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Abstract

Advanced Glycation End Products (AGEs) are the final products of non-enzymatic protein glycation that results in
loss of protein structure and function. We have previously shown that in E. coli AGEs are continually formed as high-
molecular weight protein complexes. Moreover, we showed that AGEs are removed from the cells by an active, ATP-
dependent secretion and that these secreted molecules have low molecular weight. Taken together, these results
indicate that E. coli contains a fraction of low molecular weight AGEs, in addition to the high-molecular weight AGEs.
Here we show that the low-molecular weight AGEs originate from high-molecular weight AGEs by proteolytic
degradation. Results of in-vitro and in vivo experiments indicated that this degradation is carried out not by the major
ATP-dependent proteases that are responsible for the main part of bacterial protein quality control but by an
alternative metal-dependent proteolysis. This proteolytic reaction is essential for the further secretion of AGEs from
the cells. As the biochemical reactions involving AGEs are not yet understood, the implication of a metalloprotease in
breakdown of high molecular weight AGEs and their secretion constitutes an important step in the understanding of
AGEs metabolism.

Citation: Cohen-Or I, Katz C, Ron EZ (2013) Metabolism of AGEs – Bacterial AGEs Are Degraded by Metallo-Proteases. PLoS ONE 8(10): e74970. doi:
10.1371/journal.pone.0074970

Editor: Dwayne Elias, Oak Ridge National Laboratory, United States of America

Received July 2, 2013; Accepted August 12, 2013; Published October 9, 2013

Copyright: © 2013 Cohen-Or et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: The authors have no support or funding to report.

Competing interests: The authors have declared that no competing interests exist.

* E-mail: eliora@post.tau.ac.il

Introduction

Advanced Glycation End-products (AGEs) are the final
products of non-enzymatic glycation formed by the reaction of
reactive carbonyls (e.g.- reducing sugars) with primary amine-
containing amino acids of proteins. One of the first steps in this
glycation process is the formation of Amadori-modified proteins
(AMPs) which are reversible intermediates. These AMPs can
further developed, in an oxidation-dependent manner, to form
advanced protein complexes, that contain irreversible, highly
stable high molecular weight AGEs [1–4] . Although AGEs can
be formed by a direct interaction of sugar metabolites and free
amino acids, in the cells, where the concentration of free amino
acids is fairly low, the major fraction of AGEs is probably
formed as a subsequent metabolic step from glycation-modified
proteins [5].

In mammals, AGEs were shown to accumulate both
intracellularly and extracellularly with age and to participate in
the pathophysiology of several age-related diseases such as
cardiovascular disease, Alzheimer’s disease and complications
of diabetes mellitus [6–10]. They accumulate in many sites,
including the kidney, retina, and atherosclerotic plaques [11]

and their toxic effects in mammalian models were extensively
studied [12–14].

Cells maintain the quality and functionality of proteins by
degradation and replacement of damaged proteins. Although
glycation is one of the most common types of physiological
protein damages, very little is known about the protein quality
control mechanisms that participate in their metabolism. In
humans, AGEs were found to be released into blood plasma
and excreted in urine, with the kidney as the major site of AGE
clearance. Studying the physiological effect of inducible
glycation stress has shown that treatment of cells with the
glycating agent - glyoxal - resulted in cessation of proteasome
activity both in-vivo and in-vitro but did not affect degradation of
AGEs, suggesting that AGEs are not degraded by the cellular
proteasome [15,16]. It was also shown that the extracellular
AGEs are more resistant to enzymatic degradation probably
due to their tendency to aggregate and it is likely that this
property promotes local accumulation of AGEs in several
tissues [11,15,17,18].

Ineffective clearance of AGEs leads to their accumulation
and consequent damage [11,17,19,20]. Therefore,
understanding the metabolism of AGEs and pathways involving
their secretion is essential. The secreted AGEs have lower

PLOS ONE | www.plosone.org 1 October 2013 | Volume 8 | Issue 10 | e74970



molecular weight than the AGEs in the tissues. Clearly, then,
there must be a degradative step that leads to the formation of
the smaller molecules. However, to the best of our knowledge,
intracellular proteolysis of endogenous glycated proteins has
never been demonstrated, and a specific mechanism of AGEs
proteolysis has not been identified so far [17,19].

