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19 The identification of carbohydrate isomers, including mono units, linkage positions and anomeric
20 configurations, remains an arduous subject. In this study, the natural amino acid-leucine (Leu) was found to
21 specifically interact with cellobiose (Cello) to form a series of potassium adducts as [Cello+Leu+K]",
22 [Cello+2Leu+K]*, and [2Cello+Leu+K]* in gas phase using mass spectrometry. By using CID-MS/MS, these
23 . . .
complexes produced specific fragmentation patterns from the sugar backbone cleavage instead of non-
24 p g &
25 covalent interactions. Moreover, their fragment distributions were dependent on the ratios of Cello-to-Leu in
26 complexes and the fragmentation pathways of potassium-cationized disaccharides (Dis) were remarkably
27 changed with leucine binding. It should be pointed that the ternary complex [2Cello+AA+K]" was unique for
o8 g p y p q
29 leucine among all the twenty natural amino acids. The [2Dis+Leu+K]" complex produced the most
30 informative fragments by tandem mass spectrometry, which was successfully applied for rapid and efficient
31 discrimination of twelve glucose-containing disaccharide isomers in combination with statistical analysis
32 including PCA and OPLS-DA. The methodology developed here not only provides a novel analytical
33 . - . L . . . .
34 approach for the differentiation of disaccharide isomers, but also brings a new sight towards the interactions of
35 amino acids with disaccharides.
36
37 1. Introduction
38
39 Carbohydrates are not only regarded as a major energy source and structure components, but are also involved in multiple forms of
y reg Yy gy P p
32 biological processes.'” Proteins including specific enzymes, anti-carbohydrate antibodies and lectins, which interact with carbohydrates non-
42 covalently, occur ubiquitously in cell differentiation, immune response and cell recognition.*” In recent years, many approaches have been
43 developed to study the processes of saccharides-based molecular recognition. For example, synthetic lectins, chemical responsive dyes, and
44 fluorescent sensors were designed as glycan receptors.®!! However, these procedures were still constrained by the complex structures of
32 proteins and oligosaccharides and the challenge of carbohydrate receptor designation. Hence, determinations of the non-covalent interactions
47 of amino acids and disaccharides as the smallest oligosaccharides are essential prerequisite for elucidating the underlying principle of
48 protein-carbohydrate interactions.
49
50
51
52 “ Department of Chemical Biology, College of Chemistry and Chemical Engineering,
53 Key Laboratory for Chemical Biology of Fujian Province, Xiamen University,
Xiamen, Fujian, China, 361005. E-Mail : stacyliu@xmu.edu.cn
54 b school ofPharmaceutical Sciences, Xiamen University,Xiamen,Fujian,China,
361102.E-Mail: xgao@xmu.edu.cn
55 “ Key Laboratory of Bioorganic Phosphorus Chemistry and Chemical Biology
56 (Ministry of Education), Department of Chemistry, Tsinghua University, Beijing,
57 China, 100084.
58
59
60 This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1

Please do not adjust margins




P OO~NOUILAWNPE

U OTUu AU DMBEMDIAMDIAMBAEDIAMDIMDNWOWWWWWWWWWWNDNNDNNNNMNNNNRPRPRPERPRERPERRER
QOO NOUPRRWNRPOOO~NOUOPRRWNPRPOOONOOUOPRARWNRPEPOOONOODURAWNRPOOO~NOOUUDMWNEO

