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Crosslinking of human lens 9 kDa yD-crystallin fragment in vitro

and in vivo

Om P. Srivastava, Kiran Srivastava

Department of Physiological Optics, School of Optometry, University of Alabama at Birmingham, Birmingham, AL

Purpose: The aimsof this study were to determinein vitro crosslinking of a9 kDayD-crystallin fragment alone and with
a-, B-, or y-crystallins, the existence of covalent multimers of the polypeptide in vivo, and posttrand ational modifications
in the three isoforms of the polypeptide.

Methods: A mixture of crystallin fragments (3-14 kDa), a 9 kDa yD-crystallin polypeptide or the polypeptide and indi-
vidua a-, B-, or y-crystallins, were incubated at 37 °C for a desired length of time and the crosslinked species were
analyzed by sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE), size exclusion Agarose A 1.5 gel
chromatography, and western blot analysis. In addition, the existence of covalent multimers of the 9 kDa polypeptide in
human lens water soluble (WS) and water insoluble (WI) protein fractions of normal and cataractous human lenses was
determined by western blot analyses. The posttranslationally modified amino acids of three isofroms of the polypeptide
wereidentified by matrix assisted laser desorption ionization-time of flight (MALDI-TOF) and ES-M S/M S mass spectro-
metric analyses.

Results: Following incubation of a mixture of the crystallin fragments or the 9 kDa polypeptide, covalently crosslinked
species held via non-disulfide bonding were seen on SDS-PAGE analysis. The polypeptide also exhibited crosslinking
withindividua a-, -, and y-crystallins. After western blot analysis with site specific anti-9 kDa antibodies, both WS and
WI protein fractions from normal and cataractous lenses showed immunoreactive 27 and 45 kDa multimers. The mass
spectrometric analysis of the three isoforms of the polypeptide (with identical molecular weight but different charges)
showed oxidized methionine and tryptophan residues, with the latter residue containing two oxygens.

Conclusions: The datasuggest that a9 kDayD-crystallin fragment demonstrated crosslinking properties, which might be
due to oxidation of its methionine and tryptophan residues.

Mammalian lenses contain three mgjor structural proteins
known as a, B, and y-crystallins. Among these, a- and (-
crystallins exist as oligomers whereas y-crystallinis found as
amonomer. The crystallins, because of their special structural
interactions and high concentrations, contribute to the trans-
parency of the lens and provide the needed refractive power
to focuslight on to the retina. With aging, crystallins undergo
several posttrand ational modificationsthat cause aggregation,
crosslinking, water insolubilization, and lead to cataract de-
velopment. A recent study of water insoluble (WI) proteins
from human lenses[1,2] showed that the mgjor in vivo modi-
fications of human WI crystallins occurred in aA-crystalin,
which included disulfide bonding, deamidation, methionine
oxidation, and backbone cleavage.

One common end product of crystallin modifications in
aging and cataractous lenses is the crosslinked supramol ecu-
lar weight speciesthat playsacentral rolein the cataractogenic
process [3]. The WI protein fraction contains aggregated and
covalently crosslinked supramolecular protein species that
could cause light scattering. Benedeck [4] has shown that the
protein aggregates of M_>5x10° would cause significant light
scattering. Indeed, the high molecul ar weight aggregates have
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been demonstrated in vivo by NMR spectroscopy [5] and by
quasi€elastic light scattering [6], and the sizes of these particles
were determined to be between 0.12-0.9 mm in both normal
and cataractous lenses with an estimated M of 2x10° Dalton.
An intermediate state between WS and WI proteins existsin
the form of the water soluble-high molecular weight (WS-
HMW) proteins [7-9], and its existence in vivo has also been
demonstrated by light scattering methods [7].

Several reports have described the composition of both
WS-HMW and WI proteins, and potential mechanismsfor ag-
gregation and crosslinking of crystallins. The WS-HMW pro-
tein of human lenses contain the three crystallins (a.-, -, and
y-crystallins), and also crystallin fragments[7-9]. TheW!I pro-
tein fraction is much more complex because it contains modi-
fied crystallins and their fragments in aggregated and
crosslinked forms [1]. Based on posttranslational modifica-
tions of crystallins, avariety of mechanismsfor the formation
of the crosslinked species are proposed [3,10], but therelative
roles of modifications remain unclear. The modifications of
crystallinsinclude disulfide bonding [11], glycation [12], oxi-
dation of Trp and His residues [13,14], deamidation [15],
transglutaminase mediated crosslinking [16], racemization
[17], strecinversion [18], and phosphorylation [19].

Past studies have suggested a potential role of crystallin
fragments in protein aggregation and the crosslinking pro-
cesses. This evidence includes reports from our laboratory
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demonstrating an age-related increasein the levels of crystal-
lin fragments in both WS-HMW proteins (5-6% of total pro-
teinin 16 to 19 year old compared to 27% in the 60 to 80 year
old) [9], and aso in the WI proteins (up to 20% of total pro-
tein) [20]. Further, the fragments of a-, -, and y-crystallins
were found to accumulate in both WS-HMW and WI protein
fractions with aging. The fragments showed crosslinking in
vitro via non-disulfide bonding and their crosslinked species
existed at increasing levelsin the WI proteinswith aging [20].
Severa additional reports suggesting such a potential role of
crystallin fragmentsincluded: (i) the crystallin fragmentswere
present in the opaque but not in the clear portion of a human
brunescent cataractous lens [21], (ii) the C-terminally trun-
cated bovine aA-crystallin species formed oligomeric com-
plexes of a much higher molecular weight compared to those
formed by the native species[22], (iii) thein vitro proteolysis
of rat lens soluble proteins by calpain caused arapid increase
inturbidity that wasinhibited by E-64, an inhibitor of calpain-
type cysteine proteases [23-25], (iv) human cataract specific
HMW-aggregates contained a heterogeneous 10 kDa break-
down product in addition to 20 and 43 kDa components [26],
(v) ahuman lens 10 kDa polypeptideswasfound to be glycated
and was believed to play a major role in protein aggregation
and insolubilization [27], and (vi) recently, we identified a
covaent multimer (M >90 kDa) in aging human lenses, which
contained only crystallin fragments (unpublished).

