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e Neuronal proteins modified by proteolysis during excitotoxicity were identified.

® Calpains proteolyzed these proteins to form stable dysregulated truncated fragments.
® The truncated fragments perturb synaptic structure and function.

® Src and CaMKllx are processed to form stable truncated fragments in ischemic stroke.
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Excitotoxicity, a neuronal death process in neurological
disorders such as stroke, is initiated by the over-
stimulation of ionotropic glutamate receptors. Although
dysregulation of proteolytic signaling networks is critical
for excitotoxicity, the identity of affected proteins and
mechanisms by which they induce neuronal cell death
remain unclear. To address this, we used quantitative N-
terminomics to identify proteins modified by proteolysis in
neurons undergoing excitotoxic cell death. We found that
most proteolytically processed proteins in excitotoxic
neurons are likely substrates of calpains, including key
synaptic regulatory proteins such as CRMP2,
doublecortin-like kinase |, Src tyrosine kinase and
calmodulin-dependent protein kinase 11§ (CaMKIIg). Criti-
cally, calpain-catalyzed proteolytic processing of these
proteins generates stable truncated fragments with
altered activities that potentially contribute to neuronal
death by perturbing synaptic organization and function.
Blocking calpain-mediated proteolysis of one of these

, Nicholas A. Williamson® @, Ching-Seng Ang” @, and

proteins, Src, protected against neuronal loss in a rat
model of neurotoxicity. Extrapolation of our N-terminomic
results led to the discovery that CaMKIla, an isoform of
CaMKIIB, undergoes differential processing in mouse
brains under physiological conditions and during ischemic
stroke. In summary, by identifying the neuronal proteins
undergoing proteolysis during excitotoxicity, our findings
offer new insights into excitotoxic neuronal death mech-
anisms and reveal potential neuroprotective targets for
neurological disorders.

Excitotoxicity is a pathological cell death process that un-
derpins neuronal cell loss in multiple acute and chronic
neurological disorders such as ischemic stroke, Parkinson’s,
and Alzheimer’s diseases (reviewed in (1)). There are no
FDA-approved pharmacological agents to protect against
excitotoxic neuronal loss in neurological disorders even after
decades of intensive studies of the molecular mechanisms of
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N-Terminomic Analysis of Neurons in Excitotoxicity

neuronal cell death (2, 3). However, recent findings in a phase
Il stroke trial have highlighted putative neuroprotective com-
pounds targeting pathologically activated signaling events
directing excitotoxic neuronal death as a feasible therapeutic
option (4, 5). As such, further investigations to define the
mechanisms of excitotoxic neuronal death with the aim to
uncover the pathologically activated signaling events as
therapeutic targets are critical to the development of these
neuroprotective compounds (reviewed in (6, 7)).
Excitotoxicity is initiated by over-stimulation of ionotropic
glutamate receptors (iGIuRs), especially N-methyl-D-aspartate
(NMDA) receptors (8-10), which permit the excessive influx of
extracellular calcium (Ca?*) into the cytosol to hyperactivate
proteases (11-14), neuronal nitric oxide synthase (nNOS) (15)
and NADPH oxidase 2 (NOX2) (16). The excitotoxicity-activated
proteases cleave specific neuronal proteins to dysregulate their
activities, biological functions, and stability (11, 17), thereby
contributing to neuronal cell death. Among neuronal proteins
dysregulated by these proteases are protein kinases and
phosphatases, whose proteolytic processing can contribute to
neuronal cell death by altering the phosphorylation states of
specific neuronal proteins (18-22). Identification of the pro-
teases, protein kinases, and phosphatases activated during
excitotoxicity and their substrates in neurons are thus critical
for charting the signaling pathways and pathologically induced
cellular events governing excitotoxic neuronal death and for
discovering novel neuroprotective therapeutic approaches (5).
We previously used mouse cortical neurons, a well-defined
in vitro model of excitotoxicity, to profile excitotoxicity-
related changes in the phosphorylation of neuronal proteins
(28). To gain further insight into post-translational modifica-
tion events involved in excitotoxic neuronal death, the pre-
sent study sought to identify the substrates of the
excitotoxicity-activated proteases and understand how pro-
teolysis alters their biological functions. To do this, we used a
quantitative N-terminomics procedure called Terminal Amine
Isotopic Labelling of Substrates (TAILS) (24) to identify and
quantify the N-terminal peptides derived from N-termini of
cellular proteins in control neurons and neurons undergoing
excitotoxic cell death. Results of our TAILS analysis docu-
ment changes in stability and the N-termini of neuronal
proteins proteolyzed by activated proteases during excito-
toxicity induced by glutamate over-stimulation. Herein we
describe the results of our analysis and illustrate how the
results unveil new mechanisms by which the excitotoxicity-
activated proteases dysregulate key proteins controlling
synaptic organization and functions. Some of these dysre-
gulated proteins are synapse-enriched protein kinases such
as Src and calmodulin-dependent protein kinase lloa and 11
(CaMKllx and CaMKIIp) we previously predicted to catalyze
the phosphorylation of specific neuronal proteins during
excitotoxicity (23). Additionally, we demonstrate in a rodent
model of excitotoxicity that blocking proteolytic processing
of Src can protect against excitotoxic neuronal loss. Finally,

we describe how experiments to validate our TAILS findings
in vivo in a mouse model of ischemic stroke led to the dis-
covery of new mechanisms of regulation of CaMKIlla under
both physiological conditions and during excitotoxicity.
Since CaMKlla is a drug target for protection against exci-
totoxic neuronal death in an acute neurological disorder (25,
26), our discoveries suggest that blockade of proteolytic
processing of dysregulated synapse-enriched protein ki-
nases or inhibition of these dysregulated kinases could be
new neuroprotective strategies to reduce brain damage in
neurological disorders.

EXPERIMENTAL PROCEDURES
Experimental Design and Statistical Rationale

In this study, specific experimental procedures were designed to (i)
construct the peptide libraries to improve the coverage of peptides
identified by global proteomic analysis using the data-independent
analysis (DIA) approach and (ji) investigate if blockade of proteolytic
processing of the protein tyrosine kinase Src by calpains could protect
against neuronal loss in vivo in a rat model of neurotoxicity. Besides
these two specific experimental designs, a specific statistical method
was used to define which of the identified N-terminal peptides were
generated by significant proteolytic processing and which were
generated by significant protein degradation. The rationale behind
these experimental and statistical designs is given below.

Rationale of the Experimental Design to Construct Spectral Libraries
for Global Proteomic Analysis—We generate a spectral library of
identifiable peptides for global proteomic analysis using a standard
data-dependent acquisition (DDA) approach (supplemental Fig. S1).
For the DIA-type experiment to work, the identified peptides have to
be in that library first (27). Excitotoxicity is a major mechanism of
neuronal loss caused by ischemic stroke and traumatic brain injury.
We, therefore, included the pooled lysates of neurons with and
without glutamate treatment, brains of sham-operated mice, brains
of mice suffering dual carotid artery ligation-induced ischemic
stroke, and traumatic brain injury (TBI) (see Experimental Model 2 in
next subsection) to construct the spectral libraries and that is why
the library contains pooled samples from the representative samples.
Pre-fractionation of the pooled peptides was also performed to in-
crease the number of identifiable peptides and generate a deeper
library. Once we generated that library, all samples are analyzed
individually as a separate DIA experiment. The DIA approach then
makes use of the generated library for the identification and quan-
titation of peptides. This methodology allows for deeper identifica-
tion and a lower number of missing values. Besides the spectral
library for global proteomic analysis, we also generated two spectral
libraries with the identified phosphopeptides phosphoproteomic
analysis of neurons during excitotoxicity (28). As the present study
focuses on the modifications of N-terminome and the abundance of
proteins in neurons induced by glutamate treatment, we only report
the use of the spectral library generated by global proteomic analysis
in this article.

Rationale of the Experimental Design to Investigate the Neuro-
protective Effects of TAT-SRC in Vivo—The cell membrane—-permeable
TAT-Src peptide contains the segment encompassing the calpain
cleavage site (F®3-G®%) in Src identified in this study. It could enter
cultured cortical neurons and protect against excitotoxic neuronal
death by blocking calpain cleavage of Src (18). We aimed to investi-
gate if TAT-Src can enter neurons and protect against excitotoxic
neuronal death in vivo in a rat model of neurotoxicity (Experimental
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Model 4 in the next subsection). Being long peptides, it is likely that
TAT-SRC, FITC-TAT-SRC, and TAT-Scrambled are unable to pass
through the blood-brain barrier. To circumvent this potential problem,
stereotaxic injection of these peptides in specific regions of rat brains
prior to infusion of NMDA to induce excitotoxicity in the same brain
regions was adopted.

Biological Replicates of Cultured Mouse Cortical Neurons Were
Used in Global Proteomics and N-Terminomics Analyses and Cell
Viability Assays—Three replicates of neurons with or without gluta-
mate treatment were used in global proteomic and N-terminomic
analyses and cell viability assays to monitor changes in protein
abundance, N-terminome, and neuronal viability in response to
glutamate treatment. The cultured neuronal cells used in each repli-
cate consist of the primary neurons collected from all fetuses (~6-8
fetuses) in one pregnant mouse. Together, neurons of fetuses from
three different pregnant mice were used in the analysis. As such, the
replicates were biological, not technical replicates.

Rationale of the statistical Design to Determine the Ratio Cutoff
Values that Define Whether the Identified Neo-N-Terminus of a
Neuronal Protein Was Generated by Proteolytic Processing or Protein
Degradation—Based upon the normalized distribution of the log, M/L
ratios of the identified neo-N-terminal peptides, we determined the
median and standard deviations (SD) of the distribution of the log, M/L
ratios. Statistically, values that are outside the 1.5 interquartile range
(IQR) are considered outliers (29). The 1.5x IQR values can be
calculated as 5x SD of the distributions of the abundance ratios (log,
M/L ratios) of all quantifiable N-terminal peptides. Using Tukey’s
1.5% interquartile range (IQR) rule (29), we determined the abundance
ratio cut-off values (M/L) for the neo-N-terminal peptides exhibiting
significantly reduced abundance and those exhibiting significantly
increased abundance during excitotoxicity. The same approach was
adopted to determine the abundance ratio cut-off values to identify
the neo-N-terminal peptides generated by significant proteolysis by
neuronal proteases activated in response to co-treatment with gluta-
mate and calpeptin, the M/L ratio cut-off values equivalent to 1.5 IQR
were calculated.

Neo-N-terminal peptides with logo(M/L ratio) outside the 1.5 IQR
range were considered to be those derived from neuronal proteins
undergoing significant proteolysis during excitotoxicity. As discussed
in the subsection entitled “Remodeling of the Neuronal N-Terminome
During Excitotoxicity Occurs Without Changes in Protein Abundance”
of the Results section, those with log,(M/L ratio) >5 x SD were
classified as the neo-N-terminal peptides derived from neuronal pro-
teins undergoing significant proteolytic processing to generate stable
truncated fragments, while those with log,(M/L ratio) <—(5 x SD) were
defined as neo-N-terminal peptides derived from neuronal proteins
undergoing significant degradation.

Animals

Both mice (C57BL/6, C57BL/6J and Camk2a™") and rats (male,
male Hooded Wistar) were used in both the in vitro and the in vivo
studies. For the preparation of cultured mouse cortical neurons, the
procedures were approved by the University of Melbourne Animal
Ethics Committee (License number: 161394.1) and were performed in
accordance with the Prevention of Cruelty to Animals Act 1986 under
the guidelines of the National Health and Medical Research Council
Code of Practice for the Care and Use of Animals for Experimental
Purposes in Australia.

For global proteomic and N-terminomic analyses of mouse cortical
neurons, cultured mouse neurons derived from mouse embryos were
used. The embryos were collected from pregnant C57BL/6 mice
(gestational day 14-15) after they were euthanized by CO,
asphyxiation.

For the dual carotid artery ligation (DCAL) ischemic stroke mouse
model and the controlled cortical impact mouse model of TBI, male
C57BL/6 mice (20-30 g) were used (30, 31). Brains from sham-
operated mice and those from mice subjected to dual carotid artery
ligation ischemic stroke and TBI were prepared solely for the con-
struction of spectral libraries. All experiments were performed in strict
accordance with the guidelines of the National Health & Medical
Research Council of Australia Code of Practice for the Care and use of
Animals for Experimental Purposes in Australia. Permission for the use
of these mouse models was granted by the Australian Medical
Research and Education Precinct Animal Ethics Committee (E/1683/
2016M).

For the animals used in the mouse photothrombotic stroke models,
young male C57BL/6J (3—4 months, 27-30 g) were obtained from the
Biomedical Research Facility, University of Otago, New Zealand.
Camk2a™"~ mice (Camk23™™3SVa MGI:2389262 mice backcrossed into
the C57BL/6J background) (32) were bred as heterozygous to
generate Camk2a™~ and Camk2a*’* littermates in the In Vivo Phar-
macology Research Unit, University of Copenhagen, Denmark.
Heterozygous Camk2a™* mice were obtained from a founder colony at
the Department of Neuroscience, Erasmus University Medical Center,
Rotterdam, the Netherlands as a kind gift from Y. Elgersma. All pro-
cedures on wild-type C57BL/6J mice were performed in accordance
with the guidelines on the care and use of laboratory animals set out
by the University of Otago, Animal Research Committee, and the
Guide for Care and Use of Laboratory Animals (NIH Publication No.
85-23, 1996). For stroke surgeries involving Camk2a™~ mice, ethical
permission was granted by the Danish Animal Experiments Inspec-
torate (permission 2017-15-0201-01248), and all animal procedures
were performed in compliance with Directive 2010/63/EU of the Eu-
ropean Parliament and of the Council and with Danish Law and Order
regulating animal experiments (LBK no. 253, 08/03/2013 and BEK no.
88, 30/01/2013). All procedures were performed in accordance with
the ARRIVE (Animal Research: Reporting In Vivo Experiments) guide-
lines. All measures were taken to minimize pain, including subcu-
taneous administration of buprenorphine hydrochloride (0.1 ml of a
0.5 mg/kg solution, Temgesic) as pre-emptive post-surgical pain relief.

For the animals used in the rat model of neurotoxicity, male Hooded
Wistar rats weighing 300 to 340 g sourced from Laboratory Animal
Services, University of Adelaide, Australia were used. The protocol
was approved by the St Vincent’s Hospital animal ethics committee
(AEC016/12). All surgeries were performed under general anesthesia,
and paracetamol (2 mg/kg in drinking water) was provided for 24 h
prior to and after surgery in order to minimize suffering and included
monitoring each rat throughout the length of the study to ensure their
wellbeing.

Experimental Model I: Preparation of Cultured Mouse Primary
Cortical Neurons—Cultured mouse cortical neurons were prepared for
the construction of spectral libraries, multidimensional proteomic an-
alyses, and validation of the proteomic results by biochemical
methods. The cortical region was aseptically micro-dissected out of
the brains of the embryos, free of meninges; digested with 0.025% (w/
v) trypsin in Krebs Buffer (0.126 M NaCl, 2.5 mM KCI, 25 mM NaHCOs3,
1.2 mM NaH,PO,, 1.2 mM MgCl,, 2.5 mM CaCl,, pH 7.2); and incu-
bated at 37 °C with shaking to dissociate the connective tissues. After
20 min of incubation, 0.008% (w/v) DNase | (Roche Applied Science)
and 0.026% (w/v) soybean trypsin inhibitor (Sigma) in 10 ml Krebs
solution (DNase I/soybean trypsin inhibitor solution) were added to the
suspension to stop the trypsin action and initiate the digestion of DNA.
Gentle mixing by inversion of the suspension was performed. Cells in
the suspension were collected by centrifugation at 1000g for 3 min at
room temperature. They were resuspended in 1 ml of DNase I/soy-
bean trypsin inhibitor solution. After aspiration of the supernatant, the
cells were resuspended in a plating medium (minimum essential
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medium) supplemented with 2 mM L-glutamine, 0.22% v/v NaHCOg,
1% penicillin-streptomycin, 5% v/v horse serum and 10% v/v fetal calf
serum). Approximately 800,000 cells per well were seeded to a 12-well
plate pretreated with 0.1 mg/ml Poly-D-lysine. After incubation at
37 °C in 5% CO, for 2 h, the medium was replaced with neurobasal
medium supplemented with 0.2 mM L-glutamine, 0.01 mg/ml
penicillin-streptomycin, and B27 supplement (NB/B27). Cultures were
maintained for 7 days (days in vitro 7 (DIV7)). Immunofluorescence
microscopy analysis using antibodies against neuronal, astrocytic,
and microglial markers revealed that the DIV7 culture contained 94.1 +
1.1% neurons, 4.9 + 1.1% astrocytes, <1% microglia, and <1% other
cells (data not shown). The DIV7 cultures, highly enriched with neu-
rons, were used for the experiments.

To induce excitotoxicity, the DIV 7 neuronal cultures were treated
with 100 pM glutamate in NB/B27 for 30 and 240 min. For co-
treatment with glutamate and calpeptin, the DIV 7 neuronal cultures
were treated with 100 pM glutamate and 20 uM calpeptin in NB/B27
for 30 and 240 min. For control, viable untreated cells from the same
batch of DIV 7 neuronal cultures were used for proteomic and
biochemical analyses.

Experimental Model 2: Mouse Models of DCAL Ischemic Stroke and
TBI Used for Proteomic Analyses—To generate the DCAL stroke
model (30), mice were placed into a plastic box and initially anes-
thetized with 5% Isoflurane (in 1.0 ml/min O,) and maintained on 1.5%
Isoflurane for the duration of the experiment. A temperature probe
connected to a thermoblanket (Harvard Apparatus Ltd) was inserted
into the rectum to monitor body temperature, and body temperature
was maintained at 37 °C throughout the experiment using a heat lamp.
All surgical procedures were performed using aseptic technique.
Surgical instruments were sterilized using a bead sterilizer (Steri350,
Sigma Aldrich) before use. The mouse was affixed in a supine position
on the thermoblanket using tape, and the neck shaved and swabbed
with alcohol. Through a ventral midline incision, the carotid arteries
were exposed via blunt dissection and carefully dissected clear of the
vagus nerve and surrounding tissue. A stabilization period of 10 min is
allowed between the isolation of each artery. The right jugular vein was
also exposed via a cut to the skin and blunt dissection for the purpose
of drug administration. Following the surgical procedures, the animals
were allowed to stabilize for 10 min before the experiment proceeded.
The left carotid artery is permanently ligated using a 6-0 silk suture
(6-0 black braided silk suture, SDR Scientific). Following a stabilization
period of 10 min, the right carotid artery is then transiently occluded
for 30 min using a small hemostatic clamp. After the transient occlu-
sion, the neck incision was closed using tissue glue (Leukosan Ad-
hesive, BSN medical Inc), and the mouse was allowed to recover
under 1% O,. Animals were housed separately following surgery with
access to food and water ad libitum. At 24 h post-surgery, the mice
were euthanized, and their brains were removed and stored at —80 °C.

A mouse model of TBI was used to generate brain lysates to
construct the spectral libraries for global proteomic analysis (this
study) and phosphoproteomic analysis (described in the pre-print
(28)). For this model, controlled cortical impact (CCl) was induced.
This procedure is well established and induces a reproducible brain
trauma with a mortality of less than 5% (31). After anesthesia with
0.5 g/kg avertin (1.875% solution dissolved in 0.9% sodium chloride
pre-warmed at 37 °C, 2,2,2-tribromoethanol; Sigma Aldrich #T48402;
1 mg/ml in tert-amyl alcohol), injected intra-peritoneally (i.p.), mice
were placed in a stereotaxic frame (Kopf). A sagittal incision in the
midline of the head was performed and the skull was cleaned with a
6% hydrogen peroxide solution using a sterile cotton swab. This was
followed by a 5 mm diameter craniotomy performed with a drill over
the left parietal cortex. The impactor was positioned at a 20° angle
with the tip (cylindrical rod) touching the brain surface, and a single
blunt force trauma was inflicted to the exposed brain area with an

impact depth of 2 mm, a velocity of 5 m/s, and dwell time of 400 ms
inducing a moderate to severe brain trauma. The exposed brain was
then sealed using bone wax (Ethicon, Johnson and Johnson #W810T),
and the skin incision was sutured with a non-absorbable braided
treated silk (Dynek, Dysilk) and treated with a local anesthetic (xylo-
caine) and an antiseptic (betadine). For the sham procedure, only the
scalp incision, without craniotomy and CClI, was performed since even
the craniotomy without CCl results in a brain lesion (33). Regardless of
the experimental design, however, mice were placed on a 37 °C heat
pad within 30 min after induction of anesthesia for post-surgery re-
covery, and they usually recovered within 40 to 60 min. Animals were
housed separately following surgery with access to food and water ad
libitum. At 24 h post-surgery, the mice were euthanized, and their
brains were removed and stored at —80 °C.

