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Structural Analysis of Saponins
from Medicinal Herbs Using Electrospray
Ionization Tandem Mass Spectrometry
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The underivatized saponins from Tribulus terrestris and Panax ginseng have been investigated
by electrospray ionization multi-stage tandem mass spectrometry (ESI-MS"). In ESI-MS
spectra, a predominant [M + Na] " ion in positive mode and [M — H] ™ ion in negative mode
were observed for molecular mass information. Multi-stage tandem mass spectrometry of the
molecular ions was used for detailed structural analysis. Fragment ions from glycoside
cleavage can provide information on the mass of aglycone and the primary sequence and
branching of oligosaccharide chains in terms of classes of monosaccharides. Fragment ions
from cross-ring cleavages of sugar residues can give some information about the linkages
between sugar residues. It was found that different alkali metal-cationized adducts with
saponins have different degrees of fragmentation, which may originate from the different
affinity of a saponin with each alkali metal in the gas phase. ESI-MS" has been proven to be an
effective tool for rapid determination of native saponins in extract mixtures, thus avoiding

tedious derivatization and separation steps.
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aponin is an important class of natural products

that can be found primarily in roots, petals and

foliage of many plants, as well as in some marine
animals. Most saponins possess a variety of bioactivities
(e.g., cardiac, antifungal, hemolytic activities and abili-
ties to affect metabolism and biosynthesis); they are
among the major effective components in nutriceutical
products and Chinese folk medicine [1-4]. A saponin
molecule consists of an aglycone (or sapogenin) and one
or two sugar moieties. According to the structures of
the aglycones, saponins can be classified into two types:
triterpenoidic and steroidal. The most common sugar
residues are hexoses (glucose, galactose), 6-deoxyhex-
oses (furanose, quinovose, rhamnose), pentoses (arabi-
nose, xylose), and uronic acids (glucuronic acid, galoc-
turonic acid). The sugar moiety is linked to the aglycone
through an ether or ester glycosidic linkage at one or
two glycosylation sites. Because of their structural com-
plexity and low abundance in some herbs, it is difficult
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to structurally analyze the saponins. The general pro-
cedure, which involves extraction, isolation of the indi-
vidual components followed by chemical manipula-
tions and spectroscopic analysis, is tedious, time
consuming, and insensitive [5, 6].

Mass spectrometry (MS) has played an important
role in the structural analysis of saponins. In early
studies, derivatization was required for saponin analy-
sis using electron impact (EI) MS [7-9]. The develop-
ment of desorption chemical ionization mass spectro-
metry (DCI-MS) allowed analysis of saponins without
derivatization, but only for saponins with ether glyco-
sidic linkages [10, 11]. Later, field desorption (FD) and
fast atom bombardment (FAB) were also employed to
analyze native saponins [12-18], providing information
about molecular mass and sugar sequence by cleavage
of glycosidic bonds. However, it is difficult to obtain
high quality and reproducible FD mass spectra because
of the instability of ion currents dependent on the
temperature of the emitter [13, 14]. The sensitivity of
FAB is also not satisfactory because of the chemical
noise from the matrix background [15-17]. More re-
cently, electrospray ionization (ESI) has become one of
the most effective analytical tools for the structural
characterization of a variety of polar and thermally
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labile molecules, e.g., polypeptides, carbohydrates and
natural glycosides [19-22]. Recent studies have re-
ported the use of ESI-MS for determination of saponins
with higher sensitivity and better reproducibility than
the other types of ionization [23-28]. Moreover multi-
stage mass spectrometry has great advantages for char-
acterization of compounds by providing structural in-
formation [24, 25, 27-31].

In this paper, we apply the ESI-MS" to systematically
investigate structural characterization of underivatized
saponins from different origins in the positive and
negative ion modes, The fragmentation patterns of
different alkali metal adducts with saponins are com-
pared for structure analysis and rationalized from an
internal energy point of view.

Experimental

Materials

The crude powder of Tribulus terrestris, Panax ginseng,
and pure ginsenoside Rb, sample were provided by
Jilin Provincial Institute for Drug Control (Changchun,
China). All alkali metal salts: LiCl, NaCl, KCl, RbCl, and
CsCl as well as solvents CHCI; and MeOH were pur-
chased from Fisher Scientific (Fair Lawn, NJ), and used
without further purification.

The crude powder of each herb was extracted with
methanol, then the extract was fractionated by silica gel
column eluting with different ratios of CHCl;/MeOH.
The fractions were diluted with 50:50 MeOH/H,O and
analyzed by ESI-MS". All samples analyzed were dis-
solved in methanol-water (10~° mol/L). In experiments
on the effects of alkali metal ion, 107 mol/L alkali
metal solutions were mixed as 1:1 with saponin solu-
tions, respectively.