To ascertain apotential roleof crystallin fragmentsin ag-
gregation and crosdinking of crystallins, itisimportant to iden-
tify and characterize properties of those fragments that may
initiate such processin vivo. We haveisolated and purified an
in vivo generated 9 kDa yD-crystallin fragment containing
residues 87-173[28]. The polypeptide showed covalent modi-
fication at the C-terminal region [29], and existed as three
isoforms due to posttranslational modifications [30]. The re-
sults suggested that the polypeptide might serve asmodel spe-
cies to determine the potentia role of an in vivo generated
crystallin fragment in the crosslinking process. In this report,
we describe the crosslinking properties of the 9 kDayD-crys-
tallin fragment aoneand with crystallins, identify the polypep-
tide-derived crosslinked multimers in vivo, and investigate
posttranslational modifications in the polypeptide.

METHODS

Materials: Norma human lenses with no apparent opacity
were obtained from either the Lions Eye Tissue Bank of Mis-
souri or from Dr. Robert Church, Emory University. Thelenses
were retrieved within 48 h post mortem and stored in Me-
dium-199 without phenol red at -20 °C until utilized.

Prestained and unstained molecular weight protein mark-
ers were from GIBCO/BRL (Life Technologies, Rockville,
MD) and Amersham Biosciences (Piscataway, NJ), respec-
tively. Unless indicated otherwise, all remaining chemicals
used in thisstudy were purchased from Sigma (St. Louis, MO)
or Fisher (Atlanta, GA).

| solation of water soluble (WS) and water insoluble (W)
proteins: The WS and WI proteins were isolated essentially
by a method previously described [28]. Briefly, the WS pro-
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teins were recovered following disruption of lens cells and
solubilization in buffer A (50 mM Tris-HCI, pH 7.9, contain-
ing 1 mM phenylmethylsufonyl fluoride, 1 mM iodoacetamide
and 10 mM dithiothreitol) [28] and centrifugation at 27,000x
g for 15 min at 5 °C. The pellet was solubilized in buffer A
and centrifuged as above two additional times. The superna-
tantsrecovered after each centrifugation were pooled and des-
ignated as the water soluble (WS) protein fraction, and the
pellet recovered after the third centrifugation was designated
as the water insoluble (WI) protein fraction [20].

The WS protein preparation from a 10 year old donor
wasfractionated by size-exclusion HPLC using aTSK G-3000
PW, column to recover a-, f,-, and y-crystallins. The col-
umn equilibration and sample elution were carried out by 50
mM Tris-HCl, pH 7.9. The crystallins were identified in the
column fractions by SDS-PAGE [31], concentrated by lyo-
philization, dialyzed at 5 °C against 0.05 M phosphate buffer,
pH 7.0, and used for crosslinking experiments as described
below.

Isolation of a mixture of crystallin fragments and purifi-
cation of a 9 kDa polypeptide: A mixture of crystallin frag-
ments was isolated from the WS protein fraction of human
lenses (60-80 year old donors) by a preparative SDS-PAGE
method as described previously [28]. The preparative SDS-
PAGE [31] was carried out using a 3-mm thick gel and, by
using the prestained molecular weight protein markers, the
gel portion containing 3-14 kDa polypeptideswas excised and
suspended in buffer A. The gel was broken into tiny pieces by
passage through a10 mm syringe (without needle). The prepa-
ration was incubated at 37 °C for 3 h to solubilize polypep-
tides, and then wasfiltered through a0.45 um filter. The solu-
bilized polypeptides were dialyzed against double distilled
water at 5 °C, concentrated by lyophilization, and dissolved
in 0.05 M phosphate buffer, pH 7.0.

To isolate the 9 kDayD fragment, apreviously published
method was used [28]. The WS protein fraction from lenses
of 60-80 year old donorswaslyophilized to dryness, dissolved
inbuffer B (50 mM Tris-HCI, pH 7.9 containing 7 M ureaand
5 mM B-mercaptoethanal), and subjected to Sephadex G-50
column chromatography under denaturing conditions at room
temperature. Column equilibration and elution were carried
out using buffer B. The column fractions containing the 9 kDa
polypeptide (ascertained by SDS-PAGE) werepooled, diayzed
to remove ureaat 5 °C against three changes of 2,000 volume
excess of 0.05M Tris-HCI, pH 7.9 for 48 h, and concentrated
by lyophilization. The preparation was further separated by a
preparative SDS-PAGE method [28], and the 9 kDa contain-
ing fractions were pooled, concentrated as above, dialyzed
against 1,000 volume excess of 0.05 M phosphate buffer, pH
7.0, and the purified polypeptide was used for crosslinking
experiment as described below. The three isoforms of the 9
kDa polypeptide were also isolated as described previously
[29,30] by anon denaturing gel electrophoretic method using
a Bio-Rad Prep Cell (Model 509, Bio-Rad, Hercules, CA).
The eluted fractions, containing the three isoforms, were sub-
jected to SDS-PAGE using a 3 mm thick, 15% polyacryla
mide gel. The three isoforms were eluted from the gel using a
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Bio-Rad whole gel eluter. The eluted proteins were examined
by SDS-PAGE for their purity.

Incubation of a mixture of crystallin fragments, the 9 kDa
yD-crystallin polypeptide, or 9 kDa polypeptide plusindividual
crystallins during crosslinking experiments: Preparations of
a mixture of crystallin fragments, the purified 9 kDa yD-
polypeptide, or the 9 kDa polypeptide plus individual
crystallins isolated from lenses of a 10 year old donor were
incubated at 37 °C using an identical protocol. Each prepara-
tion was filter sterilized by passage through a 0.22 um filter
(Whatman, Clifton, NJ), and incubated under sterile condi-
tions at 37 °C in a water bath or an incubator. The prepara-
tions (in 0.05 M phosphate buffer) wereincubated under fluo-
rescent day light lamp (15 W) with a radiation intensity of
about 2-5 Wmrt in light or in the dark (tubes wrapped with
aluminum foil). The samples were withdrawn at the desired
time intervals under sterile conditions, and kept frozen at -20
°C until utilized. The preparations were examined for
crosslinked products by the SDS-PAGE method of Laemmli
[31] following treatments with sample buffer containing 200
mM [-mercaptoethanol to disrupt disulfidelinked species. The
gels were either stained with Coomassie blue or with silver
stain using a kit from BioRad.

