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Abstract

Isopeptide crosslinked proteins can be the product of transglutaminase or of exposure to
organophosphorus toxicants (OP). Transglutaminase links glutamine to lysine with loss of
ammonia. OP toxicants induce a link between glutamic acid and lysine with loss of water.
Our goal was to establish criteria to distinguish real from false isopeptide crosslinks reported
by software searches of mass spectrometry data. We used fragmentation spectra of tryptic
peptides from MAP-rich tubulin Sus scrofa as a test system for detection of naturally-occur-
ring isopeptide crosslinks. Data were analyzed with Protein Prospector. Criteria for the
assignments included the presence of at least 1 crosslink specific product ion, fragment ions
from both peptides, Protein Prospector scores >20, and best fit of the MS/MS data to the
crosslinked peptide as opposed to a linear peptide. Out of 301,364 spectra, 15 potential
transglutaminase-type crosslinked peptide candidates were identified. Manual evaluation of
these MS/MS spectra reduced the number to 1 valid crosslink between Q112 of NFH and
K368 of Tau. Immunopurification with anti-isopeptide 81D1C2 confirmed that MAP-rich
tubulin contained only one isopeptide. Support for this isopeptide bond was obtained by
showing that transglutaminase was capable of incorporating dansyl-aminohexyl -QQIV into
K368. A model of the KIETHK-QLEAHNR isopeptide was synthesized with the aid of trans-
glutaminase. MS/MS spectra of the model validated our interpretation of the native isopep-
tide. An OP-induced isopeptide bond between K163 of tubulin alpha-1A and E158 of tubulin
beta-4B was induced by treating MAP-rich tubulin with 100 uM chlorpyrifos oxon. This cross-
link was supported by the criteria described above and by the presence of diethoxypho-
spho-lysine 163 in the tubulin alpha-1A peptide. The information obtained in this work is
valuable for future studies that aim to understand why exposure to OP is associated with
increased risk of neurodegenerative disease.

Introduction

Transglutaminase (T'G) makes a covalent bond between the side chains of glutamine and
lysine to yield the protease resistant isopeptide bond and ammonia [1, 2]. See Fig 1A. Organo-
phosphorus pesticides and the nerve agent VX induce a covalent bond between the side chains
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of glutamic acid (or aspartic acid) and lysine to yield the isopeptide bond and water [3-5]. See
Fig 1B. Transglutaminase generates isopeptide crosslinks between proteins that stabilize struc-
tures important for brain function [6, 7], neuron differentiation [8], blood coagulation [9], and
skin strength [10]. Detrimental effects are also attributed to transglutaminase activity. In neuro-
degenerative diseases protein aggregates produced by the crosslinking activity of transglutami-
nase are found in senile plaques, neurofibrillary tangles [11], and Lewy bodies [12].
Transglutaminase-created isopeptide covalent linkages are present in cataracts [13] and celiac
disease [14]. Glutamine and lysine residues susceptible to transglutaminase-catalyzed crosslink-
ing are commonly identified by incorporating fluorescent transglutaminase substrates such as
dansyl cadaverine and dansyl-aminohexyl QQIV [15] into target proteins. In addition, immu-
nohistochemistry is used for detection of isopeptide crosslinks in tissue sections [16]. In our
experience the commercially available anti-isopeptide monoclonal 81D1C2 has poor sensitivity
in Western blots as it detects isopeptide bonds only when the number of isopeptide bonds per
mg protein is very high. Proteins crosslinked by transglutaminase can be undetectable on a
Western blot [17], presumably because the relative number of isopeptide bonds is low.

Use of mass spectrometry for identifying isopeptide crosslinked peptides has been
described by several groups [19-22]. The consensus of opinion is that mass spectral identifica-
tion of crosslinked peptides is fraught with difficulties. A number of strategies have been
reported to mitigate these difficulties [22-26]. We adopted elements from these strategies to
develop a set of criteria for identifying convincing isopeptide crosslinked peptides. In the pres-
ent report we use those criteria to identify naturally-occurring KQ isopeptide crosslinked pep-
tides in MAP-rich tubulin protein from Sus scrofa. Proteins from MAP-rich tubulin were
separated into groups by SDS polyacrylamide gel electrophoresis, extracted from the gel slices,
digested with trypsin, and subjected to mass spectrometry. MS/MS spectra were searched for
naturally occurring KQ isopeptide crosslinks using Protein Prospector/Batch-Tag software.
This was followed by screening of the crosslink candidates using our criteria, and then by man-
ual evaluation of each promising MS/MS spectrum. One crosslinked pair was identified;
between Q112 in peptide QLEAHNR from neurofilament heavy polypeptide and K368 in pep-
tide KIETHK from Tau. We generated support for the crosslink by demonstrating that the
lysine residue involved in the crosslink was a substrate for reaction with dansyl-aminohexyl
QQIV in the presence of transglutaminase.

In a second experiment, we confirmed the presence of this isopeptide crosslinked peptide
pair in MAP-rich tubulin by immunopurifying isopeptides on Dynabeads conjugated to anti-

0 o)
Gin NH, + HN Lys GIu>%A-/[\0H + N 7
TG jenzyme OoP 1chemical
1 , 0
>/\)\er/\/\/< + NH; \>//\//I\NH/\/\/< + HO
A e-(y-glutamyl)lysine B e-(y-glutamyl)lysine

isopeptide bond

isopeptide bond

Fig 1. A) Isopeptide bond between glutamine and lysine formed by the action of the transglutaminase (TG) enzyme with release of ammonia. B)
Isopeptide bond between glutamic acid (or aspartic acid) and lysine formed by exposure to organophosphorus chemicals (OP) with release of water.

Figure adapted from [18].

https://doi.org/10.1371/journal.pone.0254450.9001
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isopeptide 81D1C2 antibody. Mass spectrometry data searched with Protein Prospector soft-
ware identified the isopeptide bond between lysine 368 of Tau and glutamine 112 of neurofila-
ment heavy polypeptide. No additional isopeptides were present in the MAP-rich tubulin
preparation. In a third experiment, we crosslinked chemically synthesized peptides with the
aid of bacterial transglutaminase and showed that MS/MS spectra of the model isopeptide sup-
ported our interpretation of the native isopeptide.

Finally, we applied the process for isopeptide identification to MS/MS spectra of isopeptides
created by the crosslinking action of chlorpyrifos oxon. This work will be helpful to future
studies aimed at understanding the association between OP pesticide exposure and neurode-
generative disease [27].

Methods and materials
Materials

MAP-rich tubulin Sus scrofa from porcine brain, Cytoskeleton Inc. ML116, stored at -80°C.

Trypsin, Promega, Sequencing grade, cat# V5113, stored at -80°C.

Dansyl cadaverine 20 mM in dimethylsulfoxide stored at -20°C, Fluka 30432.

Dansyl-aminohexyl QQIV 22 mM in dimethylsulfoxide stored at -20°C, Zedira GmbH
DO001.

Recombinant human transglutaminase TG2 produced in E. coli, Zedira GmbH T002. Ali-
quots of 1 mg/mL (3 U/uL) were stored at -20°C.

Recombinant microbial (bacterial) transglutaminase, Zedira GmbH T001, UniProt P81453.
The lyophilized powder was reconstituted with water to 4.5 mg/mL, 32 U/mg.

Chlorpyrifos oxon CAS:5598-15-2 Chem Service Inc. MET-11459B stock solution in aceto-
nitrile stored at -80°C.

Dynabeads-Protein G, Novex by Life Technologies AS, Oslo, 30 mg/ml

Mouse anti-isopeptide monoclonal 81D1C2, IgG1 kappa, LSBio LS-C153331

Dimethyl pimelimidate dihydrochloride, Sigma D8388.

Synthetic peptides 95% pure, Genscript Inc.

