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ABSTRACT: Protein aggregation is among the most challenging new frontiers in protein
chemistry as well as in molecular medicine and has direct implications in protein
misfolding. This study investigated the role of sugar molecules (glucose, fructose, sucrose,
and the mixture of glucose and fructose) in protecting the structural integrity of α-
lactalbumin (α-LA) against aggregation. The research focused here is the inhibitory
capabilities of sugars against α-LA fibril formation investigated employing diverse
multispectroscopic and microscopic techniques. The aggregation was induced in α-LA
thermally with a change in concentration. UV−vis spectroscopy, ThT binding assay, Trp
fluorescence, Rayleigh scattering, and turbidity assay depicted synchronized results.
Further, transmission electron microscopy (TEM) complemented that a mixture of
glucose and fructose was the best inhibitor of α-LA fibril formation. Inhibition of α-LA
aggregation by sugar osmolytes is attributed to the formation of hydrogen bonds between
these osmolytes, as evidenced by the molecular docking results. This hydrogen bonding is
a key player that prevents aggregation in α-LA in the presence of sugar osmolytes. This study provides an insight into the ability of
naturally occurring sugar osmolytes to inhibit fibril formation and can serve as a platform to treat protein misfolding and aggregation-
oriented disorders.

1. INTRODUCTION

Alpha-lactalbumin (α-LA), a whey protein, is a small globular
protein having a molar mass of 14,200 Da (Figure S1). It is a
Ca2+ metallo binding milk protein that contains four disulfide
bonds and no free thiol (−SH) group. α-LA constitutes
approximately 22% of the total protein and approximately 36%
of the whey proteins in human milk and approximately 3.5% of
the total protein and approximately 17% of the whey proteins
in bovine milk.1 It has essential amino acid composition that is
comparatively rich in tryptophan, lysine, cysteine, and the
branched-chain amino acids (BCAAs) leucine, isoleucine, and
valine.2 Due to a unique amino acid profile, α-LA plays an
essential role in diverse activities. α-LA has therapeutic
applications in diseases like cancer,3 sarcopenia,4 and many
more.5 It also has the potential to be used as a nutritional
supplement to support neurological function and sleep in
adults. An essential characteristic of α-LA is its ability to bind
metal cations; the protein has a single vital calcium-binding site
and also has several zinc-binding sites.6 Thus, the importance
of α-LA in human health has been explored for different
research goals across the globe. Many literature studies report
folding and unfolding of α-LA.7,8

Protein aggregation is one of the most challenging and
appealing frontiers in protein chemistry and molecular
medicine. It is a phenomenon by which a conformation

change occurs due to its misfolding, which further results in
polymerization of aggregates or systematized fibrils.9 It is
comprehensively formed mainly due to the cluster of particles
that are mostly subjected to β-sheet structures. Even after 50
years of research on protein aggregation, there are still many
unanswered questions.10 Frieden briefly summarized that
despite much extensive literature, the mechanism of protein
folding and aggregation is poorly understood. An enormous
number of human pathological diseases are associated with
protein aggregation,11 which marks attention not only in the
field of medical sciences but also in biochemistry, biophysics,
and biotechnology. Many pathological manifestations like
Parkinson’s disease due to α-synuclein protein, Alzheimer’s
disease due to Aβ peptides and tau protein, Huntington disease
due to Huntingtin (polyQ expansion) fibril formation, and
type II diabetes due to fibrillation of a pro-islet amyloid
polypeptide fragment type of emphysema and many other
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neurological disorders require solution through the under-
standing of protein misfolding and aggregation.12

Sugars as osmolytes are small molecules amassed by cells in
response to extreme environmental stress conditions such as
(extreme temperature, pH, and pressure).13−23 Sugars (small
molecules) and their polymers (macromolecules) act as
chemical chaperons and stabilize the protein.14,15,19,21−23

They act as a stress-protectant and provide the stability to
proteins in in vitro and in vivo conditions. These force folding
of the protein molecules against denaturing stress conditions
both in vivo and in vitro, thereby favoring their compact
conformation, i.e., native (N) state, over an extended one, i.e.,
denatured (D) state. Osmolytes affect the thermodynamic
equilibrium between two-end states of the protein, i.e., native
and denatured state, and shift it toward the native state of the
protein. It is a well-known fact that osmolytes induce folding of
peculiar proteins and hence stabilize them,15,24 and they are
hence used as therapeutic agents in protein misfolding-
oriented diseases. Some studies reported that sucrose,
trehalose, and proline reduce/inhibit aggregation in proteins
like lysozyme and therapeutic proteins like insulin.25 A study
reported a low trehalose concentration stabilized α-synuclein
folding much better than at high concentration by blocking in
vitro α-synuclein’s polymerization, thus highlighting the
therapeutic potential of trehalose in the management of
neurodegenerative disorders.26 They are one of the most
potent stabilizers for many proteins protecting them from
denaturation or aggregation.27 Many aromatic compounds are
found to inhibit the formation of the amyloid but are
questionable during in vivo studies owing to their toxic effects
in clinical trials.28 Although osmolytes are not protein-specific
in general, however, in certain cases, osmolytes may destabilize
or aggregate a specific protein.25 Further, different osmolytes
may have a different magnitude of stabilization, which may be

