Journal of Cellular Biochemistry 85:24-34 (2002)
DOI 10.1002/jcb.10103

Nonenzymatic Glycation of Histones In Vitro and In Vivo

Heribert Talasz,* Sara Wasserer, and Bernd Puschendorf

Institute of Medical Chemistry and Biochemistry, University of Innsbruck, 6020 Innsbruck, Austria

Abstract Purified histones in solution, purified nuclei, or whole endothelial cells in cell culture were used to study
the reactivity of histones with various sugars. The sugar incubation of purified histones produced nonenzymatic glycation
and formation of histone cross-links showing disappearance of individual histone molecules and appearance of dimers
and polymers in SDS—PAGE. In solution, core histones react considerably faster with sugars as compared to H1 histones.
In sugar-incubated nuclei where histones are nucleosomally organized, H1 histones, which are located at the periphery
of the nucleosome, and H2A-H2B dimers, which are associated with the central H3,-H4, tetramer, are more reactive as
compared to H3 and H4 histones, which are most protected from the glycation reaction. Our in vivo experiments using
endothelial cells show that high concentrations of ribose are able to generate protein cross-links paralleled by apoptotic
cell death. High concentrations of glucose or fructose do not increase histone glycation or cell death, even after 60 days
of incubation of endothelial cells. In long-time glucose- or fructose-treated cells, under nondenaturing and nonreducing
SDS—PAGE conditions part of the H3 histones shifted away from their normal location. Because it is known that the
mitochondrial production of reactive oxygen species (ROS) increases after hyperglycaemia, we hypothesize that ROS
could be responsible for the formation of a disulphide bridge between the side chain of the cysteine residues of H3
molecules. J. Cell. Biochem. 85: 24-34, 2002. © 2002 Wiley-Liss, Inc.
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Hyperglycemia seems to induce advanced
protein glycation, a process involving the none-
nzymatic modification of tissue proteins. The
formation of these so-called advanced glycation
end products (AGEs) may play a pivotal role in
the pathogenesis of age-related disorders affect-
ing connective tissue, lens, blood vessels, and
nerves [Araki et al., 1992]. Recent reports pro-
vide evidence that the formation of AGEs may
also be involved in the development of Alzhei-
mer’s disease [Smith et al., 1994; Vitek et al.,
1994]. AGEs accumulate on proteins in diabetic
patients with unphysiologically high blood
sugar concentrations and also in healthy con-
trols with normal blood sugar concentrations as
a function of age. Accumulation of AGEs de-
pends on sugar concentration, duration of sugar
“incubation,” and rate of protein turnover.

AGEs on extracellular molecules are exclu-
sively glucose-derived. Because of the lesser
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intracellular concentration of glucose as com-
pared to extracellular levels it was assumed
that the formation of intracellular AGEs must
be of long duration. Recently, however, it was
found that glucose has the slowest rate of
glycosylation product formation of any natu-
rally occurring sugar. Inside cells, however,
there are a number of other glycating sugars
such as fructose, glucose-6-phosphate, and
glyceraldehyde-3-phosphate. It is now known
that the rate of AGE formation by these
intracellular sugars is considerably faster than
the rate of AGE formation by glucose [Bunn and
Higgins, 1981; DeBellis and Horowitz, 1987;
Monnier et al., 1991]. In vitro experiments have
shown that after 5 days the level of fructose-
derived AGEs is ten times greater than that of
glucose-derived AGEs [McPherson et al., 1988].
More striking is the observation that in
endothelial cells cultured for only 7 days in
media with sixfold higher (30 mM) glucose
concentrations than normal (5 mM) intracellu-
lar AGE content increases 14-fold as compared
to endothelial cells grown in normal medium
[Giardino et al., 1994].

A number of recent observations show that
histones are highly susceptible to nonenzymatic
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glycation. Gugliuceci [1994] provides evidence
for the in vitro formation of both pentosidine and
total AGE fluorescence on histones. The same
group demonstrated that histones from the liver
of diabetic rats show AGE levels threefold
higher than those of their age-matched controls.
They also showed that AGEs increase with
the duration of diabetes and tend to increase
with age as well [Gugliucci and Bendayan,
1995]. In the study by Cervantes-Laurean et al.
[1996], ADP-ribose was shown to be a potent
in vitro agent of histone glycation and glycox-
idation. This group demonstrated that the
incubation of ADP-ribose with histones at pH
7.5 results in the formation of ketoamine
glycation conjugates. Quite recently, Jobst and
Lakatos [1996] presented data which suggest
that nonenzymatic glycation occurs and AGEs
form in liver cell histones of diabetic indivi-
duals. The results of Wondrak et al. [2000]
demonstrate that the carbonyl content of
nuclear proteins increases following alkylating
stress with preferential histone H1 carbonyla-
tion in vivo. Also HMG proteins seem to be a
target for nonenzymatic glycation rather than
enzymatic glycosylation [Medina and Halti-
wanger, 1998].

