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Carnosine inhibits modifications and decreased molecular
chaperone activity of lens α-crystallin induced by ribose and
fructose 6-phosphate
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Purpose: α-Crystallin, a major structural protein in the lens, prevents heat- and oxidative stress-induced aggregation of
proteins and inactivation of enzymes by acting as a molecular chaperone. Modification of α-crystallin by some posttranslational modifications results in conformational changes and decreases in chaperone activity, which may contribute to
cataractogenesis in vivo. Carnosine (β-alanyl-L-histidine), an endogenous histidine dipeptide, prevents protein modifications including glycation and oxidation. The purpose of this study was to further explore whether carnosine can protect αcrystallin against glycation by a sugar and a sugar phosphate, and in particular to find whether it can protect against its
decreased chaperone activity. Additionally, we investigated whether carnosine could directly react with a sugar and a
sugar phosphate.
Methods: Bovine lens αL-crystallin was separated by size-exclusion chromatography on a Sephacryl S-300 HR column.
αL-crystallin was incubated with different concentrations of fructose 6-phosphate (F6P) and ribose with or without carnosine for different times. The chaperone activity of αL-crystallin was monitored using the prevention of thermal aggregation of βL-crystallin. The modified αL-crystallin was examined by SDS-PAGE and fluorescence measurements. The
absorbance spectra of solutions of carnosine and sugars were investigated.
Results: Carnosine inhibited the crosslinking of αL-crystallin induced by F6P and ribose in a dose- and time-dependent
manner. It protected αL-crystallin against its decreased chaperone activity induced by 100 mM F6P during four days
incubation, but not against ribose-induced change. Control αL-crystallin gave 96% protection against aggregation of βLcrystallin after four days incubation, but only 85% protection was achieved in the presence of F6P, rising to 96% (p=0.0004)
in the presence of carnosine. After more extensive modification by sugar and a sugar phosphate, there was no significant
protective effect of carnosine on αL-crystallin cross-linking or chaperone activity. The tryptophan fluorescence of modified αL-crystallin was remarkably decreased in the presence of F6P and ribose. However, the decrease was less when 50
mM carnosine was present during eight days incubation with F6P. Carnosine did not maintain the fluorescence when
ribose was used. The nontryptophan fluorescence was increased with a shift to longer wavelengths in a time-dependent
manner. Carnosine readily reacted with F6P and ribose thereby inhibiting glycation-mediated protein modification as
revealed electrophoretically. The increased absorbance was time-dependent, suggesting adducts may be formed between
F6P, ribose, and carnosine.
Conclusions: This is the first report showing that carnosine can protect the chaperone activity of α-crystallin. This chaperone may protect against cataractous changes. In addition to demonstrating the effects of carnosine on prevention
crosslinking, our studies also bring out important evidence that carnosine reacts with F6P and ribose, which suggests
carnosine’s potential as a possible nontoxic modulator of diabetic complications.

α-Crystallin, a major structural protein in the lens, has a
chaperone-like function, binding unfolding lens proteins and
protecting various proteins against aggregation induced by
heating, chaotropic agents, reduction, and chemical modification [1-3]. Even at low concentrations it also provides full
protection against modification-induced inactivation of several enzymes [2,4]. The role of α-crystallin as a molecular
chaperone may explain how the lens stays transparent for so
long. Furthermore, α-crystallin is not exclusively a lens protein but it is found outside the lens, having an extensive tissue