To prepare the brain lysates from DCAL ischemic stroke mice, TBI
mice, and sham-operated mice for generation of the spectral libraries,
we homogenized the frozen tissue biopsies in ice-cold RIPA buffer
(50 mM Tris-HCI, pH 7.0, 1 mM EDTA, 5 mM EGTA, 1 mM dithio-
threitol, 10% (v/v) glycerol, 1% Triton X-100, 0.01% SDS, 150 mM
NaCl, 50 mM NaF, 40 mM sodium pyrophosphate, 0.5 mM NazVOy,,
50 mM B-glycerol phosphate, 0.2 mM benzamidine, 0.1 mg/ml phe-
nylmethyl sulfonyl fluoride) supplemented with 1% cOmpleteTM pro-
tease inhibitor cocktail (Roche Diagnostics). The tissue lysates were
harvested and centrifuged at 12,5009 for 15 min at 4 °C. Supernatants
were collected and the protein concentrations were determined by
BCA protein assay (Pierce-Thermo Scientific) prior to storage at —80
°C for further processing.

Experimental Model 3: A Mouse Model of Photothrombotic
Ischemic Stroke Used for Biochemical Investigation of Proteolytic
Processing of CaMKIl, Src, and CRMP2—For the mouse model of
photothrombotic stroke used for biochemical investigation of pro-
teolytic processing of CaMKIl, Src, and CRMP2, young adult male
C57BL/6J mice (3-4 months, 27-30 g, n = 4-5) were subjected to
photothrombotic stroke as previously described (34). In brief, mice
were anesthetized with isoflurane (4% induction, 2-2.5% maintenance
in Oy), and body temperature was kept at 37 °C using a heating pad
throughout the procedure. Mice were placed in a stereotactic frame
(9000RR-B-U; KOPF). The skin was sterilized using chlorhexidine
(80% in 70% ethanol, Hibitane). Following exposure of the skull
through a midline incision, it was cleared of connective tissue and
dried. A cold light source (KL1500 LCD, Zeiss) attached to a 40x
objective providing a 2-mm diameter illumination was positioned
1.5 mm lateral from bregma. Next, 0.2 ml of Rose Bengal (Sigma-
Aldrich; 10 mg/ml in normal saline) was administered i.p. 5 min prior to
illumination. Then, the brain was illuminated through the exposed
intact skull for 15 min with 3300 K color temperature intensity. The
skin was glued and the animals were returned to its home cages
placed on a heating pad during the wake-up phase. Sham surgery was
performed in the exact same way, except that saline was injected
instead of Rose Bengal. Mice were housed in groups of 2 to 5 under
standard conditions in individually ventilated cages (IVC: Tecniplast):
21 °C + 2 deg. C and humidity of 50 + 10%, on a 12 h light/dark cycle
with ad libitum access to food and water. Mice were monitored and
weighed after surgery. All animals were randomly assigned to exper-
imental groups. No deaths were reported during these studies. One
mouse was excluded from the stroke +4 h survival group due to the
lack of any visible stroke being detected, most likely due to experi-
menter error with the Rose Bengal most likely being injected into the
bladder. Mice were euthanized by cervical dislocation, followed by
rapid extraction of the brain at 1, 3, 4, 6, 12 and 24 h after stroke
induction. Brains were snap-frozen and stored at —80 °C until further
processing.

For the preparation of the brain lysate from photothrombotic
ischemic stroke mice, brains were processed and prepared for
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Western blot analysis as previously described in Leurs et al. (26). In
brief, peri-infarct tissue was collected at —20 °C using a tissue punch,
and tissue homogenization was performed using a Bullet Blender in
RIPA buffer supplemented with 1% cOmpleteTM protease inhibitor
cocktail (Roche Diagnostics), 1% phosphatase inhibitor cocktail 2
(#P5726, Sigma-Aldrich), and 1% phosphatase inhibitor cocktail 3
(#P0044, Sigma-Aldrich). Protein concentration was determined with
the Pierce BCA Protein Assay Kit (#23227; Thermo Fisher Scientific).
Samples were prepared for Western blot analysis by addition of 4x
Fluorescent Compatible Sample Buffer (#L.C2570; Thermo Fisher) and
100 mM DTT with a protein concentration of 2 pg/ul. Samples were
heated for 5 min at 95 °C, sonicated, and centrifuged 11,0009 for
2 min at 4 °C. 20 pg samples were loaded onto 4 to 20% Mini-
PROTEAN TGXTM gels (Bio-Rad), and SDS-PAGE was performed
for 40 min (200 V) with 1x Tris/glycine/SDS (25 mM Tris, 192 mM
glycine, 0.1% SDS, pH 8.3) running buffer. Protein transfer to a PVDF
membrane (#4561096, Biorad) was performed using the Trans-Blot
TurboTM transfer system (Bio-Rad) (2.5 A, 7 min), and membranes
were blocked 1x BlockerTM FL Fluorescent Blocking Buffer (#37565,
Thermo Fisher) for 30 min at room temperature.

Following primary antibody incubation, membranes were
washed three times (5 min per wash) in 1x tris-buffered saline
(TBS) with 0.1% Tween-20 detergent (TBS-T). Next, membranes
were probed with species-specific secondary antibodies, and
washed again 3x for 10 min with TBS-T. Images were acquired
with the iBright FL1500 imaging system (Invitrogen), and signals
were quantified in Image Studio (Lite version 5.2). Data were
analyzed in GraphPad Prism (version 8), presented as mean + SD,
and statistical analysis was performed using one-way ANOVA,
post hoc Dunnett’s test.

Experimental Model 4: In Vivo Model of NMDA Neurotoxicity—To
induce NMDA excitotoxicity in vivo, male hooded Wistar rats (n = 12)
weighing 300 to 340 g (Laboratory Animal Services, University of
Adelaide, Australia) were used. Rats were anesthetized with intraper-
itoneal administration of ketamine and xylazine (75 mg/kg and 10 mg/
kg, respectively) and maintained by inhalation of isoflurane (95% ox-
ygen and 5% isoflurane). Rats were positioned in a stereotaxic frame
(Kopf), and four burr holes were drilled into the right hemisphere
corresponding to the predetermined sites for NMDA infusion (Site 1:
AP +3.2, ML -2.7, DV -2.9; Site 2: AP +2.4, ML -2.7, DV -2.9; Site 3:
AP +0.6, ML -3.8, DV -2.9; Site 4: AP +0.12, ML -2.8, DV -5.9). Rats
were randomly assigned into three cohorts and received Vehicle
(sterile Milli-Q H>O, 3 pl per site), TAT-SRC peptide (5 mM in sterile
Milli-Q H20, 3 pl per site), or TAT-Scrambled peptide (5 mM in sterile
Milli-Q H»0, 3 pl per site) via direct infusion at 0.2 pl/min into each site
1 h prior to infusion of NMDA (70 mM, 1 ul PBS per site). Following
infusion, each burr hole was filled with bone wax and wounds were
sutured. In separate studies, rats were infused with FITC-TAT-SRC
peptide without NMDA to assess neuronal uptake and cell speci-
ficity at 1 h after infusion.

For analysis of the effect of TAT-SRC on neuronal loss in vivo,
randomization was used in group allocation and data analysis. Rats
that received treatment with NMDA + TAT-SRC, TAT-Scrambled, or
Vehicle were allowed to recover for 24 h prior to lethal overdose
(lethobarb) and decapitation. Forebrains were collected and rapidly
frozen over liquid nitrogen and stored at —80 °C prior to processing.
Coronal sections (16 pm thick) were prepared using a Leica cryostat
(Leica Microsystems) across the four coronal planes corresponding to
the NMDA infusion sites.

For immunohistochemistry analysis, immunofluorescence staining
was performed in forebrain tissue sections to identify TAT-SRC cell
specificity and treatment effects following NMDA excitotoxicity.
Sections were first fixed in 4% PFA for 15 min at room temperature
prior to wash (3 X 5 min washes with 0.1 M PBS) and a blocking step

in 5% NGS and 0.3% Triton X-100 and 0.1 M PBS for 30 min.
Sections were again washed (3 x 5 min washes with 0.1 M PBS) and
adjacent sections incubated with primary antibodies to detect neu-
rons, astrocytes, and microglia using the following primary anti-
bodies: mouse anti-NeuN (1:500, Chemicon); mouse anti-GFAP
(1:400, Millipore); and mouse anti-OX-42 (1:100, Serotec) in 2% NGS,
0.3% Triton X-100, and 0.1 M PBS overnight at 4 °C. The following
day sections were again washed (3 x 5 min washes with 0.1 M PBS)
and incubated with secondary fluorophore-conjugated antibody
Alexa 555 goat anti-mouse (1:500, Thermo Fisher Scientific) for
visualization of each primary antibody. For all experiments, DNA
counterstain DAPI (Molecular Probes, Thermo Fisher Scientific) was
applied before coverslipping with ProLong gold anti-fade reagent
(Invitrogen). Control studies included the omission of each primary
antibody.

For lesion assessment and stereology of rat brains, triplicate sec-
tions from each NMDA infusion site were visualized using an Olympus
microscope (Albertslund, Denmark) equipped with a 578 to 603 nm
filter set for the detection of red fluorescence, at x20 magnification.
NMDA-induced lesions were identified by a distinct reduction or
absence of NeuN fluorescence, which was analyzed manually by
tracing the site of injury using ImagedJ software (NIH, Bethesda, MD,
USA). Lesion volume was then determined as described by Osborne
et al. (35) by integrating the cross-sectional area of damage between
each stereotaxic infusion site and the distance between sites. The
number of NeuN-positive cells within each lesion was also point
counted using ImagedJ software using a grid overlay to estimate the
total number of NeuN-positive cells within each region and expressed
as the number of cells/mm?. Data obtained for infarct volume and the
effects of treatment on neuronal counts were analyzed by one-way
ANOVA followed by the Bonferroni post hoc test. For infarct volume
analysis, based on an a priori power analysis for one-way ANOVA
(G*Power 3.1.9.2), we used at least three animals per group to find a
large effect size on reduced size, where 40% reduction was consid-
ered improved with the standard deviation of 20% (f = 0.6, « = 0.05,
power = 0.80). For stereology to quantify the number of surviving
neurons, based on a priori power analysis for one-way ANOVA
(G*Power 3.1.9.2), we used at least three animals per group to find a
large effect size on surviving neurons, where 20% salvage is
considered improved and the standard deviation is 8% (f = 0.2, a =
0.05, power = 0.80). Data were analyzed using GraphPad Prism,
version 6 (GraphPad Software Inc) and presented as mean = standard
error of the mean (SEM). Statistical significance was defined as p <
0.05.

For investigation of cell specificity of TAT-SRC peptide in rat brains,
Immunofluorescence within adjacent tissue sections was visualized
using a fluorescent microscope equipped with a 578 to 603 nm filter
set for detection of red fluorescence (NeuN, GFAP, OX-42), a 495 to
519 nm filter set for the detection of green fluorescence (FITC-TAT-
SRC), and a 478 to 495 nm filter set for detection of blue fluorescence
(DAPI) (ZeissAxioskop2). Immunohistochemical co-localization of the
stereotaxically infused FITC-TAT-SRC was clearly identified in the
cortex and striatum and was co-localized with the neuronal marker
NeuN but not with the astrocytic marker GFAP or the microglial marker
OX-42 1-h post-infusion.

For infarct assessment, absence or reduction in NeuN immuno-
reactivity in brain sections was monitored because it revealed
NMDA-induced lesions within the motor and parietal cortex as well
as the striatum. Total lesion volume was consistent across treatment
groups with no significant difference in the volume of damage
detected between groups (p > 0.05, n = 3/group, one-way ANOVA).
Stereological point counting of NeuN-positive cells within the lesion
revealed treatment-specific effects, where the number of neurons in
rats treated with TAT-SRC was compared with that in rats receiving
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vehicle or TAT-Scrambled control (p < 0.0001, n = 3/group, one-way
ANOVA,).

MTT Cell Viability Assay and LDH Release Assay of Neuronal
Death

Primary cortical neurons were incubated for 480 min with and
without the addition of 100 pM of glutamate. The control neurons were
incubated for 480 min in the culture medium. For neurons treated with
glutamate for 30 min, 60 min, 120 min, and 240 min, they were pre-
incubated in the culture medium for 450 min, 420 min, 360 min, and
240 min, respectively, prior to the addition of glutamate to induce
excitotoxicity. For neurons treated with glutamate for 480 min, they
were treated with glutamate without pre-incubation in culture medium.

Cell viability was determined from primary cortical neurons (seeded
in 24-well plates) using the 3-(4,5-dimethylthiazole-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. MTT stock solution
(5 mg/ml (w/v) in sterile PBS) was diluted 1/100 in a culture medium. At
the end of the treatment of cultured neurons, the culture medium was
aspirated and replaced by the diluted MTT solution. After incubation
for 2 h, the diluted MTT solution was removed and 200 ul DMSO was
added per well to dissolve the formazan crystals formed. Absorbance
at 570 nm was measured using the Clariostar Monochromator
Microplate Reader (BMG Lab Technologies). Cell viability was
expressed as a percentage of the control cells.

The activity of lactate dehydrogenase (LDH) released from the
damaged neurons to the culture medium was measured. Briefly, 50 pl
of culture medium from each well of the culture plate was transferred
to 96 well-microtiter plates (Falcon). 100 ul of LDH assay mixture
containing an equal volume of LDH assay substrate solution, LDH
Assay dye solution, and LDH assay cofactor was then added to each
well. The reaction was allowed to proceed at room temperature for
30 min in the dark and was stopped by adding 50 pul of 1 mM acetic
acid. The absorbance at 490 nm of the whole mixture was measured in
triplicate with the Clariostar Monochromator Microplate Reader (BMG
Lab Technologies). The release of LDH was calculated as a percent-
age of the untreated control.

Fluorescence Histochemical Analysis of Cultured Cortical
Neurons

For fluorescence and histochemistry of cultured primary neurons,
isolated cells were seeded onto polylysine-treated 12 mm glass
coverslips (placed in 12 well plates) and allowed to mature for 7 days
in culture before glutamate treatment. Following treatment, cells were
fixed in 4% paraformaldehyde for 20 min, permeabilized (10% goat
serum in PBS containing 0.01% Triton-X) for 20 min, and then blocked
(10% goat serum in PBS) for 60 min. Cells were incubated with anti-
CRMP2 antibody (diluted 1:1000 in block buffer) overnight at 4 °C,
then PBS washed, and incubated in an anti-rabbit-Alexa488 sec-
ondary antibody (1:500 in block buffer), anti-phalloidin-Tritc (1 pM,
Sigma), and DAPI (1 uM, Sigma) for 60 min and a final PBS wash
before being mounted onto glass slides using antifade mounting
media (Prolong Gold, Invitrogen). A Zeiss axioscope2 microscope
using a 40x objective lens equipped with Zeiss HRc camera with filter
sets for FITC (green) and Rhodamine (red) was used to take images for
histological analysis. Identical settings and exposure time were used
to capture images for both peptides. Images were processed using
Zen blue software (Zeiss) to generate tiff images before importing
them into ImageJ software (NIH, version 1.5b), and the number of
blebs were counted in fields.

Cleavage of Recombinant CaMKiIl by Calpain-1 in Vitro

For in vitro cleavage experiments of CaMKII, recombinant CaMKII
was autophosphorylated prior to cleavage. Experiments were

performed in digestion buffer (50 mM Tris-HCI, pH 7.4, 2 mM DTT,
30 mM NaCl, 10 mM CaCl,). To generate pT286-CaMKlla and pT287-
GST-CaMKIIB, 200 ng of the respective purified protein was stimu-
lated with 10 pM ATP, 10 mM Mg?*, 1.5 Ca?*, and 5 M CaM at 30 °C
for 2 min. CaMKII proteins with and without prior autophosphorylation
were incubated with calpain-1 (1 unit) for 45 min at 30 °C in digestion
buffer, and digested samples were immediately analyzed by Western
blot analysis as described earlier.

Construction of Spectral Libraries of Cultured Cortical Neurons
and Mouse Brain Tissues

Briefly, proteins in the lysates were precipitated with cold acetone
(=20 °C) and then resuspended in 8 M urea in 50 mM triethylammo-
nium bicarbonate (TEAB). Proteins are then reduced with 10 mM tris(2-
carboxyethyl) phosphine Hydrochloride (TCEP), alkylated with 55 mM
iodoacetamide, and digested with trypsin (trypsin to protein ratio of
1:50 (w/w)) overnight at 37 °C. The resultant tryptic peptides were
purified by solid phase extraction (SPE) (Oasis HBL cartridge, Waters).
For global proteome analysis, 100 pg of these peptides were frac-
tionated into eight fractions using the high pH reversed-phase frac-
tionation kit (Pierce) according to the manufacturer’s protocol before
analysis on the Q-Exactive Orbitrap.

The LC system coupled to the Q-Exactive Orbitrap mass spec-
trometer was equipped with an Acclaim Pepmap nano-trap column
(Dinoex-C18, 100 A 75 pm X 2 cm) and an Acclaim Pepmap RSLC
analytical column (Dinoex-C18, 100 A, 75 pm x 50 cm). After pre-
fractionation with the high pH reversed-phase fractionation Kkit,
tryptic peptides in each of the eight fractions were injected into the
enrichment column at an isocratic flow of 5 pl/min of 2% (v/v) CH3CN
containing 0.1% (v/v) formic acid for 6 min before the enrichment
column was switched in-line with the analytical column. The eluents
were 0.1% (v/v) formic acid (Solvent A) and 100% (v/v) CH3CN in 0.1%
(v/v) formic acid (Solvent B). The flow gradient was (i) 0 to 6 min at 3%
Solvent B, (i) 6 to 95 min, 3 to 20% Solvent B, (jii) 95 to 105 min, 20 to
40% Solvent B, (iv) 105 to 110 min, 40 to 80% Solvent B, (v) 110 to
115 min, 80 to 80% Solvent B, (vi) 115 to 117 min 85 to 3% Solvent B
and equilibrated at 3% Solvent B for 10 min before the next sample
injection. In the DDA mode, full MS1 spectra were acquired in positive
mode, 70,000 resolution from 300 to 1650 m/z, AGC target of 3e®, and
maximum IT time of 50 ms. Fifteen of the most intense peptide ions
with charge states >2 and intensity threshold of 1.7e* were isolated for
MSMS. The isolation window was set at 1.2 m/z and precursors
fragmented using a normalized collision energy of 30, 17,500 resolu-
tion, AGC target of 1e°, and maximum IT time of 100 ms. Dynamic
exclusion was set to 30 s. In the DIA mode, the separation gradient
was identical to that for DDA analysis. The Q-Exactive plus mass
spectrometer was operated in the hyper reaction monitoring/data in-
dependent (HRM/DIA) mode, whereby full MS1 spectra were acquired
in positive mode from 400 to 1000 m/z, 70,000 resolution, AGC target
of 3e® and maximum IT time of 50 ms. The isolation window was set at
21 m/z with a loop count of 30 and all precursors fragmented using a
normalized collision energy of 30, 17,500 resolution, AGC target
of 1e®.

Analysis of Global Proteome of Neurons

Three biological replicates per group were used (i.e., n = 3 for the
control group, n = 3 for each of the treatment groups: treatment with
glutamate for 30 min or 240 min). Neuronal lysates (500 pg) were
mixed with cold acetone (-20 °C) (1:5, v/v) in microfuge tubes and
incubated at -20 °C overnight to precipitate proteins. Acetone
precipitated proteins (in control and treated lysates) were resus-
pended in 8 M urea in 50 mM TEAB (pH 8.0), and protein estimation
was carried out using BCA assay (Pierce-Thermo Scientific) according
to the manufacturer’s instruction. Equal amounts of protein were
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reduced with 10 mM tris-(2-carboxyethyl)-phosphine (TCEP) for
45 min at 37 °C in a bench-top vortex shaker. Reduced samples were
alkylated with 55 mM iodoacetamide shaking 45 min at 37 °C. Sam-
ples were diluted to 1 M urea (diluted with 25 mM TEAB) and digested
with sequencing grade modified trypsin (1:50) overnight at 37 °C.
Digested samples were acidified to 1% (v/v) with pure formic acid, and
SPE was carried out with 60 mg Oasis HBL cartridge (Waters) to clean
up the digested peptides. Briefly, the cartridge was washed with 80%
acetonitrile (ACN) containing 0.1% trifluoroacetic acid (TFA) first and
then with only 0.1% TFA before sample loading. Samples were
washed again with 0.1% TFA and eluted with 800 pl 80% ACN con-
taining 0.1% TFA. An aliquot (20 ng) of eluted peptides was freeze-
dried overnight prior to analysis of changes in the global proteome.
For quantitative global proteomic analysis, 1 ug peptide in the pres-
ence of spiked-in iRT peptide was injected into the mass spectrometer
and analyzed using the HRM/DIA mode followed by analysis with the
Spectronaut DIA-MS methodology and making use of the global
proteome-specific spectral library built with the SEQUEST search
engine incorporated in Proteome Discover (PD) (36).