protein-dependent.25,29 Hence, there is a need for a “selective
osmolyte therapy” because different osmolytes have varying
effects on different proteins. Sugars or polyols, which are
naturally happening osmolytes, are generally inhibitors for
collagen fibrils.30 The effect of sucrose on the Aβ peptide
having an inhibitory effect has been reported, which results in
perturbation of aggregation as the initiation of α helical
conformation.31 Water replacement theory says that sugars
stabilize proteins due to the replacement of H bonds between
protein and water, which eventually maintain the native
conformation of the protein.32 According to the literature, the
influence of osmolytes on protein function can occur through
osmolyte-induced perturbation of the water structure.33

Earlier, we have reported that sugar stabilizes α-LA and
lysozymes as a function of size; i.e., disaccharide stabilizes both
of these proteins better than monosaccharides (glucose and
fructose).15 Further, we had demonstrated that the thermal
stability of both the proteins in the presence of mixtures of
glucose and fructose had a greater stabilizing effect on each of
the two proteins than equal weight/volume concentrations of
sucrose.14

In this study, we investigated the effect of disaccharide
(sucrose) and its monomers (glucose and fructose) and a
mixture of glucose and fructose on the aggregation of α-LA.
No literature precisely explored the effect of osmolytes on α-
LA fibrillation merely and solely on a thermal basis. This
research has a novel approach toward aggregating proteins
thermally with concentration-dependent factors without any
indulgence of chemicals for arbitrary effects for processing in
vivo work in the future. Many studies reported that α-LA in its
apo (calcium depleted) form induces maximum aggregate
formation near its pI (4.0−5.0 pH); thus, all our studies were
carried out with sodium acetate buffer (pH 4.5), near its pI.34

Figure 1. (A) Temperature-dependent aggregation profile of α-LA in the range 0.8−2.0 mg mL−1. (B) Thermal aggregation of α-LA in the
presence of increasing concentration of glucose at pH 4.5. (C) Thermal aggregation of α-LA (1.5 mg mL−1) in the presence of glucose at pH 4.5.
(D) Thermal aggregation of α-LA (1.5 mg mL−1) in the presence of fructose at pH 4.5. (E) Thermal aggregation of α-LA (1.5 mg mL−1) in the
presence of sucrose at pH 4.5. (F) Thermal aggregation of α-LA (1.5 mg mL−1) in the presence of glucose + fructose at pH 4.5.
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2. RESULTS
2.1. Light Scattering Measurements Using UV−Vis

Spectroscopy. 2.1.1. Heat-Induced Concentration-Depend-
ent Aggregation Profile of α-LA. Fibrillation in apo-α-LA was
thermally induced from 20 to 85 ° C in a Peltier connected to a
UV−vis spectrophotometer water bath. Figure 1A shows the
aggregation profile of apo-α-LA at pH 4.5 monitored by
observing the changes in light scattering intensity at 400 nm
(I400) as a function of temperature at different concentrations
of α-LA (0.8, 1.0, 1.2, 1.5, and 2.0 mg mL−1). It is clear from
the figure that at lower protein concentrations (up to 0.8 mg
mL−1), there is no increase in the intensity of light scattering
(20−85 °C); a concentration-dependent increase in light
scattering intensity was observed with the maximum increase
occurring for 1.5 and 2.0 mg mL−1. Equation 1 was employed
to evaluate the dependence of I400 on temperature for varying
protein concentrations. All the parameters obtained using this
equation, viz., If (light scattering at the final plateau line), Tagg
(the temperature at 50% maximal light scattering), and Ti (the
temperature at which an increase in light scattering intensity
starts) are listed in Table 1. It is quite evident from the listed

values in Table 1 that there is an increase in If with increasing
concentration of α-LA, implying an increase in the degree of
aggregation. Additionally, it was found that Ti decreases with
increasing concentration of α-LA implicative of the fact that
the native state of the protein is being destabilized earlier at
higher protein concentration, leading to the early onset of
aggregate formation. Thus, it can be said that at higher α-LA
concentration, aggregation initiation occurs at lower temper-
atures, for example, aggregation starts at 50.55 °C for 2.0 mg
mL−1 α-LA instead of 56.27 °C for 0.8 mg mL−1 α-LA. It is
visualized that 1.5 and 2 mg mL−1 α-LA show the best
aggregation but owing to extensive aggregation, 2 mg mL−1 α-
LA was ruled out, and for further studies investigating the
effect of sugar osmolytes on α-LA aggregation, 1.5 mg mL−1 α-
LA will be used.
2.1.2. Effect of Sugar Osmolytes on Light Scattering

