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position, thus leading to a huge diversity of the CS sequence (Scheme 1). [1,2] Besides its wellknown structural function in the extra-cellular matrix, major biological roles have been recently highlighted in cellular communication and development. [3][4][5][6][7][8] Being present in the brain, articulations, placenta, and immune system, CS play critical roles in various physio-pathological processes. [8][9][10] CS is the most abundant GAG in the central nervous system where it is involved in neural development and regeneration, cell migration and axonal pathfinding. [11][12][13] These functions are mediated through interaction of specific CS sequences with cytokines, growth factors and guidance molecules. [14][15][16] To date however, the optimal length and sulfation pattern of these bioactive sequences remain elusive so that structure-activity relationship could not be easily established. In this context, development of efficient analytical methods for the sensitive detection and discrimination of the various sulfation patterns of CS sequences is of high necessity to associate these biological functions with well-defined sulfated CS structures.

Scheme 1. Chemical structure of the studied synthetic chondroitin sulfate oligosaccharides.

Mass spectrometry (MS) using the soft ionization technique electrospray (ESI) has been widely

recognized as a powerful and highly sensitive method for the structural analysis of sulfated GAGs. [17,18] The fine structural analysis of GAGs by MS is most commonly carried out on GAGs fragments, mainly at the disaccharide (dp2) level, after the enzymatic or chemical depolymerization of the GAGs chain. Different studies have reported the comprehensive MS characterization of the various sulfated dp2 isomers from glucosaminoglycans allowing decisive progresses in the compositional analysis and profiling of heparin and heparan sulfate from multiple origins. [19][20][21][22][23][24] Less data are comparatively available for galactosaminoglycan-derived oligosaccharides, especially as regards the detailed characterization of chondroitin sulfate oligosaccharides. [25][26][27][28][29][30] Previous studies showed that MS/MS fragmentation of CS-A and CS-C dp2 produced identical Y 1 and Z 1 fragments with different respective intensities. [31,32] Therefore, the determination of the 4S/6S sequence of CS could not rely unambiguously on these fragment ions only, but must also involve the measurement of their intensity or further multistage (MS n ) collision-induced dissociation. [33] In the present study, we have investigated the MS characterization of synthetic CS oligosaccharides of well-defined structure, while most of the previous studies were performed with oligosaccharides prepared by partial enzymatic depolymerization of CS from animal sources. Tandem mass spectrometry (MS/MS) and ion mobility-mass spectrometry (IMS-MS) were carried out for the first time on synthetic CS oligosaccharides sulfated in position 4 (CS-A), and 6 (CS-C) of the D-GalNAc unit. IMS, which allows the separation of ionic molecules according to their size and shape in gas phase, has recently emerged as a powerful method to resolve isomeric and isobaric GAGs structures and to provide further insight into the three dimensional structures of GAGs ions. [34] Mainly applied to hyaluronan, heparin and heparan sulfate oligosaccharides, [35][36][37][38] IMS-MS has been rarely used for the characterization of CS oligosaccharides to date. [39] The present work demonstrates that tandem MS provides unambiguous MS/MS diagnostic ions allowing the differentiation of isomeric di-, tetra-and hexa-saccharides of CS-A and CS-C, and that the IMS-MS study brings new insights into the effects of the cationization, polymerization degree and number of sulfate moiety, onto the gas-phase structure.

EXPERIMENTAL

Chemicals and standards

Synthetic sugars of pure di-, tetra-and hexa-CS-A and CS-C were kindly prepared as previously described. [40] Natural CS-C and CS-A disaccharides were purchased from Iduron (Cheshire, UK)

and Dextra Laboratories (Reading, UK), respectively. HPLC-grade methanol was supplied by VWR, Dextran standard 1000 and 5000 from Leuconostoc mesenteroides, lithium, sodium and potassium acetate, formic acid, NaH 2 PO 4 , and CsOH from Sigma-Aldrich (Saint Louis MO, USA). Deionised water (18.2 MΩ) was obtained from a Milli-Q (Millipore) purification system.