distribution, which may have a wider functional significance
[1]. Increased expression of αB-crystallin has been seen in
various neurodegenerative diseases, which are considered as
conformational diseases as is the cataract [2]. The loss of chaperone activity of α-crystallin may contribute to the pathogenesis of these conformational diseases.
α-Crystallin acts as a molecular chaperone to prevent the
aggregation and inactivation of other proteins. Specific areas
important for chaperone binding and function have been identified throughout the NH2-terminal-region and COOH-terminal extension [5,6,7]. α-Crystallins are aggregates assembled
from polypeptides of 10-25 kDa that share a common central
domain of about 90 residues (the “alpha-crystallin domain”)
with variable NH2- and COOH-terminal extensions [7]. The
α-crystallin domain, sharing homology with other heat shock
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proteins, can affect chaperone-activity when it is truncated.
However, the quaternary structure of α-crystallin is necessary
for its chaperone-like activity [8].
Posttranslational modifications (PTM) of lens crystallin,
consequent to aging or diseases such as diabetes, may result
in conformational changes and aggregation of these proteins
and lead to lens opacification and cataract formation. All PTMs
known to cause intra- or intermolecular crosslinking of α-crystallin decrease chaperone function [3,9,10]. Glycation, the
nonenzymic reaction of sugars with protein, occurs normally
but to an increased extent in aging and diabetic complications
[2]. Glycation, a nonenzymic modification, is a process by
which sugar reacts with protein. It can lead to protein
crosslinking and further aggregates, which contribute to pathogenesis of conformational diseases, including cataract and
complications of diabetes [2]. Glycation and later
(crosslinking) glycation products cause a decrease in chaperone function of α-crystallin [9,11].
Carnosine, a naturally occurring dipeptide (β-alanyl-Lhistidine), is found predominantly in long-lived tissues including the brain, innervated muscle, and the lens in surprisingly
high amounts (up to 20 mM in human muscle) [12]. Carnosine can delay senescence and extend the life-span of cultured
human fibroblasts, kill transformed cells, and protect cells
against aldehydes and an amyloid peptide fragment. It appears
to possess antiglycating, antioxidant, and free-radical scavenging activity [12,13]. The imidazolium group of histidine
or carnosine stabilizes adducts formed at the primary amino
group and may play an important role for an anticrosslinking
agent [15]. β-Alanine, a component of carnosine with neurotransmitter activity, has chaperone-like activity to suppress
thermally-induced inactivation of lactate dehydrogenase, suggesting that it may play a cellular role in the preservation of
enzyme function [14].
Carnosine can nonenzymatically react with deleterious
hexoses, pentoses, and trioses and protect α-crystallin against
glycation and crosslinking induced by sugars [15], diminish
the modification of α-crystallin by methylglyoxal-treated ovalbumin [16], and disaggregate glycated α-crystallin [17]. It also
inhibits inactivation and crosslinking of enzymes, including
superoxide dismutase, by glycation [15,18] and oxidation
[19,20]. It protects esterase and catalase but not glyceraldehyde 3-phosphate dehydrogenase against sugars and a steroid
[21,22], and aspartate aminotransferase against glyceraldehyde
3-phosphate [23]. The potential biological and therapeutic significance of carnosine against human age-related cataract has
been reported [24]. N-acetylcarnosine (NAC), a prodrug of
L-carnosine, accumulates in the aqueous humor of rabbit eyes
more easily than L-carnosine [25], suggesting its better penetration and potential functions.
Carnosine is identified as an antioxidant and antiglycation
agent. It inhibits crosslinking of proteins [15,17], protects
against inactivation of enzymes induced by glycation, oxidation, and a steroid [15,18-22], and protects neural cells from
malondialdehyde-induced toxicity [26]. In addition, carnosine can modulate the reactivity of the glycated protein toward
α-crystallin [16] and directly reacts with sugars [15] and free