Mass Spectrometry

All ESI -MS" experiments were performed on a Finni-
gan MAT LCQ ion trap mass spectrometer (San Jose,
CA) equipped with an electrospray ion source and
capable of analyzing ions up to m/z 2000. For ESI-MS
experiments, the spray voltage was set to 4.5-5.5 kV in
positive mode and —5.0 kV in negative mode. The
capillary voltage was fixed at 4.0 V and the temperature
at 200 °C. The ion gauge pressure was 2.4 X 107 torr.
Nitrogen was used as a sheath gas (~5.2 X 10° torr) and
the flow rate is 40 arbitrary units. Helium was used as
the buffer gas. The ESI interface and mass spectrometer
parameters were optimized to obtain maximum sensi-
tivity. For tandem mass spectrometry, the maximum
ion injection time was set to 500 ms; the ion isolation
width widow was set at 2.0 Th and the collision
energies ranged from 36 to 40%. Samples were intro-
duced via a syringe pump at a flow rate of 3 ul/min.
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Results and Discussion

Three representative structures of saponins shown in
Scheme 1 were taken as examples to study the correla-
tion between CID spectra and structures and illustrate
the advantages of ESI-MS" structural characterization of
saponins in this paper.

Determination of Molecular Mass

Under ESI-MS conditions, saponins have strong molec-
ular species both in positive and negative ion modes.
The full-scan mass spectra in positive and negative ion
modes of triterpenoidic saponin Rb, standard sample
from Panax Ginseng are shown in Figure 1. Because of
the inevitable presence of sodium ions during the
process of sample preparation and the strong affinity of
sugar to sodium ions in the gas phase [32], all the ESI
mass spectra of the saponins are dominated by [M +
Na]® ions and exhibit negligible fragmentation. In
Figure 1a, the main peak at m/z 1101 is assigned to the
sodiated adduct [M + Na]* of ginsenoside Rb,. In
negative ion mode (Figure 1b), the deprotonated ion [M
— H]™ at m/z 1077 is displayed. By comparing this pair
of ions, it is easy to confirm the molecular mass of the
saponins as 1078 Da for ginsenoside Rb,.

The full-scan positive ion mass spectrum of the
saponin mixture extracted from Tribulus terrestris is
shown in Figure 2 [29], where at least six peaks were
observed at m/z 939, 1057, 1071, 1081, 1173, and 1187,
illustrating that six saponins from the extract have
molecular mass 916, 1034, 1048, 1058, 1150, and 1164 Da.

Structural Characterization

The fragmentation scheme used in this paper is based
on that described by Costello and coworkers [33, 34],
where ions retaining the charge at the reducing termi-
nus are termed Y and Z (glycosidic cleavages) and X
(cross-ring cleavages) whereas those ions retaining the
charge at the non-reducing terminus are termed B, C
(glycoside cleavages), and A (cross-ring cleavages).
Cross-ring cleavage ions are designated by superscript
numbers indicating the two bonds cleaved (Scheme 2).

Steroidal saponins. POSITIVE ION MODE. In Figure
2, peak F at m/z 1187 (IM + Na]") corresponds to a
saponin with a molecular mass 1164 Da. According to
the literature [29, 30], its structure is assumed to be
saponin F (Scheme 1a). The structural analysis of this
molecule is taken as an example to illustrate our
paradigm.

Figure 3a shows the MS” spectrum of the m/z 1187
(IM + Na]") ion. [M + Na]* produces Y type of
fragment ions at m/z 1055 and 1041, representing gly-
cosidic cleavage by loss of one pentose residue and one
deoxyhexose residue, respectively. The strong intensi-
ties of the two ions imply that these sugar residues of
pentose and deoxyhexose are located at different ter-
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Scheme 1. Structures of saponins in this work and corresponding the fragments of their [M + Na]*
ions, (a) saponin F from Tribulus terrestris (MW = 1164 Da); (b) ginsenoside Rb; (MW = 1108 Da); (c)

ginsenoside Rb, (MW = 1078 Da).

