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ABSTRACT: A major component of human nuclear cataracts is water-insoluble, high molecular weight
protein. A significant component of this protein is disulfide bongi&dcrystallin that can be reduced to
monomers by dithiothreitol. Analysis of this reduce8-crystallin showed that deamidation of glutamine

and asparagine residues is a principal modification. Deamidation is one of the modifications of lens
crystallins associated with aging and cataractogenesis. One proposed hypothesis of cataractogenesis is
that it develops in response to altered surface charges that cause conformational changes, which, in turn,
permit formation of disulfide bonds and crystallin insolubility. This report, showing deamidation among

the disulfide bondeg'S-crystallins from cataractous lenses, supports this hypothesis.

In this study, deamidation was quantified at all glutamine the insoluble crystallins 1(1, 12). Deamidation is also
and asparagine residues gf-crystallins isolated from  associated with catarac13—15). A proposed hypothesis
human nuclear cataracts, both from the soluble portion andexplaining the relationship between deamidation and crys-
from high molecular weight proteins of the insoluble portion. tallin insolubility is that conversion of a neutral amide to a
Comparison of deamidations in soluble and insolup® charged unprotonated acid causes protein unfolding and
crystallins suggests that deamidation at some sites is associinstability, perhaps allowing disulfide bonds to formg].
ated with protein insolubility. Because the extent of de- The prevalence of disulfide bonds among insoluble crystallins
amidation was determined for all glutamines and asparaginesis well established1(1, 12, 17).
in yS-crystallin, the relationship between the extent of  Testing this hypothesis has been a challenge because the
deamidation and the surface accessibility of each residuewater-insoluble proteins are a complex mixture, and it has
could be evaluated. Accessibilities were calculated either peen difficult to obtain the components sufficiently isolated
from the recently published crystal structure of the C-terminal for their identification. The water-insoluble proteins from
region of humary S-crystallin or from homologous residues  cataractous lenses include a wide range of molecular masses
in the N-terminal region of bovine/B-crystallin. This (18, 19) with contributions from both disulfidel(, 20) and
relationship showed residues with low accessibility have nondisulfide 8, 21, 22) cross-linked species. Recent studies
minimal deamidation while those with higher accessibility in our laboratory have shown that the predominant disulfide
have a range of deamidation, indicating that accessibility of cross-linked species in the water-insoluble portion of nuclear
glutamines and asparagines is a major factor in their cataracts isyS-crystallin (Lapko, in preparation). Using
deamidation. several steps of chromatography, these nugl€acrystallins,

The proteins of the human eye lens, called crystallins, which were intermolecularly disulfide bonded, were obtained
accumulate throughout life with the oldest proteins in the in sufficiently pure form for quantitative analysis of de-
nucleus and the more recently synthesized in the cortex.amidation. The extent of deamidation in insolubts-
Because the lens crystallins do not turnover appreciably, therecrystallins was compared with deamidation in water-soluble
is ample opportunity for them to become modified as the yS-crystallins from the same nuclear cataracts. At several
lens ages. Results from numerous studies indicate thatresidues, the insolubleS-crystallins were more extensively
accumulation of these modifications leads to insolubility of deamidated than the soluljé&s-crystallins. Comparison of
a portion of the crystallins and eventually to opacity-6). the extent of deamidation at each residuey8tcrystallin
A likely contributor to crystallin insolubility is deamidation ~ with its position in the crystal structur@g) shows that the
at glutamine and asparagine residues. Deamidation increasegeamidation is strongly influenced by the surface exposure.
with the age of the len®(10) and is more prevalent among
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The pellet remaining after removal of the water-soluble
crystallins was again homogenized in 3 mL of the MES
buffer containiig 6 M guanidine hydrochloride (GdHCI). The
pellets were completely solubilized after-184 h. The fact
that the protein could be completely solubilized in GdHCI
and the lenses were only light to medium yellow, indicated
that these nuclear cataracts were type | or2f)( The
homogenates were transferred to 1.5-mL microcentrifuge
tubes and centrifuged for 25 min at 14 000 rpm. These
GdHCI-soluble proteins were then separated chromatographi-
cally.

The GdHCI-soluble proteins from each lens nucleus (200
uL/analysis) were fractionated by size exclusion chroma-
tography (Superose 12 HR 10/30 column, Pharmacia Bio-
tech) with an elution buffer of 50 mM MES buffer, 6 M

Size Exclusion Chromatography

GdHCI, 1 mM EDTA, pH 6.2 at a flow rate of 0.25 mL/
min. The eluted proteins were detected at 280 nm. The
crystallins with molecular masses greater than 130 kDa (the
HMW proteins) were reduced with 500 mM DTT at 3C
for 24 h, and again separated by size exclusion chromatog-
raphy under identical conditions with 10 mM DTT in the
MES buffer. The HMW proteins that were reduced to
molecular masses of 2680 kDa by DTT, the crystallins of
interest in this study, will be referred to as reduced HMW
proteins. They were divided into two portions. The proteins
in one portion were analyzed as intact proteins after ion
exchange chromatography. These fractions were analyzed
HPLC/MS by reversed phase HPLC/MS and SEFSAGE. The proteins
FiIGURE 1: Isolation procedure for obtainingS-crystallins from in the other portion, without further separation, were digested

the high molecular weight protein of nuclear cataracts. The proteins with trypsin and analyzed as peptides to determine the extent
of interest in this study were those that were reduced te3D of deamidation at each site.

