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ABSTRACT. Crystallins are small heat shock proteins with chaperone function that prevent heat- and oxidative
stress-induced aggregation of proteins. This is the first report describing modificatiows afystallin

in the sensory retina, including altered content and truncation with aging. Proteins from adult, middle
age, and old Fischer 344 Brown Norway rats were compared. Western immunoblotting was used to evaluate
oA crystallin content and identify protein spots on two-dimensional gels contamingrystallin. The

type and site of multiple post-translational modifications were identified by mass spectrometry. We found
the content ofxA crystallin was significantly decreased in the oldest rats. On two-dimensional gels, retinal
crystallins resolved into multiple spots with altered migration, indicative of changes in intrinsic charge
and/or truncation. Post-translational modifications that were identified included oxidation, phosphorylation,
deamidation, acetylation, and truncation. In samples from rats of all ages, a highly modified N-terminus
containing these modifications was found. We also observed an age-dependent difference in the extent of
N- and C-terminal truncation. These results suggest that protection against stress-induced protein aggregation
is compromised in the aged retina.

oA crystallin is a member of the small heat shock protein A combination of hydrophobic and ionic interactions is
superfamily whose members function as chaperones byalso required for protein stability and oligomeric complex
preventing heat- and oxidative stress-induced aggregation offormation. For example, residues 10820 are part of a
proteins (). This protein was first described in the lens, [-sheet that forms salt bridges and hydrogen bonds with other
where it is found in high abundanc®)( Expression oA proteins in the oligomeric assembl¥1). Thus, altering the
crystallin in extra-lenticular tissues, including the brain, liver, charge of residues at the subunit interface can disrupt
spleen, thymus, heart, and retina, has subsequently beeprotein—protein interactionsin vitro studies on chemically

described —6). modified oA crystallin and studies using site-directed
The oA crystallin monomer is an-20 kDa polypeptide mutagenesis have demonstrated that either alterations of
that forms multimeric complexes 6£800 kDa with aB intrinsic charge and hydrophobicity or truncation of the N-

crystallin, a closely related protein whose sequence is 55%0r C-termini will inhibit chaperone functior8( 12—17).
homologous 7). oA crystallin consists of several regions ~ One of the mechanisms for altering the intrinsic charge
shown to contribute to its chaperone-like activity. The oOr hydrophobicity of a protein is post-translational modifica-
flexible, solvent-exposed C-terminal extension, composed of tion (PTM)' of amino acid residues. Extensive PTM of
the last eight amino acids, maintains solubility and binds crystallins from the lens has been well documented (reviewed
charged residues of unfolding proteigsg). The N-terminus in refs 7 and18). Moreover, the extent of modification has
binds hydrophobic amino acids that become solvent-exposedoeen correlated with aging. Crystallin PTM results in multiple
in unfolding polypeptide chains7). In addition to the N- protein species that have been separated by either chroma-
and C-termini, recent evidence has shown that select residuegography (9) or two-dimensional (2D) polyacrylamide gel
of the a-crystallin domain (residues 788) bind unfolded  €lectrophoresis20). Mass spectrometric analysis has been
proteins and prevent their aggregatidid) used to identify both the type, and occasionally the site, of
PTM. The PTMs reported to increase with aging in lenticular
oA crystallin include deamidation, acetylation, oxidation of
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methionine, phosphorylation, and cleavage of the N-terminal
and/or C-terminal residued?, 20—24). Importantly, many
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retinas of two rats were used for each preparation. The
supernatant containing soluble retinal proteins from the final

of these modifications have been shown to inhibit chaperone step of processing was retained, and aliquots were stored at

function. Thus, in the aged lens, chaperone functionAf
crystallin is inhibited.

To date, there have been no investigations of retinal
crystallin expression or PTMs with aging. The retina is
particularly prone to oxidative stress due to the combined
effect of high metabolic activity, light-induced generation

of free radicals, and membranes containing high concentra-

tions of easily oxidized polyunsaturated fatty aci@s-
27). Therefore, maintenance of chaperone function is crucial
for protecting retinal proteins from oxidation-induced unfold-

—80 °C. Protein concentrations were determined using the
bicinchoninic acid (BCA) protein assay reagents (Pierce).
Bovine serum albumin was used as the standard protein.
One-Dimensional (1D) Gel Electrophoresi®rior to
Western immunoblotting to determine the relative content
of crystallin and rhodopsin proteins, retinal proteins were
electrophoretically separated by SBBAGE using a Mighty
Small SE 250 (Hoeffer) system and a 12% resolving gel with
a 3% stacking gel29). Protein loads for preparations from
human and rat retina were 1@ per lane. The protein load

ing. In aged rat retina, we have reported increased levels offor human recombinantA crystallin (kindly supplied by

proteins containing the oxidative modifications, nitrotyrosine
and 4-hydroxy-2-nonenak8). These results are consistent
with a more stringent requirement for protection from
oxidation-induced aggregation in the aged retina.

In this study, we investigated retin@A crystallin expres-
sion and PTMs in mature adult, middle age, and old rats.

M. Petrash) was 0.xg per lane. The relative content of
crystallin was also determined with an additional antibody
that reacts with the N-terminus @fA, but also has some
cross-reaction witlwB crystallin. For these measurements,
resolution ofaA and insert crystallins fronwB crystallin
required the use of large format gels (16 «ml8 cm) for

These ages were chosen so that we could capture changesPS—PAGE (Pharmacia Hoeffer). Ten micrograms of

at the molecular level that correlate with the sharp functional
decline in the retina that occurs late in life. This study
provides a comprehensive view of the time-dependent
changes A crystallin. Precise protein modifications that
occur with normal aging have not been systematically
explored. Understanding the molecular nature of the aging
process will provide important insight into the basis of
cellular and organismal senescence.

We used a combination of high-resolution 2D gel elec-

trophoresis and mass spectrometry (MS) to identify the types

and sites of PTM. We found retinalA crystallin contains
a large number of PTMs, including an age-dependent

difference in the extent of both N- and C-terminal truncation. :

Additionally, we found thatrA crystallin content is signifi-

cantly decreased with aging. These results suggest tha

protection from stress-induced protein aggregation is com-
promised in the aged retina.

EXPERIMENTAL PROCEDURES

Preparation of Retinal Homogenatddale Fischer 344x
Brown Norway (F344BN) F1 hybrid rats were purchased
from the colony maintained by the National Institute of Aging
(Harlan, Indianapolis, IN). Ages of rats included in this study
were 712 months (mature adult), 280 months (middle
age), and 3237 months (old). Rats were housed in an
AAALAC-approved animal facility at the University of
Minnesota, which is maintained at 2C€ with 12 h cycles
of light and dark. Standard rat chow and water were provided
ad libitum. An animal protocol was approved by the
Institutional Animal Care and Use Committee of the
University of Minnesota and followed the guidelines estab-
lished by the National Institutes of Health.

protein was loaded for each sample.

2D Gel Electrophoresid-irst-dimension isoelectric focus-
ing (IEF) was performed with the Protean IEF Cell (Bio-
Rad) using 11 cm, pH-58 immobilized pH gradient (IPG)
strips. IPG strips were rehydrated with 8@ of rat retinal
protein at 50 V for 14 h. Samples were focused at 250 V for
15 min, with a linear increase to 8000 V for 2.5 h, and a
final focusing step at 8000 V to reach a total of 35000
Vhours. For the second dimension, IPG strips were equili-
brated for 10 min in buffer A [6 M urea, 2% SDS, 375 mM
Tris-HCI (pH 8.8), 20% glycerol, and 130 mM DTT],
followed by 10 min in buffer A with 135 mM iodoacetamide
substituted for DTT. The equilibrated strips were embedded
in 0.5% (w/v) agarose on the top of 12% acrylamide gels.

econd-dimension SDFPAGE was performed according to
he method of Laemmli (29), using the Pharmacia Hoefer
SE 600 system. For each sample, three to four gels were
run in parallel. One gel was silver stained using the mass
spectrometry compatible Silver Stain Plus Kit (Bio-Rad). The
alternate gels were used for Western immunoblotting. Images
were captured using a Fluor-S Multilmaging system (Bio-
Rad).