Analysis of the Changes in Neuronal N-Terminome During
Excitotoxicity by the Terminal Amine Isotopic Labeling of
Substrates (TAILS) Method

Three biological replicates per group were used (i.e., n = 3 for
control group, n = 3 for each of the treatment groups: treatment with
glutamate for 30 min or 240 min). Neurons were treated with the
neurotoxic concentration of glutamate (100 pM) for 30 min and
240 min. This toxic treatment strategy has been known to induce
enhanced limited proteolysis (referred to as proteolytic processing) as
well as degradation of specific neuronal proteins by specific proteases
activated in response to glutamate over-stimulation (referred to as
excitotoxicity-activated proteases) (18, 37). Proteins in the cell lysates
of control (untreated) neurons and glutamate-treated neurons were
precipitated by ice-cold acetone. After resuspension and denaturation
in 8 M guanidinium hydrochloride in 100 mM HEPES, the neuronal
proteins were reduced and alkylated. This is followed by isotopic
dimethyl labeling of the free amino groups including the N*-amino
groups and e-amino groups of the lysine side chains in the neuronal
proteins. Proteins of the control neurons were labeled with formal-
dehyde (CH,0) (referred to as light dimethyl labeled), while those of
the glutamate-treated neurons were labeled with deuterated formal-
dehyde (CD,0) (referred to as medium dimethyl labeled). Thus, the
neo-N-termini of truncated protein fragments generated by proteolysis
catalyzed by the excitotoxicity-activated proteases were medium
dimethyl labeled (i.e., covalently linked with deuterated dimethyl
groups). The light dimethyl-labeled proteins from control neurons and
the medium dimethyl-labeled proteins from treated neurons were
mixed at a ratio of 1:1 (w/w). The protein mixture was subjected to
tryptic digestion. Tryptic peptides derived from the N-terminal end of
neuronal proteins were devoid of free amino groups because the
amino groups were either naturally blocked by modifications such as
acetylation and myristoylation in vivo or by dimethylation in vitro. The
other tryptic peptides derived from other parts of neuronal proteins
contained the newly formed free N*-amino group resulting from
trypsinization. These peptides were selectively captured by the Hy-
droxy Polyglycerol Aldehyde (HPG-ALD) Polymer by reaction of their
N*-amino groups with the aldehyde (-CHO) groups of the polymer.
After ultrafiltration to remove the complex of tryptic peptide-bound
HPG-ALD polymers from the naturally modified and dimethyl labeled
N-terminal peptides. The modified N-terminal peptides from each
sample were pre-fractionated into four fractions SDB-RPS (styrene-
divinylbenzene reverse phase sulfonate) based fractionation before
LC-MS/MS analysis on the Orbitrap Elite mass spectrometer. For
TAILS analysis of the effects of glutamate treatment in the presence of

calpeptin, the same number of animals per group and the same pro-
cedures were used to process neuronal lysates before LC-MS/MS
analysis.

LC-MS/MS was carried out on LTQ Orbitrap Elite (Thermo Scien-
tific) with a nanoESI interface in conjunction with an Ultimate 3000
RSLC nano HPLC (Dionex Ultimate 3000). The LC system was
equipped with an Acclaim Pepmap nano-trap column (Dionex-C18,
100 A, 75 pm x 2 cm) and an Acclaim Pepmap RSLC analytical col-
umn (Dionex-C18, 100 A, 75 pm x 50 cm). The tryptic peptides were
injected into the enrichment column at an isocratic flow of 5 pl/min of
3% v/v CH3CN containing 0.1% v/v formic acid for 5 min before the
enrichment column was switched in-line with the analytical column.
The eluents were 0.1% v/v formic acid (solvent A) and 100% v/v
CH3CN in 0.1% v/v formic acid (solvent B). The flow gradient was (j)
0 to 6 min at 3% B; (ii) 6 to 95 min, 3 to 20% B; (jii) 95 to 105 min, 20 to
40% B; (iv) 105 to 110 min, 40 to 80% B; (v) 110 to 115 min, 80 to 80%
B; (vi) 115 to 117 min 85 to 3% and equilibrated at 3% B for 10 min
before the next sample injection. The LTQ Orbitrap Elite spectrometer
was operated in the data-dependent mode with nano-ESI spray
voltage of 1.8 kV, capillary temperature of 250 °C, and S-lens RF value
of 55%. All spectra were acquired in positive mode with full scan MS
spectra from m/z 300 to 1650 in the FT mode at 240,000 resolution.
Automated gain control was set to a target value of 1.0e6. Lock mass
of 445.120025 was used. The top 20 most intense precursors were
subjected to rapid collision-induced dissociation (rCID) with a
normalized collision energy of 30 and activation g of 0.25. Dynamic
exclusion with 30 s was applied for repeated precursors.

Quantification and Statistical Analysis of Data of Global Proteomic
Changes in Mouse Primary Cortical Neurons Induced by
Glutamate Treatment

Protein/peptide identification from the DDA-based analysis and
subsequent spectral library generation was conducted using Prote-
ome Discoverer (v.2.1, Thermo Fischer Scientific) with the Sequest HT
search engine in combination with the Percolator semi-supervised
learning algorithm (38) and PhosphoRS (39) or with MaxQuant soft-
ware (version 1.5.3.30) utilizing the Andromeda search engine (40) on
Mus musculus protein database (SwissProt (TaxID = 10090)(Proteome
Discoverer knowledge base version 2017-10-25, 24,887 sequences).
The search parameters were a precursor tolerance of 20 ppm, MSMS
tolerance of 0.05 Da, fixed modifications of carbamidomethylation of
cysteine (+57 Da), methionine oxidation (+16 Da), N-terminal acety-
lation (+42 Da) or phosphorylation of serine, threonine, and tyrosine
(+80 Da). The enzyme specificities were Trypsin/P and a maximum of
one missed cleavage site. Peptides were accepted based on an FDR
of <0.01 at both the peptide and protein levels.

DIA-based quantitative analysis was carried out using the Spec-
tronaut software (Spectronaut 11, Biognosys). To build the spectral
library in Spectronaut based on MaxQuant and Proteome Discoverer
results, all the default parameters were used except that the best
N-terminal fragments per peptide were set to a minimum 5 and a
maximum 20. Two spectral libraries of phosphopeptides were built
with MaxQuant and Proteome Discover for phosphoproteomic anal-
ysis, whereas one library of peptides from the search results of Pro-
teome Discoverer was built for the global proteomic analysis of protein
abundance. The use of the two spectral libraries of phosphopeptides
for phosphoproteomic analysis of excitotoxic neurons was described
in another article (28). The DIA files for each sample were converted to
htrms format using HTRMS Converter (Biognosy) and loaded on
Spectronaut 11 for the generation of protein intensities. The default
parameters were used for data extraction, XIC extraction, calibration,
identification, and protein inference. The iRT profiling strategy was
used with unified peptide peak options enabled. For quantitation of
the tryptic peptides unique to each protein, the Q value percentile of
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0.75 was set. The minimum number of peptides required for quanti-
tation was set to be at least two unique + razer peptides for each
protein. Quantitation is based on stripped sequence, and global
normalization was performed. The Spectronaut results output was
further processed with Perseus software (version 1.6) (41).

Synthesis of FITC-TAT-SRC Peptide

Peptides were constructed on a CEM Liberty 12-Channel Auto-
mated Microwave Peptide Synthesizer using Fmoc-PAL-PEG-PS
(Rink resin; loading capacity 0.21 mmol/g; ThermoFisher, Cat.#:
GEN913383) and Fmoc-protected amino acids (GL Biochem). Fmoc
deprotections were performed using 20% piperidine in DMF. Activa-
tion of Fmoc-amino acids was achieved using a 0.5 M solution of
HCTU (2-(6-chloro-1H-benzotriazole-1-yl)-1,1,3,3-
tetramethylaminium hexafluorophosphate) and DIPEA (diisopropyle-
thylamine) in DMF in a ratio of 2 ml:2 ml:0.34 ml per 1 mmol of Fmoc
amino acid used. Peptide coupling and deprotection efficiency were
monitored using a 2,4,6-trinitrobenzene-sulfonic acid (TNBSA) assay
(42). The FITC-TAT-ahx-SRC(49-79) peptide (FITC-Tat-Src) was syn-
thesized sequentially as two main parts with an aminohexanoic acid
linker used between the two main sequences. First, the sequence ahx-
SRC 49-79 was synthesized. The synthesized peptide was validated
via ESI-MS and RP-HPLC. Then, the TAT peptide with sequence ahx-
GRKKRRQRRRPQ was continued on the ahx-SRC 49-79 sequence
while still on resin to generate ahx-TAT-ahx-SRC(49-79) peptide-
resin. FITC was coupled to ahx-TAT-ahx-SRC(49-79) peptide-resin
using HCTU and DIPEA. The peptide was cleaved from the resin us-
ing TFA/triisopropylsilane/H,O mixture (volume ratio of 95:2.5:2.5) for
90 min. Excess TFA was removed via evaporation with stream of N,
gas. The peptide was precipitated by the addition of diethyl ether. The
mixture was then centrifuged and the ether decanted. The pellet
containing the peptide was re-dissolved in 30% acetonitrile/H,O and
filtered through a 0.22 pm filter. The crude peptide solution was
lyophilized prior to purification by semi-preparative RP-HPLC. Frac-
tions containing the pure peptide were pooled and lyophilized. The
dried peptide was stored at 4 °C until further use. The purified peptide
was analyzed and validated via ESI-MS with a mass [M + H*] of
5385.4 Da, and RP-HPLC was shown as a single peak in the HPLC
chromatogram.

Key Resources

The antibodies used in our studies include rabbit polyclonal anti-
CRMP2 antibody (RRID: AB_2094339; Cat. No.: 9393; Cell Signaling
Technology), rabbit polyclonal anti-CRMP2 (phospho T509) antibody
(Cat. No.: ab192799; Abcam), anti-DCLK1 (anti-DCMKL1) antibody
against amino acids 679 to 729 near the C-terminus of DCLK1 (Cat.
No.: ab106635; Abcam), mouse anti-Src Mab327 antibody (RRID:
AB_443522; Cat. No.: ab16885; Abcam), anti-CD11b (Clone OX-42)
mouse monoclonal antibody (Cat. No.: MCA275G; BioRad (formerly
serotec)), NeuN rabbit polyclonal antibody (RRID: AB_10807945; Cat.
No.: ABN78; MERK Millipore (Sigma Aldrich)), anti-GFAP mouse
monoclonal antibody (Clone GA5) (RRID: AB_11212597; Cat. No.:
MAB360; MERCK Millipore (Sigma Aldrich), CaMKllx (#NB100-1983,
RRID: AB_10001339; mouse monoclonal 1gG, clone 6g9, Novus Bi-
ologicals), CaMKIl (pan) (#4436, RRID:AB_1054545; rabbit monoclonal
1gG, clone D11A10, Cell Signaling Technology), beta-Actin (#ab6276,
RRID: AB_2223210; mouse monoclonal IgG, cloneAC-15, Abcam),
CaMKIIp (#ab34703, RRID: AB_2275072; rabbit polyclonal antibody,
Abcam); Goat anti-mouse Alexa Fluor Plus 800 (#A32730, RRID:
AB_2633279; polyclonal IgG, Invitrogen) and donkey anti-rabbit Alexa
Fluor Plus 488 (#A32790, RRID: AB_2762833; polyclonal IgG,
Invitrogen).

The following recombinant proteins were used: CaMKllx
(#PR4586C, Invitrogen), GST-CaMKIIf (#02-110, Carna biosciences),

recombinant neuronal c-Src (18) and Calpain-1 (#208713-500UG,
Calbiochem).

Chemicals and reagents specifically used for proteomic analysis
include Pierce high pH reversed-phase peptide fractionation kit (Cat.
No.: 84868; ThermoFisher), High-Select Fe-NTA phosphopeptide
enrichment kit (Cat. No.: A32992; ThermoFisher), titansphere phos-
TiO, (Cat. No.: 5010-21315; GL Sciences), triethylammonium bicar-
bonate (TEAB) buffer (Cat. No.:5010-21315; Sigma), formaldehyde
(DLM-805-PK (CD,0) ULM-9498-PK (CH,0), Cambridge Isotope), and
hydroxyl polyglycerol aldehyde (HPG-ALD) polymer (UBC.FLINTBOX
https://ubc.flintbox.com/#technologies/888fc51c-36¢c0-40dc-a5¢c9-
0f176ba68293).

The chemicals used for the synthesis of the cell-permeable TAT-
Src, TAT-Scrambled, and fluorescent TAT-Src peptides include Fmoc-
PAL-PEG-PS (Rink resin; loading capacity 0.21 mmol/g) (Cat. No.:
GEN913383; ThermoFisher), Fmoc-protected amino acids (GL Bio-
chem), phalloidin-tetramethylrhodamine B isothiocyanate (Phalloidin-
Tritc) (Cat. No.: Sigma P1951; Merck).

The animals used in our studies included (i) C57BL/6 mice (pregnant
and at gestational day 14-15) used for cultured primary cortical neu-
rons; (i) C57BL/6 mice used for construction of spectral libraries; (i)
Male hooded Wistar rats for the in vivo model of neurotoxicity were
sourced from Animal Resources Centre, Canning Vale WA 6970
Australia; and (iv) male C57BL/6J were obtained from the Biomedical
Research Facility, University of Otago, New Zealand and Camk2a™~
mice (Camk23™35va M GI:2389262) mice backcrossed into the C57BL/
6J background were bread in the In Vivo Pharmacology Research
Unit, University of Copenhagen, Denmark for the use in photo-
thrombotic stroke surgeries.

The software and algorithms used in our studies are: Proteome
Discoverer (Thermo Scientific, RRID:SCR_014477), MaxQuant
(RRID:SCR_014485), Spectronaut (Spectronaut 11) (Biognosys),
PhosphoSitePlus: Protein Modification Site (Cell Signaling Technol-
ogy; RRID: SCR_001837), Image J (RRID:SCR_003070), QIAGEN In-
genuity Pathway Analysis (Qiagen), and SynGO (RRID:SCR_017330),
the protein interaction resource derived from cross-linking mass
spectrometry database of synaptosome and microsome fractions
purified from hippocampus and cerebellum of mouse brains (43) and
String database (44).

RESULTS

Remodeling of the Neuronal N-Terminome During
Excitotoxicity Occurs Without Changes in Protein
Abundance

The signaling pathways directing neuronal death upon over-
stimulation of iGIuRs are poorly characterized. While these
pathways are likely activated at an early stage following over-
stimulation of iGluRs, excitotoxic cell death does not occur
immediately; rather it is the prolonged activation of these
pathways that causes the ultimate demise of neurons (18, 23).
One model to study these events is by treating cultured pri-
mary mouse cortical neurons with glutamate (reviewed in (45).
Consistent with previous reports, our experiments involving
timed treatment of primary mouse neuronal cultures also
demonstrated delayed cell damage and death, observed only
after 240 min of glutamate treatment (supplemental Fig. S2).
Therefore, proteomic analysis was performed at the 30-min
(early) and 240-min (late) time points after glutamate treat-
ment to identify neuronal proteins demonstrating altered
abundance or modification by proteolysis at the early and late
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stages of excitotoxicity. We reasoned that identifying temporal
changes in neuronal proteins undergoing significantly
enhanced proteolysis at these two treatment time points could
unveil initiating and effector molecular events occurring during
excitotoxicity. Some of these events, initiated at the early
stage of excitotoxicity when neurons are still alive and sus-
tained until late stages when neuronal death is noticeable may
represent potential drivers of excitotoxic cell death. Using the
TAILS method (46), we identified and quantified over 5000 N-
terminal peptides derived from neuronal proteins in all
experimental conditions (supplemental Fig. S3A,
supplemental Tables S1A and S2A, with the fragment ions
matched to the identified N-terminal peptides listed in
supplemental Table S10, A and B). Among them, more than
70% contain the neo-N-terminal amino acid residues gener-
ated by proteolysis of intact neuronal proteins during
excitotoxicity (supplemental Fig. S3A). From the identified
neo-N-terminal residues and the abundance changes in the
neo-N-terminal peptides, we defined the identities and
mechanisms of dysregulation of specific neuronal proteins
undergoing proteolytic processing during excitotoxicity.

The two major purposes of proteolysis in cells are (i) to
degrade proteins into intermediate peptide fragments
destined for clearance into dipeptide and amino acids (herein
referred to as degradation) (supplemental Fig. S3B) and (i) to
process proteins by removing regulatory domains or motifs to
form stable truncated protein fragments with altered biological
activities (herein referred to as proteolytic processing)
(supplemental Fig. S3C). Degradation of cellular proteins is
mediated by proteasomal and lysosomal systems, while pro-
teolytic processing is catalyzed by modulator proteases that
specifically target cleavage sites in an intact protein to
generate one or more truncated protein fragments. As most of
these fragments contain intact functional domain(s), they are
relatively stable and may even perform functions different from
those of intact proteins. As shown in supplemental Fig. S3C,
we assigned neo-N-terminal peptides whose abundance was
increased as being derived from stable truncated fragments
generated from enhanced proteolytic processing of neuronal
proteins by excitotoxicity-activated proteases. Conversely,
peptides whose abundance decreased during excitotoxicity
were assigned as being derived from neuronal proteins un-
dergoing enhanced degradation for clearance (supplemental
Fig. S3B). Using statistical analysis to define the thresholds
for assigning the above groups of neo-N-terminal peptides
(46, 47) (supplemental Fig. S4, A and B), we found 234 and
365 peptides underwent significant changes in abundance at
30 min and 240 min of glutamate treatment, respectively, due
to enhanced proteolysis of their parent neuronal proteins
during excitotoxicity (Fig. 1A and supplemental Fig. S4B).
These peptides were further classified into those derived from
proteins undergoing enhanced proteolytic processing and
those derived from proteins undergoing enhanced degrada-
tion (Fig. 1A; supplemental Tables S1B and S2B). These

findings reveal for the first time the identities, cleavage sites,
stability, and consequences of proteolysis of cellular proteins
targeted by excitotoxicity-activated proteases in neurons.

Of the ~200 to 300 neo-N-terminal peptides derived from
the significantly proteolyzed neuronal proteins during excito-
toxicity, only 41 were found in neurons at both treatment time
points (supplemental Fig. S4B), indicating that neuronal pro-
teins undergoing enhanced proteolysis at an early stage of
excitotoxicity are mostly different from those at a late stage of
excitotoxicity. Additionally, among the 234 identified proteo-
lyzed proteins in glutamate-treated neurons after 30 min of
treatment, only 77 were proteolytically processed to form
stable protein fragments, while 310 out of 365 of the proteo-
lyzed proteins in glutamate-treated neurons after 240 min of
treatment were proteolytically processed to form stable pro-
tein fragments (Fig. 1A). Since these protein fragments with
neo-N-terminus differ from their parent neuronal proteins in
their regulatory properties and/or functions, our results sug-
gest that the generation of these fragments perturbs intra-
cellular signaling to a much greater extent in neurons at the
late stage of excitotoxicity.

In contrast to the extensive changes in neuronal N-termi-
nome revealed by TAILS analysis, data from global proteomic
analysis (supplemental Fig. S1) indicate that glutamate treat-
ment for up to 240 min had little impact on neuronal protein
abundance—only 1 and 13 neuronal proteins were deemed to
have changed significantly in abundance at 30 and 240 min of
glutamate treatment, respectively (supplemental Fig. S5 and
supplemental Table S3). Furthermore, none of the neuronal
proteins exhibiting enhanced proteolysis during excitotoxicity
showed significant changes in abundance (.e., >2-fold
changes) (supplemental Fig. S6 and supplemental Table S4),
supporting our prediction that the truncated neuronal frag-
ments generated by proteolytic processing are stable
(supplemental Fig. S3C). Intriguingly, none of the neuronal
proteins undergoing enhanced degradation during excitotox-
icity showed a significant decrease in abundance
(supplemental Fig. S6); some even exhibited a small albeit
non-significant increase in abundance. These results suggest
that their enhanced degradation is likely a result of their
increased turnover i.e., increased biosynthesis and degrada-
tion during excitotoxicity.

