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Formation of Protein Micro-Spherulites: 
Thermal Aggregation of Bovine β-

Lactoglobulin with Metal Ions  
 Jishnu Chakraborty1, Umesh Chandra Halder2 

 

Abstract— The aggregation of protein is quite relevant to the pathogenesis of several neurodegenerative diseases. Metal ion plays an 
accelerating role in the aggregation process. In this work, some metal ions have been chosen to study their influences on the conformation 
and aggregation processes of bovine β-lactoglobulin (β-lg) at equimolar ratio under thermal condition. Fe3+ ion causes a drastic 
perturbation of the conformation of native β-lg. Other metal ions, like Na+, Ca2+, Cu2+, Zn2+ and Al3+, merely affect the structure of β-lg 
except quenching of tryptophan fluorescence intensities. Fe3+ also influences the secondary structure of β-lg, probably by the formation of 
Fe3+-β-lg complex which has been proposed with the spectroscopic evidences. The Cu2+ and Zn2+ ions trigger the formation of β-lg 
aggregates as evidenced by turbidity measurements. Formations of aggregate were identified by PAGE and SDS-PAGE studies. 
Thioflavin-T (Th-T) assay shows that both the Cu2+-β-lg and Zn2+-β-lg aggregates are fibrillar in nature. High resolution TEM images also 
reveal the existence of three dimensional nano- cluster with abundant nano-cavities in the Cu2+-β-lg and Zn2+-β-lg aggregates even at such 
a lower protein concentration (< 2mg mL-1). The morphologic patterns, evidenced by the SEM images, reveal that Zn2+ form larger 
spherulitic oligomer/aggregates than Cu2+ ion at a fixed temperature. Fe3+ also forms small aggregates with smaller dimension than those 
formed by Zn2+ and Cu2+ ions. Thus it is the chemical nature of the metal ions rather than the charge factor dominates in the process of 
aggregation and the pattern of protein aggregates. 

Index Terms— β-Lactoglobulin; Metal ions; Aggregates; Micro-spherulites, Nano-cavities.  

——————————      —————————— 

1 INTRODUCTION                                                                     
hermal aggregation of protein is a well known phenome-
non, associated with the perturbed conformation of the 
whole protein or of some specific domain in denatured 

state [1-4]. Aggregation can also be influenced by the metal 
ions [5-9]. These aggregates are quite relevant to pathogenesis 
of neurodegenerative disorders such as Alzheimer’s diseases, 
Parkinson’s diseases, and sclerosis, cardiovascular and tu-
moural diseases [10-12]. Primarily beta amyloidal peptide is 
involved in protein deposition diseases. The amyloidal pla-
ques are predominantly composed of human β-amyloid pep-
tide βA40, a 40-mer whose neuro-toxicity is related to its ag-
gregation [13].  

Metal ion deficiency may cause serious health ha-
zardness in human body. Ions are being formulated with pro-
tein-based food stuffs and beverages to replenish the physical 
illness due to malfunctioning of enzymes, anaemia, retarda-
tion in mental development and loss of immunity in infants, 
children/teenagers as well as in pregnant women. As a conse-
quence, mineral fortification strategies have been developed 
for the continuous/ sustainable supply of minerals through 
proper diet [14]. Inadequate addition of minerals thus may 
render severe health hazards starting from cell toxicity to or 

 

 
gan disorder and even turns to lethal [15] while metal ion tox-
icity due to hyper-mineralization may also become fatal [16-
17]. Survey of literature reveals that the formation and charac-
terization of aggregates of proteins are promoted by metal 
ions. Several proteins, including β-lg, interact electrovalently 
with mono-valent ions like Na+, K+; di-valent metal ions like 
Ca2+, Cu2+, Zn2+ and tri-valent metal ions like Al3+ and Fe3+ to 
produce an aggregation prone conformation and accelerate 
the fibril formations [7, 9, 13, 18-25]. The major lacunae are the 
molecular level information regarding metal-protein interac-
tions and its consequences on the patterns of the metal ion 
mediated protein assemblies. Thus several protein systems 
have been developed, having high propensity of β-amyloidal 
fibril formation where metal ions are found as pathogens. 
Hence β-lg, primarily a β-sheet protein, has been chosen as a 
model protein. Bovine β-lg is water soluble globular protein 
having 162 amino-acid residues with a molecular mass of 
18,300. The crystallographic data shows that it has a predomi-
nantly β-sheet structure with nine stranded anti-parallel β-
barrel and one small helix [26]. Among two tryptophans, first 
one (Trp19), buried in the hydrophobic core, is mainly respon-
sible for intrinsic fluorescence properties of β-lg while the 
second one (Trp61) is fully solvent exposed [27]. 

