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Crossline is one of the major advanced glycation end products resulting the reaction mixture of free
amino group(s) such as e-one in lysine with D-glucose in vitro. To study crossline formation on proteins
in vitro and in vivo, polyclonal antiserum to the crossline hapten was prepared. This antiserum reacted with
bovine and human serum albumin that had been modified by prolonged incubation with glucose as well as
with crossline itself. Antisera did not react with unmodified serum albumin or the other Maillard-related
compounds. Crossline was formed in a time-dependent manner when a mixture of six different proteins
was incubated with glucose at pH 7.2 or 9.0. Crossline levels could be measured in rat lens proteins and
the levels increased with age. The crossline content of lens proteins in diabetic rats was more than two-
fold higher than that of age-matched controls. Results of this study suggest that most proteins containing
advanced glycation end products have crossline-like structures. Measurement of crossline-like structures in
biological specimens may provide an index of aging and of the development of diabetic complications.
q 1996 Academic Press, Inc.

Incubating proteins with reducing sugars such as glucose leads, through the early products
such as Schiff’s bases and Amadori adducts, to advanced glycation end products (AGEs) with
fluorescence, brown color and cross-linking (1, 2). The characteristic fluorescence of AGEs
(Ex 370/Em 440 nm) has been widely used as an indicator of the level of AGE-modified
proteins. However, the structure of AGE fluorophores is unknown. The first putative fluorescent
AGE, 2-(2-furoyl)-4(5)-(2-furanyl)-1H-imidazole (FFI) (3) proved to be an artifact (4, 5). To
date, the characterized fluorophores proven to be both a crosslink and an AGE are limited
such as pentosidine (6) and crossline (7). However, the fluorescence spectrum of pentosidine
(Ex 335/Em 385 nm) is substantially different from that of AGE-proteins in vivo. Crossline
(Ex 379/Em 463 nm) is the first AGE-candidates having fluorescence characteristic similar to
in vivo products. In the present study, formation of crossline-like structures in vitro and in
vivo were investigated using specific antibodies to the crossline hapten.

MATERIALS AND METHODS
Reagents. Bovine serum albumin (BSA), human serum albumin (HSA) and keyhole limpet hemocyanin (KLH)

were purchased from Sigma (St. Louis, MO). A low molecular weight protein calibration (LMW) kit was purchased

1 To whom correspondence should be addressed. Fax. 81-75-252-3721.
Abbreviations: AGE(s), advanced glycation end product(s); BSA, bovine serum albumin; HSA, human serum

albumin; KLH, keyhole limpet hemocyanin; HPO, horseradish peroxidase; STZ, streptozotosin; PBS, phosphate
buffered saline; ELISA, enzyme-linked immunosorbent assay; PAGE, polyacrylamide gel electrophoresis.
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from Pharmacia (Uppsala, Sweden). Horseradish peroxidase (HPO)-conjugated anti-rabbit IgG was purchased from
Bio-Rad (Richmond, CA). N-acetyllysine crossline was prepared as reported previously (7), pentosidine was prepared
according to Shell and Monnier (6), caproylpyrraline was prepared according to Hayase et al. (8), calboxymethyllysine
was prepared according to Dunn et al. (9) and N-Boc-hexitoyllysine was prepared according to Njoroge et al. (5).

Preparation of AGE-proteins. AGE-BSA and AGE-HSA were prepared by incubating BSA or HSA (50 mg/ml)
with 0.5 M glucose in 0.2 M sodium phosphate buffer (pH 7.4) at 37 7C for 90 days under sterile conditions followed
by exhaustive dialysis against deionized water. For in vitro time-course studies, one LMW vial was dissolved in 100
ml of 0.2 M sodium phosphate buffer (pH 5.0, 7.2 or 9.0) with or without 0.5 M glucose. Each sample was incubated
at 37 7C under sterile conditions for 2, 4, 8 or 10 weeks and assayed by Western blot and ELISA.

Animals and preparation of lens proteins. Maile Wister rats aged 8 weeks were made diabetic by i.v. injection of
streptozotocin (STZ: 60 mg/kg; Upjohn, Kalamazo, MI) in citrate buffer (pH 4.5). Animals with blood glucose ú19.4
mmol/L at one week after injection were selected and killed at 12 or 20 weeks of age. Ten day-old rats and non-
diabetic age-matched rats were used as controls. The lens was decapsulated and homogenized in 1.0 ml of phosphate
buffered saline (PBS; pH 7.4) and centrifuged at 10,000 1g for 20 min at 4 7C. The supernatant was used for assays.
The protein concentration was determined by BCA protein assay (Pierce, Rockford, IL).

