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Abstract

The biological cell is the most important unit of life and is surrounded by a functional
cell membrane. Despite the many different functions of cells, they are all composed of similar
lipids, proteins, nucleic acids, and polysaccharides. Among its many features, the cell
membrane contains gates (proteins) that are highly selective and regulate transport across
the membrane. The membrane itself comprises lipids that are arranged in a bilayer and
create a permeability barrier. A small portion of these lipids interact with some membrane
proteins and are essential for the function of these proteins.

The overall theme of this thesis is interrogating biomimetic membranes and their
interactions with proteins and carbon nanomaterials. In the first part of this thesis, we
investigate outer membrane protein (Pet protein) folding kinetics in detergent micelles. The
second part of the thesis looks at the interaction of graphene-like nanomaterials with
different lipids.

Pet proteins are classified as autotransporter proteins based on their secretion
pathway, and they are produced by Gram-negative bacteria. These proteins are closely
associated with virulence and thereby disease outcomes, particularly for key bacteria such
as Escherichia coli. They consist of an N-terminal sequence and C-terminal 3-barrel domain,
separated by the secreted passenger domain (virulence factor). After translocation of the
passenger domain across the outer membrane, this section is released into the extracellular
milieu via autocatalytic processing. The 12 stranded B-barrel facilitates the translocation of
the passenger domain by forming a pore across the outer membrane. In this work, we
studied the mutational effects of several conserved residues in the 3-barrel domain and their

impact on translocation of the passenger domain across the outer membrane.



Mutation of conserved glycine residues within the pB-barrel domain resulted in non-
native folding of Pet protein, which limited the passenger domain translocation to the
extracellular milieu. Biophysical studies of Pet protein showed that the non-mutated protein
was quickly folded into its native structure and facilitated passenger domain translocation.

Graphene and its derivatives have garnered considerable attention in different fields
of research owing to their unique physical and chemical properties. The second part of this
thesis focuses on the interactions of graphene oxide and reduced graphene oxide with
biomimetic membranes and lipid vesicles. Graphene oxide and reduced graphene oxide
comprise an atomically thin carbon lattice of graphene and are readily dispersible in water
because of the presence of functional groups containing oxygen. Since graphene and its
derivatives are being developed for different biotech and biomedical applications, it is
essential to understand their biological effects and toxicity. The latter part of this thesis
investigates the interaction of graphene oxide and reduced graphene oxide with lipid
bilayers (biomimetic membranes) and lipid vesicles. Experimental techniques such as
atomic force microscopy (AFM), force spectroscopy, small-angle neutron scattering and
quartz crystal microbalance with dissipation are used to better understand the interactions,
assembly, and surface chemistry.

Chapter 5 investigates interactions of GO and rGO with lipids using AFM imaging and
force spectroscopy. This approach provides an overview of how GO interacts differently with
charged and zwitterionic lipid bilayers. In most cases, introduction of GO to the lipid bilayer
led to compromised integrity of the lipid bilayer. The extent of bilayer disruption differed
based on the overall charge of the lipid bilayer.

Chapter 6 discusses interactions of GO and rGO with lipid vesicles using small-angle
scattering to investigate bulk properties. Most of the interactions of GO with liposomes led

to rupturing of the vesicles and reconfiguration of lipids from the smooth surfaces of



liposomes to a fractal composite. However, when rGO was introduced to anionic vesicles,
interactions were limited and most liposomes remained intact, indicating again a role of

charge and surface chemistry in lipid—nanomaterial interactions.
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Chapter 1. Background

1.1. Gram-negative and Gram-positive bacteria

Bacteria are broadly classified into two categories: Gram-positive and Gram-
negative, differentiated by Gram staining. This is a method of cell differentiation by detection
of peptidoglycan, present only in the cell walls of Gram-positive bacteria. Gram-positive
bacteria have a single (inner) membrane, while Gram-negative bacteria contain two
membranes, an inner membrane (IM) and outer membrane (OM, Figure 1.1). In the case of
Gram-negative bacteria, the space between the two membranes is called the periplasm [1].

Although there are some variations among different bacterial species, the overall structure
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Figure 1.1. Schematic of a Gram-negative bacterial cell membrane architecture, as
exemplified by Escherichia coli. The cytoplasm of E. coli is surrounded by the inner
membrane (IM), periplasm and the outer membrane (OM). Unlike the IM, the OM is an
asymmetric bilayer containing phospholipids and lipopolysaccharides (LPS) in its inner and
outer leaflets respectively. The OM also contains B-barrel integral membrane proteins. This
Figure was reproduced from Ruiz et al. [2].



and composition of the OM is largely conserved. Unlike the IM, the OM is an asymmetric
bilayer containing phospholipids and lipopolysaccharides (LPS) in its inner and outer leaflets
respectively. Both bacteria have a peptidoglycan layer comprising amino acids and a sugar-
containing polymer. In the case of Gram-negative bacteria, the peptidoglycan layer is
located in the outer layer of the inner membrane (Figure 1.1) [1]. An equivalent
peptidoglycan layer is also present in the outer layer of Gram-positive bacteria, but in this
instance, the peptidoglycan layer is relatively thicker than that of Gram-negative bacteria.
Proteins are secreted across the inner membrane of Gram-negative bacteria to the
periplasmic space. In case of Gram-negative bacteria, periplasm is the space between the
outer membrane and the inner membrane [3]. Unfolded proteins that get transported across
the inner membrane to the periplasm either fold in the periplasm or once they have passed
the outer membrane. Chaperone proteins are a class of biomolecules that exist in the
periplasm, and which help proteins fold. The mechanism and action of many chaperone
proteins are not well understood and it's an active field of research. Since there is no
adenosine triphosphate (ATP) in the periplasm, protein is folded in the absence of ATP [4].
Bacterial pathogenesis includes secretion of protein virulence factors that perform
cell adhesion and host invasion. In the case of Gram-negative bacteria, transportation of
virulence factors is rather difficult because they are synthesized in the cytoplasm and they
must cross the inner membrane, the periplasmic space and finally the outer membrane

before reaching the cell surface and transferring onto the host cells [4].



1.2 Gram-negative bacterial protein secretion systems

A Gram-negative bacterium faces the challenge of transporting proteins across two
membranes: the inner and outer, whereas Gram-positive bacteria lack this outer membrane.
To overcome this problem, there are protein secretion systems in place to translocate
proteins across the inner and the outer membrane.

There are at least eight types of protein secretary systems, numbered I-VIIl and with
the basic components shown in Figure 1.4. Out of the seven separate Gram-negative
secretion mechanisms, Autotransporter proteins (ATs) or Type Va represent the most
common secretion pathway. The type V secretion pathway consists of three categories of

two-step

[ ] [o00000000000000000]

Signal Passenger [B-domain
sequence domain

Figure 1.2. Schematic representation of AT domains including an N-terminal signal peptide
(SP, white), a central passenger domain (red) and a C-terminal -domain.
secretion pathways : the autotransporter (AT) pathway (Va), the two-partner secretion (TPS)
pathway (type Vb) and the trimeric autotransporter adhesion (TAT) pathway (type Vc
secretion) [5]. Autotransporter protein sequences contain three parts: an N-terminal signal
sequence, a passenger domain which is the functional virulence protein, and a C-terminal
barrel or porin domain [6, 7].

Wide ranges of virulence proteins are secreted via the autotransporter (AT) pathway
(Type Va), in Gram-negative bacteria [8]. AT proteins are associated with virulence in Gram-
negative bacteria, with functions that include protein and lipid hydrolysis, adhesion to host

cells, maturation of other virulence proteins and promoting bacterial mobility [7]. Typically,
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the AT contains a signal peptide at the N-terminus that mediates transport across the inner
membrane, coupled to a passenger domain that exerts biological activity in the extracellular
space (Figure 1.1 and 1.3). A linker domain connects the passenger and the -domain,
which forms a B-barrel with a hydrophilic pore in the outer membrane (Figure 1.2 and 1.3)
[7]. Once the AT passenger domain is translocated across the outer membrane, it goes
through a series of processing steps and may cleave off from the barrel domain. Among
these proteins, the -domain (B-barrel forming domain) appears to be a common structural
feature, which folds into the B-barrel motif (essentially forming a pore across the outer
membrane), and is essential for transport of the passenger domain across the outer
membrane [7]. Three crystal structures of the AT protein have been captured, each
consisting of a 12-stranded B-barrel [9-11]. In the first part of this thesis, | seek to understand
the folding and insertion of B-domain in protein encoded toxin (Pet), an autotransporter
protein.

Figure 1.3. AT passenger domain section. The N-terminal signal sequence (pink) facilitates
c

outer membrane (OM)

C N

) ( inner membrane (IM)

translocation of the passenger domain across the IM. The passenger domain (black) and -
barrel domain (cyan) are translocated across the periplasm, and the p-barrel forms a pore
across the outer membrane. The passenger domain (virulence factor of the protein) is
translocated across the OM through the pore. In this model, the passenger domain goes
through the pores in the C to N terminus direction to get across the outer membrane [12].
This figure was reproduced from Junker et al [12].
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Autotransporter proteins are produced in the cytoplasm and must cross the inner
membrane (IM) to reach the periplasm and then the outer membrane (OM). AT translocation
across the inner membrane is dependent on a translocase generated via the Secretion
pathway, hence Sec-translocase. The Sec (secretion) system is the translocation system
utilised in the inner membrane, and it is known to transfer unfolded proteins across the inner
membrane. For Sec-dependent translocation, AT has a targeting signal that is located at the
N-terminus of the protein. Translocation itself is mediated by the Sec machinery, which is
composed of a core complex of three integral IM proteins, SecY, SecEk and SecG, that form
a heterotrimeric complex (Figure 1.4) [3, 4, 13]. ATs first bind SecA, a motor protein that
drives the transport of membrane proteins, and then are fed into the channel formed by the
complex.

Proteins are secreted across the inner membrane of Gram-negative bacteria and into
the periplasmic space [14]. Most proteins in Gram-negative bacteria that are translocated
across the inner membrane in their unfolded state fold at least to some degree in the
periplasm before (a) being inserted/assembled into the outer membrane, or, complete their
folding in the periplasm to be either (b) translocated across the outer membrane in a folded
state or (c) remain resident in the periplasm [4]. Chaperone proteins such as SurA, Skp and
DegP in the periplasm are known to help proteins fold, and their activity can be regulated by
intrinsic properties of the client protein and by competition for binding to other assembly
factors. One such factor is the B-barrel assembly machinery (BAM): a complex consisting of
an outer membrane protein (BamA) and four lipoproteins (BamB, BamC, BamD and BamE),
that catalyse the insertion of translocated proteins into the outer membrane of E. coli and

other Gram-negative bacteria [4]. Delivery of client proteins to the BAM is mediated by



Figure 1.4. Different types of secretion system in Gram-negative bacteria. Image
reproduced from Tseng et al., 2009 [15]. There are currently nine different protein secretion
system that have been identified, and they each vary significantly from each other. The focus
of our study will be the type V secretion system.

several chaperones: Skp interacts with unfolded polypeptide chains, SurA and FkpA are
periplasmic peptidylprolyl cis/trans isomerases [16], and the periplasmic chaperone DegP
is multi-functional in that it is both a molecular chaperone, and has a protease activity that

degrades any misfolded client proteins that it cannot assist to fold (or pass on to other

factors) [17].

1.3 Details on the secretion pathway of autotransporters

Autotransporters follow a highly complex protein folding mechanism that ultimately drives
the appearance of the passenger domain on the outer surface of bacterial cells. Several
studies suggest that the passenger domain is translocated through the pore of the p-barrel

domainina C — N direction [18]. Studies have also shown that the passenger domain needs
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to be in an unfolded conformation to go through the pore, given that artificial, folded proteins
are not able to be translocated through the outer membrane [9]. In further support of this
point, introduction of cysteine residues, which result in disulphide bond formation in
passenger domains, creates enough of a loop to stall passenger domain secretion across
the outer membrane [19]. Structural assessments are also consistent with this point: the
diameter of the pore formed after the completion of folding of a 12-stranded autotransporter
B-barrel is too small (=6.4 A to 11.0 A) to passively allow a folded passenger domain to pass
through the pore [20].

Numerous factors in the periplasm and outer membrane are required for an
autotransporter to achieve its final form on the bacterial surface. Chaperones in the
periplasmic space (such as Skp and SurA) bind the unfolded protein and avoid its misfolding
in the periplasm [10]. BamA is necessary for the insertion of the p-domain into the outer

membrane [10], as is the translocation and assembly module (TAM) [20].

1.4. Serine protease autotransporters of the Enterobacteriaceae (SPATES)

SPATES are a well-studied sub-family of autotransporter proteins. The SPATEs are
associated with virulence and are found in E.coli, Shigella spp. and Salmonella spp. [21].
All SPATEs have a serine protease motif that is necessary for virulence. The SPATES’
passenger domain has an N-terminal globular domain attached to a C-terminal -helix. The
-domain in the SPATESs are the most conserved part of the protein sequence [22]. Plasmid-
encoded toxin (Pet) is a member of the SPATE autotransporter sub-family. Table 1.1 shows

examples of SPATEs and their functions.



Table 1.1. Examples of serine protease autotransporters and their functions. From Weiss et
al. [23] with modifications.

NAME Function(s)

EspP (extracellular serine protease) Cleaves human apolipoprotein A-1 [22]
Hbp (haemoglobin protease) Binding of hemoglobin
Pet (plasmid-encoded toxin) Toxin, Inflammation, mucus secretion
Pic (protease involved in intestinal Hemagluttin, serum resistance
colonization) mediator, mucinase activity

. . Tissue inflammation, fluid
SepA (Shigella extracellular protein) accumulation
SigA (Shigella IgA-like protease homolog) Toxin, Cell rounding and detachment

1.5. Plasmid-encoded toxin (Pet)

Pet was first discovered on a virulence plasmid in the enteroaggregative E. coli strain
042 [24], a virulent strain of E.coli. Pet is a 137 kDa autotransporter protein that is secreted
across the outer membrane, and its passenger domain is autocatalytically cleaved from its
barrel domain, releasing into the extracellular milieu [25]. Pet has been found to degrade
spectrin (a cytoskeletal protein found in the plasma membrane) and fodrin (similar to
spectrin, in that it binds to actin and is found in plasma membranes) and the degradation is
directly related to the Pet serine protease motif [25]. Enteroaggregative E.coli is known to
cause diarrhoea and this has also been suggested to cause diarrheal diseases in HIV-
infected adults [25]. Mutation or inhibition of the serine protease activity stops the activity of

the virulence effects of Pet [25].

1.6. Membrane protein folding

Membrane proteins are classified into two categories: integral and peripheral, based

on the nature of the membrane—protein interactions that they experience. Integral
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membrane proteins (transmembrane proteins) span a phospholipid bilayer [26]. Peripheral
membrane proteins are usually bound to the membrane indirectly by interactions with
integral membrane proteins or directly by interactions with lipid polar head groups [27]. Two
classes of integral membrane proteins are known to be characterized by the structure of
their transmembrane domain: a-helical proteins and B-barrel proteins [28]. Despite
significant progress towards understanding the structure and function of membrane
proteins, complex fundamental questions still remain. Membrane protein folding involves
binding to the membrane interface, insertion into the membrane and then a final assembly

stage.

cr-helical Bundles B-Barrels
Bactenialrhodopsin (PDB 1AP9) Matrix Porin (PDB 10MF, subunit)

Figure 1.5. Two classes of integral membrane proteins. Bacteriorhodopsin forms a bundle
of transmembrane o-helices that span the phospholipid bilayer. In porin (B-barrel),
antiparallel B-strands span the membrane and form a barrel motif. This figure is reproduced
fromhttps://www.gesundheitsindustrie-bw.de/en/article/news/a-special-focus-on-
intercellular-mediators

a-helical proteins are the major class of transmembrane proteins and are characterised by
containing one or more a-helices as shown in Figure 1.5. Proteins of this class with seven

helices are the most common [27]. B-barrel membrane proteins are found in the outer
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membranes of Gram-negative bacteria, mitochondria, chloroplasts and also in the cell walls
of Gram-positive bacteria [13]. In B-barrel membrane proteins, antiparallel g-strands span
the membrane and form barrel-like structures. Hydrogen bonds span between the amino
acids on separate B-strands, contributing to this assembly state [29]. In transmembrane -
barrels, every second amino acid faces the non-polar lipid and must be a hydrophobic
residue, while the others face the interior of the pB-barrel and are mostly polar.

Protein folding affects the encryption of genetic code and how its translated. Soluble
protein is generally easier to study, and there have therefore been numerous studies that
explore the folding of soluble proteins using different experimental, theoretical and
simulation approaches [29]. These investigations have identified and characterised
intermediates and transition states of the folded protein and their kinetic and thermodynamic
processes [30, 31]. In addition, protein misfolding and aggregation have also been studied
extensively. Unfortunately, there hasn’'t been the same kind of interest in the study of
membrane proteins until very recently, due to the more elaborate measurement and
preparation conditions required. The exception to this general observation is that
bacteriorhodopsin and Omp family membrane proteins have been studied extensively, both

of which can be refolded to their native structure from a denatured state [32, 33].

1.7. Aim of this study

The motivation of this study is to obtain details on the structure and the assembly of the
autotransporter -barrel membrane protein. To this end, the Pet B-barrel protein is used as
an experimental model for the study. It has been shown that outer membrane proteins can
refold in vitro in the presence of detergent micelles and lipid vesicles including large
unilamellar vesicles and small unilamellar vesicles [34, 35]. Studying the folding of Pet -

barrel protein in vitro allows us to systematically change experimental conditions and identify
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the parameters that influence protein folding. The experiments presented here utilize SDS-
PAGE, western blots, and spectroscopic techniques including circular dichroism and

fluorescence, to investigate membrane protein folding using Pet 3-barrel membrane protein.

f13 kDaf B domain i30 kDa)

Pet 116 B
(26 kDa) B domain (30 kDa)

Pet 232 B

(52 kDa) B domain (30 kDa)

Pet 464 B

Passenger domain (106 kDa) B domain (30 kDa)

Pet 966 B (Full length Pet)

Passenger domain only

?13 kbaf

B- domain only
(52 kDa)

Figure 1.6. Schematic representation of the proteins used in this study. The full-length Pet
is 136 kDa (106 kDa is the passenger domain and 30 kDa is the barrel domain). Pet 4643
contains a 52 kDa passenger domain (truncated from the 106 kDa full length passenger
domain) and a 30 kDa barrel domain. Pet 2323 contains a 26 kDa passenger domain and a
30 kDa barrel domain, and Pet 1163 contains a 13 kDa passenger domain and a 30 kDa
barrel domain. Pet 116 and Pet 464 are the 13 kDa and 52 kDa passenger domain only.
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Specific aims of the first section of the thesis

1. To understand why some of the residues of the Pet B-barrel protein have been
conserved through evolution, and to determine their significance during autotransporter
folding and assembly, explored via in vitro folding at 37°C. The goal of this section is to purify
Pet proteins of different sizes and study their folding in vitro, to determine whether conserved
glycine residues are important for their biogenesis. In Chapter 2, conserved glycine residues
are mutated to alanine and in vitro folding efficiency is studied using SDS-PAGE, Western

blotting, circular dichroism and fluorescence spectroscopy

2. To purify and refold Pet proteins (Pet 1163, Pet 232p3, Pet 4643 and pet 966p) in
order to study the effects of temperature, lipids and periplasmic chaperone proteins in Pet
protein folding. In Chapter 3, Pet proteins are folded at 37°C, 15°C and 4°C and analysed
using SDS PAGE, western blotting and spectroscopy.

Pet proteins are expressed and purified from E.coli and folded in
lauryldimethylamine-N-oxide (LDAO) at different temperatures to slow down the kinetics and
compare the early stages of folding for various sizes of Pet proteins. Lipids with different
head group and different acyl chain lengths will be used to study their effects on protein
folding. LDAO is a detergent micelle used to study the folding of autotransporter proteins.

In Chapter 3, we investigate if the B-barrel domain accelerates folding of the
passenger domain and determine whether the B-barrel initiates folding. Folded B-barrel
functions to present the passenger domain at the cell surface. It has been postulated that 3-
barrel folding influences folding of the passenger domain. In the absence of B-barrel,
passenger domain folds extremely slowly, and in this study, folding kinetics will be identified

using a proteinase K assay. Folded protein samples will be probed with both barrel and
12



passenger antibody to identify the folding timeframe of p-barrel and passenger domain

respectively.
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Chapter 2. Glycine to Alanine mutation in Petp barrel leads to inefficient
protein folding

2.1 Introduction

When considering the folding of membrane protein motifs, B-barrel membrane
proteins are expected to fold differently from their a-helical counterparts because their
residues alternate between hydrophobic and hydrophilic chemistry [1-3]. The outermost
amino acids expressed are the hydrophobic residues for interaction with the cell membrane,
while the inner surface of the barrel is mostly hydrophilic to allow molecules to travel through
the pore [4, 5].

Such membrane proteins are produced by secretion systems, and within these
biological pathways, the Type V secretion system is one of the simplest protein secretion
systems [6]. Three different subdivisions of the type V secretion system are, i) those
secreted via an autotransporter system (type Va), ii) the two-partner secretion pathway (type
Vb) and the type Vc system [4, 6, 7]. Fig 2.1 shows a schematic representation of the type
V secretion pathway. Even though this is one of the simplest secretion systems, the folding
of the autotransporter itself is complex [8, 9]. The folding and the presentation of the
passenger domain on the extracellular surface of bacterial cells requires three different
steps: i) folding and insertion of the 12 stranded - barrel into the outer membrane, ii)
segments of the N-terminal domain becoming entrapped within the pore of the barrel, and
iii) folding of the passenger domain [9-11]. However, there are still questions as to how these
folding events are coordinated. The B-barrel assembly machinery (the BAM complex) is
known to catalyse the insertion of the barrel into the outer membrane in autotransporters
[12-14]. This is crucial because evidence indicates that the passenger domain gets

translocated through the barrel pore [9]. Chaperone proteins such as FkpA, SurA and Degp
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have been known to participate in the folding and insertion of autotransporters [15-17],
although their exact roles in folding and insertion is unclear. Efficient translocation of the
passenger domain depends on the barrel domain of the protein, and the studies performed
by Leyton et al. (in 2014) suggested that there are conserved motifs and conserved
sequences with this barrel domain [10, 18]. These conserved motifs are posited to be
targeted by the BAM complex and other chaperone proteins during folding and insertion
events [9, 10, 18].

In this study, we have used the Pet protein as a model system to represent the
autotransporter secretion system. This chapter will focus on conserved motifs and how their
mutations affect the folding of the autotransporter proteins. These conserved residues are
facing the pore of the barrel. Through this study we hope to understand whether these
mutations in the conserved residues affect the folding and if so, to what extent [10]? In order
to address this important question, this chapter presents a biophysical study to understand
the assembly of the autotransporter using the Pet protein as a model system. Previous
mutational study of autotransporter protein (Hbp and EspP) showed reduced assembly in
Escherichia coli and delayed passenger domain translocation respectively [19-21].

Functional parts of the protein required during translocation are shown in Figure 2.1:
the signal sequence, passenger domain, the linker region and the -domain. Autotransporter
proteins are synthesised in the cytoplasm and exported across the inner membrane via the
secretion (Sec) machinery pathway. Different chaperone proteins in the cytoplasm keep the
protein unfolded and keep it from misfolding. The B-domain becomes folded into the inner
membrane forming a pore across the outer membrane. The passenger domain is
translocated across the outer-membrane and in the case of an autotransporter, is cleaved

from the p-barrel.
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Figure 2.1. Adapted from [22]. Schematic representation of Type 5 secretion system.
Three subdivisions of the Type V secretion system are shown. To the left is the
autotransporter proteins secretion system. Functional parts of the protein responsible during
the translocation are shown: the signal sequence, passenger domain, the linker region and
the B domain. This figure has been reproduced from Henderson et al. [22].

