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tives inhibit the aggregation of b-
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The binding of a small molecule to a protein through non-covalent interactions mainly depends on its size

and electronic environment. Such binding can change the stability of the three dimensional protein

structure which sometimes may destabilize it to accelerate or to inhibit protein aggregation. Coumarin is

a widely used fluorescent dye with several biological applications. Different substituents (electron-

donating and electron-withdrawing) at different positions of the coumarin moiety can influence its

molecular volume, physical and chemical properties. Here we investigate the effect of such substituents

of coumarin on the aggregation of a model protein, beta-lactoglobulin (b-lg) through a multi

spectroscopic approach. It was observed that coumarin methyl ester with an 8-hydroxyl group can

inhibit the b-lg aggregation. This compound can bind the hydrophobic site of beta-lactoglobulin and

stabilize a particular protein conformation through the formation of hydrogen bond and hydrophobic

interactions. Thus a properly designed compound can inhibit protein–protein interactions through

protein–small molecule interactions. Other coumarinoid compounds also are effective in the prevention

of thermal aggregation of b-lg.
Introduction

The formation of insoluble amyloid brils from normal soluble
proteins is well known. Amyloid brils are impervious to
degradation.1 Proteins can form amyloid brils and each case
brings a different characteristic disease. Aggregation of Ab, a-
synuclein, or prion proteins causes neurodegenerative brain
disorders Alzheimer's disease, Parkinson's disease, or mad cow
disease, respectively. It is also found that diseases like diabetes
type 2 are disorders due to amyloid bril formation of insulin.1

Since amyloid brils are insoluble in physiological conditions,
they can deposit around the cell and tissues and cause a path-
ogenic effect.2 Aggregation of such proteins gives very stable
systems and facilitates the process. Structurally, brillar
assemblies are predominantly cross-b conformation of the
proteins. Interestingly, the formation of brils is independent
of protein size, shape, and sources. Recently, hydrophobins,
curli, and melanosomes are identied as the expression of
functional amyloidogenesis.1

To prevent the amyloid brils formation, a number of ther-
apeutic strategies have been developed. Site-specic
ersity, Kolkata 700 032, India. E-mail:

College, Kolkata 700017, India

mation (ESI) available. See

7028
glycosylation of protein3 and protein engineering4 are of some
example of prevention techniques. Most of the proteins have
a very stable conformational structure in brillar form because
it is in a global free-energy minimum.5–7 Therefore, once
a protein starts partial degradation to form a bril, it is very
hard to stop the process. Stabilization of the native conformer
of a protein can slow down the partial degradation of protein
and can deem brillation.8 It is the most acceptable therapeutic
strategy to prevent brils formation now. Therefore, the design
of new anti-brillating molecules is in demand.

Coumarin, an aromatic heterocyclic lactone compound, is
an important natural product found in many plants. Coumarin
derivatives or coumarinoids have a large family containing
thousands of compounds. They have very interesting photo-
physical,9 biological, and medicinal10 properties. Coumarin
absorbs light at �280 nm wavelength and shows uorescence
property by the emission at 410 to 470 nm. This photophysical
property is very much tunable with the substituents attached to
the moiety.11 For this reason, these compounds are widely used
as dyes. Some coumarinoids were designed for blue-green
tunable organic laser dyes.11

Whey contains an important lipocalin protein, i.e. b-lacto-
globulin (b-lg), which is of immense interest due to its nutri-
tional and small molecule carrier properties.12 Structurally, the
protein is b-sheet enriched (eight anti-parallel b-sheets forms
a barrel-like structure) and forms self-assembly upon thermal
exposure. The protein can be isolated and puried in high yield
© 2022 The Author(s). Published by the Royal Society of Chemistry
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following the method described by Aschaffenburg and Drewry,
1957.13 Hence it is a very good model protein for the protein
aggregation studies.14

A 4-hydroxycoumarins derivative Warfarin can interact with
proteins to inhibit their aggregation and it is used as an anti-
coagulant of blood.15 4-Hydroxycoumarins are also anticoagu-
lants and antagonists of vitamin K.16 It was observed that the
substituents of coumarin have a substantial effect on the
aggregation process of the amyloid-b protein.17 Some coumar-
inoids show inhibition of insulin brillation.18 Some coumarin
hybridmolecules are also be designed as amulti-targeting agent
to stop the brillation process in neurodegenerative disorders.19

