
photosynthesis.

Another option seeking to harness the photo-potential of PSI is the production of
hydrogen (H,), which is an energy carrier for a sustainable energy infrastructure. In wvivo
electrons are passed off to ferrodoxin; however, in the presence of hydrogenase enzymes, the
electron is used in the reduction of two protons to form molecular hydrogen. To make use of
this in wvitro, hydrogenase enzymes have been attached to the stromal hump of PSI, and H,
production has been observed [31, 39, 62, 46]. Alternatively, H* reduction reactions have
also been produced by attaching a metal catalyst (platinum) to PSI [32]. The ability to
produce electricity and hydrogen in vitro makes PSI a good candidate for future research in

renewable energy and photovoltaic nano-devices.

2.2 Biological Membranes and Protein Reconstitution

In the majority of research on PSI, the protein is not in an environment similar to its
native one. The lack of native lipids can have a detrimental effect on both the protein’s
stability [27] and its activity [71]. In wvivo, photosynthetic proteins are located in the
thylakoid membrane. The membrane effectively surrounds PSI by a lipid bilayer that
shields the protein’s hydrophobic regions from the cell’s aqueous environment and provides
lateral pressures to the protein complex, while simultaneously allowing the hydrophilic
top and bottom to interact with other proteins in the stroma and lumen. The thylakoid
membrane is composed of four different types of lipid molecules: phosphatidylglycerol
(PG), monoglactosyl diacylglycerol (MGDG), digalactosyl dicaylglycerol (DGDG), and
sulfoquinovosyl diacylglycerol (SQDG) [15, 48, 22]. SQDG and PG carry a negative charge,
while MGDG and DGDG remain neutral. The presence of PG and MGDG, in particular,
are important for holding PSI trimers together; without them, the N-terminus of Psal. has
a high degree of deviation, leading to instability of the trimeric complex [27]. The tight
binding of the lipids to the protein can be observed in crystalized PSI, which contains three

PG molecules and one MGDG molecule [33]. Furthermore, functional studies of PSI in the

12



presence of PG have demonstrated the lipids’ importance in stimulating electron transport
[71].

Usually membrane proteins are isolated from their beneficial native lipid bilayer to study.
This is most commonly performed with detergents, which surround the hydrophobic helices of
the protein and insert themselves into the interstitial space between the clover-leaf formation
of monomers [42]. Detergent molecules are conical in shape, as seen in Figure 2.6, with a
hydrophilic head group and a singular short fatty acid chain. In an aqueous solution, they
spontaneously group into micelles to avoid hydrophobic interactions with water. Micelles
are formed as the hydrophobic tails come together and are shielded from water by the head
groups (see Figure 2.6B). In general, micelles are spherical but do have a slight degree of
ellipticity depending on the size and shape of each particular detergent [52]. Due to the
natural formation of detergents, they make a toroidal belt around the hydrophobic portion
of proteins. This can be seen in the simulation of detergent (@) surrounding a PSI trimer (o)
in Figure 2.7. At high detergent concentrations, the electrostatic interactions between Psal,
subunits of cyanobacterial PSI trimers can cause the multimer to separate into monomers
[51]. It should be noted that a decrease in activity has not been seen in the disassembly of
PSI trimers in detergent [16, 4].

To better simulate in vivo environments for membrane proteins, other methods of protein
solubilization have been examined. These methods look at the effect of lipopeptide on PSI
structure and function [70, 18, 36]. However, these systems also form a toroidal belt-like
structure around PSI and fall short of replicating the macroscopic environment that lipid
membranes provide (Figure 2.7).

More native-like environments can be found in planar and spherical lipid bilayers. Lipid
molecules are cylindrical in shape and are composed of a large hydrophilic head group, which
may or may not be charged, as well as two hydrophobic fatty acid chains (see Figure 2.6C
and 2.6D). The number of carbon atoms and the degree of saturation, or rigidity, varies
amongst acyl chains. The properties of lipids affect interactions with one another and with
proteins as well. When lipid molecules are exposed to water, they spontaneously organize
to minimize water exposure. For the vast majority of lipids, this is a spherical bilayer and

is referred to as a liposome or vesicle. In addition to forming a membrane, liposomes are
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also able to better replicate the curvature and lateral pressures found in living cells than
micelles. Membrane curvature has an important role in charge distribution across many
membranes, including the thylakoid. There is an asymmetric distribution of charges, with
negatively charged lipids predominating in the inner leaflet. This lipid asymmetry, along
with curvature, affects membrane protein orientation such that the more electrostatically
positive end of the protein is facing the inner layer [17, 68]. The asymmetry found in vivo
is consistent with in vitro studies as well [55, 6]. Other factors that affect the stability and
activity of proteins within lipid bilayer are membrane thickness [2] and fluidity [28].

Formation of lipid bilayers in vitro is spontaneous. Figure 2.8 demonstrates two processes
by which vesicles can be formed. Lipids are dried from an organic solvent solution into a film.
As an aqueous buffer is added to the film, it dissolves the lipids, causing hydrophobic tails
of the cylindrical lipids to come together and form bilayer sheets. To reduce surface tension,
the sheets swell and bud off into vesicles, often containing smaller concentric bilayers within
them; these are called multilamellar vesicles. Freezing and thawing break the multilamellar
vesicles into unilamellar vesicles, which contain only one lipid bilayer. To control the size
and uniformity of liposomes, the solution can be extruded through filters with pores of the
desired final vesicle diameter, or the solution can be placed in a bath sonicator, which uses
ultrasonic waves to break the liposomes into small unilamellar vesicles [40]. However, the
effectiveness of these techniques is highly dependent on the type of lipid and the mixture of
lipids, as well as the pH and electrolyte concentration of the buffer with which the lipids are
hydrated [5]. Additionally, certain lipids must be heated above their transition temperature
from a gel to a fluid state for the tail groups to become mobile enough to realign into new
structures. Other lipids, such as dipalmitoylphosphatidylcholine (DPPC) require substantial
sonication to form stable liposomes; otherwise, it will precipitate [34]. Once liposomes are
formed, detergent can be added to weaken the interactions between lipid molecules. At
this point, detergent-solubilized proteins can be added, and protein will then self-insert into
the weakened membrane when detergent is removed. Common methods for the removal of
detergents include dialysis, gel chromatography, hydrophobic adsorption onto polystyrene
beads, and dilution [57].
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N

Figure 2.6: Depiction of (A) conical shape of a detergent which forms (B) micelle at high
enough concentrations in solutions, and the (C) cylindrical shape of a lipid which forms a
(D) lipid bilayer in water. Hydrophobic tails are gray, and hydrophilic head groups are blue
or green.

Figure 2.7: All-atom molecular dynamics simulation of PSI trimer (o) in DDM detergent
(@). (Reproduced with permission [27].)
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dry lipid film water swelling

Figure 2.8: Formation of liposomes from dried lipid films in the presence of an aqueous
buffer. (Figure adapted from [40].)
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Figure 2.9: Stages of solubilization of a liposome with detergent molecules (green). A)
Lipid (e and «) only liposome. B) Detergent (e) micelles and detergent integration into the
outer shell of liposomes. C) Equilibration of the inner and outer leaflet of liposomes, followed
by the budding of detergent and lipid mixed micelles.

The mechanism of detergent addition into liposomes has been well studied over the last
twenty years. The molar ratio of lipid to detergent plays an important role in both the
ability to reconstitute membrane proteins into liposomes as well as the ability to control
the directionality of proteins — a very important factor in observing the activity of any
protein. Adjustment of the lipid:detergent ratio affects the size of particles in solution;
therefore, spectroscopic techniques are commonly used to observe these changes [45, 63, 67].
Upon initial addition of detergent, liposomes swell relatively rapidly as detergent penetrates
the outer shell (Figure 2.9b); this is followed by equilibration between the inner and outer
leaflet as detergent molecules move from the outer lipid layer to the inner layer, or “flip-
flop.” Further detergent addition yields saturation of the bilayer and permeabilization of
the membrane, during which a maximum diameter is reached. As detergent concentration
increases, thread-like mixed micelles composed of detergent and lipid bud off of the shrinking
vesicle until the complete bilayer has dissipated (Figure 2.9¢) [45]. Reviews of detergent
solubilization in different lipid systems can be found in Lichtenberg et al. [45], Seddon et al.
[63], and Riguad and Levy [67].

UV-Vis spectrophotometry is used to examine the changes in turbidity. The Mie theory
describes the direct proportionality of absorbance to the size of particles in solution [12].
Figure 2.10 demonstrates an typical turbidity curve for liposome solubilization of large and

small unilamellar vesicles (LUV and SUV, respectively). It shows absorbance of particles
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as a function of increased detergent to lipid ratio. In Panel I, vesicles are saturated with
detergent, causing swelling and increased absorbance to the peak, Dg,;. Further addition of
detergent causes mixed detergent-lipid micelles to bud off of the liposome, and absorbance
to decrease (panel IT) until Dy, in which liposomes have completely dissolved into mixed
micelles and absorbance reaches a minimum (panel III). This method has been developed
and studied thoroughly by Rigaud and Goni [56, 65]. Their works have sought to optimize
the point of liposome solubilization for the best protein reconstitution, which has indicated
the best ratios of detergents to lipids for different systems.

Another optimization for morphology and size homogeneity in protein reconstitution
deals with the speed of detergent removal. Non-polar polystyrene beads have a high surface
area with a high adsorption affinity for small detergent molecules. The quantity of beads in
solution is proportional to the rate of detergent removal, thus lending to slow or fast removal,
which yields larger liposomes with asymmetric protein orientation or smaller liposomes with
symmetric protein orientation, respectively. Methods dictating ratios of lipids, detergents,
and hydrophobic resins are further described in J. Rigaud et al. [67].

By way of this prescribed liposome formation method, many membrane proteins have
been reconstituted in synthetic membranes. Amongst these proteins are the lactose transport
protein (LacS) of Streptococcus thermophilus, which was reconstituted into vesicles formed
by multiple freeze/thaw cycles and extrusions [35]. Reconstitution efficiency was examined
by Knot et. al. [35] for uniform directionality and protein activity using two separate
detergents, Triton X-100 and n-dodecyl beta-D-maltoside (DDM). Figure 2.11 demonstrates
the results from this study. In Figure 2.11A, a detergent solubilization curve was generated
by measuring absorbance (left y-axis) to monitor physical changes in the size of the liposomes
with increasing detergent concentration (x-axis). The solubilization curves for DDM and TX
followed the typical stages of saturation (Rsa;) and solubilization (Rg), which were described
above. LacS was reconstituted into liposomes at the increasing detergent concentrations, and
the protein activity was observed through lactose counter-flow measurements (right y-axis)
in Figure 2.11A. For LacS reconstitution using DDM, the highest counterflow activity was
observed at Rg,. Comparatively, for LacS reconstituted into liposomes using TX, similar

counterflow activity was observed at Rg, and Rg,. To better understand the physical
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Figure 2.10: Turbidity is measured as the detergent-lipid ratios increase and structural
changes occur in the liposome. (Reproduced with permission [44].)
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Figure 2.11: Reconstitution of lactose trasnport protein (LacS) into vesicles. A) Black
dots and line represent the absorption curve for increasing concentrations of DDM into
liposomes. The underlay bars indicate activity measurements for the counterflow of lactose
through the vesicle. The inset represents the absorption and activity using Triton X-100
for reconstitution. B) Cryo-TEM images of liposomes at points of no detergent (A), the
onset of solubilization (B, D), and partial solubilization (C,E) with DDM and Triton X-100.
(Reproduced with permission [35].)

structures before and after detergent addition, cryo-TEM images are given (Figure 2.11B).
In Figure 2.11B-A; there are well formed, fairly monodispersed vesicles. In Figure 2.11B-B
and Figure 2.11B-D, at the onset of solubilization with DDM and Triton X-100, respectively,
the liposomes have swollen; here, DDM has become slightly ovular. Continued DDM and
Triton X-100 addition yield no distinct shapes by partial solubilization (Figure 2.11B-C and
Figure 2.11B-D). At full solubilization, absolutely no distinguishable shapes are expected to
be seen.

Similarly, cytochrome-c oxidase (COX) from beef heart was reconstituted into soy-
bean sourced phosphatidylcholine vesicles — formed by sonication — using the detergent-
reconstitution method by Rubinson et al. Small-angle neutron scattering was performed on

the reconstituted protein. By analyzing the scattering curve of the protein shape, researchers
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were able to determine COX proteins are dimers forming in the membrane. This differs from
the crystal structure, which is monomeric. Additionally, biochemical assays confirm the
functionality of COX as a dimer [58].

Some other proteins which have been successfully reconstituted into liposomes are
an ATP-binding cassette (ABC) transporter, a truncated AgrC histidine kinase, a pro-
apoptotic Bax protein, and a G protein-coupled receptor [19, 69, 61, 49]. These studies
have demonstrated proof of incorporation of proteins into liposomes and the activity of the
proteins as well.

Additionally, Photosystems I and II have been reconstituted into liposomes, which is of
great importance in research regarding bio-photovoltaics in membranes [37, 53, 30, 14, 54].
The ability to create a transmembrane electric field with a photosystem was first postulated
in 1966 by P. Mitchell [50]. PSI from pea chloroplast, along with bacteriorhodopsin and
bacteriochlorophyll from Rhodospirillum rubrum was first reconstituted into liposomes in
1976 by Barsky et al. [37]. The method involved hydration of soybean phospholipids
and detergent, followed by sonication, the addition of solubilized proteins, then further
sonication. Dialysis was performed to drastically reduce the detergent concentration.
The proteolipososomes were pelleted by centrifugation and resuspended. The resulting
proteoliposomes were assayed for protein activity by a change in concentration of the
phenyldicarborane anion (PCB~). In PSI systems, a PCB~ reduction reaction can only
occur in the presence of substrates which can bind and donate to PSI. In Figure 2.12, this
occurs only when phenazinemethosulfate (PMS) is present to accept the reductant and react
with PSI for charge separation under light conditions. This reaction is maximized after
the addition of ascorbate, which acts a donor and enables repeated charge separation by
accepting electrons passed across the membrane by PSI.

