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Identification of structurally closely
related monosaccharide and
~disaccharide isomers by PMP labeling
neeeee e in conjunction with IM-MS/MS
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Shuying Liu?

It remains particularly difficult for gaining unambiguous information on anomer, linkage, and position
isomers of oligosaccharides using conventional mass spectrometry (MS) methods. In our laboratory,
an ion mobility (IM) shift strategy was employed to improve confidence in the identification of
structurally closely related disaccharide and monosaccharide isomers using IMMS. Higher separation
between structural isomers was achieved using 1-phenyl-3-methyl-5-pyrazolone (PMP) derivatization

: in comparison with phenylhydrazine (PHN) derivatization. Furthermore, the combination of pre-IM

. fragmentation of PMP derivatives provided sufficient resolution to separate the isomers not resolved in

the IMMS. To chart the structural variation observed in IMMS, the collision cross sections (CCSs) for the

. corresponding ions were measured. We analyzed nine disaccharide and three monosaccharide isomers

. that differ in composition, linkages, or configuration. Our data show that coexisting carbohydrate

. isomers can be identified by the PMP labeling technique in conjunction with ion-mobility separation and

. tandem mass spectrometry. The practical application of this rapid and effective method that requires
only small amounts of sample is demonstrated by the successful analysis of water-soluble ginseng
extract. This demonstrated the potential of this method to measure a variety of heterogeneous sample
mixtures, which may have an important impact on the field of glycomics.

Carbohydrates play critical roles in a large number of biological processes such as protein conformation, molec-
ular recognition, and cellular interaction'. While their structural elucidation is an essential prerequisite for
understanding their many functions at the molecular level, the diversity of the constituent monosaccharides,
anomeric configuration, and glycosidic linkages makes this task analytically demanding®®. This is one reason why
glycomics lags behind the advances in genomics and proteomics. Moreover, due to the difficulty in the separation
: and purification of carbohydrates, the preparation from biological sources is frequently accompanied by complex
* mixtures, where isomers must be distinguished in order to achieve complete identification.
: Many strategies have been employed for analysis of carbohydrates, such as NMR spectroscopy® and
. high-performance liquid chromatography (HPLC)’, often with the goal of recognizing isomers. The NMR-based
. approach is efficient for evaluating isomeric heterogeneity, and for structural elucidation, but has the limitation
of needing considerable amounts of the analytes and obtaining single molecular species. In comparison, HPLC
: is time-consuming, and unambiguous identification of isomers is often not possible. Mass spectrometry (MS)
© plays an important role in structural elucidation of carbohydrates due to its high sensitivity and analysis speed®'>.
However, analysis of carbohydrates by MS has been challenging in part due to the frequent presence of large
amounts of oligosaccharide isomers, which often display very similar collision-induced dissociation (CID) mass
spectra.
: Ion mobility mass spectrometry (IMMS) is a unique gas phase ion separation technique on the basis of
. parameters such as collision cross section (CCS), charge, mass, drift gas polarizability and lifetimes of ion-neutral
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Figure 1. Structures for the 10 disaccharides and 4 monosaccharides used in this study.

gaseous complexes'*!*>. IMMS is a promising approach to overcoming the above mentioned limitations, making it
an ideal candidate for differentiation of isomers. The Synapt G2 high definition mass spectrometry (HDMS)!®17,
traveling wave ion mobility mass spectrometry (TWIMMS)'®', is a hybrid quadrupole/ion mobility separa-
tor/orthogonal time-of-flight (TOF) MS instrument. More recently, IMMS has been increasingly applied to the
separation and analysis of small molecules and biomacromolecules in the gas phase based on measuring their
arrival time distributions (ATD) and their CCSs**-2*. TWIMMS has been applied in the field of carbohydrate
research, and has been reported to unambiguously distinguish both simple standards and biological mixtures
of isomeric oligosaccharides?*-3. Identifying oligosaccharides by TWIMMS was demonstrated?*-? by both pre-
and/or post-IM fragmentation prior to MS analysis, enhancing confidence in carbohydrate identification. In most
of the cases, the separation of carbohydrates by IMMS has been performed for the sodiated precursor ions in the
positive mode. However, the ionic radii, valence of cations, and number of metal ion adducts will distinctly affect
the conformation and separation of carbohydrate isomers in IMMS?-*. In addition, better separation among
oligosaccharide isomers can be achieved in the negative ion mode®'~*, with or without addition of anion salts.
However, it was recently demonstrated that compositional isomeric carbohydrates could not be differentiated by
IMMS in the recent article in Nature®. Harvey et al.** reported the use of TWIMMS combined with negative ion
fragmentation, for determining the structures of high-mannose glycans. Analysis of high-mannose N-glycans
by TWIMMS revealed the presence of distinctive gas-phase conformers exclusive to [M~H]~ ions®. Isomer sep-
aration of small carbohydrates by IMMS has also been reported®**¢, but the analytes are not fully resolved. To
increase the CCSs of the oligosaccharide isomers, Fenn and McLean* have employed boronic acid derivatization
of carbohydrates as an ion mobility shift strategy, but no arrival time distributions of the derivatized isomers were
reported.

