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ABSTRACT:
A 'bio-inspired' method has been developed for generating sugar radical cations by multistage mass spectrometry (MS4) experiments involving collision-induced dissociation (CID) of protonated non-covalent complexes between a sugar and an S-nitrosylated thiol amine, [H3NXSNO+M]+ (where X = (CH2)2; (CH2)3; (CH2)4; CH(CO2H)CH2 and CH(CO2CH3)CH2). In the first stage of CID (MS2), homolysis of the S-NO bond unleashes a thiyl radical to give the non-covalent radical cation, [H3NXS•+M]+. It was found that complexes containing S-nitroso cysteamine (X = (CH2)2) produced the most abundant radical cations for monosaccharides, while for larger sugars the most abundant radical cations were generated from the S-nitroso derivatives of 3-amino-1-propanethiol (X = (CH2)3) and 4-amino-1-butanethiol (X = (CH2)4). CID (MS3) of the radical cation complex resulted in the dissociation of the non-covalent complex to generate the sugar radical cation [M•]+. Deuterium labelling studies reveal that this process involves abstraction of a hydrogen atom from a C-H bond of the sugar coupled with proton transfer to the sugar. The fragmentation reactions of the radical cation, [M•]+, were studied by another stage of CID (MS4). In this work the scope of the method was established, particularly for the S-NO bond homolysis (MS2) and [M•]+ formation (MS3) steps. Twenty six different sugars were examined and radical cations could be generated for polysaccharides of varying lengths, as well as for the methyl pyranosides of a range of monosaccharides. 


Running Title: Sugar Radical Cations from Non-Covalent Thiyl Radical Complexes
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1. Introduction:

Since the pioneering work of Finan et al on the electron ionization (EI) of monosaccharides and small oligosaccharides [1,2], there have been numerous reports on the use of mass spectrometry to analyse sugars [3]. Electrospray ionization (ESI) and matrix assisted laser desorption ionization (MALDI) are now commonly used to generate even electron ions, which can then be subjected to CID to generate sequence ions (Scheme 1 shows the accepted sequence ion nomenclature [4]). In contrast, the use of gas phase radical ion chemistry to direct the fragmentation of sugars has lagged behind. Exceptions include the use of: electron capture dissociation (ECD) and electron transfer dissociation (ETD), which result in radical-directed cleavages in oligosaccharides [5]; formation of radical ions by electron detachment dissociation (EDD) and the related negative electron transfer dissociation (NETD) method [6] or photo-activated electron detachment [7]; use of Siu’s method [8] to form radical anions by dissociation of a ternary metal complex containing the carbohydrate [9]; and extension of Beachamp’s free radical initiated peptide sequencing (FRIPS) method [10] to oligosaccharides [11]. 
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Scheme 1

Here we report a new “bio-inspired” approach to generating radical cations of sugars in the gas phase. Nature exploits radical chemistry by certain enzymes to transform carbohydrate-based substrates [12].  A well-studied example involves the transformation of the sugar of RNA to DNA by the cysteinyl radical within ribonucleotide reductases. A key step in the overall transformation involves intermolecular H atom abstraction (HAT) from 1 to give radical 2 (Scheme 2) [12]. 
[image: ]
Scheme 2

The fact that the reaction shown in Scheme 2 proceeds within a non-covalent complex inspires a MS approach that utilizes a charged non-covalent complex between a sugar and a radical to generate a charged sugar radical. The rational design of such a non-covalent complex requires: (i) ready transfer to the gas phase of a charged non-covalent complex containing a sugar and a radical precursor; (ii) formation of the radical cation non-covalent complex by unleashing the radical site from the precursor in preference to dissociation of the non-covalent complex; and (iii) transfer of the radical and charge sites to the sugar upon dissociation of the radical cation non-covalent complex. 

Regarding requirement (i), there are numerous reports that demonstrate that ESI readily affords non-covalent complexes of sugars, particularly those involving ammonium ions, [M + RNH3]+ [13]. Requirement (ii) can be met by a consideration of bond dissociation energies to unleash radical sites [14] versus binding energies of non-covalent complexes [15]. An ideal radical precursor is S-nitrosocysteine, since it has a weak S-NO bond (BDE  113 kJ mol-1) [16]. Indeed we have been able to cleanly generate thiyl radicals of cysteine (eq. 1, where X = CH(CO2H)CH2), its derivatives and peptides to study their gas phase structure and fundamental bimolecular and unimolecular reactivity [17]. Aside from the example of ribonucleotide reductase discussed earlier (Scheme 2), there is evidence in the solution phase literature that shows requirement (iii) can be met, since thiyl radicals have been shown to abstract hydrogen atoms from carbohydrates [18].

[H3NXSNO]+ 		     	[H3NXS]•+  +  NO•		(eq. 1)

Recently we have shown that all three requirements can indeed be met [19]. As a “proof of concept”, the non-covalent complex between protonated S-nitrosocysteine and 18-crown-6 (18-C-6) was formed by ESI and shown to fragment via NO• loss to produce the radical cation non-covalent complex (eq. 2). The subsequent CID spectrum of [CysS + H + (18-C-6)]•+ shows losses from the cysteine as well as from the crown ether ring, suggesting that intramolecular HAT can occur within the non-covalent complex. 