radicals [27]. Protein crosslinking is a consequence of glycation
that induces formation of carbonyl (CO) groups. Carnosine
can react with protein CO groups and thereby modulate their
deleterious interaction with other polypeptides [16].
We know that carnosine works by reacting with carbohydrates, oxidized lipids, and oxygen radicals. However, the effectiveness of carnosine against decreased chaperone activity
of α-crystallin by those insults in addition to its antiglycation
effects remain to be elucidated. Based on our previous studies
of decreased chaperone activity of α-crystallin by glycation
[9] and a steroid [11], the aim of the present study was to
further investigate the possibility that carnosine can prevent
glycation-induced modifications and whether carnosine can
protect α-crystallin against decreased chaperone activity induced by glycation, all of which are pertinent to cataract formation. Here we report evidence that carnosine protects the
chaperone activity of α-crystallin against glycation and reacts
with sugars by forming adducts in addition to inhibiting
crosslinking by glycation.
METHODS
Materials: Bovine lenses were obtained from a local abattoir.
Sephacryl S-300 HR was purchased from Pharmacia (Milton
Keynes, UK). Carnosine, fructose 6-phosphate (F6P), ribose,
and all other chemicals were obtained from Sigma Chemicals
(Poole, Dorset, UK).
Isolation of crystallins: αL-Crystallin and βL-crystallin
were isolated from bovine lenses by Sephacryl S-300 HR gel
permeation chromatography (100x2.7 cm) using the method
previously described in the literature [28,29]. Frozen lenses
were thawed, decapsulated, weighed, and added to seven times
mass volume of buffer (50 mM sodium phosphate, 0.2 M KCl,
pH 6.7). The suspension was homogenized gently then centrifuged at 22,440x g for 40 min at 4 °C. The supernatant was
then loaded onto the column and eluted at a rate of 30 ml/h.
The fractions corresponding to αL-crystallin and βL-crystallin were pooled and dialyzed against three changes of distilled water over 24 h at 4 °C, then freeze-dried. The purity
was demonstrated by SDS-PAGE, and the protein stored at 20 °C until required.
Incubation of αL-crystallin with F6P and ribose: All incubations were carried out in 50 mM sodium phosphate buffer
(containing 0.05% NaN3), pH 7.0 at 37 °C unless otherwise
stated. In the preliminary experiment, αL-crystallin samples
(30 mg) were dissolved in 15 ml of 100 mM F6P or 100 mM
ribose with or without 50 mM and 100 mM carnosine. The
solutions were then filtered through sterilized Millipore filters (0.2 µm) into sterilized 30 ml glass vials and incubated at
37 °C in a shaking water bath. At time 0, and after 4 and 8
days, samples (3 ml) were removed from each of the solutions
and dialyzed against five changes of distilled water over 24 h
using microdialysis tubing (molecular weight cut-off 12-14
kDa) to remove excess glycating agents. The sample was then
freeze-dried and analyzed by SDS-PAGE. The βL-crystallin
heat-induced aggregation assay was used to determine the
chaperone ability of the modified and unmodified α-crystallin.
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In order to study possible protective effects of carnosine
on the extensive modifications of α-crystallin, a second set of
incubations was conducted. αL-Crystallin was incubated with
100 mM F6P and 100 mM ribose with or without 50 mM and
100 mM carnosine for 0, 15, and 25 days at 37 °C.
In an attempt to investigate whether the reaction between
carnosine and sugars was responsible for part of the yellowing in the earlier experiments, carnosine was incubated with
100 mM F6P and 100 mM ribose over 25 days without any
proteins.
SDS-PAGE: SDS-PAGE was carried out using Laemmli’s
discontinuous buffer system by using a Bio-Rad Mini-Protean II dual slab mini gel apparatus (Bio-Rad Laboratories
Ltd., Bath, UK) according to the manufacturer’s instructions
[30]. Samples were boiled in loading buffer (0.5 M Tris buffer,
pH 6.8 containing 10% (w/v) SDS, 5% (v/v) 2-βmercaptoethanol, 0.05% (w/v) bromophenol blue, and 10%
(v/v) glycerol) for 5 min prior to electrophoresis. Samples (up
to 10 µl) were added to each well, and electrophoresis was
carried out using 12% separating gels and 4% stacking gels at
a constant voltage of 200 volts. Protein bands were visualized
by 0.1% Coomassie Blue R-250 stain in fixing solution (containing 40% [v/v] methanol and 10% [v/v] acetic acid) for 20
min, then destained with 40% (v/v) methanol and 10% (v/v)
acetic acid for 1-2 h. Gels were scanned using an Epson Perfection 1200U Scanner (800 dpi resolution supported by Epson
Twain 4 software) to quantify the levels of modification, and
samples were compared with controls.
βL-Crystallin heat-induced aggregation assays: The
chaperone activity of α-crystallin was assessed by its ability

