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SUMMARY 

 

Self-assembling molecules are central to a plethora of processes found in nature, biotechnology 

and even disease. The importance of the non-covalent interaction of monomers to the formation 

of fibrillar assemblies is evident in the repeated use of this mechanism throughout nature, from 

essential cellular processes such as the formation of the cytoskeleton to the production of silk. 

Further, it has been recognised in the last two decades that a self-assembly mechanism, that is 

the formation of amyloid, underpins the pathology of protein misfolding diseases; it is therefore 

essential to dissect these mechanisms.  

 

Despite recent technological and model system developments, self-assembling molecules 

remain challenging to investigate. Using combined structural and biophysical characterisations 

of penta- and hexa-peptide self-assembling model systems these investigations shed further 

light on the structure of amyloid-like fibrils. The elucidation of the structures of these fibrillar 

systems not only has implications for disease but also makes them well placed for consideration 

for biotechnological applications. 

 

In reflecting upon how cross-ß structural architectures can be organised in the fibrillar state, a 

molecular and supramolecular model of fibrils formed by a fragment of !-synuclein is reported. 

The fibrils are found to consist of a novel and elaborate cross-ß architecture that leads to a 

helical supramolecular assembly spanning length scales previously unobserved for such a 

system.  

 

Where self-assembly is a useful route to supramolecular structure formation, the use of low 

molecular weight gelator (LMWG) peptides to create fibrillar structures with defined material 

properties is also explored. The complex link between molecular structure, self-assembled 

architecture, fibril formation, fibril interaction and ultimately bulk material properties is 

described. It is found that the determinants of self-assembly are distinct from the determinants 

of gelation and so future LMWG design will have to consider both individually. 

 

This work presents methodological advances in the characterisation of self-assembled structures. 

The investigations presented here have relevance for disease related processes but also to the 

technological use of these systems as materials. Finally, this work emphasises the beauty of the 

extravagant, yet elegant connection between molecular interaction and supramolecular self-

assembly.  
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1 Introduction I: 

The self-assembly of biopolymers, aggregation and amyloid 

1.1 Introduction 

Proteins are crucial to the functioning of life. The central dogma describes the storing of genetic 

information in deoxyribonucleic acid (DNA), which is transcribed into ribonucleic acid (RNA) 

that is subsequently translated into polypeptide chains. This process is well understood and of 

course it is known that polypeptide chain synthesis is dependent on the genetic material coding 

for it. However, DNA and RNA are concurrently dependent on the proteins they encode for, for 

they are synthesised, maintained and regulated by the same proteins. Implied by the central 

dogma the function of DNA is predominantly comprised in its linear sequence of base pairing; 

but a polypeptide, although a great deal of information as to its function is encoded in its 

primary sequence, must undergo a complex folding process to gain its functionality. It is this 

folding process that is less well understood, and it remains one of the key fundamental problems 

of modern biochemistry.  

 

1.2 Polypeptide folding 

Anfinsen et al. demonstrated that a protein could be chemically denatured to result in a loss of 

its activity. Furthermore, in the absence of that denaturant the protein would spontaneously 

refold to regain its activity and function (Anfinsen et al., 1961). Two important conclusions can 

be realised from this observation. Firstly, that the structure of a protein is vitally important to its 

activity and function; and secondly, all of the information prescribing the three-dimensional 

structure of a protein is encoded by the primary amino acid sequence of a protein. Figure 1.1 

shows the remarkable three-dimensional structure of green fluorescent protein (GFP) in an 

illustration of its unfolded and unstructured state and its experimentally determined natively 

folded and structured state. The three-dimensional structure of this polypeptide is a mixture of 
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the secondary structural elements, characterised as ß-sheets and !-helices. Seminal papers 

published by Pauling and Corey describe the adoption of these configurations by all polypeptide 

chains whereby the maximal use of available hydrogen bonding makes them the most stable 

conformations available to such molecules (Corey and Pauling, 1953, Pauling and Corey, 

1953b). 

 

This 26.9 kDa protein possesses an elegant arrangement of secondary structural elements where 

ß-strands form a ß-barrel conformation. The fluorescent properties of GFP are dependent on the 

65-Ser-Tyr-Gly-67 motif that autocatalytically forms a 4-(p-hydroxybenzylidene)-imidazolidin-

5-one structure (Cody et al., 1993). The formation of this novel fluorophore grants GFP its 

spectral properties but its fluorescent properties are abolished when it is unfolded. Inspection of 

the crystal structure reveals potential hydrogen bonding networks between the fluorophore and 

neighbouring polar residues, which would affect charge delocalisation and perhaps explain the 

varied spectral behaviours of GFP mutants (Yang et al., 1996).  

 

 

 

 

 

 

Figure 1.1: The folding and structure of a linear chain of amino acids in the three-dimensional 
structure of green fluorescent protein (1RRX), secondary structural elements are differentially 
labelled. Graphics generated in PyMol (DeLano, 2002). 
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Such a complicated arrangement must fold spontaneously and largely independently. Thus the 

native state should be more stable than the unfolded state. Protein folding has a high entropic 

cost in the ordering of the polypeptide chain and the ordering of water around a folded protein.  

In Equation 1.1, the Gibbs free energy (G) of a thermodynamic process is described. A decrease 

in entropy (!S) at constant temperature (T) will result in a positive contribution to the change in 

Gibbs free energy of protein folding (!G). Since for a thermodynamic process to be 

spontaneous the !G associated with it must be negative, where !S is negative for the folding 

process, so must the change in enthalpy (!H) be negative. In protein folding the large decrease 

in enthalpy is provided in the formation of intermolecular bonds (i.e. hydrogen bonds), which as 

they form lose energy to their surroundings. 

 

!G = !H "T!S
 

Equation 1.1 

The interactions between the polypeptide chain must be more stabilising than the interactions 

with solvent, thus the native state and the conformations leading up to this will be more stable 

than their unfolded prerequisites. There are, however, many possible configurations of a 

polypeptide chain that may be spontaneously formed and be more stable than the unfolded state. 

If a polypeptide chain were to explore the entire conformational space leading up to the most 

stable native state then it would take longer than the time in the universe for a polypeptide chain 

to fold correctly (Levinthal, 1968). To rapidly fold on a realistic time scale (i.e. microseconds) 

polypeptide chains must selectively sample the conformational space on the pathway to 

adopting the native state. Considering the energetic preference of a polypeptide chain towards 

the native state and the necessary bias placed on a protein to fold quickly one can imagine the 

energy landscape associated with a folding polypeptide chain as a funnel, represented in Figure 

1.2a. 
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Figure 1.2: A representation of the energy folding landscape of a protein illustrating the bias 
towards the low energy natively folded state (a), and that although biased this landscape is 
rugged due to quasi-stable intermediates (b). Reproduced with permission from (Dill and Chan, 
1997). 

This perspective is useful but the new view of these protein folding energy funnels is better 

described in Figure 1.2b. Here the funnel will also cause a polypeptide chain to have a bias 

towards the natively folded state but the energy landscape towards this is actually quite complex 

where some folding intermediates, with respect to the unfolded state, will be marginally 

energetically stable. These partially stable intermediates may be necessary for the folding 

process where certain structural elements should form before others such that the final overall 

conformation is correct. Indeed, this has been demonstrated for the relatively simple protein hen 

egg lysozyme where particular secondary structural elements fold faster than others. This 

creates many possible parallel folding pathways with important intermediates but significant 

structural organisations allow these to converge onto the final required folded conformation 

(Radford et al., 1992). 
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Figure 1.3: A cross section of a protein folding energy landscape. High energy unfolded states 
are represented in red and low energy folded native states in blue. A protein may follow a path 
through the energy landscape to reach the lowest energy natively folded state, either 
independently or assisted by chaperones. Inspection of the landscape reveals areas where 
energetically trapped intermediates may exist, these may be encountered on folding but changes 
in environmental factors such as temperature or pH can unfold a protein and allow it to access 
these intermediates. It has been suggested that the amyloid conformation represents a 
kinetically trapped species on this energy landscape (Hwang et al., 2004). 

The example of GFP may be considered again, where Figure 1.3 shows a representational cross 

section of the energy landscape associated with the folding of a protein. The unfolded 

polypeptide chain (Figure 1.3a) moves through the energetic landscape towards the folded state 

(Figure 1.3b) possibly encountering the aforementioned intermediates. Additionally, changes in 

environment such as temperature or pH may allow a natively folded protein to access these 

intermediate states. In the case where energetically stable intermediates may be formed in an 

uncontrolled manner molecular chaperones have evolved to guide polypeptide chains to their 

native conformations (Hartl and Hayer-Hartl, 2009). 

 

Figure 1.4 shows an illustration of the protein folding pathway in vivo and the possible fates of a 

translating polypeptide chain. The intermediately stable states may spontaneously form and be a 

necessary part of the folding pathway, or may represent kinetically trapped intermediates which 

molecular chaperones are designed to help avoid (Capaldi et al., 2002). If unwanted, the 

partially or misfolded protein may be assisted into the native state or targeted for degradation by 

the proteasome (Hartl and Hayer-Hartl, 2009).  

E
n
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a 

b 

a 
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Figure 1.4: An illustration of the possible fates of a polypeptide chain post-translation in vivo. 
Polypeptide chains will fold to the natively folded state, possibly via intermediates but these 
intermediates may be energetically trapped and prevent proper folding in which case the 
protein would be targeted for degradation by the proteasome. Though misfolded proteins may 
accumulate and aggregate.  

As stated, a protein may also access these misfolded conformations by a change in environment 

disrupting the native fold. If a protein accesses one of these conformations and it is not guided 

to the native state, efficiently refolded by chaperones or targeted for degradation by the 

proteasome, then it may lead to an off-pathway aggregative process (Hartl and Hayer-Hartl, 

2009). 

 

1.3 Polypeptide misfolding, aggregation and amyloid 

Two classes of protein misfolding can be considered. In one case a polypeptide chain may be 

natively unstructured and aggregate; in the alternative, a protein may be natively folded, may 

unfold and subsequently misfold (Kelly, 1996). Native protein folding requires a delicate 

balance between the intermolecular forces stabilising the tertiary structure of the polypeptide 

backbone, interaction with solvent and other proteins. Globular proteins have a hydrophobic 

core and hydrophilic surface but if a protein is unable to adopt this general tertiary structure due 

to misfolding it may gain a propensity to self-associate in order to minimise hydrophobic – 
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water interactions. This is perhaps an oversimplified view of misfolding, but one that 

nonetheless illustrates how misfolding can result in protein aggregation. Protein aggregation 

might well represent an alternative-folding pathway of sorts, where conformations compatible 

with self-association are possibly an inherent property of the polypeptide backbone (Dobson, 

2001). The conformation most commonly associated with self-association and self-assembly is 

the ß-strand. It has long been recognised that this structure could be adopted to form self-

assembled ß-sheet rich assemblies called amyloid as described in the following sections. 

 

1.4 Historical perspectives of amyloid 

It was appreciated quite early on that a large number of globular polypeptides had access to an 

extended conformation stabilised by inter-amide backbone hydrogen bonding. This was 

originally explored using proteins such as ß-keratin, vegetable globulins and even denatured 

egg-white. The chosen technique used to study their structure was X-ray fibre diffraction 

(XRFD) (Astbury and Dickinson, 1935). These studies described groups of extended 

polypeptides arranged into what were described as “grids”, now known as ß-sheets. These 

models were found to be relevant to other proteins in their aggregated form but also proteins 

natively found in a fibrillar form such as silks. Models of Bombyx mori (Silkworm) silk have 

been proposed where extended polypeptide chains are arranged with their long axes running 

parallel to the fibre axis of the silk (Marsh et al., 1955). It was work on Crysopa flava (Green 

lace-wing fly) egg-stalk silk that introduced the cross-ß concept (Geddes et al., 1968). The 

cross-ß architecture is comprised of ß-strands arranged with their long axes perpendicular to the 

fibre axis where the regular and repeating hydrogen bonding distance along the fibre axis 

stabilising the ß-strands into ß-sheets is 4.7 Å. ß-sheets may then laterally pack perpendicular to 

the fibre axis separated by a distance of 9.5 Å. 

 

Prior to this, Cohen and Calkins made observations by light microscopy studies on sections of 

tissue taken from systemic amyloidosis patients finding fibrillar deposits known as amyloid 
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(Cohen and Calkins, 1959). Based on histological staining they noted a distinction between the 

in vivo native fibrils and were able to identify the fibrillar amyloid deposits to make some 

limited assessment of their morphology. Soon after, further morphological information was 

ascertained after purification, isolation and negative stain transmission electron microscopy 

(TEM) of the previously reported amyloid fibrils. With the fibrils in isolation these 

investigations were able to appreciate that amyloid fibrils were long, unbranched and have a 

hierarchical structure whereby mature fibrils are made up of tightly packed, laterally associated 

protofilaments (Shiraham and Cohen, 1965).  

 

Eanes and Glenner then showed amyloid filaments purified from the spleen and liver from 

patients with systemic amyloidosis exhibited the XRFD pattern typically associated with the 

cross-ß architecture (Eanes and Glenner, 1968). The authors noted the similarity to previous 

studies that had investigated this conformation. Although the cross-ß architecture was thought 

to be widely accessible to polypeptides if treated in the correct harsh manner Eanes and Glenner 

noted that their methods of extraction were relatively mild. Extracts of Bence Jones 

immunoglobulins from patients with no known amyloidosis could be treated in such a way that 

by TEM they appeared fibrillar and exhibited a typical cross-ß diffraction pattern by XRFD 

(Glenner et al., 1971). However due to the mild treatment by Eanes and Glenner, they made the 

first suggestion that a polypeptide was accessing the cross-ß amyloid structural space 

independently and to the detriment of the host organism. 
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Figure 1.5: A representation of the Kirschner cross-ß model (a), showing the ß-strand 
separation of ~4.7 Å (b) and ß-sheet separation of ~10 Å (c). Graphics generated in PyMol 
(DeLano, 2002). 

After these initial observations and the ability to extract amyloid from tissues, the relationship 

between the long un-branched fibrils observed by TEM and the cross-ß architecture determined 

by XRFD was clear. Furthermore, the connection between the cross-ß architecture, pathological 

fibrillar deposits and thus their implication in disease has resulted in a large field investigating 

their pathological role. Continued intense research into the cross-ß conformation in amyloid 

proteins resulted in the collection of an XRFD pattern from ex vivo fibrils associated with 

Alzheimer’s disease, Amyloid-ß (Aß). Here again, the characteristic spacings associated with an 

arrangement of stacked ß-strands were seen with a major meridional reflection at 4.76 Å and a 

diffuse major equatorial reflection 10.6 Å (Kirschner et al., 1986) as shown in Figure 1.5. 

Shortly after, synthetic fragments of the full-length Aß protein were synthesised and found to 

assemble in the same manner. The synthesis of the Aß fragments and their corresponding cross-

ß XRFD patterns definitively placed this protein and its aggregation as a central cause of 
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Alzheimer’s disease, but also represents an important step that is the beginning of the use of 

model systems to study amyloid structure by XRFD (Kirschner et al., 1987). 

 

1.5 Amyloid and disease 

The spontaneous self-assembly and aggregation of polypeptides into higher order structures, 

called amyloid, is associated with a number of (neuro)degenerative diseases. Parkinson’s 

disease is associated with the aggregation of "-synuclein, Huntington’s disease with expanded 

polyglutamine caused by genetic CAG repeats, Alzheimer’s disease (AD) by an aggregation of 

Aß peptide, diabetes with accumulation of islet amyloid polypeptide and a number of 

transmissible spongiform encephalopathy prion diseases. Whilst these diseases may be 

characterised by the presence of their corresponding proteins, the precise correlation between 

aggregation and disease pathology is not entirely clear and still the subject of intense 

investigation. 

 

In particular, AD is characterised by observable pathological features including diffuse and 

senile plaques in the brain tissue, amyloid is also present in the cerebrospinal fluid and 

neurofibrillary tangles in cell bodies comprising of hyperphosphorylated tau protein (Selkoe, 

1990). Sometimes referred to as neuritic plaques, senile plaques are spherical and have a 

diameter of 20 – 50 µm with a dense core abundant in Aß (Morgan et al., 2004). Identification 

of the rich Aß core has led to a focus of research around this peptide itself in the hopes of 

developing understanding of the pathology of the disease. Aß is a ~4kDa protein with a 

common conserved core sequence but varying a variable C termini. It is derived from a 

membrane bound protein, amyloid precursor protein (APP). APP is a large naturally occurring 

protein and its native biological function is not fully understood. APP can be cleaved by a group 

of enzymes called the aspartyl proteases, differential cleavages result in two main forms of Aß 

being produced: Aß(1-40) and Aß(1-42), the latter of which is overall less abundant (Irvine et 

al., 2008). Investigations have shown evidence that Aß(1-42) has a greater propensity to 
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aggregate than Aß(1-40), implicating the ratios of Aß(1-42)/(1-40) as being important in AD 

patients but ultimately in either form the spotlight was placed on Aß as the principle molecular 

cause of AD. Hardy and Higgins proposed the amyloid cascade hypothesis as a molecular 

explanation for the development of AD (Hardy and Higgins, 1992). The cascade hypothesis 

later received criticism where it originally described Aß fibrils as the central cause of AD, but it 

has since been refined to place soluble oligomeric Aß as the primary pathogenic cause of AD 

(Hardy, 2002). However the presence of Aß alone cannot be causative of neurodegeneration 

because healthy individuals produce Aß in the pico- to nanomolar concentrations, rather it is the 

ordered self-association of Aß molecules that causes AD pathology.  

 

Studies have demonstrated that synthetic Aß peptide that is allowed to assemble in vitro is 

directly toxic to neurons (Deshpande et al., 2006). Varied hypotheses from a range of studies 

have been proposed for the exact mechanism of Aß toxicity, ranging from disruption of cellular 

ionic homeostasis (Bhatia et al., 2000, Mattson et al., 1992), oxidative stress (Yatin et al., 1999), 

membrane permeation via specific ion channel formation (Durell et al., 1994), membrane 

permeabilisation through fibril fragmentation (Xue et al., 2009) and more general interactions 

(Sokolov et al., 2006, Williams and Serpell, 2011), to interference in cell signalling (Resende et 

al., 2008).  These studies each subtly implicate different aggregation states in the toxic 

mechanism, but at the same time are not in all cases able to discriminate between the principle 

toxic species. Thus it is beneficial to better understand the aggregation pathways of such 

proteins. 
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1.6 Amyloid aggregation pathway 

Like a protein folding pathway the aberrant aggregation of polypeptides has classifiable 

intermediates. As shown in Figure 1.6 these occur by a nucleated polymerisation mechanism 

(Ferrone, 1999). The lag phase corresponds to a period of low fibril elongation where nucleation 

events create extension-competent structures, which may become fibrils. Primary nucleation 

events may occur all the time monomer is available but fibril fragmentation is now also 

recognised as a secondary mechanism for initiating fibril growth (Xue et al., 2010). 

 

 

 

 

 

Figure 1.6: An illustration of the amyloid assembly pathway. Thioflavin-T fluorescence assays 
can be used as a fluorescent reporter for amyloid formation revealing the nucleated growth 
kinetics of the assembly mechanism. As such, the lag, growth and plateau phases can be 
correlated with particular structural species. 
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As described, aggregates of polypeptides can be loosely grouped into fibrillar and non-fibrillar 

states. The non-fibrillar states may be intermediates on pathway to fibrillar states or amorphous 

aggregates. Amorphous aggregates cannot strictly be described as amyloid though as this is 

defined by a very specific misfolded conformation. The amyloid fibrillar state is hierarchical 

and best described as filamentous. The descriptions of these intermediates are sometimes 

confusing in the literature and so it is useful to summarise them here as in (Murphy, 2007): 

 

1.6.1 Non-fibrillar: 

Monomers may be structured or unstructured where some amyloid precursors are natively 

folded polypeptides such as Transthyretin (TTR) or Prion Protein (PrP) whereas others are 

natively unfolded such as Aß (Kelly, 1996). Natively folded precursors undergo a 

conformational change to become amyloid. They may have either !-helical secondary structure 

content and be converted to ß-sheet or have native ß-sheet content and undergo rearrangement 

into an amyloid architecture. Unstructured precursors appear to have a semi-stable state that is 

dynamically dependent on the environment. There have been reports of monomeric Aß 

containing some ß-strand structure but contrasting results have shown the adoption of two 

parallel "-helices when observed in an environment said to mimic the conditions at the plasma 

membrane (Shao et al., 1999).  

 

Oligomers are globular aggregates that like monomers may have transient and poorly definable 

structure. They appear in many in vitro preparations of Aß as spherical structures with diameters 

of between 5 – 15 nm. The oligomers likely represent the necessary nucleus that must form 

from which conversion to fibrillar material can proceed (Lee et al., 2011), although the 

nucleation of fibril growth can be through other mechanisms  including fibril fragmentation 

(Xue et al., 2008). 
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Non-fibrillar aggregates are considered to be the amorphous mass that occurs alongside other 

structural forms of amyloid. They lack any obvious structure as compared with other 

amyloidogenic species although they may possess some ß-sheets and often predominate before 

solutions of amyloidogenic peptide stabilise into more structured forms. 

 

1.6.2 Fibrillar: 

Protofibrils are considered to be the early intermediates in the amyloid formation pathway. The 

term is used broadly in the literature with structural descriptions being varied. Protofibrils can 

grow up to 11 nm in diameter and are generally <200 nm in length (Murphy, 2007). They are 

not as structurally defined as more mature fibrils but exhibit a repeating monomer structure that 

gives them greater structural definition than non-fibrillar species (Harper et al., 1999). 

 

Mature fibrils are fully mature amyloid structures of 7 – 20 nm in diameter and an 

indeterminate length where internal secondary structure is revealed to be infinitely propagating 

ß-sheet (Makin and Serpell, 2005a). Mature fibrils are linear and are likely composed of a 

number of protofilaments. 

 

Protofilaments are the narrower filamentous subunits that laterally associate to form a mature 

amyloid fibril. They have a well-defined ß-sheet-rich core as described by many cryo-EM 

studies of amyloid fibrils (Jimenez et al., 1999, Jimenez et al., 2002, Serpell and Smith, 2000, 

Tattum et al., 2006). 

 

1.7 Amyloid promiscuity 

Amyloid fibrils represent an incredible structural architecture. The structural promiscuity of this 

architecture is evident by the sheer number of proteins and peptides that can access this three-

dimensional conformation. A subject of intense multidisciplinary study, the key to 

understanding the nature of these proteins and peptides most likely lies in more than one 
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particular viewpoint or piece of understanding. However one such viewpoint has aimed to 

identify structure-function relationships to gain insight into these systems. Indeed, from a 

structural point of view, a great deal of information has been collected about amyloids. Due to 

the number of precursors that are known to be amyloidogenic, whilst there remains a great deal 

to understand, a rich description of the amyloid structural space has been developed. Table 1.1 

shows the diversity of sequences that have been found to form amyloid and amyloid-like 

structures, as well as the broad range of protein and peptide precursors. Amyloid structures may 

arise from proteins that are natively unfolded, unfold and then misfold or have an inherent 

amyloid like structure. Amyloid fibrils are insoluble by nature, generally paracrystalline (having 

only long-range crystalline order in one dimension) and also highly heterogeneous. This has 

unfortunately meant that the majority of studies attempting to determine precise structural 

atomic co-ordinates of the amyloid state have been problematic.  In contrast, studies that have 

attempted to understand the monomeric prefibrillar aggregates have had access to the standard 

suite of structural biological tools. In this way, most of the native structures of amyloidogenic 

proteins and peptides have been solved using solution nuclear magnetic resonance (NMR) or 

single crystal X-ray diffraction (SC-XRD). In many cases it is important to understand the 

prefibrillar monomeric structure of an amyloidogenic protein to illuminate the mechanisms that 

lead to fibril formation with a view to control, intervene or design these very mechanisms.  
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The much broader range of techniques used to characterise the amyloid state reflects the multi-

technique approach required to characterise these challenging proteins. Only in the last ten years 

have high-resolution ssNMR and SC-XRD descriptions of the amyloid architecture become 

available and these have confirmed and extended our understanding of the amyloid 

conformation. Yet these represent only a small portion of the amyloid structural space and do 

not always describe amyloid formed by full-length proteins, for example: those associated with 

disease. X-ray fibre diffraction and transmission electron microscopy have proved to be 

excellent in complementarity to other structural techniques. The following sections describe 

recent advancements in our understanding of the amyloid conformation from XRFD, TEM, 

ssNMR and SC-XRD. 

 

1.8 Amyloid structure 

1.8.1 Fibre diffraction & TEM 

As described in Section 1.4, fibre diffraction in many ways established our fundamental 

understanding of the structure of amyloid fibrils. Recently, fibre diffraction has made 

contributions individually, and in combination with other techniques, to insights into the 

structure of amyloid-like fibrils ranging from small proteins to short-peptide model systems. 

Whilst full-length amyloid proteins are difficult to study structurally, many structures for 

amyloid fibrils have recently been determined using fragments or short peptides extracted from 

their full-length amyloid sequence. As shown in Figure 1.7, decreasing the size of the system 

being studied generally increases the amount of structural information obtainable in XRFD data. 

These studies often take advantage of or identify the minimal sequence regions required for 

amyloid formation. Figure 1.8 shows a sample of the model structures of short-amyloidogenic 

peptides recently elucidated for amyloid where XRFD was the principle technique utilised. 

These all show the cross-ß architecture but with differing lateral packing arrangements, ranging 

from variable short-range interactions (side chain association) to long-range interactions (helical 

arrangements).  
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Figure 1.7: Fibre diffraction typically produced from alignments of amyloid fibres of Aß(1-40), 
Aß(1-42) and Aß(11-25). Full-length Aß(1-40) is often poorly aligned/disordered resulting in 
few diffraction signals, those that are present tend to be radially averaged and/or weak and 
diffuse (a), showing Aß(1-42) it is clear that in some exceptional cases better quality alignments 
may be obtained (b) (Sikorski et al., 2003) but shorter fragments, in this case Aß(11-25) 
routinely give high quality fibre diffraction patterns (Sikorski et al., 2003). All fibre axes are 
vertical. b and c reproduced with permission. 

 

 

 

Figure 1.8: A range of amyloid models solved principally using fibre diffraction. a-Aß(11-25) 
(Sikorski et al., 2003), b-KFFEAAAKKFFE (Makin et al., 2005), c-PolyQ (Sikorski and Atkins, 
2005), d-ccbMet (Steinmetz et al., 2008) and e-Aß(16-22) in nanotubular form. Panel e 
provided by Mehta reproduced from (Mehta et al., 2008). Figures reproduced from (Morris and 
Serpell, in press). Graphics generated in PyMol (DeLano, 2002). 

a c b 

e a c 

d b 
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Aß(11-25) is the central region of the full-length Aß protein associated with the development of 

Alzheimer’s disease. XRFD revealed that adjacent ß-sheets slip by one residue relative to one 

another to allow for tighter interdigitation of side chains (Figure 1.8a) (Sikorski et al., 2003), an 

observation supported by more recent crystallographic studies of amyloid-like peptides (see 

Section 1.8.3) (Sawaya et al., 2007). Based on TEM micrographs and the proposed model for 

Aß(11-25), Sikorski et al. proposed that full-length Aß(1-40) consists of a ß-hairpin, ssNMR 

measurements made at the same time support this model (see Section 1.8.2) (Petkova et al., 

2002).  

 

The importance of side chain interactions has been emphasised in a number of studies (Marshall 

et al., 2010), in particular the role of aromatics in amyloid fibril formation (Gazit, 2002). 

Models that were elucidated using fibre diffraction have further highlighted these concepts. The 

designer 12-mer KFFEAAAKKFFE sequence contains diphenylalanine motifs notably found in 

the protein Aß and thought to play a key role in the assembly process (Gazit, 2002). X-ray fibre 

diffraction models of this peptide reveal aromatic stacking of phenyalanines but additionally 

electrostatic interactions are observed between adjacent Glu-Lys pairs (Figure 1.8b) (Makin et 

al., 2005). Mutagenesis studies using this system have consolidated the absolute importance of 

the phenylalanines in driving assembly via principally hydrophobic interactions but some 

directionality due to aromaticity. Additionally, mutagenesis of the charged residues Glu and Lys 

and investigations in different environments reveals that the charge-charge interactions 

modulate fibril packing and morphology whilst allowing the amyloid system to structurally 

adapt to a range of environments (Marshall et al., 2011). These studies illustrate the growing 

trend to remove partial sequences from full-length proteins or design new amyloidogenic 

sequences based on well-known amyloidogenic motifs to produce model systems. 

 

X-ray fibre diffraction studies on the poly-glutamine expanded model protein D2Q15K2 have 

modelled the core region of these amyloid fibrils to a 6-residue cross-ß peptide arrangement 

(Sikorski and Atkins, 2005). The structure shown in Figure 1.8c produces simulated fibre 
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diffraction patterns that match with experimentally collected data very well; and this perhaps 

implies the core region is responsible for the major features of any amyloid XRFD pattern. A 

designed cross-ß core peptide called ccß-Met was also solved using in part XRFD (Figure 1.8d); 

here the close match of the model to experimental data is a testament to the power of XRFD 

alone and in combination with other techniques (Steinmetz et al., 2008). Certainly it is well 

established from XRFD and other techniques that the cross-ß architecture forms the core of all 

currently studied amyloid polypeptides (Jahn et al., 2010). 

 

As described, X-ray fibre diffraction can give structural information on the short-length scale as 

in these studies but the resolution range allows for long-range order to also be investigated. The 

supramolecular structure of amyloid fibrils has not only significance for understanding their 

stability but for nanotechnological applications (Baldwin et al., 2006, Banwell et al., 2009, 

Papapostolou et al., 2007) and for gaining a fundamental understanding of the self-assembly 

process. Using fibre diffraction, helical models representing fibril supramolecular structures 

have been proposed. Recent studies using the fragment Aß(16-22) have, using X-ray fibre 

diffraction, proposed underlying structural arrangements that lead to long-range morphological 

differences. This peptide has the unique property of forming either monodisperse fibrils or 

nanotubes under specific assembly conditions. As such, it was possible to obtain XRFD patterns 

from each morphologically distinct species. The two models proposed show ß-strands arranged 

approximately perpendicular to the fibre axis but in the case of the nanotubular morphology 

(Figure 1.8e) the hydrogen bonding between adjacent ß-strands is tilted 23" from the fibre axis 

introducing a helical rise per turn that extends into a nanotubular conformation (Mehta et al., 

2008).  

 

These represent a cross-section of the recent advances in our structural understanding of the 

amyloid architecture where fibre diffraction has been the principle technique used but a number 

of other reports where XRFD has been used in combination with other structural techniques 

have been reported including; Islet amyloid polypeptide (IAPP) (1-37) fibrils using electron 
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diffraction and XRFD (Makin and Serpell, 2004), IAPP(20-29) fibrils using a combination of 

ssNMR and XRFD (Madine et al., 2008), PrP using a combination of XRFD, computation and 

microscopy (Govaerts et al., 2004, Wille et al., 2009) and "2-m(20-41) fibril using ssNMR, 

atomic force microscopy and XRFD (Iwata et al., 2006). 

 

X-ray fibre diffraction gives insight into the interactions that stabilise these amyloid fibrils, but 

to truly understand the context of these interactions in the fibrillar form, the long-range order of 

these systems may be investigated, as such, various electron microscopic techniques have 

contributed significantly to our understanding. Figure 1.9 shows typical transmission electron 

micrographs collected for two different amyloid systems; insulin (Figure 1.9a) and Aß (Figure 

1.9b) where the sample is negatively stained. Clearly the samples are both morphologically 

polydisperse ranging from thin and thick filaments with subtle indications of helical repeats, to 

obviously helical fibrils sometimes appearing as twisted ribbons, and in other instances as 

tightly wound ropes (morphologies described as in (Jimenez et al., 2002)). By comparison both 

have a similar polydispersity with mostly morphologically similar species. Certainly it would be 

challenging to distinguish the two samples from one another without foreknowledge. It is a 

fascinating point to consider that two entirely distinct proteins can adopt the same molecular 

architecture but because of this perhaps unsurprising that their supramolecular structure and 

macromolecular appearance be similar. However it raises questions over how exactly the cross-

ß architecture is arranged within these fibrils and what insight can be gained from understanding 

this? 
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Figure 1.9: Comparison of transmission electron micrographs from two distinct amyloid 
systems, insulin (a) and Aß(1-40) (b), reveals varied but indistinguishable morphology. Scale 
bar represents 200 nm. Reproduced from (Morris and Serpell, in press). 

An early example investigating the protofilamentous structure of amyloid fibrils made cross 

sections of ex vivo TTR(Met30) fibrils from patients with familial amyloidotic polyneuropathies 

(FAP) and used thin film sectioning techniques to visualise their cross sectional structure 

(Serpell et al., 1995). This technique was subsequently applied to a range of amyloid systems 

revealing the protofilament constituents of the mature amyloid fibril to be variable with respect 

to the packing arrangements adopted (Serpell et al., 2000b). The broad range of systems studied 

indicated that that the structural similarity found in all amyloid systems exists primarily at the 

molecular level and variability in supramolecular architectures (although shared amongst some 

amyloid fibrils from different precursor proteins) distinguishes one amyloid protein from 

another. More recently cryo-EM has contributed significant structural descriptions of the 

protofilamentous structure of amyloid fibrils. Amyloid fibrils of the SH3 domain, ex vivo 

lysozyme, Insulin, PrP and ß2-m have been the subject of cryo-EM studies (Jimenez et al., 1999, 

Jimenez et al., 2002, Jimenez et al., 2001, Tattum et al., 2006, White et al., 2009). From paired 

up to arrangements of six, a variety of protofilamentous arrangements have been observed.  

Helical repeats are measured in the order of hundreds of Ångstroms whilst axial repeats arising 

from sub-units along protofilaments are in the order of tens of Ångstroms. Reconstructions of 
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fibrils combined with inclusion of molecular models of the respective protein typically revealed 

a cross-ß core where ß-sheets may possess a marginal twist resulting in a long-range fibril twist. 

 

Initially, the direct observation of continuous ß-sheet secondary structure in a core region of Aß 

demonstrated the resolving power of the cryo-EM technique to probe the structure of amyloid 

assemblies (Serpell and Smith, 2000). Combined with computational methods of single particle 

helical reconstruction Sachse et al. showed that Aß(1-40) paired protofilaments are laterally 

displaced with respect to one another forming the helical twist commonly observed in negative 

stain TEM. Most importantly, inspection of the cross-sections of the three-dimensional density 

reconstructions of the fibres and comparison to theoretical projections of cross-sections of the 

cross-ß architecture show a good fit (Sachse et al., 2006) as seen in the concurrently published 

ssNMR models of the quaternary structure of Aß(1-40) (Petkova et al., 2006). As shown in 

Figure 1.10a, further analysis unequivocally reveals the protofilaments contain U-shaped 

structures in a head-to-head helical arrangement, reminiscent of ssNMR models produced of Aß 

(Luhrs et al., 2005, Petkova et al., 2002). However, there remains some ambiguity related to the 

exact nature of the protofilament structure possibly due to polymorphic differences in samples 

studied by different techniques (Sachse et al., 2008). 
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Figure 1.10: A cross section of the reconstructed cryo-EM density of Aß(1-40) at 8 Å resolution, 
the thin bands of density are assumed to represent polypeptide backbone (a) (image reproduced 
with permission from (Sachse et al., 2008) Copyright 2008 National Academy of Sciences, 
U.S.A.). Cryo-EM three-dimensional reconstructions of Aß(1-40) fibril polymorphs, cross 
sectional slices show the molecular basis for fibril polymorphism of this kind (b) (image 
reproduced with permission from (Meinhardt et al., 2009)). 

Fibril polymorphism is a well-known phenomenon common to self-assembling amyloidogenic 

peptides and proteins including short fragments of Aß (Colletier et al., 2011), fragments of ß2-

microglobulin (Yamaguchi et al., 2005), insulin (Jimenez et al., 2002), IAPP (Goldsbury et al., 

2000, Goldsbury et al., 1997), !-synuclein (Heise et al., 2005) and full-length Aß (Paravastu et 

al., 2006, Petkova et al., 2005). A comprehensive cryo-EM study of fibril polymorphism in 

Aß(1-40) found a positive relationship between maximum fibril width and helical cross-over 

distance that can be rationalised to the same model of displaced protofilaments observed before 

(Meinhardt et al., 2009), also consistent with reports of steric zippers being able to adopt 

variable modes of packing (Nelson et al., 2005, Sawaya et al., 2007, van der Wel et al., 2007). 

Figure 1.10b shows the remarkable reconstruction of these fibril polymorphisms and the 

molecular protofilament structure associated with them (Meinhardt et al., 2009). However, the 
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most recent cryo-EM work has identified new morphologies yet to be entirely rationalised with 

our current molecular structural understanding of amyloid from XRFD, SC-XRD and ssNMR 

(Tattum et al., 2006, White et al., 2009). In these cases the subunits of individual protofilaments 

are bi-lobed suggesting the presence of multiple protein monomers per axial fibril repeat. This 

supramolecular arrangement creates a discontinuous ß-sheet structure unlike the majority of 

models proposed which are continuous. 

 

Although the emphasis is now placed on the role of oligomeric species in toxicity in amyloid 

related diseases (Irvine et al., 2008) the toxic mechanisms associated with fibrils should not be 

ignored. A relationship between cytotoxicity and varying fibril morphology has been 

demonstrated (Petkova et al., 2005, Seilheimer et al., 1997); the stabilisation of the fibrillar state 

has been suggested as a therapeutic target (Xue et al., 2009) but also, the question has been 

posed as to what the molecular basis for the prion strains is and indeed fibril morphology may 

be responsible (Aguzzi and Haass, 2003, Meinhardt et al., 2009, Petkova et al., 2005). Clearly, 

it is still imperative to understand the structure of the fibrillar state. Combining XRFD and 

indeed SC-XRD or NMR with cryo-EM can produce models that cover a larger resolution range 

than each technique individually. It would be of great benefit to obtain more models of amyloid 

in the fibrillar state to establish whether these features are apparent in all amyloid fibrils. As 

well as the implications for disease, the technological and methodological developments 

associated with these investigations represent striking advances in structural biology broadly 

applicable to the field. 
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1.8.2 Nuclear magnetic resonance spectroscopy 

Solution state nuclear magnetic resonance (NMR) spectroscopy is not able to resolve the 

structure of molecules above a certain molecular weight and so its application to the study of 

amyloid fibrils is limited (McDowell and Schaefer, 1996). Conversely, solid state NMR 

(ssNMR) has proven invaluable where it is not subject to this limitation. Being able to measure 

internuclear distances up to 6 Å with 13C labelling, relative torsion angles within the polypeptide 

and the absolute orientation of bonds relative to the magnetic field direction a number of models 

of amyloids have been reported (Tycko, 2000). This method, unlike the all atom models of 

crystallography, records a set of distances that when taken together can be combined to 

computationally find a model that satisfies all of the constraints recorded. 

 

A number of amyloid models in the solid state have been reported in the literature. The structure 

solved for ccß-met (see Figure 1.8d) was done so with XRFD in conjunction with ssNMR 

(Steinmetz et al., 2008). The structural determination of a fragment of the amyloidogenic 

protein transthyretin was also enabled by ssNMR. The fibrillar peptides positioned in amyloid 

fibrils were found to possess such great regularity, long-range order and limited variation in 

dihedral angles that they are comparable to a degree of order only found in crystals (Jaroniec et 

al., 2004). This affords the efficient formation of inter backbone amide hydrogen bonding 

parallel to the fibre axis, and thus strength. 

 

Currently our most comprehensive models of full-length Aß come from ssNMR data, where 

models have been produced for Aß(1-40) (Bertini et al., 2011, Paravastu et al., 2008, Petkova et 

al., 2002) and Aß(1-42) (Luhrs et al., 2005) by several groups. Figure 1.11 shows one such 

model with ß-strands arranged in parallel, with in register ß-sheets arranged in anti-parallel that 

perpetuate along the fibre axis (Luhrs et al., 2005). 
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Figure 1.11: A solid state NMR model showing the structure of the Aß(1-42) protofilament 
exhibiting the characteristic 10 Å sheet and 4.7 Å ß-strand spacing (Luhrs et al., 2005). 
Graphics generated in PyMol (DeLano, 2002). 

1.8.3 X-ray crystallography 

Contrary to the widely accepted notion of an inherent inability to crystallise fibrillar assemblies 

and produce samples suitable for SC-XRD, a set of short peptides have been used in 

crystallisation studies and used to derive atomic resolution models for amyloid assemblies. 

Initially the growth of microcrystals produced samples only suitable for XRFD and powder X-

ray diffraction (P-XRD) (Balbirnie et al., 2001) and subsequently high-resolution electron 

diffraction was able to produce unrefined models for a short peptide (Diaz-Avalos et al., 2003). 

Crystals large enough for SC-XRD have since revealed precise atomic resolution structures 

describing the fibrillar structure of short peptide sequence (GNNQQNY) derived from the yeast 

protein Sup35 (Nelson et al., 2005). This model possesses a cross-ß spine structure very similar 

to the structure proposed for Aß fibrils. These short peptides formed fibrils with ß-sheets within 

~10 Å 

~4.7 Å 
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a single protofilament running in parallel and in register with one another, as is proposed for Aß 

fibrils. The authors comment that the ß-sheet fibrils are stabilised by hydrogen bonding and 

opposing ß-sheet protofilaments are able to interact with each other by way of interdigitated 

side chains, a phenomena named the steric zipper. 

 

The steric zipper, shown in Figure 1.12a, describes the side chains of individual ß-strands 

nestling between those of ß-strands of adjacent ß-sheets. This close interaction of interdigitating 

side chains creates a water free environment (Nelson et al., 2005) on one side of the peptides 

that suggests how fibrils of amyloid interact to create higher order structures. A second crystal 

packing for GNNQQNY is shown in Figure 1.12b. It is reasonable to postulate that a crystal 

structure represents an energetic minima for a system, and as such the discovery of a second 

isoform illustrates the adaptability of the cross-ß architecture. Sawaya et al. later characterised 

other short segments from various amyloid-forming proteins, depositing eleven crystal 

structures representing these, as summarised in Table 1.2 (Sawaya et al., 2007). 

 

These structures can be classified based on their overall ß-sheet architecture and the relative 

orientations of these. This classification led to the model shown in Figure 1.13 describing eight 

classes of steric zippers, three of which remain to be observed experimentally. However, it 

should be remembered that these structures are of crystals and so represent a very different 

energetic space to fibrils, which are possibly kinetically trapped. Indeed it has been highlighted 

that some differences do exist between crystals and fibrils of GNNQQNY (Lewandowski et al., 

2011, Marshall et al., 2010). With the example of the short peptide GGVVIA derived from Aß, 

the authors demonstrate that in vitro GGVVIA (Aß(37-42)) interacts with native Aß (Sawaya et 

al., 2007) and so conclude the peptide might represent a native amyloid structure. Interestingly, 

when an overlapping sequence from Aß, MVGGVV (Aß(35-40)), was subjected to the same 

experimental method it formed a different structural class with ß-strands arranged in anti-

parallel. This observation led the authors to hypothesise that fully matured Aß fibrils may adopt 

more than one conformation. Either in the sense that entire fibrils may conform to just one of 
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the many conformations available in a heterogeneous population of fibrils or somehow single 

fibrils adopt many conformations along their length (Sawaya et al., 2007). Certainly the packing 

of Aß fibrils in many different ways to form polymorphic fibrils does in part explain the 

difficulty encountered in the attempts to structurally classify full-length Aß fibrils. 

 

 

Figure 1.12: The structure of GNNQQNY in its two crystal forms packed into a monoclinic cell 
deposited as 1YJP (a) and orthorhombic cell as deposited in 2OMM (b). Graphics generated in 
PyMol (DeLano, 2002). 

 

Table 1.2: Crystal structures of short segments taken from amyloid forming proteins. 

 

Figure 1.13: A schematic representation of the architectures formed by synthetic short peptide. 
Reproduced with permission from (Sawaya et al., 2007). 
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1.9 Self-assembly – From natural to designer 

In addition to the uncontrolled, undesirable self-assembly described, it is incredible that in a 

controlled environment the self-assembly process can be functional and useful. Macromolecular 

structures on the order of nanometres are frequently required in biological and now man-made 

systems. Synthesis of such structures as single units or by irreversible polymerisation is 

impractical and so a route to the production of such structures is available through self-assembly. 

The self-association and assembly of proteinaceous material is a recurring theme in biological 

systems. Non-covalently linked assemblies can be formed from small molecules with the 

molecular weights of large polypeptides to as low as 450 Da for low-molecular weight gelators. 

 

A number of examples can be described to illustrate the breadth of native uses of such a fibrillar 

system and the structural basis for their formation. Figure 1.14 shows examples of self-

assembled fibrillar systems utilised by nature and inspired by nature but designed by man. Such 

systems all exploit the anisotropic nature of these assemblies for their respective functions, 

which can be broadly categorised as providing support for larger structures or making up the 

effective parts of protein motor systems. A self-assembled fibril is an ideal structure for a 

cellular support. Its mechanical strength is derived mainly from a high density of lateral and 

longitudinal non-covalent bonds in the body of the fibril and has the ability to de/repolymerise 

permitting the reorganisation of the structures that it supports. At the same time structural 

support can be provided on much shorter length scales by coiled-coil fibrils for instance to 

create dimerisation interfaces for transcription factor heterodimerisation (Glover and Harrison, 

1995) or even catalytic protein domain dimerization (Joshuator et al., 1995). The motif 

responsible for coiled-coil formation has been rationalised to a set of design rules that have 

allowed this conformation to be used to design useful materials but systems that are de novo 

designed are also now reported in the literature with a range of possible uses (Boyle and 

Woolfson, 2011).  
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Figure 1.14: From natural to designer: A range of self-assembled systems. Fibrillar assemblies 
may also be formed by mixed secondary structural elements as in actin (a-c) (Oda et al., 2009) 
or "-helical coiled-coils as in self-assembled fibres (SAFs) (d-e) (Papapostolou et al., 2007) 
though still X-ray fibre diffraction has been imperative in investigations of these systems. All 
fibre axes are vertical. Figure adapted from (Morris and Serpell, 2010).  

a d

e b

c f 
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The current understanding of these systems is in part gained from X-ray fibre diffraction studies. 

The following sections expand on these examples, illustrating the use of fibrils in nature, to 

being inspired by nature and designed from the bottom up. 

 

1.9.1 Actin 

Elements of the cytoskeleton that provide structural support but also motile forces to eukaryotic 

flagella and cilia include filamentous microtubules. Actin filaments, as shown in Figure 1.14a, 

play a vital role in the formation of filopodia during neuronal growth. Microtubules and actin 

filaments consist of self-associated monomers of tubulin and actin respectively. Tubulin and 

actin have guanidine and adenosine triphosphate hydrolytic activity that gives rise to 

conformational states favouring self-assembly. Actin exists in two forms: G-actin, the globular 

form and F-actin, a polymerised fibrillar form (Straub, 1942). An increase in salt concentration 

drives a transition from G-actin to F-actin (Straub, 1942) and in this manner assembly can be 

controlled and reversed. The crystal structure of G-actin in the adenosine triphosphate (ATP) 

and adenosine diphosphate (ADP) bounds forms were determined in 1990 by Kabsch et al. 

(Kabsch et al., 1990). Based on the structural determination of F-actin by TEM a model was 

proposed for F-actin by fitting the crystallographic atomic model of Actin-ADP into the helix of 

the low-resolution constraints (Holmes et al., 1990). In a reiterative computational approach the 

F-actin model was refined further starting from G-actin in an attempt to better match the 

experimental fibre diffraction and represent the that changes that might occur in the fibrillar 

transition of G to F-actin (Lorenz et al., 1993). This represents a multi-technique approach that 

reflects the need for corroborative data in XRFD analysis. This model has subsequently been 

accepted and used successfully to describe additional molecular features of actin in muscle 

fibres (Lorenz et al., 1995, Vibert et al., 1997). Using the same method further refinements have 

been made (Holmes et al., 2003) but most significantly in the advent of technical advances in 

fibre diffraction and sample preparation new diffraction data at higher resolution has recently 

been reported. Combined with computational refinement the new data has been used to generate 
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a new model of F-actin from the originally G-actin crystallographic model (Oda et al., 2009). 

The authors note differences in the new F-actin model that result in greater stabilising contacts 

between monomers but an inherent instability associated with the monomer conformations 

themselves, perhaps giving structural insights into actin dynamics. 

 

1.9.2 Coiled-coils 

Perhaps in stark contrast to the majority of self-assembling systems designed and studied to date 

are systems based on !-helices. Coiled-coils were first described by Pauling and Corey (Pauling 

and Corey, 1953a) as !-helical structures that can laterally associate via non-covalent 

interactions to form oligomers from dimers to hexamers, as shown in Figure 1.14d. The 

structural motif found in many biological systems such as !-keratin and myosin and the rules 

that govern the final assembly are relatively well understood. Thus helical dimers were designed 

to assemble in a staggered manner, the assembly mechanism promotes the formation of 

repeating a heterodimeric unit that produces fibres with lengths in the order of several hundred 

micrometres (Pandya et al., 2000). These assemblies are referred to as self-assembling fibres 

(SAFs) and the principles of their design are to align interacting amino acids in the positions 

that are responsible for dimer interface. The interface is based on the 1-ABCDEFG-7 heptad 

consensus and the inclusion of amino acid with interaction potential at positions A, D, E and G 

(Pandya et al., 2000). Other reports of ‘sticky ended’ coil-coils can be found producing fibrils of 

a diameter of about 50 nm with pronounced striations along their fibre axes corresponding to an 

!-helical configuration (Papapostolou et al., 2007). In line with the desire to be able to modify 

the molecular features of a monomer to change the properties of the final self-assembled 

material variations of the basic SAF design have been engineered to produce hydrogels. By 

maintaining the residues responsible for dimerisation interface but modifying the remaining 

residues specific lateral fibre interactions can be produced based on weak hydrophobic and 

hydrogen bonding interactions. These changes produce a new class of hydrogelating SAFs 

(Banwell et al., 2009). 
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1.9.3 De-novo designed hydrogelating systems 

Self-assembling short peptides not related to any native protein sequence have been engineered 

based on a set of design principles – side chains attracted via hydrophobic forces, aromatic 

residues for !-! interactions, electrostatic interactions via oppositely charged residues and 

alternating hydrophilic-hydrophobic residues to make the peptide molecule asymmetrical in its 

attraction to water (Aggeli et al., 1997). The resulting designer peptides successfully assemble 

in water, from monomers into self-supporting ß-sheet rich tapes producing thermostable 

hydrogels. Further work has demonstrated the ability to design gelating self-assembling 

materials that are tunably and responsive to external stimuli as summarised by Figure 1.15.  

 

Using amino acids that have a high propensity for forming ß-sheets and including a sequence 

designed to form a type-II ß-hairpin a self-assembling hydrogel is formed (Rughani et al., 2009, 

Schneider et al., 2002). The use of high ß-sheet propensity amino acids and the positioning of 

the ß-hairpin signature affords an impressive amount of control and potential for modifying 

material properties but the choice of the amino acid sequence is key to factors stabilising these 

structures. A repeating [lys-val]n motif produces an amphiphilic molecule, resulting in increased 

lateral association. Derivations of the basic peptide design (Figure 1.15) have rational effects on 

material properties whereby the assembly is controlled by altering pH and temperature.  
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Figure 1.15: Self-assembling peptide design principles (Schneider et al., 2002). The pH of 
assembly may be controlled by charged residue mutations (a-b) and the temperature of 
assembly controlled by hydrophobicity changes (c-d). 

The pH at which assembly occurs can be modulated by modifications to the hydrophilic side of 

the molecule (Figure 1.15a-b), mutations to hydrophobic residues result in the removal of 

charge-charge repulsion and thus self-assembly occurs at lower and importantly more 

physiological pHs. Conversely the temperature at which assembly occurs can be modulated by 

modifications to the hydrophobic side of the molecule. Self-assembly normally requires 

increasing temperature to cause the desolvation of hydrophobic residues. Thus mutations to less 

hydrophobic residues on the hydrophobic side of the peptide results in a system that self-

assembles at higher temperatures (Figure 1.15c-d) due to the less readily desolvating residues 

(Rughani and Schneider, 2008). 

 

1.10 Self-assembly design and prediction 

1.10.1 Design 

The work by Schneider et al. described previously is an example of the control available in a 

designed self-assembling system. To the scientist trying to synthesise a large macromolecular 

system there are a number of strategies available (Whitesides et al., 1991) but a self-assembling 

system has a number of appealing features. The technical challenge of creating a relatively 
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small monomer is much less than the final assembled structure and where the assembly is 

stabilised by non-covalent forces is potentially controllable. Additionally where the self-

assembly process must be spontaneous and represent a thermodynamically favourable transition 

the generated structures occupy a minima making them natively robust (Whitesides et al., 1991). 

The challenge in making such a system lies in designing the self-assembly mechanism, where 

currently the principles of non-covalent forces are well understood in isolation but the 

application of these is an emerging science. 

 

The assembly interfaces that have been designed to date have been simple and effective 

(Schneider et al., 2002) or, when complex, based on naturally occurring mechanisms (Pandya et 

al., 2000, Papapostolou et al., 2007). Thus there is a drive to be able to predict self-assembling 

systems in nature not only to identify new systems with which to characterise this phenomenon 

but also with the hope of identifying new design rules that can in the future be applied to useful 

man made systems. For a comprehensive review of current prediction methods see Section 5.1. 

 

1.11 Concluding remarks 

The investigations described highlight the value of using short model peptides as a means for 

elucidating the mechanisms by which amyloid forms and is stabilised. It has proved difficult to 

obtain high-resolution structures of full-length amyloids and so the structure of an amyloid fibril 

may be determined by using a combination of structural descriptions of many shorter peptides 

arrived at by different techniques. Although high-resolution amyloid structures exist for a range 

of short-peptides (Sawaya et al., 2007), the concern over whether these fully represent the 

structure in the fibrillar phase remains an open question (Marshall et al., 2010). Certainly 

though they are one of the valid viewpoints from which amyloid self-assembly is characterised. 

