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The objectives of the CHON-DERM-IMS project were the discovery and
characterization by ion mobility mass spectrometry (IMS MS) of chondroitin/dermatan
sulfate (CS/DS) motifs that show irregular sulfation and, therefore, are potentially
biologically active domains. For this purpose, a new and robust methodology based
on high-performance ion mobility mass spectrometry (IMS MS) in combination with
the technique of highly efficient fragmentation: collision-induced dissociation (CID)
was developed. The IMS MS and CID MS/MS method has been implemented for:

» compositional analysis of CS/DS chains

» detailed structural analysis of the biologically active sequences of CS/DS,
respectively of domains with irregular sulfation

* determination of the functional interactions of CS/DS with proteins and
thedetailed structural characterization by top-down fragmentation of the
formed complexes.

In order to achieve these technical and scientific objectives, the following research
stages were carried out:

1. Development of IMS MS and CID MS/MS for compositional and structural
analysis of CS/DS oligosaccharides. Discovery and detailed characterization of
irregularly sulfated CS/DS domains in human decorin and biglycan
Activities:
Al.1 Optimization of IMS separation and nanoESI MS detection of CS/DS by
using standard CS and DS fractions of known sulfation pattern.
Al.2 Optimization of IMS separation followed by CID MS/MS fragmentation of CS
and DS oligosaccharides by using standard fractions of known sulfation pattern.
Al1l.3 IMS and CID MS/MS compositional and detailed structural analysis of hybrid
CS/DS fractions (dp2 to dpl10) from conditioned media of cultured human skin
fibroblasts DCN.
Al.4 IMS and CID MS/MS compositional and detailed structural analysis of hybrid
CS/DS fractions (from dp2 to dp10) from HEK293 cell line BGN.
Al.5 Result dissemination


http://www.incemc.ro/

2. Human brain CS/DS: identification and structure elucidation of regularly and
irregularly sulfated motifs by IMS MS and CID MS/MS.
Activities:
A2.1 IMS MS of individual hybrid CS/DS fractions (from disaccharide- dp2 to
decasaccharide-dp10) extracted from human brain.
A2.2. IMS CID MS/MS detailed structural analysis of individual hybrid CS/DS
domains (from dp2 to dp10) extracted from human brain.
A2.3. IMS MS profiling and fragmentation analysis by CID MS/MS of brain CS/DS
oligosaccharide mixture resulted after depolymerization with Chon B.
A2.4. IMS MS profiling and fragmentation analysis by CID MS/MS of complex
brain CS/DS oligosaccharide mixture resulted after depolymerization with Chon
AC.
A2.5 Result dissemination

3. Determination of CS/DS-protein interactions by IMS MS and CID MS/MS
Activities:
A3.1 IMS MS and CID MS/MS screening and fragmentation analysis of FGF-2 in
different aq. buffer systems.
A3.2 IMS MS and CID MS/MS screening and fragmentation analysis of CS/DS
oligosaccharides in different aq. buffer systems.
A3.3 Binding assay: IMS MS and CID MS/MS determination and characterization
of FGF-2 protein interactions with CS/DS from DCN and BGN.
A3.4 Binding assay: IMS MS and CID MS/MS of FGF-2 protein interactions with
CS/DS oligosaccharides from human brain.
A3.5 Result dissemination

RESULTS
STAGE 1

The general strategy (Figure 1) for CS/DS analysis by IMS developed in our
laboratory within the CHON-DERM-IMS project includes four stages: 1) release of
CS/DS chains from PG by B-elimination; 2) digestion of the chains that results in the
cleavage of the glycosidic bonds between GalNAc and IdoA by using chondroitin B
lyase, through the specific elimination action of this lyase on the -3GalNAcB1-
4ldoAa1- link regardless of sulfation. For IMS MS analysis the depolymerization step
is mandatory because a CS, DS or hybrid CS/DS chain can comprise over 100
monosaccharides, each possibly sulfated in variable positions and amounts. The
CS/DS chains were also digested with chondroitin AC | lyase which specifically
cleaves the 3GalNAcB1-4GIcAB1 glycosidic bond; 3) dimensional fractionation by gel
filtration/dimensional exclusion chromatography of depolymerized chains and
collection of di-, tetra-, hexa-, octa-, decasaccharide fractions; 4) IMS MS and CID
MS/MS analysis of the fractions to determine the molecular ion masses and identify
the positions of the sulfate groups along the chain and/or inside the sugar ring from
the fragment ion masses.

The methodology developed, optimized and presented schematically in Figure
1 was first tested on standard samples. In Figure 2 it is presented for exemplification
the result of IMS MS optimization using a DS-type disaccharide sulfated at GalNAc in
the C4 position, which was separated by ion mobility, ionized by nanoESI in the
negative ion mode, detected and identified by QTOF MS.
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Figure 1. Workflow including the steps of extraction, preparation and IMS MS analysis of CS/DS,
including B-elimination, digestion using chondroitin B or AC lyase, fractionation by gel filtration
chromatography, collection and purification of oligosaccharides, IMS MS analysis, MS/MS and data
interpretation
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Figure 2. Driftscope display (drift time vs. m/z) of the total ion distribution of DS species from the
disaccharide standard sample (A-Di-4S) separated by IMS, total ion current chromatogram (TIC) by
IMS separation and the related mass spectrum. The ions were separated by IMS depending on the
charge state, the length and composition of the chain and the degree of sulfation
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Figure 3. Driftscope display of the total distribution of CS/DS species ions from the hexasaccharide
fraction of DCN, the TIC chromatogram and the related mass spectrum. The ions were separated by

IMS depending on the charge state, the length and composition of the chain and the degree of
sulfation
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Figure 4. Driftscope display (drift time vs. m/z) of the total distribution of ions corresponding to CS/DS

species from the fraction of hexasaccharides extracted and purified from BGN, separated by IMS, the
TIC chromatogram by IMS separation and the related mass spectrum
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Figure 5. Driftscope display (drift time vs. m/z) of the total distribution of ions corresponding to CS/DS
species fron
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Figure 6. (-) nanoESI IMS MS of the octa/deca CS/DS fraction extracted and purified from BGN

The working strategy tested on the standard samples was subsequently
applied for the detailed compositional and structural analysis by IMS MS and CID
MS/MS of the hybrid fractions (dp2-dpl0) of CS/DS from DCN from conditioned
culture medium of fibroblasts from human skin and for detailed compositional and
structural analysis by IMS MS and CID MS/MS of hybrid fractions (dp2-dp10) of
CS/DS from BGN from HEK293 cell lines.