to prevent the increase in turbidity upon heating solutions of
βL-crystallin as described previously [3,31]. This is the most
widely used method for chaperone function in the α-crystallin field. Bovine βL-crystallin (1.87 mg) was dissolved in 6
ml of degassed 0.05 M sodium phosphate buffer, pH 6.7, and
the solution was then passed through a Gelman 0.2 µm poresized sterilized Millipore filter into a sterilized glass container.
Final concentrations of 250 µg/ml βL-crystallin and 100 µg/
ml αL-crystallin gave a final mass/mass ratio of 1:2.5 αLcrystallin to βL-crystallin in 1 ml plastic cuvettes (Whatman,
Maidstone, UK). Light scattering resulting from heat-induced
aggregation was monitored continuously at 360 nm and 55 °C
for 60 min. Chaperone function was represented as the percentage of protection afforded by αL-crystallin against the
scattering produced by the βL-crystallin control aggregation
after 60 min. All assays were repeated in triplicate.
Tryptophan and nontryptophan fluorescence measurements: The loss of protein tryptophan fluorescence, an indicator of conformational change or tryptophan modification, is
a marker of crystallin integrity. The tryptophan fluorescence
in αL-crystallin solution after incubation with or without carnosine was measured by using a Perkin-Elmer LB 50 B luminescence spectrophotometer as described previously in the literature [3]. The excitation wavelength was set to 280 nm, slit
width 5 nm, and the fluorescence emission was recorded between 280-550 nm. The nontryptophan fluorescence spectra
were obtained with an excitation wavelength at 340 nm. αLCrystallin solutions (0.04 mg/ml) in 0.05 M sodium phosphate
buffer (pH 6.7) were used unless otherwise stated.
Absorbance readings of the αL-crystallin samples were
measured at various wavelengths (220-400 nm) on a UVIKON
930 Kontron spectrophotometer. αL-Crystallin solutions (0.4
mg/ml) in 0.05 M sodium phosphate buffer (pH 6.7) were used
unless otherwise stated. Absorbance readings of the preparations of carnosine with sugars after incubations were also
measured at 220-400 nm.
Statistical analysis: Results are reported as the mean±SD,
unless otherwise specified, of at least three separate experiTABLE 1. THE EFFECT OF CARNOSINE ON THE FRUCTOSE 6-PHOSPHATEINDUCED DECREASE IN CHAPERONE ACTIVITY OF αL-CRYSTALLIN
αL-crystallin
preparation
-------------α
α+F6P
α+F6P+50 mM C
α+F6P+100 mM C

Figure 1. SDS-PAGE analysis of the effect of carnosine on fructose
6-phosphate-induced modifications of αL-crystallin. Fructose 6phosphate (F6P) crosslinked αL-crystallin to form a dimer during a
4 d incubation but this crosslinking was decreased in the presence of
carnosine. Lane M: Molecular weight marker. Lane A: control αLcrystallin at start. Lane B: αL-crystallin with 100 mM F6P at start.
Lane C: control αL-crystallin at four days. Lane D: αL-crystallin
with 100 mM F6P at four days. Lane E: αL-crystallin with 100 mM
F6P and 100 mM carnosine at four days. Lane F: αL-crystallin with
100 mM F6P and 50 mM carnosine at four days.

0 day
-------95.1±1.1
94.1±1.1
94.7±1.2
94.7±1.7

4 day
----------95.5±0.5
84.7±1.7*
95.8±0.2**
95.6±1.3***

Percent protection against aggregation at start and four days for combinations of αL-crystallin (α), 100 mM fructose 6-phosphate (F6P),
and carnosine (C). The asterisk indicates a statistically significant
difference between α and α+F6P at 4 days (p=0.0005). The double
asterisk indicates a statistically significant difference between α+F6P
and α+F6P+50 mM C at 4 days (p=0.0004). The triple asterisk indicates a statistically significant difference between α+F6P and
α+F6P+100 mM C at 4 days (p=0.0010).
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The chaperone-like activity of sugar modified α-crystallin was assayed. After four days incubation with F6P, the chaperone activity of αL-crystallin fell by 10% (Table 1). Carnosine protected αL-crystallin against this decrease induced by
F6P. The protection of control αL-crystallin against aggregation of βL-crystallin was 96%, but only 85% remained in the
presence of F6P after four days incubation and 96% in the
presence of F6P and 50 mM carnosine (p=0.0004) and 100
mM carnosine (p=0.0010), respectively. The degree of inactivation and protection was similar after eight days. However,
there was no remarkable reduction of chaperone activity induced by ribose even after 8 days (data not shown).
Incubation of αL-crystallin with 100 mM F6P and ribose
at 37 °C over 15-25 days resulted in significant crosslinking
in the two αL-crystallin subunit bands (Figure 2B,C, lanes 3
and 6) as shown by weakening of the αA- and αB-crystallin
band with the appearance of crosslinked protein on top of the
gel. The crosslinking of the αL-crystallin preparations with
F6P after 25 days incubation was greater than that after 15
days (Figure 2B,C). The significant protective effect of carnosine against the crosslinking of αL-crystallin induced by

