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Abstract
A novel procedure which involves microwave heating and subsequent storage was
developed to induce self-assembly of β-lactoglobulin into nanofibrils. Microwave heating
at pH 2 markedly accelerated the self-assembly of β-lactoglobulin, resulting mature
nanofibrils within 2 h. However, prolonged microwave heating led to the disintegration of
nanofibrils. Storing the 2 h microwave heated β-lactoglobulin solution for 4 days led to
increase the nanofibril yield to the maximum level that can be attained by conventional
heating method. β-Lactoglobulin nanofibrils formed by both methods showed inter-strand
and inter-sheet distances typical to amyloid fibrils. They also had a similar secondary
structure component composition. Both nanofibrils were found to be typically made of 2
to 3 protofilaments, and these protofilaments had a similar diameter, irrespective of the
method of nanofibril formation. However, the nanofibrils formed by the microwave
method consisted of a higher proportion of large peptides, including intact β-lactoglobulin
monomers, providing evidence for a different peptide composition from the
conventionally made nanofibrils. The parts of peptides which are not involved in forming
the nanofibril core were thought to exist as protrusions on the nanofibril surface. The
nanofibrils formed by the microwave method, which contained large peptides thought to
have more of these protrusions than the nanofibrils formed by the conventional method.
β-Lactoglobulin nanofibrils formed by the both methods were then interacted with
pectins having different degrees of methylesterification. Complex formation was observed
due to the electrostatic interactions between nanofibrils and pectins at pH 2 and pH 3, and
the morphology of the resulting complexes was dependent on the degree of
methylesterfication of the pectin, pH and ionic strength of the medium. Among the
different pectins interacted, a particular high methoxyl pectin was capable of laterally
binding the nanofibrils into well-aligned ‘ribbons’. Specific enzymatic digestion of this
pectin and analyses of the resulting products suggested that it contains a negatively
charged, non-methylesterified galacturonic acid block in the middle of the molecule, with
the possibility of having additional blocks near to the reducing and non-reducing ends of
the molecule. Electrostatic interactions between these negatively charged blocks and
β-lactoglobulin nanofibrils, either alone or together with hydrophobic interactions between
the uncharged, methylesterified galacturonic acid chains of the pectin molecules are
believed to cross-link the individual β-lactoglobulin nanofibrils into the form of ribbons.
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Chapter 1
Introduction
1.1 Background and motivation
Protein nanofibrils are supramolecular structures that typically result from the selfassembly of peptides or misfolded proteins. A number of peptides and proteins have
shown the ability to self-assemble into nanofibrils, and interestingly, they exhibit a
considerable structural similarity at the nanoscale (Sunde et al., 1997). They have been
categorised under the general term ‘amyloid fibrils’, and they have attracted a great deal of
research interest due to their association with later-in-life neurodegenerative conditions
such as Alzheimer’s (Selkoe, 1991), Parkinson’s (El-Agnaf et al., 1998) and Huntington’s
disease (McGowan et al., 2000).
The ability of a wide range of food-related proteins to assemble into amyloid (or
amyloid-like) fibrils has been recently reported. Milk proteins such as β-lactoglobulin
(Arnaudov et al., 2003; Gosal et al., 2004), α-lactalbumin (Goers et al., 2002; Otte et al.,
2005) and κ-casein (Ecroyd et al., 2008), egg white proteins such as lysozyme (Goda et al.
,2000; Arnaudov and De Vries 2005) and ovalbumin (Pearce et al., 2007; Lara et al.,
2012), bovine serum albumin (Vetri et al., 2011; Arasteh et al., 2012), bovine and fish eye
lens crystallin proteins (Garvey et al., 2009, Healy et al., 2012) and some plant origin
proteins like soy glycinin and soy β-conglycinin (Akkermans et al., 2007; Tang and Wang
2010), kidney bean globulin (Tang et al., 2010) and monellin from Serendipity berry
(Konno et al., 1999) are examples for such food-related proteins. Application of these
nanofibrils in the food industry either as functional ingredients to achieve desired textural
properties or simply as a source for protein enrichment requires an in-depth knowledge of
their behaviour in the presence of other common food ingredients, such as polysaccharides
proteins and lipids, because the interactions between these components are known to alter
their physicochemical properties affecting their function. Downstream, a critical
evaluation of the safety of these nanofibrils in food will also be required.
Understanding the fine structure of nanofibrils made from food-related proteins
and their interactions with common food ingredients are vital to explore the potential of
nanofibrils to be utilised as functional ingredients in the food industry. In addition, such
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knowledge would be beneficial for the field of bionanotechnolgy for the fabrication of
nanomaterials using natural biopolymers (Pilkington et al., 2010).

1.2 β-Lactoglobulin
β-Lactoglobulin (β-lg) is a globular protein (Figure 1.1), and it is the predominant
protein (~60% w/w) found in the whey fraction of bovine milk (Edwards et al., 2009). The
monomer of β-lg is composed of 162 amino acids with a molecular weight of ~18.3 kDa
and an isoelectric pH (pI) of ~5.3 (Edwards et al., 2009). Different genetic variants have
been reported for β-lg, and among them the variants A and B are the most commonly
found (Farrell et al., 2004). The amino acid sequence for the β-lg variant A is given in
Figure 1.1A in single letter codes. Amino acids corresponding to the each single letter
code and their chemical structures can be found in the Appendix A.
The β-lg monomer has 9 anti-parallel β-strands (βA−βI) and an α-helix (αH)
located on the surface of the molecule (Figure 1.1B) (Qin et al., 1998; Vijayalakshmi et
al., 2008). Eight of the β-strands (βA−βH) assemble to form a calyx, which is a
characteristic structure of the lipocalin family (Flower 1996). The calyx (or the β-barrel)
has shown the ability to bind with small hydrophobic ligands such as retinol (Futterman et
al., 1972; Pérez and Calvo, 1995) and fatty acids (Pérez et al., 1989; Ragona et al., 2000),
suggesting the possibility of β-lg playing a role in metabolites transportation. The native
β-lg monomer has 2 disulfide bonds at C66-C160 (bridging βD strand to the C-terminal
region) and C106-C119 (bridging βG and βH strands), while C121 carries a free
sulfhydryl group (Figure 1.1C) (Papiz et al., 1986; Brownlow et al., 1997).
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A

D64 and V118 in variant A are replaced by G and A, respectively in variant B
B

C

D

Figure 1.1 Structure of β-lg. (A) The amino acid sequence for the β-lg variant A along
with its secondary structure components. (B) Cartoon representation of the tertiary
structure of β-lg variant A. β-Strands are given in blue and α-helices are in red. Turns
and coils are given in white. (C) Location of the 2 disulfide bonds. C-residues are shown
in green and their sulfhydryl groups in yellow. (D) β-Lg dimer and its interface. Lattice
coordinates for the β-lg monomer and dimer were obtained from the RCSB Protein Data
Bank (http://www.rcsb.org) - PDB files 3BLG (Qin et al., 1998), and 1BEB (Brownlow
et al., 1997), respectively, and illustrated with VMD (Humphrey et al., 1996). The
sequenced secondary structure was adapted from 3BLG.
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The monomer-dimer equilibrium of β-lg has been extensively researched over the
past few decades. The results have shown that the prevalence of the monomeric or the
dimeric state is dependent on the pH, ionic strength (I), temperature (T), β-lg
concentration (c) and the genetic variant of β-lg, and that the dimer is more common under
the physiological conditions (Townend et al., 1960; McKenzie and Sawyer 1967; Aymard
et al., 1996; Kuwata et al., 1999; Sakurai et al., 2001; Gottschalk et al., 2003; Mercadante
et al., 2012). To summarise, light scattering data obtained by Townend et al. (1960) for
the β-lg at pH 4.0, 4.5 and 5.0 at c ≤ 10 mg/mL and I = 100 mM showed a molecular
weight of ~37 kDa, which corresponds to the dimeric form. Sakurai et al. (2001), who
studied the monomer-dimer equilibrium of β-lg (c = 1 mg/mL) at low pH (pH = 3) by
analytical ultra-centrifugation (AUC), showed that the β-lg monomer is predominant at
low ionic strength (I = 10 mM). Recent AUC work conducted by Mercadante et al. (2012)
on the dynamic equilibrium of β-lg at higher ionic strength (I = 100 mM) showed that the
dimeric form is predominant within the pH range of 2.5−7.5 at c ≤ 0.8 mg/mL. At the
higher ionic strength, the ion-cloud masks wider patches on the surface in the vicinity of
the dimer interface compared to lower ionic strength, thus reducing the electrostatic
repulsion between the monomer units at low pH and stabilising the dimeric form
(Mercadante et al., 2012). Moreover, electrostatic binding energy calculations performed
by Mercadante (2012), further suggested that the β-lg dimer is the dominant form within
the above pH range at I ≥ 15 mM. At the dimer interface, hydrophobic interactions,
hydrogen bonding between the βI strands in anti-parallel alignment and salt bridges
between the residues in the loop connecting βA and βB strands (AB loop) at pH > pI are
suggested to be responsible for the dimerisation (Sakurai et al., 2001; Adams et al., 2006).
The dimer interface is presented in Figure 1.1D. Aymard et al. (1996), who studied the
effect of temperature on the monomer-dimer equilibrium of β-lg at pH 7 and I = 100 mM,
showed that with increasing temperature the dissociation of the dimer increases and the
monomeric form becomes predominant at T ≥ 60 °C at c = 1 mg/mL. These authors
further reported that increasing the β-lg concentration will shift the equilibrium towards
the dimer formation within the studied temperature range (5−80 °C). Based on their
results, when the β-lg concentration was increased to 10 mg/mL, the dimer became
predominant at 60 °C, but the monomer was still prominent at 80 °C.
In addition to the changes associated with quaternary confirmation, β-lg exhibits an
intrinsic conformational change known as ‘Tanford transition’ which occurs around pH 7.
It is associated with the relative position of the loop that connects βE and βF strands (EF
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loop), which is located near to the mouth of the hydrophobic calyx (Figure 1.1D). When
the pH > 7, the EF loop adopts an ‘open’ confirmation, allowing access to the hydrophobic
cavity, whereas at pH < 7, the loop closes the cavity restricting the access, and the EF loop
is said to be in its ‘closed’ confirmation (Tanford et al., 1959; Qin et al., 1998; Adams et
al., 2006).

1.3 β-Lactoglobulin nanofibrils
1.3.1 Amyloid nature of β-lg nanofibrils and their identification
Amyloid fibrils are elongated, insoluble protein aggregates deposited in vivo
causing pathological conditions1 or formed in vitro under specific conditions, as a result of
the loss of native conformation of the protein (Nelson and Eisenberg, 2006). Typical
examples of the proteins forming amyloid fibrils are amyloid β-peptide (associated with
Alzheimer’s disease), α-synuclein (Parkinson’s disease), Huntingtin (Huntington’s
disease), islet amyloid polypeptide (type-II diabetes), calcitonin (medullary thyroid
carcinoma) and insulin (injection-localised amyloidosis). A list of amyloid proteins and
peptides associated with pathological conditions is given by Chiti and Dobson (2006).
β-Lg and other food-related proteins associated with amyloid (or amyloid-like) fibril
formation are given in Section 1.1. Despite their diverse origins, these fibrils share some
common characteristics (given below) and in fact, these characteristics are used as bases
for their identification.
Amyloid fibrils are straight and unbranched, generally ~6−12 nm (60−120 Å) in
diameter, and made of 2 or more protofilaments, each ~2.5−3.5 nm (25−35 Å) in diameter
(Sunde and Blake, 1997). They exhibit a ‘cross-β structure’ (Eanes and Glenner, 1968;
Sunde and Blake, 1997), in other words, they are made of β-sheets extending parallel to
the protofilament/nanofibril axis, with their constituent β-strands aligned perpendicular to
the protofilament/nanofibril axis (Figure 1.2A,B). This conformation results in a
characteristic X-ray fibre diffraction pattern for the amyloid fibrils with a 4.7 Å
meridional reflection and 10−11 Å equatorial reflection that correspond to inter-strand
and inter-sheet stacking distances, respectively (Figure 1.2A,C) (Sunde and Blake, 1997;
Nelson and Eisenberg, 2006).
1

In addition to causing pathological conditions, some amyloid fibrils are also found to associate with
physiologically important functional roles (Kranenburg et al., 2002; Fowler et al., 2006; Maji et al., 2010).
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A

B

C

Figure 1.2 Cross-β structure of amyloid fibrils. (A) Structural hierarchy. Modified from Serpell
(2000). Blue arrows represent the β-strands, and arrow head is the C-terminal. β-Strands together
form β-sheets. Dashed rectangle shows the boundary of each β-sheet. β-Sheets are further classified
into parallel and anitiparellel β-sheets, based on the relative direction of the β-strands within the
β-sheet. In a protofilament there may be 2 or more β-sheets, and they can be parallel, antiparallel or a
mixture of both. The β-sheets in individual protofilaments can exist in a twisted format along the
long-axis (Sunde et al., 1997). Protofilaments can assemble in a twisted close-packed or a ribbon
packed format to form the fibrils (Adamcik and Mezzenga, 2012). A close-packed amyloid fibril is
presented. Twist is not shown. (B) Molecular structure of parallel and antiparallel β-sheets. β-Strands
in a β-sheet are held together by H-bonds (shown in red), which are parallel to the long axis of
β-sheets. R-Groups are orthogonal to the β-sheet. 3D-structure for the parallel alignment is also
given to the left and the black arrow shows the direction of the long axis of the fibril. R-groups are
given in green, nitrogen atoms in blue and carbon atoms in white. Modified from Kajava et al.
(2006). (C) Cross-β X-ray fibre diffraction with characteristic reflections at ~4.7 Å and ~10 Å
(shown in maroon and orange, respectively).
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The formation of amyloid fibrils causes a significant increase in the β-sheet content
and this can be identified either using Fourier transform infrared (FTIR) spectroscopy or
circular dichroism (CD). In FTIR spectroscopy, a strong absorption band appears for the
proteins in the region of 1600−1700 cm-1, due to the stretching vibrations of carbonyl
groups (C=O) in the peptide main chain. This band is named as the ‘amide-I band’, and it
is highly sensitive to the molecular geometry giving different carbonyl stretch frequencies
for the each type of secondary structure (Miyazawa and Blout 1961; Byler and Sushi
1986). The regions assigned for different secondary structure components are: 1620−1640
cm-1 and 1690 cm-1 for β-sheets, 1640−1650 cm-1 for unordered (or random), 1650−1660
cm-1 for α-helices and 1670−1680 cm-1 for turns and coils (Dong and Caughey 1994;
Dong et al., 1996). Hence, deconvolution of the amide-I band enables estimation of the
composition of secondary structure elements. Self-assembly of proteins or peptides into
amyloid fibrils is associated with the formation of extended β-sheets, thus an increase in
the β-sheet secondary structure content is observed upon nanofibril formation. During
collection of FTIR spectra for the amide-I region, the presence of water (H2O) causes an
issue, as it shows a strong absorption in the ~1640 cm-1 region. Hence, when analysing the
stretching of carbonyls (for an example, secondary structure elements of proteins), the
spectra are recorded either on dried samples or in the case of aqueous samples, using
deuterium oxide (D2O) as the solvent, instead of H2O.
CD spectroscopy is another useful method for the determination of secondary
structure elements, which can be used to study the formation of amyloid fibrils in a similar
fashion to FTIR spectroscopy. Peptide bonds in different secondary structure
conformations produce distinct CD spectra in the far ultraviolet (UV) region (200−250
nm) due to the differential absorption of left-handed and right-handed circularly polarised
light (i.e. ellipticity), is specific to the each conformation. β-Sheets exhibit a single
negative band near 217 nm, while α-helices produce a strong positive band near 190 nm
and two negative bands near 208 and 222 nm with approximately equal intensities
(Johnson 1990; Juban et al., 1997). In comparison, random structures show a strong
negative band near 197 nm and a small positive band at 217 nm (Juban et al., 1997). Thus,
the deconvolution of the CD spectrum provides quantitative information for different
secondary structure components. However, aromatic side chains present in certain amino
acid residues can contribute to the CD signal leading to errors in ellipticity values
(Chakrabartty et al., 1993).
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Amyloid fibrils bind with thioflavinT (ThT) dye resulting in an enhanced
fluorescence emission within the range of 480-490 nm (LeVine, 1995). ThT is a cationic
benzothiazole dye (Figure 1.3A), which is believed to bind along the nanofibril axis in the
channels formed by the R-groups of the amino acid residues of the β-strands (Figure 1.3A)
(Krebs et al., 2005). The binding of ThT within these channels could possibly take place
due to both hydrophobic and electrostatic interactions. Upon binding, the excitation
maximum of ThT shifts to ~450 nm (from 350 nm) and enhanced fluorescence emission is
observed between 480−490 nm (Figure 1.3A) as a result of the immobilisation of
benzylamine and benzathiole rings of ThT molecule (Biancalana and Koide 2010).2
Binding of ThT to nanofibrils is limited at acidic pH due to the presence of alike charges,
resulting in a low fluorescence enhancement (Sabate et al., 2008). Hence, when the
nanofibrils are formed under acidic conditions, they are usually mixed into a buffer at
neutral pH containing ThT, before measuring the fluorescence.
Amyloid fibrils also bind with Congo red dye and produce a characteristic yellowgreen birefringence when observed under the crossed-polarise light (Puchtler et al., 1962).
Congo red consists of two naptheonic acid molecules coupled to a benzidine molecule by
azo groups (Figure 1.3B). Initially, it was thought that the dye molecule binds to the
amyloid fibrils, through hydrogen bonding between the amine groups on the dye and
hydroxyl groups on amyloid fibrils (Puchtler et al., 1962). However, Klunk et al. (1989)
rejected this mechanism and proposed a new model where Congo red binds to the β-sheet
through electrostatic interactions between the negatively charged sulfonic groups of the
dye molecule and positively charged R-groups on the β-sheet which are in adequate
distance (i.e. a distance of 5 β-strands), resulting in an oriented arrangement of Congo red
molecules (Figure 1.2B). Oriented Congo red molecules produce a yellow-green
birefringence when observed between the polariser and analyser of an optical microscope.
This is explained by the fact that the most of the wavelengths transmitted through the
analyser are around the absorption peak of Congo red (~520 nm), which is centred in the
green region of the visible-light spectrum (Howie and Brewer 2009). Binding of Congo
red to amyloid fibrils also leads to an increase in absorbance in the range of ~500−600 nm
(Klunk et al., 1989).

2

The rotation of the benzylamine and benzathiole rings of the ThT molecule are responsible for the
quenching of excited states resulting from photon excitation of free ThT. Binding of ThT to the extended
β-sheets of the nanofibrils sterically locks these rings causing an enhancement in fluorescence.
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A

B

Figure 1.3 Binding of amyloid fibril specific dyes. (A) ThT and the proposed model for the binding of
ThT with amyloid fibrils adapted from Krebs et al. (2005).On to the right, the graph shows typical
fluorescence spectra obtained for free ThT and ThT bound to amyloid fibrils. (B) Congo red and the
proposed model for the binding of Congo red with amyloid fibrils adapted from Klunk et al. (1989).

β-Lg nanofibrils, irrespective of the method of formation (see Section 1.3.2 for the
methods of formation), can be generally categorised as a form of amyloid fibrils. Firstly,
these nanofibrils are morphologically similar to the amyloid fibrils, despite some
variations observed based on the method of formation. Secondly, the β-lg nanofibrils
formed by most of the methods reported to date have demonstrated the ability to bind with
Congo red and ThT dyes, which are hallmarks of amyloid fibrils (Hamada and Dobson
2002; Bromley et al., 2005; Rasmussen et al., 2007; Loveday et al, 2010; Ghadami et al.,
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2011). Thirdly, FTIR and CD spectra have shown an increase in the β-sheet content during
the formation of β-lg nanofibrils by different methods (Lefèvre and Subirade 2000; Gosal
et al., 2002, 2004; Lara et al., 2011). Moreover, X-ray fibre diffraction conducted on the
β-lg nanofibrils formed by the extended heating method has given the pattern
characteristic to amyloid fibrils, with reflections at 4.6 and 10.6 Å (Bromley et al., 2005).
The above facts together provide sufficient evidence for the amyloid nature of β-lg
nanofibrils.

1.3.2 Methods of β-lg nanofibril formation
β-Lg can self-assemble into the form of nanofibrils in vitro, under different
conditions. Heating an acidified solution at low ionic strength above the denaturation
temperature of β-lg for an extended period, with or without shearing is the most
commonly used method to induce nanofibril formation, and this method has been the
subject of a large number of studies conducted during the last decade (Arnaudov et al.,
2003; Hill et al., 2006; Akkermans et al., 2008c; Dunstan et al., 2009; Kroes-Nijboer et
al., 2009; Adamcik et al., 2010; Loveday et al., 2010; Adamcik and Mezzenga 2011;
Bolisetti et al., 2011; Loveday et al., 2012a, 2012b). In general, the conditions applied
during this procedure are pH 2, 80 °C and a heating time of 6−24 h. Incubating a solution
of β-lg containing 3−5 M urea or 2 M potassium thiocyanate (KSCN), buffered at pH ~7
for ≥ 30 days at 37 °C has been reported to form nanofibrils (Hamada and Dobson 2002;
Rasmussen et al., 2007). Moreover, Gosal et al. (2002, 2004) showed the ability of β-lg to
self-assemble into nanofibrils when incubated in 50% v/v alcohol (methanol, ethanol,
propan-2-ol or trifluoroethanol)-water mixtures at pH ~2 and ambient temperature for a
few days to several weeks, depending on the type of alcohol in the binary mixture.
Notably, trifluoroethanol-water mixture led to the formation of β-lg nanofibrils even at
neutral pH.
The above studies have shown that the propensity of β-lg to self-assemble into
nanofibrils and the physicochemical properties of the resulting nanofibrils (including their
morphology) are generally dependent on the method of formation. The nanofibrils made
by incubating β-lg in alcohol-water mixtures were generally shorter and had a worm-like
morphology in comparison to the long, linear nanofibrils formed by the extended heating
method (Gosal et al., 2004). Based on time-course imaging of the solutions, the authors
further reported that the aggregation process is less co-operative for the trifluoroethanolwater system at pH 7, in comparison to heat-induced fibril formation. A comparison made
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between the β-lg nanofibrils formed by incubating with urea and KSCN, showed that the
urea induced nanofibrils are more stable than the KSCN induced nanofibrils due to the
formation of intermolecular disulfide bonds, in addition to the hydrophobic interactions.
These disulfide bonds were not observed in KSCN induced nanofibrils, revealing that the
mode of aggregation is dependent on the chaotropic agent used (Rasmussen et al., 2007).
To summarise, it can be said that each method of nanofibril formation follows a
different mechanism of self-assembly with its own kinetics and structural assembly units,
and results in nanofibrils with a unique structure and morphology. The information
discussed in the following Sections (1.3.3−1.3.6) are limited to the β-lg nanofibrils formed
by the most common method − extended heating at low pH and low ionic strength, unless
otherwise specified.

1.3.3 Morphology of β-lg nanofibrils
β-Lg nanofibrils are typically composed of 2−3 protofilaments (Adamcik et al.,
2010; Bolisetti et al., 2011), aligned and twisted along the long axis, exhibiting a helical
structure with a periodicity (Arnaudov et al., 2003; Adamcik et al., 2010). The diameter of
a single β-lg protofilament is reported to be ~2 nm, based on the height measurements
obtained from atomic force microscopy (AFM) (Adamcik et al., 2010). A ‘twisted ribbonformat’ (Figure 1.4) has been suggested by Adamcik et al. (2010) for the assembly
protofilaments within a nanofibril, based on the 3 key observations: (1) linear scaling of
the maximum height (or the diameter) of the nanofibril cross-section to the number of
protofilaments, (2) linear relationship between the persistence length (defined below) and
the number of protofilaments and (3) lastly, the linear relationship between the number of
protofilaments in a nanofibril and its period (P). P results from the twisting of the ribbonlike intact nanofibril along its length by 360° (Figure 1.4). Hence, these nanofibrils appear
as multi-stranded, twisted ribbons, and the diameter, persistence length and P observed for
an intact β-lg nanofibril depend on the number of protofilaments forming the nanofibril.
Based on the AFM results the authors reported diameters of ~4 and 6 nm for an intact β-lg
nanofibril made of 2 and 3 protofilaments, respectively. However, it should be noted that
the diameters obtained for the protofilaments and nanofibrils by AFM could be lower than
the actual values as they may get compressed by the AFM tip during the measurements. In
agreement with the above fact, Gosal et al., (2004) estimated an average diameter of 8.5
nm for the β-lg nanofibrils by transmission electron microscopy (TEM), whilst AFM gave
an average diameter of 3.6 nm for the same nanofibrils.
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Figure 1.4 Twisted ribbon format of β-lg nanofibrils. To the left is a cartoon showing a
nanofibril formed by 3 protofilaments by assembling them into a twisted ribbon. P is the
period that results due to the twist. To the right is a cryo-EM image showing the period
of β-lg nanofibrils. Scale bar represents 50 nm.

β-Lg nanofibrils are of semi-flexible type as their contour length (Lc) is greater
than their persistence length (lp), yet of a comparable magnitude (Storm et al., 2005). lp
can be defined as the length along a rod over which correlations in the direction (i.e. the
longitudinal tangent) are lost, and it is a measure of flexibility/stiffness of the rod (in this
case, the fibril). A decrease in the lp indicates an increase in flexibility. Lc is the length at
the maximum physically possible extension of the fibril. In general, the lp of β-lg
nanofibrils is measured to be 0.6−3 μm (Aymard et al., 1999; Mudgal et al., 2009;
Adamcik et al., 2010; Loveday et al., 2010), whereas the Lc averages around 5 μm, yet can
reach up to 15 μm (Sagis et al., 2004; Rogers et al., 2005; Adamcik et al., 2010). The
effects of pH, salt and temperature on the morphology of the nanofibrils are further
discussed in the Section 1.3.6.

1.3.4 Proposed mechanisms for β-lg nanofibril formation
A few mechanisms have been proposed for the self-assembly of β-lg. Arnaudov et
al. (2003) viewed the nanofibril formation as a two-step process. During the first step, the
β-lg molecules will partially unfold and form an intermediate, which can form reversible
linear aggregates. The second step proposed was a consolidation step, where these linear
aggregates form nanofibrils, which are no longer disintegrated upon subsequent cooling.
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They further reported that the intermediate can also follow an alternative pathway, which
leads to formation of low molecular weight non-fibril aggregates.
Akkermans et al. (2008c) were the first to provide direct evidence for that the β-lg
nanofibrils are composed of 2−8 kDa peptides, rather than of intact, unfolded β-lg
molecules. They formed nanofibrils by heating a 3% w/v β-lg solution (pH 2) at 85 °C for
20 h with continuous shearing, separated them from the other non-fibril materials present
in the solution, disintegrated them using a dithiothreitol (DTT) and guanidine
hydrochloride (GuHCl), and then analysed the resulting materials using matrix-assisted
laser desorption/ionisation with time-of-flight (MALDI-TOF) mass spectrometry. Their
work suggested that the partial hydrolysis of β-lg is necessary for the fibril formation,
which takes place during the heating process. In support to the partial hydrolysis
mechanism, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
previously done by Bolder et al. (2007c) showed the presence of peptides (< 18 kDa) in
the non-fibril portion of the heated β-lg solution, which indirectly suggested that these
peptides were the building units of nanofibrils. More recent PAGE experiments conducted
by Lara et al. (2011) on the non-fibril materials gave similar results to Bolder et al.
(2007c), and further showed that the intensity of the band corresponding to the intact
molecular weight of β-lg (18 kDa) reduces with the time of heating, and completely
disappears beyond 6 h. Moreover, incubating a β-lg solution with the enzyme AspN
endoproteinase (which cleaves the peptide bonds at the N-terminal of the aspartic acid
residues) and subsequent storage of the solution at acidic pH, resulted in nanofibrils,
further supporting the fact that peptides are involved in nanofibril formation (Akkermans
et al., 2008b).
Recent atomic force microscopy (AFM) work has shown that the protofilaments
are initially formed during the β-lg nanofibril formation, and with time, they grow in
length and locally align due to liquid crystalline interactions (Bolisetty et al., 2011). The
aligned protofilaments then crossed-over at random locations, forming an immature form
of an intact nanofibril. At this stage, the nanofibril has inconsistently spaced twisting
points along its long axis, but it develops into a well defined periodicity with time, as a
result of minimising the electrostatic potential across the fibril (Bolisetty et al., 2011).
The conditions given during the each method (i.e. pH, ionic strength, heating or
incubating temperature, chaotrope concentration and β-lg concentration) will determine
the dominant quaternary conformation of β-lg present at the beginning of the selfassembly process emphasising that, for a given method, either the monomeric or the
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dimeric form of β-lg can be the major units present at the onset of nanofibril formation.
The usual conditions given during the heat-induction (pH 2 and 80 °C) or incubating with
urea (pH 7, 37 °C, 5 M urea concentration), shift the equilibrium in the favour of the
monomeric species (Aymard et al., 1996; Hamada and Dobson 2002; Bolisetty et al.,
2011), suggesting that the β-lg monomer is the main species present at the beginning of
the self-assembly processes driven by above conditions. Moreover, the conditions applied
during the incubation with urea are not strong enough to cause partial hydrolysis of β-lg,
and the mass spectrum obtained for the disintegrated nanofibrils only showed the presence
of a single species, with a mass corresponding to the β-lg monomers (Hamada and Dobson
2002). Hence, it is evident that unfolded, yet intact β-lg monomers can also act as the
primary units building the nanofibrils, and partial hydrolysis (to form peptides) is not
entirely necessary for the formation of β-lg nanofibrils.

1.3.5 Kinetics of β-lg nanofibril formation
β-Lg nanofibril formation appears to be a nucleation-dependent process, resulting
in a 3-phase sigmoidal growth curve (Figure 1.5), which is typically observed with
amyloid fibril formation (Harper and Lansbury 1997; Kad et al., 2001; Nielsen et al.,
2001; Uversky et al., 2001). During the initial lag-phase, β-lg unfolds and/or partially
hydrolyses into peptides, and they aggregate to form critical nuclei for the nanofibrils (or
protofilaments), despite their positive charge at the acidic pH. During the growth-phase,
the addition of primary units (possibly peptides) to the nuclei results in protofilaments that
twist together to form nanofibrils. Further addition of these units to the protofilaments
increases the fibril length. The rate of nanofibril formation gradually decreases at the end
of the growth-phase and reaches a plateau, and this stage is referred to as the stationaryphase (Figure 1.5). Urea-induced β-lg nanofibril formation also follows sigmoidal growth,
but over a longer time scale (Hamada and Dobson 2002).
Similar to the other proteins and peptides that form amyloid fibrils, seeding the
initial β-lg solution with pre-formed β-lg nanofibrils reduced the lag-phase of both heatinduced and urea-induced fibril formation (Figure 1.5) (Hamada and Dobson 2002;
Loveday et al., 2012a), providing further evidence for the proposed nucleation-dependent
model. The effect of changing the fibril formation conditions on the heat-induced β-lg
self-assembly kinetics are discussed under the section 1.3.6.
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Figure 1.5 β-Lg nanofibril formation kinetics. A three-phase sigmoidal growth curve is
observed for the β-lg self-assembly in agreement with the proposed nucleation-dependent
mechanism (Loveday et al., 2010).

1.3.6 Effect of shear, pH, ionic strength and temperature on β-lg nanofibril
formation
Application of shear is known to accelerate in vitro amyloid fibril formation
kinetics. Hill et al. (2006), by real-time ThT fluorescence measurements, observed a
pronounced increase in the rate of self-assembly with the simultaneous application of
variable shear (magnetically stirred) on a heated β-lg solution, during their preliminary
experiments. The authors then applied controlled shear on β-lg solutions at 20 °C using an
optically-accessible concentric cylinder geometry (which creates a uniform velocity
gradient/shear field across the gap and enables control of the applied shear rate), and the
results showed that the rate of nanofibril precursor (or nanofibril nucleus) formation
increases with the increasing shear rate (25−200 s-1). The authors suggested that the
acceleration of the self-assembly kinetics due to the shear is mainly a result of faster and
more efficient nuclei formation caused by accelerated conformational changes and
orientational ordering of the protein. In a different approach, Akkermans et al. (2006)
applied controlled shear either continuously or as short pulses (of 30 s at every hour or
only at the beginning) at 20 °C and a shear rate of 200 s-1 on β-lg solutions subjected to a
(2 or 10 h) pre-heat treatment (90 °C). Both continuous and pulsed shear led to an increase
in the total amount of nanofibrils with time, resulting in similar amounts of nanofibrils
(measured in terms of the flow-induced birefringence signal, which is related to the total
length concentration of nanofibrils). Hence, the authors suggested that the onset of the
shear flow is sufficient to initiate nanofibril formation and extended shearing does not
have any further effects on nanofibril growth. However, analysing the length distributions
showed that the lengths of the nanofibrils resulting from the pulsed shear treatment are
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more polydispersed than the nanofibril lengths of the continuous shear treatment. Dunstan
et al. (2009) reported comparable results to the above two studies, and further showed that
the morphology and the mechanical strength of the nanofibrils formed under the controlled
shear are different from the nanofibrils made with variable shear. β-Lg nanofibrils formed
by the former method had a lower order structure and a lower mechanical strength in
comparison to the nanofibrils formed by the latter method due to the different forces
involved in each method.
Loveday et al. (2010), who investigated the effect of lowering the pH to 1.6 (below
the usual pH of 2) observed an acceleration of nanofibril formation kinetics due to a
reduced lag-phase and an increased rate of nanofibril formation during the growth-phase.
In comparison, when the pH was increased to 2.4, the nanofibril formation process became
slower. The authors attributed these observations to an increased rate of hydrolysis at
reduced pH, which promoted both nucleation and subsequent nanofibril growth. The
morphology of the nanofibrils formed at pHs 1.6 and 2.4 were more or less similar to the
nanofibrils formed at pH 2. Increasing the pH further towards the pI of β-lg did not result
in nanofibrils, but increasing the pH above the pI resulted in shorter fibril like aggregates
(Kavanagh et al., 2000). The effect of adjusting the pH after the formation of nanofibrils
have been reported by Akkermans et al. (2008a), Loveday et al. (2011) and Kroes-Nijboer
et al. (2012). At pH 4 and 8, nanofibrils appeared to be entangled in loose clusters, while
at pH 5 and 7, which were closer to the pI of β-lg, dense clusters of nanofibrils were
observed.
Increasing the ionic strength of the β-lg solution ≥ 50 mM had marked effects on
both the self-assembly kinetics and the morphology of resulting nanofibrils. In situ light
scattering data obtained by Arnaudov and De Vries (2006) showed that the critical
aggregation concentration (CAC)3 of β-lg into nanofibrils decreases with the increasing
ionic strength of the medium, suggesting that the rate of fibril formation is dependent on
(increases with) ionic strength. This effect has been attributed to the screening of
electrostatic repulsions, which lead to faster nucleation. Recent work done by Loveday et
3

CAC can be defined as the minimum protein concentration that would result in a detectable amount of
nanofibrils. In other words, if the protein concentration is lower than CAC, the nanofibril yield will be lower
or negligible in comparison to the protein concentrations which are higher than CAC. Among the CAC
values reported for β-lg in literature, ~0.2% w/w (Kroes-Nijboer et al., 2009) is the lowest and widely
accepted, and it could not be > 0.5% w/w as β-lg resulted in nanofibril formation at 0.5% w/w (Rogers et al.,
2005). Above the CAC, the nanofibril yield is found to be linearly related β-lg concentration up to 2% w/w
(Kroes-Nijboer et al., 2009). Increasing the β-lg concentration ≥ 6% w/w at pH 2 resulted in gel formation,
with a fine-stranded structure (Lefèvre and Subirade, 2000; Bolder et al., 2006).
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al. (2010) gave comparable results. The authors obtained time-course ThT measurements
on β-lg solutions containing 50 and 100 mM sodium chloride (NaCl) or calcium chloride
(CaCl2), and the results showed an increase in the rate of nanofibril formation during the
growth phase. Moreover, a reduced lag phase (or faster nucleation) was observed in the
presence of CaCl2. A higher proportion of β-lg nanofibrils formed at higher ionic strength
were shorter in length, curly and worm-like (more flexible) compared to the long, linear
nanofibrils formed at lower ionic strength (Kavanagh et al., 2000; Arnaudov and De Vries,
2006; Loveday et al., 2010, 2011a). Interestingly, the worm-like morphology of the
nanofibrils obtained at higher ionic strength, did not change with subsequent removal of
salts by dialysis (Loveday et al., 2011a). Increasing the ionic strength of the medium after
the formation of β-lg nanofibrils under the standard conditions led to an increase in the
period observed for the nanofibrils as a result of the relaxation of twist caused by the
screening of electrostatic repulsions along the nanofibril surface (Adamcik and Mezzenga
2011).
The effect of increasing the heating temperature above the standard temperature
(80 °C) on the β-lg self-assembly kinetics has been recently investigated by Loveday et al.
(2012b). Increasing the temperature to 90 and 100 °C led to an increased rate of nanofibril
formation in comparison to that of 80 °C, but there were no significant difference in the
nanofibril morphology and the final yield.4 Increasing of the temperature further up to 110
and 120 °C also accelerated the nanofibril formation during the first few hours (~3 h),
after which the monitoring of kinetics with ThT was affected by local gelation of β-lg.
Moreover, prolonged heating at 120 °C led to fragmentation of nanofibrils suggesting that
applying excessively high temperature for a longer duration will have unfavourable effect
on nanofibril formation. The effect of varying the ionic strength, pH, and temperature (T)
simultaneously on β-lg nanofibril formation has been recently investigated by Loveday et
al. (2011b) to understand how the interactions of the above factors affect the β-lg selfassembly kinetics and morphology of the resulting nanofibrils. CaCl2×T, CaCl2×pH,
NaCl×pH, CaCl2×NaCl and pH×T had significant effects on the self-assembly kinetics
and morphology of nanofibrils.

4

Previous experiments conducted by Kroes-Nijboer et al. (2009) reported that the β-lg nanofibril yields
were lower at 110 °C in comparison to 80 °C for a range of β-lg concentrations from 0.5−2% w/w. However,
shear was applied during the nanofibril formation, in contrast to Loveday et al. (2012b). Kroes-Nijboer et
al. (2009) further reported that the CAC of β-lg is not markedly affected by the elevated temperatures (up to
110 °C) and concluded that the β-lg fibril formation is an entropic process.
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1.4 Pectin
1.4.1 Structure of pectin
Pectin is a complex heteropolysaccharide found in the primary cell wall of many
plants (Caffall and Mohnen, 2009), and is used extensively in the food industry as
thickening and gelling agents (Lopes da Silva and Rao, 2006; Brejnholt 2009). The
structural composition of pectin can naturally vary not only between plant species, but also
between different tissues, development stages, and even within a single cell wall (Fraeye
et al., 2010).
The pectin backbone mainly consists of α-D-galacturonic acid (GalA) residues, but
rhamnose is also present in small amounts. A typical representation of the structure of
pectin is given in Figure 1.6A. The linear homogalacturonan (HG) region is made of
(1→4) linked α-D-GalA residues of which the carboxyl groups at the C-6 position may
exist in the free or salt form (bound with cations such as Na+, K+ and Ca2+), or naturally
esterified with methanol (Ridley et al., 2001). The free carboxyl groups of the GalA
residues in the HG region (pKa~3.6; Cesàro et al., 1982) are responsible for the anionic
character of pectin. The GalA residues may also be acetylesterified at the C2 or C3
positions (Figure 1.6B).
The neutral sugar rhamnose present in the pectin backbone typically occurs as a
branch point for side chains. These side chains mainly consist of the neutral sugars
galactose and arabinose and this region in the pectin molecule is named the
rhamnogalacturonan-I (RG-I) region. Branching can also occur from GalA residues in the
backbone. Based on the types of neutral sugars present in the above branches, they are
identified as rhamnogalacturonan-II (RG-II) and xylogalacturonan (XG) regions (Figure
1.6A) (Scheller et al., 2007; Mohnen et al., 2008).
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group at C-6 position

Free carboxyl group
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Figure 1.6 Structure of pectin. (A) A cartoon representation of pectin structure. HG backbone forms the
linear (smooth) region, whilst RG-I, RG-II and XG form the branched (hairy) regions. Presentation of
the regions is not quantitatively accurate. Redrawn from (Scheller et al., 2007). (B) Molecular structure
of HG backbone of a pectin molecule represented using the chair conformation of GalA residues.

The percentage of methylesterified GalA residues from the total GalA residues is
known as the degree of methylesterification (DM). When the DM > 50%, pectin is known
as a high methoxyl pectin (HMP), whilst the pectins with a DM < 50% are known as low
methoxyl pectins (LMP). HMP can form a gel in acidic pH in the presence of a co-solute
(typically sucrose at a concentration of ≥ 55% w/w) (Walkinshaw and Arnott 1981). These
gels are stabilised by hydrophobic interactions among the methoxyl groups, and hydrogen
bonding takes place between un-dissociated carboxyl and secondary alcohol groups
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(Walkinshaw and Arnott 1981; Oakenfull and Scott 1984). In comparison, gelation of
LMP occurs in the presence of calcium ions (Ca2+) that form salt bridges between
carboxyl groups of two adjacent pectin molecules arranging them in an ‘egg-box’
confirmation (Morris et al., 1982).
In addition to the DM (which decides the overall charge), the intra-molecular
distribution of methylesterified GalA residues (which determines whether the charge
distribution along the pectin backbone is random or block-wise) also affects the
physicochemical properties of pectin (Taylor, 1982; Ralet et al., 2001; Ström et al., 2007;
Sperber et al., 2009a, 2009b). The terms ‘degree of blockiness’ (DB; the ratio of nonmethylesterified GalA residues present in blocks to the total non-methylesterified GalA
residues) and ‘degree of absolute blockiness’ (DBabs; the ratio of non-methylesterified
GalA residues present in blocks to the total GalA residues) have been introduced by Daas
et al. (1999) and Guillotin et al. (2005), respectively to quantify the pattern of
methylesterification (see Section 1.4.2).

1.4.2 Methods of pectin characterisation
Pectin molecules have a backbone that mainly consists of methylesterified and
non-methylesterified GalA residues, and branches that originate from the backbone which
are made of neutral sugar residues (Figure 1.6A). The HG backbone of a pectin molecule
is mainly responsible for its interactions due to the availability of charged groups.
Estimation of the GalA content of pectin allows us to determine the extent of branching. If
the molecular weight of pectin is known in addition to the GalA content, it is also possible
to calculate the number GalA residues present, and therefore the length of the backbone.
Determination of the GalA content of pectin is based on hydrolysing the pectin and
subsequent estimation of the resulting GalA residues by using a reagent that develops a
colour with GalA residues. The method of Filisetti-Cozzi and Carpita (1991), which is a
development of the Blumenkrantz and Asboe-Hansen (1973) method is preferred for the
estimation of GalA content because it suppresses the formation of coloured pigments by
neutral sugars which can interfere with the colourimetric assay.
DM is another important parameter that determines the overall charge present on a
pectin molecule. Several methods have been established to determine the number of
methyl groups present in pectin, and this measurement can be used in conjunction with the
GalA content to determine the DM. The saponification-titration method reported by
Schultz, (1965) is one of the earliest methods, and it determines the number of
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methylesterified groups using the difference between the number of titrated carboxyl
groups before and after saponification. The application of 1H nuclear magnetic resonance
(NMR) spectroscopy for the estimation of DM of pectins has been reported by Grasdalen
et al. (1988), where DM is obtained by the resonance resulting from dimeric and trimeric
GalA units in pectin backbone. More recently Zhong et al. (1998) measured the DM using
capillary electrophoresis (CE) based on the electrophoretic mobility. Gnanasambandam
and Proctor (2000) determined the DM by FTIR spectroscopy, using the area of the estercarbonyl band which occurs in the ~1750 cm-1 region. With the exception of the Schultz
(1965) method, other techniques in general require deriving a standard curve using a series
of pectins with known DMs.
The other methods that have been developed for the estimation of DM involve
alkaline-saponification and subsequent quantification of the released methanol by various
techniques. The method proposed by Voragen et al. (1986) follows the above principle
and it has been widely applied due to its simplicity, and the ability to determine the degree
of acetylesterification (by the amount of acetic acid released during the saponification)
simultaneously with DM. In this method, high performance liquid chromatography
(HPLC) has been used to measure the amount of methanol released during the
saponification. Levigne et al. (2002) suggested further improvements for this method to
reduce the required sample quantity and the elution time. Alternatively, gas
chromatography (McFeeters and Armstrong, 1984) and colourimetry (Wood and Siddiqui,
1971) have been used to quantify the methanol.
Determination of the distribution (or the pattern) of methylesterification within a
pectin molecule is more complex than determining the DM. Most of the methods involve
enzymatic or chemical fragmentation of the HG backbone at specific sites and analysing
these fragments. Daas et al. (1999, 2000) used endopolygalacturonase-II (endoPG) for the
fragmentation, an enzyme that can specifically bind to blocks of non-methylesterified
GalA residues and degrade the GalA blocks into mono-, di- and trigalacturonic acid.
Subsequent quantification of these products was carried out using anion-exchange
chromatography, which enabled them to be separated from the partially methylesterified
oligomers present in the digest. The term degree of blockiness (DB) was introduced by the
authors for the ratio of non-methylesterified GalA residues liberated during the endoPG
treatment to the total non-methylesterified GalA units present in the pectin. The
applicability of tandem mass spectrometry and CE for the analysis and quantification of
the endoPG digest in order to determine the pattern of methylesterification has been
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reported by Körner et al. (1999) and Williams et al. (2002), respectively. A chemical
fragmentation method was suggested by Mort et al. (1993) in which each stretch of nonmethylesterified GalA oligomers is quantified after selectively cleaving the glycosidic
linkages between methylesterified GalA units, which have been initially converted into
galactose by reducing with sodium borohydride (NaBH4). Liquid hydrogen fluoride was
used for the selective hydrolysis. The degree of polymerisation (DP) (i.e. the number of
residues) of the non-methylesterified GalA oligomers was then estimated by anionexchange chromatography after labelling them with 2-aminopyridine. However, in this
method, the sensitivity of detection was found to decrease with increasing DP of
oligomers (DP > 10).