kDa by dithiothreitol. o . .
Purification of SolubleyS-Crystallins.Soluble proteins

transported to the lab on ice within 2 h. Visual inspection from the nuclear cataracts were isolated by size exclusion
verified that the lenses were opaque. The 75-year-old lensSéparation (2.5 95 cm Toyo-Pearl HW-55sf column) with
was light brown; the 87- and 76-year-old lenses were yellow. SUPsequentisolation of thes-crystallins by reversed phase
Each lens was processed and analyzed separately. Th%—iPLC (0.46x 15 cm Vydac column) as described previously
procedure for isolating the proteins is illustrated in Figure 8).
1. Following removal of the saline solution, the remaining  lon-Exchange Chromatographfefore fractionation by
cortical proteins were solubilized by occasional swirling of ion exchange chromatography, the reduced HMW proteins
the lens in a buffer of 50 mM MES0.5 M NaCl, 1 mM were desalted using a C-4 reversed phase column with a
EDTA, pH 6.2, containing protease inhibitors (Complete protein Macrotrap (Microchrom BioResources) and dried by
Mini protease inhibitor cocktail tablet, Boehringer, Mann- vacuum concentration. For the anion exchange fractionation,
heim, Germany) for 1418 h at 0°C. This pH was chosen the proteins were dissolved in 8@ of a buffer (20 mM
to minimize thiol exchange and disulfide bond formation Tris-HCI, 8 M urea, 5 mM DTT, pH 7.6) and applied to a
during isolation. After removal of the cortical proteins, the Mini Q column (Pharmacia) equilibrated with the same
nuclear portion was transferred to 4 mL of the same buffer, buffer. The 8 M urea solutions used to prepare the buffers
homogenized by strong stirring, under argon, &Q0for 4 were deionized immediately before use. The proteins were
h. The homogenate was then centrifuged for 30 min at eluted at a flow rate 0.4 mL/min by a gradient 6f80 mM
3300@. The supernatant, which contained the soluble nuclear NaCl developed over 32 min, followed by 8210 mM NacCl
proteins, was removed. The pellet was again homogenizedin 10 min, and finally to 400 mM NaCl in 8 min. Collected
with 6 mL of MES buffer using a tissue grinder, centrifuged fractions were placed on dry ice and stored-&0 °C.

at 3300@ for 15 min, and the supernatant solution was  SDS-PAGE Analysis of lon Exchange Fractiof$ie ion

removed. To be certain that all water-soluble proteins were exchange fractions were analyzed by SEFAGE (5).

removed, the homogenization, centrifugation, and removal when the protein bands obtained from SEFAGE were

of supernatant steps were repeated three times. to be digested in situ, they were visualized by negative Zn

staining and processed according to a previously published
1 Abbreviations: MES, 2/-morpholino)ethanesulfonic acid; GdHCI,  protocol @6). The in situ digestion used sequencing grade

guanidine hydrochloride; EDTA, ethylenediamine tetracetic acid; DTT, modified trypsin (Promega) for 14 h at 3T at a protein/

dithiothreitol; HPLC, high-pressure liquid chromatography; MS/MS, ; . ; ;
tandem mass spectrometry: SPBAGE, sodium dodecyl sulfate enzyme ratio of 30:1. Preparation of the digests of SDS

polyacrylamide gel electrophoresis; HMW, high molecular weight; SiM, PAGE Separat_ed proteins for HPLC/MS analysis also
selected ion monitoring. followed a published protocolg).
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Online HPLC/Mass Spectrometric Analysis of lon Ex- deamidation was 2530%. Additional information was
change FractionsThe reduced HMW proteins separated by obtained from chymotryptic and Asp-N digests.

ion exchange were further analyzed by HPLC/MS. This  when only one peak was found for a peptide containing
apparatus consisted of an online capillary reversed phaseglutamines and/or asparagines, this peak was examined to
HPLC (0.3x 150 mm C4 column) connected directly to an  determine whether it included both amidated and deamidated
electrospray ionization quadrupole time-of-flight mass spec- forms. The presence of deamidation could be detected from
trometer (QTOF, Micromass, Manchester, UK), with a flow the isotopic pattern in the zoom scans. The extent of
rate of 5ul/min, maintained by a microflow processor deamidation could be determined by comparing the experi-
(AcuRate, LC-Packings). The HPLC used a gradient 6f 20  mental isotope pattern with the isotope pattern for this peptide
65% acetonitrile in water, both with 0.05% TFA, developed without deamidation calculated from the natural abundance
over 30 min. Uncertainty in the protein mass determinations of C-13. This analysis used the Magtran program provided
was typically less than 0.005%. Protein elution was also py Dr. Zhonggi Zhang (personal communication). Calcula-
monitored by UV absorbance at 280 nm. tion of the extent of deamidation using isotope ratios has
Online HPLC/Mass Spectrometric Analysis of Tryptic been described in detail in previous publicatiofg, (27).
Peptides. Peptides produced by tryptic digestion were  cgjcylation of Surface Exposure of Glutamines and
analyzed by online reversed phase HPLC (8.250 mm,  agparaginesThe C-terminus ofyS-crystallin contains six
C18-PM, LC-Packings) connected directly to an electrospray gjytamines and one asparagine, while the N-terminus has
ionization ion trap mass spectrometer (Finnigan MAT LCQ, toyr asparagines and three glutamines. To calculate the
San Jose, CA). The HPLC gradient was3D% acetonitrile  grface accessibilities of the glutamines and asparagines, a
in water, both with 0.01% TFA, over 50 min. The flow rate ,odel of humanyS-crystallin was made in which the
was SyL_/mln. Pe_ptlde elu_t|0n was monitored at 214 nM. = _terminal domain of humapS-crystallin @3) was super-
For tryptic mapping, the ion trap mass spectrometer was oseq onto the C-terminal domain of complete bovie
routinely operated in the full scan MS mode with the most ¢rystallin 8) to obtain the orientation of the N-terminal
abundant ion of each scan analyzed by MS/MS. domain relative to the C-terminal domain. Nonidentical
Determination of Extent of Deamidatiofiryptic peptides  yesjdues in the N-terminal domain were then mutated to
of reduced and iodoacetamide derivatized HMW proteins atch the humapS-crystallin sequence. C-terminal acces-
were used to determine the extent of deamidation at eachgipjjities were calculated from the dimer found in the single
glutamine and asparagine p&-crystallin. Before digestion,  gomain crystal lattice23), and N-terminal accessibilities
the HMW proteins were desalted by a reversed phase proteinyere calculated from the model structure. All N-terminal
trap and dried by vacuum concentration. The proteins were asparagines and glutamines/&-crystallin have homologous
dissolved in a buffer (200 mM Tris-HCI, 1 mM EDTA, 0.5 residues in bovingB except Asn 14 and GIn 63, which are
mM DTT, pH 8.4) and treated with 15 mM iodoacetamide G|y 10 and Arg 59, respectively. The calculation used the
at room temperature in the dark for 20 min. _The reaction program NACCESS29) with a probe with a diameter of
was quenched by adding excess DTT. A similar procedure 1 4°A (the same radius as water) rolled around the van der
was used to prepare iodoacetamide derivatz@drystallins  \yaals surface of the macromolecule. The calculation makes
from the soluble proteins of nuclear cataracts. For trypsin g,ccessive thin slices through the 3D molecular volume to

