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The question whether histones could accumulate AGE products and whether
this reaction could take place even on the native histone octamer, the basic
nucleosome unit, was addressed in this study. In vitro AGE formation on rat liver
native histones octamers by incubation with different sugars was assessed. We
provide evidence for the in vitro formation of both pentosidine and total AGE
fluorescence on histone octamers in a time and sugar concentration dependent
fashion. Ketoses (D-fructose and D-ribose) were more potent than aldoses. D-glucose-
6-phosphate was three times as effective as D-glucose in generating AGE
fluorescence. Advanced glycation of histone octamers led to the formation of cross
links. For all sugars included in this study a similar pattern was observed: H2A and H3
bands disappear from electrophoretic runs. =@ 1994 Acadenic Press, Inc.

Glycation of proteins, a reaction which is accelerated in diabetes mellitus, may
alter protein structure and function through covalent attachment of sugar residues
to e-amine groups of lysine (1-2). In vitro glycation of DNA leads to mutations and
transcription alterations in prokaryotes and has been suggested to play a role in
increased terathogenesis as seen in diabetic offspring (2-5). Histones, which are
present in the same amounts as DNA in nuclei (6), could theoretically be a target for
glycation, at least at the same rate than DNA (7). Their high content in lysine and
long half life would greatly favour the reaction but on the other hand their compact
arrangement in nucleosomes would restrict this interaction.

Only recently, early glycation of isolated histones was first studied in vitro and
an apparent increase in early glycation of histones in liver tissue from diabetic
patients was documented (8-11). With time, early glycation adducts go on to generate
several fragmentation products including 3-deoxyglucosone, a highly reactive
aldehyde. This compound reacts in turn with free amino groups to form advanced
glycation end products (AGE).

AGE products may be involved in the molecular pathogeny of diabetic
complications (2). One of the recently characterised AGE products is pentosidine. In
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this work we set out to study to what extent histones could accumulate AGE products
and whether this reaction could take place even on the native histone octamer, the
basic nucleosome unit. For that purpose we studied in vitro AGE formation on rat
liver native histones octamers by incubation with different sugars. We compared the
rates of AGE formation on histone octamers by following total AGE fluorescence
formation, pentosidine accumulation and electrophoretical changes in a Kinetic
study.

MATERIALS AND METHODS

Chemicals

All chemicals were purchased from Sigma (St Louis MO, USA)
Histone purification

Total histones were purified from livers of 200 g male Sprague-Dawley rats as
described previously (12). Briefly, nuclei were first isolated from liver homogenates
by ultracentrifugation on a gradient of sucrose according to the method of Bobel and
Potter (13). Histones were separated from DNA by ultracentrifugation and the natural
histone octamer complex was isolated as previously described (12). Washed nuclei
were extracted for 1 h with 0.75 mol/l NaCl, 10 mmol/1 Tris/HCl, pH 7.4, containing 1
mmol/I phenylmethylsulfonyl fluoride. This removes loosely bound H1 and H5. The
residual nucleohistone was sedimented by ultracentrifugation at 150 000 x g for 16 h
in a Beckman XL 70 ultracentrifuge (Bioanalytical System Group, Mississauga, Ont,
Canada). The pellet was homogenised in the same buffer containing 2 mol/l NaCl and
after adjusting DNA concentration to 4 mg /ml, the native histone octamer was
extracted for 1 h. The DNA was pelleted by ultracentrifugation and the supernatant,
containing the core histone octamers was conserved.