Thus, it appears that while the effect of AGEs on mammalian
physiology has been extensively studied, very little is known
about their metabolism. We have recently proposed the use of
bacteria as a novel tool for the study of AGEs metabolism. We
provided evidences that glycated proteins are metabolized in
bacteria and that low-molecular weight AGEs are actively
secreted by bacteria into the growth media [21] [22]. In
bacteria, formation of AGEs is restricted to the high molecular
protein fraction [21]. However, we demonstrated that AGEs are
also found as low-molecular-weight molecules and it is in this
form that they are secreted from the cells.

In this work, we investigated the proteolytic stage that
precede AGEs secretion and show, both in-vitro and in-vivo,
that metallo-proteases are involved in AGEs degradation. We
also show that AGEs degradation is a required step for AGEs
secretion, as inhibition the degradation results in reduced
secretion and accumulation of AGEs inside the bacterial cell.
These findings further our understanding of AGEs metabolism
and can shed a light on the general mechanisms responsible
for AGEs degradation in bacteria and possibly other organisms

Results

Bacterial AGEs are degraded by a metallo protease
The finding that AGEs – formed as high molecular weight

compounds - are also found in low-molecular weight fractions
[21] leads to the hypothesis that AGEs are proteolytically
degraded. To study AGEs degradation in-vivo we arrested
protein translation and AGEs secretion, using chloramphenicol
and arsenate [22], and measured the concentration of
intracellular AGEs specific fluorescence both in the high and in
the low-molecular-weight fractions. In the beginning of the
experiment (representing the steady state of AGEs in the cells)
less than 20% of AGEs were found as low-molecular-weight
compounds. However, following the arrest in protein synthesis
and AGEs secretion there was a significant increase of small
AGEs that reached about 40% of the total AGEs after 20
minutes (Figure 1).

In order to study the mechanism of AGEs degradation we
developed an in-vitro assay in which we determined the
kinetics of AGEs degradation under several experimental
conditions. High-molecular-weight protein fractions were
incubated at 37°C, fractionated, and the levels of high and low
molecular-weight AGEs were measured. After 3 hours of
incubation the majority (~70%) of AGEs were proteolytically
cleaved to low molecular-weight compounds (Figure 2).
However, upon the addition of 3M urea degradation level was
significantly reduced, indicating that this degradation requires
protein activity. Similar results were obtained following the
addition of a protease inhibitor cocktail, further supporting the
assumption that proteolytic activity is responsible for the
degradation of AGEs.

Next we examined the possible involvement of several
families of proteases by selective inhibition of their activity. We
added inhibitors of serine-proteases, metallo-proteases,
cystein-proteases, aspartate-proteases and amino-proteases.
The results, displayed in Figure 2, pointed out that the metallo-
protease inhibitor had the most significant effect on AGEs
cleavage, indicating that metallo-proteases are responsible for
the majority of AGEs degradation.

In the experiments described in Figures 1 and 2 we analyzed
AGEs in two fractions - low molecular weight and high
molecular weight – corresponding to <5KD and >5KD
respectively. However, in cells AGEs are found in a range of
molecular weights and moreover the size of degradation
intermediates can vary. Therefore, for a more accurate study it
was important to examine the whole range of sizes. For this
purpose we analyzed AGEs size with high resolution gel-
filtration column. High-molecular weight fractions were
obtained, using GE Healthcare HiTrap desalting columns, and
incubated as before. After the incubation, samples were
separated using high resolution gel filtration chromatography
and fractions were collected and analyzed for AGEs specific
fluorescence. In agreement with the pervious results, both the
use of 3M urea and metallo-protease inhibitor exhibited a
different AGEs size profile compared to an untreated sample
(Figure 3). In both cases the relative amounts of high-
molecular-weight AGEs were higher and the levels of low MW
AGEs were reduced. These results strengthen the previous
results and demonstrate that metallo-proteases have a
significant involvement in the proteolytic degradation of AGEs.

