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Abstract. We have examined the nonenzy-
matic glycation' of human lens crystallin, an extremely
long-lived protein, from 16 normal human ocular lenses
0.2-99 yr of age, and from 11 diabetic lenses 52-82-yr-
old. The glucitol-lysine (Glc-Lys)2 content of soluble
and insoluble crystallin was determined after reduction
with 3H-borohydride followed by acid hydrolysis, boronic
acid affinity chromatography, and high pressure cation
exchange chromatography. Normal lens crystallin, sol-
uble and insoluble, had 0.028±0.011 nanomoles Glc-
Lys per nanomole crystallin monomer. Soluble and
insoluble crystallins had equivalent levels of glycation.
The content of Glc-Lys in normal lens crystallin in-
creased with age in a linear fashion. Thus, the nonen-
zymatic glycation of nondiabetic lens crystallin may be
regarded as a biological clock. The diabetic lens crystallin
samples (n = 11) had a higher content of Glc-Lys
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1. The Joint Commission on Biochemical Nomenclature of the Inter-
national Union of Biochemistry (IUB) and the International Union of
Pure and Applied Chemistry (IUPAC) suggests the term "glycation"
rather than "glycosylation" or "glucosylation" for the nonenzymatic
reaction between glucose or other sugars, and free amino groups of
proteins (1).
2. The borohydride-reduced product of lysino-l-deoxyfructose (glucosyl-
lysine) is a mixture of lysino-l-deoxysorbitol and lysino-l-deoxymannitol.
The Durrum DC-6A cation exchange column does not separate these
two epimers; they elute in one symmetrical peak. For simplicity, we
refer to the mixture of these epimeric forms as glucitol-lysine throughout
this paper. In like manner, the borohydride-reduced product of valyl-
1-deoxyfructose (glucosyl-valine) is a mixture of valyl-l-deoxysorbitol
and valyl-l-deoxymannitol, which also elutes as one peak on our
column and is called glucitol-valine.

(0.070±0.034 nmol/nmol monomer). Over an age range
comparable to that of the control samples, the diabetic
crystallin samples contained about twice as much Glc-
Lys. The Glc-Lys content of the diabetic lens crystallin
samples did not increase with lens age.

Introduction

The nonenzymatic glycation of a protein proceeds by the
bimolecular condensation of a monosaccharide, usually glucose,
with certain amino groups on the protein. The initial labile
Schiff base adduct slowly rearranges to the stable ketoamine
form (2-4). In the Maillard scheme of nonenzymatic glycation
or browning, the glucose-amino acid product proceeds beyond
the ketoamine to products that may include covalently cross-
linked amino acids (4-5). The extent of nonenzymatic glycation
either in vitro or in vivo is dependent upon the number of
potentially reactive amino groups on the protein that are
exposed to the solvent, the concentration of glucose in the
surrounding medium, and the life span of the protein.

Among the many proteins that undergo nonenzymatic
glycation, human hemoglobin (Hb)3 has received the most
thorough scrutiny (5-10). This protein undergoes continuous
modification during the red cell's 120-d lifespan (11), and is
-7.5% glycated (12, 13). The levels of glycated Hb are elevated

in diabetics, and reflect the degree of control of blood sugar
over the preceeding 120 d (14, 15). In contrast, human serum
albumin (HSA) has a half-life of 19 d (16) and in normal
individuals is - 7-12% glycated (17, 18). The levels of glycated
HSAare also elevated in diabetics (17).

Human lens crystallin has a much longer life span than
other proteins in the body. It is synthesized within the epithelial
cells on the anterior and equatorial surfaces of the ocular lens
which then divide, lose their nuclei and other organelles, and
elongate, forming the fiber cells. Approximately 90% of the

3. Abbreviations used in this paper: Hb, hemoglobin; HSA, human
serum albumin; Glc-Lys, glucitol-lysine; Glc-Val, glucitol-valine.
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soluble protein within the fiber cells is crystallin. The lens
grows throughout life, building up layer upon layer of fiber
cells around a central core, and never shedding the cells. The
cells at the center, or nucleus, of the lens are thought to be as
old as the organism itself. The proteins in the fiber cells do
not turn over (or do so exceedingly slowly), so that some
protein at the center of the lens is there for the lifetime of the
individual (19-21).

In the present study we have accurately quantified the
extent of nonenzymatic glycation of the long-lived lens crys-
tallin, have identified lysine as the favored residue for glycation,
and have examined the effects of aging and of diabetes mellitus.

Methods

27 human ocular lenses were obtained from the National Diabetic
Research Interchange (Philadelphia, PA) from 11 diabetic and 16
nondiabetic donors (aged 0.2-99 yr). The diagnosis of diabetes was
clearly established in the diabetic group. The lenses were decapsulated
and homogenized in 3.0 ml of 0.1 Mpotassium phosphate, pH 8.70.
The homogenates were stored at -20'C before analysis. Because the
lenses were received frozen, it was not possible to define the presence
and/or degree of cataract formation.