SDS gel electrophoresis

Samples of MAP-rich tubulin were reduced and denatured with dithiothreitol/SDS in a boiling
water bath for 3 min. Gradient 4-22% polyacrylamide gels were prepared in a Hoefer Scientific
vertical slab gel SE600 system. Electrophoresis was at 200 volts constant voltage for 7 hours at
room temperature. Gels were stained with Coomassie blue.

Gel slices for analysis of KQ crosslinked peptides in MAP-rich tubulin

Peptides from an abundant protein can suppress mass spectrometry detection of peptides
from less abundant proteins. In the case of MAP-rich tubulin, the abundant tubulin peptides
can suppress detection of microtubule associated peptides. We overcame this problem by sepa-
rating proteins on an SDS polyacrylamide gel, staining with Coomassie blue, cutting the visible
bands from the gel, and analyzing tryptic peptides extracted from gel slices. Gel slices were
taken from 5 SDS gels, ranging from 15 kDa to the top of the separating gel. Three separate
samples were prepared. A total of 29 gel slices were analyzed. Proteins in each of the 29 gel
slices were reduced with dithiothreitol, alkylated with iodoacetamide, and digested with tryp-
sin. Peptides were extracted in preparation for LC-MS/MS using the method described by Pee-
ples et al. [28].
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Conjugation of anti-isopeptide monoclonal to Dynabeads-Protein G

Mouse anti-isopeptide monoclonal 81D1C2 was conjugated to Dynabeads-Protein G using the
Sporty et al. [29] protocol. A 100 pL suspension of Dynabeads-Protein G was transferred to a
microfuge tube, where the magnetic beads were washed 3 times with phosphate buffered saline
(PBS). A 20 g aliquot (20 pL) of antibody and 380 uL of PBS were added to the washed 3 mg
beads to make a 0.05 mg/mL antibody solution. The sample was rotated overnight at room
temperature to allow the antibody to bind to Protein G. The supernatant was discarded and
the beads were washed 2 times with 0.2 M triethanolamine hydrochloride pH 7.8, 0.02% (w/v)
sodium azide. A freshly prepared 200 uL solution of 0.010 g dimethyl pimelimidate dihy-
drochloride in 1.8 mL of 0.2 M triethanolamine pH 7.8, 0.02% azide was added to the beads.
The tube was rotated 30 min at room temperature. After 30 min, the liquid was discarded. The
conjugation reaction was quenched by incubating the beads with 200 pL of 20 mM TrisCl,

0.15 M NaCl for 15 min. The beads were washed 3 times with 200 uL of 20 mM TrisCl, 0.15 M
NaCl containing 0.05% (v/v) of Tween-20. The washed beads were used immediately for
immunopurification of isopeptides.

Immunopurification of isopeptides from a tryptic digest of MAP-rich
tubulin

MAP-rich tubulin (100 pg) in 0.2 mL of 20 mM TrisCl pH 8.5, 0.01% azide (w/v) was treated
with 10 mM dithiothreitol for 3 min in a boiling water bath, followed by alkylation of sulfhy-
dryl groups with 50 mM iodoacetamide for 30 min in the dark. The sample was diluted with
water to 0.5 mL. The 0.5 mL sample was injected into a hydrated Slide-A-Lyzer cassette 7,000
MWCO Pierce 66373. After 48 hours of dialysis against 2 x 4 L of 20 mM ammonium bicar-
bonate at 4°C, the desalted MAP-rich tubulin was recovered in 0.45 mL of 20 mM ammonium
bicarbonate. The carbamidomethylated MAP-rich tubulin was digested with 2 ug trypsin over-
night at 37°C. Trypsin was heat inactivated in a boiling water bath for 5 min.

The 450 pL of carbamidomethylated, desalted tryptic peptides were added to 3 mg Dyna-
beads-Protein G-81D1C2 and rotated overnight at room temperature. The beads were washed
3 times with phosphate buffered saline, and 2 times with water. Bound peptides were released
with 50 pl of 1% (v/v) formic acid pH 2, followed by a second extraction with 50 pl of 1% for-
mic acid. The extracted peptides were dried in a vacuum centrifuge. The dry peptides were dis-
solved in 20 pL water. The sample was centrifuged at 15,300xg for 20 min before the top 10 pL
were transferred to an autosampler vial for mass spectrometry analysis.

Transglutaminase-catalyzed incorporation of dansyl cadaverine and
dansyl-aminohexyl QQIV into MAP-rich tubulin

Solutions of MAP-rich tubulin (1 mg/mL) in 0.1 mL of 20 mM TrisCl pH 8.5 containing 2.5
mM calcium chloride, 1 mM dithiothreitol and 1 mM dansyl cadaverine or 1 mM dansyl-ami-
nohexyl QQIV were incubated with 3 pL of 3 U/pL human transglutaminase for 16 h at 37°C.
Proteins in the reaction mixture were separated on SDS gels and stained with Coomassie blue.
Seven bands were cut from the gel at about 15, 30, 50, 90, and 150 kDa plus the top of the sepa-
rating gel and the top of the stacking gel. Proteins in gel slices were digested with trypsin and
prepared for liquid chromatography tandem mass spectrometry as described [28].

Synthesis of 1605 Da isopeptide

Our goal was to synthesize a model crosslinked dipeptide composed of KIETHK linked to
QLEAHNR through a KQ isopeptide bond. The model dipeptide could be used to validate the
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MS/MS spectrum of the dipeptide from MAP-rich tubulin. The plan was to link 2 precursor
peptides through the crosslinking action of bacterial transglutaminase, followed by digestion
with trypsin to yield the desired KQ dipeptide. Genscript Inc. synthesized precursor peptides
RFAGYIDKVRQLEAHNR sample name NFH and ITHVPGGGNRKIETHK sample name
Tau. The chemically synthesized peptides, 2 mg each in 200 pL of 20 mM imidazole pH 7.5,
were combined into one vial. The pH of the 400 uL peptide solution was raised from 6 to 7 by
addition of 4 pL of 1 M sodium hydroxide. The crosslinking reaction was catalyzed by 6 uL of
bacterial transglutaminase (27 pg) for 16 h at 37°C. MALDI-TOF mass spectrometry showed a
single peak at the predicted mass of the crosslinked construct, 3800 Da, suggesting that 100%
of the peptides had been crosslinked. A 10 pL aliquot containing 50 pg of 3800 Da crosslinked
peptide was diluted to 50 uL with water and digested with 2 pg trypsin. The expected peak at
1605 Da, for the KIETHK_QLEAHNR crosslinked product was present at low abundance.
The digest was enriched for the 1605 Da peptide by high performance liquid chromatography
on a C18 Phenomenex column Prodigy 5 u ODS(2), 11x 4.60 mm, part no.00D-3300-EO
where the 1605 Da peptide eluted in 16% acetonitrile, 0.1% trifluoroacetic acid. The fraction
containing the 1605 Da peptide was subjected to LC-MS/MS on the Orbitrap mass
spectrometer.

Bruker autoflex maX MALDI-TOF/TOF

Fractions eluted from the HPLC separation of crosslinked synthetic peptides were screened for
the presence of the 1605 Da parent ion by spotting 2 yL samples on the target plate with o-
cyano-4-hydroxycinnamic acid matrix. MS/MS spectra were acquired using the LIFT method.