Intensity at 400 nm (I400). Initially, different concentrations of
glucose were used (Figure 1B) to find the optimal
concentration of the osmolyte that significantly inhibits the
aggregation of α-LA. Figure 1B shows the aggregation profiles
of α-LA as a function of temperature in the presence of
increasing concentrations of glucose (0−2 M). It was quite
apparent from the figure that 1 M or above, the concentration
of glucose led to a significant decrease in scattering at 400 nm,
i.e., significant inhibition in aggregation. Further, upon
increasing the concentration of glucose to 2 M, there were

no substantial changes as compared to 1 M. Thus, for all
further experiments investigating the effect of osmolytes on α-
LA aggregation, the concentration of osmolytes used was 1 M.
Further, the experimental work was performed with other
monosaccharides and disaccharides fructose and sucrose.
Figure 1C-F shows aggregation profiles of apo-α-LA in the
presence of different sugar osmolytes (1 M) at pH 4.5
monitored by observing the changes in light scattering
intensity at 400 nm (I400) as a function of temperature. It is
apparent from the figure that the maximum absorbance was
observed for the native aggregated protein in the absence of
sugar osmolytes. However, in the presence of sugar osmolytes,
there was an observed decrease in absorbance, implying that
sugar osmolytes are inhibiting protein aggregation. Figure 1C
shows the aggregation profile of α-LA in the presence of 1 M
glucose as a function of temperature. It is apparent from the
figure that 1 M glucose significantly reduces the light scattering
of α-LA (1.5 mg mL−1), thereby inhibiting aggregate
formation.
Similarly, Figure 1D shows the effect of 1 M fructose on the

light scattering of 1.5 mg mL−1 α-LA in which a significant
reduction in scattering was observed like 1 M glucose. Figure
1E,F show the effect of sucrose and mixture of glucose and
fructose, respectively, on light scattering caused by 1.5 mg
mL−1 α-LA. It is evident from the figure that a significant
reduction in light scattering was observed for both sucrose and
mixture, thus implying the inhibition of aggregate formation of
α-LA by these sugar osmolytes. Table 2 lists the comparison

between values of If, Tagg, and Ti for aggregated α-LA in the
absence and presence of different osmolytes. There was a clear
decrease in If values in the presence of osmolytes, suggesting
the inhibitory effect of osmolytes on α-LA aggregation. It is
very visible that the mixture (glucose + fructose) has the least
If value, thus suggesting that maximum reduction of light
scattering is caused by it and hence it stands out as the best in
terms of inhibiting the aggregate formation of α-LA.

2.2. Fluorescence-Based Studies. 2.2.1. Impact of
Sugars on Thioflavin T Assay. Thioflavin T is a specific dye
that determines the cross β-sheet structure responsible for
forming amyloids or sometimes the amorphous aggregates in
protein. When ThT binds with amyloid fibrils, it displays
strong fluorescence in the range of 480−490 nm upon
excitation at 450 nm.35,36 An increase in ThT fluorescence
intensity, which is several folds as compared to the native state
of the protein, implies the formation of aggregates, as ThT is
known to bind extensively to the β-sheet. Thus, ThT is a dye
that is extensively used to characterize aggregates. It was found
that heated α-LA solution (1.5 mg mL−1) showed a very high
ThT fluorescence (nearly 10-fold increase) at 485 nm as

Table 1. Different Parameters Obtained for Temperature-
Dependent α-LA Aggregation at Varying Concentrations of
α-LAa

conc (mg mL−1) If 2b Tagg (°C) Ti (Tagg − 2b) (°C)

0.8 0.04 4.08 60.35 56.27
1.0 0.29 3.5 58.32 54.82
1.2 0.92 5.5 59.32 53.83
1.5 1.89 5.2 58.22 53.02
2.0 2.68 3.96 54.51 50.55

aI = absorbance at any time t; I0 = initial absorbance value or
absorbance at t = 0; If = maximum absorbance; Tagg = temperature at
which there is 50% maximal light scattering; b = constant; Ti =
temperature at which aggregation begins, given by Tagg − 2b.

Table 2. Variation in Light Scattering Parameters of 1.5 mg
mL−1α-LA in the Absence and Presence of Different
Osmolytesa

name If 2b
Tagg
(°C)

Ti (Tagg −
2b) (°C)

α-LA (1.5 mg mL−1) 1.89 5.2 58.22 53.02
α-LA (1.5 mg mL−1) + glucose 0.2855 6.16 66.22 60.06
α-LA (1.5 mg mL−1) + fructose 0.078 6.53 63.68 57.15
α-LA (1.5 mg mL−1) + sucrose 0.32 5.39 67.64 62.24
α-LA (1.5 mg mL−1) + (G + F) 0.047 ND ND ND