Other techniques have successfully described this architecture at the molecular length scale 

including ssNMR (Petkova et al., 2002, Petkova et al., 2006) and XRFD (Makin et al., 2005, 

Sikorski and Atkins, 2005, Sikorski et al., 2003). These structures collectively represent 
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common amyloid motifs and allude to the driving forces behind amyloid fibril formation. By 

taking different sequences from full-length amyloids, core sequences possibly important in a 

polypeptides propensity to be amyloidogenic have been identified. As well as enabling a greater 

description of this structural conformation, investigations of this sort reveal design principles of 

self-assembly and may be used in the design of useful self-assembling systems (Schneider et al., 

2002). 
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2 Introduction II: 

Low-molecular weight gelators 

2.1 Introduction 

The self-assembly phenomena of peptidic molecules has been described in detail with a view to 

understand disease but also the rational design of fibrillar self-assembled materials. These self-

assemblies may in some cases also undergo another phenomena, known as hydrogelation 

(Banwell et al., 2009, Rughani et al., 2009, Schneider et al., 2002). Due to the potential uses of 

these in material science, the understanding of self-assembly also lends itself to dissecting the 

phenomena of hydrogelation as described in the following sections. 

 

2.2 Hydrogels and their applications 

Hydrogels consist of a matrix that immobilises water to form a self-supporting gel. These gels 

have a high water content and so, if formed under physiological conditions, are thought to be 

biocompatible. Hydrogels can be formed in a number of ways; all based on the principle of 

creating scaffolds that trap solvent, with a wide variety of precursors available to form the 

hydrogel scaffold. The molecules that can be used may be based on standard assembling 

polymers, macromers (preformed supramolecular structures) or self-assembling systems. 

Consequently, a great number of hydrogel materials exist, that can be broadly described as 

being synthetic or non-synthetic, depending on the nature of their precursor. Further 

classification may describe hydrogels as either polymeric or molecular. In the former, 

hydrogelators are preformed and subsequently crosslinked, whereas in the latter case 

hydrogelators are monomeric molecules with self-assembly potential (Xu et al., 2007) such that 

the gel matrix may be formed spontaneously as shown in Figure 2.1. 
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Figure 2.1: Polymeric vs molecular hydrogelation. Adapted from (Xu et al., 2007). 

The macromers used for polymeric hydrogels may be polysaccharides or synthetic polymers, 

but their detailed discussion is beyond the scope of this work (for review see (Peppas et al., 

2009)). In brief, the biological macromers reported in the literature have included agarose, 

alginate, chitosan, hyaluronan, fibrin and collagen. Synthetic macromers, used in tissue 

engineering, have included polyethylene glycol, polyvinyl alcohol, and polyacrylates including 

polyhydroxyethylmethacrylate. In these cases, the hydrogelation of the solvent the macromers 

are dissolved in is induced by activating cross-linking reactions between the fibrillating material. 

These well-established polymer/macromer based hydrogelating systems are mechanistically and 

mechanically dependent on the cross linkages between the fibrils of the gel matrix. Indeed, 

where cross-linking can be specifically controlled in hydrogelating systems, this appears to be 

the key factor to controlling material properties. These cross-linkages may be based on chemical 

bonding (covalent or ionic bonds), weak interactions (hydrogen bonding) or permanent and 

temporary physical entanglements (Peppas et al., 2009). 
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There have been many classes of gelators reported in the literature. For a comprehensive review, 

a large proportion of these systems are discussed in detail elsewhere (Adams, 2011, Peppas et 

al., 2009). The polymeric hydrogels that have been produced are typically very stable, an 

attribute somewhat desirable in certain applications; however for a material to act as a cellular 

scaffold it needs to be degradable to allow the cells to eventually produce their own 

extracellular matrix (ECM) to substitute the hydrogel matrix. Cells have indeed been 

successfully cultured in polymeric hydrogels but due to the low degradability of these materials, 

cell viability decreases over time (Elisseeff et al., 2000). In addition, the chemistry involved in 

polymerising synthetic monomers (often free radical based) is toxic to cells (Bryant et al., 2000). 

Moreover, the agents required for chemical cross-linking raise the same concerns regarding 

safety, whereby the control of these reactions typically requires the use of toxic transition 

metals (Peppas et al., 2009). 

 

In addition to circumventing these problems, it is recognised that there is a need to be able to 

understand the physiochemical and structural determinants that lead to hydrogelation such that 

reproducible and reversible hydrogels can be produced with prescribed structures and properties 

(Kopecek, 2009). This has been achieved, to an extent, with pre-existing gelating systems but an 

alternative route to the production of molecular hydrogels is through the use of a low-molecular 

weight gelator (LMWG), in particular discussed here peptidic LMWG. These remove the 

necessity for harmful chemical agents as they spontaneously self-assemble and laterally 

associate in a stimuli responsive manner and, due to the non-covalent interactions that stabilise 

these systems, may presumably be dynamically controlled and even reversed. A large body of 

research has emerged describing the development of self-assembling systems that are synthetic 

molecular hydrogelators (Adams, 2011, Ulijn and Smith, 2008). These often consist of a short 

peptide sequence conjugated to an aromatic moiety such as fluorenylmethyloxycarbonyl 

chloride (Fmoc) or naphthalene. The sections herein describe these systems. 
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Molecular hydrogels are already in use and established as biomaterials; some examples of 

research in this field have been translated into a clinical setting with applications ranging from 

the manufacture of contact lenses to implantations used in cosmetic surgery (Kopecek, 2009). 

Hydrogels also have a great deal of prospect for applications such as tissue engineering and 

molecular scaffolds, afforded by their similarity to the ECM. They could be used to culture a 

particular tissue type and then facilitate delivery to the required patient’s transplantation area. 

To this effect, hydrogels have been used to culture chondrocytes (Jayawarna et al., 2006) and 

hydrogels with varied mechanical properties have been shown to exhibit preferential support of 

specific cell types (Jayawarna et al., 2009). It is well known that cells have mechotransduction 

systems and will respond appropriately to the different matrices they are proliferating in (Ingber, 

2006). To this effect it has been demonstrated that mesenchymal stem cells chosen cell lineage 

may be temporarily determined by chemical induction factors but is ultimately dependent on 

matrix elasticity (Engler et al., 2006). Further increasing the compatibility of hydrogels with 

tissue engineering, cell adhesion motifs may be engineered into gelating molecules. Sites for 

cell adhesion within a gel matrix should change the spatial environment that culturing cells can 

inhabit and would be vitally important where cellular responses to spatial tension cues are 

required for effective growth. Examples include laminin, fibronectin, collagen and Arg-Gly-Asp 

(RGD) cell adhesion motifs (Peppas et al., 2009). The RGD cell adhesion motif, in particular, 

has been reported as having been used in hydrogel biomineralisation applications (Hartgerink et 

al., 2001); moreover, hydrogels containing this motif were able to encourage cell adhesion of 

dermal fibroblasts and promote their proliferation (Zhou et al., 2009).  

 

Recent work has promised to expand this repertoire with innovative and novel applications. 

Numerous examples exist: hydrogels have been used in the treatment of simulated uranium 

wounds (Yang et al., 2005) and as new kinds of anti-inflammatories (Yang et al., 2004). 

Hydrogels may be used for the immobilisation of enzymes affording hyperactivity and 

increased stability (Wang et al., 2008, Wang et al., 2007) but also for use in enzyme activity 

assays and thus additionally reporting on inhibitor performance (Yang and Xu, 2004). Low but 



                                                                                                                                          Chapter 2 

 

42 

appreciable inherent conductivity has been demonstrated in hydrogels formed from Fmoc-Leu-

Leu-Leu (Xu et al., 2010) and the potential for light harvesting materials has been demonstrated 

by the incorporation of fluorophores into naphthalene conjugated dipeptides showing assembly 

dependent fluorescent resonance energy transfer (FRET) (Chen et al., 2010b). The photonic-

electronic properties of hydrogels is becoming an increasing area of interest where hydrogels of 

Fmoc-Phe-Phe have been shown to have properties similar to quantum dots (Amdursky et al., 

2010). Finally, recent work has now proven the catalytic benefits of Pt coating high surface area 

/ low volume ratio templates such as tobacco mosaic virus, hydrogels could act as similar 

templates thus having applications as transition metal high surface area catalysts (Gorzny et al., 

2010). 

 

These applications benefit from the presence of the gel matrix and its structural constituents but 

another set of applications in drug delivery are conceptually based on another property of 

hydrogels. Diffusion is considered the principle mode of solute transport through gel materials 

(Amende et al., 1995) and the dependency of dye propagation on molecular weight through 

hydrogels has been explored (Sutton et al., 2009). A hydrogel could be considered to have size 

exclusion chromatographic properties but has the unusual property of retaining high molecular 

weight species for greater lengths of time where these molecules become trapped in the 

interfibre water reservoirs. The nature of these reservoirs presumably defines diffusion 

properties. The radii of the reservoirs in one hydrogel were estimated by determination of 

proton transfer throughout the gel and the reservoirs size shown to be dependent on the 

concentration of the gelator (Amdursky et al., 2009). With an apparent ability to control the 

factors thought to affect small molecule diffusion rates within hydrogels, these materials have 

naturally been considered as candidates for time-dependent release of small molecules. Indeed, 

a tetrapeptide has recently been shown to immobilise the anti-cancer drug Doxorubicin, 

subsequently facilitating slow release of the compound into a physiological environment, 

indicating a potential use in future drug delivery systems (Naskar et al., 2009). It is recognised 

that the release of any small molecule, including a drug, could be tuned by modification of the 
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gel network density and mesh size or rapid release via disassembly of the hydrogel network 

(Adams, 2011).  

 

Clearly hydrogels have huge potential in bio and nanotechnological applications. The 

fundamental insights required to generate and develop these applications is ever pressing. Yet 

the ability to characterise and understand these self-assembling systems has broader 

implications for understanding any self-assembled system, may it be found in a materials 

science application or in understanding diseases caused by the aberrant self-assembly of a 

protein or peptide.  

 

2.3 Material properties 

Hydrogels display a variety of responses when subjected to external mechanical forces and this 

response defines how close to a solid or fluid the material is. A solid material’s response to 

external mechanical forces may be to deform plastically or elastically under an applied stress. In 

the former, energy input into the system enables bond breaking and the material does not 

recover; but in the latter case, an elastic material will regain some of its original form where the 

energy input into the system is stored. A liquid-like material will exhibit elastic behaviour but 

also viscosity that is a degree of flow. Given time, a polymeric liquid - such as a hydrogel - will 

flow under a slow deformation, defined as its viscosity. So too if an external force is applied to 

a polymeric liquid for a period of time shorter than for it to reach a new structural equilibrium 

then, on release of the deforming force, the material will regain at least some of its original form, 

defined as its elastic property. A polymeric liquid possesses both of these characteristics and so 

is termed to be viscoelastic (Lin, 2003 pg 49). The study and characterisation of these material 

properties is called rheology. Rheology concerns the application of an external force to a 

material (stress) and the measurement of the materials resulting displacement as a response to 

this (strain) (Zbigniew K, 2002). A purely elastic materials strain will be perfectly in phase with 

the applied stress where one can imagine a perfectly elastic material returning to its original 
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form instantly. In contrast, an ideal viscous material will exhibit a phase difference of 90o 

between the applied stress and strain response (Fried, 2003 pg 208-9). A great number of 

methodologies for rheological measurement exist from capillary and couette to cone-and-plate 

and parallel-plate rheometry (Fried, 2003 pg 461-8) to sophisticated laser tweezer 

microrheometry (Veerman et al., 2006). In the same manner, a great number of material 

parameters may be measured, but with respect to hydrogels it is useful to report the two values 

G’ and G”. The definitions of these values are numerous and often interchangeable. Briefly, G’ 

is the storage modulus and represents the elastic properties of a viscoelastic material and G” is 

the loss modulus, representing the viscous properties of a material where this value reflects the 

energy lost from the system as heat (Lin, 2003 pg 63). Both G’ and G” values are measured in 

Pascals. A liquid would be expected to have very similar G’ and G” values (Chen et al., 2010a) 

but as it becomes a gel the G’ value will increase above the G” value. Hence G’ indicates gel 

strength by how many orders of magnitude it is above the G” value. 

 

It is important to be able to understand the viscoelastic properties of a hydrogel and indeed 

control them, as previously described, as in tissue engineering applications these properties have 

a direct effect on the cells growth. The physical and structural properties of gels that determine 

matrix elasticity: cross-linking, mesh size and gel strength must all be inherently linked. The 

degree of cross-linking may affect the gel strength but concurrently increased cross-linking per 

unit length of matrix fibrils should decrease pore size thus also influencing diffusion properties. 

Greater control over any one of these interdependent material properties is beneficial, where 

mesh/pore size has a direct bearing on solute transport through materials when doing so by 

diffusion (Pappenheimer, 1953) but has also been implicated selectivity by certain cell types 

(Zeltinger et al., 2001). 
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2.4 Peptidic based low-molecular weight hydrogelators 

As described in Chapter 1, a number of studies have aimed to identify the minimal peptidic 

sequences that are able to self-assemble. In many cases, this type of work has identified short 

hexapeptide sequences from larger polypeptides (Maurer-Stroh et al., 2010, Thompson et al., 

2006). Remarkably though, this process has identified even more minimalist sequences, the 

shortest of which to date reported in the literature is the Phe-Phe motif found in the 42-residue 

polypeptide Aß (Gazit, 2002).  Systems designed to model amyloid self-assembly have since 

been designed from this short motif and characterised revealing insight into self-assembly 

structure (Makin et al., 2005). The aromaticity of these sequences is presumably responsible for 

a hydrophobic collapse resulting in amorphous aggregation but the ability of the aromatic 

moieties to #-# stack and the backbone to hydrogen bond introduces directionality and 

anisotropy into the self-assembly process. The importance of aromatic moieties in 

amyloidogenic proteins has been emphasised in a number of independent reports in the 

literature (Gazit, 2002, Makin et al., 2005), in particular, where under the correct conditions 

diphenylalanine alone will self-assemble into vesicles and peptide nanotubes (Reches and Gazit, 

2006). Coincidentally, a number of LMWG gelators have emerged with this same assembly 

motif, notably Fmoc-Phe-Phe (Smith et al., 2008). However, the addition of aromatic 

conjugations such as Fmoc removes the necessity to have an assembly competent peptide 

sequence as evident by early reports of gelation from Fmoc-Ala-Ala (Zhang et al., 2003) and 

Nap-Gly-Gly (Xu et al., 2007). The use of conjugate groups like Fmoc and Nap also introduces 

potentially useful properties such as well characterised fluorescent excitation/emission profiles 

and the opportunity to design FRET mechanisms (Chen et al., 2010b). Further, where the 

assembly is no longer driven solely by the sequence motif, assembly can be controlled by 

exploiting the physiochemical characteristic of the peptidic sequence. 

 

A number of self-assembling LMWG with high aromatic content are currently the subject of 

intense investigation because of their potential applications in nanotechnology, synthetic 



                                                                                                                                          Chapter 2 

 

46 

biology and tissue engineering. These molecules are peptidic, typically with two amino acid 

residues N-terminally conjugated to aromatic moieties. On a nano to mesoscopic level their self-

assembly creates a three-dimensional network or scaffold that on the macroscopic level forms a 

self-supporting hydrogel. 

 

Figure 2.2 shows four classes of LMWG based on the conjugation of a dipeptide to an aromatic 

moiety, in these cases either Fmoc, naphthalene, pyrene or spiropyran. The potential variation of 

the aromatic moiety and conjugated dipeptide sequence produces a rich diversity in potential 

LMWGs. With such a large number of potential gelators, the literature reports a huge range of 

gels having been produced for a variety of applications as previously described. Their discovery 

is often serendipitous and so questions emerge that if answered could potentially expand the 

repertoire of these molecules to more designed and informed applications. In short these are, 

how does the self-assembly mechanism of these molecules work and how is this related to 

hydrogelation? Further, how might the structure of these systems relate to the matrices formed 

and thus the material properties governed by these matrices? 

 

As previously eluded to, given the large range of physiochemical properties possessed by amino 

acids and conjugated aromatic groups there is an opportunity to engineer the self-assembly 

mechanism of LMWGs to be stimuli responsive through control of non-covalently linked 

polymerisation. Designing supramolecular assemblies that are based on these interactions, to be 

able to control one interaction is to be able to control the assembly and disassembly of the entire 

system. The use of these interactions in supramolecular assembly certainly affords control over 

this process, however a distinction should be made between controlling self-assembly and 

hydrogelation because some systems have been observed to be pre-assembled prior to gelation 

(Chen et al., 2011) and in other systems self-assembly is a necessary prerequisite and 

codevelopment to gelation (Chen et al., 2010a) as discussed in Chapters 7 – 8. 
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Figure 2.2: Four classes of peptidic low-molecular weight gelators classified by their aromatic 
conjugation to FMOC (Zhang et al., 2003) (a), Pyrene (Zhang et al., 2004) (b), Naphthalene (c) 
(Xu et al., 2007) or Spiropyran (d) (Qiu et al., 2009). Figure adapted from (Adams, 2011). 

From the summary in Figure 2.3, it is clear that the individual strength of each interaction is 

relatively weak (a covalent bond is in the order of several hundred kJ/mol/bond in strength) but 

with the sum of each interaction very stable assemblies can be produced. Hydrogen bonding is 

extremely directional and typical bond distances are expected to be 2.8 Å (Corey and Pauling, 

1953) whilst #-# stacking interactions are reported to be variable and dependent on geometry 

(Meyer et al., 2003); a survey of 30, 444 pairs of aromatic interactions in proteins however finds 

the centroid to centroid distance of aromatic interactions to be ca. 5 – 6 Å (McGaughey et al., 

1998). Electrostatic interactions are even less directional, weak and additionally their existence 

is highly dependent on their environment. Hydrophobic interactions are the weakest and least 

geometrically constrained of all the non-covalent interactions (Mart et al., 2006). These non-

covalent forces are central to the control of LMWG self-assembly, and in isolation are relatively 

well understood but the fully informed and predictable application of these to supramolecular 

self-assembly is arguably an emerging science (Whitesides et al., 1991). The balance between 

hydrophobicity, #-# stacking interactions and hydrogen-bonding is still not fully understood and 

a matter of some debate (Johnson et al., 2011) but the following sections describe a variety of 

methods used to control supramolecular assembly, many of which are based on manipulation of 

the weak chemical interactions described above. 

a b 

c d 
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Figure 2.3: The order of strength of typical non-covalent stabilising interactions, from 
electrostatic interactions (Sikorski and Atkins, 2005), through to hydrophobic effects (Makin et 
al., 2005) to hydrogen bonding. Bond strengths taken from (Mart et al., 2006). 

2.4.1 Enzymatic control 

One route to hydrogelation is to take an assembly competent LMWG and prevent self-

association by steric hindrance and charge repulsion. As such, hydrogelation has been 

enzymatically induced by hydrolysis of C-terminal esters on Fmoc dipeptides. This is achieved 

by cleavage of a phosphate group from tyrosine by alkaline phosphatase (Yang et al., 2005) and 

shown in Figure 2.4. Furthermore, reversible hydrogelation has been achieved with this system 

based on amide bond formation (reverse hydrolysis) using thermolysin leading to self-assembly 

and disassembly controlled by the esterase subtilisin (Das et al., 2008). Further examples of 

enzyme controlled self-assembly where a dipeptide sequence is enzymatically linked to an 

Fmoc group have been reported (Toledano et al., 2006). 
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Figure 2.4: The dephosphorylation of Fmoc-Tyr. The phosphate group is found at the # position 
of the Tyr residue (a) and is removed by alkaline phosphatase results in the less bulky and 
neutral molecule that is self-assembly competent (b). Figure adapted from (Yang et al., 2005). 

2.4.2 Ligand binding control 

A ligand may be used to control gelation and has been reported for an Fmoc system where 

gelation only proceeds after vancomycin binding (Zhang et al., 2003). Demonstrating the 

versatility of this control mechanism in another dipeptide system a similar ligand-binding site 

for vancomycin disassembles the supramolecular structures of the gel matrix and disrupts the 

hydrogel (Qiu et al., 2009). By choosing this control system, not only is assembly controllable 

but gelation may be used as a detection system or to enable a response that is only observed 

when the correct stimuli is present or absent. 

 

2.4.3 UV/Vis Light control 

A unique example of hydrogelation control based on the photo-sensitive group Spiropyran (SP) 

has been reported in the literature. The advantageous feature of this molecule is that it can be 

isomerised between a non-planar SP form and the planar merocyanine (MC) form by exposure 

to visible and UV light respectively creating a bulky group that would sterically hinder 

supramolecular assembly. The SP conjugate reported by Zhang et al. and the conversion 

between the non-planar and planar isomers is shown in Figure 2.5 (Qiu et al., 2009). 

 

a b



                                                                                                                                          Chapter 2 

 

50 

 

Figure 2.5: The isomerisation of Spriropyran (SP) in its non-planar form to the planar 
Merocyanine (MC) isomer by exposure to light. Adapted from (Qiu et al., 2009). 

In the MC planar isomer, the system is able to make #-# interactions whilst the non-planar 

isomer does not exhibit this behaviour, in this manner the authors ascribe self-assembly to be 

controlled via aromatic interactions (Qiu et al., 2009). In addition to these effects, steric 

hindrance presumably also plays a role in assembly control where the isomers are structurally 

quite different it can be envisaged that only one isomer is compatible with the packing 

arrangement necessary for self-assembly. 

 

2.4.4 pH control 

Figure 2.6 shows that aromatic conjugated dipeptides exist in equilibrium between the carboxyl 

(COOH) and carboxylate (COO-) forms. As such, a pH drop can be used to induce self-

assembly and gelation where carboxylate peptide termini may prevent self-assembly via charge-

charge repulsion. Typically, to induce gelation, acids such as HCl have been used to lower the 

pH of a dipeptide solution but this creates localised heterogeneously distributed areas of low pH 

resulting in hydrogels with irreproducible rheological properties. It has been shown that through 

the use of Glucono-$-lactone (GdL) a homogenous pH change can be induced leading to 

hydrogels of greater strength and reproducibility (Adams et al., 2009). GdL spontaneously 

hydrolyses in water to D-Gluconate and hydrogen ions. The rate of dissolution of the GdL is 

much faster than that of the rate of hydrolysis and hence the pH decreases homogeneously, not 

only does this result in higher quality gels and but also has the benefit of permitting the 

monitoring of the self-assembly and gelation process.  
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Figure 2.6: N-terminally aromatic conjugated dipeptides exist in equilibrium between the 
neutral protonated form and the ionised form. At pHs lower than the carboxyl groups pKa the 
equilibrium shifts left and at high pHs right. Adapted from (Tang et al., 2009). 

The reaction products of the hydrolysis of GdL are in fact quite complex, resulting in other 

products in addition to D-Gluconate and hydrogen ions including gluconic acid and glucono-%-

lactone all in equilibrium (Pocker and Green, 1973); the kinetics of the pH drop and final pH 

reached are however, directly proportional to the concentration of GdL, and highly reproducible 

(Adams et al., 2009). 

 

2.4.5 Electrical protonation 

Using the same mechanism of self-assembly control via the lowering of pH, the C-termini of 

conjugated dipeptides may be protonated electrically. Using a gold electrode grid suspended in 

a solution of hydroquinone and the LMWG, Fmoc-Leu-Gly, it has been shown to be possible to 

induce thin film gelation across the gaps of the electrode grid by applying a current across the 

system such that the hydroquinone is oxidised to 1,4-benzoquinone releasing hydrogen ions. 

This creates a local pH drop below the pKa of the dipeptide inducing self-assembly and gelation 

(Johnson et al., 2010). 

 

2.4.6 Temperature control 

It is well known that the solvation of hydrophobic residues is temperature dependent; a 

hydrophobic residue under the right conditions can be solvated. If two compounds are 

considered, 1 highly and 2 weakly hydrophobic, 1 will be desolvated at a lower temperature 

a b
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than 2, where greater energies/temperatures are required to desolvate 2 due to affinity for water 

(see Chapter 1 and Figure 1.15).  If desolvation is a factor that can be utilised to control self-

assembly and hydrogelation then these phenomena can be incorporated into the LMWG design, 

as has been shown for longer designer self-assembling peptides (Rughani et al., 2009). Indeed 

such an assembly control mechanism has been elegantly demonstrated with the use of Fmoc 

derived LMWGs with a variety of hydropathy indices as shown in Figure 2.7. The three systems 

were noted to gel as they were cooled (Vegners et al., 1995). However the critical concentration 

above which gelation can occur was much greater for the most hydrophilic system, Fmoc-Ala-

Asp, demonstrating that at the same temperature, to overcome the solvation shell a degree of 

molecular crowding is required. 

 

2.4.7 Mechanical control 

A unique example of mechanical control over gelation has been reported in the literature where 

cyclic LMWG have been shown to exist as a sol in solution when at quiescent conditions but 

respond to mechanical shear forces by gelating. The systems exhibit thixotropic behaviour, that 

is to be viscous under normal condition but exhibit lower viscosity upon agitation, which could 

simply be accounted for by gel instability but it is interesting that the initial hydrogelation of 

these systems requires mechanical agitation (Xie et al., 2009). 

 

 

 

Figure 2.7: Three Fmoc based LMWG with increasing hydropathic indices. Hydropathy index 
values calculated by summation from (Kyte and Doolittle, 1982) based on the dipeptide 
sequence alone. 

Fmoc-Ala-Asp (-1.7) Fmoc-Leu-Asp (0.3) Fmoc-Ile-Asp (1.0) 

Hydrophobicity 
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2.5 The protonation assembly mechanism and pKa 

The assembly of aromatic conjugated dipeptides via protonation through the lowering of pH has 

been extensively investigated by Adams et al. and Ulijn et al. and is discussed in more detail in 

the following section. The assembly mechanism through this change in environment has been 

shown to be inherently linked to the pKa of the C-terminus of the dipeptide of the LMWG. The 

self-assembly of the system Br-Nap-Ala-Val has been monitored using thioflavin-T 

fluorescence and it was found that assembly inferred by a fluorescence intensity increase only 

occurs when the pH reaches 5.4, correlating well with the apparent pKa of the carboxy-terminus 

(Chen et al., 2010a). The pKa of the carboxy-terminus in this case is surprisingly high where for 

a traditional protein or peptide it might be expected to be ~3.7 (Ellenbogen, 1952) but this 

phenomenon can be explained for many peptidic LMWGs. The system Fmoc-Phe-Phe is found 

to self-assemble at physiological pH but this has been rationalised to be due to perturbation of 

the pKa of the carboxy-terminus to ~6.4 allowing assembly at similar pHs (Tang et al., 2009) 

although it should be noted that the Phe-Phe motif probably also makes significant contributions 

to the assembly potential of this system. Clearly when assembly and gelation occurs through 

this mechanism, the pKa plays an important role and where it has been noted that the pKa of C-

termini can shift dramatically in peptidic LMWG, investigations have been conducted to 

measure these shifts across a range of systems. It has been found that there is a direct correlation 

between predicted partition coefficient (clogP: the logarithm of the predicted ratio of the 

concentrations of solute in octanol and water) of the whole molecule, a measure of 

hydrophobicity, and the experimentally determined apparent pKa. In a library of naphthalene 

conjugated peptides, pKas were measured at values ranging between 4.0 – 6.8 (Chen et al., 

2010c). 

 

It is perhaps no surprise that in a LMWG the hydrophobicity of such a small molecule and thus 

the hydration would have dramatic effects on the pKa of nearby ionisable groups. It is useful to 

consider this phenomenon as a result of a changing environment around the ionisable group in 
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question. It is well established that the pKa of ionisable groups are found to be dependent on the 

nature of the environment that the group is present in. When a polypentapeptide sequence ([Ile-

Pro-Gly-Val-Gly]n) is engineered to contain a single Asp residue it is possible to measure the 

pKa of that group depending on the neighbouring amino acid residues. The theoretical pKa of 

this group of 3.71 (Lide, 2004) but is observed to shift to 10.0 when in close proximity to 

multiple Phe residues whilst when Phe residues are engineered as far away from the Asp group 

as possible whilst retaining the peptide structure the pKa value is 6.7. Urry et al. attribute this 

phenomena to competition of hydrophilic and hydrophobic residues for hydration resulting in 

dramatic changes to the pKa of the ionisable groups competing for the hydration shell (Urry et 

al., 1993). Further, in a survey of empirically determined pKa values for ionisable groups within 

folded proteins the relationship between environment and pKa is clearly complex but three main 

factors can be attributed to influence ionisable group pKa: charge-charge interactions, charge-

dipole interactions (hydrogen bonding) and the Born effect (dehydration) (Grimsley et al., 2009). 

The pKa’s of carboxyl groups increase in environments of low dielectric constant, such as that 

experienced when shielded from water by molecular crowding, structural burial or proximity to 

a hydrophobic residue. 

 

Thus as shown in Figure 2.8, pKa, hydrophobicity and concentration of LMWG are inextricably 

linked. Increasing the concentration of the gelator will increase molecular crowding and no 

doubt place the ionisable groups of a LMWG into more hydrophobic environments having 

dramatic effects on their apparent pKa values and in turn affecting the pH at which self-

assembly occurs. Although the environment created by the supramolecular assembly of these 

molecules may have large effects on the assembly mechanism. With this in mind, it is possible 

to envisage the ability to select or design systems tailored for assembly in particular conditions.  

 

 

 

 



                                                                                                                                          Chapter 2 

 

55 

 

 

Figure 2.8: The pKa of ionisable groups, in this case carboxyl termini, are inextricably linked 
to concentration and the hydrophobic affect. 

2.6 Current structural insights 

As with the study of amyloid proteins the structural determination of the fibrillar material that 

makes up a hydrogel matrix is not a straightforward process and an additional challenge then 

remains in how to establish a link between these architectures and macroscopic measured 

rheological properties of the hydrogel. A number of investigations have used spectral and 

structural techniques to propose low-resolution descriptions of the architectures adopted by a 

range of LMWG (Hughes et al., 2011, Smith et al., 2008, Xu et al., 2010). Only a few molecular 

models for dipeptide LMWG have been proposed and those that exist describe general 

molecular features as opposed to being comprehensive structural descriptions of the systems 

they represent. It is clear and generally well accepted what intermolecular forces stabilise these 

structures; although the relative significance each contributes is a matter of some debate and 

with a view to control these systems understanding this is key. To date, the models proposed are 

reasonably based on experimental observation but are not validated against three-dimensional 

structural data by simulation. The following sections describe current structural understanding 

of these supramolecular assemblies. Further, the models described draw conclusions about 

interatomic distances without directional information i.e. data is collected from unaligned 

samples of gel in wide-angle X-ray scattering (WAXS) measurements. Hence, some caution 

should be taken in the inspection. 
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2.6.1 Fmoc based systems 

The groups of Xu and Ulijn have conducted a great deal of valuable work on Fmoc conjugated 

dipeptide systems. Molecular dynamics & WAXS studies of Fmoc-Tyr gels produced by 

enzymatic-induced gelation (see Section 2.4.1) emphasise the importance of aromatic #-# 

stacking in the structures from this LMWG. Smith et al. proposed a model for Fmoc-Phe-Phe 

assembled in water with anti-parallel ß-sheets and chirally ordered fluorenyl groups in an anti-

parallel arrangement indicated by induced CD signals and a red shifted Fmoc fluorescence 

spectrum (Smith et al., 2008). Similar biophysical data for Fmoc-Leu-Gly has been collected, 

showing red-shifted fluorenyl fluorescence data and induced chirality of these groups indicated 

by CD (Adams et al., 2009). To satisfy these structural observations, a cylindrical fibril model 

for Fmoc-Phe-Phe was proposed, as shown in Figure 2.9 (Smith et al., 2008). The aromatic 

stacking of the fluorenyl groups is said to be in a J-aggregate geometry (see Section 3.2.5) due 

to the observation of a red-shifted fluorescence peak (Smith et al., 2008). Distances are assigned 

to the ß-strand separation at 4.3 Å, although these distances are made by non-directional WAXS 

measurements. 

 

The systems Fmoc-K(Boc)LV and Fmoc-VLK(Boc) containing the KLV motif reported to be 

taken from the Aß polypeptide have been shown to have very different nano-scale and 

macroscopic material properties. The former assembles to create gels with greater strength, 

which is ascribed to structural differences in the assemblies whereby the stronger gel former 

(Fmoc-K(Boc)LV) consists of unorientated multiple stacks of ß-sheets (Cheng et al., 2010) and 

it is inferred the weaker gel former (FmocVLK(Boc)) does not and instead consists of more 

ordered stacks of ß-sheets. Though interesting, no further suggestion of the connection between 

the structure and material properties is offered. 
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Figure 2.9: A model of Fmoc-Phe-Phe in the fibrillar gel form, as reported in (Smith et al., 
2008). In the expanded view Fmoc groups are coloured blue and Phenylalanine groups red. 

Other investigations have reported nanotubular structures for Fmoc based systems in the gel 

phase. Xu et al. observed structures of fibrillar Fmoc-Leu-Leu-Leu with an inner core diameter 

of 7 nm and outer diameter of 16 nm. They attributed these structures to an underlying 

nanotubular architecture consisting of antiparallel ß-sheets with a hydrogen bonding distance of 

4.6 Å, an intersheet distance of 11.5 Å and #-# stacking distances of 3.6 – 3.8 Å (Xu et al., 

2010). Fluorescence spectra indicated electron delocalisation, which may be attributable to #-# 

stacking interactions. The proposed structure is shown in Figure 2.10, where it can be seen that 

the fluorenyl groups appear to be stacked in a direction approximately parallel to the peptide 

backbone hydrogen bonding which is spaced at 4.6 Å (Xu et al., 2010). It is not clear how the 

reported distance between fluorenyl rings is shorter than the ß-strand spacing and yet both 

appear to be aligned to the same axis. Evidently, some care should be taken with these structural 
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models where they may require further refinement, however, they do show unique structural 

features that may prove invaluable for identifying structure function relationships in these 

systems in the future. 

 

Figure 2.11 shows another model proposed for Fmoc-SF-OMe. Reported to be stable by 

molecular dynamics, the dipeptide length-repeat is on average 16.2 Å, with ß-strands spaced at 

4.9 Å and a fluorenyl separation of 3.7 Å. Hughes et al. ascribe the 10.1 Å in the WAXS data to 

the repeat length of Fmoc dipeptide pairs but lack directional diffraction data to fully support 

this conclusion. The fluorenyl-fluorenyl separation is assigned as 3.7 Å extending 

approximately parallel to the fibre axis when the ß-strands are separated by 4.9 Å (Hughes et al., 

2011). As well as being interpreted from unaligned WAXS data, in a similar manner to other 

reports, it is difficult to rationalise how the two unique separations can be aligned to the same 

axis if the molecules are also approximately aligned to the same fibre axis. 

 

 

Figure 2.10: The proposed fibrillar model of Fmoc-Leu-Leu-Leu in the gel phase, as reported in 
(Xu et al., 2010). PDB co-ordinates kindly provided by Dr. Andrew Smith (University of 
Bayreuth). 
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Figure 2.11: Fmoc-SF-OMe structure, as shown reported from (Hughes et al., 2011). Fmoc 
groups are coloured red, serine green and phenylalanine blue. Atomic co-ordinates kindly 
provided by Pim Frederix and Prof. Rein Ulijn (University of Strathclyde). 

These studies place great emphasis on the adjacent stacking of fluorenyl groups but less 

emphasis is placed on the importance of hydrogen bonding in the reports of the proposed 

structures. In truth, it is probably the case that each of the stabilising interactions in these 

structures are in careful balance and so when one is disrupted, where self-assembly still occurs, 

the others are compensating. Investigations into other different but related LMWG have in part 

addressed these concepts. 

 

2.6.2 Naphthalene based systems 

Two systems recently reported present a unique opportunity to investigate hydrogen bonding in 

these systems (see Chapter 8). 1-Nap-Gly-Ala & 1-Nap-Ala-Gly are both found self-assemble 

under acidic conditions, however the former system is a gel former with eventual crystallisation 

over time but the latter system crystallises in situ enabling structure determination by XRCD. It 

was found that it was possible to predict the structure of the crystal forming dipeptide 

computationally, as shown in Figure 2.12, but this method does not effectively predict the 

structure of the gel phase indicating a possible structural discrepancy between the crystal and 

gel phases (Adams et al., 2010a). Despite this, the structures predicted for 1-Nap-Gly-Ala 

displayed hydrogen bonding patterns subtly distinct from the crystalline phase hinting that this 

non-covalent interaction could be key to fibre gel phase formation giving some insight as to 
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how slight modifications to the amino acid sequence of a dipeptide affects hydrogen bonding 

patterns and thus whether an assembly competent system gels or crystallises. 

 

Further work on naphthalene-conjugated dipeptides has in part addressed the importance of #-# 

stacking interactions in these structures. By making substitutions at the 6-position of the 

naphthalene it might be possible to interfere with the electronic structure of naphthalene such 

that #-# stacking interactions are perturbed. A brominated naphthalene dipeptide has been 

reported to retain assembly potential despite the theoretical withdrawal of electrons from the # 

orbital electron system of the naphthalene by the more electronegative bromine atom (Chen et 

al., 2010a) as discussed in Chapter 7 and 8. This may be a case where when one intermolecular 

force is disrupted and, where gelation still occurs, other forces are compensating but it may also 

indicate a greater importance for the role of hydrogen bonding in the stabilisation of these 

systems. 

 

 

Figure 2.12: An alignment of the crystal structure of the naphthalene conjugated dipeptide 1-
GA with a computationally predicted structure for the same molecule (Adams et al., 2010a). 
Graphics produced in Chimera (Pettersen et al., 2004). 
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Taken together these studies might indicate an important role for hydrogen bonding in 

determining the nature of the assembly formed, whether crystalline or gelled. Clearly the 

hydrogen-bonding pattern will have a very immediate effect on whether a structure formed is 

one-dimensional and thus fibrillar but from the observations made on Fmoc based systems the 

importance of #-# stacking interactions are also evident. A true structural understanding of these 

systems and deconstruction of the balance between stabilising interactions can only come from 

a comparative analysis of a range of systems all molecularly related but subtly different. No 

attempts to do this to date have been reported, nor has an attempt to systematically correlate 

structural features with gel properties been reported. Recently, the effect of molecular structure 

on molecular physiochemistry and gel material properties has been reported for a library of 

naphthalene-conjugated dipeptides (Chen et al., 2010c) and attempts to correlate these features 

with structural and biophysical characterisations (see Chapter 7 and 8). 

 

2.7 Concluding remarks 

Hydrogelation is a phenomena that already has and could have an even greater repertoire of 

applications. The self-assembly basis for molecular hydrogels is also exploitable. There are 

many routes available to self-assembly and hydrogelation but there is a current interest in short 

peptidic aromatic conjugated LMWG. The mechanism through which the self-assembly of these 

systems can occur is variable but one includes the protonation mechanism whereby the peptide 

C-terminus is protonated to induce self-assembly. 

 

The link between the pH at which gelation occurs and the pKa of the ionisable C-terminus is 

quite clear however there is no certain relationship between dipeptide molecular structure, 

assembly, fibril structure and material properties. The material properties of these systems are 

reproducible when assembly is triggered in the same manner (Adams et al., 2009) and so in 

theory the factors that determine material properties could be deconstructed. However the 

material property determinants are numerous and dynamically affect one another; including 
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fibril dimensions, degree of cross-linking, which are presumably dependent on molecular 

structure and kinetics of gel formation (Adams, 2011). It is unlikely that understanding any one 

of these parameters in isolation will hold the key to the link between LMWG and hydrogel 

material properties but to do so is an important step in this direction. 

 

The current understanding of how the LMWG relates to the hydrogel formed is summarised 

scrupulously by van Esch (van Esch, 2009): 

 

This lack of insight into molecular gelation phenomena can be traced back to two 

different origins. First, there is a large gap between our design efforts and actual 

knowledge of the supramolecular structure of the gels (i.e., the molecular 

arrangement of gelator molecules within the gel fibers, the junction zones, and the 

fiber-liquid interface). As a consequence, the feedback loop between molecular 

design and experimental verification remains at the qualitative gelation-no gelation 

level, without leading to significant improvement of design and insights. This 

situation will change only when more detailed information on the molecular 

arrangement with the gel fibers becomes available. Limited knowledge on the 

supramolecular structure is not exclusive for molecular gels but reflects a general 

issue in supramolecular science because current experimental techniques remain 

inadequate to provide structural details at the supramolecular level... 

 

The work contained in the chapters of this thesis pertaining to the investigations around LWMG 

aim to address this. 
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3 Techniques by which to study self-assembly and structure 

3.1 Introduction 

Structural information about self-assembled systems cannot readily be accessed through the 

standard structural biological suite of techniques, particularly in the case of amyloids, therefore 

a range of techniques must be employed to gather structural information. Often including a 

variety of biophysical and structural techniques across a wide resolution range and reporting on 

different aspects of structure, these techniques may include transmission electron microscopy 

(TEM), cryo-electron microscopy (cryo-EM), small angle X-ray scattering (SAXS), Fourier 

transform infrared spectroscopy (FTIR), circular dichroism (CD), linear dichroism (LD), 

nuclear magnetic resonance spectroscopy (NMR), single crystal X-ray diffraction (SC-XRD), 

powder X-ray diffraction (P-XRD) and X-ray fibre diffraction (XRFD). When combined, the 

data from these techniques is able to produce the most comprehensive models of the self-

assembled system being described. 

 

The following sections describe the theoretical background to the techniques used in this thesis. 

 

 

3.2 Circular Dichroism 

CD allows for the determination of the secondary structure of proteins in solution. As a solution 

technique it probes the native hydrated form of the proteins in question. Further, it can report 

information on dynamic changes in structure, data which is otherwise unobtainable by many 

other structural techniques. 
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3.2.1 Circularly polarised light and spectropolarimeter instrumentation 

The production of circularly polarised light (CPL) may be achieved by the manipulation of 

linearly polarised light (LPL). Figure 3.1 illustrates this process. Briefly, a linearly polarised 

propagating waveform at 45° from vertical (a) may be combined with another linearly polarised 

waveform at 90° (b). Through constructive interference the resulting waveform will have a 

vertical plane of polarisation. However, if the two waves are adjusted out of phase by & ' then 

the plane of the resulting wave rotates about the axis of the wave propagation (c), thus CPL. 

Left or right-handed CPL can be produced depending on which of the two waveforms are 

retarded. The production of CPL forms the basis of a spectropolarimetry. 

 

 

 

 

 

Figure 3.1: The production of circularly polarised light may be achieved by the manipulation of 
linearly polarised light. A linearly polarised propagating waveform (a) may be combined with 
another linearly polarised waveform at 90° (b); through constructive interference the resulting 
waveform will have a vertical plane of polarisation. If the two waves are adjusted out of phase 
by $ % then the plane of the resulting wave rotates about the axis of propagation (c). 
Reproduced with permission from (Land, 2008). 

a b c 
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Figure 3.2 shows the basic instrumentation of a spectropolarimeter designed to measure CD. 

Light is produced from a xenon arc lamp, which is passed through a series of optics to obtain 

monochromatic light; this is subsequently passed through a series of filters to create parallel and 

perpendicular LPL. The LPL is processed by a photoelastic modulator (PEM) oscillating at 50 

kHz. The birefringent properties of this material allow it to retard one of the linearly polarised 

waveforms relative to the other. The piezoelectric properties of this material allow it to oscillate 

between states that alternately retard either the parallel or perpendicular LPL. The PEM as a 

result creates left and right-handed CPL at 50 kHz. The L- and R-CPL may interact with the 

sample, the transmitted light is digitised and amplified by a photo-multiplier tube (PMT) and 

subsequently detected. CD is measured by the difference in absorbance of either the left or 

right-handed forms of light (Equation 3.1), absorbance of either form causes the shape of the 

resulting light to deviate from a circle to an ellipse and so CD is traditionally measured in 

ellipticity or degrees, which is measured as positive or negative signals. Positive signals result 

from more L-CPL than R-CPL absorbed, negative signals from more R-CPL than L-CPL 

absorbed and zero signals arise from achiral molecules (Kelly et al., 2005). 

 

 Equation 3.1 

 

 

 

 

 

Figure 3.2: The optics of a spectropolarimeter. Chromatic light is emitted from a xenon source 
and filtered by a series of optics and a monochrometer (red) to create linearly polarised 
monochromatic light, this is passed through a photoelastic modulator (blue) to retard waves by 
$ % creating circularly polarised light, the L:R-CPL interacts with the sample (green) and 
differential absorbance measured by a photomultiplier tube and detector (purple). 

CD = A
L!CPL ! AR!CPL

Xe 

!L:R-CPL L:R-CPL 
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The differential absorption of L-CPL and R-CPL is a phenomenon exhibited by optically active 

chiral molecules; as such this is greatly beneficial to the structural investigation of proteins, 

which are chiral in nature. 

 

3.2.2 Chiral amino acids and the amide bond 

Chiral molecules are said to be optically active because the chromophores they contain will 

interact with/absorb CPL to differing degrees at various wavelengths depending on their 

enantiomeric nature. Naturally, all of the amino acids except glycine are optically active and as 

such, when CPL interacts with a polypeptide chain the absorbance of left or right-handed CPL 

will vary as a function of wavelength producing a characteristic spectrum. As shown in Figure 

3.3 CD can distinguish between left and right-handed enantiomers of peptide chains through the 

noticeable inversion of the signs of the measured signals. 

 

 

 

 

Figure 3.3: The CD spectrum from two enantiomers of the di-peptide spiropyran conjugated 
dialanine. Reproduced from (Qiu et al., 2009). 
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As photons of excitatory light interact with an electron orbital, the energy absorbed excites or 

causes the transition of electrons from low to high-energy orbitals, the redistribution of charge 

creates an electronic dipole moment (Rodger and Norden, 1997). The transitions that dominate a 

CD spectrum from a polypeptide arise from the peptide/amide bond. Figure 3.4 shows the 

amide bond (a) has excitable #-orbitals (b) and associated with the two lone electron pairs of the 

carbonyl oxygen two excitable n-orbitals (c). The amide bond absorbs between 190 – 230 nm 

where the #o-#* transition occurs ~190 nm and the n-#* at ~220 nm (Fasman, 1996). 

 

These transitions are sensitive to their environment and the conformation of the molecules they 

are found in. The n-#* transition is sensitive to environment where in apolar solvents can be at 

wavelengths as long as ~230 nm but in polar hydrogen bonding environments can be at 

wavelengths as short as ~210 nm. In contrast, the #o-#* transition exhibits exciton coupling that 

is characteristic of particular secondary structural elements i.e. !-helices or ß-sheets. They have 

been well characterised theoretically and experimentally (Fasman, 1996) and as such their 

behaviour in proteins of different conformation are reasonably well understood. 

 

 

 

Figure 3.4: The electronic configuration of the amide bond (a) showing the three &-orbitals (b) 
and two lone pairs on the carbonyl oxygen (c). The electronic transitions in the far-UV region 
are shown where n and n’ relate to the oxygen lone pair and &+, &o and &* to the & orbitals (d) 
of the amide bond. Adapted from (Woody, 1996). 
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3.2.3 Far-UV – Amide bond contributions 

In the context of protein structure, the differential absorbance of L- and R-CPL through #o-#* 

and n-#* transitions will depend on the environment those transitions occur in and thus the 

conformation of the protein, specifically the ( and ) angles of the polypeptide chain. In its 

simplest use, CD can be used to identify secondary structure elements based on spectral shape. 

Figure 3.5a shows the typical spectra exhibited by the various secondary structural elements 

found in proteins. These characteristic spectra have typically been taken from model systems 

that adopt the appropriate secondary structures. The secondary structure of Poly-L-Lysine is 

sensitive to the conditions it is in and can be made to adopt either !-helices, ß-sheets or random 

coil and provides the basic spectral shape for protein secondary structure identification 

(Townend et al., 1966). Although broadly correct, it should not be overlooked that exceptions in 

the spectra exhibited by a protein in a particular conformation can occur.  

 

The !-helical spectrum is well understood experimentally and theoretically, is characterised by 

a strong maxima at ~190 nm and minima doublet at ~210/222 nm. The #-#* transition in !-

helices displays exciton coupling into linear components with a positive component below 190 

nm and a negative component at ~201 nm, the n-#* transition has a single negative component 

at ~222 nm (Gratzer et al., 1961). The ß-sheet spectrum is less well standardised where it has 

been noted that the electronic transitions of this structure are quite sensitive to precise structure 

(Robert W, 1993 pg529). The ß-sheet poly-L-lysine is characterised by a single maxima at ~195 

nm and minima at ~217 nm (Townend et al., 1966). The origins of these signals are more 

straightforward with importantly a #-#* positive component at ~195 nm where exciton splitting 

is less evident and not interfering with the 190 – 250 nm region (Sreerama and Woody, 2004 

pg318). The #-#* transition is blue shifted in one to two ß-strand systems but red shifted in ß-

sheet systems containing more ß-strands (Woody, 1996). 
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Figure 3.5: The typical CD spectra associated with various types of protein secondary structure, 
including "-helices (solid line), ß-sheets (long dashed line) and unstructured (dashed line) (a), 
reproduced with permission from (Kelly et al., 2005). CD spectra are a complex transition 
convolution of signals to form the resulting CD spectra of a "-helical or ß-sheet protein (b and 
c). Figure created by fitting three Gaussian peaks to a ß-sheet CD spectrum and minimising the 
resulting spectra by least squares as a reproduction from values in (Woody, 1996). 
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The n-#* transitions from ß-sheets are equally variable, for a ß-sheet forming fragment of ß2-m 

(20-41) the n-#* transition is reported as short as 210 nm (Iwata et al., 2006). The n-#* in ß-

sheets has a single negative component giving rise to a minima at ~215 nm. The transitions are 

shown in Figure 3.5b-c by deconvolution illustrating the level of complexity in the contribution 

of individual components to the resulting spectra measured. 

 

3.2.4 Near-UV - Contributions from other chromophores 

The aromatic amino acids tyrosine, tryptophan and phenylalanine as well as disulphide bonds, 

make contributions to the far and near-UV regions. Far-UV transitions are complicated by the 

presence of transitions from the amide backbone of polypeptides but in the near-UV the signals 

arising from aromatic residues can be well resolved and provide information about tertiary 

structure, protein folding and ligand binding (Woody, 2007). As with the amide bond, the 

transitions associated with aromatic chromophores are linear and aligned to specific axes, thus 

in a CD spectrum the resulting spectrum is a convolution of these bands. Table 3.1 summarises 

the transitions from phenylalanine, tyrosine and tryptophan.  

 

 

Table 3.1: The linear electron transitions in the aromatic sidechains phenylalanine, tyrosine 
and tryptophan. 'max reflects the energy required to induce the transition and thus intensity of 
signal in spectroscopy. The transitions are assigned with the Platt notation for the excited states 
of benzene; angles of the transitions are given relative to the long-axis of the aromatic molecule 
axis. Values from (Woody, 2007). 

Assignment !max / nm 
 

"max / M
-1cm-1 # / degrees 

Phe 

Lb 260 200 90 

La 210 10000 0 

Bb 180 30000 90 

Ba 180 30000 0 

Tyr 

Lb 275 1400 90 

La 230 8800 0 

Ba 190 24000 90 

Bb 190 24000 0 

Trp 

Lb 280 3200 +41 

La 270 4500 -44 

Bb 220 35000 +11 

Ba 195 20000 -55 
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The high-energy transitions arising from the B excitation bands are degenerate and relatively 

strong but overlapping with the stronger #-#* transitions of the amide backbone. The Lb and La 

excitation bands however are resolvable in some CD experiments, although their intensity is 

about two orders of magnitude less than signals in the far UV (Bulheller et al., 2007). The low 

*max values and also the fact that proteins have relatively low aromatic content compared to 

amide bond content means near UV aromatic transitions tend to be quite weak. The near UV 

region of CD spectra can give information about the chiral environment that aromatic residues 

occupy. The exciton-coupling phenomenon specifically can report on this. Where aromatic 

residues may stack and find themselves in a chiral environment, the excitation bands will split 

into positive and negative components. The two peaks from an exciton coupling, referred to as a 

couplet, can often be overlapping and so deconstructively interfere. However when resolved a 

right-handed arrangement will give rise to a negative short-wavelength and positive long-

wavelength band and vice versa (Simonyi et al., 2003, Woody, 2007). 

 

3.2.5 Exciton coupling geometry 

Excitonic couplings are strongly dependent on the distance and relative orientations of the 

chromophore couplets (Mukamel et al., 1997). Coupling has been observed in porphyrin 

systems of up to 50 Å (Matile et al., 1996, Oancea et al., 2003). Strong coupling is defined as 

when the band splitting is greater than the width of the band from the monomer; cases of 

intermediate and weak coupling exist in the opposite cases (Kasha, 1963). Using the simple 

geometrical models of weak molecular exciton coupling proposed by Kasha et al. (Kasha, 1963) 

it may be possible to determine structural constraints on the geometries of exciton coupled 

chromophores from the stokes shifts in their corresponding absorbances. As shown in Figure 

3.6, a monomeric chromophore (Figure 3.6a-i) may be closely associated with a neighbouring 

chromophore (Figure 3.6a-ii) but through weak interaction of the electronic orbitals result in 

splitting of the energy levels that the new exciton coupled structure can be excited to. 



                                                                                                                                          Chapter 3 
 

 

72 

The model describes two polarised transitions that are parallel and also lie on the same plane, 

the parallel planar geometry. In this arrangement, variation is introduced by differences in the 

angle between the polarisation of one transition and the mid-point of the neighbouring coupled 

transition (+). Two geometrical scenarios may first be considered, the end-to-end and face-to-

face geometries (Figure 3.6a-ii and a-iv respectively). In the end-to-end arrangement (also 

known as J-aggregated, named after Jelley, one of the first investigators to classify these 

phenomena), where + = 0 – 54.7°, the in-phase coupling of electronic orbitals results in a low-

energy excitable state thus causing a red shift of the absorbance peak for the exciton relative to 

the monomer (Figure 3.6a-ii). The converse high-energy excitable state is true for the face-to-

face arrangement (also known as H-aggregated, for hypsochromic shift) where + = 90.0 – 54.7°, 

resulting in a blue shift of the exciton away from the monomer (Figure 3.6a-iv) (Kasha, 1963). 

In the parallel planar arrangement, all of the angles of + between the ideal end-to-end (+ = 0°) 

and face-to-face (+ = 90 °) geometries result in lessening of the band splitting, thus varying the 

degree of red or blue shift. At an angle of 54.7° no band splitting and thus no shift would be 

exhibited (Figure 3.6a-iii) (Kasha et al., 1965).  