2.2. Materials and Methods

2.2.1 Plasmid construction

The plasmid for this work was provided to us by Dr. Denisse Leyton and Prof. lan R.
Henderson. Further information on the extraction method used is contained within a

published paper [10]. pBADPEet itself has been described previously [23].
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Construct pPBADPetG''A, pBADPetG'%76A, pBADPetG''5'A and pBADPetY'103A
megaprimer PCR was performed as described previously [24, 25] with some variation.
Briefly, all round 1 PCRs were performed on 500 ng of template DNA (pBADPet) with 1 pg
of the appropriate mutagenesis primer always in combination with 1 ug of primer AatlIRv per
100 pl reaction mixture. Round 1 PCRs were then purified to remove residual primers from
the megaprimer synthesized in this first round of amplification. Round 2 PCRs were
performed with 4 ug of megaprimer and 1 ug of primer EaglFw on 500 ng of template DNA
(pBADPet) per 100 pl reaction mixture. Round 2 amplicons and target vector (pBADPet)

were then digested with Eagl and Aatll and ligated [24, 25).

2.2.2 Materials

2.2.2.1 Detergent:
N,N-dimethyldodecylamine N-oxide solution (LDAO) ~30% in H20, and Triton X-100

(>99%) were purchased from Sigma-Aldrich.

2.2.2.2 Media
For Luria Bertani (LB) medium, 10 g tryptone, 5 g yeast extract and 10 g NaCl were
dissolved in approximately 950 mL deionized water. The pH was adjusted to 7.0 using conc.

NaOH. The volume was adjusted to 1 L and the medium was autoclaved.

2.2.2.3 Antibiotics
Ampicillin was dissolved at 10 mg/mL in water, filter sterilized (0.2 um filter) and kept
frozen at —20 °C.
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2.2.2.4 Marker
Precision Plus®Bi protein dual color standards were purchased from Bio-Rad
(Berkeley, California, USA) and used for all sodium dodecyl sulfate-poly(acrylamide) gel

electrophoresis (SDS-PAGE) gels unless otherwise stated.

2.2.3 Methods

2.2.3.1 Protein expression and purification

A volume of 800 mL of LB was inoculated with starter in a 2 L flask, and incubated
at 37°C with stirring at 200 rpm until an optical density at 600 nm (OD600) of 0.3—0.4 in the
presence of ampicillin was attained. Cultures were then induced with 0.5 mM IPTG for 4
hours and pelleted at 4200 x g for 15 minutes. Pellets were resuspended in 30 mL buffer 1
(recipe below). 1 mg DNASE, 4 mM MgCl>, and 10 mM DTT were added to each sample,
which were then placed in a rotary wheel for 20 min at room temperature. Cells were lysed
by sonication and supernatant removed by centrifugation at 10,000 x g for 15 min. Pellets
were resuspended in buffer 1 (50 mM Tris-HCI pH 8.0, 0.5% v/v Triton X-100, 100 mM NaCl,
1mM EDTA, 1 mM DTT, 0.2 mM PMSF), and spun at 10,000 x g for 15 min. This step was
repeated a total of 3 times. The pellet was resuspended in wash buffer 2 (50 mM Tris-HCI,
pH 8, 1 mM EDTA, 1 mM DTT, 0.2 mM PMSF) spun at 10,000 x g for 15 mins and the
supernatant discarded. The pellet was resuspended in 50 mM Tris-HCI, pH 8, 8 M urea,
0.5 mM EDTA, 1 mM DTT, and put on rotating wheel for 2 hr at room temperature after
which point the sample generally clarified. The sample was spun at 30,000 x g for 30 min

and the supernatant discarded. Pellets were stored at —80 °C until further use.
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2.2.3.2 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

All protein samples were resolved on 12% SDS-poly(acrylamide) gels unless
otherwise stated. 12 % SDS gels were prepared using acrylamide (40% acrylamide/Bis
solution 291, Bio-Rad), stacking buffer comprising 375 mM
tris(hydroxymethyl)aminomethane (Tris), pH 6.8, 0.02% SDS and 05 mM
ethylenediaminetetraacetic acid (EDTA) and separating buffer comprising (375 nM Tris, pH

8.8, 0.1% SDS and 0.5 mM EDTA). The gels were run in a standard SDS running buffer.

2.2.3.3 Immunoblotting

Proteins were transferred to nitrocellulose membranes from SDS-PAGE gels in
transfer buffer (25 mM Tris, 190 mM glycine and 10% methanol). Proteins were transferred
over the course of 1-1.5 hr. Membranes were blocked using Tris buffered saline containing
0.1% Tween-20 and 5% skim milk. Membranes were incubated with primary antibodies and
detected using secondary antibody and enhanced chemiluminescence (ECL) solution.
Immediately before the ECL stage, equal volumes of ECL stage 1 and 2 were mixed and
added to the membrane. Excess ECL solution was removed, and the membrane was

exposed to Fuji X-ray film and developed.

2.2.3.4 sample prep for N-terminal sequencing

Protein samples were folded in LDAO. To achieve this, 0.5 mL of the folding sample
(concentration 0.1 mg/mL) was added to a tube containing trypsin at different time points.
Samples were then incubated on ice for 20 min, 10 yL of PMSF was added to each tube
and then incubated for 5 more minutes on ice. Loading dye was added and the samples

were heated at 95°C for 5 minutes. Samples were then analysed by electrophoresis on a
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gradient (3-14%) gel at 60-70V until the dye ran off the gel. N-cyclohexyl-3-
aminopropanesulfonic acid (CAPS) buffer was used to transfer the protein onto a
polyvinylidene fluoride (PVDF) membrane. The proteins were transferred over the course of
about 2 hours at 1 amp. The membrane was then stained using Coomassie brilliant blue.
50% methanol was used to destain the membrane, which was then left overnight at ~4°C in
ultrapure water. The bands containing proteins were excised and sequenced using Edman

degradation at the Proteomics facility (Monash University).

2.2.3.5 Protein folding

The concentration of unfolded protein (in 8 M urea) was 1 mg/mL. Folding of Petf3-
barrel proteins were initiated by 10 x rapid dilution into Tris buffer containing 0.5% v/v LDAO
(detergent micelles), to a final concentration of 0.1 mg/mL. All samples were incubated for
24 hr at 37°C and aliquots of the refolding reaction mixture were removed at the following
time points: 0, 5, 10, 20, 30, 45 ,60, 120, 240, 360, 480, 600, 960 and 1400 minutes.
Samples were boiled, quenched with SDS loading buffer, heated at 100°C and visualized
using 12% sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) and
Coomassie staining. Folded and unfolded protein band intensities were determined by
densitometry (see below) and this was achieved in collaboration with Gerard Huysmans at
the Pasteur institute. Pet B-barrel folding as a function of time was fit to a double exponential
equation and Pet pB-barrel G1076A mutant was fit to a single exponential equation.

Some of the folded protein samples were further purified to separate folded from
unfolded protein using a Ni affinity column and by gel filtration chromatography using

Superdex S200-10/300 (GE healthcare).
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2.2 .4 Biophysical assays

2.2.4.1 Densitometry

Densitometry analysis was performed on the SDS-PAGE gels of the folded/unfolded
samples. This was completed to determine the fraction cleaved for each time point (0 min
to 24 hrs). | performed all of the folding experiments and SDS-PAGE gels for all the samples
(3x for each protein) and the densitometry was performed in collaboration with Gerard

Huysmans at the Pasteur institute.

2.2.4.2 Circular dichroism (CD) spectroscopy

A 1 mm path-length fused silica cuvette containing ~0.1 mg/mL protein was used to
obtain far-UV circular dichroism (CD) spectra, recorded on a Jasco J-815
Spectropolarimeter. CD scans were recorded from 190 nm to 260 nm at a resolution of
1 nm/step and with an integration time of 1 sec. Background spectra of either 8 M urea, or
Tris buffer with LDAO micelles were recorded and subtracted from the obtained protein
spectra. Three scans were averaged, and the spectrum was adjusted for buffer contribution.
Thermal denaturation of the sample was performed at 218 nm as a function of temperature
from 25-100 °C at a thermal gradient of 1°C/min. Spectra were normalized to the mean
residue ellipticity. Thermal unfolding was found to be irreversible and so cooling scans were
generally not performed. The thermal denaturation CD spectral data shown below were
collected by Matthew Johnson. However, | did perform the same experiment at a different

time to confirm the results.
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2.2.4.3 Fluorescence spectroscopy

All fluorescence spectra were recorded on a Varian Cary Eclipse fluorimeter. Protein
samples of ~0.01 mg/mL in a 1 cm path-length cuvette were excited with photons of A =
295 nm (5 nm bandwidth) and emission was recorded from 300 nm to 500 nm, with an
integration time of 0.1 sec. Similarly to CD spectroscopy, background spectra for the
dissolving media were recorded and subtracted in the analysis. The fluorescence signal
seen in the emission spectra is interpreted to arise from the excitation of tryptophan

residues.

2.3 Results

2.3.1 Pet B-barrel protein folding, a schematic representation

Figure 2.2 a shows a schematic representation of Pet B-barrel folding in the outer
membrane of Gram-negative bacteria. The location of the conserved residues is highlighted
in green. The white shaded residues in Figure 2.2a points towards the barrel lumen and the
yellow shaded residues points towards the lipid bilayer. The boxed residues are the
Tryptophan (W) residues, and these were used to obtain folding information via fluorescence
spectroscopy. Figure 2.2a also shows extracellular loops (L1-L6) and periplasmic turns (T1—
T5). The loops are exposed in the extracellular space of the bacterial envelope. Figure 2.2b
shows the mutated glycine residues and their location. This investigation centres on a
mutational study of PetBG'%'A and PetBG'°76A wherein glycine residues have been mutated
to alanine in order to determine their role in folding. The glycine residues are across from

the aromatic residue (strand 1 and 2, strand 3 and 4). These glycine residues accommodate
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the aromatic residue, but we seek to discover how this changes if the glycine residue is
mutated to an alanine residue. Will this mutation be silent or have a direct impact in protein
folding?

The full length Pet protein is 136 kDa, of which, 30 kDa is the 3-domain and 106 kDa
is the passenger domain. For this study, we truncated the passenger domain and
synthesised a protein of total mass of 43 kDa (Figure 2.2 c). All of the different molecules
synthesised are the same overall size, but two of them are mutated and one is the wild type.
Pet 21902 s the wild type, where A1-902 indicates that the first 902 residues of the passenger
domain are deleted. Pet 21-902G1061A and Pet 21-902G1076A (Figure 2.2 c) are mutated versions
of the wild type, where 1061 and 1071 are the position in the protein sequence of the

residues on the full length Pet protein that were mutated from glycine to alanine.
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Figure 2.2. Reproduced from Leyton et al. 2014[10]. Pet B-barrel protein folding, a
schematic representation. Conserved residues are shown in Green. The protein is a 43 kDa
Pet p-barrel; the barrel is 30 kDa (passenger domain not shown in this representation).
Yellow squares represent residues with side chains pointing towards the lipid bilayer and
white squares represent residues with side chains pointing towards the barrel lumen. Red

squared glycine residues indicate the mutation, G — A [10].

2.3.2 Pet 21902 pet A1-902G1061A and Pet 41902G1976A  folding in LDAO micelles

Pet 21902 pet A1-902G1061A and Pet A1-992G1076A  were expressed using bacterial

plasmid expression, and were provided for this study by Dr. Denisse Leyton and Prof. lan
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Henderson. These proteins contain the barrel domain and 116 residues of the passenger
domain immediately proximal to the N-terminus of the barrel domain. These proteins were
denatured in urea and refolded by 10x rapid dilution in the refolding buffer that contained
0.5% LDAO micelles [26]. Autocatalytic cleavage of the passenger domain is one of the
characteristics of the autotransporter, and this process relies on a correctly positioned linker
segment within the B-barrel pore. The passenger domain is cleaved between asparagine
residues N'9'® and N'9'°_ The catalytic cleavage of the passenger domain can be used as a
readout to signify correct folding of the barrel. This property is henceforth used to understand
the folding of Pet proteins.

Unfolded Pet 116 (wild-type and 58 mutant) migrated during electrophoresis with an
apparent molecular mass of 43 kDa (including the small fragment of passenger domain)
while the folded and cleaved barrel (wild-type and 58 mutant) migrated at 30 kDa because
the passenger domain cleaved autoproteolytically. Autoproteolytic cleavage of the
passenger domain is an indication of a correctly folded (native like) barrel. The efficiency of
the refolding reaction was monitored by the appearance of the 30kDa B-barrel fragment in
the SDS-PAGE test. The folded and unfolded protein samples were quantified using
densitometry analysis. The folded fraction was calculated by dividing the intensity of the
folded band by the sum of the intensities of both the folded and unfolded bands. After folding
was initiated, aliquots of the reaction were removed and quenched with SDS loading buffer
at the following time points: 0, 5, 10, 20, 30, 45, 60, 120, 240, 360, 480, 600, 960 and 1400
minutes. The folded fraction for each time point was determined using SDS-PAGE and
densitometry as described above. The folding kinetics were fit to single or double
exponential equations.

Densitometry analysis showed that, after 24 hours of folding, both Pet 241-902 and Pet
A1-902G1076 A refolded with similar efficiencies (46 + 3% and 35 + 1% respectively). Even
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though the overall folding efficiency after 24 hours was similar in both molecules, the kinetics
were quite different and indeed complicated in the case of Pet 2’902 Cleavage of the
passenger domain commenced within the dead time of the experiment (that is, during mixing
of the denatured protein with the folding buffer, also known as the burst phase). About 13%
cleavage was achieved within the dead time of the experiment. The rest of the folding
followed exponential kinetics with two clearly different phases. A significant proportion
(~22%) of the protein was cleaved with a faster rate constant of 0.13 £ 0.001 min-'. However,
Pet 21-902G1076A cleavage was slower and could be represented by a single exponential
process with a rate constant of 0.004 + 0.001 min-'. This could indicate the folding to the
native structure is rate limiting over the slow path, or that a small amount of the protein is
misfolded. We monitored protein folding by CD and tryptophan fluorescence spectroscopy
along with limited proteolysis to determine if the slow appearance of the passenger domain

has anything to do with the barrel folding.
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Figure 2.3. Electrophoretic analysis of Pet 21902 and Pet 21-902G1076A refolding. Native folding
of Pet protein is confirmed by the appearance of cleaved 30 kDa (B-barrel) as shown in the
Figure [10]. Data shown here is the average of three experiments and the error bars
corresponds to the standard deviation.

Insertion and folding of different variant of Pet proteins into LDAO micelles. The folding was
monitored by the appearance of the autocatalytically cleaved 30kDa (B-barrel) vs the

uncleaved 43 kDa form of Pet. Densitometry analysis was performed and plotted as a
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function of time. The fraction cleaved obtained from the densitometry data were plotted and
fitted to single or double exponential functions.

To compare the secondary structure of Pet 2192 and Pet A1-902G'076A  the
conformational properties were examined using far UV circular dichroism and tryptophan
fluorescence spectroscopies.

The far- UV CD spectra of Pet 1992 and Pet 21-902G"'076A (Figure 2.4) showed similar
signals corresponding to characteristic -sheet with minima at ~ 218 nm, whereas there was
no secondary structure of the molecules when unfolded in urea. Secondary structure
acquisition was very rapid, and appeared to occur mostly within the dead time of the
experiment. Spectra taken at the beginning of the experiment and after 24 hours are very
similar, indicating only very minor differences that could be due to light scattering effects at
very low wavelength. Both traces exhibit a minimum at 218 nm, consistent with the protein
folding to a predominantly 3-sheet conformation, which is absent in the spectrum of unfolded
Pet A1-902 and Pet A1-902G1076A_

To better understand the folding of Pet proteins in a hydrophobic lipid-like
environment, detergent micelles were employed as model amphiphilic system with a
hydrophobic space. There are 5 tryptophan residues in the transmembrane domains of Pet
protein. Tryptophan residues in the outer membrane proteins typically form aromatic girdles
around the protein, located in the interfacial regions of the bilayer. Burial of 4 tryptophan
residues upon refolding of Pet 21992 and Pet 21-902G"976A and its insertion into detergent
micelles would be expected to cause a change in the intensity and a blue shift of the
fluorescence emission maximum. Rapid folding of the proteins (B-barrel) was confirmed with
Tryptophan fluorescence spectroscopy in detergent micelles as well. As expected, the
fluorescence emission spectra of Pet 21902 and Pet A1902G'076A refolded into LDAO

(detergent micelles) were characterised by a substantial increase in fluorescence intensity
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and a shift in the emission maximum. The unfolded proteins were characterised by relatively
low intensity and a maximum emission wavelength at around 355 nm, which indicates that
the tryptophan residues were solvent exposed [10].

The fluorescence spectra suggest that the tryptophan residues in Pet 21-°92 adopted
their native state within the dead time of the experiment, which led to very similar spectra at
0 min and at 24 hours. Pet 21-902G1076A also had a rapid shift within the experimental dead
time, though the intensity was lower than Pet 21992 at 24 hours. The maximum emission
wavelength of Pet 21-902G1976A remained red shifted at 339 nm compared to 334 nm in Pet
A1-902. This indicates that the tryptophan residues in the two proteins are in two different
environments. These data suggest that the conformation of the two proteins is not the same,

and that the conformations of Pet 21902 gnd Pet 21-902G1076 A could be distorted.
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Figure 2.4 Far UV CD spectra (left panel) and tryptophan fluorescence spectra (right panel).
Spectra of unfolded (grey). folded Pet 21-9°2 (black) and Pet 21-902G'076A (red) at t=0 min (full
lines) and at t=8 hr (dashed lines). Data shown here is the average of 3 set of experiments.
This figure has been reproduced from Leyton et al.[10].

We further investigated the folded Pet 1-992 and Pet 21-°92G1076A using limited treatment with
trypsin. Protein samples at different timepoints during folding were digested with trypsin for
20 min, which generated a set of proteolytic products. In the case of Pet 21992 at ~ 0 min,

trypsinolysis generated two fragments of 30 and 26 kDa (Figure 2.5) and also 25 and 24 kDa
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(a fingerprint). This result suggests that the exposed arginine and lysine residues were
cleaved by trypsin. However, the digestion of Pet 2'-902G1976A in the early stages of folding
generated a dominant set of 25/24 kDa fragments and a ladder of larger fragments. This
delay in the appearance of the 30 kDa fragment supports the fluorescence and SDS-PAGE
data. This results in the delayed self-cleavage where the high molecular weight fragments
are due to the truncated forms of 43 kDa Pet 292, The passenger domain is still attached
to the barrel and some of the passenger domain gets digested by trypsin.

N-terminal sequencing of these limited proteolysis fragments revealed that the 30,
26, 25 and 24 kDa sections of Pet 21992 (Fig 2.5) all start in the cleavage with the sequence
N'019 NKRM. The N-terminal sequence of Pet 21-902G1076A s also initiated at N1019, which
points to the autocatalytic cleavage of the barrel domain. The 25/24 kDa fragments (Figure
2.5) of Pet A1902G1076A initiate from 11040 within the first transmembrane B-strand. This
suggests that the barrel domain was not folded in its native conformation, otherwise it would
not be accessible to trypsin, but rather that the mutant barrel adopts a non-native

conformation.
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Figure 2.5 Folding of Pet 21902 and Pet 21-992G"076A samples digested with trypsin in order
to look at the different resistant fragments. Samples were analysed by SDS-PAGE and
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immunoblotted with anti-barrel domain antibodies [10]. This figure has been reproduced
from Leyton et al. [10].

2.3.3 B-barrel heat modifiability:

Pet B-barrel and mutants were expressed in the form of inclusion bodies in E. coli,
which were solubilized in urea. We first examined the folding of the protein by SDS-PAGE.
It has been known that some outer membrane proteins share a specific characteristic known
as heat modifiability [27, 28]. During electrophoresis, the folded Pet protein migrates to a
different position compared to the unfolded analogue in unboiled SDS-PAGE samples.
However, when Pet proteins are boiled prior to electrophoresis, previously folded protein
migrates to the same position as the unfolded protein. Thus, SDS-PAGE can distinguish
between folded and unfolded Pet -barrel proteins. Adding SDS loading buffer, this captures
the folded and unfolded populations present in solution. During electrophoresis, these two-
protein conformations migrate to different positions when outer membrane p-barrel protein
shows heat modifiability. The Pet 21-°92 showed heat modifiability whereas the refolded Pet
A1-902G1076 A (Fig, 2.6) barrel appeared completely denatured under the same conditions.
Thermal unfolding was also recorded in CD to monitor changes in the p-sheet at 218 nm.
These data (Figure 2.6) indicate that Pet 21-902G'976A s less stable than Pet 21992, This

strongly suggests that the Pet 21-992G1976A does not fold to its native state like Pet 21-902,
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Figure 2.6 Thermal denaturation of folded Pet protein (upper panel). Proteins were purified
using gel filtration. Pet 2°92(black) and Pet 21-902G1976A (red). (lower panel) Cleaved protein
purified to separate folded and unfolded states. Folded samples were separated and run on
SDS-PAGE. Pet 21992 shows heat modifiability evidenced by increased migration of the
folded beta barrel. Pet 1-902G'976A does not show heat modifiability. Data shown here is the
average of 3 different experiments. This figure has been reproduced from leyton et al. [10].
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2.3.4. Gel filtration of folded Pet protein
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Figure 2.7 Chromatogram produced from gel filtration experiment for Pet 2°%2 (top panel).
It is evident that the peaks are closely spaced and it was not possible to separate a lot of
the folded and unfolded protein. The first peak in both chromatograms is the void volume.
Chromatogram for gel filtration of Pet 21-902G'076A (lower panel). Peaks are closely spaced
making it challenging to separate a lot of the folded proteins.
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Gel filtration was used to separate folded Pet protein molecules from unfolded ones.
Superdex S200 was used to separate the samples, and Figure 2.7 shows the chromatogram
for both Pet 21902 and Pet 21-902G1976A, The first peak in both chromatograms (Figure 2.7) is
from the void volume of the column being used. In general, the larger the molecule, the
faster it moves through the column because it tends to not traverse through the pores within
the resins in the column.

In this case, the unfolded protein runs at 43 kDa and folded, cleaved protein runs at
about 30kDa. This suggests that the 43 kDa sized protein will move faster through the
column. One of the issues with the collection of these data was the elution of the folded and
the unfolded protein were very close to each other. However, we were able to collect enough

folded protein to run thermal denaturation of protein using circular dichroism.

2.3.4. Folding of Pet 41°02G10617
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Figure 2.8 0 min to 24 hours folding and the folding of Pet 21-92G'%¢1A, The folded and
cleaved barrel appears early on and the folding efficiency is much closer to Pet 2-%02 than
to the Pet 21902G1976A That's one of the reasons this was not further investigated.

One further mutant of the Pet protein was explored: Pet 21-°92G'061A although this
generated far less interesting data than for those shown in the previous sections. The same
panel of experimental tests were performed as for the other folding experiments. SDS-PAGE

analysis (Figure 2.8) showed that the folding rate is very close to wild type, and mutation at

this position did not appear to disrupt the folding process.
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The mutation of G'%6'A seems to be not as disruptive as the mutation of G'°6A. The
G'%®1A mutation was in the second transmembrane strand and it is hypothesised that
locational difference meant that it did not have as much of an effect in protein folding
compared to the mutation in the fourth transmembrane strand. Since the folding efficiency

was close to that of the wild type Pet 21902, this mutant was not investigated further.

2.4 Discussion

In this chapter, we reported the kinetic analysis, stability, and the secondary structure
of Pet A1-902G1061A was explored in order to address the role of some of the conserved
residues within the B-barrel domain in folding and stability of Pet proteins. In order to
understand the thermal and kinetic stability of Pet B-barrel protein and its variants, it was
necessary to fold the protein to its functional form. Previous studies had shown that an outer
membrane protein (OmpA) could be successfully folded in the detergent micelles and
liposomes. Our experiments were designed in a similar fashion, where it was demonstrated
that cleavage of the passenger domain can be used to confirm the native conformation of
the Pet proteins. In line with OmpA protein folding, the folding process here did not require
a significant amount of urea in the refolding buffer: final refolding yields of Pet 2°92 and Pet
A1-902G1076 A were 46% and 35% respectively, which are not significantly different.

