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A B S T R A C T

Reactive dicarbonyl species such as methylglyoxal (MGO) and glyoxal (GO) have recently received extensive
attention due to their high reactivity and ability to modify biological substances such as proteins, phospholipids,
and DNA. In case of proteins these reactive species mainly react with lysine and arginine residues to form AGEs,
oxidative products, and aggregates. Chickpea cystatin (CPC) was incubated with varying concentrations of
glyoxal and methylglyoxal which caused, along with altered secondary and tertiary structures, glycation,
functional inactivation, altered redox state, cross-linking and high-molecular-mass aggregation. All these pro-
cesses were examined and characterized by UV-Vis, fluorescence, and CD spectroscopies. Further character-
ization of CPC modified by reactive dicarbonyls was done by polyacrylamide gel electrophoresis which also
showed alterations in the CPC molecules. Thus, in addition to describing the effects of GO and MGO on structure,
conformation and function of CPC, this study also shows the relatively superior modifying effect of methyl-
glyoxal for CPC in terms of glycation, oxidation and aggregation. This model system could shed some more light
on the role of the reactive dicarbonyls in the specific alterations of proteins with different biological con-
sequences having implications to ageing and disease such as diabetes.

1. Introduction

There is overwhelming evidence for involvement of reactive oxygen
species (ROS) in a number of pathophysiological conditions such as
diabetes, cancer, and aging but the studies linking reactive dicarbonyl
species (RDS) to these conditions are limited [1,2]. RDS, such as MGO
and GO are produced by degradation of monosaccharides, degradation
of lipid peroxidation products, early protein glycation adducts, and as a
byproduct of glycolysis. The reported estimates of the concentrations of
methylglyoxal and glyoxal in human blood plasma are in the range
100–120 nM [3,4] and cellular concentrations of methylglyoxal and
glyoxal are reported to be in the range of 1–5 μM, and 0.1–1 μM, re-
spectively [5]. RDS, sometimes also being referred to as reactive acyclic
α-oxoaldehyde metabolites or simply α-oxoaldehydes, irreversibly
modify proteins under physiological conditions in which the reactions
proceed even at their physiological concentrations [6] and form fluor-
escent products, characteristics of which resemble those with occurring
in proteins in aging and diabetes [7]. These RDS also are reported to

modify histones which results in cross-linking of proteins and induces
ROS-dependent cleavage of plasmid DNA [8]. The proteasome de-
gradation of RDS products is not complete and remnants may accu-
mulate and cause epigenetic changes as well as further DNA and protein
damage [9].

GO and MGO are potent glycating agents and interact with the side
chains of many amino acids especially lysine, arginine and even cy-
steine too. Glycation of proteins is a complex series of parallel and se-
quential reactions collectively called the Maillard reaction. It occurs in
all tissues and body fluids. Early stage reactions in glycation of protein
by glucose lead to the formation of reversible fructosyl-lysine (FL) and
N-terminal amino acid residue-derived fructosamines, sometimes also
called as Amadori products. Later stage reactions form irreversible end-
stage adducts called advanced glycation endproducts (AGEs) [10]. FL
degrades slowly to form AGEs - and also glyoxal and methylglyoxal
[11]. In contrast, GO and MGO react with proteins to form AGE residues
directly and relatively rapidly. These chemically stable AGEs are
formed on extracellular long-lived proteins such as skin collagen as well
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as cellular and short-lived extracellular proteins. Protein glycation is an
important physiological phenomenon and is under intensive in-
vestigation. Particularly damaging effects are produced by covalent
crosslinking of proteins which confers resistance to proteolysis [12].
This crosslinking of proteins may further lead to amyloid type ag-
gregation and thus giving rise to more disease complications. Protein
modification is also damaging when amino acid residues such as argi-
nine, lysine, cysteine etc., are located in sites of protein-protein inter-
action, enzyme-substrate interaction and protein-DNA interaction (for
transcription factors). A bioinformatics analysis of receptor binding
domains indicated that arginine residues have the highest probability
(19.6%) of being located at such sites [13]. The major modification of
proteins by GO and MGO is on arginine residues. Formation of hydro-
imidazolones causes structural distortion, loss of side chain charge and
functional impairment [14]. Furthermore, it is also reported that gly-
cation and oxidation are strictly interconnected [15], in fact a syner-
gism has been postulated and a new term, glycoxidation, has already
been coined for the same [16].

In continuation of the study of protein modification by these RDS,
the present communication describes the detailed and comparative
account of CPC modification by MGO and GO with respect to glycation,
oxidation and aggregation besides structure, conformation and func-
tion, to correlate it with ageing and diseased conditions. The study may
fill the lacuna that exists currently with regard to implicating RDS led
protein alterations in pathogenic complications. Cystatins are a super-
family of cysteine proteinase inhibitors that constitute a powerful reg-
ulatory system for endogenous cysteine proteinases, which may other-
wise cause uncontrolled proteolysis and tissue damage. A cysteine
proteinase inhibitor (CPC) was isolated from chickpea seeds by the
method described earlier [17], and used as a model protein to study the
comparative effects of two RDS namely MGO and GO on various
parameters of the purified inhibitor. It was envisaged that this model
system through a systematic study will be useful to understand the role
of these reactive species mediated protein modifications in ageing and
disease. We have for the first time studied a cystatin for its modification
in the presence of two highly reactive physiological metabolites with
respect not only to the formation of AGEs but also shift in the redox
potential, and aggregation. Though a drop in bucket, it gives some in
depth knowledge about the role of glyoxal and methylglyoxal mediated
protein modifications in pathological conditions of the protein.

2. Materials and methods

2.1. Materials

Methylglyoxal, glyoxal, ethylene diamine tetra acetate (EDTA), L-
cysteine, sephacryl S-100 HR, and papain were obtained from Sigma
(ST. Louis, MO). All other chemicals and reagents used in the study
were of the highest analytical grade, and available commercially.

