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A B S T R A C T

Non-enzymatic glycation of proteins is believed to be the root cause of high dietary sugar associated patho-
physiological maladies. We investigated the structural changes in protein during progression of glycation using
ribosylated Bovine Serum Albumin (BSA). Non enzymatic attachment of about 45 ribose molecules to BSA
resulted in gradual reduction of hydrophobicity and aggregation as indicated by red-shifted tryptophan fluores-
cence, reduced ANS binding and lower anisotropy of FITC-conjugated protein. Parallely, there was a significant
decrease of alpha helicity as revealed by Circular Dichroism (CD) and Fourier transformed-Infra Red (FT-IR)
spectra. The glycated proteins assumed compact globular structures with enhanced Thioflavin-T binding resem-
bling amyloids. The gross structural transition affected by ribosylation led to enhanced thermostability as indi-
cated by melting temperature and Transmission Electron Microscopy. At a later stage of glycation, the glycated
proteins developed non-specific aggregates with increase in size and loss of amyloidogenic behaviour. A parallel
non-glycated control incubated under similar conditions indicated that amyloid formation and associated changes
were specific for ribosylation and not driven by thermal denaturation due to incubation at 37 �C. Functionality of
the glycated protein was significantly altered as probed by Isothermal Titration Calorimetry using polyphenols as
substrates. The studies demonstrated that glycation driven globular amyloids form and persist as transient in-
termediates during formation of misfolded glycated adducts. To the best of our knowledge, the present study is
the first systematic attempt to understand glycation associated changes in a protein and provides important in-
sights towards designing therapeutics for arresting dietary sugar induced amyloid formation.
1. Introduction

Dietary sugars are an inevitable part of the metabolic load of our body
since carbohydrates constitute the primary source of energy. However,
the detrimental effects associated with dietary sugars are have been
complicated in modern urban lifestyle due to consumption of high colrie
overcooked or junked food. One of the major cellular complicacies
arising out of consistent persistence of reducing sugars is posed by non-
enzymatic glycation of proteins leading to their subsequent aggrega-
tion. Protein aggregation is implicated in many detrimental conditions
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ranging from neurodegenerative diseases to degeneration of therapeuti-
cally important proteins [1, 2]. Despite protein folding and protein ag-
gregation being distinct processes, both intrinsic and extrinsic factors
govern whether a folding pathway will lead to a native structure or to
misfolded aggregate [3]. In recent years, many unnatural
post-translational modifications have been discovered which can signif-
icantly alter the native structure and function of proteins [4]. One of
these is the non-enzymatic glycation or attachment of reducing sugars to
the lysine and arginine residues and free thiols of cysteine side chains via
Schiff base formation [5]. Glycation of proteins eventualize in a complex
m (S.P. Banik).
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series of reactions known as Maillard reactions [5] which terminate in
the form of stable irreversibly misfolded adducts - the Advanced Glyca-
tion End (AGE) products [6]. Glycation has been associated with severely
altered structure and functionality of native proteins [7] including for-
mation of covalent cross-links with nearby proteins [8]. AGE formation
and accumulation has a diverse spectrum of diseases encompassing
several physiological maladies such as arteriosclerosis, renal failure,
diabetic complications and Alzheimer disease [9]. Cellular effects of
AGEs are exerted by binding to specific receptors termed RAGE (Receptor
for AGE) with subsequent initiation of downstream signaling cascade
leading ROS generation, oxidative stress and NF-κβ activation [8, 10].
More significantly, glycated proteins have been found to resemble the
behaviour of other misfolded proteins associated with amyloid deposits
such as beta-amyloid, tau, prions etc. [11, 12, 13]. Glycation has the
potential to induce unfolding and refolding of globular proteins into
cross-β structure thus automatically making it eligible as a candidate
amyloidogenic protein [14, 15]. However, contrasting reports have been
obtained thus far regarding the role of glycation in creation of amyloi-
dogenic aggregates. While many reports suggest that glycation selec-
tively makes the protein amyloidogenic [16, 17, 18], few others indicate
that glycation of amyloidogenic precursor protein inhibits fibril forma-
tion [19, 20]. Additionally, the glycatedproteins have also been reported
to be more thermostable than their native counterparts [21, 22]. In vitro
glycation of whey proteins is a well-known practice to improve its ther-
mostability for industrial applications [23].

Bovine Serum albumin (BSA), the most abundant serum protein with
versatile applications both in vivo and in vitro, has been a particularly
popular model for understanding the effects of glycation [18, 24, 25, 26,
27]. However, the majority of reports in this regard have only concen-
trated on the structural characterization of the final glycated form instead
of probing the changes that occur progressively throughout the entire
period of glycation starting from initial formation of sugar-protein adduct
to generation of the terminally misfolded Advanced Glycated End
Product. Additionally, the methodology used universally to glycate pro-
teins involves incubation of the protein with the respective sugars at 37
�C. Sustained incubation at such elevated temperatures is known to cause
structural alterations in the protein [2, 26] including formation of ag-
gregates. However, most of the studies have not systematically accounted
for the changes which occur in the control non glycated protein incu-
bated under similar conditions. The present studies report the formation
of a globular amyloid like aggregate as an intermediate in the generation
of terminally misfolded protein aggregate resulting from in vitro ribosy-
lation of BSA and characterizes its physico-chemical attributes in terms of
thermostability and substrate binding efficiency. The structural and
functional changes entailed by the protein due to glycation are also
compared with a parallel non glycated control maintained under similar
conditions.