ESI-IMS-TOF-MS/MS analysis

Ion mobility-mass spectrometry (IMS-MS) experiments were carried out using the travelling wave ion mobility cell of the Synapt G2-Si HDMS instrument. Details of the instrument have been published elsewhere. [41] Experiments were performed using the 'V' resolution mode in the 50 to 2000 mass range. The ESI source was operated in the negative ionization mode using the following voltage parameters: parameters capillary 2.3 kV, sampling cone 0 V, source offset 50

V. The source temperature was set to 70°C and the desolvation gas temperature to 200°C with a flow gas of 200 L hr -1 . MS/MS experiments were carried out in the trap cell of the instrument.

Optimized IMS conditions were with the following parameters: wave velocity 800 m s -1 , wave height of 40 V, N 2 IMS gas flow 90 mL min -1 , and Helium cell gas flow 180 mL min -1 . In addition, different IMS parameters were used depending on the polymerization degree and charge state to obtain accurate CCS values.

Experimental CCS values were estimated with the calibration method described in the literature using dextran as references to correct the non-uniform electric field of the TWIM cell. [42] Solution of dextran M w 1000 and 5000 was prepared as mentioned by Hofmann et al. and used to calibrate CCS values from simply charged ions. [43] ESI-QIT-MS n analysis MS n experiments were performed using a quadrupole ion trap mass spectrometer (AmaZon Speed ETD, Bruker) equipped with an Apollo electrospray source operated in the negative ionization mode. MS n experiments were carried out in enhanced resolution mode in the 50 to 600 mass range. ESI source parameters were set as follows: capillary voltage 3.5 kV, end plate offset -300 V, nebulizer gas flow 20 psi, dry gas flow 10 L min -1 and dry gas temperature 250 °C.

Data analysis v4.0 software was used to process data.

DFT calculation

Molecular orbital calculations were carried out using the B3LYP density functional [44,45] as implemented in the Gaussian-09 set of programs. [46] The different complexes considered were optimized using the 6-31+G(d,p) basis set, without any symmetry constraint, by assuming that each sugar unit retained its 4 C 1 ring conformation. To describe the metallic center, we used for Li, Na and K the standard Pople basis sets. For Cs, we used the LANL2DZ effective core potential and basis set of Hay and Wadt, [47][48][49] the basis set being augmented by the Glendening polarization function. [50] Harmonic vibrational frequencies were calculated at this level to characterize the stationary points as local minima or saddle points, and to obtain the zero-point vibrational energy (ZPE) corrections. Trajectory method algorithm of the MOBCAL software modified by Campuzano et al. [51] was used to convert Cartesian coordinates in CCS values.

Lennard-Jones parameters of alkali atoms were based on the scaled Universal Force Field. [52,53] 

RESULTS AND DISCUSSION

Isomeric distinction by ESI-MS/MS

Differentiation of synthetic CS-A (4-O-sulfated) and CS-C (6-O-sulfated) isomers was investigated by tandem mass spectrometry using different oligomers (di-, tetra-and hexasaccharides). In order to improve MS/MS isomeric differentiation, alkali adducts were studied for each isomer. Interaction with alkali metal ions promotes additional deprotonation of the sugars. Similar behavior has been already observed for heparin disaccharides when interacting with metal ions. [54] While no isomer-specific fragment ions were observed from MS/MS analysis of deprotonated species, isomer distinction could easily be achieved for alkali cation adducts. [55] The m/z 396 ion results from the loss of SO 3 . Ions arising from the glycosidic bond cleavages are detected at m/z 300 (Y 1 ), m/z 282 (Z 1 ) and m/z 193 (C 1 ), the B 1 ion (m/z 175)

being not observed. The Y 1 /Z 1 abundance ratio differs markedly for these isomers, as already observed previously. [31,32] The abundance of the C 1 ion also varies significantly. Other abundant ions are detected like m/z 97 (HSO 4 -) but also cross-ring fragments, such as m/z 199 ( 1,3 X 0 ). The m/z 139 ion can be assigned to 0,4 A 2 for CS-C isomer, but is also observed on the MS/MS spectrum of deprotonated CS-A. Therefore, these results show that for [M-H] -species, different intensities of the main fragment ions were detected depending on the isomer studied, but no diagnostic fragment ion could be identified.