 

Two coupled transitions may lie on the same plane but be non-parallel with regard to their 

respective polarisations, also described as an oblique geometry (Figure 3.6a-v). These 

arrangements are also described by the model proposed by Kasha et al, and result in both the 

low and high-energy excited states being permissible where both have components of in-phase 

coupling, causing observed band splitting of the original monomer excitation band (Figure 3.6a-

i) (Kasha, 1963). 
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Figure 3.6: Exciton coupling theory and geometry. The parallel planar geometry of two 
polarised electronic transitions in an end-to-end arrangement results in a permissible low-
energy coupling (a-ii), whereas the face-to-face arrangement results in a high-energy coupling 
(a-iv), non-parallel planar geometries result in band splitting (a-v). Further arrangements can 
be considered by the exciton coupling of non-planar geometries (b). Figure adapted from 
(Kasha, 1963, Kasha et al., 1965). 

Further complexity becomes apparent when non-planar exciton couplets are considered, as 

shown in Figure 3.6b. One respective monomer may move through the angle ! into a non-planar 

configuration decreasing the evidence of band splitting, where at the most non-planar angle ! = 

90° (Figure 3.6b-i) no exciton splitting is observed. Splitting increases as a function of 

increasing planarity to the case where ! = 0° (Figure 3.6b-ii) and maximal blue shift is observed 
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(Kasha et al., 1965). The theoretical framework established for the dimer exciton condition was 

found to also be applicable to exciton coupling in the polymeric condition and so could be 

applied to understand the geometries of chromophores in polymeric assemblies (Kasha, 1963). 

 

3.2.6 Exciton coupling helicity 

As described in Section 3.2.5, the geometry of two neighbouring exciton coupled chromophores 

has an affect on the resulting absorbance profile. In the case where exciton coupled transitions 

are in the oblique geometry, both the high and low-energy transitions are permissible and band 

splitting is observed around the uncoupled absorbance band of the monomer. CD is uniquely 

able to identify the helicity of such exciton coupled geometries through the observation of 

Cotton effects, as shown in Figure 3.7. Cotton effects (as first described by Cotton) are 

characterised by the rapid change in the sign of a CD signal where the zero point of this change 

corresponds to the absorbance peak of the uncoupled monomer (Fasman, 1996). Two coupled 

transitions in a left-handed helical arrangement will exhibit a negative Cotton effect where the 

longer wavelength transition will be negative (Figure 3.7a). In contrast a right-handed helical 

arrangement of coupled transitions will have a positive Cotton effect (Figure 3.7b) (Harada and 

Nakanishi, 1972). 

 

Where band splitting due to exciton coupling may be small, in a normal absorbance profile this 

phenomenon may not be detected (Figure 3.7c-d). However due to the Cotton effect, in the 

general case, exciton coupled CD provides an unambiguous method for the determination of the 

helical configuration of molecules (Rodger and Norden, 1997). 
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Figure 3.7: An illustration of the exciton CD exhibited by differing helical arrangements of 
transitions. An anti-clockwise screw or left-handed helix will give rise to a negative Cotton 
effect (a) and a clockwise screw or right-handed helix will give rise to a positive Cotton effect 
(b). In the corresponding absorbance profiles the same band splitting may be obscured by 
constructive interference (c-d). Peaks are produced as a Gaussian function of wavelength. 

3.2.7 Experimental considerations – in general and with self-assemblies 

A number of factors must be considered to collect quality CD spectra. These factors can all be 

easily understood when considering CD is essentially a type of absorbance spectroscopy and 

thus data quality relates directly to balancing absorbance intensity against sample scattering and 

artefacts. The quality of CD data can be judged by the signal to noise ratio in the CD spectrum 

and the high tension voltage (HT[V]) profile. Figure 3.8 shows a raw measurement of an ß-

sheet protein structure characterised by CD. The noise is shown as an insert and varies by 

approximately 2,000 deg cm2 dmol-1 with baseline shifting over approximately 6,000 deg cm2 

dmol-1, the signals are ~100 orders of magnitude over this and would be considered of high 

enough quality. To improve data quality, two experimental parameters may be adjusted: the 

sample concentration or cell path length.  
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Figure 3.8: A high quality CD spectra from a protein in a ß-sheet conformation. CD is shown 
as a solid line, the HT[V] as a dotted line. The inset shows variation due to noise. 

For far UV experiments quartz cuvettes of between 0.01 – 1 mm are used, as path length is 

increased the amount of material interacting with the incidence light is increased thus increasing 

signal intensity and also signal to noise ratio however the HT[V] profile will increase. The 

HT[V] profile indicates at a particular wavelength the voltage applied across the PMT and thus 

how much this piece of apparatus is having to amplify the signals/photons transmitted through 

the sample. A high HT[V] may indicate either scattering effects or strong absorbance but 

ultimately is a reflection of fewer photons reaching the PMT detector because of either sample 

scattering or absorbance effects. In each case above a certain threshold, the PMT will have to 

amplify such small signals that any standard deviation or error in the number of photons 

reaching the PMT will be amplified as noise. The following experimental considerations relate 

directly to these described effects. 

 

Buffer choice is important where carboxylic acid groups, chloride ions, imidazole, HEPES, 

MOPS, MES and PIPES all generally absorb strongly below 200 nm (Kelly et al., 2005) but 

high concentration complex buffer backgrounds will also have a high baseline scattering profile 

contributing to poor quality spectra collection. The scattering profile will also be affected by the 
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turbidity of sample in question and thus factors including solubility and size of solute influence 

the scattering profile. Both of these effects are directly proportional to sample concentration and 

fibrillar self-assemblies are well known to be insoluble and strongly scattering.  

 

A special case to be considered with the characterisation of self-assemblies including amyloid 

with CD is the influence of anisotropy. The characterisation and interpretation of spectra from 

CD is based on the assumption that the molecules interacting with the incident light are 

isotropic; that is randomly distributed at all possible orientations in the solvent. The isotropic 

nature of the sample results in a spectrum that represents an average of all of the linear 

transitions exhibited by chromophores. In the juxtaposed scenario, if in an anisotropic sample 

the linearly polarised transitions align to an axis then the spectra from the sample will be 

directionally dependent, greatly affecting the interpretation of measurements made. Fibrillar 

self-assemblies can have a propensity to auto align or with the use of demountable cuvettes 

align by shear flow when loading the sample. In a CD experiment the absence of artefacts from 

linearly polarised transitions should be verified, however if the alignment of these polarised 

transitions can be controlled then this kind of analysis may reveal useful directional information 

about a sample. 

 

3.2.8 Circular dichroism analysis 

Due to the reasonable experimental examples and theoretical understanding of the origins of 

peaks in a CD spectrum one can usually visually recognise !-helical vs ß-sheet vs random coil 

signatures. CD can be a very useful comparative analytical tool where spectra may simply be 

overlaid to check for folded protein or change in structure upon change of environment or 

mutagenesis. Change in structure is often monitored at single wavelengths where !-helical 

content may be comparatively measured at ~222 nm and ß-sheet content at ~220 nm. Though 

this method has been successfully used throughout the protein folding community, it is done so 
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with disregard to overall spectral shape changes which in some circumstances may overlook 

useful structural information (Greenfield, 1996). 

 

More thorough attempts at quantitative secondary structure content analysis from CD spectra 

began with mathematical calculation from n-#* signal intensities (Woody, 1996). These 

methods should in principle be very precise at determining secondary structure content but 

become highly complicated if dealing with proteins with mixed secondary or dynamic structures. 

More recent methods are based on an empirical comparison of known reference spectra to the 

experimental spectra in an attempt to estimate each kind of secondary structure. Dichroweb 

(URL: http://dichroweb.cryst.bbk.ac.uk/html/home.shtml) is a web-based server for the 

secondary structure content analysis of CD spectra (Whitmore and Wallace, 2004). It can use a 

number of algorithms and reference spectra for analysis but using the CDSSTR analysis 

algorithm and the SP175 reference set (Lees et al., 2006) conceptually the analysis can be 

described as follows; a model spectra is created by combining spectra from proteins of known 

secondary structure and comparing the model to the data to be analysed. In an iterative manner 

the model spectrum secondary structure content is adjusted based on variable contribution from 

each reference spectra until the model data has a high correlation of fit to the experimental data 

as measured by the normalised root-mean-square deviation (NRMSD) value (Mao et al., 1982). 

By calculating the contribution of each experimental reference spectra to the best fit model 

spectra it is possible to estimate secondary structure content. 

 

3.3 Linear Dichroism 

3.3.1 Theoretical background 

As stated, the signals of a CD spectrum are a complex convolution of unique linearly polarised 

absorbance bands, as shown in Figure 3.9 (see also Table 3). In CD these are averaged due to 

isotropy in the samples whereas in an LD experiment an anisotropic sample is prepared so that 

linear transitions are aligned to specified axes. All electronic transitions are polarised and when 
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they interact with LPL with the same polarisation as the transition absorbance is maximal 

(Rodger, 1993). In this case information about the relative orientations of chromophores can be 

obtained (Dafforn et al., 2004, Dafforn and Rodger, 2004). Accordingly, LD is measured by the 

difference in absorption of LPL parallel (A||) and perpendicular (A!) to an orientation axis as 

generally shown in Equation 3.2. 

 

 Equation 3.2 

The orientation axis is by convention, in a couette flow set up, the horizontal axis and so a linear 

transition aligned horizontally will have an LD signal of > 0 but one aligned vertically will have 

an LD signal of < 0. The intensity of the LD signal will then decrease as the linearly polarised 

transition deviates from the horizontal or vertical plane and thus LD signal intensity can be used 

to calculate the orientation of the chromophore relative to the orientation axis. The relationship 

between the angle of the electronic transition and the LD signal intensity is shown in Equation 

3.3, where the reduced LD signal (LDr) is calculated by normalising the measured LD signal 

(LD) to the contribution of isotropic absorbance (Aiso). LDr may then be related to the angle 

between the orientation axis and the measured transition polarisation (") if the degree of 

orientation (S) is considered. 

 

 Equation 3.3 

3.3.2 Linearly polarised electronic transitions 

Linearly polarised electronic transitions have been discussed in Section 3.2 but are summarised 

in Figure 3.9. These arise from the same excitation of # and n electronic orbitals. If the 

polarisation of one transition is known then it may be possible, using Equation 3.3, to calculate 

the polarisation angle of other transitions, thus revealing orientation information about 

chromophores. 
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Figure 3.9: The linear electronic transitions from the common secondary structural elements 
and aromatic chromophores. Weak transitions are indicated by parenthesis. Adapted from 
(Hicks et al., 2010). 

3.3.3 Sample alignment 

The key to the successful use of this technique is the ability to align chromophores so that 

Equation 3.3 can be reliably used. In the case of fibrillar self-assemblies, this can be achieved 

by taking advantage of the behaviour of fibrils under flow. The use of couette flow cells has 

been developed for this purpose (Dafforn et al., 2004). Figure 3.10 shows the experimental set 

up using couette flow to align a fibrillar sample. This consists of a quartz cylindrical cell with 

an outer jacket and inner sample rod creating a low volume cell with specified pathlength. 

Rotation of the outer jacket establishes couette flow forces that any linear molecule should align 

with, by this manner fibrils may be aligned to the orientation axis. Fibrils may also align by 

shear forces on rod insertion during sample insertion. 
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Figure 3.10: The use of couette flow to align fibrillar assemblies. The sample is housed into a 
low volume quartz cylindrical cell housed between the outer jacket and inner quartz sample 
road. Fibrils may be aligned by shear alignment upon loading the sample but upon rotating the 
sample rod couette flow is established aligning fibrillar material to the orientation axis. 

3.3.4 Linear dichroism of self-assembled proteins 

Linear dichroism in the UV/Vis region and the theory underlying the technique has long been 

established (Hofrichter and Eaton, 1976) but has recently experienced a resurgence of new 

interest due to its usefulness in characterising anisotropic molecules (Dafforn and Rodger, 

2004). Amyloid-ß (Aß) in its fibrillar form was shown to give a positive LD signal at ~200 nm, 

where this signal arises from the #-#* transition polarised perpendicular to the ß-strand direction 

this data is consistent with the cross-ß model of amyloid (Dafforn et al., 2004). Other self-

assembled fibrillar systems have been successfully characterised using UV-LD including the 

amyloidogenic short peptide GNNQQNY (Marshall et al., 2010), actin, Aß(1-42) and !1-

antitrypsin (Dafforn et al., 2004),  glucagon amyloid fibrils (Andersen et al., 2010), ß2-m 

(Adachi et al., 2007), !-helical forming coiled-coil self-assembled fibres (SAFs) (Bulheller et al., 
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2009), Tropomyosin (Pandya et al., 2000), FtsZ (Bulheller et al., 2009) and collagen (Mandel 

and Holzwarth, 1973 12-pg655). It is noteworthy that the use of LD is not just confined to the 

UV/Vis region for the characterisation of such assemblies (Hiramatsu et al., 2004). 

 

3.4 Transmission electron microscopy 

3.4.1 Visualisation and Resolution 

Transmission electron microscopy takes advantage of the higher resolution granted by using 

electrons as the scattered particle in a microscopy set up. An electron microscope operated at 

100 kV with a wavelength of 3.9 pm can potentially resolve objects as close as 2.4 Å. However, 

this is limited by the magnetic optics of the microscope and the method of visualisation of 

samples for inspection. Samples in transmission electron microscopy are typically visualised 

using a heavy metal negative stain such as uranyl acetate. Figure 3.11 shows an electron 

micrograph one would expect to obtain from a fibrillar sample of amyloid-ß (Aß). Negative 

stain electron microscopy is a relatively rapid method for visualising samples but it must be 

taken into consideration that what is observed is not the biological sample itself but the lack of 

detection of transmitted electrons due to the strong scattering from the heavy metal stain (Saibil, 

2007). Care should be taken in that TEM can overestimate the diameter of certain structures if 

they are subject to flattening on the grid surface, this has been observed by a comparison of 

atomic force microscopy (AFM), cryo-EM and TEM negative stain measurements (Xu et al., 

2010). Figure 3.11c illustrates this effect, in the case of fibrillar samples negative stain will 

almost certainly adsorb to the grid at the edges of material (ci) and may penetrate finer 

structural features (cii & iii) but the absence of these staining features does not necessarily mean 

these kinds of features are not present. The sample preparation is an important factor to bear in 

mind, the dehydration process may distort structures and the staining conditions are generally 

acidic. Despite this the method is considered an effective way of obtaining shape, symmetry and 

structural arrangement information for a sample (Saibil, 2007). 
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Figure 3.11: A typical negative stain transmission electron micrograph obtained for amyloid-ß 
at low magnification (a). High magnification micrographs often reveal the variable 
morphologies of amyloid fibrils (b) through stain penetration of the filamentous structure of the 
assemblies. Negative staining scenarios (c) could include single filament (ci), paired twisted 
filaments (cii) and nanotubular filaments (ciii). Figure reproduced from (Morris and Serpell, in 
press). 

3.5 X-ray diffraction 

3.5.1 X-ray diffraction theory 

X-rays typically have energies ranging from 0.120 - 120 keV (1.92 x 10-17 - 1.92 x 10-14 J) and 

thus potential wavelengths of 10 – 0.01 nm as given by Equation 3.4 where wavelength (%) is 

proportional to the speed of light (c = 3 x 108 ms-1), Planck’s constant (h = 6.63 x 10-34 m2kgs-1) 

and energy (E). The X-rays used in a modern diffractometer may be produced by a rotating Cu 

K! anode X-ray source where the wavelength of the X-rays are 1.5419 Å. 

 

! = ch / E  Equation 3.4 

The wavelength of X-rays produced at this energy are roughly equivalent to the distance of 

interatomic bonding and so X-rays interacting with molecules undergo diffraction. It is useful to 

consider the diffraction pattern observed from the classical double slit experiment as shown in 

Figure 3.12a. 
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Figure 3.12: The diffraction of X-rays illustrated by the classic double slit experiment (a) and 
the interaction and diffraction of X-rays with atoms of a repeating lattice where constructively 
interfering waves satisfy Bragg’s Law (b). 
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A waveform that encounters a double slit will diffract, the resulting diffracted waveforms will 

interfere constructively and destructively to produce a one-dimensional diffraction pattern. The 

intensity of the diffracted peaks is governed by a zero order Bessel function and can be 

rationalised whereby the 1st order reflection arises from the most number of constructive 

interferences and high order reflections from fewer interactions. The distance between the peaks 

is inversely proportional to the distance between the double-slit. A crystal lattice of atoms can 

be compared to diffraction slit experiments. Figure 3.12b illustrates the interaction with and 

subsequent diffraction of X-rays from the electrons of atoms in a crystalline lattice. X-rays 

diffracted from repetitively spaced atoms will constructively interfere and reinforce one another 

to create a diffraction signal called a Bragg peak. The diffraction signals or Bragg peaks angular 

position relative to the incident X-ray waveform is related to wavelength by Bragg’s law as 

shown in Equation 3.5, where the lattice spacing (d) and angle between the incident beam and 

plane of scattering atoms (() is proportional to the order of the Bragg reflection (n) and the 

wavelength of the incident X-rays ('). 

 

 Equation 3.5 

Thus any system with repetitive lattice spacing can potentially diffract X-rays such that 

interatomic spacing information might be obtained. Various X-ray diffraction techniques have 

been developed whose use is mainly dependent on the type of sample being investigated. These 

techniques range from single crystal X-ray diffraction and powder X-ray diffraction to fibre 

diffraction. X-ray fibre diffraction is essentially a technique that lies somewhere between 

powder X-ray diffraction and single crystal X-ray diffraction. All three techniques give 

information about the repetitive spacings of atoms in three-dimensional space whereby the 

positions of diffracted signals are directly related to interatomic distances. Where these 

techniques differ is in the degree of order in the system being studied. 

 

2d sin! = n"
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3.5.2 X-ray diffraction techniques 

In a perfectly ordered system, for example in the crystalline state, all atoms can be arranged in a 

lattice and are perfectly repeating. SC-XRD aims to crystallise a protein into this phase such 

that the protein in question is found arranged into a repeating lattice consisting of unit cells. 

Each unit cell is a perfect copy of every other unit cell in the crystal lattice and the unit cell 

dimensions can be used such that an atom in space is perfectly related to its identical atom in a 

neighbouring unit cell by translation through the lattice dimensions (Blow, 2002). Figure 3.13 

shows an example of an orthorhombic (a) and monoclinic (b) unit cell. Unit cells often contain 

multiple copies of the crystallised molecule; the single principle molecule of the unit cell is 

called the asymmetric unit. Two further parameters can be used to describe crystal lattices: the 

space or symmetry group. Using these parameters it is possible, from the asymmetric unit, to 

create every other molecule in the unit cell based on translation and symmetry operations 

defined by the unit cell space group (Ladd and Palmer, 2003). Diffraction from the basic lattice 

will produce a two-dimensional projection of the three-dimensional lattice parameters whilst 

any structures inside the lattice will modulate the intensities of the diffraction spots. If the 

crystal is tested from all possible angles it is possible to integrate the diffraction data and 

produce of three-dimensional model of the electron density within the repeating lattice (Blow, 

2002). 

 

The contrasting scenario is found in the case of X-ray powder diffraction whereby diffraction is 

not carried out from a single crystal but a collection of microcrystals at random orientations. P-

XRD gives interatomic distance information that is entirely radially averaged because the 

microcrystals within the sample are at random orientations with respect to one another. In this 

case the two-dimensional projection of the three-dimensional lattice will be the same however 

the sample is orientated. Interatomic distance information is contained in the pattern but must be 

deconvoluted to assign distances to particular unit cell axes. 
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Figure 3.13: The conventional crystallographic dimensions and angles of an orthorhombic unit 
cell where "=)=#=90 (a) and a monoclinic cell where "=#=90 ß*90 (b). In the monoclinic cell 
the reciprocal axis indicated by * remains perpendicular to a and b despite the change in the c 
dimensions, the same is true of the other dimensions with non-90 unit cell angles. 

3.5.3 X-ray fibre diffraction 

Diffract ion from a hel ix 

XRFD concerns the diffraction of X-rays from repetitively structured fibrils. XRFD lies 

somewhere between SC-XRD and P-XRD techniques where two levels of disorder are apparent 

in a fibril sample: crystallinity of the fibre (crystallites) and the degree of order between 

crystallites. Self-assembled fibres are typically inherently insoluble, large and heterogeneous 

and hence are notoriously difficult to crystallise. However due to their self-assembled nature 

they have a crystalline order along their fibre axis, though not laterally perpendicular to the fibre 

axis. The degree of this crystallinity is variable and sample dependent. If a collection of fibres 

can be aligned, then a lattice of imperfect crystallinity can be created such that the sample may 

diffract X-rays. Figure 3.14 shows the idealised diffraction one would expect from DNA. A 

useful example in understanding the theory of fibre diffraction, a sample of DNA fibres may be 

aligned to a degree where they diffract X-rays (a-b). The resulting pattern will display a helical 

cross pattern that contains two main features relating to the repetitive atomic spacings in the 

DNA helix (c). The major reflections on the horizontal axis relating to spacings on the 

corresponding axis of the sample are reciprocally related to the distance between bases and the 

minor reflections away from the horizontal axis are reciprocally related to the distance between 
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each turn of the DNA helix. It is important to note that DNA has a relatively high crystallinity 

along its fibre axis and may be aligned to a relatively high crystalline sample for diffraction 

analysis. In the case that the DNA fibres were disorientated from one another (d) then the 

pattern would become much more challenging to interpret (e). 

 

 

 

 

 

Figure 3.14: Idealised fibre diffraction from DNA. A double helix of DNA can be considered to 
be a discontinuous helix with two parameters; the pitch of the helix, P and the distance between 
subunits of the helix, p (a). In an ordered and orientated collection of DNA crystallites (b) the 
resulting fibre diffraction pattern exhibit a 'helix cross' (c). The separation of signals lying on 
the meridian is reciprocally related to P and the separation of signals lying off the meridian is 
reciprocally related to p. In the disorientated form (d) these signals become radially averaged 
(e) greatly increasing the complexity in layer line analysis. 
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Fibre al ignment, disorder and crystal l in i ty 

Fibres may be aligned by a number of methods but all essentially involve the drying of a high 

concentration sample of amyloid fibrils. It is useful to consider a fibril sample to be made up of 

a collection of crystallites; each alignment method aims to align those crystallites such that their 

crystallographic axes are aligned in a known way. Figure 3.15 illustrates the various alignment 

methods frequently used in the preparation of samples for fibre diffraction experiments (Makin 

and Serpell, 2005b, Morris and Serpell, 2012). Figure 3.15a shows the most common and 

simplest texture to understand, here by dehydrating a sample of amyloid fibrils an attempt is 

made to align all fibre long axes such that they are parallel to produce a fibrous texture. In the 

case of Figure 3.15a all fibre axes are parallel and in Figure 3.15b-c (mat and disc textures) all 

fibre axes are aligned to the same plane, revealing information about structure but also 

potentially reporting on preferential fibre alignment.  

 

The arrangement of crystallites with respect to one another is described as the sample texture 

(Alexander, 1969 pg 21, Makin et al., 2006). The fibrous texture of a fibre alignment is best 

illustrated in Figure 3.15d and the texture of the so-called mat or disc (analogous to a film 

texture) in Figure 3.15e. The degree of crystallinity, or perhaps better regarded as degree of 

disorder, has a direct effect on the quality of, and thus amount of information contained in, the 

diffraction pattern obtained. The crystallinity of a fibril alignment may be described as para-

crystalline or disordered (Uri, 2008 pg 568). The para-crystalline state describes a collection of 

orientated crystallites that are randomly rotated about their long axis with respect to the fibre 

axis. Disordered fibre samples have little or no alignment in their crystallites on any axis and 

produce patterns similar to powder diffraction patterns. In each case, the coherence length 

describes the average length of these molecular segments/crystallites and deviation from parallel 

to the alignment axis is termed disorientation.  

 

In the disorientated scenario, the likely reason for poor alignment and a disordered texture is 

due to a low coherence length and/or disorder within the crystallites themselves. P-XRD is often 
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able to provide more structural information for simple small molecule systems because the 

crystallites, even though disorientated, have a high crystalline order individually. 

 

 

Figure 3.15: Methods of aligning fibrils for X-ray fibre diffraction may produce alignments with 
a fibrous texture (a), disc (b) or mat (c) texture. In the fibrous texture all fibre axes are parallel 
(d) and in the disc and mat texture the fibre axes are aligned to a single plane (e) that may be 
described as a film texture. Figure reproduced from (Morris and Serpell, 2010). 
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b c 
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Diffract ion from the cross-ß architecture 

Figure 3.16 shows a basic fibre diffraction experiment and XRFD pattern from a self-assembled 

amyloid fibril sample. The pattern exhibits four-quadrant symmetry with reflections occurring 

on two principle axes, the vertical axis – the meridian pertaining to dimensions on fibre axis and 

the equator pertaining to dimensions perpendicular to the fibre axis. The interpretation of the 

cross-ß pattern has been discussed previously (see Section 1.1). Briefly the reflection at ~4.7 Å 

arises from ß-strands repetitively stacked perpendicular to the fibre axis extending into ß-sheets 

running along the fibre axis. The ~10 Å reflection arises from the lateral association of ß-sheets 

perpendicular to the fibre axis.  

 

The factors of disorder and crystallinity affect fibre diffraction patterns in a number of ways. 

The degree of disorientation affects the degree of radial averaging observed in an XRFD pattern 

and can be measured as the angular distribution of signals from the major pattern axes. It is 

essential that disorientation and radial averaging are minimised so that reflections can be 

assigned to specific unit cell dimensions. The second potential introduction of disorder arises 

from cylindrical averaging of the fibril sample. As shown in Figure 3.17 this is where the 

crystallites of a fibril sample may be rotated at random orientations about the fibre axis (Figure 

3.17b).  

 

 

Figure 3.16: A typical fibre diffraction experiment from an alignment of amyloid exhibiting the 
classical cross-ß pattern.  

~4.7 Å 

~10 Å 
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Figure 3.17: General fibre diffraction theory: a bundle of fibres may be aligned by their long 
axes (a), the fibres may be likened to anisotropic microcrystals which may rotate about their 
long-axes in the sample (b) the dimensions of the unit cell of the microcrystals (c) are directly 
relatable to the positions of the reflections on the fibre diffraction pattern (d). Figure 
reproduced from (Morris and Serpell, 2012). 

This results in an inability to unambiguously distinguish between unit cell dimensions and 

interatomic distances perpendicular to the fibre axis, in other words structural information along 

the dimensions b and c (Figure 3.17c). Normally in a fibre diffraction pattern, as illustrated in 

Figure 3.17d, reflections pertaining to structural features on the a dimension are found on the 

vertical axis of the pattern, that is the axis parallel to the fibre axis or meridian as it is correctly 

referred to. In a cylindrically averaged sample, reflections found on the equator arise from a 

mixture of structural information perpendicular to the fibre axis on the b and c dimensions. This 

makes it necessary to deconvolute these signals; a number of tools have been developed to do 

this, described in subsequent sections. 

 

Sample hydrat ion 

The use of a humidity chamber in fibre alignments has been reported, this in theory could be 

used for any type of fibre alignment but has to date been reported to have been successfully 

used in experiments utilising a fibre textured sample (McDonald et al., 2008). The dehydrated 

state of structures elucidated from the interpretation of fibre diffraction patterns has been the 

subject of question recently, a concern being that by dehydrating an amyloid structure one is 

introducing artefactual structures (Kishimoto et al., 2004, Maurstad et al., 2009). Evidence has 
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also been presented showing that the structures present in the dehydrated amyloid state are 

representative of the solution structure (Squires et al., 2006). Regardless of the debate over 

representative structures, the investigations around this subject have led to the collection of data 

from semi-hydrated fibre alignments and in these instances more information and apparent 

‘order’ has been observed (McDonald et al., 2008). 

 

Software, analysis and simulat ion of x-ray f ibre dif f ract ion patterns 

A number of methodologies exist for analysing fibre diffraction data and a number of analysis 

packages exist to aid this (Fit2d (Hammersley, 1997), Clearer (Makin et al., 2007), WCEN 

(Bian et al., 2006)). The choice of analysis method depends largely on the quality of data 

obtained. A fibre diffraction pattern may only show the classical cross-ß signals. In this case 

further interpretation is unlikely to be possible but by a comparison of a large number of 

amyloid systems it is clear that this represents the amyloid architecture and so is useful to obtain 

(Jahn et al., 2010). If a pattern contains more information i.e. multiple discrete signals on unique 

axes then it may be possible to interpret more detailed structural models.  

 

The modelling process of XRFD pattern interpretation process can work in a number of ways 

but to model de novo the fibre diffraction pattern must first be indexed, that is assigning 

diffraction signals to dimensions they arise from and by what order. Manual pattern indexing 

and interpretation is based on the fact that all of the reflections arising from a unit cell 

dimension must be related to one another by some multiple. This may be done manually, 

especially where something is known about the system in question, i.e. chain length, probable 

intersheet distances, proximity of chromophores, however this process is quite labour intensive. 

The analysis package Clearer may be used to automatically index diffraction signals and predict 

likely unit cell dimensions (Makin et al., 2007).  

 

Models may then be built into the unit cells based on the likely number of molecules per cell, 

knowledge of possible architectures based on other experimental data and stereochemical 
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considerations. Models may be built in packages such as InsightII (Accelrys) or Chimera 

(Pettersen et al., 2004). Potential models built into predicted cells should be tested for accuracy 

by comparison of simulated fibre diffraction to experimental fibre diffraction. Clearer can be 

used to simulate fibre diffraction patterns as well as the package Disorder (Borovinskiy, 2006). 

Further modelling and refinement generally then follows an iterative process based on changes 

to the models and further simulation of X-ray fibre diffraction patterns. Information from other 

experimental sources may provide useful constraints to produce models that are the best 

representation of the fibrillar structure being determined. 
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4 Materials and Methods 

4.1 General 

All water used was MilliQ filtered water with a resistivity of 18.2 M,, 5 ppb at 25 Co. All 

balance measurements were made on a microbalance (Denver Instruments SI-234) with a 

tolerance of ±0.1 mg. All pH measurements were made using a FC200 pH probe (HANNA 

instruments) with a (6 mm x 10 mm) conical tip to an accuracy of ±0.1. All sterilisation filters 

(0.2 -m) used were the Millex brand manufactured by Millipore. Where material was used that 

could cross contaminate cuvettes and surfaces, a cleaning routine of water, 2% Hellmanex, 

water, ethanol following by drying with N2(g) was used. Where necessary, thorough cleaning of 

cuvette surfaces was achieved by the use of 2 M nitric acid baths. Wherever possible low-bind 

plasticware was used to minimise sample loss and binding of fibrillar material. In these cases 

microfuge tubes were Eppendorf low-bind sterile (Eppendorf, Hamburg, Germany) and 

Avantguard low-bind sterile filter barrier tips. 

 

4.2 Methods relevant to Chapter 5 

4.2.1 Waltz peptide preparation 

The Waltz peptides HYFNIF, RVFNIM and VIYKI were synthesised as lyophilised powder 

with N-acetylated and C-amidated termini using the Fmoc protection scheme. Purity was >95% 

achieved by HPLC and MS (JPT peptide technologies, Germany). Peptides for CD analysis 

were synthesised with a trifluoroacetic acid counter ion and for all other analyses with a 

chloride counter ion. To form fibrils, peptides were incubated in water at 10 mgmL-1 under 

quiescent conditions at room temperature for one week unless otherwise stated. Fibrils allowed 

to assemble for periods longer than one week are referred to as mature. 
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4.2.2 Transmission electron microscopy 

Materia l  preparat ion 

All instances of grid(s) refer to formvar-carbon film coated 400-mesh copper grids (Agar 

scientific). 

 

Basic gr id preparat ion 

Samples for inspection by transmission electron microscopy (TEM) were prepared on grids by 

allowing a 4 – 5 -L solution of material to adsorb to the grid surface by a one minute incubation, 

excess solution was blotted away with grade I filter paper (Whatman). Grids were washed by 

one-minute incubation with 0.2 -m filtered milliQ water, excess blotted away, and subsequently 

stained and blotted by two one minute incubations with 2% w/v uranyl acetate (Sigma-Aldrich). 

 

Visual isat ion 

Material prepared for microscopy was inspected using a Hitachi 7100 TEM (Hitachi) operated 

at 100 kV. Images were acquired digitally using an axially mounted Gatan Ultrascan 1000 CCD 

camera (Gatan, Oxford, UK). 

 

Image analysis 

Raw camera data stored as .dm3 files were converted to .tiff files at 2048 x 2048 pixels. Rapid 

fibril morphology analysis was performed using macros (see Appendix IV) written in ImageJ 

(NIH), briefly a user specified line is expanded to select the fibril in question and copied into a 

new image where a fast Fourier transform (FFT) bandpass filter is used to remove upper and 

lower frequency data and visualise morphology more effectively. 
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4.2.3 Circular dichroism 

Data col lect ion and plott ing 

A Jasco J-715 spectropolarimeter (Jasco UK, Great Dunmow, UK) with a peltier temperature 

control system was used to collect circular dichroism (CD) spectra. All measurements were 

made at 20 oC with a continuous scan at a pitch of 0.1 nm at a scan speed of 50 nmmin-1 

(response time 4 sec, slit width 1 nm). Spectra were standardly measured between 320 – 180 nm. 

Control buffer spectra were averaged from triplicate scans and subtracted from the averaged 

triplicate scans of samples. Pathlengths were adjusted according to the degree of scattering vs 

signal intensity, but generally pathlengths were between 0.1 – 0.01 mm using quartz 

demountable cells (Starna Scientific Ltd) to ensure good quality spectra down to at least 190 nm. 

The highest quality spectra for HYFNIF and VIYKI were collected in a 0.01 mm cuvette at 1 

mgmL-1 whilst RVFNIM was collected at 2 mgmL-1 in 0.01 mm. Units are plotted in molar 

ellipticity with the units deg cm2 dmol-1, as calculated using Equation 4.1 where the CD 

ellipticity signal at a particular wavelength ((%) is scaled proportionally to sample molarity (M) 

and light pathlength (d). 

 

[! ]
molar/" =

100 !!"

M !d  
Equation 4.1 

Whilst path length and concentration was adjusted according to the degree of scattering vs. 

signal intensity to ensure good quality spectra, CD data recorded with a high tension voltage 

(HT[V]) of >600 was automatically removed by data-processing in Excel. This ensures no 

artefacts in the spectra are reported. 

 

Linear dichroism artefact ident i f icat ion 

To check for contributions arising from linear dichroism (LD) artefacts due to sample 

orientation effects, cuvettes were mounted close to the detector and scans taken at 0 and 90°. By 

mounting the cuvette close to the detector this also checks for chiral scattering effects. Where 
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artefacts arising from orientation of fibrils were found, a combination of tip (Sonics Vibra-Cell 

VCX500, 20 kHz, 40% amplitude, 2 mins) and water bath (Fisher Scientific FB15051, 37 kHz, 

1 min) sonication were used to disrupt alignment (Andersen et al., 2010). 

 

Data analysis and dichroweb 

Secondary structure analysis was performed on spectra confirmed to contain only CD signals 

using the online server Dichroweb (Whitmore and Wallace, 2004) with the CDSSTR analysis 

programme (Compton and Johnson, 1986) and the SP175 190 – 240 nm reference set (Lees et 

al., 2006). Careful attention was paid to the closeness of fit between secondary structure model 

predictions and the experimental data where low NRMSD (<0.1) values indicate a high 

goodness of fit of the secondary structure model prediction and indication of successful analysis 

(Mao et al., 1982, Whitmore and Wallace, 2004). Further analysis by Gaussian deconvolution of 

spectra was performed in Microsoft Excel using Solver. Accurate peak intensity and positions 

were found by modelling signals using the Gaussian distribution function shown in Equation 4.2, 

where Gaussian peak intensity (y) is proportional to peak intensity (a1), wavelength (x), peak 

position (c1) and peak width (w1), and minimising the sum of the square residuals between the 

total model and experimental data. 

 

y = a
1
e
!
(x!c1 )

2

(2w1 )
2

 Equation 4.2 

4.2.4 Linear dichroism 

A Jasco J-815 spectropolarimeter (Jasco UK) modified for linear dichroism was used to collect 

LD spectra. Measurements were taken at room temperature (20 °C) between 320 – 180 nm with 

a pitch of 0.2 nm at a scan speed of 100 nmmin-1, a response time of 1 second, slit width of 1 

nm and standard sensitivity on samples of a concentration of 200 -gmL-1 to resolve far and 

near-UV peaks in a single wavelength scan. Spectra were collected as an average of three 

accumulated measurements and buffer subtracted. Three channels were monitored: LD, high 
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tension voltage (HT[V]) and isotropic absorbance. The isotropic absorbance channel is recorded 

by the conversion of the HT[V] signal to Abs based on empirical calibration of the relationship 

between HT[V] and Abs on the individual instrument. To unambiguously detect LD signals 

fibrillar samples were aligned by a couette flow system built in house (equivalent models 

available from Kromatek, Great Dunmow, UK) (Dafforn et al., 2004) using rotation speeds of 

1500 – 3000 rpm, assembly of the couette apparatus was found to align fibres perpendicular to 

the flow direction (orientation axis) and so comparison spectra were also collected with no 

rotation. Where spectra show a range of couette rotation speeds care was taken to subject 

samples to the lowest rotation speed and then subsequent higher speeds. Data are reported in 

differential absorbance units (.Abs). 

 

Chromophore or ientat ion determinat ion 

To minimise errors due to signal artefacts from excessive light scattering or absorbance, data 

where the HT[V] exceeds 600 V is excluded from analysis. To correct the LD spectra prior to 

chromophore orientation determination, briefly the data was corrected for scattering and the 240 

– 190 nm deconvoluted. Scattering correction was performed by fitting a scattering profile, to 

the non-absorbing region of 320 – 290 nm, with the model shown in Equation 4.3 where 

background scattering (LD+) at a particular wavelength is proportional to a scaling factor (a), 

wavelength (%) and the model exponent (-k), as described previously (Nordh et al., 1986). The 

model was fit using Solver within Excel and then extended over the full wavelength range after 

which it could be subtracted from LD spectrum. 

 

 Equation 4.3 

To account for signal position and intensity shifting due to overlapping peaks the 240-190 nm 

region was deconvoluted using a three-peak Gaussian distribution model and minimisation by 

least squares residuals as detailed in Section 4.2.3 and Equation 4.2. The orientation of 

chromophores was then calculated by calculating the degree of alignment, S, in Equation 3.3 

LD
!
(") = a."!k
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from known chromophore orientations. Using the calculated value for S, the angles of 

individual transitions were calculated from measured LD peak intensities using Equation 4.4 

where the angle between the orientation axis and the transition polarisation (") is proportional to 

the reduced LD signal (LDr) and the degree of orientation (S). 

 

 

Equation 4.4 

4.2.5 X-ray fibre diffraction & analysis 

Fibr i l  a l ignment 

Fibrils were aligned by a number of methods, see Chapter 3, to create different textures: 

 

Fibre texture: 

A 10 -L droplet of 10 mgmL-1 fibril solution was suspended between two wax-tipped 1.2 mm 

O.D, 0.94 mm I.D borosilicate capillaries (Harvard apparatus) and placed in a parafilm sealed 

petri dish at room temperature. Care was taken to select wax-tipped 1.2 mm O.D, 0.94 mm I.D 

borosilicate capillaries (Harvard apparatus) that had a very slight concave surface but not overly 

so or convex. The suspension was allowed to dry by evaporation. Difficult to align samples 

were sealed or incubated at 4 °C to slow drying and aid alignment. 

 

Fi lm texture: 

A 10 -L droplet of 10 mgmL-1 fibril solution was dried onto a clean Teflon surface. The mat 

was subsequently removed with a scalpel and carefully mounted with superglue onto thin 

capillaries (Harvard apparatus) created by drawing through a Bunsen flame. Alternatively a 10-

50 -L droplet of 10 mgmL-1 fibril solution was drawn into a X-ray transmissible 0.7 mm 

borosilicate capillary (Capillary Tube Suppliers Ltd) and sealed at one end to prevent further 

capillary action. This solution was allowed to dry by evaporation to a disc texture. 
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Fibres were routinely inspected by cross-polarisation microscopy prior to X-ray fibre diffraction 

for record keeping and indication of the likely success of X-ray fibre diffraction. 

 

Data col lect ion 

Standard 

For fibrous textured alignments, samples were mounted and aligned on the goniometer head 

ensuring the beam axis was perpendicular to the fibre axis. Exposures were taken at 0 and 90° 

(() rotation (0.5° oscillation) about the fibre axis to ensure cylindrical averaging. For film 

textured alignments, samples were mounted and aligned on the goniometer head ensuring the 

beam axis was parallel to the plane of the film. Exposures could be taken at 0 and 90° (() 

rotation (0.5° oscillation) achieving beam shots parallel and perpendicular to the film plane.  

 

Real-time alignment 

Real-time alignment X-ray fibre diffraction analysis was achieved by the use of a humidity 

control chamber (as similarly described in (McDonald et al., 2008)). Samples of 10 mgmL-1 

fibril solutions were suspended between wax-tipped capillaries in the alignment chamber as 

shown in Figure 4.1. Alignment was achieved in the absence of direct line of sight to the sample 

by alignment to the ‘alignment pin’ and subsequent visual adjustment of the goniometer height 

to bring the sample into the beam. X-ray exposures were started immediately after sample drop 

suspension at an interval of 10 minutes. 

 

 

Figure 4.1: The humidity control chamber used for real-time alignment X-ray fibre diffraction 
analysis, schematic (a) and the chamber showing mountings and ‘alignment pin’ (b). 

a b 



                                                                                                                                          Chapter 4 
 

 

102 

X-ray sources and detectors 

Rigaku – RAxis (home source) 

Data was collected using a Rigaku Cu K! (' 1.5419 Å) rotating anode generator and RAxis 

IV++ plate detector with exposure times of 10 – 60 minutes and specimen to detector distances 

of 160 or 250 mm. The detector recorded images at 3000 x 3000 px at 100 -mpx-1, whilst 

images for processing were compressed to 752 x 752 px at 400 -mpx-1. 

 

Rigaku - Saturn 944+ (home source) 

Data was collected using a Rigaku 007HF Cu K! (' 1.5419 Å) rotating anode generator with 

VariMax-HF mirrors and Saturn 944+ CCD detector. Exposure times were typically 10 – 120 

seconds and specimen to detector distances 50 or 100 mm. The detector recorded images at 

1042 x 1042 px in (2 x 2 binning mode) at 90 -mpx-1, whilst images for processing were 

compressed to 523 x 523 px at 179.3 -mpx-1. 

 

Diamond – MarCCD (synchrotron source) 

Data was collected at the I24 MX microfocus beamline at the Diamond synchrotron radiation 

facility (Oxfordshire, UK) at a wavelength of 0.9778 Å and a MarCCD CCD detector. Exposure 

times were typically at 50% attenuated intensity for 1 – 5 seconds and specimen to detector 

distances were 312.2 mm unless otherwise stated. The detector recorded images at 4099 x 4099 

px at 73.2 -mpx-1, whilst images for processing were compressed to 684 x 684 px at 439.2 

-mpx-1. 

 

Data processing 

Diffraction images were opened using iMosflm for initial inspection, for conversion to .tiff files, 

the mosflm 7.0.5 GUI was used (Leslie, 1992). Data processing was carried out using Clearer 

(Makin et al., 2007). References to modules within Clearer are made using italicisation. The 

deviation of the meridional angle from vertical was measured using the Radially Average 

module and the pattern rotated so that this was vertical, following which patterns were cropped 
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their original size by the Crop to Central Square command. Patterns were centred using the 

Centre module, which compares the intensity profile from the meridional and equatorial pattern 

axes to align them, assuming four-quadrant symmetry in fibre diffraction patterns. Centred 

patterns were also checked using the Radially Average module as shown in Figure 4.2. 

 

Prior to signal position measurements, the parameters described earlier (X-ray Sources and 

Detectors) were entered in the Diffraction Settings module. Automated signal position 

measurements were made using Peak Find within the Radially Average module with a 60° 

angular search width. The sampling interval (Peak Search Width) was altered to adjust search 

sensitivity as required per pattern. Clearer outputs the systematic errors associated with 

measured signals as a function of pixels, these values were converted to Å by Bragg’s law 

implemented in Excel. This method does not compensate for flat detectors and so is used only 

for graphical representation and comparison of patterns collected using the same detector and 

diffraction settings. All signal positions were confirmed using the Zoom and Measure module 

and any signals measured entirely manually are indicated so by the use of *. 

 

 

 

Figure 4.2: X-ray fibre diffraction patterns are divided into four symmetrical quadrants 
separated by the meridional and equatorial axes (a), the intensity profile along the equatorial 
(E) and meridional (M) may respectively be compared to the equatorial reverse (Erev) and 
meridional reverse (Mrev) to centre a fibre diffraction pattern (b) in the program Clearer (Makin 
et al., 2007). 
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Unit cel l  determinat ion 

The most likely orthorhombic unit cell dimensions were explored and determined using the Unit 

Cell Optimisation module. Initial unit cell guesses (herein referred to unit cell search limit) were 

made based on the largest and strongest signal positions as well as the peptide size. Where 

cross-ß patterns were observed, the fibre axis dimension was not explored and assumed to be 

equivalent to the major meridional reflection of the pattern being indexed. The perpendicular 

dimensions were explored in the unit cell determination process. Signal positions were entered 

with minimum and maximum Millar indices calculated according to the unit cell search limits 

as specified in the relevant sections. 

 

Potential unit cells identified by the Unit Cell Optimisation module are rated by comparison of 

the back calculated signal positions to the experimental signal positions producing an error 

value. Low error unit cells identified were preferentially explored in the modelling process. 

 

4.2.6 Modelling and X-ray fibre diffraction simulation 

Modelling from X-ray fibre diffraction was conducted in an iterative manner but, considered as 

linear steps, is shown in Figure 4.3 and described below: 

 

Model l ing 

Initial peptide models were built in Insight II (Accelrys) in an ideal ß-strand conformation. 

Initial rotamer conformations were assigned using a backbone dependent rotamer library 

(Dunbrack and Cohen, 1997). The dimensions and volume of the modelled peptide were 

determined using the PDB co-ordinates, Excel and Chimera (Pettersen et al., 2004), and 

comparison to the predicted unit cell was used to estimate the number of peptides per unit cell. 

Preliminary peptide arrangements were explored by construction in Pymol (DeLano, 2002) 

based on visual consideration of steric overlaps. Molprobity (Davis et al., 2004, Lovell et al., 

2003) was used to assess constructed models on the basis of steric overlaps, ( – ) angles and 
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rotamer conformation. Models were minimised using NAMD within VMD (Phillips et al., 

2005) and the CHARMM Prot_all_22 forcefield (Brooks et al., 2009). Briefly, fibres were 

constructed from initial models using Pymol scripts (see Appendix IV) and determined unit 

cells. These were solvated in a water box extending 10 Å beyond each model dimension and 

minimisation subsequently run over approximately 500 cycles. Peptide models were extracted 

from the centre of the minimised fibre models and analysed by fibre diffraction simulation. 

 

 

 

 

 

 

 

 

 

Figure 4.3: Model building schematic showing general workflow from unit cell prediction. 
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Fibre dif f ract ion simulat ion 

Models were inspected in the fibrous texture using the Structure Chain Generator module and 

unit cell dimensions. Fibre diffraction patterns were simulated from PDB models using the 

Fibre Diffraction Simulation module of Clearer. Simulation settings were input to match the 

experimental pattern being compared to (see Section 4.2.5). For orthorhombic unit cells the 

fibre axis Cartesian co-ordinates were set to [001] corresponding to the c dimension used by 

convention here for the fibre axis direction. Fibre disorder was 0.2 radians with a sampling 

interval of 1 pixel. Contrast was changed according to the best visualisation of the pattern 

signals. Crystallite size was increased to between 400 – 800 Å. Detector size was adjusted to the 

size of the experimental .tiff pattern. All other parameters were set to default values. 

 

4.2.7 Fibre diffraction pattern comparison and analysis 

Several methods of comparing simulated and experimental fibre diffraction patterns were 

employed to identify the model structures that best represented the Waltz fibrillar architectures: 

 

Qual i tat ive - v isual 

Assuming the pixel size and detector size of the simulated and experimental fibre diffraction 

patterns were matched, it is possible to overlay two patterns and reduce the size the simulated 

pattern to one of the four quadrants of the experimental pattern for visual comparison of the 

equatorial and meridional signal. The Layers module of Clearer may also be used to overlay two 

patterns, which are pseudo coloured such that the overlay outputs a type of interference map to 

identify signal matches. This allows a good initial assessment of the ‘goodness of fit’. 

 

Qual i tat ive - graphical 

Further qualitative assessment was made by plotting the equatorial and meridional signal 

positions, widths and intensities as a graphical trace within Excel using Bragg’s law (Equation 
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3.5). Signal intensity information as a function of distance in pixels was extracted from the 

Radially Average module of Clearer. 

 

Quantitat ive 

MATLAB (The Mathworks, Inc) was used to perform full quantitative comparative analyses of 

simulated and experimental diffraction patterns of the same dimensions and pixel size. Prior to 

analysis, patterns were cropped to a central circle to include only resolutions greater than 3 Å. 

This was done so to increase the pixel signal to noise ratio and improve comparison of 

experimental and simulated patterns. The MATLAB script for pattern comparison can be found 

in the Appendix IV. In summary, the diffraction images to be compared were stored as pixel 

intensity matrices. 

 

The intensity of each pixel of the two arrays was converted to a decimal value and compared 

individually. The difference values were stored in a new matrix to create a difference map as 

shown visually in Figure 4.4. Low pixel difference values (black) indicate high correlation 

where high pixel difference values (white) indicate low correlation. The absolute difference 

between the pixel matrices is calculated by summation. The RF value is expressed as an average 

of this total difference. 

 

 

Figure 4.4: Demonstration of the MATLAB RF analysis script. Two images shifted by a minimal 
number of pixels may be compared to one another resulting in a subtle difference map where 
black denotes high correlation and white low correlation. 
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4.3 Methods relevant to Chapter 6 

4.3.1 Sample preparation 

Unmodified N-VLYVGSKT-C peptide (Advanced Biomedical Ltd, Oldham, UK) was 

dissolved at 5 mgmL-1 in water. The concentration of the dissolved solution was increased by 

rotary evaporation at 40 – 45 °C for a total of 90 minutes with regular inspection of the sample 

volume. The peptide concentration was calculated to be 150 – 200 mgmL-1 based upon solvent 

reduction. 

 

4.3.2 Transmission electron microscopy 

Materials used, basic grid preparation, visualisation and image analysis were performed as in 

Section 4.2.2. 

 

4.3.3 X-ray fibre diffraction & analysis 

X-ray fibre diffraction, processing and analyses were performed as described in Section 4.2.5. 

 

4.3.4 Modelling and X-ray fibre diffraction simulation 

Models of !-synuclein ß1 were built using Chimera in an ideal parallel ß-sheet geometry and 

subsequently minimised within the same package (Pettersen et al., 2004) as briefly described. 

Using the unit cell dimensions a [3 3 3] lattice was created such that the innermost unit cell was 

interfaced with a neighbouring unit cell on each dimension. Hydrogens were added and charges 

assigned using the integrated MMTK (Hinsen, 2000) and the AMBER ff99SB forcefield (Wang 

et al., 2000). The steepest decent minimisation method used was used over 100 steps at a step 

size of 0.02 Å. X-ray fibre diffraction simulation was subsequently performed on constructed 

models as described in Section 4.2.6. 
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4.4 Methods relevant to Chapter 7 – 8 

4.4.1 Naphthalene dipeptide preparation 

Dipeptide dissolut ion 

Naphthalene conjugated dipeptides were synthesised by Dr. D. J. Adams (University of 

Liverpool) as described in detail previously (Chen et al., 2010a, Chen et al., 2010c). Briefly, 

naphthalene dipeptides were prepared from 2-napthol, 6-bromo-2-napthol or 6-cyano-2-napthol 

and L-amino acids added sequentially to yield the final naphthalene conjugated dipeptide 

product. Molecular identity and purity were assessed by 1H and 13C NMR using a Bruker 

Avance 400 NMR spectrometer operated at 400.12 and 100.60 MHz respectively and mass 

spectrometry. Lyophilised dipeptide was dissolved in water at 5 mgmL-1 with an equimolar 

quantity of NaOH to adjust the pH of the solutions to above the pKa of the carboxy-terminus, 

between 10.7 – 10.5 as stated per chapter. Solutions were incubated at 37 °C and agitated at 

between 1000 – 1500 rpm overnight to fully dissolve the dipeptide and allow pH equilibration. 

Fine adjustment of pH was achieved using 100 mM HCl or NaOH. Care was taken to not adjust 

the volume of the solution by more than 1%, maintaining accuracy of the dipeptide 

concentration. 

 

Dipeptide gelat ion 

Solutions of dipeptide were mixed with GdL at specific concentrations to achieve the desired 

final pH, as stated per chapter. The GdL was preweighed and the dipeptide solution added to 

this. Care was taken to ensure gentle but thorough mixing. For time course measurements the 

time between GdL dissolution and initial data collection was less than 2 minutes. 

 

4.4.2 General considerations 

The principle difference in the structural and biophysical characterisation of dipeptide hydrogels 

relates to the method of sampling. It was established that sampling from pre-formed gels by 

pipetting was not effective for removing the gelating material where it was likely sequestered 



                                                                                                                                          Chapter 4 
 

 

110 

within gel matrices (see Chapter 7). As such to assay the gel material dipeptides for analysis 

were prepared in situ. 

 

4.4.3 Transmission electron microscopy 

Materials used, basic grid preparation, visualisation and image analysis were performed as in 

Section 4.2.2. Methods specific to TEM of the dipeptides is detailed as follows: 

 

In s itu gr id preparat ion 

In situ – time course humid chamber 

Dipeptide assembly was initiated by GdL pH reduction as described. These solutions were 

immediately transferred onto parafilm (Bemis) in a humid chamber at room temperature. Grids 

were inverted onto 10 -L drops of gelating solution, incubated for set periods of time and 

removed when appropriate dried and stained twice by one minute incubations with 2% w/v 

uranyl acetate (Sigma-Aldrich). 

