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Glycation induced protein aggregation has been impli-
cated in the development of diabetic complications and
neurodegenerative diseases. These aggregates are
known to be resistant to proteolytic digestion. Here we
report the identification of protease resistant proteins
from the streptozotocin induced diabetic rat kidney,
which included enzymes in glucose metabolism and
stress response proteins. These protease resistant pro-
teins were characterized to be advanced glycation end
products modified and ubiquitinated by immunological
and mass spectrometry analysis. Further, diabetic rat kid-
ney exhibited significantly impaired proteasomal activity.
The functional analysis of identified physiologically impor-
tant enzymes showed that their activity was reduced in
diabetic condition. Loss of functional activity of these
proteins was compensated by enhanced gene expres-
sion. Aggregation prone regions were predicted by in
silico analysis and compared with advanced glycation end
products modification sites. These findings suggested
that the accumulation of protein aggregates is an inevita-
ble consequence of impaired proteasomal activity and
protease resistance due to advanced glycation end prod-
ucts modification. Molecular & Cellular Proteomics 12:
10.1074/mcp.M112.020651, 228–236, 2013.

One of the foremost causes of diabetic complications is
formation of sugar-derived substances called advanced gly-
cation end products (AGEs),1 which affect target cell through
altered protein structure- function, matrix-matrix/matrix-cell
interaction, and by activation of receptor for AGE (RAGE)
signaling pathway (1). Although the accumulation of AGEs is a

slow process in healthy individuals, their formation is mark-
edly accelerated in diabetes because of hyperglycemia (2).
AGE-modified proteins are thermostable and resistant to de-
naturation. The stability of proteins is believed to be because
of additional negative charge (highly oxidized state) brought
by AGE modification of proteins, which may contribute to
protease resistance (3). Glycation induced protease resis-
tance has been studied in collagen (4–6) and amyloid (7). In
addition to glycation, impairment in the proteasomal function
may facilitate accumulation of protease resistant protein ag-
gregates in diabetes. Proteasome mediated protein degrada-
tion is a central quality control mechanism in the cell. Activity of
proteasome is affected during aging (8) and physiological dis-
orders like diabetes (9) resulting in accumulation of ubiquiti-
nated protein aggregates. In muscle extract of diabetic rats,
accumulation of toxic glycated proteins was observed because
of decreased proteasomal activity (6–9). This proteolytic system
is of particular importance in protecting cells against adverse
conditions, such as heat shock, glycation, or oxidative stress.
However, when the generation of damaged proteins exceeds
the capacity of the cell to degrade them, they are progressively
accumulated leading to cytotoxicity (10). Severely aggregated,
cross-linked, and oxidized proteins are poor substrates for deg-
radation and inhibit the proteasomal activity (11).

The kidney is one of the main organs affected in diabetes
caused by accumulation of AGEs. Proteins of extracellular
matrix, kidney, as well as proteins from circulation, get AGE
modified and trapped in the kidney (12). Both intracellular and
extracellular AGEs have been observed in the diabetic kidney.
Extracellular AGEs interact with the RAGE leading to apoptosis
and inflammation (13), whereas intracellular AGEs are formed
because of various dicarbonyls. Eventually, both types of the
AGEs contribute to kidney damage (14). Furthermore, methyl
glyoxal, a highly reactive dicarbonyl covalently modifies the 20S
proteasome, decreasing its activity in the diabetic kidney (15).
Together AGE modification and decreased proteasomal func-
tion may be responsible for the accumulation of protease re-
sistant proteins (PRPs) in the diabetic kidney. In our previous
study, we have reported the presence of AGE modified proteins
in the kidney of the streptozotocin (STZ) induced diabetic rat
(12). The current work is inspired by a DARTS (drug affinity
responsive target stability) approach, wherein the drug targets
are relatively less susceptible to protease action on drug binding
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(16). A similar approach was adopted here to identify protease
resistant proteins from the diabetic kidney. These proteins were
characterized to be AGE modified and ubiquitinated by Western
blot analysis and mass spectrometry. Functional characteriza-
tion and expression analysis of some of the identified proteins
was performed to gain insight into the consequences of these
modifications in diabetes. Further, aggregation prone regions in
these proteins were predicted by the in silico approach. These
findings shed light on the role of identified PRPs in diabetic
complications.

