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Abstract

We report a multiplexed imaging mass spectrometry method which spatially localizes and selectively accesses the extracellular
matrix on formalin-fixed paraffin-embedded tissue sections. The extracellular matrix (ECM) consists of (1) fibrous proteins, post-
translationally modified (PTM) via N- and O-linked glycosylation, as well as hydroxylation on prolines and lysines, and (2)
glycosaminoglycan-decorated proteoglycans. Accessing all these components poses a unique analytical challenge. Conventional
peptide analysis via trypsin inefficiently captures ECM peptides due to their low abundance, intra- and intermolecular cross-
linking, and PTMs. In previous studies, we have developed matrix-assisted laser desorption ionization imaging mass spectrom-
etry (MALDI-IMS) techniques to capture collagen peptides via collagenase type III digestion, both alone and after N-glycan
removal via PNGaseF digest. However, in fibrotic tissues, the buildup of ECM components other than collagen-type proteins,
including elastin and glycosaminoglycans, limits efficacy of any single enzyme to access the complex ECM. Here, we have
developed a novel serial enzyme strategy to define the extracellular matrix, including PTMs, from a single tissue section for
MALDI-IMS applications.
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Abbreviations Introduction
AVS Aortic valve stenosis

CS Chondroitin sulfate The extracellular matrix (ECM) consists of the non-cellular

ECM Extracellular matrix components of tissues and provides essential biochemical
HRAM High-resolution accurate mass and biomechanical signaling [1]. The ECM is a complex en-
IMS Imaging mass spectrometry vironment of fibrous type proteins—such as collagen, elastin,
GAG Glycosaminoglycan and fibronectin—as well as proteoglycans, which consist of
MALDI Matrix-assisted laser desorption ionization sulfated glycosaminoglycan (GAG) chains covalently bound
PTM Post-translational modification to a core protein. The GAGs present in the ECM can be sul-

TIMS-TOF  Trapped ion mobility time of flight fated (chondroitin sulfate, heparan sulfate, and keratan sulfate)
or non-sulfated (hyaluronic acid) [2]. The most abundant fi-
brous proteins are collagen-type proteins [1]. Collagens are
both intra- and intermolecularly cross-linked with elastin and

other proteoglycans at mainly lysine residues. These proteins
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are also abundantly post-translationally modified, with hy-
droxyproline, hydroxylysine, and N- and O-linked glycans
[3, 4]. Post-translational modifications (PTMs) at lysine resi-
dues as well as abundant intra- and intermolecular cross-
linking of ECM components make this environment a unique
analytical challenge for mass spectrometry-based approaches.
To date, no single enzymatic targeting technique can elucidate
all constituents of the extracellular matrix.
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Enzymatically targeted techniques have been developed
recently for multi-omics studies and can analyze tissue
glycomics, glycoproteomics, and/or proteomics from a single
sample [5—7]. These techniques are largely serial LC-MS/MS
strategies applied to fresh-frozen tissue samples. While serial
LC-MS/MS techniques allow for a large amount of identifica-
tions, the link between -omics data and tissue morphological
structure is lost. Imaging mass spectrometry (IMS) methods,
however, can be used to visualize the spatial distribution of
analytes within tissue sections. One such IMS technique is
matrix-assisted laser desorption/ionization (MALDI) imaging
mass spectrometry (IMS). MALDI-IMS is a robust proteomic
technique that can spatially map tryptic peptides from histo-
logical tissue sections [8]. This is done by spraying the tissue
with a thin, uniform layer of trypsin that, when analyzed in
parallel to high-resolution accurate mass proteomics, allows
for the relative quantitation and localization of tryptic peptide
sequences to specific regions of the tissue. Although trypsin-
based ECM-IMS techniques have been developed, these ap-
proaches decellularize fresh, unfixed tissue which is not an
option for clinically archived formalin-fixed paraffin-embed-
ded (FFPE) tissue [9]. Novel MALDI-IMS techniques have
been developed to enzymatically target ECM proteins via col-
lagenase type III (COLase3) and elastase [10, 11], allowing
peptide tissue mapping of ECM proteins that are largely tryp-
sin-resistant.

