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Abstract

To systematically evaluate the modification of lens proteins by aldose and dicarbonyl sugars during the glycation process,
the sugar-dependent incorporation of Lys and Arg, SDS^PAGE profile, amino acid analysis, and fluorophore formation
(excitation 370 nm/emission 440 nm) were determined. Reaction mixtures with glycolaldehyde, glyceraldehyde, threose and
3-deoxythreosone showed the greatest extent of Lys crosslinking and fluorescence formation. An increase in fluorescence
intensity, but a decrease in Lys and Arg crosslinking, was found with glyoxal, methylglyoxal, hydroxypyruvaldehyde and
threosone. In addition glyoxal, methylglyoxal and hydroxypyruvaldehyde caused the specific loss of Arg residues in lens
proteins. Reaction mixtures with xylose, xylosone, glucose, glucosone and 3-deoxyglucosone exhibited the least protein
modifications; however, incubation with 3-deoxyxylosone resulted in extensive loss of Lys and Arg residues, a higher extent
of Lys or Arg crosslinking and significant fluorophore formation. Each sugar exhibited unique characteristics in the
modification of lens proteins by glycation. To validly compare the protein modifications occurring during glycation
reactions, a systematic approach was employed to evaluate the potential role of aldose and dicarbonyl sugars in protein
modification. ß 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The reaction of sugars with the amino groups of
proteins initiates a complex series of reactions, such
as rearrangements, cyclizations, fragmentations, de-

hydrations and oxidative modi¢cations resulting in
structurally diverse advanced glycation endproducts
(AGEs) [1,2]. Late in the Maillard reaction, AGEs
are responsible for the formation of browning chro-
mophores, £uorophores and protein crosslinks [3,4].
AGE formation has been implicated in age-related
and brunescent cataract [5^7] as well as diabetic
complications [8,9].

Only a few AGE structures, such as pentosidine
and NO-carboxymethyllysine, have been widely mea-
sured in tissues, yet it is expected that a wide number
of protein modi¢cations are present [10,11]. Several
methods have been employed to estimate the extent
of protein crosslinking during glycation reactions in
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vitro. Sodium dodecyl sulfate^polyacrylamide gel
electrophoresis (SDS^PAGE) has been widely used,
but this method gives poor quanti¢cation because of
the reduced staining of glycated proteins, and be-
cause the polymeric proteins result in the formation
of a compressed band on top of the resolving gel
which exceeds the linear range of gel scanners. Fluo-
rescence determination is considered a valid indica-
tion of crosslinking but cannot identify the amino
acid residues involved in this process. Amino acid
analysis is also employed for measurements of pro-
tein modi¢cations; however, many of the AGEs are
acid labile. These methods either selectively or col-
lectively may not provide enough information about
protein modi¢cations which accompany these com-
plicated and heterogeneous reactions.

In the work presented here we investigated ¢ve
measurements of lens protein modi¢cations by sug-
ars, osones and 3-deoxyosones from two carbons to
six carbons in length. These assays included the abil-
ity of the sugars to quantitatively crosslink lens pro-
teins by measuring the carbohydrate-dependent in-
corporation of NK-formyl-L-[U-14C]Lys ([14C]NfL)
or NK-acetyl-L-[U-14C]Arg ([14C]NaA) into lens pro-
teins. These results were compared to amino acid
analysis, SDS^PAGE and AGE-speci¢c £uorophore
formation to systematically analyze this complicated
modi¢cation process. The results are presented in a
combined scheme to allow a rapid visual evaluation
of each glycating sugar.

