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Abstract

The chondroitin sulfate proteoglycan versican is important for embryonic development and
several human disorders. The versican V1 splice isoform is widely expressed and cleaved by
ADAMTS proteases at a well-characterized site, Glu*#1-Ala*2. Since ADAMTS proteases cleave
the homologous proteoglycan aggrecan at multiple sites, we hypothesized that additional cleavage
sites existed within versican. We report a quantitative label-free approach that ranks abundance of
liquid chromatography-tandem mass spectrometry (LC-MS/MS)-identified semi-tryptic peptides
after versican digestion by ADAMTS1, ADAMTS4 and ADAMTSS to identify site-specific
cleavages. Recombinant purified versican V1 constructs were digested with the recombinant
full-length proteases, using catalytically inactive mutant proteases in control digests. Semi-tryptic
peptide abundance ratios determined by LC-MS/MS in ADAMTS:control digests were compared
to the mean of all identified peptides to obtain a z-score by which outlier peptides were ranked,
using semi-tryptic peptides identifying Glu*41 -Ala*42 cleavage as the benchmark. Tryptic peptides
with higher abundance in control: ADAMTS digests supported cleavage site identification. We
identified several novel cleavage sites supporting the ADAMTS1/4/5 cleavage site preference for
a P1-Glu residue in proteoglycan substrates. Digestion of proteins in vitro and application of

this z-score approach is potentially widely applicable for mapping protease cleavage sites using
label-free proteomics.
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Introduction

Versican is a large chondroitin sulfate (CS) proteoglycan in the pericellular and extracellular
matrix (ECM) that plays an essential role during embryogenesis. Vcar"f homozygous
mutant embryos, which lack all versican isoforms, die by 10.5 days of gestation (E10.5) with
severe cardiac anomalies [1, 2] and fail to form the primary vasculature and primitive blood
cells [3], underscoring the necessity of versican for formation of the entire cardiovascular
system. Conditional deletion of versican identified a role in skeletal development [4],

and isoform-specific, cleavage-resistant or hypomorphic mutants have further defined the
roles of versican in limb, neural and cardiovascular development [5-9]. The versican

core protein bears several covalently-attached CS chains and forms high-molecular weight
complexes with the glycosaminoglycan (GAG) hyaluronan (HA). The swelling capacity of
versican-HA complexes provides compression resistance and viscoelasticity to numerous
adult tissues. Prior work also suggests that versican regulates HA macromolecular assembly
and stability [3, 9]. Versican contributes to regulation of cellular processes such as adhesion,
proliferation, migration and apoptosis and to physiological processes such as ovulation and
wound healing [10-14]. As an essential component of the pericellular matrix of several

cell types, it is involved in phenotype regulation, such as the fibroblast to myofibroblast
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transition [15, 16], and an excess of pericellular versican leads to de-differentiation of
uterine smooth muscle cells by interfering with focal adhesion formation [12]. Versican

is implicated in cancer angiogenesis and metastasis [17-22], in the pathogenesis of
atherosclerosis and aortic aneurysms [23-26], and in the immune and stromal responses

to viral pneumonia [27, 28]. Thus, the levels of versican in tissues and the mechanisms of its
turnover have high biological and disease significance.

Multiple isoforms of versican arise from alternative splicing of large exons encoding

the GAG attachment domains, termed GAGa and GAGp [29]. These isoforms are VO
(containing both GAGa and GAGP), V1 (containing GAGP only), V2 (containing GAGa
only) and V3, lacking both GAG domains [8, 30]. Another isoform, V4, comprising the
first 398 amino acids of the GAGP region, was described in human breast cancer [31]. In
addition to GAG attachment domains, versican has N- and C- terminal globular domains,
named G1 and G3, respectively. The G1 domain mediates the interaction with HA, and thus
brings versican in proximity to the cell surface via HA interactions with its cell-surface
receptors. The G3 domain binds to a variety of extracellular matrix (ECM) proteins [32],
linking the pericellular HA-versican matrix to interstitial ECM networks.

Proteolysis is a major mechanism of post-translational regulation of versican. Mouse
mutants have unequivocally established that members of the A Disintegrin-like

