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Targets of Caspase-6 Activity in Human
Neurons and Alzheimer Disease*s

Guy Klaimant§1], Tracy L. Petzketq], Jennifer Hammondz, and Andréa C. LeBlanct§||

Caspase-6 activation occurs early in Alzheimer disease
and sometimes precedes the clinical manifestation of the
disease in aged individuals. The active Caspase-6 is lo-
calized in neuritic plaques, in neuropil threads, and in
neurofibrillary tangles containing neurons that are not
morphologically apoptotic in nature. To investigate the
potential consequences of the activation of Caspase-6 in
neurons, we conducted a proteomics analysis of
Caspase-6-mediated cleavage of human neuronal pro-
teins. Proteins from the cytosolic and membrane subcel-
lular compartments were treated with recombinant active
Caspase-6 and compared with undigested proteins by
two-dimensional gel electrophoresis. LC/MS/MS analy-
ses of the proteins that were cleaved identified 24 differ-
ent potential protein substrates. Of these, 40% were cy-
toskeleton or cytoskeleton-associated proteins. We
focused on the cytoskeleton proteins because these are
critical for neuronal structure and function. Caspase-6
cleavage of «-Tubulin, a-Actinin-4, Spinophilin, and Dre-
brin was confirmed. At least one Caspase-6 cleavage site
was identified for Drebrin, Spinophilin, and «-Tubulin. A
neoepitope antiserum to a-Tubulin cleaved by Caspase-6
immunostained neurons, neurofibrillary tangles, neuropil
threads, and neuritic plaques in Alzheimer disease and
co-localized with active Caspase-6. These results imply
that the early and neuritic activation of Caspase-6 in Al-
zheimer disease could disrupt the cytoskeleton network
of neurons, resulting in impaired neuronal structure and
function in the absence of cell death. This study provides
novel insights into the pathophysiology of Alzheimer
disease. Molecular & Cellular Proteomics 7:1541-1555,
2008.

Caspases have been investigated in human neurodegen-
erative diseases based on the finding that the Caspase-3
(Csp3)'-null mice forego developmental neuronal cell death.
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Two studies have shown active Csp3 in granulovacuolar de-
generation and in a few apoptotic neurons, but co-localization
of active Csp3 with the hallmark pathological features of
Alzheimer disease (AD) has not been reported (1, 2).

In contrast, Csp6 is highly activated in neuritic plaques,
neuropil threads, and neurofibrillary tangles in the brain of AD
individuals as demonstrated by immunohistochemistry with
neoepitope antisera against active Csp6 and Tau cleaved by
Csp6 (TauACspb) (3, 4). Cspb6 activation is observed during all
stages of AD and in some mildly cognitively impaired and
non-cognitively impaired aged individuals. The activation of
Csp6 correlates with a lower cognitive score in normal aged
individuals. Unexpectedly active Csp6 does not translocate to
the nuclei in AD neurons (3). In contrast, nuclear translocation
of Csp6 occurs in morphologically apoptotic neurons in hu-
man ischemia (3) and is responsible for the condensed chro-
matin in apoptotic cell cultures (5). Therefore, active Csp6 in
AD neurons could indicate its implication in neurodegenera-
tion rather than apoptosis. However, most of the identified
substrates for Csp6 are nuclear (5-19). In the cytosol, Csp6
cleaves desmin, vimentin, and cytokeratin intermediate fila-
ment proteins; periplakin; Ufd2p; Nedd4; TRAF1; and focal
adhesion kinase (20-27). Csp6 neuronal substrates are the
microtubule-associated protein Tau (3), the amyloid precursor
protein (28, 29), huntingtin (30), and presenilins 1 and 2 (31).
Otherwise there are no other known neuronal substrates of
Csp6. Several innovative approaches based on proteomics
and mRNA display methods have been used recently to iden-
tify caspase substrates, but none have focused specifically on
Cspb6 or on neuronal protein substrates (32-35).

In this study, we exploited a simple proteomics approach to
identify substrates of Csp6 in neurons. Human primary neuron
cultures were fractionated into cytosolic and membrane frac-
tions, and proteins were extracted and digested with recom-
binant active Csp6 (RCsp6). The proteins were submitted to
two-dimensional gel electrophoresis, and those proteins di-
gested by RCsp6 were sequenced by LC/MS/MS. Twenty-
four different cleaved proteins of which 40% are cytoskeleton
or cytoskeleton-associated proteins were identified. We con-
firmed «-Tubulin, Drebrin, Spinophilin, and «-Actinin-4 as
Csp6 substrates. Furthermore a neoepitope antiserum raised
against «-Tubulin cleaved by Csp6 showed specific immuno-

ethyllglycine; PIPES, 1,4-piperazinediethanesulfonic acid; WT, wild
type; IVT, in vitro translated; AFC, 7-amino-4-trifluoromethylcouma-
rin; NFT, neurofibrillary tangles; NP, neuritic plaques.
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reactivity to the pathological hallmarks of AD. The results
indicate that this proteomics approach is useful to identify
previously unknown substrates of Csp6 and allow novel in-
sight into Csp6-mediated defects in human neurons and AD.

EXPERIMENTAL PROCEDURES

Human Primary Neuron Cultures—Human primary neurons were
prepared from fetal cerebrum tissue according to the Canadian Insti-
tute of Health Research regulations and as approved by the McGill
University Institutional Review Board (36).

Subcellular Fractionation and Digestion of Proteins with RCsp6 —
Approximately 7.2 X 107 neurons were homogenized with a glass
Dounce homogenizer (Kontes, Vineland, NJ) in ice-cold homogeniza-
tion buffer containing protease inhibitors (8% sucrose, 1 mm EDTA, 20
mwm Tricine, pH 7.8, 2 pg/ml chymostatin, 2 ug/ml pepstatin A, 2
ng/ml antipain HCI). Nuclei were removed by centrifugation at 385 X
g for 5 min at 4 °C. The supernatant containing cytosolic and mem-
brane proteins was centrifuged at 100,000 X g for 30 min at 4 °C. The
membrane proteins were extracted with Stennicke’s buffer (20 mm
PIPES, 30 mm NaCl, 1 mm EDTA, 0.1% CHAPS, 10% sucrose, 10 mm
DTT freshly added, pH 7.4) (37), and both fractions were stored at
—80 °C. Protein concentrations were quantified by bicinchoninic acid
(BCA) protein assay (Pierce). One hundred micrograms of total protein
were digested with 270 ng of RCsp6 (BD Pharmingen) in Stennicke’s
buffer in a volume of 252 ul. Non-digested and digested proteins were
incubated for 4 h at 37 °C, and proteins were precipitated with tri-
chloroacetic acid.

Two-dimensional Gel Analysis—One hundred micrograms of pro-
tein extracts, digested or not with RCsp6, were sent for two-dimen-
sional (2D) gel analysis (38) to Kendrick Laboratories (Madison, WI).
Fifty nanograms of tropomyosin was added to the samples as an
internal isoelectric focusing standard. Proteins were separated based
on their pl in a linear gradient of pH 3.5-10 (2% Ampholines, Amer-
sham Biosciences) in glass tubes of 3.0-mm inner diameter. After
separation in the first dimension for 20,000 V-h, the tube gels were
equilibrated for 10 min in equilibration buffer (10% glycerol, 50 mm
DTT, 2.3% SDS, 0.0625 m Tris, pH 6.8) and then sealed in agarose
atop 1.0-mm-thick 10% acrylamide gels, and SDS-PAGE was carried
out for 4 h at 12.5 mA/gel. Myosin, phosphorylase A, catalase, actin,
carbonic anhydrase, and lysozyme were added as molecular weight
markers in a well corresponding to the basic end of the gel. Proteins
were silver-stained according to the method of O’Connell and Stults
(89), and gels were subsequently dried between sheets of cellophane
paper.