Western blot analysis:  From the published sequence of
human lensy-crystallins [32], it wasidentified that the G,.-S,,
bond inyD-crystallin was cleaved to produce a9 kDa polypep-
tide with residues 87 to 173 [28]. Based on the N- and C-
terminal sequences of the 9 kDa polypeptide (residues87-173
of human yD-crystallin), individual nonapeptides represent-
ing the N- and C-terminal regions were synthesized by Re-
search Genetics (Huntsville, Alabama). The tenth amino acid
in each peptide was cysteine, and it was utilized for peptide
linkage to Keyhole Limpet Hemocyanin (KLH). The N-ter-
minal peptide (S-H-R-1-R-L-Y-E-R-C; residues 87-95 of hu-
man yD-crystallin) and the C-terminal peptide (C-S-L-R-R-
V-I-D-F-S; residues 166-174 of human yD-crystallin) were
linked to maleimide activated KLH (Pierce Chemical Com-
pany, Rockford, IL) by the procedure provided by manufac-
turer (Bulletin 77125). These KL H-conjugated peptides were
injected in rabbits by standard procedures to develop
polyclonal antibodies. Using exactly the above described pro-
cedure, two additional site specific polyclonal antibodies, anti-
vD (residues 1-9) antibody and anti-yD (residues 78-86 [mi-
nus 9 kDa polypeptide] antibody) were also raised. Western
blot analysiswas performed by the procedure of Towbin et al.
[33]. Each antibody was utilized at a dilution of 1:200.
Preimmune serum was always utilized as a control. The
immunoblots were stained for peroxidase by a standard pro-
cedurefollowing the secondary antibody (anti-rabbit 1gG-per-
oxidase conjugate) reaction. Theimmunoreactive specieswere
visualized either following reactivity with [*®I]-protein A as
described by Burnett [34] or by immunoreactivity with per-
oxidase-conjugated anti-rabbit 1gG prepared in goat (diluted
1:1000). Protein A was radioiodinated with | odo-beads using
the procedure described by Pierce. To quantify theimmunore-
active spots, the autoradiogram was overlapped onto the ni-
trocellulose sheet and the desired lighted (immunoreactive)
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spots were excised with a scalpel and counted in an LSC ra-
dioactive counter.

Two dimensional gel electrophoresis and mass spectro-
metric analyses: The 9 kDaisoforms were analyzed by two-
dimensional (2D) gel electrophoresis prior to mass spectro-
metric analysis. Eachisoform wasdissolved in resolubilization
buffer [35] (5M urea, 2 M thiourea, 2% 3-[ C3-cholamidoproyl]
dimethyl-ammonio-1-propansulfonate [ CHAPS], 2% caprylyl
sulfobetaine 3-10, 2 mM tri-butyl phosphine, 40 mM Tris, pH
8.0), and subjected to 2D gel electrophoresis (IEF in the first
dimension and SDS-PAGE in the second dimension). | EF sepa-
ration was carried out using Immobiline Dry Strips (pH range
of 3-10) following the manufacturer’'s method (Amersham
Biosciences), and SDS-PAGE was performed by the Laemmli
[31] method. Prior to the first dimension |EF, the dry strips
were incubated overnight with desired WI protein fraction at
room temperature. Following the |EF separation, the strips
were consecutively treated for 15 min each, first with 100 mM
dithioerythreitol (in equilibration buffer, 0.1 M Tris, pH 6.8,
containing 6 M urea, 30% glycerol, and 1% SDS) and next
with 300 mM iodoacetamide (also dissolved in equilibration
buffer). During SDS-PAGE, a 15% polyacrylamide gel of
16x14 cm (WxH) was used. The protein spots on a gel were
stained with Coomassie blue.

For mass spectrometric analyses, the individual protein
spots were excised from a polyacrylamide gel, washed with
doubly deionized water, and destained after treating with am-
monium bicarbonate and acetonitrile. Trypsin solution (12 ng/
ul) was added, and the preparati on was resuspended in 25 mvi
ammonium bicarbonate, pH 7.8. The samples were digested
by trypsin at 37 °C overnight, and the next day they were ana-
lyzed by matrix assisted laser desorption ionization-time of
flight (MALDI-TOF, Model Voyager-DE2 PRO, Pespective
Biosciences, Foster City, CA). The MALDI-analysisand ES-
MS/M S sequencing (Micromass QTOF-2) were performed at
the Comprehensive Cancer Center M ass Spectrometric Shared
Facility of the University of Alabama at Birmingham. The
MALDI-TOF identity of proteins was established by using
mass fingerprinting asimplimented in the Mascot program at
(Matrix Science). During the ES-MS/M S analysis of thetryp-
tic fragments, the “Proteinlynx Global Server” data base
(Micromass software, Micromass UK, Ltd., Manchester, UK)
was used along with manual interpretations as needed in cer-
tain cases.

Miscellaneous methods: Protein concentrationswere de-
termined by a modified Lowry method using bovine serum
albumin asastandard [36]. The amino acid composition analy-
sisof amixture of crystallin fragments was performed by the
method of Gerhke et al. [37] at the Agriculture Experimental
Station of the University of Missouri-Columbia. Proteins on
gelswere stained with silver stain using akit purchased from
BioRad or with Coomassie blue.

