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Voorwoord 
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zoals het bekritiseren van mijn manuscripten. Igor, bedankt voor de motiverende 
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De wekelijkse bijeenkomsten van de promovendi Arno Alting, Astrid Vasbinder 

en Fanny Weinbreck en uiteraard Kees, waren stimulerend en ik heb veel van 

jullie mijn voorgangers geleerd. Fanny, bedankt voor de leuke tijd dat we ons 
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gemaakt door Caroline van der Horst, Durita Allersma, Kees Olieman en Fadel 

Aljawahiri. Allen bedankt hiervoor.  
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EM resultaten die werden uitgevoerd door Roman Koning. Bedankt voor de 

prettige samenwerking die we hierin hadden.  

Christoph Schmidt en Iwan Schaap (Physics of Complex Systems, VU 
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Background and aim of thesis 
Self-assembly of biomolecules has gained much attention from scientists from 

various fields of interest. First of all, self-assembly is ubiquitous in the natural 

world: both inorganic and organic molecules self-organise into complex 

structures. The well-defined structures of such supramolecular assemblies are 

prerequisites for their biological function. Examples are haemoglobin, 

phospholipid membranes, cytoskeleton (microtubules, actin) membrane 

channels, collagen and casein micelles.  

Inspired by nature, nanoscale science and nanotechnology prefer to synthesise 

via a “bottom-up” approach (starting from the molecular length scale) rather than 

via a “top-down” approach (starting with bulk material) [1]. Attempts are made 

to mimic the natural bottom-up fabrication with the aim of creating new and 

varied structures with novel uses. Linear assemblies such as rod- and tube-like 

structures are of particular interest, because they are expected to have unique 

properties with respect to applications [2]. 

This thesis aims to contribute to the knowledge of self-assembly of proteins and 

the applications of such assembled structures. The main goal was to develop 

novel protein particles with new functional properties. To this end, the thesis 

describes the unique linear self-assembly of partially hydrolysed α-lactalbumin, 

leading to the formation of hollow nanotubes. Structural and dynamic aspects of 

the α-lactalbumin nanotubes are described, aiming to contribute to the 

development of new protein structures with special functional properties for 

applications in foods, pharmaceutics and nanotechnology.  

Self-assembly of proteins 
Over the years, the assembly behaviour of proteins has received considerable 

attention, as protein assembly is widely studied in various scientific areas and it 

is relevant to many different processes. It appears that most biological functions 

occur in the context of multi- and supra-molecular assemblies. Protein assembly 

is the rule rather than the exception in biological systems. Understanding of these 
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biological assemblies provides insight into the biological functions and allows 

manipulation of them. Protein aggregation is also an important issue in food 

science, as food protein aggregates are used as structuring agents, via aggregate 

networks. In contrast to these aggregates in biology and food science, protein 

aggregation can also be an undesirable phenomenon. In many in vitro studies of 

proteins it can merely be a nuisance or it can cause major economic and technical 

problems in the biotechnological and pharmaceutical industries. Furthermore, 

protein aggregation can be lethal in patients who suffer from a variety of diseases 

involving protein aggregation, such as amyloidosis, prion diseases, sickle cell 

disease and other protein disorder diseases.  

It is important to make a distinction between self-assembly and aggregation. 

Aggregation is a self-association reaction that usually irreversibly leads to the 

formation of amorphous, flocculent aggregates that are heterogeneous in 

structure and, if relevant, biologically inactive [3]. Besides non-covalent also 

covalent interactions can be involved. Self-assembly is a special kind of 

aggregation whereby polymerisation occurs toward the state of minimum free 

energy via non-covalent intermolecular forces, such as hydrogen bonding, 

electrostatic interactions, hydrophobic interactions and Van der Waals 

interactions, as well as kinetically labile metal coordination. Although many of 

these interactions may be small in magnitude, the large number of interactions in 

the final assembly is significant [4]. The large entropic cost of ordering is only 

slightly off-set by the favourable enthalpy gained from these weak interactions. 

The homogeneously ordered structure formed is in thermodynamic equilibrium, 

determined by conditions such as temperature, pressure, pH and chemical 

potentials of various molecules and ions [5]. The selection of the state of 

minimum free energy among many other states of higher free energy is made 

possible only by the fluctuation of molecules between those states. Therefore, 

reversible equilibrium means that the structure and the average amount of 

polymers are maintained in equilibrium, while the state and the position of 

individual molecules continue to fluctuate.  
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Self-assembly mechanisms 

Protein self-assembly has been described using two models, as distinguished by 

their kinetic profiles [3]. Nucleated self-assembly exhibits no assembly below a 

critical protein concentration, and a long lag time above this concentration. The 

length of the lag time can be decreased by the addition of pre-formed oligomers, 

commonly referred to as seeding. This has been interpreted to require the 

formation of a thermodynamically unstable intermediate that does not 

accumulate, termed a nucleus due to the model’s resemblance to kinetic 

properties of crystallization phenomena. On the other hand, isodesmic self-

assembly proceeds without a significant lag time, and exhibits equilibrium 

accumulation of (n, n+1) intermediates. The former involves a rate-determining 

step based on the strongly cooperative association of several monomers into an 

assembly unit with the assembly barrier height exponentially related to the 

degree of assembly in the transition state. The rate-determining step of isodesmic 

assembly involves non-cooperative, sequential addition of monomers with 

approximately homogeneous kinetic barriers. In addition to these two models a 

third model can be distinguished, where the rate-limiting step is coupled to the 

conformational reorganisation of one or more monomers. Both nucleation and 

growth as isodesmic assembly could require such conformational transitions of 

the monomer.  

Structural mechanisms 

Specific binding between (identical) units necessarily leads to a symmetrical 

structure, since there will be only a limited number of ways to form the 

maximum number of most stable bonds. Due to the specific shape of the units 

and the asymmetric interactions patterned on their surface, the intermolecular 

interactions are selective and directional [6]. For example, virus capsid proteins 

assemble into highly monodisperse and precise structures such as icosahedra for 

HIV and helical cylinders for tobacco mosaic virus. A wide variety of structures 

of protein assemblies involve domain swapping. Domain swapping is an 

exchange of identical domains or segments such as β-strands or α-helices 

between subunits, resulting in their reciprocal linkage [3]. Amyloid fibril 
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formation occurs via self-assembly of partially structured monomers through the 

stacking of β-sheets [7, 8]. Furthermore, fibril elongation can be described by 

docking-and-locking (and blocking), in which two or three steps can be 

distinguished [9]. The monomer first binds reversibly to a unique site on the end 

of the fibril tip in a “docking” step. Once bound, the peptide conformation 

rearranges in a “locking” step. Then, further addition of monomers to the fibril 

during elongation blocks the release of previously bound monomers.  

Linear self-assembling systems 
A polyhedral or spherical assembly is composed of a finite number of molecules. 

Even when the number is large, it must be finite because of the geometrical 

necessity to build a symmetrical structure. Another type, in which the number of 

molecules is not necessarily limited, is the linear polymer, which is not always a 

simple end-to-end polymer like a pearl necklace, but rather a helical or tubular 

structure, in which each molecule binds with many others, for example six 

neighbouring molecules. A number of self-assembling systems forming linear 

structures are briefly described below. This summary is provided because it may 

help to understand the tubular self-assembly of α-lactalbumin, as many 

mechanisms in nature are generic. Although the list is not exhaustive, it 

illustrates the most important linear assemblies and their self-assembly 

mechanisms. 

Viral tubes 

Virus coat proteins assemble in regular structures. Tobacco mosaic virus is one of 

the simplest viruses known and is the classical example of a rod-shaped virus. Its 

rod shape results from its basic design, namely a regular helical array of identical 

protein subunits, in which framework is embedded a singe molecule of RNA 

wound as a helix. Nucleation is believed to occur via a 20S aggregate, which is a 

disc or protohelix. This same aggregate is also used in the elongation process [10]. 

Removal of binding partners that shift the thermodynamic equilibrium between 

monomeric and oligomeric states is often used to regulate function, as in the case 

of viral uncoating by removal of nucleic acids that stabilize icosahedral capsid 
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assembly. The HIV-1 Rev protein, which facilitates the export of incompletely 

spliced and unspliced viral mRNAs from the nucleus, can assemble in vitro into 

regular unbranched tubular structures of indeterminate length, with an outer 

diameter of 15 nm and an axial channel of 10 nm [11]. They are made up of Rev 

dimers (monomer is 13 kDa), arranged in a six-start helix with 31 dimers in 2 

turns, a pitch angle of 45°, and an interstrand spacing of 3.8 nm. The formation of 

the tubular structures occurs via nucleation and growth, driven primarily by a 

large negative enthalpy.  

Actin 

Actin provides the basic framework for cell motility, cell shape and intracellular 

organisation in all eukariotic cells. Monomeric actin, also known as G-actin, is a 

globular 43 kDa protein that binds ATP. It self-assembles via a dual pathway. 

Activation of the G-actin is followed by slow nucleation and subsequent 

elongation as a result of head-to-tail association of monomers into filaments (F-

actin) that can form parallel bundles. On a sidetrack, actin rapidly forms an 

antiparallel dimer, which incorporates into the growing filament via one of its 

subunits. This dimer initiates branching and eventually the dimer dissociates, 

releasing an F-actin filament [12]. Elongation is more favourable than initiation. A 

kinetic barrier to self-assembly has been determined, suggesting that the actin 

monomers undergo an activated transition from monomeric to filamentous 

conformation. Conformational rearrangements due to binding of ATP to the 

ATP-binding loop are believed to play an important role in the regulation of self-

assembly.  

Tubulin 

In contrast to actin, the filamentous structure of tubulin is more complex. The 

self-assembling unit is an αβ-tubulin heterodimer (100 kDa) binding one guanine 

nucleotide on each subunit. Tubulin heterodimers self-assemble head-to-tail into 

parallel filamentous structures termed protofilaments, which in turn laterally 

self-assemble to make two-dimensional arrays that twist to form hollow 

cylindrical filaments [3]. The microtubules typically have 13 αβ-tubulins in their 
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circumference. The kinetics of assembly and disassembly plays an important role 

in the biological function of the microtubules. The lack of conformational 

reorganization in αβ-tubulin upon assembly in protofilaments increases the 

probability of transitions between assembly and disassembly of microtubules, 

which makes them kinetically unstable. This dynamic instability is thought to be 

responsible for efficient exploration of cellular space during formation of growth 

cones in cell motility, and chromosome separation during mitosis; in these 

processes rapidly assembling and disassembling microtubules have an increased 

probability of being captured by motor proteins and kinetochores respectively. 

Flagella are the bacterial analogies of microtubules; they are helical and tubular 

polymers composed of more than ten thousand flagellin molecules, which have a 

molar mass of 45 kDa.  

Collagen 

Collagen is an example illustrating that linear polymers often form rod-like 

structures upon assembly. The collagen monomer structure is not globular, but a 

triple helix with a diameter of about 1.3 nm and a length of about 300 nm. Two 

chains in this triplet are associated with a third chain, which is similar, but not 

identical. Molecules are assembled into fibrils with a longitudinal periodicity of 

67 nm. Fibrils typically have a diameter of a few hundred nanometers [13]. 

Amyloids 

Amyloids are aggregates of normally soluble proteins, characterised by fibrous 

morphology. The core structure of all amyloid fibrils consists of β-sheets with the 

strands perpendicular to the fibril axis. These amyloid fibrils are associated with 

a large group of diseases called amyloidoses, which includes Alzheimer’s, type II 

diabetes and transmissible spongiform encephalopathy [14]. Some diseases are 

familial, some are associated with medical treatment (e.g. haemodialysis) or 

infection (prion diseases, such as bovine spongiform encephalopathy and 

Creutzfeld-Jakob disease) and some are sporadic (e.g. most forms of 

Alzheimer’s). The term amyloid originates form the early mistaken identification 

of the protein aggregates as starch (amylum) based on crude iodine staining 
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techniques. Prusiner discovered the proteinaceous infectious particles (prions) as 

an entirely new genre of disease-causing agents [8]. The group of amyloid fibrils 

generally also includes a range of proteins with no known connection to any 

disease, but which were shown to form fibrils very similar to those associated 

with amyloidoses.  

Fibril formation is initiated when the native state of a protein is slightly 

destabilized, for example by changing pH, exposing structural elements on the 

resulting partially folded intermediates, which then begin to associate 

intermolecularly. In the case of polypeptides that are unstructured in the native 

state, a gain in structure is necessary upon association. If the protein monomer 

concentration is higher than some critical value, the partially folded 

intermediates slowly associate via self-assembly in a series of energetically 

unfavourable steps, resulting in the formation of an oligomer after a defined 

period, called the lag time. This oligomer serves as the nucleus for the rapid 

growth and elongation of protofilaments or small fibrils, either through monomer 

addition at the protofilaments tip or through end-to-end association of short 

protofilaments [15]. 

In addition to the requirement of a high-order nucleus, fibril formation is coupled 

to a substantial conformational rearrangement of secondary structure. As a result, 

formation of amyloids has a very high kinetic barrier, such that their formation is 

usually thermodynamically irreversible. Thus, disassembly of amyloids seldom 

occurs in vivo, with the proteins forming persistent macroscopic aggregates [8]. 

In general, amyloid fibrils are considered to consist of protofibrils with a typical 

diameter of several nanometres, which may intertwine to produce a wound 

structure, and may undergo further conformational rearrangements to form a 

mature fibril [16]. The diameter of these fibrils is around 5-10 nm. Typically, they 

are not hollow; however, in some cases a distinct hollow core has been observed. 

For example the insulin fibril consists of four protofilaments wound in a double 

helix around a hollow core of about 4 nm [17]. Fibrils of Aβ-peptide were also 

suggested to be hollow cylinders with a 4 nm core [18]. Amyloid fibril formation 

can require proteolysis [16]. For example, the prototypic fibril-forming fragment 
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Aβ in Alzheimer’s disease is derived from the amyloid precursor protein by a 

combination of proteolytic cleavages by β- and γ-secretases [19]. Proteolysis of 

proteins destabilises their structure and makes the molecules prone to 

aggregation, and under specific conditions fibrils are formed.  

The ability to form amyloid fibrils is not a characteristic associated wholly or 

primarily with amyloidoses, but a property that could be common to many or 

possibly all proteins under appropriate conditions. The list of proteins able to 

form amyloid fibrils is growing every day. Bovine α-lactalbumin was also shown 

to form amyloid fibrils after destabilisation of the molecule. α-Lactalbumin 

formed amyloid fibrils at low pH, where it adopted the molten globule state. 

Fibrillation was accompanied by a dramatic increase in β-sheet content. 

Furthermore, a disordered form of the α-lactalbumin with three out of four 

disulfide bridges reduced was even more susceptible to fibrillation. However, 

destabilised α-lactalbumin, produced by Ca2+-depletion or Zn2+-loading, did not 

form fibrils at neutral pH [20]. Only recently, proteolytic cleavage of bovine α-

lactalbumin was also shown to induce amyloidogenic fibrillation. Single peptide 

bond cleavage (between residues 40-41) or deletion of a chain segment of 12 

amino acid residues (41-52) both led to destabilised molecules, both of which 

formed long and well-ordered fibrils [21]. Fibrillar aggregates formed after 

limited hydrolysis of α-lactalbumin at relatively low concentration were 

suggested to be of amyloidgenic nature [22].  

Peptide nanotubes and nanofibres 

For the synthesis of hollow tubular nanostructures of controlled dimensions often 

simple building blocks like short peptides are designed. The sequence of these 

peptides is carefully selected on the expected interactions between the specific 

amino acids, such as β-sheet, aromatic stacking or alternating hydrophilic and 

hydrophobic interactions [23]. Stacking of ring-shaped cyclic peptide subunits led 

to nanotube formation. The pore size of the nanotube could be simply adjusted 

by the ring size of the peptide subunit employed [24]. The peptide does not 

necessarily need a cyclic structure to make nanotubes. A seven-residue peptide 
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from Aβ peptide self-assembled, via stacking of β-sheets, into sheets, which twist 

into helical ribbons that form homogeneous tubes with a diameter of about 50 nm 

[25]. Reches et al. used the very short dipeptide diphenylalanine to manufacture 

discrete and stiff hollow nanotubes [26]. The stacking of aromatic residues was 

suggested to play a key role in molecular recognition and self-assembly. 

Hartgerink et al. studied the reversible self-assembly of different derivatives of 

peptide-amphiphiles with a typical length of 10 amino acids into nanofibres [27]. 

Peptide (bolaamphiphile peptide) nanotubes were found to bundle in 

macroscopic fibers in the presence of Ni2+ ions [28]. 

DNA nanotubes 

Besides proteins and peptides, DNA could also serve as a building block for 

tubular self-assembly. The specificity of base pairing, helix stacking at sticky ends 

and its geometry makes DNA particularly suitable for design of complex 

hierarchical structures [29]. A system of DNA “tiles” that was designed to 

assemble in two-dimensional arrays was observed to form narrow ribbons, which 

closed themselves to form tubes of micrometers length. Rothemund et al. 

designed and modelled DNA nanotubes ranging from 7to 20 nm in diameter, as 

long as 50 μm with rather high persistence length, programmable to display a 

variety of patterns [30].  

Applications of bionanotubes 
A number of recent reviews discusses the fabrication of novel biomaterials 

through molecular self-assembly and the potential applications of linear 

nanostructures [2, 4, 23, 31]. Because of their linearity, tubular and fibrillar self-

assemblies are of special interest with regard to applications. Anisotropic 1-

dimensional structures, such as rods and tubes, can provide a connection 

between nanostructures and the macroscopic world. For example, the linear 

structure can be anchored by antibody linkages to contacts on a solid surface and 

could e.g. serve as a sensor for molecules in a fluid phase or as an antenna for 

electromagnetic waves [2]. Coating nanotubes with avidin makes them able to 
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bind specifically to surfaces that have previously been treated with biotinylated 

molecules [32].  

Furthermore, nanotubes can well serve as templates for nano-object synthesis. 

For example silver nanowires were synthesised in a hollow nanotube [26] and 

selective metal deposition on protein fibrils resulted in conducting nanowires, 

which could be used to build conducting nanocircuits [33]. Surfaces of 

biomolecules offer excellent control of arrangement and orientation of covalently 

linked or adsorbed substances [2].  

Linear protein structures are believed to make stiff and strong fibres, which can 

be woven or knitted or embedded in a matrix, resulting in strong materials, for 

example acting as a barrier against crack propagation [31].  

A drawback of proteinaceous nanostructures is that they could be unstable when 

exposed to rigorous environments, such as high temperatures, strongly acidic or 

alkaline solutions or enzymatic degradation. However, controlled degradation 

can be advantageous for tissue engineering applications, where extracellular 

matrix substitutes fabricated from self-assembled peptides or proteins may 

potentially be degraded at a rate similar to tissue regeneration [34]. Because of 

their cavity, nanotubes could serve as vehicles for drugs or other encapsulated 

molecules, or protect or mask encapsulated compounds [4]. 

α-Lactalbumin 
α-Lactalbumin is a small acidic (pI 4-5) Ca2+-binding milk protein. It represents 

about 20 % of the protein of bovine whey (3.5 % of total milk protein) and it is the 

principal protein in human milk [35]. It was first crystallized in the nineteenth 

century and since that time it has been extensively used as a model in numerous 

studies of the biophysical properties of proteins. In recent years, α-lactalbumin 

has also emerged as a model for studies of protein folding processes.  
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C H1 H2 H3S1 S3S2 H4H1 H2 H3S1 S3S2 H4  
Figure 1 Bovine α-lactalbumin. (A) Crystal structure: on the left-hand side the β-domain (yellow/green) and the 
right-hand side the α-domain (blue/red) Ca2+ is represented by the red sphere (pdb entry 1F6S using PyMOL, 
DeLano Scientific). (B) Amino acid sequence (123 amino acids). (C) Scheme of the secondary structure of α-
lactalbumin. H1-H4: α-helices, grey boxes: 310 helices, S1-S3: β-sheet.  

The primary structure of α-lactalbumin is highly homologous with the well-

characterized type-C lysozymes. It is composed of 123 amino acids (Figure 1B). 

Native α-lactalbumin consists of two domains: a large α-helical domain and a 

small β-sheet domain, which are connected by a calcium binding loop (Figure 

1A). The larger α-helical domain is formed by the amino- and carboxyl-terminal 

sections of the polypeptide chain (residues 1-34 and 86-123). It consists of four 

major α-helices (residues 5-11, 23-34, 86-98 and 105-110) and two short 310 helices 

(residues 18-20 and 115-118). The smaller β-sheet domain is formed by the central 

section of the polypeptide chain (residues 35-85) and encompasses a small three-

stranded antiparallel β-sheet (residues 41-44, 47-50 and 55-56), a short 310 helix 

(77-80) and some irregular structure [36]. The high-affinity Ca2+-binding site is 

located at the junction of the subdomains and is composed of a contiguous 

section of the chain, connecting the 310 helix of the subdomain (residues 77-80) 

and helix H3 of the helical subdomain (residues 86-98). The calcium ion is 

coordinated to three aspartic acid side chains (Asp82, Asp87 and Asp88), two 

backbone carbonyl oxygens (Lys79 and Asp84) and two water molecules, which 
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contribute the last two oxygen ligands to a distorted pentagonal bipyramidal 

structure [37]. The calcium-oxygen distances are relatively short: 2.4 Å. The 

complex is therefore compact, and the Ca2+-binding loop is the most ordered part 

of the α-lactalbumin molecule. The Ca2+-binding loop is closed by a disulfide 

bridge between residues 73 and 91, which holds the two domains together. A 

second important disulfide bridge (residues 61-77) connects the two domains as 

well. Overall, the structure of α-lactalbumin is stabilised by four disulfide 

bridges: 6-120; 61-77; 73-91 and 28-111. However, the overall architecture of the 

protein fold of α-lactalbumin is determined by the polypeptide sequence itself, as 

an α-lactalbumin mutant without disulfide bridges was nearly as compact as 

wild-type α-lactalbumin at acidic pH [38].  

α-Lactalbumin is a compact globular protein, whose shape resembles that of a 

prolate ellipsoid, with dimensions of 2.5 x 3.7 x 3.2 nm. The radius of gyration of 

native holo-α-lactalbumin is 1.57 nm, but the acid molten globule has a radius of 

1.72 nm [39]. The molten globule retains significant native-like structure in the α-

domain, while the β-domain is disordered [21].  

Stability 

At low pH values titration of the carboxylates leads to the displacement of Ca2+ 

by protons. At ambient temperature and low ionic strength, apo-α-lactalbumin 

undergoes a transconformation to a molten globule state, which lacks a fixed 

tertiary structure, but retains much of the native secondary structure. This 

classical molten globule state has been studied extensively, because it is 

considered a prototype for partially folded proteins. The denaturation transition 

of α-lactalbumin depends upon the concentration of metal ions, especially Ca2+. 

The denaturation temperature of holo-α-lactalbumin is 63°C and, as expected, 

significantly lower for apo-α-lactalbumin: 27°C [40].  

Metal ion binding 

Metal ion binding to α-lactalbumin has been extensively studied, because it is 

thought to be related to the physiological role of α-lactalbumin in lactose 

biosynthesis. The number of different metal ions, the large number of binding 
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sites and the attendant conformational changes have proven to be rather complex 

according to a detailed review by Kronman [41]. Ca2+ has a high-affinity binding 

site in α-lactalbumin and stabilizes the native conformer. It is also reported that 

Ca2+ has a second binding site with a lower affinity [42]. Mn2+ also has a high-

affinity site in α-lactalbumin, distinct from that of Ca2+, and it stabilizes the native 

conformation upon binding [35]. Mg2+ has a lower affinity than Mn2+ and Ca2+, it 

preferentially binds to the Zn2+-binding site and stabilizes the native 

conformation. Zn2+, however, destabilizes the molecule upon binding to the Zn2+-

binding site.  

Biological function / functional properties 

α-Lactalbumin has an important function in mammary secretory cells: it is one of 

the two components of the lactose biosynthesis in the lactating mammary gland. 

α-Lactalbumin promotes the binding of glucose to galactosyltransferase, reducing 

the Km up to 1000-fold, so that lactose is synthesised under physiological 

conditions.  

α-Lactalbumin has significant nutritional properties. Its amino acid composition 

seems to be optimal for the requirements of the infant and it has a high 

digestibility. It is relatively rich in tryptophan (4 residues per mol) and α-

lactalbumin consumption increases plasma tryptophan, which is known to have a 

positive effect on satiety and mood [43]. Evening consumption of α-lactalbumin 

was shown to increase plasma tryptophan availability, and improved morning 

alertness and brain-sustained attention processes [44]. In other studies α-

lactalbumin consumption was shown to improve mood and cognitive 

performance in vulnerable subjects [45, 46]. 

α-Lactalbumin itself (or its fragments) possesses bactericidal or antitumour 

activity [47, 48]. Multimeric human α-lactalbumin derivative (MAL) is a potent 

apoptosis-inducing agent, with broad, yet selective, cytotoxic activity. MAL was 

shown to kill all transformed, embryonic and lymphoid cells that were tested, but 

spared mature cells [48, 49]. It was shown that the apoptosis-inducing fraction of 

α-lactalbumin consists of α-lactalbumin oligomers in a molten globule-like state 
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[50]. Furthermore, it has been established that direct interaction of MAL with 

mitochondria led to the release of cytochrome c, followed by activation of the 

caspase cascade [51]. MAL crosses the plasma membrane and cytosol and enters 

the cell nucleus, where it induces DNA fragmentation through a direct effect at 

the nuclear level [52].  

HAMLET (human α-lactalbumin made lethal to tumor cells) or BAMLET (bovine 

α-lactalbumin made lethal to tumor cells) is native α-lactalbumin converted in 

vitro to the apoptosis-inducing folding variant in complex with oleic acid [53, 54]. 

HAMLET was shown to trigger apoptosis in tumor and immature cells, but 

healthy cells were resistant to this. It passes through the cytoplasm to the nucleus 

and accumulates in the cell nucleus. HAMLET is able to interact with histones 

and chromatin in tumor cell nuclei, locking the cells into the death pathway by 

the irreversible disruption of chromatin organization. Recently, it was shown that 

modification by oleic acid is not necessary for the efficient interaction of α-

lactalbumin with histone. Both bovine and human α-lactalbumin can exhibit 

electrostatic interactions with charged disordered polypeptides resembling 

histones. α-Lactalbumin can be used as a basis for design of antitumor agents, 

acting through disorganization of chromatin structure due to electrostatic 

interaction between α-lactalbumin and histone proteins [55].  