[CysSNO + H + (18-C-6)]+	 	[CysS + H + (18-C-6)]•+   +   NO•  	(eq. 2)

Here we explore the use of Siu’s method (eq. 3) [8] and protonated S-nitrosothioamine non-covalent complexes for forming radical cations of sugars. The sugars and S-nitrosothioamines studied are shown in Scheme 3.

[Cu(tpy)(M)]2+	 	[M]•+   +   [Cu(tpy)]+  		(eq. 3)

[image: ]Scheme 3

2. Materials and Methods
2.1 Materials
Cysteine, cysteine O-methyl ester, cysteamine, 3-amino-1-propanethiol, and tert-butyl nitrite were purchased from Sigma Aldrich Chemical Co. and used as received. 4-Amino-1-butanethiol was synthesized by Otava Chemical Co. (Ontario, CA). The sugars: methyl α-D-glucopyranoside, methyl β-D-glucopyranoside, D-glucose, methyl α-D-galactopyranoside, methyl β-D-galactopyranoside, D-galactose, methyl α-D-mannopyranoside, methyl β-D-mannopyranoside, D-mannose, D-mannitol, phenyl β-D-glucopyranoside, 4-hydroxyphenyl β-D-glucopyranoside, myo-inositol, L-arabinose, D-ribose, D-xylose, methyl β-cellobioside, cellobiose, trehalose, lactose, sucrose, maltotriose, maltotetrose, maltopentose, maltohexose, and maltoheptose were purchased from Sigma Aldrich Chemical Co. and Carbosynth Ltd. (Compton, UK) and used as received.

The [Cu(tpy)(M)]2+ complexes were formed by mixing the copper salt (2,2’:6’,2”-terpyridine)copper(II) nitrate monohydrate ([Cu(II)(tpy)(NO3)2].H2O) [8b] with the sugar of interest (M) in a 1:1 ratio in 50/50 methanol/water with 1% acetic acid. The solution was then diluted to 50 µM.

The S-nitroso derivatives were generated by allowing a 1.5:1 mixture of tert-butyl nitrite and a 1 mM solution of the thiol (in 1:1 methanol:water with 1% acetic acid) to react for 10 minutes at room temperature. The reaction mixture was then diluted 100-fold using 50/50 methanol:water with 1% acetic acid.

2.2 Mass spectrometry
Complexes containing the sugar non-covalently bound to the S-nitroso derivative were made by mixing 2 equivalents of the sugar with 1 equivalent of the S-nitroso derivative in 1:1 methanol:water with 1% acetic acid to give a final concentration of 1 µM. 

Electrospray ionization (ESI) mass spectra were collected using a Thermo Scientific LTQ-FT-ICR hybrid mass spectrometer (Bremen, Germany), consisting of a linear ion trap coupled to a 7T FT-ICR mass spectrometer. Analyte solutions were injected onto the ion trap mass spectrometer using a syringe pump with a flow rate of 5.0 µL min-1. The instrument settings were optimized for maximum [H3NXSNO+M]+ signal intensity by using the auto-tune routine within the Tune program. The spray needle voltage, nitrogen sheath gas flow rate, and the capillary temperature were maintained at +5 kV, 5 arbitrary units, and 200 ºC, respectively. Helium gas was used as the collision gas for CID experiments.

CID studies were performed by mass selecting the precursor ion and subjecting it to collisional activation. The normalized collision energy (RCE), which sets the amplitude of the RF energy applied to the end-cap electrodes, was set between 16 and 18% (arbitrary units) depending on the complex. The activation Q was set at 0.25 for the monosaccharides, for the other sugars the Q value was varied to observe the lower mass S-nitroso derivatives. The activation time was set at 30 ms. 


3. Results and discussion
3.1 Formation of the radical cations using Siu’s method. 
A wide range of radical cations of peptides have been generated via Siu’s method [8], which involves CID of copper(II) ternary metal complexes,  [Cu(L)(M)]2+ (where L = an auxillary ligand and M is the peptide) [8]. Since radical cation formation is not restricted to residues with aromatic side chains [8], we were interested in examining whether this method could be applied to generate sugar radical cations. ESI/MS of a 1:1 mixture of the [Cu(II)(tpy)(NO3)2].H2O salt and a sugar, M, generates the non-covalent complex, [Cu(tpy)(M)]2+ (data not shown). For simple glycosides such as methyl α-D-glucopyranoside, CID of [Cu(tpy)(M)]2+ (245 m/z) fails to form the radical cation, which instead undergoes loss of MeOH to give [Cu(tpy)(M-MeOH)]2+ (Figure 1a, 229 m/z). As tyrosine-containing peptides readily generate radical cations using Siu's method [8], we also examined the CID spectrum of the copper(II) ternary complex of 4-hydroxyphenyl β-D-glucopyranoside (Figure 1B). Indeed, the radical cation, [M•]+, can be formed according to eq. 3, but it is a minor product as it undergoes fragmentation to form an ion at 110 m/z , which corresponds to the radical cation of hydroquinone. Given these limitations, we abandoned this method as a way of generating radical cations of sugars and turned our attention to the use of the [H3NXSNO+M]+ non-covalent complexes.
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Figure 1: CID mass spectra of the [Cu(tpy)(M)]2+ complexes, where M is: (a) methyl α-D-glucopyranoside (245 m/z) and (b) 4-hydroxyphenyl β-D-glucopyranoside (284 m/z). The spectra were collected using an LTQ-FT-ICR hybrid mass spectrometer. The RCE value was 16%. Note that the Cu containing ions in the spectra contain both 63Cu and 65Cu isotopes due to the 1.5 m/z mass selection of the precursor ions. 

