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Abstract

Background—It is probable that the great majority of human cataract results from the
spontaneous decomposition of long-lived macromolecules in the human lens. Breakdown/reaction
of long-lived proteins is of primary importance and recent proteomic analysis has enabled the
identification of the particular crystallins, and their exact sites of amino acid modification.

Scope of review—Analysis of proteins from cataractous lenses revealed that there are sites on
some structural proteins that show a consistently greater degree of deterioration than age-matched
normal lenses.

Major conclusions—The most abundant posttranslational modification of aged lens proteins is
racemization. Deamidation, truncation and crosslinking, each arising from the spontaneous
breakdown of susceptible amino acids within proteins, are also present. Fundamental to an
understanding of nuclear cataract etiology, it is proposed that once a certain degree of modification
at key sites occurs, that protein-protein interactions are disrupted and lens opacification ensues.

General Significance—Since long-lived proteins are now recognized to be present in many
other sites of the body, such as the brain, the information gleaned from detailed analyses of
degraded proteins from aged lenses will apply more widely to other age-related human diseases.

Brief Background on Human Cataract

Cataract is an opacification of the lens that interferes significantly with vision. In humans,
by far the major risk factor is age. There are three types: age-related nuclear cataract
(ARNC), posterior subcapsular and cortical cataract. ARNC is typically colored, affects
primarily the center of the lens, and is the main subject of this review.

Until very recently, the cause of ARNC remained a mystery. Clearly aging played a key role
since almost all human cataract occurs in elderly people. Animal experiments were generally
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not particularly instructive. Cataract can be induced readily in experimental animals, by
many agents [1] but, with few exceptions, it was unclear if the routes to lens opacification in
the laboratory had parallels in the human population. These experimental data on animals,
together with the range of clinical presentations of human cataract, lead to a pervasive view
that human cataract was ‘multifactorial’. Recent data and insights challenge this view, at
least with respect to ARNC. There may indeed be an underlying mechanism responsible for
the majority of human age-related cataract!

The lack of a unifying mechanism that could explain most human cataract remained until
very recently. Several key findings relating to cataract were published prior to the advent of
proteomics and these are listed briefly, below. Of particular importance for understanding
human ARNC, were studies that revealed the importance of glutathione for maintaining lens
transparency [2], the fact that the abundant lens protein, a-crystallin, is a chaperone [3] and
that the amount of this small heat shock protein decreases with age until none of the active
form remains in the center of the human lens by age 40 [4]. Oxidation was found to be a
characteristic feature of cataractous lens proteins [5] and importantly the degree of protein
oxidation correlated with the grade of cataract [6].

Understanding lens aging and its role in cataract

Ultimately two realisations were fundamental to understanding the etiology of human
ARNC. Firstly, that proteins in the lens do not turnover. They are present for life, and this
has been confirmed using 14-C techniques [7]. Secondly, that lens polypeptides break down
over time. Once these two factors were recognized, some important questions arose.

Do all lens proteins degrade? Which sites are most susceptible and to what extent, and over
what time frame? What are the major posttranslational modifications (PTMs) and are they
consistent from lens to lens? Are there specific PTMs in cataractous lenses that are less
abundant, or absent, in normal age-matched controls? Could these changes alone be
responsible for converting the normal transparent lens into a cloudy opaque one? Answers to
some of these questions have now emerged.

The human lens as a chemical laboratory

Because of the unique growth of the lens, and thermal denaturation over many years, the
interior of the human adult lens contains very few, if any, active enzymes. As a consequence,
the lens nucleus can usefully be regarded as a flask. In this container are proteins, membrane
lipids and the small molecules typical of cells, but no enzymes. Only the metabolites are
able to diffuse through the walls of the flask; the lipids and proteins are confined to the
container. Over time at 35°C, the macromolecules change to varying degrees. Since the
major component is protein, instability of polypeptides is likely to have the most effect on
the overall properties of the lens.

There are two major categories of protein PTMs

One type of PTM arises from covalent modification by reactive small molecules (a), the
other from the intrinsic instability of certain amino acids (b).
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a) Protein modification by cellular metabolites

A number of classes of biomolecules contain chemicals that can covalently attach to
proteins. One well-known example involves the formation of advanced glycation end
products (AGEs). These are formed by the nucleophilic attack of amino acid residues on
carbonyl compounds [8] and these aldehydes and ketones are typically produced in the body
by the breakdown of carbohydrates. Long-lived proteins in the body can thus be modified by
sugars, and/or their metabolites (e.g. methylglyoxal). The decomposition of other
biomolecules, for example ascorbate and fatty acids, can also result in formation of similar
reactive carbonyls.

