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Abstract

With age, long-lived proteins in the human body deteriorate, which can have consequences both
for aging and disease. The aging process is often associated with the formation of covalently
crosslinked proteins. Currently our knowledge of the mechanism of formation of these crosslinks
is limited. In this study, proteomics was used to characterize sites of covalent protein-protein
crosslinking and identify a novel mechanism of protein-protein crosslinking in the adult human
lens. In this mechanism, Lys residues are crosslinked to C-terminal Asp residues that are

formed by non-enzymatic protein truncation. Ten different crosslinks were identified in lens
major proteins such as aA-crystallin, aB-crystallin and AQPO. Crosslinking in AQPO increased
significantly with age and also increased significantly in cataract lenses compared with normal
lenses. Using model peptides, a mechanism of formation of the Lys-Asp crosslink was elucidated.
The mechanism involves spontaneous peptide cleavage on the C-terminal side of Asp residues
which can take place in the pH range 5-7.4. Cleavage appears to involve attack by the side

chain carboxyl group on the adjacent peptide bond, resulting in the formation of a C-terminal
Asp anhydride. This anhydride intermediate can then either react with water to form Asp, or
with a nucleophile, such as a free amine group to form a crosslink. If an e-amino group of Lys

or an N-terminal amine group attacks the anhydride, a covalent protein-protein crosslink will

be formed. This bi-phasic mechanism represents the first report to link two spontaneous events:
protein cleavage and crosslinking that are characteristic of long-lived proteins.
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1. Introduction:

The human body contains numerous long-lived proteins (LLPs) [1-3]. With age, certain
amino acids within these proteins; in particular Asn, Asp, GIn, Cys, Thr and Ser,

undergo deterioration [4-6] and these spontaneous modifications can result in racemization,
deamidation and protein cleavage [1]. Another common modification associated with aged
LLPs is non-disulphide covalent crosslinking. Protein-protein crosslinking is increasingly
observed with age in tissues such as the lens [7], brain[8], heart [9], arteries [10], cartilage
[11] and has been associated with decreased function and disease [7, 12, 13]. Several
crosslinking mechanisms have been proposed such as via advanced glycation end products
[14, 15], transglutaminase activity [16], and through dehydroalanine (DHA) intermediates
[7, 17]; however, identification of novel age-related protein-protein crosslinking processes
is challenging due to the large number of potential crosslink combinations that could form
coupled with technical difficulties in sequencing crosslinked peptides.

With advances in proteomics technology and data analysis methodology, identification of
novel crosslinking sites formed in aged tissue become increasingly feasible [7]. Recently,
one mechanism for crosslinking of aspartic acid and lysine residues in the human eye lens,
involving the formation of a succinimide intermediate, was described [18]. This discovery
provided the first link between the age-related processes of protein-protein crosslinking and
protein racemisation/isomerisation. Racemisation and isomerisation of Asp and Asn are two
of the most common modifications present in LLPs [19-21] and the reaction pathway is
thought to involve the peptide bond NH attacking the Asn or Asp side chains to form a
cyclic succinimide intermediate [22, 23]. Hydrolysis of this succinimide intermediate can
result in the formation of four Asp isomers: L- Asp, D-Asp, L-iso Asp and D-isoAsp[24].
Whilst, formation of a succinimide is a major pathway of Asp degradation, a competing
mechanism can take place where the side chain carboxylic acid attacks the adjacent peptide
bond carbonyl resulting in peptide cleavage and the formation of a C-terminal succinic
anhydride. This anhydride can then hydrolyse to yield a C-terminal Asp. Such cleavages,
are typically observed under low pH conditions, for example, those employed for storage
of protein pharmaceuticals such as monoclonal antibodies [25-27]. The mechanism of this
peptide bond cleavage has been examined in detail, and it appears to involve attack of the
ionized carboxyl side chain on the protonated carbonyl group of the peptide bond [28].

A separate computational study outlined a similar mechanism of peptide bond cleavage
that involved the protonated side chain of Asp which also resulted in the formation of a
C-terminal anhydride [29].

As part of a project to characterize the covalent crosslinking of LLPs and their mechanisms
of formation, we used proteomic methods to examine proteins from adult lenses with the
aim of detecting sites of novel crosslinks. When aged human lenses were examined for

the presence of non- disulphide covalently crosslinked proteins, several sites were found
that involved Lys residues crosslinked to C-terminal Asp residues. This paper describes the
mechanism of formation of these crosslinks.
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2. Materials and Methods:

Frozen human lenses were obtained from NDRI (Philadelphia, PA) or from the Kansas Eye
Bank (Wichita, KS). All lenses were isolated from the donor no later than 8 hours post
mortem and shipped on dry ice. Human lens work was conducted in compliance with the
Declaration of Helsinki. The lenses were classified as normal or cataract lenses by the eye
bank. All lenses received were stored at —80°C until use. All chemicals were purchased
from Sigma (St. Louis, MO). All HPLC grade solvents were purchased from Thermo Fisher
Scientific (Fair Lawn, NJ). Sequence-grade modified trypsin was obtained from Thermo
Fisher Scientific (Rockford, IL).