 

In situ – dry down 

For visualisation of final fibril structure, 1 -L aliquots of dipeptide were assembled in situ on 

upright grids in a humid chamber at room temperature overnight. The gelating solution was 

allowed to dry completely and subsequently stained twice by one minute incubations with 2% 

w/v uranyl acetate (Sigma-Aldrich). At the edges of the dried down gel drop, material could be 

inspected. This method was also employed for the analysis of high pH stocks. 

 

Micrograph analysis 

TEM micrographs were analysed using ImageJ (Abramoff et al., 2004). Minimum diameter 

fibril were identified by careful visual comparison. Fibril diameters were measured by making 

at least two measurements per fibril identified. Intra and interfibril variation is reported as a 

single standard deviation of measurement, with the number of measurements made as ‘n’. 
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4.4.4 UV/Vis 

UV/Vis spectra were recorded using a Shimadzu UV-2401 PC spectrophotometer. Absorbance 

data was collected between 800 – 190 nm with a resolution of 1 nm at room temperature using a 

10 mm pathlength quartz cuvette (Hellma #109.004-QS). Spectra were recorded for stocks of 

naphthalene dipeptides prepared at 5 mgmL-1 at a pH of 10.5. Prior to data collection these were 

diluted to 25 and 3.13 -gmL-1 for near and far-UV respectively. 

 

4.4.5 Circular dichroism 

CD spectra collection and LD artefact identification was performed as in Section 4.2.3 but at a 

temperature of 25 (Chapter 7) and 21 oC  (Chapter 8) between 350 – 180 nm. Control buffer 

spectra were water where the contribution from NaOH is negligible. Subtraction of the spectra 

from GdL was not included in data processing where it was found to be variable over time but 

its contribution negligible. Where extended time course measurements were performed, 

demountable cuvettes were parafilm sealed to minimise evaporation. The interval for 

measurements was 10 minutes unless otherwise stated. To calculate the absorbance profile from 

assembling dipeptides the HT[V]sub was calculated. This is derived from the HT[V] of triplicate 

scans of buffer subtracted from triplicate scans of the HT[V] of the sample. 

 

4.4.6 Fluorometry 

Fluorescence measurements were made using a Cary Eclipse spectrofluorometer (Varian) with a 

single cell Peltier accessory set to 25 °C (Chapter 7). The naphthyl fluorescence was measured 

using an emission scan at 200 nm min-1 with slit widths at 5 nm over 500 – 280 nm with an 

excitation wavelength of 265 nm. 

 

4.4.7 X-ray fibre diffraction & analysis 

X-ray fibre diffraction pattern collection and analysis was performed as in Section 4.2.5. 

Methods specific to XRFD of dipeptides are as follows: 
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In s itu f ibr i l  a l ignment 

Dipeptide fibre alignments were prepared as in Section 4.2.5 but using a freshly gelating 

solution prepared as described in Section 4.4.1. 

 

Dehydrat ion studies 

Aligned dipeptide fibres were subjected to dehydration by vacuum desiccation for extended 

periods of time. Dehydrated fibrils were rehydrated by inverted suspension in a water-filled 

Eppendorf for one-minute intervals. During the data processing and analysis of variably 

hydrated fibre diffraction patterns contrast ratios were maintained between patterns so that the 

relative intensities of reflections between patterns could be compared. 

 

4.4.8 Modelling and X-ray fibre diffraction simulation 

X-ray fibre diffraction simulation was subsequently performed on structures as described in 

Section 4.2.6. Where the crystal structure of 2-AV is in a monoclinic cell, additional procedures 

were necessary to specify the correct coordinates of the fibre axis. The following describe this 

procedure assuming c is the fibre axis and ß / 90: The monoclinic cell dimensions were 

specified including the non-90° ß angle. The Real Space Cartesian co-ordinates ljk were noted 

for the c dimension corresponding to the fibre axis. The Beam Orientation, Beam Vector was set 

to either [100] or [010] perpendicular to the fibre axis and subsequently the Real Space 

Cartesian co-ordinates, ljk, entered as the Fibre Axis parameters. 

 

4.4.9 Dipeptide mixed gelation 

Br-AV and 2-AA were independently aligned in situ by starting gelation with the addition of 

GdL (4 mgmL-1) to a stock of the di-peptide (5 mgmL-1). A 10 -L drop of this solution was 

suspended between two wax tipped capillaries and sealed in a petri dish. The solution was then 

allowed to dry and the fibres align. A mixture of Br-AV and 2-AA were aligned in the same 

way at a total dipeptide concentration of 5 mgmL-1 in a 1:1 ratio using GdL at 8.9 mgmL-1. 
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5 Results and Discussion: 

Elucidation of the amyloid-like structure of the Waltz short 

peptides 

 

5.1 Introduction 

5.1.1 Amyloidogenic sequences 

Just as sequence determines the three-dimensional structure of a natively folded protein in its 

natural environment, it has long been recognised that sequence affects a protein’s propensity to 

aggregate and self-assemble. Although the ß-sheet rich assembly appears to be a conformation 

inherently accessible to the peptide backbone (Dobson, 2001), not all un-structured and 

unfolded proteins aggregate. In the unstructured state, where there is high backbone and residue 

exposure, a protein sequence is most prone to aggregate and self-assemble (Chiti and Dobson, 

2006). Thus the fact that not all proteins do, further suggests some sequences are more 

amyloidogenic than others (Lopez de la Paz and Serrano, 2004).  

 

Seminal investigations systematically explored the amyloidogenic properties of hexapeptides 

produced from scanning amino acid mutation of the amyloid-forming fragment STVIIE (Lopez 

de la Paz and Serrano, 2004). It was established that in ß-sheet forming hexapeptide sequences 

end positions can accommodate a broader range of amino acid substitutions (including charged 

residues) but, the core of the peptide sequence is much more restrictive to substitution. This lead 

to a library of amyloid-forming peptides being created identifying sequence determination rules 

for self-assembly and the potential to identify dangerous amyloid forming sequences throughout 

the proteome (Lopez de la Paz and Serrano, 2004). The authors of this study noted that their 

library represents a small sequence space for amyloid formation and further characterisations of 
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unrelated sequences would be beneficial. Indeed a number of algorithms and methods, 

described below, for identifying amyloidogenic sequences have since emerged in a hope to 

understand the relationship between sequence and amyloid formation propensity and in some 

cases the rate of fibril formation. 

 

5.1.2 Aggregation propensity prediction 

Based on physiochemical analyses of known natively unfolded amyloidogenic proteins it is 

possible to scan a sequence and find the aggregation-prone regions. These include hydrophobic 

residues and particular patterns of these along with the propensity to form ß-sheets. This method 

has been used to reliably predict the increased aggregation rates of pathogenic mutations of 

amyloid-ß (Aß), including the Artic (E22G), Dutch (E22Q), Italian (E22K) and Iowa (D23N) 

mutants (Pawar et al., 2005). The concept of aggregation hot-spots was introduced as it was 

found that short sequences could act to facilitate or inhibit aggregation of polypeptides, 

presumably through interaction with these hot-spots. Further, these hot-spots have a low 

incidence in unfolded polypeptides but are readily present folded polypeptides where they can 

be protected from making intermolecular contacts by the natively folded state (de Groot et al., 

2005). Further investigations introduced even more complex sequence position scanning 

algorithms based on amino acid physiochemistry, aromaticity, ß-sheet propensity, charge, 

solubility, condition temperature and concentration (Tartaglia et al., 2005). The SALSA (Simple 

Algorithm for Sliding Averages) program was developed to find aggregation hot-spots in 

unfolded polypeptide sequences based on ß-sheet propensities, although the authors note the 

program could be calibrated with other amino acid properties (Zibaee et al., 2007). 

Conceptually similar programs such as Tango have been developed but which include 

additional physiochemical properties (Fernandez-Escamilla et al., 2004). As well as ß-sheet 

propensity alone, it has been found that a sequence’s ability to switch between secondary 

structures influences a polypeptide’s ability to aggregate (Hamodrakas et al., 2007). 

 



                                                                                                                                          Chapter 5 

 

115 

The methods outlined above make use of physiochemical properties and statistical analysis but 

another approach adopted for aggregation prediction is through structural modelling. One such 

method attempts to thread potential sequences onto a range of crystal structures of amyloid-like 

backbones. Those sequences found to be energetically favourable are considered to have a 

propensity to form amyloid (Thompson et al., 2006). This method would identify sequences that 

can self-complement one another in the same manner as the crystal template used for the 

prediction. The ability to predict amyloid forming segments with consideration of 

physiochemical properties through the use of the ROSETTADESIGN forcefield highlights the 

additional energetic and steric influences involved amyloid formation (Thompson et al., 2006). 

However, this method is presumably limited to successfully predicting only sequences that 

adopt similar molecular packing to the structural template used. Residue packing density 

(Galzitskaya et al., 2006) and interfibril hydrophobic interfaces (Saiki et al., 2006) have also 

been considered in a structural approach to the prediction of amyloid forming sequences.  

 

5.1.3 Ordered aggregation prediction 

The methods described are able to predict a subset of amyloid forming segments, but are 

dependent on sequence-based predictions that discount structural influences or those that do, for 

the most part, are limited by the small number of experimentally validated amyloid templates. 

Additionally only the structural-based methods will exclusively predict ordered aggregation 

(Maurer-Stroh et al., 2010). Physiochemical and energetic considerations have been combined 

with residue number in a position-scoring matrix to predict amyloid-forming segments based on 

residue position as well as incorporating the prediction parameters made by other prediction 

algorithms to make the Waltz algorithm (Maurer-Stroh et al., 2010), as summarised in Figure 

5.1.  
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Figure 5.1: The position-specific scoring matrix used by the Waltz algorithm; residues 
incompatible with a position are denoted by red shading and those compatible with green 
shading. The log-odd score is a measure of the probability of a residue occurring at a specific 
position (a). A range of sequences identified in the creation of Waltz are shown (b). The scoring 
matrix for the three peptides HYFNIF, RVFNIM and VIYKI are also shown (c). Figure adapted 
from (Maurer-Stroh et al., 2010). 

This algorithm aims to distinguish between amorphous and ordered aggregation, but further, to 

explore the amyloid sequence space to expand the available structures representing this 

architecture (Maurer-Stroh et al., 2010). Indeed, the algorithm has successfully expanded the 

sequence diversity of the AmylHex database (Thompson et al., 2006) by almost 400%. 

 

The Waltz algorithm was developed iteratively, and so peptide sequences are available from the 

training process as well as the predictions (Maurer-Stroh et al., 2010). Twelve of these short 

peptides were characterised, though presented here are the best structural and biophysical data 

collected from two hexapeptides (HYFNIF – UniProt ID: P54132, RVFNIM – UniProt ID: 

P20042) and one (VIYKI – UniProt ID: P07182.2) pentapeptide. All references to the Waltz 

peptides describe them in their fibrillar form unless otherwise stated and all spatial and 
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geometrical statements are made with reference relative to the fibre axis. Methods have been 

reported in the literature that monomerise amyloidogenic proteins and peptides (Broersen et al., 

2011), where the results presented here concern the final fibrillar structure of the Waltz peptides 

these methods have not been employed. 

 

5.1.4 Experimental Aims 

The investigations presented here aim to validate the Waltz algorithms ability to predict ordered 

amyloid forming peptide sequences and where the sequences are novel, new structures may be 

proposed expanding the representation of the amyloid structural space. The characterisation of 

new amyloid forming sequences also presents an opportunity to corroborate existing and 

identify any new basis for amyloid formation. Methodologically, amyloid fibrils present a 

challenge to structurally characterise and so the methods and considerations of these presented 

here have broad implications for the investigations of these types of systems. 

 

Further, the in depth characterisation of the amyloid-like peptides here will no doubt serve as a 

good basis for continued model studies of amyloid formation and disease processes but also 

self-assembly in general. 

 

This chapter expands on initial results published by Maurer-Stroh et al. on the development of 

the Waltz algorithm (Maurer-Stroh et al., 2010), presenting the analysis of data collected by K. 

L. Morris on three of the peptides identified. Prof. J. W. H. Schymkowitz and Prof. F. Rousseau 

(University of Leuven) are gratefully acknowledged for supplying a significant amount of the 

peptide material. M. Debulpaep (University of Leuven) is gratefully acknowledged for the 

collection and supply of the Fourier transform infrared spectroscopy data. 
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5.2 Results and Discussion 

5.2.1 Waltz sequences and native protein structure 

The Waltz peptides were identified from the full-length native proteins summarised in  Table 

5.1. Secondary structure prediction was performed on the Waltz peptides in their native full-

length sequences using the online server PSIPRED (Buchan et al., 2010, Jones, 1999). 

RVFNIM and VIYKI were predicted within their native sequences to have helical and ß-strand 

secondary structure respectively but unfortunately no experimentally determined three-

dimensional structures of the full-length native proteins are available for comparison to these 

predictions. Within its native sequence HYFNIF is predicted to have a ß-strand conformation, 

however, the sequence adopts an !-helical conformation in its native structure as shown in 

Figure 5.2d. It is interesting that this prediction is made based on secondary structure propensity 

of amino acids but a different conformation is adopted natively. This suggests that the three-

dimensional context of the sequence safeguards it from its ß-strand propensity, perhaps as a safe 

guard against aggregation. This concept has been reported in the literature to be evident in the 

primary sequence of proteins in the form of ‘gate keeper’ residues (Reumers et al., 2009) but 

may also be achieved through conformational restriction at levels higher than that of the 

primary amino acid sequence. 

 

 

 

 

 

 

Table 5.1: The Waltz peptides and their native full-length sequences. 

Waltz sequence UnitProtID Name Function Organism 

HYFNIF P54132 
Bloom syndrome 

protein 
DNA helicase Human 

RVFNIM P20042 eIF-2 Translation regulation Human 

VIYKI P07182 Chorion protein Egg shell protein Drosophila 
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Figure 5.2: The sequence context and predicted native secondary structure of the Waltz 
peptides HYFNIF (a), RVFNIM (b) and VIYKI (c). "-helices are displayed as cylinders, ß-
strands as arrows. The "-helical secondary and tertiary native structure of HYFNIF is shown as 
red (PDB 2KV2) (Kim and Choi, 2010). Graphics generated in PyMol (DeLano, 2002). 

The Waltz sequences taken out of their native sequence and structural context are observed to 

self-assemble. The following sections describe the structural and biophysical characterisation of 

these assemblies. Peptides were N-terminally acetylated and C-terminally amidated to avoid 

assembly effects due to charged termini but also to better represent the possible assembly 

interactions in a native protein environment. 

 

5.2.2 Fibrillar morphology characterisation 

Outside of their native protein sequences the three Waltz peptides chosen for study were found 

to spontaneously form fibrillar structures upon incubation in water. Transmission electron 

micrographs reveal that they form amyloid-like fibrillar morphologies, with widths of 

approximately 20 nm. Each system is morphologically identifiable as amyloid where fibrils are 

heterogeneous, immeasurably long and unbranched although noticeably thicker in some cases, 

which can be attributed to increased lateral association. Each system exhibits somewhat unique 

identifiable characteristic morphologies as shown in Figure 5.3. HYFNIF predominantly adopts 

Conf:

Pred:

CCHHHHHHHHHHHHHHHHHHHHHHCCCCEEECCHHHHHHHPred:
QREEMVKKCLGELTEVCKSLGKVFGVHYFNIFNTVTLKKLAA:

10 20 30 40

Conf:

Pred:

HHHCCCCHHHHCCCCCCCHHHHHHHHHHHHHHHHHHHHHCPred:
AESLSSDPEVLLQIDGVTEDKLEKYGAEVISVLQKYSEWTAA:

50 60 70 80

Conf:

Pred:

CCCCCPred:
SPAEDAA:

Legend:

 = helix

 = strand 

 = coil 

Conf:  = confidence of prediction

- +

Pred: predicted secondary structure

AA: target sequence

[ ] 

a 

Conf:

Pred:

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCPred:
MSGDEMIFDPTMSKKKKKKKKPFMLDEEGDTQTEETQPSEAA:

10 20 30 40

Conf:

Pred:

CCCCCCCCCCCCCCCCCHHHHHCCCCCCCCCCCCCCCCHHPred:
TKEVEPEPTEDKDLEADEEDTRKKDASDDLDDLNFFNQKKAA:

50 60 70 80

Conf:

Pred:

HCCCCCCCCCCHHHHHCCCCCCCCCCCCCCCCCCCCHHHHPred:
KKKKTKKIFDIDEAEEGVKDLKIESDVQEPTEPEDDLDIMAA:

90 100 110 120

Conf:

Pred:

HCCCCCCCCCCCCCCCHHHHHHHHHCCCCCCCCCCCCCCCPred:
LGNKKKKKKNVKFPDEDEILEKDEALEDEDNKKDDGISFSAA:

130 140 150 160

Conf:

Pred:

CCCCCCCCCCCCCCCHHHHHHHHHHHHHHCCCCCCCCCCCPred:
NQTGPAWAGSERDYTYEELLNRVFNIMREKNPDMVAGEKRAA:

170 180 190 200

Conf:

Pred:

CCCCCCCEEEEECCEEEEEEEHHHHHHHHCCCHHHHHHHHPred:
KFVMKPPQVVRVGTKKTSFVNFTDICKLLHRQPKHLLAFLAA:

210 220 230 240

Conf:

Pred:

HHHHHCCEEECCCCEEEEEEECCHHHHHHHHHHHHCCCEEPred:
LAELGTSGSIDGNNQLVIKGRFQQKQIENVLRRYIKEYVTAA:

250 260 270 280

[ ] 

b 

Conf:

Pred:

CCCHHHHHHHHHHHCCCCCCCCCCCCCCCCCCCCCCCCCCPred:
MQLGLWFGILAIAATPLVSANYGPAGGHGHGHGHGQYLSGAA:

10 20 30 40

Conf:

Pred:

CCCCHHHHHHHHCCCCHHHHHHHHHCCCCCCCHHHHHHHHPred:
PNAGLEEYVNVASGGNQQAANQIASQAEIQPTPEEARRLGAA:

50 60 70 80

Conf:

Pred:

HHHHHHHHHHCCCHHHHCCCCHHHHHHHHHHHHHHHHCCCPred:
RVQAQLQALNADPNYQKLKNSEDIAESLAETNLASNIRQGAA:

90 100 110 120

Conf:

Pred:

CEEEECCHHHHHHHHHHHCCCCCCCCCCEEECCCCCCEEEPred:
KIKVVSPQFVDQHLFRSLLVPSGHNNHQVIATQPLPPIIVAA:

130 140 150 160

Conf:

Pred:

CCCCCCCCCCCCCCCCEEECCCEEEEECCCEEEHHHHHHCPred:
HQPGAPPAHVNSGPPTVVRGNPVIYKIKPSVIYQQEVINKAA:

170 180 190 200

Conf:

Pred:

CCCCCCCCCEEEEEECCCCCCCCCCCCCCCCCCCCCCCCCPred:
VPTPLSLNPVYVKVYKPGKKIEAPLAPVVAPVYSQPREYSAA:

210 220 230 240

Conf:

Pred:

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCPred:
QPQGYGSAGAASSAAGAASSADGNAYGNEAPLYNSPAPYGAA:

250 260 270 280

[ ] 

c 

d 
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a twisted ribbon morphology with a minority adopting more rope like structures with subtle 

evidence of twisting. RVFNIM adopts a similar morphology with twisted, where again a 

minority of RVFNIM fibrils adopt a rope like structure. VIYKI fibrils are observed to adopt 

almost exclusively a twisted rope like morphology. The morphologies indicate a filamentous 

hierarchical structure, as observed by the striations within the fibrils. As seen in Figure 5.3 fast 

Fourier transform filtering has been used to enhance morphological features revealed by the 

negative staining. These have been used for fibril characterisation as described: HYFNIF 

exhibits the greatest range of morphologies, which can broadly be described as helical. The 

simplest helices have a thickest width of 17.04 nm (SD ±1.06 n = 7) and periodicity of 95.16 

nm (SD ±3.15 n = 6). More complicated helical arrangements are observed with variable widths 

and periodicities. After extensive incubation fibrillar structures that may represent a tubular 

architecture were observed to have widths of 26.03 nm (SD ±3.29 n = 3).  

 

RVFNIM is more consistently found to form tightly wound ‘ropes’ with a width of 17.61 nm 

(SD ±1.23 n = 5) which have a filamentous structure although the negative stain fails to 

reproducibly reveal this arrangement. Some examples of filaments twisting into a helical 

arrangement are also observed with widths at their thickest points of 19.69 nm (SD ±1.59 n = 

28). Helical pitch varies dramatically from 147.81 nm (SD ±21.40 n = 11) to immeasurable over 

a single transmission electron microscopy (TEM) micrograph. VIYKI exhibits the most regular 

morphology where all observed fibrils form twisted ‘ropes’ with a width of 21.0 nm (SD ±1.2 n 

= 6) in a helical arrangement with a helical crossover separation of 58.1 nm (SD ±1.7 n = 6) 

perhaps indicative of helicity (see Appendix I-iii). There is a noticeable decrease in the width of 

fibres to 17.2 nm (SD ±1.1 n = 2) after extensive incubation. The apparent regularity in 

morphology suggests a high degree of order. 
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Figure 5.3: The characteristic morphologies of fibrillar HYFNIF (a), RVFNIM (b) and VIYKI 
(c) as analysed by TEM. The left panels show low magnification where the scale bars represent 
200 nm and right panels high magnification images after cropping and fast Fourier transform 
bandpass filtering – not to scale. 
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5.2.3 Fibril morphology formation and stability 

TEM investigations of the morphology of the Waltz peptides over time post-dissolution reveal 

immediate fibrillar architecture formation, however, it cannot be ruled out that these peptides 

were not fibrillar prior to dissolution. If they are monomeric prior to dissolution then these data 

indicate very fast kinetics of fibril formation for these peptides, although this requires further 

investigation. Characterisation of morphology over incubation time is more challenging, in 

particular for HYFNIF and RVFNIM where there is a high degree of morphological 

polydispersity at any particular time point. Certainly it is clear that their fibrillar structure is 

stable over extended incubation periods (up to 3 months) as shown in Figure 5.4. Some striking 

time dependent morphological features that are evident after extensive incubation is that there is 

a rearrangement of HYFNIF fibrils into structures of 25.95 nm (SD ±1.40 n = 6) nm with a 

central striation running parallel to the fibre axis. This staining feature may represent two 

protofilaments laterally associated or stain penetration of a central core consistent with a 

nanotubular structure (see Figure 3.9). It is tempting to consider these structures as occupying 

an energetic minimum where they are observed at 72 hours (marked with arrows) and then 

subsequently predominate at 3 months of incubation. However, although these structures are 

formed reproducibly they are not always the exclusive morphology at this incubation length 

(see Appendix I-i) and so this conclusion is suggested tentatively. RVFNIM fibril morphology 

and morphological polydispersity is maintained over extensive incubation periods. Finally, 

VIYKI undergoes some maturation through elongation with fibrillar structures being present at 

0 hours that are less well-defined and variable in width within the same and between individual 

fibrils. After 72 hours, twisted rope morphology (see Figure 5.3) is homogenously adopted and 

stable over extensive incubation. 
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Figure 5.4: Transmission electron micrographs of the Waltz peptides over time. HYFNIF (a), 
RVFNIM (b) and VIYKI (c) are shown at 0 and 72 hrs to 1 week and 3 months after dissolution. 
The scale bar represents 200 nm. 

5.2.4 Secondary structure determination 

The secondary structure of the fibrillar Waltz peptides was investigated using Fourier transform 

infrared spectroscopy (FTIR) and circular dichroism (CD). Absorbance bands consistent with ß-

sheet structure are observed by FTIR with two positive maxima at 1626 – 1633 and 1666 – 

1676 cm-1, as shown in Figure 5.5. Although sometimes used to distinguish between parallel 

and anti-parallel ß-sheets by the presence of the longer wavenumber band at 1695 cm-1 

(Miyazawa and Blout, 1961, Pelton and McLean, 2000) the ability to do this remains 

controversial (Barth and Zscherp, 2002) and so the FTIR data can only reliably be attributed to 

the presence of ß-sheets.  
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Figure 5.5: The amide I FTIR region of dried films of mature Waltz peptides. Data collected by 
M. Debulpaep, (Switch LAB, Belgium). 

Characterisation by CD was used to corroborate the FTIR data but was found to be complicated 

by the fibrillar nature of these systems. A classic ß-sheet signal typically has a positive and 

negative maxima at ~190 and ~220 nm respectively (see Chapter 3) but the signal positions 

exhibited by the Waltz peptides are not as expected for typical ß-sheet peptides.  The CD 

spectra of the Waltz peptides shown in Figure 5.6 (left panel) show artefacts due to fibrillar 

anisotropy indicated by the orientation dependence of the signals (see Chapter 3). As well as 

exhibiting a strong dependence on sample directionality, the signal intensities are between one 

and two orders of magnitude larger than would be expected for true CD signals. Assuming the 

poly-L-lysine system is an approximate model for an entirely ß-sheet protein, the CD exhibits 

an n-#* transition at 217 nm of 18,400 deg cm2 dmol-1 (Townend et al., 1966). These 

observations taken together can be rationalised to the presence of linear dichroism (LD) 

artefacts where the fibrillar nature of the sample permits the shear alignment of these systems 

such that the linearly polarised electronic transitions align and may be seen individually in the 

CD. Rotation of the sample within the CD reveals which transitions are directionally dependent 

and shows that for each system the dominant LD artefact is present at ~200 nm in good 

agreement with the #-#* transition linearly polarised perpendicular to the ß-strand long axis. 
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To obtain true CD spectra for the Waltz peptides fibrillar samples were sonicated, in an attempt 

to abolish effects from alignment, as reported in (Andersen et al., 2010). Figure 5.6 (right panel) 

shows the true CD signals exhibited by the Waltz peptides, after mild sonication. These spectra 

show little orientation dependence consistent with a shortening of the fibrils preventing the 

shear forces involved in cuvette loading from aligning them. To ensure the measurements were 

still representative of structure of the Waltz fibrils TEM was used to confirm the fibrillar nature 

of the samples as shown in Figure 5.6 (left and right panel insets).  

 

Although confirmed to still be fibrillar the sonication treatment appears to induce random coil 

CD signals indicative of some fibrillar disruption; these may mask the signals from the Waltz 

fibrils and as such Dichroweb (URL: http://dichroweb.cryst.bbk.ac.uk/html/home.shtml) 

analysis was used assess the secondary structure of remaining fibrils in solution. The 

quantification of the secondary structural elements present in the Waltz fibrils is shown in Table 

5.2. The analysis was performed using two data sets and is represented by the standard 

deviation in each secondary structure percentage value obtained. This analysis indicates that 

there is indeed a disruption of secondary structure as might be expected considering the 

treatment of the sample but the remaining structures, confirmed to be fibrillar by TEM, are ß-

sheet which is attributed to represent the secondary structure of the Waltz peptides in the 

fibrillar form. 
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Figure 5.6: CD spectra recorded for HYFNIF (a), RVFNIM (b) and VIYKI (c) pre and post 
sonication. TEM of the samples are shown as insets, the scale bar represents 100 nm. 

The additional artefactual LD signals in the unsonicated samples were deconvoluted (see 

Appendix I-ii); their presence suggests a high degree of order in the fibrils, and thus presents the 

opportunity to obtain structural information regarding chromophore arrangement within the 

fibres. As well as information from the peptide backbone, the unique (RVFNIM and VIYKI) 

and concurrent occurrence (HYFNIF) of tyrosine and phenylalanine residues in the Waltz 

peptides also makes these peptides ideal model systems for probing aromatic residue interaction 

and structure.  
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Table 5.2: Dichroweb analysis of the CD spectra recorded for the Waltz peptides post-
sonication, highlighting the predominant secondary structural elements. 

Where alignment cannot be controlled in the cuvette shear-aligned cases found in the CD 

experiments using a Couette flow cell fibre alignment was controlled and LD accurately 

measured. 

 

5.2.5 Secondary structure architecture revealed by linear dichroism 

LD on fibrillar systems, in particular amyloid, has been reported previously (Andersen et al., 

2010, Bulheller et al., 2009, Marshall et al., 2010). As a measurement of the differential 

absorption of linearly polarised light parallel and perpendicular to the orientation axis, LD can 

be deconvoluted to provide structural information on orientated samples. In the Couette cell 

used in these experiments, the orientation axis is the direction of Couette flow, which is 

horizontal. Thus the transition moments of the chromophores orientated horizontally and 

vertically produce positive and negative signals respectively (see Chapter 3) as shown in 

Equation 3.2. 

 

Using Couette flow to align fibres, any chromophores that are consistently oriented within the 

sample relative to the fibre axis will produce a signal. Figure 5.7 shows the LD spectra for the 

Waltz peptides when aligned parallel (=, by Couette flow induced by 1500 – 3000 rpm) and 

perpendicular (!, No Rot) to the orientation axis. Each of the Waltz peptides exhibits a 

transition at ca. 200 nm which is attributable to the #-#* transition polarised perpendicular to ß-
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strand peptides. The sign of the #-#* transition is parallel to the orientation axis with couette 

flow and perpendicular with shear flow. Where the fibril long axes will be aligned to the 

orientation axis in Couette flow these data are consistent with the ß-strands of the Waltz fibrils 

being in a cross-ß arrangement, as also reported elsewhere for amyloid systems (Bulheller et al., 

2009). 

 

 

 

 

 

Figure 5.7: The LD spectra arising from shear aligned (No Rot – no Couette rotation) and 
Couette flow (1500 – 3000 rpm) aligned fibrils of HYFNIF (a), RVFNIM (b) and VIYKI (c). 
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Signals are also observed in the region expected to arise from aromatic electronic transitions as 

shown in Figure 5.7 (right panel). The La and Lb transitions from tyrosine in the cases of 

HYFNIF and VIYKI are clearly evident. The La transition of tyrosine is parallel to its long axis 

and occurs at 230 nm while the Lb transition is perpendicular to the long axis and occurs at 275 

nm (Bulheller et al., 2009). The single tyrosine present in the VIYKI system giving rise to a 

signal at 275 nm exhibits splitting due to exciton coupling which can only occur when 

aromatics are in close proximity (Rodger and Norden, 1997) and this has been previously noted 

in LD spectra from fibrils formed by the heptapeptide GNNQQNY (Marshall et al., 2010). The 

tyrosine signal observed for HYFNIF fibrils is also indicative of a high degree of order and 

regularity in the arrangement of the tyrosine residues within the fibrillar structure. Considered 

together, this provides strong evidence for aromatic stacking interactions stabilising the 

HYFNIF and VIYKI fibril systems. Conversely, no signals for phenylalanine are observed for 

RVFNIM although this could be due to the weaker strength of the transitions associated with 

phenylalanine. Further, Couette flow also appears to abolish alignment, perhaps suggesting that 

RVFNIM fibrils are sensitive to mechanical agitation. 

 

Due to the single tyrosine present in VIYKI and the excellently resolved data from this 

chromophore it is possible to investigate through further analysis the precise atomic orientation 

of this chromophore within the fibrils. By using the known orientations of aligned 

chromophores it is possible to calculate the orientations of unknown chromophores using the 

mathematical descriptions of LD discussed in Chapter 3 as discussed in the following sections. 
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Figure 5.8: An illustration of the orientation of ß-sheets within the Waltz fibrils, consistent with 
the cross-ß architecture, based on the LD spectral data. The linear transitions arising from the 
ß-strands ("1) are shown in relation to the expected linear transitions of an aromatic tyrosine 
residue ("2 & "3), using these signals the relative angles at which they occur may be calculated. 

VIYKI l inear dichroism analysis 

Figure 5.8 shows the polarisations of the electronic transitions in the Waltz fibrils when 

assuming the adoption of a cross-ß architecture. By using the equation describing the 

relationship between LD signal intensity and the angle of the respective transition polarisations 

(see Equation 3.3 and Figure 5.8) attempts have been made to use the #-#* transition at ~200 

nm of the ß-sheets in the cross-ß arrangement to calibrate the calculations required to determine 

the angle of aromatic chromophore orientations within VIYKI fibrils. Figure 5.9 shows the 

attempts to this affect, careful analysis was employed to correct for background signal 

contributions, scattering, and overlapping signals (a & b) such that S may be determined and the 

angles of the polarisations of other electronic transitions calculated based on signal intensity (c). 

Unfortunately, the calculations were unable to unambiguously determine the chromophore 

orientations in the VIYKI fibrils; the calculations are not feasible when the angle of the #-#* 

transition is calibrated at 0 degrees as would be expected for a cross-ß system. 
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Figure 5.9: The determination of chromophore orientations from LD spectra exhibited by 
VIYKI. The baselined LD spectra of VIYKI (a) was corrected for scattering and deconvoluted 
(b) and converted to reduced LD such that the polarisation angles of individual electronic 
transitions could be calculated (c). 

Careful inspection of the reduced LD signals reveals that the transition arising from the Lb state 

of Tyr in the Couette aligned orientation is in fact more positive than that of the #-#* transition 

from the ß-sheets (see Figure 5.9). Transitions that are aligned perfectly with the orientation 

axis are expected to be maximally positive (see Chapter 3) and so the greater intensity of the 

tyrosine Lb transition would imply that this is more horizontally orientated than the #-#* ß-sheet 

transition. Based on this assumption, the ß-strands are found to lie at 33.43 degrees relative to 

the orientation axis (c) and using this the other chromophore angles are calculable. This 

calculation could have interesting implications for the arrangement of ß-strands within a Waltz 

fibril. Where the #-#* transition at ~200 nm is considered by the most recent evidence (Rodger 

et al., 2002) to be polarised perpendicular to the ß-strand direction (i.e. parallel to the C=O 

bond) two models are consistent with a ß-strand tilt within amyloid fibrils as shown in Figure 

5.10. 

 

The fibrils may be perfectly aligned by the Couette flow and ß-strands are tilted within the 

fibrils, although recent evidence suggests this is not a possible arrangement for cross-ß 
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structures (Figure 5.10a) (Jahn et al., 2010). Alternatively, the ß-strands may be perfectly 

perpendicular to the fibril axis but due to protofilament helicity the ß-sheets are tilted between 0 

– 33 degrees. At the most extreme case for a fibril of 21.0 nm this would generate a helical pitch 

of 63.57 nm. Close inspection of the TEM of mature VIYKI fibres finds they are consistent with 

a twisted three filament model with a tilt angle of 19.85 degrees and a helicity of 174.3 nm 

(±5.1) (see Appendix I-iii). Using these data it is not possible to ascribe the exact position of the 

aromatic chromophores and a more complex scenario probably exists than can currently be 

modelled. However, some interesting questions arise as to whether this helicity explains why 

the 219 nm transition is not perpendicular to 199 nm in the linear dichroism measurements but 

also whether it contributes to signal radial averaging in the X-ray fibre diffraction (see Section 

5.2.6)? 

 

 

 

 

 

 

Figure 5.10: The possible arrangements of ß-sheets giving rise to the &-&* LD transition. ß-
strands may be tilted within a fibre (a) or possibly perpendicular within a helical fibrillar 
architecture (b). 
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Where the TEM data indicate a helical arrangement of protofilaments within the fibrils the 

second model explaining the apparent ß-strand tilt suggested by the LD data is the most 

favourable. Due to the discrepancy between the measured helical angle in the TEM and the 

predicted angle from the LD calculations, the chromophore orientation values have not be used 

in modelling, yet however the observations here infer interesting molecular and supramolecular 

features of VIYKI fibrils including helicity and ordered stacked aromatics. To further 

investigate the arrangement of structural elements within the Waltz fibrils X-ray fibre 

diffraction (XRFD) was used.  

 

5.2.6 Three dimensional structure revealed by X-ray fibre diffraction 

Fibrils of the Waltz peptides were aligned in a variety of ways to ascertain as much structural 

information as possible, these included alignments in a fibrous, mat and disc texture. XRFD 

patterns often exhibit broad reflections due to polymorphism and disorder within the alignment, 

it was hypothesised that a microfocus beam (ca. 5 -m) may sample a smaller region of a fibre 

alignment, interacting with less of the sample and thus statistically having a lesser chance of 

diffracting from fibrils with variable structure. This was not found to be the case, however the 

use of the synchrotron light source granted greater signal to noise ratios, collection to lower 

resolution (longer length-scales) and so where possible these patterns are presented here. 

 

Fibre al ignments 

Figure 5.11 shows light microscope images of typical alignments of fibrils of the Waltz peptides. 

The birefringence evident in each alignment is an indication of a high degree of order within the 

sample that is reflected in the relatively high quality fibre diffraction patterns shown in Figure 

5.12. The XRFD patterns, shown in Figure 5.12, from fibrous alignments of the Waltz peptides 

show features typical of a cross-ß architecture commonly observed for amyloid (Serpell, 2000) 

consistent with the spectroscopic data described in Sections 5.2.4 & 5.2.5. The diffraction 

patterns from the Waltz peptides all exhibit a major meridional reflection at between 4.66 – 4.70 
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attributed to arise from the spacing between ß-strands along the fibre axis. The patterns differ in 

the positions and intensities of the equatorial reflections indicating differences in lateral packing 

arrangements on length scales of up to 40 Å. 

 

The high number of reflections observed in these systems is indicative of a para-crystalline 

order greater than that typically observed for amyloid systems. The quality of the patterns gives 

the opportunity to index the reflections and calculate the unit cell parameters within the fibrils. 

Patterns with a high amount of equatorial information have been collected for other amyloid 

fibrillar systems before (Makin et al., 2005, Sikorski and Atkins, 2005, Sikorski et al., 2003). In 

one particular investigation the equatorial reflections arose from lateral hexagonal packing 

(Papapostolou et al., 2007). In another case fibre diffraction data was found to be consistent 

with a sub-lattice cell within a larger unit cell (Sikorski et al., 2003). Thus to ensure that the 

observed equatorial reflections arise from short-range lateral dimensions pertaining to the unit 

cell and not long range packing arrangements of fibrils as observed in other fibrillar systems, 

alternative alignments were prepared as shown in Figure 5.13. 

 

 

 

 

 

 

 

Figure 5.11: Typical alignments of HYFNIF (a), RVFNIM (b) and VIYKI (c) as visualised by 
cross-polarised microscopy. The insets show the alignments under normal light microscopy. 
The scale bar represents 500 ,m, relevant to each panel. 
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Figure 5.12: X-ray fibre diffraction exhibited from alignments of HYFNIF (a), RVFNIM (b) and 
VIYKI (c) in a fibrillar texture. All fibre axes are vertical. 

Textures 

Alternative alignment methods 

Where typically fibrils are aligned with all fibril long axes parallel, alternative textures can be 

prepared such that fibril long axes are aligned on the same plane but are at random orientations 

to one another. With these sample textures it is a reasonable hypothesis that any preferential 

packing arrangements should be abolished. As such any reflections arising from long-range 

order should be absent, the remaining reflections should only be from the lateral unit cell 

dimensions. The insets of the mat diffraction patterns shown in Figure 5.13 exhibit some 

preferential alignment of the fibres within a film texture (beam perpendicular to mat plane) and 
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2.38 8.79 0.01 0.01 2.38 66.65 0.01 0.01 2.38 10.74 0.00 0.00 

Off-
merdionals 

d-Spacings 
(Å) 

Intensity +d (Å) -d (Å) 

3.72 35.54 0.00 0.00 
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so cannot completely rule out that there are not contributions from long-range packing to the 

fibre diffraction signals. Nevertheless, the signals of the diffraction patterns of the alternative 

alignments match those of the typical fibril alignments and are believed to arise from the 

repeating cell dimensions. In the case of RVFNIM an additional equatorial reflection is 

observed, which was included subsequent analysis. 

 

 

 

 

 

 

 

Figure 5.13: X-ray fibre diffraction exhibited from alignments of mature HYFNIF (a), RVFNIM 
(b) and VIYKI (c) in a film or disc texture. For film textures perpendicular beam shots are 
shown as insets. Graphical traces of the equators are shown in comparison to those of the fibre 
alignments shown in Figure 5.12. Alignment textures are shown by colour where blue – fibre, 
red – film and purple – disc. Patterns are aligned with equivalent fibre axes vertical. 
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Hydrat ion 

To investigate the hydrated state of the Waltz fibrils to tackle the questions of whether the 

hydrated state structure is the same as the dried but also to further investigate methods of 

improved alignment a real-time alignment cell was used. Careful consideration was made to the 

cell functioning in the X-rays as a normal fibre alignment would. The ability to align the cell in 

the beam was tested using a calibrant prior to diffraction measurements (see Appendix I-iv). 

Figure 5.14 shows the real time alignment of VIYKI fibrils in an XRFD experiment. The 

diffuse diffraction ring from amorphous water can be seen at ~3 – 3.5 Å. The meridional and 

equatorial diffraction signals are shown as graphical traces.  

 

Figure 5.14: Real time alignment of VIYKI at 0 (a), 30 (b), 45 (c), 60 (d), 65 (e) and 70 minutes 
(f) and graphical representation of the diffraction signals arising from water decreasing as the 
signals from the fibrils emerge (Green - 0, blue - 30, red - 45, purple - 60, light blue - 65, 
orange - 70). The contrast ratio between diffraction patterns is preserved for comparison. All 
fibre axes are vertical. 
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Figure 5.15: X-ray fibre diffraction patterns of the Waltz peptides mature HYFNIF (a), 
RVFNIM (b) and mature VIYKI (c) in a semi-hydrated state. All fibre axes are vertical. 

The water signal predominates the patterns up until 45 mins where it then rapidly decreases in 

intensity corresponding to solvent evaporation. The diffraction signals arising from the fibrillar 

peptide then become apparent. Close inspection of the traces, in particular at 60 mins, reveals 

that the reflection positions and relative intensities are the same as those when dried and the 

water signal is lost. This strongly indicates that the structure of the fibrils is the same in the 

hydrated and dried state. Similar data was collected for fibres of HYFNIF and RVFNIM (see 

Appendix I-v & vi). Also of note is that even in an almost fully hydrated state at 30 minutes the 

major meridional reflection is present but also this reflection first resolves at 30 – 45 minutes as 

a doublet. The semi-hydrated fibre diffraction patterns for the Waltz peptides are shown in 

Figure 5.15, the reflections are generally well matched to the patterns from the fibre alignments 

further indicating the structures of the fibrils is the same in the hydrated and dried state. 

Additional equatorial information is observed for HYFNIF but peak positions are not easily 

measured due to low signal-to-noise ratio and so were not included in subsequent analysis. 
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Unit cel l  determinat ion 

Using Clearer it was possible to determine the unit cell dimensions (Makin et al., 2007) for the 

Waltz fibres in an orthorhombic unit cell as shown in Table 5.3. HYFNIF and VIYKI were 

indexed using the fibre diffraction data. Although alignments of RVFNIM in a film texture 

exhibited additional equatorial information, the unit cells predicted from these patterns, 

although similar to those indexed from the fibrous textures, overall were found to be poorer 

matches; the unit cells indexed from the fibre diffraction data of RVFNIM were thus used. Not 

only did the use of these unit cells result in better simulated fibre diffraction patterns but also 

reproduced the additional reflections found in the film texture diffraction pattern. In each case 

the a dimension corresponds to the ß-strand long axis, b the inter-ß-sheet distance and c the 

spacing between ß-strands along the fibre axis. Where the meridional reflections arise from a 

single dimension, it can be assumed that the reflection at ~4.7 Å is the first order reflection 

corresponding to the c unit cell dimension (Morris and Serpell, 2012). Indexing of the unit cells 

was subsequently performed using the equatorial reflections. 

 

 

 

 

 

 

Table 5.3: The diffraction signals and their respective indexing to the modelled unit cells 
predicted by Clearer. [0 0 x] indices correlate to the fibre axis, all other are perpendicular to 
the fibre axis. The unit cell dimensions correspond to the peptides as follows – a – ß-strand long 
axis, b – ß-sheet spacing and c – ß-sheet hydrogen bonding distance. 

HYFNIF RVFNIM VIYKI 

  a b c Volume / Å3   a b c Volume / Å3   a b c Volume / Å3 

Dimensions: 20.86 12.60 4.70 1235 Dimensions: 18.80 21.94 4.67 1926 Dimensions: 34.95 19.01 4.66 3096 

! ß "     ! ß "     ! ß " 

Angles: 90 90 90   Angles: 90 90 90   Angles: 90 90 90   

  Indexing     Indexing     Indexing   

Observed h k l Expected Observed h k l Expected Observed h k l Expected 

38.98 N/A N/A 18.72 1 0 0 18.8 33.26 1 0 0 34.95 

19.22 1 0 0 20.86 10.79 0 2 0 10.97 20.04 0 1 0 19.01 

12.37 0 1 0 12.6 7.36 0 3 0 7.31 11.81 3 0 0 11.65 

10.03 2 0 0 10.43 5.48 0 4 0 5.49 9.21 1 2 0 9.17 

7.05 3 0 0 6.95     8.09 4 1 0 7.94 

5.23 4 0 0 5.23     6.35 0 3 0 6.34 

      5.82 6 0 0 5.82 

      5.12 4 3 0 5.13 

      3.25 8 4 0 3.22 

        

4.70 0 0 1 4.70 4.67 0 0 1 4.67 4.66 0 0 1 4.66 

2.38 0 0 2 2.35 2.38 0 0 2 2.34 4.01 2 2 1 4.07 

      2.38 0 0 2 2.33 
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5.2.7 Modelling the structural architecture of the Waltz peptides 

The unit cell dimensions and lattice determine the positions of the reflections of a diffraction 

pattern. Figure 5.16 illustrates the equatorial diffraction pattern that arises from the lattice alone 

(a & ai). The structure within this repeating lattice then modulates the intensity of these 

reflections such that a new equatorial pattern is observed characteristic of the lattice spacing and 

constituent structure (b & bi). The intensity profile of the diffracted pattern will be most 

influenced by the major structural spacings i.e. inter-ß-sheet separation. Importantly though, 

changes to the side chain conformations can also subtly modulate the equatorial reflection 

intensities (b & bii). 

 

 

 

 

 

Figure 5.16: Evidence from simulations that fibre diffraction is sensitive to side chain 
conformation. The repeating lattice without a structure (a) results in an equatorial pattern (ai) 
whose signal intensities are modulated by the structure it contains (b & bi). The relative 
intensities of these reflections are thus also sensitive to side chain conformation (b & bii). 
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On this basis it is possible to explore the unit cell, main chain position and side chain 

conformation of fibrillar systems based on XRFD simulation. Full simulations from the 

structures shown in Figure 5.16 are shown in the Appendix I-vii. 

 

Care was taken to ensure models made stereochemical sense by visual inspection, minimisation 

and molprobity analysis (see Chapter 4). Following this process, models were constructed into 

the unit cells determined in the previous section, as shown in the Appendix I-viii and further 

discussed below: 

 

HYFNIF 

Unit cell dimensions - a 20.86 Å, b 12.60 Å, c 4.70 Å, " = ) = # = 90.0 (1235 A3) 

Peptide dimensions - x 23.77 Å, y 11.48 Å, z 5.91 Å (843.3 Å3) 

The determined unit cell for this peptide does not predict the low angle 38.98 Å equatorial 

reflection and no better cell indexings were found. It was concluded that this reflection could 

represent the diameter of a protofilament. The strongest equatorial reflection of 12.60 Å is 

attributable to the inter-ß-sheet distance but this is clearly not reconcilable with the low angle 

reflection and so the 38.98 Å reflection is presumed to arise from the distance of two ß-strands 

end on end making the protofilament. This is approximately consistent with the dimensions of 

the peptide modelled in a ß-strand conformation (see Appendix I-viii). In this arrangement the 

possible packing architectures explored were limited to varying the relative ß-sheet directions 

and ß-strand displacement parallel and perpendicular to the fibre axis. As such, four 

architectures were explored for HYFNIF that were based on permutations of the above possible 

packing arrangements.  
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RVFNIM  

Unit cell dimensions - a 21.94 Å, b 18.80 Å, c 4.67 Å, " = ) = # = 90.0 (1926 Å3) 

Peptide dimensions - x 23.88 Å, y 11.61 Å, z 6.98 Å (779.5 Å3) 

Based on the dimensions of this peptide, the a dimension was found to correspond closely with 

the ß-strand length and the b dimension, with the cell containing two peptides, with an inter-ß-

sheet separation of 10.97 Å. In this arrangement the peptide architecture could be explored 

based on the amyloid architecture class models (Sawaya et al., 2007). 

 

VIYKI 

Unit cell dimensions - a 34.95 Å, b 19.01 Å, c 4.66 Å, " 90.0, ) 90.0, # 90.0 (3096 Å3) 

Peptide dimensions - x 18.43 Å, y 11.61 Å, z 6.98 Å (638.3 Å3) 

Based on the dimensions of this peptide the unit cell likely contains four peptides units. The 

strongest equatorial reflection of 9.21 Å was assigned as arising from the inter-ß-sheet 

separation and is approximately half of the b dimension and so the unit cell was modelled as 

being constructed from two filaments of VIYKI consisting of two ß-sheets arranged end on end. 

Within each filament the arrangements allowed for the amyloid architecture class models 

(Sawaya et al., 2007) to be explored and so modelling proceeded through a unit cell with half 

the dimension of a. 

 

5.2.8 Structural validation of the Waltz models 

Of the ten models constructed for HYFNIF and the sixteen systematically constructed for 

RVFNIM and VIYKI each model was validated by comparison of its simulated fibre diffraction 

pattern to its experimental fibre diffraction pattern (see Appendix I-ix). It was found that 

generally the fully quantitative comparative method detected only very slight differences in the 

simulated and experimental fibre diffraction patterns indicating the relative reflection intensity 

changes were small over the difference due to background scattering. Methods were employed 

to minimise this effect (see Chapter 4) and in addition using a visual qualitative and a fully 
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quantitative comparative method unlikely architectures were first ruled out to identify the best 

possible models that represent the fibrillar structure of the Waltz peptides. The fully quantitative 

comparison method in some instances identified models as good matches which by visual 

inspection were poor matches but using this method it enabled the selection of the most 

representative models with consideration of the various simulation comparison methods. Figure 

5.17 shows the simulated XRFD for the models constructed that best represent the fibrillar 

structure of the fibrillar Waltz peptides. 

 

Subsequently, ß-sheet displacement parallel to the fibre axis was found to be important for 

meridional reflection matching in RVFNIM and VIYKI. In RVFNIM, and to an extent with 

VIYKI, a clear relationship between ß-strand displacement and the matching of the first major 

meridional reflection position was found. In this case the second order weak reflection at ~2.38 

Å was found to always be half the distance of the unit cell c dimension. However the first 

strongest meridional reflection position was dependent on whether the peptide was in a register 

or parallel displaced arrangement. 

 

 

 

 

Figure 5.17: A comparison of the experimental and simulated X-ray fibre diffraction exhibited 
by the Waltz peptides HYFNIF (a), RVFNIM (b) and VIYKI (c). The simulated patterns shown 
as insets represent the best matches produced by the modelled structures. An overlaid graphical 
trace compares the equatorial and meridional intensity of the experimental (green) and 
simulated (white) X-ray fibre diffraction signals. Traces have been scaled for comparison. All 
fibre axes are vertical.  
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Figure 5.18 shows the relationship between ß-sheet displacement and the meridional reflections 

exhibited. In the case of RVFNIM with an indexed c dimension of 4.67 Å having a miller index 

of [0 0 1], the [0 0 2] reflection will occur at 2.34 Å. However the second order meridional of 

the pattern occurs at 2.38 Å, the first order of which would be 4.76 Å in disagreement with the 

major meridional reflection in the experimental pattern at 4.67 Å. ß-strand displacement with a 

c cell dimension of 4.76 Å modulates the intensity of the [0 1 1] reflection at 4.67 Å, showing 

that the pattern of meridional signals at [0 1 1] and [0 0 2] is indicative of the ß-sheet parallel 

displacement/out of register arrangement. A similar relationship was found for VIYKI and 

although the same phenomenon was not identified for HYFNIF the parallel displacement of ß-

strands end-on-end is different to the displacement of ß-sheets face-to-face perhaps changing 

the behaviour of meridional diffraction signals in this system. 

 

 

Figure 5.18: A meridional comparison of in register and parallel displaced Waltz models 
including class II RVFNIM in register (a) and out of register with class IV VIYKI in register (c) 
and out of register (d). 

a b

[0 0 1] [0 1 1] 

[0 0 2] [0 0 2] 

c d

[0 0 1] [0 1 1] 

[0 0 2] [0 0 2] 
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Figure 5.19 shows the best models corresponding to the simulated patterns shown. It was found 

that other architectures to an extent also fit the available data but the models shown here 

represent the best matches constructed. This raises questions over whether the fibrils may 

contain mixed architectures or that architectures differ between fibrils within a sample, as is the 

case for the commonly encountered heterogeneity of amyloid fibrils. Each model is, as expected, 

stabilised by interamide backbone hydrogen bonding though each peptide adopts a differing 

lateral packing arrangement. HYFNIF was found to adopt a perpendicular ß-strand displaced 

architecture. RVFNIM adopts a class II in register parallel arrangement where ß-sheets are face-

to-back and additional stabilising interactions include hydrogen bonding between lysine and 

asparagine of adjacent ß-strands. VIYKI adopts a class I out of register antiparallel face-to-face 

arrangement with a very tight interdigitation of side chains as also observed for recent crystal 

structures of amyloid-like peptides (Nelson et al., 2005, Sawaya et al., 2007). 