In this study, we used MALDI-IMS techniques to visualize
and relatively quantify in situ chondroitin sulfate (CS) GAGs,
N-glycans and ECM peptides and proteoglycans from a single
tissue section after serial treatment with enzymes. PNGaseF
has been used to release N-glycans from thin FFPE tissue
sections followed by MALDI-IMS [12]. Recently, PNGaseF
and trypsin have been used in tandem, colocalizing the N-
glycome to the tryptic proteome [13, 14]. Additionally, our
lab has combined histological staining with MALDI-IMS to
map complex ECM proteins in thin FFPE tissue sections [10,
11, 15]. While other studies have used IMS techniques to
analyze GAG fragments [16], we outline here the first enzy-
matically targeted study of chondroitin sulfate GAGs via
MALDI-IMS techniques. By combining these enzymatic ap-
proaches, comprehensive mining of protein translational and
post-translational information becomes possible. This is espe-
cially useful for understanding the complex ECM profile as
GAG, N-glycan, collagen, and ECM peptide data can be an-
alyzed from one FFPE tissue section.

Materials and methods
Materials and chemicals

All solutions were prepared using double-distilled or HPLC
grade water, following all necessary safety and waste disposal
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regulations. Xylene, 200 proof ethanol, was purchased from
Fisher Scientific (Pittsburgh, PA, USA). Acetonitrile, ammo-
nium bicarbonate, calcium chloride, formic acid, EDTA,
Trizma base, and chondroitinase ABC were purchased from
Sigma-Aldrich (St. Louis, MO, USA). PNGase F PRIME was
purchased from N-Zyme scientific (Charleston, SC, USA).
Collagenase type Il (COLase3) (C. histolyticum) was pur-
chased from Worthington Biochemical (Lakewood, NJ,
USA). Porcine MMP12 (elastase) was purchased from Alfa
Aesar (Fisher Scientific, Pittsburgh, PA).

Specimens

Aortic valve tissue biopsy was procured through the
Vanderbilt Core Laboratory for Cardiovascular Translational
and Clinical Research and the National Disease Research
Interchange. Tissue procurement for banking was approved
by the Vanderbilt Institutional Review Board (IRB) and for
project use by the Medical University of South Carolina IRB.
Tissues were fixed overnight in 10% neutral buffered formalin
(American Mastertech), cut through the central portion of the
cusp, and embedded in paraffin blocks.

Tissue preparation and histology

Formalin-fixed, paraffin-embedded tissue was cut into 5-pm-
thick sections via microtome and mounted onto microscope
slides (Tissue Tack, Polysciences, Inc., Warrington, PA,
USA) then dehydrated overnight at 37 °C prior to storage at
room temperature. Tissues were stained with Verhoeff Van
Gieson (Verhoeff solution for elastin; Van Gieson counter-
stain for collagen), Movat’s Pentachrome (Alcian Blue for
GAG, Saffron for collagen, Resorcin-Fuchsin for elastin,
and Woodstain Scarlet-Acid Fuchsin for muscle), or Alcian
Blue alone (Polysciences, Inc.), following the manufacturer’s
protocols. All staining protocols included a hematoxylin
counterstain.

For N-glycan and ECM peptide MALDI-IMS studies,
FFPE tissues were prepared as previously described [11,
12]. Chondroitinase imaging preparation is novel to this study.
Briefly, a 1 mg/mL chondroitinase ABC (Sigma-Aldrich, St.
Louis, MO, USA) solution was prepared in 60 mM ammoni-
um acetate (pH 8 with sodium hydroxide). Solution was
sprayed with a TM Sprayer M3 (HTX Imaging, Chapel Hill,
NC, USA) under the following parameters: 15 passes, criss-
cross pattern, 3.0 mm track spacing, velocity of 1200 mm/
min, and a dry time of zero. Before enzymatic digest, four
antigen retrieval conditions (20 min, 95 °C) were studied:
(1) EDTA pH 8; (2) Citraconic Buffer pH 3; (3) Tris pH 9;
and (4) Double antigen retrieval of Citraconic, wash and des-
iccate, then Tris.