1.4.3 Methods of pectin modification
Demethylesterification of pectin (i.e. a reduction in the DM) can be achieved by
either alkaline saponification or by the use of specific enzymes − fungal, plant and
bacterial pectin methylesterases (f-PME, p-PME and b-PME). Both alkaline saponification
and f-PME are known to result in random demethylesterification, whereas p-PME and
b-PME causes block-wise demethylesterification (Kohn et al., 1983; Limberg et al., 2000;
Benen et al., 2002). The required level of demethylesterification can be achieved by
adding pre-calculated amounts of the base or enzyme. The difference in the pattern of
demethylesterification caused by f-PME, and p-PME and b-PME is attributed to their
different processing mechanisms, where f-PME units cause single attacks on multiple
pectin chains, while p-PME and b-PME units attack together (multiple attack) on single
chain or multiple chains (Dènes et al., 2000). Use of f-PME is preferred over the alkalinesaponification to achieve a random demethylesterification, because the latter causes
depolymerisation of pectin due to the high pH (also known as ‘alkaline peeling’) leading
to a reduction of chain length/molecular weight (Hunter and Wicker 2005).
Methylesterification of pectin (i.e. an increase in the DM) can be attained by
dispersing pectin in acidified methanol, and higher levels of methylesterification can be
reached by prolonged exposure (Janseng and Jan, 1946, Ström, 2006). A better method
has been introduced by Matricardi et al. (1995). This method first requires
demethylesterification of pectin to obtain GalA residues in charged (carboxyl) form. The
demethylesterified pectin is next converted into the tetrabutylammonium (TBA) salt form,
which enables dissolution of pectin in organic solvents. Methylesterification is then
carried out using methyl iodide (CH3I), and the required level of methylesterification can

22

be achieved by controlling the amount of CH3I added to the solution (Renard and Jarvis,
1999).

1.5 β-Lactoglobulin and pectin interactions
Before considering the interactions between β-lg and pectin, it is important to
consider the general nature of the protein-polysaccharide interactions. Tolstoguzov (1991)
described that interacting proteins with polysaccharides in an aqueous media can result in
three consequences - (1) co-solubility, (2) incompatibility and (3) complex formation.
Co-solubility or homogeneous mixing is considered to be the least typical, due to the
presence of many functional groups on the structure of biopolymers, but this is possible at
very

low

concentrations

(Tolstoguzov,

1991,

Magnin

and

Dumitriu,

2005).

Incompatibility occurs due to the presence of similar charges on the two biopolymers or
due to the non-ionic nature of the polysaccharide, and the mixture may consist of two
phases (each rich with one of the biopolymers), if the bulk biopolymer concentrations are
above the segregative phase separation threshold (Tolstoguzov, 1991; Grinberg and
Tolstoguzov, 1997). Complex formation takes place mainly due to the attractive
electrostatic forces between the two biopolymers. This leads to the formation of mixed
biopolymer complexes (or coacervates) suspended in a solvent, which is depleted in both
biopolymers (Tolstoguzov, 1991; Dickinson, 2003). Solubility of these complexes
depends on their net charge and solvent properties, and adequate neutralisation can lead to
the precipitation of these complexes (Tolstoguzov, 2003).
The attractive electrostatic interactions between β-lg and pectin at pH < pI of β-lg,
result in mixed biopolymer complexes.5 The formation and properties of these complexes
can be easily manipulated by varying the pH, ionic strength, DM and DB of the pectin
used, and the relative concentrations of the each biopolymer, which will ultimately govern
the electrostatic interactions between the two components. Moreover, the ability of the
each biopolymer to aggregate with increasing temperature and/or in the presence of certain
cations or co-solutes will enable to control the physical properties of the resulting
complexes. These factors have attracted a great deal of research interest on β-lg+pectin
complex formation, and most of the studies that have been conducted are aimed at
5

Attractive electrostatic forces can still occur at pH > pI of β-lg, due to positively charged regions localised
on the polypeptide chain of β-lg.
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manufacturing mixed biopolymer particles (Santipanichwong et al., 2008; Jones et al.,
2009, 2010a, 2010b, 2010c) and membranes for oil-in-water emulsions (Moreau et al.,
2003; Guzey et al., 2004; Katusda et al., 2008; Zimet and Livey 2009) due to their
potential to be utilised as fat mimetics and emulsion stabilisers, respectively. However,
during these studies, due to the limited interest in the physical properties of these particles
and membranes (such as charge, diameter and pH/ionic strength stability), the fine
structural information of both β-lg and pectin have been neglected and less effort has been
made to understand the interactions at the molecular level.
More advanced studies have been conducted by Girard et al. (2002, 2003a, 2003b)
to quantify the stoichiometry of β-lg+pectin interactions and to investigate which parts of
the β-lg molecule participate in interactions. Considering the β-lg to pectin concentration
ratio at which the binding isotherms reached saturation and the free β-lg concentration at
saturation, the authors calculated the stoichiometry for the β-lg+LMP (DM 28%; ~94 kDa)
and β-lg+HMP (DM 73%; ~105 kDa) systems at pH 4 and low ionic strength (I = 5 mM),
which were found to be 23 and 13 β-lg monomers per molecule of LMP and HMP,
respectively. In general, the amount of β-lg incorporated into these complexes reduced
either in the presence of NaCl and urea (110 mM) or at higher temperatures (40 °C) within
the studied pH range (7.0−4.5), suggesting that both electrostatic interactions and
hydrogen bonding take place during the formation of β-lg+pectin complexes, and the role
of hydrophobic interactions are less significant. Lower sensitivity of the β-lg+LMP
complexes to the presence of urea further revealed that the β-lg+pectin complexes are
stabilised mainly by electrostatic forces.
For the identification of the areas of β-lg participate in complex formation, Girard
et al. (2003b) conducted further experiments with synthesised peptides representing 1−14,
41−60, 76−83 and 132−148 amino sequences of β-lg, as these areas are located on the
outer surface of the molecule and carry a positive charge at acidic pH. The stoichiometries
calculated for the interactions between these peptides and the LMP, showed that 8−31
peptides are bound to a LMP molecule, depending on the pI of the each peptide. The
sequence 76−83 which showed the highest pI and positive charge density reacted most
with the LMP, giving a stoichiometry of 31. The size of the binding site calculated for
these peptides were ~8−15 GalA residues on the LMP chain.
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Sperber et al. (2009a, 2009b) studied the effect of both DM and DB of pectin on
complex formation with β-lg, and assessed the state6 transitions of the β-lg+pectin mixed
biopolymer system. Based on the binding isotherms (obtained for 0.1 mg/mL pectin with
varying concentrations of β-lg), the authors reported that β-lg shows a higher affinity to
both LMP (DM 30%; ~150 kDa) and HMP (DM 70%; ~150 kDa) with a block-wise
distribution of charged, non-methylesterified GalA residues in comparison to HMP (DM
74%; ~150 kDa) with a random distribution, at low ionic strength (I = 10 mM) and pH
4.25. However, the maximum amount of β-lg bound per unit weight of pectin depended
only on the DM, with LMP binding with the highest amount and both HMPs binding with
lower, yet similar amounts, in agreement with the results of Girard et al. (2002).
Moreover, the HMP with a random distribution exhibited a higher sensitivity to the ionic
strength, and no binding with β-lg was observed when the I ≥ 60 mM. The binding of the
other pectins to β-lg was inhibited at higher ionic strengths, reaching 75 mM for HMP
with a block-wise distribution and 200 mM for LMP.
Sperber et al. (2009b) further investigated the effect of ionic strength and
concentration ratio on the state transitions of β-lg+pectin mixed polymer systems, and the
results indicated that with increasing β-lg concentration, the pH at which insoluble
complex formation occurs (pHΦ) increases, irrespective of the type of pectin, as more β-lg
binds with pectin neutralising the charges. In comparison, increasing the ionic strength led
to a decrease in the pHΦ for the HMPs, while LMP showed an initial increase in the pHΦ,
before starting to decrease. The decrease in pHΦ of HMPs with increasing ionic strength
has been attributed to the masking of electrostatic interactions between the biopolymers.
The initial rise of pHΦ observed for the LMP was suggested to be a consequence of higher
linear charge density. More β-lg molecules are required to arrange in close proximity for
the neutralisation of the biopolymer complex, and increasing the ionic strength lead to

6

State refers to the physicochemical status of the biopolymers in a solution, and it mainly depends on the
nature and the extent of mutual interactions. In the case of β-lg and pectin, where the electrostatic
interactions play a prominent role, the state of the biopolymers can be manipulated by controlling the pH, I,
and/or the ratio of biopolymers. β-Lg and pectin can exist as soluble polymers, soluble complexes or
insoluble complexes. The first state is similar to the co-solubility, whilst the second and third stages are
related to the complex formation with the latter resulting from neutralisation of the charges. The pH values
related to the formation of soluble and insoluble complexes (at a given ionic strength and concentration
ratio) are known as pHc and pHΦ, respectively (Mattison et al., 1995). Girard et al. (2003a), based on the two
inflection points they observed for the β-lg+pectin binding isotherms, suggested that these insoluble
complexes result from the aggregation of soluble complexes.
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decrease the electrostatic repulsions between β-lg molecules, thus facilitating the closer
packing of β-lg molecules on the LMP chain.
Although a considerable body of work has been conducted on the interactions of
native β-lg with pectins or with other polysaccharides (Zasypkin et al., 1996; Ould Eleya
and Turgeon, 2000; Baeza et al., 2003; Gonçalves et al., 2004), interactions between β-lg
nanofibrils and polysaccharides has been scarcely investigated. Interacting whey protein
nanofibrils with HMP (DM ~70%) to produce a nanocomposite shell has been reported by
Sagis et al. (2008). This shell composed of alternating layers of nanofibrils and pectin and
the adjacent layers were thought to be attached to each other by electrostatic forces, due to
the oppositely charged nature of the nanofibrils and pectin at the given pH. Jones et al.
(2011) interacted β-lg nanofibrils with κ-carrageenan at low pH in order to study their
complex formation driven by electrostatic interactions. They observed that κ-carrageenan
attaches to the nanofibrils as spherical aggregates, and the number of aggregates attached
increased with the concentration. To date, no other work has been carried out to the best of
the author’s knowledge.7
Rationalising the objectives: The methods currently available for the formation of
β-lg nanofibrils require prolonged heating times or incubation periods. The potential of
these nanofibrils to be used as raw materials in food and bionanotechnological
applications necessitate exploring robust methods for the formation of β-lg nanofibrils.
Moreover, in order to utilise β-lg nanofibrils as a food material it is vital to understand
their interactions with common food ingredients such as polysaccharides. Pectin, which is
an anionic polysaccharide already used in the food industry as a gelling and stabilising
agent was chosen to study the electrostatic interactions of β-lg nanofibrils, due to the
ability of manipulating its negative charge density by means of both DM and DB.

1.6 Objectives
Objectives of this study are


to establish a novel method for the formation of β-lg nanofibrils



to characterise the β-lg nanofibrils formed by the novel method, and



to study the behaviour of β-lg nanofibrils in the presence of different pectins.

7

Also the interactions between other food protein nanofibrils and polysaccharides are barely investigated to
date. A nanocomposite shell has been formed by Humblet-Hua et al. (2011) using ovalbumin nanofibrils
(instead of whey protein nanofibrils) and HMP, in a similar fashion to Sagis et al. (2008).
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1.7 Approach
The study was divided into two parts. The first part concerns the development and
optimisation of a new method for the formation of β-lg nanofibrils. The nanofibrils formed
by the new method were then characterised using a number of techniques to understand
their structure, in comparison to the nanofibrils formed by the extended-heating method
described in Section 1.3.2. During the second part of the study, β-lg nanofibrils formed by
both the extended-heating method and the new method were interacted with pectins to
understand the behaviour of the nanofibrils in the presence of anionic polysaccharides
with different charge densities. One of the mixed biopolymer systems was selected to
further investigate the interactions, based on the unique morphology of the complexes
formed in this system.
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Chapter 2
An Alternative Method for β-Lactoglobulin Nanofibril
Formation
2.1 Introduction
The existing methods for β-lactoglobulin (β-lg) nanofibril formation require
prolonged heating or incubation periods, and therefore it is worthwhile investigating more
efficient methods, when considering the potential of these nanofibrils to be utilised in the
food industry or in bionanotechnology. Microwave heating (MH) has been widely applied
for the acceleration of synthesis or transformation reactions in the field of organic
chemistry (Kappe, 2004). Exposing an aqueous solution to microwave radiation at GHz
frequencies leads to the generation of heat through two mechanisms known as dipole
rotation and ionic conduction (Lidström et al., 2001). Dipole rotation refers to the
continuous re-orientation of dipolar molecules (mainly the water molecules present in
solution) with a rapidly alternating direction of the electric field, and heat is generated as a
result of friction between the neighbouring dipolar (water) molecules. Ionic conduction
takes place only in the presence of ionic compounds, where the ions move with the
direction of electric field, causing heat due to the friction between them and passing
molecules in the solution.
The level of energy associated with typical microwave radiation frequencies
(~2.45 Ghz) is not sufficient to cleave chemical bonds, including hydrogen bonds (Stuerga
and Delmotte, 2004), thus the acceleration of the reactions experienced during the
application of MH is attributed to the direct energy transfer to the solution in contrast to
conventional heating (CH). The rapid transfer of energy in MH can cause localised super
heating with significantly higher instantaneous temperatures than the bulk temperature
measured for the solution, and this is one of the factors that has been postulated for the
observed increase in the reaction rates (Gedye and Wei, 1998). In agreement, Hauser et al.
(2008) and Swatkoski et al. (2008) reported that MH of acidic solutions of proteins to 130140 °C can hydrolyse the proteins into peptides of a few thousand Da within a few
minutes. However, in addition to the thermal effects, microwave radiation in the high
MHz to low GHz range can also excite torsional vibrations in the protein backbone (Bohr
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and Bohr, 2000), and thereby impact the rate of tertiary structure rearrangements such as
denaturation and refolding.
Such non-thermal effects of microwave radiation have been shown to accelerate
both low temperature re-folding and high temperature unfolding of β-lg (Bohr and Bohr,
2000), substantially lower the denaturation temperature of collagen (Li et al., 2010),
reversibly diminish the activity of a trypsin inhibitor at 25 °C (Ponne et al., 1994), and
accelerate enzyme-catalysed deglycosylation of glycoproteins at 37 °C (Sandoval et al.,
2007). Moreover, De Pomerai et al. (2003) reported that the non-thermal effects of
microwave radiation accelerate the aggregation of bovine insulin at 60 °C, and drive the
aggregation reaction towards amyloid-like nanofibrils in preference to random aggregates.
During the present study, MH was tested as an alternative method to the widely
applied extended CH method. Effects of MH on β-lg self-assembly kinetics were assessed
in comparison to CH, and the experiments were extended to study the effect of storage on
selected β-lg nanofibril samples at different stages of the self-assembly process. Moreover,
comparisons were done on the proportion of secondary structure components and the
peptide composition of β-lg nanofibrils formed by the two methods. Efforts were also
made to model the protofilaments formed by the CH and MH methods in order to
determine whether differences exist at the sub-structural level of nanofibrils.

2.2 Methodology
2.2.1 Materials
Lyophilised bovine β-lactoglobulin (β-lg) was purchased from Sigma (L01030:
019K7355; St Louis, MO, USA). It was a mixture of variants A and B and had a β-lg
content of 97% as provided by the manufacturer based on polyacrylamide gel
electrophoresis (PAGE). A mass spectrum obtained for the β-lg showed that the variants A
and B were present in a ratio of 3:2 (see Appendix B-Figure B.1). Peaks responsible for
mono and dilactosylated β-lg were also observed. ThioflavinT (ThT), Congo red,
8-anilino-1-naphthalene sulfonic acid (ANS), dithiothreitol (DTT), iodoacetamide and
Guanidine hydrochloride (GuHCl) were also purchased from Sigma. The rest of the
chemicals used were purchased from AJAX (Sydney, Australia), BDH (Poole, England),
ECP (Auckland, New Zealand), J.T. Baker, (Phillipsburg, NJ, USA), Macron (Center
Valley, PA, USA) and Scharlau (Sentmenat, Spain), unless otherwise specified. All the
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chemicals used were of analytical grade or highest available purity. Deionised water with
a resistivity of 18.2 MΩ.cm was obtained from an in-house MilliQ filtration system
(Billerica, MA, USA) and used throughout the experiments.

2.2.2 β-Lg nanofibril formation
β-Lg was first dissolved in water, under gentle magnetic stirring for 40 min at 4
°C. The weight of β-lg to be dissolved was determined based on the final concentration
required and the purity (β-lg content) of the β-lg sample. The β-lg solution was then
centrifuged at 22600 g for 30 min at 4 °C (Sorvall RC-285, Newtown, CT, USA) and
subsequently filtered using MillexGV 0.22 µm syringe filters (Millipore, Carrigtwohill,
Ireland). The filtered solution was used on the same day of preparation or stored at 4 °C
until it was used. If the solution was stored, it was used within 7 days. Prior to the heat
treatment, the pH of the prepared β-lg solution was adjusted to 2 using 1 M HCl. All the
pH adjustments were done at room temperature to an accuracy of ±0.05 from the required
value using a daily calibrated Orion320 pH meter (Boston, MA, USA). The β-lg
concentration of the pH-adjusted solutions was determined by measuring their absorbance
at 280 nm (UV mini 1240, Shimadzu, Tokyo, Japan), and comparing the absorbance
values with a calibration curve derived for the β-lg.1 The concentration of the pH 2 β-lg
solutions used for all the experiments except for the small-angle X-ray scattering (SAXS)
and wide-angle X-ray diffraction (WAXD) was within the range of 14.5−14.9 mg/mL
(1.5% w/v). The concentrations used for the SAXS and WAXD were 15.8−16.3 mg/ml
(1.6% w/v) and 20.1−20.6 mg/mL (2.0% w/v), respectively. The ionic strengths of the pHadjusted 1.5, 1.6 and 2.0% w/v β-lg solutions were calculated to be ~25, 27 and 35 mM,
respectively based on the [H+] and [Cl-]. It should be noted that the actual ionic strength of
the β-lg solutions can be higher due to the salts that may present in β-lg.
Aliquots (2 mL) obtained from the pH 2 β-lg solution were subjected to MH at 80
°C for different time periods using a CEM Discover S-class microwave system (Matthews,
NC, USA) with the maximum power level set at 4 W. The standard Pyrex tube (10 mL;
septum-sealed) provided with the equipment was used to hold the solution. For
comparison, β-lg solutions were also subjected to CH at 80 °C for the same time periods
(and further up to 24 h) using a digitally controlled thermostatic heat block (Grant QBT2,
Royston, England). Screw capped Pyrex test tubes (13×100 mm) were used to hold the

1

The β-lg concentration series used to obtain the calibration curve was prepared in water that had been
adjusted to pH 2 using HCl (pH 2 HCl), considering the given purity (97%) for β-lg.
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solution during the CH. After MH or CH of a β-lg solution for the requisite time, the tube
was taken out and cooled by submerging in a water-ice bath. Selected MH and CH
samples were stored at 4 °C for 7 days to investigate the effect of storage on the heated
β-lg samples.

2.2.3 ThioflavinT (ThT) fluorescence assay
A stock solution of ThT was prepared by dissolving ThT in 10 mM sodium
phosphate buffer at pH 7, containing 150 mM NaCl.2 The stock solution was then filtered
using a 0.22 µm syringe filter and was stored in the dark at 4 °C. A working solution was
freshly prepared by diluting the stock solution in the same buffer to a 60 µM final
concentration.
When running an assay, an aliquot (10 µL) of the β-lg nanofibril sample was
mixed with the 800 µL of the ThT working solution and kept in dark for 40 min. The
mixed samples were then excited at 440 nm and emission was measured at 482 nm using a
Perkin Elmer LS 55 luminescence spectrophotometer (Buckinghamshire, England), with
excitation and emission slit widths set at 5 and 8 nm, respectively. A quartz ultra-micro
cell (Perkin Elmer) was used for the fluorescence measurements. The net ThT
fluorescence emission for a sample was obtained by subtracting the fluorescence intensity
of ThT working solution from that of sample.

2.2.4 Estimation of β-lg nanofibril yield
The β-lg nanofibril yield was estimated according to the centrifugal filtration
method described by Bolder et al. (2007). An aliquot of the β-lg nanofibril sample (1.5%
w/v) was diluted 5-fold with water that had been adjusted to pH 2 with HCl (pH 2 HCl).
Next, 2 mL of the diluted sample was transferred into a pre-washed 100 kDa molecular
weight cut-off (MWCO) centrifugal filter device (Amicon Ultra, Millipore, Billerica, MA,
USA) and centrifuged at ~2400 g for 20 min (Heraeus Labofuge 400, Hanau, Germany).
The retentate was washed by vortex mixing with 1 mL of pH 2 HCl and subsequent
centrifugation. This procedure was repeated twice to ensure that any non-fibril proteins
and peptides remaining in the retentate were removed. After the two washings, the exact
volume of the filtrate was obtained from its weight assuming a density of 1 g/mL. The
concentration of the filtrate (which contains the non-fibril proteins and peptides) was
2

To prepare 500 mL of the buffer, 0.78 g of sodium dihydrogen phosphate dihydrate (NaH2PO4.2H2O) and
4.39 g of NaCl was dissolved in ~400 mL of water and pH was adjusted to 7.0 using 1 M NaOH. Then the
solution was made up to 500 mL.
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determined by measuring its absorbance at 280 nm, and comparing the absorbance value
with the calibration curve that previously used for the determination of the concentration
of β-lg solutions. The nanofibril yield was finally estimated using to the following
equation:
Nanofibril yield % =

X ×V X −[Y]×V Y
X ×V X

× 100

Eq. 2.1

where, [X] is the total protein concentration (mg/mL) of the β-lg nanofibril sample
(assumed to be equal to the β-lg concentration of the initial solution subjected to nanofibril
formation), VX is the volume (mL) of the β-lg nanofibril sample introduced to the filter
device, [Y] is the protein concentration (mg/mL) of the filtrate (mg/mL) and VY is the
volume (mL) of the filtrate.

2.2.5 Transmission electron microscopy (TEM)
For TEM, aliquots obtained from the 1.5% w/v β-lg nanofibril samples selected at
different time points of heating, or after the 7 days of storage period were 5-fold diluted
with pH 2 HCl. Glow-discharged, carbon-coated 400 gauge copper grids were placed on
the diluted sample droplets for a fixed time (~40 s). Each grid was then washed once with
water by placing it on a water droplet. Next the grid was transferred on to a 2% w/v
aqueous uranyl acetate droplet for negative staining. After staining, the excess uranyl
acetate on the grid was carefully blotted out by placing a piece of filter paper on the edge
of the grid. The grids were observed on the same day or within a few days using a Philips
CM 12 electron microscope (Eindhoven, The Netherlands) operating at 120 kV. The
images were acquired using a Gatan 792 BioScan camera (Pleasanton, CA, USA) and the
given images were selected from 7 or more representative images obtained from scanning
different areas of one or up to 3 grids per sample. TEM image analysis was performed
using ImageJ software, v1.43 (National Institute of Health, Bethesda, MD, USA), from
which the pixels were converted to nm using the scale bar of the each image.

2.2.6 Congo red birefringence
Macroscopic aggregates (aggregates suspended in the β-lg nanofibril samples that
were visible to the naked eye) were assessed for Congo red birefringence. For the
separation of these aggregates, 3 mL obtained from the each selected nanofibril samples
(16 h CH and 2 h MH) were diluted 5-fold with pH 2 HCl and centrifuged at ~200 g for 5
min (Heraeus Labofuge 400). The supernatant was then removed and the macroscopic
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aggregates remaining in the bottom of the tube were washed twice by means of
resuspension and centrifugation with pH 2 HCl. These aggregates were placed on a glass
slide and dried under a stream of nitrogen.
A Congo red staining solution was prepared according to Nilsson (2004). A
saturating amount of Congo red was added to an 80% v/v ethanol-water solution, which
was presaturated with NaCl. The solution was then filtered and applied on to the dried
sample. The slide was allowed to dry and observed under the crossed-polarise light using a
Leica DMRE microscope (Wetzlar, Germany). Images were obtained using a Leica DC
500 CCD camera, connected to the microscope.

2.2.7

Intrinsic

tryptophan

fluorescence

and

surface

hydrophobicity

(S0)

measurements
For the intrinsic tryptophan fluorescence measurements, an Aliquot (1 mL)
obtained from the each β-lg nanofibril sample was diluted to a protein concentration of 1
mg/mL (0.1% w/v) with 50 mM sodium phosphate buffer (pH 7)3. The concentration is
based on the initial concentration of the β-lg solution subjected to the nanofibril formation.
Samples were excited at 295 nm and emission was measured across the range of 310−450
nm with both excitation and emission slit widths set at 3 nm (Mills, 1976; Grothe et al.,
2009). The fluorescence of unheated β-lg (1 mg/mL in the same buffer) was also recorded
for comparison with the fluorescence of nanofibril samples.
The S0 of the β-lg nanofibrils was assessed according to the method used by
Alizadeh-Pasdar et al. (2000). A dilution series (0.001−0.02 mg/mL) was prepared for the
each nanofibril sample in the 50 mM sodium phosphate buffer at pH 7. The concentrations
are based on the initial concentration of the β-lg solution subjected to nanofibril formation.
Then, 1 mL from each dilution was mixed with 20 µL of 2 mM 8-anilino-1-naphthalene
sulfonic acid (ANS) in the same buffer, and the mixture was kept for 15 min in the dark
before measuring the fluorescence. Samples were excited at 390 nm and emission was
recorded for the range of 420−530 nm, with both excitation and emission slit widths set at
4.2 nm. The same dilution series was prepared for unheated β-lg (in the same buffer) and
the fluorescence was measured for each concentration, in the same manner to the
nanofibril samples. Net ANS fluorescence intensity for a sample was obtained by
subtracting the fluorescence intensity of ANS in buffer from that of sample. Both
3

To prepare 500 mL of the buffer, 3.9 g of sodium dihydrogen phosphate dihydrate (NaH2PO4.2H2O) was
dissolved in ~400 mL of water and pH was adjusted to 7.0 using 1 M NaOH. Then the solution was made up
to 500 mL.
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tryptophan and ANS fluorescence were measured using the same cuvette and
luminescence spectrophotometer used for the ThT fluorescence measurements.

2.2.8 Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy
ATR-FTIR spectra for the lyophilised nanofibril samples were acquired with a
resolution of 4 cm-1 using a Nicolet 8700 spectrometer (Thermo Electron Corporation,
Madison, WI, USA) equipped with a mercury cadmium telluride (MCT) detector, cooled
with liquid nitrogen. After collecting the background spectrum, the samples were placed
on the diamond ATR accessory fitted to the spectrophotometer and the spectrum for each
sample was obtained by averaging 64 scans recorded between 400 and 6000 cm-1. Second
derivative spectra (with Savitsky-Golay smoothing) were obtained using the Omnic
software, v7.3 (Thermo Electron Corporation) to determine the component peak positions.
Fitting of the components was then carried out for the 1450−1800 cm-1 region using the
Grams32 v4.0 software (Salem, NH, USA). A Gaussian profile was used for the fitted
curves and all the given fits converged with the original spectra. Fitting was not limited to
the amide-I region (1600−1700 cm-1) to overcome the errors that can occur due to
overlapping/extending components from the other regions to the amide-I region, and
further to get a proper baseline correction.

2.2.9 Circular dichroism (CD) spectroscopy
CD spectra for the far-ultraviolet (UV) region were recorded at 20 °C using an
Applied Photophysics piStar 180 spectropolarimeter (Leatherhead, England). Nanofibril
samples were diluted to 0.08 mg/mL in a 10 mM phosphate buffer (pH 7; with no NaCl)
and centrifuged at 200 g for 5 min to sediment any macroscopic aggregates. CD spectra of
the supernatants were recorded from 180 to 260 nm using a quartz cuvette with a 1 mm
path length. A CD spectrum was also acquired for a 0.08 mg/mL unheated β-lg solution in
the same buffer. Five scans were averaged, background subtracted, and then smoothed
using polynomial regression and Gaussian density function of SigmaPlot, v12.3 (Systat
Software, Inc., Chicago, IL, USA). Secondary structure estimations were then carried out
using the CDSSTR programme (Johnson, 1999; Sreerama and Woody, 2000) in the
CDPro Package (Available from: lamar.colostate.edu/~sreeram/CDPro) with reference
protein sets SP43 and SP37.
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2.2.10 Separation and disintegration of β-lg nanofibrils
β-Lg nanofibril samples (1.5% w/v; pH 2) were 5-fold diluted with pH 2 HCl and
the macroscopic aggregates present in the diluted samples were first removed by
centrifugation (see Section 2.2.6). Afterwards the supernatants (2 mL) were transferred
into 100 kDa MWCO centrifugal filters and the nanofibrils were separated from non-fibril
proteins and peptides according to the method given in the Section 2.2.4. The retentate
fraction, containing nanofibrils (which was washed twice with pH 2 HCl) was
resuspended in ~2 mL of water, and solid guanidine hydrochloride (GuHCl) was added to
an aliquot of the suspension to give an 8 M concentration. The GuHCl-containing
nanofibril sample was then placed on an orbital shaker (Ika Labotechnik, Staufen,
Germany) for 6 h and stored at 4 °C for 4 to 10 days before extracting the peptides for
mass spectrometry experiments. TEM images were obtained for the retentate before the
addition of GuHCl and also after the addition of GuHCl and storing for 4 days according
to the method given in the Section 2.2.5. A 5-fold dilution was carried out before placing
the samples on the TEM grids.

2.2.11 Carbamidomethylation of sulfhydryl groups and solid phase extraction
(SPE) of peptides
An aliquot of 5 µL obtained from the GuHCl treated nanofibril sample was mixed
with 20 µL of 50 mM sodium bicarbonate (NaHCO3) buffer (pH ~8) and dithiothreitol
(DTT) was added to give a 10 mM final concentration. The mixture was then heated at 50
°C for 30 min to reduce any disulfide bonds between cysteine (C) residues. Next, the
sample was treated with iodoacetamide (50 mM final concentration) and kept in dark for
30 min to modify the reactive sulfhydryl groups by carbamidomethylation. DTT was
added again to quench the excess iodoacetamide. Then the sample was made up to 500 µL
with

0.1%

v/v

formic

acid.

Chemical

equations

for

the

reduction

and

carbamidomethylation of disulfide bonds of C residues can be found in Appendix CFigure C.1.
Peptides present in this solution were separated by SPE using Waters Oasis HLB
cartridges (Milford, MA, USA). Elution was carried out with 60% v/v acetonitrile after
washing the cartridge once with 0.1% v/v formic acid. The eluted solution was
concentrated using a Savant SpeedVac vacuum concentrator (Holbrook, NY, USA) to a
final volume of ~100 µL and it was diluted 2-fold with 0.1% v/v formic acid before
injecting into the liquid chromatography (LC) system.
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2.2.12 Liquid chromatography-electrospray ionisation-tandem mass spectrometry
(LC-ESI-MS/MS)4
Aliquots (10 µL) obtained from the SPE samples were auto-injected into a LC
Packings-Dionex, UltiMate Capillary/Nano LC System (Amsterdam, The Netherlands)
carrying an Agilent Zorbax 300SB (Santa Clara, CA, USA) C18 reverse phase column (10
mm×300 µm; 3.5 µm particle size; 300 Å pore size) with a LC Packings C18 PepMop trap
column (5 mm×300 µm; 5 µm particle size; 300 Å pore size). The mobile phase was
comprised of water (A) and acetonitrile (B) both containing 0.1% v/v formic acid. A
gradient of 10−55% v/v B over 55 min was employed. The LC eluant (flow rate: ~6
µL/min) was directed to the ESI source (spray voltage: 5 kV) of the mass spectrometer
(QStar XL-Applied Biosystems, Foster City, CA, USA).
Peptide analysis was performed in the data dependent acquisition mode. The three
most intense ions present in each time-of-flight mass spectra (+TOF-MS) (300−1600 m/z)
were sequentially selected by the first quadrupole and fragmented at the second
quadrupole by collision with nitrogen for the MS/MS scan (100−1600 m/z). The collision
energy was automatically decided based on the m/z ratio and the charged state of the
peptide. The MS/MS data obtained were searched against the amino acid sequences of
β-lg variants A and B obtained from UniProt KB (available from: www.uniprot.org) using
the ProteinPilot software (V2.0.1, Applied Biosystems).
In addition to MS/MS data, total ion chromatograms (TICs) obtained for the both
dissociated nanofibril samples were deconvoluted to +TOF-MS spectra for the total
peptide elution period, using a window of 2 min at a time, and the each +TOF-MS
spectrum was then subjected to mass reconstruction using AnalystQS (V1.1, Applied
Biosystems) to obtain total peptide mass profiles for the samples. Mass reconstruction was
performed for the range of 800−10000 Da for the whole peptide elution period, and it was
also performed for the range of 6000−20000 Da from 28−40 min, where the +TOF-MS
showed the possibility of having higher molecular mass peptides.

2.2.13 Identification of amino acid sequences
In the complete peptide mass profiles, identification of the amino acid sequences
corresponding to the most prominent peaks (the first 25 peaks with the highest area) and
peaks with a mass above 12000 Da was carried out using the FindPept tool of the ExPASy
4

Preliminary matrix-assisted laser desorption/ionisation with time-of-flight (MALDI-TOF) mass
spectrometry experiments were conducted prior to the LC-ESI-MS/MS experiments and the results are given
in Appendix D.
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proteomics server (available from: www.expasy.org) with a tolerance of ±0.5 Da. All the
cysteines (C) were considered to be carbamidomethylated (+57.05 Da per C). Oxidation of
methionines (M) (+15.99 Da per M) and deamidation of asparagines (N) (+0.98 Da per N)
and glutamines (Q) (+0.98 Da per Q) were set as optional modifications (see Appendix CFigure C.1 for chemical equations). Searching was carried out in the following order: first
the observed masses were matched against the amino acid sequences of both β-lg variants
(Var A and B). If a probable match was not available, 648.6 or 324.3 Da was subtracted
from the observed mass before searching against the variants, to account for mono or dilactosylation of β-lg. Priority was given for the aspartic acid (D)-cleavage and trimming of
the complete β-lg sequence at the C and N terminals, when multiple matches were present.

2.2.14 Small-angle X-ray scattering (SAXS) experiments
β-Lg nanofibril samples (1.6% w/v; pH 2) β-lg solution were diluted 2-fold with
pH 2 HCl, and the macroscopic aggregates present in these samples were removed by
centrifugation (see Section 2.2.6). Aliquots obtained from the resultant 0.8% w/v β-lg
nanofibril samples were further diluted in pH 2 HCl to give 0.2 and 0.4% w/v β-lg
nanofibril concentrations. Synchrotron X-ray scattering experiments were conducted for
all 3 concentrations of β-lg nanofibrils using the SAXS/WAXS beamline of the Australian
Synchrotron in Melbourne. Unheated (therefore nanofibril-free) β-lg solutions at pH 2
with 0.2 and 0.4% w/v concentrations were also subjected to the scattering experiments.
X-rays of wavelength 1.032 Å were used, and the scattering data were collected at two
camera lengths (7000 and 650 mm) using a Pilatus 1M image plate detector, with 24×1 s
exposures (24 frames) on a sample flowing inside a quartz capillary cell. Two camera
lengths were used to obtain data for a wide range of q, the scattering vector.5 A well-plate
autoloader was used for the loading of samples to the capillary. The samples were
arranged in the well-plate such that each sample was preceded by its buffer (pH 2 HCl),
and for a given sample, from its lowest to highest concentration. The capillary was
automatically rinsed between measurements with a sequential series of water-surfactantwater-GuHCl-water. Buffer scans between subsequent runs were compared to ensure that
there was no detectable build up of aggregates on the quartz capillary.

5

Scattering vector, 𝑞 = 4𝜋 𝑠𝑖𝑛 𝜃 /𝜆 , where 2θ is the scattering angle and 𝜆 is the wavelength of the X-rays.
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2.2.15 Small-angle X-ray scattering (SAXS) data reduction and analysis
Each of the 24 frames collected for a given sample (at a given concentration and at
a given camera length), was azimuthally averaged, corrected for the transmission and
scaled to the absolute intensity using the on-site ScatterBrain software to obtain logscattering intensity (𝐼) versus log-scattering vector (𝑞) plots on an absolute scale. Visual
comparison of the individual log-I versus log-q plots obtained for each frame of a given
sample confirmed that there was no observable beam damage during the measurement.6
The log-I versus log-q plots obtained for a given sample were then averaged using the
same software.
Combination of the scattering data obtained at the two camera lengths for a given
sample and buffer subtraction were performed using the Igor Pro software, v6.2.2.2
(WaveMetrics, Lake Oswego, OR, USA) and the Igor reduction macros developed by
Kline (2006) for the National Institute of Standards and Technology (NIST)-Center for
Neutron Research, Gaithersburg, MD, USA. Combining the low-q scattering data
(~0.002−0.09 Å-1) collected at the at the longer camera length with the high-q scattering
data (~0.02−0.9 Å-1) collected at the shorter camera length gave a total q range of
~0.002−0.9 Å-1 for a sample. A good superimposition of the scattering data was observed
in the overlapping q-region enabling direct combination of the low-q and high-q data of
samples without any scaling required. Buffer subtracted, log-I versus log-q plots obtained
for the different concentrations of the each sample were first visually compared for any
indications of concentration-dependent inter-particle interactions (aggregation or
repulsion).
Guinier analyses of the data were conducted using Igor linear fit macros (Kline,
2006). ATSAS software suite, v2.4 (Petoukhov et al., 2012) was used for the indirect
Fourier transformation (IFT) and ab initio modelling of data. IFT of the scattering data
was done using GNOM (Svergun, 1992) to estimate the pair-distance distance distribution
function, 𝑃(𝑟). Maximum distance (Dmax) for the 𝑃(𝑟) was approximated based on radius
of gyration (Rg) estimated from the Guinier analysis. A few Dmax values near to the
approximated Dmax were trialed to select the best 𝑃(𝑟) for the generation of low-resolution

6

Collecting data on a continuously flowing sample overcomes such beam damage as a new volume of
sample is always exposed to X-rays for the each frame. Slight variations in the scattering intensity observed
(both upwards and downwards) among the 24 frames were probably due to the concentration
inhomogeneities of the exposed volume. Hence, the 24 frames were averaged to obtain the log-I versus log-q
plot for a sample.
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ab initio bead models using DAMMIF7 (Franke and Svergun, 2009). For a given sample,
10 separate models were developed using DAMMIF, and then they were compared for the
most probable model, aligned, averaged and filtered using DAMAVER (Volkov and
Svergun, 2003).8 The bead model obtained for the unheated β-lg at pH 2, was
superimposed with a high resolution NMR structure obtained for the monomeric β-lg
variant A at the same pH (PDB: 1CJ5, Kuwata et al., 1999) using SUPCOMB (Kozin et
al., 2001).
In addition to the ab initio modeling with ATSAS, Igor analysis macros (Kline,
2006) were also used to model the scattering data. The Guinier-Porod (Hammouda, 2010)
model was used to fit the SAXS data obtained for the β-lg nanofibrils, whilst the sphere
model (Porod, 1982) was used for native β-lg.

2.2.16 Wide-angle X-ray diffraction (WAXD)
β-Lg nanofibril samples (2% w/v; pH 2) were transferred onto clean watchglasses
and allowed to dry at 40 °C inside an oven. The thin glassy film formed after the complete
drying of samples was scraped and ground into a fine powder and subjected to both 1Dand 2D-WAXD. For 1D-WAXD, the powders were tightly packed into the circular cavity
of the sample holders and pressed with a glass plate to flatten the exposed surface. Sample
holders were then placed inside a Siemens D500 diffractometer (Munich, Germany),
equipped with a rotating copper anode generating X-rays with a wavelength (λ) of 1.54 Å.
The scattering pattern was recorded for the scattering angle (2θ) 2−25° (q~0.14−1.8 Å-1) at
a rate of 0.5° min-1. The sample holder was rotated at a rate of 0.5 Hz during the data
collection.
2D-WAXD was conducted at the X-ray facility of the Institute of Fundamental
Sciences (IFS) at Massey University, Palmerston North, New Zealand. Samples were
filled into Markröhrchen 0.5 mm thin-walled glass capillaries (Hilgenberg GmbH,
Malsfeld, Germany) and diffraction data were collected for an exposure time of 15 min
using a Rigaku X-ray diffractometer (Tokyo, Japan) equipped with a micro-focus rotatinganode X-ray generator (λ = 1.5418 Å) and a Rigaku R-AXIS IV++ image-plate detector.

7

The programme DAMMIF employs a simulated annealing protocol to search for a bead model with a
scattering pattern that has a minimum spatial discrepancy to the experimentally obtained scattering pattern.
8

The programme DAMAVER relies on the programme SUPCOMB (Kozin et al., 2001) for the alignment of
the models. SUPCOMB is a programme which finds the best alignment by minimising the normalised
spatial discrepancy between two 3D-models.
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Diffraction data were also collected for the lyophilised β-lg (the starting material) for
comparison.

2.3 Results
2.3.1 β-Lg self-assembly kinetics
β-Lg samples (~15 mg/mL; pH 2) subjected to either MH or CH at 80 °C were
assessed for ThT fluorescence at different time points to monitor the nanofibril formation.
β-Lg samples subjected to MH showed the highest ThT fluorescence intensity at 2 h, and
it was similar to that of 10 h CH β-lg samples (Figure 2.1). Fully-grown β-lg nanofibrils
were present even after 1 h of MH (Figure 2.1 inset). Upon MH beyond 2 h, a marked
reduction in the fluorescence emission was observed, suggesting that extended MH does
not favour nanofibril formation. For the CH β-lg samples, a typical sigmoidal growth was
observed with the heating time (Figure 2.1). The obtained results showed that the
nanofibril formation reaches saturation after 16 h of CH (Figure 2.1).

Net ThT fluorescence (au)

800
MH
CH
600

400

200

0
0
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8
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16

20

24

Heating time (h)

Figure 2.1 β-Lg self-assembly kinetics with MH and CH. β-Lg samples (1.5% w/v; pH 2)
subjected to either MH or CH at 80 °C for different time periods were assessed for ThT
fluorescence (excitation: 440 nm; emission: 482 nm). Error bars represent the standard
deviation for triplicate measurements made separately on 2 individually prepared samples
(i.e. for a total of 6 measurements). Inset shows a TEM image obtained for a β-Lg solution
MH for 1 h. Scale bar: 0.5 µm.

40

Based on these results, it was decided to use 2 and 16 h as the minimum and
maximum time points, respectively for the MH and CH methods, for the comparison of
yield and effect of storage. ThT fluorescence intensities recorded for a new batch of β-lg
solutions after subjecting to MH or CH for 2 and 16 h (zero days of storage) are given in
Figure 2.2A. Results obtained for the 2 h MH, 2 h CH and 16 h CH were comparable with
the previous results obtained for the identical samples (Figure 2.1), whilst the fluorescence
intensities recorded for the 16 h MH samples were similar to those of 8 h MH samples in
the previous run.
The relative abundance of nanofibrils observed on the TEM grids prepared for the
β-lg samples subjected for 2 and 16 h of MH or CH (Figure 2.2B) were in agreement with
the ThT fluorescence measurements, and representative images are given in Figure 2.2B.
Smaller (roughly spherical) aggregates were also present in the 2 h MH and CH samples
in addition to the nanofibrils (Figure 2.2B-2 h MH, 2 h CH), which were assumed to be
nanofibril precursors (nuclei) and/or assembly components. The 16 h MH sample showed
that most of the nanofibrils were shorter than they were in the 2 h MH sample (Figure
2.2B-16 h MH).
The nanofibril yield was indirectly estimated by measuring the difference between
the initial protein concentration and the non-fibril protein concentration of the β-lg
nanofibril samples. A nanofibril yield of ~40 and 20% w/w was calculated for the 2 and
16 h MH samples, respectively (Figure 2.3). The decrease in the amount of nanofibrils (or
in other words, the increase in non-fibril protein and peptide content) in the 16 h MH
sample suggested that a considerable amount of nanofibrils get disintegrated during the
extended application of MH. This is consistent with the decrease in ThT fluorescence
observed for the 16 h MH sample (Figure 2.2A) and the shortened nanofibrils observed
(Figure 2.2B-16 h MH). For CH samples, nanofibril formation increased with time as
expected, yielding ~15 and 55% w/w nanofibrils in 2 and 16 h, respectively (Figure 2.3).
Table 2.1 summarises previously reported values for the β-lg nanofibril yield attained by
CH under similar conditions. The results obtained in the present work are within the range
of those previously reported, and the yield recorded for the 16 h CH sample is in
agreement with the results of Veerman et al. (2002).
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A
Net ThT fluorescence (au)
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2 h MH

16 h MH

2 h CH

16 h CH

Figure 2.2 β-Lg self-assembly monitored at selected time points. (A) ThT fluorescence
recorded for the β-lg samples (1.5% w/v; pH 2) subjected to MH or CH at 80 °C for 2
and 16 h (excitation: 440 nm; emission: 482 nm). Error bars represent the standard
deviation for triplicate measurements made separately on 2 individually prepared
samples. (B) TEM images obtained for the 2 and 16 h MH and CH β-lg samples. Arrows
show the smaller spherical aggregates observed in the 2 h MH and 2 h CH samples.
Scale bars represent 0.5 µm.
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Figure 2.3 Estimation of nanofibril yield of MH and CH β-lg samples (1.5% w/v; pH 2; 80
°C). Nanofibril yield was calculated as mentioned under the Section 2.2.4. Error bars
represent the standard deviation for triplicate measurements made separately on 2 individually
prepared samples.

