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Background: Biological roles for intracellular dipeptidyl peptidases 8 and 9 are unknown.
Results: By degradomics, 29 new in vivo substrates were identified (nine validated) for DP8/DP9, including adenylate kinase 2

and calreticulin.

Conclusion: These substrates indicate roles for DP8 and DP9 in metabolism and energy homeostasis.
Significance: Being the first proteomics screen for DP8/DP9 substrates, unexpected new cellular roles were revealed.

Dipeptidyl peptidases (DP) 8 and 9 are homologous, cytoplas-
mic N-terminal post-proline-cleaving enzymes that are anti-tar-
gets for the development of DP4 (DPPIV/CD26) inhibitors for
treating type Il diabetes. To date, DP8 and DP9 have been impli-
cated in immune responses and cancer biology, but their patho-
physiological functions and substrate repertoire remain
unknown. This study utilizes terminal amine isotopic labeling of
substrates (TAILS), an N-terminal positional proteomic
approach, for the discovery of in vivo DP8 and DP9 substrates. In
vivo roles for DP8 and DP9 in cellular metabolism and homeo-
stasis were revealed via the identification of more than 29 can-
didate natural substrates and pathways affected by DP8/DP9
overexpression. Cleavage of 14 substrates was investigated in
vitro; 9/14 substrates for both DP8 and DP9 were confirmed by
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MALDI-TOF MS, including two of high confidence, calreticulin
and adenylate kinase 2. Adenylate kinase 2 plays key roles in
cellular energy and nucleotide homeostasis. These results dem-
onstrate remarkable in vivo substrate overlap between DP8/
DP9, suggesting compensatory roles for these enzymes. This
work provides the first global investigation into DP8 and DP9
substrates, providing a number of leads for future investigations
into the biological roles and significance of DP8 and DP9 in
human health and disease.

Dipeptidyl peptidase 8 (DP8/DPP8/dipeptidyl peptidase IV-
related protein 1 (DPRP-1)) and DP9 (DPP9/DPRP-2) are
highly conserved and ubiquitously expressed intracellular exo-
peptidases of the serine protease SC clan S9b subfamily (which
includes (DPP4/DPIV/DPPIV/CD26 EC 3.4.14.5)) that share
61% identity at the amino acid level in humans (1-4). Studies
utilizing nonselective DP” inhibitors (5) and more selective
DP8/DP9 inhibitors (6 — 8) have suggested an important immu-
nological role for DP8/DP9. DP8/DP9 have also been impli-
cated in the allergic response of the lung (9) and inflammatory
bowel disorders (10). In vitro studies have demonstrated non-
enzymatic roles for DP8 and DP9 in cell migration, prolifera-
tion, and apoptosis (11). In cancer, increased DP8 mRNA has
been found in chronic lymphocytic leukemia (12) and DP9
mRNA in testicular cancer (3), and increased levels of DP8/DP9
mRNA, protein, and enzymatic activity have been observed in
human meningiomas (13). Ubiquitous but differential expres-
sion of DP8/DP9 has been observed in breast and ovarian
carcinoma cell lines (14), and a study has identified DP8/DP9
as survival factors for the Ewing sarcoma family of tumors
(15). Despite these findings, the mechanism(s) of DP8/DP9

”The abbreviations used are: DP, dipeptidyl peptidase; EGFP, enhanced
green fluorescent protein; IPl, International Protein Index; TAILS, terminal
amine isotopic labeling of substrates.
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function in these events has yet to be identified, and their
exact biological roles remain unknown. Uncovering protease
substrates greatly assists in revealing the functions of pro-
teases in vivo and their significance in pathophysiological
processes (16, 17).

In vitro, both DP8 and DP9 cleave the well known DP4 sub-
strates neuropeptide Y(1-36), glucagon-like peptide-1(7-36),
glucagon-like peptide-2(1-33), and peptide YY(1-36) (18, 19).
In vitro, DP8 cleavage of chemokine stromally derived factor 1
(CXCL12)-a/B, interferon-y-inducible protein, and interfer-
on-inducible T cell a-chemoattractant, also known DP4 sub-
strates, has been demonstrated (20). However, as DP8 and DP9
are intracellular enzymes, it is unlikely that these secreted sub-
strates will be of physiological relevance in vivo. Clues for their
in vivo roles come from studies blocking DP8/DP9 or DPIV
expression, which leads to neuropeptide Y-driven cell death
within the Ewing sarcoma family of tumors cells (15). To date,
the first and only in vivo substrate identified for DP9 is the
antigenic peptide renal ubiquitous-1(34—42) with DP9 prote-
olysis preventing major histocompatibility complex class I cell
surface antigen presentation (21). Besides these initial studies,
no comprehensive effort has been made to identify the in vivo
substrates of DP8 and DP9 on a system-wide scale.

This study used a positional N-terminal proteomics approach,
terminal amine isotopic labeling of substrates (TAILS), to iden-
tify the substrate degradome of DP8 and DP9. TAILS is focused
around the isolation of protein and peptide N termini for pro-
teomic identification of neo-N termini resulting from proteo-
lytic events (22). This method was recently used to detect cleav-
age events iz vivo in inflamed mouse skin (23). Stable human
ovarian cancer (SKOV3) cell lines expressing enzyme-active
and catalytically inactive forms of DP8 and DP9 were gener-
ated, and their cytoplasmic proteomes were isolated and ana-
lyzed by TAILS. A number of candidate substrates were identi-
fied and confirmed, including two of biological interest,
calreticulin and adenylate kinase 2. This work reveals the
involvement of DP8 and DP9 in cellular energy homeostasis
pathways in this ovarian cancer cell line.

EXPERIMENTAL PROCEDURES

All chemicals were purchased from Sigma unless stated
otherwise.

Stable Cell Culture and Flow Cytometry—SKOV3 cells were
maintained (14) with G418 addition (500 wg/ml) to stable
transfectants. FUGENE® 6 (Roche Diagnostics) was used to stably
transfect cells with constructs of pEGFPN1 (Clontech) alone or
with wild-type human DP8 g, ..y and DP9 465 1o short form) (Where
aa is amino acid) or catalytically inactive mutants DP8(S739A)
and DP9(S§729A) (11). Clonal cell lines were generated by single
cell sorting of transfected parental cells using a FACSAria
(Pharmingen) with initial supplementation of growth medium
with 0.5X hybridoma fusion cloning supplement (Roche Diag-
nostics) and gentamicin (16 mg/ml). Stable EGFP-expressing
transfectants were monitored using a FACScan (Pharmingen).

Isolation of Cytoplasmic Proteomes—Cells were grown to
confluence in three T175 flasks, washed with PBS (three times,
10 ml) to remove serum proteins, and then incubated for 3 h in
15 ml of phenol red-free, serum-free DMEM (Invitrogen). Cells
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were washed with ice-cold PBS, detached with 0.2% (w/v)
EDTA/PBS, and then resuspended in ice-cold PBS. Cells (0.5—
2 X 107) pooled from three flasks were pelleted by centrifuga-
tion (1500 X g, 5 min), resuspended in homogenization buffer
(50 mM HEPES, pH 7.2, 200 mMm NaCl, 10 mm CaCl,) containing
protease inhibitors (0.2 mm PMSF, 10 um E64, 1 um pepstatin
A, and 1 mm EDTA), and then gently lysed by nitrogen cavita-
tion (800 p.s.i., 30 min on ice) using a Parr Cell Disruptor (Parr
Instrument Co.). Lysates were clarified by centrifugation
(1500 X g, 10 min, and 4 °C), and then supernatants were sub-
jected to ultracentrifugation (type 70.1 Tirotor, 100,000 X g, 60
min at 4 °C; Beckman Coulter Ultracentrifuge; Palo Alto, CA)
for separation of membrane and cytosolic fractions. Cytosolic
fractions were further clarified by additional ultracentrifuga-
tion (100,000 X g, 30 min, 4 °C). Protein concentrations were
determined by micro-Bradford assay (Bio-Rad). Aliquots were
made and stored at —70 °C until TAILS proteome analysis.