Preparation of anti-crossline antiserum. A one-to-one mixture (total 10 mg) of two N-acetyllysine-derived crossline
epimers was conjugated with KLH (20 mg) by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (67
mg; Kishida Chemical, Tokyo, Japan) in dimethyl formamide (3 ml; Wako Chemical, Osaka, Japan) and PBS (5 ml).
After stirring at 4 7C overnight, the mixture was dialyzed in PBS and diluted to 15 ml with saline. An aliquot of the
solution was mixed with the same volume of complete Freund’s adjuvant and one third of the resulting emulsion was
inoculated subcutaneously into each of three rabbits. The animals were boosted 14 days later with a one-to-one
emulsion of antigen solution with incomplete Freund’s adjuvant. After eight such boosters at 14 days intervals,
antiserum was obtained.

Coupling of e-aminocaproate-derived crossline to BSA. e-aminocaproate crossline was purified from the reaction
mixture resulting from incubation of glucose with e-aminocaproate (Wako Chemical) at 37 7C for 4 weeks in sodium
phosphate buffer (pH 7.4). e-aminocaproate crossline (4.0 mg) and N-hydroxysulfosuccinimide (Pierce) were dissolved
in 2.0 ml of ice cold water. To this solution was added 2.3 mg of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride. After 30 min at 0 7C, BSA (50 mg) was added and stirred at room temperature for 18 h. The resulting
solution was dialyzed against two liters of water for 24 h. Final concentration of BSA was quantitated to 8.5 mg/ml
by BCA protein assay. Coupled e-aminocaproate crossline was quantitated to 417 mg/ml using specific fluorescence
(Ex 380/Em 460 nm). Approximately 6.2 moles of e-aminocaproate crossline was incorporated onto 1 mole of BSA.

ELISA. Assay of crossline, ligand inhibition testing with various Maillard-related compounds and quantitation of
crossline-bound protein were performed by competitive ELISA using 96-well ELISA plate at room temperature. Each
well was coated with 100 ml of 10 mg/ml crossline-coupled BSA and blocked with 4% milk protein (Dai-Nippon
Pharmaceutical, Osaka, Japan). After washing with PBS containing 0.02% Tween 20 (buffer A), to each well was
added 50 ml of sample and 50 ml of anti-crossline antiserum diluted with 0.4% milk protein (final dilution, 1/2000)
and the plate was incubated for 2 h. After washing with buffer A, 100 ml of HPO-conjugated anti-rabbit IgG (1:2000)
was added to each well and the plate was incubated for 2 h. Plates were washed 5 times with buffer A and incubated
with 100 ml of 0.04% o-phenylendiamine dihydrochloride (Wako Chemical) and 0.006% H2O2 in phosphate-citrate
buffer (pH 5.0) as the enzyme substrate. The reaction was stopped by addition of 100 ml of 1M H2SO4 and the color
reaction was read at 492 nm with an ELISA plate reader (Titertec Maltiskan MCC).

SDS-PAGE and Western blot. SDS-PAGE was performed according to the procedure of Laemmli on 4-20% gradient
slab gels (10). One of each set of duplicate gels was stained for protein with Commassie blue and the other was
electrophoretically transferred to a nitrocellulose membrane for immunoblotting according to the procedure of Towbin
et al. (11). After transfer, membranes were blocked by incubating for 1 h in 4% milk protein at room temperature.
After washing for 5 min with buffer A, membranes were incubated for 2 h in anti-crossline antiserum (1:500) at room
temperature, washed with buffer A, incubated in HPO-conjugated anti-rabbit IgG (1:1000) for 2 h at room temperature,
and washed with buffer A. The reaction products were visualized using 4-chloro-1-naphthol (4-CN; Wako Chemical)
substrate (0.05% 4-CN and 0.01% H2O2 in PBS, pH 7.4).