Table 2.1 β-Lg nanofibril yields estimated during previous studies
Protein and the
concentration
β-Lg (isolated from fresh

Nanofibril

Nanofibril

formation

yield

conditions

% w/w

pH 2.5; 80 °C; 4 h;

~5 and 25

milk); 0.5 and 1% w/v

0.1 M NaCl

β-Lg (Sigma);

pH 2, 80 °C; 10 h

44, 60 and 68

pH 2, 80 °C; 10 h;

pH 2, 80 °C; 10 h

1− 3, 4 and 5% w/w
β-Lg (Sigma);
3% w/v

pH 2, 85 °C, 20 h;

Reference
a

SEC-

Schokker et al.
c

(2000)

absorbance at

Veerman et al.

278 nm

(2002)

absorbance at

Bolder et al.

278 nm

(2007b)

< 5, 18 and

absorbance at

Bolder et al.

44

278 nm

(2007c)

28

Dumas

Akkermans et al.

combustion

(2008c)

5 and 38

in rest or stirred
WPI b

estimation

MALLS

1, 2 and 3% w/v
WPI b 2% w/w

Method of

-1

Shear rate (323 s )

a

Nanofibril yield was determined indirectly by measuring the amount of proteins left in the filtrate
obtained by ultra-filtration (Schokker et al., 2000; Bolder et al., 2007b,c; Akkermans et al., 2008c) or in
the supernatant after precipitation of nanofibrils (Veerman et al., 2002).
b
WPI:Whey protein isolate from Davsico Foods International Inc., Le Sueur, MN, USA.
c
SEC-MALLS: Size exclusion chromatography coupled with multi angle laser light scattering. In their
work, residual native β-lg was estimated in the samples based on the peak height of the ultraviolet (UV)
absorbance signal.
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2.3.2 Effect of storage on β-lg nanofibril samples
β-Lg samples heated for 2 and 16 h from both MH and CH methods were stored
for 7 days at 4 °C and then again analysed for ThT fluorescence. Interestingly, a marked
increase in fluorescence occurred during the storage for the both 2 h MH and CH samples,
while no such increase was observed for the 16 h samples (Figure 2.4A). The ThT
fluorescence for the stored, 2 h MH sample was within the intensity range that
corresponds to the saturation of β-lg nanofibril formation (Figures 2.1, 2.4A). TEM
images obtained for the stored, 2 h MH sample showed extensive nanofibril formation
(Figure 2.4B-2 h MHS), complementing the fluorescence results. The average nanofibril
yield calculated for the stored 2 h MH sample was 52±3% w/w and it was similar to the
nanofibril yield estimated for the 16 h CH β-lg sample. ThT fluorescence for the 16 h CH
sample showed no significant increase during the storage period, as it had already reached
saturation (Figure 2.4A). TEM images obtained for the 16 h CH samples on the day of
preparation and after 7 days of storage were crowded with nanofibrils (Figure 2.4B-16 h
CH,16 h CHS).
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52±3% w/w

16 h MH
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Figure 2.4 Effect of storage on MH and CH β-lg nanofibril samples. (A) ThT
fluorescence measured for 2 and 16 h MH or CH β-lg samples (1.5% w/v; pH 2.0; 80 °C)
before and after storing for 7 days at 4 °C (excitation: 440 nm; emission: 482 nm). The
nanofibril yield given for the stored, 2 h MH sample was determined according to the
method given in the Section 2.2.4. (B) TEM images obtained for the 2 and 16 h MH or
CH β-lg samples after the storage (denoted as MHS or CHS). Scale bars represent 0.5
µm.
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Further storage studies conducted with the 2 h MH β-lg samples revealed that the
nanofibril formation reaches saturation within a storage period of 4 days (Figure 2.5).
Subsequent characterisation experiments compared the β-lg nanofibrils formed by storing
a 2 h MH sample for 4 days at 4 °C (denoted as ‘2 h MHS’) with nanofibrils made by 16 h
of CH (denoted as ‘16 h CH’). These two samples were selected to determine whether any
differences exist between the nanofibrils formed by the two methods (in their surface,
structure and composition). To determine such differences it was important to select
samples from the each method that contained the same amount of nanofibrils.
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Figure 2.5 β-Lg nanofibril formation in the 2 h MH β-lg sample during the storage. 2 h
MH β-lg samples (1.5% w/v) were stored at 4 °C. An aliquot obtained on the days 0, 1,
2, 3, 4, and 7 was assessed for ThT fluorescence (excitation: 440 nm; emission: 482 nm).
Error bars represent the standard deviation for 3 separately prepared and stored samples.

2.3.3 Congo red birefringence of macroscopic aggregates
Macroscopic aggregates were present in 2 h MH, 16 h MH and 16 h CH nanofibril
samples, but not in 2 h CH sample. Macroscopic aggregates that were formed during 2 h
MH and 16 h CH were assessed for Congo red birefringence by optical microscopy to
identify whether they resulted from clustering of nanofibrils or non-fibril materials.
Aggregates formed in both MH and CH β-lg nanofibril samples showed yellow-green
birefringence under crossed-polarise light (Figure 2.6), a characteristic of amyloid fibril
structures (Klunk et al., 1989; Howie and Brewer 2009).
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B

A

Figure 2.6 Macroscopic aggregates and Congo red birefringence. (A) Macroscopic
aggregates formed in the 16 h CH β-lg nanofibril samples (1.5% w/v) separated by
centrifugation (200 g for 5 min). (B) Macroscopic aggregates formed in the 2 h MH and 16 h
CH β-lg nanofibril samples (1.5% w/v) were stained with Congo red and observed for the
birefringence. Images given in the left- and right-hand side are the same areas observed for
each sample under normal light and crossed-polarise light, respectively. Magnification ×200.

These macroscopic aggregates were removed prior to CD as the presence of
aggregates affects the CD signal. They were also removed prior to the mass spectrometry
experiments to eliminate the risk of introducing any non-fibril materials to the nanofibril
sample. Some non-fibril materials may remain attached to, or entrapped in these
aggregates, and there is a risk that they will not be removed (completely) during the
washing steps of the ultra-filtration process followed for the separation of nanofibrils (see
Sections 2.2.6 and 2.2.10).

2.3.4 Intrinsic tryptophan fluorescence and surface hydrophobicity (S0) of 2 h MHS
and 16 h CH β-lg nanofibrils
Differences in the structural features of 2 h MHS and 16 h CH β-lg nanofibril
samples were revealed by intrinsic tryptophan fluorescence and S0 measurements. During
the self-assembly of β-lg, the wavelength of maximum emission (λmax) in the tryptophan
fluorescence spectrum underwent a red shift (from 342 nm to ~350 nm), and a significant
decrease in quantum yield (Fmax) was observed for both 2 h MHS and 16 h CH samples in
comparison to β-lg (Figure 2.7). The observed red shift in λmax and decrease in Fmax can be
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attributed to an increased exposure of one or both tryptophan (W) residues, in comparison
to unfolded (unheated) β-lg, during the self assembly process. The 2 h MHS nanofibril
sample showed a higher quantum yield than the 16 h CH nanofibril sample and it may be
an indication of differences in the environment surrounding the tryptophan residues in the
two nanofibril samples.
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Figure 2.7 Intrinsic tryptophan fluorescence spectra for β-lg nanofibrils and unheated
β-lg. 2 h MHS and 16 h CH β-lg nanofibril samples diluted with 50 mM phosphate
buffer (pH 7) to 0.1% w/v were excited at 295 nm and emission was recorded for the
range of 310−450 nm. Fluorescence was also measured for unheated β-lg at 0.1% w/v in
the same buffer for comparison. Error bars represent the standard deviation for triplicate
measurements obtained for separate aliquots of a given sample. For each measurement,
15 scans were averaged. Fluorescence of the buffer was negligible (< 3 au) for the
wavelength range.

The intensity of ANS fluorescence emission is in proportion to the hydrophobic
sites available and accessible to the probe, thus, the slope of the curve derived by plotting
fluorescence intensity against protein concentration for a given sample is considered to be
a measure of surface hydrophobicity (S0) (Alizadeh-Pasdar et al., 2000). A significant
increase in S0 was observed for both 2 h MHS and 16 h CH nanofibril samples compared
to unheated β-lg (Figure 2.8). Reorganisation of the folded structure of β-lg during the
self-assembly, which leads to exposure of more hydrophobic areas, could explain this
observation. 2 h MHS nanofibril sample showed a higher S0 than the 16 h CH nanofibril
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sample (Figure 6), suggesting that more hydrophobic sites are available on 2 MHS
nanofibrils.
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200

160

2 h MHS

: S0 = 8.4 × 10

3

16 h CH

: S0 = 5.2 × 10

3

Unheated β-lg : S0 = 2.1 × 103

120

80

40

0
0

0.005

0.01

0.015

0.02

β-Lg concentration (mg/mL)

Figure 2.8 S0 of β-lg nanofibrils and unheated β-lg. A concentration series was prepared for
the both 2 h MHS and 16 h CH β-lg nanofibril samples in 50 mM phosphate buffer (pH 7) and
the ANS probe was added to a final concentration of 40 µM. Mixed samples were excited at
390 nm and the emission was recorded for 420−530 nm (emission at 470 nm is given). S0 for
a given sample was determined by the slope of the fitted curve (R2 ≥ 0.96). Error bars
represent the standard deviation for 4 separately prepared solutions. Emission for the buffer
plus protein (without the probe) was negligible (≤ 2 au) irrespective of the type of sample or
concentration.

2.3.5 Secondary structure modifications during the self-assembly of β-lg
Second derivative spectra obtained for the background subtracted and ATRcorrected FTIR spectra of 2 h MHS, 16 h CH nanofibril samples and unheated β-lg are
given in Figure 2.9. The broadening of the amide-I band observed for the 2 h MHS and 16
h CH nanofibril samples, in comparison to unheated β-lg sample (Figure 2.10), is
explained by the appearance of a new component peak in the ~1620 cm-1 region as shown
by their second derivative spectra (Figure 2.9), and it is consistent with the formation of
new β-sheet structures. Moreover, the appearance of a new shoulder in the 1720 cm-1
region was observed for both MH and CH nanofibril samples (Figure 2.10). Estimation of
secondary structure content was carried out based on the amide-I component curve areas
and the results are given in Table 2.2. Both 2 h MHS and 16 h CH nanofibril samples
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showed an increase in the β-sheet content (by ~20%) and a reduction in the α-helix content
(by 4%), in comparison to unheated β-lg (Table 2.2).
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Figure 2.9 Inverted second derivative FTIR spectra for β-lg nanofibrils and unheated β-lg.
Second derivative spectra were obtained for the background subtracted, ATR corrected,
averaged FTIR spectra using the Savitsky-Golay function. Region 1800−1450 cm-1 is
presented. Wavenumber of the peaks given are in cm-1. Dashed rectangles highlight the new
peaks appeared for the 2 h MHS and 16 h CH β-lg nanofibril samples, in comparison to
unheated (native) β-lg at ~1620 and 1700−1750 cm-1 region.
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Figure 2.10 FTIR spectra obtained for β-lg nanofibrils and unheated β-lg fitted with component
curves. FTIR spectra were collected for the lyophilised samples using a diamond ATR
accessory at a 4 cm-1 resolution. For each sample, 64 scans were averaged, after background
subtraction and ATR correction. The spectra were curve fitted for the region 1800−1450 cm-1
based on the number of components and the component peak positions identified from second
derivative (with ±2 cm-1 tolerance). Resulting fits are given in red and they overlay the original
spectra. Components are given in cyan and numbered (1−7) in the amide-I region. See Table 2
for the assignment of secondary structures for the numbered components.
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Table 2.2 Secondary structure component composition estimated for β-lg nanofibrils and unheated β-lg
using the amide-I region of FTIR spectra
Assignmenta

Componentb

2 h MHS
Centre
-1

Unheated β-lgc

16 h CH

Area

Centre
-1

Area

Centre
-1

Area

(cm )

(%)

(cm )

(%)

(cm )

(%)

β-Sheets

1

1693

13

1694

10

1693

3

Turns

2

1680

8

1680

9

1682

14

Turns

3

1667

14

1668

8

1666

22

α-Helices

4

1655

16

1657

16

1651

20

β-Sheets

5

1639

32

1639

37

1632

41

β-Sheets

6

1621

17

1617

20

-

-

Total β-Sheets

62

67
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a

Assignment of the components was carried out according to Dong and Caughey (1994) and Dong et al.
(1994).
b
Component numbers correspond to the numbering in Figure 2.10.
c
1611 cm-1 component of the β-lg amide I band (Component No. 7 in Figure 2.10) was not considered for
the area calculation as it arises from side chain vibrations (Dong et al., 1996).

Far-UV CD spectra recorded for the diluted nanofibril samples further
demonstrated the structural changes associated with β-lg nanofibril formation (Figure
2.11). The obtained CD spectra matched well with those recorded by Lara et al. (2011)
during the β-lg nanofibril formation induced by CH. Estimation of secondary structure
components based on the CD data showed a reduction in α-helices and an increase in
β-sheets for the MH and CH nanofibril samples (Table 2.3) similar to the obtained FTIR
results. The differences in the secondary structure components between the 2 h MHS and
16 h CH samples are unlikely to be significant, suggesting that the secondary structure is
consistent between the two types of nanofibrils.
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Figure 2.11 Far-UV CD spectra obtained for β-lg nanofibrils and unheated β-lg. 2 h MHS and
16 h CH nanofibril samples were diluted in 10 mM phosphate buffer (pH 7) to a final
concentration of 0.08 mg/mL and macroscopic aggregates were removed. Then CD spectra
were obtained for the samples using a 1 mm pathlength quartz cuvette. A CD spectrum was
also recorded for the unheated β-lg (0.08 mg/mL) in the same buffer for comparison. Five
scans were averaged for each sample, background subtracted and smoothed by Gaussian
density function.

Table 2.3 Secondary structure component composition estimated for β-lg
nanofibrils and unheated β-lg using CD spectra
Secondary structures
(%)a

Sample
2 h MHS

16 h CH

Unheated β-lg

β-Sheets

30

33

28

α-Helices

7

6

20

Turns and unordered

63

60
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a

Secondary structure estimation was carried out using the SP43 protein set in the
CDSSTR programme of the CDPro software (Johnson, 1999; Sreerama and Woody,
2000). Protein set SP37 gave similar results to SP43. Both sets contained β-lg.
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2.3.6 Peptide composition of 2 h MHS and 16 h CH β-lg nanofibrils
TEM images obtained on GuHCl treated nanofibril samples only showed the
presence of some smaller nanofibril fragments after 4 days, suggesting that most of the
nanofibrils were disintegrated during the treatment (Figure 2.12).

2 h MHS

16 h CH

Figure 2.12 Dissociation of β-lg nanofibrils in the presence of GuHCl. In the each row,
images to the left show the nanofibrils which were separated using 100 kDa MWCO filters
and resuspended in water, whilst the images to the right shows the GuHCl added (8 M)
samples which were shaken for 6 h and kept for 4 days at 4 °C. Scale bars represent 0.5 µm.

Preliminary matrix-assisted

laser

desorption/ionisation

with

time-of-flight

(MALDI-TOF) mass spectrometry experiments conducted for the disintegrated 16 h CH
nanofibrils showed a lower resolution of peaks and lower accuracy in peak masses at
higher mass to charge (m/z) ratios (see Appendix D-Figure D.3), hence it was decided to
use LC-ESI-MS/MS for a more accurate identification of higher molar mass peptides.
Tables 2.4 and 2.5 summarise the major peptides found in the dissociated 2 h MHS and 16
h CH nanofibril samples, respectively as confirmed by the MS/MS results with a level of
confirmation ≥ 80% confidence.
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Table 2.4 MS/MS confirmed peptides present in 2 h MHS β-lg nanofibrils
Amino acid sequencea
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a

Position

Modifications

Observed
mass

Theoretical
mass

LIVTQTMKGL(D)

1-10

1102.66

1102.64

LIVTQTMKGLD(I)

1-11

1217.68

1217.67

LIVTQTMKGLDIQKVAGTWYSLAMAASD(I)

1-28

3010.60

3010.55

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLRVYVEELKPTPEG(D)

1-52

Deamidatation of Q35

5617.98

5617.93

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLRVYVEELKPTPEGD(L)

1-53

Deamidatation of Q35

5734.03

5732.96

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLRVYVEELKPTPEGD(L)

1-53

5732.88

5731.97

(D)IQKVAGTWYSLAMAASDISLLDAQSAPLRVYVEELKPTPEGD(L)

12-53

4532.35

4532.31

(D)AQSAPLRVYVEELKPTPEG(D)

34-52

2083.12

2083.09

(D)AQSAPLRVYVEELKPTPEGD(L)

34-53

2198.15

2198.12

(D)AQSAPLRVYVEELKPTPEGDLEILLQKWEND(E) - var A

34-64

3579.89

3579.85

(D)LEILLQKWENDECAQKKIIAEKTKIPAVFKID(A) - var A

54-85

3811.13

3811.10

(D)LEILLQKWEND(E)-var A

54-64

1399.74

1399.73

2411.39

2412.35

Carbamidomethylation of C66
Pyroglutamic acid formation at the N-terminal; Carbamidomethylation of C66;
Deamidatation of Q68

(G or D)ECAQKKIIAEKTKIPAVFKID(A)

65-85

(D)ALNENKVLVLD(T)

86-96

1226.70

1226.69

(D)ALNENKVLVL(D)

86-95

1111.67

1111.66

(D)ALNENKVLVLDTD(Y)

86-98

1442.80

1442.76

(D)DEALEKFDKALKALPMHIRLSFNPTQLEEQCHI

130-162

Deamidation of N152; Deamidation of Q155; Carbamidomethylation of C160

3921.02

3922.96

(D)EALEKFDKALKALPMHIRLSFNPTQLEEQCHI

131-162

Deamidation of N152; Carbamidomethylation of C160

3805.98

3806.95

(D)EALEKFDKALKALPMHIRLSFNPTQLEEQCHI

131-162

Carbamidomethylation of C160

3806.00

3805.96

(D)EALEKFDKALKALPMHIRLSFNPTQLEEQCHI

131-162

Deamidation of Q155; Carbamidomethylation of C160

3806.00

3806.95

(D)KALKALPMHIRLSFNPTQLEEQCHI

138-162

Oxidation of M145; Deamidation of Q155; Carbamidomethylation of C160

2989.63

2990.55

(D)KALKALPMHIRLSFNPTQLEEQCHI

138-162

Carbamidomethylation of C160

2973.57

2973.57

(D)PTQLEEQCHI

153-162

Carbamidomethylation of C160

1253.59

1253.57

Adjacent amino acid residues of the peptides are given in parentheses. All cysteines (C) were considered to be Carbamidomethylated.

Table 2.5 MS/MS confirmed peptides present in 16 h CH β-lg nanofibrils
Amino acid sequencea
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a

Position

Modifications

Observed
mass

Theoretical
mass

LIVTQTMKGL(D)

1-10

Oxidation of M7

1118.59

1118.64

LIVTQTMKGL(D)

1-10

Deamidation of Q5

1102.61

1103.63

LIVTQTMKGLD(I)

1-11

Oxidation of M7

1233.61

1233.66

(D)IQKVAGTWYSLAMAAS(D)

12-27

1695.82

1695.87

(D)AQSAPLRVYVEELKPTPEG(D)

34-52

2083.01

2083.09

(D)AQSAPLRVYVEELKPTPEGDLEILLQKWE(N)

34-62

3350.72

3350.78

(D)AQSAPLRVYVEELKPTPEGDLEILLQKWEN(D or G)

34-63

3465.70

3465.80

(D)AQSAPLRVYVEELKPTPEGDLEILLQKWEND(E) - var A

34-64

3580.76

3579.85

(D)AQSAPLRVYVEELKPTPEGDLEILLQKWEND(E) - var A

34-64

3579.75

3579.85

(D)AQSAPLRVYVEELKPTPEGDLEILLQKWENDECAQKKIIAEKTKIPAVFKID(A) - var A

34-85

5992.00

5992.19

(D)LEILLQKWEND - var A

54-64

1399.69

1399.73

(D)LEILLQKWENGECAQKKIIAEKTKIPAVFKI - var B

54-84

Carbamidomethylation of C66

3637.94

3638.06

(D)LEILLQKWENDECAQKKIIAEKTKIPAVFKI - var A

54-84

Deamidation of Q68; Carbamidomethylation of C66

3695.93

3697.05

(D)LEILLQKWENGECAQKKIIAEKTKIPAVFKID - var B

54-85

Carbamidomethylation of C66

3752.96

3753.09

(G or D)ECAQKKIIAEKTKIPAVFKID

65-85

Carbamidomethylation of C66

2429.29

2429.37

(D)ALNENKVLVL

86-95

1111.62

1111.66

(D)ALNENKVLVLD

86-96

1226.64

1226.69

(D)DEALEKFDKALKALPMHIRLSFNPTQLEEQCHI

130-162

Deamidation of Q155; Carbamidomethylation of C160

3920.88

3921.98

(D)DEALEKFDKALKALPMHIRLSFNPTQLEEQCHI

130-162

Deamidation of N152; Deamidation of Q155; Carbamidomethylation of C160

3920.82

3922.96

(D)DEALEKFDKALKALPMHIRLSFNPTQLEEQCHI

130-162

Deamidation of N152; Carbamidomethylation of C160

3920.85

3921.98

(D)EALEKFDKALKALPMHIRLSFNPTQLEEQCHI

131-162

Carbamidomethylation of C160

3805.83

3805.96

(D)EALEKFDKALKALPMHIRLSFNPTQLEEQCHI

131-162

Deamidation of Q155; Carbamidomethylation of C160

3806.85

3806.95

(D)KALKALPMHIRLSFNPTQLEEQCHI

138-162

Deamidation of Q155; Carbamidomethylation of C160

2974.44

2974.55

(D)KALKALPMHIRLSFNPTQLEEQCHI

138-162

Deamidation of N152; Carbamidomethylation of C160

2973.46

2974.55

(D)KALKALPMHIRLSFNPTQLEEQCHI

138-162

Oxidation of M145; Carbamidomethylation of C160

2989.47

2989.56

(D)KALKALPMHIRLSFNPTQLEEQCHI

138-162

Carbamidomethylation of C160

2973.48

2973.57

(D)KALKALPMHIRLSFNPTQLEEQCHI

138-162

Deamidation of Q159; Carbamidomethylation of C160

2974.47

2974.55

(N)PTQLEEQCHI

153-162

Deamidation of Q159; Carbamidomethylation of C160

1254.51

1254.56

(N)PTQLEEQCHI

153-162

Carbamidomethylation of C160

1253.53

1253.57

Same as Table 2.4.

Deamidation of N63

Deamidation of Q68; Carbamidomethylation of C66

Most of the peptides present in the nanofibrils formed by both methods resulted
from either C- or N-terminal cleavage of aspartic (D) acid residues. Moreover, several
peptides were common to both nanofibrils. Most of the peptides identified for the 16 h CH
nanofibrils were similar to those previously identified during the preliminary MALDITOF experiments (see Appendix D-Table D.1). The MS/MS confirmed peptides observed
for the nanofibrils covered all the sequences previously identified by Akkermans et al.
(2008c), and some of the sequences matched exactly with those reported (1−28, 1−52,
1−53 and 138−162).
Total ion chromatograms (TICs) acquired for the dissociated nanofibrils (Figure
2.13) were deconvoluted for the range 16−40 min (i.e. the total elution time for the
peptides), using 2 min windows to obtain +TOF-MS spectra, which were then subjected to
mass reconstruction for the range of 800−10000 Da (and also for the range of 6000−20000
Da from 28−40 min). Tables 2.6 and 2.7 present the 25 most prominent peaks (masses)
identified in the total peptide mass profiles of the 2 h MHS and 16 h CH nanofibril
samples, respectively together with the probable amino acid sequences. Mass
reconstruction performed for the all +TOF-MS spectra is given in Appendix E.
Comparison of the obtained list of peptides with the MS/MS results showed that
several major peptides did not appear in the MS/MS scan as expected. MS/MS
identification is usually limited to the peptide masses < 6000 Da, yet some prominent
peaks with a mass < 6000 Da were not present in the MS/MS scan. Incomplete
carbamidomethylation of cysteines (C) (which was enforced during the MS/MS scan) and
lactosylation of lysines (K) in these peptides (as a consequence of mono and dilactosylated β-lg present in the starting material; see Appendix B-Figure B.1) may have
interfered with their MS/MS identification. Evidence for such occurrences was found
when analysing the lists of prominent peptide masses. The masses 2916, 3864, 5732, 5876
and 9474 Da present in the nanofibrils (Tables 2.6 and 2.7) could be given as examples for
the reduced, but not carbamidomethylated peptides. The addition of 57 Da (mass gain due
to carbamidomethylation) to the above masses results in 2973, 3921, 5789, 5933 and 9530
Da respectively, and these masses were also present in the lists (Tables 2.6 and 2.7). Two
lactosylated peptides were also identified among the peptide masses (Tables 2.6 and 2.7).9

9

More lactosylated peptides may exist within the total list of peptide masses, especially those which include
K47 and/or K100 in their sequence, as they are known to be the most susceptible sites for the lactosylation
(Leonil et al., 1997; Fogliano et al., 1998).
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Figure 2.13 TICs obtained for the disintegrated β-lg nanofibrils. Nanofibrils formed in the both 2 h
MHS and 16 h CH samples were separated using 100 kDa MWCO centrifugal filters and
dissociated using 8 M GuHCl. Resulting peptides were separated by SPE and injected into the LCESI-MS/MS system, equipped with a time-of-flight (TOF) detector. m/z values (Da) of the main
peaks are given.

58

Table 2.6 Identification of probable amino acid sequences corresponding to the 25 most prominent
mass peaks observed for the 2 h MHS β-lg nanofibrils
Observed
mass (Da) a

Theoretical
mass (Da)

2916.55

2916.48

(G)DLEILLQKWENDECAQKKIIAEKT(K)-var A

53-76

2916.54

(K)WENGECAQKKIIAEKTKIPAVFKID(A)-var B

61-85

2973.61

2973.57

(D)KALKALPMHIRLSFNPTQLEEQCHI

138-162

3921.02

3920.81

(T)DYKKYLLFCMENSAEPEQSLVCQCVRTPEVD(D)-var A

98-129

3920.81

(D)YKKYLLFCMENSAEPEQSLVCQCVRTPEVDD(E)-var A

99-130

3920.99

(D)DEALEKFDKALKALPMHIRLSFNPTQLEEQCHI

130-162

5932.99

(D)IQKVAGTWYSLAMAASDISLLDAQSAPLRVYVEELKPTPE
GDLEILLQKWEND(E)-var A

12-64

5932.99

(L)DIQKVAGTWYSLAMAASDISLLDAQSAPLRVYVEELKPTP
EGDLEILLQKWEN(D or G)

11-63

3805.78

(T)DYKKYLLFCMENSAEPEQSLVCQCLVRTPEV(D)-var A

98-128

3805.78

(D)YKKYLLFCMENSAEPEQSLVCQCLVRTPEVD(D)-varA

99-129

3805.97

(D)EALEKFDKALKALPMHIRLSFNPTQLEEQCHI

131-162

3748.84

(P)EQSLVCQCLVRTPEVDDEALEKFDKALKALPM(H)-var A

114-145

3748.63

(K)KYLLFCMENSAEPEQSLACQCLVRTPEVDDE(A)-var B

101-131

3748.96

(K)PTPEGDLEILLQKWENGECAQKKIIAEKTKIPA(V)-var B

48-80

3864.00

3863.84

(D)ALNENKVLVLDTDYKKYLLFCMENSAEPEQSLA(C)-var B

86-118

5991.25

5991.21

(D)AQSAPLRVYVEELKPTPEGDLEILLQKWENDECAQKKIIA
EKTKIPAVFKID(A)-var A

34-85

5991.08

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLR
VYVEELKPTPEGDLE(I)

1-55

3551.91

3551.86

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLD(A)

1-33

5732.03

5731.97

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLR
VYVEELKPTPEGD(L)

1-53

9471.81

9471.94

(D)ISLLDAQSAPLRVYVEELKPTPEGDLEILLQKWENDECAQ
KKIIAEKTKIPAVFKIDALN ENKVLVLDTDYKKYLLFCME N(S)-var A

29-109

9471.78

(F)KIDALNENKVLVLDTDYKKYLLFCMENSAEPEQSLACQCL
VRTPEVDDEALEKFDKALKALPMHIRLSFNPTQLEEQCHI-var B

83-162

3608.67

(D)YKKYLLFCMENSAEPEQSLVCQCLVRTPE(V)-var A

99-127

3608.84

(A)LEKFDKALKALPMHIRLSFN PTQLEEQCHI

133-162

9473.91

(D)ISLLDAQSAPLRVYVEELKPTPEGDLEILLQKWENDECAQ
KKIIAEKTKIPAVFKIDALNENKVLVLDTDYKKYLLFCME N(S)-var A

29-109

9473.90

(I)QKVAGTWYSLAMAASDISLLDAQSAPLRVYVEELKPTPEG
DLEILLQKWENGECAQKKIIAEKTKIPAVFKIDALNENKV LVLDT(D)var B
LIVTQTMKGLDIQKVAGTWYSLAMAASD(I)

13-97

5933.24

3805.99

3748.97

3608.93

9474.34

Probable amino acid sequence(s)b

Position

3010.59

3010.55

5876.23

5876.18

(D)AQSAPLRVYVEELKPTPEGDLEILLQKWENDECAQKKIIA
EKTKIPAVFKI(D)-var A

34-84

3753.10

3753.08

(N)DECAQKKIIAEKTKIPAVFK IDALNENKVLVLD(T)-var A

64-96

3752.93

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQ(S)

1-35

9530.85

(F)KIDALNENKVLVLDTDYKKYLLFCMENSAEPEQSLVCQCL
VRTPEVDDEALEKFDKALKALPMHIRLSFNPTQLEEQCHI-var A

83-162

9530.96

(S)DISLLDAQSAPLRVYVEELKPTPEGDLEILLQKWENGECA
QKKIIAEKTKIPAVFKIDALNENKVLVLDTDYKKYLLFCM EN(S)-var B

28-109

9530.52
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1-28

6474.55

5789.06

3811.12

6474.24

(E)KTKIPAVFKIDALNENKVLVLDTDYKKYLLFCMENSAEPE
QSLVCQCLVRTPEVD(D)-var A

6474.38

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLR
VYVEELKPTPEGDLEILLQ(K)

1-59

6474.27

(D)IQKVAGTWYSLAMAASDISLLDAQSAPLRVYVEELKPTPE
GDLEILLQKWENGECAQK(K)-var B

12-69

5788.75

(D)ALNENKVLVLDTDYKKYLLFCMENSAEPEQSLVCQCLVRT
PEVDDEALE(K)-var A

86-134

5789.12

(L)KPTPEGDLEILLQKWENGECAQKKIIAEKTKIPAVFKIDA
LNENKVLVLDT(D)-var B

47-97

3810.86

(D)DEALEKFDKALKALPMHIRLSFNPTQLEEQCH(I)

3811.10

(G)DLEILLQKWENDECAQKKIIAEKTKIPAVFKI(D)-var A

53-84

3811.10

(D)LEILLQKWENDECAQKKIIAEKTKIPAVFKID(A)-var A

54-85

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLRVYVE
ELKPTPEGDLEILLQKWENGECAQKKIIAEKTKIPAVFKI
DALNENKVLVLDTDYKKYLLFCMENSAEPEQSLACQCLVR
TPEVDDEALE KFDKALKALPMHIRLSFNPT QLEEQCHI-var B+lactose
(I)DALNENKVLVLDTDYKKYLLFCMENSAEPEQSLVCQCLVR
TPEVDDEALEKFDKALKALPMHIRLSFNPTQLEEQC(H)-var A

7-162

18595.72

17947.1+648.6

9024.64

9024.20
9024.41

(T)QTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLRVYVE
ELKPTPEGDLEILLQKWENDECAQKKIIAEKTKIPAVFKI(D)-var A

9024.48

(D)ISLLDAQSAPLRVYVEELKPTPEGDLEILLQKWENGECAQ
KKIIAEKTKIPAVFKIDALNENKVLVLDTDYKKYLLFC(M)-var B

9476.94

9477.00

3787.98

3787.84

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLDAQSAPLR
VYVEELKPTPEGDLEILLQKWENGECAQKKIIAEKTKIPA VFKID(A)var B
(V)DDEALEKFDKALKALPMHIRLSFNPTQLEEQC(H)

75-129

130-161

85-160
5-84
29-106
1-85

129-160

a

Masses are listed in the order of highest to lowest peak area. Monoisotopic masses are given for < 9000 Da.
Average masses are given for > 9000 Da. The underlined masses are probably resulted from reduced but
non-carbamidomethylated cysteines (C), thus the identified amino acid sequences for these masses should be
disregarded, as carbamidomethylation was set as a compulsory modification for sequence identification. The
carbamidomethylated masses for the underlined masses (+57 Da) are also present among the given masses.
b
FindPept tool of the EXPASy proteomics server was used for the peptide mass fingerprinting. Adjacent
amino acids are given in parenthesis. Different masses were observed for the same sequence due to the
differences in the extent of optional modifications.

Table 2.7 Identification of amino acid sequences corresponding to the 25 most prominent mass peaks
observed for the 16 h CH β-lg nanofibrils
Observed
mass (Da)a
2916.45

Theoretical
mass (Da)

Amino acid sequence(S)b

Position

2916.48

(G)DLEILLQKWENDECAQKKIIAEKT(K)-var A

53-76

2916.54

(K)WENGECAQKKIIAEKTKIPAVFKID(A)-var B

61-85

2973.50

2973.57

(D)KALKALPMHIRLSFNPTQLE EQCHI

5934.02

5933.97

(L)DIQKVAGTWYSLAMAASDISLLDAQSAPLRVYVEELKPTP
EGDLEILLQKWEN(D or G)

11-63

5933.97

(D)IQKVAGTWYSLAMAASDISLLDAQSAPLRVYVEELKPTPE
GDLEILLQKWEND(E)-var A

12-64

5991.21

(D)AQSAPLRVYVEELKPTPEGDLEILLQKWENDECAQKKIIA
EKTKIPAVFKID(A)-var A

34-85

5991.21

(L)DAQSAPLRVYVEELKPTPEGDLEILLQKWENDECAQKKII
AEKTKIPAVFKI(D)-var A

33-84

3753.96

3754.06

(N)DECAQKKIIAEKTKIPAVFK IDALNENKVLVLD(T)-var A

64-96

5875.99

5876.18

(D)AQSAPLRVYVEELKPTPEGDLEILLQKWENDECAQKKIIA
EKTKIPAVFKI(D)- var A

34-84

5991.02
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138-162

3805.82

3805.78

(D)YKKYLLFCMENSAEPEQSLVCQCLVRTPEVD(D)-var A

99-129

3805.97

(D)EALEKFDKALKALPMHIRLSFNPTQLEEQCHI

131-162

3920.81

(T)DYKKYLLFCMENSAEPEQSLVCQCLVRTPEVD(D)-var A

98-129

3920.81

(D)YKKYLLFCMENSAEPEQSLVCQCLVRTPEVDD(E)-var A

99-130

3920.99

(D)DEALEKFDKALKALPMHIRLSFNPTQLEEQCHI

130-162

3863.85

3863.84

(D)ALNENKVLVLDTDYKKYLLFCMENSAEPEQSLA(C)-var B

86-118

3787.84

3787.84

(V)DDEALEKFDKALKALPMHIRLSFNPTQLEEQC(H)

129-160

3810.96

3810.86

(D)DEALEKFDKALKALPMHIRLSFNPTQLEEQCH(I)

130-161

3811.10

(D)LEILLQKWENDECAQKKIIAEKTKIPAVFKID(A)-var A

54-85

3811.10

(G)DLEILLQKWENDECAQKKIIAEKTKIPAVFKI(D)-var A

53-84

3748.96

(K)PTPEGDLEILLQKWENGECAQKKIIAEKTKIPA(V)-var B

48-80

3748.66

(Y)KKYLLFCMENSAEPEQSLACQCLVRTPEVDD(E)-var B

100-130

3730.83

3730.70

(Y)KKYLLFCMENSAEPEQSLACQCLVRTPEVDD(E)-var B

100-130

3695.95

3695.86

(L)DAQSAPLRVYVEELKPTPEGDLEILLQKWEND(E)-var A

33-64

3696.07

(D)LEILLQKWENDECAQKKIIAEKTKIPAVFKI(D)

54-84

5818.97

5818.94

(D)IQKVAGTWYSLAMAASDISLLDAQSAPLRVYVEELKPTPE
GDLEILLQKWEN(D or G)

12-63

3579.75

3579.85

(L)DAQSAPLRVYVEELKPTPEG DLEILLQKWEN(D or G)

33-63

3579.85

(D)AQSAPLRVYVEELKPTPEGDLEILLQKWEND(E)-var A

34-64

(L)DIQKVAGTWYSLAMAASDISLLDAQSAPLRVYVEELKPTP
EGDLEILLQKWEN(D or G)+lactose

11-63

3920.88

3748.75

6258.12

5933.97+324.3

3637.94

3638.05

(D or G)ECAQKKIIAEKTKIPAVFKIDALNENKVLVLD(T)

65-96

3638.05

(N)DECAQKKIIAEKTKIPAVFK IDALNENKVLVL(D)-var A

64-95

5916.00

5916.01

(L)DIQKVAGTWYSLAMAASDISLLDAQSAPLRVYVEELKPTP
EGDLEILLQKWEN(D or G)

11-63

6475.32

6475.50

(S)DISLLDAQSAPLRVYVEELKPTPEGDLEILLQKWENGECA
QKKIIAEKTKIPAVFKI(D)-var B

28-84

6475.50

(D)ISLLDAQSAPLRVYVEELKPTPEGDLEILLQKWENGECAQ
KKIIAEKTKIPAVFKID(A)-var B

29-85

2989.48

2989.56

(D)KALKALPMHIRLSFNPTQLEEQCHI

138-162

2932.44

2932.47

(D)ALNENKVLVLDTDYKKYLLFCMEN(S)

86-109

3551.79

3551.86

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLD(A)

1-33

3465.71

3465.80

(D)AQSAPLRVYVEELKPTPEGDLEILLQKWEN(D or G)-var A

34-63

5760.95

5761.15

(D)AQSAPLRVYVEELKPTPEGDLEILLQKWENGECAQKKIIA
EKTKIPAVFKI(D)

34-84

a and b

Same as Table 2.6

Assessing the total peptide mass profiles of the 2 nanofibril samples showed that
more high molecular mass species (> 6000 Da) were present in 2 h MHS nanofibrils, in
contrast to 16 h CH nanofibrils which were predominantly made of shorter peptides
having a mass < 6000 Da (Table 2.8).
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Table 2.8 Accumulated area under the peaks of mass spectra for different mass ranges
Nanofibril type

Percentage (%) from total peak area
< 6000 Da

6000−12000 Da

> 12000 Da

2 h MHS

62

30

8

16 h CH

90

10

0

Figure 2.14 represents the mass reconstruction (range: 6000−20000 Da) for the
34−36 min window of 2 h MHS nanofibrils, which gave most of the higher molecular
masses (> 12000 Da). Identification of these larger peptides (> 12000 Da) present in 2 h
MHS nanofibrils conducted using the FindPept tool of the ExPASy server showed the
presence of β-lg monomers or monomers lacking a few residues from either the C- or Nterminal in 2 h MHS nanofibrils (Table 2.9). Lactosylated forms were also identified.
Peaks observed in the region of 19700 Da in Figure 2.14 are of unknown origin as the
highest possible masses for carbamidomethylated complete sequence of β-lg variants A
and B with 2 lactosylations are 19301 and 19215 Da, respectively. 10 However, if
trilactosylated β-lg monomers were present in the starting material, it is possible to
observe such masses as trilactosylation leads to the addition of 972 Da to the monomeric
weight of (carbamidomethylated) β-lg. Incomplete reduction of disulfide bonds (which
can cross link two peptides) can also lead to such masses.
Mass reconstruction performed for the dissociated 16 h CH nanofibrils for the
range of 6000−20000 Da did not result in any peaks with a significant area above 12000
Da (see Appendix E-Figure E.2). Repeating the mass spectrometry experiment for 16 h
CH and 2 h MHS nanofibril samples gave consistent results.

10

Even if all optional modifications were present (oxidation of M, deamidation of Q and N) they would
cause an addition of only ≤ 80 Da to the above masses.
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Intensity (cps)

63
Mass (Da)

Figure 2.14 Mass reconstruction for the +TOF-MS of 34−36 min window of the TIC of dissociated 2 h MHS β-lg nanofibrils. Deconvolution of the TIC
window was conducted using AnalystQS software (Applied Biosystems). Probable matches identified for the major peaks > 12000 Da are listed in Table
2.9.

Table 2.9 Probable matches for the prominent higher molecular weight species (> 12000 Da)
identified for the 2 h MHS β-lg nanofibrils
Observed mass (Da) a

Theoretical
mass (Da)

Probable amino acid sequence b

Position

14689.8

14689.9

(A) PLRV....QCHI (Var B)

38-162

14717.8

14717.9

(S) APLR....EQCH (I) (Var A)

37-161

14747.2

14747.1

LIVT....PEVD (D) (Var A)

1-129

15516.0 (15191.7+324.3)

15191.5

(D) ISLL.... EQCH (I) (Var B)+ lactose

29-161

15696.2

15695.9

(S) DISL....QCHI (Var B)

28-162

16430.8

16430.9

(T) WYSL....QCHI (Var B)

19-162

16659.0

16659.1

(D) IQKV....PTQL (E) (Var A)

12-156

17009.3 (16360.7+648.6)

16360.8

(D) IQKV....FNPT (Q) (Var B)+2 lactose

12-154

17014.2

17013.7

LIVT....HIRL (S) (Var B)

1-149

17376.2

17375.9

(K) GLDI....EQCH (I) (Var A)

9-161
c

18435.0

18435.1

(L) IVTQ....EQCH (I) (Var A)

2-161

18451.5

18451.2

L IVT....EEQC (H) (Var A)

1-160

18480.4 (18156.1+324.3)

18155.9

(T) QTMK....QCHI (Var B)+lactose c

5-162

18490.9 (18166.6+324.3)

18166.7

(T) QTMK....EQCH (I) (Var A)+lactose

5-161

18535.1 (18210.8+324.3)

18210.9

(I) VTQT....EEQC(H) (Var A)+lactose c

3-160

18541.5

18541.4

(L) IVTQ....QCHI (Var A)

2-162

18562.9 (18238.6+324.3)

18238.9

(L) IVTQ.... EEQC (H) (Var B)+lactose

2-160

c

18566.8

18566.5

LIVT....QCHI (Var B)

1-162

18595.7 (17947.1+648.6)

17947.6

(T) MKGL.... QCHI (Var B)+2 lactose

7-162

18650.3 (18326.0+324.3)

18326.0

(L) IVTQ.... EEQC (H) (Var A)+lactose

2-160

18653.5

18653.5

LIVT....QCHI (Var A)

1-162

18775.0 (18450.7+324.3)

18451.2

L IVT....EEQC (H) (Var A)+lactose

1-160
c

18778.1 (18453.8+324.3)

18454.3

(L) IVTQ....EQCHI (Var B)+lactose

18861.8 (18213.2+648.6)

18213.8

(I) VTQT....EEQC (H) (Var A)+2 lactose

3-160

18917.1 (18592.8+324.3)

18592.3

(L) IVTQ....QCHI (Var A)+lactose

2-162

a

2-162

Average masses are given. No match was found for the masses 18506.8, 18920.6 and 18946.2 Da (not
listed), probably due to unknown modifications.
b
Peptide mass fingerprinting was done using the FindPept tool of the ExPasy proteomics server for the
prominent peaks (area ≥ 100au). Adjacent amino acids are given in parenthesis.
c
The same sequence was identified for 2 or 3 other observed molecular masses (not given) due to the
differences in the extent of optional modifications.
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2.3.7 Modelling of 2 h MHS and 16 h CH β-lg nanofibrils using small-angle X-ray
scattering (SAXS) data
A brief introduction to the SAXS theory and the derivation of the terms used can
be found in Appendix F. Comparison of buffer subtracted, log-I versus log-q plots
obtained for the 3 concentrations of nanofibrils (0.2, 0.4 and 0.8% w/v) and 2
concentrations of unheated (or native) β-lg (0.2 and 0.4% w/v) showed good
superimposition of scattering data for q ≥ 0.008 Å-1 (Figure 2.15). Thus, the data obtained
for q < 0.008 Å-1 were not further considered, as they were affected by concentrationdependent inter-particle interactions. Figure 2.16 presents the log-I versus log-q plots
drawn for the 0.4% w/v 2 h MHS and 16 h CH β-lg nanofibrils, and 0.4% w/v unheated
β-lg for the q > 0.008 Å-1 in a single plot for the comparison of scattering patterns.
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2 h MHS

16 h CH

Native β-lg

Figure 2.15 SAXS data recorded for different concentrations of β-lg nanofibril samples and
unheated β-lg at pH 2. Concentrations used for the 2 h MHS and 16 h CH β-lg nanofibril
samples were 0.2, 0.4 and 0.8% w/v. Concentrations used for the unheated β-lg samples were
0.2 and 0.4% w/v. In a given plot, the intensity of curves corresponds to the concentrations
(i.e. curve with the highest intensity represents the highest concentration).
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Figure 2.16 SAXS data recorded for 0.4% w/v β-lg nanofibrils and 0.4% w/v unheated β-lg at
pH 2. Scattering of 2 h MHS nanofibrils is given in blue, 16 h CH nanofibrils in grey and native
β-lg in orange.