 

It is interesting that this data indicates that the Waltz algorithm does not predict a particular 

architecture of amyloid. This is noteworthy when one considers the sequence similarity of the 

three peptides reported here: that is the common aromatic moiety at position three, the semi 

conserved residues asparagine or lysine at position four and the totally conserved isoleucine at 

position five. It might have been expected to find common rules and interactions that define the 

assemblies of the Waltz peptides identified but instead based on the model structures proposed 

an adaptability in the architectures formed is observed. The common theme that is apparent 

between these models is the tight packing of peptide molecules. Although an additional 

hydrogen bonding interaction is observed in the RVFNIM model the main stabilising factors 

appear to be the characteristic interamide backbone hydrogen bonding and favourable steric 

contacts. 
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Figure 5.19: The most representative models of the Waltz peptides in the fibrillar form; 
HYFNIF (a), RVFNIM (b) and VIYKI (c). Graphics generated in PyMol (DeLano, 2002). 
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5.3 Summary 

This work further confirms the Waltz algorithm’s ability to predict ordered aggregation, 

characterised here are two hexapeptides peptides and one pentapeptide uniquely identified 

during the iterative sequence exploration that developed Waltz (Maurer-Stroh et al., 2010). Each 

Waltz peptide adopt a cross-ß architecture but with varying lateral packing arrangements. The 

sequences are found to have different ß-sheet propensities but in their native structures adopt a 

conformation dependent on their surrounding amino acid sequence, removed, the Waltz 

peptides adopt the cross-ß arrangement. On the nanoscopic scale these systems are observed to 

adopt characteristic fibril morphologies that may be based on the underlying differing 

architecture but are ultimately typical for amyloid fibrils (Goldsbury et al., 1997). The exact 

relationship between these two levels of structure would be fascinating to investigate, likely 

requiring the utilisation of cryo-EM to probe this hierarchy. The investigations conducted on 

these peptides has required careful consideration of the use of the biophysical and structural 

techniques employed. It was found that circular dichroism data is highly dependent on the 

fibrillar nature of the assemblies but highlights methods, also reported elsewhere (Andersen et 

al., 2010, Dafforn et al., 2004, McDonald et al., 2008), for the successful interpretation of this 

data. The identification of LD artefacts in CD data has been reported before (Norden, 1977). 

These data clearly demonstrate that LD artefacts can occur in CD experiments, the identification 

of which here having broad methodological implications for using CD to study systems 

exhibiting anisotropy. 

 

Clearly care should be taken in analyses of these sorts of data but the effects can be usefully 

rationalised and used in linear dichroism experiments to reveal information about not only 

chromophore orientation but possible insights the helical supramolecular arrangement of fibrils 

within an amyloid-like fibril. Particular care was taken to ensure that the hydrated state of these 

systems was the same as the dried through the use of a humidity chamber, the structures here 

are found to be unaffected by drying as reported elsewhere (Squires et al., 2006). 
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Using Clearer, unit cells were determined for the Waltz peptides and the specific architectures 

that best represents the fibril structure of the Waltz peptides. Nevertheless, judged by qualitative 

and quantitative analysis it is possible that the actual fibrils contain a mixture of these 

architectures where the difference between simulated patterns is slight. This is particularly 

apparent for RVFNIM but it interesting where other biophysical techniques imply that the 

structures of RVFNIM are more disordered or perhaps indeed more heterogeneous than 

HYFNIF and VIYKI. It would be tempting to use the exhibition of tyrosine exciton coupling in 

the LD measurements to further justify the choice of the VIYKI architecture, however the same 

exciton coupling is observed for HYFNIF though the model does not have the same tyrosine 

proximity. It has been noted before that this phenomena cannot distinguish between tyrosine 

exciton coupling between adjacent ß-sheets or between stacked ß-strands (Marshall et al., 2010). 

Continued investigations, however, are demonstrating that di-tyrosine formation is more 

efficient in VIYKI than HYFNIF (data not shown). Although the same distinction must still be 

made regarding tyrosine interactions between adjacent ß-sheets or stacked ß-strands, these data 

seems to support the models chosen here. 

 

Structurally, RVFNIM and VIYKI are found to adopt an out of register arrangement by parallel 

displacement of ß-sheets with respect to one another. This has been observed for crystallised 

short amyloidogenic peptides (Sawaya et al., 2007) but at the time of writing the data here is the 

first example of this being demonstrated through experimental and simulated XRFD. The 

arrangements adopted are variable between the Waltz peptides, which is perhaps surprising 

given the position sequence similarity of these peptides but is a reflection of the adaptability of 

this conformation. Consideration should be given to mutagenesis studies on these peptides 

within the confines of the residues the Waltz algorithm predicts can occur at each position 

however consideration should be made over whether changing a residue will be a modification 

or, given the fact that the system is so small, create a completely new system. 
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In future studies of these systems, in particular VIYKI, will make valuable unique and 

additional contributions to the model systems currently describing the structural space of 

amyloid assemblies. The characterisation of these systems not only further confirms the Waltz 

algorithms ability to predict ordered amyloid aggregation, but also introduces an opportunity to 

further understand this conformation whilst also presenting new highly ordered and well 

characterised systems for nanotechnological applications. 

 

Waltz’s design was such that it inherently would not overpredict hydrophobic amyloidogenic 

sequences and underpredict polar sequences, although the peptides presented here represent 

largely a hydrophobic sequence space for amyloid investigations will continue to characterise 

other sequences predicted by Waltz. 
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6 Results and Discussion: 

A fragment of α-synuclein adopts a novel nanotubular cross-

ß architecture 

6.1 Introduction 

!-Synuclein ("-Syn) is associated with the development of neurodegenerative Parkinson’s 

disease (Goedert, 2001). Attributable to the disease’s symptoms, patients exhibit degeneration 

of the substantia nigra resulting in dopamine deficiency but also the concurrent deposition of 

Lewy bodies (Forno, 1996). The unambiguous identification of "-Syn in the Lewy bodies of 

Parkinson patients (Spillantini et al., 1997) identifies a causal link between !-Syn and PD. "-

Syn is a 140 amino acid polypeptide (as shown in Figure 6.1) and has long been thought to be a 

natively unfolded monomeric protein (Weinreb et al., 1996) that adopts an !-helical structure 

upon vesicle binding in its apparent native functional role (Davidson et al., 1998). Recent 

evidence suggests that under physiological conditions !-Syn has an !-helical tetrameric 

structure, the destabilisation of which must first occur to lead to misfolding, aggregation and 

ultimately the pathology of Parkinson’s disease (Bartels et al., 2011). Assemblies of !-Syn have 

been observed for synthetically formed fibrils of this protein in vitro and have been confirmed 

to have a ß-sheet rich structure consistent with the cross-ß architecture (Serpell et al., 2000a).  
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Figure 6.1: The sequence of "-synuclein and the "Sß1 sequence highlighted in the context of the 
ß-forming segments identified in (Vilar et al., 2008). 

Solid state and hydrogen/deuterium exchange NMR studies by Vilar et al. indicate that the 

amyloid architecture of full-length !-Syn comprises of five ß-strands (ß1 – 5) in a cross-ß 

arrangement creating a series of consecutive ß-hairpins. These stack to create five parallel ß-

sheets extending along the direction of the fibre axis (Vilar et al., 2008). The rational and 

current literature regarding the use of short amyloidogenic sequences have already been 

discussed in detail (see Chapter 1 and 5). Reported here using a ß-sheet propensity algorithm 

called SALSA (simple algorithm for sliding averages) (Zibaee et al., 2007), core amyloidogenic 

regions of full-length "-Syn were identified with the aim to add more detail to the current 

structural understanding of !-Syn. One such fragment, 37-N-VLYVGSKT-C-44 (herein 

referred to as !Sß1), was found at high concentration to form elaborate fibrillar structures 

consisting of a cross-ß architecture that adopts a long-range supramolecular nanotubular 

organisation. Although nanotube morphologies have been reported before, at the time of writing, 

observations of this morphology have not been made on the same length scales and with a linear 

peptidic system. There is an increasing interest in supramolecular assemblies and the 

architectures they form, with a wide range of conceived applications (Valery et al., 2011). 

Nanotubular morphologies not only present an enticing challenge to be able to understand, but 

offer opportunities to develop the methods available to probe molecular packing in and the 

interactions that stabilise self-assembled structures. 
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6.2 Results and Discussion 

6.2.1 αSß1 assembled morphology by transmission electron microscopy 

The !Sß1 peptide dissolved in water at high concentration was found to form a gel. At low 

concentrations, structures were not observed in transmission electron microscopy (TEM); 

though as concentration was increased, semi-transparent tube-like structures were observed that 

appear to consist of twisted flat ribbons (Dr. Shahin Zibaee, verbal communication). Figure 6.2 

shows that the !Sß1 structures vary in width from ~240 (i) to ~335 nm (ii) where the thinner 

structure extends to reveal a helical tape unravelling from a tube-like structure. The twisted 

ribbon has a width of ~363 nm (iii), suggesting that the larger structures may in fact be tapes 

that have entirely unravelled from the tube-like structures. The unravelled tapes may be 

compared to ‘nanobelts’ reported by other investigators (Cui et al., 2009). Close inspection of 

the inset of Figure 6.2a reveals that the flat ribbon splits into two (iv) before re-joining to form 

the original tape structure. This suggests that the interactions stabilising the tapes perpendicular 

to the tape long axis are non-covalent, i.e. hydrogen bonding or Van Der Waals, such that they 

can be overcome but then may reform. Figure 6.2b again clearly shows that the flat ribbons 

when unravelled may vary in their width considerably. The helical pitch varies and due to the 

transparency of the ribbons it is difficult to assign left or right-handedness. The inset of Figure 

6.2b reveals the close association of three helical tapes constituting the mature tube from which 

they extend. 
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Figure 6.2: The morphology of "Sß1 structures as visualised by TEM. The scale bar represents 
500 nm. 

Comparison can be made to other studies of nanotubular self-assemblies finding morphological 

similarities to systems that bear no relation to the !Sß1 peptide. In particular, characterisation of 

nanotubes formed by the self-assembly of 1,4,5,8-naphthalene-tetracarboxylic acid diimide 

(NDI)-lysine amphiphiles is useful for the classification of the structures observed here (Shao et 

al., 2011). Figure 6.3 shows the variable morphology of !Sß1, again highlighting the tendency 

of the tapes to laterally separate but once again reform the original tape structure (a). By the 

definitions of Shao et al. coiled ribbons (b) and helical tapes (c) are also observed (Shao et al., 

2011) who attribute these structures to early intermediates on the pathway to the assembly of 

mature tubes as observed in Figure 6.2. 
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Figure 6.3: The variable morphology of "Sß1 visualised by TEM. Micrographs have been 
processed by FFT bandpass filtering. Scale bars represent 200 nm. 

To ascertain how the !Sß1 peptide is arranged in these nanotubes, fibrils were aligned using 

different methods to prepare a variety of textures for X-ray fibre diffraction (XRFD) analysis. 

 

6.2.2 αSß1 assembled structure determination by X-ray fibre diffraction 

X-ray fibre diffraction patterns obtained from aligned fibres of !Sß1 share similarities with the 

characteristic cross-ß pattern observed for amyloid fibres with major meridional reflections at 

4.75 – 4.81 Å but a larger major equatorial spacing of 27.13 – 29.69 Å. The pattern differs from 

classical cross-ß fibre diffraction where the number of meridional reflections outnumber the 

equatorial reflections suggesting that the complexity in this structure occurs along the fibre axis 

and but not perpendicular to it, as it is normally found for amyloid systems. Further, the 

presence of off-axis reflections implies a helicity in these structures, perhaps occurring along 

the fibre axis - as would also be consistent with TEM observations. 
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Fibrils of !Sß1 were prepared in three textures as shown in Figure 6.4 (see also Table 6.1) - 

fibrous, mat and disc. The latter two textures should be equivalent and may both be described as 

films. The diffraction exhibited by aligned fibrils of !Sß1 suggested a complex fibrous texture 

where the 9.95 Å (± 0.03) reflection axis changes from off-axis with 6th order rotational 

symmetry (+ – 0°) to meridional (+ – 90°) upon rotation about the fibre axis (see Figure 6.4a). In 

an attempt to obtain more structural information about the system and understand this complex 

texture, alternative alignments were prepared as described previously (Makin and Serpell, 

2005b). The mat texture was found to have some preferential alignment (see Figure 6.4b) and 

surprisingly was found to have a texture comparable to the fibrous alignment. With the X-ray 

beam parallel to the plane of the mat a pattern is exhibited that almost entirely reproduces the + 

– 90° fibrous pattern as shown in Figure 6.4a. Additional equatorial reflections are also 

observed. In the disc texture, except for the poor resolution of the equatorial reflections at 19.49 

Å (+0.87/-0.80) and 13.39 Å (+0.14/-0.14), the most information is revealed; reflections are 

sharp and confined to discrete axes and there appear to be layer lines exhibited. The alignment 

was found to be fully radially averaged about the plane of the disc (data not shown) but 

exhibited diffraction comparable to the fibrous and mat textures only with better resolution. It 

would seem that regardless of the texture adopted that patterns report the same structure and 

thus can be used in a combined analysis of the reflections. 
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Figure 6.4: X-ray fibre diffraction from a variety of alignment textures of fibrils of aSß1 
including fibrous, mat and disc. Schematics of the alignments in the X-ray beam are also shown. 
Parallel and perpendicular terminology refers to the beam position relative to the plane of the 
film. All fibre axes and meridians are vertical. Key off axis ~17 Å reflections are labelled with 
vertical arrows and the ~4.7 Å meridional reflections are labelled with horizontal arrows. 
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Table 6.1: The measured reflections from the fibre diffraction shown in Figure 6.4. 

The 4.81 Å meridional reflection is consistent with a hydrogen bonding separation of ß-strands 

and the ~28 Å equatorial, too large to arise from a spacing between adjacent ß-sheets likely 

occurs due to the length of the !Sß1 peptide length of 28 Å (8 residues x 3.5 Å). Always found 

on the equator this reflection must occur from a repetitive spacing perpendicular to the fibre axis 

and so considering a nanotube assembly the ß-strands can occur in or out of plane from the tube 

wall. Where !Sß1 is found to be a peptide amphiphile, as shown in Figure 6.5, it is likely to 

adopt an out-of-plane configuration in the nanotube wall as also concluded elsewhere (Valery et 

al., 2011). This is consistent with the fibre diffraction data and is further consistent with the 

amphiphilic nature of the molecule, whereby two !Sß1 peptides may stack end-on-end within 

the wall to make a bilayer of a thickness of ~56 Å. 

 

Fibrous – 90° Mat – Parallel Disc – Parallel 
Equatorials     Equatorials     Equatorials 

d-Spacing 
(Å) 

Intensity +d (Å) -d (Å) 
d-

Spacings 
(Å) 

Intensity +d (Å) -d (Å) 
d-

Spacings 
(Å) 

Intensity +d (Å) -d (Å) 

29.60 216.97 0.09 0.09 28.08 229.35 0.23 0.23 28.78 102.83 1.48 1.65 

- - - - 20.70 36.56 0.71 0.67 19.49 34.70 0.87 0.80 

- - - - 13.50 * * * 13.39 45.75 0.14 0.14 

                    

Merdionals     Merdionals     Merdionals 
d-Spacing 

(Å) 
Intensity +d (Å) -d (Å) 

d-Spacing 
(Å) 

Intensity +d (Å) -d (Å) 
d-Spacing 

(Å) 
Intensity +d (Å) -d (Å) 

9.95 211.13 0.03 0.03 9.86 246.62 0.13 0.13 9.86 231.97 0.01 0.01 

8.58 76.36 0.05 0.05 8.43 80.22 0.03 0.03 8.41 108.54 0.04 0.05 

6.93 36.61 0.02 0.02 6.87 55.29 0.06 0.06 6.87 87.50 0.01 0.01 

6.56 28.81 0.05 0.05 6.47 59.99 0.04 0.04 - - - - 

5.44 27.41 0.03 0.03 - - - - 5.47 * * * 

4.81 243.56 0.00 0.00 4.77 192.76 0.02 0.02 4.77 227.48 0.00 0.00 

4.69 113.60 0.01 0.01 4.66 * * * 4.66 179.09 0.00 0.00 

- - - - 4.41 79.81 0.02 0.02 4.41 * * * 

4.34 82.39 0.01 0.01 4.32 * * * 4.31 152.60 0.00 0.00 

- - - - 4.12 67.43 0.03 0.03 - - - - 

3.90 52.37 0.01 0.01 3.87 82.71 0.02 0.02 3.89 134.73 0.00 0.00 

3.08 19.97 0.01 0.01 - - - - - - - - 

                    

Off-axis     Off-axis     Off-axis 
d-Spacing 

(Å) 
Intensity +d (Å) -d (Å) 

d-Spacing 
(Å) 

Intensity +d (Å) -d (Å) 
d-Spacing 

(Å) 
Intensity +d (Å) -d (Å) 

16.60 28.82 0.04 0.04 16.90 56.74 0.16 0.16 16.94 64.60 0.03 0.03 

- - - - - - - - 6.44 86.22 0.05 0.05 

                        

Radially averaged     Radially averaged     Radially averaged 
d-Spacing 

(Å) 
Intensity +d (Å) -d (Å) 

d-Spacing 
(Å) 

Intensity +d (Å) -d (Å) 
d-Spacing 

(Å) 
Intensity +d (Å) -d (Å) 

4.46 55.91 0.02 0.02 - - - - - - - - 

3.70 35.53 0.02 0.02 - - - - - - - - 
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Figure 6.5: The amphiphilic nature of the "Synß1 peptide, hydrophobic residues are shown in 
orange, hydrophilic in blue (a). The hydropathic index is shown (b) according to the Kyte and 
Dootlittle hydropathy index (Kyte and Doolittle, 1982). Graphics generated in PyMol (DeLano, 
2002). 

6.2.3 Supramolecular models of assembly 

Based on preliminary interpretation of the XRFD and TEM data a nanotubular morphology can 

be envisaged as shown in Figure 6.6. Both theoretical models are based on the observation of a 

tape-like amphiphilic structure twisting into a helical tube. The first model describes the ‘closed’ 

mature tube (a) and the second a derivation of this as an open tube (b) or as described by Shao 

et al., a helical tape (Shao et al., 2011). The precise arrangement within the walls of the 

nanotube would depend on the arrangement of !Sß1 molecules within the constituting 

amphiphilic tape, but the separation between peptides along the nanotube long axis is presumed 

to be ~4.7 Å. 
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Figure 6.6: A predicted theoretical model of the arrangement of "Sß1 peptides to create a 
nanotubular morphology, as observed by TEM in Figure 6.3. Each line represents a stacked 
peptide molecule, whereby the separation between peptides along the long axis is presumed to 
be ~4.7 Å. Peptides are periodically coloured blue for reference. The mature tube (a) is shown 
as well the helical tape morphology (b). Graphics generated in Pymol (DeLano, 2002), not to 
scale. 

Two possible packing modes for !Sß1 are shown in Figure 6.7. If the sample consisted of only 

flat tape structures then the second architecture (b) would result in the 4.81 and 9.95 Å 

reflections occurring on the equator and meridian respectively, contrary to what is observed. 

However extension of this architecture into a nanotubular morphology with a small helical pitch 

could make the 4.81 and 9.95 Å separations approximately parallel and perpendicular 

respectively to the nanotubular long axis, consistent with the fibre diffraction. If the sample 

consisted of only flat tape structures the first architecture (a) would result in a fibre diffraction 

pattern consistent with the experimental data, the formation of nanotubes from tapes of this 

architecture could again reproduce the fibre diffraction data but a large helical pitch would be 

required to make the 4.81 and 9.95 Å separations approximately parallel and perpendicular 

respectively to the nanotubular long axis. 
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Figure 6.7: Two possible architectures present in the tape structures of "Sß1. The long axes of 
the peptides are perpendicular to the plane to the page and are shown in a parallel 4.81 Å 
stacking regime (a) or a perpendicular 4.81 Å stacking regime (b). 

In both cases, it might be expected that the 4.81 Å peptide separation is tilted away from the 

long axis of the nanotube. In systems that are reported to have such a supramolecular structure 

the off axis separation equivalent to the 4.81 Å here is seen to occur as an off axis reflection 

(Mehta et al., 2008). Whilst this is not the case here, the 4.81 Å reflection must arise from a 

4.81 Å separation running parallel to the nanotube long axis. Thus, in either architecture shown 

in Figure 6.7, the helical pitches must be acutely large close to 90° or 0°. To investigate the 

exact packing of !Sß1 peptides within the nanotube wall, and understand which of the packing 

architectures discussed is accurate, the fibre diffraction pattern reflections were indexed such 

that a model of the unit cell constituting the nanotube wall could be constructed. 

 

6.2.4 Molecular models of assembly 

The unit cell indexing was performed using the reflections from the film-textured mat (beam 

parallel) where this was shown to have a fibrillar texture but also resolve the greatest amount of 

equatorial and meridional information. The putative unit cell indexing of these reflections is 

shown in Table 6.2. The indexed cell was found to be able to accommodate eight peptide 
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molecules corresponding to the amphiphilic bilayer of the nanotube wall. The peptide was 

modelled in an ideal parallel ß-sheet geometry as might be expected for a cross-ß system. The ß-

sheet arrangement was assumed to be parallel to maintain the amphiphilicity of the nanotube 

wall. For simplicity, half of the bilayer was modelled where c = 30.00 Å as shown in Figure 

6.8a. The cell dimensions a9.62, b19.88, c30.00 Å correlate with the separation of peptide 

molecules (2 - 4.81 Å) along the fibre axis, ß-sheet separation (2 - 9.94 Å) and the length of 

the peptide molecule (30.00 Å). 

 

Asymmetry is present along the a dimension by a 180 rotation about the c axis. The model is 

able to rationalise the anisotropic growth of the tape-like structures and formation into a helical 

nanotube where the structure shown in Figure 6.8 is stabilised by three discrete sets of 

interactions aligned to the three crystallographic dimensions. ß-strands are stabilised along the a 

dimension by interamide hydrogen bonding (b) and perpendicular to this along the b dimension 

adjacent ß-sheets are stabilised by domain swapped Lys-Ser hydrogen bonds and Tyr aromatic 

interactions (c). The amphiphilic bilayer along the c dimension is stabilised by hydrophobic-

hydrophobic interactions (d).  

 

 

Table 6.2: Putative unit cell indexing of the reflections collated from the various textures of 
"Sß1. 

!Sß1 unit cell     

Dimensions a (Å) b (Å) c (Å) ! = ß = " 

  9.62 19.88 60 90 

Observed / Å h k l Calculated / Å 

28.08 0 0 2 30.00 

20.70 0 1 0 19.88 

13.50 0 1 3 14.10 

          

16.90 0 1 2 16.57 

          

9.86 1 0 0 9.62 

8.43 1 1 0 8.66 

6.87 1 2 0 6.91 

6.47 1 0 7 6.40 

4.77 2 0 0 4.81 

4.66 2 1 1 4.66 

4.41 2 1 4 4.46 

4.32 2 2 0 4.33 

4.12 2 0 7 4.19 

3.87 2 3 0 3.89 
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Figure 6.8: A model of the "Sß1 peptide packed into the predicted unit cell (a). Interamide 
hydrogen bonding (blue lines) stabilises ß-strands along the fibre axis a dimension (b), domain 
swapped inter lysine-serine hydrogen bonding (red) and aromatic interactions (orange) 
stabilising the b dimension (c) and an amphiphilic polarity stabilising the c dimension (d). 
Graphics generated in PyMol (DeLano, 2002). 

Where hydrogen bonding should be the most directional and strongest of the interactions 

present this will promote one-dimensional growth along the a dimension and so likely 

corresponds to the long-axis of the tapes - consistent with the tape architecture shown in Figure 

6.7a. Then the domain swapped Lys-Ser and aromatic interaction will stabilise the broadening 

of the tape. Finally, the amphiphilic nature of the unit cell will encourage a stable bilayer to 

form, with no need for additional stabilisation, thus defining the thickness of the tape. As a 

result the edge of the tape will present the bc plane (see Figure 6.8a and c) to the solvent which 

could finally be minimised by nanotube formation. 
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6.2.5 X-ray fibre diffraction simulation structure validation 

The molecular model presented in Figure 6.8 is consistent with the fibre diffraction data in as 

much as the unit cell dimensions and the internal atomic separations but for full validation 

simulated fibre diffraction was performed as shown in Figure 6.9.  

 

The major reflections of the experimental fibre diffraction pattern are present on the simulated 

pattern, although the relative intensity and axis alignment of many of the reflections are 

disparate from the experimental reflections. The equatorial reflection of 20.7 Å and meridional 

reflection of 4.66 Å are not reproduced in the simulated pattern, although where they are found 

to index to the unit cell (see Table 6.2) it cannot be ruled out that they are absent due to low 

relative intensity. Indeed, the meridional 6.47, 4.41 and 4.12 Å reflections are present as off 

meridional and their relative intensity is very low. 

 

Taken together, the simulation indicates that the unit cell and structure is related to the structure 

in the nanotube wall but discrepancy is apparent. The relative intensities of reflections will be 

modulated by the structure architecture and side chain conformations within the unit cell and so 

a search of the structural space within this cell should be able to correct these differences. 

Finally, where some reflections occur off-axis it is possible that this represents some structural 

spacings are aligned to the incorrect axis in the model structure. This is consistent with the 

modelled unit cell arranging into a supramolecular helical structure where the simulation 

considers the cell in a simple orthorhombic lattice. 
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Figure 6.9: Simulated fibre diffraction from the proposed model of "Sß1. Not observed - n.o. 
Fibre axes are vertical. 

 

 

 

 

 

a! b! c!

Unit cell dimension / Å 9.62! 19.88! 30!     
Simulated Miller indexing Experimental 

Signal / Å Axis h k l Signal Axis 
9.62 M 1 0 0 9.86 M 

4.81 M 2 0 0 4.77 M 

6.91 OM 1 2 0 6.87 M 

4.33 OM 2 2 0 4.32 M 

9.94 E 0 2 0 n.o. - 

4.97 E 0 4 0 n.o. - 

30 E 0 0 1 28.08 E 

15 E 0 0 2 13.5 E 

16.57 E 0 1 1 16.9 OA 

11.97 E 0 1 2 n.o - 

8.93 E 0 1 3 8.43 M 

7.02 E 0 1 4 n.o - 

5.74 E 0 1 5 n.o - 

3.97 OA 2 2 3 3.87 M 

3.69 OA 2 1 5 n.o - 
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6.3 Summary 

Nanotubes have been observed for a number of peptide derived self-assembling monomers 

including Aß(16-22) (Lu et al., 2003, Mehta et al., 2008), cyclo[(-D-Ala-L-Glu-D-Ala-L-Gln-)2] 

(Ghadiri et al., 1993), Lanreotide (Valery et al., 2003), A6K (Bucak et al., 2009) and NDI-lysine 

amphiphiles (Shao et al., 2011). However, of these systems the morphology and scale reported 

here is unique considering the simple linear peptide sequence that is used. 

 

The !Sß1 peptide assembles into flat tape-like structures with a repetitive separation of 4.77 Å 

along the tape long axis. These tapes assemble over huge length scales of 300 –  400 Å in width 

and indeterminate length. They are stabilised by hydrogen bonding along their long axes and 

peptide packing stabilises the lateral tape width, whilst the amphiphilic nature of the peptide 

causes the thin bilayer tape structure. To further stabilise the structure these tapes may arrange 

helically to form nanotubes, observed to have complex morphologies where the tape-like 

structure can be separated along its long axis. The assembled nanotubes exhibit ordered fibre 

diffraction of a quality only comparable to a few other systems indicating the high degree of 

order in these systems. This indicates that the nanotube wall consists of a single bilayer tape-

like structure, which can be modelled on the cross-ß structure of amyloid proteins. The 

arrangement of this architecture within the nanotube wall creates a novel cross-ß architecture. 

At the time of writing this analysis represents the most robust analysis of a nanotubular peptidic 

supramolecular assembly. A similar supramolecular architecture has only ever been proposed 

by Mehta et al. for Aß(16-22) (Mehta et al., 2008) although in a course representative model. 

Though the novel cross-ß architecture cannot be validated within the unique texture of the 

nanotube, future work will address this, either by development of methods to simulate such a 

complex long-range texture or by the use of other structural techniques including solid state 

nuclear magnetic resonance spectroscopy. 
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This work represents the beginnings of attempts to truly link the molecular structure of a self-

assembled peptide molecule to its supramolecular assembly. A few models for peptidic 

supramolecular assemblies have been proposed (Mehta et al., 2008) but are not validated by 

comparison of simulated structural data to the experimental structural data. It is demonstrated 

here that it is possible to find a molecular architecture that is related to the supramolecular 

assembly but great care must be taken in doing so. It is an enticing challenge to truly understand 

the link between this sort of molecular model and the supramolecular assembly it forms. The 

methodology here represents a step in the direction for using fibre diffraction and TEM to do so, 

but also an exquisite example of the elaborate and yet elegant architecture that forms to create 

such a supramolecular assembly.  
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7 Results and Discussion: 

The self-assembly mechanism and fibrillar structure of a 

bromonaphthalene conjugated dipeptide 

7.1 Introduction 

7.1.1 Current understanding of LMWG self-assembly 

One class of low-molecular weight gelator (LMWG) molecule that have the self-assembly 

potential to form fibrils capable of gelling a solvent, are the naphthalene conjugated dipeptides, 

reported previously by Yang et al. (Xu et al., 2007) (see Chapter 2). A substantial amount of 

characterisation of these and related systems has been conducted. One such large body of 

research surrounds investigations into Fluorenylmethyloxycarbonyl chloride (Fmoc) based 

LMWGs (see Chapter 2), in particular Fmoc-Phe-Phe (Smith et al., 2008). This Fmoc based 

LMWG is able to gel water and was reported to have a dramatically shifted pKa of its carboxyl 

terminus to 9.9. It is well established that the self-assembly of this system occurs when the pH 

of the environment is below the pKa of the carboxyl terminus, thus explaining its ability to gel 

solutions below a pH of 9.9 (Tang et al., 2009). This phenomenon has been experimentally 

verified in a number of other aromatic conjugated LMWGs (Adams et al., 2010b, Chen et al., 

2010c), but questions remain over the driving forces of assembly and also the structure of the 

assemblies formed. 

 

7.1.2 The driving forces of self-assembly 

Highlighted in Section 2.4, the intermolecular interactions stabilising non-covalently bonded 

systems range from electrostatic interactions and hydrophobic effects to hydrogen bonding. 

Where naphthalene and Fmoc conjugated dipeptide LMWG have a high aromatic content, they 

are also able to develop #-# stacking interactions. Although hydrogen bonding is also 
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acknowledged as an important stabilising interaction in these systems, emphasis is most widely 

placed on the importance of #-# interactions between aromatic groups driving assembly 

(Jayawarna et al., 2006, Toledano et al., 2006, Yang and Xu, 2004, Zhou et al., 2009). A view 

where side chain hydrogen bonding and especially peptide backbone hydrogen bonding with co-

operative #-# stacking is probably more accurate (Mahler et al., 2006, Mart et al., 2006, Xu et 

al., 2007). Indeed, some studies on Fmoc-Leu-Gly indicate that the initial assembly is driven by 

aromatic interactions which once established are unchanged, whilst other structural changes 

continue to occur as indicated by the continued evolution of circular dichroism (CD) signals 

(Adams et al., 2009).  

 

It is well recognised that for a supramolecular assembly to form fibrils which are capable of 

gelling solvent, the non-covalent interactions stabilising the assembly must be one-dimensional 

(Dastidar, 2008). Aromatic interactions may be attributable to driving the initial stages of self-

assembly, but in the final structures are they directional enough to stabilise the one-dimensional 

bonding networks that promote anisotropic growth? The observation by Gazit et al. of 

nanotubes formed by di-phenylalanine is an example that illustrates #-# interactions can be 

exceedingly directional however, though these stabilising forces lead to anisotropic 

supramolecular assemblies (Reches and Gazit, 2006), the aromatic-aromatic interaction is still 

the subject of study where it is not fully understood. Studies of benzene-dimers within the 

Cambridge Structural Database (CSD) and Protein Data Bank (PDB) reveal three common #-# 

geometries: parallel-displaced (PD), T-shaped edge-to-face (TEF) and eclipsed face-to-face 

(EFF) as shown in Figure 7.1. The PD and TEF conformations are preferentially adopted, 

perhaps suggesting that from this example, that although there is a directionality in this 

interaction atomistically these configuration are not aligned in the same repetitive manner as the 

hydrogen bonding in polypeptides. 
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Figure 7.1: Three observed &-& interaction geometries for benzene-benzene dimers. Figure 
reproduced with permission from (Salonen et al., 2011). 

Relevant to the relation of these forces to hydrogelation, the di-phenylalanine nanotubes do not 

gel the solvent they are dissolved in (Reches and Gazit, 2006), and there are many examples for 

other LMWGs reported that also fail to form gels (Chen et al., 2010c, Muro-Small et al., 2011, 

Xu et al., 2007). Interestingly, in these cases, it is not reported whether the non-gelling systems 

are still self-assembled and so it can be questioned as to whether the stabilising interactions that 

drive self-assembly are distinct from the interactions that govern gelation. 

 

7.1.3 Current understanding of the structure of LMWG 

The current structural insight into peptidic LMWGs is discussed in detail in Chapter 2. These 

generally describe antiparallel stacks of dipeptide chains in a ß-strand conformation stabilised 

by interamide hydrogen bonding. #-# stacking interactions are described and can be seen to 

extend in the same direction as the interamide bonding (see Figure 2.10 and 2.11). A caveat is 

that, although these models are based on robust structural and biophysical constraints, the final 

structures presented are ultimately not validated by comparison of simulated to the experimental 

structural data from which they were generated. Further, the models described draw conclusions 

about interatomic distances without directional information i.e. Data is collected from unaligned 

samples of gel in wide-angle X-ray scattering (WAXS) measurements. With a thorough 

structural and biophysical characterisation of 2-(2-(2-(6-Bromonaphthalen-2-

yloxy)acetamido)propanamido)-3-methylbutanoic acid (herein referred to as Br-AV) and 

simulation of structural information from potential models this work aims to produce a 

a b c 

Parallel-displaced T-shaped edge-to-face Eclipsed face-to-face 
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representative and experimentally validated model of an aromatic conjugated dipeptide in the 

fibrillar phase. 

 

7.1.4 Current understanding of the viscoelastic properties of hydrogels 

The viscoelastic properties of hydrogels are widely appreciated (Adams et al., 2009). However, 

a comprehensive rheological characterisation of these properties is often neglected, and 

viscoelastic properties are confined to a simple description of gelation or no gelation based on 

‘table-top rheology’. No firm link has been described between molecular structure and gelation 

propensity. Further, where detailed rheological characterisation is reported only in a few 

examples (Chen et al., 2010a, Chen et al., 2010c) of LMWG studies, the subtleties between 

molecular structure and hydrogel viscoelastic properties has not been explored. It has been 

noted that there are particular geometrical constraints on the dipeptide molecule that dictate 

gelation capacity (Xu et al., 2007). However, these constraints most likely dictate the 

supramolecular assembly and organisation of the LMWG, which then affects self-assembly, 

which in turn affects gelation potential. Where more involved characterisations of viscoelastic 

properties of peptidic LMWGs have been made, currently, no tangible links have been made 

between viscoelastic properties and structure. 

 

Clearer identification of the driving forces of assembly, how these interactions are able to 

stabilise the growth and final structure of the fibrillar phase and ultimately information 

regarding the architecture of structural elements within the fibres it may be possible to correlate 

structural properties to the viscoelastic properties of these gelators, thus bringing rational 

LMWG molecule design closer to reality. 

 

7.1.5 Experimental aims 

The assembly mechanism of peptidic LMWGs that assemble via a protonation mechanism is 

widely accepted and understood based on theoretical and final gel properties (Tang et al., 2009). 
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The structure of LMWGs in the final fibrillar state has been probed previously but the structures 

determined can only be considered as models (Hughes et al., 2011, Smith et al., 2008, Xu et al., 

2010) and no successful attempt has been made to truly correlate these models with 

macromolecular and viscoelastic properties. The structural details determined here for Br-AV 

may be applicable to other LMWG systems, certainly its characterisation serves as a good 

methodological and structural model for better understanding the assembly and final structure of 

this class of LMWG. 

 

With the development of a method for lowering the pH of the solvent, the dipeptide is dissolved 

in a homogenous and kinetically controllable manner (Adams et al., 2009); for the first time the 

assembly of a LMWG can be monitored in real time. This presents the opportunity to monitor 

time dependent structural changes and gain insight into what forces drive the self-assembly of 

this system. Additionally, through precise control of the final conditions in which the fibrillar 

assemblies stabilise their structure may be probed revealing details about the structural 

architectures present at various mechanistic points of the self-assembly and gelation process. In 

this manner, the hydrogelation process may be understood in detail as well as an attempt made 

to correlate structure and stabilising interactions to the mechanical properties of the gel formed. 

 

This chapter reports on the findings published by Chen et al. on the detailed characterisation of 

the assembly and structure of the low-molecular weight gelator Br-AV (Chen et al., 2010a) and 

expands on the analysis of the data collected by K. L. Morris. 

 

Dr. D. J. Adams. (University of Liverpool) is gratefully acknowledged for synthesising and 

providing Br-AV. Dr. L. Chen (University of Liverpool) is acknowledged for the collection and 

supply of pH decrease measurements. 
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7.2 Results and Discussion 

7.2.1 Homogenous and reproducible lowering of pH using Glucono- -lactone 

Naphthalene conjugated dipeptides have previously been reported to form gels at acidic pH (Xu 

et al., 2007). Using glucono-$-lactone (GdL) to homogenously lower the pH of the solution 

containing Br-AV (Adams et al., 2009) the pH was lowered to 3.1 as shown in Figure 7.2a. The 

pH drop arising from the production of D-Gluconate is at first rapid and subsequently steady. A 

concentration of 14.42 mgmL-1 GdL consistently lowered the pH to 3.1 and with reproducible 

kinetics (Adams et al., 2009) (D. J. Adams, communication). 

 

The apparent pKa of Br-AV is 5.8 (Chen et al., 2010c). At pH values above this the carboxy-

terminus will be in the carboxylate form. At these pH value solutions have been observed to 

form micelle-like structures (Chen et al., 2011), presumably stabilised by ionic interactions of 

these groups with water. A pH of 5.8 is reached by the solution between 30 – 40 seconds. By 

this time the carboxylate terminus of the free dipeptide in solution will be protonated to a 

carboxyl termini abolishing the negative charge of this group as shown in Figure 7.2b. 

 

 

 

 

Figure 7.2: The lowering of the pH of a solution of Br-AV (5 mgmL-1) at an initial pH of 10.7 
using 14.42 mgmL-1 of GdL (a) and the associated theoretical ionisation state of Br-AV based 
on this (b). pH data collected and provided by Dr. Lin Chen (University of Liverpool). 
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7.2.2 Sampling from hydrogels 

Assuming reproducible handling of the GdL during the initial rapid pH decrease then the 

subsequent time course of acidification and hydrogelation may be followed. Initially though, 

solutions were left to gel overnight via this pH drop and later were sampled to investigate their 

final gel properties. However, sampling from preformed hydrogels was found to not effectively 

remove the fibrillar material from overnight formed hydrogels. After gel penetration by a 

pipette tip, a negative impression is left in the gel into which fluid flows. Sampling this material 

results in transmission electron microscopy (TEM) grids that have a high ratio of salts and 

precipitate (presumed to be NaOH and GdL) to peptidic material as shown in Figure 7.3a. 

Analysis of this material by CD results in spectra that resemble GdL only. Figure 7.3b shows 

the spectral signature for the material sampled from a preformed gel is comparable to the 

spectral signature of GdL alone (Jia et al., 2009). Furthermore, no absorbance spectra can be 

derived from the high tension voltage (HT[V]) as would be expected for the naphthalene 

chromophore (data not shown). It was investigated to see whether hydrogels formed in situ 

would better enable the investigation of the material formed in the gel matrices. The following 

describe experiments conducted using in situ methodologies whereby measurements are made 

directly on gels and not on samples removed from preformed gels. 

 

 

 

Figure 7.3: Sampling problems encountered when using pre-formed hydrogels. Sampling from 
preformed gels for TEM results in low coverage of fibrillar material (dashed arrow) and high 
degree of GdL precipitate (solid arrow) (a). CD analysis of this sampling yields a GdL CD 
spectrum (b). 
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7.2.3 Monitoring the self-assembly of Br-AV by TEM 

After addition of GdL the macroscopic and morphological structure of the gel matrix was 

probed at specific time points as shown in Figure 7.4. At the point of GdL addition any material 

observed is unstructured but by 40 mins (pH 4.2) this has adopted a fibrillar morphology. These 

fibrils observed at low coverage have a minimum width of 12.9 nm (SD ±1.0 n=10). At 80 mins 

(pH 3.8) the incidence of these fibres increases with some appearing wider with striations 

parallel to the fibre axis, clear evidence of lateral association. At this time point a laterally 

associated thick fibril was found to constitute thin filaments with a width of 12.0 nm (SD ±0.5 

n=10). Instances of highly laterally associated fibrils are observed at all time points up to 

complete gelation. At 120 mins (pH 3.7) some fibrils are unstained, presumably because they 

are so large they cannot be negatively stained. As gelation progresses the fibril coverage and 

overlap incidence increases, high order lateral association appears to plateau as fibril 

overlapping increases. It is noteworthy that no helical structures were observed as was 

previously reported for naphthalene conjugated dipeptides although these studies were of 

LMWG’s with the sequences, Gly-Gly, Gly-Ala, Gly-Ser (Xu et al., 2007). This would suggest 

that helicity and chirality are governed by the peptide portion of LMWG’s. 

 



                                                                                                                                          Chapter 7 
 

 

175 

 

Figure 7.4: The development of fibrillar structures and gel matrix formed over time by the 
dipeptide Br-AV following the addition of GdL (14.42 mgmL-1). Micrographs were taken at 0 
(a), 40 (b), 80 (c), 120 (d), 160 (e), 200 (f), 240 (g), 280 (h) and 400 mins (i). Scale bar 
represents 400 nm. Figure reproduced from (Chen et al., 2010a). 

7.2.4 Monitoring the self-assembly of Br-AV by naphthyl fluorescence 

The fluorescent emission (%ex – 265 nm) of the naphthyl group was monitored during the course 

of assembly and gelation as shown in Figure 7.5. The fluorescent emission from the naphthalene 

group was found to increase with self-assembly, consistent with a burial of the naphthalene 

groups allowing for increased fluorescence due to decreased quenching from water. These 

observations are similar to the phenomenon of increased aromatic fluorescence upon protein 

folding due to burial and desolvation tyrosine and tryptophan residues (Weinberg, 1988). It is 
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interesting that Fmoc dipeptides exhibit Stokes shifting in their fluorescent emission spectra  

upon assembly and this is attributed to aromatic stacking (Hughes et al., 2011, Jayawarna et al., 

2006, Smith et al., 2008), however this is not observed here. These data might thus be giving 

indication of a lack of aromatic stacking, however in light of evidence from CD this is clearly 

not the case and close aromatic interactions are present, as discussed in the following sections. 

 

 

 

 

 

 

 

Figure 7.5: The increasing fluorescent emission spectrum of assembling Br-AV (5mgmL-1) at an 
initial pH of 10.7 after the addition of 14.42 mgmL-1 of GdL at 0 (dark blue), 50 (light blue) and 
145 (orange) mins. !ex – 265 nm. 
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7.2.5 Monitoring the self-assembly of Br-AV by CD 

To further investigate the role of assembling interactions and the development of structure, CD 

was used to probe the system with self-assembly and gelation. As shown in Figure 7.3 CD 

spectra collected from preformed gels are only able to sample the GdL left in solution after 

gelation and thus to collect CD spectra from assembling dipeptides gelations were monitored in 

situ.  

 

GdL background 

Since the background CD signal due to GdL could potentially contribute to the spectra collected 

of the assembling Br-AV, this was first investigated. Figure 7.6 shows the CD spectra of 

hydrolysing GdL over time. The transition at 222 nm blue shifts by 4.8 nm and decreases 

intensity by 67 %. The CD signals arising from GdL between 210 – 240 nm are about two 

orders of magnitude less than the CD signals arising from the dipeptide and so despite their 

changing CD profile are thus not accounted for in subsequent CD analysis. 

 

 

 

Figure 7.6:!The background from GdL at 14.42 mgmL-1 in solution at a starting pH of 10.7 is 
dynamic but the intensity negligible compared to the signals of the dipeptide molecule.  
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In s itu monitor ing of the assembly of Br-AV by CD 

Figure 7.7 shows the spectral characterisation of assembling Br-AV after the addition of GdL. 

The CD signature of the dipeptide is present immediately at 0 mins (blue) and the peaks 

increase over time (Figure 7.7a), consistent with an increase in the structure and chirality they 

are reporting. The presence of the CD signature of Br-AV at 0 mins suggests that the initial 

kinetics of assembly were faster than it was possible to begin measurements. This is in 

agreement with the kinetics of the pH drop induced by this concentration of GdL where the pKa 

of the dipeptide is reached in 40 seconds; faster than it is possible to begin measurements on the 

assembling system (See Section 7.2.1). It is interesting though that by TEM at 0 minutes no 

fibrillar assemblies are observed (see Figure 7.4a). 

 

The subtracted HT[V] of the sample and the buffer may be used to determine the absorbance of 

the dipeptide (Figure 7.7b). Comparison to the UV/Vis spectrum of the dipeptide stock supports 

the validity of this method (Figure 7.7c). The CD and the absorbance spectra are clearly 

extremely complex and cannot be interpreted simply as one would for a protein or peptide; they 

may however be rationalised on the basis of the absorbing chromophores present in the system. 

Two types of chromophores are present in Br-AV, the two amide bonds of the dipeptide 

backbone and the naphthalene group, with absorbance regions expected to be between 190 – 

230 nm and 220 – 330 nm respectively (Fasman, 1996, Singh and Thakur, 1981). Although 

having been reported to be exceptionally complex (Kourouklis et al., 1982), the major electronic 

transition moments of naphthalene are shown in Table 7.1 (Singh and Thakur, 1981). Some 

shifts are observed in the electronic transitions when substitutions are made (Dempsey et al., 

2010) but these are found to be comparable to the absorbance bands observed for Br-AV. It 

should noted that the polarisations of these transitions are known to alter upon substitution but 

these are not reported or experimentally measured here (Singh and Thakur, 1981). 
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Figure 7.7: The evolution of CD signals from gelating Br-AV after the addition of GdL. The 
signature from the dipeptide increases over time with a scan interval of ten minutes (a). The 
naphthalene chromophore absorbance decreases with time (b). The UV/Vis of the Br-AV stock 
(25 ,gmL-1) is shown for reference, with an inset expanding the near-UV region (c). 
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Table 7.1: The experimentally determined electronic transition moments of naphthalene (Singh 
and Thakur, 1981) and the related 6-bromo2-naphthol compound (Dempsey et al., 2010) which 
may be compared to the electronic transitions of Br-AV. Assignments are made using the Platt 
notation. *The angle of the electronic transition moments are not available or ** 
experimentally determined. 

Thus, the 231.0 nm transition observed in the UV/Vis and 229.2 nm in the HT[V]sub of Br-AV 

can be attributed to the Bb (long-axis) electronic transition moment of naphthalene (Singh and 

Thakur, 1981). The 235.8 nm transition in the CD spectrum may also be attributed to the 

naphthalene chromophore (Figure 7.7a). This is an interesting observation where isolated 

naphthalene is achiral and so does not have an intrinsic CD signal, thus the development of a 

CD signal corresponding to the Bb naphthalene transition indicates that the naphthalene groups 

are entering an ordered chiral environment. The ordering of naphthalene groups is likely to be 

governed by #-# aromatic interactions. This interpretation is corroborated by the concurrent 

hypsochromic and hypochromic shifting of the absorbance signals determined from the 

HT[V]sub spectra. This can be likened to the phenomenon of spectral changes observed when 

denaturing DNA. In natively structured DNA the aromatic bases interact via their #-electron 

clouds. The UV absorbance of DNA at 260 nm is a consequence of electronic transitions 

associated with the #-electron orbitals of the bases. In a #-# stacked aromatic structure the 

number of allowed #-#* transitions is reduced and so the absorbance at 260 nm can be reduced 

by as much as 40% through a complex series of interactions of the electronic orbitals of 

aromatic groups (Rhodes, 1961). 

312.2 nm (Lb) 

231.4 nm (Bb) 

278.5 nm (La) 

Naphthalene Absorbances 6-bromo-2-naphthol Absorbances Br-AV Absorbances 

nm Assignment Angle nm Assignment Angle* nm Assignment Angle** 

312 Lb 0 339 Lb - 332 Lb - 

278 La 90 276 La - 273 La - 

231 Bb 0 232 Bb - 231 Bb - 
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Electronic transition moments have been reported for naphthalene in the far-UV region <230 

nm (Kourouklis et al., 1982); but, even if present here, are comparably weak as shown from the 

UV/Vis of Br-AV (Figure 7.7c). Thus, the CD transitions below 220 nm are attributable to the 

amide bond of the dipeptide backbone and its conformation. A ß-sheet peptide is expected to 

have positive and negative CD bands at 195 and 217 nm corresponding to the #-#* and n-#* 

respectively (Townend et al., 1966). The positive 192 and negative 211 nm bands of Br-AV 

may respectively arise from the #-#* and n-#* transitions associated with ß-sheets. The 

wavelength of the n-#* transition may be considered quite short for the ß-sheet conformation 

but has been reported to be highly sensitive to environment and found in other ß-sheet systems 

to be as short as 210 nm (see Section 3.2.3). Indeed, the evidence for ß-sheet formation is 

supported by Fourier transform infrared spectroscopy (FTIR) data that shows ß-sheet formation 

upon gelation with peaks at 1628 and 1679 cm-1 (Chen et al., 2010a). The 1679 cm-1 peak 

possibly arises from the presence of an anti-parallel ß-sheet arrangement (Pelton and McLean, 

2000). The final pH of the solution can be targeted by the concentration of GdL used, a range of 

concentrations were investigated using FTIR and it was observed that the signals indicative of 

antiparallel ß-sheets relatively increased with decreased pH. An additional peak at 1718 cm-1 

was also ascribed to a protonated carboxyl terminus (Chen et al., 2010a). 

 

It has also been noted that the character of the signals in the CD spectrum are reminiscent of 

exciton coupling bands (Chen et al., 2010a). Exciton coupling in CD results in the splitting of 

an absorbance peak into a positive and negative component characterised by a sharp change in 

signal intensity between the two (Rodger and Norden, 1997). The signs of the exciton couplets 

are indicative of the chirality of the exciton coupled chromophores chirality (see Chapter 3). 

The difference in the peak positions of the Bb transition of naphthalene in Br-AV between the 

CD and UV/Vis may indicate that the 229 nm absorbance band has split into a negative CD 

component at 236 nm and a low wavelength positive component overlapping with other far-UV 

transitions (Chen et al., 2010a). The signs of the exciton couplets may represent a left-handed 

helical arrangement (Chen et al., 2010a, Rodger and Norden, 1997 Oxford university Press). 
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The low wavelength transitions are also reminiscent of exciton coupling with a negative CD 

component at 211 nm and a positive component at 192 nm, although from the absorbance 

spectra it is not clear which absorbance band this arises from. 

 

Linear dichroism (LD) checks were performed to ensure the signals from which these 

interpretations are made are true CD signals, upon cuvette rotation peak intensities changed by 

19 – 22 % but no signal inversion was observed as would be expected for an LD artefact. 

Additionally, no chiral scattering was observed and the relatively small changes in signal 

intensity can be attributed to imperfections in the quartz cuvettes or slight misalignment of the 

cuvette upon mounting. 

 

In s itu Br-AV assembly CD analysis 

The kinetics of the evolution of each CD peak cannot be analysed simply where the initial 

stages of self-assembly are not recorded due to the rapid pH decrease to below the Br-AV pKa 

by 30 – 40 seconds. Despite this, the relative intensities of the development of each signal are 

shown in Figure 7.8, the 211 nm peak appears to plateau before the almost concurrent 

plateauing of the 192, 236 and 274 nm peaks; but whether this has structural significant 

structurally for which parts of the molecule enter into ordered assembly is unclear. If the 211 

nm peak arises from the amide bond conformation then it would be expected to concurrently 

plateau with the 192 nm transition. If the 211 nm transition is the negative couplet of an exciton 

band it is also not clear why this component would plateau before the positive band. As such, at 

this stage if the CD bands can be ascribed to independently represent the development of unique 

structural features these data suggest that each structural element develops simultaneously. 
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Figure 7.8: The kinetics of CD signal development at 192 (blue diamonds), 211 (red squares), 
236 (green triangles) and 275 nm (purple crosses). The data has been scaled for comparison. 

 

Structural geometry interpretat ion from CD and HT[V]sub measurements 

Br-AV exciton coupling 

From the HT[V]sub and UV/Vis absorbance spectrum of Br-AV shown in Figure 7.7b-c three 

transitions can be observed for the naphthalene group. It has already been discussed that 

substitution affects the polarisation of the transitions associated with naphthalene (see Table 

7.1) however for this interpretation the Bb and La transitions are assumed to be approximately 

aligned respectively to the long and short axis of the naphthyl group. The Bb transition is 

observed at 231.0 nm and the La transition at 273.0 nm is split into a second overlapping peak at 

263.5 nm. Exciton coupling for chromophores has been demonstrated up to 23 – 50 Å (Matile et 

al., 1996, Oancea et al., 2003), in particular, naphthalene exciton coupling has been 

demonstrated in groups spaced up to 6.02 Å (Scholes et al., 1993, Scholes et al., 1998). Thus 

naphthyl-naphthyl distances cannot be simply described here but each transition can be 

considered geometrically in its own right to understand the relative geometry and orientation of 

naphthalene groups in the assembled state.  
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Figure 7.9: The geometrical constraints on the relative arrangements of naphthalene groups 
within the exciton coupling theoretical framework with respect to the 231 nm Bb (a) and 
263/273 nm La (b) transitions. 

As assembly proceeds the Bb absorption band undergoes a hypsochromic shift of 7.7 nm, 

according to the exciton coupling model previously described (Chapter 3) consistent with a 

face-to-face arrangement with regard to the parallel-polarised planar geometry of the Bb long 

axis transitions. This shift and the lack of band splitting for this transition indicates that the long 

axes of the naphthalene groups are approximately parallel. The band splitting exhibited by the 

La short axis transition indicates that this transition lies at an oblique angle to its nearest 

neighbour, but in addition the slight bathrochromic shift of the 263.5 nm La component with 

assembly may indicate an end-to-end geometry for this transition. 