2.1 Lens extraction

To identify and quantify crosslinked peptides as a function of age, lens region and cataract,
twelve lenses, grouped into three were examined: a young lens group (18 'y, 19y, 21

y and 22 y), a middle-aged normal lens group (48 y, 53y, 53 y and 56 y) and a

middle-aged cataract lens group (50y, 57 y, 58 y and 64 y). Each lens was dissected

into three regions; Outer Cortex (OC), Outer Nucleus (ON) and Inner Nucleus (IN) as
described previously [30]. Briefly, 30 um thick equatorial cryostat sections (LEICA CM
30508, Leica Microsystems Inc., Bannockburn, IL) were obtained and collected on parafilm.
Three different lens regions were isolated by punching the section using 4.5 mm and 6

mm diameter trephines. Isolated lens tissue regions were separated from parafilm by five
sequential washes with 100 pL of 25 mM Tris, 150 mM NaCl, 5 mM EDTA, pH 7.4. The
samples were passed through a 25 G needle 5 times and centrifuged at 20,000 g for 30
min., The samples were then further processed to obtain water soluble fraction (WSF), urea
soluble fraction (USF) and urea insoluble (UIF) as described previously [30]. Samples were
reduced by DTT, alkylated by IAA and digested by trypsin as described previously [30].
After digestion, all samples were dried in a speedvac and proteins in each sample were
reconstituted in 0.1% formic acid to make a final total protein concentration of 0.25 pg/uL
for subsequent analysis.

To identify low abundant crosslinked peptides, the urea-insoluble fraction from the nucleus
region of two additional cataract lenses aged 68 and 71 were processed as above and the
tryptic peptides fractionated by strong cation exchange as described previously [7, 31].
Desalted tryptic peptides from a 68 year-old lens were step-eluted sequentially from SCX
resins with 40%, 60% and 100% buffer B (5 mM potassium phosphate buffer containing
30% ACN, 350 mM KCI, pH 2.5) balanced with buffer A (5 mM potassium phosphate
buffer containing 30% ACN, pH 2.5). The 60% buffer B eluate was analyzed by a three-
step multidimensional protein identification technology (MudPIT) analysis as described
previously [7]. Tryptic peptides from a 71 year-old lens were step-eluted sequentially from
SCX resins by 30%, 40%, 60%, 80% and 100% buffer B. Peptides from 10 g of total
proteins were fractioned using 1 mg of SCX resins (Luna SCX, 5 pm, 100 A media,
Phenomenex, Torrance, CA). The amount of sample loaded on the column was based on a
pre-run screen using a small aliquot of each fraction and the amount of peptides loaded for
the final runs corresponds to 1 g original digest for the 40% buffer B eluate and 2-3 ug
original digest for the 60-100% buffer B eluates.
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2.2 LC-MS/MS

Tryptic peptides were loaded on a C18 trap column (50 mm x 100 um) packed with
Phenomenex Jupiter resin (5 um mean particle size, 300 A pore size) and separated on a
one-dimensional fused silica capillary column (250 mm x 100 pm) packed with Phenomenex
Jupiter resin (3 um mean particle size, 300 A pore size) or analyzed by MudPIT as
described previously [7]. For one-dimensional liquid chromatography, a 70-minute gradient
was performed, consisting of the following: 0-60 min, 2-45% ACN (0.1% formic acid);
60-70 min, 45-95% ACN (0.1% formic acid) balanced with 0.1% formic acid. The eluate
was directly infused into a Q Exactive instrument (Thermo Scientific, San Jose, CA) with a
nanoelectrospray ionization source. A data-dependent acquisition method consisted of MS1
acquisition (R=70,000), using an MS AGC target value of 1e6, followed by up to 15 MS/MS
scans (R=17,500) of the most abundant ions detected in the preceding MS scan. The MS2
AGC target value was set to 2e5, with a maximum ion time of 200 ms, a 5% underfill ratio,
and an intensity threshold of 5e4. HCD collision energy was set to 27, dynamic exclusion
was set to 5 s, and peptide match and isotope exclusion were enabled. For MudPIT analysis,
the samples were run on a Orbitrap Velos mass spectrometer (Thermo Scientific, San Jose,
CA). The instrument was operated in a 17-step data dependent mode with one precursor
scan event (R=60,000) to identify the top 16 most abundant ions in each MS scan for
fragmentation in the ion trap. Dynamic exclusion (repeat count 1, exclusion list size 500,
and exclusion duration 15s) was enabled. +1 and +2 precursors were excluded from MS2.