aND = not determined.
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compared to native α-LA, confirming the existence of
aggregates. To investigate the effect of sugar osmolytes on α-
LA aggregation in terms of ThT fluorescence, ThT
fluorescence was performed in the presence of different sugar
osmolytes. The sugar osmolytes caused a significant decrease
in the ThT intensity of the α-LA solution, suggesting the
inhibition of α-LA aggregation by sugar osmolytes. Figure 2A
shows the effect of different osmolytes on α-LA aggregation.
The presence of different osmolytes causes a reduction in ThT
fluorescence to a different extent. The presence of 1 M glucose
showed only a 2% decrease in ThT intensity as compared to
the α-LA aggregates solution without sugar osmolytes.
However, the ThT intensity was reduced up to 46, 48, and
66% in the presence of fructose, sucrose, and their mixture
(glucose + fructose), respectively. Thus, all these observations
imply that α-LA aggregation is inhibited in the presence of
sugar osmolytes with the mixture (glucose + fructose) acting as
the most potent inhibitor of α-LA aggregation while glucose
being the least. Hence, it can be suggested that α-LA
aggregation, which is implicated in many diseases, can be
considerably prevented using sugar osmolytes.
2.2.2. Trp Fluorescence. Human α-LA contains three

tryptophan residues, which are located at strategic positions
in the protein.37 The global transition of native proteins to

aggregates is also associated with significant changes in the
microenvironment around Trp residues. Figure 2B shows the
Trp fluorescence emission spectra of native α-LA, aggregated
α-LA in the absence and presence of different sugar osmolytes
(1 M). Native α-LA when excited at 295 nm shows its
characteristic maximum emission at around 337 nm. There was
a visible decrease in Trp fluorescence of aggregated alpha
solution as compared to native α-LA coupled with a redshift of
nearly 10 nm. This decrease in fluorescence along with a 10
nm red shift suggests the burial of the Trp residue shifting to a
more polar environment.38 The aggregated α-LA solution in
the presence of sugar osmolytes showed a decrease in Trp
fluorescence with the mixture (glucose + fructose) restoring
Trp fluorescence intensity to near that of the native form and
thus acting as the best inhibitor. In the presence of glucose, the
changes were not that significant, suggesting it to be the least
potent in preventing aggregation of α-LA.

2.2.3. Rayleigh Scattering. Rayleigh−Tyndall scattering is a
technique that reveals information regarding the scattering
caused by the samples in different directions. The radiation can
occur from an individual molecule or due to Tyndall scattering
that results from colloidal suspension. Determination of light
scattering is a very sensitive probe for the detection of protein
aggregation;39 henceforth, light scattering was monitored for

Figure 2. (A) ThT fluorescence intensity of aggregated α-LA in the absence and presence of 1 M sugar osmolytes. Error bars represent the
standard errors of the mean estimated from at least three individual measurements. (B) Trp fluorescence intensity of native α-LA and aggregated α-
LA in the absence and presence of 1 M sugar osmolytes.

Figure 3. (A) Rayleigh scattering analysis of native α-LA and aggregated α-LA in the absence and presence of sugar osmolytes. (B) Turbidity
measurements (absorbance at 350 nm) for aggregated α-LA in the absence and presence of sugar osmolytes. Error bars represent the standard
errors of the mean estimated from at least three individual measurements.
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native α-LA and aggregated α-LA in the presence of different
sugar osmolytes. The degree of light scattering by native α-LA
and aggregated α-LA in the absence and presence of different
osmolytes (1 M) is depicted in Figure 3A. Native α-LA showed
the least light scattering while aggregated α-LA showed a
prominent increase in light scattering suggestive of aggregate
formation.40 α-LA in the presence of different sugar osmolytes
(1 M) showed a significant decrease in light scattering, with
the mixture (glucose + fructose) restoring the intensity to near
that of native α-LA. Glucose was the least effective in reducing
the light scattering, and the mixture (glucose + fructose) was
found to be the most potent inhibitor of α-LA aggregation.
These observations are in accordance with earlier experiments
confirming the fact that mixture (glucose + fructose) behaves
as the most potent inhibitor of α-LA aggregation.
2.3. Turbidity Assay. Turbidity refers to the haziness or

cloudiness of a fluid caused by individual particles.38 The
aggregation tendency of α-LA in the absence and presence of
different sugar osmolytes (1 M) was monitored spectrophoto-
metrically at 350 nm by a change in absorbance. Most proteins
show negligible absorbance at 350 nm; hence, absorbance at
350 nm is used to characterize aggregate formation. A high
absorbance at 350 nm corresponds to aggregate formation due
to scattering caused by larger aggregated particles.41 It is
evident from Figure 3B that aggregated α-LA (1.5 mg mL−1)
showed a very high absorbance at 350 nm, confirming
aggregate formation. Further, in the presence of sugar
osmolytes, there was a visible decrease in absorbance at 350
nm. The maximum decrease in absorbance (nearly 60%) was
found to be for the mixture (glucose + fructose) followed by
sucrose, fructose, and glucose. Thus, the mixture (glucose +
fructose) was found to be the best inhibitor of α-LA aggregate
formation with glucose being the least reactive. The turbidity
assay observations are in line with light scattering, ThT
binding, and Trp fluorescence studies, confirming that the
mixture (glucose + fructose) is the best inhibitor preventing
aggregate formation in α-LA.
2.4. Dynamic Light Scattering (DLS) Measurements.