TAILS—TAILS was performed using dimethylation labeling
of primary amines of protein N termini and e-amino acids of
lysine side chains as described (22). In brief, equal quantities of
cytosolic proteome (supplemental Table S1) from enzyme-ac-
tive and catalytically inactive cell lines (both DP8 and DP9)
were concentrated and purified by 12% (v/v final) TCA precip-
itation. Protein denaturation, reduction, and alkylation of cys-
teine residues was performed as described previously (22).
Samples were isotopically labeled by dimethylation using form-
aldehyde as described previously (22) (supplemental Table S1).
Residual formaldehyde was quenched; then heavy and light iso-
topically labeled samples were combined, concentrated, and
purified by acetone precipitation and tryptically digested, and
then labeled peptides were enriched by a negative selection step
using a dendritic polyglycerol aldehyde polymer as described
(22). Blocked N-terminal peptides (unbound) were physically
separated from the polymer-captured peptides via 10-kDa
Microcon centrifugation (Millipore, Bedford, MA) (22). Sam-
ple and wash flow-throughs were combined and then prepared
for off-line strong cation exchange-HPLC fractionation or
desalting (supplemental Table S1). Three biological replicates
for both DP8 and DP9 were subjected to the TAILS process in
three independent experiments.

Off-line Strong Cation Exchange-HPLC Fractionation and
Peptide Desalting—Desalting and pre-fractionation of samples
(~100 ug) by strong cation exchange-HPLC, prior to LC-MS/
MS analysis, was performed as described (24). N-terminal pep-
tides not fractionated by strong cation exchange-HPLC (sup-
plemental Table S1) were desalted using reverse phase-solid
phase extraction via Sep-Pak® C,; column (Waters, Milford,
MA) according to the manufacturer’s recommendations.

In-line Liquid Chromatography and Tandem-Mass Spectrom-
etry—Peptide samples were analyzed by in-line reverse-phase
nanospray LC-MS/MS using a C18 column (150-mm X
100-m column at a flow rate of 100 -200 nl min ') coupled to
a quadrupole time-of-flight QStar XL hybrid electrospray ion-
ization mass spectrometer (Applied Biosystems/MDS-Sciex,
Concord, Ontario, Canada) or a QStar Pulsar mass spectrome-
ter (Applied Biosystems/MDS-Sciex, MDS-Sciex, Concord,
Ontario, Canada). Samples were loaded, eluted, and separated
on the C18 column, and MS data were acquired automatically
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FIGURE 1. Characterization of stable wild-type and mutant DP8 and DP9 SKOV3 cell lines. A, cells transfected with wild-type (DP8-EGFP and DP9-EGFP) or
mutant (DP8(5739)-EGFP and DP9(S729A)-EGFP) constructs (filled histograms) or nontransfected cells (open histograms) were analyzed by fluorescent flow
cytometry on a FACScan. Band C, cell lysates (50 ng) from DP8-EGFP, DP8(S739A)-EGFP, DP9-EGFP, DP9(S729A)-EGFP, vector-transfected, and nontransfected
SKOV3 cells were analyzed by 8% (w/v) SDS-PAGE and immunoblotting for detection of DP8 (B) or DP9 (C). Recombinant purified DP8 and DP9 were included
as controls and are indicated by arrows. For a loading control, B-actin was detected. D and E, specific activity against the synthetic DP substrate H-Ala-Pro-p-
nitroanilide (0.5 mm) was determined in whole cells (D) and in membrane and soluble fractions (E). Values in D are expressed as means =+ S.E. (n = 10). Values

in E are from a single experiment.

using Analyst QS version 1.1 software (Applied Biosystems/
MDS-Sciex, Concord, ON, Canada) as described (25).

Mass Spectrometry Data Analysis—MS peak lists were
searched by MASCOT (version 2.2, Matrix Science, London,
UK) against the human International Protein Index (IPI) data-
base (version 3.16, 62,322 entries, release date April, 2006).
MASCOT searches of MS data were performed separately for
heavy- and light-labeled peptides. Searches were performed
using the following modifications: fixed carbamidomethylation
of cysteines (+57.021 Da (Cys)), fixed heavy lysine (+34.0631
Da (Lys)), or light lysine (+28.0311 Da (Lys)); variable methio-
nine oxidation (+15.995 Da (Met)), and fixed and variable
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modifications of N termini with heavy formaldehyde
(+34.0641 Da (N termini)), light formaldehyde (+28.0311 Da
(N termini)), and acetylation (+42.011 Da (N termini)). The
additional search criteria used were as follows: semi-ArgC
cleavage specificity with up to three missed cleavages; a
monoisotopic mass error window for the parent ion of 0.4 to 0.6
Da; peptide mass tolerance of 0.4 Da for MS/MS fragment ions;
and the scoring scheme ESI-QUAD-TOF. Allowed peptide
charge states were 17, 2", and 3™. Search results were analyzed
using the Trans-Proteomic Pipeline (version 4.0 JETSTREAM
revision 2, Build 200807011544 (MinGW)) (26) with Peptide-
Prophet (27) sensitivity-error rate analysis. Quantification of

VOLUME 288+NUMBER 20-MAY 17,2013
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FIGURE 2. Summary of total peptides and proteins identified by TAILS analysis. A and B, three-way Venn diagrams of the number of unique peptides,
unique stripped peptides, and unique proteins (identified by more then one spectra) identified by MASCOT searches in experiments (Exp.) 1, Exp. 2, and Exp.
3 for DP8 (A) and DP9 (B). C, two-way Venn diagram of unique proteins (identified by more then one hit) identified from all datasets for DP8 and DP9. The
intersection of Cdisplays the number of overlapping proteins identified in both the DP8 and DP9 datasets. The number of unique peptides for each experiment
takes into account all possible modifications of a given peptide, including variable oxidation of methionine residues, although the number of unique stripped
peptides for each experiment refers to unique peptides after the removal (stripping) of all possible modifications. The total number of unique proteins excludes
any “single hit” proteins, i.e. a protein that is not identified by any other peptide/spectra in the dataset. All peptides were identified with =95% confidence
according to PeptideProphet. All MASCOT searches were performed against the human IPI database (version 3.16, 62,322 entries, release date 4/2006).

the ratio of heavy to light isotopically labeled peptides was
achieved by using ASAPRatio (28) software. ASAPRatios were
manually checked and edited, and CLIPPER was used to iden-
tify statistically significant changes in cleaved neo-N peptides
(29).

DP8 and DP9 are exopeptidases with a strong preference for
cleavage of N-terminal dipeptides mainly after a Pro residue in
the P1 position (NH,-P2-P1-P1’-P2’-). Because of this strict
canonical specificity, datasets were also manually parsed to
identify all peptides with a cleaved or noncleaved Pro residue in
what would be the P1 position of a DP8/DP9 substrate. Pairs of
peptides that differed in length by two amino acids at their N
termini, but did not contain a Pro in P1, were also selected as
candidate substrates.

Additional substrates and proteins that are altered (in
expression or non-DP8/DP9 proteolysis) via DP8/DP9-affected
pathways were identified from quantitative analysis of heavy/
light (protease/control) isotope-labeled peptide abundance ratios.