2. Materials and methods

2.1. Materials

D-Glyceraldehyde #G478-0 was purchased from
Aldrich Chemical, Milwaukee, WI. Glucose, xylose,
threose, glycolaldehyde (dimer) #G9376, glyoxal
(40% solution) #G3140, methylglyoxal (40% solu-
tion) #M0252 and diethylenetriaminepentaacetic
acid (DTPA) were obtained from Sigma Chemical
Co. (St. Louis, MO). Glycolaldehyde, glyoxal and
methylglyoxal were all diluted and boiled prior to
use to convert them to their respective monomers.
Dicarbonyl sugars, hydroxypyruvaldehyde, threo-
sone, xylosone and glucosone were prepared by oxi-
dation of the corresponding aldose and ketose sugars

with cupric acetate [12], and if necessary, these sugars
were puri¢ed further according to the method of
Vuorinen and Serianni [13]. The corresponding 3-de-
oxydicarbonyl sugars were synthesized according to
the method described by Madson and Feather [14].
The concentration of dicarbonyl sugars were deter-
mined spectrophotometrically following the method
of Ohmori et al. [15]. A calibration curve was pre-
pared using methyl glyoxal standards treated simi-
larly. All preparations were treated with chelex 100
resin to remove any metal ions, and the purity and
structures, where possible, were con¢rmed by NMR
spectrometry.

We investigated the possibility that commercial
sugars may contain highly reactive impurities using
both TLC and NMR. Our approach gave analytical
information on both the extents of impurities present
and their potential reactivity. One percent solutions
of D-glucose, and the suspected glucose oxidation^
degradation products, D-arabinose, 3-deoxygluco-
sone, D/L-glyceraldehyde, methylgloxal, D-glycoalde-
hyde and glyoxal were prepared, and subjected to
TLC with chloroform/methanol/water (7:3:0.3) as
irrigant. All compounds migrated as a single spot
at 1% concentration as detected by an aniline phtha-
late spray, a sensitive reagent for aldehydes, ketones,
and osones. A similar chromatogram was developed
and sprayed with o-phenylenediamine/10% TCA.
Similarly, each sugar gave only one £uorescent spot
when viewed under UV light. Since highly reactive
sugars (i.e., less than ¢ve carbons) and dicarbonyl
compounds give visually £uorescent quinoxaline
compounds at 0.5 Wg, this result strongly argues
that our commercial reagents contained no signi¢-
cant reactive impurities.

To further con¢rm that commercial glucose con-
tained no reactive impurities, 100 Wg of glucose was
spotted on a TLC plate, developed as above and
sprayed with o-phenylenediamine reagent. Even at
this high concentration only one large spot with the
Rf of glucose was detected under UV light. If D-glu-
cose had contained a reactive impurity it would have
been detectable visually at a level of 0.5 Wg or 0.5%
of the D-glucose. Finally, 13C-NMR spectra were tak-
en on solutions of 2.0 M commercial D-glucose, and
a similar preparation spiked with 0.02 M D-glycoal-
dehyde. After 500 scans using a Brucker DRX500
spectrometer, the 1% impurity was clearly detectable
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in the spiked sample, but no corresponding resonan-
ces of glycoaldehyde or any other impurities were
detected in the glucose sample. Any impurities, there-
fore, must be less than 0.25% in the commercial glu-
cose used in our experiments.

2.2. Preparation of [14C]NfL and [14C]NaA

[14C]NfL and [14C]NaA were prepared from
L-[14C]Lys (312 mCi/mmol, American Radiolabeled
Chemicals, St. Louis, MO) and L-[14C]Arg (240
mCi/mmol, American Radiolabeled Chemicals) ac-
cording to the procedures published by Hofmann et
al. [16] with some modi¢cations and by Bergmann
and Zervas [17], respectively. The preparation of
[14C]NfL was previously reported [18]. For prepara-
tion of [14C]NaA, a screwcapped vial containing a
solution of 150 mg of cold L-Arg and 0.5 mCi
L-[14C]Arg (240 mCi/mmol) in 0.75 ml of anhydrous
acetic acid and 0.435 ml of acetic anhydride (molar
ratio of acetic anhydride to Arg 5:1) was incubated
at 50³C for 2 h in water bath. The resulting solution
was dehydrated into a syrup using a Savant speed-
vac concentrator. Then 10 ml of water was added
to the vial, and the preparation was freeze-dried.
The radioactive [14C]NfL and [14C]NaA spots were
detected by silica gel thin layer chromatography
using n-butanol/acetic acid/water (3:1:1) as irrigant.
The ¢nal preparations migrated as a single spot
(Rf of [14C]NfL = 0.066; Rf of [14C]NaA = 0.11),
which was identical to authentic NK-formyl-L-Lys
or NK-acetyl-L-Arg as monitored by spraying with
alcoholic potassium permanganate and monitoring
for radioactivity with an AMBIS (San Diego, CA)
scanner.

