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Abstract

Mammalian hyaluronidases are endo-N-acetyl-D-hexosaminidases involved in the catabolism
of hyaluronic acid (HA) but their role in the catabolism of chondroitin sulfate (CS) is also
examined. HA and CS are glycosaminoglycans (GAGs) implicated in several physiological
and pathological processes, and understanding their metabolism is of significant importance.
Data have been previously reported on the degradation of CS under the action of
hyaluronidase, yet a detailed structural investigation of CS depolymerization products remains
necessary to improve our knowledge of the CS depolymerizyng activity of hyaluronidase. For
that purpose, the fine structural characterization of CS oligosaccharides formed upon the
enzymatic depolymerization of various CS sub-types by hyaluronidase has been carried out
by high resolution Orbitrap mass spectrometry and extreme UV (XUYV) photodissociation
tandem mass spectrometry. The exact mass measurements show the formation of wide size
range of even oligosaccharides upon digestion of CS-A and CS-C comprising hexa- and octa-
saccharides among the main digestion products, as well as formation of small quantities of
odd-numbered oligosaccharides, while no hyaluronidase activity was detected on CS-B. In
addition, slight differences have been observed in the distribution of oligosaccharides in the
digestion mixture of CS-A and CS-C, the contribution of longer oligosaccharides being
significantly higher for CS-C. The sequence of CS oligosaccharide products determined XUV
photodissociation experiments verifies the selective B(1—4) glycosidic bond cleavage
catalyzed by mammal hyaluronidase. The ability of the mammal hyaluronidase to produce
hexa- and higher oligosaccharides supports its role in the catabolism of CS anchored to

membrane proteoglycans and in extra-cellular matrix.
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1. Introduction

Defects in the catabolism of glycosaminoglycans (GAGs) and their subsequent accumulation
within biological matrices and tissues are associated with several pathological states and
diseases. GAGs are a family of linear polysaccharides present on the cell surfaces and in the
extracellular matrix, which play important roles in the interaction between cells and matrix,
and are involved in a wide variety of biological processes such as cell proliferation,
differentiation and migration (Jackson, Busch, and Cardin 1991; Sugahara et al. 2003). The
GAGs chondroitin sulfate (CS) and hyaluronic acid (HA) are involved in cartilage pathologies
(Schiller et al. 1996). In rheumatic diseases, CS and HA oligosaccharide chains accumulate in
synovial fluids causing joint inflammation (Schiller et al. 1996). For this reason and also the
implication in other biological processes, understanding their metabolism is of great

importance.

CS and HA have distinct catabolism depending on their structure. CS consists of a repeating
disaccharide unit of -4GIcUAB1-3GalNAcB1- (GlcUA = D-glucuronic acid and GalNAc = N-
acetyl-D-galactosamine), which can be sulfated at one or multiple positions as follows: O-
sulfation at C2 on GIcUA, and 4 / 6 positions on GalNAc. Therefore, different combinations
of above-mentioned possibilities can occur leading to the following CS families: CS-A
(GIcUA- GalNAc(4S)), CS-C (GlcUA-GalNAc(6S)), CS-D (GIcUA(2S)-GalNAc(6S)), CS-E
(GIlcUA-GalNAc(4S,6S)) and CS-T (GIcUA(2S)-GalNAc(48S,6S)), where 2S, 4S, and 6S
represent 2-O-, 4-O-, and 6-O-sulfations, respectively (Farrugia et al. 2019). In addition to
sulfation, epimerization of the C6 carboxyl group converts GlcUA into L-iduronic acid (IdoA)
resulting in CS-B (IdoA- GalNAc(4S)) also known as dermatan sulfate (DS). The cellular
degradation of CS is known to occur in lysosomes; however its exact mechanisms at early
stage of catabolism, which might involve exo/endopolysaccharidases, are still poorly

understood. HA consists of a repeating disaccharide unit of -4GlcUABI-3GIcNAcp1-
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(GIcNAc = N-acetyl-D-glucosamine). Unlike CS catabolism, the physiological
depolymerization of HA is known to be mediated by different hyaluronidase enzymes (EC
3.2.1.35) (Csoka, Frost, and Stern 2001; Meyer and Rapport 1952; Necas et al. 2008; Stern
2003; Wang, Wang, and Li 2017). Given the same B-glycosidic linkages in CS and HA
backbones sharing the repeating disaccharide unit -4Uronic acidf1-3/N-Acetylhexosaminef1-,
the role of the hyaluronidases in CS catabolism has been previously examined (Honda et al.
2012; Yamada 2015). The human hyaluronidase-4 has been shown active in vivo on
chondroitin sulfate with enzyme activity depending on CS structures (Farrugia et al. 2019;

Kaneiwa et al. 2010; Stern and Jedrzejas 2006; Yamada 2012, 2015).