In the human lens the major PTM due to reaction with biochemicals appears to be
methylation [9, 10] and the source is S-adenosyl methionine [10]. Given the sustained high
levels of glucose in the lens, the levels of AGEs, such as carboxymethyl or carboxyethyl Lys
and Arg, are much less e.g. [11, 12] (Table 1). It is likely that glutathione which is present at
very high levels in the lens, acts as a nucleophilic scavenger, and thus spares proteins from
covalent modification and the formation of AGEs. The very low AGE content of proteins,
even in old lenses, suggests that this type of PTM may be of less importance in causing
changes to lens proteins that lead the induction of cataract.

b) Spontaneous decomposition of amino acids in proteins

This category of PTM, arising from intrinsic amino acid instability, is the most abundant.
Indeed the levels found in human lenses typically exceed those in section (a) by orders of
magnitude (Table 1).

The amino acid residues that are particularly susceptible to age-related decomposition are
Ser, Asp, Asn and Ser phosphate. Lesser roles in protein denaturation may be ascribed to
modifications of Thr, Thr phosphate and Cys.

Aging of proteins involves cleavage of peptide bonds, isomerisation,
crosslinking and deamidation

Lens proteins become progressively more insoluble with age and the properties of a
particular polypeptide from a young lens will not be the same as those of the modified
protein from an old normal human lens, or a cataractous lens. This factor can lead to
‘isolation artefacts’ where a crystallin peak from a young lens will not contain the same
components as the peak from an old lens. This being so, rather than attempting to track, over
time, changes to one purified protein from the lens, the optimal approach is to examine
whole lens tissue without prior protein purification. The high resolving power of modern
proteomics allows unfractionated lens samples to be investigated. Isomerisation,
crosslinking, deamidation and cleavage of peptide bonds have been found to be major PTMs
of human lens proteins. These will be discussed individually.
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Isomerisation/Racemization

The three main amino acids involved in age-dependent isomerization/racemization are Asn,
Asp (Figure 1) and Ser. Thr and Phe are implicated to a lesser extent.

The racemization of these amino acids as a function of age and cataract was first established
by the use of acid digestion of dissected lens regions coupled with HPLC separation of the
resulting D- and L-amino acids [13]. This technique showed that Asp and Asn were the
major amino acids involved in racemization (Figure 2), with Ser the next most abundant. D-
Thr and D-Phe levels increased to a lesser extent as a function of age.

Identifying the sites of racemization within individual crystallins involved more complex
experiments. Some sites, such as Asp 58 and Asp 151 in aA-crystallin had already been
identified [14-16].

MS/MS spectra alone do not generally permit identification of the site of L- to D-
racemization in a protein, therefore LC/MS/MS is necessary. If more than one tryptic
peptide peak with the same MS/MS spectrum was found in LC chromatograms of lens
digests, then these were investigated in more detail as potential sites for racemization. To
confirm the sites of racemization, peptides with the same amino acid sequences, but
differing in one (or more) site by the replacement of an L- by a D-amino acid, were
synthesized commercially and each subjected to the same LC/MS/MS protocol. Such
procedures can be done readily now, since peptide synthesis is rapid and inexpensive. A
novel method for analyzing Asp/Asn racemization has recently been published [17].

There are two major types of isomerization/racemization of amino acids in proteins. The
simplest one involves transformation of L- to D-amino acids via removal of the hydrogen
atom attached to the a-carbon atom. Re-attachment of a proton can produce a D-amino acid.
This seems to be the predominant route of racemization for amino acids such as Ser and Thr
and Phe. Recently D-Ser has been found to accumulate linearly with age at two sites in aA-
crystallin and to be higher in cataractous lenses [18].

In the case of Asn and Asp, the situation is more complex but this complexity assists in the
identification of peptides that have been isomerized. The main process of racemization of
Asn and Asp involves intramolecular cyclisation (see figure 1) [19]. A succinimde ring
forms and this permits facile racemization. Once the ring opens, a D-amino acid can result.
Since there are two potential sites of hydrolysis of the succinimide, more than one isomer
can result and typically four distinct isoforms are produced: L-Asp, D-Asp, L-isoAsp and D-
isoAsp (Figure 3). The identification of the isoAsp forms, provides strong evidence that
cyclisation has taken place [19] rather than simple abstraction of the a-proton from the
amino acid.