As β-lg nanofibrils are elongated rod-like objects with an average contour length
(Lc) of ~5 μm (Rogers et al. 2005) and a persistence length (lp) of ~600 nm (Aymard et al.,
1999), which are both well beyond the length scales represented by q > 0.008 Å-1, the
scattering data were assumed to represent only a section of a nanofibril or a protofilament
(along the long-axis) that corresponds to the length scale represented by the selected qrange. In agreement with the above assumption, the radius of gyration (Rg) obtained by the
Guinier plots11 increased with shifting of the minimum q value (qmin) selected for the
Guinier analysis towards a lower q value. This effect was predominantly observed for the
Guinier plots drawn with a qmin < 0.015 Å-1, which resulted in non-linear curves with an
upward turn (which is consistent with a rapidly increasing Rg) at the low-q2 region of the
Guinier plot, as the length of the nanofibril or the protofilament represented at the low-q
region significantly increases even with a slight reduction of the qmin, in contrast to the
high-q region.

11

According to the Guinier approximation for the spherical objects: I = I0 exp (-q2Rg2/3), provided that qRg <
1.3; Thus, ln(I) = ln I0-(q2Rg2/3): Hence, the slope of a plot between ln(I) vs q2 is given by Rg2/3. The radius,
R of the spherical object can be obtained from the Rg value, given that the Rg2 = 3R2/5. For elongated objects
(rod or cylinder-like) there are two Guinier regions (low-q and high-q). The low-q Guinier approximation is
same as the Guinier approximation for the spherical objects. The length, L and the radius, R of the
rod/cylinder can be obtained from the Rg value, given that the Rg2 = (L2/12)+(R2/2) (Hammouda, 2010).
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To develop ab initio models for a section of the nanofibrils or protofilaments
represented by the scattering data of the 2 h MHS and 16 h CH samples, a qmin of 0.03 Å-1
was selected. For a given nanofibril sample, the Rg values obtained from the Guinier plots
with a qmin of 0.03 Å-1 were fairly consistent over the 3 different concentrations (the
difference is < 1.8 Å) (Figures 2.17-2.19; Table 2.10), except for the 0.8% w/v 2 h MHS
nanofibril sample, which showed incomplete overlapping of the scattering data (collected
at the 2 camera lengths) in the Guinier plot (Figures 2.17C).
A

B

C

Figure 2.17 Guinier plots for 2 h MHS
β-lg nanofibril samples. (A) 0.2% w/v;
(B) 0.4% w/v and (C) 0.8% w/v.

A

B

C

Figure 2.18 Guinier plots for 16 h CH
β-lg nanofibril samples. (A) 0.2% w/v;
(B) 0.4% w/v and (C) 0.8% w/v.
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A

B

Figure 2.19 Guinier plots for unheated β-lg samples. (A) 0.2% w/v and (B) 0.4% w/v.

Table 2.10 Rg from Guinier analysis and approximated Dmax for β-lg
nanofibrils and unheated β-lg
Sample

Rg (Å) a

Rg×q

Dmax b (Å)

0.2

23.7

< 1.2

82

0.4

22.0

< 1.1

76

< 0.9

67

Concentration
(% w/v)

2 h MHS

16 h CH

unheated β-lg

c

0.8

19.4

0.2

32.4

< 1.3

112

0.4

31.0

< 1.3

107

0.8

31.1

< 1.2

108

0.2

16.1

< 0.8

42

0.4

14.8

< 0.8

a

38
Rg2/3.

Derived from the slope of the Guinier plot which equals to
For 2 h MHS and 16 h CH sample, Dmax was considered as the length (L) of
the nanofibril or protofilament (represented by the selected q-range) and it
was estimated by the equation Rg2 ~ L2/12. For native β-lg, Dmax was
considered as the diameter (D) of the molecule and it was estimated by the
equation Rg2 = 3(D/2)2/5.
c
Scattering data collected at the two camera lengths showed incomplete
overlapping for the 0.8% w/v 2 h MHS sample.
b

The intermediate concentration (i.e. 0.4% w/v) of the nanofibrils was selected for
the model development. The maximum q value (qmax) for the ab inito modelling of 2 h
MHS and 16 h CH samples was determined based on the maximum Rg estimated for the
both samples (Rg×qmax~7).12 The maximum length for the models (i.e. the Dmax for the
distance distribution function, P(r)) was selected by trialling several values around the
approximated Dmax values given in Table 2.10, and the best Dmax was selected based on
12

High-q data contains information about internal/fine structure of the models, which are not possible to
reconstruct using DAMMIF, which assumes globular particles (dummy atoms) of uniform density when
developing ab initio models.
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the shape of the resulting P(r) and the total estimate for the P(r) from GNOM (see
Appendix G-Figures G.1−G.3). When it was difficult to distinguish a single P(r) (or in
other words, when a few Dmax values appeared to be appropriate), ab initio models were
generated to find out which P(r) produces the best fit model for the experimental data.
After selecting the best P(r) 10 models were developed using DAMMIF and they were
averaged and filtered using DAMAVER. The final bead models obtained for the 2 h MHS
and 16 h CH nanofibril samples at pH 2 are given in Figure 2.20. The models appeared to
be elongated rod-like structures and the dimensions of the models were in agreement with
the P(r)s (see Appendix G-Figures G.1 and G.2). Moreover, the P(r)s of 2 h MHS and 16
h CH β-lg nanofibril samples are typical of cylindrical bodies (Svergun and Koch, 2003).
A twisted nature was observed in both ab initio models and the cross-sectional diameter of
these models was ~35 Å (or 3.5 nm) (Figure 2.20). The width distribution obtained for
both types of β-lg nanofibrils from the TEM image analysis ranged from ~60−150 Å
(6−15 nm) (see Appendix H-Figure H.1), suggesting that the scattering originates from
protofilaments, which are the primary units that form intact nanofibrils. Moreover, the half
period (or the half pitch) observed in both ab initio models (½ P ~30 Å) were well below
the half periods reported for the intact β-lg nanofibrils by Arnaudov et al. (2003) (½ P
~260 Å) and Adamcik et al. (2010) (½ P ≥ 180 Å), in further agreement that the ab initio
models represent protofilaments.
For the ab initio modelling of unheated β-lg, a qmin of 0.04 Å-1 was selected and the
Guinier analysis (with qmin at 0.04 Å-1) gave fairly consistent Rg values for the both
concentrations of unheated β-lg (with a difference of 1.3 Å) (Table 2.10). Selection of
qmax, estimation of Dmax and choosing the best P(r) was done in a similar fashion to the
nanofibril samples. The P(r) of native β-lg is similar to a spherical object (Svergun and
Koch, 2003). The averaged and filtered model obtained for the unheated (native) β-lg at
pH 2 is given in Figure 2.21. The obtained model for the unheated β-lg showed good
superimposition with the high resolution monomeric NMR structure of β-lg (PDB: 1CJ5;
Kuwata et al., 1999) recorded at the same pH (Figure 2.21) showing the validity of the
obtained SAXS data.
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A

B

Figure 2.20 Modelling the SAXS data obtained for β-lg nanofibrils. The nanofibril samples are
at pH 2 (0.4% w/v) and have an ionic strength =15 mM. (A) The final ab initio models obtained
for the 2 h MHS (blue) and 16 h CH (grey) samples. The bead radius for the 2 h MHS and 16 h
CH models was automatically determined by DAMMIF to be 1.8 and 2.3 Å, respectively. To
obtain the final model, 10 independent models were developed using DAMMIF and then
averaged and filtered using DAMAVER. Images were developed using VMD, v1.9 (Humphrey
et al., 1996). The ½ P is the half of the period (or pitch). (B) Typical fit of a DAMMIF model
(red) with the experimental data of 2 h MHS (blue) and 16 h CH (grey) samples. P(r) for the
models are given in Appendix G.
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A

B

Figure 2.21 Modelling the SAXS data obtained for unheated β-lg. The β-lg solution is at
pH 2 (0.4% w/v) and has an ionic strength = 15 mM. (A) The final ab initio model
obtained for the β-lg at pH 2. Ten independent models were developed using DAMMIF
and then averaged and filtered using DAMAVER to obtain the final model. Bead radius
was automatically determined by DAMMIF to be 1 Å. The ab initio model was
superimposed with high resolution structure of β-lg at pH 2 (PDB:1CJ5; Kuwata et al.,
1999) using SUPCOMB. Images were developed using VMD, v1.9 (Humphrey et al.,
1996). (B) Typical fit of a DAMMIF model (red) with experimental data (orange) is
given in a log-I versus log-q plot. P(r) function for the model is given in Appendix G.

Modelling of SAXS data using Igor analysis macros gave complementary results
with the ab initio modelling performed with the ATSAS suit. The Guinier-Porod
(Hammouda, 2010) and the sphere (Porod, 1982) models were used to fit the SAXS data
obtained for the β-lg nanofibrils and native β-lg, respectively. An introduction to the Igor
models used for the data fitting is given in Appendix I. Figure 2.22 presents the Igor
models fitted with the experimental SAXS data, and the parameters obtained from the
model fitting are summarised in Table 2.11.
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2 h MHS

16 h CH

Native β-lg

Figure 2.22 Fitting the SAXS data obtained for the 2 h MHS and 16 h CH β-lg nanofibrils, and
unheated β-lg with Igor models. Guinier-Porod model and the sphere model were used for the
nanofibrils and unheated β-lg, respectively. For the sphere model, the scattering length densities
for water and β-lg were taken as 9.43×10-6 and 11.49×10-6 Å-2, respectively. Fitted models are
given in red.
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Table 2.11 Parameters obtained from fitting the Igor models to the SAXS data of β-lg nanofibrils and
unheated β-lga
Guinier-Porod model
2 h MHS protofilaments

Sphere model
Native β-lg

16 h CH protofilaments

Guinier Scale

0.004

Guinier Scale

0.002

Scale

0.002

Dimension variable

0.5

Dimension variable

0.9

R (Å)

20.8

10.9

Diameter (Å)

b

Rg (Å)

12.8

Rg (Å)

b

42
-2 c

Diameter (Å)

36

Diameter (Å)

31

SLD solvent (Å )

9.43×10-6

Porod exponent

3.2

Porod exponent

3.14

SLD sphere (Å-2)d

11.49×10-6

Background

0.0004

Background

0.0004

Background

0.0005

a

Fitted models are given in Figure F.3.
𝑅𝑔2 = 𝑅2 /2, where R is the radius of the rod (i.e. protofilament).
c
Scattering length density (SLD) of the solvent (pH 2 HCl) was assumed to be similar to water and was
fixed at 9.43×10-6 Å-2 Calculation of SLD for water is given in Appendix F.
d
SLD for the sphere (i.e. for β-lg) was fixed at 11.49×10-6 Å-2 (Lin and White, 2009).
b

In the Guinier-Porod model, it should be noted that the Rg values are derived from
the high-q Guinier region (see Footnote 11), which represents the cross-sectional Rg of
protofilaments, in contrast to the longitudinal Rg values given for the protofilaments in
Table 2.10, which were derived from the low-q Guinier region. In agreement, the Rg
values calculated for the nanofibril samples by the Guinier-Porod model did not change
(increase) with shifting of the qmin used for the model fitting towards the low-q region.
The cross sectional diameter obtained for the 2 h MHS and 16 h CH β-lg
protofilaments (36 and 31 Å), and native β-lg (42 Å) from Igor models (Table 2.11) are in
agreement with the ab initio bead models developed using ATSAS suit. However, the
dimension variable obtained from the Guinier-Porod model for the 2 h MHS nanofibril
sample showed a higher deviation from 1, which is the expected value for a perfect rodshaped particle. The smaller q-range selected for the model fitting (the same qmin used for
ab initio modeling was selected for the Guinier-Porod model) may have led to this effect,
as the length of the 2 h MHS protofilament represented by the selected qmin (which is
lower than that of 16 h CH protofilament) may not be sufficient. The difference observed
in the lengths of 2 h MHS and 16 h CH protofilaments represented at a given qmin suggests
that the average length of 2 h MHS protofilaments (or nanofibrils) may be lower than 16 h
CH protofilaments (or nanofibrils). However, as the whole length of a protofilament (or a
nanofibril) is not represented by the selected q range, collecting data for lower q values
would be necessary for concluding on such differences. Moreover, it would also enable
one to distinguish whether any differences exist in their persistence lengths (lp).
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The sphere model showed an adequate fit with the scattering data obtained for the
native β-lg, except at high-q values (q > 0.3; Figure 2.22), where the experimental
resolution is sufficient to highlight the differences between a perfect sphere and the true
distorted shape of the protein (Figure 2.21A).

2.3.8 Wide-angle X-ray diffraction (WAXD) patterns for 2 h MHS and 16 h CH
β-lg nanofibrils
Both 2 h MHS and 16 h CH samples showed peaks at ~4.7 and 11 Å (Figure 2.23)
in their 1D-WAXD spectra which represent the inter-strand spacing within a β-sheet and
inter-sheet spacing within a protofilament, respectively. As native β-lg itself consists of a
β-barrel (or calyx) formed by two virtual antiparallel β-sheets (see Chapter 1-Figure
1.1A,C), the above peaks were also expected to be appear for the native β-lg sample, as
observed. Although, sharper (narrower) peaks were expected for the nanofibril samples in
comparison to native β-lg (due to the fine alignment of β-strands and β-sheets that takes
place during the nanofibril formation), such difference was not observed. Hence in order
to obtain better results it was decided to conduct 2D-WAXD at the Massey University,
with the X-ray diffraction instrumentation that gives a higher brilliance.13

Figure 2.23 1D-WAXD patterns obtained for β-lg nanofibrils and unheated β-lg. 2θ
x-axis was converted into D using the equations 𝑞 = 4𝜋 sin 𝜃/𝜆 and 𝐷 = 2𝜋/𝑞 (see
Appendix F for the equations).

Figure 2.24 presents the 2D-WAXD patterns obtained for the MHS and CH
nanofibrils and native β-lg. Both nanofibrils and native β-lg showed reflections at 4.7 and
11 Å similar to the preliminary 1D-WAXD results (Figure 2.23). Reflections of both
13

Brilliance = number photons /s/mm2/mrad divergence.
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nanofibril samples were well defined in comparison to the native β-lg. Moreover, the
intensity of the reflections of the 2 h MHS nanofibril sample was lower when compared to
the 16 h CH sample. The other well defined reflections present in the nanofibril samples
were thought to be originating due to the salts formed in the sample as a result of the pH
adjustment which introduced Cl- ions. The reflection at the ~30 Å observed for the native
β-lg (Figure 2.24; inset of the WAXD pattern of native β-lg) was attributed to the size of
the monomeric protein molecule and this reflection was not observed in the nanofibril
samples.

~4.7 Å

~4.7 Å

~11 Å

~11 Å

~4.7 Å
~11 Å

2 h MHS

~30 Å

16 h CH

Native β-lg

Figure 2.24 2D-WAXD patterns obtained for the β-lg nanofibrils and unheated β-lg.
Nanofibrils formed by each method were dried and ground into a fine powder and subjected to
WAXD in thin-walled glass capillaries. For comparison, WAXD pattern was also recorded for
the lyophilised, native β-lg (starting material). The inset given for the native β-lg is a
magnification of the centre of the image (low 2θ region) showing the reflection at 30 Å.

2.4 Discussion
ThT fluorescence, TEM images and estimation of nanofibril yield together
suggested that MH markedly accelerates β-lg self-assembly kinetics during the first 2 h,
compared to the CH (Figures 2.1, 2.2 and 2.3). There was an unusually short lag phase
with MH, and fully grown nanofibrils were observed within an hour of MH (Figure 2.1inset). MH of the β-lg solution beyond 2 h did not increase the nanofibril yield (Figures
2.1, 2.2 and 2.3), but the storage of the 2 h MH sample at 4 °C for ≥ 4 days led to the
formation of more nanofibrils increasing the nanofibril yield (Figures 2.4 and 2.5). These
observations suggest that modified monomers and/or peptides which have the potential to
form nanofibrils coexist with previously formed or partly formed nanofibrils in the 2 h
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MH sample, and they can continue assembling into nanofibrils during the storage of the
sample. However, extending the MH time beyond 2 h may have altered the structure of
these primary assembling units preventing further nanofibril formation, in addition to the
disintegration of previously formed nanofibrils as shown by the decrease in both ThT
fluorescence (Figure 2.2A) and nanofibril yield (Figure 2.3).
Continuation of the nanofibril formation process during storage of 2 h MH
samples, which indicated the presence of assembly components in the sample, suggested
that they were accumulated during the 2 h MH time, probably due to the slower rate of
self-assembly in comparison to the rate of production. Presence of a higher amount of
nanofibrils in the 2 h MH sample in comparison to the 2 h CH sample, together with the
potential assembly components (which have not still assembled into nanofibrils) clearly
shows the accelerated kinetics in the presence of microwave radiation. Both thermal and
non-thermal effects of microwave radiation may have led to such an effect (see Section
2.1). De Pomerai et al. (2003) reported that non-thermal effects of microwave radiation
promote the self-assembly of bovine insulin into amyloid-like nanofibrils at 60 °C, but
they did not suggest a mechanism. Thermal effects of microwave radiation on the
acceleration of amyloid fibril formation kinetics have not been reported to the best of the
author’s knowledge. The temperature of the β-lg solution was maintained at 80±2 °C
during the MH process, which was consistent with the temperature maintained during the
CH process, thus it is unlikely that any difference in the bulk temperature between the two
methods has affected the results. However, localised super heating caused by the rapid
transfer of energy during the MH (Gedye and Wei, 1998) may have influenced the
kinetics, which cannot be easily traced. For an example, localised super heating could
have resulted in faster hydrolysis of β-lg creating a peptide concentration gradient within
the sample volume in comparison to CH. However, as it was evident that the 2 h MHS
nanofibrils are made of larger peptides (Tables 2.8 and 2.9), and this might suggest that
the observed acceleration of nanofibril formation during MH was not caused by a peptide
concentration gradient.
Based on the classical nucleation-polymerisation model suggested for amyloid
fibril formation (Harper and Lansbury, 1997; Kad et al., 2001) and recent insights into the
self-assembly of proteins (Frare et al., 2004; Mishra et al., 2007; Akkermans et al., 2008c;
Lara et al., 2011; Kroes-Nijboer et al., 2011) there are 4 stages at which microwave
radiation could have affected self-assembly associated with nanofibril formation: 1)
protein unfolding, 2) nucleation, 3) partial hydrolysis and 4) nanofibril growth. Non-
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thermal effects of microwave radiation on protein unfolding (Bohr and Bohr, 2000; Li et
al., 2010) via putative induced torsional vibrations (Bohr and Bohr, 2000) have been
reported, so it is possible that β-lg unfolded faster at 80 °C during MH than during CH.
Nucleation also requires tertiary structure rearrangements, and would probably be
accelerated by any increased backbone mobility that resulted from microwave excitation.
The non-thermal effects of microwave radiation on hydrolysis probably depend on
the type and frequency of vibrational modes affected by microwaves, and how those
vibrations impact specifically on the first part of the C- or N-terminal hydrolysis of
aspartic acid (D), which involves the formation of an intra-molecular anhydride or a cyclic
imide intermediate between the β-carboxyl group (which acts as a proton donor) and
amide groups at either terminal (Li et al., 2001). Whether microwave excitation would
accelerate or decelerate hydrolysis is therefore hard to predict. However, the results
showed that the 2 h of MH produced approximately the same amount of nanofibrils as 10
h of CH (Figure 2.1), and the 2 h MHS nanofibrils contained larger peptides than 16 h CH
nanofibrils (Tables 2.8 and 2.9).14 This suggests that accelerated self-assembly was not
due to accelerated hydrolysis.
Addition of a building block to a growing nanofibril or nanofibril nucleus starts
with relatively large molecular species (proteins, large peptides, nuclei or nanofibrils)
diffusing together, and this process would be affected little by high-frequency protein
backbone dynamics. However, the subsequent alignment of adjacent nanofibril building
blocks into the correct arrangement to form stacked β-sheets (Giurleo et al., 2008) may
well be accelerated by microwave radiation-induced vibrations.
A mechanism is proposed for the MH-induced nanofibril formation in which nonthermal effects of microwave radiation accelerate protein unfolding, nucleation and/or
nanofibril growth more than they accelerate hydrolysis, thus partially decoupling
hydrolysis from the other processes. However, based on the present evidence, it is difficult
to quantify the individual effects of microwave radiation on protein unfolding, nucleation
and nanofibril growth.
Storage of the 2 h MH β-lg sample gave a nanofibril yield similar to the 16 h CH
sample (~55% w/w) (Figures 2.3 and 2.4) and the ThT fluorescence intensities recorded

14

It is reasonable to assume that the assembly components of the 2 h MHS nanofibrils were formed during
the 2 h MH period and they were not subjected to any hydrolysis during the storage at 4 °C. Therefore,
nanofibrils formed during storage would comprise the same building blocks as those formed during 2 h MH
period.
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for these samples fell within the intensity range that represents the saturation phase (~600
au) (Figures 2.1 and 2.4). Thus, ~55% w/w is presumably the maximum nanofibril yield
that can be attained for a 1.5% w/v β-lg solution under the given conditions. The
maximum nanofibril yield obtained during these experiments was within the nanofibril
yields previously reported for the heat-induced β-lg nanofibril formation (Table 2.1). The
reported yield values were highly dependent on the conditions given for the nanofibril
formation and the method of yield estimation, and it was difficult to find a consensus
among the reported values. For example, although shearing is known to accelerate and
enhance the β-lg nanofibril formation, a lower yield was reported by Akkermans et al.
(2008c) for a pH 2, 3% w/v β-lg solution heated at 85 °C for 20 h with stirring, in
comparison to the yield obtained by Veerman et al. (2002) for a pH 2, 3% w/v β-lg
solution heated for 10 h without stirring (Table 2.1).
The yellow-green birefringence shown by the macroscopic aggregates formed in
the MH and CH nanofibril samples (Figure 2.6) suggests that they consist of amyloid
structures, i.e. β-lg nanofibrils. Hence, these aggregates could possibly result from
clustering of nanofibrils, with or without entrapped non-fibril materials. A certain amount
of these macroscopic aggregates was also present in the 16 h MH sample even though the
nanofibril yield results and TEMs suggested disintegration of nanofibrils to some extent
(Figures 2.2 and 2.3). Therefore, it was assumed that these macroscopic aggregates were
formed during the initial MH period and remained without degrading during the prolonged
MH periods.
Intrinsic fluorescence spectra indicated that the tryptophan residues (W19 and/or
W61) in both 16 h CH and 2 h MHS nanofibrils are exposed to a more hydrophilic
environment than they are in the native β-lg structure (Figure 2.7). In the intrinsic
fluorescence spectrum, the wavelength of maximum emission (λmax) is an indication of the
polarity of the environment surrounding the indole group of W residues. It shifts to a
higher wavelength when W residues are exposed to a more polar environment (Van
Durren, 1961), and the quantum yield (Fmax) decreases when they interact with quenching
agents, either in the solvent or in the protein itself (Mills, 1976). Similar intrinsic
fluorescence results were reported during the self-assembly of α-chymotrypsin in the
presence of trifluoroethanol (TFE) (Pallarès et al., 2004) and self-assembly of β-lg in the
presence of 5 M urea (Rasmussen et al., 2007). The observed red shift in the λmax and
decrease in the Fmax for both 2 h MHS and 16 h CH β-lg nanofibrils in the present work
can be attributed to the unfolding and/or partial hydrolysis of β-lg during the self-assembly
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process, which leads to greater exposure of one or both W residues to the solvent. The 2 h
MHS nanofibril sample showed a higher Fmax in comparison to the 16 h CH nanofibril
sample, suggesting that the W residues in 2 h MHS nanofibrils may exist in a more
hydrophobic environment. The 2 h MHS nanofibrils are composed of relatively large
peptides (including intact molecules) (Tables 2.4 and 2.6), hence the probability of
exposing the W19 may be lower than that of in 16 h CH nanofibrils.15 However, this might
not provide conclusive evidence for the relative locations of W residues in the two types
of nanofibrils, due to the possibility of difference in the amount of macroscopic aggregates
formed in the two samples, which may respond differently compared to free nanofibrils.
ANS surface hydrophobicity (S0) measurements gave complementary results to the
intrinsic fluorescence measurements. Formation of β-lg nanofibrils by both 2 h MHS and
16 h CH methods led to an increase the S0 in comparison to the unheated (native) β-lg
(Figure 2.8), suggesting that hydrophobic areas are exposed due to unfolding and/or partial
hydrolysis of native β-lg during the nanofibril formation process. Similar results were
reported by Pallarés et al. (2004) during the self-assembly of α-chymotrypsin.
Interestingly, 2 h MHS nanofibril sample showed a higher S0 than 16 h CH nanofibril
sample (Figure 2.8), revealing that nanofibrils in the 2 h MHS sample have more sites
available for the binding of the probe or their structure enables more accessibility to the
probe towards the hydrophobic areas, in comparison to nanofibrils in the 16 h CH sample.
The probable reason for such difference is later discussed with relation to the proposed
structure for the 2 h MHS nanofibrils.
FTIR and CD experiments were conducted to determine the changes that take
place in the secondary structure composition during the 2 h MHS and 16 h CH nanofibril
formation. The amide-I band of the FTIR spectrum obtained for the unheated β-lg showed
a peak value of ~1630 cm-1 (Figure 2.10), which is a characteristic of β-sheet rich proteins.
The classical shift of the amide-I peak to a lower wavenumber that takes place during
amyloid fibril formation (Zandomenehgi et al., 2004) was not prominently observed for
the either 2 h MHS or 16 h CH β-lg nanofibrils. Nevertheless, obtaining the second
derivatives clearly showed the appearance of a new peak in ~1620 cm-1 region (Figure
15

Two W residues are found in the amino acid sequence of both β-lg variants A and B at positions 19 and
61. W19 is located at the bottom of the β-lg calyx while, W61 is part of an external loop as shown by the
crystal structure (Qin et al., 1998; see Chapter 1-Figure 1.1) and the fluorescence by W61 is thought to be
quenched by the neighbouring to the C66-C160 disulfide bond in the native protein (Chen and Barkley
1998). Thus, the intrinsic fluorescence of native β-lg is almost exclusively attributed to the W19 (Manderson
et al., 1999), which is in a more hydrophobic environment.
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2.9), and the curve fit analysis showed an increase in the total β-sheet content (Table 2.2)
for the both nanofibril samples revealing the formation of intermolecular β-sheets during
the β-lg nanofibril formation. No marked difference was observed in the total β-sheet
content estimated for the 2 h MHS and 16 h CH nanofibril samples (62 and 67%,
respectively; Table 2.2) suggesting that no major structural differences exist between the
two types of nanofibrils or in other words, the primary components assembles in a similar
manner to form the nanofibrils. This is consistent with the observed morphological
similarity between the 2 h MHS and 16 h CH nanofibrils. Moreover, a new shoulder was
observed in 1720 cm-1 region for the both 2 h MHS and 16 h CH nanofibril samples in
comparison to the unheated (native) β-lg (Figure 2.10). Vibrations in this region are
assigned to protonated carboxyl groups of aspartic (D) and glutamic (E) residues
(Andreas, 2000). The C-terminal cleavage at the D residues prominently observed during
the both nanofibril formation processes (Tables 2.4−2.7, 2.9) explains the observed
shoulder in the FTIR spectra, which led to increase the exposure of carboxyl groups.
CD experiments gave similar results to FTIR. The CD spectrum obtained for the
unheated β-lg is typical of a β-structure rich protein (Juban et al., 1997), with a minimum
centred at 217 nm (Figure 2.11). For both 2 h MHS and 16 h CH β-lg nanofibril samples,
an increase in the depth of the minimum and a shift towards ~203 nm were observed due
to the unfolding of β-lg (Kad et al., 2001; Aouzelleg et al., 2004). Although the CD data
showed a similar trend to FTIR, the increase in β-sheet content during nanofibril formation
was smaller than the increase observed with FTIR results (Tables 2.2 and 2.3). Moreover,
the CD results showed an increase in random coils for the nanofibril samples (Table 2.3).
The observed differences in the CD data may be due to the lower proportion of nanofibrils
present in the CD samples in comparison to the FTIR samples, as macroscopic aggregates
were removed prior to the CD experiments. Moreover, the different physical states of the
nanofibril samples (i.e. in lyophilised form for FTIR and in solution for CD) may also
have led to the observed differences.
Mass spectrometric analysis showed that cleavage at the D residues were
prominent in both MHS and 16 h CH nanofibrils (Tables 2.4−2.7, 2.9), in agreement with
the shoulder observed in the 1720 cm-1 region of the corresponding FTIR spectra.
Moreover, these results are consistent with the results of Akkermans et al. (2008c) and
Bateman et al. (2010) for β-lg nanofibrils and also with those of Frare et al. (2004), who
observed partial hydrolysis at D residues prominently during the heat induced selfassembly of hen lysozyme. The observed specificity can be attributed to the susceptibility
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of the peptide bonds either side of D residue to high temperature acid hydrolysis (Inglis,
1983). Microwave-accelerated acid hydrolysis of ovalbumin has also shown a similar
specificity (Swatkoski et al., 2008).
The analysis of the molecular weights of the peptides forming up the 16 h CH
nanofibrils showed that they were mainly (90%) composed of peptides fragments with a
mass ≤ 6000 Da (Table 2.4). In contrast, 2 h MHS nanofibrils were composed of larger
peptides, including intact β-lg monomers (Tables 2.7−2.9). Larger peptides will consist of
more than a single β-strand and these strands may be involved in forming a single β-sheet
(if the protofilaments are formed of anti-parallel β-sheets) or they may be components of
two or more β-sheets (if the protofilaments are formed of parallel β-sheets) (see Figure
4.1D). The non-β-strand regions of these peptides can presumably act as ‘loops’ that link
individual β-strands or ‘hairs’ that extend out from the protofilament/nanofibril core. The
existence of such loops has been previously reported for amyloid fibrils (Ritter et al.,
2005; Luca et al., 2007; Mishra et al., 2007). The larger the peptides forming the
protofilament, the more loops and hairs will protrude from its core. Hence, 2 h MHS
protofilaments will contain more loops and hairs than 16 h CH protofilaments. The
observed higher S0 for the 2 h MHS nanofibrils may be due to the trapping of ANS
molecules within the hydrophobic pockets on the protofilament surface created by these
protrusions. The proposed structures for the 2 h MHS and 16 h CH protofilaments are
given in Chapter 4-General Discussion (Figure 4.1), together with an emphasis on SAXS
and WAXD results.
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Chapter 3
Interacting β-Lactoglobulin Nanofibrils with Pectins
3.1 Introduction
Proteins and polysaccharides are the two main biopolymers found in food, and
they are largely responsible for the structure of food. Interactions between these two
biopolymers modify the physicochemical properties of the each component, and thus
affect their functionalities. These interactions are complex and they depend on a number
of factors such as the functional groups present on each biopolymer, their concentrations,
the presence of co-solutes, temperature, pH and the ionic strength of the medium.
According to Tolstoguzov (1991), the interactions between proteins and polysaccharides
can result in three consequences, namely, co-solubility, incompatibility or complex
formation and the above mentioned factors will determine which state is achieved by the
interactions. Among these, complex formation is one of the most common states observed
due to the counter-charged nature of most proteins and polysaccharides at food related
pHs. A list of studies conducted on complex formation between different food proteins
and polysaccharides is given by De Kruif et al. (2004).
β-Lactoglobulin (β-lg) and pectin have become popular candidates for studying the
complex formation, due to being extensively used in the food industry and due to the
applicability of the resulting complexes as fat mimetics or stabilising membranes for the
emulsions (Kazmierski et al., 2003; Moreau et al., 2003; Guzey et al., 2004; Wang et al.
2007; Katusda et al., 2008; Santipanichwong et al., 2008; Zimet and Livey 2009; Jones et
al., 2009, 2010a, 2010b). Although a considerable amount of research has been conducted
on the complex formation between β-lg and pectin, the complex formation between β-lg
nanofibrils and pectin (or other polysaccharides) has been scarcely investigated. The use
of whey protein nanofibrils and pectin to form multilayer microencapsules (Sagis et al.,
2008) and the complex formation between β-lg nanofibrils and κ-carrageenan investigated
by Jones et al. (2011) are the only two studies conducted on the interactions of β-lg
nanofibrils with polysaccharides to the best of the author’s knowledge. The work
presented in this chapter is aimed at understanding the interactions/complex formation
between β-lg nanofibrils and pectin, and how the negative charge density of a given pectin
can affect the interactions.
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3.2 Methodology
3.2.1 Materials
Lyophilised bovine β-lactoglobulin (β-lg) was from the same batch that as used for
the experiments in Chapter 2 (Section 2.2.1). Citrus pectins (P9311:079K1017,
P9436:069K0976, P9561:077K1432 and 065K1741) were purchased from Sigma (St.
Louis, MO, USA) and they were coded as PE48, PE67, PE86 and PE88, respectively. A
fully-methylesterified homogalcturonan was kindly provided by Marie-Christine Ralet,
Institut National de la Recherche Agronomique (INRA), Nantes, France and it was coded
as HG97. The numbers given in the codes represent the estimated degree of
methylesterification (DM) (Table 3.1). Galacturonic acid (GalA) monomer was obtained
from Fluka Biochemika (Steinheim, Germany). A mixture of the sodium salts of GalA
heptamers and octamers was purchased from Elicityl (Crolles, France). Dextrans with a
molecular weight of ~37.5 and 70 kDa were purchased from Sigma and AppliChem
(Darmstadt, Germany), respectively. Polyethylene glycol (PEG) with a molecular weight
of 6 kDa was bought from BDH (Poole, England). Methylcellulose with a degree of
methyl substitution of 1.6−1.9 and a molecular weight of ~40 kDa was purchased from
Sigma. Fungal pectin methylesterase (f-PME) from Aspergillus oryzae was provided free
of charge by Novozymes, Australia Pty Ltd (New South Wales, Australia). A mixture of
pectinases from Aspergillus niger was purchased from Sigma and it comprised
endopolygalacturonase, pectin lyase and pectin methylesterase. Endopolygalacturonase-II
(endoPG) from Aspergillus niger was a gift from Martin Williams, Institute of
Fundamental Sciences, Massey University, Palmerston North, New Zealand. All the
chemicals used with the experiments were of analytical grade or highest available purity
and they were purchased from the same suppliers as listed in Chapter 2-Section 2.2.1.
Deionised water with a resistivity of 18.2 MΩ.cm was obtained from an in-house MilliQ
filtration system (Billerica, MA, USA) and used throughout the experiments.

3.2.2 Preparation of β-lg nanofibril samples
A β-lg solution at pH 2 with a concentration of 2.0% w/v was prepared according
to the method given in Chapter 2-Section 2.2.2. The solution was subjected to either 16 h
of conventional heating (CH) or 2 h of microwave heating (MH) at 80 °C as described in
Chapter 2-Section 2.2.2 to induce nanofibril formation. β-Lg solution subjected to 2 h of
MH was stored for 4 days at 4 °C (2 h MHS) to obtain a similar nanofibril yield to that of
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16 h CH sample (see Chapter 2-Section 2.3.2). Aliquots obtained from the β-lg nanofibril
samples were diluted 10-fold with water that had been adjusted to either pH 2 or pH 3
with HCl (pH 2 or pH 3 HCl) and they were centrifuged at ~200 g for 5 min (Heraeus
Labofuge 400, Hanau, Germany) to remove macroscopic aggregates (see Chapter 2Section 2.2.6). The diluted β-lg nanofibril samples were then checked for the pH. The
nanofibril samples diluted with pH 2 HCl had a pH of 2 as required, but for the samples
diluted with pH 3 HCl, it was necessary to adjust the pH using NaOH (0.1 M) to attain the
required pH of 3. Ionic strengths of the 0.2% w/v β-lg nanofibril samples at pH 2 and pH 3
was calculated to be ~12.5 and 4.5 mM, respectively, based on the [Na+] (pH 3 sample
only), [H+] and [Cl-], excluding the contribution of any salts that may present in the
starting material, β-lg. A β-lg solution at pH 2 with a 1.6% w/v concentration was also
subjected to nanofibril formation by the both methods (i.e. 16 h CH and 2 h MHS) for the
preparation of samples for the small-angle X-ray scattering (SAXS) experiments. Aliquots
obtained from the nanofibril samples were diluted 2-fold with pH 3 HCl, centrifuged for
the removal of macroscopic aggregates and adjusted to pH 3 using NaOH. The ionic
strength of the 0.8% w/v β-lg nanofibril sample at pH 3 was calculated to be ~14 mM
based on the [Na+], [H+] and [Cl-] (again excluding the contribution of any salts that may
present in β-lg). Aliquots obtained from the 0.8% w/v β-lg nanofibril sample at pH 3 were
further diluted to 0.4 and 0.2% w/v using pH 3 HCl. The concentrations given for the β-lg
nanofibril samples in this Chapter are based on the β-lg concentration of the initial
solution subjected to nanofibril formation, i.e. without accounting for the actual nanofibril
yield.1

3.2.3 Preparation of pectin and other solutions2
PE48, PE67 and PE86 were first dissolved in water under gentle magnetic stirring
to result in a concentration of 0.2% w/v. Two aliquots were obtained from the each pectin
solution and they were adjusted to pH 2 and pH 3 using 1 M HCl and/or 3 M HCl.3 A

1

For the both 16 h CH and 2 h MHS methods, the nanofibril yield (i.e. the conversion of native β-lg into the
form of nanofibrils) for a 1.5% w/v β-lg solution was found to be ~55% w/w of the initial β-lg content (see
Chapter 2-Sections 2.31 and 2.3.2).
2

This section only provides information about the solution preparation for the interactions with β-lg
nanofibrils. Preparation of pectin and HG solutions for the DM, molecular weight and calcium content
determination is given under the respective experimental sections (3.2.5-3.2.7).
3

pH of the 0.2% w/v PE48, PE67 and PE86 solutions before the pH adjustment were ~5.5, 4.4 and 3.2,
respectively. Concentrated HCl solutions were used to minimise the volume of HCl added for the pH
adjustment. Hence, the pH adjustment had a negligible effect on the concentration of the pectin solutions.
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concentration series (0.002, 0.01, 0.02 and 0.1% w/v) was then prepared for the each 0.2%
w/v pectin solution at a given pH by diluting aliquots obtained from it with appropriate
volumes of pH 2 or pH 3 HCl. Among the above pectins, PE86 was also dissolved in 40
and 200 mM aqueous NaCl to result in a 0.2% w/v concentration. The obtained solutions
were further diluted with 40 and 200 mM NaCl to a 0.01% w/v PE86 concentration and
the pH was then adjusted to 3 using 1 M HCl. For the preparation of PE86 solutions for
the SAXS experiments, aliquots obtained from the 0.2% w/v PE86 solution at pH 3 were
diluted with pH 3 HCl to obtain 0.01, 0.02 and 0.04% w/v PE86 concentrations.
Moreover, the aliquots obtained from the 0.2% w/v PE86 solution made in 200 mM NaCl
were diluted to 0.01, 0.02 and 0.04% w/v PE86 concentrations using the same solvent (i.e.
200 mM NaCl) and their pH was adjusted to 3 using 1 M HCl. A 0.4% w/v PE86 solution
at pH 3 was also prepared for the introduction of PE86 to the β-lg nanofibrils preinteracted with GalA monomers or oligomers.
Solutions containing 0.2% w/v PE88, HG97 and methylcellulose at pH 3 were
prepared in a similar manner to the previous pectin solutions. The solutions were diluted
with appropriate volumes of pH 3 HCl to obtain the required concentrations (0.01% w/v
for PE88, and 0.1 and 0.01% w/v for HG97 and methylcellulose). Dextrans with a
molecular weight of ~37.5 and 70 kDa were directly dissolved in pH 3 HCl to obtain 1.0
and 0.2% w/v solutions, respectively. The resulting solutions had a pH of 3, hence no pH
adjustment was necessary for the solutions as they had the required pH. Aliquots taken
from the 0.2% w/v dextran solutions were further diluted with pH 3 HCl to obtain lower
concentrations (0.01 and 0.1% w/v for 37.5 kDa dextran and 0.01 and 0.02% w/v for 70
kDa dextran). A solution of 2% w/v PEG was prepared in pH 3 HCl. No pH adjustment
was necessary as the PEG solution had a pH of 3. Aliquots obtained from the 2% w/v PEG
solution were further diluted to 0.1 and 0.2% w/v PEG concentrations with pH 3 HCl.
GalA monomer and oligomer solutions were prepared by dissolving 2.36 and 2.58 mg
accurately measured using a METTLER AT261 DeltaRange balance (Albstadt, Germany)
for the each substance, respectively in 10 mL of water. 4 pH of the GalA monomer solution
was measured to be 3.0, hence no pH adjustment was necessary as it had the desired pH.
GalA oligomer solution, which was prepared using the mixture of the sodium salts of
4

The weight of the GalA monomer and the oligomer to be dissolved were predetermined based on the final
concentration of the GalA units expected to be present in the presence of β-lg nanofibrils. The dilution of
these solutions by 20-fold and mixing with β-lg nanofibrils in a volume ratio of 1:1 will provide an
equivalent amount of GalA units to the non-methylated GalA units present in a 0.005% w/v PE86 solution
(see Appendix J-J.1 for the theoretical calculations).
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GalA heptamers and octamers had a pH of 6.2, thus the pH was adjusted to 3 using 3 M
HCl.5 An aliquot obtained from the each solution was 20-fold diluted with pH 3 HCl to
obtain the GalA monomer and the oligomer solutions for the interactions.

3.2.4 Preparation of different enzyme solutions
F-PME was used as received. The enzyme activity was ~11 units/mL as provided
by the manufacturer.6 However, the conditions and the substrate used for the measurement
of the f-PME activity were not available. A solution of mixed pectinases was prepared by
dissolving 50 mg of the lyophilised powder of it in 1 mL of pH 3 HCl.7 The enzyme
activity was ~1 unit/mg at pH 4 and 50 °C to cleave GalA residues from polygalacturonic
acid as provided by the manufacturer. EndoPG, which was available as a concentrated
solution with an unknown enzyme concentration was first evaluated for its action at two
different levels of dilution by capillary electrophoresis (see Appendix K-Figure K.1). The
enzyme was sufficiently active at both dilutions (as products resulting from the endoPG
digestion were observed in both electrophorograms), and it was decided to use the first
dilution which was 1:1000 of the concentrated enzyme solution. Thus, 1 μL of the
concentrated enzyme solution was diluted 1000-fold with 50 mM acetate buffer (pH 4.2)
to obtain the endoPG working solution.

3.2.5 Capillary electrophoresis (CE)
CE was used to determine the degree of methylesterification (DM) of the pectins
and HG97, and the effect of endoPG treatment on PE86 using the method of Williams et
al. (2002). These substances were first dissolved in water to result in a concentration of
1.0% w/v and then 2-fold diluted by adding an equal volume of 100 mM acetate buffer
(pH 4.2)8. Samples were auto-injected (10 s injections) into a CE system (1600CE, Agilent
5

The amount of 3 M HCl added (4 μL) was negligible in comparison to the volume of the solution (10 mL),
hence, it was assumed that the concentration of the PE86 solution remained unaffected.
6

Enzyme unit refers to the amount of enzyme that processes 1 μmol of substrate per minute at a specified
temperature and pH.
7

pH 3 HCl was used as the solvent for the mixture of pectinases as it was intended to add the enzyme
directly to the β-lg nanofibrils+PE86 system at pH 3.
8

Acetate buffer (pH 4.2) was used as the solvent for the pectins and homogalacturonan as some of the
substances selected among them were subsequently subjected to endoPG digestion, which requires an
optimum pH of 4.2. For the preparation of 100 mM acetate buffer, 0.82 g of sodium acetate (CH 3COONa)
was dissolved in ~90 mL of water, pH was adjusted to 4.2 by the addition of glacial acetic acid (CH 3COOH)
and then made up to 100 mL with water. The stock buffer was diluted 1:1 with water to obtain 50 mM
acetate buffer.
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Technologies, Santa Clara, CA, USA) equipped with a diode array detector and a fused
silica capillary with a total length (L) of 465 mm (400 mm from inlet to detector, l). The
sample injection was preceded by water (5 s injection), and followed by 50 mM phosphate
buffer (pH 7)9 (10 s injection), which was used as the background buffer solution.10
Passage of the water through the detector causes a dip or a negative absorbance signal and
the runtime at the peak of the negative signal was taken as the migration time for a neutral
substance (t0). All the samples were electrophoresed at 20 kV with an elution time of 20
min per sample. The capillary was rinsed with 0.1 M NaOH followed by water and
background buffer solution (2 min injections for each) before and after the electrophoresis
of each sample.
For the estimation of DM, the migration time (t) for the samples was first
converted to apparent electrophoretic mobility (μ) using the Equation 3.1.
𝜇 = 𝑙𝐿/V[(1/𝑡) − (1/𝑡0 )]

Eq. 3.1

where 𝜇 is the apparent electrophoretic mobility, l is the length of the capillary from inlet
to the detector, L is the total length of the capillary, V is the applied voltage and t is the
migration time of pectin or homogalacturonan and t0 is the migration time of the neutral
substance. Derivation of this equation is given in Appendix L. The 𝜇 was then converted
to the DM using the universal 𝜇 versus fractional charge, z plot developed by Williams et
al. (2009) for polygalacturonans. The empirical relationship between z and 𝜇 derived from
the above plot is given by:
𝜇 = 𝐴 + 𝐵(1 − exp 𝐶𝑧 )

Eq. 3.2

where 𝐴 = −9.179 × 10−11 , 𝐵 = 4.6101 × 10−8 , 𝐶 = 1.719 and z is the fractional charge.
The fractional charge, z is the fraction of charged (or non-methylesterified) GalA residues
present in the polygalacturonan, thus the DM can be obtained by the Equation:
𝑧 = (100 − DM)/100

9

Eq. 3.3

See Footnote 3 in Chapter 2 for the preparation of the 50 mM phosphate buffer buffer at pH 7.