The frozen lens homogenates were thawed on ice, and an aliquot
from each specimen was centrifuged at 10,000 g for 20 min at 4VC.
The soluble protein fraction was transferred to another tube, and the
insoluble lens fraction was washed three times with ice-cold 0.1 M
potassium phosphate, pH 9.0, followed by centrifugation at 10,000 g
for 20 min. The protein concentration of each soluble and insoluble
sample was determined as described (22), using bovine serum albumin
(Sigma Chemical Co., St. Louis, MO) as a protein standard.

2 mg of each soluble and insoluble lens crystallin sample was
dissolved in 0.5 ml of 0.1 M potassium phosphate, pH 9.0, and
immersed in boiling water for 5 min to denature proteolytic enzymes.
The samples were made 10 M in urea (Pierce Sequanal grade) which
had been deionized by treatment with Rexyn 300 (Fisher Scientific
Co., Medford, MA) mixed-bed ion exchange resin, and then diluted
to 6 M in urea with a final potassium phosphate concentration of 0.1
M, pH 9.0. The protein samples were incubated for 24 h, 4VC, with a
100-fold molar excess of Na-3H-borohydride (New England Nuclear,
Boston, MA), originally 340 mCi/mmol, which had been diluted with
nonradioactive NaBH4 (Sigma Chemical Co.) to a specific radioactivity
of 100 mCi/mmol. A polypeptide chain molecular weight of 20,000
was assumed for the lens crystallin monomers (19-21). A sample
containing 1.0 mg of human Hb fraction Al, was also reacted with
3H-borohydride under the same conditions (molecular weight of Hb
A,, dimer equals 31,000). The Hb A,, had been prepared by BioRex
70 (Bio-Rad Laboratories, Richmond, CA) cation exchange chroma-
tography followed by Glyco-Gel B boronic acid affinity chromatography
(13). The specific reducing equivalence of the 3H-borohydride solution
was quantified by stoichiometric reduction of a molar excess of
nicotinamide adenine dinucleotide (NAD+, Sigma Chemical Co.) and
was monitored by absorbance at 340 nm (23). The 3H-NADH formed
was isolated by chromatography on DEAE-Sephadex (24), and the
specific activity was determined from analysis of its absorbance and
3H-radioactivity.

The borohydride reaction was stopped by acidification with 2 ml
of 2 M sodium acetate, pH 5.0. The samples were dialyzed versus

numerous changes of deionized water at 4°C for 3 d and lyophilized.
The Iyophilized 3H-borohydride-labeled protein samples were resus-
pended in 2.0 ml deionized water, and two 0. 1-ml aliquots were
removed from each sample for analysis of the protein concentration
(22). To the remainder of each protein sample was added 1.8 ml
Ultrex brand ultrapure concentrated HCI (J. T. Baker Chemical Co.,
Phillipsburg, NJ), and the samples were subjected to hydrolysis at
105°C for 24 h in vacuo, after which the hydrolysates were lyophilized.

The dried hydrolysates were resuspended in 5.0 ml deionized water
and passed through 0.2-,um filters. A small aliquot of filtrate was taken
for radioactivity analysis, and the remainder was subjected to boronic
acid affinity chromatography on 1 X 12-cm columns of Affi-Gel 601
(Bio-Rad Laboratories, Richmond, CA) essentially as described (13,
18, 25). The amino acids were applied in 0.25 Mammonium acetate,
pH 9.0, and the nonglycated amino acids were eluted from the column
in this buffer. The bound glycated amino acids were eluted with 0.5
Macetic acid. The columns were run at 11 ml/h at room temperature.
The glycated amino acid fractions from Affi-Gel 601 were dried under
nitrogen, and stored at -20°C.

The glycated amino acids were dissolved in 0.2 Mpyridine-acetate,
pH 3.1, and were pooled into the following fractions: experiment 1:
glycated amino acids from soluble nondiabetic crystallin; glycated
amino acids from insoluble nondiabetic crystallin; glycated amino
acids from diabetic soluble crystallin; and glycated amino acids from
diabetic insoluble crystallin; experiment 2: glycated amino acids from
soluble nondiabetic crystallin; and glycated amino acids from insoluble
nondiabetic crystallin. In experiment 2 the glycated amino acids from
the soluble and insoluble crystallin of one nondiabetic 99-yr-old donor
were not pooled with samples from the younger donors, but were
chromatographed individually. An aliquot from each pool was subjected
to Durrum DC-6A (Dionex, Sunnyvale, CA) high pressure cation
exchange chromatography as described (13, 18). The elution positions
of glucitol-valine (Glc-Val) and Glc-Lys were determined with the use
of radiolabeled standards that were prepared in this laboratory (13,
18). The structure of the Glc-Lys standard was verified by mass
spectrometry.

Results

The specific radioactivities of the hydrolysates of lens crystallin
samples are shown in Table I. An aliquot of each hydrolysate
was analyzed by Affi-Gel 601 boronate affinity chromatography
(Fig. 1). The percentage of 3H-radioactivity recovered from
each chromatographic run approached 100%. Unbound and
bound fractions from Affi-Gel 601 were dried under N2,
resuspended in starting buffer, and rechromatographed on this
affinity gel. For the unbound fraction, 95.9-100% of the
radioactivity remained unbound upon rechromatography (mean
= 98.8%, n = 4). For the bound fraction, 94.4-97.6% of the
radioactivity was again bound upon rechromatography (mean
= 96.2, n = 3).