MS/MS spectra of the isoAsp forms are different from those of the L- or D-Asp peptides
[20] so this is a useful indicator that isomerization of Asp or Asn has taken place. Asn
racemises more readily than Asp and the products will be the four Asp isomers referred to
above [21]. Once an Asn residue is cyclized and converted to an Asp isomer, it cannot be
regenerated.
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The four isoforms of Asp are often depicted in the literature as being in equilibrium. This
simple view is unlikely to be correct. One peptide has been investigated in detail. In this a-
crystallin peptide, the L- and D-Asp forms interconverted readily, whereas the two isoAsp
peptides were very stable and showed essentially no reversion to the L- and D-Asp versions
despite prolonged incubation [20]. In practical terms, this means that once D-isoAsp forms
in a protein, this PTM may be irreversible. This feature, and the part played by adjacent
amino acids, needs further investigation. Within cells (but not cells in the Iens nucleus)
protein isoaspartate methyl transferase (PIMT) can catalyse the reversion of L-isoAsp to L-
Asp. PIMT is however inactive on D-isoAsp.

The extent of racemization of proteins in an adult lens is remarkable. It can be calculated
that in a 60 year-old normal lens that, on average, every crystallin contains between 2 and 3
racemized amino acids [13]. This extent of racemization will almost certainly result in
destabilization of the proteins. This is especially so since isoAsp residues are abundant, and
each site of isoAsp disrupts the regular peptide bond sequence by insertion of a methylene

group.

Deamidation

Deamidation of Asn and GIn has been widely studied [24-26]. Ash deamidates more readily
than Gln [27]. The major process of deamidation in aged proteins involves the succinimide
intermediates. For this reason, deamidation and isomerization are intimately linked, at least
for the two amino acids with amide side chains. Mass spectrometry can differentiate tryptic
peptides where an amide side chain has been converted to a carboxylic acid, although the
mass change is only one Dalton.

A survey of deamidation in all human crystallins from older lenses revealed that some
proteins were more susceptible to deamidation than others. For example, aA- and pB1-
crystallin contained a number of deamidation sites whereas the GIn and Asn residues of
BB2-crystallin appeared to remain largely intact [25, 26].

Crosslinking

Another major PTM in the human lens involves covalent crosslinking of polypeptides. This
can be most clearly illustrated using techniques such as Western blotting [22]. Until very
recently the reason for this crosslinking was unknown. It is now apparent that spontaneous
processes are again responsible; in this case the susceptible amino acids are phosphoserine
(PSer) and phosphothreonine (PThr). Over time these residues decompose via an elimination
reaction to yield dehydroalanine (from PSer) or dehydrobutyrine (from PThr) [23]. The
dehydroalanine or dehydrobutyrine formed becomes a site for nucleophilic attack by the
thiol group of Cys, or the amino side chain of Lys. Once formed, there is no known way of
breaking these covalent bonds, i.e. the linkage is permanent. Other possible crosslinking
processes may also occur in aged lenses and these are currently being investigated.
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Spontaneous PTMs occur in unstructured regions within proteins

The structures of the major lens crytallins are known [28, 29]. Once the major sites of
deamidation/isomerization obtained from proteomic experiments were mapped onto the
structures, a consistent picture emerged. Sites of racemization and deamidation were
localized almost exclusively within unstructured regions [24, 30]. This finding is consistent
with other data [31, 32]. One conclusion is that the region of the protein appears to be of
more importance than the nature of the adjoining or adjacent amino acids. Although the
amino acid sequence is important, since peptide studies have clearly demonstrated that
having small residues, such as Gly, next to an Asp or Asn residue facilitates formation of the
cyclic intermediate [33], however it would appear that conformational flexibility is a pre-
requisite for deamidation/isomerization within proteins.

Spontaneous cleavage of peptide bonds

Asn residues can be sites of spontaneous peptide bond cleavage [34]. The mechanism
appears to involve nucleophilic attack by the side chain amide nitrogen atom on the peptide
bond on the C-terminal side of the Asn residue [21] (Figure 4). Cleavage sites adjacent to
Asn residues in the membrane water channel, aquaporin 0, from older human lenses
conform to this pattern [35]. Intriguingly major sites of cleavage in older lens crystallins
were often on the N-terminal side of Ser residues [36, 37]. Peptide incubations [38] suggest
that the hydroxyl group of Ser is implicated in a process [39] (Figure 4) in a manner
analogous to that of intein cleavage [40].