2.3. Preparation of water soluble bovine lens proteins

Water-soluble bovine lens proteins were isolated as
described previously [7]. After centrifugation of the
homogenate at 30 000Ug for 15 min, the supernatant
was dialyzed against three changes of 0.1 M phos-
phate bu¡er (pH 7.0) over 48 h, and concentrated by
Amicon (Lexinton, MA) ultra¢ltration.

2.4. Glycation reaction mixtures

Reaction mixtures were prepared containing 5 mg

lens proteins, 10 mM unlabeled sugar and 1 mM
DTPA in 1.0 ml of 0.1 M phosphate bu¡er (pH
7.0). Prior to incubation, each reaction mixture was
sterile-¢ltered through a 0.2 Wm Acrodisc ¢lter (Gel-
man Science) into a 2 ml sterile cryogenic vial (Corn-
ing Costar Co) in a laminar £ow hood and sealed.
Following incubation at 37³C for 4 days in an incu-
bator, the samples were stored frozen at 370³C until
analysis.

2.5. Protein incorporation studies

For the sugar-dependent protein crosslinking as-
say, [14C]NfL and [14C]NaA were diluted to a speci¢c
activity of 0.35 mCi/mmol or 0.12 mCi/mmol, respec-
tively. Reaction mixtures were incubated as described
for the glycation assays except for the addition of the
labeled amino acids. Triplicate 50-Wl aliquots were
removed at weekly intervals and spotted on 2.5-cm
¢lter paper discs (Whatman 3MM). The incorpora-
tion of radioactivity into proteins was determined
following the trichloroacetic acid washing procedure
of Mans and Novelli [19]. The discs were dried thor-
oughly, and the incorporated radioactivity was deter-
mined in a liquid scintillation counter. The results
presented were compiled from two independent ex-
periments. Each point, therefore, is the mean of two
sets of triplicate determinations.

2.6. Additional methods

Fluorescence intensities of the crosslinked proteins
[20,21] were determined at excitation/emission wave-
lengths of 370 nm/440 nm using the Turner spectro-
£uorometer Model 430. Protein hydrolysis was car-
ried out in 6.0 N HCl (GFC Chemicals, Columbus,
OH) for 20 h at 110³C. Amino acid analysis was
performed as described by Gehrke et al. [22], and
the amount of each amino acid is expressed as resi-
dues per 1000 residues. All protein samples were re-
duced with 80 mM sodium borohydride and dialyzed
prior to acid hydrolysis [23]. Protein determinations
were performed using the BCA method [24] accord-
ing to the procedure described by the manufacturer
(Pierce, Rockford, IL). SDS^PAGE was carried out
according to the procedure of Laemmli [25] as de-
scribed previously [23]. After incubation for 4 days,
each reaction mixture from glycation assays was dia-
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lyzed, and aliquots equivalent to 20 Wg of protein
were applied to each gel lane.

3. Results

3.1. Modi¢cation of Lys and Arg in glycated lens
proteins

The loss of Lys and Arg residues in lens proteins
after incubation with various sugars for 4 days is
shown in Table 1. In the case of aldose sugars, Lys
residues rather than Arg residues were modi¢ed, and
short chain sugars, glycolaldehyde, glyceraldehyde
and threose were more active in the modi¢cations
of these amino acid residues than the longer chain
sugars, xylose and glucose.