2.2. Methods

2.2.1. Preparation of RDS-Modified CPC
Unless otherwise indicated all incubations were carried out in

0.05M sodium phosphate buffer, pH 7.5, containing 0.02% NaN3 to
prevent bacterial growth. The incubations were set-up containing final
concentrations of 0.5 mg ml-1 of CPC and 1mM, 5mM, and 10mM each
of GO and MGO in separate sets in a total volume of 2ml. Control in-
cubation was set up containing the isolated CPC in buffer alone. Control
incubations were also set up that contained 5mM MGO, and 5mM GO
in buffer, separately. All solutions were filtered through 0.22 μm syr-
inge filters (sterilized, max. pressure 4.5 bars) under aseptic conditions
into sterile eppendorfs and incubated at 37 °C for 7 days. Appropriate
aliquots of treated CPC samples were removed at regular time intervals
(0, 1, 3, 5, and 7 days), dialyzed to remove unbound dicarbonyls, and
subjected to studies. Also, the samples were kept undisturbed for some

time to allow the insoluble aggregates and other debris settle down, and
then carefully aliquots were withdraw from the upper part for spec-
troscopic analyses. This was done largely to reduce distortion and light
scattering effects in the samples during our studies.

2.2.2. Antiproteolytic activity assay of CPC
Antiproteinase activity of unmodified and methylglyoxal/glyoxal

modified CPC was probed by measuring the ability of this inhibitor to
inhibit the caseinolytic activity of papain, as described by Kunitz [18].
This cysteine proteinase inhibitory activity of all the CPC samples was
measured at different time intervals, and the antiproteolytic activity of
untreated CPC was taken as 100% for reference.

2.2.3. UV-Vis spectrophotometry
The UV-Vis absorption characteristics of control and treated CPC

were recorded on UV-visible spectrophotometer (UV-Vis 1700
Shimadzu, Japan) between 200 and 400 nm using UV quartz cuvettes of
1 cm path length. The final concentration of protein taken for the study
was 0.3mg/ml.

2.2.4. Intrinsic fluorescence measurements
The fluorescence data were recorded with a RF-1501 spectro-

fluorophotometer (Shimadzu Co. Japan) as described earlier [19]. The
fluorescence was recorded at regular intervals as mentioned above, for
control as well as α-diacarbonyl treated samples. Each spectrum was
the average of three scans and concentration of CPC for the scans was
0.5 mg/ml.

2.2.5. AGEs/glycation specific fluorescence
Glycation specific fluorescence measurements were made by ex-

citing the samples at 325 nm and 485 nm, and emissions recorded at
wavelengths of 395 nm (emission range 350–550 nm) and 530 nm
(emission range 500–600 nm) respectively. Total AGE fluorescence was
also measured by exciting the samples at 370 nm and recording the
emission spectrum in the range of 390–550 nm [20]. Rest of the ex-
perimental conditions were the same as that of intrinsic fluorescence
measurements.

2.2.6. Functional group estimation (free amino and thiol group
determination)

The free amino groups present in native and RDS-modified CPC
samples were determined by 2, 4, 6-trinitrobenzene sulphonate (TNBS)
method, as described earlier [21].

Free sulfhydryl groups were measured by Ellman's reagent in 50mM
Tris-EDTA buffer, pH 8.0; absorbance was read at 412 nm [22].

2.2.7. Determination of carbonyl content as protein oxidation index using 2,
4-DNPH

Carbonyl groups resulting from glyco-oxidative damage in RDS-in-
cubated CPC samples were evaluated by a 2, 4-dinitrophenylhydrazine
(DNPH) assay as described elsewhere [23].

2.2.8. Surface hydrophobicity of the RDS modified CPC by ANS
fluorescence assay

Surface hydrophobicity as an additional measure of protein mod-
ification upon incubation with MGO or GO was examined by fluores-
cence of ANS in the presence of native and methylglyoxal- and glyoxal-
modified CPC [24].

2.2.9. Polyacrylamide gel electrophoresis (SDS-PAGE)
Samples of native and treated CPC samples were examined for RDS

induced alterations in CPC by SDS-PAGE performed in 12.5% gels as
described by Laemmli using tris-glycine buffer pH 8.3 [25]. About 60 μl
(30 μg) of protein samples were loaded in each of the wells and elec-
trophoresed. After running, staining by coomassie brilliant blue dye of
the gels was performed for the visualization of the protein bands.
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2.2.10. Circular dichroism (CD) analysis
Far-UV CD was used to measure changes in the secondary structure

of CPC. The protein concentration utilized for the scans in far-UV region
was at 0.2mg/ml in 50mM sodium phosphate buffer, pH 7.5. Analysis
was carried out with a JASCO J-815 spectropolarimeter calibrated with
ammonium D-10-camphorsulfonate [19].

2.2.11. Aggregational studies of CPC in the presence of RDS
Aggregation type modification inflicted on CPC by incubating it

with different concentrations of MGO or GO over a period of 7-day
incubation, was determined using several assays. These included tur-
bidity measurements, Rayleigh scattering, and Thioflavin T (Th T) as-
says. Turbidity was measured by taking absorbance at 450 nm in a
cuvette of 1 cm path length using UV-visible spectrophotometer (UV-Vis
1700 Shimadzu, Japan). Rayleigh scattering was monitored by RF-1501
spectrofluorophotometer (Shimadzu Co. Japan) [26]. The aggregated
state of modified CPC was determined by Th T method as previously
described [26].

2.2.12. Transmission electron microscopy (TEM)
Finally TEM was employed to demonstrate the aggregation mor-

phology of RDS incubated CPC. The fibrils and aggregates were ex-
amined with a JEOL JEM 2100 (Japan) transmission electron micro-
scope operating at 200 kV as reported earlier [26].

2.3. Statistical analysis

Data have been expressed as mean ± standard error mean (n=3).
Statistical analysis was performed with one-way ANOVA software. Data
were considered significant at p < 0.05.