Please do not adjust margins 11

ARTICLE Journal Name

Currently, nuclear magnetic resonance (NMR)'*>"* and liquid chromatography (HPLC) '*' have been utilized to character the interactions
of oligosaccharides and other molecules. Specifically, mass spectrometry (MS) could offer a fast, accurate and sensitive methodology to
investigate non-covalent complexes for the structural identification of saccharides and the discrimination among isomeric disaccharides
which were different in monosaccharide composition, glycosidic linkage, and anomeric configurations.”® Recently, many approaches have
been developed for the rapid discrimination of carbohydrate isomers based on their intrinsic features, such as ion/molecular reactions,”"
migration rates in ion mobility mass spectrometry,?” the infrared multiple photon dissociation at different wavelength®*** and so on.
Especially, collision induced dissociation (CID) is the most common and well-established approach for the elucidation of oligosaccharides.
For example, modified/unmodified amino acids coordinated with transition metal ions have been used for identification and quantification of
monosaccharides by CID-MS/MS.?>? The differentiation of isomeric hexose disaccharides have been accomplished by calculating the
relative abundance ratios of product ions generated from glycosidic bond cleavage.”®? Additionally, the CID-MS/MS analysis of the
deprotonated disaccharide dimers and anion adducts have also been applied to distinguish disaccharides according to the characteristic
product ions with different intensities in negative ion mode.’*** However, it is laborious to discriminate abundant disaccharide isomers by

comparison of the intensity ratios of product ions.

In our previous work, the natural amino acid L-valine could specifically interact with hexose to form complex ion [2Val+Hex+K]*, which
has been successfully used to discriminate monosaccharide isomers through the dissociation of hexose covalent bonds by ESI-MS/MS.*
Herein, we systematically investigated the interactions of 20 natural amino acids (AAs) and cations (H*, NH,", Li*, Na*, and K*) with
disaccharides (Dis) such as cellobiose (Cello) in positive ion mode by using ESI-MS equipped with two different mass analyzers including
ion trap (IT) and quadrupole time-of-flight (Q-TOF) respectively. It is demonstrated that Cello-AAs complexes such as [Cello+2Leu+K]*
and [2Cello+Leu+K]* are readily formed with high relative abundances. Importantly, the binding of leucine could induce the conformational
changes of disaccharide complexes and subsequently lead to cross-ring cleavage of sugar backbones. Then, the formation of the unique
complex [2Cello+Leu+K]* as well as its fragmentation pathways were proposed and confirmed by '*O-labeling experiment and "H NMR
analysis. The above complex model is also appropriate for all twelve glucose-containing disaccharides with different linkages, mono units,
and anomeric configurations and their fragmentation patterns are closely associated with their chemical structures. Based on the
characteristic fragments, twelve disaccharide isomers could be unambiguously discriminated by statistical analysis including PCA and
OPLS-DA. The specific interactions of leucine with disaccharides by ESI-MS in combination with statistical analysis offer a convenient

approach for disaccharide isomers differentiation.
2. Experimental

2.1. Materials and Reagents

Twelve glucose-containing disaccharide isomers, namely kojibiose, sophorose, nigerose, laminaribose, maltose, cellobiose, isomaltose,
gentiobiose, sucrose, turanose, maltulose, and palatinose, were purchased from J&K Chemical Ltd. (Beijing, China) with the purity of 99%.
Twenty common amino acids, inorganic salts (LiCl, NaCl, KCl, NH4Cl) and H2180 were obtained from Sigma-Aldrich (St. Louis, MO,
USA). All reagents were used without further purification. HPLC-grade methanol was purchased from Tedia (Fairfield, OH, USA). Distilled
water was prepared by Milli-Q water purification system (Millipore, Bedford, MA). All disaccharide solutions were freshly prepared by
dissolving the corresponding disaccharides (0.1 mM), amino acids (0.1 mM), and inorganic salts (10 pM) in the solvent of water/methanol
(1/1, v/v) before the experiments. Cellobiose with one '®0 atom labeling at anomeric hydroxyl group was prepared by a method of
literature.* In brief, 0.5 mg cellobiose was dissolved in 300 pL H,'80 in 1.5 mL polypropylene microcentrifuge tube. Then, the above

mixture was incubated in water bath at 60°C for about 24 hours. The labeling process was monitored by using mass spectrometry.