Consistent with previous results [26^30], methyl-
glyoxal and glyoxal modi¢ed Arg and Lys residues
in lens proteins (Table 1). In these cases, an exten-
sive loss in Arg residues was observed with glyoxal
(67%) and to a similar extent with methylglyoxal

(78%), whereas the loss in Lys was less extensive
with glyoxal (30%) and methylglyoxal (12%). 3-De-
oxyglucosone (100 mM) has been reported to modify
the Arg residues (40^70%) and Lys residues (20^
30%) of various proteins after incubation in 0.2 M
phosphate bu¡er (pH 7.4) at 37³C for 4 weeks [31].
In our short-term assay, however, this compound
impaired Arg residues (9%) only. In the case of
K-dicarbonyl sugars, the extent of Arg and Lys
loss was variable. Hydroxypyruvaldehyde caused
the loss of 13% of the Arg and 14% of the Lys
residues and, threosone caused the loss of 13% of
the Arg and 36% of the Lys residues, 3-deoxythreo-
sone caused the loss of 12% of the Arg and 22% of
the Lys residues, and 3-deoxyxylosone caused 28%
of the Arg and 44% of the Lys residues. Xylosone
caused the loss of only 2% of the Arg and 5% of the
Lys residues, and glucosone caused the loss of 4% of
Arg and 20% of Lys. A 10% loss of Lys residues is
equivalent to 40 nmol (mg protein)31 and a 10% loss
of Arg residues is equivalent to 55 nmol (mg
protein)31.

Table 1
Modi¢cation of Lys and Arg residues in lens proteins after incubation with various sugars in 0.1 M phosphate bu¡er (pH 7.0) at
37³C for 4 days

Sugars Loss of Lys
(%)a

Loss of Arg
(%)a

NfL incorporation
(nmol NfL (mg protein)31b

NaA incorporation
(nmol NaA (mg protein)31b

vFluorescence
Ex 370/Em 440c

No sugar 0 0 0 0 0
Glycolaldehyde 51 6 59 11 74
Glyceraldehyde 40 20 25 23 86
Threose 27 9 35 12 80
Xylose 0 0 0.8 0.2 3
Glucose 1 0 0.6 0.5 3
Glyoxal 30 67 6.8 26 43
Hydroxypyruvaldehyde 14 13 9.4 73 75
Threosone 36 13 8.1 16 42
Xylosone 5 2 4.4 6.2 21
Glucosone 20 4 7.3 4.3 40
Methylglyoxal 12 78 10 9.7 40
3-Deoxythreosone 22 12 54 31 54
3-Deoxyxylosone 44 28 43 46 35
3-Deoxyglucosone 0 9 2.0 3.0 8.3
aThe decrease in amino acid residues was expressed as the percent loss compared to that of control proteins incubated without sugar,
which were unchanged.
bAll values are corrected for the incorporation seen without sugar, and represent the relative crosslinking of [14C]NfL and [14C]NaA
into lens proteins after a 4-day incubation with various sugars. In the case of no sugar, 0.7 nmol of lysine and 2.4 nmol of Arg were
incorporated to 1 mg31 lens protein.
cFluorescence was expressed as the increase in 370/440 £uorescence compared to control proteins, which remained unchanged during
the incubation.
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3.2. Glycation-induced incorporation of [14C]NfL and
[14C]NaA to lens proteins

A sensitive assay for glycation-induced crosslink-
ing, which measures the sugar-dependent incorpora-
tion of [U-14C]NfL and [U-14C]NaA to lens proteins,
was employed [32]. Table 1 shows the extent of in-
corporation of Lys and Arg by various sugars into
lens proteins over 4 days. Aldose sugars incorporated
Lys more readily than Arg into lens proteins. Glyco-
laldehyde, glyceraldehyde and threose showed high
crosslinking activity, whereas xylose and glucose
were completely inactive.