Certainly the aged human lens contains a wide variety of peptides, [36, 41] the sequences of
which have pointed the way to understanding the crystallin degradation mechanisms
involved in their formation. In addition, some modified crystallin-derived peptides have
enabled the part played by certain amino acid sequences in PTM and protease resistance to
be deduced [42].

Intriguingly, two of the major amino acids responsible for isomerization (Ser and Asn) are
also those implicated in spontaneous peptide bond cleavage. In the case of Ser, the
mechanism of truncation is different from that involved in racemisaton [39]. It is not yet
clear to what extent protein truncation is involved in changes to the lens as a whole. There
are two aspects to this. Firstly, cleavage of the original protein will disrupt its tertiary
structure and packing with other proteins in the cell. Secondly the peptides produced by
spontaneous hydrolysis may themselves have biological activity [36, 43]. For example,
peptides derived from breakdown of a-crystallin may promote protein aggregation — a key
process in lens aging and cataract. Peptides from age-related cleavage of yS-crystallin lodge
tightly into fibre cell membranes and potentially alter water dynamics [43] in a way that is
consistent with that associated with older lens membranes [44]. Impaired water flow will
presumably also affect solute transport (e.g. antioxidants) and this may influence cataract
etiology.
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cale of protein deterioration

Over what time period can a life-long protein exist within a cell before it undergoes
spontaneous PTM? The lens provides a beautiful system for investigating this question. Prior
to the commencement of proteomic studies, a number of hypotheses were feasible. One
hypothesis was that extensive protein degradation may take place just prior to lens
opacification: typically after about 60 years. Before that time, lens crystallins could be
relatively stable.

An alternative scenario was that the structural proteins could deteriorate gradually over
decades and that once a certain extent of breakdown had taken place, the lens became
opaque. If the latter view were correct, did some crystallins decompose more rapidly than
others? Was the time course of each process linear?

The proteomic data were clear. Age-related deterioration of crystallins begins early in life
[30, 43, 45]. A remarkable discovery was that a large degree of change often occurred in the
first 10-15 years of life (see Fig 2).

As noted earlier, some proteins degrade more rapidly than others. Typically a-crystallins
were subject to a large degree of PTM, particularly aA-crystallin. This may well be
significant since a-crystallins are molecular chaperones. They are small heat shock proteins
that bind to proteins as they unfold and prevent them from precipitating [46]. There is a
certain allocation of this chaperone protein at birth [47] and once it has been consumed, the
centre of the lens is presumably left relatively defenseless. This disappearance has typically
taken place by age 50. Within a cell that is now bereft of protective chaperones, the outcome
of inexorable protein denaturation is likely to be quite different from that of a younger lens
cell where the unfolding protein would be sequestered by a-crystallin.

Despite the time course of modification for each crystallin being different, there was a
surprising concordance of the data sets for both normal and cataractous lenses. This is
noteworthy, since experience with human biological data shows that, as a species, we have
evolved to encompass a large degree of diversity: much greater than, for example, is found
in laboratory rats. It seems that most spontaneous protein PTMs have a defined, almost
unrelenting, time frame and that there is a substantial component of inevitability associated
with the decline.

Why do proteins deteriorate with age?

The concept that our bodies contain numerous proteins that do not turnover, and
furthermore, that they degrade over time, is a relatively new one for human biology [48, 49].
The agents responsible appear quite simple: just heat and time. Evidence for this conclusion
comes from the fact that essentially all of the characteristic signatures of aged proteins can
be replicated in the test tube, using peptides exposed to heat (e.g. 60°C) at neutral pH.
Although these spontaneous processes may be relatively straightforward, the cellular
protection mechanisms, their integration, individual variation and how these alter with age
are not likely to be so straightforward.
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Is protein deterioration responsible for human cataract?

It is now clear that massive changes take place to lens proteins over our lifespan. It would be
surprising if alterations of such magnitude were not accompanied by detectable changes to
the properties of the tissue. Physical properties of the human lens do change steadily with
age. Stiffening of the lens is recognized as the basis for presbyopia [50].

Although crystallins undergo quantitatively major modifications over our lifespan, the vast
majority of lenses remain transparent. If spontaneous PTMs were implicated in cataract,
then we should expect to observe either consistently higher levels of modification at the
same sites than in age-matched normals, or new sites in cataractous lenses.