Examination of Figure 1 shows that interaction of the metal ion strongly favors the formation of the Z 1 ion with respect to the Y 1 ions. But the most striking result is that the different alkali adduct species studied showed two diagnostic fragment ions allowing isomeric differentiation: S1 and S2 for exact mass measurement.

These specific fragment ions were also observed from tetra-and hexa-saccharides (Figure S1 and It is worth noting that the diagnostic fragment ions at m/z 154 and m/z 139 are also observed with natural chondroitin sulfate isomers, which differ from the synthetic species by a double bond between C 4 and C 5 . This unsaturation results from the enzyme (lyase)-catalyzed glycosidic bond cleavage. Based on the analyses carried out on natural disaccharide isomers (Figure S3, Supporting Information), we assume that fragment ions at m/z 154 and m/z 139 are also diagnostic for natural chondroitin sulfate isomers.

Gas-phase conformation

Influence of the cation

In addition to allowing isomeric discrimination, the use of alkali cations increases the gas-phase stability of CS analogues, independently of the isomers and of the polymerization degree studied.

Relative stabilities of the different alkali adducts formed with CS analogues were determined from MS/MS experiments (Figure S4). Difference in stability was observed for CS-A and CS-C depending on the cation. CS stability increased strongly from [M-H] -to [M-2H+Li] -for CS-A and then decrease when the cation size increased. By contrast, the relative stability of CS-C adducts calculated from MS/MS spectra at the same E CM did not show such stability improvement. Similar stability behaviors were observed for tetra-and hexa-CS-A from [tetraCS-A-4H+2Alk] 2-and [hexa-CS-A-6H+3Alk] 3-species only. DFT calculations have been carried out in order to get some insights into the preferred binding scheme between the metals and the CS disaccharides. The most favorable binding scheme obtained for each alkali metal and CS-A disaccharides is given in Figure 3. For both CS-A and CS-C disaccharides, the most stable forms correspond to structures in which the metal interacts with both the carboxylate and the sulfate groups. Depending on the alkali metal cation, slightly different chelation schemes are observed. For lithium, sodium and potassium adducts, the chelation within the alkali adducts involves three groups, i.e. sulfate group, the carboxylate group and the intra-cyclic oxygen of the glucuronic acid for CS-A isomers. By contrast, chelation with cesium involves only the sulfate and the carboxylate groups due to steric hindrance with the metal adduct. These chelations lead to a folding of the CS-A structures around the cation, and to an increase of the interaction distances with the cation size. The metal chelation involving three groups particularly stabilize the structure of CS-A adducts. On the other hand, the different position of the sulfate group on CS-C isomers results in less pronounced folding of the sugar backbone required to chelate the cation between carboxylate and sulfate groups (see Figure S5). Other binding schemes have also been explored for the CS-A disaccharide. For the complexes with lithium and sodium, bidentate interactions involving either the carboxylate or the sulfate group could be located on the potential energy surface (Figure S6).

Although being minima on the potential energy surfaces, these structures are sensibly less stable as they are located more than 150 kJ/mol above the global minima. These data clearly demonstrate that simultaneous interaction with both groups is clearly favored, as previously observed in metal/Hp disaccharide complexes. [54] For potassium and cesium, bidentate interaction with the sulfate group could also be located, whereas structures only involving interaction with the carboxylate group could not be optimized and systematically evolved toward tetradentate structures.

The combined interaction with the two negative groups is notably supported by the intense detection of [C 1 +NaHSO 4 ] -ion from [CS-A-2H+Na] -(m/z 313, Figure 2b). As a matter of fact, the formation of [C 1 +NaHSO 4 ] -ion requires the simultaneous breaking of the glycoside bond and the detachment of HSO 4 -from the D-GalNAc moiety. The ionic linkage of the cation to both sulfate and carboxylate groups may explain the migration of the sulfate group from the D-GalNAc to the D-GlcA unit.