3.2 Formation of radical cations via non-covalent complexes
ESI/MS of 1 µM solutions of a mixture of 2:1 sugar:S-nitroso derivative resulted in the formation of abundant [H3NXSNO+M]+ non-covalent complexes, consistent with previous literature reports on the formation of ammonium ion complexes of sugars [13]. A range of other ions were observed in the ESI/MS including the protonated monomers [H3NXSNO]+ and [M + H]+  (data not shown).

Sugar radical cations can indeed be formed from the [H3NXSNO+M]+ non-covalent complexes in a set of multistage mass spectrometry experiments, as shown for the example of methyl α-D-galactopyranoside (Figure 2). In the first stage of CID (MS2; Figure 2a) the nitrosylated complex ([H3NXSNO+M]+; 301 m/z) dissociated to form the radical cation of the complex ([H3NXS•+M]+; 271 m/z) as well as the protonated nitrosylated thiol derivative ([H3NXSNO]+; 107 m/z). The radical cation of the thiol derivative was also observed ([H3NXS•]+; 77 m/z). 

The second stage of CID (MS3; Figure 2b) involved the dissociation of the radical cation of the non-covalent complex ([H3NXS•+M]+; 271 m/z), which successfully produced the radical cation of the sugar ([M•]+; 194 m/z). This ion fragments to lose HO• (177 m/z), H2O (176 m/z), or 2 molecules of H2O  (158 m/z).  The way the radical cation is formed will dictate the site(s) of the radical and charge. To address the mechanism of radical cation formation, we carried out a key deuterium labelling experiment in which all of the labile hydrogens of the non-covalent complex were exchanged for deuterium. In the second stage of CID (MS3), the peak corresponding to the radical cation of the sugar (194 m/z) shifted five mass units to 199 m/z (Figure 2c). This shows that formation of the sugar radical cation involves abstraction of a hydrogen from one of the C-H bonds of the sugar coupled with D+ transfer. Thus the radical is located on a carbon atom and the charge is located on an oxygen. This is consistent with the lower bond dissociation energy of the C-H versus O-H bonds in sugars [11], and the fact that the only sites for protonation in sugars are the O atoms [20]. Thus the type of radical cation formed in our method is distinct to the canonical structures of radical cations of sugars formed via EI/MS [2].
 

The final stage of CID (MS4; Figure 2c) involved dissociation of the radical cation of the sugar ([M•]+; 194 m/z), which led to the loss of 1 and 2 water molecules (176 and 158 m/z, respectively). The peaks at 102, 103, and 104 m/z involve fragmentation of the sugar ring.
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Figure 2: Formation of the radical cation of methyl α-D-galactopyranoside: (a) CID mass spectrum (MS2) of the methyl α-D-galactopyranoside:Eth-NO complex (301 m/z); (b) CID mass spectrum (MS3) of the radical cation of the methyl α-D-galactopyranoside:Eth complex (271 m/z); (c) CID mass spectrum (MS3) of the radical cation of the methyl α-D-galactopyranoside:Eth complex in which all the labile protons have been exchanged in D2O (278 m/z); and (d) CID mass spectrum (MS4) of the radical cation of methyl α-D-galactopyranoside (194 m/z). Spectra were collected using an LTQ-FT-ICR hybrid mass spectrometer. The RCE value was 16%.

3.2.1 Step 1: CID of [H3NXSNO+M]+ 
Since all of the protonated S-nitrosothiolamines, [H3NXSNO]+, readily generate thiyl radicals via the exclusive loss of NO (eq. 1), we have examined the positive ion ESI/MS of a mixture of a sugar, M, and an S-nitrosothiolamine for all combinations of sugars and S-nitrosothiolamines shown in Scheme 3. Of the 130 combinations, all of the non-covalent complexes could be formed with sufficient intensity to allow them to be mass selected and subjected to CID. However, the non-covalent complexes for the larger sugars (maltopentose, maltohexose, and maltoheptose) had lower ion intensities. Both the type of S-nitrosothiolamine and sugar can influence the fragmentation reactions observed (Figure 3) for the non-covalent complex, [H3NXSNO+M]+, which can be classified into four fragmentation pathways: the desired bond homolysis reaction (eq. 4); dissociation of the complex to form the protonated S-nitrosothiolamines (eq. 5); dissociation of the complex in conjunction with bond homolysis to form the protonated amino thiyl radical (eq. 6); and dissociation of the complex with proton transfer to form the protonated sugar (eq. 7). Figure 3 shows selected examples, while Table 1 lists the percentage yields of the various fragmentation channels for the MS/MS data collected for all the non-covalent complexes studied.