3. Results

3.1. Antiproteolytic activity assay of CPC

The incubation of CPC with RDS led to the functional modification
of CPC as shown in Table 1. As can be seen, this functional inactivation
varied as a function of time, and concentration of RDS where in there
was a progressive decline in the inhibitory activity of CPC with the
increase in incubation time as well as concentration of the modifiers.
The results also show that MGO was relatively more reactive and de-
structive than GO with regard to the functional aspect of the CPC. The
unmodified CPC (control) showed maximum activity over the whole
incubation period, and was taken as reference. This altered functional
behaviour may be due to the modification of some functional groups of
CPC by these RDS.

3.2. UV absorption studies

The alterations in CPC structure and conformation induced by MGO
and GO were examined with respect to the chromophoric properties of

the inhibitor samples by absorption spectroscopy. Upon modification
with these RDS, increase in absorbance over the whole range of spec-
trum was recorded, the extent of which was dependent on the modifier
concentration and also on the incubation period (Fig. 1). This hyper-
chromicity in the UV region exhibited by modified CPC samples can be
attributed to the exposure of the chromophoric aromatic residues, and
thus is an indication of alteration in protein structure or conformation.
The variations observed in the hyperchromicity with MGO and GO are
also suggestive of major differences in the extent of conformational
alterations of CPC inflicted by the two different RDS i.e. MGO and GO.
However, the large absorbance changes may be the cumulative result of
some other modifications in the CPC, such as glycation and aggregation.
Also, the increase in absorbance around the spectral region 250–300 nm
may be due to formation of covalent adducts between MGO/GO and
protein amino groups [27].

RDS modified CPC also exhibited absorbance peaks at around
330 nm and 360 nm as depicted in Fig. 1. Since absorbance between
300 and 400 nm can be used to judge the onset of AGE formation of
proteins that are derived from the reaction with modifiers, the emer-
gence of these two peaks might be attributed to formation of AGEs, and
glycation of CPC. Thus the increase in absorbance accompanied with
the appearance of AGE-specific peaks in CPC modified with the RDS is
an indication of concentration dependent magnitude of structural al-
teration, and glycation and of CPC.

3.3. Intrinsic fluorescence measurements

A further interesting tool to follow the modification of proteins is
the use of the intrinsic fluorescence, which exploits the fluorophoric
properties of the aromatic amino acid residue content (tryptophan,
tyrosine, and phenylalanine) of proteins. It is a sensitive index of al-
terations in protein conformation and amino acid loss. Intrinsic fluor-
escence is contributed by aromatic amino acid residues such as tryp-
tophan, tyrosine, phenylalanine etc. and any change in the
microenvironment of these residues brings about a change in the in-
tensity and/or λmax of intrinsic fluorescence thereby reflecting the
structural changes of the protein at tertiary level. Therefore quenching
of intrinsic fluorescence (280 nm exc./335 nm em.) of the CPC samples
was also measured as an additional index of alteration in the structure/
conformation. As depicted in Fig. 2 (a–b), the incubation of CPC with
RDS resulted in quenching of intrinsic fluorescence the magnitude of
which varied very markedly with the type of RDS i.e. MGO or GO, with
maximum quenching observed in case of 10mM GO and least for 1mM
GO. The results also showed the gradual decrease in fluorescence in-
tensity with the increase in incubation time in all the cases relative to
the native CPC control. Thus the results suggest the structural changes
in CPC induced by both RDS dose and time dependently.

3.4. AGEs/glycation specific fluorescence of RDS incubated CPC

Since both MGO and GO are potent glycating agents, the

Table 1
Effect of incubation with GO or MGO on thiol proteinases inhibitory activity of CPC for varying time intervals (0, 1, 3, 5, and 7 days).

Time of incubation (Days) % CPC Activity

CPC + 1 mM CPC + 5 mM CPC + 10 mM

GO MGO GO MGO GO MGO

0 98 ± 3.1 97 ± 2.7 97.49 ± 2.2 93 ± 1.9 92.64 ± 1.7 89 ± 1.4
1 86 ± 2.4 74 ± 1.2 79 ± 2.1 63 ± 1.1 72 ± 2.3 51 ± 1.2
3 63 ± 2.4 52 ± 1.3 54 ± 1.3 43 ± 1.0 44 ± 1.2 27 ± 1.1
5 42 ± 1.2 27 ± 1.3 29 ± 1.1 17 ± 0.7 18 ± 0.6 8 ± 0.4
7 21 ± 1.2 13 ± 0.5 12 ± 0.4 5 ± 0.3 6 ± 0.3 1 ± 0.2

Each value represents the average of three independent experiments performed in duplicates. Activity of native CPC in the absence of RDS was taken 100% for
reference. Data are expressed as mean ± SEM (n=3).
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modification of CPC by these RDS was also examined in terms of gly-
cation and formation of AGEs at various intervals during incubation
period. Glycation of proteins results in the production of AGEs many of
which are fluorophores having characteristic excitation and emission
wavelengths. In other words the development of such new non-tryp-
tophan fluorescence in proteins can be used as a measure of extent of
protein glycation. In the present study three such types of glycation/
AGEs specific fluorescence measurements using excitation wavelengths
of 325 nm, 370 nm and 485 nm, were employed to have the clear pic-
ture of CPC glycation upon treating with various concentrations of
MGO and GO for 1, 3, 5 and 7 days.

For excitation at 325 nm the emission was recorded in the range
from 350 to 550 nm. As depicted in Fig. 3(a–b), there was progressive
increase in fluorescence intensity with the increase in both, the in-
cubation time and the concentration of the RDS. The results suggest
that extent of CPC glycation upon incubation with MGO or GO in-
creased profoundly in a dose dependent manner and also with in-
cubation time. For emission at 440 nm (range 390–550 nm) the ex-
citation wavelength used was 370 nm. It is considered as a useful tool
for the determination of total AGEs fluorescence, and thus used widely
as an index of the measure of glycation of a protein. As can be seen in
Fig. 4(a–b), the fluorescence intensity showed a marked increase with
the increase in both, concentration and period of incubation. The re-
sults also depict that at all the concentrations of MGO used, there was
comparatively more enhancement of fluorescence intensity than the
respective concentrations of GO, signifying the relatively high mod-
ifying capability of MGO. Thus, the increase in this type of fluorescence
intensity of different CPC samples suggest the formation of various
fluorophore AGEs whose contribution may vary depending upon the
extent of glycation which in turn is dependent on modifier concentra-
tion as well as the time of incubation.