Bacillus licheniformis protease 
Bacillus licheniformis protease (BLP) is an extracellular protease synthesized and 

secreted by this Gram-positive bacterium. It is a glutamyl endopeptidase (EC 

3.4.21.19) belonging to the group of serine endopeptidases and specific to peptide 

bonds containing aspartic and glutamic acid at the carboxyl moiety [56]. It is also 

known as Blase [57], BL-GSE [58] and GluBL [59]. Similar enzymes have been 

isolated from Staphylococcus aureus, Actinomyces species, Streptomyces 

thermovulgaris, Streptomyces griseus and Bacillus subtilis [60]. Although the BLP is 

not (yet) commercially available, it can be isolated from commercial fermentation 

extracts (for example Alcalase) by chromatography as described by Birktof & 

Breddam [60]. The enzyme is expected to have the GRAS status [61]. 
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BLP consists of one peptide chain of 222 amino acid residues and has a molecular 

mass of 23.6 kDa [57]. BLP has optimal activity at 50°C and it displays a bell-

shaped pH dependence, with an optimum at pH  7.5-8.0 [60]. BLP prefers, as 

measured by the ratio of kcat/Km, Glu-X over Asp-X by a factor of approximately 

1000 [58]. However, at high concentration or prolonged incubation it can also 

hydrolyse other peptide bonds than Asp-X and Glu-X [56]. The activity increases 

in the presence of low calcium concentration (up to 30 μM), probably by 

stabilizing the structure. The enzyme can be inhibited by diisopropylfluoro 

phosphate, which is highly toxic, but not by the common inhibitor for serine 

proteases phenylmethylsulfonyl fluoride. High ionic strength (0.5 M NaCl) was 

shown to reduce the activity to 20% [56].  

BLP and protein aggregation 

The effect of BLP on whey protein concentrates was studied: BLP was shown to 

increase the viscosity and enhance the gel strength upon hydrolysis of whey 

protein isolate [62, 63]. Surprisingly, it was found that incubating an α-

lactalbumin solution with BLP in presence of Ca2+ led to the formation of a strong, 

transparent gel. Study of the microstructure showed linear filaments, which were 

suggested to be hollow with an overall structure similar to that of microtubules 

[64].  

Outline of thesis 
The objective for this thesis research was to develop novel protein particles with 

new functional properties. The α-lactalbumin nanotubes formed after limited 

proteolysis by BLP were considered as an interesting system for developing new 

protein-based nanostructures, and they became the object of study. Because of the 

limited knowledge about this system, there was a need to first study structural 

and dynamic aspects of these α-lactalbumin nanotubes and for this a 

multidisciplinary approach was chosen. The thesis is roughly divided into three 

parts: the formation of the α-lactalbumin nanotubes, their structure, and finally 

the dynamics and potential applications of the nanotubes.  
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The formation of the α-lactalbumin nanotubes is described in Chapters 2 and 3. 

Chapter 2 gives a general introduction to the α-lactalbumin nanotubes, focussing 

on the influence of calcium on hydrolysis and on the self-assembly of hydrolysed 

α-lactalbumin. It shows the importance of calcium for formation of α-lactalbumin 

nanotubes. Furthermore it presents the hydrolysis products and the effect of 

calcium concentration on hydrolysis and self-assembly kinetics respectively. 

Chapter 3 describes the use of other cations instead of Ca2+ to trigger tubular self-

assembly of hydrolysed α-lactalbumin.  

Chapters 4-6 concern the structure of the α-lactalbumin nanotubes. Chapter 4 

describes a light and X-ray scattering study of the growth of the nanotubes and 

their dimensions. Chapter 5 deals with the structural aspects and mechanical 

stability of the α-lactalbumin nanotubes as determined by using scanning force 

microscopy in scanning and nanoindentation mode respectively. Chapter 6 

comprises a characterisation of the hydrolysis products that serve as building 

blocks for the α-lactalbumin nanotubes and presents a model of the α-

lactalbumin nanotubes primarily based on cryo-electron microscopy data.  

Finally, Chapters 7 and 8 discuss the kinetics of self-assembly and disassembly of 

the α-lactalbumin nanotubes (Chapter 7) and describe a study of the stability and 

potential applications of the α-lactalbumin nanotubes (Chapter 8).  
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Abstract 
Self-assembly of partially hydrolysed α-lactalbumin by a protease from Bacillus 

licheniformis can result in nanotubular structures. Ca2+ plays a crucial role in this 

process. The objective of this investigation was to study the role of Ca2+ in more 

detail. The kinetics of the hydrolysis step and the self-assembly step were 

monitored by respectively liquid chromatography-mass spectrometry and 

dynamic light scattering. The microstructure of the gels finally formed was 

investigated by transmission electron microscopy. This investigation 

demonstrates that Ca2+ accelerated the kinetics of the self-assembly, but it had no 

effect on the hydrolysis kinetics. As a result of the accelerated self-assembly 

kinetics at high Ca2+ concentration, the time of gelation decreased. A minimum 

concentration of Ca2+ needed to obtain the tubular α-lactalbumin structures was 

determined. Below R = 0.5 (mol Ca2+/mol α-lactalbumin) turbid gels with random-

like structure were obtained. Between R = 0.5 and 5 translucent gels with a fine 

stranded network of tubules were formed, while higher Ca2+ concentrations had a 

negative effect on the tubule formation, resulting in amorphous structures. The 

optimum Ca2+ concentration for α-lactalbumin nanotube formation seemed to be 

around R = 2. 
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Introduction 
Many proteins have the ability to form fibrillar aggregates. Some fibrillar 

structures, such as cytoskeleton components, are from natural sources, others are 

made artificially. In medicine there is renewed interest in self-assembly of 

proteins and peptides in fibrillar structures, because a number of diseases, known 

as amyloidoses, originate from the deposition of stable aggregates, the so-called 

amyloid fibrils. Understanding the nature of self-assembled fibrillar structures in 

general promises many potential applications of these fibrillar self-assemblies. 

For example, it will contribute to the development of inhibitors for amyloid fibrils 

[1]. Another field of application is nanotechnology. In recent papers, fibrillar 

protein structures served as template for nanowires to be used in nanochip 

technology [2, 3]. Furthermore, since linear protein aggregates exhibit high 

intrinsic viscosity, fibrils made of food proteins may be of interest as food 

thickeners. To develop all kinds of applications, extensive knowledge of the 

assembly mechanisms is needed. The complex mechanism of fibrillogenesis is 

still not fully understood and it requires further research. 

α-Lactalbumin, a 14.2 kDa Ca2+-binding whey protein, is one of the food proteins 

known to form fibrillar structures. Goers et al. showed that bovine α-lactalbumin 

formed amyloid fibrils at low pH, where it adopts the classical molten globule-

like conformation [4]. Fibrillation was accompanied by a dramatic increase in the 

β-structure content. Ipsen et al. found that α-lactalbumin after partial hydrolysis 

by a protease from Bacillus licheniformis (BLP) formed non-branching, apparently 

hollow strands with a diameter of 20 nm [5]. In both studies, Ca2+ played an 

important role; it is needed to form the rod-like assemblies. Ipsen et al. proposed 

that the Ca2+ molecule forms a salt bridge between two negatively charged 

carboxyl groups, which are formed after hydrolysis [5]. They studied the effect of 

Ca2+ from R = 3 up to 18. One of their conclusions was that addition of Ca2+ made 

the strands become fuzzier. Although Ipsen et al. mentioned that at R = 1 no gel 

was formed upon hydrolysis, the effect of Ca2+ at concentrations lower than R = 3 

was not studied in detail [5]. Therefore, in this study the influence of Ca2+ on the 
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self-assembly of partially hydrolysed α-lactalbumin at low Ca2+ concentration 

was investigated. We showed that a minimum concentration of Ca2+ of R = 0.5 is 

needed to form the nanotubes, while Ca2+ concentration higher than R = 5 had a 

negative effect on tube formation. Below R = 0.5, a turbid white gel was formed, 

while at higher Ca2+ concentration the gel showed transparency, which increased 

at higher Ca2+ concentration, up to R = 2. Further increasing of the Ca2+ 

concentration, up to R = 9, increased the turbidity again. Furthermore, Ca2+ was 

shown to accelerate tube formation. We demonstrated that this was purely an 

effect of self-assembly kinetics, because Ca2+ did not affect the hydrolysis kinetics, 

as monitored by dynamic light scattering (DLS) combined with liquid-

chromatography – mass spectrometry (LC-MS).  

Materials & Methods 

Materials 

Bovine α-lactalbumin was purified at NIZO food research, by ion-exchange 

chromatography on a Staeck system (Pharmacia). The lyophilised powder 

consisted of 89.3 % (w/w) dry matter, of which 97% (w/w) was α-lactalbumin and 

0.26% (w/w) Ca2+, which corresponds to 90%  holo-α-lactalbumin (Ca2+ loaded) 

and 10% in apo-α-lactalbumin (Ca2+ depleted). Ca2+ was added first to have 100% 

holo-α-lactalbumin, and additional Ca2+ was added to obtain the desired R (mol 

Ca2+/mol holo-α-lactalbumin). The sample R = 0 still contained 10% apo-α-

lactalbumin. A serine protease from Bacillus licheniformis (BLP), specific for Glu-X 

and Asp-X bonds [6], was kindly provided by Novozymes A/S (Bagsværd, 

Denmark). Tris, calcium chloride and trifluoroacetic acid (TFA) were from Merck 

(Darmstadt, Germany) and purified water was used (MilliQ Plus, Millipore 

Corporation, Bedford, USA). 

Sample preparation 

For all experiments 30 g/l α-lactalbumin was dissolved in 75 mM Tris-HCl buffer 

at pH 7.5 and the desired amount of CaCl2 was added. To start the hydrolysis, 

BLP was added to a level of 4% (w BLP /w α-lactalbumin). After mixing, the 
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solution was immediately filtered using a 0.1 μm filter (low protein binding, 

Millipore, France) and incubated at 50ºC in the DLS equipment, in a rheometer or 

in a waterbath (for LC-MS and TEM). 

Dynamic light scattering 

DLS experiments were performed using a Malvern Autosizer IIC. The system 

consisted of a Malvern PCS41 optics unit with a 5 mW helium neon laser, and a 

Malvern K7032-ES correlator used in serial configuration. The scattering angle 

was fixed at 90° and the wavelength of the laser was 632.8 nm, resulting in a 

wave vector of 0.0187 nm-1. From the fluctuation of the scattering intensity, the 

intensity autocorrelation function was obtained. Subsequently, the electric field 

autocorrelation function was fit with a second cumulant fit, from which the 

(translational) diffusion coefficient was obtained. Via the Stokes-Einstein relation, 

assuming a spherical object, an apparent hydrodynamic diameter was derived 

(the word apparent is used, because the particles were not spherical but linear).  

Liquid chromatography – mass spectrometry 

For LC-MS, hydrolysate samples were taken at various times during incubation 

and diluted 8 fold with 0.1% TFA to lower the pH below 2.5 and stop the 

hydrolysis. The samples were stored at –20ºC until analysis. LC-MS analysis was 

performed using Agilent 1100 LC-MSD Trap (Agilent Technologies A/S, Naerum, 

Denmark) with LC/MSD Trap Control and Data Analysis Software Version 4.0. 

An Extended C18 column (2.1 x 150 mm, 5 μm) was used together with an 

Extended guard column (2.1 x 12.5 mm), both from Agilent Technologies A/S. 

Buffer A was 0.1% TFA in water, and buffer B 0.1% TFA in 90% acetonitrile. The 

gradient consisted of 8-55% B in 40 min, followed by 100% B for 6 min, and re-

equilibration with 8% B for 10 min. Ten microliters were injected and components 

were separated using a flow rate of 0.25 ml/min and detected at 210 nm. The trap 

was operated in the positive mode with a nebulizer pressure of 50 psi, a flow of 

nitrogen of 9 l/min and a drying temperature of 300 °C. Scans from 50 to 2200 m/z 

were taken at the normal scan resolution and the target mass set to 1000 m/z.  
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Transmission electron microscopy 

Negative staining  

Samples for transmission electron microscopy (TEM) were taken at different 

times during incubation and immediately diluted 1:1 with fixative (1.5% 

glutaraldehyde in 0.1M sodium cacodylate buffer) and stored at 4ºC. TEM 

negative staining was performed as follows. A formvar layer on a copper grid 

was coated with carbon. It was immersed in 5 μl of the (10 fold diluted) sample 

and blotted after 1 minute. Then the copper grid was washed with water for 1 

minute and subsequently blotted, to remove excess protein material. To enhance 

the contrast, the copper grid was then immersed in 3% (w/w) uranyl acetate and 

blotted after 1 minute. Examination was done using a Philips TEM 410 electron 

microscope, operated at 60 kV.  

Positive staining 

BLP-induced gels of α-lactalbumin were made by incubating for 20 h at 50ºC 

followed by equilibration for 30 minutes at room temperature. Small cubes were 

cut from the gelled samples and fixed in glutaraldehyde. Post-fixation was done 

using OsO4 (10 g/l in 0.1 M cacodylate buffer, pH 7.3). Dehydration, embedding 

and cutting were performed as previously described [7]. Examination was 

performed using a Philips CM-100 electron microscope PW 6020 (Philips Electron 

Optics, Eindhoven, The Netherlands) operated at 60 kV. 

Rheological measurements 

To determine the time of gelation of the BLP-induced gels at three different Ca2+ 

concentrations, the incubation was carried out with the C-8 geometry in a 

controlled-strain rheometer (Bohlin VOR, Bohlin Ltd., Cirencester, GL7 IYG, UK). 

Immediately after mixing the α-lactalbumin and BLP, the solution was 

introduced into the measuring system, which was preheated at 50ºC. The solution 

was subjected to dynamic oscillation with a strain of 0.005 and a frequency of 0.5 

Hz. Gelation was defined as the point at which the storage modulus (G’) was > 1 

Pa.  
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A B 

1µm 

Figure 1 (A) Gel after incubation 30 g/l α-
lactalbumin with 4% (w/w) BLP at 50ºC (75 mM Tris-
HCl, pH 7.5, R = 2.0). The black horizontal lines are 
on the background paper. (B) Positively stained 
electron micrograph of the gel microstructure. 

Incubation at 50ºC for several hours of 30 g/l α-lactalbumin at R = 2 (mol Ca2+/mol 

holo-α-lactalbumin) with 4% (w/w) BLP led to gel formation. The appearance of 

the gel was transparent (Figure 1A). In general, transparency of a gel can be 

attributed to fine strandedness of the network. A transmission electron 

micrograph of a positively stained cross-section of the gel formed after 20 h 

incubation indeed showed a fibrillar network structure (Figure 1B). There are 

many open spaces in the gel, due to effective connection of the long fibrils.  

 
  100 nm 

Figure 2 Negative staining electron microscopy of hydrolysed α-
lactalbumin nanotubes. 
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Figure 2 shows a more detailed micrograph of the fibril structure. The structure 

clearly showed two bright lines separated by an electron-dense line, indicating 

that it is tubular. Ipsen et al. previously indicated this feature using positive 

staining electron microscopy [5]. With negative staining electron microscopy the 

cavity of the tube is even clearer. The outer diameter was around 20 nm, while 

the inner diameter was about 7 nm. It has to be taken into account that these 

samples had been dried (vacuum) and therefore these values are not necessarily 

correct, but they give an indication. When the formation of the tube was 

monitored over time, first short tubes with a length of tens of nanometers were 

formed, followed by rapid growth into long tubes with a length of hundreds of 

nanometers (micrographs not shown). Furthermore, although no quantification 

of the EM micrographs was performed, it seemed that the number of tubular 

structures did not increase, which indicates that growth of the tube took place 

instead of formation of new tubes. This may imply that the mechanism involves 

nucleation and growth, as has been observed for many fibril formation 

mechanisms [8]. 
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Figure 3 Influence of Ca2+ on the kinetics of self-assembly (30 g/l α-
lactalbumin, 4% (w/w) BLP, 75 mM Tris-HCl, pH 7.5, 50ºC). R = 0 (+), 
0.2 (▲), 0.5 (O), 0.7 (■), 1.0 (∇), 1.5 (•), 2.0 (◊), 3.0 (▼), 5.0 (Δ), 
9.0 (♦). 

Figure 3 depicts the kinetics of self-assembly formation. Both the scattering 

intensity and the apparent hydrodynamic radius increased with time (Figure 3 

only presents the scattering intensity). At all Ca2+ concentrations studied, the 

 40
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scattering intensity first remained constant, then increased rapidly due to the 

formation of the nanotubes and finally leading to the formation of a gel, except at 

R = 9, where a viscous turbid solution was obtained. The length of this lag time 

decreased with increasing Ca2+ concentration. Furthermore, the increase in 

intensity was faster at higher Ca2+ concentrations. Thus, Ca2+ had a major 

influence on the rate of self-assembly formation. Increasing the Ca2+ ratio from R 

= 0 to 2 led to an increase in self-assembly rate by almost an order of magnitude. 

At the lowest and the highest Ca2+ ratios investigated, the scattering intensity 

increased to larger values (up to about 900 a.u. compared to about 400 a.u. at 

intermediate Ca2+ concentrations), before a gel was formed. This can be explained 

by the fact that in these cases random aggregates were formed (which will be 

shown later), and which scatter more light than linear structures.  

Figure 4 shows micrographs of the structures formed, together with the 

appearance of the gel expressed in words for the different Ca2+ concentrations. At 

the lowest ratios tested (R = 0 and 0.2), a turbid gel was formed. This turbidity can 

be explained by the microstructure, which consisted of amorphous aggregates 

only. Thus, this Ca2+ concentration was too low for the tubules to form. When the 

Ca2+ concentration was raised to R = 0.5 the gel formed was slightly whitish and 

transparent. This can be explained by the presence of tubular structures. 

However, there was also some randomly aggregated material visible. With a 

further increase in Ca2+ concentration up to R = 2, the tubular structures were 

clearer, and less random material was present. The transparency increased with 

higher Ca2+ concentration. This can be explained by the decreasing amount of 

amorphous aggregates with increasing Ca2+ concentrations. Further increase in 

Ca2+ concentration, however, led to an increase in the amount of unstructured 

material, as is visible for R = 5 (Figure 4). This finally led to a turbid solution at R 

= 9, with mainly random aggregates. From this Ca2+ series it can be concluded 

that the minimum ratio for nanotube formation is 0.5 mol Ca2+/mol α-

lactalbumin. Too high a Ca2+ concentration, however, had an adverse effect on the 

tubule formation as well. An explanation for this could be the increase in ionic 

strength. 



Chapter 2 

 

0.0 0.5 

1.0 2.0 

3.0 5.0 

9.0 

500 nm

Figure 4 Transmission electron micrographs of 30 g/l α-
lactalbumin incubated with 4% (w/w) BLP at 50ºC (75 
mM Tris-HCl, pH 7.5) at different Ca2+ ratios. At R = 0.0 
and 9.0 the gels were turbid, at the other ratios the 
gels were transparent. 
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At a Ca2+ concentration of R = 9 the ionic strength due to calcium chloride is 50 

mM. Probably, some important electrostatic charges needed to form the α-

lactalbumin nanotubes are screened at such a high ionic strength. Ipsen et al. also 

found changes as a function of Ca2+ concentration. They reported increased 

fuzziness of the strands upon increased Ca2+ concentration, but this was at higher 

Ca2+ concentrations (R = 10 and higher) [5]. This shift could be due to the different 

α-lactalbumin concentrations they used, namely 10 g/l instead of 30 g/l in this 

study. From the results in Figure 4 it can be concluded that there seems to be an 

optimal Ca2+ concentration for α-lactalbumin nanotube formation. This 

concentration would be around R = 2-3. The rest of the study the minimum Ca2+ 

concentration of R = 0.5, and hence the transition between random and tubular 

structures.  

From the DLS results it is clear that Ca2+ had a major influence on the kinetics of 

assembly formation. But, as these kinetics were dependent on both the hydrolysis 

kinetics and the self-assembly kinetics, it was not possible to distinguish the 

influence of Ca2+ on these two steps individually. Therefore, the influence of Ca2+ 

on the hydrolysis kinetics was determined using LC-MS.  
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Figure 5 Chromatograms of the hydrolysates of 30 g/l α-
lactalbumin with 4% (w/w) BLP (75 mM Tris-HCl, pH 7.5, R = 1.0, 
50ºC) after different incubation times. Molar masses: A: 14176; B: 
11577; C: 10119; D: 10277; E: 9863; F: 11260; G: 9802; H: 8818; I: 
10404; J: 10483; K: 13728; L: 1864; M: 1882; N: 1508; O: 1527; P: 
1504; Q: 1476; R: 1120; S: 550 Da. 
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Figure 5 shows the RP-HPLC profile of hydrolysis products with time for R = 1.0. 

The molar masses of these products as determined by MS are presented in the 

legend of this figure. Before hydrolysis only α-lactalbumin was present in the 

sample, coinciding with peak A with a retention time of about 36 minutes. After 

0.1 h already 37% of the α-lactalbumin had been hydrolysed into a component 

with molar mass 11575 Da (peak B), which is likely a more hydrophobic 

component (retention time 37 minutes), and some small peptides. Further 

degradation resulted in two other components (peaks C and D) with molar 

masses respectively 10119 Da and 10277 Da. After 1 h all the α-lactalbumin had 

been hydrolysed. By then, two new hydrolysis products had been formed - 

components E (9863 Da) and F (11260 Da) - and later on another two components 

(G (9208 Da) and H (8818 Da) after respectively 1.5 h and 3.0 h). It appeared that 

the hydrolysis of α-lactalbumin by BLP resulted in a group of only partially 

hydrolysed α-lactalbumin molecules with molar mass around 11 kDa, and just a 

few peptides. The probable reason that the hydrolysis of α-lactalbumin resulted 

in large fragments is the combination of the limited amount of cleavage sites for 

BLP and the four disulfide bridges keeping the hydrolysed parts of the molecule 

together. During the first 30 minutes, which is the period when no self-assembly 

took place, the degradation of α-lactalbumin seemed to be identical for the diffe- 
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Figure 6 Influence of Ca2+ on the degradation of α-lactalbumin (30 
g/l α-lactalbumin, 4% (w/w) BLP, 75 mM Tris-HCl, pH 7.5, 50ºC) (R: 
0 (+); 0.5 (Ο); 1.0 (•); 1.5 (∇); 2.0 (◊)). 
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rent Ca2+ concentrations. This was visible from the respective chromatograms, 

which all showed the same curves (data not shown). Quantification of the 

influence of Ca2+ on the primary hydrolysis of α-lactalbumin with time was done 

by calculating the area of the α-lactalbumin peak; the results are presented in 

Figure 6. From this figure it was empirically determined that the degradation of 

α-lactalbumin could be described by first-order kinetics. Furthermore, Ca2+ had 

no influence on the degradation kinetics. By averaging all data the following 

kinetic relation was obtained: [α-lactalbumin]t = [α-lactalbumin]0 exp(-4.4t). Svend-

sen & Breddam reported increased activity of the enzyme by adding CaCl2 (up to 

30 μM), but this was only at lower concentrations than used in this study [9]. 

Figure 5 only shows the results of the hydrolysis at one of the Ca2+ concentrations 

measured (R = 1.0). As explained before, at all other Ca2+ concentrations the 

hydrolysis profiles with time were identical, but only for the initial degradation, 

when no self-assembly had occurred. After more than 30 minutes incubation, the 

concentrations of the individual hydrolysis products started to differ. For 

comparison, the hydrolysis products at the different molar Ca2+ ratios after 90 

minutes are presented in Figure 7. 
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Figure 7 Chromatograms of the hydrolysates of 30 g/l α-
lactalbumin at different molar Ca2+ ratios incubated with 4% (w/w) 
BLP for 90 minutes (75 mM Tris-HCl pH 7.5, 50ºC). 

Here it is apparent that the profiles differ from each other. When the peaks with a 

retention time of around 37 minutes are compared with Figure 5, it can be seen 
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that at lower Ca2+ concentrations the protein was more degraded. This difference 

in degree of hydrolysis can be explained by the self-assembly of the hydrolysis 

products. At high Ca2+ concentration, many of the hydrolysed α-lactalbumin 

molecules were already incorporated into the self-assemblies after 90 minutes (at 

R = 2 the self-assembly of the building blocks already started after 35 minutes), 

and thus more difficult to access by the enzyme. At lower Ca2+ concentration, 

however, there was no self-assembly yet and the enzyme could continue further 

degradation of the α-lactalbumin. As a result, it seemed that the Ca2+ 

concentration had an influence on the enzyme kinetics, but in fact this apparent 

influence was only the self-assembly of the hydrolysed products, which made 

them no longer available for hydrolysis. Figure 7 also shows that the 

concentration of smaller hydrolysis products, namely the peptides with retention 

time around respectively 10 and 20 minutes, were the same for all Ca2+ 

concentrations. This indicates that these peptides were not incorporated into the 

self-assembled structures.  

From the LC-MS together with the DLS results it was concluded that the 

influence of Ca2+ on the self-assembly formation, as observed by DLS, is 

completely due to self-assembly kinetics, and not due to enzyme kinetics. This 

means that the building blocks (hydrolysate) of the self-assembled structures 

were produced equally fast at the different Ca2+ concentrations, but self-assembly 

of these building blocks was highly accelerated by the presence of Ca2+. It could 

well be that Ca2+ facilitates the formation of a nucleus, which is needed to form 

the tubules. Presumably Ca2+ acts as specific connection between two building 

blocks. As many carboxyl groups are present in the building blocks, due to the 

presence of aspartic and glutamic acid, and moreover, the presence of carboxyl 

groups formed by hydrolysis of the peptide bonds, it is likely that Ca2+ binds 

between two or more such carboxyl groups. It is known that Ca2+ has a high 

affinity for carboxyl groups, as the Ca2+ binding loop of α-lactalbumin mainly 

consists of aspartic acid residues [10]. Binding of Ca2+ between two specific amino 

acid residues could then determine the orientation of the building blocks with 

respect to one other, and as a result form a ring structure. The accelerated kinetics 
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caused by increased Ca2+ concentration could be explained by nucleation being 

faster, the higher the Ca2+ concentration.  
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Figure 8 Storage modulus of 30 g/l α-lactalbumin incubated with 4% 
(w/w) BLP at different molar Ca2+ concentrations (75 mM Tris-HCl 
pH 7.5, 50ºC). 