Subsequent works in the field were performed by Orlich and Hauska in 1980 [53],
who successfully reconstituted spinach PSI and demonstrated the activity by measuring
oxygen uptake rate and fluorescence of 9-aminoacridine (9AA), a dye which fluoresces in
the reduced state. Figure 2.13 shows a decrease in dye fluorescence with PSI activity in
the presence of PMS and ascorbate. They also found that valinomycin increased activity

by assisting in H* transport out of the vesicle, while photo-phosphorylation uncoupler

21



n on
o L P
% oft
% 42
5 !
381 1

ot

Figure 2.12: PCB™ uptake by PSI in liposomes, without PMS, with PMS, and with PMS
and ascorbate under light conditions (on). (Reproduced with permission [37].)

decreased it. Additionally, in this work, PSI and ATP-ase were co-reconstituted for photo-
phosphorylation, and ATP formation was measured [53].

Other investigators have shown that proteoliposomes can reunite separately solubilized
spinach light-harvesting complexes with the P700 reaction center, thus increasing the rate
of photo-oxidation [29]. Additionally, permeable and impermeable electron acceptors and
donors have been used to show that 90% of PSI reaction centers in vesicles are oriented with
their stromal hump outside of the membrane [60].

Cladera et al. added to this body of work by comparing the efficiency of Triton X-100
and octylglucoside (OG) detergents in reconstituting PSI into extruded liposomes of 9:1
(mol/mol) egg phosphatidylchline and egg phosphatic acid. In Figure 2.14, fluorescence
reduction of 9AA is measured with proteoliposomes formed with each detergent at the onset
of, partial, and full solubilization of liposomes, as discussed previously. The most efficient
proteoliposome formation was partial solubilization with OG. Furthermore, homogeneous
PSI directionality was observed in this work [14].

The most recently published work involving PSI in a membrane has used a computational
modeling approach to quantitatively describe light-induced proton gradient across a PSI-
proteoliposome membrane. This was verified experimentally by following a similar method
as described previously [54]. Figure 2.15 shows the alignment of experimental and model

data for photo-reduction of PSI in the presence of PMS, ascorbate, and 9AA.
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Figure 2.13: (A)Reaction chemistry of PSI in a liposome in which PMS is reduced
by 9AA (labeled AH) leading to a fluorescence reduction. PMS photo-reduces PSI,
forming a proton gradient (Reproduced with persmission[14]. (B) A decrease in 9AA dye
fluorescence percentage occurs when PSI proteoliposomes are reduced in the presence of
PMS and ascorbate, and CF30Ph,C(CN),, or valinomycin as indicated. (Reproduced with

permission [53].)
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Figure 2.14: There is a decrease in 9AA fluorescence for PSI proteoliposomes formed by
(A) Triton X-100 and (B) OG. Curves 1, 2, and 3 correspond to the onset of solubilization,
half solubilization, and total solubilization, respectively. (Reproduced with permission [14].)
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Figure 2.15: PSl-vesicles showing light induced proton concentration changes for a
computational model (open squares) and experimental data (black line). The open section
of the upper bar indicates illumination. (Reproduced with permission [54].)
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Chapter 3

Preparation of Functional PSI with a
Sortase Ligation Tag

32



Abstract

Photosystem I (PSI) is of interest in a variety of renewable energy applications. One such
is conjugating PSI to hydrogenase for hydrogen production across a synthetic membrane.
The conjugation utilizes a mutant PSI with a C-terminus peptide sequence of LPETG on the
stromal subunit, PsaE from Synechocystis PCC 6803. Here, sortase A ligates the LPETG
tag on PSI to a triglycine (GGG) peptide sequence on GFP, which is used as a surrogate
to hydrogenase in order to demonstrate the presence and accessibility of the LPETG tag
on PSI. The rate of re-reduction of PSI with the sortase ligation tag has been measured
using laser flash photolysis in the presence of common redox mediators. Furthermore, a
structural characterization of the mutant and wild type PSI was performed to verify that
the point mutation and purification procedure maintained the structural integrity of the

protein complex.
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3.1 Introduction

Renewable sources of electrical and chemical energy are necessary for continued industrial
and cultural growth. Fortunately, nature has provided a robust protein, called PSI, that
captures light energy and stores it in chemical bonds at a quantum efficiency nearing unity
[18]. PSIis part of the photosynthesis system in plants and algae. The protein has been used
with success to catalyze light conversion by many researchers in a variety of systems [15, 3,
13, 10, 6, 21]. In one such system, a peripheral subunit of PSI, PsaE, has been tagged with
a peptide sequence of LPETG on the C-terminus [12]. The modification enables covalent
biding to a glycine tagged unit. Le et al. developed this mutant and used it to successfully
orient PSI trimers onto a gold electrode, thereby uniformly directing light driven current
flow [12]. Use of the LPETG-peptide sequence on PSI in liposomes has been proposed for
the direct production of hydrogen across the membrane by attachment of a hydrogenase
enzyme to the PsaE subunit. In this work, the successful conjugation of GGG-tagged green
fluorescent protein (GFP) to LPETG-PsaE PSI has been demonstrated. Readily available
GGG-GFP was used as a surrogate to a GGG-hydrogenase protein. In performing this
ligation, it was demonstrated that soluble protein-protein ligation is possible with mutant
PSI. The kinetics of re-reduction of the PSI mutant were also measured by using laser flash
photolysis at increasing concentrations of the sacrificial donor. In this chapter, the structural
integrity of mutant PSI has been characterized and compared with either published or found
results of wild type PSI. Circular dichroism saw similar purified protein folding between
the mutant and the protein database structure. Additionally, spectroscopy showed similar
chlorophyll and protein absorption and fluorescent peaks for the mutant protein. These
experiments show that mutant PSI maintains structural integrity and is can be conjugated

with another soluble protein.
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Figure 3.1: Schematic demonstrating the ligation mechanism of PSI modified with an
LPXTG termini to a glycine decorated gold surface using sortase A enzyme. Figure adapted
from Le et al. [12]
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3.2 Materials and Methods

3.2.1 Purification of Modified PSI from Synechocystis sp. PCC
6803

Model cyanobacterium Synechocystis sp. PCC 6803 (ATCC: 27184) by Le et. al with
PSI carrying a modified LPETG-6xHis peptide sequence on the c-terminus of the PsaE
subunit was grown in a selective 50 pg/mL kanamycin BG-11 media [12] . Growth was
performed in a New Brunswick BioFlow3000 bioreactor (Eppendorf, Inc.) at 30°C under
350 rpm impeller agitation, a 150 mL/min airflow rate, and 25 puE/m?/s illumination with
fluorescent lights. Cells were harvested, pelleted, and frozen at -80 °C prior to PSI extraction.
PSI was extracted from the mutant psaE 6803 strain following modified protocols [12, 9, 11].
10 g of frozen cells were resuspended by vortex mixing in buffer A (50 mM MES-NaOH,
pH 6.0; 10 mM MgCly; 5 mM CaCly; 25% v/v glycerol) to a final chlorophyll a (Chla)
concentration at 1 mg/mL.

Chla was determined by methanol extraction by mixing resuspended cells with 90 %
methanol in a 1:10 dilution. The cell-methanol mixture was incubated for 2 min in a 60°C
water bath, then microcentrifuged at 21,000 xg for 1 min. The supernatant was carefully
transferred to a 1 mL quartz cuvette, and the absorbance was measured at 665 nm with a
UV-Vis spectrophotometer. The concentration in ug/mL of (Chla) was determined to be
13.9 times Absggs using an extinction coefficient at 72 mg/L in methanol [8].

Cells were incubated on ice with HALT protease inhibitor cocktail designed for his-tagged
proteins (Thermo Scientific) at 100 pL. HALT per 10 mL cell suspension for 1 hour. A French
press was used to lyse cells in three cycles at 25,000 psi. The cell lysate was collected on
ice and centrifuged at 19,000 xg for 30 min at 4°C. The cell lysate pellet was retained and
resuspended in buffer A and 1% (w/v) n-dodecyl-/5-D-maltoside (DDM) on a platform rocker
for 30 min at 4°C. The solubilized membrane fraction was centrifuged at 15,000 xg for 30
min. The supernatant was equilibrated with buffer A, pH 7.8, 0.04 % (w/v) DDM, 5 mM
histidine, and a HisPur Cobalt (Thermo Scientific) column was prepared by equilibrating

with buffer A, pH 7.8, 0.04 % (w/v) DDM, 5 mM histidine.
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The equilibrated supernatant containing solubilized membrane proteins and his-tagged
PSI was applied at 5 mL of resin bed per 20 mL of supernatant. The flow-through was
reapplied, then the column was washed with nine bed volumes until UV-vis measurements
at 280 nm reached a baseline. The protein was eluted from the column using buffer A, pH
7.8, 0.04% (w/v) DDM, 100 mM histidine. The elution fractions were pooled and dialyzed
with 6-8000 MWCO Spectra/Por dialysis membrane tubing (Spectrum Laboratories, Inc.)
in 2 L buffer A with 0.04 % (w/v) DDM with gentle stirring for 2 h, twice, and overnight at
4°C.

3.2.2 Sortase I Purification and Ligation

The enzyme Sortase A with a 6xHis tag was expressed and purified as described by Levery
et al. [14]. BL21 DE3 E. coli cells were transformed with the pHTT27 vector (gift from Dr.
Olaf Scheewing at the University of Chicago to Dr. Eric Boder) and expressed with 1 mM
isopropyl-3-D-1- thiogalactopyranoside (IPTG) for 4 hours after reaching an ODgy. Cells
were pelleted and frozen overnight at -20°C, then B-per reagent from Thermo Scientific was
used to isolate the soluble protein fraction. Sortase was purified from the lysate using His-
Pur”™ resin from Thermo Scientific’™. A buffer exchange was performed with the protein
fractions into 50 mM Tris, 150 mM NaCl, pH 8 using Spectra/Por 6-8 kDa molecular weight
cutoff, 40 mm width dialysis tubing (SpectrumLabs, part no. 132660), replacing the buffer
twice after two hours, followed by overnight dialysis.

Sortase enzyme was used to ligate GFP with a GGG peptide sequence on the N-terminus
(GGG-GFP) (a gift from Dr. Eric Boder’s lab) to a GFP with an LPETG peptide sequence
on the C-terminus (LPETG-GFP) (also a gift from Dr. Eric Boder’s lab) or PSI with an
LPETG peptide sequence on the C-terminus of the PsaE subunit (LPETG-PsaE PSI) as
described by Levary et al. [14]. The reaction occurred by mixing equimolar ratios of each
peptide sequence, i.e., 3 uM GGG-GFP and 1 uM LPETG-tagged PsaE in trimeric PSI, with
1.2 to 14.4 uM sortase, 60 mM CaCl; in tris-buffered saline (50 mM Tris-Cl, pH 7.6;150 mM

NaCl). The reaction mixture was incubated 4 hours at 42°C on an orbitor.
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3.2.3 Protein Denaturing Electrophoresis

PSI trimers in 0.04 % DDM buffer were mixed at a 1-to-1 ratio with loading buffer
(100 mM Tris pH 6.8, 15 % glycerol, 5 %S-mercaptoethanol, 2 % sodium dodecyl sulfate, dot
Orange-G). Prepared samples were vortexed and placed into a heating block at 42°C for 30
min. Prior to loading, samples were centrifuged at 1000 x g for 1 min. A 4-12% Bis-Tris
SDS-PAGE electrophoresis gel was prepared according to package protocol with 1X MES
running buffer in the inner and outer chambers. 10 uL. of prepared sample was loaded into
each lane well. Additionally, 6 uL. protein standard marker was used. Electrophoresis was
run at 200V for 45 minutes. A quick Coomassie staining protocol was used. The stain was
prepared as 0.1 % Coomassie R-250, 10 % acetic acid, 40 % methanol. The destain solution
was prepared as 20 % methanol, 10 % acetic acid. After electrophoresis, the gel was removed
from the cassette and covered with stain. It was microwaved for 40 s and cooled for 5 min on
an orbitor at 4°C. The gel was rinsed, then covered with a destain solution, microwaved for
40 s and cooled for 5 min on an orbitor at 4°C with a knotted Kimwipe®. The destain solution
was discarded, refreshed, and allowed to sit 3-4 hour until there was a clear background, also

in the presence of a Kimwipe®.

3.2.4 Structural Characterization of PSI

To confirm growth and purification of LPETG-PsaE PSI maintained the structural
integrity similar to that of WT PSI also from Synechocystis sp. PCC 6803 absorbance
spectroscopy, dynamic light scattering, cryo-fluoremetry, and circular dichroism were
performed on both PSI samples. WT PSI was obtained from lab stocks. The absorbance
spectrum of LPETG-PsaE PSI and WT PSI purification products were recorded using
a Thermo-Scientific NanoDrop 2000C spectrophotometer at room temperature. The size
distribution of LPETG-PsaE PSI and W'T PSI purification products were recorded using
a Wyatt Technology DynaPro NanoStar fixed angle dynamic light scattering instrument at
20°C. The data was fit with the standard isotropic sphere model at optimal resolution.

Steady-state fluorescence emission spectra of purified PSI at 77K were measured with

a Hitachi 850 fluorescence spectrophotometer (Hitachi, Japan). Protein was dark adapted
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to promote the reduced stated and diluted to 6 ug Chl/mL prior to spectra measurements.
Samples were frozen in a liquid nitrogen Dewar vessel and the emission spectra were recorded
from 650 to 800 nm with excitation at 440 nm.

The secondary structure of PSI was observed using an Aviv Circular Dichroism
spectrometer, Model 202. Spectra were collected at room temperature in a 1.00 mm quartz
cuvette, cleaned with methanol. Wavelengths 190-260 nm were recorded for 6 scans with a

1nm step every second. PSI samples were prepared in 10 mM potassium phosphate buffer,

pH 7.8, 0.04 % DDM.

3.2.5 Laser Flash Photolysis

PSI activity was measured on a custom-built pump-probe spectrometer similar to that
of Xu et al. [22] and depicted in Figure 3.2. The absorbance of PSI was measured by
using a laser at 830 nm, excited by an Nd:Yag laser fitted with a frequency doubler to
yield an excitation beam at 532 nm. At this wavelength, the change in absorbance was
measured before and after the excitation laser pulse. Samples were prepared with 0.2 uM
LPETG-PaE PSI, 50mM ascorbate (Asc), 50 mM methyl viologen (MV), and 2.9 - 8.6 mM
2,6-dichlorophenolindophenol (DCPIP) in 0.04% DDM. A single-turnover excitation in PSI
was triggered with a Spectra Physics Q-switched Nd:YAG laser with the frequency doubled
to 532nm to provide a saturating laser flash with a pulse width of 6-9ns. A probe beam
was emitted from a Newport 150 mW diode and filtered to 705nm, then split to pass
through the sample and to a reference detector. Neutral density filters limited the laser
power that reached the sample and reference detectors. Data sets were averaged 8-32 times
with 5s between each laser flash. Signals were detected with an OSI Optoelectronics PIN-
10D photodiode and were amplified using a Femto DHPCA-100 high speed variable gain
amplifier. Signals were digitized and recorded using a Tektronix 3012B oscilloscope and a

LabView program written in-house. Data sets were fit with a 1% order exponential model.
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Figure 3.2: Schematic of a custom-made laser-flash photolysis set-up.
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Figure 3.3: Protein subunits of (a) purified LPETG-PsaE PSI compared with (b) his-tagged
PsaF and PsaJ by Kubota et al. [11]. All PSI is from Synechocystis PCC 6803.