2.3. Mass Spectrometry Analysis

Mass spectra were acquired on two instruments equipped with electrospray ionization source and different analyzers, containing ion-trap

(Amazon SL, Bruker Daltonics, Germany) and Q-TOF (Bruker Daltonics, Germany). The ESI-MS conditions were as follows: (1) ESI ion-

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins



Please do not adjust margins

U
QD

Journal Name ARTICLE

1
2
3 trap mass spectrometer (ESI-IT-MS): Spray voltage -4.0 kV, nebulizer gas 8.0 psi, dry gas 4.5 L/min, dry temperature 300°C. The collision
4 energy for the CID was approximately 0.25~0.32 V. The precursor ion was isolated in the width of 2.0 m/z. Each spectrum was the average
g of 15 scans. (2) ESI-Q-TOF MS: Spray voltage -4.0 kV, nebulizer gas 6.0 psi, dry gas 2.0 L/min, and dry temperature 300°C. The collision
7 energy was ranged from 6 eV to 12eV.
8
9 In both instruments above, the injection rate was set at 180 puL/h. The mass scan range was generally from m/z 100 to 1200. Each sample
10 was analyzed at least six times on different day. The resultant product ions with relative peak intensity higher than 5% were selected for the
11 construction of statistical model.
12
13 2.4.'H NMR Analysis
14
15 The 'H NMR measurement was performed on Bruker 500 MHz NMR spectrometer at ambient temperature. Cellobiose (0.1 mmol) was
i? incubated with leucine (0.1 mmol) and KCI (0.01mmol) in 500 pL D,0O. The above reaction was tracked by "H NMR at different reaction
18 time. The 'H chemical shift was calibrated by the TMS (8=0.0 ppm) in D,0.
19
20 2.5. Statistical Analysis
21
22 Fragments together with their relative abundance (>5%) generated from the tandem mass spectrometry of the [2Dis+Leu+K]* (m/z 854) were
23 introduced to SIMCA-P+ version 12.0 (Umetrics, Sweden) for principle component analysis (PCA) and orthogonal partial least squares
24 discriminant analysis (OPLS—DA).35’36 The results were exhibited in the form of score plots, where each point denoted an independent
25 P
26 sample’s analysis. Both of them were accomplished with unit variance scaling and qualified by the cross-validation parameters Q> and R?X
27 which indicated the predictability and total variables explanation respectively. No standards of classification success were provided, but R?
28 and Q? values more than 0.5 in all the statistical models belonged to the appropriate models.*’”
29
22 3. Results and discussion
32
33 Leucine could interact with disaccharides to form ternary complexes in gas phase
34
35 The structural formulas of twelve isomeric glucose-containing disaccharides investigated in this work were presently described in Table 1.
36 Firstly, the solution of cellobiose (Glcf1-4Glc) with leucine and potassium ion was inspected by ESI-IT-MS in positive ion mode. A series of
37 leucine adduct ions, such as [Cello+Leu+H]* at m/z 474, [Cello+Leu+K]* at m/z 512, [Cello+2Leu+K]" at m/z 643, and [2Cello+Leu+K]" at
38 m/z 854, were detected (Fig. 1). Furthermore, the non-covalent interactions of cellobiose with twenty natural amino acids (AAs) were
39 y

systematically examined using ESI-IT-MS and ESI-Q-TOF-MS. The results exhibited in Table S1 showed that ternary adducted ions
40 y
41 [Cello+2AA+K]* were observed for valine (Val), isoleucine (Ile), leucine (Leu), and serine (Ser) by using ESI-IT-MS. No adducted ions
42 were detected for other sixteen amino acids suggesting that the amino acids with acidic, basic, or aromatic side chains were assumed to
ji hinder the formation of ternary adducts. Whereas, amino acids with aliphatic or hydrophobic functional groups, such as Val, Ile, and Leu
45 (except for Ser), were beneficial to obtain the ternary adduct ions [Cello+2AA+K]*. Interestingly, the ternary adduct ion
46 [2Cello+AA+K]*could be detected only for leucine by using both mass spectrometers, indicating that the specific hydrophobic side chain of
47 leucine and the intrinsic size of metal ion exerted the remarkable effects on the formation of Cello/AAs/potassium ternary adducts.
48
49 Table 1 List of glucose-containing disaccharides
50
51 composition Name Linkage Type
52 Kojibiose Glcal-2Gle
53 Sophorose GlcB1-2Gle
54 Nigerose Glcal-3Glc
55 Gle-Gle | o minaribiose  Glep1-3Gle
56 Maltose Glcal-4Glc
57 Cellobiose Glcp1-4Glc
58
59
60 This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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Isomaltose Glcal-6Glc
Gentiobiose Glcp1-6Gle
Sucrose Glcal-2Fru
Gle-Fru Turanose Glcal-3Fru
Maltulose Glcal-4Fru
Palatinose Glcal-6Fru
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Fig.1 Interactions of cellobiose (Glcf1-4Glc) with leucine by ESI-IT-MS in positive ion mode.