EXPERIMENTAL PROCEDURES

Chemicals—All chemicals were procured from Sigma unless oth-
erwise stated. All the primary antibodies were purchased from Abcam
(Cambridge, UK) except for anti-AGE, which was purchased from
Millipore (Billerica, MA). The secondary antibody-biotin conjugate and
streptavidin-HRP was purchased from Bangalore Genei (India).

Induction of Diabetes and Kidney Sample Collection—All animal
experiments were carried out at Poona College of Pharmacy, Bharati
Vidyapeeth University, Pune. The research protocol was approved by
the Institutional Animal Ethics Committee (IAEC) of the Poona College
of Pharmacy, Pune, India, constituted under the Committee for the
Purpose of Control and Supervision of Experiments on Animals
(CPCSEA). (Approval No.: CPCSEA/45/2010). Adult male Wistar rats
were purchased from National Biosciences, Pune, India. The animals
were housed in a room at an ambient temperature of 25 � 2 °C. A
12 � 1 h light and dark schedule was maintained in the animal house.
Before the study began, all the animals received standard rodent
chow ad libitum and had free access to water. Diabetes was induced
by injecting Nicotinamide (110 mg/kg) followed by a single intraperi-
toneal injection of streptozotocin 65 mg/kg body weight dissolved in
10 mM sodium citrate buffer (pH 4.0) to the overnight fasting Wistar
rats. Blood glucose level of animals from all the groups was measured
using Eco-Pak glucose kit (Accurex Bio Medical Pvt. Ltd., Mumbai,
India), according to manufacturer’s instructions. After 15 days of
administration of STZ, stable hyperglycemia was confirmed. The an-
imals were considered diabetic if the blood glucose values were �250
mg/dl. Animals surviving after diabetes induction were maintained for
100–120 days. Glycated hemoglobin (HBA1c) was measured by us-
ing HBA1c Analyzer (In2it, Bio-Rad). Control (HbA1c � 5.5) and
diabetic kidney tissues (HBA1c �8%) were collected after sacrificing
the respective animals. The tissue was washed with cold saline three
to four times and stored at �80 °C.

Sample Preparation—The kidney was perfused with cold phos-
phate buffer saline to remove blood stains before homogenization.
The tissue was homogenized to fine powder in liquid nitrogen and
washed two to three times with chilled acetone. Then, the acetone
powder was dissolved in buffer consisting of 7 M urea, 2 M thiourea,
2% 3-[(3-cholamidopropyl)dimethylammonio]propanesulfonate, 1%
dithiothreitol, 40 mM Tris, and centrifuged at 14,000 � g for 30 min at
4°C . The supernatant was collected and stored in aliquots at –80°C.
For enzyme assays, protein was extracted in phosphate buffer saline.
The extract was centrifuged at 6000 rpm for 30 min at 4°C. Super-
natant was collected and re-centrifuged at 14000 � g for 30 min at
4°C. Again the supernatant was collected and stored in aliquot at
–80°C. Protein concentration was estimated by using Bio-Rad protein
assay kit (Bio-Rad, Hercules, CA).

Analysis of Protease Resistance—As a proof of concept, an in vitro
glycated and ribosylated BSA was synthesized by incubating 50
mg/ml BSA with either 0.5 M glucose or 0.5 M ribose in 0.2 M phos-
phate buffer, pH 7.4 at 37 °C for 30 days, respectively. Afterwards 10
�g of control, glycated and ribosylated BSA was subjected for in-

solution digestion by using 1 �g of trypsin in 25 mM ammonium
bicarbonate buffer pH 8.4, without prior reduction and alkylation with
dithiothreitol and iodoacetamide respectively, to simulate in vivo con-
ditions of proteolysis. The reaction was performed at 37°C for 1 h and
stopped by 10% formic acid. The samples were air-dried, reconsti-
tuted in Laemmli sample buffer (60 mM Tris-HCl pH 6.8, 2% SDS,
10% glycerol, 5% �-mercaptoethanol, 0.01% bromophenol blue) and
boiled for 5 min. Further, these samples along with respective undi-
gested samples were subjected for 12% SDS-PAGE and proteins
were visualized by Coomassie Brilliant Blue (CBB-R250) staining. The
same approach was used for kidney protein lysate except the protein
quantity used was 20 �g.

