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Abstract

Although protein crosslinking is often linked with aging as well as some age-related diseases,
very few molecular details are available on the nature of the amino acids involved, or mechanisms
that are responsible for crosslinking. Recent research has shown that several amino acids are able
to generate reactive intermediates that ultimately lead to covalent crosslinking through multiple
non-enzymatic mechanisms. This information has been derived from proteomic investigations on
aged human lenses and the mechanisms of crosslinking, in each case, have been elucidated using
model peptides. Residues involved in spontaneous protein-protein crosslinking include aspartic
acid, asparagine, cysteine, lysine, phosphoserine, phosphothreonine, glutamic acid and glutamine.
It has become clear, therefore, that several amino acids can act as potential sites for crosslinking
in the long-lived proteins that are present in aged individuals. Moreover, the lens has been an
invaluable model tissue and source of crosslinked proteins from which to determine crosslinking
mechanisms that may lead to crosslinking in other human tissues.

Introduction

The human lens contains some of the oldest proteins in the body with proteins in the lens
nucleus being formed before birth and lasting until death. These long-lived proteins (LLPS);
therefore, have decades to undergo spontaneous chemistry based on the functional groups
of the twenty naturally occurring amino acids. One such chemical reaction that occurs is
crosslinking, i.e. the formation of new covalent bonds between proteins and other proteins
or metabolites. In aged tissues, covalent crosslinking of polypeptides is not uncommon.
Because crosslinking of proteins is intrinsically difficult to study, historically a common
approach has been to look for covalent crosslinks that have already been discovered. Classic
ones in this category are the isopeptide bond formed from Gln residues by glutaminase, or
di-tyrosine that can form by treatment of proteins with metals and oxidants. This approach,
of course is unlikely reveal whether novel crosslinks are present. As elaborated elsewhere
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in this review, a more challenging task is to ask “what covalent crosslinks are present?”. An
even more challenging quest is to be quantitative i.e. try to apportion the total crosslinking
present to individual well-defined reactions. In a heterogeneous biological system such as
the lens, this is a demanding task, but as outlined herein, significant progress is being made.

Fundamentally, there are two types of protein crosslinking processes in humans. One can

be termed structural and functional, where typically enzymatic mechanisms have evolved to
establish crosslinks that benefit the organism. The other category of protein crosslinking can
be considered spontaneous (non-enzymatic), deleterious, and dysfunctional. In this review,
the first category, which involves crosslinking as a process that is crucial for the function of
the final polypeptide, will be covered only very briefly.

Structural/functional crosslinking

There are several well-studied examples of these protein crosslinks that are essential for
protein function and they are enzyme-mediated.

i. Disulfide bonds—The most widespread structural/functional type of crosslinking

is disulfide crosslinking (Wilkinson and Gilbert, 2004), where two cysteine residues are
oxidised in order to “lock in” a particular protein fold or conformation. Disulfide bonds can
be intramolecular or intermolecular. This type of directed crosslink is mostly employed

to facilitate protein structure and hence function. Although disulfide bonds can form
spontaneously during protein synthesis, often specific chaperones, e.g. protein disulfide
isomerase, are required to form proper disulfide crosslinks and to prevent protein misfolding
(Wilkinson and Gilbert, 2004).

ii. Elastin and Collagen—In other cases, the introduction of covalent crosslinks is used
to provide mechanical stability for the tissue in which the protein is located. Examples of
such crosslinks include desmosine and isodesmosine in elastin (Thomas et al., 1963). The
aromatic ring in both of these molecules, is formed from lysine residues via the action of
the enzyme lysyl oxidase which converts the e-amino side chain into an aldehyde (Akagawa
and Suyama, 2000). This aldehyde then condenses with other side chain amino groups with
the result that four lysine residues of tropoelastin are covalently linked in mature elastin
fibres. Elastin is a long-lived protein (LLP) whose main function is to allow stretched
organs or tissues to resume their original shape. Such multiple site crosslinking may enhance
the ability of this major connective tissue component to remain functional over a lifetime.
Elastin in the heart is there for life, and in a 70 year-old heart it has recoiled through more
than 2 billion beats.

The most abundant protein in the human body is collagen and, like elastin, it is another
example of a LLP. In collagen, similar lysine-derived crosslinks provide strength by

linking individual collagen fibrils. Collagen contains high levels of an unusual amino acid
derivative, hydroxylysine, and this modified amino acid participates in covalent crosslinking
mediated by lysyl oxidases (Gaar et al., 2020). In addition, unmodified lysine residues in
collagen can crosslink with methionine to form sulfilimine crosslinks that, interestingly,
require the enzyme peroxidasin, bromine, and hydrogen peroxide to create the sulfilimine
bond (Vanacore et al., 2009). The stiffness of the collagenous lens capsule is likely due to
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this sulfilimine crosslink (Dyksterhuis et al., 2011). Until recently it was widely believed
that the age-related increase in tissue stiffness and loss of elasticity, was due to increased
levels of this covalent crosslinking. A recent careful investigation has shown this not to be
the case. In contrast to expectations, levels of the major crosslink, hydroxy-lysino-norleucine
(formed after borohydride reduction) in rat tail tendon actually decreased significantly with
age (Stammers et al., 2020).

iii. Ubiquitination and transglutaminase—One of the most important, and
widespread, protein crosslinking processes in the body involves the covalent attachment

of an 8.6kDa protein, ubiquitin. This highly conserved small protein is expressed in all
eukaryotic cells. Ubiquitination of cellular proteins, targets them for degradation by the
proteasome (Schrader et al., 2009) but it can also alter protein interactions and signaling
within the cell. In the lens, ubiquitination plays an important role in lens development and
in organelle degradation (Rowan et al., 2017; Shang and Taylor, 2004). Crosslinking can
take place in several ways. Generally, lysine residues on the substrate protein are bound to
the C-terminal carboxyl group of ubiquitin via an isopeptide bond, although serine, cysteine
and threonine residues may also be covalently linked. Polyubiquitination can also occur
(Sadowski et al., 2012). These processes are carefully regulated by a three step mechanism
that involves activating enzymes (E1), conjugating enzymes (E2), and ligating enzymes (E3)
(Schrader et al., 2009).