In order to study the influences of the cation on the chemical structures of gas-phase Cello/Leu adducts, tandem mass spectrometry
analysis was performed and presented in Fig. 2. It was found that no adducts for NH,* was observed, simultaneously, the dissociation
patterns of ternary complexes were mainly determined by the binding cations (HY, Li*, Na*, and K*) and the ratios of Cello to Leu in
potassium adducts. As shown in Fig. 2A-C, the dominant dissociation pathways of Cello/Leu complexes were the loss of a cellobiose from
H" adduct or a leucine from Li* and Na* adducts respectively. Apparently, leucine could effectively inhibit the sugar skeleton cleavage in
relative to the cationized (H*, Li*, and Na*) disaccharides complexes.?® * Whereas, the fragmentation patterns of the potassium adducts were
discovered to be scaled with the Cello/Leu ratios within the ternary complexes. As shown in Fig. 2D and 2E, the product ions of m/z 452 and
m/z 392 corresponding to [Cello+Leu+K-C,H;0,]" and [Cello+Leu+K-2C,H,0,]" were generated with different relative abundances from
the cross-ring cleavage of both complexes [Cello+Leu+K]* and [Cello+2Leu+K]". For the fragmentation of [2Cello+Leu+K]* at m/z 854,
several dominant product ions including m/z 723, m/z 663, m/z 603, m/z 543, and m/z 483 were observed in the ESI-IT-MS/MS spectrum
(Fig. 2F). Three types of dissociation pathways were involved: (1) the neutral loss of a molecule of leucine (-131Da) for ion at m/z 723; (2)
cross-ring cleavage ions at m/z 663, m/z 603, m/z 483, and m/z 393; (3) glycosidic bond cleavage ion at m/z 543 (m/z 723—m/z 543) with the
neutral loss of a monosaccharide (-180Da). The fragment patterns mainly arose from the skeleton cleavage of sugar-ring in the ternary
complex other than the simple dissociation of non-covalent interactions for the potassium-cationized disaccharides. It means that leucine
could effectively revise the fragmentation pathways of disaccharide potassium adducts in which was difficult to obtain fragment ions
generating from cross-ring cleavage.” As previous research reported that the precursor ions were more sensitive to dissociate along the
fragile bond under CID-MS/MS condition,* it was reasonable to deduce that non-covalent interaction of potassium adducted disaccharides
dimer was greatly increased in comparison of the covalent bond of sugar-ring by the attachment of leucine. Although the basic mechanism of
sugar-ring cleavages induced by leucine binding could not be completely uncovered by the present study, it is speculated that leucine might
stabilize the gas phase conformation of potassium-disaccharides adducts and make the non-covalent interactions stronger than the covalent

sugar skeleton.
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Fig. 2 ESI-IT-MS/MS spectra of Cello/Leu complexes coordinated with different cations in positive ion mode. (A) [Cello+Leu+H]" at m/z
474; (B) [Cello+Leu+Li]" at m/z 480; (C) [Cello+Leu+Na]* at m/z 496; (D) [Cello+Leu+K]" at m/z 512; (E) [Cello+2Leu+K]" at m/z 643;
(F) [2Cello+Leu+K]" at m/z 854. The proposed sugar-skeleton fragmentation pathway of potassium adducts were displayed on the bottom.