3.3 Results and Discussion

3.3.1 Protein Subunits and LPETG-tag Accessibility

Denaturing protein gels were used to verify the preparation procedure of functional PSI
mutant. Figure 3.3(a) shows LPETG-PsaE PSI purified using a histidine binding column,
as described in Section 3.2.1. Lanes 1 and 2 contain 0.3 M and 0.6 uM PSI in 0.04 %
(w/v) DDM. Two concentrations were used to observe any contaminant and lower molecular
weight subunits. Lane 3 is a molecular weight marker with the key written to the right.
The molecular weights of the bands are compared with Kubota et al. [11]. In both gels,
PsaA and PsaB are indicated by bands near 50 kDa, and the smaller subunits are primarily
distributed less than 24 kDa as labeled.

Figure 3.4 is a denaturing protein gel of mutant PSI demonstrating functional accessibility

of the LPETG peptide sequence on the PsakE subunit. A band at 40kDa in lanes 6, 7, and
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Figure 3.4: Denaturing protein gel demonstrating ligation of the LPETG-PsaE subunit of
PSI to GGG-GFP using the enzyme, sortase.

8 demonstrates that there was a ligation of 32kDa GGG-GFP and 8 kDa LPETG-Psak at
0.2, 0.6, and 1.2 enzyme: reactant (E:R), respectively. Lane 2 is a sortase catalyzed ligation
of LPETG-GFP to GGG-GFP. The ligation product is nearly double the weight (59kDa) of
the single GFP protein band at 30kDa. Sortase is observed at 24 kDa. Lanes 3, 4, 5, and
11 are the single proteins, sortase, GFP, mutant PSI, and wild-type (WT) PSI, respectively.
Lane 10 contains WT PSI with GGG-GFP and sortase. As would be expected, there is no
ligation product. This protein gel demonstrates the ability to successfully grow and purify

functionalized PSI and bind it with the corresponding peptide sequence.

3.3.2 Absorbance and Scattering Characterization of PSI

Figure 3.5 demonstrates room temperature absorbance spectrometry for purified LPETG-
PsaE PSI (—) and WT PSI (—) in 0.04 % DDM. The absorbance peaks for both samples
are at wavelengths of 440 nm and 680 nm with observed shoulders around 475 nm and 640 nm.

These are characteristic peaks for Chla and Chlb pigments in PSI [2]. These absorbance
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Figure 3.5: Room temperature absorbance spectrum of purified LPETG-PsaE PSI (—)
and WT PSI (—) in 0.04 % DDM.

peaks indicate that LPETG-PsaE PSI has been solubilized in detergent and has maintained
Chla and Chlb association with the protein subunits. Changes to the microenvironment
in PSI around either of these chlorophyll pigments would be indicated by changes in the
amplitude or wavelength of the absorption peak [23]. Disassociation is indicated by a shift
to a lower energy absorbance peak [24].

Figure 3.6 shows the size distribution of purified LPETG-PsaE PSI in 0.04 % DDM with
an average diameter of 35 nm. This aligns with the known diameter of trimeric PSI at 22 nm,
surrounded by peripheral detergent belt, around 6-7nm in each direction [7, 19]. It is also
similar to a study that found a diameter of 30nm and a height of 9nm for trimeric PSI
solubilized in DDM][16]. Additionally, the left bins in Figure 3.6 with an average diameter
of 13nm are detergent micelles, as identified identified in Mukherjee et al. [16].

Figure 3.7 demonstrates low temperature fluorescence of LPETG-PsaE PSI (—) and WT
PSI (—) in 0.04% DDM. Additionally, it shows that both purifications lack contamination
with PSII, which fluoresces at 695nm [20]. In both purification samples, the PSI complex
fluorescence peak is at 721 nm. However, there is an unexplained shift in the peak for

chlorophyll fluorescence, in which WT PSI fluoresces at 675 nm and mutant, LPETG-PsaE
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Figure 3.6: Size distribution of purified LPETG-PsaE PSI with 0.04 % DDM.

PSI fluoresces at 673nm. PSI complexes are known to undergo a 3-5nm blue shift in
the chlorophyll association and PSI complex regions when the protein is bound to in wvitro
membranes [17]. Additionally, there is an increase in fluorescence for chlorophyll association
after binding in a liposome [17]. A similar shift would be expected after incorporating PSI

into liposomes as well.

3.3.3 Secondary Structure of PSI

Figure 3.8 shows the recorded data from ultraviolet circular dichroism of LPETG-PsaE
PSI dilutions in order to observe mutant protein folding. a-helices span the membrane and
affect chlorophyll light absorbing pigments and the electron transport chain. The Ladokhin
et al. method was used to determine the % alpha of 0.3 uM (—), 0.03 uM (—), and
0.015 M PSI trimer (—) were -44.6, -46.8, and -46.9, respectively. This method uses the
mean residue ellipticity (6) at 222nm. In a membrane, the % helices have been observed
to increase and simultaneously, the % disorder was observed to decrease [17]. Additionally,
it possible to observed aggregation through a decrease in % helices and an increase in %

disorder.
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Figure 3.7: Low temperature fluorescence spectra of LPETG-PsaE PSI (—)and WT PSI
(—) in 0.04% DDM.
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Figure 3.8: Circular dichroism spectra of LEPTG-PsaE PSI in 0.04 % DDM at 0.3 uM
(—), 0.03 uM (—), and 0.015 M PSI trimer (—). The averaged secondary structures
are 46 % o helices, 18 % 3 sheets, and 36 % random coil.
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Figure 3.9: Analysis of the secondary structure of PDB 1JB0 using this method resulted
in 53 % « helix, 5% 3-1 helix, 16 % coil, 19% turn, and 6 % strand.

Measurements closely align with a STRIDE analysis of the secondary structure solved in
the protein database. STRIDE is an automatic algorithm which assigns proteins secondary
structure using atomic coordinates based on hydrogen bond energy and statistically derived
backbone torsion angle information [5]. With a Ramachandran plot, a helices are determined
based on the pattern of hydrogen bonds between backbone amide and carboxyl groups in a
string of covalently bound amino acids, which are defined by 3.6 residues per turn. Analysis
of the secondary structure of PDB ID: 1JBO0 [1] using this method resulted in 53 % « helix,
5% 3-1 helix, 16 % coil, 19 % turn, and 6 % strand. Therefore, mutant PSI was within an

expected range for the % « helices.

3.3.4 Re-reduction Potential of LPETG-PsaE PSI

Laser flash photolysis was used to observe the redox activity of LPETG-PsaE PSI. In
PSI, P700 is a special pair of chlorophyll pigments that are photoexcited by a laser flash

to an excited singlet state and is subsequently oxidized to P700" in the presence of an
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electron acceptor, such as methyl viologen (MV). Here, the kinetics of the P700 redox
state were observed by measuring changes in absorbance at 830nm. In the presence of
2,6-dichlorophenolindophenol (DCPIP), P700% is re-reduced to P700 after photo-oxidation.
This reaction is shown in Figure 3.10, in which ascorbate (Asc) is present to re-reduce
DCPIP. In Figure 3.11, P700 oxidation in LPETG-PsaE PSI was induced by laser is flash
at 50 us and the change in absorbance is observed at 830nm. The dependence of DCPIP
concentration on the rate of re-reduction is observed. In all cases, DCPIP was in excess.
A first order exponential describes that data and is shown with a gray dotted line. The
observed rate constant for each DCPIP concentration was then shown in Figure 3.12.

The kinetics which govern donor association and electron transfer to and from P700 are

described by a two-step mechanism [4] :

keq
DCPIP™ + PSI,, = [DCPIP™...PSL,] & DCPIP + PSl,, (3.1)

In the first step, there is an equilibrium reaction for association and dissociation of DCPIP
with the binding site on PSI. In the second step, there is an intra-protein electron transfer
within PSI. In this experiment, the DCPIP concentration for all measurement is 3 orders
of magnitude greater than the concentration of PSI, and the observed rate of re-reduction
linearly increases with DCPIP concentration, as seen in Figure 3.12. Thus the kinetics are

described by a pseudo-first order rate constant, k; by the following reaction:

DCPIP™ + PSI,, & DCPIP + PSL,.q (3.2)

In which the rate constant can be written as:

d[PST]
PST] ~ —ky[DCPIP]dt (3.3)

And redefined using k.s because the concentration of DCPIP does not significantly

change as it is significantly in excess of PSI.

—CZ[E)SSI? = —kopsdt (3-4)
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Figure 3.10: Chemical reaction for the light induced reduction and oxidation of PSI, in
which the sacrificial donor 2,6-Dichlorophenolindophenol (DCPIP) is re-reduced by ascorbate
(Asc), and methyl viologen (MV) accepts an electron from the stromal side of PSI

This can be written as

[PSI]
PSL e (3.5)

And the reaction rate, k;, for LPETG-PsaE PSI in 0.04 % DDM is 0.024 57!, and was
found by keps/[DCPIP] for the linear fit in Figure 3.12. This value provides a point of
comparison for PSI activity before insertion into a liposome. Previous research indicates

that the k; would be expected to increase in a lipid bilayer [24].

3.4 Conclusions

The ability to purify mutant PSI with an LPETG peptide sequence on the PsaE subunit
from Synechocystis PCC 6803 has been shown. The PSI protein complex had subunits with
expected molecular weights, and the LPETG-tag was accessible and bound to an enzyme

with the corresponding GGG peptide sequence using sortase enzyme. This was observed
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Figure 3.11: Laser flash photolysis of LPETG-PsaE PSI at varying donor (DCPIP)
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Figure 3.12: Dependence in the observed rate constants of PSI with DCPIP concentration.
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by an additive molecular weight shift when attached to GGG-GFP. Further analysis of
PSI structure and chlorophyll association was observed using absorbance and cryogenic
fluorescence which saw little change in the absorption peaks between WT and mutant PSI.
Secondary structure analysis with CD aligned closely with the predicted helices percentage
from the PDB structure. These analysis demonstrated that the mutant PSI maintained
the structural integrity and function of WT PSI, and the observations made here can be

compared with PSI after insertion into liposomes.
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This chapter is revised based on a paper to submitted by Samantha Clark, Matthias
M. L. Arras, Andy Sarles, and Paul Frymier. My primary contributions to the paper
include: (1) development of the problem into a work, (2) identification of the study areas
and objectives, (3) design and conducting of the experiments, (4) gathering and recording
measurements, (5) processing, analyzing and interpretation of experimental data, (6) pulling

reviewer contributions into a single papers, and (7) writing and editing.

Abstract

The effects of lipid charge and head group size on liposome partitioning by detergents are
an important consideration for applications such as liposomal drug delivery or proteoliposome
formation. Yet the solubilization of mixed-lipid liposomes - those containing multiple
types of lipids - by detergents has received insufficient attention. This study examines the
incorporation into and subsequent dissolution of mixed-lipid liposomes comprised of both
egg phosphatidylcholine (ePC) and egg phosphatidic acid (ePA) by the detergent Triton-
X100 (TX). Liposomes were prepared with mixtures of the two lipids, ePC and ePA, at
molar ratios from 0 to 1, then step-wise solubilized with TX. Changes in turbidity, size
distribution, and molar heat power at a constant temperature throughout the solubilization
process were assessed. The data suggest that the difference in lipid shapes (shape factors
= 0.74 and 1.4 [21, 12]) affects packing in membranes influences how much TX can be
incorporated before liposomes disruption. As such, liposomes containing the observed ratios
of ePA incorporated higher concentrations of TX before initiating dissolution into detergent
and lipid mixed-micelles. The cause was concluded to be increased mismatching in the bilayer
from the conical shape of ePA compared to the cylindrical shape of ePC. Additionally, the
degree to which ePA is approximated as conical versus cylindrical was modulated with pH.
It was confirmed that less conical ePA behaved more similarly to ePC than more conical
ePA. The understanding gained here on lipid shape in liposome incorporation of TX enables

research to use in vitro liposomes that more closely mimic native membranes.

%)



4.1 Introduction

Previous work utilizes the membrane protein Photosystem I (PSI) [11, 17, 10, 24,
23] found in plants, algae, and photosynthetic bacteria to initiate charge-separation upon
illumination. To increase the photoactivity of PSI requires methods to incorporate this
protein into liposomes, which are similar to the protein’s native environment. A common
method used for the insertion of large membrane proteins such as PSI into liposomes is
detergent-mediated reconstitution [18, 36, 39]. In this method, liposomes are saturated with
detergent molecules to disrupt lipid-lipid interactions and ease the incorporation of proteins
into the membranes. Disruption of the liposomes via detergent is commonly referred to
as liposome solubilization. There is an optimum stage of liposome disruption for protein
incorporation, dependent on the detergent-to-lipid ratio (D:L), beyond which liposomes
are fully disrupted into micelles containing a mixture of lipid and detergent molecules
[26, 38, 28, 20]. Previous research has investigated a wide range of interactions between
lipids, like phosphatidylcholine (PC), phosphatidic acid (PA), and phosphatidylglycerol, and
detergents, like Triton X-100 (TX), dodecyl maltoside, octyl glucoside, and cholamidopropyl
dimethylammonio propanesulfonate both experimentally [2, 6, 1, 35, 3, 14, 15, 18], and
using computational molecular dynamic simulations [42, 37]. Amongst these, a common
mechanism has been elucidated that describes detergent-liposome interactions in a three-
stage model [27, 41, 38]. This model is explained in detail in Section 4.2.4.

Despite extensive knowledge on single lipid-single detergent mixtures, little is known
about how mixtures of lipid types in mixed-lipid liposomes influence detergent solubilization.
Insights into these interactions will better enable protein reconstitution into liposomes that
more closely resemble native membrane lipid mixtures in order to enhance protein stability
and function [39]. One system of mixed-lipid liposomes made of 16:0PC and 16:0PG has
been solubilized with bile salt [15], yet more systems need to be understood.