Next we examined the involvement of metallo-proteases in-
vivo. Bacterial cultures were treated with the membrane
permeable metallo-protease inhibitor -1,10 phenantholine
[23–25]. After 10 minutes, samples were taken from both
treated and untreated cultures, lysed and separated by size
exclusion chromatography for determination of AGEs-specific
fluorescence. The results presented in Figure 4 indicate that
the treated cultures contain elevated amount of high-molecular-
weight AGEs, as compared with the untreated samples. These
results indicate that metallo-proteases affect AGEs cleavage
also in-vivo, and their inhibition leads to accumulation of high-
molecular-weight AGEs.

AGEs degradation is required for secretion
Previously we showed that AGEs are secreted by bacteria

[22]. In order to determine the size distribution of the secreted
AGEs, extra-cellular fractions were collected and separated to
low and high molecular-weight compounds. AGEs specific
fluorescence signals were determined in each fraction. The
results presented in Figure 5A demonstrate that at least 90% of
the secreted AGEs molecules are of low molecular-weight.
These results lead to the hypothesis that proteolytic
degradation of AGEs is an early step that precedes AGEs
secretion. In order to study the relationships between
degradation and secretion of AGEs, we treated bacterial
culture with 1,10 phenantholine – a metallo-protease inhibitor
and examined its effect on the kinetics of AGEs secretion.
Inhibition of AGEs degradation resulted in reduced secretion of
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AGEs (Figure 5B) and their accumulation inside the bacterial
cell (Figure 5C).

Discussion

Advanced Glycation End-products (AGEs) are irreversible
toxic molecules that accumulate in cells with time. Given their
strong correlation to various diseases, the physiological effects
of AGEs were extensively studied in human and conditions that
affect the kinetics of their formation are well documented.
However, pathways that participate in AGEs metabolism are
poorly characterized and mechanisms that reduce their toxicity
have not been extensively studied.

In mammals, it was found that AGEs are secreted from the
body by the urinary system and that ineffective clearance of
AGEs leads to their accumulation [11,22]. While the
metabolism of extracellular AGEs (glycation of extracellular

proteins) was fairly well studied, little is known about
degradation of intracellular AGEs. Moreover, it is not yet clear
whether the AGEs that are found in the blood stream originate
from the metabolism of intracellular glycation products followed
by their secretion, or restricted to extracellular glycation events.
Additionally, although it appears that AGEs are degraded to
lower molecular weight compounds, so far no specific
proteolytic pathway has been identified [17,19].

Non-enzymatic glycation is a ubiquitous process, and
therefore we have suggested that bacteria can constitute a
powerful tool in the study of this complicated pathway. Here we
showed that AGEs are proteolyticlly degraded inside E. coli
cells and provided evidences that inside the bacterial cells
high-molecular-weight AGEs are degraded to form low-
molecular weight compounds. This degradation is attributed to
the protein moiety of the AGEs as the total fluorescence signal
of the AGEs remains the same while their size distribution

Figure 1.  Effect of arsenate and chloramphenicol on AGEs size profile.  Lysates were extracted from exponentially growing
cultures at time intervals after addition of arsenate and chloramphenicol. Samples were separated into proteins and low molecular
weight compounds fractions, as described in Materials and Methods. AGEs-specific fluorescence was monitored and normalized to
cell density. AGEs level in the high molecular weight proteins fraction (full circles) and low-molecular weight fractions (empty
circles).
doi: 10.1371/journal.pone.0074970.g001
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changes with time. To our best knowledge, this is the first direct
evidence for intracellular degradation of AGEs.

In-vitro assays suggest that AGEs degradation is enzymatic,
since denaturative agents such as urea and proteases inhibitor
cocktail have reduced the rate of cleavage. Further
examination on the various components of the proteases
inhibitor cocktail revealed that metallo-proteases inhibitors are
the most effective in prevention of AGEs degradation
suggesting that metallo-proteases are the main players
responsible for AGEs degradation. Similar observations were
made in-vivo.