Since the cross-ring cleavages were informative for structural characterization of disaccharides, ** *' ESI-MS/MS spectrum of
[2Cello+Leu+K]* at m/z 854 with the most abundant cross-ring cleavage ions was chosen for further discussion. As described earlier, the
first step of its dissociation was the elimination of a leucine (-131 Da) to form [2Cello+K]*ion at m/z 723. Herein, stable isotope'*Olabeling
experiments were applied to confirm the leucine elimination and cross-ring cleavage. With the anomeric hydroxyl oxygen of cellobiose
labeled by 30 atom, the ternary cluster of [2Cello (1802)+Leu+K]+ at m/z 858 was detected with 4 Da mass shift by ESI-IT-MS. In the CID-
MS/MS spectrum of [2Cello (1802)+Leu+K]+ at m/z 858, the fragment peak at m/z 727 ([2Cello (1802)+K]+) with two %0 atoms verified the
neutral loss of leucine (-131Da) (Fig. 3A). The fragment ion m/z 665 corresponding to the neutral loss of C,H,'*0"0 (-62Da) of the
precursor ion m/z 727 proposed that the cross-ring cleavage primarily occurred from the reducing end, and continued sequentially along the

sugar skeleton, i.e. the loss of C,H40, (-60Da) to produce the ion of m/z 605, the glycosidic bond cleavage to obtain ion at m/z 545. Then,

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00,1-3 | 5
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another '*O-labeling carbonyl position at the reducing end was lost to generate the ion at m/z 483. In view of the interaction of potassium-

crown ether in gas phase, * the possible interaction mechanism and dissociation pathways of the ternary cluster were elucidated in Scheme 1.
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Fig. 3 Analysis of ternary Cello/Leu/potassium complex by ESI tandem mass spectrometry in positive ion mode. (A)ESI-IT-MS/MS of '*0
labeled complex [2Cello('®0,)+Leu+K]" at m/z 858 with two 'O atoms; (B) ESI-IT-MS/MS of [2Cello+K]" at m/z 723 isolated from the
full-scan MS in Fig. 1; (C)ESI-IT-MS? of product ion [2Cello+K]" at m/z723 generated from parent ion at m/z 854.
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Scheme 1 The possible fragmentation pathways for [2Cello ('30,)+Leu+K]*complex.

Interestingly, the parent ion [2Cello+K]* at m/z 723 isolated directly from full-scan MS (Fig. 1) produced a predominant fragment ion at
m/z 381 by a neutral loss of cellobiose in tandem mass spectrometry (Fig. 3B). However, more fragments including m/z 663, m/z 603, m/z
543, and m/z 483 derived from the cross-ring cleavage of the product ion at m/z 723 were observed, where m/z 723 was from the leucine loss
of the parent ion [2Cello+Leu+K]*at m/z 854 (Fig. 3C).These dissimilar fragment pathways were distinctly caused by the involvement of
leucine, indicating that the conformation changes induced by leucine binding still played leading roles on fragmentations in gas phase even
though leucine has been eliminated from the parent ion of [2Cello+Leu+K]*. This furnished another evidence that leucine could strengthen
the non-covalent interactions of potassium-cationized disaccharides and thereby regulate their gas phase conformation, leading to the

reducing ring opening other than non-covalent dissociations.

To certify the amino acids/disaccharides complexes did not covalently form in solution phase, 'HNMR was utilized to track the mixture of
cellobiose, leucine and potassium salt in aqueous phase incubating at room temperature in 2 hours (Fig. S1). As expected, no new peaks were
observed during the incubation process by comparison to the "H NMR spectra of standard cellobiose and leucine as background, suggesting

that there was no occurrence of chemical reactions between cellobiose and leucine in working solution.