In order to convert CPM/mg to nanomoles Glc-Lys per
nanomole lens protein, the following assumptions were made:
the average molecular weight of the lens crystallin polypeptides
is 20,000 (19-21); the ketone functions of glucosyl-valine in
Hb Al, and glucosyl-lysine in crystallin label with 3H-BH4
with equal efficiency. The reducing capacity of the unlabeled
borohydride was 98±2% as measured colorimetrically by the
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Table I. Glycated Amino Acid Content of Crystallin

Soluble or
Sample*

Ni
Ni

N2
N2

N3
N3

N4
N4

N5
N5

N6
N6

N7
N7

N8
N8

N9
N9

N1O
N1O

Nil
Nil

N12
N12

N13
N13

N14
N14

N15
N15

N16
N16

Dl
DI

D2
D2

D3
D3

D4
D4

Age and sex

0.2, M
0.2, M

18, F
18, F

19, M
19, M

20, F
20, F

21, F
21, F

22, M
22, M

56, M
56, M

66, M
66, M

68, F
68, F

69, M
69, M

70, F
70, F

71, F
71, F

73, F
73, F

76, F
76, F

83, F
83, F

99, M
99, M

52, M
52, M

52, M
52, M

57, M
57, M

66, M
66, M

insoluble Exp. #

2
2

2
2

2
2

2
2

2
2

2
2

2
2

I
S

I
S

I
S

I
S

S

S

S

I
S

I
S

I
S

S

S

S

I
S

I

S

I
S

I

S

I

Specific
radioactivity
(cpm/mg)t

106,000
138,000

174,000
129,000

199,000
138,000

191,000
135,000

158,000
98,700

83,400
134,000

60,600
53,000

75,900
41,900

66,900
60,800

88,300
63,600

70,700
80,500

122,000
109,000

73,200
76,400

122,000
71,000

106,000
74,100

129,000
129,000

65,700
67,600

127,000
78,500

175,000
130,000

144,000
133,000

Percentage of
radioactivity bound
to Affi-Gel 601

13.4
7.3

9.3
19.6

8.9
21.1

12.1
16.2

13.6
9.9

13.9
15.0

36.4
49.6

22.7
44.7

44.9
50.2

35.3
40.3

36.9
49.2

30.7
36.3

45.0
52.4

44.3
47.5

33.1
47.1

31.5
28.2

47.3
33.0

33.0
41.0

59.0
60.6

54.3
69.4

Nanomoles glucitol-
lysine per nanomole
crystallin monomer

0.016
0.009

0.018
0.023

0.020
0.026

0.026
0.020

0.024
0.009

0.013
0.018

0.023
0.026

0.018
0.018

0.032
0.030

0.033
0.025

0.028
0.039

0.040
0.039

0.035
0.040

0.057
0.033

0.038
0.034

0.047
0.037

0.039
0.028

0.053
0.040

0.130
0.100

0.100
0.116
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Table I. (Continued)

Specific Percentage of Nanomoles glucitol-
Soluble or radioactivity radioactivity bound lysine per nanomole

Sample* Age and sex insoluble Exp. # (cpm/mg)t to Affi-Gel 601 crystallin monomer

D5 68, M I 1 121,000 48.7 0.075
D5 68, M S 1 86,400 57.0 0.061

D6 69, M I 1 123,000 47.6 0.074
D6 69, M S 1 95,700 66.3 0.079

D7 70, F I 1 70,700 36.0 0.032
D7 70, F S 1 54,700 46.9 0.032

D8 71, F I 1 156,000 59.2 0.117
D8 71, F S 1 109,000 72.1 0.098

D9 73, F I 1 80,500 30.8 0.031
D9 73, F S 1 52,100 35.1 0.023

D1O 76, M I 1 85,400 51.9 0.055
D1O 76, M S 1 73,700 56.9 0.052

DlI 82,F I 1 151,000 57.5 0.111
DlI 82,F S 1 117,000 69.7 0.102

* The designation N indicates nondiabetic lens crystallin samples; D indicates diabetic samples. t The specific radioactivities of the lens crystal-
lin hydrolysates were determined in the following manner. The protein concentration of an aliquot of lens crystallin was determined before
hydrolyzing the sample in the same test tube. After hydrolysis and filtration, an aliquot was taken for radioactivity analysis. The specific radioac-
tivity of each sample represents the radioactivity of each hydrolysate divided by the protein concentration, in milligrams, of the original crystal-
lin sample.

reduction of NAD' to NADH. In contrast, the reducing
capacity of the 3H-labeled borohydride was only 60-70%
measured as the specific radioactivity of purified 3H-NADH.
These data indicate that the specific radioactivity of the 3H-
borohydride was lower than specified, possibly due to degra-
dation or hydrolysis of the 3H-borohydride during storage or
during the labeling reaction, contamination with other 3H-
labeled compounds, or to an isotope effect. For this reason we
used Hb Alc as an internal standard for the 3H-borohydride
reduction of lens crystallin. 1 mg Hb Aic contains 32.2 nmol
dimer and thus 32.2 nmol Glc-Val.