These results indicate that the major ATP-dependent
proteases, responsible for the main part of bacterial protein
quality control, are not involved in the degradation of AGEs.
Supporting this conclusion is the fact that Arsenate, a
glycolysis uncoupler that severely reduces intracellular ATP

concentration, did not affect the kinetics of AGEs degradation
inside the bacterial cell. These results are compatible with the
data obtained in eukaryotes suggesting that the proteasome,
the eukaryotic equivalent to bacterial ATP-dependent
proteases, is not responsible for proteolytic degradation of
AGEs in higher organisms [15,16].

In E. coli, there are 30 metallo-proteases of which 5 are
essential proteins. In an attempt to characterize the specific
proteases that are involved in AGEs degradation we used
mutants from the Keio knockout library collection [26], and
analyzed the effect of each knock-out on the degradation
kinetics. As inhibition of AGEs degradation results in
accumulation of intracellular AGEs, we used this property to
screen for relevant mutants. Unfortunately we could not find a
single gene knockout that demonstrates a significant
alternation of AGEs profile. The most significant change was

Figure 2.  AGEs degradation in-vitro.  Lysates were extracted from exponentially growing cultures and separated into high and
low-molecular-mass fractions, as described in Materials and Methods. The high molecular weight fraction was incubated at 37°C for
3 hours with various protease inhibitors and then separated again into high and low-molecular-mass fractions. AGE-specific
fluorescence was determined. The graph represents the percentage of low-molecular-mass fraction from the total AGEs in an
untreated sample. The treatments were with 3M urea, protease inhibitor cocktail (Sigma), 25 mM MPSF (serine-protease inhibitor),
10 mM EDTA (metallo-protease inhibitor), 0.3 mM E-64 (cystein-protease inhibitor), 0.3 mM Pepstatin A (aspartate -protease
inhibitor) and 2 mM Bestatin (amino-protease inhibitor).
doi: 10.1371/journal.pone.0074970.g002
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observed in the pqql deletion strain, lacking a putative zinc
peptidase [27], which accumulates about 15% more AGEs as
compared to the wild-type. However, this small effect, although
reproducible, could not explain the significant impact of the
metallo-proteases inhibitor. It is possible that there is a
significant protease redundancy in AGEs degradation, so that a
deletion in one protease is compensated by the presence of
other proteases. Alternatively, it is possible to assume that a
protease specific for AGEs degradation does exist, but has so
far not been identified.

We propose the following model; inside bacterial cells AGEs
are mainly formed as high-molecular-weight modified proteins.
Since AGEs are irreversible molecules they accumulate with
time inside the cells. Clearance of these AGEs by secreting
them is one strategy of the cells to cope with AGEs

accumulation. However, as AGEs are not secreted as high
molecular weight compounds, the protein moieties have to be
degraded inside the cells prior to secretion. This degradation is
probably performed by one or more metalloproteases. Unlike
the major degradation pathways in E. coli, this degradation
appears to be independent of energy, although the subsequent
secretion of the low molecular weight AGEs is carried out by
the energy-dependent efflux-pumps system [22]. At this point
we are not able to support or to exclude the possibility that in-
vivo the degradation and secretion are linked, but have shown
that the degradation is required for the secretion. Thus, we
propose that AGEs degradation is a preliminary step,
necessary for the clearance of toxic AGEs.