The results of research by IMS MS of di-, tetra-, hexa-, octa- and decamer
oligosaccharides from DCN and BGN obtained by depolymerizing the chains with
chondroitin B and AC | lyase are exemplified in Figures 3-6 which show the
separation by IMS and the mass spectra detected by QTOF MS. Tables 1 and 2
present the interpretation of the spectra and the assignment of ions, systematizing: a)
the CS/DS species from DCN identified by IMS MS in all the fractions analyzed after
depolymerization with chondroitin AC lyase (Table 1) and respectively b) all the
CS/DS species from BGN identified by IMS MS in all fractions analyzed after chain
depolymerization with chondroitin B lyase (Table 2).



From the evaluation of the species identified in Tables 1 and 2, it can be observed
that:

- after digestion with chondroitin AC lyase and separation by IMS, no less than 33
distinct components could be identified in DCN for the first time, differing by chain
structure: chain length/number of repetitive units and degree of sulfation. It is worth
noting the discovery of no less than 9 distinct oversulfated CS/DS domains in DCN,
among which oligosaccharide motifs with a very high degree of oversulfation such as:
hexasulfated octasaccharide-[4,5-A-GIcAGalNAc(IdoAGalNAc)3] and the
hexasulfated hexasaccharide-[4,5-A-GlcAGalNAc(ldoAGalNAc).],  the latter
containing 6S0s, i.e. double the number of sulfate groups compared to the regularly
sulfated species;

 after digestion with chondroitin B lyase and separation by IMS, 27 distinct
domains could be identified in BGN for the first time, differing by the length of the
oligosaccharide chain, the number of repetitive units and the degree of sulfation, of
which 10 are oversulfated, i.e. containing more of one sulfate group per disaccharide
repeat. Among these, the most interesting from a biological point of view are the
motifs with a high degree of oversulfation such as the hexasulfated hexamer-[4,5-A-
GlcAGalNAc(ldoAGalNAc)2], the hexasulfated octasaccharide-4,5-A-
IdoAGalNAc(GIcAGalNAc)s] and the hexasulfated decasaccharide-[4,5-A-
ldoAGalNAc(GIcAGalNAC)4].

Table 1. CS/DS species identified in DCN by IMS MS after chain depolymerization with
chondroitin AC lyase

Structure Number of Detected ion
sulfates

[4,5-A-GIcAGalNAC] 0 [M-H*T
[4,5-A-GIlcAGalNAC] 1 [M-H*T
[4,5-A-GlcAGalNAc]-H.0 1 [M-H*T
[4,5-A-GlcAGalNAC] 2 [M-H*T
[4,5-A-GlcAGalNAc] -H,O 2 [M-H*T
[4,5-A-GlcAGaINAc(IdoAGalNAC)] 1 [M-2H*]*
[4,5-A-GlcAGaINAc(IdoAGalNAC)] 2 [M-2H*]*
[4,5-A-GlcAGaINAc(IdoAGalNAc)]-H.O 2 [M-2H*]*
[4,5-A-GlcAGalNAc(IdoAGalNAC),] 1 [M-3H']*
[4,5-A-GlcAGaINAc(ldoAGalNAc),]-H.0 2 [M-3H*]*
[GlcAGalNAc(ldoAGalNAC),] 2 [M-3H*]*
[4,5-A-GlcAGalNAc(ldoAGalNAC),] 3 [M-3H]*
[4,5-A-GlcAGalNAc(IdoAGalNAC),] 4 [M-3H']*
[4,5-A-GlcAGalNAc(IdoAGalNAC),] 5 [M-3H']*
[4,5-A-GlcAGalNAc(IdoAGalNAC),] 6 [M-3H']*
[4,5-A-GlcAGalNAc(ldoAGalNAC),] 0 [M-2H**
[GIcAGalNAc(ldoAGalNAC),] 0 [M-3H*+Na*]*
[4,5-A-GlcAGalNAc(ldoAGalNAC),] 1 [M-2H*]*
[GIcAGalNAc(IdoAGalNAC),] 1 [M-4H*+2Na*]*
[4,5-A-GlcAGalNAc(ldoAGalNAC),] 2 [M-2H*]*
[4,5-A-GlcAGalNAc(IdoAGalNACc)]-H.0 3 [M-2H*]*
[4,5-A-GlcAGalNAc(ldoAGalNAC),] 3 [M-2H*]*
[4,5-A-GlcAGalNAc(IdoAGalNAC),] 3 [M-3H*+Na*]*
[GlcAGalNAc(IdoAGalNAC),] 3 [M-3H*+Na']*
[4,5-A-GlcAGalNAc(IdoAGalNACc),]-H.0O 4 [M-2H']*
[4,5-A-GlcAGalNAc(IdoAGalNAC),] 4 [M-2H']*
[4,5-A-GlcAGalNAc(IdoAGalNAC),] 4 [M-3H*+Na']*




[GIcAGalNAc(ldoAGalNAc):] [M-3H*+Na*]*
[4,5-A-GlcAGalNAc(ldoAGalNAC)s] [M-2H*]*
[GIcAGalNAc(IdoAGalNAC),] [M-4H*+2Na']*
[GlcAGalNAc(ldoAGalNAC),] [M-2H']*

[GIcAGalNAc(IdoAGalNAC),]

[M-3H*+Na']*

[GIcAGalNAc(ldoAGalNAc)3]

[M-3H"+Na*]*

4

0

5

6

6

2
[4,5-A-GlcAGalNAc(IdoAGalNAC)3] 3 [M-2H*]*
[GlcAGalNAc(IdoAGalNAC)s] 4 [M-3H*+Na']*
[4,5-A-GlcAGalNAc(IdoAGalNACc)s]-H.0 5 [M-2H']*
[4,5-A-GlcAGalNAc(ldoAGalNAC)s] 5 [M-2H']*
[4,5-A-GlcAGalNAc(ldoAGalNAC)s] 6 [M-2H']*
[4,5-A-GlcAGalNAc(IdoAGalNACc),]-H.0 1 [M-H*T
[4,5-A-GIcAGalNAc(IdoAGalNAC),] 1 [M-HT
[4,5-A-GlcAGalNAc(IdoAGalNAC),] 1 [M-2H"+Na"
[4,5-A-GlcAGalNAc(IdoAGalNACc),]-3H.0O 3 [M-HT
[4,5-A-GlcAGalNAc(IdoAGalNAC)4] 5 [M-3H']*

(red: oversulfated species)

Table 2. CS/DS species identified in BGN by IMS MS after chain depolymerization with
chondroitin B lyase

Structure Number of Detected ion
sulfates
[4,5-A-ldoAGalNAc]- 2H,0 1 [M-H*T
[4,5-A-ldoAGalNACc] [M-H*T
[4,5-A-ldoAGalNAC] [M-HT

[4,5-A-ldoAGalNAc(GIcAGalNAC)]

[M-2H*+Na'T

[4,5-A-ldoAGalNAc(GIcAGalNAc)] - 2H.O

[M-H'T

[4,5-A-ldoAGalNAc(GIcAGalNAC);)

[M-3H+Na']*

[4,5-A-ldoAGalNAc(GIcAGalNAC)3)