2.3 Data Analysis

For crosslinked peptide identification, the raw data were processed in two steps. Firstly,

a list of truncated peptides from major lens proteins (crystallins, AQPO, and cytoskeletal
proteins) with C-terminal Asp residues that were detected in a 48 year-old normal lens and
a 50 year-old cataract lens was generated from the results of nine LC-MS/MS analyses

of WSF, USF and UIF of different regions of each lens. The nine raw data files were
converted to mzML files and searched by TagRecon [32] against a custom human lens
database as previously described [7]. The searching parameters include semi-constrained
trypsin specificity, a maximum of two missed cleavage sites, a static modification of
carbamidomethylation of cysteine, variable modification of oxidation of methionine and
deamination of asparagines and glutamine. Manual analysis was then performed to verify
each C-terminal Asp containing peptide. Each truncated peptide was then added as a
separate entry to a major lens protein database (15 major lens proteins including crystallins,
AQPO0, BFSPs) to generate a protein database for searching crosslinked peptides. The
second step involved analysing for crosslinked peptides using StavroX (version 3.6.6) [33]
to generate candidate crosslinked peptides. The crosslinker setting was set to search for
crosslinking of Lys and Asp residues with a water loss. Other parameters included trypsin-
specific cleavage with a static modification of carbamidomethylation of cysteine, variable
modification of oxidation of methionine, precursor mass deviation<5 ppm and fragment
ions mass deviation<10 ppm. Manual analysis was then performed to identify crosslinked
peptides from the list of candidate peptides generated from StavroX.

For quantification of the levels of crosslinking of the C-terminus of AQPO in different
lens regions, the selected ion chromatograms of crosslinked AQPO peptides (AQP0 227-233
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crosslinked to AQPO 239-243) and the linear peptide, AQP0 234-238 were extracted with a
+/-10 ppm mass tolerance. The peak areas were calculated within Xcalibur software. The
level of crosslinking was defined as the ratio of the peak area of crosslinked peptide to the
peak area of peptide 234-238. To obtain the peak area of the crosslinked peptide, the peak
areas of all isomers (Supplemental Figure 1) were summed.

The results are presented as mean * standard deviation (SD) of 4 independent experiments
from four different lenses in each group shown in Figure 2. Statistical analysis was done by
one-way analysis of variance (ANOVA) at p<0.05 followed by Tukey’s multiple comparison
test.

2.4 Asp cleavage and stability experiments

All synthetic peptides were purchased from GME biochemicals (Shanghai, China) at 95%
purity. The peptides Ac-PDVF, Ac-PDGF, Ac-YLDAF and Ac-YLDSF (1mg/mL) were
dissolved in 50mM citric acid pH 5.0, 50mM sodium phosphate pH 6.7 or pH 7.4 and
incubated at 60°C. Aliquots were taken at timed intervals and injected onto a C18 RP
HPLC column (Aeris, 2.6y, XB-C18, 100mm x 2.1m Phenomenex). A 50-minute gradient
was performed at a flow rate of 0.2mL/min, consisting of the following: 0-5 min, 2%
CH3CN; 5-15 min, 20% CH3CN, 15-20min 40% CH3CN, 25-35min 80% CH3CN, 35-50
2% CH3CN. Breakdown of the peptides were monitored at 216nm and 280nm with peaks
collected, dried down and their identity confirmed by tandem mass spectrometry using a
Thermo LTQ mass spectrometer (Thermo Fisher Scientific). The elution times of breakdown
products were confirmed using synthetic peptides standards. The percentages of cleavage
and racemised peptides were determined by the total peak area of Asp cleavage products by
comparison to the original peptide. For peptides that contained Tyr, absorbance at 280nm
was used and the amount of cleavage was determined by total peak area of Ac-YSD in
comparison to the original peptide. Peptides without Tyr were monitored at 216nm.

2.5 Formation of C-terminal Asp crosslinks.

Ac-PDVF, Ac-YLDAF and Ac-YLDSF (1mg/mL) were incubated at 60°C with a 5-molar
excess of phenylethylamine (PE) or N-Ac-K, at pH 5.0 (50mM citric acid), pH 6.7 (50mM
sodium phosphate) and pH 7.4 (50mM sodium phosphate). Aliquots were separated as
described in section 2.4. All HPLC peaks were collected and peaks containing the crosslinks
were confirmed by MS/MS using a Thermo LTQ mass spectrometer. The crosslink was
quantified as a percentage of total peak area of starting peptide. Asp crosslinks involving an
internal succinimide were made as described [18].