NMR studies of degradation products from CS and HA in synovial fluid has been previously
reported, but the characterization of oligosaccharide structures were difficult due to broad and
overlapping signals in NMR spectra (Schiller et al. 1996). Atmospheric pressure ionization
mass spectrometry has been employed to monitor the products of the reaction between
hyaluronic acid oligosaccharides and bovine testicular hyaluronidase (Takagaki et al. 1994),
and MALDI mass spectrometry has been also used to analyze the depolymerization of crude
HA and CS by testicular hyaluronidase and to investigate the degradation products of nasal
cartilage (Schiller et al. 1999). This later study showed the ability of hyaluronidase to catalyze
the depolymerization of CS. However, in absence of tandem mass spectrometry (MS/MS), it
did not provide an accurate structural determination of the formed CS oligosaccharides. More
recently the human hyaluronidase-4 activity on CS have been studied by steric and ion
exchange chromatography, showing endopolysaccharidase activity on CS in mammals
(Kaneiwa et al. 2010). It showed preferential depolymerization of CS-D, then CS-C and CS-A
substrates among the different CS families, as well as regioselectivity of the glycosidic
cleavage (Kaneiwa et al. 2010). However, sparse structural data were provided on the sulfated

sequences of CS oligosaccharides formed by hyaluronidase.
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Advent of electrospray ionization- mass spectrometry (ESI-MS) with maximal conservation
of the labile sulfate groups in the gas phase, and also the development of a wide variety of
fragmentation techniques (Bayat, Lesage, and Cole 2020; Pepi et al. 2020) fostered significant
advancement in the structural elucidation of GAGs (Chi, Amster, and Linhardt 2005; Kubaski
et al. 2017; Laremore et al. 2009; Minsky et al. 2018; Naggar, Costello, and Zaia 2004;
Solakyildirim 2019; Joseph Zaia 2013). Among various tandem mass spectrometry techniques
that have been employed for the analysis of GAGs, collision-induced dissociation (CID) (Ly
et al. 2011; J. Zaia, McClellan, and Costello 2001; Joseph Zaia et al. 2003; Joseph Zaia and
Costello 2003), infrared multiphoton dissociation (IRMPD) (Leach, Xiao, et al. 2011; Lettow
et al. 2020; Schindler et al. 2017; Wolff et al. 2008b), electron detachment dissociation (EDD)
(Agyekum et al. 2015; Kailemia et al. 2014; Leach, Xiao, et al. 2011; Leach, Arungundram, et
al. 2012; Leach, Ly, et al. 2012; Wolff et al. 2007, 2008b, 2008a), negative electron transfer
dissociation (NETD) (Leach et al. 2017; Leach, Wolff, et al. 2011; Wei et al. 2019; Wolff et
al. 2010; Wu et al. 2018), and ultraviolet photodissociation (UVPD)(Klein et al. 2019; Racaud
et al. 2009) can be mentioned. Recently, extreme UV (XUV) photodissociation tandem mass
spectrometry was introduced that allows producing a substantially informative fragmentation
pattern compared to the classical tandem mass spectrometry techniques (Ropartz et al. 2014,
2015). In the study herein, we report the fine structural characterization of CS
oligosaccharides formed upon the enzyme depolymerization of CS by mammal hyaluronidase
(sheep testes, EC 3.2.35) by using ESI-MS and XUV photodissociation without prior
derivatization. Size distribution and sulfate patterns were determined, establishing the
structure of CS oligosaccharides formed by hyaluronidase and improving our current

knowledge about the catabolism of CS by hyaluronidase.
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2. Materials and Methods

2.1. Chemicals

The following materials were purchased from Sigma-Aldrich (Saint-Quentin Fallavier,
France): chondroitin sulfate CS-A from bovine trachea (C-8529, ~ 70 % purity), CS-C from
shark cartilage (C4384, ~90 % purity), dermatan sulfate DS from porcine intestinal mucosa
(C-3788, = 90 % purity), hyaluronidase (hyaluronate 4-glycanohydrolase 380 u/mg) from
sheep testes (H2126), methanol, acetonitrile, acetic acid, formaldehyde (>36%), Alcian blue
8GX and silver nitrate. Ultra-pure water (18.2 MQ) was obtained from a Milli-Q purification
system (Millipore). Rotiphorese 40 % acrylamide/bisacrylamide (29:1) solution was obtained
from Roth (Karlsruhe/Germany). Bio-Gel P-10 was purchased from Bio-Rad (Marnes-la-

Coquette).