Calpeptin Abolished Almost All Excitotoxicity-Related
Proteolytic Changes in Neuronal Proteins

Since calpeptin, an inhibitor of calpains and cathepsins,
could protect cultured neurons against excitotoxic cell death
(48), cleavage of specific neuronal proteins by one or both of
these proteases likely contributes to excitotoxic neuronal
death. To identify the neuronal proteins proteolyzed by these
proteases during excitotoxicity, we used the TAILS method to
compare changes in the N-terminome of neurons treated with
a combination of glutamate and calpeptin (+Glu and Calpep-
tin). Using the rationale depicted in supplemental Fig. S3 to
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Criteria for assigning calpain cleavage sites:

30 min 240 min
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In vitro cleavage sites of Calpains 1 & 2 ﬁD
(Shinkai-Ouchi et al. 2016)
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ARA S S APV R!ASA K A GARKSIRSIR
KIAAK L AKAT SERPRGS/PAK/AA
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High degree of conformity of amino acid
— preferences at P6 to P6' of
ns

excitotoxicity-activated proteases and calpai

Fic. 1. Identification of potential substrates of calpains in excitotoxic neurons. A, assignment of the calpain cleavage sites from neo-N-
terminal peptides identified in excitotoxic neurons. Neo-N-terminal peptides derived from neuronal proteins undergoing enhanced proteolysis
induced by glutamate treatment or glutamate/calpeptin co-treatment were classified as depicted in supplemental Figs. S3 and S4. The numbers
of significantly changed neo-N-terminal peptides in all treatment groups assigned by sequentially applying each of the three criteria are depicted
in bubble plots. The bubble size reflects the number of neo-N-terminal peptides. Bubbles with different shades of red: neo-N-terminal peptides
found in glutamate-treated neurons only (Criterion 1), generated by proteolytic processing (Criterion 2) and predicted by Alpha Fold Protein
Structure Database to reside outside a functional domain (Criterion 3). Neo-N-terminal peptides fulfilling all three criteria are assigned as those
derived from neuronal proteins cleaved by calpains during excitotoxicity. +Glu: peptides identified in glutamate-treated neurons; +Glu & Calp:
peptides identified in the glutamate/calpeptin co-treated neurons; both: peptides identified in both the glutamate-treated and the glutamate/
calpeptin co-treated neurons. B, the frequencies of amino acids at positions P7-P8' proximal to the assigned calpain cleavage sites in exci-
totoxic neurons. The amino acid frequencies at each position are represented in WebLogo format. The sizes of representation of the listed amino
acids in each position reflects the frequencies of its appearance in the identified sequences. C, the top five most frequent amino acids at each
position in the P7-P8' cleavage site sequences in synthetic peptides proteolyzed by calpain 1 and calpain 2 in vitro defined by Shinkai-Ouchi
etal. (51). The amino acids are presented from top to bottom in order of preference with the top-ranked most frequently encountered amino acid
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identify neo-N-terminal peptides derived from proteins un-
dergoing significant proteolysis in the co-treated neurons
(supplemental Fig. S7A), we found 16 and 54 neo-N-terminal
peptides derived from neuronal proteins undergoing signifi-
cant proteolysis at 30 and 240 min of the co-treatment,
respectively (supplemental Fig. S7, B and C). None of these
neo-N-terminal peptides were derived from proteins under-
going significant proteolysis at 30 min of treatment and only
two of them were derived from proteins significantly proteo-
lyzed after 240 min of treatment in neurons treated with
glutamate only (ie., +Glu) (supplemental Fig. S7C,
supplemental Tables S5-S7, with the fragment ions matched
to the identified N-terminal peptides listed in supplemental
Table S10, C and D). Hence, calpeptin treatment abolished
almost all proteolytic changes that neuronal proteins undergo
during excitotoxicity (supplemental Fig. S7C), implicating a
critical role for calpains and/or cathepsins in catalyzing these
events.

Most Proteolytically Processed Proteins in Excitotoxic
Neurons are Potential Substrates of Calpains

The X-ray crystal structure of calpain-1 and predicted
structure of calpain-2 in alpha-fold protein structure database
show that they both have a deep and narrow active site (49,
50). To access this active site, the cleavage site in a substrate
needs to adopt a fully extended conformation and/or reside in
an unstructured region located outside a functional domain
(49). To identify potential substrates of calpains among the
neuronal proteins with neo-N-terminal peptides derived from
enhanced proteolysis in glutamate-treated neurons (Fig. 1A),
we applied three filtering criteria: (1) the neo-N-terminal pep-
tides are present in neurons treated with glutamate but not in
neurons treated with glutamate/calpeptin; (2) the neo-N-
terminal peptides were derived from enhanced proteolytic
processing of neuronal proteins; and (3) the neo-N-terminal
peptides were derived from cleavage sites located outside a
functional domain because proteolytic processing occurs in
loop region or unstructured motifs connecting the properly
folded functional domains (supplemental Table S8, A and B).
Using these criteria, 47 and 235 neo-N-terminal peptides
respectively, were identified as being derived from proteins
potentially cleaved by calpains in neurons at 30 and 240 min
of glutamate treatment (Fig. 1A). Among these were protein
kinases such as CaMKIIp, p21-activated kinase 1, 3 and 6
(PAK1,3 and 6), and the regulatory subunit of protein kinase A
(PRKARA) (supplemental Fig. S8A). These findings suggest
that proteolytic processing by calpains alters signaling events
governed by these neuronal protein kinases. In addition, the

stable truncated fragments generated by proteolytic pro-
cessing contain one or more intact functional domains such as
the kinase domain, suggesting that some of these fragments
retain biological activities and may contribute to the neuro-
toxic signaling directing cell death during excitotoxicity.

Figure 1B shows the frequencies of amino acids proximal to
the identified cleavage sites in potential calpain substrates
selected by these filtering criteria (Fig. 1A). The pattern of
amino acid preferences from positions P6-P5' of the cleavage
site sequences is very similar to that of cleavage site se-
quences in synthetic peptides cleaved by calpain 1 and cal-
pain 2 in vitro (51) (Fig. 1C). Since none of the significantly
proteolytically processed proteins exhibited a significant
reduction in abundance (supplemental Fig. S6), their cleavage
by calpains during excitotoxicity likely generate stable trun-
cated fragments (supplemental Table S7).

A protein undergoing degradation for clearance generates
numerous unstructured or partially folded intermediate pep-
tide fragments originating from both functional domains and
disordered structural motifs. As such, cleavage sites of the
degraded proteins do not preferentially reside in unstructured
motifs outside a functional domain. Consistent with this pre-
diction, most identified cleavage sites in significantly
degraded neuronal proteins resided in functional domains with
well-defined three-dimensional structures (supplemental
Fig. S8B and supplemental Table S8). Hence, the neo-N-
terminal peptides we identified as those originating from the
degraded neuronal proteins were likely derived from interme-
diate peptide fragments generated during the degradation of
these proteins for clearance (supplemental Fig. S8B). Cal-
peptin abolished proteolysis of proteins undergoing enhanced
degradation in the glutamate-treated neurons (supplemental
Fig. S7C and supplemental Tables S5-S7) and cathepsins,
which catalyze protein degradation, are activated during
excitotoxicity (reviewed in (52, 53)). For these reasons, ca-
thepsins are likely the proteases catalyzing enhanced degra-
dation of neuronal proteins in the glutamate-treated neurons
identified in our TAILS analysis.

Proteolytic Processing Events During Excitotoxicity Are
Associated With Perturbation of Synaptic Organization and
Function in Neurons

Our results indicate that enhanced proteolytic processing in
excitotoxic neurons generates stable truncated protein frag-
ments lacking one or more functional domains of the parent
protein. As such, these truncated protein fragments may
possess dysregulated activities that can perturb biological
processes in neurons. To define these processes, we

residue listed at the top and the fifth ranked frequently encountered residues listed at the bottom. Bottom of panel C: high conformity of amino
acid preferences in P6-P5' positions of the cleavage site sequences of calpains in excitotoxic neurons and those of calpains 1 and 2. Red: D and
E; blue: K, R and H; black: ALVIPM; purple: Q and N; Green: S, T and G. Scissors in panels B and C: Cleavage sites between P1 and P1' amino

acid residues.
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interrogated how enhanced proteolytic processing of the
identified neuronal proteins (listed in supplemental Tables S1B
and S2B) affects known signaling pathways in cells using
several predictive software and databases of cell signaling
analysis and protein-protein interactions. First, interrogation
with the ingenuity Pathway Analysis software and database
(54) revealed signaling pathways regulating synaptic pro-
cesses including synaptogenesis, axonal guidance, cell junc-
tions, and cell-cell interactions as the most impacted signaling
pathways in neurons during excitotoxicity (supplemental
Fig. S9). SynGO and X-link-MS databases documenting the
locations, functions, and protein complex formation of syn-
aptic proteins (43, 44, 55) were used to predict how these
proteolytically processed neuronal proteins perturb synaptic
organization and function. Our analysis revealed that the
proteolytically processed synaptic proteins mapped to all key
synaptic components, with many forming stable protein
complexes (Fig. 2A and supplemental Fig. S10). More impor-
tantly, they participate in many synaptic biological processes
(Fig. 2A and supplemental Fig. S10). Their assignment to
specific locations and biological processes of synapses as
depicted in Figure 2A and supplemental Fig. S10 suggests
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dysregulation of the identified neuronal proteins by calpain-
catalyzed proteolytic processing and their resultant aberrant
signaling at synapses contributes to excitotoxic neuronal
death.

Twenty neuronal proteins revealed by our TAILS study to
undergo enhanced proteolytic processing in excitotoxic neu-
rons were previously found to translocate to post-synaptic
density in the cortex of neonatal mouse brains following
hypoxia-ischemia (56, 57) (Fig. 2B). Among them, eight were
found to be recruited to the post-synaptic density harboring
GIuN2B subunit-containing NMDA receptors (56) (Fig. 2B).
Excitotoxicity is a major mechanism directing neuronal loss in
hypoxia-ischemia (58) and GIuUN2B subunit-containing NMDA
receptors are NMDA receptors governing excitotoxic neuronal
death (59). Based upon these findings, we postulate that these
20 neuronal proteins were recruited to the NMDA receptor-
containing postsynaptic density during excitotoxicity, where
they were proteolytically processed by the over-activated
calpains to form stable truncated fragments. For the eight
neuronal proteins previously found to be recruited to the
GluN2B-containing NMDA receptors in excitotoxic neurons in
mouse brain cortex during hypoxia-ischemia (56), their
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Fie. 2. Functions and synaptic locations of proteolytically processed neuronal proteins. A, neuronal proteins undergoing significantly
enhanced proteolytic processing in glutamate-treated neurons were analyzed by SynGO for their synaptic locations (highlighted in yellow and
grouped in red boxes) and biological processes (white fonts in black background and grouped in black boxes). Blue dotted lines: linking proteins
that form complexes identified by cross-linking mass spectrometry by Gonzalez-Lozano et al. Black dotted lines: linking proteins that form
complexes documented in STRING and with the complex formation confirmed experimentally. STRING parameters for analysis of the interaction
networks are (i) network type: physical subnetwork, (i) meaning of network edges: evidence, (i) active interaction sources: experiment and
database and (iv) minimum required interaction score: highest confidence (0.900). B, synaptic proteins recruited to postsynaptic density in
neonatal mouse brain cortex following hypoxia-ischemia. Red asterisks: synaptic proteins recruited to the GIuN2B-containing NMDA receptors.
Heatmaps in panels A and B: abundance ratios of the neo-N-terminal peptides found in glutamate-treated neurons versus those found in control
neurons (presented as Log,-normalized M/L ratio). Neo-N-terminal peptides either undetected or showing no significant changes in abundance
are depicted in white while those showing a significant increase are in red. The scale of log2-normalized M/L ratios are presented at the bottom

of both panels.
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proteolytic processing may contribute to the cytotoxic signals
emanating from NMDA receptors during excitotoxicity. As
such, we selected three protein kinases (Src, DCLK1 and
CAMKIIB) among these eight proteins for further biochemical
analysis to illustrate the significance of our TAILS findings
because their dysregulation by proteolytic processing could
potentially contribute to excitotoxic neuronal death by aber-
rant phosphorylation of synaptic proteins. We also selected
the microtubule-binding protein CRMP2, which is a known
regulator of synaptic organization and functions for further
biochemical analysis (60).

Validation of TAILS Findings I: A New Mechanism of
Dysregulation of Synaptic Protein CRMP2 in Excitotoxic
Neurons

The synaptic protein CRMP2 (also referred as DPYSL2) is a
key regulator of neuronal axon guidance and synaptogenesis
(61) whose dysregulation contributes to neuronal loss in
neurodegenerative diseases by an unknown mechanism (60,
62). TAILS and Western blot analyses revealed proteolytic
processing of CRMP2 to form stable truncated fragments of
~57 kDa (Fig. 3, A and B and supplemental Fig. S11) during
excitotoxicity. Specifically, CRMP2 was proteolytically pro-
cessed at sites A%'61S%"7 and S°%'7|S5"® in excitotoxic neu-
rons (Fig. 3A), leading to the generation of long truncated
N-terminal fragments of ~57 kDa and short truncated C-ter-
minal fragments of ~6 kDa. Furthermore, the cleavage sites lie
in an unstructured region preferentially targeted by calpains
(Fig. 3C) (63). Accordingly, the cleavage was abolished by
calpeptin (supplemental Fig. S11), suggesting calpains as the
upstream proteases catalyzing proteolytic processing of
CRMP2 in neurons during excitotoxicity.

The C-terminal tail of CRMP2 contains several sites that are
sequentially phosphorylated by cyclin-dependent kinase 5
(Cdk5) and glycogen synthase kinase 3p (GSK3p) in neurons
(Fig. 3D, left panel). In this series of events, phosphorylation of
CRMP2 at S522 by Cdk5 (64) directs GSK3p to subsequently
phosphorylate T509, T514, and S518 in a processive manner
(64). Cleavage at A%'6S%'7 and S5'7|S5'® removes the prim-
ing phosphorylation site S522, preventing GSK3p from
phosphorylating T509, T514, and S518 in the long, truncated
fragment (Fig. 3D, right panel). Phosphorylation of these sites
impacts the ability of CRMP2 interactions with GTP-bound
tubulins (65-67), which is critical for the protein to promote
axonal elongation (68) and modulating microtubule dynamics
(65, 69).

Figure 3C shows that the long, truncated fragment retains
the globular domain critical for promoting microtubule
polymerization (65). The microtubule polymerization-
promoting activity of CRMP2 is regulated by GSK3p-medi-
ated phosphorylation of these C-terminal tail sites (70).
Owing to the lack of phosphorylation at these sites, the
microtubule polymerization-promoting activity of the frag-
ments cannot be regulated by Cdk5 and GSK3p although

both kinases are known to be aberrantly activated in neu-
rons during excitotoxicity (21, 71, 72). Consistent with our
model, the truncated fragment CRMP2 fragments could not
cross-react with the anti-pT509 CRMP2 antibody (Fig. 3B).
Collectively, the Western blot data validated our TAILS
findings and the prediction that CRMP2 was cleaved at sites
in the C-terminal tail to generate the long-truncated N-ter-
minal fragments that were not phosphorylated by GSK3p at
T509. Based on these observations, we also predicted the
alteration of subcellular localization of the truncated CRMP2
fragments in excitotoxic neurons. Consistent with this pre-
diction, glutamate treatment induced the accumulation of
neuronal CRMP2 in bead-like structures on dendrites called
dendritic blebs (Fig. 3E), previously known to form in neu-
rons during excitotoxicity (73). Moreover, the number of
CRMP2-containing dendritic blebs in neurons at 240 min of
glutamate treatment was significantly higher than that in
neurons at 30 min of treatment (inset of Fig. 3E). Since
CRMP2 is a crucial regulator of axonal guidance signaling
(68), our findings suggest a mechanism whereby its trun-
cation, reduced phosphorylation at T509, and accumulation
in dendritic blebs can potentially contribute to dendritic and
synaptic injury associated with excitotoxic neuronal death
(74, 75).

Excitotoxic neuronal loss is a major contributor to brain
damage following ischemic stroke. In agreement with our
TAILS findings in excitotoxic neurons, C-terminal truncated
CRMP2 fragments of ~57 kDa were detectable at 1 to 24 h
after ischemic stroke induction (Fig. 3F), confirming cleavage
of CRMP2 to form stable fragments in vivo after ischemia
stroke.

Validation of TAILS Findings Il: Dysregulation of Synapse-
Enriched Protein Kinases by Proteolytic Processing During
Excitotoxicity

Our TAILS analysis identified several neuronal protein ki-
nases, which were proteolytically processed during excito-
toxicity to form stable truncated fragments with an intact
kinase domain. Among them, Src, CaMKIIp, and DCLK1 are
synapse-enriched kinases recruited to GIuN2B-containing
NMDA receptor in neurons in excitotoxic condition induced
by hypoxia-ischemia (56) (Fig. 2B). Furthermore, they play a
critical role in the synaptic organization and/or neuronal sur-
vival (18, 25, 76, 77). As such, they were selected for further
in vitro and in vivo investigations to validate our TAILS
findings.

Besides its predicted role as a hub of regulation of NMDA
receptor signaling in neurons (78) and participating in post-
synaptic organization and signaling (Fig. 2), Src is also a key
contributor to neuronal loss both in vitro and in vivo (18, 79).
Our TAILS study revealed for the first time cleavage of Src at
F®-G% in glutamate-treated neurons (supplemental
Table S1B). The abundance of the dimethyl-labeled N-termi-
nal peptide (dimethyl-G®*-GFNSSDTVTSPQR’”) derived from
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Fic. 3. N-terminomic findings unveiled a new mechanism of dysregulation of synaptic neuronal CRMP2 (DPYSL2). A, CRMP2 is
cleaved at sites in its C-terminal tail. Inset: the abundance (M/L) ratios of the neo-N-terminal peptides at 30 and 240 min after glutamate
treatment. N.D.: not detected. Red scissors: cleavage sites. B, Western blots of lysates from control and glutamate-treated neurons probed with
anti-CRMP2 and anti-pT509 CRMP2 antibodies. Loading control: anti-tubulin blot. Blue stars: potential hyper-phosphorylated forms of intact
CRMP2 detected by the anti-CRMP2 and anti-pT509 CRMP2 antibodies. C, structure of a phosphomimetic mutant of CRMP2 (PDB accession:
5yz5). The dotted line represents the disordered C-terminal tail region. D, a model depicting the new mechanism of dysregulation of neuronal
CRMP2 during excitotoxicity uncovered by our findings. In control neurons, CRMP2 undergoes hierarchical phosphorylation by Cdk5 and GSK3
at sites in the C-terminal tail. Cdk5 phosphorylates the priming site S522. Upon phosphorylation, pS522 binds GSK3, which catalyzes the
processive phosphorylation of CRMP2 at three other sites in the order of S518, T514, and T509. In excitotoxic neurons, cleavage of CRMP2
(depicted by scissors) generates a long truncated CRMP2 fragment that lacks the priming site S522, abolishing S522 phosphorylation by Cdk5
and in turn suppressing processive phosphorylation of S518, T514, and T509 by GSK3. The truncation and lack of phosphorylation at T509,
T514, and S518 may contribute to the accumulation of the immunoreactive CRMP2 signals at the dendritic blebs shown in panel E. E, fluo-
rescence microscopy images showing actin (phalloidin), CRMP2 and nuclei (DAPI) in control and glutamate-treated neurons. White arrows:
dendritic blebs. White dotted rectangles: sections of the images selected to generate the close-up views shown in left bottom panel. Right
bottom panel: number of dendritic blebs per mm? in control and the glutamate treated neurons in three biological replicates. Results are
presented as mean + SD; **p < 0.01, **p <0.001, one-way ANOVA with Dunnett’s multiple comparison test. F, proteolytic processing of CRMP2
cortical brain tissue induced by an ischemic stroke. Representative Western blot images of CRMP2 in lysates of ipsilateral brain cortex of sham
operated mice and mice at the designated time points after ischemic stroke. The same Western blot image of actin was presented in Figure 4C.
The abundance ratios of intact CRMP2 and truncated (ACRMP2) are shown. Number of replicates: n = 4 or 5 for the sham treatment group and
the ischemic stroke treatment groups at the designed post-stroke time. The blot was probed with anti-CRMP2 plus anti-rabbit Alexa 488 as
primary and secondary antibodies and anti-actin plus anti-mouse Alexa 800 as the primary and secondary antibodies.

Src was 5.6-fold higher in the glutamate-treated neurons activated protease catalyzing the cleavage of Src at the
versus that in the untreated neurons (M/L ratio = 5.6) (Fig. 44, F®3-G® bond. This proteomic finding is validated by the
supplemental Tables S1B, S4A and S8A), indicating enhanced  Western blot results (Fig. 4A). Second, the cleavage was
proteolytic processing of neuronal Src by an excitotoxicity- predicted to generate a stable truncated fragment lacking the
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Fic. 4. Determination of the calpain cleavage site of Src in glutamate-treated neurons and in vitro. A, left panel, Western blot of neuronal
Src in control neurons, glutamate-treated neurons and glutamate/calpeptin co-treated neurons. ANSrc: the long C-terminal fragment generated
by calpain cleavage. Right panel, fragment ion chromatogram identifying a neo-N-terminal peptide encompassing residues 54 to 77 of neuronal
Src (inset) detectable exclusively in neurons treated with glutamate for 30 min. Blue: y ions, Red: b ions. B, schematic diagram depicting the
functional domains of intact Src and the calpain cleavage site (red scissors) and formation of a short N-terminal fragment and ANSrc by calpain
cleavage. The cleavage site is mapped to the Unique Lipid Binding Region in the Unique domain. Hence, ANSrc lacks the ability to bind plasma
membrane. C, proteolytic processing of CRMP2 and Src in cortical brain tissue induced by ischemic stroke. Representative Western blot images
of Src in lysates of ipsilateral brain cortex of sham-operated mice and mice at the designated time points after ischemic stroke. The same
Western blot image of actin was presented in Figure 3F. The abundance ratios of intact Src and truncated Src (ASrc) are shown. Number of
replicates: n = 4 or 5 for the sham treatment group and the ischemic stroke treatment groups at the designed post-stroke time. The same blot
was probed with anti-Src antibody plus anti-mouse Alexa 800 as primary and secondary antibodies. D, left panel, Coomassie blue-stained SDS-
PAGE gel of reaction mixtures containing recombinant neuronal Src (R-Src) after incubation with Calpain 1 for 2 min to 120 min in vitro. Boxes
with dotted red lines: samples analyzed with the TAILS method. Right panel, the fragment ion chromatogram identifying the deuterated dimethyl-
labeled Src (64-77) segment of R-Src as the neo-N-terminal peptide (inset) detected only in the reaction mixture containing R-Src and calpain 1
at 120 min of incubation. Blue: y ions, Red: b ions.
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N-terminal myristoylation domain (also referred to as the SH4
domain) and part of the unique domain (Fig. 4B). This pre-
diction was validated by the presence of a truncated fragment
ANSrc of ~54 kDa at 15 min to 90 min of glutamate treatment
in neurons (Fig. 4A) (18) and in brain cortex of mice subjected
to ischemic stroke (Fig. 4C). Furthermore, recombinant Src
(R-Src) was cleaved by calpain 1 in vitro to form a 54 kDa
truncated fragment as early as 2 min after incubation (Fig. 4D).
To determine the cleavage site in R-Src targeted by calpain 1,
the reaction mixture consisting of intact R-Src only and that
consisting of R-Src and calpain-1 after 120 min of incubation
were subjected to isotopic dimethyl labeling prior to tryptic
digestion (Fig. 4D). A dimethyl-labeled peptide identical to the
dimethyl-labeled neo-N-terminal peptide (dimethyl-G®*-
GFNSSDTVTSPQR’") detected in the lysate of glutamate-
treated neurons, was present only in the R-Src/calpain-1
reaction mixture but not in the reaction mixture with R-Src only
(Fig. 4D). In summary, these results suggest that calpain 1 or
another calpain isoform directly cleaves neuronal Src at the
F®%1G® bond during excitotoxicity (Fig. 4B). As the resultant
truncated ANSrc fragment lacks the regulatory myristoylation
motif and unique domain (Fig. 4B), its subcellular localization
and kinase activity are likely dysregulated in excitotoxic neu-
rons. In our previous study, we demonstrated that ANSrc
mostly resided in the cytosolic compartment in glutamate-
treated neurons and the expression of a recombinant Src
mutant mimicking ANSrc in untreated primary cortical neurons
led to cell death in part by inactivating the pro-survival protein
kinase Akt (18). Taken together, the results in this and our
previous studies indicate that calpains directly cleave Src
during excitotoxicity to generate the neurotoxic ANSrc, which
contributes to neuronal death in part by inactivating Akt.