Western Blotting—Control and diabetic kidney protein samples,
before and after trypsin digestion, were separated on 12% SDS-
PAGE. Proteins were transferred onto polyvinylidene difluoride mem-
brane and incubated overnight at 4°C in blocking buffer containing
5% skimmed milk powder dissolved in TBS (20 mM Tris-HCl (pH 7.5),
0.15 M NaCl). The membranes were incubated with different primary
antibodies in blocking buffer at 37 °C for 1 h. The following antibodies
were used: anti-AGE antibody (1:2500), anti-ubiquitin antibody (1:2000),
anti-GAPDH (1:10,000), anti-SOD (1:10,000), anti-HSP (1:10,000), anti-
GST (1:2000), anti-LDH (1:1000), anti-ADH (1:500). After one wash with
TBS-T (TBS containing 0.05% Tween 20) and two washes with TBS, the
membranes were incubated with secondary antibody conjugated with
biotin conjugate (Bangalore Genei) at a dilution of 1:2000 for 30 min at
room temperature. After washing, membranes were incubated with
streptavidin-conjugated horseradish peroxidise (HRP) at dilution 1:2000
for 30 min at RT. Immunodetection was carried out in the dark by adding
diaminobenzidine (DAB), the substrate for HRP.

In-gel Trypsin Digestion—The Comassie-stained gels and Western
blots were scanned using a densitometer GS-800 (Bio-Rad Labora-
tories, Hercules, CA). The trypsin resistant proteins detected by Anti-
AGE as well as anti-ubiquitin antibody were excised and destained
with destaining solution (50 mM ammonium bicarbonate/acetonitrile
mixed 1:1 v/v). After thorough rinsing with 100 mM ammonium bicar-
bonate, the gel pieces were dehydrated in 100% acetonitrile (ACN),
which was removed by air drying. Proteins were reduced and alkylated
by 10 mM dithiothreitol for 30 min and 55 mM iodoacetamide for 45 min
respectively. Again gel pieces were dehydrated with 100% ACN and
kept for rehydration with 15–20 �l of 20 ng/�l trypsin solution in 25 mM

ammonium bicarbonate buffer pH 8.4 overnight at 4°C. Further rapid
trypsin digestion was done at 58°C for 1 h (17). Peptides from the gel
were extracted with 5% formic acid in 50% ACN, and were reconsti-
tuted in 10 �l of 0.1% formic acid in 3% ACN.

Liquid Chromatography-Mass Spectrometry Analysis—Tryptic
peptides were analyzed by nano LC-MSE (MS at elevated energy)
using a Nano Acquity UPLC system (Waters Corporation, Milford, MA)
coupled to a Q-TOF, SYNAPT-HDMS (Waters Corporation). The na-
no-LC separation was performed using a BEH-C18 reversed phase
column (1.7 �m particle size) with an internal diameter of 75 �m and
length of 150 mm (Waters Corporation). The binary solvent system
used comprised 99.9% water and 0.1% formic acid (mobile phase A)
and 99.9% acetonitrile and 0.1% formic acid (mobile phase B). Pep-
tides were initially preconcentrated and desalted online at a flow rate
of 5 �l/min using a Symmetry C18 trapping column (internal diameter
180 �m, length 20 mm) (Waters Corporation) with a 0.1% B. After
each injection, peptides were eluted into the NanoLockSpray ion
source at a flow rate of 300 nL/min using a gradient of 2–40% B for
35 min, then the column was washed and equilibrated. All mass
spectrometric analysis was performed in a positive V-mode at a
resolution of about 9000 full width half maximum (FWHM). The instru-
ment was calibrated with a MS/MS spectra of glu-fibrinopeptide B
(600 fmol/�l) , and the lock mass correction was done every 30s by
the same peptide delivered through the reference sprayer of the
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NanoLockSpray source. MSE was performed by acquiring the spectra
at constant low collision energy (4 eV) to generate intact peptide
masses, and the collision energy was elevated (20 to 40 eV) to get
product ions at an alternative 1s scan. The radio frequency voltage
applied to the quadrupole mass analyzer was adjusted such that ions
from m/z 50 to 2000 were efficiently transmitted.