DLS is a technique that is employed to monitor protein
aggregation. DLS presents particle size information from the
fluctuations of scattered light, a result of the Brownian motion
of particles in fluids.42 Figure 4 gives an insight of the particle
size, with aggregated α-LA showing maximum particle size,
confirming the aggregates’ presence. Further, the presence of
sugar osmolytes caused a reduction in particle size with the

least size obtained for the mixture (glucose + fructose)
followed by fructose, sucrose, and glucose. These observations
imply that the mixture (glucose + fructose) is the best inhibitor
of α-LA aggregate formation.

2.5. Transmission Electron Microscopy. Transmission
electron microscopy43 was used to gain an insight into α-LA
aggregation and its inhibition by osmolytes morphologically.
Figure 5A,B shows TEM images of native α-LA and aggregated
α-LA (1.5 mg mL−1), respectively. The presence of abundant
ribbon-like fibrils, as evidenced by Figure 5B, is an indicator of
aggregated proteins. The existence of sugar osmolytes, namely,
glucose, fructose, sucrose, and their mixture (glucose +
fructose) converts the large aggregates into short globular
and spherical aggregates. These results are in line with other
spectroscopic results, validating the fact that the presence of
sugar osmolytes inhibits α-LA aggregation. Figure 6A−D
depicts TEM images of α-LA in the presence of sugar
osmolytes, and it is evident that the presence of sugar
osmolytes leads to the transition of α-LA fibrils to spherical
aggregates. These TEM observations can be related to
literature studies that report the sugars inhibiting fibrillation
and the formation of amorphous and globular aggregates
instead of fibrils.44 Elsewhere, it has been reported that sugars
form hydrogen bonds with proteins leading to restriction of
unfolding, thereby inhibiting fibrillation. Another study
reported fructose as the inhibitor of fibril formation as it
forms stronger hydrogen bonds, thereby inhibiting the
fibrillation process.45

2.6. Molecular Docking Analysis. Molecular docking
shows that sucrose binds with α-LA with a significant binding
affinity of −5.8 kcal/mol. Fructose and glucose showed a
binding affinity of −5.4 and −5.3 kcal/mol, respectively. Earlier
in vitro experiments showed that the presence of sugar
osmolytes prevents α-LA aggregation; meanwhile, herein,
molecular docking analysis depicted the ability of sugar
osmolytes to form H bonds with the protein. Table 3 depicts
binding affinities, pKi, and ligand efficiency (LE) for different
ligands with α-LA. All these parameters depict binding of sugar
osmolytes with α-LA. Figure 7 depicts the two-dimensional
diagram of α-LA residues interacting with sugar osmolytes. It is
evident from the figure that all the three osmolytes, viz.,
glucose, sucrose, and fructose, form a significant number of
hydrogen bonds (green color). Thus, this molecular docking
observation validated the fact that sugar osmolytes form several
H bonds with α-LA and this H bonding might play a key role
in the prevention of α-LA aggregation. Hence, molecular
docking further complemented the in vitro observations and
provided an insight into the interaction between sugar
osmolytes and α-LA.

3. DISCUSSION
Protein aggregation is a severe problem for the food and health
industry. Comprehending the job of natural osmolytes in
balancing distress conditions and diseases requires a thorough
knowledge of their mode of action and mechanism. In brief,
the hypothesis confers a precise mechanism in a case with
osmolytes theory like the preferential exclusion hypothesis and
their observed effects induced by osmolytes.46 The therapeutic
applications of osmolytes on protein folding or fibrillation with
no stimulating side effects are the things that make them one
step ahead of the crowd. A general outlook of the defense
mechanism against harsh cellular damage and stress conditions
is necessary to understand. Although it is necessary to maintain

Figure 4. DLS measurements of 1.5 mg mL−1 α-LA in the absence
and presence of different sugar osmolytes.
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the required pH during the physiological condition in cell
organelles and organisms,47,48 here, acidic pH was maintained
to investigate the effect of sugar osmolytes on the thermally
induced concentration-dependent aggregation of α-LA. The
selection of the working pH being at or near its pI is justified
because of fact since the protein is prone to maximum
aggregation under these conditions.49 Osmolytes would be of
immense significance for application in a large number of
human diseases. Since osmolytes are accumulated under
different disease conditions, identifying specific osmolytes
concerning upregulation or downregulation in the cell under
particular diseases will be useful for the selective use of
osmolytes against the disease.46,50 Osmolytes provide stability
to the folded, functional shape of the protein and change the
folding balance away from aggregation or protein degradation.
They are often known as chemical chaperones. Brain osmolytes
improve the speed of Aβ aggregation, interact with neighboring
water molecules more rapidly, and prevent the aggregation/
misfolding of proteins by providing stability.29,51