The two CaM kinase subtypes, CaMKlla and CaMKIIp, are
both synapse-enriched protein kinases critical to neuronal
survival (80-82). CaMKIllax and CaMKIIf are highly homologous
and assemble into oligomers of 12 and 14 monomeric sub-
units, which can consist of both subtypes (83). Although much
is known about their structures, regulation, and their contri-
bution to neuronal death during excitotoxicity (84-86), exactly
how they direct excitotoxic neuronal death remains unclear.
Our TAILS data revealed proteolytic processing of CaMKIIp at
two cleavage sites: site 1 (M?®2-H?%3) in the autoinhibitory and
calmodulin-binding motif and site 2 (D*8°-G%9) in the linker
motif (Fig. 5A). Cleavage at Sites 1 and 2 is expected to
generate stable C-terminal fragments of 28.6 kDa and
17.2 kDa, respectively. Since cleavage at both sites was
abolished in the glutamate/calpeptin co-treated neurons and
the cleavage sites are located in the autoinhibitory/CaM
binding motif and linker motif adopting loop or poorly defined
structures (Fig. 5A and supplemental Fig. S8A), they are
classified as direct cleavage sites of calpains by criteria
depicted in Figure 1A. We next examined whether calpain-1
could cleave recombinant GST-CaMKIIp in vitro. As ischemic
stroke induces CaMKlla in the mouse brain to undergo

autophosphorylation at Thr-286 in the autoinhibitory/CaM
binding motif (26), we reasoned that CaMKIIp was also auto-
phosphorylated at the homologous site (Thr-287) in excito-
toxic neurons in mouse brains subjected to ischemic stroke
treatment. We therefore generated pT287 GST-CaMKIIp by
incubation of GST-CaMKIIp with Mg2*-ATP in the presence of
Ca?*/CaM and examined the cleavage product(s) of calpain-1
derived from pT287 GST-CaMKIIp by Western blot analysis.
Figure 5B shows that calpain-1 differentially cleaved the
unphosphorylated and pT287- GST-CaMKIIf and generated
different C-terminal fragments. The C-terminal fragment of
~25 kDa (C-term. ACaMKIIp fragment-b in Fig. 5B) derived
from the unphosphorylated GST-CaMKIIp did not correspond
to any one of the two C-terminal fragments predicted from our
TAILS data (Fig. 5A). Intriguingly, cleavage of pT287-GST-
CaMKIIp by calpain-1 generated a fragment of ~29 kDa (C-
term. ACaMKIIp fragment-a) and a fragment of ~17 kDa (C-
term. ACaMKIIB fragment-c) (Fig. 5B) with molecular masses
corresponding to those of the C-terminal fragments generated
by cleavage at sites 1 and 2, respectively as predicted by our
TAILS data (Fig. 5A). Figure 5C shows that ischemic stroke
induced the formation of multiple C-terminal fragments of
CaMKIIp with molecular masses ranging from 26 to 35 kDa.
Among them, the one of ~29 kDa and marked by a star
(Fig. 5C) corresponds to the C-term. ACaMKIIf fragment-a
generated in the in vitro experiment (Fig. 5B). Taken
together, our results from these in vitro and in vivo experi-
ments support our TAILS findings of cleavage of CaMKIIp by
calpains in neurons during excitotoxicity. Furthermore, auto-
phosphorylation of Thr-287 facilitates calpain cleavage of
CaMKIIp at site 1 (M?®2-H?2%) mapped to the autoinhibitory/
CaM binding motif (Fig. 5B). Since pathological conditions
leading to excitotoxic neuronal death induce autophosphor-
ylation of CaMKIl (25), these conditions are predicted to
induce proteolytic processing of CaMKIIp with site 1 being the
preferred cleavage site. In agreement with this prediction,
ischemic stroke induced a significant increase in the C-term
ACaMKIIp fragment-a.

DCLK1, a regulator of microtubule assembly, axonal guid-
ance, and synaptogenesis in neurons (61), is a bifunctional
protein consisting of two tandem doublecortin (DCX) domains
and a C-terminal serine/threonine kinase domain (87-90). The
tandem DCX domains, which drive microtubule assembly
function, are connected to the C-terminal kinase domain by a
large PEST sequence (linker rich in proline, glutamic acid,
serine, and threonine) susceptible to proteolytic cleavage (91).
Calpains are known to cleave DCLK1 in vitro at sites mapped
to the PEST motif to generate an N-terminal fragment con-
sisting of the two DCX domains and a C-terminal fragment
consisting of the intact kinase domain and a C-terminal tail
(92). Consistent with these previous observations, our TAILS
results revealed for the first time enhanced proteolytic pro-
cessing of DCLK1 during excitotoxicity at the following sites:
T S%12 8%1218%13 and N®'°|G*'® within the PEST
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Fic. 5. N-terminomic results led to the discovery of ischemic stroke-induced proteolytic processing of CaMKIIp in mouse brain
cortex. A, schematic diagram depicting the cleavage sites in CaMKIIp undergoing proteolytic processing in glutamate-treated neurons (+Gilu)
but not in neurons treated with glutamate and calpeptin (+Glu & Calp). M/L ratio: ratio of the neo-N-terminal peptide in the treated versus control
neurons. N.D.: not detected. Arrow with dotted line: epitope of anti-CaMKIIp antibody mapped to the C-terminal hub domain of CaMKIIp. B,
differential cleavage of recombinant GST-CaMKIIp and pT287 GST-CaMKIIp by calpain-1. GST-CaMKIIf with and without prior autophos-
phorylation at T287 (200 ng of GST-CaMKIIp plus 100 pM ATP, 10 mM Mg?*, 1.5 Ca®** and 5 yM CaM at 30 °C for 2 min) were incubated with
calpain-1 (1 unit) in vitro for 45 min. The reaction mixtures were analyzed by Western blotting using the anti-CaMKIIp antibody. C-term.
ACaMKilp: C-terminal fragments of CaMKIIf generated by calpain cleavage. Predicted fragments: |dentities of C-term. ACaMKIIp bands a and ¢
predicted from N-terminomic findings shown in panel A. C, Western blot analysis of brain cortical lysates (20 ug of proteins) of sham-operated
mice and mice at designated time points after ischemic stroke using the anti-CaMKIIf antibody. Among the several C-term. ACaMKII bands
detected in ischemic stroke mouse brains, the mobility of one of them in SDS-PAGE (marked by a star) was similar to that of band a (marked by a

star) in panel B.

sequence (supplemental Fig. S12A). Cleavage at these sites is
expected to generate N-terminal fragments of ~35 kDa con-
sisting of both DCX domains and C-terminal fragments of
~49 kDa consisting of the kinase domain and the C-terminal
tail. The cleavage was predicted to dysregulate the kinase and
microtubule assembly functions of DCLK1 (91-93). In agree-
ment with the TAILS findings, a Western blot of the cell lysates
derived from the control and glutamate-treated neurons
revealed the enhanced formation of truncated DCLK1 frag-
ments of ~50 to 56 kDa (supplemental Fig. S12B). The epitope
of the anti-DCLK1 antibody maps to the C-terminal tail of
DCLK1. Hence, these truncated fragments are predicted to
retain the intact protein kinase domain and the C-terminal tail.
Besides detecting the 50 to 56 kDa truncated fragments, the
antibody also cross-reacted with several truncated fragments
of ~37 to 45 kDa. These findings suggest that DCLK1 un-
derwent proteolytic processing at multiple other sites in

addition to the three cleavage sites identified by our TAILS
analysis.

Potential Therapeutic Value of Our TAILS Findings:
Blocking Calpain-Mediated Cleavage of Specific
Synapse-Enriched Proteins as a Potential Neuroprotective

Therapeutic Strategy

Based on the sequence surrounding the cleavage site (F3-
G®Y) in Src identified in our TAILS analysis (Fig. 4B), we
designed a cell-permeable peptide TAT-Src consisting of the
cell-permeable TAT-sequence and the segment encompass-
ing residues 49 to 79 in the unique domain of Src. We also
designed a cell-permeable control peptide TAT-Scrambled
consisting of the TAT-sequence and a segment with iden-
tical amino acid composition but scrambled sequence of the
Src (49-79) region (Fig. 6A). We then demonstrated the
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Fic. 6. TAT-Src protects against neuronal loss in vivo following NMDA-mediated neurotoxicity. A, Tat-Src but not Tat-Scrambled blocks
cleavage of Src in glutamate-treated neurons. Upper panel, sequences of Tat-Src and Tat-scrambled-Src. The segment highlighted in yellow is
the neo-N-terminal peptide corresponding to Src (64—-77) detected exclusively in glutamate-treated neurons (see Fig. 4A). Red scissor: site in
neuronal Src cleaved by the excitotoxicity-activated proteases in neurons and by calpain 1 in vitro. Lower panel, Tat-Src or Tat-Scrambled of
designated concentrations were added to the culture medium 1 h prior to treatment of cultured neurons with 100 uM glutamate. Cleavage of Src
during excitotoxicity was monitored by anti-Src Western blot. ANSrc: truncated Src fragment. B, representative photomicrographs of FITC-
labeled TAT-Src infusion co-labeled against markers of neuronal cells (NeuN+: red); astrocytes (GFAP+: red) and microglia (CD11b/c (Clone
OX-42)+: red) and observed as orange. C, timeline depicting treatment with Vehicle (Milli-Q H,O, 3 pl), Tat-Src (5 mM in Milli-Q H,0, 3 pl) or Tat-
Scrambled (5 mM in Milli-Q H20O, 3 pl) at 1 h prior to NMDA-induced excitotoxicity. D, stereotaxic coordinates of the four injection sites (sites 1-4)
used to cerebrally inject NMDA to induce excitotoxicity (70 mM in PBS, 1 pl per site). E, representative thionin-stained coronal images of rat
brains infused with NMDA to demonstrate damage to the motor cortex and dorsal striatum. F, NeuN+ cells (transposed white using Image J
software) in all three treatment groups. G, left panel, the total lesion volumes in the treatment groups. Right panel, the total number NeuN+ cells
in each treatment group was point-counted using image J software with the number of surviving neurons within the lesion significantly increased
in rats treated with TAT-Src (p < 0.0001, n = 3/group, one-way ANOVA) followed by the Bonferroni post-hoc test. Data were analyzed using
GraphPad Prism, version 8 and presented as mean + SD. Statistical significance was defined as p < 0.05 for infarct volume and p < 0.0001 for

NeuN cell count.

blockade of cleavage of Src by TAT-Src in excitotoxic neurons
(Fig. 6A). Importantly, TAT-Src but not TAT-Scrambled could
protect the cultured cortical neurons against excitotoxic cell
death (18), suggesting TAT-Src as a neuroprotectant in vitro.

Since the TAT-Src and TAT-Scrambled peptides consist of
44 amino acids, it is unclear if they can pass through the
blood-brain barrier. We therefore used a rat model of neuro-
toxicity involving direct injection of NMDA and one of the two
peptides to explore if TAT-Src can exert neuroprotective ac-
tion in vivo. We first performed stereotaxic infusion of FITC-
TAT-Src with a fluorescent tag covalently attached at the
N-terminus of TAT-Src, into the cortical and striatal regions of
rat brains (Fig. 6B). FITC-TAT-Src was detected in neurons but
not astrocytes and microglia in the infused regions of the rat
brain (Fig. 6B) 1 h post-infusion, suggesting that it can enter
neurons to exert its neuroprotective action. To examine the
ability of TAT-Src to protect against excitotoxic neuronal

death in vivo, TAT-Src, vehicle (water), or TAT-scrambled were
stereotaxically injected at four sites in the cortical and striatal
regions of rat brains (Fig. 6, C and D). One hour after the in-
jection, the neurotoxic dose of NMDA was infused into the
same sites to induce excitotoxic brain damage. At 24 h after
the infusion of NMDA, the rats were sacrificed, and brain
sections were prepared to measure the infarct volume and the
number of surviving neurons (Fig. 6E). The absence, or
reduction in NeuN immunoreactivity, revealed NMDA-induced
lesions within the motor and parietal cortex (Fig. 6, E and F).
The plot in the left panel of Figure 6G shows that total lesion
volume was consistent across all treatment groups with no
significant difference in the volume of damage detected be-
tween groups. Stereological point counting of NeuN positive
cells within the lesion revealed treatment-specific effects
where the number of neurons in rats treated with TAT-Src was
significantly higher than in rats receiving vehicle or scrambled
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Tat-Src control (Fig. 6G, right panel). Thus, injection of TAT-
Src prior to NMDA infusion could protect against excitotoxic
neuronal loss caused by the injected NMDA. Since FITC-TAT-
Src entered neurons but not astrocytes and microglia
(Fig. 6B), the ability of TAT-Src to protect against neuronal
loss in NMDA-induced brain damage is presumably attributed
to its blockade of calpain cleavage of neuronal Src to form the
neurotoxic truncated Src fragment (ANSrc) (18). In conclusion,
our results illustrate the blockade of pathologically activated
proteolytic events as a neuroprotective strategy to reduce
brain damage in neurological disorders.

Extrapolation of Our TAILS Findings Led to the Discovery of
New Regulatory Mechanisms of CaMKlla in Normal and
Pathological Conditions

The CaMK2b transcript encoding CaMKIIf was detectable
in embryonic and neonatal mouse brains while CaMK2a
encoding CaMKIlla was undetectable in these tissues (94). As
such, CaMKIIp expression is expected to be much higher than
CaMKlla expression in the cultured differentiated embryonic
cortical neurons used in our study, explaining why TAILS
analysis of the differential embryonic cortical neurons detec-
ted the neo-N-terminal peptides derived from CaMKIIp but not
those from CaMKIla (supplemental Table S2). Given the high
degree of sequence similarity of CaMKlla and CaMKIIp
(Fig. 7A), we predicted that CaMKlla in adult neurons is also
directly cleaved by calpains at the homologous sites 1 and 2
(Fig. 7A) to generate two kinase domain-containing N-terminal
fragments: CaMKIla-short and CaMKlla-long encompassing
residues 1 to 282 and 1 to 389 of CaMKlla, respectively. To
validate our prediction, we incubated calpain-1 with unphos-
phorylated recombinant CaMKlla (fCaMKlla) and pT286-
rCaMKlla in vitro. Figure 7B shows differential proteolytic
processing of unphosphorylated rCaMKlla and pT286-
rCaMKlla. A fragment with molecular mass (~36 kDa) similar
to that of ACaMKlla-long was generated by calpain-1 cleav-
age of both forms of ACaMKlla, while a fragment with mo-
lecular mass (~31 kDa) similar to that of ACaMKIlla-short was
generated when pT286-rCaMKllax was cleaved by calpain-1
(Fig. 7B). These results suggest that calpain-1 targeted site
2 of both autophosphorylated and unphosphorylated
rCaMKIlla. However, site 1 of rCaMKIlle was accessible to
calpain-1 only when Thr-286 was autophosphorylated.

Akin to the fragments generated by calpain-1 cleavage of
pT286-rCaMKlla in vitro, N-terminal fragments of CaMKlla
with molecular masses similar to ACaMKlla-short (~31 kDa)
and ACaMKlla-long (~36 kDa) were detectable in brain cortex
of mice subjected to ischemic stroke treatment (Fig. 7C, left
panel). Ischemic stroke induced an increase in the abundance
of ACaMKlla-short but not ACaMKlIla-long, suggesting
enhanced cleavage of CaMKllx at site 1 (M2°'-H2%?) induced
by an ischemic stroke. Intriguingly, the ACaMKlla-long exists
in the brain cortex of both sham-operated mice and mice
subjected to ischemic stroke treatment, suggesting that

proteolytic processing at site 2 (D%2°-G%9) of CaMKllx
occurred in both physiological and pathological conditions.

To examine if other neuronal CaMKIl isoforms including
CaMKIIs and CaMKIly were also proteolytically processed by
calpains to generate the long and short N-terminal truncated
fragments (ACaMKII-long and ACaMKII-short), we probed the
wild-type and CaMKIla knockout cortical brain lysates with a
pan-CaMKIl antibody known to cross-react with all CaMKII
isoforms (Fig. 7C, right panel and Fig. 7D). Since ACaMKII-
short was detectable in the brain cortex of wild-type mice but
not in CaMKlla KO mice subjected to ischemic stroke treat-
ment (Fig. 7C, right panel), CaMKII-short in wild-type ischemic
stroke mouse brains were likely mainly derived from cleavage
of CaMKlla at site 1 by calpains.

In summary, these results demonstrate cleavage of
CaMKlla by calpains at site 2 in both physiological and
ischemic stroke conditions to generate ACaMKlla-long with
intact kinase domain and the autoinhibitory/CaM-binding
motif. Upon autophosphorylation at Thr-286 induced in vivo
by ischemic stroke and in vitro by incubation with Mg®*-ATP
and CaM, site 1 of CaMKlla was cleaved by calpains to
generate ACaMKlla-short consisting of just the intact kinase
domain and a remnant segment of the autoinhibitory/CaM-
binding motif. Since CaMKIlla is critical to excitotoxic
neuronal death (95, 96), ACaMKIl-short generated in
glutamate-treated neurons is a potential neurotoxic mediator
of excitotoxic neuronal death.

DISCUSSION

We have for the first time identified over 300 neuronal pro-
teins associated with synaptic organization and functions that
undergo enhanced proteolytic processing to generate stable
truncated fragments during excitotoxicity. Since most trun-
cated fragments derived from these proteolytically processed
proteins consist of one or more intact functional domains, they
likely retain some biological activities of the intact parent
neuronal proteins, while other domains are perturbed. Pre-
sumably, the interplay between these dysregulated truncated
fragments alters synaptic organization and functions, which in
turn directs neurons to undergo excitotoxic cell death. Hence,
these discoveries form a conceptual framework for future
investigation to define specific protein—protein interaction
networks contributing to neuronal death in excitotoxicity. For
example, our findings provided a shortlist of specific phar-
macological tools including inhibitors of the proteolytically
processed protein kinases and substrate-specific calpain in-
hibitors such as the neuroprotective TAT-Src peptide (Fig. 6)
for future investigation to chart signaling pathways orches-
trating excitotoxic neuronal death.

One approach to decipher these pathways is through
combinatorial phosphoproteomic and N-terminomic analysis
of glutamate-treated neurons with and without co-treatment
with specific inhibitors of pathologically activated cellular
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Fia. 7. N-terminomic results contributed to the discovery of ischemic stroke-induced proteolytic processing of CaMKlla in mouse
brain cortex. A, Calpain cleavage sites of CaMKIIf in excitotoxic neurons identified by TAILS and the corresponding predicted cleavage sites in
CaMKlla. ACaMKIl short and ACaMKIl long: N-terminal truncated fragments derived from cleavage at site 1 and site 2, respectively. B, cleavage
of unphosphorylated recombinant CaMKlla (rCaMKlla) and pT286-rCaMKlla by calpain-1 in vitro generated truncated CaMKlla (ACaMKillax)
fragments with molecular masses similar to those in ischemic stroke mouse brains. The pT286-rCaMKlla was generated by incubating 200 pg of
rCaMKllx for 2 min at 30 °C in the presence of 10 uM ATP, 10 mM Mg?*, 1.5 mM Ca*, and 5 uM CaM. For the in vitro cleavage experiments,
rCaMKlla or pT286-rCaMKlla was incubated with calpain-1 (1 unit) for 45 min. Reaction mixtures of the in vitro experiments were probed with the
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events occurring during excitotoxicity. These include: (i) ner-
inetide, a cell-permeable peptide interfering over-activation of
nNOS (97) and NOX2 (98) by the hyperactivated NMDA re-
ceptor (99, 100); (i) specific inhibitors of the synapse-enriched
protein kinases including Src, CaMKlla, CaMKIIp, DCLK1, Fyn,
PAK1, and PAKS3 dysregulated by proteolytic processing
during excitotoxic neurons (listed in supplemental Table S8);
(iii) specific inhibitors of calpains 1 and 2 (reviewed in (101);
and (iv) substrate-specific inhibitors of calpains such as TAT-
Src (Fig. 6).