2.2. Depolymerization by mammal hyaluronidase

Enzyme digestion was performed in the reaction buffer 20 mM sodium phosphate, 77 mM
NaCl, pH 7, containing chondroitin sulfate/ dermatan sulfate at a concentration adjusted
according to the subsequent analytical method. The reaction was initiated by addition of
hyaluronidase (Hyal, 1000 u/mL). After overnight incubation at 37°C, digestion was stopped

by heating the samples at 95°C for 5 min.

For MS analysis, 25 uL of 0.8 mg/mL chondroitin sulfate / dermatan sulfate stock solution in
water was diluted in 50 pL reaction buffer. Enzyme digestion was initiated by addition of 20
uL of Hyal (1000 u/mL). After overnight incubation and stopping reaction by heating, the
reaction mixtures were centrifuged at 15000 rpm for 10 min, and supernatants were collected

for MS analysis.

For carbohydrate gel electrophoresis, 6 pug of chondroitin sulfate / dermatan sulfate was mixed

with 6 puL of Hyal. After overnight incubation and stopping reaction by heating at 95°C, 4 uL
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of glycerol (50 %) and 2 pL of phenol red were added to the reaction mixture.

For size exclusion chromatography, 2.5 mg of chondroitin sulfate / dermatan sulfate was
solubilized in 100 pL of reaction buffer containing 1000 uw/mL of Hyal. After overnight
incubation at 37°C and stopping reaction by heating, solution was loaded on preparative size

exclusion chromatography Biogel column.

2.3. Carbohydrate-polyacrylamide gel electrophoresis

Carbohydrate-polyacrylamide gel electrophoresis (C-PAGE) was performed in
polyacrylamide gels (8.3 X 7.3 cm; thickness = 1 mm) composed of acrylamide:bis-
acrylamide in a 100 mM Tris-HCI buffer, pH 7.8 at 6% and 27% for stacking and resolving
gels, respectively. The total reaction mixtures (6 pg of CS/DS, 1 uL) were loaded into wells.
Gels were run in a Mini-PROTEAN® Tetracell system (Bio-Rad) by applying a constant
voltage of 250 V for 45 min and using 40 mM Tris, 40 mM acetic acid, pH 7.8 as running
buffer. For the sake of sensitive detection, a double staining was performed using Alcian blue
and silver nitrate successively, as reported elsewhere (Bodet et al. 2017). At the end of the
run, the gel was immerged into Alcian blue solution (0.5 %) with 2 % of acetic acid for 10
min under moderate stirring conditions. The Alcian blue staining solution was then
withdrawn, and the gel was immersed in water for at least one hour under stirring until
appearance of blue stained bands. The gel was then immersed in silver nitrate solution (0.4 %
in water) in complete darkness for 10 min. The gel was then rinsed three times with water
before addition of the developing solution composed of 7 g of sodium carbonate and 80 pL of
formaldehyde diluted in 100 mL water. Once new bands appeared, the developing solution

was removed and replaced by acetic acid (5 %) to stop the coloration.

2.4. Size exclusion chromatography

Size exclusion chromatography was performed on a Bio-Gel P-10 column (Bio-Rad,

Hercules, CA, USA) (85 x 3.5 cm equilibrated with 0.25 M NaCl, and run at 0.35 mL/min.
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Fractions were collected every 10 minutes for 24 hours with an ISCO 328 fraction collector.
Elution was constantly monitored by UV detection at 210 nm with a Merck L-4000 UV
detector (range 0.01, medium response). Eluted material consisted of a graded series of size-
uniform oligosaccharides from disaccharide (dp2) to dodecasaccharide (dp12). To ensure size
homogeneity, only the top peaks of each fraction were pooled and lyophilized before further
processing. Isolated dried fractions were desalted by gel filtration on a Superdex 30 Increase
10/300 GL column (GE Healthcare Life sciences, Velizy-Villacoublay, France) using an Akta
UV-900 (Amersham, Buckinghamshire, United Kingdom) chromatography system. The
Superdex 30 column was equilibrated and run with 0.1 mM NaCl, at 1 mL/min, and elution
was monitored by UV detection at 214 nm. Desalted saccharides were finally lyophilized and

kept at -20°C until further analysis.

2.5. ESI-MS and tandem MS analysis

ESI MS analysis of size exclusion chromatography purified oligosaccharides was performed
using a LTQ XL mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA). Freeze-
dried oligosaccharides were solubilized in 250 pL water/methanol 50/50 v/v and infused at 3

puL/min flow rate using a syringe pump.