However, there was a significant difference in the kinetic pathways of protein folding.
In the case of of Pet 41-°92_ the kinetic pathway was described by double exponential function
after the burst phase. The majority (22%) of proteins were cleaved with a faster rate
constant, 13% were already folded in the burst phase and ~11% were cleaved with a slower
rate. Pet A1902G'076A (mutated) cleavage was described by a single exponential function
with a rate constant of 0.004 min~'. Formation of native structure is limited over the slow

phase and Pet 21-902G1976A most likely does not have a native conformation which impaired
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the cleavage compared to the native folded pet protein. Far UV-CD spectra showed very
little difference in secondary structure of Pet 2°92 and of Pet 21-°92G'076A  which means they
both achieve B-sheet structure to a very similar extent.

However, the tryptophan fluorescence data suggested there is a difference in the
structure between the two Pet proteins used in this study. Tryptophan residues are buried
in the B-barrel domain and these residues are excited to obtain fluorescence spectra, and
these gives us more accurate state and their surroundings. Since these tryptophan residues
are spread out within the structure, the difference in fluorescence spectra of Pet 1-°92 and
Pet 21-902G1976 A confirms the difference in their structure.

Limited treatment of folding sample at different time points with trypsin generated
different sets of footprints. Trypsin cannot access the part of protein that is folded in the
LDAO. It targets the part of the protein that is exposed and only recognizes certain residues
to digest. Pet 202 had dominant fragments at ~ 30 kDa (size of the B-barrel) and 26 kDa
and two other fragments at 25kDa and 24 kDa. However, Pet 21°92G'076A generated
dominant fragments initially at 25 and 24 kDa. There was a delay in the appearance of
30 kDa fragment which was present in case of Pet #1-°92 at t=0. This obviously suggests that
the B-barrel folding is not native because there is no cleavage of the passenger domain at
t=0 (dead time of the experiment). To further understand the folding and the cleavage, N-
terminal sequencing was undertaken (through the Monash proteomics facility). N-terminal
sequence revealed all fragments (30, 26, 25 and 24 kDa) of Pet 21992 generated during
trypsinolysis were cleaved at the site sequence N'"°LNKRM. The 30 kDa fragment of Pet
A1-902G1076A glso started at the same sequence. However, 25/24 kDa forms initiated the
cleavage at 1'%40 within the first transmembrane sequence. If B-barrel domain was folded in

its native state 1'°4° residue would not be accessible for trypsin to cleave.
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There has been further study on the Pet barrel domain stability and pet translocation
by Dr. Denisse Leyton [14]. Microbiology assays have been used to further understand the
stability and additional mutational studies have been undertaken as well.

Results discussed in this chapter indicate that conserved motifs promote efficient
folding of an autotransporter protein. According to these results and those presented in
Leyton et al. [10], the removal of conserved residues increases misfolding of the protein as

shown by trypsin assay, N-terminal sequencing, and also the decrease in thermal stability.
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Chapter 3. Different factors affecting Pet protein folding

3.1. Introduction

In the previous chapter, B-barrel protein folding in LDAO detergent micelles was
explored. Mutational studies in the barrel region of the Pet protein showed that sequence
changes in this region can lead to inefficient and misfolding [1, 2]. As seen in the SDS-PAGE
data, CD spectra and fluorescence spectra, folding of the beta barrel protein is apparently
rapid and spontaneous [1, 3]. Changes in tryptophan fluorescence result from the burial of
these residues in the hydrophobic environment of the micelle, and this has been used to
study the kinetics of Pet protein [3-5].

Armed with this knowledge, in this chapter, a range of different factors affection Pet
protein folding are studied. The full-length Pet protein is 136 kDa, of which 30 kDa is the -
domain and 106 kDa is the passenger domain [6, 7]. The previously studied protein had a
truncated (13 kDa) version of the passenger domain (see Figure 3.1). For this study
however, we used protein constructs containing longer passenger domain including a full-
length pet protein (Pet 966p). Pet 232 3 contains a barrel domain that is 30 kDa and ~36 kDa
of passenger domain. Pet 464 contains a barrel domain that is 30 kDa and ~72 kDa of
passenger domain (see Figure 3.1). Pet 9668 is a full-length protein and contains 30 kDa of
B-barrel and ~ 106 kDa of passenger domain [7]. In addition to these protein constructs, we
also studied folding of passenger domain only to understand protein folding in the absence
of the beta barrel domain in the outer membrane protein.

In this chapter, we studied protein folding at lower temperatures (15 and 4° C) in order
to slow down the kinetics of protein folding and get useful information on the dynamics and
progress of this process [8]. Folded protein samples (all versions including the full-length pet

protein and passenger domain only) were digested with trypsin to test the folded protein’s
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resistance to this process [9-11]. If folded in its native state, most of the protein is purportedly
inaccessible to trypsin [9]. When such proteins are not folded in their native state, trypsin
can cleave proteins at certain sites (mostly C-terminal sites of lysine and arginine residues)

and generates a fingerprint of characteristic fragments [1].

Pet B- barrel

Passenger domain (106 kDa) B domain (30 kDa)

Pet 966 B (Full length Pet)

%13 kDa% B domain i30 kDa)

Pet 116 B
(26 kDa) B domain (30 kDa)

= Passenger
domain

Pet 2328

(52 kDa) B domain (30 kDa)

L
| Pet 464 B

Pet 966 (full length)
Pet 464

Pet 2328

Pet 116

Pet 1 16BG58A

Pet 116BG43A

Pet 464

Pet 116 ;

Figure 3.1. Schematic representation comparing the proteins explored in Chapters 1 and
2. Ultimately, we studied the folding of the passenger domain of Pet protein in the absence
of the B-barrel domain as a comparative case.

3.2. Materials and Methods

3.2.1 Materials
The following protein constructs were used for this study:
o Pet 116p : 30 kDa B-barrel, 13kDa Passenger domain (116 residues)
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o Pet 2328 : 30 kDa B-barrel, 26 kDa Passenger domain (232 residues)
e Pet464p : 30 kDa B-barrel, 52 kDa Passenger domain (464 residues)
o Pet 9668 (full length pet protein): 30 kDa p-barrel, 106 kDa Passenger domain (966
residues)
3.2.1.1 Detergent
N,N-dimethyldodecylamine N-oxide solution (LDAO) ~30% in H20 and Triton X-100
(>98%) were purchased from Sigma-Aldrich and used as received.
3.2.1.2 Media
For Luria—Bertani medium (LB), 10 g tryptone, 5 g yeast extract and 10 g NaCl were
dissolved in approximately 950 mL deionized water. The pH was adjusted to 7.0 with
concentrated NaOH. The volume was adjusted to 1 L and the medium was autoclaved.
3.2.1.3 Antibiotics
Ampicillin was solubilized up to 10 mg/mL in water, filter sterilized (0.2 um filter) and
frozen at —20 °C.
3.2.1.4 Marker
Precision plus protein dual color standards were purchased from Bio-rad and used

for all SDS-PAGE gels unless otherwise stated.

3.2.2 Methods

3.2.2.1 Protein expression and purification

To begin the process, 800 mL of LB was inoculated with starter in a 2 L flask,
incubated at 37 °C, with stirring at 200 rpm to OD600 = 0.3—-0.4 in the presence of ampicillin.
This was then induced with 0.5 mM IPTG for 4 hours. Cells were pelleted at 4200xg for 15

minutes. Pellets were resuspended in 30 mL of buffer 1 (recipe below). To each sample was
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added 1 mg DNASE, 4 mM MgCl.and 10 mM DTT. Samples were placed on a rotary wheel
for 20 min at room temperature. Cells were lysed by sonication, and the supernatant was
collected after centrifugation at 10,000xg for 15 min. Pellets were resuspended in buffer 1
(50 mM Tris-HCI, pH 8.0, 0.5% v/v Triton X-100, 100 mM NaCl, 1 mM EDTA, 1 mM DTT,
0.2 mM PMSF), and again spun at 10,000xg for 15 min. This last step was repeated a total
of 3 times. The final collected pellet was resuspended in wash buffer 2 (50 mM Tris-HCI, pH
8, 1 mM EDTA, 1mM DTT, 0.2 mM PMSF) spun at 10,000xg for 15 mins and the
supernatant discarded. The pellet was resuspended in 50 mM Tris-HCI, pH 8, 8 M urea,
0.5mM EDTA, 1 mM DTT. This was put on rotating wheel for 2 hr at room temperature,
after which the sample usually became optically clear. Finally, the sample was centrifuged
at 30,000xg for 30 min, and the supernatant was discarded. The pellet was stored at —80 °C

until use.

3.2.2.2 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)

All protein samples were resolved on 12% SDS polyacrylamide gels unless otherwise
stated. 12 % SDS gel was prepared using acrylamide (40% 29:1, Bio-rad), stacking buffer
(375 mM Tris, pH 6.8, 0.02% SDS and 0.5 mM EDTA) and separating buffer (375 mM Tris
pH 8.8, 0.1% SDS and 0.5 mM EDTA). The gels were run in a standard 1 x SDS running
buffer. The composition used for 10x SDS PAGE running buffer was 30.0 g of Tris base,

144.0 g of glycine and 10.0 g of SDS in 1000 mL of H20.
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3.2.2.3 Immunoblotting

Proteins were transferred to nitrocellulose membranes from SDS-PAGE gels in
transfer buffer (25 mM Tris, 190 mM glycine and 10% methanol) over the course of 1 to
1.5 hr. Membranes were blocked using Tris buffered saline containing 0.1% Tween-20 and
5% skim milk. Membranes were incubated with primary antibodies, and detection was
achieved using secondary antibody and ECL solution. Immediately before this, equal
volumes of ECL 1 and 2 were mixed and added to the membrane. Excess ECL solution was

removed, and the membrane was exposed to Fuji X-ray film and developed.

3.2.2.4 Protein folding

The concentration of unfolded protein (in 8 M urea) was 1 mg/mL. Folding of Petf3-
barrel proteins was initiated by 10x rapid dilution into Tris buffer containing 0.5% LDAO
(detergent micelles) v/v, at a final concentration of 0.1 mg/mL. All samples were incubated
for 24 hr at 37 °C and aliquots of refolding reaction mixture were removed at the following
time points: 0, 5, 10, 20, 30, 45, 60, 120, 240, 360, 480, 600, 960, 1400 minutes. Samples
were boiled, quenched with SDS loading buffer, heated at 100 °C and visualized using 12 %
sodium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie
staining. Folded and unfolded protein band intensities were determined by densitometry,
and this was achieved in collaboration with Gerard Huysmans at the Pasteur Institute (see
below). Pet B-barrel wild-type folding dynamics were fitted using a double exponential
equation, and Pet B-barrel G1076A mutant was fitted using a single exponential equation.
Some of the folded protein samples were further purified to separate the folded from the
unfolded protein using a Ni affinity column and by gel filtration chromatography (using a

Superdex s200-10/300 column, GE healthcare).

45



3.2.3 Biophysical assays

3.2.3.1 Densitometry

Densitometry analysis was performed on the SDS-PAGE of the folded/unfolded
samples. This was undertaken in order to determine the fraction of protein that had been
cleaved for each time point (O min to 24 hrs). Note: | ran all of the folding experiments and
SDS-PAGE determinations for all samples (3x for each protein); the densitometry was

performed in collaboration with Gerard Huysmans at the Pasteur Institute.

3.2.3.2 CD spectroscopy

A 1 mm fused silica cuvette with ~0.1 mg/mL protein was used to obtain far-UvV CD
spectra, recorded on a Jasco J-815 Spectropolarimeter. CD scans were recorded from
190 nm to 260 nm at 1 nm/step with an integration time of 1 sec. Background spectra of
either 8 M urea, or Tris buffer with detergent micelles were recorded and subtracted from
protein spectra. Three scans were averaged, and the spectrum was subtracted for buffer
contribution. Thermal denaturation of the sample was performed at 218 nm as a function of
temperature from 25-100 °C at a temperature change of 1 °C/min. The spectra were
normalized to the mean residue ellipticity. Thermal unfolding was found to be irreversible.
Note: thermal denaturation CD spectra shown in the paper were collected by Matthew

Johnson. However, | did perform the same experiment at a different time.

3.2.3.3 Fluorescence spectroscopy

All fluorescence spectra were recorded on a Varian Cary Eclipse fluorimeter. Protein

samples of ~0.01 mg/mL in a 1 cm cuvette were excited with photons of A= 295 nm (5 nm
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bandpass) and emission was recorded from 300 nm to 500 nm, with an integration time of
0.1 s. Similarly to CD spectroscopy, background spectra were recorded and subtracted in

the analysis. The emission spectra were collected from excitation of tryptophan residues.

3.3 Results

3.3.1. Pet B-barrel protein folding, different length of passenger domains

In this study, we focus on the folding of Pet p-barrel protein with increasing passenger
domain lengths. Previously, we looked at folding of the Pet pB-barrel with a single, short
passenger domain. The Pet protein that was used to study mutational affects in the previous
chapter is 43 kDa in total, of which 13 kDa is the passenger domain [1]. The B-barrel is
present in all the proteins being studied in this section, but here, passenger domain length
varies between the different proteins explored.

Previously, we studied the folding of the Pet 1163 protein and found that the folding
was essentially immediate [1]. Once folded, the passenger domain is cleaved from the barrel
domain [12]. This process of cleavage in Pet protein is autocatalytic [13, 14]. The barrel (B)
domain is 30 kDa in size, as shown in SDS-PAGE in Figure 3.2 A and the passenger domain
is 13 kDa. Since the size of the passenger domain is comparatively small, it is not seen in
SDS-PAGE. Folding of the protein, as seen from SDS-PAGE analysis, is apparently
immediate, at least on the timescale of the measurements performed. In this case, protein

was seen to be folded as soon as it was mixed with the detergent micelles.
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Figure 3.2 A. SDS-PAGE of Pet 1163 and Pet 1163 G58A (mutation in the barrel domain)
folding at 37° C. B. Protein folding studies as the length of passenger domain was increased
from 13 kDa (Pet 116p) to 26 kDa (Pet 232p) , 52 kDa (Pet 4643 and 106 kDa (full length
Pet 966p). Please note the marker lane on far right of each gel. 3 replicates were performed.

It has been known that the pB-barrel plays an essential role in outer membrane protein
folding [15, 16]. For that reason, G to A mutation (in the barrel domain) was introduced in

order to understand the Pet B-barrel’s role in protein folding, and additionally to understand
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why some of the residues have been conserved through evolution, and their significance
during Pet protein folding and assembly [1]. SDS-PAGE of the folded mutant protein showed
slower cleavage of the barrel from the pet protein. This suggested that the protein folding is
not native [16]. Autoproteolytic cleavage of the passenger domain is an indication of a
correctly (native like) folded barrel [12, 14, 17].

To contextualise these findings, we sought to understand if the size of the passenger
domain affects the folding and the cleavage of the passenger domain, initially by comparing
Pet 2323 and Pet 116p3. The passenger domain in Pet 232f3 is double the size of Pet 116p.
The protein was folded in folding buffer containing LDAO micelles at 37 °C. Figure 3.2 A and
B show SDS-PAGE gel analysis of Pet protein folding. The efficiency and the delay in
different folding reactions was monitored and distinguished based on the appearance of the
autocatalytic cleavage product in the form of the ~30 kDa B-barrel.

Pet 232 shows delayed cleavage of the passenger domain (Fig. 3.2.B). In the case
of Pet 2323 ,the folded, cleaved barrel (~30 kDa) only appears at the 5 minute time point,
compared to 0 min (during the mixing step of the reaction) of Pet 116 (Fig. 3.2 A, B). This
delay in protein folding may be due to the longer passenger domain size, which evidently
has an impact on folding kinetics.

As we increase the passenger domain size to 52 kDa (Pet 464p), folding and
cleavage of the passenger domain is very similar to that seen for Pet 2323 (26 kDa
passenger domain). The appearance of the folded 30 kDa barrel within the first 5 mins
suggests that the folding and the cleavage of the passenger domain is quite similar to Pet
232p.

The full-length Pet (Pet 966f) also shows the appearance of the p-barrel (~30 kDa in
size) within the first 5 minutes. Pet 966f is 136 kDa in size, of which, 106 kDa is the

passenger domain. Even though the folded barrel appears at around 5 minutes (as for Pet
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2323 and Pet 4648), the intensity of the folded barrel in the SDS-PAGE analysis at around
5 min is lower than that seen for Pet 2323 and Pet 4643. The cleavage of the passenger
domain only occurs when the protein is folded in its native state. Two possible hypotheses
consistent with this observation are that the protein is being misfolded or is folding more

slowly. We examine these possibilities in more detail in the following sections.

3.3.2 Protein folding at lower temperatures (15° C and 4° C)

To further understand the kinetics of the Pet protein folding, we folded Pet protein in LDAO
at lower temperatures (15 °C and 4 °C). Folded protein was resolved in SDS-PAGE to
understand the kinetics of folding at these lower temperatures. All protein constructs have
the same barrel domain but different passenger domains. Pet 1163 has 116 (13 kDa)
residues of passenger domain immediately N-terminal to the barrel domain, Pet 232 has
232 (26 kDa) residues of passenger domain immediately N-terminal to the barrel domain,
Pet 4643 has 464 (52 kDa) residues of passenger domain immediately N-terminal to the
barrel domain, and Pet 9668 is the full-length Pet protein and has 966 (106 kDa) residues
of passenger domain.

Pet 116 folds slower at 15 °C as seen in SDS-PAGE data (Fig. 3.3A). The folded,
cleaved barrel domain appears at around 10 mins, and the folded barrel intensity at 24 hours
is less than the folded protein at 37 °C. Pet 1163 G58A (mutant) folds slower than Pet 1163
at 37 °C (Fig. 3.3B). This was due to the misfolding of the barrel domain as shown by the

trypsin assays (previous chapter) and tryptophan fluorescence assays.
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Figure 3.3 A. Pet 116p folding at 15 °C and B. Pet 116 G58A folding at 4 °C. The right
lane in the gel is the marker. Folded Pet barrel appears at ~30 kDa. A small amount of folded
beta barrel appears in Pet 1163 G58A SDS — PAGE.

Pet 1163 and Pet 1163 G58A was folded at 4 °C to further slow down the kinetics of
Pet folding. p-barrel in Pet 1163 appears at around 45 minutes compared to ~10 minutes at

15 °C, and folds immediately after mixing at 37 °C.
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Figure 3.4 A. Pet 116p folding at 15 °C and B. Pet 1163 G58A folding at 4 °C. The right
lane in the gel is the marker. Folded Pet barrel appears close to the 30 kDa marker. Only a
small amount of folded pB-barrel appears in Pet 116 G58A SDS — PAGE.

The passenger domain in Pet proteins cleaves autocatalytically once folded in its
native state. Pet 116p folds and autocatalytically cleaves the passenger domain after ~45
minutes as suggested by the appearance of 30 kDa barrel fragment (Fig. 3.4 A). However,
no such bands are present in case of Pet 1168 G58A folding at 4 °C (Fig. 3.4 B). This
suggests that the barrel domain is either misfolded or there is a significant delay in the

cleavage of the passenger domain.
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3.3.3 Pet 232p, Pet 464B and Pet 9668 folding @ 15° C

Pet 232 folds more slowly at 5 °C as seen by the delayed appearance (around 20 mins) of
the 30 kDa B-barrel (Fig 3.5 A). The folded passenger domain also appears in the SDS-
PAGE analysis. The passenger domain is ~26 kDa in size and appears just below the

30 kDa barrel in SDS-PAGE.
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Figure 3.5 An exploration of the effect of length of passenger domain on Pet protein folding.
A. SDS- PAGE of Pet 232 folded at 15 °C. Pet 2328 has 232 (26 kDa) residues of
passenger domain. B. SDS-PAGE of Pet 464 folded at 15 °C. Pet 464 has 464 (52 kDa)
residues of passenger domain. C. SDS-PAGE of Pet 966 folded at 15 °C. Pet 966 has 966
(106 kDa) residues of passenger domain. Pet 966 is the full length of Pet barrel protein.
Right lane in the SDS-PAGE is the marker, and the 30 kDa barrel is clearly visible in each
SDS-PAGE.
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Pet 464 also appears to fold more slowly at 15 °C than at 37 °C, as shown in Figure
3.6 B. A significant amount of folded barrel appears around the 10 min time point, as seen
in SDS-PAGE. The total amount of protein folded at around 24 hr time point is also
significantly lower compared to the folded protein at 37 °C. Folding of Pet 4643 at 15 °C
generated multiple bands in addition to the 30 kDa folded barrel. Unfolded Pet 464p is
~82 kDa in size and runs above the 75 kDa marker as seen in Figure 3.5 B. The folded
passenger domain of Pet 464 runs at ~52 kDa as seen in Figure 3.5 B. There are multiple
bands (~40 kDa and ~45 kDa) that suggest the misfolding of Pet 464f3. Curiously, these
bands are less significant when the protein is folded at 37 °C.

Pet 9663 (136 kDa) is the full-length Pet protein. The folding of Pet 966f is even
slower than Pet 464 and 232 at the same temperature (Fig. 3.5 C). The folded barrel
appears ~20 mins into the folding reaction, as shown in Fig 5C. The full-length Pet protein
(136 kDa) and folded passenger domain (106 kDa) run true to their size as seen in Fig 3.5 C.
There are multiple bands around 100 kDa, 75 kDa, 45 kDa and 44 kDa, which suggest the
misfolding of the Pet protein. Such misfolding was not an issue for Pet 1163 and Pet 232.
We can therefore summarise these observations that as we increased the length of the

passenger domain, protein misfolding became more obvious.

3.3.4 Pet 232, Pet 464 and Pet 966 tertiary structure using circular
dichroism and fluorescence spectroscopy.

CD spectra for B-sheet proteins show a characteristic minimum at ~218 nm [18, 19],
which is what we saw with Pet 116 protein. Pet 1163 mostly folds to B-sheet because of

the presence of the 30 kDa barrel.
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Figure 3.6 CD spectra of folded Pet 116f3, Pet 4643 and Pet 966§ at 15 °C. A. Protein
samples collected immediately after the mixture of the protein with the protein folding
buffer. B. Samples collected at 1 hr time point and C. Samples collected at 9 hr time point.
Blue line = Pet 1163, magenta line = Pet 464 and brown line = Pet 966p3. Data shown
here is the average of 3 different experiments.
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However, the folded passenger domain could be a mixture of B-sheets, a-helices and
random coils. Figure 3.6 A, B and C show CD spectra of Pet 11683, 464 and Pet 966f3. CD
spectra of Pet 116 suggest that the secondary structure is achieved during the mixing of
the protein. CD spectra of Pet 4643 and Pet 966 show that only part of the protein is
structured. At 0 min and 1 hr time point, a significant amount of Pet 4643 and Pet 966 is
still unstructured, which is obvious from the CD spectra. The difficulty at this point is to
determine the contribution of the passenger domain and the barrel domain in the collected
spectra. To do this, it is necessary to fold the passenger domain by itself and subtract its
contribution from the spectra.

To this end, passenger domains (232, 464 and 966) only were purified, and folding
was attempted in similar conditions. However, it was quickly seen that the passenger
domains were aggregating, and SDS-PAGE showed that they were appearing at higher
molecular weights than their individual masses. This appears to indicate that the passenger
domain cannot achieve the native structure in the absence of beta barrel domain, a crucial

and interesting observation.
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Figure 3.7 Tryptophan fluorescence spectra showing: A. Pet 116p folding at 15 °C; B. Pet

4644 folding at 15 °C; and C. Pet 9660 folding at 15 °C. Data shown here is the average of
3 different experiments.
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3.3.5 Tertiary structure using tryptophan fluorescence

There are four tryptophan (Trp) residues in the barrel domain of Pet, and four tryptophan
residues in the full-length passenger domain. Tryptophan fluorescence monitors the sum of
the local environments of each tryptophan [20, 21]. When tryptophan residues move to
hydrophobic environments such as a lipid bilayer, their fluorescence emission becomes blue
shifted and increases in intensity [4, 20, 21]. Compared to other fluorescent amino acids,
the use of Trp as an intrinsic probe of protein microenvironment is advantageous due to its
fluorescence sensitivity to the polarity of its location [21].

Unfolded Pet 11683, Pet 464 and Pet 9668 exhibit a maximum emission
wavelength around 355 nm, and the intensity is about the same in all cases. If the tryptophan
residues are still in contact with the buffer, intensity is low, whereas the intensity starts to
increase when the protein starts to fold in LDAO. In all cases where folding was explored in
LDAO detergent micelles, (Pet116pm, Pet 4643 and Pet 966), the fluorescence spectra
increase over time at 15 °C as seen in Fig 3.7.