Isopeptide crosslinks involving glutamine and lysine residues can also be formed

by transglutaminases. Typically transglutaminase catalysis results in crosslinked and
insoluble protein aggregates. Probably the best known example involves Factor Xllla, a
transglutaminase that catalyzes the formation of isopeptide bonds between fibrins and is
necessary for the formation of blood clots (Takahashi et al., 1986). Transglutaminase has
been found in many ocular tissues and is believed to be important for establishing stabilized
structures of connective tissues of the eye (Raghunath, 1999 #117%}. Interestingly, lens
transglutaminase has been indirectly implicated in opacification in an in vivo rabbit cataract
model (Lentini et al., 2011).

A related group of small peptide tags are referred to as SUMO (Small Ubiquitin like
Modifier) proteins. SUMOylation is involved in the regulation of transcription, nuclear-
cytosolic transport, DNA repair and apoptosis. Although closely related in mechanism to
ubiquitination, SUMOylation does not target substrate proteins for degradation. For a review
see Hay et al. (Hay, 2005). In the eye, sumoylation of the transcription factor Pax6 is
important for proper differentiation of lens and retina cells (Yan et al., 2010).

iv. Other crosslinking modifications of proteins—Numerous cases are known
where covalent bonds are formed between a protein and some other chemical moiety for
example, phosphate, fatty acids (Dietrich and Ungermann, 2004; Schey et al., 2010) or
carbohydrates. In some instances, such as the binding of sugars or ascorbate, crosslinked
proteins can also be produced (Nagaraj et al., 2012). It appears that such carbohydrate-
mediated protein-protein crosslinking occurs mainly through the formation of diketone
intermediates (Monnier, 1990). One interesting example of chemically-induced protein-
protein crosslinking is found in insect cocoons (Butenandt et al., 1957). The caterpillars of
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moths and butterflies (order Lepidoptera) use tanning of secreted silk strands to strengthen
and colour their cocoons prior to metamorphosis. Tanning and crosslinking of this insect
protein is achieved via the secretion of reactive o-diphenols or o-aminophenols from a
separate gland. In the presence of oxygen these aromatic chemicals oxidise to yield highly
reactive o-quinones or o-aminoquinones (Manthey et al., 1990). The exudation of such
chemicals onto the white silk strands, leads to covalent binding to amino groups of the

silk fibroin and results in yellow or brown coloration of the cocoon. It also induces protein-
protein crosslinking (Manthey et al., 1992).

Deleterious crosslinking

The main focus of this review will be on crosslinks that form spontaneously as a result of
protein aging and are, for the most part, deleterious to protein function.

i. Of moths and men—There appears to be parallels between the above Lepidoptera
scenario for tanning cocoons and the chemical reactions that take place in human lenses with
the onset of nuclear cataract. In the case of human lenses the orange/brown coloration which
is used to classify the progression of age-related nuclear cataract (Pirie, 1968) appears to be
due mostly to the covalent binding of the endogenous aminophenol, 3-hydroxykynurenine
(Korlimbinis and Truscott, 2006). 3-Hydroxykynurenine is a UV filter compound that is
made in the human lens from tryptophan (Bova et al., 1999). In the presence of air, 3-
hydroxykynurenine autoxidises to its 0-aminoquinone form and this highly reactive species
then binds to proteins. This process can be readily observed in the test tube when proteins,
such as lens crystallins, are incubated in the presence of 3-hydroxykynurenine (Aquilina et
al., 1999).

One of the outcomes of this process is protein-protein crosslinking. Although this was
technically a very challenging task, analytical procedures were developed to show that
indeed 3-hydroxykynurenine is bound covalently to proteins in the human lens(Korlimbinis
and Truscott, 2006). This study found that all human lenses above the age of 50 have
measurable levels of 3-hydroxykynurenine bound to crystallins. Human lenses past middle
age are therefore “primed” to become both coloured and crosslinked if the environment
becomes oxidative. Indeed, a large amount of protein-protein crosslinking is associated with
the progression of age-related nuclear cataract (Dilley and Pirie, 1974). It is therefore likely
that human age-related nuclear cataract and the tanning of cocoons share aspects of the same
basic chemistry.

ii. Old proteins and young proteins: experimental traps for young players—
There are a number of examples where a particular protein when isolated from aged tissues
behaves quite differently from the same protein purified from the organs or tissues of
young people. This fact alone must be recognized if the aim is to study aging changes

to a particular protein. Using the lens as an example, where outer cortical fiber cells
contain newly synthesized protein and inner nuclear fiber cells contain proteins as old as
the organism, it is a simple process to isolate a-crystallin from the lenses of young animals
using gel filtration. a-Crystallin elutes as a distinct peak that is separate from the other
major crystallins: B-crystallin and y-crystallin. Using the same purification strategy on old
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lenses as a starting point to track aging changes to a-crystallin will lead to misleading
results because, by middle age, very little a-crystallin elutes in this same position by gel
filtration. Much of aged a-crystallin has been ensnared into larger aggregates, or has become
insoluble, due to its chaperone action in binding to other lens proteins as they denatured
(Roy and Spector, 1976). In addition, a significant proportion of a-crystallin has been
truncated (Grey and Schey, 2009). Another complication is that crosslinking or racemization
of a-crystallin, could cause it to elute at a position different from that of the originally
synthesized polypeptide. Some modified p-crystallins and y-crystallins may co-elute at the
same position as “young” a-crystallin. This presents a research conundrum that applies to
other fractionation procedures as well.