3. Results:

3.1 Identification of protein-protein crosslinking in human lenses

Previously, DHA and DHB-mediated protein-protein crosslinking was identified as one of
the mechanisms that contributes to irreversible protein-protein crosslinking in human lenses
[7]. During our searching protocol a strong signal was detected in tryptic digest of the urea-
insoluble fraction from the nucleus region of a 68 year old cataract lens corresponding to
crosslinking between peptides AQP0 227-233 (LK*SISER) and AQP0 239-243 (GAKPD¥).
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The crosslink appeared to involve an amide bond between the Lys side chain of one peptide,
and the C-terminal Asp residue of another. This signal was repeatedly detected in majority
of human lens urea-insoluble fractions. The measured parent mass was less than 0.8 ppm of
the theoretical parent mass on a Q Exactive instrument. The assignment to this crosslinked
peptide was confirmed by the tandem mass spectrum shown in Figure 1 that was acquired on
the Q Exactive instrument where all fragments were measured with <5 ppm mass accuracy.
This tandem mass spectrum was obtained in the tryptic digest of UIF from the nucleus
region of a 22 year old normal lens. The presence of y1g*, bag*, boq ™ and ys, * ions clearly
indicate the crosslink is through K228 and D243. Isopeptide bonds have been found to form
spontaneously in bacterial coat proteins.[34]

3.2 Quantification of AQP0O-AQPO crosslinking in different lens regions

In order to determine if the amount of AQPO crosslinking in the lens increased as a function
of age or cataract, individual lenses were dissected into three regions [30]. Since the lens
grows continuously throughout life the cortex, outer nucleus and inner nucleus correspond
to regions and proteins that were synthesized at different times during life [35]. Each region
was extracted initially with buffer and then with 8M urea prior to proteomic analysis.
Crosslinking of AQPO was found to occur early in life. The crosslinked AQPO peptide
LK*SISER-GAKPD* could be detected readily in young normal human lenses by 1D LC-
MS/MS analysis. The selected ion chromatograms for this crosslinked peptide can be found
in Supplemental Figure 1 and indicates the presence of multiple isomers. To characterize
the effect of aging and disease on crosslinking of AQPO, the levels of crosslinking in the
different regions of three groups of the lenses (young normal, middle-aged normal and
cataract) were quantified by summing the peak areas of all isomers. The quantification
results are shown in Figure 2.

For all three groups of lenses, the crosslinking increased in the outer nucleus and inner
nucleus regions compared with cortex. This increase reached statistical significance for
cataract lenses. Comparing the same lens regions between young lenses and middle-aged
lenses, the crosslinking level also increased and the differences were statistically significant
in the cortex and outer nucleus. The extent of crosslinking was found to be higher in cataract
lenses compared with age-matched normal lenses and the difference reached statistically
significance in the inner nucleus. In summary, in all three lens regions, the amount of
crosslink increased with age and also with cataract.

3.3 Lys-Asp crosslinks in other lens proteins

Having characterised the AQPO-AQPO crosslink, we searched for other sites in proteins
where crosslinking involved a Lys residue and a C-terminal Asp residue. Nine other sites of
such crosslinking in the lens were detected as shown in Table 1. Crosslinks were identified
in the major structural proteins aA-crystallin, aB-crystallin, yC/D crystallin, and yS
crystallin. Two other homologous crosslinks formed between the N-terminal amino group
and a C-terminal Asp were also detected. The tandem mass spectra for the assignments
shown in Table 1 are displayed in Supplemental Figures 2-10. There are additionally 4
peptides detected that match the predicted parent masses and their tandem mass spectra
confirmed one peptide, but lack b- or y-ions from the other peptide; most likely because
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these peptides are too short to be confidently confirmed. These four peptides can be found in
the Supplemental Table 1. There are an additional six peptides with addition of a single Asp
residue to Lys residues within a peptide. It is conceivable that truncation at an Asp residue
with a preceding Arg or Lys residue would result in a single Asp crosslinked to a Lys residue
after trypsin digestion of lens proteins. Thus, these Asp modified peptides could arise from
crosslinked proteins and are also listed in Supplemental Table 1.

3.4 Spontaneous cleavage of peptides at Asp

The crosslinked peptides characterised in the lens (Table 1) involved cleavage on the C-
terminal side of Asp. To understand the cleavage/crosslinking mechanism, the tetrapeptide,
Ac-PDVF, was examined since this incorporates a Pro Asp cleavage and crosslinking site
detected in AQPO (see Fig 1). Three physiologically relevant pHs: pH 5.0, representative of
the pH within lysozomes [36]; pH 6.7, the pH in the centre of the lens [37] and pH 7.4,

the pH of extracellular fluid, were employed. Peptide bond cleavage was studied initially
and this was monitored by HPLC. During the incubation period, several HPLC peaks
appeared which corresponded to the breakdown of Ac-PDVF. These included Ac-PD, VF,
Ac-P(isoAsp)VF and the succinimide of Asp denoted as Ac-P(Asu)VF. The structures of
these products were confirmed by co-elution of synthetic standards as well as by MS/MS of
each HPLC peak.