FFPE aortic valve tissue sections were digested with
COLase3 after serial treatment with chondroitinase,
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PNGaseF (N-Zyme Scientifics), and elastase, and for
MALDI-IMS experiments. Trypsin (Porcine Pancrease,
Sigma-Aldrich, St. Louis, MO, USA) was applied during pre-
liminary studies to determine the effects of a single enzyme
before COLase3. Spray conditions for all enzymes were as
previously published [11, 12]. Samples were digested in high
humidity at 37.5 °C for either 2 h (chondroitinase, PNGaseF)
or 5 h (elastase, COLase3). A 7 mg/mL solution of alpha-
cyano-4-hydroxycinnamic acid (CHCA) matrix solution was
prepared in 50% acetonitrile and 0.1% trifluoroacetic acid
(TFA; for chondroitinase, PNGaseF imaging) or 1.0% TFA
(for elastase, COLase3 imaging). CHCA matrix solution pre-
pared for peptide imaging was spiked with a standard of
200 fmole/L [Glul]-fibrinopeptide B human (GluFib)
(Sigma-Aldrich, St. Louis, MO, USA). CHCA automatic
spray conditions included the following: 79 °C, 10 psi,
70 pL/min, 1300 velocity, and 14 passes with a 2.5-mm off-
set. Slides for peptide imaging were rapidly dipped (<1 s) in
cold 5 mM ammonium phosphate and immediately dried in a
desiccator.

Chondroitin sulfate standard preparation

A dilution series of digested CS standards were spotted onto a
MALDI plate for CS peak validation. Standard used was
chondroitin sulfate sodium salt from shark cartilage (Sigma-
Aldrich, St. Louis, MO, USA). Dilution shown was 5 uM of
CS. Samples were brought up in 60 mM ammonium Acetate
pH 8 and digested with 4 pg of chondroitinase ABC. Samples
were incubated overnight, shaking at 38 °C. Samples were
spotted with 0.5 puL of digest solution onto a MALDI plate
and sprayed with CHCA as previously described.

Imaging mass spectrometry

Tissues were analyzed by MALDI-FT-ICR (7.0-T solariX™
Legacy FT-ICR; Bruker Scientific, LLC, Bremen, Germany)
operated in positive ion broadband mode over m/z range 500—
4000. Laser settings used were 300 shots/pixel with a 45-um
stepsize. The average laser shot was measured to be approxi-
mately 25 um x 30 um. A lock mass of 1570.6768 (GluFib
peptide) was used for peptide IMS studies. Images were visu-
alized in FlexImaging v5.0 and analyzed using SCiLS 2017a
version 5.00.9510 (Bruker Scientific, LLC, Bremen,
Germany). All images shown are normalized to total ion
current.

Chondroitin sulfate fragmentation and ion mobility data
was acquired using a Trapped lon-Mobility Time-of-Flight
Mass Spectrometer (timsTOF fleX) (Bruker Scientific, LLC,
Bremen, Germany) equipped with a dual ESI/MALDI source.
The samples were analyzed in positive ion Q-TOF mode and
scanned at a mass range from 500 to 4000 m/z. The
SmartBeam 3D 10 kHz laser was set to 33% power, scan

range of 20 um for X and Y and resulting field size of
24 um for X and Y. The measured average spot size was
18.66 um for X and 19.94 um for Y. Additional instrument
parameters for CS studies include the following: an ion trans-
fer time of 125 s, pre pulse storage time of 25 us, a collision
RF 0f 4000 Vpp, a collision energy of 15 eV, an ion energy in
the quadrupole of 5 eV, a TIMS funnel 1 RF of 500 Vpp, a
TIMS funnel 2 RF of 500 Vpp, and a multipole RF of 500
Vpp. After MS acquisition, the data was imported into SCiLS
Lab 2020a (Bruker Scientific, LLC, Bremen, Germany) and
normalized to total ion current. CS peaks were identified by
accurate mass using a database created in GlycoWorkBench
[17].

Spectra shown were analyzed using mMass version 5.5.0.
Putative peptide identifications are based on our previously
acquired databases from many tissue samples on human aortic
and same valvular tissues [10, 11]. This analysis does not
include peaks with biologically relevant spatial distribution
that have not yet been sequenced. Percent fold change was

. In(serial enzyme peak intensity)
calculated as: In(single enzyme peak intensity) 100.

