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Protein glycation is a post-translational modification

whereby amino groups in arginine and lysine side

chains react irreversibly with carbonyl molecules,

forming advanced glycation end-products (AGEs).

Glycation is equivalent to a point mutation, exerting

profound effects on protein structure, stability and

function. AGE formation in proteins is associated

with the clinical complications of diabetes mellitus [1],

cataracts [2], uremia [3], atherosclerosis [4] and age-

related disorders [5]. Glycated proteins are present in

b-amyloid deposits and s deposits in Alzheimer’s dis-

ease [6–8], in Lewy inclusion bodies of a-sinuclein in
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Protein glycation by methylglyoxal is a nonenzymatic post-translational

modification whereby arginine and lysine side chains form a chemically

heterogeneous group of advanced glycation end-products. Methylglyoxal-

derived advanced glycation end-products are involved in pathologies such

as diabetes and neurodegenerative diseases of the amyloid type. As methyl-

glyoxal is produced nonenzymatically from dihydroxyacetone phosphate

and d-glyceraldehyde 3-phosphate during glycolysis, its formation occurs in

all living cells. Understanding methylglyoxal glycation in model systems

will provide important clues regarding glycation prevention in higher

organisms in the context of widespread human diseases. Using Saccharomy-

ces cerevisiae cells with different glycation phenotypes and MALDI-TOF

peptide mass fingerprints, we identified enolase 2 as the primary methylgly-

oxal glycation target in yeast. Two other glycolytic enzymes are also glycat-

ed, aldolase and phosphoglycerate mutase. Despite enolase’s activity loss,

in a glycation-dependent way, glycolytic flux and glycerol production

remained unchanged. None of these enzymes has any effect on glycolytic

flux, as evaluated by sensitivity analysis, showing that yeast glycolysis is a

very robust metabolic pathway. Three heat shock proteins are also glycat-

ed, Hsp71 ⁄ 72 and Hsp26. For all glycated proteins, the nature and molecu-

lar location of some advanced glycation end-products were determined by

MALDI-TOF. Yeast cells experienced selective pressure towards efficient

use of d-glucose, with high methylglyoxal formation as a side effect. Gly-

cation is a fact of life for these cells, and some glycolytic enzymes could be

deployed to contain methylglyoxal that evades its enzymatic catabolism.

Heat shock proteins may be involved in proteolytic processing (Hsp71 ⁄ 72)
or protein salvaging (Hsp26).

Abbreviations

AGE, advanced glycation end-product; CEL, N e-(carboxyethyl)lysine; MAGE, methylglyoxal advanced glycation end-products.
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Parkinson’s disease [9], and in transthyretin amyloid

deposits in familial amyloidotic polyneuropathy [10].

In all of these amyloid pathologies, b-sheet fibril struc-
ture and the presence of AGEs are common features,

suggesting a possible role for glycation in amyloid

formation and pathogenesis.

Methylglyoxal is the most significant glycation agent

in vivo, being one of the most reactive dicarbonyl mol-

ecules in living cells. This compound is an unavoidable

byproduct of glycolysis, arising from the nonenzymatic

b-elimination reaction of the phosphate group of

dihydroxyacetone phosphate and d-glyceraldehyde

3-phosphate [11]. Methylglyoxal reacts irreversibly with

amino groups in lipids, nucleic acids and proteins,

forming methylglyoxal advanced glycation end-prod-

ucts (MAGE) [12,13].

Argpyrimidine [Nd-(5-hydroxy-4,6-dimethylpyrimi-

dine-2-yl)-l-ornithine], hydroimidazolones [Nd-(5-meth-

yl-imidazolone-2-yl)-ornithine, isomers and oxidation

products] and Nd-(4-carboxy-4,6-dimethyl-5,6-dihydr-

oxy-1,4,5,6-tetrahydropyrimidin-2-yl)ornithine are spe-

cific markers of protein glycation by methylglyoxal on

arginine residues [13,14]. Methylglyoxal specifically

forms Ne-(carboxyethyl)lysine (CEL) and methylgly-

oxal–lysine dimer with lysine residues [15,16].

Understanding methylglyoxal catabolism and the

identity of MAGE protein targets are of prime import-

ance with regard to glycation prevention. In eukaryotic

cells, two pathways are responsible for methylglyoxal

detoxification. The first is formation of d-lactate by

the glutathione-dependent glyoxalase system, com-

prising the enzymes glyoxalase I (lactoylglutathione

methylglyoxal-lyase, EC 4.4.1.5) and glyoxalase II

(hydroxyacylglutathione hydrolase, EC 3.1.2.6) [17].

The second is the production of 1,2-propanediol by

NADPH-dependent aldose reductase (alditol:NADP+

oxidoreductase, EC 1.1.1.21) [18]. In yeast, both path-

ways are equally important as antiglycation defences

against protein glycation by methylglyoxal [19]. Given

its high glycolytic flux and consequently high intracel-

lular methylglyoxal concentration, yeast is highly sus-

ceptible to protein glycation, making it a suitable

eukaryotic model organism with which to investigate

this process in vivo [19]. Remarkably, only a few pro-

teins appear to be extensively glycated, and yeast cells

cope remarkably well with glycation in vivo by methyl-

glyoxal, remaining viable and without apparent growth

changes [19].

We identified the MAGE protein targets by peptide

mass fingerprint and determined their nature and

molecular location in the modified proteins. As some

of these proteins are glycolytic enzymes, modeling

and computer simulation was used to perform a

sensitivity analysis of the glycation effects on glycolyt-

ic flux.