And Metalloprotease with Thrombospondin type 1 motifs (ADAMTS) family of
metalloproteinases are essential for versican turnover /n vivo [33, 34]. In particular, genetic
deletion/haploinsufficiency of Adamtsi, 5, 9, and 20in mice results in developmental
anomalies affecting many organ systems [8, 33]. These include the cardiovascular system,
where ventricular, aortic and valvular defects occur in association with increased versican
immunostaining and reduced immunoreactivity with a versican neoepitope antibody, anti-
DPEAAE [35-39]. ADAMTSS proteolysis of versican detected by anti-DPEAAE is also
implicated in the formation of cerebral cavernous malformations [40] and in multiple
myeloma [20]. Anti-DPEAAE reacts with the new C-terminus generated at an ADAMTS
cleavage site in the versican GAGB domain, which occurs at the Glu#41-Ala%¥2 bond (human
V1 isoform sequence enumeration, the corresponding VO isoform sequence is Glu1428-
Alal429) [16]. Indeed, recent work has shown that an ADAMTS deficiency-dependent
anomaly, soft tissue syndactyly, occurs in homozygotes of two independently generated
mouse strains, VcarR and Vear™, that render the Glu*41-Ala?*2 site uncleavable by
ADAMTS proteases [7, 41]. An ADAMTS cleavage site occurring at Glu*93-GIn?#06 was
described in the GAGa domain (human V0, V2 isoform sequence enumeration) [42].
However, it is not known whether ADAMTS proteases cleave versican at other sites. In one
report, short versican synthetic peptides were digested with ADAMTSL to identify cleavages
of the Glu%0-Gly95! (V0/V2 versican enumeration) and Tyr1410-|1e1411/Tyr423||e424 hond
(VO/V1 versican enumeration) [43]. However, whether these cleavages occur in the native,
glycosylated versican core protein has not been determined.

Here, we have tested the hypotheses that, a. Versican is cleaved at additional sites in

its core protein, and b. That ADAMTS1, ADAMTS4 and ADAMTSS5, which are the
best-studied ADAMTS proteases known to cleave versican [44], will show site-specific
preferences. To address these hypotheses, we digested full-length recombinant V1 as well
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as a truncated recombinant V1 variant (V1-5GAG) [45], both purified from mammalian
cells, with purified recombinant ADAMTS1, ADAMTS4 and ADAMTSS5, using their active
site mutants as the respective controls, and applied liquid-chromatography-tandem mass
spectrometry (LC-MS/MS) in a novel label-free quantitative approach to identify new
versican cleavage sites.

Experimental Methods:

Protein expression and purification.

cDNA constructs encoding human ADAMTS1, ADAMTS4 and ADAMTS5 with a C-
terminal FLAG tag (DYKDDDDK) in pEGFP-N1 vector were described previously [44,
46]. The corresponding active site mutants ADAMTS1 E492—Q, ADAMTS4 E362—Q, and
ADAMTS5 E411—-Q, henceforth referred to as the respective “EQ mutants”, were generated
using site-directed mutagenesis and the mutations were confirmed by Sanger sequencing.
The constructs were transiently transfected in HEK293T cells using polyethylenimine

(PEI) (Polysciences GmbH, Germany) and purified from the medium by anti-FLAG
immunoaffinity as previously described [44]. Their activity was determined under kinetic
equilibrium conditions by active-site titration with known concentrations of TIMP-3
(Bio-Techne, Cat. no.:973-TM-010, Bio-Techne) using quenched-fluorescent peptides as
previously described [44, 46, 47]. The concentration of active site mutants was measured
by optical absorbance at 280 nm using extinction coefficients (E1%, 1 cm) as predicted

by the ProtParam Tool (ExPasy): 1.373 (ADAMTS1), 1.1190 (ADAMTS4), and 1.220
(ADAMTSDS), respectively. DNA and protein concentrations were measured using a
NanoDrop ND-2000 UV-visible spectrophotometer (Thermo Fisher Scientific, Nottingham,
UK).

Constructs encoding full-length versican V1 and V1-5GAG (comprising amino acids 21—
694 of V1) with a C-terminal tandem myc-Hisg tag were described previously [44, 45]. V1
and V1-5GAG were purified from the medium of transiently transfected HEK293T cells
using HiTrap DEAE Sepharose and Ni-Sepharose column chromatography (GE Healthcare)
as previously described [44, 45].

Versican digestion:

All digests were done in TNC buffer (50 mM Tris-HCI, pH 7.5, 150 mM NacCl, 10

mM CaCl,) at 37°C. ADAMTSL1 (final concentration 140 nM), ADAMTS4 (5 nM) and
ADAMTSS5 (5 nM) were incubated either with V1 (150 nM) or V1-5GAG (310 nM) for 2 h
at 37°C before addition of EDTA (50 mM).

Proteomics analysis by LC-MS/MS.

