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Alkali metal salts were introduced to enhance the ionization efficiency of glucose and maltooligoses in electrospray
lonization-mass spectrometry (ESI-MS). A mixture of the same moles of glucose, maltose, maltotriose. malto-
tetraose, maltopentaose, maltohexaose, and maltoheptaose was used. Salts of lithiwn, sodium, potassiun, and
cesium were emploved as the cationizing agent. The ionization eftluem\ varied with the alkali metal cation types
as well as the analyte sizes. Jon abundance distribution of the [M+cauon] 10ns of the carbohydrates varied w ith the
fragmentor voltage. The maximum 1on abundance at low fragmentor voltage was observed at maltose, while the
maximum 1on abundance at high fragmentor voltage shifted to maltotriose or maltotetraose for Na, K, and Cs,
Vanation of the 1onization efficiency was explained with the hydrated cation size and the binding energy of the

analvte and alkali metal cation.
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Introduction

Carbohydrates are the most abundant and structurally diverse
compounds found in nature.' Carbohydrates. alone or as con-
stituents of glvcoproteins, proteoglvcans. and glvcolipids. are
mediators of cellular events such as intra- and extracellular
recognition, Eljffere11tiati011, proliferation, and even signal
transduction.” Unlike linear polymers such as proteins and
nucleic acids. oligo- and polvmeric carbohvdrates can form
branched structures because linkage of the constituent mono-
saccharides can occur at a number of positions.

Mass spectrometry is an important tool for the structural
analysis of carbohydrates. and gives precise results. analvtical
versatility, and very high sensiti\-'it}-'.8 Soft ionization techniques
such as matrix-assisted laser desorption and ionization (MALDI)
and atmospheric pressure ionization (API) have been used for
linkage and sequence determination of oligosaccharides.9'23
InMALDI. catbohydrates are most often ionized by adduction
of metal ions. usually sodium cation. with comparatively low
efficiency.”"" Electrospray ionization (ESI) and atmospheric
pressure chemical ionization (APCI) are the most currently
used as API sources which have widely contributed to the
success of liquid chromatography coupled to mass spectro-
metry (LC/MS) for the fast analysis of biological materials. =48
Analysis of carboh\ drates using LCMS have been performed
mainly with ESL' 3 Zhu and Sato” * analyzed underivatized
monosaccharides using ESI and reported a convenient method
for distingnishing underivatized isomeric monosaccharides
such as glucose, galactose, and mannose. Cheng and Her™
analyzed oligosaccharides labeled with p-aminobenzoic ethyl
ester using negative-ion ESI-MS,

Typical product ions of carbohydrate in ESI-MS are [M+H]"
and [M+N.1]' 3 When an alkali metal cation such as Li*.
Na™,K". and Cs" is added to carbohvdrate sample. the tvpical
product ion is [M+cation]" " 3 In the present work. we intro-

duced alkali metal salts as the cationizing agent to improve the
ionization efficiency of carbohydrate in ESI-MS. Glucose and
maltooligoses (maltose. maltotriose. maltotetraose. maltopen-
taose. maltohexaose. and maltoheptaose) were emploved as
catbohydrates and salts of Li", Na™. K™, and Cs* were used.
The ionization efficiency depending on the analyte size and
the fragmentation were investigated. Akey parameter in tuning
the instrument’s sensitivity is the fragmentor voltage (similar
to cone voltage in other instruments). At higher fragmentor
voltage settings. collision-induced dissociation (CID) can be
initiated in the region between the end of the transfer capillary
and the first skimmer cone. so that fragmentation increases ¥

Experimental

Glucose (DP1). maltose (DP2). maltotriose (DP3). malto-
tetraose (DP4). maltopentaose (DP3). maltohexaose (DP6),
and maltoheptaose (DP7) purchased from Aldrich Co. were
emploved as the carbohvdrates. Lithium trifluoroacetate
(LiTFA). sodium trifluoroacetate (NaTFA). potassium chloride
(KC1), and cesium trifluoroacetate (CsTFA) were emploved
as the cationizing agents. LiITFA. NaTFA, and CsTFA were
purchased from Aldrich Co. and KC1 was purchased from
Junsei Chemical Co. Deionized water purchased from Burdick
& Jackson Inc. was employed as solvent and eluent. Acetonitrile
used as one of the eluents was purchased from Aldrich Co.
The carbohydrates were dissolved in deionized water and their
concentrations were 5 mM. The cationizing agents were also
dissolved in deionized water and their concentrations were
1 mM. We prepared the samples by mixing each 1 mL of the
5 mM seven cartbohydrates solutions and 1 mL of the 1 mM
cationizing agent solution.