In this article, the intrinsic fluorescence of β-lg molecule 
and the circular dichroic techniques have been employed to 
study the conformational integrity of β-lg in presence of metal 
ions. Moreover, efforts have been taken to understand the 
metal ion induced kinetic growth of aggregates turbidometri-
cally and to study the nature of aggregates with the help of 
Thioflavin-T assay and electron microscopic techniques (SEM, 
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TEM).  

2 MATERIALS AND METHODS 
2.1 Materials 
Bovine β-lg was purified from fresh cow milk [28-29]. Its con-
centration was determined using ε280=17,600 M-1 cm-1. AR 
grade sodium dihydrogen phosphate and disodium hydrogen 
phosphate were purchased from Sisco Research Laboratory, 
India. AR grade NaCl, CaCl2, CuCl2, ZnCl2, AlCl3, FeCl3, hy-
drochloric acid, ammonia, methanol, acetic acid, glycerol etc. 
were obtained from Merck, India. Acryl amide, bis- acryl 
amide, N, N, N, N’-tetramethylethylenediamine (TEMED), 
ammonium persulphate, SDS, bromophenol blue, coomassie 
blue, Tris buffer, 8-amino-1-napthalenesulphonic acid (ANS) 
were purchased from Sigma Chemical Co., U.S.A. 

2.2 Fluorescence measurements 
Fluorescence measurements of β-lg solutions containing 

metal ions were performed using the Spex Fluorolog II (USA) 
spectrofluorometer with an excitation wave length of 295 nm 
and emission wavelength in the range of 310-550 nm accord-
ing to the method of J. C. Allen and S. Jeyarajah [30]. Here pro-
tein to metal ratio was maintained at 1:1 in molar proportion 
and spectra were compared with the native one. All data 
points were an average of triplicate measurements and corres-
pondingly blank corrected. 

2.3 Circular dichroic measurements 
Far UV-CD experiments were carried out with a JASCO J-

815 spectropolarimeter at 25◦ C where different metal ions 
were added to native β-lg solutions using a cylindrical cell of 
path length 1mm. Solutions were made in 10 mM sodium 
phosphate buffer, pH 6.5. All the β-lg solutions, having con-
centrations 2mg ml-1 (1mM) and containing equimolar metal 
ions, were used for far UV-CD spectra measurements. Typical 
instrumental parameters used were: path length=1.0 mm, sen-
sitivity=50  m deg (for far UV), time constant 2 s, step resolu-
tion = 0.2 nm/data and scan speed 20 nm/min. Far UV range 
scanned was 200-250 nm. Each spectrum was the average of 
three consecutive scans subtracted from the corresponding 
blank. The smooth spectral profiles were achieved using the 
polynomial curve-fitting program. 

2.4 Turbidity measurements  
Turbidity studies of the solutions of native β-lg containing 

metal ions (1:1) were performed in a JASCO V-670 spectro-
phophotometer (Jasco, Japan) attached with a Peltier thermos-
tat temperature controller (model EHC-716) along with the 
Spectra Manager software. A quartz cuvette of 1 cm path 
length was used and optical densities were measured at 
400nm. Experiments were done in two steps. Firstly, optical 
densities (OD400nm) for all experimental solutions were meas-
ured at 10 ◦C intervals within the temperature range of 25-80◦C 
and in the second step, turbidities appeared due to formation 
of protein aggregates were measured with the time duration 
of 1hour at a constant temperature (70 ◦C) at 10 minute time 
intervals. 

2.5 Detection of Aggregates by native and SDS-PAGE  
Both native and SDS-PAGE were carried out using 15% 

acryl amide resolving gel [31]. Aliquots (20µL) of heat treated 
β-lg solutions containing metal ions were loaded in the wells. 
Gels were stained with Coomassie Brilliant Blue R 250. A mo-
lecular weight marker ranging from 10-170 kDa (PageRulerTM, 
Prestained Protein Ladder, Fermentus Life Science, UK) was 
ran in parallel  with the SDS-PAGE to determine the molecular 
weights of the β-lg aggregates. 