The aim of our study was to compare the
reactivity of the various histone variants with
regard to the nonenzymatic glycation reaction
in vitro and in vivo. We were able to demon-
strate that in vitro core histones are much more
reactive than H1 histones. When histones were
nucleosomally organized, however, histone gly-
cation was clearly diminished. Under these
conditions H1 histones, which are located at
the periphery of the nucleosome, are clearly
more reactive as compared to core histones. Our
in vivo experiments with endothelial cells show
that high concentrations of ribose were able to
generate histone protein cross-links paralleled
by apoptotic cell death. Incubation with high
concentrations of glucose and fructose for
up to 2 months does not cause visible protein
cross-links but induces reversible oxidation of
histone H3.

MATERIALS AND METHODS

Isolation of Histone H1, Core Histone, and
Total Histone From Mouse Liver Tissues

Frozen mouse livers (10 g) were thawed and
homogenized in 60 ml of ice-cold 10 mM Tris/
HCl1 (pH 7,4), 3 mM MgCl,, 0.32 M sucrose,

0.1 mM mercaptoethanol, and 1 mM PMSF
(solution A) using a Potter homogenizer. After
centrifugation (1,000g, 10 min, 4°C), further
homogenization of the tissue was achieved
using a Dounce homogenizer. The cells were
pelleted by centrifugation at 1,000g for 10 min
at 4°C and the remaining pellet was homoge-
nized in 60 ml of 10 mM Tris/HCI (pH 7.4), 3 mM
MgCly, 2.2 M sucrose, 0.1 mM mercaptoethanol,
and 1 mM PMSF (solution B) using a Dounce
homogenizer. Thirty milliliters of the cell lysate
was layered on to a 5 ml cushion of solution B
and nuclei were pelleted by centrifugation at
113,000g for 60 min at 4°C. The pelleted nuclei
were resuspended in solution A and centrifuged
at 1,000g for 10 min at 4°C. The nuclei were used
for incubation with different sugars or for
preparation of histones. For preparation of total
histones, the nuclear pellet was directly
extracted with 0.2 M HySO,. For the prepara-
tion of histone H1, the nuclear pellet was first
homogenized and extracted with four volumes
of 5% (w/v) HCIO4 for 60 min on ice with
occassional vortex-mixing. Homogenization was
achieved using a Dounce homogenizer. HC10 -
insoluble material was subsequently removed
by centrifugation at 17,000¢g for 20 min at 4°C.
The soluble H1 histones were precipitated by
adding ice-cold TCA to a final concentration of
20% (w/v) for 1 h at 4°C. The precipitated
histones were recovered by centrifugation at
17,000g for 20 min at 4°C. The pellet was
washed with acidified acetone (1% concentrated
HCI) and acetone, then dissolved in water
containing 50 pM mercaptoethanol and lyophi-
lized [Talasz et al.,, 1998]. For core histone
preparation, the HC1O4-insoluble material was
extracted with four volumes of 0.2 M H,SO 4 for 1
h on ice and further processed as indicated
above.

Glycation of Histones

H1 histones, core histones or total histones at
a final concentration of 1 mg/ml were incubated
with various sugars using 50 mM sodium
phosphate buffer (pH 7.4), 0.015% NaNj; and
glucose (200 mM), fructose (200 mM), or ribose
(200 mM). Reaction aliquots of 50 ul were
collected at different time points after start of
incubation, SDS—PAGE sample buffer was
added, and the aliquot was stored immediately
at —20°C. In the case of fluorescence measure-
ments, the aliquots were dialyzed against
water.
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Incubation of Intact Nuclei With
Various Sugars

Intact nuclei prepared from mouse livers
were resuspended at a final protein concentra-
tion of 6 pg/ul in 50 mM sodium phosphate buffer
(pH 7.4), 0.015% NaNj3; and Complete (Roche
Diagnostics, Austria) as a protease inhibitor
cocktail and incubated in the presence of
200 mM glucose, 200 mM fructose or 200 mM
ribose at 37°C. The nuclei suspension was
slowly rotated during the whole period of
incubation, and the integrity of nuclei was
monitored by phase-microscopy at the end of
the incubation time. Incubation was stopped at
various time points, aliquots were collected,
SDS—PAGE sample buffer was added and
aliquots were stored at —80°C. The nuclear
proteins were separated on SDS—PAGE as
described by Laemmli [1970]. Protein concen-
trations were determined using the bicinchoni-
nic acid procedure [Smith et al., 1985] with the
BCA protein assay kit (Pierce, Rockford).

SDS-PAGE and Detection of
Histone Glycation

The histones were separated on SDS—PAGE
(5% stacking gel, 15% separating gel) using a
Mini Protean II slab gel unit (Bio-Rad Labora-
tories, USA), thereafter gels were stained with
Coomassie blue, destained by diffusion and
dryed. In the case of immunodetection of gly-
cated histones, the SDS—PAGE-separated pro-
teins were transferred on to nitrocellulose
membrane Hybond ECL (Amersham Pharma-
cia Biotech, England) using a vertical Western
blot equipment (Bio-Rad Laboratories, USA).
Towbin blot buffer was used (25 mM Tris, 193
mM Glycin, 20% (v/v) methanol, and 0.1% SDS)
with 2 h of blotting at 150 mA. After immobiliza-
tion on nitrocellulose, the proteins were rever-
sible stained with 0.2% (w/v) Ponceau S solution
in 3% (w/v) acetic acid for 5 min to consider equal
protein transfer. Sugars in glycoconjugates
were detected using the DIG glycan detection
kit (Roche Diagnostics, Austria) accordingto the
instructions of the manufacturer with some
variations. Briefly after blotting, the nitrocellu-
lose filters were oxidized with 10 mM sodium
metaperiodate in acetate buffer (pH 5.5)
for 20 min, washed three times with PBS (50
mM potassium phosphate pH 6.5, 150 mM
NaCl) and incubated with 1 ul DIG-O-3-succi-
nyl-e-aminocaproic acid hydrazide dissolved in