2. Material and methodology

2.1. Chemicals

Bovine Serum Albumin (highest available purity), ANS (8-anilino-1-
naphthalenesulfonic acid), NPN (N-Phenyl-1-naphthylamine),
Thioflavin-T, FITC (fluorescein isothiocyanate)were purchased from
Sigma Chemicals. Other chemicals and reagents needed of Analytical
grade were purchased locally from SRL.

2.2. Glycation of BSA

Bovine Serum Albumin (0.15 mM) was incubated separately with 0.5
M of different sugars (glucose, galactose, fructose, ribose and mannose)
in presence of 0.05 M sodium phosphate buffer, pH 7.4 at 37 �C. Reaction
mixtures were kept in this condition for 10 days. It was kept into sterile
glass tubes in presence of 3 mM sodium azide to prevent bacterial
contamination. Aliquots were taken under sterile conditions at desired
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times and frozen at -20 �C until further assayed. The samples were then
diluted five times with 0.2 M sodium acetate buffer, pH 5 to reduce the
glycated protein and incubated at 37 �C for 2 h to release glycosylamine
adducts. In order to remove free ribose molecules, this treated protein
was then dialyzed overnight against 0.1 M sodium phosphate buffer, pH
7.4, at 4 �C. After that the dialyzed protein was reduced by adding a 50-
fold molar excess of sodium borohydride in presence of 0.1 M sodium
hydroxide. The solution was then kept at room temperature for 4 h after
which the reaction was terminated by the adding 1 N HCI slowly to
eliminate excess sodium borohydride. Finally, the samples were dialyzed
overnight at 4 �C against double distilled water [28]. Parallely, the
control incubated samples (without ribosylation) were also treated in a
similar manner and protein concentrations were measured by Bradford
assay.
2.3. Fluorescence spectroscopy

2.3.1. AGE fluorescence
The formation of Advanced Glycated End products (AGE) was

monitored by measuring the emitted fluorescence spectra of 1.5 μM
glycated BSA with excitation at 370 nm. The emission spectra were ob-
tained in the range of 390–500 nm with both excitation and emission
bandwidths at 5 nm [29]. All these measurements were performed on
Perkin-Elmer LS55 spectrofluorimeter.

2.3.2. Intrinsic tryptophan fluorescence
Steady state fluorescence was recorded with 3 μMprotein dissolved in

50 mM phosphate buffer on a Perkin-Elmer LS55 spectrofluorimeter.
Intrinsic tryptophan fluorescence spectra were carried out by exciting the
samples at 295 nm with excitation and emission slit widths set at 5 nm.
The emission spectra were recorded between 315 to 500 nm. Baseline
corrections were performed with buffer in all cases [30, 31].

2.3.3. ANS fluorescence
Steady-state fluorescence of ANS was measured on the same Perkin-

Elmer LS55 spectrofluorimeter as of intrinsic tryptophan fluorescence
measurements. ANS concentration was 0.1mM and bandwidth for exci-
tation and emission monochromators were 5 nm. Fluorescence of ANS
was measured by excitation at 360 nm with protein concentration of 0.2
μM in a 50 mM sodium phosphate buffer (pH 7.2). The emission spectra
for the samples were recorded in the range of 380 and 600 nm [32].

2.3.4. NPN fluorescence
NPN fluorescence of BSA samples was carried out on the Perkin-Elmer

LS55 spectrofluorimeter using 60 μM aqueous solution of NPN fluo-
rophore [33]. Fluorescence spectra were recorded with 1.5 μM of protein
samples in the range of 370–600 nm. The emission spectra were
measured by exciting the samples at 350 nm and bandwidths of both
excitation and emission spectra at 5 nm.
2.4. MALDI – mass spectroscopy analysis

Extents of glycation in BSA samples were obtained by Mass spec-
troscopy analysis of the samples from Bruker spectrophotometer (model:
Ultra FiexTreme). Samples were prepared in microcrystalline matrix
surfaces that were made on the probe tips of the mass spectrometer.
Protein samples were spotted by mixing the samples in a 50% aqueous
acetonitrile solution (0.6 μL) saturated with sinapinic acid and contain-
ing 0.05% TFA. Sample analysis was carried out in linear TOF mode with
550 ns delay. Further data processing and calibrations were done using
the computer program attached to the spectrophotometer [34]. The
number (N) of ribose residues conjugated with BSA molecule was
calculated from the following formula:

N ¼ (MWBSA-ribose� MWBSA)/MWRibose
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2.5. DTNB assay

The free thiol contents in BSA, incubated and glycated BSA samples
were determined using Ellman's assay [35]. 0.1mM DTNB (5,50-dithio-
bis-2-nitrobenzoic acid) or Ellman's reagent in presence of 0.1mMTris
buffer (pH 8) were mixed with different concentrations of cysteine (10
μM–100 μM) to obtain a standard curve. The samples were then incu-
bated at room temperature for 5min and the absorbancewas measured at
412 nm in Jasco V-630 spectrophotometer. The assay was carried out
with the protein samples as well and from the standard curve of cysteine,
the free thiol contents of the proteins were obtained.

2.6. FITC- BSA conjugation

BSA samples were labeled with fluorescein isothiocyanate (Sigma) in
0.1 M carbonate buffer, pH 9. The samples were kept at room tempera-
ture and in the dark for 4 h. The labelling ratio (F:P) for control and
incubated BSA were 1:1 and for ribosylated BSA it was 0.5:1. Then the
solutions were dialyzed four times in dark at 4 �C against 0.01 M phos-
phate buffered saline (PBS), pH 7.4 in order to remove any unbound
FITC. The F:P ratio range was selected depending on the sensitivity and
photophysics of the dye conjugated to the protein [36].