We previously demonstrated that ANSrc generated by
calpain cleavage of Src is a mediator of the neurotoxic sig-
nals of the over-stimulated NMDA receptors. Since ANSrc is
a protein tyrosine kinase, identifying the proteins directly
phosphorylated by ANSrc in neurons is an appropriate
approach to define its neurotoxic mechanism. The proteomic
method developed by Bian et al. (102) to define the
phosphotyrosine-proteome of cultured cells using the
superbinder mutants of SH2 domains is therefore a method
of choice to identify the substrates of ANSrc in neurons
during excitotoxicity.

Sequences in Proteins Proteolytically Processed in
Excitotoxic Neurons Contain Structural Features Directing
Their Cleavage by Calpains

The mechanism of substrate recognition by calpains in
cells is poorly understood because of the relative scarcity of
confirmed calpain cleavage site data. Since the cleavage
sites in the neuronal proteins identified by our TAILS anal-
ysis were the exact sites targeted by calpains in neurons,
they, therefore, represent genuine cleavage sites of calpain
substrates in vivo. Our data demonstrate that in excitotoxic
neurons, the pattern of amino acid preferences from posi-
tions P6-P5' of the cleavage site sequences in neuronal
proteins proteolytically processed by calpains is very similar
to that in synthetic peptides cleaved by calpain 1 and cal-
pain 2 in vitro (Fig. 1). These findings suggest that the active

site and substrate-binding sites (exosites) of calpains
recognize specific structural features in the P6-P5' amino
acid residues in the cleavage site sequences of their in vivo
substrates.

duVerle and Mamitsuka (103) documented around 100
experimentally confirmed calpain cleavage sequences in
mammalian proteins. Among them, the exact sites of calpain
cleavage sites were determined by in vitro studies. As such, it
remains unclear if the cleavage sites they determined corre-
spond to the sites of cleavage in these proteins by calpains
in vivo. Based upon the limited data of calpain cleavage sites
in protein substrates and results of peptide library studies to
define the optimal cleavage sequences (51, 104), a number of
algorithms for the prediction of calpain substrates and the
cleavage sites were designed. The most notable algorithms
include calCleaveMKL (103), iProt-Sub (105), DeepCalpain
(106), and GPS-CCD (107). Here, we demonstrated for the first
time a high degree of conformity of amino acid preferences at
the P6-P5' positions in both the potential calpain substrates in
neurons and the in vitro peptide substrates of calpains 1 and
2, which are the major calpain isoforms expressed in neurons
(Fig. 1, B and C). Of the 200 to 300 cleavage sites identified in
our study (Fig. 1), over 90% were identified for the first time as
potential calpain cleavage sites in properly folded proteins in
live cells. As such, incorporating information on these newly
identified cleavage site sequences and/or three-dimensional
structures of the corresponding calpain substrates will
improve the predictive accuracy of these algorithms.

Besides the primary structure proximal to the cleavage site
and the three-dimensional structural features, the co-
localization of a potential calpain substrate with a specific
isoform of calpains also governs whether it is proteolytically
processed in vivo. For example, the C-terminal tail of calpains
1 and 2 contains different PDZ-binding motifs which target
them to different subcellular compartments where they pro-
teolyze specific subsets of protein substrates (101, 108).
Future investigations to decipher where and when the po-
tential calpain substrates identified in our TAILS analysis form

anti-Pan CaMKIl and anti-CaMKlla antibodies with epitopes mapped to the kinase domain. C, Western blots of lysates of brain cortex (20 pg of
proteins) were collected from wild-type sham-operated mice and wild-type mice and CaMKlla KO mice at designated time points after pho-
tothrombotic stroke. The blots were probed with anti-CaMKlla antibody (left panel) and anti-pan CaMKIl antibody (right panel). One green star:
Proteins in CaMKlla KO brain lysates cross-reacted with the anti-CaMKlla antibody. These proteins were likely the N-terminal proteolytic
fragments of other CaMKIl isoforms. Two green stars: A protein band cross-reacted with anti-CaMKIla antibody but not with anti-pan CaMKII
antibody. Three green stars: the molecular mass (~35 kDa) of this long N-terminal fragment (ACaMKII long) differs from the predicted molecular
mass (43.2 kDa) of ACaMKII long derived from CaMKIIB. As this fragment was present in the CaMKlla KO brain lysate, it is likely derived from
another CaMKIl isoform such as CaMKII5 expressed in brain cells. D, Western blot of lysates of brain cortex collected from wild type sham-
operated mice at designated time points after photothrombotic stroke treatment. The blot was probed with anti-pan CaMKIl antibody (left
panel). The abundance ratios of the intact CaMKlla or CaMKIIf versus actin and those of the short N terminal fragment of CaMKII (ACaMKI|
short) in brain cortical lysates of sham-operated and ischemic stroke mice (right panels). The p-values are represented as * for p-value <0.05,
** for p-value <0.01 and *** for p-value <0.001. E, a model of differential cleavage of CaMKII oligomer by calpains in sham and ischemic stroke
mouse brains. Under physiological conditions, calpains (black scissors) cleave CaMKlla and CaMKIIp homo- and hetero-oligomers at site 2 to
generate ACaMKIl long containing the kinase domain, the autoinhibitory/CaM binding motif, and the linker motif. In ischemic stroke condition,
calpains are over-activated and the CaMKIl oligomers undergo autophosphorylation at Thr-286. The over-activated calpains (red scissors)
cleave the autophosphorylated CaMKlla and CaMKIIf oligomers at sites 1 and 2, respectively to generate ACaMKII short and ACaMKII long
fragments.
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protein complexes with calpains 1 and 2 in neurons during
excitotoxicity will further bridge the knowledge gap concern-
ing how the two calpain isoforms recognize their substrates in
neurons.

Potential Cross-Talks Between Calpain Cleavage and
Phosphorylation

Previous studies by Dix et al. (109) uncovered two mecha-
nisms of cross-talks between caspase cleavage and phos-
phorylation of cellular proteins during apoptosis: (i) exposure
of phosphorylation site in cellular proteins upon cleavage by
caspases and (i promotion of caspase cleavage of specific
cellular proteins by phosphorylation of serine and threonine
residues near the caspase cleavage sites. Examination of the
TAILS results presented in this study and results of phos-
phoproteomic analysis of neurons during excitotoxicity (23,
28) did not reveal evidence of similar mechanisms of cross-
talks between calpain cleavage and phosphorylation of
neuronal proteins during excitotoxicity.

Our TAILS study discovered 12 protein kinases proteolyti-
cally processed by calpains to generate stable truncated
fragments retaining the intact kinase domain (supplemental
Table S8, A and B). These truncated fragments are the dys-
regulated forms of these kinases because calpain cleavage
removes one or more domains/motifs regulating their kinase
activities and/or subcellular localizations. The dysregulated
truncated protein kinases such as ANSrc generated by calpain
cleavage of Src (Fig. 4) likely phosphorylate specific neuronal
proteins only in excitotoxic neurons. Some of these phos-
phorylated proteins may contribute to neuronal death (18).
Hence, phosphorylation of specific neuronal proteins by the
truncated fragments of protein kinases generated by calpain
cleavage of intact protein kinases during excitotoxicity is a
potential mechanism of cross-talks between calpain cleavage
and phosphorylation. Furthermore, the cleavage site se-
quences identified in our TAILS analysis of mouse cortical
neurons are either identical or highly similar among the iso-
forms of these kinases (supplemental Table S8C). As such, the
isoforms of these protein kinases expressed in neurons are
likely proteolytically processed by calpains during excitotox-
icity. More importantly, the cleavage site sequences in mouse
and human homologs of these kinases are also either identical
or highly similar (supplemental Table S8C), implying that these
neuronal kinases are dysregulated by calpain cleavage in
pathological conditions such as ischemic stroke in humans.

Neuronal Proteins Proteolytically Processed During
Excitotoxicity are Potential Targets for the Development of
Neuroprotective Therapeutics

Currently, there is no FDA-approved neuroprotective drug
for treating patients suffering from acute neurological disor-
ders or neurodegenerative diseases. This pessimistic scenario
was challenged by the promising results of two clinical trials of
a cell membrane permeable peptide nerinetide, which inhibits

a key pathological event directing excitotoxic neuronal death-
binding of the scaffolding protein PSD95 to the NMDA re-
ceptor (4, 97, 110). The positive clinical outcomes of nerinetide
treatment illustrate that other events occurring in neurons
during excitotoxicity are potential therapeutic targets for the
development of neuroprotective strategies for the treatment of
patients with ischemic stroke. Proteolytic processing of Src to
generate the neurotoxic truncated fragment ANSrc is also a
pathological event directing neuronal death (18), and we
demonstrated the substrate-specific calpain inhibitor Tat-Src
could protect against neuronal cell loss in vivo (Fig. 6),
small-molecule compounds mimicking TAT-Src peptide in
specifically blocking calpain cleavage of Src in neurons (Fig. 6)
are potential neuroprotective drug candidates to reduce
excitotoxic neuronal loss in neurological disorders.

It is noteworthy that not all substrate-specific cell
membrane—permeable peptides blocking neuronal proteins
from being proteolytically processed by calpains are potential
neuroprotectants. For example, cell-permeable peptide in-
hibitors that specifically block calpain cleavage of CaMKllx
and CaMKIIB at sites 1 and 2 (Fig. 7) are not suitable for use as
neuroprotective therapeutics. Cleavage site 1 (M2%2-H?8% of
CaMKIIp) is located within the autoinhibitory/CaM-binding
motif. Hence, even if a cell-permeable peptide derived from
the sequence around this cleavage site can specifically block
calpain cleavage of CaMKIIf in excitotoxic neurons, it would
not be suitable for use as a neuroprotectant, as the peptide
sequence contains the autoinhibitory/CaM-binding motif,
which can bind CaM and interfere with the physiological
function of CaM in vivo. Thus, careful peptide sequence
optimization to eliminate its CaM-binding ability would be
needed. Since autophosphorylation of CaMKlla at Thr-286
impairs its CaM-binding activity, replacing Thr-286 in the
peptide sequence with a phosphomimetic amino acid may
achieve this aim. For site 2 (D%%°-G3%° of CaMKIIp), proteolytic
processing of CaMKIIp and CaMKllax at this site occurs in both
sham-operated and ischemic stroke mouse brains (Fig. 7),
indicating that it is a proteolytic processing event occurring in
both physiological and pathological conditions. Hence, the
cell-permeable peptide derived from the sequence around this
site is not suitable for use as a neuroprotective therapeutic
because it can potentially interfere with modifications of
CaMKllo and CaMKIIf by calpains under physiological con-
ditions. It is thus necessary to define the effects of blockade of
calpain cleavage of the proteolytically processed neuronal
proteins identified in our TAILS analysis before they are cho-
sen as the targets for the future development of neuro-
protective therapeutics. Nonetheless, besides identifying
calpain cleavage of Src as a potential target for the develop-
ment of neuroprotective therapeutics, the proteolytic pro-
cessing events during excitotoxicity constructed by our TAILS
analysis also provide the conceptual framework for identifying
other calpain substrates as potential targets for neuro-
protective therapeutics development.
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Calpain-Catalyzed Proteolytic Processing as a
Physiological and Pathological Regulatory Mechanism of
Neuronal CaMKIl

Western blot analysis indicated that cleavage of CaMKlla at
site 2, leading to the formation of ACaMKIla-long consisting of
the intact kinase domain and the autoinhibitory/CaM-binding
motif, occurred in both sham-operated and ischemic stroke
mouse brains (Fig. 7, C-E), suggesting proteolytic processing
as a physiological regulatory mechanism of CaMKIl. In
contrast, ACaMKIl-short, consisting of just the intact kinase
domain, was generated by cleavage of CaMKllax and other
neuronal CaMKIl isoforms at site 1 were generated in ischemic
stroke mouse brains only (Fig. 7, C-E). Hence, proteolytic
processing of CaMKlla and other isoforms at site 1 leading to
the formation of ACaMKIl-short is a pathological regulatory
mechanism of CaMKIl.

Autophosphorylation at Thr-286 of CaMKlla and the ho-
mologous threonine residue in other CaMKIl isoforms allows
CaMKIl to remain active without stimulation by Ca?*/CaM
(111, 112). Thr-286 and the homologous threonine residues in
CaMKIl isoforms reside in the autoinhibitory/CaM-binding
motif, suggesting that its phosphorylation can affect the
accessibility of both cleavage sites 1 and 2 to calpains. Re-
sults of in vitro analysis revealed that cleavage at both sites
occurred only when Thr-286 and Thr-287 of CaMKlla and
CaMKIIp, respectively, were autophosphorylated (Figs. 5B and
7B). This effect of phosphorylation at Thr-286/Thr-287 on
calpain-catalyzed proteolysis of CaMKlla and CaMKIIp is in
agreement with the results of the in vitro studies reported by
Rich et al. (113) and Kwiatkowski and King (114). These find-
ings suggest that autophosphorylation at Thr-286/Thr-287 is a
pre-requisite for calpain-mediated cleavage of CaMKII at both
sites 1 and 2.

Besides enhanced proteolytic processing by calpain
cleavage at site 1, CaMKlla and its isoforms including
CaMKIIp and CaMKII5 expressed in neurons (referred to as
CaMKllIs) undergo significant autophosphorylation at Thr-286.
Upon phosphorylation of Thr-286 and its homologous threo-
nine, CaMKIlls exhibit autonomous Ca2+/CaM—independent
activity. How might autophosphorylation at Thr-286 and cal-
pain cleavage at site 2 contribute to excitotoxic neuronal
death and brain damage in ischemic stroke? Using the mouse
model of cardiac arrest and pulmonary resuscitation (CA/CPR)
that causes excitotoxic neuronal loss, CA/CPR induced sig-
nificant brain damage and a significant increase in auto-
phosphorylation at Thr-286 and the homologous threonine of
CaMKIl and other isoforms in synaptosome membrane frac-
tions (25). Treatment with the tight binding CaMKII inhibitor
tatCN190 at 30 min after CA/PCR reduced autonomous
CaMKIl activity and reduced the brain damage inflicted by the
treatment, suggesting that the neuroprotective action of
tatCN19o is attributed to its inhibition of autonomous kinase
activity and/or autophosphorylation at Thr-286 of CaMKII.

Further investigation with the transgenic mice expressing the
phosphorylation-deficient T286A-CaMKIl mutant revealed
that, similar to the effects of tatCN190, CA/CPR inflicted much
less brain damage. In summary, these findings confirm the
neurotoxic role of sustained Ca®*/CaM-independent activa-
tion of CaMKIls due to autophosphorylation at Thr-286 and
the homologous threonine residues. In light of our TAILS and
biochemical findings (Figs. 5 and 7), we hypothesize that
CaMKIlIs autophosphorylated at Thr-286 and homologous
threonine residues in excitotoxic neurons are cleaved by cal-
pains at site 1, leading to the formation of the constitutively
active ACaMKIll-short, which phosphorylates specific
neuronal proteins to direct neuronal death (see model in
Fig. 7E). Future investigation into the effects of recombinant
ACaMKIl-short on neuronal survival will reveal whether
ACaMKIl-short is a mediator of excitotoxic neuronal death. Of
relevance, we previously demonstrated that the truncated
fragment ANSrc generated by proteolytic processing of Src
was a mediator of excitotoxic neuronal death (18). Addition-
ally, a recombinant truncated CaMKIl fragment with an intact
kinase domain was highly active and its expression in neurons
induces AMPA receptor activation in synapses (115), con-
firming the ability of truncated fragment of CaMKIl to induce
aberrant signaling events in neurons.

What are the physiological consequences of calpain
cleavage of CaMKIls at Site 2 to generate ACaMKIl-long?
Since the CaMKIl-long fragments consist of the intact kinase
domain and the autoinhibitory/CaM-binding motif, their ac-
tivity is still under the control of Ca?*/CaM. However, the lack
of the hub domain allows CaMKII-long to dissociate from the
CaMKII oligomeric complexes, translocate to a different sub-
cellular location and phosphorylate specific neuronal proteins
in that location. Future investigations to identify the substrates
and binding partners of CaMKII-long fragments in neurons will
shed light on their potential physiological functions.

DATA AVAILABILITY

The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE
(116) partner repository with the dataset identifier PXD040648
for the project entitled “N-terminomics Analysis of Mouse
cultured cortical neuron during excitotoxicity”. Readers can
view the annotated mass spectra from the MaxQuant output in
MS-Viewer (https://msviewer.ucsf.edu/prospector/cgi-bin/
msform.cgi?form=msviewer). The search key and link for
each of the four dataset uploaded to MS-Viewer are given
below.

(i) For dataset CG30 (Glutamate-treated neurons versus
control neurons at 30 min of treatment), the search key is
lharfgyark and the link is https://msviewer.ucsf.edu/
prospector/cgi-bin/mssearch.cgi?report_title=MS-Viewer&
search_key=lharfgygrk&search_name=msviewer.
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(i) For dataset CG240 (Glutamate-treated neurons
versus control neurons at 240 min of treatment), the
search key is kylnndpkwl and the link is https://
msviewer.ucsf.edu/prospector/cgi-bin/mssearch.cgi?
report_title=MS-Viewer&search_key=kylnndpkwl&search_
name=msviewer.

(iiiy For dataset Gluamate+calpeptin 30 min (Glutamate/
calpeptin co-treated neurons versus control neurons at
30 min of treatment), the search key is ljkumbbt6v and
the link is https://msviewer.ucsf.edu/prospector/cgi-
bin/mssearch.cgi?report_title=MS-Viewer&search_key=
likumbbt6v&search_name=msviewer.

(iv) For dataset Gluamate+calpeptin 240 min (Glutamate/
calpeptin co-treated neurons versus control neurons at
240 min of treatment), the search key is xsmemmjtmv
and the link is https://msviewer.ucsf.edu/prospector/
cgi-bin/mssearch.cgi?report_title=MS-Viewer&search_
key=xsmemmjtmv&search_name=msviewer.

Supplemental data— This article contains supplemental data
(29, 46).

Acknowledgments—We thank Robert Qi, Swati Varshney
and Anderly Chueh for comments and suggestions for drafting
this manuscript. We are grateful to the Luiz Gustavo Nogueira
de Almeida for his help in conducting the Maxquant search in
the N-terminomic analysis.

Funding and additional information—This work was funded
by grants from the National Health and Medical Research
Council (NHMRC) of Australia, NSERC of Canada, Australian
Brain Foundation and Israel Science Foundation: NHMRC
project grant #1050486 to H.-C. C.; NHMRC project grant
#1141906 to A. Dhillon; NSERC discovery grant #DGECR-
2019-0012); grants from the Israel Science Foundation (1623/
17 and 2167/17) to O. K. and Australian Brain Foundation
grant to P. P. and H.-C. C. The Lundbeck Foundation (R277-
2018-260) to P. W., A. N. C. and N. G.-K. and the Novo
Nordisk Foundation (NNF14CC0001) to P. W. and N. G.-K.

Author contributions—S. S. A.,, A.H.,,H.N., R.L. M, |.
D.L,A.D,J.P.L,F. B, H.-J. Z.,L B C. R P. N.
A. N. C.,, P. W, G. D. W., C.-S. A,an
conceptualization; S. S. -K.,,A.D.,M.I.H.,, A.
H.N.,,D.F.D.,R. L. M,, .S.L, M. G.L, A
B,C R., P. N. P.

C., A.
A, N.G.
M. A. K,

,O.K,A.N.C, P.
.A., and H.-C. C. methodology; S.
+S.S,H.N,D.F.D.,,R.L. M., M. .
,LB,C.R,P.N.P,O.K,A N. P
., and H.-C. C. validation; S. S. A,,
. L., and A. D. formal analysis; S.
.,SS,HNDFDRLMMA I.

R.

S.
,PNPOKANCPWG .C,

N.
N.
A

K.

“O'r—

I32>I>

S.
A
C,

=
o !

rADzZzr TN

N. A. W, C.-S. A, and H.-C. C. investigation; S. S. A., N. G.-
K,AD M.L.H.,A.H.,S.S.,,H.N,,D.F.D.,R. L. M., M. A. K,,
I ,.M.GL,D.L,AD,JPL,F.B,H-J.Z,LB,C.R,
PNP,OKANC P.W,G.D.C,N. AW, C.-S. A, and
H.-C. C. data curation; S. S. A.,, N. G.-K, A.D., M. . H., A. H,,
S.S,H.N,,D.F.D,,R.L.M, M. A K,LS.L,M.G.L,D.L.,
A.D.,J.P.L,F.B.,H.-J.Z,L.B,,C.R.,,P.N.P,, 0. K, A. N.
C.,P.W,G.D.C, N. AW, C.-S. A, and H.-C. C. writing-
original draft; S. S. A.,, N. G.-K,, A. D.,, M. I. H., A. D., N. A
W., C.-S. A, and H.-C. C. writing-review and editing; S. S. A,,

N. G.-K., A. D., and M. I. H. visualization; H. N., R. L. M., A. D.,
G.D. C., C.-S. A, and H.-C. C. supervision; P. N. P, A. N. C.,
P. W, N. AW, C.-S. A, and H.-C. C. funding acquisition.