Peptide bond cleavage on the C-terminal side of Asp was found to be measurable at each

pH examined (Figure 3). The degree of scission was pH-dependent, with the greatest amount
of cleavage detected at pH 5.0 and the least at pH 7.4. This finding of more peptide bond
cleavage at acidic pHs is consistent with the reaction mechanism proposed for this process
[38]

When another two peptides, Ac-YLDAF and Ac-YLDSF, incorporating the Leu Asp sites
of Asp cleavage and crosslinking in a.A crystallin, (Table 1) were incubated under the same
conditions similar results were obtained (Figure 4). Both Ac-YLDAF and Ac-YLDSF were
found to cleave on the C-terminal side of the Asp residue. Again, there was an effect of pH
on the time course of cleavage (Fig 4) with the greatest amount of cleavage detected at pH
5.0.

There was a noticeable effect of amino acid sequence on the overall reaction and this

was evident from the fact that relatively less cleavage was noted at pH 6.7 and 7.4 for
Ac-YLDAF and Ac-YLDSF compared to Ac-PDVF. In addition, there were differences in
the ratios of cleaved to racemised/ isomerised products in the three peptides examined (Fig
5).

The bulkiness of the amino acid residue on the C-terminal side of Asp appears to have a
significant effect on the overall degradation pathway. Thus, replacement of Val in Ac-PDVF
by Gly resulted in a decrease in the extent of peptide scission at pH 5.0, compared to
alanine and serine, with almost no cleavage of Ac-PDGF at pH 6.7 and 7.4 (Figure 5). It

is probable that the reason for this can be traced to the fact that there are two competing
pathways operating. These competing reaction pathways are outlined in Scheme 1. Small
residues on the C-terminal side of Asp are known to facilitate succinimide formation, and
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may effectively reduce the amount of Asp available for other alternative reactions, such as
cleavage.

3.5 Crosslinking and cleavage at Asp

In order to discover if crosslinking could also be observed under the same conditions as
used for cleavage, incubations of Ac-PDVF were repeated in the presence of a 5-fold excess
of the lysine mimic, phenylethylamine (PE). In the presence of PE, two additional HPLC
peaks were found eluting at 20.5 and 21.3 minutes (Figure 6a) and these were identified by
MS/MS to correspond to Ac-PD crosslinked to PE (Figure 6c¢). The two peaks presumably
correspond to Asp/isoAsp isomers of the crosslink (see Scheme 1a).

The time course shown in Figure 6b revealed that significant crosslinking was detected
and the amount of crosslink increased with time. Interestingly the pH-dependence of
crosslinking was not the same as that for cleavage (Figure 4), with the largest amount

of crosslinking being detected at pH 6.7, the pH of the lens interior. The reason for

this difference in cleavage and crosslinking could be due to the stability of the reactive
anhydride intermediate toward competing reactions such as hydrolysis. These experiments
were repeated using N-acetyl Lys in place of PE, and crosslinking with Ac- PD was also
detected (data not shown).

Similar Ac-YLD- PE crosslinked peptides were obtained when Ac-YLDAF and Ac-YLDSF
were incubated in the presence of PE. When the incubations of Ac-YLDAF and Ac-YLDSF
were repeated in the presence of N-Ac-Lys, Ac-YLD crosslinked with N-Ac-Lys was also
detected (e.g. see Supplementary Figure 11).

3.6 Crosslinking with Lys involves a succinic anhydride intermediate

Previous detailed mechanistic investigations of Asp cleavage [25, 29, 38] suggested that
a likely intermediate product of the scission at Asp involves a C-terminal anhydride

(see Scheme 1a). If this were indeed the case, and its lifetime in aqueous solution were
sufficiently long, the anhydride could react readily with amine nucleophiles. This process
would therefore provide an explanation for the crosslinking with Lys and N-terminal
residues.

Aspects of this proposed mechanism were tested in the following ways. If the mechanism

of crosslinking involved an anhydride intermediate, then anhydride synthesis, and incubation
with PE under the same incubation conditions, should also yield a PE-crosslinked product.
Ac-PAsp anhydride was therefore synthesized using a literature procedure [39]and its
structure confirmed by MS before being mixed with excess PE at pH 5, 6.7 and pH 7.4.
Ac-PAsp anhydride crosslinked with PE at each pH examined. The MS/MS spectrum of the
product was the same as that from the incubation of Ac-PDVF with PE. In agreement with
this anhydride mechanism, peptides with a C-terminal Asp, failed to form crosslinks when
incubated with PE.

