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Abstract

Background: Increased production and accumulation of methylglyoxal (MGO), as well as increased modification of proteins
by glycoxidation, are hallmarks of aging and diabetes. MGO was shown to modify proteins and to contribute to the
accumulation of damaged proteins that can be toxic to cells. However, the effect of MGO on the cell systems responsible for
repairing or degrading damaged proteins is still unclear. In this study, the effect of MGO on the function of the ubiquitin-
proteasome system (UPS) and on molecular chaperones, two cooperative mechanisms associated with protein quality
control, was investigated.

Principal Findings: In this work it is shown that treatment of cells with MGO leads to accumulation of ubiquitin conjugates
and depletion of free ubiquitin. Moreover, MGO significantly decreases the proteolytic activity of the 20S proteasome. Data
further shows that MGO decreases the levels of the molecular chaperones Hsc70 and Hsp90 and leads to accumulation of
CHIP-, Hsp40- and ubiquitin-containing aggregates. The formation of large aggregates containing CHIP is a consequence of
its binding to misfolded proteins and to molecular chaperones. Moreover, dysfunction of the chaperones/CHIP/UPS axis is
associated with accumulation of oxidized and argpyrimidine-modified proteins, which is likely to be associated with
decreased cell viability. Interestingly, data further shows that MGO-induced stress induces the activation of heat shock
factor-1 (Hsf-1), the main transcription factor involved in the regulation of the expression of heat shock proteins (HSPs) and
cell response to stress.

Conclusions: The data obtained in this work suggests that MGO impairs both the UPS and the protein quality control
dependent on CHIP and molecular chaperones, leading to accumulation of toxic aggregates and increased cell death.
However, these MGO-induced changes appear to elicit a response from the Hsf-1 system, which is crucial to help cells to

cope with cellular stress and to re-establish homeostasis.
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Introduction

MGO is a highly reactive a-oxoaldehyde that is formed in cells
primarily from the triose phosphate intermediates of glycolysis,
dyhydroxyacetone phosphate and glyceraldehyde 3-phosphate [1].
This by-product of glycolysis induces rapid and non-enzymatic
modification of free amino groups of lysine and arginine residues
of proteins, leading to the generation of advanced glycation end
products (AGEs) [2]. The posttranslational modification of
proteins by MGO is known to contribute to aging, as well as to
a number of diseases, including cancer, diabetes and other
disorders [1]. Indeed, hyperglycaemia triggers enhanced produc-
tion of MGO on diabetes [1,3], leading to vascular dysfunction
[4], while AGEs exacerbate and accelerate a number of
characteristics of many age-related diseases [5,6].

MGO is known to induce aggregation and structural modifi-
cations in proteins through cross-linking and formation of
chemical adducts [7,8]. In eukaryotic cells, the proteasome
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contributes to prevent the accumulation of non-functional,
potentially toxic proteins. This proteolytic system is of particular
importance in protecting cells against harsh conditions, such as
heat shock, glycation or oxidative stress [9], and is an important
player in the protein quality control system in eukaryotic cells.
However, when the generation of obsolete proteins exceeds the
capacity of the cell to degrade them, there is a progressive
accumulation of damaged proteins, which often become insoluble
over time and are potentially toxic to cells [9]. Accumulation of
damaged proteins, ultimately, occurs when the proteolytic systems
and molecular chaperones, which normally prevent aggregation
(for example, Hsc70 and Hsp90) [10,11], cannot keep up with the
rate of production of misfolded or otherwise damaged proteins.
The carboxy terminus of the Hsc70-interacting protein (CHIP)
is a key player in protein quality control since it is a molecular link
between chaperones and the UPS. Indeed, CHIP has both a
tetratricopeptide repeat (I'PR) motif and a U-box domain [12].
The TPR motif associates with chaperones, such as Hsp40, Hsc70
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and Hsp90, while the U-box domain has ubiquitin ligase activity.
Thus, CHIP has a critical role in protein quality control by
ubiquitinating misfolded or post-translationally modified proteins
through interaction with molecular chaperones [13].

It has been suggested that the activity of the proteasome can be
compromised upon aging [14] and diabetes [15]. For example, the
levels of the proteasome activator PA28 are decreased in muscle
extracts of diabetic rats [16], which might result in accumulation
of glycated and toxic proteins, typically observed in diabetic
tissues. Furthermore, formation of amyloid-aggregates, which is
usually associated with aging and diabetes, is highly enhanced by
MGO and other aldehydes [17] and this is known to impair the
UPS, leading to apoptosis [18]. On the other hand, it has been
suggested that UPS activity decreases with aging, which may
further account for the accumulation of modified and toxic
proteins in cells, contributing to cell injury and death [14].There is
also increasing evidence showing that molecular chaperones, such
as o-crystallin and Hsp27 [19,20], are themselves major targets of
MGO-induced modification and aggregation. These and other
evidences indicate that age- and diabetes-dependent accumulation
of MGO is likely to account for impairment of the protein-quality
control mechanism. However, the effect of MGO in the function
of UPS and on molecular chaperones is still not clear.

Herein, it is shown that increased levels of MGO lead to
accumulation of ubiquitin conjugates and depletion of free
ubiquitin in the cell. The accumulation of ubiquitin conjugates is
presumably due to both MGO-induced impairment of UPS and
MGO-induced disruption of chaperones. Data presented in this
work further shows that MGO downregulates Hsc70 and Hsp90
and promotes the formation of large aggregates containing Hsp40,
CHIP and ubiquitin. Consistently, increased levels of MGO lead
to accumulation of modified proteins and decreased cell viability.
Moreover, MGO-induced cell damage elicits a heat-shock
response by activation of Hsf-1, presumably as part of a more
general strategy of cell response to stress.

Results

MGO impairs proteasome activity and leads to

accumulation of ubiquitin conjugates
Increased production and accumulation of MGO have been
associated with cell and tissue dysfunction on diabetes and aging
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[1], both characterized by decreased proteasome activity [14,16].
However, the putative effect of MGO on the proteasome activity
and on the accumulation of modified proteins remains to be
clarified.

To evaluate the effect of MGO 1n the proteasome activity, we
used a human retinal pigment epithelium cell line (ARPE-19). This
cell type represents an appropriate model for this study since it has
a very active and functional UPS [21,22]. Moreover, the retinal
pigment epithelium (RPE) has a high rate of glucose consumption
and its ubiquitin-proteasome system has been shown to be affected
during aging and diabetes [5,6,23]. Indeed, formation of AGEs is a
trigger for the onset of age-related phenotypes on choroid and
RPE cells [6].

Prior to test the proteasome activity, we observed that
incubation of RPE cells with I mM or 3 mM MGO for 3 hours
resulted in an intracellular accumulation of MGO of 0.5%0.12
and 0.7%0.14 nmol MGO/mg protein, respectively, which
corresponds to a 1.8 and 2.3 fold increase as compared to control
(Figure 1A). Although the high concentrations used in this work
are not found in the plasma and tissues, we observed that they
induce an intracellular accumulation of MGO that is consistent
with the levels found in tissues of diabetic animals [24]. Moreover,
the obtained intracellular levels of MGO using these concentra-
tions are similar to those observed in other studies using cell
culture systems [25].