All these facts encourage us to investigate some polyphenolic
coumarinoids as anti-brillating agents. Here, we have synthe-
sized and characterized some polyphenoliccoumarinoids and
applied them to check their anti-brillation power on the model
protein b-lg.
Results and discussion
Synthesis of coumarinoids

In this study, all the coumarin derivatives was synthesized
except 4-hydroxycoumarins (3) which were collected from
commercial source and used without further purication. Kayal
et al., showed that polyhydroxy benzenes can be reacted with
electron-decient alkynes to produce polyhydroxycoumarinoids
(SM1–SM4) with the help of 5 mol% CuO in reuxing toluene.20

Here, this method was used for the synthesis of different poly-
hydroxycoumarinoids and it has been shown in the Fig. 1. All
these compounds were well characterized and used in the
protein aggregation experiments.

It is interesting to note the distribution of hydroxyl groups
around the coumarin nucleus in the compounds under inves-
tigation. In compound 3, the hydroxyl group at C4 position. In
the case of SM1, one methyl carboxylate is attached at C4
position and OH is shied to the C5 position. The OH group is
at C8 and C7 carbon in SM2 and SM4, respectively. SM3
Fig. 1 Synthesis of coumarin derivatives.

© 2022 The Author(s). Published by the Royal Society of Chemistry
contains two hydroxyl groups at C5 and C7 positions. Here, we
investigate the effect of hydroxyl groups along with methyl
carboxylate group on the protein aggregation.
UV-spectral characterization

UV spectroscopy is employed to get an intuition of structural
change of b-lg due to interaction with small molecules.21 Here
we used absorption spectroscopy to investigate the structural
change of b-lg in the presence of coumarin derivatives. Due to
the presence of Trp and Tyr moiety a sharp characteristics peak
is observed at lmax 280 nm for b-lg. Coumarin derivatives have
also light absorption properties and have lmax around 270 nm
(for 3, SM1, SM2, and SM4) and 350 nm (for SM3) which is
presented in Fig. S1a.†

In the presence of methyl 4-hydroxy-chromen-2-one (3) and
methyl 8-hydroxy- 2-oxo-2H-chromene-4-carboxylate (SM2), the
absorption intensity become lower than that of native b-lg and
higher than that of heat-treated b-lg UV spectra (Fig. 2).
However, b-lg with methyl 5-hydroxy-2-oxo-2H-chromene-4-
carboxylate (SM1), methyl 5,7-di-hydroxy-2-oxo-2H-chromene-
4-carboxylate (SM3), and methyl 7-methoxy-2-oxo-2H-
chromene-4-carboxylate (SM4) shows a clear bathochromic
shis with low-intensity peaks compared to native. The contri-
bution of the coumarin molecules in the aforesaid absorption
spectra can be eliminated by their addition in the reference cell
along with sample cell (both the cell have the same concentra-
tion of coumarin derivatives). In this experiment, we found only
single peak at 280 nm for all coumarin derivatives (Fig. S1b†).
The intensities of the spectra of the sample containing protein
with coumarin derivatives are higher than that of native and
heat-treated protein. All these observations indicate the proba-
bility of interactions of the small molecule with the protein b-lg.
Intrinsic uorescence

The uorescence technique, a highly effective and sensitive
method, is widely used to monitor the structural change of
Fig. 2 Absorption spectra of native b-lg and b-lg incubated at 78 �C
for 1 h in the absence and presence of different coumarinoid
molecules.
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protein and its interaction with the small molecules. Generally,
Trp and Tyr are the amino acid residues that absorb the light of
corresponding wavelengths and show the uorescence proper-
ties for most of the proteins. b-lg has four Tyr (Tyr20, Tyr42,
Tyr102, and Tyr99) and two Trp (Trp19 and Trp61) residues
which are responsible for the intrinsic uorescence of the
protein.22 It can be used to investigate the alteration of the
polarity around the microenvironment of the uorophore due
to the structural change of beta-lactoglobulin. In the case of
aggregation of b-lg, solvent exposure of uorophores (mainly
tryptophan) decreases which is reected in their emission
spectra with the change in uorescence intensity. Here, aggre-
gation of b-lg was investigated in the presence of coumarin
derivatives.

The intrinsic uorescence of b-lg increases aer heating at
78 �C for 1 h due to the aggregation of the native protein (Fig. 3).
In the case of SM2 and 3, the uorescence intensities are
slightly higher and lower with respect to heat-treated b-lg,
respectively. Under the same aggregation conditions, SM1 and
SM3 show higher uorescence intensities than native b-lg but
lower than heat-treated b-lg. However, in the presence of SM4,
the intensity is lowered compared to native b-lg.