RESULTS
Crosslinking of WS crystallin fragments on incubation: In a
previous report [20], we demonstrated extensive covalent
crosslinking of amixtureof crystallin fragments (M, 3-14kDa,
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isolated from either the WS or WI protein fractions of human
lenses [60-80 year old donors]) following storage at 4 °C for
10 days. The crosslinked fraction, on size exclusion Agarose
A 1.5 column chromatopgraphy, eluted asavoid volume peak
(M >1.5x10° Dalton) along with intermediate species between
10 kDa and 1,500 kDa (not shown). On SDS-PAGE analysis
of the void volume peak fractions (after treatment with 200
mM B-mercaptoethanol), protein bands between 10 kDa to
100 kDa were seen (not shown). Furthermore, an incubation
of amixture of crystallin fragmentsfor an extended period of
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Figure 1. Analysis of crosslinked products of amixture of crystallin
fragments. A mixture of crystallin fragmentswasincubated at 37 °C
under sterile conditions and aliquots were withdrawn at time inter-
valsindicated at the bottom of gel A. A: Silver staining of amixture
of crystallin fragments (15 ng) following SDS-PAGE. B: A western
blot of crosslinked fractions of A following immunoreactivity with
anti-y-crystallin antibody.
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time (30 days), either at 4 °C or at 37 °C, the mixture became
water insoluble. Together, the results suggested that the
crystalin fragments crosslinked via non-disulfide bonding
during in vitro incubation, and a so became water insoluble.
In aseparate experiment, amixture of crystallin fragments
(M, 3-14 kDa) was incubated at 37 °C for 21 days under ster-
ile conditions and a time dependent crosslinking into
multimeric species was observed during SDS-PAGE analy-
sis. These multimers, because of their large sizes, failed to
enter a 15% polacrylamide gel (Figure 1A, lanes 8 and 9).
These multimers were held via non-disulfide covalent bond-
ing because the preparations were treated with 200 mM -
mercaptoethanol prior to SDS-PAGE analysis.
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Figure 2. Analysis of products generated during incubation of puri-
fied 9 kDa yD-crystallin polypeptide. The purified 9 kDa polypep-
tide (10 ug) wasincubated at 37 °C for up to 19 days under light and
dark conditions. Aliquots were withdrawn at the time intervals as
shown at the bottom of the gels. A: Silver staining of the crosslinked
species of the 9 kDa polypeptide produced during incubation in light,
and B; Silver staining of crosslinked species produced during incu-
bation in dark.
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Thetemporally derived crosslinked multimersof crystal-
lin fragments were analyzed by western blot to determine
whether a9 kDa yD-crystallin polypeptide (previously stud-
iedinour laboratory [28-30]), wasinvolved in the crosslinking
process. The immunoblot with anti-y-crystallin antibody
showed that an 18 kDa species (possibly adimer of the 9 kDa
polypeptide) appeared within 24 h of incubation (Figure 1B,
comparelanes1and 2). Additiona multimer speciesof higher
M also appeared during further incubation, but they showed a
lack of immunoreactivity with theantibody (Figure 1A,B, lanes
8and9).

Crosslinking of a 9 kDa yD-crystallin fragment: To fur-
ther ascertain whether the 9 kDayD-crystallin fragment had a
crosslinking property, crosslinking of the 9 kDayD-polypep-
tidein vitro was determined. The 9 kDa polypeptide, purified
as described previously [28], showed increased crosslinking
in a time dependent manner with incubation at 37 °C under
sterile conditions in either light or dark conditions (Figure
2AB). These crosslinked products were held via non-disul-
fide bonding as the multimers did not dissociate following
treatment with 200 mM B-mercaptoethanol. In addition, as
levels of the crosslinked species increased with time, a con-
comitant decrease in the levels of the 9 kDa polypeptide oc-
curred (Figure 2A,B). A mgjor crosslinked species of 18 kDa
(apossible dimer of the 9 kDa polypeptide) appeared during
day 3 to 13 (Figure 2A,B, lanes 3 to 8) of incubation but the
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Absorbance

Fluorescence

Figure 4. Absorption and fluorescence spectra of native and
crosslinked species of the 9 kDapolypeptide. A: Absorption spectra,
and B: Fluorescence spectra following excitation at 280 nm. The
dotted and solid lines represent the crosslinked (19 days of incuba-
tion inthe dark) and native (zero time) species of the 9 kDa polypep-
tide, respectively.
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level dramatically increased at day 11 to 13 under both light
and dark conditions (lanes 7 and 8 in Figure 2A,B). A further
incubation after 13 days generated major crosslinked species
having aM >100 kDa, which failed to enter the gel (Lanes 7-
11inFigure 2A,B). Additional minor multimeric specieshav-
ing intermediate molecular weights between 18 kDa and 100
kDawere al so observed during the time course of incubation.
Under both light and dark conditions the time course of ap-
pearance of multimersand their M, were almost identical, sug-
gesting that crosslinking was not alight dependent process.

Because the 9 kDa polypeptide was a fragment of yD-
crystallin (cleavage at G,-S,,, residues 87-173) [28], the
crosslinked species of the polypeptide was quantified by west-
ern blot analysisusing anti-y-crystallin and anti-9 kDa polypep-
tide antibodies and radioiodinated protein A as a secondary
antibody. Although the 9 kDa species showed the strongest
immunoreactivity with both antibodies, theimmunoreactivity
of the crosslinked specieswith M >100 kDa (at the top of the
gel) was greater with only the anti-y-crystallin antibody (Fig-
ure 3A,B). In order to quantify, the two immunoreactive re-
gionsrepresenting bound [*?°1]-protein A in the autoradiogram
(region A [representing crosslinked species of >90 kDa] and
region B [representing the monomeric 9 kDa species]), were
excised from the nitrocellul ose paper and counted. A time de-
pendent decrease in cpm associ ated with the monomeric 9 kDa
species with a concomitant increase in the radioactivity of
crosslinked multimers of >90 kDawas observed (Figure 3A,B
and the adjacent tables).

Figure 6. Analyses of WS and WI proteins isolated from lenses of
donors of different ages. A: Coomassie blue stained protein species
(20-50 ug proteins used). B and C are immunoblots of the protein
fractionsas shown in A following immunoreactivity with anti-9 kDa
N-terminal and anti-9 kDa C-terminal antibodies, respectively. Pro-
teinsin A were stained with Coomassie blue.
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Figure 5. SDS-PAGE analy-
sisof crosslinked speciespro-
duced following incubation of
the 9 kDa polypeptide with
crystallins. A: a-Crystalin
(15 ng) and 9 kDa polypep-
tide (15 ug). B: p,-crystallin
(6 ug) and 9 kDa polypeptide
(15 ug) and C: y-Crystalin
(10 ng) and 9 kDa polypep-
tide (10 ug). The constituents
of each of the incubated mix-
ture are shown at the bottom
of the gel. In these experi-
ments, as apparent from the
above quantities, the indi-
vidual crystallins and the
polypeptidewereincubated at
the ratio of 1:1 or 1:2. The
protein species on gels were
stained with silver stain.
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A change in the absorption spectra of the crosslinked 9
kDa polypeptide compared to non-crosslinked specieswas also
observed (Figure 4). The absorption spectra showed an in-
creased absorption at 280 nm following crosslinking (Figure
4A), and following excitation of both the preparations at 280
nm, a shift in the emission peak from 334 nm to 342 nm fol-
lowing crosslinking was also observed (Figure 4B). The data
suggested an exposed tryptophan residue after crosslinking.