The specific radioactivities of the Hb Alc hydrolysates from
two BH4 reductions were 807,000 cpm/mg and 1,060,000
cpm/mg, respectively. When acid hydrolysates from the two
Hb Alc samples were analyzed by Affi-Gel 601 boronic acid
affinity chromatography, the adherence of radioactivity was 53
and 39%, respectively. Thus, the specific radioactivities of the
glycated amino acids in the Hb Alc hydrolysates were 426,000
cpm/mg and 418,000 cpm/mg. When the portion of each Hb
Al, hydrolysate which adhered to Affi-Gel 601 was subjected
to high pressure cation exchange chromatography on Durrum
DC-6A resin, 93.8 and 98.2% of the radioactivity was recovered,
and 80.6 and 84.6% of the counts eluted as Glc-Val (Fig. 2).
Thus the corrected specific radioactivity of the first sample of

Hb Alc was 426,000 cpm/mg X 0.806 or 340,000 cpm/mg;
the radioactivity due to Glc-Val was 10,700 cpm/nmol Glc-
Val. The corresponding value for the second sample of Hb
Al, was 11,000 cpm/nmol Glc-Val.

To help insure that the glycated amino acids were accessible
to 3H-BH4, we denatured and solubilized the crystallin samples
in 10 Murea, and then diluted this to 6 M in urea before the
borohydride reaction. In addition, the intra- and inter-chain
disulfide linkages in lens crystallin would be reduced to sulfhy-
dryl groups by the borohydride (26).

The fractions of the lens crystallin hydrolysates which
adhered to Affi-Gel 601 were also chromatographed on the
DC-6A cation exchange column (Fig. 3). Since there was not
enough radioactivity in each sample to individually chromato-
graph the samples on Durrum DC-6A, the samples were
pooled as indicated in Methods. In eight analyses, 89-103%
of the radioactivity was recovered (average equals 95.1±4.7%).
In four pooled samples of boronate-bound amino acids from
insoluble crystallin 62.6±3.9% of the recovered radioactivity
was Glc-Lys. The corresponding value for four pooled samples
of boronate-bound amino acids from soluble crystallin was
56.6±6.5%. As shown in Fig. 3, Glc-Lys was the major labeled
peak. A considerably smaller peak eluted in the column void
volume. The percentage of radioactivity in each pool which
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Figure 1. Boronic acid af-
finity chromatography of
an acid hydrolysate of 3H-
borohydride-reduced crys-
tallin on Affi-Gel 601. The
acid hydrolysates were ap-
plied to a I X 12-cm col-
umn of Affi-Gel 601 in
0.25 Mammonium acetate,
pH 9.0, and the nonadher-
ent amino acids were
eluted in this starting
buffer. The adherent frac-

', tion, which contained the
_%1~~ glycated amino acids, was
30 40 eluted with 0.5 Macetic

acid.
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Figure 3. Analysis of the
boronate-adherent amino
acids of a pooled sample of
the acid hydrolysates of 3H-
borohydride-reduced dia-
betic soluble crystallin. The
acid hydrolysates were indi-

2 vidually chromatographed
on Affi-Gel 601 before cat-
ion exchange chromatogra-
phy, and the adherent frac-
tions were pooled and
chromatographed on the
Durrum DC-6A column
using conditions as in Fig.
2. Of the 3H-radioactivity
applied to the column, 89%
was recovered.

eluted as Glc-Lys was multiplied times the specific radioactivity
of the lens crystallin hydrolysate which was boronate bound
to give the specific radioactivity, in CPMper milligram lens
hydrolysate due to Glc-Lys.

The specific radioactivities due to Glc-Lys for the crystallin
hydrolysates (cpm/mg) were multiplied by 0.02 to give cpm/
nmol lens crystallin due to GlIc-Lys. The values for cpm/nmol
due to Glc-Lys (in lens crystallin) were then divided by cpm/
nmol Glc-Val in Hb Al, (10,700 cpm/nmol in experiment 1
and 1 1,000 cpm/nmol Gic-Val in experiment 2). These values
for nmoles Glc-Lys per nanomole lens crystallin monomer are
shown in Table I. They range from 0.009-0.057 nmol Glc-
Lys per nanomole crystallin monomer in the normal lens
crystailin samples, and 0.023-0.130 nmol Glc-Lys per nanomole
diabetic lens crystallin monomer. In Fig. 4, nanomoles Glc-

Figure 2. Analysis of the
boronate-adherent amino

10- ,pgludw-Wine acids from an acid hydroly-
sate of 3H-borohydride-re-
duced Hb A,,. The acid
hydrolysate was first chro-
matographed on Affi-Gel
601, and the adherent
amino acids were chro-

5- matographed on a 0.9
X 20-cm column of Dur-
rum DC-6A cation ex-
change resin using a gra-

Glucitol-Lysine dient of 0.2 Mpyridinium
acetate, pH 3.1, to 1.5 M

o I_ pyridinium acetate, pH 5.0,
O50 ,00 150 at 55°C and 67 ml/h. The0 0 100 150

FRAC/ NUMBER elution positions at Glc-Lys
and Glc-Val were deter-

mined by chromatographing synthetic standards that were prepared
in this laboratory. Of the 3H-radioactivity that was applied to the
column, 98% was recovered.