Results and discussion

The aortic valve as a prototype model tissue for ECM
analysis

Human stenotic bicuspid aortic valves were used to develop
this method since the hallmark of aortic valve stenosis is over-
production of ECM. Histopathological evaluation was done as
an initial assessment of the tissue. Movat’s Pentachrome (MP)
(Fig. 1a, a’), Verhoeff van Geison (VVG) (Fig. 1b, b’), and
Alcian Blue stain (Fig. 1c) show that elastin, collagen, and
GAGs are present throughout the length of the valve leaflet.
A dense band of collagen can be seen clearly in the medial of
the leaflet via the MP stain (Fig. 1a, outlined). In the same
region, reduced GAG deposition can be seen via Alcian Blue
staining (Fig. 1c, outlined). Elastin fibers can be seen at higher
magnification to be present throughout the leaflet, both via
MP and VVG staining (Fig. 1a'-b"). These morphological
features were used to show that GAGs, collagen, and elastin
are abundant throughout the length of the leaflet and to further
validate localization of MALDI-IMS data in later figures.
Potential regulation of collagen PTMs was quantified
via in silico analysis (Fig. 1d—e). Uniprot Amino Acid
Modification database analysis of confirmed sites, similar
sites, and consensus sequences shows that all collagen-
type proteins identified via our COLase3 MALDI-IMS
and LC-MS/MS method contain at least one N-linked gly-
cosylation site (N-X-S/T site, where X is any amino acid
besides proline), with as many as 15 sites per collagen-type
protein. Previous analysis of acquired COLase3 using LC-
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Fig. 1 Method development tissue (pediatric bicuspid aortic valve)
displays aberrant ECM production and post-translational modifications
ideal for ECM studies. a Movat’s Pentachrome staining with GAGs in
blue, elastin in purple, and collagen in yellow. x 20 magnification of the
square in a is seen in a’. b Verhoeff van Gieson staining with collagen in
red/pink and elastin in purple/black. x 20 magnification of the square in b
is seen in b’. ¢ Alcian Blue staining shown GAGs present throughout the

MS/MS methods indicated that 4.8% of all ECM peptides
identified in our database are potential glycopeptides (146
out of 3024 peptides have an N-X-S/T site) [10, 11].
Additionally, PTMs, such as hydroxyproline and
hydroxylysine, are abundant in collagen-type proteins,
with as many as 150 hydroxyproline sites present in
COL3al. These modifications on lysine residues prevent
conventional tryptic digests from accessing ECM proteins
[18, 19], indicating that a targeted enzymatic strategy
would be adventageous, including enzymes targeting N-
glycosylation and proteomics databases searched for
hydroxylysine and hydroxyproline.

Aortic valve tissues are comprised of both activated and
inactivated valvular interstitial fibroblasts—the average size
being approximately 5 x 30 um and 7 x 10 um, respectively.
Additionally, these aortic valve tissues studied are relatively
low cell density. A serial section of the valve sample shown in
Fig. 1 was measured to have an average cell density of 370
cells/mm?. These data suggest that imaging mass
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Uniprot reported sites for each protein were obtained from the Uniprot
compiled Amino Acid Modification database. Both published confirmed
sites and sites identified by similarity and consensus sequences were
included in d—e

spectrometry-based methodologies are conducted at an appro-
priate resolution for ECM-based studies in these tissues.

Imaging mass spectrometry workflow

An overview of the optimized MALDI-IMS workflow can
be seen in Fig. 2. Optimization of PNGaseF, elastase, and
COLase3 has been completed in previous studies [11, 12,
15]. Optimization of chondroitinase ABC for MALDI-IMS
included investigating antigen retrieval conditions, con-
centrations, incubation times, and optimal matrix applica-
tion. Antigen retrieval steps (Citraconic Buffer pH 3 and
Tris pH 9) were completed serially before the serial en-
zyme treatment. Specific washing steps to remove analytes
were completed to prevent cross-contamination between
imaging acquisitions [14]. Within this study, no significant
reduction in spatial resolution was seen, as compared to the
first image of the series.
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Method optimization for chondroitin sulfate imaging
» Citraconic Buffer pH3 MS

