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present article, we have also evaluated MS/MS methods ol
In this article we review tandem mass spectral d_eprotonated moleculgs. This _study was undertaken with ¢
approaches to the structural characterization of view to apply MS/MS, In Comb'nat'o,n W't,h ES'LC'MS_ fo!'
flavonoid glycosides which are ubiquitous sec- which the best sensitivity was obtained in the negative ion
ondary plant metabolites. It is demonstrated how mode.
structural information on  O-diglycosides can be
obtained on (i) the carbohydrate sequence,
(i) the aglycone part, and (iii) the linkage in the
diglycosidic part. Both the positive and negative Experimental
ion modes have been employed.

The mass spectrometric data were obtained on differen
instruments: (1) a VG70SEQ instrument of EBqQ (E = elec-
trostatic sector; B = magnetic sector; q = quadrupole gas
cell; Q = quadrupole analyzer) configuration, (2) an
Introduction Autospec-0a-TOF instrument of EBE-0a-TOF (TOF = time-
of-flight analyzer) configuration, and (3) a VGZAB-T
instrument of BE,B,E, geometry (all from Micromass,
Flavonoid glycosides are predominant forms of naturalhlManchester, UK). The acronym FAB was used to refer to
occurring flavonoids in plants, representing a large group ccaesium ion bombardment. The samples were dissolved i
secondary plant metabolites [1-3]. They all contain ;& C dimethylsulphoxide (DMSQ) or methanol at concentrations
flavonoid as an aglycone, are usually divided i@ and of 1 mg mLtand 1 pL of the solution was mixed with 2 pL
C-glycosyl flavonoids, are of interest because they have bicwof the liquid matrix (glycerol) on the stainless steel probe
logical activities, are useful for chemotaxonomy, and artip. In the case of ES ionization, the flavonoids were dis-
used as tracers in medicinal plant preparations. Recentsolved in water/methanol (1:1; v/v) at a concentration of
they have also received considerable interest in foodstufl00 pM and introduced into the ES source at a constan
and nutraceuticals because of their antioxidant and anfflow rate of 5 pL/min. Samples from plant origin were
cancer properties [4]. desalted using a solid phase RP-C18 cartridge in order tc
increase the [M + H]signal intensity in the positive ion
During the last several years our research at thmode [11]. All the MS/MS spectra discussed here are CID
University of Antwerp has focused on the structural analyproduct or metastable ion spectra. With regard to colli-
sis of O-, C- andO,C-diglycosides isolated from medicinal sional-induced dissociation, both high- and low-energy CID
plants using fast atom bombardment (FAB) or electrosprahas been evaluated on instruments (1) and (2). For detail
(ES) ionization in combination with collision-induced dis- about the experimental conditions reference is made to ou
sociation (CID) and tandem mass spectrometry (MS/MSoriginal articles [5-10]. Experimental conditions are only
[5-10]. In this article we will review various tandem massgiven below for experiments in the negative ion mode,
spectral approaches to the structural characterization which were performed on instrument (3). On this instru-
flavonoid glycosides. With regard to the structure elucidament high-energy CID spectra of FAB-generated deproto-
tion of flavonoid O-diglycosides it will be illustrated how nated molecules were recorded at an accelerating potenti¢
structural information can be obtained on (i) the carbohyof — 8 kV. The precursor ion was selected by the first two
drate sequence, (ii) the aglycone part, and (iii) the linkagsectors and directed to the variable potential collision cell
in the diglycosidic part. Tandem mass spectral analyseplaced after Eto obtain product ion spectra. The collision
have mainly been performed in the positive ion mode ocell was floated at a potential of — 4 kV. Argon was used
protonated molecules generated by FAB or ES. In moras collision gas until 75 % attenuation of the precursor ion
recent work, however, which is briefly reported in thebeam.
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O Scheme 1. Carbohydrate ion nomenclature according to Domon
and Costello [12].
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fragmentation at the interglycosidic linkage, are detected,
Figure 1. Structures of aglycones of the flavone, flavonol and whereas in the case Gkglycosides only [M + Hf ions are
flavanone type. Common glycosylation positions are indicated observed.

with an arrow. . . .
Analogy exists for the MIKE/CID spectra obtained with

negative ion FAB as described by Becchi and Fraisse [13].
In the spectra of theC-glycosides only the precursor
[M — H]- ions are detected, whereas in the cas@©di-
diglycosides also Y ions are observed. A,Yrelative abun-
dance > 90 % is characteristic of @+C-glycosides, while
O-C-diglycosides show a very weak,-Yion, but reveal a
In this review we will focus on flavonoid glycosides havingmajor daughter ion [Y— H,O]. DeprotonatedO-diglyco-
flavone, flavonol or flavanone aglycone moieties, since consides and dB-glycosides give rise to both;Yand Yy ions.
pounds containing these aglycones have most regularly be
encountered. Structures of common flavones, flavonols ar
flavanones are given in figure 1. Flavonoid glycosides cor o . . .
taining a flavonol or flavanone group generally occur a CharaCte”Z_at'on of ﬂ,a,VO”Q'd O-diglycosides
O-glycosides, whereas flavone glycosides can either corr in the positive ion mode
spond toO- or C-glycosides or be of a mixe@d-C-diglyco-
side nature having @-linked disaccharidic unit. The most |, yhis section selected data will be discussed to demonstrate
common glycosylation positions are indicated in figure Jhow mass spectral methods can be used to obtain informa-
with an arrow. tion on (1) the carbohydrate sequence; (2) the aglycone moi-
ety and (3) the interglycosidic linkage type.