digestion, an enzyme/protein ratio of 1:50 and a digestion cqjcylate the accessible surface of individual atoms.
time of 12 h were usually used. However, to obtain sufficient

guantities of peptides 4160 and 6171, the proteins were  RESULTS
digested starting with a trypsin/protein ratio of 1:40, the same
amount of trypsin was added again after 3 h, and the The water-insoluble, GdHCI-soluble proteins of nuclear
digestion was continued overnight. cataract are a complex mixture of proteins with a wide range
Different approaches were used to quantify deamidation Of molecular masses. For the nuclear cataracts examined in
at each site. With the reversed phase separation conditionghis study, the high molecular weight (HMW) proteins, those
used in this study, deamidated peptides eluted after theirwith molecular weights greater than 130 kDa (Figure 2A),
corresponding amidated species. The extent of deamidationaccounted for 1733% of water-insoluble portion. After
in peptides 718 and 131145, for which amidated and  reduction of the disulfide bonds and rechromatography by
deamidated forms eluted as pure peptides, was determinedize exclusion, 1525% of these HMW proteins had
from the relative UV absorbances (214 nm) of the peaks or molecular weights of 2630 kDa, corresponding to mono-
from the MS responses. The extent of deamidation calculatedmers (Figure 2B). These proteins were chosen for detailed
from the UV and MS signals agreed within 10%. analysis in this study. On the basis of the molecular masses
The majority of tryptic peptides of interest coeluted with 0f peptides produced by tryptic digestigri-crystallin was
other peptides, sometimes as a minor component of aidentified as the major component of this fraction. Tryptic
chromatographic peak. To quantify deamidations at Asn 53, peptides from the entire backbone pB-crystallin (Table
Asn 76, and GIn 92, the total ion current in the zoom mode 1) were found along with some minor peptides attributable
(default window+ 5 m/z) was used. If the selectivity of the  t0yC-, yD-, andfB1-crystallins. These results indicated that
zoom scan mode was not adequate, selective ion monitoringyS-crystallin is a major component of HMW aggregates
with a narrowemz region was used. For peptides-¥8, formed by intermolecular -SS bonding.
60—71, and 101124, each of which contains two potential Mass spectra of intact proteins in the-280 kDa fraction
sites of deamidation, MS/MS analysis was used to identify formed by DTT-reduction of HMW aggregates using online
the deamidated residues. In these experiments, a secondeversed phase HPLC/MS were not satisfactory. This was
deamidation could be detected if its contribution to the probably due to the presence of several modified forms of
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Table 1: Tryptic Peptides of S-Crystallin

peptidé residues sequente calculated mass
T1 1-2 SK 275.2
T2 3-6 TGTK 405.2
T3+4 7-18 ITFYEDKNFQGR 1516.7
T5+6 19-35 RYDC*DC*DC*ADFHTYLSR 2252.7
T7 36-40 C*NSIK 620.3
T8 41-71 VEGGTWAVYERPNFAGYMYIL PQGEYPEYQR 3682.7
T9 72-78 WMGLNDR 890.4
T10 79-83 LSSC*R 621.3
T11 84-94 AVHLPSGGQYK 1155.6
T12 95-100 IQIFEK 776.4
T13 10124 GDFSGQMYETTEDC*PSIMEQFHMR 2895.3
T14 125-130 EIHSGK 715.3
T15 131145 VLEGVWIFYELPNYR 1897.0
T16 146-147 GR 23114
T17+18 148-154 QYLLDKK 906.5
T19 155-157 EYR 466.2
T20 158-173 KPIDWGAASPAVQSFR 1728.9
T21+22 174-177 RIVE 515.3

