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After a hyperglycaemic episode, glycated proteins remain in the body until removed by protein turnover. We
have shown that in the absence of free sugar, such proteins can crosslink to native proteins, forming mixed
dimers. They can also induce native proteins to crosslink into homodimers, presumably by release of a soluble
crosslinking agent. Similar reactioimsvivo could be responsible for the deposition of serum proteins in diabetic
kidney, nerve and other tissues. Exposure to glycating sugar for brief periods, or at low concentration, still
produced glycated protein capable of crosslinking to other proteins under sugar-free conditions. These crosslinks
are nonfluorescent, unlike the advanced glycation endproducts usually obserwegbs Academic Press, Inc.

Protein glycation following hyperglycaemia is generally agreed to contribute to diabetic cc
plications and similar symptoms in ageing. The first stable protein-sugar adduct is an Amado
Heyns product, depending whether the glycating sugar is glucose or fructose. Both are rea
compounds, which can produce fluorophores and other AGEs in the absence of free su
Particularly important are the sugar-derived crosslinks that imayvo account for the stiffening
of collagen (1), and the trapping of serum proteins in nerve, kidney and possibly other tissues (:
In vitro, sugar-derived crosslinking can be observed by electrophoresis as, for example, in re
In this paper we have simulated the post-hyperglycaemic state by removing free sugar from .
vitro glycated model protein, and then exposing it to a second unglycated protein. We found
under these conditions, even mildly glycated protein is able to crosslink to other proteins.

In vivo glycation by fructose has been clearly documented, but the Heyns product is har
detect (6, and refs therein). Hence the potential contribution of fructose to disease is often c
looked, even though this sugar is a more powerful glycating agent than glucose (7). Fructose
major dietary sugar, and serum concentrations are dependent on the amount ingested. For ex
1 g per kg of food produces 0.53 mmol/l serum fructose in healthy individuals (8), while up tc
mmol/l concentrations have been reported in cirrhosis (9). Fructose is also derived from the p
pathway which may be a major factor in AGE formation in the lens and other tissues involvet
diabetic complications (10). Therefore in this paper, we have used fructose as the glycating s

MATERIALS AND METHODS

In vitro fructation. Seven days fructation of lysozyme afelactoglobulin together (each 10 g/l) was performed in 0.1
M fructose and 0.1 M sodium phosphate buffer at pH 7.4, with 3 mM sodium azide. Brief fructation of lysozyme alone
g/l), was carried out for 0.5-12 h at 37°C in 0.5 M fructose in the 0.1 M phosphate buffer, or for 12 h at 4°C in 5 r
fructose in 0.5% ammonium bicarbonate adjusted to pH 7.4 with HCL. Free sugar was removed by exhaustive dialy
4°C against 0.5% bicarbonate. The samples were stored frozen at —20°C.

In vitro crosslinking in sugar-free conditionkysozyme (10 g/l) fructated to different extents, was incubated at 37°C i
the 0.5% bicarbonate solution with natigdactoglobulin (10 g/l) for 7 days. (The control was mixed with native lysozyme.)
Under these conditions, all protein remained soluble.

Electrophoresisin sodium dodecylsulphate on 12% or 15% polyacrylamide gels was performed on protein pre-tre:

1 Corresponding author: The Open University, Oxford Research Unit, Boars Hill, Oxford OX1 5HR, England. Fax:
44 1865 326322.
Abbreviation: AGE, advanced glycation endproduct.
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with mercaptoethanol, according to the method of Laemmli (11). Protein was detected by staining with colloidal Coom:
brilliant blue (12).

Chemicalswere from BDH, Poole, UK or from Sigma. The hen eggwhite lysozyme from Sigma contains traces ¢
nondisulphide-linked oxidation dimer of 28 kD. The 98% puyddactoglobulin from Sigma is a mixture of A and B
isozymes, with traces of a lactose-derived AGE dimer. Monomer Mr values are 14 kD for lysozyme and 18 kD
B-lactoglobulin.

RESULTS

When lysozyme angB-lactoglobulin are incubated together in fructose for 7 days, and th
subjected to polyacrylamide gel electrophoresis, three different dimers can be observed (Fi
The traces of lysozyme angtlactoglobulin homodimers already present (see bands of Mr 28 k
and 36 kD in lane A) have intensified slightly; but the major change is formation @lazto-
globulin-lysozyme heterodimer of Mr 32 kD, labelled MD in lane B. (At the heavy loading need
to demonstrate dimer formation, minor contaminants may also be seen. These are present frc
beginning, and do not change during incubation at 37°C.)

There is no formation of heterodimer if fructation is carried out in HEPES buffer rather th
phosphate (lane C), or if 50 mM aminoguanidine or 1 mM DETAPAC are included in tl
phosphate buffer (lanes D and E). This suggests that crosslinking of the glycated protein invc
metal-catalysed oxidation, and is therefore enhanced by the traces of copper and iron in phos
buffer (13,14), and inhibited by free radical scavengers or by metal chelators such as DETAF
Inhibition by the hydrazine aminoguanidine suggests that carbonyl groups are required
crosslinking.

