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Abstract

Although proteins are generally composed of L-a-amino acids, D-b-aspartic acid (Asp)-containing proteins have been reported in var-
ious elderly tissues. Our previous study detected several D-b-Asp-containing proteins in a rabbit lens derived from epithelial cell line by
Western blot analysis of a 2D-gel using a polyclonal antibody that is highly specific for D-b-Asp-containing proteins. The identity of each
spot was subsequently determined by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry and the Ms-Fit online
database searching algorithm. In this study, we discovered novel D-b-Asp-containing proteins from rabbit lens. The results indicate that
b-crystallin A3, b-crystallin A4, b-crystallin B1, b-crystallin B2, b-crystallin B3, c-crystallin C, c-crystallin D, and k-crystallin in rabbit
lens contain D-b-Asp residues. Furthermore, the occurrence of D-b-Asp residues increases with infrared ray (IR) irradiation. Addition-
ally, some D-b-Asp-containing proteins only appear after IR irradiation. One such protein is the a-enolase, which shows homology to
s-crystallin.
� 2006 Elsevier Inc. All rights reserved.
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Although proteins consist exclusively of L-amino acids,
D-aspartic acid (D-Asp) has been detected in various tissues
such as tooth [1], bone [2], aorta [3], brain [4], erythrocyte
[5], eye lens [6], skin [7], and lung [8] from elderly individ-
uals. The presence of D-Asp in aged tissues of living organ-
isms is thought to result from the racemization of aspartyl
residues in the polypeptide of proteins derived from meta-
bolically inert tissues. We previously reported the presence
of D-isomers at Asp-58 and Asp-151 in aA-crystallin [9,10],
and at Asp-36 and Asp-62 in aB-crystallin [11] from aged
human lenses. D-Asp formation was accompanied by isom-
erization from the natural a-Asp to the abnormal b-Asp
[12]. Therefore, the normal L-a-Asp converts to L-b-Asp,
D-a-Asp, and D-b-Asp via a five-membered succinimide
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intermediate in the protein. Among these uncommon iso-
mers, D-b-Asp was the major isomer found in elderly tis-
sues [13]. Racemization and isomerization of amino acids
in protein can cause major changes to the 3D-structure
because different side chain orientations can induce an
abnormal peptide backbone. Therefore, these posttransla-
tional modifications may induce the partial unfolding of
protein leading to a disease state. Although the study of
the racemization of Asp in proteins has been mainly limited
to aged tissues, biochemical analysis shows that the forma-
tion of D-b-aspartic acid at Asp-151 of human aA-crystal-
lin occurs even in newborn human lenses [9]. Recently, we
identified many D-b-Asp-containing proteins from the
actively dividing N/N1003A cell line, which is commonly
used in lens research [14]. The results suggest that
D-b-aspartic acid formation may occur at the early stage
of differentiation in the lens epithelium.

mailto:nfujii@HL.rri.kyoto-u.ac.jp


264 T. Takata et al. / Biochemical and Biophysical Research Communications 344 (2006) 263–271
We have determined the activation energy for the race-
mization of the Asp151 residue using a model peptide cor-
responding to a portion of human aA-crystallin [15]. The
activation energy for Asp racemization and isomerization
in the model peptide was �20 kcal/mol. Intriguingly, this
value corresponds to the energy of IR. Here, we report
the detection of D-b-Asp-containing proteins in rabbit lens
that have been exposed to IR. A combination of 2D-
PAGE, MALDI-TOF-MS analysis, computer searching
algorithm, and an online protein database were used to
identify the modified proteins. We observed an increase
of D-b-Asp-containing proteins in rabbit lens as a result
of exposure to IR. Our findings indicate that the inversion
and isomerization of an Asp-residue is increased by IR
irradiation. Specifically, we report the presence of
D-b-Asp-containing b-, c-, and k-crystallins in both
irradiated and non-irradiated rabbit lens. Furthermore,
D-b-Asp-containing a-enolase was detected exclusively in
IR irradiated lens.