Unlike other cellular damage, accumulation of AGEs
presents an additional challenge to living organisms as AGEs

Figure 3.  AGEs size exultation filtration in-vitro.  Lysate was extracted from exponentially growing cultures and further
separated into high and low-molecular-mass fractions, as described in Materials and Methods. The high molecular weight fraction
was treated and incubated at 37°C for 3 hours and then separated by size using HiLoad 16/600 Superdex 75 pg 120 ml filtration
column. After 30 ml of elution, 4 ml fractions were collected and AGEs specific fluorescence was determined. The graph represents
the size distribution of AGEs in an untreated sample, lystae treated with 3M urea and lystae treated with protease inhibitor cocktail
(Sigma).
doi: 10.1371/journal.pone.0074970.g003
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can further react with other macromolecules such as lipids,
proteins, and DNA leading to extensive damage potential [28].
On the other hand, aggregates of AGEs, once formed, are
known to be highly resistant to enzymatic degradation
[11,15,17,18]. These facts emphasize the importance of an
efficient system for AGEs removal that will quickly degrade
AGEs and prevent the formation of aggregates and secondary
damages. The low molecular weight AGEs that are formed post
degradation are highly soluble and can therefore be further
removed from biological systems. We therefore hypothesize
that this pathway of proteolytic degradation followed by the
removal of low molecular weight AGEs may be conserved
among organisms from all kingdoms.

Materials and Methods

Bacterial strains and growth conditions
The E. coli K12 wild type strain MG1655 was used

throughout. Cultures were grown with aeration at 37°C in
standard LB medium (Difco). When required cultures were
treated with 100 µM / 1 mM 1,10 phenantholine (Sigma), 100
µg/ml chloramphenicol (Sigma) or 50 µg/ml arsenate (Sigma).

The effect of 1,10 phenantholine on AGEs levels in-vivo, was
measured shortly after the inhibitor was added, in order to
minimize a bias caused by its effect on bacterial growth rate.
The accumulation of AGEs shown in the first 10 minutes is
followed by a reduction of total AGEs due to growth arrest

Determinations of the levels of secreted AGEs were
performed in a non-growing culture using carbon-free media,
as previously described [29].

Figure 4.  Size profile of AGEs following metallo-protease inhibition in-vivo.  Effect of 100 µM 1,10 phenantholine (Sigma) on
AGEs degradation. Bacteria were grown as described in materials and methods. Lysate was extracted from treated and untreated
cells and further separated by size using HiLoad 16/600 Superdex 75 pg 120 ml filtration column. After 30 ml of elution, 4 ml
fractions were collected and AGEs specific fluorescence was determined.
doi: 10.1371/journal.pone.0074970.g004
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Sample preparation
Lysates were obtained using the Qproteome-bacterial

Protein Prep kit (QIAGEN) according to the manufacturer's
recommendation. The lysates were further separated into
purified proteins and low molecular weight compounds using
GE Healthcare HiTrap desalting columns, equilibrated with
PBS, using Amersham AKTA prime plus FPLC system. These
columns possess exclusion limit of 5000 g/mol of globular
compound, thus compounds with lower molar mass are
hereafter referred to as low molecular weight compounds.
Nucleic acids were digested as part of Qproteome extraction
procedure, and therefore were present mostly in the low
molecular weight fraction. For AGEs size exclusion filtration
measurements (Figure 3 and Figure 4) samples were
separated using GE HiLoad 16/600 Superdex 75 pg 120ml
filtration column, equilibrated with PBS. Separations were
performed and evaluated using Amersham AKTA prime plus

FPLC system. The first 30 ml was not collected; afterwards 4
ml fractions were collected.

Determination of AGEs
AGEs were quantified using the natural AGE-specific

fluorescence by scanning emission ranging from 400 nm to 500
nm upon excitation at 370 nm at 37°C, in a HORIBA scientific
FluoroLog-3 Spectrofluorometer. Data represent the 440 nm
emission peak (Ex. 370, Em. 440)

Acknowledgements

We thank Dr. Dvora Biran and Maya Grinwald for productive
discussions and suggestions.