Having demonstrated the presence of heterodimer when mixtures of proteins are glycate
gether, we then glycated lysozyme on its own, dialysed it free of unbound sugar, and reincuk
it with native B-lactoglobulin. Fig. 2 shows that in the absence of free sugar, fructated lysozy
can still crosslink with natives-lactoglobulin to form the 32 kD heterodimer observed earlier. Th
most intense heterodimer band is seen in lane E, where lysozyme fructation had been carrie
under optimum conditions, i.e. by incubating in 0.5 M fructose for 4 hours at 37°C. However e
30 min at 37°C (lane C), or 12 hours at 4°C in only 5 mM fructose (lane B), appear to have glyc:
the lysozyme protein enough for it to crosslink to unglycated protein under sugar-free conditit

An unexpected finding in Fig. 2 is th&lactoglobulin homodimer BD, whose intensity increase:
steadily from lanes B-D, as the protein is exposed to more extensively glycated lysozyme.

M A B C D E M

FIG. 1. Electrophoresis in 12% polyacrylamide, @flactoglobulin and lysozyme glycated together at 37°C for 7 day:s
in 0.1 M fructose and 0.1 M phosphate buffer (lane B). Phosphate was replaced by HEPES (lane C) or mixed with 5(
aminoguanidine (lane D) or with 1 mM DETAPAC (lane E). The control (lane A) was prepared as for lane B |
immediately frozen. The Mr values of marker proteins (lane M) are shown on the left. Arrows on the right indicate posit
of B-lactoglobulin dimer D), mixed B-lactoglobulin-lysozyme dimer (MD), and lysozyme dimer (LD).
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FIG. 2. Electrophoresis in 15% polyacrylamide Bflactoglobulin incubated in sugar-free solution for 7 days with
lysozyme previously fructated under different conditions, i.e., zero glycation (lani Ajtro fructation at 4°C for 12 h
(lane B),in vitro fructation at 37°C for 0.5 h (lane C), 2.5 h (lane Ddah h (lane E). Markers and dimers are labeled as
in Fig. 2.

=

In vitro, AGEs are often detected by an assay simpler than electrophoresis, using their fluc
cence rather than their polymerisation. The data in Fig. 3 suggest that this approach could u
estimate the full extent of AGE formation. When fructated lysozyme is re-incubatedBaib-
toglobulin in sugar-free solution, fluorescent AGEs are not formed unless the lysozyme has |
fructated for at least 3 hours (in 0.5 M fructose at 37°C). Yet laser densitometer readings from
identical to that in Fig. 2 show clearly that lysozyme fructated for only 30 min. under the
conditions is capable of forming AGE crosslinks.

DISCUSSION

It has already been shown that glucated ribonuclease (5,7) continues to form homopolyme
the absence of free sugar. We have extended these observations to show that under these
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FIG. 3. Formation of AGE crosslinks and fluorophores, gyactoglobulin incubated for 7 days in sugar-free solution,
with lysozyme previously fructated at 37°C for different times. Open circles show the net increase in staining of heteroc
band, as a percentage of the total stain in that lane. Closed circles show the increase in fluorescence of these same
(at Ex = 325 nm, Em= 375nm). Controls (squares) show the fluorescence of fructated lysozyme samples mixed \
B-lactoglobulin and immediately frozen.
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tions, glycated proteins can also attack unglycated proteins, forming heterodimers. The me
nisms appear to be similar, involving metal-catalysed oxidation and aminoguanidine-sens
carbonyl groups. Taken together, these reports suggest a mechanism whereby glycated
protein could, in the absence of free sugar, become irreversibly bound to structural proteit
sugar-derived crosslinks. This could be relevant to the deposition of serum proteins in dial
nerve and kidney (2—4).

Dimers of B-lactoglobulin were seen when the protein was incubated with glycated lysozy
(Fig. 2); this suggests that glycated lysozyme releases a soluble reagent capable of crossli
other proteins. A probable candidate is a dicarbonyl compound equivalent to 3-deoxyglucos
this can crosslink native lysozynie vitro (15), and is liberated from model Amadori compound:s
and glycated proteins under physiological conditions (16,17). Our findings show that suc
compound could react directly with nearby proteins if producesitu. This route to sugar-derived
crosslinking would be obscured in maatvitro work by the continual presence of free sudar.
vivo it could provide another mechanism for glycated proteins to promote unwanted crosslinl
of tissue protein.

For muchin vitro work, proteins are heavily glycated under unphysiological conditions. Y
results reported here suggest that proteins need be only mildly glycated to show potent
far-reaching changes in biological activity. Indeed it is to be expected that even small p
translational changes will alter the higher-order structure of a protein and so may affect its acti
A problem with much glycation work is to detect such changes in proteins glycated under n
physiological conditions. The most sensitive methods, using antibody binding and catalytic acti
(18,19), suggest that exposure to only millimolar sugar concentrations can bring about signifi
changes in protein structure and activity. Our work suggests that the ability to crosslink irrevers
with native proteins may be one such change.

Wheng-lactoglobulin and glycated lysozyme were incubated together, the early crosslinks w
nonfluorescent. This is consistent with Baynes’ observation (20) that less than 1% of the A
crosslinks inin vitro glycated ribonuclease are fluorescent. Similarly McPheetaal. found that
crosslinking precedes fluorescence in ribonuclease (7), while Makigh (21) have shown that
immunogenic AGEs are formed well before fluorescent AGEs, duringrthétro glycation of
albumin. Given that most post Amadori and post Heyns reactions are irreversible, and that che
to low-turnover proteins are cumulative, these findings suggesirthatvo, even brief hypergly-
caemia resulting in minimal protein glycation could contribute to tissue damage, via unwar
protein crosslinking.
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