Materials and methods

Materials. Thirty-week-old rabbits (Dutch kind) were prepared in
specific-pathogen-free conditions. The rabbit lens from one eye of each
rabbit was irradiated using a laser diode (1260 nm) at 162 J for 30 min
before being excised and stored. The opposite non-irradiated eye of the
same rabbit was used as a control non-irradiated lens. Lenses were thawed
on ice and then homogenized (2 ml/lens) in buffer (50 mM Tris–HCl, pH
7.9, containing protease inhibitor cocktail (SIGMA, Tokyo, Japan)). The
lens homogenate was clarified by centrifugation (15,000g for 15 min) and
the supernatant was pooled and re-suspended in extraction buffer (8 M
urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate (Chaps), and 65 mM dithiothreitol (DTT)) on ice. The
cell-free extract was clarified by centrifugation (15,000g, 15 min) and the
supernatant was collected. Finally, a 2% immobilized pH gradient (IPG)
buffer and a trace of bromophenol blue were added to the supernatant.
Total protein concentration was determined using the Bradford assay [16].
Each preparation was subjected to two-dimensional gel electrophoresis:
isoelectric focusing (IEF) in the first dimension and SDS–PAGE in the
second dimension. The IEF separation was carried out using Immobiline
Dry Strips (18 cm, pH 3–10) by following the manufacturer’s suggested
method (Amersham Biosciences, Piscataway, NJ). Prior to the first IEF
analysis, the supernatant was incubated overnight with dry strips at 4 �C.
IEF analysis was performed using an EPS 3501XL power supply
(Amersham Biosciences) for 18 h at 15 �C. After IEF, the IPG strips were
equilibrated for 20 min in equilibration buffer (50 mM Tris–HCl, pH 6.8,
containing 6 M urea, 2% SDS, 30% glycerol, and 200 mM DTT). Strips
were then re-equilibrated for 20 min in the same buffer containing 135 mM
iodoacetamide instead of DTT. In all cases, molecular weight separation
was achieved using an ExcelGel SDS XL gradient 12–14 (Amersham
Biosciences). The protein spots on the gel were visualized by staining with
Coomassie blue.

Antibodies and ELISA. The following antibodies were used in this
study: anti-peptide 3R antibody, which was prepared as described pre-
viously [17]. This rabbit antibody is highly specific against Gly-Leu-D-b-
Asp-Ala-Thr-Gly-Leu-D-b-Asp-Ala-Thr-Gly-Leu-D-b-Asp-Ala-Thr that
corresponds to three repeats of positions 149–153 in human aA-crys-
tallin. For the ELISA, polystyrene microtiter ELISA plates (Asahi
Techno Glass, Funabashi, Japan) were used. Each well was coated with
50 ll of respective antigen (1 mg/ml) in PBS at 4 �C overnight. As a
blank, some wells were coated with PBS only. The plates were washed
twice with washing buffer (Asahi Techno Glass) and coated with PBS
containing 10 mg/ml BSA for 60 min at 25 �C. This was followed by at
diluted 10-, 100-, 1000- or 10,000-fold, to the wells and incubated for
60 min at 25 �C. Unbound antibodies were removed from the plates by
washing them five times in washing buffer. Bound antibodies were
reacted with a goat anti-rabbit immunoglobulin coupled with horserad-
ish peroxidase for 60 min at 25 �C. After five washing cycles using the
buffer, the bound enzymatic activity was measured by 3,3 0,5,5 0-tetra-
methylbenzidine as a substrate. Duplicate determinations were per-
formed for each assay. In the previous study, we also synthesized the
peptide IQTGLDATHAER, corresponding to the amino acid sequences
146–157 in human aA-crystallin in which Asp residues were normal
L-a-Asp, abnormal D-a-Asp, L-b-Asp or D-b-Asp. Specifically: (1)
Ile-Gln-Thr-Gly-Leu-L-a-Asp-Ala-Thr-His-Ala-Glu-Arg. (2) Ile-Gln-Thr-
Gly-Leu-L-b-Asp-Ala-Thr-His-Ala-Glu-Arg. (3) Ile-Gln-Thr-Gly-Leu-D-
a-Asp-Ala-Thr-His-Ala-Glu-Arg. (4) Ile-Gln-Thr-Gly-Leu-D-b-Asp-Ala-
Thr-His-Ala-Glu-Arg. The anti-peptide 3R antibody was clearly
distinguished between the configuration of the Asp-residue because it
reacted very strongly with the D-b-Asp-containing peptide but not with
the L-a-Asp, L-b-Asp, and D-a-Asp-containing peptides [17,18].

We used a goat anti-rabbit IgG conjugated to horseradish peroxidase
(HRP) as the second antibody (MP Biomedicals, Aurora, OH).