Proteins conform to their native structure and are forestalled
from structural instability via the selective binding of several
small molecules such as substrates, ligands, enzymes, or
chemical inhibitors.52−55 Some drugs under clinical trials, for
example, transthyretin, which is a natural ligand that is also a
structural analog of thyroxine, inhibit tetramer dissociation of
TTR and consequently familial amyloid polyneuropathy.56,57

Hampering and blockage of aggregation or amyloid arrange-
ment has likewise been seen in acylphosphatases where specific
binding of inorganic phosphate (Pi), a severe competitive
inhibitor of acylphosphatases, obstructs the development of the
early oligomers and their transformation into protofi-
brils.52−54,58,59 Polyglutamine-containing proteins, as observed,
are stabilized by trehalose, a disaccharide that also inhibits their
aggregation.
Sugars are known to be good inhibitors for protein

misfolding and therefore protect it in vivo from the proteotoxic
environment to maintain the normal functionality of the
protein.60 Hydrogen bonding, to a great extent, plays a
significant role in preventing the amount of aggregation
development. The intracellular osmolyte concentrations vary
significantly under physiological conditions. This study
advocates that a mixture of osmolytes works better than
individual osmolytes or their polymer. Sucrose is a disaccharide
composed of glucose and fructose. The inhibitory effect of
glucose, fructose, their polymer, i.e., sucrose, and a mixture of
glucose and fructose on the aggregation behavior of apo-α-LA
was investigated thoroughly in this study using UV−vis
spectroscopy, high light scattering intensity measurements at

Figure 5. TEM images of (A) native α-LA and (B) α-LA fibrils.

Figure 6. TEM images of α-LA solutions in the absence and presence of sugar osmolytes after subjecting to thermal aggregation (20−80 °C). (A)
α-LA−glucose, (B) α-LA−fructose, (C) α-LA−sucrose, and (D) α-LA−glucose + fructose.

Table 3. List of Sugar Osmolytes and Their Docking
Parameters with α-LA

compound
affinity

(kcal/mol) pKi

ligand efficiency
(kcal/mol/non-H atom)

torsional
energy

sucrose −5.8 4.25 0.25 4.04
fructose −5.4 3.96 0.45 1.86
glucose −5.3 3.89 0.44 1.86
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400 nm (I400), ThT binding using ThT fluorescence, and Trp
fluorescence measurements.
Further, DLS and TEM measurements are performed for an

inclusive investigation of results. All these experiments
demonstrated that sucrose, its monomers, and the mixture of
its monomers prevent protein aggregation. However, in the
presence of different sugar osmolytes, aggregation is prevented
to different extents. Glucose, sucrose, and fructose showed the
presence of spherical and globular aggregates; sizeable
aggregates have been observed for glucose followed by fructose
and sucrose. However, a mixture of glucose and fructose
completely inhibited the fibrillation of α-LA, as is evident in
the TEM image of native α-LA. Molecular docking studies

show that hydrogen bonds may form between the protein and
osmolytes.
Generally, osmolytes stabilize the native conformation of a

protein against heat-induced denaturation by a phenomenon
called volume exclusion. According to the volume exclusion
hypothesis, protein strength in aqueous solutions of osmolytes
is a consequence of a sensitive balance between the preferential
hydration of solutes (proteins included), the preferential
exclusion of osmolytes from the protein surface, and the
osmolyte binding to the protein surface. In either case, the
osmolyte is excluded from the surface of the protein, and there
is no direct interaction between the protein and osmolyte.
There is an unfavorable interaction between osmolyte and
denatured protein, which shifts the equilibrium toward native

Figure 7. Two-dimensional diagram depicting interacting residues for (A) α-LA−glucose, (B) α-LA−fructose, and (C) α-LA−sucrose.

Figure 8. Schematic representation of the mechanism of inhibition of α lactalbumin fibrillation by osmolytes.
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conformation. However, the case is different for protein
aggregation. Due to aggregation, protein comes together and
creates a crowding-like condition (Figure 8). Here, the
osmolyte forms a hydrogen bond with the protein, as
evidenced by docking in this investigation, which inhibits
protein aggregation. Thus, it can be said that glucose, fructose,
and sucrose lead to inhibition of fibrils by forming hydrogen
bonds with the protein, resulting in the reduction of
aggregates. One may conclude that the mixture of glucose
and fructose forms a more significant number of hydrogen
bonds as compared to single osmolytes and hence is the most
potent inhibitor of α-LA fibrillation, eventually inhibiting the
fibrillation process. Thus, it can be noted and understood that
these osmolytes stabilized proteins by forming hydrogen
bonds, thereby preventing aggregation.44,45