2.7. Fluorescence anisotropy

Fluorescence anisotropy decays of FITC conjugated BSA samples were
recorded in a Varian-Cary-UV Eclipse spectrofluorimeter at 25 �C [37].
Polarized decays were collected at the vertical (IVV) and horizontal (IVH)
positions of the emission polarizer. The samples were excited at 490 nm
and the bandwidth for excitation and emission monochromator were set
at 5 nm. The emission intensities were measured at 522 nm. Fluorescence
spectra were corrected for the emission of the control solution containing
buffer. Both decays were collected in the same conditions and for the
same amount of time. A high number of counts were essential to increase
the signal-to-noise ratio for anisotropy decays. G represents a correction
factor for the sensitivity of the optics to light with different polarizations.
The G factor was determined using the instruments software for the
samples in the absence of protein, for which the rotational correlation
time was short and the anisotropy decayed to zero within the time scale
for the measurement. This procedure is necessary since small changes in
the G factor can bring about changes in the baseline for the anisotropy of
the samples. Then the G factor determined in the absence of protein was
used for anisotropy decays in the presence of the proteins.

2.8. DLS

Dynamic light scattering measurements were performed with BSA in
the concentration of 0.1 mg/ml [38]. The concentration range was
selected according to the response and sensitivity of the instrument. Data
were obtained in a Nano zeta-sizer (Malvern Instruments) and a Beckman
Coultier DLS instrument at a fixed 90ο scattering angle using Nd-doped
solid state laser of 632.5 nm with 100 s of integration time; the in-
tensity correlation function was obtained by acquiring data between 5
and 1,000 ms, in 200 channels.

2.9. Native gel electrophoresis

Native-polyacrylamide gel electrophoresis (7%) under reducing
condition was carried out according to themethods described earlier [39,
40]. The protein samples (10 μg) were incubated at different tempera-
tures between 25 �C and 85 �C for 1 h and subsequently were dissolved in
the sample buffer. The gel was run at 20 mA till the tracking dye reached
its lower edge. Thereafter, it was immediately subjected to silver staining
using ProteoSilverTM silver stain kit (Sigma) according to the manu-
facturer's instructions.
3

2.10. Circular Dichroism

Circular dichroic (CD) spectra of different preparations of BSA (1.5
μM) in the far-UV wavelength range (190–250 nm) were recorded at 25
�C on a JASCO J-720 spectropolarimeter (calibrated with d-10-cam-
phorsulfonic acid) using a cylindrical quartz cuvette of path length 1 mm.
The following scan parameters were used: 1 nm bandwidth, 2 s response
time, 0.1 nm step resolution and 20 nm/min scan speed [40, 41, 42].
Each spectrum had an average of four continuous scans. The final spectra
were acquired by subtracting blank runs on appropriate protein-free
buffer (10 mM-phosphate buffer, pH 7.0) and subjected to a moderate
degree of noise-reduction analysis. Alpha helix content was obtained
using the formula:

% α-helix ¼ ((MRE222nm – 2340) / 30300) x 100

Where, Mean Residual Ellipticity (MRE) ¼ MRE222 ¼ θobs(mdeg)/
(10*n*c*l), n ¼ number of peptide bonds, c ¼ concentration of the
sample in M, l ¼ pathlength ¼ 0.1 cm.
2.11. FT-IR analysis

Fourier Transform-Infra Red (FT-IR) spectra of BSA samples were
recorded on a Perkin-Elmer FTIR instrument. The samples were prepared
by grinding 1 mg of the protein sample with 100 mg of KBr together
previously kept in dessicator [43, 44, 45]. After mixing properly pellets
were made by pressing the samples at 10 tons for 1 min. The spectral data
were obtained within the range of 4000 cm�1 - 450 cm�1 with a spectral
resolution of 1 cm�1. The spectrum of the background was recorded
initially and it was further subtracted from the spectra of samples.
2.12. Melting point analysis from spectral studies

Melting points of glycated and incubated BSA were acquired from
absorption measurements of the samples [46]. In brief, absorbance (280
nm) of BSA samples (7.5 μM aliquots) were taken corresponding to the
temperature range of 25–90 �C in a Jasco V-630 spectrophotometer fitted
with a peltier. Baseline corrections for each sample were performed with
buffer in absence of the protein.
2.13. Thioflavin T binding

A ThT stock solution was prepared by dissolving 2.5 mM Thioflavin T
(Sigma) in phosphate buffer (10 mM phosphate, 150 mM NaCl, pH 7.0)
and then filtering it through a 0.2 μm syringe filter [47]. The working
solution was generated by diluting the stock solution 50 fold in the phos-
phate buffer on the day of analysis. BSA samples at concentration of 1.5 μM
were mixed with the working solution and were allowed to bind the ThT
for 1min. The fluorescence intensities of the samples were measured on
Perkin-Elmer LS55 spectrofluorimeter by excitation at 440 nm (slit width 5
nm) and emission 482 nm (slit width 10 nm) at medium speed.
2.14. Transmission Electron Microscopy (TEM)

TEM was carried out as reported earlier [48], with few modifications.
Briefly, twenty five square mesh copper grids with continuous carbon
film (Electron Microscopy Sciences) were taken to incubate the samples.
10 μL of each BSA samples (control BSA, non-glycated and glycated BSA)
were applied onto the grids and allowed to dry in air before analysis.
Glycated and non-glycated BSA samples were kept at 60 �C for 1hour
before applying onto the grids. TEM images were collected using
JEOL-JEM 2100 (Japan) electron microscope operated at 200 kV and size
of the proteins were acquired using the associated software.
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2.15. Isothermal titration calorimetric measurements (ITC)

The isothermal titration calorimetric experiments were performed on
a VP-ITC titration microcalorimeter (MicroCal Inc., Northampton, MA).
Protein and ligand concentrations were adjusted at 12 μM and 250 μM,
respectively, to maintain a high ligand:protein ratio. After that multiple
injections of 60 μl each from curcumin and resveratrol (250 μM) were
made into the sample cell maintaining the temperature of the system at
25 �C. The principle method of ITC necessitates presence of 30–40 times
ligand concentration from that of protein [49]. To correct the heat effect
due to mixing and dilution, control experiments were performed in
which ligands were injected into the buffer solution without BSA.