In Figure 8 the storage modulus G’ is plotted as a function of time, for three 

different Ca2+ concentrations. This shows that at all Ca2+ concentrations measured 

a gel was formed. Gelation occurred after respectively 1.3, 2.6, and 10 h for R = 

2.0, 1.0, and 0. The higher the Ca2+ concentration, the faster a gel was formed, as 

was expected from the light-scattering data (Figure 4), which indicated that the 

formation of self-assemblies was faster when the Ca2+ concentration was higher. 

The difference in gelation times (respectively 1.3, 2.6, 10 h) agrees well with the 

time at which slow relaxation times (which were translated to an apparent 

hydrodynamic diameter) were reached (for example an apparent particles size of 

1000 nm was reached at respectively 2, 3, 10 h). Concerning the gel strength, it 

appeared that the storage modulus G’ was much higher at high Ca2+ 

concentrations; but a longer measurement, in order to reach plateau values, is 

needed to draw definite conclusions on this.  

To check the specificity of Ca2+ in the self-assembly process, other divalent and 

trivalent cations were used to produce the tubular structures consisting of 

partially hydrolysed α-lactalbumin. It appeared that the divalent Mn2+ and Zn2+ 

and the trivalent Al3+ could also induce α-lactalbumin nanotube formation. The 
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structures formed appeared to be similar tubular structures to those formed with 

Ca2+. Thus the role of Ca2+ in the tube formation is not a specific one. Apparently, 

the specific connection between two building blocks can be any ion that contains 

enough positive charges to form a bridge between two or more specific carboxyl 

groups and fits in the orientation of these groups. In a following paper this will 

be discussed in more detail.  

Conclusion 
This study shows that a minimum concentration of Ca2+ was needed to form 

tubular structures, and subsequently transparent gels, from partially hydrolysed 

α-lactalbumin. Below a Ca2+ concentration of R = 0.5 (mol Ca2+/mol α-lactalbumin) 

random aggregates were formed, and subsequently a white turbid gel. At a Ca2+ 

ratio higher than R = 0.5 tubular structures were formed, which led to a whitish 

transparent gel. Furthermore, the higher the Ca2+ concentration (up to R = 2), the 

more the tubular shape was favoured. But further increase of Ca2+ had a negative 

effect; finally only random aggregates were formed (at R = 9). Ca2+ did not 

influence the hydrolysis kinetics, but it had a major effect on the kinetics of self-

assembly of partially hydrolysed α-lactalbumin, possibly by facilitated 

nucleation. By increasing the Ca2+ concentration (up to R = 2), the rate of self-

assembly was increased and thus a gel was formed faster. 

References 
1. Rochet, J.C., Lansbury, P.T.J. (2000) Amyloid fibrillogenesis: themes and variations. Curr. Opin. Struct. Biol. 10, 60-68. 
2. Reches, M., Gazit, E. (2004) Formation of closed-cage nanostructures by self-assembly of aromatic dipeptides. Nano Letters 4, 

581-585. 
3. Scheibel, T., Parthasarathy, R., Sawicki, G., Lin, X., Jaeger, H., Lindquist, S. (2003) Conducting nanowires built by controlled 

self-assembly of amyloid fibers and selective metal deposition. Proc. Natl. Acad. Sci. U. S. A. 100, 4527-4532. 
4. Goers, J., Permyakov, S., Permyakov, E., Uversky, V., Fink, A. (2002) Conformational prerequisites for alpha-lactalbumin 

fibrillation. Biochemistry 41, 12546-12551. 
5. Ipsen, R., Otte, J., Qvist, K.B. (2001) Molecular self-assembly of partially hydrolysed alpha-lactalbumin resulting in strong 

gels with a novel microstructure. J. Dairy Res. 68, 277-286. 
6. Breddam, K., Meldal, M. (1992) Substrate preferences of glutamic-acid-specific endopeptidases assessed by synthetic peptide 

substrates based on intramolecular fluorescence quenching. Eur. J. Biochem. 206, 103-107. 
7. Otte, J., Ju, Z.Y., Skriver, A., Qvist, K.B. (1996) Effects of limited proteolysis on the microstructure of heat-induced whey 

protein gels at varying pH. J. Dairy Sci. 79, 782-790. 
8. Thirumalai, D., Klimov, D.K., Dima, R.I. (2003) Emerging ideas on the molecular basis of protein and peptide aggregation. 

Curr. Opin. Struct. Biol. 13, 146-159. 
9. Svendsen, I., Breddam, K. (1992) Isolation and amino acid sequence of a glutamic acid specific endopeptidase from Bacillus 

licheniformis. Eur. J. Biochem. 204, 165-171. 
10. Stuart, D.I., Acharya, K.R., Walker, N.P.C., Smith, S.G., Lewis, M., Philips, D.C. (1986) Alpha-lactalbumin possesses a novel 

calcium binding loop. Nature 324, 84-87. 



3
Cation triggered tubular
self-assembly of 
hydrolysed -lactalbumin

J.F. Graveland-Bikker, C.G. de Kruif

Self-assembly of
hydrolysed ��-lactalbumin

 into nanotubes



Chapter 3 

 50

Abstract 
This study demonstrates the specificity of cations that can trigger tubular self-

assembly of hydrolysed α-lactalbumin. Only within a narrow ion concentration 

window the nanotubes could be formed. Mn2+, Zn2+, Cu2+ and Al3+ were able to 

induce tubular self-assembly of partially hydrolysed α-lactalbumin, while Mg2+ 

and Ba2+ induced random aggregation. Two aggregation mechanisms compete: 

nucleation and growth resulting in α-lactalbumin nanotubes on the one hand and 

Smoluchowski-Fuchs flocculation resulting in random aggregates on the other. 

When nanotube nucleation and growth was not fast enough, flocculation of the 

hydrolysed α-lactalbumin occurred.  
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Introduction 

Structural organisation of proteins and peptides in supramolecular assemblies is 

often facilitated or induced by cations. In several natural proteins and model 

peptide systems, metal ions can aid in the formation of structures, either through 

stabilisation of pre-existing folded components into superstructures or by 

directing the folding and subsequent assembly of polypeptide chains [1]. While 

cooperative metal ion coordination among subunits initiates assembly and /or 

guides relative chain orientation, also other interactions forces drive and stabilise 

complex formation [1]. Usually, the ion-triggered aggregation occurs via binding 

of these ions to a specific binding site in the protein. There are many examples in 

metallobiology; some illustrations are given here. Ions have been shown to play 

an important role in cytoskeleton and cell division proteins: Mg2+ in tubulin 

association into microtubuli; Ca2+ in centrin fibres assembly [2]; and Ca2+ and 

Mg2+  in FtsZ assembly [3, 4]. For virus coat proteins, ions can also be a 

prerequisite for assembly, e.g. Ca2+ in tobacco mosaic virus assembly [5]. The 

process of amyloid fibril formation is affected by metal binding as well, for 

example Cu2+ in β2-microglobulin in kidney dialysis related amyloidosis [6], and 

Cu2+, Fe2+ and Zn2+ in amyloid-β peptide aggregation[7, 8]. Equine lysozyme is a 

Ca2+-binding lysozyme which can form linear amyloid protofilaments in the 

presence of Ca2+ [9]. 

In a previous study the self-assembly of hydrolysed α-lactalbumin induced by 

the divalent cation Ca2+ was investigated. It was shown that when the right molar 

ratio of Ca2+ is used  (the optimum is 2 mol Ca2+ per mol holo-α-lactalbumin) the 

hydrolysed α-lactalbumin spontaneously assembles into nanotubes [10]. The 

interaction between the molecules is believed to be the sum of β-sheet stacking, 

involving H-bonds and Ca2+ ion bridges between specific carboxylates, fixing the 

molecules in the right orientation in the assembly [11]. As this ion bridge 

formation is not restricted to Ca2+ only, the specificity of Ca2+ in the self-assembly 

process was investigated in this study. In this study, the following ions were 
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examined for their ability to induce tubular assembly of partially hydrolysed α-

lactalbumin: Al3+, Ba2+, Cu2+, Mg2+, Mn2+ and Zn2+.  

α-Lactalbumin is known to bind many different metal ions. The number of 

different metal ions, the relatively large number of binding sites, and the 

attendant conformational changes are unusual in so small a protein molecule and 

have proven to be complex [12]. Ca2+ has a high affinity for the well-known 

(primary) Ca2+-binding site and stabilises the native conformation upon binding. 

A secondary binding site was located 0.8 nm away from the primary binding site 

[13]. Mn2+ can bind to 3 or 4 different binding sites (including the Ca2+-binding 

site) and stabilises the native conformation [12]. Mg2+ is also known to stabilise 

the α-lactalbumin molecule; it preferably binds to the Zn2+-binding site[14], which 

is located near the N-terminus of the protein [15]. Zn2+ significantly destabilises α-

lactalbumin upon binding to the Zn2+-binding site and induces aggregation [16, 

17]. Cu2+ and Al3+ are also reported to destabilise α-lactalbumin upon binding to 

the Zn2+-binding site [17].  

Besides the type of ion also the ion concentration dependence was investigated, 

as it will affect both ion bridge formation and the electrostatic interaction. In a 

previous study the effect of the Ca2+ concentration was determined, showing that 

between 0.5-3 mol Ca2+/mol α-lactalbumin nanotubes were formed, while at 

concentrations below and above random aggregates were formed. Besides, the 

kinetics of nanotube formation were faster at higher Ca2+ concentration. Here, the 

concentration Mg2+ and Mn2+ respectively were varied to determine its effect on 

kinetics and microstructure.  

Materials & methods 

Materials 

Bovine α-lactalbumin was from Sigma-Aldrich (Steinheim, Germany). It 

consisted of 99.94% (w/w) α-lactalbumin and 0.06% (w/w) Ca2+, which is equal to 

a molar ratio of 0.2 (mol Ca2+/mol α-lactalbumin). Tris, CaCl2.2H2O, CuCl2.2H2O, 

ZnCl2 and uranyl acetate were from Merck (Darmstadt, Germany), MnCl2.4H2O, 
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MgCl2.6H2O, BaCl2.2H2O and sodium cacodylate were from Sigma-Aldrich 

(Steinheim, Germany) and glutaraldehyde was from EMS (Hatfield, USA). A 

glutamyl endopeptidase from Bacillus licheniformis (BLP), specific for Glu-X and 

Asp-X bonds [18], was kindly provided by Novozymes A/S (Bagsværd, 

Denmark). 

For all experiments 30 g/l α-lactalbumin powder was dissolved in 75 mM Tris-

HCl buffer at pH 7.5. CaCl2 was added to a molar ratio of 1, to have α-

lactalbumin in the stable holo-form. Then the specific ions were added to the 

solution to a molar ratio R (mol ion/mol α-lactalbumin) of 1; 2; 3 or 5. However, 

adding Zn2+ caused aggregation in the native α-lactalbumin solution. Therefore 

this solution was filtered before adding the enzyme (0.1 μm low protein binding, 

Millipore, France) and as a result the α-lactalbumin concentration dropped to 2.3 

g/l. To start the hydrolysis, BLP was added to a molar ratio of E/S = 1/250 (E/S: 

mol BLP/mol α-lactalbumin) (for the Zn2+ sample, the absolute enzyme 

concentration remained the same). After mixing, the solution was immediately 

filtered (0.1 μm) and incubated at 50ºC in the light scattering set-up or 

spectrophotometer.  

Light scattering 

Light scattering experiments were performed using a Malvern Autosizer IIC 

(Malvern Instruments Ltd, Malvern, UK). The system consisted of a Malvern 

PCS41 optics unit with a 5 mW helium neon laser, and a Malvern K7032-ES 

correlator used in serial configuration. The scattering angle was fixed at 90° and 

the wavelength of the laser beam was 632.8 nm, resulting in a wavevector of 

0.0187 nm-1.  

Spectrophotometry 

A Cary 4000 UV-Vis spectrophotometer (Varian Inc.) equipped with a 

temperature-controlled cuvette holder was used. The samples were put in 1 cm 

path length cuvettes and the absorbance at a wavelength of 633 nm was 

measured as a function of incubation time at 50°C. 
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Transmission electron microscopy 

Samples for transmission electron microscopy (TEM) were taken at different 

times after incubation and immediately diluted 1:1 with fixative (1.5% 

glutaraldehyde in 0.14 M sodium cacodylate buffer) and stored at 4ºC. Negative 

staining was performed as follows. A formvar layer on a copper grid was coated 

with carbon. It was immersed in 5 μl of the (10- fold diluted) sample and blotted 

after 1 min. Then the copper grid was washed with water for 1 min and 

subsequently blotted, to remove excess protein material. To enhance the contrast, 

the copper grid was then immersed in 3% (w/w) uranyl acetate and blotted after 1 

min. Examination was done using a Philips TEM 410 electron microscope, 

operated at 60 kV.  

Results 
The different ions used in this study all induced aggregation of hydrolysed α-

lactalbumin. However, some major differences were observed, both in assembly 

kinetics and in microstructure. As illustrated in Figure 1 a clear difference is 

visible between structures formed in the presence of Ba2+ and Mg2+ on the one 

hand, and of the other ions on the other hand. 
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Ion Lag time (h) Gel 

Ca2+ 0.8 Transparent 

Mn2+ 0.1 Transparent 

Zn2+ 0.6 Transparent 

Al3+ 0.6 Transparent 

Cu2+ 0.6 Turbid 

Ba2+ 3.2 Turbid 

Mg2+ 8.0 Turbid 

Figure 1 The influence of different ions on the self-assembly kinetics of partially hydrolysed α-lactalbumin (30 g/l, 
for Zn2+ experiment 2.3 g/l) incubated with BLP (E/S = 1/250) at 50°C (75 mM Tris-HCl, pH 7.5) with different ions 
at R = 2). The lag time as displayed in the table was determined by extrapolation of the initial slope of the increase 
of the scattering intensity with time, to the scattering intensity of the lag time. For Mg2+ and Ba2+ this was arbitrary, 
because of the gradual increase in scattering intensity.  
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For Ca2+, Mn2+, Zn2+, Al3+ and Cu2+, a well-defined lag time was followed by a 

steep increase in scattering intensity, as was observed for various Ca2+ 

concentrations in a previous study [10]. For Ba2+ and Mg2+, however, no such a 

sharp transition between a lag phase and growth phase was present but rather a 

gradual increase in intensity.  

The lag time was dependent on the ion used to induce nanotube formation; see 

table in Figure 1. For Ba2+ and Mg2+ it was difficult to determine a lag time, 

because it is another type of aggregation. The lag time for Mn2+ was 0.1 h, which 

was shorter than that for Al3+, Mn2+ and Zn2+: 0.6 h. The lag time for Ca2+ was 

slightly longer: 0.8 h.  After the lag time, the tubules started to grow, which 

caused an increase in scattering intensity. This initial increase in intensity was 

identical for Ca2+, Mn2+, Zn2+ and Al3+. For Cu2+ the curve is slightly different; the 

intensity increased faster. Further increase in intensity, however, was different for 

the different ions.  

Because of the relatively high α-lactalbumin concentration (30 g/l), the 

aggregation finally led to gelation. In the presence of Al3+, Ca2+, Mn2+ and Zn2+ 

(strong) transparent gels were formed. In the presence of Ba2+, Cu2+ and Mg2+ the 

(weak) gels were turbid. To determine how the transparency or turbidity was 

related to the structure of the aggregates, sample were studied by TEM. The 

microstructure of the gels is presented in Figure 2. With Ca2+ regular nanotubes 

were formed as shown previously [10], with length up to micrometres, diameter 

around 20 nm and a clearly visible cavity about 8 nm wide. In the presence of 

Mn2+, similar structures were found, however, the nanotubes were slightly 

straighter, but showed at the same time more kinks. Furthermore, a number of 

three-way junctions were present. With Zn2+ also three-way junctions were 

observed. Moreover, the nanotubes contained many defects, such as holes in the 

tube wall, curved tube walls and polydispersity in tube diameter. The nanotubes 

formed in the presence of Al3+ were similar to those formed in the presence of 

Ca2+. Although in the presence of Cu2+ tubular structures were obtained, they 

only appeared in large, rather dense clusters. Mg2+ did not induce tube formation; 

only randomly aggregated material was found. 
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Ca2+ Mn2+

Zn2+ Al3+

Cu2+ Ba2+

Mg2+

500 nm

Figure 2 Transmission electron micrographs of 30 g/l α-
lactalbumin incubated with BLP (E/S = 1/250) at 50°C 
(75 mM Tris-HCl, pH 7.5) with different ions at R = 2.  
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However, these random aggregates seemed to consist of fibril-like structures 

about 5 nm thick. Similar results were obtained with Ba2+: random aggregates, 

possibly consisting of fibril-like structures.  
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Figure 3 The influence of the Mn2+ concentration (solid line) and 
Mg2+ concentration (dashed line) on the self-assembly kinetics of 
partially hydrolysed α-lactalbumin monitored by spectro-
photometry (30 g/l α-lactalbumin incubated with BLP (E/S = 
1/250) at 50 °C(75 mM Tris-HCl, pH 7.5)). 

The above-described experiments with the different ions were performed at ion 

ratios of 2 mol ion/mol (holo) α-lactalbumin, because for Ca2+ this concentration 

was shown to be optimal for nanotubes formation[10]. To investigate the effect of 

concentration on both the structure of the aggregates and the aggregation 

kinetics, two ions were selected to be studied in more detail: Mn2+, which induced 

tubular aggregation, and Mg2+, which did not. Figure 3 depicts the aggregation 

kinetics as measured by spectrophotometry. The aggregation in the presence of 

Mg2+ was slow. The lower the Mg2+ concentration, the slower the aggregation 

was. The weak gels finally formed were turbid for all Mg2+ concentrations. TEM 

of the different samples indeed showed random aggregates identical to the image 

for Mg2+ in Figure 2. Apparently, the Mg2+ concentration affected only the kinetics 

of formation, not the morphology of the aggregates. For Mn2+ the intensity 

increased after a short lag time. The lag time was 0.1 h for all Mn2+ concentrations, 

except for R = 5, there the lag time was too short to measure. The final absorbance 

value was higher accordingly as the ion concentration was raised. This is in 
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agreement with the visual observations of the gels formed: at R = 1 and 2, the gels 

were transparent, at R = 3 the gel was translucent, but tending slightly towards 

turbid, and at R = 5 it was completely turbid. Electron micrographs of the 

microstructures are presented in Figure 4. The visual observations can be well 

explained by the morphology of the structures: nanotubes for the transparent gels 

(R = 1; 2), random aggregates for the turbid gels (R = 5) and for R = 3 tubular 

structures were present, but they were densely aggregated.  

 

1.0 2.0 

3.0 5.0 

 500 nm 

Figure 4 Transmission electron micrographs of 30 g/l α-lactalbumin incubated with BLP (E/S = 1/250) at 50°C (75 
mM Tris-HCl, pH 7.5) at different Mn2+ concentrations. 

Discussion 

Nucleation and growth versus Smoluchowski-Fuchs flocculation 

Both the type of ion and its concentration were shown to determine the type of 

assembly. Obviously, two competing mechanisms play a role. The nanotubes are 

formed by a nucleation and growth mechanism. The nucleation stage is a series of 

thermodynamically unfavourable steps leading to the creation of a stable nucleus. 

When for some reason nucleation is hindered, another mechanism will occur: 
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random aggregation, or Smoluchowski-Fuchs flocculation. The rate of this type of 

coagulation is determined by Brownian motion and sticking efficiency at 

collision, which depends on the interaction potential between the particles [19]. 

When nucleation fails, progressive hydrolysis of the α-lactalbumin will expose 

more hydrophobic groups, which increases the attraction between the building 

blocks and thus increases the rate of flocculation. Also, increasing the salt 

concentration will promote Smoluchowski-Fuchs flocculation by a decrease of the 

screened Coulomb repulsion between the building blocks. There is competition 

between nucleation and growth on the one hand and random flocculation on the 

other. The microstructure is not only determined by the thermodynamically most 

stable state; in fact, it is the kinetics of both competing processes, which 

determines the microstructure in the end. It is possible that the nanotube is the 

state with the lowest free energy, but that state may not be reached if the building 

blocks have already aggregated in a metastable random aggregate. In the 

following the results with the different ions will be discussed in the light of the 

competition between nucleation and growth and Smoluchowski-Fuchs 

flocculation.  

Ion-specific interaction with α-lactalbumin 

With Ca2+, Cu2+, Mn2+, Zn2+ and Al3+ , at R = 2, tubular structures were formed and 

with Mg2+ and Ba2+ only random aggregates. The differences in (nanotube) 

structure and the ability to form a nucleus are probably related to specific 

interaction of the individual ions with the building blocks. However, it will be 

difficult to explain these differences at the molecular level as Kronman showed in 

an extensive review that the binding of metal ions to α-lactalbumin and the 

attendant conformational changes is complex [12]. For the partially hydrolysed α-

lactalbumin molecules this is likely to be even more complex, because the 

molecules changes structure and new interacting groups, such as carboxylates, 

are formed. Furthermore, the ions differ in size, they have a preference for 

specific ligands and they have a preferred coordination number of the ligands. 

The ligands are believed to be carboxylates in α-lactalbumin, as was suggested in 
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a previous study [10]. Zn2+ is known to bind to the Zn2+-binding site of α-

lactalbumin and destabilises the α-lactalbumin to its apo-form by exclusion of 

Ca2+, which induces self-association [16, 17]. This is the reason why about 30% of 

the initial α-lactalbumin solutions formed aggregates. Furthermore, this 

conformational change could be the reason why the Zn2+ nanotubes do have 

many defects, as the molecules probably do not quite fit within the crystal lattice 

of the nanotube. For Al3+ it was also reported that it destabilises the protein upon 

binding, but with this ion regular nanotubes were formed.  This could imply that 

the structural changes for Al3+ are less than for Zn2+ or, most likely, that other 

factors like the ion size and preferred ligand or coordination number play a role. 

The three-way junctions, which were observed for both Zn2+ and Mn2+, are also 

related to small defects, which lead to growth into another direction. The 

clustering of Cu2+-induced nanotubes is probably due to attractive forces between 

them, which could be a result of the destabilisation of the molecule by binding of 

Cu2+ [17]. However, Al3+ and Zn2+ are also known to destabilise the molecule upon 

binding and do not result in clustered nanotubes [17]. Again, the ions’ size, 

preferred ligands and coordination number are likely to play an additional role. 

Another interesting issue is the reason why Ca2+, Cu2+, Mn2+, Zn2+ and Al3+ induce 

tubular structures, but Mg2+ and Ba2+ only random aggregates. An explanation 

could be that Mg2+ and Ba2+ do not fit in the specific configuration of ligands 

(coordination number) where the ion is required to act as a connecter between 

two building blocks via a salt bridge. Ba2+ could be too large to fit in (1.5 Å [20]). 

For Mg2+ this does not hold, as its size is comparable to that of the other ions 

(0.86Å for Mg2+ versus 0.68 Å for Al3+, 0.86 Å for Mn2+, 0.87 Å for Cu2+, 0.88 Å for 

Zn2+ and 1.14 Å for Ca2+, all for coordination number 6 [20]). For Mg2+ it is known 

that it has a strong preference for coordination number 6 with an octahedral 

geometry of its complexes, while for example Ca2+ favours a coordination number 

of 7 (in the Ca2+ binding loop these are five ligands from the α-lactalbumin 

sequence and two water molecules)[21]. Another explanation could be that Mg2+ 

and Ba2+ are in principle able to induce nucleation, but hypothetically, this 
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nucleation is too long. Meanwhile, the enzyme proceeds with digestion of the 

building blocks, resulting in sticky molecules, which then randomly aggregate.  

Lag phase 

The kinetics of hydrolysis and subsequent self-assembly showed distinct lag time 

and growth stages, with different lengths of lag time for the different ions. The 

lag time corresponds to the time needed to produce building blocks from α-

lactalbumin to a saturation concentration and the time to form a nucleus from 

these building blocks. The enzyme kinetics are likely not affected by the ions, 

because for Ca2+ it was shown that different concentrations did not affect the 

hydrolysis kinetics [10]. Moreover, Kakudo et al. studied the influence of various 

ions (Ca2+, Mg2+ and Zn2+) on the enzyme activity, and did not report any 

differences [22]. Ion induced conformational changes could change enzyme 

kinetics as well, because the molecule’s accessibility for the enzyme could be 

changed. Zn2+ is known to significantly destabilise holo-α-lactalbumin upon 

binding, which increases its susceptibility to protease digestion [23]. Possibly, this 

increased susceptibility also holds for Al3+ and Cu2+, as these ions are also known 

to destabilise α-lactalbumin. However, for Mn2+, Mg2+ and Ca2+ this does not play 

a role, as these ions do not destabilise α-lactalbumin. For Mn2+, the lag time was 

short: only 0.1 h. Previous experiments showed that about one third of the native 

α-lactalbumin had been hydrolysed into a component with molar mass 11.6 kDa 

[10]. Obviously, this concentration of building blocks is higher than the saturation 

concentration, and hence enough to form nuclei. For Ca2+, the lag time was 

longer, which could be for two reasons. The first one is that the saturation 

concentration is higher in the presence of Ca2+. It is likely that the saturation 

concentration changes with type of ion. But this would not explain the difference 

between 0.1 h and 0.8 h completely. An additional reason could be that in the 

presence of Ca2+ nucleation is less probable, because the energy of activation is 

higher than in the presence of Mn2+. The lag time is inversely proportional to the 

probability to form a nucleus. Mn2+ is known to have multiple binding sites on α-

lactalbumin [12]; perhaps one of these is essential for formation of the nanotubes. 
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As Mn2+ has a higher affinity than the other ions for these sites, this could 

possibly explain why nucleation is faster. Electron micrographs of the nanotubes 

after incubation typically showed shorter nanotubes for Mn2+ than for Ca2+. This 

would be in agreement with faster nucleation in the presence of Mn2+ than in the 

presence of Ca2+, as the amount of initial nuclei determines the eventual length of 

the nanotubes: the more nuclei are present, the shorter the nanotubes will be.  