ESI mass spectra were obtained with 1100 series LC/MSD
of Agilent Co. The sample solution of 10 pL was injected and
a flow rate of the eluent (deionized water/acetonitrile = 50/50)
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was 1.0 mL/min. In positive ion mode, the entrance to the
capillary was —4 kV relative to the needle and -500 V relative
to the end cap. The spray was stabilized with nitrogen gas at
53 psi and drving gas heated 330 °C with a flow rate of 12
L/min was used to evaporate the solvent in the spray chamber.
Fragmentor voltages were 30. 73, 123. and 130 V.

Results and Discussion

In order to investigate the ionization efficiency depending
on the analtve size. the seven cambohyvdrates (DP1 - DP7) of
the same concentration were mixed with the same volume.
Mass spectra of the mixture sample without the salt display
the [M-OH]" and [M+Na]  ions but the [M+H] " ions were not
observed as shown in Figure 1. The m/z 163, 325, 487, 649,
811. 973. and 1133 were assigned to the [M-OH]" ions of
DPI1. DP2. DP3. DP4. DP5. DP6. and DP7. The molecular
ions (M"Y of DP1 (m/z 180) and DP2 (in/z 342) were detected
but the protonated molecular ions. [M+H] ™ were not observed.
This indicates that the (M-OH)" ions can be formed directly
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Figure 1. ESI mass spectra of the mixture of glucose and maltooli-
goses without salt at the tragmentor voltages of 75 V (a)and 150 V (b).
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Figure 2. ESI mass spectra of the mixture of glucose and maltooli-
goses containing the lithiim salt at the fragmentor voltages of 75 V
(a)and 150 V (b).
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from the molecular ion by loss of the hydroxy1 group on C1 of
glucose not the [M+H]" ions. Sodium cation of the [M+Na]”
ions may come from the sugars or glassware. The [M-OH]™
ions at higher fragmentor voltage were observed better than at
lower fragmentor voltage. For glucose (DP1). the dehydrated
ons ([M-OH-uH;Or) of mfz 143,127, and 109 forn=1. 2,
and 3. respectively. were observed.

Mass spectra of the sample containing the salt mainly show
the ion distributions of the [M-+cation)”. where the cation is
the alkali metal cation of the salt. as shown in Figures 2 - 5.
And the [M+cation]” jons are much abundant than the [M-OH]"
ions. which means that the alkali metal cation enhances the
ionization efficiency of the carbohydrates. The mass spectra
of the sample containing the lithium salt predominantly show
the ion distributions of [M+Li]™ (m/z 187, 349, 511, 673_ 835.
997. and 1159 for DP1. DP2, DP3. DP4, DP3. DP6, and DP7,
respectively) and the ion distribution is getting more clear by
increasing the fragmentor voltage. But, for the [M-OH)" ions,
only the [DP1-OH]" and [DP2-OH]" (m/z 163 and 325) are
observed (Figure 2). The m/z 367 ion assigned to [DP2+Li+
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Figure 3. ESI mass spectra of the mixture of glucose and maltool-
goses containing the sodium salt at the fragmentor voltages of 75 V
(a)and 150 V (b).
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Figure 4. ESI mass spectra of the mixture of glucose and maltool-
goses containing the potassium salt at the fragmentor voltages of 73
V(a)and 150 V (b).
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H-0]" was observed at low fragmentor voltage of 50 V. The
mass spectra of the sample containing the sodium salt show
well the ion distributions of [M+Na] ™~ (#/z 203. 365, 527.689.
831, 1013. and 1175 for DP1. DP2, DP3, DP4, DP3. DP6. and
DP7. respectively) and the most abundant ion peak is shifted
to the larger size from DP2 to DP3 by increasing the fragmentor
voltage (Figure 3). The mass spectra of the sample containing
the potassium salt show the ion distributions of [M+K]™ (/2
381. 343, 703,867. 1029. and 1191 for DP2, DP3. DP4, DP3,
DP6. and DP7. respectively) and the most abundant ion is
shifted to the larger size from DP2 to DP4 by increasing the
fragmentor voltage (Figure 4). The [DPL+K] ion (m/z 219)
was not observed and even the [DP2+K] ™ ion was also not
observed at high fragmentor voltage. The most abundant ion
in the mass spectra of the sample containing the cesium salt is
the cesium ion (m/z 133) and the mass spectra show the ion
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Figure 5. ESI mass spectra of the mixture of glucose and maltooli-
goses containing the cesium salt at the fragmentor voltages of 75 V
(a) and 150 V (b).
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Figure 6. Variation of the relative intensity ratios of the (M + Li] s of
the mixture of glucose and maltooligoses containing the lithium salt
with the degree of polvmerization. The ion intensity of the [DP4+Li]"
was used as the reference. Squares, circles, up-triangles, and down-
triangles stand for the fragmentor voltages of 30, 75,123, and 150 V,
respectively.
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distributions of [M+Cs)" (m/z 473, 639, 799. 961. 1123, and
1285 for DP2. DP3. DP4. DP5. DP6. and DP7. respectively)
as shown in Figure 5. The [DP1+Cs] ion (m/z 313) was not
also observed and eventhe [DP2+Cs]” ion was also not observed
at high fragmentor voltage.