aThe observed masses were with 0.2 Da of the calculated maddasses were calculated for the amidated peptiti®kass not observed.
d Asterisk (*) corresponds to carboxyamidomethylcystefrteach peptide was identified by CID MS/MS.
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Ficure 2: Size exclusion fractionation of (A) total insoluble

intact proteins were fractionated by ion exchange and
analyzed directly by HPLC/MS. The ion-exchange fractions
were also analyzed by SB®AGE, followed by in-gel
trypsin digestion and analysis of the peptides by HPLC/MS.
These analyses served to identify the proteins in the ion-
exchange fractions, but the quantity of peptides eluted from
the gels was not sufficient to quantify deamidation. In the
second approach, the total proteins from the-20 kDa
fraction after DTT reduction were derivatized with iodo-
acetamide, digested with trypsin, and analyzed as peptides
by HPLC/MS. The extent of deamidation at each glutamine
and asparagine was determined from these analyses.

Characterization of Intact Proteing.o obtain samples of
intact proteins amenable to MS analysis, the reduced HMW
proteins were fractionated by anion-exchange chromatogra-
phy. The chromatogram had four peaks (Figure 3). SDS
PAGE analysis of these anion exchange fractions (inset,
Figure 3) showed that fractions 1, 3, and 4 had a major
component of approximately 21 kDa. These data were
supported by HPLC/MS analysis showing a molecular weight
of 20 918+ 1 Da as a principal component of these fractions.
This mass corresponds tpS-crystallin (calculatedM;,

20 918). Reconstructed mass spectra are shown for fraction
1 (Figure 4A) and fraction 3 (Figure 4B). In-gel digestion
of the bands from ion exchange fraction 1 showed that, in
addition toyS-crystallin, this fraction containedC- andyD-
crystallins (lower band, lane 1 of Figure 3) and truncated
pB1-crystallin (the upper band). Reversed phase HPLC of
the intact proteins of this fraction yielded a satisfactory mass
spectrum only foryS-crystallin (Figure 4A). The proteins

in fractions 5, 6, and 7 of the ion exchange separation did
not produce useful MS spectra, probably because these

proteins from a nuclear cataract. The HMW fraction is indicated fractions were extremely heterogeneous as indicated by the

by the bar. (B) the HMW fraction after reduction by DTT. The
arrows indicate the elution volumes of carbonic anhydrase (29 kDa)
and -galactosidase (116 kDa). The fraction used in this study

indicated by the bar.

yS-crystallin, someyC-, yD-, and fB1-crystallins in this

broad bands in the gel. In-gel digestion of the bands at 21
kDa from these fractions identified them gS-crystallins.

Deamidation is the only modification known to decrease
the charge of a protein with only a one mass increase per
modification. Finding the same molecular maSscrystallin

fraction and the fact that HPLC did not give adequate in all three ion exchange fractions indicated that deamidation
separation of the proteins. Two separate approaches weravas responsible for the decreased charge of the later eluting
used to examine these proteins. In the first approach, thefractions. Even though mass spectra of the undigeg&d
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1 2 3 4 5 6 7 eluted with either, as was the case for peptidedd and
131-145, the level of deamidation was calculated from the
relative UV absorbances of the peaks for the pure peptides.
25 kDa—» The use of MS spectra and UV absorbances for quantitat-
21 kDa— ing deamidation is illustrated for peptide-18 (T3 + T4).
The amidated form of peptide—718 eluted at 38.8, while
deamidated forms eluted at both 40.3 and 40.6 min (inset
A, Figure 5). The MS/MS spectrum for the amidated peptide
(38.8 min, Figure 6A) showed all the fragments of the y
series with the expected masses calculated from the sequence
given at the top of the Figure 6. The MS/MS spectra for the
peptides eluting at 40.3 and 40.6 min both showegédyyo
one mass higher than the calculated values, indicating Asn
14 was deamidated, but GIn 16 was unmodified (Figure 6B).
A very minor amount of another deamidated form of peptide
7—18 eluting at 41.3 min showed a two mass increase
indicating deamidation at both Asn 14 and GIn 16. Modifica-
tion at both amides was confirmed by MS/MS (Figure 6C).
No peptide deamidated only at Gln 16 with intact Asn 14
was detected. MS/MS spectra of singly deamidated peptide
7—18 always showed deamidation only at Asn 14. These
0 results suggest that deamidation at Asn 14 might be a pre-
20 40 60 cursor of deamidation at GIn 16. The extent of deamidation
Time (min) at Asn 14 (60+ 10%) was calculated by comparison of the
Ficure 3: Anion exchange chromatogram of high molecular weight UV absorbance at 38.8 min (amidated) with the sum of the
proteins that had molecular masses 0f-20 kDa after reduction UV absorbances at 40.3 and 40.6 min (both with Asn 14
by DTT. The analysis used a Mini Q column (Pharmacia) with an  geamjidated). The additional deamidation in the peptide

elution buffer of 20 mM Tris-HCI8 M urea, 1 mM DTT and a . . .
flow rate of 0.4 mL/min. The dashed line shows the gradient of eluting at 41.3 min contributed no more than 5%.