The third AGE-specific fluorescence that was employed was the one
with excitation at 485 nm and emission at around 530 nm (range
500–600 nm). This fluorescence was again strongest for AGEs derived
from MGO-modified CPC at all the concentrations used, relative to the
GO induced AGEs of CPC (Fig. 5a–b). Also, the fluorescence was found
to increase gradually with increasing the incubation time (days) in all
cases, and therefore was well suited to monitoring the course of AGE
formation, and thus extent of glycation of CPC when incubated with

MGO and GO. The results suggest that the fluorescent glycation adducts
(glycophores) were induced by these RDS in a concentration as well as
time dependent fashion.

3.5. Free functional group determination

The evaluation of the modification of amino groups of CPC by MGO
and GO was done by the determination of free amino group content
with respect to the control. As depicted in Fig. 6 (a–b) there was a
progressive decline in the total amino groups in all the cases with the
time. MGO was able to reduce the free amino group content of the
inhibitor at all the three concentrations to a greater extent as compared
with the respective concentrations of GO. The results indicate that the
free amino groups are susceptible as well as the first targets of reactive
species in a protein.

The content of protein sulfhydryl groups is a parameter of the redox
state of a protein. As can be seen in Fig. 7(a–b), there was a marked
decrease in the sulfhydryl group content of the CPC samples treated
with different concentrations of the MGO or GO. The results show that
the modification of CPC's free sulfhydryl groups was both, concentra-
tion dependent as well as time dependent. This RDS induced mod-
ification of the CPC in terms of reduction in free sulfhydryl group
content suggests the shift of protein redox equilibrium towards oxida-
tion.

3.6. Determination of carbonyl content using 2, 4-DNPH

Protein carbonyl content was evaluated as index of protein glyco-
oxidation due to protein glycation induced by both MGO and GO. As
shown in Fig. 8, enhanced carbonyl contents could be detected in RDS-
induced glycated forms of CPC. The course of the detected carbonyl
contents indicates that higher modifier concentrations result in a fur-
ther significant increase in protein-bound carbonyl groups. Same was
true for incubation time period, where a linear increase in carbonyl
content was found with the increase in time of incubation (data not
shown). Thus the results suggest that the irreversible oxidative mod-
ifications in proteins occur during glycation which can be ascribed to
formation of highly reactive AGEs. Moreover at any studied condition,
MGO showed more pronounced effect relative to GO.

Fig. 1. UV-Visible spectra of native and GO
or MGO incubated CPC taken at the end of
incubation period of 7 days. The final pro-
tein concentration taken for the study was
0.3mg/ml, and absorbance was recorded
using quartz cuvettes of 1 cm path length.
The inset shows the relative absorbance at
280 nm (hyperchromicity) of CPC without
and with GO/MGO.
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3.7. Surface hydrophobicity of the RDS modified CPC (ANS method)

It is known that globular protein polypeptide chains include both
hydrophilic (readily soluble in water) and hydrophobic (poorly soluble
in water) side chains. Moreover, the secondary structure of proteins
forms clusters of hydrophobic side chains that, in turn, form the hy-
drophobic core of globular proteins. Thus to determine the changes in

the hydrophobic core of CPC induced by MGO or GO, ANS (1-anilino-
naphthalene-8-sulfonate) fluorescence assay was done. Fig. 9 depicts
the ANS-binding profiles for native and methylglyoxal/glyoxal-mod-
ified CPC over a period of 7 days. At a saturating ANS concentration,
the fluorescence intensity of ANS associated with modified CPC showed
a gradual increase in all the cases until day 3 (except for 1mM GO
which showed increase in ANS binding upto day 5) which was then
followed by progressive decrease as compared with native CPC, and it
followed a concentration-dependent change with the changes in me-
thylglyoxal/glyoxal concentrations. This variation in the ANS fluores-
cence intensity is attributed to unfolding and as well as some other
modification like aggregation. ANS is an extrinsic fluorescent dye which

Fig. 2. Intrinsic fluorescence of CPC incubated with varying concentrations of
(a) GO, and (b) MGO over a period of 7 days. The diagram shows the % de-
crease in fluorescence intensity with respect to control whose intensity was
taken as 100% for reference. The data was generated from spectra (insets) re-
corded at regular intervals (days) using peak values of each spectrum obtained
at respective days for calculations. Insets of both the figures show spectra of GO
or MGO incubated CPC and native CPC (control) of day 1 (for GO) and day 3
(for MGO). All values are mean ± S.E.M for three experiments performed in
duplicate.

Fig. 3. The glycation specific fluorescence (excitation: 325 nm; emission:
395 nm) of native and modified CPC incubated in presence of (a) GO, and (b)
MGO. Experimental conditions remain same as that of Fig. 2. Insets show
spectra taken on day 3 (for GO) and day 7 (MGO), while as the numerical values
in the Fig. legends show respective concentrations of both RDS in mM.
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when binds to the hydrophobic patches of a protein fluoresces strongly.
Excitation of the unbound dye at 380 nm results in a very low fluor-
escent emission. The fluorescence intensity of ANS increases when the
dye binds to the hydrophobic regions of a protein, and this intensity
maximum of the fluorescence emission is blue-shifted. Consequently, if
the protein unfolds, for example due to incubation with RDS, previously
buried hydrophobic regions of the protein will be exposed to which the
dye will bind, and we expect an increase in ANS fluorescence intensity
as well as blue shift of λmax. The surface hydrophobicity may be also
increased during aggregation whereby these patches coalesce and get
exposed in aggregates. Moreover, the decrease in this ANS signal on 5th
and 7th day of incubation as depicted in Fig. 9 (a, b) suggests that this is

different from AGEs specific fluorescent measurements which con-
tinuously rose throughout the study period. Thus the variation of in-
crease and decrease in hydrophobicity of CPC may be ascribed to the
surface hydrophobicity exposure indicating unfolding and other struc-
tural modifications of the inhibitor induced by RDS.