 

The Stokes shifts observed for the assembly of this system upon aromatic interaction are small 

where shifts may normally be observed on the order of 100 nm for end-to-end (Würthner et al., 

2011) and face-to-face (Emerson et al., 1967) arrangements. With regard to determining the 

geometrical arrangements of the naphthalene groups with respect to the exciton theory this 

implies that the electron orbital energy splitting is decreased due to the freedom available 

Exciton theory – 231 nm Bb geometry constraints Exciton theory – 263/273 nm La geometry constraints a b 

54.7° 90.0° 

90° 90° 90° 90° 

35.3° freedom 54.7° freedom 

54.7° ~0° 

Bb La 
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through the angles + and ! illustrated in Chapter 3. As such, the relative geometries of naphthyl 

groups may be determined but only within only the upper and lower geometrical bounds for the 

Bb and La transitions in the face-to-face and end-to-end arrangement. Figure 7.9 shows the Bb 

transition associated with the long axis of naphthalene must lie parallel to adjacent naphthalene 

long axes producing a H-aggregate stacking geometry. The hypsochromic shift of this transition 

indicates that the inclination between the centres of two naphthalene groups with regard to the 

long axis (+) must lie between 54.7° and 90.0° (see Chapter 3). The relatively small shift could 

indicate the groups are inclined close to 54.7° (see Figure 7.9a), but additionally, rotation about 

! between 0.0° and 90.0° may also contribute to the slight shift (see Chapter 3). The La 

transition associated with the short axis of naphthalene is tilted at an oblique angle relative to 

adjacent naphthyl short axes to produce the observed band splitting. Additionally the inclination 

between the centres of two naphthalene groups along this axis (+) must lie between 0.0° and 

54.7° to produce the characteristic red shift of this J-aggregate geometry (see Chapter 3) (see 

Figure 7.9b). 

 

7.2.6 X-ray fibre diffraction of pH targeted assemblies 

To investigate whether the structural architecture changes over the course of assembly pH 

targeting was used. In doing so, it was possible to probe the structures present at specific time 

points in the course of the assembly of Br-AV following addition of GdL at 14.42 mgmL-1. 

Table 7.2 shows the range of concentrations of GdL that were used to target the final pH of Br-

AV dipeptide solutions. Each GdL concentration successfully induces the hydrogelation of Br-

AV where the pH range achieved is 4.5 - 3.1. By allowing the pH of the gels to equilibrate over 

24 hours the structures formed will do so in an environment equivalent to specific time points 

along the time course gelation. Important to these measurements, gel strength as indicated by G’ 

plateau is observed to be at ~50 mins (Chen et al., 2010a). 
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Table 7.2: Correlation between the pH and the time after which GdL is dissolved at 14.42 
mgmL-1 (left). Correlation between the concentration of GdL and the final equilibrated pH of 
the solution and equivalent time point when using 14.42 mgmL-1 GdL in a time course (right). 
Final pH data taken from (Chen et al., 2010a). 

 

Figure 7.10: Br-AV X-ray fibre diffraction at varied pH 4.7 (a), 4.0 (b), 3.7 (c) and 3.1 (d). 
Corresponding TEM from targeted hydrogels are shown, scale bar represents 400 nm. All fibre 
axes are vertical. Figure adapted from (Chen et al., 2010a). 

In this manner it was possible to probe the structures equivalent to those formed at 38, 74, 125 

and >1360 minutes during time course measurements after addition of GdL (14.42 mgmL-1). 

Figure 7.10 shows the XRFD collected from alignments of fibres of Br-AV targeted at a range 

of final pHs, the corresponding TEM of fibrils found in the gel matrices at these pHs are also 

shown. In each case, as expected, fibrillar material is present with comparable morphology to 

those found over the period of the time course measurements made previously (Figure 7.4) but 

an appreciable increase in fibril density is observed for the lowest pH of 3.1 (Figure 7.10d). 

[GdL] pH relationship       

Time / min pH 
[GdL] / 

mgml-1 
Final pH 

Equivalalent 

time point / 

min 

0 6.5 2.94 4.7 34 - 36 

40 4.5 4.46 4.0 64 - 74 

80 3.9 5.96 3.7 103 - 126 

120 3.7 14.42 3.1 >1335 

160 3.6       

200 3.5       

240 3.4       

280 3.3       

320 3.3       
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Comparison of the equatorial and meridional signals, as shown in Figure 7.11, reveals identical 

traces indicating that no change occurs in the structure of the fibrils across the range of pH 

environments used for gelation. Some differences are found in the low-resolution regions (data 

not shown) but this is attributed to variable signal occlusion by the backstop in the XRFD 

patterns shown in Figure 7.10a-d. 

 

 

Figure 7.11: One-dimensional intensity traces of the equatorial and meridional signals from a 
range of pH targeted Br-AV gel fibres. Intensity values have been shifted. To avoid effects from 
signal occlusion by the backstop equatorial signals are shown only up to 30 Å, where these are 
over a greater range than meridional signals, a logarithmic scale has been used for clarity. 
Figure adapted from (Chen et al., 2010a). 
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7.2.7 The local structural architecture of Br-AV assemblies 

Knowing that the architecture of the fibrils is established rapidly and remains constant over self-

assembly and gelation, the final local structural architecture of the fibrils formed by the self-

assembly Br-AV was probed by aligning fibrils of a solution of Br-AV (5 mgmL-1) after the 

addition of GdL (14.42 mgmL-1). 

 

X-ray f ibre dif f ract ion 

A synchrotron microfocus beamline (I24, Diamond, Oxfordshire) was used to collect high 

quality fibre diffraction data from an in situ alignment of Br-AV and is shown in Figure 7.12. 

The pattern is reminiscent of the cross-ß signature for amyloids (Jahn et al., 2010) with a major 

meridional reflection at 4.51 Å (±0.03) indicating an equivalent repetitive spacing along the 

fibre axis. The major meridional reflection is compatible with a hydrogen bonding distance and 

is likely to arise from the inter-ß-strand spacing along the fibre axis. A similar ß-strand spacing 

of approximately 4.3 Å has been assigned to other dipeptide systems (Smith et al., 2008). The 

large number of equatorial reflections indicates a remarkably high degree of order perpendicular 

to the fibre axis. It is also clear that assemblies of Br-AV have appreciably longer-range lateral 

order than most self-assembled fibrillar systems. 

 

Although all of the reflection positions in the fibre diffraction pattern arise from the dimensions 

of the repeating lattice, their intensity is modulated by the interatomic distances within that 

repeating lattice. Since the majority of the interatomic distances are directly related to one or 

more unit cell dimensions, a repetitive interatomic separation of a1/5 will reinforce the 5th order 

reflection from the a dimension. Thus, the intense reflections at higher orders of those arising 

from the unit cell likely represent repetitive spacings within the unit cell. 
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Figure 7.12: X-ray fibre diffraction from an in situ alignment of Br-AV (5 mgmL-1) assembled 
by GdL addition (14.42 mgmL-1). Equatorial reflections are indicated by vertical lines and 
meridional by horizontal lines. Measurements are made in Å using Clearer and a search width 
of 8 px. Data collected at I24 Diamond, Oxfordshire. The fibre axis is vertical. 

The major equatorials are measured to be 65.3 (+14.3/-9.9), 38.3 (+2.4/-2.1) and 16.1 Å 

(+0.33/-0.32). The low angle reflections likely relate to the large repeating lattice (63.3 & 38.3 

Å) of this system but the high angle to the repetitive spacings within the cell. It is interesting 

that Br-AV modelled in the ß-strand conformation has a length comparable to the 16.1 Å 

equatorial signal as modelled in Figure 7.13a. It has already been discussed that parallel and 

antiparallel interpretations from FTIR are controversial (see Chapter 5) however to be able to 

feasibly explore possible molecular architectures, the structural modelling was limited to 

antiparallel dipeptide configurations. Considering the antiparallel ß-sheet formation and the 

fibre axis strand separation of 4.51 Å a limited number of possible ß-strand stacking 

arrangements can be envisaged as shown in Figure 7.13b-c. These include interamide only 

(IAO) and interamide-carboxyl (IAC) hydrogen bonding networks that could encourage one-

dimensional fibre growth. The bonding scheme including only interamide hydrogen bonding 

arranges antiparallel dipeptide pairs into a tape with a width of 21.9 Å and the architecture with 

mixed hydrogen bonding has a tape width of 25.4 Å. It is worth noting that the two widths may 

38.3 

27.5 

20.7 

16.1 

13.1 

11.1 

7.28 

6.49 

6.02 

5.43 

5.00* 

65.3 

4.51 

3.74 

3.54 
3.39 

Br-AV - microfocus X-ray fibre diffraction pattern 

d-Spacing 
(Å) 

Intensity +d (Å) -d (Å) Axis 

65.27 252.0 14.27 9.93 E 

38.34 127.8 2.39 2.12 E 

27.49 91.3 1.98 1.73 E 

20.70 102.9 0.61 0.57 E 

16.11 123.2 0.33 0.32 E 

13.12 98.2 0.18 0.18 E 

11.10 82.2 0.16 0.15 E 

7.28 90.5 0.05 0.05 E 

6.49 96.7 0.06 0.06 E 

6.02 104.6 0.04 0.04 E 

5.43 103.6 0.03 0.03 E 

          

4.51 122.5 0.03 0.03 M 

3.74 100.7 0.02 0.02 M 

3.54 96.4 0.02 0.02 M 

3.39 93.9 0.02 0.02 M 
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be compared to the equatorial reflections of 20.70 Å (+0.61/-0.57) and 27.49 Å (+1.98/-1.73) 

respectively. 

 

With some constraint placed on the stacking of adjacent ß-strands, the possible packing of the 

antiparallel dipeptide pairs perpendicular to the fibre axis was explored. Without considering the 

naphthalene groups, the lateral interactions may be governed by efficient steric packing and 

should be relatively weak compared to the directional hydrogen bonding that results in 

anisotropic fibre growth. Efficient side chain packing of each stacking arrangement was found 

at ~6 Å corresponding to the equatorial reflection of 6.02 Å. Assuming that the equatorial 

reflection of 5.43 Å may also represent lateral ß-sheet packing, this was explored as a possible 

packing distance but was found to cause inter-ß-strand clashing (Van de Waals overlap >= 0.5 

Å assessed by Chimera (Pettersen et al., 2004)) (see Appendix II-i). 

 

 

 

Figure 7.13: Possible Br-AV stacking modes. The monomer of the dipeptide Br-AV with the 
dipeptide chain in the antiparallel ß-strand conformation (a) and two possible antiparallel 
hydrogen bonding schemes involving only interamide only (b) or additional interamide-
carboxyl hydrogen bonding (c) with inter-ß-strand separations of 4.51 Å. Naphthalene groups 
are shown for illustration only. Graphics generated in PyMol (DeLano, 2002). 
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Although the antiparallel ß-strand stacking and packing can be described with some confidence 

based on experimental evidence, discriminating the naphthalene group architecture and #-# 

stacking direction is more challenging where freedom exists around the ether linkage. The #-# 

stacking interaction may extend parallel to the fibre axis and so the naphthyl-naphthyl 

separation would be governed by the backbone separation of 4.51 Å. In other reports the #-# 

stacking distance is assigned as being ~3.7 Å based on the interpretation of a WAXS peak at 

this distance (Hughes et al., 2011, Xu et al., 2010). However, granted by the directional 

information of the fibre diffraction here it is apparent that this reflection is meridional thus 

represents an interatomic distance that is aligned to the fibre axis. Where the inter-ß-strand 

separation is 4.51 Å the naphthyl groups cannot be stacking on the same axis at a shorter 

distance. The 3.74 Å reflection here, is more likely to be a higher order reflection from the 

lattice dimensions. 

 

To most accurately model the #-# interaction direction and geometry the exciton coupling 

model, already described in Figure 7.9, applicable to the CD and UV/Vis data was explored. 

Further, assuming the exciton coupling model is applicable to this system, comparison of LD 

measurements to the CD were able to determine that the naphthalene long axes lie between 0 – 

54.7° relative to the fibre axis (Chen et al., 2010a) (see Appendix II-ii). To construct the most 

representative model of Br-AV in the fibrillar phase these constraints must first be considered in 

the context of the lattice they stabilise in. 

 

X-ray f ibre dif f ract ion pattern indexing and unit cel l  determinat ion 

A unit cell cannot be smaller than the lowest resolution/largest reflection measured on the 

XRFD pattern. As the single major meridional signal arises from a unique axis it can be 

assigned to the dimension parallel to the fibre axis, here assigned as b. Pattern indexing then 

followed to explore the possible a and c dimensions to find potential unit cells. These searches 

generally resulted in large unit cell solutions (see Appendix II-iii). Early searches did not 

include the 65.27 Å (+14.27/-9.93 Å) equatorial reflection where this was later collected using a 
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synchrotron beamline. Although these limited searches produce the best mathematical indexing 

of the fibre diffraction some predicted reflections lie outside of the systematic error associated 

with the measured experimental signal position measurement (see Appendix II-iii). 

 

The cell that theoretically reproduces all of the experimental reflections within the systematic 

errors is considered the best cell determination as shown in Table 7.3. Simulated fibre 

diffraction from the unit cell lattice excluding a structure confirm the cell shown in Table 7.3 

best reproduces the low resolution reflections of the experimental fibre diffraction pattern (see 

Appendix II-iv). Despite this, however, the cell is still large relative to the dipeptide molecule 

allowing for a great number of packing arrangements, making de novo modelling problematic. 

Initial attempts were made to arrange individual dipeptide molecules within the indexed unit 

cell, but were unable to reproduce the fibre diffraction signals observed in the experimental 

pattern (see Appendix II-v). Thus, only the minimum asymmetric unit was modelled based on 

the experimental constraints. 

 

 

 

 

 

 

Table 7.3: Putative unit cell indexing of the Br-AV pattern. 

BrAV unit cell           

Dimension Search limit Prediction Observed (Å) [h k l] Predicted (Å) 

a (Å) 40 37.29 65 [0 0 1] 72.45 
b (Å) 9.02 9.02 38 [1 0 0] 37.29 
c (Å) 80 72.45 27 [1 0 2] 25.98 
! (°) 90 90 21 [1 0 3] 20.27 
ß (°) 90 90 16 [1 0 4] 16.29 
" (°) 90 90 13 [2 0 4] 12.99 

      11 [3 0 3] 11.05 

Error (%): 0.0262   7.3 [5 0 2] 7.3 
      6.5 [4 0 8] 6.5 

      6.02 [6 0 3] 6.02 

      5.43 [3 0 12] 5.43 

      5 [7 0 5] 5 

            

      4.51 [0 2 0] 4.51 
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7.2.8 Br-AV modelling 

Using the determined unit cell dimensions, the constraints on ß-sheet architectures and 

naphthalene geometry and orientation, models of Br-AV in the fibrillar state were constructed. 

Both the IAO and IAC packing modes may be modelled into the unit cell where the long axis of 

the dimer is aligned to the a dimension of the determined unit cell. In both the IAO and IAC 

arrangements the naphthalene groups of adjacent dimers overlap into a stacking arrangement. 

Assuming the 37.3 Å a cell dimension, due to the shorter long axis of the IAO dimer the 

naphthalene groups are displaced relative to one another when viewed down the fibre axis (see 

Appendix II-vi). The IAO model at initial visual inspection may be more favourable where this 

displacement produces non-ideal face-to-face arrangement and rationalises the small 

hypsochromic stokes shift of the Bb transition upon assembly. With the IAO and IAC 

antiparallel ß-strand stacking modelled in the unit cell the naphthalene orientation and relative 

geometries were explored within the spectroscopic constraints by manual adjustment of the 

torsion angles ! and ß around the ether linkage (Nap-!-O-ß-Ala-Val). No obvious configuration 

could be found for the IAC architecture by this manual search. However in the antiparallel IAO 

architecture the ! and ß torsion angles of the ether group were adjusted to -173° and -139° 

respectively as shown in Figure 7.14. In this configuration, exciton coupling is presumed to be 

possible through all dimensions of the lattice and on inspection almost all of the orientation and 

geometrical constraints regarding the naphthalene group architecture are satisfied. The 

modelling would benefit from a thorough computational search through the ether bond torsion 

angles to find the best naphthalene architecture, and entirely rule out the IAC stacking mode. 

Nevertheless, this satisfies most of the constraints placed on the naphthalene geometries by 

spectroscopic data. The naphthyl long axes are orientated at ~55° relative to the fibre axis (a); 

the nearest neighbour Bb naphthyl transitions are face-to-face but with an ! value of ~76° (b) 

accounting for the small hypsochromic shifting but created by the H-aggregate geometry with a 

+ value of ~80° (c). The La transitions are oblique although need geometrical rearrangement 

where their + value is ~76° (d). 
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Figure 7.14: A preliminary model of the structure of Br-AV in the fibrillar state representing the 
essential interactions that stabilise the unit cell. ß-strands are found in an antiparallel 
arrangement, separated by 4.51 Å and stabilised by interamide hydrogen only (blue) (a). ß-
sheets are separated perpendicular to the fibre axis by 6.02 Å for efficient side chain packing. 
The " and ß torsion angles of the ether linkage are ca. -173° and 139° approximately 
orientating the naphthyl groups relative to the fibre axis and neighbours consistent with the 
spectroscopic data (b-d). High-energy long axis and low-energy short axis naphthyl transitions 
are labelled with Bb and La respectively. Graphics generated in PyMol (DeLano, 2002). 

Br-AV model unit  cel l  packing and X-ray f ibre dif f ract ion simulat ion 

Assuming the interatomic spacings within the structure will be related to the unit cell 

dimensions, the interatomic spacings of the asymmetric unit can be used to create the 

interatomic spacings of the cell through the use of symmetry and translation functions. If the 

diffraction pattern, in particular the equatorial reflections, were only governed by the repeating 

lattice then the intensity of the higher order reflections would decrease proportional to the 

reflection order number. A high intensity reflection, however, indicates a repetitive spacing 

within the unit cell. The model shown in Figure 7.14 is consistent with the intense meridional 

4.51 Å (+0.03/-0.03) reflection and the intense equatorial 38.34 Å (+2.39/-2.12) (2nd), 16.11 Å 

(+0.33/-0.32) (3rd), and 6.02 Å (+0.04/-0.04) (4th) reflections (reflections ranked by intensity). 
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Using the packing architecture shown in Figure 7.14, the unit cell can be modelled in the a 

dimension by simple translation through a/2 and b/4. The repetitive packing separation along 

the c axis is modelled at 6.02 Å, but where this is the 12th order reflection of the c dimension it 

is unclear what makes each symmetry mate along this axis unique to fully populate the unit cell. 

As such, full unit cell modelling in a lattice of this large size is problematic. Thus, the packing 

architecture in the c dimension was modelled as far as a pair of ß-sheets separated by 6.02 Å. 

Though the model reasonably fits the data, attempts to simulate the full pattern from the 

modelled structure were unsuccessful (see Appendix II-vii). This is likely in part due to the 

inability to model the variation along the c (72.45 Å) dimension. 

 

As the unit cell cannot be modelled in full, its accuracy cannot be truly verified by simulated X-

ray fibre diffraction. The model of the asymmetric unit may be accurate but without the correct 

cell packing, the validity of the structure cannot be faithfully validated. Where the 

discrimination here is made between the IAO and IAC architectures based on the predicted unit 

cell dimensions neither conformation can, at present, be wholly ruled out. That said, the models 

are based on strong biophysical data and on as many available structural details as are currently 

interpretable. As such the IAO architecture currently appears to be the most plausible, though 

this should be treated with caution until more experimental evidence becomes available or more 

thorough computational modelling approaches can be adopted. This raises the point that models 

may be proposed and be reasonably based on structural and biophysical evidence (Hughes et al., 

2011, Smith et al., 2008, Xu et al., 2010) but they must be validated against the structural data 

by comparison of simulated data. Nevertheless, of importance here, whether treating the models 

with some caution or taking the unit cell prediction as accurate, some interesting conclusions 

and questions can be posed 

 

The question can be raised as to whether the large cell is a true cell or simply the dimensions of 

the protofilament packing. In this case, perhaps the asymmetric model presented here represents 

a sub-lattice of a pseudo cell: a concept observed for other self-assembled systems (Sikorski et 
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al., 2003). If the diffraction pattern is governed by the dimensions of bundles of fibrils this too 

is interesting and potentially important as it indicates ordered lateral arrangement and 

macromolecular organisation of fibrils in the gel phase. This, in turn, may possibly influence 

material properties where macromolecular fibril interactions are known to govern hydrogel 

behaviour (Peppas et al., 2009). Given the identification of different macromolecular fibril 

organisations could these be related to material properties?  

 

7.2.9 The material properties of hydrogels from assembly matrices 

The gels formed at various pH ranges were found to have complex rheological behaviours. With 

the exception of the gels targeted for pH values >4.5 across the pH range investigated the final 

G’ and G” values arising from the viscoelastic properties of the gels were extremely similar 

indicating comparable gel strengths (Chen et al., 2010a). However, other measured rheological 

properties displayed differences, in particular the gels response to strain. By applying an 

external force/strain and observing when G’ is no longer significantly larger than G” it was 

possible to measure the “gel-like” to “liquid-like” transition indicative of breakdown of the 

hydrogel matrices. It was found that the gels formed at higher pH were much less tolerant to 

strain than those formed at lower pH, where a breakdown of the high and low pH gels was 

observed respectively at 1% and 5% strain. However the “gel-like” to “liquid-like” transition in 

the low pH gels occurs rapidly and completely, whereas the high pH gels maintain a G’/G” 

difference from the initial breakdown at 1% up until 8% strain (Chen et al., 2010a). These data 

are consistent with the fibrillar matrices across all the pH ranges producing gels of comparable 

strengths but at high pH the fibrils behave elastically and at low pH are rigid. The elastic fibrils 

formed at high pH are more readily subject to structural breakdown, although can withstand 

high amounts of strain presumably granted by their elasticity. The rigid fibrils formed at low pH 

less readily undergo the “gel-like” to “liquid-like” transition but do so under lower strain (Chen 

et al., 2010a). The rheological behaviour is also seen in the similarities and differences in the 

XRFD patterns when targeted to specific pHs. As the pH is targeted to lower values, the radial 
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averaging exhibited by the fibre diffraction increases (see Figure 7.10). This is consistent with 

an inability to effectively align the fibrils. This correlates well with the rheological data where 

at low pH the gel matrices are resistant to structural reorganisation and breakdown or in this 

case rearrangement into a fibrous alignment. 

 

Whilst the XRFD patterns indicate no local structural change across the range of pHs 

assemblies are formed at, the differences in material viscoelastic properties appear to be 

attributable to the organisation of the gel matrices at length scales possible greater than 

observed here. Whether the two can be connected is addressed in the subsequent Chapter 8. 
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7.3 Summary 

At high pH the dipeptide molecules are non-fibrillar and the solution they are dissolved in has a 

viscosity comparable to water. Figure 7.15 shows the theoretical ionisation state of the carboxy-

terminus and shows that where alkaline conditions are maintained by NaOH the carboxy-

terminus will be in the negative carboxylate form. The negative charge of this terminus may 

prevent close interaction of dipeptide molecules but where at high pH these molecules have 

been observed to form micelles (Chen et al., 2011) this would be consistent with the carboxylate 

presenting a hydrophilic face to the water solution whilst the hydrophilic portion of the 

molecule is buried in the micelle. Upon lowering of the pH below the pKa of the carboxy-

terminus, the protonated carboxyl is formed. This group could hydrogen bond with water but 

the observation of self-association with pH decrease suggests that the stability of these 

interactions (y1 – kJ mol-1) are less than the stability of potential inter peptide interactions (y2 – 

kJ mol-1) resulting in increasing proximity of dipeptide molecules and self-assembly. 

Alternative mechanisms of self-assembly and gelation has been reported in a special case where 

divalent cations are used to induce assembly (Chen et al., 2011). 

 

As the pH continues to lower below the pKa of the carboxy-terminus self-assembly then 

proceeds through the mechanism illustrated in Figure 7.16. Through the inter-molecular 

structuring of the dipeptide and naphthalene portions of the molecule. The naphthalene groups 

enter into an ordered chiral environment, in close enough proximity to become exciton coupled. 

The dipeptide simultaneously rapidly adopts (0 – 40 mins) a ß-sheet fibrillar conformation, 

forming before gel strength is fully acquired.  
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Figure 7.15: Hypothetical ionisation states of the carboxy-terminus of a dipeptide. At high pH 
where the terminus will be in the carboxylate form, hydration may favour micelle formation 
(blue). Protonation of the carboxy-terminus by lowering of pH may result in self-association 
interactions (-y2) being more energetically stable than hydrating interactions (-y1), subsequently 
leading to gelation (grey). In alternative mechanisms the addition of divalent cations has also 
been reported to induce gelation (yellow) (Chen et al., 2011). Three lines indicate ionic 
interactions and six lines hydrogen bonding. 

The ordering of the naphthalene groups essentially occurs concurrently with the structuring of 

the dipeptide backbone, thus neither is obviously the principle driving force for assembly. The 

high hydrophobicity of the naphthalene group and dipeptide chain may promote the 

hydrophobic collapse of the molecules in solution. However, at high pH the carboxyl groups 

would exist in a charged carboxylate form, as shown in Figure 7.15, resulting in electrostatic 

repulsion of neighbouring molecules (Figure 7.16) but also favourable water solvation energies 

stabilising micelle structures (Chen et al., 2011). As the carboxyl group is protonated, self-

assembly can occur via hydrogen bonding and #-# interactions. It is interesting that #-# stacking 

interactions are not significantly perturbed by the 6-position bromine atom on the naphthalene, 

which would be expected to be inductive drawing electrons away from the delocalised #-

electron orbitals. 

 

 

 

(Chen et al., 2011) 

-y1 kJ mol-1 

-y2 kJ mol-1 
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Figure 7.16: An illustrative summary of the assembly mechanism/pathyway and gelation of Br-
AV. 

As the pH continues to fall, the local structure of the fibres remains unchanged but an increase 

in the lateral association, fibril crosslinking and entanglement in the gel matrix contributes to 

the developing gel strength. The gel strength is stable throughout the assembly process but the 

fibrillar matrices formed at early time points have elastic characteristics. However, as pH 

continues to fall, the resistance of the hydrogel to deformation is increased as the fibrils become 

more rigid, possibly due to fibril lateral association. 

 

The indexing of the fibre diffraction pattern to large unit cells makes full structural solutions 

difficult to ascertain due to large degrees of freedom in the possible packing arrangements 

within the cells, though this is addressed in Chapter 8. On the short-range Br-AV molecules 

assemble into a cross-ß like structure, likely in an interamide only hydrogen bonding pattern 

with antiparallel ß-strands separated by 4.51 Å along the fibre axis. The ß-sheet separation is 

modelled at 6.02 Å and in this arrangement the naphthalene groups are able to interact in a face-

to-face manner with regard to their long-axes whilst their short axes are at an oblique end-to-end 

arrangement. 
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Although the short-range structural architecture of the fibrils can be modelled, the lateral 

association of protofilaments into fibres is difficult to describe accurately through modelling 

due to high degrees of freedom in potential packing arrangements. Nonetheless, the long-range 

packing arrangements of fibrils is extremely ordered. Gel strength appears to not be directly 

derived from the local dipeptide architecture but from the structural organisations of the fibrils 

themselves and consequently their involvement in the gel matrix. Where the local architecture 

of the fibres is unchanged over the development of gel strength, the link between structures on 

the scales of up to ~70 Å and the properties of the fibril interactions, and thus gel strength, is not 

entirely clear. Solid-state NMR and cryo-EM studies may greatly benefit establishing this 

connection.
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8 Results and Discussion: 

The structure, assembly and gelation of a library of low-

molecular weight gelators 

8.1 Introduction 

 

The link between molecular structure, self-assembly and bulk material properties remains 

unclear. It is imperative to understand the assembled structures of low-molecular weight 

gelators (LMWGs) that give rise to gelation to subsequently understand why one gelator 

produces a material with different properties to another. Structural determination of the fibrillar 

phase has to date been problematic, not allowing a direct comparison of structural information 

to material property information. One approach by which to address this is to use single crystal 

or powder X-ray diffraction structure data and to assume these structures represent the fibrillar 

phase (Dastidar, 2008), however this assumption is a point of contention where the crystal phase 

may not represent the fibre phase (Houton et al., 2012). 

 

8.1.1 Naphthalene conjugated dipeptide library 

A library of twelve naphthalene conjugated dipeptides was created to explore the relationship 

between molecular structure, self-assembly, fibrillar structure and hydrogel properties. 

Naphthalene conjugates included 2-naphthol, 6-bromo-2-naphthol and 6-cyano-2-naphthol. The 

dipeptide sequence was varied between aliphatic and aromatic sequences but all were 

hydrophobic, including Ala-Ala, Ala-Val, Phe-Phe and Phe-Val. Table 8.1 shows the dipeptide 

library where three positions were varied to produce the library: the atom at the 6-position on 

the naphthalene ring, referred to as C6 and the first and second amino acid residue, referred to as 

R1 and R2 respectively. 
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Table 8.1: The twelve naphthalene conjugated dipeptide systems of the library, varied by the 
naphthalene conjugate and the amino acid sequence of the dipeptide. †Apparent pKa and clogP 
values are in water and phase formation as reported in (Chen et al., 2010c). *Hydropathic 
index calculated from the dipeptide sequence only using the Kyte and Doolittle scale (Kyte and 
Doolittle, 1982). 1Gelates and then with time crystallises in the same solvent (H2O). 2Directly 
crystallises from solution, under very specific conditions a gel is transiently formed. 3Reported 
to form a crystal phase, in these experiments observed to enter the gel phase. 4Reported to form 
a turbid gel, in these experiments observed to enter the gel phase. 

Table 8.1 makes reference to naphthalene-conjugated dipeptides where the peptidic portion is 

conjugated at the 2-position of the naphthyl ring, however further various LMWG systems were 

created by conjugating to the 1-position. Conjugating the dipeptide sequences, Gly-Ala and Ala-

Gly (subsequently referred to as 1-GA and 1-AG), to 1-Naphthol two further dipeptide systems 

were created as previously reported (Adams et al., 2010a). 

 

8.1.2 Experimental Aims 

By structurally and biophysically characterising a library of dipeptides this work aims to 

understand the link between the dipeptide molecule identity (sequence and naphthyl 

conjugation), molecular fibrillar architecture and material properties. The link between 

dipeptide molecular structure and material properties is anticipated to be a complex relationship, 

as described in Chapter 7, but the use of a library of dipeptides allows an opportunity to 

examine the similarities and differences between dipeptide molecular structure such that they 

# Dipeptide C6 R1 R2 
Apparent 

pKa† 
clogP† 

Dipeptide 

hydropathy index* 
Phase† G' / Pa† G" / Pa† 

1 2-AA H L-Ala L-Ala 5.1 -0.16 3.6 Gel/Crystal1 83000 931 

2 Br-AA Br L-Ala L-Ala 4.9 0.63 3.6 Gel 28 10 

3 CN-AA CN L-Ala L-Ala 5 -0.43 3.6 Turbid Gel 79000 7800 

4 2-AV H L-Ala L-Val 4.2 0.62 6 Gel/Crystal2 n.d. n.d. 

5 Br-AV Br L-Ala L-Val 5.8 1.4 6 Gel 25000 560 

6 CN-AV CN L-Ala L-Val 5.8 0.35 6 Gel/Crystal3 n.d. n.d. 

7 2-FF H L-Phe L-Phe 6 2.76 5.6 Gel 72000 1200 

8 Br-FF Br L-Phe L-Phe 6.8 3.55 5.6 Gel 180000 700 

9 CN-FF CN L-Phe L-Phe 6.6 2.5 5.6 Gel 15000 280 

10 2-FV H L-Phe L-Val 6.5 2.08 7 Turbid Gel 2000000 11000 

11 Br-FV Br L-Phe L-Val 6.6 2.87 7 Turbid Gel 100 1 

12 CN-FV CN L-Phe L-Val 6.1 1.81 7 Turbid Gel4 29000 580 

Dipeptide structure R-group sequence substitutions 
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might be linked to material properties. A comparison between the fibre and crystalline phase is 

also made to attempt to reveal the similarities and differences between these two states. 

Attempts are made to find a relationship between self-assembly structure and gel material 

properties revealing the complexity of this link but disseminating the distinction that must be 

made between the two phenomena. By systematic variation of the dipeptide sequence between 

aliphatic and aromatic sequences, the roles of peptidic interactions as well as #-# stacking 

interaction may be understood. An understanding of this may lead to sequence design rules for 

LWMG design. Systematic substitution of the 6-position of the naphthyl group between Br and 

CN groups allows the investigation of the role of naphthyl #-# stacking interactions which have 

great emphasis placed on them in the literature (Jayawarna et al., 2006, Mahler et al., 2006, 

Mart et al., 2006, Toledano et al., 2006, Xu et al., 2007, Yang and Xu, 2004, Zhou et al., 2009). 

 

This chapter consists of mainly unpublished data but builds upon the material analysis 

performed by Chen et al. in (Chen et al., 2010c). Where a comparison of the structure in the 

fibre phase to the structure of the crystal phase is informative, the analysis performed by Adams 

et al. is also expanded upon (Adams et al., 2010a). Dr. D. J. Adams (University of Liverpool) is 

gratefully acknowledged for synthesising and providing the dipeptide materials. Daniela 

Hochegger (University of Sussex) is acknowledged for assistance in collection of circular 

dichroism data for the dipeptide library. Stephen Thompson (University of Sussex) is gratefully 

acknowledged for assistance in alignment and X-ray fibre diffraction pattern collection for the 

systems CN-FF and CN-FV. Dr. D. J. Adams (University of Liverpool) is acknowledged for 

providing the atomic co-ordinates solved by Dr. M. Schmidtmann (University of Liverpool) of 

the dipeptide 2-AV, Dr. J. Bacsa (University of Liverpool) of 1-GA and 1-AG and Dr. H. Sato 

and Dr. A. Yamano (Rigaku) of 2-AA in the crystalline phase. Dr. L. Chen (University of 

Liverpool) is gratefully acknowledged for collecting and providing the Fourier transform 

infrared spectroscopy data for the dipeptide library in the assembled state. The comparison of 

the 2-AA fibre to the crystal phase is reported in a manuscript under review (Houton et al., 

2012). 
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8.2 Results and Discussion 

8.2.1 Pre-gelation general observations 

General observat ions 

The stock solutions at high pH were observed to have a viscosity visually comparable to water, 

except for diphenylalanine containing dipeptides. The systems 2-FF, Br-FF and CN-FF were 

found to have a viscosity discernibly above water when subject to pipetting. All dipeptide 

solutions failed a vial inversion test except CN-FF, which was found to be self-supporting (data 

not shown). The cause of the greater viscosity of the FF containing dipeptides is attributable to 

the presence of pre-assembled ordered material. This is supported by the birefringence exhibited 

by dried drops of stock solutions when observed by cross-polarised microscopy as shown in 

Figure 8.1. However, it is important to note that although 2-FF, Br-FF and CN-FF were 

observed to be viscous, they are not considered to be gels as G’ is not larger than G” (Dr. D. J. 

Adams, verbal communication). 

 

 

 

 

 

 

 

 

 

Figure 8.1: Cross-polarised micrographs of dried samples of 2-FF (a), Br-FF (b) and CN-FF 
(c) at pH 10.5. The scale bar represents 5 mm. 
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Spectroscopic observat ions 

To determine the structure of the dipeptides at high pH (pH 10.5), biophysical characterization 

was carried out. To best understand any results generated from this, a full UV/Vis 

characterization of the dipeptides was initially performed. Three chromophores can be 

considered to contribute to the absorbance characteristics of the naphthalene conjugated 

dipeptide molecule; naphthalene, the two amide bonds of the peptide backbone and, where 

present, phenylalanine. Table 8.2 shows the positions and expected strengths of each electronic 

transition. From this basic analysis of the excitable electronic orbitals in a naphthalene dipeptide 

system, it can be seen that the near-UV absorption bands of naphthalene are almost distinct 

from the far-UV higher energy transitions associated with the peptidic portion of the molecule. 

It should be considered that the electronic excitability of these chromophores are sensitive to 

substitution, environment (see Chapter 3), and thus structure. The naphthalene group is 

particularly sensitive to environment and substitution (see Chapter 7), however despite this the 

electronic transitions between ~180 – 221 nm can be approximated to arise from the dipeptide 

backbone and those between ~231 – 312 nm to arise from the naphthalene chromophore with 

the exception of the weak Lb transition of phenylalanine. 

 

 

 

 

 

 
Table 8.2: The electronic transitions of the amide bond in the ß-sheet conformation (Woody, 
1996), phenylalanine (Woody, 2007) and naphthalene (Singh and Thakur, 1981). Where the 
extinction co-efficient of individual transitions are reported in the literature, these are shown. 

Chromophore Assignment Excitation / nm !max 

Phe Bb 180 60,000 

ß-sheet !-!* 195   

Phe La 210 10,000 

ß-sheet n-!* 219   

ß-sheet n-!* 221   

Nap Bb 231   

Phe Lb 260 200 

Nap La 278   

Nap Lb 312   
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The UV/Vis characterisation of pre-gelation dipeptide stocks at pH 10.5 are shown in Figure 8.2 

and are clearly dominated by the absorption bands of naphthalene. From the intensities and 

relative positions of the absorption bands from each dipeptide it is clear that the naphthalene 

electronic transitions are most directly affected by the nature of the 6-position conjugation; 

either H (unsubstituted), Br or CN. However, substitution at the 2-position has also been shown 

to perturb the expected electronic transitions of naphthalene, in some instances by as much as 

12 nm (Singh and Thakur, 1981). In respect of this, the direct comparison of the spectral 

properties of the substituted naphthalene groups should be done so with care, although it is still 

possible. Table 8.3 shows the comparison of Ala-Ala containing dipeptide systems to 

comparable 6-position substituted naphthyl groups. A close correlation can be found between 

the dipeptide system and its equivalent 6-substituted-2-naphthol. This characterisation is useful 

for identifying the dipeptide system and means that the dipeptides can be grouped spectrally by 

the nature of their naphthalene conjugate. Table 8.3 shows the assignment of these absorption 

bands to particular electronic transitions across the entire library. The Bb transitions are most 

simply assigned as they are expected to have the strongest absorbance; the La and Lb transitions 

are more tentatively assigned. 
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Figure 8.2: The UV/Vis absorbance of aliphatic and aromatic naphthalene dipeptide stocks at 
pH 10.5 at 6.25 (green) and 25.0 ,gmL-1 (blue). 
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Table 8.3: A comparison of the electronic transitions exhibited by the dipeptide 2-AA to 2-
hydroxyl-naphthalene (MO calculations) (Singh and Thakur, 1981), Br-AA to 6-Bromo-2-
Naphthol (in acetonitrile) (Dempsey et al., 2010). No comparable data was found for an 
appropriate 6-Cyano-2-Naphthol. 

Across the range of dipeptides, it is noticeable that the presence of the FF motif largely 

attenuates the absorbance of the near-UV naphthalene transitions, suggesting a possible 

interaction of the electronic structures of both these aromatic groups prior to gelation. 

Additionally, the decreased absorbance from the naphthalene groups of phenylalanine 

containing dipeptides may also be an indication that the naphthalene groups are in close 

association with one another in an assembled fibre prior to gelation. These data are consistent 

with the previous observations of ordered material in the stocks of diphenylalanine containing 

dipeptides. It is also apparent that the conjugation of a cyano group at the 6-position entirely 

perturbs the near-UV naphthalene transitions. 

 

 

 

 

Table 8.4: Assignment of the absorption bands of each naphthalene dipeptide derivative to 
electronic transitions Bb, La or Lb, showing very little variation across the library between 
naphthalene related systems. 

  Absorption bands / nm 

Assignment 2-Naphthol 2-AA 
6-Bromo-            

2-Naphthol 
Br-AA 

Bb 224 225 232 232 

    262   253 

    271   263 

La 278 281 276 273 

        283 

    311   318 

Lb 324 324 339 332 

Nap Br-Nap CN-Nap 

! / nm ±! / nm Assignment ! / nm ±! / nm Assignment ! / nm ±! / nm Assignment 

191.5 0.7   192.3 1.5   192 0.0   

225 0.0 Bb 232 0.0 Bb 235.5 0.6 Bb 

            242.5 0.6   

      253 0.0   247 1.2   

262 0.8   263 0.0         

271.3 0.5   272.8 0.5         

280.8 0.5 La 282.3 0.6 La 294.75 0.5   

310.7 0.6   318.3 0.6         

324.3 0.5 Lb 332 0.0 Lb       
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With an understanding of the electronic excitability of the dipeptide systems, circular dichroism 

(CD) was then used to determine the structure of the dipeptides at high pH (pH 10.5). The full 

CD characterisation of the dipeptide stocks are shown in Appendix III-i. Each of the aliphatic 

dipeptide systems are found to have a CD spectra consistent with a random coil structure with, 

as expected, no orientation dependency in the signals. The FV systems show no signals 

attributable to pre-gelation structure, but further corroborating the visual and UV/Vis 

observations, the diphenylalanine containing dipeptides are found to be structured and exhibit 

orientation signal dependence inferring anisotropic assembly pre-gelation. Where these systems 

all have apparent pKa values below 6.8 (see Table 8.1) according to the current understanding 

of the protonation mechanism of assembly (see Section 2.4.4), self-assembly giving rise to 

gelation will not proceed. The LMWG at high pH might be thought of as being monomeric but 

likely adopt some structure; it has been reported that Br-AV at high pH forms micelle-like 

structures (Chen et al., 2011) but certainly these structures, as measured here, do not possess the 

anisotropy associated with self-assembled fibres. 

 

Figure 8.3 shows the CD from an un-substituted naphthalene conjugated dipeptides with the 

sequence AA and FF, illustrating the trends in the whole library. 2-AA exhibits a random coil 

dipeptide with an HT[V]sub profile characteristic of monomeric 2-AA. 2-FF exhibits a CD 

spectra that is not easily interpretable within the protein CD spectroscopy definitions but the 

presence of signals indicate structured assemblies that are anisotropic due to the directional 

dependence of signals, consistent with fibrillar assemblies. The Bb transition of the naphthalene 

is also attenuated by approximately 50.1 %, relative to 2-AA, indicating the close association of 

these groups pre-gelation (see Appendix III-ii). 

 

As discussed, however, at high pH the dipeptides are not gels despite the clear evidence of pre-

assembly of diphenylalanine dipeptides. This may indicate that self-assembly should be 

considered distinct from gelation, as discussed later. To investigate the structure of the gel phase 
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Glucono-$-Lactone (GdL) was used to reproducibly lower the pH of solutions below the pKa 

values of the carboxy termini of the dipeptides (Adams et al., 2009). 

 

 

 

 

 

Figure 8.3: Examples of the circular dichroism exhibited by aliphatic dipeptide systems at high 
pH, have no aromatic interaction and a random coil peptide structure (2-AA) at high pH 
compared to a aromatic dipeptide systems where structure is clearly present pre-gelation (2-
FF). Cuvette 0 (blue) and 90 (green) degree orientations are shown indicating contributions of 
orientation effects from self-assembly alignment. 
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8.2.2 Post-gelation general observations 

Figure 8.4 shows the gels formed after overnight incubation post GdL (8.9 mgmL-1) addition. 

The systems’ ability to form self-supporting gels was examined by vial inversion: 2-AA, Br-AA, 

Br-AV, CN-AV, 2-FF, Br-FF, CN-FF and CN-FV form self-supporting clear gels. 2-FV and Br-

FV form self-supporting turbid gels, CN-AA forms a turbid suspension that fails the vial 

inversion test and 2-AV is an exceptional case where upon pH decrease no change in viscosity 

is initially observed but after extended incubation, gelation proceeds and then later disintegrates. 

The turbid gels are here classified as those that are opaque and less likely to pass the vial 

inversion test but may be further characterised by cross-polarised light microscopy (see 

Appendix III-iii). From this analysis, turbid gels can be described as falling into two categories, 

either appearing as precipitate (2-FV) or crystalline material (CN-AA). Presumably these 

systems are unable to maintain a clear self-supporting gel morphology due to the presence of 

these phase separations. Some systems that appear to make clear self-supporting hydrogels are 

delicate and, in the cases of Br-AA and Br-AV, are easily disrupted upon manual manipulation 

indicating a low tolerance to strain (see Appendix III-iii). Ultimately, it is the aim of this work 

to connect the structure of these systems in the gel phase to these observations and their 

associated material properties, but also give insight into what underlies the differences in 

material formation as discussed in the following sections. 

 

 

 

 

Figure 8.4: Photographs of the hydrogels formed by the dipeptide library after overnight 
incubation with 8.9 mgmL-1 GdL. Gels that are maintained upon vial inversion are deemed to be 
self-supporting. The turbid gelators CN-AA, 2-FV and Br-FV are marked by a dashed outline. 
2-AV is clear but not self-supporting. 
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8.2.3 Aliphatic dipeptide assembly and structure by CD 

Following on from the spectroscopic and biophysical characterisation of the dipeptides at high 

pH (10.5), the assembly and structure of the aliphatic and aromatic dipeptides was followed by 

CD over the course of gelation induced by addition of GdL (8.9 mgmL-1).  The CD exhibited by 

the aliphatic dipeptides over the course of self-assembly and gelation is shown in Figure 8.5 

(full peak analysis in Appendix III-iv). The spectra do not permit simple interpretations that 

might be applied to a polypeptide CD spectrum however initially basic chiral analysis can be 

made. Systems containing the same dipeptide sequence have similar spectral shape and peak 

signs indicating that the chirality of the dipeptide systems are related and determined by the 

peptidic portion of the dipeptide molecule. Each system displays an increase in their respective 

characteristic CD signals over the course of assembly and gelation, indicating an increase in the 

structures they arise from. The far-UV transitions attributable to the dipeptide backbone across 

the whole aliphatic library occur at 195.2 nm (±5.5) and 210.5 nm (±1.9) for the positive and 

negative peaks respectively. These have previously been attributed as indicating ß-sheet 

formation (see Chapter 7) and this is supported by Fourier transform infrared spectroscopy 

(FTIR) data indicating so (see Appendix III-v). Evidently, the structure of the peptidic portion 

of the aliphatic dipeptides are closely related for these peaks to be similar. The variation that is 

present may be due to variability in the precise environment that the dipeptide is in or 

perturbation of the electronic excitability of the amide bonds due to naphthalene conjugation.  

 

The systems CN-AA and 2-AV were found to reproducibly have a very low signal-to-noise 

ratio or perhaps no CD signal. This phenomena will require further investigation, as the 

dipeptide is clearly assembling as judged by the corresponding HT[V]sub traces. 
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Figure 8.5: Time course CD spectra collected over the course of gelation of the aliphatic 
dipeptides. The legend shows the time after GdL addition in minutes. No LD artefacts were 
detected in the spectra by cuvette rotation. For tabulated CD signals see Appendix III-iv. 
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In the near-UV, the presence of CD transitions due to the naphthyl groups (>~220 nm) are 

observed. This indicates a close association of these groups into #-# stacking arrangements over 

the course of self-assembly. The formation of #-# stacking is evidently unaffected by the 6-

position naphthyl substitution. The aromatic stacking is supported by the concurrent 

hypochromic shifting of the Bb transitions observed in the absorbance profiles derived from the 

HT[V]sub; this phenomena also being observed in the systems which are CD negative. In this 

region the CD bands clearly shift in accordance with the absorbance profile derived from the 

HT[V]sub further indicating the origin of these CD bands. Addressed in latter sections, the 

excitonic natures of these transitions with regard to spectral shape appear to be governed by the 

dipeptide sequence. 

 

8.2.4 Aromatic dipeptide assembly and structure by CD 

The same investigation of the local packing and chirality was performed for the aromatic 

dipeptides using CD. Figure 8.6 show representative spectra for the assembly and gelation of 

the aromatic dipeptides (full peak analysis in Appendix III-iv), the relative intensities of the CD 

bands were found to sometimes vary between experiments. The majority of spectra for the 

gelation of the aromatic dipeptides do not exhibit the same development of signals as the 

aliphatic dipeptide systems. This is attributable to the presence of self-assembled material prior 

to gelation, consistent with the CD of aromatic dipeptides at high pH (see Figure 8.3). This 

again indicates that self-assembly is distinct from gelation. All spectra, except for CN-FF, were 

found not to be the subject of LD artefacts as might be expected for fibrillar systems. Some 

spectra are of assembly dipeptide with Thioflavin-T (Br-FF, 2-FF and 2-FV) but this was 

confirmed to not affect the observed signals. 

 

Similar trends in spectral shapes are not as easily found between the systems, except between 2-

FF and Br-FF. It may be tempting, as with the aliphatic dipeptides, to suggest that the chirality 

reported by the CD is determined by the dipeptide sequence but CN-FF shows a different 



                                                                                                                                          Chapter 8 

 

216 

spectra to its un-substituted and bromonaphthalene conjugated homologues. No correlation is 

evident in the CD spectra between FV containing dipeptides. It is surprising and interesting that 

a related dipeptide 2-FG bears relation to 2-FV (see Appendix III-vi). This indicates that the 

same local assemblies are formed in 2-FG as they are in 2-FV. However, the latter is an efficient 

gelator whereas the former is not, further indicating that gelation propensity is distinct to 

assembly propensity and two comparably structured fibres can form different material phases. 

 

Analysis of the CD may be complicated because of overlapping phenylalanine transitions and 

complex exciton couplets but by the end of assembly and gelation each has a high-energy 

positive CD band in the #-#* region expected for amide bonds at 193.9 nm (± 2.8) comparable 

to the same band observed for the aliphatic dipeptides. The negative low energy component 

expected for ß-sheets may be overlapping with the expected 210 nm La phenylalanine transition 

but this is resolved in the systems 2-FF, Br-FF and CN-FV at 207.7 nm (±2.2) comparable to 

the aliphatic dipeptides. It appears as though the conformation of the aromatic dipeptide 

backbones are comparable to those of the aliphatic dipeptides in configuration and ß-sheet 

formation. This is also corroborated by FTIR data indicating ß-sheet formation (see Appendix 

III-v). 
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Figure 8.6: CD spectra collected over the course of assembly and gelation for aromatic 
dipeptides. The legend shows the time after GdL addition in minutes. Br-FF, 2-FF and 2-FV 
spectra are of dipeptide with ThT. No LD artefacts were detected in the spectra by cuvette 
rotation except for CN-FF (see Appendix III-vii). For tabulated CD signals see Appendix III-iv. 
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8.2.5 Spectroscopic structural interpretations 

Exciton coupl ing effects 

The assessment already made of the CD based on general spectral shape, amide transition peak 

position and the observation of naphthyl chiral stacking is useful in so much as what has 

previously been described for these classes of systems (see Chapter 7). A more thorough 

analysis may consider the precise origins of the exciton coupling, in particular involving the 

naphthalene groups as successfully applied to Br-AV previously (see Chapter 7) and as 

described in Chapter 3.  

 

Helic ity Analysis 

The helicity of coupled chromophores is established by analysis of the Cotton effects, that is the 

rapid change in the sign of the CD signal, present in the spectra (see Section 3.2.6). Comparing 

the cases of Br-AV and Br-AA, it is immediately apparent that the negative Cotton effect 

around the Bb (232 nm) naphthyl transition of Br-AV is observed but a positive Cotton effect is 

observed for the same Bb (232 nm) naphthyl transition of Br-AA, indicating a left and right-

handed helical arrangement for each dipeptide system respectively (Rodger and Norden, 1997). 

However, in line with this, similar exciton bands might be expected for the naphthyl groups in 

CN-AV and 2-AA though they are not easily identifiable. A single negative band is observed at 

256.4 nm with no observable positive couplet for CN-AV whilst two positive components are 

observed at 221.1 and 235.0 nm for 2-AA. Thus, these phenomena cannot currently be 

rationalised within the same theoretical framework as that applied to Br-AA and Br-AV.  

 

Assignment of the exciton bands from the naphthyl groups for the aromatic dipeptides can be 

done so with more confidence due to the available wavelength data, the HT[V]sub and UV/Vis 

data for the stocks granting knowledge of the Bb naphthalene long axis transition wavelength.  

In each case the naphthyl Bb transition is observed to split into a low and high-energy 

components as shown in Table 8.5. A comparison of the expected midpoint of these bands to 

the Bb transition identified by UV/Vis analysis of the aromatic dipeptide stocks confirms that 
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these transitions are exciton couplets of the long axis transition of naphthalene. The exciton 

splitting phenomenon in the CD is, as with the aliphatic dipeptides, consistent with the close 

interaction of these groups upon self-assembly. Further, the signs of the exciton components are 

indicative of a helical chiral arrangement of the naphthyl groups in the fibrillar assemblies; a 

left-handed helicity is apparent for 2-FF, 2-FV and Br-FF whilst a right-handed helicity is 

observed for Br-FV and CN-FV. Peaks are not easily assignable for CN-FF due to spectral 

shape and the presence of LD artefacts. 

 

Where exciton coupling in the CD gives an indication of the chirality and helical 

supramolecular arrangements of these molecules in the fibrillar phase, the exciton coupling 

exhibited by the absorbance traces derived from the HT[V]sub is useful in differentiating these 

systems from one another.  

 

 

 

 

 

Table 8.5: A tabulated summary of the exciton coupling from naphthalene groups of the 
aromatic dipeptides. * Expected zeros are calculated as midpoints. Some HT[V]sub values are 
not measurable because of hypsochromic shifting due to self-assembly. Abs values are taken 
from Figure 8.2.  L – left-handed, R – right-handed. 

System Time / mins 
Low-energy / 

nm 
Sign 

High-energy / 
nm 

Sign 
Expected 
zero / nm* 

HT[V]sub / 
nm 

Abs         
/ nm 

Assignment Helicity 

Br-AA 

10               Nap Bb   

120 245.0 + 212.0 - 228.5 228.9 232.0 Nap Bb R 

270 245.5 + 211.8 - 228.7 226.9 232.0 Nap Bb R 

Br-AV 

10               Nap Bb   

120 235.5 - 211.2 + 225.7 224.0 232.0 Nap Bb L 

240 235.7 - 211.4 + 225.9 223.4 232.0 Nap Bb L 

2-FF 

10 236.2 - 212.7 + 224.5   225.0 Nap Bb L 

120 239.6 - 224.4 + 232.0   225.0 Nap Bb L 

270 239.9 - 225.1 + 232.5   225.0 Nap Bb L 

2-FV 

10 233.9 - 214.7 + 224.3 224.5 225.0 Nap Bb L 

120 235.1 - 216.3 + 225.7 220.0 225.0 Nap Bb L 

200 235.0 - 216.7 + 225.9 219.4 225.0 Nap Bb L 

Br-FF 

10 240.2 - 227.7 + 234.0   232.0 Nap Bb L 

120 239.9 - 227.4 + 233.7   232.0 Nap Bb L 

230 239.7 - 227.1 + 233.4   232.0 Nap Bb L 

Br-FV 

10 240.6 + 228.3 - 234.5 230.8 232.0 Nap Bb R 

120 251.1 + 229.8 - 240.5 231.0 232.0 Nap Bb R 

200 252.0 + 230.1 - 241.1 230.4 232.0 Nap Bb R 

CN-FV 

10 244.1 + 230.7 - 237.4 235.3 236.0 Nap Bb R 

120 246.8 + 234.6 - 240.7 236.7 236.0 Nap Bb R 

230 246.7 + 235.1 - 240.9 236.5 236.0 Nap Bb R 
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The HT[V]sub of the systems are almost identical to the UV/Vis of the pre-assembly stocks 

shown in Figure 8.2 as previously observed for Br-AV (see Chapter 7), thus the interpretations 

of the UV/Vis data are also applicable here and report on the electronic excitation properties of 

the dipeptide systems as they assemble. In each case the intense Bb absorbance band from 

naphthalene decreases over time, consistent with the naphthalene groups moving into close 

proximity of one another. 