Growth phase 

Once nuclei have been formed, the initial growth of the tubules is similar for all 

these ions. However, the intensity of the sample with Cu2+ increased much faster 

to a high intensity,  resulting in a turbid gel due to clustering of the nanotubes. In 

contrast with the ions that induce nucleation and growth, Ba2+ and Mg2+ showed 

different aggregation kinetics: a slow increase in intensity and no sharp transition 

between lag phase and growth. This is in agreement with the random aggregates 

obtained. These ions were not able to form nuclei, and progressive hydrolysis led 

to slow coagulation, or Smoluchowski-Fuchs flocculation. The rate of this type of 

coagulation is determined by Brownian motion and sticking efficiency at collision 

and depends on the interaction of the particles. The results for Ba2+ and Mg2+ are 

similar to what occurs at low Ca2+ concentrations (R < 0.5) [10]. Here the Ca2+ 

concentration is too low to form nuclei (at least within a reasonable time scale), 

and slow coagulation occurs instead.  

Ion concentration 

Two ions were selected to study the influence of the ion concentration: Mn2+, 

which leads to nanotubes at R = 2, and Mg2+, which leads to random aggregates at 

R = 2. For Mg2+, increasing the salt concentration did not facilitate nucleation. 

Apparently, nucleation in the presence of Mg2+ is very slow if not impossible. As 

expected, the flocculation time decreased at higher salt concentration, as the 

repulsive forces were decreased by screening of electrostatic charges. However, 

the flocculation time is still much longer than for Ca2+ or Mn2+ at R = 5. Possibly, 

for Mn2+ we have two mechanisms at the same time: fast nucleation and growth 

but also fast flocculation, while for Mg2+ only flocculation occurs. Varying the 



Cation triggered tubular self-assembly of hydrolysed α-lactalbumin 

 63

Mn2+ ratio showed that the type of aggregation is sensitive to the cation 

concentration. When the concentration is too low, nucleation is too slow and 

flocculation occurs. When the concentration is higher (or “optimal”), nucleation 

occurs before flocculation and tubular structures are formed. When the 

concentration of ion is raised, nucleation is more and more in competition with 

fast flocculation (because of decreased repulsive forces), which first results in 

fuzzy nanotubes (R = 3) and at higher concentration in random aggregates (R = 5), 

which explains the turbid nature of the gel. These results are consistent with the 

result obtained in presence of Ca2+ in a previous study[10], illustrating the small 

window of ion concentration wherein α-lactalbumin nanotubes can be formed.  

Conclusions 
Various cations were shown to induce tubular self-assembly of partially 

hydrolysed α-lactalbumin, by a serine protease from Bacillus licheniformis, namely 

the divalent ions Mn2+, Zn2+ and Cu2+ and the trivalent ion Al3+. Not all 

multivalent cations can induce self-assembly in nanotubes, as was illustrated by 

Mg2+ and Ba2+, which led to random aggregation. Apart from the type of cation, 

also its concentration was shown to be an important parameter, as two 

aggregation mechanisms compete: nucleation and growth, resulting in α-

lactalbumin nanotubes on the one hand and Smoluchowski-Fuchs flocculation, 

resulting in random aggregates on the other. The molar cation ratio determines 

which one is faster than the other. Within a small window of cation concentration 

α-lactalbumin nanotubes are formed. For Mn2+ this window is 1-3 mol Mn2+/mol 

α-lactalbumin. When the cation concentration is too low, nucleation is believed to 

be too slow and flocculation occurs. When the cation concentration is too high, 

flocculation is promoted by decreased electrostatic repulsion and as a result 

flocculation will be faster than nucleation. In conclusion, this study illustrates the 

delicate balance between different types of aggregation and the specific 

conditions at which nanotubes are formed.  
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Abstract 
Partial hydrolysis of α-lactalbumin by a protease from Bacillus licheniformis under 

appropriate conditions leads to the formation of nanotubular structures. The 

growth of α-lactalbumin nanotubes and their dimensions were analysed using 

transmission electron microscopy, static light scattering and small-angle X-ray 

scattering. The scattering data were fitted using a model describing the growth of 

the tubes and using the form factor of a hollow tube. The cylinder diameter was 

calculated to be 19.9 ± 0.2 nm and the cavity diameter 8.7 ± 0.7 nm. The 

elongation rate of the nanotubes was about 10 nm per min at the experimental 

conditions.  
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Introduction 
Nanotubes are formed by self-assembly of hydrolysed α-lactalbumin in presence 

of an appropriate cation [1]. Limited proteolysis by a serine protease from Bacillus 

licheniformis makes the molecule prone to self-assemble into rather straight 

tubular structures. The building blocks self-assemble and in the presence of Ca2+, 

salt bridges connect the individual building blocks, resulting in a hollow 

structure. Previously, the kinetics of nanotube formation has been studied as a 

function of Ca2+ concentration [2]. However, from these results no kinetic data for 

the growth of the nanotubes was obtained. The dimensions of the outer diameter 

and the cavity diameter could only be estimated from transmission electron 

micrographs (diameter about 20 nm and cavity about one third of the diameter 

[2]). 

The aim of this study was to determine the dimensions of the α-lactalbumin 

nanotubes more precisely and to describe the growth of the nanotubes in time. 

This was done by fitting the experimental scattering data using a model 

containing the nanotube dimensions and the form factor of a hollow cylinder. 

Experimental data over a wide q-range were obtained by performing static light 

scattering and small-angle x-ray scattering. Furthermore, transmission electron 

microscopy was performed to monitor the microstructure with time.  

Materials & Methods 

Materials 

α-Lactalbumin was purified from bovine milk using ultrafiltration and 

chromatography. It contained 99.8 % α-lactalbumin (m/m dry matter). A serine 

protease form Bacillus licheniformis (BLP), specific for Glu-X and Asp-X bonds [3], 

was kindly provided by Novozymes A/S (Bagsværd, Denmark). Tris 

(hydroxymethyl)aminomethane was from JT Baker (Phillipsburg, USA). 

CaCl2.2H2O and uranyl acetate was from Merck (Darmstadt, Germany). 

Glutaraldehyde was from EMS (Hatfield, USA). 
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Sample preparation 

The α-lactalbumin nanotubes were made by incubating 28 g/l α-lactalbumin in 

buffer (75 mM Tris-HCl buffer pH 7.5) with molar BLP/α-lactalbumin ratio: 1/260 

at 50°C. The Ca2+ concentration was 3 mol/mol holo-α-lactalbumin (Ca2+ loaded). 

Static light scattering and small angle X-ray scattering were used to follow the 

kinetics of formation of the nanotubes in time.  

Static and dynamic light scattering 

Static light scattering (SLS) and dynamic light scatterint (DLS) were 

simultaneously performed in an ALV Compact Goniometer System with four 

detector units (ALV/CGS-4) and two ALV-5000/E multiple tau digital correlators. 

A Coherent Verdi V2 diode-pumped laser was used, operating with vertically 

linearly polarised light with a wavelength of λ = 532 nm. The range of scattering 

wave vectors covered was 4.7 x 10-3 < q < 3.1 x 10-2 nm-1 (q = 4π⋅ns⋅sin(θ/2)/λ), 

where ns is the refractive index of the solution and θ the angle of observation). 

The cuvette holder was temperature controlled within ± 0.1°C. 

Small-angle X-ray scattering 

Smal-angle X-ray experiments (SAXS) were conducted using a Philips PW3820 

sealed-tube X-ray generator running at 40 kV, 50 mA, and equipped with a 

Philips PW 2773/00 long fine focus tube with a copper target. The experiments 

were performed with a SAXSess camera (Anton Paar, Austria) set up in line 

collimation. Samples were thermostatted to 50°C. Measurement time was 5 min 

for each curve, followed by a 5 min break for handling until the next experiment 

started. Scattering patterns were recorded on an imaging plate detection system 

(Fuji-BAS 1800). 

Transmission electron microscopy 

Samples for transmission electron microscopy (TEM) were taken at different 

times during incubation of a 30 g/l α-lactalbumin solution (with 2 mol Ca2+/mol 

holo-α-lactalbumin and E/S = 1/250 mol/mol) and immediately diluted 1:1 with a 

fixative (1.5% glutaraldehyde in 0.1 M sodium cacodylate buffer) and stored at 
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4ºC. Negative staining was performed as follows. A formvar layer on a copper 

grid was coated with carbon. The grid was immersed in 5 μl of the (10 fold 

diluted) sample and blotted after 1 minute. Then the grid was washed with water 

for 1 min and then blotted to remove excess protein material. To enhance the 

contrast, the grid was immersed in 3% (w/w) uranyl acetate and blotted after 1 

min. Examination was done using a Philips TEM 410 electron microscope, 

operated at 60 kV.  

Results & Discussion 

   

A B C 

500 nm

Figure 1 Transmission electron micrographs of various stages during the self-assembly of α-lactalbumin into 
nanotubes. (A) A few minutes after the lag time. (B) About 20 min later. (C) End of the incubation. 

The nanotube formation was followed by both scattering techniques and electron 

microscopy. The scattering results (see below) and the TEM images clearly 

indicated the presence of a lag time. Figure 1 illustrates the growth of the 

nanotubes in time, after the lag time. TEM images of samples that had been 

incubated for periods shorter than the lag time did not show any aggregates 

(images not shown). Just after the lag time short nanotubes are present (Figure 

1A), which grow in time (Figure 1B and 1C). The final length of the nanotubes 

was estimated to be about 1 μm.  
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The scattering spectrum of a solution of 28 g/l α-lactalbumin in Tris buffer was 

measured on the SAXSess camera. Then the sample was incubated with the 

enzyme BLP and placed again in the X-ray beam. A similar experiment was 

carried out using an ALV-CGS set up for measuring the static light scattering 

(SLS). 

1 10 100 1000 10000

q (μm-1)

0.01

0.1

1

10

I(q
)

  
Figure 2 Scattering intensity (SLS and SAXS) during lag time of α-
lactalbumin nanotube formation. t = 0 (+); t = 10 (∆); t = 20 (•).  

Figure 2 shows the scattering spectra after 0, 10 and 20 min. The low q-values are 

from the SLS measurements. The 0 min data (i.e. the α-lactalbumin data) were 

normalised to 1, so as to get the equivalent of a form factor. All subsequent 

scattering intensity data were normalised by the same factor. Figure 2 also shows 

the form factor of a homogeneous spherical particle (solid line). The equivalent 

radius of α-lactalbumin is 1.86 ± 0.04 nm, a value that is mainly determined by 

the Guinier regime. Fitting the experimental data to a non-spherical shape would 

be possible but in view of instrument-related smearing this is not useful. 

It can be noticed from Figure 2 that there is still some dust or maybe a few 

aggregates in the sample causing the upswing at small q-values. During the first 

20 min (the lag time) the intensity levels in both experiments (SLS and SAXS) 

increase by a factor of 2, suggesting that dimers are formed. Apparently, the 

nanotubes comprise self-assembled dimers.  
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Figure 3 Scattering intensity (SAXS) for 28 g/l α-
lactalbumin incubated with BLP (E/S = 1/260) at 50°C 
in Tris buffer (75 mM, pH 7,5). 

Figure 4 Cross-section of the α-lactalbumin nano-tubes 
calculated by indirect Fourier transformation (solid 
line); 40% substracted monomers (dashed line).  

Figure 3 shows a time series of all the desmeared SAXS spectra. The analysis was 

started using the 120 min data and the cross-section [pc(r) as depicted in Figure 4] 

was calculated through indirect Fourier transformation [4, 5]. The cross-section 

shows three clear maxima. The first maximum at 1.5 nm was attributed to 

monomers still present in the solution. The overall two-peak shape is 

characteristic for hollow cylinders. The peak at about 1.5 nm does not fit into this 

picture, but it was eliminated, by subtracting 40% or more of the native protein 

solution from the original scattering data, as shown by the dashed line in Figure 4. 

However, subtracting more than 40% of the monomeric protein led to negative 

values for the scattering intensity. Since this cannot be physically meaningful, 

this implied that the concentration of monomeric proteins should be around 40%. 

The cylinder diameter was 23 nm and it was not affected by the amount of 

monomeric protein subtracted. Deconvolution of the cross-section pc(r) functions 

[6, 7], assuming a two-step model, resulted in the corresponding electron-density 

profiles. The result is stable if 40% or more of the native protein had been 

subtracted, but it results in negative contrast for the hollow core if less then 40% 

had been subtracted. This is further evidence that after 120 min about 40% of the 

protein was still in its monomeric state or at least not part of the nanotubes. Then, 

deconvolution led to a cylinder diameter of 19.9 ± 0.2 nm and a cavity of 8.7 ± 0.7 

nm. The difference between the value obtained for the diameter from the 

electron-density profile and the 23 nm from the pc(r) functions is due to the 
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simplicity of the model (two steps, no polydispersity/deviation from perfectly 

circular cross-section). 

The next step was to reconstruct the scattering data. We used the following 

expression for the form factor of a hollow cylinder [8]: 
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in which Rinn is the inner radius, Rout is the outer radius (= 10 nm), J1 is the first-

order Bessel function, q the wavevector (nm-1), and L the length of the nanotube 

growing from 0 to 1000 nm. 

In order to calculate the form factor we reasoned as follows. The nanotube is built 

of hydrolysed α-lactalbumin, whose radius was estimated to be 1.7 nm (about 

15% reduction in volume compared to the native molecule [2]). The wall 

thickness of the nanotube is about 6 nm (10-4), which would correspond to about 

two building blocks or a dimer. Packing of dimers around the hollow core 

requires about ten of them. So, one unit height (i.e. the height of a building block: 

3.4 nm) is assumed to comprise 20 monomers. The nanotubes started to grow 

after a lag time of 20 min (for the conditions in the experimental results described 

here) and the initial growth rate appeared to be linear [9]. From TEM the final 

length (Lend) was estimated to be 1 μm, reached after a few hours. This implies 

that the nanotube grows with one monomer per second or 10 nm per min, as will 

be confirmed to be a reasonable estimation by the fit results of the SAXS data 

below. As explained before, only 60 % of the protein was assembled in the 

nanotube. Then as a crude approximation taking an asymptotic approach to the 

final length of the nanotubes, the length L(t) is given by: 
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The fraction of protein in the nanotubes at any time is 0.6*L(t). Thus (1-0.6*L(t)) is 

the fraction of monomers. The contribution to the scattering of the monomers and 
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the nanotubes must be weighted by their mass fraction and the molar mass. 

Setting the molar mass of the monomeric units to 1, the molar mass of the 

nanotubes Mtube(t) is given by: 

( ) ( )
m

tube R
tLtM

2
2*10=         (3) 

where Rm is the radius of the monomeric unit. Since the scattering data are 

smeared for several reasons - instrumental smearing, inhomogeneity of the 

nanotube wall and stacking errors - a slight polydispersity in the nanotube radius 

was introduced, assuming 10 % polydispersity in nanotube outer radius (Ri), 

using a lognormal distribution: 
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with σ = 0.1 for a Gaussian distribution, and Rout = 10 nm (the mean outer radius) 

The inner nanotube radius is related to Ri by: Rinn = Ri - 4*Rm, where Rm = 1.7 nm. 

For the contribution to the scattering of the unassembled monomers we used a 

form factor for a sphere with a radius of 1.7 nm and a polydispersity of 10%.  

Figure 5 gives a summary of the measurements and the results of the 

calculations. The data points at low q-values were obtained independently from 

static light scattering experiments, in which a commercial thick-walled capillary 

was used, so as to suppress multiple scattering by reducing the scattering 

volume. Generally the data are well described by the calculations, taking into 

account that at short times (30 min) other metastable clusters may be present as 

well. At long times the turbidity increased and also the nanotubes started to 

interact and they form a gel.  
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Figure 5 Measured SLS and SAXS data for different incubation 
times, along with the fit to the data (solid lines) as explained in the 
text. (Δ) 30 min; (•) 40 min; (∇) 60 min; (♦) 80 min; ( )120 min. 
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Figure 6 Scattering intensity of the α-lactalbumin nanotube 
solution after 80 min (♦) and 120 min (�) 

In Figure 6 the data at 80 and 120 min are shown, together with the calculated 

curves. For 120 min the calculated curve is somewhat higher than the 

experimental one. However, considering the fact that this curve has been 

‘predicted’ with practically no adjustable parameter, except the outer diameter, 

which value is consistent with results of EM measurements, the result is quite 

satisfactory. 
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Figure 7 Apparent hydrodynamic radius of the α-lactalbumin 
nanotubes as a function of time for different angles: (◊) 42.5°; 
(∇) 76.5°; (�)110.5°; (o) 144.5°. Dashed line represents the 
length of the nanotubes as explained in the text.  

While measuring the static light scattering we also measured the intensity 

correlation function from which we calculated the apparent hydrodynamic 

radius using the Stokes Einstein equation. Figure 7 presents the experimental 

results for the different scattering angles from 42.5 to 144°. Clearly there is a 

slight increase in apparent particle size for the smaller angles. This is normal for a 

somewhat polydisperse system. Using the same expression for L as used for 

calculating the static light scattering (2) with Lend 1000 nm the length of the 

nanotubes and plotted that was calculated as well. We also calculated the 

equivalent radius of the nanotubes using an equation as given by Lomakin [10]. 

For long rods this would be about one third of the length. The experimental 

values correspond quite well for the initial growth stage, assuming a one to one 

correspondence between length and effective Stokes radius. However, at longer 

times the difference increases. The reason for this deviation is probably that the 

effective diffusion coefficient for rods is lower due to their steric hindrance.  For 

the same reason we think that using the calculation of Lomakin underestimates 

the effective radius. In the Stokes Einstein equation probably the macroscopic 

viscosity would be a better estimation than the solvent viscosity. 
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Conclusions 
The growth of α-lactalbumin nanotubes and their dimensions were analysed 

with transmission electron microscopy, static light scattering and small-angle X-

ray scattering. The scattering data were predicted using a model describing the 

growth of the tubes and using the form factor of a hollow tube. The cylinder 

diameter was calculated to be 19.9 ± 0.2 nm and the cavity 8.7 ± 0.7 nm. The 

growth of the nanotubes was up to the gel phase almost linear in time at about 

one monomeric unit per second, which is equivalent to about 10 nm per minute. 
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Abstract 
Scanning force microscopy was used to reveal structural aspects at the molecular 

level and the mechanical properties of nanotubes that self-assemble from 

partially hydrolysed α-lactalbumin. The building blocks spontaneously self-

assemble into a regular helical lattice to form relatively stable, stiff, micrometre 

long tubes with a diameter of 21 nm. Based on the measurements the tube wall is 

predicted to form as a right-handed 10-start helix. The hollowness of the α-

lactalbumin tubes was demonstrated by the linear force response upon 

indentation. Single tubes tolerate radial elastic deformations up to 25% at 0.4 nN 

Assuming an effective wall thickness of 3 nm this indicates a Young's modulus of 

0.1 GPa. To cut the tubes forces higher than about 0.5 nN had to be applied. In 

conclusion, this study shows that artificial helical protein self-assembly can yield 

very stable, relatively strong structures, that can function either as a model 

system for artificial self-assembly or as a nanostructure with potential for 

practical applications. 
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Introduction 
Molecular self-assembly is a powerful approach for fabricating novel 

supramolecular architectures. Via this “bottom-up” self-assembly approach many 

new nanomaterials have been and will be produced [1, 2]. Proteins, peptides and 

DNA are versatile building blocks for fabricating molecular biomaterials [3, 4]. 

Building blocks that assemble into fibrous materials are of special interest, 

because linear structures have many advantages [5]. Partial hydrolysis of α-

lactalbumin, a 14.2 kDa whey protein, delivers such building blocks which self-

assemble into nanotubes at neutral pH [6]. The nanotubes have a diameter of 

about 20 nm, a cavity of about 8.7 nm and divalent ions such as calcium were 

shown to trigger nanotube formation [7, 8]. There exist protein nanotubes, such as 

tobacco mosaic virus or microtubules, which have a biological function. There are 

also nanotubes built up of specially designed peptides, which have a limited 

number of amino acids, typically about 10 [3, 9]. The α-lactalbumin nanotube is a 

unique self-assembled structure in the sense that it is to our knowledge the only 

protein nanotube without biological function. Although the α-lactalbumin 

molecule itself does have biological functions, it has a crucial role in lactose 

synthesis and is high in the essential amino acid tryptophan, the α-lactalbumin 

nanotubes can only be formed after α-lactalbumin is degraded by the Bacillus 

licheniformis protease (BLP).  

These α-lactalbumin nanotubes promise many useful applications, to name a few: 

they could well serve as a drug carrier device, by virtue of the nanometer-sized 

cavity. Because of their linear structure the nanotubes could serve as an artificial 

fibrous scaffold to mimic natural systems [10]; they could provide a connection 

between nanostructures and the macroscopic world or they could serve as 

templates for (in)organic nanostructures [1].   

The reason for studying the α-lactalbumin nanotubes with scanning force 

microscopy (SFM) was twofold. First, high-resolution SFM was used to reveal the 

structure of the nanotubes, which will lead to progressive insight into the self-

assembling systems. Second, the mechanical properties were determined, as 
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knowledge of the Young’s modulus of a material is one of the first steps toward 

its use as a structural element for various applications [11].  

Materials & Methods 

Materials 

α-Lactalbumin was purified from bovine milk using ultrafiltration and 

chromatography. It contained 99.8 % α-lactalbumin (g/g dry matter). A serine 

protease from Bacillus licheniformis (BLP), specific for Glu-X and Asp-X bonds[12], 

was kindly provided by Novozymes A/S (Bagsværd, Denmark). 

Tris(hydroxymethyl)aminomethane (Tris) was from JT Baker (Phillipsburg, USA). 

CaCl2.2H2O and uranylacetate were from Merck (Darmstadt, Germany), 

glutaraldehyde was from EMS (Hatfield, USA) and DETA (N1-[3-

(trimethoxysilyl)propyl]diethylenetriamine) was from Aldrich.  

Sample preparation 

The α-lactalbumin nanotubes were made by incubating 30 g/l α-lactalbumin in 

buffer (75 mM Tris-HCl buffer pH 7.5 and a calcium molar ratio of 2 mol/mol 

holo-α-lactalbumin (holo: Ca2+ loaded)). The incubation was done with BLP 

(molar BLP/α-lactalbumin ratio: 1/250) at 50°C for 1.5 h. The sample was stored at 

4 °C for a maximum of one week. To attach the negatively charged α-lactalbumin 

tubes, clean glass cover slips were given a positive charge by immersion in a 1% 

DETA [13] solution for 5 min, followed by rinsing in water and drying at 110°C. 

The α-lactalbumin tubes solution was diluted 1000-fold in buffer and 20 μl was 

allowed to incubate on the DETA surface for 10 min at room temperature. Then 

the surface was gently rinsed three times with 20 μl buffer to remove unbound 

objects, while keeping the surface wet. All experiments were performed in buffer 

and at room temperature.  

Transmission electron microscopy 

Negative staining for transmission electron microscopy (TEM) was performed as 

follows. A formvar layer on a copper grid was coated with carbon. It was 

immersed in 5 μl of the (10-fold diluted) sample and blotted after 1 min. Then the 
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copper grid was washed with water for 1 min and subsequently blotted, to 

remove excess protein material. To enhance the contrast, the copper grid was 

then immersed in 3% (w/w) uranyl acetate and blotted after 1 min. Examination 

was done using a Philips TEM 410 electron microscope, operated at 60 kV. 

Scanning force microscopy 

The Scanning Force Microscope (SFM) (Nanotec Electronica, Madrid, Spain) was 

operated in jumping mode in combination with soft cantilevers (OMCL-

RC800PSA, Olympus Inc., Japan). This mode has been shown to be suitable for 

fragile biological samples [14]. Calibration of the cantilevers (Sader method [15]) 

gave an average spring constant of 0.06 ± 10%. The cantilever deflection, 

measured by a reflected laser beam on a split photo detector, gives the force 

exerted by the tip. The detector signal (in volts) was calibrated for each 

experiment by performing a force versus distance curve on the glass surface. The 

average scan force was 0.1 nN (with peakforces up to 0.3 nN). Higher forces were 

found to damage the tubes (for repeated scans). Force versus distance curves 

were performed on the single tubes, and on the glass surface. The difference 

between these curves gave the indentation of the tubes. 

Results 

Nanotube dimensions 

The α-lactalbumin nanotubes were investigated by SFM. Figure 1 shows a typical 

image of a number of tubes adsorbed onto the glass surface. In addition, some 

monomers or small aggregates are visible in the background. The tubes appeared 

to be adsorbed in a linear fashion; however, they were sometimes slightly curved. 

This implies that the tubes have a rather high persistence length, but not as high 

as for example microtubules or tobacco mosaic virus. At a few places they 

overlay each other, which was also clear from the doubled height as measured at 

these places. The length of the tubes varied from hundreds of nanometres up to a 

few micrometres. To elucidate more structural details, high resolution scans of 

individual α-lactalbumin tubes were performed (see Figure 2).  
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Figure 1 Typical overview image of α-lactalbumin nanotubes. Inset 
upper right corner: Height profile; Inset lower left corner: 
Transmission electron micrograph of α-lactalbumin nanotubes. 

The height of over 40 different tubes was analysed, which gave a height 

distribution as depicted in Figure 2B. The average height was 20.9 ± 0.3 nm (mean 

± se, n = 42). The average apparent width of the tubes was 61 nm. This value is an 

over-estimation of the diameter, due to lateral dilation caused by the relatively 

large tip. Using the relation , where RNTNTTIP RWR 16/2= TIP is the tip radius, WNT the 

measured tube width and RNT the tube radius (see Appendix), the average tip 

radius for the different experiments was calculated to be 19.9 ± 1.9 nm (mean ± se, 

n = 10).  

Helical structure 

Striking is the right-handed helical pattern, clearly visible in Figure 2A. To 

determine the pitch (longitudinal rise per helical turn) of the helix, first the effect 

of the tip-sample dilation on the helical pattern was modelled. Due to dilation the 

amplitude of the helix will be exaggerated; the helix is described by 

( PyntRRxi TNT )π2sin)( += , where P is the pitch, xi the lateral position relative to 

the tube centre, and ynt the longitudinal position (see Appendix). The sine curve 

was overlaid on the image and its periodicity was fitted to the helical pattern 

(Figure 2A). The periodicity found gave the pitch of the helix: 110.7 ± 5.3 nm 
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Figure 2 (A) High resolution image showing a right-handed helix with a pitch of 110 nm. (B) Distribution of the 
measured heights of the nanotubes. The average is 20.9 ± 0.3 nm (mean ± se, n = 42). 

(mean ± se, n = 10, as measured for different tubes in different experiments). For a 

tube diameter of 20.9 nm, this gives a pitch angle of approximately 59°. Using 

Fourier-transformed images of the helical structure, the distance between the 

helix strands was found: 5.6 ± 0.1 nm (mean ± se, n = 10). In longitudinal direction 

this interstrand spacing is 10.9 nm (5.6 nm/cos 59°). Combined with the 110 nm 

pitch, this implies a 10-start helix. The measured depth of the grooves between 

the helical strands was about 0.6 nm, but the actual groove is likely to be deeper, 

because the relatively large tip cannot completely enter the narrow groove. 