Lys/nmol lens crystallin monomer is plotted versus lens age.
For soluble plus insoluble lens crystallin from normal individ-
uals there is a positive slope (Y = 0.00029X + 0.0130) with a
correlation coefficient of 0.77, which indicates that the content
of Glc-Lys in lens crystallin increases with age. There was no
significant difference in Glc-Lys content between soluble and
insoluble crystallin samples. The Glc-Lys content of diabetic
samples was approximately twofold higher than that of age-

0.1

0OC

20 40 60
AGE, Yers

80 100

Figure 4. Content of Glc-Lys in crystallin samples versus age of the
lens. The content of GIc-Lys in crystallin hydrolysates, as nanomoles
Glc-Lys per nanomole crystallin monomer, is plotted vs. age (in
years) of each lens. A molecular weight of 20,000 was assumed for

the crystallin monomer in order to make the calculations. Linear

regression analysis was performed on all four sets of samples. The

line that is drawn represents linear regression analysis of hydrolysates
from soluble and insoluble crystallin from normal lenses. The for-

mula that describes this line is F(X) = 0.00029X + 0.013, with a

coefficient of correlation equal to 0.766. The formula for just the

soluble samples is F(X) = 0.00027X + 0.013, with r = 0.790. The

formula for insoluble samples only is F(X) = 0.0003 1X + 0.013,
r= 0.751.
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matched groups of normal samples. In contrast to the normal
samples, we found no significant correlation between the Glc-
Lys content of diabetic samples with age (r = 0.178).

Discussion

Because of its remarkable longevity, human lens crystallin
undergoes a number of age-related, post-translational modifi-
cations in vivo (19-21). Among these are formation of disulfide
bonds and other covalent crosslinks; accumulation of high
molecular weight aggregates; deamidation of asparagine and
glutamine residues; racemization of aspartic acid residues;
partial proteolysis of polypeptide chains at characteristic sites;
photo-oxidation of tryptophan; and nonenzymatic glycation
of lysine (19-21, 27). Some of these post-translational events
contribute to the increasing amount of insoluble lens crystallin
during aging. In human lenses over 60 yr of age, 40-55% of
the crystallin is in the insoluble fraction (19-21, 28).

Our study provides an unambiguous demonstration of
nonenzymatic glycation of human lens crystallins and permits
accurate quantitation of the extent of this modification as
affected by aging and diabetes. Previous analyses of human
(29) and rat (30) lens crystallins were hampered by inadequate
resolution of glycated amino acids and lack of stoichiometric
quantitation. Among the nondiabetic samples that we analyzed,
the average amount of glycation was 0.028 nmol Glc-Lys per
nanomole crystallin monomer. According to linear regression
analysis in Fig. 4, the content of crystallin monomers containing
Glc-Lys increases from 1.3% in an infant to 2.7% at 50 yr of
age, and to 4.2% at 100 yr of age. An age dependent increase
in nonenzymatic glycation has also been demonstrated in
human skin collagen (31), which is another protein that turns
over very slowly.

The amount of glycation of crystallin from diabetic lenses
was twofold higher than that of normals. Qualitative data have
been reported previously for diabetic human (29, 32, 33) and
rat (30) crystallins. In the present study, the content of
glucosyl-lysine in diabetic lenses ranged from 2.3-13.0% of
crystallin monomers and average 7.0%. That a number of
diabetics had unexpectedly high levels of glycated crystallin
(four times age matched controls) may reflect alteration in the
folding of the protein which leads to enhanced exposure of
lysine residues to glucose.

There is no correlation between Glc-Lys content and lens
age for the diabetic samples. This is not surprising, in view of
the fact that the patients have had diabetes for varying lengths
of time, and have had varying levels of control of blood sugar.
The inability to detect an age effect of glycation in the diabetic
lens crystallin may also be due to a relatively small age range
(52-82 y) in our study.

Human crystallin accumulates during the lifetime of the
individual, and yet contains only 2.7% Glc-Lys after 50 yr of
glucose exposure. In contrast, HSAhas a half-life of circulation
of 19 d (16) and is 7-12% glycated (17, 18), while human Hb

has a lifespan of 120 d and is 7.5% glycated (12, 13). This
very low rate of glycation can be viewed as molecular adap-
tation. If crystallin had lysine residues as reactive as those of
Hb or albumin they would be fully glycated, with probable
adverse functional consequences.