4. CONCLUSIONS

In this study, the inhibitory potential of naturally occurring
sugar osmolytes was investigated against α-LA aggregation.
This study is a first of its kind where heat induced aggregation
of α-LA was investigated at high concentration (1.5 mg mL−1).
UV−vis spectroscopy, ThT binding assay, Trp fluorescence,
Rayleigh scattering, and turbidity assay depicted that the
presence of a mixture of glucose and fructose inhibits α-LA
aggregation in the most efficient manner followed by sucrose,
fructose, and to a very minimal extent glucose. Further, TEM
analysis was used to validate the in vitro observations and it
clearly showed that a mixture of glucose and fructose acts most
proficiently in inhibiting α-LA aggregation. TEM analysis
suggested that the presence of glucose, sucrose, and fructose
caused inhibition of fibrillation thereby leading to the
formation of globular aggregates. However, the presence of a
mixture of glucose and fructose completely inhibited the fibril
formation as well as globular aggregate formation, evidenced
by the TEM image of native α-LA−glucose + fructose. The
inhibition of aggregation by sugar osmolytes is attributed to
the hydrogen bonding capability of sugar osmolytes with the
protein. This H bonding with the protein prevents fibril
formation. It can be said that the mixture of glucose and
fructose forms more hydrogen bonds as compared to single
osmolytes and hence is the best inhibitor to prevent fibril
formation in α-LA. Also, it can be said that the presence of
sugar osmolytes stabilizes the native conformation of the
protein and hence prevents aggregate formation, with the
mixture of glucose and fructose stabilizing the native
conformation to the maximum extent and, in a way, being
the most potent inhibitor. This study highlights that naturally
occurring sugar molecules may play a key role in preventing
protein aggregation and may lead to providing a natural
solution to diseases caused by protein misfolding and to
problems caused by protein aggregation in the food industry.
There is a pressing need to develop strategies to prevent the
amyloid formation in nutritional proteins. One such approach
is to bind sugar molecules to proteins and prevent them from
aggregating to maintain their food quality.

5. MATERIALS AND METHODS

5.1. Materials. Commercially lyophilized preparation of
holo-α-LA (from bovine milk) and sugar osmolytes (glucose,
sucrose, and fructose) were purchased from Sigma Aldrich Co.
(St. Louis, MO, USA). All other chemicals required were
obtained from Merck, Germany. Millipore filters with a pore

size of 0.22 um were bought from Millipore Corp. Parafilm
used was obtained from Bemis Company, Inc., and Whatman
filter papers were procured from Whatman International Ltd.
Double distilled and deionized water from a Milli-Q UF-Plus
purification system was used for the preparation of all buffers.
Figure S1 depicts the structure of all the osmolytes investigated
in this work.

5.2. Dialysis of the Protein and Analytical Proce-
dures. The required amount of holo-α-LA powder was
dissolved in a 0.1 M KCl solution. The apo form of α-LA was
prepared by adding 5 mM EGTA to the solution of holo-α-LA
(Ca2+-bound). This solution was dialyzed against several
concentrations of 0.1 M KCl solution at pH 7.0 and 4 °C, and
dialysis tubes were essentially prepared according to the
procedure described by McPhie.61 The protein was then
filtered through a Millipore filter with a pore size of 0.22 μm.

5.3. Fibril Formation. α-LA concentration was determined
experimentally using a molar absorption coefficient (M−1

cm−1) value of 29,210 at 280 nm for α-LA.62 α-LA solution
was preincubated with sugar osmolytes and subjected to heat-
induced aggregation. Under similar conditions, α-LA without
sugar osmolytes was also incubated and heated in the range of
20−80 °C. The protein concentration was varied from 1.5 mg
mL−1, while the concentration of sugar osmolytes was fixed at
1.0 M. In the case of a mixture of glucose and fructose, 0.5 M
glucose was mixed with 0.5 M fructose.

5.4. Light Scattering Measurements. Temperature-
dependent α-LA aggregation was followed by monitoring the
light scattering intensity, i.e., the apparent absorbance at 400
nm of the sample solutions (pH 4.5) in a Jasco V-660 UV/vis
spectrophotometer equipped with a Peltier-type temperature
controller. Each sample was heated from 20 to 85 °C.
Necessary blanks were subtracted. Each measurement was
repeated at least three times.
The sigmoidal dependence of the light scattering intensity

on temperature was analyzed using eq 1

= +
+ − −

I I
I

e T T b(1 ( ( )/ )0
f

i agg (1)

where I is the light scattering intensity at temperature T, and
Tagg is the temperature at 50% maximal light scattering, I0 and
If represent the initial baseline and final plateau line,
respectively, and b is a constant.
The temperature at which aggregation (increase in light

scattering intensity) begins (Ti) is given by Tagg − 2b.63

5.5. Preparation of Stock Solution of Glucose,
Fructose, and Sucrose (Sugar Osmolytes). The required
amount of glucose, fructose, and sucrose was dissolved in 0.05
M sodium acetate buffer at pH 4.5, and the solution was
filtered through Whatman filter paper no. 1. The highest
solubility of glucose was 4 M. Fructose with the highest
solubility of 5 M and sucrose of 2.5 M were made as a stock
solution. The refractive index measurements were done in an
Abbes refractometer. The concentration of sugar osmolytes
solution was determined from the refractive indices.15