Crosslinking of the 9 kDa polypeptide with human lens
crystallins: The purified 9 kDa polypeptide was incubated
with either a-, B,-, or y-crystallins (isolated from lenses of a
10 year old donor) for 7 days at 37 °C under the above de-
scribed sterile and dark conditions and the crosslinked spe-
cies were examined by SDS-PAGE. The 9 kDa polypeptide
and a-crystallin produced crosslinked multimers with M. of
about 27 kDa and those >90 kDa (Figure 5A, identified by an
arrow at the top of the gel), and levels of these crosslinked
specieswerelower in the individually incubated preparations
of 9kDapolypeptideor a-crystallin (Figure 5A, comparelane
5 with lanes 4 and 6). Similarly, the 9 kDa polypeptide incu-
bated with B ,-crystallin produced multimerswithM >90kDa,
but the multimer level was almost the same as seen with the 9
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kDa polypeptide aone (Figure 5B, compare lanes 5 and 6).
Following incubation of y-crystallin with 9 kDa polypeptide
the multimers of M_>90 kDa (Figure 5C, lane 6, identified
with an arrow), wereat relatively higher level sthan thosefrom
individual y-crystalin or the 9 kDa preparations (Figure 5C,
compare lane 6 with 4 and 5). Further, following incubation
of the 9 kDa polypeptide alone, generally three major species
of 18 kDa (a dimer), 29 kDa (a trimer) and >90 kDa (a
multimer) were observed (lane 6 in Figure 5A,B). However,
as shown in Figure 5C, on a similar incubation of the 9 kDa
polypeptide alone, the 18 kDa and >90 kDa species were ob-
served but the 27 kDa species was not seen. This could be due
to alower quantity of the 27 kDa species, which could not be
stained. This is evident from the comparison of the relative
quantities of 9 kDa polypeptide used during incubation with
a- and B, -crystallins and with y-crystallin (Compare lane 5in
Figure 5A,B with lane 6 in Figure 5C).

Determination if crosslinked species of the 9 kDa yD-crys-
tallin fragment exist in the WS and W1 proteins: The exist-
ence of covalent multimers of the 9 kDa polypeptide in the
WS and WI proteins, isolated from lenses of donors of differ-
ent ages, was determined by western blot using anti-9 kDa N-

Cortical Nuclear
A cataract Normal cataract Normal

123456 78 9101112131415161718

¥

Nuclear
cataract

Cortical
B

cataract Normal Normal

12345 6 7 8 910111213141516 17 18

Molecular weight (kDa)

Figure 7. Analysis of WS proteins from lenses with cortical and
nuclear cataracts. Age matched with normal lenses using A anti-9
kDa N-terminal- antibody and B anti-9 kDa C-terminal antibody.
Identical quantities of WS proteins (40 ug) were used from these
lenses.

TABLE 1. TOTAL AMINO ACID COMPOSITION OF CRYSTALLIN FRAG-
MENTS, LENS M1 P26K, aA-, AND 0LB-CRYSTALLIN

Resi dues per 1000 residues

Am no Crystallin M P26 aA2 aB2
aci ds fragments (bovi ne) (bovi ne) (bovi ne)
Non- pol ar

Al a 79.6 121.7 38.2 55.9
Val 19.0 95.1 50.9 68. 3
Leu 61.1 144.5 70.1 74.5
He 10.9 34.2 57.3 62.1
Pro 151 49. 4 70.1 80.7
Met 10.9 19.0 6.3 6.2
Phe 118 68. 4 82.8 74.5
Trp 27.6 19.0 6.4 12. 4
Pol ar

(unchar ged)

Ay 121 98.9 63.7 49. 6
Ser 75 72.2 140.1 105. 6
Thr 12.1 49. 4 31.9 37.3
Cys 15 11. 4 6.4 -
Tyr 27.6 30. 4 31.8 12. 4
an - 30.4 12.7 12. 4
Asn 30.0 19.11 18.6
Negati vel y

char ged

Asp 151 7.6 82.8 62.11
Gu 27.1 34.2 70.1 86. 9
Posi tively

char ged

Lys 14.6 11.4 31.8 43.5
Arg 35 49. 8 82.8 80. 8
H s 8.1 22.8 44.6 55.9
Per cent 61.8 69 38.2 44.7

hydr ophobi ¢
anmi no aci ds

The crystallin sequence was calculated from published amino acid
sequences. Hydrophobic amino acids were calculated based on

Eisenberg method [37].
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terminal and anti-9 kDa C-terminal antibodies as previously
described [29,30]. The Coomassie blue stained protein pro-
files of WS and WI proteins from lenses of different agesis
shownin Figure 6A, and western blot profileswith anti-9 kDa
N-terminal and anti-9 kDa C-terminal antibodies are shown
in Figure 6B,C. Following immunoreactivity with anti-9 kDa
N-antibody, both WS and WI proteinsfrom lenses of different
ages typically showed species of 9, 20, 27, and 45 kDa, but
the 27 kDa species was absent in the WS and WI proteins of
lensesfrom a4 year old donor (Figure 6B lanes1 and 8). This
suggested a posttrandational appearance of the 27 kDa spe-
cies, and it could represent atrimer of the 9 kDa polypeptide
(previously seen during in vitro incubation asin Figure 4) or
the 9 kDa plus a yet unknown crystallin fragment.

Western blot analysis of both WS and WI protein frac-
tions with anti-9 kDa C-terminal antibody showed a different
immunoreactive protein profile (Figure 6C). The WS protein
fractions contained four major immunoreactive species of 9,
20, 27, and 45 kDa (Figure 6C, lanes 1-7). In the WS proteins
from the 4 year old donor, the 27 and 45 kDa species were
absent, again suggesting their posttranslational appearance
(Figure 6C, lane 1). Further, the WI proteins of these lenses
showed only an immunoreactive 20 kDa y-crystallin The 27
and 45 kDa species were absent, and the 9 kDa species was
seen only in the WI protein fraction of lenses of >20 year old
(Figure 6C, lanes 8-14). A previous report from our labora-
tory showed that the lack of immunoreactive anti-9 kDa C-
terminal antibody was due to modifications of amino acids at
the C-terminal region of the 9 kDa polypeptide [29,30].