5 ml sodium acetate buffer pH 5.5 for 1 h. After
three washes with TBS (50 mM Tris/HClpH 7.5,
150 mM NaCl) the filters were incubated in
blocking solution for 2 h at room temperature
and thereafter washed three times in TBS.
Digoxigenin labeled glycoconjugates are sub-
sequently detected using anti-DIG antibody
conjugated with horseradish peroxidase
(1:10,000) (Roche Diagnostics, Austria) visua-
lized using ECL detection reagents supplied by
Amersham or anti-DIG antibody conjugated
with alkaline phosphatase (1:1,000) (Roche
Diagnostics, Austria) visualized using 4-Nitro-
blue tetrazolium chloride and 5-Bromo-4-
chloro-3-indolyl-phosphate.

Cell Culture and Incubation of ECV304
Cells With Various Sugars

Human endothelial cells ECV304 [Takahashi
et al., 1990] were used for cell culture experi-
ments. The cells were grown in monolayer
culture and cultivated in Medium 199 (Life
Technologies, Austria) supplemented with 10%
(v/v) heat-inactivated FCS, penicillin (60 pg/ml),
and streptomycin (100 pg/ml) in the presence of
5% CQs. Cells were incubated with 200 mM
glucose or 200 mM fructose for short-term
(10 days) and long-term (60 days) incubations.
In the case of ribose, we used 100 mM for short-
term (7-10 days) and 25 mM for long-term
(60 days) incubations. Because of the hypertonic
conditions applied (200 mM glucose or fructose
and at least 280 mM from sodium ions and
cations), an appropriate correction of osmolarity
was made using 200 mM mannitol-treated
cells as control. Cell viability was routinely
controlled by Trypan blue exclusion assay.
Detection of the typical apoptotic features
nuclear fragmentation and condensation of
the chromatin at the nuclear membrane were
used for measurement of apoptotic cell death.
Briefly, detached cells were harvested and
resuspended in phosphate buffered normal
saline (pH 7.4). One hundred microliters of cell
suspension were fixed with 100 pl of 3%
paraformaldehyde for 5 min at 4°C, washed
with destilled water, dropped (10 pl) onto a slide,
and dried at room temperature. For inspection
of chromatin, cells were stained with 8 pg/ml of
Hoechst 33258.

For denaturing, reduced SDS—PAGE pre-
pared nuclei of ECV 304 cells were lyzed in
sample buffer containing 5% mercaptoethanol,
2% SDS and treated at 95°C for 5 min.
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Nondenaturing, nonreduced SDS—-PAGE was
achieved using sample buffer without mercap-
toethanol and omitting treatment at 95°C.

Analysis of AGE Products in Histones

AGE products were measured by their char-
acteristic fluorescence properties using Ascent
multiwell fluorescence reader (Labsystems Oy,
Finland). For total AGE products, fluorescence
was measured at an excitation maximum of
370 nm and an emission maximum of 440 nm
and at an excitation maximum of 335 nm and an
emission maximum of 380 nm for pentosi-
dine [Sell and Monnier, 1989; Gugliucci and
Bendayan, 1995].

Measurement of Lactate

Lactate was measured using the r-lactic acid
kit (UV method) from Roche Diagnostics accord-
ing to the instructions of the manufacturer. The
volumes were adapted for reaction and mea-
surement in 96-well plate (total volume was
260 pl/well). Reading of absorbance was at
340 nm with the iEMS photometer reader
(Labsystems Oy, Finland).

RESULTS

Incubation of Histones With Various Sugars
Causes the Disappearance of Individual
Histone Molecules and the Formation of

Dimers and Polymers

We first investigated whether incubation of
histones in solutions with high sugar concen-
trations could induce the formation of advanced
glycation end products. Figure 1 shows SDS—
PAGE analysis of core histones (Fig. 1A,B) and
H1 histones (Fig. 1C,D) stained with Coomassie
blue (Fig. 1A,C) and immunostained for glyco-
conjugate detection (Fig. 1B,D) following treat-
ment with 200 mM glucose for up to 35 days.
After 6 days of treatment, core histone dimers
are clearly visible in SDS—PAGE and Western
blot (Fig. 1A,B, 6 days). The H3 and H4 histones
are not as reactive with glucose as compared to
H2A and H2B because the appearance of cross-
linked histone molecules after 6—26 days of
glucose incubation is accompanied by the pro-
gressive disappearance of H2A and H2B core
histones. When H1 histones were analyzed, a
similar but less pronounced reactivity with
glucose was detected (Fig. 1C,D).