Results

Identification of glycated proteins

When nongrowing yeast cells are exposed to 250 mm d-

glucose, protein glycation occurs after just 1 h in the ref-

erence strain BY4741 (Fig. 1). Against all expectations

for a nonenzymatic process, glycation is primarily

detectable in only one protein band of 52 kDa

(Fig. 1B,C). Three more bands, of 70, 40 and 35 kDa

appear after 3 h, with much less intensity (Fig. 1B,C).

To identify the proteins, bands were excised from the

BY4741 Coomassie-stained gel (Fig. 1A) and subjected

to in-gel tryptic digestion. The resulting peptide mix-

tures were analyzed by MALDI-TOF for protein identi-

fication by peptide mass fingerprint. The 52 kDa

protein was identified as enolase 2 (2-phospho-d-glycer-

ate-hydrolyase, EC 4.2.1.11), as shown in Fig. 1E. To

further confirm the identity of this major glycation tar-

get in yeast, a western blot analysis was performed,

using a specific antibody against yeast enolase, with pos-

itive results (Fig. 1D). The 40 and 35 kDa proteins were

identified as two other glycolytic enzymes (Fig. 1E),

aldolase (d-fructose-1,6-bisphosphate-d-glyceraldehyde-

3-phosphate-lyase, EC 4.1.2.13) and phosphoglycer-

ate mutase (d-phosphoglycerate-2,3-phosphomutase,

EC 5.4.2.1), respectively. The 70 kDa band was identi-

fied as a mixture of Hsp71 and Hsp72 (Fig. 1E).

The same nonglycated protein bands, i.e., proteins

extracted in conditions in which glycation has not yet

occurred (Fig. 1C, lane 1), were also identified as the

same proteins. The corresponding protein bands from

strains DGLO1 and DGRE3 were identified as the

same proteins. Greater sequence coverage was

obtained in peptide mass fingerprints of nonglycated

proteins. This is to be expected, because glycated pro-

teins contain modified lysine and arginine side chains,

and therefore are less amenable to hydrolysis by tryp-

sin and ionization. Moreover, due to the mass increase

characteristic of an AGE, glycated peptides had no

match in the databases and were therefore rejected.

Nevertheless, this information can be exploited to

identify the nature and molecular location of specific

MAGE in glycated proteins.

Chemical nature and molecular location of MAGE

in glycated proteins

In the peptide mass spectra of all glycated proteins,

several new peaks appear that do not have predicted
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m ⁄ z values. These could be caused by the occurrence of

miscleavage associated with defined mass increases of

specific MAGE. To identify some probable glycated

peptides and the specific MAGE present, we performed

a theoretical digestion of the identified proteins, consid-

ering up to two trypsin miscleavages (peptidemass, Exp-

asy, http://www.expasy.ch/tools/peptide-mass.html) and

added to the resulting peptide masses the mass incre-

ment due to a specific MAGE. Using this approach with

enolase, we observed that several peptides do show a

mass increment due to a specific MAGE. For example,

the species at m ⁄ z 1723.9, present only in the peptide

mass spectrum of glycated enolase, corresponds to

peptide 409–422 with m ⁄ z 1669.9 plus 54 Da, a

mass increase characteristic of a hydroimidazolone

(Fig. 2A,B). This peptide has one miscleavage at R414,

suggesting the presence of one hydroimidazolone in this

position. Interestingly, the same peptide is present only

in the digestion of nonglycated enolase at an m ⁄ z of

1670.0 (Fig. 2A). Moreover, the species at m ⁄ z 1741.9

corresponds to the enolase peptide of 1669.0 Da plus

72 Da due to CEL (Fig. 2B). The peptide at m ⁄ z 1669.0

has two lysine residues at positions 336 and 337. In this

case, MS ⁄MS data would indicate which residue is

E  Protein identification

52 %2373410HSP26P15992

47 %26 394
100*

12
Phosphoglycerate

mutase
P00950

4

32 %39 750817AldolaseP145403

27 %46 81112810Enolase 2P009252

41 %69 46722HSP72P10592

42 %69 655
176*

22HSP71P10591
1

Sequence
Coverage

Molecular
Weight (Da)
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Peptides
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Identified
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Swiss Prot
Code

Band Nº
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2

3

4

* Score for the protein mixture

Fig. 1. The main methylglyoxal-modified proteins in yeast are the glycolytic enzymes enolase, aldolase and phosphoglycerate mutase and

the heat shock proteins Hsp71 ⁄ 72 and Hsp26. Nongrowing BY4741 cells were incubated with 250 mM D-glucose to induce protein glycation

in vivo. Samples, taken at the defined times, were analyzed for total protein, argpyrimidine, methylglyoxal advanced glycation end-products

(MAGE) and enolase. Methylglyoxal-modified protein bands were excised and digested in gel with trypsin for protein identification by

MALDI-TOF peptide mass fingerprint. The figure shows a representative result from a set of more than three independent experiments.

Equal amounts of proteins were loaded per lane (30 lg). (A) Total protein Coomassie-stained gel. (B) MAGE detection by western blotting.