AV N
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Only peptides identified with =95% confidence (Peptide-
Prophet) were used for quantitative analysis. ASAPRatios were
normalized by recentering the raw datasets around a median of
one and then applying a natural logarithm transformation. This
enabled the exclusion of obvious outliers and established a nor-
mal range for determining significance by using means and S.D.
of the normalized data to determine 90% confidence intervals
of the nontransformed data. This was achieved using the R sta-
tistical package. High and low ratio peptides were considered to
be either substrates of DP8/DP9 or derived from proteins that
were either differentially expressed or processed by an alterna-
tive protease to DP8/DP9.

Functional Annotation and Pathway Mapping—UniProt
Knowledge Base (UniProtKB) accession numbers were mapped
to protein IPI numbers. Functional annotation and biological
pathway information were obtained from UniProtKB entries or
by using the database for annotation, visualization and inte-
grated discovery (DAVID), version 6.7 (30) (david.abcc.ncifcrf.
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TABLE 1
Candidate DP8 and DP9 substrates

Peptides listed include the following peptides: (i) having a proline N-terminal to the MS/MS-identified peptide so that the peptide may have resulted from DP8/DP9
cleavage; (ii) peptides that contained a Pro in the P1 position; and (iii) peptides differing by two N-terminal dipeptide residues likely to have been removed by DP8/DP9
proteolysis. All individual peptides are listed for DP8 and DP9 in supplemental Tables S2 and S3, respectively. The MS/MS spectra for each of the peptides in the
supplemental Tables can be found in the associated supplemental Tables S2 and S3 spectra files. #, number; #AA, number of amino acids in full-length protein; Seq. Pos.,
position of identified peptide in the full-length protein; —2AA, the two amino acids preceding the identified peptide, of these (—M) indicates initiator methionine; +1 AA,
the first amino acid adjacent to the C-terminal end of the MS/MS-identified peptide; Exp, experiment number; Conf. is the confidence determined by Peptide Prophet
modeling that the peptide identification was correctly assigned. Peptides in parentheses are those that have a lower confidence in spectra to peptide assignment, but their
presence supports the protein being a substrate if identified from a separate high confidence peptide. Bold underlined text indicates the amino acid that DP8/DP9 will cleave
atif the identified peptide is a bona fide substrate. Where more than one occurrence of a peptide was identified, only the highest confidence was reported in this table. Values

for all peptides can be found in supplemental Tables S1 and S2.

DP8 DP9
UniProtkB Protein #AA  Seq. | -2 Identified Peptide +1 Exp. Hits  Conf. Exp. Hits  Conf. L izatil iological Pathway
Accession Pos. AA AA (%) (%)
P60709 Actin, cytoplasmic 1 375 103- | HP VLLTEAPLNPKANR E 1 1 >96 Cytoplasm; Focal adhesion, Adherens
116 cytoskeleton junction, Tight junction,
101- | EE (HPVLLTEAPLNPKANR) E 1 1 >50 Leukocyte transendothelial
116 migration, Regulation of actin
cytoskeleton
P62736 Actin, aortic smooth 377 47- VM | VGMGQKDSYVGDEAQSKR G 1 2 100 Cytoplasm; Vascular smooth muscle
muscle 64 Cytoskeleton contraction
49- VG VMVGMGQKDSYVGDEAQSKR G 1 4 100
64 2 2 100
P54819 Adenylate kinase 2, 239 4-17 | AP SVPAAEPEYPKGIR A 1 2 >90 Mitochondrial Purine metabolism, energy
mitochondrial 2 1 >75 2 1 >99 intermembrane metabolism, nucleotide
2-17 | -M | APSVPAAEPEYPKGIR A 1 1 100 1 1 >99 space synthesis
2 5 >99 2 5 >99
3 1 100 3 1 >99
Q8NI99 Angiopoietin-related 470 131- | GA EPAAALALLGER \ 152 1 >75 Extracellular space Angiogenesis, cell
protein 6 precursor 142 252 2 >95 252 2, >95 differentiation (probable)
P31939 Bifunctional purine 592 2-22 | -M APGQLALFSVSDKTGLVEFAR N 1 1 100 3 2 100 Cytoplasm Purine  metabolism, IMP
biosynthesis protein biosynthesis via de novo
PURH pathway One carbon pool by
3 1 >95 folate,
P11586 C-1-tetrahydrofolate 934 2-16 -M APAEILNGKEISAQIR A 1 1 >95 Cytoplasm Glyoxylate and dicarboxylate
synthase, cytoplasmic 2 1 >99 metabolism, One carbon pool by
folate, tetrahydrofolate
interconversion, purine
biosynthesis, amino-acid
biosynthesis
P27797 Calreticulin 417 20-36 EP AVYFKEQFLDGDGWTSR w 2 2 >90 1 2 >99 Cytoplasm; Antigen processing and
Endoplasmic presentation
18-36 | VA EPAVYFKEQFLDGDGWTSR w 1 4 100 1 13 100 Reticulum; Plasma
2 5 100 |2 4 >90 | Membrane;
3 1 599 3 595 Nucleus; Secreted
Q9UBR2 Cathepsin Z/X 303 58-69 | YL SPADLPKSWDWR N 1 1 >99 1 3 >85 Lysosome; Lysosome, proteolysis
Endoplasmic
2 1 >90 2 1 >50 Reticulum;
extracellular space
Q8N8B8 CDNA FLJ39703 fis, clone 145 56-78 RP AGEEDAGGPERPGDVVNVVFV S 1 2 >99 Unknown Not available
SMINT2012195 DR
Q12882 Dihydropyrimidine 1025  4-21 AP VLSKDSADIESILALNPR T 1 1 >85 1 1 100 Cytoplasm Pyrimidine metabolism, beta-
dehydrogenase [NADP+] Alanine metabolism,
Pantothenate and CoA
biosynthesis, Drug metabolism
Q16643 Drebrin 648 480- WP | GNGEGASTLQGEPR A 252 2 >90 252 3 >90 Cytoplasm Binds F-actin, cell differentiation,
493 neuorgenesis
Q05639 Elongation factor 1- 463 250- LP (LQDVYKIGGIGTVPVGR) \" 1 1 >65 Cytoplasm; Protein biosynthesis
alpha 2 266 Nucleus
248- LR LPLQDVYKIGGIGTVPVGR \ 1 1 >80
266 352 2 100 352 2 100
Q9Y5Q0 Fatty acid desaturase 3 445 107- GP LNAQLVEDFR A 252 2 >85 Endoplasmic Electron transport, fatty acid
116 Reticulum biosynthesis/metabolism, lipid
Membrane biosynthesis/metabolism
P04075 Fructose-bisphosphate 363 3-21 MP | YQYPALTPEQKKELSDIAHR ! 2 2 100 1 2 100 Cytoplasm Glycolysis/Gluconeogenesis,
aldolase A 2 2 100 Pentose phosphate pathway,
121 | - MPYQYPALTPEQKKELSDIAHR | 2 1 100 2 2 100 Fructose and mannose
621 | YP | (ALTPEQKKELSDIAHR) | 152 2 >90 L
8-21 AL TPEQKKELSDIAHR I 1 1 >95
2 2 >70
Q08380 Galectin-3-binding 585 456- RY YPYQSFQTPQHPSFLFQDKR Vv 2 2 >95 Extracellular Cell adhesion
protein 475
000214 Galectin-8 316 58-58 | KP RADVAFHFNPR F 252 4 >95 Cytoplasm Carbohydrate binding
Q13151 Heterogeneous nuclear 305 174- KA VPKEDIYSGGGGGGSR S 2 2 100 Nucleus mRNA-binding componenet of
ribonucleoprotein AO 183 ribonucleosomes

gov). The TopFIND knowledge base was used to obtain func-
tional insights to the cleaved substrates (31).

