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Abbreviations 

ACD  Alpha Crystallin Domain 

ATR  Attenuated Total Reflectance 

CD  Circular Dichroism 

CP  Cross Polarization 

CTR  C – Terminal Region 

DLS  Dynamic Light Scattering 

FTIR  Fourier Transform Infrared Spectroscopy 

GdHCl  Guanidinium hydrochloride 

GELFI  Gel Filtration 

H B  Human Alpha B  

HMW  High Molecular weight 

HSQC  Heteronuclear Single Quantum Coherence 

MAS  Magic Angle Spinning 

MLU  Martin Luther Universität 

NMR  Nuclear Magnetic Resonance 

NTR  N – Terminal Region 

RF  Radio Frequency 

SAXS  Small-Angle X-ray Scattering 

sHSP  Small Heat Shock Protein 

TEM  Transmission Electron Microscopy 

ThT  Thioflavin T 

TUM  Technical University of Munich 

UV  Ultraviolet 
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Overview of the thesis 

Over the years several sources of cataract formation has been speculated, namely protein 
aggregation, amyloid formation, protein crystallization and liquid-liquid phase separation 
(Graw 2009; Benedek 1997). The exact cause of such an aggregation is although still unknown. 
This work is an attempt to understand the aggregation tendency of the crystallin proteins 
specifically under heat stress condition. The thesis is divided into several sections. In the 
introduction, the eye lens structure, the organization within the lens and its different 
components have been described in detail. Furthermore, a closer look at the individual 
crystallin proteins that constitute the major part of the lens, the unique characteristics of these 
proteins and the inherent role it plays in maintaining the transparency of the lens. An insight 
into the macromolecular crowding in biological systems explains the proteins’ ability to exist 
in such a crowded environment. This is followed by a literature review of the current known 
temperature effects on the crystallin proteins and the aggregation and gelation tendency of the 
globular protein. The second section describes in details the outlook of the thesis. The basics 
of the characterization techniques used have been elaborated in the next section, wherein a 
short introduction of each of the techniques have been included. In section four, the materials 
and method used have been described. Here, information regarding the recombinant protein 
expression and purification has been detailed and in addition parameters used for the different 
techniques are listed. The last section is the results and discussion chapter which is split into 
three subsections. The first part deals with using low resolution NMR to study the heat-induced 
aggregation of two crystallin proteins, bovine B and bovine -crystallin under crowding 
conditions. Both the crystallins showed varying aggregation tendency with bovine B crystallin 
forming solid aggregates and bovine -crystallin aggregated to form a gel. In the second 
subsection, the gels formed by bovine -crystallin is further explored and compared to the 
aggregation of human -crystallin. Several different characterization techniques were used 
to get a better understanding of the gel formation in -crystallin. This allowed a closer look at 
the changes occurring during the gelation starting from a protein globular level down to 
molecular level. The last section was initially an attempt to see the structural changes upon 
gelation in -crystallin proteins using solid state NMR. This study was then modified to 
correlating the resolution of solid-state NMR spectra of human  crystallin with increasing 
MAS spinning frequency, by accessing the slower motions using ଵܶఘ relaxation measurement. 
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1 Introduction 

Cataract is one of the leading causes of blindness that has affected more than 51% of the total 
world population, which estimate to around 20 million people (Pascolini and Mariotti 2012). It 
is a protein condensation disease, wherein under certain detrimental circumstances eye lens 
proteins lose their native structure and aggregate to form a cloudy lens that hinders one’s vision. 
Cataract can be classified into two types congenital and age - related cataract. Congenital or 
childhood-onset cataract results from certain point mutations in the lenticular protein that could 
prevent proper folding of the protein, destabilize the Greek key domain or result into disulfide 
bond formation. For certain aggregation prone variants of structural crystallins, such point 
mutations do not lead to overall structural changes. In age-related cataract the damages caused 
to the lens proteins due to post translational modifications accumulates over time, which is 
brought about primarily by UV exposure (Martin 2007).  This eventually leads to formation of 
larger structures leading to light scattering and eventually opacification of the eye lens 
preventing light from falling on to the retina resulting into visual impairment (Figure 1).  

 

Figure 1: a. Clear eye lens permits the light to focus sharply on the retina, b. Clouded lens scatters or blocks the 
light from falling on to the retina. (Pictures made using Biorender) 

1.1 Lens structure and components 

The lens proteome is one of the major components in the eye that focuses light and directs it 
on to the retina. A mature lens is made up of long ribbon-like fiber cells with a hexagonal 
packing and arranged in the form of concentric circles such that the older cells are accumulated 
at the center and younger cells are on the outside, forming an extensive cytoskeleton network 
(Bloemendal et al. 2004; Martin 2007). The fiber cells eventually differentiate expressing fiber 
cell specific proteins known as crystallin in high concentrations and in the due course of 
embryonic development these fiber cells eliminate nuclei and other cellular organelles. This is 
crucial for a transparent lens. Therefore, the crystallins that were synthesized during the initial 
maturation stage remain in the core, while the crystallin expressed later remains in the cortex. 
Due to the loss of cellular organelles, the terminally differentiated fiber cells can no longer 
express proteins and therefore the proteins already present during the lens maturation cannot 
be replaced and has to remain stable throughout a lifetime (Robinson 2010). 
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A mature eye lens is predominantly made up of abundant water-soluble crystallin protein which 
amount to 90 % of the dry weight of a lens, (Horwitz et al. 1999) in contrast to ordinary tissues 
where the water content is about 95 % and protein is about 5 % (Riedl et al. 2020). In a human 
eye lens these proteins are present at an extremely high concentration ranging from 200 mg/mL 
at the periphery to 400 mg/mL at the center (Fagerholm et al. 1981). For aquatic organisms it 
goes upto 700 mg/mL due to absence of air-water interface and therefore requires higher 
refocusing power (Martin 2007). It was initially ascertained that such high protein 
concentration ensured the lens transparency as well as high refractive index gradient necessary 
for proper functioning of the lens. Benedek (1971) and Delaye and Tardieu (1983) in separate 
studies using light scattering and X-rays studies respectively, showed that the crystallins at 
such high concentrations are closely packed with a short-range ordered arrangement. This 
resembles a dense liquid or glass which facilitates the lens transparency that do not transition 
into a paracrystalline phase as was speculated by Trokel (1962). It is striking characteristic of 
these proteins to exist in such crowded conditions and be able to hold on to its hydration shells 
and thus avoid aggregation.  

 

Figure 2: Organization within the eye lens a. cross-section of lens depicting the cell distribution of epithelium 
(Kalligeraki et al. 2020) reused with permission according to CC BY 4.0 DEED license 
(http://creativecommons.org/licenses/by/4.0/), b. Short ranged ordered packing of lens fiber cells (Song et al. 
2009) reused with permission according to Copright Clearance Center, Inc, License ID – 1449356 - 1, c. Three 
major crystallin proteins (Goodsell 2010) reused with permission according to CC BY 4.0 license. 

The lenticular proteins are collectively known as ‘Crystallin proteins’, and -, -, and - 
crystallins are three major classes of crystallin protein. These proteins are present as a 
polydisperse colloidal solution within the eye lens. The protein - protein interactions play a 
major role in maintaining the lens transparency brought in by the repulsive interactions of -
crystallins that results into even distributions of oligomeric components and the attractive 
interactions between the -crystallins ensure close short - range packing contributing to the 
high refractive index. This balance of forces between the crystallins in the lens when is 
impeded, can lead to lens clouding (Tardieu et al. 1992)  
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1.2 Crystallin proteins 

1.2.1 Alpha crystallin protein  

-crystallins is one of the major lens structural proteins that constitute to around 40 % of the 
total lenticular protein mass in the eye. This protein comprises of two subunits A- and B- 
having 60 % sequence homology with 173 and 175 amino acid residues respectively. They 
exist in the eye lens in a ratio of 3:1. The monomeric weight of these proteins are ~ 20 kDa, 
but in the lens they are present as a heterogeneous high molecular weight aggregates with 
molecular weight ranging from 300 - 1200 kDa, with an average of around 800 kDa. The 
number of subunits range from 24 – 33 units. In the eye lens they exists as an hetero - oligomer 
with 12 - 14 nm diameter in size (Burgio et al. 2001; Boyle and Takemoto 1994). -crystallins 
are composed of an immunoglobulin-like -crystallin domain of ~90 residues flanked on both 
sides by an unstructured hydrophobic N-terminal, and a polar dynamic, highly flexible  
C - terminal extension with a conserved IXI motif (Carver et al. 2017). Figure 3 is a schematic 
representation of the oligomerization of -crystallin protein through the interaction of the 
various domain regions. The monomeric sHSP initially assemble into a dimer through the  
ACD - ACD (alpha crystallin domain) interactions. Further on higher order assemblies such as 
hexamers are formed by the interaction of ACD - CTR (C – terminal region) interactions and 
the weak NTR (N – terminal region) interactions then lead the assembly of final oligomer 
(Delbecq et al. 2015). One major difference between both the subunits is the presence of 
cysteines in A. This helps in transferring the disulfide bonds to an aggregating client. On the 
other hand client proteins can bind via the exposed hydrophobic surfaces with specific regions 
on the chaperone for both A and B (Roskamp et al. 2020). While A crystallin is found 
primarily in the eye lens, B crystallin have been expressed in eye lens, heart, brain and skeletal 
muscle. Several studies using circular dichorism and infrared measurements have indicated that 
the secondary structure of -crystallin constitute around 60-70 % of -sheet structure and very 
little -helix (Augusteyn and Stevens 1998). 
 

 
Figure 3: Oligomerization of -crystallin via different interactions (Delbecq et al. 2015) adapted and reused 
according to ACS usage agreement. 
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1.2.1.1 Chaperoning functions 

-crystallins belong to a family of proteins known as small heat shock proteins and they act as 
molecular chaperones by maintaining protein homeostasis and protect cells from stress. In cells 
under conditions of stress such as heat, pH change, ultraviolet radiation, oxidative stress 
proteins in the lens tend to unfold and aggregate and in response to such stressors these sHsp’s 
act within first line of defence as they prevent these proteins from aggregating. They bind to 
the unfolding protein and solubilizes them by an ATP-independent process and hence they lack 
the ability to refold them back to its native state. In one of the pioneering works by Horwitz, 
the chaperoning of crystallins were studied, which showed that only -crystallins could 
suppress the aggregation of various enzymes including alcohol dehydrogenase, as well as - 
and -crystallins. A mixture of bovine eye lens crystallins devoid of -crystallins aggregates at 
60 °C indicating its importance in the eye lens. Furthermore, -crystallin could renature ~ 95% 
of -crystallin, that was denatured using GdHCl, which was confirmed by circular dichroism 
(Horwitz 1992).  

This chaperoning of -crystallin has been linked to the hydrophobicity of these proteins. It has 
been speculated that the interaction between hydrophobic site on the -crystallin and the 
exposed hydrophobic region during denaturation of the substrate protein is responsible for its 
chaperone function, where the exposed site on the denatured protein would self-aggregate 
(Reddy et al. 2006). Subunit exchange could also play a major role in chaperoning since it 
helps in rearranging and accommodating the aggregating substrate (Putilina et al. 2003). It has 
been shown that cleaving the C-terminal end from A results into decreased chaperoning 
activity towards alcohol dehydrogenase. This C-terminal plays a major role in preventing heat 
induced denaturation and aggregation (Takemoto et al. 1993). Mainz et al., on contrary showed 
that B crystallin at 37°C exhibits different chaperoning ability towards different types of 
aggregates. The amyloid fibrils bind to the hydrophobic central ACD domain, while amorphous 
aggregates of lysozyme are taken up by the N-terminal domain (Mainz et al. 2015).  

1.2.2 Beta and gamma crystallins 

Beta and gamma crystallins are structural protein present in the eye lens belonging to the same 
crystallin superfamily (Augusteyn and Stevens 1998). They constitute the remaining 60 % of 
the total lens proteins, with 35 % -crystallin and 25 % -crystallin (Vendra et al. 2013). They 
share a similar secondary structure with two domains that consists of four -sheets arranged as 
two Greek Key motifs per domain (Figure 4). The major difference between these proteins is 
that -crystallins have N-terminal extensions and basic -crystallins have a C-terminal 
extension. -crystallins family consists of basic (B1, B2, B3) and acidic (A1, A2, A3 
and A4) polypeptides forming higher order oligomers and/or also exist as homo or hetero 
dimers. -crystallins are a group of monomeric protein of molecular weight of about 20 kDa 
consisting of 6 homologous proteins A to E that are closely related gene products, and S 
that has characteristics intermediate between - and - crystallin (Carver 1999).  
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Figure 4: Basic secondary structure construct of b-Crystallin, a. Two Greek key motif per domain formed from 
antiparallel b sheets, b. Structure of Bovine B crystallin: pdb code:1GCS (Najmudin et al. 1994), processed using 
pyMol 

1.2.2.1 Bovine B crystallin 

In the bovine lens B and D are the most predominant -crystallins. The very first X-ray crystal 
structure determination of a lens protein was reported on bovine B (Blundell et al. 1981). The 
study revealed that these proteins have a high degree of internal symmetry consisting mostly 
of  pleated sheet. They are folded into two domains such that each domain comprises of the 
N - terminal half and the C - terminal, with each of these domains being compact and stabilized 
by surface ion pairing. These domains possess a hydrophobic core and are tightly packed by 
these hydrophobic interactions, with negligible exposure of the connecting peptide. -crystallin 
are characterized by high free cysteine content, which under certain oxidative stress conditions 
would readily form disulfides, eventually leading to aggregation and insolubilization of these 
proteins. (Mandal et al. 1987; McDermott et al. 1988) 

1.3 Lens crystallin interactions 

The protein - protein interactions between the lens crystallins play a major role in maintaining 
the lens transparency, especially with the protein being in such an extremely concentrated 
environment. If these interactions are perturbed either due to post translational modifications 
during ageing or due to certain mutations, this could lead to the formation of high molecular 
weight aggregates which could eventually scatter light and hamper vision. Delaye and Tardieu 
were the first to use SAXS to confirm the short range ordered arrangement of crystallin proteins 
within the lens. They observed that with increasing concentration of these proteins a relatively 
closer packing of the lens protein makes the lens transparent, without transitioning to a 
crystalline order. The refractive index fluctuations decreases owing to this close packing of 
crystalline proteins thereby reducing the scattered light intensity (Delaye and Tardieu 1983). 
Tardieu further reported that the protein - protein interactions between -crystallins were a 
good fit with the model of repulsive interaction corresponding to a hard-core plus a screened 
coulombic electrostatic potential. These -crystallins being polydisperse and dynamic can self-
assemble and depending on their surrounding environment rearrange and/or accommodate 
subunits. Therefore, the charges on these proteins are distributed such that it leads to a repulsive 
interaction which could prevent their aggregation.  
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Similar X-ray scattering and osmotic pressure studies on concentrated - and -crystallins 
indicated that repulsive coulombic interaction are dominant in -crystallin with an increase in 
overall osmotic pressure. On contrary, decrease in scattering intensity in X-ray was observed 
for -crystallin, indicating dominance of an attractive interaction between them (Tardieu et al. 
1992). This attractive interaction maybe the cause of the cold cataract phenomenon observed 
for -crystallins. The major contribution to the lens transparency therefore comes from the 
repulsive interactions that is favored by high charge, low molecular weight and a high /c ratio 
( – excluded volume), although all of these parameters do not necessarily have to act 
simultaneously. Consequently, the authors hypothesize that these interactions (i.e. repulsive) 
helps conserve the transparency by distributing the crystallin evenly throughout the lens, while 
the attractive interactions contribute to the refractive index by allowing a close packing of the 
crystallins. These intermolecular interactions therefore are responsible in maintaining the 
supramolecular structure and the lens translucent. The formation of HMW (high molecular 
weight) aggregates due to disruption of it surface hydrophobicity can affect these protein 
interactions and their structure.  

Intermediate (mobile) and slow (solid-like) motions in bovine lens homogenate were 
investigated using 13C NMR spectroscopy. Here, the more mobile phase was characterized by 
spin lattice relaxation off resonance and dipolar decoupling and cross polarization was 
employed to detect the presence of a solid-like phase for both cortical and nuclear lens 
homogenate. In the nuclear part of the lens both mobile and solid-like phases were observed, 
while only mobile phases were detected in the cortical region. This indicated that the protein 
homogenate within the lens nucleus might be in a gel-like phase (Morgan et al. 1989). 1H NMR 
was used to investigate the role of flexible terminal extension of -, B2-, S and B crystallins 
in maintaining the supramolecular order within the lens nucleus and cortex (Cooper et al. 
1994). It was found that the C-terminal end of - and - are involved in inter crystallin 
interactions, although -crystallin does not interact with other -crystallin, while B2 does 
interact with other -crystallin. They observed only the flexible side chains from N-terminal 
S and B2 and C- terminal -crystallins indicating that these are not involved in crystallin-
crystallin interactions, but possibly act as spacers or interact with non-crystallin components 
of the lens.  

Light scattering studies on -crystallin solutions were used to investigate the thermodynamics 
involved in the crystallin interactions. They found that the thermodynamic stability of -
crystallin is enhanced by its interaction with the other crystallin protein present together, as it 
enables best solvation property as well as best packing when compared to individual crystallin 
(Bettelheim and Chen 1998). Using FTIR and near UV Circular dichroism (CD) the changes 
in the interaction between crystallin proteins at higher concentrations were probed individually. 
The near UV CD showed an increase in CD intensity with increase in concentration indicating 
that the aromatic side chains are in a more rigid environment. Therefore higher concentrations 
of proteins make them structurally more immobile and excluded volume effects tends to lead 
the protein to form a more compact structure (Liang and Chakrabarti 1998)  
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1.4 Macromolecular crowding in biological systems 

Macromolecules such as proteins, nucleic acid and polysaccharides frequently exist and 
function in a crowded surrounding, where they are constantly interacting. These 
macromolecules in fact amounts to about 5 % - 40 % of the total cytoplasmic volume in a cell 
(Ellis and Minton 2003; Ellis 2001). Proteins are generally present in such a physiological 
media, at a concentration of several hundreds of grams per liter, for instance erythrocyte cytosol 
comprises 33 % (w/v) or 300 g/L of hemoglobin (Ralston 1990). In most of the biochemical 
and biophysical studies this effect of high concentration has been neglected by employing 
protein concentrations of several ten to hundreds lower than generally found in their 
physiological conditions. This high macromolecular content per volume is thus generally 
characterized as ‘macromolecular crowding’.  

Several studies have therefore tried to mimic this crowding condition by either using inert 
macromolecules or in some cases also other proteins (Miklos et al. 2011) in order to understand 
the effect it has on the biological functions of these proteins. One of the major consequences 
of this high total macromolecular volume occupancy comes from the fact that the molecules 
are mutually impenetrable, i.e. excluded-volume effects (Minton 2001) play a central role in 
this concept of molecular crowding. This volume exclusion phenomenon leads to a decrease in 
entropy and simultaneous increase in free energy, thus the major consequence of such a 
molecular crowding is to promote processes that decrease the excluded volume. This is 
facilitated by protein compaction or assembly as well as possible protein aggregation, wherein 
the crowding influences the reaction kinetics and equilibria (Minton 2000; Ellis 2001). In 
certain cases like for hemoglobin, crowding can promote spatial ordering, such that they can 
spontaneously align and form bundles of self-assembled filaments (Herzfeld 1996). 
Furthermore the crowding-induced changes can have significant effect on the protein folding 
reactions which can either stabilize the protein native state (Cheung et al. 2005; Minton 2005) 
or could have a destabilizing effect (Mittal et al. 2015; Miklos et al. 2011).  

The stability of native protein in a highly concentrated environment is promoted by the balance 
between volume exclusion and hydrodynamic interactions i.e. hard-core steric repulsion and 
chemical interaction (soft interactions) (Wang et al. 2012; Miklos et al. 2010; Sarkar et al. 
2013; Zimmerman and Minton 1993). Some studies have shown that using protein as a crowder 
can destabilize the protein of interest, due protein-protein interactions (Harada et al. 2013). 
Crowding can also affect the diffusion of protein, by basically retarding the translation motion, 
such that the rate of diffusion-limited reactions decreases with increase in concentration. 
Investigations of crowding effects in our group have already shown that with increasing 
concentration of protein, the rotational and translational motion is fully coupled for the case of 
HEWL, while it is strongly decoupled for B- crystallin protein, in general with increased 
retardation (Roos et al. 2016).    

The eye lens is an example of a such a crowded entity, where all the crystallin proteins co-exist 
in a very highly concentrated environment. Most of the studies characterizing these proteins 
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have used dilute conditions rather than its physiologically relevant concentration. Therefore, to 
obtain a better picture regarding the functionality of these proteins, the study here has 
considered the use of self-crowding.       

1.5 Temperature dependent stability of crystallin protein (B and -crystallin) 

Proteins are fully functional in their native folded state. They can under certain environmental 
conditions tend to aggregate, and lead to a pathogenesis of several disorders like 
neurodegenerative diseases (Ross and Poirier 2004), cardiovascular myopathies (Kholová and 
Niessen 2005), Cataract (Graw 2009) etc. These aggregates lead to severe loss of the biological 
functions of these proteins, which could have a detrimental effect. It is therefore necessary to 
investigate the protein aggregation to get a better insight into its causes and to develop 
advanced remedies. 

Over the years crystallin aggregation has been investigated by exposing it to various stressors 
like heat (Borzova et al. 2016), UV radiation (Cetinel et al. 2017) or chemical denaturant 
(Rasmussen et al. 2011). In certain cases, depending on the environmental factors diverse 
aggregation pathways can be brought about (Moran et al. 2014; Roskamp et al. 2017). In my 
work I have specifically studied the heat-induced aggregation of bovine B and bovine 
crystallin. Early studies on heat-induced aggregation of crystallins by Steadman et al. using 
differential scanning calorimetry, showed no/little effect of concentration on thermal stability 
for -crystallin but played a significant role in case of - and -crystallin. These lens proteins 
are generally stable, with a large endothermic transition in temperature range 60 – 90 °C, which 
indicated a considerable change in their three-dimensional protein structure. While - and -
crystallin tends to precipitate at the beginning of the endothermic transition, for crystallin it 
appears only after extensive protein unfolding. Circular dichroism in turn indicated a 
significant change in the secondary structure for all proteins (Steadman et al. 1989). Kono et 
al., used far-UV CD and fluorescence measurements to investigate the conformational stability 
of -crystallins, where the increase in temperature from 25 – 78 °C resulted in a loss of -sheet 
structure from ~ 70 % to 25 %, and above 80 °C the protein visibly aggregated. This indicated 
that a small change in tertiary structure of -crystallins can influence the conformational 
stability of the protein significantly (Kono et al. 1990).  

Another study using DSC to probe the thermal behavior of -crystallins and its fractions 
revealed two endothermic transitions for B, a broad transition at 37 – 57 °C and at 70 °C, 
which indicated protein unfolding and beyond these temperatures exothermic peak appears that 
corresponds to irreversible aggregation and precipitation. This was further supported by ANS 
binding assay (8-anilino-1-naphthalene sulfonate), where the fluorescence intensity follows the 
thermal denaturation. This indicates that the large enthalpy arises from the protein-protein 
interactions (i.e. aggregation), is due to the exposure of hydrophobic ends (Sen et al. 1992). 
More recently B crystallin aggregates formed under different stress i.e. heat, cold and UV-
induced as well as from refolding from denatured state were investigated using FTIR and EM. 
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Here the protein was thermally stressed at 70 °C, which resulted into precipitation. The amide 
I band maximum shifted from 1633 cm-1 to 1620 cm-1 with reduction in band intensity as well 
as -sheet structure increased from 50 % to 60 %, indicating a noticeable structural change. 
Moreover, the ThT assay did not show any increase in florescence hinting to no amyloid 
formation.  

Lens crystallins in general have proven to be extremely stable, but this stability also depends 
on their exposure time in case of thermal stress. Early studies on heat induced stress on -
crystallins revealed that, these proteins are exceptionally stable up to 100 °C, which they 
probed using far-UV CD (Maiti et al. 1988). Subsequent research based on this thermal stability 
challenged this finding, where it was found that for crystallins, a conformational transition 
occurs in 40 – 70 °C temperature range. Differential scanning calorimetry studies of bovine -
crystallin indicated a broad endothermic transition with two components in the range of 65 – 
77 °C, although at 40 °C these transitions were initiated when compared to other crystallins 
(Steadman et al. 1989). Similar results were observed using FTIR, where the amide I band 
broadened at ~ 62 °C as well as CD and DSC showed a structural transition between 60 – 
62 °C, indicating a change in secondary structure (Surewicz and Olesen 1995). When probed 
individually, A and B crystallin shows slightly different effect of temperature on their 
structural stability. At the thermal transition temperature of 62 °C, B homomultimer is 
unstable and susceptible to aggregation when compared to A, as was detected using light 
scattering (Sun and Liang 1998). Further in FTIR the amide I band broadened for both A and 
B in the 60 - 62 °C and 70 – 72 °C respectively, while ANS binding assay indicated an 
increased exposure of hydrophobic sites at 59 °C for both (van Boekel et al. 1999). Das et al., 
showed that at 60 °C the thermal transitions involve conformational structural changes, such 
that below this temperature, changes mainly occur on the tertiary structure and above this a 
partial denaturation is involved (Das et al. 1997). Similarly striking effects of increased 
temperature on quaternary/secondary structure (Farnsworth et al. 1997) were observed above 
50 °C with decreasing mobility, which was attributed to the changes in shape, size and 
organization of a-crystallin aggregates using CD (Burgio et al. 2000) and using Fluorescence 
emission (Vanhoudt et al. 2000). 