Incubation of MAP-rich tubulin with 100 pM chlorpyrifos oxon

A 0.2 mL solution of 0.5 mg/mL MAP-rich tubulin in 20 mM TrisCl pH 8.5, 0.01% azide was
incubated with 2 pL of 10 mM chlorpyrifos oxon (dissolved in acetonitrile) to give a final con-
centration of 100 uM chlorpyrifos oxon. After 48 hours at 37°C, the sample was diluted to 1
mL with 20 mM ammonium bicarbonate pH 8 and injected into a hydrated Slide-A-Lyzer
Dialysis Cassette #66370 Thermo Scientific 7,000 MWCO. The sample was dialyzed against 2 x
450 mL of 20 mM ammonium bicarbonate pH 8 at 4°C to remove excess chlorpyrifos oxon.
The dialyzed sample was concentrated to 50 L in a vacuum centrifuge before 70 pg were
loaded on an SDS gel. Coomassie blue stained bands were cut out of the gel. Proteins extracted
from gel slices were reduced with dithiothreitol, alkylated with iodoacetamide, and digested
with trypsin as described [28] in preparation for liquid chromatography tandem mass
spectrometry.

In-solution sample preparation for liquid chromatography tandem mass
spectrometry (LC-MS/MS)

MAP-rich tubulin solutions (0.2 mL in 20 mM TrisCl pH 8.5, 0.01% azide at 0.5 mg/mL) were
diluted to 1 mL before the proteins were reduced with 10 mM dithiothreitol in a boiling water
bath for 3 min, alkylated with 50 mM iodoacetamide, and dialyzed against 20 mM ammonium
bicarbonate pH 8 to remove salts. The volume of the carbamidomethylated proteins was
reduced from 1 mL to 0.05 mL in a vacuum centrifuge. Protein concentration, estimated from
absorbance at 280 nm in a NanoDrop spectrophotometer (Thermo Fisher Scientific), indi-
cated a recovery of about 65%. Protein at a concentration of about 1.3 pug/pL in 50 pL of 20
mM ammonium bicarbonate was digested with 1 ug trypsin at 37°C for 16 h. Trypsin was inac-
tivated by addition of formic acid to 0.1%. Particles that could plug the narrow tubing in the
liquid chromatography system were removed by centrifuging the samples for 30 min at 14,000
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x g in a microfuge. The top 15 pL were transferred to autosampler vials for liquid chromatogra-
phy tandem mass spectrometry (LC-MS/MS). The protein concentration in the 15 uL superna-
tant ranged from 0.5 to 0.9 pg/uL.

Orbitrap Fusion Lumos Tribrid mass spectrometer

Peptide separation was performed with a Thermo RSLC Ultimate 3000 ultra-high pressure lig-
uid chromatography system (Thermo Scientific) at 36°C. Solvent A was 0.1% formic acid in
water, and solvent B was 0.1% formic acid in 80% acetonitrile. Peptides were loaded onto an
Acclaim PepMap 100 C18 trap column (75 um x 2 cm; Thermo Scientific cat# 165535) at a
flow rate of 4 uL/min and washed with 100% solvent A for 10 minutes. Then, they were trans-
ferred to a Thermo Easy-Spray PepMap RSLC C18 column (75 um x 50 cm with 2 pm parti-
cles, Thermo Scientific cat# ES803) and separated at a flow rate of 300 nL/min using a linear
gradient from 5 to 50% solvent B in 20 min, followed by another linear gradient from 50 to
100% solvent B in 40 minutes. The column was washed with 100% solvent B for 30 minutes
before being re-equilibrated with 5% solvent B for 25 minutes.

Eluted peptides were sprayed directly into a Thermo Orbitrap Fusion Lumos Tribrid mass
spectrometer (Thermo Scientific). Data were collected using data dependent acquisition. A
survey full scan MS (from 350-1800 m/z) was acquired in the Orbitrap with a resolution of
120,000. The AGC target (Automatic Gain Control for setting the ion population in the Orbi-
trap before collecting the MS) was set at 4 x 10° and the ion filling time was set at 100 msec.
The 25 most intense ions with charge state of 2-6 were isolated in a 3 sec cycle and fragmented
using HCD (high-energy collision induced dissociation) with 35% normalized collision
energy. Fragment ions were detected in the Orbitrap with a mass resolution of 30,000 at 200
m/z. The AGC target for MS/MS was set at 5 x 10%, ion filling time at 60 ms, and dynamic
exclusion at 30 sec with a 10 ppm mass window. Data were reported in *.raw format.

Proteins identified in MAP-rich tubulin Sus scrofa

Protein identification was performed on an in-solution tryptic digest of a MAP-rich tubulin
sample with Proteome Discoverer v 2.4 (Thermo Scientific, Waltham MA) using a Sequest HT
search engine. MS/MS data were searched against an NCBI, Sus scrofa protein database (down-
loaded June 2020). The search was set-up for full tryptic peptides with a maximum of two
missed cleavage sites. Oxidized methionine was included as a variable modification. Carbami-
domethylation of cysteine was set as a fixed modification. The precursor mass tolerance
threshold was set at 10 ppm with a fragment tolerance of 0.02 Da. The significance threshold
of the ion score was calculated based on a false discovery rate of < 1% using Protein FDR Vali-
dator with Posterior Error Probabilities provided by the Percolator algorithm associated with
the Sequest HT search engine.

Search for KQ crosslinked peptides with Batch-Tag software in protein
prospector version 6.2.1

The *.raw data files from the Orbitrap Fusion Lumos Tribrid were converted to *.mgf files
using MSConvert (ProteoWizard Tools from SourceForge). The *.mgf files were analyzed
using Batch-Tag Web [24] on the Protein Prospector website https://prospector.ucsf.edu
[prospector.ucsf.edu]

We created a specialized user database that included five abundant proteins from those
identified in the Sus scrofa MAP-rich tubulin sample, plus neurofilament heavy polypeptide
(see S1 Table). The six proteins were: tubulin alpha-1A chain (NP_001302639), tubulin beta-
4B chain (XP_003122400), microtubule-associated protein 2 isoform X8 (XP_013839898),
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microtubule-associated protein 1B isoform X1 (XP_003134080), microtubule-associated pro-
tein Tau isoform X16 (XP_020922473), and neurofilament heavy polypeptide isoform
(XP_005670835). Sequences were pasted into the User Protein Sequence window of Batch-Tag
Web in FASTA format. MS/MS data were searched against this 6-protein database with Batch-
Tag Web for isopeptide crosslinks between lysine (K) and glutamine (Q).

The search parameters were as follows. 1) Database: User protein. 2) User Protein
Sequences: FASTA files from NCBI Protein Database for the user proteins were pasted into
this window. 3) Precursor Charge Range: 2 3 4 5. 4) Masses: monoisotopic. 5) Parent Tol:

20 ppm. Frag Tol: 30 ppm. 6) Instrument: ESI-Q-high-res. 7) Digest: Trypsin. 8) Max missed
cleavages: 3. 9) Constant Mods: Carbamidomethyl (C). 10) Variable Mods: Oxidation (M). 11)
Expectation Calc Method: None. 12) Mass Modifications: range -18 to 3883 Da. (Formation of
the isopeptide bond between K and Q is accompanied by loss of 17 Da due to loss of ammonia.
The -18 mass modification allows for loss of water (-18) and loss of ammonia (-17). 13) Check
mark in boxes K and Q. 14) Check mark in box Uncleaved. Checking the Uncleaved

box avoids false candidates in which a C-terminal lysine is reported as the crosslinked lysine.
Such reports are false because trypsin does not cleave modified lysines. 15) Crosslinking; Link
Search Type: User Defined Link. 16) User Defined Link Parameters; Link AAs: K, Protein N-
term>Q. 17) Bridge Elem Comp: N-1 H-3. S1 Fig is a screen shot of the Batch-Tag Web page
showing the search parameters for KQ crosslinked peptides.

Protein Prospector identifies peptide crosslinks via a mass modification process wherein
the mass of one peptide plus the crosslink mass is considered as a modification of the other
peptide. This is an efficient process that minimizes the search space, but it does not recognize
masses that contain fragments of both peptides, or fragment masses that involve unexpected
amino acid modifications. Identifying these masses requires manual inspection of the frag-
mentation pattern.