Besides the helix, a pattern parallel to the tube axis with a periodicity of about 3 

nm could also be seen in some high-resolution images. 

Force versus indentation curves 
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Figure 3 Indentation of α-lactalbumin nanotubes (A) Indentation curves of different nanotubes (linear and non-
linear regime) (B) Five successive indentations within the linear elastic regime, in black the forward and in red the 
backward curves. 
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The mechanical properties of the tubes were determined by local indentation of 

single tubes with the SFM tip and measuring the resistance upon deformation. 

The tip was positioned on top of a single tube, as judged from line scans just 

before indentation. Figure 3A depicts several force versus indentation curves 

with typical indentation responses. First, the tip approached the tube, and 

obviously no force was measured. Then, the tip reached the top of the tube (at 0 

nm) and indentation started. For the first 5 nm of indentation, the response in 

force was linear with indentation depth. Several indentation experiments showed 

that the initial force response was linear up to an indentation of 5.6 ± 0.6 nm 

(mean ± se, n = 10), or about 25% deformation. As explained later, this linear 

response is elastic, and by using the effective spring constant of a tube, the 

elasticity modulus was calculated. The linear response confirmed the hollowness 

of the tubes, as thin shells give a linear response upon small deformations. 

Beyond this indentation of 5 nm, the response was no longer linear: suddenly less 

force was needed to indent the tube. This implies buckling, damaging or 

breakage of the structure. Finally, the indentation curve is completely vertical, 

which is caused by the tip reaching the glass surface.  Figure 3A shows total 

indentations of 18 and 22 nm respectively, which corresponds to the height of 

these particular nanotubes.  

Small deformations – Young’s modulus 

To investigate whether the linear response is purely elastic, repetitive force-

indentation curves were performed on the same spot. Such a sequence of five 

curves in Figure 3B (including forward and backward curves) shows that the 

measured response was identical, thus elastic, upon repeated indentations. The 

elastic regime probably lasts for the whole linear regime (5.6 ± 0.6 nm). The 

forward and backward curves of indentation in the linear regime were identical 

(at a curve speed of 100 nm/s); no hysteresis was observed (see Figure 3B). This 

also means that no viscous component was measured, and the linear response is 

purely elastic. 
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By averaging effective spring constants as determined from indentation of 

various tubes on different days, the average spring constant of 0.058 ± 0.014 N/m 

was obtained. The spring constant was shown to be independent of the rate of 

indentation (tested between 37-150 nm/s). The variation in elastic response of the 

tubes could be due to slight variation in wall thickness or tube diameter, or 

inhomogeneity of the structure. To calculate the Young’s modulus of the tube 

material from the measured spring constant of the tube (determined by both the 

material properties and the tube geometry), a model is needed. Indentation of a 

semi-infinite solid object is commonly described by the Hertz model [16], but for 

the hollow α-lactalbumin tubes this is not appropriate. For hollow cylinders and 

deformation in the order of the shell thickness, the force is expected to be linear 

with indentation depth (while a solid cylinder would not have a linear response). 

Therefore, a model for an asymmetrically loaded hollow cylinder described by 

De Pablo et al. was used [17]. The relation between the Young’s modulus and the 

spring constant, derived using both thin-shell theory and finite element methods, 

is as follows: ( ) ( )2523 18.1 tkRE ≅ , where E (Pa) is the Young’s modulus of the tube, 

k (N/m) is the spring constant of the tube, R (m) the radius and t (m) the wall 

thickness of the tube. By applying this model we assume the nanotube to be a 

hollow cylinder of homogeneous material and the tip force to be applied as a 

point force. The latter is acceptable because the deformation of the tube extends 

over tens of nanometres, which makes the tip radius relatively small [17]. The 

assumed homogeneity of the tube wall has to be treated with care as it consists of 

assembled proteins that show in the scans as a rather corrugated surface. Bearing 

these simplifications in mind, the elasticity modulus was calculated using an 

outer-radius of 10.5 nm and a spring constant of 0.058 N/m. For a wall thickness 

of 6 nm, the Young’s modulus is 0.01 GPa. However, the effective wall thickness 

will be less than 6 nm, as the grooves between the helix strands are likely to be a 

few nanometres deep. The monomers will probably have a smaller contact area 

than a 6 nm wall thickness would suggest. A reasonable estimation of the 

effective wall thickness is 3 nm, which is the size of one monomer, which gives a 

Young’s modulus of 0.1 GPa.  
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Large deformations 

Indentations beyond the linear regime resulted in damage of the tube wall, or 

even in tube breakage. Figure 3A already showed the force required to indent the 

tube beyond 5 nm. The force needed for indentation decreased, which could only 

be explained by damage (or buckling) of the local structure resulting in less 

resistance upon deformation. Compared to the linear regime, the curve levels off, 

occasionally even to a completely horizontal line. Such a plateau is visible in 

Figure 4. In cases where the FZ curve (force-distance curve) contained a plateau, 

breakage of the tube was often observed, as is clearly shown in Figure 4. Here, a 

tube before and after indentation was imaged. The tube was clearly damaged due 

to severe indentation; the applied force at breakage was about 0.5 nN, which is a 

typical force beyond which significant deviation from linearity of all FZ curves 

was obtained. Although it is very likely that a plateau corresponds to tube 

breakage, this was not always observed. Sometimes severe indentation only 

caused a hole in the tube; see Figure 4C. In several cases the images before and 

after indentation were identical. It is unlikely that the tube was not damaged at 

all, so either the wall was damaged, but not visibly, or the tube self-repaired 

within the time between indentation and imaging. Figure 4D is an image of a 

broken tube; in this case a section of about 100 nm was even excised from the 

tube. A detailed look at the fracture suggests that the tube was broken along the 

direction of the threads of the helical structure on top of the tube and not along 

the longitudinal axis. This is a reasonable conclusion, as one may expect the 

interaction between helix threads to be weaker than the interactions within a 

thread.  

The results revealed both structural and mechanical aspects of a self-assembling 

protein tube. The outer diameter of 20.9 nm observed by SFM for the α-

lactalbumin nanotube is in good agreement with the diameter obtained from 

TEM (Figure 1 inset, estimated diameter of about 20 nm [8]) and small angle X-

ray scattering (SAXS) experiments on the tubes: 19.9 nm [7]. The self-assembly of 

the hydrolysed α-lactalbumin molecules occurred in a right-handed helical 

fashion. 
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Figure 4 Severe indentation led to damage of α-lactalbumin 
nanotubes: (A) Nanotube before indentation, the green arrow 
indicates the spot of indentation; (B) Nanotube after indentation. 
The nanotube has been broken, as is clear from the cleft. The 
indentation curve in the inset shows a plateau at about 0.5 nN; (C) 
The tip perforated the tube wall, resulting in a hole; (D) A fragment 
of the tube (100 nm) was cut out due to indentation. 

Discussion 

    

110 nm

21 nm

5.6 nm

59°

8.7 nm

110 nm

21 nm

5.6 nm

59°

8.7 nm

 
Figure 5 Model of α-lactalbumin nanotube as a 10-start right-
handed helix with outer diameter 21 nm, cavity diameter 8.7 nm, 
pitch 110 nm, pitch angle 59° and interstrand spacing 5.6 nm. 
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Figure 5 depicts a 3-D model of the α-lactalbumin nanotube based on the 

observed data. The outer diameter was determined to be 20.9 nm. By SFM 

measurements it is not possible to determine the inner diameter of the α-

lactalbumin nanotube. Previous SAXS experiments gave an inner diameter of 

about 8.7 nm [7]. A cavity of 8.7 nm implies a wall thickness of about 6 nm. This 

is more than the size of a monomer (3 nm), so the wall probably consists of 

dimers, as was also suggested on basis of the SAXS results. If the nanotube is 

assumed to be built up of stacked rings, a cross-sectional view would show a ring 

containing 10 dimers assembled perpendicularly on the hollow core. Because a 

pitch of 110 nm implies about 36 stacked rings in longitudinal direction (110 nm/ 

3 nm), the orientation of the adjacent ring should have a rotational offset of about 

10° (360° divided by 36 rings). Then, the observed pitch angle on the outside of 

the tube results in 59°. Furthermore, the building blocks will have a certain 

asymmetry, which upon specific assembly results in a (right-handed) helix. When 

10 dimers are stacked around a hollow core, then the interstrand spacing on the 

outside of the tube would be 2πRNT/10. This is about 6 nm, which agrees well 

with the observed 5.6 nm. The relatively large, but increasingly narrow groove 

(towards the centre of the nanotube) cannot be entered completely by the 

relatively large tip; therefore, the observed depth is only 0.6 nm. The pattern 

parallel to the tube axis with a periodicity of about 3 nm could correspond to the 

spatial ordering of monomers of adjacent helix strands in the axial direction.  

Intermediate states of tube assembly were not observed, so the nanotube is 

expected to be constituted by one-by-one assembly of either monomers or dimers. 

Helical assembly is a common feature in nature and commonly the helix is right-

handed, as for example DNA, F-actin and tobacco mosaic virus. This virus is built 

up of one-by-one assembled monomers, but this is only a one-start helix [18]. The 

HIV-Rev protein tubes are made up of Rev dimers, arranged in a six-start helix 

[19]. Although the dimensions and important structural features of the α-

lactalbumin tube were elucidated, higher-resolution SFM or electron microscopy 

3-D reconstruction would be necessary to give a more detailed model on the 

molecular level.  
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The validity of the calculated elasticity of the α-lactalbumin nanotube depends on 

the suitability of the model to calculate a Young’s modulus from the measured 

spring constant and the accuracy of the effective wall thickness estimation. 

However, the assumptions made are reasonable. Compared with Young’s moduli 

of other (biological) structures, the α-lactalbumin nanotubes appeared to be 

stiffer than the following materials: living cells, which have Young’s moduli 

typically in the range of 10-4-10-2 MPa [20]; and myofibrils and casein micelles, 

which both have typical moduli of 10-1 MPa [21][22] . On the other hand, α-

lactalbumin nanotubes are slightly softer than microtubules, with a Young’s 

modulus of 0.8 GPa [17]; and bacteriophage capsids, 1.8 GPa [23]. Non-protein 

tubes, such as carbon nanotubes, are significantly stiffer: the Young’s modulus 

can be as high as 1 TPa [11]. The α-lactalbumin nanotubes were shown to be 

rather flexible on the one hand, but relatively stiff (upon radial deformation) on 

the other. As these two characteristics are highly important for application of 

linear structures in nanotechnology [1], the α-lactalbumin nanotube seems be a 

suitable structure. Furthermore, it was possible to cut the nanotube without 

causing major damage or collapse of the structure. This feature promises 

possibilities for applications as well.  

Conclusions 
This study shows that artificial helical protein self-assembly can yield very stable, 

relatively strong structures, that can function either as a model system for 

artificial self-assembly or as a nanostructure with potential for practical 

applications. 
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Appendix 
When the nanotube is scanned with an SFM tip, the shape and size of this tip will 

contribute to the image formation; this effect is called dilation. The effects of the 

tip-sample dilation on the apparent nanotube width and its helical structure are 

described below.  

Lateral dilation 

 
Figure A Schematic cross-sectional view of the SFM tip and the nanotube. 

The tip dimensions are not exactly known; for simplicity the tip is assumed to be 

a hemisphere (with a radius larger than the nanotube radius). Next the relation 

between the tip radius (Rt), the nanotube radius (Rnt) and the apparent tube width 

(W) is shown. When the tip is scanned over the tube (Figure A) its lateral position 

relative to the nanotube centre (xi) is given by: 

tnti xxx +=          (1) 

Using tt Rx ωcos=  and 
nt

nt

R
x

=ωcos , the term xt can be eliminated: 
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xi is maximal when the tip contacts the surface; from Figure A it can be seen that 

for this case the apparent width of the nanotube is : max2 ix

ntt RRW 4=          (3) 

which can be rewritten to obtain the radius of the tips used in the experiments 
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2

=          (4) 

 90



Structural and mechanical study of a self-assembling protein nanotube 

 

Helix dilation 

Figure B Left: projection of a curved surface. Right: projection of a 
helix on a tube. 

Also without the tip-sample dilation a helical pattern on a tube will appear 

deformed when observed from above, due to the curved surface of the tube 

(Figure B). Only on top of the tube corresponds the apparent angle with the real 

angle of the helix. Figure B (right) shows the unrolled helix for the half 

circumference of the tube (dotted line). The helix projected on the 3D tube (solid 

line in Figure B) is described by: 

⎟
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P
y

Rx nt
ntnt

π2
sin         (5) 

where P is the pitch. 

The tip-sample dilation will only dilate the helix in the lateral direction (and not 

in the longitudinal direction as there is no curvature of the sample in that 

direction). Substitution of (5) in (2) leads to an expression of the dilated helix in xi. 

⎟
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⎜
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n
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RRx nt
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Equation (7) shows that the amplitude of the apparent helix exceeds x)( tnt RR + imax. 

This is because the tip does not 'see' the full upper half of the nanotube, but only 

the centre part (an area of limited by ω, Figure A). Consequently only the 

centre part of the helix is scanned. This centre part will be dilated over the 

apparent width.  

max2 ix

 91



Chapter 5 

To obtain the pitch of the helix first the tip radius (Rt) is calculated using (4). Then 

a helix (7) with amplitude )( tnt RR + is overlaid on the image. Its periodicity is 

matched to the helical pattern; the found periodicity gives the pitch. The real 

pitch angle (α) with the lateral axis is given by the pitch and the circumference:  

ntR
P
π

α
2

tan =          (7). 

References 
1. Bittner, A.M. (2005) Biomolecular rods and tubes in nanotechnology. Naturwissenschaften 92, 51-64. 
2. Zhang, S. (2003) Fabrication of novel biomaterials through molecular self-assembly. Nat. Biotechnol. 21, 1171-1178. 
3. Zhang, S.G., Marini, D.M., Hwang, W., Santoso, S. (2002) Design of nanostructured biological materials through self-

assembly of peptides and proteins. Curr. Opin. Chem. Biol. 6, 865-871. 
4. Seeman, N.C. (2003) At the crossroads of chemistry, biology, and materials: Structural DNA nanotechnology. Chem. 

Biol. 10, 1151-1159. 
5. Viney, C. (2004) Self-assembly as a route to fibrous materials: concepts, opportunities and challenges. Curr. Opin. Solid 

State & Mat. Sci. 8, 95-101. 
6. Ipsen, R., Otte, J., Qvist, K.B. (2001) Molecular self-assembly of partially hydrolysed alpha-lactalbumin resulting in 

strong gels with a novel microstructure. J. Dairy Res. 68, 277-286. 
7. Graveland- Bikker, J.F., Fritz, G., Glatter, O., de Kruif, C.G. (2005) Growth and structure of α-lactalbumin nanotubes. 

Submitted. 
8. Graveland- Bikker, J.F., Ipsen, R., Otte, J., De Kruif, C.G. (2004) Influence of calcium on the self-assembly of partially 

hydrolyzed alpha-lactalbumin. Langmuir 20, 6841-6846. 
9. Khazanovich, N., Granja, J.R., McRee, D.E., Milligan, R.A., Ghadiri, M.R. (1994) Nanoscale tubular ensembles with 

specified internal diameters. Design and self-assembled nanotube with a 13-A pore. J. Am. Chem. Soc. 116, 6011-6012. 
10. Ryadnov, M.G., Woolfson, D.N. (2004) Fiber recruiting peptides: Noncovalent decoration of an engineered protein 

scaffold. J. Am. Chem. Soc. 126, 7454-7455. 
11. Salvetat, J.-P., Bonard, J.-M., Thomson, N.H., Kulik, A.J., Forro, L., Benoit, W., Zupperoli, L. (1999) Mechanical 

properties of carbon nanotubes. Appl. Phys A 69, 255-260. 
12. Breddam, K., Meldal, M. (1992) Substrate preferences of glutamic-acid-specific endopeptidases assessed by synthetic 

peptide substrates based on intramolecular fluorescence quenching. Eur. J. Biochem. 206, 103-107. 
13. Turner, D.C., Chang, C., Fang, K., Brandow, S.L., Murphy, D.B. (1995) Selective adhesion of functional microtubules 

to patterned silane surfaces. Biophys. J. 69, 2782-2789. 
14. Moreno-Herrero, F., Colchero, J., Gomez-Herrero, J., Baro, A.M. (2004) Atomic force microscopy contact, tapping, and 

jumping modes for imaging biological  samples in liquids. Phys. Rev. E 69, 1-9. 
15. Sader, J.E., Chon, J.W.M., Mulvaney, P. (1999) Calibration of rectangular atomic force microscope cantilevers. Rev. Sci. 

Instrum. 70, 3967-3969. 
16. Johnson, K.L. (2001) Contact Mechanics. Cambridge University Press, Cambridge. 
17. de Pablo, P.J., Schaap, I.A.T., MacKintosh, F.C., Schmidt, C.F. (2003) Deformation and collapse of microtubules on the 

nanometer scale. Phys. Rev. Lett. 91, 98-101. 
18. Klug, A. (1999) The tobacco mosaic virus particle: structure and assembly. Philos. Trans: Biol Sci. 354, 531-535. 
19. Watts, N.R., Misra, M., Wingfield, P.T., Stahl, S.J., Cheng, N., Trus, B.L., Steven, A.C. (1998) Three-dimensional 

structure of HIV-1 Rev protein filaments. J. Struct. Biol. 121, 41-52. 
20. Radmacher, M. (2002) Measuring the elastic properties of living cells by the atomic force microscope. Methods Cell 

Biol. 68, 67-90. 
21. Nyland, L.R., Maughan, D.W. (2000) Morphology and transverse stiffness of Drosophila myofibrils measured by 

atomic force microscopy. Biophys. J. 78, 1490-1497. 
22. Uricanu, V.I., Duits, M.H.G., Mellema, J. (2004) Hierarchical networks of casein proteins: An elasticity study based on 

atomic force microscopy. Langmuir 20, 5079-5090. 
23. Ivanovska, I.L., de Pablo, P.J., Ibarra, B., Sgalari, G., MacKintosh, F.C., Carrascosa, J.L., Schmidt, C.F., Wuite, G.J.L. 

(2004) Bacteriophage capsids: Though nanoshells with complex elastic properties. Proc. Natl. Acad. Sci. U.S.A. 101, 
7600-7605. 

 

 92



6
-Lactalbumin 

nanotubes are formed 
by -sheet stacking

J.F. Graveland-Bikker, R.I. Koning, H.K. Koerten, 

R.B.J. Geels, R.M.A. Heeren, C.G. de Kruif

Self-assembly of
hydrolysed ��-lactalbumin

 into nanotubes



Chapter 6 

 94

Abstract 
Partial hydrolysis of α-lactalbumin by a protease from Bacillus licheniformis leads 

to the formation of nanotubes in presence of an appropriate cation at neutral pH. 

The α-lactalbumin nanotube is a heterogeneous self-assembled structure 

comprising diverse hydrolysis products of α-lactalbumin with molar masses 

around 11 kDa. On basis of the mass spectrometry, circular dichroism and cryo 

electron micrscopy results presented here, and previous scanning force 

microscopy results, the α-lactalbumin nanotube is proposed to comprise dimeric 

building blocks. The self-assembly of the hydrolysed α-lactalbumin occurs via β-

sheet stacking, leading to a 10-start right-handed helix. Ca2+ is believed to play an 

important role in the orientation of the building blocks as well.  
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Introduction 
Nanotubes are formed by self-assembly of α-lactalbumin, after incubation with 

an protease from Bacillus licheniformis (BLP). Although the hydrolysis products of 

the incubation of α-lactalbumin with BLP were characterized before [1], it was 

not clear which of the α-lactalbumin fragments actually self-assemble to form the 

nanotubes. Some structural features have been elucidated by scanning force 

microscopy and small-angle X-ray scattering. The results showed that the α-

lactalbumin nanotubes are right-handed 10-start helical structures with an outer 

diameter of about 20 nm and a cavity diameter of about 8.7 nm [2, 3]. For the 

formation of the nanotube, Ca2+ or other multivalent ions play an important role, 

presumably via intermolecular salt bridge formation between specific 

carboxylates [1, 4]. The spatial stacking of the α-lactalbumin fragments leading to 

the helical structure has not been elucidated before. Based on results obtained by 

mass spectrometry, circular dichroism and cryo-electron microscopy described in 

this paper and previously determined structural features we propose a model for 

the self-assembly of hydrolysed α-lactalbumin into nanotubes. 

Native α-lactalbumin consists of two domains: a large α-helical domain and a 

small β-sheet domain, which are connected by a calcium-binding loop. The larger 

α-helical domain is formed by the amino- and carboxyl terminal sections of the 

polypeptide chain (residues 1-34 and 86-123). It consists of four major α-helices 

(residues 5-11, 23-34, 86-98 and 105-110) and two short 310 helices (residues 18-20 

and 115-118). The smaller β-sheet domain is formed by the central section of the 

polypeptide chain (residues 35-85) and encompasses a small three-stranded 

antiparallel β-sheet (residues 41-44, 47-50 and 55-56) a short 310 helix (77-80) and 

some irregular structure [5]. The high-affinity Ca2+-binding site is located at the 

junction of the subdomains and is composed of a contiguous section of the chain, 

connecting the 310 helix of the β-sheet domain (residues 77-80) and helix H3 of the 

helical domain (residues 86-98).  
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Materials & methods 

Materials 

α-Lactalbumin was purified from bovine milk using ultrafiltration and 

chromatography. It contained 99.8 % α-lactalbumin (m/m dry matter). A serine 

protease form Bacillus licheniformis (BLP), specific for Glu-X and Asp-X bonds[6], 

was kindly provided by Novozymes A/S. Tris (hydroxymethyl)aminomethane 

was from JT Baker, CaCl2.2H2O was from Merck and acetic acid and methanol 

were from BDH Laboratory Supplies. Double-distilled water was used.  

Sample preparation 

The α-lactalbumin nanotubes were made by incubating 30 g/l α-lactalbumin in 

buffer (75 mM Tris-HCl buffer pH 7.5 and a molar Ca2+/holo-α-lactalbumin ratio 

of 2) with BLP (molar BLP/α-lactalbumin ratio: 1/250) at 50°C for 1.5 h. 

Prior to evaluating the secondary structure (by CD) and the molar mass of the 

building blocks (by MS), the α-lactalbumin nanotubes were purified (to remove 

all monomers and small randomly aggregated material) by repeated washing 

using 0.65 μm low-binding centrifugal filter devices (Ultrafree CL Centricon 

filters, Millipore Corporation, Bedford, U.S.A.). Four washing steps with water 

were performed (800g, 8 min), and the retentate comprising the α-lactalbumin 

nanotubes was freeze-dried. Electron microscopy of the nanotubes after freeze-

drying showed nanotubes only, with a structure indistinguishable from non-

freeze-dried nanotubes.  

Mass spectrometry 

For mass spectrometry (MS), the α-lactalbumin nanotubes tubes were dissolved 

in acetic acid:methanol:water (8:64:28, v/v/v) with a final concentration about 20 

μM (using 40 MDa as an average molar mass for the nanotubes). MS was 

performed with a Micromass Q-TOF 2 using nano-electrospray ionisation (cone 

voltage 50 V and capillary voltage 1.5 kV). Scans from 50 to 3000 m/z were taken 

and 150 scans were accumulated to obtain an m/z spectrum. The raw mass 
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spectral data were processed and transformed with Masslynx software version 

3.3. 

Circular dichroism 

For circular dichroism (CD) native α-lactalbumin and α-lactalbumin nanotubes 

were rehydrated in water to a concentration of about 0.1 g/l. Far UV-CD 

measurements were performed with a Jasco J-715 spectropolarimeter, equipped 

with a Peltier temperature-control system set at 20 °C. Quartz cells with a path 

length of 0.1 cm were used. The scan interval was 185-260 nm, and 20 scans were 

averaged for each sample using a scan speed of 50 nm/min. The response time 

was 2 s, and the spectral bandwidth was 2.0 nm. The spectra were corrected for 

the corresponding protein-free sample. The mean residue ellipticity was 

calculated using the formula [θ] = ([θ]obs/10) (MRW/lc), where θobs is the observed 

ellipticity, MRW is the mean residue molecular weight (115 D for α-lactalbumin), 

l is the path length in cm and c is the protein concentration in g/ml. 

Deconvolution of the data was performed using CDNN 2.1. 

Electron microscopy 

Prepared α-lactalbumin nanotubes were diluted to 3 g/l in buffer (75 mM Tris-

HCl pH 7.5) and 3 μl of the suspension was added to a 300 mesh lacey carbon 

electron microscopy grid (AGAR S166-3) which was negatively glow-discharged 

for 2 min at 30 mA just before use. The grids were flash frozen in a thin layer of 

vitreous ice by rapid plunging into liquid ethane in a custom-build automated 

vitrifying system with temperature and humidity control.  

Electron micrographs were taken at 200 keV on a TECNAI F20 microscope 

equipped with a FEG gun using a GATAN 626 cryo-holder. Images were taken 

using a low-dose system at a nominal magnification of 50000. Images were 

recorded on Kodak SO-163 film and developed for 12 min in full strength 

KODAK D19b developer. Images were scanned on a NIKON super coolscan 

8000ED at 4000 dpi, which corresponds to 1.29 Å/pixel. Images were straightened 

using Phoelix [7], and fourier transforms were calculated using ImageJ [8]. 
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Mass spectrometry 
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 Measured mass (Da) Fragment 

A 14169.56 ± 1.09 1-123* 

B 13928.33 ± 2.76 1-121 

C 11570.17 ± 0.07 12-113 #* 

D 11253.02 ± 0.04 12-46 50-113* 

E 10268.52 ± 1.60 12-37 50-113* 

F 10111.75 ± 1.80 26-113 #* 

Figure 1 Mass spectrometry of building blocks of α-lactalbumin nanotubes. (Left) Charge state deconvoluted 
spectrum (3-15kDa). (Right) Identification of peaks A-F (*As identified by Otte et al.[9], # Fragment has been cut 
once at an unknown position, which means that it consists of more peptide held together by disulfide bridges  

The molar masses of the nanotubes’ building blocks, which are hydrolysis 

products of α-lactalbumin, were determined by mass spectrometry. Figure 1 

depicts the charge state deconvoluted spectrum of the nanotube building blocks. 