2.16. Statistical analyses

Standard deviations in all fluorescence measurements and DLS were
performed with instrument associated software. Statistical analyses of
ITC data was carried out in Origin ver 9.0.

3. Results and discussion

3.1. Monitoring the formation of AGE through characteristic fluorescence
emission

In order to generate a working model of glycated protein, in vitro
glycation of Bovine Serum Albumin was carried out individually with the
monosaccharides, ribose, glucose and fructose, galactose and mannose.
The reaction was monitored by the characteristic fluorescence emission
of Advanced Glycation End product at around 440 nm. AGE fluorescence
was highest with ribose followed by fructose whereas no significant in-
crease in fluorescence was noted for BSA glycated with the other sugars
(Figure 1A). It may be mentioned here that although glucose is the most
commonly encountered sugar in the intracellular milieu, it needs a
significantly long time to glycate serum albumins [50, 51]. Since the
secondary structure of the protein was abolished almost completely
beyond twelve days of sustained incubation at 37 �C (as elaborated later),
ribose was selected for generation of a glycated BSA model. Advance-
ment of glycation was followed by observing daywise fluorescence of the
samples. Fluorescence intensity was highest on the 8th day of incubation
(Figure 1B). It decreased subsequently with a significant red shift in
emission indicating that the AGE fluorescence was shifted to a more polar
environment due to a gross structural transition of the protein
(Figure 1C). This was investigated at a later part of the studies.

3.2. BSA gets optimally ribosylated within 10 days of glycation reaction

Extent of glycation of the 10th day ribosylated sample was measured
quantitatively using MALDI-MS (Figure 2) after a round of purification
though HPGPLC to separate any glycated peptide from the commercial
protein preparation (data not shown). Number of ribose residues
Figure 1. Fluorescence spectrum of Advanced Glycated End Product A) AGE form
formation in ribosylated BSA. Error bars represent the deviations observed in triplica
BSA (with 0.5 M ribose) in 0.05 M sodium phosphate buffer, pH 7.4 at 37 �C.
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attached was ascertained at different time intervals during the course of
glycation. Molecular weight of 4th day sample was found to be 67.45 kD
corresponding to attachment of about 5 sugar residues (Figure 2B).
Maximum number of ribose residues was attached within 10 days as the
molecular weight of the protein increased to 75.08 kD indicating
attachment of as many as 56 sugar molecules (Figure 2C). During the
later stages of glycation, molecular weight of BSA was found to be about
73.373 kD corresponding to about 45 molecules of ribose (Figure 2D).
This can be attributable to partial degradation of the protein or loss of
attached sugar or both occurring simultaneously under prolonged ther-
mal incubation. The 10th day glycated protein model was used for some
of the subsequent studies such as morphology investigation by TEM,
temperature dependence of amyloid formation, FT-IR spectroscopy and
evaluation of substrate binding capability by ITC. Since the in vitro gly-
cation was performed by incubating the protein at 37 �C, a parallel
control without the sugar was maintained in every case to account for the
temperature induced structural changes which might have occurred in
the protein.

3.3. Glycation delays thermal aggregation of BSA

Bovine Serum Albumin is a naturally aggregation prone protein [52,
53] where intermolecular disulphide bonds are generally held respon-
sible for mediating the aggregation [54]. Although BSA is not naturally
amyloidogenic, intermolecular aggregation of BSA is implicated in for-
mation of irreversible amyloid fibrils in the protein [55, 56]. Free thiol
content in purified 8th day glycated protein decreased to more than 50%
from 18.96 mM to 8.96 mM. However, the same was also noted in a
parallel control where the protein was incubated at 37 �C without the
sugar. Therefore it was evident that the decrease in number of free thiols
(indicating disulphide mediated cross-linking of protein sub-units) was
attributable to prolonged incubation at higher temperature and not due
to glycation.

Apart from involvement of disulfide bonds, natural aggregation also
occurs due to exposed hydrophobic interfaces [57, 58]. This is of
commonplace occurrence for non-aggregation prone proteins due to so-
lution induced deviation from native structure [59]. ANS is an extrinsic
fluorophore known to bind to hydrophobic surfaces of proteins [60],
where binding is mostly mediated by cataionic groups in protein side
chains [61]. Therefore, it is widely used for probing the extent of
accessible hydrophobic surface of a protein during its thermal unfolding.
ANS binding at different stages of glycation was monitored and the
resultant effect on aggregation was studied using a combination of Dy-
namic Light Scattering and Fluorescence Anisotropy. ANS fluorescence
was reduced significantly in glycated samples on the 5th day of incuba-
tion and remained more or less constant thereafter till the 12th day
(Figures 3A and 3B). Thereafter, it increased steeply again indicating
conversion into a molten globule and hydrophobicity driven aggregation.
In contrast, fluorescence from the incubated (control) protein samples
was strikingly higher throughout the entire period indicating thermal
ation with different sugar-protein adducts on 10th day B) Progression of AGE
te data sets C) Corresponding fluorescence spectra of B acquired with 0.15 mM