[H3NXSNO+M]+	 	[H3NXS•+M]+   +   NO•  	(eq. 4)
 	[H3NXSNO]+   +   M  		(eq. 5)
 	[H3NXS•]+   + M  +   NO•  	(eq. 6)
 	[MH]+   +   H2NXSNO  	(eq. 7)

For a given monosaccharide, the yield of the desired bond homolysis channel can be significantly influenced by the choice of S-nitrosothiolamine. For example, for the complexes containing methyl α-D-galactopyranoside, a greater yield of bond homolysis is observed for S-nitrosocysteamine ([H3NXS•+M]+; 271 m/z; Figure 3a) than for the S-nitrosothiolamine derived from 3-amino-1-propanethiol ([H3NXS•+M]+; 285 m/z; Figure 3b). An examination of Table 1 reveals that in the case of the monosaccharides, use of the S-nitroso derivative of cysteamine generally gives the highest yield of bond homolysis. Also noteworthy is a lack of formation of the protonated sugar (eq. 7).

For larger sugars, these trends no longer hold. In the case of lactose, a smaller yield of bond homolysis is observed for S-nitrosocysteamine ([H3NXS•+M]+; 419 m/z; Figure 3c) than for the S-nitrosothiolamine derived from 3-amino-1-propanethiol ([H3NXS•+M]+; 433 m/z; Figure 3d), suggesting that the longer alkylene linker promotes bond homolysis, perhaps by changing the types and the strength of hydrogen bonding within the complex. An examination of Table 1, however, reveals that there are no specific trends for how bond homolysis is influenced by linker length for larger sugars. Formation of the protonated sugar (eq. 7) becomes a significant channel for larger sugars, which likely reflects a higher proton affinity for larger sugars. It should be noted that for the largest sugars (maltopentose, maltohexose, and maltoheptose) very little of the radical cation of the complex is formed regardless of the thiolamine used, suggesting that this method of generating the radical cation is less effective for the larger sugars, at least in terms of the thiolamines studied here. Nonetheless, sufficient yields of the radical cation (eq. 4) were formed for many sugars, allowing examination of their subsequent fragmentation reactions.
[image: ]Figure 3: CID mass spectra (MS2) comparison of radical cation formation of the methyl α-D-galactopyranoside complexed with (a) Eth-NO and (b) Prop-NO. CID mass spectra (MS2) comparison of radical cation formation of lactose complexed with (c) Eth-NO and (d) Prop-NO. The spectra were collected using an LTQ-FT-ICR hybrid mass spectrometer. The RCE value was 16%.



Table 1: Summary of MS2 experiments involving CID of [H3NXSNO+M]+. The channels reported include formation of the radical cation of the non-covalent complex via NO loss (eq. 4), loss of the sugar (eq. 5) and bond cleavage reactions.(a)
	Sugar
	Charge & Radical Carrier
	% Radical Cation Complex
	% H3NXSNO+
	% H3NXS●+
	% Sugar+
	% Other

	methyl α-D- galactopyranoside
	Cys
CysOMe
Eth
Prop
But
	42.0
17.9
75.9
31.2
8.3
	40.3
61.2
19.0
65.9
80.0
	13.1
20.9
3.4
2.9
11.7
	0
0
0
0
0
	4.6
0
1.7
0
0

	methyl β-D- galactopyranoside
	Cys
CysOMe
Eth
Prop
But
	57.1
33.9
80.3
41.4
19.3
	22.9
44.4
8.3
55.7
70.2
	8.4
16.5
1.6
2.8
10.5
	0
0
0
0
0
	11.6
5.2
9.8
0
0

	D-galactose
	Cys
CysOMe
Eth
Prop
But
	38.9
21.6
76.8
26.8
9.3
	43.9
70.4
21.5
54.4
82.5
	17.2
8.0
1.7
18.8
8.2
	0
0
0
0
0
	0
0
0
0
0

	methyl α-D- mannopyranoside
	Cys
CysOMe
Eth
Prop
But
	36.6
17.4
75.7
54.6
19.2
	31.1
30.9
13.3
43.1
64.7
	11.1
18.5
1.0
2.3
16.0
	0
0
0
0
0
	9.8
4.8
10.0
0
0

	methyl β-D- mannopyranoside
	Cys
CysOMe
Eth
Prop
But
	81.1
53.9
93.1
72.1
20.6
	10.7
30.0
3.7
26.6
72.4
	3.6
11.5
0
1.3
7.0
	0
0
0
0
0
	4.6
4.6
3.2
0
0

	D-mannose
	Cys
CysOMe
Eth
Prop
But
	38.8
14.1
74.6
22.5
9.8
	43.1
77.8
23.1
57.5
84.0
	18.1
8.1
2.3
20.0
6.2
	0
0
0
0
0
	0
0
0
0
0

	methyl α-D- glucopyranoside
	Cys
CysOMe
Eth
Prop
But
	23.6
7.6
57.0
15.1
3.5
	58.7
69.7
34.5
81.4
75.3
	17.7
22.7
6.0
3.5
11.1
	0
0
0
0
2.6
	0
0
2.5
0
7.5

	methyl β-D-glucopyranoside
	Cys
CysOMe
Eth
Prop
But
	15.7
4.6
49.9
8.1
0.6
	65.1
72.0
39.0
88.5
84.8
	19.2
23.4
3.4
3.4
14.5
	0
0
0
0
0
	0
0
7.0
0
0