Overall these results show that spontaneous cleavage of proteins can take place at the
peptide bond on the C-terminal side of Asp through the formation of a cyclic anhydride
intermediate. Once this anhydride forms in biological tissues it can follow one of two
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pathways. If an amine nucleophile, such as the side chain of Lys or an a-amino group, is in
close proximity then a protein-protein crosslink will form. Otherwise water will hydrolyse
the anhydride producing a C-terminal Asp residue.

4. Discussion

Since LLPs undergo a range of modifications with time, degradation of LLPs is of

major importance for human aging and age-related diseases. Some modifications, such as
glycation [40] and oxidation [41] are the result of external reactive molecules. Many other
modifications are spontaneous and occur due to the structures of the amino acid side chains
and their local environment e.g. unstructured regions permit more allowable conformations.
As we age, non-disulphide crosslinks involving proteins occur in many tissues in the
human body [42, 43]; however, the mechanism for formation of these crosslinks is poorly
understood. As part of a long-term project to define age-related modifications to human
lens proteins, we have been characterizing the covalent crosslinks that occur in human LLPs
with age. The lens was chosen since it contains abundant LLPs [44] and therefore serves

as a model tissue to examine protein aging. Lens LLPs include cytosolic crystallin proteins,
as well as cell membrane LLPs, the most abundant of which is the water channel protein,
AQPO [45].

Crystallin aggregation, crosslinking and insolubilization are characteristics of lens protein
aging and are believed to form light scattering centers which may contribute to the
development of cataract [46]. Protein-protein crosslinking is also thought to contribute

to protein insolubilization [42], aging [43] and is implicated in a number of diseases of
aging such as Alzheimer’s disease [8, 47]. Several mechanisms have been proposed to
explain non-disulfide crosslinking such as glycation [14, 15], transglutaminase-mediated
crosslinking [16] and DHA-mediated crosslinking [7]. Age-related truncation of lens
proteins is a well-established phenomenon and many including a A crystallin [48], AQPO
[49], and connexin50 and connexin 46 [50], have been reported to undergo truncation at Asp
residues., Truncated crystallins have been found to be more prone to aggregation [51]. It has
also been hypothesized that the development of cataract is due, in part, to the aggregation

of crystallin fragments generated by the breakdown of crystallin proteins [52] and peptides
with C-terminal Asp are abundant in aged human lenses [53].

Proteomic analysis of human lenses revealed multiple sites where a Lys residue from one
protein was crosslinked to an Asp from either the same, or another, polypeptide. The
formerly internal Asp residues were found at the C-termini of the crosslinked peptides,
indicating that they had been cleaved either before, or after, crosslinking by Lys. Of note,
many of these same Asp sites are known to be racemised with age [21, 54, 55]. Several
synthetic Asp-containing peptides were examined in an effort to elucidate the mechanism
underpinning this novel crosslinking.

It was found that Asp-containing peptides can undergo cleavage to varying extents at pH
5.0, 6.7 and 7.4. When the experiments were repeated in the presence of PE, or N-acetyl
Lys, a crosslinked product was detected. The most likely mechanism involves the formation
of a reactive C-terminal Asp anhydride intermediate, and this mechanism was confirmed by
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synthesis of a C-terminal Asp anhydride. Since this mechanism was able to be replicated
under biological pH conditions, it could therefore explain the novel crosslinks found in the
lens.

Once formed, the anhydride would be subject to two competing reactions: hydrolysis,

and attack by a nucleophilic group. Anhydrides are readily hydrolysed by water and this
process is pH-dependent. Other studies have shown that the greatest anhydride stability is
observed between pH 4 and 6 [56]. In the cell, the degree of crosslinking will depend on the
availability and proximity of Lys residues or a—amino groups and the local environment. For
example, it is likely that Lys in a membrane will be more reactive as hydrophobic conditions
depress the pKa of the side chain NH, [57] making it more likely to act as a nucleophile at
neutral pH.

Our results under biological pH conditions are consistent with literature data on the changes
that take place on storage of proteins, such as monoclonal antibodies (MAbs) [25]. MAbs
are typically stored at low pH, and as a consequence, most stability data have been

obtained under acidic conditions. Both cleavage at Asp and protein-protein crosslinking
were observed. Crosslinking of stored MAbs involved reaction of the a-amino group of one
protein with a postulated anhydride intermediate in a reaction analogous to that described

in this manuscript. The pKa of an a—amino group is lower than that of e-amino groups and
therefore they will act as nucleophiles more readily under acidic conditions and therefore
this will favour crosslink formation,

There is a body of literature on the cleavage of peptides at Asp. For example, Li and co-
workers [58] examined 4 decapeptides at pH 4.0-5.5 and found that the major degradation
pathway was cleavage at the Asp-Aaa bond. The process was consistent with first-order
kinetics with Asp-Pro being more reactive. The kinetic mechanism of cleavage across a
wide range of pHs and buffers was studied in greater detail by Oliyai and Borchardt [38] .
Spontaneous cleavage of proteins at Asp, and other sites has been reviewed by Vlasek and
lonescu [25].