ments. Statistical significance of differences was examined
using a Student t-test, where relevant.
RESULTS
Crosslinking and chaperone activity: Electrophoresis of
αL-crystallin showed the two bands of αA-crystallin and αBcrystallin at 20-21 kDa (Figure 1, lane A). F6P (100 mM)
crosslinked 100 mM crystallin to form a dimer over 4 d incubation (Figure 1, lane D) but 100 mM ribose had no effect
(data not shown). A band of molecular weight about 38-43
kDa appeared in the presence of F6P but it was decreased in
the presence of carnosine (Figure 1, lanes D-F).

TABLE 2. EFFECT OF CARNOSINE ON FRUCTOSE 6-PHOSPHATE- AND
RIBOSE-INDUCED DECREASES IN CHAPERONE ACTIVITY OF αLCRYSTALLIN

αL-crystallin
preparation
-------------α
α+F6P
α+F6P+50 mM C
α+F6P+100 mM C
α+R
α+R+50 mM C
α+R+100 mM C

0 day
-------99.0±1.0
98.0±0.5
95.0±4.8
93.4±5.0
98.2±2.2
97.1±1.0
98.0±1.3

15 day
---------83.6±9.0
2.7±1.6*
3.9±2.2
3.1±2.3
27.4±2.9#
3.2±1.1
6.4±2.2

25 day
-----------90.9± 4.7
4.1± 4.8**
3.1± 2.3
13.2±13.4***
1.6± 1.3##
3.1± 1.8
2.3± 1.3

Percent protection against aggregation after incubation for 0, 15, and
25 days for combinations of αL-crystallin (α), 100 mM fructose 6phosphate (F6P), 100 mM ribose (R), and carnosine (C). The asterisk indicates a statistically significant difference between α and α+F6P
at 15 days (p=0.0001). The double asterisk indicates a statistically
significant difference between α and α+F6P at 25 days (p=0.0001).
The triple asterisk indicates a statistically significant difference between α+F6P and α+F6P+100 mM C at 25 days (p=0.2565). The
single sharp (hash mark) indicates a statistically significant difference between α and α+R at 15 days (p<0.0001). The double sharp
indicates a statistically significant difference between α and α+R at
25 days (p<0.0001).
Figure 2. SDS-PAGE analysis of the effect of carnosine on fructose
6-phosphate- and ribose-induced modifications of αL-crystallin.
Incubation of αL-crystallin with fructose 6-phosphate (F6P) and ribose over 15-25 days resulted in significant crosslinking. Carnosine
appeared to have a protective effect on this crosslinking. A: 0 days.
B: 15 days incubation. C: 25 days incubation. Lane 1: Molecular
weight marker. Lane 2: Control αL-crystallin. Lane 3: αL-crystallin
with 100 mM F6P. Lane 4: αL-crystallin with 100 mM F6P and 50
mM carnosine. Lane 5: αL-crystallin with 100 mM F6P and 100
mM carnosine. Lane 6: αL-crystallin with 100 mM ribose. Lane 7:
αL-crystallin with 100 mM ribose and 50 mM carnosine. Lane 8:
αL-crystallin with 100 mM ribose and 100 mM carnosine.
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F6P and ribose was observed by SDS-PAGE analysis (Figure
2B,C, lanes 4, 5, and 8) with some protection at the higher
concentration, particularly at 25 days (Figure 2C, lane 7). Ribose showed no significant crosslinking of αL-crystallin after
four and eight days (results not shown). After moderate modification of αL-crystallin with F6P for four days, dimer formation was primarily seen (Figure 1, lane D). However, after
longer incubation, crosslinking progressed further (Figure 2C)
resulting in material unable to penetrate the gel. In a separate
experiment after eight days (result not shown) there was only
dimer formation similar to the four day result. There were no
significant intermediates (trimers, etc.) between dimers and
heavily crosslinked material on top of the gel. This may indicate that dimerization opens the structure to more extensive
crosslinking. Truncation of αL-crystallin is well known but it
is surprising in this work that it appears to be more pronounced
after incubation with carnosine (Figure 2B,C).