Glycation of core histones

Histone octamers were adjusted to 1 mg/ml and incubated under sterile
conditions (after passage through a 0.2 ym Millipore membrane, Millipore,
Mississauga, Ont, Canada) in 2 mol/l NaCl, 10 mmol/} Tris/HCl, pH 7.4, containing 1
mmol/]1 phenylmethylsulfonyl fluoride, 1 mmol/]l NaN3 and either 0.1 or 0.5 mol/] of

the following sugars: D-glucose, D-glucose-6-phosphate, D-fucose, D-fructose and D-
ribose. As controls, histones were incubated in buffer alone or in buffer containing
the same concentrations of D-sorbitol. At ime O and at the indicated times aliquots of
each incubation were taken, dialysed overnight against 2 mol/I NaCl, 10 mmol/1
Tris/HCl, pH 7.4 and frozen at -80° C. Incubations were pursued up to 30 days.

Analysis of AGE products in histone octamers

AGE products were measured by their characteristic fluorescence properties,
using a Turner 430 spectrophluorometer (AMSCO Inst. Carpinteria CA, USA). Histones
were adjusted to 100 pg/ml and fluorescence was measured at excitation maximum of
370 nm and emission maximum of 440 nm for total AGE products and at excitation
maximum of 335 nm and emission maximum of 385 nm for pentosidine (14). In both
cases fluorescence was expressed in arbitrary units taking 1 as the fluorescence of
each sample at time O.

Electrophoresis

Polyacrylamide gel electrophoresis under denaturing conditions (PAGE-SDS)
was run on 129% gels as described (15) using a Protean II xi Slab cell from BioRad (Bio
Rad Laboratories, Mississauga, Ont, Canada). Gels were stained with either Coomasie
Brilliant Blue R 250 or silver stained as previously described (15).

Proteins were measured by the method of Bradford (16).

RESULTS

Incubation of histone octamers in the presence of sugars led to the
accumulation of AGE specific fluorescence in a time-dependent fashion (Fig. 1a).
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FIGURE 1. Advanced glycation of histone octamers. Effect of time and
i sugar species on total AGE fluorescence. Rat liver histone

octamers were isolated as described in Methods and incubated in the
presence of 0.5 mol/1 of the sugars shown. Total AGE fluorescence was
measured at excitation maximum of 370 nm and emission maximum of
440 nm. Values are the mean of two experiments measured in triplicate
with a CV lower than 5%. a) Overall comparison of the effect of
different sugars. b) Comparison of glucose and glucose-6-phosphate.

Ketoses (fructose and ribose) were more effective as glycating agents. Glucose and
fucose, which have roughly the same percentage of open chains, gave essentially
the same profiles. Glucose-6-phosphate was much more effective than glucose (Fig
1b). A byphasic temporal course is apparent for glucose, fucose and glucose-6-
phosphate.

When pentosidine fluorescence was analyzed, a similar, though less
pronounced increase in fluorescence was demonstrated (Figs. 2a and 2b).
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FIGURE 2. Advanced glycation of histone octamers. Effect of time and
sugar species on pentosidine formation. Rat liver histone
octamers were isolated as described in Methods and incubated in the
presence of 0.5 mol/1 of the sugars shown. Pentosidine fluorescence was
measured at excitation maximum of 335 nm and emission maximum of
385 nm. Values are the mean of two experiments measured in triplicate
with a CV lower than 8%. a) Overall comparison of the effect of
different sugars. b) Comparison of glucose and glucose-6-phosphate.
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FIGURE 3. Cross-linking of histones due to advanced glycation. Control
and glycated histones were applied to a 12% polyacrylamide gel with a
stacking gel of 4%. Each lane contained 10 ng protein. Gel was silver
stained as described in Methods. a) Molecular weight standards. b) Rat
liver histones incubated for two weeks with sorbitol. c) Rat liver
histones incubated for two weeks with glucose as described in Methods.
Advanced glycation of histones led to the disappearance of H2A and H3
bands as well as to the the appearance of polymers of about 60 Kda (*)
and highly polymerized forms of over 200 Kda (**).

In both cases a similar pattern of AGE accumulation was shown when lower
concentrations (0.1 mol/l rather than 0.5 mol/l) of sugars were employed . Maximal
increment amounted to aproximately one third that obtained with higher sugar
concentrations (data not shown).