DP-specific Enzyme Assay—Diprolyl peptidase enzymatic
activity was assayed using 0.5 mm H-Ala-Pro-p-nitroanilide
(Bachem, Bubendorf, Switzerland) as described previously (14).
Enzyme activity was expressed as milliunits/mg of protein,
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where 1 unit of activity is defined as the amount of enzyme that
cleaves 1 wmol of substrate per min under the given assay
conditions.

Western Blot Analysis—Protein extraction, SDS-PAGE, and
Western blotting were performed as described previously (14)
using primary antibodies for DP8 (RP1-DP8, Triple Point Bio-
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TABLE 1—continued
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DP8 DP9
UniProtKB Protein #AA Seq. -2 Identified Peptide +1 Exp. Hits  Conf. Exp. Hits Conf. Localization Biological Pathway
Accession Pos. AA AA (%) (%)
P10253 Lysosomal alpha- 957 78- RA VPTQCDVPPNSR F 1 1 >99 Lysosome Galactose metabolism, Starch
glucosidase 89 Membrane and sucrose
metabolism,Lysosome
000754 Lysosomal alpha- 1011 602- | SW SPALTIENEHIR A 1 2 100 Lysosome Other glycan degradation,
mannosidase 613 Lysosome
2 2 100 2 1 100
P10619 Lysosomal protective 480 46- EA APDQDEIQR L 2 >99 Lysosome; Lysosome, Renin-angiotensin
protein (cathepsin A) 54 Endoplasmic system
reticulum
Q15785 Mitochondrial import 309 4-13 | AP (KFPDSVEELR) A 1 1 >90 Cytoplasm; Protein targeting and import of
receptor subunit TOM34 213 | -M APKFPDSVEELR A 2 2 >95 1 2 100 Mitochondrial proteins to mitochondria,
outer membrane chaperone
P22894 Matrix metalloproteinase 467 441- | GP RYYAFDLIAQR \Y 2 2 >60 Cytoplasmic Collagen degradation,
8 (MMP8) 451 granule; secreted, | proteolysis
extracellular
space
QINTKS Obg -like ATPase 1 396 2-18 | -M PPKKGGDGIKPPPIIGR F 1 >99 Cytoplasm ATP catabolism
2 >90 2 2 >99
Q06830 Peroxiredoxin-1 199 90- VN TPKKQGGLGPMNIPLVSDPKR T 2 2 >95 Cytoplasm Oxidoreductase, cellular redox
110 regulation, intracellular redox
signaling, proliferation
P30044 Peroxiredoxin-5, 214 54- AM APIKVGDAIPAVEVFEGEPGNKV | L 1 1 100 Mitochondrial Oxidoreductase, cellular redox
mitochondrial 77 N regulation, intracellular redox
signalling
P07737 Profilin-1 140 39- GK TEVNITPAEVGVLVGKDR S 1 1 >99 Cytoplasm; Regulation of actin
56 Cytoskeleton cytoskeleton, response to
a1- | TE VNITPAEVGVLVGKDR s 1 1 100 growth factor stimulus
56 252 2 100
32 3 100
53- | VN ITPAEVGVLVGKDR s 22 3 100
56
P07602 Sap-mu-0 of Proactivator 524 171- | AP FMANIPLLLYPQDGPR S 252 2 >85 Lysosome Lysosomal degradation of
polypeptide precursor 186 sphingolipids
(prosaposin)
000743 Serine\threonine-protein 305 2-14 -M APLDLDKYVEIAR L 2 >95 Cytoplasm Protein dephosphorylation,
phosphatase 6 2 2 >99 2 2 >85 G1/S transition of mitotic cell
cycle
Q53HE2 Triosephosphate 243 178- | TA TPQQAQEVHEKLR G 2 1 >99 1 2 100 Cytoplasm Glycolysis/Gluconeogenesis,
isomerase 190 GK TATPQQAQEVHEKLR G 2 1 >99 1 1 100 Fructose and mannose
176- metabolism, Inositol phos
190
2 1 >85

logics Inc.), DP9 (RP1-DP9, Triple Point Biologics Inc.), B-actin
(ab8227, Abcam, Cambridge, UK, or 011M4812, Sigma), calre-
ticulin (sc-6468, Santa Cruz Biotechnology Inc., Santa Cruz,
CA), and adenylate kinase 2 (ab37594, Abcam).

In Vitro Validation of DP8 and DP9 Substrate Cleavage with
MALDI-TOF MS Analysis—Recombinant human DP8 g,
and DP9 4,,,.) were expressed and purified as described previ-
ously (20, 32). N-terminal peptides of 14 proteins identified by
TAILS to be candidate substrates (Table 3) were synthesized to
>95% purity by Genscript (Piscataway, NJ) or GL Biochem Ltd.
(Shanghai, China). Peptides (10 um) were incubated with 1.7
milliunits of recombinant DP8 or DP9 in assay buffer: 50 mm
Tris, 100 mMm NaCl, pH 8.0, at 37 °C for up to 24 h. Calreticulin
and adenylate kinase 2 were also incubated in assay buffer alone
or with DP8/DP9 in the presence of 10 um of the DP inhibitor,
Val-Boro-Pro (PT-100/Talbostat; obtained from Dr. Jonathon
Cheng (Fox Chase Cancer Centre, Philadelphia) with approval
from DARA BioSciences Inc., Raleigh, NC). At time points of 0,
1,4, and 24 h, 5 ul of each reaction was removed and stopped by
the addition of 1% TFA. Peptides were desalted and cleaned by
OMIX® C18 tip (Varian, Inc., Palo Alto, CA). Eluates were
mixed 1:1 with a-cyano-3-hydroxycinnamic acid matrix solu-
tion (1% (w/v) a-cyano-3-hydroxycinnamic acid, 49.5% aceto-
nitrile, 49.5% ethanol, 0.001% TFA) and spotted onto a standard
stainless steel MALDI sample plate, and then masses of intact
peptides and DP8/DP9 cleavage products were obtained by
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MALDI-TOF MS analysis performed on a Waters Micromass®
M@ALDI (Waters Micromass, Manchester, UK) or a Bruker
Autoflex III MALDI MS/MS (Bruker, Billerica, MA). All cleav-
age experiments with MALDI-TOF analysis were performed in
triplicate. MS spectra were processed using MassLynx 4.0
(Waters) software package.

Accession Information—All LC-MS/MS data (.wiff files) asso-
ciated with this study may be downloaded from Proteome
Commons.org Tranche using the following hash: YRRnlo-
2jMISR]7vSBk70G65e/3cVbIQ7ksECUIT97Doxwfgl YAGW -
J5eHBqzMXog/IQFcGWzIS08gVKP/RqN+E1KLoVWAAAA-
AAAAYRg.

RESULTS

Generating Stable Clonal Cell Lines of Wild-type and Mutant
DP8 and DP9—SKOV3 cells were stably transfected with con-
structs encoding enzymes DP8 and DP9, with a size of 882 and
863 residues, respectively, including the N-terminal B-propel-
ler and C-terminal o/ B-hydrolase domains. Clonal cell lines for
both DP8 and DP9 were selected for equal expression of the
active and inactive version of each enzyme in fusion with the
fluorescent EGFP protein (Fig. 14). DP8- and DP9-EGEFP pro-
teins were visualized by immunoblot (~118 kDa in mobility)
confirming the heterologous expression of active and inactive
proteases (Fig. 1B). All cell lines were found to express basal
levels of endogenous DP8 and DP9 protein (~98 kDa in mobil-
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ity) (Fig. 1B) that may contribute to background proteolysis and
affect the discovery of substrates by TAILS. DP activity
increased in the wild-type DP8- and DP9-transfected SKOV3
cells when compared with the catalytically inactive DP8(S739A),
DP9(S729A), and vector-transfected controls (Fig. 1C). Enzy-
matic assays of fractionated clonal cell lines confirmed that this
increase in DP activity is due to the overexpression of cytosolic
DP8/DP9 (Fig. 1, D and E).