Approximately 6 pg ADAMTS-digested versican V1 or V1-5GAG was lyophilized in a
SpeedVac evaporator, reconstituted in 50 pL of 6 M urea, 100 mM Tris, pH 7.0, reduced
using 5 mM dithiothreitol at 60° C and alkylated with 20 mM iodoacetamide in the dark
at room temperature (RT). The urea concentration was reduced to 1.2 M by diluting the
sample with 100 mM ammonium bicarbonate and the pH was adjusted to below 8. The
samples were subjected to overnight trypsin digestion (Trypsin Gold, mass spectrometry
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grade, Promega VV5280) using a trypsin/protein ratio of 1:25 at 37°C. The resulting peptide
mixture was desalted using Pierce C18 spin columns (Thermo Fisher Scientific), lyophilized
in a SpeedVac evaporator and reconstituted in 30 pL 1% acetic acid. Peptides were analyzed
on a Thermo Ultimate 3000 UHPLC in-line with a ThermoFisher Scientific Fusion Lumos
tribrid mass spectrometer. The HPLC column was a Dionex 15 cm x 75 um id Acclaim
Pepmap C18, 2um, 100 A reversed phase capillary chromatography column. Five uL
volumes of the samples were injected and the peptides eluted from the column by an
acetonitrile/0.1% formic acid gradient at a flow rate of 0.3 pL/min were introduced into
the source of the mass spectrometer. The nanospray ion source was operated at 1.9 kV.
The digest was analyzed using a 90-minute data-dependent method with a 3 sec window
of selection for the most abundant ions to undergo 35% collision-induced dissociation
with an isolation window of 0.7 m/z for MS/MS. Dynamic exclusion was enabled with

a repeat count of 1 and ions within 10 ppm of the fragmented mass were excluded

for 60 seconds. MS/MS spectra were matched to the respective construct sequences

using Proteome Discoverer 2.3. Dynamic modifications included oxidation (methionine),
acetylation (peptide N-termini), GIn to pyro-Glu cyclization (Q N-termini) and the static
modification used was carboxyamidomethylation of cysteine. The search included semi-
tryptic peptides and allowed for up to 3 missed tryptic cleavages. Peptides sequences

were validated using a false discovery rate (FDR) of 1% for high-confidence peptides and
5% for medium-confidence peptides against a decoy database. Chromatographic retention
time alignment was used across samples for accurate label-free quantitation comparison
and increased peptide identifications. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium vie the PRIDE [48] partner repository with
the dataset identifier PXD025456 and 10.6019/PXD025456.

Protein and peptide data were analyzed using Microsoft Excel. High-confidence peptides
were sorted as fully tryptic based on the presence of a lysine or arginine at expected sites,
i.e., in the protein sequence preceding the peptide N-terminal residue or present as the last
residue within the peptide, or as semi-tryptic, i.e., lacking one or both of these residues

at the expected N- and /or C-terminal positions. Peptide abundance ratios were quantified

in Proteome Discoverer 2.4 (ThermoFisher) using the label-free quantitation method and
were then log base-2-transformed (log2) in Excel to reduce variations between peptides.
Log2-transformed ratios were used to calculate the z-score of significance, an internal value
for each experiment used in place of typical t-tests of significance which are applied to
experiments containing replicates [49]. Log2 transformed peptide abundance values and
Z-scores were tested for normal distribution by generation of histograms and by using the
Anderson-Darling, D’ Agostino and Pearson, Shapiro-Wilk, and Kolmogorov-Smirnov tests
for normality in GraphPad Prism 9.0.0. Each measured semi-tryptic peptide abundance ratio
in ADAMTS digest vs. EQ control was compared to the mean standard deviation of all
identified peptides in each experiment to identify outlier semi-tryptic peptides. Specifically,
the abundance ratio z-score for a peptide was calculated by subtracting the peptide ratio
from the average ratio of all quantified peptides and dividing that by the standard deviation
of all quantified peptide ratios. This score thus represents the number of standard deviations
each peptide ratio is from the mean of the normal values. Z-scores were calculated for
semi-tryptic peptides and separately for outlier tryptic peptides (using control:digest ratios)
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as absolute values. Z-scores and peptide ratios (log2 transformed) were plotted as scatter
charts using GraphPad Prism 9.0.0 software. Peptides with a z-score > 2 (meaning the ratios
were greater than 2 standard deviations from the mean) were considered significant [49].
Peptides which were found exclusively in the protease or control digests were arbitrarily
assigned scaled fold-changes of 100; these peptides were excluded from the calculations
made to obtain mean or standard deviation of all peptides as the basis for the z-score.

A minimum peptide abundance cut-off was applied at an intensity of 1x10% to exclude
comparison of peptides which were close to the limit of detection (intensity of 1x103).

Full-length recombinant versican (V1) and a recombinant C-terminally truncated versican
V1 isoform lacking the G3 domain and bearing only the most N-terminal 5 CS-chains
(V1-5GAG, amino acids 21-694 of V1) [45] were digested with ADAMTS1, ADAMTS4,
and ADAMTSS5 using the respective active site (EQ) mutants as controls (Figure 1A).

Both versican constructs contain the cognate ADAMTS cleavage site at Glu*41-Ala%42,
These digests were subsequently digested with trypsin, used as the working protease for
LC-MS/MS in the experimental workflow (Figure 1B). A non-tryptic terminus in a peptide
with higher abundance in ADAMTS digests was considered as indicating a putative cleavage
site for ADAMTS1, ADAMTS4 or ADAMTSS, specifically, peptides with z-score >2.
Conversely, tryptic peptides with a z-score >2 and higher abundance in the control digests
were designated as potentially spanning ADAMTS cleavage sites and were compared to the
semi-tryptic peptides for sequence overlap (Figure 1B).