Author Contributions

Conceived and designed the experiments: ICO CK EZR.
Performed the experiments: ICO CK. Analyzed the data: ICO

Figure 5.  Effect of metallo-protease inhibition on AGEs accumulation and secretion.  Bacterial growth and sample collection
were described in materials and methods. AGEs-specific fluorescence was determined and normalized to cells density. A)
Extracellular fraction was further separated into proteins and low molecular weight compounds fractions. B) Effect of 100 µM and 1
mM of 1,10 phenantholine (Sigma) on intracellular AGEs accumulation. C) Effect of 100 µM of 1,10 phenantholine (Sigma) on AGEs
secretion after 2 hours in a non-growing cultures.
doi: 10.1371/journal.pone.0074970.g005

Bacterial AGEs Are Degraded by Metallo-Proteases

PLOS ONE | www.plosone.org 7 October 2013 | Volume 8 | Issue 10 | e74970



CK EZR. Contributed reagents/materials/analysis tools: ICO
CK. Wrote the manuscript: ICO CK EZR.

References

1. Baynes JW, Watkins NG, Fisher CI, Hull CJ, Patrick JS et al. (1989)
The Amadori product on protein: structure and reactions. Prog Clin Biol
Res 304: 43-67. PubMed: 2675036.

2. Njoroge FG, Monnier VM (1989) The chemistry of the Maillard reaction
under physiological conditions: a review. Prog Clin Biol Res 304:
85-107. PubMed: 2675037.

3. Singh R, Barden A, Mori T, Beilin L (2001) Advanced glycation end-
products: a review. Diabetologia 44: 129-146. doi:10.1007/
s001250051591. PubMed: 11270668.

4. Horvat S, Jakas A (2004) Peptide and amino acid glycation: new
insights into the Maillard reaction. J Pept Sci 10: 119-137. doi:10.1002/
psc.519. PubMed: 15113085.

5. Taylor ES (1947) The assimilation of amino-acids by bacteria;
concentration of free amino-acids in the internal environment of various
bacteria and yeasts. J Gen Microbiol 1: 86-90. doi:
10.1099/00221287-1-1-86. PubMed: 20238540.

6. Hyogo H, Yamagishi S (2008) Advanced glycation end products
(AGEs) and their involvement in liver disease. Curr Pharm Des 14:
969-972. doi:10.2174/138161208784139701. PubMed: 18473847.

7. Jandeleit-Dahm K, Cooper ME (2008) The role of AGEs in
cardiovascular disease. Curr Pharm Des 14: 979-986. doi:
10.2174/138161208784139684. PubMed: 18473849.

8. Takeuchi M, Yamagishi S (2008) Possible involvement of advanced
glycation end-products (AGEs) in the pathogenesis of Alzheimer's
disease. Curr Pharm Des 14: 973-978. doi:
10.2174/138161208784139693. PubMed: 18473848.

9. Takeuchi M, Yamagishi S (2009) Involvement of toxic AGEs (TAGE) in
the pathogenesis of diabetic vascular complications and Alzheimer's
disease. J Alzheimers Dis 16: 845-858. PubMed: 19387117.

10. Vlassara H, Palace MR (2002) Diabetes and advanced glycation
endproducts. J Intern Med 251: 87-101. doi:10.1046/j.
1365-2796.2002.00932.x. PubMed: 11905595.

11. Goh SY, Cooper ME (2008) Clinical review: The role of advanced
glycation end products in progression and complications of diabetes. J
Clin Endocrinol Metab 93: 1143-1152. doi:10.1210/jc.2007-1817.
PubMed: 18182449.

12. Chuyen NV (2006) Toxicity of the AGEs generated from the Maillard
reaction: on the relationship of food-AGEs and biological-AGEs. Mol
Nutr Food Res 50: 1140-1149. doi:10.1002/mnfr.200600144. PubMed:
17131455.

13. Hegab Z, Gibbons S, Neyses L, Mamas MA (2012) Role of advanced
glycation end products in cardiovascular disease. World. J Cardiol 4:
90-102.

14. Luevano-Contreras C, Chapman-Novakofski K (2010) Dietary
advanced glycation end products and aging. Nutrients 2: 1247-1265.
doi:10.3390/nu2121247. PubMed: 22254007.

15. 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. doi:10.1074/
jbc.M105374200. PubMed: 11559702.