So far, two proteins yS and a A crystallin, have been found with a consistently greater
degree of PTM in cataractous lenses than in age-matched normal lenses [18, 30]. The
specific sites are deamidation/racemization of Asn 14 and 76 in yS-crystallin and
isomerization of Ser 59 and 62 as well as racemization of Asp 58 in aA-crystallin. These
sites are located in unstructured regions of the crystallins and, in the case of yS-crystallin,
may also be involved in crystallin-crystallin interactions within the cells. It may not be
possible to maintain lens transparency beyond a certain level of disruption of this crystallin
packing. Modifications to aA-crystallin could affect its chaperone ability and/or its
membrane-binding properties. It is probable that other crystallin sites remain to be
discovered.

Is it pertinent to investigate the mechanism of human cataract using animal

models?

It is difficult, if not impossible, to prove that these age-related crystallin modifications are
truly responsible for human cataract. Animal models are of little help. Human lenses are
quite different from most other animal lenses, particularly rodent lenses [51] and the major
crystallins are not identical. Membrane phospholipids also differ [51].

Another problem is that even if it were possible to obtain lenses that resembled human
lenses, it is not feasible to reproduce experimentally, the suite of changes that are
characteristic of crystallin aging? For example, it is not yet possible to selectively insert D-
amino acids into mammalian proteins /77 vivo, at specific sites. Sites of individual GIn and
Asn can be mutated into Glu and Asp residues however this is an all, or nothing,
phenomenon. In the human lens the extent of deamidation is rarely 100% and typically
ranges from 10-70% [26]. In addition, multiple different PTMs occur within the one protein
and each lens cell contains a number of crystallins that each display their own particular
time courses for degradation. For example, in addition to deamidation and racemization,
covalent crosslinking and peptide bond cleavage are common in aged and cataractous
crystallins. The problem of establishing any relevant animal model for human cataract may
well be impossible to solve.

In the absence of any appropriate animal model, we must be satisfied with a “smoking gun”.
The hypothesis that cumulative age-related modifications to proteins leads to human lens
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opacification is bolstered by genetic data. Numerous inborn errors of metabolism involve
single amino acid substitutions in lens crystallins and these single changes can be enough to
cause cataract e.g. [52-54]. Such findings serve to emphasize a key point: small changes to
just one crystallin can be sufficient to induce human cataract. Some of the cataract-inducing
single amino acid substitutions are conservative and have been detected in crystallins (e.g.
vS-crystallin [55]) that have subsequently been found to be modified in proteomic
investigations of aged human lenses.

Despite these caveats, animal lenses can still be useful in some specific cases e.g. in the case
of ARNC, for examining the effect of oxygen/UV light on glutathione in lenses or on
macromolecular degradation.

Nuclear cataract PTMs

It should be noted that some PTMs are specific for nuclear cataractous lenses. Oxidized
versions of Cys and Met residues increase as cataract worsens and thus oxidation plays a key
role in the progression of age-related nuclear cataract [5]. Somewhat surprisingly, the levels
of oxidation of Cys [5], Met [56] and Tyr [57] in normal lens proteins that have been
resident in the lens for decades are very small. It is likely that the lack of oxidation of
proteins in the normal lens, and the minimal levels of chemically-induced PTMs by agents
such carbonyls, are linked. One factor is the very low oxygen tension in the lens interior
[58]. The other is glutathione. Glutathione is the main cellular antioxidant and it can also
efficiently intercept reactive molecules. By contrast it is likely to have little, or no, effect on
racemization, deamidation or spontaneous peptide bond cleavage.

Of special note, the levels of D-Asp and D-Ser from cataractous lenses were consistently
higher than from age-matched normal lenses (Figure 1). [13, 18]. This finding was in
agreement with earlier studies [59, 60]. Consistent with these data, there were locations
where the degree of deamidation was greater in cataractous lenses (Figure 2) [25, 30]. This
finding suggested, for the first time, that some sites within some crystallins, such as Asn 76
yS-crystallin, could possibly be implicated in the genesis of cataract (Figure 3).

How could the increased structural PTMs in crystallins lead to lens opacification? One
theory for nuclear cataract is as follows: after middle age, once the PTM load becomes
sufficient and crystallins unfold, large-scale binding of protein aggregates takes place to
fibre cell membranes [61, 62]. This membrane binding may be responsible for the occlusion
of membrane pores and consequently the creation of a permeability barrier [62]. A reduction
in the rate of transport of reduced glutathione into the centre of the middle-aged lens may
well be the principal factor in initiating ARNC [63]. ARNC is characterized by massive
oxidation of proteins in the centre of the lens, as well as extensive covalent cross-linking,
colouration and insolubilisation of crystallins [6].
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Is cataract just one of a number of age-related human diseases that are due
to the breakdown of long-lived proteins?