Recently, Both et al.?® reported IMMS separation of isobaric monosaccharides and differentiation of CID frag-
ment ions from disaccharides and polysaccharides, yet not all isomers were distinguishable. 1-Phenyl-3-methyl-
5-pyrazolone (PMP), initially reported as a labeling reagent for reducing carbohydrates by Honda’s group®, has
been widely used for derivatization of reducing carbohydrates because the derivitization is fast, mild, and has a
simple clean-up procedure. Here, we present a novel method using PMP derivatization followed by IMMS for the
simultaneous structural analysis of carbohydrate isomers. In an effort to obtain better ion mobility separation,
we investigated factors including wave velocities, wave heights, and derivatization reagents. Water-soluble gin-
seng monosaccharides (WGOS-1) and water-soluble ginseng disaccharides (WGOS-2) were used to evaluate this
method, demonstrating the powerful applicability of this approach for analysis of mixtures.

Results and Discussion

Arrival time distributions (ATDs) of 10 disaccharide and 4 monosaccharide isomers. The struc-
tures of all the 10 disaccharides and 4 monosaccharides are shown in Fig. 1. Among them, it is noteworthy that the
eight closely related structural isomers including gentiobiose, cellobiose, laminaribiose, sophorose, isomaltose,
maltose, nigerose, and kojibiose are all glucopyranosyl-glucose disaccharides. In the case of the monosaccharides,
three epimers (glucose, galactose, and mannose) differing only in their stereochemistry, and a ketose(fructose),
were selected as models. The selected carbohydrates differ only in linkages (such as gentiobiose (31-6) and cel-
lobiose (31-4)), configurations (such as gentiobiose (31-6) and isomaltose («1-6)), and composition (such as
galactose and mannose). Thus, they are difficult to be distinguished from each other. In order to increase the
efficacy of ion mobility at segregating the coexisting isomers, the major experimental parameters affecting TWIM
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Figure 2. A plot of CCS vs. m/z for (a) [M + Na]* of underivatized carbohydrates, and (b) [M + Na]* of
PHN- and (c¢) [M+ H] " of PMP-derivatized carbohydrate isomers. RE (relative error) <5%. Refer to Table 1 for
tabulated values.

separation, traveling wave velocity and height, were optimized. The overall ion mobility spectra of the 10 disac-
charide isomers and 4 monosaccharide isomers at a 40V, 550-2500 m/s T-Wave are displayed in Supplementary
Fig. S1. In all spectra, the predominant carbohydrate ions produced by electrospray ionization (ESI) were found
to be the Na* adducts of the disaccharides (/2 365.11) and monosaccharides (/2 203.05). Ammonia-adducted
ions were also detected at low abundance for the four monosaccharide structural isomers; however, their drift
times are exactly the same under any experimental condition (data not shown).

As observed in Supplementary Fig. S1, the drift times of sucrose and the other disaccharides differ by at least
0.11 ms; those of glucose and its isomers differ by 0.11 ms. Consequently, sucrose and glucose were more readily
distinguished with their respective isomers by their drift times. However, the drift times of the rest of the studied
saccharides were essentially indistinguishable. These results for the monosaccharide isomers were in agreement
with the previous report®.

Effect of derivatization reagents. The ion mobility shift reagent strategy was employed to increase the
CCSs of the above mentioned disaccharides and monosaccharides, with the aim of distinguishing the isomers.
Two commonly used derivatization reagents of carbohydrates, PMP and PHN, were used to covalently mod-
ify saccharides. The generalized schemes for the reaction of carbohydrates with PMP and PHN were shown in
Supplementary Fig. S2, with cellobiose used as an example. The mass shifts resulting from carbohydrate derivati-
zation with PMP and PHN are 330 and 88 Da, respectively (Supplementary Fig. S3). The CCSs for the underivat-
ized and derivatized species were calculated to determine the effect of derivatization on the resulting structural
shift in IMMS analysis. For the PMP-derivatized species, the preponderance (99%) of the signal was for proto-
nated species, so sodium-coordinated CCSs were not reported for comparison. The effect of derivatization on
the CCSs of carbohydrates is illustrated in Fig. 2. The desired shift in conformation space was achieved for most
species, as indicated by a greater increase in CCSs. Our data clearly demonstrate that carbohydrate isomers with
identical mass but different conformation can be partly distinguished based on the CCSs of their derivatives.