Novel ADAMTS cleavage sites in versican V1-5GAG.

Since the z-score method relies on normal distribution of peptide abundance, distribution
histograms were generated using each peptide z-score (from non-singleton peptides, i.e.
using only peptides found in both the ADAMTS and EQ digests) and all but three
(representing V1-5GAG digests) contained a sufficient number of peptides (=30) to
demonstrate normal distribution (Supplemental Figure 1,3). 4 significance tests were
performed on the three datasets which contained fewer than 30 peptides showing that they
also followed a normal distribution (Supplemental Figure 2). As expected, and essentially
validating the approach, a semi-tryptic peptide indicating cleavage at Glu**1-Ala%*2 in

the GAGP domain was found exclusively in the digests with ADAMTS1, ADAMTS4

and ADAMTSS but not in the controls (Supplemental Table 1, Figure 2A-C, left-hand
panels). Moreover, we identified a tryptic peptide spanning this cleavage site exclusively
in each of the corresponding control digests with catalytically inactive ADAMTS1, 4

and 5 (Supplemental Table 1, Figure 2A-C, right-hand panels). Digestion of V1-5GAG
with ADAMTS1, ADAMTS4 and ADAMTSS identified 4 semi-tryptic peptides with a
z-score indicating higher abundance in the ADAMTS digest than in the control, suggesting
2 putative novel cleavage sites (Supplemental Table 1, Figure 2A-C). Additional semi-
tryptic peptides identified two novel cleavage sites, namely Phe223-His?>* (ADAMTS4 and
ADAMTSS5) and Tyr244-Val245> (ADAMTSS only) (Fig. 2B, C). The peptides identifying
the Phe253-His24 site were not however identical, since the relevant peptide in the
ADAMTSS5 digest had two missed cleavages. A peptide with high abundance in the
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protease digests indicated cleavage at Glu’%2-GIn792, which is located in the myc tag of
V1-5GAG, and hence, was not considered further. A few tryptic peptides were identified
with higher abundance in the ADAMTS1 and ADAMTSS5 digests that did not have sequence
overlap with the semi-tryptic peptides, and possibly represent trypsin-like cleavages of the
ADAMTS proteases (Fig. 2A, C, right-hand panels). Specifically, the ADAMTSL1 digest had
two highly abundant tryptic peptides spanning residues 215-221 and 530-538 (Fig. 2A, left-
hand panel). Interestingly, the tryptic peptide 215-221 overlapped with the tryptic peptide
showing the same z-score significance in the ADAMTSS5 digest (residues 215-224) but
differed in a single missed cleavage (Fig. 2C, left-hand panel). A tryptic peptide with higher
abundance in the ADAMTSS5 digest spanned residues 289-312, which matched a peptide
found significantly higher in the control digest of ADAMTS4 (Figure 2, Supplemental Table
1).

Tryptic peptides with higher abundance spanning residues 350-365, 689-698, 689—703 in
the ADAMTSL1 control digest, 24-39, 289-312, and 689-703 in the ADAMTS4 control
digest and 130-155 in the ADAMTS5 control digest which do not contain any known
cleavages or experimentally determined semi-tryptic peptides with high z-score in this study,
were also identified (Figure 2A-C, right-hand panels, Supplemental Table 1).

Novel ADAMTS cleavage sites in versican V1.

As above, normal distribution was ascertained from histograms generated from peptide
z-scores (using non-singleton peptides). Each dataset contained a sufficient number of
peptides (=30) for this analysis (Supplemental Figure 3) therefore, QQ plots and significance
tests were not necessary to prove normal distribution. While V1-5GAG contains the
previously described Glu*41-Ala**2 cleavage site in the truncated BGAG region, cleavage
sites further downstream of the full-length sequence would not be detected. Digestions of
full-length versican V1 with the ADAMTS proteases were therefore analyzed using identical
methods as for V1-5GAG. These digests identified 42 semi-tryptic peptides, of which

30 had higher abundance in ADAMTS digests than the EQ controls and corresponded to

27 unique predicted cleavage sites (Figure 3A-C and Supplemental Table 2). In addition

to peptides identifying the Glu*41-Ala?*2 bond, other significant peptides with equal or
higher z-scores were identified (Table 1). Many of these peptides indicated cleavage

sites with Glu at the P1 position and a small hydrophobic residue at the P1” position,

e.g., Glu®8-Leu’89 (ADAMTS1), Glul784-Alal’8 (ADAMTS4 and 5), Glul122-11e1123 gnd
Glul925-Met1926 (ADAMTS4), and Glu933-11e934 (ADAMTS5), all of which were located

in the GAGP domain. Furthermore, each of the three proteases generated other semi-tryptic
peptides with high z-scores whose sequences indicated distinct cleavage site preferences,
such as Glu%23-Arg924 (ADAMTS1), Glul131-GIn1132 (ADAMTS4) and Glu2091-5er2092
(ADAMTSS) (Figures 3A-C, left-hand panels, Supplementary Figure 4). The cleavages
deduced from semi-tryptic peptides with high z-scores are summarized in Figure 4.