To ascertain the species that may not be generated from
the 9 kDa polypeptide, western blot analysis of WS and WI
protein fractions from lenses of different ages (21, 30, 42, 50,
and 61 year old donors) was carried out using two additional
site specific polyclonal antibodies (anti-yD [residues 1-9] an-
tibody and anti-yD [residues 78-86, minusthe 9 kDa polypep-
tide] antibody). The rationale was that these antibodieswould

Figure 8. Analysisof threeisoforms of the 9 kDa polypeptide (shown
asisoform|, Il and I11). Theisoformswereisolated by apreparative
non-denaturing gel electrophoretic method as described in Methods.
The isoforms were collected following electrophoresis in different
fractions and the fractions were examined by SDS-PAGE to locate
thefraction containing the threeisoforms. The 9 kDaisoform | eluted
first from a non-denaturing gel during electrophoresis followed by
isoforms |1 and I11.
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immunoreact with species that were not produced by
crosslinking of the 9 kDayD polypeptide containing residues
87-173 of the yD-crystallin. Western blot results with the WS
proteins showed immunoreactive species of 11 and 14 kDa
along with species of 20 kDa and 43 kDa, but the 27 kDa
specieswas not observed. Thisis consistent with the previous
western blot resultsfrom Figure 6B with anti-N-terminal (resi-
dues 87-95) 9 kDa yD-polypeptide antibody and anti-C-ter-
mina (residues 166-174) 9 kDayD-polypeptide antibody, sug-
gesting that amajor immunoreactive species of 27 kDa might
be derived from the 9 kDa polypeptide as a result of
crosslinking.

The crosslinked species of the 9 kDa polypeptide in the
WS proteins from lenses with cortical or nuclear cataracts, or
age matched normal lenseswas al so examined using the above
anti-9 kDa N-terminal and anti-C-terminal antibodies (Figure
7). After immunoreactivity with anti-9 kDa N-terminal anti-
body, both WS proteins from cataractous and normal lenses
showed multimers of 27 and 45 kDa species aswell asimmu-
noreactivity with 9 kDaand 20 kDa species (Figure 7A). Fol-
lowing immunoreactivity with anti-9 kDa C-terminal antibody,
the 45 kDa specieswas the major immunoreactive specieswith
areactive 27 kDaspeciesin both cortical and nuclear catarac-
touslenses (Figure 7B lanes 1-5 and 10-14), but normal lenses

37

1080 1560

Figure 9. MALDI-TOF profile of 9 kDaisoform |. The MALDI-
TOF profiles of the 9 kDaisoform Il and 111 were similar to the pro-
file9 kDaisoform I. Note that among the four expected tryptic frag-
ments of 9 kDa polypeptide at the C-terminal regions (fragments
RYQDWGATNAR [residues 153-163, mass 1,337],
YQDWGATNAR [residues 154-163, mass 1,181],
Y QDWGATNARVGSLR [residues 154-168, mass 1,693], and
VGSLRRVIDFS [residues 164-174, mass 1,248)), the tryptic frag-
ments with mass of 1181 and 1337 were present but tryptic frag-
ments with mass of 1248 and 1693 were absent. The results sug-
gested that the tryptic fragment after residue number 163 was absent
in the 9 kDaisoforms.
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showed low immunoreactive 27 and 45 kDa species (Figure
7B, lanes 6-9 and 15-18), and also very low reactivity with
the 9 kDa polypeptide.

Determination of amino acid modificationsin the 9 kDa
polypeptide: The assumption in this study was that some of
the crystallin fragments must have certain unique characteris-
tics that might lead to their crosslinking upon incubation. To
ascertain this, the amino acid composition of a mixture of
crystallins, isolated from WS and WI ureasoluble protein frac-
tions of lenses from 50-70 year old donors was determined
(Table 1). The hydrophobic amino acid contents were deter-
mined by the Eisenberg et al., method [38]. The hydrophobic
amino acid content of WS crystallin fragments was 40.2%,
similar to hydrophobic amino acid contents of the most hy-
drophobic crystalin, aA- (38.2%) and a.B-crystallin (44.7%)
[39]. Moreinterestingly, the crystallin fragments from the W1
protein fraction showed an even higher hydrophobic amino
acid contents, (50%) but it was lower than MIP-26 (69%).
These data suggest the possibility that the high hydrophobic-
ity of the polypeptides cause their aggregation and subsequent
crosslinking.

To ascertain whether posttranslational modifications of
amino acidsin the 9 kDa polypeptide were responsible for its
crosslinking property, amino acid modifications were exam-
ined by MALDI-TOF and ES-MS/MS methods. Because the
polypeptide existed asthreeisoforms[31], theseisoformswere
purified and used intheanaysis. The9kDal, I1, and I11 frations
were isolated by an alternative method than reported previ-
ously [30]. The three isoforms were eluted after non-denatur-
ing preparative gel electrophoresis as shown in Figure 8, and
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described in Methods. Examination of the 9 kDa isoforms 1,
I, and 111 by 2D gel electrophoresis showed a single magjor 9
kDa spot on agel (not shown). The individual isoform spots
(Figure 8) were excised from 2D gels, digested with trypsin,
and the tryptic fragments were examined by MALDI-TOF.
Theresults showed that isoformsl, 11, and 11 were fragments
of human yD-crystallin. A typical MALDI-TOF profilerepre-
sented by 9 kDaisoform | isshown in Figure 9. In a previous
report [31], we showed that the three isoform contained an
identical N- terminal sequence of SHRIR, (with cleavage at