Protein prospector search for KE and KD crosslinked peptides

Parameters used on the Batch-Tag Web page to search for KE and KD crosslinked peptides
were as follows. Parameters 1) to 12), 14) and 15) were identical to those in the search for KQ
crosslinked peptides above. 13) Check mark in boxes D, E, and K. 16) User Defined Link
Parameters; Link AAs: E, D, Protein C-term>K, Protein N-term. 17) Bridge Elem Comp: H-2
O-1.

Protein prospector/search compare and Xcalibur/qual browser

Upon completion of a search, a Search Compare page appears. Selecting Report Type: Cross-
linked Peptides yields the “Search Compare Search Results” page listing the crosslinked pep-
tide results from the Batch-Tag search. This page contains sequences of candidate crosslinked
peptides, identifies the crosslinked residues, shows a score and score difference for each cross-
linked pair, and other useful parameters. It also provides a link to an MS/MS spectrum for the
crosslinked peptides that includes a list of observed and theoretical fragment masses, and a
matched intensity score [24]. Protein Prospector scores and score differences are based on the
number and types of fragment ions identified, as well as their sequence and charge [24]. Cross-
linked candidates from the Search Compare page were screened using the criteria described in
sections “Features of an MS/MS spectrum that support an isopeptide crosslink” and “Features
of an MS/MS spectrum that raise doubts about a candidate crosslinked peptide pair” from
Results.

We also evaluated the crosslinked peptides reported on the “Search Compare Search
Results” page with the aid of MS-TAG, a program in Protein Prospector to test for linear

PLOS ONE | https://doi.org/10.1371/journal.pone.0254450 July 9, 2021 7/25


https://doi.org/10.1371/journal.pone.0254450

PLOS ONE

Proteins crosslinked via isopeptide bonds

peptides that fit the data better than the crosslinked candidate. For MS-Tag search details refer
to the section below entitled “MS-Tag search for alternative interpretations”.

We used Xcalibur/Qual Browser (Thermo Scientific, Waltham MA) to manually evaluate
each crosslinked candidate. Manual evaluation included identifying ions consistent with the
crosslinked peptide sequence, and identifying ions that could fit other sequences that were not
identified by Protein Prospector. The S1 Text file describes details of our manual evaluation
protocol.

Protein prospector search for dansyl cadaverine adducts on glutamine

Parameters used on the Batch-Tag Web page to search for dansyl cadaverine adducts on gluta-
mine were as follows. 1) to 11) and 13) were identical to those in the search for KQ crosslinked
peptides above. 12) Mass Modifications: range 318 to 320 Da. Check mark in box Q. 14) Cross-
linking; Link Search Type: No Link. 15) User Defined Variable Modifications: Mod 1 Label:
dansyl cadaverine; Specificity: Q; Mod 1 Elem Comp: C17H22N202S.

Protein prospector search for dansyl-aminohexyl QQIV adducts on lysine

Parameters used on the Batch-Tag Web page to search for dansyl-aminohexyl QQIV adducts
on lysine were as follows. Parameters 1) to 11), 13) and 14) were identical to parameters in the
search for dansyl cadaverine adducts above. 12) Mass Modifications: range 815 to 816 Da.
Check mark in box K. 15) User Defined Variable Modifications; Mod 1 Label: dansylQQIV;
Specificity: K; Mod 1 Elem Comp: C39H57N7010S.

MS-tag search for alternative interpretations

Potential crosslinked peptides were checked for the possibility that the data fit better to a linear
peptide than to a crosslinked peptide. One indication that a linear peptide is a better fit is see-
ing that one peptide is matched with all b-ions and the other with all y-ions. A second indica-
tion is the absence of fragments specific for the shorter peptide. Searches for linear peptides
were made with the MS-Tag feature of Protein Prospector. Access to MS-Tag is made via the
Search Compare Search Results page in Protein Prospector. This page lists the retention time
for each potential crosslink product. A click on the retention time (RT) brings up the MS-Tag
page. MS-Tag provides an efficient means for searching a selected MS/MS data set against a
large database. We searched each spectrum 3 times. The variables were 1) database NCBInr
2013.6.17 and Taxonomy All species, 2) database NCBInr 2013.6.17 and Taxonomy Sus scrofa,
and 3) 6-user protein database and Taxonomy Sus Scrofa. A constant parameter in each search
was Crosslinking> User Defined Link: No Link. The No Link setting instructed the software
to search for linear peptides that fit the MS/MS data. Searching All species provided a means
of finding unexpected linear fits such as human keratin.

Results
Proteins in MAP-rich tubulin Sus Scrofa

Mass spectrometry data for in-solution, trypsin-digested MAP-rich tubulin from Sus scrofa
were searched against an NCBInr 2020.6 Sus scrofa database for proteins. Searching against the
UniProt database was not an option because the Sus scrofa entries are very limited in the Uni-
Prot database. At least 2 peptide spectral matches (PSM) were found for 111 proteins, see S1
Table. The most abundant protein, tubulin alpha-1A, was identified by 1115 PSM. The most
abundant microtubule-associated protein, MAP2 X8, was identified by 315 PSM. Tubulin pep-
tides accounted for 85% of the total peptides, while microtubule-associated proteins accounted
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for 11%. Other proteins accounted for 4%. This estimate is similar to the ratio reported by Cyto-
skeleton Inc. for MAP-rich tubulin Sus scrofa. Neurofibrillary heavy polypeptide (NFH) was
represented by 2 PSM. Additional NFH peptides were found in digests of gel slices.

SDS gel electrophoresis

The abundance of tubulin relative to other proteins in the MAP-rich tubulin preparation is
visualized in the Coomassie stained SDS gel in Fig 2. The tubulin proteins at 50 kDa have the
most intense band. The gel confirms that tubulin accounts for about 85% of the protein in the
MAP-rich tubulin preparation.

Features of an MS/MS spectrum that support an isopeptide crosslink

We used the following set of features to identify isopeptide crosslinked peptide candidates.
These features could be applied to any type of crosslinked peptide. An important initial
requirement is to collect the data at high mass accuracy and at good resolution, e.g. the Orbi-
trap Fusion Lumos Tribrid has a mass accuracy of <3 ppm, a parent ion resolution of 120,000,
and a fragment ion resolution of 30,000.

Each candidate KQ isopeptide-crosslinked peptide pair was checked for the following fea-
tures: a) Each peptide in the crosslink contains at least 4 amino acids. b) At least 1 fragment ion
is a crosslink specific product ion, that is, it includes the isopeptide link between K and Q. c)
The crosslink specific product ions have an intensity greater than 2-fold above background. d)
Though one peptide in the fragmentation spectrum generally exhibits most of the product ions,
the second peptide must also contribute product ions. This is indicated by a score difference
value greater than zero. e) The total Batch Tag/Search Compare score (i.e. the score plus the
score difference) of the crosslinked product is greater than 20 [24]. f) The crosslink is on an
internal lysine corresponding to a missed tryptic cleavage site. Labeled lysines at the C-terminus
of the peptide normally are not accepted because lysine modification blocks tryptic digestion. g)
The error for assigned fragment ions is less than 30 ppm when the data are taken with an
ESI-Q-high resolution mass spectrometer, e.g. an Orbitrap Fusion Lumos Tribrid. h) The data
fit the crosslink product better than a linear peptide. i) Peaks representing greater than 40% of
the intensity in the spectrum should be assigned to the crosslinked peptides. This is referred to
as % matched intensity. j) For KQ crosslinks, between peptides from the same protein, it is nec-
essary to insure that the peptides are not contiguous. If they are, and if there is a deamidation
modification, a net loss of 17 Da would ensue, invalidating a crosslink assignment. However,
other interpretations are possible: a linear peptide could be internally crosslinked as illustrated
in Fig 9 of the section “Isopeptide crosslink in a linear peptide sequence” in the Discussion.