10

Phosphate buffer (50 mM; pH 7) was used as the background solution, as all the non-methylated GalA
residues are in charged form at the given pH. Moreover, the empirical relationship for the determination of
DM (Equation 3.2) has been derived using the same background buffer solution.
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3.2.6 Size exclusion chromatography and multi-angle laser-light scattering (SECMALLS)
Molecular weight of the pectins, HG97, and the products resulting from the
endoPG digestion of PE86 were estimated by SEC-MALLS. Pectins and HG97 were
dissolved in 0.1 M NaNO3 (the eluent) to give a concentration of 0.5% w/v. Analytical
fractionation of each sample was carried out at 35 °C using a series of two SEC columns,
Ultrahydrogel 250 (Waters Corporation, Milford, MA, USA) and PL-aquagel (Aglient
Technologies). A volume of ~700−1000 μL from each sample was injected to the HPLC
system while the eluent was pumped at 0.8 mL/min (Waters 515 HPLC pump) producing
a ~700 psi pressure. All the samples were filtered through 0.45 μm syringe filters before
injection. Fraction analysis was conducted using a Dawn-DSP MALLS detector (Wyatt
Technology, Santa Barbara, CA, USA) equipped with a He-Ne laser (λ = 633 nm) and a
K5 flow cell, and a Waters 2410 differential refractive index (RI) detector connected in
series. Analytical grade dextran (25 kDa) was used to normalise the voltages of the light
scattering detectors at different angles. The LS and the RI signals obtained for the each
pectin and HG97 are given in Figure 3.2. Absolute weight-average (Mw) and numberaverage (Mn) molar masses of the pectin samples were found by fitting the light scattering
(LS) and RI data with the Debye model using ASTRA software, v4.70.07, Wyatt
Technology. RI increment (dn/dc) for the pectin and HG97 was taken as 1.500 mL/g (Diaz
et al., 2007). Theoretical background for deriving the molecular weight information using
LS and RI signals is given in Appendix M.

3.2.7 Atomic absorption spectroscopy (AAS)
The calcium content in β-lg and selected pectin samples (PE48, PE67 and PE86)
were determined by AAS. Pectins were dissolved in water to give a concentration of 1%
w/v and then they were injected into an atomic absorption spectrophotometer (Perkin
Elmer AAanalyst 200, Waltham, MA, USA) and atomised using an air-acetylene flame. A
hollow-cathode lamp was used as the radiation source. The absorbance measurements
made for the samples were compared to a standard curve derived from known calcium
concentrations11 to determine the amount calcium present in the samples.

11

CaCO3 was used for the preparation of standard solutions. It was first dissolved in a small volume of 1 M
HCl, and then volumarised with water.
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3.2.8 ζ-Potential measurements
The ζ-potential of the selected pectin samples and 16 h CH and 2 h MHS β-lg
nanofibrils at pH 2 and pH 3 were determined using a micro-electrophoresis and dynamic
light scattering (DLS) device (Malvern Nano-ZS, Worcestershire, UK), which measures
the ζ-potential in terms of the apparent electrophoretic mobility (μ)12 of the constituents
(particles) under the applied voltage, which is then converted to ζ-potential using the
Equation 3.4 (Hunter, 1981).
𝜇 = 2ε𝜁𝑓(𝑘𝑎)/3𝜂

Eq. 3.4

where, 𝑓(𝑘𝑎) is the Henry’s function (1.5; Smoluchowski approximation; Hunter, 1981)
and ε and 𝜂 are the dielectric constant and the viscosity of the medium (which were taken
to be the same as those of water), respectively.

3.2.9 Interacting β-lg nanofibrils with pectins and other substances
To initiate the interactions between β-lg nanofibrils and pectins or other
substances, an aliquot obtained from the β-lg nanofibril samples at a given pH was simply
mixed with an equal volume of the pectin or the other substance solution, which was at the
same pH. The mixing of solutions was done at room temperature (~20 °C) and the mixed
systems were kept for a minimum of 2 h before evaluating the systems. The deviation of
the pH of the mixed systems from the expected pH (i.e. either pH 2 or 3) was found to be
≤ 0.20.

3.2.10 Determination of the pectin content in the supernatant of selected β-lg
nanofibrils+pectin mixed sytems by phenylphenol method
Pectin content in the supernatants of 0.1% w/v β-lg nanofibrils+0.1% w/v PE48
and 0.1% w/v β-lg nanofibrils+0.1% w/v PE67 systems at pH 3 was estimated in terms of
GalA content after hydrolysing the pectins in the supernatants. Supernatants were obtained
by centrifuging the mixed systems at 2000 g for 15 min (Heraeus Labofuge 400), which
sedimented the macroscopic aggregates formed in the mixed systems. An aliquot (100 μL)
obtained from the supernatant was subjected to hydrolysis according to the method
described by Ahmed and Labavitch (1977). The aliquot was transferred into a Pyrex test

12

The device measures μ by laser Doppler velocimetry (or in other words, by measuring the velocity of the
particles moving through the solvent using laser optics).
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tube (15×125 mm) containing a stir bar and the tube was placed in an iced water bath on a
magnetic stir plate. Next, 1 mL of concentrated H2SO4 (96% w/w) was added to the tube
and stirred for 5 min. This was followed by the addition of another 1 mL of H 2SO4 and
stirring for 5 min. After that 0.5 and 0.4 mL of water was added to the tube, with 5 min of
stirring after each addition. Aliquots (100 μL) obtained from 0.1% w/v PE48, PE67 and
β-lg nanofibril samples (which were prepared by 2-fold dilution of the 0.2% w/v pectin
solutions and the β-lg nanofibril sample used to prepare the mixed systems with pH 3 HCl,
followed by centrifugation under the same conditions) were hydrolysed using the same
procedure to be used as controls for the mixed systems. The GalA content in the
hydrolysate (which is proportional to the pectin concentration) was estimated using the
method of Filisetti-Cozzi and Carpita (1991). An aliquot of 400 μL from the hydrolysate
was transferred to another Pyrex test tube. Forty microlitres of sulfamic acid-potassium
sulfamate solution (HNH2SO3-KNH2SO3; 4 M, pH 1.6) was added to the tube and stirred
vigorously using a vortex mixer. Then, 2.4 mL of 75 mM sodium tetraborate (Na2B4O7)
was introduced to the tube, stirred vigorously and placed on a boiling water bath for 20
min capped with glass marbles. The tube was allowed to cool in an iced water bath for a
few minutes. Finally, 80 μL of 3-phenylphenol (0.15% w/v in 0.5% w/v NaOH) was
added to the tube and kept for 10 min (to complete the colour development) before
measuring the absorbance at 525 nm (UV mini 1240, Shimadzu, Tokyo, Japan) against the
reagent blank. A standard curve was derived for the each type of pectin using the
hydrolysates obtained for known, different concentrations of pectin (0−0.24% w/v; pH 3).
The pectin content in the supernatant of each mixed system was then estimated using the
corresponding standard curve.

3.2.11 Microscopy of β-lg nanofibrils+pectin mixed systems
Transmission electron microscopy (TEM) of β-lg nanofibrils+pectin mixed
systems was conducted using either a Philips CM12 (Eindhoven, The Netherlands) or a
Tecnai 12 electron microscope (Eindhoven, The Netherlands) operating at 120 kV.
Preparation of grids was similar to the method given in the Chapter 2-Section 2.2.5, except
the dilution of samples. No dilution was carried out for the mixed systems. The images
were acquired using Gatan CCD cameras (Pleasanton, CA, USA) attached to the
microscopes and a given image is selected from 7 or more representative images. The
same method was followed for the TEM imaging of β-lg nanofibrils with other substances.
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In addition to TEM, cryo-electron microscopy (cryo-EM) and scanning electron
microscopy (SEM) and confocal laser scanning microscopy (CLSM) were used to image
0.1% w/v β-lg nanofibrils+0.005% w/v pectin mixed systems at pH 3. For cryo-EM, the
samples (2 μL) were applied to glow discharged cryo grids (pit diameter~1 μm), blotted
for 5 s and quench frozen in liquid ethane using an automated Vitrobot system (AIM
Company BV, Brunssum, The Netherlands). Vitrified specimens were then transferred and
mounted under liquid nitrogen onto a Gatan cryo-EM grid holder and observed under low
dose using the Tecnai 12 microscope, operating at 120 kV. TEM and cryo-EM image
analyses were performed using the ImageJ software, v1.43 (National Institute of Health,
Bethesda, MD, USA), from which the pixels were converted to nm using the scale bar of
the each image.
For SEM, grids prepared for the TEM were platinum coated (5 min at 5−10 mA)
using a Polaron sputter coater (Quorum Technologies, Newhaven, England). The coated
grids were then observed under a Philips XL30S-FEG microscope (Eindhoven, The
Netherlands) operating at 5 kV.
For CLSM, Samples (100 μL) were placed on glass slides and stained by adding 2
μL 5 mM ThT (in pH 3 HCl) to each sample. Cover-slips were then placed on the stained
samples, and the excess was blotted off. CLSM was conducted using a Carl Zeiss LSM
510 META confocal microscope (Göttingen, Germany). A laser wavelength of 440 nm
was used to excite the samples and the detector was set up to collect fluorescence from
475−525 nm. Samples were observed under a 63× oil-immersion objective and the images
were acquired at 1024×1024 pixel resolution.

3.2.12 ThioflavinT (ThT) fluorescence assay
ThT fluorescence of the β-lg nanofibrils+pectin complexes was measured to
determine the effect of complex formation on the binding of ThT with β-lg nanofibrils. A
solution of ThT was prepared in pH 3 HCl and filtered using a 0.22 μm syringe filter
(MillexGV, Millipore, Carrigtwohill, Ireland). The concentration of the ThT solution was
determined by measuring the absorbance at 412 nm (UV mini 1240, Shimadzu) and using
an extinction coefficient of 24000 M-1cm-1 at 412 nm (Groenning et al., 2007). The
filtered ThT solution was then adjusted to a concentration of 5 mM using pH 3 HCl. Then
5 µL from this ThT solution was mixed with 500 µL of the 0.1% w/v β-lg
nanofibrils+0.005% w/v pectin mixed systems at pH 3 and kept for 40 min in dark before
measuring the fluorescence. Samples were excited at 440 nm and the emission was

92

recorded from 465 to 525 nm using a Perkin Elmer LS 55 luminescence
spectrophotometer (Buckinghamshire, UK) with excitation and emission slit widths set at
5 and 6.5 nm, respectively. ThT fluorescence measurements were also obtained for the
individual 0.1% w/v β-lg nanofibrils (alone at pH 3) and 0.005% w/v pectin solutions at
pH 3 to be used as the controls. A quartz ultra-micro cell was used for the fluorescence
measurements. The net ThT fluorescence intensity at 482 nm (i.e. peak wavelength) was
obtained by subtracting the fluorescence intensity for ThT in pH 3 HCl at the same
wavelength.

3.2.13 Surface hydrophobicity (S0) measurements
The affinity of the hydrophobic probe ANS to β-lg nanofibrils+pectin complexes
was measured to determine the effect of complex formation on the S0 of β-lg nanofibrils.
A solution of ANS was prepared in pH 3 HCl and filtered using a 0.22 μm syringe filter
(MillexGV, Millipore). The concentration of the filtered ANS solution was determined by
measuring the absorbance at 350 nm (UV mini 1240, Shimadzu) and using an absorbance
coefficient of 4.95×103 M-1 cm-1 at 350 nm (Alizadeh-Pasdar and Li-Chan, 2000). The
filtered ANS solution was then adjusted to a concentration of 500 μM using pH 3 HCl. A
dilution series was prepared for the each 0.1% w/v β-lg nanofibrils+0.005% w/v pectin
mixed system at pH 3 by mixing appropriate volumes of the mixed system with pH 3 HCl.
Next, an aliquot (1 mL) obtained from the each level of dilution was mixed with 100 μL of
500 μM ANS and kept in dark for 15 min. The mixtures were then excited at 390 nm and
emission was recorded for the range of 420−530 nm using the same luminescence
spectrophotometer used for the ThT fluorescence measurements. The excitation and
emission slit widths were set at 4.2 nm and the net ANS fluorescence intensity was
obtained by subtracting the fluorescence intensity for the probe at the same wavelength.
ANS fluorescence was also measured for the individual β-lg nanofibril samples and pectin
samples as controls.

3.2.14 Small-angle X-ray scattering (SAXS) experiments
Preliminary SAXS experiments were conducted at the Bragg Institute, Australian
Nuclear Science and Technology Organisation (ANSTO) in Sydney to determine whether
SAXS can be used to obtain information on β-lg nanofibrils+PE86 complexes.
Comparison of the scattering data obtained for the β-lg nanofibrils+PE86 complexes
formed at pH 3 with β-lg nanofibrils (alone at pH 3), showed the likelihood that the
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complexes would have a discrete scattering pattern at the low-q values just beyond the
limit of the bench-scale SAXS instrument (see Appendix N for the Methodology and
Results). Thus, synchrotron X-ray scattering experiments were conducted on the β-lg
nanofibrils+PE86 systems and the individual systems (i.e. β-lg nanofibrils and PE86) for
an extended q-range using the SAXS/WAXS beamline of the Australian synchrotron in
Melbourne, and the data were collected following the same method as described in
Chapter 2-Section 2.2.14. Data analyses were performed using the Igor Pro software,
v6.2.2.2 (WaveMetrics, Lake Oswego, OR, USA) and the Igor reduction and analysis
macros developed by Kline (2006) for the National Institute of Standards and Technology
(NIST)-Center for Neutron Research, Gaithersburg, MD, USA.

3.2.15 Demethylesterification of PE86 with f-PME
A solution of 0.05% w/v PE86 was adjusted to pH 5 with 0.1 M NaOH. No buffers
were used due to the lower concentration of the pectin used for the f-PME treatment. To 5
mL of this solution, 29 μL of f-PME was added and kept in a water bath at 30 °C for 20
min in order to deesterify the methyl groups of PE86 to a level < 50%. As the conditions
at which the f-PME activity was determined were unknown, it was decided to conduct the
experiment at 30 °C, and the given pH was similar to the pH used by Hunter and Wicker
(2005) for the f-PME deesterification of pectin. However, due to the uncertainty of the
exact temperature and pH at which the f-PME activity was determined, the number of
f-PME units added was in excess and it was theoretically sufficient to achieve a DM of
25% within 20 min (see Appendix J.2 for the calculations). After the requisite time, the
f-PME added PE86 solution was heated at 80 °C for 5 min to inactivate the enzyme. The
solution was adjusted to pH 3 and the ζ-potential was measured to verify the
deesterifcation. The solution was then 5-fold diluted with pH 3 HCl before mixing it with
an equal volume of 0.2% w/v β-lg nanofibrils at pH 3. An aliquot obtained from the
deesterified PE86+β-lg nanofibrils mixed system was then subjected to TEM in order to
determine the effect of deesterification on the morphology of resulting complexes.

3.2.16 Addition of the mixture of pectinases to the β-lg nanofibrils+PE86
complexes
An aliquot of 20 μL from the mixed pectinases solution was added to 10 mL of
0.1% w/v β-lg nanofibrils+0.005% w/v PE86 mixed system at pH 3 and it was kept at 50
°C for 10 min. According to the theoretical calculations, the added pectinase concentration
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was sufficient to cleave all the GalA residues (both methylesterified and nonmethylesterified) present in PE86 in 2 min, at pH 4 (see Appendix J.3 for the calculations).
As the experiment was conducted at pH 3 (instead of at pH 4, at which the enzyme
mixture’s activity is determined), the duration of the treatment was extended for 10 min
assuming that it will be sufficient to cleave PE86 at least into smaller oligomers. After 10
min, the enzyme mixture was inactivated by heating the mixed system at 80 °C for 5 min.
TEM was performed on an aliquot obtained from this mixed system to determine the
effect of the pectinases on β-lg nanofibrils+PE86 complexes.

3.2.17 Digestion of PE86 with endoPG
Aliquots (240 μL) obtained from the endoPG working solution were added to 1200
μL aliquots of 0.5% w/v PE86 in 50 mM acetate buffer (pH 4.2) and allowed to stand at
room temperature. At the requisite times (0.5, 8, 24 h and 7 days) the action of endoPG
was suppressed by adjusting the pH of the sample to 3 (Benen et al., 1999) by adding
glacial acetic acid to the mixture. After obtaining an aliquot for CE (see Section 3.2.5), the
pH adjusted mixtures were stored at 4 °C until they were interacted with β-lg nanofibrils13.
The morphology of the complexes formed in these mixed systems was observed by TEM
to the determine effect of endoPG treatment on PE86 on the subsequent complex
formation with β-lg nanofibrils. In addition to TEM, selected samples (0.5 h, 24 h and 7
days) were also subjected to molecular weight determination by SEC-MALLS (see
Section 3.2.6).

3.2.18 Interaction of β-lg nanofibrils with GalA oligomers and monomers prior to
the introduction of PE 86
Aliquots (1000 μL) obtained from 0.2% w/v β-lg nanofibrils at pH 3 were
interacted with either GalA oligomers or GalA monomers by mixing with an equal volume
of the each solution. The final concentration of the GalA units present in the mixed
systems was equivalent to the amount of theoretically calculated non-methylesterified
GalA units present in PE86 at a 0.005% w/v concentration. After leaving the mixtures for
1 h at room temperature (~20 °C), 25 μL of 0.4% w/v PE86 (at pH 3) was added to each
mixture (2000 μL) to yield a final concentration of 0.005% w/v PE86. Another set of
13

PE86 solutions were diluted 40-fold with pH 3 HCl (as the addition of the endoPG and the glacial acetic
acid reduced the PE86 concentration from 0.5 to 0.4 w/v) and mixed in a volume ratio of 1:1 with 0.2% w/v
β-lg nanofibrils at pH 3.
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mixtures was kept without adding PE86 to observe the effect of GalA monomers and
oligomers on the β-lg nanofibrils.

3.3 Results
3.3.1 Degree of methylesterification (DM) of pectins and HG97
Electrophorograms obtained for the pectin samples and HG97 are given in Figure
3.1 with their x-axis converted into DM using the equations 3.1-3.3. Lorentzian curve
fitting was performed for the each electrophorogram using SigmaPlot, v12.3 (Systat
Software, Inc., Chicago, IL, USA) before calculating the average DM for a given sample
(Figure 3.1). This step enabled resolution of the peak for HG97 which was overlapping
with the water peak14 and avoided the spikes observed with the pectin electrophorograms
which were observed due to presence of unknown contaminants in the samples15 affecting
the calculation of their average DM. Equation 3.5 was used to calculate the average DM
considering that the normalised intensity of the electrophorogram (i.e. the normalised
absorbance at 192 nm obtained by dividing the absorbance by elution time) at a given DM
(ith DM) is equal to the concentration of pectin or homogalacturonan molecules with that
(ith) DM.
Average DM =

(DM i ×normalised abs i )
normalised abs i

Eq. 3.5

All the samples were run in triplicates and their average DM values are given in Table 3.1.

14

The maximum DM for the homogalacturonan was taken as 100%.

15

These spikes were also observed at the other wavelengths monitored by the diode array detector, thus were
considered to be contaminants.
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Figure 3.1 Electrophorograms obtained for different pectins and HG97. Elution time on the
x-axis is converted to DM as given in the text. The dashed black lines represent the
Lorentzian curves fitted for the electrophorograms.

3.3.2 Molecular weight of pectins and HG97
All the pectin samples showed a single broad peak in the light scattering (LS)
and refractive index (RI) signals (Figure 3.2), with PE48 showing a shoulder from ~18
min, suggesting the presence of lower molecular weight species together with higher
molecular weight species (broad range of sizes). This is parallel with the higher
polydispersity observed for the PE48 sample (see Table 3.1). Although the HG97 showed
two peaks (a smaller peak during the ~13−15 min elution and a major peak during the
~15−21 min elution) in the light scattering signal, the refractive index (RI) signal only
showed a single peak relevant for the ~15−21 min elution time (Figure 3.2). No
corresponding RI signal was observed for the smaller peak, suggesting that it originated
due to the aggregation of HG97 molecules. HG97 showed a lower solubility compared to
the pectins (as it only carries a very low number of charged groups), thus there is a higher
possibility for the presence of aggregated molecules in the HG97 solution. Hence, the
molecular weight of HG97 was estimated considering only the peak observed during the
~15−21 min elution time. Molecular weight information extracted for each sample by
fitting the data with the Debye model (see Appendix M) is summarised in Table 3.1.
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A

B

Figure 3.2 LS and RI signals obtained for different pectins and HG97. (A) LS signal.
(B) RI signal. Aqueous solutions (0.5% w/v) were fractionated using 2 size exclusion
columns and the resulting fractions were analysed using a MALLS detector and RI
detector connected in series.
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Table 3.1 Specifications for the pectins and homogalacturonan
Molecular weight (kDa)c

a

Pectin /
homogalacturonan

Code

P9311 (079K1017)

PE48

P9436 (069K0976)

DM (%)b

Polydispersity
(Mw/Mn)

GalA content
(% w/w)f

Approx. total no. of
non-methylesterified
and methylesterified
GalA unitsg

Approx. length of the
homogalacturonan
backbone (nm)h

Number
average (Mn)d

Weight average
(Mw)e

48 (47.7±0.8)

72.5±4.0

134.7±14.0

1.9

73.6

543 (284)

239

PE67

67 (67.4±0.1)

42.3±5.2

71.1±5.2

1.7

98.1

376 (125)

165

P9561 (077K1432)

PE86

86 (85.9±0.6)

39.3±0.3

47.8±2.8

1.2

88.5

225 (32)

99

P9561 (065K1741)

PE88

88 (87.7±0.2)

34.3±1.2

43.6±3.2

1.3

90.6

210 (26)
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Homogalacturonan

HG97

97 (96.7±0.2)

12.9±1.0

13.1±1.1

1.0

100

69 (2)

30

a

99

Product number (batch number)
Degree of methylesterification (DM) estimated by capillary electrophoresis (CE). The average and standard deviation given within parenthesis is for triplicates and it shows the
precision of the measurements. Electrophorograms are given in Figures 3.1. Note that the actual standard deviation for the DM can be DM±2 due to the inherent approximations
in the model used to calculate the DM. The DM values provided by Sigma for the pectins PE48, PE67, PE86 and PE88 were 29, 61, 94 and 93, respectively for the given
batches. Product P9561 was a chemically methylesterified pectin as communicated by Sigma. The DM of HG97 has been previously estimated by the provider to be 96.
c
Molecular weights were estimated by size exclusion chromatography coupled with multi-angle laser light scattering (SEC-MALLS). Standard deviation is given for triplicates.
Chromatograms are given in Figure 3.2.
d
Mn = [Σ(niMi)]/ [Σni] , where ni is the number of molecules with a molar mass of M i; The given standard deviation is for triplicates.
e
Mw = [Σ(niMi2)]/ [Σ(niMi)] ; The given standard deviation is for triplicates. Mw was used for the theoretical calculations.
f
Galacturonic acid (GalA) content. Provided by the supplier (presented in % dry basis).
g
Also known as degree of polymerisation (DP); Theoretically calculated (see Appendix J-J.4) based on the DM, Mw, GalA content and molecular weights of nonmethylesterified and methylesterified GalA residues/repeating units which were taken as 176 g mol -1 and 190 g mol-1. Number of non-methylesterified GalA units is given in
parenthesis.
h
Theoretically calculated taking the length of a GalA unit as 0.44 nm (Cros et al., 1992). Structure of pectin is given in Chapter 1-Figure 1.6.
b

3.3.3 Calcium content of β-lg and selected pectin samples
Table 3.2 presents the amount of calcium ions present in β-lg and selected pectin
samples. Comparison of the number of calcium ions present per 100 non-methylesterified
GalA residues in a 0.1% w/v β-lg nanofibrils+0.1% w/v pectin mixed system suggested that the
concentration of calcium ions is not sufficient to bridge pectin chains together leading to a
considerable reduction in the negatively-charged, non-methylesterified GalA residues
available for the electrostatic interactions with β-lg nanofibrils.
Table 3.2 Calcium ion content of β-lg and selected pectins estimated by AAS
Sample

[Ca2+]

Ca2+ ions per 100 non-methylesterified GalA

(1% w/v)

(μmol/L)a

residues present in a 0.1% w/v β-lg
nanofibrils+0.1% w/v pectin mixed systemb

β-Lg

44.3

n/a

PE48

62.6

0.5

PE67

20.3

0.4

PE86

65.3

1.6

a

The given values are average of triplicate measurements. Standard deviation for the
triplicate measurements was negligible.
b
Theoretically calculated using the sum of [Ca2+] of β-lg and the given pectin, Mw,
GalA content and DM of each pectin.

3.3.4 ζ-Potential of β-lg nanofibrils and pectins
The ζ-potential measurements obtained for the 16 h CH and 2 h MHS β-lg
nanofibrils showed that they carry a net positive charge (ζ ≥ +30 mV) at the both pHs
(Figure 3.4). The pectins, PE48 and PE67 possessed a negative charge (ζ ≤ -15 mV) at pH
3, but there was a marked reduction in the magnitude of negative charge (closer to zero) at
pH 2 (Figure 3.3). The charge of PE86 was closer to zero at both pHs, in accordance with
its higher DM (Figure 3.3; Table 3.1).

100
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16 h CH β-lg nanofibrils at pH 2

40

16 h CH β-lg nanofibrils at pH 3

ζ- Potential (mV)
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30
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PE86 at pH 2

PE48 at pH 3

PE86 at pH 3

PE67 at pH 2
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PE67 at pH 3

0
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Figure 3.3 ζ-Potential of β-lg nanofibrils and pectins at pH 2 and pH 3. The
concentration of the β-lg nanofibril and pectin solutions used was 0.1% w/v. See
Appendix O-Figure O.1 for the change of ζ-potential of 2 h MHS β-lg nanofibrils with
increasing pH.

3.3.5 The visual appearance of β-lg nanofibrils+pectin mixed systems
β-Lg nanofibril samples at pH 2 and pH 3 were mixed with PE48, PE67 and PE86
solutions at the same pH to initiate the interactions between nanofibrils and pectins. The
final concentration of the β-lg nanofibrils was kept static at 0.1% w/v, whilst the final
concentration of the pectin was varied from 0.001−0.1% w/v. Figure 3.4 shows the visual
appearance of the mixed systems which were allowed to stand for 4 h. At both pH 2 and
pH 3, β-lg nanofibrils+PE48 mixed systems became progressively more turbid with
increasing PE48 concentration. A slight haze was observed in the β-lg nanofibrils+PE67
mixed systems at pH 2 when the PE67 concentration was increased to 0.05% w/v or
above. At pH 3, increasing the PE67 concentration to 0.005% w/v caused turbidity in the
mixed system, whilst increasing the PE67 concentration to 0.01% w/v or above led to
formation of a precipitate in the mixed systems. β-Lg nanofibrils+PE86 mixed systems did
not show any haze or precipitation at both pHs, within the experimented range of PE86
concentrations (Figure 3.4). Similar observations were made on the mixed systems
prepared by interacting 2 h MHS β-lg nanofibrils with PE48, PE67 and PE86.
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Figure 3.4 Visual appearance of 16 h CH β-lg nanofibrils+pectin mixed systems at pH 2 and
pH 3. Concentration of the β-lg nanofibrils in all the systems was 0.1% w/v. Concentration of
each pectin (PE48, PE67 and PE86) was varied from 0.001−0.1% w/v.

3.3.6 Residual pectin content in the supernatants of β-lg nanofibrils+PE48 and β-lg
nanofibrils+PE67 mixed systems
Estimation of the pectin content in the supernatant obtained from centrifuging the
0.1% w/v β-lg nanofibrils+0.1% w/v PE48 and 0.1% w/v β-lg nanofibrils+0.1% w/v PE67
systems at pH 3 showed that the amount of pectin left in the supernatants was markedly
lower than the amount of pectin introduced to form the mixed system (Table 3.3),
suggesting that a considerable amount of pectin was involved in the formation of
aggregates/complexes which led to turbidity (PE48) or precipitation (PE67) in these mixed
systems. The applied centrifugal force was not sufficient for the complete removal of these
complexes as the TEM images obtained on the supernatants showed the presence of
entangled β-lg nanofibril masses with materials deposited on them (see Appendix P-Figure
P.1). These deposited materials were thought to be either pectin or pectins associated with
non-fibrillar peptides present in the systems. Thus, the calculated percent reduction of
pectin from the introduced amount (Table 3.3) can possibly be lower than the actual
amount of pectin that has interacted/associated with β-lg nanofibrils. The application of a
higher centrifugal force (25000 g for 1 h) in order to sediment all the nanofibrils (which
will ensure the removal of any pectin interacted/associated with nanofibrils) led to the
precipitation of ≥ 78% w/w of the pectin present in the control samples (i.e. 0.1% w/v
pectin alone), precluding the accurate estimation of the stoichiometry between β-lg
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nanofibrils and pectins. Precipitation occurred in the pectin controls under the given
centrifugal force (i.e. 2000 g for 15 min) was negligible.
Table 3.3 Estimation of the pectin content in the supernatants of β-lg nanofibrils+PE48 and β-lg
nanofibrils+PE67 mixed systems obtained by centrifugation at 2000 g for 15 min
Mixed systema

Residual pectin

Percent reduction from introduced
b

concentration (% w/v)

pectin content (% w/w)c

16 h CH β-lg nanofibrils+PE48

0.041±0.002

62

2 h MHS β-lg nanofibrils+PE48

0.033±0.001

70

16 h CH β-lg nanofibrils+PE67

0.055±0.005

43

2 h MHS β-lg nanofibrils+PE67

0.045±0.002

54

a

Concentration of the each component was ~0.1% w/v.
Standard deviation is for quadruplicate measurements.
c
Calculated based on the pectin concentrations estimated for the 0.1% w/v PE48 and PE67 controls
centrifuged under the same conditions, which were 0.109±0.006 and 0.097±0.007% w/v,
respectively. The absorbance for the hydrolysate of the 0.1% w/w β-lg nanofibrils (alone) was
negligible (≤ 0.001 au).
b

3.3.7 Morphology of the complexes formed in the β-lg nanofibrils+pectin mixed
systems
Initially, the 16 h CH β-lg nanofibrils+pectin mixed systems at both pHs with 0.1%
w/v β-lg nanofibrils and 0.001 and 0.005% w/v pectin were subjected to TEM. The TEM
images obtained for the mixed sytems containing 0.001% w/v pectin did not show a
marked difference from the β-lg nanofibrils (alone), except for some initial signs of
nanofibril aggregation (Figure 3.5).
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Figure 3.5 TEM images obtainbed for the 0.1% w/v 16 h CH β-lg nanofibrils+0.001% w/v
pectin mixed systems at pH 2 and 3. The type of pectin used to form the mixed system and
the pH of the mixed system are given with the respective TEM image. 0.1% w/v 16 h CH
β-lg nanofibrils (alone) imaged at pH 2 and pH 3 are also provided for the comparison.
Scale bars represent 0.5 μm.

Increasing the pectin concentration to 0.005% w/v resulted in the formation of
nanofibrils clusters, or possibly β-lg nanofibrils+pectin complexes, and their morphology
was markedly different based on the type of pectin used to form the mixed system (Figure
3.6). β-Lg nanofibrils appeared to be cross-linked together (forming a network) and coated
in the presence of PE48, and the extent of cross-linking and coating seemed to be more
pronounced at pH 3 (Figure 3.6). Similar to the mixed systems formed with PE48, the
nanofibrils appeared to be cross-linked in the presence of 0.005% w/v PE67 but, coating
of the fibrils was not observed as in the presence of PE48. However, random deposition of
materials on the cross-linked nanofibril mass was observed in the presence of PE67,
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especially at pH 3 (Figure 3.6). Moreover, within the nanofibril mass ~2−3 laterally
aligned nanofibrils were counted at both pHs (Figure 3.6).

Figure 3.6 TEM images obtainbed for the 0.1% w/v 16 h CH β-lg nanofibrils+0.005% w/v
pectin mixed systems at pH 2 and 3. The type of pectin used to form the mixed system and
the pH of the mixed system are given with the respective TEM image. Scale bars represent
0.5 μm. More TEM images obtained for the above mixed systems at pH 3 are given in
Appendix P-Figure P.2.

The mixed systems formed with 0.005% w/v PE86 at both pHs showed the
formation of unique, β-lg nanofibril bundles (Figure 3.6). The number of β-lg nanofibrils
aligning together to form these bundles appeared to be higher at pH 3, in comparison to
pH 2 (Figure 3.6). In contrast to the mixed systems formed with PE48 and 67, crosslinking of nanofibrils, coating of nanofibrils or random deposition of materials on
nanofibrils were not observed in the presence of PE86. More TEM images obtained on the
0.1% 16 h CH β-lg nanofibrils+0.005% w/v pectin mixed systems at pH 3 can be found in
Appendix P-Figure P.2. Due to the specialty of the structures resulting from interactions
with PE86, another high DM pectin (PE88; obtained from another batch of the same
product) was also interacted with β-lg nanofibrils to investigate whether they result in
similar structures. TEM images obtained on 0.1% w/v 16 h CH β-lg nanofibrils+0.005%
w/v PE88 mixed system at pH 3 showed the presence of bundled nanofibrils as observed
with PE86 (see Appendix P-Figure P.3). The use of PE88 was limited to the above
confirmation experiment. TEM images obtained for the 0.1% w/v 2 h MHS β-lg
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nanofibrils+0.005% w/v pectin mixed systems at pH 3 resulted in the formation of
nanofibril complexes with a similar morphology to the those formed with 16 h CH β-lg
nanofibrils (Figure 3.7).

Figure 3.7 TEM images obtainbed for the 0.1% w/v 2 h MHS β-lg nanofibrils+0.005% w/v
pectin mixed systems at pH 3. Scale bars represent 0.5 μm.

In addition to TEM, cryo-EM and SEM were conducted on the 16 h CH 0.1% w/v
β-lg nanofibrils+0.005% w/v pectin mixed systems at pH 3. Cryo-EM on these 3 mixed
systems gave complementary images to the TEM images suggesting that the complexes
observed on the TEM grids were not artefacts resulting due to the drying effects (Figure
3.8). However, the packing of individual nanofibrils within the β-lg nanofibril bundles
formed in the β-lg nanofibril+0.005% w/v PE86 mixed system at pH 3 appeared to be
looser than it appeared to be in the TEM images (Figures 3.8, 3.9). The distance between
the surfaces of two adjacent nanofibrils within a bundle was measured using the obtained
cryo-EM images. The histogram given in Figure 3.9 shows the distribution of the intersurface distance. Both TEM and cryo-EM images on the β-lg nanofibril bundles suggested
that they mostly consist of a single layer of laterally aligned nanofibrils, but it may also
possible for them to have two layers of laterally aligned nanofibrils (stacked on top of
each other) as some bundles appeared to split into two with their progression.
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Figure 3.8 Cryo-EM images obtained for the 0.1% w/v 16 h CH β-lg nanofibrils+0.005% w/v
pectin mixed systems at pH 3. Scale bars represent 0.5 μm.

Figure 3.9 Additional cryo-EM images obtained for the 0.1% w/v 16 h CH β-lg
nanofibrils+0.005% w/v PE86 mixed system at pH 3 and inter-nanofibril surface distance
analysis. Scale bars given in cryo-EM images represent 0.5 μm. The given histogram represents
the distribution of the inter-nanofibril surface distance (n = 150). Ribbons were selected from 7
cryo-EM images and the distance was measured using ImageJ.

SEM provided more information about the 3D structure of the complexes (Figure
3.9), and more importantly suggested that the β-lg nanofibril bundles observed in the
presence of PE86 were probably not formed of several layers stacking on top of each other
(in which case they would have been coated more pronouncedly with platinum), in
agreement with TEM and cryo-EM images. Thus, these nanofibril bundles formed in the
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presence of PE86 were termed ‘ribbons’. Moreover, SEM images obtained for the mixed
systems formed with PE48 and 67, clearly showed the coating of β-lg nanofibrils in the
presence of PE48 and the irregular deposition of materials on the entangled nanofibril
mass in the presence of PE67 (Figure 3.10).

Figure 3.10 SEM images obtained for the 0.1% w/v 16 h CH β-lg nanofibrils+0.005% w/v pectin
mixed systems at pH 3.

TEM images obtained under the lower magnification showed that the size of the
complexes formed in the 0.1% w/v β-lg nanofibrils+0.005% w/v pectin mixed systems at
pH 3 occasionally reach beyond 20 μm (see Appendix P-Figure P.4). Hence, it was
decided to use confocal laser scanning microscopy (CLSM) to image the systems. Prior to
CLSM, normal fluorescence light microscopy was conducted as a preliminary approach
(see Appendix Q-Figure Q.1) and the results obtained encouraged the use of CLSM to
visualise the aggregates (or the complexes) formed in these systems. Figure 3.11 presents
the CLSM images obtained on ThT stained 0.1% w/v β-lg nanofibrils+0.005% w/v pectin
mixed systems at pH 3.

Figure 3.11 CLSM images obtained for the 0.1% w/v 16 h CH β-lg nanofibrils+0.005% w/v pectin
mixed systems at pH 3.
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3.3.8 Effect of complex formation on the binding of thioflavinT (ThT) to the β-lg
nanofibril surface
Figure 3.12 presents the ThT fluorescence intensities recorded for 0.1% w/v β-lg
nanofibrils+0.005% w/v pectin mixed systems and for the control samples at pH 3.
Interacting β-lg nanofibrils with PE48 and PE67 markedly increased the ThT fluorescence
intensity, compared to that of β-lg nanofibrils (alone), irrespective of the method of
nanofibril formation. No significant difference (P ≤ 0.05 level) was observed between the
ThT fluorescence intensities recorded for the β-lg nanofibrils and β-lg nanofibrils+PE86
mixed systems. ThT fluorescence intensities recorded for the pectin controls (0.005% w/v;
pH 3) averaged ≤ 5 au, suggesting that the observed increase in the fluorescence intensity
for the mixed systems was not just due to the binding of ThT with pectin.

b

y
z
c

a

a
x

x

Figure 3.12 ThT fluorescence measured for the 0.1% w/v β-lg nanofibrils+0.005% w/v pectin
mixed systems at pH 3. Aliquots obtained from the mixed systems, 0.1% w/v β-lg nanofibrils
(alone) and 0.005% w/v pectins (alone) at pH 3 were assessed for ThT fluorescence
(excitation: 440 nm; emission: 482 nm). ThT fluorescence measured for the pectin samples
are given below separately for clarity. Letters a,b,c and x,y,z indicate significant differences
(P ≤ 0.05; Tukey’s mean comparison) among β-lg nanofibrils and β-lg nanofibrils+pectin
mixed systems formed using 16 h CH and 2 h MHS β-lg nanofibrils, respectively. Error bars
represent the standard deviation for triplicate measurements made on separately prepared
samples.
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3.3.9 Effect of complex formation on the surface hydrophobicity (S0) of β-lg
nanofibrils
β-Lg nanofibrils formed by 16 h CH showed a lower S0 in comparison to the β-lg
nanofibrils formed by 2 h MHS method (Figure 3.13), in agreement with previous results
(see Chapter 2-Figure 2.8). Following a similar trend to the β-lg nanofibrils, the 16 h CH
β-lg nanofibrils+pectin mixed systems showed a lower S0 than the 2 h MHS β-lg
nanofibrils+pectin mixed systems, irrespective of the type of pectin used for the formation
of the mixed system (Figure 3.13). Interacting both types of β-lg nanofibrils with PE48
and PE67 led to a slight, yet significant increase (P ≤ 0.05) in S0 at pH 3, in comparison to
the nanofibrils formed by the respective method (Figure 3.13). However, no significant
difference (P ≤ 0.05) in S0 was observed between β-lg nanofibrils and β-lg
nanofibrils+PE86 mixed systems, formed by a given method. The net ANS fluorescence
intensity measured for the pectin controls (with a pectin concentration corresponding to
the highest concentration of the dilution series used for the determination of S0) was
negligible (≤ 0.5 au) (see Appendix S-Figure S.1), thus no further measurements were
obtained for the concentrations corresponding to the lower dilutions. From these results, it
was evident that the contribution of pectin to the ANS fluorescence intensity of the mixed
systems was negligible.
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16 h CH β-lg nanofibrils
2 h MHS β-lg nanofibrils
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2 h MHS β-lg nanofibrils+PE48
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0

Figure 3.13 S0 of β-lg nanofibrils+pectin mixed systems at pH 3. Letters a,b and x,y
indicate significant differences

(P ≤ 0.05; Tuckey’s mean comparison) among β-lg

nanofibrils and β-lg nanofibrils+pectin mixed systems formed using 16 h CH and 2 h MHS
β-lg nanofibrils, respectively. Error bars represent the standard deviation for triplicate
measurements made on separately prepared samples. See Appendix S-Figure S.1 for raw
data (ANS fluorescence measurements). Pectins, did not contribute to the fluorescence.
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3.3.10 Further assessment of β-lg nanofibrils+PE86 mixed systems
Due to the unique β-lg nanofibril ribbons observed in the presence 0.005% w/v
PE86 at both pHs, the mixed systems formed with a higher concentrations of PE86 were
also subjected to TEM (Figure 3.14). Ribbon formation was observed with all the
concentrations (0.01, 0.05 and 0.1% w/v) at both pHs, except for the mixed system formed
with 0.1% w/v PE86 at pH 2 (Figure 3.14). In this system, the lateral association of
nanofibrils appeared to be considerably weakened in comparison to the other mixed
systems made with PE86, and a considerable amount of free, individual nanofibrils
(nanofibrils which have not assembled into ribbons) were present in the system (Figure
3.14). Moreover, the TEM images obtained for the systems with a PE86 concentration of
≥ 0.05% w/v showed the presence of non-fibril aggregates, and these aggregates
sometimes appeared to disturb the lateral alignment of the β-lg nanofibrils (see Appendix
P-Figure P.5).

Figure 3.14 TEM images obtainbed for the 16 h CH β-lg nanofibrils+PE86 mixed systems at
pH 2 and pH 3 with a PE86 concentration above 0.005% w/v. The concentration of the β-lg
nanofibrils in the mixed systems was kept static at 0.1% w/v and the concentration of PE86
was varied from 0.01-0.1% w/v. The concentration (% w/v) of PE86 used to form the mixed
system and pH of the mixed system are given with the respective TEM image. Arrows show
the non-fibril aggregates. Scale bars represent 0.5 μm. See Appendix P-Figure P.5 for more
images on the 0.1% w/v 16 h CH β-lg nanofibrils+0.1% w/v PE86 mixed systems.
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In general, the ribbons formed at pH 3 appeared to be broader than the ribbons
formed at pH 2 (Figure 3.14). Hence, a TEM image analysis was performed on the width
of the ribbons formed at the two different pHs and the results showed that the width of the
ribbons formed (or the number of individual β-lg nanofibrils laterally align to form the
ribbons) at pH 3 is significantly higher than at pH 2, irrespective of the PE86
concentration (Figure 3.15; Table 3.4).
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Figure 3.15 Width of the ribbons formed in 16 h CH β-lg nanofibrils+PE86 mixed systems at pH 2 and
pH 3 measured using TEMs. The concentration β-lg nanofibrils held constant at 0.1% w/v while the
concentration of PE86 was varied from 0.005−0.1% w/v. At pH 2, the alignment of β-lg nanofibrils was
hindered when the PE86 concentration was increased to 0.1% w/v, hence no width measurements were
made on that system. Error bars represent the standard deviation for 50 individual ribbons selected from
15−20 TEM images obtained on 2 to 3 different samples. Results are summarised in Table 3.1 and
width distribution histograms for the mixed systems are given in Appendix R.

Table 3.4 Width analysis of the ribbons formed in 16 h CH β-lg nanofibrils+PE86 mixed systems at
pH 2 and pH 3 conducted using TEMs
System
Ribbons
formed at pH 2

Characteristics of the ribbons
 Average width: ~80 nm (≥ 75% were within 60−100 nm)a
 5−8 individual fibrils were generally aligning to form the ribbons
 No significant difference was observed in the width of the ribbons formed at
0.005, 0.01 and 0.05% w/v PE86 concentrations (P ≤ 0.05 level)b,c

Ribbons
formed at pH 3

 Average width: ~180 nm (≥ 75were within 120−240 nm)a
 10−20 individual fibrils were generally aligning to form the ribbons
 No significant difference was observed in the width of the ribbons formed at
0.005, 0.01, 0.05 and 0.1% w/v PE86 concentrations (P ≤ 0.05 level)b,c

Width populations are significantly different between the pH 2 and pH 3 samples (P ≤ 0.05 level)b
a

Width distribution histograms can be found in Appendix R.
Tukey’s mean comparison.
c
The concentration of the β-lg nanofibrils in all the mixed systems was at 0.1% w/v.
b
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3.3.11 Effect of changing the pH and ionic strength on the ribbons formed in β-lg
nanofibrils+PE86 mixed system
Changing the pH of 0.1% w/v 16 h CH β-lg nanofibrils+0.005% w/v PE86 mixed
system from pH 3 to pH 4, 6 and 7 using NaOH resulted in turbid solutions and the TEM
images obtained showed clusters formed by ribbons and individual β-lg nanofibrils. Only
the less dense areas observed on the grids are shown for clarity (Figure 3.16). The amount
of free individual nanofibrils observed increased with the increasing pH, while the number
of ribbons concomitantly reduced suggesting that ribbons tend to disassemble at higher
pHs.
To investigate the effect of ionic strength on the ribbon formation, NaCl was
introduced to the medium through the PE86 solution. With a final concentration of 20 mM
NaCl in the 0.1% w/v 16 h CH β-lg nanofibrils+0.005% w/v PE86 system at pH 3, ribbon
formation occurred as usual and their morphology seemed to be unaffected (Figure 3.17).
In contrast, increasing the NaCl concentration in the medium to 100 mM weakened the
lateral association of β-lg nanofibrils (Figure 3.17).