Most of the temperature dependent studies described above employed the use of crystallins at 
much lower concentration than the physiologically relevant state. X-ray scattering studies of 
concentrated -crystallin ~ 300 mg/ml, which the authors have classified as ‘gel’, when 
thermally stress showed a transition at 50 °C. The X-ray scattering indicated a moderate 
increase in spacing and intensity, which accelerated from 45 – 70 °C , with a major increase in 
size, shape and size observed above 50 °C (Regini et al. 2004).  Early studies using NMR to 
quantify this effect in -crystallins showed no change in the 1H spectra in 25 – 75 °C range, 
since only the C-terminal extensions are observed. Therefore the temperature induced changes 
reported by other authors likely arise from effect within the core of -crystallins that is 
inaccessible by 1H NMR (Carver et al. 1993). This is most likely related to the slow tumbling 
motions. The high thermal stability of -crystallin observed at 100 °C could therefore be due 
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to the short exposure to thermal stress (5mins). Regardless, crystallins have shown a 
phenomenal resistant to temperature in terms of denaturation, although certain secondary, 
tertiary and quaternary structural changes are inevitable. This changes are known to play a 
significant role in the chaperoning activity of -crystallin, by maintaining the structural 
integrity of the lens over a wide temperature range and prevent aggregation of lens crystallin 
(Burgio et al. 2000; Hasan et al. 2004; Das et al. 1997).  

1.6 Aggregation and gelation of globular protein 

Most of the globular proteins tend to aggregate when thermally stressed above or close to its 
denaturation temperature. Additionally, if present at high protein concentrations, appropriate 
pH and ionic strength these protein aggregates may form a gel (Ferry 1948). This is mostly 
characterized by transitioning of a fully folded protein to a partially/fully unfolded protein 
conformation. Such changes initiated by heating causes the peptide chain to be more mobile, 
thereby interact and bind to other proteins. Unfolded proteins are random coils that can be 
modeled as spherical colloidal particles and their aggregation or gelation involves short-range 
attractive interaction in the form of hydrophobic interactions, hydrogen bonding or electrostatic 
interactions (Mezzenga and Fischer 2013).  

For a protein solution irreversible aggregation could also be characterized by denaturation, 
where the protein loses its tertiary structure forming permanent bonds for e.g., covalent 
disulphide bridges as a result of thermal stress. Such an aggregation process can lead to 
formation of branched, compact or fibrillar aggregate structures, which can be defined by a 
power law relationship, ܯ =  (ܴ ܴ଴⁄ )஽೘, ܦ௠ being the fractal dimension, ܯ average molar 
mass  and radius ܴ (Lazzari et al. 2016). With ܦ௠ = 3, the particles form a compact structure, 
while ܦ௠ = 1 indicates a rod like structure. The fractal dimension can also be used as an 
indicator of diffusion- and reaction-limited cluster aggregation. In most cases globular proteins 
follows a reaction limited aggregation process. The aggregate density is additionally dependent 
on ܴ଴ and ܦ௠ such that if ܦ௠ < 3, with increasing size the density decreases according to ߩ =
 ܴ஽೘ିଷ (Nicolai 2007). Therefore, as the aggregation progresses, with decrease in aggregate 
density the volume occupied by the aggregates increases, eventually leading to percolation and 
formation of gel network (Zaccarelli 2007). The aggregates are not initially a part of the 
percolating network but gradually add on until all proteins become a part of the gel (Nicolai 
2019). In case of globular protein aggregation, the rate of denaturation and subsequent 
transformation to reactive species can be different and certain extrinsic factor (e.g., heat) can 
affect the progression of gelation as well as gel structure. It has been shown for whey proteins 
that rate of heat induced aggregation and gelation increases with increasing temperature 
defined by an activation energy (Brodkorb et al. 2016; Nakamura et al. 1978). Since not all the 
native protein are initially incorporated into the gel network, the storage modulus (G’)of the 
sample solution increases gradually beginning at a percolating threshold and ultimately all the 
native proteins add into the network (Verheul et al. 1998). Figure 5, is a schematic 
representation of gel network formation in globular proteins.       
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Figure 5: Depending on the type of the globular protein, its native state denatures (completely or partially) to 
form elementary units, that further aggregate to form self-similar units. These can further associate and form 
either fine network or coarse network gels which can be distinguished by their fractal dimensions.  

1.6.1 What drives the aggregation of globular proteins? 

A balance between interparticle forces, the attractive and repulsive interaction helps maintain 
the structure and functionality of a globular protein at high protein concentrations. For a 
colloidal system one of the potential model that describes the interparticle forces between the 
particles is the Dejaguin-Landau-Verwey-Overbeek (DLVO) theory (Hunter 2001, 2009). This 
theory encompasses both interaction potentials the hard core, repulsive coulombic electrostatic 
interactions and attractive van der Waals forces. The hard core or hard sphere 
repulsion/potential implies that the macromolecules cannot interpenetrate at very short 
distances. The DLVO theory can therefore be applied to native folded protein in order to get a 
better understanding of protein aggregation. In accordance to the DLVO theory the interaction 
potential ܨ஽௅௏ை for a pair of spherical globular protein with radius ܴ  and separated by a distance 
 can be given as a sum of screened electrostatic repulsion in Debye-Hückel approximation ,ܦ
and van der Waals attractive contribution (Israelachvili 2011), approximated as, 

஽௅௏ைܨ

݇ܶ
 ≈  ቆ

ଶߪ ߨ

஺ܰ݁ଶܫ
ܴ݁ି఑஽ − 

3ܴ
 ቇܦ12

(1) 

where, ߪ is the surface charge density of the protein. As is evident from Equation (1), the size 
of the particle ܴ had a strong dependency on interaction potential, indicating that smaller the 
particle size, smaller would be the energy barrier to overcome and hence has a strong protein 
aggregation tendency (Mezzenga and Fischer 2013). Consequently, by modulating the total 
potential the aggregation rate can be modified. In the absence of any repulsive forces, the 
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particles aggregated upon contact leading to a diffusion-limited cluster aggregation. While a 
non - zero repulsive force tends to a reaction limited cluster aggregation since only certain 
number of collisions lead to aggregation (Berg 2010). Concerning the network structure, 
repulsive interactions leads to a formation of connected strands favoring a chain conformation, 
while attractive interactions forms coarser network structures, where the coarseness is 
determined by the strength of the attractive potential (Nicolai 2019).  

1.6.2 Gelation studies of common globular proteins 

Globular proteins mainly lactoglobulins, whey proteins, BSA, ovalbumin, Lysozyme etc. 
have been extensively studied to understand the protein gelation mechanism at higher protein 
concentration (Doi 1993). A combination of experimental techniques are commonly used to 
investigate both the gelation and aggregation of these proteins. The change in storage 
modulus/complex viscosity with time in rheological measurements can indicate the formation 
of the gel (gel time) (Tobitani and Ross-Murphy 1997) and provide information regarding the 
gel rigidity (Verheul and Roefs 1998). Electron microscopy and confocal scanning laser can 
determine the macroscopic structure of the gel (Clark et al. 1981a; Verheul et al. 1998; van 
Kleef 1986), while conformational or structural changes associated with the protein leading to 
a gel network can be probed using infrared and Raman spectroscopy (Clark et al. 1981b), far 
UV CD (Wang and Damodaran 1991) and NMR spectroscopy (van Kleef 1986). Additionally, 
light scattering can track the protein aggregation (Gimel et al. 1994). 

Two major processes contribute to the irreversible gelation of protein that is thermally induced. 
Firstly, substantial structural change that is initiated by unfolding of native protein. In case of 
a multi-subunit protein particularly, it could occur after some degree of dissociation. This 
makes the protein molecule more reactive towards its neighbors. These protein-protein 
interactions lead to aggregation and the depending on the solvent, gel microstructures are 
formed (Clark et al. 2001). These denatured proteins unfold either to form random coils or form 
ordered b-sheet structures with simultaneous decrease in the alpha helix content. In certain 
cases such a transconformation is necessary for protein-protein interaction and gel-network 
formation (Clark et al. 1981b; Doi 1993; Wang and Damodaran 1991). The resulting protein 
network are held together primarily by non-covalent crosslinks namely hydrophobic 
interactions, hydrogen bonds, van der Waals or electrostatic interaction, although less 
frequently covalent disulphide bonds could also be involved (Totosaus et al. 2002; Ikeda et al. 
1999). Heat-induced protein coagulation therefore results from the exposure of hydrophobic 
sites during protein unfolding (Nakai 1983). These heat-set proteins could either form random 
aggregates as in case of -lactoglobulin or form string of beads structure as observed for bovine 
serum albumin, lysozyme and ribonuclease (Doi 1993). Heat-set protein gels are therefore 
physical gels that can in certain cases associate or dissociate reversibly under thermodynamic 
and mechanical actions (Djabourov et al. 2013). On the contrary, synthetic polymer gels that 
are formed by covalent cross-linking of linear or branched macromolecules, swell rather than 
dissolve in good solvent (Ross-Murphy 1998). Globular protein gels are generally classified as 
a collection of fractal objects/aggregates closely packed together as a continuous network of 
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particles resulting in a suspension of high viscosity and finite shear modulus (Shih et al. 1990). 
It is speculated that a cluster-cluster aggregation is necessary for such a gel formation, where 
particles diffusing through a medium stick to each other randomly. Such aggregation can be 
differentiated from their predicted fractal dimensions. The aggregation is reaction-limited 
(RLCA) when the fractal dimension is in the range 2.0 - 2.2, while it is 1.7 – 1.8 for a diffusion-
limited cluster-cluster aggregation (DLCA) (Ikeda et al. 1999).  

Eye lens - crystallin proteins exhibit properties similar to the other globular proteins, i.e., 
under appropriate conditions these proteins form a gel. From the work of Sun and Liang (1998), 
the crystallin proteins in their homooligomeric form specifically B crystallin forms an 
aggregate at 62 °C although there is no indication of crystallin gel formation, possibly owing 
the low starting concentration of the protein. Regini et al. (2004), classifies the crystallin 
protein obtained at a concentration of ~ 300 mg/mL as a gel, which under goes a major 
transition at 55 °C, that is irreversible. In these studies, the process of protein aggregation or 
gelation have not been addressed. The studies therefore based on - crystallin gels are limited, 
consequently the mechanism of aggregation and gelation of these proteins are still unclear. 
These proteins could also presumably form physical gels like any other globular proteins 
where, strong protein-protein interactions after unfolding lead to network formation. Here the 
storage modulus would increase with time as the gel sets in and G’ would be independent of 
frequency at longer times. On contrary, due to higher concentration subtle changes in the 
surface can expose the hydrophobic ends and lead to a cluster-cluster aggregation. It would 
therefore be interesting to look into the changes associated with the -crystallin protein to get 
more insight into the dynamics associated with it during gelation. 

1.6.3 Solid state NMR and protein structure determination. 

To obtain a better understanding of the functional properties of a protein it is crucial to know 
its structure, which is generally brought about by a range of different biological 
characterization techniques including X-ray crystallography, cryo-electron microscopy and 
nuclear magnetic resonance spectroscopy. The most frequently used method of structural 
determination is X-ray crystallography, where it was used to solve about 89% of all structures 
in the protein database (PDB). One of the major disadvantages is that crystallography requires 
a high-quality single crystal of protein and therefore would essentially require large amount of 
recombinant protein as well as the protein crystal environment could be very different from its 
native environment and hinder a reliable structural assessment. The progressing technical 
development with cryo-EM facilitates its use for structural determination, although together 
with X-ray, is not a suitable method for molecular dynamics study. NMR on contrary, both 
solution and solid state, can be used to obtain both structural as well as dynamic information 
which in most cases are complementary. Additionally, the proteins can be studied in their 
native-like environment.  

-crystallins are the most widely studied crystallin proteins that constitutes major part of the 
human eye lens (Horwitz 1992). These protein when isolated from the eye lens were obtained 
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as highly dynamic water-soluble oligomeric assembly of proteins of molecular mass ranging 
from 200 kDa to 1.2 MDa (Haley et al. 1998; MacRae 2000), this also holds for A- and B-
crystallins homooligomers (Horwitz 2003). Aside from the hetero-oligomers being widely 
present in the eye lens, its subunit B was found in many other tissues; therefore, a lot of 
research studies were further focused on investigating this subunit of -crystallin. Since several 
different theoretical structure model were hypothesized for a-crystallin oligomers (Siezen et al. 
1978; Tardieu et al. 1986; Walsh et al. 1991; Wistow 1993; Carver et al. 1994), the 
development of characterization methods like electron microscopy and NMR-spectroscopy 
that lead to improved resolution along with recombinant protein production has greatly 
increased the studies based on B-crystallin. Although due to its highly polydisperse and 
dynamic nature the full-length B-crystallin protein could not be crystallized, a combination 
of NMR, X-ray crystallography and EM on its short constructs proved to be very beneficial. 

In the last decade MAS solid state NMR has evolved as a powerful method to investigate the 
structural properties of non-soluble and soluble biomolecules like amyloid fibrils (Paravastu et 
al. 2008; Schütz et al. 2015) and membrane protein (Shahid et al. 2012; Andreas et al. 2015) 
as well as large protein complexes that are too dynamic to study using X-ray crystallography. 

1.6.3.1 Formation of subunits in B crystallin 

As was pointed out in section 1.2.1, B-crystallin is a sHsps protein, with a conserved central 
-crystallin domain (ACD) belted by a variable N-terminal (NTD) and C-terminal (CTD) 
(Figure 6). Recently, by undertaking a hybrid approach combining information from solid-state 
NMR, small angle X-ray and electron microscopy has made it possible to obtain pseudoatomic 
models of these proteins (Jehle et al. 2011; Braun et al. 2011b). The basic building block in a-
crystallin are dimers, where the dimer interface is formed by the antiparallel interaction of 6+7 
strands of ACD. These dimers then form a hexameric unit where the IXI motif on the C-
terminal from one dimer interacts with the hydrophobic groove formed by 4/8 strands in the 
ACD of a neighboring dimer. The basic 24mer unit is then formed by the assembly of four such 
hexameric unit linked via contacts between the NTR resulting into a tetrahedral symmetry 
(Delbecq et al. 2015). The NTD being highly variable in length and sequence, and is 
responsible for sequence variation of -crystallins within an organism (Haslbeck et al. 2005). 
The partially resolved crystal structure for the N-terminal region indicates increased flexibility 
(van Montfort et al. 2001a; van Montfort et al. 2001b) as well as the sites for post translational 
modifications are situated within this region (Peschek et al. 2013). The C-terminal domain 
(extension), also has a considerable sequence variation like the NTD. Several studies have 
shown that the C-terminal region as a whole is flexible (Narberhaus 2002; Kim et al. 1998; van 
Montfort et al. 2001b; van Montfort et al. 2001a). The highly conserved IXI/V-motif on the 
CTD, where the X is typically a proline residue (Garrido et al. 2012; Jong et al. 1993) could be 
important for the chaperone activity (Treweek et al. 2007; Kamei et al. 2000). Even though, 
the dimer formation is initiated by the -crystallin domain, the higher order structures are 
promoted or assembled by the flanking N-terminal and C-terminal regions. Mass spectroscopy 
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revealed that the B-crystallins being dynamic forms oligomers with a number of subunits 
ranging from 24 to 33, with an average of 28 subunits, additionally oligomers with subunits as 
low as 10 to a maximum of 40 were also found (Aquilina et al. 2003). Haley et al., demonstrated 
early on that the quaternary structure of human B-crystallin forms roughly spherical 
multimers in the range of 8 – 18 nm diameter (Haley et al. 1998).  

 

Figure 6: Domain organization for B-crystallin protein 



  Scope of the thesis 

21 
 

2 Scope of the thesis 

Aggregation of eye lens crystallin proteins to form large clusters of aggregates occurs gradually 
throughout the lifespan of an individual. When they are sufficiently large enough it could lead 
to backscattering of light which increases exponentially with time as a function of age and 
eventually hampering proper vision (Benedek et al. 1999). In order to have a better 
understanding of the mechanism of aggregation of protein in the eye lens and the ability of -
crystallin to maintain the lens ‘integrity’, the effect of thermal stress on these eye lens proteins 
have been investigated. Albeit it is highly unlikely that heat - induced changes could occur in 
vivo, it can be used as a model to study the different conformational and structural changes 
involved when these proteins are physically perturbed.  

The thesis aims at getting a clearer picture of effects of thermal stress on the concentrated 
solutions of eye lens crystallins. Initially the concentration dependence on the heat - induced 
aggregation of two different crystallins namely bovine B and bovine -crystallin was 
investigated. Here the feasibility of NMR relaxometry to quantitatively estimate the 
aggregation of these proteins under crowing conditions was demonstrated (Camilles et al. 
2018). A different qualitative aggregation process was observed for both the crystallins, with 
the bovine -crystallin forming a transparent gel. It was an interesting observation which 
indicated that -crystallin perhaps play a major role in lens transparency. The further work 
then focused on characterizing the gelation of -crystallin proteins. Here, the different gelation 
propensities of -crystallin, namely homooligomeric h B and heterooligomeric bovine -
crystallin was investigated. This was achieved by the use of various biophysical 
characterization techniques, from starting at a globular level and eventually moving down to 
the molecular level. Firstly, the transparency of the gels were estimated using light 
transmission, which indicated qualitative differences in the gels formed. The change in particle 
size during thermal stress was probed via dynamic light scattering studies. Transmission 
electron microscopy images were recorded in the nm to µm scale to gain information regarding 
the structure of the gels. Further on, ATR FTIR was used to directly monitor the changes 
occurring in the secondary structure throughout the course of heat induced stress. A detailed 
investigation on the molecular level e.g. changes in molecular interactions or interaction 
potential in the gels was possible by means of small-angle X-ray scattering, in addition to 
gaining information regarding the network structure of the gel. And lastly atomic force 
microscopy for nanoindentation was used to possibly probe the elastic modulus of these gels.  

The last part of this thesis focuses on application of solid-state MAS NMR to try and 
characterize gelation in h B crystallin with the initial motivation to probe on the atomic 
(residue) level the possible secondary structure changes on heating. Firstly, the solution and 
solid-state NMR spectra of B-crystallin protein were obtained. Here a well resolved solution 
spectra was obtained for the crystallin protein. But with the solid-state experiments different 
problems encountered, and the spectra had poor spectral resolution. The aim was then to 
correlate the resolution of NMR spectra of B-crystallin with increasing spinning speed and 
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determine the constraint in the overall slow tumbling motion of the protein as a possible origin 
of inferior spectral quality. The slower motions that exist were accessed by ଵܶఘ relaxation 
measurements. 
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3 Basics of characterization techniques 

3.1 Nuclear magnetic resonance spectroscopy (NMR) 

The dynamic growth in the field of nuclear magnetic resonance, that still continues today, 
started back in 1946 when two individual research groups of F. Bloch and E. M Purcell first 
observed an NMR signal in bulk condensed phase. Further with the development of pulsed 
Fourier transform NMR spectroscopy by Ernst and Anderson boosted the rise of NMR as one 
of the most routinely used analytical technique in the field of both material science and protein 
biochemistry. From structural elucidation of proteins to determining the inherent molecular 
dynamics of a polymer chain, NMR has been used to characterize a wide range of molecules. 
Currently NMR spectroscopy, X-ray crystallography and electron microscopy are the only 
analytical technique capable of determining the 3D structure of macromolecules at the atomic 
level.  

In the following section much of the theoretical description and explanations of fundamental 
NMR concepts are based on the book by (Levitt 2015), except when indicated otherwise. 

Every nucleus has a non-negative nuclear spin quantum number ܫ associated with it which 
differs from one nuclide to another depending on the interaction of the protons and neutrons in 
the nucleus. Nuclei can therefore be classified based on their nuclear spin value.  Nuclei 
possessing, ܫ = ½, i.e.  1H, 3H, 13C, 15N, 19F, 31P are most commonly used for NMR analysis. 
There are several nuclei with ܫ > ½ having a nonspherical charge distribution and therefore 
possesses an electric quadrupole moment |ܳ|. Therefore, every nucleus containing ܫ ≠ 0 
possess a magnetic dipole moment or a magnetic moment ߤ, which basically means that these 
nuclei act like a tiny magnet. The spin quantum number ܫ can be written in terms of observable 
component of angular momentum, which is quantized,  

 หܬመห = ඥܫ)ܫ + 1)ℏ  
( 2 ) 

where, ℏ = ℎ/2ℎ Plank's constant. By convention the measurable Z-component of ܬ is given 
by the following, 

௭ܬ = ℏ݉ூ 

( 3 ) 

݉ூ is the magnetic quantum number which covers the interval from −ܫ, ܫ− + 1, … … ,  Thus .ܫ
ܫ௭ has  2ܬ + 1 possible sub states. In the absence of an external field the quantum states 
corresponding to the 2ܫ + 1 values of ݉  are degenerate and the spin angular momentum vector 
has no preferred orientation. For a nucleus with spin ܫ = ½ in presence of an external magnetic 
field ܤ଴, the energy level splits in to two sub states, a low energy level generally denoted as 
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(݉ூ = + ଵ
ଶ
), which is when the spins are aligned in the direction of magnetic field (z-

direction) and (݉ூ = − ଵ
ଶ
) a high energy level, when the spins are opposite to the field. The 

difference in energy is given as ܧ߂ =  ଴. A transition between the states may occur if theܤℏߛ−
energy absorbed or dissipated matches ℏ߱଴ =  ଴, where ߱଴ is the resonance frequencyܤℏߛ−
(Larmor frequency) and  is the gyromagnetic ratio (a constant for a given type of nucleus). 
The classical interaction of a particle spin with magnetic field ܤ଴, attempts to align the 
magnetic moment in the direction of ܤ଴ field but the angular momentum tends to cause a 
precessional motion of ߤ around the field axis. This magnetization precesses at a frequency 
known as the Larmor frequency 0 = B0. 

The net magnetization arising from the vectorial sum of magnetic moments of all the nuclei in 
a sample with a nuclear spin ܫ௜ is denoted as the bulk magnetization ܯሬሬ⃗ , which is given as 
ሬሬ⃗ܯ  = ௜ߤߑ = ௜ߤ where ܬߛ =  ௜. The net polarization is therefore represented as aܫߛ
magnetization vector ܯሬሬ⃗ , pointing along the z-axis. A short radiofrequency pulse (RF) applied 
by a transmitter coil perpendicular to the ܤ଴, could perturb this magnetization from its 
equilibrium state and create a spin coherence by flipping on to the transverse xy-plane. This 
flip of the magnetization due to the on-resonance rf irradiation is characterized by the flip-angle 
߶௥௙ = ߱௡௨௧ݐ௉, where ݐ௉ is the pulse duration and ߱௡௨௧ =  ௥௙. It is defined as the angle thatܤߛ 
 ௥௙ field. Onceܤ ௥௙ makes with respect to x-axis and therefore depends on the strength of theܤ
the rf irradiation is switched off, the spin coherence evolves as a transverse magnetization 
which is time-dependent and precesses with Larmor frequency 0, eventually returning to their 
equilibrium state. For the simplification of this time dependence and an easier illustration, one 
uses a framework called rotating frame, where the observer rotates with a frequency ߱௥௘௙, that 
is similar to 0, and the magnetization appears static. Therefore, an offset frequency Ω଴ =
߱଴ − ߱௥௘௙ is used to describe the Larmor frequency of the system, where the signal offset 
decays exponentially.   

 

Figure 7: When a (ߨ 2⁄ ) pulse is applied on an ensemble of spins for a duration of ݐ௣, generates transverse 
magnetization that decays exponentially, where de is the dead time. The Fourier transformation of such an 
exponentially decaying function yields a Lorentzian peak, where the peak width at half height equal to 1 ߨ ଶܶ⁄  
(Levitt 2015) 
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The precession induces a voltage in the same coil which was also used to apply the RF-pulse, 
lead to a detected signal known as Free Induction Decay (FID). The Fourier transform of the 
FID gives the individual frequencies resulting into an NMR spectrum as shown in Figure 7 

The nuclear spin system can be influenced by factors either being external, like the externally 
applied static magnetic field ܤ଴ and rf pulses, or internal, where the interactions originate from 
other nuclei and the surrounding electron. The nuclear spin Hamiltonian ℋ is thus expressed 
as follows, 

ℋ =  ℋ௜௡௧ + ℋ௘௫௧ 

( 4 ) 

where, 

ℋ௘௫௧ = ℋ଴ + ℋଵ 

( 5 ) 

such that, ℋ଴ = ூΙߛ−  ⋅ Β଴ and ℋଵ = ூΙߛ−  ⋅ Βଵ. Here ℋ଴ is the nuclear Zeeman interactions, 
with the static external field Β଴ and ℋଵ is the interaction between spin and the RF field Βଵ. 
Internal interaction on contrary originates from nucleus and its surrounding environment, either 
a neighboring spin (e.g., spins ܫ and ܵ) or the electron cloud. It is denoted as 

ℋ௜௡௧ = ℋூூ + ℋௌௌ + ℋூௌ + ℋௌ + ℋொ + ℋோ 

( 6 ) 

Here, the first three terms constitute to dipole-dipole coupling ℋ஽, where ℋூூ and ℋௌௌ are 
homonuclear and ℋூௌ is heteronuclear coupling as well as to the indirect coupling mediated by 
bonding electrons, i.e., scalar ܬ coupling (ℋ௝). ℋௌ denote the shielding Hamiltonian, 
specifically chemical shift anisotropy. ℋொ indicates quadrupolar interactions, which arise when 
nuclei with ܫ >  1 2⁄  interacts with electric field gradient that is generated by the surrounding 
electron cloud. The interaction between rapid molecular rotation and nuclear spin is expressed 
as ℋோ (Liang et al. 2022). Such interactions in general the anisotropic chemical shift, dipolar 
couplings and J-coupling, along with the relaxation processes play an important role in 
structural determination as well as elucidating the molecular motions in biological systems.   