Thus coumarin derivatives interact with b-lg and are able to
change the conformation of the protein during its thermal
exposure. It should be mentioned here that compound SM4 can
interact with b-lg in such a way that Trp residue may expose
more in the solvent. It may be the reason for the decrease in
uorescence intensity of b-lg with SM4 under aforesaid
conditions.
Aggregation of b-lg identication and quantication of the
aggregates by ThT assay

Thioavin T (Th-T), a benzothiazole dye, is a good uorescent
ligand that selectively binds with the hydrophobic site of the
brillar aggregates of the protein leading to an increase in
uorescence intensity at around 480 nm upon excitation at
480 nm.23 Upon heating at 78 �C, the native b-lg gets aggregated
Fig. 3 Intrinsic fluorescence spectra of native b-lg and b-lg incubated
at 78 �C for 1 h in the absence and presence of different coumarin
derivatives (protein: coumarin derivatives ¼ 1 : 1).

17022 | RSC Adv., 2022, 12, 17020–17028
which can bemeasured in terms of intensity of the Th-T spectra.
Here, all the other heat-treated b-lg samples with different
coumarin derivatives produced different Th-T emission inten-
sities which are proportional to the amount of aggregates
formed in the different protein solutions. Therefore, lower
intensity of the Th-T will indicate a lower degree of aggregate
formation due to the presence of effective anti-brillating
coumarin derivatives. Determination of equivalent molar ratio
of the compounds against protein through UV and uorescence
spectra is very difficult as both of them (protein and SMs) have
absorbance and emission peaks at the same region. In such
case, we have monitored the change of uorescence intensity of
Th-T in the presence and absence of coumarin derivatives with
different molar ratio at a xed [BLG] which is given in Fig. S2.†
The study showed that 1 : 1 protein and SM compound ratio is
most effective for protein aggregation inhibition. In the Fig. 4, it
shows a comparative study of the aggregation patterns of native
and heat-treated b-lg in the absence and presence of different
coumarin derivatives (1 : 1) at pH 7.4 in Th-T assay.

Owing to self-assembly formation, the heat-treated b-lg
shows the highest Th-T intensity as shown in the Fig. 4. The b-lg
in the presence of 3 under identical heating conditions exhibits
slightly lesser intensity in Th-T uorescence measurement than
heat-treated b-lg alone. However, when b-lg was incubated at
78 �C separately with other coumarin compounds SM1, SM2,
SM3, and SM4 very much decreased intensities of Th-T uo-
rescence were observed due to the formation lower b-lg aggre-
gates. Therefore, synthesized coumarin derivatives can act as
effective anti-brillating agents to inhibit the oligomerization of
b-lg. In this case, the inhibition of aggregation of coumarin
derivatives follows the order as SM2 > SM4 > SM3 > SM1 > 3.
ANS-uorescence study to monitor the hydrophobicity
changes

1-Anilinonaphthalene-8-sulfonate (ANS), a uorescent probe,
can bind at the surface of protein aggregates through the
Fig. 4 Th-T (lex ¼ 440 nm and lem ¼ 485 nm) assay of native b-lg and
heat-treated b-lg (incubated at 78 �C for 1 h) in the absence and
presence of different coumarin compounds (1 : 1) at pH ¼ 7.4, exci-
tation wavelength was set at 440 nm and emission wavelength was
480 nm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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hydrophobic and electrostatic interaction at the hydrophobic
site.24 To monitor hydrophobic interactions involved in the
aggregation processes, ANS uorescence experiment was
performed.

The protein, b-lg, has two potential binding sites for binding
with hydrophobic small molecules. The rst site is the inner
side of the beta-barrel and the second site is at the channel
between the barrel and the alpha helix. The dye shows uo-
rescence emission around 480 nm with an increase of uores-
cence intensity aer binding with the hydrophobic site of the
protein.25

The heat exposed b-lg (78 �C, 1 h) showed an enhanced ANS
uorescence intensity at around 480 nm. This increase in
uorescence intensity may be attributed to more access of ANS
to the hydrophobic patches present in heat treated b-lg
compared to native b-lg during its aggregation (Fig. 5). The
incubation of the coumarin derivatives with b-lg slows down the
aggregation process since the ANS intensity in each case is lower
than that of the heat-treated sample. Additionally, it may be
mentioned here that these aggregates have lower surface
hydrophobicity. Therefore, the hydrophobic pockets of b-lg are
opened up during thermal exposure implying a conformational
change of native protein.