Selection of Spots from 2D Gels and LC/MS/MS—The levels of
80% of the proteins chosen for analysis decreased by at least 50%
(the rest decreased by at least 30%) in the digested samples versus
the non-digested samples. The proteins were excised by Kendrick
Laboratories and sent for analysis by LC/MS/MS to Protana Inc.
(since acquired by Transition Therapeutics Inc., Ontario, Canada). Gel
plugs were first washed in water and DTT followed by treatment with
iodoacetamide. An in-gel digest with trypsin, which cuts C-terminal to a
Lys or Arg residue, was done on the proteins, and the resulting peptides
were extracted using acidic and basic conditions. All of these above
steps were performed robotically (ProGest digestion robot, Genomic
Solutions, Ann Arbor, MI). The peptides were analyzed by an LTQ-FT
mass spectrometer (Thermo Finnigan, Waltham, MA) operated in data-
dependent mode after first being separated based on polarity by re-
verse-phase chromatography on C,4 resin. However, the ions were not
transferred into the ICR cell because of poor transfer efficiency and the
low levels of the samples, thus resulting in LTQ mass spectrometry. All
peptides above a specified intensity were subjected to tandem mass
spectroscopy fragmentation.

Analysis of MS/MS Peptide Data—The search engine Mascot ver-
sion 2.1 (Matrix Science, Boston, MA) was used to create the peak list
and to compare the raw data files obtained with the entire National
Center for Biotechnology Information (Bethesda, MD) non-redundant
mammalian database files (NCBInr). The number of sequences and
residues, the taxonomy, and the time stamp of each search are
provided in the supplemental protein analysis. The searches were
performed on a Mascot Daemon attached to an in-house 13-node
cluster version of Mascot, and the search parameters were set at a
parent ion tolerance of 1.5 Da; a fragment ion tolerance of 0.4 Da; one
possible missed tryptic cut; and search for 1+, 2+, and 3+ ions with
the machine type ESI trap. All results were validated manually for
verifiability. The expectation scores and peptide scores correspond to
the p values and the Mowse scores, respectively, as provided by
Matrix Science. All peptide sequences end with either Lys or Arg with
the exception of those peptides generated that are the sequence of
the last C-terminal amino acids of the protein. Fixed modification of
carbamidomethyl (Cys) and variable modifications of N-acetyl (pro-
tein) and oxidation (Met) were considered.

Assignment of Peptide Data Set to a Specific Protein—A protein
was identified as significant if the Mowse score was =70 (40), if the
expectation score of the peptide sequenced was less than 1073, if
more than one peptide sequenced had a significant expectation score
of <1078, and if the identified protein had a molecular weight close to
the expected experimental molecular weight. The protein identified
from one spot was the protein with the highest protein coverage and
with the highest number of peptide matches. The alternate names of
each identified protein taken from the NCBI database or the Human
Protein Resource Database (HPRD) are provided in the supplemental
protein analysis, and care was taken not to have redundancy in the list
of proteins identified. When a non-human protein was selected as the
significant match for the peptide set, we confirmed that all peptides
also matched the human counterpart of this protein. A table of all
accession numbers matching the identified human protein is also
provided in the supplemental material. When the set of peptides
matched several members of the protein family, we indicated the
match to this family and not to a specific member. If some of the
peptides matched only one specific member, this member was cho-
sen rather than the whole family. Peptide subsets matching other
family members are indicated in the supplemental protein analysis.

In Vitro Translation and Site-directed Mutagenesis—In vitro trans-
lation was conducted with the TNT system from Promega Corp.
(Madison, WI) as described by the manufacturer. The human Drebrin
cDNA was obtained from the American Type Culture Collection (Ma-
nassas, VA) and cloned in pET23b(+) (Novagen, EMD Bioscience Inc.,
San Diego, CA). The Spinophilin cDNA was kindly provided by Dr. G.
La Mantia (Department of Structural and Functional Biology, Univer-
sity “Federico II,” Naples, Italy) in pcDNA3.1HisA. a-Actinin-4 (pCMV-
XL4) cDNA was obtained from Origene (Rockville, MD). The wild type
(WT), D431A, and D438A «a-Tubulin cDNAs were a kind gift from Dr.
Seamus J. Martin (Smurfit Institute, Dublin, Ireland). Mutations at
specific sites were generated using the QuikChange site-directed
mutagenesis kit (Stratagene, La Jolla, CA) according to the manu-
facturer’s protocol with the following primers: Spinophilin D411A,
5'-gccetggaggaggecgacgaagacgac-3'; Spinophilin D500A, 5'-gagcetg-
gagaaggcctccgagggectg-3’; Spinophilin D551A, 5'-cctggtggaggtggct-
ggaacaagtctgg-3'; Spinophilin D198A/D200A, 5'-ggacaagctggccgctg-
ccgecgtgteee-3'; Spinophilin D106A, 5'-gaacgagaacgtggcccacagcgce-
cctgetg-3’; Spinophilin D125A, 5’-gtgagccgcttcgectccaageccgeg-3';
Spinophilin D198A, 5’-ggacaagctggccgctgacgecgtgtcee-3';  a-Acti-
nin-4 D462A, 5'-ccttcgagagcgecctggetgegea-3'; a-Actinin-4 D483A,
5’-gagctcaacgagctggcttactacgactcccac-3'; a-Actinin-4 D194A, 5'-
ccacatcagctggaaggctggtcttgecttcaatg-3'; a-Actinin-4 D448A, 5'-
cggccacactatcggccatcaaagccctcat-3’; a-Actinin-4 D487A, 5’'-gagct-
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FiG. 1. Purification of subcellular fractions from primary human
neurons. A, micrograph of MAP2 immunofluorescent staining (upper
panel) and micrograph overlay of MAP2 fluorescent staining and
phase contrast (lower panel) of the human neuronal cultures. B,
Western blot analysis of primary human neuron subcellular fractions
probed with mouse anti-cytosolic Hsp70 (cHsp70), mouse anti-mito-
chondrial Hsp70 (mtHsp70), and rabbit anti-PARP antibodies.

ggattactacgcctcccacaatgtcaac-3'; a-Actinin-4 D503A, 5'-gtgaccagt-
gggccgceccteggete-3’; a-Actinin-4 D550A, 5’'-gagagcgccatggaggcc-
ctccaggacatgttc-3’; a-Actinin-4 D579A, 5’-gtccaccctgcctgecgecga-
tagggagc-3’; «-Tubulin D33A, 5'-ggcatccagcccgetggccagatgec-3';
and Drebrin D456A, 5'-accattgaaactgccactgccactgct-3'. All con-
structs were sent for DNA sequencing at the McGill University and
Genome Quebec Innovation Centre.

Purified Proteins — Tubulin was purified from bovine brains and was
a kind gift from Dr. Hemant Paudel (Department of Neurology and
Neurosurgery, McGill University). The B-actin was obtained from Cy-
toskeleton Inc. (Denver, CO).