Figure 4. Absorbance spectra of fructose 6-phosphate-treated αLcrystallin. Carnosine enhanced the absorbance at 280 nm in a doseand time-dependent manner in the presence of fructose 6-phosphate
(F6P). Experiments in Panels A-C used 0.2 mg/ml of sample. The
experiment in Panel D used 0.4 mg/ml of sample. A: 0 days. B: 15
days. C: 25 days. D: 4 days.

Figure 3. The absorbance spectra of fructose 6-phosphate and ribose
incubated with carnosine preparations. The time-dependent increased
absorbance was observed in the presence of carnosine and 100 mM
fructose 6-phosphate (F6P) or 100 mM ribose. A: F6P and carnosine
preparation after 0, 4, 8, 15, and 25 days incubation. B: Ribose and
carnosine preparation after 0, 4, 15, and 25 days incubation.
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Unmodified αL-crystallin gave almost complete protection against the thermal aggregation of βL-crystallin, whereas
the αL-crystallin modified by F6P showed significant loss of
chaperone function after 15 days of incubation with 100 mM
F6P and ribose. No protective effect of carnosine was observed
in αL-crystallin preparations incubated with ribose and F6P

over 15 and 25 days (Table 2). The apparent increase in protection between 15 and 25 days for αL-crystallin alone and
αL-crystallin plus F6P plus 100 mM carnosine (Table 2:
83.6±9.0 to 90.9±4.7; and 3.1±2.3 to 13.2±13.4) were not statistically significant.
Overall, these observations suggest that carnosine can
inhibit glycation-induced crosslinking of α-crystallin and protect its loss of chaperone activity induced by F6P. It cannot
protect against ribose at an early stage. When the chaperone
activity was extensively decreased, carnosine was not able to
prevent the loss of chaperone activity induced by glycation.
We should note here that a remarkable color change of
the αL-crystallin preparations with carnosine was observed.
After 24 h incubation, αL-crystallin preparations with 100 mM

Figure 5. Absorbance of ribose-treated αL-crystallin samples at various wavelengths. Carnosine significantly enhanced the absorbance
at 280 nm in a dose- and time-dependent manner in the presence of
ribose. Each experiment used 0.2 mg/ml of sample. A: 0 days. B: 15
days. C: 25 days.

Figure 6. Tryptophan and nontryptophan fluorescence of αL-crystallin incubated with fructose 6-phosphate. Carnosine protected the
loss of tryptophan and nontryptophan fluorescence of αL-crystallin
induced by fructose 6-phosphate (F6P). Each experiment used 0.04
mg/ml of sample. A: Tryptophan. B: Nontryptophan.
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ribose and 50 mM carnosine became light yellow, whereas in
the presence of 100 mM carnosine and 100 mM F6P, the solution became light yellow over four days. Prolonged incubations of carnosine with ribose produced brown solutions.
Moreover, the protein became very brown even after being
extensively dialyzed when the incubation period increased in
the presence of ribose and 100 mM carnosine. It seems that
carnosine may react with sugars directly, particularly with ribose, and this probably results in formation of colored compounds. This hypothesis was further investigated by incubation of sugars with carnosine only. Absorbance spectra of carnosine solutions after incubation with F6P and ribose are shown
in Figure 3. The increased absorbance was time-dependent in
the presence of carnosine and 100 mM F6P or 100 mM ribose, supporting the idea that an adduct formed between carnosine and F6P or ribose.
Fluorescence measurements: The absorbance of the F6Pand ribose-treated αL-crystallin samples at various wavelengths (220-400 nm) is shown in Figure 4 and Figure 5. The
absorbance at 280 nm was slightly increased in the presence
of F6P and ribose. The addition of carnosine enhanced the
absorbance in a dose- and time-dependent manner, especially
with ribose.
Tryptophan fluorescence is an indicator of the modification of the environment of tryptophan residues. Nontryptophan
fluorescence indicates the formation of new structures. Tryptophan and nontryptophan fluorescence were measured in F6Pand ribose-treated αL-crystallin solution with or without carnosine to identify conformational changes and fluorophore
formation (Figure 6, Figure 7, Figure 8). Tryptophan fluorescence was decreased after only four days incubation with F6P
(Figure 6A) and decreased further in eight days (data not
shown), indicating conformational change. However, the loss
of tryptophan fluorescence was less in the presence of 50 mM
carnosine, supporting a protective effect. Carnosine at 50 mM
seemed to protect against this but at 100 mM there was a greater
loss of fluorescence. This is possibly due to quenching by the
increased absorbance at 280 nm decreasing the amount of incident light reaching tryptophan residues and hence decreasing the emitted light (Figure 4D). In the 15 day and 25 day
incubations, carnosine enhanced the loss of tryptophan fluorescence (Figure 7A,B). Nontryptophan fluorescence was increased slightly by F6P with little modulation by carnosine
(Figure 6B). Ribose, unlike F6P, had relatively little effect on
the tryptophan fluorescence of αL-crystallin at four and eight
days. The nontryptophan fluorescence increased only at eight
days with ribose, but increased much more when carnosine
was also present (data not shown).
In αL-crystallin from F6P-treated solution after 15 days
incubation, there was an approximately three fold loss of tryptophan fluorescence (Figure 7A), under conditions where F6P
had little effect on the absorbance of αL-crystallin (Figure
4A). Therefore the change in fluorescence spectrum is probably attributable to a change in conformation induced by F6P.
Similar changes were seen at 25 days (Figure 7B). Tryptophan
fluorescence was even more decreased in the presence of carnosine but this could be due to quenching. Nontryptophan fluo-