As expected, the saccharides showed different drift times by the ion mobility shift reagent strategy. As
illustrated by the ATDs presented in Fig. 3, the three disaccharide isomers maltose (t, = 8.73 ms), isomalt-
ose (tp=8.03ms), and laminaribiose (t, =9.01 ms) as well as the three monosaccharide isomers galactose
(tp = 6.18 ms), mannose (t, = 6.29 ms), and fructose (t, = 6.4 ms) were more readily distinguished by the
drift times of their PMP derivatives. The leading edge (i.e. laminaribiose) may arise due to the bisPMP bind-
ing conformations since the laminaribiose standard and monoPMP-laminaribiose contain only a single isomer
(Supplementary Fig. S4). Unfortunately, the drift times of three groups of disaccharide isomers were essen-
tially indistinguishable as the PMP derivatives (t, = 8.41 ms for [PMP-lactose + H] " versus t, = 8.46 ms for
[PMP-sophorose + H]*; t, = 8.52 ms for [PMP-kojibiose + H]* versus t, = 8.52 ms for [PMP-nigerose + H]*;
tp =28.25ms for [PMP-cellobiose + H] " versus tp = 8.19 ms for [PMP-gentiobiose + H] ™). In the case of the mon-
osaccharide isomers, better separation was acquired, and PMP-fructose (tp = 6.40 ms) had longer drift times than
PMP-mannose (t, = 6.29 ms) and PMP-galactose (t, = 6.18 ms). Similar results were obtained for PHN derivat-
ization (Supplementary Fig. S5).

Overall the presence of leading/training peaks was more prevalent with PHN labeling (Supplementary Fig. S5),
indicating multiple conformations potentially arising due to differential sites of sodium-adduction associated
with these structures in the gas phase®®. In contrast, PMP-disaccharide peaks were broader (Fig. 3), due to the
larger molecular weight of the compounds. We noted that peak width was related to the size of the compound
instead of the derivatization. For example, underivatized maltotetraose has a similar molecular weight compared
to the PMP derivatives of disaccharides, and also had very broad peak width (Supplementary Fig. S6). This obser-
vation was in good agreement with a previous report®. Interestingly, the width of ATDs varied significantly for
some of the different disaccharide derivatives (e.g. lactose versus kojibiose, Fig. 3). The differences of the widths
of ATDs for the same mass have also been observed in analysis of cyclodextrin (CD) by IM MS*. The explanation
was that the linear sugar chains had more conformational variations than the cyclic «CD moiety having the same
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Figure 3. Overall mobility spectra of the 9 PMP-derivatized disaccharide isomers and 3 PMP-derivatized
monosaccharide isomers. All mobility spectra of the disaccharides and monosaccharides were extracted

for protonated ions at m/z 673.27 and 511.22, respectively. The arrival times are from three individual
measurements, and deviation is+0.01 ms.

mass, which caused an IM peak broadening of n-CD. Here, it was inferred that the width differences of ATDs for
some disaccharides resulted from their different spatial configurations.

In short, the results showed that the majority of disaccharide and monosaccharide structural isomers exhib-
ited unique mobility drift times, even though not all of them were fully resolved.

Tandem mass spectrometric analysis of PMP derivatives of disaccharides. The MS? strategy
was utilized to further enhance the identification of specific disaccharides. The mobility and mass selected ions
could be introduced into the trap cell installed in front of a TWIMS, which enables the isomeric heterogeneity of
product ions to be evaluated. The product ions in the tandem mass spectra of PHN derivatives of disaccharides
(Supplementary Fig. S3e) were the corresponding native disaccharide ions. Thus, it was impossible to differentiate
the six unresolved disaccharide isomers mentioned above by the mobility spectra extracted for the product ions at
m/z 365.11, as shown in Supplementary Fig. S1. To solve this problem, we took recourse to MS? analysis of PMP
derivatives of disaccharides (Fig. 4). The mobilities of the product ions, [monoPMP-disaccharide + H]* ions at
m/z499.19 (Fig. 4, panel a) and [monoPMP-disaccharide + Na]* ions at m/z 521.17 (Fig. 4, panel b), were exam-
ined and compared. The only difference between the two specific ions is the ionized form. From Fig. 4, it is clearly
seen that the ionized form exerted a significant influence on the drift times of the product ions. As a general trend,
drift times of these ions increased as the size of the ions increased. For example, the drift time of kojibiose varied
from t, =4.83 ms as the [M + H] " ion to tp =5.75 ms for the [M + Na] ™" ion.

As presented in Fig. 4a, it became immediately apparent that the product ions of the three pairs of
isomers exhibited strikingly different drift times (tp = 5.48 ms for [monoPMP-kojibiose + H]* versus
tp=5.64 ms for [monoPMP-nigerose + H]*; tp = 5.64 ms for [monoPMP-lactose + H] " versus t, = 5.15ms
for [monoPMP-sophoros + H]*; tp, = 5.75 ms for [monoPMP-cellobiose + H]* versus t, = 5.59 ms for
[monoPMP-gentiobiose + H] ")), depending on differences in their linkages. Whereas, as shown in Fig. 4b, some
monoPMP disaccharide isomers were separable in the form of sodium ion adducts (different t;, values) while not
in the other (same tp, values), which indicated that sodium ion adducts are often not the preferred charge carrier
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Figure 4. IM-MS/MS of the protonated PMP derivative ions of the three groups of disaccharide isomers.
(a) The mobility spectra were extracted for protonated product ions at m/z 499.19. (b) The mobility spectra were
extracted for sodiated product ions at m/z 521.17. The arrival times are from three individual measurements,
and deviation is+0.01 ms.