We obtained signicant result when b-lg was incubated with
SM2 at 78 �C. The ANS uorescence intensity was found to
decrease considerably and it is very closer to that of native b-lg,
indicating least disclosure of hydrophobic loops of b-lg
demonstrating least binding of ANS, and thus SM2 very effi-
ciently decreased protein–protein interactions and thus inhib-
iting the thermal aggregation of b-lg.

For incubation of b-lg with 3, SM1 and SM3, such spectral
changes are though very close to each other but ANS uores-
cence intensities have been reduced to almost 55% compared to
that of heat-treated b-lg alone. This suggests lesser opening of
hydrophobic loops resulting decreased protein–protein inter-
actions in the presence of 3, SM1 and SM3 although greater ANS
Fig. 5 ANS-fluorescence emission spectra of native b-lg and b-lg
incubated separately at 78 �C for 1 h in the absence and presence of
different coumarin derivatives (1 : 1) at pH ¼ 7.4. b-lg concentrations
throughout all emission experiments were kept at 0.25 mg mL�1.
Results were the mean of three different experiments.

© 2022 The Author(s). Published by the Royal Society of Chemistry
bindings and hence increased hydrophobicities compared to
SM2 were observed. Therefore, it may be concluded that the b-lg
brillation proceeds through the exposer of hydrophobic sites
to the solvent and the binding of coumarin derivatives to the
hydrophobic site of the protein can stabilize it in such a way
that the protein cannot proceed to the brillation mechanism.
Therefore, lower ANS intensity indicates a higher ability of
stabilization of protein conformation by coumarin derivatives.
It is found that the order of stabilization is SM2 > SM4 > SM3 >
SM1 > 3. This result supports the Th-T data given above.
Rayleigh light scattering (RLS) study

Protein aggregation can also be investigated with the help of
RLS measurements. The scattering of light is increased in the
presence of colloidal particles in the medium. Therefore, higher
protein aggregates can scatter light efficiently over the smaller
aggregates. In this study, RLS data were collected aer incuba-
tion of b-lg solutions at 78 �C for 1 h in absence and presence of
coumarin derivatives. Our result as shown in Fig. 6 indicates
that maximum scattering intensity was observed with heat-
treated b-lg in absence any coumarin derivative. On thermal
denaturation, the structure of a protein is lost and it forms
maximum aggregates. Decreased RLS intensities were noted in
the presence of different coumarin derivatives indicating the
formation of smaller b-lg aggregates. Thus it is worth to point
out that coumarin derivatives maintain the structural integrity
of the protein during the thermal denaturation. It was found
that SM2 is superior to other coumarin derivatives in the inhi-
bition of protein–protein interactions during thermal exposure
as the minimum RLS intensity value (closer to that of native b-
lg) was obtained (Fig. 6). Lowering in RLS intensities conrms
the smaller aggregate formation during thermal incubation. In
our present study the order of inhibition of thermal aggregation
of b-lg by the coumarin derivative is the same as that obtained
with other experiments and it follows SM2 > SM4 > SM3 > SM1 >
3.
Fig. 6 Rayleigh light scattering data of b-lg at native form and b-lg
incubated at 78 �C for 1 h in the absence and presence of different
coumarin derivatives (1 : 1) at pH ¼ 7.4.

RSC Adv., 2022, 12, 17020–17028 | 17023
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Dynamic light scattering (DLS) measurements