(C) Argpyrimidine detection in intracellular soluble proteins, probed by western blotting with a specific antibody to argpyrimidine. Four major

immunoreactive proteins were detected, the 52 kDa protein appearing as the main protein glycation target in yeast. (D) Enolase is the major

glycation target in yeast. Total protein extract from strain BY4741, probed with antibody to enolase. The 52 kDa protein, which is highly

modified by methylglyoxal, shows high immunoreactivity with antibody to enolase. (E) Identification of glycated proteins by MALDI-TOF pep-

tide mass fingerprint. Criteria used for identification were significant homology scores achieved in MASCOT (53 for 95% confidence), a mini-

mum of four peptides matched and a protein sequence coverage greater than 10%.
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modified. In the mass spectrum used to identify aldolase,

the species with m ⁄ z 1082.5, which is absent in the non-

glycated protein, corresponds to the aldolase peptide

with a theoretical mass of 1002.5 Da plus 80 Da of

argpyrimidine. Once more, the aldolase peptide of

1002.5 Da has one miscleavage in arginine residue 334.

This method was applied to all mass spectra, and the

results are shown in Table 1. We assumed that arginine

or lysine residue modifications make these residues

resistant to proteolysis by trypsin, and therefore that

miscleavages associated with specific mass increases are

due to glycation. These data further confirm, at the

molecular level, that the identified proteins are indeed

glycated in vivo. Considering that we have sequence cov-

erage of the identified proteins of at most 50%, a signifi-

cant fraction of glycated peptides was detected. This

analysis shows that the most common MAGE in vivo

are hydroimidazolones, followed by argpyrimidine, at

about half the frequency, whereas CEL and tetrahydro-

pyrimidine appear as minor modifications.

The refolding chaperone pathway in yeast

glycation

Besides the identification of Hsp71 and Hsp72, another

heat shock protein, Hsp26, was detected comigrating
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Fig. 2. Detection and molecular localization

of methylglyoxal advanced glycation end-

products (MAGE) in glycated enolase

in vivo. The figure shows a section of a

MALDI-TOF spectrum of tryptic digests of

glycated and nonglycated enolase. (A) Mass

spectrum of nonglycated enolase. (B) Same

section of MALDI spectrum from glycated

enolase. New peaks are detectable, and

some of them represent glycated peptides

(red). In this case, a hydroimidazolone (mass

increase of 54 Da) in residue R414 and N e-

(carboxyethyl)lysine (CEL) (mass increase of

72 Da) in residue K336 or K337 are

observed.
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with phosphoglycerate mutase (Fig. 1, band 4). In gly-

cation conditions, more peptides from Hsp26 appear,

whereas in nonglycated samples, only one or two are

detected (Fig. 3). Thus, upon glycation, a larger num-

ber of Hsp26 molecules are found in the soluble

protein fraction. As Hsp26 is mainly found as an

insoluble 24-monomer complex that dissociates under

stress conditions, its emergence in the soluble protein

fraction is a sure sign of its activation [20]. Most pep-

tides from phosphoglycerate mutase remain in the pep-

tide mass spectrum from the glycated samples, as seen

in Fig. 3 (47% sequence coverage). Hsp26 peptides

lead to a sequence coverage of 52%. We then looked

for the presence of glycated peptides from phosphogly-

cerate mutase and ⁄or Hsp26. We observed that four

peptides from phosphoglycerate mutase and one pep-

tide from Hsp26 are glycated (Table 2).

Glycation effects on enolase activity

and glycolysis

After identifying enolase as the primary glycation tar-

get, we investigated how its enzymatic activity was

affected by glycation, in different yeast strains with

distinct glycation phenotypes [19]. Strains BY4741,

DGLO1 and DGRE3, with different glycation levels,

were challenged with 250 mm d-glucose, and enolase

activity was determined in situ.

The YEpGRE3 transformant, overexpressing aldose

reductase, was used as a nonglycated control [19].

YEpGRE3 cells are better protected against methylgly-

oxal-derived glycation, due to the increased GRE3

expression and increased aldose reductase activity. In

this strain, glycation was only observed after 5 h, con-

trasting with strains BY4741, DGLO1 and DGRE3,

where it was detected after just 1 h, with increasing

respective intensities (Fig. 4A). Strains with glycated

enolase (BY4741, DGLO1 and DGRE3) showed a

decrease of this enzyme activity, compared to the ini-

tial value, whereas the YEpGRE3 transformant, with-

out glycated enolase, did not show enolase activity

changes (Fig. 4B). This result indicates that glycation

leads to a decrease of enolase activity. Consistent with

the observation that glycation increases with time

(Fig. 4A), after 2 h, in situ enolase activity was lower

than after 1 h for all strains analyzed, except for the

control YEpGRE3 transformant, in which enolase

activity remained unchanged (Fig. 4B).

The reference strain BY4741 displayed the lowest

decrease of enolase activity (5% and 10% after 1 h

and 2 h, respectively), whereas strains DGLO1 and

DGRE3 suffered a larger decrease of enzyme activity

(Fig. 4B). These results are in agreement with the cor-

responding glycation phenotypes. After 1 h, DGRE3

glycated enolase shows a 16% decrease of enzyme

activity, higher than the 8% decrease observed in the

DGLO1 strain.

Given the decrease in enolase activity caused by gly-

cation, a study of d-glucose metabolism in these cells

was performed (Fig. 5A). For this purpose, d-glucose,

ethanol and glycerol were measured at different times,

after incubation with 250 mm d-glucose. As three gly-

colytic enzymes are glycated, we expected that the gly-

colytic flux, measured by d-glucose consumption and

ethanol formation, might be affected. Strikingly, no

major differences were observed in the glycolytic flux

of strains BY4741, DGLO1 and DGRE3 (Fig. 5B).

Glycolytic flux remained unchanged even in strains

with deficiencies in methylglyoxal catabolism, showing

higher enolase glycation and consequent inactivation.

Table 1. Identification and molecular location of methylglyoxal advanced glycation end-products (MAGE) in yeast glycated proteins. Glycated

residues are shown in bold.