Western blot. For Western blot analysis, extracted proteins from the
lens were separated by 2D-PAGE and then transferred to Immobilon TM
transfer PVDF membrane (0.45 lm) (Millipore, Bedford, MA). The
membrane was blocked with 5% non-fat milk, 0.1% BSA in 0.1% poly-
oxyethylene sorbitan monolaurate (Tween 20) containing Tris-buffered
saline (TBS) overnight at 4 �C. The membrane was washed three times
with TBS containing 0.1% Tween 20 and then incubated for 1 h at room
temperature with the first antibody (1:250). After three washes with TBS
containing 0.1% Tween 20, the membrane was incubated for 1 h at room
temperature with horseradish peroxidase-conjugated secondary antibody
(1:500). Following another three washes with TBS containing 0.1% Tween
20, labeled proteins were visualized using enhanced chemiluminescence
(ECL Plus Western blotting detection kit, Amersham Bioscience) on
BioMax MS film (Kodak, Rochester, NY).

Image analysis. The density of each spot from irradiated samples was
compared to non-irradiated samples on Western blotting membrane. All
the differentially expressed proteins detected by Western blotting were
excised after staining two-dimensional gels with Coomassie brilliant blue
G-250 (CBB) for MALDI-TOF-MS analysis.

In-gel digestion. Enzyme digestion of proteins in the CBB stained gel
was performed as follows: protein spots excised from the CBB stained gel
were de-stained with 50% MeOH/50 mM ammonium bicarbonate and cut
into 1–2 mm slices using a spot cutter. The gel pieces were then washed
with 50% acetonitrile/50 mM ammonium bicarbonate and incubated with
acetonitrile. The gel pieces were dried in a SpeedVac vacuum concentrator
and then re-hydrated using 25 ll of trypsin solution (Promega, Madison,
WI). Digestion was continued at 37 �C for 12 h. The tryptic peptides were
first extracted using 0.1% TFA/50% acetonitrile and then re-extracted
twice using the same solution after 15 min agitation. The extracted
samples were mixed in an Eppendorf tube and then dried in a vacuum
concentrator prior to MALDI-TOF-MS analysis.

Identification ofD-b-Asp-containing proteins by MALDI-TOF-MS. All
MALDI-TOF-MS experiments were performed using a Voyager DE Pro
(Applied Biosystems, Foster City, CA) instrument. The matrix (a-cyano-
4-hydroxycinamic acid) was made up to a saturated solution with 0.1%
trifluoroacetic acid/70% acetonitrile. The sample solution and the matrix
solution were mixed and applied in a 100-well target using Zip-Tip c-l18
(Millipore) and air-dried. External calibration was achieved with a
peptide mixture provided by ABI. Protein identification was conducted
using Ms-Fit software (available on the internet) against the Swiss-Plot
Database.

Results

Infrared irradiation of rabbit lens

A previous study determined the activation energy for
the racemization of Asp in a human lens model peptide



Fig. 2. Two-dimensional gel electrophoretic separation of proteins
derived from infrared irradiated and non-irradiated rabbit lens, and
identification of D-b-Asp containing proteins in the pH 3–10 range. (A)
Western blotting of the non-irradiated rabbit lens soluble fraction with
anti-peptide 3R antibody. SDS–PAGE using a linear 12–14% gradient gel
performed at pH 3–10. Arrows indicate D-b-Asp-containing proteins. (B)
Western blotting of the infrared irradiated rabbit lens soluble fraction
probed with anti-peptide 3R antibody. SDS–PAGE using a linear 12–14%
gradient gel performed at pH 3–10. Arrows indicate D-b-Asp-containing
proteins.
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to be 20–30 kcal/mol [15]. This energy level corresponds to
the wavelength region of IR. Therefore, we irradiated rab-
bit lens with IR radiation using a laser diode (1260 nm) at
162 J for 30 min (equivalent to 20–30 kcal/mol). No appar-
ent morphological or pathological changes were detected in
the rabbit eyes 1 month after irradiation.

Investigation of D-b-Asp-containing lens soluble fraction

ELISA was carried out to evaluate the specificity and
titer of the anti-peptide 3R antibody. The results are shown
in Fig. 1. The antibody reacted most strongly with human
a-crystallin obtained from elderly donors (80-year-old sub-
jects). The antibody also reacted with aged bovine a-crys-
tallin and soluble fractions of rabbit lens, but the
reactivity to recombinant aA-crystallin was negligible.
Fig. 1 indicates that the antibody specifically recognizes
the D-b-Asp-containing peptide in the soluble fraction of
non-irradiated rabbit lens as well as human and bovine
a-crystallin. Our previous study also suggests that the anti-
body reacts very strongly with the D-b-Asp T18 peptide but
not with the L-a-Asp T18, L-b-Asp T18, and D-a-Asp T18
peptides despite having the same sequence [17].