Digestion of in Vitro Translated (IVT) or Purified Proteins with
Caspases—Proteins were digested for 4 h at 37 °C in Stennicke’s
buffer with RCsp6 (0.65 ng prepared from the pET23b cDNA con-
struct generously provided by Dr. G. Salvesen (Burnham Institute, La
Jolla, CA) or with RCsp3 (0.25 ng prepared from the pET21b cDNA
construct generously provided by Dr. C. Clark, North Carolina State
University) in a 20-ul final volume. IVT digested proteins were then
separated by 8% (for Tubulin) or 10% (for all other proteins) SDS-
PAGE. Gels were fixed in 50% methanol, 10% acetic acid and dried.
Labeled proteins were visualized with Kodak BioMax MR film (East-
man Kodak Co.). Purified proteins were analyzed on Western blots.

Western Blot Analyses—The rabbit neoepitope antiserum against
Csp3-cleaved B-actin (Fractin) was kindly provided by Dr. Greg Cole
(Department of Medicine, University of California, Los Angeles, CA)
(41). Rabbit neoepitope antiserum to the p20 subunit of Csp1 was
generated with the PGVVWFKD peptide through the services of Sig-
ma-Genosys Proligo (The Woodlands, TX). Rabbit polyclonal antisera
to Csp2 (Neomarker, Freemont, CA), Csp3 (Cell Signaling Technol-
ogy, Inc., Danvers, MA), Csp4 (Medical & Biological Laboratories Co.,

>
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" Cytosolic proteins

Membrane proteins

C. pl5.2 pI5.2

94 kDa
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Fic. 2. Two-dimensional gel analysis of Csp6-cleaved proteins.
Shown is a comparison of 2D gels: non-digested (no RCsp6) versus
RCsp6 (+RCsp6)-digested proteins extracted from the cytosolic (A)
and membrane (B) subcellular fractions. Spots that disappeared with
RCsp6 are labeled with an arrow, spots that decreased with RCsp6
are labeled with a block arrow, and spots that increased with RCsp6
are indicated with a rounded arrow. C, high magnification of some of
the spots that disappeared (encircled) shown in A.

Ltd., Nagoya, Japan), Csp5 (BioMol, Plymouth Meeting, PA), and
Csp9 (BD Pharmingen) and monoclonal antibodies to Csp4 (MBL
International Corp., Woburn, MA) and Csp8 (BD Pharmingen) were
used for Western blots. Recombinant active caspases were a kind gift
from Guy Salvesen (Burnham Institute, La Jolla, CA). Rabbit poly-
clonal antisera to a-Actinin-4 (1:500) and PARP (1:2000) were ob-
tained from Alexis Biochemicals (Lausen, Switzerland) and Roche
Applied Science, respectively. Rabbit antiserum to Spinophilin (0.1
ng/ml) was a kind gift from Dr. Patrick Allen (Department of Psychi-
atry, Yale University School of Medicine, New Haven, CT). Mouse
monoclonal antibodies to clone C92F3A-5 cytosolic Hsp70 (cHsp70;
1:1000), clone MA3-028 mitochondrial Hsp70 (mtHsp70; 1:500),
clone TU-16 «a-Tubulin (1:400), clone AC-15 B-actin (1:3000), and
clone M2F6 Drebrin (1:1000) were obtained from Stressgen Biotech
(Victoria, British Columbia, Canada), Affinity Bioreagents Inc. (Golden,
CO), AbCam (Cambridge, MA), Sigma, and MBL International Corp.,
respectively. The Western blots were prepared from polyacrylamide
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TABLE |
LC/MS/MS identification of human neuronal proteins altered by Csp6
Several scores for one protein indicate that this protein was identified in more than one spot. The number of non-redundant peptides with
expectation score <102 (No. of peptides exp <10~ %) are listed for each of these spots. % coverage indicates the coverage of peptides in the
identified protein. Total no. of peptides includes additional peptides that did not reach an expectation score of <1073,

. No. of peptides Total no.
Protein Mowse score exp <102 % coverage of peptides

Cytoskeleton and cytoskeleton-associated

Drebrin 1 isoform a 252, 251, 512, 364 3,4,7,5 11, 18, 29, 13 4,7,13,6

B-Actin 184, 395 3,5 17, 44 7,15

Spinophilin 208 3 12 7

a-Actinin-1 219, 212 4,4 7,10 4,8

a-Actinin-4 472 7 22 14

Capping protein « 124 2 27 3

Ezrin 177 3 20 12

Cofilin | 94 4 48 7

Glial fibrillary acidic protein 390 9 46 16

a-Tubulin 146 3 19 6
Signaling

14-3-3¢ 519, 153, 170, 300, 244, 285 8,2, 3,4, 4,5 38, 24, 14,28, 24,28 11,8, 3,8, 8,8

14-3-3¢ 694 9 74 17

Inhibitor-2 of protein phosphatase 2A 229, 177, 136 4,4,2 38, 31, 24 7,55
Chaperones

Hsp90«a 970 11 27 18

Heat shock protein gp96 precursor 296, 329 2,7 8, 22 6, 17

Valosin-containing protein 1569 22 52 31
Protein synthesis and conjugation

Eukaryotic elongation factor 1y 223 5 21 9
Metabolism

Inorganic pyrophosphatase 223 2 30 8

Glyceraldehyde-3-phosphate dehydrogenase 172, 221, 241, 178, 152 4,5,3,4,3 17, 25, 25, 19, 12 4,6,6,5,3
Proteases

Neurolysin (EC 3.4.24.16) 125 2 4 3

Prolyl endopeptidase (prolyl oligopeptidase, 185 2 14 7

EC 3.4.21.26)

Membrane and lipid binding

Rab GDP dissociation factor inhibitor « 130 5 21 8

Chain A, crystal structure of brain 303 5 77 8

fatty acid-binding protein oleic acid
Annexin V 508 11 66 18

gel-separated proteins transferred to Immobilon-P PVDF membranes
and probed with the antibodies at the dilutions indicated above or
recommended by the manufacturer. Immunodetection was revealed
with horseradish peroxidase-conjugated donkey anti-rabbit (GE
Healthcare) or goat anti-mouse (Jackson ImmunoResearch Labora-
tories, West Grove, PA) secondary antibodies and ECL (GE Health-
care) development.

Caspase Activity Assays—Caspase activity was assessed by in
vitro fluorogenic assays using Ac-Val-Glu-lle-Asp-7-amino-4-triflu-
oromethylcoumarin (Ac-VEID-AFC) for Csp6 or Csp8, Ac-DEVD-AFC
for Csp3 or Csp7, Ac-YVAD-AFC for Csp1, Ac-LEHD-AFC for Csp9,
and Ac-VDVAD-AFC for Csp2. The activity was measured using a
Bio-Rad Fluoromark plate reader (excitation, 390 nm; emission, 538
nm) every 2 min for 1 h at 37 °C in Stennicke’s buffer supplemented
with 2 ug/ml pepstatin A, 2 ng/ml antipain HCI, 2 ug/ml chymostatin,
135 um AFC-conjugated substrate, 1 ug of cytosolic neuronal pro-
teins (=2.7 ng of RCsp6), and BSA to give 5 ug of total proteins in the
reaction. Fluorescence units were converted to the amount of moles
of AFC released based on a standard curve of 0-50 um free AFC.
Cleavage rates were calculated from the linear phase of the assay.
Statistical evaluations were preformed with one-way analysis of vari-
ance and Tukey’s posthoc test.