As shown in Figures 2 - 5, the ionization efficiencies of the
catbohydrates were enhanced by adding the alkali metal salt
and the relative ion intensity distribution of the [M+cation]”
varied with the cation type and the analyte size. In order to
investigate these phenomena in detail. variation of the relative
jon intensity distribution of the [M+cation)” was plotted as a
function of the analyte size as shown in Figures 6 - 9. The ion
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Figure 7. Variation of the relative intensity ratios of the [M + Na]'s
of the mixture of glucose and maltooligoses containing the sodium
salt with the degree of polvmerization. The ion intensity of the
[DP4+Na)" was used as the reference. Squares, circles, up-triangles,
and down-trangles stand for the fragmentor voltages of 30, 73, 1235,
and 150 V, respectively.
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Figure 8. Variation of the relative intensity ratios of the [M + K] s of
the mixture of glucose and maltooligoses containing the potassium
salt with the degree of polvmerization. The ion intensity of the
[DP4+K]™ was used as the reference. Squares, circles, up-tiangles,
and down-trangles stand for the fragmentor voltages of 30, 73,123,
and 150 V, respectively.
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Figure 9. Variation of the relative intensity ratios of the [M + Cs]'s
of the mixture of glucose and maltocligoses contaming the cesium
salt with the degree of polymerization. The ion intensity of the
[DP4+Cs]" was used as the reference. Squares, circles, up-triangles,
and down-triangles stand for the fragmentor voltages of 30, 75, 123,
and 130V, respectively,

intensity of the [DP4+Li] was used as the reference. The ion
intensity ratios of the [M+cation]'s varied depending on the
analvte size though the mixture sample contained the 7
carbohydrates of the same concentration. This means that the
ionization efficiency to form the alkali metal cation-adducted
carbohvdrate varies with the analyvte size. The maximum ion
intensity ratio is DP2. DP3. or DP4 and it varies with the alkali
metal cation tvpes and the fragmentor voltages.

The experimental results of LC/ESI-MS are very different
from the MALDI-TOFMS results. Liu and coworkers analvzed
underivatized oligosaccharides using LC/ESI-MS and reported
that the relative abundances of oligosaccharides were different
depending one the analvte size.” Unfortunately. detail discus-
sion about the ionization efficiency difference with the analyte
size was not performed. For MALDI. the ionization efficiency
of maltooligose with alkali metal cation tends to increase by
increasing the analvte size.!! The ionization efficiency diffe-
rence in ESI and MALDI may be due to the states of ion com-
plex formation. For MALDIL. the ion complex can be formed
in gas phase. For ESI, however, the ion complex of malto-
oligose and alkali metal cation is formed in liquid phase. solvent
molecules are evaporated by high voltage application and
nebulization. and finally the gas phase ion complex enters to
the mass spectrometer. In agqueous solution. the alkali metal
cation is hvdrated and the hydrated radius is much bigger than
the pure cation radius.” Since the alkali metal cation affinity
of saccharides is consistent with the multidentate coordination.
the distinct ionization efficiencies of the saccharides depen-
ding on the size may be due to the structural stability of the
saccharide-alkali metal cation complex in water solution.