For dicarbonyl sugars, glyoxal produced less in-
corporation of Lys (6.8 nmol (mg protein)31) but a
high incorporation of Arg (26 nmol (mg protein)31).
Methylglyoxal showed that incorporation rates of
Lys and Arg into lens proteins were somewhat di¡er-
ent (10 nmol (mg protein)31 for each amino acid).
Less incorporation of Lys and Arg were observed
with 3-deoxyglucosone (2.0 nmol (mg protein)31 for
Lys, 3.0 nmol (mg protein)31 for Arg) and glucosone
(7.3 nmol (mg protein)31 for Lys, 4.3 nmol (mg
protein)31 for Arg) in our assay. Hydroxypyruvalde-
hyde showed modest Lys crosslinking activity (9.4
nmol (mg protein)31), but had the highest Arg cross-
linking activity among the sugars tested (73 nmol
(mg protein)31). Threosone and xylosone produced
relatively low crosslinking activities of Lys (8.1 nmol
(mg protein)31 and 4.4 nmol (mg protein)31, respec-
tively) and Arg (16 nmol (mg protein)31 and 6.2
nmol (mg protein)31, respectively). However, their
corresponding 3-deoxydicarbonyl sugars, 3-deoxy-
threosone and 3-deoxyxylosone, had extensive cross-
linking activity of Lys (54 nmol (mg protein)31 and
43 nmol (mg protein)31, respectively), and Arg (31
nmol (mg protein)31 and 46 nmol (mg protein)31,
respectively).

3.3. Sugar-induced aggregation and £uorophore
formation in lens proteins

SDS^PAGE analysis of lens proteins incubated
with various sugars are shown in Fig. 1. No change
was observed without sugar after incubation of the
lens proteins for 4 days (lanes A and B). As expected,
very extensive crosslinking of lens proteins was seen
with glycolaldehyde (lane I), glyceraldehyde (lane F)

and threose (lane N), whereas there was no indica-
tion of even lens protein dimers with xylose (lane C)
and glucose (lane K).

In the case of dicarbonyl sugars, xylosone (Fig. 1,
lane E) and 3-deoxyglucosone (lane L) showed much
less aggregate formation, and hydroxypyruvaldehyde
(lane H) and glucosone (lane M) showed less but
notable activity. Threosone (lane P), 3-deoxythreo-
sone (lane O) and methylglyoxal (lane G) showed
similar extensive formation of aggregates. Also, 3-
deoxyxylosone (lane D) caused extensive crosslink-
ing, similar to glyoxal (lane J). In addition a band
of protein was seen that was too large to enter the
spacer gel with glycolaldehyde (lane I), glyceralde-
hyde (lane F), threose (lane N), glyoxal (lane J),
methylglyoxal (lane G), threosone (lane P), 3-deoxy-
threosone (lane O), 3-deoxyxylosone (lane D) and
glucosone (lane M).

Fluorophore formation (excitation (Ex) 370 nm
and emission (Em) 440 nm), which has been reported
to represent AGE formation in diabetes-related pro-
teins [20,21], are shown in Table 1 for the various
carbohydrates. An extensive accumulation with £uo-
rescence was observed with glycolaldehyde (74 units),
glyceraldehyde (86 units) and threose (80 units),
while very low £uorescence was seen with xylose
and glucose (3 units). Hydroxypyruvaldehyde yielded

Fig. 1. SDS^PAGE showing the relative crosslinking of lens
proteins by various sugars. Reaction mixtures contain 5 mg
lens proteins, 10 mM various sugars and 1.0 mM DTPA in 1.0
ml of 0.1 M phosphate bu¡er (pH 7.0). Aliquots were with-
drawn, dialyzed, and subjected to SDS^PAGE. A, no sugar at
day zero. Four-day incubations with: B, no sugar; C, xylose;
D, 3-deoxyxylosone; E, xylosone; F, glyceraldehyde; G, meth-
ylglyoxal; H, hydroxypyruvaldehyde; I, glycolaldehyde; J,
glyoxal; K, glucose; L, 3-deoxyglucosone; M, glucosone; N,
threose; O, 3-deoxythreosone; P, threosone.
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high £uorescence (75 units) which was about twice
that of glyoxal (43 units) and methylglyoxal (40
units) after 4 days of incubation. Other dicarbonyl
sugars caused signi¢cant £uorescence accumulation,
whereas 3-deoxyglucosone produced much less £uo-
rescence (8.3 units).