NaCl (from O to 0.4 M). The combined fractions are shown by the ~ In peptide 13%+145, there is only one possible site of
bars. The inset at the top shows the SBFAGE analysis of the ~ deamidation, Asn 143. The 50% deamidation calculated by

combined fractions. In this analysis, the approximate percent of comparison of the absorbances at 63.0 min (amidated) and
the total proteins applied was 2% from fractions 1, 2, and 7, 1% o sum of the absorbances at 63.7 and 64.1 min (both
from fractions 5 and 6, and 0.4% from fractions 3 and 4. : . .
deamidated) (inset B, Figure 5) could be assumed to be at

crystallins (Figure 4) showed a minor peak that may be an Asn 143. This assumption was confirmed by comparison of
oxidized form (+16 Da) of the protein, no evidence of a MS/MS spectra of the amidated and deamidated peptides
peptide with an additional oxygen was seen in the tryptic (spectra not shown).
digests. Failure to find oxidized peptides suggested that the Observation of two HPLC peaks for deamidated peptide
oxidation was distributed among several sites, with not 7—18 (inset A, Figure 5) and deamidated peptide-1345
enough at any one site to be detected at the peptide level(inset B, Figure 5) is likely due to isomerization of aspartic

Location and Quantitation of the Deamidations o%- acid to form S-aspartic acid. Peptides which contaih
Crystallin. The proteins isolated from the reduced HMW aspartic acid usually elute on reversed phase HPLC before
fraction contained primarilyS-crystallin with only minor o-aspartic acid forms. This observation has been confirmed
contamination from other crystallins. With this level of in our laboratory where ther and g forms have been
purity, it was possible to quantify deamidation at each site identified by their reactivity with the enzyme, Asp-N, which
of ¥S. Online HPLC/MS analysis of tryptic digests of the cleaves N-terminally to-aspartic acid, but not t8-aspartic
reduced HMW proteins provided a UV chromatogram of the acid (V. Lapko, unpublished data). The aspartic acids at
separated peptides (Figure 5), the masses of the peptidesesidues 11 and 14 in deamidated peptidel& and at
(MS), and their collision induced fragments (CID MS/MS). residue 143 in deamidated peptide ¥3¥5 may undergo
Each peptide was identified by its mass and its MS/MS in vivo racemization/isomerization. This phenomenon, previ-
fragmentation pattern. The MS/MS spectra were also usedously reported for Asp residues afcrystallins 80, 31), has
to locate deamidated residues. With the HPLC conditions also been observed in our laboratory (V. Lapko, unpublished
used in the present study, deamidated peptides eluted aftedata).
the amidated forms, as indicated by the asterisks in Figure In cases where the peptides of interest coeluted with other
5. The molecular masses of peptides in these peaks, one magsyptic peptides, deamidation was quantified using the zoom
unit larger than expected (Table 1), showed that they were scan mode of the mass spectrometer. For example, tryptic
deamidated forms ofS-crystallin peptides. peptide 4171 (T8) coeluted with peptides fromC and

The method used to determine the extent of deamidation3B1. This peptide contains three potential deamidation sites.
depended on the composition of the peaks in which the To determine the number of deamidations in peptide 41
deamidated and amidated peptides eluted. Mass spectrdl, ions atm/z 1229.5+ 5, the triply charged form of the
showed how many peptides were present in each peak angeptide (MW 3685.1), were monitored in the zoom scan
identified them. When the amidated or deamidated forms of mode as the peak eluted (Figure 7A). Different regions of
the peptide eluted in separate peaks and no other peptideshe peak are designated asdiin the total ion current plot.
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Ficure 4: Reconstructed electrospray ionization mass spectrupsairystallins after isolation by ion exchange (A) fraction 1 of Figure
3, and (B) fraction 3 of Figure 3.
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Ficure 5: UV chromatogram of an online reversed phase HPLC/MS analysis of a tryptic digest of the high molecular weight proteins that
had molecular masses of 280 kDa after reduction by DTT. Peaks containing tryptic peptidegStrystallin are indicated by “T” and
correspond to the residues marked in Table 1. Major deamidated peptides are marked by an asterisk. The insets, A and B, show expanded
regions from 37.5 to 42 min for peptide H&) and from 62 to 65 min for peptide T15, respectively. Elution times of peptides are indicated

on the top of the peaks.

The mass of the peptide eluting in each region is given in  The approach for identifying deamidation at each site in
the figure. The major response in region “a” was due to the a peptide with several possible deamidation sites is also
unmodified peptiderfyz 1229.3). Masses 0.4 Da highen/¢ illustrated by the MS/MS analysis of peptide411, eluting
1229.7) for the triply charged ions, found in regions “b” and in region “b”. The sequence for peptide 411, which has

“c”, correspond to a one mass unit increase in the peptide, potential deamidation sites at Asn 53, GIn 63, and GIn 70,
indicating the peptides eluting in both “b” and “c” are singly and masses of several fragments in the y-series of the
deamidated. Region “d” contained the peptide with two unmodified peptide are given at the top of Figure 7B.
deamidationsr{vz 1230.0). Information specific to GIn 70 can be obtained from the
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17 T8 F9 Y10 ENMM D12 K13 N14 F15 Q16 G17 R18
b1 b2 b3 b4 b5 bs b7 b8 b9 b10 b11
b series 1141 2151 3622 5253 6543 7693 8974 10115 11585 1286.6 1343.6
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FiGure 6: MS/MS spectra illustrating deamidation at Asn 14 and GIn 1§ ®fcrystallin. The amino acid sequence of peptideld
(T3+T4) and expected y- and b-fragments are given at the top of the figure. (A) the MS/MS spectrum of the unmodified peptide, which
eluted at 38.8 min. All y- and b-fragments have the expected masses for the sequéBoef 7S. (B) the MS/MS spectrum of the peptide
eluting at 40.3 min. The increase in mass f9§22.4), ¥ (750.5), y (865.6), and p*-fragments (1012.5) indicate deamidation at Asn 14.