The application of the ternary complex [2Dis+Leu+K]* for rapid discrimination of disaccharide isomers

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Page 6 of 11



Please do not adjust margins

U
QD

Journal Name ARTICLE

1
g As a further test of the stabilizing effect of leucine on the conformations of disaccharides/potassium adducts, the ternary cluster of
4 [2Dis+Leu+K]* was introduced to other eleven glucose-containing disaccharides using ion-trap (Table 2) and Q-TOF (Table S2) mass
5 spectrometers, respectively. It is worthy to note that the general dissociation pathways in CID-MS/MS spectra are the neutral loss of leucine
6 together with the glycosidic bonds dissociation and cross-ring cleavages.
7
8 Table 2 ESI-IT-MS/MS analysis of the ternary [2Dis+Leu+K]"complex at m/z 854.
9
10
11 S Relative abundance of fragment ions (%, data was exhibited as means S.E.M.)
tructure
12 836 723 663 633 603 561 543 512 501 483 453 441 393 381
ij Glcal-2Gle 13+1 5+0 1000
15 Glcp1-2Gle 5+1 16+0 16+0 1000 61
16 Glcal-3Glc 1000 841 540 57£2  30+1 11+1 481 9743  48+0 3182
17 Glep1-3Gle 3841 540 1zl 841 2741 1041 10040 190 2540
18
19 Glcal-4Glc 1000 1941 941 100 70 25+0
20 Glcp1-4Glc 70 1000 14+0 49+1
21 Gleal-6Gle  10£1 221 601 100£0 43x1 39+l
ég Glcp1-6Glc 461  49+1 1000 1240 60
24 Glcal-2Fru 100+£0 60 5£0 9+l 11+0
25 Glcol-3Fru 5743 1000 5942 54+2 4613 58+5 3241 10£1
26 Gleal-4Fru 1000 241 1020 111 761 2541
27
28 Glcol-6Fru 1000 611 9+0 540 60 60
29
30 . - . : . o .
31 In addition, the fragmentation ions and their relative abundances are closely related to the structure of disaccharides including mono units,
32 linkage positions and anomeric configuration under the same experimental conditions. For example, as shown in Fig. 4A, the ternary
33 complex ion of maltose (Glcal-4Glc) produced several characteristic fragment ions including m/z 633, m/z 561, m/z 501, and m/z 441 as
gg compared with cellobiose (Glcp1-4Glc) (Fig. 2F). For B isomers of Glc-Glc, linkage positions showed a significant influence on the
36 formations of base peaks, such as the ion at m/z 483 for 1,2-linkage, m/z 453 for 1,3-linkage, and m/z 663 for 1,6-linkage (Fig.4B-D). As a
37 general trend, the decomposition behaviors for a isomers of Gle-Glc and Glc-Fru were also varied by linkage positions (Fig. S2 and S3).
38 Rationally, the fragmentation of the ternary complex [2Dis+Leu+K]* could be used as the basis for isomers discrimination. Although there
?18 are many characteristic product ions formed with different intensities and ratios for each disaccharide, it is laborious and time-consuming to
41 compare the specific tandem mass spectrum with others for disaccharide isomers differentiation among abundant isomers.
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7
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Fig.4 ESI-IT-MS/MS spectra of [2Dis+Leu+K]* of four glucopyranosyl-glucose disaccharides in positive ion mode. (A) Maltose (Glcal-
4Glc); (B) Sophorose (Glcp1-2Glc); (C) Laminaribiose (GlcB1-3Glc); (D) Gentiobiose (Glcf1-6Glc). The characteristic fragment ions for

disaccharides were marked by “*”. The proposed sugar-skeleton fragmentation pathways of potassium adducts were displayed on the right.

Multivariate analysis, especially for PCA and OPLS-DA, has been widely used for the statistical analysis of complex data sets. These
techniques could be accessed to provide low-dimensional representations of complex datasets through visually interpretable scores plots.**¢
In this work, the unsupervised multivariate data analysis, PCA, was firstly used to determine whether the fragments of [2Dis+Leu+K]* were
sufficient to distinguish isomeric disaccharides. As illustrated in Fig. 5A, the first two components derived from the data of IT-MS/MS
accounted approximately for 60% of the variation. Each color was corresponded to one of the twelve disaccharides, which clearly revealed
that the independent cluster was obtained for each different disaccharide. Similarly, the first two PCs (PC1 and PC2) explained about 64% of
the original data sets of Q-TOF-MS/MS with turanose as outlier (Fig. 5B). Additionally, the intragroup clusters in the PCA model of IT-

MS/MS were tighter than that of Q-TOF-MS/MS, indicating that better reproducibility could be obtained by ESI-IT-MS.
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Fig.5 PCA score plots of [2Dis+Leu+K]* complexes of twelve glucose-containing disaccharides using ESI-IT-MS/MS (A) and ESI-Q-TOF-

MS/MS (B) respectively. Each disaccharide complex was determined for six times.