Dynamic light scattering (DLS) was unambiguously used to
identify the heat-induced oligomers of b-lg and also to measure
their hydrodynamic size. The size distribution prole of the
native b-lg, its heat-treated form without and with the different
coumarin derivatives were investigated and have been shown in
Fig. 7. The size distribution curves of heated (78 �C, 1 h) b-lg
with and without coumarin compounds showed the formation
of different sized protein aggregates. The hydrodynamic radius
of native b-lg was ranging from 12 nm to 50 nm and its size was
enhanced to 1250–3200 nm range when the protein was incu-
bated at 78 �C for 1 h, clearly indicating the formation of large b-
lg aggregates having greater light scattering effect. In presence
of different coumarin derivatives the scattering intensity of b-lg
solution decreased. The sizes of protein aggregates were
decreased in the presence of 3 and it was in the region 1500–
2750 nm. Minimum hydrodynamic radius was noted during
incubation with SM2. The size of the aggregates decreased
minimally in the range of 100–450 nm and aggregates with
smaller diameter became prominent during thermal incubation
with the other coumarin molecules. The hydrodynamic radii of
protein aggregates in presence of coumarin derivatives have
been found to follow the order 3 > SM1 > SM3 > SM4 > SM2.
Therefore, it is interesting to note that all these coumarin
compounds are potent inhibitors of b-lg brillation and the
order of the ability of inhibition by the coumarin derivatives is
SM2 > SM4 > SM3 > SM1 > 3 (Fig. 7). This result also corrobo-
rated with AFM imaging of different b-lg aggregates.
Monitoring the changes in secondary structure of b-lg during
thermal incubations with circular dichroism spectroscopy

Far-UV CD technique has been employed to investigate the
potential effect of different coumarinoid compounds used in
this study on the secondary structural transformation of b-lg.
The b-lg solutions were incubated with or without different
Fig. 7 Number particle size distribution spectra in DLS studies of b-lg
at native form and b-lg incubated at 75 �C for 1 h in the absence and
presence of different coumarin derivatives (1 : 1) at pH ¼ 7.4.

17024 | RSC Adv., 2022, 12, 17020–17028
coumarin derivatives at 78 �C for 1 h and the different
secondary structures were determined by CD spectroscopy. CD
measurements were carried out by scanning the spectra in the
region 190–250 nm and represented in Fig. 8. Native b-lg
showed two negative bands at 208 nm and 215 nm. These two
bands of b-lg represented the existence of ordered secondary
structure that contained a-helix and b-sheet.26 The oligomeric
structure of incubated b-lg at 78 �C is found to have greater
amount of beta structural contents (�61%) with lesser alpha
helical structure (�9.0%) than the native (Table S1, see ESI†).
This data provided the information regarding the formation of
greater b-sheet structures linked with the thermal aggregation
of the protein. The CD spectrum of b-lg also showed a signi-
cant shi in the band positions. Then we analysed the change of
secondary structure of heat-treated b-lg in presence of different
coumarin compounds. With 3, a small change of peak position
with negative ellipticity value differing from heated b-lg was
observed. CD spectra of b-lg in presence of SM1 showed lower
MRE values at 215 and 207 nm. In both the cases lesser b-
structures has been formed compared heat-treated b-lg alone
indicating structural transitions leading to the disaggregation
in the presence of 3 and SM1. It is interesting to mention that
the shape of CD signal of b-lg in presence of the coumarin
derivative SM2 is similar to that of the native though decreased
negative ellipticities are observed in the vicinity of 208 nm and
215 nm. The difference in MRE values could be related to the
structure of the derivatives. The amount of different b-struc-
tures decreased most signicantly compared to heat-stressed b-
lg alone (Table S1†) showing maximum inhibitory power SM2
against the thermal aggregation of b-lg. Other two coumarin
derivatives SM3 and SM4 displayed almost similar CD spectra in
this region but CD results revealed than SM4 is more potent
than SM3 in the suppression of brillation of b-lg. Hence all the
coumarin compounds used in this study showed their effec-
tiveness in the suppression of thermal aggregation of b-lg and
the order of their inhibition is SM2 > SM4 > SM3 > SM1 > 3. The
calculation of secondary structural changes of b-lg in the
Fig. 8 Far-UVCD spectra (190–250 nm) of native b-lg, heat treated b-
lg (78 �C, 1 h), and b-lg incubated (78 �C, 1 h) in the presence of
different coumarin derivatives (1 : 1) at pH ¼ 7.4 showing secondary
structural changes during thermal aggregation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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absence and presence of different coumarin compound was
done by CDNN 2.1 soware and shown in Table S1.†

Morphological studies with atomic force microscope (AFM)

To gain more insight, atomic force microscopy was also
employed; it has been proved to be a powerful tool in the study
of bril formation.27 AFM analysis was performed to visualize
the extent of disruption of b-lg samples aggregated alone or with
coumarin derivatives at molar concentration ratios of 1 : 1.

The morphology of the b-lg aggregates in different condi-
tions is shown in Fig. 9. It is revealed that the three-dimensional
AFM images of the aggregates are globular, not brillary. The
AFM image of b-lg shows that it is smaller globular particles
(Fig. S3†). Large globular aggregates of b-lg formed aer incu-
bation of the b-lg solution alone at 78 �C for 1 h (Fig. 9a). During
thermal incubation the b-lg monomers are swelled owing to
change of its conformation, forming the aggregates.

