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Abstract

Background: The human body contains numerous long-lived proteins which deteriorate with
age, typically by racemisation, deamidation, crosslinking and truncation. Previously we elucidated
one reaction responsible for age-related crosslinking, the spontaneous formation of dehydroalanine
(DHA) intermediates from phosphoserine and cysteine. This resulted in non-disulphide covalent
crosslinks. This paper outlines a novel posttranslational modification (PTM) in human proteins,
which involves the addition of dehydroalanylglycine (DHAGIy) to Lys residues.

Methods: Human lens digests were examined by mass spectrometry for the presence of
(DHA)GIy (+144.0535 Da) adducts to Lys residues. Peptide model studies were undertaken to
understand the mechanism of formation.

Results: In the lens, this PTM was detected at 18 lysine sites in 7 proteins. Using model
peptides, a pathway for its formation was found to involve initial formation of the glutathione
degradation product, -y-Glu(DHA)Gly from oxidised glutathione (GSSG). Once the Lys adduct
formed, the Glu residue was lost in a hydrolytic mechanism apparently catalysed by the e-amino
group of the Lys.

Conclusions: This discovery suggests that within cells, the functional groups of amino acids in
proteins may be susceptible to modification by reactive metabolites derived from GSSG.

General Significance: Our finding demonstrates a novel + 144.0535 Da PTM arising from the
breakdown of oxidised glutathione.
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Introduction:

The human body contains numerous long-lived proteins, that are present in tissues such the
brain, eye, heart, skin and muscle [1]. Due to their longevity, long-lived proteins undergo a
range of spontaneous age-related modifications including racemisation/isomerisation,
deamidation, crosslinking and peptide bond cleavage [2-5]. In previous studies we showed
that breakdown of phosphoSer and Cys residues by B-elimination resulted in the formation
of the reactive intermediate dehydroalanine (DHA) in human lens proteins [5]. Since DHA
is an electrophile, we observed the formation of covalent non-disulphide crosslinks of
crystallins and crystallin-GSH madifications via thioether and lysinoalanine linkages.

In the lens, the tripeptide glutathione (y-glutamyl-cyteinylglycine) is the major antioxidant,
present at some of the highest levels in human tissue in concentrations between 2—20mM
[6]. As the lens is avascular, and contains no organelles in mature fiber cells, GSH levels in
the lens are maintained by synthesis and recycling of glutathione disulphide (GSSG) in the
metabolically-active outer part of the lens. This requires GSH to diffuse freely into the
centre of the lens and for GSSG to diffuse back out. At middle age, when a barrier to GSH
and GSSG diffusion develops in the normal human lens [7], GSH is no longer able to
circulate freely and GSSG becomes trapped in the nucleus. Recent experiments showed that
disulphide bond formation was a prerequisite for DHA formation in peptides via p-
elimination [8]. On that basis, we hypothesized that GSSG may also break down to form y-
glutamyldehydroalanylglycine (y-Glu(DHA)GIy) in cells. If this were true, it may lead to
crosslinking of -y-Glu(DHA)Gly with protein sulfhydryl and amino groups. As part of an
ongoing study of crosslinking in the human lens, evidence for this process was investigated
using mass spectrometry and model peptide studies. During this investigation, evidence for
modification by(DHA)GIly was found on both lysine and cysteine residues.

Materials and Methods

Digestion of human lens protein and LC-MS/MS analysis

Frozen human lenses were obtained from NDRI (Philadelphia, PA). Detailed information
about the donors is listed in Supplemental Table 1. Human lenses were homogenized in
homogenizing buffer (25 mM Tris, 150 mM NaCl, 5 mM EDTA, 1 mM PMSF, pH 7.4). The
samples were fractionated as Water soluble fraction (WSF), Urea Soluble fraction (USF) and
urea insoluble fraction (UIF) as described previously [9]. WSF, USF and UIF from 22, 53
and 50 year-old lenses and UIF from 37 and 58 year-old lenses were analyzed