2.6  Identification of fibrillar aggregates by Thioflavin-T 
(Th-T) assay  

Th-T binding assay was performed using a Spex Fluorolog 
II (USA) spectrofluorometer with an excitation wave length of 
440 nm and the emission was monitored at 490 nm. The ali-
quots of 0.1ml of heat treated (70 ◦C) β-lg solutions were trans-
ferred into 2.5 ml of phosphate buffer (pH 6.8) and after 1 hour 
ultra-sonication the samples were treaded with 10µL of Th-T 
solution. The final concentration of Th-T was 50µM and the 
spectra were recorded at 25◦C. All the spectra were an average 
of triplicate measurements and blanks were corrected. 

2.7 Studies of the morphology of the 
oligomer/aggregates 

Characterizations of oligomer/aggregates of β-lg were 
performed with the Scanning Electron Microscope (SEM, 
model no. JEOL JSM-5200, Tokyo, Japan) within 0.5-30 kV 
range on a glass substrate. Aliquots of heat treated β-lg solu-
tion containing metal ions were spread over the glass slides 
and left for air drying at room temperature. This process was 
repeated for twice to achieve a detectable amount of oligo-
mer/aggregates and finally gold coated before scanning under 
the electron microscope.  

2.8 Transmission electronmicroscopy 
Copper grids were prepared by negative staining imme-

diately the preparation of the samples for transmission elec-
tron microscopy. The sample solutions were sonicated for ~60 
sec and diluted 50-150 times. A droplet of the diluted sample 
was put onto a carbon support film on a copper grid of 300 
square meshes. After 20 sec the droplet was removed with a 
filter paper followed by a droplet of 2% uranyl acetate (Sigma, 
Steinheim, Germany) solution was put on the grid and finally 
removed after 15 sec and left for air-dry. The micrographs 
were then taken by using high-resolution transmission elec-
tron microscope (JEOL-TEM-2011, Tokyo, Japan) with an acce-
lerating voltage of 80-85 kV in different magnification.  

3 RESULTS AND DISCUSSIONS 
3.1 Fluorescence of β-lg in presence of metal ions 

Effect of metal ions on the tertiary structure of native β-lg was 
monitored by intrinsic fluorescence measurements. Fluores-
cence emission spectral patterns of tryptophans of β-lg in 
presence of mono (Na+, K+), di (Ca2+, Cu2+, Zn2+) and tri-valent 
(Al3+, Fe3+) metal ions have been represented in Fig. 1A. The 
tertiary structure of β-lg was mostly influenced by the Fe3+ 
and Cu2+ ions at equimolar metal-protein concentrations (Fig. 
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1A). 
Quenching of Trp fluorescence intensity was observed in 

presence of bi-valent Cu2+ ion without any significant shift in 
emission maxima. Other mono-valent and di-valent metals 
like Ca2+ and Zn2+ did not exhibit any impact on the tertiary 
structure of β-lg apart from mild alteration in fluorescence 
intensities. The most important observations were obtained 
with Cu2+ and Fe3+ ions which are also paramagnetic in nature 
and induce the quenching of fluorescence intensities of tryp-
tophan in β-lg. This quenching is probably due to either direct 
collision or by complex formation [32]. Interestingly, Fe3+ in-
duced drastic quenching of fluorescence intensity accompany-
ing with the red shift in emission maxima (333nm to 350nm) 
implies a strong indication of tertiary structural perturbation 
of β-lg. Concomitant addition of Fe3+ ion clearly indicates the 
structural distortion surrounding the micro-environment of 
Trp19 (Fig. 1B). Although Fe3+ ion shows broad absorption 
spectrum within the excitation (295  nm) and emission (330-
350 nm) region of tryptophan in free state as well as in β-lg 
(inset, Fig. 1B). The fluorescence quenching accompanied by 
red shift in β-lg is more pronounced rather than the quenching 
of free tryptophan in aqueous solution (data not shown), indi-
cating the conformational distortion by complex formation. 
Similar quenching behavior has also been reported earlier by 
Xu et al., 2008, without any shift in emission maxima in case of 
BSA [32].   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
The tri-valent Al3+ ion could not affect the intrinsic fluores-

cence of β-lg.  Copper and iron possibly try to ensure their co-
ordinations in the β-lg environment. Consequently quenching 
of intrinsic fluorescence intensities is thus observed [33]. 