from the standpoint of IM separation of isomeric carbohydrates. Sodium ion association was disadvantage to the
differentiation of the monoPMP derivatives of the linkage isomers cellobiose (31-4) and gentiobiose (31-6). In
comparison, better separation among structural isomers appeared to be achieved for [M + H] ™ cations. The CCSs
for the twelve MS? fragment ions were calculated to determine the structural variation (Supplementary Table S1).
The sodiated monoPMP derivatives of the linkage isomers cellobiose (31-4) and gent10b1ose (B1-6) exhibited
CCSs that were almost identical to each other (151.52 A2 and 151.10 A2, respectively), which is in good agreement
with the results from ATDs. Remarkably, protonated monoPMP derivatives of the six disaccharide isomers exhib-
ited highly diagnostic CCS values that differed by at least 2.1 A2 for each pair of isomers.

The mixture of the given set of disaccharide and monosaccharide isomers can be differentiated by PMP deri-
vatization in conjunction with ion-mobility separation and MS?. For clarity, the overlaid IMS plots of all the
analytes are summerized in Fig. 5.

Application to WGOS isolated from the Panax Ginseng root.  Asan example of the application of the
above technique, Fig. 6 shows the IM spectra of WGOS-1 and WGOS-2 obtained from a warm-water extract of
Panax ginseng roots as our previously published procedures*!. Direct comparison of Fig. 6a (sodiated WGOS-1
at m/z 203.04 and potassium adduct ions of WGOS-2 at m/z 381.07), 6b (potassium adduct ions of sucrose at
m/z 381.07), and 6¢ (sodiated glucose at 71/z 203.04) revealed the presence of sucrose in WGOS-2 and glucose in
WGOS-1. The peaks at 2.06 and 3.69 ms in Fig. 6a are ambiguous. The former could be assigned as fructose, man-
nose, or galactose based on Supplementary Fig. S1, and the later could correspond to kojibiose, nigerose, maltose,
sophorose, laminaribiose, or cellobiose (Supplementary Fig. S7). CCS values of the potassium adduct ions of the
disaccharide isomers were summarized in Supplementary Table S2.

In order to identify the peaks at 2.06 and 3.69 ms, PMP-derivatized WGOS-1 and WGOS-2 were determined
(Fig. 6d). A comparison of the drift times between Fig. 6d,e, and f showed that WGOS-1 was composed of glucose
and fructose, indicating the peak at 2.06 ms corresponded to fructose instead of mannose and galactose (Fig. 6a).
Furthermore, taking these results from the tandem mass spectra and full scan mass spectra into consideration,
one can conclude that WGOS-2 contains maltose rather than the other disaccharides (Figs 6d,g). Sucrose is a
nonreducing disaccharide, thus its PMP derivatives was not detected.

The results showed that the disaccharides in WGOS-2 and monosaccharides in WGOS-1 were identified as
sucrose and maltose as well as glucose and fructose, respectively, which were in agreement with the observations
made in a previous study*2. Thus, the reliability of this method was confirmed.

Conclusions

The differentiation of closely related structural isomers is a serious complication when using mass spectrometry
alone. In this study, the coexisting mono- and disaccharide isomers with different linkages, compositions, and
configurations were separated by the PMP labeling technique in conjunction with ion-mobility separation and
tandem mass spectrometry. The extent of separation was significantly affected by the ionized forms of MS? frag-
ments, and [M + H] " cations are the preferred charge carrier from the standpoint of IM separation of isomeric
carbohydrates. In addition, our data show that the structural differences between carbohydrate isomers can lead
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Figure 5. (a) Overall mobility spectra of the mixture of 9 PMP-derivatized disaccharide isomers and 3 PMP-
derivatized monosaccharide isomers. All mobility spectra of the disaccharides and monosaccharides were
extracted for protonated ions at m/z 673.27 and 511.22, respectively. (b) IM-MS/MS of the six unresolved PMP-
disaccharide derivatives (kojibiose, nigerose, lactose, sophoros, cellobiose, and gentiobiose) unlabelled in the
upper spectra. The mobility spectra were extracted for the product ions at 71/z 499.19.
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Figure 6. ATDs of (a) WGOS-1 and WGOS-2, (b) sucrose, and (c) glucose in the left column. ATDs of
protonated PMP derivatives of (d) WGOS-1 and WGS-2, (e) glucose, (f) fructose, and (g) maltose in the right
column. The red traces in Figure d and g are the drift time plots of fragment ions from the ions at m/z 673.27.
The arrival times are from three individual measurements, and deviation is & 0.01 ms.

to distinctly different CCSs. Therefore, carbohydrate isomers can be distinguished not only on the basis of their
drift time, but also based on their relative CCS values. All carbohydrates in WGOS-1 and WGOS-2 have been
successfully examined using this new method. The simplicity and validity of the method makes it an attractive
option for unequivocal differentiation of carbohydrate isomers.