Folded Pet 466 and Pet 9663 had a diminished intensity at 9 hr, relative to
Pet 116p folded both at 37 °C and 15 °C (Fig. 3.7). This suggests that it takes longer for Pet
4643 and Pet 966p to fold and thereby bury their tryptophan residues. The intensity of
tryptophan residues in Pet 9668 is significantly reduced compared to Pet 116f. This could
be because of the slow folding of the full-length protein, or as a result of the misfolding seen

above.
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3.3.6 Pet 232p, Pet 4648 and Pet 966p folding @ 4 °C
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Figure 3.8 Pet protein folding at 4 °C. A. Pet 232f folding at 4 °C, B. Pet 464 folding at

4 °C and C. Pet 966§ folding at 4 °C. Data shown here is the average of 3 different
experiments.

Evidence of Pet protein (Pet 2323, Pet 464 and Pet 966p3) folding and the

appearance of the 30 kDa barrel is significantly less at 4 °C as seen in Fig. 3.9. As seen

previously at 15 °C, cleavage and appearance of the folded barrel at 30 kDa is significantly

less compared to the folding at 37 °C.
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Pet proteins attain native structure when folded at 37 °C in the presence of micelles
(LDAOQO). The appearance of the folded barrel domain (~ 30kDa in SDS-PAGE) confirms the
native structure because autoproteolytic reaction of passenger domain is only possible when
the B-barrel is folded in the membrane and acts as a passage for passenger domain
translocation across the membrane [1, 7]. The B-barrel domain is thereby embedded in the
membrane and acts as a pore for passenger domain translocation [16, 22].

At 37 °C, Pet protein folds rapidly. In fact, some of it is folded within the mixing time
(mixing unfolded protein in the folding buffer) as shown in SDS PAGE (Fig. 3.2 A). Initially,
we wanted to fold Pet proteins at lower temperature in order to slow the kinetics and identify
different folding steps. Our protein folding results at lower temperature suggest that p-barrel

is partially misfolded and most likely does not become embedded in the membrane.
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3.3.6 Folded proteins digested with trypsin
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Figure 3.9 Trypsin treated samples probed for barrel and passenger domain. A) Pet 11683
probed with barrel antibody. B) Pet 116 probed with passenger antibody and C) Pet 116

(passenger domain only) probed with passenger antibody. The negative is not treated with
trypsin and positive is treated with trypsin.

Pet proteins folded in LDAO were incubated with a limited amount (20 pg mL~") of

trypsin for 20 min. Trypsin cleaves unfolded or partially folded proteins, generating

61



proteolytic products of different sizes [7, 12]. These samples are then probed with barrel and
passenger domain antibody separately. Barrel antibody only binds to the -barrel domain of
the Pet protein, and passenger domain antibody only binds to the passenger domain part of
the protein. Barrel and passenger domain folding can thereby be monitored separately.

Pet 116 generates multiple bands when treated with trypsin. When folded into
LDAO, some parts of the barrel are still exposed to be cleaved by trypsin. When trypsin
cleaves off different sections of the exposed barrel domain, it generates multiple fragments.
As seen in our sequencing data in the previous chapter, all of these fragments (24—30 kDa)
start from the same residue. This suggests that p-barrel is folded correctly.

The passenger domain of Pet 116 is ~13 kDa and 116 residues in size. Folded
proteins were treated with trypsin, and the trypsin treated samples were analysed using
Western blotting (Fig. 3.9). When we probed the trypsin treated Pet 116 with passenger
domain antibody, Pet 1163 showed multiple fragments that ranged between 25-30 kDa.
This was unusual because the passenger domain of Pet 116f is just 13 kDa in size. It is
hard to say whether the protein was aggregated or running as dimers, or potentially that the
antibody was recognizing the passenger domain still attached to the barrel domain.

Folding just the passenger domain (116 residues, 13 kDa) was also attempted. Once
folded, it was incubated in trypsin and when resolved in SDS-PAGE, where no bands were
seen. This suggests that the passenger domain was unfolded and it was accessible to
trypsin, and the trypsin fully digested the passenger domain to fragments too small to be

seen using SDS-PAGE.

3.3.6.1 Pet 232p folding and treatment with trypsin
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Pet 2323 was probed with barrel domain antibody and passenger domain antibody

(Fig. 3.10). The B-barrel appears at the 0 min time point, whereas the passenger domain
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starts to appear around the 5 min time point. At 5 min, the passenger domain is not digested,

and it is picked up when probed with passenger domain antibody. This suggests that the

barrel folds first and its presence may therefore be essential to passenger domain folding.

Figure 3.10 Trypsin treated samples probed for barrel and passenger domain. A) Pet
232 probed with barrel antibody. B) Pet 232 probed with passenger antibody; negative
is not treated with trypsin and positive is treated with trypsin.

3.3.6.2. Pet 464p folding and treatment with trypsin

Pet 4643 was probed with barrel domain antibody and passenger domain antibody.
Parts of the barrel domain are accessible to trypsin, which cleaves part of the protein
generating multiple fragments as shown in Figure 3.11.

When probed with barrel domain antibody, the protein fragments that appear in

Western blotting contain barrel domain. Whereas, when proteins are probed with passenger
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domain antibody, the protein fragments that appear in Western blotting contain passenger
domain. Pet 4643 was probed with B-barrel antibody that identified fragments between
~24 kDa and 35 kDa. However, the strongest bands appear around 30 kDa, which
corresponds to the size of the B-barrel itself. Pet 4643 was then probed with passenger
domain antibody, which identified fragments between 37 kDa to 24 kDa. The passenger
domain of 464p is ~52 kDa. However, the fragments with highest molecular weight appear
at ~37 kDa. This suggest that part of the passenger domain is also cleaved by trypsin. At
the 0 min time point, all the samples are digested by trypsin. This suggests that the

passenger domain was not folding until ~5 mins into the folding reaction.
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Figure 3.11 Trypsin treated samples probed for barrel and passenger domain. A) Pet 464f3
probed with barrel antibody. B) Pet 464 probed with passenger antibody and C) Pet 464
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(passenger domain only) probed with passenger antibody. Negative is not treated with
trypsin and positive is treated with trypsin. 3 different experiments were performed.

3.3.6.3. Pet 966p folding and treatment with trypsin

Pet 966 (136 kDa) is the full-length Pet protein, of which 106 kDa is the passenger
domain. Pet 966 was probed with barrel domain antibody which identified fragments

between 24—-30 kDa. As seen in Figure 3.12, there was some delay before the appearance

of folded B-barrel.
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Figure 3.12 Trypsin treated samples probed for barrel and passenger domain. A) Pet 96603
probed with barrel antibody. B) Pet 9663 probed with passenger antibody; negative is not
treated with trypsin and positive is treated with trypsin.

When probed with passenger domain antibody, the Western blot shows multiple

fragments of passenger domain containing protein. Trypsin most likely accessed the
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unfolded parts of the protein and digested it. This led to the appearance of multiple fragments

of passenger domain containing Pet protein.

3.4. Discussion and conclusion

The first autotransporter protein was discovered about 30 years ago, however the
mechanism of passenger domain translocation across the outer membrane is still debated
[23]. To date, studies of folding of autotransporter B-barrel membrane proteins have been
mostly focussed on insertion of the B-barrel into the membrane. Recent studies have
focussed on the different factors catalysing folding and insertion of B-barrel proteins into the
outer membrane [24]. BAM complex and chaperone proteins such as SurA, Skp and DegP
are known to be involved in inserting B-barrel in the outer membrane [24-26].

In the previous chapter, we discussed conserved motifs and residues in Pet 3-barrel
protein [1]. Conserved Glycine residues were mutated to better understand the B-barrel
folding. We concluded that the mutation of conserved glycine residues leads to some
misfolding of the B-barrel domain, which leads to slower passenger domain translocation,
and fewer proteins translocating across the membrane.

In this chapter, we studied different factors that can affect Pet -barrel folding. For
the proteins explored here, the size of the B-barrel remained the same but the size of the
passenger domain was increased, to determine whether an increase in the size of
passenger domain delays translocation of the passenger domain. It has been previously
shown that integration of -barrel into the membrane and secretion of the passenger domain
in autotransporter proteins is not affected by a truncated version of the passenger domain
[2, 12]. Large segments of passenger domain can be deleted without affecting the folding of
the B-barrel and the secretion of the truncated passenger domain [2, 12].
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Particularly relevant previous work studied foliding of EspP, a protein that is highly
homologous to Pet protein. The Bernstein lab showed that EspP protein (bearing different
lengths of passenger domain) folds at around 2 mins and when treated with proteinase K,
stable fragments appear after around 5 mins [2]. Notably, these reactions were performed
in the presence of BamABCDE (E. coli BAM complex) and chaperone SurA. Bam complex
and SurA are known to assist in autotransporter folding [2, 27].

With this context in mind, in this chapter, Pet proteins (bearing different sizes of
passenger domain) were folded in the absence of Bam complex and other chaperone
proteins that are known to assist in autotransporter folding. Pet protein folded rather quickly
when the size of the passenger domain was only 13 kDa. However, when the size of the
passenger domain was increased, the appearance of the folded and cleaved barrel was
slower. Western blotting confirmed the appearance of the folded p-barrel and the passenger
domain at around 5 mins after mixing. To differentiate the folded barrel from the cleaved
passenger domain, Western blot samples were probed by both p-barrel and passenger
domain antibody.

Pet proteins folded slower at lower temperature. By decreasing temperature, we
sought to study the kinetics and acquisition of secondary and tertiary structure on a more
amenable time-scale. Since we were unable to successfully fold the passenger domain by
itself, we did not have enough information to subtract the contribution of passenger domain
in CD spectra and fluorescence spectroscopy. However, we did find that at lower
temperatures, the achieved secondary structures in the presence of longer passenger
domains were different from the Pet protein containing a shorter passenger domain.
Fluorescence spectra confirmed that the protein folding was distorted. The spectra for
protein containing longer passenger domain had lower intensity compared to Pet 1168, the

protein with shortest passenger domain.
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When we probed Pet proteins with barrel domain and passenger domain antibody,
we found out that there was a delay in passenger domain folding. In most cases, we found
out that barrel domain appeared at 0 mins, whereas the passenger domain appeared only
after around 5 mins. Pet proteins showed more fragments when probed with passenger
domain antibody. This could be because the passenger domain did not achieve native
structure and was exposed for trypsin to digest the protein.

Overall, these results indicate some crucial differences between folding behaviour
and kinetics of Pet when compared to other autotransporter proteins that have been
previously studied. Pet folding is uniquely more sensitive to the size of the passenger
domain, and this provides insight into potential methods for manipulation of this protein.
Moreover, these differences suggest that further studies on autotransporter folding are vital,
as one mechanistic envelope does not accurately describe or predict the behaviour of this

crucial class of proteins.
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Chapter 4. Introduction to carbon nanomaterials and their interactions
with cell membrane lipids

4.1 Cells and cell membranes: a biological interface

Cells were first discovered by Robert Hooke in 1665 and they are the basic functional
and structural units of living organisms. In most cells, the structure of the cell membrane is
remarkably similar, and this will be a focus of our study in the next chapters.

The cell membrane is a protective layer of the cell, which separates the inside and
outside of an organism [1]. It acts as a selective permeable membrane, by allowing gradients
of ions to be created across the membrane. The cell membrane controls the diffusion of
molecules into the cell [1]. The cell membrane also recognizes, transmits, and transduce
signals. Cell membranes comprise assemblies of different kind of lipid bilayers which are
stabilised by hydrophobic interactions. Proteins are embedded in the lipid bilayer which
sometime acts as an anchor and provides mechanical support for the cell. The self-
assembled bilayers that form the structural basis of the membrane are usually 4-10 nm
thick, and as suggested by the term ‘bilayer’ are composed of a two-molecule thick layer [2].
Membrane proteins and sugars that are part of the membrane help maintain the structural
integrity of the membrane. The fluid mosaic model that was introduced in the early 1970s
still holds true in many aspects, however the complexity of cell membranes is accepted to
be far more complex. The cell membrane contains a large number of different lipid molecules
that are distributed throughout the membrane and host a range of other components.

Lipids are important fatty molecules that have different roles in the human body, and
they are the major components of all cell membranes. There are three main types of lipids:
a) triglycerides, b) phospholipids, and c) sterols. Triglycerides arise from dietary routes,

where they are mostly found in fried foods, (plant) oils and some meats. Sterols are the least
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common type of lipids, but within this vital class, cholesterol is one of the most widely known

sterols. Cholesterol is also an important component of the cell membrane.

4.1.1. Phospholipids, Liposomes and lipid bilayers

Phospholipids are essential to building a protective barrier around cells and are
synthesized in the body to form protective barriers around all cells and organelles.
Understanding the physicochemical properties of cell membrane lipids is critical to
understand their function, and how they interact with exogenous materials. However,
interrogating lipids natively at the surface of cells raises many complications in terms of
morphology, robustness and chemical identity. Thus, scientists have used supported lipid
bilayers (SLBs, Fig. 4.1A) and liposomes (Fig. 4.1 B.) to mimic biological cell membranes
consisting of various structurally similar phosphatidylcholines as the main component [3].

Phosphatidylcholines are one of the most commonly encountered classes of
phospholipid in the biological cell membrane [4]. Most of the lipids utilised in our experiments
are from the phosphatidylcholine family. Their polar head groups are made up of various
hydrophilic moieties and their non-polar hydrocarbon chains can differ in their degree of
unsaturation and length. This affects the bilayer integrity, permeability, mechanical
properties, and structure in cells, and also the surface charge of liposomes and supported
lipid bilayers [5].

Phospholipids tend to form closed structures when they are hydrated in water or other
aqueous solutions. Lipids have a hydrophobic tail and a hydrophilic head, rendering their
structure amphiphilic, like detergents; when they are exposed to water, their hydrophobic
tails are attracted toward each other, while the heads are exposed to the aqueous
environment (both external and internal). Thus, forming a bilayer that is enclosed to a
spherical structure with water both inside and outside is a highly preferable mode of self-

assembly for such molecules.
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Figure 4.1: Liposomes are therefore formed as spheres comprising a ‘capsule’ of lipid
bilayer surrounding an aqueous phase droplet, as depicted in Figure 1(b), and are often
used as models for biological membranes in biomedical/biological research.

Liposomes and their interactions with proteins, nanomaterials, etc. can be much more easily
studied in vitro using model systems within laboratories than using real biological
membranes that are far more complicated to both interrogate and harvest [6, 7].
Permeability, lamellarity, size and enclosed volumes in liposomes can be controlled through
lipid choice and preparation method, which makes them ideal for research. The interplay of
chain lengths, charge on the head groups, and different ratios of phospholipids is of much
interest in biomedical and biological research [8]. When dispersed in water (or a hydrophilic
environment) at the right conditions, many phospholipids can spontaneously form
liposomes. It is energetically favourable for the hydrophobic tails of the phospholipids to

arrange on the inside of a bilayer, creating its own hydrophobic microenvironment, while the
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hydrophilic heads protect this from the aqueous solution. The size of liposomes can be
controlled by preparation method, commonly sonication and extrusion. In recent years,
these methods have been extensively used for drug studies of newly synthesized
molecules [9].

Liposomes have been extensively studied for their resemblance to the cell membrane
and also as a drug delivery system. They are most commonly characterised by their size,
where size is an important factor in determining the liposome’s applications. Size can range
from about 30 nm to several microns, with commensurate changes in flexibility and stability.
Three major types of liposomes are typically encountered: small unilamellar vesicles (SUV),
large unilamellar vesicles (LUV), and multilamellar vesicles (MLV). Small unilamellar
vesicles usually have a diameter less than 100 nm [10], although these sizes can vary
depending on the ionic strength and the lipids being used [10]. By definition, liposomes have
at least one bilayer, although certain preparation conditions may favour multilamellar
systems with multiple stacked membranes like the layers of an onion; here the biomolecular
layers of lipid are separated by aqueous layers, the thickness of which is modulated by
repulsions between lipid headgroups [11]. Phosphatidylcholines are a naturally abundant
class of phospholipid and contain two hydrophobic acyl hydrocarbon chains and a

hydrophilic polar head group as shown in Figure 4.2.
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Figure 4.2 The structure of a phosphotidylcholine (1,2- dimyristoyl-sn-glycero-3-
phosphocholine).
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Specifically, targeted drug delivery can be achieved using liposomes [12]. They are the ideal
carriers for hydrophobic compounds and amphipathic compounds between the aqueous
phase and the lipid membrane [12, 13]. Liposome have also been used for the delivery of
dyes, pesticides to plants, cosmetic formulations and other materials [14].

Lipids can group together to form different structures which depend on different
factors such as concentration, structure of the lipids and solution conditions. In the present
work, we are mostly interested in lipid bilayers and liposomes. Lipid bilayers represent the
natural, energetically favoured form of lipids when mixed with water or buffer. Van der Waals
forces, electrostatic forces, hydrophobic interactions and hydrogen bonds can contribute to
the formation of a lipid bilayer. Supported bilayers can occur on surfaces that are hydrophilic,
where vesicles from a dispersion contacting the surface tend to fuse together to form a
bilayer. This is because vesicles that are adsorbed on hydrophilic surfaces flatten and
extend to maximise their contact with the surface, and eventually rupture to form the
supported bilayer.

Such supported bilayer membranes are used as an experimental model to study
protein and nanomaterial interactions with lipids. Lipid membrane interactions with
nanoparticles and their possible toxicity is one vital area of research at a time when
proliferation of nanomaterials for healthcare and technology is occurring at an
unprecedented rate [15-17].

Structures of some typical phospholipids (used in our experiments) are shown in
Figure 4.3. POPC is the most common phospholipid used to mimic the mammalian cell
bilayer due to its widespread role in biological membranes and highly consistent and

reproducible properties.
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1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)

Figure 4.3: Chemical structures of the phospholipids used in this work. POPC, DOPC and
DPPC are all zwitterionic phospholipids that have different acyl chain lengths, and a mixture
of saturated and unsaturated chains as shown. POPS is a negatively charged phospholipid
that is mixed with POPC to produce anionic liposomes.
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4.2. Graphene, Graphene Oxide and Reduced Graphene Oxide

Graphene is a single layer of graphite that has unique mechanical, electrical and
optical properties. It is a one atom thick planar sheet of sp? hybridized carbon atoms that
shows a unique combination of electrical, thermal and mechanical properties [18]. Usually,
a carbon atom offers its four outer shell electrons for bonding. However, carbon atoms in
graphene are bonded to three other carbon atoms with very strong covalent bonds, resulting
in delocalisation of electrons that results in exceptional conductivity within the basal plane.
Graphite is a 3D crystal lattice structure formed by stacking parallel 2D graphene sheets.
The adjacent graphene sheets are held together by van der Waals forces, and graphene
sheets achieve their lowest energy state when completely flat [19].

Graphene sheets tend to form aggregates in solvents (notably water) because of
strong intermolecular van der Waals interactions and the material’s high specific surface
area [19]. Graphene has been a subject of intense research since its isolation by Novoselov
et al. in 2004. It exhibits novel physiochemical properties such as high fracture toughness,
thermal conductivity, Young’s modulus and electrical conductivity [20, 21]. Graphene
nanosheets have been adapted for variety of applications including in biomedicine, energy
storage, nano-devices, renewable energy and sensing applications [22, 23]. However, to
date very few research groups have used graphene to study membrane interactions.
Instead, graphene oxide (GO) and reduced graphene oxide (rGO) are largely used as model
graphene materials as they are readily available, easy to produce, and much more stable in

aqueous systems.
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Graphite to graphene

Graphite Graphene

Figure 4.4: Each layer of Graphite is made up of carbon atoms linked together in a
hexagonal lattice. The carbon atoms are linked together by sp? hybridised bonds in a single
layer of atoms. A single layer of graphite is known as graphene. Graphite is a very brittle
compound and may not be useful as a structural material on its own. However, graphene is
one of the strongest known materials. Monolayer graphene sheets can be produced by
mechanical exfoliation of graphite or by chemical vapour deposition.

Graphene oxide (GO) is an oxidised form of graphene, normally produced by
exfoliation of graphite in highly oxidising conditions. It is negatively charged due to the
presence of carboxylic acid groups around the periphery of its sheets and is rendered
hydrophilic due to hydroxyl and epoxy functionalities that decorate its basal plane. Graphene
oxide (GO) promises to be an alternative to graphene because it is easier and cheaper to
synthesise via the oxidation of graphite. It can be manipulated more easily due to its
dispersibility in many common solvents including water, and GO sheets can be further
chemically functionalised, or reduced back to a graphene-like material (reduced graphene
oxide, rGO). GO is not chemically similar to graphene, having very different chemistry and
physical properties. However, reduced graphene oxide resembles graphene structure and
it is essential to understand biomimetic membrane interactions with both GO and rGO.

The high surface area and the amphiphilicity of GO makes it an ideal substrate for
biosensors, environmental and biomedical applications. Recent work has shown that carbon
based fluorescent materials show greater stability, biocompatibility, and lower toxicity [24,

25]. If these materials were to be used in our day to day lives, their interaction with live cells

and membranes needs to be better understood. We aim to study their interaction with
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biomimetic membranes extensively in order to better understand the affects they will have
on living cells and thereby the environment.

Graphite is a naturally occurring material, and graphene (a single layer of graphite),
oxidised graphene (graphene oxide) and reduced GO (rGO) are still being studied to better
understand their interaction with the membrane and their cytotoxicity. It has been seen that
GO can cross cell membranes easily, and its high surface area provides multiple sites for
drug targeting [26, 27]. Due to electrostatic interactions, several studies suggest that
positively charged lipids have higher affinity with GO compared to the negatively charged
lipids [28-30]. GO sheets have been shown to induce rupture of liposomes, which initiates
the formation of fragmentary or supported bilayers and potentially lipid-graphene layers [29].
Previous studies using quartz crystal microbalance with dissipation monitoring have shown
that GO induces the rupture of liposomes and results in a formation of bilayers [31].

Liposomes also serve as a simple model system for the biological membrane that is
amenable for use in bulk (as opposed to surface) measurements. With the widespread use
of nanoparticles in our daily lives and environment, understanding their interaction with the
cell membrane is of the utmost importance, whether it is to be able to assess their risks
(toxicity) or their benefits in nanomedicine. For this reason, it is necessary to understand the
dynamics of nanoparticle interactions with membranes, along with structural and transport
features. Proteins, polymers and nanoparticles are known to interact with lipid bilayers or
lipid vesicles in various ways, intercalating into the membrane, hosting in the vesicle or
causing vesicle rupture [32, 33]. Fundamental understanding of these interactions is critically
important to identifying the drug and gene delivery capabilities of composite systems.

In the last decade, graphene-based materials have been an intense area of research
and the area of its applications are wide [34]. Graphene and its derivatives have many

desirable properties such as high surface area, its electrical conductivity, low cost, bio

79



compatibility and ability to further functionalise it [35, 36]. The oxidised layers of graphite
oxide can be exfoliated in ultrasonication to produce a few layers of carbon atoms which is
called Graphene Oxide [37]. GO are inexpensive and abundant, and it is easily dispersible
in water. GO can also be reduced to Graphene like sheets by reducing the oxygen containing
groups[38]. GO/rGO has both been studied and can be potentially used for biosensing
applications, early detection of diseases and detecting other relevant biological molecules
in humans [39-41]. GO has been successfully used in biosensors for the detection of DNA
and protein [42]. Both rGO and GO can be functionalised to be used in different applications.
Functionalised rGO has been used as a semi-conductor in biosensors to detect
catecholamine molecules, avidin and DNA [43-45]. GO has been studied to be used in
different biomedical applications, in water purifications among some of the applications [46-
48]. These nanomaterials have been a target to be used in different biomedical applications,
its essential to understand how they interact with cell membrane. In our study we will be
using biomimetic membranes and liposomes to study how GO and rGO interact with the cell

membrane.