[M-4H"+2Na"]*

1

2

2

2
[4,5-A-ldoAGalNAc(GIcAGalNAC)] 2 [M-H*T
[4,5-A-ldoAGalNAc(GIcAGalNAC),] 0 [M-5H*+2Na']*
[IdoAGalNAc(GIcAGaINAC),] 2 [M-3H']*
[4,5-A-ldoAGaINAc(GIcAGalNAC),] 3 [M-3H*]*
[4,5-A-IdoAGalNAc(GIcAGalNAC),] 5 [M-3H]*
[I[doAGalNAc(GIlcAGalNAC),] 5 [M-3H']*
[I[doAGalNAc(GlcAGalNAC),] 5 [M-5H*+2Na']*
[4,5-A-1doAGalNAc(GIcAGalNAC),] 6 [M-3H]*
[4,5-A-ldoAGaINAc(GIcAGalNAC),] 0 [M-2H*]*
[4,5-A-ldoAGalNAc(GIcAGalNAC),] 1 [M-2H*)*
[ldoAGalNAc(GIlcAGalNAC),] 1 [M-4H*+2Na']*
[4,5-A-ldoAGalNAc(GIcAGalNAC),] 2 [M-2H*)*
[4,5-A-ldoAGalNAc(GIcAGalNAC)2]-2H,0 3 [M-2H**
[4,5-A-ldoAGalNAc(GIcAGalNAC)2]-H.0O 3 [M-2H**
[ldoAGalNAc(GIlcAGalNAC),] 3 [M-3H*+Na*]*
[4,5-A-ldoAGalNAc(GIcAGalNACc)]-H.0O 4 [M-2H*]*
[4,5-A-1doAGalNAc(GIcAGalNAC),] 4 [M-2H*]*
[4,5-A-ldoAGalNAc(GIcAGalNAC)3] 0 [M-2H*)*
[4,5-A-1doAGalNAc(GIcAGalNACc),] 5 [M-2H*]*
[I[doAGalNAc(GlcAGalNAC),] 5 [M-2H*]*
[4,5-A-IdoGalNAc(GlcAGalNAC)3) 2 [M-3H"+Na*]*
[4,5-A-ldoAGalNAc(GIcAGalNAC)3] 3 [M-2H**
[4,5-A-ldoAGalNAc(GIcAGalNACc)s)-H.0O 4 [M-2H*]*

4

4

5

[4,5-A-ldoAGalNAc(GIcAGalNAC);)

[M-2H]




[ldoAGalNAc(GIcAGaINAC)3] 5 [M-2H"]*
[4,5-A-ldoAGaINAc(GIcAGalNAC);] 6 [M-2H"]*
[4,5-A-1doAGaINAC(GICAGaINAC)4]-H.0 2 [M-2H*]>
[4,5-A-1d0AGaINAC(GlcGalNAC)4]-2H,0 2 [M-2H*]?
[4,5-A-IdoAGalNAc(GIcAGaINAC)4] 6 [M-3H']*
[4,5-A-ldoAGaINAC(GIcAGaINAC).] 5 [M-3H*]*
[4,5-A-lIdoAGalNAc(GIcAGalNAC)3] 3 [M-2H*]*
(red: oversulfated species)

Next, a detailed structural analysis by IMS CID MS/MS of the detected CS/DS
species was carried out. For example, Figure 7 shows the IMS CID MS/MS
fragmentation analysis of the ion with m/z 457,859 detected in DCN, which
corresponds according to calculations to a monosulfated disaccharide structure A-
4,5-GlcAGalNAc(SO3). In the MS/MS spectrum resulting from the rigorous
optimization of the conditions, the entire series of characteristic ions was obtained,
which confirm the structure of A-4,5-GIcAGalNAc(SO3) with the location of the sulfate
group at GalNAc in position 4 (Figure 8).
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Figure 7. IMS CID MS/MS of the [M-H] ion at m/z 457,859 corresponding to the monosulfated A-4,5-
GlcAGalNACc(S) species in DCN. Acquisition 100 scans. CID at collision energy varying between 20-40
eV

Figure 8. Fragmentation scheme by IMS CID MS/MS and the determined structure of the [M-
H] ion at m/z 457,859 corresponding to the monosulfated disaccharide species A-4,5-GlcAGalNAc(S)
from DCN

Similarly, the optimization and application of the IMS CID MS/MS technique
for the structural analysis of the [M-H] ion at m/z 537,903 corresponding, according
to the exact molecular mass calculation, to the bisulfated disaccharide species of CS



A-4,5-GlcAGalNAc from BGN led to the precise determination of the position of the
two sulfate groups at C3 in IdoA and respectively C6 in the GalNAc unit.

STAGE 2

For CS/DS extraction from the brain the samples were centrifuged and the
supernatant was dissolved in Tris/HCI buffer and applied to an anion exchange
DEAE column. The proteoglycans were eluted with the buffer solvent and dialyzed in
water (dialysis membrane with MW cutoff 14000 Da). The intact GAG chains were
detached from the proteoglycan by B-elimination reaction and applied again to the
DEAE anion exchange column. The CS/DS structures were purified and then
depolymerized with chondroitin B lyase. This enzyme cleaves the bond between
GalNAc and L-IdoA following this strict specificity, which is independent of sulfation
content and pattern. The resulting oligosaccharides after depolymerization were
profiled by IMS MS (example in Figure 9 a,b, Figure 10 a,b and Table 3) and then
structurally analyzed by CID MS/MS (example in Figures 10-12).
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Figure 9. a) IMS MS profile visualized by driftscope display of CS/DS domains in the brain, obtained
by depolymerization with chondroitin B lyase; b) IMS MS profiling visualized by the separation
chromatogram depending on the chain length and sulfation pattern

IMS separation/profiling with high-resolution MS detection led to the
identification of no less than 61 ionic forms corresponding to 42 CS/DS structures
differing by the degree of sulfation, the chain length, between dp2 (disaccharide) and
dp10 (decasaccharide) and/or the saturation/unsaturation status of the molecule.
Among the 42 structures, no less than 36 have an irregular sulfation pattern deduced
from the number of sulfate groups in the respective CS/DS chain. 17 species are
oversulfated, presenting more than one SO3 per repetitive disaccharide unit, and 16
are undersulfated, having fewer sulfate groups than the number of disaccharides in
the constitution of the chain.