A number of factors may contribute to the remarkably
slow rate of nonenzymatic glycation of crystallin. Like the red
cell, the ocular lens does not require insulin for the inward
transport of glucose. The interior of the lens has a glucose
concentration of 1 mMin normal individuals (34) which is
approximately one-sixth that of the blood plasma or inside the
red cell (35). Whereas human Hb and serum albumin are
globular proteins that contain a high content of alpha helical
structure, the lens crystallins contain almost no alpha helix
but have a high content of beta pleated sheet structure (36-
42). Human Hb and serum albumin are free to rotate in their
respective fluid media, while evidence from Raman spectros-
copy suggests that crystallin may be packed in a more structured
array, with the (3-sheets oriented orthogonal to the lens optic
axis, and thus lacking free rotational or translational movement
(43). Therefore, the tightness of packing and the constraint
placed on its movement may make crystallin less available for
nonenzymatic glycation. A third factor that lowers the rate of
nonenzymatic glycation of crystallins is the fact that the lysine
content of alpha, beta, and gamma crystallins is lower than
that of either human Hb or HSA (19, 44-49). Gamma
crystallin contains 1.2% lysine (two lysine residues per 165
total amino acids) (47), the a crystallin A and B chains have
4.1 and 5.7% lysine (44, 45), and the crystallin (3-chain has
6.4% lysine (46). In contrast, human Hb has 7.6% lysine (48),
and HSA is 10.1% lysine (49). Furthermore, in glycation of
Hb and albumin, certain lysine residues are favored over
others (18, 50). Hemoglobin fl-Lys-66 and a-Lys-6 1, and
serum albumin Lys-525, which are the principal lysine residues
modified, are all the second or carboxyl lysines of Lys-Lys
pairs. The sites of nonenzymatic glycation of crystallin chains
are not yet known. However, the B subunit of a crystallin has
one Lys-Lys pair at the -COOHterminus (45), while the a-
crystallin A chain lacks a Lys-Lys pair (44). While the human
beta and gamma crystallin chains have not been sequenced,
the bovine gammachain lacks a Lys-Lys pair (47), while the
bovine beta chain has one Lys-Lys pair near the middle of the
molecule (46).

In the nondiabetic and diabetic samples, the Glc-Lys
content is approximately the same in soluble and insoluble
lens protein fractions. This finding is consistent with that of
Pande et al. (29), who used 3H-borohydride reduction to show
no difference in ketoamine-linked hexose in soluble and insol-
uble protein fractions from normal human lenses, as well as
from senile cataractous lenses with varying degrees of opacity.
These findings are in contrast to human skin collagen in which
more ketoamine-linked glucose is bound to the insoluble than
the soluble protein fraction (31).

It is unknown at present how or if nonenzymatic glycation
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contributes to senile or diabetic cataract formation. Perhaps
the development of senile or diabetic cataracts is not dependent
upon the accumulation of ketoamine-linked glucose residues,
but may depend in part upon glycation-induced cross-links.
Monnier and Cerami (5 1) have incubated bovine lens crystallin
for 10 mo with either glucose or glucose-6-phosphate under
physiological conditions and have produced covalently cross-
linked crystallin which contains fluorescent yellow-brown pig-
ments. The fluorescence spectrum of these glycated samples
matched that of digests of human cataractous lens crystallin
(51). These non-disulfide bonded cross-links are thought to be
due to mellanoidins, which are yellow-brown and probably
result from the condensation of protein amino groups with
reactive carbonyl compounds from products of the Maillard
reaction scheme (51, 52). In a simpler model system, ribonu-
clease A was found to polymerize when incubated with glucose
in vitro (53). The polymerization was caused by the conden-
sation of a glycated amino acid on the RNase molecule with
a free amino group on the other.

In order to properly quantify the entire amount of non-
enzymatic glycation of human lens crystallin, the Maillard
products will first have to be isolated, identified, and quantified.
Because of its extreme longevity in vivo, crystallin is an ideal
protein with which to investigate the formation of Maillard
products in vivo.

Acknowledgments

This work was supported by National Institutes of Health grant AM-
18223 and by the Howard Hughes Medical Institute.

References

1. Nomenclature Committee of IUB (NC-IUB), IUB-IUPAC Joint
Commission on Biochemical Nomenclature (JCBN). 1984. Newsletter,
1984, International Union of Biochemistry (IUB), International Union
of Pure and Applied Chemistry (TUPAC). Hoppe-Seyler's Z. Physiol.
Chem. 365:I-V.

2. Gottschalk, A. 1972. Interactions between reducing sugars and
amino acids under neutral and acidic conditions. Glycoproteins. Part
A. A. Gottschalk, editor. Elsevier Press, New York. 141-157.

3. Bunn, H. F., K. H. Gabbay, and P. M. Gallop. 1978. The
glycosylation of hemoglobin: relevance to diabetes mellitus. Science
(Wash. DC). 200:21-27.

4. Feeney, R. E., and J. R. Whittaker. 1982. The Maillard reaction
and its prevention. John P. Cherry, editor. ACS Symposium Series
No. 206, Food Protein Deterioration: Mechanisms and Functionality.
201-229.

5. Monnier, V. M., and A. Cerami. 1982. Non-enzymatic glyco-
sylation and browning of proteins in diabetes. Clin. Endocrinol. Metab.
11:431-452.

6. Holmquist, W. R., and W. A. Schroeder. 1966. A new N-
terminal blocking group involving a Schiff base in hemoglobin Alc.
Biochemistry. 5:2489-2503.