3.4. Combined analyses of glycation with various
sugars using radar chart

The results reported here demonstrate that each
sugar had di¡erent modi¢cation features depending
upon the analytical method applied. In order to ef-
fectively visualize these results, we displayed each
measurement together on a radar chart (Fig. 2). In
this chart, each value in Table is presented on 0^100
axis, and connected to each other. The blackened
area allows the relative reactivity of various sugars
to be compared.

4. Discussion

We demonstrated that each sugar exhibited unique
characteristics for the modi¢cation of lens proteins
by glycation. The reactivity of each sugar in the for-
mation of Schi¡ base linkages is determined by the
extent of its open chain reactive form [33]. The small
percentage of glucose (0.002%) and xylose (0.02%) in
the open chain reactive form correlated with the re-
duced modi¢cation seen, whereas short carbon-sug-
ars (2C^4C), which mainly occur in the open chain-
form, demonstrated higher modi¢cation of lens
proteins in our assay. The loss of Lys and Arg res-
idues was principally a measure of glycation, because
the determinations were carried out for 4 days and
analyzed after NaBH4 reduction to stabilize any
Schi¡ base or Amadori structures. Crosslinking and
£uorophore formation re£ect AGE formation. Since

these reactions were also carried out for 4 days, only
the short-chain carbohydrates showed signi¢cant
AGE formation. The presentation of the data as a
radar chart in Fig. 2 allowed a visual comparison of
these reactions. These assays include the application
of assays using [14C]NfL and [14C]NaA which was
su¤ciently sensitive to show crosslinking by a variety
of carbohydrate, and measure the crosslinking of Lys
and Arg separately.

The 2-, 3- and 4-carbon aldoses reacted largely
with Lys and crosslinked Lys to proteins. Fluoro-
phore formation was very high in every case. This
is in marked contrast with the corresponding 2-, 3-
and 4-carbon osones, which reacted principally with
Arg residues in the protein, or showed a singular
ability to crosslink Arg to proteins. Glyoxal caused
a 70% loss of Arg with modest Arg crosslinking ac-
tivity. The addition of the hydroxymethyl group in
hydroxypyruvaldehyde diminished the reactivity with
Arg, but allowed extensive Arg crosslinking. Both of
these Arg reactivities were diminished with threo-
sone. Fluorescence, however, was seen with each of
these osones regardless of the rate of crosslinking.

Similarly, the 3-deoxyosones each exhibited a
unique reactivity. Methylglyoxal, like glyoxal, re-
acted preferentially with Arg residues, causing almost
80% loss in only 4 days. The addition of a methyl
group to glyoxal did not alter reactivity. The small
amount of Lys crosslinking with these two carbohy-
drates correspond to the reported levels of the Lys
dimers, MOLD [34] and GOLD [35]. 3-Deoxythreo-
sone, having one extra hydroxymethyl group at car-
bon 4, no longer modi¢ed Arg, but had major cross-
linking ability for both Lys and Arg. The extra
hydroxylmethyl group clearly has a signi¢cant role
in crosslinking. It is surprising that the Arg reactivity
is lost, as the reactive carbonyls at carbons 1 and 2
remain unchanged, but the e¡ect was similar to that
seen for the glyoxal^hydroxypyruvaldehyde pair

6

Fig. 2. Radar charts demonstrating characteristic features in the modi¢cation of lens proteins by glycation with various sugars. Reac-
tion mixtures were prepared as described in Fig. 1. Lys crosslink and Arg crosslink represent the relative crosslinking of [14C]NfL and
[14C]NaA to lens proteins after a 4-day incubation with various sugars. One nmol of [14C]NfL and [14C]NaA is equivalent to the
incorporation 720 dpm and 260 dpm, respectively; Lys loss and Arg loss show the decrease in the amount of each amino acid as a
percentage compared to that of the control incubated without sugar. Fluorescence (Ex 370/Em 440) was expressed as the increase
compared to the reaction without sugar. (a) glycolaldehyde; (b) glyceraldehyde; (c) threose; (d) xylose; (e) glucose; (f) glyoxal;
(g) hydroxypyruvaldehyde; (h) threosone; (i) xylosone; (j) glucosone; (k) methylglyoxal; (l) 3-deoxythreosone; (m) 3-deoxyxylosone;
(n) 3-deoxyglucosone.
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above. 3-Deoxythreosone was an e¡ective crosslink-
ing agent for Lys, not seen with hydroxypyruvalde-
hyde, or even with threosone. It is structurally un-
clear how the presence of the methylene group at
carbon 3 can so markedly increase the crosslinking
activity of 3-deoxythreosone compared to threosone.