Ribose compared to glucose is clearly more
reactive as a glycating agent, because 24 h after
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Fig. 1. Incubation of core and H1 histones with 200 mM
glucose. A: Coomassie blue-stained SDS—PAGE of core histones
incubated with glucose for 0, 3, 6, 12, 20, and 26 days. Formed
dimers and polymers are clearly visible after 20 days of
incubation. B: Same samples as in (A) after Western blotting
and immunostaining for glycoconjugate detection. Dimers were
visible after 6 days of incubation, whereas polymers were not
detectable. C: Coomassie blue-stained SDS-PAGE of H1
histones incubated with glucose for 0, 7, 14, 21, 28, and 35
days. D: Same samples as in (C) after Western blotting and
immunostaining for glycoconjugate detection. + transferrin as
positive control, — creatinase as negative control.

commencing incubation nearly the complete
core histones are glycated and cross-linked to
polymers (Fig. 2A,B). The reactivity of H1
histones with ribose is delayed as compared to
core histones. The whole bulk of H1 histones,
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Fig. 2. Incubation of core and H1 histones with 200 mM
ribose. A: Coomassie blue-stained SDS—PAGE of core histones
incubated with glucose for 0, 5, 10, 24, 48, and 72 h. Formed
dimers and polymers are clearly visible after 5 and 10 h of
incubation. B: Same samples as in (A) after Western blotting and
immunostaining for glycoconjugate detection. Dimers and
polymers were visible after 5 h of incubation. C: Coomassie
blue-stained SDS—PAGE of H1 histones incubated with 200 mM
ribose for 0, 5, 10, 24, 48, 72, and 96 h. D: Same samples as in
(C) after Western blotting and immunostaining for glycoconju-
gate detection. + transferrin as positive control, — creatinase as
negative control.
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however, is glycated and cross-linked after 72—
96 h (Fig. 2C,D). Interestingly, we did observe
the presence of a significant amount of period-
ate-reactive material in the Western blot on
both the core and the H1 histones without sugar
incubation (Figs. 1 and 2, timepoint 0). The
faster reaction of core histones with sugars as
compared to H1 histones was demonstrated in a
mixture of total histones (core and H1 histones)
incubated with 200 mM ribose. Whereas 72 h
after incubation nearly all the cores had dis-
appeared, H1 histones were detectable even
after 120 h (Fig. 3).

The method used for detecting glycoconju-
gates is based on the metaperiodate reaction
with cis-diols generating aldehyde groups
which react with biotin hydrazide. It must be
emphasized, however, that this method is a
standard procedure for glycan detection that
provides no specificity for nonenzymatically
glycated species. Therefore, both enzymatically
and nonenzymatically glycation are detectable
with this method.

Increase in Total AGE- and
Pentosidine-Induced Fluorescence
After Histone Incubation With Sugars

To clarify whether histone incubation with
sugars can cause accumulation of advanced
glycation end products (AGE) we studied in vitro
AGE formation on mouse liver histones by in-
cubating them with various sugars. We com-
pared the rates of AGE formation between core
and H1 histones by measuring total AGE
and pentosidine fluorescence. The two fluores-
cence measurements showed that ribose was
more effective in glycating histones than was
glucose (Fig. 4A,B). It is also obvious that core
histones are more reactive than H1 histones,
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Fig. 3. Incubation of total histones (core and H1 histones) with
200 mM ribose. Coomassie blue-stained SDS—PAGE of total
histones which were incubated with (+) or without (=) 200 mM
ribose for 0, 12, 24, 48, 72, and 120 h. Core histones dis-
appeared totally after 120 h of ribose incubation, whereas H1
histones were still visible at that time. Molecular marker
proteins were run on the first lane.
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Fig. 4. Advanced glycation end products (AGE)- and pentosi-
dine-induced fluorescence after histone incubation with glu-
cose or ribose. A: The rates of AGE formation were compared for
core and H1 histones by measuring fluorescence at an excitation
maximum of 370 nm and an emission maximum of 440 nm. B:
The rates of pentosidine formation were compared for core
and H1 histones by measuring fluorescence at an excita-
tion maximum of 335 nm and an emission maximum of 380 nm.
Mean values were calculated from three independent
experiments.

because both the AGE- and pentosidine-induced
fluorescence increased earlier in the case of core
histones. The results of fluorescence measure-
ments seem to be consistent with our SDS—
PAGE analysis. Therefore, we can conclude that
the disappearance of histones and the formation
of dimers and polymers caused by cross-linking
of individual histone molecules must indeed be
the result of advanced glycation.