Data Processing and Database Searching—The LC-MSE data was
analyzed by Protein Lynx Global Server 2.4 (PLGS; Waters Corpora-
tion) software. The ion accounting parameters used to search in-
cluded precursor and product ion tolerance 25 ppm and 100 ppm
respectively, minimum number of peptide matches (1), minimum
number of product ion matches per peptide (3), minimum number of
product ion matches per protein (5) and the number of missed tryptic
cleavage sites were three. The false positive rate was 4%. Ion inten-
sity threshold was set at 1000 counts. A preliminary search was
performed for protein identification using UniProt rat database up-
dated with Ensembl release 66 available at the end of February 2012
containing 7773 reviewed protein entries. LC-MSE data were
searched with a fixed carbamidomethyl modification for Cys residues,
along with a variable modification for oxidized Met residues. For
identification of AGE and ubiquitin modifications, a targeted search
was perfomed involving variable glycation modifications specific to
lysine residues were carboxymethyllysine (CML) (�58.0055 Da); car-
boxyethyllysine (CEL) (�72.0211 Da); pyrraline (�108.0211 Da) and
ubiquitin(114.02 Da). Those involving both lysine and arginine resi-
dues were 1-alkyl-2-formyl-3,4-glycosylpyrrole (AFGP) (�270.074
Da); Schiff’s base/Amadori modification (�162.02); imidazolone-A
(144.03 Da); methylglyoxal lysine dimer (MOLD) (49.0078 Da); Pento-
sidine (58.03 Da), and crossline (252.11 Da). Glycation and ubiquitin
modifications identified by PLGS were manually validated as de-
scribed by Bhonsle et al. (18). Triplicate replications were performed
for each sample.

Semiquantitative RT-PCR—Total RNA was isolated from diabetic
and control rat kidney using TRIzol reagent (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions. First strand cDNA was
reverse-transcribed from 1 �g of total RNA in a final volume of 20 �l
using reverse transcriptase and random hexamer primers from euro-
finsTM reagent kit according to the manufacturer’s instructions. PCR
was performed with rTaq (BlackBio) in a Veriti (Thermo Scientific)
according to a standard protocol as follows: one cycle of initial
denaturation at 94 °C for 5 min; 35 cycles of 94 °C for 30 s, annealing
for 45 s, and 72 °C for 1.30 min; a final extension at 72 °C for 10 min;
and holding at 4 °C. The amount of cDNA used for each PCR was 10
ng in a 10 �l reaction volume. The PCR products were analyzed by
electrophoresis through 2% agarose gels and visualized by Gel Red
staining. The primers used for amplifying the proteins are given in
supplemental Table S1. � actin was used as a housekeeping gene.

Enzyme assays—Control and diabetic kidney protein lysate (50 �g)
was used to carry out the following functional assays (a) total prote-
ase activity (19), (b) in-gel protease assay (20), (c) proteasomal activity
was assayed according to manufacturer’s instructions, (d) SOD assay
(21), (e) LDH assay (http://www.worthington-biochem.com/ldh/
assay.html), (f) ADH assay (22), and (g) GST assay (23). The detailed
methodology is described in supplemental Methods S1.

Determination of Aggregation Propensity of Identified Proteins—
Amino acid sequences of identified trypsin resistant proteins were
retrieved from Uniprot (http://www.uniprot.org/) and further used for
prediction of aggregation propensity. Different Web servers like Ag-
grescan (http://bioinf.uab.es/aggrescan/) (24), Tango (www.tango.
embl.de) (25), PASTA (www.protein.cribi.unipd.it/pasta) (26), and
Waltz (http://waltz.switchlab.org/) (27) were used for predicting and
calculating aggregation propensity of proteins, with their default pa-
rameters. Homology modeling of these proteins was performed using
CPH model server 3.0 (http://www.cbs.dtu.dk/services/CPHmodels/).
Predicted structures were validated by Ramchandran plot analysis us-
ing RAMPAGE (http://mordred.bioc.cam.ac.uk/�rapper/rampage.php)
and also for overall model quality by using ProSA (https://prosa.
services.came.sbg.ac.at/prosa.php). Further, AGE modified peptides
identified through PLGS analysis and predicted aggregation prone
regions were examined for putative identification of common re-
gions between them. These aggregation prone regions were then
mapped on the predicted structure using PyMol (Python based
Molecular viewer).

Statistical analysis—All experiments were performed in triplicates.
Statistical analysis was performed by Student’s t test. Data were
expressed as mean � S.D. A p value � 0.05 was considered as
statistically significant.