The list of organs and tissues within the body contain long-lived, or life-long, proteins is
expanding and some long-lived proteins are abundant [31, 64, 65]. Due to its simple
architecture and composition, the lens is an ideal tissue for characterizing the many PTMs
that arise over a period of decades due to retention of proteins within the human body. As
outlined in this article, several age-related PTMs have been characterized but we know little
about details of some of the processes and, in particular, what agents act within the body to
minimize these changes. There is a great deal to learn. The most likely causative agents for
human protein denaturation are heat and time [50]. We know much less about factors that
ameliorate these processes. Chaperones will most likely be important. Overall, the work
outlined in this review leads to a conclusion that there is little prospect for preventing age-
related cataract and that our best option is to investigate ways of impeding the processes
involved.

If the degradation of long-lived proteins does indeed play a widespread role in human aging,
then the same conundrums and barriers that apply to understanding human cataract will
emerge in a more general manner. For example, animal models will be of limited use
because of the multifaceted nature of the age-related protein modifications. Correlation may
have to suffice. Such outcomes are yet to be proven, but if this scenario eventuates, scientists
may need to re-assess their experimental approaches when investigating the many of the
conditions associated with old age in humans.
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Highlights
. Spontaneous breakdown of long-lived macromolecules is a probable cause of
cataract
. The most common PTM of aged lens proteins is racemization
. PTMs occurring in the lens may also occur in other long-lived proteins
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Figure 1.
Long-lived proteins decompose in the body. In lens proteins, and other long-lived proteins,

major degradative processes involve racemisation. These are spontaneous events that
particularly affect aspartate, asparagine and serine residues in unstructured regions of the
protein. In lens proteins the major end product of L-Asn and L-Asp breakdown is D-isoAsp,
which arises via succinimide intermediates. iSoAsp peptides appear to be stable and undergo
little interconversion [20]. In most cells (but not the human lens nucleus) protein isoaspartate
methyl transferase (PIMT) can partially ameliorate Asp racemization in long-lived proteins.
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Figure 2.

Overall racemisation of proteins is greater in cataractous lenses than in normal lenses.
Racemisation of Asx (i.e. Asp + Asn) as a function of age, in normal and cataractous lens
proteins. Racemisation expressed as a % of D/(D+L). From ref [13] and used with

permission.
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1 |

S0 90

Racemisation at specific sites on crystallins may be cataractogenic. Deamidation of Asn 76
in yS crystallin as a function of age, in normal and cataractous lens proteins. The content of
(L+D)-isoaspartic acid (isoAsp) at residue 76 following tryptic digestion of whole nuclear
lens protein and LC/MS/MS. If deamidation of Asn occurs via a cyclic intermediate, four
Asp isoforms are produced, two of which are isoAsp peptides — see Fig 1. (Symbols: O

Normal 4 Cataract). From ref [28] and used with permission.
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Figure 4.
Old proteins undergo peptide bond cleavage. Mechanisms to account for spontaneous

cleavage; a) on the C-terminal side of Asn, and b) on the N-terminal side of Ser residues.
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Levels of various posttranslational modifications in normal aged human lens proteins. Values are for normal

human lenses aged 60-70.

Modification Amount (mmol/mol protein)*
Racemisation

D-Asp 1100-180013]
D-Ser 500-1100(23]
D-Thr 100-200031
Deamidation 50-500[2%]
AGEs

Carboxymethyl Lys 14-35, 0-0.1[12 66]
Carboxyethyl Lys 7-28l12]
GOLD 0.14-1.4167]
MOLD 0.7-5.60671
OP-Lys 0.01[68.69]
K2P 0.01[79]
Ornithine 0-0.3[711
Methylglyoxal-Derived Hydroimidazolones (MG-H1+MG-HZ2) 40-197072
Reactive molecule addition

Methylation 10-250(101
Oxidation markers

Ortho-Tyrosine 1.8-5.40571
Di-Tyrosine 6-18571
Methionine sulfoxide ~Ql561

AGEs, Advanced Glycation Endproducts.

# . . . .
1t should be noted that for proper comparison, analyses of the different types of PTMs should be performed on the same lenses. Since this Table
reports the values from different authors, this information was not available. AGEs are also likely to be comprised of a heterogeneous mix of

products.
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