Of these features, score difference is the best indicator for the presence of a crosslink. Com-
bining score difference with a high % matched intensity provides an even better indication of a
crosslink [24].

For KE or KD crosslinked peptide candidates there is a consideration similar to that in item
j) above. Formation of a KE or KD isopeptide bonds involves loss of water (18 Da). Loss of
water also occurs when a normal peptide bond is formed. Therefore, when both peptides in a
KE or KD crosslinked candidate are from the same protein, it is necessary to insure that the
peptides are not contiguous in the linear protein sequence.

Features of an MS/MS spectrum that raise doubts about a candidate
isopeptide crosslinked peptide pair

Certain features of an MS/MS spectrum raise doubts about a candidate crosslinked-peptide
pair. A fragmentation spectrum is not acceptable as a crosslinked product if: a) All the critically
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Fig 2. SDS gel stained with Coomassie blue. The intense blue band at 50 kDa is tubulin. Tubulin accounts for about
85% of the protein in MAP-rich tubulin Sus scrofa. Bands near the top of the gel include microtubule-associated
proteins.

https://doi.org/10.1371/journal.pone.0254450.g002

important crosslink specific product ions have an intensity less than 2-fold above background.
b) The charge state of the crosslinked peptide pair is +6 or greater. c) One of the peptides
includes the N-terminal leader sequence; leader sequences are usually not found in secreted
proteins. d) Fragment ions from only one peptide are present. e) Most crosslink specific prod-
uct ions fit a peptide sequence that is not part of the crosslinked pair. f) The total score of the
crosslinked product is less than 20 or the score difference is zero. g) The matched intensity is
less than 40%. h) The crosslink involves the C-terminal lysine. Lysines that appear to be labeled
at the C-terminus of the peptide are normally not accepted because it is generally found that
lysine modification blocks tryptic fragmentation at the C-terminus. However, this does not
seem to be true always. There are reports of tryptic cleavage at the C-terminal lysine for ubiqui-
tinated proteins that are modified by an isopeptide linkage to GlyGly [30] and of tryptic cleav-
age at C-terminal dimethylated lysine [31].

Naturally-occurring crosslinked proteins in MAP-rich tubulin Sus scrofa

The 29 gel slices plus an in-solution digest of MAP-rich tubulin, yielded a total of 301,364 frag-
mentation spectra. The Protein Prospector search of these 301,364 spectra for crosslinked peptides
resulted in 802 potential KQ crosslinked peptides when the search tolerances were set to 20 ppm
for the parent and 30 ppm for fragment ions. Application of the features for identifying cross-
linked peptides reduced the list to 15 possible crosslinked peptides. Manual evaluation of these 15
MS/MS spectra resulted in 1 convincing crosslinked spectrum. The naturally-occurring crosslink
was between Q112 in peptide QLEAHNR of NFH and K368 in peptide KIETHK of Tau. This
crosslinked peptide was identified in 5 separate gel slices of MAP-rich tubulin Sus scrofa.

Reviewers suggested searching the files with more stringent parameters to reduce the num-
ber of crosslinked candidates. In Table 1 we searched the files of 5 separate gel slices that
yielded the QLEAHNR/KIETHK crosslinked peptide. The files were searched with parent and
fragment ion tolerances ranging from 20/30 ppm to 5/5 ppm.

The QLEAHNR/KIETHK crosslink was found in 5 gel slices searched with tolerances 20
and 30 ppm, in 4 gel slices searched with tolerances 10 and 10 ppm, and in zero gel slices
searched with tolerances 5 and 10 ppm or 5 and 5 ppm. The scores for the correct crosslinked
peptide pair ranged from 16.0 to 30.1. Crosslinked peptides were found in two charge states,
thus explaining why 5 gel slices yielded 7 crosslinked peptides, and why 4 gel slices yielded 5
crosslinked peptides. False positives are defined as the difference between #high score and
#correct xlinks. Searches conducted with parent and fragment tolerances of 10/10 ppm
reduced the number of false positives without losing the correct crosslinked peptide pair.

A second method was used to find crosslinked peptides in MAP-rich tubulin. Peptides
from an in-solution tryptic digest of MAP-rich tubulin were immunopurified by binding to

Table 1. Relationship between search tolerance and number of xlink hits.

Parent/frag # gel slices with real # high score # correct Scores for correct xlink

tolerance xlink >20 xlinks

20/30 ppm 5 92 7 16.0, 16.3, 20.1, 21.8, 22.3, 27.0
30.1

10/10 ppm 4 42 5 16.6, 17.2, 20.5, 20.7, 27.2

5/10 0 26 0 -

5/5 0 16 0 -

https://doi.org/10.1371/journal.pone.0254450.t001
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Fig 3. Immunopurified isopeptide from MAP-rich tubulin. Panel A shows that immunopurification on Dynabeads-Protein G-anti-isopeptide
81D1C2 yielded a single peptide eluting at 20.24 min. Panel B is the MS/MS spectrum of the immunopurified, naturally-occurring isopeptide in MAP-
rich tubulin. The crosslink is between K368 of Tau and Q112 of NFH. The quadruply-charged parent ion is at 401.96 m/z.

https://doi.org/10.1371/journal.pone.0254450.g003

immobilized anti-isopeptide monoclonal 81D1C2. Only one crosslinked peptide was found,
QLEAHNR_KIETHK. Fig 3A shows a single peak, eluting at 20.24 min from the C18 column
in the LC-MS/MS system. The MS/MS spectrum in Fig 3B identifies this peak as the dipeptide
containing an isopeptide bond between K368 of Tau and Q112 of NFH. The MS/MS spectrum
for the crosslinked peptide identified in a gel slice is S4 Fig.

Manual evaluation

Manual evaluation is a critical step in the process of identifying crosslinked peptides. The S1
Text provides guidance on the procedures for manual evaluation. S2 Table lists the mass differ-
ences for dehydro-amino acid residues in charge states +1, +2, and +3. S2 and S3 Figs give an
example of a candidate crosslinked peptide that on first inspection looked real, but was
rejected as a false positive following manual evaluation.

Methods to confirm the assignment of isopeptide crosslinked peptides

To support the identification of crosslinked peptide candidates, we used recombinant human
transglutaminase to label susceptible glutamines with dansyl cadaverine and susceptible lysines
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with dansyl-aminohexyl-QQIV in MAP-rich tubulin. This method assumes that the naturally-
occurring KQ crosslink does not use 100% of a particular peptide, but leaves a substantial por-
tion free for reactions with transglutaminase. A second assumption is that naturally-occurring
KQ crosslinks are produced by transglutaminase. This analysis is bolstered by the fact that
transglutaminase reacts only with specific glutamine/lysine residues located on accessible sur-
faces of proteins. For example only one lysine out of a total of 10 lysines in RNase (P61823) is
available for modification by transglutaminase [32]. Only one glutamine out of a total of 18
glutamines in the heavy chain of IgG is available for modification by transglutaminase [33].
The expectation is that transglutaminase will label glutamines and lysines that are found in
naturally-occurring crosslinks. Mass spectral data of the tryptic peptides from these reactions
were checked for the presence of labeled peptides. Peptides modified on glutamine by dansyl
cadaverine were identified in MS/MS spectra with the aid of signature fragment ions at 447.2,
402.2, and 336.2 m/z [34]. Peptides modified on lysine by dansyl-aminohexyl QQIV were
identified with the aid of signature fragment ions at 475.20, 364.17, 347.14, 234.06, and 170.10
m/z [35]. A dansyl-aminohexyl QQIV adduct on K368 of Tau was found, confirming the avail-
ability of this lysine for naturally-occurring crosslinking of the Tau peptide, see Fig 4. No dan-
syl cadaverine adduct on the crosslink partner Q112 of NFH was found. This is likely due to
the very low abundance of NFH in MAP-rich tubulin Sus scrofa.