Immunohistochemistry—The C-terminal six amino acids of «a-Tu-
bulin cleaved by Csp6, EEVGVD, were synthesized as a peptide with
an N-terminal cysteine and conjugated with keyhole limpet hemocy-
anin. The peptide synthesis, conjugation, and rabbit serum produc-
tion were done at Sigma-Genosys. Sera from two different rabbits
(GN20621 and GN20622) were tested on Csp6-cleaved and full-
length Tubulin by Western blotting. Human AD brain tissue was
obtained from Dr. Catherine Bergeron (University of Toronto) and Dr.
Steffen Albrecht (McGill University), and tissue sections were pre-
pared and immunostained as described previously (3) with a 1:1000
dilution of the antiserum. The control human brain tissue sections from
five individuals between the ages of 20 and 40 years were obtained from
the Brain and Tissue Bank for Developmental Disorders (University of
Maryland, College Park, MD). The serum was adsorbed with 50 ug of
antigenic peptide in 1 ml of diluted antiserum overnight, and adsorbed
serum was recovered by centrifugation for the immunostaining.

To perform co-immunostaining of active Csp6 with Tubulin cleaved
by Csp6 (TubulinACsp6), we performed sequential immunostaining
starting with the TubulinACsp6 antiserum (1:1000), which was devel-
oped with the Ventana DAB (diaminobenzidine) detection kit according
to the manufacturer’s instructions. This was then followed with the
10630 anti-active Csp6 antiserum at 1:1000 as described previously (3)
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TasLE Il
Comparison of calculated and experimental mass with that identified from the 2D gel analysis

The calculated mass was obtained based on the amino acid sequence in GenBank™. The experimental mass was taken from the results

of data from the literature and company data sheets.

Protein

Calculated mass Experimental mass  Mass on 2D gel

Cytoskeleton and cytoskeleton-associated

Drebrin 1 isoform a

B-Actin

Spinophilin

a-Actinin-1

a-Actinin-4

Capping protein «

Ezrin

Cofilin |

Glial fibrillary acidic protein

a-Tubulin
Signaling

14-3-3¢

14-3-3€

Inhibitor-2 of protein phosphatase 2A
Chaperones

Hsp90«a

Heat shock protein gp96 precursor

Valosin-containing protein
Protein translation and conjugation

Eukaryotic elongation factor 1y
Metabolism

Inorganic pyrophosphatase

Glyceraldehyde-3-phosphate dehydrogenase
Proteases

Neurolysin (EC 3.4.24.16)

Prolyl endopeptidase (prolyl oligopeptidase, EC 3.4.21.26)
Membrane and lipid binding

Rab GDP dissociation factor inhibitor «

Chain A, crystal structure of brain fatty acid-binding protein oleic acid

Annexin V

kDa kDa kDa
71.9 116/125 125/132/134/131
42 42 46/32
89.6 120-140 131

103 107 123

105 100-115 120, 123
33 34 35
69.4 81 100
18.7 19-21 13.25
49.5 50 47
50 57 75
31 30 26/26/34/32/32/31
28 31 30

31-33 30 48/48/46
85.1 90 113/111

92.7, 90.3 100 125/122

90 97 118
50.5 46 58
33.1 33 35
36.2 38 36, 38
81.3 80 96
81.6 79.6 96
51 50 78
14.8 13-14 11
35.8 38 38

and detected with the Ventana Enhanced Alkaline Phosphatase Red kit
as recommended by the manufacturer. No immunostaining was ob-
tained when primary antisera were not added (results not shown).

RESULTS

Characterization of Subcellular Fractions and RCsp6 Diges-
tion—Primary cultures of human neurons produced extensive
neuritic networks within 10 days of culture as shown by MAP2
immunofluorescence staining (Fig. 1A). Western blot analyses
of the proteins extracted from the cytosolic, membrane, and
nuclear subcellular fractions of human neurons with anti-cy-
tosolic and mitochondrial Hsp70 and anti-PARP (nuclear
marker) indicated that the cytosolic fraction is free of mito-
chondrial and nuclear proteins, the membrane fraction is
slightly contaminated with cytosolic proteins, and the nuclear
fraction contains a small amount of mitochondrial and cyto-
solic proteins (Fig. 1B). We did not attempt further purification
because our interest was mostly in the cytosolic proteins.

Two-dimensional Analyses of RCsp6-treated Cytosolic and
Membrane Proteins from Subcellular Fractionated Human Pri-
mary Neurons—The two-dimensional polyacrylamide gels

revealed a number of proteins that completely disappear,
strongly decrease, or increase in the sample treated with
RCsp6 (Fig. 2, A and B). We opted to focus on the proteins
whose abundance decreased considerably with active Csp6
because these might represent the most vulnerable Csp6
substrates in the neurons. The protein levels in 80% of the
spots analyzed decreased by at least 50%, and the rest
decreased by 30% in intensity. A zoom of one of the sections
shows the complete disappearance of three such abundant
proteins in one area of the gel (Fig. 2C). Several other less
abundant proteins disappeared and others appeared in the
Csp6-treated sample. Therefore, we did not expect to identify
all of the Csp6 protein substrates because many must be
present at very low levels or are only weakly digested in this
assay. We sent 72 spots to LC/MS/MS for sequencing.
Identification of Csp6-mediated Proteolytically Degraded Hu-
man Neuronal Proteins—A protein is identified as significant if
the Mowse score is =70 (40), if the expectation score of the
peptide sequenced is <102, if more than one peptide se-
quenced has a significant expectation score of <1072 (Table I),
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Fic. 3. Schematic diagram of proteomics analysis results. A, pie
chart showing the percentage of proteins identified as putative Csp6
substrates in the membrane, cytosolic, and nuclear subcellular frac-
tions of primary cultures of human neurons. B, pie chart of the various
functional categories of putative Csp6 substrates. The percentage of
proteins in each category is indicated.

and if the identified protein has a molecular weight close to
the expected experimental molecular weight (Table II).
Some proteins, for example Drebrin, migrate at a much
higher molecular mass (116 kDa) than the calculated mo-
lecular mass (72 kDa) due to the highly acidic nature of the
protein. Accordingly we found the experimental molecular
weight on the 2D gels to match the 116 kDa molecular mass
reported previously (42).

Of 72 spots analyzed, 24 different proteins from 41 spots
were identified with high confidence (Table I) with scores
ranging from 94 to 1569, number of peptides <10~ 3 ranging
from 2 to 22, and the percentage of coverage ranging from
4 to 77%. Additional peptides with expectation scores
>10"2 are indicated in the total peptide column of Table I.
The duplicates are excluded from these numbers. The mo-
lecular weights of all of these proteins except inhibitor-2 of
protein phosphatase 2A match almost exactly the expected
experimental molecular weights if considering potential
post-translational modifications (Table Il). Three proteins,
keratins, dermicidin precursor from skin, and bovine serum
albumin, are excluded as contaminants from culture media
serum, and 10 spots could not be identified with any
significance.

Classification of Csp6-mediated Cleaved Proteins Accord-
ing to Function—In total, 68% of the proteins identified were
in the cytosolic fraction, 27% were in the membrane fraction,
and 5% were in the nuclear fraction (Fig. 3A). Of the proteins
identified, 42% are either cytoskeleton or cytoskeleton-as-
sociated proteins, 12.5% are signaling molecules, 12.5%
are membrane and lipid-binding proteins, 12.5% are chap-
erones, 8% are proteins from metabolic pathways, 8% are

proteases, and 4% are involved in protein synthesis and
conjugation (Fig. 3B).