	D-glucose
	Cys
CysOMe
Eth
Prop
But
	11.6
4.0
42.3
5.2
0
	65.1
86.1
54.4
71.4
48.5
	23.3
9.9
3.4
23.4
1.0
	0
0
0
0
0
	0
0
0
0
50.5



Table 1 continued:
	Sugar
	Charge & Radical Carrier
	% Radical Cation Complex
	% H3NXSNO+
	% H3NXS●+
	% Sugar+
	% Other

	D-Mannitol
	Cys
CysOMe
Eth
Prop
But
	2.5
2.8
53.5
21.6
1.2
	41.1
80.2
19.9
71.8
93.6
	6.4
8.3
2.0
6.6
5.2
	14.7
0
2.7
0
0
	35.3
8.6
21.9
0
0

	phenyl β-D- glucopyranoside

	Cys
CysOMe
Eth
Prop
But
	3.9
1.8
20.9
15.5
2.8
	53.6
67.2
31.1
66.5
64.9
	11.5
20.8
1.8
5.9
14.6
	0
0
0
0
0
	31.0
10.2
46.2
12.1
17.7

	4-hydroxyphenyl β-D-glucopyranoside
	Cys
CysOMe
Eth
Prop
But
	29.2
7.3
38.5
31.7
4.7
	52.3
57.1
0
54.9
77.3
	1.3
14.7
0
5.2
18.0
	0
0
0
0
0
	17.2
20.9
61.5
8.2
0

	Myo-inositol

	Cys
CysOMe
Eth
Prop
But
	3.7
1.2
18.4
2.3
0.9
	74.4
77.3
75.0
68.6
87.4
	21.9
21.5
6.6
13.5
9.3
	0
0
0
0
0
	0
0
0
15.6
2.4

	L-arabinose
	Cys
CysOMe
Eth
Prop
But
	2.9
4.3
6.5
2.4
0
	77.7
87.8
87.2
76.1
92.5
	19.4
1.9
6.3
21.5
7.5
	0
0
0
0
0
	0
0
0
0
0

	D-ribose
	Cys
CysOMe
Eth
Prop
But
	5.6
2.5
17.5
2.0
2.5
	75.5
95.1
75.6
75.8
96.5
	18.9
2.4
6.9
22.2
1.0
	0
0
0
0
0
	0
0
0
0
0

	D-xylose
	Cys
CysOMe
Eth
Prop
But
	2.2
14.4
7.4
2.1
3.7
	79.7
74.4
86.1
76.3
91.7
	18.1
11.2
6.5
21.6
4.6
	0
0
0
0
0
	0
0
0
0
0

	methyl β- cellobioside
	Cys
CysOMe
Eth
Prop
But
	41.2
51.6
66.5
87.2
87.8
	0
1.9
0
2.0
3.9
	0
0
0
0.8
1.5
	6.1
0
4.6
0
0
	52.7
46.5
28.9
10.0
6.8

	cellobiose
	Cys
CysOMe
Eth
Prop
But
	37.1
68.7
77.7
85.0
93.8
	1.1
7.0
3.9
3.8
6.2
	1.3
2.0
4.5
2.2
0
	2.0
0
0
0
0
	58.5
22.3
16.9
9.0
0


Table 1 continued:
	Sugar
	Charge & Radical Carrier
	% Radical Cation Complex
	% H3NXSNO+
	% H3NXS●+
	% Sugar+
	% Other

	trehalose
	Cys
CysOMe
Eth
Prop
But
	38.2
50.3
34.1
79.2
57.7
	5.6
16.8
0.4
15.7
14.9
	0
2.1
0
5.0
20.5
	0
0
0
0
0
	56.2
30.8
65.5
0
6.9

	lactose
	Cys
CysOMe
Eth
Prop
But
	10.9
60.9
60.5
86.1
94.2
	0
0
0
0.3
0.4
	0
0
0
0.4
0.8
	61.1
31.0
26.8
6.7
4.6
	28.0
8.1
12.7
6.5
0

	sucrose
	Cys
CysOMe
Eth
Prop
But
	35.3
71.9
85.9
85.5
90.3
	4.7
8.5
0.3
3.3
4.3
	0
0
0
1.3
0
	12.4
2.5
0
0
0
	47.6
17.1
13.8
9.9
5.4

	maltotriose
	Cys
CysOMe
Eth
Prop
But
	66.2
43.0
82.7
97.2
79.8
	0
0
0
0
4.6
	0
0
0
0
0.5
	4.1
0
0
2.8
0
	29.7
57.0
17.3
0
15.1

	maltotetrose
	Cys
CysOMe
Eth
Prop
But
	3.9
0
24.1
77.8
73.7
	0
0
0
0
0
	0
0
0
0
0
	56.4
81.1
57.0
7.8
2.2
	39.7
18.9
18.9
14.4
24.1

	maltopentose
	Cys
CysOMe
Eth
Prop
But
	5.5
8.8
0
0
0
	0
0
0
0
0
	0
0
0
0
0
	27.0
20.8
92.2
82.7
64.0
	67.5
70.4
7.8
17.3
36.0

	maltohexose
	Cys
CysOMe
Eth
Prop
But
	12.5
5.6
0
0
0
	0
0
0
0
0
	0
0
0
0
0
	12.6
23.6
91.0
53.8
63.7
	74.9
70.8
9.0
46.2
36.3

	maltoheptose
	Cys
CysOMe
Eth
Prop
But
	11.5
3.2
0
0
0
	0
0
0
0
0
	0
0
0
0
0
	12.5
10.7
87.3
75.9
0
	76.0
86.1
12.7
24.1
100.0