No intact nanotubes were observed in the MS experiments. The acid solution 

used to facilitate the electrospray ionisation process dissociated the nanotubes 

into their respective building blocks. Figure 1 shows six main components, 

identified as A-F. The measured molar mass and the amino acid sequence of 

these fragments are listed in the table. 

H1 H2 H3S1 S3S2 H4H1 H2 H3S1 S3S2 H4  

6-120
28-111

61-77
73-91

6-120
28-111

61-77
73-91

A EQLTKCEVFRELKDLKGYGVSLPEWVCTTFHTSGYDTQAIVQNNDSTEYGLFQINNKIWCKDDQNPHSSNICNISCDKFLDDDLTDDIMCVKKILDKVGINYWLAHKALCSEKLDQWLCEKL 
B EQLTKCEVFRELKDLKGYGVSLPEWVCTTFHTSGYDTQAIVQNNDSTEYGLFQINNKIWCKDDQNPHSSNICNISCDKFLDDDLTDDIMCVKKILDKVGINYWLAHKALCSEKLDQWLCE 
C                           LKDLKGYGVSLPEWVCTTFHTSGYDTQAIVQNNDSTEYGLFQINNKIWCKDDQNPHSSNICNISCDKFLDDDLTDDIMCVKKILDKVGINYWLAHKALCSE 
D                           LKDLKGYGVSLPEWVCTTFHTSGYDTQAIVQNND       YGLFQINNKIWCKDDQNPHSSNICNISCDKFLDDDLTDDIMCVKKILDKVGINYWLAHKALCSE 
E                           LKDLKGYGVSLPEWVCTTFHTSGYD                            YGLFQINNKIWCKDDQNPHSSNICNISCDKFLDDDLTDDIMCVKKILDKVGINYWLAHKALCSE 
F                                                          WVCTTFHTSGYDTQAIVQNNDSTEYGLFQINNKIWCKDDQNPHSSNICNISCDKFLDDDLTDDIMCVKKILDKVGINYWLAHKALCSE 
 

Figure 2 (Upper) Schematic representation of the secondary structure of α-lactalbumin. (H1-H4 α-helices, grey 
boxes 310 helices, S1-S3 β-sheet) (Lower) Amino acid sequence of the different fragments A-F. 

Fragment B (13.9 kDa) is practically identical to the native α-lactalbumin (A), 

missing two amino acids at the C-terminus. Further removal of the N-terminal 

fragment 1-12, which is linked by a disulfide bridge to the C-terminal fragment 
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[114-121], results in fragment C (11.6 kDa). Fragment C has an additional 

hydrolysed peptide bond, presumably Asp46 or Glu50, but the two peptide 

chains are held together, because of the disulfide bridges. Removal of additional 

fragments [47-49] and [37-46] leads to fragments D and E respectively. These 

fragments are part of the β-sheet domain, and removal will destabilise this part of 

the molecule. A schematic presentation of the different building blocks is given in 

Figure 2. 

In addition to the components A-F, which resulted in m/z values mainly between 

1000 and 2000, some peaks at lower m/z values were measured, namely 550, 738 

and 941. These are small peptides with charged state of 1, 2 and 2 respectively, as 

was clear from the isotopic envelope they comprised. As a result, the 

corresponding molar masses are 549, 1474 and 1880 kDa. Previous identification 

of hydrolysis products of α-lactalbumin incubated with BLP showed that these 3 

peptides are the completing released peptides, namely [8-11], [12-25] and [1-7 + 

114-121] respectively. 

Circular dichroism 

Conformational characterisation of native and self-assembled hydrolysed 

α-lactalbumin was done by far-UV circular dichroism. Figure 3 depicts the typical 

spectrum for native α-lactalbumin. The spectrum of the hydrolysed 

α-lactalbumin assembled in the nanotube did show significant conformational 

changes, but in general, the secondary structure appeared to be largely retained. 

Because the latter spectrum is the average of the secondary structure of the 

different hydrolysed molecules (see MS results), deconvolution results have to be 

treated with care.  
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Figure 3 Characterisation of the building blocks in α-lactalbumin na-
notubes by far-UV-CD. Native α-lactalbumin (•); building blocks self-
assembled in nanotube ( ) and free building blocks in solution (▲). 

The fit results suggested an average decrease in α-helix from 28 to 23 % and a 

slight average increase in β-sheet (from 20 to 22%) and β-turn (form 19 to 23%) 

compared to the native molecule. The average decrease in α-helix can be 

attributed to the removal of fragments [1-11] and [114-123], which mainly consist 

of helical structures (helix H1 and a 310 helix respectively). Together with the only 

slight increase in β-sheet and β-turn this indicates that there might be a small 

increase in β-sheet structure, but overall, there is no large secondary structure 

change in α-lactalbumin upon the formation of nanotubes. Disassembled 

building blocks (induced by dilution in Ca2+ free buffer, see [10]) in solution 

showed a further decrease in secondary structure.  

Electron microscopy 

Typical cryo-EM pictures of the α-lactalbumin nanotubes are shown in Figure 4. 

The images clearly show that α-lactalbumin forms hollow tubes. The nanotubes 

were up to micrometers long and typically unbranched, although occasionally 

three-way junctions were observed, as shown in Figure 4C. From many side 

views of the nanotube the outer and inner diameter were determined: the average 

outer diameter was 19.0 nm (SD 1.2 nm, n = 98) and the average inner diameter 

was 7.4 nm (SD 0.7 nm, n = 51). Thus, the nanotube wall is found to be about 5.8 

nm thick.  
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Figure 4 (A) Cryo-EM overview image of α-lactalbumin nanotubes. (B) Higher magnification of the α-
lactalbumin nanotubes. (C) Three-way junctions, which were occasionally observed. Scale bars represent 1 μm 
(A), 200 nm (B) and 50 nm (C). The average inner diameter was 7.4 nm ± 0.7 nm (n = 51) and the average 
outer diameter was 19.0 nm ± 1.2 nm (n = 98). 
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Figure 5 Two top views of α-lactalbumin nanotubes (left) and an 
average density profile (right) of 9 rotationally averaged top-views 
showing an inner diameter of about 8 nm and an outer diameter of 
about 22 nm (n = 9). 

Occasionally, some short tubes were oriented upright in the cryo-EM sample, so 

that top views could be obtained (Figure 5). The electron density profile indicates 

an inner diameter of about 8 nm and an outer diameter of about 22 nm. However, 

the electron density profile is not very accurate, because the nanotubes probably 

deviate somewhat from a perfect upright position.  

 
Figure 6 (A) Cryo-EM image of α-lactalbumin nanotube (left) and an enlargement of the boxed part that contains 
striations (right). (B) Fourier transform image of the selected area of A showing a clear repeating distance at 1 nm 
(left) and projection image of the selected area in A after Fourier filtering to only the layer lines at 1 nm (right). 
(C) Cryo-EM image of α-lactalbumin nanotube (with enlargement at the bottom). (D) Fourier transform image of C, 
showing peaks at 1/2.2 nm at 40°; 1/1.8 nm at 18° and 1/1.1 nm at 9°. (E) Fourier filtered image that was used 
for generating image F. (F) Projection image of the nanotube after Fourier filtering. In the enlargement at the 
bottom the 1 nm striations are clearly visible.  

A detailed look at the side view of a single α-lactalbumin nanotube showed clear 

striations perpendicular to the nanotube axis with a 1 nm spacing as depicted in 

Figure 6A. The Fourier transform of one side of the tube wall showed a strong 

sharp meridonial reflection at 1 nm parallel to the nanotube (Figure 6B). Filtering 

of the reflections in the Fourier transform clearly shows the 1 nm repeat (Figure 
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6C), which is typical for β-sheet stacking [11], and indicates that the building 

blocks may be assembled via β-sheet stacking. 

Figure 6D shows a high-magnification image of a single α-lactalbumin nanotube. 

The Fourier transform of several different nanotubes showed a limited amount of 

clearly visible peaks that were reproducibly located at identical positions: peaks 

at 1/2.2 nm at an angle of 40°, 1/1.8 nm at 18° and 1/1.1 nm at 9°.  

Discussion 
Mass spectrometry data showed that α-lactalbumin nanotubes are heterogeneous 

self-assembled structures, as several different molecules were detected. It is 

surprising that different molecules can form such a regular structure as the α-

lactalbumin nanotube is. However, although the building blocks of the nanotubes 

appeared to be a mixture of different hydrolysis products, they all have the same 

origin, and CD measurements showed that the secondary structure was generally 

retained, although for different building blocks this could differ. Probably, the 

building blocks do all contain or can adopt a structural element that is required 

for the specific packing, which results in the helical structure. Imaginably, one (or 

some) of the hydrolysis product is essential or best suited for the formation of a 

nucleus, but once the template of the helical structure has been formed, assembly 

of a slightly deviant building block is possible. Surprising was the detection of 

native α-lactalbumin as a building block of the nanotubes, as it was thought that 

hydrolysis was necessary to partially destabilise the structure in order for it to act 

as a building block. But, within the scope of the above reasoning, it is imaginable 

that once the helical structure has been formed, native α-lactalbumin can be 

incorporated, possibly on the outside of the nanotube wall, where the larger α-

helical domain could be fitted in. Such assembly of an ill-fitting building block 

could lead to a weaving fault and subsequently to a kink in the nanotube 

structure, as quite often observed in electron micrographs. Kinks are common 

phenomena in higher-order structures, such as helices. The energy cost of 

introducing a kink is less than the energy gained by straightening segments 
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between the kinks[12]. In very few cases, the kink angle was so large that self-

assembly led to a three-way junction.  

Compared to the previous results on the analysis of the complete hydrolysis 

products [1], it is clear that the α-lactalbumin nanotubes only comprised limited 

hydrolysed products, as components with molar mass below 10 kDa were not 

detected (except three peptides with molar mass between 550 and 1880). Possibly, 

upon progressive breakdown of the molecule it loses structural elements required 

for helical assembly. Indeed, at 10 g/l α-lactalbumin thin fibrillar structures are 

formed, mainly consisting of the 8.8 kDa fragment[9]. The small peptides which 

were the completing fragments of the large hydrolysis products are somehow 

attached to or in the nanotube.  

A  

B C  
Figure 7 Proposed dimer of two assembled monomers, based on the crystal structure of 
native α--lactalbumin (fragment 12-113) (A) top view; (B) side view 1; (C) side view 2. 
(Based on PDB entry 1F6S; images were made by using PyMOL, DeLanoScientific) 

Based on the results described the following model is proposed. As the nanotube 

wall is about 5.8 nm thick, it should comprise more than one molecule, as the 

maximum dimension of the monomer is about 3 nm. Using scattering techniques, 

the formation of dimers was observed during the lag time [2]. It is plausible that 

the building blocks assemble in dimers, whose size would be close to the 5.8 nm 
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wall thickness. Taking this with the 1.1 nm spacing as observed by cryo-EM, an 

antiparallel assembled dimer is proposed, as depicted in Figure 7. The dimer is 

believed to be the result of assembly of the beta domain, via stacking of the β-

sheet, with a 1.1 nm distance between the sheets. The proposed dimers must be 

positioned such that the β-sheets are stacked in the direction of the tube in order 

to account for the observed 1 nm repeat which is parallel to the tube. The beta 

domain of the protein contains a β-sheet, consisting of three antiparallel strands, 

and some random structure. Because the native structure has been destabilised by 

the hydrolysis, it seems plausible that some conformational changes could occur 

upon dimerisation. The random loop is required to flip slightly, as in the native 

crystal structure it would sterically hinder the formation of β-sheet. Furthermore, 

the α-domain must also adopt a slightly different position upon β-sheet stacking.  

 

A 

B C 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 Preliminary model of α-lactalbumin nanotubes, formed by β-sheet stacked 
hydrolysed α-lactalbumin. (A) Top view. (B) Front view (C) Other view. The α-
lactalbumin fragments are represented by a sphere with diameter 2.5 nm representing 
the globular α-domain and a plate of 1.5 by 1.5 nm representing the β-sheet. 
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The occurrence of such template-assisted conformational changes is a common 

concept in amyloid formation. For example, the infectious prion protein PrPSc, 

which contains primarily β-sheets, can upon binding induce major 

conformational changes (from α-helix to β-sheet) in harmless prion protein PrPC 

[13]. Similarly, fibrillation of lysozyme (whose structure is highly homologous to 

that of α-lactalbumin) was suggested to occur via self-assembly through the β-

domain via stacking of β-sheets and furthermore increasing the β-sheet 

conformation in the protein [14]. Such a major transition into β-sheets as for 

lysozyme was not observed in CD-spectra of α-lactalbumin upon formation of 

nanotubes, which only show a slight increase in β-sheet structure. This indicates 

that the stacking only occurs via the natively present β-sheet and conformational 

changes on the secondary level were limited. The dimerisation will lead to a 

building block with dimensions of about 2.5 x 2.5 x 6 nm. Together with the outer 

and inner diameter of 19.0 and 7.4 nm respectively, this would allow 10 dimers to 

fit in one ring. A preliminary model based on these data is presented in Figure 8. 

Previous scanning force microscopy measurements led to a 10-start right-handed 

helix model, with a pitch of 110 nm [3]. A pitch of 110 nm together with a 

building block dimension of 2.2 nm in the longitudinal direction (2 times the 

distance between stacked β-sheets) implies that 50 (110 nm/2.2 nm) layers 

(comprising 10 dimers) are needed to cover one pitch distance in the longitudinal 

direction. As a result, the layers will be stacked with a radial offset of 7.2°. This 

radial offset might be induced by the ion bridge between specific carboxylates of 

the building blocks in adjacent layers.   

Conclusion 
The α-lactalbumin nanotube is a heterogeneous self-assembled tube comprising 

diverse hydrolysis products of α-lactalbumin with molar masses around 11 kDa. 

On basis of the MS, CD and cryo-EM results presented here, and previous SFM 

results, the α-lactalbumin nanotube is proposed to comprise dimeric building 

blocks, which are self-assembled via β-sheet stacking.  
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Abstract 
Spontaneous self-assembly of partially hydrolysed α-lactalbumin in the presence 

of an appropriate cation leads to the formation of hollow nanotubes. This paper 

presents kinetic data on the three different steps in nanotube formation in the 

presence of Mn2+ or Ca2+: (1) hydrolysis-induced conformational destabilisation of 

α-lactalbumin, (2) nucleation and (3) nanotube elongation. The lag time as 

observed in light scattering experiments, consisted of steps 1 and 2. In the 

presence of Mn2+, nucleation appeared to be fast compared to hydrolysis, whereas 

in the presence of Ca2+, two regimes were distinguished: at high temperature 

(>55°C) hydrolysis was rate limiting of the lag time, while at low temperature 

(<55°C) nucleation was the rate-limiting step. Nanotube elongation kinetics were 

rather similar for both ions. The initial assembly rate was linear in time and the 

activation free energy of assembly was about 10 kT, which suggested binding of 

one building block at a time. Upon assembly of one building block one Ca2+ was 

consumed, so one Ca2+ joins two building blocks. 

Disassembly of the nanotubes was induced by decreasing the Ca2+ concentration 

by dilution in buffer, probably occurring via one-by-one disassembly of building 

blocks from the nanotube ends. The disassembly rate appeared to be linearly 

proportional to the inverse Ca2+ concentration. Lowering the Ca2+ concentration 

allows Ca2+ to be released from its binding site between two building blocks, 

resulting in increased probability of disassembly of a building block.  
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Introduction 
Spontaneous self-assembly of partially hydrolysed α-lactalbumin, in the presence 

of an appropriate cation, leads to the formation of hollow nanotubes [1]. The self-

assembly occurs in a helical way, leading to stable and stiff tubular structures [2]. 

They are micrometres long, and have and outer diameter of 20 nm and a cavity 

diameter of 8 nm [3, 4].  

Three steps can be distinguished in α-lactalbumin nanotube formation. First, 

conformational destabilisation of the α-lactalbumin monomer is induced by 

limited proteolysis by a proteolytic enzyme from Bacillus licheniformis (BLP), 

resulting in building blocks. The second step, nucleation, occurs after a saturation 

concentration of building block is exceeded. In the presence of an appropriate 

cation, such as Ca2+ or Mn2+ [5], building blocks form a stable nucleus via a series 

of thermodynamically unfavourable steps. Once nuclei have been formed, 

elongation of the tubular structure (step three) takes place via thermodynamically 

favourable addition of building blocks, requiring the presence of cations, leading 

to nanotubes micrometres long. The binding of building blocks to the nanotube 

ends is reversible, as disassembly can be induced by diluting in a buffer low in 

divalent cation.  

This paper presents kinetic data on the individual steps of hydrolysis, nucleation, 

self-assembly and disassembly and shows the importance of cation concentration 

in the formation and disassembly of α-lactalbumin nanotubes.  

Materials & methods 

Materials 

α-Lactalbumin was purified from bovine milk using ultrafiltration and 

chromatography. It contained 99.8 % α-lactalbumin (g/g dry matter). A serine 

protease from Bacillus licheniformis (BLP), specific for Glu-X and Asp-X bonds [6], 

was kindly provided by Novozymes A/S (Bagsværd, Denmark). Tris 

(hydroxymethyl)aminomethane was from JT Baker (Phillipsburg, USA). 

CaCl2.2H2O was from Merck (Darmstadt, Germany). 
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Light scattering 

The α-lactalbumin nanotubes were made by incubating 30 g/l α-lactalbumin in 

buffer (75 mM Tris-HCl buffer pH 7.5) and a Ca2+ or Mn2+ concentration of 2 

mol/mol holo-α-lactalbumin (= R). α-Lactalbumin was hydrolysed by BLP (molar 

BLP/α-lactalbumin ratio: 1/250) at various temperatures. Self-assembly was 

monitored using a Malvern Autosizer IIC. The system consisted of a Malvern 

PCS41 optics unit with a 5 mW helium neon laser, and a Malvern K7032-ES 

correlator used in serial configuration. The scattering angle was fixed at 90° and 

the wavelength (λ) of the laser was 633 nm, resulting in a wavevector of 0.019 

nm-1. Disassembly was induced by dilution in either dilution in buffer (with 

varying Ca2+ concentration), or in water. Disassembly kinetics were monitored 

using an ALV Compact Goniometer System with four detector units (ALV/CGS-

4) and two ALV-5000/E multiple tau digital correlators. A Coherent Verdi V2 

diode-pumped laser was used, operating with vertically linearly polarized light 

with a wavelength of 532 nm. The scattering intensity was observed at 8 different 

angles, however, the results displayed in the figures are at 85°. The cuvette holder 

was temperature controlled within ± 0.1°C. 

Transmission electron microscopy 

Sonication of a 100-fold diluted α-lactalbumin nanotubes solution was done in an 

ultrasonic bath (Branson 2510) for different times. Immediately after sonication 

the samples were fixed by diluting 1:1 with fixative (1.5% glutaraldehyde in 0.14 

M sodium cacodylate buffer) and stored at 4ºC. Negative staining was performed 

as follows. A formvar layer on a copper grid was coated with carbon. It was 

immersed in 5 μl of the sample and blotted after 1 or 5 min (depending on the α-

lactalbumin concentration). For high-concentration samples (> 3 g/l) the copper 

grid was washed with water for 1 min and subsequently blotted, to remove 

excess protein material. To enhance the contrast, the copper grid was then 

immersed in 3% (w/w) uranyl acetate and blotted after 1 min. Examination was 

done using a Philips TEM 410 electron microscope, operated at 60 kV.  
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Data analysis 

Nanotube formation was induced by enzymatic hydrolysis of α-lactalbumin. The 

kinetics of degradation of α-lactalbumin by BLP was empirically determined in a 

previous study. kH was defined as an apparent rate constant of the enzymatic 

hydrolysis. When the concentration of building blocks exceeds a saturation 

concentration (BBsat), a series of thermodynamically unfavourable steps will lead 

to the formation of stable nuclei (P*), summarised as:   

[ ] [ ] [ *. 2 PCanmBBn Nk⎯→⎯+ + ]       (1) 

where [BB] is the molar concentration of building blocks and [Ca2+] is the molar 

concentration of Ca2+ ions, needed for assembly with a stoichiometry of m and kN 

is an apparent nucleation constant. Once nuclei have been formed, elongation of 

the tubular structure takes place via thermodynamically favourable addition of 

building blocks, in the presence of Ca2+. One additional unit or building block 

was assumed to be a monomer, but could possibly be a dimer. The reaction of α-

lactalbumin nanotube extension can be described as: 

[ ]1,2 ][][][ +
+ ⎯⎯⎯ →←++ i

kk
i PCamBBP offon       (2) 

where [Pi] is the molar concentration of nanotubes containing a number of i 

building blocks and kon (s-1 mol-3 l3 (m=1)) and koff (s-1) are the apparent rate 

constants for assembly and disassembly respectively. ∑
i

iP  is constant as the 

number of nanotubes does not change. The length of the nanotube can be 

described by  

( ) t
dt
dLLtL += 0         (3) 

where L0 is the length of the nucleus and t the reaction time after nuclei have been 

formed. Previous experiments showed that the nanotubes can roughly be 

considered as effectively 2,2 nm thick stacked rings, with each ring comprising 20 

monomers [4]. Therefore, assembly of one building block leads to an increase in 

length of 0.11 nm (2,2.10-9/20 m). Thus, the rate of extension of the nanotube (m/s) 

can be written as: 
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off
m

ion kCaBBPk
dt
dL 99 10.11,0]][][[10.11,0 −− −=     (4) 

Static light scattering (SLS) was used to monitor the kinetics of nanotube 

formation and disassembly in situ. The normalised scattering intensity I(qL), 

which depends on the wave vector q and the length of the particles L, was 

measured in time. For monodisperse solutions the Raleigh ratio I(qL) is described 

by:  

)()()()()( 2 qLSqLPNVqLSqLKcMPqLI ∝=     (5) 

where K is a material constant, which depends on the optical density and 

wavelength, c is the particle mass concentration, M is the molar mass, N is the 

particle molar concentration, V is the particle volume and thus depends on L, 

P(qL) the particle form factor and S(qL) the structure factor. The value of the 

particle form factor approaches 1 for qL → 0. The L-dependence of I(qL) originates 

mainly in the V2 term since the L-dependence of P(qL) is much weaker.  The 

structure factor was assumed to be 1 for low particle concentrations. Therefore to 

first-order approximation: 

2)0( NVqLI ∝→         (6) 

After the initial nucleation no new nuclei were assumed to be formed and thus 

the number of nanotubes was constant after the nucleation phase. Then, the 

square root of the scattered intensity is proportional to the length, as the volume 

of a nanotube is linearly proportional to its length.  

22)( LNVqLI ∝∝  and thus LqLI ∝)(      (7) 

The lag time (tlag) observed in a SLS experiment is the sum of (1) the time needed 

to convert the native α-lactalbumin into building block by hydrolysis, to exceed 

the saturation building block concentration (tsat), followed by (2) the time needed 

for the formation of a stable nucleus (tnuc). These two steps hardly influence the 

scattered intensity, as the particle size is still comparable to native α-lactalbumin, 

so the scattered intensity will be constant in time. These two steps have two 

different apparent rate constants. The observed lag time is thus inversely 

proportional to the overall apparent rate constant of these two steps.  
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Critical nucleus size 

The critical nucleus size was determined by numerically solving the following 

equation: tlag = tsat + tnuc. The experimentally observed tlag is the time needed for 

production of the building blocks and time needed for nucleation. The kinetics of 

the production of building blocks was determined previously for an initial α-

lactalbumin concentration (α0) of 30 g/l and 50°C (and E/S ratio 1/250) [1]: BB(t) = 

α0(1-exp(-4.4t)), (with t the time in hours). The saturation concentration was taken 

to be 15 g/l for all experiments. The time needed for nucleation can be described 

as (the value of m was experimentally determined to be 1): tnuc = k[BB(t)]n[Ca2+]m.n 

for t > tsat. Input data for the numerical solution of tlag = tsat + tnuc were the 

experimentally determined tlag as a function of respectively Ca2+ concentration 

(Figure 3 of Graveland-Bikker et al. [1]) and temperature (Figure 1), using the 

experimentally determined activation energy for hydrolysis of 40 kJ/mol.  

Nanotube elongation 

During the initial stage of the assembly reaction the disassembly reaction can be 

neglected, as the rate of assembly is much larger than the rate of disassembly. The 

number of nanotubes was assumed to be constant after the nucleation phase. 

Initially, there is an excess of [BB] and [Ca2+], so they were considered to be 

constant in time. Then with equation (4) and (7) it follows that for t slightly larger 

than tlag (tlag < t < 2tlag) 

on
m

ion kCaBBPk
dt
qLId

dt
dL ']][][[

)( 2 === +      (8) 

where [Pi][BB][Ca2+]m could be taken as constant. The initial slope of √I(qL) versus 

t then represents k′on. 

Stoichiometry 

The stoichiometry m of Ca2+ in the self-assembly of the building blocks in the 

nanotube was experimentally determined by measuring dtqLId )(  as a function 

of Ca2+ concentration. From equation (8) it follows that the slope of ( )dtqLId )(ln  

versus ln[Ca2+] equals m.  
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Disassembly 

After the formation of nanotubes, there is an apparent equilibrium between 

assembly and disassembly. Dilution of the nanotubes, and thus decreasing the 

Ca2+ concentration, induced disassembly, and as a result a decrease in nanotube 

length was observed. In a dilution experiment the α-lactalbumin nanotubes were 

x-fold diluted and the scattered intensity was monitored in time (td is the time 

after instantaneous dilution). Nanotube breakdown was assumed only to occur 

by disassembly of building blocks from the nanotube ends, which implies that N 

is constant. This assumption was experimentally justified, as shown in the 

sonication section. The fractional length, at small td, is then given by the square 

root of the normalised intensity (to I(td = 0)) [for small td, the changes in the form 

factor do not contribute and so P(td, qL) ≅ P(td = 0, qL)]: 

2

2

2

2

)0(
)(

)0(
)(

)0(
)(

L
tL

nV
tnV

I
tI ddd ==  and thus 

)0(
)(

)0(
)(

I
tI

L
tL dd =    (9) 

The fractional length of the nanotubes at time td after dilution can be described 

by: 

( )
d

d

dd t
dt
LtLd

L
tL )0()(

1
)0(
)(

+=        (10) 

When the dilution factor is relatively high, the assembly reaction can be 

neglected, as the rate of disassembly is much larger than the rate of assembly.  