3.8. Polyacrylamide gel electrophoresis (SDS-PAGE)

RDS-induced alteration in CPC was also examined by SDS-PAGE on
7.5% polyacrylamide gel after coomassie staining. The migration

Fig. 4. The total AGE fluorescence (excitation: 370 nm; emission: 440 nm) of
modified CPC incubated in presence of (a) GO, and (b) MGO. Experimental
conditions remain same as that of Fig. 2. Insets show spectra taken on day 1 for
both GO and MGO incubated CPC samples, while as the numerical values in Fig.
legends show concentrations in mM.

Fig. 5. The glycation specific fluorescence (excitation: 485 nm; emission:
530 nm) of modified CPC incubated in presence of (a) GO, and (b) MGO.
Experimental conditions remain same as that of Fig. 3. Insets show day 5
spectra of native and GO modified CPC, and day 0 in case of MGO. The nu-
merical digits with GO or MGO represent respective concentrations in mM.

S.A. Bhat et al. Archives of Biochemistry and Biophysics 650 (2018) 103–115

108



pattern of bands during SDS-PAGE is shown in Fig. 10. The native CPC
(control) migrated characteristically as one single band suggesting its
homogeneity (lane N). Incubation of the CPC with MGO or GO over
weeks' time resulted in the spreading of the intensity of the original
bands in a dose-dependent manner in case of both GO and MGO, as
depicted in Fig. 10. The results suggest that RDS led glycation was able
to induce a progressive heterogeneity of the native CPC band: a sig-
nificant spread of band intensity and simultaneous appearance of smear
indicating that glyoxal and methylglyoxal are able to damage protein
structure. This changed band intensity of the treated CPC samples and
smear appearance might be attributed to the crosslinking into large
molecular weight aggregates of the CPC, though fragmentation into
very small peptides that could not show up in the gel could not be ruled
out. However, the following studies revealed the aggregation of CPC as
the main cause of heterogeneity.

3.9. Circular dichroism (CD) analysis

The conformational changes in terms of secondary structure for
RDS-modified CPC were monitored over a period of 7 days using far-UV
CD spectroscopy. To evaluate the changes in the secondary structure,
the circular dichroism spectra in the range of 200–250 nm were ac-
quired for the control and samples treated at various concentrations of
RDS, and times of incubation. The spectrum of native CPC exhibited
two minima, one at 208 nm and the other at 222 nm, which are in-
dicative of the helical content of the protein, while as the negative el-
lipticity at around 217 nm is an index of the β-sheet content. An upward
shift in the spectrum indicates that the helical structure is reduced,
while a downward shift in the spectrum indicates increased helical
structure. Therefore, the change in ellipticity at 222 nm with incubation
time as well as modifier concentration, was used to monitor the change
in the helical content of CPC samples (the results of 208 nm are similar
to those at 222 nm). Fig. 11 insets show the CD spectra of native CPC

Fig. 6. Bar graph represents free amino groups (% of native CPC control) of (a)
GO, and (b) MGO treated CPC over a period of 7 days. The free amino group
content of native CPC (control) was taken as 100% for reference. Numerical
digits in Fig. legends denote RDS concentrations in mM used with CPC (0.5 mg/
ml) in each case. Error bars indicate the mean ± SEM (n=3). An error
probability level of p < 0.05 was accepted as statistically significant.

Fig. 7. Sulfhydryl groups present in CPC after incubation with (a) GO, and (b)
MGO over a period of 1, 3, 5 and 7 days. Three different concentrations (1, 5
and 10mM) of each were taken for the study. The sulfhydryl group content of
native CPC (control) was taken as 100% for reference. The Fig. legends show
RDS concentrations incubated with 0.5 mg/ml of CPC. Error bars indicate the
mean ± SEM (n=3). Results are statistically significant at the p < 0.05 level.
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and RDS-modified CPC for different concentrations at the end of the
incubation period of 7 days, while as Fig. 11 depicts the secondary
structural content in terms of α-helices as examined at various times of
incubation and concentrations of MGO/GO. The methylglyoxal was
comparatively more potent in decreasing the α-helical content than the
glyoxal in all the cases as shown in terms of changes at 222 nm over the
entire incubation period. Overall these results show that RDS caused
the decrease in the secondary structural content of CPC which varied
with respect to the different concentrations of MGO or GO as well as
incubation time. This suggests the altered conformations of the CPC at
secondary structural level due to RDS led modifications.

3.10. Aggregational studies of RDS treated CPC

Significant changes in CPC structure with regard to aggregation in
the presence of varying concentrations of MGO or GO were examined
over different incubation times, as an additional measure of RDS
mediated protein modification. Aggregation of proteins produces an
increase in turbidity and light scattering, which can be measured with a
spectrophotometer or fluorimeter. As can be seen in Fig. 12, the tur-
bidity of CPC samples in all cases followed a gradual rise indicating the
aggregation being taking place with time. A similar trend was observed
with Rayleigh scattering assay which also is valid indicator of the for-
mation aggregates (Fig. 13). Further confirmation about the formation
of CPC aggregates was provided by a relatively high sensitive technique
of ThT fluorescence assay. Thioflavin T is an extrinsic fluorescent dye
that has been used extensively for characterizing the presence of pro-
tein aggregates and amyloid fibrils. The detection of amyloid fibrils and
aggregates in protein samples is based on the unique feature of this dye
to fluoresce brightly when bound to fibrillar structures in proteins,
while Thioflavin T in its free form is only weakly fluorescent. When
excited at 440 nm, the ThT control showed some fluorescence signal,
while the protein samples did not, and the several orders of magnitude
increase in ThT fluorescence originates from the dye bound to amyloid
fibrils and aggregates making it an unusually sensitive and efficient
reporter. As shown in Fig. 14 (a-b), the fibrillar state of all incubated
CPC samples got enhanced compared to that of the CPC control. This
effect is most prominent for 10mM MGO and also very clear for 10mM
GO and 5mM MGO. Small but significant enhancement in Thioflavin T
fluorescence was also found for other concentrations, especially at large

incubation time periods. These results strongly suggest considerable
changes in the conformation of all incubated CPC samples which can be
attributed to the crosslinking of CPC molecules resulting in the