 
3.2 UV CD of β-lg in presence of metal ions 

Influences of bi-valent metal ions on the far-UV CD spectrum 
of native β-lg were relatively consistent. Only changes in ellip-
ticity values in the wavelength region of 208-210 nm were ob-
served in case of Cu2+ (Fig. 2A). This was probably due to the 
bindings of Cu2+ to β-lg in native state and consequently the 
alteration in local conformation of β-lg took place. Thiol 
(Cys121) mediated copper bridged dimer formation of β-lg 
has been reported earlier where reactivity of buried –SH 
group increases at the expense of small α-helix [8]. Nonethe-
less binding probability through His146 and His161 of β-lg has 
also been proposed by other authors [6], with a similar desta-
bilization of structure of β2-microglobulin [34-35]. Similar ob-
servations have been reported with other proteins like α-
synuclein, involved in Parkinson’s diseases and in prion pro-
tein in Cretzfeld-Jacob diseases [36-37].  Indeed, the differenc-
es observed with the effect of other mono- and di-valent metal 
ions seem to be in the noise, may be Cu2+ binding to the pro-
tein induces a weak charge transfer which affect the UV-
region. The other bi-valent metals failed to perturb the native 
global conformation of β-lg. 

The catastrophic effect brought down into the structure of 
native β-lg when tri-valent Fe3+ comes to play (Fig. 2B). The 
characteristic β-sheet signal (215-216 nm) disappeared with 
the increase in the random coil structure and thus loosing the 
gross structural integrity. This was probably due to formation 
of new species (Fe- β-lg complex). The FeCl3 promoted partial 
and irreversible conformational changes of β-lg A, with a 
combined effect of heat and acidification (pH 1.5-3), were ob-
served without any considerable denaturation of protein mo-
lecule [9]. In our case, there was a drastic loss of conforma-
tional integrity where pH of the solution was above iso-
electric point (5.1 for β-lg) and maintained nearly at 6.5. Some 
of the side chains residues exist as negatively charged species 
(e.g. aspertate, glutamate) at this pH. Nonetheless, from the 
crystallographic structures of β-lg, it can be proposed that the 
aromatic side chains from the four tyrosine residues (Tyr20, 
Tyr42, Tyr99 and Tyr102) and two tryptophan residues (Trp19 
and Trp61) are very much susceptible to complex formation 
with Fe3+ ions at this physiological pH by cation-π type inte-
raction. This interaction can be evidenced by the changes in 
signal of the aromatic moieties in the near-UV CD region (Fig. 
2C). Moreover, at extreme acidic condition, the free –SH group 
remains buried into the hydrophobic patch of β-lg and re-
mains inert. Higher the pH value, the higher is the reactivity 
of –SH group and its accessibility to solvent/metal ions. 
Charge factors on surface and in the core are less significant in 

 
Fig. 1. (A) Intrinsic fluorescence emission spectra of β-lg (1mM) 
in presence of metal ion at equimolar (1:1) concentration. Excita-
tion wavelength was set at 295 nm and emission was recorded 
within the range of 310 nm to 450 nm. Solutions were prepared 
in phosphate buffer (10 mM, pH 6.5) and spectra were recorded 
at room temperature.  
 
Fig. 1. (B) Intrinsic fluorescence emission spectra of β-lg in 
presence of varying Fe3+ metal ion concentrations. Here the 
black line represents the native β-lg, red (0.25 mM), green (0.5 
mM), blue (0.75 mM) and cyan (1.0 mM) of Fe3+ ion respectively 
at a fixed concentration of β-lg (1 mM) at identical condition. The 
UV absorption spectra of 0.5mM Fe3+ ion in 10 mM phosphate 
buffer, pH 6.5 shows its absorbance within the entire excitation 
and emission range of tryptophan (Inset). All the data points 
were an average of three consecutive measurements and cor-
respondingly blank corrected  
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the context of global structural stabilization of β-lg, because in 
presence of Al3+ β-lg was able to sustain its secondary struc-
tural integrity. Nonetheless, similar stability of β-sheet struc-
ture was observed even at higher concentration of mono-
valent Na+ ions which remain simply as an electrolyte (data 
not shown). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3 Turbidities of β-lg in presence of metal ions 

Appearance of turbidity, as measured with the OD400nm of 
only β-lg aggregates, was observed after reaching the temper-
ature 80 ◦C (Fig. 3A).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2. (A) Far UV- CD spectral pattern of native β-lg (black 
line) in presence of equimolar (1:1) bi-valent Ca2+ (Red), 
Cu2+ (green) and Zn2+ (blue) metal ions respectively. Solu-
tions were prepared in phosphate buffer (10mM, pH 6.5) 
and spectra were recorded within the wavelength range of 
200 nm to 250 nm at room temperature.  
 