Analysis of Protein Migration on 2D Gel$he isoelectric
focusing point (pl) of crystallin proteins was determined by
comparing the migration of 2D SDSPAGE standard
proteins (Bio-Rad) (conalbumin, pl 6.0, 6.3, and 6.6;
albumin, pl 5.4 and 5.6; actin, pl 5.0 and 5.1; GAPDH, pl
8.3 and 8.5; carbonic anhydrase, pl 5.9 and 6.0; and
myoglobin, pl 7.0) with the migration of our sample proteins.
The apparent molecular mass was determined by comparing
the migration of a protein spot with the position of molecular
weight protein standards. For Western blots, Kaleidoscope
Prestained Standards (Bio-Rad) were used. For silver-stained
gels, Low Range Silver Stain SB®AGE Standards (Bio-

Prior to eunucleation of the eye, rats were euthanized by Rad) were used.
administering an intraperitoneal overdose of Buthanasia (100 Western Immunoblotting of 1D and 2D Geollowing
mg/kg). The eye was removed, and an incision was maderesolution of proteins by 12% SDIAGE, retinal proteins

around the circumference to permit removal of the lens and

were electrophoretically transferred to polyvinylidene dif-

vitreous humor. The eyecup was then rinsed in phosphate-luoride (PVDF) membrane using the Bio-Rad Trans-Blot
buffered saline, and the sensory retina was dissected andSemi-Dry Cell at 800 mA for 30 min. PVDF membranes

immediately processed as outlined previoushg8)( The

were probed with one of the following primary polyclonal
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antibodies: rhodopsin (1:1000) (Biodesign, Saco, ME) or acetonitrile 81). Extracted peptides were evaporated to near
one of two different antibodies taA crystallin. TheaA dryness in a Speed Vac and stored-80 °C prior to mass
crystallin antibody purchased from Stressgen (1:1000) wasspectral analysis.
generated for the last 10 amino acids in the C-terminus. This Methyl Esterification of Peptidedzollowing enzymatic
sequence is identical in rats and humans except for thedigestion with trypsin, dried peptides were treated with a
substitution of Séf® in rat with ThA® in humans. The  methanolic hydrochloride solution that was prepared fresh
seconA crystallin antiserum (1:750), kindly provided by by adding 16QuL of acetyl chloride dropwise with stirring
J. Horwitz, was generated from a peptide that matches theon ice to 1 mL of anhydrous methand@2). The mixture
first 11 amino acids in the N-terminus of boviné crystallin was then removed from ice and stirred at room temperature
(6). The sequence is identical between the bovine and ratfor 10 min. Fifty microliters of the methanolic hydrochloride
except for the two amino acids at positions 3 and 4. solution was added to each sample of dried peptides, and
Following 2D gel resolution of rat retinal proteins, we the mixtures were incubated at room temperature for 2 h.
observed a slight cross-reaction witt8 crystallin for the The solvent was removed and the reaction stopped by
antibody reacting with the N-terminus and no cross-reaction complete drying of peptides in a Speed Vac. This treatment
for the antibody reacting with the C-terminus. A cross- results in the addition of 14 mass units to the C-terminus
reaction betweemA and oB crystallin with the antibody  and side chains of aspartic acid and glutamic acid resulting
raised against the N-terminal sequence was reported previfrom the chemical addition of an ester group. Deamidation
ously 6, 6). at asparagine and glutamine residues to their corresponding
Goat anti-rabbit alkaline phosphatase-conjugated secondanacid derivatives can be detected because they form methyl
antibody (1:3000) was used in conjunction with the substrate esters, which is observed as an increase of 15 mass units
5-bromo-4-chlor-3iodolyl phosphatg-toluidine/nitro blue (+1 due to deamidation antt14 due to esterification).

tetrazolium chloride (BCIP-NBT) to visualize the immu- Matrix-Assisted Laser Desorption lonization Time-of-
noreaction. Images were captured using a Fluor-S Multi- Flight Mass Spectrometry (MALDI-TOF MSPrior to
Imaging System (Bio-Rad). MALDI-TOF MS analysis, a portion of the peptide mixture

To determine the relative content ofA crystallin or was desalted using Millipore C18 ZipTips using the manu-
rhodopsin in rat retinal homogenates, densitometric analysisfacturer’s protocol. Full scan mass spectra frovia 500 to
was performed on the immunoreaction of individual protein 3500 of the tryptic peptide mixtures were collected in the
bands using Sigma Scan. Preliminary experiments showedpositive mode by averaging50—200 spectra, depending
that retinal protein loads between 1 and/a9produced a  on the instrument. Data were acquired on one of the
linear signal for thenA crystallin antibody. Therefore, 10  following mass spectrometers: ‘Baer Biflex Il (Briiker
ug was chosen as the amount of total protein to load for the Daltonics, Billerica, MA), QSTAR Pulsar quadrupole-TOF
semiquantitative Western blot analysis. All band densities [Applied Biosystems Inc. (ABI), Foster City, CA], or
were normalized to a reference sample from an adult rat QSTAR XL quadrupole-TOF (ABI). For Biflex MS, the
retinal homogenate that was included in each Western blot.mass spectrometer is equipped with anlaser (337 nm,
This allowed for blot-to-blot comparisons. The density is pulse length of 3 ns). The peptide data were collected in the
reported as the immunoreaction relative to the averagereflectron mode, with an accelerating potential of 19 kV
density of young rat retinal crystallin. Differences between usinga-cyano-4-hydroxycinnamic acid (cca) (Agilent Tech-
age groups were tested for statistical significance using anologies, Palo Alto, CA) diluted 1:1 (v/v) with a 50:50
one-way analysis of variance (ANOVA), with the level of acetonitrile/Nanopure water mixture and 0.1% trifluoroacetic
significance ) set at<0.05. When appropriate, post hoc acid. External calibration was performed using human
analysis was performed using the Tukd{ramer statistical angiotensin 1l (monoisotopic [MH of m/z 1046.5417;
test to determine differences between groups. Sigma), angiotensin | (monoisotopic [MiHof m/z 1296.6853;

To determine the extent of either N- or C-terminal Sigma), and adrenocorticotropin hormone fragment38
truncation using 2D gel resolution, densitometric analysis (monoisotopic [MH] of m/z 2465.1989; Sigma). For QSTAR
was performed on the immunoreaction of each protein spot. Pulsar MS, full scan and product ion spectra were collected
The relative percent of truncation was determined by dividing using dihydroxybenzoic acid as the matrix. The TOF region
the density of the truncated species by the total density of acceleration voltage was 4 kV, and the injection pulse
all oA crystallin immunoreactions on the blot. repetition rate was 6.0 kHz. Laser pulses were generated with