KQ crosslinked dipeptide prepared from chemically synthesized peptides
and transglutaminase

We synthesized the crosslinked peptide in Fig 3B to validate our interpretation of that spec-
trum. This was accomplished by enzymatically linking two chemically synthesized peptides

368 y5 y4 y3 y2 y1

K(815.38)IETHK* Tau
' XP-020922473

Il(IETHK—28+2
Q-17
411.23
}|<IETHK-28”
364.17 325'20 527-35 Q-17
T / 51426, Y 821.45 KIETHK*
347.14 |
06 / Dansyl-aminohexyl-Q
. 47 1212.60
300 400 500 600 700 800 900 1000 1100 12'00

Fig 4. MS/MS spectrum of the dansyl-aminohexyl-QQIV adduct at K368 of Tau. This peptide was found in a gel slice from MAP-rich tubulin Sus
scrofa that had been treated with dansyl-aminohexyl-QQIV and human transglutaminase. A complete y-ion sequence was obtained from the triply-
charged parent ion, at 524.28 m/z. Characteristic ions from the fragmentation of dansyl-aminohexyl QQIV were observed at 170.10, 234.06, 347.14,
364.17, and 475.20 (shown in red) [35]. Linkage between the peptide lysine and the adduct glutamine occurs at both glutamines in Q;Q,IV. The ion at
475.20 is evidence for linkage to Q,. The ion at 1212.60 is evidence for linkage to Q;.

https://doi.org/10.1371/journal.pone.0254450.9004
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with the aid of bacterial transglutaminase. The MS/MS spectrum acquired on the Orbitrap
mass spectrometer is shown in Fig 5A and the spectrum acquired on the Bruker MALDI-
TOF/TOF mass spectrometer is shown in Fig 5B.

The parent ion in the Orbitrap spectrum (Fig 5A) is in charge state +3, and in the MALDI-
TOF/TOF spectrum (Fig 5B) in charge state +1. Both spectra have ions consistent with cross-
links to either the N-terminal or C-terminal lysine in peptide KIETHK. The green colored y]1,
y2 and y3 ions in the Orbitrap spectrum Fig 5A support a link to the N-terminal K, while the
673.33 jon supports a link to the C-terminal K. In the MALDI-TOF/TOF spectrum, Fig 5B, the
ions that support a link to the N-terminal K are the green colored y2, y3 and the 933.4 ion,
while ions that support a link to the C-terminal K are at 1133.67 and 1234.59 m/z. The ion at
1476.74 fits a link to either the N-terminal or C-terminal K. These spectra show that bacterial
transglutaminase has the ability to catalyze linkage to K located in the middle of a short peptide
as well as K located at the C-terminal of a short peptide.

The MS/MS spectra in Fig 5A and 5B are not identical despite the fact that the same peptide
was fragmented in both cases. This is not surprising in view of the fact that the spectra were
taken with different mass spectrometers using different fragmentation techniques, and are
from parent ions of different charge states. Nevertheless, both spectra define the same cross-
linked peptide pair. The Orbitrap spectrum for the model crosslinked peptide in Fig 5A is not
identical to the Orbitrap spectrum for the isolated native crosslinked peptide in Fig 3B. This
may be a reflection of the different parent ion charge states. However, both spectra share
major signals at 850.4, 626.3, 385.2, 289.1, 184.1, 175.1, and 147.1 m/z, all of which are consis-
tent with fragments from the KIETHK/QLEAHNR crosslinked peptide. This correspondence
between model and experimental results validates the experimental interpretation.

Chemically induced KE protein crosslink

The search for naturally-occurring KQ crosslinked peptides required the establishment of cri-
teria for accepting or rejecting potential isopeptide crosslink products identified by Protein
Prospector. These criteria were applied to our study of KE/KD isopeptide crosslinks induced
by exposure of MAP-rich tubulin to 100 uM chlorpyrifos oxon. Fig 6 shows the MS/MS spec-
trum for K163 from tubulin alpha-1A crosslinked to E158 of tubulin beta-4B as a consequence
of incubation with chlorpyrifos oxon.

We believe that the crosslink in Fig 6 is correct based on the following observations. The
spectrum includes 14 crosslink-specific ions marked with an arrow. The intensities of all
crosslink-specific ions are well above background. A y-ion sequence (YPDR) from one
peptide is shown in blue and a b-ion/a-ion sequence (LSV) for the other is shown in green.
The Protein Prospector score is 29.8 and the score difference is 6.2. The unassigned intense
ions at 702.31, 766.30 and 801.39 did not fit a peptide. The indicated crosslink to E158
could not be distinguished from a crosslink to E157. Crosslinking to D161 could be
excluded on the basis of the y3-ion (PDR) at 387.20 m/z. The isopeptide crosslink between
K and E is chemically induced and is not a product of transglutaminase activity because
MAP-rich tubulin that was not treated with chlorpyrifos oxon did not exhibit this cross-
linked peptide.

Additional supporting evidence for the chemically induced crosslink in Fig 6 comes from
the fact that a peptide from tubulin alpha-1A with diethoxyphospho-lysine (dep-Lys) at posi-
tion 163 was present in the peptide mixture that contains the crosslink. Fig 7A shows the
MS/MS spectrum for this diethoxyphosphate adduct, LSVDYGK(dep)K. A complete y-ion
sequence, including the mass interval for the Lys-dep amino acid at y2 (128 + 136 m/z), is
shown in blue (Fig 7A). A partial b-ion sequence is shown, in red. Structures for characteristic

PLOS ONE | https://doi.org/10.1371/journal.pone.0254450 July 9, 2021 14/25


https://doi.org/10.1371/journal.pone.0254450

PLOS ONE Proteins crosslinked via isopeptide bonds

ey KIETHK,
y5 6y5 y4 y3y2y1
KIEMHK ™ QLEAHNR

A | y6 y5 y4 y3y2 y1
*3  QLEAHNR™  QLEAHNR
80% abd \(13=202
o 3 KIETH
8 703 580.27
S 3 ETHK 18
c 3
3 oo QLEAHNR-CO-17+2 Y4 QLEAHNR 2
) é 411.23 / y6
é 50 739.39
L 3
&J 3 673.33
N KIETHK
305 3 755.44 }|<
1y N ez QLEAHNR
205 e 2 385.23 996.52
E 284.18 y2
51471 289.16
él.||.|l|ll| Iluh‘l “‘.”J“,llu'I."H.I.! | l ll ". - .I I\ |||'- I|7I L |]| OSSP AP
200 300 400 500 m/Z 600 700 800 900 1000
/QLEAHNR
HN (CH
B 3y2 +1 %SOOﬂ
KIETTIS . KIETHRK w550 yi
0 QLEARNR ! QLEAHNR
b 497 24
g
& 75
2 4 KIETH
3 QLEAHNR
E ] K IETHK
%E,Ot &_EAHNR QLEAHNR
. KIET
. KIETHK |QLEA HK THK
755.43 9325 ¥ |
Y?> QLEAHNR QLEAHNR
113367 1234.59
{
Wb me W MMM MWW«M

T ¥ T ¥ T ¥ T T
200 400 800 /2 800 1000 1200 1400
Fig 5. Chemically synthesized peptides crosslinked by bacterial transglutaminase. Panel A is an Orbitrap spectrum of the crosslinked product after
tryptic digestion. The triply-charged parent ion has a mass of 535.62 m/z. Panel B is a MALDI-TOF/TOF spectrum of the same peptide. The singly-

charged parent ion has a mass of 1604.86 m/z.

https://doi.org/10.1371/journal.pone.0254450.9005
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Fig 6. MS/MS spectrum of an isopeptide crosslink between K163 of tubulin alpha-1A and E158 of tubulin beta-4B induced by treatment of
MAP-rich tubulin Sus scrofa with 100 uM chlorpyrifos oxon. The parent ion at 566.79 is in charge state +3. Arrows point to 14 crosslink-specific
fragment ions. Structures are shown for 8 crosslink-specific fragment ions. Fragment ions from both peptides are present. The Protein Prospector
score is 29.8 and the score difference is 6.2. The matched intensity is 47.1%. Unassigned, black peaks could not be fit to any sequence.

https://doi.org/10.1371/journal.pone.0254450.9006

ions for diethoxyphospho-lysine are shown at 220.1 and 237.1 m/z [36]. The C-terminal lysine
is not the adduct site based on its appearance as y1 in the y-ion sequence.