Histones Organized in Chromatin Structure
are Partly Protected From Glycation

Next, we wanted to know whether histone
proteins which are organized in vivo in a higher-
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Fig. 5. Incubation of nuclei from mouse liver cells with various
sugars. Intact nuclei prepared from mouse livers were resus-
pended at a final protein concentration of 6 pg/ul in 50 mM
sodium phosphate buffer (pH 7.4) containing 0.015% NaN; and
a protease inhibitor cocktail. Nuclei were incubated at 37°C

order nucleosomal structure bound to DNA
would also react with different sugars as
compared to histones in solution. We therefore
prepared nuclei of mouse liver and incubated
them with glucose, fructose or ribose (Fig. 5A—
D). The intranuclear sugar concentration cor-
responds most probably to the used extranu-
clear sugar concentration because the nuclear
membrane is fully permeable for molecules up
to 5 kDa. The results in Figure 5 indicate that
the glycation of histone octamere and H1 linker
histones organized in chromatin is delayed as
compared to glycation of histones in solution.
This delay is best visible in ribose-incubated
nuclei (Fig. 5D). Ribose treatment of histones
organized in nuclear chromatin results in
nearly total disappearance of individual H2A,
H2B, and H1 histone molecules after 2 weeks of
incubation, whereas H3 and H4 histones are
only diminished but clearly visible at that time
(Fig. 5D, 14 days). Interestingly, in sugar incu-
bation of nuclei H1 histones were more suscep-
tible to glycation as compared to core histones,
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without addition of sugar (Control) (A) or in the presence of 200
mM glucose (B), 200 mM fructose (C), 200 mM ribose (D) for the
indicated time. The nuclear proteins were separated on SDS—
PAGE. Coomassie blue-stained gels are shown.

which is in contrast to the incubation of sugars
with histones in solution. The nucleosomal
organization of chromatin could explain the
higher susceptibility of H1 to glycation, because
H1 histones are located more outside the nucleo-
some whereas core histones are more central
and therefore seem to be better protected from
glycation.

Effects on Histones of Endothelial Cells Treated
With High Concentrations of Sugars

Endothelial cells (ECV304) were used to
investigate histone glycation and cross-link
formation following incubation with various su-
gars at high concentrations. Glucose (200 mM),
fructose (200 mM), and ribose (100 mM) were
chosen as glycating agents. Because the rate of
nonenzymatic glycation is a function of sugar
concentration, time of exposure and rate of
protein turnover, we used the highest possible
sugar concentrations which do not lead to cell
death even after 60 days of incubation. The half-
life of histones within nonproliferating cells
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ranges between 4 and 5 months, potentially
allowing the accumulation of nonenzymatic
histone damage with aging. It seems to be rea-
sonable, therefore, to incubate cells for a period
long enough to accumulate the probably occur-
ring nonenzymatic histone modifications.

Following treatment, nuclei were prepared,
lyzed in SDS sample buffer, and analyzed
directly on SDS—PAGE, followed by Coomassie
blue staining or Western blot with glycation
immunostaining. Whereas cells treated for
10 days with high concentrations (200 mM) of
glucose or fructose grew normally and showed
high cell viability (96%), cells treated with
50, 100, or 200 mM ribose died in a typical
apoptotic manner within 5—-10 days (data not
shown). In the SDS gel, the treatment with
100 mM ribose resulted in less protein of H1 and
core histones, the complete disappearance of
other unknown proteins (Fig. 6A) and in cross-
linked protein polymers which could not enter
the separating or stacking gel. The glycation
immunostain revealed the disappearance of
histones but also of unknown glycated proteins.
Glucose- or fructose-treated cells showed an
increase in bulk H1° histone as compared to
control cells (Fig. 6A), but no significant change
in protein glycation or the disappearance of
proteins. We therefore prolonged the period of
sugar incubation to up to 60 days. For ribose we
had to diminish the concentration to 25 mM,
because higher concentrations resulted in rapid
apoptotic cell death. The result of a 60-day
incubation is shown in Figure 6B. Neither in
Coomassie blue-stained SDS gel nor in glyca-
tion immunostain were significant differences
detected in the bulk protein concentrations or
the glycation content as compared to control
cells. Neither specific disappearance of pro-
teins nor formation of cross-links was observed
(Fig. 6B). Our results demonstrate that incuba-
tion of endothelial cells for 8 weeks with high
glucose or fructose or moderate ribose concen-
trations does not result in direct protein-sugar
reaction, as was the case for histones in solution
or in nuclei. Since we use unspecific detection of
glycoconjugates in Western blots we conclude
that differences occur neither in enzymatically
nor nonenzymatically glycation.

However, proteins can be influenced indir-
ectly by exposure to high sugar concentrations.
It is known from experiments with cultured
bovine aortic endothelial cells that hypergly-
caemia increased the mitochondrial production
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Fig. 6. Treatment of endothelial cells with various sugars.
Endothelial cells (ECV 304) grown in monolayer culture were
exposed to various sugars at high concentrations for a short (A)
or long (B) incubation period. A: Ten days of incubation with
200 mM glucose, 200 mM fructose or 100 mM ribose. B: Sixty
days of incubation with 200 mM glucose, 200 mM fructose or
25 mM ribose. Coomassie blue-stained SDS—-PAGE and
Western blots with immunostaining for glycoconjugate detec-
tion are shown. Mannitol (200 mM) was used as hyperosmolar
control.

of reactive oxygen species [Giardino et al., 1996]
via the transport of cytoplasmic pyruvate into
mitochondria. To demonstrate increased glyco-
lysis in cells treated with high sugar concentra-
tions extracellular lactate measurement was
used. In glucose- and fructose-treated cells the
lactate concentrations reached significantly
higher levels as compared to ribose-treated or
control cells (Fig. 7A), indicating a higher level
of glycolysis which is known to result in increa-
sed reactive oxygen species concentration.
Denaturing, reducing SDS—PAGE treating
the samples with 2% SDS, 5% mercaptoethanol
at 95°C for 5 min were not able to show
reversible oxidation of proteins, because this
treatment reduced all oxidized forms of cell