4.3. Aims:

In the next two chapters, we hope to gain a more complete understanding of the
interactions of GO and rGO with lipid membranes using AFM and scattering measurements.
The interactions between supported lipid bilayers, liposomes and nanoparticles are of
particular interest, as bilayers and liposomes can serve as a model system for biological
cells. Lipid bilayer and liposome integrity will be explored in the presence of both GO and
rGO, and the charges in the size and structure of liposomes (zwitterionic, different carbon
chain length and anionic) will be varied to better understand the interactions responsible for

structural changes. We wish to determine the average radius, polydispersity, and the
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thickness of the hydrophobic and hydrophilic parts of the bilayer before and after the addition
of GO and rGO, along with overall liposome integrity, to develop an understanding of how

nanomaterial chemistry affects interactions with lipids.
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Chapter 5. Interactions of biomimetic membranes with carbon
nanomaterials: graphene oxide (GO) and reduced graphene oxide (rGO)

5.1 Introduction

Carbon nanomaterials are being widely studied for their potential applications in
biomedical and biological fields, including as scaffolds, in drug delivery, as sensors and
emitters for bio-imaging, efc. [1-3]. However, the interaction of carbon nanomaterials with
biological molecules including proteins and biological membranes needs to be addressed
before any of these applications can be achieved [4, 5]. Little is known about the specific
interaction of carbon nanomaterials (CNMs) with cell membranes. In the present chapter,
we address some of these fundamental questions regarding the interaction of carbon
nanomaterials (specifically graphene oxide, GO, and reduced graphene oxide, rGO) with

biomimetic membranes using AFM imaging and force spectroscopy measurements.

5.1.1 Carbon nanomaterials

Graphene consists of one-atom thick, planar sp? hybridized carbon atoms, and it has
attracted researchers for its novel optical, electronic, thermal and biological properties [6, 7].
Graphene oxide, an oxidized form of graphene is similar in structure, but it possesses
oxygen containing functional groups such as carboxyls on the edges and hydroxyls and
epoxies on the basal plane [6, 8]. GO is therefore a 2D atomically thin carbon nanomaterial
and has extremely large surface area, high water dispersibility and excellent biocompatibility
[9]. It has been the focus of researchers in the fields of biosensing and biomedical
applications due to its low manufacturing cost, colloidal dispersibility, high adsorption
capacity and fluorescence quenching [10, 11]. Recent studies suggest that carbon
nanomaterials (including GO) could be applied for cellular imaging, drug and gene delivery

[12]. Exploration of GO for drug delivery has included functionalization with chitosan, folic
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acid and poly(N-isopropylacrylamide), demonstrating pH-controlled or thermally responsive

drug release [13-16].

® COOH, OH, -0-

S

Graphite

pH
rGO

Figure 5.1 Schematic representation of graphite, GO and rGO. Graphite comprises only
stacked layers of carbon sheets. Graphene oxide bears oxygen-containing groups like
COOH, OH and -O- and can be dispersed in water easily. Reduced graphene is closely
related to graphene, though may retain irreversible deformation and some oxygen
containing groups [17]. This figure was reproduced from Bisch-Navarro et al. [17].

5.1.2 Atomic Force Microscopy (AFM) for lipid studies

Lipid molecules in cell membranes are amphipathic, meaning that they have both
hydrophobic groups (acyl chains) and hydrophilic groups (e.g. a polar head group). This is
crucial for their self-assembly into different structures including bilayers. One abundant class
of zwitterionic glycerolipids in animal cell membranes is phosphatidylcholines (PCs), which
have two acyl chains and are appropriate model molecules for investigating the surface
organization, properties and interactions of lipids with nanomaterials [18]. A model physical
system that closely resembles the biological membrane is the supported lipid bilayer formed
on a flat support (typically mica, as in our case) [19]. Supported lipid bilayers can be
prepared with desired composition and their interaction with carbon nanomaterials can

thereby be studied using AFM.
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AFM is primarily used to examine surface morphology, topography, and mechanical
properties, and is often used as a nano-scale imaging tool. However, the technique can
also be used to measure interaction forces between the sharp tip of a micro machined
cantilever and a sample, in a mode known as force spectroscopy [19-22].

AFM ‘sees’ (or rather senses) the sample under investigation via the interaction of a
sharp tip with the sample. This technique allows visualization of the sample with nanometre
resolution [23]. To achieve this, a sharp AFM tip (radius of curvature ~10 nm) is mounted on
the end of a long flexible cantilever, connected to a holder [24, 25]. The back surface of the
cantilever is highly reflective, and a beam from a laser diode is directed at the back of the
cantilever toward the end where the tip is located [26]. The slightest movement of the tip in
the z direction will change the position of the reflected laser beam at a position-sensitive
diode, creating a differential voltage signal, used by the AFM to maintain the z-position of
the tip via a feedback loop. To perform a measurement, the tip is brought into contact with
the sample, and the electronics of the AFM keep the force between the tip and the sample
constant at each point by moving the cantilever in the z direction with sub-nanometre
precision using a piezoelectric element [26]. By plotting the cantilever motion thus induced
by the feedback loop, the AFM height image of the surface is obtained.

In alternating contact (AC or ‘tapping’) mode, the surface is scanned by a cantilever
that is oscillated at or near its resonance frequency, thereby making intermittent contact with
the sample surface [27]. Therefore, tapping mode is often preferred for imaging delicate
biological samples [28]. Changes in the AFM scanner height in response to modulation of
the cantilever oscillation amplitude by interaction with the surface thus generate a

topographic image [29].
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Using this same remarkable force and positioning sensitivity, the AFM tip can be used to
either compress or extend (pull) target molecules within the investigated sample in a
controlled manner. The z-position of the cantilever is known at all times, and the spring
constant of the cantilever can be determined; the force that the tip exerts on the sample can
therefore be calculated.

A Atomic Force Microscope B AFm Imaging Modes

' Laser Contact Mode
Segmented

Photodiode

\ Cantilever Tapping or

with Tip Non-contact Mode

/
e S Sample

i

Figure 5.2 A) Schematic representation of AFM. B) Different imaging modes used in the
experiment. Contact mode (top) and tapping mode (bottom).
When used as a force-measuring device, the tip of the cantilever is positioned over the
surface of the sample. The tip approaches the sample, makes contact and pushes until a
predetermined force or position in the z direction is reached, before retracting. The known
positional change of the cantilever along with its measured deflection (force) is used to
generate a force-distance curve. According to Hooke’s law, the force exerted by the tip on
the sample, F, is given by:

F = dk
where d is the displacement of the tip and k is the spring constant of the cantilever.

When we exert a force on the sample, we can use the tip as a tool to probe local
mechanical properties of the sample, such as elasticity, or the force needed to penetrate
through the sample. This is of particular relevance to the study of lipid membranes, where
we can determine the force needed to penetrate through a bilayer.
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5.2 Objective

The overarching goal of this piece of work is to investigate the interaction of graphene
oxide (GO), reduced graphene oxide (rGO) with lipid bilayers and liposomes. We will explore
the physical and chemical basis for the assembly and morphological effects seen through
atomic microscopy imaging and force spectroscopy. In order to study carbon nanomaterial
interactions with biomimetic membranes, it is first necessary to stably adsorb the
membranes on a substrate (mica in our case). Over the years, considerable efforts have
been made to examine the properties of natural and synthetic lipid bilayers adsorbed on
surfaces, and the literature provides useful protocols to enable us to reliably create model
samples for analysis [20]. Nanomaterials can then be reconstituted in a relevant lipid bilayer
in order to study their interaction with the membrane. High resolution imaging of the surface
of the nanomaterials and bilayer, along with direct measurements of interactions via force

spectroscopy will be performed with a JPK Nanowizard 3 AFM.

5.3. Experimental design and methodology

5.3.1 Phospholipids

Phospholipids used in this study were 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) : 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-
serine (sodium salt) (POPS) (in a 3:1 molar ratio, giving a net negatively charged

combination) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) : 1-palmitoyl-
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2-oleoyl-sn-glycero-3-ethylphosphocholine (chloride salt) (POEPC) (in a 3:1 molar ratio,

O
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Figure 5.3 Phospholipids used in this study. DOPC and POPC are zwitterionic

phospholipids. POPS is a negatively charged lipid and POEPC is a positively charged
lipid.
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5.3.2 Liposome Preparation

A 20 mg/mL solution of lipid(s) in chloroform (Avanti Polar Lipids) was divided into 1
mL aliquots. A glass syringe was used to transfer the solution to small glass vials. Plastic
pipette tips are not recommended since the lipids are in chloroform. By dividing the solution
up into batches, we minimized the variations in lipid concentration since chloroform
evaporates over time, even when sealed using, e.g. Parafilm. The 1 mL lipid solutions were
stored in a —20°C freezer. The protocol for small, unilamellar vesicle (SUV) preparation is
adapted from the literature [30]. Typically, the 1 mL aliquots were dried in a glass vial under
a stream of nitrogen followed by vacuum for a few hours.

The dried lipids were hydrated in water (in some experiments Tris buffer was used)
to a lipid concentration of 5 mg/mL. The lipid solution was passed through a 100 nm pore
membrane (18x) in an extruder. Vesicles were characterized by dynamic light scattering
(DLS) to determine their size (generally ~115 nm directly after the extrusion process) and
for polydispersity. The samples were mostly diluted to 0.4 mg/mL for AFM and QCM studies.

Samples used in FTIR studies were 7 mg/mL.

5.3.3 Quartz Crystal Microbalance and Dissipation (QCM-D)

QCM-D is a sensitive technique that measures change in mass and change in
dissipation (an indirect measurement of viscoelasticity) of the biomimetic membrane when
adsorbed to a solid surface. The changes in mass and viscoelasticity are detected as
deviations in frequency (f) and dissipation (D) of the pulsed oscillation (clock) frequency of
a silicon crystal sensor. Liposomes are deposited on the silicon sensor, and by exchanging

the buffer to induce a chance in ionic strength, osmotic bursting of the liposomes is induced,
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forming a flat biomimetic lipid membrane on the crystal surface. We studied the interaction

of GO and rGO with biomimetic membranes thus formed.

5.3.4 Attenuated total reflectance — Fourier-transform infrared spectroscopy
(ATR-FTIR)

FTIR can be used to characterize the chemical identity of species by interrogation of
vibrations of the bonds present. FTIR of phospholipids exhibits specific vibrational
characteristics that represent the chemical groups present within these molecules. The
spectra of phospholipids in the presence of GO and rGO may change in absorption
intensities, and a shift of absorption spectra particularly in the CHa region. Attenuated total
reflectance (ATR) is a manifestation of FTIR spectroscopy in which an evanescent wave
generated at a surface by total internal reflection of the IR beam inside a solid crystal is used
to probe material adsorbed at that surface. ATR-FTIR is thereby sensitive to the chemical
identity of materials specifically adsorbed on the crystal, with sensitivity decreasing
exponentially away from the crystal surface, giving a typical ‘working depth’ on the order of
1 ym. By combining a surface-sensitive technique such as ATR-FTIR with AFM and QCM-

D, we hope to paint a clear picture of GO and rGO interactions with biomimetic membranes.

5.4 Results

5.4.1 AFM imaging of lipid bilayer in AC mode

Lipid bilayers in aqueous environment tend to exhibit fluid characteristics and are
thereby very difficult to get a good resolution AFM image of. Initially, we worked with dried
lipid samples to make sure that we could deposit liposomes on mica surfaces and
successfully image the dried sample. The samples were either drop-casted or spin coated.

The concentration of the lipid solutions used for these AFM studies was 0.4 mg/mL. Different
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lipid concentrations were trialled, but in our case 0.4 mg/mL seemed to be the most effective
concentration to facilitate the study of GO and rGO interactions with the lipid bilayers,
providing sufficient coverage for a supported bilayer without significant multiple stacking of
lipid layers on the surface. Initially, we needed to make sure that the liposomes were

depositing on the mica surface.
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Figure 5.4 AFM images of DOPC drop-casted, rinsed with water after 60 minutes, dried and
imaged in AC mode. A) multiple layers of lipid are seen in the height image. The cross-
sectional height profiles shown in B) suggest that these layers are anywhere from 4 to 6 nm,
which is consistent with the height of a single bilayer.

Small aliquots of liposome dispersion were drop-casted onto a mica surface and left to settle
for about 20 mins before being rinsed with water to get rid of excess lipid from the surface.
The sample was then imaged using AFM in alternating contact (AC) mode in order to
understand the deposition morphology of the liposomes on the mica surface. Once washed
with the water, the samples were left to dry before imaging. Although the dry sample may

not be morphologically identical to the hydrated (wet) state, in this instance the dry image
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provides a robust method to obtain useful information as to the adsorbed lipid morphology
on the surface.

As seen in Figure 5.4.A, liposomes were deposited forming incomplete multilayers
on the mica surface. As samples were drop casted, the multilayer surface was not smooth,
and some areas on the mica surface appear to have more layers of lipids than others.
However, we could clearly image the multilayer lipids deposited on the surface. Figure 5.4.B
shows selected cross-sectional height profiles taken from the deposited layer of lipids. Each
layer of the deposition is about 4 to 6 nm, and this is consistent with literature values for the

thickness of a lipid bilayer [20].

5.4.2 Imaging of lipid bilayers in liquid using contact mode AFM

Our ultimate goal was to study the interaction of graphene oxide (GO) and reduced
graphene oxide with the bilayer (or multilayer) in a liquid medium. For that reason, the next
step was to image bilayers (or multilayers) in liquid. Liposome dispersions (0.4 mg/mL) were
incubated on a mica surface for around 20 minutes and excess dispersion was washed off.
Instead of letting the surface dry in order to image it, the glass slide containing the mica
sheet was placed instead immediately into a Petri dish containing water. The lipid layer was
thereby submerged without having fully dehydrated. We expected that the bilayer (or the
multilayer) will have cracks because of the de-wetting. Initially, liposomes were washed off
with water and for a few seconds (between washing and placing it in the petri dish) the
samples were not submerged in water. This results in cracks within the bilayer, and this
technique can be used to identify the presence of the bilayer, as a perfectly smooth and
featureless bilayer is morphologically similar to the underlying substrate when imaged using

AFM. Force measurements can also be used to identify the presence of bilayer (or
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multilayer) features and can be used to measure the height of the lipid bilayers (as described

later).
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Figure 5.5 AFM images of DOPC liposome dispersions drop-casted, rinsed with water after
30 mins and placed in a Petri dish containing water. Samples were imaged in contact mode.
A) Lipid bilayer showing cracks in the bilayer. The integrity of the bilayer is compromised
because of the cracks and this is likely caused by the de-wetting of the lipid bilayer. The line
profiles shown in B) suggest that the layers are anywhere from 4 to 6 nm, which is consistent
with the expected height of a bilayer. C) 3D reconstruction of the height data emphasising
that the bilayer is not smooth.

As a result of initial test measurements, incubation time of the liposome dispersion on the
mica surface was reduced to half hour from an hour. This change in incubation time resulted
in a bilayer that appeared more uniform and did not have as much stacking as seen in the

dried samples in Figure 5.5.A.
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Initial AFM images confirmed that the bilayer or multilayer was providing approximately full
coverage on the mica surface, and thus represented a suitably stable and measurable
substrate for the investigation of the interaction of lipids with carbon nanomaterials. Thus,
the research question could now be addressed: what happens to the lipid layer when GO or

rGO is added to it?

5.4.3 Interaction between GO and supported lipid bilayer

When GO is introduced to a lipid membrane, one possible outcome is that lipid
bilayers are pulled out of the surface, resulting in pore formation and deformation of the lipid
bilayer. Here, DOPC biomimetic membranes were used to explore interactions with GO to
better understand this effect. It is hypothesised that graphene oxide and reduced graphene
oxide interaction with cell membranes may be dependent on the membrane lipid
composition. Graphene oxide and reduced graphene oxide have been previously found to
damage bacterial cell membranes through direct contact of the graphene edges with the
membrane [31]. It has also been reported that graphene oxide and graphene solutions inhibit
bacterial growth and that they can damage E. coli cell membranes [32]. Multiple studies
suggest both GO and rGO exhibit cytotoxic properties when interacting with bacterial
membranes [32]. Nanoparticles exhibit toxicity by disrupting cell membranes, cell damage
with oxidative reactions, damage to nucleic acids, damage to proteins and mitochondrial
function, and oxidative stress among other things. Further study is therefore essential to
better understand GO’s interaction with mammalian cells. Therefore, it is important to
understand the nature of the interaction between graphene oxide (GO) and various lipids

and bilayers.
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Figure 5.6 AFM images of DOPC deposited from liposomes that were drop-cast, rinsed with
water after 30 mins, incubated with GO for another 30 mins, rinsed and placed in a petri dish
containing water. The sample was imaged in contact mode. A) Lipid bilayer showing a
completely different structure to pure lipid bilayer (or pure GO sheets). The structure has the
appearance of a nanocomposite of lipid and GO. The line profile shown in B) shows that the
structure is not the height of a bilayer or the height of individual GO sheets; the height of the
composite is several hundred nanometres.

The interaction between GO and a biomimetic DOPC membrane was observed using
AFM. From previous literature, it was expected that the formation of layers of distinct
graphene oxide on the membrane would be seen [33]. However, what we observed in the
present work was quite different. The AFM images showed that the lipid membrane and GO
were clumping together to form a nanocomposite structure with complex, convolved (and
distinctly non-sheet like) morphology (Figure 5.6). Liposomes are understood to become

adsorbed on mica, deform and rupture spontaneously to form a bilayer [34]. It is possible

that excess liposomes could be ruptured when GO is introduced to the bilayer.
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Figure 5.7 Lipid used for this study was DOPC. Liposomes were drop-casted, rinsed with
water after 30 mins, incubated with GO for another 30 mins, rinsed and placed in a petri dish
containing water. Then, the sample was imaged in contact mode. The AFM image shows a
completely different structure to just lipid bilayer or just GO sheets. The structure looks like
a nanocomposite of bilayer and GO.

and form such a nanocomposite structure as observed here [35]. However, this does not
explain the lipids having been stripped from the surfaces in much of the sample area, and
so this must have been at least accompanied by graphene oxide interacting with the surface-
adsorbed bilayer, grossly changing its morphology. For example, the height profile of the
nanocomposite in Figure 5.6 suggests that multiple sections of bilayer have formed and
clumped together, resulting in structures of different heights [35]. This most likely arises from
formation of different multiples of lipid bilayers with graphene oxide layers between. It has
been previously suggested that the driving force for the interaction and adsorption of

graphene oxide is electrostatic in origin [35], and this may also be the basis for interactions

with the lipid headgroups in the present work.
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5.4.4 Exploration of DOPC and GO interactions using force spectroscopy
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Figure 5.8 Force curves can be used to calculate the mechanical properties such as
adhesive energy, height of the lipid bilayer, Young’s modulus, breakthrough force, etc. Force
curves can also be used to determine the fluidity of a biomimetic membrane. A) Force
mapping can be used to collect multiple force curves within a defined area. B) Schematic
representation of a force curve with pertinent features labelled. This figure was Adapted
from [20]. C) Example of a force curve from a POPC lipid layer without additives.

Mechanical properties of lipid bilayers can be studied using force spectroscopy undertaken

with an AFM cantilever. Force mapping allowed us to collect multiple force curves within a
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defined area of a sample. Adhesive force between the cantilever and surface (layer), height
of the bilayer, and force required to break through the surface layer (breakthrough force)
can be calculated from these force curves. Young’s modulus (calculated using contact
mechanics theory) and adhesion energy (area under the curve) are some other parameters

that can be readily obtained from analysis of the force curves.
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Figure 5.9 Force curves can be used to calculate the mechanical properties such as
adhesive energy, height of the lipid bilayer, Young’s modulus, breakthrough force, etc. Force
curves can also be used to determine the fluidity of a biomimetic membrane. A) AFM image
of DOPC bilayer. B) Representative force curve from DOPC bilayer. C) Histogram of
breakthrough distance of DOPC bilayer. D) Histogram of breakthrough force (i.e. the force
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at which the AFM tip penetrated the bilayer). The data shown here is the average of 3
different experiments.

DOPC supported lipid bilayers were used as a model system to study topographical and
biomechanical changes on interaction with carbon nanomaterials using AFM imaging and
force spectroscopy. A typical AFM image of a DOPC bilayer is shown in Figure 5.9.A, and
this indicates a very flat and comparatively featureless surface. The image looks very similar
to the mica surface and it can be difficult to differentiate from the actual bilayer without further
investigation. Here, force spectroscopy is used to make this distinction clear.

A representative force curve between a contact mode AFM cantilever and DOPC-
coated mica surface (Fig. 5.9.B) clearly shows contact with the bilayer, rupture of the bilayer,
direct contact between the tip and mica surface, and then significant adhesive events on
retraction. The retraction shows multiple steps, and the AFM tip may be picking up lipids as
it separates from the bilayer surface. Based on the force curve, breakthrough force (the force
at which the bilayer ruptures and the AFM penetrates to the mica surface) and the
breakthrough distance (bilayer depth or thickness) can be calculated. The histogram shown
in Fig. 5.9C represents the rupture depth of the DOPC bilayer. From the average of the
values obtained, the DOPC bilayer appears to be 5.5 nm in thickness, which is within the
accepted range as reported in the literature [20, 36-38]. The height of phospholipid bilayers
have been reported to be generally 4 to 6 nm, with slight variations based on the length of
the carbon chain in the lipids, any water layer within the bilayer, and the compactness of the
bilayer [36-38]. DOPC lipid bilayers exist in their fluid (chain melted) phase at room
temperature, and the force required to break through the bilayer is commensurate with this

at ~0.65 nN (range of 0.5-0.9 nN) as shown in Fig 5.9.D [20, 36-38].
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Figure 5.10 DOPC supported lipid bilayer interaction with GO: A) AFM image of DOPC
supporter bilayer interaction with GO obtained in liquid. B) Force curve of DOPC interaction
with GO (in liquid). C, D) Histograms of DOPC bilayer thickness (C), and breakthrough force
(D). The data shown here is the average of 3 different experiments.

AFM imaging (Figure 5.10.A) of the bilayer after incubation with GO shows the bilayer
is no longer flat and appears to contain GO flakes. In this case, the surface looks more like

a nanocomposite, but we cannot be certain based on the AFM image only. It is certainly

morphologically very different to what was seen in the dried sample after interaction with
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GO. Force curves between a sharp tipped cantilever and DOPC with GO show a
breakthrough event at low force, and the retraction portion of the force curve shows a great
number of poorly defined and highly adhesive events. This may be due to the different
interactions between the nanocomposite structure and the cantilever, and appears to signify
significant ‘peeling’ up of the surface material by the cantilever, as far as 100 nm from the
surface itself (i.e. at least an order of magnitude greater distance than the bilayer itself would
be expected to extend). It is clear that the bilayer does not have the same integrity after the
introduction of GO to the bilayer. It is possible that GO has extracted or reconfigured the
lipid bilayer and formed a nanocomposite structure, and this is consistent with the features
observed on cantilever retraction.

The average breakthrough distance (Fig. 5.10 C) is slightly higher for DOPC/GO than
DOPC by itself, an observation which makes sense if we consider GO sheets to be
incorporated into the lipid/bilayer surface; these sheets are mostly reported to be between
1-1.4 nm in thickness. The range of the bilayer plus GO surface height is measured here to
be mostly between 1.8-9.4 nm, which suggests that addition of GO has extracted the lipid
bilayer and caused the lipids to clump around the GO. The breakthrough force (Fig. 5.10 D)
is slightly lower than the DOPC bilayer by itself, which is again consistent with disruption of
the lipid layer. The breakthrough force for the DOPC bilayer in the presence of GO ranges
from 0.3—-1.5 nN, which is a wide range, indicating a highly heterogeneous surface. It also
makes sense that where the bilayer has been extracted by GO, the breakthrough force is
lower and where there is a nanocomposite of GO and lipid, the breakthrough force is higher

(.e. that bilayer fragments with GO inside have enhanced rigidity or strength).
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5.4.5 DOPC interaction with rGO

Structurally, reduced graphene oxide (rGO) looks much closer to pristine graphene
than graphene oxide. The main difference between GO and rGO is the number of oxygen-
containing groups. More hydroxyl, carboxyl and ether functional groups are present on the
surface of GO sheets, which can be effective in interaction with polar materials and/or
dispersion in water. Highly reduced rGO is almost a superconductor and it structurally and
chemically resembles graphene [39]. Given the highly different chemistry and behaviour

between GO and rGO, we would anticipate them to interact differently with lipid systems.
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Figure 5.11 DOPC supported lipid bilayer interaction with rGO. A) AFM image of DOPC
interaction with reduced graphene oxide obtained in liquid. B) Force curve of supported lipid
bilayer interaction with rGO.