Thirty-three significant tryptic peptides were identified in the versican V1 digest of which
26 were higher in abundance in the controls than in the ADAMTS protease digests and
corresponded to 24 unique sequences (Figure 3A-C, right-hand panels) (Supplemental Table
2). Of these, only one tryptic peptide (residues 444-471) spanned the region of a putative
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ADAMTS1 cleavage site, specifically spanning the novel Asp#°8-Ser49 site (Supplemental
Table 2). The ADAMTSLI digestion identified 4 tryptic peptides significantly more abundant
in the EQ control, two of which matched tryptic peptides that had higher scores in the
ADAMTS4 digests (Figure 3), i.e., residues 171-211 and 130-155. These three peptides
are located within the V1-5GAG sequence, but only the peptide spanning residues 130-155
was detected in V1-5GAG digests. Two significant ADAMTS1-generated tryptic peptides
(spanning residues 26—39 and 289-312) matched those found in the V1-5GAG digestion.
Two tryptic peptides spanned the location of a putative ADAMTS4 and ADAMTS5 cleavage
site (Phe2°3-His25%) identified in the V1-5GAG digests (Figure 2). There were 7 tryptic
peptides with high z-scores in the ADAMTS digests of versican-V1 that could represent
trypsin-like activities of the ADAMTS proteases and 18 semi-tryptic peptides with high
z-scores in the control digests whose origins are unclear.

Reviewing the data from the V1-5GAG and V1 digests together suggests that novel
ADAMTS1, ADAMTS4 and ADAMTS5 cleavages occur throughout the full-length
proteoglycan sequence but are predominantly located in the GAGP region in two distinct
clusters, one located centrally, and the other toward the C-terminus. In the case of
ADAMTSL, three cleavage sites were identified that were exclusive to this protease, and

the corresponding semi-tryptic peptides had a higher z-score than the semi-tryptic peptide
identifying the Glu**1-Ala%*2 site (Figure 4, Table 1). The deduced cleavages at Glu68-
Leu’® and GIn1027-|_eu1928 share Leu in the P1” position and were absent in the control
digest. One ADAMTS4 cleavage site is two amino acids away from the Glu768-Leu”® site.
Many of the ADAMTS4 and ADAMTSS5 cleavage sites cluster around the C-terminal region
of the GAGB domain between residues 1778-2091 (Figure 4). Here these proteases share a
cleavage site at Glul784-Alal785 which resembles the Glu#41-Ala%2 site at positions P1, P1’,
and at P3 (both sites contain an Ala at P3). Among the three proteases tested, ADAMTS4
exclusively preferred the residue region 1122-1151 in the GAGP domain where 3 cleavage
sites were identified within 30 amino acids of each other, Glu1122-]1e1123 G|y1131.G|n1132,
and Thri151.]1e1152

Although all the semi-tryptic peptides with significant z-scores identify potential ADAMTS
cleavage sites in versican, we considered further refinement of our approach in light

of the availability of a validated cleavage at the Glu*41-Ala%*2 site, which furthermore,
has demonstrated biological relevance. Specifically, we ranked the highest priority novel
cleavage sites based on their z-scores relative to the Glu#41-Ala*42 site and whether

or not additional evidence supporting the cleavage was provided by a tryptic peptide
having a significantly higher abundance in the control digests (Table 1). ADAMTSL,
ADAMTS4 and ADAMTSS cleavage sites previously found in the literature and the
MEROPS database (https://www.ebi.ac.uk/merops/) were compiled into iceLogo plots to
determine the sequence preferences at positions P10"-P10 (Supplemental Figure 4). Only
10 other cleavage sites have been described for ADAMTSL1 to date, whereas ADAMTS4
and ADAMTSS have 76 and 53 previously identified cleavage sites, respectively, in a
variety of substrates (Supplemental File 1). Therefore, the iceLOGO plots for ADAMTS4
and ADAMTSS5 have >95% confidence while ADAMTS1 does not reach the 30-cleavage
site threshold previously determined to provide the necessary statistical confidence [50].
Addition of the putative cleavage sites found in this study to the iceLogo analysis was
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done to refine the positional preferences compared to that which was previously known,
although the refined consensus we obtained essentially supports that previously established
(Supplemental Figure 4). Many of the putative cleavage events identified in the present study
were marked by a glutamic acid residue in the P1 position (3 out of 5 for ADAMTSL,