(C) The MS/MS spectrum of the peptide eluting in the front part of the peak at 41.6 min. Members of the y géfi28,4) and larger,

show an increase of 2 Da, indicating deamidation at both Asn 14 and Gin 16.
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FiGurRe 7: An example of using the zoom scan mode and MS/MS
analysis for detection of deamidated residues. (A) The total ion
current of the reversed phase HPLC of the tryptic digesy®f
crystallins from the water-insoluble high molecular weight proteins
of a nuclear cataract monitored in the zoom modevat1229.5+
5.0. The masses of the triply charged peptides eluting in each peak
are given in the figure. They correspond to peptides with masses 1055
or: 3((3185.1,d3683.1, ang 36?7.1 Da. (B) ThebMS/l\éIS spectrum off U “ | l ]
the deamidated peptide eluting in region “b”. The sequence o I
peptide 4171 and the expecten/z values for some fragments of Oﬁ%%%mﬁ%ﬁﬁ‘m’ 4 it
the y-series from the C-terminal region are given at the top. The 1102 1106 110 1102 1106 110
m/z values for ¥, ys, and ¥ indicate Gln 70 is not deamidated, /
while increasedwz values for yo—Yyi13 show deamidation at GIn miz m/z
63. The asterisks mark potential deamidation sites in peptiee 41 Fgure 8: Quantification of deamidation at Gin 53. (A) Total ion
71. currents due to peptide 459 (MH*+ 2210.0) obtained in the zoom
scan moderfyz 1106 + 5) for an HPLC/MS analysis of a tryptic

masses of § ys, and y. The MS/MS fragmentation pattern  digest ofyS. The identity of the p{eptide was dete.rmined from MS/
of the peptide eluting in the “b” region is shown in Figure MS spectra. The small peak eluting at 45.6 min is due to a peptide

; from yC-crystallin. (B) MS spectrum showing the doubly charged
7B. From the masses o_f the, s, a”_q ¥ fragments, it was ion of the peptide eluting in peak 1 of panel A. (C) MS spectrum

GIn 70 was established, the masses,; gt y:13 gave informa- panel A. The 1 Da increase in the mass of the peptide in peak 2

tion about GIn 63. The increase of one mass for these peakgndicates deamidation at Asn 53.

indicated GIn 63 was deamidated. The MS/MS fragments peptide from region “c” clearly included one deamidation,

yielding direct information about Asn 53 were weak. it could be deduced that the peptide eluting in region “c”

However, the status of Asn 53 could be deduced from other \y55 deamidated at Asn 53. Analysis of region “d” indicated

information. Since the mass of intact peptide from region geamidation at both Gln 63 and Asn 53.

“b” indicated only one deamidation and it was already  confirmation of the deamidations in peptide-421 and

established that GIn 63 was deamidated, Asn 53 wasqgyantitation of the extent of deamidation at each site were

unmodified. obtained from shorter tryptic peptides (residues-8% and
Similar reasoning from MS/MS spectra was used to deduce60—71) obtained by digestion at a higher trypsin-protein

which residues were modified in peptides eluting in the other ratio, which yielded a chymotryptic-like cleavage at Tyr 59.

regions in Figure 7A. The MS/MS spectrum for the peptides The only potential deamidation site in peptide-BD is Asn

in region “a” supported the conclusion that it was unmodi- 53. Analysis of the MS zoom scansVg 1106+ 5) for the

fied, giving the expected masses for fragmengsyy, and two species of the peptide as they eluted from HPLC (Figure

ys as well as yo—Yyi3 In the MS/MS spectrum for region  8) indicated that Asn is 35% deamidated. Similar analysis

“c”, fragments ¥—Yys and yig—Y13 indicated no deamidation  of the MS zoom scans for peptide 6@1, which includes

at either GIn 63 or GIn 70. Because the mass of the intact GIn 63 and GIn 70, showed about 20% deamidation. The

100 100 |
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Table 2: Deamidation Sites ipS-Crystallin Isolated from Nuclear Cataracts

peptide analyzed ion extent of deamidation
residue(s) (residues) (m'2) method of analysis water-soluble water-insoluble
Asn 14 T3+T4 (7-18) 758.52 UV/ICb? Asn 14, 10+ 3% Asn 14, 60+ 10%
GIn 16 GIn 16,<5% Gln 16, <209
Asn 37 T7 * (36-40) 621.51 isotopic pattern, MS/MS 15+ 4% 15+ 6%
Asn 53 T8 (41+71) 1229.53 ICztMS/IMS <10% 35+ 6%
(41-59) 1106.0° ICz, MS/MS
GIn 63 T8 (41+-71) 1229.53 ICz, MS/IMS <10% 20+ 5%
(60-71) 747.07? Simd
GIn70 (60-71) 747.02 MS/MS <10% <10%
Asn 76 T9 (72-78) 891 ICz, UV <5% 8+ 3%
Gln 92 T11 (84-94) 1156.5* uvi/IC <10% 20+ 6%
GIn 96 T12 (95-100) 777.5 isotopic pattern <5% <5%
GIn 106 T13 (101-124) 966.0° ICz, MS/MS GIn 106,<10% GIn 106,<10%
GIn 120 GlIn 120, 45+ 10% GIn 120, 60+ 12%
Asn 143 T15 (13%+145) 950.0? UV/ICb 20+ 5% 50+ 6%
GIn 148 T17T18 (148-154) 907.51 isotopic pattern <5% <5%
GIn 170 T20 (158-173) 865.772 Isotopic pattern <5% <5%