As a result of these many uncontrollable factors and the complexity of age-related protein
modifications, if the objective of the research is to track changes to one crystallin, a
reasonable approach is to use the same dissected region (e.g. using a trephine) from a

young and an old lens as a starting point. That way, in the absence of any purification steps,
all of the various forms of the protein, in this example a-crystallin, will be present and a
more meaningful ‘old versus young’ comparison using proteomics will be the outcome. This
‘non-fractionation approach’ may also be the most appropriate one for examining protein
changes within other organs and tissues from aged animals.

As an aside, similar factors may be problematic if immunological techniques for protein
purification are employed when comparing protein changes within young and old tissues.
This is because age-related posttranslational modifications can impair the binding of
antibodies to the old protein. A clear illustration of this can be seen in the case of yS-
crystallin from human lenses of different ages. In lenses past teenage years, western blotting
with three separate antibodies showed little immunoreactive monomeric -yS-crystallin,
despite the fact that modified forms of the crystallin are certainly present (Friedrich et al.,
2012). This method also revealed the large degree of covalent crosslinking of -yS-crystallin
that is apparent in human lenses from the first decade onwards. Indeed, early work of
Hanson et al., showed disulfide crosslinks in cysteine rich y-crystallins, the abundance of
some were age dependent (Hanson et al., 1998). A similar intramolecular disulfide bond was
enriched in insoluble a.A-crystallin (Lund et al., 1996).

iii. Old proteins are everywhere—It has been recognised only recently that many
proteins in the human body are long-lived (Lynnerup et al., 2008; Toyama et al., 2019;
Toyama et al., 2013). Over time, these long-lived proteins (LLPs) degrade (D’Angelo et al.,
2009; Truscott et al., 2016). The major processes seem to involve spontaneous reactions and
include racemisation (Geiger and Clarke, 1987), isomerisation (Geiger and Clarke, 1987),
truncation (Robertson et al., 2008; Wang et al., 2019), deamidation (Lampi et al., 2014;
Wilmarth et al., 2006) and crosslinking. The last of these five categories is the subject of this
review although it in important to note that these modifications do not happen in isolation
and that lens proteins exist with combinations of such modifications. It is also worth noting
that some modifications of old proteins are catalysed by enzymes. One example is arginine
deiminase (Zhou et al., 2018)
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iv. Old proteins are heterogeneous—Newly synthesized proteins are typically
homogeneous and run as tight bands on gels. In contrast, this is often not the case for some
polypeptides from older tissues and this feature can be readily observed, when proteins from
aged tissues are examined by gel electrophoresis. A common observation is that old LLPs
electrophorese as high molecular weight aggregates that migrate as streaks or smears on
SDS PAGE gels. For example, this is true for lens proteins (Friedrich et al., 2012) and Tau
from brain (Watanabe et al., 1999). This smearing pattern reflects the fact that LLPs from
organs or tissues of older individuals are heterogeneous and may be crosslinked. Oxidation
of LLPs can also lead to heterogeneity due principally to oxidation of sulfur-containing
amino acids. In an oxidative environment, disulfide bonds can form adventitiously because
antioxidants and their enzymatic partners are in short supply, or the flux of oxidants
overwhelms the cell’s antioxidant defenses. This situation occurs in the human nuclear
cataract lens (Anderson et al., 1979; Truscott and Augusteyn, 1977) where more than 90%
of protein thiol groups are oxidized into disulfide bonds in advanced cataract (Truscott and
Augusteyn, 1977). By contrast the loss of protein thiols in lens crystallins as a function

of age is relatively minor (Truscott and Augusteyn, 1977). The result of an oxidative
environment is the formation of protein-protein (PSSP) and protein-mixed (e.g. glutathione-
protein, PSSG) disulfide bond formation (Lou, 2003). It has been shown that glutathiolation
can lead to the degradation of lens proteins (Zetterberg et al., 2006). Although not the

topic of this review, there are a number of enzyme-based antioxidant defence systems based
around glutathione, vitamin E and ascorbate whose main function is to keep proteins in their
reduced form. A reducing environment within the cell also acts to minimise the modification
of LLPs by reactive metabolites such as diketones or quinones (Manthey et al., 1990).
When this reducing environment is altered in cells, oxidative processes can lead to protein
crosslinking (Grune et al., 2001).

V. Protein-protein crosslinks: blind search or targeted search?—Until it
became recognized that crosslinking of proteins can arise from the spontaneous breakdown
of Asp/Asn (Friedrich et al., 2018), Cys, phosphoSer, phosphoThr (Linetsky and LeGrand,
2005; Wang et al., 2014) or Glu/GlIn residues (Friedrich et al., 2021), protein-protein
crosslinking was thought to form via di-tyrosine (di-Tyr). di-Tyr crosslinks have been
known for many years and arise under oxidative conditions from Tyr residues via a

radical mechanism (Giulivi et al., 2003). Thus, di-Try became a “conventional target” in
searches for protein crosslinks. An advantage to searching for this particular crosslink is
that it is fluorescent, it survives acid hydrolysis and is also easily recognized using mass
spectrometry.