5.6. Thioflavin T (ThT) Assay. ThT spectra were taken in
a Jasco FP-6200 spectrofluorometer in a 1 cm quartz cell at 25
± 0.1 °C, with both excitation−emission slits set at 10 nm, in
the medium range. Samples were scanned at an excitation
wavelength of 440 nm, keeping the scanning range from 450
to600 nm. The concentration of thioflavin T was determined
using an extinction coefficient e of 36 mM−1 cm−1 at 412 nm.64
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To remove the insoluble particles, the solution was filtered
with 0.22 μM Millipore filters. Necessary blanks were
subtracted. The final concentration of α-LA was 1.5 mg
mL−1, and ThT was taken in a ratio of 1:10.65

5.7. Tryptophan (Trp) Fluorescence. Fluorescence
spectra were recorded on a Jasco FP-6200 spectrofluorometer
(Tokyo, Japan) in a 1 cm path length quartz cell at 25 ± 0.1
°C. The protein was excited at 295 nm with an emission
spectrum recorded in the range of 300 to 400 nm. In the series
of experiments, the emphasis was made on incubating a
constant amount of thermally aggregated α-LA (1.5 mg mL−1)
in the absence and presence of 1 M osmolytes (glucose,
sucrose, fructose, and the mixture of glucose and fructose).
5.8. Rayleigh Scattering. Rayleigh scattering measure-

ment was performed on a Jasco FP-6200 spectrofluorometer
(Tokyo, Japan) in a 1 cm path length quartz cell. The
excitation wavelength was 350 nm, and emission was recorded
in the range of 300−400 nm.66 Both excitation and emission
slit widths were fixed at 10 nm. Fluorescence intensities at 350
nm were plotted. The final concentration of α-LA was 1.5 mg
mL−1 in the presence and absence of different sugar osmolytes.
5.9. Dynamic Light Scattering (DLS) Measurements.

Dynamic light scattering (DLS) measurements were done on a
Malvern zetasizer, nano ZS. DLS was operated for measure-
ment of protein hydrodynamic radii. The concentration of 1.5
mg mL−1 of protein was filtered by syringe filters (0.22 μm,
Millipore), with and without 1 M concentration of sugar
osmolytes. The wavelength was fixed at 689 nm, maintaining
an angle of 90° for all the measurements. With a scan run of
three cycles at a time, taking 180 s for each sample, data were
noted as the acquired time taken for each sample.
5.10. Transmission Electron Microscopy. Transmission

electron microscopy43 is a tool that provides an insight into the
morphology of aggregates.67 α-LA samples (1.5 mg mL−1)
subjected to thermal aggregation in the presence and absence
of different osmolytes were prepared, placed on 400-mesh
copper grids, covered with a carbon-stabilized Formvar film,
and air-dried. Removal of excess fluid was done after 2 min
followed by the staining of the grid using uranyl acetate.
Samples were then air-dried and scanned in a TECNAI G2
20S-TWIN transmission electron microscope operating at an
accelerating voltage of 80 kV.
5.11. Molecular Docking Study. A DELL workstation

with a 4x 2.13 GHz processor, a 64 GB RAM, and a 2 TB hard
disk running on an Ubuntu 14.04.5 LTS operating system was
used for molecular docking analysis. For carrying out docking
coupled with visualization, online resources such as the Protein
Data Bank (PDB) and PubChem were used to retrieve the
three-dimensional coordinates of α-LA and glucose, sucrose,
and fructose. Bioinformatics tools AutoDock Vina,68 Discovery
studio,43 and PyMOL69 were employed for docking and
visualization purposes.
Atomic coordinates of α-LA were taken from PDB (PDB

ID: 1F6S) and subsequently preprocessed in SPDBV70 and
AutoDock Tools.71 Subsequently, co-crystal ligands were
removed from the PDB coordinates file. Sugar osmolytes
were obtained from the PubChem database in the processed
three-dimensional format, and docking was performed as per
previous reports.72

Values of the inhibition constant,73 the negative decimal
logarithm of inhibition constants, were calculated from ΔG,
generated from the docking study using the following formula.

Δ =G RT K(Ln )i,pred

= ΔK e G RT
i,pred

( / )

= −K Kp log( )i i,pred

where ΔG is the binding affinity (kcal mol−1), R (gas
constant) is cal*(mol*K)−1, T (room temperature) is 298.15
K, and Ki,pred is the predicted inhibitory constant.
Ligand efficiency (LE) is a commonly applied parameter for

selecting favorable ligands by comparing the values of average
binding energy per atom.73 The following formula was applied
to calculate LE:

= −ΔG NLE /

where LE is the ligand efficiency (kcal mol−1 non-H atom−1),
ΔG is the binding affinity (kcal mol−1), and N is the number of
non-hydrogen atoms in the ligand.

5.12. Statistical Analysis. All the experiments were
performed in triplicate, and the data is presented as average
± standard deviation. All spectra presented are the average of
three replicates.
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