3.1.1 Internal interactions 

1. Chemical shift anisotropy 

The electron cloud surrounding the nucleus due to the motion induced by the external field ܤ଴, 
also gives rise to a secondary field, thereby the nucleus is shielded from the applied field. The 
magnetic field therefore experienced by the nucleus is a superposition of the static and the 
induced magnetic field. The frequency shift, this secondary field interaction causes in the NMR 
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spectrum is termed as chemical shift. This is therefore the difference in the experienced 
magnetic field ܤ଴, given as  

ߜ =  
Ω଴

߱௥௘௙
=  

߱଴ − ߱௥௘௙

߱௥௘௙
 

( 7 ) 

where ߜ,  is the chemical shift which is quite small with values recorded in parts per million 
(ppm), with the apparent Larmor frequency of nuclei ߱଴ =  ଴ and a reference frequencyܤߛ
߱௥௘௙. Most often, since the molecular environment is not uniform, the induced field can be 
described as being anisotropic, i.e., the chemical shifts are anisotropic and subsequently 
depends on the orientation of the molecule with respect to the static magnetic field. In case of 
liquids the fast-molecular motion averages out anisotropic effects and NMR spectra with a 
sharp peak is observed. Whereas for solid samples the molecules can adopt several orientations 
with respect to the magnetic field and one observes a powder pattern, which is a superposition 
of all individual peaks arising from this different orientation.  

2. Dipole-Dipole interactions 

The dipole-dipole coupling arises from the interaction of two nuclei in the system, where the 
magnetic field of one spin is influenced by the other spin and vice versa through space. This 
can be quantified by dipolar coupling constant ܦ, which is given as  

ܦ = −
଴ߤ

ߨ4
 
௞  ℏߛ௝ߛ

௝௞ݎ
ଷ  

( 8 ) 

where, ߤ଴ is the magnetic moment, ߛ is the gyromagnetic ratio of the spins ݆ and ݇, while ݎ௝௞ 
is the distance between the two spins. For high-field NMR under secular approximation, the 
Hamiltonian describing the homonuclear and heteronuclear dipolar interactions in the 
laboratory frame is given as, 

ℋ஽
ூభூమ =  

1
2

௭௭ܦ 
௅ ଶ௭ܫଵ௭ܫ3) ଵܫ − ⋅ (ଶܫ =  

1
2

௭௭ܦ 
௅ ଶ௭ܫଵ௭ܫ2) − ାଵܫ  ⋅ ܫି ଶ − ܫି  ଵ ⋅  (ାଶܫ

 

ℋ஽
ூௌ = ௭௭ܦ 

௅  ௭ܵ௭ܫ

( 9 ) 

respectively, with ܦ௭௭
௅ =  − ఓ೚ℏ 

ଶ గ
⋅  ఊభఊమ

௥భమ
య ߠଶݏ݋ܿ 3)  − 1) =  − ఓ೚ℏ 

ଶ గ
⋅  ఊభఊమ

௥భమ
య  ଶܲ(cos   .(ߠ

(10) 
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 here is the angle between the static magnetic field and the vector connecting the two nuclear ߠ
spins. In liquid sample the isotropic motion causes the reorientation of the molecule and 
therefore averages out dipolar couplings, although long-range intermolecular couplings 
remain, which are often small and mostly ignored. For solid samples since local spins are 
coupled to each other, both inter – and intramolecular dipole-dipole couplings are relevant. In 
Equation ( 9 ), ܫାଵ ⋅ ܫି ଶ, ܫି ଵ ⋅  ାଶ are called the flip flop term, which is also responsible forܫ
spin diffusion. 

3. J-coupling  

The indirect interactions between spins that occur via the electron cloud of chemically bonded 
spins are termed as J-coupling. Therefore, these indirect couplings give information regarding 
the chemical connectivity between different sites. This J-coupling allows the investigation of 
the local environment in an isotropic liquid, where the dipole couplings are averaged to zero. 

3.1.2 Relaxation 

When the spins are perturbed from their equilibrium state due to an external force, they tend to 
return to their initial spin state by the process of relaxation. There are two main relaxation 
processes. Longitudinal relaxation (spin-lattice), denoted as ଵܶ, here the system tries to restore 
the normal Boltzmann distribution and total magnetization returns to z-axis by exchange of 
energy between the surrounding (lattice) and the spin system. Transverse ଶܶ relaxation (spin-
spin), is related to the x, y-component of the magnetization ܯሬሬ⃗ , which is perpendicular to the 
 ,଴. The energy transfer between the individual spins (that also drives ଵܶ ) or additionalܤ
possible fluctuating local fields arising from other interactions, lead to fanning out of ܯሬሬ⃗  on the 
,ݔ  plane. Transverse relaxation therefore involves gradual loss of coherence with increase - ݕ
in entropy of the spin ensemble. Additionally, the transverse magnetization can be locked at a 
specific direction in the rotating frame by applying a resonant RF field along this direction i.e. 
a spin-locking pulse. Such a spin-locked magnetization will decay to zero in the rotating frame, 
with a characteristic relaxation time ଵܶఘ, which is used to access the slow dynamic processes. 

Relaxation in NMR occurs due to the fluctuations in the local field at the excited nucleus which 
is in turn caused by molecular motions. These fluctuations in the local magnetic fields can be 
characterized by a time correlation function, (ݐ)ܩ, that describes the correlation between the 
average local field at time ݐ and at a time later ݐ + ߬. Therefore, for the case of ଵܶ relaxation, 

 

(ݐ)ܩ = ݐ)௫,௬ܤ (ݐ)௫,௬ܤ〉  + ߬)〉 

(11) 

The value of correlation function is large over short time and often decays exponentially with 
a time constant ߬௖, which is the correlation time, so 
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(ݐ)ܩ ∝  ݁
ି௧ ఛ೎ൗ  

(12) 

The proportionality constant here depends on the magnitude of the local field, which has been 
omitted for simplicity. This indicates that rapid fluctuations lead to fast decay of the 
autocorrelation function and have small values for ߬௖ and vice versa. The fourier transform of 
the correlation function gives the spectral density ܬ(߱), which plays a key role in the theory of 
relaxation and is obtained as, 

(߱)ܬ ∝  න ݐ௜௪௧݀ି݁(ݐ)ܩ
ஶ

ିஶ

 

(13) 

which can be combined with Equation (12) to obtain, 

(߱)ܬ =  
2߬௖

1 + ߱ଶ߬௖
ଶ 

(14) 

This indicates that slow fluctuations correspond to long correlation times and in turn a narrow 
spectral density.  

For protons, different physical interactions give rise to fluctuating local magnetic fields that 
can lead to spin relaxation, for instance intramolecular magnetic dipolar, anisotropic chemical 
shift, quadrupolar and scalar coupling interactions. In general, for a biological macromolecule 
having a spin 1/2 nucleus, magnetic dipolar and anisotropic chemical shift are the primary 
relaxation sources. In case of proton relaxation for proteins, homo-nuclear dipolar couplings 
are dominant when compared to hetero-nuclear couplings and although CSA contributes to the 
relaxation, its effect is usually negligible in comparison to dipole-dipole coupling. The 
relaxation rate or relaxation time can be expressed as, 

 ܴଵ =  ଵܶ
ିଵ =  

2
3

∙ (଴߱)ܬ) ܦ +  ((2߱଴)ܬ 4
 

 

(15) 

 ܴଶ =  ଶܶ
ିଵ =  

1
3

∙ (0)ܬ 3) ܦ + (଴߱)ܬ 5 +  ((2߱଴)ܬ 2
 

 

(16) 

 ܴଵఘ =  ଵܶఘ
ିଵ =  

1
3

∙ (2߱ଵ)ܬ 3) ܦ + (଴߱)ܬ 5 +  ((2߱଴)ܬ 2
 

 

(17) 
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Here, ܦ is the effective spin-spin-coupling strength. A larger dipolar coupling constant results 
in a faster decay of coherences. This is also relevant in the static limit, where the dephasing of 
the signal occurs due to the dipolar couplings, generally termed as dipolar dephasing. In solids 
the relaxation decay is a superposition of frequencies that originate from the different 
orientations of the spins and is represented by a Pake pattern (see Figure 8). The corresponding 
time domain signal is characterized by a characteristic decay function that is Gaussian initially. 
This decay is defined by the time constant ଶܶ spin-spin relaxation time. The short ଶܶ in this 
rigid limit is not correctly captured by the BPP theory (Equations (15)(16)(17)) which is 
generally used to characterize the motions where the relaxation time is longer than the motional 
correlation time. In the rigid as well as fast-motion pre-averaged limits, the Anderson and 
Weiss model (Anderson and Weiss 1953) can be used to describe the time signal. The 
difference between the transverse relaxation times for rigid and mobile regions can be easily 
distinguished and the fractions can be quantified using the amplitude of relaxation. The 
relaxation rate constant for nuclei in a protein therefore are characterized by several factors, 
including overall rotational correlation times, internal motions and strength of the relevant 
coupling interactions (Cavanagh 2010).   

 

 

Figure 8: Pake pattern obtained under static rigid limit and the time domain signal obtained after Fourier 
transformation.  

3.1.3 NMR relaxation studies for protein solutions 

For a protein the NMR relaxation times depend both on the Brownian tumbling motion as a 
whole and on the internal conformational mobility. Therefore, in order to precisely determine 
the internal mobility, one must take into the effects of protein Brownian tumbling. The 
correlation function of a protein in solution therefore is made up of a product of correlation 
functions of overall rotation ܥோ(ݐ) and local motion ܥ௜௡௧(ݐ) given as, 

 

(ݐ)଴ܥ  = ∙ (ݐ)ோܥ   (ݐ)௜௡௧ܥ 
 

 

(18) 
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Consequently, the non-selective proton relaxation data analyzed in this work would depend on 
the joint action of correlation functions of all protons in the protein. Our aim was to characterize 
the aggregation kinetics of proteins by probing the proton NMR relaxation at low resonance 
frequencies. Although at such low resonance frequencies poor spectral resolution is acquired, 
it is suitable to study the protein tumbling motion as a whole, as the magnetic relaxation is at 
such frequencies are dominated by overall Brownian rotation (Krushelnitsky 2006). Owing to 
the low spectral resolution, the integral protein proton signal is evaluated. Protons at different 
sites in the protein experience different dipolar coupling and hence contribute to different 
internal dynamics and eventually leads to a spread of relaxation times. The integral protein 
proton relaxation curve is therefore intrinsically non-exponential, i.e., either Gaussian in the 
rigid limit, or also multi-exponential where motions are relevant. The transverse relaxation 
decay curves obtained in this study consisted of two components: a fast component 
corresponding to protein and a slow one that results from the residual water protons. A pure 
protein relaxation curve can then be obtained by subtracting the water component. The water 
component is always single exponential, due to the fast exchange between hydrated and bulk 
water molecules. As is elaborated in the supporting information of the reference (Krushelnitsky 
et al. 2014), the mean arithmetic average of the protein relaxation rates equals the initial slope 
of the relaxation decay. This idea will be elaborated in detail in the results section. 

The following section will deal with brief description of the spin relaxation measurements, 
with particular focus on its technical aspects. 

3.1.4 Measuring transverse relaxation 

ଶܶ
∗ and ଶܶ are time constants that describes the magnetization decay in the ݕݔ-plane, that is 

caused by loss of spin coherence due to a RF-pulse, leading to a simple FID. This transverse 
relaxation emanates from two prominent sources, i. due to the inhomogeneity of the outer 
magnetic field ܤ଴ and ii. due to the spin-spin interactions. ଶܶ

∗ and ଶܶ are differentiated based 
on the fact that the latter describes the intrinsic relaxation emerging only from the spin-spin 
interactions minus the effects of field inhomogeneity. This can be circumvented by the use of 
a ߨ-pulse (Hahn-Echo) or a train of ߨ-pulses (Carr-Purcell-Meiboom-Gill) applied to the 
transverse magnetization in the middle of the evolution period ߬. For a protein the intrinsic 
relaxation occurs on a time scale much faster than that of the solvent molecules (water). In 
order to cover this wide time-scale range and also to precisely obtain the initial slope of the 
protein relaxation decay a combination of different experiments were used, an FID that 
characterizes the beginning of ଶܶ decay and remains unaffected by field inhomogeneities, and 
the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence at two delay times, in order to 
effectively measure both the protein and water components. In contrast to Hahn echo which 
starts with a two-pulse sequence (ߨ 2⁄ −  ߬ଵ − − ߨ  ߬ଵ) that gives an echo signal centred at 
time ߬ଵ followed by the ߨ-pulse, CPMG consists of the same initial sequence except that it is 
followed by a train of ߨ-pulses creating a series of echoes, which are then detected. Here, short 
detection of the integral signal intensity in between pulses makes it possible to detect many 
points within a single CPMG experiment. The Hahn echo experiment however only provides 
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information on a single data point, but it can access time scales shorter than CPMG by varying 
߬ଵ before and after the ߨ-pulse. A combination of these experiments gives the complete 
relaxation decay for a protein solution and after subtracting the water signal, the intrinsically 
multi-exponential protein relaxation decay can be acquired. In certain cases, if the local 
environment of the spin changes due to the internal dynamics of the protein or when it interacts 
with another molecule, a change in chemical shifts is observed which is classified as chemical 
exchange. Such effects of chemical exchange can be compensated by employing shorter inter-
pulse delay between the ߨ-pulses than the characteristic time scale of this effect. Otherwise, 
the re-focusing by the ߨ-pulses remain incomplete, leading to shortening of the ܶ ଶ decay, which 
may not be related to the Brownian dynamics of the protein.  

3.1.5 Magic-Angle Spinning solid state NMR 

Unlike for solutions where the molecules tumble randomly and rapidly resulting into their 
molecular orientation being averaged to an isotropic value, the solid state samples the 
molecular tumbling might be very slow or even absent in case of rigid solids. In such cases the 
molecules will be oriented in all possible directions with respect to ܤ଴, and this random 
distribution of orientation results in to spectrum that is a sum of several sharp lines 
superimposed to form a static powder pattern. Such samples can be investigated by employing 
the concept of Magic Angle Spinning. This involves the complete sample being mechanically 
rotated at the magic angle ߠ = 2√݊ܽݐܿݎܽ = 54.74°. Here the P2 (cos ߠ) ≈ 0, such that the 
broadening effects of anisotropic interactions are averaged. Additionally, the presence of a 
homogeneous (1H-1H dipolar coupling) or inhomogeneous (13C CSA) interaction can have 
different effect on the averaging due to MAS. One such consequence is the appearance of 
spinning side bands, that is observed at integral multiple of spinning frequency. For spectra 
that involves broadening due to inhomogeneous interactions, spin rates greater than the 
linewidth is required to eliminate the spinning sidebands.  

3.1.6 Cross polarization 

NMR can be used to obtain structural information via chemical shifts. Although protons are 
the most abundant atoms in a biomolecule, at moderate spinning speeds the detection of high 
gyromagnetic ratio (ߛ) nuclei like protons in solids is not favoured since the homonuclear 
dipolar interactions may not be accurately averaged out and broaden the NMR lines. A better 
molecular resolution can be obtained with nuclei having a low ߛ, but they have very low signal-
to-noise ratio, long ଵܶ relaxation due to absence of homonuclear decoupling and requires high 
decoupling power during detection. In order to overcome this, and gain information of the spins 
that are close in space cross polarization can be used. In this technique the dilute spin, in this 
case 15N derives its magnetization from the neighboring abundant spin like 1H, which usually 
has a fast ଵܶ relaxation. For such a polarization transfer, dipolar coupling between the dilute 
and abundant spin is necessary. The maximum signal to noise amplification is given as ߛூ ⁄௦ߛ , 
where ߛூ and ߛ௦ are the gyromagnetic ratios of high and low sensitive nuclei respectively, and 
the maximum enhancement for 1H to 15N polarization transfer is ~ 10. 
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The polarization transfer occurs only if the 1H and 15N nuclei are coupled and they fulfil the 
Hartmann-Hahn condition, which is: 

߱ଵ൫ ܰଵହ ൯ = ߛ  ேభఱ ∙ ଵ൫ܤ ܰଵହ ൯ = ߛ  ுభ ∙ ଵ൫ܤ ଵܪ ൯ =  ߱ଵ൫ ଵܪ ൯ 

(19) 

Equation (19) is valid for a static sample. The protons are firstly excited with a 90° pulse, 
creating transverse magnetization, thereafter a spin-lock pulse is applied to both the 1H and 15N 
channels, which reintroduces the flip-flop terms in the effective interaction Hamilton (see 
Equation 9). The magnetization is then transferred, when the energy differences caused by the 
spin-lock match each other, with conservation of energy from the high ߛ nuclei to the low ߛ 
nuclei. The polarization transfer depends on several factors. If the contact time is short, only 
the closest proton can transfer the magnetization, also the rate of transfer increases when there 
is strong dipolar coupling. The efficiency of CP can be reduced in case of fast molecular 
motions. The Hartmann-Hahn match depends strongly on the MAS spinning frequency ߱ோ, 
therefore if the spinning rates are on the order of the dipolar coupling dipolar coupling gets 
averaged out, causing additional reduction of CP efficiency. Under MAS, the matching 
conditions are given by ߱ଵ൫ ܰଵହ ൯ −  ߱ଵ൫ ଵହܪ ൯ =  ± ߱ோ. To ensure proper matching, usually a 
ramped amplitude CP is applied on one of the spin-lock pulses (Metz et al. 1994; Duer 2001). 
A standard pulse program is shown below:  

 

Figure 9: Schematic representation of cross polarization (CP) pulse sequence for a polarization transfer from 1H 
to 15N. 

3.1.7 Insensitive nuclei enhanced by polarization transfer (INEPT) 

In contrast to CP, INEPT exploits the magnetization transfer between spins via the 
heteronuclear ܬ- couplings, to enhance the intensity of dilute nuclei (S). Here the 90° pulse on 
the proton (I), leads to the evolution of transverse magnetization, while the 180° on proton 
refocuses the chemical shift, ܬூௌ coupling evolves due to the 180° on S. The transverse 
magnetization refocused by spin echo, transfers this refocused magnetization on to ܰଵହ  nuclei. 
(Roberts 2013) 
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3.1.8 Measuring relaxation in rotating frame 

ଵܶఘ is time constant that characterizes spin-lattice relaxation in the rotating frame in presence 
of a spin-lock pulse of strength ܤଵ, with ܤଵ ≪  ଴. The RF field is irradiated with the sameܤ
phase as the spin coherence, such that the spins will be constantly refocused and is held along 
the axis of the RF pulse. The spin locked magnetization now decays with the characteristic ଵܶఘ 
relaxation time along ܤଵ. This allows for the investigation of slow molecular dynamics on the 
time scale of 1 ߱଴ =  1 ⁄⁄ଵܤߛ . Using ଵܶఘ relaxation in terms of obtaining quantitative 
information on molecular dynamics will be further elaborated in the results section. 

3.2 Small-angle X-ray scattering (SAXS) 

SAXS is a powerful analytical tool that can be used to deduce structural information from both 
biological and non- biological samples in the range of 1 to 100 nm. In a typical SAXS 
experiment the X-ray radiation is elastically scattered by the sample and the scattering intensity 
curve is the Fourier transform of the autocorrelated electron density contrast associated with 
the macromolecule (Tardieu et al. 1999). This scattering pattern can be further analyzed to 
obtain information regarding the particle’s size, shape, polydispersity and can be used to reveal 
the interactions of particles.  

The samples are usually investigated in transmission (see. Figure 10). As the monochromatic 
electromagnetic waves of the X-ray beam are directed into the sample, a small percentage of 
the X-rays are scattered at the electrons of the atoms. The resulting oscillations lead to local 
emissions of spherical waves that interfere with each other, resulting into a scattered wave, 
which is quantified by the q vector ⃗ݍ =  ሬ݇⃗ ′ −  ሬ݇⃗ . The q vector describes the momentum transfer 
between the incident wavevector, ݇, and scattered wavevector, ݇ ′ (see. Figure 10). The absolute 

value |ݍ
→

| is dependent on the scattering angle, 2ߠ, the refractive index, ݊ ,and the wavelength 
of the incident wave, ߣ, and is given by: 

ݍ⃗ =  ൬
݊ߨ4

ߣ ൰ sin
ߠ
2

 

(20) 
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Figure 10: Schematic representation of small angle X-ray scattering experiment. 

Further details about the SAXS experiments and data analysis are found in the Material and 
Methods section. 

3.3 Dynamic light scattering (DLS) 

Dynamic light scattering is a technique generally used to determine the particle size. Here a 
monochromatic beam of light directed on to a macromolecular solution would scatter the 
incoming light depending its size and shape. The molecules undergo always undergo a 
Brownian motion in a suspension and the intensity of fluctuations of scattered light due to this 
motion is analyzed. This gives information regarding the diffusion coefficient ܦ that is related 
to hydrodynamic radius of the molecule. Such motion generally depends on the particle size, 
temperature and solvent viscosity. The scattered light is then recorded by the detector. In a 
typical DLS experiment, a normalized intensity correlation function ݃ଶ(ݐ) that describes the 
motion of the molecule and ݃ଵ(ݐ) a normalized electric field correlation function, that 
correlates the motion of particle relative to each other is measured. ݃ଵ (ݐ) is expressed as 
݃ଵ(ݐ) = exp (−ݍଶݐܦ), where ݍ is the scattering vector, ܦ is the diffusion coefficient and ݐ is 
the time, specifically the time difference resulting from an intensity autocorrelation procedure. 
The size of the particle can then be determined using the Stokes-Einstein equation.  

ܦ =  
݇ܶ

௛ܴ݊ߨ6
 

(21) 

with ܦ being the diffusion coefficient, ݇ - Boltzmann’s constant, ܶ – temperature, ݊ – solvent 
viscosity and ܴ௛ is the hydrodynamic radius of the particle (Stetefeld et al. 2016; Hoo et al. 
2008) 
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3.4 Attenuated total reflectance FTIR (ATR-FTIR)  

Fourier Transform infrared spectroscopy (FTIR) has been one of the most popular techniques 
used for the structural characterization of proteins and peptides. In this technique the incident 
infrared radiation is absorbed by the molecules when the frequencies of the light and vibrations 
are equal. The strength of the vibrating bonds determine the absorption and the vibrational 
frequency and are influenced by the intra- and inter-molecular effects (Barth 2007). In 
attenuated total reflectance FTIR the sample is placed on an ATR crystal. The incident infrared 
beam is totally internally reflected and creates an evanescent wave that penetrates the sample. 
These waves can be absorbed by the sample and the attenuated or residual energy is transferred 
back to the detector. An infrared spectrum is then generated by the system.  

The changes in the secondary structure and its content can be determined using this vibrational 
spectroscopy technique. The characteristic protein IR bands are amide I (~ 1700 – 1600cm-1) 
due to the stretching vibration of C=O and amide II (~ 1600 – 1500 cm-1) which is the bending 
vibrations of N-H. These bands are sensitive to changes associated with the secondary 
structure. This method therefore can be conveniently used to track the changes in the structure 
over a long period of time.      

3.5 Electron Microscopy 

Electron Microscopy has been conventionally used to obtain high-resolution images of a 
specimen both biological and non-biological. In combination with other accessory techniques 
like thin sectioning, immuno-labeling, negative staining and resin embedding certain specific 
questions can be clarified. There are two main types of electron microscopy techniques, 
transmission EM (TEM) and scanning EM (SEM). TEM is used generally used to get 
information on the structural integrity of the specimen, which was used in this study. SEM on 
contrary is used to obtain surface information. Here, a beam of electrons having a very short 
wavelength that acts a source of scattered ݁ି that are detected. In TEM, the electrons are 
directed on to a thin specimen. The unscattered electron beam passing through the specimen 
on to the detector gives rise to a shadow image of the specimen. These are then imaged by 
appropriate lenses to obtain structural information of the specimen (Goodhew 2011).  
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4 Material and Methods 

4.1 Lens material and recombinantly synthesized protein  

For this work eye lens crystallin proteins were procured either by recombinant methods or by 
purification from the eye lens. Bovine eye lenses used for purification of -crystallin were 
obtained from an organic farm Biohof-Barthel in Greudnitz, Germany. bB and h B 
crystallins were recombinantly synthesized using the below-mentioned bacterial strands and 
plasmids. 

Table 1:Bacterial strand and plasmids used. 

 

4.1.1 Culture media 

All culture media were sterilized at 1 bar pressure and 121 °C for 20 min and then stored at 4 
°C. The respective antibiotics were added with a final concentration of 300 μg/mL (ampicillin) 
or 30 μg/mL (kanamycin) directly before use. Heat-unstable components of the media were 
sterile-filtered using a membrane filter (pore size - 0.22 μm). The compositions of the media 
are given in Table 2. 

Table 2: The composition of media used  

Solution Composition  
Glycerin stock solution  700 ml Glycerol (87 %) autoclaved and 300 

ml cell suspension from the over day culture 
dYT -media For 1 L 

16 g peptone 
10 g yeast extract 
5 g NaCl 

MSMCHP2 – Mineral salt solution  875 mL dd H2O 
100 mL 10x MSMCHP2 
5 mL 1M MgSO4 
20 mL 40 % (m/V) glucose 
500 L 200 mg/mL thiamine  

10x MSMCHP2 840 mM K2HPO4 
261 mM NaH2PO4 x H2O* 
141 mM Na2SO4 
550 mM NH4Cl 
20 mL of 1 L trace elements solution 

Bacterial strand Plasmid 
E. coli TOP 10 Invitrogen (Karlsruhe) 
E. coli BL21(DE3) Novagen (Darmstadt) 
pET16b Innoprofile-NWG 
pET23d Innoprofile-NWG 
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Solution Composition  
Trace elements solution (1 L)       60 mM Na2-EDTA 

62 mM FeCl3 x H2O* 
5 mM CaCl2 x H2O* 
883 M CoSO2 x H2O*  
626 M ZnCl2 x H2O* 
400 M CuCl2 x H2O* 
722 M MnCl2 x H2O* 

 

For expression of labelled protein distilled H2O was replaced with D2O (>99.8%) and 
additionally 15NH4Cl and D-Glucose (d7) were used so as to be able to measure using solid 
state NMR measurement. 