Selection and Preparation of Proteins for Mass Spectrom- a nitrogen laser at 337 nm, with 33 of laser energy using
etry. Western immunoblotting of 2D gels was used to identify a laser repetition rate of 20 Hz. For QSTAR XL MS, the
protein spots containingrA crystallin. To align spots  TOF region acceleration voltage was 4 kV and the injection
exhibiting an immunoreaction with spots on silver-stained pulse repetition rate was 6.0 kHz. Laser pulses were
gels, images of Western immunoblots and their correspond-generated with a nitrogen laser at 337 nm, witB uJ of
ing gels were printed on transparencies and overlaid on alaser energy using a laser repetition of 20 Hz and cca as the
light box. Selected spots were excised and proteins digestedmatrix. To increase the accuracy of tinéz values, internal
in-gel overnight at 37°C with either trypsin or AspN as  calibration for the QSTAR data was performed using peptides
described previously3Q). Prior to protease digestion, the of either trypsin autolysis ([MH] of m/z 842.5022 and
cysteine residues were reduced with DTT and alkylated using2211.0968) oA crystallin ((MH*] of m/z 1007.5314 and
iodoacetamide. Peptides were extracted from gels by repeated 285.6798). The identities of the internal calibrants were
swelling and shrinking of the gel using a 1:1 (v/v) mixture previously confirmed by MS/MS sequencing. The internal
of 25 mM ammonium hydrogen carbonate and acetonitrile, standard for each sample was chosen on the basis of peak
followed by a 1:1 (v/v) mixture of 5% formic acid and intensity (the more intense peaks were chosen as calibrants).
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After internal calibration, the ABIs Bayesian Peptide Re- multiplied by 1@. Confirmation of one PTM (see Results)
construct Tool, which is very robust since multiple peaks in was accomplished by tandem mass spectrometry.
an isotope series are used during the Bayesian calculation
was used to generate a peak list for sample peptides. RESULTS
Measured peptide masses were used to search the NCBI The Lesel of Crystallin Expression Decreases with Aging.
and Swiss-Prot sequence databases for protein identificationsn this study, we investigatedlA crystallin protein expression
and database accession numbers using Mascot (www.and PTM in the sensory retina. The sensory retina contains
matrixscience.com) or BioAnalyst (ABI) software. All the rod and cone photoreceptors and six other neuronal and
searches were performed with a mass tolerance between 5@upport cells that are involved in processing and transmitting
and 175 (for QSTAR data) and 100 and 225 ppm (Biflex). visual information to the brain. To identify age-dependent
Positive identification required a minimum of three peptide changes imA crystallin, we compared protein from mature
matches, a probability score that indicates high concordanceadult (7—12 months), middle age (280 months), and old
between the masses of experimentally derived peptides and32—37 months) F344BN rats. On the basis of the published
theoretical masses of peptides from the matched protein, andife span for this rat strain, these ages correspond to (1)
a positive identification from at least one product ion ~95% survival for the mature adult group, (2) 760%
spectrum. survival, just prior to senescence, for the middle age group,
Electrospray lonizaation (ESI) Mass Spectral AnalyAis. and (3) 56-20% survival, well into senescence, for the old
LCP (LC Packings, Sunnyvale, CA) Famos autosampler group @5). Thus, this study is focused on understanding
aspirated 3uL of an acidified (with 0.1% formic acid)  changes that occur later in life, rather than during develop-
peptide mixture into a 10AL sample loop using the Famos ment of the young organism.
micoliter pick-up injection mode and a combination of a 98:2  To evaluate the relative content@A crystallin, Western
water/ACN mixture and 0.1% formic acid as the transfer immunoblotting was performed on retinal proteins separated
reagent. An LCP Switchos pump was used to concentrateby 1D SDS-PAGE using an antibody that specifically
and desalt the sample on an LCP C18 nano-precolumn [0.3recognizes the C-terminus af\ crystallin (Figure 1A). The
mm (internal diameterx 1 mm (length)] with a combination  specificity of this antibody was confirmed by the selective
of a 98:2 water/ACN mixture and 0.1% formic acid as the reaction with protein spots on 2D gels whose identity was
buffer. The precolumn was switched in-line with an analytical confirmed by mass spectral analysis (see below). We
column, and peptides were eluted at 350 nL/min using an observed a single immunoreactive band migrating-a0
LCP Ultimate LC system. A 10@m internal diameter C18  kDa for recombinant humaaA crystallin and in retinal
column was packed in-house to 10 cm length witlxr homogenate from a human donor eye. This apparent mass
particles, with a pore size of 200 A (Michrom BioResources, is in good agreement with the theoretical molecular mass of
Auburn, CA) @3). Peptides were eluted with a linear gradient 19 909 Da for humarA crystallin (36). In rat retinal
of 1.6% solvent B/min over 65 min starting with 100% homogenates, two protein bands reacted with the antibody.
solvent A, where solvent A was a 95:5 water/ACN mixture The band with the strongest reaction migrated slightly faster
with 0.1% formic acid and solvent B was a 5:95 water/ACN than the humamA crystallin, reflecting the smaller mass,
mixture with 0.1% formic acid. The LC system was on-line i.e., 19 792 Da, for rattA crystallin. The second band at
with ABI's QSTAR Pulsar quadrupole-TOF MS instrument, ~22 kDa corresponds to an alternate gene prodiu&insert
which was equipped with Protana’s (Denmark) nano- crystallin (henceforth termedA insert), that was previously
electrospray source. A spray voltage of 2100 V was applied described in the rodent len37). This protein product arises
distal to the analytical column. TOF parameters are the samefrom alternative splicing of MRNA, producing a protein with
as the parameters listed above for the QSTAR Pulsara 23-amino acid insert between residues 63 and 6d/of
instrument equipped with the MALDI source. Product ion crystallin (38).
spectra were collected in an information-dependent acquisi- Densitometric analysis of the two immunoreactive protein
tion mode using the enhanced feature of the scan mode withbands in rat retinal homogenates indicates that there is an
a scan time of 3 s. age-dependent loss in botlA crystallin and oA insert
Identification of Post-Translational Modifications (PTM).  (Figure 1B). In old rats, the crystallin content is significantly
Peaks whose mass matches that of peptides containinglecreased 40 and 60% fotA crystallin and oA insert,
potential PTMs were identified by either manually searching respectively, compared with adult rats.
the peptide mass list or using the software tool FindMod To determine if the age-dependent decrease in content
(http://us.expasy.org/tools/findmod/). In FindMod, the ex- occurs at equivalent rates for both species of crystallin, we
perimentally measured peptide masses are compared withcalculated the ratio betweewA insert andaA crystallin
the theoretical masses of peptides from the identified protein.immunoreaction. Since the C-terminus is identical for both
The mass differences between experimental and theoreticablA insert andoA crystallin, the affinity of the antibody used
peptides are used to predict the type of modification that to evaluate relative content should be the same for both
could correspond to the mass change. A prediction of the proteins. In adult retina, the content @fA insert is
site of modification is determined by algorithms in the approximately 25% lower than the contentod crystallin.
software that are based on biochemical principles for In middle age and old rats, the relative concentrationAf
modification of specific amino acids34). Mass accuracy insertis~50 and 70% less, respectively, than the concentra-
in parts per million (ppm) was calculated to check the validity tion of oA crystallin. Thus, there is a more substantial loss
of the prediction. The ppm value was determined by dividing in oA insert with aging.
the difference between the experimental and theoratital To ensure that these results were not biased by differences
values by the theoreticalvVz value. The quotient is then in C-terminal truncation, we used an alternative antibody that
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Ficure 1: Western immunoblot analysis afA crystallin content 0.0
in adult (A), middle age (M), and old (O) rat retina. (A) A|pha A Insert

Representative Western blot for the reaction of an antibody that

recognizes the C-terminus @A crystallin with recombinant human  Ficure 2: Confirmation of aA crystallin content by Western
oA crystallin (R), and in human (H) and rat retinal homogenates immunoblots of adult (A) and old (O) retina using an alternative
(A, M, and O). Protein loads were O of recombinant protein antibody. (A) Representative Western blot of the immune reaction
and 10ug of retinal homogenates. The arrow indicates the position of rat retinal homogenate to the following antibodies: (1B

of oA insert. (B) The relative amount afA crystallin in retinal crystallin, (2) C-terminus ofaA crystallin, and (A and O)
homogenates was determined from densitometric analysis of theN-terminus ofaA crystallin. (B) Plots summarizing densitometry
immunoreactions forA crystallin (Alpha A) andoA insert (Insert). of the mean £standard error) immune reaction in adult and old

Plots summarize the meatt§tandard error) of densitometric values rats foraA crystallin (Alpha A) andoA insert (Insert), normalized
from each band that were normalized to the immunoreaction in a to the immunoreaction in a standard sample from adult rat retina.
standard sample from adult rat retina (left and middle panels). The N = 5 per age group. One asterisk means 0.05. Two asterisks
right panel shows the ratio of the relative contenbéf insert to meanp = 0.02.

oA crystallin for each age group calculated from the normalized

densitometric valueN = 10 for adult and old samples and 7 for account for the~50% decrease inA crystallin content in

middle age samples. One asterisk meprs 0.04. Two asterisks : .
meanp = 4.0 x 10 Four asterisks meap = 3.0 x 107 our oldest animals. Therefore, we measured the relative

(significantly different between young and old rats). Three asterisks content of rhodopsin, the major protein constituent of the
meanp = 0.04 (significantly different between young and middle rod outer segments of photoreceptors, by Western immuno-

age rats). blotting (Figure 3). Densitometric analysis of the immuno-
reactive band showed an age-dependent decrease in rhodop-
nsin content. The extent of immunoreaction in old rats
decreased 30% compared with that in adult and middle age
rats. These results are consistent with an age-dependent loss
in photoreceptors. However, the age-related lossu
crystallin content is still proportionately greater than the loss

clearly resolved the protein bands containimg and A in photoregeptors, suggesting an overall decline in retinal
insert from aB crystallin. We used the protein specific oA crys.t.alllr? content, ) .

immune reactions of antibodies to eitheB crystallin (lane Identification of Crystallin Proteins by Western Immuno-
1) or the C-terminus oftA crystallin (lane 2) as our guide  blotting.To investigatenA crystalhln PTMs, we ut|I|'zed 2D

in determining the correct band to chose for densitometry g€l electrophoresis to resolve individual proteins in the
for eachoA crystallin species. Using the antibody that reacts COmplex mixture of retinal proteins. This technique also
with the N-terminus, we observed a significant decrease in resolves modified proteins tha.t.dlffer in the|r intrinsic charge
the extent of antibody reaction to bottA and oA insert ~ from the “parent” or unmodified protein. Following 2D
when comparing the reaction in young adult and old rats Separation of retinal proteins, protein spots containing either
(Figure 2B). The combined results using two antibodies that ®A crystallin oroA insert were identified by a combination
recognize different epitopes on the protein confirm that there Of immunochemical detection on Western blots and mass

is a decreased content of retimeh and oA insert crystallin -~ SPectral analysis. Figure 4 shows a representative immu-
with aging. noreaction of theaA crystallin antibodies that recognize

|mmun0histochemistry has shown that t‘n@rysta”ins either the N- or C-terminus and the Corresponding 2D silver-
are present in the photoreceptor cells of the sensory retinastained gel for retinal proteins from adult tAC), middle
(4, 39). Since a 26-35% decrease in photoreceptor density @9e (D-F), and old (G-I) rats.
has been reported in pigmented rats with ag#@ 41), we When probing immunoblots of 2D gels with an antibody
asked if the age-dependent loss of photoreceptors couldthat recognizes the C-terminus @A crystallin, we found

recognizes the N-terminus to supplement and confirm the
age-dependent decrease in the extent of the immune reactio
However, this antibody exhibits some cross-reaction with
aB crystallin, so we solved this problem by separating retinal
proteins via large format 1D SDSPAGE prior to incubation

with the antibody. As shown in Figure 2A, this approach
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© Ficure 4: Identification ofaA crystallin andaA insert in retinal
&’ proteins resolved by two-dimensional polyacrylamide gel electro-
0.0 phoresis. Proteins from retinal homogenatesy/@pwere resolved