mini of sugar chains. Two weak Y type ions at m/z 923
and 909 are produced by the simultaneous loss of two
pentose residues as well as one pentose and one deoxy-
hexose residue from [M + Na]*, indicating that there
are at least two pentose residues and one deoxyhexose
residue located at the «, B, and y sugar chain termini,
respectively. In principle, ion of m/z 923 and 909 should
result in two-bond cleavages that yield less abundant
product ions from an energy point of view. The mass
difference between the m/z 1187 ion and the m/z 757 ion
is 430 Da corresponding to the mass of the aglycone of
neohecogenin [29], which is one kind of aglycone of
saponins, while the Bs, ion at m/z 757 represents dehy-
dration ion of a sodiated whole sugar chain, which
suggests two more hexose residues besides two pento-
ses and one deoxyhexose present in a whole sugar
chain. C;, ion at m/z 775 is formed by glycosidic
cleavages as well, but contains a water molecule via the
aid of rearrangement of the H atom. The ions of m/z 625
and 611 are produced through the loss of an aglycone
with one pentose residue [1187 — (430 + 132)] and one
deoxyhexose residue [1187 — (430 + 146)], respectively.
These low intensity ions involve two bond cleavages
and further confirm that these two sugar residues, a
pentose and a deoxyhexose residue, are located at
different termini of the sugar chain and do not connect
with aglycone.

The ion at m/z 449 corresponds to two pentose
residues and one hexose residue (2 X 132 + 162 + 23).
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Figure 1. Electrospray mass spectra of ginsenoside Rb,, (a) in

positive mode and (b) in negative mode.
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Figure 2. Full-scan positive ion mass spectrum of the steroidal
saponin mixture extracted from Tribulus terrestris.

Subsequent CID spectrum of the m/z 449 ion (Figure 3b)
shows only one daughter ion at m/z 317 produced by
the loss of one pentose residue, and no other daughter
ions observed suggest that its structure is branching,
two pentose residues connected with a hexose residue,
respectively.

Figure 3c shows the CID spectrum of the m/z 757 ion
produced from the ion at m/z 1187. It yields the ion at
m/z 611 by the loss of one deoxyhexose residue. The
CID spectrum of m/z 611 (Figure 3d) indicates losing
one hexose residue to produce the m/z 449 ion. Accord-
ing to the structure of the m/z 449 ion mentioned above,
the ion at m/z 611 should have a branching structure
with two pentose residues and one hexose residue at its
termini. In addition, the deoxyhexose residue in the m/z
757 ion is connected with the terminal hexose residue of
the m/z 611 ion, because there is no fragment ion at m/z
595 produced by the loss of one hexose residue in
Figure 3c. So the primary sequence and branching of the
sugar chain of this saponin were obtained as shown in
Scheme 1a. It is apparent that the Y and B types of
fragment ions from sodiated molecular ion are useful
for structural elucidation of saponins.

Moreover, some cross-ring ions observed provide
the linkage information between sugar residues. Figure
3e shows the CID mass spectrum of the C;, ion at m/z
775. Apart from the fragment ions formed from conven-
tional elimination of water and loss of pentose and
deoxyhexose residues, the predominant ion appeared at

Y, 7, Y, 7, Y, .7
02
HoH Az
H N
o— R
OH
By ¢ B, C, By Cs

Scheme 2. Nomenclature of fragmentation of oligosaccharide by
Costello.
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m/z 569, which corresponds to the loss of a deoxyhexose
residue and a group of C,H,0, from the ion at m/z 775.
This was attributed to the 0,2 cross-ring cleavages with
the charge retained at the non-reducing terminus,
92A,,, although the generation of ion “?A,, requires
two-bond cleavage; in the meantime a new bond may
be generated to obtain a stable anol form at C,H,O, site,
the energy release may make compensation for the
two-bond cleavage consumption. Likewise, the ion of
m/z 509 is designated as **A,,. These two cross-ring
ions illustrate that the deoxyhexose residue linked with
the hexose residue at Position 2 and the other part of
sugar residue linked with the hexose residue at Position
3 or 4. Figure 3f shows that the C type ion at m/z 629
yields a daughter ion at m/z 539, representing a cross-
ring cleavage designated as ®°A,,, which further con-
firms that the other residue is linked with the hexose
residue at Position 4 rather than Position 3.