Nonenzymatic Glycation of Histones

>

2 -| O Control
1,8 -| O Ribose
1,6 M Glucose
1.4 - @ Fructose

1,2
1,0 1
0,8
0,6 -
0,4
0,2

0 —

s—
o§g<o ©
D\D

Lactate (g/1)

Time (days)

Fig. 7. Increased glycolysis and oxidized histone H3 in
endothelial cells treated with high glucose or fructose. A: Extra-
cellular lactate concentration as a sign of increased glycolysis.
Measurement of lactate produced from endothelial cells treated
with high glucose, fructose or ribose concentrations. Mean
values were calculated from four independent experiments.

proteins. To obtain more information about the
content of oxidized proteins we used nondena-
turing, nonreduced SDS—-PAGE [Manabe,
2000]. In glucose- or fructose-treated cells we
indeed found partial or total loss of H3 histones
and a significant reduction in H2A histones
(Fig. 7B), indicating a reversible oxidation
which induced a change in the running behavior
on SDS gel. Because of the hypertonic condi-
tions applied (200 mM glucose or 200 mM
fructose plus at least 280 mM from sodium ions
and cations) we used an equally hypertonic
control with mannitol to make our results
comparable. Also under 200 mM mannitol, the
cells were viable at least for 60 days and showed
differences neither in the normal SDS/PAGE
nor in the nonreducing, nondenaturing SDS—
PAGE as compared to control cells without
mannitol (Figs. 6A,B and 7B).

Glycation Pattern of Tissues From
Newborn or Adult Mice

Because the half-life of histones within non-
proliferating mouse cells ranges between 4 and
5 months [Commerford et al., 1982], the accu-
mulation of nonenzymatic histone glycation
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Materials and Methods). Mannitol (200 mM) was used as
hyperosmolar control. Coomassie blue-stained SDS-PAGE
from two independent experiments are shown.

with aging is conceivable. We therefore exam-
ined the possibility that histone glycation
increases with tissue age, comparing liver and
brain of newborn and adult mice. Differences in
the expression pattern between newborn (1-2
days) and adult (6—8 months) mice in liver and
brain can be demonstrated for the histone H1°,
which was nearly not expressed in tissues from
newborn mice (Fig. 8, lanes 1-4). Using glyco-
conjugate detection we demonstrated that no
increase in the accumulation of glycated his-
tones or in the formation of cross-links occurred
in healthy adult mice (Fig. 8, lanes 5—8). This
may reflect a very low glycation reactivity in
mice with normal glucose metabolism or an
efficient degradation of oxidized histones.

DISCUSSION

This report analyzes the reactivity of H1 and
core histones with various sugars during the
sugar incubation of purified histones in solu-
tion, purified nuclei or whole cells in cell culture.
The sugar incubation of purified histones leads
to nonenzymatic glycation, the formation of
advanced glycation end products with protein
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Fig. 8. Histone protein pattern from newborn and adult mouse
brain and liver. Coomassie blue-stained SDS-PAGE and
Western blots with immunostaining for glycoconjugate detec-
tion are shown. Nb, newborn mice (1 day), ad, adult mice (6-8
months).

cross-links and the disappearance of individual
histone molecules in SDS gels. In contrast to H1
histones, core histones, especially H2A, fol-
lowed by H2B, H3, and H4 show high reactivity.
Pentosidine emerges as an end product of the
Maillard reaction common to glucose, fructose,
and ribose. For the formation of pentosidine
cross-links both arginine and lysine residues
are necessary [Grandhee and Monnier, 1991].
Therefore, the decreased reactivity of purified
H1 histones which are very lysine-rich (29%)
can be explained by an only minor arginine
content of about 1% as compared to core his-
tones with an arginine content of 11-14%.
Furthermore, it is well known that proteins
contain more or less reactive amino groups
[Watkins et al., 1985]. Therefore, in core
histones as compared to H1 histones more
lysines and arginines with enhanced reactivity
can be postulated.

In contrast to pure histones in solution,
histones organized in chromatin structure, as
in whole nuclei or cells, are clearly protected
from glycation reaction, as can be seen in a
delayed disappearance of H1 and core histones.
When histones are organized in chromatin the
H1 histones, which are located at the periphery
of the nucleosome [Pruss et al., 1995; Crane-
Robinson, 1997], are clearly more reactive as
compared to core histones. The core histone
octamer which is the central part of the nucleo-
some has a central kernel of H3,-H4, tetramer
associated with two H2A-H2B dimers [Pruss

et al., 1995; Ramakrishnan, 1997]. In nuclei, the
central H3,-H4, tetramers are the most pro-
tected histones with regard to the glycation
reaction. We can therefore conclude from our
studies that for glycation in nuclei the accessi-
bility of the histones in the chromatin structure
seems to be more important than the chemical
reactivity of the various histone variants.
Interestingly, the formation of polymers and
cross-links in sugar-treated nuclei is not as
clearly visible in SDS gel as compared to sugar-
treated histones. An explanation for this phe-
nomenon could be the activity of the 20S
proteasome-soluble proteinase complex, which
is not only found in the cytosol but also in the
nucleus of mammalian cells [Coux et al., 1996].