Identified

protein

Observed mass

(Da)

Theoretical peptide mass

(Da) Peptide sequence

Mass increase

(Da) MAGE

Glycated

residue

Enolase 1723.92 1669.91 LNQLLRIEEELGDK

(409–422)

54 Hydroimidazolone R414

1741.96 1669.03 IATAIEKKAADALLLK

(330–345)

72 CEL K336 or K337

2196.08 2124.05 SVYDSRGNPTVEVELTTEK

(9–27)

54 Hydroimidazolone R14

Aldolase 1082.66 1002.54 VWVREGEK

(332–339)

80 Argpyrimidine R335

Hsp71 ⁄ 72 1736.68 1664.92 IASKNQLESIAYSLK

(532–546)

72 CEL K535

2058.94 2004.92 RLIGRNFNDPEVQGDMK

(69–85)a
54 Hydroimidazolone R69 or R73

a Specific peptide from Hsp72.
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Fig. 3. Detection of Hsp26 upon glycation. (A) MALDI-TOF spectra of tryptic digestion of the nonglycated protein band 4, mainly showing

peptides from phosphoglycerate mutase and one peptide, with low intensity, from Hsp26 (Fig. 1). In glycation conditions, more peptides

from Hsp26, with greater intensity, appear. These data suggest that the amount of Hsp26 in the soluble protein fraction increases upon gly-

cation.

Table 2. Analysis of the comigrating proteins phosphoglycerate mutase and Hsp26 under glycation conditions; identification and molecular

location of methylglyoxal advanced glycation end-products (MAGE). Glycated residues are shown in bold.

Identified

proteins

Observed

mass (Da)

Theoretical peptide

mass (Da) Peptide sequence

Mass

increase (Da) MAGE

Glycated

residue

Phosphoglycerate

mutase

1320.48 1239.69 ADRLWIPVNR

(71–80)

80 Argpyrimidine R73

1500.55 1446.71 FGEEKFNTYRR

(104–114)

54 Hydroimidazolone R113

1574.58 1429.72 LNERHYGDLQGK

(84–95)

144 Tetrahydropyrimidine R87

2360.94 2280.28 DLLSGKTVMIAAHGNSLRGLVK

(169–190)

80 Argpyrimidine R186

Hsp26 1412.63 1358.75 LLGEGGLRGYAPR

(23–35)

54 Hydroimidazolone R30
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As glycolysis leads unavoidably to methylglyoxal

formation, which modifies three glycolytic enzymes,

d-glucose metabolism could be diverted to glycerol

synthesis. Increasing glycerol formation could diminish

the methylglyoxal concentration, because the triose

phosphate pool is reduced due to its conversion to

glycerol 3-phosphate. However, no significant differ-

ences were observed in glycerol concentration between

those strains (Fig. 5B).

These results indicate that glycation in vivo of eno-

lase and other glycolytic enzymes, with corresponding

loss of enzyme activity, does not affect glycolytic flux.
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Fig. 4. In vivo glycation of enolase causes a decrease of its enzyme activity, directly related to glycation levels. Cells from different yeast

strains, incubated with 250 mM D-glucose, were sampled at the times indicated. Glycated proteins were detected by western blotting using

a specific anti-argpyrimidine Ig, and enzyme activity was determined in situ. (A) Time course of argpyrimidine formation in the YEpGRE3

transformant, BY4741, DGLO1 and DGRE3 strains. As a result of aldose reductase overexpression, YEpGRE3 only shows an argpyrimidine-

modified protein band after 5 h. Strains with deficiencies in methylglyoxal catabolism (DGLO1 and DGRE3) have higher methylglyoxal con-

centrations and therefore higher levels of glycation [19]. It is noteworthy that glycation increases with time. Representative immunoblots

from a set of more than three experiments are shown. Equal amounts of proteins were loaded per lane (30 lg). (B) In situ enolase activity

in all studied strains, at different incubation times. Percentage activity is shown relative to time zero. A decrease of enolase activity is only

observed in strains with glycated enolase, and this decrease is related to glycation levels. Data are averages from three independent experi-

ments ± SDE.
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To further investigate why this is so, a sensitivity ana-

lysis using modeling and computer simulation was per-

formed.

Sensitivity analysis of glycation effects

on glycolysis

The effect of changes in the activity of the main

glycation targets, enolase, aldolase and phosphoglycer-

ate mutase, on the glycolytic flux, as predicted by

modeling and computer simulation, is shown in Fig. 6.

Aldolase and phosphoglycerate mutase had no effect

on glycolytic flux, even when their activities had

decreased to 1% of their reference activities (Fig.

6B,C). Glycolytic flux was more sensitive to enolase

activity: a reduction of approximately 50% in ethanol

formation predicted a reduction of enolase activity to

5% (Fig. 4A). However, a simultaneous decrease of al-

dolase, enolase and phosphoglycerate mutase activities

to 70% of their reference activities caused a glycolytic

flux decrease of less than 0.02%.

According to these results, the decrease in enolase

activity caused by glycation (between 5 and 25%

in vivo) should have no effect on glycolytic flux. This is

in agreement with our experimental results, where no

differences in d-glucose consumption and ethanol for-

mation were observed among strains BY4741, DGLO1

and DGRE3 (Fig. 5B).

Even the simultaneous glycation of these three

enzymes, each one losing about one-third of its

reference activity, would not cause any noticeable

decrease of glycolytic flux.

As glycolysis leads unavoidably to methylglyoxal

formation, and glycation selectively modifies glycolytic

enzymes, causing activity loss, changes in glycerol

metabolism might occur. As a result of a slight

decrease in the triose phosphate pool (data not shown)

methylglyoxal concentration is indeed sensitive to
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A

Fig. 5. Glycolysis, methylglyoxal metabolism

and glycated proteins in yeast. (A) The well-

known glycolytic pathway forms methylgly-

oxal as a nonenzymatic and unavoidable

byproduct. The triose phosphates are chem-

ically unstable and suffer an irreversible

b-elimination reaction of the phosphate

group, forming the most powerful glycation

agent in vivo, methylglyoxal. The main cata-

bolic routes for methylglyoxal are the

NADPH-dependent aldose reductase and

the glutathione-dependent glyoxalase path-

way. Together, aldose reductase and glyox-

alase I (green) are essential to maintain a

low methylglyoxal steady-state concentra-

tion. Once formed, methylglyoxal has the

potential to irreversibly modify just about

any protein. However, in yeast, only one

protein appears as a major target, enolase 2,

followed by aldolase and phosphoglycerate

mutase (red). (B) Glycolysis and glycerol

metabolism are unchanged by glycation.