Identification of Putative, Probable, and Confirmed Caspase
Substrate Sites—The identified protein sequences were ex-
amined for the presence of potential Csp6 substrate sites
(Table 1ll). Probable sites predicted based on combinatorial
studies as (I/D/E/L/T/V)(D/E/QXD sequences (43, 44) are
present in all except one of the identified proteins. However,
when using a broader definition based on XEXD, VXXD, or
demonstrated unusual Csp6 sites in the literature (Table 1V),
Csp6 cleavage sites were found in all of the proteins identi-
fied. The IETD (45), PEED and EEED (6), and VEVD (20) pre-
viously confirmed sites are bold in Table Il when they are
present in the identified proteins. The non-canonical Csp6
site, SWKD (Table IV), is present in Actinin-1 (""2SWKD'"%)
and -4 ("*'SWKD'®4). The presence of these putative Csp6
sites does not exclude the possibility that some of these
proteins are also substrates of Csp2, -3, -7, and -8 because
these caspases also cleave some of these sites (43).

Confirmation of Csp6-mediated Cleavage in Some Proteins
Identified by LC/MS/MS—To confirm that the LC/MS/MS cor-
rectly identified the proteins, we further investigated Csp6-
mediated cleavage of cytoskeleton and cytoskeleton-associ-
ated proteins. We showed that RCsp6 induces the cleavage
of Drebrin, Spinophilin, a-Actinin-4, a-Tubulin, and B-actin in
total protein extracts from primary cultures of human neurons
(Fig. 4A).

To confirm direct cleavage of the identified proteins by
Csp6, we treated IVT Drebrin, Spinophilin, and «a-Actinin-4
with RCsp6. IVT Drebrin was cleaved by RCsp6 (Fig. 4B). In
contrast to the Western blot results, we observed several
[3®*S]methionine-labeled fragments generated from IVT Dre-
brin after Rcsp6 digestion. There is one fragment at 47 kDa
that is likely the one detected with the antiserum in Fig. 4A.
The other fragments would not be detected with the anti-
Drebrin monoclonal antibody. IVT Spinophilin was cleaved
by RCsp6 and generated several fragments similar to those
observed in neuronal extracts. The IVT «-Actinin-4 was
directly cleaved by RCsp6 and generated the 50-kDa frag-
ment observed by Western blotting. Purified bovine Tubulin,
which is over 95% identical to human Tubulin, generated a
Csp6-cleaved product migrating ~2 kDa below the full-
length «-Tubulin. «-Tubulin was also identified independ-
ently by LC/MS/MS as one of five proteins interacting with
RCsp6 on a CL-4B affinity chromatography column.? How-
ever, Csp6 could not cleave purified p-actin despite excel-
lent cleavage by Csp3, which was detected by the loss of
the full-length B-actin and the appearance of the Fractin
epitope at 33 kDa. The Fractin antiserum detects Csp3-
cleaved B-actin (41). The 33-kDa fragment generated from
B-actin in neuronal protein extracts was also immunoreac-
tive to the Fractin antibody raised against Csp3-cleaved

2 G. Klaiman and A. C. LeBlanc, unpublished results.
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TaBLE Il
Probable and putative caspase substrate sites in proteins identified by LC/MS/MS
Probable Csp6 sites are identified as (I/D/E/L/T/V)(E/D/Q)XD based on combinatorial chemistry (43, 44). Because of the identification of
unusual Csp6 substrate sites (see Table V), we also added putative VXXD or XEXD sites. The accession numbers of the sequence used for
the analyses are listed in the right-hand column. Bold indicates sites that were already defined as Caspase-6 substrate sites in other proteins.

31 7GEDD320

Protein VXXD or XEXD (VD/E/L/TN)(D/E/QXD Ge:ga”k
Cytoskeleton and cytoskeleton-associated
Drebrin 1 isoform a 86VGED®®, 825PEID®2° 122ED|D'25, 433|ETDA%¢ AAH00283
B-Actin 212yALD?15, 360QEYD368 AAH08633
Spinophilin S86SEAD389, 615GEDDS'® 197 DAD?%°, S7SEEVDA378, 408 EED*'", NP_115984
409EEDD412, 411DDED414, 412DEDD415,
415DEED418, 437EEED440, 463EDYD466,
470EDVD473, 497LEKD5007 548VEVD551,
626TDED629, 790EEMD793
a-Actinin-1 1SPEED8, “4°FESD**3, 7TEDWD?°, S°|EED®8, 481 DQWD*84, AAP35871
462NELD465, 8SBGESD891 688LEGD691
a-Actinin-4 34QEDD?®, 4°°FESD*¢?, 48"NELD*84, 3DDWD?®?, "YIDED”7, 2'°IEYD?'3, NP_004915
907GESD910 SOODQWDSOS, 801VEND8047 84OTDTD843
Capping protein o 32VFND®®, """EEAD" "4 AAH00144
Ezrin 228YEKD?31 389 EAD392 NP_003370
Cofilin | T4VFND' NP_005498
Glial fibrillary acidic protein 174QEAD'? 139VERD'42, 222VE|D?25 AAH41765
a-Tubulin S6VFVDS®, 303yKCD3%, 324yPKD®27, 301QPD33, 428 EKD®3" AAD33871
435VGVD438
Signaling
14-3-3¢ 276AELD?7® 307TQGD3'° AAH51814
14-3-3¢ 204pE| D207 BAA32538
Inhibitor-2 of protein phosphatase 2A 207\/|[KD?'°, 4°NEID*3, ®’GEED'®°, 233EEDD?36, 234EDDD2%7, 23°DDDD?3%8, AAQ79833
232GEED2357 257GEED260, 236DDDD239, 246ED|D249, 250EEGD253,
269GEED272, 274GEDD 277 ZSQEDED262, ZGODEDDZGS, 261 EDDD264
Chaperones
Hsp90«a 172yRTD'7®, 230ySDD?%3, 698|DED”", $9°DEDD"®2, "'°LEGD"?2, NP_005339
262VGSD255, 224KERD227y 729EEVD732
650AEAK653
Heat shock protein gp96 precursor 19VRAD?2, 232\/|AD?235 496\/|[ED*99, 23DEVD3%, 2°VDVD?8, 3'VEED®?, NP_003290
SQGVKFDSQQ, 784VGTD787, 259LELD262, 304EE8D307, SSOVEED353,
223WESD226, 364KESD 367‘ 437VDSD440, 703EDED706, 704DEDD707,
581 PEFD584, 798AEKD801 749|DPD752, 774TEQD777, 780EEMD783
Valosin-containing protein 70\yLSD"4, 1"VAPD'7?, 2°01yVGYD?2%4, 166ETD69, 304DELD307, 392DDVD39°, CAH70993
407VGAD41 0’ 447VTMD450, 577DELD580, SOGTEMDGOQ, 722VEED725,
666VAKD669, SGSREVDBGB 723EEDD726, 798EDND801
Protein synthesis and conjugation
Eukaryotic elongation factor 1y STFEGD®* 102ypSD0®, 26" EEMD?4 AAH13918
Metabolism
Inorganic pyrophosphatase 276yPTD?7°, 1°GETD'®® 162DDPD16®, 278TDVD>®" AAP97214
Glyceraldehyde-3-phosphate 163V|HD®e, 282ySSD?#°, "8 QERD®", CAA25833
dehydrogenase 222pEg| D228
Proteases
Neurolysin (EC 3.4.24.16) 112ygSp''®, 297NEDD?'°, 123TEAD2%, 234TDDD?%7, 520VETD52% CAC27329
350FEYD353
Prolyl endopeptidase (prolyl SVYRD'?, "'2VFLD'"®, 288GEYD?", S2EDPD®® BA A04661
oligopeptidase, EC 3.4.21.26) SSSHEKD®®¢, 623pEAD®2®
Membrane and lipid binding
Rab GDP dissociation factor inhibitor « 1STYEND'%4 SEEYDS®, 4'3STEND*'® BAA08078
Chain A, crystal structure of brain fatty 84ySLD®", “QEGD*" S8EEFD”", 86.DGD®® IFE3_A
acid-binding protein oleic acid
Annexin V 14TYWGD'4, 277SEID?®°, 37 EDD'°, 72VEQD'"® AAHO01429