Figure 2. MALDI Spectra of glycated protein A) Control Non-glycated BSA B) BSA glycated with ribose for 4 days C) BSA glycated with ribose for 10 days D) BSA
glycated with ribose for 15 days.
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denaturation of BSA due to prolonged incubation at 37 �C. Since glyca-
tion reaction consumes most of the free amino groups of protein side
chains [62], ANS binding was also possibly reduced due to
non-availability of free lysine and arginine groups.
Figure 3. A) ANS binding profile of ribosylated and incubated proteins during progre
sets B) Corresponding fluorescence spectra of A; the trend reveals reduced ANS bind
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1-N-Phenylnaphthylamine (NPN) is another fluorescent dye known to
bind to hydrophobic patches in proteins [63]. Binding of NPN to glycated
BSA was also significantly lesser than the control protein (Figure 4A and
4B). Therefore, it was plausible that glycation imparted thermostability
ssion of glycation. Error bars represent the deviations observed in triplicate data
ing between the period of 5–12 days.
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to the protein during sustained incubation above ambient temperature.
Increase or decrease in hydrophobicity has a direct bearing on the ag-
gregation status of the protein [64]. BSA being an intrinsically
self-association prone protein, it was imperative to investigate the effect
on glycation on aggregation of the protein. Dynamic light scattering data
(Table 1, Figure 5) of the control non-incubated protein gave three
different peaks of the native protein at around 258 nm, 76 nm and 12 nm
justifying its spontaneous aggregation. The glycated protein showed
initial increase in hydrodynamic radius from 11.6 nm to 14.6 nm which
was probably attributable to the increased solvent hydration shell around
the protein. Accordingly, the diameters of the other two species were also
increased to 90 nm and 370 nm respectively. However, the correspond-
ing incubated protein revealed only two peaks. This can be probably
attributable to the fact that the protein due to sustained incubation at an
elevated temperature somewhat lost its natural ability to associate into a
plethora of multimeric entities. In case of the glycated protein, three
peaks were visible till the sixth day of incubation and thereafter the
structural changes inflicted resulted in only one discernible peak on the
12th day. However, the average size of the entities in glycated proteins
became significantly smaller than the incubated proteins after 6 days of
incubation. This was at the same time indicative of formation of struc-
tured entity in the glycated sample and also was in unison to our
assumption that prolonged incubation at elevated temperature brought
about thermal aggregation of non-resulting into bigger entities. The ag-
gregation propensity was further verified using anisotropy of FITC con-
jugated BSA and native PAGE. Through the entire period of incubation,
the ribosylated BSA-FITC conjugates had significantly lower anisotropy
values as compared to their non glycated counterparts incubated under
same conditions (Table 2). This was again testimonial to the fact that
ribosylation offered protection to the protein from thermal denaturation
and resultant aggregation. The proteins were subsequently subjected to
progressively higher temperatures (25 �C–85 �C) for 1 h and their
migration patterns were analyzed by Native PAGE (Figure 6). The
unincubated control protein was seen to form higher MW aggregates at
higher temperatures (Figure 6A). In contrast, the positions of the bands
for the glycated samples were more or less constant (Figure 6B). The
incubated protein did not present any conclusive picture since most of
the bands were rendered smeary due to thermal denaturation
(Figure 6C). This was again an added testimonial to the integrity of the
glycated protein in spite of being kept at elevated temperature (37 �C) for
more than a week.

There have been contrasting reports regarding the effect of glycation
on aggregation of the protein. While several studies have shown that
glycation leads to aggregation of the protein [65, 66], it was found to
inhibit/slow down aggregation and resultant plaque formation in most of
the amyloidogenic proteins [19]. In the present studies, it was clearly
Figure 4. A) NPN Binding spectra of ribosylated and incubated proteins during progr
sets B) Corresponding fluorescence spectra of A; the trend shows reduced NPN bind
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shown that prolonged incubation at 37 �C brought about thermal ag-
gregation of BSA mediated by increased contact of hydrophobic in-
terfaces. Glycation delayed this thermal aggregation but promoted
formation of globular amyloid aggregates (as studied later). Therefore, it
was apparent that aggregation caused by thermal denaturation and gly-
cation were mechanistically different from each other. Probably, it is
safer to state that glycation induced aggregation is specific and depen-
dent on both the nature of the protein molecules as well as the sugar
attached.

3.4. Glycation causes gross structural alteration of BSA

Since there was a marked change in aggregation propensity of the
native protein after ribosylation, a corresponding structural change was
also imperative. BSA has two tryptophan residues at positions 134 and
212 respectively [67]. Trp-134 is fully solvent accessible being local-
ized in the second helix of the first domain whereas Trp-212 is local-
ized in a hydrophobic pocket of domain II. Therefore, BSA is an ideal
model for probing structural transition due to polarity changes [30, 68,
69]. Especially, Trp-134 fluorescence is widely used to gain pre-
liminary idea about the helix integrity of the protein [70]. There was a
drastic decrease in fluorescence of ribosylated proteins together with a
red shift of about 55 nm (Figure 7). However, for the control incubated
protein samples, a higher fluorescence was observed without any sig-
nificant change in emission maxima. The observations were in unison
with our hypothesis that following ribosylation there was a gross in-
crease in polarity around the tryptophan microenvironment due to
partial denaturation of the glycated protein which accounted for the
red shift. In case of the incubated proteins, there was only a slight red
shift which was indicative of a perturbation in structural integrity of
the protein. Additionally, there was a marked decrease in fluorescence
intensity of the ribosylated protein from 8th to 11th day of incubation
and it again increased on the 12th day. This could be accounted for by
the fact that due to formation of a compact aggregate of ribosylated
BSA, tryptophan fluorescence was quenched due to close proximity
with peptide bonds [71].