RESULTS AND DISCUSSION

Characterization of anti-crossline antiserum. The immunoreaction of anti-crossline antibod-
ies with crossline-coupled BSA in the competitive ELISA was inhibited by crossline, AGE-
BSA and AGE-HSA but not by unmodified serum albumins or Maillard-related compounds
such as pentosidine, caproylpyrraline, carboxymethyllysine or N-Boc-hexitoyllysine (Fig. 1).
Such immunoreactivity was also observed in immunoblot analysis (Fig. 2). In addition, treat-
ment of AGE-BSA with NaBH4 (30 min at 37 7C) had no effect on the immunoreactivity
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FIG. 1. ELISA inhibition curves. (A): l, Crossline-coupled BSA; j, AGE-BSA; m, AGE-HSA; h, BSA; n,
HSA. (B): Maillard compounds: l, N-acethyllysine crossline; s, e-aminocaproate crossline; j, N-Boc-hexitoyllysine;
h, pentosidine; m, caproylpyrraline; n, carboxylmethyllysine.

(data not shown). These results indicated that the antiserum was specific to the crossline hapten
and that AGE-proteins formed in vitro indeed contain crossline-like structure(s).

Time course of crossline formation. SDS-PAGE analysis (Fig. 2A) revealed shifts lower
apparent molecular weights and broadening of the protein-staining bands over time in the

FIG. 2. SDS-PAGE profile (A) and Western blot analysis with anti-crossline (B). Sample proteins incubated with
(/) or without (0) glucose for the number of weeks indicated.

39

AID BBRC 5301 / 6908$$$362 08-16-96 11:32:33 bbrcas AP: BBRC



Vol. 226, No. 1, 1996 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

FIG. 3. The effect of pH on crossline formation by competitive ELISA.

absence of glucose. Incubation in the presence of glucose, shifted each protein to a higher
molecular weight, suggesting that carbohydrate was bound to the proteins. Western blot analy-
sis(Fig. 2B) revealed immunostaining-bands for all proteins except phosphorylase b by two
weeks although the intensity of staining was different for each protein. This result suggested
that crossline structures form at different rates in different proteins. We next studied effect of
pH on the formation of crossline. As shown in Fig. 3, crossline increased in a time-dependent
manner at pH 7.2 and 9.0. At pH 5.0, crossline rapidly increased, reached to a maximum at the
second week and gradually decreased thereafter. The sensitivity to pH suggests that crossline
structures may degrade or change conformation after incubation for long periods at acidic pH.

Crossline in rat lens proteins. Crossline was detected in preparation of rat lens proteins as
measured by competitive ELISA (Fig. 4). The levels of crossline increased significantly with
age and with the presence and duration of diabetes. At both 12 weeks and 20 weeks of age,
the mean crossline content of lens protein preparations from diabetic rats wasú2.3-fold higher
than preparation from age-matched control rat.

Elevation and accumulation of AGEs in vivo play a central role in the pathogenesis of
diabetic complications (1, 12-14). For determination of AGEs, fluorescence measurement at
Ex 370/Em 440 nm and the immunological detection by antibodies to AGE-modified proteins
have been used (15-17). However, the chemical structures of most natural fluorophores and
of the epitope(s) recognized by anti-AGE antisera remain unclear. The fluorescence spectrum
crossline (Ex 379/Em 463 nm) resemble that of the protein fluorophores existing in vivo (Ex
370/Em 440 nm). However, crossline is too acid-labile for direct isolation from hydrolyzed
tissue. In the previous paper, we have shown immunohistochemically that crossline-like struc-
ture accumulates in renal tissues of rats with diabetic nephropathy (18). However, quantitative
evaluation have been required in order to analys the importance of crossline in vivo. In this
study, use of specific antibodies to the crossline haptens provide evidence that most AGE-
modified proteins contain crossline-like structure(s). The in vivo formation of crossline in-
creased with age and the concentration of crossline was increased in diabetes. Measurement
of crossline-like structures in biological specimens may provide an index of aging and of the
development of diabetic complications.
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FIG. 4. Crossline in rat lens proteins measured by competitive ELISA. Nondiabetic control rats: j, aged 10 days
(nÅ2); l, aged 12 weeks (nÅ5); m, aged 20 weeks (nÅ5). Diabetic rat (STZ injection at 8 weeks of age): s, aged
12 weeks (nÅ5); n, aged 20 weeks (nÅ5). Horizontal bars indicate mean levels in each group. P values for comparisons
were determined by unpaired Student’s t-test.
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