Material & Methods

Chemicals and Reagents. Kojibiose, maltose, isomaltose, nigerose, cellobiose, gentiobiose, melibiose, tre-
halose, a-cyclodextrin, glucose, fructose, galactose, mannose, and PHN were bought from J&K Chemical Ltd.
(Beijing, China). Sophorose was acquired from Shanghai Huicheng Biotechnology Co, Ltd. (Shanghai, China).
Laminaribiose was acquired from Beijing Chemsynlab Pharmaceutical Science & Technology Co. Ltd. (Beijing,
China). Maltotriose, raffinose, melezitose, sucrose, PMP, and lactose were acquired from Aladdin (Shanghai,
China). Methanol (HPLC grade) was obtained from Fisher Chemical Company. All other chemicals used in this
study were of analytical grade and were used without further purification. High-purity helium, nitrogen, and
argon (99.999%) were supplied by Changchun Juyang Gas Co., Ltd. (Changchun, China). Ultrapure water (spe-
cific conductivity, 18.2 MQ/cm) was produced by a MilliQ device (Millipore, Milford, MA, USA).

Sample Preparation. For ion mobility studies, 2mM stock solutions of monosaccharides and disaccharides
were prepared using ESI solvent (50% aqueous methanol, v/v) and were diluted in 1:20 ESI solvent for individual
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collision cross section (A2)
carbohydrates [M + Na]* [M +PHN + Na]* [M +PMP + H]*+
lactose 121.1* (60 =6.4) 137.3+0.3 177.94+0.6
kojibiose 1143+0.4 134.04+0.2 180.04+0.5
nigerose 112.940.5 126.54+0.6 180.14+0.4
maltose 112.64-0.4° 138.14+0.2 182.54+0.3
isomaltose 113.34+0.4 134.74+0.3 174.74+0.2
sophorose 114.6+0.6 133.4+0.7 179.2+0.2
laminaribiose 113.940.5 128.6+0.5 184.44+0.3
cellobiose 112.4+0.4° 139.4+0.3 177.14+0.2
gentiobiose 114.7+0.9 134.34+0.2 176.2+0.3
galactose 83.5+0.3 98.2+0.4 152.8+0.1
mannose 83.4£0.5 98.04+0.5 153.74+0.2
fructose 83.7+0.4 100.3+0.5 154.44+0.2

Table 1. The CCSs for underivatized, and PMP- and PHN-derivatized carbohydrate species (n =16). “The
value was reported in reference 28, and "the values were reported in reference 29.

analysis (100 pM each). These were stored at-20 °C until needed. NH;-H,O-methanol solution was prepared
by adding 560 pL NH;-H,O (25%) to 9.44 mL methanol. The labeling reagent solution used for derivatization
(250 mM) was prepared by dissolving 60.67 mg of PMP into 10 mL NH;-H,0O-methanol solution. PMP and PHN
derivatives of monosaccharides and disaccharides were prepared according to the previously described proce-
dures*#*, The detailed derivatization procedures are included in the Supplementary Information.

Mass Spectrometry and lon Mobihlity. All mass spectrometry and ion mobility experiments were per-
formed using a Waters Synapt G2 quadrupole-IM-TOF mass spectrometer with TWIM capabilities (Waters,
Manchester, U.K.). The samples were analyzed in positive ion mode with a capillary voltage at 2.8 kV. The Synapt
G2 parameters were optimized as follows: sample cone voltage at 50 V, extraction cone voltage at 4 V, source tem-
perature at 120 °C, and desolvation temperature at 350 °C. The flow rates of the cone gas and desolvation gas were
set to 30 and 450 Lh, respectively.

The major experimental parameters affecting TWIM separation are the drift gas pressure, the TWIM DC
traveling wave height, and the TWIM DC traveling wave velocity**®. For all IM experiments, He was introduced
at 180 mL/min to the helium cell installed in front of the ion mobility separator, and nitrogen was used as the
drift gas at a flow rate of 90 mL/min. The traveling wave height was set to 40.0 V. The traveling wave velocity was
systematically optimized for maximum resolution. Optimal traveling wave velocities were 550-2500 m/s (the
variable IMS wave velocity, start velocity: 550 m/s, end velocity: 2500 m/s) for monosaccharides and disaccharides
as well as their derivatives. IM-MS/MS experiments were performed to make an attempt to distinguish barely
resolved analytes in the IM-MS. The CID experiments were performed using argon as collision gas at the trap cell
of the instrument at a flow rate of 2 mL/min and a collision energy of 40 V. Data acquisition and processing were
conducted using Masslynx 4.1 software (Waters Corp., Manchester, UK.).