One example of such a targeted search paradigm for this di-Tyr protein-protein crosslink was
published for Ap (Al-Hilaly et al., 2013). It had been recognised from gel electrophoresis
studies that a large proportion (>30%) of AB in plaque from human AD brains is comprised
of crosslinked AP (Roher et al., 1996). A search for di-Tyr in Ap did indeed find some

of this compound. However, since this study was targeted and also was not quantitative,

the question remained: is di-Tyr responsible for most of the A crosslinking in humans, or
does the identification of di-Tyr simply represent the detection of a trace component because
of the sensitivity of the search technique? This is an important issue for understanding
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the principal molecular mechanisms that are responsible for crosslinking in each particular
instance. Knowledge of mechanisms and locations of protein crosslinks can also reveal
aspects of the in vivo structure of the protein substrate, for example exposed regions, as
well as the environment to which the original protein has been exposed. In the case of

AP such information is also important for understanding factors that impinge upon the
binding of potential therapeutic antibodies for Alzheimer disease treatment. The example
of AP serves to emphasize how important agnostic or untargeted analysis can be. A
subsequent comprehensive proteomic analysis using the “blind” approach revealed that the
major crosslink of AP is not in fact di-Tyr but consists of a heterogeneous population of
crosslinked dimers, one form of which is crosslinked between the N-terminal amino group
of Aspl and the carboxyl side chain of Glu22 (Brinkmalm et al., 2019). The identification
of other novel Ap crosslinks in human plaques requires further experiments. It is noteworthy
that similar considerations may apply to the crosslinking of a-synuclein in Parkinson’s
disease, where a targeted search showed di-Tyr to be present (Al-Hilaly et al., 2016). As
with AD, it will be of interest to determine if di-Tyr is really the major crosslink present in
the Lewy bodies of the second most common neurodegenerative disease.

One interesting by-product of the blind approach is that it has revealed that carbohydrate-
mediated crosslinking in the lens appears to be quantitatively a minor process. This is
surprising because human lens proteins simmer at 35°C in ~1mM solutions of both glucose
and ascorbate. Since this incubation can occur for decades, it would appear to be ideal
conditions to promote covalent binding and yet searches do not detect such crosslinks, or
only as trace components. This finding is in agreement with quantitative studies on AGE
compounds which have found very low levels of compounds such as carboxymethyl Lys.
Surprisingly, levels of this compound were not elevated in diabetes (Lyons et al., 1991).

In summary, conclusions reached about protein crosslinking can be influenced by the

choice of the experimental approach used for detection. This factor is often overlooked

in experimental design. If the objective is to discover the major processes involved in
crosslinking, then an agnostic or blind search paradigm is the most likely strategy to uncover
novel mechanisms of protein-protein crosslinking. This has been the revelation of recent
human lens studies which have uncovered a number of novel crosslinks and crosslinking
mechanisms.

vi. Protein-protein Crosslinks arise due to inherent instability of certain
amino acids—Due to the vast chemical reaction space that can potentially lead to protein
crosslinks, the identification of the structure of crosslinks is intrinsically difficult and some
of the techniques employed will be discussed later in this review. Another complicating
factor is that there may be a more than one type of crosslink present in an aged protein,

and even if only one specific amino acid is responsible, there will likely be multiple sites
for this amino acid within the sequence of the protein. Slight modifications to the chemical
structure of a primary crosslink, such as found in collagen, will mean that the crosslinks may
be heterogeneous, and this will compound the analytical results. Another potential source

of difficulty is that protein crosslinks will often be present together with a number of other
age-related PTMs such as racemisation, deamidation, glycation and truncation (Hains and
Truscott, 2010; Hooi and Truscott, 2011; Korlimbinis et al., 2009; Srivastava and Srivastava,

Exp Eye Res. Author manuscript; available in PMC 2022 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schey et al.

Page 8

2003). Each of these modifications will affect the structures of tryptic peptides formed in the
digestion step of a standard proteomic analysis and will therefore lead to a diverse range of
crosslinked tryptic peptides. Despite these issues, our understanding of age-related protein
crosslinking has proceeded significantly in the past decade and certain amino acids such

as Cys, Ser, Thr, Asp/Asn, Glu/GIn and Lys appear to play dominant roles in crosslink
formation.

Modelling spontaneous protein-protein crosslink formation

Unlike enzymatic protein-protein crosslinking processes, the use of conventional modelling
techniques involving cells or animal models to study spontaneous protein crosslinking
mechanisms is unfeasible because these processes are slow, often taking years to
accumulate in appreciable amounts. This long timeframe generally limits modelling of
these spontaneous processes to recombinant proteins or small synthetic peptides. In order
to produce large enough quantities for analysis, extended incubations of either a protein

or peptide, with a potential crosslinking partner are necessary. In the case of protein
crosslinking, the partner molecule typically contains a free amino or sulfhydryl group,

such as Lys or Cys, while the reaction is monitored for crosslink formation by liquid
chromatography and/or mass spectrometry.

i. Protein models

While the use of recombinant proteins may seem an obvious choice to model spontaneous
crosslinking mechanisms, several factors limit their use. Firstly, spontaneous reactions in
proteins may occur more slowly than in unstructured peptides due to structural factors and
protein-protein interactions. This can be addressed by increasing the incubation temperature
above 37°C, however, this can lead to protein denaturation and precipitation (Velasco et

al., 1997). Secondly, crosslinking will not be the only reaction that occurs. Long term
maintenance of protein solubility may be another consideration. Other processes such as
truncation (Wang et al., 2019), deamidation, racemization and isomerization (Geiger and
Clarke, 1987) will occur throughout the protein complicating subsequent proteomic analysis.
These factors limit the use of recombinant, or purified, proteins in studies of spontaneous
processes such as crosslinking.

ii. Peptide models

In practice, we have found it to be more informative and productive to use small peptides

to model sites where protein crosslinking has been detected in biological systems. These
peptides typically contain three to five canonical amino acids corresponding to the crosslink
site, and these can be bookended with UV absorbing amino acids such as Tyr or Phe to

aid in HPLC detection. To increase peptide stability and reduce unintended reactions, the
N-terminus is typically blocked by acetylation. The overall result is a less complex sample
that allows easier monitoring of the peptide incubations by HPLC and mass spectrometry.
Importantly, peptide mixtures can be incubated at elevated temperatures to speed the
formation of spontaneous processes. This option would not be possible using a protein

due to thermal denaturation and possible irreversible aggregation. One limiting factor that
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should be recognised is that the use of peptides does not provide information on the effect of
the local environment, or protein folding, on these crosslinking processes.