High resolution MS experiments using a LTQ-XL/Orbitrap hybrid instrument (Thermo Fisher
Scientific, San Jose, CA, USA) were carried out to analyze the enzyme reaction mixtures. 2
pL of the digestion solutions were diluted in 1 mL of methanol, and were infused into the
electrospray ionization (ESI) source at a flow rate of 3 uL/min using a syringe pump. Control
solutions were prepared containing either only enzyme (spectrum is not shown) or only

polysaccharide, (Fig. S3).

The auxiliary, and sweep gas flows were set at 0 (arbitrary unit) and the temperature of the
drying gas was set at 275°C. Electrospray voltage was set at 3.8 kV, capillary voltage at -40 V

and tube lens offset at -40 V. These ion source conditions have been adjusted in a way to
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minimize in-source fragmentation and at the same time to get reasonable ion intensities.

2.6. XUV photodissociation

XUV photodissociation experiments were performed using extreme UV radiation delivered
by the DISCO beamline at the SOLEIL synchrotron radiation facility (Saint-Aubin, France).
A LTQ XL mass spectrometer (Thermo Fisher Scientific, San Jose, CA, USA) was on-line
connected to the end station of the DISCO beamline (Giuliani et al. 2009). A photon shutter
was used to synchronize the photon irradiation with precursor ions trapping. The photon
energy was set to 18 eV and the irradiation time was set to 1 s. Precursor ions were isolated
with an isolation window of 3 u and the normalized collision energy (NCE) was set to zero to
have only XUV activation. For collision-induced dissociation (CID) mass spectra (using the
same mass spectrometer), the photon irradiation was stopped, and fragmentation was achieved

by increasing the NCE. Thermo Xcalibur 3.0.63 software was used for analyzing the spectra.

3. Results and Discussion

3.1. Analysis of CS and DS depolymerization by gel electrophoresis, and size exclusion
chromatography

Depolymerization activity of Hyal on chondroitin sulfate (CS-A and CS-C) and dermatan
sulfate (DS) was first assessed by carbohydrate- polyacrylamide gel electrophoresis (C-
PAGE) (Figure 1). The C-PAGE profiles of the CS-A and CS-C digests revealed the
disappearance of the bands corresponding to CS-A and CS-C polysaccharides upon
incubation with Hyal, indicating the full depolymerization of these substrates. Several bands
with similar profiles for both CS-A and CS-C appeared at lower molecular weight range,
which were attributed to oligosaccharides issued from depolymerization. By contrast, the DS
digestion mixture showed neither modification of the polysaccharide content nor formation of

oligosaccharide products, supporting the lack of activity of Hyal on dermatan sulfate,
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consistent with previous studies (Kaneiwa et al. 2010).

Oligosaccharide products were then separated and purified by size exclusion chromatography
(SEC). CS-A and CS-C digests yielded similar peak distributions on SEC chromatograms,
which were attributed to oligosaccharides ranging from di- to octadeca-sacccharides based on
column calibration (Fig. S1). By contrast, no such oligosaccharide peaks were detected with
DS, and this polysaccharide remained mostly intact as deduced from its detection as a single
peak eluted at void volume. Overall, these results from gel electrophoresis and SEC
chromatography indicated that compared to dermatan sulfate, chondroitin sulfate is the

preferred substrate of Hyal.

3.2. Mass spectrometry analysis of the CS/DS depolymerization products

To get further structural insight into the oligosaccharides formed by Hyal, their analysis was
carried out by negative ionization ESI MS. Mass spectra obtained for three example SEC
fractions from CS-A and CS-C digests exhibited multi-charged ion pattern corresponding to
structures with the repeating units (GlcUA-GalNAcS),, ranging mainly from dp4 to dpl8
(Fig. S2). It is worth noting that the formed oligosaccharides were saturated, consistent with
the hydrolase-type mechanism of Hyal. These results confirmed the depolymerization of
chondroitin sulfate, either sulfated on C4 (CS-A) or C6 (CS-C), into even-numbered

oligosaccharides.

To achieve a comprehensive structural identification of the enzyme products, the reaction
mixtures from chondroitin sulfate and dermatan sulfate digests were also directly analyzed by
high-resolution ESI-MS on LTQ Orbitrap. The mass spectra of the CS-A digest showed ion
distributions (theoretical and experimental m/z values of all the identified ions along with their
absolute intensities are reported in Table S1) mainly attributed to (GlcUA-GalNacS)-based
oligosaccharides ranging from dp2 to dp18 (Fig. 2), i.e. consistent with SEC result but a larger

range than observed by C-PAGE likely due to the lower sensitivity of gel staining.