Adult Mid-Age Old by isoelectric focusing on an immobilized strip with a linear pH
. . L . gradient (pH 5 to 8) in the first dimension, and then by SDS
Ficure 3: Comparison of rhodopsin expression in adult (A), middle - pAGE (129%) in the second dimension. Three gels per sample were
age (M), and old (O) rat retina. (A) Representative Western blot iy parallel. Two gels were used for Western immunoblotting
for the reaction of rhodopsin antibody with rat retinal homogenates using an antibody taxA crystallin that recognizes either the
(A, M, and O). Protein loads were 1 of retinal homogenates. ¢ _terminus (A, D, and G, labeled N-terminal Truncation) or the
(B) The relative amount of rhodopsin in retinal homogenates was N_terminus (B, E, and H, labeled C-terminal Truncation). The third

determined from densitometric analysis of the immunoreactions. ge| was stained with silver (C, F, and I, labeled Silver Stained 2D-
Plots summarize the meaitt§tandard error) of densitometric values Gel). Each panel is a portion of a 2D gel from pl 5.4 to 7.2 and

from each band that were normalized to the immunoreaction in a .oy an M, of 12 kDa to anM, of 23 kDa. Numbers indicate the
standard sample from adult rat retifh= 5 per age group. majoroA species in adult (A-C), middle age (B-F), and old (G-
I) rat retina (numbering is in panel A only). Arrows indicate the
immune reaction corresponding to truncateil crystallin, T1 and

the major reaction was present in five protein spots that T2 (A, D, and G). Boxed protein spots ageA insert. A spot of

i -~ i ; ; oA insert identified by MS is indicated with an arrow and I. Cross-
migrated at~19.5 kDa, but with isoelectric points (pl) reaction with a protein spot aiB crystallin that was verified by

between 5.8 and 6.6 (Figure 4A,D,G). Multiple spots at 5 analysis is indicated b (B and C).

different pls for the same protein are known as “charge

trains”, which result from PTMs that alter the intrinsic Charge fa|r|y constant. Two truncated proteinsl T1 and T2, were
of the protein. When the intensity of the reaction of the major found in all ages, but the relative content between samples
spots was compared, spot 2 was the most abundant  varied considerably. Migration of T1 is at18 kDa and basic
species in all age groups. Spots 1 and 5 were present in venyto spot 2. The truncated protein, T2, migrates-dt5 kDa

low relative concentrations. In some samples, spot 5 wasand at the same pl as spot 2. The change in the apparent
not detected at all. mass from the parent protein suggests a loss5f residues.

In adult retina, we observed a second reaction that was atwhile T2 was present even in retinal samples from young
~22 kDa and more basic than the reactiondg crystallin adults, the more intense immune reaction in older rat retina
(Figure 4A-C, box). This pattern of migration is consistent suggests an increased abundance with aging.
with the theoretical values for migration ofA insert, i.e., The immunoreaction of a Western blot performed in
22 447 Da and pl 6.35. TheA insert also appears as a parallel using a second antibody that recognizes the first 11
charge train, suggesting that this protein undergoes PTM.amino acids of the N-terminus ofA crystallin is also shown
In the old retina, a reaction farA insert was rarely visible. (Figure 4B,E,H). Thus, this antibody should recognize

The most striking difference in the immune reaction was crystallin containing C-terminal truncations. Spots®fand
the age-related increase in the number of immunoreactivethe reaction fonA insert are visible, although the extent of
proteins migrating at a mass lower than those of the five the immune reaction was significantly less than that of the
major crystallin proteins (Figure 4). These immune reactions previous antibody. Additionally, there was some cross-
at lower molecular mass are likely associated with truncated reaction withoB crystallin (indicated a8). However, the
oA crystallin proteins. Since this polyclonal antibody was difference in migration on 2D gels allows for clear resolution
generated using a peptide matching the sequence of the lasbf the different crystallin proteins. In adult and middle age
10 C-terminal amino acids, truncation must be from the retinas, several truncated species were present and made up
N-terminus for these immunoreactive protein spots. Densi- ~14 + 10 and 10+ 10% of the total immune reaction,
tometric analysis of the immune reaction showett 3, 14 respectively. As with the N-terminal truncation, there was
+ 13, and 24 1% of the total reaction was associated with significant variability in the extent of truncation between
the truncated protein in young, middle age, and old retinas, samples. These results are consistent with the presence of
respectively. As demonstrated by the large error associatecboth N- and C-terminal truncation in retinalA crystallin
with these measurements in young and middle age retinasjn adult and middle age rats. In striking contrast, no
there was considerable variability between samples. How- immunoreactions were visible for proteins efl9 kDa in
ever, by advanced age, the relative amount of truncation isthe oldest age group. These results suggest that the C-terminal
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truncations in the oldest age group were either absent or A 1007
below the level of detection for this antibody. 15
Confirmation of Identity by Mass Spectrometiywe @
performed peptide mapping using full scan MALDI-TOF MS  §
data to confirm the identity of the immunoreactive spots and 8 10
search for PTMs. Tandem MS data were acquired (by "o
MALDI or ESI using QSTAR mass spectrometers) to provide ~—
peptide amino acid sequence information and unambiguous ; 5650 11175
confirmation of a protein’s identityFigure 5A shows a @ 0421, 1459 2698 3364
representative. MALDI-TOF mass spectrum of peptides 2 } 1090 '{28},..-1443 2682, 3;017
generated from in-gel trypsin digestion for a protein spot = hulu. I RS A S
that was identified asxA crystallin (spot 2). Eighteen 500 1000 1500 2000 2500 3000 3500
peptides representing 86% of the primary sequenceufor m/z
crystallin were identified from the peptide mass fingerprint 1481 1459 1417
(Table 1). In this sample, six peptides were sequenced by @ 251 147
tandem MS, thus providing unambiguous identification of % 100 60
the protein. G 20{ 59 40
The fragmentation of two peptides from residues-23 Py 20
(peptide 1007) and 8999 (peptide 1285) ofA crystallin T 181 %7as0 1485 071415 1420
is shown in the MS/MS spectra in Figure 6. These two 2>
peptides were well-defined peaks in most samples with 2 10
signal-to-noise ratios of10 and were used as internal £ 5
calibration standards for determining timé values for other - WUJ -
ANA

peptides found in that sample. The fragmentation of peptide o
1430 1440 1450 1460 1470

m/z —
3364

1007 produced a spectrum containingf®d ions and 8 of

9 y ions (Figure 6A). Also identified were a number of
immonium ions, neutral losses of water or ammonium, and
internal fragments. The large number of internal fragmenta- 200 2682 2698
tions was due to the presence of the proline in this peptide.
In the MS/MS spectrum corresponding to a peptide with an
m/z value of 1285, the presence of 8 of 11 b ions and 10 of
11 y ions verified the sequence for residues-89 of aA
crystallin (Figure 6B).

50 151 3017
The initial identification ofoA crystallin by Western blots \AW U\I\MM
was confirmed by MS analysis for spots &, T1, and | (part 0 5
of the charge train of thexA insert) (Figure 4). The 2680 2690 2700 3010 3020 3030
cumulative sequence coverage by MALDI-TOF analysis and m/z

the number Of pep“des match|ng the prlmary Sequence 0fF|GURE 5. Mass Spectrometric analySiS of tryptIC peptldes from

; : : ; oA crystallin. (A) Full scan of a MALDI-TOF MS peptide mass
aA crystallin are provided in Table 2. To improve our fingerprint from spot 2. The spectrum shows 12 of the 15 peaks

sequence coverage, we also performed MS analysis Onmatched to the theoreticalz values for residues in the sequence
peptides generated by AspN endoproteinase for a limited from rataA crystallin (GenBank entry 19526477). The 15 matching
number of samples. Tandem MS was performed ei@ peptides covered 84% of the sequence (Table 1). (B) Zoom scan

; 3 R ; of the region of the spectrum that corresponds with peptid&ll
Fne;);?g:gg;isg?gnsample to confirm the MALDI-TOF peptide (MDVTIQHPWEFK) with multiple modifications, including acety-

~ . . lation, methionine oxidation, and phosphorylation. Peptides 1417
Identification of Post-Translational Modificationur and 1459 contain an oxidized methionine. Peptides 1443 and 1459
next step was to determine the molecular basis for the alteredcontain an acetyl group. Peptide 1481 is phosphorylated. The

mobility demonstrated by retinatA crystallins. Previous calculated mass accuracy for each peptide is provided in Table 3.