NEGATIVE ION MODE. As we mentioned before, the
ESI mass spectra in negative mode involve deproto-
nated species. Figure 4 shows the MS" spectra of a
deprotonated molecule [M — H]™ ion at m/z 1163 of
saponin F. [M — H] ™ ion gives Y type of fragment ion at
m/z 1031 by the loss of a pentose residue (Figure 4a). In
Figure 4b, two Y type ions at m/z 899 and 737 indicated
the loss of one pentose residue as well as one pentose
and one hexose residue from m/z 1031, respectively. In
the following tandem mass spectrometry experiment,
subsequent Y type ions were obtained and finally the
m/z 591 ion was produced, which is the aglycone with
one hexose residue. There is no cross-ring ion detected
at all, which makes a tremendous difference between
the negative and positive mode spectra. During the ESI
process, for the formation of positive ions, a saponin
molecule combines with an alkali metal ion to generate
a new bond, which is an exothermic reaction. The
energy released is deposited into the internal degree of
freedom and may excite more bond cleavages under
CID conditions. So, many fragments are obtained in the
CID spectra in positive ion mode. In contrast, the
formation of [M — H] ™ ions involves a proton loss from
a neutral molecule, which needs extra energy prior to
fragmentation and is endothermic [35]. Therefore [M —
H] ™ ions have less internal energy than their positive
counterparts and undergo fewer steps of CID. This is
the reason why ESI-MS" spectra of [M — H]™ ions of
saponins provide structural information on the se-
quence of sugar chains with lower sensitivity than that
in positive ion mode.

Triterpenoidic saponins (dammarane type). Here we stud-
ied two species of triterpenoidic saponins, ginsenoside
Rb; (Scheme 1b) and Rb, (Scheme 1c) [3]. The former
molecule has two similar disaccharide chains in com-
position, connected at C; and C,, respectively, but the
two chains have different linkages.

Figure 5 shows the MS" spectra of [M + Na] " ion at
m/z 1131 of ginsenoside Rb;,. The [M + Na]® ion
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Figure 3. MS" spectra on [M + Na]" ion at m/z1187 of saponin A from Tribulus terrestris, (a) MS*
spectrum of m/z 1187 ion ([M + Na]*); (b) MS? spectrum of m/z 449 ion from the m/z 1187 ion ([M +
Na] ™) (1187 > 449 >); (c) MS® spectrum of m/z 757 ion from m/z 1187 ion ([M + Na]*) (1187 > 757 >);
(d) MS* spectrum of m/z 611 ion from the m/z 1187 ion (M + Na]") (1187 > 757 > 611 >); (e) MS®
spectrum of m/z 757 ion from the m/z 1187 ion (M + Na] ") (1187 > 775 >); (f) MS* spectrum of m/z
629 ion from m/z 1187 ion (M + Na]™") (1187 > 775 > 629 >).

produces two fragments: the Z,, at m/z 789 ion by the
loss of two hexose residues and the sodiated dihexoses
C,. ion at m/z 365 because of the higher reactivity of C,,
than that of C; (Figure 5a). In Figure 5b, the Z,, (m/z
789) ion yields a daughter ion at m/z 365 ion (C,p). The
mass difference 424 Da between the m/z 789 and 365
ions is in agreement with the mass of the aglycone
(panaxdiol, molecule mass 460) with the loss of two
water molecules. The different CID spectra of C,, and
C,p ions at m/z 365 (Figure 5c—d) show their different
structures. In Figure 5¢ (1131 > 789 > 365 >), C,4 ion

mainly produces **X,g (1/z 245) ion by the cross-ring
cleavages at the 0, 2 two bonds, which means that the
chain consists of two hexoses connected to each other at
the 1,2 position. However, in Figure 5d (1131 > 365 >),
the C,, ion at m/z 365 produced directly from [M +
Na]" ion showed different CID behavior, yielding a
series of cross-ring ions attributed to “?A,, at m/z 305,
037, at m/z 275 **A,, at m/z 245. Those ions provide
important information on the linkage, a hexose linked
with the other at Position 6 in the a-sugar chain at C,.
So it is obvious that the cleavage of the oligosaccharide
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residue first happens at C-20 of aglycone. This is in
agreement with the results of the acidic hydrolysis of
dammarane saponins [36]. In the solution of the sapo-
nin, hydrolysis gave faster cleavage at C-20 than at the
C-3 hydroxyl group and resulted in sugar loss from the
aglycone moiety. Ginsenoside Rb, with two different
sugar chains was investigated with similar results (data
not shown), and the same conclusion was obtained.