Conflict of interest—The authors declare no competing
interest.

Abbreviations—The abbreviations used are: CaMKlla,
Calmodulin-dependent protein kinase llo; CaMKIIp, Calmod-
ulin-dependent protein kinase 1I; CCI, Controlled cortical
impact; Cdk5, Cyclin-dependent kinase 5; CRMP2, Collapsin
response mediator protein-2 (also termed dihydropyrimidinase
like 2 (Dpysl2)); DCAL, Dual carotid artery ligation; DDA, Data-
dependent acquisition; DIA, Data-independent acquisition;
DIV, Days in vitro; FITC-TAT-SRC, Fluorescein isothiocyanate-
modified TAT-SRC; GIuN2B, Glutamate ionotropic recep-
torNMDA type subunit 2B; GSK3p, Glycogen synthase kinase
3p; HPG-ALD, Hydroxy Polyglycerol Aldehyde; iGluRs, lono-
tropic glutamate receptors; iRT, indexed Retention Time;
NMDA receptors, N-methyl-D-aspartate receptors; nNOS,
Neuronal nitric oxide synthase; NOX2, NADPH oxidase 2;
TAILS, Terminal amine isotopic labelling of substrates; TAT-
Scrambled, A cell-permeable peptide consisting of the cell-
permeable TAT-sequence and the segment encompassing
the scrambled sequence of residues 49 to 79 of Src tyrosine
kinase; TAT-SRC, A cell-permeable peptide consisting of the
cell-permeable TAT-sequence and the segment encompass-
ing residues 49 to 79 of Src tyrosine kinase; TBI, traumatic
brain injury; TBS, tris-buffered saline; TBS-T, tris-buffered
saline with 0.1% Tween-20 detergent; XIC, Extracted-ion
chromatogram.

Received July 7, 2022, and in revised form, February 23, 2023
Published, MCPRO Papers in Press, April 6, 2023, https://doi.org/
10.1016/j.mcpro.2023.100543

REFERENCES

1. Fricker, M., Tolkovsky, A. M., Borutaite, V., Coleman, M., and Brown, G. C.
(2018) Neuronal cell death. Physiol. Rev. 98, 813-880

2. Savitz, S. I., and Fisher, M. (2007) Future of neuroprotection for acute
stroke: in the aftermath of the SAINT trials. Ann. Neurol. 61, 396-402

3. Chamorro, A,, Lo, E. H., Renu, A,, van Leyen, K., and Lyden, P. D. (2021)
The future of neuroprotection in stroke. J. Neurol. Neurosurg. Psychiatry
92, 129-135

4. Hill, M. D., Goyal, M., Menon, B. K., Nogueira, R. G., McTaggart, R. A,,
Demchuk, A. M., et al. (2020) Efficacy and safety of nerinetide for the
treatment of acute ischaemic stroke (ESCAPE-NA1): a multicentre,
double-blind, randomised controlled trial. Lancet 395, 878-887

24 Mol Cell Proteomics (2023) 22(5) 100543

SASBMB


https://msviewer.ucsf.edu/prospector/cgi-bin/mssearch.cgi?report_title=MS-Viewer&amp;search_key=kylnndpkwl&amp;search_name=msviewer
https://msviewer.ucsf.edu/prospector/cgi-bin/mssearch.cgi?report_title=MS-Viewer&amp;search_key=kylnndpkwl&amp;search_name=msviewer
https://msviewer.ucsf.edu/prospector/cgi-bin/mssearch.cgi?report_title=MS-Viewer&amp;search_key=kylnndpkwl&amp;search_name=msviewer
https://msviewer.ucsf.edu/prospector/cgi-bin/mssearch.cgi?report_title=MS-Viewer&amp;search_key=kylnndpkwl&amp;search_name=msviewer
https://msviewer.ucsf.edu/prospector/cgi-bin/mssearch.cgi?report_title=MS-Viewer&amp;search_key=ljkumbbt6v&amp;search_name=msviewer
https://msviewer.ucsf.edu/prospector/cgi-bin/mssearch.cgi?report_title=MS-Viewer&amp;search_key=ljkumbbt6v&amp;search_name=msviewer
https://msviewer.ucsf.edu/prospector/cgi-bin/mssearch.cgi?report_title=MS-Viewer&amp;search_key=ljkumbbt6v&amp;search_name=msviewer
https://msviewer.ucsf.edu/prospector/cgi-bin/mssearch.cgi?report_title=MS-Viewer&amp;search_key=xsmemmjtmv&amp;search_name=msviewer
https://msviewer.ucsf.edu/prospector/cgi-bin/mssearch.cgi?report_title=MS-Viewer&amp;search_key=xsmemmjtmv&amp;search_name=msviewer
https://msviewer.ucsf.edu/prospector/cgi-bin/mssearch.cgi?report_title=MS-Viewer&amp;search_key=xsmemmjtmv&amp;search_name=msviewer
http://doi.org/https://doi.org/10.1016/j.mcpro.2023.100543
http://doi.org/https://doi.org/10.1016/j.mcpro.2023.100543
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref1
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref1
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref2
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref2
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref3
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref3
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref3
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref4
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref4
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref4
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref4

N-Terminomic Analysis of Neurons in Excitotoxicity

20.

21.

22.

23.

24,

25.

. Lipton, S. A. (2007) Pathologically activated therapeutics for neuro-

protection. Nat. Rev. Neurosci. 8, 803-808

. Ballarin, B., and Tymianski, M. (2018) Discovery and development of NA-1

for the treatment of acute ischemic stroke. Acta Pharmacol. Sin. 39,
661-668

. Fisher, M., and Savitz, S. I. (2022) Pharmacological brain cytoprotection in

acute ischaemic stroke - renewed hope in the reperfusion era. Nat. Rev.
Neurol. 18, 193-202

. Choi, D. W. (1988) Glutamate neurotoxicity and diseases of the nervous

system. Neuron 1, 623-634

. Simon, R. P., Swan, J. H., Griffiths, T., and Meldrum, B. S. (1984) Blockade

of N-methyl-D-aspartate receptors may protect against ischemic dam-
age in the brain. Science 226, 850-852

. Olney, J. W. (1969) Brain lesions, obesity, and other disturbances in mice

treated with monosodium glutamate. Science 164, 719-721

. Wang, K. K., Nath, R., Posner, A., Raser, K. J., Buroker-Kilgore, M.,

Hajimohammadreza, |., et al. (1996) An alpha-mercaptoacrylic acid de-
rivative is a selective nonpeptide cell-permeable calpain inhibitor and is
neuroprotective. Proc. Natl. Acad. Sci. U. S. A. 93, 6687-6692

. Lankiewicz, S., Marc Luetjens, C., Truc Bui, N., Krohn, A. J., Poppe, M.,

Cole, G. M., et al. (2000) Activation of calpain | converts excitotoxic
neuron death into a caspase-independent cell death. J. Biol. Chem. 275,
17064-17071

. Yamashima, T., Kohda, Y., Tsuchiya, K., Ueno, T., Yamashita, J., Yosh-

ioka, T., et al. (1998) Inhibition of ischaemic hippocampal neuronal death
in primates with cathepsin B inhibitor CA-074: a novel strategy for
neuroprotection based on 'calpain-cathepsin hypothesis'. Eur. J. Neu-
rosci. 10, 1723-1733

. Ginet, V., Spiehlmann, A., Rummel, C., Rudinskiy, N., Grishchuk, Y., Luthi-

Carter, R., et al. (2014) Involvement of autophagy in hypoxic-excitotoxic
neuronal death. Autophagy 10, 846-860

. Sattler, R., Xiong, Z., Lu, W. Y., Hafner, M., MacDonald, J. F., and

Tymianski, M. (1999) Specific coupling of NMDA receptor activation
to nitric oxide neurotoxicity by PSD-95 protein. Science 284, 1845—
1848

. Brennan, A. M., Suh, S. W., Won, S. J., Narasimhan, P., Kauppinen, T. M.,

Lee, H., et al. (2009) NADPH oxidase is the primary source of superoxide
induced by NMDA receptor activation. Nat. Neurosci. 12, 857-863

. Tominaga, K., Nakanishi, H., Yasuda, Y., and Yamamoto, K. (1998) Exci-

totoxin-induced neuronal death is associated with response of a unique
intracellular aspartic proteinase, cathepsin E. J. Neurochem. 71, 2574—
2584

. Hossain, M. I, Roulston, C. L., Kamaruddin, M. A., Chu, P. W., Ng, D. C.,

Dusting, G. J., et al. (2013) A truncated fragment of Src protein kinase
generated by calpain-mediated cleavage is a mediator of neuronal death
in excitotoxicity. J. Biol. Chem. 288, 9696-9709

. Shioda, N., Moriguchi, S., Shirasaki, Y., and Fukunaga, K. (2006) Gener-

ation of constitutively active calcineurin by calpain contributes to
delayed neuronal death following mouse brain ischemia. J. Neurochem.
98, 310-320

Wu, H. Y., Tomizawa, K., Oda, Y., Wei, F. Y., Lu, Y. F., Matsushita, M., et al.
(2004) Critical role of calpain-mediated cleavage of calcineurin in exci-
totoxic neurodegeneration. J. Biol. Chem. 279, 4929-4940

Meyer, D. A., Torres-Altoro, M. I., Tan, Z., Tozzi, A., Di Filippo, M., DiNa-
poli, V., et al. (2014) Ischemic stroke injury is mediated by aberrant Cdk5.
J. Neurosci. 34, 8259-8267

Wang, J., Liu, S., Fu, Y., Wang, J. H., and Lu, Y. (2003) Cdk5 activation
induces hippocampal CA1 cell death by directly phosphorylating NMDA
receptors. Nat. Neurosci. 6, 1039-1047

Hoque, A., Williamson, N. A., Ameen, S. S., Ciccotosto, G. D., Hossain, M.
1., Oakhill, J. S., et al. (2019) Quantitative proteomic analyses of dynamic
signalling events in cortical neurons undergoing excitotoxic cell death.
Cell Death Dis. 10, 213

Kleifeld, O., Doucet, A., auf dem Keller, U., Prudova, A., Schilling, O.,
Kainthan, R. K., et al. (2010) Isotopic labeling of terminal amines in
complex samples identifies protein N-termini and protease cleavage
products. Nat. Biotechnol. 28, 281-288

Deng, G., Orfila, J. E., Dietz, R. M., Moreno-Garcia, M., Rodgers, K. M.,
Coultrap, S. J., et al. (2017) Autonomous CaMKII activity as a drug target
for histological and functional neuroprotection after resuscitation from
cardiac arrest. Cell Rep. 18, 1109-1117

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

46.

Leurs, U., Klein, A. B., McSpadden, E. D., Griem-Krey, N., Solbak, S. M. O.,
Houlton, J., et al. (2021) GHB analogs confer neuroprotection through
specific interaction with the CaMKllalpha hub domain. Proc. Natl. Acad.
Sci. U. S. A. 118, e2108079118

Ludwig, C., Gillet, L., Rosenberger, G., Amon, S., Collins, B. C., and
Aebersold, R. (2018) Data-independent acquisition-based SWATH-MS
for quantitative proteomics: a tutorial. Mol. Syst. Biol. 14, e8126

[preprint] Ameen, S. S., Dufour, A., Hossain, M. I., Hoque, A., Sturgeon, S.,
Nandurkar, H., et al. (2020) An atlas of phosphorylation and proteolytic
processing events during excitotoxic neuronal death reveals new ther-
apeutic opportunities. bioRxiv. https://doi.org/10.1101/2020.06.15.
151456v1

Tukey, J. W. (1977) Exploratory Data Analysis. Addison-Wesley, Boston

Lee, N. T., Selan, C., Chia, J. S. J., Sturgeon, S. A., Wright, D. K., Zamani,
A., et al. (2020) Characterization of a novel model of global forebrain
ischaemia-reperfusion injury in mice and comparison with focal
ischaemic and haemorrhagic stroke. Sci. Rep. 10, 18170

Sashindranath, M., Samson, A. L., Downes, C. E., Crack, P. J., Law-
rence, A. J., Li, Q. X,, et al. (2011) Compartment- and context-specific
changes in tissue-type plasminogen activator (tPA) activity following
brain injury and pharmacological stimulation. Lab. Invest. 91, 1079-
1091

Elgersma, Y., Fedorov, N. B., Ikonen, S., Choi, E. S., Elgersma, M., Car-
valho, O. M., et al. (2002) Inhibitory autophosphorylation of CaMKII
controls PSD asscociation, plasticity, and learning. Neuron 36, 493-505

Sashindranath, M., Daglas, M., and Medcalf, R. L. (2015) Evaluation of gait
impairment in mice subjected to craniotomy and traumatic brain injury.
Behav. Brain Res. 286, 33-38

Clarkson, A. N., Huang, B. S., Macisaac, S. E., Mody, I., and Carmichael,
S. T. (2010) Reducing excessive GABA-mediated tonic inhibition pro-
motes functional recovery after stroke. Nature 468, 305-309

Osborne, K. A., Shigeno, T., Balarsky, A. M., Ford, I., McCulloch, J.,
Teasdale, G. M., et al. (1987) Quantitative assessment of early brain
damage in a rat model of focal cerebral ischaemia. J. Neurol. Neurosurg.
Psychiatry 50, 402-410

Wang, T., Ma, G., Ang, C. S., Korhonen, P. K., Stroehlein, A. J., Young, N.
D., et al. (2020) The developmental phosphoproteome of Haemonchus
contortus. J. Proteomics 213, 103615

El-Gebali, S., Mistry, J., Bateman, A., Eddy, S. R., Luciani, A., Potter, S. C.,
et al. (2019) The Pfam protein families database in 2019. Nucleic Acids
Res. 47, D427-D432

Kall, L., Canterbury, J. D., Weston, J., Noble, W. S., and MacCoss, M. J.
(2007) Semi-supervised learning for peptide identification from shotgun
proteomics datasets. Nat. Methods 4, 923-925

Taus, T., Kocher, T., Pichler, P., Paschke, C., Schmidt, A., Henrich, C.,
et al. (2011) Universal and confident phosphorylation site localization
using phosphoRS. J. Proteome Res. 10, 5354-5362

Tyanova, S., Temu, T., Sinitcyn, P., Carlson, A., Hein, M. Y., Geiger, T.,
et al. (2016) The Perseus computational platform for comprehensive
analysis of (prote)omics data. Nat. Methods 13, 731-740

Tyanova, S., and Cox, J. (2018) Perseus: a bioinformatics platform for
integrative analysis of proteomics data in cancer research. Methods
Mol. Biol. 1711, 133-148

Hancock, W. S., and Battersby, J. E. (1976) A new micro-test for the
detection of incomplete coupling reactions in solid-phase peptide syn-
thesis using 2,4,6-trinitrobenzenesulphonic acid. Anal. Biochem. 71,
260-264

Gonzalez-Lozano, M. A., Koopmans, F., Sullivan, P. F., Protze, J., Krause,
G., Verhage, M., et al. (2020) Stitching the synapse: cross-linking mass
spectrometry into resolving synaptic protein interactions. Sci. Adv. 6,
eaax5783

Szklarczyk, D., Gable, A. L., Lyon, D., Junge, A., Wyder, S., Huerta-Cepas,
J., et al. (2019) STRING v11: protein-protein association networks with
increased coverage, supporting functional discovery in genome-wide
experimental datasets. Nucleic Acids Res. 47, D607-D613

Choi, D. W. (1990) Methods for antagonizing glutamate neurotoxicity.
Cerebrovasc. Brain Metab. Rev. 2, 105-147

Kleifeld, O., Doucet, A., Prudova, A., auf dem Keller, U., Gioia, M., Kiz-
hakkedathu, J. N., et al. (2011) Identifying and quantifying proteolytic
events and the natural N terminome by terminal amine isotopic labeling
of substrates. Nat. Protoc. 6, 1578-1611

SASBMB

Mol Cell Proteomics (2023) 22(5) 100543 25


http://refhub.elsevier.com/S1535-9476(23)00053-1/sref5
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref5
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref6
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref6
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref6
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref7
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref7
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref7
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref8
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref8
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref9
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref9
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref9
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref10
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref10
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref11
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref11
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref11
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref11
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref12
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref12
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref12
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref12
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref13
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref13
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref13
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref13
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref13
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref14
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref14
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref14
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref15
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref15
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref15
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref15
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref16
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref16
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref16
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref17
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref17
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref17
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref17
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref18
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref18
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref18
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref18
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref19
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref19
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref19
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref19
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref20
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref20
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref20
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref21
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref21
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref21
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref22
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref22
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref22
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref23
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref23
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref23
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref23
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref24
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref24
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref24
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref24
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref25
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref25
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref25
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref25
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref26
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref26
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref26
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref26
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref27
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref27
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref27
https://doi.org/10.1101/2020.06.15.151456v1
https://doi.org/10.1101/2020.06.15.151456v1
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref115
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref30
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref30
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref30
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref30
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref31
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref31
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref31
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref31
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref31
http://refhub.elsevier.com/S1535-9476(23)00053-1/opthFnGkmkGrj
http://refhub.elsevier.com/S1535-9476(23)00053-1/opthFnGkmkGrj
http://refhub.elsevier.com/S1535-9476(23)00053-1/opthFnGkmkGrj
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref32
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref32
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref32
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref33
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref33
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref33
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref34
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref34
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref34
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref34
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref35
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref35
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref35
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref36
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref36
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref36
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref37
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref37
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref37
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref38
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref38
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref38
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref39
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref39
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref39
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref40
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref40
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref40
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref41
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref41
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref41
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref41
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref42
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref42
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref42
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref42
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref43
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref43
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref43
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref43
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref44
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref44
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref45
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref45
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref45
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref45

N-Terminomic Analysis of Neurons in Excitotoxicity

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Prudova, A., Gocheva, V., Auf dem Keller, U., Eckhard, U., Olson, O. C.,
Akkari, L., et al. (2016) TAILS N-terminomics and proteomics show
protein degradation dominates over proteolytic processing by cathep-
sins in dancreatic pumors. Cell Rep. 16, 1762-1773

Wang, W., Zhang, F., Li, L., Tang, F., Siedlak, S. L., Fujioka, H., et al. (2015)
MFN2 couples glutamate excitotoxicity and mitochondrial dysfunction
in motor neurons. J. Biol. Chem. 290, 168-182

Moldoveanu, T., Campbell, R. L., Cuerrier, D., and Davies, P. L. (2004)
Crystal structures of calpain-E64 and -leupeptin inhibitor complexes
reveal mobile loops gating the active site. J. Mol. Biol. 343, 1313-
1326

Tunyasuvunakool, K., Adler, J., Wu, Z., Green, T., Zielinski, M., Zidek, A.,
et al. (2021) Highly accurate protein structure prediction for the human
proteome. Nature 596, 590-596

Shinkai-Ouchi, F., Koyama, S., Ono, Y., Hata, S., Ojima, K., Shindo, M.,
et al. (2016) Predictions of cleavability of calpain proteolysis by quanti-
tative structure-activity relationship analysis using newly determined
cleavage sites and catalytic cfficiencies of an eligopeptide orray. Mol.
Cell. Proteomics 15, 1262-1280

Fujikawa, D. G. (2015) The role of excitotoxic programmed necrosis in
acute brain injury. Comput. Struct. Biotechnol. J. 13, 212-221

Repnik, U., Stoka, V., Turk, V., and Turk, B. (2012) Lysosomes and lyso-
somal cathepsins in cell death. Biochim. Biophys. Acta 1824, 22-33

Kramer, A., Green, J., Pollard, J., Jr., and Tugendreich, S. (2014) Causal
analysis approaches in ingenuity pathway analysis. Bioinformatics 30,
523-530

Koopmans, F., van Nierop, P., Andres-Alonso, M., Byrnes, A., Cijsouw, T.,
Coba, M. P., et al. (2019) SynGO: an evidence-based, expert-curated
knowledge base for the synapse. Neuron 103, 217-234.e4

Lu, F., Shao, G., Wang, Y., Guan, S., Burlingame, A. L., Liu, X., et al.
(2018) Hypoxia-ischemia modifies postsynaptic GIuN2B-containing
NMDA receptor complexes in the neonatal mouse brain. Exp. Neu-
rol. 299, 65-74

Shao, G., Wang, Y., Guan, S., Burlingame, A. L., Lu, F., Knox, R., et al.
(2017) Proteomic analysis of mouse cortex postsynaptic density
following neonatal brain hypoxia-ischemia. Dev. Neurosci. 39, 66-81

Choi, D. W. (2020) Excitotoxicity: still hammering the ischemic brain in
2020. Front. Neurosci. 14, 579953