Then, the fractional disassembly rate is given by: 

( )
óff

dd k
dt
ItId

dt
LtLd

'
))0(/)(()0()(

−==      (11) 

where k′off (s-1) is the apparent rate constant of the fractional change in nanotube 

length in time or k′off = (2,2.10-9/20)koff/L0.  

Disassembly after sonication 

Sonication induced breaking of nanotubes. Assuming y breaking events into 

equal pieces gives a decrease in length and in molar mass of the nanotubes: 

1
0

0 +
=
y
L

L B
S    and   

1+
=
y
M

M B
S       (12) 
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with L0B, MB and  LB 0S, MS the length and molar mass before (B) and after (S) 

sonication respectively.  Breaking of the nanotubes will lead to a decrease in 

scattering intensity and an increase in disassembly rate koff (m/s). The scattering 

intensity will decrease with a factor (y+1) (the form factor and structure factor 

were assumed not to change significantly): 

)1(
1

)(
)(

+
==
ycM

cM
qLI
qLI

B

S

B

S        (13) 

The disassembly rate will increase with factor (y+1), as follows from: 

1
,

, +=
−

−
== y
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Results & Discussion 

α-Lactalbumin nanotube formation 
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Figure 1 Influence of temperature on the self-assembly kinetics of 
α-lactalbumin in the presence of Ca2+. At t = 0, BLP (E/S 1/250) 
was added to the α-lactalbumin solution (30 g/l, 75 mM Tris buffer 
pH 7.5, R = 2). First building blocks were produced by hydrolysis 
followed by nucleation and growth into nanotubes. 
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Figure 2 Temperature dependence of the lag time (A) and growth rate (B) for self-assembly of hydrolysed α-
lactalbumin in the presence of Ca2+ en Mn2+ (30 g/l α-lactalbumin, 75 mM Tris pH 7.5, E/S = 1/250, R = 2) 

The formation of α-lactalbumin nanotubes, by incubating a native holo-α-

lactalbumin solution with BLP in the presence of Ca2+ or Mn2+ respectively, was 

monitored in time with light scattering. The effect of temperature on the kinetics 

of the hydrolysis, nucleation and self-assembly reaction in the presence of Ca2+ is 

depicted in Figure 1. For Mn2+ comparable results were obtained (graph not 

shown). As expected, the formation of nanotubes is faster at elevated 

temperature. Both the lag time and the growth rate (initial slope; d√I/dt) changed 

with temperature. Figure 2A and 2B display Van ’t Hoff plots of the inverse of the 

lag time and the growth rate for both Ca2+ and Mn2+.  

Lag time: hydrolysis and nucleation 

The lag time, which relates to hydrolysis and nucleation events, becomes shorter 

at higher temperatures. As the lag time is inversely proportional to the overall 

apparent rate constant, it means that the formation of nuclei is faster at higher 

temperature. Both the hydrolysis and the nucleation kinetics are temperature 

dependent. From this light scattering experiment, the effect on the individual 

apparent rate constants, kH and kN, can not be directly obtained. However, by 

comparing the results for Mn2+ with those for Ca2+, the following may be 

concluded: Figure 2A shows for Mn2+ the temperature dependence of the 

apparent rate constant of the hydrolysis step with an activation energy of about 

40 kJ/mol, while for Ca2+ the Van ’t Hoff plot shows different activation energies: 

at high temperature (T > 55°C) the temperature dependence of the apparent rate 
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constant of hydrolysis is measured with an activation energy of about 40 kJ/mol, 

while at low temperature (T < 55°C) the temperature dependence of the 

nucleation is measured with an activation energy of about 120 kJ/mol. The 

reasoning for this is the following. As the lag time for Mn2+ was observed to be 

short, it is likely that the measured lag time is the time needed to produce 

building blocks to reach a concentration exceeding the saturation concentration. 

The saturation concentration was estimated to be about 15 g/l, as at 10 g/l no 

nanotubes could be formed (only small fibrillar aggregates), in contrast to 20 g/l, 

which was enough to form nanotubes. From previous results [1], it can be 

estimated that at the end of the lag time about 40% of the α-lactalbumin has been 

converted into building blocks, which is about 1.2 g/l, implying that the 

saturation concentration had just been reached. In that case, the production of 

building blocks is the rate-determining step and nucleation in the presence of 

Mn2+ is fast compared to hydrolysis. The obtained activation energy of about 38 

kJ/mol would then be the activation energy of the hydrolysis step. This value is 

within the typical range of activation energy of enzyme-catalysed reactions: 25-50 

kJ/mol [7]. Another experiment supports this suggestion: varying the Mn2+ 

concentration at 50°C did not show any differences in lag time (the lag time was 

0.1 h for R = 1; 2 and 3 respectively [5]). This was expected, as the hydrolysis 

kinetics indeed is not dependent on the Mn2+ concentration. Varying the Ca2+ 

concentration, however, changed the lag time at 50°C: increasing the Ca2+ 

concentration led to a decrease of the lag time (the lag time was 0.8; 0.7 and 0.5 h 

for R = 1; 2 and 3 respectively [1]). As the Ca2+ concentration was shown not to 

have an effect on the hydrolysis kinetics, this implies that at 50°C the temperature 

dependence of the apparent rate constant of the nucleation is measured. The 

difference in lag time in the regime where hydrolysis for both Ca2+ and Mn2+ is 

the rate-determining step (which implies that nucleation is fast) could be 

attributed to a different critical concentration of building blocks. It is plausible 

that the value of the critical concentration is different when a different ion is used. 

In addition, at low temperature the nucleation in the presence of Ca2+ is slower 

than that in the presence of Mn2+. Probably Mn2+ fits better in the specific ion 
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bridge than Ca2+, presumably due to its size and/or preferred ligands orientation 

[5].  In fact the whole process of nucleation appeared to be sensitive to small 

changes of solvent conditions. Nevertheless, the critical nucleus size and critical 

nucleation concentration were assumed not to depend on temperature.  

The activation energy of nucleation for Ca2+ was estimated to be 120 kJ/mol. The 

activation entropy of the nucleation is probably similar to the activation entropy 

of the assembly, which was estimated to be 65 kJ/mol (see Nanotube elongation 

section). Then, the activation free energy of nucleation would be 55 kJ/mol, which 

is about 20 kT.  

Critical nucleus size 

The numerical solutions of the expression tlag–tsat–tnuc = 0 gave values for n in the 

order of 4-6. This implies a critical nucleus size of 4-6 building blocks. 

Apparently, when about 5 building blocks have been assembled, a stable nucleus 

has been formed, which can elongate in time. Scattering data suggested that a 

building block is a dimer [3]. 

Nanotube elongation 

The elongation rate increased with increasing temperature for both Ca2+ and Mn2+ 

as shown in the Van ’t Hoff plot. The temperature dependence of the apparent 

assembly constant, kon, can be described by the Arrhenius equation and the 

obtained activation energy for assembly is for both ions almost identical: about 

100 kJ/mol for Ca2+ and about 90 kJ/mol for Mn2+. The entropy change could not 

be determined from this measurement. An estimation of the entropic change for 

linearly self-assembling peptides could be obtained from Kusumoto et al., who 

presented thermodynamic parameters for various systems [8]. Typical values for 

TΔS are around 65 kJ/mol (at 300 K). The activation free energy of assembly 

would then be about 30 kJ/mol or 10 kT. This is a typical value of the binding free 

energy per molecule in an equilibrium state [9]. The reason that the assembly rate 

in the presence of Ca2+ is smaller than in the presence of Mn2+ is likely to be the 

same reason as for nucleation. Probably, it is preferred to build in Mn2+ over Ca2+ 

in the tubular structure. 
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Figure 3 Determination of stoichiometry of Ca2+ in α-lactalbumin 
nanotubes. The data were taken form a previous study (see Figure 
3 from [1]). 

The stoichiometry of Ca2+ binding to the building blocks in the nanotube was 

determined by measuring the assembly rate as a function of Ca2+ concentration. 

Figure 3 depicts a double logarithmic plot of the assembly rate versus Ca2+ 

concentration, of which the slope represents the Ca2+ exponent. The value of 0.9 

for m suggests that upon assembly of one building block one Ca2+ is needed. This 

is a reasonable number as the Ca2+ is expected to act as specific connecter via an 

ion bridge between negatively charged carboxylates [1].  

Nanotube disassembly 

Disassembly of the α-lactalbumin nanotubes was observed in two different 

measurements. In a first measurement a 30 g/l nanotubes solution was diluted 10 

to 1000-fold in Tris-buffer, thereby reducing the Ca2+ concentration. The higher 

the dilution factor, or the lower the Ca2+ concentration, the faster was the 

disassembly, as is depicted in Figure 4A. In a second experiment, a 30 g/l 

nanotubes solution was diluted 100-fold in Tris-buffer with different Ca2+ 

concentrations. Again, at lower Ca2+ concentrations the disassembly was faster. 

Plotting ln(k′off) versus ln[Ca2+] for both disassembly experiments gave a slope of 

-0.7 and -0.8 respectively. This indicates that the disassembly rate is linearly 

proportional to the inverse of the Ca2+ concentration. 
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Figure 4 (A) Disassembly induced by dilution in Tris-buffer. Dilution factor: (◊) 10-fold, 0.42 mM Ca2+; (∇) 40-fold, 
0.11 mM Ca2+; ( ) 100-fold, 0.042 mM Ca2+; (∆) 400-fold, 0.011 mM Ca2+; (Ο) 1000-fold, 0.0042 mM Ca2+. 
(B) Influence of Ca2+ concentration on the apparent rate constant of disassembly (k′off) of α-lactalbumin nanotubes 
in Tris-buffer (Ο) data from dilution experiment in A (10-1000 fold diluted), (∆) data from 100-fold diluted samples 
with added Ca2+ to different levels ( ) 1000 fold diluted sample with added Ca2+ to 4.6 mM. 

Indeed, Figure 4B shows a linear relation between k′off and the reciprocal Ca2+ 

concentration with k′off = 1.6 + 0.33/[Ca2+] (k′off in 106 s-1 and Ca2+ in mM). By 

extrapolation to infinitely high Ca2+ concentrations k′off almost reaches 0, implying 

that at high Ca2+ concentrations the disassembly is largely suppressed. Indeed, a 

1000-fold diluted nanotubes sample with 4.6 mM Ca2+ was shown to disassemble 

very slowly; k′off was reduced by a factor of 50 compared to 0.0042 mM Ca2+ 

(Figure 4B).  

These results show that Ca2+ plays an important role in the (dis)assembly process. 

Ca2+ is supposed to act as specific connecter between building blocks, via 

intermolecular ion bridging between some of the many carboxyl groups present 

in the building blocks. The stoichiometry was determined to be 1, so one Ca2+ is 

connecting two building blocks. There will be an equilibrium between assembled 

Ca2+ and free Ca2+. Decrease of Ca2+ concentration in the solvent would lead to an 

increase in driving force for Ca2+ to leave the nanotubes. Once a Ca2+ has been 

released from the nanotube, the connection between the building blocks has been 

removed. Disassembly of Ca2+ will probably only occur at the active disassembly 

site at the nanotube ends, because there the building blocks and the Ca2+ are 

expected to have more freedom to move. Release of Ca2+ increases the probability 

of disassembly of a building block, as the intermolecular forces are decreased. 

When the Ca2+ concentration in the solvent is smaller, the specific Ca2+-binding 
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site will be unoccupied for longer time, leading to an increased probability of 

disassembly of building blocks.  

Dilution in water did not induce as fast disassembly as expected based on the 

Ca2+ concentration in the sample. For example, the k′off of 100-fold diluted 

nanotubes in water was 6 times smaller than for 100-fold diluted nanotubes in 

Tris-buffer. Probably, Tris also plays an important role, likely in screening of 

some important electrostatic charges, such as involved in the Ca2+ binding. 

Indeed, when NaCl was added (to a 100-fold diluted sample in Tris buffer) k′off 

was increased up to 3.5 times (for 200 mM NaCl).  From the disassembly 

experiments it can be concluded that electrostatic interactions, with Ca2+ (or other 

divalent ion) binding in particular, are important in the self-assembly of 

hydrolysed α-lactalbumin into nanotubes.   
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Figure 5 Temperature dependence of the apparent disassembly 
constant of diluted hydrolysed α-lactalbumin in 75 mM Tris buffer 
pH 7.5 (dilution factor 100(O); 200( )). 

The temperature dependence of the apparent disassembly rate constant was 

determined at 100 and 200 fold dilution in Tris-buffer. Fitting of the data in the 

Van ’t Hoff plot in Figure 5 shows a straight line. Using the Arrhenius equation, 

the activation energy for disassembly was 120 kJ/mol.  
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Figure 6 (A) Effect of sonication on the disassembly rate in 100x diluted in Tris buffer. Non-sonicated sample (O), 
sonicated sample (∆). (B) α-lactalbumin nanotubes before sonication (C) α-lactalbumin nanotubes after sonication.  

Sonication induced breaking of the nanotubes as is clear from Figure 6B and 6C. 

Figure 6A shows the results of a disassembly experiment with two samples: 

nanotubes that had been sonicated and a reference sample. As is clear from 

equation 14, the average amount of breaking per nanotube can be derived from 

the change in absolute scattering intensity, extrapolated to td → 0.  From the fit of 

the disassembly rate in time it appears that I0B/I0S = 352/282 = 1.5, which means 0.5 

breaking events per nanotube. Furthermore, the apparent disassembly constant 

should change with the same factor. koff,S/koff,B = 1.8 h-1/1.0 h-1 = 1.8, which means 

0.8 breaking events per nanotube. These two numbers are in rather good 

agreement with each other and with an estimation of the nanotube length in the 

images in Figure 6. The difference may be due to non-symmetrical breaking. This 

supports the hypothesis that disassembly only occurs at the nanotube ends.  
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Conclusions 
The results presented in this paper show relevant kinetic properties of formation 

of nanotubes from hydrolysed α-lactalbumin in the presence of Ca2+ and Mn2+ 

and nanotube disassembly. The activation energies of hydrolysis, nucleation, 

assembly and disassembly were determined. It appeared that in the presence of 

Mn2+ nucleation is fast compared to hydrolysis, and thus enzyme kinetics do 

largely determine the length of the lag time. However, in the presence of Ca2+ two 

regimes were distinguished. Above 55°C, hydrolysis is the rate-limiting step, 

while below 55°C the nucleation is rate-limiting. Nanotube elongation kinetics 

was rather similar for both ions. The initial assembly rate was linear with time 

and the activation free energy of assembly was about 10 kT, which suggested 

binding of one building block at a time. Upon assembly of one building block one 

Ca2+ was consumed, so one Ca2+ joins two building blocks. 

Disassembly of the nanotubes was induced by decreasing the Ca2+ concentration 

via dilution in buffer. Disassembly occurred at the tube ends, and the initial rate 

was found to be linear with time. Furthermore, the disassembly rate appeared to 

be linearly proportional to the inverse Ca2+ concentration. Lowering the Ca2+ 

concentration allows Ca2+ to be released from its binding site between two 

building blocks, resulting in an increased probability of disassembly of a building 

block.  
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Abstract 
Partially hydrolysed (by a protease from Bacillus licheniformis) α-lactalbumin 

molecules self-assemble into nanometre-sized tubular structures, under 

appropriate conditions. These nanostructures promise various applications in 

food, medical and nanotechnology. Important aspects for application of α-

lactalbumin nanotubes are the formation conditions and nanotube stability. 

Therefore, this chapter describes the stability under several conditions, such as 

those that might be encountered in industrial manufacturing processes and 

applications. 

The α-lactalbumin nanotubes were shown to withstand some relevant treatments, 

such as heating up to 72°C for 40 s. Furthermore, they withstood freeze-drying, 

and storage for weeks only slightly affected the microstructure. Single nanotubes 

were relatively stiff (Young’s modulus ≈ 0.1 GPa) and resisted deformation of 

about 25% (0.4 nN). Furthermore, they can form firm gels at low weight 

concentration. The stability of the nanotube with respect to disassembly and 

flocculation is dependent on parameters, such as nanotube concentration, Ca2+ 

concentration, ionic strength, temperature and pH. Disassembly can be induced 

by various means, cross-linking made stable tubular structures, preventing 

disassembly. 
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Introduction 
Partially hydrolysed α-lactalbumin molecules self-assemble into nanometre-sized 

tubular structures, under appropriate conditions. In previous chapters the 

kinetics of formation and disassembly and structural features were described. 

The information and insights obtained provided a basis for the development of 

applications of the nanotubes. An important aspect of course is stability and 

therefore in this chapter the stability under several conditions is described, such 

as those that might be encountered in industrial manufacturing processes and 

applications. Furthermore, some possible applications of the α-lactalbumin 

nanotubes are discussed.  

Materials & methods 

Materials 

α-Lactalbumin was purified bovine milk using ultrafiltration and 

chromatography. It contained 99.8 % α-lactalbumin (g/g dry matter). A serine 

protease form Bacillus licheniformis (BLP), specific for Glu-X and Asp-X bonds[1], 

was kindly provided by Novozymes A/S (Bagsværd, Denmark). Tris 

(hydroxymethyl)aminomethane was from JT Baker (Phillipsburg, USA). 

CaCl2.2H2O, EDTA and uranylacetate were from Merck (Darmstadt, Germany), 

glutaraldehyde was from EMS (Hatfield, USA). Transglutaminase was from 

Ajinomoto Co (Japan). SMUF (simulated milk ultrafiltrate) was prepared as 

described previously [2]. 

Formation of α-lactalbumin nanotubes 

The α-lactalbumin nanotubes were made by incubating 30 g/l α-lactalbumin in 

buffer (75 mM Tris-HCl buffer pH 7.5 and a calcium concentration of 2 mol/mol 

holo-α-lactalbumin) with BLP (molar BLP/α-lactalbumin ratio: 1/250) at 50°C for 

1.5 h. 
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Light scattering 

The stability and disassembly of the nanotubes were monitored using an ALV 

Compact Goniometer System (ALV/CGS-4) equipped with two ALV-5000/E 

multiple tau digital correlators. A Coherent Verdi V2 diode-pumped laser was 

used operating with vertically linearly polarized light with a wavelength of 532 

nm. The scattering intensity was monitored at a scattering angle of 85°. The 

cuvette holder was temperature controlled within ± 0.1°C. 

TEM 

Samples for transmission electron microscopy (TEM) were diluted 1:1 with 

fixative (1.5% glutaraldehyde in 0.14 M sodium cacodylate buffer) and stored at 

4ºC. Negative staining was performed as follows. A formvar layer on a copper 

grid was coated with carbon. It was immersed in 5 μl of the (10-fold diluted) 

sample and blotted after 1 min. Then the copper grid was washed with water for 

1 min and subsequently blotted, to remove excess protein material. To enhance 

the contrast, the copper grid was then immersed in 3% (w/w) uranyl acetate and 

blotted after 1 min. A Philips TEM 410 electron microscope was used, operated at 

60 kV.  

Stability 

For the heating experiments the α-lactalbumin nanotubes were diluted 10-fold in 

Tris-buffer, and immediately heated at the desired temperature/time 

combination. Immediately after heating, the samples were cooled on ice and fixed 

for TEM analysis.  

The α-lactalbumin nanotubes were cross-linked by either transglutaminase or 

glutaraldehyde. Cross-linking with transglutaminase was done by diluting 10-

fold in Tris buffer immediately followed by adding transglutaminase to a final 

concentration of 2 Units/g. The mixture was then incubated for 1 h at 40°C. Cross-

linking with glutaraldehyde was done by diluting 10-fold in Tris buffer, 

immediately followed by adding 3% glutaraldehyde to a molar ratio of 140 

(glutaraldehyde/α-lactalbumin).  
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To study the effect of various chemicals (CaCl2, EDTA, NaCl, SMUF, pH and 

urea) on the stability of the α-lactalbumin nanotubes using light scattering, the 

concentrated α-lactalbumin nanotubes solution (30 g/l) needed to be diluted to 

prevent multiple scattering. The effect of the various chemicals on the stability 

was therefore studied in 100-fold diluted samples, and the disassembly rate was 

measured relative to a sample without additives.  

Results 

Nanotube formation 

α-Lactalbumin concentration 

The minimum α-lactalbumin concentration needed to form nanotubes was 

determined by incubating solutions with different α-lactalbumin concentrations 

with BLP. At 20 g/l α-lactalbumin, nanotubes were still formed, albeit slowly. 10 

g/l was below the minimum concentration needed, as no nanotubes were 

observed. However, fibrillar aggregates were present. So, under these solvent 

conditions, the minimum concentration of α-lactalbumin for nanotube formation 

is about 15 g/l, which could be considered as the saturation concentration.   
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Purity of α-lactalbumin – adding β-lactoglobulin 
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Figure 1 Transmission electron micrograph of formation of nanotubes with different amounts of β-lactoglobulin at 
total protein concentration of 30 g/l in 75 mM Tris-HCl buffer pH 7.5, E/S 1/250. From left to right: 100% α-
lactalbumin; 98% α-lactalbumin, 97% α-lactalbumin, 90% α-lactalbumin.   

The influence of β-lactoglobulin on the formation of the nanotubes was 

determined by varying the β-lactoglobulin concentration with respect to α-

lactalbumin. The total protein concentration was kept at 30 g/l. An impurity of 2% 

β-lactoglobulin already showed an increase in random aggregation (Figure 1B), 

which led to increased turbidity of the transparent nanotubes gel. Although the 

nanotubes were still formed, it seemed that they were shorter, possibly due to 

assembly of β-lactoglobulin on the tube end, thereby causing termination of the 

polymerisation. Although hydrolysis of β-lactoglobulin by BLP makes the 

molecule prone to aggregation [3, 4] the hydrolysed molecule probably does not 

have the right conformation to act as building block. The amount of randomly 

aggregated material was larger with increased β-lactoglobulin concentration 

(Figure 1C and D respectively). Up to an impurity of 3% β-lactoglobulin 

transparent gels were formed; above this concentration the gels were turbid. 
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Although at 10% β-lactoglobulin nanotubes could still be observed, the large 

quantity of random aggregates caused an increased turbidity.  

Purity of α-lactalbumin – adding dextran 

Adding the inert polysaccharide dextran up to 30 g/l (in addition to 30 g/l α-

lactalbumin) led to typical gels, which seemed to be stiffer upon increased 

dextran concentration. The reason for adding dextran was that it is known to 

cause phase separation in small protein dispersions. The lag time of formation 

was shorter for higher dextran concentrations, possibly by depletion interactions 

which led to a decreased saturation concentration.  

Reversibility of nanotube formation 

 
  500 nm 

Figure 2 Transmission electron micro-
graph of reassembly of dissolved 
purified building blocks (30 g/l) after 
one week at 20°C.  

Preliminary experiments showed that the α-lactalbumin nanotubes seemed to be 

equilibrium structures. After disassembly of the nanotubes into building blocks, 

subsequent freeze drying, redissolving at 30 g/l and filtration (0.1 μm), nanotubes 

were observed as in Figure 2. However, the majority of protein material was 

assembled in small aggregates. It can not be excluded that some very short 

nanotubes were left in the building block solution, which could serve as seeds for 

nanotube elongation. By circular dichroism it was shown that the hydrolysed 

molecules significantly lose secondary structure after disassembly, compared to 

the secondary structure of the molecule in the assembled state [5]. This difference 
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in conformation may explain the long time (days) need to reassemble into 

nanotubes. 

Nanotube stability 

Heating 

 

A B 

C D 

  500 nm 

Figure 3 Transmission electron micrographs of α-lactalbumin nanotubes heated for 5 min at 60°C (A); 40 s at 
72°C(B), 5 min at 70°C (C); 5 min at 80°C (D). 

Heating of the nanotubes showed that the nanotubes are resistant to heating at 

60°C for 5 min as well as 72°C for 40 s. This means that the nanotubes can 

withstand a pasteurisation step. The tubular shape was retained and no visible 

changes were observed. However, longer heating at 70°C and at higher 

temperatures induced degradation of the tubular structure and a transition to 

random aggregates, as is shown in Figure 3. 
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Storage 

 
  500 nm 

Figure 4 Transmission electron micrograph of α-Lactalbumin nanotubes stored for 3 weeks at 20°C (left) or 6°C 
(right). 

The nanotubes were stored for 3 weeks either at room temperature, or at 6°C. (by 

filtration (0.1 μm) of the sample, bacterial spoilage was prevented.) In both cases, 

the nanotubes were stable; the tubular structure was retained, although some 

material became randomly aggregated to the nanotubes (see Figure 4).  

Freeze drying 

 
500 nm100 µm

Figure 5 Redispersed freeze-dried α-lactalbumin nanotubes. (A) Light microscopy image of nanotube in oil. (B) 
Transmission electron micrograph. 

The α-lactalbumin nanotubes were subjected to freeze drying to investigate the 

possibility of drying the nanotubes. The nanotubes were first separated form all 

non-aggregated material, and then freeze dried. The freeze-dried material 

consisted of fibrous structures (Figure 5A). Redispersion of this freeze-dried 

material showed nanotubes with a structure identical to the non-processed 

nanotubes (Figure 5B). Even the hollow core was still visible, which implies that 

the nanotube structure is rather strong and did not collapse upon freeze-drying.  
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Mechanical forces 

The resistance of the nanotubes to mechanical forces was tested by sonication and 

nanoindentation. The effect of the physical disruptive force of sonication on the 

nanotubes was tested in 100-fold diluted nanotubes solution. After 2 min of 

sonication no decrease in intensity was obtained yet, indicating that this duration 

of sonication is too short to disrupt the nanotubes. After 10 min a significant 

decrease in scattering intensity was measured, implying breakage of the tubes. 

Indeed, TEM of a sonicated sample confirmed that the nanotubes were broken 

into pieces hundreds of nanometers long (see Figure 6 in Chapter 7).  

The mechanical stability of the nanotubes upon nanoindentation by an AFM tip 

has already been described in Chapter 5. The Young’s modulus was determined 

to be in the order of 0.1 GPa, which means that the nanotubes are relatively stiff, 

compared to other biological structures. When compared to carbon nanotubes, 

which have a Young’s modulus of about 1 TPa, the α-lactalbumin nanotubes are 

soft, as one may expect. Severe indentation of the nanotubes  (> 25%, force > 0.5 

nN) led to breakage of the tubes. It was possible to punch a hole in the wall of the 

nanotubes, on a precise spot. Furthermore, it was possible to cut the α-

lactalbumin nanotubes or to cut out pieces, without damaging the complete 

structure.  