In this study, the interactions of the detergent, TX, with mixed-lipid liposomes made
with varying ratios of egg PC (ePC) and egg PA (ePA) lipids are examined. These
lipids were chosen because they have been used to successfully incorporate PSI into mixed-

lipid liposomes with a fixed 9:1 ratio of ePC:ePA [4]. Despite initial success, there is a
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need to utilize higher ratios of ePA to more closely mimic the charge composition of the
cyanobacterial thylakoid membrane with which PSI is located [9)].

Additionally, PC is a relevant test lipid because it is commonly used in in wvitro
applications, and it is a nonionic phospholipid that is the most abundant lipid in the majority
cell membranes [6]. Here, the inclusion of PA represents the negatively charged lipid fraction,
which typically composes 10-20 % of the lipids in in vivo membranes [25]. From a physical
chemistry standpoint, these lipids are interesting because the shape of ePC is cylindrical
in the bilayer and the shape of ePA is conical in the bilayer under physiological conditions
[16]. The shape factor, which is the hydrocarbon volume divided by the optimal head area
and the critical chain length, of each of these lipids is 0.74 and 1.4, respectively [16, 21,
12]. Furthermore, the degree of ionization of the PA head group can be easily modulated
with pH [40, 22, 44]. The ionization changes the volume of the counterions associated with
the PA head group, and therefore the cone angle of the lipids in the bilayer. The shapes,
structures and ionization potentials of PC and PA are shown in Figure 4.1. The lipids are
representatively depicted with two acyl chains that each consist of 18-carbon chain and 1
unsaturated bond (18:1), which is one of the predominant fatty acids present in naturally
occurring ePC and ePA; seen in Figure 4.1(a). In addition to the successful use of ePC
and ePA in reconstituting PST mentioned above [4], naturally occurring lipids were selected
because they better simulate the heterogeneity of in vivo membranes, which contain many
lipids types and a diverse assortment of fatty acid chains. No systematic study of detergent
solubilization with ePC and ePA mixed-lipid liposomes at varying headgroup ratios has been
found.

Using absorbance spectrometry, dynamic light scattering, and isothermal titration
calorimetry, D:L ratios are identified at which phase transitions occur for detergent
reconstitution of ePC:ePA mixed-lipid liposomes. TX concentration at Ry, and Ry, are
observed to significantly increases when the concentration of ePA in the liposomes is greater
than 25%. The difference in lipid shape provides an explanation: ePA lipids, which have
conical molecular shapes, form defect-rich bilayers that facilitate greater incorporation of
TX. Conversely, ePC lipids have cylindrical shapes that favor increased areas of contact

with adjacent lipids and result in a lower probability of TX insertion. Additionally, the
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influence of headgroup charge on TX solubilization of ePA membranes is examined; it was
determined that a more negative net charge results in decreases in TX concentration at Ry
and Rg,.The shape model was also used to explain that as negative charges increase, there
is a concomitant increase in counter-ions that increases the effective head group size and

decreases mismatch in the ePA bilayer.

4.2 Materials and Methods

4.2.1 Materials

Potassium phosphate, sodium sulfate, and potassium sulfate were purchased from
Fisher Scientific to prepare aqueous buffer solutions of 25 mM KH,PO,-KOH pH 7, 50 mM
NaySOy4, 50mM KySOy4 in ultrapure de-ionized water. Lipid derivatives from chicken eggs
of phosphatidylcholine (ePC) and phosphatidic acid (ePA) were purchased from Avanti
Polar Lipids, Inc. as powders with purity greater than 99%. Additionally, powder
lipids, 1,2-dipalmitoyl-sn-glycero-3-phosphochline (16:0PC) and 1,2-dipalmitoyl-sn-glycero-
3-phosphate (sodium salt) (16:0PA), were also purchased from Avanti Polar Lipids, Inc. at
greater than 99 % purity. 16:0PC and 16:0PA are purified lipids of the predominant fatty
acid chain in egg of both PC and PA. The detergent, Triton X-100 (< 3% polyethylene
glycol), was purchased from Sigma-Aldrich, as was chloroform (99.8 % pure) used to solvate
the lipid powders. All compounds were used without further purification. Figure 4.1 shows
some basic properties of the lipids PA and PC, and the saturation distribution of ePC and
ePA derivatives from Avanti. It can be seen that the apolar part of ePC and ePA is within
1.5% deviation identical. As introduced earlier, the fatty acid chain length and the degree

of saturation are written as the number of carbon atoms : the number of unsaturated bonds.
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Figure 4.1: (a) Fatty acid distribution of natural ePC and ePA derivatives, as analyzed by Avanti Polar Lipids. (b) Chemical
and shape structures of phosphatidylcholine (PC) and (c) phosphatidic acid (PA) lipids overlaying the ionization potential of
the lipids with pK, ~ 1 (—), pK, =4 (—), pK, =8 (—).
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4.2.2 Liposome Preparation

Lipid powders were suspended in chloroform, then mixed and aliquoted in small glass
flasks. The chloroform was completely evaporated overnight in a vacuum desiccator to form
a thin lipid film on the flask walls. For the mixed-lipid liposome samples, the lipids were
mixed together in inorganic solvent at the appropriate ratios prior to solvent evaporation.
All lipid films were hydrated at 20 mg/mL in potassium phosphate buffer pH7.2 (25 mM
KH,PO4-KOH pH 7, 50mM NaySOy4, 50 mM K3SO,). Vials were vortexed on low with a
Fisher Scientific analog vortex mixer and heated 10°C above the known phase transition
temperature for 10 minutes to form multi-lamellar vesicles (MLVs) [43]. MLV solutions were
put through 4 freeze-thaw cycles between -20°C and room temperature. The stock lipids
were mixed and diluted to 4 mg/mL with potassium phosphate buffer at pH 4.6, 7.2, or 10.2
for use. The liposomes were extruded using an Avanti Mini-Extruder system outfitted with
a Whatman Nuclepore Track-Etch membrane (model 800309). All samples were extruded at
room temperature. The lipid solution was passed 31 times through the membrane apparatus
outfitted with 100 nm pore filters to form large unilamellar vesicles (LUVs). LUVs were used

in subsequent experiments the day they were prepared.

4.2.3 Differential Scanning Calorimetry

The phase transition of the lipid mixtures was examined to probe the organization of lipids
in multicomponent solutions using differential scanning calorimetry (DSC). Measurements
were made using a TA Instruments NanoDSC calorimeter on samples prepared with 4 mg
lipid per mL, and a reference containing deionized water. All lipid suspensions were prepared
from stock MLV solutions of each of the lipids. Additionally, the samples and reference were
placed under vacuum for 15 minutes with a stir bar rotating at 600 rpm in order to release any
dissolved air. Sample and reference volumes of 0.5 mL were loaded into the calorimeter and
held under a fixed pressure of 0.3 MPa to reduce bubble formation. The DSC scan protocol
was as follows: cooling and equilibrating at 30 °C for 10 min, followed by three heating and

cooling cycles to 70 °C and back. The first, second, and third cycles had scan rates of 1, 0.25,
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and 0.25°C/min, respectively. The temperature was held for a 10 min equilibration period

at each endpoint during heating and cooling cycles.

4.2.4 Absorbance Spectrophotometry

The composition-dependent equilibrium transition of liposomes in the presence of varying
detergent concentrations can be described following a three-stage model. This model
describes morphological changes that occur as the lipid bilayer is disrupted (solubilized) into
micelles [18, 36, 28, 20]. The stages of detergent-liposome interactions are depicted in Figure
4.2. They are labeled (I) saturation (or onset of solubilization), (II) partial solubilization,
and (IIT) full solubilization. The morphological changes are illustrated schematically moving
along the graph with increasing detergent concentration (x-axis) and the observed absorbance
using spectrophotometry (y-axis). Stage I is signified by partitioning and insertion of
detergent monomers into the liposomal bilayer, which results in swelling of the liposomes and
a concomitant increase in light scattering measured with a spectrophotometer. In Stage II,
there is a coexistence of detergent monomers, liposomes, and micelles containing a mixture
of lipid and detergent molecules. Stage II is seen with decreasing observed absorbance. In
Stage III, there is complete dissociation of liposomes into mixed lipid-detergent micelles in
which further detergent addition does not influence observed absorbance, thus Stage III is
marked by a baseline absorbance. Saturation (Rg.y) is the ratio of detergent to lipid at
the maximum detergent concentration that liposome bilayers can incorporate before mixed
lipid-detergent micelles begin forming. It is seen as the transition point from Stage I to Stage
I1. Liposome solubilization (Rg.) is the ratio of detergent to lipid at the point of complete
disruption of all lamellar phases. It is seen as the transition point from Stage II to Stage
III. Previous studies indicate that the most successful protein incorporation occurs during
the second stage of detergent-mediated solubilization [18, 39, 4]. It is, therefore, relevant
to map these transitions. The detergent concentration necessary for the onset of each stage
is influenced by lipid-lipid interactions within the bilayer and lipid interactions with the
surrounding aqueous environment. Variable lipid characteristics, such as charge, head group
size, and length and degree of saturation of fatty acid chains, can be selected to influence

membrane properties and solubilization [7].
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In this work, the stages of solubilization with the detergent, TX, were determined for
equilibrated liposomes. TX dilutions were prepared at 2.4 — 120 mg/ml and added to aliquots
of liposomes in duplicate at detergent to lipids (D:L) ratios of 0 — 6 w/w. These were mixed
10 times using a pipette and equilibrated at room temperature for 30 minutes. The final lipid
concentration of all aliquots was 3.2 mg/ml. The absorbance of the lipid-detergent emulsions
was measured at 400 nm using a Thermo-Scientific NanoDrop 2000C spectrophotometer at
room temperature. Accompanying NanoDrop2000 software was used in the UV-Vis mode
to do a full spectrum sweep between 190 - 840 nm to observe any sample placement issues,
such as air bubbles, and record the absorbance at 400 nm. Three measurements were taken
for each sample and averaged for a final absorbance at each D:L ratio. The data was then
normalized to an initial liposome absorbance of 1. This procedure was replicated three times
for each lipid composition and pH. The average of multiple runs was graphed with standard
deviations to determine the affinity of detergent to each lipid composition and pH. Liposome
saturation (Rg,) and solubilization (R, ) were determined from the resulting absorbance vs.
D:L solubilization curves. Ry, was determined at the peak of the curve. Ry, was defined to
be the first D:L less than or equal to the average of the last three data points plus standard
deviation of 0.007. 0.007 was determined by the instrument and samples margin of error by

performing repeated measurements on the same sample.

4.2.5 Dynamic Light Scattering

Dynamic light scattering (DLS) was used to analyze the change of the liposome size
distribution throughout the lipid-detergent solubilization process. Samples were prepared
in the same manner as for absorbance spectrometry at appropriate D:L ratios. Emulsions
were given approximately thirty minutes to equilibrate prior to measuring the diameter and
distribution in a Wyatt Technology DynaPro NanoStar fixed angle dynamic light scattering
instrument. 10 ul samples at 3.33 mg lipid per ml were measured at 20 °C for 20 acquisitions
of 10 seconds each. Three sample preparations were made for each lipid mixture and
buffer. The data were fit with the standard isotropic sphere model at optimal resolution
and each preparation was averaged to compare the diameter across stages of each liposome

preparations’ solubilization with TX.

62



Abs 400 nm

Detergent to lipid ratio (D : L) —

Figure 4.2: Demonstration of morphological changes in detergent solubilization of
liposomes observed throughout turbidity measurements with absorbance spectrophotometry
recorded at 400 nm. Stages I, II, and III are panels left to right. Adapted from Seddon et
al. [39].

4.2.6 Isothermal Titration Calorimetry

To observe the binding affinity of detergent with liposomes and assess the change in
enthalpy as the surfactant partition lipid membranes, isothermal titration calorimetry (ITC)
is considered a preferred method [8, 5]. Following the protocol of Heerklotz et al. [13],
adapted by Nirromand et al. [33], the characteristic heat signal under TX titration into
preformed liposomes was observed using a VP-ITC instrument manufactured by MicroCal
Inc. (Northampton, MA). To prepare samples, 4 mg/ml extruded liposomes and a 154 mM
TX solution were degassed under reduced pressure with constant stirring for 10 minutes,
slightly below the experimental temperature, at 23 °C. Following degassing, the calorimeter
sample cell and injector-syringe chamber were loaded with 1.4 mL of the liposome solution
and 300 uLi of the detergent solution. A series of TX injections were made at 30 minute
intervals following this sequence: 2.0, 3.0, 3.0, 3.0, 3.0, 4.0, 2.0, 3.0, 3.0, 2.0, 4.0, 4.0, 4.0,
4.0, 2.0, 3.0, 4.0, 3.0, 4.0, 3.0, 3.0, 3.0, 7.0, 4.0, 5.0, 5.0, 6.0, 4.0, 6.0, 4.0, 7.0, 6.0, 5.0, 7.0,
13.0, 10.0, 20.0, 22.0, 25.0, 25.0, 30.0 uL. This series of injections was chosen to optimize
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enthalpic data in regions of interest, i.e. near Ry, and Rs,. The change in applied heat to
maintain a constant sample cell temperature was recorded and analyzed using the associated
MicroCal Inc. software. Integration of the heat signal describes the change in enthalpy for

each injection.

4.3 Results and Discussion

4.3.1 Phase Transitions of Lipids and Lipid-Mixtures

Phase transition temperatures of lipid solutions were determined using differential
scanning calorimetry (DSC) to confirm the mixed-lipid preparation method yields liposomes
containing both PC and PA. With DSC, a change in the transition temperature was observed
of lipid bilayers containing either PC or PA lipids individually and bilayers containing both
PC and PA lipids together. DSC was performed using model PC and PA lipids with fatty
acid chains made of 16 carbon atoms and no double bonds (16:0). 16:0PC and 16:0PA were
selected because they are the most abundant species of lipids in ePC (32.7 mol % 16:0) and
ePA (34.2 mol % 16:0), and they exhibit melting point transitions above 0 °C. The detergent-
liposome association experiments discussed later were performed on naturally derived lipids
from egg yolks (ePC and ePA), which contain a variety of fatty acid chains and have melting
point transitions below 0°C, rendering liquid (water) DSC unsuitable.