Fig. 8. Carbonyl content in CPC derived from incubation with different GO or
MGO concentrations after 7 days. Protein carbonyls as a measure of glycox-
idation in the presence of RDS, shows the extent of modification of CPC in
presence of GO and MGO, after a period 7 days. Each point represents the
mean ± SEM of at least three independent assays done in duplicates. An error
probability level of p < 0.05 was accepted as statistically significant.

Fig. 9. ANS fluorescence analysis of (a) GO, and (b) MGO incubated CPC
during the progress of incubation time of 7 days. The CPC concentration was
0.1 mg/ml and the path length was 1 cm. The fluorescence was monitored at an
excitation wavelength of 380 nm and emission recorded from 400 to 600 nm
(data plotted is generated from the peak values achieved on respective days)
with a slit width of 5 nm for both emission and excitation. The diagram shows
% change in ANS fluorescence intensity with respect to control CPC which was
incubated alone under similar conditions and whose intensity is taken as 100%
for reference. Error bars indicate mean ± SEM (n=3). Insets show day 3
spectra for both GO and MGO incubated CPC.
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formation of large molecular weight aggregates upon incubation with
MGO or GO.

3.11. Transmission electron microscopy (TEM) analysis

The formation of protein aggregates and fibrils in vitro induced by
reactive dicarbonyls was authenticated and supplemented by electron
micrographs which revealed the microarchitecture of CPC aggregates.
As shown in Fig. 15, panel A corresponds to native or control CPC in-
cubated without any RDS for 7 days in which no fibrillar morphology of
the protein is seen. Panels B and C show CPC incubated in presence of
10mM GO and MGO for 5 days respectively which reveal largely
amorphous CPC aggregates along with few fibrils especially in case of
MGO treated proteinase inhibitor. Panel D shows GO incubated CPC
after 7 days of incubation clearly showing abundance of amorphous
aggregates while as panel E depicts MGO treated CPC for 7 days re-
vealing relatively more pronounced fibrillar morphology of protein
inhibitor. The micrographs of rest cases showed similar pattern of CPC
aggregation (not shown). The results thus provide physical evidence of
the formation and presence of RDS induced CPC amyloids and its type.

4. Discussion

Reactive dicarbonyl species are potent mediators of cellular car-
bonyl stress originating from endogenous chemical processes such as
lipid peroxidation and glycation. Proteins offer the most potential tar-
gets of radical species and are usually rendered with compromised
functions. RDS such as methylglyoxal and glyoxal, have been im-
plicated in various modifications of proteins (also nucleotides) which
may be viewed as damage to the physiological system. The first and
foremost of such modifications is glycation of these macromolecules as
RDS have been identified as the predominant source of the formation of
AGEs. Although arginine is considered to be the main target in these
modifications, other basic amino acids such as lysine, and to a lesser
extent histidine and cysteine, are also known to be modified in reac-
tions of proteins with MGO or GO [28–30]. The glycation is then fol-
lowed by oxidation, infact a synergism has been postulated between the
two (glycation and oxidation) and validated by Traverso et al. [31].
RDS also induce crosslinking of protein molecules giving rise to the

formation of aggregated structures [32].
Properties and alterations of CPC upon incubation with MGO or GO

were analyzed in terms of glycation, oxidation and aggregation using a
combination of techniques like CD, fluorescence, and UV-Vis absorp-
tion. Both MGO and GO were used at concentrations (1, 5 & 10mM),
more than one order of magnitude higher than the physiological values
(100–120 nM in blood plasma and between 0.1 and 5 μM in cells). Since

Fig. 10. Effect of incubation on CPC with GO or MGO observed on day 7. CPC
(0.5 mg/ml) was incubated for 7 days with increasing concentrations (1, 5, and
10mM each) of both GO and MGO separately, as detailed in the text. The lanes
are named according to the different concentrations (in mM) of GO/MGO used
with CPC, while lane N is for native control CPC. 60 μl (30 μg) of protein was
loaded in each well. After the run the gels was stained with coomassie brilliant
blue dye for the visualization of the protein bands. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 11. Far-UV CD analysis of CPC incubated with (a) GO, and (b) MGO. CPC
(0.5 mg/ml) was incubated alone as well as with increasing concentrations (1,
5, and 10mM each) of GO/MGO separately in 50mM sodium phosphate buffer,
pH 7.5 over a period of 7 days as detailed in methods section. Sample con-
centrations of 0.2 mg/ml were used for CD measurements in cells of 0.1 cm path
length. The figures depict % decrease in ellipticity at 222 nm as a measure of
reducing helical content of CPC samples versus time and concentration of GO or
MGO. The insets show the CD spectra of day 7 in both.
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these reactive species are produced in very small quantities in physio-
logical system and are implicated in long term effects upon ageing and
diabetes it was very hard to quantify and follow their reactions with
protein in vitro which proceed very slowly when carried out at phy-
siological concentrations. These all factors were roughly compensated
by taking the higher concentrations of both the RDS for rapid and im-
mediate observations. Thus it could be considered as a model of old
and/or diabetic protein, which has been exposed to lower concentra-
tions of RDS but for significantly longer period. The progressive de-
crease in the antiprotease activity of CPC towards papain with time and
concentration of modifiers shows the functional inactivation incurred
upon it by these RDS i.e. MGO and GO (Table 1). The results indicate

that some reactive functional groups of the inhibitor (e.g. amino and
sulfhydryl groups) might be involved in interaction with these α-ox-
oaldehydes (which otherwise might be the binding groups and/or ac-
tive groups involved in antiprotease activity of CPC) thus compromising
with its functional feature. These results are in full agreement with
Kumar et al. who have reported that methylglyoxal/glyoxal-modified
α-crystallin showed a decreased chaperone-like activity in functional
assays (enzyme inactivation) [33].