Fig. 2. (B) Far UV- CD spectral pattern of native β-lg (black 
line) in presence of equimolar (1:1) tri-valent Al3+ (Red) 
and Fe3+ (green) metal ions respectively. Solutions were 
prepared in phosphate buffer (10mM, pH 6.5) and spectra 
were recorded within the range of 190 nm to 250 nm at 
room temperature.  

Fig. 2. (C) Near UV-CD spectral pattern of native β-lg 
(lower panel) and β-lg + Fe3+ (upper panel) at 1:1 molar 
ratio in 10 mM phosphate buffer, pH 6.5. Spectra were 
recorded within the range of 250 nm to 320 nm at room 
temperature. All the data points were an average of three 
consecutive scans and correspondingly blank corrected.  

 

 
Fig. 3. (A) Temperature-dependent and (B) Time-dependent 
turbidity profiles of β-lg in presence of metal ions at equimo-
lar (1:1) concentrations. Optical density was measured at 
400nm after 10-15 min incubation of the sample solutions 
after reaching the exact temperature. Optical path length of 
the quartz cuvette was 1cm. In case of time dependent study, 
data recorded at 10 min time interval during 1hour at fixed 
temperature (70 ◦C). Here the lines correspond as follows: 
Native β-lg (black), β-lg + Na+ (red), β-lg + Ca2+ (green), β-lg 
+ Cu2+ (blue), β-lg + Al3+ (cyan), β-lg + Zn2+ (pink), β-lg + Fe3+ 
(yellow) metal ions respectively. Appearance of the isosbestic 
points in β-lg + Fe3+ spectral pattern indicates the complex 
formation (3B, Inset). (C) Turbidity with a sigmoid fitting curve 
as a function of time (upto 1 hour at a 10 min time interval) 
have been presented in case of β-lg in presence of Cu2+, Al3+, 
Zn2+ and Fe3+ ions at 1:1 molar ratio in 10 mM phosphate 
buffer, pH 6.5. Best fitted sigmoid curves were obtained only 
for these four ions. Data points were an average of triplicate 
measurements. 

 

IJSER

http://www.ijser.org/


International Journal of Scientific & Engineering Research, Volume 8, Issue 3, March-2017                                                                                        27 
ISSN 2229-5518 

IJSER © 2017 
http://www.ijser.org 

 
 
 
 
Sudden rise in optical density of β-lg solution in presence 

of Cu2+ ion was experienced during elevation of temperature 
immediately after 60-65 ◦C, whereas the effects of Zn2+ and 
Fe3+ were relatively less than that of Cu2+ ion at 1:1 molar ratio.  
Indeed Cu2+ is known to precipitate in phosphate buffer and 
consequently a control experiment was also performed and 
values were deducted from the sample solution. Changes in 
optical densities were found more prominent in case of bi-
valent Cu2+ followed by Zn2+ and tri-valent Fe3+ compared to 
native β-lg without any metal ions. Moreover the mono-valent 
metal ions like Na+ or K+, bi-valent Ca2+ and trivalent Al3+ ions 
fail to trigger the  β-lg aggregation at this molar ratio. High 
molecular aggregates are formed in presence of Ca2+ ion only 
when calcium to protein ratio remains above 10:1 molar [7]. 

With the evolution of time, upto 1 hour at pre-aggregation 
condition (70 ◦C), the appearance of turbidities of β-lg solution 
were significant in presence of Cu2+ and Zn2+ ions (Fig. 3B). No 
further appearance of turbidity was noticeable in presence of 
Fe3+ ion even after 30 minutes apart from preliminary rise in 
optical density. Increase in OD values at 400nm was at the cost 
of formation of new species with the interaction of β-lg in na-
tive state (Fig. 3B, Inset). Role of Al3+ ion was less significant at 
this molar ratio (1:1). Though the turbidity value reaches max-
ima within a very short period of time, but no further increase 
in optical density in presence of Al3+ ion was achieved. Tur-
bidity as a function of time at a fixed temperature (70◦C) was 
fitted with sigmoid curve. Best fitting curves were obtained 
with four metal ions like Cu2+, Al3+, Zn2+, Fe3+ (Fig. 3C ).  In 
brief, the progress of aggregates formation was triggered by 
the Cu2+ ions with the temperature elevation and incubation 
time, followed by Zn2+ and Fe3+ ions. But Ca2+ and Al3+ have 
no significant effect at this molar ratio. Mono-valent Na+ and 
K+ act as simple co-electrolytes in the aqueous solution of β-
lg.). 