independently. Proteins in each fraction were reduced and alkylated and digested as
previously described (5). Tryptic peptides from 22 year-old, 53 year-old and 50 year-old
lenses were separated by one-dimensional HPLC using a fused silica capillary column (200
mm x 100 pm) packed with Phenomenex Jupiter resin (3 um mean particle size, 300 A pore
size) coupled with an Easy-nLC system (ThermoFisher Scientific, San Jose, CA). 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 (ThermoFisher Scientific, San
Jose, CA) equipped with a nanoelectrospray ionization source. The data-dependent
instrument method consisted of MS1 acquisition (R=70,000), using an MS AGC target value
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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 ions, with a maximum
ion time of 200ms, and a 5% underfill ratio, and intensity threshold of 5e4. HCD collision
energy was set to 27, dynamic exclusion was set to 5s, and peptide match and isotope
exclusion were enabled. The digests from UIF samples from 37 year-old and 58 year-old
lenses were analyzed by multidimensional protein identification technology as described
previously (5). The eluate from the analytical column was directly electrosprayed into a
Velos Orbitrap mass spectrometer (ThermoFisher Scientific, San Jose, CA). The instrument
was operated in a 15-step data dependent mode with one precursor scan event (Orbitrap
scan) to identify the top 14 most abundant ions in each MS scan, which were subsequently
selected for fragmentation in an MS/MS scan in the ion trap. Dynamic exclusion (repeat
count 2, exclusion list size 300, and exclusion duration 60s) was enabled to allow detection
of low abundance ions.

Data Analysis:

Tandem mass spectra were analyzed using a suite of custom-developed bioinformatics tools.
All MS/MS spectra were converted to mzML files by Scansifter, a tool under development at
Vanderbilt University Medical Center and searched on a 2500 node Linux cluster
supercomputer using a custom version of the TagRecon algorithm against a concatenated
forward and reversed (decoy) Uniprot human database (Nov 14, 2016). [10]. Trypsin
specificity was used with a maximum of two missed cleavage sites. A variable modification
of carbamidomethylation of cysteine, oxidation of methionine and deamination of
asparagine was used. Variable modifications of +144.0535 Da ((DHA)GIy) and +273.0961
Da ((y-Glu(DHA)GIy) on lysine and cysteine residues were searched. The search results
were filtered by IDPicker by controlling protein FDR to less than 1%. All of modified
peptides reported in this paper were manually verified.

Preparation of y-Glu(DHA)Gly and phenylethylamine crosslink

v-Glu(DHA)GIy was prepared as described by Sokolovsk et a/. with minor modifications
[11].GSH (5mg/mL) was dissolved in 50mM citrate buffer pH 5.5. A 1:1 molar ratio of 1-
fluoro-2,4-dinitrobenzene (Sigma-Aldrich) was added and placed on a shaker for 1h. The
resultant GSH dinitrobenzene adduct was purified by HPLC and freeze dried. -
Glu(DHA)GIy was generated by dissolving the dinitrobenzene adduct in 0.5M NaOH and
incubating at room temperature for 1 hour in the presence of O, y-Glu(DHA)GIly was
purified by HPLC and freeze dried and stored at —20°C.

To generate the -y-Glu(DHA)GIly phenylethylamine (PE) crosslink, -y-Glu(DHA)Gly
(Img/mL) was dissolved in 0.5M NaOH together with a 5 molar excess of PE. Samples
were incubated at 60°C for 2hs. The -y-Glu(DHA)GIy PE crosslink was purified by HPLC
and its structure confirmed by MS/MS.

GSH Model studies

The y-Glu(DHA)GIy PE crosslink and S-Me-GSH (Sigma Aldrich) were incubated
separately in 100mM phosphate pH 7.0 at 37°C with a drop of chloroform added to prevent
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bacterial growth. Aliquots were taken daily and the loss of gamma Glu and formation of
(DHA)GIy PE and S-Me-CysGly monitored by RP-HPLC (Aeris Peptide 2.6u XB-C18,
Phenomenex, Torrance, CA). A 31 minute gradient was used, consisting of the following: 0—
3 min, 0% B; 3-15 min, 40% B; 15-20 min, 80% B; 20-25 min, 80% B; 25-31, 0% B
(Solvent A 1% ACN, 0.1% TFA,; Solvent B 100 ACN, 0.1% TFA). Elution was monitored at
216nm. (DHA)GIy PE crosslink and S-Me-CysGly were freeze-dried and analyzed using a
LTQ mass spectrometer (ThermoFisher Scientific, San Jose, CA).

CysGly disulphide (Sigma Aldrich) was incubated in 100mM phosphate pH 7.0 at 37°C
with a drop of chloroform. Aliquots were taken daily and (DHA)Gly was monitored by
HPLC and mass spectrometry.

Identification of GSH adducts in the human lens

Since disulphide bond formation was found to be a prerequisite for DHA formation from
Cys residues in proteins [8], it was hypothesized that GSSG may also break down to form y-
glutamyldehydroalanylglycine (y-Glu(DHA)GIy) in the lens. If this reactive intermediate
added to protein Cys residues, the thioether product would be indistinguishable from that
formed by the addition of GSH to a DHA residue on the protein. This approach would
therefore not permit an unambiguous evidence of -y-Glu(DHA)GIly formation in cells. On
the other hand addition of y-Glu(DHA)GIy to Lys residues would form a structure that
could form only via this intermediate.