Figure 5.2, shows the molar heat capacity (MHC) of colloidal dispersions of multi-lamellar
vesicles (MLV) of 16:0PC, 16:0PA, and 1:1 16:0PC-16:0PA mixed-lipid MLVs. 16:0PC (—)
exhibits a sharp, narrow, endothermic peak at 42°C, and a small, pre-transition peak with
a maximum at 35°C. 16:0PA (—) exhibits a single peak with a maximum at 64 °C. These
single species melting points are consistent with literature values [43]. The 1:1 16:0PC-
16:0PA mixed-lipid MLVs (—) has a single broad peak with a maximum located at 54 °C.
Per McElhaney et. al. [30], the transition arises from reversible melting of fatty acid chains
as they change from the rigid, fully extended, gel state, to the more fluid and disordered,

liquid-crystalline state. The melting transition leads to thinning of the bilayer and a marked
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Figure 4.3: Lipid phase transitions determined using DSC of PC MLVs (—), PA MLVs
(—), and 1:1 16:0PC-16:0PA mixed-lipid MLVs (—). All final lipid concentrations are 4 mg
per mL.

increase in lateral diffusion of lipids. In the 16:0PC sample, the region between the two
peaks is characterized by periodic ripples in the membrane [30].

The respective melting temperatures for 16:0PC and 16:0PA MLVs are separated by
approximately 20 °C. The broader peak in the 1:1 16:0PC-16:0PA mixed-lipid MLV sample
indicates there is a mixture of MLVs containing both lipids together in the membranes. This
indicates a lack of cooperativity between the phospholipid molecules in the bilayer during
lipid melting [29]. The melting temperature of 1:1 mixed-lipid MLVs of 16:0PC-16:0PA
(54°C) is closer to 16:0 PA (64°C), than to 16:0 PC (42°C), and the 16:0PC pre-transition
was not present. The lack of a pre-transition is expected, as the presence of other lipid
compounds in solution is known to eliminate a pre-transition [32]. These results show that
the preparation protocol for mixed-lipid MLVs yields membranes mixtures of both lipids.
While Figure 5.2 is for pure lipid species (16:0 only), the rest of the work in this paper is
on mixed-fatty acid chains. Following the same preparation procedure, the liposomes will

contain both lipids together in the bilayers [29].
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4.3.2 Turbidity Evidence of Mixed-Lipid Liposome Disruption by
TX

Turbidity changes in liposome solutions were quantified using optical absorbance with
spectrophotometry at 400 nm at varying ratios of D:L for mixed-lipid vesicles with varying
ratios of ePC and ePA. In this technique, absorbance decreases with decreasing particle size
and increases with increasing particle size (see section 4.2.4). As the initial amounts of
detergent are added to the liposomes, detergent monomers penetrate the bilayers. In the
lowest D:L ratio (0.12), the TX concentration is an order of magnitude above the detergent
critical micelle concentration of 0.15mg/ml in pure water. In Figure 4.4, the curve shapes
for mixtures of ePC and ePA are characteristic of general detergent association and break-
down of liposomes. Here, the D:L ratios (R and Rg.) that characterize the stages of
solubilization are much lower for liposomes containing only ePC lipids and are higher for
liposomes containing any amount of ePA lipids. In liposomes containing a mixture of both
lipids, the D:L ratios at which the stages of solubilization occur are most similar to that of
ePA-only liposomes. Additionally, the normalized absorbance at 400 nm in Stages I and II
are also markedly higher for all ePA-containing samples than for ePC alone. In Stage III,
the normalized absorbance is similar for all samples, marking the complete conversion of
liposomes into mixed micelles.

Figure 4.5(a) shows the detergent to lipid ratios at peak detergent saturation, Ry, for the
mixed-lipid liposomes (see section 4.2.4). Ry, is plotted as a function of lipid composition
with an increasing percentage of ePA; the remaining is ePC. In Figure 4.5, mixed-lipid
liposomes containing only 25 % conical ePA lipids incorporate nearly twice as much TX as
cylindrical ePC liposomes alone. 50 % ePA incorporates a similar concentration of TX as
25 % ePA, whereas 75 % and 100 % ePA liposomes reach R, with even more TX.

In Figure 4.5(b), Ry is displayed for each lipid composition in Figure 4.4. This is the
ratio of detergent to lipid at the first point that liposomes are completely solubilized into
mixed-micelles. Ry, is higher for 100 % ePA than 100 % ePC (0% ePA). One can also see a
skewed parabolic curve for mixed-lipid liposomes with 0, 25, 75, and 100 % ePA. Additionally,

error bars are standard deviations and do not include instrumental or systematic error.
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Figure 4.4: Turbidity changes in mixed-lipid ePC:ePA liposomes at 100:0 (¢),75:25 (o),
50:50 (¢), 25:75 (o), and 0:100 (¢) induced by TX detergent addition and measured using
absorbance spectrometry at 400 nm. Data-point connecting lines are guides to the eye.

The difference in D:L ratios for saturating and solubilizing liposomes can be explained
by the shape of each lipid. As seen in Figure 4.1, ePC has a cylindrical shape and ePA has
a conical shape. In the liposomes, of the order of 100 nm, the lipids interact as in a planar
bilayer [37]. The cylindrical ePC lipids form a bilayer with cylinders stacked side-by-side
with little space for TX to insert. Thus ePC liposomes reach Rg,; and Ry, at low D:L ratios
with little increase in normalized absorbance at Rg,;. Conversely, ePA lipids have a conical
shape that forms gaps between the phospholipid heads in bilayers that more easily accept
TX [21, 31]. ePA-only liposomes reach Rg, and Ry, at the highest D:L ratios and a high
normalized absorbance at Rg,.. This shows there is significant swelling as TX is incorporated
into ePA bilayers, and that ePA bilayers can take on more TX before disrupting into mixed-
micelles. Mixed-lipid liposomes, with at least 25 % or more conical ePA, have openings for
TX to more easily incorporate into the bilayer resulting in liposomes behaving more similarly

to ePA-only than ePC-only.
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Figure 4.5: D:L ratio at A) Ry, liposome saturation, and B) Ry, liposome solubilization,
for mixed ePC and ePA lipid liposomes. Values obtained via absorbance (¢) and isothermal
titration calorimetry (e, o), displayed as % ePA; the remainder is % ePC.

4.3.3 Size Distribution of Mixed-Lipid Liposomes and Mixed-
Micelles

DLS was used to observe changes in particle size distribution as mass averages before
and after liposome solubilization with TX. Figure 4.6 shows the distribution averages of
liposomes made with mixtures of ePC and ePA lipids after extrusion, without TX (top row)
and with TX in Stage III (bottom row). Liposomes were formed via extrusion through 100 nm
pores. In this process, much larger concentric lipid vesicles are restructured into a reasonably
monodisperse liposome population that is slightly larger than 100 nm, as seen in the top row
of Figure 4.6. Here, the average diameter weighted by % mass was determined from each
liposome distribution and shown in the first column of Table 4.1. The standard deviation
is calculated from the average diameter of each of the lipid mixture preparations. The
average diameter of all liposomes was 121 nm. There was little variation in liposome diameter
throughout the lipid mixtures examined. Following complete solubilization, liposomes were
redistributed into mixed-micelles by high concentrations of TX. This occurs in Stage III

of solubilization, also seen in Section 4.3.2. Mixed-micelles are aggregated detergent and
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lipid mixtures with the lipid and detergent hydrophobic regions in the center of a sphere-
like shape surrounded by the lipid and detergent hydrophillic regions. The distribution of
the diameter of mixed-micelles for each lipid mixture is shown in Figure 4.6 (bottom row).
The average diameter for each lipid composition is in the second column of Table 4.1. The
average diameter for all mixed-micelles is 19 + 1 nm.

Lipid shape plays a role in both the process of liposome saturation and solubilization,
but there were insignificant differences in the resulting mixed-micelle size based on lipid
shape or percentage of each lipid type. Once the lipid bilayer structure is broken down, the
two lipid types behave similarly in micelles. However, the presence of either lipid nearly
doubles the diameter of the mixed-micelles versus TX only micelles, which have a diameter
of 11 £ 1nm in the buffer used here. Assuming a perfect sphere, lipids increase the TX
micelle volume by a factor of 5, from 700 nm? to 3,600 nm?, and the surface area increases by
a factor of 3, from 380 nm? to 1134 nm? Several structural aspects of lipids could affect this,
including long carbon chains, known to increase aggregation number, and strong head group
repulsion, which can increase the distance between head groups [34]. The lipids, ePC and
ePA, have different shapes based on their head groups, but they have a similar fatty acid
distribution. In mixed-micelles, it may be the similar fatty acid distribution of these two
lipids that result in similarly sized mixed-micelles. In other words, lipid shape is important
during the liposome solubilization process, but lipid tails seem to dictate the size of the Stage

IIT mixed-micelles.
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Figure 4.6: Particle size distribution measured using dynamic light scattering of mixed-lipid liposome samples as extruded
liposomes (top row) and mixed-micelles in Stage III (bottom row).
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Table 4.1: Average diameter of ePC:ePA mixed-lipid liposomes and mixed-micelles made
with TX in Stage III.

% ePA  Liposomes Mixed-Micelles
Avg d (nm) Avg d (nm)

100 121.7+3.5 17.8+2.3
75 120.0 £ 2.7 194+14
50 118.7+4.6 19.7 £ 0.7
25 1202x+1.5 18.1+£5.3

0 126.1£2.8 19.9+34

4.3.4 Calorimetry Evidence of Mixed-Lipid Liposome Disruption
by TX

To gain understanding on the influence of ePA and ePC on TX solubilization, isothermal
titration calorimetry (ITC) was performed. ITC was used to monitor the partition of
detergent into bilayers, as well as the formation of mixed-micelle structures as the detergent is
titrated into a solution with pre-formed liposomes. The equilibrated processes of saturation
and solubilization release and absorb net heat that was observed through changes in
compensation heating power (Ap) required to maintain a fixed temperature. In Figure
4.7, these transitions were observed for 100:0, 75:25, 0:100 ePC:ePA liposomes. The top row,
(a), shows the raw data of Ap applied during each injection of TX, which is always followed
by an equilibration period. The injection volumes were varied to optimize the resolution in
the R, region, as seen in previously published protocols [33, 13]. The heat power curves
throughout the titration exhibited the same characteristic solubilization shape, starting with
a positive Ap endothermic region (Stage I), followed by a negative Ap exothermic region
(Stage II), and lastly, a small, positive Ap endothermic region (Stage III), barely or not
reached for 25 and 100 % ePA samples due to chamber volume limitations. Stages I, II, and
ITI mentioned here correspond to the stages described by the absorbance solubilization curve,
shown in Figure 4.2. In Stage I, Ap for both 25 and 100 % ePA liposomes was higher and
the stage persisted over more TX titrations than for 100% ePC liposomes. This corresponds
to observations made in Sections 4.3.2 and 4.3.3 in which higher concentrations of TX are
required to transition to Stage II. As the time-based injections varied in volume, it is useful

to look at D:L throughout the titrations in Figure 4.7(b).
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In Figure 4.7(b), raw heat power data was used to calculate the heats of injection per
mole of TX as a function of D:L. on a weight basis. The D:L transitions for Rg; and Ry
were determined at the breakpoints for a sharp decrease and a stabilization in Q (Ap =0
or @ = 0), respectively. For 100:0, 75:25, and 0:100 ePC:ePA, Ry, was determined to be
0.30, 0.40, and 0.46 w/w D:L, and Ry, was determined to be 1.96 w/w D:L, 2.63 w/w D:L,
and was not reached in the 0:100 ePC:ePA sample, but can be estimated to be around 2.7.
The data is shown in Figure 4.5 for comparison to the absorbance results. These values are
at slightly higher than absorbance spectrometry observations in Section 4.3.2. Nevertheless,
the trend of both absorbance and ITC data sets are the same, in which pure ePC reaches
Ry and Ry at the lowest D:L of all the samples. Also, the Ry, and Ry, values of 25% or

more ePA lipids are closer to that of ePA-only samples.
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Figure 4.7: Isothermal titration calorimetry for solubilization of preformed liposomes with step-wise titrations of TX.
Liposomes made with (left to right) 100:0, 75:25, and 0:100 ePC:ePA. (a) Raw data of compensation heat power, A p (pcal/sec),
versus time in hours. (b) Heats of injection, QQ (kcal/mol TX), versus D:L ratio (w/w). The solid lines are again a guide to the
eye.
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4.3.5 Triton X-100 Association with ePA as a Function of pH and

Charge

The primary differences between ePC and ePA lipids are charge and head group size and
shape. This leads to different overall lipid shapes and packing within bilayers. The ePA
headgroup is smaller than the ePC headgroup, as discussed above this lends to an overall
conical shape of ePA lipids and a cylindrical shape of ePC lipids. Since ePA, a charged
lipid, liposomes require a higher concentration of TX to solubilize than ePC liposomes, the
effect of the charge on solubilization was examined by adjusting the pH, and thus, the lipid
ionization, as depicted in Figure 4.1(c). Absorbance solubilization curves of 0:100 ePC:ePA
liposomes at pH 6, 7 and 8 can be seen in Figure 4.8. ePA liposomes at pH 8 are saturated
and solubilized at the lowest D:L ratio of the tested buffers. ePA liposomes at pH 7 are
saturated and solubilized at a higher D:L, and lastly, ePA liposomes at pH 6 are saturated
and solubilized at the highest D:L. The absorbance curves shifts to the right as the pH
decreases for ePA liposomes. Additionally, the absorbance maxima increase slightly with
decreasing pH. The change in peak absorbance at 400 nm compared to the pristine extruded
liposome is 0.58, 0.44, and 0.38 for increasing pH from 6 to 7 to 8. This means that decreasing
the pH allows the liposomes to swell more before the onset of solubilization occurs. R, and
Ry, were determined as described above and are graphed in Figure 4.9. A roughly linear
relationship is seen for Ry, and Ry, and as pH increases, the D:L ratio required to achieve
these states decreases. The D:L ratios at Rg.; and Ry, were approximately 1.8 times higher
at pH 6 than at pH 8.