AFM imaging of DOPC'’s interaction with rGO (Figure 5.11) shows that the lipid layer
is no longer flat. As seen in Figure 12, the bilayer membrane is deformed and rGO appears

to be embedded in the bilayer, again forming a nanocomposite layer. This interaction is most

likely driven by the hydrophobic attraction between lipid tails (interior of the bilayer) and the
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surface in rGO which is more hydrophobic than GO. Pristine graphene nanosheets can
penetrate into the bilayer and affect the integrity of the membrane [40, 41]. Since rGO
resembles pristine graphene sheets, at least in its basal hydrophobicity, interactions with the

bilayer membrane are hypothesised to be similar.
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Figure 5.12 POPC supported lipid bilayer. A) AFM image of POPC by itself. B) Force curve
of POPC supported bilayer. C) POPC bilayer distance and D) breakthrough force. The data
shown here is the average of 3 different experiments.
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5.4.6 POPC lipid bilayer integrity

POPC is a commonly used phospholipid to study the interactions of nanomaterials
with a supported lipid bilayer. In Fig 5.12 A, AFM imaging of a POPC lipid bilayer indicates
a surface that does not look flat, and the integrity of the bilayer appears to be compromised.
The surface of the bilayer looks porous, and this is likely due to dewetting of the bilayer
during preparation. The measured breakthrough distance and breakthrough force is lower
than that of DOPC bilayers. This can be explained as a result of the compromised integrity
of the bilayer leading to lower membrane rigidity. Nonetheless, the membrane still
represents a sufficiently complete layer as to worthwhile exploring in terms of its interactions
with carbon nanomaterials, particularly in light of POPC’s different thermal properties (i.e.
membrane rigidity): POPC’s phase transition temperature is at -2 °C, whereas DOPC'’s is

at —17 °C, indicating the disorder introduced by unsaturated lipid tail groups.
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Figure 5.13 Interactions between POPC supported lipid bilayer GO. A) AFM image showing

the morphology of POPC lipid surface after interaction with GO, and B) A representative
force curve indicating the interaction between POPC and GO.
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5.4.7 POPC and GO interactions

An AFM image of a POPC bilayer after interaction with GO is shown in Figure 5.13 A.
The supported lipid bilayer’s integrity had been previously explored before introducing GO
(Figure 5.12 A.) and although the bilayer was imperfect, significant changes are seen on
addition of GO. Seen in the image is a pseudo-2D, ‘clumped’ structure which is presumed
to be a combination of POPC and GO. Both in DOPC and POPC supported lipid bilayers,
introducing GO significantly compromises the integrity of the bilayer. In this case, pore
formation is very clear, and the GO has resulted in significant reconfiguration of the lipids
that make up the bilayer. However, in this case it appears that GO stays on top of the bilayer
rather than interleaving within the bilayer structure. A representative force curve (Figure
5.13 B) shows multiple steps when retracting but this is most likely because of the composite

structure being stuck to the cantilever.
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Figure 5.14 POPC:POEPC (cationic) lipid bilayer. A) AFM image of POPC:POEPC (3:1)
bilayer. B) Representative force curve of POPC:POEPC lipid bilayer. C) AFM image after
interaction of POPC:POEPC lipid bilayer with GO. D) Representative force curve for
POPC:POEPC lipid bilayer after interaction with GO.

5.4.8 Positively charged POPC/POEPC interaction with GO

Besides commonly encountered zwitterionic lipid bilayers and their interactions with
GO, we also looked at charged bilayer interactions with GO. Just like the other bilayers
explored, liposomes spontaneously ruptured to form a supported lipid bilayer on a mica

surface. GO interactions with the positively charged lipid bilayer would be anticipated to
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arise mostly due to electrostatic forces between the polar head groups of the lipids and
(negatively charged) GO sheets [42]. It is notable that this sample was extremely challenging
to image, likely due to significant attractive (electrostatic) forces between the lipid surface
and the cantilever. Despite the lower fidelity compared to images of previous systems, GO
can be seen clumped together (Figure 5.14 C) with the lipid bilayers, as seen with DOPC.
Previous studies by Hu et al. have shown that GO can detach layers of nonpolar lipid bilayer
as well as the positively charged bilayer [33], and this is likely to be what is occurring here.
The GO sheets likely become coated by lipid, and it is this composite structure that

represents the higher features and ‘bumps’ seen in the AFM image.
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Figure 5.15 POPC:POPS (anionic) lipid bilayer. A) AFM image of POPC:POPS bilayer. B)
Representative force curve of POPC:POPSIipid bilayer. C) AFM image after interaction of
POPC:POPS lipid bilayer after incubation with GO. D) Representative force curve for
POPC:POPS lipid bilayer after incubation with GO.

5.4.9 Negatively charged POPC/POPS interactions with GO

Similarly to other lipid bilayers, negatively charged bilayers were formed by vesicle
fusion, which is the spontaneous self-assembly of bilayers from vesicle rupture at a surface.
In this method, vesicles adsorb to a surface, followed by rupture and then fusion to form a

bilayer. Due to the electrostatic force between GO and the negatively charged bilayer, it
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would be anticipated that from an electrostatic basis, GO would not bind to the bilayer.
However, after addition of GO, the lipid bilayer clearly shows some defects because of the
interaction.

With GO and the biomimetic membrane being negatively charged, GO interaction
seems to be weak and not as disruptive as the interactions with zwitterionic biomimetic
membrane. The GO interaction is mostly on the bilayer surface and in most of the cases

bilayer is somewhat intact but still compromised without being ripped apart.

5.4.10 QCM-D study of bilayer interactions with GO

5.4.10.1 Quartz crystal microbalance with dissipation (QCM-D)

Quartz crystal microbalance (QCM) is a highly sensitive instrument that is capable of
measuring nanogram quantities of adsorbed materials on surfaces, by monitoring the
change in resonance frequency of a quartz crystal resonator [43]. Quartz crystal
microbalance with dissipation (QCM-D) in particular is a surface sensitive technique that
measures mass (through frequency change) and viscoelastic properties (through energy
dissipation) of thin layers such as lipid bilayers deposited on a sensor surface. QCM-D
monitors change in frequency (Af) and dissipation (Ad) of a resonating quartz chip while

coated with a bilayer [44].
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Figure 5.16 This figure has been reproduced from Cho, et al. [45] A) The green spheres
represent unruptured liposomes and blue balls are solvent. As liposomes are deposited on
the substrate (SiO2), the resonance frequency changes, and these changes are recorded
as change in frequency Af (proportional to the adsorbed mass) and change in dissipation
AD (loss of energy). B) Schematic indicating unruptured liposomes on SiO: surface. C)
Formation of biomimetic membrane by liposome rupture and fusion.

QCM-D allows for the measurement of small mass changes on the surface of a
piezoelectric crystal such as SiO2[46]. Here we use QCM-D as a complimentary technique
to explore the changes to a model supported lipid bilayer on interaction with graphene oxide.

In this experiment, the sensor (SiO2) is undergoing oscillation at its resonant
frequency (Figure 5.17, point A) in liquid, and when liposomes are added (point B), their
adsorption decreases the frequency and increases the dissipation (i.e. the extent to which

energy is dissipated by the surface layer). At point C, water is used to wash the fused

liposomes until a stable baseline is established. Based on the frequency, it seems that we
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have a POPC bilayer. At point D, GO was introduced to the bilayer. If there was a strong
interaction with the bilayer, then it would have severely compromised the integrity of the
bilayer, and we would anticipate that this would have resulted in a very big change in

dissipation and/or mass. However, in step D, the change in dissipation is very small.
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Figure 5.17 QCM data of POPC interaction with GO. There are multiple steps (stages) in
this QCM experiment, and A-D represent the different steps: A) cell with rinsed with buffer
(tris); B) liposomes (0.5mg/ml) were added to the cell; C) cell was perfused with water, and
D) GO (0.2mg/ml) was added. The y-axis for frequency is on the left of the graph and the Y-
axis for dissipation is on the right.

When GO is introduced, there is no significant change in frequency and dissipation.
Frequency is slightly higher which means GO is being adsorbed on the bilayer. The
dissipation of the system is slightly higher which suggests that the integrity of the bilayer is
slightly compromised but not at the level we expected. We expected graphene oxide to
significantly disrupt the membrane, whereas looking at the QCM data, there was no

substantial change at all. Even if GO is pulling apart the biomimetic membrane, the resulting

material is still sitting on top of the crystals.
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Despite initially appearing to be incongruent with the AFM data obtained, these
observations can be rationalised in terms of a reconfiguration of the lipids rather than their
removal. The very small change in frequency indicates that very little mass was gained or
lost, which is clearly inconsistent with major portions of the lipid layer being removed entirely.
However, in the AFM experiments explored in the previous sections, it appears that lipid
nanocomposites with GO are redeposited on the surface, resulting in multilayered lipid
fragments along with areas of exposed substrate in many cases. Thus, we hypothesise that
the small changes seen with QCM when GO is added to the lipid bilayer arise because the
lipids are being reconfigured, i.e. the smooth lipid bilayer is disrupted and redeposited as a
composite with the GO, but without major loss of lipid mass.

It is notable that because the QCM analysis to obtain mass and dissipation from
observed changes in frequency is based on the Sauerbrey equation (Am = —Cqcm « Af)[47]
and there are some assumptions that need to be made which may not be accurate for all
samples or indeed at all times for a given sample:

- Mass is rigidly absorbed;

- Mass is even and homogenous on SiO;

- Mass is small relative to the mass of the crystal itself.

These assumptions are generally valid for thin, rigidly bound films, but rapidly lose accuracy
for weakly bound, nonhomogeneous or viscously dissipative adsorbed materials. Its
possible that even a soft lipid bilayer (or compromised bilayers) can exhibit low dissipation
values in certain conditions. Due to these limitations, the collection of complementary data
is important. We believe that the bilayer integrity has been compromised, and a
reconfiguration of the lipid on the surface is consistent with the observation of only minor
changes in mass and dissipation using QCM. However, it would be challenging to make this

assertion in isolation, i.e. without the imaging from AFM, indicating that QCM has limitations
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in the study of systems undergoing surface reconfiguration, and is most appropriate where

gross mass gains or losses are experienced by the system.

5.5 Conclusion

Our goal for this project was to conduct a comprehensive study of GO and rGO
interactions with liposome/supported lipid bilayers as a function of lipid headgroup and
tailgroup chemistry, offering a panel of different charge and membrane fluidity conditions.
Beyond an initial hypothesis that charge should play a role (as anticipated from other
experiments of graphene oxide adsorption at interfaces), we remained scientifically agnostic
to the outcome of specific experimental conditions.

AFM images in these studies clearly show that GO/rGO interacts with most of the
bilayers studied, albeit to a different extent and with different ultimate morphologies as a
result. AFM force curves show forces involved during breakthrough of the lipid bilayer, as
well as the breakthrough distance of the bilayer. These experiments clearly indicate the
integrity of the bilayer and paint a picture of robust layers that were intact before interaction
with GO/rGO.

In our study, GO/rGO interacted with lipids and in all cases formed a nanocomposite
like structure, where it appeared that lipids were removed from the surface and redeposited
on GO sheets, or in the case of rGO, particles perhaps became interleaved in the lipid
bilayers.

Images and force curves of lipid bilayers/multilayers were fairly easy to collect.
However, in the presence of GO/rGO, samples seemed quite fluid and this resulted in
sticking to the cantilever, providing challenging conditions for both imaging and force
measurement. For this reason, we did not reuse cantilevers often, resulting in mostly one or

two uses per cantilever to avoid some of these inconveniences. In most cases, retraction of
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the cantilever from the lipid bilayer surface (in the presence of GO/rGO) was a multiple step
event rather than the cleaner single step retraction in case of lipid bilayers only surface.

Many GO/rGO interactions with bilayers led to the formation of a nanocomposite like
structure, whereas in some cases the interaction was less significant. When GO was added
to zwitterionic biomimetic membranes (POPC and DOPC), the interaction seemed to be
strong, and this led to compromised bilayer integrity. rGO also interacted with the bilayers
similarly strongly, which led to a formation of stacked bilayers and rGO nano composites.

When GO was added to a negatively charged bilayer, interactions were much weaker
and did not result in ripping apart of the bilayer. Instead, GO settled on top of the bilayer and
tended to form defects in the bilayer, but not to the same extent as for the zwitterionic
biomimetic membrane. Both GO and the anionic lipid are negatively charged, and they tend
to repel each other, explaining this weaker interaction. In contrast, GO interacts strongly with
positively charged lipids and forms a complex mixture of GO and lipids fragments.

When comparing interactions seen for GO with those of rGO, it is evident that GO is
more polar than rGO, and this maybe the reason why it can interact with different lipids more
strongly. rGO is less polar because of its fewer oxygen containing groups compared to GO.
This may be the reason that rGO generally shows weaker interactions and less disruption
of lipid bilayers. In the case of negatively and positively charged lipids interacting with rGO,
it seemed that significant quantities of rGO remained dispersed in solution and AFM
cantilevers picked it up fairly quickly, making it very challenging to image and record force
spectroscopy data.

In this chapter and the next, we present data that further supports the interaction of
GO/rGO with biomimetic cell membrane and liposomes. Depending on lipid charges, tail

length and different head group chemistries of the biomimetic membranes studied, GO and
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rGO interact very differently, indicating a significant role of surface forces and surface

chemistry in modulating these interactions.
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Chapter 6. Graphene oxide and reduced graphene oxide interaction with
liposomes — a stopped-flow SANS experiment

6.1 Introduction

In the previous chapter we studied the interactions of GO (and rGO) with supported
lipid bilayers. These supported lipid bilayers were used to mimic cell membrane, which
serves as the functional boundary between the cell and its exterior [1]. The major component
of a cell membrane is a lipid bilayer, comprising molecules with both hydrophobic and
hydrophilic regions, facilitating self-assembly and allowing selective transmission of a
diverse range of molecules. Glycerophospholipids are abundantly found in cell membranes,
and these lipids specifically have a hydrophilic head group and two hydrophobic tails. Lipids
can be zwitterionic, positive or negatively charged [2]. Under physiological conditions,
phosphatidylcholines are zwitterionic lipids, while phosphatidylglycerols carry a net charge.
Based on these charges, we anticipate that such lipids could interact with carbon
nanomaterials such as graphene oxide (GO) and reduced graphene oxide (rGO) differently.
To add to the complexity of this interaction, acyl-chains vary in length and can be saturated
or unsaturated. In the previous chapter we looked at nanomaterials (GO and rGO) and their
interaction with lipid bilayers (zwitterionic, negatively and positively charged). In this chapter,
our aim is to look at liposome interactions with GO (and rGO) using small-angne neutron
scattering SANS.

Graphene based nanomaterials have been a subject of intense research since their
isolation (in the case of graphene itself by Novoselov et al. in 2004) [3]. Graphene exhibits
exceptional physiochemical properties such as high fracture toughness, thermal
conductivity, Young’'s modulus and electrical conductivity [4, 5]. Graphene nanosheets have
been adapted for a variety of application including in biomedicine, energy storage, nano-

devices, renewable energy and sensing applications [6, 7].
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Compared to hydrophobic graphene, the high surface area and the amphiphilicity of
GO makes it an ideal substrate for biosensors, environmental and biomedical applications.
Recent work has shown that carbon based fluorescent materials show greater stability,
biocompatibility and lower toxicity than their inorganic counterparts [8, 9]. If these materials
were to be used in our day to day lives, their interaction with live cells and membranes needs
to be better understood. We aim to study the interaction of prototypical carbon nanomaterials
with biomimetic lipid membranes extensively, in order to better understand the affects that
such materials will have on living cells and the broader environment.

With the increasingly widespread use of nanoparticles in our daily lives and in the
environment, understanding their interaction with the cell membrane is of the utmost
importance, whether it is to be able to assess their risks (toxicity) or their benefits in
nanomedicine. For this reason, it is necessary to understand both equilibrium and dynamic
interactions of nanoparticles with cell membranes, along with structural and transport
features. Proteins, polymers and nanoparticles are known to interact with lipid bilayers or
lipid vesicles in various ways, intercalating into the membrane, hosting into vesicles or
causing vesicle rupture. Fundamental understanding of these interactions is therefore
critically important to identifying the drug and gene delivery capabilities of composite
systems.

In recent years, several different groups have studied the interactions of graphene
based nanomaterials with liposomes, biomimetic membranes and sometimes even entire
(live) bacterial cells. In 2013 and 2014, several studies suggested that graphene based
nanomaterials can be cytotoxic to cell membranes, can penetrate the membrane and extract
phospholipids [10-12]. We aim to study the interaction of graphene based nanomaterials
with zwitterionic and negatively charged liposomes that are typical of mammalian cell

membranes. Several recent studies suggest that positively charged lipids have higher
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affinity with GO compared to the negatively charged lipids [2, 13, 14]. GO sheets induced
rupture of the liposomes which initiated the formation of bilayer and potentially lipid—
graphene composite layers [2]. Previous studies using quart crystal microbalance with
dissipation monitoring have shown that GO induces the rupture of liposomes and results in

the formation of surface bilayers [15].

Aim: In this work we hope to gain a more complete understanding of the interactions of GO
and rGO with lipid membranes using holistic scattering measurements. The interactions
between liposomes and nanoparticles are of particular interest, as liposomes can serve as
a model system for biological cells. Liposome integrity will be explored in the presence of
both GO and rGO, and charges in the size and structure of liposomes (zwitterionic and
anionic with different carbon chain length) will be varied to better understand the interactions
responsible for structural changes. We wish to determine the average radius, polydispersity,
and the thickness of the hydrophobic and hydrophilic parts of the bilayer before and after
the addition of GO and rGO, along with the overall liposome integrity, to understand the

extent of change brought about by carbon nanomaterial addition.

6.2 Methods

6.2.1 Small-angle neutron scattering (SANS)

Over the years, neutron scattering has evolved to meet growing scientific need. Neutrons
were first discovered in 1932 by Chadwick [16] and four years later two other groups
discovered that neutrons can be used for diffraction [17, 18]. However, SANS was
developed approximately 30 years later in the 1960s. Sturhmann et al were one of the first

pioneers to demonstrate neutrons were a powerful tool to investigate materials based on
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the variation of scattering length densities within a sample [19]. Neutrons lack any charge
and this is what allows them to penetrate deeply into bulk matter. Due to their amenable
wavelength range on the order of a few Angstroms, SANS is ideally suited to the study of
microstructures such as nanoparticles, micelles, proteins and many other soft and self-
assembled systems [20]. Neutrons interact with nuclei via a very short-range nuclear force
which means that they can penetrate more deeply than either x-rays of electrons. The
benefits of neutron scattering are:

e Neutron probes are non-destructive even for biological samples due to low levels of
energy transfer. However, high energy x-rays can damage samples.

e Neutrons can penetrate to greater depth and can be used to study thick samples
which may or may not be studied using x-rays.

e Detailed structural information can be obtained using selective isotopic labelling to
vary neutron scattering length density.

However, compared to synchrotron x-ray measurements, neutron scattering requires long

data collection to achieve good signal to noise ratio.

detector

neutron beam \ﬂ"“"""."".'.'.'.‘.".']”'e'»'b' ________________ I‘j ___________ )
beamstop

sample T
vacuum

Figure 6.1 Schematic representation of a SANS setup

Structural details are obtained by measuring the intensity of scattered neutrons
through a small angle between 0.2 to 2 degrees. Neutrons are useful for analysing
nanoparticles, micelles and liposomes because their wavelength, 4 is usually smaller than
the materials of interest [21]. This allows the nuclei to act as point scatter, which produces

interference at a (distant) detector. This is explained by the Bragg equation:
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A=2dsiné Eq. 1

where 6 is the neutron scattering angle and d is the distance between point scatterers. For

convenience, the scattering vector Q is used to account for the wavelength of the incident

neutron beam with the following equation:

Q] = = sin (g) Eq. 2

where |6| is the magnitude of scattering vector (typically in A-"), §is again the scattering
angle and A is the neutron wavelength (in A) [20, 22]. Scattered neutrons are measured as

a function of |6| (henceforth abbreviated for simplicity as q) and are combined to provide
overall intensity. Low g values indicate scattering correlations that correspond to larger

features and scattering at high g values suggests correlations from small structures.

Curtain detectors
(left, right, top, bottom) Scattering vector (q)

..................... Scattered neutron

A

ki
Rear (main) Eﬁ
detector i Neutron
beam
Sample

ki

Figure 6.2 This figure has been reproduced from [23]. Incident neutron vector Ei and the

scattered neutron vector ES and the scattering vector q is givenas q = ﬁs - Ei. The schematic
representation of SANS shows 4 different curtain detectors[23]. The scattering vector
depiction is shown in the top right corner of this Figure.

125



Stopped flow (dynamic and static) small-angle neutron scattering (SANS)
measurements were obtained on the Bilby beamline [32, 33] in time-of-flight mode with an
asymmetric detector array at the Australian Centre for Neutron Scattering (ACNS), ANSTO,
Lucas Heights, NSW. A neutron wavelength of 6 A was used in these measurements,
obtaining a g-range of 0.003-0.47 A. Samples were prepared as separate liposome and
graphene oxide/reduced graphene oxide dispersions, and mixed using a stopped flow
apparatus (BioLogic SFM-300 stopped flow mixing cell) whilst in the neutron beam. Contrast
was introduced by using D20 as the solvent. Raw scattering counts were normalised against
a blocked beam and a transmission measurement, then were reduced to average absolute
intensity profiles as a function of the momentum transfer or scattering vector, q. Raw 1D
data thus obtained were normalised and corrected against a solvent background comprising
the measurement cell containing D20.

Lipids used in this study were stored at —20 °C until use. All samples were prepared
in D20 and the initial concentration was 5 mg/mL. These samples were subsequently diluted
to obtain desired concentration using the stopped flow setup. Lipid suspensions were
extruded ~ 20 times through a 100 nm membrane in an attempt to obtain a comparatively
small and monodisperse liposome dispersion. The extrusion of the lipid suspensions

resulted in ~ 100 nm vesicles.

6.2.2 Modelling SANS data

Scattering data from liposomes and resulting lipid—GO/rGO composites were fit using either
(or both) of two models. The first (multi-lamellar vesicles) best represents liposomes
themselves, and is a slight adjustment of the core—shell sphere model developed by Guinier
[24]. The model assumes that a central core of solvent is surrounded by N shells of thickness

ts, that separated by ‘shells’ of solvent (water) of thickness tw.
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In 1D form, the master expression for this type of scattering model is:

P(q) = scale. F?(q) + background

)
V(Rn
(Rx) Eq. 3

where scale is an instrument-dependant scale factor (here set always to 1), ® is the vesicle
(liposome) volume fraction, V is the volume of a vesicle of radius r (see below), and the

particle form factor, F is given by:

N

F(q) = (pshett—Psolvent) Z [3V(ri)Sz"n(qri)(;7:1‘)7‘:;;(:05(‘]7';) — 3V(R;)

sin(qR;) — qRicos(qR;)
(gR:)? Eq. 4

where pshell and psoivent are the neutron scattering length densities of the shell material and

solvent respectively, ri is the inner radius of the i shell, and R; is the outer radius of the i
shell, such that r = rc + (i—1)(ts—tw) and Ri = ri + ts.

It is evident from the summation over N shells that this model can account for
polydispersity in shell number (i.e. unilamellar vesicles, plus contributions from bilamellar,
trilamellar, etc.). In the way that this model is implemented in the SASView software
environment that we use for fitting SANS data, this can be accomplished using a Shultz-
type polydispersity factor for N (computationally simple but conceptually more challenging)
or providing a direct matrix of shell proportional contributions (e.g. 95% unilamellar, 3%
bilamellar, 2% trilamellar). Here we use the former approach for simplicity, with the
acknowledgement that it is a simplification of the more robust (but much slower) second
approach. This can result in apparent N values that are below 1 (which at first glance
appears unphysical), but actually makes the closest correspondence to a distribution of the
type described above that is typical of our starting liposome dispersions (around 93%
unilamellar and 7% bilamellar).