5 out of 15 for ADAMTS4, and 4 out of 12 for ADAMTS5), consistent with an earlier
description of these enzymes as glutamyl endopeptidases [51]. In comparison, all the 4
major ADAMTSA4/5 cleavage sites in aggrecan have glutamic acid at P1, as well as a small
hydrophobic amino acid at P1” [44]. Small hydrophobic amino acids were frequently found
at P1” in our analysis, consistent with previously identified cleavage sites (Supplemental
Figure 4). ADAMTS4 seems to prefer bulkier amino acids such as phenylalanine at P1”,

as previously observed from screening a library of 13-mer peptides [52]. In our analysis,

a phenylalanine in the P1” position was observed in the Pro’6-Phe’67 /1 cleavage site.
Compared with ADAMTS5, ADAMTS4 is indeed characterized by a deeper and larger S1”
pocket which can accommodate a bulkier side chain [53].

Importantly, some of the peptides detected in this study as arising from ADAMTS activity
were incidentally reported in different proteomic analyses of human tissues, although not
in the course of seeking ADAMTS or other protease substrates (Supplemental Table 3),
strongly suggesting that the experimentally-defined cleavages we observed occur naturally
(Figure 4, Supplemental Table 2).

Discussion

Cleavage of versican at the Glu#41-Ala%*2 site by ADAMTS1 and ADAMTS4 was first
described two decades ago [16] and since then, abundant evidence has indicated that this
proteolytic event is important in many morphogenetic and disease contexts [7, 11, 12, 23,
24, 28, 35-39, 41, 54-59] via a dual effect, i.e., on versican clearance, and by generation

of a bioactive-terminal fragment, versikine, that is proapoptotic during web regression [11,
20] and presents a damage-associated molecular pattern in multiple myeloma [20]. Recently,
the biological significance of cleavage at this site was supported by recapitulation of soft-
tissue syndactyly (an anomaly seen in several ADAMTS mutants that is associated with
reduced anti-DPEAAE staining [11, 20, 60]), in VearR and Vear™ mutants [7, 41]. These
findings present a stringent proof for biological impact of cleavage at Glu*41-Ala%2, Since
ADAMTS1,4,5,9, 15 and 20 each cleaves versican at the Glu#41-Ala%2 bond [11, 16, 20,
61-64], the neoepitope anti-DPEAAE antibody is widely used as an indicator of versican
proteolysis by these ADAMTS proteases. The possibility that ADAMTS proteases may
cleave versican at multiple sites was initially suggested by the observation that ADAMTS4
and 5, the best characterized proteoglycanases to date, cleaved aggrecan at multiple sites
[65-67] and supported by the observation that VcarnR/R and Vear™AA mice [7, 41] have a
relatively mild phenotype. Although these mutants have undergone limited analysis to date,
it is known that they lack cleft palate, a phenotype which is invariably lethal in mice at

birth and seen in combined Adamts9and Adamis20 mutants, where it is associated with
abnormal versican accumulation in the developing palate [55, 58, 60, 68]. Moreover, female
VearRIR and Vear™VAA mice are fertile, whereas impaired ovulation is associated with
reduced versican proteolysis in Adamts mutants [69, 70]. Female VcarR/R and VearAAAA
mice deliver pups apparently without impairment, whereas female mice with conditional
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deletion of Adamts9in smooth-muscle cells have dystocia and cannot give birth as a result
of versican accumulation in the myometrium [12]. The lack of absolute correlation between
the phenotypes resulting from ADAMTS-deficiency and Glu*41-Ala%*2 cleavage-resistant
versican in mice was not unexpected, since versican-degrading ADAMTS proteases cleave
other substrates including, but not limited to other aggregating proteoglycans (e.g., aggrecan,
brevican), small leucine-rich proteoglycans such as biglycan and decorin, matrilin-3,
thrombospondin-1 and syndecan-4 [52, 71-75]. Another potential explanation, which the
present analysis addresses, is that individual ADAMTS proteases may recognize additional
specific sites in the versican core protein such that abrogation of cleavage at the canonical
Glu**1-Ala*2 site has limited impact.

To address this possibility, we developed a simple, quantitative label-free LC/MS-MS
method to compare versican peptides generated by wild-type ADAMTS proteases with those
generated in the presence of their inactive counterparts. The validity of the approach was
confirmed by detection of the Glu*41-Ala**? site as a preferred cleavage site of ADAMTS1,
ADAMTS4 and ADAMTSS. This is evident from the high z-score of the signature
semi-tryptic peptide (2.86, 7.45 and 6.69 for ADAMTS1, ADAMTS4 and ADAMTS5
respectively), as well as the fact that it was detected only in the presence of these proteases
and not the inactive mutants. Further validation was provided by detection of a tryptic
peptide spanning the Glu#41-Ala*42 site exclusively in the presence of inactive ADAMTS
proteases.