Changes in D:Lh at Ry, and R, and a change in maximum absorbance of ePA varying
pH shows that ePA charge affects the interaction of TX with the bilayers. The ionization
potential in Figure 4.1, shows that at lower pH’s, ePA is in a less negative state. At the
lowest pH observed, pH 6, the R, Rs and maximum absorbance of liposomes was the
highest measured. At this pH, ePA is less negatively charged than at pH 7 and 8, and thus
there are fewer counter-ions present in the bilayer. The decrease in counter-ions makes the
shape of ePA more conical [19]. As discussed in Section 4.3.2, there is a strong correlation

between lipid shape and R,/ Rso1, and here, the more conical ePA has more mismatches in
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Figure 4.8: Turbidity changes in ePA liposomes at pH 6 (¢), pH 7 (¢), and pH 8 (¢) and ePC
liposomes (¢), induced by detergent addition and measured using absorbance spectrometry
at 400 nm. The solid lines are a guide to the eye.

the bilayer. This enables higher concentrations of TX to be incorporated in the liposomes
before disrupting into mixed-micelles. Conversely, ePA at the highest pH observed, pHS, is in
a more negatively charged state and has more counter-ions present. The increased counter-
ions lend to a less conical shape, which increases the resistance to TX incorporation into the
bilayer. Further, the solubilization curve of ePC liposomes is also shown in Figure 4.8. It is
seen that the cylindrical shape of the lipids in liposomes are saturated and solubilized with

less TX than conically shaped ePA lipids.

4.3.6 Size Distribution of ePA Liposomes and Mixed-Micelles
with Varying pH

Figure 4.10 shows the size distribution of ePA liposomes at pH 6, 7, and 8 measured using
DLS. As expected for the preparation procedure, each liposome sample was substantially
monodisperse. The average diameter for each buffer solution was calculated from the
diameter of each sample preparation based on % mass distributions. The averages are
shown in Table 4.2. Each population was near 122 nm after preparation, showing there is no

significant difference in freshly prepared liposome size by varying pH. Once the liposomes
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are fully solubilized in Stage III, the mixed-micelles size is similar for ePA at pH 6, 7, and

8. This supports the influence of fatty acid length on micelle size and the lack of influence

of lipid shape in these mixed-micelles.
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Table 4.2: Average diameter of ePA liposomes and mixed-micelles in Stage IIT at pH 6, 7,
and 8.

pH  Liposomes Mixed-Micelles
Avg d (nm) Avg d (nm)

6 1206+3.4 19.0 £2.2
7 121.7£3.5 17.8£2.3
g 123.3+21 18.3£2.2

4.4 Conclusions

TX is a non-ionic amphiphilic molecule with a long hydrophilic polyethylene oxide chain
and a bulky aromatic hydrocarbon group. It was incorporated into liposomes of varying
compositions made of ePC and ePA lipids. Absorbance spectrometry shows that ePC
liposomes are solubilized with significantly less TX than ePA-only and mixed-lipid ePC:ePA
liposomes at ratios of 25:75, 50:50, or 75:25. The TX response of liposomes containing
any amount of ePA tested here more closely resembles that of 0:100 than 100:0 ePC:ePA
liposomes. Additionally, during ITC, the heat power response to TX titration of 25 % ePA
liposomes more closely resembles 100 % ePA than 100 % ePC. Thus, the influence of ePA,
even at low concentrations, makes ePC liposomes less sensitive to disruption by TX.

The differences in ePA and ePC interactions in liposomes with TX are explained by
lipid shape in Figure 4.11. The structure of ePC lipids consists of a mobile, zwitterionic
phosphotidyl choline head group and a combination of saturated and unsaturated fatty acid
chains, as seen in Figure 4.1(b). The overall structure of the lipid is cylindrical. The liposome
size used here, which is greater than 100 nm in diameter, has little curvature effect on the
individual lipid interactions. This enables the efficient packing of cylindrical lipids, as seen
in Figure 4.11(a). The packing of cylinders increases the difficulty of TX to incorporate
into the liposome and results in reduced swelling at Ry, lower possible incorporation of TX
into bilayers, and liposomes that transition to mixed-micelles at lower ratios of TX to lipid.
Conversely, the structure of ePA lipids is made up of a small, immobile phosphatic acid head
group and a combination of saturated and unsaturated fatty acid chains, seen in Figure
4.1(c). The generally accepted structure is conical [16], which creates defects in the bilayer

between neighboring conical lipids and favors the incorporation of TX into the liposome
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bilayers, Figure 4.11(b). Easier incorporation of TX, allows the liposomes to accommodate
higher concentrations of TX and swell more before disrupting into mixed-micelles. The
influence of the conical ePA shape also has a drastic effect on Ry, when ePA is mixed with
ePC in liposomes. The three ratios of ePC:ePA mixed-lipid liposomes observed showed that
the conical shape significantly enhanced the maximum uptake of liposomes before disruption,
Figure 4.1(d). While the arrangement of ePC and ePA lipids within the bilayer is not yet
known, data in Figures 4.4 and 4.7 suggest the addition of even 25% conical lipid drastically
increases the density of defects in the bilayers and increases Rg, and maximum swelling
before bilayer disruption.

Additionally, the influence of lipid charge in ePA on TX solubilization was probed by
varying the pH. The net charge of ePA transitions from -1 to -2 between pH 6 and 8, as
seen in Figure 4.1(c). TX absorbance solubilization curves of ePA liposomes at pH 6, 7,
and 8, in Figure 4.8, show that there is a linear relationship between charge and Rgag/ Rsol-
More negatively charged ePA liposomes are saturated and solubilized at higher D:L ratios.
Increased ease of detergent saturation and solubilization in more negatively charged bilayers
can be explained by increased counter-ion affinity at the head groups, which alters the
shape of the lipids in the bilayers. PA is known to have a conical shape due to the small
phosphatidic acid head group. Addition of a counter-ion at lower pH causes an increase in
head group size and makes the overall lipid shape less conical, as seen in Figure 4.11(c).
Less conical ePA lipids, pH 6, pack together more tightly, which reduces insertion of TX
into liposomes. Conversely, more conical ePA lipids, pH 8, have more defects in liposome
layers that ease the incorporation of TX. As discussed with ePC liposomes, fewer defects
in liposome bilayers result in a lower association of TX monomers before liposomes begin
restructuring into mixed-micelles.

In summary, these results show that a lipid shape model can be used to explain detergent
solubilization characteristics of single-lipid and mixed-lipid liposomes, which is a necessary

early step in creating native-like liposomes that incorporate proteins for functional purpose.
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Chapter 5

Prediction Model for Saturation of
Bimodal Liposome Systems and

Detergent Binding Events
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This chapter is revised based on a paper to be submitted by Samantha Clark, Matthias
M. L. Arras, Andy Sarles, and Paul Frymier. My primary contributions to the paper
include: (1) development of the problem into a work, (2) identification of the study areas
and objectives, (3) design and conducting of the experiments, (4) gathering and recording
measurements, (5) processing, analyzing and interpretation of experimental data, (6) pulling

reviewer contributions into a single papers, and (7) writing and editing.

Abstract

In this paper, liposome mixtures prepared from varying ratios of egg phosphotidylcholine
(ePC) and egg phosphatidic acid (ePA) were solubilized with the detergent, Triton X-
100 (TX). During solubilization, liposomes incorporate detergent between the lipids. The
maximum detergent concentration that liposomes can incorporate before they initiate
disruption into mixed-micelles is called the saturation concentration, Ds,;. Determination of
Dg, is critical in processes like detergent-mediated protein reconstitution into liposomes.
For many single liposome systems, Dy, has been well-characterized; however the effect
of mixtures of liposomes on detergent solubilization is not yet known. Natural systems
contain a multitude of membrane types, composed of varying lipid constituents and ratios.
Understanding the association of small molecules with a bimodal combination of membrane
types present is important for drug targeting and delivery. For this reason, solubilization
experiments have been performed and an equilibrium model was derived that describes the
data well without requiring non-physical fitting parameters. It requires only the knowledge
of the relationship between liposome size change due to detergent uptake and measured
signal (e.g. absorbance spectrophotometry signal). Additionally, this model determines the
number of detergent molecules present per each liposome population at saturation. This can

be utilized in drug delivery applications and solubilization of membranes in cells.
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5.1 Introduction

One method that nature uses to regulate the binding of small molecules with cells and
organelles is tuning lipid compositions to encourage increased association [7]. Similarly,
detergents are known to bind with increased affinity to synthetic liposomes comprised
of certain lipid compositions [16]. This has been well studied for a wide range of
interactions between lipids like phosphatidylcholine (PC), phosphatidic acid (PA), and
phosphatidylglycerol, and detergents like Triton X-100 (TX), dodecyl maltoside, octyl
glucoside, and cholamidopropyl dimethylammonio propanesulfonate both experimentally [5,
2,6, 1, 17,4, 10, 11, 13], and using computational molecular dynamics simulations [22, 18].
Amongst these, a common three-stage model for detergent incorporation and disassembly of
liposomes has been proposed [15, 21, 19]; it is demonstrated in Figure 5.1. In this model,
detergent molecules () spontaneously incorporate into liposomes (+ and «) upon titration
at a fixed lipid concentration increasing the average liposome diameter until the bilayers
are saturated with detergent at concentration Dg,;. Increasing the detergent concentration
above Dg, leads to partial solubilization characterized by the coexistence of mixed lipid-
detergent micelles and reduced-size liposomes. Liposomes become fully solubilized — as
mixed lipid-detergent micelles — at a detergent concentration Dy, above which particle size
is constant. Rigaud et al. developed an empirical method to predict Dg,; and Dy, at any
lipid concentration; it is stated as Diotal = Dwater + Retr - [lipid] [24]. In this method, Digtal
is the total concentration of detergent at either Dy, and Dy, Dyater is the concentration
of detergent in solution that is not associated with lipids, and Reg - [lipid] is a reference
value for saturation or solubilization times the lipid concentration. Several other models
have also been fitted to this process [25, 3, 9, 8, 10]. Additionally, Kryvola et al. estimate
the surface density of detergent molecules on each liposome [14]. Each of these models only
considers homogeneous liposome populations, and the effect of multiple liposome populations
on detergent binding affinity is yet unknown. This effect is an important factor for drug
delivery in cells, which contain multiple membranes. Thus, detergent-lipid binding in a
bimodal liposome-type system was investigated using absorbance spectrophotometry and

dynamic light scattering. Additionally, an equilibrium model was derived to predict Dg,,
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Particle size

Detergent concentration

Figure 5.1: Demonstration of morphological changes in detergent solubilization of
liposomes observed throughout turbidity measurements with absorbance spectrophotometry
recorded at 400 nm. Based on Seddon et al. [20].

and other solubilization points, for different ratios of liposomes in the bimodal system. The
model also predicts the detergent-lipid ratio for each lipid type and it can be applied to other

bimodal or multi-modal mixtures.

5.2 Materials and Methods

5.2.1 Materials

Buffers were prepared from potassium phosphate, sodium sulfate, and potassium sulfate,
all purchased from Fisher Scientific. Aqueous buffer solutions for all experiments contained
25mM KH,PO4-KOH pH7, 50mM NaysSO4, and 50mM K,SO4.  Powder lipids were
purchased from Avanti Polar Lipids, Inc. These included 1,2-dipalmitoyl-sn-glycero-3-
phosphochline (16:0 PC), 1,2-dipalmitoyl-sn-glycero-3-phosphate (sodium salt) (16:0 PA),
chicken egg phosphatidylcholine (ePC), and chicken egg phosphatidic acid (ePA). Triton X-
100 detergent (j3 % polyethylene glycol) and chloroform (99.8 % pure) were purchased from

Sigma-Aldrich. Detergent and lipids were used without further purification.

5.2.2 Liposome Preparation

Lipid powders were separately dissolved in chloroform and dried in desired aliquots

overnight under vacuum desiccation so that a thin lipid film formed on the flask walls.
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The prepared lipid films were stored at -20°C . Just prior to use, lipid films were hydrated
in a potassium phosphate buffer, pH 7.2, containing 25 mM KH;PO4,-KOH pH7, 50 mM
NaySOy, and 50 mM K3SO,. Samples were heated above melting temperature (7),,) and
vortexed to thoroughly suspend the lipids and form multi-lamellar vesicles (MLVs) [23].
MLVs were subjected to a freeze-thaw cycle (-20°C to 10 °C above lipid 7},) four times, and
then mixed and diluted to the chosen concentration of each lipid. Bimodal preparations
were made by combining the two lipid MLV solutions and then extruding above the T,
for every lipid in the mixture. Extrusion was performed with the Avanti Mini-Extruder
system housed with a Whatman 100 nm Nuclepore Track-Etch membrane (model 800309)
to form large unilamellar vesicles (LUVs). All liposome preparations were used immediately

for subsequent experiments.

5.2.3 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) was used to determine the melting tempera-
ture(s), which can be used to observe the number of MLV populations in solution. DSC
samples were prepared as outlined in subsection 5.2.2 in the initial steps of liposome
preparation. Powdered lipids of 16:0 PC and 16:0 PA were individually dissolved in
chloroform and aliquoted and dried under vacuum. The PC lipid cake and PA lipid cake
were then hydrated in buffer to form PC MLVs and PA MLVs. For each sample, MLVs were
extruded, mixed, and diluted to 4 mglipid / ml in buffer as stated in the results section 5.3.1.
The 1:1 PC-PA mixed-lipid MLVs sample was prepared by combining 16:0 PC and 16:0 PA
in chloroform prior to drying and solubilizing in buffer. Each sample and deionized water
reference were placed under vacuum for 15 minutes with a stir bar rotating at 600 rpm to
degas prior to use. Measurements were made using a TA Instruments’ NanoDSC calorimeter
with 0.5 mL chambers at 0.3 MPa. Samples were equilibrated at 30 °C for 110 minutes before
and in-between each of the 3 heating-cooling cycles, which ran from 30 to 70 °C at scan rates

of 1, 0.25, and 0.25°C/min.
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5.2.4 Absorbance Spectrophotometry

The detergent saturation and solubilization concentrations of prepared liposome solutions
were determined using absorbance spectrophotometry by measuring changes in turbidity
with increasing detergent to lipid (D:L) ratio. This technique observes size dependent
changes in absorbance, commonly referred to as Mie-scattering, that occurs during liposome
solubilization. For these measurements, liposomes were prepared and equilibrated for 30
minutes. Liposome aliquots were then mixed with TX dilutions at 0 — 20 mM TX to prepare
D:L ratios ranging from 0 — 4mol/mol. The final concentration of the lowest TX-liposome
solution was an order of magnitude above the critical micelle concentration of the detergent.
The prepared emulsions were equilibrated 30 minutes at room temperature prior to taking
absorbance measurements using a Thermo-Scientific NanoDrop 2000C spectrophotometer.
A full UV-Vis sweep of each sample ensured there were no irregularities in the sample
placement on the pedestal reader, and turbidity data were recorded at a wavelength of
400nm. Three measurements were taken for each duplicate sample, then averaged and
normalized to an initial liposome absorbance of 1 for the final sample absorbance. For each
PC:PA lipid composition, three sample sets were taken. An average and standard deviation
from these are reported. D, and Dy, were determined from solubilization curves using
the detergent concentration at the peak absorbance and the detergent concentration beyond

which absorbance no longer changes significantly with increasing detergent.