For composite structures produced by lipids with GO, a ‘broad peak’ model was
used to fit data. This simple model assumes two features: a Lorentzian-type peak describing

correlations between scatterers at some preferred separation (where peak position defines
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the correlation length, peak height indicates the length-scale over which this order persists,
and peak width indicates the polydispersity within this correlation length) and a Porod region
with a characteristic slope which gives information at larger length-scales on scattering from

the surface of objects. The scattering is described by the master equation:

A
I(gg=—+ ¢ + B

" 1+ (lg—qolé)™

Eq. 5

where A is the Porod scale factor, n is the Porod exponent, C is the Lorentzian scale
parameter, qo is the position of the correlation peak, m is the index for a generalised
Lorentzian, ¢ is the screening (persistence) length and B is a flat (constant) background
contribution. The peak position, qo can be converted into a correlation ‘d-spacing’ (d) using
the relationship: d = 21/qo. In our work, we anticipate that the peak seen arises from the
repeat spacing of lipid lamellar ‘stacks’, and indeed the typical spacings encountered are

consistent with similar observations of lipid phases from the literature.

6.3 Results and Discussion

When liposomes are prepared in D2O, good contrast can be obtained for the hydrophobic
tail. Neutrons therefore experience strong contrast between the continuous solvent and the
lipid tail, but the headgroups are highly solvated and comparatively weakly scattering.
Graphene oxide and reduced graphene oxide are extremely weakly scattering for neutrons
at the concentrations used, and therefore their contribution to the overall scattered intensity
is minimal, and changes seen in scattering patterns arise from reconfiguration of the lipids
themselves. Therefore, in the following exploration of obtained results, we assume that the
system consists of ‘slabs’ of lipid tails in D20, and this description is consistent with much of

the neutron literature concerning lipid systems [25, 26].
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Figure 6.3 Small angle neutron scattering data from DOPC vesicles, and their interaction
with different concentrations of graphene oxide (GO). A) SANS data of DOPC with GO: data
presented here are DOPC (3 mg/mL) by itself, DOPC with GO (3:0.1 mg/mL ratio) and
DOPC with GO (3:0.5 mg/mL ratio).). B) ‘zoomed in’ (reduced g-range) plot highlighting the
Porod region (mid-high q) of DOPC SANS and model fits. All solid lines represent the best
fit using a ‘broad peak’ model as discussed in the text. 3 different experiments were
performed.

DOPC is a phosphatidylcholine phospholipid that is zwitterionic at physiological pH
and has a transition temperature (T¢) of —22° C. DOPC has a headgroup comprising choline,
phosphate and glycerol that is attached to two hydrophobic fatty acids tail that are fully
saturated. As such, DOPC is highly hydrophobic and self-assembles strongly and readily in
water. DOPC is one of the most commonly studied phospholipids for exploring
liposome/bilayer interactions with nanomaterials and proteins.

There are many different liposome formulation methods, each of which produces

different sizes of vesicles. Liposomes can be prepared using freeze thaw cycling or by
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hydrating a thin film of lipids [27-29]. However, these methods tend to produce multilamellar
vesicles that are fairly large in terms of their size and they are generally polydisperse [28].
Extruded liposomes are mostly monodisperse and their size is based on the membrane
used. For example we used a membrane with 100 nm pore size, and most of the vesicles
produced were around 100-110 nm in diameter. Phospholipids including DOPC form
predominantly unilamellar vesicles when hydrated and extruded using a 100 nm membrane.
At room temperature, DOPC is above its T. and therefore in its liquid crystalline phase.

SANS data in Figure 6A show scattering from DOPC (3 mg/mL) by itself, and DOPC
with GO (3:1 and 3:0.5 mg/mL respectively). DOPC ‘vesicles’ prepared using extrusion
exhibit a distinctive Bragg peak around q = 0.1 A as shown in Figure 6.3, which corresponds
to a repeat spacing of around 63 A, consistent with the stacking of DOPC layers in
condensed multilayer systems [23]. It is significant to note that DOPC at this concentration
lacks the characteristic turnover at low q that would indicate the spherical form factor of
liposomes, and these data were therefore fitted using the simple ‘broad peak’ (Lorentzian +
Porod) model. The scattering gradient in the medium-q region suggests that the surface of
the structure is somewhat textured or tortuous (q*, where 2<x<3, where 2 would represent
scattering from flat, planar bilayers). The distinct peak in the Porod (high q) region relates to
a repeated feature within the structure as shown in Figure 6.3.A and 6.3.B. This peak is
usually a representation of multilamellar vesicles that show stacks of lipid lamellae. Similar
peaks have been seen in unextruded DPPC samples [25]. This is quite unexpected; the
peak suggests that this sample does not contain a particularly well-structured lipid
morphology, and most likely comprises a mix of lipid multilayer fragments or very
polydisperse liposomes that are clustered together.

The slight rounding at lowest q may indicate that only a few intact liposomes are

present in the samples, or that they are very polydisperse and weakly structured. We
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previously explored the behaviour of DOPC in AFM studies as well as protein interactions
with this membrane lipid (previous chapters), and we were able to prepare polydisperse
DOPC liposomes. This leads us to conclude that this was a one-off experimental error, likely
arising from temperature changes during lipid handling; due to the very specific
instrumentation, materials and setup required, | have not been able to repeat this
experiment.

It is worthwhile to note however, that despite the weakly structured nature of DOPC
by itself, mixing this lipid system with graphene oxide results in almost no change to the
structure. There is very little evidence of a change in the shape or position of the Bragg peak
at high-q, indicating that lipid stacking is broadly unaffected by mixing with GO. This would
make sense when compared to the stark reconfigurations seen in AFM imaging of smooth
DOPC bilayers, where stacking into lipid-GO nanocomposite structures was seen. In the
present experiment, the lipid already appears to be present as multilayer fragments, and so
further disruption of these structures by GO would likely not be seen at the short length-

scales probed by this SANS measurement.
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Table 6.1 Fitted SANS parameters for interaction of GO with lipids where a ‘broad peak’

(Lorentzian plus Porod exponent) was used to fit scattering data.

Lipid Lipid conc. GO conc. Peak posit. Corr. length | Porod exponent
mg/mL mg/mL A A
DOPC 5 0.5 0.0904 49.3 272
DOPC 3 0.5 0.091 50.5 2.75
DOPC 3 0.1 0.094 63.4 2.78
POPC 2 1 0.096 42.7 2.89
POPC 1 1 0.107 35.6 3.05
DPPC 2 1 0.0886 70.12 2.8
DPPC 5 1 0.0865 75.04 2.84
POPC:POPS 2 1 0.1061 49.236 3.47
POPC:POPS 5 0.5 0.0942 40.93 2.83

Table 6.2 Fitted SANS parameters for interaction of GO with lipids where a multilamellar

vesicle was used to fit scattering data.

Lipid GO Volume Radius Shell Solvent
Llpld . . i Nshells (PD)

conc. conc. | fraction (PD) thickness | thickness

mg/mL | mg/mL A A A

DPPC 5 0 0.020 450 (0.3) 40 19 1.05 (0.3)
POPC 10 0 0.037 | 460 (0.24) 38 17 0.9 (0.39)
POPC 5 0 0.019 | 460 (0.24) 38 17 0.9 (0.39)
POPC 5 0.5 0.021 460 (0.24) 37 17 0.9 (0.39)
POPC:POPS 5 0 0.029 | 460 (0.24) 37 19 0.95 (0.3)
POPC:POPS 5 0.1 0.029 | 470(0.24) 36 19 0.95 (0.36)
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Data presented above show scattering from equilibrium samples after mixing of lipid
with GO (taken over the course of the 30 minutes following mixing). It is worth noting that
due to the way data is collected on the Bilby SANS instrument, it is possible to ‘bin’ this data
into time-slices of any duration, to explore any kinetic effects (i.e. transitional states or
geometries) that occurred in the seconds to minutes after mixing. For none of the samples
in this study did we notice any transitional structures, even when interrogating 1-5 seconds
of scattering collected directly after mixing. This indicates that equilibrium is reached
exceedingly quickly (in sub-second times) in the mixing conditions employed here. Stopped
flow is known for extremely rapid, thorough and turbulent mixing, and so this is perhaps not
surprising. However, as no kinetic effects were noted, we restrict the remainder of our

discussion to equilibrium scattering patterns and geometries fitted to these equilibrium data.

6.3.1.2 DPPC interaction with GO

DPPC is a zwitterionic phospholipid which consists of 2 saturated 16-carbon fatty
acid chains connected by a glycerol backbone with a headgroup. Its phase transition
temperature is at 41°C, implying that its bilayers are much more crystalline than DOPC at
room temperature. Scattering from pure DPPC liposomes is shown in Figure 6.4. The low q
region (Guinier region) in the scattering data here provides information on the overall shape
and size of structures present in the sample, whereas high g region typically contains
information on bilayer thickness and whether the sample is multilamellar. The overall
magnitude of the sample scattering intensity is determined by volume fraction.

For DPPC, itis clear from the turnover at high-q and the small peak/disclination in the
scattering profile at g = 0.008 A" that liposomes are present for the pure lipid sample. Model

fits indicate an overall diameter of 900 A and bilayer thickness of 40.0 A. The polydispersity
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of these liposomes is quite high, in line with expectation from the preparation method used,

with a polydispersity index of 0.3.
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Figure 6.4 Scattering plots of DPPC (5mg/mL) by itself and its interaction with different
concentrations of GO. A) SANS data of DPPC by itself, and in mixtures with with GO (5:1,
2:1 and 1:1). B) zoomed in (reduced g-scale) image of the Porod region (high-q) of DPPC
SANS and model fits. Symbols represent experimental scattering data and solid lines
represent the best fit (see Tables 1 and 2). 3 different experiments performed.

Three different ratios of DPPC when mixed with GO were studied: 5:1, 2:1 and 1:1.
Scattering data and model fits are displayed in Figure 6.4, with fitted model parameters
shown in Tables 1 and 2. The Figure compares these to scattering data of DPPC (5 mg/mL)
by itself. Comparing DPPC by itself with the different concentrations of added GO, there are
some significant differences at both low q and high g. There is a trend in the shape of the
scattering curve in all of these plots that can be fit consistently with the same model, albeit
with some parameter changes.

The data at intermediate q in all the samples show similar gradients (Porod exponent
~2.8) indicating a rough or curved layer, most likely arising from reconfiguration of the lipids

from the smooth surfaces of liposomes to a fractal composite with GO. The dip in the low q
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region of the pure lipid scattering data shown in Figure 7 is largely due to convolution of
bilayer thickness with core radius. This dip is usually not visible if the vesicles are too
polydisperse or if their sizes are fairly large, which is the case in unextruded samples[25].
When GO is added to the system however, significant changes are seen.

When the ratio of DPPC:GO is 5:1, the downturn at low-q disappears and is replaced
by a characteristic ‘bump’ at around q = 0.086 A~". This loss of turnover at lowest q suggests
that the liposomes are aggregating into a flatter structure or fragments that are fractally
arranged. Interestingly, at this lipid:GO ratio, it appears that there is a coexistence between
some remaining liposomes and stacked lipid fragments. As the vesicle structures
disappears, the emerging correlation peak at g = 0.086 A" indicates the formation of
stacked bilayers. A bilayer by itself is around 40 A in thickness, and the correlation length in
DPPC is between 70-73 A, and the thickness of a water layer between adjacent bilayers in
multilamellar vesicles is 19 A (Table 2). Summing these gives 60 A, and therefore does not
explain the correlation length seen. This may instead indicate that GO is present between
adjacent bilayers, and many studies have indicated a thickness of GO sheets of around 10 A
[30], so this would be consistent with our observations.

When the ratio of DPPC:GO is 2:1 and 1:1, the scattering data shows somewhat
similar structural features, although there is no longer strong evidence of a coexistent
population of liposomes, and instead it appears that all of the lipid is now present as stacked
bilayer fragments. The turnover in the low-q region disappears, and a peak is evident at
around q = 0.086 A~". However, the intensity (prominence) of the peak is lower when the
ratio of DPPC:GO is 1:1. This may be because there are fewer liposomes per GO sheet to
form composite structures, and hence less multilayer stack is formed.

Considering the behaviour that is dent from the scattering, we posit the following

observations: when GO was introduced to the sample, it interacted with the liposomes and
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ruptured these liposomes, resulting in formation of a stack of lipid multilayers with GO
between them. At low GO loadings, some liposomes persisted, but when the GO
concentration was increased, the liposomes gradually transitioned to multilamellar
fragmentary structures, no longer looking morphologically like a liposome. The correlation
length of DPPC with GO is anywhere between 70-73 A. This is well within the range that
has been previously reported for stacked DPPC phases. Kucerka et al. had found a bilayer
thickness for DPPC of 72.4 A using x-ray scattering [31, 32], although this value evidently
depends on the extent of solvent swelling, and our observations are still consistent with

inclusion of GO between bilayers based on geometrical arguments.

6.3.1.3 POPC interaction with GO
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Figure 6.5 Scattering plots of POPC (5 mg/mL) by itself and its interaction with different
concentrations of GO. A) SANS data of POPC by itself, and in mixtures with with GO (5:0.5,
2:1 and 1:1). B) zoomed in (reduced g-scale) plot of the Porod region (high-q) of POPC
SANS and model fits. Symbols represent experimental scattering data and solid lines
represent the best fit (see Tables 1 and 2). 3 different experiments performed.
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POPC is the most abundant lipid in biological cell membranes, and it has one
saturated and one unsaturated carbon chain. At room temperature, POPC is in its liquid
crystalline phase (unlike DPPC) with a chain melting temperature (Tm) of —2°C.

Scattering data from pure POPC liposomes is similar to that from pure DPPC. The
diameter of the POPC vesicles is about 920 A, which is similar to the measured DPPC
vesicle size. The vesicle size of the POPC is slightly smaller than is typically reported in
literature where samples were prepared using extrusion methods. However, the size of the
vesicles can be dependent on lots of factors including temperature, number of extrusion
cycles and the buffer being used. The sizes of extruded POPC vesicles when passed
through a 100 nm membrane can range from 800 A to 1400 A [25, 33]. For the pure lipid,
the characteristic curve shape at low-q and high-q indicates that most of the vesicles are
unilamelar. However, the small peak at q = 0.1 A suggests the presence of a small

population of multilamellar vesicles, and model fitting agrees with this (Table 2).

The POPC bilayer thickness has been shown to be close to 37 A [34]. The bilayer
thickness of POPC measured in these experiments is 37-38 A (Table 2) which is very
consistent with this, however from the scattering data it is also seen that the correlation peak
that emerges when GO is added corresponds to a repeat spacing between 58-65 A.

When GO is added to the POPC samples, pronounced structural changes appear as
seen in the SANS data in Figure 8. When the POPC:GO ratio is 5:0.5, the turnover at low-q
slowly starts to disappear, and a peak at around q = 0.091 A~! starts to appear, which
suggests that the vesicles are breaking down and forming a mixture of stacked bilayers that
may be fractally arranged or aggregated. In case of DPPC, there was a much more sudden
change in the scattering behaviour compared to the more gradual morphological change

seen for POPC, and this could be because the packing of the vesicles will be slightly different
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and the difference in phase at room temperature might change the type of interactions
between GO and the liposomes. For POPC, the change of liposomes to stacked multilayer
is more gradual with increasing GO concentration, which corresponds to a gradual increase
in stacked/fractal character of the samples. It could be that GO is rupturing the liposomes
and they are forming a bilayer and GO may be in between those layers. When the lipid:GO
ratio reaches 1:1, the Bragg peak at g = 0.107 A~ is more pronounced, and almost all of the
liposome seems to have disappeared to form multilamellar stacks, with a correlation
distance of 58.7 A. The correlation distance of DPPC in the presence of GO was around
70-72 A whereas the correlation distance in POPC is considerably shorter, between 58-65
A depending on GO concentration. Given that the POPC bilayer can be anywhere from 36—
42 A | typically with a water layer thickness of 17-19 A, it is possible that when the lipid:GO
ratio is 1:1, most of the sample will be present as stacked bilayer fragments, although given
the smaller total inter-layer distance, it seems less likely for POPC that GO is trapped

between the bilayers.
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Figure 6.6 Scattering plot of POPC:POPS (3:1) by itself and with different concentrations of
GO. A) SANS data showing POPC:POPS (3:1) by itself, and this lipid combination with GO
(5:0.1, 5:0.5, 2:1 and 1:1). B) zoomed in (reduced g-range) plot of the Porod region (high-q)
of POPC:POPS SANS data and model fits. Symbols represent experimental scattering data
and solid lines represent the best fit (see Tables 1 and 2). 3 different experiments performed.

The overall charges of the lipid POPS is negative, however, POPS contains a
negatively charged phosphate group as well as a zwitterionic serine amino acid residue.
Thus, the charge behaviour of POPC:POPS is anticipated to be complex, but we would
expect the surface of the lipid layer to bear net more negative charge than the zwitterionic
cases studied above. POPC:POPS liposome scattering data was fitted using a multilamellar
vesicle model. The pure lipid scattering data shows a very clear rounding over at low-q that
represents the spherical form factor of the liposomes. There is also has a dip at high-q that
corresponds to the vesicle bilayer thickness, and these vesicles are the most monodisperse
in terms of unilamellarity studied this work (see Table 2).

The scattering data in Figure 8 show a gradual change in liposome structure when

different concentrations of GO were introduced. The peak shape at high q differs from the
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previous systems studied. When GO was added in the ratio of (5:0.1, POPC/PS: GO), the
scattering data shows very little change, and most likely corresponds to unilamellar vesicles
that may not have a significant amount of bilayer stacking. However, when the ratio between
liposomes and GO was increased to 5:0.5, the dip in low q starts to disappear and is
replaced by a growing Bragg peak at g = 0.094 A-'. When the ratio of vesicles to GO was
decreased further to 2:1 and 1:1, the scattering data is dominated mostly by the Bragg peak
in the high g (but now shifted slightly to g = 0.1061 A and 0.105 A respectively). These
samples were modelling using a broad Lorentzian peak fit to describe the correlation peak
at high-q, plus Porod exponent. In the mid g region, unlike other systems studied, the slope
changes markedly and this could be potentially because the surface of the stacked bilayers
is no longer flat, or the fragments produced are smaller than in other systems. This suggests
that the liposomes are ruptured by the GO sheets and this creates stacking where GO is
potentially trapped in between.

When the ratio of lipid to GO is slowly increased, the change in vesicle structure to
fractal/stacked structure is gradual rather than immediate. The Porod exponent for the data
in Figure 8 ranges between 2.8-3.5 (see Table 1), which is higher compared to previously
discussed POPC and DPPC samples. This also suggests that the surface of the sample is
not smooth. The shape of the Bragg peak (at g~0.10 A~") in this sample is flatter compared
to the previous two systems studied, which suggests less ordered correlations. This also
suggests that the stacking is less structured and less rigid, which is possibly because fewer
lipids are sticking to GO. This is potentially because the anionic liposomes repel the

negatively charged GO and hence result in less fractal aggregation.

6.3.3 Zwitterionic liposome interaction with rGO
Reduced GO sheets are similar to graphene, and are known as rGO. Once most of

the oxygen atoms have been removed to form rGO, the material becomes more difficult to
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disperse because it tends to aggregate due to increased hydrophobicity. Thus it may be
anticipated that rGO could locate differently within lipid membranes compared to GO.
Reduced graphene oxide (rGO) does retain some peripheral negatively charged
groups, making it dispersible in water up to around 0.15 mg/mL (hence the lower
concentrations used here compared to GO), and this may further contribute to interactions

seen with lipid systems.

6.3.4 DPPC interaction with rGO
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Figure 6.7 Scattering plot of DPPC by itself and with different concentrations of rGO. A)
SANS data showing DPPC by itself, and with GO (1:0.15 and 2:0.15). B) zoomed in (reduced
g-range) plot of the Porod region (high-q) of DPPC/rGO SANS data and model fits. Symbols
represent experimental scattering data and solid lines represent the best fit (see Tables 3
and 4).

As discussed previously, the scattering data in Figure 6.7 for pure DPPC indicates
vesicle characteristics based on the turnover at high-q and the characteristic shape at low
q. rGO is added in low concentrations because it tends to aggregate at high concentrations

and is overall less stable than GO. Interestingly at both lipid to rGO ratios (1:0.15 and
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2:0.15), the liposome characteristics in the scattering data are only slightly reduced,
indicating that vesicles persist and little interaction with rGO occurs. A very small peak at
high-q suggests there may be some rupture of the vesicles and formation of multilamellar
stacking, but this is significantly less than compared to DPPC vesicles when interacting with
GO. For consistency with the above data sets, these samples were fitted using a broad
Lorentzian peak with Porod exponent model, with fitted parameters show in Table 3.

From these data, we can determine that the interaction of rGO with DPPC liposomes
is much weaker than compared to GO. The correlation length for the small multilamellar
peak that emerges at high-qg is 79.5-89.8 A, which is within the range that could be
anticipated for stacked bilayers with a water space between them plus rGO. From these
data and the weak overall level of interaction, it is not possible to determine whether rGO is
hosted within the bilayers themselves (i.e. the hydrophobic region) or in the water space
between bilayers. The Porod exponent is 2.6 which suggests that the surface of the sample
is fairly flat.

The interaction of rGO with the zwitterionic DPPC liposomes is clearly weak, and this
may be due to the less amphiphilic nature of rGO when compared to GO, inhibiting rGO
from strongly interacting and rupturing the vesicles to create stacks of lipid bilayer. GO is
often (incorrectly) described as a surfactant, although it is amphiphilic in nature [35], and
can use this characteristic to interact strongly with a range of materials such as surfactants,
polymers and particles [36]. rGO on the other hand has considerably reduced amphiphilicity,

and so the lower level of interaction seen here is consistent with these characteristics.
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Table 6.3 Fitted SANS parameters for interaction of rGO with lipids where a ‘broad peak’

(Lorentzian plus Porod exponent) was used to fit scattering data.

Lipid Lipid conc. | rGO conc. Peak pos. Corr. length | Porod
expon.
mg/mL mg/mL A
POPC 1 0.15 0.0955 29.7 2.67
POPC 2 0.15 2.49
DPPC 1 0.15 0.07 50 2.6
DPPC 2 0.15 0.079 100 2.58

Table 6.4 Fitted SANS parameters for interaction of rGO with lipids where a multilamellar

vesicle was used to fit scattering data.

Lipid Lipid conc. | rGO Volume Radius Shell Solvent Nshells
conc. fraction (PD) | thickness | thickness (PD)
mg/mL | mg/mL A A A
DPPC 5 0 0.020 450 40 19 1.05
(0.3) (0.3)
POPC 10 0 0.037 460 38 17 0.9
(0.24) (0.39)
POPC 5 0.15 0.024 460 38 22 0.9
(0.24) (0.38)
POPC 5 0.1 0.031 460 38 19 0.92
(0.24) (0.38)
POPC 5 0.05 0.036 460 38 26 0.9
(0.24) (0.37)
POPC:PO 5 0 0.029 460 37 19 0.95
PS (0.24) (0.3)
POPC:PO 1 0.15 0.0105 480 36 19 0.95
PS (0.24) (0.36)
POPC:PO 1 0.05 0.011 480 36 19 0.96
PS (0.24) (0.36)
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6.3.5. POPC interaction with rGO.
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Figure 6.8 Scattering plot of POPC by itself and with different concentrations of rGO. A)
SANS data showing POPC by itself, and with GO (1:0.15, 2:0.15 and 5:0.15). B) zoomed in
(reduced g-range) plot of the Porod region (high-q) of POPC/rGO SANS data and model fits.
Symbols represent experimental scattering data and solid lines represent the best fit (see
Tables 3 and 4).