 
3.4 Polyacrylamide (PAGE) and Sodium dodecyl sulfate-
polyacrylamide (SDS-PAGE) results  
 

The native and SDS-PAGE (Fig. 4A and Fig. 4B re-
spectively) patterns illustrate that the forces involved in the 
formation of aggregates are either of co-valent type or non-
covalent (ionic/ hydrophobic). At lane 1 (β-lg+Fe3+), bands 
appeared in high molecular weight range along with the mo-
nomer band. It signifies the formation of co-valently linked 
large molecular aggregates which fail to penetrate the resolv-
ing gel. In lane 2 (β-lg+Zn2+), several bands were appeared in 
both the native and SDS-PAGE along with the monomer band 
which signifies the presence of aggregates/ oligomer of differ-
ent molecular weights. All these aggregates and oligomers are 
covalently linked as evidenced by their appearance in SDS-
PAGE.  

At lane 3 (β-lg+Al3+), the dimeric band appeared at 
slightly higher in position in native PAGE which finally va-
nishes in SDS-PAGE and a smearing occurs from the high mo-

lecular weight range. The exact reason of disappearance of 
monomer/ dimer band in SDS-PAGE is not clear but in pres-
ence of SDS, the sulphonate groups probably interact with Al3+ 
ion bound to β-lg, so that coagulation of β-lg takes place. It 
was evident that relative mobility of the dimer band in native 
gel was less compared to other lanes due to alteration of sur-
face charges.  

In lane 4 (β-lg+Cu2+), dimer band appeared in native 
gel and the same dimer band became more prominent in SDS-
PAGE pattern. This signifies that Cu2+ ion mediated monomer 
to dimer conversion is more effective under denaturing condi-
tion. Primarily, the effect of heat makes β-lg more prone to be 
conformationally distorted and secondly, SDS triggers perma-
nent structural disorder that helps Cu2+ ion to facilitate free –
SH oxidation during disulfide linked dimer formation [8, 38].  

In lane 5 (β-lg+Na+) and lane 6 (β-lg+Ca2+) no signifi-
cant bands corresponding to large  molecular aggregates were 
found except less intense dimer fraction as observed in case of 
native β-lg (lane 7, native PAGE). Large molecular aggregate 
formations are not possible with Na+ and Ca2+ ions at this con-
centration. All the bands appeared in the SDS-PAGE were 
compared with the pre-stained marker of known molecular 
weight (lane 7, SDS PAGE). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.5 Fibril specific Th-T assay 

Thioflavin-T (Th-T) is known to specifically bind rapidly to 
amyloid fibrils accompanied by dramatic increase in fluores-
cence intensity within the range of 450 – 550 nm upon excita-
tion at 440nm [39]. This fibril specific probe shows significant 
rise in fluorescence with heat treated β-lg solutions [6].  

 
Fig. 4. (A) Native PAGE pattern and (B) SDS-PAGE pattern of 
heat treated β-lg in presence of metal ions. Lens correspond to 
as follows: β-lg + Fe3+ (lane 1), β-lg + Zn2+ (lane 2), β-lg + Al3+ 
(lane 3), β-lg + Cu2+ (lane 4), β-lg + Na+ (lane 5), β-lg + Ca2+ 
(lane 6) and β-lg (native) along with pre-stained protein ladder 
ranging from 10-170 kDa (PageRulerTM, Prestained Protein 
Ladder, Fermentus Life Science). Protein and metal ratio was 
maintained 1:1 in all the cases during heat treatment. 
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Fluorescence intensity of Thioflavin-T at 490nm was maxi-

mum in case of β-lg+Cu2+ complex followed by β-lg+Zn2+ 
complex, indicating the formation of β-amyloids or fibrillar 
aggregates/oligomer (Fig. 5). Fluorescence intensities are 
highly quenched in case of Al3+ and Fe3+ ions. Nonetheless 
transition metal ions are significant fluorescence quenchers 
[40]. It may appear to be inconclusive whether iron induced 
aggregates are fibrillar or non-fibrillar at present but undoub-
tedly it can be said that copper- β-lg and zinc- β-lg aggregates 
are fibrillar in nature. The β-lg+Ca2+ and β-lg+Na+ complexes 
also show a little enhanced fluorescence intensities, the charge 
distribution ratio might be the reason. High molecular aggre-
gates are formed in presence of Ca2+ ion only when calcium to 
protein ratio remains above 10:1 molar [7]. 
 