To assess the 20S proteasome activity, ARPE-19 cells were
treated with MGO and the cell extracts were used to measure the
three peptidase activities of the 20S proteasome using fluorogenic
substrates. Data shows that these MGO concentrations decrease
the chymotrypsin-like and caspase-like activities of the 20S
proteasome, by about 32% and 17%, respectively (Figure 1B).
Immunoblot analysis of ARPE-19 cell extracts treated with MGO
revealed that MGO increases the accumulation of ubiquitin
conjugates and decreases the levels of free ubiquitin (Figure 1C).
This result is comparable to data obtained in the presence of a
proteasome inhibitor (such as MG132) and suggests that MGO
impairs proteasome activity.

Considering that the fluorogenic substrate used to assess the
chymotrypsin-like activity of the proteasome may also be a
substrate for other chymotrypsin-like proteases, such as calpains
[26], one may not exclude the role of MGO in the inhibition of
other proteases. Moreover, MGO may also exert some effects on
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Figure 1. MGO decreases the 20S proteasome activity, depletes free ubiquitin and leads to accumulation of ubiquitin conjugates.
(A) ARPE-19 cells were treated with 1 mM or 3 mM of MGO for 3 hours. Cells were then lysed and the intracellular levels of MGO were determined by
HPLC after derivatization with DDB. The results represent the mean *+ SD of at least three independent experiments. * p<<0.05, significantly different
from control (one-way ANOVA). (B) ARPE-19 cells were treated with 3 mM MGO for 3 hours and the cell extracts were used to measure the proteolytic
activities of the 20S proteasome (chymotrypsin-like, caspase-like and trypsin-like activities) using specific fluorogenic substrates. The results
correspond to the measurement at 30 minutes of activity and represent the mean = SD of at least three independent experiments. ** p<0.01,
significantly different from control; paired T test. (C) ARPE-19 cells were treated with 1 mM MGO, 3 mM MGO or 20 uM MG132 for 3 hours and the
proteins were separated by SDS-PAGE, transferred to PVDF membranes and probed with monoclonal antibodies against ubiquitin and actin.

doi:10.1371/journal.pone.0013007.g001
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the activity of deubiquitinating enzymes, as well as on the activity
of ubiquitin-conjugating or ubiquitin-ligase enzymes, inducing
changes on the total levels of ubiquitin-conjugates in the cell.
However, the fact that MG132 and epoxomicin inhibited by over
90% the degradation of fluorogenic substrates, specifically Suc-
LLVY-AMC, (data not shown) strongly suggests that the major
contribution for the degradation of these substrates occurs indeed
via proteasomal degradation.

MGO decreases the levels of Hsc70 and Hsp90

MGO is known to induce modification of proteins by
glycoxidation [2,27,28,29]. Accumulation of damaged proteins
can be toxic and interfere with normal cell function. Therefore,
repair or elimination of MGO- or otherwise-damaged proteins is
critical to ensure proper cell functioning and survival. This
function is supported by a complex quality control mechanism that
relies on molecular chaperones and UPS, which can either refold
damaged proteins or direct them to proteasomal degradation. The
molecular chaperones Hsc70 and Hsp90 bind to unfolded proteins
and both contribute to regulate the protein quality control
[9,30,31,32]. Therefore, it is likely that destabilization of these
chaperones may compromise the protein quality control. Data
obtained in this study shows that in addition to inhibiting the
proteasome, MGO induces a decrease in the levels of Hsc70 and
Hsp90 proteins (Figures 2A, 2B and 2C).

MGO induces the formation of CHIP-, Hsp40- and
ubiquitin-containing aggregates

Hsp40 and CHIP are crucial regulators of the protein quality
control [30,31,33]. Damaged proteins are often recognized and
bind to Hsp40, which in turn recruit Hsc70. Hsp40 functions in
cooperation with the co-chaperone CHIP, which has ubiquitin
ligase activity and, therefore, is able to ubiquitinate damaged
proteins, promoting its UPS-dependent degradation [9]. Data
represented in Figures 3A, 3B and 3C show that MGO strongly
increases, in a time- and dose-dependent manner, the accumula-
tion of bands with high molecular weights that present
immunoreactivity for CHIP and Hsp40 antibodies. Moreover,
we observed that MGO increases the ubiquitination of CHIP- and
Hsp40-positive aggregates (Figures 3C and 3D). However,
ubiquitination on its own does not fully explain the posttransla-
tional modification of CHIP-containing aggregates, since MG132
strongly increases ubiquitination of the protein and does not
induce accumulation of bands with high molecular weights,
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consistent with CHIP-containing aggregates. We suggest that these
high molecular weight bands correspond to ubiquitinated
substrates that undergo MGO-induced post-translational modifi-
cations, ending up in large aggregates containing ubiquitinated
proteins, chaperone and co-chaperone complexes, including
Hsp40 and CHIP. This could be the result of the cooperative
action of chaperones and UPS in rescuing or degrading misfolded
and/or post-translationally modified substrates. It is conceivable
that some of these aggregates will became insoluble, accounting for
age- and diabetes-related cell damage. To further pursue this issue,
ARPE-19 cells were transfected with a mutant CHIP that cannot
bind chaperones (CHIP K30A) or with a mutant CHIP with no
ubiquitin ligase activity (CHIP H260Q)). Data shows that the
accumulation of bands with high molecular weight, with reactivity
for CHIP, decreases when CHIP does not contain chaperone-
binding affinity (Figure 3E). Conversely, accumulation of high
molecular weight complexes is potentiated by overexpression of
CHIP with no ubiquitin ligase activity (Figure 3E). This suggests
that the accumulation of CHIP-containing high molecular weight
complexes is dependent on the two domains of the protein
(ubiquitin-ligase and chaperone-binding) and is likely to be the
result of CHIP being trapped in ubiquitinated complexes
containing molecular chaperones and damaged/misfolded
proteins.

MGO leads to accumulation of modified proteins and
decreases the cell viability

Considering that MGO impairs the ubiquitin-proteasome
system and disrupts the chaperone axis, we suggest that MGO is
likely to disrupt the protein quality control system in the cell,
leading to a potentially toxic accumulation of damaged proteins.
Indeed, we observed that MGO strongly increases the levels of
oxidized proteins (Figure 4A). Consistently, we also observed
increased accumulation of AGEs in the presence of MGO, as
revealed by increased immunoreactivity of whole protein extracts
against an anti-argpyrimidine antibody (Figure 4B). Of signifi-
cance, accumulation of damaged and toxic proteins is accompa-
nied by decreased cell viability (Figure 4C).