Parsons, M. P., and Raymond, L. A. (2014) Extrasynaptic NMDA receptor
involvement in central nervous system disorders. Neuron 82, 279-293

Wakatsuki, S., Saitoh, F., and Araki, T. (2011) ZNRF1 promotes Wallerian
degeneration by degrading AKT to induce GSK3B-dependent CRMP2
phosphorylation. Nat. Cell Biol. 13, 1415-1423

Evsyukova, I., Plestant, C., and Anton, E. S. (2013) Integrative mechanisms
of oriented neuronal migration in the developing brain. Annu. Rev. Cell
Dev. Biol. 29, 299-353

Kondo, S., Takahashi, K., Kinoshita, Y., Nagai, J., Wakatsuki, S., Araki, T.,
et al. (2019) Genetic inhibition of CRMP2 phosphorylation at serine 522
promotes axonal regeneration after optic nerve injury. Sci. Rep. 9, 7188

Ono, Y., Saido, T. C., and Sorimachi, H. (2016) Calpain research for drug
discovery: challenges and potential. Nat. Rev. Drug Discov. 15, 854-876

Uchida, Y., Ohshima, T., Sasaki, Y., Suzuki, H., Yanai, S., Yamashita, N.,
et al. (2005) Semaphorin3A signalling is mediated via sequential Cdk5
and GSK3beta phosphorylation of CRMP2: implication of common
phosphorylating mechanism underlying axon guidance and Alzheimer's
disease. Genes Cells 10, 165-179

Niwa, S., Nakamura, F., Tomabechi, Y., Aoki, M., Shigematsu, H., Mat-
sumoto, T., et al. (2017) Structural basis for CRMP2-induced axonal
microtubule formation. Sci. Rep. 7, 10681

Sumi, T., Imasaki, T., Aoki, M., Sakai, N., Nitta, E., Shirouzu, M., et al.
(2018) Structural insights into the altering function of CRMP2 by phos-
phorylation. Cell Struct. Funct. 43, 15-23

Wilson, S. M., Ki Yeon, S., Yang, X. F., Park, K. D., and Khanna, R. (2014)
Differential regulation of collapsin response mediator protein 2 (CRMP2)
phosphorylation by GSK3ss and CDK5 following traumatic brain injury.
Front. Cell. Neurosci. 8, 135

Inagaki, N., Chihara, K., Arimura, N., Menager, C., Kawano, Y., Matsuo, N.,
et al. (2001) CRMP-2 induces axons in cultured hippocampal neurons.
Nat. Neurosci. 4, 781-782

Yuasa-Kawada, J., Suzuki, R., Kano, F., Ohkawara, T., Murata, M., and
Noda, M. (2003) Axonal morphogenesis controlled by antagonistic roles

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

of two CRMP subtypes in microtubule organization. Eur. J. Neurosci. 17,
2329-2343

Yoshimura, T., Kawano, Y., Arimura, N., Kawabata, S., Kikuchi, A., and
Kaibuchi, K. (2005) GSK-3beta regulates phosphorylation of CRMP-2
and neuronal polarity. Cell 120, 137-149

Chow, H. M., Guo, D., Zhou, J. C., Zhang, G. Y., Li, H. F., Herrup, K., et al.
(2014) CDK5 activator protein p25 preferentially binds and activates
GSK3beta. Proc. Natl. Acad. Sci. U. S. A. 111, E4887-E4895

Endo, H., Nito, C., Kamada, H., Nishi, T., and Chan, P. H. (2006) Activation
of the Akt/GSK3beta signaling pathway mediates survival of vulnerable
hippocampal neurons after transient global cerebral ischemia in rats. J.
Cereb. Blood Flow Metab. 26, 1479-1489

Greenwood, S. M., Mizielinska, S. M., Frenguelli, B. G., Harvey, J., and
Connolly, C. N. (2007) Mitochondrial dysfunction and dendritic beading
during neuronal toxicity. J. Biol. Chem. 282, 26235-26244

Hosie, K. A., King, A. E., Blizzard, C. A., Vickers, J. C., and Dickson, T. C.
(2012) Chronic excitotoxin-induced axon degeneration in a compart-
mented neuronal culture model. ASN Neuro 4, e00076

Hasbani, M. J., Schlief, M. L., Fisher, D. A., and Goldberg, M. P. (2001)
Dendritic spines lost during glutamate receptor activation reemerge at
original sites of synaptic contact. J. Neurosci. 21, 2393-2403

Shin, E., Kashiwagi, Y., Kuriu, T., Iwasaki, H., Tanaka, T., Koizumi, H., et al.
(2013) Doublecortin-like kinase enhances dendritic remodelling and
negatively regulates synapse maturation. Nat. Commun. 4, 1440

Ali, D. W., and Salter, M. W. (2001) NMDA receptor regulation by Src ki-
nase signalling in excitatory synaptic transmission and plasticity. Curr.
Opin. Neurobiol. 11, 336-342

Salter, M. W., and Kalia, L. V. (2004) Src kinases: a hub for NMDA receptor
regulation. Nat. Rev. Neurosci. 5, 317-328

Liu, D. Z., Waldau, B., Ander, B. P., Zhan, X., Stamova, B., Jickling, G. C.,
et al. (2017) Inhibition of Src family kinases improves cognitive function
after intraventricular hemorrhage or intraventricular thrombin. J. Cereb.
Blood Flow Metab. 37, 2359-2367

Kool, M. J., Proietti Onori, M., Borgesius, N. Z., van de Bree, J. E.,
Elgersma-Hooisma, M., Nio, E., et al. (2019) CAMK2-dependent
signaling in neurons is essential for survival. J. Neurosci. 39, 5424-5439

Buonarati, O. R., Cook, S. G., Goodell, D. J., Chalmers, N. E., Rumian, N.
L., Tullis, J. E., et al. (2020) CaMKII versus DAPK1 binding to GIuN2B in
ischemic neuronal cell death after resuscitation from cardiac arrest. Cell
Rep. 30, 1-8.e4

Tullis, J. E., Buonarati, O. R., Coultrap, S. J., Bourke, A. M., Tiemeier, E. L.,
Kennedy, M. J., et al. (2021) GIuN2B S1303 phosphorylation by CaMKIl
or DAPK1: no indication for involvement in ischemia or LTP. iScience 24,
103214

Rosenberg, O. S., Deindl, S., Comoalli, L. R., Hoelz, A., Downing, K. H.,
Nairn, A. C., et al. (2006) Oligomerization states of the association domain
and the holoenyzme of Ca2+/CaM kinase Il. FEBS J. 273, 682-694

Guo, X., and Chen, B. (2022) Investigating the role of Ca(2+)/calmodulin-
dependent protein kinase Il in the survival of retinal ganglion cells.
Neural Regen. Res. 17, 1001-1002

Bayer, K. U., and Schulman, H. (2019) CaM kinase: still Inspiring at 40.
Neuron 103, 380-394

Buonarati, O. R., Miller, A. P., Coultrap, S. J., Bayer, K. U., and Reichow,
S. L. (2021) Conserved and divergent features of neuronal CaMKIl ho-
loenzyme structure, function, and high-order assembly. Cell Rep. 37,
110168

Gleeson, J. G., Lin, P. T., Flanagan, L. A., and Walsh, C. A. (1999) Dou-
blecortin is a microtubule-associated protein and is expressed widely by
migrating neurons. Neuron 23, 257-271

Schaar, B. T., Kinoshita, K., and McConnell, S. K. (2004) Doublecortin
microtubule affinity is regulated by a balance of kinase and phosphatase
activity at the leading edge of migrating neurons. Neuron 41, 203-213

Reiner, O., Coquelle, F. M., Peter, B., Levy, T., Kaplan, A., Sapir, T., et al.
(2006) The evolving doublecortin (DCX) superfamily. BMC Genomics 7,
188

Shu, T., Tseng, H. C., Sapir, T., Stern, P., Zhou, Y., Sanada, K., et al. (2006)
Doublecortin-like kinase controls neurogenesis by regulating mitotic
spindles and M phase progression. Neuron 49, 25-39

Patel, O., Dai, W., Mentzel, M., Griffin, M. D., Serindoux, J., Gay, Y., et al.
(2016) Biochemical and structural insights into doublecortin-like kinase
domain 1. Structure 24, 1550-1561

26

Mol Cell Proteomics (2023) 22(5) 100543

SASBMB


http://refhub.elsevier.com/S1535-9476(23)00053-1/sref46
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref46
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref46
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref46
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref47
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref47
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref47
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref48
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref48
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref48
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref48
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref49
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref49
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref49
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref50
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref50
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref50
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref50
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref50
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref51
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref51
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref52
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref52
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref53
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref53
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref53
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref54
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref54
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref54
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref55
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref55
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref55
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref55
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref56
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref56
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref56
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref57
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref57
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref58
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref58
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref59
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref59
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref59
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref60
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref60
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref60
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref61
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref61
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref61
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref62
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref62
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref63
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref63
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref63
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref63
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref63
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref64
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref64
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref64
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref65
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref65
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref65
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref66
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref66
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref66
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref66
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref67
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref67
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref67
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref68
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref68
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref68
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref68
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref69
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref69
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref69
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref70
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref70
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref70
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref71
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref71
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref71
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref71
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref72
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref72
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref72
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref73
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref73
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref73
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref74
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref74
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref74
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref75
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref75
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref75
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref76
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref76
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref76
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref77
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref77
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref78
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref78
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref78
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref78
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref79
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref79
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref79
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref80
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref80
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref80
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref80
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref81
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref81
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref81
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref81
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref82
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref82
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref82
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref83
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref83
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref83
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref84
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref84
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref85
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref85
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref85
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref85
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref86
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref86
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref86
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref87
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref87
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref87
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref88
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref88
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref88
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref89
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref89
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref89
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref90
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref90
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref90

N-Terminomic Analysis of Neurons in Excitotoxicity

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Burgess, H. A., and Reiner, O. (2001) Cleavage of doublecortin-like kinase
by calpain releases an active kinase fragment from a microtubule
anchorage domain. J. Biol. Chem. 276, 36397-36403

Nawabi, H., Belin, S., Cartoni, R., Williams, P. R., Wang, C., Latremoliere,
A., et al. (2015) Doublecortin-like kinases promote neuronal survival and
induce growth cone ceformation via distinct mechanisms. Neuron 88,
704-719

Bayer, K. U., Lohler, J., Schulman, H., and Harbers, K. (1999) Develop-
mental expression of the CaM kinase Il isoforms: ubiquitous gamma-
and delta-CaM kinase Il are the early isoforms and most abundant in the
developing nervous system. Brain Res. Mol. Brain Res. 70, 147-154

Rostas, J. A., Hoffman, A., Murtha, L. A., Pepperall, D., McLeod, D. D.,
Dickson, P. W., et al. (2017) Ischaemia- and excitotoxicity-induced
CaMKII-mediated neuronal cell death: the relative roles of CaMKIl
autophosphorylation at T286 and T253. Neurochem. Int. 104, 6-10

Ashpole, N. M., Song, W., Brustovetsky, T., Engleman, E. A., Brustovet-
sky, N., Cummins, T. R., et al. (2012) Calcium/calmodulin-dependent
protein kinase Il (CaMKII) inhibition induces neurotoxicity via dysregu-
lation of glutamate/calcium signaling and hyperexcitability. J. Biol.
Chem. 287, 8495-8506

Aarts, M., Liu, Y., Liu, L., Besshoh, S., Arundine, M., Gurd, J. W., et al.
(2002) Treatment of ischemic brain damage by perturbing NMDA re-
ceptor- PSD-95 protein interactions. Science 298, 846-850

Chen, Y., Brennan-Minnella, A. M., Sheth, S., EI-Benna, J., and Swanson,
R. A. (2015) Tat-NR2B9c prevents excitotoxic neuronal superoxide
production. J. Cereb. Blood Flow Metab. 35, 739-742

Cook, D. J., Teves, L., and Tymianski, M. (2012) A translational paradigm
for the preclinical evaluation of the stroke neuroprotectant Tat-NR2B9c
in gyrencephalic nonhuman primates. Sci. Trans/ Med. 4, 154ra133

Sun, H. S., Doucette, T. A., Liu, Y., Fang, Y., Teves, L., Aarts, M., et al.
(2008) Effectiveness of PSD95 inhibitors in permanent and transient
focal ischemia in the rat. Stroke 39, 2544-2553

Baudry, M., and Bi, X. (2016) Calpain-1 and calpain-2: the Yin and Yang of
synaptic plasticity and neurodegeneration. Trends Neurosci. 39, 235-
245

Bian, Y., Li, L., Dong, M., Liu, X., Kaneko, T., Cheng, K., et al. (2016) Ultra-
deep tyrosine phosphoproteomics enabled by a phosphotyrosine
superbinder. Nat. Chem. Biol. 12, 959-966

duVerle, D. A., and Mamitsuka, H. (2019) CalCleaveMKL: a tool for calpain
cleavage prediction. Methods Mol. Biol. 1915, 121-147

Cuerrier, D., Moldoveanu, T., and Davies, P. L. (2005) Determination of
peptide substrate specificity for mu-calpain by a peptide library-based
approach: the importance of primed side interactions. J. Biol. Chem.
280, 40632-40641

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Song, J., Wang, Y., Li, F., Akutsu, T., Rawlings, N. D., Webb, G. ., et al.
(2019) iProt-Sub: a comprehensive package for accurately mapping and
predicting protease-specific substrates and cleavage sites. Brief Bio-
inform. 20, 638-658

Liu, Z. X., Yu, K., Dong, J., Zhao, L., Liu, Z., Zhang, Q., et al. (2019) Precise
prediction of calpain cleavage sites and their aberrance caused by
mutations in cancer. Front. Genet. 10, 715

Liu, Z., Cao, J., Gao, X., Ma, Q., Ren, J., and Xue, Y. (2011) GPS-CCD: a
novel computational program for the prediction of calpain cleavage
sites. PLoS One 6, e19001

Wang, Y., Briz, V., Chishti, A., Bi, X., and Baudry, M. (2013) Distinct roles
for mu-calpain and m-calpain in synaptic NMDAR-mediated neuro-
protection and extrasynaptic NMDAR-mediated neurodegeneration. J.
Neurosci. 33, 18880-18892

Dix, M. M., Simon, G. M., Wang, C., Okerberg, E., Patricelli, M. P., and
Cravatt, B. F. (2012) Functional interplay between caspase cleavage
and phosphorylation sculpts the apoptotic proteome. Cell 150, 426-
440

Hill, M. D., Martin, R. H., Mikulis, D., Wong, J. H., Silver, F. L., Terbrugge,
K. G., et al. (2012) Safety and efficacy of NA-1 in patients with iatrogenic
stroke after endovascular aneurysm repair (ENACT): a phase 2, rando-
mised, double-blind, placebo-controlled trial. Lancet Neurol. 11, 942-
950

Miller, S. G., and Kennedy, M. B. (1986) Regulation of brain type Il Ca2+/
calmodulin-dependent protein kinase by autophosphorylation: a Ca2+-
triggered molecular switch. Cell 44, 861-870

Bhattacharyya, M., Karandur, D., and Kuriyan, J. (2020) Structural insights
into the regulation of Ca(2+)/calmodulin-dependent protein kinase |l
(CaMKIl). Cold Spring Harb. Perspect. Biol. 12, a035147

Rich, D. P., Schworer, C. M., Colbran, R. J., and Soderling, T. R. (1990)
Proteolytic activation of calcium/calmodulin-dependent protein kinase
II: putative function in synaptic plasticity. Mol. Cell. Neurosci. 1, 107-116

Kwiatkowski, A. P., and King, M. M. (1989) Autophosphorylation of the
type Il calmodulin-dependent protein kinase is essential for formation of
a proteolytic fragment with catalytic activity. Implications for long-term
synaptic potentiation. Biochemistry 28, 5380-5385

Hayashi, Y., Shi, S. H., Esteban, J. A., Piccini, A., Poncer, J. C., and
Malinow, R. (2000) Driving AMPA receptors into synapses by LTP and
CaMKII: requirement for GIuR1 and PDZ domain interaction. Science
287, 2262-2267

Perez-Riverol, Y., Csordas, A., Bai, J., Bernal-Llinares, M., Hewapathirana,
S., Kundu, D. J., et al. (2019) The PRIDE database and related tools and
resources in 2019: Improving support for quantification data. Nucleic
Acids Res. 47, D442-D450

SASBMB

Mol Cell Proteomics (2023) 22(5) 100543 27


http://refhub.elsevier.com/S1535-9476(23)00053-1/sref91
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref91
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref91
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref92
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref92
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref92
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref92
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref93
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref93
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref93
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref93
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref94
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref94
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref94
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref94
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref95
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref95
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref95
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref95
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref95
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref96
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref96
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref96
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref97
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref97
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref97
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref98
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref98
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref98
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref99
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref99
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref99
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref100
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref100
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref100
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref101
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref101
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref101
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref102
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref102
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref103
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref103
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref103
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref103
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref104
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref104
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref104
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref104
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref105
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref105
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref105
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref106
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref106
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref106
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref107
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref107
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref107
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref107
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref108
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref108
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref108
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref108
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref109
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref109
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref109
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref109
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref109
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref110
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref110
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref110
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref111
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref111
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref111
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref112
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref112
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref112
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref113
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref113
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref113
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref113
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref29
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref29
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref29
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref29
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref114
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref114
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref114
http://refhub.elsevier.com/S1535-9476(23)00053-1/sref114

	N-Terminomic Changes in Neurons During Excitotoxicity Reveal Proteolytic Events Associated With Synaptic Dysfunctions and P ...
	Experimental Procedures
	Experimental Design and Statistical Rationale
	Rationale of the Experimental Design to Construct Spectral Libraries for Global Proteomic Analysis
	Rationale of the Experimental Design to Investigate the Neuroprotective Effects of TAT-SRC in Vivo
	Biological Replicates of Cultured Mouse Cortical Neurons Were Used in Global Proteomics and N-Terminomics Analyses and Cell ...
	Rationale of the statistical Design to Determine the Ratio Cutoff Values that Define Whether the Identified Neo-N-Terminus  ...

	Animals
	Experimental Model I: Preparation of Cultured Mouse Primary Cortical Neurons
	Experimental Model 2: Mouse Models of DCAL Ischemic Stroke and TBI Used for Proteomic Analyses
	Experimental Model 3: A Mouse Model of Photothrombotic Ischemic Stroke Used for Biochemical Investigation of Proteolytic Pr ...
	Experimental Model 4: In Vivo Model of NMDA Neurotoxicity

	MTT Cell Viability Assay and LDH Release Assay of Neuronal Death
	Fluorescence Histochemical Analysis of Cultured Cortical Neurons
	Cleavage of Recombinant CaMKII by Calpain-1 in Vitro
	Construction of Spectral Libraries of Cultured Cortical Neurons and Mouse Brain Tissues
	Analysis of Global Proteome of Neurons
	Analysis of the Changes in Neuronal N-Terminome During Excitotoxicity by the Terminal Amine Isotopic Labeling of Substrates ...
	Quantification and Statistical Analysis of Data of Global Proteomic Changes in Mouse Primary Cortical Neurons Induced by Gl ...
	Synthesis of FITC-TAT-SRC Peptide
	Key Resources

	Results
	Remodeling of the Neuronal N-Terminome During Excitotoxicity Occurs Without Changes in Protein Abundance
	Calpeptin Abolished Almost All Excitotoxicity-Related Proteolytic Changes in Neuronal Proteins
	Most Proteolytically Processed Proteins in Excitotoxic Neurons are Potential Substrates of Calpains
	Proteolytic Processing Events During Excitotoxicity Are Associated With Perturbation of Synaptic Organization and Function  ...
	Validation of TAILS Findings I: A New Mechanism of Dysregulation of Synaptic Protein CRMP2 in Excitotoxic Neurons
	Validation of TAILS Findings II: Dysregulation of Synapse-Enriched Protein Kinases by Proteolytic Processing During Excitot ...
	Potential Therapeutic Value of Our TAILS Findings: Blocking Calpain-Mediated Cleavage of Specific Synapse-Enriched Proteins ...
	Extrapolation of Our TAILS Findings Led to the Discovery of New Regulatory Mechanisms of CaMKIIα in Normal and Pathological ...

	Discussion
	Sequences in Proteins Proteolytically Processed in Excitotoxic Neurons Contain Structural Features Directing Their Cleavage ...
	Potential Cross-Talks Between Calpain Cleavage and Phosphorylation
	Neuronal Proteins Proteolytically Processed During Excitotoxicity are Potential Targets for the Development of Neuroprotect ...
	Calpain-Catalyzed Proteolytic Processing as a Physiological and Pathological Regulatory Mechanism of Neuronal CaMKII

	Data Availability
	Supplemental data
	Funding and additional information
	Author contributions
	References