» Tris Buffer pH9

Antigen
Retrieval — This method targets chondroitin sulfates (CSs) via application
;' gpg;;zgmase REE of chondroitinase ABC. CS is an abundant glycosaminogly-
c 3 Eani (MMP12) can (GAG) of repeating glucuronic acid (GIcUA) and N-
nzyme 4. Collagenase Type llI acetylgalactosamine (GalNAc) di-saccharides in the extracel-
UL SEIHED lular space, and are known to be upregulated in cardiac, pul-
S Ahnele ol monary, and liver fibrosis [29722]. Preylous work has shqwn
M hydroxycinnamic via LC-MS/MS analysis that tissue treated with
sk chondroitinase ABC can be used to detect CS chains of 1-3
pplicatio

repeats in multiple sulfation states [7, 23, 24]. Similar results

were seen in our studies. A single sulfated CS chain as well as
P T DT (EX two examples of multiply-sulfated dimers can be seen in
Fig. 3a-b. Previous LC-MS/MS-based studies have shown

cquisition .
that other enzymes targeted to GAGs, such as hyaluronidase

» Ethanol . ..
= Wiler and heparan lysase, can be used in tandem to chondroitinase
Tissue || 10mM Tris pH 9 ABC to serially access the proteoglycome [5]. Ongoing stud-
Clearing > Citraconic pH 3 ies aim to incorporate these enzymes into MALDI-IMS multi-

enzyme workflows.
An antigen retrieval study was done to optimize the
Fig. 2 MALDI-IMS multi-enzyme workflow. A single FFPE tissue section chrondroitinase IMS method (Fig. 3a). Antigen retrieval of
is taken through four serial enzyme treatments to target CS GAGs, N-glycans, [ FPE tissues reverses protein chemical modification induced

elastin, and collagen and other ECM peptides. Images are acquired via a  via formalin [25]. It is known that the pH of the antigen
MALDI-FT-ICR instrument between each enzyme treatment
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Fig. 3 Chondroitinase ABC MALDI-IMS method is capable of imaging Corresponding peaks to images shown in a, with all four antigen retrieval
several chain lengths and sulfation states of CSs. a Antigen retrieval study conditions overlayed: EDTA (black); Citraconic (red); Tris (green);
on serial aortic valve tissue sections to determine optimal conditions for Citraconic then Tris (blue)

MALDI-IMS acquisition. Three representative CSs are shown. b
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retrieval solution alters enzymatic access for purposes of
MALDI-IMS studies, with incubation time and temperature
also playing role [26]. The pH category shown represents pH
of different antigen retrieval conditions, suggesting differen-
tial specificity to CS under different antigen retrieval condi-
tions (Fig. 3a). Chondroitinase ABC preferentially cleaves
CSs; however, other GAG structural classes are cleaved when
the digestion buffer is prepared at different pHs [27]. The final
antigen retrieval method for the multi-enzyme study was con-
dition #4 (Methods 2.3, Citraconic then Tris). While other
conditions were more optimal for CS imaging, antigen retriev-
al for N-glycan and COLase3 imaging has been already opti-
mized with Citraconic pH 3 and Tris pH 9 buffers, respective-
ly [11, 12].

The theoretical mass values for some chondroitinase prod-
ucts had a similar mass defect and m/z value as matrix peaks.
For example, a single GaINAc-GIcUA chain has a theoretical
m/z 0f 379.0794, while CHCA [2M+H]+ has a theoretical m/z
of 379.0925 [28]. To confirm the peaks chosen did in fact
correspond to CSs and not matrix, on-tissue fragmentation
was performed using MALDI and trapped ion mobility com-
binations on a timsTOF fleX mass spectrometer. Peak m/z
1340.129 was fragmented via CID to obtain the MS/MS spec-
tra seen in Electronic Supplementary Material (ESM) Fig. S1.

Serially increasing collision voltages shows a loss of sulfate
state, chain length, and chain formation with fragmented ions
corresponding to GalNAc and GIcUA also seen. To further
validate this, ion mobility analysis was also performed on- and
off-tissue. ESM Fig. S2 shows that the on-tissue ion mobility
data displays two unique populations—one corresponding to
matrix-only signal taken off-tissue, and one corresponding to
tissue treated with chondroitinase ABC. These experiments
were also done on spotted CS standards for further validation
(ESM Fig. S2). Trapped ion mobility analysis can be used in
further studies to distinguish not only between isobaric matrix
and GAG peaks but also between isobaric GAG species of
differential sulfation states and acid species [29, 30].