Preliminary studies showed that when N-acetyl Lys was incubated with y-Glu(DHA)Gly,
the major product detected was N-acetyl Lys - (DHA)GIy, where the Glu residue of the
tripeptide had been lost. This finding was consistent with other studies where the y-glutamyl
bond of GSH has been shown to be labile [12].

Human lens membrane fraction digests were therefore examined by mass spectrometry for
the presence of -y-Glu(DHA)GIy (+273.0961 m/z) and (DHA)GIy (+144.0535 m/z) adducts
to Lys residues. No evidence of -y-Glu(DHA)GIy crosslinks to Lys were detected, however
the addition of +144.0535 (DHA)GIy at a number of Lys sites was observed, and this was
confirmed by tandem mass spectrometry (see Supplementary materials). A representative
tandem mass spectrum highlighting the addition of (DHA)GIy to Lys 14 in S crystallin is
shown in Fig. 1.

In total, 379 proteins were identified in three lenses analyzed by 1D-LC-MS/MS ona Q
Exactive instrument and these proteins are listed in the Supplemental Table 3. 834 proteins
were identified in the MudPIT analysis of UIF of two normal lenses and these proteins are
listed in Supplemental Table 4. In total 18 sites on 7 lens proteins (yS-crystallin, pB1-
crystallin, BB2-crystallin, pA3-crystallin, pA4-crystallin, a A-crystallin, aB-crystallin) were
found that were modified by (DHA)GIy on Lys residues (Table 1a). Of particular interest,
yS-crystallin was modified at 5 of a possible 10 Lys residues. When mapped onto the crystal
structure of -yS-crystallin (see Fig 2), it was apparent that most adducts were observed in the
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unstructured regions of the protein. y-Glu(DHA)GIly and (DHA)Gly modification was also
detected on Cys residues on 6 sites in 6 lens proteins (Table 1b).

GSH model studies

To investigate why only (DHA)GIy Lys adducts, and not y-Glu(DHA)Gly adducts, were
detected in the lens, peptide model studies were undertaken. Previous studies have shown
the y-glutamyl bond of GSH to be labile under physiological conditions [5, 12]. The effect
of a thioether crosslink compared to a lysinoalanine crosslink on the stability of this bond
was examined, S-Me-GSH and y-Glu(DHA)Gly crosslinked to phenylethylamine, (a lysine
mimic), were incubated at physiological pH, and the loss of the Glu was monitored by
HPLC. As seen in Fig 3, the effect of the amine linkage on the stability of -y-glutamyl bond
was clear; after two days of incubation at 37°C pH 7.0, more than 2% of the bond had been
cleaved. By comparison, cleavage of the -y-glutamyl bond in S-Me-GSH was less than 0.1%.
In effect, the N-linked -y-Glu(DHA)GIy was ~20 fold less stable than the corresponding S-
linked species.

Other potential sources of (DHA)Gly

Literature data [11, 12] show that y-Glu(DHA)Gly can be formed readily by incubation of
GSSG at alkaline pHs. The possibility that the (DHA)GIly adduct could be generated directly
from CysGly disulphide at neutral pH was also examined. CysGly disulphide was incubated
at pH 7 at both 37°C and 60°C, however no (DHA)Gly was detected by HPLC. In a second
series of experiments, attempts were made to synthesize (DHA)GIy using the same
conditions used to produce y-Glu(DHA)GIly from GSSG (see Methods section) and the
mixture was incubated with a 10-fold excess of PE. No PE crosslink was detected even after
two days of incubation under basic conditions in 0.5M NaOH at 60°C. Increased time of
incubation, higher temperatures and more basic conditions did not lead to detectable
crosslinking. These findings are in agreement with published data showing the instability of
an N-terminal DHA and its conversion to pyruvylGlycine [13]. On the basis of these data the
(DHA)GIy adduct in proteins must form via breakdown of an initial y-Glu(DHA)Gly
adduct.