The major focus of the current study was to identify novel crosslinks in human lenses

and to elucidate the mechanism of crosslink formation and, how this could be related to
protein truncation at Asp residues. As summarised in Scheme 1, two major competing
processes involving Asp residues occur in the pH range 5 — 7.4. The first is cleavage,
coupled with anhydride formation, as outlined in this manuscript. This pathway results

in peptide bond scission with the C-terminal anhydride itself undergoing two competing
reactions: hydrolysis to yield a C-terminal Asp residue, or crosslinking. The second process
involves succinimide formation and this has been extensively investigated. Racemisation/
isomerisation and hydrolysis of the succinimides can yield four isomers of Asp e.g. [22].

Although not investigated in detail in this study, amino acid sequence, particularly on the

C-terminal side of the Asp residue, will likely have a considerable influence on the nature
of the products formed by breakdown of Asp in a protein. For example, an Asp site with a
C-terminal Gly residue, is more readily able to form a cyclic succinimide and to racemise
[23]. Because this process occurs relatively rapidly and isoAsp peptides that are formed
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cleave less readily [59], we predicted that little Asp cleavage is likely to be observed. This
hypothesis was supported by a comparison of Ac-PDVF with Ac-PDGF (Fig 5).

Overall the percentage of Asp cleavage for each of the five peptide sequences studied at pH
5 was quite similar (Fig 5). The amount of cleavage at pH 6.7, the pH of the lens interior,
was lower but still comparable. At both pH 6.7 and 7.4, succinimide formation (Pathway b)
in Scheme 1) occurred more readily than cleavage (Pathway a) in Scheme 1).

The new crosslinking mechanism reported in this paper identifies a chemical reaction that
links protein crosslinking with protein truncation. Previously we reported protein-protein
crosslinking based on a DHA-mediated mechanism and all crosslinked peptides identified
were from B-crystallins [7]. In the present study, the crosslinked peptides identified

were mainly from a-crystallins and the lens major membrane protein AQPO. Crosslinked
peptides containing the integral membrane protein AQPO were, as expected, only detected
in the urea-insoluble fractions where the amount increased with both age and cataract.
Crosslinking levels of a-crystallins in the WSF, USF, and UIF fractions have not been
systematically studied; however, those crosslinked peptides that were detected in 1D-LC-
MS/MS analysis were either not detected in the WSF or showed clearly stronger signals
in the USF (data not shown) suggesting a correlation between Lys-Asp protein-protein
crosslinking and protein insolubilization. The crosslink between -yS crystallin and AQPO
involves a covalent bond between a formerly soluble protein to a lens membrane protein.
Such an event would sequester the crystallin to the plasma membrane, possibly creating a
point of nucleation for protein membrane association that has been observed in the lens with
age and cataract [60]

5. Conclusions

Overall this investigation has elucidated one mechanism responsible for spontaneous
cleavage and crosslinking of proteins in the lens. Cleavage of the peptide bond adjacent

to Asp via the formation of a C-terminal anhydride was a prerequisite. This is the first
reported case where two of the main reactions of LLPs, crosslinking and cleavage, are linked
directly. Asp residues in other long-lived proteins, should be considered as potential sites of
cleavage and crosslinking.
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Figurel.

MS/MS spectrum of a crosslinked peptide that is detected in the tryptic digest of UIF from
a 22 year old normal lens nucleus. The tandem mass spectrum shows the crosslink between
Asp 243 (GAKPD*) and Lys228 (LK*SISER) both from AQPO.
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Levels of crosslinking between AQPO 227-233(LKSISER) and AQPO0 239-243 (GAKPD) in

different aged normal and cataract lenses

The average levels of the crosslinked peptide from four different lenses in similar age and
disease condition were plotted. The error bars indicate the standard deviation from four
analyses. An asterisk (*) indicates crosslinking increases significantly compared with the
same region of the young lenses (p<0.05). A pound sign (#) Indicates significantly increases
in crosslinking in the inner nucleus regions compared with cortex region in the same group
of lenses (p< 0.05); A percent sign (%) showed significantly increased in crosslinking in
cataract lenses compared with age-matched normal lenses (p<0.05). n=4 +/- SD (UIF =

Urea insoluble fraction, C= cortex, ON=outer nucleus, IN= inner nucleus
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Figure 3.