; ot : : ; i (C) Zoom scan of peaks matching timéz values for residues 22
investigations of crystallins in the lens have identified 49 (3364) (LFDQFFGEGLFEYDLLPFLSSTISPYYR), 12845

numerous PTMs that alter a protein’s intrinsic charge and, (3017) (YRLPSNVDQSALSCSLADGMLTFSGPK), and 12045
consequently, its mobility on 2D gels. Reported charge- (2682, 2698). Peptides 2682, 2698, and 3017 include S-carboxy-
altering modifications include phosphorylation, acetylation methylation of cysteine, the deliberate chemical modification by
or glycation of lysine, deamidation of asparagine or glutamine, iOdoacetamlide introduced during Sampkl_e procesf‘ing- lreil)tides 2698
and gutathionylation of cystein@(-22.42). Additorally, 306 3017 leo ortas o oxiclzec melnonie Thecaluate mass
truncation of the N- and C-termini, which contain a large

number of charged amino acids, was reported to alter theus.expasy.org/tools/findmod/findmod.html) was also used to
migration of the protein in both dimensions on 2D g&lg, ( assist in identifying peptides with potential modifications.
22). We used thisa priori information from lenticular Visual inspection of the spectra was performed to verify that
crystallins to search for similar modifications in retinal the peak corresponding to the mass of a potentially modified
crystallins. The strategy we followed was to calculate the peptide had a shape that was consistent with a peptide
mass of specific peptides with their expected modification isotopic series pattern and had a signal-to-noise ratiof

and manually search the MALDI-TOF peak list for these To increase the accuracy of the monoisotopic masses
theoretical m/z values. The program FindMod (http// generated on the QSTAR mass spectrometer, internal cali-

150 5

3360 3370

Intensity, counts
=
o
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Table 1: Tryptic Peptides fromA Crystallin Measured by Mass Spectrométry

identification
residues ME theoretical [MH] sequence TOF mv/z Scf
1-11 0 1417.693 M(0)DVTIQHPWFK X
1-11 0 1443.709 M(a)DVTIQHPWFK X E
1-11 0 1459.709 M(a,0)DVTIQHPWFK X
1-11 0 1481.678 MDVT (p)IQHPWFK X
13-21 0 1007.531 ALGPFYPSR X M
22—-49 0 3364.645 LFDQFFGEGLFEYDLLPFLSSTISPYYR X
50-54 0 650.362 QSLFR X M
55-65 0 1175.627 TVLDSGISEVR X M
71-78 0 980.582 FVIFLDVK X
7988 0 1172.595 HFSPEDLTVK X
89-99 0 1285.679 VLEDFVEIHGK X M
104-112 0 1090.491 QDDHGYISR X M
118-145 1 3017.439 YRLPSNVDQSALSC(c)SLSADGM(0)LTFSGPK X
120-145 0 2682.275 LPSNVDQSALSC(c)SLSADGMLTFSGPK X
120-145 0 2698.275 LPSNVDQSALSC(c)SLSADGM(0)LTFSGPK X
146-157 0 1255.603 VQSGLDAGHSER X
158-163 0 642.393 AIPVSR X

a Following in-gel trypsin digestion alA crystallin, peptide fragments were analyzed on a QSTAR Pulsar quadrupole MALDI-TOF MS instrument.
Theoreticalvz values are the monoisotopic masses. The corresponding mass spectrum is shown in Eigl@dsithe number of trypsin-missed
cleavage sites in a peptideModification indicated in parentheses, positioned C-terminal to the relevant amino acid: o, methionine oxidation; a,
acetylation; cS-carboxyamidomethylation of cysteine by iodoacetamide; p, phosphoryldtiReptidem/z value determined by MALDI-TOF MS.
¢ Peptide sequence confirmed by either ESI tandem MS (E) or MALDI tandem MS (M). The tandem mass spectra for pep2itlesd3B9-99
are shown in panels A and B of Figure 5, respectively. The ESI tandem MS spectrum for peptitieslshown in Figure 6.

Table 2: Cumulative Percent Coverage and Modified Residues Present in Protein SpAt€ofstallint

coverage phosphorylatién deamidatioh acetylatiofi oxidatiorf
spot na® % peptides THr Sef?? GIn® Asntot Met! Met! Met!38

1 69 12 X X X X X
2d 93 18 (8) X X X X X X X
3d 79 12 (8) X X X X X X X
4 72 13 X X X X

5 50 9 X X X X X
T1 54 10 X X

| 67 11 X X

a Cumulative data for individual protein spots determined by MALDI-TOF MS analyssgot numbers correspond to multigié\ crystallin
protein spots on 2D gels (Figure 3). SpotsSlare part of the major “charge train”. T1 is truncated and basic to spot 2. lag\ansert crystallin.
¢An x indicates the presence of a peptide with a mass consistent with the addition of the indicated modification. The sites of modification were
reported previously in lenticularA crystallin. ¢ Percent is the cumulative coverage for digests by both trypsin and AspN. The number of peptides
generated by digestion with AspN endoprotease is shown in parentheses.

x
x
x

bration was performed using either peaks from trypsin modifications provides strong evidence for the presence of
autolysis oralA crystallin prior to generating a peptida/’z modified peptides, which we report in this study. However,
list. A calculated mass accuracy o6 ppm has been used modifications where the matches aréd ppm should be
with a quadrupole-TOF mass spectrometer (ABI's QSTAR) interpreted as a putative modification suggested by the
to confirm agreement between theoretical and experimentalpeptide mass, but not yet confirmed.

masses of peptides from homologous prote#®.(These For aA crystallin, two major sites of phosphorylation have
guidelines are extremely stringent for our study, which was been previously identified at Thrand Sel?? (44, 45).
performed under experimental conditions that should allow Inspection of the MALDI-TOF mass fingerprints provided
for fewer errors in matching experimental and theoretical evidence for phosphorylation of each site, although the
masses. Our experimental conditions include (1) verification peptides containing Thrand Set?? contained a heteroge-
that each sample contain#\ crystallin by MS/MS sequenc-  neous mixture of additional modifications.

ing of at least four peptides prior to further analysis, (2)  For the N-terminus, we found tryptic peptides with peaks
internal calibration and use of the peptide reconstruct tool consistent with residues—111 or 1-12 and combinations

to generate a peptidavz list, and (3) utilizing previously  of the following modifications: phosphorylation (79.98),
published information from lenticulaxA crystallin to search ~ acetylation (42.01), methionine oxidation (15.99), and de-
for specific modifications at known positions in the sequence. amidation (0.98). With close inspection of each sample, the
It is reported in the literature/@) that 2 ppm is the upper  unmodified, monoisotopic peptide with amz 1400.69 value
limit for using the mass value only (without MS/MS data) was never found.

for unambiguously reporting a correct peptide match. QSTAR  Figure 5B shows a representative MALDI-TOF mass
guadrupole-TOF mass spectrometers do not have the resolvspectra for peptides-111 (MDVTIQHPWFK) with various

ing power to provide this type of data. We believe that modifications. Table 3 provides the calculated mass accura-
internal calibration, which has provided numbers~ef0 cies for the observed and theoretical monoisotopic mass
ppm, plus additional analytical methods for the support of values for the modified peptides. The peaksvér 1417,
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Ficure 6: Tandem mass spectrum for fragmentation of peptides
from aA crystallin used as internal standards for calibration. (A)
Product ion spectrum of the singly charged ion 1007 of the
ALGPFYPSR peptide formed by MALDI ionization. The amino
acid sequence is displayed above the spectrum and corresponds t
residues 1321 of aA crystallin. The y- and b-type ions found

Kapphahn et al.

Another modification of the N-terminal peptide was
phosphorylation of THr While the calculated mass accuracy
fell outside our accepted range L0 ppm for the example
spectrum (Figure 5), we were able to provide strong evidence
of the presence of phosphorylation of the N-terminus in two
other samples that had mass accuracies of 3 and 4 ppm (Table
3). Peptides with masses indicative of N-terminal phospho-
rylation occurred frequently, i.e., in 61% of our samples,
although a mixture of both phosphorylated and nonphos-
phorylated peptides was often present in the same protein
spot. In samples containing a mixture of phosphorylated and
nonphosphorylated peptides, we also searched for a peptide
mass consistent with the loss of a phosphatidic aoitt (
—98), which could potentially occur upon MALDI ionization
or metastable decomposition of the peptides in the mass
spectrometer. However, these peptides were not found. Thus,
the mixture of phosphorylated and nonphosphorylated pep-
tides is not the result of an artifact of sample preparation or
ionization in the mass spectrometer.

Deamidation of Glfin the N-terminus was more difficult
to verify by our method of analysis. However, we did find
evidence of deamidation of ASRin our search ofiVz values
(Table 3).