The tertiary structural changes induced by RDS were examined with
respect to their chromophoric and fluorophoric properties. The ab-
sorption spectra of all the CPC samples incubated with RDS showed
marked increase in absorbance over whole spectrum especially at
280 nm as compared to the native control, and whose magnitude varied
as a function of time and concentration of the modifier (Fig. 1). Hy-
perchromicity in the UV region may be the result of the exposure of the
chromophoric aromatic residues due to unfolding of the molecules and/
or fragmentation of the protein molecules thus signifying the structural
change at tertiary level. Moreover the appearance of peaks at 330 nm
and 360 nm suggest the formation of AGE adducts of arginine and ly-
sine residues of the inhibitor. It has been documented earlier that ab-
sorbance data at 330/360/400 nm can be used to roughly estimate the

Fig. 12. Turbidimetric profile of CPC incubated without and with RDS.
Turbidity as a measure of CPC aggregation in the presence of increasing con-
centrations (represented in mM by numerical digits in Fig. legend) of GO/MGO.
The CPC concentration was 0.3 mg/ml, and the absorbance was read at 450 nm
using UV-Visible spectrophotometer having path length of 1 cm. Each bar re-
presents mean ± SEM of three independent experiments performed in dupli-
cates. A probability level of p < 0.05 was accepted as statistically significant.

Fig. 13. Rayleigh scattering as an index of CPC aggregation upon incubation
with different concentrations (1, 5, and 10mM each) of GO or MGO versus
time. The samples were excited at 450 nm and emission recorded in the range
400–500 nm, (emission at 450 nm is plotted). The path length was 1 cm and slit
width 5 nm for excitation as well as emission. Aliquots of 0.2mg/ml con-
centrations from variously treated CPC samples were analyzed. The data are
mean ± SEM (n=3). The results different from control at p < 0.05 were
considered as statistically significant.

Fig. 14. Relative ThT fluorescence intensity as a measure of fibrillar aggrega-
tion of CPC induced by increasing concentrations (1, 5, and 10mM each) of (a)
GO, and (b) MGO over a period of 1, 3, 5, and 7 days. The CPC concentration
was 0.1 mg/ml and the path length was 1 cm. The fluorescence was monitored
at an excitation wavelength of 440 nm and emission recorded from 450 to
600 nm with slit width of 5 nm and path length of 1 cm. Peaks achieved on
respective days are plotted, in which error bars indicate the mean ± SEM
(n=3).
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protein glycation [34]. However, such huge absorbance changes in a
protein sample cannot be attributed to the structural modifications
alone and thus may reflect the collective effects of structural changes,
formation of AGEs, and aggregation. Intrinsic fluorescence of CPC
showed progressive quenching following the incubation with RDS
which was linear in relation to increase in incubation time as well as
modifier concentration. This loss of intrinsic fluorescence can be as-
cribed to the destruction of aromatic amino acid residues and/or
modification of the aromatic residue microenvironment which suggests
the conformational changes in the protein, and thus substantiating the
UV absorption data for altered tertiary structure [33]. RDS-induced
modifications in the direction of glycation was examined by exploiting
the fluorescence and absorbance properties of AGEs. The three AGEs/
glycation specific fluorescence measurements, using excitation/emis-
sion range of 325/350–550, 370/390–550, 485/500–600, showed
consistent increase in the intensities in a concentration and time de-
pendent manner, thus indicating the glycation of CPC. The results
further showed that methylglyoxal was relatively more effective in
glycating the CPC than glyoxal at each condition studied. The devel-
opment of these fluorescence types is ascribed to the formation of dif-
ferent AGEs during glycation many of which are fluorescent (glyco-
phores). These AGEs are formed form amino acid residues of the protein
such as arginine (forms pentosidine) lysine (forms Carbox-
ymethyllysine, CML) etc. which have different excitation and emission
ranges. The appearance of such kind of fluorescence is thus clear in-
dication of AGEs formation and protein glycation, and thus different
from the intrinsic fluorescence (contributed by aromatic residues)
which is an index of tertiary structure. The results are in conformity
with our earlier study where in glycation by reducing sugars led to an
increase in all these fluorescence types [17]. Thus protein fluorescence
modifications by RDS led glycation may be ascribed to the structure
alterations, chain breaks, conformational changes, amino acids

modifications, and glycophore development.
Both MGO and GO led to the oxidative modification of the CPC

when incubated for seven days under varying concentrations of both.
This was determined by estimating the free functional groups (-NH2 and
–SH) groups in all the CPC samples which showed marked decrease
with time and concentration of modifiers in all the cases as compared to
the native control (Figs. 6–7). While the decrease in free amino group
content indicates the extent of glycation, the decrease in sulfhydryl
group content suggests shift of protein redox equilibrium towards oxi-
dation. Sulfhydryl groups have been evaluated as an index of anti-
oxidant properties of physiological systems in various pathological
conditions and thus the content of protein sulfhydryl groups is a
parameter of the redox state of the protein [35] The decline in reduced
sulfhydryl groups may result due to the formation of protein-protein
disulfides and mixed disulfides (protein-low molecular weight com-
pound). However sulfhydryl group oxidation is a reversible process and
can be prevented or attenuated by maintaining high concentrations of
reducing equivalents (glutathione and ascorbic acid). Another index of
protein oxidation incurred by RDS, the carbonyl content, also showed a
steep rise (as depicted in Fig. 8) which indicated the irreversible oxi-
dative modifications of the inhibitor. The high levels of carbonyl con-
tent in the glycated protein most likely results from formation of spe-
cific AGEs that bear carbonyl groups, e.g. imidazolones [6].
Accumulation of protein carbonyls in proteins by glyco-oxidative da-
mage may contribute to protein dysfunction as well as many of the age-
related pathologies characterized by protein cross-linking [36]. The
surface hydrophobicity of the RDS incubated CPC also showed varia-
tions with respect to the native control which reflects the changes in the
hydrophobic domains of the protein and thus structural alterations. As
can be seen in Fig. 9, there was an initial increase in ANS biding upto
day 3 (upto day 5 in case of 1mM GO) which was then followed by the
decrease with further increase in incubation time. This behaviour of