S,)) inyD-crystallinwithresidues 87-173. Thetryptic pep-
tidesrecovered were analyzed for their C-terminal regions. A
database search for tryptic fragmentsfrom the 9 kDa polypep-
tide showed the presence of the following four tryptic pep-
tides from the C-terminal regions; RY QDWGATNAR (resi-
dues 153-163, mass 1,337), Y QDWGATNAR (residues 154-
163, mass 1,181), YQODWGATNARVGSLR (residues 154-
168, mass 1,693), and VGSLRRVIDFS (residues 164-174,
mass 1,248). An examination of the MALDI-TOF tryptic pro-
files of the three isoforms showed an absence of tryptic frag-
ments with a mass of 1,248 and 1,693, but fragments with a
mass of 1,181 and 1,337 were present. The data suggested
that a tryptic fragment after residue number 163 was absent,
and therefore, each isoform was C-terminally truncated and
contained only residues 87 to 163, instead of residues 87 to
173 asoriginaly believed [30]. Upon determination of amino
acid modificationsby ES-MS/M Susing QTOF-2, the Methion-
ine residue was found to be oxidized in the tryptic fragment
with a sequence of QYIIMPGDY R, having a mass of 1,412
(Figure 10). A similar analysis showed oxidized tryptophan

129 292 405 518 665 762 319 934 10971253

cf 510 llv-lxa 175

01Y1 0 LM P

1271 1143 gbo 867 7.
y5

Figure 10. ESMS/MS analysis of a tryptic fragment with mass of
628 (inQTOF) and 1,272 (in MALDI-TOF) fromthe9 kDal isoform.
Note the oxidation of M-146 residue in yD-crystallin isofrom 1. A
similar oxidation of methionine residue was aso seen in the 9 kDa
isoforms |1 and isoform |11 (not shown).
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Figure 11. ESMS/MS analysis of a tryptic fragment with mass of
591.97 (in QTOF) and 1,180.53 (in MALDI-TOF) of the 9 kDa
isoform I. Note the oxidation of the tryptophan-156 residue in the
yD-9 kDaisoform . A similar oxidation of tryptophan was al so seen
in the 9 kDaisoforms |1 and isoform |11 (not shown).
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residues containing two oxygensin atryptic fragment with a
sequenceof YQDWGATNAR (Figure 11). It isspecul ated that
the oxidative modifications of methionineand tryptophan resi-
dues in the three isoforms of the 9 kDa polypeptide might
partly cause differencesin their isoelectric points.

DISCUSSION

One mgor difference between aging and cataractous human
lenses is the presence of higher levels of crosslinked species
inthelatter [1,3], and these speciesare believed to play amajor
role in development of lens opacity. Presently, it is believed
that posttrand ational modificationsin crystallins cause changes
in their conformations that in turn might lead to aggregation
and crosslinking. Although several such modifications have
been identified (see Introduction), their relative mechanistic
roles in aggregation and crosslinking of crystallins remain
unclear.

As described in the Introduction, several reports suggest
that crystallin fragments, produced as aresult of in vivo trun-
cation, might play aroleintheir aggregation and crosslinking.
Indeed, arecent study of water insoluble (WI) proteins from
human lenses [1,2] showed that the mgjor in vivo modifica
tions of human WI crystallins occurred mainly in aA- and
aB-crystallins, which included disulfide bonding, deamidation,
methionine oxidation, and backbone cleavage. These modifi-
cations might represent the major causative factors for aggre-
gation and crosslinking of crystallins. Our previousresultshave
suggested that the crystallin fragments per se might beinvolved
in the crosslinking process [20]. To ascertain this, the present
study was undertaken using an in vivo produced 9 kDa yD-
crystallin fragment (residues 87-173) asamodel polypeptide.
The choice of the polypeptide was aso based on our studies
which showed its existence as amajor polypeptide with post-
translational modifications and crosslinking propertiesin ag-
ing human lenses [28-30].

The major findings of this report are; (1) A mixture of
crystallin fragments (M_3-14 kDa) incubated at 37 °C
crosslinked forming non-disulfide bonded multimers, and with
further incubation caused water insolubilization. The sizes of
multimers produced rangedinM_from about 10,000 to >1x10°
daltons. (2) AWS 9 kDayD crystallin fragment a so exhibited
crosslinking in a time dependent manner with incubation at
37 °C under both light and dark conditions. The data suggested
that the crosslinked species were mostly held via non-disul-
fidebonds. (3) A mixture of crystallin fragments, isolated from
the WS and WI protein fractions of human lenses, showed a
higher content of hydrophobic amino acids compared to na-
tive crystallins, suggesting that their hydrophobicity might
facilitate aggregation, and in turn the crosslinking process. (4)
The 9 kDa polypeptide existed asthreeisoforms, and all three
species exhibited oxidation of methionine and tryptophan resi-
dues, and truncation after residue number 163. (5) Western
blot analyses identified a putative in vivo generated 27 kDa
multimers of the 9 kDa polypeptide in both WS proteins of
aging human lenses. (6) The 27 kDa species was absent in
both WS and WI proteins of young human (4 year old) lenses,
suggesting its posttranslational appearance.
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During in vitro incubation of the crystallin fragments, a
progressive time dependent crosslinking of the fragmentswas
observed, and western blot data suggested the involvement of
a9 kDayD-crystallin fragment (Figure 1). Because the focus
of the present study was to determine the crosslinking prop-
erty of the 9 kDa polypeptide, additional polypeptides that
might contain similar crosslinking properties were not exam-
ined. The purified 9 kDa polypeptide showed a time depen-
dent crosslinking via non-disulfide bonding during in vitro
incubation because the crosslinked specieswere not disrupted
even after treatment with 200 MM B-mercaptoethanol prior to
SDS-PAGE analysis. However, the potential role of disulfide
bonding during crosslinking cannot be completely ruled out.
During atime course experiment, first an 18 kDadimer of the
9 kDa polypeptide appeared followed by multimers of >100
kDa, which stayed at the top of a 15% polyacrylamide gel
(Figure 2). Because the 9 kDa species showed a time depen-
dent decrease in concentration with aconcomitant increasein
the levels of crosdinked species (Figure 2), and asimilar re-
sult was obtained during semi quantitativewestern blot analysis
using radioiodinated protein A (Figure 3), the crosslinked spe-
cieswereindeed derived from the 9 kDayD-polypeptide. Fur-
ther, following excitation at 280 nm, the emission of the
crosslinked species shifted from 334 nm to 342 nm compared
to non-crosslinked species. The emission at 330-340 nm is
primarily dueto tryptophan, and ashift indicated that thetryp-
tophan residues became more exposed following crosslinking.
The 9 kDa yD-crystallin fragment contained two tryptophan
residues at positions 130 and 156. The mass spectrometric
results showed that the tryptophan-156 residue was oxidized,
and therefore, the observed emission shift from 334 to 342
nm in the crosslinked species must be due to exposure of the
unoxidized tryptophan-130 residue.