Another method we used to establish deamidation of GIn
was to perform methyl esterification of peptides prior to mass
spectral analysis. Methyl esterification converts the carboxyl
terminus of the peptide as well as carboxylic acids, such as
those present on the side chains of glutamic and aspartic
acids and the deamidated side chains of glutamine and
asparagine, to their corresponding methyl es8®).(This
chemical modification results in a mass change of 15 for
the deamidated residue, which greatly enhances our ability
to detect this modification. We observed peptide mass
additions from methyl esterification that were consistent with
fleamidation of peptide-111 (Table 3), albeit still above

experimentally are written above and below the sequence, respecOUr desired level of mass accuracy ofl0 ppm. The

tively, and are indicated above the corresponding peak in the
spectrum. All b and y ions cannot be shown on the spectrum
because of space constraints. The asterisks denote loss;paiH

the degree signs denote the loss of a water from a fragment ion

Fragment ion nomenclature and neutral loss notation were estab-

lished by Biemann {7). Our notation “int” denotes internal
fragmentation, which is promoted by the presence of a proline in
the sequence. Immonium ions are labeled globally with an I. The
presence of Nkllosses from a fragment ion devoid of Arg (R) or
GIn (Q) from singly charged MALDI ions has been previously
reported {7). (B) Product ion spectrum of the singly charged ion
1286 of the VLEDFVEIHGK peptide formed by MALDI ionization.
The sequence matched residues-89 of aA crystallin. The ions

additional site of deamidation of A%} was also observed
in multiple peptides using this method, based on peptide mass
alone, although the mass accuracy wak00 ppm. Thus,
deamidation was the most difficult modification to unam-
biguously verify, and we were not successful in acquiring
MS/MS spectra on potentially deamidated peptides.
Another region of the protein that was highly modified
included the site of phosphorylation of $8rResidues 118
145 (YRLPSNVDQSALSCSLSADGMLTFSGPK) and 120
145 contained a heterogeneous mixture of modifications as
suggested by peaks in our example peptide fingerprint

are labeled as described above. The data were plotted as a functionrigure 5C). Figure 5C shows peaksnalz 2682 and 2698,

of m/z value using GraphPad Prism after the raw mass spectral
data were smoothed, centroided, and labeled in BioAnalyst (ABI).

1443, and 1459 are consistent with the addition of an oxygen,
acetyl group, and both modifications, respectively. Acety-
lation on the N-terminus of Métvas also confirmed by ESI-
MS sequencing (Figure 7). It is important to note that we
found evidence of both acetylated and nonacetylated N-
terminal peptides in our samples (Table 3). This is in contrast
with lenticular oA crystallin, where the N-terminal Met is
always acetylated7( 18). We also observed oxidation on
the side chain of Mét although it was unclear whether
methionine oxidation occurreid vivo or was an artifact of
sample preparation.

which correspond tanwz values for cysteine-carboxyami-
domethylated (CAM) peptide 120145 in the absence and
presence of an oxidized methionine, respectively. The
cysteines are modified by iodoacetamide, which is a result
of chemical modification during sample processing. The peak
at m/z 3017 in Figure 5C corresponds to peptide 4185
with CAM-cysteine and oxidized methionine. In 61% of our
samples, a peak with a monoisotopic massréd 2705,
which is consistent with phosphorylation of peptide 120
145 but without CAM, was found (Table 3 and Figure 8).
As noted, the cysteine in this peptide is not chemically
modified by iodoacetamide. Incomplete chemical modifica-
tion of cysteine during sample processing was observed in
~50% of the peptides containing Cy5 These results are
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Table 3: Summary of Modified Tryptic Peptides Identified by MALDI-TOF MS

mas$
residues MC sequence theoretical experimental ppgm
1-11 0 M(0)DVTIQHPWFK 1416.686 1416.681 35
1-11 0 M(a)DVTIQHPWFK 1442.701 1442.702 692
1-11 0 M(0,a)DVTIQHPWFK 1458.697 1458.698 1.0
1-11 0 MDVT (p)IQHPWFK 1480.657 1480.683 17.2
1-11 0 M(a)DVTIQ(d)HPWFK 1485.677 1485.702 17.0
1-12 1 M(0)DVT(p)IQHPWFKR 1652.753 1652.763 3.2
1-12 1 M(0,2)DVT(p)IQHPWFKR 1694.764 1694.771 4.2
92-104 0 DFVEIHGKHN(d)ERQ 1608.764 1608.783 115
120-145 0 LPSNVDQSALSC(c)SLSADGMLTFSGPK 2681.268 2681.275 2.8
120-145 0 LPSNVDQSALSC(c)SLSADGM(0)LTFSGPK 2697.263 2697.275 f4.5
120-145 0 LPS(p)NVDQSALSCSLSADGMLTFSGPK 2704.213 2704.237 193
118-145 1 YRLPSNVDQSALSC(c)SLSADGM(0)LTFSGPK 3016.427 3016.447 6.6

@ Following in-gel trypsin or AspN digestion afA crysallin resolved by 2D gel electrophoresis, peptide fragments were analyzed on either a

QSTAR Pulsar quadrupole or a QSTAR XL MALDI-TOF mass spectrometer. Internal calibration was performed using either peptides from trypsin
autolysis oA crystallin. ® Theoretical and experimental masses are the monoisotopic molecular mass for the peptide plus the indicated modification(s).
¢MC is the number of trypsin- or ASPN-missed cleavage sites in the peptiisptide sequence with the modification indicated in parentheses,
positioned C-terminal to the relevant amino acid: a, acetylatie#?(010); c,S-carboxyamidomethylation of cysteine by iodoacetamitl®1.022);
d, deamidation{0.984); o, oxidation-{15.994); p, phosphorylationH79.966).¢ Parts per million, calculated as [(theoreticalexperimental)/
theoretical] x 1CP. f Modified peptides shown in the spectrum of Figure? &equence verified by ESI tandem MS (Figure 'BYlass values are
following methyl esterification of the carboxy terminus14), D? (+14), and the deamidated®@+15)." AspN digestioni Corresponds to the
peptide shown in Figure 7.
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3 Ficure 8: MALDI-TOF MS spectrum of tryptic peptides fromA
o

crystallin containing post-translational modifications. Peptide 2698

10 1 from residues 126145 (LPSNVDQSALSCSLADGMLTFSGPK)
containing an oxidized methionine ar@carboxymethylation of
cysteine. Peptide 2705 consists of residues-1215 with an added

0- phosphate. Mass accuracy between the theoretical and experimental
50 250 450 650 850 1050 values for this peptide is shown in Table 3.

(spot 2) and also in the insert protein (spot I) (data not
Ficure 7: Product ion spectrum of the doubly charged ion 722.4 shown). On the basis of the faint immune reaction on our

'?fh l;l-grc;ﬁrt])ga;g% (;\Iégggz] g:ﬁ)stigiesmg%glgé—ioz\év;ﬁ fsrgrencttrﬂxfnsfhe y_VVestern blots, the reaction of the antibody with a limited
and b-type product ions found experimentally are written above NUMPer of theaA crystallin spots can be explained by the

and below the sequence, respectively. All b and y ions cannot be €ither the low affinity of this antibody or the low abundance
shown on spectrum because of space constraints. The asterislof phosphoserine. This is consistent with our mass spectral
denotes loss of Njand the degree signs denote loss gbHrom  data, which showed a mixture of both phosphorylated and
a fragment ion. Fragment ion nomenclature and neutral loss nOtatlonﬂOnphOSphOFy|ated peptides in our samples. Thus, the
were established by Biemani7g). Our notation “int” denotes - . : . . P
internal fragmentation, which is promoted by the presence of proline CUmMulative evidence of peptides with masses consistent with
in the peptide sequence. Immonium ions are labeled globally with phosphorylation of Sét? and the positive immune reaction
an l. with a phosphoserine antibody strongly suggest'?3és
phosphorylated in retinabA crystallin. However, we
consistent with our previous published work where we acknowledge the potential for additional serine phosphory-
reported MS/MS sequencing of peptides containing a mixture lation sites that are yet undescribed in this protein.
of both chemically modified and unmodified cysteines that  Other previously reported PTMs that would result in a
were present simultaneously in our sampkg).( more acidic migration included glycation (mass addition of
Because we were not able to achieve the stringent levelm/z 162.05) of Ly3?, Lys’8, and Ly$%? (47) and glutathio-
of mass accuracy required for definitive confirmation of the nylation (mass addition ofriVz 305.3) of Cy$3! (42). We
peptide with a phosphate, we turned to an alternative analysiswere unsuccessful in matching the theoretical mass of either
to confirm the presence of a phosphorylated serine in our the glycated or glutathionylated peptides with our observed
samples. Western immunoblotting was performed using an mass values.
antibody that recognizes phosphoserine. We observed a Table 2 provides a summary of the PTM and the putative
positive immune reaction in the most abundant protein spot modified residues for each protein spot. As observed from
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the cumulative data, the N-terminus of retinah crystallin unfolding include elevated temperature, pH extremes, hy-
is highly modified and includes acetylation, deamidation, poxia, osmotic changes, noxious chemicals, and oxidative
oxidation, and phosphorylation. Our mass spectral datastress. In addition to the role as chaperanerystallins have
provided evidence for phosphorylation of Tim spots 2-5 also demonstrated an ability to modulate actin polymerization
and I. Evidence for phosphorylation of $&was observed in lens cells 49) and antiapoptotic activity in lens epithelial

in all spots except spot 5. It is possible that sites of cells 60). The protection provided bgA crystallin under
phosphorylation in additional spots could have been missedconditions conducive to protein unfolding or the initiation
due to incomplete sequence coverage and the inefficiencyof apoptosis is determined by both the intracellular crystallin
of phosphorylated peptides to ionize well in the positive ion concentration and the extent of PTM, which has been shown
mode or due to the low abundance of the phosphorylatedin many cases to alter crystallin functiohgj.