Monitoring of crosslink formation generally involves the incubation of the peptide of interest
with, or without, the crosslinking partner. It is often advantageous to use a small binding
partner as it reduces the challenges involved in structurally characterizing often large
protein-protein crosslinks. In the case of a Lys crosslink, N-Acetyl-Lys would appear to

be an obvious choice, but in practice, a crosslink formed with this molecule sometimes does
not allow sufficient separation by HPLC for easy identification and/or monitoring of the rate
of crosslink formation. A small di- or tripeptide containing a Lys residue does not suffer this
limitation but complicates the analysis due to possible degradation processes taking place
within this partner peptide. Experience has shown that it is preferable to use a surrogate
molecule, such as phenylethylamine, to mimic the side chain amino group of Lys (Friedrich
et al., 2018; Friedrich et al., 2019; Wang et al., 2019). Its aromatic structure also aids in UV
detection and alters the elution time of the crosslink sufficiently to allow isolation by HPLC.

The rate of crosslinking can be further examined using peptides, in ways that are not
readily available in protein models. For example, neighboring amino acids and pH may
have an impact on the rate of crosslink formation and pathways of spontaneous chemical
processes. While amino acid sequence can be altered in recombinant proteins, production
of recombinant proteins can be time-consuming and the amino acid substitutions may affect
solubility and structure. By comparison, small peptide mimics can be readily synthesized
with a series of substitutions of neighboring amino acids in order to observe their influence
on crosslinking (Friedrich et al., 2017; Friedrich et al., 2019). The success of this approach
was highlighted in a study into the crosslinking of pA4-crystallin in the human lens, where
Cys 5 was found to be significantly crosslinked with GSH by age 20 (Wang and Schey,
2018). By sequentially substituting amino acids in Ac-TLQCTK, which corresponds to the
site of the Cys crosslink in A4 crystallin, the importance of the Lys residue two residues
away from the Cys, was revealed. The side chain amino group of Lys accelerated crosslink
formation by nucleophilic attack on the Cys 5 cystine leading to a reactive dehydroalanine
(DHA) intermediate. Ultimately the DHA formed protein-protein crosslinks with Lys and
Cys residues (Friedrich et al., 2017).

Similarly, peptide models have been helpful in the identification of protein-protein
crosslinking that may result from two or more linked spontaneous processes. This is
exemplified by protein-protein crosslinking observed between C-terminally truncated Asn or
Asp residues with Lys (Friedrich et al., 2019; Wang et al., 2019). Through the use of peptide
models and isolation of intermediate products, it was found that spontaneous cleavage next
to Asp lead to the generation of a C-terminal Asp anhydride. This anhydride intermediate
could then either react with water to form a C-terminal Asp, or with a nucleophile, such as

a free amino group to form a covalent crosslink (Wang et al., 2019). In the case of Asn,
cleavage results in the formation of C-terminal cyclic succinimide. This succinimide was not
itself the reactive intermediate, but it hydrolysed to Asp and Asp-amide. The latter readily
deamidated via an anhydride and in this way crosslinking at a terminal Asn could occur
(Friedrich et al., 2019).
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While the use of peptide models has been important in the understanding of spontaneous
process such as crosslinking, it is important to note their limitations, for example test tube
experiments cannot fully recapitulate the conditions present in the cell. Peptide models
primarily provide information on the effect of conditions and neighbouring amino acids on
the reactions. On the other hand, recombinant proteins may recapitulate folds but can have
multiple conformations or can be incorrectly folded (Baneyx and Mujacic, 2004), a feature
that can be further compounded if amino acid substitutions are made. Another key limitation
to the use of whole proteins is the need to perform digestion, typically enzymatic, after

the modifications have occurred. Conditions of digestion could influence the products that
result. Other considerations relate to amino acid sequence. For example, a high percentage
of hydrophobic amino acid may result in protein insolubility and it is difficult to study the
modification of insoluble proteins for example cytoskeletal components. Many of these
concerns can be minimised by using peptide models which allow researchers to alter
conditions such as buffer, salt concentration, pH or solvents in order to more thoroughly
characterise the reactions.

Overall, the use of small peptide mimics, in conjunction with proteomics of tissues such as
the lens, has proven to be an extremely fruitful approach which has yielded a large amount
of information on the variety of mechanisms of protein crosslink formation.

Methods for studying protein-protein crosslinking

i. Gel electrophoresis

Multiple techniques were employed in the early study of protein-protein crosslinking

in aged lenses. Gel electrophoresis was the most widely used technique for visualizing
protein-protein crosslinking (Garadi et al., 1987; Harrington et al., 2004; Padgaonkar et
al., 1989; Srivastava et al., 2008; Srivastava et al., 2004; Takemoto and Hansen, 1982).
Two-dimensional diagonal electrophoresis was especially useful for studying reversible
protein-protein crosslinking through the formation of disulfide bonds (Garadi et al., 1987;
Padgaonkar et al., 1989; Takemoto and Hansen, 1982). For two-dimensional diagonal
electrophoresis, samples were sequentially resolved in two gel systems containing the
same concentrations of polyacrylamide. Protein disulfide bonds were reduced between the
first-and second-dimension separation. Therefore, proteins with no intermolecular disulfide
bonds will migrate with the same relative mobility in both gel systems and will appear on
the diagonal and disulfide linked proteins will “off-diagonal” in the second dimensional
gel after the reduction of the disulfide bonds. Other methods such as size exclusion
chromatography (SEC) have been used to separate the high molecular weight (HMW)
complexes (Dilley and Pirie, 1974; Harrington et al., 2004).