RESULTS AND DISCUSSION

Accumulation of PRPs: Consequence of Glycation and Im-
paired Proteasomal Function—Diabetes is associated with
accelerated glycation and crosslinking of proteins. The char-
acteristic feature of cross linked proteins is increased stabil-
ity and resistance for the proteolysis (3) because of which,
cells are unable to clear the aggregated proteins and the

FIG. 1. In vitro evidence on protease resistance of glycated
protein. BSA was glycated and ribosylated with glucose and ribose
respectively, which showed protease resistance to tryptic digestion.
Lane 2, 3, and 4 contains undigested BSA, Gly-BSA, and Rib-BSA
respectively, whereas lane 5, 6, and 7 contains the same digested
with trypsin, Try-BSA, Try-Gly-BSA, and Try-Rib-BSA respectively,
and Lane 1 contains SDS-PAGE marker. The experiment was re-
peated independently three times.

TABLE I
Blood glucose and HbA1c level of diabetic and control rats. Value in parenthesis indicates the total number of rats in the group and (�) indicates

the standard deviations. Diabetic animal groups showed approximately 20% mortality

Number of animals
Number of animals

survived
Body wt in g Glucose mg/dl HbA1c level

Control (12) 12 246.5 � 13.22 73.46 � 6.18 �5.5
Diabetic (12) 10 162.4 � 24.70 335.08 � 11.56 �8.0
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accumulated aggregates often have toxic effects. This prote-
ase resistance property of PRPs was used for their identifica-
tion. A similar approach called drug affinity responsive target
stability (DARTS) was used to identify drug targets, whereby
binding of drug to protein causes protease resistance (16). In

this study, an attempt has been made to identify glycation
induced PRPs using the DARTS approach. The basic strategy
used in this study was masking protease recognition sites of
proteins by glucose caused by the glycation reaction, thereby
reducing protease action. This idea is comparable to a well-
known concept of DNase resistance of DNA bound by tran-
scription factors. As a proof of concept, an in vitro study was
carried out with glycated and ribosyled BSA. Glycation and
ribosylation induced protein aggregation and resistance to
trypsin digestion was compared with unmodified BSA (Fig. 1).
These results suggested that glycation induced PRPs can be
identified by this approach. Further, the feasibility of these in
vitro results was demonstrated in complex protein mixtures. A
diabetic condition in Wistar rats was induced by STZ and
confirmed by measuring blood glucose and HbA1C levels
(Table I). Protease resistance of control and diabetic rat kid-
ney proteins was determined by trypsin digestion without
reduction and alkylation. Interestingly, control kidney protein
was almost completely digested with trypsin, while the dia-
betic kidney protein showed several protease resistant bands
(Fig. 2A). These in vivo results supported our in vitro results, as
well as previous studies where proteins such as collagen and
amyloid were demonstrated to be protease resistant in dia-
betic condition (4–7). As protease resistance is induced by
glycation, the kidney proteins were characterized for AGE
modification by Western blot analysis (Fig. 2B). Diabetic rat
kidney showed relatively more AGE modified proteins than the
corresponding control, and also these AGE modified proteins
were relatively resistant to trypsin (Fig. 2B). This strongly
suggested that accumulation of PRPs in diabetes could be
caused by AGE modification. Protein glycation is associated
with altered conformation and function. Under normal physi-
ological condition, misfolded proteins and potentially harmful
protein aggregates are ubiquitinated and removed by the

FIG. 2. AGE and ubiquitin modification of PRPs. The protein
lysate of control (CK) and diabetic (DK) rat kidney was separated on
SDS-PAGE with and without tryptic digestion. Western blot analysis
was performed with anti-AGE or anti-ubiquitin antibodies for de-
tection of PRPs with AGE and ubiquitin modification. A, SDS-PAGE:
Lane 2 and 3 showing undigested control (CK) and diabetic (DK) rat
kidney lysate whereas lane 4 and 5 contains the same digested with
trypsin (Try-CK, Try-DK). The same samples were immunoblotted
with Anti-AGE (B) and Anti-ubiquitin (C) antibody, respectively. The
experiment was repeated independently three times.