protein in a mixture with the unphosphorylated protein in  Although the role ofaA crystallin in the retina has not
our samples. been fully investigated, evidence of its upregulation under

In addition to the PTMs already described, T1 has been conditions of light-induced retinal damage suggests it serves
further modified by truncation. Evidence for the site of asone of the key chaperones in the ret8@).(aA crystallin
truncation at the N-terminus includes (1) the selective Was first described in retinal photoreceptor cells from frogs,
reaction with only the antibody that recognizes the last 10 Where it was shown to be present in the soluble fraction and
amino acids in the C-terminus (Figures 3 and 4) and (2) the also associated with the post-Golgi membrargs These
absence of peptides from the first 11 N-terminal residues in 0bservations led to the idea tha crystallin was involved
the mass fingerprin[_ The absence of a peptide ina peptidein the vectoral transport of rhodopsin from the Golgi to the
map may occur from Signa] Suppression or inefficient neWIy assembling disks of the rod outer segments in the

ionization in a mixture, but since we have detected peptide Photoreceptor cell. Thus, a loss of chaperone activity through
1-11 in mixtures of peptides from proteins other than T1, €ither a decreased content or an increased frequency of PTMs
we expect that this peptide would ionize well in a mixture that alter function could have a detrimental effect on vision

after digestion of T1. Peptides of residues-P4 and 13- since rhodopsin is the major protein in the visual cascade.
21 (an arginine at position 12 provides alternative cleavage LenticularaA Crystallin. The consequence of disease and
sites) were present in the mass fingerprint. Truncation of aging onaA crystallin structure and function has been most
the first 11 residues from the N-terminus would result in a intensely studied in the lens. In this tissueh crystallin
protein of approximately the correct size predicted from the chaperone function is essential for maintenance of lens
faster migration. The first 11 residues contain one positive transparency. Definitive evidence for tie vivo function
charge (Ly3!) and four negative charges (Aspleamidated ~ Of this protein comes from mice with a targeted disruption
GInS, and phosphorylated THr resulting in a net charge of ~ of the aA crystallin gene. These knockout mice develop
—3. Removal of this portion of the protein would cause the cataracts and inclusion bodies composedBf crystallin,
truncatedaA crystallin to migrate at a lower mass and a suggesting a role foA crystallin in maintaining the
more basic pl than the parent protein. As observed on solubility of the a-crystallin oligomeric complex §1).
Western immunoblots (Figure 4), this migration is consistent Additionally, cataracts have been associated with specific
with spot 2 being the parent protein since T1 migrates faster PTM that alteredaA crystallin function. For example,
and at a more basic pl than this spot. Other truncated specie$-terminal truncation ofiA crystallin in diabetic lens leads
that migrated at lower masses were found with the antibodiesto inhibited chaperone function and cataract formatts®).(
that recognize either the N- or C-terminus. However, becauseThe occurrence of senile cataracts has also been associated

of the limited amount of protein in these spots, we were not With an age-related increase in the levelch crystallin

able to obtain MS data for these samples. PTM and general loss of chaperone activity3), For
lenticularoA crystallin, the PTM reported to increase with
DISCUSSION aging includes deamidation, phosphorylation, acetylation,

oxidation of methionine, and truncation of both the N- and

Summary of Result3his study is the first to characterize  C-termini (12, 2022, 24). Furthermore, the increased
aA crystallin content and PTM in the sensory retina. Our fraction of high-molecular mass crystallin aggregates and
results show that retinalA crystallin is highly modified.  decreased level afA crystallin expression all contribute to
Evidence includes the presence of @A crystallin in a general loss in chaperone activity in the lens with aging
multiple protein spots with altered migration and (2) tryptic (23, 54-58).
peptides with masses consistent with the addition of one or RetinalcA Crysta”in_To date7 a detailed examination of
more modifications. These modifications include phospho- specific age-related alterations in retinal crystallins has not
rylation, deamidation, acetylation, and oxidation. Addition- peen conducted. Since the retina is in a highly oxidative
ally, we show an age-related decrease in the level of proteinenyironment that experiences periodic hypoxia and osmotic
expression and an altered pattern of N- and C-terminal changes, maintenance of crystallin function is crucial for
truncation. protecting against irreversible aggregation of unfolding

oA Crystallin FunctionoA crystallin is a member of the  proteins. We asked if modifications similar to those described
small heat shock protein (HSP) family of proteins that in lenticular aA crystallin also occurred in retinat/A
function by sequestering unfolded polypeptides and prevent-crystallin. Our analytical strategy for identifying PTM in
ing irreversible aggregation. Protein refolding is accom- retinal oA crystallin was to search the MALDI-TOF mass
plished with other members of the HSP family, i.e., HSP 70 fingerprints from tryptic digests for masses consistent with
or HSP90, that associate with tlhecrystallin—unfolding previously described modifications from lenticutah crys-
protein complex48). Cellular conditions that initiate protein  tallin. We were successful in finding mamyz values that
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Table 4: Sequence Alignment of the N-Terminia@A and oB Crystallin Exhibiting a Positive Immune Reaction to an Antibody Generated to
Residues +11 in Bovine 6, 6)

Species Sequenced Accession # Tissue

Bovine? MD IAIQHPWFK NP 776714  kidney

Rat MDVTIQHPWFK NP 036666  heart, lung, intestine, spleen, skin, retina®
Human MDVTIQHPWFK NP 000385 lens (fetal to 80 years)

Pig MD TIAIQHPWFK P02475 kidney

oB (rat) MD IAIHHPWIR NP 037067  heart, lung, intestine, spleen, skin, retina®
oB (human) MDIAIHHPWIR P02511 lens (fetal to 80 years)

a2 Homologous regions common to all sequences are shown in italReptide used to generate the polyclonal antibody. The peptide contained
an N-terminal acetylatiorf.Reaction in retinal crystallin is data from this research.

corresponded to modified peptides. However, most of our These results suggest there is an overall logsPo€rystallin
attempts to acquire high-quality tandem MS data for the content in all retinal cells.
modified peptides of interest failed, most likely dueto alow  ap alternative explanation for the observed lossagf
signal-to-noise ratio, which reflects low abundance and/or ¢rystallin content with aging could be that the decreased
poor ionization efficiency. Therefore, we performed internal goypility of A crystallin could cause preferential sedimen-
calibration on all peptide map mass spectral data sets, whichation and loss during our sample preparation. Thus, it should
should theoretically bring “true” peptidevz values closer e emphasized that our data reflect the soluble content of
to their theoretical number. Since we can prove with multiple ;A crystallin. Additionally, we emphasize that our measure-
tandem MS data sets that crystallin protein is in our sample, ments of content were performed on the intact protein, and
and the numbers for all of the potentially modified peptides {herefore, truncated species would not be included in the total
came closer to the theoretical value after internal calibration, ;gntent. Using antibodies that recognize either the N- or
we feel that our strategy is well-founded. Statistically, some C-terminus, we were able to show by 2D gel resolution that
of the values for modified peptide masses would be expectedihere was more N-terminal truncation in aged retina than in
to drift further away from the theoretical value if _the numbgrs retina from the younger age groups. In contrast, there is no
truly appear from contaminants or other undefined peptides getectable C-terminal truncation within our oldest age group.
and/or molecules that are not actually crystallin-derived c_.Terminal truncation was evaluated using an antibody
peptides. Since all of our internally calculated values showed generated to the first 11 residues of boviok crystallin, a
lower ppm compared with those same values we obtainedregion that contains multiple PTMs. It is possible that these
with external calibration, we feel strongly about reporting pTms could alter the immune reaction and provide ambigu-
the modified peptides in this paper. Our biochemical data 5,5 results. To address this possibility, we performed a
and other data published on modified peptides from lens sequence alignment of the N-terminus @A and oB
crystallin help support our argument. Thus, the analytical crystallin from species with a reported positive immune
strategy presented here provides a sensitive method forreaction to this antibody (Table 4) (refsand 6 and data
determining both the type and site of PTM usiagpriori from this study). There was a high degree of sequence
information. homology between species and also betweénand aB
Retinal Protein ContentHistological evaluation of the  crystallin. Comparison of the regions of variable amino acids
retina in aged pigmented rats has shown a28% reduction suggests that residues 3, 4, 6, 10, and 11 are not crucial for
in photoreceptor cell density compared with that in young antibody recognition since different amino acids can be
rats @0, 41). In this study, we measured the relative substituted yet the antibody still binds. Thus, modification
concentration of rhodopsin, a major constituent of photo- of Thr* and GIrf would likely not interfere with antibody
receptors, to estimate the extent of photoreceptor loss in ourbinding. The other site of modification in retin@A crystallin
experimental animals. We found a 30% decrease in theis Met.. Acetylation of Met was part of the immunogenic
concentration of rhodopsin, which is consistent with an age- peptide and therefore may be part of the recognition signal.
dependent loss in photoreceptors observed by retinal mor-At this time, it is unclear how oxidation of Metould affect
phological measurements. antibody binding. Although these age-dependent differences