Table 3. CS/DS species identified in normal brain tissue by IMS MS analysis of the dp2-dp10
chains (up to the decasaccharide) obtained by depolymerizing the entire chain with
chondroitin B lyase

Composition Nr SOs Molecular ion
[4,5-A-ld0AGalNAC] [M-HT
[l[doAGalNACc] [M-HT
[4,5-A-IdoAGalNAc(GIcAGalNAC)] [M-H*T
[4,5-A-IdoAGalNAc(GIcAGaINAC)] [M-2H']*
[GlcAGalNAc(GIcAGalNAC)] [M-2H']*
[4,5-A-IdoAGalNAc(GIcAGalNAc)]- H.0 [M-2H']*
[4,5-A-1doAGaINAc(GIcAGalNAC)] [M-2H**
[4,5-A-1doAGaINAc(GIcAGalNAC)]- H.0 [M-2H']*
[4,5-A-ldoAGalNAc(GIcAGalNAc);]- 3H.0 [M-3H']*
[4,5-A-ldoAGalNAc(GIcAGalNAc);]- 2H,0 [M-3H']*
[4,5-A-ldoAGalNAc(GIcAGalNAc);]- H.O [M-3H']*

[4,5-A-ldoAGalNAc(GIcAGalNACc),]- H.O

[M-4H*+Na']*

[4,5-A-ldoAGalNAc(GIcAGalNAC),]

[M-5H*+2Na‘[*

[4,5-A-ldoAGalNAc(GIcAGalNACc),]- H.O

[M-3HT*

[4,5-A-ldoAGalNAc(GIcAGalNACc),]- H.O

[M-4H"+Na'*

[4,5-A-ldoAGalNAc(GIcAGalNAC),]

[M-4H"+Na']*

[4,5-A-ldoAGalNAc(GIcAGalNAc),]- H.O [M-3H']*
[IdoAGalNAc(GIcAGalNAC),] [M-3H']*
[IdoAGalNAc(GIcAGaINAC);] [M-4H*+Na*]*
[4,5-A-ldoAGaINAc(GIcAGalNAC),] [M-3H']*

[4,5-A-ldoAGalNAc(GIcAGalNAC),]

[M-4H"+Na*[*

[4,5-A-ldoAGalNAc(GIcAGalNAC),]

[M-5H*+2Na'[*

[4,5-A-ldoAGalNAc(GIcAGalNACc)]- 2H,0

[M-4H*+Na']*

[4,5-A-ldoAGaINAc(GIcAGalNAc),]- 3H,O [M-3H']*
[ldoAGalNAc(GIlcAGalNAC),] [M-5H*+2Na']*
[4,5-A-ldoAGalNAc(GIcAGalNAC),] [M-3H']*
[ldoAGalNAc(GIlcAGalNAC),] [M-4H*+Na*]*
[4,5-A-ldoAGaINAc(GIcAGalNAC),] [M-2H*]*
[IdoAGalNAc(GIcAGaINAC),] [M-3H*+Na*]*
[4,5-A-ldoAGaINAc(GIcAGalNAC),] [M-2H*]*
[IdoAGalNAc(GIcAGaINAC),] [M-4H*+2Na']*
[4,5-A-ldoAGalNAc(GIcAGalNAC),] [M-2H*]*
[4,5-A-ldoAGalNAc(GIcAGalNAc),]- 3H.0 [M-2H*)*
[4,5-A-ldoAGalNAc(GIcAGalNAC)2]-2H,0 [M-2H**
[4,5-A-ldoAGalNAc(GIcAGalNAC)2]-H.0O [M-2H*)*
[4,5-A-ldoAGalNAc(GIcAGalNAC),] [M-2H*]*

[4,5-A-ldoAGalNAc(GIcAGalNAC),]

[M-3H*+Na']*

[l[doAGalNAc(GIcAGalNACc),]

[M-3H"+Na']*

[4,5-A-ldoAGalNAc(GIcAGalNAC)2]-H.0

[M-2H"T*

[4,5-A-ldoAGalNAc(GIcAGalNAC),]

[M-2H]

[4,5-A-ldoAGalNAc(GIcAGalNAC),]

[M-3H+Na']*

[[doAGalNAc(GIcAGalNAC):]

[M-3H"+Na"]*

[4,5-A-IdoAGalNAc(GIcAGalNAC)3) [M-2H*)*
[ldoAGalNAc(GIlcAGalNAC)s] [M-4H*+2Na*]*
[l[doAGalNAc(GIlcAGalNAc);] [M-2H*]*
[I[doAGalNAc(GIcAGalNAC)3) [M-3H*+Na']*
[4,5-A-ldoAGalNAc(GIcAGalNAC)3]-H.0 [M-2H*]*
[4,5-A-ldoAGalNAc(GIcAGalNACc);) [M-3H']*

OINOO|OO[R_[R|AR|PRWWWWWWINIFRPIFRPOO|IO|IOOTO|RAR|IWIWIWINININIFPIFP|IFP|IO|IOIC|I0|I0O|WIWINININIOIN |-
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[l[doAGalNAc(GIcAGalNAC)3] 2 [M-3H*+Na*]*
[4,5-A-1d0AGaINAC(GIcAGaINAC)3] 3 [M-2H*]
[ldoAGalNAc(GIcAGaINAC)s] 4 [M-3H*+Na']*
[4,5-A-ldoAGaINAc(GIcAGalNAC)s]-H.O 5 [M-2H*]*
[4,5-A-IdoAGalNAc(GIcAGalNAc)s] 5 [M-3H*]*
[4,5-A-IdoAGalNAc(GIcAGaINAC).] 5 [M-2H']*
[4,5-A-IdoAGalNAc(GIcAGaINAC).] 6 [M-2H']*
[ldoAGalNAc(GIcAGaINAC)4] 7 [M-2H']*
[4,5-A-IdoAGalNAc(GIcAGalNAC)4]-2H,0 8 [M-2H']*
[4,5-A-ldoAGalNAc(GIcAGalNAC),]-H.0 1 [M-H*T
[4,5-A-ldoAGalNAc(GIcAGalNAC),] 1 [M-HT
[4,5-A-ldoAGalNAc(GIcAGalNAC),] 1 [M-2H*+Na']
[4,5-A-ldoAGalNAc(GlcAGalNAC),]-3H.0 3 [M-HT

green: regularly sulfated; blue: undersulfated; red: oversulfated

The analysis of the species identified and listed in Table 3 also indicates the
presence of hybrid motifs containing a saturated iduronic acid at the non-reducing
end, which provides valuable structural information regarding the CS/DS chains. A
saturated HexA is specific for the end of the original CS/DS chain because there is
no chain extension through an additional GalNAc and no GalNAc-HexA bond to
trigger the action of a lyase. Therefore, the IMS MS data show that the non-reducing
end of the entire chain is also oversulfated, characterized by a structural motif
compatible with a dermatan sulfate-type disaccharide: [ldoAGalNAc]-bisulfated.

Detailed structural analysis of brain CS/DS species was performed by IMS
CID MS/MS. Some examples are presented in Figures (10-13).