 

Geometry analysis 

The naphthalene Bb absorbance band also blue shifts between 3.5 – 8.0 nm (2-AA, Br-AA, Br-

AV and 2-FV) indicative of face-to-face aromatic stacking interactions for this axis. Other Bb 

blue shifts are small (<1 nm) or not apparent as for CN-AA, 2-AV and Br-FV possibly 

indicating a + value of 54.7° between the long axis transitions or a face-to-face arrangement 

with variation away from the ideal geometry to abolish stokes shifting. As exceptions, any 

Stokes shifts present for 2-FF, Br-FF and CN-FF cannot be accurately measured and in the case 

of CN-FV red shifting of the Bb transition is observed. The hypochromic shifts noted in every 

case clearly indicates increasing aromatic proximity over the course of assembly but the 

variability in hypsochromic shifting implies subtle differences in the precise aromatic 

geometries in each assembled system. In a similar line of argument as made in Chapter 7, based 

on the exciton coupling models (Kasha, 1963, Kasha et al., 1965) for the majority of the 

dipeptide systems the long axes of the naphthyl groups lie between 90 – 54.7° as found for Br-

AV (see Chapter 7). 

 

Contrastingly the HT[V]sub spectral shapes infer a far UV absorbance band initially below 180 

nm which undergoes hypochromism and red shifting to approximately 183 nm. The wavelength 

region that this occurs over implies that is arises from the peptide bond but what structural 

change it represents is uncertain. Further changes in the electronic excitability of the dipeptides 

are observed upon assembly in the development and loss of UV/Vis peaks with time. In addition 

to the general observations described, the changes to the short axis transitions of the 
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naphthalene are more complex. All are observed to undergo hypochromic shifting over the 

course of assembly though the Stokes shifting inferring details about the exciton coupling 

geometry of these systems does not form a clear trend amongst the library. Br-AA, CN-AA and 

2-AV exhibit no short axis transition shifting indicating a + value of 54.7° between the short 

axis transitions or a face-to-face arrangement with variation away from the ideal geometry to 

abolish Stokes shifting. Br-AV naphthyl short-axis red shifting indicates an end-to-end short 

axis arrangement with + at 0 – 54.7° and CN-AV blue shifting indicating the converse face-to-

face arrangement with + at 54.7 – 90.0°. 2-AA is an unusual case where both blue and red 

shifting is observed in the absorption bands attributable to the short axis transitions. The same 

analysis applied to the aromatic dipeptides is challenging due to the presence of pre-assembled 

material. This is particularly true for the diphenylalanine containing dipeptides but careful 

comparison of the stock CD (see appendix III-i & ii) and stock UV/Vis (Figure 8.1) to the 

HT[V]sub of the FV containing dipeptides reveals some useful geometrical information. The Bb 

225 nm naphthalene transition of 2-FV blue shifts to 219.4 indicating a face-to-face long axis 

geometry whilst the short axis naphthalene transitions of 271 and 311 nm red shift to 274.5 and 

315.6 nm respectively indicating an end-to-end short axis naphthalene geometry. The Stokes 

shifts associated with the naphthalene transitions of Br-FV and CN-FV are either small or 

rapidly abolished by self-assembly and so are not interpreted here. 

 

The aliphatic dipeptides appear to be grouped in terms of their chiral conformation by their 

dipeptide sequence. The aromatic dipeptides cannot be as simply categorised, though certainly 

2-FF and Br-FF are related in terms of spectral character and also the helicity of the assembled 

naphthalene groups. 2-FV is seen to share the same helical arrangement of naphthalene groups 

as 2-FF and Br-FF although the spectral shape is quite different. Then Br-FV and CN-FV, 

although having distinct spectral characters share the same naphthalene assembled helicity 

whilst CN-FF is not easily characterised with any of the systems. Despite the difficulty in 

characterising the naphthalene geometries in these systems due to pre- or rapid assembly the 

low wavelength exciton couplets do seem to indicate the same peptidic structure as those found 
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for the aliphatic dipeptides. To understand these structural features in the context of the material 

formed the following sections describe the visual and structural characterisation of the dipeptide 

library. 

 

8.2.6 Aliphatic and Aromatic morphology analysis by TEM 

Irrespective of the material observations made on the gels, each of the dipeptides of the library 

were found to have a fibrillar structure in the gel phase as shown in Figure 8.7. When visually 

compared, AV systems appear morphologically similar to one another and certainly distinct 

from AA containing dipeptides. 2-AV exhibits noticeable lateral fibril association as observed 

for the previously characterised Br-AV (see Chapter 7). The minimum fibril width for these 

systems was determined to be 17.1 nm (SD ±1.9 n=4) & 17.2 nm (SD ±1.9 n=4) nm 

respectively. It is tempting to compare AA containing systems morphologically but only with 

regard to the lesser degree of lateral fibril association they show. The minimum fibril width of 

2-AA is 9.3 nm (SD ± 0.9 n=10) whereas the minimum width of Br-AA fibrils is 21.7 nm (SD ± 

2.4 n=9) showing parallel striations indicative of a basic fibril structure that is either two 

parallel protofilaments or a nanotubular arrangement (indicated by arrows). The minimum fibril 

width of CN-AA is 4.3 nm (SD ± 0.9 n=15) but larger helical-like fibrils on average 13.7 nm 

(SD ± 2.0 n=8) in diameter are also observed. CN-AV also adopts a helical-like arrangement of 

an average diameter of 14.8 nm (SD ± 2.2 n=8). 2-FF, Br-FF and CN-FF form thin filaments of 

12.7 nm (SD ± 2.3 n=10), 9.3 nm (SD ± 0.7 n=8) and 9.5 nm (SD ± 1.1 n=8) respectively. 

Thicker fibrils of 28.3 nm (SD ± 3.6 n = 10) are also observed for CN-FF. 2-FV and Br-FV 

form thin filaments of 8.5 nm (SD ± 0.9 n=10) and 11.3 nm (SD ± 1.9 n=8) respectively whilst 

CN-FV filaments have a helical morphology of 22.6 nm (SD ± 2.9 n=7) at the widest point. Br-

FV and CN-FV are observed to also adopt relatively large nanotubular structures of 

approximately 200 and 150 nm respectively. Compared to the aliphatic dipeptides, the aromatic 

dipeptide fibrils appear to exhibit less evidence of lateral association of fibrils although cases 

occur in 2-FF and 2-FV. 
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Figure 8.7: TEM of in situ prepared gels of the dipeptides. Each system is observed to be 
fibrillar but variations in morphology are also apparent. The scale bar represents 500 nm. The 
inserts show FFT crops to illustrate the most representative morphologies – not to scale. 
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8.2.7 Aliphatic and aromatic structural packing by XRFD 

Where each aliphatic and aromatic dipeptide system forms long fibrils this enabled the 

alignment of these and preparation of samples for XRFD (see Appendix III-viii), the diffraction 

from which are shown in Figure 8.8. Fibre diffraction patterns were collected from multiple 

alignments and at different exposure points where considered appropriate. The data presented 

shows the signals for the highest quality patterns with respect to alignment, signal-to-noise ratio 

and information content. All fibre diffraction patterns except for that of Br-AA were collected 

using in situ alignment. Inconsistent with the majority of the dipeptides, the in situ sampling 

method was unable to efficiently sample Br-AA fibres for XRFD. It was found that sampling 

from a pre-formed gel produced a high quality semi-crystalline diffraction pattern. This could 

be consistent with sampling crystalline material from the gel matrix where presumably crystals 

are more soluble than large self-assembled fibrils. The case of 2-AV is also distinct whereby an 

alignment prepared in D2O was found to have more directional information than its H2O 

counterpart. The reflections of 2-AV in H2O and D2O were confirmed to overlay suggesting 

minimal structural differences (data not shown) and so the superior diffraction pattern of 2-AV 

in D2O is used for analysis. Some systems failed to effectively align and so reflections may be 

radially averaged but where reasonable these have been assigned to the axis they are expected to 

occur on (see Appendix III-ix). It is perhaps interesting that inspection of the fibre diffraction 

patterns from aromatic dipeptides reveals a greater degree of radial averaging indicating a 

difficulty in aligning these systems. The difficulty could be due to increased entanglement of 

fibres which might be correlated to the material properties of the phenylalanine dipeptides but in 

only two out of six cases do the phenylalanine containing dipeptides have significantly different 

G’ values to the rest of the dipeptide library (see Table 8.1).  
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Figure 8.8: X-ray fibre diffraction exhibited from alignments of aromatic and aliphatic 
dipeptides. Reflections tabulated in Appendix III-ix. All fibre axes are vertical. 
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Indicated by the strong meridional reflections, un-substituted naphthalene conjugated aliphatic 

dipeptides are seen to have a repetitive spacing along the fibre axis of between 4.67 – 4.72 Å 

whereas bromonaphthalene and cyanonaphthalene aliphatic dipeptides have a shorter spacing of 

4.28 – 4.54 Å. These distances are both compatible with a hydrogen bonding distance and are 

reminiscent of the meridional reflections observed for cross-ß amyloid systems. An exceptional 

and intense 5.43 Å meridional reflection is observed for Br-AA but this is too long for hydrogen 

bonding. In contrast, for the aromatic dipeptide systems the major meridional distance occurs 

between 4.60 – 4.73 Å across the entire aromatic library; much more consistent than the spacing 

of the aliphatic dipeptides which vary by 0.44 Å. Perhaps the aromatic phenylalanine groups 

dominate the stacking preference that these systems adopt.  

 

A comparison of the equatorial reflections of the aliphatic systems finds large differences 

indicative of differing repetitive spacings perpendicular to the fibre axis on local (up to 20 Å) 

and long-range distances (up to 41 Å). The discrepancy in the equatorial reflections is consistent 

with differing lateral long-range packing arrangements, as also observed in the TEM, although 

similarities may be present in the local packing separations. The ß-strand stacking and naphthyl 

packing distance of Br-AV was found to be 6.02 Å (+0.04/-0.04) (see Chapter 7), in some cases 

it is clear that a similar repetitive spacing perpendicular to the fibre axis is present in other 

systems. For instance 2-AA exhibits an intense 5.79 Å (+0.05/-0.05) that may also be consistent 

with a ß-sheet separation. Approximately equivalent equatorial reflections for the aliphatic 

dipeptides are observed as follows 2-AV – 5.55 Å (+0.07/-0.07), Br-AV – 6.02 Å (+0.04/-0.04), 

CN-AA – 5.71 Å (+0.05/-0.05), CN-AV – 6.25 Å (+0.00/-0.00) and may also be consistent with 

a ß-sheet separation. Due to the bulky phenylalanine residue aromatic dipeptides might be 

expected to have a larger ß-sheet separation (Fandrich and Dobson, 2002) where in the 

following systems the shortest shared equatorial separation is ~11 – 12 Å as in the following 

systems 2-FF – 11.39 Å (+0.08/-0.08), 2-FV – 11.32 Å (+0.37/-0.35), Br-FF – 11.94 Å (+0.02/-

0.02), Br-FV – 12.26 Å (+0.14/-0.14), CN-FF – 11.09 Å (+0.27/-0.26) and CN-FV – 11.98 Å 
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(+0.11/-0.11). These distances may be consistent with the ß-sheet separation in the aromatic 

dipeptides. 

 

A complete detailed comparison of the aromatic equatorial reflections finds similar reflection 

positions but the relative intensities of these are variable. In a similar manner as to the stacking 

of dipeptides parallel to the fibre axis, perhaps the perpendicular structural separations in the 

aromatic dipeptides are also predetermined by the phenylalanine groups. However, though the 

structural spacings may indicate that the unit cells of these systems are similar on the 

perpendicular dimensions, the variable intensity indicates that the absolute structural 

configuration within these is variable. The major equatorial reflections exhibited by the 

aliphatic and aromatic dipeptide systems are shown in Table 8.6 (see all Appendix III-xi). This 

shows that the aliphatic dipeptides may be grouped in their lateral packing dimensions by the 

nature of naphthyl conjugation, whereas comparison may be made between the lateral packing 

dimensions of all of the aromatic dipeptides. Granted, additional equatorial reflections are 

present in some systems that are not in others but this could be due to a number of factors 

regarding the quality of fibre alignments obtained including crystallinity, degree of alignment 

and order. Notwithstanding this, based on these comparisons the evidence for the proposed 

structural groupings of the dipeptides based on naphthyl group or phenylalanine content is 

compelling. The same is applicable to the repetitive spacing running along the fibre axis; these 

taken together and considering the structural descriptions in Chapter 7 these data are consistent 

with a cross-ß like architecture with variable lateral packing architectures. 
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Table 8.6: A comparison of the most intense equatorial reflections exhibited by the aliphatic 
and aromatic dipeptides in the fibrillar phase. 

Unit cel l  indexing 

In an attempt to gain an understanding of the context of the local packing arrangements 

determined by the CD measurements, unit cells were determined by the Unit Cell Optimisation 

module of Clearer using the fibre diffraction data shown in Figure 8.8, the reflections that were 

used are shown in full in Appendix III-ix. The reflections were entered into the Unit Cell 

Optimisation module with a number of decimal places allowing for suitable variation in the 

reflection positions based on the systematic error associated with each reflection measured. The 

2-FV diffraction pattern was not indexed where only one equatorial reflection was observed. 

 

A true unit cell cannot be smaller than the largest reflection on a fibre diffraction pattern, 

however, a unit cell may be larger than the largest measurement of a diffraction pattern where 

reflections may be weak or occluded by the backstop. As such, this was factored for in the unit 

cell determination process. The unit cell search limit within the Unit Cell Optimisation module 

of Clearer determines the upper search limit that reflections will be indexed to. To ensure that 

the possible unit cell dimensional space was fully explored, the unit cell estimate was 

systematically adjusted through large to small orthorhombic estimates; including search sizes of 

a 70 – 20 Å, b 50 – 10 Å and c 4.71 – 4.30 (c was in each case determined by the major 

meridional reflection of each pattern). The lowest error matches were collated from the searches 

2-AA   2-AV   Br-AA   Br-AV   CN-AA   CN-AV   

Signal / Å Intensity Signal / Å Intensity Signal / Å Intensity Signal / Å Intensity Signal / Å Intensity Signal / Å Intensity 
40.52 206.95         65.27 252.00         
14.37 115.69 14.37 185.00 33.38 249.70 38.34 127.79     10.67 140.48 

7.23 178.26 6.41 140.69     20.70 102.87 9.25 130.82 9.42 161.57 

5.79 242.72 5.55 139.61 16.86 120.12 16.11 123.15 8.00 124.93 7.39 131.09 

        11.18 86.49     6.35 169.87 6.25 239.86 

        8.38 75.04     5.71 171.19     

                        

2-FF   2-FV   Br-FF   Br-FV   CN-FF   CN-FV   

Signal / Å Intensity Signal / Å Intensity Signal / Å Intensity Signal / Å Intensity Signal / Å Intensity Signal / Å Intensity 
28.75 124.00     26.43 79.48     23.39 158.63     

22.57 123.67                     

        17.49 96.68             

11.39 136.39 11.32 104.66 11.94 98.91     11.09 141.54 11.98 171.97 

8.11 106.68     8.21 94.86             

            7.53 147.16 7.75 109.54 7.81 174.81 

            7.12 147.94     6.46 171.44 

            6.00 165.23 5.88 * 6.12 172.66 

            5.21 187.59         
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(see Appendix III-xa) and the standard deviation around each dimension calculated. For 

dimensions perpendicular to the fibre axis, this was found to be high, however a smaller 

standard deviation was found around the unit cell dimensions when systems were considered 

grouped by their naphthalene conjugate (see Appendix III-xb) implying a relationship between 

these systems. Certainly it is clear that the un-substituted naphthalene dipeptides pack into a cell 

of a 37.7 ±3.2, b 15.0 ±0.37 and c 4.69 ±0.01 Å (with the exception of 2-FF where a better 

indexing was found at greater search limits: a 44.7 b 34.4 c 4.67 Å), whereas cyanonaphthalene 

dipeptides pack into a cell with the dimensions of a 45.0 ±3.44, b 15.5 ±3.34 and c 4.57 ±0.05 Å. 

Within the search limits used above, the variation around the bromonaphthalene dipeptide unit 

cells were still high. Since the largest equatorial reflection for the Br-AV system is 65.27 Å 

(+14.3/-9.93 Å), it was not appropriate to index a unit cell for Br-AV within the same search 

width as that used for un-substituted and cyanonaphthalene dipeptides and so the largest search 

limit was used (a 70 b 50 c 4.51 Å). The large cell search limit finds a unit cell of a 65.7, b 48.2 

and c 4.51 Å. Using larger search limits for each bromonaphthalene dipeptide results in a closer 

correlation between unit cell determinations as shown in (see Appendix III-xd). The data shown 

here are consistent with bromonaphthalene dipeptides packing into a cell with the dimensions a 

66.3 ±1.57, b 38.0 ±9.02 and c 4.55 ±0.18 Å. 

 

Using large unit cell search limits, in this predictive manner, where the equatorial information 

does not always extend to the same resolution must be tentatively considered. It is a natural 

consequence of the mathematics of unit cell indexing that larger unit cells will have lower errors 

because smaller reflections may be indexed into larger cells in more ways than those confined 

by small cells, thus creating a bias towards determining larger unit cells. Of particular note, the 

unit cell of Br-AV is notably different to the unit cell indexed previously (see Chapter 7) but 

this only illustrates the difficulty in indexing such large unit cells. Nevertheless, it is interesting 

that trends can be found between the unit cell indexing. The unit cell solutions were 

systematically grouped by naphthalene conjugate and also sequence identity and the closest 
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correlation can be found between cells of dipeptides with the same naphthalene conjugation (see 

appendix III-xd) confirming the above implications. 

 

Following this analysis the putative unit cell predictions for the dipeptide systems are shown in 

Table 8.7 with the measured reflections with the corresponding miller indices and predicted 

reflections. 

 

 

 

 

Table 8.7: Putative unit cell determinations for the dipeptide library. The systems are grouped 
by the nature of the naphthalene conjugate and include the empirically measured reflections, 
the indexing to their predicted cell and the calculated reflections that arise from these 
respectively. A unit cell is not calculated for 2-FV where only one equatorial reflection is 
observed. 

System: 2-AA System: 2-AV System: 2-FF System: 2-FV 

                                        

  a! b! c! "=#=$!   a! b! c! "=#=$!   a! b! c! "=#=$!   a! b! c! "=#=$!

Predicted 

unit cell: 
39.91 14.72 4.68 90.00 

Predicted 

unit cell: 
35.39 15.24 4.70 90.00 

Predicted 

unit cell: 
44.66 34.44 4.67 90.00 

Predicted 

unit cell: 
N/A N/A 4.70 90.00 

                                        

  Miller Indices     Miller Indices     Miller Indices     Miller Indices   

Empirical h k l 
Calculate

d 
Empirical h k l 

Calculate

d 
Empirical h k l 

Calculate

d 
Empirical h k l 

Calculate

d 

40 1 0 0 39.91 14 1 1 0 14.00 28 1 1 0 27.27           

14 1 1 0 13.81 6.4 3 2 0 6.40 22 2 0 0 22.33           

10 4 0 0 9.98 5.5 6 1 0 5.50 16 1 2 0 16.07           

7.23 1 2 0 7.24           11.3 3 2 0 11.26           

5.7 7 0 0 5.70           8 4 3 0 8.00           

System: Br-AA System: Br-AV System: Br-FF System: Br-FV 

                                        

  a! b! c! "=#=$!   a! b! c! "=#=$!   a! b! c! "=#=$!   a! b! c! "=#=$!

Predicted 

unit cell: 
65.05 33.00 4.30 90.00 

Predicted 

unit cell: 
65.66 48.20 4.51 90.00 

Predicted 

unit cell: 
66.00 28.34 4.71 90.00 

Predicted 

unit cell: 
68.62 42.64 4.66 90.00 

                                        

  Miller Indices     Miller Indices     Miller Indices     Miller Indices   

Empirical h k l 
Calculate

d 
Empirical h k l 

Calculate

d 
Empirical h k l 

Calculate

d 
Empirical h k l 

Calculate

d 

33 0 1 0 33.00 65 1 0 0 65.66 26 1 1 0 26.04 23 3 0 0 22.87 

16 1 2 0 15.99 38 1 1 0 38.85 17.49 3 1 0 17.38 12 3 3 0 12.07 

11 0 3 0 11.00 27 2 1 0 27.13 11.9 3 2 0 11.91 10.1 6 2 0 10.08 

8.4 5 3 0 8.40 20 3 1 0 19.93 8.2 4 3 0 8.20 8.9 7 2 0 8.91 

6.6 0 5 0 6.60 16 0 3 0 16.07 6 11 0 0 6.00 7.5 9 1 0 7.51 

          13 3 3 0 12.95 5.5 12 0 0 5.50 7.1 0 6 0 7.11 

          11 6 0 0 10.94           6 2 7 0 6.00 

          7.3 9 0 0 7.30           5.2 9 6 0 5.20 

          6.5 10 1 0 6.51                     

          6 1 8 0 6.00                     

          5.4 9 6 0 5.40                     

System: CN-AA System: CN-AV System: CN-FF System: CN-FV 

                                        

  a! b! c! "=#=$!   a! b! c! "=#=$!   a! b! c! "=#=$!   a! b! c! "=#=$!

Predicted 

unit cell: 
39.89 20.25 4.57 90.00 

Predicted 

unit cell: 
46.93 14.78 4.54 90.00 

Predicted 

unit cell: 
46.84 12.49 4.54 90.00 

Predicted 

unit cell: 
46.49 14.32 4.64 90.00 

                                        

  Miller Indices     Miller Indices     Miller Indices     Miller Indices   

Empirical h k l 
Calculate

d 
Empirical h k l 

Calculate

d 
Empirical h k l 

Calculate

d 
Empirical h k l 

Calculate

d 

13 3 0 0 13.30 14 1 1 0 14.10 23 2 0 0 23.42 12 2 1 0 12.19 

11.1 3 1 0 11.12 12.6 2 1 0 12.51 11 2 1 0 11.02 10.5 3 1 0 10.52 

9 2 2 0 9.03 10.7 3 1 0 10.74 7.8 6 0 0 7.81 7.8 5 1 0 7.80 

8 5 0 0 7.98 9.4 5 0 0 9.39 5.9 7 1 0 5.90 6.5 3 2 0 6.50 

6.4 2 3 0 6.39 7.4 0 2 0 7.39           6.1 4 2 0 6.09 

5.70 7 0 0 5.70 6.25 4 2 0 6.25                     



                                                                                                                                          Chapter 8 

 

231 

8.2.8 Structural modelling 

Fibre dif f ract ion model l ing 

It is noticeable that, in a similar manner to the reports in Chapter 7, the unit cells are relatively 

large considering the size of the molecules that occupy them. Calculation finds that the 

predicted unit cells contain between 6 – 39 asymmetric units as shown in Table 8.8. 

Considering the geometrical constraints from the biophysical data it may be possible to propose 

asymmetrical unit models for the dipeptides of the library but ultimately due to the large 

degrees of freedom around potential molecular packing architectures the full models cannot be 

fully validated, making modelling the structure in the fibrillar phase problematic. 

 

Clearly, determining the structure of the dipeptides in the fibrillar phase represents a huge 

challenge and thus, alternative approaches attempted to determine the structures of the 

dipeptides are discussed in the following sections. 

 

 

 

 

 

 

 

Table 8.8: The numbers of molecules estimated to occupy the predicted unit cells shown in 
Table 8.7. Molecular volumes were calculated using the Molinspiration (Molinspiration). 

Molecule 
Predicted 

cell volume / 
Å3 

Molecule 
volume / Å3 

Asymmetric 
units per cell 

2-AA 2749 310 9 

2-AV 2534 344 7 

2-FF 7183 454 16 

2-FV N/A 415 N/A 

Br-AA 9231 328 28 

Br-AV 14273 362 39 

Br-FF 8811 472 19 

Br-FV 13634 433 31 

CN-AA 3692 327 11 

CN-AV 3150 361 9 

CN-FF 2655 471 6 

CN-FV 3088 432 7 
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8.2.9 Dipeptide crystal structures 

All of the fibre diffraction data shown in this chapter are taken from alignments of fibres 

prepared in situ (with the exception of Br-AA); however some systems are uniquely observed to 

crystallise from the gel phase. The occurrence of crystal formation in the same solvent in which 

the gel is formed is a rare phenomenon, where often to crystallise a gelating molecule disparate 

solvents are used to promote crystallisation (Adams et al., 2010a, Marshall and Serpell, 2010). 

It is uncertain whether crystals grown from the fibre phase represent an independent assembly 

event or a phase reorganisation of the gel fibres as also questioned for other self-assembling 

systems (Marshall et al., 2010, Marshall and Serpell, 2010). Despite the uncertainty over the 

comparability of these phases, a crystal engineering approach to LMWG design and apparent 

structure determination is commonly adopted (Dastidar, 2008). Though to be treated with 

caution, crystals grown from the gel phase would be expected to better represent the native gel 

structure than crystals of a gelator grown in a different solvent necessary for crystallisation and 

thus these crystal structures may be relevant to LMWG fibre structure. The following sections 

describe the structures of crystal structures grown from the gel phase of the naphthalene-

conjugated dipeptides 2-AA and 2-AV. 2-AA is found to crystallise from the gel phase after 

extended incubation. 2-AV typically enters the crystalline phase immediately. The 

crystallisation of these systems is reported in the manuscript in preparation by Houton et al. 

(Houton et al., 2012). Additionally, the structures of two 1-position naphthalene-conjugated 

dipeptides 1-GA and 1-AG not included in the main library are also described. 1-GA is found to 

crystallise from the gel phase after extended incubation, whereas 1-AG enters the crystalline 

phase immediately (Adams et al., 2010a). 

 

2-AA crystal structure 

Preliminary crystal structures of 2-AA presented an opportunity to analyse whether these 

represented the structure in the fibre phase. Although a fibrillar structure is not available for 2-

AA, the fibre diffraction signals indicate the repetitive spacings within the fibre phase that can 

be compared to the lattice spacings of the crystal structure. 2-AA crystallises in an 
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orthorhombic unit cell of the dimensions a 5.79, b 8.61, c 36.39 Å in a P 212121 space group. 

From the fibre diffraction data the major interatomic distances parallel and perpendicular to the 

fibre axis are known to be 4.68 Å and 5.79 and 41 Å, and it is thus tempting to consider the b 

axis of the crystal structure as representing the fibre axis with comparable lateral packing 

spacings in the crystal and fibre phase. Indeed, this is also consistent with the configuration of 

the cell as shown in Figure 8.9. The peptidic portion of the molecule has the dihedral angles of 

( -62.9°, ) 142.6° (blue diamond) and ( -88.9, ) 150.7 (red circle), for the first and second 

amide bonds respectively, consistent with ß-strand conformation (a). The dipeptides pack such 

that ß-strands are in an in-register antiparallel arrangement stacked along the b axis stabilised by 

interamide-carboxyl hydrogen bonding (b). Two aromatic interfaces are present viewed down 

the a axis including paired and displaced paired naphthalene groups (b). On the perpendicular a 

dimension ß-strands are aligned allowing carbonyl-water-carbonyl hydrogen bonding between 

adjacent ß-strands. Naphthalene groups are displaced by a/2 2.89 Å such that a direct aromatic 

interaction along the b axis (fibre axis) is not present. Instead potential aromatic interactions 

occur either along the a dimension spaced at 5.79 Å or along the ab plane at 4.99 Å, in each 

case the electron overlap is small (see appendix III-xi). The lattice is stabilised by a hydrogen-

bonding network parallel to the b axis between the backbone amide and carboxyl groups of 

stacked dipeptides, with approximate inter-ß-strand spacing of 4.37 Å (b). An additional 

hydrogen-bonding network exists perpendicular to the b dimension between backbone carbonyl 

oxygens and molecular water stabilising adjacent ß-sheets (c). 
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Figure 8.9: The structure of 2-AA in the crystalline phase. The peptide dihedrals classify this 
molecule as ß-strand (a). Viewed down the a axis, the interstrand distance is approximately b/2 
= 4.31 Å stabilized by interamide-carboxyl hydrogen bonding shown in blue (b). Viewed down 
the b axis the distance between naphthalene pairs is 5.79 Å. ß-strands are stabilised by 
carbonyl-water-carbonyl hydrogen bonding shown in red (c). Coordinates provided by Dave 
Adams (Liverpool) and solved by Hiroyasu Sato & Akihito Yamano (Rigaku). Graphics 
generated in PyMol (DeLano, 2002). 

To investigate whether the lattice spacing and structure it contains accurately represents the 

fibre phase, simulated fibre diffraction patterns were calculated from the crystal structure. 

Simulation assuming the b axis represents the fibre axis is shown in Figure 8.10. It was found 

that overall the crystal lattice packing and structure contained within did not fully reproduce the 

reflections found in the experimentally collected fibre diffraction pattern and so ultimately the 

crystal structure does not represent the fibre structure, they may, however, be subtly related. The 

simulated pattern does contain some reflections that in their spacing (Å) are also found 

experimentally but are discrepant in the axes that they occur on. This implies that some 

repetitive structural separations present in the gel phase are also present within the crystal 

structure but may be aligned to different crystallographic axes.  

 



                                                                                                                                          Chapter 8 

 

235 

 

Figure 8.10: Experimental fibre diffraction collected from an in situ prepared alignment of 
fibres of 2-AA (a), compared to a quadrant of the simulated fibre diffraction pattern of the 
crystal structure of 2-AA (b). Inspection of the whole simulated pattern reveals the occurrence 
of some reflections that are comparable in their position but are aligned to different axes than 
in the experimental pattern (c). The meridian corresponding to the fibre axis is vertical, 
measurements are made in Ångstroms.  

Close inspection of the patterns finds that the relative intensity of the simulated reflections 

arising from long-range spacings (>20 Å) are low such that they are not observed. The 

meridional and equatorial reflections are fundamentally different and many additional 

reflections occur off-axis indicative of the complex alignment of these structural features within 

the unit cell. The 5.79 Å equatorial may be reproduced as a 5.72 Å simulated reflection, 

corresponding to the di-peptide and naphthyl packing distance. The principle meridional 

reflection occurs at a much shorter distance of 4.31 Å suggesting the crystal structure is more 

compact along the fibre axis than in the fibre phase. It may be significant that an off-axis 4.76 Å 

(indexing [111]) reflection that is comparable to the meridional 4.67 Å reflection of the 

experimental fibre diffraction is observed. Figure 8.11 shows that the 4.76 Å reflection arises 

from the unit cell dimensions (a, ci and di) but that the structure strongly modulates the intensity 

of this reflection (b, cii and dii) indicating its presence in the crystal structure. As yet this has 

not been assigned to a repetitive interatomic separation within the crystal structure but the 

indication of an off-axis separation comparable to the interatomic separation running along the 

fibres in the fibre phase is no less interesting.  
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Figure 8.11: The unit cell of the 2-AA crystal structure shown in blue (a) is occupied by four 
asymmetric units shown in red (b), in a fibre texture the cell would give rise to the diffraction 
reflections shown in blue (ci and di) but the structure within this modulates the intensities of 
these reflections to give rise to the simulated pattern shown in red (cii and dii). The modulation 
of the 4.76 Å off-axis reflection implies this is a structural spacing present in the crystal 
structure but aligned on a complex axis. To become meridional as in the experimental fibre 
diffraction this may realign itself uniaxially. 

2-AV crystal structure 

In a similar manner to 2-AA, crystals of 2-AV were prepared. Figure 8.12 shows the packing 

geometry of this molecule in the crystalline phase. The asymmetric unit is related to its 

symmetry mates (the molecules of the unit cell generated from the asymmetric unit through 

space group symmetry operations, see Section 3.5.2) in a C 1 21 1 monoclinic unit cell of the 

dimensions a 24.62, b 6.98, c 12.55, ß = 101.2°. The peptidic portion of the molecule has 

dihedral angles of ( -165.5, ) 154.0 (blue diamond) and ( -139.1, ) 168.3 (red circle), for the 

first and second amide bonds respectively, consistent with ß-strand strand conformation (a). 

Viewed down the b axis the ß-strands are found to interact through two different hydrogen 

bonding interfaces, with a separation of 7.87 Å and 4.29 Å at the wet and dry interface 

respectively (see Appendix III-xii). 



                                                                                                                                          Chapter 8 

 

237 

 

 

Figure 8.12: The structure of 2-AV in the crystalline phase. The peptide conformation is 
consistent with ß-strand (a). The lattice structure is stabilised by a complex hydrogen-bonding 
network. Viewed down the b axis antiparallel ß-strands are stabilised by interamide-carboxyl 
(grey dashed lines) and carbonyl-water-water-carbonyl hydrogen bonding (blue dashed lines) 
(b). A further hydrogen bonding network between adjacent ß-strands can be seen viewed down 
the a axis in carbonyl-water-carbonyl interactions (red dashed lines) (c). Coordinates provided 
by Dr. D. J. Adams (University of Liverpool) and solved by Dr. M. Schmidtmann (University of 
Liverpool). Graphics generated in PyMol (DeLano, 2002). 

The packing produces antiparallel ß-strands that stack along the c axis, such that naphthalene 

groups are grouped at the periphery of the ß-strand interactions, however planar with the ac axis 

they are separated by b/2 3.49 Å with centroid-to-centroid distances of 4.71 Å and thus are 

unusually stacked (see Appendix III-xii). A one-dimensional hydrogen-bonding network of 

backbone-backbone and backbone-water-water-backbone interactions creates one-dimensional 

sheets (ac plane) of dipeptide molecules (b). Backbone-backbone hydrogen bonding occurs 

between carboxyl terminus oxygen and the second amide nitrogen at the dry interface and 

backbone-water-water-backbone hydrogen bonding occurs from the second carbonyl oxygen at 

the wet interface (b). An additional hydrogen-bonding network extends in the second dimension 



                                                                                                                                          Chapter 8 

 

238 

to create the crystal lattice, with backbone-water-backbone interactions occurring from the first 

carbonyl oxygen extending along the b dimension (c). 

 

This crystal structure assembles into a highly complicated lattice structure not as simply related 

to the interatomic spacings in the fibre phase. The fibre diffraction indicates spacings along the 

fibre axis of 4.70 Å (+0.02 / -0.02) and perpendicular to this; spacings related to 14.4, 6.41 and 

5.55 Å. Close inspection of the fibre diffraction pattern from 2-AV (see Figure 8.8) reveals that 

the 14.4 equatorial reflection may consist of an overlapping 12.0 Å (+0.01 / -0.01) reflection 

comparable to the c dimension of the crystal structure. 

 

Although comparisons between the dimensions of the lattice of the 2-AV crystal structure may 

again, like 2-AA, be compared to the interatomic separations indicated by fibre diffraction data 

the relationship is complex; in particular, assigning which dimension in the crystal structure 

represents the fibre axis not so straightforward. To further investigate this, simulated fibre 

diffraction patterns were calculated from the crystal structure assuming each crystallographic 

axis could represent the fibre axis as shown in Figure 8.13. Overall, the simulated patterns do 

not reproduce the experimental fibre diffraction pattern and further it is not clear which axis of 

the crystal structure represents the fibre axis and so comparison between the simulations and 

experimental data is problematic. In each case, similarities can be found in reflection positions 

but, as with 2-AA, the axes on which they occur are not consistent with the experimental data. 

For instance, the experimental meridional reflection of 4.70 Å (+0.02 / -0.02) is not reproduced 

as a meridional reflection, though the [012] & [311] reflections are observed off-axis at 4.62 

and 4.65 Å respectively in patterns assuming a or c represent the fibre axis. In the same manner 

as for 2-AA,the crystal structure may be related to the fibre structure phase but is ultimately not 

representative. 
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Figure 8.13: Simulated and experimental fibre diffraction of 2-AV assuming each axis of the 
crystal lattice could represent the fibre axis. 

1-GA and 1-AG crystal structure and predict ion 

Studies into the structure of a related dipeptide not included in the library, 1-GA, gives an 

opportunity to further compare a crystallisable systems structure to its structure in the gel phase 

(Adams et al., 2010a). The fibre diffraction data collected from 1-GA in the gel phase is shown 

in Figure 8.14a. The large number of relatively long-range equatorial reflections arising from 

the lateral packing of the dipeptide is similar to previously collected fibre diffraction data in that 

it indicates long-range lateral repeats and may be indexed to unit cells reflecting this as shown 

in Table 8.9. The large unit cells give rise to the same difficulty in modelling as described in 

Chapter 7 and previous sections of this chapter. Adams et al. report not only on the 

crystallisation of this, but also, a related 1-position naphthalene conjugated system (1-AG), 

making attempts to use crystal prediction to predict the structure of the crystal and fibre phase 

structure (Adams et al., 2010a). 
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Figure 8.14: X-ray fibre diffraction from gels formed from 1-GA after alignment (a), followed 
by extensive dehydration by vacuum desiccation (b) and rehydration (c). Corresponding 
pictures show the birefringent alignments under cross polarisation.  The 1D trace shows the 
changes in equatorial reflections with de/rehydration (d). Grey solid - a, red dotted - b and blue 
solid - c. The x axis is logarithmic for clarity and intensities have been shifted for comparison 
(see Appendix III-xiii). All fibre axes are vertical. 

Initially it was necessary to establish whether water should be included in structure prediction 

searches; that is whether water involvement is on a molecular (within the unit cell) or 

macromolecular scale (between fibrils). The effect of hydration on the structure of fibrillar 1-

GA was investigated by XRFD in the normal, a dehydrated and rehydrated state as shown in 

Figure 8.14a-c. The dehydrated state of the alignment was achieved by a thorough thirteen-day 

vacuum desiccation and rehydrated by two-minute submersion in water.  
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Table 8.9: The lowest error unit cell indexing of the 1-GA XRFD patterns. 

This process was found to not grossly affect the visual appearance of the alignment, nor its 

birefringent properties (see Figure 8.14ai, bi and ci). However water almost certainly 

participates in the lateral packing structure since extensive dehydration leads to a clear change 

in the equatorial signals in the fibre diffraction pattern (b). Close inspection of the equatorial 

signal intensities (d) reveals the signal positions in the dehydrated sample remain the same but 

their relative intensity is modulated (see Appendix III-xiii), seen largely in the 11 – 19 Å region. 

The major meridional reflection at 4.76 Å (+0.03/-0.03 Å) is unaltered indicating that the 

repetitive spacing along the fibre axis is stable despite dehydration. Remarkably, the modulated 

equatorial reflections can be almost entirely restored upon rehydration (c and d) whilst the 

major meridional reflections remain constant (see Appendix III-xii) giving strong indication that 

the structures are not permanently damaged by the dehydration process but in some manner 

subtly reorganised. 

 

In answer to the initial question of whether water is molecular or macromolecular; these 

findings are consistent the water being macromolecular. If hydration was integral to the local 

structure of the unit cell then upon dehydration either a change in the unit cell packing and thus 

dimensions or complete structural destruction would be expected, in contrast to what is 

System: 1-GA 

          

  a! b! c! "=#=$!

Search width: 40 34 4.76 90 

          

Predicted unit cell: 35.19 26.51 4.76 90 

          

  Miller Indices   

Empirical h k l Calculated 

32 1 0 0 35.19 

25.9 0 1 0 26.51 

21.4 1 1 0 21.17 

18.1 2 0 0 17.59 

15.4 2 1 0 14.66 

10.5 2 2 0 10.59 

8.6 1 3 0 8.57 

6.8 5 1 0 6.8 

6.2 2 4 0 6.2 

5.5 5 3 0 5.5 
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observed here. The observation of restoration of equatorial reflections upon rehydration further 

corroborates that the structure is not destroyed and simply modulated in some way. Where the 

changes occur only on the equator, the structural changes correspond to dimensions 

perpendicular to the fibre axis. Where they can be restored, this shows a non-permanent 

structural change. The data is consistent with a model where fibril packing is subtly reorganised 

upon dehydration due to water playing a role in the macromolecular organisation of fibrils 

perpendicular to their long axes perhaps in the form of a ‘hydration jacket’ (Adams et al., 

2010a). 

 

Indeed the structure of 1-GA in the crystalline phase is found to assemble in a repeating lattice 

lacking molecular water (Adams et al., 2010a) as shown in Figure 8.15. The structure is 

stabilised by an elaborate three-dimensional network of hydrogen bonding, allowing it to 

propagate in all dimensions distinct from a fibrillar system where hydrogen bonding would be 

expected to be one-dimensional (Dastidar, 2008). The complexity of the structure can be 

illustrated by finding that the dipeptide pairs align to four separate planes in three-dimensional 

space (see Appendix III-xiv) and thus it is clear that the structural elements of assembled 1-GA 

are not confined to discrete axes as might be expected for a anisotropic structure. The structure 

cannot be traditionally classified as being in a ß-strand conformation where the first dihedral 

angles of ( -169.4 – -168.1 and ) -170.7 – 171.1 lie outside of Ramachandran favoured regions 

(a). This indicates that ultimately the dipeptides cannot be wholly described by the classification 

used for protein structures and is a reminder that they are small molecules. This shows that, the 

structure of 1-GA in the crystalline phase is not constrained by peptide backbone 

conformational interactions for stability (b) but rather would be better described as having 

complex packing (c) presumed to be the most energetically stable arrangement. 
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Figure 8.15: The structure of 1-GA in the crystalline phase. The conformation of the dipeptide 
is nonstandard with the first dihedral angles of the two molecules of the asymmetric unit lying 
outside of Ramachandran allowed regions (a). The structure is stabilised by a three-
dimensional hydrogen-bonding network involving intercarboxyl-carbonyl (grey dashed lines) 
and interamide (blue dashed lines) interactions (b and c). Coordinates provided by Dr. D. J. 
Adams (University of Liverpool) and solved by Dr. J. Bacsa (University of Liverpool). Graphics 
generated in PyMol (DeLano, 2002). 

Figure 8.16 shows the simulated fibre diffraction from the crystal structure further illustrating 

that the crystal structure is not directly related to the structure of the fibre. Evidently, even more 

so than 2-AA and 2-AV, the complex three-dimensional architecture is reflected in the 

complexity of the simulated fibre diffraction patterns. By comparison, the experimental pattern 

of 1-GA exhibits reflections confined to the meridional and equatorial axes implying the 

repetitive spacings within the fibrillar phase are predominantly aligned to the axes of the unit 

cell. Simulation from the cell only produces a pattern with reflections, for the majority, confined 

to meridional and equatorial axes. Including the structure modulates the intensity of the off-axis 

reflections where the structure contains off axis repetitive spacings (see Appendix III-xv), as 

seen with 2-AA. 
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Figure 8.16: Simulated fibre diffraction from the crystal structure of 1-GA. Fibre axis a / 100 
(b), b / 010 (c) and c / 001 (d). All fibre axes are vertical. 

A modification to the sequence of this dipeptide, to 1-AG, produces a system with a drastically 

altered assembly architecture and phase preference for crystallisation (see Appendix III-xvi). 

The peptide backbone, like 1-GA, is observed to have one of its dihedral angles outside of 

Ramachandran allowed regions, indicating the need for efficient packing over peptide 

conformational stabilising interactions for lattice stability. However, the structure of 1-AG in 

the crystalline phase is stabilised by intra and intercarboxyl-carbonyl and also interamide 

backbone interactions forming a two-dimensional hydrogen-bonding network unlike 1-GA 

crystals that have a three-dimensional network. It might be expected that a two-dimensional 

bonding network has a higher propensity for anisotropic growth/assembly over a three-

dimensional bonding network but despite this the system preferentially forms crystals. Where 
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the 1-AG system does not form a gel phase on which XRFD can be used it is not appropriate to 

perform simulated fibre diffraction; although why it does not form fibres is likely significant. 

 

Perhaps the 1-GA crystal structure occupies an energetic minima and the fibrillar phase is in a 

trapped less energetically favourable state. The same has been suggested for amyloid self-

assemblies (Hwang et al., 2004). This point was addressed where Adams et al. explored the 

crystal energy landscape of 1-GA and 1-AG (Adams et al., 2010a). It was found that the crystal 

structure of 1-AG could be successfully predicted but the search was limited to unit cells 

containing one asymmetric unit per unit cell and so a prediction for 1-GA was not made where 

the crystal structure unit cell contains two asymmetric units (Adams et al., 2010a). Despite this, 

the crystal predictions for 1-GA revealed two packing modes that may help understand the gel 

structure of 1-GA. The packing modes are described as compact-columns and open-tapes and 

are shown in Figure 8.17 (Adams et al., 2010a). Both are stabilised by a two-dimensional 

hydrogen-bonding network with interamide backbone interactions, though perpendicular to the 

amide hydrogen bonding the compact-column differs by possessing intercarboxyl-carbonyl 

interactions and the open-tape intercarboxyl-carboxyl interactions.  The compact-column has 

two backbone amide interactions between the second amide carbonyl oxygen and the two amide 

nitrogen atoms, whereas the open-tape has two unique backbone amide interactions between 

unique amide nitrogen and carbonyl oxygen atoms. Of the architectures shown in Figure 8.17 

the open-tape structure is less stable than the compact-column (Adams et al., 2010a) structure 

perhaps indicating that efficient packing is energetically favoured over increased hydrogen 

bonding.  
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Figure 8.17: The two architectures identified in attempts to predict the structure of 1-GA. The 
compact-column (a) architecture represents a -172.28 kJmol-1 structure stabilised by 
intercarboxyl-carbonyl hydrogen bonding (grey dotted lines) and the open-tape (b) architecture 
represents a -171.83 kJmol-1 structure stabilised by intercarboxyl-carboxyl hydrogen bonding 
(red dotted lines). Both exhibit interamide hydrogen bonding (blue dotted lines). No interactions 
were found between dipeptide pairs. Adapted from (Adams et al., 2010a). Graphics generated 
in PyMol (DeLano, 2002). 

The authors note that the open-tape packing mode may be less likely to support one-

dimensional growth due to a steric requirement for laterally associated open-tapes (Adams et al., 

2010a) but in contrast it is tempting to believe that the two parallel interamide hydrogen bonds 

(see Figure 8.17b) would result in a greater propensity for anisotropic one-dimensional growth 

than the single interamide hydrogen bonding of the compact columns. On the latter basis, the 

open-tape packing mode may well better represent the fibrillar structure and the compact-

column the crystal structure. Indeed, although the intercarboxyl-carbonyl hydrogen bonds are 

only formed on one side of the dipeptide pairs, the crystal structure of 1-AG is akin to the 

compact-column architecture. 
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Although the crystal structure of 1-GA does not appear to represent the fibre phase, perhaps the 

predicted compact-column or open-tape architecture do. Predicted structures of 1-GA in both 

the compact-column and open-tape architecture were compared to the experimental fibre 

diffraction data but where the unit cells of the predictions by Adams et al. (see Appendix III-

xvii) are not obviously related to the predicted unit cell from the fibre diffraction pattern shown 

in Table 8.9 it is very difficult to experimentally validate which packing mode best represents 

the fibrillar structure (Adams et al., 2010a). Fibre diffraction simulations were performed on the 

two packing modes shown in Figure 8.17 (see Appendix III-xviii) but no correlation could be 

found to the experimental fibre diffraction pattern. This is not necessarily because neither 

packing mode is correct but because the reflections positions in the simulation are governed by 

the unit cell dimensions and are simply not possibly indexed to the fibre diffraction pattern 

reflections. Where the unit cell in the fibre phase is likely large, the relatively small cells in the 

1-GA predictions may represent a sub-lattice within the 1-GA fibrillar structures. It would 

therefore be beneficial to computationally explore the compact-column and open-tape packing 

modes within the predicted unit cell from the 1-GA fibre diffraction.  

 

Crystallisation represents a phase separation event that leads to three-dimensional structure 

formation and thus no fibre growth and gelation, the determinants of which are notably complex. 

Why crystals are preferentially formed over gel fibres remains an open question.  
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8.2.10 Pre-gelation assembly, morphology and structure 

Further corroborating the discrete phenomena of self-assembly and phase preference are the 

observations of anisotropic material in diphenylalanine dipeptide solutions prior to gelation as 

discussed in Section 8.2.1 (see Appendix III-i). This was investigated by the characterisation of 

this material as shown in Figure 8.18. Assuming that the once dried to the grid surface the 

acidic staining conditions do not affect the dipeptide, the diphenylalanine containing dipeptides 

have a fibrillar appearance (although this has been attributed to worm-like micelles (Chen et al., 

2011)) prior to gelation explaining the increased viscosity upon pipetting. Their observation at 

high pH suggests that the diphenylalanine motif is able to promote fibrillation by overcoming 

the favourable solvation energies associated with the carboxylate terminus. However, where 

these systems are not true gels at high pH, the mechanism of their assembly must be distinct 

from the mechanism of gelation. This might be the case but assumes that the self-assembly 

mechanism at high pH is the same as that at low pH. It has recently been shown that the high 

pH fibres of 2-FF have a structure consistent with worm-like micelles (Chen et al., 2011). To 

investigate the structure of the fibrillar material at high pH fibre alignments were prepared, but 

only CN-FF was found to align. The fibre diffraction from this alignment is shown in Figure 

8.18. The pattern is indicative of a high degree of order in the pre-gelation assemblies and 

compared with the low pH fibre diffraction from CN-FF (Figure 8.8), exhibits less radial 

averaging where the fibres are better aligned, perhaps related to a greater capacity to align 

fibrils when not in the gel cross-linked state. Of particular interest though is that the diffraction 

from the high- and low-pH fibres is equivalent, showing that the structure of the fibres prior to 

gelation is already established. In this unique case the self-assembly mechanism, probably 

driven by the diphenylalanine motif, leading to anisotropic fibre growth is distinct from the 

secondary gelation mechanism induced by a pH decrease. 
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Figure 8.18: Transmission electron micrographs of diphenylalanine dipeptides prepared at 
high pH and X-ray fibre diffraction exhibited by an alignment of CN-FF. The scale bars 
represent 200 nm. The inserts show FFT crops illustrating morphological features – not to 
scale. The fibre axis in the XRFD pattern in vertical. 
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8.2.11 Structural insights from gel mixtures 

This work has tried to link structural features to material properties, based on the thorough 

characterisations already established this was further explored through dipeptide system mixing. 

It was hypothesised that if two systems with similar or differing pKa values (see Table 8.1a-b) 

were mixed, upon gelation the resulting fibres might co-assemble and self-sort respectively (see 

Figure 8.19a & b) and if the resulting materials properties differed then a structural basis might 

be identified. The former co-assembled scenario has not yet been observed but by mixing 2-AA 

and Br-AV in a 1:1 ratio, upon assembly a self-sorted mixture of fibrils is observed as indicated 

by the XRFD exhibited from the mixed gel. As shown in Figure 8.19c-e the mixed fibres (c) are 

a simple overlay of the independent patterns of 2-AA (d) and Br-AV (e) indicating that no new 

structures are formed upon mixed self-assembly and gelation. The equatorial and meridional 

traces may be inspected graphically supporting the evidence for overlaid diffraction patterns. 

Further, the signals expected to arise from this phenomena may be calculated from the 

individual diffraction pattern of the dipeptide independently and found to correlate very well 

with the experimental mixed pattern down to a resolution of ~20 Å, perhaps implying 

differences in the long-range lateral packing of the self-sorted fibres mixtures. 

 

Self-sorted fibres have the same local structure (<20 Å) as their independent assemblies but 

subtle differences >20 Å up to the length scales that this fibre diffraction is able to show (~40 

Å). The newly formed gel might have been expected to have differing rheological properties but 

no difference is detectable with the rheological methods usually employed to characterise these 

materials (Dr. D. J. Adams, verbal communication). Perhaps co-assembled mixtures of 

dipeptides would result in differing material properties, however this is found not to be the case, 

although the observations here are no less interesting. Efforts will continue to try and achieve 

co-assembly where a structural difference may be found to relate to material property changes. 
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Figure 8.19: The theoretical basis for self-sorting based on assembly by pH decrease (a-b). 
Self-sorting is exhibited by the two systems 2-AA (pKa 5.1) and Br-AV (pKa 5.8) when 
assembled with 8.9 mgmL-1 GdL in a 1:1 mix at a total dipeptide concentration of 5 mgmL-1. 
Mixed fibres are observed to be a simple overlay (c) of the dipeptide fibres individually (d-e) 
consistent with self-sorting. All fibre axes are vertical. 
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8.3 Summary 

Principally this work has aimed to determine the structure of a library of LMWG in the fibrillar 

phase. In doing so an attempt has been made to identify what relationship exists between the 

structures of self-assembled LMWG in the fibrillar phase to the properties of the gels they form. 

The assembly process has also been examined. By characterising a library of LMWG it was 

possible to compare the similarities and differences between the molecular and fibrillar structure 

to give insight into the effect of LMWG modification on fibrillar structure and gel properties. 

Within the library there were systems known to enter different phases (i.e. fibrillar gels, turbid 

gels and crystals) (Chen et al., 2010c) and so this characterisation presented an opportunity to 

dissect the determinants for these phase preferences. Further, in unique cases LMWG are 

observed to crystallise from the gel phase. These might be compared to the fibre phase to assist 

in the determination of the self-assembled fibre phase structure but the results of this analysis 

raises more fundamental questions regarding whether the crystal structure of these classes of 

molecules may be used to represent the structure in the fibre phase as is the case for other 

LMWG reported in the literature (Dastidar, 2008). 