Upon incubation of the 9 kDa polypeptide with a-, f3-, or
y-crystallin, the a- and y-crystallins were more reactive with
the polypeptide than p-crystallin. The crosslinked multimers
were>100kDaintheir M _and therefore extensive crosslinking
occurred. The polypeptide exhibited amaximum crosslinking
with a-crystallin compared to 3, - or y-crystallin which might
be significant with respect to the chaperone function of -
crystallin [40]. The hydrophobic portions of a-crystallin mol-
ecules have beenimplicated in its chaperonefunction [41,42].
The high hydrophobicity of the degraded polypeptides may
contribute to a greater interaction between the crystallin and
the polypeptides.

Upon determination of the existence of 9 kDa polypep-
tide derived multimers in vivo in human lenses by western
blot analysiswith anti-9 kDaN-terminal and C-terminal anti-
bodies, two multimers of 27 and 45 kDawere observed in the
WS proteins from both normal and cataractous lenses (Figure
6 and Figure 7). The 27 kDacrosslinked specieswas also seen
on crosslinking of the 9 kDa polypeptide with a-crystalin
(Figure5A, lane 5). The 9 kDa polypeptide and the 27 and 45
kDamultimers showed alack of immunoreactivity with anti-
9 kDa C-terminal antibody, suggesting modifications in this
region. Thiswas consistent with the MALDI-TOF data (Fig-
ure 9), which suggested that the 9 kDa polypeptide was trun-
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cated after residue number 163. As stated in the Results, west-
ern blot analysis of WS and WI protein fractions from lenses
of different ages (21, 30, 42, 50, and 61 year old donors) with
site specific polyclonal antibodies (anti-yD [residues 1-9] and
anti-yD [residues 78-86, minusthe 9 kDapolypeptide]) showed
an absence of the 27 kDa species, suggesting that the 27 kDa
speciesindeed was a crosslinked species of the 9 kDapolypep-
tide. Together, the western blot results suggested that the two
species of 27 trimer of the 9 kDa polypeptide existed in vivo.

Two factors, theincreased hydrophobicity and posttrans-
lational oxidative modifications of methionine and tryptophan
residues might play a major role in crosslinking property of
crystallin fragments. A distributional shift of crystallin frag-
ments from the WS proteins to the WS-HMW and then to WI
protein fractions [9,20] might be due to their higher hydro-
phobic amino acid content compared to native crystallins, as
shown in Table 1. An age related increase in hydrophobic
amino acids from crystallin fragments in the WS-HMW pro-
teins was also observed. The hydrophobic amino acid content
increased by 4% inlensesfrom 60 year old compared to lenses
from 20 year old donors (unpublished). Thefact the fragments
could be separated following SDS-PAGE or following urea
treatment further suggests a role of hydrophobic interaction
among HMW protein aggregates. The high hydrophobicity of
the fragments may facilitate proximity among them, and pro-
vide greater opportunity for aggregation and crosslinking.

The mass spectrometric data showed oxidation of Me-
thionine-146 and Tryptophan-156 residues, and truncation after
residue 163 in the three isoforms of the 9 kDa polypeptide.
The precisereason for the differencein thepl of threeisoforms
of the 9 kDais presently not well understood. Based on re-
sults, we specul ate that the oxidation of methionine and tryp-
tophan residues might contribute to the difference in the pl of
the threeisoforms. However, it is not known whether the oxi-
dative modifications in the 9 kDa polypeptide precede the
cleavage at G,-S,, in yD-crystallin to generate the 9 kDa
polypeptide. One of the characteristics of such modification
is an increase in non-tryptophan fluorescence as previously
observed for yD-crystallinin nuclear cataracts[43]. The present
study also showed a similar shift in fluorescence following
crosslinking in the 9 kDa polypeptide.

Oxidation is one of the most prevalent forms of chemical
modifications of proteins. The oxidation products of Tryp-
tophan residues of aA- and aB-crystallins have been identi-
fied in a previous study [44]. The tryptophan residue (mo-
lecular weight 186), upon oxidation acquires one oxygen and
becomes hydroxyltryptophan (HRTP, molecular weight 202),
and upon acquiring two oxygens produces N-
formylkynurenine (NFK, Molecular weight 218) [44]. As
shown in Figure 11, tryptophan residuesin atryptic fragment
of the 9 kDa polypeptide with asequence of Y QDWGATNAR
contained two oxygens, suggesting its conversion to HRTP
and NFK. Because oxidation is believed to play amajor role
inthe devel opment of senile cataract [45], and both tryptophan
oxidation products, HRTP and TFK, act as a photosensitizer,
capable of producing reactive oxygen species[46]. Their pres-
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ence in the in vivo produced multimers provides further evi-
dence for arole of oxidative process in multimer formation.
Because the metal catalyzed oxidation is a primary cause of
biomolecular oxidation, it may beresponsiblefor the observed
tryptophan oxidation. However, the tryptophan residue has
been shown to be oxidized by ionizing radiation and itisnot a
site for metal binding [47]. With exposure of a-crystalin to
iron, no oxidation of tryptophan was reported [48].

The oxidation of sulfur containing amino acids (Methion-
ine and Cysteine residues) in proteins could occur by awide
variety of oxidants[49] in proteins. The oxidation of methion-
ine could lead to protein fragmentation, protein-protein
crosslinking [49], increasein protein hydrophobicity [50], and
loss of enzyme activity [51]. Some of the properties of thein
vivo generated crystallin fragments and the 9 kDa polypep-
tide might be involved in these processes.

The observed aggregation and crosslinking, induced by
the lens crystallin fragments or 9 kDayD-crystallin fragment
have potential significance in the formation of crosslinked
products during human senile cataractogenesis. The polypep-
tide may act as an inducer for crosslinking, and thisis consis-
tent with our recent results that the levels of crystalin frag-
mentsincrease with aging and more so during cataractogenesis.
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