Most surprising is 3-deoxyxylosone, which is al-
most the most reactive carbohydrate tested for both
Arg and Lys loss and Arg and Lys crosslinking. The
reactivity is surprising since this molecule can form
multiple ringed structures, which was con¢rmed by
NMR spectroscopy. Both the Arg and Lys crosslink-
ing activity could be similar to pentosidine forma-
tion, which forms preferentially from 5-carbon sug-
ars [36,37], and does form in incubations with 3-
deoxythreosone [6].

SDS^PAGE con¢rmed the relative ability of the
various carbohydrates to crosslink proteins. These
reactions did not contain free amino acids, so all
crosslinking was between protein molecules. The pat-
terns were the same as that seen earlier for reactive
sugars [38], where only a slight amount of dimer
formation was present, with the bulk of the cross-
links collecting at the top of either the resolving gel
or the spacer gel. Crosslinking on the gel was less
with methylglyoxal than glyoxal, and even less with
hydroxypyruvaldehyde. This re£ects the Lys incorpo-
ration data, but not the Arg incorporation seen with
hydroxypyruvaldehyde. As judged by the high-mo-
lecular-mass polymers and the loss of native proteins,
the crosslinking by the 4-carbon carbohydrates agree
with the incorporation data. The same was true for
xylose and glucose, which showed no dimer forma-
tion, for 3-deoxyxylosone, which exhibited the high-
est activity, and for 3-deoxyglucosone, where only
slight dimer formation was seen. Direct comparisons
of the crosslinking by osones on the gel, however,
showed somewhat more activity than that predicted
from the Arg and Lys incorporation data. Threosone
was only slightly less active than 3-deoxythreosone,
xylosone showed dimer formation, and glucosone
was almost as active as threose. Either sites in the
protein favor osone crosslinking, placing residues in
close proximity to allow crosslinking, or else osones
are capable of forming crosslinks involving an amino
acid other than Lys and Arg. A careful examination
of the amino acid analyses of the osone-reacted pro-
teins, did not show a signi¢cant loss of another ami-

no acid; however, we cannot exclude a crosslink to
Trp, which was destroyed on acid hydrolysis.

Oxidation is known to accompany glycation reac-
tions [39,40] and could contribute to crosslink for-
mation. Superoxide anion formation does occur, but
would form mainly disul¢de bonds via H2O2, which
were reduced prior to the SDS^PAGE analysis. Hy-
droxyl radicals have also been implicated, but since
all of our reactions contained a transition metal che-
lator, hydroxyl radical formation would be markedly
diminished, as would also be true for superoxide
anion formation.

A major protein modi¢cation in aging and cata-
ract lenses is the presence of extensive crosslinking. It
is important to study carbohydrates other than glu-
cose in this process. It has been proposed that oxi-
dation of ascorbate produces several degradation
products such as glycolaldehyde, glyceraldehyde, di-
hydroxyacetone, formaldehyde and threose [41^43].
In addition xylosone and 3-deoxyxylosone also
have been proposed as the degradation products of
ascorbate in vitro [43,44]. The oxidation products of
ascorbate are all capable of crosslinking lens proteins
in vitro at an accelerated rate compared to glucose
[6,38]. Among the dicarbonyl sugars, methylglyoxal,
glyoxal, glucosone and 3-deoxyglucosone have been
identi¢ed as intermediates in the AGE formation
[31,45^49], and their occurrences in vivo have been
con¢rmed [50^52]. Wells-Knecht et al. [49] observed
that glyoxal and arabinose accounted for a signi¢-
cant fraction of the major products formed from
glucose in phosphate bu¡er at 21 days under oxida-
tive conditions (glucoxidation). Methylglyoxal which
is a physiological metabolite formed by the dephos-
phorylation of glyceraldehyde-3-phosphate and dihy-
droxyacetone phosphate, and by the metabolism of
acetone and aminoacetone [53]. After 7 days incuba-
tion of isolated crystallins with 5 mM methylglyoxal
at 37³C and pH 6.9, this dicarbonyl sugar caused
non-disul¢de covalent crosslinking of isolated crys-
tallins, accumulation of £uorescence and a loss of
47% of Arg residues in case of QII-crystallin [54].