TAILS N-terminome Analysis of DP8 and DP9 Stable Cyto-
plasmic Proteomes—TAILS was performed on three isolations
of cytoplasmic proteomes from both wild-type and catalytically
inactive DP8- and DP9-stable SKOV3 cell lines. The total num-
ber of unique peptides and proteins identified within each
experiment was determined (Fig. 2, A and B). Each TAILS
experiment yielded 200 — 400 unique proteins that were identi-
fied from more than one N-terminal peptide occurrence, i.e.
peptide/spectra (Fig. 2, A and B). The union of each DP8 TAILS
experiment yielded 59 unique proteins (Fig. 2A4), whereas the
union of each DP9 TAILS experiment yielded 92 unique pro-
teins (Fig. 2B). From all three experiments, a total of 543 unique
proteins were identified for DP8, and 597 were identified for
DP9, of which 394 proteins were common to both DP8 and DP9
(Fig. 2C).

Identification of Candidate DP8/DP9 Substrates by Parsing
TAILS Data—A total of 22 and 21 proteins were identified by
parsing for potential DP8 and DP9 substrates, respectively. Of
these, 8/22 and 7/21 candidate substrates were uniquely iden-
tified for DP8 and DP9, respectively (Table 1). Most candidate
substrates are localized to the cytoplasm or intracellular organ-
elles (Table 1). Adenylate kinase 2 and calreticulin were two
predominant proteins for which the most cleaved and non-
cleaved peptides were identified for both DP8 and DP9 (Table
1). Approximately half of the peptides identified with the
potential for DP8/DP9 cleavage were located at the N termini of
the mature proteins as annotated in UniProtKB (Fig. 3, Table 1,
and supplemental Figs. S2 and S3). Functional annotation and
pathway mapping revealed the involvement of candidate sub-
strates in biochemical pathways relating to lysosomal pro-
cesses, carbohydrate metabolism, and nucleotide metabolism
and synthesis (Table 1; supplemental Tables S6 and S7).

Identification of Candidate DP8/DP9 Substrates and DP8/
DP9 Pathway-affected Proteins by Quantitative Analysis of
TAILS Data—Quantitative analysis was only performed on
datasets derived from the first two TAILS experiments for both
DP8 and DP9 due to the poor recovery of labeled peptides from
experiment 3 (data not shown). In total, 37 proteins were iden-
tified as potential DP8 substrates or DP8 pathway-affected pro-
teins, and 55 proteins were identified as potential DP9 sub-
strates or DP9 pathway-affected proteins; only 10 of these
proteins were common to both DP8 and DP9 (supplemental
Table S10). Of these, 17/37 and 10/55 proteins were identified
as being candidate substrates of DP8 and DP9, respectively
(Table 2), based on analysis of peptide positioning in the
UniProtKB annotated protein sequences, e.g. peptides located
at mature N termini. All other proteins identified (20 for DP8 and
45 for DP9) are listed in supplemental Table S10. Evidence of
non-DP8/DP9 N- and C-terminal truncation of proteins was
found (supplemental Table S10 and supplemental Figs. S3 and

13942 JOURNAL OF BIOLOGICAL CHEMISTRY

Acetyl-CoA acetyltransferase
M‘AVLAALLRSGARSRSPLLRRLVQEIRYVERSY&QKPTLKEVVIVSAT 9,..4%7

Adenylate kinase 2
M1@{SVPAAEPEYPKGIRAVLLGPPGAGKGTQAPRLAENFCVCHLA""’ ...... 239

Bifunctional purine biosynthesis protein PURH
M1E]GQLALFSVSDKTGLVEFARNLTALGLNLVASGGTAKALRDAGL“G ...... 592

Calreticulin

M'LLSVPLLLGLLGLAVAEPFAVYFKEQFLDGDGWTSRWIESKHKSD®......*""

C-1-tetrahydrofolate synthase, cytoplasmic
M'APAEILNGKEISAQIRARLKNQVTQLKEQVPGFTPRLAILQVGNRD ... 2%

Dihydropyrimidine dehydrogenase [NADP+]
M1E!VLSKDSADIESILALNPRTQTHATLCSTSAKKLDKKHWKRNPDK‘” ...... 1025

Lysosomal protective protein
M1IRAAPPPLFLLLLLLLLLVSWASRGEAEEDQDEIQRLPGLAKQPSF‘” ...... 480

Mitochondrial import receptor subunit TOM34
ME;KFPDSVEELRAAGNESFRNGQYAEASALYGRALRVLQAQGSS“ ...... 809

Obg-like ATPase 1
M1@KKGGDGIKPPPIIGRFGTSLKIGIVGLPNVGKSTFFNVLTNSQAS“ ...... 286

Serinelthreonine-protein phosphatase 6
MYAPLDLDKYVEIARLCKYLPENDLKRLCDYVCDLLLEESNVQPVSTP?......30%

FIGURE 3. Peptides of several candidate substrates identified by TAILS.
Peptides identified by MS/MS are indicated by bold underlined letters. Light
colored letters indicate precursor peptides of mature proteins or their initiator
Met residues that are known to be removed as annotated in UniProtKB. The
dipeptide residues identified as being cleaved, or as having the potential for
cleavage, are outlined by a box. Where two peptides were identified by
MS/MS as being the noncleaved DP8/DP9 precursor peptide (N-terminal
dipeptide intact) and the DP8/DP9 cleavage product peptide (N-terminal
dipeptide removed), an arrow is used to indicate the site of DP8/DP9 prote-
olysis. Peptides for C-1-tetrahydrofolate synthase and cytoplasmic and lyso-
somal protective proteins were identified from manual parsing of the DP8
dataset. All other proteins were identified in both DP8 and DP9 datasets. The
peptides corresponding to three of the potential cleavage sites indicated for
fructose-bisphosphate aldolase A were only identified from manual parsing
of the DP9 dataset (see Table 1). Full-length protein sequences of the above
and other potential substrates can be found in supplemental Figs. S2 and S3.

S4), demonstrating that non-DP proteolytic pathways are
altered by increasing DP8/DP9 activity. Interestingly, approxi-
mately half of the proteins identified for DP8 are mitochondrial,
potentially occurring during mitochondrial turnover (Table 2
and supplemental Table S10). Functional annotation and path-
way mapping revealed that many of the identified proteins play
key roles in carbohydrate, nucleotide, and protein metabolism
(supplemental Tables S8 and S9).

In Vivo Substrate Specificity of DP8 and DP9—Fig. 4 displays
the frequency of residues in the P1 and P2 position of all DP8
and DP9 candidate substrates identified in this study. As
expected, the majority of candidate substrates contain a Pro in
the P1 position (Fig. 4, A and B) followed by an Ala in the P2
position (Fig. 4, C and D). The frequency of residues in the P1
and P2 position for the remaining candidate substrates was
variable for both DP8 and DP9 (Fig. 4).