2|Cb, ion current of the base pedkMS/MS, tandem mass spectrometfyCz, ion current of zoom scans for specified ioASIM, selected ion
monitoring.® Values below the detection limit are indicated by

MS/MS spectrum of deamidated peptide-60L indicated 70

deamidation only at GIn 63; no deamidation at GIn 70 was | Asnia Gln120

detected. X Asnia3
Another peptide that did not elute alone, peptide 201 c 507 ¢

124 (T13), gave an MS/MS spectrum that did not include a 2 40 Asn 53

full series of fragments, but there was a sufficient number g .

of strong signals from the y-series to establish the de- € 7 G|n1sG|fn63GIn 92

amidation status of the residues. Selective ion monitoring ~ § 20{ AS037 ee e

of peptide 10%124, which contains GIn 106 and GIn 120, Q 104 Gintes . ASNTE GIn106 g7

showed approximately 60% deamidation. The MS/MS . Cln%ee Gin17o .

spectrum of deamidated peptide 124 showed de- 0 T y T y T T '

0 20 40 60 80 100 120 140

amidation at GIn 120, but there was no evidence of
deamidation at GIn 106. Neither was deamidation at GIn 106
observed in peptide 161112 produced by Asp-N digestion

Accessibility (A?)
Ficure 9: Relationship between the surface accessibility and the

of deamidated peptide 16124.

Minor levels of deamidation were also found at Asn 76
and GIn 92. Because the deamidated forms of peptide 72
88 (T9) and peptide 8494 (T11) coeluted with other

percent deamidation at glutamines and asparagineS-irystallin.
Surface accessibilities were calculat®) from the crystal structure
of humanyS or #) from the homologous residues in bovipB-
crystallins.

peptides, zoom scans were used to determine the extent 0fl48 is deamidated. The digests were examined for this type

deamidation. Deamidation data are summarized in Table 2.

Several tryptic peptides ofS with potential deamidation

of behavior, but it was not detected.
Analysis of the extent of deamidation in solubjé&-

sites eluted as single peaks. The isotopic patterns of thesecrystallins isolated from the same nuclear cataracts using
tryptic peptides were examined to determine whether there similar procedures showed deamidation at the same sites as
was coelution of deamidated and nondeamidated forms. Within the insolubleyS-crystallin, although the level of de-
the conditions used in this study, deamidation at 10% or more amidation was lower, particularly at Asn 14, Asn 35, and
is reliably detected even when the amidated and deamidatedAsn 143 (Table 2).

peptides elute in a single chromatographic peak. Examination Deamidation and Three Dimensional Structurbe crystal

of isotopic patterns gave no evidence for deamidation at GIn structure of the C-terminal region of huma$-crystallin

96, GIn 148, and GIn 170 (Table 2).
In analyzing the extent of deamidation at each sitg3)

(23) and the homology of the N-terminal regions of human
yS and bovineyB, whose crystal structure has been

the possibility that deamidated and nondeamidated peptidedetermined Z8), permitted calculation of the surface acces-
were cleaved at different rates was also considered. Thesibility of each of the glutamines and asparagines. Surface

presence of acidic residues in the vicinity of Lys or Arg
residues decreases the rate of the hydroly8®. (For
example, at a trypsipS-crystallin ratio of 1:50, the pre-
dominant tryptic peptide is-718 instead of two peptides,
7—13 and 14-18, due to the presence of Asp 12 near the
cleavage site at Lys 13. Theoretically, deamidation of Gin
148 might result in resistance of the Arg 14Glu 148
peptide bond to tryptic cleavage. Therefore, in a tryptic digest
one might expect to see peptides #4817 and 148153
when residue 148 is GlIn, but peptide 4853 when GIn

accessibility of Asn and GIn residues in hum&s-crystallin
ranged from 16 to 136. The percent deamidation at each
glutamine and asparagine, plotted versus these calculated
surface accessibilities (Figure 9), showed minimal de-
amidation for residues with accessibility numbers less than
80. The extent of deamidation for those with accessibility
greater than 80 varied greatly, suggesting that exposure is
require for deamidation, but is not the only determining

factor. Although two residues with high accessibility, Gin

106 and GIn 70, had minimal deamidation, all sites with
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extensive deamidation had high accessibility. Also, all deamidation of glutamines and asparagines might be similarly
residues with low surface accessibility had little deamidation. affected by nearest neighbors, to explore the relationship
between these rate constants and the extent of deamidation.
DISCUSSION We found no correlationr(= —0.085,n = 14). When rate
constants and deamidation were compared for only the nine
residues with accessibilities values above 70, the correlation
was positive ( = 0.484), but with this limited number of
residues, it did not attain significance. These data suggest
that the influence of the nearest neighbors on deamidation
might become evident when residues have adequate surface
exposure. A recent publication exploring the relative impor-
L e .,_..  tance of primary and three-dimensional structure in de-
treatment sh_owed the principal modification is deamidation, amidation of asparagine residues found 60% determined by
most ext_enswely atAsn 14, Ash 53, Gin 1_20’ and Asn 143. primary structure and 40% by three-dimensional structure
Deamidation of lens crystallins was first proposed to (27). Examination of the nearest neighbors of the deamidated
e>.<plain.the increased acidity of lens crystallins associ_ated residues in our data frS-crystallins from cataractous lenses
with aging @3, 34). Later, when phosphorylated crystallins jngicates that the most notable sequence feature associated
were observed, the increase in acidity was attributed to \yith deamidation is the frequency of adjacent prolines and
phosphorylation5, 36). We now know that deamidation,  phenylalanines. Since nearby prolines often contribute to

Aging and the development of cataract in the lens are
associated with accumulation of insoluble HMW proteins,
especially in the nucleus. These HMW proteins are formed
by disulfide bonds and also by nondisulfide cross-links. A
substantial portion of the insoluble HMW protein is inter-
molecularly disulfide bondedS-crystallins. Analysis of these
yS-crystallins liberated from HMW assemblies by DTT

phosphorylation, and modified lysine residu@3<42) all increased exposure, it may be that it is the exposure rather
contribute to acidification, with deamidation as the most than the proline itself that affects deamidation. Perhaps, the
frequent modification of the human crystalling<9, 11, 12, longevity of the crystallins is better attributed to a lack of
43, 44). degradation processes in the lens.