Discussion:

This paper describes the novel modification of proteins by the addition of (DHA)Gly to
lysine residues. Through the use of model peptides, it was demonstrated that this + 144 Da
modification could arise by the breakdown of glutathione. A mechanism is illustrated in Fig.
4. We propose that GSSG undergoes B-elimination forming -y-Glu(DHA)Gly. This reactive
dehydroalanine intermediate can potentially form a crosslink with any free amino or
sulfhydryl group, such as the side chains of Lys or Cys residues. Due to the lability of the -y-
glutamyl bond [12], following the formation of the y-Glu(DHA)GIy adduct, the Glu can
then be lost via a hydrolytic mechanism probably catalysed by the e-amino group of the Lys
similar to the mechanism observed previously [14, 15]. The y-Glu linkage can also be
cleaved in the thioether adduct with Cys, although this occurs approximately 20 times more
slowly.
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Proteomic investigation revealed 18 sites of Lys modification in 7 human lens proteins
(Table 1a). Moadifications on the same sites were repeatedly detected in multiple lenses and
the results also suggest an age-related increase of modification, however more lenses would
need to analysed to confirm this. In the case of the most highly modified protein, yS-
crystallin, four of the five modified Lys residues appeared to be localised in unstructured
regions. Other spontaneous age-related PTMs, such as deamidation, which involve
intramolecular reactions [16], occur predominantly in unstructured regions of proteins
[17,18], although some sites of deamidation have recently been detected in structured
regions [16,19]. Our data on glutathione modification imply that functional groups of amino
acids in unstructured regions may be more susceptible to PTM by reactive small molecules
although solvent accessibility is also likely to be a contributory factor. The effect of the
formation of the (DHA)Gly crosslink to Lys would be two-fold: firstly, loss of a charged
amino acid could affect protein-protein interactions and protein packing in the cell. Human
lens function is reliant on ordered protein to focus light onto the retina. It could be
envisioned that alterations in both charge and the conformational impact following the
addition of (DHA)GIy could have consequences for lens transparency. In addition, structural
changes due to the addition of a dipeptide may lead to unfolding of the protein as well as the
generation of a site that may be resistant to proteolysis.

Previous studies have shown that -y-Glu(DHA)GIly can be formed via a B-elimination
reaction of GSSG in alkali [20,21] and from similar reactions involving the GSH adducts of
certain nucleophilic drugs, such as Busulfan[22]. Our current study suggests that GSSG can
undergo B-elimination under physiological conditions resulting in the formation of y-
Glu(DHA)GIy and ultimately a lysinoalanine crosslink with proteins. Free sulfhydryl
groups, such as cysteine residues, react more rapidly with DHA than do amino groups [8]
and several (DHA)GIy modified Cys residues were detected in this study (Table 1b). In all
likelihood, if y-Glu(DHA)GIy forms within cells it will preferentially crosslink with Cys
residues and such thioethers have been reported [5, 8, 23]. Unfortunately, the thioether
adduct that forms will be indistinguishable from that which is formed by reaction of GSH
with a Cys-derived DHA residue of the particular protein. The discovery of the Lys adduct
shows that formation of -y-Glu(DHA)Gly in cells should be considered as a potential
reactive intermediate.

Whilst we cannot prove that the Lys (DHA)GIly adduct described in this paper arises due to
the B-elimination of GSSG, it is a probable route. GSSG is present in the human lens
especially in older lenses where transport of GSH and re-reduction of GSSG is disrupted by
the lens barrier [7]. Oxidation is a characteristic feature of age-related nuclear cataract and
typically GSH is low, or absent, in the centre of such cataract lenses and levels of GSSG are
high [24].

Free CysGly is present in the lens [6], however model experiments using CysGly or oxidised
CysGily failed to generate detectable (DHA)GIy or the lysinoalanine crosslink, whereas
GSSG under the same conditions formed the lysinoalanine crosslink readily. It is known that
(DHA)GIy is unstable and decomposes readily to pyruvate derivatives [13]. It is also
possible that -y-Glu(DHA)GIy can form in cells via B-elimination of disulphide-linked
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glutathionated proteins since y-GluCysGly disulphides have been recorded in adult human
lens proteins [25].

Based on the results of this study and previous studies, [5, 8] once a DHA group forms there
are several possible outcomes. Reaction with a free sulfhydryl group forming a thioether,
such as with GSH or protein Cys, will be favoured. Our proteomic data revealed 6 sites of
protein modification where Cys residues had potentially been modified by (DHA)Gly (Table
1b). If sulfhydryl groups are in short supply, then lysinoalanine crosslinks can form. These
findings demonstrate the potential of GSH as to act as a reactive intermediate leading to the
formation of irreversible covalent crosslinks.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

DHA Dehydroalanine
v-Glu(DHA)Gly v-glutamyldehydroalanylglycine
GSSG oxidised glutathione

GSH glutathione
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Fig. 1.
a) MS/MS spectrum of human lens -yS-crystallin peptide containing residues 8-19

confirming the +144 Da adduct on Lys14. b) MS/MS spectrum of human lens yS-crystallin
peptide containing residues 8-19 unmodified. c) A scheme illustrating formation of
(DHA)GIy adduct via a lysinoalanine crosslink. d) A scheme illustrating formation of
(DHA)GIy adduct via a thioether crosslink.
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Fig. 2.
The structure of human gamma S crystallin derived from NMR data, where residue Gly18

was mutated to Val (PDBe 2M3U). Four of the five sites of attachment of DHAGIy to Lys
that are highlighted (red), occur within unstructured regions with the other site located at the
boundary of a structured and unstructured region
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Fig. 3.