actin (Fig. 4, A and B). The additional 20-kDa band is the
result of cleavage at LVVD'" (46). Therefore, the cleavage of
B-actin detected by LC/MS/MS was the result of Csp3 and
not of Csp6 activity. Interestingly p-actin did not have a
probable Csp6 site as determined by combinatorial chem-

istry (Table Ill). In general, the cleavage of IVT or purified
proteins was more efficient than the cleavage of proteins in
neuronal extracts. This could be due to the association of
protein complexes that restrict access of the substrate site
to the caspase in native conditions.
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TABLE IV
Unusual confirmed Cspé6 substrate sites in various proteins
These sites were not predicted by combinatorial chemistry but
were found to be specific for Csp6 in these proteins. FAK, focal
adhesion kinase; TGEV, transmissible gastroenteritis coronavirus.

Further evaluation showed that Csp3 is indeed activated in
the RCsp6-treated neuronal extracts as shown by the appear-
ance of the p20 active subunit (Fig. 4C). Furthermore there
was increased DEVDase activity in RCsp6-treated neuronal
cytosolic proteins suggesting the activation of Csp3 (Fig.

Caspase site Protein substrate Ref. " R
P 4D). In addition, we found activation of Csp7 by Csp6
AQRD Presenilin 1 31 because the proenzyme disappeared and the p20 subunit
DRHD AP-2a / d in Cspé-treated | cytosolic proteins (Fi
DSYD Presenilin 2 31 appeared in Csp6-treate ngurc.ma cytosolic prq eins ( |g.
DVVD Caspase-6 18 4C). However, we exclude significant Csp6-mediated acti-
ENDD Presenilin 1 31 vation of Csp1, -2, and -9 in these protein extracts. The
IVLD Huntingtin 30 25-kDa active subunit of Csp1 was not detected with the
PEED Topoisomerase | 5 ti-active Csp1 ti in Csp6-untreated treated
SWKD NSB5A 71 anti-active Csp .an |serl.Jm in Csp6-untreate .or - reae.
TVAD Periplakin 24 neuronal cytosolic proteins, and there was no increase in
VSWD FAK 23 YVADase activity (Fig. 2, C and D). Csp2 was not cleaved,
VVPD TGEV 72 and there was no increase of VDVADase activity. We would
expect VDVADase activity because Csp3 was activated and
A. 1=z
RCsp6 - + -+ -+ -+ -+ -+ g
116kD8—>IE g
127 kDa— o g = %%lﬁﬂg < oy
L =2 I ]
31KkDa o) S0KDa; 58 kDo 2 kDo t*"' A3kDa =S
47kDa Bl - o 56kDa Y| okpa | E
(]
- - <8
2
Drebrin Spinophilin a-actinin-4  a-Tubulin B-actin Fractin &
B. - 22 - %1%
RCsp6 -+ & o ¥ O v U O U O
LSkDa_p. !:'ss kDa n
son o] RS ] R O < ;
&b om==[z0m: ¥ -
. ~ [950kDa 11kDa pu—
- | ——
Drebrin Spinophilin a-actinin-4 o-Tubulin B-actin  Fractin
IVT proteins Purified proteins
*
C. z 3 5 D. ) *
aR_CSKG 5 RCsp6 Rf?s;f E:)R-CS-I')? R-Cs;f 2l B 1
[ _ 10
o 45 kDa p] s E 8- I%I
= g o) P
25 kDap | = L F <351 Dan] =] =
Cspl s
= + |«20xpa 2 44
0
70 kDa =
Hsp70 - Csp3 Csp7 Csp9 0n 1|;||' T 'InIDI TETETTEr T
Cspl 2
NEcyto + + - + + - + + - + + - + + -
RCsp6 - + + - + + - + + - + + - + +

VEID DEVD YVAD VDVAD LEHD

Fic. 4. Cleavage of specific proteins by Csp6. A and B, Western blot analyses or autoradiogram (for IVT Drebrin, Spinophilin, and
a-Actinin-4) of neuronal protein extracts (A) or IVT or purified proteins (B) cleaved with RCsp6. The arrows indicate full-length proteins, and the
arrowheads indicate the fragments. C, Western blot analysis of Csp1, Csp2, Csp3, Csp7, and Csp9 in 50 ug of neuronal cytosolic proteins
treated without (—) or with (+) RCsp6. D, fluorogenic caspase activity assays of 1 ug of cytosolic neuronal protein extracts (NEcyto) treated
with 2.7 ng of RCsp6 on YVAD-AFC for Csp1, VDVAD-AFC for Csp2, DEVD-AFC for Csp3 and Csp7, VEID-AFC for Csp6 and Csp8, and
LEHD-AFC for Csp9. * indicates a p < 0.001 and ** indicates a p < 0.01 statistically significant difference between the indicated assays. NS,

nonspecific. Error bars indicate standard deviation.
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RCsp3 was able to cleave VDVAD-AFC substrate (supple-
mental Fig. 1). However, the amount of active Csp3 present in
the assay was probably below the threshold required for its
VDVADase activity. The Csp9 pro-arm was cleaved to give the
28-kDa fragment, but there was no additional increase in
Csp9 activity on the LEHD-AFC substrate in Csp6-treated
neuronal cytosolic proteins (Fig. 4D). Csp4, -5, and -8, al-
though detected by Western blot in Jurkat cells, were unde-
tectable in the cerebral human neuronal proteins and are thus
unlikely to represent significant caspase activity in these pro-
tein extracts (results not shown and Ref. 28).

These results confirm that the LC/MS/MS identification of
caspase-cleaved proteins is correct. Whether cleavage is di-
rect or indirect through the activation of other caspases or
proteases in all proteins identified has to be confirmed on an
individual basis.

Identification of Csp6 Cleavage Sites Based on Predic-
tions from Combinatorial Studies—To determine whether
the Csp6 cleavage sites predicted from combinatorial stud-
ies are present in some of the proteins identified (Table IlI),
we performed site-directed mutagenesis in a few of the
identified proteins. The aspartic (Asp) residue was mutated
to alanine (Ala) residue to eliminate the caspase cleavage
site. The IETD*®® site of Drebrin was easily identified as a
Csp6 cleavage site because the mutation abolished the
production of the 83-kDa fragment of IVT Drebrin incubated
with RCsp6 (Fig. 5A). Similarly the VGVD*3® to VGVA muta-
tion abolished Csp6 cleavage of «-Tubulin (Fig. 5B) as
observed previously for Granzyme B cleavage (47). How-
ever, Csp6 generated a lower molecular weight fragment in
the D438A mutant, indicating that an alternative site has
been revealed with the mutation. Based on the size of the
fragment and possible Csp6 sites in the protein, we mutated
the IQPD®? site, but the fragment was still generated. There-
fore, it possibly represents another secondary Csp6 site or
a nonspecific cleavage resulting from poorly folded IVT
proteins. Csp6 did not cleave the predicted «-Tubulin
LEKD*®*" site. In Spinophilin (Fig. 5C), the DLKDAD??° se-
quence was identified as a Csp6 substrate site because the
double Asp mutations eliminated the generation of a 35-kDa
fragment in protein treated with RCsp6 and RCsp3. We
further generated a mutation at Asp'®® only, and this also
eliminated cleavage indicating that both Csp6 and Csp3
cleave at the DLKD'®® site. Furthermore based on epitope
mapping and a 20-kDa doublet that was generated by Csp3
cleavage, we assessed the ENVD'°® and SRFD'2® as pos-
sible caspase sites. We found that the D106A mutation
eliminated the bottom protein, whereas the D125A elimi-
nated the top protein of the doublet. Both the D106A and
D125A mutants also resulted in the appearance of an addi-
tional fragment around 30 kDa when treated with either
Csp3 or Csp6. The appearance of this additional fragment is
likely due to the unmasking of another site when the N-
terminal sites are mutated. More work is needed to clarify