10
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In order to have a better insight into the formation of CS oligosaccharides by Hyal, the
absolute intensities of corresponding ions have been plotted according to their size, taking
into account all the charge states for each oligosaccharide (Fig. 2d). Based on this signal
quantification, the major decomposition products of CS-A by Hyal are dp4, dp6, dp8, dp10
and dp12 with a marked prevalence of hexasaccharide (dp6), which represented more than 40
% of the detected oligosaccharides. Relative abundances of various oligosaccharides are not
totally consistent with their corresponding peak areas in size exclusion chromatogram that is
most probably due to the dissimilar ionization and transportation efficiency of different
oligosaccharides or space charge effects. The presence of oligosaccharides containing one or
two sulfate less than the intact oligosaccharides was also detected in small amount, with their
relative abundances increasing with the oligosaccharide size. This observation may be due
either to some undersulfated sequences in the polysaccharide substrate, or to the loss of
sulfate upon the MS ionization process. It should be mentioned that minor saturated odd-
numbered oligosaccharides (dp3, to dpl3) were also detected in addition to the even-
numbered oligosaccharides, but at lower signal intensity. These odd oligosaccharides could
result either from in-source fragmentation of even-numbered oligosaccharides or from the
enzyme activity. We assume they resulted from Hyal activity since we observed small peaks
interspersed between the major even-numbered oligosaccharide peaks on SEC chromatogram,
which likely correspond to odd oligosaccharides. Formation of odd-numbered
oligosaccharides from hyaluronan by leech and bovine teste hyaluronidases has been reported
recently (He et al. 2020). Unlike even oligosaccharides, they have identical reducing and non-
reducing ends, either a GIcUA residue or a GalNAc(4S) residue as determined by high-
resolution ESI-Orbitrap analysis, as for example the pentasaccharides GlcUA- GalNAc(4S)-
GlcUA- GalNAc(4S)- GIcUA (annotated as GlcUA-dp5 in Fig. 2) and GaINAc(4S)-GIcUA-

GalNAc(4S)- GIcUA- GalNAc(4S) (annotated as GalNAc-dp5S in Fig. 2). CS-A odd

11
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oligosaccharides with GalNAc (4S) unit at the reducing and non-reducing ends are more

dominant in the spectrum.

Mass spectrum of the CS-C digest exhibited comparable ions species attributed to (GIcUA-
GalNacS)-based oligosaccharides ranging from dp2 to dp20 (Fig. 3, m/z values of all the
identified ions along with their absolute intensities are reported in in Table S2). The major
formed oligosaccharides are as follows: dp4, dp6, dp8, dp10, dp12, dp14 and dp16. However,
their distribution according to signal intensity showed difference with CS-A (Fig. 3).
Although dp6 is again the dominant formed oligosaccharide, the contribution of longer
oligosaccharides is significantly higher than in CS-A digest. This difference in the size
distribution of oligosaccharides produced by Hyal from CS-A and CS-C polysaccharides
could be qualitatively observed from their respective mass spectra, but not from their
corresponding C-PAGE profiles. As observed in CS-A digest, odd-numbered oligosaccharides
of low intensity, and oligosaccharides with sulfate loss were clearly detected in the spectrum
of CS-C digest. These results demonstrate that both CS-A and CS-C polysaccharides are

substrate of Hyal, albeit with difference in the size distribution of formed oligosaccharides.

The DS / Hyal reaction mixture was also analyzed by ESI-MS despite the lack of
oligosaccharides detected by C-PAGE and SEC upon incubation of dermatan sulfate with
Hyal. Mass spectrum showed ions of very low intensity, which were attributed to (GlcUA-
GalNacS)-based oligosaccharides ranging in size from dp4 to dp12. (Fig. S4, m/z values of all
the identified ions along with their absolute intensities in Table S3). However, a control
incubation of pure DS dodecasaccharide with Hyal failed to evidence any oligosaccharide
ions on mass spectrum (Fig. S5), suggesting that (GlcUA-GalNacS)-based oligosaccharides
detected in dermatan digest arose from either DS oligosaccharides initially present in DS

polysaccharide preparation or from CS contaminant.

It has to be emphasized that direct comparison of the absolute MS intensities of individual

12
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ions between CS digests is not legitimate, because in each digest, different kinds of ions with
dissimilar concentrations exist which influences on the ionization efficiency and ion
suppression effects. However, the relative intensities of ions in each digest gives reliable
information about the enzymatic activity of the Hyal on a given polysaccharide. Based on the
high-resolution ESI-MS experiments, it can be concluded that CS-A and CS-C, but not CS-B,
are depolymerized by Hyal, but they produced dissimilar distribution of oligosaccharides. At
this stage, it must be noted that MS analysis alone cannot ascertain the sequence of formed
oligosaccharides, which were determined by tandem MS using XUV activation presented in

the next section.