(a) The final column lists the sum of all remaining fragmentation pathways, which can include the formation of sugar sequence ions for the larger sugars (e.g. Figure 3C). 

3.2.2 Step 2: CID of [H3NXS•+M]+ 
Many of the radical cation complexes, [H3NXS•+M]+, were formed in sufficient yield to examine their CID spectra in MS3 experiments and the percentage yields of the various fragmentation channels are given in Table 2. Here we focus our discussion on four representative examples, which illustrate how both the nature of the sugar and the thiyl radical can influence the gas phase chemistry of the radical cation complex (Figure 4). The types of fragmentation reactions that were observed include: the desired coupled intermolecular proton and HAT reactions to give the radical cation of the sugar (eq. 8); dissociation of the complex to form the protonated amino thiyl radical (eq. 9); dissociation of the complex with intermolecular HAT to form the protonated thiolamines and the sugar radical (eq. 10); small molecule losses from the complex, and ions that appear to arise from fragmentation of the sugar radical cation. Dissociation via proton transfer (eq. 11) to the sugar was not observed. 

[H3NXS•+M]+ 		 	[M•]+   +   H2NXSH  		(eq. 8)
 	[H3NXS•]+   +   M  		(eq. 9)
 	[H3NXSH]+   + [M-H]•	(eq. 10)
 	[M+H] +   +   H2NXS•		(eq. 11)

The data in Figure 4a shows that for the complex between methyl α-D-galactopyranoside and cysteamine thiyl radical, dissociation is dominated by formation of the radical cation of the sugar ([M•]+, eq. 8, 194 m/z). In contrast, solely changing the complex to that with the thiyl radical of 3-amino-1-propanethiol (Figure 4b) leads to formation of the radical cation ([H3NXS•]+, eq. 9,  91 m/z) and the protonated thiolamine ([H3NXSH]+, eq. 10,  92 m/z). This same trend is observed with larger sugars, as illustrated for lactose, where the dominant formation of the radical cation of the sugar ([M•]+, eq. 8, 342 m/z) occurs with cysteamine (Figure 4c) instead of with 3-amino-1-propanethiol (Figure 4d), although there is still a high abundance of the radical cation of the sugar present with 3-amino-1-propanethiol. It is worth noting the presence of several sequence ions in the spectra for lactose (Figures 4c and 4d).

[image: ]
Figure 4: Formation of the radical cation of the sugars via CID of the radical cation of the non-covalent complex (MS3). CID mass spectra of the radical cation of methyl α-D-galactopyranoside complexed with (a) cysteamine ([H3NXS•+M]+; 271 m/z) and (b) 3-amino-1-propanethiol ([H3NXS•+M]+; 285 m/z). CID mass spectra of the radical cation of lactose complexed with (c) cysteamine ([H3NXS•+M]+; 418 m/z) and (d) 3-amino-1-propanethiol ([H3NXS•+M]+; 433 m/z). The spectra were collected using an LTQ-FT-ICR hybrid mass spectrometer. The RCE value was 16%.

Table 2 lists the CID spectra of the radical cation complexes, [H3NXS•+M]+. An examination of this table reveals a similar trend in the role of the linker size, X, to that observed in the CID of [H3NXSNO+M]+ (Table 1). Thus a higher yield of the desired channel of [M•]+ formation (eq. 9) occurs for the smaller linker sizes. A possible explanation based upon the labelling studies (Figure 2c), which highlight that radical cation formation involves H atom abstraction followed by proton transfer, is that as the linker size increases, the proton affinity of H2NXSH is likely to increase (based on the proton affinities of related amine alcohols and diamines [21]), making proton transfer from H3NXSH+ to the sugar radical, [M-H]•, less likely. Finally, the fact that methyl mannopyranosides produce less of the radical cation than methyl galactopyranosides and methyl glucopyranosides highlights that the structure of the sugar also plays a role in the yield of [M•]+ produced. 