Figure 6.8 shows the scattering data of POPC by itself and with different ratios of
added rGO. The POPC liposome scattering data by itself were fitted with a model describing
multilamellar vesicles, as noted in the sections above, and with fitted parameters shown in
Table 2. rGO was added to the liposome sample in increasing concentration to give final
ratios of POPC to rGO of 5:0.15, 2:0.15 and 1:0.15. When the lipid:rGO ratio was 5:0.15,
the scattering data looks very similar to the POPC liposome by itself, and hence it was fitted
with the multilamellar vesicle model as well. On increasing the proportional ratio of rGO
however, significant changes are seen, meaning that the rGO was interacting with the
vesicles and forming a composite structure. Interestingly the transition in behaviour is much
more gradual than was seen for the interaction of this lipis with GO, and the data does not

really show any significant Bragg peak around q = 0.1 A~! either. Only when the ratio is
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1:0.15, a small peak appears at around this point, suggesting a small contribution of stacking

of the bilayer, but not to the extent seen with GO.

Like DPPC, POPC has a polar head group that repels negatively charged rGO. The
disappearance of turnover in low q indicates some of the liposomes interact and rupture to
form fractal/stacked (composite) material. However, the liposome signature ‘boump’ around
q =0.08 A" indicates that significant amount of the vesicles are still intact. When the
lipid:rGO ratio is 1:0.15, a weak Bragg peak appears at q =0.095 A suggesting the presence
of multilayer stacking. The correlation length corresponding to this peak is 65.8 A, which is
consistent with the spacing seen for POPC with GO, and likely indicating stacking of the lipid
around the carbon nanomaterial sheets. The Porod exponent of this sample is 2.67, and this
suggests that the sample surface is flat. It is possible that because rGO is not as polar (or
amphiphilic) as GO, the interaction with the zwitterionic liposomes is limited, and rGO may

not have a mechanistic path to rupture the liposomes easily.
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6.3.6 Negatively charged liposome interaction with rGO

6.3.6.1 POPC:POPS (3:1) interaction with rGO
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Figure 6.9 Scattering plot of POPC:POPS (3:1) by itself and with different concentrations of
rGO. A) SANS data showing POPC:POPS (3:1) by itself, and this lipid combination with rGO
(1:0.05, 1:0.15). B) zoomed in (reduced g-range) plot of the Porod region (high-q) of
POPC:POPS SANS data and model fits. Symbols represent experimental scattering data
and solid lines represent the best fit (see Tables 1 and 2). 3 different experiments performed.

POPS has a net negative charge and POPC is zwitterionic, and therefore these mixed
lipid liposomes have a net negative charge. The liposomes only scattering has been
described above, and fitted parameters are shown in Table 2. When (negatively charged)
rGO was added to the liposome samples, the spectra stay almost entirely the same. The
turnover at low-gq and the downturn at high-q remain the same, indicating that there is no
interaction of rGO with the liposomes. It is possible that rGO sticks to the surface of the
vesicles, as this would not be seen in the scattering profiles due to the very weak scattering
contribution of rGO, but we anticipate that this is unlikely as negatively charged rGO would
likely be repelled by negatively charged liposomes. It is possible that the repulsive forces
are strong enough for rGO to not come in contact with the liposomes at all, and the two

materials co-exist as a stable, non-interacting dispersion.
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When GO was placed with these negatively charged liposome samples, we saw the
opposite effect. GO interacted with the liposomes strongly and rapidly, and generated
multilamellar stacks confirmed by the emergence of a peak at g~0.1 A-'. GO contains
hydrophilic and polar groups along with a somewhat hydrophobic basal plane, and this
amphiphilic character means that it can interact with the hydrophilic head-groups comprising
the surface of the liposomes. In the case of dispersed liposomes, this interaction leads to
the rupture of the vesicles and entrapment of the GO. No such interaction is seen with rGO,

marking a significant difference in behaviour that hints at mechanistic effects.

6.4 Discussion and conclusion

Our aim for this chapter was to study the interactions of GO and rGO with model
membrane systems. It is difficult to replicate the true complexity of the cell membrane but
using biomimetic membranes we can study how representative lipid bilayers (here in the
form of liposomes) interact with GO and rGO. This study included lipids with different alkyl
chain lengths, different charges (zwitterionic and anionic) and different head group
chemistry. In the previous chapter, we discussed some of these interactions using model
supported lipid bilayer membranes at surfaces, and in the present chapter we focused our
study on bulk interactions using vesicles.

Neutron scattering data in these studies clearly show that liposomes do interact with
GO and rGO, at least to some extent, in most of cases. In some cases, the interaction leads
to the rupture of the vesicles and in some cases it seems likely that GO becomes
sandwiched between the bilayers in the lipid—-GO composite hybrids formed. In some cases,
it is seen that the carbon nanomaterials do not interact with the vesicles, which may be
because of the charges on the liposomes and the carbon nanomaterials. Figure 6.10

summarises the anticipated morphological interactions seen and outcomes thereof.
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Figure 6.10 Schematic showing the hypothesised outcomes of GO (rGO) interactions with

liposomes.

The neutron scattering dataset shows the shape and the thickness of the
liposome/lipid bilayer. In many cases, there is also a diffraction peak that can identify
orientational interactions between bilayers present in the sample. Analysis of this peak
provides the correlation length between layers when stacked phases occur. In this case, the
hydration and repulsion between lipid headgroups results in a water layer (of dimensions
typically 16—-20 A) in which GO could be hosted. In cases where a strong liposome form
factor is not present, we can also look at the flatness/tortuosity (as evidenced by the Porod
exponent) of the stacked bilayer.

These experiments clearly show that before interaction with GO/rGO, most of the

vesicles are intact and do not seem to be rupturing by themselves, even in the high energy
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mixing conditions of the stopped flow cell in which samples were prepared and mixed on-
line. However, when GO was added to these vesicles, most samples showed evidence of
multilamellar stack formation in the high-q region. This suggest that when vesicles come in
contact with GO sheets, they rupture and stack on top of one another to form a multilamellar
stack. In most of these cases, the correlation length corresponding to this stacking also
matches with previously published data.

When rGO was added to zwitterionic liposomes, the interaction ruptured the
liposomes and generated a lamellar stack similar to what GO did when interacting with the
liposomes. However, with anionic liposomes, rGO did not seem to interact and the vesicles
mostly remained intact. Interestingly, we also saw similar results with AFM as well. In the
case of zwitterionic lipids, GO interacts with the bilayer and liposomes rapidly and at low
concentration of GO. In the case of supported POPC lipid bilayers (shown in the previous
chapter), GO interacts with the bilayer membrane, which results in bilayer defects which can
be seen using AFM. These defects in the bilayer membrane can also be analysed using
quartz crystal microbalance with dissipation monitoring as seen in the previous chapter.
Using scattering data in this chapter, we have shown that GO interacts with zwitterionic (both
DPPC and POPC) liposomes instantaneously, resulting in vesicles being ruptured. This led
to the stacking of bilayers and in most cases GO could have been trapped in between the
bilayers.

DPPC is a di-chain, fully saturated lipid, and POPC has one saturated and one
unsaturated alkyl chain. They have vastly different transition temperature, 41°C for DPPC
and -2 °C for POPC. DPPC at room temperature is in its gel phase and this can potentially
change the acyl chain configuration, resulting in a change in liposome topology. The lipid
head groups and the acyl chains are tightly packed resulting in increased van der Waals

interactions. GO interacts strongly with both zwitterionic and negatively charged liposomes.

149



In case of negatively charged liposomes, the interaction with GO is more gradual and
dependent on the concentration of GO added. This could be because both materials are
negatively charged and to some extent repel each other. However, GO does still interact
with POPC:POPS and results in a mixture of fractal/stacked lipid material. GO is more polar
and notable amphiphilic, and this maybe the reason why it can interact strongly with the
liposomes.

rGO interactions with both zwitterionic and negatively charged lipid were quite
different when compared to interactions with GO. rGO interactions with the liposomes were
generally weaker, and resulted often in mixed or intermediate morphologies. rGO lacks
oxygen containing groups such as hydroxyl groups, and it is less polar (and more
hydrophobic) and this affects the interaction with liposomes. Notably, it is much less
amphiphilic than GO. Particularly in the case when the liposome is negatively charged, rGO
interactions were very minimal. The liposomes and rGO effectively repel each other, and
only at high rGO ratios was very minor evidence of any morphological change in the
liposomes seen. The correlation length and other parameters suggest that the stacking is
quite different to that seen with zwitterionic lipids.

Liu et al. studied antibacterial activity of graphene based materials and found that
graphene can potentially be cytotoxic to bacteria [11]. They studied the effects of graphene
based materials against E. coli and found that the graphene sheets can penetrate cell
membranes spontaneously and extract phospholipids from cell membranes. [10, 12, 37].
These studies suggested that the GO sheets needed direct contact in order to inactivate the
bacterial cell membrane. However, some of recent studies has suggested that bacterial
inactivation can be achieved by the oxidative stress induced by GO sheets [38]. In the last
2 chapters, we have seen similar GO interactions with supported lipid bilayers and

liposomes. In the case of supported bilayers, GO ripped apart the bilayer to form a
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nanocomposite structure, and liposomes were ruptured to form a bilayer stack. Both of these
observations indicate a contact-based mechanism for GO's interaction with cell membrane
lipids.

In summary, contrary to previous investigations, but in congruence with the previous
chapter in this thesis, GO and rGO can interact with typical cell membrane lipids in
surprisingly diverse ways. This can result in significant morphological changes for these lipid
structures, particularly in the case of the more water dispersible GO when compared to the
more hydrophobic rGO. This surprising result is rationalised in the context of the significantly
more amphiphilic nature of GO, enabling it to attach to and disrupt liposomes much more

effectively than can rGO.
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Chapter 7. Conclusions and Future directions

The first half of this thesis employed biophysical techniques to investigate
autotransporter protein folding in biomimetic membranes, and the second part of the thesis
focused on the interaction of graphene-based carbon nanomaterials with biomimetic
membranes. While the two sections appear initially disparate, there are commonalities and
parallels between the studies that offer additional physical insight into the role of model

membrane systems in understanding biophysical interactions.

7.1 Pet B-barrel folding

The first part of the thesis focussed on autotransporter protein folding in the
membrane and the stability of resultant folded protein. We used Pet protein as the model
autotransporter protein for this study. Different motifs of outer membrane proteins have been
explored over the years, and the predominant hypothesis is that conserved regions within
these proteins play a significant role in protein folding in the outer membrane. Based on the
secretion system, outer membrane proteins are classified into IX different groups, and the
autotransporters arise from type V secretion systems. One of the interesting aspects of
autotransporter folding is that there are no sources of energy for the protein transport, and
this process also lacks ATP sources in the periplasm. To date, the source of energy for
autotransporter folding and the secretion of the protein is still a mystery. The protein’s
passenger domain (N-terminal) contains the virulence factors of the Pet proteins, and in this
case they are cleaved off autoproteolytically in the outer membrane. It is notable that Pet
proteins are synthesised in the cytoplasm and travel through the inner membrane and

periplasm unfolded.
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Autotransporter proteins remain unfolded in the periplasm, and this is achieved
because of the protein interaction with chaperone proteins such as SurA, Skp and DegP [1-
5]. The barrel domain of the protein is then inserted in the outer membrane of the cell, and
this facilitates the translocation of the passenger domain across the outer membrane. It has
been known that the barrel domain folding and its insertion in the outer membrane is
essential for the folding and translocation of the virulence factors of the autotransporter
protein.

In this thesis, we identified conserved motifs in the barrel domain, and mutational
studies were conducted to understand the importance of these conserved glycine residues.
Phylogenetic analysis by Celik et al. had previously identified the similarity in autotransporter
protein sequences [6]. Glycine residues are conserved in different strands of beta barrel
domain; however it was still unclear what role these residues play (if any) in the folding of
the barrel domain and the translocation of the passenger domain across the membrane. The
first stage of the folding (barrel folding) is important because it determines whether the
passenger domain can translocate to the cell surface in its functional form [7]. Natively folded
beta barrel is essential for the translocation of the passenger domain. Pet 21°92G'%61A and
Pet 21-902G1076 A were produced as mutated versions of the wild type Pet protein, where 1061
and 1071 are the positions of the mutated glycine residues on the full-length Pet protein. In
these studies, these residues were mutated from glycine to alanine. Secondary and tertiary
structure of the wild type and the mutated proteins were studied using CD spectroscopy and
tryptophan fluorescence. The secondary structure and tertiary structure of the protein
sample were different, and the conformation of Pet 21-°02G'976A was somewhat distorted.
This was also shown by treating the folded samples with trypsin.

Non-native folding of the barrel domain affects the folding and the translocation of the

passenger domain. Autoproteolytic cleavage of the passenger domain is an indication of
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correctly folded (native-like) barrel. Tryptophan fluorescence spectra of wild type and
mutated Pet protein confirmed that the folded structure is significantly different in each case.
This meant that the mutated proteins were not achieving their native structure. Trypsinolysis
of the folded protein sample generated a set of proteolytic products that are of different sizes
depending on what part of the protein is exposed and what proteins are folded in their native
structure. These (mutated Pet sample) proteolytic products were sequenced, and it was
identified that proteolytic products containing passenger domain initiated at a different
location compared to the wild type proteolytic products. This again proves that the mutation
of glycine to alanine had a significant impact in the folding of the barrel domain, which in
turn affects passenger domain folding and translocation across the outer membrane.

In addition to the mutational study, we also identified different sizes of Pet proteins
and studied how passenger domain size difference affects protein folding. It became obvious
that increasing the passenger domain size led to delayed autoproteolytic reaction of the Pet
protein. Autoproteolytic reaction is the event whereby the passenger domain automatically
separates from the barrel domain. We see that it is very important that the protein is folded
in its native structure for this event to proceed. Fascinatingly, these results contradict
previous studies with other autotransporters that found no dependence of folding on
passenger domain size. This indicates that autotransporter protein folding is not governed
universally by a single mechanism, and that a great deal of subtlety may be involved in the
folding of such proteins.

Outer membrane protein folding is still an area that is very much under development,
and such studies have occupied a minor place in protein folding investigations. In the last
10 years, there has been significant movement in the field of membrane protein structure
biology. We used LDAO micelles to study the folding of the Pet protein, congruent with

previous studies where outer membrane proteins are usually folded in a micelle or a lipid
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bilayer to study their folding. This however poses some challenges to studying the stability,
dynamics and function that are ultimately achieved for the membrane protein. The unusual
properties of these membrane proteins require a specific environment so that the
hydrophobic parts of the proteins can be accommodated within the membrane core and the
hydrophilic pards of the protein are on the outside of the membrane, facing into the aqueous
environment. In our approach, the beta barrel membrane proteins spontaneously fold into
the membrane, and the stability, membrane contribution and the effect of protein sequence
were thus studied. This work was necessary because these motifs and the conserved
residues had never been studied and their purpose had not been identified. Just like other
identified motifs, these residues affect the folding of the Pet protein, as shown in our study.

Even though the Pet protein was folded in its native structure in micelles successfully,
it is unclear to what extent chaperone proteins and the Bam complex assist in the folding
process, and it is still not understood whether the membrane folding, and insertion process
will be different in the presence or the absence of the chaperones. Another outstanding
question is how folding is affected in the case of a biomimetic membrane or even within
liposomes. Comparative protein folding studies using micelles, liposomes and lipid bilayers
would thereby provide further insights into folding and in vivo machinery, indicating the
influence of different components present as well as phase curvature. Membrane fluidity
would also be an interesting aspect to vary, exploring its effects on folding dynamics and
protein assembly.

It was previously believed that the passenger domain is translocated from the channel
formed exclusively by covalently bonded beta barrel [8]. However, our work suggests that
this pathway may be somewhat more complex, and further insights are needed to better
understand it. Beta barrel plays a significant role in translocation, however the passenger

domain translocation across the membrane is complex and needs further study to
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unambiguously isolate all mechanistic aspects. Our mutational study on the beta barrel
showed that folding and/or integration of the B-barrel was compromised by mutation of key
residues, which delayed the passenger domain translocation. Studies have suggested that
the barrel domain achieves its native state only after the translocation of the passenger
domain [9]. Several periplasmic chaperone proteins play important roles to keep
autotransporter protein unfolded in the periplasm [10, 11]. The Bam complex is also known
to play a role in autotransporter assembly as well as assembly of other beta barrel
proteins [12, 13].

The role of the Bam complex (BamA, BamB, BamC and BamD) and chaperone
proteins in autotransporter folding is still not clear. If we can better understand the role of
the Bam complex and chaperone proteins in the biogenesis of autotransporter protein, we
will have a better insight into autotransporter folding and passenger domain translocation in
the outer membrane. The list of chaperone proteins that are known to interact with
autotransporter proteins include DegP, FkpA, Skp and SurA. The next step in this project
will naturally be to look at the interaction of these chaperone proteins with the Pet protein
and to better understand their roles in the biogenesis of the Pet protein. Following this would
be a study that looks into the interactions of the Bam complex with the Pet protein and its

impact in the overall folding and translocation of Pet protein.

7.2 Interactions of biomimetic membranes with graphene oxide and reduced
graphene oxide

Nanomaterials represent one of the most active research areas in modern science,
impacting a wide range of disciplines including chemistry, materials science, medicine,
sensors and more [14, 15]. Because of the unique 2D carbon geometry of graphene and its

derivatives, there has been a great deal of interest in the scientific community in this family
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of materials specifically [16]. Graphene based nanomaterials have been studied for different
applications in drug delivery, gene therapy, biomedical imaging, as antibacterial agents,
biosensors, in metal detection, and more [17, 18]. Whereas graphene itself is highly
hydrophobic and non-dispersible in water without surfactants or polymers, graphene oxide
(GO) is an oxidized form of graphene, which means that it is hydrophilic in nature. It is easily
dispersible in water and is a cost effective and more stable version of graphene. The
chemical structure of GO and its ability to be easily converted to reduced GO (rGO), with
close resemblance to graphene, makes these materials attractive candidates for biomedical
applications [19]. Due to the variety of functional groups present, they can also be potentially
functionalised to target drug delivery and gene therapy [20, 21].

One question that we attempted to address in this work by exploring the interactions
between carbon nanomaterials and representative cell membrane lipids was whether GO
and rGO are biocompatible. In some experiments, GO has exhibited antibacterial and
antimicrobial characteristics, but has been widely reported to be biocompatible [22].
However, high concentrations of GO have been seen to be potentially cytotoxic and may
result in PC12 cells death as well [23-25]. Graphene based nanomaterials are continuously
being studied in various biomedical applications such as drug delivery, antibacterial
materials, gene delivery and more. It is therefore essential to better understand the
interaction of GO and rGO with the cell membrane if we are to use these nanomaterials in
drug delivery and other biomedical/biotechnological applications in vivo.

In this thesis, we explored interactions of GO and rGO with biomimetic membranes.
Our goal was to conduct a comprehensive study of how these materials interacted using
different lipid compositions. These lipids had different chain length, charges, different
degrees of saturation and different concentrations. It is difficult to replicate the complexity of

a cell membrane in its entirety, but we hypothesised that, similarly to the autotransporter
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protein folding studies in the first half of the thesis, we could use biomimetic membranes as
a suitable model to study GO/rGO interactions.

GO/rGO interacted with all of the biomimetic membranes used to some extent, but to
a significantly different extent depending on the specific nature of the nanomaterial and the
lipid. In many cases, this resulted in the formation of a distinct morphology that best
resembled a nanocomposite, i.e. a hybrid of the two materials where lipid-coated GO or rGO
sheets were often evident. AFM experiments clearly indicated that the integrity of bilayers
were compromised after incubation with GO/rGO.

AFM images of pure lipid bilayers such as DOPC appear flat, however after
incubation with GO, the bilayer contained GO flakes and was no longer flat, with a surface
that looked very different morphologically. AFM force curves of DOPC when incubated with
GO showed a characteristic peeling effect of the bilayer surface. It is clear that the bilayer
did not have the same integrity after GO was introduced, and it was apparent that GO sheets
had extracted lipid from the surfacec and formed a nanocomposite-like structure that was
very adhesive to the cantilever tip. DOPC and rGO interacted as well and led to a formation
of a stacked bilayers, similar in format to a nanocomposite.

We found that when GO was added to a negatively charged bilayer, interactions were
much weaker, though this interaction did lead to some defects on the bilayer surface.
However, disruption to the lipid bilayer was not to the same extent as for DOPC and POPC
biomimetic membranes. It is noteworthy that the basis of this (weaker) interaction is a
repulsive colloidal force: both GO and anionic lipids used for this study are negatively
charged, tending to repel each other and thereby explaining the weaker interaction. GO
interacted strongly with positively charged lipid bilayers and formed a complex mixture of
GO and lipid fragments. When rGO was introduced to the charged bilayer sample, most of

it remained dispersed in solution rather than interacting with the bilayer sample.
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We also studied interactions between lipids and carbon nanomaterials using vesicles
in the form of liposomes, following the progress of interactions using small-angle neutron
scattering. Similarly to the supported lipid bilayer model, this study included lipids with
different alkyl chain length, different charges and different head group charge/chemistry.
These experiments clearly showed that before the interaction with GO/rGO, liposomes were
intact and did not rupture by themselves even when aged for some time. However, when
GO and rGO were added to the liposomes, most samples formed a multilamellar stack, as
evidenced by the appearance of a characteristic Bragg peak in the high-q region of obtained
small-angle neutron scattering profiles. When GO was introduced to a DPPC liposome
sample, the data at intermediate q indicated a rough layer, which is most likely due to the
formation of lipid fractal composites with GO. When GO was introduced to POPC:POPS
(3:1), a Bragg peak appeared at high-q, indicating that GO interacted with the liposomes
strongly and rapidly. This indicates that the lipid surface is no longer flat due to the rupture
of liposomes, creating stacked layers where GO is potentially trapped between lipid
layers/fragments.

Reduced graphene oxide (rGO) was added at lower concentration than GO because
rGO aggregates at high concentrations in aqueous systems, and is generally less stable
than GO in such circumstances. In most cases, liposome characteristics evident in SANS
spectra remained intact because rGO interactions with liposomes were weak. Small peaks
at high-q suggests that some liposomes were ruptured and formed a multilamellar stack.
However, the peak at high-q was a lot smaller than compared to similar interactions of lipids
with GO. This is probably a result of both the lower concentration of rGO and also because
hydrated and charged lipid head groups may repel negatively charged rGO.

Despite variations, neutron scattering data showed that GO and rGO do interact with

most of the liposomes studied at least to some extent. In some cases, these interactions
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lead to vesicle rupture and in some cases GO became sandwiched between the bilayers to
form lipid—GO hybrid structures. In other instance, the nanomaterials did not interact with
the vesicles and this may be because of the charges on the liposomes and the
nanomaterials. When reduced GO was added to zwitterionic liposomes, the liposomes
ruptured and a lamellar stack was generated. This is similar to what was seen with GO and
vesicle interactions. However, anionic liposomes remained intact when rGO interacted with
them. The interaction of rGO with zwitterionic and negatively charged lipids were quite
different when compared to their interaction with GO. rGO interactions with the liposomes
were generally weaker and resulted in an intermediate morphology. Overall, we found that
GO and rGO can interact with biomimetic membranes and vesicles in diverse ways which
can result in significant changes in the system morphology, and indicate a range of
interaction strengths depending on the specific chemistry of the lipids involved.

Major pharmaceutical company Merck recently announced a collaboration to develop
the next generation of graphene-based bioelectronics to target severe chronic diseases.
This is just one of many examples of increasing biological applications for graphene-based
materials. Such materials are also being developed for use in a wide range of human
medical interface technologies such as bioelectric sensory devices [26]. Because of
graphene’s potential biological applications, we need to understand its biocompatibility. In
this work, we have used biomimetic membrane to mimic the mammalian cell membrane and
study GO and rGO interactions with it. We found that in some cases GO and rGO
significantly compromised this biomimetic membrane’s integrity, indicating that careful
testing and significant caution should be exercised when applying such materials. Even
though (graphene like) rGO’s interactions were generally weaker, it is possible that such

materials could become oxidised within the body, resulting in more significant interactions.
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Further to this study, it is essential to perform in vivo experiments to understand the
interaction of carbon nanomaterials with more diverse cell membranes and its impact on
cells themselves from a mechanistic standpoint. Live cell imaging techniques have made
significant advances in the last few years, and are available at most modern universities
such as Monash for collaborative work. Using advances fluorescence microscopy
techniques such as direct stochastic optical reconstruction microscopy (dASTORM), one can
look at a single molecule super-resolution images without having to use any activator
fluorophore. Live cell imaging could be the vital next step in studying the effects of graphene

and graphene-like nanomaterials on live cells.
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