Detection of D-b-Asp containing proteins by

2D-electrophoresis

D-b-Asp-containing proteins were detected in the soluble
fraction of the rabbit lens following extraction, separation
by 2D-gel electrophoresis, and analysis by Western blotting
using the anti D-b-Asp-containing peptide antibody. Fig. 2
shows the Western blotting of the lens soluble fraction
from IR irradiated and non-irradiated rabbit lenses. A sig-
nificantly greater level of D-b-Asp immune reactivity was
Fig. 1. Results of ELISAs for determining the specificity of antibody to
many species of lens soluble fractions. The original antibody stock
solution (A280 = 0.301) was diluted with 10 mg/ml BSA in PBS. Microtiter
wells were coated with antigen (filled circle), a-crystallin derived from aged
human (filled diamond), aged bovine (filled square), rabbit (filled triangle)
lenses, and recombinant aA-crystallin (open circle). Blank wells were not
coated with aA-crystallin (open diamond).
present in the lens subjected to IR irradiation. Fig. 3 shows
the CBB stained 2D-electrophoresis gel map of the non-
irradiated rabbit lens soluble fraction. The distribution of
proteins derived from non-irradiated and IR irradiated lens
was essentially identical (data not shown). The arrows in
Fig. 3 indicate 20 D-b-Asp-containing proteins whose reac-
tivity is significantly increased upon IR irradiation of the
rabbit lens. In addition, three more D-b-Asp-containing
proteins (spot Nos. 21–23) are found exclusively in IR
irradiated lens (Fig. 2B).

Identification of D-b-Asp-containing proteins by MALDI-

TOF-MS analysis

Proteins detected by immunostaining on the 2D-gel were
analyzed by subjecting the corresponding CBB-stained
protein to mass spectrometry. We selected 23 spots (indi-
cated by arrows in Fig. 3) from the 2D-gel, which were ten-
tatively identified as D-b-Asp-containing proteins, for in-gel
trypsinization and analysis by MALDI-TOF-MS. The
mass data were fitted by MS-Fit using the Swiss-Prot data-
base search analysis. Because some of the lens proteins run
as multiple spots by 2D-gel electrophoresis, 9 proteins were
identified from 23 spots (Table 1). One typical mass spec-
trum from this series of experiments is shown in Fig. 4
(i.e., spot No. 1). As shown in Table 1, spot numbers 1,
2, 3, 4, and 18 were identified as b-crystallin B3. Five strong



Fig. 3. Two-dimensional gel electrophoretic separation of proteins derived from non-irradiated rabbit lens soluble fraction. 2D Coomassie brilliant blue
stained gel map of the rabbit lens soluble fraction. Spots that were detected by immunoblot analysis are indicated by arrows and numbered from 1 to 23 on
the 2D gel image. Numbered spots were excised and analyzed by in-gel trypsin digestion and MALDI-TOF-MASS spectrometry. Numbers shown here are
the same as Fig. 2 and are listed in Table 1.
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signals (m/z 1729.38, 1774.47, 2008.48, 2230.54, and
2358.62), matching the predicted mass values of b-crystal-
lin B3 in the Swiss-Prot database, were detected (shown
in Table 1). The average mass accuracy for all peaks was
300 ppm. Total coverage represented 39% of the predicted
protein sequence. Several other spots that showed reactiv-
ity against the antibody were also identified by this analy-
sis. These spots were identified as b-crystallin A3 (spot No.
12), b-crystallin A4 (spot Nos. 13–15), b-crystallin B1 (spot
Nos. 8–9, 17), b-crystallin B2 (spot Nos. 10–12), b-crystal-
lin B3, c-crystallin C (spot Nos. 6–7), c-crystallin D (spot
No. 5), and k-crystallin (spot No. 16) in non-irradiated rab-
bit lens. The main peaks, average mass accuracy and total
coverage for the predicted protein sequence for each spot
are summarized in Table 1.

Discussion

Our previous studies showed that stereoinversion and
isomerization occurs at Asp-151 and Asp-58 in aA-crystal-
lin from aged human lens tissues, forming L-b, D-a, and
D-b-isomers. We reported the activation energy for the
racemization of the Asp151 residue in a human aA-crystal-
lin model peptide to be about 20–30 kcal/mol in kinetic
measurements [15]. The accumulation of these abnormal
isomers of Asp residues may lead to a distortion in the
higher order structure of aA-crystallin. The formation of
the isomers begins shortly after birth and continues
throughout the aging process.