N-Glycosylation imaging may be improved by
chondroitin sulfate removal

N-Glycosylation patterns were then obtained from the same
tissue section, with N-glycan signal improved by removal of
GAGs (Fig. 4a-b). A total of 25 N-glycans were identified by
MALDI-IMS after CS removal, while only 10 N-glycans were
identified using PNGase F alone. Quantification of N-glycan
peak intensity shows that N-glycan signal was improved by
removal of CSs, with a maximum of 9.2% and a mean of 3.7

Fig. 4 N-Glycan signal by a

PNGaseF was improved by Legend: Glycan Structural Code

removal of CS GAGs via Il N-acetylglucosamine ) Galactose ‘ Mannose 4 Fucose ’ Sialic Acid
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+2.8% increase in peak intensity after CS removal, averaged
across 32 identified N-glycan peaks (Fig. 4c). While many
classes of N-glycans were identified (high-mannose,
fucosylated, sialylated, bisecting), no single class was unique-
ly affected by removal of CSs. Removal of CSs may impact
enzyme access of PNGaseF to N-glycosylation sites of small
leucine-rich proteoglycans (SLRPs). Many SLRPs are found
in healthy and stenotic heart valves, such as biglycan, decorin,
and versican [31]. Studies with decorin show that both CS-
linker and N-glycan sites are present within the primary se-
quence [27], which could potentially affect enzymatic access
for analytical purposes.

Elastin imaging by elastase is improved after N-glycan
and CS removal

After removal of sugar moieties, we evaluated whether the
deglycosylation steps improved detection of ECM pep-
tides following elastase or COLase3 digestions (Fig. 5).
Preliminary studies determined that the order with which
the peptide-cleaving enzymes (elastase, COLase3) was
applied has little effect on overall peptide signal intensity.
Elastase was applied to the tissue previously treated with

a

(A)GGLVPGAPGFGPGV(G) (A)LGPGGKPPKPGV(G) (T)GVKAKAPGGGGA(F) # |m/z Peptide PPM
m/z 822. 4190 m/z 873.4166 m/z 1498.9105
Elastase Alone _ 1 8224105 |(A)GGLVPGAPGFGPGV(G) | 1.8
Elastase after Chondroitinase + PNGaseF 2 |837.4090 |(A)GGFPGFGVGGV(P) 15
K R e SO0
3 |868.4242 | (A)GQFPLGGVA(A) 3.3
4 |875.4199 | (V)PGGAGAIPGI(G) 34
b Elastase 7 Peptlde IDs*
90 Elastase post-Chond-PNG H *
3 P 43 Peptide IDs 5 886.4283 | (L)PAGVPGFGV(G) 0.2
:;60
g 30 5 |925.4983 | (V)PGAPGFGPGV(G) 3.2
o T
230 7 |1079.5701 | (V)LPGTGARFPGV(G) 47
8
£-60
% 8 | 1188.5690 | (L)PYGYGPGGVAGA(G) 26
600 900 1200 1500 miz
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22 80 s 80 _
c O o o
gZ 60 60
O8 40 o« ° o . 40
iy e ]
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g E |
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Fig. 5 Detection of elastin peptides by Elastase is improved by PNGaseF
and Chondroitinase ABC pretreatment. a Representative images and
corresponding m/z values of three elastin peptides. b Annotated spectra
with elastase alone (top, black) and elastase post-CS and N-glycan re-
moval (bottom, green), with corresponding annotations in c¢. Identified

chondroitinase ABC and PNGaseF, with a control tissue
treated in parallel with only elastase under the same anti-
gen retrieval conditions. The elastase signal was greatly
improved by deglycosylation and removal of CS. This
increase in signal intensity is shown clearly via three rep-
resentative images (Fig. 5a). Without CS and N-glycan
removal, 7 putative elastin peptides were observed (Fig.
5b—c). With CS and N-glycan removal, 42 putative pep-
tides were detected, with a 29% increase in average peak
intensity (Fig. 5d; ESM Table S1).