IETD*6A  B.
Resp6 -+

LEKD#1A yGyD438A
-+ o

— 2w —r= -

47 kDa -

IQPD3A D(33,431)A D(33,438)A
-+ -+ -+

Resp6
47 kDa - — [ e [ |-
C WT ENVD!06A  SRFDI?SA DLKD!?SAAD200A
Csp 0 6 3 0 6 3 0 6 3 0 6 3

) VEVDS351A

DLKD9A  LEED#!A  LEKDS®A

Csp 0 6 3 0 6 3 0 6 3 0 6 3
118 kDa{ :
85 kDa- | o <
47 kDa-|
36 kDa | y - B
26 kDa-| s

a i »\ ~ L |-

D WT  SWKD!™A TLSD*SA FESD*’A NELD%3A

Cp 0 6 3 0 6 3 0 6 3 0 6 3 0 6 3
118 kDa s
85 kDa =-.-""'"""""==§ e g ot

=

TLPDS%A
0 6 3

DQWD503A AMEDS50A
0_6 3 0 6 3

A

DYYD487A

FiG. 5. Identification of Csp6 cleavage sites. Shown are autora-
diograms of IVT WT and mutant D456A Drebrin (A) and WT and
mutant D431A, D438A, D33A, D33A/D431A (D(33,431)A), and D33A/
D438A (D(33,438)A) a-Tubulin (B) before (—) and after (+) Csp6 cleav-
age. C and D, autoradiograms of IVT WT and mutant Spinophilin (C)
and a-Actinin-4 (D) before (0) and after cleavage with Csp6 (6) and
Csp3 (3). The arrowheads indicate cleaved fragments.

this issue. Nevertheless we identified Asp'®8, Asp'©®, and
Asp'2® as caspase sites in Spinophilin. In addition, the
possible Csp6 cleavage sites VEVD®®", LEED*'!, LEKD®°,
and VEVD®%! were excluded because mutagenesis did not
prevent Csp6 cleavage of Spinophilin (Fig. 5C).

Similarly the SWKD'94, TLSD*%8, FESD*2, NELD*®%,
DYYD*®”, DQWD®°3, AMED®%°, and TLDP®"° sites were ex-
cluded as caspase sites from a-Actinin-4 (Fig. 5D). Interest-
ingly the SWKD site identified as a Csp6 substrate site in
NS5A (Table IV) and the AMED and TLDP sites were Csp3
sites in nucleolin and GRASP65, respectively (32, 48). Csp3
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cleaved these mutant Spinophilin and «-Actinin-4 proteins,
indicating that other sites on these proteins are responsible
for caspase cleavage. These results indicate that the structure
of the protein likely has a significant impact on the ability of
caspases to bind to and cleave a substrate site and that the
sequences from combinatorial studies are not always useful
to identify caspase sites in proteins.

a-Tubulin Cleaved by Csp6 (TubulinACspé6) Is Detected in
Pathological Hallmarks in AD—To determine whether one of
the identified Csp6 substrates is associated with Csp6 cleav-
age in AD tissues, we developed a neoepitope antiserum
against Csp6-cleaved «-Tubulin (TubulinACsp6). The anti-
serum recognizes only the purified bovine Tubulin cleaved by
Csp6, whereas the control total a-Tubulin antiserum recog-
nizes both the full-length and cleaved proteins (Fig. 6A). The
TubulinACsp6 antiserum did not prove to be useful on West-
ern blots of total brain proteins. A likely reason is that
caspase-cleaved proteins are often degraded rapidly, or too
few cells are affected at any given time to be detected in total
protein extracts. Therefore, we opted to conduct immunohis-
tochemical analyses with this antiserum. We found that the
TubulinACsp6 antiserum recognizes tangle-like formations
and neurites in AD brain tissue sections but not in the non-AD
control sections (Fig. 6B). Staining was adsorbed by the an-
tigenic peptide (Fig. 6C). No immunoreactivity was observed
with preimmune serum (not shown). Interestingly immuno-
staining was observed in the major pathological hallmarks of
AD, neurofibrillary tangles (NFT), neuropil threads, and neuritic
plaques (NP) (Fig. 6D), as observed with TauACsp6 and active
Csp6 antisera (3, 4). Furthermore some immunopositive neu-
rons did not seem to be affected by AD pathology or have an
apoptotic morphology. The TubulinACsp6 immunoreactivity
co-localized with anti-active Csp6-positive NFT and neuritic
plaques (Fig. 6E). Therefore, the proteomics approach al-
lowed identification of a novel Csp6 protein substrate that is
generated in AD.

DISCUSSION

In AD brains, Csp6 is strongly activated in neuropil threads,
neuritic plaques, and neurofibrillary tangles in the absence of
classical apoptotic features (3). Normally active Csp6 trans-
locates to the nuclei in apoptotic cells (5). The absence of
active Csp6 in the nuclei of neurons combined with its pres-
ence in neurofibrillary tangles, neuritic plaques, and neuropil
threads suggests that Csp6 is involved in neurodegeneration
in AD. To better understand the function of active Csp6 in the
neurites of AD brains, we used a proteomics approach to

identify Csp6-mediated proteolytic events in human neurons.
We discovered 24 different proteins that were cleaved after the
addition of Csp6 to neuronal protein extracts. These proteins
were stringently selected, and all six proteins chosen from this
list for further analyses (five shown here and one not shown)
were confirmed by Western blotting to be cleaved in RCsp6-
treated human neuronal protein extracts. We further showed
using pure recombinant or IVT proteins that «-Tubulin, Drebrin,
Spinophilin, and a-Actinin-4 are substrates of active Csp6.