Collision Cross Sections. It has been proposed that the CCS is proportional to t,X in the traveling-wave
IMS system. The exponential factor X depends upon many variables including the traveling wave height and the
traveling wave velocity*®*. CCS calculations were performed according to previously described protocols*”*%. The
CCSs of the isomeric monosaccharides and disaccharides as well as their derivatives are thus determined accord-
ing to the calibration curve constructed using the oligosaccharides with known CCSs (cellobiose, 112.4 A% malt-
ose, 112.6 A2; sucrose, 108.9 A% lactose, 121.1 A% melibiose, 112.2 A2 trehalose, 110.6 A% maltotriose, 142.9 A2;
raffinose, 138.8 A% melezitose, 133.5 A2 a-cyclodextrin, 200.7 A2)82 IMMS data of the calibrant ions and ana-
lytes were recorded over a range of wave heights and velocities to separate the ions. Under each condition, a
calibration curve was established to calculate the experimental CCSs.

References

1. Kreisman, L. S. C. & Cobb, B. A. Infection, inflammation and host carbohydrates: a Glyco-Evasion Hypothesis. Glycobiology 22,
1019—1030 (2012).

2. Zhang, X. L. Roles of glycans and glycopeptides in immune system and immune-related diseases. Curr. Med. Chem. 13, 1141-1147
(2006).

3. Rudd, P. M, Elliott, T., Cresswell, P., Wilson, I. A. & Dwek, R. A. Glycosylation and the immune system. Science 291, 2370—2376
(2001).

4. Pabst, M. & Altmann, E. Glycan analysis by modern instrumental methods. Proteomics 11, 631—643 (2011).

5. Fang, T. T. & Bendiak, B. The stereochemical dependence of unimolecular dissociation of monosaccharide-glycolaldehyde anions in
the gas phase: a basis for assignment of the stereochemistry and anomeric configuration of monosaccharides in oligosaccharides by
mass spectrometry via a key discriminatory product ion of disaccharide fragmentation, m/z 221. J. Am. Chem. Soc. 129, 9721-9736
(2007).

6. Armstrong, G. S., Mandelshtam, V. A., Shaka, A. ]. & Bendiak, B. Rapid high-resolution four-dimensional NMR spectroscopy using
the filter diagonalization method and its advantages for detailed structural elucidation of oligosaccharides. J. Magn. Reson. 173,
160—168 (2005).

SCIENTIFICREPORTS | 6:28079 | DOI: 10.1038/srep28079 7



www.nature.com/scientificreports/

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

. Currie, H. A. & Perry, C. C. Resolution of complex monosaccharide mixtures from plant cell wall isolates by high pH anion exchange

chromatography. J. Chromatogr. A 1128, 90—96 (2006).

. Bock, K. et al. Primary structure of the o-glycosidically linked glycan chain of the crystalline surface layer glycoprotein of

Thermoanaerobacter thermohydrosulfuricus L111-69. J. Biol. Chem. 269, 7137-7144 (1994).

. Yang, H. et al. Differentiation of disaccharide isomers by temperature-dependent in-source decay (TDISD) and DART-Q-TOF MS/

MS. J. Am. Soc. Mass Spectrom. 26, 1599—1605 (2015).
Li, B., An, H. ], Hedrick, J. L. & Lebrilla, C. B. Collision-induced dissociation tandem mass spectrometry for structural elucidation
of glycans. Methods Mol. Biol. 534, 23—35 (2009).

. Leymarie, N. & Zaia, J. Effective use of mass spectrometry for glycan and glycopeptide structural analysis. Anal. Chem. 84, 3040—

3048 (2012).

Costello, C. E., Contado-Miller, . M. & Cipollo, J. E. A glycomics platform for the analysis of permethylated oligosaccharide alditols.
J. Am. Soc. Mass Spectrom. 18, 1799—1812 (2007).

Vijayakrishnan, B. et al. MS" of the six isomers of (GlcN),(GIcNAc), aminoglucan tetrasaccharides (diacetylchitotetraoses): Rules of
fragmentation for the sodiated molecules and application to sequence analysis of hetero-chitooligosaccharides. Carbohydr. Polym.
84,713—718 (2011).

Borsdorf, H., Mayer, T., Zarejousheghani, M. & Eiceman, G. A. Recent developments in ion mobility spectrometry. Appl. Spectrosc.
Rev. 46, 472521 (2011).

Smith, D. P. et al. Deciphering drift time measurements from travelling wave ion mobility spectrometry-mass spectrometry studies.
Eur. ]. Mass Spectrom. 15, 113—130 (2009).

Giles, K. et al. Applications of a travelling wave-based radio-frequency-only stacked ring ion guide. Rapid Commun. Mass Spetrom.
18, 24012414 (2004).

Pringle, S. D. et al. An investigation of the mobility separation of some peptide and protein ions using a new hybrid quadrupole/
travelling wave IMS/oa-ToF instrument. Int. J. Mass Spectrom. 261, 1—12 (2007).

Giles, K., Williams, J. P. & Campuzano, I. Enhancements in travelling wave ion mobility resolution. Rapid Commun. Mass Spectrom.
25,1559—1566 (2011).