DP8 and DP9 cleave in vitro the N termini of adenylate kinase
2, calreticulin, and other peptides. In vitro validation of DP8/DP9
cleavage was performed for 14 candidate substrates, including the
two most abundant substrates, adenylate kinase 2 and calreticulin
(Table 3, Figs. 5 and 6, and supplemental Fig. S5). In total, cleavage
of 9/14 substrates by both DP8 and DP9 was confirmed. No unique
cleavage was identified for DP8 or DP9 demonstrating similar
enzyme specificity and large substrate overlap between these
enzymes.
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TABLE 2
Candidate DP8 and DP9 substrates identified by quantitative analysis of TAILS data

DP8 and DP9 Substrate Discovery

Peptides were identified as significantly increased or decreased in the active DP8 EGFP or DP9-EGFP SKOV3 cells compared with the catalytically inactive forms. Individual
peptides identified by MS/MS can be found for DP8 and DP9 in supplemental Tables S4 and S5, respectively. The MS/MS spectra for each of these peptides can be found
in the associated supplemental Tables S4 and S5 spectra files. #, number; #AA, number of amino acids in full-length protein; Seq. Pos., position of identified peptide in the
full-length protein; —2AA, the two amino acids preceding the identified peptide, of these (—M) indicates initiator methionine; +1AA, the first amino acid adjacent to the
C-terminal end of the MS/MS-identified peptide; Exp., experiment number; Hits, number of spectra positively identified for each peptide; Ratio H/L, the isotopic heavy/light
ratio. Ratios are expressed as means = S.D. Bold underlined text indicates the amino acid that DP8/DP9 will cleave at if the identified peptide is a bona fide substrate. Arrows
(| /7) indicate whether the presence of peptide was significantly increased or decreased.

UniProtKB Protein #AA Seq. -2 Identified Peptide +1 DP8 DP9 Localization
Accession Pos. AA AA | Exp. Hits Ratio H/L Exp. Hits Ratio H/L
P61981 14-3-3 protein 247 2-19 -M VDREQLVQKARLAEQAER.Y hd 2 1 10.32 Cytoplasm
gamma
P42704 130 kDa leucine-rich 1402 60-77 | LY AIAAKEKDIQEESTFSSR K 1 1 10.14 Mitochondria:
protein 2 4 10.51+0.01 Nucleus; Nucleus
membrane
P24752 Acetyl-CoA 427 34-49 sy VSKPTLKEVVIVSATR T 1 1 10.18 Mitochondria
acetyltransferase, 2 3 1.65+0.10
mitochondrial
P62736 Actin, aortic smooth 377 45-64 | QG VMVGMGQKDSYVGDEAQSKR G 1 1 10.24 1 6 13.50+1.21 Cytoplasm;
muscle 2 1 1.04 2 4 1.270.06 Cytoskeleton
47-64 VM | VGMGQKDSYVGDEAQSKR G 1 2 1.06+0.00
50-64 GM GQKDSYVGDEAQSKR G 1 a 1037
231- MA TAASSSSLEKSYELPDGQVITIGNER F 1 1 16.01
256
P54819 Adenylate kinase 2, 239 2-17 -M APSVPAAEPEYPKGIR A 1 1 10.17 1 1 12.44 Mitochondria;
mitochondrial 2 4 1.47+0.15 9, 4 13.04+0.37 Mitochondrial
3 1 10.22 3 1 0.22 inner membrane
4-17 AP SVPAAEPEYPKGIR A 2 1 0.63
P31939 Bifunctional purine 592 2-22 -M APGQLALFSVSDKTGLVEFAR N 1 1032 Cytoplasm
biosynthesis protein 1 0.67
PURH
Q9UBR2 Cathepsin Z/X 303 58-69 YL SPADLPKSWDWR N 1 1 10.24 Lysosome
2 1 1.04
P11586 C-1-tetrahydrofolate 935 2-17 -M APAEILNGKEISAQIR A 2 1 1245 Cytoplasm
synthase, cytoplasmic 1 1 0.82
P50454 Collagen-binding 418 19-46 LA AEVKKPAAAAAPGTAEKLSPKAATLAER S 2 1 12.87 Endoplasmic
protein 2 (Serpin-H1) reticulum lumen
Q07021 Complement 282 74-94 | GS LHTDGDKAFVDFLSDEIKEER K 1 1 1029 Mitochondrial
component 1, Q 2 2 1.19+0.01 matrix; Nucleus
subcomponent-binding 3 5 0.51+0.00
protein, mitochondrial
P30084 Enoyl-CoA hydratase, 290 28-41 | PF ASGANFEYIIAEKR G 1 2 1/0.2520. Mitochondrial
mitochondrial 00 Matrix
2 9 1.01x0.12
3 2 0.72+0.00
P41091 Eukaryotic translation 472 2-16 | -M AGGEAGVTLGQPHLSR Q 2 1 1.0.05 1 1 10.11 Cytoplasm
initiation factor 2 1 1 1.08
subunit 3
P04075 Fructose-bisphosphate 364 9-22 AL TPEQKKELSDIAHR | 1 1 13.81 Cytoplasm
aldolase A 3-22 MP YQYPALTPEQKKELSDIAHR | 1 1 0.70
2-22 -M PYQYPALTPEQKKELSDIAHR | 1 2 1/0.1940.00
2 1 0.89
1-22 - MPYQYPALTPEQKKELSDIAHR | 2 2 0.56+0.00
32-43 | IL AADESTGSIAKR L 1 1 10.11
Q7Z4H8 KDEL motif-containing 507 21-31 | AA GAPEVLVSAPR S 1 1 10.11 Endoplasmic
protein 2 reticulum
000754 Lysosomal alpha- 1011 602- sw SPALTIENEHIR A 2 1 14.46 Lysosome
mannosidase 613 1 2 182.6210.25
Q15785 Mitochondrial import 309 2-13 | -M APKFPDSVEELR A 2 1 MN2.74 Cytoplasm;
receptor subunit Mitochondrial
TOM34 outer membrane
QoH1k1 NifU-like N-terminal 167 35-57 | RL YHKKVVDHYENPR N 1 1 40.14 Mitochondria;
domain-containing Cytoplasm;
protein Nucleus
QINTKS Obg-like ATPase 1 278 2-18 | -M PPKKGGDGIKPPPIIGR F 1 1 10.12 2 2 \/0.380.38 Cytoplasm
P36871 Phosphoglucomutase 1 562 2-23 | -M VKIVTVKTQAYQDQKPGTSGLR K 1 10.15 Cytoplasm
2 4 1.05+0.04
P07737 Profilin-1 139 38-55 | GK TEVNITPAEVGVLVGKDR S 1 1 14.01 Cytoplasm;
40-55 | TF VNITPAEVGVLVGKDR S 1 1 1039 Cytoskeleton
Q99436 Proteasome subunit 277 44-62 | TG TTIAGVVYKDGIVLGADTR A 1 1 10.28 Cytoplasm;
beta type 7 Nucleus;
Proteasome
2 3 1.23+0.00
Q53HE2 Triosephosphate 249 176- | GK TATPQQAQEVHEKLR G 2 1 10.49 1 1 1Na.46 Cytoplasm
isomerase 190
178- | TA TPQQAQEVHEKLR G 2 1 1.34 1 2 142.40+0.00
190
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FIGURE 4. Frequency distribution of residues in P1 and P2 position of DP8 and DP9 candidate substrates. The frequency distribution of amino acids in the
P1 (Aand B)and P2 (Cand D) position of candidate substrates identified in Table 3 are given for DP8 (A and C) and DP9 (B and D). The exact number of peptides
in which each residue is found in the P1 or P2 position is given along with the percentage relating to frequency distribution.

TABLE 3

Confirmed cleavage of DP8 and DP9 substrates

For each substrate, 10 uMm of the N-terminal oligopeptide was incubated with 1.7 milliunits of active, purified recombinant DP8 or DP9. Observed molecular mass (Da) was
determined from MS spectra acquired 24 h after incubation, nc means not cleaved.