ii. Acid hydrolysis

Protein-protein crosslinking was also studied at the amino acid level. In this method, lens
proteins were hydrolyzed by 6 M HCI at 110°C and the samples were then further separated
by HPLC and analyzed by mass spectrometry (Linetsky et al., 2004; Nagaraj et al., 1991).
This method has been used to study dehydroalanine-mediated protein-protein crosslinking
(Linetsky et al., 2004) and advanced glycation end products (AGE) (Glomb and Pfahler,
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2001; Nagaraj et al., 1991; Smuda et al., 2015). Some structures formed during crosslinking
are not stable under acid hydrolysis conditions, and in these cases, enzymatic hydrolysis can
be performed using a combination of multiple proteolytic enzymes (proteinase K, Pronase
E, aminopeptidase and carboxypeptidase Y) (Glomb and Pfahler, 2001). Acid hydrolysis
and enzymatic hydrolysis reduce the heterogenous nature of the crosslinks, therefore

these methods aid in detecting and quantifying protein-protein crosslinks. However, when
proteins are hydrolyzed, information related to the specific proteins and residues involved in
crosslinking is lost.

iili. Mass spectrometry-based crosslinked peptide identification

Mass spectrometry has been used for studying protein-protein crosslinking together with gel
electrophoresis (Srivastava et al., 2004) and acid hydrolysis (Linetsky et al., 2004; Smuda
et al., 2015). Until recently, the high resolution, mass accuracy, and sensitivity offered by
mass spectrometry with ongoing improvements in crosslinked peptide searching algorithms
renders possible the direct analysis of residues involved in crosslinking (Sinz, 2010). A
general workflow follows a bottom-up proteomic approach and is illustrated in Figure 1.

In a typical experiment to identify protein-protein crosslinking, proteins are digested to
peptides by a site-specific enzyme such as trypsin or endoproteinase Lys-C. The resulting
peptides are separated and analyzed by liquid chromatography-tandem mass spectrometry
(LC-MS/MS). Subsequent database searching with specialized software (discussed below)
identifies crosslinked peptides. As an optional step, enrichment of crosslinked peptides can
be performed before LC-MS analysis. This method has been widely used for chemically
crosslinked samples to obtain a low-resolution characterization of protein complexes and
sites of protein-protein interaction (Barysz and Malmstrom, 2018; Yu and Huang, 2018).
Recently, this strategy has been used for characterizing protein-protein crosslinks formed

in aged human lenses and multiple crosslinking mechanisms have been detected (discussed
below) (Friedrich et al., 2018; Friedrich et al., 2019; Wang et al., 2019; Wang et al., 2014).
By identifying crosslinked peptides, this method reveals proteins, residues and chemistries
involved in the crosslinking process.

LC-MS/MS analysis of crosslinked peptides requires high-resolution tandem mass
spectrometers to accurately decipher sites and structures of protein crosslinks. Both
precursor and fragment ions are normally detected in an Orbitrap analyzer. Instrument
methods can be modified to improve identification of crosslinked peptides. For example,
crosslinked tryptic peptides typically have at least four positively charged residues (two
N-terminal amino groups and two positively charged C-termini) and often carry more
changes than linear peptides. Based on the prevalence of more highly charged peptides,
data-dependent enrichment of tandem mass spectra from crosslinked peptides can be
accomplished by high-charge-state driven acquisition (Singh et al., 2008). Low-charge-state
species (i. e. +1 and +2) are avoided for fragmentation to save instrument time for more
informative higher charge state ions. Different fragmentation methods can also be chosen
to obtain complementary results. Higher-energy C-trap dissociation (HCD) is often used
and it has been reported to provide the highest number of identified cross-linked peptides
(Kolbowski et al., 2017). Electron transfer dissociation (ETD) using supplemental activation
with HCD (EThcD) was found to give the best sequence coverage for high-charged
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crosslinked peptides (Kolbowski et al., 2017). HCD has been used for crosslinked peptide
identification in human lenses (Friedrich et al., 2018; Friedrich et al., 2019; Wang et

al., 2019). Other dissociation methods have not been tested to identify protein-protein
crosslinking in human lenses.

iv. Enrichment of Crosslinked Proteins and Peptides

A majority of protein-protein crosslinks formed in the lens are formed non-enzymatically
and occur through very slow reactions. For crosslinking to occur, residues involved in

the crosslink must be in close proximity, therefore protein conformation changes during
aging could result in crosslinks occurring between different residues. In addition, multiple
crosslinking mechanisms could lead to heterogeneous crosslinked species. Age-related
modifications to proteins add further complexities to the samples. Therefore, tryptic peptides
of a human lens sample constitute an extremely complex mixture with crosslinked peptides
far less abundant compared with linear peptides. Even for intentional chemically crosslinked
samples used to examine protein-protein interactions, the low abundance of crosslinked
peptides is one of the major challenges (Barysz and Malmstrom, 2018; Sinz, 2010; Yu and
Huang, 2018). It is no exaggeration to compare crosslinked peptide identification in human
lenses with looking for “a needle in a haystack”. Therefore, enrichment for crosslinked
proteins or peptides is essential for detecting low abundance crosslinked peptides.

It is believed that protein-protein crosslinking in aged human lenses is associated with
protein aggregation, insolubilization, and cataract formation (Dilley and Pirie, 1974;
Linetsky et al., 2004; Nagaraj et al., 2012). A certain degree of enrichment can be

achieved at the protein level. The insoluble protein fraction from aged cataract lenses may
provide a better chance to detect protein-protein crosslinks due to increased accumulation
of crosslinked proteins in these fractions (Wang et al., 2014). High molecular weight
complexes isolated by size exclusion chromatography can also be used as a means to enrich
for crosslinked proteins (Fu et al., 1984; Srivastava et al., 2008).