In this study, we used MALDI-TOF-MS analysis to
detect some D-b-Asp-containing proteins from non-irradi-
ated rabbit lens. Among the 23 gel spots, 20 were identified
by MALDI-TOF-MS. The failure to identify all the protein
spots is probably due to a number of different factors.
First, some of the gel bands appear diffused due to the pres-
ence of elution salts, which might decrease the digestion
efficiency and/or recovery of the peptides. This is particu-
larly important for minor spots where MALDI-TOF-MS
failed to identify any protein signals as a result of poor res-
olution and/or mass inaccuracy. Alternatively, the spot
may represent an unknown protein, which is often difficult
to resolve by MALDI-TOF-MS. Because the rabbit
database is incomplete, we assumed that the distribution
of rabbit crystallins is similar to that of other mammals.
The high degree of homology shared among the crystallins
from various species allowed us to identify D-b-Asp-
containing b-, c-crystallin, and k-crystallin. The latter
protein is rabbit specific. The level of each representative
D-b-Asp-containing protein increased dramatically after
exposure of the lens to IR irradiation. Furthermore, a
few of the D-b-Asp-containing proteins were only found
in rabbit lens exposed to IR. Interestingly, we did not
observe D-b-Asp-containing a-crystallin in either unex-
posed or IR exposed lenses. In this study, we demonstrate
that most rabbit crystallins contain D-b-Asp residues. The
racemization/isomerization of Asp in b-, c- and k-crystallin
has never been reported in mammals. b-Crystallins are
major protein constituents of the mammalian lens, where
their stability and association into higher order complexes
is critical for lens clarity and refraction. There are many
kinds of b-crystallins in mammalian lens. b-Crystallin has
high homology with c-crystallin. c-Crystallin contains
many components (c A–c F). Together with the a A- and
b-crystallins, these proteins are essential for maintaining
lens transparency. c-Crystallin is a monomer that is synthe-
sized in the early stages of development and is abundant in
the nucleus. Unlike a-crystallin, the three-dimensional
structure has been reported with many c-crystallins [19].

Our study has established that D-b-Asp-containing
b-, c-, and k-crystallins are present in non-irradiated
rabbit lens. Interestingly, b- and c-crystallins are highly
conserved, having a common polypeptide chain fold,
and constitute a superfamily of b-, c-crystallins [20]
characterized by the Greek key motif [21]. Mutations
in b, c-crystallin genes at the Greek key motif can lead
to nonspecific aggregation of crystallins resulting in cat-
aract formation. In addition, many mutations in the
Greek key motif that alter c-crystallin association also
cause cataracts. Some site-specific mutations have been
reported in many cataract lenses [20,22–24]. Indeed,
these mutations may be responsible for the solubility
of lens crystallins and lens transparency. Racemization
and isomerization of Asp is induced by changes in the
common motif in b- and c-crystallins. Alternatively,
these mutations result in an altered 3D structure with
aging.



Table 1
List of proteins displaying reactivity against the anti-D-b-Asp antibody

Spot No. 1

m/z 1729.83 1774.91 2007.94 2230.02 2358.12
Mw (mono) 1729.38 1774.47 2008.48 2230.54 2358.62
Delta (Da) 0.45 0.44 �0.54 �0.52 �0.50
Modification
Position 153–167 56–71 180–195 129–147 128–147

Identified protein Average mass accuracy (ppm) Accession No. Mw (Da) Coverage (%) Score

b-Crystallin B3 300 P19141 24328 39 2146

Spot No. 2

m/z 1323.71 1387.71 1757.87 1774.91 2007.94
Mw (mono) 1323.58 1387.57 1757.70 1774.76 2007.83
Delta (Da) 0.13 0.14 0.17 0.16 0.11
Modification
Position 73–83 116–127 153–167 56–71 180–195

Identified protein Average mass accuracy (ppm) Accession No. Mw (Da) Coverage (%) Score

b-Crystallin B3 300 P02524 24276 33 1386

Spot No. 3

m/z 1323.71 1387.71 1757.87 1774.91 2007.94
Mw (mono) 1323.58 1387.57 1757.70 1774.76 2007.83
Delta (Da) 0.13 0.14 0.17 0.16 0.11
Modification
Position 73–83 116–127 153–167 56–71 180–195