Advanced glycation of histone octamers led to cross-linking of individual
histone molecules as shown in Figure 3. In Figure 3b rat liver histones were
incubated for two weeks in the presence of sorbitol, as a control. Incubation with
glucose for the same period is seen in Figure 3c. Regardless of the nature of the
reducing sugar employed a similar pattern was observed: mainly the progressive
dissapearence of HZA and H3 bands and the appearence of high molecular weight
polymers.

DISCUSSION

Studies on glycation of isolated histones are quite recent, with the
determination of early glycation (ketoamine formation in the presence of glucose)
on individual histones (8-11). Histones are extremely abundant, rich in lysine and
usually have the same life span as the cell (6), all of which make them a potential
target for glycation. This reaction could occur during their rapid synthesis in the S
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phase of the cell cycle, or during transcription. We wondered to what extent
glycation could occur on the native histone nucleosome octamer. This prompted us to
assess AGE formation on the native histone octamer in a comparative kinetic study.
Besides glucose, which is not particularly high at the intracellular level,we included
glucose-6-phosphate and fructose whose levels have been shown to be elevated in
some target cells in diabetic complications. Glucose-6-phosphate, moreover, has been
shown to alter DNA mutation rate in prokaryotic strains which accumulate this
intermediate (5), and glyceraldehyde-3-phosphate can alter DNA in vitro being 200-
fold more potent as a glycating agent than equimolar amounts of glucose (17). Ribose
was also included since it has been shown to be an extremely potent glycating agent,
given its high percentage of open chain form (18).

We provide evidence for the in vitro formation of both pentosidine and total
AGE fluorescence on histone octamers in a time and sugar concentration dependent
fashion. The Kkinetic patterns are essentially the same, total fluorescence amounting,
however, near five-fold pentosidine fluorescence. As predicted on the basis of their
respective reactivities (18), ketoses (fructose and ribose) were more potent than
aldoses. When histones were glycated with hexoses a byphasic profile of AGE
formation was demonstrated which is in accordance with previous reports on early
glycation of histones by glucose (10). This was not evident for ketoses, suggesting
different patterns of reaction.

Glucose-6-phosphate was three times as effective as glucose in generating AGE
fluorescence as has been reported for other proteins (1), highlighting its putative
role if this process occurs in vivo.

Advanced glycation of histone octamers led to the formation of cross links.
This reaction became already apparent with only one week of incubation and
increased with time. For all sugars included in this study, a similar pattern was
observed: H2A and H3 bands disappear from electrophoretic runs under denaturing
and dissociating conditions while high molecular weight polymeric forms appear.
This would suggest the existence of particularly vulnerable sites on these molecules,
even when they are packed in the nucleosome octamer structure. As expected,
increased advanced glycation paralleled a significant decreased affinity for
Coomassie stain (which binds to basic residues) but not to silver stain. If glycation of
histones occurs in vivo, as has been previously reported (8), given their long half
life, they could be the site of advanced glycation. This reaction can take place even
after normalization of the initial high sugar insult (1-2). As lysine residues are
constantly available for histone acetylation (6) they might as well be free and
become glycated in the appropriate conditions. It is interesting to note here that
glycation of nuclear components, as demonstrated by immunohistochemistry, has
been previously reported (19). Although it is true that the sugar concentrations used
in this work are not encountered in vivo, it is also certain that the times of reaction
in vivo can be much longer than those employed in the present study. Hence, similar
rections, though to a lesser degree, could conceivably take place given the long half-
life of histones. Indeed a 7-fold increase in intracellular AGE has recently been
demonstrated in culture cells incubated during only one week with 30 mmol/1
glucose (20).
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Our work thus provides evidence that histone octamers can easily accumulate

AGE products in vitro, leading to cross-linking of individual histone components. The
impact of such results and their potential significance for the in vivo situation

remains however to be established.
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