The analysis revealed an extremely interesting aspect, namely that there are a
number of isobaric/isomeric domains that differ only by the position of one or more
sulfate groups, but, appearing in the MS screening spectrum as deprotonated
species at the same m/z, not could be distinguished in the absence of separation,
from which the necessity and usefulness of separation through IMS MS is evident. In
the two cases used as an example in the final report, for one and the same species
isolated for CID fragmentation and detailed structural analysis, IMS indicated 2 drift
times (mobility features) for the same m/z value.

This aspect clearly demonstrated that there are two distinct species that have
the same mass but obviously differ structurally by the location of the sulfate group.
Isolation and fragmentation by CID after IMS separation showed that, indeed, in the
extracted mixture, isomeric species are present (Figure 11 a and b, respectively
Figure 12 a and b).

In the absence of prior IMS separation, the isobaric ion pairs would have been
isolated simultaneously (on the basis of the same m/z value) and simultaneously
sequenced in CID, generating contradictory fragmentation spectra (with fragment
ions arising from both structures) impossible to interpret, and the isomers would not
have been identified.
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Figure 10. IMS MS/MS obtained by low-energy collision-induced dissociations (CID) of the precursor
ion detected as [M-3H]* at monisotopic m/z 664.67 corresponding according to the determined
molecular mass and the chromatogram of the total ions, to two octasaccharide species of the type
[4,5-A-lIdoAGalNAc(GIcAGalNAc)s]- hexasulfated presenting a mobility feature at 2.32 ms (a) and 3.09
ms (b), respectively, separated by IMS
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SO,

a) 4,5-A-ldoA-GalNAc-GIcA-GalNAc-GlcA-GalNAc-GlcA-GalNAc

so, SO, SO, so, SO,

SO,

b) 4,5-A-ldoA-GalNAc-GlcA-GalNAc-GlcA-GalNAc-GlcA-GalNAc

SO, SO, SO, SO, SO,

Figure 11. The structures of the two oversulfated isomeric species a) and b) detected at monisotopic
m/z 664.67 having the composition [4,5-A-ldoAGalNAc(GIcAGalNAc)3]-hexasulfated, sequenced by
CID MS/MS, with determination by diagnostic fragment ions of the positions of sulfate groups. The
location of additional sulfate groups is marked in red
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Figure 12. IMS MS/MS by CID of the

precursor ion detected as [M-3H]* at m/z - ZTOFMSMSES
monisotopic 584.45 corresponding ] L4de7
according to the determined molecular
mass and the total ion chromatogram, to
two octasaccharide species of the type
[4,5- A-ldoAGalNAc(GIcAGalNAC)z]
trisulfated presenting a mobility feature at
2.20 ms (a) and 2.98 ms (b), respectively,
separated by IMS
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a) 4 5-A-ldoA-GalNAc-GlcA-GalNAc-GIcA-GalNAc-GlcA-GalNAc

SO, SO, SO,
b)  45-A-ldoA-GalNAc-GlcA-GalNAc-GlcA-GalNAc-GlcA-GalNAc

SO, SO, SO,

Figure 13. The structures of the two undersulfated isomeric species a) and b) detected at m/z 584.45
having the composition [4,5-A-ldoAGalNAc(GlcAGalNAc)s]-trisulfated, sequenced by CID MS/MS, with
determination of the positions of sulfate groups. The location of the undersulfated (unsulfated)
monosaccharide is marked in blue

STAGE 3

In order to determine the functional CS/DS-protein interactions by IMS MS and
CID MS/MS, the working methodology presented in Figure 14 was developed and
applied. FGF-2 protein and CS/DS type oligosaccharides from BGN, DCN and
human brain were tested by IMS MS screening and non-covalent interaction reaction
in different aqueous solutions and buffer solvent systems, but the best results were
obtained in the buffer solvent (buffer) 5 mM CH3COONH4/HCOOH adjusted with
formic acid 98%, at pH 6.7. Both reaction partners, both the CS/DS mixture and the
FGF-2 protein could be characterized by nanoESI IMS MS in the buffer solvent
(example in Figure 15), which represented a valuable premise for realizing the non-
covalent interaction using this buffer system. To achieve the interaction, both FGF-2
and CS/DS were dissolved in the buffer. The interaction was carried out by
incubating in a thermomixer at a temperature of 37°C 15 uL of FGF-2 in the buffer
solution at a concentration of 10 pmol pL* with 1 puL of CS/DS solution in the same
buffer solvent, at a concentration of 10 pmol pL™ .

NN

FGF2in < | "L csips
buffer R in
buffer

FGF2si = |
CSIDS 11
in buffer

Termomixare ]

si incubare la ckonagn isgie —
37.°C

'f Analiza IMS MS N

Figure 14. Workflow for the determination of functional noncovalent CS/DS-FGF-2 interactions by IMS
MS and CID MS/MS
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At 5-minute incubation intervals, the solution was analyzed by IMS MS. Figure
16 shows, for example, the IMS MS spectrum of the reaction products after 20
minutes which attests the formation of the non-covalent complex between FGF-2 and
the monosulfated disaccharide 4,5A-GlcA-GalNAc from human brain with the specific
envelope of a protein complex having states of charge from +7 to +14.

1000

f Toie——
400 = J charged
3

—>" Quintuply charged

14 16 20 22 24 26 28 30 32 34 36 38 40 4 4 46
Drift time (Bins)

Figure 15. IMS MS profiling visualized by driftscope display of brain CS/DS mixture dissolved in the
interaction buffer solvent, following the depolymerization with chondroitin B lyase
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[C+OH"]o*
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1909.49
~N 2148.70
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2150.90
2153.42
< [C+10H*]10+
[C+11H 171858 Lig1045 | o15849
1562.59 [ 2162.12
2163.96
[C+12H+]12+
143234 1919.37

[C+TH]™

1924.19 245454

WL
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Figure 16. IMS MS spectrum of the FGF2-CS/DS interaction after 20 minutes of incubation in
5 mM CH3COONH4/HCOOH buffer solvent, pH 6.7, at 37°C

[C+13H]e+
[C+14H*™* - 1322.30
1228.00

m/z

For the detailed structural analysis of the disaccharide species related to FGF-
2, top-down fragmentation experiments were performed on the complex formed by
optimizing the IMS CID MS/MS technique, at variable energies, using argon as
collision gas. An example is presented in Figure 17 from which it can be seen that
the optimized MS/MS parameters allowed the cleavage of the non-covalent bond and
the detection of several fragment ions, originating from the interaction with CS, which
led to the indication of the binding position and the establishment of the mediating
group the formation of the complex. Also, the diagnostic fragment ions showed that
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0,
9%

the disaccharide species in this example, which is biologically active because it
interacted with FGF-2, is of the chondroitin sulfate type 4,5-A-GlcA-GalNAc sulfated
in position 4. IMS MS/MS data also demonstrated that this structure binds to FGF-2
through the sulfate group.
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Figure 17. Top-down IMS CID MS/MS identification of the biologically active 4,5A-di-4S monosulfated
CS disaccharide: 4,5A-GIcA-GalNAc (4S) which formed the non-covalent complex with the FGF2
protein shown in Figure 15 (20 minutes incubation in buffer solvent 5 mM CH3COONH4/HCOOH, pH
6.7 at 37°C)