Identified protein Average mass accuracy (ppm) Accession No. Mw (Da) Coverage (%) Score

b-Crystallin B3 300 P02524 24276 33 771

Spot No. 4

m/z 1323.71 1387.71 1537.77 1774.91 1931.01 2007.94 2230.02 2246.02 2358.12
Mw (mono) 1323.69 1387.69 1537.73 1774.90 1931.04 2007.96 2230.05 2245.98 2358.13
Delta (Da) 0.02 0.02 0.03 0.01 �0.03 �0.02 �0.02 0.04 �0.01
Modification 1MetOX
Position 73–83 116–127 76–88 56–71 56–72 180–195 129–147 129–147 128–147

Identified protein Average mass accuracy (ppm) Accession No. Mw (Da) Coverage (%) Score

b-Crystallin B3 300 Q9JJU9 24291 38 7.07E+04

Spot No. 5

m/z 943.45 1277.66 1294.69 1348.62 1450.79 2199.99 2736.26
Mw (mono) 943.57 1277.79 1294.82 1348.83 1450.87 2200.16 2736.27
Delta (Da) �0.12 �0.13 �0.13 �0.21 �0.08 �0.17 �0.01
Modification pyro Glu
Position 4–10 143–152 143–152 153–163 143–153 60–70 38–59

Identified protein Average mass accuracy (ppm) Accession No. Mw (Da) Coverage (%) Score

c-Crystallin D 100 P08209 20867 39 3982

Spot No. 6

m/z 943.45 1348.70 1365.73 2044.91 2201.01 2217.00 2248.12 2806.31
Mw (mono) 943.56 1348.81 1365.85 2045.03 2201.19 2217.18 2248.31 2806.15
Delta (Da) �0.11 �0.11 �0.12 �0.12 �0.18 �0.17 �0.19 0.16
Modification pyro Glu 1MetOX 1MetOX
Position 4–10 143–152 143–152 61–77 60–77 60–77 123–140 38–59

Identified protein Average mass accuracy (ppm) Accession No. Mw (Da) Coverage (%) Score

c-Crystallin C 100 P07315 20879 43 5.51E+04

Spot No. 7

m/z 943.45 1365.73 2217.00 2638.20 2790.31 2795.28 2806.31
Mw (mono) 943.55 1365.83 2217.17 2638.55 2789.55 2794.52 2807.05
Delta (Da) �0.10 �0.10 �0.17 �0.35 0.76 0.76 �0.74
Modification 1MetOX 2MetOX 1MetOX
Position 4–10 143–152 60–77 11–32 38–59 100–122 38–59

Identified protein Average mass accuracy (ppm) Accession No. Mw (Da) Coverage (%) Score

c-Crystallin C 300 P07315 20879 58 2.58E+04
(continued on next page)
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Table 1 (continued)

Spot No. 8

m/z 1457.71 1465.74 1621.85 1970.90 2631.15
Mw (mono) 1457.71 1465.75 1621.79 1970.93 2631.23
Delta (Da) �0.01 �0.01 0.05 �0.03 �0.08
Modification
Position 201–212 59–70 59–71 72–88 159–180

Identified protein Average mass accuracy (ppm) Accession No. Mw (Da) Coverage (%) Score

b-Crystallin B1 100 P02523 28093 25 478

Spot No. 9

m/z 1457.71 1465.74 1970.90 2631.15
Mw (mono) 1457.69 1465.73 1970.89 2631.15
Delta (Da) 0.01 0.01 0.01 0.00
Modification
Position 201–212 59–70 72–88 159–180

Identified protein Average mass accuracy (ppm) Accession No. Mw (Da) Coverage (%) Score

b-Crystallin B1 100 P02523 28093 25 327

Spot No. 10

m/z 1024.45 1269.63 1585.77 1760.84 2190.02
Mw (mono) 1024.46 1269.64 1585.76 1760.90 2190.11
Delta (Da) �0.01 �0.01 0.01 �0.06 �0.09
Modification
Position 82–89 190–198 69–81 146–160 169–188

Identified protein Average mass accuracy (ppm) Accession No. Mw (Da) Coverage (%) Score

b-Crystallin B2 50 P43320 23380 31 78.8

Spot No. 11

m/z 1024.45 1760.84 2190.02 2759.31
Mw (mono) 1024.16 1760.30 2189.43 2759.48
Delta (Da) 0.29 0.54 0.59 �0.17
Modification
Position 82–89 146–160 169–188 122–145