Expectad Observed
UniProtkB lecul HApecte lecul
Substrate Biological Pathway NH; -terminal oligopeptide Accession Mass (Da) Mass (Da) Mass (Da)
Post-Cleavage DPS DP9

Acetyl-CoA acetyltransferase, mitochondrial Fatty acid metabolism VSKPTLKEVVIVSATR P24752 1727.09 1540.87 nc nc

Adenylate kinase 2 Purine metabolism APSVPAAEPEYPKGIR P54819 1681.89 1512.79 1513.94  1514.01

Bifunctional purine biosynthesis protein PURH Purine metabolism, One APGQLALFSVSDKTGLVEFAR P31939 2206.55 2038.34 2039.4 2039.5
carbon pool by folate

Calreticulin Antigen processing and EPAVYFKEQFLDGDGWTSR P27797 2245.45 2017.95 2019.67 2019.81
presentation

Cathepsin Z/X Lysosome, proteolysis SPADLPKSWDWRNVDG Q9UBR2 1843 1658.8 1659.9 1659.9

Collagen —binding protein 2 (Serpin H-1) Response to unfolded AEVKKPAAAAAPGTAEKLSP P50454 1907.21 1707 nc nc
protein

C-1-tetrahydrofolate synthase, cytoplasmic Glyoxylate and dicarboxylate ~ APAEILNGKEISAQIR P11586 1709.98 1541.77 1542.8 1542.9
metabolism, One carbon pool
by folate,

Dihydropyrimidine dehydrogenase [NADP+] Pyrimidine metabolism, APVLSKDSADIESILALNPR Q12882 2109.43 1941.22 1942.3 1942.4

Endoplasmin NOD-like receptor signaling DDEVDVDGTVEEDLGKSR P14625 1978.03 1749.81 nc nc
pathway

Enoyl-CoA hydratase, mitochondrial Fatty acid metabolism ASGANFEYIIAEKRGK P30084 1753.99 1595.82 nc nc

Heat shock 70 kDa protein 1L Response to unfolded ATAKGIAIGIDLGTTYSCVG P34931 1911.21 1739.01 nc nc
protein, antigen processing

Mitochondrial import receptor subunit TOM34 Protein targeting and import, ~ APKFPDSVEELRAAG Q15785 1586.78 1418.57 1419.6 1419.7
chaperone

Obg-like ATPase 1 ATP catabolism PPKKGGDGIKPPPIIGR QINTKS 17271 1532.86 1533.9 1533.90

Serine/threonine-protein phosphatase 6 Protein dephosphorylation, APLDLDKYVEIARLCK 000743 1847.22 1679.01 1680 1679.6

G1/S transition of mitotic cell
cycle

In comparison with DP8, DP9 more readily cleaved the
N-terminal peptide of adenylate kinase 2 (Fig. 5A4) demonstrat-
ing a probable higher affinity of recombinant DP9 for this sub-
strate in vitro. Recombinant DP8 cleaved N-terminal peptides
of adenylate kinase 2 and calreticulin with similar kinetics,
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whereas DP9 displayed a faster rate of cleavage for the calreti-
culin N-terminal peptide compared with adenylate kinase 2
(Figs. 54 and 6A). Specificity of DP8/DP9 cleavage was con-
firmed by performing peptide catalysis reactions in the pres-
ence of the nonselective DP inhibitor, Val-Boro-Pro (PT-100/
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FIGURE 5. DP8 and DP9 cleave the N-terminal peptide of adenylate kinase 2 in vitro. The N-terminal peptide of mature adenylate kinase 2 is displayed. The
arrow indicates the site of DP8/DP9 proteolysis with the gray text indicating the dipeptide that is removed following DP8/DP9 proteolysis. A, 10 um of the
adenylate kinase 2 peptide was incubated alone or with 1.7 milliunits of active purified recombinant DP8 or DP9. Samples were collected and stopped with 1%
TFA (v/v) final at 0, 1, and 4 h. MS spectra were acquired for noncleaved (m/z) and DP8/DP9-cleaved (m/z) peptides with a mass accuracy of 0.01 to 0.05% error.
Theoretical masses of noncleaved and cleaved peptides are 1681.89 and 1512.79 Da, respectively. B, specificity of cleavage by DP8/DP9 of these peptides was
confirmed by performing catalysis reactions in the presence of 10 um of the nonselective DP inhibitor, Val-Boro-Pro (PT-100/Talabostat). Displayed spectra are
representatives from three independent cleavage experiments. AK2, adenylate kinase 2.

Talabostat) (Figs. 5B and 6B). Co-localization of DP8- and DP9-
EGFP with both adenylate kinase 2 and calreticulin was
demonstrated by confocal microscopy (Fig. 7A) confirming
physical proximity between protease and substrate. No differ-
ence in the localization of either adenylate kinase 2 or calreti-
culin was detected between the active DP8- and DP9-EGFP cell
lines compared with the catalytically inactive DP8(S739A)-
EGFP and DP9(S729A)-EGFP cells (data not shown). Immuno-
blots demonstrated that full-length adenylate kinase 2 and
calreticulin are not altered in their expression levels in the
DP8- or DP9-EGFP SKOV3 cells lines (Fig. 7B) indicating
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that DP8/DP9 proteolysis is unlikely to alter the stability of
these two proteins.

DISCUSSION

This is the first cytosol-wide analysis of proteome regulation
by DP8 and DP9. In contrast to other studies focused on indi-
vidual substrates in in vitro assays (18, 20, 21), we have utilized
TAILS (22), an N-terminally focused negative selection
proteomics approach for the first time on a cytoplasmic pro-
teome, to identify in vivo DP8 and DP9 substrates. In this study,
stable transfected SKOV3 cells were used to identify 23 and 17
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FIGURE 6. DP8 and DP9 cleave the N-terminal peptide of calreticulin in vitro. The N-terminal peptide of mature calreticulin is displayed. The arrow indicates
the site of DP8/DP9 proteolysis, and the gray text indicates the dipeptide that is removed following DP8/DP9 proteolysis. A, 10 um of the calreticulin was
incubated alone or with 1.7 milliunits of active and purified recombinant DP8 or DP9. Samples were collected and stopped with 1% TFA (v/v) final at 0, 1, and
4 h. MS spectra were acquired for noncleaved (m/z) and DP8/DP9-cleaved (m/z) peptides with a mass accuracy of 0.01 to 0.05% error. Theoretical masses of
noncleaved and cleaved peptides were 2245.45 and 2017.95 Da, respectively. B, specificity of cleavage by DP8/DP9 of these peptides was confirmed by
performing catalysis reactions in the presence of 10 um of the nonselective DP inhibitor, Val-Boro-Pro (PT-100/Talabostat). Displayed spectra are representa-

tives from three independent cleavage experiments. CRT, calreticulin.

candidate substrates of DP8 and DP9 respectively; 14 of these
were selected for in vitro validation. Adenylate kinase 2, calre-
ticulin, and seven other substrates were validated as DP8/DP9
substrates. This quantitative analysis identified additional pro-
teins involved in pathways regulated or affected by overexpres-
sion of DP8 (20 proteins) and DP9 (45 proteins) enzyme activ-
ity. Many of the proteins identified by quantitative analysis and
those confirmed as DP8/DP9 substrates are involved in regu-
lating cellular metabolism and energy homeostasis. Thus, this
study for the first time reveals potential roles for DP8 and DP9
in cellular metabolic pathways, including glycolysis, gluconeo-
genesis, fatty acid metabolism, and nucleotide metabolism/bio-
synthesis. In addition, the involvement of calreticulin in the
antigen processing and presentation is consistent with a role for
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DP9 proteolysis in preventing cell surface presentation of the
major histocompatibility complex class I antigen (21).