3.3. XUV photodissociation tandem mass spectrometry analysis

Compared to usual collisional dissociation methods, which lead to limited informative
fragmentation in carbohydrate analysis, the recently emerged XUV photodissociation appears
as an attractive activation technique (Giuliani, Williams, and Green 2018). Indeed, XUV
photodissociation applied to the structural characterization of various sugars, has been
reported to provide structurally informative cross ring cleavage ions (Ropartz et al. 2014,
2015). XUV photodissociation tandem mass spectrometry of CS oligosaccharides confirmed
the greater cross-ring fragmentation obtained in a single MS/MS step as compared to CID
experiments in which fragment ions resulted mainly from glycosidic bond cleavages (see CID
fragments from the CS-A hexasaccharide ion [dp6-4H]* and CS-C octasaccharide ion [dp8-
5H]% are in Tables S6 and S7 and corresponding mass spectra in Fig. S6 and Fig. S7,
respectively). Fig. 4 and Fig. 5 present the XUV fragmentation spectra of CS-A
hexasaccharide and CS-C octasaccharide as two representative examples, and their respective
cleavage maps for the selected ions [dp6-4H]* and [dp8-5H]>-. All the identified fragment
ions have been listed in Tables S4 and S5. In the fragment ion map of Fig. 4, cleavages such

as 37 As%, 13X, 15X32%, 23X3%, 19X 3 and 3°Xs3- from CS-A dp6 (plain lines in the cleavage

13
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map Fig. 4, Domon and Costello nomenclature (Domon and Costello 1988)), demonstrate that
Hyal cleaves the (1—4) linkage, resulting in GIcUA residue at the non-reducing end of the
formed oligosaccharide. Similarly, 24A,, 3°As>, 3°A, X, X3, 29X+ and 3°X;*
cleavages from CS-C dp8 (Fig. 5) confirm the presence of GIcUA at the non-reducing end of
the [dp8-5H]> ion. The specific cleavage of B(1—4) linkage by Hyal has been previously
explained for HA degradation as a result of either the helical structure of HA with exposed
B(1—4) bonds or the larger conformational flexibility of B(1—4) linkage compared to
B(1—3) bond (Stern and Jedrzejas 2006). The XUV fragmentation spectra showed
preservation of the sulfate groups in fragment ions similarly to UVPD experiments (Klein et
al. 2019), which is useful to the determination of the sulfate group location, and consistently
indicating sulfation on C4 and C6 of GalNac residues of oligosaccharides from CS-A and CS-

C digests, respectively.

4. Conclusions

In this study we have investigated the activity of the mammal Hyal on chondroitin sulfate
polysaccharides. Although the different CS-A and CS-C polysaccharides exhibit similar
degradation pattern upon the action of Hyal in C-PAGE and SEC separations, the exact mass
measurements by MS analysis showed different distribution of depolymerization products
according to the sulfate position, the CS-C (4-O-sulfated) digestion mixture containing a
higher abundance of longer oligosaccharides such as dpl10 and dp12. The ability of Hyal to
produce hexa- and higher oligosaccharides makes it a valuable tool for the structural analysis
of GAGs. In addition, the exact mass measurements evidenced the formation of of odd-
numbered oligosaccharides in low amount. No Hyal activity was detected on dermatan
sulfate, confirming that the C5 epimerization of the GIcUA into IdoA residue is an obstacle to

the activity of hyaluronidase. One can assume that the C5 epimerization alters the recognition

14
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of the uronic residue at the Hyal active site or that it may modify the exposition of the nearby
the B(1—4) glycosidic bond. Finally, XUV photodissociation experiments performed for the
first time on glycosaminoglycans, established the sequence and sulfate pattern of CS
oligosaccharides formed by Hyal, and extended to the CS polysaccharides family the cleavage
specificity of Hyal for the B(1—4) glycosidic bond. Overall, these results support the role of
the secreted mammal Hyal in the early catabolism of CS anchored to membrane
proteoglycans and in extra-cellular matrix (Farrugia et al. 2019). Its endopolysaccharidase
activity produce CS oligosaccharides of polymerization degree range compatible with

subsequent degradation by CS specific exohydrolases and sulfatases in cellular lysosomes.
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Figure captions

Fig. 1- C-PAGE profile of intact CS-A, DS and CS-C and their corresponding digests. Digestion was
performed by incubation of 6 pug of each individual polysaccharide with 6 pL of 1000 w/mL Hyal at
37°C overnight. 27% polyacrylamide gel electrophoresis, double staining by Alcian blue and silver
nitrate.