A similar example is presented in Figure 18 which indicates the detection by
IMS of two isobaric/isomeric octasaccharide species, both biologically active. In the
absence of IMS separation, the two species and the non-covalent complexes formed
by them would have been detected at the same m/z value and would not have been
identified as distinct structures. However, IMS MS showed that two pentasulfated
octasaccharide motifs are present in the mixture, one with a drift time DT of 2.20 ms
and the other 3.09 ms. The top down fragmentation analysis by IMS CID MS/MS of
the two isomeric species of neural pentasulfated octasaccharides 4,5A-GIcA-
GalNAc[ldoA-GalNAc]s, biologically active, proved that: i) the binding is also carried
out in this case by means of sulfate groups; ii) one of the species shows sulfation at
all GalNAc units and at the first IdoA from the non-reducing end; iii) the second
species shows sulfation at the first three GalNAc units and at the first two IdoA
monosaccharides from the non-reducing end (inset Fig. 18, Table 4).

The analyzes and experiments carried out in Stage 3 led to the following
results with technical and biological impact and innovative contributions to the field:
- the optimization of a buffer solvent capable of reproducing both in vivo conditions
and simultaneously meeting the requirements regarding electrospraying by nanoESI
and separation by IMS and those related to the formation of a non-covalent complex
of the CS/DS-FGF-2 type. Thus, the test experiments demonstrated that the most
effective buffer solvent is CH3COONH4/HCOOH, 5 mM, pH 6.8, which provided a
balanced compromise between an efficient ionization of FGF-2 and the formed
complex, as well as the necessary interaction conditions;
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Figure 18. Identification by IMS CID MS/MS of two isomeric species of neural, biologically active 4,5A-
GlcA-GalNAc[ldoA-GalNAc]s pentasulfated octasaccharides (the assignment of fragment ions is
presented in Table 4)

-characterization of the CS/DS reaction partners and the FGF-2 protein in the buffer
solvent to determine their monoisotopic molecular masses, the detailed structure of
the species and the efficiency of the ionization and separation by IMS of the
reactants;

- highlighting the non-covalent complexes formed and identifying the position of the
sulfate group along the chain of the species that interacted with FGF-2, an extremely
important aspect, as top-down experiments showed that the binding of the interaction
partners takes place through the sulfate group/groups ;

- the development of an innovative protocol for studying non-covalent CS/DS-protein
interactions based on the separation, screening and detailed structural analysis of
the reaction products by IMS and top-down CID MS/MS fragmentation.

- the identification of the biologically active sequences in the CS/DS chains from the
biglycan, decorin-type proteoglycans as well as from the extracellular matrix of the
human brain that play a significant biological, biochemical and biomedical role,
influencing the functions and interactions of the CS/DS-type glycosaminoglycans;

- from a technical point of view, the obtained results demonstrate that IMS MS can
generate extremely accurate data on GAG-protein functional interactions with a high
sensitivity of the analysis. No other analytical method involved so far in
glycosaminoglycan interactomics was able to provide such detailed information.
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Table 4. IMS CID MS/MS fragment ions of [M-3H]* at m/z 637,757 corresponding to brain
octasaccharides, the pentasulfated-4,5A-GlcA-GalNAc[ldoA-GalNAc]s, biologically active