Table 2: Summary of competition between [M●]+ formation, M loss, [M-H]● and other bond cleavage reactions from the dissociation of the radical cation of the complex.
	Sugar
	Charge and Radical Carrier
	% [M●]+
	% M Loss
	% [M-H]● Loss
	% Other (a)

	methyl α-D-galactopyranoside
	Cys
CysOMe
Eth
Prop
But
	53.3
53.1
57.9
4.6
1.0
	0.9
2.0
6.1
21.2
18.1
	5.1
14.2
12.4
10.4
61.9
	40.7
30.7
23.6
63.8
19.0

	methyl β-D-galactopyranoside
	Cys
CysOMe
Eth
Prop
But
	57.3
52.6
54.2
2.7
2.1
	0.4
2.0
7.3
20.1
24.4
	5.7
14.6
17.8
9.2
55.9
	36.6
30.8
20.7
68.0
17.6

	D-galactose
	Cys
CysOMe
Eth
Prop
But
	8.3
1.2
2.7
0.5
0
	49.3
15.2
18.5
57.7
79.7
	13.3
26.3
11.2
41.8
20.3
	29.1
57.3
67.6
0
0

	methyl α-D-mannopyranoside
	Cys
CysOMe
Eth
Prop
But
	8.0
13.9
12.2
15.9
5.7
	0.6
5.7
4.3
21.1
10.2
	13.3
26.3
11.2
41.8
20.3
	29.1
57.3
67.6
0
0

	methyl β-D-mannopyranoside
	Cys
CysOMe
Eth
Prop
But
	27.1
17.1
38.9
9.9
1.4
	0.5
3.9
4.2
23.2
17.2
	9.8
12.6
7.3
15.4
59.6
	62.6
66.4
49.6
51.5
21.8

	D-mannose
	Cys
CysOMe
Eth
Prop
But
	2.5
1.9
6.3
0.7
0
	23.1
16.2
14.2
58.6
82.4
	37.7
30.3
15.6
38.8
17.6
	56.7
51.6
63.9
1.9
0

	methyl α-D-glucopyranoside
	Cys
CysOMe
Eth
Prop
But
	58.4
54.6
50.4
12.6
2.9
	0.5
3.1
0
24.3
17.8
	4.9
18.7
2.1
17.9
64.4
	36.2
23.6
47.5
45.2
14.9

	methyl β-D-glucopyranoside
	Cys
CysOMe
Eth
Prop
But
	50.6
52.2
58.0
17.5
2.8
	0.5
3.2
0.9
19.2
21.7
	6.7
15.8
4.6
21.9
59.9
	42.2
28.8
36.5
41.4
15.6

	D-glucose
	Cys
CysOMe
Eth
Prop
But
	8.8
2.6
4.0
0.8
0
	17.4
4.7
46.6
55.4
96.1
	53.6
12.9
31.5
40.9
3.9
	24.2
79.8
17.9
2.9
0



Table 2 Continued:
	Sugar
	Charge and Radical Carrier
	% [M●]+
	% M Loss
	% [M-H]●
	% Other (a)

	D-Mannitol
	Cys
CysOMe
Eth
Prop
But
	12.5
37.5
0.9
0
0
	0
5.7
0.7
10.8
0.4
	25.0
5.7
10.3
59.8
60.2
	62.5
51.1
88.1
29.4
35.8

	Phenyl β-D-glucopyranoside
	Cys
CysOMe
Eth
Prop
But (b)
	15.1
23.4
14.1
5.1
----
	0
12.5
0.4
2.3
----
	21.0
32.7
4.0
57.6
----
	63.9
31.4
81.5
34.8
----

	4-hydroxyphenyl β-D-glucopyranoside
	Cys
CysOMe
Eth
Prop
But
	65.9
41.2
21.2
67.0
12.6
	0
2.9
0
3.0
0.5
	2.3
23.5
0
27.8
40.4
	31.8
32.4
78.8
2.7
46.5

	Myo-inositol
	Cys
CysOMe
Eth
Prop
But
	12.9
4.0
0.4
0
0
	6.0
12.9
22.1
20.1
9.7
	23.0
25.7
39.3
1.6
57.3
	58.1
57.4
38.2
78.3
33.0

	L-arabinose
	Cys
CysOMe
Eth
Prop
But (b)
	0
0.2
0
0.1
----
	17.7
16.5
17.3
40.9
----
	57.6
67.2
63.6
15.2
----
	24.7
16.1
19.1
43.8
----

	D-ribose
	Cys
CysOMe
Eth
Prop
But (b)
	1.3
0.7
0
0
----
	8.6
12.2
14.2
61.5
----
	15.1
34.7
29.1
15.7
----
	75.0
52.4
56.7
22.8
----

	D-xylose
	Cys
CysOMe
Eth
Prop
But (b)
	0
0.1
0
0.2
----
	18.7
10.2
17.7
52.0
----
	55.1
30.1
26.8
19.8
----
	26.2
59.6
55.5
28.0
----

	methyl β-D-cellobioside
	Cys
CysOMe
Eth
Prop
But
	81.6
62.8
59.2
4.5
5.6
	0.6
0.3
0
12.0
8.5
	0.3
3.1
0
20.0
49.7
	17.5
33.8
40.8
55.5
36.2

	Cellobiose
	Cys
CysOMe
Eth
Prop
But
	55.5
15.3
41.1
8.5
1.0
	0
0.4
0
2.0
3.4
	0
12.8
0
8.0
29.5
	44.5
71.5
58.9
81.5
66.1




Table 2 Continued:
	Sugar
	Charge and Radical Carrier
	% [M●]+
	% M Loss
	% [M-H]● Loss
	% Other (a)