To investigate the effect of different coumarin derivatives on
the aggregation mechanism, the b-lg sample was co-incubated
at 78 �C for 1 h in the presence of coumarin derivatives at
a molar concentration ratio 1 : 1. The compound 3 was found to
be inefficient in the inhibition of protein aggregation because
the nature and size of aggregates are very similar to the b-lg
aggregates obtained aer heat treatment (Fig. 9b). A similar type
of results were obtained in the case of SM1, large globular type
aggregate (Fig. 9c). But the AFM image analysis clearly
demonstrates that the larger and numerous globular aggregates
of b-lg were disappeared when it was thermally incubated with
the coumarin compound SM2 (Fig. 9d). Here, the density of the
aggregates was very low. Thus it was found to be most efficient
to inhibit and arrest the aggregation of b-lg. However, SM3 is
Fig. 9 AFM images representing (a) the aggregate morphologies of hea
derivatives: (b) with 3, (c) with SM1, (d) with SM2, (e) with SM3, (f) with S

© 2022 The Author(s). Published by the Royal Society of Chemistry
less efficient than that of both SM2 and SM4 but better than
other compounds (Fig. 9e). The size of the aggregate particles
formed with SM3 is sufficiently smaller than with heat-treated
b-lg (Fig. 9a) or with heat-treated b-lg in presence of 3
(Fig. 9b). Thus SM3 is also efficient to suppress the formation
larger globular aggregates of b-lg. The AFM studies also support
the order of inhibition efficiency of coumarin derivatives ob-
tained in all the previous experiments and the order is SM2 >
SM4 > SM3 > SM1 > 3.

Docking studies

The small molecules can interact with the protein and can
stabilise the native protein conformation and it may be attrib-
uted to the anti-protein aggregation effect of these small
molecules. To understand the effect of coumarin derivatives on
the native structure of b-lg, docking studies were performed. It
is found that the binding energies (DG�) of 3, SM1, SM2, SM3
and SM4 are �5.6, �5.8, �7.6, �6.3, and �6.9 kcal mol�1

respectively. The result indicates that the order of stabilization
by these molecules is SM2 > SM4 > SM3 > SM1 > 3. This order of
stabilization of b-lg structure with these molecules is corrobo-
rated with their protein-aggregation inhibition order. There-
fore, the coumarin molecules can stabilize the b-lg
conformation and locked a protein structure to inhibit the
protein–protein interactions, playing the key role in the protein
aggregation pathway.

Analysis of the docking results can provide an insight of the
molecular interactions required for the freezing a conrmation
of protein. The SM2 binds at the narrow end of the barrel of the
b-lg (Fig. 10a). The cavity in this region encapsulates the
molecule (Fig. 10b). It was observed that the methoxy oxygen
t treated b-lg and (b–f) heat treated b-lg in the presence of coumarin
M4.
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atoms and the hydroxyl group are involved in the hydrogen
bonding with N88, N98 and S116 amino acid residues. The non-
conventional hydrogen bonding was also observed between ring
C]O of coumarin and S116. The methyl of methoxy group
found to be interacted with L39 through hydrophobic interac-
tions (Fig. 10c). Docking studies reveals that the positions of OH
groups play an important role in their protein binding. The OH
groups at C4 and C7 are unable to involve hydrogen bonding
with amino acid residues. However, hydroxyl groups at C4, and
C5 can interact with the amino acid residues in their corre-
sponding active site (Fig. S4 and S5†). Therefore, hydrogen
bonding stabilization of protein–SM complexes can inuence
the protein aggregation.

The protein can exist as dimer in native state. In this
quaternary form of the protein have one additional binding
pocket (Fig. S6 and S7a†). It is possible that coumarin derivative
able to bind this site to show aforesaid effect. The molecular
docking was performed to nd such binding possibility. In this
case, energy minimized dimeric protein is used for docking. It is
found that the binding energies (DG�) of 3, SM1, SM2, SM3 and
SM4 are �3.2, �3.9, �5.2, �4.3, and �4.7 kcal mol�1, respec-
tively. These binding energies are quite lower than that of the
values obtained from monomeric form of the protein. All the
docking poses are shown in the Fig. S7(b)–(f).†

Experimental
Synthesis of coumarin derivatives20

To a round bottomed ask a mixture of resorcinol (110 mg, 1.0
mmol) and dimethyl acetylenedicarboxylate (170 mg, 1.2 mmol)
were taken in 1.3 mL dry toluene and stirred magnetically in
Fig. 10 (a) The structures of the most stable b-lg–coumarin SM2, bind
at the terminal of the barrel, (b) binding of SM2 at the hydrophobic
pocket, (c) different non-covalent interactions in the binding site of b-
lg with SM2.