3.6 Morphology of oligomer/ aggregates 
 

The morphologic patterns of metal ions (particularly Cu2+, 
Zn2+ and Fe3+) induced aggregates are presented in the Fig. 6 
(a-f). It is clearly seen that the Zn2+ ion mediated aggregates 
are spherulitic in pattern with larger dimensions (10-40 µm) 
compared to Cu2+ ions and the pattern of the Cu-aggregates 
are not distinctly sphere like Zn2+. The clustered and/or ag-
glomerated distributions are visible under scanning of Cu2+ 
mediated aggregates (Fig. 6, a-b). The fractures in the spheres 
are probably due to the shrinking of the spherulites because of 
dehydration under vacuum. The surface of the large spheru-
lites was imaged with higher magnifications near the cracks 
which is composed of small spherulitic aggregates (< 1µm), 
with the manifestation of a rough surface in presence of Zn2+ 

ions (Fig. 6 c-d). The Zn2+ ion induced large aggregate forma-
tion of β-lg has been evidenced by Navarra et al, 2007 by dy-
namic light scattering measurements earlier [5].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Characterization of this aggregates under microscopic scale 

bar made it possible to understand that the aggregation 
process is merely affected by the charge of the metal ions ra-
ther than the nature of the ions regulating the size and dimen-
sions of the aggregates.  

This becomes more prominent when the distribution pat-
terns of β-lg aggregates in presence of Fe3+ ion were imaged 
under SEM. Nicely formed sphere like aggregates were mu-
tually associated and distributed ranging from 1µm to 20 µm 
(Fig. 6, e-f). The microstructures of native β-lg consists of a 
rather monodisperse spherulites with size of 50-100 nm up to 
few microns, depending on the thermal history and concentra-
tions [41].  Microscopic image of only β-lg aggregates were 
also presented without any metal ions as control (Fig. 6, g). 
Therefore it can be assumed that the spherulitic forms of the 
aggregates might be the fundamental unit in aggregation 
processes but the nature of their agglomeration is strictly regu-

 
Fig. 5. Thioflavin T binding to the fibrillar aggregates of β-lg in 
presence of metal ions. Excitation wave length was selected at 
440 nm and emission maxima for all sample solutions were 
monitored at 490 nm in phosphate buffer (pH 6.8). Final concen-
tration of Th-T was 50µM and spectra were recorded in triplicate 
at 25 ◦C. All the spectra were deducted from the corresponding 
blanks and presented as an average of triplicate measurements. 
Percent errors were represented in terms of error bars in the 
corresponding bar diagrams.  

 

 
Fig. 6. Scanning electron micrographs of heat treated β-lg ag-
gregates in presence of Cu2+ ion (a-b), Zn2+ ion (c-d) and Fe3+ 
ion (e-f). SEM image of only β-lg without any metal ions has 
been also presented as a control (Fig. 6 g). β-lg (2mg mL-1) solu-
tions containing metal ions (1:1) were heat treated at 70◦C for 
1hour in phosphate buffered solution (10 mM, pH 6.5) and 
spread over glass substrates. Sample stubs were air dried and 
coated with gold and scanned under electron microscope. The 
scale bar of the micrographs is within 1-10 µm (inset of Fig. 6b: 
1µm). 

 

IJSER

http://www.ijser.org/


International Journal of Scientific & Engineering Research, Volume 8, Issue 3, March-2017                                                                                        29 
ISSN 2229-5518 

IJSER © 2017 
http://www.ijser.org 

lated by the nature of metal ions. The charge factor here be-
comes less significant whereas the chemical nature of the met-
al ions dominates the agglomeration process and pattern for-
mation. Thus electron microscopic images provide the mor-
phology of the aggregates formed with different metal ions 
regarding their shape/size and dimensions. 