Our in vivo experiments with endothelial
cells show that only high ribose concentrations
(100 mM) are able to generate protein cross-
links paralleled by the disappearance of various
nonhistones and histones, in particular H1
histones (see Fig. 6A), resulting in apoptotic
cell death after 7—10 days. For this reason, it is
unlikely that cross-links of histone proteins
alone are responsible for cell death. High
fructose (200 mM) or glucose (200 mM) treat-
ment of endothelial cells does not cause cell
death showing no signs of increased glycation in
SDS gels even after 60 days of treatment. A
few possible mechanisms explained our ob-
servations: (1) The high extracellular sugar
concentrations do not induce comparable high
intracellular or intranuclear sugar concentra-
tions which are necessary for the glycation
reaction because of increased glycolysis. (2)
The histones organized in chromatin structure
are protected from the glycation reaction and
(3), increased activity of the intranuclear pro-
teasome complex may be responsible for effi-
cient degradation of glycated or cross-linked
histones.

The measured increase in lactate concentra-
tion during the highly concentrated sugar
treatment reflects an elevated glycolysis as
compared to control cells. It is well known that
hyperglycaemia increases glycolysis, which
generates high cytoplasmic pyruvate and
NADH concentrations. Cytoplasmic NADH can
donate reducing equivalents to the mitochon-
drial electron transport chain through two
shuttle systems [Nishikawa et al., 2000], and
it can reduce pyruvate to lactate, which leaves
the cell to provide a substrate for hepatic
gluconeogenesis. Experiments with cultured
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bovine aortic endothelial cells have shown that
hyperglycaemia increases the mitochondrial
production of reactive oxygen species (ROS) by
transporting cytoplasmic pyruvate into mito-
chondria [Giardino et al., 1996]. The sulfur-
containing amino acids, cysteine and methio-
nine, are especially sensitive to almost all forms
of ROS-mediated oxidation although the side
chains of other amino acids like arginine, lysine,
proline are also known to be oxidatively mod-
ified [Berlett and Stadtman, 1997]. Under even
mild oxidation conditions cysteine residues are
converted to disulfides. Most biological systems,
however, contain disulfide reductases that can
convert the oxidized forms of cysteine residues
back to their unmodified forms. Our findings
that under nondenaturing and nonreducing
conditions a considerable part of the H3 his-
tones shifted away from their normal location in
the SDS gel only in long-time glucose- and
fructose-treated cells could be explained with a
ROS-induced formation of a disulphide bridge
between the side chain of the cysteine 110 of the
two H3 molecules of a nucleosome [Camerini-
Otero and Felsenfeld, 1977; Luger et al., 1997].
This reversible oxidation can be interpreted as
the first sign of cell damage preceding irrever-
sible oxidation processes and AGE formation.

It has been reported that histones organized
in nucleosomes protect DNA from iron-medi-
ated damage [Enright et al., 1992]. In an ana-
logous manner, histones could be one of the first
targets of nonenzymatic glycation or oxidation
in the nuclei and could serve to protect the
chemical integrity of DNA. However, because
AGEs do accumulate on long-lived proteins as a
function of time the protection mechanism
could be overcome leading to irreversible DNA
damage with age. Enzymatic post-translational
modifications of histones are involved in the
regulation of multiple chromatin functions,
thus it is plausible that accumulation of irre-
versible oxidatively modified histones during
aging or diabetes may alter chromatin structure
and function in turn leading to changes in
gene expression. Such a mechanism has
been proposed to play a role in some of the
pathologies associated with diabetes [Brownlee,
1995].

ACKNOWLEDGMENTS

We thank H. Pirklbauer and Dr. M. Rittinger
for their excellent technical assistance.

REFERENCES

Araki N, Ueno N, Chakrabarti B, Morino Y, Horiuchi S.
1992. Immunochemical evidence for the presence of
advanced glycation end products in human lens protein
and its positive correlation with aging. J Biol Chem
267:10211-10214.

Berlett BS, Stadtman ER. 1997. Protein oxidation in aging,
disease, and oxidative stress. J Biol Chem 272:20313—
20316.

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

Bunn HF, Higgins PJ. 1981. Reaction of monosaccharides
with proteins: Possible evolutionary significance. Science
213:222-224.

Camerini-Otero RD, Felsenfeld G. 1977. Sulfhydryl mod-
ification of nucleosome. Proc Natl Acad Sci USA 74:5519—
5523.

Cervantes-Laurean D, Jacobson EL, Jacobson MK. 1996.
Glycation and glycoxidation of histones by ADP-ribose. J
Biol Chem 271:10461-10469.

Commerford SL, Carsten AL, Cronkite EP. 1982. Histone
turnover within nonproliferating cells. Proc Natl Acad
Sci USA 79:1163-1165.

Coux O, Tanaka K, Goldberg AL. 1996. Structure and
functions of the 20S and 26S proteasomes. Annu Rev
Biochem 65:801—-847.