Since there was a gross indication in disruption of the helical struc-
ture of the protein from intrinsic tryptophan fluorescence, the structural
changes following glycation were further investigated with CD and FT-IR
spectroscopy (Figure 8A and Figure 8B). Alpha helicity decreased grad-
ually in ribosylated sample by more than 7% on the 8th day of incubation
(Table 3). However, the loss in helical structure was more drastic till the
10th day of incubation for the control incubated sample without glyca-
tion. This was again consistent with our observation that glycation pro-
vided resistance again thermal denaturation of the protein. However at
later stages (beyond 12 days), the structure of the glycated protein
ession of glycation. Error bars represent the deviations observed in triplicate data
ing indicating suppression of hydrophobicity between 8 to 12 days period.



Table 1. Size distribution of ribosylated and incubated proteins during different times of glycation.

Sample Hydrodynamic radius (d.nm) Polydispersity index (P.I)

BSA 258.6 � 27.88
11.63 � 0.9924
76.09 � 7.286

1

Incubated Day4 72.99 � 5.361
4.157 � 0.1266

1

Day6 264.1 � 26.81
9.373 � 0.6883

0.986

Day8 915.2 � 161.1
1.002 � 0.114

1

Day10 271.6 � 19.83
8.966 � 0.5268

1

Day12 385.1 � 43.02
89.85 � 7.137

1

Glycated Day4 360.7 � 59.3
14.67 � 1.186

0.726

Day6 376.3 � 52.06
89.95 � 9.508
13.86 � 1.037

1

Day8 393.3 � 66.93
117.2 � 15.18

0.858

Day10 218.7 � 29.19
21.4 � 1.037

0.870

Day12 135 � 9.236 1

Protein samples at a concentration of 0.1 mg/ml in 0.05 M phosphate buffer with 0.05 M Nacl were used for the studies.

Figure 5. Size distribution of glycated (G–K) and incubated (B–F) BSA (0.1 mg/ml) A) BSA B) 4th day incubated BSA C) 6th day incubated BSA D)8th day incubated
BSA E) 10th day incubated BSA F) 12th day incubated BSA G)4th day glycated BSA H) 6th day glycated BSA I) 8th day glycated BSA J)10th day glycated BSA G) 12th
day glycated BSA.
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collapsed completely. In order to further warrant the observations, FT-IR
spectra of lyophilized protein samples (10th day) were obtained. Along-
side CD, FT-IR is also a powerful tool to investigate the changes in sec-
ondary structure of proteins by through the study of amide bands [72].
The Amide I band (between 1600 and 1700 cm�1) is mainly associated
7

with the peptide backbone C¼O stretching vibration. The Amide II (be-
tween 1510 and 1580 cm�1) region is more complex arising out of
in-plane N–H bending and C–N and C–C stretching vibrations
(1700�1600 cm�1). Second derivative spectra of the protein revealed
that the 1547 cm�1 amide II band was almost non-existent in the glycated



Table 2. Anisotropy values of glycated BSA incubated for different days along with their respective incubated BSA.

Sample R - value G - factor

BSA 0.126 � 0.008 1

Incubated Day4 0.132 � 0.007 1

Day6 0.124 � 0.01 1

Day8 0.108 � 0.009 1

Day10 0.062 � 0.007 1

Day12 0.093 � 0.007 1

Glycated Day4 0.062 � 0.005 1

Day6 0.064 � 0.005 1

Day8 0.059 � 0.006 1

Day10 0.065 � 0.0048 1

Day12 0.062 � 0.0053 1

Experiments were performed thrice and mean R values have been reported.

Figure 6. Native PAGE analysis of A) control, B) glycated and C) incubated proteins (10 μg each) after incubation at increasing temperatures. In each case lanes have
been labelled with the respective temperature of incubation.

Figure 7. Intrinsic tryptophan fluorescence of glycated proteins in comparison
to incubated protein samples during the period of progression of glycation.
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sample which was indicative of substantial loss of alpha helicity of
protein.

3.5. Ribosylation imparts thermal stability

It was predicted from structural analysis that the glycated protein was
more thermostable than its native counterpart. Melting points of the
glycated and incubated protein samples were calculated from
8

temperature dependent UV absorbance data at three different phases a)
initial stage (4th-6th day), intermediate stage (8-12th day) and late stage
(13th to 15th day) (Figure 9) to evaluate the thermal stability during the
progression of glycation. Tm of incubated and glycated proteins from the
6th day sample (representative of the initial stage) were the same (72.5
�C) and similar to that of the control unincubated protein. However, in
case of the 10th day sample (representative of the intermediate stage), it
was raised by about 5 �C indicating enhanced thermostability of the
glycated protein. At the same time point, Tm of the incubated protein was
grossly unaltered. Thermostability of both glycated and incubated sam-
ples decreased drastically during the final stages of glycation as assessed
from the 14th day sample. The data was in accordance with those ac-
quired from assessment of hydrophobicity and CD spectrum and indi-
cated that thermostability of the protein was visible only during the
intermediate stage (day 8–12) and was lost subsequently during subse-
quent advanced stages of glycation.