m/'z m/'z Charge .
dt2.20 | dt3.09 | state S IEEDD LT
202.08 | 202.08 1] GalNAc (05) A
228537 - 2 [ CleAGalNAc (15) or IdeAGalNAC CoorZ,
- 236979 3
737544 |- 2 | 1doAGalNAC (15) Yoot CoB, or
CoB.
768516 - 2 [ 1doAGaINAc (25) B.B, ot ByB; of
2
779024 | 279022 3 | GalNaddoaAGalNAC (35) C4/B;1 ot Co/Bs or
Ys
282.038 | 282.038 1] GalNAc (18) 7,
300.053 | 300.053 1] GalNAc (18) v
303.795 | - 7] GalNAddoAGaNAJdoAGalNAC (15) 7,
311.054 | - 7] 1doAGaINAcldoAGaINA ddeAGaINAC (35) 57
316556 | 316,556 2| GleAGalNAdldo (1S) or deAGaINAcldoA (15) C,or BJB,
304052 | - 1] IdoAGalNAc (15) X0
32379 | - 4| GalNAcldoA GalNA ddoAGalNAc (45) CoBror Vs
330079 | - 7 | GalNAcldoA GalNAc (15) Z; o1 225
330082 | 339.082 7 [ GalNAdldoA GalNAc (15) s or ¥o/Z2
332.065 | 342.065 T] IdoAGalNAc (15) I,
= 350 648 5T GalNAcldoA GalNA 40 AGaNAcdoAGalNAC (55) Y-
360100 | 360 109 1] GlcAGalNAc (05) B,
36626 | - 5 GleAGaINAddoA GaNAddoAGAINAdoAGaNAC 35) | Cs
: 3678] 4| IdoAGaNAcloAGaNAddoAGaINAC (35) Yeor CB:
370.057 | 370.057 2 | GaNAcdoAGalNAc (25) Z5 01 Z5/Z; or
Z.Z,
372742 | - 3| GalNAddoAGalNAddoAGaNAS (25) Zs
378116 - 2] GlcAGaINAddoA GalNAG (05) of Coor™ A
GleAGaINAddeAGalNAc (25)
379.067 | 379.067 2| GalNAddoA GalNAc (25) Y or Yo/Zs of
Yz,
382005 [ 382205 5| GlcAGalNA ddoA GaNAcldoAGaNAddoAGaINAE (55) | IMSHF
- 387318 7] GlcAGaINA cldoA GalNA cldoAGaiNAddoA (35) C.
390108 3] GleAGalNA cldoA GalNA cldoA (35) Cs
396127 | 396 127 1] IdoAGalNAc (0S) Y
308 587 | 398 582 7] GalNAcldoAGaNAcdoAGalNAIdoAGaINAC (35) v,
399,402 | 399.402 3| GalNA ldoA GalNA cldoAGaNAc (35) Z
: 702805 | 4] GlcAGaINACdoAGalNA ldoAGaINA oA (35) B
303.559 | 403.559 4| GalNAddoAGaINAddoAGalNAdeAGalNAc (45) 9%,
C
AT - 3| GlcAGaNAJdoAGANAIdeAGaNAS (IS or CoorZe
IdoAGalNAcIdo AGalNA cldoAGalNACc (15)
405404 | 405404 3 | GalNAcIdoAGalNAcIdoAGalNAc (15) Y
E 307306 3| GlcAGalNA ddoA GalNA cldoAGaINAddoA (35) <
410777 | - 3 | IdoAGalNAcIdo AGalNAcldoAGalNAC (15) Ys
414 068 | 414 068 4 | GalNAcldoAGalNAcldoAGalNAcldoAGalNAc (45) Z-
I18.095 | - | GlcAGalNA dIdoA GalNAcldoAGalNA ddoAGalNAc (25) | Cs
418568 | 418 568 4 | GalNAcldoAGalNAcldoAGalNAcldoAGalNAc (45) Y-
425423 | - 3 | GlcAGalNAcdoAGalNAcldo AGalNAc (2S) Bs
427101 | 427.101 2 | IdoAGalNAcIdoAGalNAc (15) Yior YoZ,
B1426 |- 3 CIcAGINA CIdoA GaINA cldsAGATNAS (25) or CoorZe
IdoAGalNAcIdo AGaINA cldoAGallNAc (25)
433 588 | 433 588 4 | GleAGalNAcIdoAGalNAcldo AGalNAcldoAGalNAc (35) | Be
434 061 | 434 061 4 | GalNAcdoAGalNAcldoAGalNAcIdoAGalNAc (55) Zs
438 083 | 438083 4| GlcAGall AcldoAGalNAcIdo AGalNA cldoAGalNAc (35) | Cs
440.069 | 440.069 1| GlcAGalNACc (15) B
449076 | 449076 2| GlcAGalNAcldoA GalNACc (35) B.
452071 | 452071 3 | GlcAGalNAcldoAGalNA cldoAGal Ac (35) Bs
453 576 | 433.576 4| GleAGalNAcdoAGalNAcldoAGalNAcIdoAGalNAc (45) | Bs
458.08 458.08 4 | GlcAGalNAcIdoAGalNA cldo AGalNAcIldoAGalNACc (45) | Ca
464 083 | 464 083 3 | [doAGalNAC. dDACal\IAddOAGalNAC(3S) Ys
467.08 467.08 2 | IdoAGalNAcIdo AGalNAc (2S5) Yaior YeZa
472077 | - 3 | GlcAGalNAcldoA GalNA cldoAGalNAcIdoA (35) 23A -
473568 | - 4 | GleAGalNAcIdoA GalNAcldo AGalNA cldoAGalNAc (55) | Be
176.09| 476.00 T| IdeAGalNAc (15) ¥, or Co/B or
CsBa
478065 | - 4 | GlcAGalNAcldoAGalNAcldo AGalNAcldoAGalNAc (5S) | [M-4H]*
478.084 1| GlcAGalNACcIdoA (05) 25A 5
484101 | 484.101 3| GlcAGalNAcldoA GalNA cIldo AGalNAcldoA (25) B-
- 490.106 3| GlcA AcldoAGalNAcIldo AGalNAcIdoA (25) C-or Z-
497112 | - 2 | GleAGalNAcddoAGalNAcldoA (15) Bs
300087 | - 1| GleAGalNAcldoA (15) 2.4A;
30512 30512 3 | GalNAcldoAGalNAcldoAGalNAcldoAGalNAc (25) Y-
506122 | - 2| GleAGalNAcldoAGalNAcldo A (1S5) Cs
310761 | 510.761 3| GlcAGalNAcldoAGalNAcldo AGalNAcldoA (35) B-
325775 | 325775 3 | GalNAcIdoAGalNA cldoAGalNAcldoAGalNAc (35) Z-
531.781 | 531.781 3 | GalNAcIdoA GalNA cldoAGalNA cldoAGalNAc (35) Y-
537.092 | 337.092 2| GlcAGalNAcIdoA GalNAcIdoA (25) or B:or B-/C:
IdoAGalNAcIdo AGalNAcIdoA (25)
557798 | 551798 5[ GlcAGalNAddoAGaINAcIdoAGANAIdoAGAINAE 0S) | Bs
337 806 3| GlcAGalNAcldoAGalNA cldo AGalNAcldoAGalNACc (25) | Cs
55983559623 ] 2 [ GalNAcldoA GalNA cldoAGalNAc (25) [Z |
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568628 | 368 628 2 | GalNAddoAGalNAddoAGalNAc (25) Y,
57845 | 57845 3 | GleAGalNAcldoA GalNA cldo AGalNAcldoAGalNAc (35) | Be
584453 | 584453 3 | GleAGalNAddoA GalNAcldo AGalNAcldoAGalNAc (35) | Ca
585668 | - 7 | GlcAGalNAcldoAGalNAcldoA (35) C;
589638 | - 2 | GleAGalNAcldoA GalNA cldo AGalNAc (25) 23,
598.656 | 598.656 2 | GleAGalNAddoA GalNAcldo AGalNAG (1S) Bs
605.107 | 605.107 3 | GleAGalNAcldoA GalNAcldo AGalNAcldoAGalNAc (4S) | Bg
607.656 | - 2| GlcAGalNAcIdoA GalNAcldo AGalNAc (1S) or Csor Zs
IdoAGalNAcldoAGalNAcldeAGalNAc (1S)
B 611.106 3 | GleAGalNAcldoA GalNA cldo AGalNA cldoAGalNAc (45) | Cg
616.104 | - 1| GlcAGalNAcldoA (15) B;
628.668 | - 2 | GleAGalNAcldoA GalNAcldo AGalNAc (35) 25A5
634123 | - 1| GlcAGalNAcldoA (1S) or IdoAGalNAcIdoA (15) C: or BJB;
637757 | 631757 3 | GleAGaINAcldoA GalNAcldo AGalNA cldoAGalNAc (35) | [M3HF
63864 | 63864 2 | GleAGalNAcIdoA GalNAcldo AGalNAc (25) B
647 646 | 647 646 2 | GleAGaINAcldoA GalNAcldo AGalNAc (2S) or Csor Zs
IdoAGalNAcIdo AGalNAcldoAGalNAc (25)
656647 | 636647 2| IdoAGalNA cldoA GalNA cldo AGalNAc (25) Y.
661.165 | 661.165 1| GalNAddoAGalNAc (15) 75 or Zs/Za
668655 | - 2 | GleAGalNA cldoA GalNA cldo AGalNAc (45) 234,
B 6786190 2 | GleAGalNAcldoA GalNAcldo AGalNAc (35) B,
679177 | - 1| GalNAddoAGalNAc (15) Y or Ys/Zs
- 686676 2 | GleAGalNAcldoA GalNA cldo AGalNAcldoA (15) B,
695 667 2 | GleAGalNAcldoA GalNAcldo AGalNAcldoA (15) (o
- 696624 2 | TdoAGalNAcIdoAGalNAcIdoAGalNAc (35) Y
703175 | - 1| GalNAcldoAGalNAc (35) 23A,C; or
A4/
E 718594 2 | GlcAGalNAcIdoAGalNAcldoAGalNAc (45) Bs
721.184 | - 1| GlcAGalNAcldoAGalNAc (0S) B.,/H,0
B 726 66 2 | GleAGaINAcldoA GalNA cldo AGalNAcldoA (25) B-
B 735 66 2 | GlcAGalNAcldoA GalNAcldo AGalNAcldoA (25) Cror Z;
739242 | - 1 | GlcAGalNAcldoAGalNAc (0S) B,
B 749179 2 | GalNAcdoAGalNAdo AGalNA ddoAGalNAc (25) Z;
757246 | 757246 T GlcAGalNAcldoAGalNAc (0S) or Csor 24A,
GleAGalNAcldoA GalNAc (25)
738184 2 | GalNAcldoAGalNAcldo AGalNA cldoAGalNAc (25) Y-
- 766638 2 [ GlcAGalNAcldoA GalNAcldo AGalNAcIdoA (35) B
775261 | 775261 1 [ IdoAGalNAcIdoAGalNAc (0S) Y, or YoZs
819.185 | 819.183 1| GlcAGalNAcldoAGalNAc (15) B.
B 828198 2 | GleAGalNAcldoA GalNA cldo AGalNAcldoAGalNAc (2S) | Bg
§37.198 | 837.198 1| GlcAGalNAcldoAGalNAc (1) C,