We confirmed the cleavage of a-Tubulin in AD by immuno-
histochemistry with a neoepitope antiserum to the cleaved
proteins. The a-TubulinACsp6 immunostained neurofibrillary
tangles, neuropil threads, and neuritic plaques, and the im-
munostaining was co-localized with active Csp6 immunore-
activity. These results show that, in addition to Tau, a-Tubulin
is a substrate of active Csp6 in vivo. We identified the site of
cleavage at VGVD*3®. Cleavage at this site releases the 13
C-terminal residues, SVEGEGEEEGEEY, rich in acidic amino
acids that interact with many microtubule-associated proteins
such as MAP2 and dynein (49, 50). The axonal microtubule-
associated protein Tau also interacts with «-Tubulin in this
area at amino acids 430-441 (51). The cleavage of the func-
tional a-Tubulin C-terminal domain indicates that Csp6 could
seriously alter the state of microtubules in neurons. Removal
of this C-terminal tail with the subtilisin protease, which
cleaves at VDSV#4°, two amino acids downstream of the Csp6
site, results in aberrant polymerization of the microtubules (52,
53). Interestingly the cytotoxic T-lymphocyte serine protease
Granzyme B has been found recently to also cleave the C
terminus of a-Tubulin at Asp*3® within a canonical Granzyme
B cleavage site, VGVDSV#%°. The Granzyme B-truncated
a-Tubulin increases the rate of microtubule polymerization
(47). It is therefore likely that Csp6 will have effects on
microtubule polymerization similar to those shown with
Granzyme B and subitilisin. We already have shown that the
axonal microtubule-associated protein Tau is cleaved by
Csp6 and that Tau cleaved by Csp6 is highly abundant in AD
pathology (3). Therefore, cleavage of a-Tubulin and Tau
protein would affect microtubule integrity in both the axons
and dendrites of neurons. Together these results suggest
that the activity of Csp6 could alter microtubule function in
the cellular cytoskeleton.

The other three Csp6 protein substrates, Drebrin, Spi-
nophilin, and a-Actinin-4, are important proteins of postsyn-
aptic densities (54-56). Interestingly these are localized to
the dendritic spines, whose structure is mainly regulated by
the actin cytoskeleton as dendritic spines lack intermediate

Fig. 6. Identification a-Tubulin cleaved by Csp6 in AD brains. A, Western blot analysis of purified Tubulin without or with RCsp6 cleavage
using Tubulin cleaved by Csp6 (anti-TubulinACsp6) and Tubulin antisera. B, micrographs of immunohistochemical detection of anti-
TubulinACsp6 with diaminobenzidine in tissue sections of AD and non-AD temporal cortex. C, micrograph of immunohistochemical detection
of anti-TubulinACsp6 in AD tissue sections showing the adsorption of the antiserum on the antigenic peptide. D, micrographs of
a-TubulinACsp6 immunopositive NFT, neuropil threads (NPT), NP, and neurons (N) that otherwise look normal. E, micrograph of double
immunostaining of TubulinACsp6 with diaminobenzidine (brown) and active Csp6 with fast red (pink) in NFT and NP.
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filaments and microtubules. Drebrin is an actin-interacting
protein that is highly concentrated in the dendritic spines of
excitatory synapses in mature neurons of the central nerv-
ous system (42, 54, 57) and may be necessary for spine
morphogenesis because it also regulates the distribution of
other postsynaptic density proteins like PSD-95 (58). Anti-
sense knockdown of Drebrin in rats results in cognitive
problems (59). In AD, Drebrin immunoreactivity is decreased
significantly (60-62). Similarly Spinophilin is an actin-bind-
ing protein of postsynaptic densities that regulates dendritic
spine morphology and function (56, 63-65). Mice null for
Spinophilin have learning problems (66). Furthermore Spi-
nophilin interacts with protein phosphatase 1, a highly
abundant protein of dendritic spines that regulates ionic
conductance and synaptic plasticity (56). To our knowledge,
there has been no study of Spinophilin in neurodegenerative
diseases, but alteration of this protein by proteolytic cleav-
age in dendritic spines could result in a disruption of neu-
ronal function because Spinophilin-null mice show reduced
long term depression (65). The Actinins are thought to reg-
ulate the receptors at the synapses. a-Actinin-4 interacts
with calmodulin kinase Il and Densin 180 at the postsynap-
tic densities (67). These interactions are important in medi-
ating neuronal function at the synapse. a-Actinin is a com-
ponent of Hirano bodies, which increase in aging and AD,
and Hirano bodies have also been shown to contain the
Fractin epitope but no active Csp3 (68, 69). Therefore, these
results allow the hypothesis that cleavage of Drebrin, Spi-
nophilin, and «-Actinin-4 by caspases in AD or ischemia
may alter the synaptic function of neurons or may be re-
sponsible for the loss of synapses in AD. Because the loss
of synapses in AD is the pathological defect that best cor-
relates with the progressive dementia of AD (70) and Csp6
activity is detected preclinically, our novel findings of Csp6
cleavage of these important synaptic proteins provide a
tantalizing lead into the potential cause of the synaptic loss
in AD.

We confirmed Csp6-mediated proteolytic cleavage of some
proteins chosen from the list. However, identification of the
site of cleavage predicted by combinatorial chemistry was not
always possible (43, 44). We rapidly identified IETD**® and
VGVD*®8 in Drebrin and «-Tubulin, respectively. We identified
DLKD'®® as a Csp3 or Csp6 site and the ENVD'°® and
SRFD'?® sites as Csp3 cleavage sites in Spinophilin. How-
ever, in Spinophilin and a-Actinin-4, several potential and one
unconventional site were excluded. Some of these, like
VEVD®®" in Spinophilin and SWKD'®4, AMED®%°, and TLPD®"®
in a-Actinin-4, have been confirmed previously as Csp6 or
Csp3 cleavage sites in cytokeratin 18 and NS5A (20, 32, 48,
71) yet were not cleaved by Csp3 or Csp6 in our assays. The
possibility that these sites are hidden in the protein is unlikely
because a cursory look at the published partial structure of
some of these proteins indicates that some of the predicted
cleavage sites are exposed on the protein surface (data not

shown). Therefore, at least in some instances, it is likely that
the sequence surrounding the sites is most important in al-
lowing caspase cleavage.

This proteomics approach successfully identified novel
Csp6 protein substrates in human neurons and provides new
leads into understanding the role of Csp6 in AD. In our study,
we chose to focus on proteins whose levels were reduced by
~50% in Csp6-treated protein extracts. Several other pro-
teins could have been identified. However, there are some
disadvantages to this approach. Some proteins were likely
missed because of poor separation by two-dimensional gel
analysis, low abundance in neurons, or restricted proteolysis.
This could explain why we did not detect already known
Csp6-cleaved proteins. Caspase cleavage of proteins in vitro
may also unmask sites that would otherwise be protected by
protein-protein or protein-membrane interactions in physio-
logical conditions. Therefore, proteins identified will need to
be studied on an individual basis to confirm Csp6 cleavage in
physiological and pathological conditions. The main problem
is that the addition of active Csp6 in neuronal protein extracts
activates other caspases, and therefore, as seen with the
selective Csp3 cleavage of B-actin, each candidate substrate
will have to be investigated to assign protein cleavage to a
specific caspase. Alternative proteomics approaches to iden-
tify caspase protein substrates, such as N-terminal tagging
of cleaved proteins or mRNA display, suffer from the same
problem because adding active caspase to a heterogene-
ous mixture of proteins is likely to activate other proteases
in a cascade-dependent manner (32, 33, 35). The main
advantage to this method relative to others is its relative
simplicity. In addition, performing the study on proteins
from subcellular fractions of human primary neurons avoids
possible artifacts of compartmentalization.

In summary, we discovered a number of novel caspase
protein substrates that could be very important in the regula-
tion of neuronal structure and function. The Csp6 cleavage of
three proteins regulating the microfilament networks in
postsynaptic densities is interesting with respect to neurode-
generation. The confirmation of a-TubulinACsp6 in AD vali-
dates the approach. Because the active Csp6 is found at all
stages of AD, in mild cognitive impairment, and in some aged
individuals with lower cognitive abilities (4), our results sug-
gest that the disruption of these proteins either directly or
indirectly by active Csp6 could result in the early cognitive
deficits of AD. The results suggest that local activation of
Csp6 could have a significant impact on neuronal function in
the absence of cell death.
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