Figure 7. Tryptophan and nontryptophan fluorescence of αL-crystallin modified by fructose 6-phosphate. Carnosine enhanced the
loss of tryptophan fluorescence. Nontryptophan fluorescence was
continuously increased with a shift to longer wavelengths in the presence of fructose 6-phosphate (F6P) alone, and more so with carnosine. A: 15 days tryptophan. B: 25 days tryptophan. C: 15 days
nontryptophan. D: 25 days nontryptophan.
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rescence was continuously increased with a shift to longer
wavelengths (approximately 410 nm) in the presence of F6P
alone, and more so with carnosine (Figure 7C,D), continuing
to increase to 25 days, suggesting the formation of several
adducts with different structures and fluorescent characteristics.
There was a significant loss of tryptophan fluorescence
with a shift to longer wavelengths (approximately 400-500
nm) in αL-crystallin from ribose-treated solution after 25 days
incubation with or without carnosine (Figure 8A,B) under conditions where ribose alone had no effect on absorbance (Figure 5). Thus, ribose induced conformational changes in αLcrystallin. Nontryptophan fluorescence was remarkably increased in the presence of ribose with a shift to longer wavelengths (approximately 410 nm) when carnosine was also
present (Figure 8C,D). There was more fluorescence intensity
in the presence of 50 mM carnosine than with 100 mM carnosine, probably due to the loss of protein from solution indicated by the significant precipitation that was observed during incubation with high concentration of carnosine.
Above all, it is clear that tryptophan fluorescence in F6Pand ribose-treated αL-crystallin was lost, indicating the modification of the environment of the tryptophan residues.
Nontryptophan fluorescence was increased with a shift to
longer wavelengths (approximately 400-450 nm), indicating
formation of new fluorophores. The 50 mM carnosine level
seems to inhibit the decrease of tryptophan fluorescence induced by F6P at four days, supporting the results on decreased
chaperone activity (Table 1) and the crosslinking in SDS-PAGE
analysis (Figure 1), but at 100 mM and at longer times, carnosine had a deleterious effect. This effect presumably results
from the extensive adduct formation (see previous observations), which in turn, reacts with crystallin or sugar and speeds
up aggregations.
DISCUSSION
The results presented here provide evidence to support the
hypothesis that carnosine can protect against the loss of chaperone activity of α-crystallin induced by glycation, in addition to describing the effects of carnosine on prevention of
crosslinking. This effect may exhibit therapeutic potential.
The present results showed that carnosine inhibited the
crosslinking of αL-crystallin induced by F6P and ribose, and
protected αL-crystallin against its decreased chaperone activity induced by F6P. However, it failed to protect the more extensive modifications by sugar. The tryptophan fluorescence
intensity of αL-crystallin modified by F6P and ribose was significantly decreased, whereas its nontryptophan fluorescence
was increased with a shift to longer wavelengths in a timeand dose-dependent manner, suggesting that new fluorophores
are formed [34]. Crosslinked proteins interfere with tissue function and act as trapping material, causing aggregation. Carnosine may dissociate thermally-induced aggregates by promoting hydration [32] or disaggregate glycated α-crystallin
[17]. Amino acid sequence of carnosine is similar to Lys-His,
whereas the amino groups of lysine residues are the primary
targets by glycation. The dipeptide reacts rapidly with reduc-