ions that confirm sulfation at IdoA
ions that confirm the absence of sulfation at 4,5A-GIcA
ions that confirm sulfation at the first and second IdoA

CONCLUSIONS

Within the CHON-DERM-IMS project, an ultramodern, high-performance and
advanced analytical method was developed based on high-resolution nanoESI IMS
MS with ionization and fragmentation of the precursor ion by IMS CID MS/MS, which
was introduced for the first time in the glycomics of glycosaminoglycans.

In the first research stage, the IMS MS and CID MS/MS platform and methodology
were initially optimized for standard CS and DS disaccharides and then applied for
the characterization of GIcA and IdoA rich domains respectively in CS/DS hybrid
motifs from DCN and BGN . Of great technical and biological relevance is the fact
that the method allowed the separation and discovery of new structures, oversulfated
both in DCN and in BGN, being capable of separation, detection, de novo
identification and structural characterization with great accuracy, speed, sensitivity
and reproducibility even of minor compounds but of great biological importance such
as those of the oversulfated CS/DS type in complex fractions extracted from human
extracellular matrices.

In the second research stage, a new and specific methodology based on IMS MS
and CID MS/MS was developed to investigate the expression of CS/DS in human
brain tissue with the aim of determining the potentially biologically active domains i.e.
those with irregular sulphation, especially those oversulphated. IMS MS profiling
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revealed the existence of no less than 42 structures, a large part of which were
discovered here, for the first time, as associated with brain tissue. 85% of the species
were identified with an irregular sulfation pattern, 17 of which were oversulfated.
Among the potentially functional domains, saturated species were also discovered,
which give information about the free, non-reducing end of the CS/DS chains and
which, from the IMS MS data, show that they are oversulfated. The results show that
the developed IMS MS and CID MS/MS platform led to the discovery of new
potentially bio-active domains in the human brain and provided complete information
on their molecular architecture and sulfation pattern.

In the third research stage IMS MS was introduced for the first time in the
interactomics of glycosaminoglycans. For this purpose, a new protocol was
developed for the analysis by IMS MS and top-down IMS CID MS/MS of non-
covalent CS/DS-FGF-2 complexes formed as a result of functional interactions in
which certain species from DCN, BGN and the matrix participate extracellular matrix
of normal adult human brain. Through real-time IMS MS monitoring of the dynamics
of these interactions, it was possible to identify some biologically active sequences
from the CS/DS chains of BGN, DCN type proteoglycans as well as from the
extracellular matrix of the brain. From an analytical point of view, we can state that
IMS MS has the ability to generate rigorous and detailed information on GAG-protein
functional interactions, like no other analytical method employed so far in
glycosaminoglycan interactomics studies.

ESTIMATED IMPACT OF THE RESULTS

CS/DS analysis of human DCN revealed for the first time no less than 33
distinct components. Remarkable is the discovery of 9 oversulfated domains, among
which motifs with a very high degree of oversulfation such as: hexasulfated
octasaccharide-[4,5-A-GlcAGalNAc(ldoAGalNAc)3] and hexasulfated
hexasaccharide-[4,5-A-GlcAGalNAc(ldoAGalNAc)2], the latter containing 6S0Os, i.e.
double the number of sulfate groups compared to the regularly sulfated species.

In human BGN, 27 distinct domains could be identified for the first time,
differing by the length of the oligosaccharide chain, the number of repetitive units and
the degree of sulfation, of which 10 are oversulfated. Among these, the most
interesting from a biological point of view are the motifs with a high degree of
oversulfation which can be exploited and investigated in the future, especially for a
better elucidation of the role that CS/DS oversulfation plays in the pathological
processes (especially cancers) in which BGN is involved.

Regarding the extracellular matrix in the human brain, research within this
project revealed for the first time that it contains 42 different CS/DS structures. 85%
of these have an irregular sulfation pattern: 17 are oversulfated and 16 are
undersulfated. Therefore, neural tissue contains 40% potentially biologically active
CS/DS species. Among them, the long chains of octa and decasaccharides with an
unusually large number of sulfate groups are noteworthy, such as hexa- and
heptasulfated unsaturated octasaccharides and octasulfated unsaturated
decasaccharides and, respectively, the saturated heptasulfated decasaccharide. Of
great biological impact is the identification of saturated species, which give
information about the free, non-reducing end of the CS/DS chains and which, from
the IMS MS data, shows that it is oversulfated. By studying the interactions with the
FGF-2 protein, certain biologically active sequences could be identified in the CS/DS
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chains of BGN, DCN and brain. They have a major role as they determine the
functions and events in which CS/DS are involved.

Since the interactions of proteoglycans are mediated mainly by the
oversulfated domains and, especially, by the saturated ones, which represent the
free end of the chain, the discovery of their oversulfation in neural tissue offers a new
research direction/perspective on how this additional sulfation of the non-reducing
end it contributes to a series of physiopathological processes, especially to the
progression, aggressiveness and invasiveness of malignant brain tumors. This
discovery represents, perhaps, the most important result, considering the opening of
the research direction in the field of neuro-oncology from the perspective of
sulphation of motifs saturated with CS/DS.

As an impact in the bioanalytical field, we consider that IMS MS, as a versatile,
fast and integrated technique, which allows a total and ultra-sensitive analysis of
CS/DS in a single experiment, will gradually replace the traditional and laborious
techniques that require the coupling of some instruments of liquid phase separation
(HPLC, UPLC, HPCE, etc.) with the mass spectrometer. It is expected that the
protocols developed within CHON-DERM-IMS will find wide applicability for structural
and functional studies related to other types of oligosaccharides and
glycoconjugates, coming from a variety of biological matrices.
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