Types of flavonoid glycosides studied

) T i Figure 2 illustrates the metastable ion spectra (a) and low-
Differentiation between O-glycosides, energy CID spectra (b) of protonated rhoifolin and
C-glycosides and O-C-diglycosides isorhoifolin. Rhoifolin and its isomer, isorhoifolin, only dif-

fer by the interglycosidic linkage type between the two

. L . . monosaccharides rhamnose and glucose. However, this dif-
A differentiation betweerO-, C- and O-C-diglycosides can ference results in quite distinct spectra. ThEY," ratio is

be made by examining first-order positive ion FAB Specmalways larger for a 12 linkage than for a 46 linkage,
or low-energy CID spectra [7]. The protonat@ediglyco-  \yhere v+ corresponds to the loss of 146 units, indicating

sides give rise to Y and Y;* ions, which are formed by that the terminal monosaccharide is rhamnose, agid Y
rearrangement reactions at the interglycosidic bonds. Tlgiands for the protonated aglycone.

carbohydrate ion nomenclature, which was introduced b

Domon and Costello [12], is given in scheme 1. Deuteriun Figure 3 shows the metastable ion spectra (a) and low-
labelling experiments indicated that hydroxyl hydrogerenergy CID spectra (b) of protonated kaempfer@-meo-
atoms are involved in the formation ofYons [7]. In the hesperidoside and nicotiflorin. Again, the very different rel-
case of O-C-diglycosides only Y ions, formed by ative abundances of theYand Y;* ions are worth noting.
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Figure 2. Metastable ion spectra (a) and low-energy CID spectra using helium as collision gas (b) of protonated rhoifolin (1 -2) and
isorhoifolin (1 - 6).
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Figure 3. Metastable ion spectra (a) and low-energy CID spectra using helium as collision gas (b) of protonated kaempferol-7-

neohesperidoside (1 -2) and nicotiflorin (1

~6).
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Figure 4. Low-energy CID spectra using helium as collision gas of protonated naringin (1 —-2) and narirutin (1 —-6).

Another significant difference is that a weak iomdz 433  worth noting that the irregular Y* ion, corresponding to the
(Y*) can only be seen in the spectra of nicotiflorin. Thisloss of an internal glucose residue, has about the same rel-
irregular Y* ion has been rationalized by loss of an interneative abundance as thg*Yon and is more abundant than in
dehydrated glucose residue, and a mechanism involvingthe case of nicotiflorin (Fig. 3). The more abundant Y* ion
mobile proton from the aglycone to the terminal rhamnosand smaller Y¥'/Y ;* for naringin in comparison with narirutin
has been proposed [10]. The formation of Y* is twice adis consistent with a 16 linkage.
abundant using helium (E = 2,7 eV) as collision gas in .
compatison with methane (5= 9,8 eV), showing that its i 9255 SOER D BEENEY B SRECCR B P
formation is favoured at relatively low collision energy. disaccharide part. Nevertheless, the Y;/Yatio is much
Figure 4 illustrates the low-energy CID spectra of protosmaller for rutin, a flavonoid &-rutinoside, than for hes-
nated naringin and narirutin. Naringin and narirutin botkperidin, a flavanoid ©-rutinoside. The additional peaks at
contain the flavanone, naringenin, and differ by the interm/z431 (Y* — H,0), 413 (Y* — 2HO) and 345 %3X,*") are
glycosidic linkage type between rhamnose and glucose. It also characteristic of flavanor@-diglycosides.
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Figure 5. Low-energy CID spectra using helium as collision gas of protonated rutin (1 - 6) and hesperidin (1 - 6).
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In conclusion, low-energy CID and metastable ion speclow-energy CID [8]. Low-energy CID spectra of,"Yions
tra of protonated flavonoi®-diglycosides can yield useful show simple fragmentation patterns, which allow character-
information on the carbohydrate sequence, the nature of tiization of the substituents in the A and B rings and, differ-
aglycone and the interglycosidic linkage type of isomerientiation between flavones and flavonols. A more systematic
rutinose [rhamnosyle( 1- 6)-glucose] and neohesperidoseion nomenclature has been proposed that is conceptuall
[rhamnosyl-¢ 1- 2)-glucose] glycosides. similar to that introduced for the description of carbohydrate

o fragmentations in CID spectra of glycoconjugates
Concerning the structural elucidation of unknown(Scheme 2).