The cellular location ofi-crystallin has been investigated in truncation could s!ightly alter our estimates _of relative
by immunohistochemistry and Western immunoblotting of cqntent, we feel confident that the final conclusions would
isolated, specific retinal cells. The cells from the sensory Still be the same.
retina demonstrating a positive immune reaction include  Since the content of a specific protein reflects the balance
photoreceptor cells, ganglion cells, Muller cells, and the inner between synthesis and degradation, one must conclude that
nuclear layer containing horizontal, bipolar, and amacrine the mechanism behind the lower content@¥ crystallin is
cells of the sensory retina,(39, 59—62). Thus, it appears  either slower protein synthesis or accelerated protein deg-
that most retinal cells expresscrystallin, but the relative  radation. In this study, we did not examine these two
abundance among the different cell types has not beenpotential mechanisms. However, in a previous study, we
quantified. In our oldest animals, the difference between the showed that the function of the proteasome, the protease
content inaA crystallin and rhodopsin indicates that the age- responsible for degradation of most intracellular proteins, is
dependent loss of photoreceptors does not completely accounsignificantly inhibited in aged retina28). Whether oA
for the lower content oftA crystallin in the sensory retina.  crystallin is anin vivo substrate for the proteasome has not



15322 Biochemistry, Vol. 42, No. 51, 2003 Kapphahn et al.

yet been confirmed but appears to be likely on the basis of migrated at a pl that is more basic than the theoretical pl of
the ubiquitous nature of this protease. Therefore, we feel that5.77. The discrepancy between the theoretical and experi-
accelerated degradation @A crystallin is probably notthe  mental pl for rat retinablA crystallin could potentially be
mechanism behind the lower content with aging. Further due to other yet undefined PTMs that result in a protein with
studies will be required for more conclusive statements to a more basic charge. Support for additional PTM includes
be made. (1) a number of clearly resolved peaks on our spectra that
Another interesting observation was the high content of we were not able to match to a peptide frotA crystallin,
oA insert found in the retina. In the lengA insert is only trypsin, or keratin contaminants, (2) similar modifications
a minor product, with mRNA being expressed in-120% that were found in each protein spot (so the currently
of aA crystallin (38). These estimates are consistent with identified PTM could not account for the change in migra-
the 6-8-fold difference in relative protein levels faxA tion), and (3) incomplete sequence coverage (so additional
crystallin andaA insert in mouse lens resolved by 2D PTM could have escaped our detection). An important
electrophoresis2?). In contrast to the lens whereA insert guestion that needs to be addressed is whether there are
is a minor component, the retinalA insert content was PTMs that are unique to the retina, thus reflecting a
~50~70% of to thenA crystallin content in adult and middle  difference in the cellular environment, or if PTMs are similar
age rats when retinal proteins were separated on 1D gelsin all crystallins regardless of the tissue.
(Figure 1). Additionally, our results show a significant Specific PTMs that have been described in lenticalar
decrease in the level of expression of bath crystallin and crystallin that alter the intrinsic charge include phosphory-
oA insert in the oldest age group. This result again contrastslation, deamidation, glycation and acetylation of lysine, and
with evidence in the lens, where no age-related differencesglutathionylation. These modifications give rise to a protein
in either the ratio of MRNA or the polypeptides were found with a more acidic migration. In rat retinalA crystallin,
(38). we found evidence for phosphorylation and deamidation.
While it has been shown thatA insert is an integral part ~ Phosphorylation of Sé#, the major site ofin vivo phos-
of the rodenitA complex 63), there have been conflicting  phorylation that occurs via cAMP-dependent protein kinase
reports about the functional consequences of this protein. pathways, was found in three major spds)( Phosphory-
For example, homopolymers afA insert have demonstrated lation of Thr, a site that is responsive to oxidative and
4—5-fold less activity than homopolymers afA crystallin calcium-induced stress in lens epithelial cells, was found in
(64). In another study, multimerioA insert demonstrated  all major spots 44). To the best of our knowledge, this is
thermostability and structure similar to those of multimers the first report of Tht phosphorylation inaA crystallin
of oA crystallin (38). Thus, it is still unclear whether the isolated from a tissue. The sequence surrounding i§mot
presence oftA insert provides a functional advantage and, a recognition motif for any of the known kinases, so the
even more interestingly, why this protein product has been identity of the kinase responsible for phosphorylation is still
selectively retained in the rodent eye and is found in such unknown. For both Sé# and Thf, no age-dependent
great abundance in the retina. differences in phosphorylation were noted. The functional
Following 2D gel separation, the amount @A insert consequences of phosphorylation currently remain contro-
relative toaA crystallin was reduced by at least 50% (Figure versial since there are conflicting reports of no change or an
4). This observation may provide important clues about the improvement in chaperone activity in the literatud®,(68).
subcellular localization or protein associationodk insert. Deamidation of asparagine and glutamine residues is one
One explanation for the discrepancy between 1D and 2D of the most prevalent PTMs that occurs in the aging lens.
separation techniques could be that th® insert proteins This modification alters the local charge, which can desta-
are tightly associated with retinal membranes or the lessbilize protein structural integrity and alter function. In our
soluble cytoskeleton and therefore do not solubilize suf- samples, we found deamidation of &lnd Asri®, which
ficiently for resolution on 2D gels. In support of this idea, are modifications previously reported in the ler®,(21,
association betweea-crystallin and both membranes and 69). Asn'®! deamidation is a common modification in the
intermediate beaded filaments of the cytoskeleton has beerlens that occurs ir-45% of younger donors and is modified
demonstratedgb, 66). Another possibility is that retinalA in ~50% of older &30 years) donors6Q).
insert has a greater propensity to form insoluble aggregates Oxidation of Met to methionine sulfoxide was found
that are only dissociated in the presence of an anionic consistently in our samples for Metand Met®. This
detergent, like SDS, that is used with 1D electrophoresis. modification does not alter the intrinsic charge, and therefore
PTM Alters the Intrinsic Chargélhe presence of multiple  should be “silent” with regard to its effect on protein
protein spots resolved on 2D gels that were identifiedAs mobility. Although it is uncertain if these modifications
crystallin is a clear indication of PTM (Figure 4nA occurredin vivo or as a result of sample preparation, the
crystallin with altered migration in both the first and second observation of Métoxidation using two different non-gel-
dimension was also noted in lens from mice and humansbased methods of sample preparation, i.e., elution from a
(20, 22). In both studies, multiple spots were observed even membrane and multidimensional liquid chromatography,
at very young ages, indicating this protein is readily modified. followed by MS analysis suggests threvizo origin of this
However, there was an obvious age-dependent increase imodification (70, 71). Oxidation of Met38 has also been

the number of spots corresponding dé crystallin, sug- reported by others7(l).
gesting PTMs accumulate or occur at an accelerated rate with Truncation. Truncation ofaA crystallin is a common
aging. feature of aging in the lens. As we have shown here,

In our rat retinal samples, migration of the five major spots truncation also occurs in the retina, although to a lesser extent
was between pl 5.4 and 6.5. Spot 2, the major species,than in the lens. In the lens, calpains and Lp82, a lens specific
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protease, have demonstrated site specific cleavageAof  observed does not fully explain the difference in the
crystallin (72). In the retina, calpains and the retina-specific migration of individual protein spots. Therefore, it is probable
Rt88, a protein homologue of Lp82, may be involved in that additional PTMs occur in retinalA crystallin. Nonethe-
retinal oA crystallin truncation 73). The most prevalent less, the decreased level of expression and altered truncation
truncation reported in the lens is from the C-terminus and of aA crystallin that we describe in the aged retina suggest
includes elimination of +£22 amino acidsZ0, 21, 24, 72). protection from stress-induced protein aggregation is com-
To investigate the functional consequences of C-terminal promised with aging. A loss of chaperone function may be
truncation, site-directed mutagenesis was used to delete thanechanistically linked to the sharp decline in vision observed
last 17 amino acidslg). These mutantA crystallin proteins later in life.

formed large aggregates and had inhibited chaperone func-
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