5.2.5 Dynamic Light Scattering

To compliment turbidity measurements, dynamic light scattering (DLS) was performed to
determine the particle size and distribution at concentrations of interest, including extruded
liposomes with no TX and fully solubilized liposomes. DLS samples were prepared in the
same manner as for absorbance spectrophotometry. Measurements were taken on a Wyatt
Technology DynaPro NanoStar fixed angle dynamic light scattering instrument with 20 x
10 second acquisitions at 20 °C. Three sample sets with duplicates were observed for each
lipid-detergent composition. Data were fit to a standard isotropic sphere model at optimal

resolution, and it is displayed as an average at each TX concentration and lipid composition.
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5.3 Results and Discussion

5.3.1 Differential Scanning Calorimetry

The objective of DSC was to demonstrate control over the creation of mixed-lipid
liposomes vs multiple populations of single lipid type liposomes. It was performed on model
PC and PA lipids with saturated 16 carbon chains (16:0), because, unlike ePC and ePA,
which contain a variety of fatty acid chains, the melting temperatures of these species are
significantly above 0 °C. Transitions above liquid freezing making them ideal for liquid DSC.
Additionally, 16:0 is the most common fatty acid chain in ePC and ePA, comprising 33 and
34 mol% based on analysis by Avanti Polar Lipids, Inc.

Figure 5.2(a) demonstrates the melting temperatures of a pure PC solution and a pure PA
solution. The lipids are in the form of multilamellar vesicles (MLVs), which is the precursor
to extrusion to form unilamellar liposomes of a similar diameter. In DSC, MLVs yield a
narrow enthalpic peak and are standard for measuring lipid transition temperatures. In
Figure 5.2(a), transition temperatures of MLVs are determined by the molar heat capacity
(MHC) peaks for 16:0 PC (—) and 16:0 PA (—). The peaks are distinctly separated by
22°C. The major transition of 16:0 PC is at 42°C and of 16:0 PA is at 64 °C. Additionally,
16:0 PC has a pre-transition at 35°C. These values are substantiated by literature values
[23]. A mixture of these two MLV solutions is also shown in Figure 5.2(a) with 50:50 16:0
PC MLVs: 16:0 PA MLVs (—). This shows distinct transition peaks for both lipids at
nearly the same temperatures (42°C and 64°C) as for the pure lipids. Thus there was
limited if at all mixing of lipids between the two MLV populations when they were together.
Later experiments look at the saturation and solubilization of detergent on two separate
populations of liposomes, which are formed through extrusion of such a mixture of MLVs.
Therefore, the mixture of 50:50 16:0 PC MLVs: 16:0 PA MLVs was extruded to observe
if further processing causes mixing of lipids between membranes. An extruded mixture of
50% 16:0 PC MLVs and 50% 16:0 PA MLVs (—) in Figure 5.2(b) shows that there was
broadening of the thermal transition region or MHC curves. The single bilayer has fewer
lipids to coordinate a transition together, which results in a broader transition region. In

multilamellar systems, the coordinated transition releases more energy at the same time.
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There are two distinct curves for each of the lipid types and the curves are separated by
nearly 5°C. This indicates that very little mixing occurs during the extruding process, and
there are two populations of liposomes. An alternative preparation would be to extrude
lipid types separately and then mix them together. The DSC data may show some degree
of interliposome mixing, but MLV’s were extruded together to obtain LUVs that better suit
the conditions of the liposomes.

As a control to verify that DSC would distinguish if there were a single liposome
population containing both lipids in lipid bilayers, a preparation known to produce this
was followed. It involved mixing 16:0 PC and 16:0 PA lipids together in an organic solvent,
drying the mixture under vacuum and solubilizing the lipid cake in buffer. In Figure 5.2(b),
DSC of the two lipids dried and hydrated together, called 50:50 PC:PA mixed-lipid MLVs,
has one broad transition region at 54 °C (—). Thus, this preparation produced a population
of liposomes with both lipids mixed together in the bilayers, whereas the before-mentioned
50:50 16:0 PC MLVs:16:0 PA MLVs produces a bimodal system of two distinct liposome
populations. Subsequently discussed liposomes preparations follow the protocol for the
extruded mixture of 50:50 16:0 PC MLVs: 16:0 PA MLVs sample in which pre-hydrated lipid

MLVs are mixed, and then extruded together forming two distinct liposome populations.

5.3.2 Spectrophotometry Demonstrating Association of TX with

a Mixed Liposome Solution

The changes in the morphology of liposomes at increasing ratios of TX were observed
using absorbance spectrophotometry at 400 nm, predominantly through Mie-scattering.
Here, larger particles scatter more light than smaller particles, which is observed as increased
absorbance. Changes in liposome morphology as the D:L ratio increases are schematically
depicted in Figure 5.1 with an illustrated absorbance curve. The schematic shows that
TX molecules partition and incorporate lipid bilayers, causing an increase in diameter until
liposomes are saturated with detergent, Ds,. After they are saturated, increasing the TX
concentration with fixed lipid concentration causes budding of mixed-lipid and detergent-

micelles and liposomes reduce in size. At D, liposomes are completely solubilized into
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Figure 5.2: Lipid bilayer transitions using DSC of (a) PC MLVs (—), PA MLVs (—), and
a 50:50 16:0 PC MLVs: 16:0 PA MLVs (—), and (b) an extruded mixture of 50:50 16:0 PC
MLVs: 16:0 PA MLVs (—), 50:50 PC:PA mixed-lipid MLVs (—), and mixture of 50% 16:0
PC MLVs and 50% 16:0 PA MLVs (—), as in (a). All samples contain 4 mg lipid /ml.

mixed-micelles. Further increasing TX concentration has no impact on particle size or
absorbance.

In this paper, mixed liposome systems were prepared from ePC and ePA liposomes at
ratios of 100:0, 75:25, 50:50, 25:75, and 0:100 ePC:ePA, in which there were two distinct
populations of liposomes for each lipid. The liposomes mixtures were combined with TX.
Then absorbance was measured to gain insight into the size shifts when multiple populations
are present. Figure 5.3 shows the solubilization curves observed for three sample sets each.
The curves each follow the expected trend shown in Figure 5.1.

The lowest peak absorbance and the lowest Dg,;, 1.1 mM TX, were observed for pure ePC
liposomes (100:0 ePC:ePA), (¢). In the 100:0 ePC:ePA sample, absorbance reduces with TX
concentration until it baselines at Dy, = 7mM TX. The 100:0 ePC:ePA sample swelled to
saturation with TX at nearly 1.5 times the normalized absorbance of the initial lipid only
liposomes. The TX concentration at Dy, was 2.7 mM TX, which was over twice as much TX
as for ePC (¢). At TX concentrations higher than Ds,g, the slope of the solubilization curve

in Stage Il was less steep than for ePC only liposomes. The absorbance reached a baseline
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at 12.15mM TX. Additionally, Stage II lasted over a larger range of TX concentrations than
for ePC only (9.45 vs. 6.92mM).

The solubilization curves in Figure 5.4 for solutions containing a mixture of ePA liposomes
and ePC liposomes were observed to lie between the individual liposome curves. At first
glance, the curves appear to increase monotonically with increase in ePA concentration in
that the sample containing 75:25 ePC:ePA liposomes has little increase in absorbance in Stage
I, and Dg,; occurs at low TX concentration. Stage II for 75:25 ePC:ePA has a TX range
similar to ePC only liposomes, and Dy, is at 1.2mM TX. Similarly, the liposome mixture of
50:50 ePC:ePA has a higher maximum absorbance than 100:0 and 75:25 ePC:ePA. The Dy, of
50:50 ePC:ePA mixed liposomes is at 1.65 mM TX, which is slightly below the midpoint of the
Dy, values of the individual liposome species. Likewise, D, of the 50:50 ePC:ePA mixture
is also slightly above the midpoint of the Dy, of the individual species. The absorbance of
the liposome mixture 25:75 ePC:ePA resembles most closely 0:100 ePA liposomes, in that
the maximum absorbance is barely below that of ePA only (1.4 vs 1.24 mM). Similarly, Stage
IT proceeds over a TX range similar to ePA only liposomes and Dy, occurs at 9.9 mM TX.

The effect of the composition of liposomes on Dy, is graphed in Figure 5.4. As seen
in the solubilization curves, Dy, increases with an increasing percentage of ePA liposomes.
The weighted mean rule of mixtures was applied to the pure species data in Figure 5.4.

The equation for the weighted mean is D!, = x; * DA, + (1 — 2;) * DB,. For D,
the predictions based on weighted mean overpredicts the data. An ordinary least squares
regression determined an r? value of 0.128. This r?was calculated as the sum of squared
difference between experimental data and predictive model at 25:75, 50:50, and 75:25

ePC:ePA. To find a better prediction of Ds,; for mixtures of liposomes, an equilibrium model

was derived and applied in Section 5.4.

5.3.3 Dynamic Light Scattering Demonstrating Association of TX

with a Mixed Liposome Solution

DLS was used to determine that the two populations of ePC liposomes and ePA liposomes

were the same size. The liposomes were prepared by extruding solubilized lipids through a
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Figure 5.3: Turbidity changes in mixed liposome solutions at 100:0 (¢), 75:25 (¢), 50:50 (*),
25:75 (+), and 0:100 (+) ePC:ePA induced by TX detergent incorporation. Observed using
absorbance spectrometry at 400 nm. Data point connecting lines are guides to the eye.
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Figure 5.4: TX concentration at liposome saturation, Dg,; for mixtures of ePC liposomes
and ePA liposomes, displayed as the molar fraction of ePA liposomes, with the remaining
fraction being ePC liposomes. Also shown is a weighted mean rule of mixtures fit to the Dgyt
of the pure liposome species (—).
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100 nm pore membrane. In Figure 5.5, top row, the liposome populations of each sample
composition were monodisperse in size. The average diameter of each sample is in Table
5.1. The average of the extruded liposome averages was 122.9 + 3nm. This corresponds
with literature values for single liposome populations prepared by the same process. This
shows that extruding multiple liposome populations with a similar average diameter, and
the detergent solubilization process observed was not influenced by a variation in starting
liposome size.

The size distributions of mixed-micelles for the varying lipid-liposome samples are also
shown in Figure 5.5, bottom row. The populations were not two populations with different
mean diameters. In Table 5.1, the average diameter of the solubilized liposomes, or mixed-
micelles, is shown. Samples containing 0:100 ePC liposomes:ePA liposomes are slightly
smaller in diameter than samples containing any ePC liposomes. This is explained by mixing
of lipids in solution after solubilization between mixed-micelles. The lipid shape model in
which ePA lipid molecules have a conical shape and ePC lipid molecules have a cylindrical
shape [12]. These lipids enlarge the diameter of TX micelles from 11 4+ 1nm to 17 to 20 nm.
In micelles of this size, the lipids are subjected to the effects of curvature. The conical shape
of ePA packs with a smaller micellar diameter. Conversely, the cylindrical shape of ePC
packs in micelles with a diameter several nanometers larger than ePA only. The cylindrical
shape does not permit as tight of curvature in membranes as ePA [12], and this effect may
carry over into micelles as well. Lipids in samples with mixtures of liposomes are thought to
rearrange to form mixed-micelles contain ePC, ePA, and TX. With cylindrical lipids evenly
distributed among micelles, the overall curvature due to packing decreases and the micellar

diameter increases.
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Figure 5.5: Particle size distribution measured using dynamic light scattering of mixed liposome samples after preparation
(top row) and after complete solubilization, Stage III (bottom row).
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Table 5.1: Diameter of mixed ePC and ePA liposomes, shown as ePC:ePA, after preparation
and after solubilization in Stage III.

ePC:ePA  Liposomes Mixed-Micelles

d (nm) d (nm)
100:0 126.1 £2.8 19.9+ 34
75:25 1254 +1.5 18.1+3.3
50:50 118.44+4.7 19.7 £ 0.7
2575 123.0+£2.7 194+14
0:100 121.74+3.5 17.8+2.3

5.4 Equilibrium Model

As seen above, a simple weighted mean is not a good predictor of the concentration of
detergent at saturation for a mixture of liposomes. A mechanistic model was derived to
better predict the concentration of detergent that leads to saturation for mixed liposome
solutions. Additionally, based on equilibria between liposomes and solubilized detergent this
model allows estimation of the number of detergent sites filled at saturation in any mixture
of these liposomes.

The derivation began with equilibrium expressions for detergent and liposomes in

equations 5.1 and 5.2.

[A] + [D] =2 (D] (5.1)
[B] + [D] =2 [Dg] (5.2)

Here, [A] and [B] are the concentrations of [ePC] and [ePA] in liposomes, and [D] is
the concentration of detergent not bound to liposomes. The concentrations of detergent
(TX in this case) bound to either A-type or B-type liposomes are then called [D4] or [Dp],
respectively. Then the equilibrium constants K4 and K were derived in equations 5.3 and

5.4.

(5.3)
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_ (D]
[B][D]

(5.4)

In Stage I of liposome solubilization, all TX molecules ([Dr]) must be either free or in
micelles ([D]) or incorporated into A-type or B-type liposomes ([D4] or [Dg]), therefore the

mass balance for total detergent is described by equation 5.5.
[Dr] = [D] + [Da] + [D5] (5.5)
Then the equations 5.3 and 5.4 are solved for [D4] and [Dg| and substituted into the
mass balance equation 5.5.

[Dr] = [D] + Ka[A][D] + Kp[B][D] (5.6)

[D] is isolated for an expression of detergent free or in micelles.

[Dr]

IPI= 1 + K4[A] + Kp|B]

(5.7)

This expression for [D] is plugged into equation 5.5 for an expression to the total detergent

concentration.

_ [Dr]
1+ Ka[A] + Kg[B]

[Dr] + Ka[A][D] + K[B][D] (5:8)

This is simplified for a final expression describing the total concentration of detergent.