Zhong, Y., Hyung, S. J. & Ruotolo, B. T. Characterizing the resolution and accuracy of a second-generation traveling-wave ion
mobility separator for biomolecular ions. Analyst 136, 3534—3541 (2011).

Zhuang, X. et al. Identification of unfolding and dissociation pathways of superoxide dismutase in the gas phase by ion-mobility
separation and tandem mass spectrometry. Anal. Chem. 86, 11599—11605 (2014).

El-Hawiet, A, Kitova, E. N. & Klassen, J. S. Quantifying protein interactions with isomeric carbohydrate ligands using a catch and
release electrospray ionization-mass spectrometry assay. Anal. Chem. 85, 7637—7644 (2013).

Li, H. et al. Resolving structural isomers of monosaccharide methyl glycosides using drift tube and traveling wave ion mobility mass
spectrometry. Anal. Chem. 84, 3231—3239 (2012).

Dwivedi, P., Bendiak, B., Clowers, B. H. & Hill, H. H., Jr. Rapid resolution of carbohydrate isomers by electrospray ionization
ambient pressure ion mobility spectrometry-time-of-flight mass spectrometry (ESI-APIMS-TOFMS). J. Am. Soc. Mass Spectrom.
18, 1163—1175 (2007).

Li, H, Bendiak, B., Siems, W. E, Gang, D. R. & Hill, H. H., Jr. Carbohydrate structure characterization by tandem ion mobility mass
spectrometry (IMMS)?. Anal. Chem. 85,2760—2769 (2013).

Harvey, D. J. et al. Traveling wave ion mobility and negative ion fragmentation for the structural determination of N-linked glycans.
Electrophoresis 34, 2368-2378 (2013).

Seo, Y., Andaya, A. & Leary, J. A. Preparation, separation, and conformational analysis of differentially sulfated heparin
octasaccharide isomers using ion mobility mass spectrometry. Anal. Chem. 84, 2416—2423 (2012).

Bohrer, B. C. & Clemmer, D. E. Biologically-inspired peptide reagents for enhancing IMS-MS analysis of carbohydrates. J. Am. Soc.
Mass Spectrom. 22, 1602—1609 (2011).

Huang, Y. & Dodds, E. D. Ion mobility studies of carbohydrates as group I adducts: isomer specific collisional cross section
dependence on metal ion radius. Anal. Chem. 85, 9728—9735 (2013).

Fenn, L. S. & McLean, J. A. Structural resolution of carbohydrate positional and structural isomers based on gas-phase ion mobility-
mass spectrometry. Phys. Chem. Chem. Phys. 13,2196-2205 (2011).

Fasciotti, M. et al. Separation of isomeric disaccharides by traveling wave ion mobility mass spectrometry using CO, as drift gas.
J. Mass Spectrom. 47, 1643-1647 (2012).

Li, H., Bendiak, B., Siems, W. E,, Gang, D. R. & Hill, H. H., Jr. Ion mobility studies of carbohydrates as group I adducts: isomer
specific collisional cross section dependence on metal ion radius. Anal. Chem. 87, 2228—2235 (2015).

Winkler, W., Huber, W, Vlasak, R. & Allmaier, G. Positive and negative electrospray ionisation travelling wave ion mobility mass
spectrometry and low-energy collision-induced dissociation of sialic acid derivatives. Rapid Commun. Mass Spectrom. 25,
3235-3244 (2011).

Hofmann, J., Hahm, H. S., Seeberger, P. H. & Pagel, K. Identification of carbohydrate anomers using ion mobility—mass spectrometry.
Nature 526, 241—244 (2015).

Harvey, D. J. et al. Travelling-wave ion mobility and negative ion fragmentation of high-mannose N-glycans. J. Mass Spectrom. 51,
219-235(2016).

Struwe, W. B., Benesch, J. L., Harvey, D. J. & Pagel, K. Collision cross sections of high-mannose N-glycans in commonly observed
adduct states—identification of gas-phase conformers unique to [M — H]~ ions. Analyst 140, 6799-6803 (2015).

Zhu, M., Bendiak, B., Clowers, B. & Hill, H. H., Jr. Ion mobility separation of isomeric carbohydrate precursor ions and acquisition
of their independent tandem mass spectra. Anal. Bioanal. Chem. 394, 1853-1867 (2009).

Fenn, L. S. & McLean, J. A. Enhanced carbohydrate structural selectivity in ion mobility-mass spectrometry analyses by boronic acid
derivatization. Chem. Commun. 43, 5505-5507 (2008).

Both, P. et al. Discrimination of epimeric glycans and glycopeptides using IM-MS and its potential for carbohydrate sequencing.
Nat. Chem. 6, 65-74 (2014).

Honda, S. et al. High-performance liquid chromatography of reducing carbohydrates as strongly ultraviolet-absorbing and
electrochemically sensitive 1-phenyl-3-methyl-5-pyrazolone derivatives. Anal. Biochem. 180, 351-357 (1989).

Yamagakia, T. & Satob, A. Peak width-mass correlation in CIDMS/MS of isomeric oligosaccharides using traveling wave ion
mobility mass spectrometry. J. Mass Spectrom. 44, 1509-1517 (2009).