MS/MS experiments have been completed by ion mobility mass spectrometry (IMS-MS)

experiments. IMS-MS has become an important tool to study the gas-phase conformation of biological compounds. Indeed, the use of ion mobility allows the determination of collision cross section (CCS) values, which are representative of the tridimensional structure of CS oligomers in the gas phase. Correlations between calculated and experimental CCS values can be plotted to get deeper insight into the folded structures of CS isomers induced by the metal cations. In addition, IMS-MS can be also used to differentiate isomers in the gas phase. In the particular case of the deprotonated form of CS disaccharide isomers, similar isomer CCS values were obtained so that isomeric differentiation could not be achieved (Figure 4). As regard the alkali metal adducts, synthetic disaccharide isomers CS-C and CS-A showed also similar behaviors depending on the cationic species analyzed by IMS-MS (Figure 4). For both isomers, the drift time increased with the cation size, and the order of magnitude of experimental CCS values is in agreement with theoretical structures involving interaction of carboxylate and sulfate moieties around the cation. These results thus confirmed the folding of the structure in such way that both sulfate and carboxylate moieties interact closely with the metal center. Concerning CS tetra-and hexa-saccharides, ion mobility spectra were more complex, likely due to a mixture of several structures induced by different coordination sites of the metal ion (Figure S9, Supporting Information).

Influence of the polymerization degree

In addition to the nature of the metal cation on CS conformations, the influence of the polymerization degree on CS structures was also examined by IMS-MS. To this end, we carried out IMS-MS analysis of CS oligomers from di-to hexa-saccharides in order to determine the evolution of the shape of CS oligomers in the gas phase. CCS values are used instead of drift time as different ion mobility conditions were chosen according to the different sizes of the oligomers studied. Indeed, while drift times are dependent on the experimental conditions, CCS values are characteristic of an ion for a given charge state. Data presented in Figure 5 were deduced from three different ion mobility conditions and calibrated using dextran oligomers as reference in N 2 . [43] Error due to charge state has to be considered, [56] as the negative doubly charged of the calibrating agents (dextran oligomers) did not allow embracing the whole range of m/z values for CS. Due to the important charge density of CS molecules, doubly-and triplycharged CS were calibrated from singly-charged dextran oligomers. Note that we do not aim at an exact determination of CCS values in this work, but only at delineating the CCS evolution according to the polymerization degrees.

The global evolution for both CS-C and CS-A isomers corresponds to a linear increase of CCS values in function of the oligomer sizes for a given charge state (Figure 5a). The study carried out for different charge states evidenced unfolding of the structures when the charge density increased. 

CONCLUSION

A new approach discriminating 4S and 6S sulfation, which is useful to distinguish chondroitin sulfate isomers was proposed, based on the formation of alkali metal adducts and their analysis by tandem mass spectrometry in negative ionization mode. Most of the previously reported MS studies of chondroitin sulfate oligosaccharides were carried out on protonated form with some H/Na exchange, mainly yielding Y and Z fragments due to glycosidic bond cleavage. These fragments are diagnostic for the mono-sulfation of the GalNAc moieties but are not diagnostic for the sulfate location. Here, we showed that cationization by alkali metal produced diagnostic ions specific of 4S and 6S sulfation, at m/z 154 and m/z 139 respectively, and resulting from cross-ring cleavage upon a simple MS/MS fragmentation.

While previous MS studies were performed on enzymatically produced CS oligosaccharides, mainly focused on disaccharides due to difficulties to get isomerically pure natural CS oligosaccharides of higher polymerization degree, this study was performed on synthetic CS oligosaccharides from dp2 to dp6. This method was able to unambiguously differentiate the synthetic CS-A and CS-S analogues from di-to hexa-saccharides. The comparative analysis of natural di-CS-A and di-CS-C showed that these diagnostic ions were also effective for CS oligosaccharides from natural source.

DFT calculations were performed on CS disaccharides to get some insights about the coordination scheme of the different alkali metals, and to yield a molecular base for the formation of the diagnostic ions. It was observed that the chelation of most alkali cations involves the sulfate group, the carboxylate group and the intra-cyclic oxygen of the glucuronic acid for CS-A, and the C 4 hydroxyl group for CS-C.