17026 | RSC Adv., 2022, 12, 17020–17028
a 10 mL round bottom ask. Then 4 mg CuO (0.05 mmol)
catalyst was added to the mixture and allowed the stirring for
3 h at 110 �C. The degree of conversion into the products was
noticed by thin layer chromatography. The solvent of the reac-
tion mixture was removed under low pressure, and the pure
product was obtained aer column chromatography with the
help of silica gel (100–200 mesh). The pure compounds were
characterized using 1H NMR and 13C NMR spectroscopy. All the
data are given in the ESI.†
Preparation and purication of beta-lactoglobulin13

Bovine b-lg was isolated and puried from cow milk as
described by Aschaffenburg and Drewry.13 The nal product was
lyophilized and stored at 4 �C. For spectroscopic sample prep-
aration, b-lg was weighed and dissolved in 0.01 M Na–phos-
phate buffer pH 7.4 solution containing 2% ethanol. Protein
stock solutions were prepared using phosphate buffer pH-7.4.
Since the extinction coefficient of b-lg (0.96 mg�1 mL�1 cm�1

at 280 nm) is known, different concentrations of protein
samples were prepared by dissolving b-lg samples in Milli-Q-
water and then measuring the O.D. at 280 nm.
UV-visible spectroscopy

Utilizing UV-visible JASCO V700 spectrophotometer (Model no.
V-730, Serial no. B184461798 and JASCO Spectra Manager
soware), absorption spectra were recorded to check the
binding affinity and binding constant at room temperature (25
�C). To perform this experiment two PerkinElmer quartz cell of
path length of 1 cm were used for both reference and samples.
The intensity vs. wavelength spectra for the absorbance
measurement was recorded over the wavelength range 200–
600 nm. For reference cell 10 mm phosphate buffer of pH 7.4
were taken. Concentration of the sample solutions were 13 mm.
Intrinsic uorescence study

Fluorescence measurements were carried out using Horriba
Fluorometer (Model: FLUOROMAX-4C, Serial no. 1734D-4018-
FM). Stock solution of b-lg and others solution of 13 mm were
taken in a uorescence quartz cell of path length of 1 cm and
excited at 295 nm. Emission spectra were recorded in the range
of 300 to 550 nm. Excitation and emission slit were set at 5 nm.
Data were recorded at a scan rate of 100 nm s�1.
Thioavin T (Th-T) uorescence

Th-T binds with the aggregates of b-lg and other amyloid brils.
Aer binding it shows enhanced uorescence at 480 nm. For
this experiment stock b-lg samples of 54.3 mM were mixed with
3.13 mM Th-T solution. The assay solution was excited at
450 nm (ref. 28) and the emissions were measured over the
range 460 to 600 nm using Horriba Fluorometer (Model:
FLUOROMAX-4C, Serial no. 1734D-4018-FM) and Fluoromax
Soware. Slit widths for both excitation and emission were kept
at 5 nm.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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ANS-uorescence study to monitor the hydrophobicity change

Hydrophobicity of protein molecules were measured using
uorescent probe which binds with the hydrophobic packets of
protein surface.25 A well-known polarity sensitive prove is 1-
anilinonapthalene-8-sulfonate (ANS). To measure the hydro-
phobicity a stock solution of ANS is prepared and added to the
each samples (2 mL volume). The nal concentration of ANS in
each sample is maintained 30 mM. Fluorescence spectra were
measured at 390 to 550 nm aer excitation at 380 nm and
emission spectra were recorded using Shimadzu spectrouo-
rometer (Shimadzu 5301 PC). Path length was 1 cm. Excitation
slit was 5 nm and emission slit was also 5 nm.
Raleigh light scattering (RLS)