Energy metabolism appears to be unaffec-

ted, even when three glycolytic enzymes

are glycated and the major glycation target,

enolase 2, shows an activity loss of 20%.

The strains analyzed were BY4741 (blue),

DGRE3 (green) and DGLO1 (red). Data

shown are averages from three independent

experiments ± SD.
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changes in glycerol-3-phosphate dehydrogenase

(EC 1.1.99.5) activity (Fig. 6D). An increase in gly-

cerol-3-phosphate dehydrogenase activity by up to

five-fold does not lead to a significant decrease in the

steady-state concentrations of methylglyoxal and triose

phosphates. Therefore, simulation of glycerol forma-

tion cannot lead to a decrease in methylglyoxal con-

centration. These predictions are consistent with the

observations that glycerol metabolism is quantitatively

identical in the three strains studied.

Discussion

Yeast cells have evolved to use d-glucose efficiently;

for this, they have a very high glycolytic flux and con-

sequently an unavoidably high methylglyoxal produc-

tion rate. Therefore, throughout evolution, defence

mechanisms have developed to protect these cells

against glycation. Understanding these mechanisms will

provide important clues regarding glycation prevention

in higher organisms. Nerve cells show a high rate of

glycolysis, and several neurodegenerative diseases, such

as Alzheimer’s disease and Parkinson’s disease, are

related to higher AGE formation [8,9]. Tumor cells also

show a high dependence on glycolysis, the Warburg

effect [21]. In these cells, expression of glyoxalase I is

increased [22,23], suggesting that an increase in methyl-

glyoxal and AGE formation also occurs.

In yeast, protein glycation is a nonrandom process for

which specific protein targets exist. Even though several

proteins are observed in a Coomassie-stained gel, only

one is highly modified by methylglyoxal. Three more

protein bands appear to be slightly modified at a later

time, as judged by the western blotting analysis. This is

an unexpected observation, because, as glycation is a

nonenzymatic process, all proteins are putative targets.

We identified the four major glycation targets as the gly-

colytic enzymes enolase, aldolase and phosphoglycerate
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Fig. 6. Sensitivity analysis of glycation effects on glycolytic flux by modeling and computer simulation. Single, finite parameter changes

(between zero-fold and two-fold) around the reference steady state were performed. All values are fold variations relative to the reference

state (normalized values). System parameters were: (A) enolase activity; (B) aldolase activity; and (C) phosphoglycerate mutase activity. The

effect of glycerol-3-phosphate dehydrogenase activity on methylglyoxal steady-state concentration (D) was also studied. Except for extreme

changes (95–99% activity loss), the glycated glycolytic enzymes enolase, aldolase and phosphoglycerate mutase have no effects on glycolyt-

ic flux. Consistent with our experimental results, a decrease in enolase activity due to glycation has no effects on ethanol formation and

D-glucose consumption.
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mutase and the heat shock proteins Hsp71 ⁄72 by

MALDI-TOF peptide mass fingerprint. Under glycation

conditions, Hsp26 becomes detectable in the soluble

protein fraction. Of these proteins, enolase 2 is clearly

the primary and most relevant glycation target in yeast.

Glycation introduces miscleaveges and defined mass

increases in the observable peptides produced by trypsin

hydrolysis. Therefore, we analyzed the peptide masses,

looking for miscleaveges associated with specific mass

increases caused by the presence of MAGE in peptides

containing one lysine or arginine residue. With this

approach, we confirmed at the molecular level that the

identified proteins are indeed glycated in vivo by methyl-

glyoxal, and in some cases, the molecular position

assignment of the specific MAGE was made. In

enolase 2, the modified lysines (CEL) are probably those

with the highest solvent accessibility (Fig. 7). In con-

trast, hydroimidazolone-modified arginines were only

found in an arginine-rich crevice, located at the

enolase 2 dimer interface (Fig. 7). This arginine-rich

cave could work as a cage for free methylglyoxal.

Glycation of enolase in vivo causes a decrease of its

activity, directly related to methylglyoxal modification.

Strains DGLO1 and DGRE3, with deficiencies in meth-

ylglyoxal catabolism and therefore higher levels of gly-

cation [19], cause a larger decrease in enolase activity.

The YEpGRE3 transformant, overexpressing aldose

reductase, does not show glycation, and no decrease of

enolase activity occurs. However, in all strains ana-

lyzed, d-glucose consumption and ethanol formation

rates were unchanged even when glycated enolase was

present. Glycerol synthesis, an alternative branch point

of glycolysis, remains unchanged. These results show

that glycolytic flux is not affected, despite the

decreased activity of enolase in all strains in which gly-

cation occurs.

Sensitivity analysis, by modeling and computer

simulation, was used to assess the effects of each gly-

cated glycolytic enzyme on glycolysis. For enolase, gly-

colytic flux is affected only when its activity decreases

to 5% of its reference activity value. This is almost

equivalent to an enolase null mutant yeast strain,

which is not viable. The other two major glycation

targets (aldolase and phosphoglycerate mutase) have

virtually no effect on glycolytic flux, in good agree-

ment with our experimental observations.