16. Stolzing A, Widmer R, Jung T, Voss P, Grune T (2006) Degradation of
glycated bovine serum albumin in microglial cells. Free Radic Biol Med

40: 1017-1027. doi:10.1016/j.freeradbiomed.2005.10.061. PubMed:
16540397.

17. Kanková K (2008) Diabetic threesome (hyperglycaemia, renal function
and nutrition) and advanced glycation end products: evidence for the
multiple-hit agent? Proc Nutr Soc 67: 60-74. doi:10.1017/
S0029665108006034. PubMed: 18234133.

18. Petrillo TM, Beck-Sagué CM, Songer JG, Abramowsky C, Fortenberry
JD et al. (2000) Enteritis necroticans (pigbel) in a diabetic child. N Engl
J Med 342: 1250-1253. doi:10.1056/NEJM200004273421704. PubMed:
10781621.

19. Ahmed N, Babaei-Jadidi R, Howell SK, Beisswenger PJ, Thornalley PJ
(2005) Degradation products of proteins damaged by glycation,
oxidation and nitration in clinical type 1 diabetes. Diabetologia 48:
1590-1603. doi:10.1007/s00125-005-1810-7. PubMed: 15988580.

20. Thornalley PJ, Battah S, Ahmed N, Karachalias N, Agalou S et al.
(2003) Quantitative screening of advanced glycation endproducts in
cellular and extracellular proteins by tandem mass spectrometry.
Biochem J 375: 581-592. doi:10.1042/BJ20030763. PubMed:
12885296.

21. Katz C, Cohen-Or I, Gophna U, Ron EZ (2010) The ubiquitous
conserved glycopeptidase Gcp prevents accumulation of toxic glycated
proteins. mBio 1: ([MedlinePgn:]) PubMed: 20824107.

22. Cohen-Or I, Katz C, Ron EZ (2011) AGEs secreted by bacteria are
involved in the inflammatory response. PLOS ONE 6: e17974. doi:
10.1371/journal.pone.0017974. PubMed: 21445354.

23. Felber JP, Coombs TL, Vallee BL (1962) The mechanism of inhibition
of carboxypeptidase A by 1,10-phenanthroline. Biochemistry 1:
231-238. doi:10.1021/bi00908a006. PubMed: 13892106.

24. Mazus B, Falchuk KH, Vallee BL (1986) Inhibition of Euglena gracilis
and wheat germ zinc RNA polymerases II by 1,10-phenanthroline
acting as a chelating agent. Biochemistry 25: 2941-2945. doi:10.1021/
bi00358a031. PubMed: 3087413.

25. Zhu BZ, Chevion M (2000) Mechanism of the synergistic cytotoxicity
between pentachlorophenol and copper-1,10-phenanthroline complex:
the formation of a lipophilic ternary complex. Chem Biol Interact 129:
249-261. doi:10.1016/S0009-2797(00)00208-8. PubMed: 11137064.

26. Baba T, Ara T, Hasegawa M, Takai Y, Okumura Y et al. (2006)
Construction of Escherichia coli K-12 in-frame, single-gene knockout
mutants: the Keio collection. Mol Syst Biol 0008: 2006.0008. PubMed:
16738554

27. Turlin E, Gasser F, Biville F (1996) Sequence and functional analysis of
an Escherichia coli DNA fragment able to complement pqqE and pqqF
mutants from Methylobacterium organophilum. Biochimie 78: 823-831.
PubMed: 9116051.

28. Goldin A, Beckman JA, Schmidt AM, Creager MA (2006) Advanced
glycation end products: sparking the development of diabetic vascular
injury. Circulation 114: 597-605. doi:10.1161/CIRCULATIONAHA.
106.638403. PubMed: 16894049.

29. Neidhardt FC, Bloch PL, Smith DF (1974) Culture medium for
enterobacteria. J Bacteriol 119: 736-747. PubMed: 4604283.