MGO elicits a heat-shock response and activates Hsf-1
Stimuli that induce cell stress and protein damage normally
activate sensing mechanisms and various forms of cell response to
stress, which often include a dramatic change in the pattern of
gene expression and increased synthesis of molecular chaperones.
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Figure 2. MGO decreases the levels of Hsc70 and Hsp90. (A, B and C) ARPE-19 cells were treated with T mM MGO or 3 mM MGO for 3 hours
and the cell lysates were analyzed by western blotting using anti-Hsc70 (A), anti-Hsp90 (B) and anti-actin antibodies. The quantified results represent

the mean = SD of at least three independent experiments. *** p<<0.001,

ANOVA (Dunnet’s post hoc test) (C).
doi:10.1371/journal.pone.0013007.g002
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Figure 3. MGO induces formation of large aggregates containing ubiquitin, CHIP and Hsp40. (A) ARPE-19 cells were treated with 1 mM
MGO or 3 mM MGO for 3 hours and the cell lysates were analyzed by western blotting using specific antibodies against CHIP and actin. (B) ARPE-19
cells were transfected with myc-CHIP wt and treated with 3 mM MGO for 15, 30, 50, 79 and 90 minutes. Proteins were separated by SDS-PAGE,
transferred to PVDF membranes and probed for c-myc. (C) ARPE-19 cells were treated with 1T mM MGO or 3 mM MGO for 3 hours. The cell lysates
were used to immunoprecipitate Hsp40 and immunoblot the immunoprecipitates against ubiquitin. (D) ARPE-19 cells were transfected with myc-
CHIP wt and treated with 3 mM MGO for 3 hours. c-myc (CHIP) was immunoprecipitated and the immunoprecipitates were probed using a
monoclonal antibody against ubiquitin. (E) ARPE-19 cells were transfected with c-myc CHIP wt, c-myc CHIP K30A or c-myc CHIP H260Q. Cells were
subsequently treated with 3 mM MGO for 3 hours and the cell lysates were immunoblotted for c-myc and actin.

doi:10.1371/journal.pone.0013007.9003

Increased expression of heat-shock proteins generally results in
repair of modified proteins, promoting cell survival [34]. The
inducible expression of HSPs is mainly regulated by the heat shock
transcription factor-1 (Hsf-1), that induces transcription of various
heat shock genes.

As previously shown, MGO constitutes a potent stress-inducer
by impairing UPS activity, leading to the accumulation of
damaged and modified proteins in the cell. On the other hand,
Hsf-1 is a crucial transcription factor activated under conditions of
stress, including accumulation of damaged proteins. Thus, we
assessed whether activation of Hsf-1 is part of the cell response to
the noxious effects induced by MGO.

Oligomerization and phosphorylation of Hsf-1, as well as gain
of DNA binding activity, are all well described hallmarks for
activation of Hsf-1 [35,36]. Indeed, in this study we show that Hsf-
1 is mostly present in the monomeric/inactive form under normal
conditions. However, MGO induces the formation of Hsf-1
homodimers, followed by the formation of Hsf-1 homotrimers
(Figure 5A), suggesting Hsf-1 activation. It should be noted that
these polymeric forms of Hsf-1 are preserved during the
immunoblot procedure due to the low content (1-2%) of B-
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mercaptoethanol on the denaturation buffer. Consistently, a slight
shift on the molecular weight of Hsf-1 is also observed in the
presence of MGO (Figure 5B), which may be due to increased
phosphorylation under these conditions. To further evaluate the
activation of Hsf-1 by MGO-induced stress, we examined the
ability of Hsf-1 to bind heat-shock elements (HSE) on DNA and
activate transcription of the genes under the control of this
conserved sequence. Indeed, through an HSE-luciferase gene
reporter assay, we observed that MGO specifically increases the
transcriptional activity of Hsf-1 (Figure 5C). Moreover, an increase
in the levels of mRNA and protein of the molecular chaperones
Hsc70, Hsp70 and Hsp90 further confirm the activation of Hsf-1
by MGO, indicating the activation of a heat-shock response
following the exposure to MGO. Interestingly, MGO appears to
have a biphasic effect on the regulation of molecular chaperones.
In an early stage, MGO decreases the mRNA and protein levels of
these proteins (up to 5 h of incubation). However, this response is
reverted for longer periods of incubation with MGO (Figure 5D,
5E, 5F), suggesting the mounting of a cell response to stress, which
is likely to be triggered by Hsf-1. This response seems to be
somewhat specific as we were not able to detect increased levels of
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Hsp27 (another molecular chaperone whose expression is under
the control of Hsf-1) and GAPDH (another cytoplasmic protein)
(Figure 5F).

Hsp90-containing multichaperone complexes appear to be the
most relevant repressors of Hsf-1 activity [37]. Indeed, in this work
we show that oligomerization of Hsf-1 is accompanied by a
dramatic decrease in the interaction between Hsp90 and Hsf-1
(Figure 5G), highlighting the critical activation of Hsf-1 in response
to MGO.

Of great biological significance, we further noted that activation
of Hsf-1 and increased expression of molecular chaperones is
accompanied by an increase in cell viability, which is likely to
indicate adaptation to the noxious effects of MGO (Figure 5H).

Discussion

Increased production of MGO, increased modification of
proteins by glycoxidation and accumulation of damaged proteins
are all hallmarks of aging and of a number of diseases, such as
diabetes and cancer [1,5]. MGO is known to be toxic and to
interfere with a plethora of critical mechanisms in the cell. For
example, MGO impairs the mitochondria-respiratory chain and
increases the production of reactive oxygen species, particularly
the anion superoxide, contributing to increased oxidation of
proteins [38,39,40]. On the other hand, MGO reacts with free ¢-
NH, groups of basic amino acid residues, through glycation,
altering the structure and function of proteins [41]. These and
other posttranslational modifications induce exposure of hydro-
phobic patches of the proteins and loss of secondary and tertiary
structure [41,42]. These changes were proposed to act as a
recognition signal for degradation by the proteasome [43,44,45].
Canonically, the recognition of the exposed hydrophobic domains
of modified proteins is mediated by molecular chaperones, such as
Hsc70 and Hsp90. Binding of chaperones is often suggested to
recruit the ubiquitin ligase CHIP, which ubiquitinates the
modified proteins and targets them for proteasomal degradation
[9]. However, the function of the proteasome has also been
reported to be impaired upon aging, which may account for
mefficient removal of damaged proteins [41,46,47]. For example,
oxidative inactivation of the proteasome was reported in many
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types of cells and proteasome activity was shown to decrease in
glyoxal-treated cells as compared to controls [41]. Moreover,
hyperglycaemia-induced formation of MGO was shown to
covalently modify the 20S proteasome, decreasing its activity in
cultured endothelial cells and extracts of diabetic kidneys [48].
Consistently, in this study we show that MGO impairs the UPS
and destabilizes several molecular chaperones that are crucial for
the protein quality control. These impairments are likely to
contribute for the accumulation of modified proteins and
decreased cell viability.