4.2 Molecular biology - cell transformation 

The DNA of h B (wild-type) crystallin was provided by Dr. Qi Zhang in the pET16b vector. 
For the transformation of plasmids into competent cells an aliquot of 150 l CaCl2-competent 
cells 1. BL21(DE3) and 2. TOP10 was thawed on ice and 50-100 ng 3 l and 1.5 l of plasmid 
was added respectively. After an incubation of 30 min at 4 °C, the samples were heated at 42 
°C for 42 s and then stored on ice. To each of the cell suspensions 600 μl of dYT media were 
added and incubated at 37 °C for 30 - 60 min in a shaker and then pelleted at 4500 x g for 1 
min. The pellet was resuspended in 200 µL medium and plated onto agar plates containing the 
antibiotic Ampicillin. Colony growth took place overnight at 37 °C in an incubator. All steps 
were executed under sterile conditions.  

Competent cells with the appropriate plasmid were grown in 5 ml dYT with antibiotic 
overnight. 300 μl of the cell suspension was resuspended in the sterile hood with previously 
autoclaved 700 μl of glycerol (87 %) and stored at -80 °C. Replication of plasmids Top 10 cells 
with the appropriate plasmid were grown in 5 ml dYT with antibiotic overnight and pelleted at 
6800 x g for 3 min. The DNA was obtained according to the QIAGEN protocol and the QIA 
prep Spin Miniprep Kit. 

4.3 Protein expression and purification 

4.3.1 H B-crystallin  

The h B cDNA was provided by Prof. Wilbert Boelens (Nijmegen Center for Molecular Life 
Science; Gelderland, Netherlands) and reviewed by Dr. Qi Zhang cloned into a modified His-
tag free pET16b vector and transformed into BL21(DE3) cells. This construct could be 
expressed in the dYT media or isotopically enriched mineral salt solution MSMCHP2 (Zhang 
2013) depending on the purpose. Therefore, for unlabeled hB, the cells were expressed fully 
in dYT media. For labelled h B the constructs were first grown in dYT media and the 
transferred to deuterated MSMCHP2 media with a stepwise increase in the amount of 
deuterated H2O. In this case 15NH4Cl was used as the sole nitrogen source. In both the cases 
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cells were overexpressed with antibiotic Ampicillin by incubating at 37°C for four hours or at 
20 - 25°C overnight. The cells were induced in dYT and MSMCHP2 medium at an optical 
density between 0.7 and 1.0 at 600nm wavelength with a final concentration of 1 mM IPTG. 
The medium containing the cells was centrifuged at 8280 g for 10 min at 4 °C (rotor SLA-
3000) and the pellet was stored at -80 °C.  

For purification, the cells were resuspended in buffer A with 2 mg lysozyme per 1 g cells, a 1: 
50 dilution of 1 M MgCl2, a 1:20000 dilution of DNase1 and 500 l protease inhibitor cocktail 
and left stirring at 4 °C for 15 - 30 mins until the cells were completely dissolved. The cells 
were then disrupted three times at 4°C with a microfluidizer at a pressure of 500 to 1000 bar. 
After the first centrifugation step at 47810 g for 30 min x 2 times and 4 °C (SS34 rotor), 2 mg 
protamine sulfate per 2 ml cell lysate was added and incubated with stirring for several hours 
at room temperature until a homogeneous suspension had formed. The second centrifugation 
step then took place under identical conditions. To the supernatant obtained, a calculated 
amount of 4 M (NH4)2SO4 (pH 8.5) was added so as to achieve a final concentration of 1.4 M 
(NH4)2SO4. In order to prevent the contamination by DNA the supernatant obtained was 
applied initially to a HIC column previously equilibrated with buffer B and h B was eluted at 
a gradient of 100% Buffer A. The target protein fraction was eluted, which was then dialyzed 
3 times against 5 L 20 mM TRIS, 1 mM EDTA pH 8.5 at RT for at least 90 mins. This dialyzed 
fraction was loaded onto QHP Anion exchange column equilibrated with buffer A and using a 
gradient of 0 – 100% Buffer C protein was eluted. Pure h B was obtained with a gradient of 
75 % Buffer C.  

Table 3: List of buffers used for the purification of h B-crystallin  

Buffer Composition pH 
Buffer A   
Lysis 
Elution HIC 
Binding IEX 

20 mM Tris 
1 mM EDTA 

8.5 

Buffer B 
Binding HIC 

20 mM Tris 
1 mM EDTA 
1.4M (NH4)2SO4 

8.5 

Buffer C 
IEX elution 

20 mM Tris 
1 mM EDTA 
1 M NaCl 

8.5 

SEC buffer 50 mM sodium phosphate 
50 mM NaCl 
1 mM EDTA 

7.5 

Dialysis buffer 50 mM ammonium hydrogen 
carbonate 

7.0 

 

The pre-cleaned h B was then applied to a gel filtration column equilibrated with SEC buffer 
(Hi Load Superdex 200 prep grade) and the degree of purity of the protein obtained was 
checked using an SDS gel (Schägger and Jagow 1987). For storage purposes, the h B 
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previously concentrated (with addition of 0.02% NaN3 to the buffer) with centrifuge filter units 
was repeatedly dialyzed against dialysis buffer, freeze-dried and the lyophilized protein was 
stored at 4 °C. The buffers used can be found in Table 3. 

4.3.2 Bovine B crystallin 

Recombinant bovine B-crystallin was expressed from a pET23d plasmid in Escherichia coli 
BL21(DE3). The cells were grown in DYT media. The growth of cells was monitored by 
optical density at a wavelength of 600 nm and after the cell density reached an O.D of 0.7 - 
1.0, IPTG (0.1% v/v 1M) was added to induce protein expression. The temperature was reduced 
to 22 oC and cells were left overnight (12 - 16 h) for expression. The cells were then harvested 
at 8280 g for 10 min in SLA-3000 rotor at 4 °C. The pellets formed were stored at -80 oC. 

The pellets were resuspended in NPI20 buffer, subsequently 2mg lysozyme per 1 g cells, a 1: 
100 dilution of 0.5 mM MgCl2, a 1: 20000 dilutions of DNase1 and 500 l protease inhibitor 
per 3 L cell culture was added. The cell solution was first homogenized using Ultra Turrax and 
then digested three times at 4 oC with a microfluidizer at pressure from 500 to 1000 bar. After 
centrifuging twice at 20000 rpm (47810 g) for 30 min and 4 oC (SS34 rotor), the supernatant 
was purified by metal ion affinity chromatography (Ni Sepharose High performance). The 
suspension was transferred on to the nickel metal ion affinity column previously equilibrated 
with NPI20 buffer and eluted at a gradient of 30 % - 100 % NPI500 buffer. The eluate obtained 
at 30 % gradient corresponded to the B-crystallin protein, confirmed by SDS-page. It was then 
further purified by loading on to a gel filtration column (GELFI) Hi Load Superdex 75 prep 
grade initially equilibrated with GELFI buffer. The eluate was pooled and concentrated with 
Amicon and stored at 4 oC after addition of 0.02 % NaN3 to the buffer. The concentrated protein 
was dialyzed against the dialysis buffer (Table 3), which was then lyophilized and the protein 
obtained was stored at 4 °C. The list of buffers used are given in Table 4. 

Table 4: List of buffers used for the purification of bovine B-crystallin  

Buffer Composition pH 
NPI20 buffer 50 mM sodium phosphate  

150 mM NaCl 
20 mM imidazole 

7.5 

NPI500 buffer 50 mM sodium phosphate 
150 mM NaCl 
500 mM imidazole 

7.5 

GELFI buffer 50 mM sodium phosphate 
50 mM NaCl 

7.5 

 

4.4 -crystallin from bovine lens 

The bovine eyes obtained from cattle less than 6 months old, were stored at -20 °C and partially 
thawed to obtain the lens. By making a long incision above the lens, this could be detached 
from the eye by applying pressure to the cornea. The lens was briefly swung several times in 
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GELFI buffer (Table 4) and stored at -80 °C. The lens preparation was already performed and 
the lenses stored at -80 °C was directly used for this work. 

The bovine lens homogenate or bovine -crystallin was obtain by dissolving the individual 
lenses in GELFI Buffer with addition of NaN3. For this purpose, the lens buffer mixture was 
stored at 4 °C with stirring for several hours until the lenses dissolved. Depending on the 
desired final concentration of the lens homogenate, the initial volume of the buffer added was 
approximately adjusted i.e., for a final concentration of approximately 120 mg/ml, 1 g lens in 
1.85 ml buffer is required. The insoluble lens components were separated, by centrifuging the 
mixture several times at 14,000 g for 30 - 60 min and after complete dissolution of the lens and 
the pellet was discarded. To obtain pure bovine -crystallin, the soluble lens homogenate was 
loaded onto a size exclusion chromatography column (Superdex 200 HiLoad 16/600), the 
collected -crystallin fractions were combined and concentrated using centrifuge filter units. 
For storage purposes, the -crystallin was dialyzed against the dialysis buffer (Table 3), 
lyophilized and stored at 4°C. 

4.5 Sample preparation  

In general, for all the experiments the sample preparation involved the dissolution of weighed 
lyophilized protein in 50 mM Na-phosphate buffer and 50 mM NaCl at pH 7.5. For highly 
concentrated crystallin samples the powdered protein was dissolved at 20 mg/ml concentration 
and concentrated down to the required final 200 mg/ml using a Millipore ultracentrifuge falcon 
tube of 10 kDa molecular weight cutoff. The samples prepared were stored at 4°C. For the 
studies using low concentration, the 20 mg/ml sample was used as is. 

4.5.1 Solution state NMR 

4.5.1.1 Relaxation experiments 

The crystallin powder was initially dissolved in 50 mM Na-phosphate buffer, 50 mM NaCl and 
0.002% NaN3 which was then lyophilized and subsequently dissolved in D2O at pD 7.6. The 
lyophilization cycle with D2O was repeated thrice to ensure maximum exchange so as to 
minimize water proton signal. The final protein concentration as determined by absorption at 
280 nm was B-crystallin: 60 mg/mL and 135 mg/mL; -crystallin: 60 mg/mL and 200 mg/mL. 
The use of 5mm NMR tubes, at high temperatures lead to the solvent evaporation and 
condensed on the inner walls of the tube. This significantly altered the protein concentration. 
To overcome this, inserts for 4mm magic angle spinning (MAS) rotors were used (Bruker, 
catalogue number: B4493). This ensured tight sealing of the sample and only required ~ 26 L 
of the protein solution. 

4.5.1.2 1H-15N HSQC  

For solution state 1H-15N HSQC the lyophilized labeled B crystallin was dissolved in 50 mM 
Na-phosphate buffer, 100 mM NaCl at pH 7.5 containing 10 % D2O. A concentration of  



  Materials and Methods 

41 
 

20 mg/ml was used. The concentration of the solution was determined using the intrinsic 
absorption at 280 nm.  

4.5.1.3 Solid-state NMR – Rotor packing 

The purified 2H, 15N labeled B crystallin was subjected to three lyophilization cycles by 
initially dissolving it in 50 mM Na-phosphate buffer, 100 mM NaCl at pH 7.5 with 15% H2O 
and 85% D2O, to ensure homogeneous degree of protonation of exchangeable sites. After 
determining the concentration of the diluted solution with the intrinsic absorption at 280 nm, it 
was passed through a filter of 22 M to get rid of any unwanted particles. The solution was 
concentrated down to ~ 600 L using Millipore ultracentrifugation falcon having a molecular 
weight cut-off of 100 kDa, this ensured homogenous particle size. The samples were packed 
into a 1.3 mm thin wall ZrO2 rotor, using a SpiNpack ultracentrifugal device kit from Giotto 
Biotech, an Optimal-100 XP ultracentrifuge and a SW32 Ti swinging rotor (Beckman Coulter 
GmbH). The protein was sedimented into the NMR rotor over 20 h at 4°C at a rotation 
frequency of the 28000 rpm and the supernatant was removed afterwards. The samples were 
stored at 4 °C until it was used (Mainz et al. 2015).   
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5 Characterization techniques 

5.1 NMR relaxation  

Transverse proton relaxation experiments were performed on a 200 MHz Bruker Avance III 
spectrometer with a static 5mm Bruker probe. These relaxation measurements were conducted 
at two different temperatures, 30 °C and 60 °C, with an accuracy of about ±1 with a gradient 
of approximately 0.5 K. In order to cover a wide range of transverse relaxation time to include 
solid-like protein aggregates, soluble proteins and residual water, a combination of three 
experiments were employed: free induction decay (FID) 10 s to 0.2 ms and two Carr-Purcell-
Meiboom-Gill (CPMG) with different time delays between the ߨ-pulses: 30 s (covering  
60 s to ~60 ms) and 0.5 ms (1 to 600 ms). In all the above cases a 90o excitation pulse of 2 s 
and a recycle delay of 3 - 4 s was applied, acquiring 8 scans. 
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Figure 11: Combining FID and CPMG-based relaxometry curves of bovine -crystallin, 60 mg/mL (Camilles et 
al. 2018), reused according to CCC RightsLink agreement. 

Figure 11 shows a T2-decay curve obtained by combining the three different experiments FID 
and CPMG at two inter-pulse delays. To obtain a perfect overlap of the three decays, in some 
cases a multiplication factor in the range of 1.00 -1.02 was used for adjusting the amplitudes 
of the decay. The FID and CPMG decays could be well overlapped at time delays shorter than 
0.1 ms. The FID points after 0.1 ms were not used for plotting the overall T2-decay as it is 
affected by the B0 field inhomogeneity. It should be noted that the CPMG decays at two 
different inter pulse delay overlaps perfectly, indicating that the shortening of T2 curve due to 
the chemical exchange is negligible at inter-pulse delays and proton resonance frequency (Luz 
and Meiboom 1963). Therefore, for all the cases, the total integral proton signal was detected 
without any spectroscopic separation (Camilles et al. 2018). 
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5.2 Easy NMR relaxation method 

Elimination of Artifacts in NMR SpectoscopY (EASY), is a simple NMR FID experiment that 
cancels out artefacts or background signals (Jaeger and Hemmann 2014). This consists of 
acquiring two FIDs sequentially with a 90° pulse, here 2 µs after the normal waiting time  
~ 3 s ( ଵܶ delay). The first FID therefore would consist of both the real NMR signal from the 
protein solution as well as the artefact. The following FID with the second pulse immediately 
after, with the exact same rf pulse phase and length now contains only the artefact signal. The 
concept here is that, the first 90° pulse would cause the background protons to experience a 
very small flip angle, while it primarily acts on the protein sample. Since the background 
experiences only a small flip the second pulse leads to an identical background signal. Thus, 
the artefact free-NMR is obtained as a difference of these two FIDs.    

5.3 Heteronuclear Single Quantum Coherence (HSQC) 

HSQC experiments are generally used to analyze complex protein structure. It is a 2D 
experiment where the chemical shift of a 15N or 13C is correlated to an attached 1H and such 
that each residue of the protein is indicted as a peak in the NMR spectra. Solution state NMR 
spectroscopy measurements were carried out on a Bruker Avance II 800 with a cryogenically 
cooled probehead and a magnetic field strength of 18.8 T. Shimming was performed 
automatically before every measurement. Using a watergate sequence the water signal was 
efficiently suppressed. For the measurements the temperature was set to 295.15 K. A recycle 
delay of 1.0 s was used. To obtain a good signal to noise ratio the offset and pulses were 
optimized. The 90 ° pulse length of 1H was 11.5 µs at a power level of 9.3W and for 15N  
38.0 µs at a power level of 132 W. The number of scans taken for this measurement was 16 
and a relatively well resolved spectra was obtained. The multi-dimensional spectrum was 
processed with a line broadening (LB) value 0.3 with a square sine-bell apodization function 
having a sine bell shift (SSB) value of 2 to 3. The spectrum was processed using TopSpin and 
the data was analyzed using Sparky NMR.  

5.4 Solid-state NMR  

The initial solid-state NMR experiments were performed at the Technical University Munich 
(TUM), in the group of Prof. Bernd Reif where they had already successfully acquired solid-
state NMR spectra of B crystallin (Mainz et al. 2015). Here, I was also trained in the sample 
preparation for solid-state NMR. The goal was to reproduce the same at Martin Luther 
University, Halle-Wittenberg (MLU), which was rather unsuccessfully. The experimental 
details will be discussed in the following sections.  

5.4.1 TUM parameters (Structural determination) 

MAS solid state measurements were carried out in a wide-bore Bruker Avance III 800 MHz 
spectrometer with a magnetic field strength of 18.8 T and 1.9 mm E-free triple resonance probe 
head. The magic angle was calibrated using KBr and the shimming was adjusted using 



  Characterization techniques 

44 
 

adamantane. The MAS frequency was set to 30 kHz and the temperature was set according to 
the probe specific calibration curve to result into a real temperature of 278 K. As an internal 
chemical shift reference 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) was added to the 
sample. The recycle delay was set to 5 s. The 90 ° pulse lengths were set to 3.1 µs and 8.9 µs 
for 1H and 15N respectively. The number scans taken were 80 for this measurement. The spectra 
were processed inorder to obtain best outcome in terms of signal-to-noise and resolution.  

5.4.2 MLU parameters 

MAS solid state measurements were carried out in a widebore Bruker Avance III 600 MHz 
spectrometer with a magnetic field strength of 14.1 T. An E-free double resonance probe head 
for 1.3 mm rotor was used. The MAS parameter calibration was done using labelled glycine 
and temperature calibration was performed using lead nitrate with the shimming being 
manually adjusted. The solid-state spectra were obtained at a spinning frequency of 20, 30, 40 
and 50 kHz at set temperatures of 288.2 K, 278.2 K, 266.2 K and 251.5 K. The 90 ° pulse 
lengths were set to 1.8 µs and 4.5 µs for 1H and 15N at power levels of 25W and 40W 
respectively. The recycle delay was set to 2 s. The contact time for 1H-15N was chosen to be 
1.5 ms. The number scans taken were 1152 for these measurements. All the spectra were 
processed using the same parameters inorder to obtain best outcome in terms of signal-to-noise 
and resolution. 

The ଵܶఘ relaxation was probed at increasing spinning speed from 20, 30, 40 and 50 kHz at 15N 
spinlock power that was carefully calibrated before every measurement. The 1H CP power 
increased with each increasing spinning speed. A long recycle delay of 4.5 s was used. The 
contact time for 1H-15N was chosen to be 1.5 ms. 

In all the cases the NMR spectra obtained were processed in Bruker TopSpin and the 2D spectra 
was processed using Sparky and NMR ViewJ. 

5.5 Absorption spectroscopy for concentration determination 

Proteins absorb light in different wavelength ranges. UV-C radiation (100 – 280 nm) is mainly 
absorbed by groups of the peptide backbone, while the three aromatic amino acids 
phenylalanine (Phe), tyrosine (Tyr) and tryptophan (Trp) absorb UV-B radiation (280 – 315 
nm). The protein concentration is determined by the Lambert-Beer law ܣ = lg( ூబ

ூ
) =  with ,݀ܿߝ 

 Absorbance, : theoretically determined extinction coefficient, which is made up of the :ܣ
number and thus sum of the extinction coefficients of Tyr and Trp in a protein and d: layer 
thickness of the cuvette at a wavelength  = 280 nm, can be used. The extinction coefficient 
was determined using the ExPASy-ProtParam program and was estimated to 
beM- 1cm- 1 for B-crystallin, 14325 M-1cm-1 for -crystallin and 13980 M-1cm-1 for 
B-crystallin. The measurements were carried out on the Jasco V-650 UV/Vis spectrometer.   



  Characterization techniques 

45 
 

5.6 Small Angle X-ray scattering (SAXS) 

SAXS experiments were conducted using Mark tubes with an outer diameter of 1 mm and wall 
thickness 0.01 mm (Hilgenberg GmbH) and performed in transmission mode using a 
SAXSLAB laboratory setup (Retro-F) equipped with an AXO microfocus X-ray source. The 
AXO multilayer X-ray optic (AXO Dresden GmbH, Dresden, Germany) was used as 
monochromator for Cu-K radiation ( = 0.154 nm). A two-dimensional detector (PILATUS3 
R 300K; DECTRIS, Baden, Switzerland) was used to record the 2D scattering patterns. The 
capillaries were placed inside a heating block of a temperature stage (HFSX350V, Linkam 
Scientific Instruments Ltd.) and positioned on a second stage for x-y-z positioning inside the 
measurement chamber (see Figure 12) The intensities were angular-averaged and plotted 
versus the scattering angle ݍ. The scattering intensities for all the samples were corrected for 
transmission and measurement geometry. The measurements were performed at 20 °C and 
60 °C, as well as corrected for background, transmission, and sample geometry. Bovine  and 
h B were measured at concentrations of 20 and 200 mg/ml for at least 45 h each.  

 

Figure 12: A simplified schematic representation of a sample within the Linkam stage. a. Glass capillary, b. 
Sample of interest, c. heating stage connected to a thermocouple and d. window with a diameter of 1 mm. 

5.6.1 Basic analysis  

For a system of monodisperse particles, the total scattering intensity (ݍ)ܫ is given as: 

(ݍ)ܫ = (ݍ)ܵ(ݍ)ܨଶܸଶߩ∆ ݊ = ௠ߩ∆ ܯ ܿ
ଶ(ݍ)ܵ(ݍ)ܨ 

(22) 

where, ݊ is the number density of the particles (݊ = ܿ ⁄ܯ  is the contrast given by the ߩ∆ ,(
difference in electron density of the particle and background, ܸ the volume of the particles 
(ܸ ∝ ݍ)ܨ) is the form factor, that describes the macromolecular scatterer (ݍ)ܨ ,(ܯ = 0) = 1) 
and ܵ(ݍ) is the particle structure factor, which includes the contribution from interacting 
neighboring particles (ܵ(ݍ → ∞) = is the scattering vector given by 2 ݍ .(1 ߠ݊݅ݏ ⁄ߣ , with the 
   .is the wavelength of the X - ray ߣ being scattering angle and ߠ

At low concentrations, ܵ(ݍ) can be assumed to be equal to 1. Hence, a scattering curve at a 
sufficiently low concentration allows to obtain the cumulative scattering intensity (ݍ)ܨ of the 
‘individual’ protein molecule (Guinier A. 1955) as the interparticle interference effects can be 
neglected. Subsequently, a background correction was applied by subtraction of the scattering 
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profile of the NaP-buffer. Figure 13, depicts a scattering curve obtained for low concentration 
of 20 mg/ml BSA, h B crystallin and bovine -crystallin at 20 °C. The characteristic 
parameters that can be obtained from such a scattering intensity curve will be discussed in the 
following.  

 

Figure 13: Scattering intensity curve of BSA, h B crystallin and bovine -crystallin at 20mg/ml at 20 °C.  

5.6.1.1 Guinier Law 

The data analysis for all measurements included at first the determination of the radius of 
gyration, ܴ௚, using the Guinier approximation such that at low ݍ − range, ܴݍ௚ < 1.3 the 
intensity is derived as: 

݈݊൫(ݍ)ܫ൯ ≈ ܴ௚
ଶ 3 ∙ ⁄ଶݍ  

(23) 

ܴ௚ is used as a measure for the orientational averaged size of a protein molecule. Figure 14, 
depicts the Guinier Plot (ln൫(ݍ)ܫ൯ .ݏݒ  ଶ) which is a linear function for non-interactingݍ
particles, independently of its individual shape. The linear fit of the slope provides the ܴ௚ 
according to Equation (23) (Guinier A. 1955). Here, the ܴ ௚ value obtained for low concentrated 
BSA at 20 °C is 32.23 ± 1.35 Å.  
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Figure 14: ܴ௚ obtained for BSA 20mg/ml using Guinier approximation at 20 °C.  

5.6.1.2 Scattering characteristics of ellipsoidal and spherical particles 

The proteins investigated in this study could be satisfactorily represented either by a system of 
ellipsoidal particles or polydisperse spheres. The function describing an ellipsoidal shape is 
shown in Equation (24), (25) and was used as the fitting function in this study.  

(ݍ)ܨ ∝
ܣ
௘ܸ௟௟

න ݂ଶ

ଵ

଴

ቂݎݍ௕൫1 + ଶݒ)ଶݔ − 1)൯
ଵ ଶ⁄

ቃ  ݔ݀

            (24) 

(ݖ)݂ = 3 ௘ܸ௟௟
݊݅ݏ) ݖ − ݖ ݏ݋ܿ (ݖ

ଷݖ  

௘ܸ௟௟ = ସగ
ଷ

௕ݎ௔ݎ
ଶ and ݒ = ௥ೌ

௥್
  

(25) 

 is the scattering (ݖ)݂ ,is the scaling factor that includes particle concentration and density ܣ
amplitude for a sphere, ݎ௔ and ݎ௕ are the radius of the ellipsoid (Feigin and Svergun 1987). For 
a polydisperse population of spheres with uniform scattering length density, the scattering 
intensity is given as depicted by equation 

(ݍ)ܫ = (
ߨ4
3

)ଶ
଴ܰ∆ߩଶ න ݂(ܴ)ܴ଺ܨଶ(ܴݍ)ܴ݀

ஶ

଴

 

(26) 

ܴ being the radius of the sphere, (ܴݍ)ܨ as depicted in Equation (24) and ݂(ܴ) a function 
describing the normalized distribution function of sizes. In case of the Schulz distribution ݂ (ܴ) 
writes as 
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݂(ܴ) = ݖ) + 1)௭ାଵݔ௭ ݖ)−] ݌ݔ݁ + [ݔ(1
ܴ௔௩௚ݖ)߁ + 1)

 

           (27) 

ܴ௔௩௚ is the mean radius, ݔ = ܴ ܴ௔௩௚⁄  is related to the relative ݖ is the Gamma function and ߁ ,
distribution such that ݖ = 1 ⁄ଶ݌ − 1, where  ݌ = ߪ ܴ௔௩௚⁄  where, ߪ is the root mean square 
deviation from the mean size and ݌ is referred to as polydispersity. (Kotlarchyk et al. 1988). 