One strength of this study, therefore, is the repeated internal validation of the method by
identification of Glu41-Ala%4 as a cleavage site in the experiments with each ADAMTS
proteases digesting two distinct versican constructs. Moreover, the analysis utilized full-
length ADAMTS proteases as well as full-length versican purified from mammalian cells
rather than from prokaryotic systems or synthetic peptides, which was important since
ADAMTSs require long-range interactions with versican [44] as well as the presence of
GAGs for maximal activity [45]. In contrast to these strengths, the present study is limited
by intrinsic shortcomings of bottom-up proteomics, which is that peptides that are too
large, too small, have an inappropriate m/z ratio, or carry unspecified post-translational
modifications, would not be identified or detected. These limitations are particularly relevant
for peptides in the GAGP domain where we observed an abundance of negatively charged
residues, but a lower frequency of Lys/Arg than is the norm (relevant to the use of trypsin
as the working protease). Specifically, G1 and G3 domains contain an average of 1 Lys/Arg
every 8-10 residues whereas the GAGP domain averages 1 Lys/Arg every 17-18 residues
with gaps as large as 75 amino acid residues between Lys/Arg residues, and is extensively
modified by O-and N-glycosylation. These limitations can be addressed in the future by
using alternative working proteases, and by inclusion of specialized approaches to identify
glycopeptides [76]. The use of trypsin as the working protease for LC/MS/MS introduces a
potential caveat in interpretation, i.e., we assume that all trypsin-like cleavages arose from
trypsin used in the workflow, whereas one or more of the tested ADAMTS proteases could
have an Arg or Lys preference at the P1 position, which would not be detected with our
semi-tryptic peptide approach. This caveat can be mitigated by labeling protein N-termini
after digestion with the ADAMTS proteases but prior to trypsin digestion, as utilized

in N-terminomics/degradomics approaches such as Terminal Amine Isotopic Labeling of
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Substrates (TAILS) [77-79] as applied recently [80], or by using a different working
protease. Despite these limitations, some of which are inherent to any LC-MS/MS approach,
the z-score strategy as described here is broadly applicable to identifying cleavages of

any substrate or an ensemble of a small number of purified substrates by any purified
protease other than one with a trypsin-like preference, although as noted above, N-terminal
labeling would mitigate this shortcoming. Indeed, N-terminal labeling is the basis for the
well-established methods TAILS [78, 79] and ATOMS (Amino-Terminal Oriented Mass
Spectrometry of Substrates) [81, 82] in which isotopically-labeled individual samples (such
as one sample digested with a protease along with a control) can be duplexed or multiplexed
for LC-MS-MS. These methods have been previously used to classify protease-generated
termini as well as cleaved spanning peptides [83, 84]. Whereas multiplexing is a significant
strength of these labeling methods, our simple label-free approach can be readily applied by
most labs, since neither proteome labeling nor selective enrichment of N- or C-termini is
needed.

Conclusion

Here, we have described both a label-free approach for identifying cleavage sites in protease
substrates, and application of the method to uncover potentially novel ADAMTS cleavage
sites in the proteoglycan versican. Whereas, the z-score approach can be used in a fully
agnostic manner, we were fortunate in the present study to have a known cleavage site as a
benchmark for experimental validation which could allow further refinement of semi-tryptic
peptides in essentially a 2-step approach. The present analysis has identified several novel
ADAMTS1, ADAMTS4 and ADAMTSS cleavage sites in versican, suggesting that these
proteases, despite sharing activity at the Glu#41-Ala*2 site, target discrete additional sites
in the versican core protein. In the future, occurrence and tissue distribution of the highest
ranked putative cleavages can be determined by generating neo-epitope antibodies to the
new C- and/or N-termini. It remains to be determined if V1 fragments generated by these
newly identified proteolytic events are endowed with biological activity.
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Highlights:

. Versican proteolysis is biomedically significant, but few cleavage sites are
known.

. A novel z-score-based label-free proteomics method was used to define new
cleavages.

. Cleavage of two versican constructs by three ADAMTS proteases was tested.

. A well-characterized versican cleavage site at Glu*41-Ala%*2 was the
benchmark.

. Novel cleavage sites for ADAMTS1, ADAMTS4 and ADAMTS5 were
identified.
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Significance:

Versican abundance and turnover are relevant to the pathogenesis of several human
disorders. Versican is cleaved by A Disintegrin-like And Metalloprotease with
Thrombospondin type 1 motifs (ADAMTS) family members at Glu*41-Ala%42, generating
a bioactive proteoform called versikine, but additional cleavage sites and the site-
specificity of individual ADAMTS proteases is unexplored. Here, we used label-free
proteomics approach to identify versican cleavage sites for 3 ADAMTS proteases,
applying a novel z-score-based statistical approach to compare the protease digests of
versican to controls (digests with inactivate protease) using the known protease cleavage
site as a benchmark. We identified 21 novel cleavage sites that had a comparable

z-score to the benchmark. Given the functional significance of versikine, they represent
potentially significant cleavages and helped to refine a substrate site preference for

each protease.The z-score approach is potentially widely applicable for discovery of
site-specific cleavages within an purified protein or small ensemble of proteins using any
protease.
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Figure 1. Experimental strategy.
A. Versican constructs used in the present analysis. GAG chains are indicated with thin

vertical lines. B. Schematic of the experimental design, illustrated with a hypothetical
example comparing digestion with an active ADAMTS protease vs a catalytically inactive
control, followed by cleavage site identification using label-free proteomics
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Figure 2. Digestion of versican V1-5GAG with ADAMTS1, ADAMTS4 and ADAMTS5.
V1-5GAG was digested with A. ADAMTS1, B. ADAMTS4, and C. ADAMTSS for 2 h

at 37°C. Semi-tryptic peptides present at higher levels in digests with the active proteases
identified the cleavage sites that are shown in the left-hand panels in A-C, whereas the
panels on the right show tryptic peptides having higher abundance in the control digests.
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Figure 3. Digestion of versican V1 with ADAMTS1, ADAMTS4 and ADAMTSS5.
Versican V1 was digested with A. ADAMTS1, B. ADAMTS4, and C. ADAMTSS5 for 2 h

at 37°C. Semi-tryptic peptides present at higher levels in the digest with the active proteases
identified the cleavage sites that are shown in the left-hand panels in A-C, whereas the
panels on the right show tryptic peptides having higher abundance in the control digests. *
indicates peptides that were also found in the V1-5GAG digest in Figure 2.
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Figure 4. Overview of ADAMTS cleavage sites in versican.
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L2217|T2218
H2187|K2188

Putative ADAMTS-mediated cleavages identified by the z-score method are shown on
a graphic representation of versican V1. The canonical cleavage site (E4411A442) is

underlined and labeled in black lettering.
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Table 1.

Semi-tryptic peptides indicating novel cleavage sites in versican V1

Protease Semi-tryptic peptide sequence Cleavage site position  Protease:control  z- score
ADAMTS1  [E].LESPNVATSSDSGTR.[K] E768-L769 100 4.78
ADAMTS1 [Q].LVTVSSSVVPVLPSAVQK.[F] Q1027-L1028 100 4.78
ADAMTS1  [E].RLGEPNYGAEIR.[G] E923-R924 27.09 3.42
ADAMTS1  [K].HLVTTVPKDPEAAE.[A] E441-A442 15.74 2.86
ADAMTS4  [T].VGELQAAWR.[N] T279-V280 100 7.45
ADAMTS4  [K].HLVTTVPKDPEAAE.[A] E441-A442 100 7.45
ADAMTS4  [P].FELESPNVATSSDSGTR.[K] P766-F767 100 7.45
ADAMTS4  [E].IESETTSEEQIQEEK.[S] E1122-11123 100 7.45
ADAMTS4  [R].QEVNPVRQEIESETTSEE.[Q] E1131-Q1132 100 7.45
ADAMTS4  [T].IFDSQTFTETELK.[T] T1151-11152 100 7.45
ADAMTS4  [A].RAYGFEMAK.[E] Al416-R1417 100 7.45
ADAMTS4  [K].HAGPSFQPEFSSGAEE.[A] E1784-A1785 100 7.45
ADAMTS4  [S].VMSPQDSFK.[E] $1870-V1871 100 7.45
ADAMTS4  [K].LEPSEDDGKPELLEE.[M] E1925-M1926 100 7.45
ADAMTS4  [T].SERPTLSSSPEINPETQAALIR.[G] T2011-S2012 100 7.45
ADAMTS5  [Y].VDHLDGDVFHLTVPSK.[F] Y244-V245 100 6.69
ADAMTS5  [F].TFEEAAK.[E] F261-T262 100 6.69
ADAMTS5  [K].HLVTTVPKDPEAAE.[A] E441-A442 100 6.69
ADAMTS5  [R].TQEEYEDKKHAGPSFQPEF.[S] F1778-S1779 100 6.69
ADAMTSS5  [K].HAGPSFQPEFSSGAEE.[A] E1784-A1785 100 6.69
ADAMTS5 [R].TQEEYEDKKHAGPSFQPEFSSGAEEA.[L] A1785-L1786 100 6.69
ADAMTS5  [A].LIRGQDSTIAASEQQVAAR.[I] A2030-1.2031 100 6.69
ADAMTS5  [E].SVEGTAIYLPGPDR.[C] E2091-S2092 100 6.69
ADAMTS5  [L].TSILSHEEQMFVNR.[V] L2217-T2218 100 6.69
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Residues written in bold text indicate the cleaved peptide bond. Z-scores for peptides identifying the Glu441-A442 site are shown in bold text.
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