Indeed, a number of independent studies have shown that
MGO modifies and destabilizes several molecular chaperones,
such as Hsp27 and a-crystallin [19,20,49,50,51,52]. Despite some
controversial studies, it is becoming increasingly clear that
molecular chaperones and co-chaperones constitute a group of
proteins that can be critically affected by MGO. Indeed, in this
work, we show that Hsp40, Hsc70, Hsp90 and CHIP are all
destabilized by MGO. The protein levels of Hsc70 and Hsp90
decrease in the presence of MGO. On the other hand, CHIP and
Hsp40 aggregate following treatment with MGO. These findings
led us to hypothesize that, in addition to other established toxic
effects, MGO acts by disrupting the cell protein quality control
system. Indeed, we show that treatment of cells with MGO leads
to the formation of Hsp40- and CHIP-containing ubiquitinated
aggregates and that the overexpression of a ligase-dead CHIP
increases the levels of CHIP-positive aggregates. Moreover, data
from overexpression of a mutant CHIP, which does not bind
chaperones, suggests that formation of these aggregates is
mediated by ancillary chaperones that bind to CHIP. These
findings led us to suggest that CHIP is probably trapped in
aggregates of modified proteins, which are recognized by the
chaperone-binding site of CHIP and are, at least in part, targeted
for degradation mediated by the ubiquitin ligase activity of this
protein. Data also emphasizes the dual role of CHIP in the
recognition of damaged proteins and in the targeting of these
proteins for degradation. Nevertheless, overexpression of CHIP is
not sufficient to entirely compensate for the accumulation of
modified proteins, thus accounting for increased cell toxicity.
Indeed, we show that impairment of UPS and destabilization of
molecular chaperones is accompanied by decreased cell viability.
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antibodies against Hsf-1 and actin. (C) ARPE-19 cells were transiently transfected with the HSE wt (x4)-luciferase or HSE mut (x4)-luciferase vectors and
were treated with T mM MGO for 3, 5 or 8 hours. Subsequently, the luciferase activity was determined by luminescence. The quantified results
represent the mean =+ SD of at least three independent experiments. ** p<<0.01, significantly different from control; one-way ANOVA (Dunnet’s post
hoc test). (D) ARPE-19 cells were treated with T mM MGO for 3, 5 or 8 hours. Total RNA was used to synthesize cDNA, which, in turn, was used as
template to quantify HspB1, HspB2, Hsc70, Hsp70 and Hsp90 mRNA and 18S rRNA through RT-PCR. The quantified results represent the mean * SD
of at least three independent experiments. * p<<0.05, ** p<<0.01, *** p<<0.001, significantly different from the respective control; ## p<0.01 and
### p<0.001, significantly different from the corresponding “MGO 3 h” condition; § p<<0.05, 88 p<0.01, significantly different from the
corresponding “MGO 5 h” condition; one-way ANOVA (Tukey's post hoc test). (E) ARPE-19 cells were treated with 1 mM MGO for 3, 5 or 8 hours and
the cell lysates were analyzed by western blot using anti-Hsc70, -Hsp90 and -actin antibodies. The quantified results represent the mean = SD of at
least three independent experiments. * p<<0.05, ** p<<0.01 and *** p<<0.001, significantly different from the respective control; one-way ANOVA
(Tukey's post hoc test); ## p<<0.01, significantly different from the corresponding “MGO 5 h” condition; one-way ANOVA (Tukey’s post hoc test). (F)
ARPE-19 cells were treated with T mM MGO for 1, 3, 5, 8 or 10 hours and the cell lysates were analyzed by western blot using anti-Hsp27, -Hsp70, -
GAPDH and -actin antibodies. (G) ARPE-19 cells, transfected with c-myc tagged Hsf-1, were treated with 1T mM MGO for 1, 3, 5 or 8 hours. c-myc was
immunoprecipitated and immunoprecipitates were probed against c-myc and Hsp90. (H) ARPE-19 cells were treated with 1T mM MGO for 3, 8 or
10 hours and used to assess cell viability through the MTT colorimetric assay. The quantified results represent the mean = SD of at least three
independent experiments. * p<<0.05, significantly different from control; # p<0.05, significantly different from “1 mM MGO 8 h” condition; one-way

ANOVA (Dunnet’s post hoc test).
doi:10.1371/journal.pone.0013007.g005

Altogether, data is consistent with a model in which MGO-
induced post-translational modifications of proteins leads to
recruitment of molecular chaperones, in an attempt to repair the
misfolded proteins. CHIP is subsequently recruited and acts as a
switch, directing substrates from protein refolding to protein
degradation. However, our observations suggest that formation of
CHIP- and chaperones-containing large ubiquitinated aggregates
may become difficult to process by either pathway (refolding or
degradation), particularly if the proteasome is also inhibited,
leading to the sequestering of CHIP and molecular chaperones in
such insoluble protein aggregates.

In agreement with data presented in this work, high levels of
MGO and the resulting accumulation of protein aggregates have
been extensively correlated with the loss of cell viability and
increased cell death [25,53,54]. Hsf-1 has been identified as a key
player in the cell response to stress by mediating stress-induced
heat shock gene expression, by virtue of its ability to bind to DNA,
oligomerization and nuclear localization in response to environ-
mental stressors [34,36]. Indeed, this study shows that Hsf-1 is
activated in the presence of increased levels of MGO, as revealed
by increased trimerization and increased transcriptional activity.
Ultimately, the stress induced by MGO appears to be, at least in
part, compensated by the activation of Hsf-1. Activation of Hsf-1
results in overexpression of several heat shock proteins, known to
improve refolding of damaged proteins and to promote cell
survival. This response suggests that cells have finely tuned sensing
mechanisms that counteract abnormal changes induced by stress-
inducers. However, these mechanisms are likely to be compro-
mised under acute and severe forms of stress or under chronic mild
stresses. Indeed, several reports showed that aging and progression
of diabetes are both associated to malfunction and failure of the
Hsf-1 system [55,56], suggesting loss of cell ability to respond to
stress and increased susceptibility to cell damage in later stages of
age-related diseases.

Regulation of Hsf-1 in the presence of MGO is still unclear but
is likely to involve thiol-disulfide exchange, which has been
reported to be a redox-dependent posttranslational modification
mechanism that can regulate the activity and structure of
transcription factors and other proteins [57]. Indeed, NIF-xB
[58] and AP-1 [59] were shown to be regulated by a mechanism
that involves formation of nonnative disulfide crosslinks and
oxidation of conserved redox-reactive Cys residues. A similar
mechanism is also likely to be involved in regulation of Hsf-1. For
example, it was shown that Hsf-1 directly senses both heat and
hydrogen peroxide to assemble into a homotrimer in a reversible
and redox-regulated manner [35]. The sensing of both conditions
requires two Cys residues within the Hsf-1 DNA-binding domain
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that are engaged in redox-sensitive disulfide bonds. Moreover,
Hsf-1 derivatives in which the Cys residues were mutated are
refractive to stress-inducible trimerization and DNA binding [60].
In further support of this hypothesis, MGO is known to change the
cellular redox status [61], induce the formation of disulfide-
crosslinks and modify the SH-group of Cys residues [62,63]. These
evidences may explain the higher preservation of Hsf-1 homodi-
mers and homotrimers when samples are lysed using low amounts
of B-mercaptoetanol.

Another interesting aspect that is suggested by the current work
is that MGO targets lysine residues, which are major ubiquitin-
acceptor sites. At a first glance it might be expected a general
decrease on the total levels of ubiquitinated proteins in the cells.
However, in this study we observe a clear increase in the levels of
ubiquitinated proteins following treatment with MGO. This
apparent contradiction is not without precedent. Indeed, there
are several reports showing that modification of lysine residues by
processes such as lysine acetylation may either increase or decrease
ubiquitination, depending on the substrate (reviewed in [64]). In
the case of glycation, it is known that CML-modified proteins are
substrates for ubiquitin conjugation [41] and that, for example,
Raf-1 is degraded by an ubiquitin-proteasome-dependent mech-
anism in response to MGO [65], suggesting increased ubiquitina-
tion of glycated proteins and the existence of a crosstalk between
both processes. Considering the data presented in this study, as
well as other reports in the literature, it is likely that glycation on
lysine residues can direct substrates to either refolding or
proteasome degradation. The final fate of a specific substrate is
probably the result of the stability of the modified protein, as well
as of the recruitment of a number of different binding partners that
may divert substrates to specific pathways. However, this is a
matter for further investigation.

As a major conclusion, the data obtained in this work suggests
that accumulation of MGO, which occurs in a variety of situations,
such as diabetes and aging, impairs both the UPS and the protein
quality control dependent on CHIP and molecular chaperones,
leading to accumulation of toxic aggregates and decreased cell
viability. However, these MGO induced changes appear to elicit a
response from the Hsf-1 system, which is crucial to help cells to
cope with cellular stress and to re-establish homeostasis.