7. Bookchin, R. M., and P. M. Gallop. 1968. Structure of hemoglobin
Al,: nature of the N-terminal ( chain blocking group. Biochem.
Biophys. Res. Commun. 32:86-93.

8. Bunn, H. F., D. N. Haney, K. H. Gabbay, and P. M. Gallop.
1975. Further identification of the nature and linkage of the carbohydrate
in hemoglobin Alc. Biochem. Biophys. Res. Commun. 67:103-109.

9. Fluckiger, R., and K. H. Winterhalter. 1976. In vitro synthesis
of Hb Ak¢. FEBS (Fed. Eur. Biochem. Soc.) Lett. 71:356-360.

10. Koenig, R. J., S. H. Blobstein, and A. Cerami. 1977. Structure
of the carbohydrate of hemoglobin Alc: J. Biol. Chem. 252:2992-
2997.

11. Bunn, H. F., D. N. Haney, S. JKamin, K. H. Gabbay, and
P. M. Gallop. 1976. The biosynthesis of human hemoglobin Alc; slow
glycosylation of hemoglobin in vivo. J. Clin. Invest. 57:1652-1659.

12. Mallia, A. K., G. T. Hermanson, R. I. Krohn, E. K. Fujimoto,
and P. K. Smith. 1981. Preparation and use of a boronic acid affinity
support for separation and quantitation of glycosylated hemoglobins.
Anal. Lett. 14:648-661.

13. Garlick, R. L., J. S. Mazer, P. J. Higgins, and H. F. Bunn.
1983. Characterization of glycosylated hemoglobins: relevance to mon-
itoring of diabetic control and analysis of other proteins. J. Clin. Invest.
71:1062-1072.

14. Koenig, R. J., C. M. Peterson, R. L. Jones, C. Saudek, M.
Lehrman, and A. Cerami. 1976. Correlation of glucose regulation and
hemoglobin Alc in diabetes mellitus. N. Engl. J. Med. 295:417-420.

15. Gabbay, K. H., K. Hasty, J. L. Breslow, R. C. Ellison, H. F.
Bunn, and P. M. Gallop. 1977. Glycosylated hemoglobin and long-
term blood glucose control in diabetes mellitus. J. Clin. Endocrinol.
Metab. 44:859-864.

16. Peters, T., Jr. 1975. Serum albumin. In The Plasma Proteins.
Vol. 1. R. W. Putnam, editor. Academic Press Inc., New York. 133-
181.

i7. Guthrow, C. E., M. A. Morris, J. F. Day, S. R. Thorpe, and
J. W. Baynes. 1979. Enhanced nonenzymatic glucosylation of human
serum albumin in diabetes mellitus. Proc. Natl. Acad. Sci. USA.
76:4258-4261.

18. Garlick, R. L., and J. S. Mazer. 1983. The principal site of
nonenzymatic glycosylation of human serum albumin in vivo. J. Biol.
Chem. 258:6142-6146.

19. Harding, J. J., and K. J. Dilley. 1976. Structural proteins of
the mammalian lens: a review with emphasis on changes in development,
aging and cataract. Exp. Eye Res. 22:1-73.

20. Bloemendal, H. 1977. The vertebrate eye lens. Science (Wash.
DC). 197:127-138.

21. Hoenders, H. J., and H. Bloemendal. 1983. Lens protein and
aging. J. Gerontol. 38:278-286.

22. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall.
1951. Protein measurement with Folin phenol reagent. J. Biol. Chem.
193:265-275.

23. Werner, D. A., C. C. Huang, and D. Aminoff. 1973. Micro
method for determination of borohydride with NAD+. Anal. Biochem.
54:554-560.

24. Wu, L. N. Y., S. R. Earle, and R. R. Fisher. 1981. Bovin
heart mitochondrial transhydrogenase catalyzes an exchange reaction
between NADHand NAD+. J. Biol. Chem. 256:7401-7408.

25. Brownlee, M., H. Vlassara, and A. Cerami. 1980. Measurement
of glycosylated amino acids and peptides from urine of diabetic patients
using affinity chromatography. Diabetes. 29:1044-1047.

26. Brown, W. D. 1960. Reduction of protein disulfides by sodium
borohydride. Biochim. Biophys. Acta. 44:365-367.

27. Chiou, S.-H., L. T. Chylack, Jr., W. H. Tung, and H. F. Bunn.

1748 R. L. Garlick, J. S. Mazer, L. T. Chylack, Jr., W. H. Tung, and H. F. Bunn



1981. Nonenzymatic glycosylation of bovine lens crystallins. J. Biol.
Chem. 256:5176-5180.

28. van Kamp, G. J., and H. J. Hoenders. 1973. The distribution
of the soluble proteins in the calf lens. Exp. Eye Res. 17:417-426.

29. Pande, A., W. H. Garner, and A. Spector. 1979. Glycosylation
of human lens protein and cataractogenesis. Biochem. Biophys. Res.
Commun. 89:1260-1266.