Figure 3.16 TEM images obtained for the 0.1%w/v 16 h CH β-lg nanofibrils+0.005% w/v PE86
mixed systems after increasing the pH. A, B and C represent the mixed systems adjusted to pH 4,
6 and 7, respectively. The scale bars represent 0.5 μm.
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Figure 3.17 TEM images obtained for the 0.1% w/v 16 h CH β-lg nanofibrils+0.005% w/v PE86
mixed systems with different NaCl concentrations at pH 3. (A) with 20 mM NaCl. (B) with 100 mM
NaCl. The scale bars represent 0.5 μm.

3.3.12 Small-angle X-ray scattering (SAXS) results for the β-lg nanofibrils+PE86
mixed system
Figures 3.18 and 3.19 present the synchrotron X-ray scattering data collected for
β-lg nanofibrils+PE86 mixed systems made with 16 h CH and 2 h MHS β-lg nanofibrils,
respectively, together with scattering data obtained for the individual components in the
mixed systems. In addition, scattering data obtained for the β-lg nanofibrils+PE86 mixed
systems containing 100 mM NaCl is presented for comparison. For a given sample,
scattering data were superimposable for the two concentrations trialed (0.2 and 0.4% w/v
β-lg nanofibrils, 0.01 and 0.02% w/v PE86),16 suggesting that no inter-particle interactions
(i.e. aggregation or repulsion of β-lg nanofibrils, β-lg nanofibril ribbons or PE86
molecules) exist within the range of concentrations used for these experiments.17
In agreement with the assumptions made during the preliminary SAXS
experiments (see Appendix N-Figure N.1), the scattering patterns obtained for the β-lg
nanofibrils+PE86 mixed systems (i.e. from β-lg nanofibril ribbons) were different from
the β-lg nanofibrils (alone) for the q-range < 0.04 Å-1, and they also showed the presence
of a structure factor (Figures 3.18A,C,E and 3.19A,C,E). It is noteworthy that this
structure factor is not resulting from the inter-particle (i.e. inter-ribbon) associations
16

Preliminary SAXS data were obtained for the 16 h CH β-lg nanofibrils+PE86 mixed systems, their
individual components (i.e. β-lg nanofibrils alone and PE86 alone) and 16 h CH β-lg nanofibrils+PE86
mixed systems with 100 mM NaCl at 3 different concentrations (0.1, 0.2 and 0.4% w/v β-lg nanofibrils,
0.005, 0.01 and 0.02% w/v PE86). For a given sample a similar scattering pattern was observed within the
experimented concentrations (see Appendix N-Figures N.1 and N.2). The latter 2 concentrations were
selected for the synchrotron experiments.
17

The formation of ribbons in β-lg nanofibrils+PE86 mixed system at pH 3 with a β-lg nanofibril
concentration up to 1.5% w/v (with the corresponding PE86 concentration) has been verified by TEM (see
Appendix P–Figure P.6).
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within the sample. If the structure factor was due to such inter-ribbon associations, the
structure factor peak should be more prominent at the higher concentration, as the interparticle associations tend to increase with increasing concentration. Thus, the observed
structure factor is attributed to the intra-particle (i.e. inter-nanofibril) associations within
the ribbons. This was further confirmed by the absence of a structure factor in the β-lg
nanofibrils+PE86 mixed systems containing 100 mM NaCl (Figures 3.18B, 3.19B), in
which the ribbon formation was found to be markedly suppressed (Figure 3.17). The
scattering intensity recorded for the 0.01 and 0.02% w/v PE86 samples (Figures 3.18D,
3.19D) was considerably lower in comparison to the β-lg nanofibrils+PE86 mixed
systems, thus, the contribution of PE86 to the total scattering intensity of the mixed
systems (even if all the PE86 molecules remained without interacting with β-lg
nanofibrils) was considered to be negligible.18
As explained under the SAXS theory (see Appendix F), after the subtraction of the
background scattering, the scattering intensity becomes proportional to the differential
scattering cross-section. The differential scattering cross-section is proportional to the
product of structure factor and form factor (see Appendix F for the definitions and
equations). Thus, the scattering intensity itself can be considered as proportional to the
product of structure factor and form factor. For dilute systems, usually no structure factor
is observed, and the scattering data represents the form factor alone, or in other words
information integral to the scattering objects. When the scattering data resulting from a
particular system includes a structure factor in addition to the form factor (as in the case of
β-lg nanofibrils+PE86 mixed system), the structure factor alone can be obtained by
dividing the scattering data from the scattering data that represents the form factor alone
for that particular system. Hence, the scattering data obtained for the β-lg
nanofibrils+PE86 mixed systems was divided by the scattering data of β-lg nanofibrils
(which are isotropically distributed within the system and therefore provides the form
factor alone for the nanofibrils19) to obtain the structure factor. Although the scattering
curves obtained for the β-lg nanofibrils did not overlay with the scattering curves of β-lg
nanofibril ribbons at low-q values (q < 0.015 Å-1) (Figures 3.18E, 3.19E), the peak

18

The scattering curves obtained by the subtraction of the scattering of PE86 from that of the mixed systems
overlaid the scattering curve of the respective mixed system (see Appendix T-Figure T.1).
19

Although PE86 molecules were also present in the β-lg nanofibrils+PE86 mixed systems, their
contribution to the scattering intensity of the mixed system was negligible at the given concentration
(Figures 3.18E, 3.19E). See also the Footnote 18.
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resulting from the structure factor of the ribbons was just within the overlaying area,
enabling it to be separated from the form factor by division.
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E

Figure 3.18 SAXS data obtained for the 16 h CH β-lg nanofibrils+PE86 mixed system at pH 3
in the presence or absence of 100 mM NaCl, and for the individual components of the mixed
system at pH 3. (A) 16 h CH β-lg nanofibrils+PE86 system; (B) 16 h CH β-lg nanofibrils+PE86
system with 100 mM NaCl; (C) 16 h CH β-Lg nanofibrils; (D) PE86. The 2 concentrations
trialed for the A, B and C samples were 0.2 and 0.4% w/v 16 h CH β-lg nanofibrils with the
corresponding amount of PE86. For D the 2 concentrations trialed were 0.01 and 0.02% w/v
(and they were equivalent to the PE86 content in the 2 concentrations of A, B and C). In the
plots A−D, the curve with the higher intensity represents the higher concentration. (E) The
higher concentrations trialed for all the samples are plotted together for comparison.
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Figure 3.19 SAXS data obtained for the 2 h MHS β-lg nanofibrils+PE86 mixed system at pH 3
in the presence or absence of 100 mM NaCl, and for the individual components of the mixed
system at pH 3. (A) 2 h MHS β-lg nanofibrils+PE86 system; (B) 2 h MHS β-lg
nanofibrils+PE86 system with 100 mM NaCl; (C) 2 h MHS β-lg nanofibrils; (D) PE86. The 2
concentrations trialed for the A, B and C samples were 0.2 and 0.4% w/v 2 h MHS β-lg
nanofibrils with the corresponding amount of PE86. For D the 2 concentrations trialed were 0.01
and 0.02% w/v (and they were equivalent to the PE86 content in the 2 concentrations of A, B
and C). In the plots A−D, the curve with the higher intensity represents the higher concentration.
(E) The higher concentrations trialed for all the samples are plotted together for comparison.

Figure 3.20A presents the structure factors obtained for the both 16 h CH and 2 h
MHS β-lg nanofibril ribbons. When considering the scattering pattern for q > 0.015 Å-1,
both samples showed a flat scattering curve with a peak at ~0.03 Å-1. The peak was less
resolved for the 2 h MHS β-lg nanofibril ribbons. However, when considering the
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scattering pattern for the q < 0.015 Å-1, both samples showed a rise in the scattering
intensity, which was expected due to the differences observed in the scattering patterns of
individual β-lg nanofibrils and the β-lg nanofibril ribbons at q < 0.015 Å-1.
Fitting the structure factor obtained for the β-lg nanofibril ribbons with the
Gaussian peak model (Figure 3.20B,C; see Appendix U for the model information) gave
~0.030 Å-1 as the peak position for the both 16 h CH and 2 h MHS β-lg nanofibril ribbons
(Table 3.5), but the full width at half maximum (FWHM) of the peak was higher (or, in
other words, a broader peak was observed) for the 2 h MHS β-lg nanofibril ribbons (Table
3.5).
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Figure 3.20 Structure factors obtained for the 16 h CH β-lg nanofibrils+PE86 mixed system and 2 h
MHS β-lg nanofibrils+PE86 mixed system at pH 3. To obtain the structure factor, the SAXS curve
obtained for the 0.4% w/v β-lg nanofibrils+0.02% w/v PE86 mixed system was divided by the SAXS
curve obtained for the 0.4% w/v β-lg nanofibrils. (A) Structure factors obtained for the both mixed
systems are plotted together for comparison. (B) and (C) show the structure factor obtained for the
respective mixed systems fitted with the Gaussian peak model using Igor macros (see Table 3.5 for the
parameters). Insets given with B and C are enlargements of the peak region.
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Table 3.5 Parameters obtained for the structure factor of β-lg nanofibril ribbons by
Gaussian peak fitting

Scale factor
-1

Peak position (Å )
a

-1

FWHM (Å )
Incoherent background
a

16 h CH β-lg ribbons

2 h MHS β-lg ribbons

0.45

0.28

0.0302

0.0295

0.0125

0.0161

1.00

1.06

Full width at half maximum (of the scattering intensity of peak).

3.3.13 Interactions of β-lg nanofibrils with dextrans, PEG, HG97 and
methylcellulose
In order to determine the effect of macromolecular crowding on β-lg nanofibrils at
the concentrations corresponding to (and even higher than) the PE86 concentrations that
caused ribbon formation, 16 h CH β-lg nanofibrils were interacted with dextrans and PEG.
The addition of dextrans or PEG had no effect on the β-lg nanofibrils within the range of
concentrations tested, and the TEM images obtained on these mixed systems were very
similar to the TEM images of β-lg nanofibrils alone. (see Appendix V-Figure V.1 for the
TEM images obtained on 16 h CH β-lg nanofibrils+dextrans and 16 h CH β-lg
nanofibrils+PEG mixed systems).
To investigate the hydrophobic interactions of β-lg nanofibrils, 16 h CH β-lg
nanofibrils were interacted with HG97 and methylcellulose, which were added in similar
to the concentrations of PE86 that caused ribbon formation. Mixed systems formed with
either HG97 or methylcellulose did not result in lateral alignment of β-lg nanofibrils as in
the presence of PE86. But deposition of materials on the β-lg nanofibrils was observed in
the TEM images, and this was more pronounced at the higher concentration of HG97 or
methylcellulose (Figure 3.21).
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Figure 3.21 TEM images obtained for the 16 h CH β-lg nanofibrils+HG97
mixed system and 16 h CH β-lg nanofibrils+methylcellulose mixed system at
pH 3. (A) 0.1% w/v β-lg nanofibrils+0.005% w/v HG97; (B) 0.1% w/v β-lg
nanofibrils+0.05% w/v HG97; (C) 0.1% w/v β-lg nanofibrils+0.005% w/v
methylcellulose; (D) 0.1% w/v β-lg nanofibrils+ 0.05% w/v methylcellulose.
Scale bars represent 0.5 μm.

3.3.14 Interactions between demethylesterified PE86 and β-lg nanofibrils
PE86 was demethylesterified using f-PME to a DM < 50%, and the ζ-potential
measured for the f-PME treated PE86 (at pH 3) was -28.6±0.9 mV, in comparison to
-4.6±0.4 mV of PE86 at pH 3 (and it was even less than the ζ-potential PE48, which was
-22.6±0.8 mV see Figure 3.3), confirming the action of f-PME on PE86. Interacting 16 h
CH β-lg nanofibrils with demethylesterified PE86 did not result in ribbon formation and
the β-lg nanofibrils appeared to be coated with materials (Figure 3.22), resembling the
interactions of β-lg nanofibrils with PE48 at pH 3 (Figure 3.6).
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Figure 3.22 A TEM image obtained for the
demethylesterified

PE86+β-lg

nanofibrils

mixed

system at pH 3. PE86 was first demethylesterified with
f-PME to a theoretical level of ~25%. Then 16 h CH
β-lg nanofibrils were mixed with demethylesterified
PE86 to result in final concentrations of 0.1% w/v β-lg
nanofibrils and 0.005% w/v demethylesterified PE86.
Scale bar represents 0.5 μm.

3.3.15 Effect of pectinases on the β-lg nanofibril ribbons
Addition of the mixture of pectinases to the β-lg nanofibril ribbons present in the
β-lg nanofibrils+PE86 mixed system at pH 3 led to the disassembly of ribbons back into
individual nanofibrils (Figure 3.23), providing further evidence for the fact that PE86
molecules bind the nanofibrils together forming the ribbons.

Figure 3.23 TEM images showing the effect of pectinases on the 16 h CH β-lg nanofibril ribbons
formed in the presence of PE86. (A) Control sample; (B) Pectinase treated sample. Pectinase was added
to the 0.1% w/v 16 h CH β-lg nanofibrils+0.005% w/v PE86 mixed system at pH 3 and kept at 50 °C
for 10 min. The enzyme was inactivated by heating the mixed system at 80 °C for 5 min and then the
mixed system was subjected to TEM. Scale bars represent 0.5 μm.

3.3.16 EndoPG digestion of PE86 and its effect on the ability of PE86 to form
ribbons from β-lg nanofibrils
In order to specifically cleave any blocks of non-methylesterified GalA residues
present in PE86 molecules, they were treated with the enzyme endoPG. The products
resulting from the endoPG digestion of PE86 over the time were tracked by CE (Figure
3.24) and SEC-MALLS (Figure 3.25), and also interacted with β-lg nanofibrils to
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investigate their ability to form ribbons (Figure 3.26). Products resulting from 0.5 h to 7
days of endoPG digestion had a higher DM in comparison to PE86 (Figure 3.24), and their
Mw was ~23 kDa, approximately half of the Mw measured for the PE86 molecules (Figure
3.25). No significant difference was observed either in the DM or Mw of the resulting
products, with the increase of digestion time. The mixed system prepared with the
products resulting from 0.5 h to 24 h of endoPG digestion had the ability to form β-lg
nanofibrils ribbons (Figure 3.26). However, increasing the digestion time to 7 days
resulted in products which lacked the ability to form ribbons from β-lg nanofibrils (Figure
3.26).

PE86 control
0.5 h with endoPG
4 h with endoPG
8 h with endoPG
24 h with endoPG
7 days with endoPG

3.24 Electrophorograms obtained for the products resulting from endoPG digestion of PE86. Aliquots
obtained from a PE86 solution (0.5% w/v at pH 4.2) were mixed with endoPG and left to stand at room
temperature (~20 °C). At the requisite times, the enzyme was inactivated by adjusting the pH to 3 and
storing at 4 °C. Before the storage, an aliquot obtained from the sample was subjected to CE following
the method described under the Section 3.2.5. The peaks enclosed by the dashed rectangle are probably
originating due to the formation of GalA monomers, dimers and trimers. The peaks marked ‘×’ were
due to unknown contaminants as they were also observed at other wavelengths. The electrophorogram
obtained for the endoPG control (endoPG alone) did not result in any peaks.
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PE86 control (Mw ~ 46.0 kDa)
0.5 h with endoPG (Mw ~ 23.8 kDa)
24 h with endoPG (Mw ~ 23.8 kDa)
7 days with endoPG (Mw ~ 23.4 kDa)

3.25 Molecular weight distributions of the products resulting from endoPG digestion of PE86 derived
from LS and RI signals of SEC-MALLS. See caption of Figure 3.24 for the endoPG treatment of PE86
and inhibition of the action of endoPG at the requisite times. Selected samples were subjected to SECMALLS according to the method described under the Section 3.2.6 in order to determine the molecular
weight of the products resulting from endoPG digestion. No peaks were observed in the LS and RI
signals obtained for the endoPG control (endoPG alone).
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3.26 TEM images obtained for the mixed systems made by interacting the products resulting
from endoPG digestion of PE86 with 16 h CH β-lg nanofibrils. The endoPG treated PE86
solution were diluted to a concentration of 0.01% w/v with pH 3 HCl and mixed in a volume
ratio of 1:1 with 0.2% w/v β-lg nanofibrils at pH 3. The duration of endoPG treatment for the
(A), (B), (C), (D) and (E) is 0.5 h, 4 h, 8 h, 24 h and 7 days, respectively. The scale bars represent
0.5 μm.

3.3.17 Effect of pre-interacting 16 h CH β-lg nanofibrils with GalA monomers and
oligomers on their ability of ribbon formation with PE86
Addition of GalA oligomers or monomers to the β-lg nanofibrils (in an equivalent
amount to the non-methylesterified GalA units present in PE86) did not result in ribbon
formation (or an entangled nanofibril mass as observed in the presence of PE48 and PE67)
(Figure 3.27A,B). The subsequent introduction of PE86 to these mixed systems clearly
showed that only the GalA oligomers (a mixture of heptamers and octamers) are capable
of hindering the ribbon formation as free, individual nanofibrils were observed (Figure
3.27C). Interacting β-lg nanofibrils with GalA monomers had no effect on the ribbon
formation (Figure 3.27D).
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Figure 3.27 TEM images showing the effect of interacting 16 h CH β-lg nanofibrils with GalA
monomers and oligomers and subsequently with PE86 at pH 3. (A) 0.1% w/v β-lg
nanofibrils+GalA oligomers; (B) 0.1% w/v β-lg nanofibrils+GalA monomers; The final
concentration of GalA units present in the in the mixed systems formed with GalA oligomer
and GalA monomer was equivalent to the concentration of non-methylesterified GalA units
present in PE86 at 0.005% w/v. (C) Subsequent addition of PE86 to the 0.1% w/v β-lg
nanofibrils+GalA oligomers mixture; (D) Subsequent addition of PE86 to the 0.1% w/v β-lg
nanofibrils+GalA monomers mixture. The final concentration of PE86 in C and D were 0.005%
w/v. Scale bars represent 0.5 μm.

3.4 Discussion
Experimental conditions were set up with an aim to facilitate electrostatic
interactions between β-lg nanofibrils and pectins. Both 16 h CH and 2 h MHS β-lg
nanofibrils showed a positive ζ-potential at the given pHs (pH 2 and pH 3) (Figure 3.4) as
they possess a net positive charge below their pI (~5.2; Jones et al., 2011; Kroes-Nijboer
et al., 2012). 20,21 Increasing the pH of β-lg nanofibrils (alone) to ≥ 4 resulted in slightly
20

β-Lg variants A and B consist of 20 basic amino acid residues (15K, 3R and 2H residues) which have a
positively charged amine-group in the side chain at the given pHs, giving a net positive charge to the β-lg
nanofibrils. See Appendix A-Figure A.1 for the structure of K, R and H residues.

126

opaque to turbid samples due to the formation of aggregates (see Appendix W-Figure
W.1). TEM images obtained for the above samples showed the aggregation of β-lg
nanofibrils as the pI of β-lg nanofibrils was approached (see Appendix W-Figure W.2).
Hence, it was decided to conduct the interactions between β-lg nanofibrils and pectins at
pH 2 and pH 3. Pectins with 3 different DMs (PE48, PE67 and PE86) were intially
selected and different concentrations of the each pectin were introduced to a fixed
concentration of β-lg nanofibrils in order to manipulate the amount of the negative charges
available for the electrostatic interactions with positively charged β-lg nanofibrils. The
magnitude of the negative ζ-potential recorded for the selected pectins was in agreement
with their measured DM (Table 3.1; Figure 3.4). The marked reduction in the negative
ζ-potential of the pectins observed at pH 2 (Figure 3.4) can be attributed to the protonation
of the carboxyl groups of non-methylesterified GalA residues in the pectin backbone (see
Chapter 1-Figure 1.6 for the structure of pectin), as a result of the pH of the medium
reaching considerably below its pKa (~3.6; Cesàro, 1982).
The mixed systems formed by interacting β-lg nanofibrils with PE48 at pH 2 and 3
or with PE67 at pH 3 with a pectin concentration ≥ 0.005% w/v showed either turbidity or
formation of a precipitate due to the aggregation of the materials present in the systems
(Figure 3.5). The observed turbidity or precipitation became more pronounced with the
increase of PE48 and PE67 concentrations (Figure 3.5). However, the mixed systems
formed by interacting β-lg nanofibrils with PE86 (which carries a negligible amount of
negative charges at pH 2 and pH 3 in comparison to PE48 and 67; Figure 3.4), neither
caused any observable turbidity nor formation of a precipitate at the both pHs (Figure 3.5).
The aggregation of materials observed in the mixed systems formed with PE48 and
PE67 and the oppositely charged nature of β-lg nanofibrils and these pectins strongly
suggest that the aggregate formation (which caused turbidity or formation of a precipitate
in the mixed systems) is a result of electrostatic complex formation between β-lg
nanofibrils and pectins (PE48 and PE67). The reduced pectin concentration in the
supernatants of 0.1% w/v β-lg nanofibrils+0.1% w/v PE48 and 0.1% w/v β-lg
nanofibrils+0.1% w/v PE67 mixed systems at pH 3 (in comparison to the introduced
pectin concentration) provides further evidence for the interactions between these pectins
and β-lg nanofibrils (Table 3.3). Binding of PE48 or PE67 molecules with β-lg nanofibrils
will lead to a reduction of the net positive charge on the nanofibril surface, or in other
21

The ζ-potential of 2 h MHS β-lg nanofibrils measured as a function of pH (see Appendix O- Figure O.1)
showed that the pI of 2 h MHS β-lg nanofibrils is similar to the pI estimated for the CH β-lg nanofibrils by
Jones et al. (2011) and Kroes-Nijboer et al. (2012).
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words, the primary complexes formed in these systems will have a lower charge in
comparison to β-lg nanofibrils. Further binding of pectins will further decrease the charge
on these primary complexes, and adequate neutralisation can result in a secondary
aggregation of these primary complexes, ultimately leading to the formation of aggregates
large enough to cause an increased turbidity or form a precipitate in the mixed systems.
The above explanation is in accordance with the theoretical model proposed for complex
formation by Tainaka (1979). The entangled β-lg nanofibril masses (with materials
deposited on them) observed in the supernatants of the mixed systems formed with 0.1%
w/v PE48 and PE67 at pH 3 (see Appendix P-Figure P.1), could possibly be intermediates
formed during the secondary aggregation process, which were not large or dense enough
to separate under the given centrifugal force.22
In order to observe the morphology of the complexes23 formed by the interactions
between β-lg nanofibrils and pectins with different DMs, the mixed systems formed with
lower concentrations of pectin (i.e. 0.001 and 0.005% w/v) were initially observed under
TEM. At a pectin concentration of 0.001% w/v, no significant difference was observed for
the nanofibrils present in the mixed systems in comparison to the β-lg nanofibrils alone at
both pHs, except for some initial signs of aggregation (Figure 3.5), suggesting that the
extent of the interactions is subtle at the given pectin concentration. However, increasing
the pectin concentration to 0.005% w/v resulted in entangled nanofibril masses for PE48
and PE67 at both pHs, whilst unique, laterally associated β-lg nanofibril bundles, which
were termed ribbons were observed with PE86 and PE88 (Figures 3.6-3.10; Appendix PFigures P.2-P.4).
β-Lg nanofibrils within the entangled nanofibril masses formed with PE48
appeared to be coated with materials, presumably with PE48, due to the electrostatic
potential between the nanofibrils and the pectin. It should be noted that non-fibril peptides
are also present in the mixed systems, thus it is also possible that the coating comprised of
both PE48 and non-fibril peptides. However, the net charge of these non-fibril peptides
has been found to be negligible (Kroes-Nijboer et al., 2012), hence, they have a less
chance to associate with β-lg nanofibrils in comparison to PE48. It is possible for the
nanofibrils to have hydrophobic patches on their surface, but it is unlikely that the non22

The morphology of the complexes present in the supernatants (see Appendix P-Figure P.1) of these mixed
systems was comparable to the complexes formed in the respective mixed systems formed with 0.005% w/v
PE48 and PE67 at pH 3 (Figure 3.6).
23

As the exact boundary between the primary and secondary complex formation is not known, the term
‘complexes’ was used in general for the β-lg nanofibrils+pectin aggregates.
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fibril peptides interact with such areas given the high surface charge density of the
nanofibrils at pH 3. However, neutralisation of the surface charges due to the binding of
PE48 might attract non-fibril peptides to the nanofibril surface. Comparison of the TEM
images obtained for the 0.1% w/v 16 h CH β-lg nanofibrils+0.005% w/v PE48 (Figure
3.6) with the cryo-EM images obtained for the same systems (Figure 3.8), suggested that
the coating of the nanofibrils may not be as extensive as shown from the TEM images (in
which the drying effects may have caused adhesion of excess materials) and the ThT
fluorescence results (which are discussed below) also implies that it is unlikely PE48
covers the entire surface of the nanofibrils.
Entangled masses of nanofibrils with random depositions of materials were
observed in the presence of 0.005% w/v PE67 (Figure 3.6). These depositions observed in
the presence of PE67 were suspected to be resulting from intermolecular association of
PE67 molecules which are electrostatically attached to β-lg nanofibrils in close proximity,
or perhaps as a secondary process between PE67 molecules attached to β-lg nanofibrils
and free PE67 molecules in the mixed system. Given the level of calcium ions present in
β-lg nanofibrils+PE67 mixed system is negligible in comparison to the total number of
non-methylesterified GalA residues present in the sample (Table 3.2), the interactions
among the PE67 molecules were thought to be mostly hydrophobic. Moreover, it is also
possible that these depositions contain non-fibril peptides in addition to PE67. These
depositions were partially comparable to the depositions observed on β-lg nanofibrils by
Jones et al. (2011), when the nanofibrils were interacted with carrageenan. In addition to
the depositions, laterally aligned β-lg nanofibrils were also observed within the entangled
mass (Figure 3.6, Appendix P-Figure P.2). However, the number of nanofibrils aligned
together and the occurrence of the lateral alignment were markedly lower than those
observed with PE86 and PE88.
The morphological differences between the complexes formed with PE48 and
PE67 can be attributed to the differences in their DM and molecular weight (i.e. length of
the pectin molecule) (Table 3.1). In addition, the pattern of distribution of the charged,
non-methylesterified GalA residues within the backbone of these pectin molecules could
have been a major factor in determining the nature of interactions. The method of
nanofibril formation seemed to have no marked effect on the morphology of the
complexes formed with pectins, but estimation of the amount of PE67 and PE48 that
associates with β-lg nanofibrils implied that 2 h MHS β-lg nanofibrils may associate with
more pectin molecules than 16 h CH β-lg nanofibrils (Table 3.3), but conclusions cannot
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be drawn solely relying on the above results, due to the incomplete separation of β-lg
nanofibrils+pectin complexes from the supernatants.
The observed increase in the ThT fluorescence intensity for the β-lg
nanofibrils+PE48 and β-lg nanofibrils+PE67 mixed systems at pH 3 in comparison to the
β-lg nanofibrils alone (at the same pH) was an intriguing result (Figure 3.12), as clustering
of the nanofibrils and deposition of the materials on the nanofibril surface (as observed by
different electron microscopic techniques; Figures 3.6-3.8, 3.10, 3.11) was expected to
limit the docking of ThT molecule to the nanofibril surface (Nilsson, 2004). ThT
fluorescence of the pectin alone samples was negligible (Figure 3.12) suggesting that the
increased fluorescence was not due to the presence of pectin in the mixed systems.
According to the channel model proposed by Krebs et al. (2005)24, ThT molecules are
believed to bind along the long axis of the nanofibrils in the channels formed by the side
chains (R-groups) of amino acid residues (see Chapter 1-Figure 1.5A). ThT is a cationic
benzothiazole (see Chapter 1-Figure 1.3A), hence, the docking of these cationic ThT
molecules to these channels is likely to be affected by the charges present on the R-groups.
The peptides forming the β-lg nanofibrils carry K, R and/or H residues which have a
positively charged R-group (see Footnote 20), thus, giving a net positive charge to the β-lg
nanofibrils at pH 3. Electrostatic complex formation between the positively charged Rgroups of β-lg nanofibrils and negatively charged carboxyl groups of non-methylesterified
GalA residues of PE48 and PE67 will neutralise the surface charge on the nanofibrils to a
considerable extent, increasing the binding of ThT molecules. Thus, the β-lg nanofibrils in
the form of complexes with PE48 and PE67 gave a higher fluorescence than the β-lg
nanofibrils alone, and the magnitude of the increase in fluorescence was proportional to
the amount of negative charges present on the pectins. These results also suggested that
most of the binding sites (channels) remain accessible to ThT molecules irrespective of the
observed clustering of nanofibrils and deposition of materials on the nanofibril surface. In
agreement, Sabate et al. (2008), reported that there is a higher affinity and a 10-fold
increase in the amount of ThT molecules bound to a given concentration of HETs amyloid
nanofibrils at pH 7 compared to pH 2 (due to the neutralisation of positive charges on the
nanofibrils surface), although they were clumped into dense aggregates at the former pH.
The β-lg nanofibrils+PE86 mixed system at pH 3 showed a similar ThT fluorescence to

24

The localisation of the ThT binding sites on amyloid fibrils and their mode of binding are in debate, but
the channel model proposed by Krebs et al. (2005) is preferred because it readily explains the recognition of
a common structural feature to amyloid fibrils, despite the diversity of proteins forming the fibrils.
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the β-lg nanofibrils alone, in contrast to the PE48 and PE67 mixed systems (Figure 3.12).
This is consistent with the limited number of non-methylesterified GalA residues present
in PE86, which is not sufficient to cause an adequate neutralisation of the net positive
charge on the β-lg nanofibril surface.
The surface hydrophobicity (S0) recorded for the 2 h MHS fibrils were higher than
the 16 h CH nanofibrils, in agreement with the S0 measurements made for the comparison
of the two types of nanofibrils during the work of Chapter 2 (Figure 2.8).25 Following a
similar trend to ThT results, a higher S0 was observed for the β-lg nanofibrils+PE48 and
β-lg nanofibrils+PE67 systems at pH 3 in comparison to β-lg nanofibrils (alone) and β-lg
nanofibrils+PE86 mixed systems at pH 3 (Figure 3.13). The probe, 8-anilino-1naphthalenesulfonic acid (ANS), which was used to measure the S0 of the systems can
bind with hydrophobic areas on the nanofibril surface through its non-polar
anilinonaphthalene group, resulting in an increase in the fluorescence (Stryer, 1965).
Hence, neutralisation of charges present on the nanofibril surface due to the binding of
PE48 and PE67 (which is in favour of enhancing the hydrophobic interactions) may have
increased the binding of ANS probe to the fibrils. No significant difference was observed
between the S0 of β-lg nanofibrils+PE86 system and β-lg nanofibrils (alone), suggesting
that the level of neutralisation caused by PE86 is not sufficient to increase the binding of
ANS. In addition to the hydrophobic interactions, having a negatively charged sulfonate
group on the ANS molecule and positively charged R-groups on the nanofibril surface at
pH 3 will also enable electrostatic interactions between the probe and nanofibrils (Matulis
and Lovrien, 1998; Collini et al., 2003). Thus, if the electrostatic interactions are taken
into account, β-lg nanofibrils (alone) will bind with more ANS molecules compared to the
β-lg nanofibrils in the form of complexes with PE48 and PE67 (in which most of the
positively charged R-groups are already neutralised). However, the production of
fluorescence depends on the occlusion of the anilinonapthalene group from polar
environment that quenches the fluorescence (Matulis et al., 1999) and not simply on the
amount of ANS molecules bound with the substance. Hence, even though it is possible
that more ANS molecules bind with β-lg nanofibrils (alone), β-lg nanofibrils+PE48 and
β-lg nanofibrils+PE67 complexes may provide more hydrophobic pockets (due to the

25

Similar ThT fluorescence values recorded for the 16 h CH and 2 h MHS nanofibrils (alone) samples
suggested that a similar amount of nanofibrils is present in the samples, irrespective of the method of
formation (Figure 3.12), hence the observed difference in S0 was not due to the differences in the relative
amount of nanofibrils.
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neutralisation of surface charges) to occlude more anilinonapthalene groups from the
solvent yielding a higher fluorescence.
Among the β-lg nanofibrils+pectin mixed systems formed with different pectins,
β-lg nanofibrils+PE86 and β-lg nanofibrils+PE88 mixed systems showed the formation of
unique ‘ribbons’ by ordered lateral association of individual β-lg nanofibrils (Figures
3.6−3.11, Appendix P-Figures P.2, P.3). β-Lg nanofibrils+PE86 mixed system was
selected for further experiments in order to understand the mechanism that drives the
lateral association of β-lg nanofibrils. Determination of the molecular weight showed that
PE86 (and also PE88) has a lower in Mw (and consequently a lower chain length) than
PE48 and PE67 (Table 3.1), thus in order to investigate whether the size (but not the DM)
of PE86 is solely responsible for creating such an effect on nanofibrils, PE86 was
randomly demethylesterified using f-PME to a DM < 50% and then interacted with β-lg
nanofibrils. No ribbon formation took place in the presence of demethylesterified PE86
(Figure 3.22) indicating that size of the molecule or the chain length is not responsible for
the ribbon formation.
Due to the lower number of charged groups present in PE86, initially it was
thought that these molecules may not become bound to β-lg nanofibrils, and the ribbon
formation was a result of macromolecular crowding caused by PE86, which led to increase
the effective concentration of nanofibrils. An increase in the effective concentration of
β-lg nanofibrils can lead to an isotropic-nematic transition26 of β-lg nanofibrils which
could result in an ordered arrangement of nanofibrils from an isotropically distributed
state. To check this hypothesis, β-lg nanofibrils were interacted with different
concentrations of dextrans and PEG, but no ribbon formation occurred at any
concentration tested (see Appendix V-Figure V.1) suggesting that the ribbon formation
was not caused by an increase in the effective concentration of β-lg nanofibrils. Moreover,
the theoretical calculations conducted by Mezzenga et al. (2010) have shown that such
isotropic-nematic transition of β-lg nanofibrils were only possible at higher concentrations
of β-lg nanofibrils.27 Hence, it was then assumed that PE86 binds with β-lg nanofibrils to
cause their lateral alignment.
26

According to the classical theory of Onsager (1949), rod-like particles isotropically distributed in a
solution tend to have a preferred orientation above a critical concentration (∅𝐼−𝑁 ) resulting in an anisotropic
(or a nematic) phase as a result of entropic effects associated with excluded volume effects.
Even though the concentration of β-lg nanofibrils itself increased to the (∅𝐼−𝑁 ) values (≥ 0.24% w/v)
suggested by Mezzenga et al. (2010), it would not result in an ordered ribbon formation as observed with
0.1% w/v β-lg nanofibrils+0.005% w/v PE86 mixed system. TEM images obtained for the β-lg nanofibrils
alone even at a concentration of 0.5% w/v did not show any ribbon formation.
27
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As the majority of the GalA residues present in the backbone of PE86 molecules
are methylesterified, first it was thought that the hydrophobic interactions between PE86
molecules and β-lg nanofibrils are mainly involved in ribbon formation. Hence, it was
assumed that interacting β-lg nanofibrils with other uncharged macromolecules would also
result in ribbon formation. To test this hypothesis, HG97 and methylcellulose which have
a comparable molecular structure to PE86 were interacted with β-lg nanofibrils, but no
ribbon formation took place in the presence of either of the substances (Figures 3.21). This
led to the hypothesis that the lower number of negatively charged, non-methylesterified
GalA units present in the PE86 molecules play a key role in binding the adjacent
nanofibrils into ribbons.
To investigate the contribution of electrostatic interactions to the ribbon formation,
the ionic strength of the medium was increased by introducing NaCl with the PE86
solution to achieve final concentrations of 20 and 100 mM in the mixed systems. Although
no significant effect on ribbon formation was observed with 20 mM NaCl, increasing the
NaCl concentration to 100 mM suppressed the ribbon formation (Figure 3.17), presumably
due to the masking of both charges present on PE86 molecules and β-lg nanofibrils. It has
been previously shown by Sperber et al. (2009a, 2009b) that binding of high-methoxyl
pectin (DM ~70%) with β-lg can be inhibited by increasing the ionic strength to 75 mM,
irrespective of the pattern of the distribution of non-methylesterified GalA residues (i.e.
either block-wise or random) within the pectin, in agreement with the observations made
during the present work.
Moreover, the ribbons formed at pH 2 had a lower width than the ribbons formed
at pH 3 (Figures 3.14, 3.15; Table 3.4), presumably due to the reduced negative charges on
PE86 molecules at pH 2 compared to pH 3, which reduces the ability of PE86 molecules
to bind with β-lg nanofibrils.28 Increasing the PE86 concentration to 0.1% w/v at pH 2
suppressed the lateral alignment of β-lg nanofibrils, whilst at pH 3 the ribbons lacked the
fine alignment that was observed at lower PE86 concentrations, due to the presence of
extra materials in between adjacent nanofibrils aligning together forming the ribbons
(Figure 3.14, Appendix P-Figure P.5). These extra materials were attributed to aggregates
of PE86 molecules (alone or with non-fibril peptides). At pH 3, it is also possible that
excessive binding of PE86 with β-lg nanofibrils also disturbs the proper alignment of
nanofibrils.
28

According to the ζ-potential measurements on β-lg nanofibrils (Jones et al., 2011; Kroes-Nijboer et al.,
2012; Appendix O-Figure O.1), the net positive charge on the nanofibril surface did not change markedly
between pH 2 and pH 3.
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Changing the pH of the β-lg nanofibrils+PE86 system from pH 3 to pHs 4, 6 and 7
led to the disassembly of ribbons (Figure 3.16) due to the reduction of the net positive
charge on the nanofibril surface, further supporting the idea that electrostatic interactions
mediated binding of PE86 molecules with β-lg nanofibrils. Addition of a mixture of
pectinases to the ribbons formed in the β-lg nanofibrils+PE86 system led them to
disassemble into individual nanofibrils (Figure 3.23), providing further evidence for the
hypothesis that the PE86 molecules bind (cross-link) the adjacent β-lg nanofibrils together
forming the ribbons.
The ordered lateral alignment of β-lg nanofibrils within a ribbon resulted in a
structure factor for the β-lg nanofibrils+PE86 mixed systems with a peak at q ~0.03 Å-1,
irrespective of the type of β-lg nanofibrils forming the ribbons (Figures 3.18-3.20; Table
3.5).29 The observed peak value corresponds to a spacing of 209.5 Å or ~21 nm (𝐷 =
2𝜋/𝑞, where D is the spacing and q is the scattering vector; see Appendix F for the
derivation of the equation) and it was attributed to the distance between the central axes of
two adjacent β-lg nanofibrils, within the ribbons. The sharpness observed for the peaks of
16 h CH and 2 h MHS β-lg nanofibril ribbons, is lower than a peak that originates from a
well-aligned 3D-lattice, suggesting that they do not consist of multiple layers of
nanofibrils. Moreover, if these ribbons were predominantly made of multiple layers either
arranged in parallel planes or slipped planes as shown in Figure 3.28, another structure
factor corresponding to a distance of √2D or √3D (i.e. the diagonal distance) should be
present in the SAXS data obtained for the ribbons, in addition to the observed structure
factor.30 In agreement with the SAXS results, TEM and cryo-EM images obtained for the
ribbons showed that they mainly consist of a single layer of nanofibrils, while a few
appeared to be made of 2 layers stacked on top of each other as they split into two
individual ribbons with their progression (Figures 3.6-3.9; Appendix P- Figure P.5).

29

The slight shift of the structure factor peak towards a high q value observed for the higher concentration of
the β-lg nanofibrils+PE86 mixed systems (Figures 3.18A, 3.19A) was attributed to the higher ionic strength
of the samples in comparison to their lower concentrations. This would mask the positive charges on the
nanofibril surface more effectively at the higher concentration, allowing the nanofibrils to associate more
closely in the ribbons.
30

If the spacing between the layers is irregular, there would not be any defined structure factor for the
correlations between the layers, although the ribbons may compose of multiple layers. However, the TEM,
cryo-EM and SEM images (Figures 3.9, 3.10) obtained on the ribbons did not show or support the presence
of multiple layers in the ribbons.
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Figure 3.28 Possible cross-sections for a β-lg nanofibril ribbons if they consist of multiple
layers of aligned nanofibrils. Each nanofibril cross-section is represented by a circle. Only 3
layers of aligned nanofibrils (stacked on top of each other) are presented, and only 3
nanofibrils are drawn for each layer. (A) Layers arranged in parallel planes. (B) Layers
arranged in slipped planes.