 

The determination of the structures of self-assembled LMWG fibres has been conducted with a 

combination of techniques. Ultimately, full models representing the fibre phase have not been 

constructed (as also discussed in Chapter 7) but a number of structural characteristics relating to 

the assembly and final structure of the LMWG have been identified. There are several levels 

with which to characterise the material formed by the dipeptide library. The first is the phase 

that the material assembles into whether that be crystalline, gel or turbid gel. Beyond this, the 

gels are known to have different mechanical strengths and then as characterised here, 

morphological and structure differences. 
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Table 8.10: A table summarising the phase preference and material properties of the dipeptide 
library compared to the structural information determined. *FTIR data collected and provided 
by Dr. L. Chen (University of Liverpool), possible antiparallel-ß interpretations are made by 
parenthesis. 

The material properties of the gels may be concisely defined by their G’ values as summarised 

again in Table 8.10 along with the structural features characterised. Simple material 

observations, such as the formation of clear or turbid gels, can be described that might be 

relatable to molecular and structural features. However, no clear distinction can be made 

between the turbid or clear gel forming systems. Where all of the systems are found to adopt a 

self-assembled fibrillar structure, in the gel phase, it is particularly interesting that 

diphenylalanine dipeptides are self-assembled prior to gelation. Characterisation of the structure 

of one of the pre-gelation self-assembled structures finds it to be the same as the assemblies in 

the gel phase, suggesting that self-assembly is in some cases distinct from gelation. This is 

consistent with observations made on Fmoc-Phe-Phe. It has been noted that the ~1720 cm-1 

FTIR peak is attributable to the –COOH group, as would be expected for dipeptide systems that 

assemble after protonation of this group (Chen et al., 2010a). Where this peak is absent from the 

FTIR spectrum of gels of Fmoc-Phe-Phe this indicates that the carboxyl group is not protonated 

(Smith et al., 2008, Tang et al., 2009) and thus this system is likely not assembling via the 

protonation mechanism but like the diphenylalanine dipeptides reported here is able to assemble 

# C1 R1 R2 Phase† G' / Pa† 
Minimum fibril 

width / nm 
Fibril morphology Structure 

Relative           
h-bond 

strength / % 

Nap 
helicity 

Nap 
long 
axis       
/ ° 

Nap 
short 
axis       
/ ° 

Orthorhombic unit 
cell / a b c 

1 H L-Ala L-Ala Gel/Crystal 83000 9.3 Thin-filament ß (A) 79 - 90-54 - 39.91, 14.72, 4.68 

2 Br L-Ala L-Ala Gel 28 21.7 Crystalline nanotube ß 40 R 54 54 65.05, 33.00, 4.30 

3 CN L-Ala L-Ala Turbid Gel 79000 4.3 
Ultra thin-filament / 

Helical 
ß (A) 0 - 90-54 54 39.89, 20.25, 4.57 

4 H L-Ala L-Val Gel/Crystal n.d. 17.1 Thick-filament ß 50 - 90-54 54 35.39, 15.24, 4.70 

5 Br L-Ala L-Val Gel 25000 17.2 
Thick-filament / 

Helical 
ß (A) 79 L 90-54 54-0 65.66, 48.20, 4.51 

6 CN L-Ala L-Val Gel/Crystal n.d. 14.8 Helical ß 4 - 90-54 90-54 46.93, 14.78, 4.54 

7 H L-Phe L-Phe Gel 72000 12.7 Thin- / Thick-filament ß (A) 65 L - - 44.66, 34.44, 4.67 

8 Br L-Phe L-Phe Gel 180000 9.3 Thin-filament ß (A) 100 L - - 66.00, 28.34, 4.71 

9 CN L-Phe L-Phe Gel 15000 9.5 Thin- / thick-filament ß (A) 79 - - - 46.84, 12.49, 4.54 

10 H L-Phe L-Val Turbid Gel 2000000 8.5 Thin-filament ß 93 L 90-54 54 x, 11.30, 4.70 

11 Br L-Phe L-Val Turbid Gel 100 11.3 
Thin-filament / 

Nanotube 
ß (A) 79 R 90-54 54 68.62, 42.64, 4.66 

12 CN L-Phe L-Val Turbid Gel 29000 22.6 
Helical-filament / 

Nanotube 
ß (A) 93 R 54-0 54 46.49, 14.32, 4.64 
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due to the stabilising interactions of this motif. Otherwise each system is found to self-assemble 

into fibrillar structures concurrently with gelation. The substitutions made to the naphthyl group 

dramatically alter its spectral properties, which has been characterised and utilised in CD 

measurements to, where possible, follow the self-assembly of these systems. Each exhibits 

complex spectra that cannot be interpreted like normal CD spectra but indicate a structuring of 

the dipeptide backbone consistent with ß-sheet formation and ordering of the naphthyl groups 

into a chiral environment as is also reported in Chapter 7. The adoption of a ß-sheet 

conformation is comparable as characterised by CD, but the exact architecture i.e. parallel or 

antiparallel is variable between systems when characterised by FTIR. There is evidence of 

exciton coupling implying #-# aromatic stacking, which is apparently unaffected by the 

substitution of the naphthyl 6-position. The chiral and geometrical arrangement of the naphthyl 

groups have been determined in systems where possible. Although the peptide configuration 

across the library is comparable, the chiral arrangement of naphthyl groups in some cases 

appears related to the dipeptide sequence but this is not consistent across the library. Further 

details about the geometrical arrangement of the naphthyl groups indicates the majority align by 

their long-axes in a face-to-face arrangement between 90.0 – 54.7° as found previously for Br-

AV (see Chapter 7), although the short-axes naphthalene alignments are more complex. By 

these observations, although the same dipeptide conformation and #-# stacking is adopted by 

each system, evidently the precise architectures of these molecules in the fibrillar phase is 

complex and not simply related to the molecular structure.  

 

The unit cells into which these complex architectural arrangements pack have been determined 

by XRFD. There appears to be a correlation between the naphthalene conjugation and the 

separation of ß-strands along the fibre axis as well as the local and long-range perpendicular 

packing within the fibrils. The precise ß-strand separation appears to be modulated by the nature 

of the naphthalene conjugate whereby bromo and cyanonaphthalene conjugates lead to a 

shortening of this distance. However, the major repetitive spacing along and perpendicular to 

the fibre axis are found to vary less among the aromatic dipeptides possibly owing to the 
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phenylalanine residues causing preferential dipeptide assembly. More dramatically affected are 

the lateral packing interactions of these ß-sheets, the long-range order of the determined unit 

cells appears to be entirely dependent on the naphthalene conjugation. By this analysis, the unit 

cells are found to be large relative to the dipeptide molecule, containing between 6 – 39 

asymmetric units, but are found to be related by the nature of the naphthalene conjugate C6 (H, 

Br or CN) or aromatic residue content. Where these cells have such long-range order it is 

tempting to consider that long-range interactions might govern fibril lateral assembly and in 

turn affect gel properties. Indeed, investigations on the hydration of 1-GA find variability in the 

long-range packing modes of these molecules, pointing to some role for this type of interaction. 

It might thus be expected that where the dipeptide unit cells may be grouped by naphthalene 

conjugate, the material properties could also be grouped by naphthalene conjugate, however this 

is not the case. 

 

Clearly the link between molecular structure, assembly architecture and the relationship of these 

to the lattice that makes of the self-assembled fibre is complex. To further attempt to elucidate 

this relationship an analysis of crystal structures of the LMWG was made. Hydrogen bonding 

networks were identified in the crystal structures of 2-AA and 2-AV that are predominantly 

one-dimensional perhaps consistent with fibre formation. However perpendicular interactions, 

can be found, that are likely promoting crystal growth and an absolute comparison to the fibre 

diffraction data finds the structures are not representative of the fibre phase. The idea that they 

are perhaps subtly related was pursued and finds that although the lattice packing in the fibre 

may be less condensed than the crystal, the internal structural spacings and thus stabilising 

interactions of the crystal may be present in the fibre, but if so, are reorganised. These 

observations are consistent with the differences in crystal versus fibre formation, whereby the 

interactions and interatomic separations within a fibre are known to be aligned, thus promoting 

one-dimensional growth whereas in the crystal structure they are aligned to multiple axes 

allowing three-dimensional growth. Differences between crystal and fibre structure has been 

noted in other investigations into systems that can adopt either state (Marshall and Serpell, 
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2010) as appears to be the case here. However, considering the similarities, it is tempting to 

think of the crystal structure at least to be structurally related to the fibre phase structure 

although the absolute geometrical configuration is different. 

 

Where comparisons are made in some systems, they cannot be made in others; the 

experimentally determined crystal structure of 1-GA was also found to not represent the fibre 

phase. This is consistent with attempts made by Adams et al. to predict the structures of the 

molecules 1-GA and 1-AG in the fibre and crystal phase (Adams et al., 2010a). Indeed, it was 

found the method developed was able to successfully predict the structure in the crystal phase 

but not the fibre phase. The predictive methods employed by Adams et al. were able to identify 

various packing modes that may grant further insight into the different architectures underlying 

crystal or fibre structures but further computational work is required to consider these in the 

context of the unit cells indexed for the dipeptide systems here.  

 

The determinants of crystallisation must be carefully considered in the same manner as the 

determinants of self-assembly where the latter also appears to be a distinct mechanism from gel 

formation. Equally so, the types of gelation, that is to form a clear or turbid gel, as well as the 

mechanical strength of the gel formed is not based on a straightforward relationship between 

molecule identity or self-assembled structure. The basis for hydrogelation and corresponding 

strength is well known to be based on fibril cross-linking (Lin, 2003) and that may be the case 

but the link between self-assembly, fibril structure and fibril cross-linking is not immediately 

clear here. Further, based on this understanding, the self-assembly of a LMWG gelator must be 

a prerequisite for gelation to occur. However, the observation of material that is fibrillar in 

appearance and in one case has a comparable self-assembled structure pre-gelation, it must be 

concluded that the self-assembly of peptidic LMWG does not necessarily lead to gelation. 

Clearly there is a distinction to be made between self-assembly propensity and gel formation. 

The basis for self-assembly seems to be clear in that molecules should be designed to have 

favourable one-dimensional interactions however the prediction of how these assemblies will 
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then interact to reproducibly form materials of specified properties is not clear. It might be 

expected that the differences in macromolecular properties (i.e. to crystallise, gel or form a 

turbid gel) would be underpinned by a difference in molecular or self-assembled structure, but 

there are no obvious trends in the biophysical or structural characterisation that make these 

systems distinct. 

 

Where other techniques find similarities between two dipeptides apparently unrelated with 

regard to their phase preference or gel mechanical strength, it is unclear how local packing is 

linked to gel properties. Studies on the gel phase, mixtures of systems, as well as hydration 

studies have inferred significance in the long-range lateral packing of fibrils. Perhaps long-range 

lateral packing of fibrils governs the macromolecular properties of hydrogels. Future work will 

need to consider not the self-assembly mechanism and structure but higher order assemblies of 

these. The collection of cryo-electron microscopy (cryo-EM) data may permit docking to the 

crystal structures to better dissect the relationship between the short- and long-range interactions 

of these systems but it should be kept in mind that the crystal structures do not fully represent 

the fibre phase. Solid state nuclear magnetic resonance spectroscopy may prove useful to probe 

the fibre phase and produce accurate models for cryo-EM docking but this would also provide 

an experimental framework to apply the constraints provided by the exciton coupling theories 

discussed and consider their context within the repeating lattice of the fibre. Information from 

linear dichroism, with careful consideration of the alignment method, would also be very 

beneficial to add to the biophysical data presented here. By these additional works and building 

on the foundation of information here it may be possible to fully determine the link between 

molecular structure, fibrillar architecture, fibre formation, phase preference and material 

properties. Subsequently, LMWG design will be able to consider self-assembly and gelation 

individually and tailor the propensity for these two separate phenomena to the desired 

application.
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9 Concluding Discussion 

 

The work presented here has described the self-assembly process and final structure of a range 

of small self-assembling peptidic systems from naturally derived to designer. In their 

characterisation, the length scales of self-assembly have been described from tens of Ångstroms 

to hundreds, illustrating the elegant route to large structure formation these systems present. 

Whether relevant to disease or technology, the methodologies used to best determine the self-

assembly and structure in the fibrillar phase has again illustrated the broader implications of 

studying anisotropic materials. A great deal of information has been uncovered on the systems 

presented here, but also highlighted are some outstanding and enticing questions outlined as 

described. 

 

9.1 Waltz 

Investigations on the structure of the Waltz peptides has identified three structures that represent 

the structure of these systems in the fibrillar phase. Fibre diffraction is well established as being 

able to identify the cross-ß architecture and indeed has identified the three Waltz peptides 

investigated here to adopt this structure, with a high degree of order in one case. Further, in 

principle X-ray fibre diffraction is able to distinguish between precise architectural arrangement 

and even side chain conformation, though this relies on a system under investigation to have a 

high degree of crystallinity. Thus, the structures identified here best represent the architecture 

and side chain conformation of these peptides in the fibrillar phase. Though, it should be noted 

that the difference between the simulated patterns from the modelled structures are slight. This 

may indicate that the fibres contain a number of morphologies, as observed for other 

amyloidogenic systems (Nelson et al., 2005, Sawaya et al., 2007), where several different 

models are representative of the fibrillar phase. Undoubtedly, the arrangements differ between 

the Waltz peptides investigated, which is surprising given position sequence similarity (Position 
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3 – Tyr or Phe , position 5 – Ile) of the systems, however this only further reflects this 

conformations adaptability. 

 

The identification of the ordered cross-ß architecture adopted by these systems confirms the 

Waltz algorithm’s ability to identify ordered aggregation as reported (Maurer-Stroh et al., 2010). 

In addition, as the development of future versions of Waltz requires more structural information 

the structures here can be incorporated in this process. 

 

9.2 αSß1 

The elaborate supramolecular organisation of a fragment of !-synuclein has been shown. Where 

the long-range assembly of small peptidic systems requires further investigation in other 

systems it has directly been observed here. The elaborate arrangement of the cross-ß 

architecture on previously unobserved length-scales produces a nanotubular morphology. 

Though the two levels of structure, molecular and supramolecular, can be modelled individually, 

this work has only touched on the connection between the two. This calls for future work to 

address this connection; where here it is beautifully observed, in other investigations it might 

prove essential to understanding the systems behaviour. 

 

9.3 Dipeptide low-molecular weight gelators 

A large range of peptidic low-molecular weight gelators (LMWGs) have been reported in the 

literature (Adams et al., 2010b, Chen et al., 2010a, Chen et al., 2010c, Smith et al., 2008, Xu et 

al., 2007). The principles and mechanisms of their self-assembly are as varied as the precise 

molecular structure of the LMWG themselves. The characterisation of the self-assembly and 

structure of the naphthalene conjugated dipeptide Br-AV is the most comprehensive to date. It 

illustrates the high degree of reproducible control available over the self-assembly of a LMWG 

through the protonation mechanism. In line with this, the biophysical and structural 
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investigations on the course of this process have been analysed and compared to reveal how 

precisely the self-assembly of this molecules proceeds. At high pH, Br-AV is reported to have a 

micelle structure above the critical micelle structure (Chen et al., 2011), although, as measured 

by circular dichroism the dipeptide molecules are unordered and naphthyl groups not in close 

association. Evidently, as the pH of the solution in which the dipeptide is dissolved decreases, 

the molecules in solution enter into close proximity such that #-# interactions giving rise to 

exciton coupling and ordering of the dipeptide backbone may occur. The measurements made 

here and elsewhere (Chen et al., 2010a) indicate the development of ß-sheets. As far as the 

investigations here can probe, these events happen concurrently. This process leads to one-

dimensional self-assembly as evident by the observation of fibrillar material. 

 

The structures of these self-assembled fibrils may be probed by XRFD to determine the 

repetitive interatomic separations parallel and perpendicular to the fibre axis. The data are 

consistent with the formation of an architecture that may be likened to the cross-ß architecture 

of amyloid self-assemblies. In this case, the ß-strands are spaced at 4.51 Å and the ordered 

lateral association of these structures is observed up to ~70 Å. The long-range order exhibited in 

the fibre diffraction is also reconcilable with the complex lateral association observed in the 

fibrils themselves by transmission electron microscopy (TEM). Based on the XRFD and TEM 

observations, over the course of self-assembly, a model may be proposed whereby the structure 

of the fibres is adopted rapidly. As gelation proceeds fibril entanglement increases and becomes 

harder to overcome, perhaps contributing to the gels rigid behaviour of the gels at low pH. 

 

The structural architectures may be described, but are ultimately very difficult to validate where 

the full scale over which order occurs is larger than the range over which it is feasible to reliably 

model with the information currently available. Nevertheless, the cross-ß architecture is adopted 

with an antiparallel stacking of ß-strands at 4.51 Å. Perpendicular to the fibre axis the data are 

consistent with ß-sheets being separated by 6.02 Å. This brings the naphthyl groups in close 

proximity to stack with their long axes in an approximate face-to-face arrangement which are 



                                                                                                                                          Chapter 9 
 

 

261 

tilted not more than 54.7° away from the fibre long axis (Chen et al., 2010a). The hydrogen 

bonding pattern in the proposed model only involves inter-amide hydrogen bonding, no doubt 

integral to the directional growth of these assemblies. Although clearly the aromatic interactions 

in this system are important, it is curious they are not disrupted by the naphthalene conjugation 

of the 6-position bromine atom.  

 

It would appear that the pH driven protonation mechanism induces self-assembly but distinctly 

contributes to macromolecular changes that affect gelation. These changes occur over time 

scales at which fibrillar structure has been probed but no clear structural changes are found to 

occur with changing macromolecular properties, where the fibre structure is adopted rapidly and 

remains stable over gelation. It was hypothesised that across a library of dipeptides perhaps the 

differing material properties of the gels formed could be correlated with structural differences. 

The same difficulty in structure determination is encountered as with Br-AV but many 

structural features have been gleaned. All systems are found to be structurally analogous to Br-

AV with regard to anisotropy, aromatic interaction and ß-sheet formation and stabilisation. The 

dipeptides all exhibit XRFD data consistent with the cross-ß architecture though the exact 

arrangement appears to be related to the nature of the naphthalene conjugate. That said some 

structural relationships may also be based on the dipeptide sequence. 

 

The relationship between molecular structure and fibrillar self-assembled structure is complex. 

This in turn makes it difficult to pinpoint a relationship between molecular structure and gel 

properties. This is confounded by the investigations of systems that enter different material 

phases, i.e. the formation of turbid gels or crystalline phases. If inspected in isolation the data 

does not indicate a distinction in the turbid gelators, nor an indication of why one system has a 

propensity to crystallise over another. Further, the crystalline structures of these systems are 

brought into question, as later discussed. What is clear, is that the characterisations here are able 

to describe the self-assembly process better than they can gelation. Indeed, in the studies on 
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diphenylalanine dipeptides, it would appear as though self-assembly is distinct from gelation, 

although a necessary precursory stage. 

 

The indications of long-range changes upon dehydration, along with the difficulty in 

determining order over these scales and the changing long-range lateral association of fibres 

indicates an importance in these kinds of supramolecular interactions. 

 

9.4 Methodological implications 

The results presented in this work are a clear illustration and reminder that there are a number of 

methodological considerations to be made when working with fibrillar systems. Although the 

alignment of fibrils is often necessary to make biophysical and structural measurements, the 

uncontrolled alignment of fibrils can lead to artefactual data in particular in biophysical 

measurements. LD artefacts in CD measurements are reported in Chapter 5 and 7, there are 

reports in the literature of checking for the presence of LD artefacts (Andersen et al., 2010) but 

such a clear example of the presence of such phenomena in CD measurements as observed here 

has not, at the time of writing, been reported. The cuvette rotation and sonication methodology 

reported here should routinely been employed in the inspection of fibrillar material by CD (see 

Chapter 5). 

 

Where alignment can be controlled by Couette flow, LD has been measured in a number of 

amyloid self-assembled systems (Adachi et al., 2007, Andersen et al., 2010, Dafforn et al., 2004, 

Marshall et al., 2010) to confirm the cross-ß architecture. The same successful LD 

measurements are reported in Chapter 5 but the attempt to calculate chromophore orientation is 

novel at the time of writing. Further work is needed to realise the potential of these 

measurements but the principles of these calculations are outlined in the attempt made here. 
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The biophysical and structural techniques presented here are rapid, and accurately represent the 

fibrillar phase, however the modelling process is fairly laborious. This would benefit from an 

automated computational workflow. If each of the structure determination stages presented in 

Chapter 5 could be automated and connected within a single program then fibre diffraction used 

for the elucidation of models representing amyloid structures could be more readily utilised. Of 

course, this is still dependent on the collection of high quality X-ray fibre diffraction data where 

an element of serendipity plays a role in the quality of an alignment of fibres. The crystal 

structures of amyloidogenic short peptides (Sawaya et al., 2007) have made large contributions 

to the understanding of this three-dimensional architecture but, if representative, the structures 

can only describe a snap shot of the structure in the fibrillar phase, as evident in the 

polymorphism found in the peptide GNNQQNY (Nelson et al., 2005, Sawaya et al., 2007). It is 

true from the observations made in Chapter 5, and as widely appreciated in the amyloid 

community, that amyloid fibril structures are polymorphic. It is one of the strengths of X-ray 

fibre diffraction that this phenomenon can be directly observed, but also one of its weaknesses 

where data quality will be subject to sample polymorphism. Crystalline scattering techniques 

avoid this but only report on short-range order whereas X-ray fibre diffraction, can report on the 

long-range order of a fibrillar system. Again, it thus cannot be stressed enough that the 

structural descriptions of amyloid must be made from a wide variety of techniques to develop 

the most comprehensive view of these systems. 

 

The evidence shown here supports a view that long-range order is present in self-assembled 

systems, at length-scales outside the range of high-resolution techniques, as shown in Chapter 6 

– 8. It is enticing purely as a scientific problem to try and describe the connection between short 

and long-range self-assembly, but I contend that there is an important role for long-range 

interactions in the determination of the macroscopic properties of fibrillar matrices that 

constitute hydrogels. The short-range and long-range order of these systems, as observed by the 

real-time alignment data presented in Chapter 5, does not change over the dehydration process 
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and so supports that X-ray fibre diffraction is representative of the fibrillar structure in solution 

and the interatomic repetitive separations and interactions observed here are not artefactual. 

 

The accurate representation of the structure of self-assembled systems has been questioned in 

reports already in the literature (Marshall et al., 2010) and is again raised in this work. Shown in 

Chapter 8, three peptidic LMWG in the crystalline phase are shown to not represent the fibrillar 

phase. Although care should be taken in comparing peptidic LMWG to short peptide systems, 

the principle that the crystalline phase may not represent the self-assembled fibrillar phase 

should be kept in mind. That is not to say that the two phases may not be subtly related. Clearly, 

in a large polypeptide the stabilising three-dimensional interactions are many and not as easily 

influenced by the forces that govern crystallisation. However, where crystallisation is 

essentially a self-assembly process, this could have a dramatic influence on the forces governing 

a self-assembled fibre when induced to crystallise. Simulated fibre diffraction can be used to 

investigate this and can rapidly identify if there are fundamental differences between these two 

phases; but if the differences arise from polymorphism or subtle structural differences, the 

comparison becomes difficult. If structural polymorphism contributes to the difference, then 

simulated fibre diffraction in Clearer is unable to reproduce this, where the very process of 

simulated fibre diffraction within Clearer assumes structure monodispersity and a certain degree 

of crystallinity.  

 

The simulation of X-ray fibre diffraction from models of the crystalline phase and indeed the 

fibrillar phase is another point raised by this work. Many models of self-assembled LMWG are 

reported in the literature (Hughes et al., 2011, Smith et al., 2008, Xu et al., 2010) but are not 

validated by a comparison of simulated data to the originally collected experimental data. The 

results presented in Chapter 7 illustrate how this step is essential in the validation of proposed 

models and reveals that models may be logically based upon experimental data but still require 

further development and refinement. 
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9.5 Future work 

The biophysical and structural techniques presented here are the most rapid way to collect data 

on the fibrillar phase of amyloid-like self-assembled systems. If the data processing procedures 

and modelling method with feedback from simulated structural data could be automated, the 

technique would surpass other structural methods. Despite this XRFD, CD, LD and TEM can 

only report on specific levels of structure, and where self-assembled systems are hierarchical, 

this means a range of techniques must still be employed to accurately determine the most 

representative models of these types of assemblies. 

 

Solid state NMR should be used on all of the systems. This would provide information that 

could be modelled with the information here. However, it is possible that in the solid state the 

same questions of comparability to the native fibre phase might be raised. The technique of 

cryo-EM is developing to a point where there are reports of increasingly higher resolution cryo-

EM density maps. If the same could be applied to the systems presented here, these kinds of 

structural models would surely best represent the fibrillar phase, where samples are inspected in 

the hydrated state and at concentrations equivalent to those used for assembly.  

 

Where a direct link has not yet been identified between molecular structure and fibrillar 

structure leading to specific material properties, it is not yet possible to rationally design a 

monomer with predictable self-assembled material properties. No doubt, there is a determining 

link because the gels formed respond in a consistent manner to rheological characterisation. 

Alternatively, the pursuit of tuneable material properties could follow the route of system 

mixing as briefly described in Chapter 8. It would be very interesting to identify mixtures of 

dipeptide systems that had differing material properties and investigate the structural basis for 

this. If this was based on the co-assembly of two dipeptides, the structure could be probed with 

X-ray fibre diffraction at the short-range. If the basis for this was self-sorting then fibre 

diffraction at low angles could also give insight. Certainly, where the work presented here is a 
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thorough characterisation of the structural and biophysical ‘finger prints’ of these systems in 

their normal assembled and gelled states, any changes found on the macroscopic level could be 

characterised in the same manner and compared to the molecular, morphological and 

supramolecular standards established here. It is enticing that the answers to the questions 

regarding what the molecular basis for differing material properties is remain somewhat 

unanswered, but a combinatorial approach of new characterisations on different lengths scales 

with the structural details elucidated here, will surely bring us closer to this goal. 
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Appendix II 
 

 
  

BrAV side chain packing – clash checks 

Antiparallel interamide  
5.43 Å (top) and 6.03 Å (bottom) separation 

Antiparallel interamide & interamide/carboxyl 
5.43 Å (top) and 6.03 Å (bottom) separation 
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Nap Bb 

0 - 54.7° 

Orientation axis a 

i ii 

BrAV naphthalene orientation – LD measurement indications 

Determined by LD measurements the long axes of the naphthalene groups lie less than 54.7° 
relative to the fibre axis {Chen 2010} (ai), also however, rotation of the long axis of the 
naphthalene group above and below the plane of the paper affects the angle through which the 

group might be found (aii). 
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Appendix III 
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Peaks / cm-1 

-COOH 
Random 

coil / -C=C- 
ß-sheet 

Antiparallel 
ß-sheet 

    

Relative % 
hydrogen bonding 

strength 

System 1 2 3 4 Conformation Phase   

2AA 1712.71 1644.24 1628.81 ~1666.42 Antiparallel ß Gel 79 

2AV 1723.57   1629.37   Parallel ß Gel 40 

BrAA 1734.89 1651.71 1632.66   Parallel ß Gel 0 

BrAV 1720.86 1644.92 1627.48 ~1680 Antiparallel ß Gel 50 

CNAA 1712.73   1626.68 1663.55 Antiparallel ß Gel 79 

CNAV 1733.76 1648.07 1625.91   Parallel ß Gel 4 

2FF 1716.61 1644.06 ~1633 1663.94 Antiparallel ß Gel 65 

2FV 1706.92 1654.84 1628.81   Parallel ß Gel 100 

BrFF 1712.71 1643.27 1633.63 1664.45 Antiparallel ß Gel 79 

BrFV 1708.85 1651.95 1629.77 1659.67 Antiparallel ß Crystal 93 

CNFF 1712.71 ~1641.34 ~1634.59 ~1664.49 Antiparallel ß Gel 79 

CNFV 1708.85 1654.84 1625.91 ~1664.49 Antiparallel ß Gel 93 

FTIR dipeptide data (~indicates broad overlapping peaks) 

Dipeptide FTIR data in the assembled state 

Data collected and provided by Lin Chen (Liverpool University) 

Hydrogen bonding strength visualised as a gradient between blue (relatively weakest) to red (relatively 

strongest) by assuming the shortest wavenumbers for the –COOH group represent stronger hydrogen bonding 

patterns. 



                                                                                                                                 Appendix III-vi 

 

308 

 

 

  



                                                                                                                                Appendix III-vii 

 

309 

 

  



                                                                                                                               Appendix III-viii 

 

310 



                                                                                                                                 Appendix III-ix 

 

311 

  



                                                                                                                                  Appendix III-x 

 

312 

 

  

Cell dimension: a! b! c! a! b! c! a! b! c! a! b! c! a! b! c!

Cell search size: 70 50 - 50 50 - 50 20 - 20 20 - 20 10 - 

2-AA 57.25 55.93 4.68 41.97 39.91 4.68 39.91 14.72 4.68         

2-AV 61.61 47.15 4.70 45.04 38.79 4.70 35.39 15.24 4.70 20.13 19.20 4.70 12.86 5.50 4.70 

2-FF 60.39 32.00 4.67 44.66 34.44 4.67 40.26 18.95 4.67         

2-FV                               

Br-AA 65.05 33.00 4.30 65.05 33.00 4.30 32.76 13.20 4.30             

Br-AV 65.66 48.20 4.51 38.95 26.97 4.51                   

Br-FF 66.00 28.34 4.71 40.45 35.81 4.71 24.66 24.48 4.71         

Br-FV 68.62 42.64 4.66 45.84 42.48 4.66 44.74 14.19 4.66             

CN-AA 65.09 35.45 4.57 47.07 45.77 4.57 39.89 20.25 4.57 13.66 18.81 4.57       

CN-AV 64.14 37.67 4.54 41.82 37.60 4.54 46.93 14.78 4.54 13.01 14.56 4.54       

CN-FF 66.02 32.11 4.54 85.87 23.82 4.54 46.84 12.49 4.54         

CN-FV 64.97 17.78 4.64 35.91 25.97 4.64 46.49 14.32 4.64 12.23 19.63 4.64       

STD 3.16 10.63 0.12 14.52 7.02 0.12 7.21 3.77 0.12 3.63 2.35 0.07       

System a! b! c! System a! b! c! System a! b! c!

2-AA 39.91 14.72 4.68 Br-AA 32.76 13.20 4.30 CN-AA 39.89 20.25 4.57 

2-AV 35.39 15.24 4.70 Br-AV       CN-AV 46.93 14.78 4.54 

2-FF - - - Br-FF 24.66 24.48 4.71 CN-FF 46.84 12.49 4.54 

2-FV ? ? ? Br-FV 44.74 14.19 4.66 CN-FV 46.49 14.32 4.64 

STD 3.20 0.37 0.01 STD 10.10 6.25 0.22 STD 3.44 3.34 0.05 

System a! b! c!

Br-AA 65.05 33.00 4.30 

Br-AV 65.66 48.20 4.51 

Br-FF 66.00 28.34 4.71 

Br-FV 68.62 42.64 4.66 

STD 1.57 9.02 0.18 

Naphthalene dipeptide library unit cell searches 

a 

b

c 

a)! The lowest error unit cells determined for each dipeptide system over a range of initial unit cell 

search limits. Unit cells for 2-FV were not explored where only one equatorial reflection was 

observed. The a and b dimensions pertain to equatorial reflections and the c dimensions to 

meridional spacings. 

b)! The lowest error unit cells determined for each dipeptide system using a search limit of a 50, b 20, c 

x.  

c)! The lowest error unit cells determined for 6-bromo-2-naphthalene dipeptide systems using search 

limits of a 70 – 50, b 50 and c x. 

d)! The highest correlation in unit cell dimensions is found when grouping the predicted unit cells by 

naphthalene conjugate and including the large cell searches for Br-Nap dipeptides. 

d Grouped by naphthalene conjugate             

Cell searches a50, b20, cx       Cell searches a50, b20, cx. Including BrFV a70, b50, cx   

System a! b! c! Error System a! b! c! Error 

Nap 37.65 14.98 4.69 Nap 38.52 16.30 4.68 

± 3.20 0.37 0.01 1.68 ± 2.72 2.31 0.02 1.68 

Br-Nap 34.05 17.29 4.56 Br-Nap 66.33 38.04 4.55 

± 10.10 6.25 0.22 5.52 ± 1.57 9.02 0.18 3.59 

CN-Nap 45.04 15.46 4.57 CN-Nap 45.04 15.46 4.57 

± 3.44 3.34 0.05 2.28 ± 3.44 3.34 0.05 2.28 

Grouped 
error: 3.16 

Grouped 
error: 2.52 

Grouped by sequence                 

Cell searches a50, b20, cx       Cell searches a50, b20, cx. Including BrFV a70, b50, cx   

System a! b! c! Error System a! b! c! Error 

AA 37.52 16.06 4.52 AA 48.28 22.66 4.52 

± 4.12 3.71 0.20 2.68 ± 14.52 9.37 0.20 8.03 

AV 41.16 15.01 4.62 AV 49.33 26.07 4.58 

± 8.16 0.33 0.11 2.87 ± 15.28 19.16 0.10 11.51 

FF 37.25 18.64 4.64 FF 51.03 19.93 4.64 

± 11.39 6.00 0.09 5.83 ± 13.37 7.97 0.09 7.14 

FV 45.61 14.26 4.65 FV 57.55 28.48 4.65 

± 1.24 0.09 0.01 0.45 ± 15.65 20.02 0.01 11.90 

Grouped 
error: 2.95 

Grouped 
error: 9.65 
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The structure of 1AG in the crystalline phase. The conformation of the dipeptide is nonstandard 

with the second dihedral angle lying outside of Ramachandran allowed regions (a). The 

structure is stabilised by a two-dimensional hydrogen-bonding network involving intracarboxyl-

carbonyl (red dashed lines), intercarboxyl-carbonyl (grey dashed lines) and interamide (blue 

dashed lines) interactions (b and c). Coordinates provided by Dr. Dave Adams (Liverpool 

University) and solved by Dr. Marc Schmidtmann (Liverpool University).  
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Appendix IV 

ImageJ (NIH) – Morphology picker script: 

 
print("Morphology Picker v3.1"); 

print("Kyle Morris, University of Sussex, 2010"); 

print("--------------------"); 

 Dialog.create("Calibration, warning: global scales will be first removed"); 

 Dialog.addChoice("Magnification:", newArray("50,000X", "30,000X", "20,000X", "15,000X", "10,000X", "5,000X", "Manual")); 

 Dialog.show(); 

 run("Set Scale...", "distance=0 known=0 pixel=1 unit=pixel global"); 

 Mag = Dialog.getChoice(); 

 print(Mag); 

 if (Mag=="5,000X") { 

  boxwidthpx = 37.5; 

  boxlengthpx = 300; 

 } 

  else 

  if (Mag=="10,000X") { 

   boxwidthpx = 75; 

   boxlengthpx = 600; 

  } 
   else 

   if (Mag=="15,000X") { 

    boxwidthpx = 112.5; 

    boxlengthpx = 900; 

   } 

    else 

    if (Mag=="20,000X") { 

     boxwidthpx = 150; 

     boxlengthpx = 1200; 

    } 

     else 

      if (Mag=="30,000X") { 

       boxwidthpx = 225; 

       boxlengthpx = 1800; 

      } 

       else 

        if (Mag=="50,000X") { 

         boxwidthpx = 375; 

         boxlengthpx = 3000; 

        } 

//Main function is embedded in while loop such that after each measurement user is asked if they want to repeat 

 repeat = 1; 

 do { 
//Line parameters are collected 

  waitForUser("Make a line selection and then click OK:"); 

  getLine(x1, y1, x2, y2, lineWidth); 

  if (x1==-1) { 

  exit("Can't find a line :*(, please restart macro"); 

  } 

  getPixelSize(unit, pw, ph); 

  x1*=pw; y1*=ph; x2*=pw; y2*=ph; 

//Line parameters, x-y coordinates, length and angle are calculated 

  dx = x2-x1; dy = y2-y1; 

  length = sqrt(dx*dx+dy*dy); 

  if (y1==y2) { 

   if (x1<x2) 

   angle = 0; 

   else 

   angle = 180; 

  } 

  else { 

  angle = (atan2(y2-y1,x2-x1)*-57.2957795); 

  } 

  print("Selection parameters:"); 

  print ("Angle: ", angle, "degrees", "(", angle-90, ")"); 

  transformangle = (angle-90); 
//User inputs fibril  in pixels and polygon is drawn at right angle to line 

//User may adjust polygon width and length incrementally and when completed select the finalise checkbox to continue 

  finalise=1; 

  do {    

   Dialog.create(""); 

   Dialog.addMessage("Enter fibril width:"); 

   Dialog.addNumber("Width/px:", boxwidthpx); 

   Dialog.addNumber("Length/px:", boxlengthpx); 

   Dialog.addCheckbox("Finalise:", false); 

   Dialog.show(); 

   finalise = Dialog.getCheckbox(); 

   bwpx = Dialog.getNumber(); 

   blpx = Dialog.getNumber();; 

   if (bwpx!=boxwidthpx||blpx!=boxlengthpx) { 

    //print("px change"); 

    boxlengthpx = blpx; 

    boxwidthpx = bwpx; 

   } 

   else { 

    //print("No change"); 

   } 

   IncX = (sin(angle/57.2957795)*boxwidthpx); 

   if (angle==0) { 
    IncY = boxwidthpx; 

   } 

   else { 

    IncY = IncX/(tan(angle/57.2957795)); 

   } 

   a = angle; 

   b = 90 - angle; 

   width = boxwidthpx/2; 

   //print (width); 

   length = boxlengthpx/2; 

   //print (length); 

   IncXnew = IncX/2; 

   IncYnew = IncY/2; 

   x1new = x1-(cos(b/57.2957795)*width); 

   y1new = y1-(sin(b/57.2957795)*width); 

   x2new = x1+(cos(angle/57.2957795)*boxlengthpx); 

   y2new = y1-(sin(angle/57.2957795)*boxlengthpx); 

   x2newer = x2new-(cos(b/57.2957795)*width); 

   y2newer = y2new-(sin(b/57.2957795)*width); 

   makePolygon(x1new,y1new,x2newer,y2newer,x2new+IncXnew,y2new+IncYnew,x1+IncXnew,y1+IncYnew);  

   getStatistics(area, mean, min, max, std); 

   background = mean; 



                                                                                                                                   Appendix IV-i 

 

322 

   //print (background);  

  }  while (finalise==0); 

  print("Length:", boxlengthpx, "pixels"); 

  print("Width:", boxwidthpx, "pixels");  

//Stores filename and position of extension for later renaming 

name = getTitle(); 

//print(tmp); 

ext = lastIndexOf(name, "."); 

//print(ext); 

//The following copies the selection made by the user and macro, copies to the internal clipboard and creates a new image with the copy rotated to normal. 

run("Copy"); 

setBackgroundColor(background,0,0); 

run("Internal Clipboard"); 

selectWindow("Clipboard"); 

run("Rotate... ", "angle=transformangle grid=1 interpolation=Bilinear fill enlarge"); 

//Updates new image filename with addition of "-CROP", minus extension 

cropname = substring(name,0,ext); 

cropname = cropname + "-CROP"; 

//print (cropname); 

rename(cropname); 

//Gets dimensions of new image 
getDimensions(width, height, channels, slices, frames); 

//print("x: ", width, "(", width/2, ")"); 

//print("y: ", height, "(", height/2, ")"); 

//Based on box selection calculates positions of polygon boudaries for new selection 

x1 = width/2-boxwidthpx/2; 

y1 = height/2-boxlengthpx/2; 

x2 = width/2+boxwidthpx/2; 

y2 = height/2-boxlengthpx/2; 

x3 = width/2+boxwidthpx/2; 

y3 = height/2+boxlengthpx/2; 

x4 = width/2-boxwidthpx/2; 

y4 = height/2+boxlengthpx/2; 

makePolygon(x1, y1, x2, y2, x3, y3, x4, y4); 

//Crops selection 

run("Crop"); 

//Copies crop into new image, renames and runs bandpass filter with default settings 

run("Copy"); 

run("Internal Clipboard"); 

selectWindow("Clipboard"); 

bpname = cropname + "-BP_FILTERED"; 

rename(bpname); 

run("Bandpass Filter...", "filter_large=40 filter_small=3 suppress=None tolerance=5 autoscale saturate"); 

//Gives user the option of saving crop and bandpass filtered images to directory of original image 
//Various overly complicated if statements figure out if the files are overwrites or not 

selectWindow(name); 

dir = getDirectory("image"); 

selectWindow(cropname); 

selectWindow(bpname); 

store = getBoolean("Do you want to save the cropped images to the parent directory?"); 

if (store==0) { 

 print("--------------------"); 

 print("Warning: Processed images not saved"); 

 } 

else { 

 suffix = 1; 

 Dialog.create(""); 

 Dialog.addNumber("Affix suffix to saved images?", suffix); 

 Dialog.show(); 

 suffix = Dialog.getNumber(); 

  

 dir1 = dir + cropname + "-" + suffix; 

 dir2 = dir + bpname + "-" + suffix; 

 dir3 = dir + cropname + "-" + suffix + ".tif"; 

 dir4 = dir + bpname + "-" + suffix + ".tif"; 

 //print(dir); 

 //print(dir1); 
 //print(dir3); 

 overwrite = File.exists(dir3); 

 //print(overwrite); 

 if (overwrite==1) { 

  store1 = getBoolean("Suffix name exists. Overwrite?"); 

  //print("Overwrite=", store1); 

   

  if (store1==0) { 

   print(store1); 

   print("--------------------"); 

   print("Warning: Processed images not saved"); 

   } 

  else { 

   selectWindow(cropname); 

   saveAs("tiff", dir1); 

   

   selectWindow(bpname); 

   saveAs("tiff", dir2); 

   

   print("--------------------"); 

   print("Processed images saved to parent directory:"); 

   print(dir3); 

   print(dir4); 
  } 

   } 

 else { 

  selectWindow(cropname); 

  saveAs("tiff", dir1); 

  

  selectWindow(bpname); 

  saveAs("tiff", dir2); 

  

  print("--------------------"); 

  print("Processed images saved to parent directory:"); 

  print(dir3); 

  print(dir4); 

 } 

} 

print("--------------------"); 

print("END OF MACRO"); 

print("--------------------"); 

exit(); 
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PyMol lattice construction script: 
 
#Kyle Morris, University of Sussex, 2010 

#The following script can be run in pymol, using the run 'script.py' command. 

#It will duplicate the monomer you give it and build a crystal based on user 

#defined parameters (below). 

#The starting monomer may have a custom prefix i.e. obj or P but it must be 

#numbered 1 in its suffix i.e. obj1 or P1. Duplicated monomers are named sequentially. 

 

######## INPUT CELL DIMENSIONS, SUPER CELL INDICES AND PREFIX HERE ########## 
 

#Cell dimensions 

a = 0 

b = 5 

c = 4.76 

 

#Super cell indices 

h = 0 

k = 1 

l = 40 

 

#Prefix used 

prefix = "obj" 

 

###################### DO NOT ADJUST BEYOND THIS POINT ###################### 

 

#Total monomers required 

end = h*k*l 

 

#Starting monomer suffix number 

start = 1 

 

#Suffix number 
suffix = 1 

 

#Sets up a loop for h index 

for i in range (0,h+1): 

 hi = a*i 

 

 #Sets up a loop for k index 

 for j in range (0,k+1): 

  kj = b*j 

 

  #Sets up a loop for l index 

  for m in range (0,l+1): 

   lm = c*m    

 

   source = str(prefix) + str(start) 

   copy = str(prefix) + str(suffix) 

 

   cmd.create(copy,source) 

   cmd.translate([hi,kj,lm], copy) 

 

   suffix = suffix + 1 
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MATLAB (MathWorks) – R-Factor pattern comparison function: 
 
function XRFD_compare_exp_sim 

%   MATLAB code for comparing an XRFD pattern to a CLEARER produced simulation 

%   of equivalent format and size and saving difference map file to MATLAB 

%   directory as ~R-factor image.tiff 

%   The two images to be compared must be found in a directory that MATLAB has its  

%   path pointing to. 

% 

%   AREAS THAT APPEAR BLACK ARE AREAS WHERE PIXEL INTENSITY IS IDENTICAL 
%   WHITE AREAS SHOW DIFFERENCE :) 

 

%User input for file names 

filename1 = uigetfile('.tiff', 'Select experimental XRFD'); 

filename2 = uigetfile('.tiff', 'Select simulated XRFD'); 

 

%Image 1 matrix read in and conversion to gray scale 

exp = imread(filename1); 

im2double(exp); 

%double(exp); 

expD = ans; 

expG = rgb2gray(expD); 

expsize = size(expG); 

%imshow(expG); 

 

%Image 2 matrix read in and conversion to gray scale 

sim = imread(filename2); 

im2double(sim); 

%double(sim); 

simD = ans; 

simsize = size(simD); 

 

%simG = rgb2gray(simD); 
%imshow(simG); 

 

%Subtraction of image 1 & 2 matrices and conversion to absolute values 

%(i.e. removal of sign, such that only absolute difference is measured) 

comp = expG - simD; 

comparison=abs(comp); 

 

%Crop and mask setup 

comparisoncrop = imcrop(comparison); 

%%imshow(comparisoncrop); 

mask = roipoly(comparisoncrop); 

mask = ~mask; 

masksize = sum(mask == 0); 

masksizepx = sum(masksize) 

%%imshow(mask); 

 

%The mask matrix (mask values = 0) is multiplied by the comparison image 

%matrix such that the masked area overlays the comparison image. 

CCmask = comparisoncrop .* mask; 

 

%The masked comparison is visualised and the sum of all the pixels 

%calculated. Values of 1 indicate difference, values of 0 indicate no 

%difference. The R-factor is calculated as the average of all the pixel 
%difference values excluding the masked values. 

imshow(CCmask); 

RF1 = sum(abs(CCmask)); 

RF2 = sum(RF1); 

S1 = size(CCmask); 

x = [S1]; 

y = x(1)*x(2); 

maskpcent = masksizepx/y*100; 

RFactor = RF2/(y-masksizepx) 

 

%The comparison image with and without mask is saved as .tiff files as well 

%as the mask area itself 

%A .txt file is created summarising the analysis 

RFname = ['~R-Factor image RF ' num2str(RFactor) '.tiff']; 

imwrite(comparisoncrop,RFname); 

imwrite(CCmask, '~R-Factor image mask.tiff'); 

imwrite(mask,'~R-Factor image mask region.tiff'); 

 

msgbox(['R-Factor: ' num2str(RFactor)] ,'R-Factor') 

log = fopen('~R-Factor log.txt', 'w'); 

fprintf(log, ['R-Factor comparison between: ' '\n\nImage #1: ' filename1 '\nPx size: ' num2str(expsize(1)) ' x ' num2str(expsize(2)) '\n\nImage #2: ' filename2 '\npx size: ' num2str(simsize(1)) ' x ' 

num2str(simsize(2)) '\n\nImage cropped to: ' num2str(x(1)) ' x ' num2str(x(2)) '\nTotal px size: ' num2str(y) '\n\nMask px size: ' num2str(masksizepx) ' (' num2str(maskpcent) ' Pcent) \n\nR-

Factor: ' num2str(RFactor)]); 
 

 

end 
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Å
)
an

d
a
w
id
er

p
ac
k
in
g
(2
1.
5
Å
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Å
)
ro
ta
ti
n
g
an

o
d
e
an

d
R
A
xi
s
IV

+
+

d
et
ec
to
r
w
it
h

ex
p
o
su
re

ti
m
es

o
f
20

m
in
u
te
s
an

d
sp
ec
im

en
to

d
et
ec
to
r
d
is
ta
n
ce
s
o
f
20
0

m
m
.
T
h
e

d
if
fr
ac
ti
o
n

im
ag
es

w
er
e

ex
am

in
ed

u
si
n
g
C
L
E
A
R
E
R

3
6
an

d
th
e
d
if
fr
ac
ti
o
n
si
gn

al
p
o
si
ti
o
n
s

d
et
er
m
in
ed

u
si
n
g
a
m
o
d
u
le
w
it
h
in

C
L
E
A
R
E
R
.O

n
e-
d
im

en
si
o
n
al

tr
ac
es

o
f
si
gn

al
p
o
si
ti
o
n
s
an

d
in
te
n
si
ti
es

w
er
e

p
ro
d
u
ce
d

b
y

d
efi
n
in
g
th
e
eq
u
at
o
r
in

C
L
E
A
R
E
R

an
d
sa
m
p
li
n
g
si
gn

al
in
te
n
-

si
ti
es

w
it
h
in

an
an

gu
la
r
se
ar
ch

w
id
th

o
f
60

#
as

a
fu
n
ct
io
n

o
f

d
is
ta
n
ce

fr
o
m

th
e
ce
n
tr
e
o
f
th
e
p
at
te
rn

in
p
ix
el
s.
T
h
es
e
w
er
e
th
en

co
n
ve
rt
ed

to
d-
sp
ac
in
g

(Å
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Å
,1
46
(2
)#
).
T
h
e
d
if
fe
re
n
ce

in

co
n
fo
rm

at
io
n
s
o
f
th
e
tw

o
in
d
ep
en
d
en
t
m
o
le
cu
le
s
is

re
la
te
d
to

su
b
st
an

ti
al
ly

d
if
fe
re
n
t
h
yd

ro
ge
n

b
o
n
d
in
g,

w
it
h

th
e

ca
rb
o
n
yl

o
xy
ge
n
o
f
an

am
id
e
li
n
k
ag
e
ac
ce
p
ti
n
g
a
h
yd

ro
ge
n
b
o
n
d
fr
o
m

an

am
id
e
N
–H

gr
o
u
p

in
o
n
e
m
o
le
cu
le
,
an

d
th
e
sa
m
e
ca
rb
o
n
yl

F
ig
.
4

C
ry
st
al

st
ru
ct
u
re

o
f
2
cr
ys
ta
ll
iz
ed

fr
o
m

w
at
er
.
(a
)
W
it
h
in

a
co
lu
m
n
ar

st
ac
k
,
in
te
rm

o
le
cu
la
r
h
yd

ro
ge
n
b
o
n
d
in
g
is
o
b
se
rv
ed
,
an

d
th
e
n
ap

h
th
al
en
e

ri
n
gs

ar
e
o
ff
se
t
w
it
h
d
is
ta
n
ce
s
b
et
w
ee
n
th
e
ce
n
tr
o
id
s
gr
ea
te
r
th
an

ex
p
ec
te
d
fo
r
ef
fi
ci
en
t
p
–p

in
te
ra
ct
io
n
s.

(b
)
T
h
e
st
ru
ct
u
re

is
al
so

st
ab

il
iz
ed

b
y
th
e

d
is
p
la
ce
d
ed
ge

to
fa
ce

p
/

H
in
te
ra
ct
io
n
s
in
d
ic
at
ed

b
y
p
in
k
li
n
es
.
(c
)
T
h
e
in
te
rm

o
le
cu
la
r
h
yd

ro
ge
n
-b
o
n
d
in
g
(s
h
o
w
n
b
y
d
as
h
ed

re
d
li
n
es
)
re
su
lt
s
in

2D

sh
ee
ts
.

41
48

|
So
ft
M
at
te
r,
20

10
,
6
,
41

44
–4

15
6

Th
is
jo
u
rn
al

is
ª

Th
e
R
o
ya
l
So

ci
et
y
o
f
C
h
em

is
tr
y
20

10

Downloaded by University of Sussex on 17 February 2011

Published on 07 July 2010 on http://pubs.rsc.org | doi:10.1039/C0SM00409J

V
ie

w
 O

n
li

n
e

o
xy
ge
n
o
f
th
e
o
th
er

m
o
le
cu
le

ac
ce
p
ti
n
g
a
h
yd

ro
ge
n
b
o
n
d
fr
o
m

th
e
ca
rb
o
xy
li
c
ac
id

O
–H

gr
o
u
p
.
T
h
e
h
yd

ro
ge
n
b
o
n
d
s
fo
rm

an

in
fi
n
it
e
2-
d
im

en
si
o
n
al

n
et
w
o
rk

(i
.e
.
h
yd

ro
ge
n

b
o
n
d
ed

sh
ee
ts
)

p
ar
al
le
l
to

th
at

al
o
n
g
th
e
ab
-p
la
n
e.

A
p
o
rt
io
n
o
f
th
is
n
et
w
o
rk

is

sh
o
w
n
in

F
ig
.
3.

It
is

co
n
je
ct
u
re
d
th
at

th
e
d
if
fe
re
n
ce
s
in

en
vi
-

ro
n
m
en
ts

an
d
th
e
co
m
p
le
x
n
et
w
o
rk

o
f
in
te
rm

o
le
cu
la
r
b
o
n
d
s
ar
e

a
re
su
lt
o
f
p
ac
k
in
g
m
o
le
cu
le
s
w
it
h
si
gn

ifi
ca
n
t
d
if
fe
re
n
ce
s
in

th
ei
r

lo
ca
lc
h
ar
ge

d
en
si
ti
es

an
d
th
er
ef
o
re

th
ei
r
p
o
te
n
ti
al
in
te
rm

o
le
cu
la
r

in
te
ra
ct
io
n
s—

th
e

n
ap

h
th
al
en
e

ri
n
g

fa
vo

rs
p
-s
ta
ck
in
g

an
d

h
yd

ro
p
h
o
b
ic

ef
fe
ct
s,
w
h
il
e
th
er
e
ar
e
al
so

st
ro
n
g
h
yd

ro
ge
n
b
o
n
d

d
o
n
o
rs

an
d
ac
ce
p
to
rs
.

C
ry
st
al
s
o
f
2
su
it
ab

le
fo
r
si
n
gl
e
cr
ys
ta
l
d
if
fr
ac
ti
o
n
w
er
e
al
so

gr
o
w
n
.
2
is
cr
ys
ta
ll
iz
ed

in
th
e
p
ri
m
it
iv
e
m
o
n
o
cl
in
ic

sp
ac
e
gr
o
u
p

P
2 1

(Z
0
¼

1)
.
S
ta
ck
in
g

o
f
th
e
n
ap

h
th
al
en
e

ri
n
gs

is
ev
id
en
t

(F
ig
.
4a
),
th
o
u
gh

th
er
e
is
a
la
rg
e
o
ff
se
t
(2
.8

Å
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