Materials and Methods

Cells Culture and Treatments

The human retinal pigment epithelium cell line ARPE-19 (LGC
Promochem, Teddington, UK) was cultured in Ham’s F12/
Dulbecco’s modified Eagle’s medium (DMEM) (1:1) supplemented
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with 10% fetal bovine serum (FBS), antibiotics (100 U/ml
penicillin, 100 pg/ml streptomycin and 250 ng/ml amphotericin
B) and GlutaMax (1x). All media, GlutaMax and non-essential
amino acids were purchased from Invitrogen (Carlsbad, CA,
USA). When appropriated, cells were treated with cycloheximide
(CHX; Sigma-Aldrich, St. Louis, MO, USA), methylglyoxal
MGO, Sigma-Aldrich, St. Louis, MO, USA) and/or MG132
(Z-LLL-CHO, Calbiochem, San Diego, CA, USA).

Western Blot Analysis

After appropriate treatments, cells were washed twice in
phosphate-buffered saline (PBS), denatured with 2x Laemmli
buffer, boiled at 100°C and sonicated. Whole cell extracts were
resolved by SDS-PAGE and electrophoretically transferred onto
polyvinylidene fluoride (PVDF) membranes. The membranes were
blocked with 5% nonfat milk in TBS-T (20 mM Tris, 150 mM
NaCl, Tween 0.2%, pH 7.6) and probed for several proteins. The
following antibodies were used: mouse anti-actin clone C4 1:1,000
(Millipore-Chemicon, Billerica, MA, USA), mouse anti-ubiquitin
clone P4D1 1:1,000 (Covance, Princeton, NJ, USA), mouse anti-c-
myc clone 9E10 1:500 (Zymed-Invitrogen, Carlsbad, CA, USA),
mouse anti-argpyrimidine 1:500 (kindly provided by Dr. Koji
Uchida from Nagoya University) [20], mouse anti- Hsp70 clone
C92F3A-5 1:1,000 (Stressgen-Enzo Life Sciences, Farmingdale,
NY, USA), rat anti-Hsp90 clone 16F1 1:1,000 (Stressgen-Enzo
Life Sciences, Farmingdale, NY, USA), rat anti-Hsc70 clone 1B5
1:2,000 (Stressgen-Enzo Life Sciences, Farmingdale, NY, USA),
rat anti-Hsf-1 clone 10H8 1:1,000 (Stressgen-Enzo Life Sciences,
Farmingdale, NY, USA), rabbit anti-Hsp40 1:2,000 (Stressgen-
Enzo Life Sciences, Farmingdale, NY, USA), rabbit anti-Hsp27
1:20,000 (Stressgen-Enzo Life Sciences, Farmingdale, NY, USA),
rabbit anti-GAPDH 1:5000 (Cell Signaling, Beverly, MA, USA),
goat anti-STUB1/CHIP 1:500 (Abcam, Cambridge, UK) and
horseradish peroxidase-conjugated secondary goat anti-mouse,
goat anti-rat, goat anti-rabbit and rabbit anti-goat (Bio-Rad,
Hercules, CA, USA). Immunoreactive bands were visualized with
an ECL system (GE Healthcare Bio-Sciences, Uppsala, Sweden).

Determination of Intracellular Concentration of
Methylglyoxal

ARPE-19 cells cultured in 60x15 mm plates were lysed with
200 pl of lysis buffer (50 mM Tris-HCI pH 7.4, 250 mM NaCl
and 1x protease inhibitor cocktail), incubated for 1 hour on ice
and briefly sonicated. Protein concentration was determined by
the Coomassie Protein Assay (Pierce-Thermo Scientific, Waltham,
MA, USA). Subsequently, 100 pl of lysate (at a concentration of
1 pg/ul) was mixed with 100 ul HCI (0.2 M) and the intracellular
concentration of MGO was determined based on a previously
reported method [66]. Briefly, 50 ul of sample was mixed with
200 ul of 0.1 M potassium phosphate buffer pH 7.0, 200 ul of
ethanol and 50 pl of freshly prepared 20 mM DDB (dissolved in
10 mM HCI) (Invitrogen, Carlsbad, CA, USA). The mixture was
incubated at room temperature for at least four hours and then
centrifuged during 10 minutes at 16,000 g. Subsequently, MGO
was determined through reverse-phase HPLC. The HPLC system
consisted of a L-6200A Intelligent Pump, a F-1080 Fluorescence
Detector (Hitachi, Tokyo, Japan) and a Waters pBondapak™
C18 column (10 uM, 3.9x300 mm) (Waters, Milford, MA, USA).
Mobile phase A was a mixture of 10 mM potassium phosphate
buffer (pH 3.0) and acetonitrile (90/10, v/v). Mobile phase B
consisted of a mixture of acetonitrile and water (70/30, v/v).
Samples (20 pl) were injected and separation was performed with
a linear gradient from 0-100% mobile phase B over 28 minutes.
The flow rate was set at 1.0 ml/min and fluorescence detection
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was performed with excitation and emission wavelengths of
352 nm and 385 nm, respectively. Levels of MGO were
determined by integration of peak areas using appropriate external
standards.

Measurement of the 20S Proteasome Activity

Cells were washed twice with PBS, lysed with a Tris buffer
G0mM Tris pH74, 1 mM DTT) and sonicated. After
centrifugation (16,000 g for 10 minutes at 4°C), protein concen-
tration was determined using the Coomassie method and 40 pg of
protein was incubated with the following fluorogenic substrates:
100 pM Suc-LLVY-MCA for the chymotrypsin-like activity
(Biomol-Enzo Life Sciences, Farmingdale, NY, USA); 25 uM
Boc-LRR-MCA for the trypsin-like activity (Biomol-Enzo Life
Sciences, Farmingdale, NY, USA); 150 uM Z-LLE-MCA for the
caspase-like activity (Calbiochem, San Diego, CA, USA). The
proteasome activities were monitored during 1 hour at 37°C, in
periods of 5 minutes (excitation wavelength at 380 nm; emission
wavelength at 460 nm). Absorbance was measured on a Biotek
Synergy HT spectrophotometer (Biotek, Winooski, VT, USA),
using the Gen 5 software to monitor the results (Biotek, Winooski,
VT, USA).

Transient Transfection

One day before transfection, cells were seeded in 60x15 mm
plates in 2.5 ml of medium so that the cells were 90% confluent at
the time of transfection. 4 pg of plasmid DNA were used per dish
and transfections were carried out using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s
specifications. The following plasmids were used: pcDNA3.1 c-
myc-CHIP wt, pcDNA3.1 c-myc-CHIP K30A, pcDNA3.1 c-myc-
CHIP H260Q) (originally provided by Dr. C. Patterson from the
North Carolina University) [67]; pcDNA3.1 hHsf-1-c-myc
(provided by Dr. Lea Sistonen from the University of Turku,
Turku, Finland) [68]; pGL4.23 HSE wt (x4)-Luciferase, pGL4.23
HSE mut (x4)-Luciferase (provided by Dr. Ueli Schibler from the
University of Geneva, Switzerland) [69].