Figure 15, displays the scattering intensity curve obtained for BSA at low concentration  
20 mg/mL at 20 °C and the ellipsoidal fitting function of Equation (24)(25). From the fit, the 
following values for the radius was obtained, ܴ௔ (rotational axis) = 15.30 ± 1 Å and ܴ௕ = 49.27 
± 0.32 Å. The average ܴ௚ therefore would be 32.86 ± 0.605 Å which is in a good agreement 
with the result of the Guinier Fit. 

 

Figure 15: Scattering intensity of BSA at 20 mg/ml at 20 °C.  

5.6.1.3 Scattering of monodisperse interacting systems 

The interactions of a monodisperse system is given by ܵ(ݍ) and can be studied at increased 
concentrations. Figure 16 displays the scattering intensity curve obtained for BSA at 20 mg/ml 
and 200mg/ml at 22 °C. A direct comparison of the intensity curves imply that the shape of the 
scattering curves is dependent on the protein concentration. For 20 mg/ml BSA a Guinier fit 
resulted in an average ܴ௚ of 32.23 ± 1.35 Å (see Section 5.6.1.1) which is in close agreement 
with the literature value (Mylonas and Svergun 2007). Hence, at 20 mg/ml the protein-protein 
interactions are negligible (ܵ(ݍ) ≈ 1) and the scattering intensity corresponds to the form 
factor (ݍ)ܨ  (Figure 16, grey curve). At higher concentrations e.g., 200 mg/ml, the interactions 
add to the scattering signal and the scattering intensity is decreased at small ݍ values, indicative 
of repulsive inter-particle interactions, (ܵ(0) < 1) (Figure 16 red curve). An increased 
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attractive interaction is displayed as a slight increase in the scattering intensity at low ݍ values, 
which is indicative of unspecific aggregation of the sample. 

 

Figure 16: Comparison of X-ray scattering intensity of BSA at 20 mg/ml (grey) and 200 mg/ml (red) at room 
temperature. 

5.6.1.4 Structure factors obtained from interaction potential 

Until now the analyses dealt with dilute solutions, where the interactions between the 
suspended particles are considered to be negligible. With increase in concentration the particles 
would feel the presence of neighboring particles and the distribution of these particles in space 
would be determined by the interactions between them. This is quantified by the structure factor 
 indicates 1 = (ݍ)ܵ .which contains information regarding the arrangement of the particle (ݍ)ܵ
that the protein molecules are farther apart. At increased concentrations, especially at low ݍ- 
range ܵ(ݍ) strongly depends on the interaction potential between the particles. When ܵ(0) is 
less than unity the particles are uniformly distributed due to dominant repulsive interaction 
while ܵ(0) greater than unity indicates prevalent attractive interactions (Tardieu et al. 1999). 
A detailed analysis of ܵ(ݍ) can therefore provide insights into the nature of interaction 
potentials. Sticky hard sphere interaction potential is one of the many relevant interaction 
potentials that can be used to describe a system of particles. This will be further elaborated in 
section 6.2.2.5.2.3 Structure factor analysis.    

5.6.1.5 Fractal dimensions of the gel network 

The transient structure or network formed by globular proteins can be further investigated to 
gain information about the connectivity of these new structures. This can be quantified using 
the fractal dimension of the evolved structure ܦ௠. The fractal dimension ܦ௠, describes how 
the mass fractal structure scales with distance (ݎ ~ ܯ஽೘ ). For example, the fractal dimension 
of an aggregated structure/network forming a rod like or linear chain arrangement, with a few 
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branching points only was found to be between 1 - 1.2. More branched networks would have a 
fractal dimension in the range of 1.6 - 1.8. A very high fractal dimension of ܦ௠ > 2 is indicative 
of a clustered network (Lazzari et al. 2016; Liao et al. 2005). The nature of the network 
structure formed during aggregation and the corresponding fractal dimension has been shown 
in Figure 17. The fractal dimensions of the gel networks studied in this work were obtained 
from the fit of the scattering intensity using the following equation: 

(ݍ)ܵ = 1 +  
sin[(ܦ௠ − [(ߦݍ)ଵି݊ܽݐ(1

஽೘(଴ܴݍ)
 

௠ܦ)௠Γܦ − 1)
[1 + 1 ⁄(ଶߦଶݍ) ](஽೘ିଵ) ଶ⁄  

(28) 

In the simplest approximation the mass fractal can be estimated by the exponent of the power-
law dependence (ݍ)ܫ ≈ ஽೘ for 1ିݍ ~(ݍ)ܵ ݈⁄  < > ݍ  1 ݈௠௜௡⁄ , where ݈ is the size of the fractal, 
݈௠௜௡ is the minimum distance between scattering units (Anitas 2019). ܵ(ݍ) was determined 
using Equation (22) with the experimentally determined from factor (ݍ)ܨ at low concentrations 
(as discussed above)  

 

 

Figure 17: The nature of network structure formed during aggregation and its corresponding fractal dimension 
(Lazzari et al. 2016) reused with permission (Copright Clearance Center, Inc, License ID – 5735820829138) 
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5.6.1.6 Kratky plot 

Once we obtained the information regarding the fractal dimensions, additional information 
with respect to protein native structure can be obtained at higher ݍ ranges. A qualitative 
estimate of the disordered, unfolded, or globular state of the protein can be deduced from the 
Kratky plots (ݍଶ(ݍ)ܫ vs ݍ) obtained from its scattering profile. These plots allow to identify 
the degree of folding or disorder of the protein. For globular proteins the scattered intensity 
decays at higher ݍ values approximately (ݍ)ܫ~ 1 ⁄ସݍ , resulting into a bell-shaped Kratky plot 
(Uversky and Dunker 2010). By normalizing with respect to scattering and ܴ௚, the information 
regarding the shape is obtained while eliminating the size information. This enables the direct 
comparison of folding states of the protein (Kikhney and Svergun 2015). A normalized Kratky 
plot for globular proteins would have a maximum at ܴݍ௚ =  √3 ≈ 1.7 (see Figure 18). This 
will be further discussed with respect to different proteins in the results section.  

 

Figure 18: Schematic of Kratky plot adapted from Kikhney and Svergun (2015). 

5.7 ATR FTIR spectroscopy  

Attenuated total reflection (ATR) FTIR was used to characterize the change in secondary 
structure of Bovine - crystallin (200 mg/ml) and Human B-crystallin (200 mg/ml) during 
gelation. For these experiments a Bruker Tensor 27 FT-IR spectrometer equipped with 
BioATRCell II, a LN-MCT photovoltaic detector as well as OPUS data collection program 
(Bruker, Ettlingen, Germany) was used. Around 20 L of the protein solution was pipetted on 
to the Si-crystal surface before heating. In the first temperature dependent experiment, the 
temperature was gradually increased form 20 °C to 85 °C with a step of 5 °C and an 
equilibration time of about 15 mins. In the second temperature dependent kinetics study, the 
samples were initially heated to 20 °C, and once the spectrum was recorded, the temperature 
was increased to 60 °C. Once the temperature is reached the spectral recording was started with 
an equilibration time of 60 mins between each measurement. The desired temperature (20°C 
and 60°C) was obtained using a circulating water bath HAAKE C25P thermostat. The spectra 
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were obtained with a resolution of 4 cm-1, with a scanning range of 4000 to 900 cm-1, scanning 
velocity of 20 kHz, zero-filling factor of 4 and number of scans 256. The spectrometer and 
ATR cell were purged using N2. The recorded spectra were corrected for water/buffer 
contribution by subtracting the spectrum obtained of the buffer at the same temperature and 
pH.  

The data was further treated to obtain a better baseline corrected data by Dr. Christian 
Schwieger (Institute of Chemistry, MLU). This pretreatment involved choosing the spectra in 
the range from 1800 -1475 cm-1, then applying rubber band baseline in the spectrometer 
software with 1 iteration and 64 baseline points. The spectra range was then cut from 1730 -
1475 cm-1 and exported as txt file. This data was further used for the analysis in this thesis. 

5.8 Electron microscopy 

The negatively stained samples for TEM were prepared by Dr. Annette Meister at the 
Biozentrum, Martin Luther Universität, Halle. The samples were prepared by spreading 5 µl 
of the -crystallin protein A dispersion (10 mg/ml) onto a Cu grid coated with a Formvar-film 
(PLANO, Wetzlar). After 1 min excess liquid was blotted off with filter paper and 5 µl of 1% 
aqueous uranyl acetate solution were placed onto the grid and drained off after 1 min. The dried 
specimens were examined with an EM 900 transmission electron microscope (Carl Zeiss 
Microscopy GmbH, Oberkochen, Germany). Micrographs were taken with a SSCCD SM-1k-
120 camera (TRS Moorenweis, Germany). 

In this work, to obtain TEM images of concentrated gels, resin embedded sample preparation 
technique was used. EM was performed by Prof. Gerd Hause at the Biozentrum, Martin Luther 
Universität, Halle. For transmission electron microscopy (TEM) protein gels were fixed with 
3 % glutaraldehyde (Sigma, Taufkirchen, Germany) in 0.1 M sodium cacodylate buffer (SCB) 
for 3 h, washed 4 times with SCB and postfixed with 1% osmium (VIII) tetroxide in SCB for 
1 h. After washing with H2O samples were dehydrated in a graded ethanol series (10-30-50-
70-90-100%), which included a 1% (w/v) uranyl acetate staining step at 70% ethanol  
(1 h).Thereafter the samples were infiltrated with epoxy resin according to Spurr (Spurr 1969) 
and polymerized at 70°C. Subsequent ultrathin sections of 80 nm and 300 nm were cut with an 
Ultracut R ultramicrotome (Leica, Wetzlar, Germany). The 80 nm ultrathin sections were 
placed on copper grids and observed with an EM900 transmission electron microscope (Carl 
Zeiss Microscopy, Jena, Germany) operating at 80 kV. The images were recorded using a 
Variospeed SSCCD camera SM-1k-120 (TRS, Moorenweis, Germany). 

5.9 Dynamic Light scattering 

DLS experiments were conducted on a Litesizer 500 (Anton Paar) disposable cuvettes of 500 
μL. The irradiation wavelength was λ = 658 nm, while the detection angle was maintained at 
90° (side scattering). Crystallin proteins at a concentration of 20 mg/ml were investigated. The 
hydrodynamic radius was initially obtained at 20 °C and for the kinetic studies a constant 
temperature of 60 °C was used. Prior to each measurement, the sample was allowed to 
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equilibrate for at least 10 min. The viscosity of the buffer at 20 °C and 60 °C was determined 
prior to the measurements using a viscosimeter. The background corrected data obtained from 
DLS measurements were evaluated directly using Kalliope software (Anton Paar). 

5.10 Transmission Experiments 

Transmission studies were carried out on a FLUOstar Omega (BMG Labtech GmbH, 
Ortenberg, Germany) reader using Greiner 96 F-bottom well plates (Greiner Bio-One GmbH, 
Frickenhausen, Germany). The transmission was monitored at an excitation wavelength of  
800 nm. The experiments were performed with h B and bovine -crystallins at protein 
concentrations of 20 and 200 mg/ml at 60 °C, pH 7.4 and final sample volume of 50 µL. The 
transmission data was collected every 1800 s, with a number of cycle 136 and 20 flashes per 
well and cycle.  
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6 Results and Discussion 

6.1 A quantitative study of heat-induced aggregation of eye-lens crystallin proteins 
under crowding conditions using low-resolution NMR. 

 

The results discussed here have been published in, Camilles et al. BBA - Protein and 
Proteomics, 1866 (2018):1055-1061 (https://doi.org/10.1016/j.bbapap.2018.07.007 and 
https://doi.org/10.1016/j.bbapap.2019.02.00 (Corrigendum)) and the figures are reused in this 
section according to CCC RightsLink agreement. 

A fully functional structured protein tends to remain folded in its native state, and certain 
genetic mutations or external factors can lead to its unfolding or misfolding resulting in protein 
aggregation. In most cases the aggregate formed are simply non-functional and, in some cases, 
they can be toxic and disrupts its proper functioning. The protein aggregate might follow 
several different aggregation mechanisms and eventually form various aggregate structures 
depending on its environmental and stress conditions (Moran et al. 2014; Roskamp et al. 2017). 
Several different analytical techniques have been employed to investigate the change in 
structure and thermal stability of proteins during aggregation. To elucidate the change in 
structure or heat capacity accompanying the denaturation or aggregation process, differential 
scanning calorimetry (DSC), FTIR spectroscopy, circular dichroism (CD), and UV absorbance 
have been routinely used (Kumar et al. 2011; Matheus et al. 2006; Ghosh et al. 2016; Vermeer 
and Norde 2000; Harn et al. 2007; Borzova et al. 2016; Joshi et al. 2014). While dynamic light 
scattering (DLS), size-exclusion chromatography (SEC) and fluorescence spectroscopy can 
distinguish the aggregated and non-aggregated proteins based on their size (Kumar et al. 2011; 
Ghosh et al. 2016; Hofmann et al. 2016; Matheus et al. 2006; Le Bon et al. 1999). Most of 
these characterization techniques used to follow the aggregation kinetics of protein require 
dilution of samples for analysis because at higher concentrations spectroscopic techniques 
could provide erroneous results. For instance, under concentrated conditions DLS, CD, UV 
absorbance, and fluorescence spectroscopy can alter its refractive index, cause changes in its 
absorbance, inner filter effects could arise or for light scattering, multiple scattering can occur. 
Additionally, extrapolating the data obtained under dilute conditions to higher concentrations 
could provide imprecise results and / or even may tend to be faulty. Most of these techniques 
cannot precisely estimate quantitatively the amount of aggregated protein. Therefore, 
investigation of protein aggregation under their physiologically relevant ‘crowding conditions’ 
e.g., those that resemble the interior of a living cell are important and necessary, but 
methodological problems in quantitative estimation persist. 

Nuclear magnetic resonance (NMR) is one of the most powerful techniques available for 
studying protein structure and dynamics, although it is rarely used to investigate the kinetics of 
protein aggregation owing to it being complex, expensive, and time-consuming, and due to its 
inherently low sensitivity. Most of the NMR-based protein aggregation studies enable indirect 
observation of the aggregation of proteins and information regarding its aggregating state is 



  Results and Discussion 

55 
 

rather limited. These NMR - based aggregation studies involved observation of the 
disappearance of signal of dissolved monomers using high resolution spectra (Suzuki et al. 
2012; Xu et al. 2017; Mishra et al. 2009), monitoring the behavior of the solvent (Oakes 1976a, 
1976b; Taraban et al. 2017; Indrawati et al. 2007) or certain indirect NMR methods (Dalvit et 
al. 2017).  

The aggregation of eye lens crystallin is one important example of pathogenic protein 
aggregation which leads to a clinically known condition called cataract. These proteins, owing 
to their lack of protein turnover, in the unfortunate event of mutation, post-translational 
modification or UV exposure these proteins denature and aggregate, without the option of 
regeneration. The crystallin proteins therefore have to remain stable and soluble for a lifetime. 
In the human eye lens these proteins exist as a highly polydisperse colloidal dispersion, with 
the protein concentration ranging from 200 mg/ml at the periphery i.e. the cortex to ~ 400 
mg/ml at the lens nucleus (Fagerholm et al. 1981). Under such highly crowded conditions the 
properties of these proteins are significantly affected due different inter-molecular interactions. 
It is therefore important to investigate and understand the proteins stability and aggregation 
kinetics under its relevant high concentration. 

The study of lens crystallins have been prevalent with respect to its stability, denaturation and 
aggregation. In this work the protein behavior under thermally stressed condition is probed for 
two individual crystallins namely recombinant bovine B- and native bovine -crystallin. A 
detailed account of effect of temperature on these crystallin protein can be found in the  
section 1.5. The studies reported here, dealt mainly with investigating the stability of the 
crystallin protein and does not directly probe the kinetics of aggregation. Accordingly, the heat 
induced study here is undertaken at a temperature of 60 °C, which is well below the 
denaturation temperature of these proteins, so as to gradually follow its aggregation kinetics. 
More importantly, the aggregation kinetics of individual crystallin proteins at high 
concentrations have not yet been investigated to the best of my knowledge. 

The aim of this study is to follow the protein aggregation kinetics of – and B - crystallins 
when thermally stressed at two different concentrations. This kinetics was investigated using 
proton NMR transverse relaxation measurements. As opposed to earlier studies here the protein 
signal could be directly measured in a wide range of relaxation delays, aggregation of protein 
under crowding condition was feasible as well as the aggregation could be monitored in real 
time. A new insight into the aggregation of - and B -crystallin at high concentration was 
obtained, wherein it turns out to be quantitatively different for each of them. 
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6.1.1 Transverse relaxation at high protein concentration 

The feasibility of using NMR relaxometry experiments to investigate concentrated bovine 
crystallin solutions were initially tested.  These solutions at two different concentrations were 
compared and quantitatively interpreted, before and after aggregation at 60 °C. 

For these experiments’ concentrations of 60 mg/ml and 135 – 200 mg/ml were chosen, in order 
to mimic the conditions closer to the crowding in the eye lens. At a temperature of 60 °C, the 
NMR-detected aggregation of proteins was possible on a reasonable time scale, such that the 
crystallin monomer does not undergo extensive temperature induced unfolding. The raw 
transverse relaxation decay curves obtained for the two different - and B-crystallins are 
shown in Figure 19. The relaxation curve here consists of two distinct components, one 
corresponding to protein and other to residual water proton having different relaxation 
time/rates. The water residual proton due its long relaxation time can be separated from the 
overall relaxation decay. Since it is impractical to prepare proteins sample without appreciable 
amount of water protons, this property of the water component allowed its unambiguous 
subtraction and pure protein relaxation decay curve was obtained as shown in Figure 20. 
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Figure 19: Transverse relaxation decays of bovine -crystallin at 60 mg/ml (AC60) and 200 mg/ml (AC200), 
recombinant bovine B-crystallin at 60 mg/ml (GC60) and at 135 mg/ml (GC135) at the first point of aggregation 
kinetics measurements. The dashed red lines here depict the long exponential relaxation component of the residual 
water proteins, which was subtracted from the integral signal 
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Figure 20: Protein transverse relaxation decays obtained after the subtraction of water component from  
Figure 19, of bovine -crystallin at 60 mg/ml (AC60) and 200 mg/ml (AC200), recombinant bovine B-crystallin 
at 60 mg/ml (GC60) and at 135 mg/ml (GC135) at the first point of aggregation kinetics measurements (at 0 h). 
For a comparison, the relaxation decay of GC135 after 66 h at 60 °C is also shown, along with the fits to the 
initial parts (Equation (29)) are depicted by solid line. 

6.1.2 Data analysis approach   

This section explains in detail the approach to derive parameters that would allow the 
systematic study and interpretation of results from the measured data. A direct quantitative 
analysis of the shape of the relaxation decay is impractical, due to the proteins’ complex 
structure, their overall and internal dynamics and due to certain changes, they might undergo 
during the aggregation process. Therefore, a relevant quantitative parameter, that would be an 
indicator of protein conditions and behavior, had to be defined which is characterized by these 
transverse relaxation decays. Hence a mean relaxation rate was used as an integral parameter 
to characterize the protein dynamics, as has been previously shown (Roos et al. 2015b; Roos 
et al. 2015a). Although this single parameter does not give a detailed information regarding the 
state of protein during the aggregation process, since it is dependent the different molecular 
parameters involved, it can be readily used for investigating the rate of aggregation process.  
The mean relaxation rate is obtained from the initial slope of the decay curves (Roos et al. 
2015a; Roos et al. 2015b), determined by a bi-exponential fit of the initial part according to the 
formula  

(ݐ)ܫ = ௔݌  exp(−ݐ ∙  ܴ௔) ௕݌ + exp(−ݐ ∙  ܴ௕) 

(29)  

and the mean relaxation rate is calculated as 
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ଶܶ௔௩௚
ିଵ = < ܴଶ > =  

௔ܴ௔݌ + ௕ܴ௕݌

௔݌ + ௕݌
 

(30) 

where, ݌௔,௕and ܴ௔,௕ are the intensities and rates of two components (‘a’ and ‘b’) respectively. 
These fits are shown in Figure 20.  

6.1.3 Average ଶܶ values and aggregation kinetics 

The NMR relaxometry data recorded during the thermally stressed aggregation of crystallins 
at different concentrations were analyzed according to the approach outlined above. This 
allowed the quantification of time course of dissolved monomer and aggregated protein states, 
which is explained in details in the following section. 

The transverse relaxation decays of B and - crystallins during the process of thermally 
induced denaturation and aggregation at two different concentrations are shown in Figure 21 
and Figure 22 respectively. 
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Figure 21: Protein transverse relaxation decay curves for recombinant B -crystallin during thermally induced 
aggregation at 60 °C at 60 mg/ml (GC60) and 135 mg/ml (GC135) (left panel: log-linear plots; right panel: log-
log plots) 

A compilation of the mean inverse relaxation rates, which is the mean ଶܶ relaxation time 
extracted using Equation (30) from these data (Figure 21 and Figure 22) are shown in  
Figure 23. These constitute the major results of this work, with two interesting and relevant 
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features. First, is the difference in the shape of the transverse relaxation decay curves and 
second, is the dependence of concentration on the thermally induced aggregation kinetics of 
the  – and  crystallin (Figure 23, a and b).   
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Figure 22: Protein transverse relaxation decay curves for bovine a -crystallin during thermally induced 
aggregation at 60°C at 60 mg/ml (AC60) and 200mg/ml (AC200) (Left panel: log-linear plots; right panel: log-
log plots) 

It was observed that for both the proteins at high concentration, with increasing time of 
experiment, the mean ଶܶ decreases. This is an expected result, since the aggregation process 
would slow down the overall protein tumbling which eventually leads to speed up of transverse 
relaxation. But for the two different protein the shape of the relaxation decay curves are rather 
different. B-crystallin decays curves clearly exhibit two components with distinctly different 

ଶܶ; the short component corresponds to the precipitated aggregates i.e., solid like fraction of 
the protein and a long component corresponding to dissolved unaggregated protein (native). 
This two-component curve clearly indicate that in the protein solution two fractions co-exist, 
the immobilized precipitate which could be swollen and still be internally mobile and the 
dissolved protein, as well as an overall negligible amount of protein oligomers. On the contrary, 
the relaxation decay curves of -crystallin does not feature such a two-component shape rather 
it simply becomes shorter with increasing experimental time (for AC200). This is due to the 
high molecular weight of -crystallin, that even without aggregation, the Brownian tumbling 
of such large protein is rather slow, on a time scale of roughly 1µs (Roos et al. 2015b). This 
ensures a fast relaxation decay already before the aggregation starts. Although the change in 
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ଶܶ is not as pronounced for -crystallin as for B, i.e., the two separate components cannot be 
distinguished, rather the fast decay is characterized by the slow-down of protein tumbling due 
to aggregation. 

6.1.4 Aggregation kinetics vs concentration 

This section focuses on the different concentration dependence of these crystallin on their 
aggregation kinetics. One of the remarkable features of the data presented here is the 
qualitatively different dependence of concentration on aggregation of - and B-crystallin. 
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Figure 23: Time dependence of mean transverse ଶܶ relaxation time for (a) bovine B-crystallin and (b) bovine -
crystallin. 
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As illustrated in Figure 23 a, B-crystallin aggregation is hardly concentration dependent, while 
-crystallin aggregates only at 200mg/ml and not significant change is observed for the 
60 mg/ml solution (Figure 23 b). A qualitative difference can also be easily recognized by 
visual inspection. The photographs of aggregated - and B-crystallin solutions have been 
shown in Figure 24; where B-crystallin forms a white precipitate, as opposed to -crystallin 
which forms a transparent gel without visible precipitation.  

It has to be noted that the aggregation of B-crystallin studied here is not directly related to the 
thermal denaturation of these proteins, since its ‘melting point’ is markedly higher than 60 °C 
but certain subtle structural alteration could have led to their aggregation (Steadman et al. 1989; 
Sen et al. 1992). Similarly, the thermally induced unfolding of -crystallin is at a temperature 
much higher than 60 °C (Maiti et al. 1988; Carver et al. 1993). Although there are some 
indications of conformational changes associated with -crystallin at 60 °C (Surewicz and 
Olesen 1995), no experimental evidence of aggregation at this temperature is known to the best 
of my knowledge, especially at such high concentration. The non - selective proton NMR 
relaxometry approach employed here cannot provide the information on the internal structural 
changes, because such changes might overlap with the aggregation process and a clear 
separation of these is practically impossible. And therefore, it is speculated that these proteins 
might retain the native fold and the process of aggregation involves the certain inter-molecular 
physical links formed possibly by the unstructured C-termini, eventually leading to 
immobilization and gel formation.  