Fig. 2- Negative ion mode ESI- Orbitrap mass spectrum of the CS-A digest. To have a better view of
the observed ions, different regions of the spectrum are separately shown as follows: (a) m/z 250-500,
(b) m/z 500-750, and (c) m/z 750-1000 ranges. Ions indicated by red stars have been present in the
control solution containing only the enzyme without substrate; ion indicated by a pink star has been
present in the control solution containing only the substrate in the absence of the enzyme; no ion was
identified in the m/z 750-1000 range (panel (c)). (d) Absolute intensities of the different
oligosaccharides observed in the ESI-Orbitrap mass spectrum of the CS-A digest plotted according to
their size, taking into account all the charge states for each oligosaccharide. For each individual ion
only the intensity of the monoisotopic peak was counted. Digestion was performed by incubation of
0.2 mg of CS-A with 20 pL of Hyal (1000 u/mL) at 37°C overnight. Direct infusion (3 pL/min) of the
digestion mixture diluted in methanol.

Fig. 3- Negative ion mode ESI- Orbitrap spectrum of the CS-C digest. To have a better view of the
observed ions, different regions of the spectrum are shown separately as follows: (a) m/z 250-500, (b)
m/z 500-750, and (c) m/z 750-1000 ranges. lons indicated by red stars have been present in the control
solution containing only the enzyme without substrate. (d) Absolute intensities of different
oligosaccharides observed in the ESI-Orbitrap mass spectrum of the CS-C digest plotted according to
their size, taking into account all the charge states for each oligosaccharide. For each individual ion
only the intensity of the monoisotopic peak was counted. Digestion was performed by incubation of
0.2 mg of CS-C with 20 pL of Hyal (1000 u/mL) at 37°C overnight. Direct infusion (3 pL/min) of the
digestion mixture diluted in methanol.

Fig. 4- Extreme-UV photodissociation of hexasaccharide SEC fraction of CS-A digestion mixture. (a)
Fragmentation spectrum of the isolated ion [dp6-4H]* (m/z 347.8) and (b) XUV cleavage map
(without indication of the charge state of fragment ions due to space limitation). Cleavages indicated
with plain lines demonstrate the sequence with a GIcUA unit at the non-reducing end (GIcUA-
GalNAc(4S)- GIcUA- GalNAc(4S)). Identified fragment ions are summarized in Table S4. Digestion
conditions as in Fig. 2. Direct infusion (3 pL/min) of the digestion mixture diluted in methanol.

Fig. 5- Extreme-UV photodissociation of octasaccharide SEC fraction of CS-C digestion mixture. (a)
Fragmentation spectrum of the isolated ion [dp8-5H]>- (m/z 369.8) and (b) XUV cleavage map
(without indication of the charge state of fragment ions due to space limitation). Cleavages indicated
with plain lines demonstrate the sequence with a GIcUA unit in the non-reducing end (GIcUA-
GalNAc(6S)- GlcUA- GalNAc(6S)- GIcUA- GalNAc(6S)). Identified fragment ions are summarized
in Table S5. Digestion conditions as in Fig. 2. Direct infusion (3 pL/min) of the digestion mixture
diluted in methanol.
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Fig. 1- C-PAGE profile of intact CS-A, DS and CS-C and their corresponding digests. Digestion was
performed by incubation of 6 ug of each individual polysaccharide with 6 puL of 1000 u/mL Hyal at 37°C
overnight. 27% polyacrylamide gel electrophoresis, double staining by Alcian blue and silver nitrate.

254x290mm (300 x 300 DPI)



al
Palmitic acid

8
N &
i

2328

o,

263.2640
z=1

155 (dpB-5H)F
[E

278,035

z=5

Stearic acid

(dpa-3H)*
t0arr
7

L bk

Glycobiology

(dp6-4H)*
347.7969

(GaINAc-dp7-5H)™| 3

274

dp8-5H)*

369.8407
z=5

(dp6-5H+Na)*
1 S(dpt0-6H)™

(dpl2-THY™

b

§
H
]
§

2015
-t

._f
g
8
H

'Y
-]

" i

blank solution

(dpB-4H)*

;.
L3 £(GalNAc-dp9-5H)>
y
L)

(dp6-3H)>
464.0640

(dp6-4H+Na)**

5
i

]

aF

-

:

: Present in the control

(dp6-6H+3Na)*

i
&

260

18-9H-S0;+Na)*
18-10H-S0,+2Na)*

33
H4
«gdp
(dp

Relative Abundance
i
GalNAc-(dp9-4|
Ac-{dpg-5H+Na)