Luciferase-Reporter Assay

Subconfluent ARPE-19 cells, plated in 24-well plates, were
transfected with pGL4.23 HSE wt (x4)-Luciferase or pGL4.23
HSE mut (x4)-Luciferase [69], using Lipofectamine 2000 (Invitro-
gen, Carlsbad, CA, USA). The plasmids pGIL.4.23 HSE-Luciferase
contain four copies of the wild-type or mutated form of a heat
shock element (HSE) and a minimal promoter upstream of a firefly
luciferase reporter gene [69]. The mutant form does not bind the
transcription factor Hsf-1. Twenty-four hours after transfection,
cells were treated as mentioned and then assayed for luciferase
activity, which was measured using a LMax II 384 ROM v1.04
reader and SoftMax Pro 5 software (Molecular Devices,
Sunnyvale, CA, USA), as described by the manufacturer’s
protocol.

Real-Time PCR

Following the relevant treatments, total RNA was purified
according to the manufacturer’s specifications of Qiagen RNeasy
mini kit (Qiagen, Valencia, CA, USA) and treated with RNase-
free DNase I (GE Healthcare Bio-Sciences, Uppsala, Sweden).
SuperScript I Reverse Transcriptase (Invitrogen, Carlshad, CA,
USA) and random hexadeoxynucleotide primers were used to
synthesize cDNA. For the cDNA real-time PCR, it was used the
SYBR Green PCR master mix (Bio-Rad, Hercules, CA, USA),
according to the manufacturer’s instructions, and the cDNA
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amplification was performed using the following sets of primers:
hHsc70 forward 5'-ATACCTCCTGCACCCCGAG-3'; hHsc70
reverse 5'-TTGCTCAAACGGCCCTTGTC-3'; hHsp70 for-
ward 5'-GTGCAGTTG CCTACAGGATTAAC-3'; hHsp70
reverse 5'-TCGGCTGTCTCCTTCAGTTTG-3'; hHsp90 for-
ward 5'-TTCCACGTCTCTGCATTCC-3"; hHsp90 reverse 5'-
CTTGGGTCTG GGTTTCCTC-3'; hHspBl1 forward 5'-GC-
TGACGGTCAAGACCAAGG-3'; hHspBl reverse 5'-GGGG-
GCAGCGTGTATTTCC-3'; hHspB2 forward 5'-C GAGTAC-
GAATTT GCCAACC-3'; hHspB2 reverse 5'-AGTAGCCA-
TGGTAGAGTGTG-3"; 18S rRNA forward 5'-GTCTGCC-
CTATCAACTTTC-3'; 18S rRNA reverse 5'-TTCCTTGG-
ATGTG GTAGC-3’ (endogenous control). The real time PCR
analyses were conducted on a ABI Prism 7000 quantitative PCR
system (Applied Biosystems, Foster City, CA, USA).

Immunoprecipitation

Cells cultured in 60x15 mm plates were washed twice with
PBS, scraped off the dishes and collected in ice-cold PBS. Pellets
were resuspended in 100 pl of 50 mM Tris-HCI pH 7.4, 150 mM
NaCl, 10 mM IOD, 2 mM PMSF, 20 mM NasMoO,, 0.25%
NP-40 and protease inhibitor cocktail (Roche Applied Science,
Indianapolis, IN, USA) and incubated for 30 minutes on ice.
Following centrifugation at 16,000 g for 10 minutes, supernatants
were transferred to new tubes, 2.5 ug of anti-c-myc or anti-Hsp40
were added and incubated overnight at 4°C with gentle agitation.
Thereafter, 50 pl of protein G-Sepharose (GE Healthcare Bio-
Sciences, Uppsala, Sweden) were added and incubations proceed-
ed at 4°C for 2 hours. Beads were washed 3 times and the
immunoprecipitated proteins were eluted with 2 x Laemmli buffer
and boiled at 100°C. Eluted samples were used to perform western
blot analyses.

Protein derivatization with DNPH

After the treatments, ARPE-19 cells were washed twice with ice-
cold PBS and lysed in Tris-HCI pH 7.6 supplemented with 1%
NP-40 and protease inhibitor cocktail (Roche Applied Science,
Indianapolis, IN, USA). For derivatization of carbonyl-containing
proteins, equal amounts of proteins were mixed with equal volume
of 10 mM 2,4-dinitrophenylhydrazine (DNPH) in 10% trifluor-
oacetic acid and incubated at room temperature for 15 minutes.
The reaction was stopped by precipitation of proteins with 20%

References

1. Ramasamy R, Yan SF, Schmidt AM (2006) Methylglyoxal comes of AGE. Cell
124: 258-260.

2. Thornalley PJ (2008) Protein and nucleotide damage by glyoxal and
methylglyoxal in physiological systems-role in ageing and disease. Drug
Metabol Drug Interact 23: 125-150.

3. Brownlee M (2005) The pathobiology of diabetic complications: a unifying
mechanism. Diabetes 54: 1615-1625.

4. Hammes HP (2003) Pathophysiological mechanisms of diabetic angiopathy.
J Diabetes Complications 17: 16-19.

5. Brownlee M (1995) Advanced protein glycosylation in diabetes and aging. Annu
Rev Med 46: 223-234.

6. Tian J, Ishibashi K, Reiser K, Grebe R, Biswal S, et al. (2005) Advanced
glycation endproduct-induced aging of the retinal pigment epithelium and
choroid: a comprehensive transcriptional response. Proc Natl Acad Sci U S A
102: 11846-11851.

7. Monnier VM, Nagaraj RH, Portero-Otin M, Glomb M, Elgawish AH, et al.
(1996) Structure of advanced Maillard reaction products and their pathological
role. Nephrol Dial Transplant 11(Suppl 5): 20-26.

8. Biswas A, Wang B, Miyagi M, Nagaraj RH (2008) Effect of methylglyoxal
modification on stress-induced aggregation of client proteins and their
chaperoning by human alphaA-crystallin. Biochem J 409: 771-777.

9. Goldberg AL (2003) Protein degradation and protection against misfolded or
damaged proteins. Nature 426: 895-899.

10. Frydman J (2001) Folding of newly translated proteins in vivo: the role of
molecular chaperones. Annu Rev Biochem 70: 603-647.

@ PLoS ONE | www.plosone.org

MGO in Protein Quality Control

trichloroacetic acid (T'CA). The pellet was washed with ethylace-
tate:ethanol (1:1) to remove free DNPH. Subsequently, the pellet
was solubilized with Laemmli buffer. Samples were resolved by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to PVDF membranes. The membrane was probed with
antibody to dinitrophenylhydrazone derivatives (Dako, Glostrup,
Denmark).

MTT cell viability assay

After the treatments, ARPE-19 cells seeded onto 24-well plates
were washed twice with PBS and incubated with 0.5 mg/ml MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; In-
vitrogen, Carlsbad, CA, USA], solubilized in Krebs buffer
(130 mM NaCl, 4 mM KCI, 1.5 mM MgCl,, 1 mM CaCl,,
6 mM glucose, 10 mM HEPES, pH 7.4), for 2 hours at 37°C in a
cell culture incubator. Subsequently, supernatants were removed
and the precipitated dye was dissolved in 300 pl 0.04 M HCI (in
1sopropanol) and colorimetric quantified at a wavelength of
570 nm, with wavelength correction at 620 nm, using a Biotek
Synergy H'T' spectrophotometer (Biotek, Winooski, VT, USA).