 

 

Figure 24: Aggregated (i) B-crystallin at 135 mg/ml and (ii) a-crystallin at 200 mg/ml 

6.1.5 Quantitative estimation of aggregated protein (B-crystallin) 

The two-component relaxation decay curve of B crystallin (Figure 21) facilitated the 
quantitative estimation of the amount/fraction of aggregated protein, which is obtained by ratio 
of intensities of the two components. The time dependence of the amount/percentage of 
aggregated proteins in the solution at two different concentrations are depicted in Figure 25, 
which basically yielded aggregation time constant of 43 h and 32 h for 60 mg/ml (GC60) and 
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135 mg/ml (GC135) respectively. This fraction of aggregated protein was determined from the 
bi-component fit as ݌௔ ௔݌) + ⁄(௕݌ , where ′ܽ′ corresponds to the fast decaying component 
(Equations (29), (30)). Therefore, one of the important advantages of NMR relaxometry 
technique compared to other characterization approaches is that, NMR allows for a direct and 
uncomplicated determination of the amount of aggregated molecules in solution at any given 
concentration.  
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Figure 25: The time dependence of the percentage of aggregated B-crystallin at 60 mg/ml (GC60) and 135 mg/ml 
(GC135) are shown, which have been fitted with an exponential growth function I(t)=A∙(1-exp(-t/τ) ), where I(t) 
is the intensity at time t, and A is the amplitude of the slowly aggregating species. The aggregation time constant 
can be derived from the main fit result i.e. ߬. 

6.1.6 Transverse relaxation of the solvent 

The time dependence of the ଶܶ relaxation time of residual water protons is another important 
source of information. This time dependence of residual water proton ଶܶ relaxation is shown 
in Figure 26. For -crystallin a significant change is only observed at high concentration 200 
mg/ml, where the ଶܶ decreases by 30 - 35 %, while at low concentration 60 mg/ml it essentially 
remains constant. Here, this decrease is attributed to the restricted water mobility due to the gel 
formation. This directly correlates to the observation from the protein signal. On contrary for 
B-crystallin such a correlation between the solvent relaxation and protein relaxation during 
aggregation was absent. This is clearly evident from the decrease in effective protein 
concentration in the supernatant due the precipitation and thus longer relaxation times are 
observed for the water proton (a weak trend for B crystallin at 60 mg/ml). It can therefore be 
ascertained that indirect observation of protein aggregation by monitoring the water proton 
relaxation could provide highly dubious results.  
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Figure 26: The time dependence of residual water proton ଶܶ relaxation time during the aggregation of bovine -
crystallin (AC60 and AC200) and B-crystallin (GC60 and GC135). 

6.1.7 Conclusion 

NMR relaxometry can be used as a simple and robust tool for monitoring the protein 
aggregation. The key feature of this technique is the direct observation of the protein 
contribution to the proton NMR signal, by monitoring the integral proton transverse relaxation, 
over a wide time scale from microseconds to hundreds of milliseconds. This technique proved 
to work well for proteins at several different concentrations, especially under crowded 
condition, that mimics the interior of a living cell or even the eye lens. Although not in all 
cases, transverse relaxometry can be used for a direct and straightforward estimation of the 
ratio between the aggregated and non-aggregated fractions of protein during their course of 
aggregation. One of its main disadvantages is the time resolution for real time monitoring of 
the protein aggregation kinetics due to the time scale of conducting different experiments. 
Additionally, the solvent transverse relaxation as an indicator of protein aggregation can be 
rather misleading in some cases. 

The current study demonstrated firstly a qualitative difference in the aggregation mechanism, 
of - and B crystallins under crowing conditions and at a temperature of 60°C where the 
monomers are essentially in their native folded state. A concentration- independent aggregation 
was observed for B-crystallin, with an aggregation constant of ~ 30h – 42 h, while a-crystallin 
remained soluble at 60°C and forms a gel network at 200 mg/ml. This is a first experimental 
demonstration of thermally induced gelation of -crystallin at such a high concentration well 
below its actually unfolding transition temperature. Further studies focus on characterizing the 
gelation in -crystallin proteins to get a better insight into its gel network formation and 
correlate it to the lens transparency.  
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6.2 Investigation and characterization of gelation of -crystallin eye-lens protein 
 

This chapter focuses on investigating the gelation and gel properties of one of the prominent 
eye lens globular proteins i.e., the -crystallins. In the previous chapter, the heat-induced 
aggregation kinetics study of crystallins revealed that -crystallin undergoes a concentration- 
dependent aggregation, where at a relatively high concentration the -crystallin forms a gel. In 
this section, a comprehensive analysis of the gel structure development of these proteins and 
their interactions is undertaken.   

In general, for globular proteins it is well known that certain conformational changes due to 
changes in solvent conditions (acid induced, change in pH or ionic strength) or rise in 
temperature (heat-induced), lead to aggregation and at sufficiently high concentration to 
gelation. The gels investigated in this study are specifically heat-induced and therefore could 
be speculated to originate from aggregation of the protein. As stated in the introduction, heat-
induced gel formation follows a three-step process: unfolding or partial denaturation, 
aggregation and network formation. Primarily, the aqueous solutions of native protein are 
stabilized by the long ranged repulsive interactions, which are compensated by the weak 
attractive interactions. Heating, therefore, helps overcome the strong repulsive interaction 
between the native protein, thereby exposing the hydrophobic and cysteine residues located 
within the protein and subsequently leading to the aggregation and gelation (Boye et al. 1996). 
Additionally, depending on the balance between the attractive and repulsive interactions, the 
process and kinetics of the aggregation the structure as well as the properties of the gel formed 
could differ (Pouzot et al. 2005; Weijers et al. 2002); (Totosaus et al. 2002; Nakamura et al. 
1978).  

6.2.1 Aggregation and gelation in globular proteins  

For globular proteins, aggregation and gelation is mostly characterized by transitioning of a 
fully folded protein to a partially unfolded protein conformation, initiated by heating that 
causes the peptide chain to be more mobile and thereby interact and bind to other proteins.  
These proteins resemble a spherical colloidal particle with a short-range attractive interaction 
in the form of hydrophobic interactions, hydrogen bonding or electrostatic interactions 
(Mezzenga and Fischer 2013). In the case of -lactoglobulin (-lg), electrostatic attractive 
interactions drive the protein phase separation and aggregation, which could be controlled by 
the addition of salt (Parker et al. 2005). The strength of such an attractive interaction influences 
the phase separation kinetics i.e., if the interaction is confined and short ranged compared to 
the size of the particle, the phase separation would lead to a reversible aggregation and if net 
attraction exceeds a critical value the phase separated aggregates densify and merge to form a 
protein dense phase. Additionally, if the protein concentration is high this leads to irreversible 
aggregation with the aggregates slowly growing and adding to a percolating gel network 
(Nicolai 2019). 
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6.2.2 Gelation in eye lens -crystallin protein  

A vertebrate eye lens is composed of a concentrated aqueous mix of eye lens crystallin proteins, 
and owing to its short range ordered arrangement makes the lens highly refractive and most 
importantly transparent (Bloemendal et al. 2004). The major contribution towards this lens 
transparency is from -crystallin protein, due to its relatively high concentration in the lens 
cytoplasm (~ 50% of the total lens protein mass) and highest molecular mass (Xia et al. 1994). 
Such a highly concentrated system although essential for imparting high refractive index, can 
also act as a driving force for protein aggregation (Ciryam et al. 2015; Moreau and King 2012).  

In this section the aggregation and gelation of bovine -crystallin, which is a heterooligomeric 
mix of A : B (3:1) and h B crystallin have been investigated when thermally stressed at  
60 °C. To get a better insight into the change in molecular interactions, secondary structural 
conformation and size associated with the gelation process small angle X-ray scattering, ATR-
FTIR, TEM and DLS have been implemented. While the transparency of the gel is 
characterized by turbidity tests. The major questions that would be addressed here are (i) Does 
gelation of these globular proteins involve an overall structural change or partial unfolding? 
(ii) How does the gelation differ for h B crystallin subunit and bovine -crystallin? and (iii) 
Can the gelation be correlated to transparency in the eye lens? To the best of our knowledge 
such a detailed investigation on the heat induced ‘gel’ of -crystallin has not yet been 
implemented.  

6.2.2.1 Transparency of the gels investigated using light transmission  

The main functionality of the crystallin proteins are to maintain the lens transparency by 
maintaining the short-range ordered arrangement and its high concentration contributing to 
high refractive index of the lens. Any perturbation in the crystallin conformation or 
arrangement can lead to formation of aggregates that act as light scatterers and thereby impair 
vision. -crystallin are the major contributors to this lens transparency. In this section the 
percentage of light transmitted, when a beam of incident light of wavelength 800 nm is directed 
on to -crystallin solutions is discussed. This can be directly used as measure of transparency 
of the crystallin solutions. Here the time course of change in % transmission of h B and bovine 
-crystallin when heated at 60 °C is probed at two different concentrations namely 20 mg/ml 
and 200 mg/ml. At high concentrations both h B and bovine  crystallins have the propensity 
to form gel. Figure 27 shows the evolution of transmittance over time for h B and bovine -
crystallin at a wavelength of 800 nm. As a reference the % transmittance of NaP buffer used to 
prepare the crystallin solution was also measured. In general, the turbidity measurements are 
conducted in the near-infrared region 700 - 1000 nm range, in order to avoid influence of any 
colored substances. Therefore, in this study turbidity was investigated at the wavelength of  
800 nm.  

Over the course of heating, a decreasing trend in the % transmission for the crystallin solutions 
were observed. As can be clearly interpreted, h B crystallin at 20 mg/ml (haB20) over the 
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course of time gradually forms larger aggregates that eventually render 0 % transmittance, 
indicating a turbid system. The highly concentrated h B (haB200) although tends to form 
aggregates, but after 47h still can transmit 30 % of incident light. Both the h B crystallin 
samples were visually turbid. In contrast to h B, bovine  crystallin samples remained 
relatively visually transparent. The lowly concentrated bovine -crystallin (Bovine a20) 
remained transparent throughout the heating course. This transparency was comparable to that 
of the buffer. Moreover, bovine a20 was still soluble, while haB20 had formed a gel. A 
transmittance of about 73 % was detected for bovine a20. The highly concentrated bovine 
crystallin (Bovine a200) had an initial transmittance value of 72 %. With increase in exposure 
time at 60 °C the decrease in transmittance was gradual and after 46h the transmittance was 
about 61 %. Although both the Bovine a200 and haB200 at high concentration ultimately 
formed gels interestingly, the former was relatively more transparent. Bovine a200 had an 
initially reduced % transmittance presumably due to the concentration effects, but the gels 
ultimately formed were relatively transparent. Additionally, it was observed that the  
% transmittance value for buffer was at 84% which is 100% transparent solution. This could 
be an artefact of the experimental method, where the unavoidable evaporation of the solvent 
made the coverslips used for the well-plate foggy. But results show a qualitative difference in 
the aggregation processes of these crystallin proteins.  

Except for Bovine a20, all the others formed gels, i.e., possibly the formation of a 3D cross-
linked network. However, the decrease in transmittance is an implication of heterogeneity on 
the length scales that is comparable to the wavelength of the visual light. Bovine crystallin, 
which is an heterooligomer, is more resistant to temperature-induced ageing, even though at 
high concentrations it forms a gel, it remains relatively transparent. This indicates that the 
gelation does not considerably affect the transparency. 
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Figure 27: The change in % transmission of h B crystallin haB20 (20 mg/ml), haB200 (200 mg/ml), bovine-
crystallin Bovine a20 (20 mg/ml), Bovine a200 (200mg/ml) and NaP-buffer when thermally stressed at 60 °C at 
800 nm. 
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6.2.2.2 Change in particle size determined using dynamic light scattering (DLS) 

One of the most common techniques used to determine the particle size of a macromolecule is 
dynamic light scattering, being based on the Brownian motion of the dispersed particles. In this 
method the diffusion coefficient (D) of the dispersed particles is measured and the molecular 
weight (ܯ௪) and hydrodynamic radius (ܴ௛) is estimated using the Stokes – Einstein equation 
(Equation (21)). One of the advantages of using DLS is that it enables the analysis of samples 
containing a wide distribution of particles with different molecular masses. Here, the 
measurements of time-dependent changes on the hydrodynamic radius of h B and bovine  
crystallin were performed at 60 °C. Since highly concentrated samples can produce multiple 
scattering events by scattering off of several particles sequentially before reaching the detector, 
DLS measurements requires the use of low concentrations. Therefore, a concentration of 
20mg/ml was employed for these measurements. The hydrodynamic radii obtained at 20 °C 
for h B and bovine  crystallin were 8.99 nm and 12.48 nm respectively, which is in 
agreement with earlier studies (Peschek et al. 2009; Ryazantsev et al. 2018; Burgio et al. 2000).  

The kinetics of changes in the size of these proteins at 60 °C is shown in Figure 28. H B 
crystallins (Figure 28, red), after an equilibration time of 10 mins at 60 °C, showed an initial 
increase in size to 11.16 nm. Further on, the size increased strongly up to 5h, eventually forming 
larger aggregates that can no longer be detected. Visibly the solution becomes turbid and ‘gel-
like’ indicating protein aggregation. 
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Figure 28: The time dependent changes in the hydrodynamic radii of h B and Bovine  crystallin at 20 mg/ml 
when thermally stressed at 60°C 

On contrary for bovine crystallin (Figure 28, black), immediately after equilibration at 
60 °C, the size becomes smaller i.e., 10.74 nm compared to its initial state. The size of the 
protein then consistently increases weakly over time, indicating the formation of somewhat 
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larger oligomers. Although as opposed to h B, visibly bovine  is still soluble and does not 
aggregate.  

Light scattering therefore is a direct indicator of the change in the size of the particle with the 
progression of thermal stress. hB-crystallin clearly forms larger oligomers with time, while 
bovine  crystallin remains in a homogeneous state. The heterooligomers thus demonstrate 
remarkable stability towards thermal stress.  

6.2.2.3 Transmission electron microscopy study of human B- and bovine -crystallin  

To get further information regarding the structural integrity of the protein in this study TEM 
images were recorded. The TEM image of a low-concentration negatively stained bovine - 
crystallin sample is shown in Figure 29. The protein, as expected, appeared as roughly spherical 
oligomers i.e., being an overall globular structure. The data obtained revealed that the - 
crystallin has a distribution of size indicating heterogenous oligomeric complexes and the size 
range varied from 9 - 12 nm in diameter. These oligomeric proteins either tend to assemble 
into an aggregate or form some elongated particles contributing to the polydispersity of the 
protein complex formation. A similar observation was reported by Selivanova and Galzitskaya 
(2020).    

In general, to obtain a TEM image of a negatively stained sample with a good resolution 
requires small concentrations. In our case the gels only formed at a relatively higher 
concentration of 200 mg/ml for both human B- and bovine crystallin. Therefore, here the 
gel samples were first embedded in an epoxy resin using the procedure described in the 
methods section. The images were then acquired from the thin sections of this resin embedded 
gels as shown in Figure 30. Although this only provides lower resolution images, it can be 
ascertained that these proteins, when they form a gel, still retain their globular structure. Both 
the crystallin proteins seems to have similar gel structures. The gels formed appears to be long-
chain networks of these globular protein. The experimental procedure used to obtain these 
images can albeit lead to an ambiguous result regarding the network structure (that could be a 
preparation artefact), as a first approximation it could be established that the crystallin proteins 
maintain their globular structure even after forming a gel.  
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Figure 29:Transmission electron microscopy image of negatively stained  crystallin from bovine eye lens at 
10mg/ml at RT in 50mM NaP-buffer at pH 7.5 

 

Figure 30: Transmission electron microscopy image of a. human B-crystallin and b. bovine -crystallin gels 
embedded in epoxy resin 

6.2.2.4 Secondary structural changes probed using Fourier transform infrared spectroscopy 
(FTIR) 

Vibrational spectroscopy has been routinely used to characterize the secondary structure 
content of a protein sample. The characteristic IR bands of protein are the amide I and  
amide II, where amide I arises due to the stretching vibration of C=O bonds of the peptide 
group and amide II due to the bending vibrations of N-H bonds with a contribution from C-N 
stretching vibrations (Barth 2007; Haris and Severcan 1999). The amide I band in the range 
from 1600 cm-1 to 1700 cm-1, is most sensitive to the changes in protein secondary structure. 
Therefore, the bands within this region have been considered for this study. Table 5 
summarizes the band positions in the amide I and amide II region that corresponds to the protein 
secondary structures. Additionally, the peak positions obtained from fitting the raw data (see 
section 6.2.2.4.3) is presented in Table 5. 
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Table 5: Amide I and amide II band position assignments 

In general, there was a good agreement between the peak positions obtained from the literature 
and the fitted data, especially for the -sheet structure. Although, peak position of the -helix 
in the amide I region is not within the expected range, Barth et.al. (Barth and Zscherp 2002) 
states that shorter  – helix tends to show weaker bands at ~ 1660 cm-1 and 1670 cm-1. The 
peak at 1540 cm-1, in the amide II region corresponds primarily to the  – helix secondary 
structure. Amide II contains contribution from other secondary structures as well, but are rather 
poorly resolved, and are seldom used for the quantitative estimation of protein secondary 
structure.  

6.2.2.4.1 Temperature dependent changes on h B and bovine  crystallin secondary structure 

The temperature dependent changes in the amide I region of the h B and bovine -crystallin 
at a concentration of 200 mg/mL are depicted in Figure 31, with increasing temperature from 
20 °C to 85 °C. Since the samples were equilibrated only for 15 mins at each temperature step, 
the it is unclear if the structural transitions were completed at each step. Several works have 
stated that for -crystallins, the maximum absorbance peak appearing in the range 1629 – 
1632 cm-1, is an indication of the predominantly -sheet structure. The disordered or random 
structure appear as a weaker band at 1645 cm-1, while -helices resonate at 1658 cm-1 
(Surewicz and Olesen 1995; Lamba et al. 1993). At 20 °C the maximum at 1632 cm-1 and 
1630 cm-1 in the amide I band for h B and bovine - crystallin respectively, with minor 
features at around 1686 cm-1 implies the presence of primarily -sheet secondary structure. 
With increasing temperature, the amide I band remained unaffected up to approximately 50 °C 
for h B and 60 °C for bovine  crystallin, indicating that the proteins retain their secondary 
native structure in this temperature range. Further temperature increase caused more significant 
changes in the amide I band.  

Amide band Corresponding 
secondary structure 

Band / peak 
position expected 
(cm-1) [Ref] 

Fitted band / peak 
positions (cm-1) 

Amide II  – helix  1540 1540  

Amide I 

 – helix 1648 – 1658  1660 / 1663 

 – sheet 
Parallel 1623 – 1641 

1674 – 1695 
1655 – 1685 

1620 / 1633 
1682 / 1679 Antiparallel  

Turns 
disordered / random 
structure 1642 – 1657 1650 

Ref: (Barth 2007; Tatulian 2019; Haris and Severcan 1999; Barth and Zscherp 2002), (Kumosinski and 
Farrell 1993) 
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Figure 31: The temperature dependent changes in FTIR spectra of a. h B and b. bovine -crystallin at 
200 mg/ml  

6.2.2.4.2 Changes in the secondary structure of h B and bovine  crystallin at 60 °C 
(kinetics) 

Further on, the time dependent changes in the secondary structure when the crystallins are 
exposed to thermal stress at 60 °C was probed. The concentration of the proteins were  
200 mg/mL. Figure 32 depicts the change in amide I band contour of h B and bovine -
crystallin over 50 h. The rescaled corresponding spectral data obtained by scaling all the spectra 
to constant amide II is included in Figure 32 as well. As was observed earlier, the predominant 
band corresponding to -sheet secondary structure was initially observed for both the 
crystallins. But as opposed to the observation in the temperature-dependent study, holding the 
crystallins at 60 °C lead to a gradual shift in the dominant peak from 1632 cm-1 to 1623 cm-1 
for h B (Figure 32 a), while for bovine -crystallin the peak at 1630 cm-1 shifted to  
1625 cm-1 (Figure 32 c). In general, the peaks shift to lower wavelengths although still residing 
in the wavelength region corresponding to -sheet structure. Alperstein et al. showed that the 
shift of the amide I band 1631 cmobserved in juvenile eye lens to 1620 cmin a cataractous 
eye lens can be attributed to formation of amyloid -sheets (Alperstein et al. 2019). Ultimately, 
by annealing the proteins at 60 °C, bovine  crystallin underwent much less structural changes 
in comparison to h B crystallin. 

In general, an overall decrease in the absorbance intensity was observed over time for the 
crystallins. It has to be emphasized here that ATR-FTIR is widely known as a surface layer 
technique, wherein the evanescent wave that results from the contact with the sample, 
attenuates exponentially into the bulk of the sample over a length scale determined by the IR 
wavelength (~0.5 – 2 µm ) (Glassford et al. 2013). In our case, the decrease in the signal 
intensity could be attributed to the fact that the proteins moved out of the sensitivity range when 
the aggregated protein moved to the top of the sample. Consequently, the spectra do not show 
isosbestic points, however after rescaling, the (at least approximate) observation of isosbestic 
points provides a consistency check of the amide II based intensity normalization (see Figure 
32 b and d).  
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Figure 32: The time dependent changes in the amide I region of the FTIR spectra of a. h B, b. h B rescaled,  
c bovine -crystallin and d. bovine -crystallin rescaled at 200mg/ml when thermally stressed at 60 °C 

6.2.2.4.3  Deconvolution of the FTIR spectra 

The amide I region of the spectra specifically in the range 1580 cm-1 to 1720 cm-1 was further 
evaluated for both the -crystallins. A global fit of the initial and final spectra was 
simultaneously performed in the range 1520 cm-1 to 1720 cm-1 which included the amide II 
component, using a 6-component Voigt fitting function. This led to a precise estimation of 6 
peak positions in total (a fit with less bands were not satisfactory). For both the crystallins the 
peak positions obtained were quite similar. As discussed earlier in Table 5, Peak 1 at  
1540 cm-1 corresponds to amide II, peak 2 at 1620 cm-1 corresponds to amyloid  sheet structure 
(Alperstein et al. 2019), peaks at 1633 cm-1 and 1680 cm-1 are two band components from  
sheet, peak at 1660 cm-1 is assigned to  helix, and disordered / random structures at  
1650 cm-1 (Lamba et al. 1993). The  helix and disordered structures absorption occurs in the 
overlapping region within 1647 – 1660 cm-1 which makes the precise estimation of these 
secondary structures rather difficult (Kleinschmidt 2019). 

A peak deconvolution of the amide I peak was performed by fixing the peak positions obtained 
from the global fit at all in-between times. The change in amplitudes for each of the components 
could therefore be estimated. The peak deconvolution of h B crystallin spectra at 0 h and after 
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54 h at 60 °C is shown in Figure 33 (a) and (b). At 0 h the beginning of the kinetics run, all the 
peaks with a defined width are observed with a dominance of  sheet structure. This is generally 
the case for crystallin proteins, where the ACD region is typically composed of  sheet 
structure. After annealing the protein at 60 °C for 54 h, an increase in the peak intensity at  
1620 cm-1 which is generally observed when hydrogen-bonded extended structures are formed 
(Alperstein et al. 2019) e.g. amyloid fibrils or ordered intermolecular -sheets. In addition the 
shoulder at 1649 cm-1 starts to become more prominent, which can be assigned to disordered 
structures (van Boekel et al. 1999). Additionally, a simultaneous decrease in the  sheet and  
helical structure was noted. The  turns remain rather unaffected. 
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Figure 33: Peak deconvolution of of h B crystallin spectra at 0 h and 54 h and for bovine  crystallin spectra at 
0 h and 52 h. 

The peak deconvolution of bovine  crystallin spectra at 0 h and after 52 h at 60 °C is shown 
in Figure 33 (c) and (d). As observed earlier the crystallins show a prominent peak at  
1633 cm-1 which is typically attributed to -sheet structure, owing to its dominance in the ACD 
region. As opposed to h B crystallin, a relatively higher proportion of amyloid like -sheet 
(1619 cm-1) is observed at 0 h. After 52 h, a noticeable increase in the peak at 1619 cm-1 and a 
decrease in peak at 1633 cm-1 is observed, with the peak at 1650 cm-1, 1663 cm-1 and  
1679 cm-1 remaining relatively constant.  
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Before we turn to a closer inspection of the kinetics, we focus on the changes observed upon 
further heating. Based upon the now known and fixed band positions, Figure 34 shows the peak 
deconvolution for spectra obtained at 20 °C and 85 °C for h B and bovine  crystallin. For 
both the crystallins at 20 °C the peak at 1633 cm-1 corresponding  sheet was prominent, but 
is significantly reduced at 85 °C. As was already pointed out earlier, crystallins undergoes 
extensive structural change when annealed at 85 °C, which is well above its denaturing 
temperature. This was additionally evident from the broadening of the amide I peak.   
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Figure 34: Peak deconvolution of h B and bovine  crystallin spectra at 20 °C and 85 °C.  

Coming back to the more relevant annealing kinetics the change in the amplitude of the 5 major 
peak positions namely 1620 cm-1, 1633 cm-1,1650 cm-1, 1660 cm-1 and 1680 cm-1 at 60 °C over 
the course of the annealing time is shown in Figure 35. The amplitudes were normalized by 
considering the amplitude of amide II as a constant internal intensity standard.  
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Figure 35: Change in the peak amplitudes for a. h B crystallin and b. bovine -crystallin when heated at 60 °C 
and when heated at 85 °C 

Figure 35 illustrates the significant changes in the secondary structure of the crystallin proteins 
due to the effect of annealing at 60 °C. Additionally, the amplitudes obtained when annealed 
at 85 °C was introduced for a comparison. Firstly, to check the consistency of the peak 
deconvolutions, used to estimate the peak amplitude for each of the secondary structure, the 
sum of amplitudes was included in Figure 35 as well. As expected, the fractional peak areas 
sum up to unity in all case, providing a consistency check. For the h B crystallin over time, a 
sharp decrease in the amplitude of the peak at 1633 cm-1 is observed which corresponds to its 
inherent  sheet, and concomitantly there is an increase in the amyloid  sheet, which is the 
peak at 1619 cm-1. Interestingly, the fraction of disordered structures (peak at 1650 cm-1) 
increased as well, although only a small decrease was observed for the  helix structure (peak 
at 1663 cm-1).  