The formation or change in the presence of turbidity or aggre-
gates aer the incubation of b-lg in absence and presence of
different coumarin samples (3–SM4) with respect to the native
b-lg were quantitatively measured using Raleigh light scattering
study. For this study samples were excited at 350 nm and then
emission intensity were recorded at 350 nm using Horriba
Fluorometer (Model: FLUOROMAX-4C, Serial no. 1734D-4018-
FM) and Fluoromax Soware. Samples were prepared using
10mMphosphate buffer (pH – 7.4). 2 mL 13 mm solution of each
samples were taken in a quartz cell of 1 cm path length for this
experiment and excitation and emission slit were 5 nm.
Analysis of secondary structures by CD spectroscopy

Using Jasco spectropolarimeter (J-815) (Jasco, Tokyo, Japan) CD
spectra of b-lg, heat treated b-lg and heat treated b-lg in pres-
ence of different coumarin compounds were recorded with the
help of Jasco Spectra Manager Soware. For this experiment in
the far UV region (190–260 nm), each sample containing 13.6
mM b-lg was taken in a PerkinElmer quartz cell of path length of
0.2 cm and then data was recorded in the inner nitrogen
atmosphere of the instrument at 190 nm to 260 nm. Scan speed
was 100 nmmin�1 and temperature was 30 �C. The results were
expressed as mean residual ellipticity (MRE) in deg cm2 dmol�1

which is dened as:

MRE ¼ qobs (mdeg)/10 � n � Cp � l

where qobs is the CD in millidegree, n is the number of amino
acid residues in one subunit (162 for b-lg), l is the path length of
the cell in centimeters and Cp is the molar fraction of proteins.

Spectra were recorded using Jasco Spectra Analysis tool. And
secondary structural elements were calculated from CDNN 2.1
soware.
Dynamic light scattering (DLS)

Dynamic light scattering (DLS) study is used to determine the
size of proteins, nucleic acids, and complexes or to monitor the
binding of ligands. Also, diffusion of tiny particle of nano sized
range alters the intensity of the scattered light. DLS studies are
also used to determine the presence of different molecules and
supramolecules as it is very sensitive to particle size.29 Using
© 2022 The Author(s). Published by the Royal Society of Chemistry
Zetasizer Nanos (Malvern Instrument, U.K.) equipped with
633 nm laser and using 2 mL rectangular helma cuvette of 1 cm
path length DLS Measurements were done at 20 �C taking 250
mL of samples (b-lg, heat treated b-lg, and heat treated b-lg in
presence of different coumarin compounds) in 1.75 mL 3 mM
glycine–KOH buffers of pH 7.4. The time-dependent auto
correlation function was acquired with twelve acquisitions for
each run.

Morphological study with AFM

For this experiment AFM grid slides is prepared. For grid
preparation drop casted solution of different samples (each
containing 5 mg mL�1 b-lg) in the surface of a glass slide and
then sample is spread all over the slide and then dried overnight
for the observation. AFMmicroscope image of b-lg, heat treated
b-lg and b-lg incubated at 78 �C in the presence of different
coumarin compounds were developed using VEECO DICP II
autoprobe (Model AP 0100).

Molecular docking study

The AutoDock 4.2.0 based docking studies of coumarin deriv-
atives molecule with b-lg (1BSY) were carried out. The structure
of coumarin derivatives used in docking aer minimized its
energy by DFT optimization using Gaussian 09W. Lamarckian
genetic algorithm (LGA) was utilized for molecular docking. In
this calculation, 126 � 126 � 126 grid box was used.

Conclusions

In summary, the work presents application of some coumarin
derivatives for the inhibition of b-lg aggregation. Protein
aggregation can occur due to protein–protein interaction of
a particular conformation of a protein. The synthesized
coumarin derivative can stabilize a protein conformer so that it
unable to reach the conformation essential for protein–protein
interaction. We have tested ve coumarin derivatives to prevent
the protein aggregation. The results showed that the coumarin
derivatives have inhibition ability in the order SM2 > SM4 > SM3
> SM1 > 3. In the molecule SM2, one hydrogen bond donor (OH)
and two hydrogen bond acceptor (ring O and C]O) groups are
in a row. This structural feature of the molecule may help to t
the molecule in the barrel of the protein through hydrogen
bonds. This makes SM2 the best inhibitor. We utilised UV-
visible, uorescence, and CD spectroscopy, Raleigh light scat-
tering, dynamic light scattering (DLS) and AFM techniques to
determine the order and to understand the mechanism of
inhibition of protein aggregation. Therefore, the work showed
the protein aggregation through protein–protein interactions
can be inhibited through locking of a protein at its native-like
conformation using protein–small molecule interactions.
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