Disassembly: effect of EDTA, urea, pH, NaCl, CaCl2 and SMUF 

In Chapter 7 the crucial role of calcium concentration on the disassembly rate of 

the nanotubes was discussed in detail. It was shown that when the calcium 

concentration is decreased, in combination with an increased ionic strength, 

disassembly of the nanotubes is induced, presumably by dissociation of calcium, 

leading to decreased intermolecular forces, followed by increased probability of 

building block disassembly. The effect of pH, EDTA, urea and SMUF on the 

stability of the α-lactalbumin nanotubes was tested.  

As expected, adding EDTA to the buffer had a large effect on the disassembly 

rate: a major increase in disassembly rate was observed. Already within 20 min 

the nanotubes were completely disassembled into their building blocks, while 
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without EDTA this takes about 10 h. Probably, Ca2+ has a higher affinity for 

EDTA, than for the specific intermolecular binding site. Once Ca2+ dissociates 

from the latter, the intermolecular interactions will be decreased, as the free Ca2+ 

will form a complex with EDTA, resulting in an increased probability of 

disassembly of a building block.  

Urea was also shown to accelerate the disassembly. 4 M Urea caused complete 

disassembly of the α-lactalbumin nanotubes within a few minutes. Decreasing 

the urea concentration in the dilution buffer resulted in slower disassembly. The 

increased disassembly rate upon adding urea can be explained by the 

destabilisation of protein structure by urea. The molten globule structure of 

native α-lactalbumin is destabilised at urea concentrations above 2 M [6]. The 

building blocks of the α-lactalbumin nanotubes are probably more susceptible to 

the denaturing action of urea, as the molecules have been partially hydrolysed. 

Apparently urea destabilises the hydrolysed α-lactalbumin in the nanotube 

structure, resulting in decrease of important intermolecular interactions. 

The pH had a major influence on the disassembly rate. Both at high (pH > 9) and 

low (pH < 3) values, disassembly was very fast. It is probably the increase in net 

charge of the building blocks that caused an increase in electrostatic repulsion, 

apparently strong enough to lead to increased disassembly. At pH 7 and 8, the 

disassembly was much slower; the rate was identical to the reference sample (pH 

7.5). At pH 6.4 precipitation of the α-lactalbumin nanotubes occurred instead of 

dissociation. This is probably due to a decrease in net charge of the nanotubes, as 

pH 6.4 is close to the iso-electric pH of α-lactalbumin. Decreased repulsion 

between the individual nanotubes could result in clustering and subsequent 

precipitation. Another experiment, in which the pH of a concentrated nanotube 

solution (30 g/l) was decreased stepwise, resulted in precipitation around pH 6 

and dissociation at pH values below 3.8.  

The stability of the α-lactalbumin nanotubes was also tested in SMUF, to 

determine the effect of salt composition and pH of a typical food product, namely 

milk. At low dilutions (<25 fold) the nanotubes flocculated, as at pH 6.5 
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(described above). At higher dilutions (> 50-fold) disassembly occurred, with a 

higher rate than the reference sample. This is probably due to the high salt 

concentration. Decrease in net charge led to flocculation at low dilution factors 

and disassembly at high dilution factors.  

Cross-linking 
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Figure 6 Effect of cross-linking of the α-lactalbumin nanotubes with glutaraldehyde or transglutaminase on the 
stability upon dilution. Non-cross-linked (O), glutaraldehyde-cross-linked (▲), transglutaminase-cross-linked (□). 
The transmission electron micrograph shows the transglutaminase-cross-linked nanotubes after the the dilution 
experiment (24 h). 

Cross-linking by either transglutaminase or glutaraldehyde led to increased 

stability of the α-lactalbumin nanotubes. While non-cross-linked nanotubes were 

found to disassemble into building blocks upon dilution in Tris buffer (see 

Chapter 7), the cross-linked nanotubes were resistant to this disassembly for at 

least one day (Figure 6). Cross-linking had no observable effect on the structure 

of the α-lactalbumin nanotubes, as determined by TEM (Figure 6B). Cross-linked 

nanotubes are expected to be more stable with respect to mechanical 

deformation.  

Rheology 

The storage modulus of an α-lactalbumin nanotubes gel prepared from a 3% α-

lactalbumin solution was found to exceed 1 kPa, as described in Chapter 2 [7]. 

Ipsen et al. studied the rheological properties at different concentrations of α-

lactalbumin and Ca2+, and found storage moduli typically in the order of 10 kPa 

for 10% α-lactalbumin solution [8]. Although the nanotubes gel was observed to 

be strong at small deformations, it was observed to be relatively weak at large 
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deformation. Simply shaking the cuvette made the gel immediately completely 

liquid. However, the gel formation was reversible within hours.  

Discussion 
The α-lactalbumin nanotubes were shown to withstand some relevant treatments, 

such as heating up to 72°C for 40 s. Furthermore, they withstood freeze-drying, 

and storage for weeks only slightly affected the microstructure. Single nanotubes 

were relatively stiff (Young’s modulus ≈ 0.1 GPa) and resisted deformation of 

about 25% (0.4 nN). Furthermore, they can form stiff gels at low concentration. 

The stability of the nanotube with respect to disassembly and flocculation 

depends on many parameters, such as nanotube concentration, Ca2+ 

concentration, ionic strength, temperature, pH, et cetera. Disassembly can be 

induced by various means. Cross-linking made stable tubular structures, 

preventing disassembly. 

These specific characteristics of the α-lactalbumin nanotubes promise interesting 

applications in different areas. A relatively simple application would be to use α-

lactalbumin as a viscosifier, as linear structures are very efficient in increasing 

viscosity. The well-defined 8 nm cavities in the nanotubes would be highly 

suitable for encapsulation of various compounds, for example flavours, drugs or 

prebiotics. In combination with induced disassembly of the nanotubes, it could 

serve as a carrier for drugs or other compounds with targeted delivery. 

Controlled release could be induced by triggering the disassembly of the 

nanotube, by for example changing pH, which would release the encapsulated 

molecule at a desired place or time. Furthermore, encapsulation can provide a 

shield to prevent oxidation or evaporation for example. Possibly, the α-

lactalbumin molecules could be modified by adding a functional group, for 

example biotin, which is used for targeted binding to streptavidin. Possibly the α-

lactalbumin nanotube gels could serve a scaffold for tissue engingeering. 

An emerging field of application would be nanotechnology. In this field there is a 

wide interest in self-assembled nanostructures, fibrillar and tubular structures in 

particular [9]. For example, covalent cross-linking of nanogold particles to 
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surface-available cysteine residues was shown to result in conducting nanowires 

[10]. The hollow cavity could serve as a template for nanowire fabrication as well, 

by reducing Ag+ ions in the cavity [11]. Linear filaments can provide connections 

between nanostructures and the macroscopic world [9]. They could be used as 

spacers in chip technology. It should be possible to control the length of the 

nanotubes, as Scheibel et al. were able to generate pools of fibrils with different 

average lengths, simply by manipulation of the assembly conditions, such as self-

assembly under shear at different seeding ratios [10]. The α-lactalbumin 

nanotubes were shown to be long, straight and rather stiff, which are desired 

characteristics for applications. Presumably, cross-linking would increase the 

Young’s modulus as was shown for microtubules [12]. Possibly the α-lactalbumin 

nanotubes could be used to produce (biodegradable) fibres. For spider silk it is 

known that the liquid crystalline material gives the strength to the thread and the 

amorphous material (in which the crystalline material is embedded) the flexibility 

[13].  

Because of the rather high purity of α-lactalbumin needed to form the nanotubes, 

and the relatively high costs to produce such pure α-lactalbumin (typically 

hundreds of euros per gram), from a commercial point of view only high-value 

applications will be of interest. Simply using the α-lactalbumin as a viscosifier in 

food would not be of commercial interest. However, for nanotechnology, the α-

lactalbumin nanotubes are relatively cheap and can easily be produced in large 

quantities. Possibly, purification of α-lactalbumin will become cheaper in future, 

and then also other applications may become of interest. As α-lactalbumin is a 

milk protein, it would be relatively easy to use the nanotubes in food or 

pharmaceutical applications.  

Conclusions 
Self-assembly of partially hydrolysed α-lactalbumin leads to long, straight 

nanotubes, which withstand some important treatments, as heating and 

mechanical deformation. Because of their linearity and nanometre-sized cavity, 
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the α-lactalbumin nanotubes have potential for use in foods, pharmaceutics and 

nanotechnology.  
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Introduction and aim 
Self-assembly of biomolecules has gained much attention from scientists from 

various fields of interest. Inspired by nature, nanoscale science and 

nanotechnology prefer to synthesise via a “bottom-up” approach (starting from 

the molecular length scale) rather than via a “top-down” approach (starting with 

bulk material). Attempts are made to mimic the natural bottom-up fabrication 

with the aim of creating new and varied structures with novel uses. The goal of 

this thesis work was to develop novel protein particles with new functional 

properties. To this end, it describes the unique linear self-assembly of partially 

hydrolysed α-lactalbumin (a milk protein), leading to the formation of hollow 

nanotubes. Structural and dynamic aspects of the α-lactalbumin nanotubes are 

described aiming to contribute to the development of new protein structures with 

special functional properties for applications in food, pharmaceutics and 

nanotechnology. 

α-Lactalbumin nanotubes in short 
Under appropriate conditions, partial hydrolysis of  α-lactalbumin by a protease 

from Bacillus licheniformis (BLP) leads to the formation of nanometer sized tubular 

structures. These stiff hollow nanotubes are micrometers long with a diameter of 

about 20 nm, a cavity of 8 nm and a tube wall of 6 nm. A model based on the 

obtained data is presented in Figure 1. A mixture of hydrolysis products with an 

average molar mass of about 12 kDa self-assembles, via a nucleation-and-growth 

mechanism, into right-handed 10-start helical structures. Dimeric building blocks 

self-assemble via β-sheet stacking. Furthermore, divalent cations, such as Ca2+, are 

involved in the self-assembly, presumably by guiding the orientation of the 

molecule via intermolecular ion-bridging between specific amino acids. In 

addition, H-bonding (β-sheet) and electrostatic interactions play a role as well.  
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Figure 1 Preliminary model of α-lactalbumin nanotubes, formed by 
β-sheet stacked hydrolysed α-lactalbumin. (A) Top view. (B) Front 
view (C) Other view. The α-lactalbumin fragments are represented 
by a sphere with diameter 2.5 nm representing the globular α-
domain and a plate of 1.5 by 1.5 nm representing the β-sheet. 

Formation conditions 
Self-assembly of the hydrolysis products of α-lactalbumin leads to tubular 

structures only under specific conditions. The minimum concentration to form 

nanotubes of α-lactalbumin was 20 g/l. At 10 g/l and below, fibrillar and/or 

random aggregates were obtained. A substantial amount of monomers (about 

40%) does not self-assemble into nanotubes, but remains in monomeric (or 

possibly dimeric or oligomeric) form in solution. Another prerequisite for tubular 

structure is the presence of a suitable ion. Various di- and trivalent ions were 

shown to trigger self-assembly into nanotubes, as described in Chapter 3, namely 

Ca2+, Mn2+, Zn2+, Cu2+ and Al3+. In the presence of Ba2+ and Mg2+ no nanotubes but 

random or fibrillar aggregates were formed. The ion size and its preferred ligand 

coordination number are likely to play an important role. 

In addition to the specific type of ion that should be used, nanotubes were only 

formed within a rather narrow ion concentration window, as is discussed for Ca2+ 

in Chapter 2 and for Mn2+ in Chapter 3. At 30 g/l α-lactalbumin nanotubes can be 

formed at molar ion/α-lactalbumin ratio between 1 and 3.  Below this ratio, the 
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ion concentration is thought to be too low to produce enough nuclei and as a 

result, random aggregation also occurs. Above a ratio of 3, the increased ionic 

strength presumably suppresses some important electrostatic interactions. The 

stoichiometry was determined to be 1, which implies that one Ca2+ connects two 

building blocks via a Ca2+ ion bridge. Preliminary experiments indicated that self-

assembly (reassembly) into nanotubes can occur after purifying and freeze drying 

of the building blocks.  

Building blocks of the α-lactalbumin nanotubes 
Hydrolysis of α-lactalbumin led to many different hydrolysis products. Because 

of the multiple cleavage sites (13 Asp-X and 7 Glu-X), potentially many different 

hydrolysis products can be produced by incubation of α-lactalbumin with BLP. 

However, enzymatic cleavage does not necessarily lead to a release of a peptide, 

because the molecule contains four disulfide bridges, which can link the released 

peptide to the main chain. Chapter 2 describes the various α-lactalbumin 

hydrolysis products that are formed in time on incubation with BLP. The 

hydrolysis products can be divided into two groups: the first group comprises 

large fragments with molar masses between 8.8 and 14 kDa, the second group 

comprises small fragments with molar masses below 2 kDa, which are the 

released fragments. To determine which of the hydrolysis products actually do 

form the nanotubes upon self-assembly, the tubes were isolated and the molar 

mass of the building blocks was determined (Chapter 6). The nanotubes 

contained several hydrolysis products with molar mass ranging from 10.2 to 14.2 

kDa. It is striking that assembly of several different molecules can result in such a 

regular structure as the α-lactalbumin nanotube. Surprising was the presence of 

native α-lactalbumin in the nanotubes. Possibly, nucleation can only be induced 

by hydrolysed fragments, but once the nanotube structure has been formed, 

native α-lactalbumin can be incorporated in the structure as well. The secondary 

structure of the building blocks in the nanotube is largely retained, as detected by 

circular dichroism. Scattering experiments indicated that the building blocks of 

the nanotubes are dimers.  
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Structure of the α-lactalbumin nanotubes 
Structural features of the α-lactalbumin nanotubes were studied by four 

techniques: small-angle X-ray scattering, static light scattering, scanning force 

microscopy (SFM) and cryo electron microscopy. From the scattering data the 

outer and inner diameter were determined to be 19.9 ± 0.2 nm and 8.7 ± 0.7 nm 

respectively (Chapter 4). SFM revealed the right-handed helical structure of the 

nanotube. The helical pitch was 110 nm, which implies a 10-start helical structure. 

The outer diameter was determined to be 20.9 ± 0.3 nm (Chapter 5). Cryo-EM 

analysis resulted in a cylinder diameter of 19.0 ± 1.2 nm and a cavity of 7.4 ± 0.7 

nm (Chapter 6). The values for the diameter of the nanotube and of the cavity 

observed with the different techniques are in quite good agreement with each 

other. High-resolution Cryo-EM results showed a 1 nm repeat, which was 

attributed to stacking of β-sheets of the building blocks. Based on these structural 

results, a model of the helically assembled α-lactalbumin fragments has been 

proposed as illustrated in Figure 1.   

Kinetics of self-assembly and disassembly  
Kinetic data of the three different steps in nanotube formation in the presence of 

Mn2+ or Ca2+ respectively are presented in Chapters 2 and 7. Three steps can be 

distinguished: (1) hydrolysis-induced destabilisation of α-lactalbumin, (2) 

nucleation and (3) nanotube elongation. The lag time as observed in light 

scattering experiments comprised steps 1 and 2. In the presence of Mn2+, 

nucleation appeared to be fast compared to hydrolysis, whereas in the presence 

of Ca2+, two regimes were distinguished: at high temperature (> 55°C) hydrolysis 

was rate limiting of the lag time, while at low temperature (< 55°C) nucleation 

was the rate-limiting step. Nanotube elongation kinetics were rather similar for 

both ions. The initial assembly rate was linear in time and the activation free 

energy of assembly was about 10 kT, which suggested binding of one building 

block at the time. Upon assembly of one building block one Ca2+ was consumed, 

so one Ca2+ joins two building blocks. 
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Disassembly of the nanotubes can be induced by decreasing the Ca2+ 

concentration by dilution in Ca2+-free buffer. The building blocks disassemble 

from the nanotube ends. The disassembly rate appeared to be linearly 

proportional to the inverse Ca2+ concentration. Lowering the calcium 

concentration allows Ca2+ to be released from its binding site between two 

building blocks, resulting in increased probability of disassembly of a building 

block.  

Stability and potential applications  
Disassembly of the nanotubes can be induced by removal of Ca2+ from the 

nanotubes, either by decreasing Ca2+ in the solvent or by complex formation with 

EDTA. By control of the Ca2+ concentration in solution the disassembly kinetics 

can be regulated. Furthermore, the nanotubes disassemble in strong acidic or 

strong basic solvent. Cross-linking of the tubular structure, by either 

glutaraldehyde or transglutaminase, enhances the nanotube stability. The 

nanotubes were shown to withstand some relevant processing conditions: for 

example heating at 72 °C for 40 s (comparable to pasteurisation conditions), and 

freeze-drying.  

The nanotubes can be broken into shorter tubes by sonication. Single tubes 

tolerate radial elastic deformations up to 25% at 0.4 nN as was measured by 

nanoindentation of the tubes with an SFM tip. To cut the tubes, forces higher than 

about 0.5 nN had to be applied. The spring constant of the nanotube was 

measured to be 0.06 N/m. Assuming an effective wall thickness of 3 nm, this 

implies a Young's modulus of 0.1 GPa (Chapter 5). 

The α-lactalbumin nanotubes possess structural and dynamic features that 

promise a wide range of applications: the length and aspect ratio, the stiffness, 

the cavity, the gelation properties, the inducible disassembly, the enhanced 

stability by cross-linking, the heat stability et cetera. Possible applications would 

be in the field of foods, pharmaceutics and nanotechnology.  
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One question remains to be answered: could the α-lactalbumin nanotube be 

considered as an amyloid-like structure (as described in Chapter 1)? On the one 

hand, α-lactalbumin nanotubes could be considered as amyloid-like as the 

stacking of β-sheets is a characteristic of amyloids. However, the amount of β-

sheet is rather small compared to the typical amyloid structure. Furthermore, 

although the α-lactalbumin nanotubes are relatively stable structures, 

disassembly could easily be induced by removal of Ca2+ from the nanotube either 

by decreasing the calcium concentration in the solvent, by adding EDTA or 

changing the pH of the solvent to (extreme) acidic or basic values. This indicates 

the electrostatic nature of the interactions between the building blocks, which is 

not typical for amyloids. Therefore, it may be concluded that the α-lactalbumin 

nanotubes are not amyloid-like structures. 
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Inleiding en doel 
In dit proefschrift wordt de zelfassemblage van gehydrolyseerd α-lactalbumine 

in nanobuizen beschreven. α-lactalbumine is een eiwit(molecuul) (niet te 

verwarren met eiwit van een ei) uit melk en komt na het kaasmaken in de 

reststroom wei terecht. De grootte van het eiwit is ongeveer 3 nm (1 nanometer 

(nm) is een miljoenste millimeter). Een eiwit kan worden voorgesteld als een 

kralenketting, waarbij de kralen aminozuren voorstellen. Deze kralenketting is op 

een bepaalde manier gevouwen en wordt door 4 interne verbindingen,  genaamd 

disulfide bruggen,  bij elkaar gehouden, waarbij een min of meer bolvormig 

molecuul ontstaat.  

Om de nanobuizen te maken van α-lactalbumine moet het eiwit eerst worden 

gehydrolyseerd (ofwel geknipt) door een enzym, genaamd Bacillus licheniformis 

protease (BLP). Dit enzym knipt de opgevouwen kralenketting op specifieke 

plaatsen. Hierbij wordt ongeveer 15% van de kralen verwijderd, waardoor de 

structuur van het molecuul een beetje veranderd. Door deze verandering in 

structuur worden de gehydrolyseerde moleculen plakkerig en hebben de neiging 

om te aggregeren, ofwel te samenklonteren. Deze aggregatie is niet willekeurig, 

maar de moleculen ordenen zich terwijl ze aggregeren. Dit wordt zelfassemblage 

genoemd; een speciale vorm van aggregatie van moleculen waarbij geordende 

structuren ontstaan. De grootte van zelfgeassembleerde structuren is typisch 10-

1000 nm. 

Zelfassemblage van biomoleculen wordt bestudeerd door vele wetenschappers 

van verschillende vakgebieden. In de natuur, met als voorbeeld het menselijk 

lichaam, komen veel zelfgeassembleerde structuren voor. Geïnspireerd door de 

natuur proberen wetenschappers deze zelfassemblage na te bootsen. Nieuwe 

structuren worden gemaakt met nieuwe bruikbare eigenschappen, voor 

toepassingen in allerlei vakgebieden.  

Het doel van dit promotieondezoek was het ontwikkelen van nieuwe 

eiwitaggregaten met nieuwe functionele eigenschappen. Daarom wordt de 

zelfassemblage van gehydrolyseerd α-lactalbumine in unieke holle nanobuizen 
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beschreven. De structuur en de dynamische eigenschappen van de α-

lactalbumine buizen is bestudeerd met als doel bij te dragen aan de ontwikkeling 

van nieuwe eiwitaggregaten met speciale functionele eigenschappen. Beoogd 

worden toepassingen in voedselproducten, farmaceutische producten of in 

nanotechnologie.  

α-lactalbumine nanobuizen 
De α-lactalbumine nanobuizen en hun bouwstenen zijn gekarakteriseerd met 

behulp van verschillende technieken (massa spectrometrie, circulaire dichroisme, 

kleine hoek röntgenverstrooiing, statische lichtverstrooiing, electronenmicro-

scopie, atomaire kracht microscopie). Op basis van de resultaten behaald met 

deze technieken wordt een model van de nanobuis geschetst, zoals in Figuur 1.  
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Figuur 1 Model van een α-lactalbumin nanobuis. De buiswand wordt 
gevormd door stapeling van de gehydrolyseerde α-lactalbumin 
moleculen (schematisch weergegeven door een bol met een 
aanhangend plaatje) in een helix.   

De bouwstenen van de α-lactalbumine nanobuizen zijn verschillende hydrolyse 

producten van α-lactalbumin (massa 14 kDa), met een gemiddelde massa van 12 

kDa (1 Dalton (Da) is 1 gram per mol (= 6x1023 moleculen)). De bouwstenen 

kunnen worden beschouwd als een bol met een aanhangend plaatje (β-sheet). De 
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bouwstenen zelfassembleren door stapeling van de plaatjes op een afstand van 1 

nm, zoals aangegeven in Figuur 1. Hierbij ontstaat een rechtshandige helix, 

waarbij 10 van deze helixstrengen samen een nanobuis vormen. Deze nanobuis 

heeft een diameter van 20 nm, een holte van 8 nm en is enkele duizenden 

nanometers lang.  

Condities voor α-lactalbumin nanobuis vorming 
De nanobuizen worden niet gevormd bij α-lactalbumine concentraties lager dan 

20 gram per liter. Verder is voor de vorming van de α-lactalbumin nanobuizen 

calcium nodig. Calcium is een tweewaardig ion (zout met twee positieve 

ladingen) dat als een soort lijm de α-lactalbumine eiwitten aan elkaar plakt. In 

plaats van calcium kunnen ook mangaan, zink of aluminium worden gebruikt. 

Magnesium en barium kunnen niet worden gebruikt, waarschijnlijk omdat ze 

niet passen op de speciale plaats waar ze als lijm moeten fungeren. De 

nanobuizen kunnen alleen worden gevormd waneer de aantalsverhouding van 

ion tot α-lactalbumine rond 2 is. Daarbuiten worden niet geordende aggregaten 

gevormd.  

Kinetiek van vorming en uit elkaar vallen 
De kinetiek (snelheden van reacties) van de vorming van de nanobuizen alswel 

het uitelkaar vallen (onder speciale condities) is bestudeerd als functie van 

calcium concentratie alsook temperatuur, met behulp van lichtverstrooiings-

technieken. De vorming van de nanobuizen kan worden beschreven in drie 

stappen: (1) hydrolyse van α-lactalbumine; (2) nucleatie (de vorming van het 

begin van de buis) en (3) groei van de nanobuis. De hydrolysesnelheid is 

afhankelijk van de enzymkinetiek. De hydrolysekinetiek is onveranderd bij 

verhoogde calciumconcentratie, maar sneller wanneer de temperatuur verhoogd 

wordt. De nucleatie en groei zijn beiden sneller wanneer de calciumconcentratie 

en/of de temperatuur hoger is. 

Het uit elkaar vallen van de nanobuizen kan worden geïnduceerd door het 

verlagen van de calcium concentratie in de oplossing. Hoe lager de 
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calciumconcentratie is en/of hoe hoger de temperatuur, des te sneller de buizen 

uit elkaar vallen.  

Stabiliteit en mogelijke toepassingen 
De mechanische eigenschappen van de α-lactalbumine nanobuizen zijn bepaald 

door de buizen in te drukken met een heel klein puntvormig naaldje. De techniek 

die hiervoor gebruikt is heet atomaire kracht microscopie. De kracht die nodig is 

om de nanobuis in te drukken wordt geregistreerd als functie van de 

indrukdiepte. De nanobuizen kunnen elastisch worden vervormd to 25% radiale 

vervorming ofwel een kracht van 0.4 nN (miljardste Newton). De 

elasititeitsmodulus is ongeveer 0.1 GPa (1 GPa is een miljard Newton per 

vierkante meter). Verdere vervoming leidt to beschadiging van de buis, hetgeen 

kan worden gevisualiseerd door een microscopische opname na de vervorming.  

Door de samenstelling van het oplosmiddel te veranderen kunnen de nanobuizen 

op een beheerste manier uit elkaar vallen. Door fixatie van de moleculen in de α-

lactalbumine nanobuizen, door middel van chemische of enzymatische “cross-

linking”, wordt de stabiliteit van de buizen vergroot en kan uit elkaar vallen 

worden voorkomen.  

De structuur en de dynamische eigenschappen maken dat de α-lactalbumine 

nanobuizen interessante deeltjes voor diverse toepassingen beloven te zijn. De 

lengte/diameter verhouding, de stijfheid, de holte in de buis, het induceerbare uit 

elkaar vallen en de toegenomen stabiliteit door cross-linking zijn eigenschappen 

die voorwaarden zijn voor verschillende toepassingen. Voorbeelden zijn het 

gebruik als viscositeitsverhoger of voor gelvorming (lineaire structuren zijn 

efficiënt in gelvorming); het inkapselen van medicijnen of andere stoffen ter 

bescherming of gecontroleerde afgifte op een specifieke plaats in het lichaam; en 

het gebruik van de nanobuizen als een mal voor de productie van bijvoorbeeld 

dunne geleidende draden voor nanotechnologische toepassingen.  
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Electron micrograph of negatively stained α-lactalbumin nanotubes.  

Scale: 1 cm corresponds to about 100 nm. 
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