Time course of Asp cleavage in Ac-PDVF. Ac-PDVF was incubated at pH 5.0, 6.7 and 7.4.
Cleavage of Ac-PDVF and generation of Ac-PD was determined by the HPLC peak area at
216nm as described in Materials and Methods. n=3 +/- SD.
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Figure 4.
Time course of Asp cleavage in a) Ac-YLDSF and b) Ac-YLDAF at pH 5.0, 6.7 and

7.4.Cleavage at Asp and generation of Ac-YLD was determined by HPLC peak area at
280nm as described in Materials and Methods. n=3 +/- SD.
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Cleavage at Asp compared with racemisation of Asp in Ac-YLDSF, Ac-YLDAF, Ac-PDVF
and Ac-PDGF after 7 days at pH 5.0, pH 6.7 and pH 7.4. Cleavage was calculated by

HPLC peak area of the C-terminal Asp peptides by comparison to the original peptide peak
area as described in Materials and Methods. The amount of racemisation/isomerisation was
calculated by the HPLC peak area of racemised/isomerised peptides plus the succinimide, in
comparison to original peptide peak area. n=3 +/-— SEM. See Scheme 1 for a summary of the
pathways involved. Peptide identity was confirmed by elution time of synthetic peptides and
mass spectrometry.
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Figure 6.
a) HPLC profile of peptide PDVF with N-terminal acetylation (Ac- PDVF) incubated with a

five-fold molar excess of phenylethylamine (PE) after 5 days at pH 5. The two peaks Ac-PD
x PE corresponding to the isomerised formed of the peptide crosslinked to PE.

b) Time course of Ac-PD- PE crosslink formation. Ac-PDVF was incubated at three
different buffer pHs (5.0, 6.7 and 7.4) in the presence of a five-fold molar excess of PE.
Ac-PD- PE was determined by the HPLC peak area at 216nm as described in Materials and
Methods. n=3 +/- SD.

¢) MS/MS spectrum of Ac-PD crosslinked to PE. Ac-PDVF was incubated with PE at pH 5
for 72h and the HPLC peak collected for MS/MS. MI = molecular ion.
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Scheme 1. Asp residuesin proteins can breakdown in two ways: cleavage or racemisation/

isomerisation.

Pathway a) Cleavage. Asp residues can undergo spontaneous cyclisation forming a cyclic
anhydride intermediate. Detailed analyses indicate that the mechanism probably involves
attack of the ionized side chain carboxyl on a protonated carbonyl of the peptide bond [38].
The cyclic anhydride can hydrolyse, or can react with an amine group such as that of a

Lys residue, forming an Asp-Lys crosslink. The e-amino group of Lys can potentially attack
either carbonyl of the anhydride leading to two isomeric Asp-Lys crosslinks as shown.
Pathway b) Racemisation/isomerisation. Formation of a succinimide can occur by attack
of the adjacent peptide bond NH group on the side chain carboxyl group of Asp. The
succinimide can isomerise and hydrolyse to yield four different Asp isomers: L-Asp, D-

Asp, L-isoAsp, and D-isoAsp [22].
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Table 1:
Crosslinked Peptides Identified in Human Lenses.

Peptide [MH]*op | [MH]*e | Error (ppm)
AQPO 227-233: LK "SISER
AQPO 239-243: GAKPD * 1300.7210 | 1300.7219 0.74
AQPO 1-5: "MWELR
AQPO 239-243: GAKPD * 1202.5967 | 1202.5987 0.43
aB 124-129: IPADVD
aB 83-92: HFSPEELK VK 1823.9510 | 1823.9538 153
aB 124-129: IPADVD *
aB 91-103: VK 'VLGDVIEVHGK 2003.1169 | 2003.1172 0.17
aA 146-151: 1QTGLD *
aB 91-103: VK 'VLGDVIEVHGK 2020.1403 | 2020.1437 1.68
aA 146-151; 1QTGLD ™
aB 150-157:K “QVSGPER 1527.8096 | 1527.8125 1.89
aB 124-129: IPADVD *
aB 121-123: K YR 1076.5742 | 1076.5734 0.76
AQPO 239-243: GAKPD *
vS 8-19: ITFYEDK "NFQGR 1985.9687 | 1985.9716 1.44
aA 70-88:FVIFLDVK *HPSPEDLTVK
aA55-58: TVLD ™ 2562.3997 | 2562.3854 4.9
aA 146-151: IQTGLD *
yClyD 2-3: 'GK 831.4572 | 831.4571 0.15

*
Asterisks indicate the residues that are involved in crosslinking. All masses listed are monoisotopic masses.
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