The effect of thermal denaturation on the glycated protein was also
examined by TEM imaging after incubation at 60 �C for one hour
(Figure 10). Globular morphology of glycated protein was found to be
preserved in-spite of the severe heat treatment (Figure 10B), however, it
was significantly more aggregated as compared the control non-
incubated protein (Figure 10A). The non-glycated protein treated
under similar conditions was grossly denatured and converted into a
structureless entity (Figure 10C).
3.6. Globular amyloid formation in BSA occurs due to glycation and does
not owe to thermal aggregation

There has been several reports of Advanced Glycated End Products
developing into amyloid like aggregates [16, 73] suggesting a direct link
between type 2 diabetes and neurodegenerative disorders [74].



Figure 8. A) CD spectra of ribosylated and incubated sample showing substantial loss of alpha helicity (retention of alpha helicity greater in ribosylated protein as
compared to incubated protein) B) FT-IR spectra (of lyophilized protein samples) showing loss of alpha helicity as indicated by reduced 1547 cm�1 amide II band.

Table 3. Alpha helix contents of glycated and incubated BSA samples during progression of glycation.

Period of glycation (in day) Glycated BSA Incubated BSA

4 53.39 52.77

6 51.95 49.61

8 46.69 42.59

10 36.308 34.49

14 20.43 28.41

Control BSA 49.67

Alpha helicity was determined from the average of mean residual ellipticity values from three independent experiment sets.

Figure 9. Absorbance based melting temperatures of different protein samples
during initial (6 days), intermediate (10 days) and late stages (14 days) of
glycation. Error bar represent the deviation from five individual data sets.
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However, understanding the structural basis of this correlation has not
been simple. Glycation has been found to both promote [17] and inhibit
[19] amyloid fibril formation. Moreover, the amyloid like aggregates
generated from non-amyloidogenic proteins like serum albumin have
been either shown to be transformed into β-fibrils hallmark of classical
amyloid plaques [11, 75] or retain their globular structure showing
amyloid specific histochemistry [18] depending upon the nature of the
attached sugar. In addition, thermal aggregation of serum albumin had
9

also been shown to induce amyloid formation [76]. We subjected the
ribosylated proteins obtained at different times of glycation to Thioflavin
T binding analyses. Thio-T fluorescence was found to increase signifi-
cantly from 9th day of incubation and was highest on the 12th day of
glycation (Figure 11A and 11B). Subsequently, the fluorescence
decreased gradually. This was testimonial to the fact that amyloid like
behaviour of the protein was present only during the intermediate stages
of glycation and wasn't necessarily a hallmark of the Advanced Glycation
End Product arising out of the protein-ribose adduct. Heat induced
fibrillation, as observed for the control non-glycated sample was also
present during the initial stages of glycation (till 6th day) which then
decreased to a basal level. This indicated that Thio-T binding property of
the protein occurred distinctly for a) thermal aggregation, and b) for
glycation. In order to further confirm the fact that ribosylation induced
amyloidogenic property of the protein was independent of thermal
fibrillation, an additional temperature dependent binding profile of
Thio-T was carried out (Figure 12) with the 10th day ribosylated protein.
Fluorescence intensity was highest at 35 �C and decreased gradually for
higher temperatures. The incubated and unincubated controls subjected
to similar conditions gave no noticeable Thioflavin T binding. This
confirmed our hypothesis that Thio-T binding was specific for ribosyla-
tion and amyloidogenic transition of the protein simply could not be
induced instantaneously by subjecting the protein to higher tempera-
tures. Thermal aggregation can only be accounted for such structural
transitions if the protein is subjected to elevated temperatures for much
longer time periods. The glycated protein aggregates, inspite of showing
Thio-T binding didn't reveal formation of classical fibrillar structure in
TEM and retained their globular structures. Accordingly, they also didn't
respond to the Congo red birefringence assay, another hallmark of the
amyloid fibrils. Therefore, the amyloids arising out of glycation were
non-classical globular in nature as has also been observed earlier for
ribosylated proteins [18]. Deposition of non-canonical globular amyloid



Figure 10. TEM imaging of glycated and incubated BSA (10th day) acquired after subjecting to thermal incubation at 60 �C for one hour. A) Control non-incubated
protein B) Glycated protein C) Non-glycated but incubated protein. Scale bar represents 200 nm in figures 9A and 9B and 100 nm in 9C.

Figure 11. A) Thioflavin T binding profiles of glycated vs incubated proteins during the entire period of glycation. Error bars represent the deviations observed in
triplicate data sets B) Corresponding fluorescence spectra of A; the data shows amyloid like formation between 9th and 12th days.

Figure 12. Thioflavin T binding to 10th day ribosylated BSA at different tem-
peratures indicates that amyloid like formation is specific for the glycated
protein and is not thermally induced.
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aggregates showing classical histochemistry like Thioflavin-T binding or
Congo red birefringence have also been reported for other pathophysi-
ological conditions [77, 78]. Therefore, amyloid formation is often more
ubiquitous and versatile than is believed and drawing a structural
consequence arising out of glycationis evidence based and cannot be
generalized.
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3.7. Glycation causes significant change in affinity of BSA towards various
substrates