Cleavage of the y-glutamyl bond in N- and S-linked glutathione adducts under physiological

conditions. a) Loss of Glu from S-Me-GSH (open circle) and loss of Glu from -y-

Glu(DHA)GIy PE crosslink (closed circle) both incubated at pH 7.0, 37°C. The loss of Glu

was monitored at 216nm by HLPC. b) Mass spectrum of the (DHA)GIy - PE product
generated after incubation of y-Glu(DHA)Gly - PE. MI = molecular ion.
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Fig. 4.
A proposed scheme illustrating the breakdown of GSSG and formation of lysinoalanine
crosslinks.
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Table 1a:

Lys residues of lens proteins that are modified by (DHA)Gly.

Protein Site Peptide [MH]*ep | [MH]*cy | Error (ppm)
yS-Crystallin | K7 | TGTK *TEYEDKNFQGR 2049.0013 | 2049.0036 | 1.14

K14 | |TEvEDK *NFQGR 1661.7863 | 1661.7918 | 3.31

K% | AVHLPSGGQYK “IQIFEK 2059.0943 | 2059.0971 | 1.35

K144 | ovLiDK*KEYR 1499.7803 | 1499.7853 | 3.34

K159 | K *PIDWGAASPAVQSFR 1873.9523 | 1873.9555 | 1.70
BBL-Crystallin | K118 | cEMEILEK *GEYPR 1712.8263 | 1712.8312 | 2.86

pB2-Crystallin | K120 | |;LYENPNETGK K 1680.8893 | 1680.8956 | 3.75
pAd-Crystallin | K118 | | T|FEQENFLGK K 1710.8993 | 1710.9061 | 3.97
pA3-Crystallin | K44 | |1 71vpOENFQGK 'R 1755.8583 | 1755.8660 | 4.37
K131 | MTIEEK *ENFIGR 1628.8023 | 1628.8101 | 4.79
aB-Crystallin | K9 | HEsPEELK VK 1357.7063 | 1357.7111 | 353
K92 | vk*VLGDVIEVHGK 1536.8683 | 1536.8744 | 3.96
K174 | EEKPAVTAAPK 'K 1412.7674 | 1412.7744 | 495
aA-Crystallin | K70 | spRDK *EVIELDVK 1725.9143 | 17259170 | 155
K78 | EVIFLDVK *HESPEDLTVK 2278.2063 | 2278.2118 | 2.41

K88 HESPEDLTVK *VQDDFVE|HGK 2584.2623 | 2584.2678 | 2.12

K99 | VODDFVEIHGK *HNER 1966.9303 | 1966.9366 | 3.19

Sites were detected by searching tryptic digests of human lenses by LC-MS/MS for sites of missed cleavage that contained + 144.0535 Da on
lysine residues.

*
Corresponds to site of modification.
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Table 1b:

Cys residues of lens proteins that are modified by (DHA)Gly.

Protein Site | Peptide [MH]*ep | [MH]*ca | Error (ppm)
BB1-Crystallin | C80 | RAEFSGEC *SNLADR 1698.7533 | 1698.7500 | 1.95
BB2-Crystallin | C67 | AGSVIVOAGPWVGYEQANC *KGEQFVFEK | 31855373 | 31855361 | 0.38
BA4-Crystallin | C5 | acTLQC™TK 879.4243 | 879.4241 | 0.186
BA3-Crystallin FC*GQOFILER 1384.6659 | 1384.6678 | 1.34
y-crystallinC | €80 | scc*LIpPQTVSHR 1544.7291 | 1544.7308 | 1.07
Phakinin C65 | APGVYVGTAPSGC IGGLGAR 1946.9732 | 1946.9753 | 1.10

Page 14

Sites were detected by searching tryptic digests of human lenses by LC-MS/MS for sites of missed cleavage that contained + 144.0535 Da on

cysteine residues.

*
Corresponds to site of modification. It should be noted that +273.0961 Da modification corresponding to y-Glu(DHA)Gly were also observed as

these sites.
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