FIG. 3. Total protease and protea-
somal activity. Control (CK) and dia-
betic (DK) rat kidney protein lysate was
assessed for total protease activity by A,
Azocasein assay and B, In- gel protease
assay. These assays demonstrated that
total protease activity is significantly re-
duced in DK. Formation of fluorescent
AMC from AMC-tagged peptide was de-
termined to assess (C) Proteasomal ac-
tivity of rat kidney homogenate of CK
and DK, and D, In vitro MGO modified
proteasome activity. Bars represent
means � S.E. from three independent
experiments. *p � 0.05.
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proteasomal system. However, the oxidative inactivation of
proteasome has been reported during aging (11, 28), glyoxal
treated cells (3), Alzheimer’s disease (29) etc. Analysis of
protein ubiquitination and proteasome activity reveals the ba-
sis for the accumulation of AGE modified PRPs in the diabetic
rat kidney. As proteasome targets ubiquitin marked proteins,
its reduced function will slowly build up ubiquitinated proteins
in cells. It was remarkable to notice relatively more ubiquiti-
nated proteins in the diabetic rat kidney than in the control
group. The protease resistant fragments in diabetes were also
found to be ubiquitinated (Fig. 2C). Interestingly, most of the
AGE modified proteins were ubiquitinated. Further, the detec-
tion of ubiquitinated PRPs has driven us to investigate total
protease and proteasomal activity from control and diabetic
kidney homogenate. Azocasein assay (Fig. 3A) and in-gel
protease assay (Fig. 3B) showed significantly decreased total
protease activity in the diabetic kidney than control. Chymo-
trypsin-like activity of proteasome was considerably de-
creased in the diabetic condition (Fig. 3C), as this was selec-
tively inhibited by carbonyl compounds in the cell culture (15).
Inhibition of chymotrypsin like activity of proteasome by car-
bonyl compound was demonstrated by in vitro modification of
proteasome with methylglyoxal (Fig. 3D). This suggested that
the decreased proteasome activity in diabetic kidney could be
caused by AGE modification. Collectively, these results indi-
cate that accumulation of PRPs in the diabetic rat kidney is a
consequence of AGE modification and reduced proteasomal
function.

Identification and Characterization of PRPs for Glycation
and Ubiquitin Modifications—Mass spectrometry has been
extensively used to identify and characterize proteins modi-
fied by glycation (30) and ubiquitination (31). Therefore, PRPs
detected as AGE modified and ubiquitinated by Western blot-
ting were identified and characterized by mass spectrometry.

About 18 PRPs were identified with a confidence of � 95%
and found to be involved in various cellular processes are
listed in Table II and detailed information is given in
supplemental Table S2. A list of distinct peptides assigned for
each protein, and all peptide sequences and their score are
listed in supplemental Tables S3 and S5 respectively. All 18
proteins were further confirmed for the presence of different
AGE modification and ubiquitination in MSE analysis (See
supplemental Fig. S1 and Table S4). Identified PRPs were
additionally validated by Western blotting using specific anti-
bodies for a few representative proteins (Fig. 4). It was inter-
esting to identify some of these proteins involved in glucose/
energy metabolism such as ENO, GAPDH, ICDH, and MDH as

FIG. 4. Validation of LC-MSE identified PRPs by Western blot-
ting. Protein lysate of Control (CK) and diabetic (DK) rat kidney was
digested with trypsin, and separated on SDS-PAGE, followed by
immunoblotting with antibodies against GAPDH, HSP 60, SOD, GST,
LDH, and ADH. Presence of these proteins in DK after trypsin diges-
tion confirmed the identification of PRPs by mass spectrometry. The
experiment was repeated independently three times.

TABLE II
Mass spectrometrically identified proteins detected by anti-AGE and anti-ubiquitin antibody

Acc. no. Protein name No. of AGE modifications No. of ubiquitin modifications

D3ZGY4 Glyceraldehyde 3 phosphate dehydrogenase 7 2
P63039 60 kDa heat shock protein mitochondrial 14 4
P56574 Isocitrate dehydrogenase NADP 11 1
P07895 Superoxide dismutase Mn mitochondrial 11 1
P51635 Alcohol dehydrogenase NADP 9 1
F1LP05 ATP synthase subunit alpha 14 4
P10719 ATP synthase subunit beta mitochondrial 6 3
P04764 Alpha enolase 6 2
P16617 Phosphoglycerate kinase 13 4
P42123 L lactate dehydrogenase B chain 10 3
P04636 Malate dehydrogenase mitochondrial 8 1
4903 Glutathione S transferase alpha 1 18 2
P00884 Fructose bisphosphate aldolase B 12 3
P06685 Sodium potassium transporting ATPase subunit alpha 1 17 2
P10860 Glutamate dehydrogenase 1 mitochondrial 10 4
Q68FU3 Electron transfer flavoprotein subunit beta 11 2
Q5XIF6 Tubulin alpha 4A chain 7 1
Q9WVK7 Hydroxyacyl coenzyme A dehydrogenase mitochondrial 12 2
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modified by various glycation modifications, common to our
previous study (12). Hence, these results provided additional
evidence that the protease resistance of these proteins is
caused by a variety of AGE modifications. In addition to these
proteins, stress response proteins such as 60 kDa HSP, Mn-
SOD were identified as PRPs in the diabetic rat kidney. Other
PRPs involved in cytoskeletal organization and transport were
also identified (Table II).