Maltooligosaccharide has a helix structure when its size is
large enough.’g One turn helix structure is composed of six
monomers and hydroxyl groups are located in outer part. Mal-
tose (DP2) can have a linear structure whereas maltotetraose
(DP4) can have a semicircular structure. Since the outside of
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maltooligose is hydrophilic whereas the inside is hydrophobic.
the hydrated alkali metal cation is located in the outside of
maltooligose not the inside. Stability of the maltooligose-alkali
metal cation complex will be increased by increasing the numi-
ber of the coordination sites between the maltooligose and
alkali metal cation. For maltooligose having a cvclic or semuici-
rcular structure. the stable structure will be changed to more
strained structure to increase the coordination sites and the
structural stability will decrease. Thus, the number of the coor-
dination sites of maltooligose having a cvclic or semicircular
structure is relatively small and the ionization efficiency is
relatively low. One can expect that maltose has a linear structure
and many coordination sites,‘1 * the number of coordination
sites of a linear maltotriose is relatively large but that of a semi-
circular maltotriose is small. and maltotetraose has a semicir-
cular structure and few coordination sites. If the size of alkali
metal cation is large enough. the stable structure of pure malto-
triose will not be destroved by formation of the maltotriose-
alkali metal cation complex. Thus. using a big alkali metal
cation, the maximum ion abundance can be appeared at
[DP3+cation]”.

For the [M+Li]" ion intensity distribution. the ratio of [DP2+
Li]) " is the highest and then decreases with increasing the analyte
size irrespective of the fragmentor voltages (Figure 6). The
[M+Li)" ion intensity decreases as the analvte size increases
from [DP2+Li]™ to [DP7+Li]". For the [M+Na]" ion intensity
distribution. the ratio of [DP2+Na]  is also the highest (except
for the fragmentor voltage of 150 V) and then decreases with
increasing the analyte size (Figure 7). The most abundant [M+
Na]  ion at the fragmentor voltage of 150 V is the [DP3+Na] .
The relative ion intensities of [M+Na]" show decreasing
trends with the fragmentor voltage except for the 73 V.

For the [M+K]™ ion intensity distribution. the highest ratio
shifts from the [DP2+K]" to the [DP4+K]" with increasing the
fragmentor voltage (Figure 8). For the small carbohydrates,
the ion intensity ratios of [M+K]" decrease with the fragmentor
voltage. The ion intensity ratios of [DP2+K]" at the high frag-
mentor voltages of 125 and 150 V are negligible. This pheno-
menon was also observed in the [M+Cs]" ion intensity distri-
bution as shown in Figure 9. This indicates that the binding
energies of the [DP2+K] and [DP2+Cs] ™ are relatively much
small. Rogatsky and coworkers studied the attachment of
cesium cation to mono- and disaccharides in ESI-MS and
reported the transition of [M+Cs] ™ to Cs".* For the [M+Cs]”
ion intensity distribution. the highest ratio also shifts from the
[DP2+Cs]" to the [DP4+Cs]” with increasing the fragmentor
voltage (Figure 9).

Shift of the maximum ion abundance peak to the larger
maltooligose depending on the fragmentor voltage (Figures 7 -
9) can be explained with the binding energy of the alkali metal
cation with the maltooligose since the ion-dipole interaction
increases with decreasing the alkali metal cation size.”” The
maximum peak shift was not observed for the [M+Li]" ion
distributions, whereas it was appeared well for the [M+K]
and [M+Cs]  ion distributions as shown in Figures 6 - 9. If the
binding energy is relatively weak, the analyte molecule can be
easily separated from the [M+cation]” by high collision energy
of high fragmentor voltage. According to the experimental
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results. the binding energies of the [DP2+K]" and [DP2+Cs]”
ions may be much lower than that of the [DP2+Li]" ion. In
MALDI. large alkali metal ions also required larger oligosac-
charides to produce the quasimolecular ions.™ It can be consi-
dered that large alkali metal cations such as K~ and Cs* will
require larger oligosaccharides to make stronger interactions
by multidentated coordinations.

Conclusions

When the alkali metal salts were emploved as the cationizing
agents. the ionization efficiencies of the carbohydrates were
enhanced. The ion distributions of [M+cation]" showed the
maximum peak which shifted depending on the alkali metal
cation size and the fragmentor voltage. The [DP2+cation] ™ is
the maximum peak at low fragmentor voltage. imrespective of
the alkali metal cation types. For using Na™. K. or Cs" as the
cationizing agent, the maximum peak shifted from [DP2+
cation]” to [DP3+cation]” or [DP4-+cation]” by increasing the
fragmentor voltage. This phenomenon was observed well when
Cs" was used as the cationizing agent. The maximum peak
shift was due to the binding energy of the analyte with the
alkali metal cation and detachment of the analvte molecule
from the ion complex by collision energy at high fragmentor
voltage.
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