  Results and Discussion 

76 
 

On the contrary, for the bovine -crystallin the decrease in the  sheet is not as striking as for 
the h B crystallin, and an increase in the amyloid  sheet was noticeable. Furthermore, the 
peaks corresponding to the disordered structure,  - helix and  - turns remained fairly constant, 
which is an indication that the bovine -crystallin underwent a rather minimal secondary 
structural change in comparison to h B crystallin, when heated at 60 °C over 50 h. 
Interestingly, the peak corresponding to disordered structures at 1650 cm-1 behaved starkly 
different with a large noticeable increase for the case of h aB crystallins, while remaining rather 
constant for bovine  crystallin. This could point to the instability of -crystallin as a 
homooligomeric protein and the would be more stable as an heterooligomer.  

Although the data obtained at 60 °C cannot be directly compared to the spectra at 85 °C, it 
could be presumed that when left at 60 °C for a longer time, the crystallins could undergo a 
similar extensive structural transition. H B crystallin at 85 °C showed an increase in the -
helical (peak at 1660 cm-1) content with a decrease in the predominant - sheet structure. 
Similarly, for bovine -crystallin a rather small increase in the disordered and -helical 
contents were observed. It has to be noted here that due to the extensive structural changes, 
there is a possibility of overlap of the intensities of the different structural components and the 
estimation here may not be fully accurate. 

It could therefore be presumed here that the changes observed in our investigation during the 
gelation at 60 °C, the -sheets become more ordered similar to that of an amyloid -sheet 
arrangement, without undergoing an extensive structural change. The gelation occurring here 
could involve reorganization/transformation of intramolecular -sheets to intermolecular -
sheets, but we note that TEM suggests the globular structure is retained. Thus, the prolonged 
exposure of these proteins at 60 °C does not substantially affects its secondary structure. At the 
thermotropic transition temperature, these proteins undergo minor secondary structural 
changes that eventually lead to gel formation. The gelation possibly leads to the arrest of this 
state, preventing further structural changes, i.e., once formed, these large aggregates appear to 
be frozen into their new organization.  

6.2.2.5 Molecular interactions investigated using small angle X-ray scattering (SAXS) 

SAXS has been routinely used to study properties of macromolecule in the nanometer regime 
especially, changes in molecular interactions, interaction potentials, size and conformation 
during certain perturbations. One of the advantages of using SAXS, in comparison to other 
protein characterization techniques like DLS, CD or fluorescence is that with SAXS the protein 
can be studied under its physiologically relevant concentration conditions. This makes it 
feasible to get a better understanding of the interactions that exist in the colloidal-like protein 
environment found for e.g., in the cell’s interior or within the eye lens.  

In this section, the use of X-ray scattering to investigate the gelation of BSA (as a comparison), 
h B and bovine -crystallin when thermally stressed at 60 °C are discussed. Initially the 
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proteins were characterized at low concentrations conditions and further on compared to highly 
concentrated protein solutions.  

6.2.2.5.1 Heat-induced structural changes in bovine serum albumin (BSA) solution 

Bovine Serum Albumin (BSA) is one of the most commonly investigated globular proteins. 
The heat-induced changes associated with these globular proteins have been extensively 
studied with a high emphasis on its gel formation and stability, due to its several significant 
applications in food industry. In this study the changes associated with it over time at 60 °C at 
pH 7.5, are compared to those of crystallins under the same conditions. It has already been 
shown that at 60 °C BSA undergoes thermally induced unfolding and aggregation (Borzova et 
al. 2016).  

Initially, thermally induced aggregation of BSA was investigated as a function of 
concentration. Figure 36 depicts the scattering intensities of a 20 mg/ml BSA solution at room 
temperature, at 60 °C and after subsequent cooling. The measurements times were 2 h each.  
Obviously, an increase in temperature, induced a significant change of the shape of the 
scattering curve, with a concomitant intensity increase at low scattering angles, indicative for 
an increase in particle size. This can be attributed to contributions from interparticle 
interactions. Indeed, fitting the scattering intensity by an ellipsoidal form factor revealed an 
increased size of the scatterer with ܴ௔ (rotational axis) = 24.7 ± 1.2 Å and ܴ௕ = 82.1 ± 0.7 Å 
(avg. ܴ௚ of 55 Å) at 60 °C compared to ܴ௔ (rotational axis) = 15.3 ± 1.0 Å and  
ܴ௕ = 49.3 ± 0.3 Å (avg. ܴ௚  of 33 Å) at 20 °C. This increase is indicative of a heat-induced 
aggregation of BSA. The irreversibility of this aggregation process is depicted by the scattering 
curve obtained after cooling (green curve), as the aggregate does not disassemble at low 
temperatures. 

 

Figure 36: Scattering intensity curves of BSA at 20mg/ml, before heating, at 60°C and after heating at 20°C. 
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At high concentrations, the repulsive inter-particle interactions add to the scattering signal and 
the scattering intensity decreases at small ݍ values (see Figure 37 a). In the same manner, a 
BSA solution with a high concentration (200 mg/ml) was exposed to thermal stress at 60 °C 
for 15 h, and the scattering curves were recorded after every 60 mins. As is seen in  
Figure 37 a, with increasing exposure time the scattering intensities increased at low ݍ. The 
information regarding the spatial arrangement and the interference effects between proteins 
(with the known form factor), can be accessed by the structure factor. This is readily obtained 
by calculation of the ݍ – dependent ratio of the experimental scattering intensity and the form 
factor (Equation (22)). The structure factor can be used to deduce information regarding the 
interactions between the particles of the superstructure formed during aggregation. The 
structure factor depicted in Figure 37 b, is obtained by division of the scattering intensities in 
Figure 37 a by the form factor obtained at 20 mg/mL, 20 °C (grey). The red curve in the  
Figure 37 b is the structure factor for BSA at high concentration and room temperature. After 
raising the temperature, the structure factor increased by one order of magnitude at low ݍ. With 
time, the intensity increases at low ݍ even further, eventually reaching a plateau after 15 h 
while forming gel. Moreover, the peak at 0.1 = ݍ Å-1 in the structure factor seen at the beginning 
of the experiment reflects the distance of the closest neighbors (ܴ௖௖ − 62.8 Å, the distance 
between the centers of the particles), which eventually vanishes over time as the gelation 
progresses. The change in the shape of the curve over time demonstrates that the gel formation 
for BSA involves a slow overall structural change. For the final gel formed by BSA at  
200 mg/ml after 15 h, the fractal dimension was found to be 1.2, indicating a linear and slightly 
branched aggregates.   

 

Figure 37: a. Scattering intensity curve obtained over the course of thermal stress at 60°C of BSA at 200mg/ml. 
b. Structure factor obtained from the data in ‘a’. 

6.2.2.5.2 Heat-induced structural changes of h B and bovine - crystallin: A comparison at 
different concentrations 

In this part we study the concentration dependence of the temperature induced protein-protein 
interactions and structural rearrangements of the two eye lens crystallins h B and bovine . 
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For this reason, the heat-induced changes associated with the crystallin at a concentration of 
20 mg/ml and 200 mg/ml were recorded with increasing exposure time at 60 °C.  

6.2.2.5.2.1 H B crystallin 

The X-ray scattering profiles of the heat-induced changes of h B crystallin a homooligomer, 
at low concentration is plotted in Figure 38. At 20 °C an initial mean radius of gyration of about 
61.0 ± 0.5 Å (relative distribution – 0.11) was obtained using a scattering function of 
polydisperse spheres for data fitting following Equation (26). After heating at 60 °C, the 
scattering intensity changed significantly. The size of the scatterers had increased to  
75.9 ± 1.2 Å (relative distribution – 0.4). With time, a slow additional increase in the scattering 
intensity at the low ݍ range was observed, reflecting a slow change in the particle’s relative 
arrangement. 

The subtle clustering of proteins was studied using the concept of the fractal dimensions. For 
h B crystallin at the low concentration of 20 mg/ml we found after 72 h a fractal dimension 
of 1.4 using Equation (28) in combination with the form factor of polydisperse spheres (see fit 
Figure 38). The results indicate that h B over the course of heating also forms a linear, slightly 
branched network (see Figure 17) 

 

Figure 38: Scattering curves of hB. low concentration 20 mg/ml when thermally stressed over 72 h at 60 °C. 

Moreover, information regarding the change in native folded state can be accessed from 
normalized Kratky plots i.e., ܫ ×  ௚൯. The Kratky plots were normalized usingܴݍ൫ ݏݒ ଶ(௚ܴݍ) 
the ܴ௚ of 75.9 Å and are displayed for different heating times in Figure 39. In its native state, 
h B crystallin have an essentially globular structure, which is evident from the maximum at 
 ௚ with a value of 1.7 that was maintained even at elevated temperatures. It was observedܴݍ
that after 2 h the maximum is still located at ܴݍ௚ = 1.7 agreeing well with theoretical 
expectations. With increasing waiting time, the bell-shape of the Kratky plot remained with a 
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gradual shift of the peak towards lower values and a concomitant increase. While both changes 
can be attributed to the structural rearrangements and are of minor importance, the bell shape 
of the curve confirms a folded state. Partial unfolding would have let to a linear increase of the 
normalized Kratky plot towards higher values of ܴݍ௚ (see section 5.6.1.6, Figure 18). 

 

Figure 39: Kratky plot of human B-crystallin at a concentration of 20 mg/ml, at different waiting times at 60 °C. 

To summarize the effect of temperature for lowly concentrated h B solutions, we found an 
initial temperature-induced increase in size while there were no indications for temperature-
induced unfolding. The proteins, however, formed a linear, slightly branched network 
structure. This finding should be now compared to the sample at a higher, near-physiological 
concentration of 200 mg/ml. The initial scattering intensity of 200 mg/ml h B at 22 °C 
decreases at small ݍ values compared to the 20 mg/mL sample indicating net repulsive 
interparticle interactions (Figure 40 a). As it was observed for the lowly concentrated sample 
(see Figure 38), the heat exposure of 60 °C led to an initial increase in size followed by a 
gradual increase in the scattering intensity in the low ݍ-range with time (Figure 40 b). The 
structure factors displayed in Figure 40 c was calculated using the form factor at 60 °C of the 
lowly concentrated sample in order to discuss the structural changes with time.  

With the progression of thermal stress, the repulsive interactions gradually disappeared (0 h -
17 h) and eventually, the formation of a superstructure could be indicated (51 h - 67 h). The 
last in situ-measurement was compared to the scattering characteristics of gels formed outside 
the instrument in an oven (gel, 29 h) and in the FTIR microscopy cell (gel, 45 h). As opposed 
to BSA, the repulsive interaction in h B disappeared rather slowly and eventually by the end 
of 67 h a gel is formed, which is suggestive of aggregation. Using the fitting function of 
Equations (26, 27) the block radius of such an aggregate amount to about 80.0 ± 2.2 Å 
compared to the initial size of the protein being 57.0 ± 1.0 Å (22 °C) and 75.9 ± 1.2 Å (60 °C).  
A fractal dimension of 1.1 was obtained which is typical for a newly unbranched 1D aggregated 
linear chain.   
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Figure 40: a. Effect of increased concentration on the scattering intensity, b. Scattering curves and c. Structure 
factor curves of h B 200 mg/ml when thermally stressed over 67 h at 60 °C. 

6.2.2.5.2.2 Bovine -crystallin 
In a similar experimental setup, the X-ray scattering profile for bovine -crystallin protein, a 
hetero-oligomer consisting of both A and B subunits, were obtained initially at low 
concentration (Figure 41). In the beginning, at 20 °C the radius of gyration of bovine -
crystallin was found to be 59.0 ± 0.2 Å (relative distribution - 0.3). At elevated temperatures 
of 60 °C, the intensity of the scattering curve initially decreased at low ݍ values. The radius of 
the scatterer was about 70 ± 1.5 Å using the Schulz sphere distribution function. With 
increasing incubation times at 60 °C, however, the intensities at low q values increased again, 
which was accompanied by a slight left-shift of the scattering decay. Indeed, a fit of the 
scattering curve at 72 h (Schulz sphere), showed an increase in particle size to 74.0 ± 1.3 Å 
(relative distribution – 0.3) and a fractal dimension of 1.8 using Equation (28). The latter is 
indicating a branched network structure. Interestingly, increasing the heating time to 120 h, the 
mean radius for bovine -crystallin did not increase further (75.0 ± 1.1 Å), but the network 
was further maturing. The fractal dimension increased to 2.04 which is an even denser network 
structure. 
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Figure 41: Scattering curve of Bovine  crystallin low concentration 20 mg/ml when thermally stressed over 
72 h 

The Kratky plots for thermally stressed bovine crystallin at different incubation times (2 h, 
24 h, and 72 h) are represented in Figure 42. The plots revealed a maximum at ܴݍ௚ that is 
initially at 1.7 that confirms a globular structure. Similar to hB, bovine  crystallin maintains 
a defined maximum through the course of thermal stress, which is again an indication that these 
proteins do not thermally unfold.  

 

Figure 42: Kratky plots of bovine-crystallin at a concentration of 20 mg/ml, at different waiting times at 60 °C 
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6.2.2.5.2.3 Structure factor analysis  
The investigation of lowly concentrated bovine -crystallin revealed that heating to 60 °C did 
not substantially affect sizes nor folding, despite the observed increased interparticle 
interactions and contacts. This was also true for the highly concentrated sample as shown in 
Figure 43 a. The scattering curves showed a rather slow and marginal increase in the scattering 
intensity at the low ݍ- values. Even the gels that were independently formed by heating in an 
oven (blue full symbols Figure 43 b) or within the FTIR setup (during FTIR experiment) 
displayed the same feature (Figure 43 b, black curve).   

The structure factor curves (Figure 43 c) were calculated using the form factor obtained for 
low concentrations at 60 °C. The low ݍ – values <1 of ܵ(ݍ) imply a strong repulsive system 
that did not change during heating for the observed ݍ - range (up to 45 h). The -crystallin 
sample from the FTIR experiments showed at least an onset of a probable inter particle 
interaction at low ݍ - values. Physically, the sample behaved like a gel, hence it is probable 
that the interaction related contribution term for the highly concentrated sample might be 
apparent only at lower ݍ - values. 

  

 

Figure 43: a. Effect of increased concentration on the scattering intensity, b. Scattering curves and c. Structure 
factor curves of Bovine  200mg/ml when thermally stressed over 45 h at 60 °C 
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We examined in more detail the interaction potential using a sticky hard sphere potential, which 
is used to describe the short-range attraction between protein clusters. The sticky hard sphere 
potential is defined as, 

(ݎ)ܷ =

⎩
⎪
⎨

⎪
⎧

∞

଴ݑ−

0

    

ݎ ≤ ߪ

ߪ < ݎ < ߪ + ∆

ݎ > ߪ + ∆

  

            (31) 

Here, ݑ଴ is the depth of the potential well. The structure factor therefore, provides information 
regarding the interaction potential and strength of an attractive well that can be characterized 
in terms of ‘stickiness’ (Sauter et al. 2016). The stickiness is defined as ߬, which is a function 
of both the interaction strength and perturbation parameter and is given as, 

߬ =  
1

ߝ12
exp (ݑ଴ ݇ܶ⁄ ) 

(32) 

where ݑ଴ and ߝ the perturbation factor describes the range of interaction relative to the 
particle’s radius. After a heating time of 2 h we found ݑ଴ to be 0.45 ± 0.05 kT and  
ߝ = 0.24 ± 0.003, which would correspond to an interaction range of 5.9 nm (Figure 44). The 
stickiness parameter ߬ was about 0.54 ± 0.02. After about 45 h the stickiness parameter 
increased to 0.68 ± 0.06, with the perturbation parameter ε = 0.26 ± 0.01 and ݑ଴ was found to 
be 0.77 ± 0.11 kT. -crystallins are known to show a repulsive hard core interactions that 
conceivably keeps the crystallins from collapsing and forming an aggregate (Foffi et al. 2014). 
The repulsion that is persistent in this case after heat stress originate from the hard sphere 
potential rather that the charges on the protein.  

 

Figure 44: Fits of the structure factor of bovine -crystallin 200 mg/mL after 10 mins and 45 h 
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6.2.2.5.2.4 Comparing h B and bovine -crystallin gels  

A similar analysis was performed for h B (Figure 45), where the depth of the potential well 
 ଴ after 2 h was 0.006 ± 0.01 kT. Compared to bovine , h B crystallin revealed a smallerݑ
initial ߬ value of 0.30 ± 0.02 that vanished with time while forming a long-range network 
(Figure 45). Contrarily, bovine -crystallin showed a ߬ value of 0.68 ± 0.06 even after 45 h, 
still displaying a sticky sphere with rather transient interactions. Due to the stickiness, the 
particles are still rather dynamic oligomer and hence a weak dynamic network is formed. 

 

Figure 45: Fits of the structure factor of humam -crystallin 200 mg/mL after 2 h and 45 h 

The X-ray scattering of heat induced crystallins at high concentration showed that over time both 
of the proteins aggregate and form superstructures. Human B-crystallin when thermally stressed 
forms a gel, composed of independent ‘sticky ’sphere leading to an extended network of 
unbranched linear chains. Bovine -crystallin maintains its repulsive interaction throughout the 
course of thermal stress and forms a gel by transient, most probably weak hydrophobic surface-
surface interactions.  

The structural changes associated with h B crystallin and bovine  crystallin at 20 mg/ml and 200 
mg/ml when subjected to thermal stress at 60 °C was investigated using SAXS and compared to a 
model protein BSA. In general, for both the crystallins, with increasing annealing time at 60 °C, an 
aggregation is observed, forming different superstructures. It is important to note here that the 
change induced by the thermal stress remained irreversible in both the cases. Overall, both the 
crystallins tend to form larger aggregates/oligomers, by essentially maintaining their globular 
structural form. 

6.2.2.6 Mechanical properties of human B- and bovine -crystallin 

We further attempted to estimate the mechanical properties of the gels formed by the crystallin 
proteins using rheology. The initial tests performed using rheometer were unsuccessful, since 
the preparation of the gels at high-concentrations within the rheological plate-plate setup was 
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rather challenging. The gelation time was quite long which in turn resulted into evaporation of 
the solvent causing the samples to dry out. We also attempted to test the mechanical properties 
using the nanoindentation method using PIUMA nanoindenter, wherein the samples were sent 
to Optics11 Life, Amsterdam. The attempts were unsuccessful since the gels formed were very 
sticky and adhered to the probe. The data obtained were therefore unreliable. Finally, the gels 
were to be tested using the atomic force microscopy at Technical University Darmstadt. Using 
dynamic indentation, it was tedious to obtain results due to the extremely low moduli of gels 
in buffer, that almost exceeded the measuring capability. But we were able to obtain the elastic 
modulus for hB-crystallin at 200 mg/mL concentration, which was estimated to be 200 Pa, 
whereas storage modulus was 70 Pa and loss modulus 40 Pa. A force curve obtained for hB-
crystallin is shown in Figure 46. The measurement was unfortunately not reproducible. Further 
analysis of human B- and bovine -crystallins was not possible due to the sample limitations.  

    

 

 

 

 

 

 

Figure 46: Force curve obtained for hB-crystallin at 200 mg/mL. 

6.2.3 Conclusion 

As is generally known globular proteins, under the influence of certain stress of and above a 
critical concentration, can form a three-dimensional gel network. In this chapter, a detailed 
examination of gelation of -crystallins a prominent eye lens globular protein has been 
conducted. Predominantly, the gelation propensity of human B-crystallin, a homooligomer 
and bovine  crystallin, a heterooligomer composed of both A and B subunits, have been 
investigated at physiological pH of 7.5. Both the crystallin proteins formed gels upon prolonged 
annealing at 60 °C, which is well below its denaturation temperature. This enabled a gradual 
investigation of changes in the protein conformation and interactions, which in turn in certain 
aspects mimic the slow ageing process of the eye lens proteins. 

The prolonged exposure of these crystallins at temperature well below the denaturation 
temperature led to the formation of gel network. The turbidity test showed that the gels formed 
by human -crystallin are relatively turbid while those of highly concentrated bovine  
crystallin was transparent. Here the lowly concentrated bovine -crystallin was stable and 
remained soluble throughout. Further on the change in the particle size was investigated using 



  Results and Discussion 

87 
 

dynamic light scattering at low concentrations. The heating caused a general increase in size 
of the particle, but the rate of change in particle size was higher for human B-crystallin. Also, 
it was observed that after 22 h h B clearly formed larger particles, with the solution being 
turbid. This is a possible indication of denaturation and aggregation. Bovine  crystallin on 
contrary showed a gradual increase in size but remained in a homogenous state without 
undergoing denaturation. TEM images showed that the globular structure of the proteins 
remains intact after the gel formation. From the ATR FTIR experiments it was observed that 
heating did not substantially affect the secondary structure of these proteins. The shift in the 
amide-I peak was still within the -sheet structure, which could indicate a more ordered 
structuring of the -sheets. This further confirms the observation from the TEM images that 
the protein does not undergo extensive structural modification on heating and the globular 
structure is intact.  

The changes in the protein interactions and aggregate size when the crystallins h B and bovine 
 form a gel was firstly investigated using scattering technique. For this study, bovine serum 
albumin was used as a model protein to get a better insight into globular protein aggregation 
and gelation. For a comparison, initially the changes associated with BSA were investigated. 
The kinetics of heat-induced changes probed for both low- and high-concentration BSA, 
showed that within the first hour the protein aggregated to form larger network structures. For 
the crystallin proteins the heat-induced formation of larger oligomers was a gradual process. It 
was interesting to note that the different crystallin proteins have different gelation propensity. 
At low-concentration (20 mg/mL) the hard-core repulsions are negligible. The h B crystallins 
with increasing incubation time gradually increased in size, which was indicated by intensity 
increase in at low angles. Even though a similar observation for bovine -crystallin was 
recorded, the increase in size was marginal. Therefore, the observations can be attributed to the 
change in particle interaction with time. From Kratky plots it could be confirmed that the 
formation of larger aggregates proceeded without denaturation, since the overall globular 
structure remained intact even after longer exposure time. H B crystallin eventually formed a 
stable long network structure while bovine  crystallin formed network ‘possibly’ having a 
more dynamic network structure. The results obtained from the ATM studies to estimate the 
mechanical properties of the gel was rather inconclusive. The indentation experiments will 
therefore be repeated once the materials become available.    
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6.3 Effect of Magic Angle Spinning (MAS) on solid-state NMR resolution of B-
crystallin protein probed using ܶ1ߩ relaxation  

 

Crystallin proteins are water soluble protein which makes it extremely accessible to investigate 
these proteins using most experimental techniques. As already known from literature (Horwitz 
2003), the B-crystallins generally exist as high-ordered oligomers, with only the flexible parts 
being accessible by solution state NMR. These large oligomeric assemblies are rather 
polydisperse and therefore cannot be crystallized. This hampers the well resolved full-length 
solution NMR spectra of these proteins. Therefore to analyze this complex system a hybrid 
approach of solution and solid state MAS NMR is generally used (Mainz et al. 2015)..  

In this study sedNMR approach was used, where the sample is sedimented and immobilized 
into an NMR rotor, which is then spun rapidly inclined at an angle of ߠெ஺ of 54.74° with respect 
to the magnetic field. This ensures a narrowing of spectral line, especially for immobilized 
solid sample, which is brought about when the overall rotational/tumbling correlation time of 
the protein is larger than the rotor period. For protein complexes like B-crystallin with a 
molecular weight of approximately 600 kDa, the tumbling correlation time amounts to only a 
few s without the MAS (Ravera et al. 2013). This method therefore circumvents the limitation 
of a standard solution state NMR, by overcoming the molecular weight limit imposed by 
molecular tumbling. 

The aim of this study initially was to investigate the structural changes associated with -
crystallin protein upon gelation. This proved to be quite a challenge, since the heating of the 
sample within the rotor during spinning was not possible, considering the temperature within 
the rotor could not be estimated accurately, in addition to the increased temperature due to 
sample rotation. Also filling the rotor with the -crystallin gel did not provide any reliable 
results. Therefore, the focus was then to obtain a well resolved NMR spectra of B-crystallin 
with respect to increasing spinning speed and correlate it to the overall tumbling motion of the 
protein. The slower motions that exist are accessed by ଵܶఘ relaxation measurements. Inorder to 
get a better understanding of this effect we first look into the solution and solid-state NMR 
spectra of B-crystallin protein. 

6.3.1 Solution state NMR experiment with B crystallin (HSQC) 

The 1D proton NMR spectra of proteins generally consist of a multitude of superimposed peaks 
originating from different proton sites (Figure 47). The slow tumbling of proteins additionally 
causes line broadening due to the short transverse relaxation time ( ଶܶ) arising from the spin-
spin interactions. To obtained a well resolved protein spectra, a multi-dimensional approach is 
employed, wherein proton chemical shift is plotted against either 15N or 13C spin chemical shift. 
One of the most commonly used technique is the hetero-nuclear single quantum coherence 
(HSQC) experiment (Bodenhausen and Ruben 1980).  The basic scheme here involves initially 
transfer of magnetization from proton to the nuclei of interest (15N) via INEPT and after a delay 
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time (ݐଵ), the magnetization is transferred back to proton via another INEPT step. The signal 
recorded is obtained as an FID with evolution time (ݐଶ). Several such experiments with 
increasing delay time and Fourier transform in both ݐଵ and ݐଶ dimensions, gives a 2D NMR 
spectra, where the proton chemical shift can be correlated to the neighboring 15N nuclei. Such 
an HSQC spectrum can therefore be considered as a spectral fingerprint of the protein.  