Statistical Analysis

Data are reported as the means * standard deviation (SD) of at
least three independent experiments. Comparison between
multiple groups was performed by one-way analysis of variance
test (ANOVA) using GraphPad Prism 5.0 software (GraphPad
Software). For comparison between two groups, the paired ¢ test
was used. In all cases, p<<0.05 was considered significant.

Acknowledgments

We thank Dr. Cam Patterson (North Carolina University, Chapel Hill,
NC, USA), Dr. Lea Sistonen (University of Turku, Turku, Finland), Dr.
Ueli Schibler (University of Geneva, Switzerland) and Dr. Koji Uchida
(Nagoya University, Nagoya, Japan) for providing the CHIP and Hsf-1
plasmids and the anti-argpyrimidine antibody.

Author Contributions

Conceived and designed the experiments: CFB PP. Performed the
experiments: CFB FM RF. Analyzed the data: CFB PP. Wrote the paper:
CFB PP.

11. Hartl FU, Hayer-Hartl M (2002) Molecular chaperones in the cytosol: from
nascent chain to folded protein. Science 295: 1852-1858.

12. Ballinger CA, Connell P, Wu Y, Hu Z, Thompson L], et al. (1999) Identification
of CHIP, a novel tetratricopeptide repeat-containing protein that interacts with
heat shock proteins and negatively regulates chaperone functions. Mol Cell Biol
19: 4535-4545.

13. Murata S, Chiba T, Tanaka K (2003) CHIP: a quality-control E3 ligase
collaborating with molecular chaperones. Int J Biochem Cell Biol 35: 572—
578.

14. Vernace VA, Schmidt-Glenewinkel T, Figueiredo-Pereira ME (2007) Aging and
regulated protein degradation: who has the UPPer hand? Aging Cell 6: 599-606.

15. Portero-Otin M, Pamplona R, Ruiz MC, Cabiscol E, Prat J, et al. (1999)
Diabetes induces an impairment in the proteolytic activity against oxidized
proteins and a heterogeneous effect in nonenzymatic protein modifications in the
cytosol of rat liver and kidney. Diabetes 48: 2215-2220.

16. Merforth S, Kuehn L, Osmers A, Dahlmann B (2003) Alteration of 20S
proteasome-subtypes and proteasome activator PA28 in skeletal muscle of rat
after induction of diabetes mellitus. Int J Biochem Cell Biol 35: 740-748.

17. Chen K, Maley J, Yu PH (2006) Potential implications of endogenous aldehydes
in beta-amyloid misfolding, oligomerization and fibrillogenesis. ] Neurochem 99:
1413-1424.

18. Casas S, Gomis R, Gribble FM, Altirriba J, Knuutila S, et al. (2007) Impairment
of the ubiquitin-proteasome pathway is a downstream endoplasmic reticulum
stress response induced by extracellular human islet amyloid polypeptide and
contributes to pancreatic beta-cell apoptosis. Diabetes 56: 2284-2294.

September 2010 | Volume 5 | Issue 9 | 13007



21.

22.

23.

24.

27.

28.

29.

30.

31.

32.

36.

37.

38.

39.

40.

41.

42.

43.

44,

9.

Satish Kumar M, Mrudula T, Mitra N, Bhanuprakash Reddy G (2004)
Enhanced degradation and decreased stability of eye lens alpha-crystallin upon
methylglyoxal modification. Exp Eye Res 79: 577-583.

Schalkwijk CG, van Bezu J, van der Schors RC, Uchida K, Stehouwer CD, et al.
(2006) Heat-shock protein 27 is a major methylglyoxal-modified protein in
endothelial cells. FEBS Lett 580: 1565-1570.

Obin M, Nowell T, Taylor A (1994) The photoreceptor G-protein transducin
(Gt) is a substrate for ubiquitin-dependent proteolysis. Biochem Biophys Res
Commun 200: 1169-1176.

Shang F, Deng G, Liu Q, Guo W, Haas AL, et al. (2005) Lys6-modified
ubiquitin inhibits ubiquitin-dependent protein degradation. J Biol Chem 280:
20365-20374.

Coffe V, Carbajal RC, Salceda R (2006) Glucose metabolism in rat retinal
pigment epithelium. Neurochem Res 31: 103-108.

Ma H, Li SY, Xu P, Babcock SA, Dolence EK, et al. (2009) Advanced glycation
endproduct (AGE) accumulation and AGE receptor (RAGE) up-regulation
contribute to the onset of diabetic cardiomyopathy. J Cell Mol Med 13:
1751-1764.

. Miller AG, Smith DG, Bhat M, Nagaraj RH (2006) Glyoxalase I is critical for

human retinal capillary pericyte survival under hyperglycemic conditions. J Biol
Chem 281: 11864-11871.

Sasaki T, Kikuchi T, Yumoto N, Yoshimura N, Murachi T (1984) Comparative
specificity and kinetic studies on porcine calpain I and calpain IT with naturally
occurring peptides and synthetic fluorogenic substrates. J Biol Chem 259:
12489-12494.

Kang JH (2006) Oxidative modification of human ceruloplasmin by methylgly-
oxal: an in vitro study. J Biochem Mol Biol 39: 335-338.

Lee C, Yim MB, Chock PB, Yim HS, Kang SO (1998) Oxidation-reduction
properties of methylglyoxal-modified protein in relation to free radical
generation. J Biol Chem 273: 25272-25278.

Rondeau P, Singh NR, Caillens H, Tallet F, Bourdon E (2008) Oxidative
stresses induced by glycoxidized human or bovine serum albumin on human
monocytes. Free Radic Biol Med 45: 799-812.

Connell P, Ballinger CA, Jiang J, Wu Y, Thompson LJ, et al. (2001) The co-
chaperone CHIP regulates protein triage decisions mediated by heat-shock
proteins. Nat Cell Biol 3: 93-96.

Murata S, Minami Y, Minami M, Chiba T, Tanaka K (2001) CHIP is a
chaperone-dependent E3 ligase that ubiquitylates unfolded protein. EMBO Rep
2: 1133-1138.

Park SH, Bolender N, Eisele F, Kostova Z, Takeuchi J, et al. (2007) The
cytoplasmic Hsp70 chaperone machinery subjects misfolded and endoplasmic
reticulum import-incompetent proteins to degradation via the ubiquitin-
proteasome system. Mol Biol Cell 18: 153-165.

. Marques C, Guo W, Pereira P, Taylor A, Patterson C, et al. (2006) The triage of

damaged proteins: degradation by the ubiquitin-proteasome pathway or repair
by molecular chaperones. FASEB J 20: 741-743.

. Pirkkala L, Nykanen P, Sistonen L (2001) Roles of the heat shock transcription

factors in regulation of the heat shock response and beyond. FASEB J 15:
1118-1131.

. Jacquier-Sarlin MR, Polla BS (1996) Dual regulation of heat-shock transcription

factor (HSF) activation and DNA-binding activity by H202: role of thioredoxin.
Biochem J 318(Pt 1): 187-193.

Voellmy R (2004) On mechanisms that control heat shock transcription factor
activity in metazoan cells. Cell Stress Chaperones 9: 122-133.

Voellmy R, Boellmann F (2007) Chaperone regulation of the heat shock protein
response. Adv Exp Med Biol 594: 89-99.

Ray S, Dutta S, Halder J, Ray M (1994) Inhibition of electron flow through
complex I of the mitochondrial respiratory chain of Ehrlich ascites carcinoma
cells by methylglyoxal. Biochem J 303(Pt 1): 69-72.