	Trehalose
	Cys
CysOMe
Eth
Prop
But
	8.6
9.8
2.4
1.2
0
	0
0.1
0.7
3.6
8.9
	0
4.3
1.5
30.8
41.8
	91.4
85.9
95.4
64.4
49.3

	Lactose
	Cys
CysOMe
Eth
Prop
But
	39.3
34.8
29.0
26.7
10.3
	0
0.8
0.6
4.3
8.7
	0
6.7
2.0
13.7
42.5
	60.7
57.7
68.4
55.3
38.5

	Sucrose
	Cys
CysOMe
Eth
Prop
But
	15.6
12.3
3.9
0
0.7
	1.7
3.6
0
5.6
4.2
	12.2
19.4
0
20.8
39.7
	70.5
64.7
96.1
73.6
55.4

	Maltotriose
	Cys (b)
CysOMe (b)
Eth
Prop
But (b)
	----
----
14.8
18.8
----
	----
----
0
0
----
	----
----
1.2
1.4
----
	----
----
84.0
79.8
----

	Maltotetrose
	Cys (b)
CysOMe (b)
Eth
Prop
But (b)
	----
----
2.9
4.1
----
	----
----
0
0
----
	----
----
0
0
----
	----
----
97.1
95.9
----

	Maltopentose
	Cys (b)
CysOMe (b)
Eth (b)
Prop (b)
But (b)
	----
----
----
----
----
	----
----
----
----
----
	----
----
----
----
----
	----
----
----
----
----

	Maltohexose
	Cys (b)
CysOMe (b)
Eth (b)
Prop (b)
But (b)
	----
----
----
----
----
	----
----
----
----
----
	----
----
----
----
----
	----
----
----
----
----

	Maltoheptose
	Cys (b)
CysOMe (b)
Eth (b)
Prop (b)
But (b)
	----
----
----
----
----
	----
----
----
----
----
	----
----
----
----
----
	----
----
----
----
----


(a) The final column lists the sum of all remaining fragmentation pathways, which include sequential losses of H2O and include the formation of sugar sequence ions for the larger sugars.
(b) [H3NXS•+M]+ was not formed in the MS2 experiment (Table 1) or its signal was too weak to carry out CID experiments.



3.4 Comparison of the CID spectra of [M+H]+ and [M•]+ of methyl β-cellobioside.


We have also examined the CID spectra of several of the radical cations of sugars in a series of MS4 experiments (data not shown), but these are not reported here since a challenge for the larger sugars is to distinguish between products arising with the charge retained at the reducing end versus those in which the charge is retained at the non-reducing end.  Therefore we have only compared the fragmentation reactions of the [M•]+ of methyl β-cellobioside to that of [M+H]+, in which the presence of the methyl glycoside allows distinction of the two individual sugar residues. The data in Figure 5 reveals that the major ion observed for dissociation of the radical cation ([M•]+; 356 m/z; Figure 5a) is the sequence ion [Y1-H]•+, 194 m/z, where the C-O bond of the non-reducing end of the sugar is cleaved and the reducing end retains the charge and radical. A small peak corresponding to loss of water is also observed at 338 m/z. By comparison protonated methyl β-cellobioside dissociates to form the [Y1]+ (195 m/z; Figure 5b) and the [B1]+ (163 m/z; Figure 5b) ions, which involves heterolytic fragmentation of the same bond, but with the non-reducing end of the sugar retaining the charge. The dominant peak in this spectrum is the [B2]+ (325 m/z), which is formed by the loss of methanol from the anomeric carbon of the reducing end of the sugar. While it is too early to establish whether the radical cations of sugars formed via our method will prove useful in sugar structure determination, the preliminary results shown in Figure 5 are promising since they show that CID of [M+H]+ and [M•]+ provides complementary information.
[image: ]
Figure 5: Comparison of the CID of the radical cation of the sugar and the protonated sugar for methyl β-cellobioside.  CID mass spectrum of the (a) radical cation of methyl β-cellobioside ([M•]+; 356 m/z), MS4. CID mass spectrum of the (b) protonated methyl β-cellobioside cation ([M+H]+; 357 m/z), MS2. The spectra were collected using an LTQ-FT-ICR hybrid mass spectrometer. The RCE value was 16%.

4. Conclusions 

A new method has been developed for generating radical cations of sugars in the gas phase. The scope of this technique was explored by examining non-covalent complexes between sugars ranging from monosaccharides through to heptasaccharides and various S-nitrosylated thiolamines (Scheme 3). It is clear that no single S-nitrosothiolamine is ideal to form both the non-covalent radical cation complex, [H3NXS•+M]+ (eq. 4) as well as the sugar radical cation, [M•]+ (eq. 8) and optimization needs to be performed to identify the best candidate for individual sugars. For the simple thiolamines, the linker length appears to play a role in both reactions as highlighted for the monosaccharide methyl α-D-galactopyranoside (compare Figures 3a and 3b, and 4a and 4b). The CID spectra of the [M•]+ of the disaccharide methyl β-cellobioside suggest that radical cleavage reactions are operative, but further work will be required to understand mechanistic aspects of the formation and subsequent fragmentation reactions of these sugar radical cations.  Future studies will use isotope labelling and DFT calculations to examine the formation and fragmentation reactions of the radical cation of methyl α-glucopyranoside.
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