As glycation is a nonenzymatic process, it is quite

intriguing that it is targeted to specific proteins, the

functional aspects involved being as yet unknown. As

methylglyoxal arises from glycolysis, perhaps these pro-

teins are closer to the location of methylglyoxal forma-

tion than others, and the methylglyoxal concentration

is higher near these proteins. However, other glycolytic

enzymes located more closely to methylglyoxal forma-

tion, such as triose phosphate isomerase and d-glyceral-

dehyde-3-phosphate dehydrogenase, are not glycated.

Fig. 7. Surface landscape of dimeric yeast enolase, showing sol-

vent-exposed lysine (yellow) and arginine (cyan) residues. For

greater clarity, the surface of one of the subunits is shown in light

gray. Two views of the same molecule are shown, rotated clock-

wise by 180� along the molecule’s horizontal axis. According to

MALDI-TOF analysis, N e-(carboxyethyl)lysine (CEL) (orange) is

located at K336 or K337. K336 (47% solvent accessibility) is by far

the most solvent-accessible lysine in both subunits, and is likely to

be glycated. Hydroimidazolones (red) were found only in R14 and

R414, located in an arginine-rich cleft, deeply recessed, but solvent

accessible, at the interface of the two enolase subunits. The E20-

R414 ion pair is essential for dimer stability. Its disruption upon gly-

cation will lead to dimer dissociation into inactive monomers, thus

explaining at a molecular level the glycation-dependent enolase

inactivation. This arginine-rich cave should provide highly favored

reaction conditions for methylglyoxal advanced glycation end-prod-

uct (MAGE) formation, therefore sequestering methylglyoxal in an

arginine cage. Sequence coverage by MALDI-TOF peptide mass fin-

gerprint is highly representative, at 27%. Confirmed nonglycated

residues are not shown.
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Of the identified glycated proteins, aldolase is the only

enzyme directly related to methylglyoxal formation,

and it only shows comparatively low glycation. Enolase,

one of the most abundant proteins in yeast, could be

associated with different glycolytic enzymes, and there-

fore the methylglyoxal concentration near this enzyme

might be much higher than in the rest of the cell. Inter-

estingly, in mammal cells, pure bb-enolase binds with

high affinity to the glycolytic enzymes aldolase and

phosphoglycerate mutase (the other two main glycation

targets in yeast) and also to pyruvate kinase [24].

Protein concentration in vivo and arginine content

might be other important parameters for protein gly-

cation. Enolase is indeed one of the most abundant

cell proteins. However, the differences between the

arginine content of this enzyme and those of most

yeast glycolytic enzymes (containing between eight and

13 arginine residues) do not explain this specific glycat-

ion. Moreover, phosphofructokinase (with 49 arginine

residues) and pyruvate kinase (with 29 arginine resi-

dues) are not glycated. It is possible that arginine resi-

dues in enolase are more accessible for the reaction

with methylglyoxal than they are in other proteins.

This highlights the importance of the reactivity of indi-

vidual proteins towards methylglyoxal, beyond a sim-

ple consideration of protein amount or number of

amino groups. In vivo, this reactivity could depend not

only on the arginine and lysine contents, or protein

and glycation agent concentrations, but also on the

spatial location of arginine residues in a folded pro-

tein. It is not known whether this spatial location

determines glycation specificity, but it is conceivable

that the 14 arginine residues in enolase are more react-

ive towards methylglyoxal than are the 49 arginine res-

idues of phosphofructokinase. As demonstrated by

Speer et al., the reactivity of arginine peptides with

methylglyoxal varies widely, due to the local chemical

environment of the respective arginine residue [25]. In

the case of enolase 2, the glycated lysines are those

with the highest solvent accessibility (Fig. 7). Whereas

glycated lysines are at the exposed surface of the pro-

tein, glycated arginines are located in an arginine-rich

deep cleft, accessible to the solvent, at the interface

between the two subunits (Fig. 7). Some of these argi-

nines are involved in ion pairs that contribute to

enolase 2 dimer stability. One of these ion pairs, E20-

R414 [26], is disrupted by R414 glycation. Replacing

arginines with hydroimidazolones will disrupt electro-

static interactions that stabilize the enolase 2 dimer,

leading to its dissociation and the consequent forma-

tion of inactive monomers. This molecular hypothesis

for glycation-dependent enolase 2 inactivation, albeit

highly plausible, requires further research.

It has been shown that cells can prevent AGE forma-

tion only until antiglycation defences are overcome [19].

In these conditions, spontaneous protein glycation may

be relevant to lower methylglyoxal concentrations. Eno-

lase could indeed function as a methylglyoxal scavenger,

preventing changes in the biochemical functionalities of

other proteins. Being one of the most abundant proteins

in cells, enolase is a good candidate for this role, as gly-

cation of this protein would only have a limited impact

on cell physiology. Indeed, our results show that,

although glycation leads to a decrease of enolase activ-

ity, no changes have been detected in glycolytic flux,

even in the mutant strains DGLO1 and DGRE3, which

show higher levels of glycation. It is noteworthy that

the expression of ENO2 is induced up to 20-fold after

the addition of glucose to yeast cells grown with ethanol

as carbon source [27], whereas by modeling and compu-

ter simulation, a corresponding 20-fold increase of this

enzyme’s activity would have no effect at all on glyco-

lytic flux. Enolase may thus play other roles, besides

being a glycolytic enzyme.

It was predicted that MAGE would be present in

approximately 3–13% of cellular proteins [28]. This is

expected to have significant effects on protein structure

and function, mainly by unfolding and aggregation

[28]. In the presence of denatured proteins, cells activate

several pathways responsible for their recovery, pre-

venting the detrimental effects of protein aggregation.