The PCA models afforded a summary of twelve disaccharides through clustering each disaccharide, which mainly emphasized on the
interclass diversities of product ions. Meanwhile, OPLS-DA models as the supervised method was further performed in order to enhance
intergroup differences based on characteristic ions with different relative intensities. As shown in Fig. 6 and Fig. S4, all twelve disaccharides
could be successfully recognized and grouped in terms of mono units, linkage positions, and anomeric configurations based on the IT-
MS/MS or Q-TOF-MS/MS data sets. For example, four kinds of linkage positions could be excellently classified by OPLS-DA with R>X
0.999 and Q* 0.989 (Fig. 6A). The pairwise comparative OPLS-DA of IT-MS/MS data between o and [ isomers presented significant
intergroup discrepancy with good model quality of R*X 0.861 and Q* 0.988 (Fig. 6B). The parameters for the classification between Glc-Glc
and Glc-Fru isomers were R*X 0.999 and Q* 0.994, suggesting that a good resolution could be achieved between isomers with different
mono units (Fig. 6C). For the data sets generated from Q-TOF-MS/MS, disaccharide isomers could also be differentiated by OPLS-DA with
good quality (Fig. 6D and Fig. S4). These results clearly demonstrated that disaccharide isomers could be rapidly discriminated through non-

covalent leucine interactions by tandem mass spectrometry in combination with multivariate analysis.
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Fig.6 OPLS-DA differentiation of twelve glucose-containing disaccharidesbased on the fragmentation of ternary [2Dis+Leu+K]* complexes.
(A) Discrimination of disaccharides with four position linkages by ESI-IT-MS/MS; (B) Discrimination of o isomers from § isomers by ESI-
IT-MS/MS; (C) Discrimination of Gle-Glc from Glc-Fru by ESI-IT-MS/MS; (D) Discrimination of disaccharides with four position linkages
by ESI-Q-TOF-MS/MS.

4. Conclusions

In summary, ESI-MS was firstly introduced to investigate the ternary complex of amino acids and disaccharides coordinated with H*, NH,*,
Li*, Na*, and K*, respectively. The results showed that the formations of the ternary complexes were significantly influenced by the side
chains of amino acids and cations attached. Notably, leucine could specifically interact with cellobiose to form stable complexes of
[Cello+Leu+K]*, [Cello+2Leu+K]", and [2Cello+Leu+K]* in gas phase using ESI-MS and the amount of their sugar-ring cleavage were
dependent on the ratios of Cello-to-Leu. Among them, [2Cello+Leu+K]* could provide the most abundant fragmentation patterns and
structural information. In combination of tandem mass spectrometry and stable isotope 'O labeling technique, the structural conformation
and fragmentation pathways of [2Cello+Leu+K]" were systematically investigated. It was found that the binding of leucine significantly
induced the reducing ring opening rather than dissociation of non-covalent interactions, indicating that leucine might stabilize the non-
covalent binding of the ternary complex and ultimately lead to fragment in a different pathway with the characteristic ions. Furthermore, this
specific model was also applicable for other isomeric disaccharides. Based on this novel and general interactions of leucine with
disaccharides, the discriminations among twelve disaccharide isomers with different linkages, mono units and anomeric configurations were
successfully achieved by ESI-MS/MS in combination with PCA and OPLS-DA. The strategy demonstrated here will not only afford a rapid
and easy method for disaccharide isomers differentiation using ESI-MS/MS, but also extend our understanding of the non-covalent

interactions of amino acid, saccharides, and cations, which may offer the fresh perspective to investigate carbohydrate-protein interactions.
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