Rosca MG, Monnier VM, Szweda LI, Weiss MF (2002) Alterations in renal
mitochondrial respiration in response to the reactive oxoaldehyde methylglyoxal.
Am ] Physiol Renal Physiol 283: F52-59.

Rosca MG, Mustata TG, Kinter MT, Ozdemir AM, Kern TS, et al. (2005)
Glycation of mitochondrial proteins from diabetic rat kidney is associated with
excess superoxide formation. Am J Physiol Renal Physiol 289: F420-430.
Bulteau AL, Verbeke P, Petropoulos I, Chaffotte AF, Friguet B (2001)
Proteasome inhibition in glyoxal-treated fibroblasts and resistance of glycated
glucose-6-phosphate dehydrogenase to 20 S proteasome degradation in vitro.
J Biol Chem 276: 45662-45668.

Friguet B, Szweda LI, Stadtman ER (1994) Susceptibility of glucose-6-phosphate
dehydrogenase modified by 4-hydroxy-2-nonenal and metal-catalyzed oxidation
to proteolysis by the multicatalytic protease. Arch Biochem Biophys 311:
168-173.

Ferrington DA, Sun H, Murray KK, Costa J, Williams TD, et al. (2001)
Selective degradation of oxidized calmodulin by the 20 S proteasome. J Biol
Chem 276: 937-943.

Grune T, Reinheckel T, Davies KJ (1997) Degradation of oxidized proteins in
mammalian cells. FASEB J 11: 526-534.

@ PLoS ONE | www.plosone.org

10

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

MGO in Protein Quality Control

. Lasch P, Petras T, Ullrich O, Backmann J, Naumann D, et al. (2001) Hydrogen

peroxide-induced structural alterations of RNAse A. J Biol Chem 276:
9492-9502.

Friguet B, Bulteau AL, Chondrogianni N, Conconi M, Petropoulos I (2000)
Protein degradation by the proteasome and its implications in aging.
Ann N Y Acad Sci 908: 143-154.

Petropoulos I, Conconi M, Wang X, Hoenel B, Bregegere F, et al. (2000)
Increase of oxidatively modified protein is associated with a decrease of
proteasome activity and content in aging epidermal cells. J Gerontol A Biol Sci
Med Sci 55: B220-227.

Queisser MA, Yao D, Geisler S, Hammes HP, Lochnit G, et al. (2010)
Hyperglycemia impairs proteasome function by methylglyoxal. Diabetes 59:
670-678.

Kumar PA, Kumar MS, Reddy GB (2007) Effect of glycation on alpha-crystallin
structure and chaperone-like function. Biochem J 408: 251-258.

Nagaraj RH, Oya-Ito T, Padayatti PS, Kumar R, Mchta S, et al. (2003)
Enhancement of chaperone function of alpha-crystallin by methylglyoxal
modification. Biochemistry 42: 10746-10755.

Oya-Ito T, Liu BF, Nagaraj RH (2006) Effect of methylglyoxal modification and
phosphorylation on the chaperone and anti-apoptotic properties of heat shock
protein 27. J Cell Biochem 99: 279-291.

Sakamoto H, Mashima T, Yamamoto K, Tsuruo T (2002) Modulation of heat-
shock protein 27 (Hsp27) anti-apoptotic activity by methylglyoxal modification.
J Biol Chem 277: 45770-45775.

Denis U, Lecomte M, Paget C, Ruggiero D, Wiernsperger N, et al. (2002)
Advanced glycation end-products induce apoptosis of bovine retinal pericytes in
culture: involvement of diacylglycerol/ceramide production and oxidative stress
induction. Free Radic Biol Med 33: 236-247.

Jan CR, Chen CH, Wang SC, Kuo SY (2005) Effect of methylglyoxal on
intracellular calcium levels and viability in renal tubular cells. Cell Signal 17:

847-855.

. Hooper PL (2007) Insulin Signaling, GSK-3, Heat Shock Proteins and the

Natural History of Type 2 Diabetes Mellitus: A Hypothesis. Metab Syndr Relat
Disord 5: 220-230.

Lee SJ, Murphy CT, Kenyon C (2009) Glucose shortens the life span of C.
elegans by downregulating DAF-16/FOXO activity and aquaporin gene
expression. Cell Metab 10: 379-391.

Aslund F, Beckwith J (1999) Bridge over troubled waters: sensing stress by
disulfide bond formation. Cell 96: 751-753.

Kumar S, Rabson AB, Gelinas C (1992) The RxxRxRxxC motif conserved in all
Rel/kappa B proteins is essential for the DNA-binding activity and redox
regulation of the v-Rel oncoprotein. Mol Cell Biol 12: 3094-3106.

Abate C, Patel L, Rauscher FJ, 3rd, Curran T (1990) Redox regulation of fos
and jun DNA-binding activity in vitro. Science 249: 1157-1161.

Ahn SG, Thiele DJ (2003) Redox regulation of mammalian heat shock factor 1 is
essential for Hsp gene activation and protection from stress. Genes Dev 17:
516-528.

Okouchi M, Okayama N, Aw TY (2005) Differential susceptibility of naive and
differentiated PC-12 cells to methylglyoxal-induced apoptosis: influence of
cellular redox. Curr Neurovasc Res 2: 13-22.

Lo TW, Westwood ME, McLellan AC, Selwood T, Thornalley PJ (1994)
Binding and modification of proteins by methylglyoxal under physiological
conditions. A kinetic and mechanistic study with N alpha-acetylarginine, N
alpha-acetylcysteine, and N alpha-acetyllysine, and bovine serum albumin. J Biol
Chem 269: 32299-32305.

Zeng J, Davies MJ (2006) Protein and low molecular mass thiols as targets and
inhibitors of glycation reactions. Chem Res Toxicol 19: 1668-1676.

Caron C, Boyault C, Khochbin S (2005) Regulatory cross-talk between lysine
acetylation and ubiquitination: role in the control of protein stability. Bioessays
27: 408-415.

. Du ], Zeng J, Ou X, Ren X, Cai S (2006) Methylglyoxal downregulates Raf-1

protein through a ubiquitination-mediated mechanism. Int J Biochem Cell Biol
38: 1084-1091.

Schalkwijk CG, Posthuma N, ten Brink HJ, ter Wee PM, Teerlink T (1999)
Induction of 1,2-dicarbonyl compounds, intermediates in the formation of
advanced glycation end-products, during heat-sterilization of glucose-based
peritoneal dialysis fluids. Perit Dial Int 19: 325-333.

Xu W, Marcu M, Yuan X, Mimnaugh E, Patterson C, et al. (2002) Chaperone-
dependent E3 ubiquitin ligase CHIP mediates a degradative pathway for c-
ErbB2/Neu. Proc Natl Acad Sci U S A 99: 12847-12852.

Holmberg CI, Hietakangas V, Mikhailov A, Rantanen JO, Kallio M, et al.
(2001) Phosphorylation of serine 230 promotes inducible transcriptional activity
of heat shock factor 1. EMBO J 20: 3800-3810.

Reinke H, Saini C, Fleury-Olela F, Dibner C, Benjamin IJ, et al. (2008)
Differential display of DNA-binding proteins reveals heat-shock factor 1 as a
circadian transcription factor. Genes Dev 22: 331-345.

September 2010 | Volume 5 | Issue 9 | 13007




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