In yeast, Hsp104 facilitates disaggregation and reacti-

vates aggregated proteins with assistance from Hsp71

(Ssa1) and Hsp40 (Ydj1) [29]. Recent data show that

the small heat shock protein Hsp26 also participates in

the recovery of misfolded proteins, by rendering aggre-

gates more accessible to Hsp104 ⁄Hsp71 ⁄Hsp40 action

[29]. The presence of Hsp26 in glycation conditions sug-

gests that there is activation of the refolding chaperone

pathway. Moreover, glycation also affects Hsp71 ⁄ 72,
another component of this chaperone pathway, and

Hsp26 is also glycated in vivo. In mammal cells, the

major glycation target in vivo is Hsp27, a protein that

plays an important role in apoptosis and actin polymer-

ization [30,31]. In stressed cells, increased levels of

Hsp27 facilitate the repair or destruction of damaged

proteins, thus promoting cell recovery. It has been

shown that specific methylglyoxal modification of

Hsp27 improves its chaperone activity [30,32]. Thus,

glycation and ⁄or activation of these specialized proteins

(Hsp71 ⁄ 72 and Hsp26) could be of physiologic import-

ance in the cell response to glycation.

As glycolysis is a biochemical pathway that evolved

under ancient anaerobic terrestrial conditions, it is poss-

ible that specialized proteins present in higher organisms

are derived from glycolytic enzymes. This could be a
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critical evolutionary parameter for cells with high glyco-

lytic fluxes and high intracellular methylglyoxal concen-

trations. Another important process is the refolding

pathway, through which stress-unfolded proteins might

be salvaged in significant amounts, instead of simply

being processed by proteolytic pathways.

Experimental procedures

Reagents

Peptone, yeast extract, agar and yeast nitrogen base

(YNB) were obtained from Difco (San Jose, CA, USA),

and d-glucose (microbiology grade), KCl, NaCl, MgSO4,

methanol and bromophenol blue were obtained from

Merck (Rahway, NJ, USA). Coomassie Brilliant Blue G,

Ponceau S, phenylmethylsulfonyl fluoride, glass beads

(452–600 lm), adenine, uracil, l-methionine, l-histidine,

l-leucine, l-tryptophan, Mes, 3-phosphoglycerate, formic

acid, ammonium hydrogencarbonate, dithiothreitol and

iodoacetamide were obtained from Sigma (St Louis, MO,

USA). KH2PO4 was obtained from Fluka (St Louis, MO,

USA), digitonin was obtained from CalBiochem (San

Diego, CA, USA), and EDTA was obtained from BDH

Chemicals Ltd (Poole, UK). Tris, SDS 20% (w ⁄ v) and

glycine were obtained from Bio-Rad (Hercules, CA, USA).

Modified trypsin was obtained form Promega (Madison,

WI, USA); GELoader tips were obtained from Eppendorf

(Hamburg, Germany); trifluoroacetic acid and HPLC-

grade acetonitrile were obtained from Riedel de Häen

(Seelze, Germany); type I water was obtained in a Milli-

pore (Billerica, MA, USA) Milli-Q system; POROS 10 R2

reversed-phase chromatography medium was obtained

from PerSeptive Biosystems (Framingham, MA, USA); a-
cyano-4-hydroxycinnamic acid and PepMix1 (mixture of

peptide standards) were obtained from LaserBiolabs (Fra-

mingham, MA, USA).

Yeast strains and culture conditions

Saccharomyces cerevisiae strains, Euroscarf collection

(Frankfurt, Germany), were: BY4741 (genotype BY4741

MATa; his3D1; leu2D0; met15D0; ura3D0), DGLO1 (isogenic

to BY4741 with YML004c::KanMX4) and DGRE3 (isogen-

ic to BY4741 with YHR104w::KanMX4). The YEpGRE3

transformant [33] was kindly provided by J Prieto (Depart-

ment. Biotech., Instituto de Agroquimica y Tecnologia de

los Alimentos, Valencia, Spain). Strains were kept in YPGlu

(0.5% w ⁄ v yeast extract, 1% w ⁄ v peptone and 2% w ⁄ v
d-glucose) agar slopes (2% w ⁄ v agar) at 4 �C and cultured

in liquid YPGlu medium or YNB (0.67% w ⁄ v yeast nitro-

gen base, 2% w ⁄ v d-glucose and 0.025% w ⁄ v l-methionine,

l-histidine, l-leucine and uracil). The YEpGRE3 transform-

ant was cultured in minimal YNB medium without l-leucine

(0.67% w ⁄ v yeast nitrogen base, 2% w ⁄ v d-glucose, 0.02%

w ⁄ v adenine, l-histidine, l-tryptophan and uracil).

Glycation experiments

Cells were harvested at the end of the exponential phase,

washed twice in type II water, suspended at a concentration

of 5.2 · 108 in 0.1 m Mes ⁄NaOH (pH 6.5) with 250 mm

d-glucose, and incubated at 160 r.p.m. and at 30 �C in an

orbital shaker (Infors HT, Bottmingen, Switzerland). Sam-

ples were taken at defined times for enzyme activity assays,

metabolite measurement and protein glycation analysis by

western blot.

Analysis of protein glycation by western blot

Total yeast protein extraction was performed by glass bead

lysis as previously described [19]. Protein concentration was

determined using the Bio-Rad Bradford assay kit. Proteins

(30 lg protein per lane) were separated by SDS ⁄PAGE in a

Mini-protean 3 system (Bio-Rad), using a 12% polyacryla-

mide separation gel and a 6% polyacrylamide stacking gel.