PRPs Exhibited Reduced Functional Activity—Mn-SOD,
LDH, ADH, and GST were selected as representative proteins
involved in oxidative stress, energy metabolism, and detoxi-
fication respectively for the functional analysis. The activity of
all these enzymes was significantly affected in diabetic con-
dition (Fig. 5A–5D). The activity of Mn-SOD was reported to
be reduced in leukocytes of diabetic patients (32). In normal
physiological condition SOD plays a central role in scavenging
free radicals, reduced SOD function may increase oxidative
stress. Our results with ADH were comparable with a previous
study of glycation of sorbitol dehydrogenase decreasing its
activity (33). With respect to GST, our results were consistent
with the earlier reports in which impaired GST activity in liver
microsomes and mitochondria was observed in diabetic rats
(34). As GSTs constitute one of the major components of the
phase II drug-metabolizing enzyme and antioxidant systems,
its reduced activity may lead to diabetic complications by
causing a disturbance in xenobiotic metabolism. Glycation
induced inactivation of LDH was observed both in isolation
and in cell lysates previously (35). These effects could be
caused by the direct adduction of the free- or protein-bound
carbonyls with the target enzymes.

Prediction of Aggregation Hotspots in PRPs—Protein ag-
gregation is implicated in the development of Alzheimer’s and
Parkinson’s disease and in diabetes through crosslinking of
proteins. In this study, identified PRPs were observed to be
aggregated because of a glycation reaction. In silico analysis
was performed to predict the regions of a polypeptide chain
that were prone to �-sheet aggregation and amyloid forma-

FIG. 5. Functional assays of identified PRPs. The enzymatic ac-
tivities of A, SOD, B, LDH, C, ADH, and D, GST were analyzed for
control (CK) and diabetic (DK) rat kidney protein lysate using proto-
cols described in supplemental method S1. In DK, significant reduc-
tion in enzymatic activity was observed. Bars represent means � S.E.
from three independent experiments. *p � 0.05.

TABLE III
In silico analysis of aggregation prone regions in PRPs. Bold and italicized regions had glycation modifications

Identified proteins Predicted aggregation prone regions

Glyceraldehyde 3 phosphate dehydrogenase 35–47, 114–121, 158–181, 214–232, 301–314
60 kDa heat shock protein mitochondrial 17–31, 60–76, 138–142, 240–250, 253–258, 397–405, 464–481
Isocitrate dehydrogenase NADP 60–72, 74–84, 105–114, 142–150, 186–197, 246–253, 297–308, 322–336,

369–377
Superoxide dismutase Mn mitochondrial 1–6, 97–105, 134–146, 179–194, 200–211, 214–218
Alcohol dehydrogenase NADP 31–46, 72–81, 102–114, 145–161, 173–179, 233–238, 247–261, 269–282
ATP synthase subunit alpha 1–11, 74–80, 112–125, 218–227, 241–252, 339–367, 407–417
ATP synthase subunit beta mitochondrial 61–72, 82–86, 139–149, 202–235, 263–271, 282–290, 303–310, 316–332,

384–395, 435–443, 504–511
Alpha enolase 21–35, 105–121, 149–154, 165–172, 223–232, 276–287, 307–316,

363–370, 381–393
Phosphoglycerate kinase 16–26, 81–101, 112–122, 175–185, 235–254, 363–375
L lactate dehydrogenase B chain 22–47, 88–98, 124–129, 131–139, 141–152, 173–179, 200–212, 294–301
Malate dehydrogenase mitochondrial 27–35, 40–61, 91–98, 134–157, 164–180, 235–260
Glutathione S transferase alpha 1 6–10, 67–79, 101–112, 147–151, 156–171
Fructose Bisphosphate aldolase B 61–69, 98–110, 249–261, 267–273, 281–290, 353–364
Sodium potassium transporting ATPase subunit

alpha 1
91–117, 130–150, 244–249, 253–263, 303–332, 388–393, 750–760,

771–798, 802–817, 865–879, 802–817, 916–936, 949–971, 994–1001
Glutamate dehydrogenase 1 mitochondrial 104–120, 160–177, 300–328, 355–363, 418–425, 427–447, 550–558
Electron transfer flavoprotein subunit beta 1–20, 117–127, 218–228
Tubulin alpha 4A chain 1–12, 64–71, 148–158, 166–172, 189–193, 226–243, 312–323, 327–333,