Although this is the first report in which deamidation at  |n this report, the extent of deamidation was determined
each glutamine and asparagine residug®icrystallin has  for all the asparagines and glutamines/8tcrystallin from
been quantified, there are previous reports of deamidationnuclear cataracts. Comparison of deamidation in water-
at various sites in both water-solub® énd water-insoluble  soluble and water-insolubjeS-crystallins demonstrated that
(12) yS-crystallins from clear lenses and y$-crystallins  the water-insoluble crystallins had more deamidation, par-
from cataractous lense$s). There is also a report in which  ticularly at Asn 14, Asn 53, and Asn 143. Previous studies
four of the 14 possible deamidation sites)iB-crystallins indicated that water-insoluble crystallins include more modi-
from the central region of clear old human lenses were fication (12), but this is the first report comparing all the
examined 45). This investigation found no evidence for glutamines and asparagines of one crystallin. Increased
deamidation at GIn 92, GIn 96, Asn143, and GIn 170. The deamidation of the water-insolubjes-crystallins also sup-
investigators suggested thaS-crystallin contains some  ports the hypothesis that the charge introduced by de-
glutamine and asparagine residues that are extremely resistargmidation contributes to protein unfolding and insolubility.
to in vivo deamidation, consistent with the biological clock Besides introducing a negative charge at the neutral aspar-
hypothesis suggesting that resistance to deamidation is aagine, deamidation may be accompanied by racemization and
common property of long-lived proteind@). This hypoth-  isomerization of aspartic residue49. The formation of
esis, which is based on an observation that the in vivo g-aspartate, which involves addition of extra carbons to the
lifetime of some proteins correlates with their total amide polypeptide backbone, may destabilize the protein structure
content, proposes that proteins with fewer glutamines and(23).
asparagines have longer lifetimes because deamidation marks On the basis of the crystal structure of the C-terminal
the protein for degradatiod§). In addition, observation that  domain ofyS-crystallin, Purkiss et al2@) have suggested
the nearest neighbor C-terminal to the amide in the primary that two glutamines, Gln 106 and GIn 120, are in positions
sequence affects the rate of deamidation of peptides in vitrowhere their deamidation could adversely affect lattice
(47, 48) suggested a possible mechanism for timing of protein interactions. Deamidation at GIn 106 was below the detection
deamidation and removal. limit, but GIn 120 was 45% deamidated in water-solujB

Data from lens crystallins are unlikely to be appropriate and 60% deamidated in water-insoluli8. The extensive
evidence for the biological clock hypothesis. Lens crystallins deamidation of GIn 120 even in the water-soluble crystallins
have much longer lifetimes than the proteins used to deducesuggests that deamidation at this residue has little effect on
the correlation 46). According to that correlationyS- the protein solubility. The extensive deamidation at Asn 143,
crystallin, which has 8% glutamines and asparagines, wouldboth from the water-soluble (20%) and water-insoluble (50%)
be expected to have a half-life of about 10 days, but in reality yS-crystallins, is of particular interest because it has previ-
yS is present for the lifetime of the lens. In addition, the ously been observed ipS-crystallin from senile cataracts,
nearest neighbors to glutamines and asparagines afid but not age-matched clear lensd$§)( The deamidations at
not show the same influence on in vivo deamidatiory ¢ Asn 14, Asn 143, and Asn 53, which are the most notable
crystallins from cataractous lenses that they exhibited for differences between the soluble and insolylfecrystallins,
deamidation of peptides in vitrd{, 48). Rate constants have appear to be the most likely to affecs-crystallin solubility.
been determined for deamidation of asparagine containing The high levels of deamidation among th8-crystallin
peptides with various neighbord8). Because similar data  from the HMW portion of the nuclear crystallins permitted
are not yet available for glutamine, we used the rate constantscomparison of deamidation at glutamines and asparagines
determined by Robinson et ak§), assuming the rate of  with surface accessibility. For the residues in the C-terminal
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half, the surface accessibility was determined from the crystal 19
structure for this portion of humapS-crystallin 3). The 20
calculated exposures for residues in the N-terminal portion 5;
relied on the high homology of humart and bovineyB

(28). The relationship between deamidation and surface 22
exposure shows very little deamidation for residues that have
an accessibility less than 680 A2, and a large variation
for residues with exposure above the threshold. For example, 24
GIn 106 and GIn 120 have similar accessibilities, but 25
deamidation at GlIn 106 is below the detection limit while 26
GIn 120 is 60% deamidated. The crystal structure suggests

23

that this difference may be due to hydrogen bonding of GIn 7.

106 to the carbonyl oxygen of Met 107. Surface exposure
appears to be a prerequisite for deamidation, but for those
residues that have high accessibility, other factors determine
the extent of deamidation.
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