Crane-Robinson C. 1997. Where is the globular domain of
linker histone located on the nucleosome? Trends
Biochem Sci 22:75-717.

DeBellis D, Horowitz MI. 1987. In vitro studies of histone
glycation. Biochim Biophys Acta 926:365—368.

Enright HU, Miller WJ, Hebbel RP. 1992. Nucleosomal
histone protein protects DNA from iron-mediated
damage. Nucleic Acids Res 20:3341-3346.

Giardino I, Edelstein D, Brownlee M. 1994. Nonenzymatic
glycosylation in vitro and in bovine endothelial cells alter
basic fibroblast growth factor activity: A model for
intracellular glycosylation in diabetes. J Clin Invest 94:
110-117.

Giardino I, Edelstein D, Brownlee M. 1996. BCL-2 expres-
sion or antioxidants prevent hyperglycaemia-induced
formation of intracellular advanced glycation endpro-
ducts in bovine endothelial cells. J Clin Invest 97:1422—
1428.

Grandhee SK, Monnier VM. 1991. Mechanism of formation
of the Maillard protein cross-link pentosidine. J Biol
Chem 266:11649-11653.

Gugliucci A. 1994. Advanced glycation of rat liver histone
octamers: An in vitro study. Biochem Biophys Res
Commun 203:588—-593.

Gugliucci A, Bendayan M. 1995. Histones from diabetic
rats contain increased levels of advanced glycation end
products. Biochem Biophys Res Commun 212:56—62.

Jobst K, Lakatos A. 1996. The liver cell histones of diabetic
patients contain glycation endproducts (AGEs) which
may be lipofuscin components. Clin Chim Acta 256:203—
204.

Laemmli UK. 1970. Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature
227:680—-685.

Luger K, Mader AW, Richmond RK, Sargent DF, Richmond
TdJ. 1997. Crystal structure of the nucleosome core
particle at 2.8 A resolution. Nature 389:251-260.



34 Talasz et al.

Manabe T. 2000. Combination of electrophoretic techniques
for comprehensive analysis of complex protein systems.
Electrophoresis 21:1116—-1122.

McPherson JD, Shelton BH, Walton DJ. 1988. Role of
fructose in glycation and crosslinking of proteins.
Biochemistry 27:1901-1907.

Medina L, Haltiwanger RS. 1998. Calf thymus high
mobility group proteins are nonenzymatically glycated
but not significantly glycosylated. Glycobiology 8:191—
198.

Monnier VM, Sell DR, Nagaraja RH, Miyata S. 1991.
Mechanisms of protection against damage mediated by
the Maillard reaction in aging. Gerontology 37:152—165.

Nishikawa T, Edelstein D, Liang Du X, Yamagishi S,
Matsumura T, Kaneda Y, Yorek MA, Beebe D, Oates PdJ,
Hammes HP, Giardino I, Brownlee M. 2000. Normalizing
mitochondrial superoxide production blocks three path-
ways of hyperglycaemic damage. Nature 404:787-790.

Pruss D, Hayes JJ, Wolffe AP. 1995. Nucleosomal anat-
omy—where are the histones? BioEssays 17:161-170.

Ramakrishnan V. 1997. Histone structure and the organi-
zation of the nucleosome. Annu Rev Biophys Biomol
Struct 26:83-112.

Sell DR, Monnier VM. 1989. Structure elucidation of a
senescence cross-link from human extracellular matrix.
Implication of pentoses in the aging process. J Biol Chem
264:21597-21602.

Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner
FH, Provenzano MD, Fujimoto EK, Goeke NM, Olson BdJ,
Klenk DC. 1985. Measurement of protein using bicinch-
oninic acid. Anal Biochem 150:76-85.

Smith MA, Taneda S, Richey PL, Miyata S, Yan SD, Stern
D, Sayre LM, Monnier VM, Perry G. 1994. Advanced
Maillard reaction end products are associated with
Alzheimer disease pathology. Proc Natl Acad Sci USA
91:5710-5714.

Takahashi K, Sawasaki Y, Hata J, Mukai K, Goto T. 1990.
Spontaneous transformation and immortalization of hu-
man endothelial cells. In Vitro Cell Dev Biol 25:265—-274.

Talasz H, Sapojnikova N, Helliger W, Lindner H, Puschen-
dorf B. 1998. In vitro binding of H1 histone subtypes to
nucleosomal organized mouse mammary tumor virus
long terminal repeat promotor. J Biol Chem 273:32236—
32243.

Vitek MP, Bhattacharya K, Glendening JM, Stopa E,
Vlassara H, Bucala R, Manogue K, Cerami A. 1994.
Advanced glycation endproducts contribute to amyloido-
sis in Alzheimer disease. Proc Natl Acad Sci USA
91:4766-4770.

Watkins NG, Thorpe SR, Baynes JW. 1985. Glycation of
amino groups in protein. J Biol Chem 260:10629—-10636.

Wondrak GT, Cervantes-Laurean D, Jacobson EL, Jacob-
son MK. 2000. Histone carbonylation in vivo and in vitro.
Biochem J 351:769-777.