 

Figure 47: H B crystallin: pdb code:2YGD, processed using pyMol (Braun et al. 2011a) and 1D proton spectra 
of h B crystallin at 30°C pH 7.5 in D2O 

The NMR spectra of full-length h B oligomers were recorded. A typical 1H-15N HSQC spectra 
for h B crystallin was obtained as shown in Figure 48, at 22°C pH 7.5. Here the chemical 
shift assignments corresponds to those published by (Mainz et al. 2015; Mainz and Reif 2015) 
and was comparable to those observed in this work. Generally, the NMR spectra of 
particles/proteins having larger size exhibit set of cross peaks that arise from the mobile 
residues i.e., those which have a faster dynamic compared to the overall particle tumbling 
motion. This indicates that only the mobile regions of the protein would be observed in the 
solution state NMR spectra. 

For -crystallin it is quite well know that the C-terminal regions are highly flexible, 
unstructured, highly polar and has excellent solubility (Delbecq and Klevit 2013; Treweek et 
al. 2010; Carver 1999). This gives rise to a well resolved solution state NMR spectra, wherein 
the region starting from S153 to the very end of the C-terminal region which is K175, including 
the IXI-motif is observed. Apart from the flexible C-terminal region, due to the overall large 
particle/oligomeric size, complexity and rigidity makes it difficult to obtain the full-length 
spectra of these protein using solution-state NMR methods. 
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Figure 48: 1H-15N HSQC spectra of h B crystallin at 20 °C, pD 7.2. Major states indicated in black and minor 
states in blue. 

For almost all the residues in the CTD region a second set of peaks were observed which are 
in accordance to published data of Mainz (Figure 48). This second set of peaks were classified 
as minor states having significantly lower intensity. In Figure 48, the assignment for major 
state is indicated in black and minor state in blue. The minor state could be derived from the 
same oligomeric species since they were found to have the same translational diffusion, but 
differed in the dynamics. This indicated that the CTD, exists in two different conformational 
states that undergoes slow chemical exchange on the  time scale of (Mainz et al. 2015) 

6.3.2 Solid-state MAS NMR of B crystallin (TUM Data)  

In comparison to solution state NMR studies where only the flexible C-terminal region of B 
crystallin are detected, solid state NMR proved to be a better technique to study these proteins 
at atomic resolution. In general, to obtain a high-quality spectrum the protein has to be 
rotationally immobilized within the rotor and preparation of such a homogeneous sample is 
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often a challenge. The MAS NMR experiments were performed here by the sedimentation of 
the protein into the rotor, where it is investigated in its solution form, as opposed to the 
conventional SS NMR experiments. 

Here, 15N-2H labeled h B synthesized recombinantly in a D2O based minimal media with 
exchangeable hydrogens replaced by 1H, by dissolving in a mixture of H2O and D2O -based 
buffers were used for the experiment. The proton back exchange ratio was about 15 %. Such a 
predeuteration of the protein yields high resolution spectra in solid state, by suppressing the 
dipolar interaction between 1H-1H. Figure 49, depicts the 1H, 15N correlation spectrum of 
perdeuterated B-crystallin (this experiment was performed at TUM, by Dr. Riddhiman 
Sarkar). Here a refocused INEPT approach for solids was used to obtain the correlation 
spectrum (Elena et al. 2005). The figure shows the characteristic signal pattern of B-crystallin, 
which was nearly similar to that observed by (Mainz et al. 2015).   

 

Figure 49: 1H- 15N solid-state NMR spectra of human B-crystallin protein (at 4°C, MAS – 30 kHz, in 1.9mm 
rotor, at magnetic field strength – 18.8T) 

Owing to the different experimental setup, where a 1.9 mm rotor at 1H Larmor frequency of 
950 MHz, a well resolved NMR spectra was obtained. Most of the cross peaks obtained 
corresponded to the amino acid residues from the ACD region. For several residues, a peak 
doubling was observed which mostly originated from residues close to the loops ߚସ ߚହ and ଼ߚ. 
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This is an indication that in the B-crystallin oligomers, the ACD region exist in at least two 
different states, which can be well-resolved (Mainz et al. 2015). In both the cases solid and 
solution state NMR experiments, the amide resonances of N-terminal residues were not 
observed. This is an indication that the N-terminal domain is fairly rigid.  

6.3.3 Solid-state MAS NMR of B crystallin (MLU Data) 

A similar attempt was made to obtain a solid-state NMR of -crystallin protein in MLU, Halle 
(Figure 50). The results obtained showed very broad solid-state spectra with practically 
unresolved peak intensities. We attributed this to the poor sedimentation of the sample within 
the rotor and which pointed to the fact that the protein is most likely liquid-like. In general, a 
narrow line in a high-resolution spectrum is obtained when the spinning at the magic angle, 
periodically modulates the anisotropic molecular interactions i.e., dipole – dipole and chemical 
shift anisotropy (CSA). These are eventually averaged out over the sample rotation period in 
the µs time range. The averaging is dependent on the correlation time of the motion and the 
time scale of the rotor period. This means that if the tumbling motion is faster, then the 
averaging occurs within one rotor period but, if the motions are slower than the rotor period 
then the system can be considered as rigid during the rotor period and hence, MAS leads to an 
effective averaging of the anisotropic interactions. However, if during the rotation there is 
certain motion with a relatively larger amplitude as well as the orientation of the CSA and 
dipolar tensor changes during the rotation period then the average is no longer zero.  

 

Figure 50: 1H- 15N solid-state NMR spectra of human B-crystallin protein (at 13 °C, MAS – 20 kHz, in 1.3 mm 
rotor, at magnetic field strength – 14.1 T) 

In our case we work with sedimented samples which would have protein concentrations much 
greater than 200 mg/ml, that could lead to an increase in the correlation time but this increase 
may not be many orders of magnitude. This would mean that the rotation may not be 
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completely isotropic due to certain restricted motion and the relatively large amplitude of these 
motions might correspond to the time scale of rotor period. This may have been the case here, 
where the still liquid-like sediments lead to incomplete averaging of the interactions and 
eventually lead to bad spectral resolution. 

This led to the question if the slower motions within the samples can be restricted with 
increasing the spinning speed of the rotor. The slower motions were then to be accessed by ଵܶఘ 
measurements. Within the scope of this study, a solid-state NMR investigation of h B 
crystallin was undertaken. The h B-crystallins are large globular proteins having rotational 
correlation time of ~ 1 s (Roos et al. 2016). Here, the authors showed for -crystallin that the 
concentration dependence on the rotational correlation time was the weakest in comparison to 
that of BSA and HEWL. This weak dependence is due to the spherical and weakly interacting 
nature of these proteins; they can still undergo smooth rotational motion. The asymmetrical 
shape of the proteins like BSA and HEWL as well as their strong polar/columbic interactions 
leads to hinderances in their motion. 

This was further investigated in this study where the human B-crystallin were subjected to 
increasing magic angle spinning frequency of 20, 30, 40 and 50 kHz. This increase in MAS 
has two consequences. Firstly, due to increase in centrifugal forces the concentration in the 
sedimented layers would increase, thereby slowing down the restricted rotational motion. 
Secondly, as the MAS is increased the rotor period becomes smaller. When the slow restricted 
motion is on the time scale corresponding to this rotor period results into narrow spectral lines. 
In case, of incomplete sedimentation of these protein, certain slow motions that might exist 
would results into an incomplete CP transfer. The idea here was to determine if/how spinning 
at higher rates would assure averaging of the dipolar coupling and restrict the motions that 
might occur at short time scales i.e., microsecond range due to incomplete sedimentation 

6.3.4 Correlating ܶ1ߩ relaxation to MAS dependent spectral resolution 

Qualitative information on such protein molecular dynamics that occurs at the microsecond 
time scale is accessible by measuring the spin-lattice relaxation time in the rotating frame ( ଵܶఘ).  
This solid-state near-rotary-resonance measurement of spin-lattice relaxation time i.e. with a 
small difference between the frequencies of magic-angle spinning (MAS) and spin-lock (SL), 
enables the detection of slow motions (Krushelnitsky et al. 2018). In the last decade a wide-
spread application of 15N detected rotating frame relaxation rate to study the molecular 
dynamics. MAS in combination with chemical perdeuteration protein samples, which dilutes 
the proton network provides a well resolved 1H-15N protein correlation spectra. Additionally, 
it has also helped to measure site-specific relaxation rates, with a marginal dipolar spin 
contribution to the relaxation process (Zinkevich et al. 2013; Ma et al. 2015; Krushelnitsky et 
al. 2010). 

In order to probe these slow motions, 15N detected ଵܶఘ relaxation measurements were 
performed. The ଵܶఘ relaxation measured under MAS, that involves contribution from both the 
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heteronuclear dipolar and CSA relaxation mechanisms each of them is described by a 
combination of spectral-density function as follows: 

1
ଵܶఘ

=  ܴଵఘ ∝ ௌ௅߱)ܬ ) −  2߱ெ஺ௌ) + ௌ௅߱)ܬ2 −  ߱ெ஺ௌ)  + ௌ௅߱)ܬ2 + ߱ெ஺ௌ)

+ ௌ௅߱)ܬ2 + 2߱ெ஺ௌ))  

            (33) 

where, ߱ெ஺ௌ and ߱ௌ௅ are the MAS and spin-lock frequencies. The term ߱ௌ௅ −  ߱ெ஺ௌ provides 
the dominant contribution to the relaxation rate. Therefore, in order to compare the ଵܶఘ at 
different spinning rate the difference ߱ௌ௅ −  ߱ெ஺ௌ has to be kept constant. This dependence of 
frequency difference between the spin and MAS on the spectral density makes its feasible to 
measure very slow motions (Krushelnitsky et al. 2018) at their near-rotary-resonance 
conditions.  

6.3.4.1 ଵܶఘ relaxation measurements 

Uniformly 15N labeled  proteins have been frequently used to investigate the local molecular 
motions of backbone amides using 1H,15N ଵܶ, ଵܶఘ and hetNOE experiments (Clore et al. 1990; 
Cho et al. 1996; Barbato et al. 1992). In this study, the slow motions that exist even after 
complete sedimentation of B-crystallin were accessed using ଵܶఘ at different spinning 
frequencies to test the hypothesis of the origin of the bad spectral resolution. Here, in order to 
have a direct comparison at all the spinning stages, a constant near-rotary-resonance condition 
was ensured, by choosing a difference of 4 kHz between spin-lock and MAS frequencies. As 
stated before, a properly calibrated Hartmann-Hahn match is necessary for cross polarization 
to occur between the abundant and dilute isotope, since it can easily be altered by factors such 
as power levels and even the chemical environment. Additionally, it is also important to 
calibrate the spin-lock pulse at the chosen spinning frequency. Here the experimental 15N spin-
lock nutation curve (Figure 51) was fitted using the following function,  

ݕ = ∙ ܣ cos(2ߨ ∙ ௌ௅ߥ ∙ + ݐ  ߮) ∙ exp ൬−
ݐ
ଶܶ

൰ + ܲ 

            (34) 

where, ܣ is the amplitude, ߥௌ௅ is the spinlock pulse frequency, ߮ is the phase of an apparent 
pulse, ଶܶ is the transverse relaxation time that mostly encodes rf inhomogeneity and ܲ is a 
plateau value (ܲ = 0).  
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Figure 51: A representative nutation curve obtained for 15N spinlock of 36 kHz for h B-crystallin. 

A fit of this nutation curve gave ߥௌ௅ of 36.07 kHz, and the corresponding power levels are 
calculated for a precise spin-lock pulse. 15N-detected ଵܶఘ experiments were then performed at 
all the different spinning speeds to assess the rocking motions or extend of motional restriction. 
The rocking motions are a type of molecular mobility, wherein the proteins are not fixed by 
intermolecular contacts and can undergo restricted motion as whole. The protein rocking 
motions only sets in once the overall tumbling of the protein is suspended. The ܶ ଵఘ decays were 
measured using a routine CP pulse sequence, where the 15N detected signal was obtained by 
magnetization transfer from amide protons to nitrogen with decoupling of protons during 
acquisition. At different durations of 15N spinlock pulse one-dimensional amide spectra were 
measured and the ଵܶఘ decay was obtained from integrated signal of the entire amide band as 
shown in Figure 52. One of the limitations here is that the site-specific characterization of 
protein dynamics is hardly possible, although insight into overall motion of protein can be 
acquired.   

Figure 52 shows the normalized ଵܶఘ decay curves obtained at different spinning speed with 
increasing spinlock duration. In all the cases, we observe a decreasing intensity with increasing 
spinlock duration. Due to poor signal-to-noise ratio a proper analysis of the decay curves was 
not feasible. But using a simple single-exponential function the ଵܶఘ decay curves were fitted 
(see Figure 52). It has to mentioned here that the decays obtained are clearly multi-exponential, 
but because of the large experimental error fitting them using complicated fitting functions 
would be illogical, as the fits would be too uncertain. The ଵܶఘ relaxation time obtained from  
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Figure 52: Normalized ଵܶఘ decay curves obtained at different spinning speeds obtained for hB-crystallin protein 
at ~ 200 mg/mL 

 

 

Figure 53: ܶ ଵఘ  values obtained from the single exponential fit of data in Figure 52 plotted against respective MAS 
spinning frequencies. 

the fits were plotted against the respective MAS spinning frequencies in Figure 53. It can be 
clearly seen that with increasing spinning speed the ଵܶఘ becomes slower implying slowing 
down of the rocking motion and a better ‘pseudo solidification’ of the protein. Here the main 
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purpose was not to determine absolute values rather demonstrate that the spinning and 
sedimentation had a certain tendency. And therefore, such an analysis was relevant. 

6.3.4.2 Human B-crystallin solid state spectra at different spin speeds  

To obtain solid-state spectra of h B-crystallin, the protein was immobilized in the rotor, since 
crystallization was not possible and investigated as a ‘pseudo solid’. These proteins were 
centrifugated and sedimented into a solid state thin walled 1.3 mm rotor at a starting 
concentration of 10 mg/ml. To probe the influence of spinning speed on the 1H-15N correlation 
spectra resolution, the rotor was spun gradually with increasing spinning speed starting from 
20 kHz to 50 kHz at 18 °C. At each spinning frequency the 2D spectrum was recorded within 
3 days. In all the cases an indirect detection approach was involved, wherein the magnetization 
was initially transferred from 1H to 15N nuclei via cross polarization, the chemical shift then 
evolves on the 15N nuclei, and eventually transferred back to 1H and FID is acquired on 1H 
nuclei. The spectra were processed using the same processing parameters, which can therefore 
be directly compared.  

Figure 54 shows the 1H-15N correlation spectra obtained for h B crystallin at 20 kHz. 
Although the spectral resolution is mediocre, with mostly broad peaks, a few of the residues 
G147, T132, G141, G112, G102 and R116 could be identified. In some case the peak intensity 
was even comparable to the noise and hence could not be distinguished.   

 

Figure 54:1H-15N correlation spectra of h B crystallin (~200 mg/mL) at 20 kHz 

With further increase of spinning frequency to 30kHz (Figure 55), yielded a similar correlation 
spectrum as for 20kHz. In comparison to the spectra at 20 kHz, at 30 kHz the resolution did 
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not improve, which made it impractical to identify the residues. The signature peak pattern, 
within the 15N ppm range 105 -110 and 1H ppm range 9.5 – 7.0 were also missing.  

 

Figure 55: 1H-15N correlation spectra of h B crystallin (~200 mg/mL) at 30 kHz 

Similarly, the 2D correlation spectra obtained at 40 kHz (Figure 56), exhibited broader peaks. 
This was fairly comparable to the spectra at 30 kHz, where nearly all the residues were 
indistinguisle and the signature peak pattern was missing as well.  

 

Figure 56: 1H-15N correlation spectra of h B crystallin (~200 mg/mL) at 40 kHz 
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Figure 57: 1H-15N correlation spectra of h B crystallin (~200 mg/mL) at 50 kHz 

At a first glance, the 2D spectra at 50kHz (Figure 57), shows a remarkable difference in 
comparison to those at lower spinning speed, with the peaks now being much narrower. 
Although as was observed for the earlier spectra, the comparable intensity of noise and signal 
renders the many relevant residues indistinguishable. A more careful analysis of the spectra 
could reveal a few of the amino acid residues, but they may be ambiguous. 

In general, stepwise increment of spinning frequency did not remarkably improve the 
resolution of the 1H-15N correlation spectra of h B crystallin, except perhaps above 50 kHz. 
This, in combination with the ଵܶఘ decays, that slows down with increasing spinning, implies a 
more solid-like protein and hence a marginally resolved spectra at 50 kHz.  

This could further be complicated due to the uneven sedimentation of protein. There may 
possibly be a packing density gradient of the protein within the rotor from its center to the 
periphery. This perhaps is pressure dependent, where on the wall the protein is compressed and 
the overall protein tumbling is suppressed, while along the axis of the rotor it can freely rotate. 
This inturn could also affect the CP efficiency. Additionally, when these 2D spectra are 
compared to the solid-state correlation spectra that was published by Mainz et al. 2015, the 
spectral match was not exactly identical.  One reason could be the different temperature at 
which the experiment was performed and other could be the packing of the protein. The amount 
of protein present is also crucial, in this case since the signal-to-noise was poor even after 3 
days of spectrum acquisition, it could also be speculated that the amount of protein present was 
unfortunately inadequate.  
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6.3.5 Conclusion  

In this study the influence of increasing magic angle spinning (MAS) frequency on the 1H-15N 
spectral resolution of h B crystallin was probed. Initially, to get a better insight into the 
structural details of h B crystallin protein, a combination of solution state and solid state NMR 
was used, and the results were comparable to the previously published data for B (Jehle et al. 
2010; Mainz et al. 2015). The extend of sedimentation was further quantified using ଵܶఘ 
relaxation measurements. A closer look at the ଵܶఘ decay curves showed a slowing down of 
molecular motion, with increasing spinning speed from 20 kHz to 50 kHz. This could be an 
implication of better sedimentation and concomitant increase in spectral resolution was 
expected. It has to be emphasized here that, albeit ଵܶఘ gives information regarding the 
dynamics, it may not necessarily give a complete dynamic information that relates to the 
spectral resolution, but only provide a rough qualitative estimation. The correlation spectra 
were further acquired at increasing spinning speed. At 20 kHz, the characteristic signal pattern 
(Figure 54) was observed, which was absent at 30 and 40 kHz. Primarily in all the cases a broad 
spectrum was obtained. The broad nature of peaks primarily could be attributed to the 
incomplete averaging of the interactions, which is on the time scale of the MAS frequency. In 
contrast, at 50 kHz, the 2D spectra was seemingly narrower, but due to the poor signal to noise 
the peaks were indistinguishable. This spectrum obtained at 50 kHz (Figure 57), qualitatively 
supports the idea of this work, although the quality of the acquired data is not adequate to make 
a definite conclusion. Therefore, correlating this increased resolution to the slowing down of 

ଵܶఘ is not possible to given the sparsity of data. Additional experiments under different 
conditions could have aided in confirming the idea presented here but the limited sample 
availability hindered the further progress of the experimental work.   



  Summary 

101 
 

7 Summary 

The work presented in this thesis aims at obtaining a more comprehensive understanding of the 
functionalities of the crystallin proteins, the major constituents of the eye lens milieu. The 
changes in the crystallins over time due to ageing or certain mutation, can affect the 
transparency of the lens and lead to cataract. In this study the two important aspects have been 
considered which is the effect of molecular crowding and the influence of heat-induced 
perturbations of these crystallins below its denaturation temperature. This allows for 
investigation of these proteins under the condition that mimicks the slow ageing of the lens.  

In the first part of this work NMR relaxometry was used to characterize the aggregation kinetics 
of two specific proteins, (i) bovine B and (ii) bovine -crystallin. Here, it was demonstrated 
that in comparison to other spectroscopic techniques, NMR transverse relaxation can be easily 
used to monitor the protein aggregation, its most important feature being that a quantitative 
estimate of the aggregate protein was possible. Although these crystallins belong to the same 
class of lens proteins, a qualitative difference in the heat-induced aggregation process was 
observed. The bovine B crystallin formed solid aggregates while the bovine -crystallin 
formed a transparent gel on prolonged exposure at 60 °C. Since the bovine B crystallin formed 
solid aggregates, it was possible to estimate the percentage of aggregated protein in each time 
point. Interestingly, the concentration dependence of aggregation kinetics was distinct for both 
the proteins. The bB crystallin exhibited a concentration-independent aggregation kinetics, 
while for -crystallin a concentration dependent aggregation kinetics was observed. The 
transverse relaxation decay of the water component for the bovine  crystallin could be directly 
correlated to the relaxation decay of the protein aggregation itself, where the decay curves 
showed a similar trend. This indicated indeed that the -crystallins formed a gel, wherein the 
motion of the water molecules become restricted. The formation of this transparent gel by the 
chaperone protein -crystallin, at long exposure to 60°C below its denaturation temperature, 
was intriguing. Therefore, in the following chapter a detailed investigation of the gelation of 
-crystallin protein was conducted.  

In the second part, several different biophysical characterization techniques were used to 
characterize the heat induced gelation of -crystallin protein. Throughout the study, a 
comparison of gel formation by bovine -crystallin, a hetero oligomer containing both A and 
B subunits and h B crystallin, a homooligomer with B subunits, was investigated. The 
approach towards this study involved starting from a more globular/ general aspect of the gel, 
i.e., transparency to molecular-level gel network formation. Light transmission at 800 nm was 
used to demonstrate the transparency of gels formed by these crystallin proteins. In comparison 
to human B, bovine  was more transparent, while the former formed larger aggregates 
making the system more opaque. In order to get a better insight into the change in size of these 
crystallins over heat-induced exposure time, dynamic light scattering was employed. Here, 
only lowly concentrated crystallin samples were used to avoid multiple scattering. It was found 
that h B formed aggregates that settled to the bottom, while bovine  remained soluble, 
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although it showed a steady and gradual increase in particle size.  Transmission electron 
microscopy was used to get a visualization of the particles when the proteins gel. For both the 
proteins TEM experiments indicated that the globular structure was intact even after the gel 
formation. This was additionally confirmed by ATR-FTIR, where the heat-induced secondary 
structural changes were negligible. Small-angle X-ray scattering was further used to get a more 
comprehensive understanding of the gel formation of these crystallin protein at a molecular 
level.  When compared to BSA, the gel formation of the crystallins were slower, which was 
evident from the slow increase in intensity at smaller ݍ-values. When heated at 60 °C for about 
15 h, BSA formed larger aggregates and at 200 mg/ml the formed gels had a fractal dimension 
of 1.2, which indicates formation of a short extended but slightly branched network. H B 
crystallin protein when annealed at 60 °C, increased in size from  
60.95 ± 0.49 Å to 75.9 ± 1.18 Å, and at low concentrations a fractal dimension of 1.4 was 
obtained, forming a short branched and less dense network. At high concentrations of  
200 mg/ml a fractal dimension of 1 indicated that these formed an unbranched 1D network. 
Similarly, for bovine -crystallin the ܴ௚, increased from 70 ± 1.5 Å to 75 ± 1.14 Å, although 
the increase was not very significant. At low concentrations for bovine , a fractal dimension 
of 1.8 implied a dense network formation. The highly concentrated sample when annealed at 
60 °C showed a dominant repulsive interaction. The bovine -crystallin gel obtained after the 
ATR-FTIR analysis was also investigated using SAXS, which indicated a slight onset of gel 
formation. The determination of the fractal dimension was not possible in this case. In general, 
both the crystallin over time formed larger oligomers or superstructures, with h B forming a 
gel composed of independent ‘sticky’ sphere with extended unbranched 1D aggregate, while 
bovine  crystallin forms a rather dynamic network, where mutual aggregation occurs due to 
weak hydrophobic surface-surface interactions. Additionally, both the crystallins again 
demonstrated to maintain the globular structure as was evident from Kratky plots.  

To further the gelation studies, an attempt was made to investigate the -crystallin, especially 
h B using MAS solid state NMR spectroscopy. Initially, the solution state HSQC and solid-
state NMR spectra were obtained which were comparable to the already published data. 
Furthermore, with increasing spinning speed from 20 kHz to 50 kHz, the improvement in 
spectral resolution was probed. In comparison to 20, 30 and 40 kHz, the spectra obtained at 50 
kHz showed an improved resolution. In general, compare to the spectra from TUM the spectral 
resolution obtained at Halle, was quite inferior. Potential slow motions were accessed by ଵܶఘ 
measurements, and with increasing spinning speed the ଵܶఘ decay indeed became slower. This 
indicated that the protein solution was a ‘pseudo-solid’ and can be linked to the better resolved 
spectra at 50 kHz. Qualitatively this supports the idea of this work, but since the quality of the 
acquired data was still poor, a definite conclusion could not be made. Therefore, correlating 
this increased resolution to the slowing down of ଵܶఘ was uncertain, additional experiments 
under different conditions could aid in confirming the idea presented here 

It is relatively evident that the -crystallin protein, which is a combination of two subunits A 
and B is more resistant to heat-induced changes. As opposed to the presence of 
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homooligomers, B-crystallin in other tissues, the -crystallin proteins are exclusively present 
only in the eye lens. One could speculate that the A subunit might be providing this additional 
stability. Therefore, a similar heat stress study on A crystallin might give a better insight into 
its structural and conformational stability. In this study the ageing of these lens crystallin was 
investigated, which showed that over time even under certain stress the -crystallin may still 
help maintain the lens transparency, owing to its chaperoning function. It would be further 
ideal to investigate this chaperoning function of the -crystallins in combination with other 
lens crystallins.  

Lens crystallins are fascinating proteins, that help in maintaining the functionality of the eye 
lens. The studies based on these crystallins are still ongoing, in order to get a better 
understanding of lens cataract disease that is associated with crystallin protein aggregation. The 
conventional way of cataract treatment has been replacement of the lens with an artificial lens. 
An improved comprehension of the different interaction between the proteins in the eye lens 
that leads to or prevents such cataract formation could help in furthering the development of 
improved treatments for cataractogenesis. 
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