335–347, 372–383, 399–410
Hydroxyacyl coenzyme A dehydrogenase

mitochondrial
21–45, 47–55, 106–122, 153–173, 215–233, 259–272
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tion. Aggregation prone regions of the identified PRPs are
listed in Table III. It was remarkable to find that some of the
aggregation-prone regions had glycation modification sites

identified by LC-MSE. The aggregation prone regions contain-
ing glycation modifications were mapped onto their structure
in representative PRPs (Fig. 6). The finding of glycation mod-
ification sites in the aggregation-prone region suggests that
the increased protein cross-linking and aggregation in diabe-
tes could be because of AGE modification.

Gene Expression Analysis of PRPs—Western blotting (Fig.
7A) and semiquantitative RT-PCR (Fig. 7B) studies revealed
the up-regulation of GAPDH, HSP60, SOD, GST, LDH, and
ADH at both protein as well as mRNA level respectively in
diabetic rat kidneys. Beta-actin (housekeeping gene) showed
equivalent expression at the mRNA level of control as well as
diabetic kidney tissue (supplemental Fig. S2). Increased ex-
pression of GAPDH has been observed in the diabetic rat liver
(36). HSP70, which is involved in stress response, has also
been observed to be up-regulated in the circulation of dia-

FIG. 6. Prediction of aggregation prone regions. Protein struc-
tures of rat GAPDH, HSP 60, SOD, GST, LDH and ADH were modeled
by CPH 3.0 model server and analyzed using PyMol. Aggregation
prone regions in these proteins were predicted in silico using Ag-
grescan, Tango, PASTA, and Waltz web servers (blue color). The
regions common to aggregation prone sequences and glycation sites
were highlighted in the red color, indicating that most of the glycation
sites were overlapping with predicted aggregation hotspots.

FIG. 7. Expression analysis of PRPs. A, Protein expression of
GAPDH, HSP 60, SOD, GST, LDH, and ADH in control (CK) and
diabetic (DK) rat kidney was measured by the Western blot analysis.
B, The same proteins were analyzed at the transcript level by per-
forming semi-quantitative RT-PCR using total RNA isolated from con-
trol and diabetic rat kidney tissues. All samples were analyzed on 2%
agarose gels containing gel red. Both analyses showed up-regulation
of PRPs in diabetic condition. Results shown are representative of
three independent experiments.

FIG. 8. Schematic diagram for accumulation of PRPs and up-
regulation of proteins. The proposed model shows that AGE mod-
ification and impairment in proteasomal activity results in accumula-
tion of protease resistant aggregates. AGE modification causes loss
of functional activity of enzymes, which is compensated by increased
gene expression. Both the inability of proteasome to remove protease
resistant aggregates and decreased enzyme activity may cause up-
regulation of proteins in the diabetic condition.
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betic patients and correlates positively with the chronicity of
disease (37). The mRNA levels of Mn-SOD found to be in-
creased in the rat embryos as a response to maternal diabe-
tes (38). Increased expression of GST in renal proximal tu-
bules in the early stages of diabetes in mouse has been
detected by mRNA, Western blot, and immunohistochemical
analysis (39). Dramatic increase in LDH mRNA level has been
reported in chronic hyperglycemia induced in rats by partial
pancreatectomy (40). Increased brain protein level of ADH has
been observed in Alzheimer’s disease because of elevated
carbonyls (41). As we have shown that the biological function
of PRPs was decreased because of AGE modification in the
diabetic condition, the cells possibly have increased expres-
sion of these proteins to compensate for the loss of activity.
Indeed, it has been studied that inactivation of sorbitol dehy-
drogenase by glycation reaction was associated with in-
creased mRNA and protein levels in the liver of STZ-induced
diabetic rats (33). In addition to this, decreased proteasomal
activity and decreased removal of these proteins contributes
to their stability and may lead to cross-linking and aggregation
(Fig. 8). These results provided insight into the probable cause
of protease resistance and its consequences leading to dia-
betic complications.
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