 
 
 
3.7 TEM results 

Preliminary evidence for the formation of fibrillar aggre-
gate was obtained from Th-T assay and the role of Cu2+ and 
Zn2+ were significant in the formation of such aggregates. The 
investigations under high-resolution TEM images (Fig. 7a and 
7b) reveal the existence of three dimensional nano-fibrillar 
cluster networks with abundant nano-cavities in the range of 
50-100 nm. Particularly the fibril formation of β-lg is common 
bio-physical process at higher concentrations [42-44]. Here 
compact network formation at such a lower concentrations 
(~2mg ml-1) is undoubtedly an alarming situation for amy-
loidal pathogenesis.   On the basis of the results obtained in 
SDS-PAGE studies we were also interested with β-lg-Fe3+ ag-
gregates. But it failed to response the Th-T assay. It became 
clear that the process of aggregation was different from the 
previous cases due to alteration in β-sheet conformation of the 
native protein.  

The TEM images obtained under different resolutions and 
dimensions shows that the nature of aggregates of Fe+β-lg 
was mostly complex-cluster type along with the partly fibrillar 
form (Fig. 7c). Overlapping of clusters was also present even 
after sonication followed by dilution and fixation to TEM gr-
ids. A cloudy layered pattern appeared but large aggregates 
were distinctly detectable, probably due to the complex forma-
tion with iron. Apparently the SEM images are likely to be 
similar in nature with spherulitic pattern of different micro-
scopic dimensions but the internal structure of the aggregates 
differs depending on the nature and reactivity of the metal 
ions irrespective of their charges. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

4 CONCLUSION 
Together with the results obtained and discussed, it is evident that 
some metal ion like Fe3+ affects both the secondary and tertiary 
structure of native β-lg at pH 6.5. The significant changes in struc-
ture were probably due to the formation of Fe-β-lg complex. Other 
metal ions like, Na+, Ca2+, Cu2+, Zn2+ and Al3+, do not influence the 
structure of native β-lg except the quenching of fluorescence intensi-
ties. Metal ions like Zn2+ and Cu2+ directly participate in the process 
aggregation of β-lg. The thermal perturbation makes β-lg prone to 
form irreversible aggregates by inter-protein cross-linking and/or 
metal-complex formation. Though both the metals favor the aggrega-
tion of β-lg with temperature elevation and time evolution, the ag-
gregation kinetics were different. The β-lg -Cu2+ interaction is specif-
ic and binding with the protein in the native state is favored. This 
binding changes the local conformation of β-lg (changes observed in 
far-UV CD spectrum of β-lg with Cu2+ ion). Thiol (Cys121) me-
diated copper bridged dimer formation of β-lg has also been reported 
earlier, moreover binding possibilities of Cu2+ through His146 and 
His161 of β-lg have also been proposed. Nonetheless Cu2+ metal ion 
is more effective than Zn2+ or Fe3+ (sudden rise in optical density 
value at 400 nm occurs during turbidity measurements in case of 
Cu2+ ion after 60-65◦C). Thus it is clear that Cu2+ ion will be more 
dangerous than Zn2+ metal ion, causing faster aggregates in vitro. 
Both the β-lg aggregates with Cu2+ and Zn2+ are fibrillar in nature 
while the higher molecular aggregates with Fe3+ ion are of different 
type. From the studies of morphologies of the oligomer/ aggregates 
in the SEM studies, it is evident that Zn2+ ion mediated β-lg aggre-
gates are spherulitic in pattern with larger dimension (10-40 µm) 
compared to Cu2+ metal ion mediated aggregates. The Cu2+-β-lg ag-
gregates are not completely sphere-like. The high resolution TEM 
images showed the existence of three dimensional nano-fibrillar 
cluster networks with plenty of nano-cavities in the range of 50-100 
nm. The differences in the TEM images were likely to be due to dif-
ference in the mechanistic pathway of protein-protein/ protein-metal 
complex formation. Therefore the kinetic growth and the shape of 
the β-lg aggregates with different metal solely depend on the nature 
of the metal ions, not on the charge of the metal ions. 
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Fig 7. Transmission electron micrographs of heat treated (a) 
Cu+β-lg aggregates (scale bar: 100 nm and 50 nm for inset), (b) 
Zn+β-lg aggregates (scale bar: 0.2 µm; 50 nm and 20 nm for 
inset) and (c) Fe+ β-lg aggregates (scale bar: 100nm; 50nm and 
20 nm for insets) at 70◦C for 1hr in phosphate buffer solution (10 
mM, pH 6.5). High resolution TEM images obtained after ~ 60 sec 
sonication of sample solutions followed by 50-150 times dilution   
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