Consistent with histopathological evaluation, elastin pep-
tides were seen throughout the length of the leaflet.
Interestingly, the area of the leaflet that stained heavily for
collagen was lower in signal intensity. This could be due to
the intermolecular cross-linking of collagen and elastin, limit-
ing enzymatic access. Here, initial treatment with COLase3
may improve localized elastase signal in these areas. While
elastin does not contain any consensus sites for N-glycosyla-
tion, tropoelastin aggregates can cross-link with certain pro-
teoglycans and glycoproteins in the extracellular space [32,
33]. Matrix glycoproteins have been thought to play a role
in elastin fiber orientation, while proteoglycans have been
implicated in elastin fibrogenesis [32, 34]. These interactions

C

peptide counts are out of 48 peptides IDs via acquired LC-MS/MS data-
bases. d Quantification of the percent change in peak signal intensity for
all elastin peptides identified. Each point represents an elastin peptide
peak with a boxplot of the data shown to the right. *Putative peptide
IDs from databases acquired from a different tissue cohort
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may be responsible for decreased enzymatic access of elastase
to the fibrotic aortic valve tissue without deglycosylation and
CS removal.

Collagenase peptide imaging is compatible with
pretreatment of other ECM-targeting enzymes

Initial studies in our lab have shown that deglycosylating tis-
sues with PNGaseF before COLase3 treatment allows for cap-
ture of both the N-glycome and collagen proteome while im-
proving collagen peptide signal versus COLase3 treatment
alone [15]. To continue these studies as part of this multi-
enzyme strategy, additional COLase3 experiments were done
to evaluate the quality of the signal after single enzyme treat-
ments. While removal of certain analytes, such as N-glycans,
improved the COLase3 signal more than others, no single
enzyme treatment detrimentally affected the COLase3 signal
(Fig. 6a—d; ESM Fig. S3). Consistent with previous studies by
our lab, deglycosylation with PNGaseF had the greatest effect
on improved COLase3 signal (Fig. 6a, c).

C3 alone C3(

a

COL6a3 (ALILVGLER)
miz 984.2266
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b 40 .
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Fig. 6 Single enzyme treatment does not detrimentally alter Collagenase
Type III collagen peptide signal. a Representative images of COLase3
digests either after antigen retrieval only (C3 alone) or after digestion with
a single ECM-targeting enzyme and analyte removal. From left to right:
COLase3 control, post-chondroitinase, post-PNGaseF, and post-elastase.
Three ECM peaks are shown: collagen 6a3 peptide (top), collagen 3al
peptide (middle), and vimentin peptide (bottom). b—d Quantification of
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Multi-enzyme treatment reproducibly increases
enzymatic access to ECM peptides

The same tissue section treated with chondroitinase,
PNGaseF, and elastase was finally treated with COLase3 to
image collagen and other ECM peptides (Fig. 7a—d).
Quantification of signal intensities between the two methods
shows an average of 3.1% increase in peak intensity (mean
across all samples and peptides) (Fig. 7f) and an 82+ 15%
increase in total number of peptides identified (mean across
all samples) (Fig. 7g). Peptides containing the PTM hydroxy-
proline (HYP) were also able to be identified (Fig. 7a, ¢). HYP
peptides were not uniquely enriched in this method compared
to non-modified peptides. In addition to collagen-type pro-
teins, other ECM peptides were also identified, such as the
proteoglycans decorin, perlecan, and fibrinogen (Fig. 7b).
COLase3 has low secondary proteolytic activity, with a pri-
mary cleavage site at the Y-G bonds of G-X-Y sequence in
triple helical protein structures. Because of this, the specificity
of this enzyme is not limited to collagen-type proteins but
many ECM proteins with triple helical regions [35]. This

) C3(post PNG)

C3 (post Elast)

m/z ~

m/z

o o, 10 —

e 9030w 2

1700 1900 m/z

the percent change in peak signal intensity for all COLase3 peptides
identified after chondroitinase ABC (b), PNGaseF (¢), and elastase (d)
incubation and analyte removal as compared to control. Each point rep-
resents a COLase3 peptide peak with a boxplot of the data shown to the
right. No single enzyme treatment had a significant effect on COLase3
signal intensity. P* indicates hydroxyproline
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study was tested for reproducibility across three different hu-
man aortic valve samples (Fig. 7a—c, g; ESM Fig. S4).