Using intentionally chemically crosslinked samples, considerable efforts have been made to
enrich for crosslinked peptides (Fritzsche et al., 2012; Kang et al., 2009; Leitner et al., 2012;
Sohn et al., 2012). Since crosslinked peptides contain two linear peptides, they are typically
larger than linear peptides. One enrichment strategy includes separation of peptide mixtures
using size exclusion chromatography (SEC) and collecting higher molecular weight peptides
for further analysis (Leitner et al., 2012). Additionally, crosslinked peptides will exist in
higher charge states (=4*) at acidic pH due to containing more basic residues and larger
sizes (Fritzsche et al., 2012). Utilizing this fact, strong cation exchange (SCX) is another
approach for enriching crosslinked peptides (Fritzsche et al., 2012). SCX enrichment has
been used for identification of crosslinked peptides in human lenses (Friedrich et al., 2019;
Wang et al., 2014). Both SEC and SCX enrichment are crude enrichment methods based

on the average properties of crosslinked peptides and enrichment is limited. Missed-cleaved
linear peptides and histidine containing peptides have additional basic residues that also
exhibit increased retention on SCX resins. In addition, crosslinked peptides could be small
when enzyme cleavage sites are close to crosslinked residues and this type of crosslinked
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peptide can be lost during SEC enrichment. Digestion by different proteases before SEC
enrichment may provide complementary results (Leitner et al., 2012).

v. Software and Database Searching

For crosslinked peptide identification, the search algorithms need to pair all peptides that
contain a residue that is capable of crosslinking, therefore, the search space is exponentially
increased (Yu and Huang, 2018). Such a large search space results in a high risk of random
matches and an estimation of the correct false discovery rate (FDR) for crosslinked peptides
identification is difficult (Fischer and Rappsilber, 2017). Often, initial searches are made
against a limited protein database, e.g. consisting of only major lens proteins, to reduce
search time and reduce the number of false positive identifications. Manual validation

of tandem mass spectra is generally required for correct identification of crosslinked
peptides. Using high measured mass accuracy on both precursor ions and fragment ions

is very important for decreasing false identification (Scherl et al., 2008). A large number

of algorithms have been developed for searching candidate cross-linked peptides and a
detailed list can be found in the review paper by Yu and Huang (Yu and Huang, 2018).
These algorithms are mainly designed for searching crosslinked peptides in intentionally
chemically crosslinked samples and some of them are developed toward specific crosslinkers
(Chakrabarty et al., 2020), therefore, they cannot be used for searching crosslinked peptides
in lens samples. Two approaches have been used for identifying crosslinked peptides in

the lens. One approach is to treat crosslinked peptides as linear peptides bearing a large
modification. Several spectral alignment algorithms have been developed to allow for
unrestricted PTM searches (or Blind searches) such as TagRecon blind search mode (Dasari
etal., 2010), MODa (Na et al., 2012) and MaxQuant dependent peptide search (Cox et al.,
2011). These programs are generally used for identifying unexpected modifications and they
can also help for identifying one of the peptides that is involved in crosslinking. De novo
sequencing can then be used to generate a sequence tag for the second peptide involved

in crosslinking. This sequence tag can be used for searching potential candidates for the
second peptide in the database. The change in mass of the parent ion can be used to predict
the potential crosslinking chemistry. This method is inefficient and often the tandem mass
spectra do not have enough fragments to provide a sequence tag that is long enough for
identifying the second peptide. However, this strategy lead to the original identification of
crosslinked peptides in human lens (Wang et al., 2014) and it is essential for identification
of new protein-protein crosslinking mechanisms (Wang et al., 2019). Once a crosslinking
mechanism is suspected, crosslinked peptides can be searched by a second approach that
uses crosslink searching software focused on specific known chemistry. For example, data
analysis based on the first approach unexpectedly detected irreversible GSH modifications
leading to a search for dehydroalanine-mediated protein-protein crosslinks in human lenses
by MassMatrix (Xu et al., 2008) and multiple crosslinked peptides were detected (Wang
etal., 2014). Later, a similar approach revealed a new crosslinking mechanism between

Lys residues and N-terminal amines with C-terminal Asp residues (Wang et al., 2019).
Additional crosslinked peptide identification by StavroX (Gotze et al., 2012) demonstrated
crosslinking between Lys residues and newly formed C-terminal Asp residues after protein
truncation that commonly occurs in human lens proteins (Wang et al., 2019). Recently,
pLink2 was reported to outperform many major searching tools and can handle multiple
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data files together to search against a large database (Chen et al., 2019), so pLink2

was used for recent crosslinked peptide identification in human lenses (Friedrich et al.,
2019). Other searching tools can also be used such as Kojak (Hoopmann et al., 2015)

and SIM-XL (Lima et al., 2015), but these searching algorithms have not been applied to
study protein-protein crosslinks in human lenses. It is important to emphasize again that
crosslink searching software can only identify potential crosslinked peptides, hence manual
verification is essential for correct identifications. With fast improvement in searching
algorithms, crosslinked peptide identification is anticipated to become a routine analysis
with enhanced sensitivity and improved accuracy. Thus, we anticipate that protein-protein
crosslinking in human lenses will be better understood.