The obtained distance between the central axes of adjacent nanofibrils was used to
calculate the distance between the adjacent nanofibril surfaces. If the adjacent nanofibrils
were made of 2 protofilaments the space between the surfaces of the nanofibrils was
calculated to be 143.5 Å (~14 nm), and if they were made of 3 protofilaments, the space
between the surfaces was calculated to be 110.5 Å (~11 nm) (see Chapter 4-Figures 4.1,
4.2). Hence, there is adequate space available for PE86 molecules to be present in between
two adjacent nanofibrils, supporting the speculation that PE86 molecules links the
nanofibrils together. However, the TEM images obtained for the β-lg nanofibril ribbons
(Figures 3.6, 3.7) showed that the individual nanofibrils are arranged more tightly within a
ribbon and the inter-surface distance was measured to be less than 9 nm in disagreement
with SAXS results. It should be noted that the TEM images were collected on the samples
dried onto a grid surface, and therefore it is possible that the individual nanofibrils within
a ribbon were forced towards each other due to the drying effects. The SAXS results
obtained for the ribbons in solution suggest that the actual distance between the individual
nanofibrils within a ribbon is larger than what is exhibited from the TEM images. In
agreement, the cryo-EM images obtained for the ribbons under the frozen state (thus, no
drying effects as with TEM) showed that the individual nanofibrils are more loosely
packed within a ribbon (Figures 3.8, 3.9). Moreover, measuring the distance between
adjacent nanofibril surfaces using cryo-EM images gave a distribution with a peak centred
in the 8-12 nm region (Figure 3.9), in agreement with the inter-surface distance estimated
by SAXS for two adjacent β-lg nanofibrils made of 3 protofilaments. The observed
distribution for the inter-surface distance reveals that the packing of individual nanofibrils
is not highly regular within a ribbon or, in other words, nanofibrils within a ribbon are not
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in a perfect alignment. This is another factor which could have probably led to broaden the
peak observed for the structure factor.
The peak corresponding to the structure factor of the 2 h MHS β-lg nanofibril
ribbons was broader and had a lower intensity than the structure factor peak observed for
the 16 h CH β-lg nanofibril ribbons (Figure 3.20; Table 3.5) suggesting that the individual
nanofibrils could be less ordered within the 2 h MHS β-lg nanofibril ribbons. Given that
the inter-surface distance between the nanofibrils is ~11 (or ~14) nm, it is difficult to think
that more hairs and loops (i.e. parts of β-strands that protrude out from the
protofilament/nanofibril core; see Chapter 4-Figure 4.1D) present on the surface of 2 h
MHS β-lg nanofibrils affect the packing of nanofibrils (as their lengths are probably
smaller or negligible in comparison to the inter-surface distance). However, the amount of
PE86 molecules that binds with 2 h MHS β-lg nanofibrils may be higher than the amount
that binds with 16 h CH β-lg nanofibrils due to the presence of more hairs and loops
affecting their ordered alignment. Estimating the amount of pectin that binds with β-lg
nanofibrils in 0.1% w/v β-lg nanofibrils+0.1% w/v PE48 and in 0.1% w/v β-lg
nanofibrils+0.1% w/v PE67 mixed systems showed that 2 h MHS β-lg nanofibrils may
bind with more PE48 and PE67 molecules than 16 h CH β-lg nanofibrils (Table 3.3),
supporting the above speculation.
At q < 0.015 Å-1, the scattering curves obtained for both the 16 h CH and 2 h
MHS β-lg nanofibril ribbons, did not superimpose with the scattering curves obtained for
the respective individual β-lg nanofibrils (3.18E, 3.19E), suggesting the possibility of
having structural differences between nanofibrils and ribbons at higher length scales. The
ribbons exhibited a lower flexibility (or, in other words appeared to be more rigid with a
higher persistence length, lp) in comparison to individual nanofibrils (Figures 3.5−3.11,
3.14). Moreover, the contour length (Lc) of the ribbons seemed to be higher than the Lc of
individual nanofibrils, which usually averages around 5 μm (Sagis et al., 2004; Rogers et
al., 2005). The low magnification TEM images and CLSM images obtained on the 16 h
CH β-lg nanofibril ribbons clearly showed that the Lc of the ribbons exceeds 20 μm (see
Appendix P-Figure P.4; Figure 3.11). The observed higher scattering intensity for the
ribbons in comparison to the individual β-lg nanofibrils at q < 0.015 Å-1 can be attributed
to their higher Lc value.
As it was evident that the electrostatic interactions between PE86 and β-lg
nanofibrils play an important role in the formation of ribbons, efforts were made to
understand the distribution of the limited number of charged, non-methylesterified GalA
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residues within the PE86 molecules. According to the theoretical calculations which were
based on molecular weight, GalA content and DM, the backbone of PE86 molecules was
found to consist of a total of 225 GalA residues (Table 3.1). The majority of these GalA
(193) residues were methylesterified, while only 32 residues were non-methylesterified (or
in other words, carried a negative charge). Thus, if this limited number of nonmethylesterified

GalA

residues

were

randomly

distributed

among

the

other

methylesterified GalA residues in the backbone, conceivably the effect of the negative
charge density would be too low to create a strong electrostatic potential between PE86
molecules and β-lg nanofibrils. Hence, it was hypothesised that a majority of these nonmethylesterified GalA residues may exist in a single block or they may form a few blocks
that can act as binding sites for the β-lg nanofibrils.31,32 In fact, it has been previously
reported that β-lg shows a higher affinity towards the pectins with a block-wise
distribution of non-methylesterified GalA residues, in comparison to those with a random
distribution (Sperber et al., 2009a).
In order to specifically cleave any available non-methylesterified GalA block(s),
PE86 was treated with Aspergillus niger extracellular endopolygalacturonase-II (endoPG).
The binding site of the endoPG consists of 4 subsites and the enzyme needs a block
containing a minimum of 3, but preferably 4 non-methylesterified GalA residues to bind
and perform the cleavage (Rexová-Benková, 1973). The authors further reported that the
cleavage occurs between the last 2 residues at the reducing end of the enzyme-bound part
of the substrate (i.e. the non-methylesterified GalA block).
The products resulting from the endoPG digestion of PE86 was observed by both
CE and SEC-MALLS, and they were also interacted with β-lg nanofibrils to investigate
their ability of ribbon formation. CE experiments showed that these products have a higher
average DM than intact PE86 molecules (as indicated by the shift of the peak towards the
left; Figure 3.24) providing evidence for the removal of non-methylesterified GalA
31

PE86 is a chemically methyl-esterified product and its higher DM is achieved by treating with acidified
methanol according to the producer. Due to the poor solubility of pectin in the medium used for the
methylesterification, it is possible that the accessibility of the medium is not uniform to all the areas of a
given pectin molecule, thus enables the possibility of having blocks of non-methylesterified GalA residues.
A more random methylesterification could have been expected if PE86 was chemically methylesterified
using the Matricardi et al. (1995) method which involves the complete dissolution of tetrabutylammonium
(TBA) salt of the pectin in methyl iodide (CH3I).
32

In addition to the above fact, if all the non-methylesterified GalA residues are randomly distributed within
the PE86 backbone, for an example, the probability of getting 4 non-methylesterified GalA residues in a
block is 0.144 or 0.00038, given the DM is 86%. Hence, it can be confidently said that the distribution of all
the non-methylesterified GalA residues could not be random, and a proportion of these residues is
distributed block-wise in PE86.
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residues form the PE86 backbone. The narrower peaks observed in the electrophorograms
of PE86 treated with endoPG for 4 h and onwards (which are enveloped by a dashed
rectangle in Figure 3.23) can be attributed to those removed non-methylesterified GalA
residues, which can be present as monomers, dimers, trimers or even as smaller oligomers
if the action of endoPG is incomplete (Rexová-Benková, 1973; Daas et al., 1999, 2000).
Identification of these peaks could not be performed as the samples were not spiked with
standards (i.e. monomers, dimers and trimers of GalA acids).33
SEC-MALLS results showed that the products resulting from the endoPG
digestion of PE86 had a Mw of ~23 kDa, which was approximately a half of the Mw of
PE86 (~48 kDa) (Figure 3.25). Given the GalA content of PE86 is 88.5% (w/w) (Table
3.1), the homoglacturonan backbone of the molecule is mainly responsible for its
molecular weight (see Chapter 1-Figure 1.6 for the structure of pectin). In other words,
PE86 molecules only have very a low amount neutral sugar side chain(s), and therefore,
these side chains will only have a minor effect on the molecular weight. Thus, the
observed reduction in the molecular weight by a half after the action of endoPG, suggests
that PE86 molecules carry a block of non-methylesterified GalA residues that can be
cleaved by the action of endoPG (i.e. a block containing ≥ 4 non-methylesterified GalA
residues) in the middle of their homogalacturonan backbone. If any other endoPG prone
blocks of non-methylesterified GalA residues were present in PE86 (in addition to the
block in the middle of the homogalacturonan backbone) they have to be located closer to
the very ends of the backbone, otherwise, the action of endoPG will result in products with
a molecular weight lower than a half of the molecular weight of PE86, shifting the
molecular weight distribution peak towards a lower value than ~23 kDa.
The duration of the endoPG treatment on PE86 did not have a significant effect
either on the DM or the Mw of the resulting products (Figures 3.24, 3.25), although they
lacked the ribbon formation ability after 7 days (Figure 3.26). The initial action of endoPG
on PE86 will result in two homogalacturonan chains of fairly similar size carrying nonmethylesterified GalA units at one end, or at both ends if the PE86 molecules had
additional non-methylesterified GalA blocks near to the very ends of their
homogalacturonan backbone. Over time, trimming of the non-methylesterified GalA units
33

It should be noted that the elution time for a particular substance in CE can deviate between different runs
due to the inhomogeneities of the electroosmotic flow (see Appendix L for the definition). In order to
observe the differences that take place in the intensities of these peaks, the last peak of the each
electrophorogram was aligned, assuming that it represents a single substance, irrespective of the differences
observed in their elution time (see Appendix X; Figure X.1). The intensity of this peak gradually increased
with the duration of the endoPG treatment, suggesting that it may represent the GalA monomer.
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at the ends of these homogalacturonan chains will take place due to the further action of
endoPG, and it will lessen their ability to bind with β-lg nanofibrils and subsequent ribbon
formation. The number of non-methylesterified GalA residues removed from a chain by
the action of endoPG will be markedly lower than the total number of methylesterified and
any remaining non-methylesterified GalA residues in the chain, thus no significant
difference was observed in the molecular weights of the products resulting from the
endoPG digestion over time, although the ribbon formation was hindered after 7 days.
According to the theoretical calculations based on Mw, DM and GalA content of
PE86, the homogalacturonan backbone of PE86 was estimated to be comprised of 32 nonmethylesterified GalA residues and 193 methylesterified GalA residues (Table 3.1). If a
majority of these non-methylesterided GalA residues were in blocks (or, in other words,
only a very few GalA residues were randomly distributed within the backbone), the
subsequent trimming of the non-methylesterified GalA residues at the end(s) of the two
homogalacturonan chains that result from the endoPG cleavage of PE86, would result in a
significantly higher DM than the DM of PE86. However, the DM of these chains was only
slightly higher than the DM of PE86 even after 7 days (89%; Figure 3.24), suggesting that
a considerable amount of non-methylesterified GalA residues in PE86 is randomly
distributed, rather than all of them being limited to a block (or a few blocks), which is not
surprising when considering the method used by the supplier to achieve the higher level of
methylesterification for the PE86 (see Footnote 31). In this fashion, although the trimming
of the non-methylesterified GalA blocks proceeds with time, it will not markedly affect the
DM of the homogalacturonan chains. Based on the above results and considering the
possible endoPG cleavage sites on the block(s), the following structural models are
proposed for PE86 (Figure 3.29). Calculations for the estimation of the number of nonmethylesterified GalA residues distributed block-wise in the PE86 backbone are given in
Appendix Y. Similar models can be proposed for PE88, which was another pectin capable
of forming the ribbons, but the size of the block(s) will be lower than the PE86 as only 25
non-methylesterified GalA residues were available on PE88 (Table 3.1).
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~12-14 non-methylesterified
GalA residues

~8-9 non-methylesterified

~8-9 non- methylesterified

GalA residues

GalA residues

~5-7 non- methylesterified

~5-7 non-methylesterified

~5-7 non- methylesterified

GalA residues

GalA residues

GalA residues

Figure 3.29 Possible structures for the PE86 molecules. The homogalacturonan backbone of the PE86
molecules consists of 193 methylesterified and 32 non-methylesterified GalA residues (Table 3.1) and
they are represented in blue and red circles, respectively. The number of non-methylesterified GalA
blocks presents in the homogalacturonan backbone of PE86 can be either 1, 2 or 3, and the
corresponding structural models for these possibilities are illustrated together with the block-size.
Calculations for the estimation of block-size are given in Appendix Y. A similar block size was
assumed when multiple blocks were present. The number of residues drawn is not in scale with the
actual residue numbers.

Having a considerable amount of randomly distributed GalA residues reduces the
possibility of having multiple blocks in the PE86 backbone, because it would be necessary
to have a considerable number of non-methylesterified GalA residues in a block (even
after the initial endoPG cleavage) in order to create an adequate electrostatic potential to
bind with β-lg nanofibrils. Thus, among the structural models proposed for the PE86
(Figure 3.29), models with 1 or 2 blocks of non-methylesterified GalA residues seemed to
be more realistic.
As it was evident that the negatively charged non-methylesterified GalA residues
present block-wise in PE86 molecules play a key role in the lateral association of β-lg
nanofibrils into the form of ribbons, experiments were further extended hypothesising that
effectively blocking of the PE86 interacting regions on the nanofibril surface prior to the
introduction of PE86 will hinder the ribbon formation. In order to block the PE86
interacting regions on the surface of nanofibrils, they were first interacted either with
GalA oligomers (a mixture of DP7 and DP8; thus having a comparable size to the blocks
of non-methylesterified GalA present in PE86) or with GalA monomers, prior to the
introduction of PE86. Interacting β-lg nanofibrils with GalA oligomers (a mixture of
heptamers and octamers) hindered the ribbon formation (yet, not completely; Figure
3.27C) suggesting that the oligomers are capable of occupying a considerable amount of
PE86 interacting sites on β-lg nanofibrils. The formation of ribbons to a certain extent
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from these β-lg nanofibrils pre-interacted with GalA oligomers reveals that a limited
number of binding sites are still available on the β-lg nanofibril surface34 to bind with the
GalA blocks in the PE86 molecules, but the number PE86 molecules bound to the
nanofibrils will be probably less than that of when they were directly interacted with
PE86. Indirectly, it suggests that many sites are available on the β-lg nanofibril surface for
the binding of non-methylesterified GalA blocks of PE86, and it is not necessary that the
GalA blocks in PE86 molecules to occupy all the possible binding sites on the nanofibril
surface for the formation of ribbons. In addition, it is also possible that some of the
oligomers were displaced by the PE86 molecules, due to the dynamic nature of the
interactions. Interacting the β-lg nanofibrils with GalA monomers prior to the introduction
of PE86, did not have an effect on ribbon formation (Figure 3.27D), suggesting that PE86
molecules (or the galA blocks in PE86 molecules) were capable of displacing most of the
GalA monomers interacting with their binding sites on the β-lg nanofibrils. Given the
smaller size of GalA monomers in comparison to the GalA oligomers, it is conceivable
that they can be more easily displaced than the oligomers, allowing the binding of PE86
molecules and resulting in ribbon formation.
The ability of the GalA oligomers (i.e. heptamers and octamers) to retard the
ribbon formation provides complementary evidence for the block-wise distribution of
(most of the) non-methylesterified GalA residues in PE86 molecules, and the ability of
PE86 to cause the lateral association of β-lg nanofibrils relies on the binding of its
negatively charged block(s) with the nanofibrils. Moreover, the β-lg nanofibrils did not
show any ribbon formation in the presence of GalA oligomers alone (Figure 3.27),
revealing that the charged blocks themselves are not sufficient for the ribbon formation.
Thus, the long chains of uncharged, methylesterified GalA residues present in PE86
molecules may also have a significant role in the formation of ribbons. Based on these
facts, two mechanisms are proposed for the β-lg nanofibril ribbon formation in Chapter 4General Discussion.

34

The identification of the sites on the β-lg nanofibril surface that binds with the charged GalA blocks in
PE86 molecules is a challenging task as several peptides with different amino acid sequences are assembling
together to form the nanofibrils (see Chapter 2-Tables 2.6, 2.7) and their order of arrangement within a
nanofibril is yet unknown.
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Chapter 4
General Discussion
Models are proposed for the protofilaments of β-lactoglobulin (β-lg) nanofibrils
obtained by both methods, 2 h of microwave heating at 80 °C followed by 4 days of
storage at 4 °C (2 h MHS) and 16 h of conventional heating at 80 °C (16 h CH), and for
the β-lg nanofibril ribbons formed by the interactions between the nanofibrils and a high
methoxyl pectin with a degree of methylesterification (DM) of 86%. The ab initio models
developed for the protofilaments of 2 h MHS and 16 h CH β-lg nanofibrils using smallangle X-ray scattering (SAXS) data showed that the diameter of the protofilaments is ~35
Å (Figure 2.20A), irrespective of the method of nanofibril formation. Fitting the SAXS
data with the Guinier-Porod model suggested a diameter of 31 and 36 Å for the
protofilaments of 2 h MHS and 16 h CH β-lg nanofibrils, respectively (Table 2.11), giving
comparable results with the ab initio models.
Results obtained for both 1D- and 2D-wide-angle X-ray diffraction (WAXD)
experiments (Figures 2.23 and 2.24) showed peaks (or reflections) at 4.7 and 11 Å for both
2 h MHS and 16 h CH nanofibril samples and they are in agreement with previous WAXD
results obtained for the β-lg nanofibrils by Gosal et al., (2004) and Bromley et al. (2005).
These reflections are typical for the amyloid fibrils, and 4.7 and 11 Å correspond to the
inter-strand distance (within a β-sheet) and inter-sheet distance (within a protofilament),
respectively (see Chapter 1-Figure 1.2A). These reflections obtained for both nanofibril
samples during the 2D-WAXD experiments did not exhibit the meridional and equatorial
characteristics (see Chapter 1-Figure 1.2C), or in other words, the perpendicular nature of
the inter-strand and inter-sheet distances, but showed a similar intensity around the rings
(Figure 2.24). This is attributed to the random orientation of nanofibrils within the
capillaries. The intensity of the reflections observed for the 2 h MHS sample was lower in
comparison to the 16 h CH sample, but this is more likely due to the differences in
packing density of the samples inside the thin-walled glass capillaries than being intrinsic
to the sample, as variations in the intensity was observed during duplicate measurements.
Comparison of the inter-sheet distance with the diameter of the individual
protofilaments of β-lg nanofibrils formed by both methods suggested that the each
protofilament is made of 4 β-sheets, irrespective of the method of nanofibril formation.
Arrangement of 4 β-sheets with an inter-sheet distance of 11 Å results in a diameter of 33
Å, and it was decided to take this value as the typical diameter for the protofilaments
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forming both types of β-lg nanofibrils, as it was consistent with the average diameter
calculated for the protofilaments from the 2 methods of SAXS data modelling. Thus, an
intact β-lg nanofibril formed by 2 and 3 protofilaments will have diameters of 66 Å (6.6
nm) and 99 Å (9.9 nm), respectively.1
A TEM image analysis conducted on 2 h MHS and 16 h CH intact β-lg nanofibrils
showed that their diameter is distributed from 60−140 Å (6−14 nm) (see Appendix HFigure H.1), suggesting that both types of nanofibrils are comprised of 2−4 protofilaments,
in agreement with the number of protofilaments observed for the β-lg nanofibrils by
Adamcik et al. (2010). The highest frequencies were observed for the diameters in 80−110
Å (8−11 nm) region irrespective of the method of β-lg nanofibril formation, suggesting
that most of the nanofibrils were made of 3 protofilaments. However, the resolution of the
TEM images was not sufficient to observe whether the packing of protofilaments within a
nanofibril represents a twisted ‘close-packed’ or a twisted ‘ribbon-packed’ alignment
(Adamcik and Mezzenga 2012; Figures 1.2, 1.4).
Interestingly, the ab initio models obtained for the individual protofilaments of the
β-lg nanofibrils formed by both methods (Figure 2.20A) displayed a twisted morphology
(Figure 2.20A), irrespective of the method of nanofibril formation, suggesting that the
both types β-lg nanofibrils may have a super-coiled structure. In a super-coiled structure,
both protofilaments and nanofibrils (individually) exhibit a twisted nature, and in fact,
such super-coiled structures have been observed with other typical amyloid nanofibrils
such as transthyretin (Blake and Serpell, 1996) and β2-microglobulin (Kad et al., 2003).
A generic model has been derived by Sunde et al. (1997)2 for the twisted amyloid
protofilaments, assuming a 15° tilt between the adjacent β-strands forming a β-sheet, and a
4.8 Å inter-strand distance. Thus, a section of 12 β-strands in a β-sheet will result in a
180° twist in the β-sheet (around the protofilament axis) giving a half-period (or pitch) (1 2
P) of 58 Å (5.8 nm) for the protofilament. However, the

1

2

P observed for the β-lg

protofilaments was ~30 Å (~3 nm) (Figure 2.20A), which was roughly a half of the typical
value. As the WAXD experiments showed that the inter-strand distance within a β-sheet of
β-lg protofilament is similar to the generic model of Sunde et al. (1997) (4.7 Å; Figures
2.23, 2.24), the lower

1

2

P observed for the β-lg protofilament could be a result of the

arrangement of β-strands within the protofilament with a higher tilt angle (> 15°).
However, conclusive evidence on the tilt-angle cannot be drawn without performing rigid
1

The inter-protofilament distance within an intact β-lg nanofibril was assumed to be negligible.

2

This generic model can be also found in Sunde and Blake (1997).
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body modeling on the ab initio models, which is unfortunately impractical due to a large
number of different peptides involved in β-lg nanofibril formation and the uncertainty of
the sequence of the peptide arrangement within a β-lg protofilament. Moreover, it also
limits the identification of the loops and hairs present on the protofilament surface (or, in
other words, the parts of peptides which are not involved in making the core of the β-lg
protofilament), which are not distinguishable at the resolution of the ab initio models.
Figure 4.1 shows the proposed structures for the 2 h MHS and 16 h CH β-lg
protofilaments, with 2 h MHS β-lg protofilaments having more loops and hairs as they
were composed of higher molecular weight peptides.
A

B

D

C

Figure 4.1 Schematic representation of the proposed structures for the 2 h MHS and 16 h CH β-lg
protofilaments. (A) An individual β-lg nanofibril comprised of 3 protofilaments represented according
to the twisted ribbon-packed morphology suggested by Adamcik et al., (2010). (B) An enlarged section
of a β-lg nanofibril, showing the 3 protofilaments and the β-sheets within them. The twisted nature of
the β-sheets is shown. Only 2 β-sheets per protofilament (the outer-most β-sheets; yellow and green)
are presented for clarity. (C) A cross-section of B showing that each protofilament is made of 4
β-sheets (yellow, pink, blue and green). (D) An enlarged section of a protofilament showing the
differences in the protofilament structure of 2 h MHS and 16 h CH β-lg nanofibrils. Only the β-strands
in 2 adjacent β-sheets are shown for clarity. Green and blue arrows represent β-strands. Possible
structures for both parallel and antiparallel β-sheets are given. Twist is not shown. Hairs and loops are
given in grey.
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Interacting the β-lg nanofibrils (formed by the both methods) with a pectin having
a DM of 86% (PE86; see Table 3.1 for full specifications) led to the lateral alignment of
β-lg nanofibrils (at least partly) due to the electrostatic interactions between the nanofibrils
and pectin molecules, and the resulting structures were named as ‘β-lg nanofibril ribbons’
(Figures 3.6-3.7). In order to develop a model for the structure of these ribbons it was
essential to understand the distribution of the non-methylesterified galacturonic acid
(GalA) residues within the PE86 molecules, which are responsible for the electrostatic
interactions. Endopolygalacturonase-II (endoPG) digestion of PE86 molecules and
subsequent analyses of the resulting products for the DM, molecular weight and possible
cleavage sites for the endoPG suggested that a block of non-methylesterified GalA
residues is present in the middle of the homogalacturonan backbone of PE86, and
additional blocks of non-methylesterified GalA residues may be present near to the ends
of its backbone (Figure 3.29). These negatively charged, non-methylesterified GalA
blocks in PE86 molecules act as the binding sites, which stick them on to the positively
charged β-lg nanofibrils. Two mechanisms are proposed for the β-lg nanofibril ribbon
formation considering both possibilities for the structure of PE86.
Mechanism 1: If PE86 molecules contain only a single charged block in the
middle, they will attach to β-lg nanofibrils via that charged block. An uncharged,
methylesterified GalA chain of a given PE86 molecule will interact hydrophobically with
a methylesterified GalA chain of another PE86 molecule, bridging two nanofibrils
together as shown in Figure 4.2.3 The possibility of such pectin-pectin hydrophobic
interactions associated with the methyl groups of their GalA residues has been previously
reported by Oakenfull and Scott (1984), Oakenfull, (1991) and Evageliou et al. (2000).
Mechanism 2: If PE86 molecules contain more than one charged block, for an
example 2, each charged block in a given PE86 molecule will interact with two β-lg
nanofibrils bridging them together as shown in Figure 4.2. The methylesterified GalA
chain between the two charged blocks in the PE86 molecule would act as a spacer, whilst
the other methylesterified GalA chain connected to the charged block in the middle may
interact hydrophobically with a methylesterified chain of another PE86 molecule attached
to the adjacent nanofibril.

3

Although some non-methylesterified GalA residues are present on the methylesterifed GalA chain, they
would have a negligible effect on the hydrophobic interactions owing to their lower number and random
distribution.
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The extent of the hydrophobic interactions in the first proposed mechanism or the
electrostatic interactions in the second proposed mechanism depends on the number of
PE86 molecules that binds along the nanofbril surface for a given length. Theoretical
approximations have shown that the total length of PE86 molecules present in a 0.1% w/v
β-lg nanofibrils+0.005% w/v PE86 mixed system is ~10-fold more than the total length of
β-lg nanofibrils (see Appendix J-J.5), thus, there is an adequate amount of PE86 molecules
to cover the nanofibril surface along their entire length.
Given the size of a GalA residue is ~4.4 Å (Cros et al., 1992), and as the WAXD
studies conducted on β-lg nanofibrils have shown that the inter-strand distance within a
β-sheet is ~4.7 Å (Figures 2.23, 2.24, 4.1), it is conceivable that the carboxyl groups of the
non-methylesterified GalA residues in a block interact with positively charged amino acid
residues present in sequential β-strands as shown in Figure 4.2. However, it would be a
challenging task to identify the exact locations of interactions on each β-strand due to
limitations associated with the rigid body modeling of β-lg protofilaments. Nevertheless, it
can be thought that the sequential β-strands that interact with the charged block(s) of the
PE86 molecule should carry positively charged amino acid residues in a roughly parallel
alignment, in order to facilitate the binding of the charged blocks of PE86 molecules.
However, this does not imply that it is necessary for the sequential β-strands to
have the positively charged amino acid residues at the same locations to allow the binding
of charged blocks of PE86 molecules, because the β-strands presumably tilt along the
protofilament axis as discussed above. Therefore, it is possible that while one of the nonmethylesterified GalA residues present in the charged block interacts with a positively
charged amino acid residue located in the middle of a β-strand, another nonmethylesterified GalA residue located a few residues away may interact with a positively
charged amino acid residue located near to the end of another β-strand, if the charged
block binds parallel to the protofilament axis (Figure 4.2). Moreover, a charged block of
non-methylesterified GalA residues can also interact with more than a single protofilament
in a β-lg nanofibril, if it binds across two protofilaments (Figure 4.2). Also it would not be
essential that all the non-methylesterified GalA residues in a block to interact with
positively charged amino acid residues in the β-strands, and the interactions of a majority
of non-methylesterified GalA residues present in a block would be sufficient for the PE86
molecules to be attached to the β-lg nanofibrils.
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A

B

Figure 4.2 Schematic representation of the lateral alignment of β-lg nanofibrils into a ribbon in the
presence of PE86 molecules. (A) Cartoon of a β-lg nanofibril ribbon. Only 6 laterally aligned β-lg
nanofibrils are shown and each nanofibril is considered to be comprised of 3 protofilaments. PE86
molecules that cross-link the nanofibrils into ribbons are shown only between the last pair of β-lg
nanofibrils. (B) An enlarged section of a ribbon showing the PE86 molecules cross-linking two
adjacent β-lg nanofibrils. The non-methylesterified GalA residues in PE86 molecules are given in red
circles. The methylesterified GalA residues are given in blue circles. Each non-methylesterified GalA
residue in a charged block may interacts with a single β-strand (yellow and green rectangles). Only the
β-strands belonging to the outer-most β-sheets are presented for clarity. The PE86 molecule given in
the left-hand side of B consists of 2 blocks of non-methylesterified GalA residues and they interact
with 2 adjacent β-lg nanofibrils linking them together. The two PE86 molecules given in the right-hand
side of B contain a single block of non-methylesterified GalA residues (per each molecule) and their
methylesterified chains hydrophobically interact linking the adjacent nanofibrils together. The distances
between the nanofibril axes and surfaces are based on SAXS results.
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Conclusions
 Microwave heating accelerates the self-assembly of β-lg, but extending the
microwaving period beyond 2 h leads to the disintegration of nanofibrils. Storage of
the 2 h microwave heated β-lg sample increases the nanofibril yield to the maximum
level that can be attained by the conventional heating method.
 β-Lg nanofibrils formed by both microwave heating and conventional heating
methods are typically made of 2 to 3 protofilaments. The diameter of a protofilament
is ~33 Å. Each protofilament comprises of 4 β-sheets running parallel to the
protofilament axis with a ~11 Å inter-sheet distance and ~4.7 Å inter-strand distance.
 β-Lg nanofibrils formed by the microwave method consist of a notable amount of
large peptides (> 6000 Da), including intact β-lg monomers as a result of non-thermal
effects of microwave radiation accelerating the self-assembly process, yet without
accelerating the β-lg hydrolysis.
 The parts of the peptides which are not involved in forming the nanofibril core may
appear as ‘loops’ and ‘hairs’ on the surface of nanofibrils. The β-lg nanofibrils formed
by microwave heating consist of large peptides, and therefore have more loops and
hairs than β-lg nanofibrils formed by conventional heating.
 Interacting β-lg nanofibrils (formed by both methods) with pectins at pH values below
the pI of the nanofibrils results in electrostatic complex formation. The interactions
are specific to the degree of methylesterifcation of the pectin, the pH and ionic
strength of the medium.
 β-Lg nanofibrils can be laterally aligned into ordered ‘ribbons’ at low pHs by the use
of specific high methoxyl pectins having a degree of methylesterification of ~85−90%
and a degree of polymerisation of ~200−225, with at least ~40% of their nonmethylesterified galacturonic acid residues distributed in the form of one block, or
two blocks located adequately distant from each other.
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Future Perspectives
In order to utilise β-lg nanofibrils or the complexes formed with pectins as
functional food ingredients it would be essential to study two main aspects, namely, their
safety and catabolism within the biological systems. The underlying structural similarity
of β-lg nanofibrils to neurotoxic amyloids (Gosal et al., 2004; Bromley et al., 2005 and
present work) and the transmissibility of amyloidosis (in mice and primates) by oral
administration of pathological amyloid extracts (Bons et al., 1999; Lundmark et al., 2002;
Cui et al., 2002) necessitate an in depth evaluation of the safety of β-lg nanofibrils in
addition to the general cell viability assessments, prior to them being utilised as a food
material.
Studying the catabolism of β-lg nanofibrils within biological systems (which
includes, susceptibility to enzymatic digestion, products resulting from enzymatic
digestion, the degree of gastrointestinal absorption of these products and their biochemical
pathways and possible allergenicities) will be equally important to assess their safety. The
products resulting from the enzymatic digestion of β-lg nanofibrils may possess the
amyloid toxicity (or, in other words, have the ability to accelerate the amyloid fibril
formation), and in fact, Bateman et al. (2011) have shown that the β-lg nanofibrils can be
re-formed from the peptides present in the pepsin-hydrolysate of the β-lg nanofibrils.
However, it is not yet known whether non-pathogenic amyloid fibrils (like β-lg nanofibrils
and other food protein amyloid nanofibrils), their intermediate states or digestive products
can trigger or accelerate in vivo disease-related amyloid fibril formation. Hence, an
approach that combines the physiochemical characterisation of β-lg nanofibrils with
biomedical safety assessments would best suit the aim of utilising these nanofibrils as food
materials.
In addition to assessing the potential to be used as functional food ingredients, the
applicability of β-lg nanofibrils and their complexes formed with pectins in the field of
bionanotechnology is worth considering given the cheaper costs associated with raw
materials and simple preparation techniques involved. It has been already shown that
insulin amyloid fibrils can be used as nanoscaffolds for enzyme immobilisation
(Pilkington et al., 2009). Assessing the potential of β-lg nanofibrils to be used as a raw
material for such applications will reveal more avenues for their utilisation. The ability of
certain pectins to induce β-lg nanofibrils to form special nanostructures as shown during
the present work will enhance the diversity of their applications.
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Appendices
Appendix A
Single letter codes and chemical structures of amino acids
Table A.1 Single letter codes for amino acids
Amino acid

Code

Amino acid

Code

Alanine

A

Leucine

L

Arginine

R

Lysine

K

Asparagine

N

Methionine

M

Aspartic acid

D

Phenylalanine

F

Cysteine

C

Proline

P

Glutamic acid

E

Serine

S

Glutamine

Q

Threonine

T

Glycine

G

Tryptophan

W

Histidine

H

Tyrosine

Y

Isoleucine

I

Valine

V
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Figure A.1 Chemical structure of different amino acids.
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Appendix B
Mass spectrum obtained for the β-lg used during the experiments

β-Lg var A

Intensity (cps)

β-Lg var B
β-Lg var A
+1 Lactose
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β-Lg var B
+1 Lactose
β-Lg var A
β-Lg var B

+2 Lactose

+2 Lactose

Mass (Da)

Figure B.1 Mass reconstruction of the LC-ESI +TOF-MS obtained for the starting material, β-lg from Sigma. β-Lg was in non-reduced form. In addition to
the 2 main peaks resulting from the 2 variants A and B, peaks were also observed due to the mono and dilactosylation of the variants which caused addition
of 324 and 648 Da to the molar mass, respectively.

Appendix C
Enforced and observed amino acid modifications during the mass
spectrometry experiments

A

+

Dithiothreitol

+

Two peptide chains linked by a
disulfide bond formed between
2 cysteine (C) residues

Reduction of the disulfide
bond

B

+
Peptide with a reduced
disulfide bond

Iodoacetamide

C

Carbamidomethylation of
sulfhydryl group

D

Oxidation of methionine (M)
residue in a peptide chain

Deamidation of glutamine (Q)
residue in a peptide chain

Figure C.1 Modifications of amino acids enforced and observed during the mass
spectrometry experiments. (A) Reduction of disulfide bonds by dithiothreitol (DTT); (B)
Carbamidomethylation of sulfhydryl groups; (C) Oxidation of methionine (M); (D)
Deamidation of glutamine (Q) residue. Deamidation of asperagine (N) is similar to Q, but can
take place through a succinamide intermediate.
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Appendix D
Matrix-assisted laser desorption/ionisation with time-of-flight (MALDI-TOF)
mass spectrometry on β-lg nanofibrils
D.1 Methodology
β-Lg nanofibrils formed by the CH method were separated according to the
method given in Chapter 2-Section 2.2.10. The separated nanofibrils were resuspended in
water, lyophilised and redissolved in 0.15 M Tris-HCl dissociation buffer (pH 8)
containing 8 M GuHCl and 0.1 M DTT to a concentration of ~5 mg/ml (Akkermans et al.,
2008c). The solution was placed on an orbital shaker (Ika Labotechnik, Staufen, Germany)
for few hours and then it was stored at 4 °C for 4 days before subjecting to mass
spectrometry. TEM images were also obtained for the solution after the 4 days storage
period and they were compared with the TEM images obtained for the lyophilsed
nanofibrils redissolved in water (~5 mg/ml) to examine the effect of dissociation buffer on
the nanofibrils. TEM was conducted on the samples 10-fold diluted with water following
the method given in Chapter 2-Section 2.2.5.
A solution of 1% w/v dimethoxy-4-hydroxy cinnamic acid (sinapinic acid) was
prepared in 50% v/v acetonitrile-water containing 0.1% v/v trifluoroacetic acid to be used
as the matrix solution for the mass spectrometry. Preliminary experiments suggested that
although α-cyano-4-hydroxy-cinnamic acid gives a low noise and high signal intensity for
the lower mass to charge (m/z) ratios, detection of peaks at higher m/z ratios were
markedly lower in comparison to the sinapinic acid matrix. An aliquot of 2 μL obtained
from the nanofibrils dissolved-in dissociation buffer was 50-fold diluted with 50% v/v
acetonitrile-water containing 0.1% v/v trifluoroacetic acid, and then 2 μL of this solution
was 5-fold diluted again by mixing with 8 μL of the matrix solution. This 250-fold
dilution was seemed to be adequate to avoid the effects of high GuHCl concentration. An
aliquot of 1 μL from this solution was placed on a designated circle of the sample
deposition steel plate, and allowed to dry completely before it was inserted into the
spectrometer.
A Voyager-DE PRO mass spectrometer (Applied Biosystems, Foster City, CA,
USA) was used for the experiment. To determine the low molecular weight peptides the
spectrometer was set to the reflector mode with delayed extraction, and an external mass
calibration was performed using angiotensin-I (m/z = 1296.68), adrenocorticotropic
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hormone fragment 18-39 (m/z = 2465.20) and bovine insulin (m/z = 5730.61).1 During this
setup the mass spectrum was acquired for the range of 600−9000 Da. The sensitivity of
this mode is usually below 4500 Da. To obtain information about the higher molecular
weight peptides present in the sample the spectrometer was set to the linear mode with
delayed extraction, and an external mass calibration was performed with bovine insulin
(m/z = 5734.59), Escherichia coli thioredoxin (m/z = 5837.74) and horse apomyoglobin
(m/z = 16952.56).2 In this setup, the mass spectrum was first recorded for the range of
3000−20000 Da, but then the range was reset to 2000−9000 Da as all the peaks observed
in the former spectrum were below 9000 Da. During the both reflector and linear methods,
the spectrometer was operated in the positive mode with an accelerating voltage of 20 kV.
A minimum of 2 scans were performed for the each range.
Monoisotopic peaks selected using the Voyager 5 software (Applied Biosystems)
were analysed using the FindPept tool of the ExPASy proteomics server (available from:
www.expasy.org) with a tolerance of ±1 Da. All the cysteines (C) were considered to be in
reduced form. Oxidation of methionine (M) and deamidation of aspargine (N) and
glutamine (Q) residues were set as optional modifications.

D.2 Results
When the lyophilised 16 h CH β-lg nanofibrils were resuspended in water, they
appeared to be shorter in length than they were before the lyophilisation, suggesting that
they were fragmented during the lyophilisation process (Figure D.1; see Chapter 2-Figure
2.2-16 h CH for their appearance before the lyophilisation). No nanofibrils were observed
when the lyophilised 16 h CH β-lg nanofibrils were resuspended in the dissociation buffer
and kept for 4 days, suggesting that the nanofibrils were disintegrated in the presence of 8
M GuHCl and 0.1 M DTT (Figure D.1). Figure D.2 presents the MALDI-TOF mass
spectrum obtained for the disintegrated 16 h CH nanofibrils in the reflector mode for the
identification of low molecular weight peptides. The repeated scans performed in this
mode (not presented) gave consistent results (< 1 Da difference for a given peak).
Sequence identification for the monoisotopic peaks observed in this mode is given in
Table D.1.

1

m/z ratio given for the calibrants are the monoisotopic [M+H]+ form, with mass given in Da.
m/z ratio given for the calibrants are the average [M+H]+ form, except for thioredoxin which is in
[M+2H]2+ from . Mass is given in Da.
2
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Figure D.1 TEM images obtained for the lyophilised 16 h CH β-lg
nanofibrils resuspended in water, or in the dissociation buffer and
kept for 4 days.
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Relative Intensity (%)

157
Mass to charge ratio (m/z) (Da)

Figure D.2 MALDI-TOF mass spectrum obtained for the 16 h CH β-lg nanofibrils in reflector mode. Probable sequences identified for
the major peaks are listed in Table B.1.

Table D.1 Sequence matching for the monoisotopic peak masses observed in the reflector mode
MALDI-TOF mass spectrum obtained for the 16 h CH β-lg nanofibrils
Observed mass
(M+H)+ (Da)a

Theoretical mass
(M+H)+ (Da)

1697.28

1696.87

(D)IQKVAGTWYSLAMAAS(D)

12-27

1713.86

1712.87

(D)IQKVAGTWYSLAMAAS(D)

12-27

1777.52

1776.84

(D)LEILLQKWENGECAQ(K)

54-68

1777.81

(E)QSLACQCLVRTPEVDD(E)

115-130

1833.98

(V)FKIDALNENKVLVLDT(D)

82-97

1834.02

(D)DEALEKFDKALKALPM(H)

130-145

2238.37

2238.18

(D)IQKVAGTWYSLAMAASDIS L(D)

12-32

2353.10

2353.21

(D)IQKVAGTWYSLAMAASDISLLD(A)

12-33

2900.10

2899.46

(L)IVTQTMKGLDIQKVAGTWYSLAMAASD(I)

2-28

2916.99

2917.55

(D)KALKALPMHIRLSFNPTQLEEQCHI

138-162

2932.80

2933.55

(D)KALKALPMHIRLSFNPTQLEEQCHI

138-162

3352.43

3352.77

(D)AQSAPLRVYVEELKPTPEGDLEILLQKWE(N)

34-62

3351.95

(C)AQKKIIAEKTKIPAVFKIDALNENKVLVLD(T)

67-96

3436.81

3437.81

(D)IQKVAGTWYSLAMAASDISLLDAQSAPLRVYV(E)

12-43

3465.51

3465.83

(D)AQSAPLRVYVEELKPTPEGDLEILLQKWEN(D)

34-63

3492.32

3492.67

(D)YKKYLLFCMENSAEPEQSLACQCLVRTPEV(D)

99-128

3520.61

3520.70

(D)YKKYLLFCMENSAEPEQSLVCQCLVRTPEV(D)

99-128

3552.53

3552.87

LIVTQTMKGLDIQKVAGTWYSLAMAASDISLLD(A)

1-33

3579.59

3578.96

(D)ISLLDAQSAPLRVYVEELKPTPEGDLEILLQK(W)

29-60

3608.85

3608.68

(D)YKKYLLFCMENSAEPEQSLACQCLVRTPEVD(D)

99-129

3634.46

3635.73

(T)DYKKYLLFCMENSAEPEQSLVCQCLVRTPEV(D)

98-128

3636.25

3635.73

(D)YKKYLLFCMENSAEPEQSLVCQCLVRTPEVD(D)

99-129

3695.36

3695.88

(L)DAQSAPLRVYVEELKPTPEGDLEILLQKWEND(E)

33-64

3730.21

3729.86

(V)DDEALEKFDKALKALPMHIR LSFNPTQLEEQC(H)

129-160

1834.02

Amino acid sequence(s)b

Position

a

Monoisotopic masses are given.
Peptide mass fingerprinting was done using the FindPept tool of the ExPasy proteomics server. Adjacent
amino acid residues of the peptides are given in parentheses. All cysteines (C) were considered to be in
reduced form. Deamidation of asparagines (N) and glutamine (Q) residues, and oxidation of methionine
(M), was set as optional modifications. Searching was carried out for the both variants A and B of β-lg.
When more than one match was present, priority was given for the peptides resulted from aspartic acid (D)
cleavage as D-cleavage was prominently observed under the given fibril formation conditions (Akkernans,
2008c). No match was found for the masses 3706.02 and 3863.38 Da with D-cleavage.
b

Repeated scans performed in the linear mode for the identification of higher
molecular weight peptides (scanned range 2000−9000 Da) gave higher deviations (several
Da for a given peak) (Figure D.3), and the peaks were poorly resolved due to a number of
peaks fell within a short m/z range (Figure D.3). Moreover, certain peaks were limited to a
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given scan. Due to the uncertainty of the molecular weights of the observed peaks no
effort was made for the identification of corresponding sequence.
Relative
Intensity (%)

Scan 1

Mass to charge ratio (m/z) (Da)
Relative
Intensity (%)

Scan 2

Mass to charge ratio (m/z) (Da)

Figure D.3 Repeated scans performed for the 2000−9000 Da region in linear mode for the 16
h CH β-lg nanofibrils. Comparison of the 2 mass spectra and the list monoisotopic peak
masses obtained for the each mass spectrum showed considerable deviations in peak masses.

Due to the lower accuracy of this method towards the higher molecular weights,
poor separation of the peaks in the 4000−7000 Da region, possibility of errors due to
assigning (M+H)+ state for an actual (M+2H)2+ state and scaling of the peak intensities to
the peak with the highest intensity within the given mass range, it was decided to use LCESI-MS/MS a more accurate identification of peptides present in β-lg nanofibrils.
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Appendix E
Peptide mass reconstruction for the total peptide elution period of total ion
chromatograms (TICs)

16-18 min
800-10000 Da

18-20 min
800-10000 Da

20-22 min
800-10000 Da

22-24 min
800-10000 Da
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24-26 min
800-10000 Da

26-28 min
800-10000 Da

28-30 min
800-10000 Da

28-30 min
6000-20000 Da

30-32 min
800-10000 Da
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30-32 min
6000-20000 Da

32-34 min
800-10000 Da

32-34 min
6000-20000 Da

34-36 min
800-10000 Da

34-36 min
6000-20000 Da
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36-38 min
800-10000 Da

36-38 min
6000-20000 Da

38-40min
800-10000 Da

Figure E.1 Mass reconstruction for the total peptide elution period (16−40 min) of 2 h MHS β-lg
nanofibrils using a 2 min widow of the TIC at a time. For 38−40 min, no any considerable mass peaks
were present in the mass reconstruction performed for the 6000−20000 Da range.
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16-18 min
800-10000 Da

18-20 min
800-10000 Da

20-22 min
800-10000 Da

22-24 min
800-10000 Da

24-26 min
800-10000 Da
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26-28 min
800-10000 Da

28-30 min
800-10000 Da

28-30 min
6000-20000 Da

30-32 min
800-10000 Da

32-34 min
800-10000 Da
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36-38 min
800-10000 Da

Figure E.2 Mass reconstruction for the total peptide elution period (16−40 min) of 16 h CH β-lg
nanofibrils using a 2 min widow of the TIC at a time. From 30−40 min, no any considerable mass
peaks were present in the mass reconstruction performed for the 6000−20000 Da range. Moreover, for
34−36 min and 38−40 min, no any considerable mass peaks were present even for the 800−10000 Da
range.
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Appendix F
An introduction to the small-angle X-ray scattering (SAXS) theory
SAXS is a technique used to determine the structural features (e.g. size, ordering
and shape of the scattering object) within the size range of 1 nm to a several hundreds of
nm, and it has been widely applied in biological macromolecular studies. The typical
wavelength (𝜆) of the X-rays used for the SAXS ranges from ~0.1−0.2 nm, thus the
energy (E) of the X-rays falls between ~6.2−12.4 keV.3 When a sample is illuminated by a
beam of X-rays, secondary waves are generated by the interactions of X-rays with the
electron clouds of the atoms, while most of the X-rays are passed through without any
interactions. Small angle scattering arises from the (constructive or destructive)
interference of the secondary waves (Kratky, 1982). Since a very low percentage of Xrays are scattered, there is a large difference between the direct beam intensity and
scattered intensity. For technical reasons4, it is necessary to block the direct beam for the
detection of the weak scattering signal, and this direct beam blocking sets a lower limit on
the smallest scattering angles that can be measured.
In wave mechanics, the wave vector, 𝑘 is related to number of wavelengths over a
2𝜋 distance, and its modulus given as 𝑘 = 2𝜋/𝜆 . In SAXS, elastic scattering between
the incident and scattered waves is assumed. This means no energy transfer takes place
during scattering and thus, the X-ray wavelength remains unchanged. Therefore, the
modulus of the incident wave vector (𝑘0 ) is equal to the modulus of the scattered wave
vector (𝑘1 ). The difference between the scattering and the incident wave vectors (𝑘1 − 𝑘0 )
gives the directional difference of propagation, which is known as the scattering vector or
momentum transfer (𝑞) and can be expressed as 𝑞 = 4𝜋 sin 𝜃/𝜆, where 2𝜃 is the
scattering angle and 𝜆 is the wavelength of X-rays (Figure F.1). According to the Bragg’s
law, 𝜆 = 2𝐷 sin 𝜃, where D is considered as the diameter (lengthscale) in SAXS.5
Combining this equation with the previous equation for the scattering vector results in
𝐷 = 2𝜋/𝑞. Thus lower scattering angles (or in other words, at low 𝑞 values) provide

3

ℎ𝑣

Energy of the X-rays: 𝐸 =
where h is Plank’s constant and v is velocity of electrons under vacuum;
𝜆
When E is expressed in keV and λ in nm, ℎ𝑣 = 1.24 keV. nm
4

Direct beam can cause damage to the highly sensitive detectors optimised for the identification of low
radiation levels.
5

For a crystal lattice, D equals to the spacing between the atomic planes.
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information about larger lengthscales in comparison to the higher scattering angles (high 𝑞
values) that represent smaller lengthscales.
(B)

𝑘1 − 𝑘0

𝑘1

(A) 𝑘0

θ

θ

θ

−𝑘0 =

2𝜋
𝜆

𝑘1 =

2𝜋
𝜆

θ
θ

Figure F.1 Schematic representation of

sin 𝜃 = (𝑘1 − 𝑘0 )/2 / 2𝜋/𝜆

the scattering vector (𝑞). (A) 2𝜃 angle

𝑞 = 𝑘1 − 𝑘0

between the incident and scattered

∴ sin 𝜃 = 𝑞𝜆/4𝜋

waves. (B) Vector representation and
math showing the derivation of 𝑞.