Bacterial AGEs Are Degraded by Metallo-Proteases

PLOS ONE | www.plosone.org 8 October 2013 | Volume 8 | Issue 10 | e74970

http://www.ncbi.nlm.nih.gov/pubmed/2675036
http://www.ncbi.nlm.nih.gov/pubmed/2675037
http://dx.doi.org/10.1007/s001250051591
http://dx.doi.org/10.1007/s001250051591
http://www.ncbi.nlm.nih.gov/pubmed/11270668
http://dx.doi.org/10.1002/psc.519
http://dx.doi.org/10.1002/psc.519
http://www.ncbi.nlm.nih.gov/pubmed/15113085
http://dx.doi.org/10.1099/00221287-1-1-86
http://www.ncbi.nlm.nih.gov/pubmed/20238540
http://dx.doi.org/10.2174/138161208784139701
http://www.ncbi.nlm.nih.gov/pubmed/18473847
http://dx.doi.org/10.2174/138161208784139684
http://www.ncbi.nlm.nih.gov/pubmed/18473849
http://dx.doi.org/10.2174/138161208784139693
http://www.ncbi.nlm.nih.gov/pubmed/18473848
http://www.ncbi.nlm.nih.gov/pubmed/19387117
http://dx.doi.org/10.1046/j.1365-2796.2002.00932.x
http://dx.doi.org/10.1046/j.1365-2796.2002.00932.x
http://www.ncbi.nlm.nih.gov/pubmed/11905595
http://dx.doi.org/10.1210/jc.2007-1817
http://www.ncbi.nlm.nih.gov/pubmed/18182449
http://dx.doi.org/10.1002/mnfr.200600144
http://www.ncbi.nlm.nih.gov/pubmed/17131455
http://dx.doi.org/10.3390/nu2121247
http://www.ncbi.nlm.nih.gov/pubmed/22254007
http://dx.doi.org/10.1074/jbc.M105374200
http://dx.doi.org/10.1074/jbc.M105374200
http://www.ncbi.nlm.nih.gov/pubmed/11559702
http://dx.doi.org/10.1016/j.freeradbiomed.2005.10.061
http://www.ncbi.nlm.nih.gov/pubmed/16540397
http://dx.doi.org/10.1017/S0029665108006034
http://dx.doi.org/10.1017/S0029665108006034
http://www.ncbi.nlm.nih.gov/pubmed/18234133
http://dx.doi.org/10.1056/NEJM200004273421704
http://www.ncbi.nlm.nih.gov/pubmed/10781621
http://dx.doi.org/10.1007/s00125-005-1810-7
http://www.ncbi.nlm.nih.gov/pubmed/15988580
http://dx.doi.org/10.1042/BJ20030763
http://www.ncbi.nlm.nih.gov/pubmed/12885296
http://www.ncbi.nlm.nih.gov/pubmed/20824107
http://dx.doi.org/10.1371/journal.pone.0017974
http://www.ncbi.nlm.nih.gov/pubmed/21445354
http://dx.doi.org/10.1021/bi00908a006
http://www.ncbi.nlm.nih.gov/pubmed/13892106
http://dx.doi.org/10.1021/bi00358a031
http://dx.doi.org/10.1021/bi00358a031
http://www.ncbi.nlm.nih.gov/pubmed/3087413
http://dx.doi.org/10.1016/S0009-2797(00)00208-8
http://www.ncbi.nlm.nih.gov/pubmed/11137064
http://www.ncbi.nlm.nih.gov/pubmed/0008
http://www.ncbi.nlm.nih.gov/pubmed/9116051
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.638403
http://dx.doi.org/10.1161/CIRCULATIONAHA.106.638403
http://www.ncbi.nlm.nih.gov/pubmed/16894049
http://www.ncbi.nlm.nih.gov/pubmed/4604283

	Metabolism of AGEs – Bacterial AGEs Are Degraded by Metallo-Proteases
	Introduction
	Results
	Bacterial AGEs are degraded by a metallo protease
	AGEs degradation is required for secretion

	Discussion
	Materials and Methods
	Bacterial strains and growth conditions
	Sample preparation
	Determination of AGEs

	Acknowledgements
	Author Contributions
	References