6.
5

GalN.
5 {180

do6-oH 80

28

(dp16-8H+Na)™

0 300 320

(dp10-4H-S0,)*
557.3402

=4

u
(dp10-5H+Na)*

dp10-6H-SO+2Na)*
g
g
g

3
2,

540 560

800.5413

=2

789.5511
=2

340 360

dp8-3H-S0,)*
¢ P son39 o}
=3

(dp10-6H+2Na)*

S
=3
s

miz

460 420 410

*
653.299
z=1

(dp8-5H+2Na)*
— (dp8-6H+3Na)*

(dp8-TH+4Na)>

(dp8-4H-S0,+Na)*
>

(dp8-5H-S0,+2Na)*
(dp8-6H-S0,+3Na)*

6463946
|23

% £(dp84H+Na)®

=1

|— (dp6-3H+Na)*

dp6-4H+2Na)*

718.5800
=2

»
&7
5

(dp6-5H+3Na)*

r
'

& (dp6-6H+4Na)>

i o
g

R

860.5206
=7

849.5282

miz

g

950.4887
=7

413x719mm (600 x 600 DPI)

~F
i
8

971.6008
=7

981.0894
=7

e
&

Fig. 2- Negative ion mode ESI- Orbitrap mass spectrum of the CS-A digest. To have a better view of the
observed ions, different regions of the spectrum are separately shown as follows: (a) m/z 250-500, (b) m/z
500-750, and (c) m/z 750-1000 ranges. Ions indicated by red stars have been present in the control
solution containing only the enzyme without substrate; ion indicated by a pink star has been present in the
control solution containing only the substrate in the absence of the enzyme; no ion was identified in the m/z
750-1000 range (panel (c¢)). (d) Absolute intensities of the different oligosaccharides observed in the ESI-
Orbitrap mass spectrum of the CS-A digest plotted according to their size, taking into account all the charge
states for each oligosaccharide. For each individual ion only the intensity of the monoisotopic peak was
counted. Digestion was performed by incubation of 0.2 mg of CS-A with 20 pL of Hyal (1000 u/mL) at 37°C
overnight. Direct infusion (3 pL/min) of the digestion mixture diluted in methanol.
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Fig. 3- Negative ion mode ESI- Orbitrap spectrum of the CS-C digest. To have a better view of the observed
ions, different regions of the spectrum are shown separately as follows: (a) m/z 250-500, (b) m/z 500-750,
and (c) m/z 750-1000 ranges. Ions indicated by red stars have been present in the control solution
containing only the enzyme without substrate. (d) Absolute intensities of different oligosaccharides observed
in the ESI-Orbitrap mass spectrum of the CS-C digest plotted according to their size, taking into account all
the charge states for each oligosaccharide. For each individual ion only the intensity of the monoisotopic
peak was counted. Digestion was performed by incubation of 0.2 mg of CS-C with 20 uL of Hyal (1000
u/mL) at 37°C overnight. Direct infusion (3 uL/min) of the digestion mixture diluted in methanol.
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Fig. 4- Extreme-UV photodissociation of hexasaccharide SEC fraction of CS-A digestion mixture. (a)
Fragmentation spectrum of the isolated ion [dp6-4H]4- (m/z 347.8) and (b) XUV cleavage map (without
indication of the charge state of fragment ions due to space limitation). Cleavages indicated with plain lines
demonstrate the sequence with a GIcUA unit at the non-reducing end (GIcUA- GalNAc(4S)- GIcUA-
GalNAc(4S)). Identified fragment ions are summarized in Table S4. Digestion conditions as in Fig. 2. Direct
infusion (3 pL/min) of the digestion mixture diluted in methanol.

452x365mm (300 x 300 DPI)



Page 31 of 31 Glycobiology

(A)

100, [dp8;5H]>
957
90|
85 46242
804 4 4-
75 ‘m?w [85'2803]2-
8 704 _,.v’
S 651
-E 60 [ZGIBG'CO ]3-
3 Z, ws2s
2 55 28192
s 50 7.3 [£4/B,-GO,]
.; 45 ”E“ 43600
= 407
X 357
3,5x - 35p 3
"7 ng.l’ies- »§A7
SIS
Lricst A
48755

Fig. 5- Extreme-UV photodissociation of octasaccharide SEC fraction of CS-C digestion mixture. (a)
Fragmentation spectrum of the isolated ion [dp8-5H]5- (m/z 369.8) and (b) XUV cleavage map (without
indication of the charge state of fragment ions due to space limitation). Cleavages indicated with plain lines
demonstrate the sequence with a GIcUA unit in the non-reducing end (GIcUA- GalNAc(6S)- GIcUA-
GalNAc(6S)- GIcUA- GalNAc(6S)). Identified fragment ions are summarized in Table S5. Digestion conditions
as in Fig. 2. Direct infusion (3 pL/min) of the digestion mixture diluted in methanol.
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