∴ 𝑞 = 4𝜋 sin 𝜃 /𝜆

Scattering data can be plotted as the intensity of scattering (I) versus scattering
vector (𝑞), where the both axes are usually given in logarithmic scale. When considering
the 𝑞, typically the λ is fixed and θ is small (< 3°), hence, I versus q plot essentially
presents the scattering intensity as a function of the scattering angle. Scattering Intensity, I
can be represented as 𝐼 = 𝐼0 𝐴𝑇𝑑𝜂 𝛥𝛺

𝑑𝛴 (𝑞)
𝑑𝛺

+ 𝐼𝑏𝑔 where 𝐼0 is the incident flux (number

of photons per area per second), A is the illuminated area on the sample, T is the
transmission of the sample, d is the sample thickness, η is the detector efficiency, 𝛥𝛺 is
the detector solid angle,

𝑑𝛴 (𝑞)
𝑑𝛺

is the differential scattering cross section and 𝐼𝑏𝑔 is the

background scattering caused by the scattering from buffer, capillary and air, if the
experiment is not under vacuum. Thus, after the subtraction of 𝐼𝑏𝑔 , 𝐼 ∝
can be expressed as

𝑑𝛴 (𝑞)
𝑑𝛺

𝑑𝛴 (𝑞)

𝑑𝛴 (𝑞)

𝑑𝛺

𝑑𝛺

, and

= 𝑛V 2 ∆𝜌 2 𝑃 𝑞 𝑆 𝑞 , where 𝑛 is the number density of

particles, V is the volume of particles, ∆𝜌 is the difference in scattering length density
between particles and solvent (also known as contrast), 𝑃 𝑞 is the particle form factor
and 𝑆 𝑞 is the particle structure factor. Scattering length density (SLD) is equal to the
total scattering length of the atoms per unit volume.6 The form factor, 𝑃 𝑞 provides

Scattering length density (SLD), 𝜌 can be given as 𝜌 = (𝑏𝑖 )/V = (𝑏𝑖 ) × 𝜌𝑝 × NA /Mw , where 𝑏 is the
X-ray scattering length of the element, V, is the volume, 𝜌𝑝 is the physical density, NA is the Avogadro
number and Mw is the molecular weight. The scattering length of an element, b is given by r0 × ne , where
r0 is the classical electron radius (2.817 fm) and ne is the number of electrons in the element. For an
6
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information about particle size and shape, whilst structure factor, 𝑆 𝑞

provides

information about inter-particle correlations (i.e. ordering and potential interactions).
Indirect Fourier transformation of the I versus q data results in the pair-distance
distribution function 𝑃(𝑟) which describes the distribution of distances between all
possible pairs of scattering points within a particle. This real-space representation often
allows derivation of qualitative information about the particle shape (and dimensions)
through direct visual inspection. Typical distance distribution functions of major
geometrical bodies are given in the X-ray scattering review on macromolecules by
Svergun and Koch (2003). Ab initio modelling of SAXS data implemented by the ATSAS
software suit compares the modelled 𝑃(𝑟) with the experimentally derived 𝑃(𝑟).

example, X-ray SLD of water (H2O) = [(0.2817×10-12 cm×2)+(2.2536×10-12 cm×1)]×1 g cm-3×6.022×1023
mol-1/18 g mol-1 = 9.43×10-10 cm-2 or 9.43×10-6 Å-2.
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Appendix G
Pair-distance distribution functions (P(r)s) for the 2 h MHS and 16 h CH β-lg
nanofibrils, and unheated β-lg

*

Total Estimate > 0.5

Total Estimate > 0.5

Total Estimate > 0.5

Total Estimate > 0.5

Total Estimate > 0.5

Total Estimate < 0.5

Figure G.1 P(r)s for the 2 h MHS β-lg nanofibrils with different Dmax values. GNOM was used to
obtain the P(r)s and total estimate (which is defined below Figure G.3). Ab initio models were
developed for the framed P(r)s and the selection of the best P(r) was based on the fit of the generated
model to the experimental data (lowest chi-square value). The final P(r) selected for the ab initio
modeling is indicated by an asterisk.
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Total Estimate > 0.5

Total Estimate > 0.5

Total Estimate > 0.5

Total Estimate > 0.5

*

Total Estimate > 0.5

Total Estimate > 0.5

Figure G.2 P(r)s for the 16 h CH β-lg nanofibrils with different Dmax values. Refer to the caption of
Figure G.1 for more information.
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Total Estimate > 0.5

Total Estimate > 0.5

Total Estimate > 0.5

*

Total Estimate > 0.5

Figure G.3 P(r)s for the unheated β-lg with different Dmax values. Refer to the caption of Figure G.1
for more information.

The total estimate given by GNOM for the P(r) plots is based on 6 parameters. (1)
Chi-square test in reciprocal space; (2) smoothness of the solution; (3) stability of the
solution; (4) systematic deviations of the restored intensity data from the experimental
intensity data; (5) Positive part of P(r) and (6) validity of the chosen interval in the real
space. When the total estimate is > 0.5 the solution is considered to be reasonable, whilst
when the total estimate is < 0.5, the solution is considered to be suspicious. When the
solution is suspicious it was not used for ab initio modeling.
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Appendix H
Histograms showing the width distribution of 2 h MHS and 16 h CH β-lg
nanofibrils estimated by TEM images
A

B

Figure H.1 Width distribution of β-lg nanofibrils. (A) 2 h MHS β-lg nanofibrils. (B) 16 h CH
β-lg nanofibrils. For each type, 70 individual nanofibrils were selected from 4 TEM images
obtained on separately prepared fibril samples. ImageJ was used to convert pixels to nm.
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Appendix I
An introduction to the Igor models used for the fitting of small-angle X-ray
scattering (SAXS) data obtained for the β-lg nanofibrils and unheated β-lg
The Guinier-Porod (Hammouda, 2010) and the sphere (Porod, 1982) models were
selected to fit the SAXS data obtained for the β-lg nanofibrils and unheated (native) β-lg,
respectively after evaluating a number of models. The Guinier-Porod model is an
empirical model that assumes a given structure can be described by a Guinier and an
associated Porod (or a power law) regime. In general, Guinier regime (in the low-𝑞 range)
relates to the integral structure of a particle, whilst the power law regime (in the high-𝑞
range) describes the particle’s local structure. To distinguish the scattering that results
from the integral and the local structures, it is necessary to define a low-𝑞 limit for the
power law regime that depicts the diminution of the contribution of the local structure to
the total scattering intensity. Thus, Hammouda (2010) in his Guinier-Porod model denotes
a q1 value, which separates the Guinier and the power law regimes. The contributions from
the two regimes to the scattering intensity 𝐼 𝑞 are given by
𝐼 = 𝐺 exp(−𝑞 2 𝑅𝑔2 /3 )

for 𝑞 ≤ 𝑞1 (Guinier form)

𝐼 = 𝐷/𝑞 𝑃

for 𝑞 ≥ 𝑞1 (Porod form)

where, 𝑅𝑔 is the radius of gyration, 𝑃 is the Porod exponent, and 𝐺 and 𝐷 are the Guinier
and Porod scale factors, respectively. For the continuation of the two regimes, it is
necessary that
𝑞1 = 1/𝑅𝑔 (3𝑃/2)1/2
and it is internally calculated during the model fitting. The relationship between 𝐷and 𝐺 is
given by
𝐷 = 𝐺𝑒𝑥𝑝 (−𝑃/2)(3𝑃/2)𝑃/2 1/𝑅𝑔𝑃 .
Moreover, Hammouda (2010) introduced a dimension variable 𝑠 to generalise the
Guinier-Porod model to account for non-spherical scattering objects, hence in the new
functional form, the denominator in the Guinier form is replace by 3 − 𝑠 (instead of 3).
This format was used for the modeling of the obtained scattering data. 𝑠 = 0 for the
globular objects such as spheres (and recovers the standard Guinier equation). For rod like
objects 𝑠 = 1 and for lamellae (or platelets) 𝑠 = 2. Examples for the shape of scattering
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curve determined for the spheres or elongated rods with a 50 Å-1 𝑅𝑔 are given below
(Figure I.1). In the generalised format, the relationship between 𝐷and 𝐺 is given by
𝐷 = 𝐺/𝑅𝑔𝑃−𝑠 exp −(𝑃 − 𝑠)/2

𝑃 − s (3 − s)/2

𝑃/2

(𝑃−𝑠)/2

1/𝑅𝑔

.

A

B

Figure I.1 Scattering patterns for a sphere and a rod obtained using the generalised Guinier-Porod
model. (A) Spheres (𝑠 = 0). (B) Rods (𝑠 = 1). For both models, 𝑅𝑔 = 50 Å, 𝑃 = 3.5 and 𝐺 = 0.01.

Hammouda (2010) further extended the generalised Guinier-Porod model to
account for either 2 or 3 Guinier regions i.e. for the scattering objects with either 2 or 3
distinct sizes within the observed 𝑞 range by defining additional limits for the 𝑞 to
separate different regions. A short cylinder will comprised of 2 Guinier regions, whilst a
triaxial ellipsoid will possess 3 Gunier regions. Although a generalised Guinier-Porod
model with 2 Guinier regions seems to be ideal to model the data, the model given in the
Igor macros is limited to a single Guinier region (and includes the dimension variable).
When fitting this model to cylindrical/rod-like objects, the Guinier region depicts the Rg of
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the smaller dimension (the cross-section of the rods), or in other words it represents the
high-q Guinier region, but not the low-q Guinier region which gives the Rg of the overall
dimension (entire cylinder). Thus, the Rg value resulting from the model fit can be used to
calculate the radius of the cross-section using the equation
𝑅𝑔2 = 𝑅 2 /2.

Sphere model was identified as the closest model that can be used to fit the SAXS
data obtained for the unheated (native) β-lg. According to Porod (1982) the scattering
intensity for a system of monodispersed spheres with a uniform scattering length density
(SLD) can be given as
𝐼 = (𝛥𝜌)2 V 2 3

sin 𝑞𝑅 −𝑞𝑟 cos 𝑞𝑅 2
(𝑞𝑅)3

+ 𝐼𝑏𝑔

where, q is the scattering vector V is the volume of the spherical particles, Δρ is the
difference in the scattering length density between spheres and solvent, R is the radius and
𝐼𝑏𝑔 is the background scattering intensity. The sphere model has been developed based on
the above equation (with the inclusion of a scaling factor). Figure I.2 presents the
scattering pattern for a sphere with a radius of 50 Å.

Figure I.2 Scattering pattern for a sphere obtained using the sphere model. An infinite
instrumental resolution and zero background were assumed. Radius of the sphere was taken
as 50 Å. SLD for the solvent and sphere were taken as 9.43×10-6 and 11.49×10-6 Å-2,
respectively.
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Appendix J
Theoretical calculations
J.1 Preparation of GalA monomer and oligomer stock solutions
Molecular weight of GalA monomer = 194 g mol-1
Molecular weight of GalA oligomers (which was a mixture of heptamers and
octamers) = 1338 g mol-1 (Assuming all the residues are non-methylesterified and
the ratio between heptamers and octamers is 1:1)

GalA monomer solution:
The number of non-methylesterified GalA mols present in 4 mL of the 0.1% w/v
β-lg+0.005% w/v PE86 mixed system:
Moisture content of PE86 = 11% w/w (as is)
Molecular weight of PE86 = 47800 g mol-1
(see Table 3.1)

If 0.005 g of PE86 (as is) was dissolved in 100 mL (i.e. 0.005% w/v), the weight of
PE86 (without moisture) = 0.005 g × 89/100 = 0.00445 g
The weight of PE86 in 4 mL = 0.00445 g × 4 mL/100 mL = 1.78 × 10-4 g
Number of PE86 mols in 4 mL = 1.78 × 10-4 g / 47800 g mol-1 = 3.724 × 10-9 mols

As a single PE86 molecule consists of 32 non-methylesterified GalA units (see
Table 3.1), the number of non-methylesterified GalA mols present in 3.724 × 10-9
mols
= 3.724 × 10-9 mols × 32 = 1.192× 10-7 mols

As the mixed system is intended to be prepared by mixing equal volumes of (2 mL
each) of β-lg and GalA monomers, 2 mL of the GalA monomer solution should
contain 1.192× 10-7 mols. So the weight of the GalA monomer present in 2 mL
= 1.192 × 10-7 mols × 194 g mol-1 = 2.312× 10-5 g or 23.12 μg
If this amount is to be obtained from diluting (100 μL of) a 20-fold more
concentrated stock solution, the weight of GalA monomers that should be present
in 10 mL of the stock solution = 23.12 μg / 100 μL ×10000 μL = 2312 μg ≈ 2.3 mg
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Assuming the moisture content is ~10% w/w for GalA monomer sample, the
weight of GalA monomer that should be dissolved to make the stock solution
= 2.3 mg ×100 / 90 ≈ 2.6 mg

The GalA oligomer stock solution (with a 20-fold more concentration) was
prepared by following the same calculation but using a molecular weight of 1338 g
mol-1 for the oligomer (i.e. the average molecular weight of GalA heptamer and
ocatamer). The moisture content was assumed to be ~10% w/w as similar to the
GalA monomer sample. The weight calculated for the GalA oligomer was
= 2.36 mg

J.2 Calculation of the amount of f-PME to be added for the deesterification of PE86
Molecular weight of PE86 = 47800 g mol-1
DM = 85.8%
Number of methylesterified GalA units = 193
Number of non-methylesterified GalA units = 32
Total number of GalA units = 225
Moisture content of PE86 = 11% w/w (as is)
(See Table 3.1)

The weight of PE86 dissolved in 5 mL of 0.05% w/v PE86 mixed system
= 0.05 g × 5 mL/100 mL = 2.5 × 10-3 g
The weight of PE86 without moisture = 2.5 × 10-3 g × 89/100 = 2.225× 10-3 g
The number of PE86 mols = 2.225× 10-3 g / 47800 g mol-1 = 4.655× 10-8 mols

As a single PE86 molecule consists of 193 methylesterified GalA units, the
number of methylesterified GalA mols present in 4.655× 10-8 mols
= 4.655× 10-8 mols × 193 = 8.98 × 10-6 mols

To drop the DM of PE86 to 25%, the number of methylesterified GalA units
needed to be deestrifed
= 8.98 × 10-6 mols – (4.655× 10-8 mols × 225 × 25/100) = 6.36 × 10-6 mols
= 6.36 μmols
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Activity of the f-PME solution = 11 units/mL or 1 unit is in 90.91 μL
The amount of f-PME needed to be added to achieve the desired DM within 20
min = 6.36 μmols / 20 min × 90.91 μL = 28.90 μL ≈ 29 μL

J.3 Calculation of the amount of pectinase to be added for the hydrolysis of PE86
Molecular weight of PE86 = 47800 g mol-1
DM = 85.8%
Number of methylesterified GalA units = 193
Number of non-methylesterified GalA units = 32
Total number of GalA units = 225
Moisture content of PE86 = 11% w/w (as is)
(See Table 3.1)
The weight of PE86 in 10 mL of 0.1% w/v β-lg nanofibrils+0.005% w/v PE86
mixed system = 5 × 10-4 g
The weight of PE86 without moisture = 5 × 10-4 g × 89/100 = 4.45×10-4 g
The number of PE86 mols = 4.45× 10-4 g/47800 g mol-1 = 9.31×10-9 mols
Total number of GalA residues = 9.31×10-9 mols × 225 = 2.095×10-6 mols ≈ 2
μmols
Activity of the prepared pectinase solution = 50 units/1000 μL or 1 unit/20 μL
Hence, addition of 20 μL will cleave the GalA backbone in PE86 in 2 min.

J.4 Degree of polymerisation (DP) of the pectins
E.g. P9311 (079K1017); Code: PE48
Weight average molecular weight = 134.7 kDa (or 134700 g mol-1)
GalA content = 73.6% w/w
DM = 47.7
(see Table 3.1)
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Weight of the GalA backbone = 134700 g mol-1× 73.6% w/w = 99139 g mol-1
Average unit weight based on the DM = (190 g mol-1× 47.7/100) + (176 g mol-1 ×
52.3/100) = 182.7 g mol-1 (190 and 176 g mol-1 are the molecular weights of
methylesterified and non-methylesterified GalA residues, respectively).
DP = 99139 g mol-1 / 182.7 g mol-1 = 543
Number of non-methylesterified GalA units = 543 × 52.3/100 = 284
Length of the GalA backbone = 543 × 0.44 nm = 239 nm

The calculation of the DP and other parameters for the rest of the pectins was
carried out as given above.

J.5 Calculation of the total length of β-lg nanofibrils and PE86 molecules present in
1 mL of 0.1% w/v β-lg nanofibrils+0.005% w/v PE86 mixed system
Weight of PE86 in 1 mL of the mixed system = 5×10-5 g
The weight of PE86 without moisture = 5 × 10-5 g × 89/100 = 4.45× 10-5 g
Hence, the number of PE86 mols present in 1 mL = 4.45×10-5 g / 47800 g mol-1 =
9.31×10-10 mols
Number of PE86 molecules present in 1 mL = 9.31×10-10 mols × 6.022×1023 mol-1
= 5.606×1014
Length of a single molecule = 99 nm (i.e. the length of its homogalacturonan
backbone) (see Table 3.1)
Hence length of total number of PE86 molecules present in 1 mL = 5.606×1014 ×
99 nm = 5.55×1016 nm
Weight of β-lg 1 mLof the mixed system = 1×10-3 g
Given the nanofibril yield is 55% w/w (see Chapter 2) the weight of β-lg
associated with the formation of nanofibrils in 1 mL = 5.5×10-4 g
Hence, the number of β-lg mols (in terms of monomers) associated with the
formation of nanofibrils in 1 mL
=5.5×10-4 g/18300 g mol-1=3.005×10-8 mols
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Number of β-lg molecules associated with the formation of nanofibrils in 1 mL =
3.005×10-8 mols 6.022×1023 mol-1=1.81×1016 β-lg molecules
According to the proposed structures for the 2 h MHS and 16 h CH β-lgnanofibrils,
a single nanofibril (formed by both methods) is made of 2 to 3 protofilaments, with
each protofilament having 4 β-sheets running parallel to its axis (see Figure 4.1).
Hence, a nanofibril will consist of an average of 10 β-sheets running along its long
axis. Each β-sheet is made of β-strands, and given the inter-strand distance is 4.7
Å, 3 β-strands will result in a length of ~10 Å or 1 nm of a β-sheet. As a nanofibril
consists of 10 β-sheets, 30 β-strands will result in a length of 1 nm of a nanofibril.
Assuming a single β-lg molecule provides 9 β-strands, 3.33 β-lg molecules will be
responsible for the formation of 1 nm of a β-lg nanofibril. As 1.81×1016 β-lg
molecules present in 1 mL associated with nanofibril formation, they will result in
a total length of nanofibrils =1.81×1016/3.33 nm-1 = 5.44×1015 nm
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Appendix K
Determining the action of endoPG at different concentrations and confirming
its substrate specificity
A low methoxyl citrus pectin7 with a 40% DM (PE40) (provided by Martin
Williams) was dissolved in 50 mM acetate buffer (pH 4.2) to result in a concentration of
0.5% w/v. Aliquots (125 μL) obtained from this solution were mixed with 25 μL of 1:1000
and 1:1000000 diluted endoPG solution. Dilutions were carried out using the same buffer.
The solutions were left overnight at the room temperature (20 °C) and subjected to
capillary electrophoresis (CE). The electrophoragrams obtained for pectin control and
endoPG treated samples are illustrated in Figure K.1. Several peaks were observed in the
endoPG treated samples showing the sufficient activity of the enzyme at both dilutions.
The observed peaks can be attributed to the formation of monomeric, dimeric, trimeric and
oligomeric species of GalA residues from the hydrolysis of the pectin (and the products
resulting from digestion). In addition, to the low methoxyl pectin, HG97 (see Table 3.1)
was also treated with the 1:1000 diluted endoPG to verify its substrate specificity. No
endoPG binding sites exist in HG97, thus it was assumed that it will remain unaffected by
the enzyme treatment. As expected no digestion products were detected in the endoPG
treated HG97 sample (Figure K.2).

7

Low methoxyl pectins have ≥ 50% non-methylesterified GalA units thus, there is higher probability that a
considerable amount of these non-methylesterified GalA residues exist in the form of blocks with ≥ 4
residues, which are the binding sites (or the substrates) for the endoPG (Rexová-Benková, 1973).
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A

B

Figure K.1 Electrophorograms obtained for PE40 before and after the endoPG treatment.
(A) PE40 without endoPG. (B) PE40 with 2 different concentrations of endoPG, kept
overnight at 20 °C.

Figure K.2 Electrophorograms obtained for HG97 before and after the endoPG treatment.
EndoPG treatment was similar to the pectin PE40.
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Appendix L
A brief introduction to capillary electrophoresis (CE)

The following overview on CE theory is based on Kuhn and Hoffstetter-Kuhn
(1993), Baker (1995) and Weston and Brown (1997). The migration of charged molecules
under the influence of an electric field is defined as the electrophoretic mobility and it can
be given by:
𝜇𝑒 =

𝑣𝑒

Eq. L.1

𝐸

where 𝜇𝑒 is the electrophoretic mobility8, 𝑣𝑒 is the electrophoretic velocity and E is the
strength of the applied electric field.9 In CE, in addition to the molecules, the buffer also
moves through the capillary under the influence of an electric field and this phenomenon
is named as electroosmotic flow. The electroosmotic mobility can be given as:
𝜇𝑒𝑜 =

𝑣𝑒𝑜

Eq. L.2

𝐸

where 𝜇𝑒𝑜 is the electroosmotic mobility10 and 𝑣𝑒𝑜 is the electroosmotic velocity. Hence,
the apparent electrophoretic mobility, 𝜇 observed for a molecule is affected by the
electroosmotic flow. Typically the electroosmotic flow is towards the cathode, hence the 𝜇
of a negatively charged species (e.g. pectin) which is moving towards the anode can be
given as:
𝜇 = 𝜇e − 𝜇eo

Eq. L.3

and
𝑣

𝜇=𝐸

Eq. L.4

where 𝑣 is the apparent electrophoretic velocity.

8

The separation of different molecules by CE under an applied E is achieved due to the differences in their
𝜇𝑒 (or 𝑣𝑒 , as 𝜇𝑒 ∝ 𝑣𝑒 ), which depends on the characteristics of both molecules (charge, size and shape) and
the buffer (viscosity, temperature and dielectric constant).
𝜇𝑒 = 𝑧/6𝜋𝜂𝑟 where z is the overall charge, 𝜂 is the viscosity of the buffer and r is the Stokes radius of the
species. Stokes radius, r is given by: 𝑟 =kBT/6𝜋𝜂D where kB is the Boltzmann constant, T is the
temperature and D is the diffusion coefficient.
9

𝜇𝑒𝑜 = 𝜖𝜁/4𝜋𝜂 where 𝜖 is the dielectric constant of the buffer, 𝜁 is the zeta potential and 𝜂 is the viscosity
of the buffer.
10
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𝑣 can be given by:
𝑙

𝑙

𝑣 =𝑡−𝑡

Eq. L.5

0

where 𝑙 is the length of the capillary from inlet to detector, 𝑡 is the migration time of the
molecules and 𝑡0 is the migration time of the neutral species. In fact, 𝑙/𝑡0 is the
electroosmotic velocity. As 𝐸 = V/𝐿, where V is the applied voltage and L is the total
capillary length, equation L.4 can be written as:
𝜇=

𝑙
𝑡

𝑙

𝐿

0

V

−𝑡

Eq. L.6

When the equation 1.7 is rearranged:
𝜇=

𝑙𝐿

1

V

𝑡

1

−𝑡

Eq. L.7

0

The equation L.7 was used for the determination of 𝜇 of the pectins and the
homogalacturonan used in the present work.
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Appendix M
An overview on light scattering theory and estimation of molecular weight by
light scattering (LS) and refractive index (RI) signals
Light scattering theory summarised below is based on Wyatt (1993) and Podzimek
(1994). When light11 hits on a molecule, the oscillating electric field of light will induce an
oscillating dipole (i.e. polarisation of charges) within the molecule, which will cause reradiation of (or in other words, scattering of) light. According to the classical theory of
Lord Rayleigh, the scattering of electromagnetic radiation is considered to be elastic, thus
the scattered light will have the same wavelength of the incident light. Only a small
fraction of the incident light will be scattered by a molecule, and most of the scattered
light is present in the plane perpendicular to the polarisation of incident light. The amount
or the intensity of light scattered by a molecule (I) is proportional to the product of its
molecular weight (M), concentration (C) and the square of refractive index increment
(dn/dc):12
𝐼 ∝ MC

dn 2

Eq. M.1

dc

A molecule with dimensions much smaller than the wavelength of the incident
light (< 10 nm for a wavelength of 690 nm) acts as a point scatterer (or an isotropic
scatterer), and there will be no measurable angular variation in the intensity of light
scattered in the plane perpendicular to the polarisation of incident light. However, if the
size of the molecule increases above 10 nm for an incident light beam with a wavelength
of 690 nm, the intensity of the scattered light in the plane perpendicular to the polarisation
of incident light will differ depending on the scattering angle (𝜃) as a result of intramolecular interferences. Therefore, for the larger molecules (macromolecules) the above
equation is modified as:
𝐼(𝜃) ∝ MC

dn 2
dc

𝑃(𝜃)

Eq. M.2

11

Laser light with a wavelength of 633 nm is used during the experiment as the source of incident beam to
obtain a single frequency polarised light beam.
12

The refractive index increment dn/dc in light scattering is analogous to the scattering length density (SLD)
in X-ray scattering experiments. The principles of scattering are more or less similar for both light and
X-rays. See appendix C for the theory of small-angle X-ray scattering (SAXS).
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where 𝑃(𝜃) is the form factor and it depends on the dimensions (size) of the molecule.
𝑃(𝜃) can be expressed as:
1
𝑃 𝜃

16𝜋 2

=1+

3𝜆 2

𝑟𝑔2 sin2

𝜃

Eq. M.3

2

where 𝜆 is the wavelength of the incident light, 𝑟𝑔2 is the mean square radius (of
gyration), 𝑛0 is the refractive index of the solvent and θ is the scattering angle.
To summarise, there are two main principles in light scattering; (1) The amount of
the light scattered is proportional to the molecular weight and concentration of the
molecules. (2) The angular variation of the scattered light is related to the size of the
molecule. These two principles are embodied in the Rayleigh-Gans-Debye model and the
Zimm’s formalism of this model can be expressed as:
𝐼(𝜃) ∝ 𝑅(𝜃)

Eq. M.4

and
𝐾∗C
𝑅(𝜃)

1

= 𝑀𝑃(θ) + 2𝐴2 C

Eq. M.5

𝑅(𝜃) is the excess Rayleigh ratio which is the ratio of scattering and incident light
intensities corrected for the scattering volume and distance between the scattering volume
and detector. 𝐾 ∗ is an optical parameter which is expressed as:
4𝜋𝑛 02

𝐾∗ = 𝑁

𝐴

𝜆4

dn 2

Eq. M.6

dc

where 𝑛0 is the refractive index of the solvent, NA is the Avogadro number, 𝜆 is the
wavelength of the incident light and (dn/dc) is the refractive index increment. M, C and
𝑃(𝜃) in Equation M.5 stand for molecular weight, concentration and form factor,
respectively.

A2 in Equation M.5 is the second virial coefficient, a thermodynamic

property which indicated the molecule-solvent interactions.
At low concentrations the term 𝐴2 C becomes zero due to the elimination of
inter-molecular scattering effects, and combination of the equations M.5 and M.3 yields
the Debye model (based on Zimm’s formalism):
𝐾∗C

1

≈ 𝑀 1+
𝑅(𝜃)

16𝜋 2
3𝜆 2

𝑟𝑔2 sin2

𝜃

Eq. M.7

2
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Estimating the light scattering intensity at different angles (θ) enables to built a Debye plot
[K*C/R(θ) Vs. sin2(θ/2)] (Figure M.1) for the each slice of scattering peak.13 The y-axis
intercept in the Debye plot is equal to the reciprocal of molecular weight (in fact, to the
reciprocal of weight average molecular weight, Mw), and estimating molecular weight for
the each slice of the scattering peak enables to derive the average molecular weight for the
given sample.
K*C/R(θ)

1/Mw
Sin2 (θ/2)

Figure M.1 Debye plot drawn for a slice of the light scattering peak

However, to obtain the molecular weight by the Debye model, it is necessary to
know the concentration of the molecules at a given slice of the peak. This can be
determined by a differential refractive index detector, which is connected in series with the
light scattering detector. The calculation of concentration is based on the equation:
C=

V𝛼

Eq. M.8

dn
dc

where V is the output voltage by the detector, α is the calibration constant and (dn/dc) is
the refractive index increment. Thus, the value (dn/dc) is required for the calculation of the
concentration from refractive index signal.

13

Due to the polydispersity of the size of macromolecules, light scattering peak tends to be broad and the
molecular weight changes along the peak. Each slice in the light scattering peak is considered to represent a
monodispersed fraction and the application of the Debye model enables to determine the molecular weight
represented by a given slice of the scattering peak.
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Appendix N
Preliminary small-angle X-ray scattering (SAXS) experiments on β-lg
nanofibril+pectin mixed systems
Small angle X-ray scattering experiments were conducted at the Bragg Institute,
Australian Nuclear Science and Technology Organisation using a Bruker NanoStar SAXS
system (Cu Kα radiation, λ = 1.541 Å) calibrated with silver behenate. Quartz capillaries
loaded with samples were placed in the multiple capillary holder and the scattering data
were collected for a 𝑞 range of ~0.01-0.35 Å-1. For a given sample, data were collected for
3 different concentrations. Scattering from the same set of empty capillaries and with
water (carefully placed at the same orientation), was also recorded. These experiments
were conducted as a preliminary step before the synchrotron experiments.
Radial averaging of the scattering data was done using the onsite software. Prior to
the buffer subtraction, factor for scaling to the absolute scattering intensity was calculated
for the each capillary using the water scattering data and absolute scattering intensity of
water, 1.632×10-2 cm-1 at 293 K (Orthaber et al., 2000). Absolute sample scattering
intensity 𝐼 were then obtained by
𝐼(buffer + sample)
𝐼(buffer)
−
scaling factor for sample containing capillary
scaling factor for buffer contnaining capillary

1D log-log plots of scattering intensity 𝐼 versus 𝑞 were then obtained using Igor
Pro software, v6.2.2.2 (WaveMetrics, Lake Oswego, OR, USA). The scattering curves
obtained for the 3 different concentrations of the each sample are given in Figure N.1Plots A−D. The scattering from PE86 at the given concentrations was markedly lower
than the scattering from other samples, and the scattering curves obtained for the 3
concentrations of PE86 overlaid each other. Comparison of the scattering curves obtained
for the 3 concentrations of the other samples showed an increase in the scattering intensity
with increasing concentration, and generally they had a comparable scattering pattern,
suggesting that the scattering results are not interfered with any inter-particle interactions,
within the experimented concentration range.
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A

B

C

D

E

Figure N.1 Preliminary SAXS data obtained for the 16 h CH β-lg nanofibrils+PE86 mixed system in
the presence or absence of 100 mM NaCl, and for the individual components of the mixed system at pH
3. (A) 16 h CH β-lg nanofibrils+PE86 system; (B) 16 h CH β-lg nanofibrils+PE86 system with 100 mM
NaCl; (C) 16 h CH β-lg nanofibrils; (D) PE86. The 3 concentrations trialed for the (A), (B) and (C)
samples were 0.1, 0.2 and 0.4% w/v 16 h CH β-lg nanofibrils with corresponding amount of PE86. For
(D) the 3 concentrations trialed were 0.005,0.01 and 0.02% w/v (and they were similar to the PE86
content in the 3 concentrations of (A), (B) and (C)). The intensity of the given colour decreases with
decreasing concentration. The highest concentrations trialed for all the samples are plotted together in
(E) for comparison.
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Plot E in Figure N.1 presents the scattering curves corresponding to the highest
concentration of each sample and interestingly, the curve obtained for the 16 h CH β-lg
nanofibrils+PE86 mixed system which contain laterally associated β-lg nanofibrils
(‘ribbons’) reached a plateau at the low-q values (~0.01−0.02 Å) in contrast to the 16 h
CH β-lg nanofibrils+PE86 mixed system with 100 mM NaCl and 16 h CH β-lg
nanofibrils. Given the elongated nature of the ribbons (similar to the β-lg nanofibrils), an
increase in the scattering intensity was expected with decreasing q. The flattening of the
curve suggested the possibility of observing a structure factor due to the lateral alignment
of β-lg nanofibrils, but it would be necessary to collect scattering data for lower q-values
(< 0.01 Å) in order to be certain of such a speculation. Thus, it was decided to subject
these samples to synchrotron X-ray scattering with an extended q-range (~0.002− 0.9 Å).
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Appendix O
ζ-Potential of 2 h MHS β-lg nanofibrils at different pHs
An aliquot obtained from 2% w/v 2 h MHS β-lg nanofibril sample was diluted
20-fold with pH 2 HCl and centrifuged at 200 g for 5 min (Heraeus Labofuge 400, Hanau,
Germany) to remove the macroscopic aggregates present in the sample. Next, the
supernatant was divided into 4 mL aliquots and their pH was adjusted to 2, 3, 4, 5 and 6
(±0.05) using 0.5 and 1 M NaOH. The pH adjusted solutions were kept for 15 ~min and
then again the pH was measured and adjusted if necessary. Figure O.1 presents the
ζ-potential measured for the 2 h MHS β-lg nanofibril samples at different pHs using
micro-electrophoresis and dynamic light scattering (DLS) device (Malvern Nano-ZS,
Worcestershire, UK).
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Figure O.1 ζ-Potential of 2 h MHS β-lg nanofibrils at different pHs. pH of the 2 h MHS
β-lg nanofibrils samples (0.1% w/v) (which were initially at pH 2) was adjusted to the
required pH before the measurements. Error bars show the standard deviation for
triplicates.
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Appendix P
Supplementary TEM images for β-lg nanofibrils+pectin mixed systems

Figure P.1 TEM images obtained for the supernatants that resulted from centrifugation of
selected mixed systems at 2000 g for 15 min. (A) 0.1% w/v 16 h CH β-lg
nanofibrils+0.1% w/v. (B) PE48 and 0.1% w/v 16 h CH β-lg nanofibrils+0.1% w/v PE67
mixed systems. Scale bars represent 0.5 μm.
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Figure P.2 TEM images obtainbed for the 0.1% w/v 16 h CH β-lg nanofibrils+0.005% w/v
pectin mixed systems at pH 3. (A)-(C) β-lg nanofibrils+PE48; (D)-(H) β-lg
nanofibrils+PE67; (I)-(K) β-lg nanofibrils+PE86. (G) and (H) presents the bundling of 2-3
nanofibrils and deposition of materials observed in the presence of PE67. The images C, F
and K for the mixed systems made with PE48, PE67 and PE86, respectively were obtained
just 10 min after the mixing of the individual solutions (while the others were kept for a
minimum of 2 h). The scale bars represent 0.5 μm.
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Figure
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Figure P.4 Lower magnification TEM images obtainbed for the 0.1% w/v 16 h CH β-lg
nanofibrils+0.005% w/v pectin mixed systems at pH 3. Scale bars represent 20 μm.

Figure P.5 TEM images showing the presence of non-fibril aggregates disturbing the lateral
alignment of β-lg nanofibrils in 0.1% w/v 16 h CH β-lg nanofibrils+0.1% w/v PE86 mixed
systems at pH 2 and pH 3. The pH of the mixed system is given with the TEM image. Scale
bars represent 0.5 μm.
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Figure P.6 A TEM image obtained
on 1.5% w/v 16 h CH β-lg
nanofibrils+0.075% w/v PE86 mixed
system at pH 3. The scale bar
represents 2 μm.
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Appendix Q
Fluorescence light microscopy of β-lg nanofibrils+pectin complexes
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50 µm

35 µm
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Figure Q.1 Fluorescence light microscopy images obtained for the 0.1% w/v 16 h CH β-lg
nanofibrils+0.005% w/v pectin complexes. β-lg nanofibrils with (A) PE48, (B) PE67 and (C) PE86.
Samples were stained with ThT and observed using Leica DMRE microscope (Wetzlar, Germany)
illuminated with the Mercury vapour lamp and fitted with a CY-GFP filter cube (excitation: 426−446
nm; emission: 460−500 nm). Images were obtained using a Leica DC500 CCD camera connected to the
microscope. Scale bars in A and B is 50 μm and the scale bar in C is 20 μm. (D) is an enlargement of
the area represented by a rectangle in C.

197

Appendix R
Width distribution histograms obtained for the 16 h CH β-lg nanofibril
ribbons formed at pH 2 and pH 3 with different concentrations of PE86 by
TEM image analysis
0.005% w/v

0.005% w/v

PE86; pH 2

PE86; pH 3

0.01% w/v

0.01% w/v

PE86; pH 2

PE86; pH 3

0.05% w/v

0.05% w/v

PE86; pH 2

PE86; pH 3

Figure R.1 Width distribution of ribbons
(n=50) formed in 16 h CH β-lg
nanofibrils+PE86 systems at pH 2 and
pH 3. Concentration of the β-lg
nanofibrils was held constant at 0.1%
w/v, whilst the concentration of PE86
was varied from 0.005-0.1% w/v. The
concentration of PE86 and the pH are
given with each histogram.
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Appendix S
Surface hydrophobicity (S0) measurements for the β-lg nanofibrils+pectin
mixed systems
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Figure S.1 ANS fluorescence intensity measured for the β-lg nanofibrils+pectin mixed systems
at pH 3. A dilution series was prepared for the each mixed system and an aliquot (1mL)
obtained from the each level of dilution was mixed with 100 μL of 500 μM ANS at pH 3, and
then assessed for the ANS fluorescence (excitation: 390 nm; emission: 480 nm). Error bars
represent the standard deviation for triplicate measurements made on separately prepared
samples. The ANS fluorescence measured for the pectins (with a concentration corresponding
to that of in the mixed system diluted to 0.015% w/v concentration of β-lg) was negligible. The
3 values overlay each other in the Figure.
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Appendix T
Subtraction of the scattering data of PE86 from the scattering data of β-lg
nanofibrils+PE86 mixed systems at pH 3

Figure T.1 Scattering pattern for the β-lg nanofibrils+PE86 mixed systems at pH 3 before
and after the subtraction of scattering from PE86 at pH 3. (A) Scattering pattern for 0.4%
w/v 16 h CH β-lg nanofibrils+0.02% w/v PE86 mixed system before and after the
subtraction of scattering from 0.02% w/v PE86. (B) Scattering pattern for 0.4% w/v 2 h
MHS β-lg nanofibrils+0.02% w/v PE86 mixed system before and after the subtraction of
scattering from 0.02% w/v PE86.
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Appendix U
An introduction to the Igor model − Gaussian peak used for the fitting of the
structure factor obtained for the β-lg nanofibril ribbons
The Gaussian peak model is used to fit the Gaussian shaped peaks present in flat
background. The scattering intensity, I for a Gaussian peak can be given by:
𝐼 = 𝐼0 exp − 1 2 𝑞 − 𝑞0 /B

2

+ BGD

Eq. U.1

where I0 is the height of the peak centred at 𝑞0 , with a standard deviation of B and BGD is
the background scattering. Multiplication of B by 2.354 gives full width at half maximum
(FWHM) of the peak. Figure U.1 presents the typical scattering pattern for a Gaussian
peak with a 𝑞0 of 0.05 Å-1.

Figure U.1 Gaussian peak model for a peak centred at 0.05 Å-1. B was set
at 0.01 Å-1, giving a FWHM of 0.023 Å-1.
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Appendix V
Interacting β-lg nanofibrils with PEG and dextrans

Figure V.1 16 h CH β-lg nanofibrils in the presence of crowding agents at pH 3. Final
concentration of β-lg nanofibrils was 0.1% w/v for all the mixed systems. The concentration (%
w/v) of the crowding agent used is printed on the respective TEM image. Scale bares represent 0.5
μm.
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Appendix W
Effect of increasing the pH of β-lg nanofibril samples
A 16 h CH β-lg nanofibril sample with a 2% w/v β-lg concentration was diluted
10-fold with pH 2 HCl and centrifuged at 200 g for 5 min (Heraeus Labofuge 400, Hanau,
Germany) to remove the macroscopic aggregates present in the sample. Next, the
Supernatant was divided into 4 mL aliquots and their pH was adjusted to 2, 3, 4, 5 and 6
(±0.05) using 0.5 and 1 M NaOH. The pH adjusted solutions were kept for 15 ~min and
then again the pH was measured and adjusted if necessary. Figures W.1 and W.2 present
the visual appearance and TEM images obtained for the β-lg nanofibril samples at different
pHs. β-Lg nanofibril samples became turbid when the pH of the samples was increased to
≥ 4. The sample at pH 5 showed the highest turbidity. TEM images obtained on the
samples showed that β-lg nanofibrils tend to aggregate at pH values ≥ 4.

pH 2

pH 3

pH 4

pH 5

pH 6

Figure W.1 Visual appearance of 0.2% w/v 16 h CH β-lg nanofibril samples at different
pHs. The dashed rectangles show the aggregated materials deposited on the wall of the
bottles when the pH adjusted nanofibril samples were swirled.
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Figure W.2 TEM images obtained on 0.2% w/v 16 h CH β-lg nanofibril samples at
different pHs. The dashed rectangle in the TEM image obtained for the pH 4 β-lg
nanofibril sample shows the initial signs of nanofibril aggregation. Scale bars represent 0.5
μm.
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Appendix X
Aligning the peaks observed in the electrophorograms of endoPG digests of
PE86

Figure X.1 Aligning the last peak of the electrophorograms obtained for the
endoPG digests of PE86.

No peaks were observed in the 0.5 h endoPG digest of PE86, corresponding to the
monomeric, dimeric or oligomeric products resulting from endoPG digestion of PE86,
hence not shown in Figure X.1. A poor signal was obtained for the 7 days endoPG digest,
hence its peak areas were not considered for the interpretations.
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Appendix Y
Estimating the number of non-methylesterified GalA residues distributed
block-wise in PE86
PE86 molecules consist of 193 methylesterified GalA residues and 32 nonmethylesterifed GalA residues (Table 3.1). According to the molecular weights of the
products resulting from the endoPG digestion of PE86, the PE86 molecules carry a block
of non-methylesterified GalA residues (n ≥ 4) in the middle of their backbone, with or
without the possibility of having an additional block near to one or both ends of the
backbone. The products resulted from the endoPG digestion of PE86 had a M w half of the
Mw of PE86 and a DM of 89%. Thus, the action of endoPG will result in two
homogalacturonan chains with non-methylesterified GalA residues present at one or both
end(s), and over time, these resiudes will be cleaved due to the further action of endoPG.
It was assumed that the action of endoPG on these chains is completed by the 7th day.
Hence, the reducing ends of these chains will carry 3 non-methylesterified GalA residues,
whilst the non-reducing ends of these chains will carry a minimum of 1 or a maximum of
3 non-methylesterified GalA residues based on the location of endoPG cleavage (Figure
Y.1). For the ease of calculations, the number of methylesterified GalA residues present in
PE86, was taken as 192, instead of 193. Thus, each of the two homogalacturonan chains
that result from the endoPG action will comprise of 96 methylesterified GalA residues
(Figure Y.1). When additional non-methylesterified GalA blocks were considered to be
present near to one or both ends of the PE86 backbone, the number of methylesterified
GalA residues that may be present beyond these blocks towards the ends of the PE86
backbone was considered to be negligible. Moreover, when more than one nonmethylesterified GalA block was present, a similar block size was assumed.
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Figure Y.1 Possible structures for PE86 and products resulting from endoPG digestion of PE86.
Methylesterified and non-methylesterified GalA residues are given in blue and red circles, respectively.
The possible numbers of non-methylesterified GalA residues that can be present at the end(s) of the
homogalacturonan chains resulting from endoPG digestion are given with the each chain. A total of 96
methylesterified GalA residues were allocated to the each chain, giving a total of 192 methylesterified
GalA residues for an intact PE86 molecule. Letter R stands for the randomly distributed nonmethylesterified GalA residues in each chain, and values for the R can be found in Table Y.1.

Given that each homogalacturonan chain resulting from the endoPG action of
PE86 consists of 96 methylesterified residues, in order to have a DM of 89%, each chain
should contain 12 non-methylesterified GalA residues. If the DM is 89%, the percentage
of non-methylesterified GalA residues present in PE86 is 11%. As the number of
methylesterified GalA residues is known, the number of non-methylesterified GalA
residues can be found by X / (96+X) = 11%, where X is the total number of nonmethylesterified GalA residues. Solving the equation results in 11.8 for X, hence, it was
taken as 12. So, the two homogalacturonan chains resulting from endoPG will carry a total
of 24 non-methylesterified GalA residues.
In the case of only one non-methylesterified GalA block is present in the middle of
PE86 molecule, the minimum and the maximum number of non-methylesterified GalA
residues that can be present at the ends of two homogalacturonan chains (that result from
the endoPG digestion) are 4 and 6, respectively (Figure Y.1). If one additional nonmethylesterified GalA block is present together with the block in the middle, the minimum
and the maximum numbers will be 7 and 9, respectively (Figure Y.1). If two additional
non-methylesterified GalA blocks co-exist with the block in the middle, the minimum and
the maximum numbers will be 8 and 12, respectively (Figure Y.1). It should be noted that
these non-methylesterified GalA residues are belonging to the non-methylesterified GalA
blocks in PE86. Thus, the randomly distributed non-methylesterified GalA residues
present in the each case can be estimated by subtracting these numbers from 24 (which is
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the total number of non-methylesterified GalA residues present in the two
homogalacturonan chains at the end of endoPG digestion) (Table Y.1). Subsequently, the
number of randomly distributed non-methylesterified GalA residues can be used to
estimate the number of non-methylesterified GalA residues distributed block-wise in PE86
as the total number of non-methylesterified GalA residues present in PE86 is known to be
32 (Table Y.1).

Table Y.1 Estimating the number of non-methylesterified GalA residues present block-wise in PE86
molecules
Number of nonmethylesterified GalA
blocks in PE86

Randomly distributed

Block-wise distributed

non-methylesterified

non-methylesterified GalA

GalA residues (R)a

residues

Approximate
average block-size

Min

Max

Minb

Maxb

Min

Max

1

18

20

12 (38%)

14 (44%)

12

14

2

15

17

15 (47%)

17 (53%)

8

9

3

12

16

16 (50%)

20 (63%)

5

7

c

32

32c
a

(R) corresponds to the R given in Figure Y.1.

b

Degree of blockiness (DB) is given in parenthesis (see Chapter 1-Section 1.4.2).

c

The total number of non-methylesterified GalA residues present in PE86.

According to a personal communication by Associate Prof. Martin Williams, the
length of a homogalacturonan backbone that usually finds in a pectin is about 100 residues.
Hence, it is also possible that a rhamnogalacturonan-I (RG-I) region may present
somewhere near to the middle of the PE86 backbone connecting two homogalacturonan
regions. Hence, in addition to the proposed models, if any RG-I region exists in the middle
region of the PE86 backbone, it has to be present as a short block14 splitting the nonmethylesterified GalA block in the middle of the PE86 backbone.

14

If there is a RG-I region in the PE86 backbone, it cannot be a larger block, given the GalA content of the
PE86 is 88.5% w/w (Table 3.1).
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