Proteins were transferred to poly(vinylidene difluoride)

membranes (Hybond-P; Amersham Pharmacia Biotech,

Uppsala, Sweden), using the Mini Trans-Blot system (Bio-

Rad). Transfer was performed with 39 mm glycine, 48 mm

Tris, 0.0375% (w ⁄ v) SDS, and 20% (v ⁄ v) methanol. Pre-

stained standard proteins (Bio-Rad) were also loaded onto

the gel. Total proteins were stained with Ponceau S solution

[0.5% (w ⁄ v) Ponceau S in 1% (v ⁄ v) glacial acetic acid] to

confirm the amount of protein transferred. The membrane

was blocked overnight at 4 �C in 1% (v ⁄ v) blocking solution

in TBS (50 mm Tris and 150 mm NaCl, pH 7.5). For argpy-

rimidine detection, the blots were probed with monoclonal

antibody to argpyrimidine, a kind gift from K. Uchida

(Laboratory of Food and Biodynamics, Nagoya University

Graduate School of Bioagricultural Sciences, Japan). Other

methylglyoxal-derived AGEs were probed with a poly-

clonal anti-methylglyoxal modification, kindly provided by

R. Nagaraj, Case Western University, Cleveland, OH, USA.

An antibody to enolase, a kind gift from S. H. Park

(Department of Microbiology, Chungnam National Univer-

sity, Korea), was used to identify this protein in membranes.

Washes, secondary antibody and detection procedures were

performed using the BM Chemiluminescence Western Blot-

ting Kit (Roche, Indianapolis, IN, USA), following the

manufacturer’s instructions. Each immunoblot was repeated

at least three times in independent experiments.

Protein identification by peptide mass fingerprint

Protein bands were excised and polypeptides subjected to

reduction, alkylation and digestion with sequencing-grade

modified trypsin in gel according to the method of Pandey
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et al. [34]. Sample peptides were assayed for peptide mass fin-

gerprint in a Voyager-DE STR MALDI-TOF mass spectro-

meter (Applied Biosystems, Foster City, CA, USA). The

peptide mixture was purified and concentrated by R2 pore

microcolumns [35] and eluted directly to the MALDI plate

with 0.8 lL of recrystallized matrix a-cyano-4-hydroxycin-
namic (10 mgÆmL)1) prepared in 70% (v ⁄ v) acetonitrile with
0.1% (v ⁄ v) trifluoroacetic acid. The mixture was allowed to

air dry (dried droplet method). Monoisotopic peptide masses

were used to search for homologies and protein identification

with peptide mass fingerprint of mascot (http://www.

matrixscience.com). Searches were performed in the MSDB

database. A mass accuracy of 50–100 p.p.m. was used for

external calibrations, and Cys carbamidomethylation and

Met oxidation were used as fixed and variable amino acid

modifications, respectively. Criteria used to accept the identi-

fication were significant homology scores achieved in mascot

(53 for 95% confidence) and a minimum of four peptides

matched with a protein sequence coverage greater than 10%.

Metabolite assay

All metabolites were measured in the extracellular medium

after removing the cells by centrifugation (5200 g, 3 min,

Eppendorf 5480 R centrifuge with F-45-30-11 rotor). d-glu-

cose, ethanol and glycerol were enzymatically assayed using

specific kits from Boehringer Mannheim (Indianapolis, IN,

USA), following manufacturer instructions.

In situ assay of enzyme activities

Enzyme activities were determined in situ using S. cerevisiae

permeabilized cells [36]. Permeabilization was achieved by

incubation with 0.01% digitonin in 0.1 m Mes (pH 6.5) for

15 min at 30 �C and 160 r.p.m. in an orbital shaker incu-

bator (Infors HT). Enzyme activities were determined at

30 �C in a 1.5 mL reaction volume. All assays were

performed on a Beckman DU-7400 diode array spectro-

photometer (Beckman-Coulter, Fullerton, CA, USA), with

temperature control and magnetic stirring, essential to main-

tain isotropic conditions during the assay.

Enolase activity was followed by measuring phos-

phoenolpyruvate formation at 240 nm. The reaction mixture,

containing 50 mm Tris ⁄HCl (pH 7.4), 100 mm KCl, 1 mm

MgSO4, 0.01 mm EDTA and 0.5 lg of protein in permea-

bilized cells, was preincubated for 10 min, and the reaction

was started by the addition of 4 mm 3-phosphoglycerate. In

all assays, endogenous phosphoglycerate mutase activity was

present in a large excess compared to enolase, and therefore

the measured activity solely depends on enolase.

Sensitivity analysis

Modeling and computer simulation were used to evaluate

the effects of enolase, aldolase and phosphoglycerate

mutase activity changes on glycolytic flux, defined as the

rate of ethanol formation. The effect of glycerol-3-phos-

phate dehydrogenase activity on the steady-state concentra-

tion of methylglyoxal was also investigated.

The kinetic model used in this study was based on the

model of Hynne et al. [37], which includes most glycolytic

enzymes, although the reactions of enolase and phospho-

glycerate mutase are lumped together in an overall reaction.

This model was extended to include these two reactions,

with kinetic equations and parameters as in the model of

Teusink et al. [38]. The connection with methylglyoxal

metabolism was achieved by including the model of Gomes

et al. [19], which comprises the glyoxalase pathway, aldose

reductase and methylglyoxal formation from the triose

phosphates. Simulations were performed with the software

package power-law analysis and simulation, PLAS

(A.E.N. Ferreira, Universidade de Lisboa, Portugal; http://

www.dqb.fc lL.pt ⁄ docentes ⁄ aferreira ⁄plas.html).

Protein structure

Enolase dimer structure was represented by PDB entry

1ebh, containing Mg. It has 95% identity and 4% homol-

ogy with enolase 2. Molecular graphics images were pro-

duced using the UCSF chimera package from the Resource

for Biocomputing, Visualization, and Informatics at the

University of California, San Francisco (supported by NIH

P41 RR-01081) [39]. Relative solvent surface acessibility

was calculated according to the method of Gerstein [40].
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