Residual substrate binding ability of BSA after ribosylation was
checked with two standard polyphenols which are physiological sub-
strates of the protein, curcumin and resveratrol. BSA has got a single
binding site for curcumin [79] and two sites for resveratrol [80]. The
observed titration curve (Figure 13 A-F) with a single binding site of
curcumin indicated an enthalpy driven moderately strong binding of the
substrate largely mediated by non-covalent interactions [81]. The
Wiseman parameter “c” of 1.836 was a testimonial of this strong binding
[82] (Table 4). However, the substrate binding was completely abolished
for the 10th day glycated sample with an almost 100 fold decrease in
binding constant. Consequently, the Wiseman parameter was decreased
drastically to 0.027. It seemed that this drastic fall in activity of the native
protein owed more to thermal denaturation since the non-glycated con-
trol protein subjected to incubation under similar conditions underwent
even more drastic effects with binding constant being decreased more
than 105 fold. Binding of resveratrol was also found to be exothermic and
enthalpy driven in nature. However, completely dissimilar trends were
noted, however, for the other substrate resveratrol having two known
binding sites in BSA. For the first site, binding constant increased from
1.11 � 105to 1.56 � 105 mol�1. However, for the second site, resveratrol
bound with greater affinity to control BSA than the glycated counterpart
as binding constant declined from 9.28 � 103 to 2.78 � 105 mol�1. The
fate of the incubated protein without glycation was an intermediate one
as its binding affinity with respect to the first site was not improved as
significantly as for the glycated protein but it suffered a lesser decline in
affinity with its substrate as compared to the first site. In all cases, where



Figure 13. Assessment of residual substrate binding capability of control (A,D), incubated (B,E) and glycated (C,F) BSA against curcumin (A,B,C) and resveratrol
(D,E,F) by Isothermal Titration Calorimetry.

Table 4. Evaluation of residual ligand binding capability of glycated BSA against resveratrol and curcumin.

Ligand Sample Number of
binding
sites (n)

Binding constant (kd)
(mol�1)

Wiseman parameter(c)
(binding constant x
receptor concentration)

Free energy
change (ΔG)
(KJmol�1)

Entropy change
(ΔS)
(Kcal/mol/deg)

Enthalpy
change (ΔH)
(Kcal/mol)

Curcumin BSA 1 1.53 � 105 � 1.77 � 104 1.836 -6.72 -0.86 -2.64 � 102 � 22.21

Incubated BSA 1 5.33 � 180 0.639 � 10�4 — — —

Glycated BSA 1 2.28 � 103 � 245 0.027 — — —

Resveratrol BSA 2 1.11 � 105 � 1.2 � 104

9.28 � 103 � 7.7 � 102
1.332
0.11136

-6.874
-5.556

-0.087
-0.128

-32.8 � 1.65
-43.7 � 6.82

Incubated BSA 2 1.36 � 105 � 3.8 � 103
2.91 � 104 � 5.8 � 102

1.632
0.349

-7.055
-6.198

-0.0874
-0.449

-33.1 � 0.414
-1.4 � 102 � 1.67

Glycated BSA 2 1.56 � 105 � 1.2 � 104
2.78 � 103 � 1.8 � 102

1.872
0.033

-58.88
—

-2.44
—

-7.86 � 102 � 22.5
—
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the Wiseman parameter was evaluated to be much lesser than 1, the
corresponding thermodynamic parameters of binding were not evaluated
since those cases represented very poor ligand-protein interaction. It was
evident that the gross structural transition entailed due to glycation
brought about significant loss in functionality of the protein. In fact, this
also explains the widespread toxicity caused by glycation induced
changes in cellular proteome [83]. In addition to inducing structural
perturbation, glycation can also interfere directly by denying physical
access of the ligands to their respective binding pockets in the protein.
However, this cannot be warranted without actual knowledge of the
11
location of lysine and arginine residues which have been modified by
glycation.

4. Conclusion

Glycation of proteins and other macromolecules occurs as inevitable
consequence of carbohydrate based regimen of our diet. Slow accumu-
lation and attachment of sugar residues to proteins gradually bring about
a structural transition in them which eventualize into terminally mis-
folded aggregates termed as Advanced Glycation End Products. The role
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of glycation in amyloid formation is well documented and many studies
have reported thus far that glycation may accelerate or inhibit formation
of amyloid plaques. Based upon the reports obtained thus far, glycation
has been mostly associated with non-canonical amyloidogenic aggre-
gates from non amyloidogenic proteins without the formation of classical
cross β fibrillar structure. We have shown in this study that dietary sugar
induced glycation and amyloid formation is not a generic property of the
ribosylated BSA; rather it occurs transiently during a specific phase of
progression of glycation, which finally eventualize into irreversibly
misfolded aggregate termed as Advanced Glycation End Product. We
have also shown that these globular amyloids possess enhanced ther-
mostability, have minimal solvent accessible hydrophobic interface and
therefore not prone to hydrophobic aggregation. In addition, we have
been able to dissect the amyloidogenic behavior arising out of glycation
from that caused by sheer thermal aggregation of proteins. The obser-
vation of enhanced thermostability of amyloids although doesn't come as
a surprise because of stubborn recalcitrant nature of amyloid plaques or
fibrils formed intracellularly. However, these globular amyloids do raise
an important issue, are these clearable by the RAGE axis eventually? AGE
molecules are recognized chiefly by their ability to bind to specific re-
ceptors on the surfaces of predatory immune cells such as macrophages
and initiate a plethora of cellular defense mechanisms such as release of
inflammatory cytokines and elicitation of oxidative stress response [8,
10]. Probably, the AGE-RAGE pathway has evolved as a defense mech-
anism to sequester these toxic protein aggregates from the cellular
microenvironment, because presence of these aggregates can mediate
aggregation and malfunctioning of other cellular proteins. However,
whether the intermediates of glycation pathway can also bind to RAGE
and initiate downstream signaling is yet to be deciphered. Under the
circumstances, the present studies are believed to provide significant
insights to predict glycation associated malfunctioning of cellular and
extracellular proteins and design therapeutics to arrest the trans-
formation of the Schiff base adducts to obnoxious amyloids and AGE
molecules.
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