Effects on the fragmentation of saponins by adding alkali
metal salts. After each of different alkali metal salts
was added to the saponin solution, under positive ion
mode ESI experimental conditions, the related adduct
cations were produced in the gas phase. Here we take
two ginsenosides Rb; and Rb, as examples to study the
alkali metal effects. For adduct ions of [M + Rb]" and
[M + Cs]", no fragmentation was observed in CID
experiments. But [M + Li]*, [M + Na]" and [M + K]*

adduct ions showed different behavior in multi-stage
tandem mass spectrometry. Tables 1, 2, and 3 list MS™
data of these metal adducts. With increasing atomic
number of metals, the tendency of fragmentation from
glycosidic cleavage and cross-ring cleavages decrease.
Different CID behavior depends on the internal energy
of the adduct ions. At this time we have not obtained
the affinity values of alkali ions for saponins, however,
as we mentioned all ions that appeared in the positive
ion mode ESI of saponins were linked sugar residues, so
here we approximated a few affinity values of alkali
ions for glucose instead of those for saponins. The Na*®
affinity for glucose is around 160 kJ/mol and Li"
affinity for glucose is 250 kJ/mol [32, 35], so in the
course of forming metal adduct ions, more energy
deposits into the internal degree of freedom of the
product ions [M + Li]* than that into [M + Na]".
Therefore [M + Li]" ions have more internal energy
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Na]" ions. Many more fragment ions,  (Tablel), which can be complementary for the shortage of

including cross-ring ions which needs more energy,  structural information provided by [M + Na]" adducts.
have been observed for [M + Li]* than for [M + Na]" Similarly, there are more fragment ions from [M + Na]*

Table 1. Fragmentation pathways of ESI-MS" on [Mg; + Li]* and [Mg,, + Li]"

Precursor MS2 ms? mMs* ms®
1115 1My +ir* 773,,) 349,y 22902, 187(c,)169g,)
61 1v,p 593(_h,0449v,,)
521024,
491 (0'3A1/3)
431z,
349, 289024, 259034, ) 22904, )187 v,
22904p, 187 (v, 169z,
1871y,
Zzp)
1085mg, +Lir* 773z, 349,y 22902X 1) 187(c,)169g,)
(¥V2p) 593(_1,0449v,)
521024,
491034,
431,
333c,0 273024, 243034, ) 213044, 1 87(Y2ﬁ)
169,
243035, 213(0.4n,) 187,169,
213044, 187(Y25) 169(22,3)
187(Y2/3)

(Zag)
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Table 2. Fragmentation pathways of ESI-MS" on [Mgy,; +
Na]" and [Mg,, + Na]"

Precursor MS? ms3 Ms*
1131 ey sl 789, 365, 24502,
7 (Y0
365(CM) 305(0'2Am)
2750034,
245045,
1107 (s nar 789, 365c,, 24502,
)
335, 27502,
24503,, )
2150044, )

than [M + K]* (Table 3). In general, [M + Na] " gives a fair
degree of fragmentation via several stage CID, which
provides both sugar sequence and linkage information.

It was found that in the positive ion mode of ESI
mass spectra for saponins, all the ions contain, at least,
one sugar unit; the observed peaks are all assigned to
[M + Na]" ions without extra sodium salts added; no
protonated molecules were observed because proton
affinity for saponins probably is too high (778 kJ/mol
for glucose [35]) that the [M + H]" may exist only for a
very short life time.

Conclusions

It has been demonstrated that ESI-MS" is a fast, effective
and practical tool to characterize the structures of
underivatized saponins in crude extracts from medici-
nal herbs, avoiding the handling of saponins from
derivation to complete separation. The molecular ions
of saponins show the characteristic mass spectrometry
behavior. In positive mode, the predominant [M +
Na]™ of saponins yields Y, Z, B, and C types of fragment
ions providing the information of the primary sequence
and branching in terms of classes of monosaccharides in
oligosaccahride chain in saponins and the cross-ring A
and X types of ions providing the information of
linkages between sugar residues. In negative ion mode,
deprotonated ions [M — H] ™ only yield a few Y or B and
no cross-ring ions because of the internal energy of
precursor [M — H]™ ions.

Upon adding alkali metal ions to saponins, the
adduct ions were generated in gas phase. Different
metal ions affect the degree of fragmentation tremen-

Table 3. Fragmentation pathways on [Mgy,; + K] and [Mgy,

+ K"

Parent ions MS?

1147[MRb1+K]+ ggg(zh)
3810

11 17[MRb2+K]+ ggg(zh)
3510
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dously. With increasing atom mass of alkali metal, the
adduct ions produce fewer daughter ions and have
fewer generations of descendents starting with Li, until
[M + Rb]" and [M + Cs]" have none at all. In general,
[M + Na]" ions give a fair degree of fragmentation via
several stages of CID providing both sugar sequence
and linkage information, whereas [M + Li] " ions give a
much higher degree of fragmentations, which leads to
complexity of spectra, but in some cases may provide
more detailed information to compensate for the short-
age from other sources.
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