Identified protein Average mass accuracy (ppm) Accession No. Mw (Da) Coverage (%) Score

b-Crystallin B2 50 P43320 23380 32 209

Spot No. 12

m/z 1466.80 1611.81 1691.76 1727.85 1920.85 2434.08
Mw (mono) 1466.38 1611.35 1691.28 1727.35 1920.32 2433.41
Delta (Da) 0.42 0.46 0.48 0.49 0.53 0.67
Modification
Position 126–137 33–45 96–109 197–211 163–177 178–196

Identified protein Average mass accuracy (ppm) Accession No. Mw (Da) Coverage (%) Score

b-Crystallin A3 300 P11843 25131 40 658

Spot No. 13

m/z 1466.76 1773.87 2172.93 2578.28
Mw (mono) 1466.44 1773.44 2172.41 2577.72
Delta (Da) 0.33 0.43 0.52 0.56
Modification
Position 121–132 192–206 86–104 63–85

Identified protein Average mass accuracy (ppm) Accession No. Mw (Da) Coverage (%) Score

b-Crystallin A4 300 P11842 23861 32 1100

Spot No. 14

m/z 1773.87 1954.84 2172.93 2221.06 2377.16 2395.07 2578.28
Mw (mono) 1773.37 1954.31 2172.33 2220.49 2376.54 2394.43 2577.63
Delta (Da) 0.50 0.53 0.60 0.57 0.62 0.64 0.65
Modification
Position 192–206 173–188 86–104 41–59 40–59 173–191 63–85

Identified protein Average mass accuracy (ppm) Accession No. Mw (Da) Coverage (%) Score

b-Crystallin A4 300 P11842 23861 45 7.00E+04
(continued on next page)
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Table 1 (continued)

Spot No. 15

m/z 1733.87 2377.16 2578.28
Mw (mono) 1773.61 2376.81 2577.85
Delta (Da) �39.74 0.35 0.43
Modification
Position 192–206 40–59 63–85

Identified protein Average mass accuracy (ppm) Accession No. Mw (Da) Coverage (%) Score

b-Crystallin A4 300 P11842 23861 27 133

Spot No. 16

m/z 905.47 1062.56 1114.62 1329.64 1345.64 1349.72 1680.93 2432.21
Mw (mono) 905.64 1062.71 1114.77 1329.78 1345.79 1349.86 1681.03 2432.24
Delta (Da) �0.17 �0.15 �0.15 �0.14 �0.15 �0.13 �0.10 �0.04
Modification 1MetOX AcetN
Position 34–40 189–197 41–50 20–31 20–31 198–208 1–19 209–231

Identified protein Average mass accuracy (ppm) Accession No. Mw (Da) Coverage (%) Score

k-Crystallin 200 P14755 35273 28 3.80E+04

Spot No. 17

m/z 1457.71 1465.74 2037.95 2038.04
Mw (mono) 1457.57 1465.60 2037.69 2037.69
Delta (Da) 0.14 0.15 0.27 0.35
Modification
Position 204–215 62–73 145–161 94–111

Identified protein Average mass accuracy (ppm) Accession No. Mw (Da) Coverage (%) Score

b-Crystallin B1 100 P07318 28144 23 133

Spot No. 18

m/z 1323.71 1387.71 1757.87 1774.91 2007.94 2230.02 2358.12
Mw (mono) 1323.49 1387.50 1757.60 1774.63 2007.64 2229.72 2357.80
Delta (Da) 0.21 0.21 0.26 0.28 0.30 0.31 0.32
Modification
Position 73–83 116–127 153–167 56–71 180–195 129–147 128–147

Identified protein Average mass accuracy (ppm) Accession No. Mw (Da) Coverage (%) Score

b-Crystallin B3 300 P02524 24276 42 3.50E+05

Spot No. 19

m/z 1187.51 1457.71 1465.74 2037.95 2038.04 2631.15
Mw (mono) 1187.58 1457.78 1465.82 2038.15 2038.15 2631.31
Delta (Da) �0.07 �0.08 �0.07 �0.20 �0.11 �0.16
Modification
Position 125–133 204–215 62–73 145–161 94–111 162–183

Identified protein Average mass accuracy (ppm) Accession No. Mw (Da) Coverage (%) Score

b-Crystallin B1 100 P07318 28144 35 2416

Spot No. 20

No matching

Spot No. 21

m/z 1007.50 1143.62 1495.71 1541.76 1556.78 1557.76 1633.82 1691.90 1804.94 1910.98
Mw (mono) 1007.44 1143.49 1495.97 1541.61 1556.61 1557.59 1633.66 1691.59 1804.75 1910.80
Delta (Da) 0.06 0.12 �0.26 0.16 0.17 0.17 0.16 0.31 0.19 0.18
Modification 1MetOX
Position 336–343 184–193 93–105 359–372 240–253 359–372 344–358 407–420 33–50 163–179