Wan, D, Jiao, L., Yang, H. & Liu, S. Structural characterization and immunological activities of the water-soluble oligosaccharides
isolated from the Panax ginseng roots. Planta 235, 1289—1297 (2012).

Zhu, M. et al. The effects of ethanol concentrations on isolation of ginseng polysaccharides. Journal of Northeast Normal University
41, 154—159 (2009).

Wan, D., Yang, H., Song, E, Liu, Z. & Liu, S. Identification of isomeric disaccharides in mixture by the 1-phenyl-3-methyl-5-
pyrazolone labeling technique in conjunction with electrospray ionization tandem mass spectrometry. Anal. Chim. Acta 780, 36-45
(2013).

Lattova, E. & Perreault, H. Profiling of N-linked oligosaccharides using phenylhydrazine derivatization and mass spectrometry.
J. Chromatogr. A 1016, 71-87 (2003).

SCIENTIFICREPORTS | 6:28079 | DOI: 10.1038/srep28079 8



www.nature.com/scientificreports/

45. Zhong, Y., Hyung, S.-]. & Ruotolo, B. T. Characterizing the resolution and accuracy of a second-generation traveling-wave ion
mobility separator for biomolecular ions. Analyst 136, 3534—3541 (2011).

46. Shvartsburg, A. A. & Smith, R. D. Fundamentals of traveling wave ion mobility spectrometry. Anal. Chem. 80, 9689—9699 (2008).

47. Bush, M. E. et al. Collision cross sections of proteins and their complexes: a calibration framework and database for gas-phase
structural biology. Anal. Chem. 82, 9557—9565 (2010).

48. Ruotolo, B. T, Benesch, J. L., Sandercock, A. M., Hyung, S. ]. & Robinson, C. V. Ion mobility-mass spectrometry analysis of large
protein complexes. Nat. Protoc. 3, 1139—1152 (2008).

Acknowledgements

Authors are grateful for financial supports from the National Natural Science Foundation of China (No. 21305135,
21475012), the Science and Technology Development Planning Project of Jilin Province (No. 20160101220JC),
and Project of the Education Department of Jilin Province (No. 2016002). We thank Amy Rand for the language
revision.

Author Contributions

S.Y.L., HM.Y. and D.B.W. conceived and designed the research; S.Y.L. and D.B.W. contributed importantly to the
discussion of results and manuscript refinement. H.M.Y. performed the experiments with some assistance from
X.Y.Z. and R.S. The manuscript was written by H.M.Y. with contributions from L.S., ER.S. and J.Y.L. All authors
discussed and commented on the manuscript and supplementary information.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Yang, H. et al. Identification of structurally closely related monosaccharide and
disaccharide isomers by PMP labeling in conjunction with IM-MS/MS. Sci. Rep. 6, 28079; doi: 10.1038/
srep28079 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

X or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:28079 | DOI: 10.1038/srep28079 9


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Identification of structurally closely related monosaccharide and disaccharide isomers by PMP labeling in conjunction with  ...
	Results and Discussion

	Arrival time distributions (ATDs) of 10 disaccharide and 4 monosaccharide isomers. 
	Effect of derivatization reagents. 
	Tandem mass spectrometric analysis of PMP derivatives of disaccharides. 
	Application to WGOS isolated from the Panax Ginseng root. 

	Conclusions

	Material & Methods

	Chemicals and Reagents. 
	Sample Preparation. 
	Mass Spectrometry and Ion Mobihlity. 
	Collision Cross Sections. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Structures for the 10 disaccharides and 4 monosaccharides used in this study.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ A plot of CCS vs.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Overall mobility spectra of the 9 PMP-derivatized disaccharide isomers and 3 PMP-derivatized monosaccharide isomers.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ IM-MS/MS of the protonated PMP derivative ions of the three groups of disaccharide isomers.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ (a) Overall mobility spectra of the mixture of 9 PMP-derivatized disaccharide isomers and 3 PMP-derivatized monosaccharide isomers.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ ATDs of (a) WGOS-1 and WGOS-2, (b) sucrose, and (c) glucose in the left column.
	﻿Table 1﻿﻿. ﻿  The CCSs for underivatized, and PMP- and PHN-derivatized carbohydrate species (n = 16).



 
    
       
          application/pdf
          
             
                Identification of structurally closely related monosaccharide and disaccharide isomers by PMP labeling in conjunction with IM-MS/MS
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28079
            
         
          
             
                Hongmei Yang
                Lei Shi
                Xiaoyu Zhuang
                Rui Su
                Debin Wan
                Fengrui Song
                Jinying Li
                Shuying Liu
            
         
          doi:10.1038/srep28079
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep28079
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep28079
            
         
      
       
          
          
          
             
                doi:10.1038/srep28079
            
         
          
             
                srep ,  (2016). doi:10.1038/srep28079
            
         
          
          
      
       
       
          True
      
   