Many of the candidate substrates in Table 3 were identified
only from peptides with the potential for DP8/DP9 cleavage,
with little to no detection of the cleaved peptides. This is likely
due to the cleaved peptides being of low abundance or may
indicate their rapid degradation following DP8/DP9 trunca-
tion. For some targets, contradictory isotopic heavy/light ratios
were identified, and discrepancies were observed with ratios
between different datasets. These contradictory ratios are
probably due to the endogenous enzyme levels of DP8 and DP9
present in all our cell lines. It is likely that background endoge-
nous DP8/DP9 proteolysis also contributes to the identification
of overlapping substrates of DP8 and DP9.
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FIGURE 7. Expression and co-localization of adenylate kinase 2 and calre-
ticulin with DP8 and DP9 in SKOV3 cells. A, DP8-EGFP- and DP9-EGFP
SKOV3-expressing cells lines were analyzed by confocal microscopy and
immunofluorescence using anti-calreticulin (1:50) and anti-adenylate kinase
2 (1:50) polyclonal antibodies. As labeled, red panels display adenylate kinase
2 or calreticulin, and green panels display DP8-EGFP or DP9-EGFP expression.
Merged images are shown in the far right-hand panels. B, cell lysates (25 ug)
from DP8-EGFP, DP8(S739A)-EGFP, DP9-EGFP, DP9(S729A)-EGFP, vector-
transfected, and nontransfected SKOV3 cells were analyzed by 10% (w/v)
SDS-PAGE and immunoblotting using DP8 (1:5000), anti DP9 (1:5000), calre-
ticulin (1:10,000), adenylate kinase 2(1:5000), and 3-actin (1:10,000) as a load-
ing control. AK2, adenylate kinase 2; CRT, calreticulin.

In Vivo Substrate Specificity of DP8 and DP9—Candidate
substrates identified in this study confirm in vivo the in vitro
work of others demonstrating a preference for both DP8 and
DP9 to cleave the post-prolyl bond (33—35), with a strong pref-
erence for substrates with an Ala in the P2 position followed by
Val, Thr, Ser, or Pro residues. Our findings also reveal the
potential for DP8/DP9 cleavage to occur after nontypical resi-
dues in the P1 position; however, all validated substrates con-
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tained a Pro in P1 (Table 3). In addition an in vivo preference
was observed for the potential cleavage of dipeptides from sub-
strates with an Ala, Lys, Val, Thr, or Gly residue in what would
be the P1’ position. Roles for P1’ and P2’ residues in DP8 sub-
strate specificity have been previously suggested following
observations of DP8 in vitro cleavage of chemokines where DP8
kinetically favored cleavage of chemokines containing Ser in
P2’ and Leu and Val in P1’ (20).

Identification of Noncytoplasmic Substrates—A number of
DP8/DP9 substrates and pathway-affected proteins identified
in this study are known to be localized in intracellular organ-
elles. Approximately half of the identified DP8 substrate candi-
dates are mature mitochondrial proteins for which a mitochon-
drial targeting sequence is absent (e.g. adenylate kinase 2) or has
been removed. These findings suggest that in the DP8 cell lines,
there may be increased mitochondrial turnover/degradation
resulting in leakage of proteins from autophagosomes (as
occurs for acetyl-CoA acetyltransferase (36)) suggesting that
DP8 may play a role in mitochondrial homeostasis. Although it
may be possible that some nuclear, mitochondrial, and other
noncytoplasmic proteins are released upon cell lysis and thus
accessible to DP8/DP9 cleavage, it is thought that this was not
likely due to the gentle method of cell lysis used in this study,
the rapid inclusion of protease inhibitors during lysis, and to the
differences in localization of proteins between the DP8 and DP9
datasets.

Adenylate Kinase 2 and Calreticulin as Natural Endogenous
DP8 and DP9 Substrates—Co-localization in vivo of a protease
with its substrate is required for cleavage. By demonstrating
this by co-localization studies, it supports the in vivo relevance
of adenylate kinase 2 and calreticulin as natural substrates of
DP8 and DP9. Although determination of the biological impor-
tance of the cleavage of adenylate kinase 2 and calreticulin by
DP8/DP9 is difficult due to the pleiotropic effects of both
adenylate kinase 2 and calreticulin (37), evidence for a potential
biological role for DP8/DP9 processing in adenylate kinase 2
and calreticulin function exists in the literature. DP8 and DP9
may play a role in the post-translational modification of adeny-
late kinase 2, prior to its mitochondrial import, to produce a
known variant lacking the N-terminal “MAP” sequence, which
has a 2-fold higher activity than the major variant with the
Ala-Pro dipeptide intact (38). DP8/DP9 proteolysis of adenylate
kinase 2 may also occur following its apoptosis-induced release
from the mitochondria, potentially altering its binding affinity
to Fas-associated protein with death domain and activation of
apoptosis via a novel pathway (39). Calreticulin is known to be
retrotranslocated from the endoplasmic reticulum lumen to
the cytoplasmic space after removal of its N-terminal signal
peptide (residues 1-17) (40). In the cytosol, calreticulin has
been shown to undergo post-translational arginylation of the
exposed N-terminal aspartic acid residue (41, 42). Under stress
conditions, arginylated calreticulin associates with stress gran-
ules in a calcium-dependent manner (41). Such a modification
would make the N termini of cytosolic calreticulin inaccessible
to DP8/DP9; however, under the basal conditions used in our
study, no arginylated N-terminal peptides of calreticulin were
identified in our datasets (data not shown). Indeed, we did iden-
tify DP8/DP9-cleaved N-terminal peptides of calreticulin.
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Potentially, DP8/DP9 are involved in regulating the function
and subcellular localization of cytoplasmic calreticulin in
response to stress. In our study, under basal conditions, no
change in calreticulin localization was observed following over-
expression of active or catalytically inactive DP8 and DP9; how-
ever, under conditions of stress this may be altered.

The N-end rule specifies that the stability of a protein can be
affected by the identity of its N-terminal residue (43). Although
it is thought possible that DP8/DP9 may be involved in degra-
dation of proline-containing proteins by affecting their stability
upon N-terminal cleavage, no increase or decrease in the
expression of full-length adenylate kinase 2 or calreticulin was
observed in this study following overexpression of DP8 or DP9
(Fig. 7B).

In conclusion, this study has identified and validated a num-
ber of biologically important candidate in vivo substrates for
both DP8 and DP9, both previously enigmatic proteases with
only one in vivo substrate known. Furthermore, this work has
highlighted roles for both of these proteases in cellular energy
metabolism and homeostasis. Importantly, adenylate kinase 2
and calreticulin were identified and validated as substrates of
both DP8 and DP9. Adenylate kinase 2 plays an important role
in maintaining cellular energy homeostasis, and thus DP8/DP9
proteolysis may contribute to regulating cellular energy home-
ostasis through adenylate kinase 2. TAILS is a powerful pro-
teomic approach for the discovery of protease substrates. The
recent use of TAILS in in vivo analysis of tissue samples opens
the possibility for similar analysis of DPs in the future. For the
first time, we have applied TAILS to a cytoplasmic proteome
and found the approach to be particularly well suited to the
discovery of N-terminal substrates of the exopeptidases DP8
and DP9. This proteomic investigation has identified some
unique but largely overlapping roles and substrates for DP8 and
DP9, thus paving the way for ongoing investigations into the
fundamental roles of DP8 and DP9 in cellular metabolism and
homeostasis.
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