In addition, there is a rearranged form of the peptide that appears as a b-ion sequence, K
(dep)LSVDYGK, shown in green (Fig 7B). Such rearrangements can occur during tryptic
digestion. The process requires a peptide containing a missed cleavage site within 2-residues of
either terminus. The result is transfer of the amino acid(s) at the missed cleavage site from one
terminus to the other, e.g. TITADTFRK to KTITADTER [37].

Diethoxyphospho-lysine is the activated form of lysine that subsequently reacts with glu-
tamic acid to make the KE crosslink [3, 4]. See Fig 8.

Discussion

Isopeptide crosslinks between proteins have been implicated in a variety of neurologically
important processes including brain function [6, 7] and neuron differentiation[8]. Detrimental
effects of isopeptide crosslinking are associated with protein aggregation in senile plaques,
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Fig 7. MS/MS spectrum of a diethoxyphospho-adduct on lysine 163 from tubulin alpha-1A. A). Blue masses define a y-ion sequence. Red
masses define a b-ion sequence. Unlabeled blue and red lines represent fragments minus NH3, H,O or CO. The structures at 220.1 and 237.1 m/z
represent characteristic ions for diethoxyphospho-lysine. B) Green masses define the b-ion sequence for K(dep)LSVDYGK, the rearranged form of

the original peptide.

https://doi.org/10.1371/journal.pone.0254450.g007

neurofibrillary tangles [11], and Lewy bodies [12]. These naturally occurring isopeptide bonds
are believed to be the product of transglutaminase activity and would therefore be between
lysine and glutamine. We are interested in identifying isopeptide crosslinking in neurological
preparations induced by organophosphorus compounds. These crosslinks would be between
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crosslinked proteins

lysine and glutamic acid or lysine and aspartic acid. In previous studies, we have shown that
pure tubulin is particularly receptive to organophosphate induced isopeptide crosslinking [3—
5]. To expand upon this observation, we have chosen commercially available porcine MAP-
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Fig 9. A scheme for possible structures that could be associated with an isopeptide crosslink in a linear peptide sequence.

https://doi.org/10.1371/journal.pone.0254450.9g009
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rich tubulin as a more complex model system with which to sort out procedures for identifying
relevant isopeptide crosslinks. In the current study, we have endeavored to establish a set of
criteria for identifying isopeptide crosslinked peptides in mass spectral MS/MS fragmentation
data, and to use those criteria to identify naturally occurring KQ isopeptide bonds and chlor-
pyrifos oxon induced KE isopeptide bonds in MAP-rich tubulin preparations.

In our search for naturally occurring KQ isopeptides, we separated the proteins in MAP-
rich tubulin on SDS gels, prepared tryptic peptides from 29 gel slices taken from 5 SDS gels,
and subjected each set of peptides to LC-MS/MS mass spectrometry on a high resolution Orbi-
trap Fusion Lumos Tribrid mass spectrometer. Three separate preparations were made. This
yielded a total of 301,364 MS/MS data files. A Protein Prospector/Batch-Tag Web analysis of
these files for KQ isopeptide crosslinked peptides yielded 802 potential crosslinked peptides.
We manually screened all 802 MS/MS spectra using our criteria and accepted one. Immuno-
purification using a commercially available anti-isopeptide monoclonal antibody confirmed
the presence of one isopeptide crosslink in MAP-rich tubulin.

Criteria for accepting software-selected, isopeptide crosslinked peptides

Guidelines are available for evaluating mass spectrometry data for peptides crosslinked by
chemicals such as disuccinimidyl suberate and disuccinimidyl glutarate [23, 24, 38]. We have
adapted those guidelines for use with isopeptide crosslinks. It is generally accepted that the
longer peptide in the crosslinked pair is defined by more fragment ions than the shorter pep-
tide. Absence of fragment ions from the shorter peptide makes a crosslink assignment doubt-
ful, because the assignment relies heavily on the mass of the parent ion. However, the same
parent ion mass can belong to both a linear peptide and a crosslinked peptide, making it risky
to rely on the parent ion mass without additional evidence for the crosslink. Consequently,
one rule for accepting a candidate crosslink is that fragment ions from both peptides must be
present in the MS/MS spectrum. A second rule excludes short peptides. Leitner et al. [23]
“excluded cross-link identifications that contained a peptide shorter than six amino acids as
they were found to contain a disproportionally high number of false positives.” We have cho-
sen to follow the more liberal position of Trnka et al. [24], requiring that peptides in a crosslink
candidate contain at least four residues. We justify this position by the fact that we manually
examine all the candidate spectra that appear promising.

A third rule requires the presence of crosslink specific ions in the MS/MS spectrum.
Crosslink specific ions are defined as ions that include portions of both peptides and the
bridge element. Examples of the structures of crosslink specific ions are in Fig 6. We require
a minimum of one crosslink specific ion to accept a crosslinked peptide. The greater the
number of crosslink specific ions, the better is the confidence of the assignment. Since these
diagnostic ions usually have a low intensity, confidence in the assignment is improved when
their intensity is at least 5-fold above background. Requiring at least one crosslink specific
ion is a conservative rule that could result in discarding valid crosslinked peptides. For
example if there are 4 y-ions from each peptide in the spectrum, then both peptides could
be taken to be present, with high confidence. That would imply the presence of a crosslink
even if there were no crosslink specific ions in the spectrum. But without crosslink specific
ions we would discard this candidate.

A fourth rule derives from the observation that peaks that cannot be assigned to the cross-
linked peptides are always present in MS/MS spectra. Iacobucci and Sinz (2017) [38] propose
that a crosslink product should only be accepted if the majority of fragment ions can be
assigned and if the signal to noise ratio is high. The fraction of fragment ions associated with
the crosslinked peptide is reflected in the % matched intensity score from Protein Prospector’s
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Batch-Tag/Search Compare. As an initial criterion, acceptable crosslink assignments must
have a % matched intensity score of approximately 40% or greater.

A corollary to the fourth guideline is that the data must be searched to determine whether a
linear peptide fits the data better than the crosslink. We performed these analyses in two ways,
first by measuring the intervals between peaks (manual sequencing) and second by querying
the data with MS-Tag in Protein Prospector.

A fifth rule is that the Protein Prospector score plus the score difference be equal to or
greater than 20, and the score difference be greater than zero. However, the scores alone do
not predict which candidate crosslink is most convincing.

Isopeptide crosslink in a linear peptide sequence

KQ crosslinks between peptides from the same protein are complicated by the fact that search
engines select pairs of peptides to be crosslink candidates without regard to whether both pep-
tides are from the same protein. If the crosslink peptide candidates are from the same protein,
they may be contiguous which is a source of complication. To help clarify the discussion on
this point we have included Fig 9.