Mechanisms of Lens Protein Crosslinking

Using the knowledge of protein stability and the discovery technique of LC-MS/MS, we
have discovered five mechanisms of spontaneous, potentially deleterious protein-protein
crosslinking in the lens that fall into two broad categories: cyclic intermediates and alkene
intermediates. To be sure, advances in mass spectrometry sensitivity have improved our
ability to detect low abundance crosslinks in the presence of highly abundant lens proteins.

i. Crosslinks via cyclic intermediates

Cyclic intermediates have historically been invoked to explain the mechanism of
deamidation; a major posttranslational modification on lens proteins (Hains and Truscott,
2010; Wilmarth et al.). Hydrolysis of the cyclic succinimide intermediate formed by

Asn residues results in deamidation and isomerization to produce L-Asp, D-Asp, L-
isoAsp, and D-isoAsp (Geiger and Clarke, 1987). The analogous cyclic glutarimide is the
predicted intermediate in GIn deamidation. Importantly, both succinimide and glutarimide
intermediates can react with available nucleophiles, such as Lys residues, to form protein-
protein crosslinks (Friedrich et al., 2018; Friedrich et al., 2021) (Figure 2). Such crosslinks
have been identified in lens proteins and, given the prevalence of deamidation, a number of
such crosslinks are likely to be present in aged human lenses.

Other reactive cyclic structures are also capable of being formed in proteins including
anhydrides (Figure 2). Upon protein truncation at Asn or Asp, a common finding in

lens proteins (Grey and Schey, 2009), is cyclization of the C-terminal residue to form an
anhydride which may precede crosslinking to nucleophiles such as Lys residues or protein
N-terminal amines (Friedrich et al., 2019; Wang et al., 2019). Interestingly, in the case of
C-terminal Asn, a cyclic succinimide is likely formed, but model peptide studies indicate
that this succinimide is not itself reactive. Subsequent deamidation and anhydride formation
is required for crosslinking to occur (Friedrich et al., 2019). It is important to note that
structural changes in proteins such as cyclization require some flexibility and we suspect
that most crosslinks, as is the case with deamidation (Clarke, 1987; Hooi et al., 2012; Rivers
et al., 2008), occur in unstructured, flexible regions of lens proteins. As mentioned above,
model peptide studies were critical to elucidate these crosslinking mechanisms and small
peptides afford the structural flexibility to facilitate such studies.
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ii. Crosslinks via alkenyl intermediates

A second general mechanism leading to abundant lens protein crosslinks is through a
dehydroalanine (DHA) intermediate (Figure 3). Loss of phosphoric acid from phosphoserine
(or water from Ser) may lead to the formation of DHA. Analogous loss of phosphoric

acid or water from phosphothreonine or Thr residues leads to dehydrobutyrine (DHB)
formation. Loss of H,S from Cys residues and asymmetric cleavage of Cystine (loss of
-S-SR) can also result in DHA formation. Although DHA is relatively stable in the absence
of nucleophiles, as evidenced by its detection in lens proteins (Srivastava et al., 2004), over
time this intermediate can react with Cys and Lys residues to form irreversible lanthionine
and lysinoalanine crosslinks (Linetsky et al., 2004). Such crosslinks were predicted by early
studies of Linetsky et al. (Linetsky et al., 2004) based on acid hydrolysis of lens proteins.
Advances in mass spectrometry have led to the identification of more than 90 specific lens
protein products that result from DHA chemistry. Importantly, some of these products are
quite abundant (Wang and Schey, 2018) and have been shown to increase in cataract lenses
(Linetsky et al., 2004; Linetsky and LeGrand, 2005). Moreover, the extraordinarily high
abundance of glutathione (GSH) in the lens predicts two likely outcomes: 1) that DHA
formed from oxidized glutathione (GSSG) (Younis et al., 2008) will react with nucleophilic
amino acid side chains and 2) reduced GSH will react with DHA present on lens proteins.
DHA formed from oxidized glutathione will react with lysine, for example, to form a
modification with a mass shift of +144.0535 Da corresponding to addition of (DHA)Gly to
the peptide after facile loss of yGlu (Friedrich et al., 2018). Glutathione reaction with DHA
on a serine/threonine residue will form a thioether linked modification with a mass shift of
289.0733 Da for intact GSH crosslinks, 160.0307 Da for CysGly crosslinks, and 103.0092
Da for Cys crosslinks; the latter two modifications being likely degradation products of

the GSH crosslink. The same modifications on cysteine residues will cause a mass shift

of 273.0961 Da for GSH thioether modification, 144.0535 Da for CysGly crosslinks and
87.0320 Da for Cys crosslinks.

Conclusions and Future Directions

There is clear evidence that many age-related crosslinks are present in aged human lenses
and are also likely to be found in other LLPs throughout the body. Advances in detection
technologies such as mass spectrometry have allowed multiple specific crosslinking
mechanisms to be elucidated. New advances in enrichment strategies and data MS/MS
interpretation algorithms will likely lead to the discovery of new protein crosslinks.

An important question, and challenge, remains regarding the abundance of the many specific
forms of crosslinked lens proteins as a function of age. Although some relative quantitation
has been done, without crosslinked standards, absolute abundance determination remains a
significant challenge. Further, without the knowledge of abundance, the relative importance
of each specific crosslink remains difficult to determine.

Since most of the identified crosslinks are irreversible except under the harshest chemical
conditions, a strategy to treat protein aggregation must focus on prevention rather than
reversing such crosslinks. Only during the early stages of hon-covalent protein aggregation
would de-aggregation strategies be most likely to be effective. This is an important point
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to communicate given the number of LLPs in the body and the number of diseases

where protein aggregation of LLPs is believed to play an etiological role, e.g. Alzheimer’s
disease. As the human population ages, elucidation of protein crosslinking chemistries will
only become more important for determining future therapeutic strategies for age-related
diseases.
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Outline of mass spectrometry-based crosslinked peptide identification
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Formation of protein crosslinks via cyclic intermediates.
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Figure 3.
Protein-protein crosslinking mediated by DHA and DHB. Crosslinking mediated by DHA

formed from serines or DHB formed from threonines results in loss of a molecule of H,O
(AM=-18.01057). Crosslinking mediated by DHA formed from cysteines results in loss of a
molecule of H2S (AM=-33.98772).
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