Identified protein Average mass accuracy (ppm) Accession No. Mw (Da) Coverage (%) Score
a-Enolase 200 P51913 47305 38 1.93E+06

Spot No. 22

No matching

Spot No. 23

No matching

Identification of D-b-Asp-containing proteins from the rabbit lens (Fig. 3) by screening with an anti-D-b-Asp antibody followed by tryptic peptide
fingerprint mass spectrometry. Spot number indicates the protein spot in the 2D gel. Theoretical mass values, m/z; experiment m/z values (monoisotopic
mass values), Mw (mono); molecular masses calculated from the matched proteins, Delta; Oxidation of methionine is abbreviated 1MetOX and 2MetOX;
pyro-glutamic acid, pyroGlu; acetylation of N-terminal, AcetN. Accession number in Swiss-Prot databases. Theoretical Mw (Da). Sequence coverage %
(MS data), and mouse score.
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Fig. 4. Peptide map of spot No. 1 from the gel in Fig. 3. Peaks were sequenced and used for a database search. These peaks correspond to the tryptic
digestion pattern of b-crystallin B3 (see Table 1).
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This study has demonstrated that the level of D-b-Asp-
containing protein markedly increases in the lens after IR
irradiation (Fig. 2B). We believe IR stress, as much as
the activation energy for the racemization reaction, pro-
motes the racemization/isomerization of aspartic acid resi-
dues in proteins. The accumulation of D-b-Asp-containing
polypeptides induces changes in the higher order structure
of proteins. The Greek motif may be an important site for
racemization and isomerization. The resultant disruption
of the higher crystallin structures may be a major cause
of increased opacity of the lens following exposure to IR.
Further studies into the formation of D-b-Asp-containing
proteins are required.

Interestingly, D-b-Asp-containing a-crystallin was not
detected in either the non-irradiated or irradiated rabbit
lens. k-Crystallin, which is rabbit specific, has 30% homol-
ogy with L-3-hydroxyacyl-CoA dehydrogenase from pig
mitochondria and 26% homology with enoyl-CoA hydra-
tase-3-hydroxyacyl-CoA dehydrogenase from rat peroxi-
somes. It was reported that k-crystallin has enzymatic
functions in tissues other than lens [25]. Recently, we iden-
tified several proteins containing D-b-Asp residues from a
lens derived cell line [14]. The rate of D-b-Asp depends on
the primary amino acid sequence and the steric hindrance
of neighboring residues. Therefore, proteins which are sus-
ceptible to racemization and isomerization of Asp residues
might have highly homologous primary sequence or tertia-
ry structure. Enolase, a glycolytic enzyme that is active as a
dimer, and s-crystallin, a lens protein with three subunits in
higher vertebrates, are encoded by the same gene [26,27].
Because enolase functions in the ninth step of the glycolysis
pathway, D-b-Asp formation might affect glycolysis.
Indeed, racemization and isomerization of an Asp residue
within the active site of enolase is likely to abolish the
enzyme activity.

In this report, we detected eight D-b-Asp-containing
structural proteins and D-b-Asp-containing enolase in rab-
bit lens. The formation of D-b-Asp residues may be the
underlying cause of many diseases, such as the develop-
ment of cataracts. In fact, this posttranslational modifica-
tion may explain the clear relationship between aging and
some diseased states. A previous study identified the for-
mation of D-b-Asp residues in enolase [14]. In this study,
the racemization and isomerization of enolase was induced
by IR irradiation.

Despite an incomplete rabbit database, we were able to
identify the spots by significant homology to proteins from
other species. Our results support the idea that racemiza-
tion and isomerization of Asp residues in b- and c-crystal-
lin is caused by aging in mammals. Although many
posttranslational modifications are known, racemization
involving isomerization has not previously been reported
for a lens b-, c-crystallin. The previous studies indicated
that many Asn residues become deamidated in b-crystallins
[28,29]. Hanson et al. reported the deamidation at Asn157
in b-B1-crystallin in insoluble proteins of adult lenses [30].
The present study clearly indicates that racemization and
isomerization of Asp residues also occurs in a rabbit lens
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and increases with IR stress. These modifications are
critical to the higher order structure and may disrupt the
stability of lens proteins. Further studies are required to
elucidate the physiological significance of D-b-Asp-contain-
ing crystallin families.
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