Multi-enzyme methodology summary and future
directions

An advantage of the multi-enzyme ECM-targeting strategy is
that multiple analytes can be mapped to the same spatial

COL1a2 (GP*P*GMTGFP*)
a m/z 908.5208 (7.7 ppm)

b Decorin (LTELHLDGNKISR)
m/z 1495.8037 (12.8 ppm)

COL18a1 (

Perlecan (LAGIDTLLIRA)
miz 1155.7124 (3.2 ppm)

LKDELLFPSWEA)
m/z 1447.8591

coordinates which synergistically increases molecular informa-
tion obtained from a single tissue section. Our work has shown
that serial application of these enzymes does not impair the
quality of the signal of the following enzyme, and in some
cases it improves it. This workflow on a single tissue section
allows for deep tissue mining of the extracellular matrix as well
as colocalization and correlation studies between analytes.
Work by Heijs et al. described an elegant bioinformatic
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Fig. 7 Collagenase type III collagen peptide signal and reproducibility
study after removing the chondroitin sulfates, N-glycans, and elastin
peptides. a—c¢ Representative images of COLase3 peptides in three
separate aortic valve samples that have been digested with the serial
enzyme methodology. d Annotated spectra of COLase3 alone (top,
black) and COLase3 signal post-CS-N-glycan-elastin removal (bottom,
blue), with corresponding peptide sequences shown in e. f Quantification

of the percent change in peak signal intensity for all COLase3 peptides
identified. Each point represents a COLase3 peptide peak with a boxplot
of'the data shown to the right. g Quantification of total number of peptides
identified between C3 alone (black) and C3 post-CS-N-glycan-elastin
removal (gray). Data shown for the three tissues in a—c. P* indicates
hydroxyproline
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approach to colocalize N-glycan tissue maps to tryptic glyco-
peptide mapping [13]. A similar technique could be used in this
current study not only for collagenase and elastin peptides but
also for N-glycans and CS GAGs.

A serial enzyme method as outlined in this study may have
advantages for proteoglycan analysis. For example, digestions
with chondroitinase ABC leave behind a disaccharide and
linker tetrasaccharide attached to the core protein that is later
cleaved with COLase3 [36]. This unsaturated linker could be
used in future studies to determine potential GAG linker sites
on identified CS proteoglycan peptides (e.g., decorin,
biglycan) [27]. While currently unexplored, this same linker-
tracking methodology may be applicable with heparan sulfate
proteoglycans and hyalectan proteoglycans, which are also
detected via our COLase3 digest methodology.

The current work focuses on strategies for imaging of
COLase3-produced glycopeptides. Previous studies have
shown that PNGase F digestion combined with 'O water
may be used to demark occupied sites of N-glycosylation on
a tryptic glycopeptide [37]. For ECM analysis, this strategy
combines PNGase F digestion in '*0 water followed by
COLase3 to understand site occupancy of ECM glycopeptides.
An additional strategy incorporates another enzyme,
endoglycosidase F3, into this workflow. Endoglycosidase F3,
which cleaves N-glycans directly above the core fucose-N-
acetylglucasamine structure, creates an effective tag for core-
fucosylated N-glycopeptides [38, 39]. While not yet applied to
glycopeptide imaging studies, this mass shift has shown to be a
trackable linker in glycopeptide LC-MS/MS workflows [38].

Conclusions

The serial application of chondroitinase ABC, PNGaseF, elas-
tase, and collagenase type III, along with specific washing steps,
allows for the mapping of the complex ECM from the same
5-um tissue section. This multimodal approach may be useful
for deep mining of extracellular matrix information from difficult
to obtain tissues, as one tissue section can be evaluated for (1)
pathology via histology, (2) CS GAGs, (3) N-glycans, (4) elas-
tin, and (5) collagens and other ECM peptides. Ongoing studies
aim to incorporate (i) hyaluronidase treatment to visualize
hyaluronic acid; (ii) endoglycosidase F3, to identify core-
fucosylated N-glycan structures; and (iii) trypsin, to further probe
the ECM and non-ECM proteome. This multi-enzyme strategy
is beneficial in clinical and biomedical research studies of the
extracellular matrix, where patient samples may be limited.
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