30. Stevens, V. J., C. A. Rouzer, V. M. Monnier, and A. Cerami.
1978. Diabetic cataract formation: potential role of glycosylation of
lens crystallin. Proc. Natl. Acad. Sci. USA. 75:2918-2922.

31. Schnider, S. L., and R. R. Kohn. 1981. Effects of age and
diabetes mellitus on the solubility and nonenzymatic glucosylation of
human skin collagen. J. Clin. Invest. 67:1630-1635.

32. Ansari, N. H., Y. C. Awasthi, and S. K. Srivastava. 1980. Role
of glycosylation in protein disulfide formation and cataractogenesis.
Exp. Eye Res. 31:9-19.

33. Kasai, K., T. Nakamura, N. Kase, T. Hiraoka, R. Suzuki, F.
Kogure, and S.-I. Shimoda. 1983. Increased glycosylation of proteins
from cataractous lenses in diabetes. Diabetologia. 25:36-38.

34. Cotlier, E. 1981. The lens. In Adler's Physiology of the Eye,
Clinical Applications. R. A. Moses, editor. 7th ed. C. V. Mosby, St.
Louis. 277-303.

35. Berlin, N., and P. Berk. 1975. The biological life of the red
cell. In The Red Cell. D. M. Surgenor, editor. Academic Press, Inc.,
New York. 958-1020.

36. Li, L.-K., and A. Spector. 1967. The optical rotatory dispersion
and circular dichroism of calf lens a-crystallin. J. Biol. Chem. 242:3234-
3244.

37. Li, L.-K., and A. Spector. 1974. Physical and chemical changes
in alpha crystallin during maturation of lens fibers. Exp. Eye Res.
18:383-393.

38. Li, L.-K., and A. Spector. 1974. Circular dichroism and optical
rotatory dispersion of the aggregate of purified polypeptides of alpha
crystallin. Exp. Eye Res. 19:49-57.

39. Horwitz, J., I. Kabasawa, and J. H. Kinoshita. 1977. Confor-
mation of gamma-crystallins of the calf lens: effects of temperature
and denaturing agents. Exp. Eye Res. 25:199-208.

40. Chiou, S.-H., P. Azari, M. E. Himmel, and P. G. Squire. 1979.
Isolation and physical characterization of bovine lens crystallins. Int.
J. Pept. Protein Res. 13:409-417.

41. Liang, J. N., and B. Chakrabarti. 1982. Spectroscopic investi-
gations of bovine lens crystallins. 1. Circular dichroism and intrinsic
fluorescence. Biochemistry. 21:1847-1852.

42. Siezen, R. J., and P. Argos. 1983. Structural homology of lens
crystallins. III. Secondary structure estimation from circular dichroism
and prediction from amino acid sequence. Biochim. Biophys. Acta.
748:56-67.

43. Schachar, R. A., and S. A. Solin. 1975. The microscopic
protein structure of the lens with a theory for cataract formation as
determined by Raman Spectroscopy of intact bovine lenses. Invest.
Ophthalmol. 14:380-396.

44. De Jong, W. W., E. C. Terwindt, and H. Bloemendal. 1975.
The amino acid sequence of the A chain of human a-crystallin. FEBS
Let. 58:310-313.

45. Kramps, J. A., DeMan, B. M., and W. W. DeJong. 1977. The
primary structure of the B2 chain of human a-crystallin. FEBS (Fed.
Eur. Biochem. Soc) Lett. 74:82-84.

46. Driessen, H. P. C., P. Herbrink, H. Bloemendal, and W. W.
De Jong. 1981. Primary structure of the bovine fl-crystallin Bp chain.
Internal duplication and homology with y-crystallin. Eur. J. Biochem.
121:83-91.

47. Croft, L. R. 1972. The amino acid sequence of y-crystallin
(Fraction II) from calf lens. Biochem. J. 128:961-970.

48. Braunitzer, G., R. Gehring-Muller, N. Hilschmann, K. Hilse,
G. Hobom, V. Rudloff, and B. Wittmann-Liebold. 1961. Structure of
normal adult human hemoglobins. Z. Phys. Chem. 325:283-286.

49. Behrens, P. Q., A. M. Spiekerman, and J. R. Brown. 1975.
Structure of human serum albumin. Fed. Proc. 34:591.

50. Shapiro, R., M. J. McManus, C. Zalut, and H. F. Bunn. 1980.
Sites of nonenzymatic glycosylation of human hemoglobin A. J. Biol.
Chem. 255:3120-3127.

51. Monnier, V. M., and A. Cerami. 1981. Nonenzymatic browning
in vivo: possible process for aging of long-lived proteins. Science
(Wash. DC). 211:491-493.

52. Monnier, V. M., and A. Cerami. 1982. Nonenzymatic glyco-
sylation and browning in diabetes and aging. Studies on lens proteins.
Diabetes 31(Supp. 3):57-63.

53. Eble, A. S., S. R. Thorpe, and J. W. Baynes. 1983. Nonenzymatic
glucosylation and glucose-dependent cross-linking of protein. J. Biol.
Chem. 258:9406-9412.

1749 Nonenzymatic Glycation of Crystallin