Fig. 15. Transmission electron micrographs of native (panel A) and treated CPC by RDS with different concentrations at 37 °C upto 7 days showing amorphous and
amyloid-like aggregates. Panels B and C represent CPC incubated with 10mM GO and MGO respectively on day 5, while as panels D (GO) and E (MGO) show CPC at
10mM RDS on day 7. (Scale bars are 200 nm).
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CPC in the presence of varying concentrations of MGO or GO with the
time may be due to the unfolding of the protein molecules giving rise to
structural intermediates called as protein folding intermediates having
increased surface hydrophobicity as reflected by hiked ANS signal, and
cross-linking (aggregation) of CPC molecules resulting in the burial of
some hydrophobic patches and decrease of ANS signal. This is con-
sistent with the results of Sattarahmady et al. regarding the prolonged
glycation of human serum albumin (HSA) [37]. Coomassie Blue stained
SDS-PAGE (Fig. 10) showed a progressive heterogeneity of the other-
wise homogenous native CPC band with the increasing doses of GO and
MGO, which indicates a loss of native protein probably due to protein
destruction. This destruction may be in terms of crosslinking of CPC
into large aggregates which is evident as smears above the spreading
bands in the gel, or fragmentation of CPC molecules into smaller pep-
tides which could not be witnessed. While appearance of small peptides
could not be noticed in the gels, the heterogeneity observed, as in-
dicated by changing bands, may be largely due to formation and pre-
sence of the high molecular weight CPC aggregate material that is
evident as smear mostly, and also due to some that failed to enter into
the gel. Intermolecular crosslinking of the CPC molecules in the pre-
sence of GO and MGO may result in the formation of aggregates, which
may be too large to enter the gel pores and hence may not be detected
on the gels, though some smear type lane staining observed might be
due to smaller aggregate species. Alternatively, the possibility of frag-
mentation of the CPC molecules to very small peptides that went un-
detected in the gel could not be ruled out at this stage. However our
aggregational studies (as followed) showed the formation of aggregates
of CPC on incubation with RDS on day 7, which suggests that the
principal cause of the observed heterogeneity of CPC bands is largely
due to the formation of its high molecular weight aggregates, though its
fragmentation in part cannot be ruled out. Fig. 11 shows the far-UV CD
data depicting the sequence of structural changes (helical behaviours)
of CPC samples with time and concentration of RDS. The initial in-
cubation of CPC with RDS resulted in a slight decrease in helical con-
tent, suggesting minimal secondary structural change till day 3. On day
5 there was further decrease in secondary structure the extent of which
varied with the variation of modifier concentrations. After 7th day
(Fig. 11 insets) there was a significant loss in secondary structure
especially α-helical content which may be due to the aggregation of the
CPC. Higher concentrations of MGO/GO resulted in a greater decrease
in secondary structure and vice-versa. These results also indicate that
there may be the formation of some structural intermediates during the
course of incubation of CPC with RDS.

The third type of modification that these RDS were examined for, is
aggregation of CPC. The results show that significant aggregation took
place in CPC samples after 5 days of incubation with RDS. Turbidity,
Rayleigh scattering and Th T fluorescence were employed for this job,
all of which indicated the presence of abundant aggregated material
after 7th day of incubation (Figs. 12–14). Argirova and Breipohl have
also reported the aggregation of lens proteins when incubated in MGO
or GO [38]. This also confirms our notion that heterogeneity of protein
bands in SDS-PAGE gel is due to intermolecular aggregation mainly
rather than proteolysis. The results were further supported and vali-
dated by electron micrographs (TEM) which not only revealed the
physical evidence but also depicted the type of aggregation in differ-
ently treated CPC samples. CPC incubated with 10Mm either GO or
MGO for 7 days showed abundance of both amorphous as well as fi-
brillar aggregates as depicted in panels D, E of Fig. 15. Similar kind of
trend was also observed on day 5 for 10mM concentrations of both RDS
(Panels B, C). Overall the results show that incubation with MGO or GO
induced various modifications in CPC in a concentration and time de-
pendent manner, and MGO showed remarkably more pronounced effect
compared to GO. The higher glycating as well as reacting potency of
MGO compared to GO might be attributed to the higher content of its
nonhydrated form, and inductive effect of methyl group, as also re-
ported elsewhere [38].

5. Conclusion

In summary, the present study shows that the incubation of CPC
with reactive dicarbonyls leads to the modifications of the protein in
terms of glycation, oxidation, followed by aggregation. These processes
were followed and characterized with respect to the modifications of
reactive side-chain groups, alterations in secondary and tertiary struc-
tures, shift of redox equilibrium towards oxidation, and the formation
of high molecular weight aggregates due to cross-linking which is the
major negative consequence of glycation process. Evaluation of this
work was done by employing various spectroscopic techniques and
SDS-PAGE. The study revealed the progression of this reaction via the
formation of some structural intermediates which finally culminated
into the formation of aggregates on day 7. In closing this study should
be seen as model system detailing the modifications of various para-
meters of a protein in the presence of reactive dicarbonyls such as MGO
and GO which are metabolic by-products and whose long term effects
may be considered as damage to the physiological system, and thus
carries relevance with regard to implications in ageing and disease.
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