flavonoid O-diglycosides, simple guidelines can be followed ] .
if resorting to metastable ion spectra and considering the re  Figure 6 illustrates the low-energy CID spectra obtained
ative abundances of the diagnostic iong, ¥,* and Y*.  for the Y;" ion of (a) luteolin and (b) kaempferol. The most
Y, > Y,* points to anO-neohesperidoside (A2 linkage), useful fragmentations in terms of aglycone |dent|f|cat|or_1_are
while Y, < Y,* indicates arO-rutinoside (1-6 linkage). If those that involve cleavag_e of two CC bonds at positions
in the case of ¥ > Y,* a Y* ion is present we are likely 1/3, 0/2 and 0/4 of the C-ring, resulting in structurally infor-
dealing with a flavanone-0-neohesperidoside. In the casemative A* and"B* ions. This pair of product ions clearly
of Y5+ < Y,* a Y* ion can be present or absent. The absencprovides the substitution pattern in the A and B rings of each
of an Y* ion indicates a flavone-@-rutinoside. If the Y* compound and can be rationalized by retro Diels-Alder
ion is present and corresponds to the base peak, a flavano(RDA) reactlonsé.l’iA_* and®?B* ions are common in all the
7-O-rutinoside is indicated while if it does not corresponcspectra and &*B* ion is found for all flavones, while
to the base peak, a flavonoleB+utinoside is pointed out. 13B* — 2H is characteristic for the flavonols. The additional
hydroxyl group in position 3 of the flavonols results in more
A more detailed approach to the characterization of thpossibilities for fragmentation since their CID spectra are
aglycone part consists of selecting thg¢ ¥n, which corre- more complex than the spectra of the flavone®",
sponds to the protonated aglycone part, and subjecting it *?A* — CO,**A* + 2H and'“A* — C,H,0 ions are only seen

13A% <— Ry T H* 1,3p+=<—
HO 0
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\ 0,2a+

gtals & .
ﬁ(s Rs HO 0

OH le) 0,2B+ @ c R1
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Scheme 2. Nomenclature and diagnostic product ions of protonated (a) flavones and (b) flavonols formed at low-energy CID [8].
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Figure 6. Low-energy CID spectra obtained for protonated (a) luteolin and (b) kaempferol.
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for the flavonols, while'*B*, %4B* and%‘B* — H,O are only rutin revealed that the best sensitivity in ES-LC-MS was
found for the flavones. obtained in the negative ion mode. Analogous findings have

. . R . also been reported in other studies [14-17].
In addition to theA* and"B* ions discussed, there are P [ ]

losses of small molecules and/or radicals from the [M % H] Figure 7 illustrates the metastable ion spectra of deproto-
ion. The loss of 18 u (}®), 28 u (CO), 42 u (¢,0) and nated naringin (& 2) and narirutin (L 6). In contrast to the

the successive loss of,®& and CO is common for all com- positive ion mode, the relative abundance gf &hd Y, is
pounds, while the flavones have additional losses of 68 the same for both compounds. It is worth noting th&Xg
(C,H,0 — GH, and the flavonols are more prone to looseion can be seen with a relatively high abundance in the spec-
56 u (2% CO) and 18 u (kD) or 84 u (GH,O,) succes- trum of the 1.2 isomer (neohesperidoside). This ion can be
sively. Sometimes the loss of these smaller molecules can considered as characteristic of the 4 isomer, since it can-
useful for identifying the presence of specific functionalnot be formed in the case of a & isomer (rutinoside) and
groups,i.e. the presence of a methoxy group is easilyconsequently is absent for narirutin. T#X, ion is formed
detected by the loss of 15 u (@Hand 32 u (CHOH) from by a retro [2 + 2 + 2] mechanism in the inner glucose
the [M + HJ* precursor ion. This rather uncommon transi-residue and has been reported for kaempferol and naringenin
tion from an even-electron to an odd-electron ion is foun7-O-a-rhamnosyl (L. 2)-B-glucosides [18].

to be characteristic of a phenolic methyl ether group. . )
The high-energy CID spectrum obtained for deprotonated

naringin is given in figure 8. It can be noted that the
sequence ion ¥ is a minor ion in the spectrum. In addition

Characterization of flavonoid  O-diglycosides to the °2X4 ion there is a second cross ring cleavage ion
in the negative ion mode 15X, and ions characteristic of the aglycone part, narin-
genin, which could not be seen in the metastable ion spec-
trum (Fig. 7).

As mentioned in the introduction we have started to evalt
ate MS/MS methods on deprotonated molecules with a vie Further systematic studies will be undertaken in the future
to apply MS/MS in combination with ES-LC-MS. Tests within order to establish whether the different fragmentation
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Figure 7. Metastable ion spectra of deprotonated (a) naringin (1 -2) and (b) narirutin (1 - 6).
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Figure 8. High-energy CID spectrum of deprotonated naringin.
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Figure 9. High-energy CID spectra obtained for deprotonated (a) luteolin and (b) kaempferol.

pattern found for the isomeric flavanom@diglycosides, metastable ion spectra and low-energy CID spectra obtaine:
naringin and narirutin, also holds for other isomericin the positive mode can be used to distinguish between thi
flavonoid O-diglycosides containing aglycones of themost common interglycosidic linkage types+«2 and 1-6)
flavone and flavonol type. encountered in flavonoi@-glycosides.

A characterization of the aglycone part can also b
achieved by performing a high-energy CID analysis on th
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