(5.9)

K4[A] + Kg[B]

Equation 5.9 is then considered at saturation, which is denoted with an asterisk (*). As
discussed above, liposomes are saturated at the maximum number of detergent molecules
that can be incorporated before they begin splitting into mixed-micelles. This is shown in

equation 5.9 and Figure 5.6 and

(5.10)

(D3] = ([Da] + (D))" (1 + KalA] + KB[B]>

K4lA] + Kp[B|
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Figure 5.6: Graphical explanation of the relationship between total detergent and bound
detergent at saturation for samples of pure A-type and pure B-type liposomes.

Assuming A-type liposomes and B-type liposomes do not mix significantly, and the
presence of A-type liposomes does not affect the number of sites available for detergent
adsorption in B-type liposomes (and vice-versa), then the total amount of detergent adsorbed
at saturation is the sum of the number of sites available if all the lipids were pure A-type
liposomes or B-type liposomes ([Ag] or [By]). Here z, and z;, are the mole fractions of lipid A
and lipid B in the mixed liposome sample, and [D? | and [Dp | are the molar concentrations

of detergent bound to pure A-type or B-type liposomes at saturation.

([Da]l + [Dp])" = z4[D},] + 2D, ] (5.11)

Detergent incorporates into liposome bilayers between lipid molecules, thus the maximum
number of detergent sites at saturation is a fraction less than or equal to 1 of the number of
lipid molecules. n is used to represent the fraction of detergent sites on A-type liposomes or

the detergent to lipid ratio at saturation.

[D’,] = nlAd] (5.12)

Similarly, m is used to represent the fraction of detergent sites on B-type liposomes.

[D,] = m|[By] (5.13)
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The detergent concentrations at saturation (Ds,;) are related to the observed absorbance
found during experimental solubilization of the pure liposome species. However, the
relationship between the change in size caused by detergent uptake and the normalized
change in absorbance for each liposome type is unknown. They are given the values v and

B for A-type and B-type liposomes, respectively.

[D34,] = n[Ao] = 7(Absg,) (5.14)

[Dg,] = m[Bo] = B(Absg,) (5.15)

To compare the detergent to lipid ratio in each of the liposome species using absorbance,
a constant « is assigned as a ratio of v and /.
(D3, ~ nf[A)] (Abs?

— sat)
(D]~ mBo] ~ “(AbsE,) (5.16)

This is rearranged such that the detergent concentration bound to B-type liposomes at
saturation can be solved for using experimental absorbance data.
nlAg) (AbsB

sat)
a (Absd,) (5.17)

(D) =

These two new relationships for [D% | and [Dj | are inserted into equation 5.11 to find

the concentration of detergent bound to A-type and B-type liposomes in a mixed system.

xyn]Ag] (AbsB))
(Absfat)

([DA] + [DB])* = Q?an[Ao] + (518)

Now equation 5.18 is substituted into equation 5.9 for a final expression for the total

amount of detergent at saturation in a mixture of two types of liposomes.

D3] = (xan[ PRIZILY (Absgt)) (1 4 KAJA] + KB[B]) (5.19)

a  (Absi,) K4[A] + Kp[B]
The equilibrium constants K4 and Kp are calculated from pure liposome data at

saturation. The concentration of A-type liposomes does not change at saturation.
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Ky = % (5.20)

Using the mass balance in equation 5.5 at saturation, an expression for unbound detergent

at saturation with only A-type liposomes present can be written.

(D] = [D7] = [D,] (5.21)

This expression can be applied to equation 5.20, along with equation 5.12 to yield an

expression for estimating the value of the equilibrium constant K4 for A-type liposomes.

n

B = D Al

(5.22)

An expression for B-type liposomes can be derived in a similar fashion starting with the
equivalent of equation 5.20 for B-type liposomes.
(D,

Kp = B (5.23)

The mass balance in equation 5.5 at saturation also yields an expression for unbound

detergent with only B-type liposomes present.

(D] = [D7] = [D,] (5.24)

This expression can be applied to equation 5.23, along with equation 5.17, for a rate

constant relationship for B-type liposomes.

1

a[D*BO] (AbSSAat)
(B ( n[Ad (AbsE,) ‘1)

Kp = (5.25)

Lastly, K4 and Kp are in the final expression for [D}] to determine the values of n and

a that yield the best fit of equation 5.19 to the experimental data.
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Table 5.2: Parameters used in solving equilibrium model for [D7].

Variable Value
[A,]  4.324

[B,] 4.716
[D%,]  1.081
D5 ] 2.624
AbsA,  0.010
AbsB. 0.437

sat

5.5 Equilibrium Model Results and Discussion

5.5.1 Solve for Relationship of Absorbance and TX Sites at [D}]

at Best n and o Fits

Equations 5.19, 5.20, and 5.25 constitute an equilibrium model for predicting the
concentration of detergent at saturation for a bimodal system of liposomes. The model
needs only information about the saturation of the pure component liposomes, which is
often readily available. The equilibrium model using experimental data found in Section
5.3.2 for 100 % ePC ([Ap]) and 100 % ePA ([Bo]). The detergent saturation and absorbance
values from the section5.3.2 are used in the model and are listed in Table 5.2. The model
was solved for the values of n and « that generate the best fit in the least squares sense to
the data for [Dg] at 25:75, 50:50, and 75:25 ePC:ePA.

Also, note that valid solutions for this model must avoid n and « values that yield non-
possible denominators for K 4 and Kp, that is, zero or negative values. These are represented
by the gray areas in Figure 5.9, discussed later, where n must be less than 0.25 and 2 must
be greater than 7.25. Additionally, an upper bound of o = 5 was applied to the search
algorithm; beyond this the solution diverged.

In Figure 5.8, the best solution to the equilibrium model is shown and compared with
the previously mentioned weighted mean model. The parameter values of the best fit are of
a = 2.7,n = 0.15 for which the r? value is 0.00963. Here, r? was found as the sum of square

of the differences between the experimental and model values for Dy,;. This fit is closer to

experimental values than the weighted mean model, 7? = 0.128. The model collapses to
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Figure 5.7: TX saturation of mixed liposomes at 0:1 to 1:0 mole fraction ePC:ePA
determined by experiment (®), and fit with a mixing rule (—) and best model at o =
2.7,n=0.15 (—).

weighted averages at a« = 1.8, n = 0.249. Here K4 and K are also collapsing to 0, meaning
no detergent incorporation is occurring.

Using @ = 2.7 and n = 0.15 with the above equations, it is possible to calculate the rate
constant, K4 and Kp, and the number of detergent molecules incorporated into each of the
liposome populations. Using this a and n in equations 5.22 and 5.25, K4 is 0.347 and Kp
is 0.143. Additionally, these values mean that for every 100 ePC molecules in a saturated
liposome, there are 15 TX molecules inserted into the bilayer. Thus the saturated liposomes
are 13 mol% detergent and 87 mol% ePC lipids. Similarly, the detergent incorporation into
ePA liposomes is analyzed by finding that m = 0.455 with equation 5.16. Therefore, the
saturated liposomes are 31 mol% (molar) TX and 69 mol% ePA. This a and n can also be
used to predict the D3 for different mixtures of bimodal liposomes.

A sensitivity analysis was performed in Figure 5.8. For this, the model was solved at
n = 0.15 and « at half of 2.7 (—) and twice 2.7 (—). Half of the best-fit a (n = 0.15 &
a = 1.35) over-predicted D3 for the mixture, and twice the best-fit a (n = 0.15 & a = 5.4)

under-predicted D7}. Neither of these fits approached within a standard deviation of any
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Figure 5.8: TX saturation of mixed liposomes at 0:1 to 1:0 mole fraction ePC:ePA as
determined by experiment (®) and the equilibrium model at varying n and a: n = 0.15 &
a=27(—),n=015&a=135(—),n=015& a=54(—),n=0.05 & a =27
(—),n=0249 & a =2.7 (—).

data point, but the deviation from the best-fit was more significant for a higher o value.
This can be seen in terms of 7? values in Table 5.3.

Similarly, the model was solved at o = 2.7 and n at half (—) and nearly twice (—)
that of the selected best fit (——). This high n value is near the maximum limit in which the
denominator of K 4 is less than or equal to zero. The curve for half of the best fit n, very
slightly over-predicts DZ., therefore, the model is not sensitive to values of n less than the
values identified as the best fit. The curve is within a standard deviation of the experimental
data points at 50 and 75 % ePA liposomes. Nearly twice the best fit n significantly under-
predicts D2 and has the highest r? value of the combinations sampled. It is not within a
standard deviation of any experimental data points.

In Figure 5.9, the model is further is analyzed with a range of possible values for the
parameters, n and a. Figure 5.9 (a) displays the fits for n and o as 1 —7? to easily visualize
the closeness of the predictions with the experimental data. There are two minimums for

r2. One lies along the Kz boundary line, and the other can be fit to a line, displayed in red

(—).Around this line, the deviation from experimental data decreases as n approximates
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Table 5.3: r? fit to experimental values for equilibrium model at select n and « from Figure
5.8 and the weighted mean model.

n « 7’2

0.15 2.7 0.00963
0.15 1.35 0.128
0.15 54 0.419
0.075 2.7  0.0155
0.249 2.7 0.251
linear 0.128

towards zero. The best fit to the model for each n is better than the weighted mean fit. Of
the best fit for each curve, the worst is at n = 0.249, a = 2.1, in which r? = 0.026.

To better visualize the r2 fit for the range of n and «, a color-coded scatter plot is shown
in Figure 5.9(b). Gray areas represent non-physical solutions in which the denominators
in equations 5.22 and 5.25 are less than or equal to zero. The two branches of potential
solutions are represented by shades of blue and green dots. The primary branch starts at «
near 3.5 and funnels to a near 2. A smaller branch is at the barrier region with Kg less than

0. The weighted mean model (r? = 0.128) would be in the orange region of this color bar.

5.6 Conclusions

In this paper, detergent solubilization is performed for a mixed population of ePC
liposomes and ePA liposomes using absorbance spectrophotometry. The concentration of
detergent at peak incorporation into liposomes was found from the apex of the solubilization
curves. Next, a model is derived that fits experimental data using a binding equilibrium for
two saturation events. The detergent saturation is assumed to be one liposome population
that does not influence the saturation of the other and that the two liposome populations
interact independently with TX. The model can determine the number of TX sites at
saturation for each population. n and a were determined using the method of least squares,
fitting the model to experimental data to find [D}]. Once a has been determined, this model
can be used to predict the number of detergent molecules associated with each population

of liposomes at saturation. This model can be applied to any combination of liposomes.
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Figure 5.9: (a) XYZ plot for the model show the trend of the fit to experimental data,
shown as 1 — r? (1-(D} — DaP)?), for a given n and «. The lowest r? for each n is shown
with a line (—). (b) Least squares fit for DJ. at given n and « values to experimental values,

DI The color bar scale for the coefficient of determination is 72 =0 — 0.2
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All that is needed is information on the detergent saturation of the individual liposome
populations at the same lipid concentration. Additionally, this bimodal model could be
expanded to include more than two liposomal species. These fits enable new insight into the
number of TX detergent molecules that can be uptaken by liposomes of different species,

and how bimodal mixtures of liposomes are saturated by detergent.
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Chapter 6

Summary and Future Work

This dissertation has worked to advance systems that harness solar energy using a
renewably sourced plant protein, PSI. It was demonstrated that PSI modified with an
LPETG-peptide sequence on the stromal surface can be ligated to an enzyme containing the
corresponding GGG-peptide sequence using sortase A. The rate of re-reduction of mutant
PSI was also observed by using laser flash photolysis. Additionally, it was identified that
there were no significant structural changes in structure and chlorophyll binding between
LPETG-PsaE PSI and WT PSI.

Prerequisite studies were performed for the insertion of PSI into mixed-lipid liposomes
to simulate the native thylakoid membrane. Mixed-lipid liposomes ranging from 0 to 100%
egg phosphatidyl choline (ePC) and egg phosphatidic acid (ePA) were solubilized with the
detergent, Triton X-100. ePA containing liposomes incorporated higher concentrations of TX
than ePC only liposomes before achieving saturation and initiating dissolution into detergent
and lipid mixed-micelles. It was concluded that the difference in lipid shape determined
detergent incorporation, in that the conical shape of ePA increased mismatching in the
bilayer and enabled increased uptake of detergent before complete dissolution compared
to the cylindrical shape of ePC. Furthermore, the shape of ePA was adjusted with pH
to the conclusion that less conical ePA behaved more similarly to ePC than more conical
ePA. Therefore, it is the overall lipid shape moving from cylindrical to conical that affects
the incorporation of TX detergent in the bilayer and the total concentration of TX that

can be incorporated before the bilayer initiates disruption. The future direction for this

113



work is examining lower molar ratios of ePC:ePA in mixed-lipid liposomes to observe a
critical threshold of conical lipids in a bilayer that causes a marked increase in Dg,; and
Dg,; such that it is more similar to ePA only liposomes. Other combinations of prevalent
lipids in nature, such as phosphatidylglycerol (PG), phosphatidylethanolamine (PE), and
phosphatidylserine (PS), should be used at varying ratios in mixed-lipid liposomes with
detergent solubilization experiments to gain insight into these lipid interactions within
bilayers. Additionally, detergent solubilization of mixed-lipid liposomes should be extended
beyond binary lipid combinations to ternary and quaternary lipid combinations. The wide
range of lipid combinations will enable better replication of natural membranes for in vitro
liposomes applications. Additionally, mutant PSI should be inserted into 75:25 ePC:ePA
mixed-lipid liposomes. The structure and activity should characterized and compared with
data found in this dissertation. Next, hydrogenase enzyme should be modified with a GGG-
peptide sequence and ligated to PSI in a liposome. Hydrogen production should be observed
in the presence of DCPIP under light conditions.

Furthermore, an equilibrium model was derived describing detergent association with
membranes when there are more than one membrane type present. The model is supported
by saturation data from solubilizing mixed egg phosphotidylcholine (ePC) liposomes and
egg phosphatidic acid (ePA) liposomes with detergent. To fit the model, only detergent
saturation of the two pure species liposomes is necessary. It then fits parameters for the the
relationship between liposome size change due to detergent uptake and measured signal (e.g.
absorbance spectrophotometry signal) and for the fraction of detergent sites in one of the
liposome species to determine the detergent concentration at saturation of any given ratio
of the two liposome species. The equilibrium model determines the number of detergent
binding events that occur at saturation in each of the liposome populations present. Future
directions should expand the equilibrium model to a three or more liposome species system

and verify the derived models with experimental data.
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