Finally, experiments performed by ion mobility-mass spectrometry showed generally a linear evolution of collision cross sections in function of the polymerization degree for both CS-C and CS-A isomers. Moreover, linear evolution was observed between CS-A oligomers when one alkali adduct is present per CS disaccharide unit meaning that chelation mainly involves the sulfate group and the carboxylate group of the same CS unit. Given the similar gas-phase behavior of natural and synthetic disaccharides observed in MS/MS and IMS-MS experiments, we may reasonably assume that the gas-phase characteristics observed on synthetic CS analogues of higher polymerization degree could be likely extrapolated to natural CS species.
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Figure 1 .

 1 Figure 1. CID product ion spectra of synthetic disaccharide CS-A (on the left) and CS-C (on the right) from deprotonated and alkali adduct species. MS/MS spectra of tetra and hexa-saccharides compounds are reported in the Figure S1 and Figure S2, Supporting Information. MS/MS spectra of the [M-H] -ions share common fragmentations. The general sugar fragmentation convention introduced by Domon and Costello was used to assign the various fragment ions.[55] The m/z 396 ion results from the loss of SO 3 . Ions arising from the glycosidic

  m/z 154 (C 7 O 3 H 8 N -) for CS-A and m/z 139 (C 2 O 5 H 3 S -) for CS-C ions. A structure is proposed for these two fragment ions in Figure2a. While the fragment ion at m/z 139 for CS-C, corresponding to 0,4 A 2 , is directly obtained, the fragment ion at m/z 154 requires a rearrangement involving the sulfate group stabilization by the presence of the metal cation. To determine the structure of the diagnostic fragment ion of CS-A and understand the unusual behavior of sugar fragmentation, MS n experiments were performed. MS n experiments carried out at low collision energy indicated four consecutive losses from [CS-A-2H+Na] -to generate the ion at m/z 154 (Figure2b). A mechanism is proposed (Figure2c) from the opened form of [Z 1 +Na] -ion (m/z 304), involving a charge-driven loss of CH 2 O, followed by both charge and proton transfers prior to elimination of the NaHSO 4 group.

Figure 2 .

 2 Figure 2. (a) structures proposed for diagnostic fragment ions of CS-A and CS-C from alkali adduct species. (b) MS n spectra from synthetic disaccharide [CS-A-2H+Na] -used to propose the fragmentation mechanism (c) accounting for m/z 154. See TableS1and S2 for exact mass measurement.

Figure S2 ,

 S2 FigureS2, Supporting Information). Note that for tetra-saccharides, [CS-3H+Alk] 2-did not allowed isomeric separation, while [CS-4H+2Alk] 2-showed the above-mentioned specific fragment ions for CS-A and CS-C. For hexa-saccharides, [CS-6H+3Alk] 3-species were required to observe specific fragment ions as the m/z 154 was not observed from [CS-5H+2Alk] 3-and [CS-4H+Alk] 3-. These results indicate that a minimum of one metal cation per sulfate moiety

Figure 3 .

 3 Figure 3. Preferred binding scheme for [CS-A-2H+Alk] -complexes according to DFT calculations. Interaction distances are given in Ångstroms.

Figure 4 .

 4 Figure 4. (a) Extracted IM-MS spectra of synthetic disaccharides CS-A (on the left) and CS-C (on the right) from deprotonated and alkali adduct species. (b) theoretical CCS values obtained from DFT optimized structures in function of experimental CCS values ([CS-2H+Li] -are annotated by triangles, [CS-2H+Na] -by circles, [CS-2H+K] -by squares and [CS-2H+Cs] -by lozenges.

Figure 5 .

 5 Figure 5. (a) collision cross section values in function of the mass of deprotonated di-tetra and hexa-saccharides of CS-C and CS-A isomers at different charge states. (b) collision cross section values in function of the mass of [di-CS-A-2H+Alk] -, [tetra-CS-A-4H+2Alk] 2-and [hexa-CS-A-6H+3Alk] 3-(Alk = Li annotated by squares, Alk = Na triangles, Alk = K circles and Alk = Cs lozenges).
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