On the right side of Fig 9, there is a representative pair of tryptic peptides (structure A) that
might be chosen by a search engine as a candidate for crosslinking. The KQ isopeptide cross-
link that a search engine would assign to this peptide pair (a Type 2 crosslink with loss of 17
Da) is shown in structure B. If these peptides are from the same protein, they might be contig-
uous, forming a linear sequence. The left side of Fig 9 depicts the situation in which the pep-
tides are contiguous. The peptide in structure C shows the peptides from structure A as a
contiguous sequence. Formation of structure C from structure A would entail a loss of 18 Da.
This contiguous structure would not be flagged by a search algorithm looking for a KQ isopep-
tide crosslink because formation of a KQ crosslink is associated with a loss of 17 Da. However,
if the contiguous peptide underwent deamidation from Asn or Gln, 1 Da would be added to
structure C yielding an overall mass loss of 17 Da (structure D shows deamidation of Asn).
Structure D is isomeric with structure B, meaning that the linear structure D could be mis-
taken for an isopeptide crosslinked peptide. In addition, the mass spectrometer can occasion-
ally introduce 1 Da into a mass. This also could make the linear peptide in structure C appear
to be an isopeptide crosslink with loss of 17 Da.

The linear peptide in structure C also could undergo an internal isopeptide crosslinking
(Type 1 crosslink) that would lead to structure E, with a net loss of 35 Da from the starting pep-
tide pair (structure A). Structure E would not be flagged as a KQ isopeptide crosslink between
the original peptide pair because of the 35 Da mass loss associated with its formation. How-
ever, if the main peptide chain in structure E were hydrolyzed at a site between K and Q (for
example by a tryptic cleavage at Arg with addition of 18 Da) then a Type 1 isopeptide cross-
linked peptide would be created (structure F) with a net loss of 17 Da relative to structure A.
The isopeptide crosslink in structure F is identical to the isopeptide crosslink in structure B
(the only difference being the route by which each was formed) and isomeric to the contigu-
ous/linear structure D.

The challenge in this scenario is discriminating between isomers D and F because either
might be observed when starting with a contiguous/linear peptide (structure C). Structures D
and F might be differentiated by determining N-terminal b-ion and C-terminal y-ion
sequences. In the example, an N-terminal b-ion sequence of GG could occur for structure F
but not for structure D. An N-terminal b-ion sequence of AL could appear for either. A C-ter-
minal y-ion sequence of RGAY could occur for structure F, but not for structure D. Structure
D also might be identified by performing a non-crosslinked database search for deamidation
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of Gln or Asn. Alternatively, manual sequencing of the crosslinked candidate might reveal a
deamidated Gln or Asn in an otherwise linear sequence. If the isopeptide in crosslinked struc-
ture F could be identified then the crosslink interpretation would be substantiated.

The isopeptide bond can break in the mass spectrometer

Isopeptide bonds are generally considered to be resistant to fragmentation in the mass spectrom-
eter [39]. However, there are exceptions to this generalization [40]. Peaks consistent with cleavage
of the isopeptide bond are present in Figs 3B, 5A and 5B. The isopeptide bond cleavage products
are KIETHK (755.43 m/z) and QLEAHNR -17 (850.41 m/z). Cleavage occurred by collision
induced dissociation in the Orbitrap and by laser-induced dissociation in the MALDI-TOF/TOF
mass spectrometer. The ions at 755.43 m/z and 850.41 m/z provide a basis for proposing a
scheme for the fragmentation of the isopeptide bond. The proposed mechanism is in Fig 10.

The first step is formation of the isopeptide bond between peptides QLEAHNR and
KIETHK with loss of 16 Da from Gln in peptide QLEAHNR and loss of 1 Da from Lys in pep-
tide KIETHK. The QLEAHNR peptide is shown with the N-terminal amine highlighted in
red. The NH, portion of the amide group from Gln and one H from the amine group of Lys
are destined to be removed upon formation of the isopeptide bond. These residues are
highlighted in blue. The second step proposes a proton transfer from the N-terminal of the
QLEAHR peptide to the amide nitrogen in the isopeptide linkage. Such a protonation would
activate the isopeptide bond for cleavage in much the same way that protonation of a peptide
amide in the main chain activates that bond for cleavage [41]. Isopeptide bond cleavage would
be promoted by attack of the N-terminal nitrogen from the QLEAHNR peptide on the car-
bonyl carbon of the isopeptide bond. The result is a QLEAHNR -17 fragment at 850.41 m/z,
where the -17 Da is a combination of the

-16 Da lost during isopeptide bond formation and the 1 Da transferred to the KIETHK pep-
tide during isopeptide bond fragmentation. In addition, the intact KIETHK peptide at 755.43
m/z is a product of cleavage of the isopeptide bond. It is worth repeating that the 850.41 and
755.43 m/z masses appear in the Orbitrap electrospray ionization spectra, 5A and 3B, and the
MALDI spectrum 5B. This demonstrates that the proposed fragmentation mechanism is not
restricted to a single type of fragmentation process.

Support for our proposed mechanism comes from S1 Fig in the paper by Kang and Baker
[42]. This figure shows fragments from the isopeptide crosslinked peptide pair LTVTKNL and
NSL that are consistent with cleavage of the isopeptide bond via the mechanism in Fig 10. A
fragment for the asparagine containing peptide NSL minus 17 Da is present at 316.14 m/z, as
is a fragment for the intact mass of the lysine containing peptide LTVTKNL at 788.49 m/z. As
in our example, a proton appears to have been transferred from the peptide containing the
amido portion of the isopeptide bond to the peptide containing the Lys portion.

[H,N]JQLEAHNR [HNJQLEAHNR  [HNJQLEAHNR LEAHNR

<fH2)2 -16 Da (CHy), (CHy), HN <?Hz)2

H,N—C= 0 Isopeptide bond c=0 Proton C=0 Isopeptide \C =75 -17 Da

+ Formation - | Transfer ) 1, Cleavage i
o 1D } HIT HT ! HNH
= a
(CII{2)4 (?H2)4 ((I:H2)4 (CI!I ) +1 Da
2)4
KIETHK KIETHK |

KIETHK KIETHK

Fig 10. A proposed mechanism for cleavage of the isopeptide bond in the mass spectrometer.

https://doi.org/10.1371/journal.pone.0254450.9010
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Chemically induced isopeptide crosslinks

Isopeptide crosslinked peptides lose 17 Da with release of ammonia when the bond is the KQ
product of transglutaminase activity, or they lose 18 Da with release of water when the KE or
KD bond is induced by chlorpyrifos oxon [3, 4]. Because mass spectrometry identifies the pep-
tide fragments involved in the isopeptide crosslink, it is possible to distinguish between trans-
glutaminase and chemically induced isopeptide crosslinks.

Examination of the KE/KD isopeptide crosslinked peptide pair gives no clue to the chemical
that induced the crosslink, because no trace of the chemical remains in the isopeptide link (see
Fig 8). However, a precursor of the isopeptide link having a chemical adduct on the cross-
linked lysine may be present in the sample along with the crosslink. For example when a
diethoxyphospho-lysine adduct is present, it identifies the initiating chemical as an organo-
phosphorus pesticide, such as chlorpyrifos oxon.

The initial screening criteria for accepting isopeptide crosslinks produced by the action of
transglutaminase are applicable to isopeptide crosslinks produced by the action of chemicals.
It will be important to use these criteria in future studies that aim to understand why exposure
to pesticides is associated with increased risk of neurodegenerative disease [27, 43, 44].

Conclusion

An isopeptide KQ crosslink was found in a commercial MAP-rich tubulin preparation. This
indicates that a naturally-occurring KQ crosslink is present in MAP-rich tubulin, suggesting a
functional role for this crosslink in-vivo, and implying that transglutaminase participates in its
formation. Mass spectrometry is a critical tool in the elucidation of these crosslinks. The crite-
ria we have suggested in the current work should aid in the use of mass spectrometry for iden-
tifying isopeptide crosslinks in future studies.

Mass spectrometry also can be used to study organophosphate-induced neurodegenerative
disease. To date we have established that pure proteins treated with OP form high molecular
weight aggregates and that the aggregated proteins are crosslinked through isopeptide bonds
[3, 4]. Evidence from in vivo studies is not yet available, but will benefit from having a set of
rules for accepting and rejecting potential crosslinks.
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