Figure 8. Tryptophan and nontryptophan fluorescence of αL-crystallin modified by ribose. Carnosine enhanced the loss of tryptophan
fluorescence. Nontryptophan fluorescence was remarkably increased
in the presence of ribose with a shift to longer wavelengths (approximately 410 nm) when carnosine was also present. A: 15 days tryptophan. B: 25 days tryptophan. C: 15 days nontryptophan. D: 25 days
nontryptophan.
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ing sugars [15]. Therefore, carnosine has the potential to react
with sugars.
Protein glycation, which promotes aggregation, involves
the unwanted reaction of carbohydrate oxidation products with
proteins. It has been shown by Seidler et al. [17] that carnosine disaggregated methylglyoxal-induced glycation of α-crystallin and decreased tryptophan fluorescence polarization of
glycated α-crystallin, suggesting that carnosine increased peptide chain mobility, which may contribute to the controlled
unfolding of glycated protein. The results described in this
paper suggest that carnosine also reacts directly with F6P and
ribose and results in formation of new adducts (Figure 4, Figure 5, Figure 7B, Figure 8B). Removal of reactive sugars may
be responsible for the protective effect of carnosine on chaperone activity. Carnosine may suppress the deleterious effects
of a reactive carbonyl group intracellularly by reacting with
sugars to form protein/carbonyl/carnosine adducts similar to
the reported aldehyde adducts [33] and carnosine-glyceraldehyde 3-phosphate adduct [34]. Its protection against glycationinduced inactivation of esterase and catalase has been described
recently [21,22].
However, the higher concentration of carnosine had a deleterious effect on chaperone activity of α-crystallin after a
longer time of incubation. It is present in several mammal tissues (e.g., muscle and brain) at high concentration (up to 20
mM in humans) [12]. In an in vitro study, 1-10 mM carnosine
can protect the inactivation of enzymes [21] and protect cultured rat brain endothelial cells against malondiadehyde
(MDA)-induced toxicity [26], whereas 50 mM carnosine disaggregates glycated α-crystallin [17], inhibits MDA-induced
protein modification (formation of crosslinks and carbonyl
groups) [26], and forms new adducts [34]. Therefore, it may
point to the possibility that a higher dose of carnosine reacts
with sugars and a sugar phosphate extensively resulting in accumulation of new adducts, which in turn, further react and
aggregate crystallin. This may be deleterious to the ability to
protect against thermal-induced aggregation of βL-crystallin
presented as chaperone activity. The potential biological and
therapeutic significance of these observations need to be explored further.
There appear to be at least two factors playing major roles
in the chaperone-like activity of α-crystallin: one is the hydrophobicity of the exposed protein surface and the other is
its structural stability [35]. It is possible that the modifications described in this paper decreased the stability of αLcrystallin so that it dissociated at the raised temperature of the
chaperone assay. Although crosslinking appeared to have a
deleterious effect on chaperone function after some modifications [9], in others extensively crosslinked αL-crystallin retained its ability to chaperone [3]. More recently, the question
has been explored first that the crosslinked α-crystallin was
able to inhibit the thermally induced precipitation of β-crystallin and appeared to be more effective than the native protein under the same conditions [36]. Furthermore, the native
oligomeric state of α-crystallin may not be essential for its
ability to suppress nonspecific aggregation [37]. In both studies, α-crystallin maintained chaperone function. Neither sub-

unit exchange nor the native oligomeric state is essential for
chaperone function. Therefore, the response of crosslinked αcrystallin to temperature needs to be further elucidated.
To conclude, this is the first report describing the protective effect of carnosine on glycation-induced decreased chaperone activity of α-crystallin. In addition, our results further
support the notion that carnosine can disaggregate crosslinking
mediated by glycation and possible adduct formation among
carnosine and sugar, and a sugar phosphate. These results shed
new light on the properties of carnosine and have important
implications for understanding the mechanism by which carnosine may be of benefit in preventing lens opacity in humans.
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