3-Deoxyglucosone can be formed by degradation of
the glucose Amadori compound, fructosyl^lysine [50],
and can also arise from fructose-3-phosphate, which is
elevated in diabetic lenses [9]. It has been reported that
3-deoxyglucosone has a strong crosslinking activity
with proteins, and modi¢es Arg residues of proteins
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signi¢cantly [31,47]. In our assay, however, 3-deoxy-
glucosone showed very weak modi¢cation character-
istics with lens proteins. This discrepancy is likely due
to the reaction conditions. Kato et al. [31,47] studied
reaction mixtures containing 100 mM 3-deoxygluco-
sone with proteins in 0.2 M phosphate bu¡er (pH 7.4)
which were incubated at 37³C for 4 weeks, and also a
mixture containing 120 mM 3-deoxyglucosone with
proteins which was lyophilized to a powder, and in-
cubated at 50³C for 3 days. The fact that 3-deoxyglu-
cosone represented only 1% of the initial fructosyl^
lysine after 3 weeks of incubation [55] argues that
this compound may not be a major crosslinking agent
in vivo. Dicarbonyl sugars were reported to modify
selectively Arg residues in proteins [54,56]. Glyoxal, 3-
deoxyglucosone, presumably xylosone, and methyl-
glyoxal react preferentially with Arg residues forming
imidazolones [30,57].

While the focus of glycation research has been on
long-lived structural proteins, it must be pointed out
that enzymes are also subject to glycation-induced
inactivation. This may be a very signi¢cant element
in lens ¢ber cells, where the enzymes do not turn-
over. Enzyme inactivation has been studied in vitro
with superoxide dismutase [58] and enzymes of car-
bohydrate metabolism [59,60]. These enzymes in pure
form can be signi¢cantly inactivated over several
hours or days by glucose; however, these reactions
need to be studied in the presence of physiological
levels of structural proteins, which can compete for
the limiting amounts of the active glycating species.
It is tempting to speculate, however, that glycation
reactions are responsible for the marked decrease in
enzyme activity routinely seen the aged cells present
in the lens nucleus. Osones and deoxyosones may be
important in this regard due to their ability to react
with essential Arg residues. Also glycoxidation
[61,62] can lead to the oxidative inactivation of en-
zymes like G-3-P dehydrogenase with essential SH
groups.

Our data are consistent with the idea that osones
and deoxyosones have much higher glycating and
crosslinking activity than native sugars. The role of
these dicarbonyl compounds, however, cannot be
evaluated without knowing their concentrations in
tissues. These data are largely not available for
lens, but methylglyoxal has been reported to be
present at 1.78 nmol g31 wet weight [63], which is

three orders of magnitude less than glucose in human
lens. Even 3-deoxyglucosone is only present at 1.2
WM concentrations in rat serum, rising to only 3.5
WM in STZ-induced diabetes [64]. The high reactivity
of these compounds with protein, however, may limit
their steady state levels in tissues.

The data in Figs. 1 and 2, therefore, report the
activity of most of the physiologically relevant car-
bohydrates. Small changes in structure have a
marked e¡ect on activity. Each may display a di¡er-
ent crosslinking chemistry, and di¡erent products. It
must be pointed out, however, that a large number
of carbohydrates are able to synthesize pentosidine
from Arg and Lys in vitro [36,37]. It may be that a
given collection of crosslinks are produced with every
carbohydrate, with the major di¡erences due to the
accelerated formation of di¡erent selected products
in each case.
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