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Underivatized neutral oligosaccharides from human milk were analyzed by nano-electrospray
ionization (ESI) using a quadrupole ion trap mass spectrometer (QIT-MS) in the negative-ion
mode. Under these conditions neutral oligosaccharides are observed as deprotonated mole-
cules [M — H]™ with high intensity. CID-experiments of these species with the charge localized
at the reducing end lead to C-type fragment ions forming a “new” reducing end. Fragmen-
tations are accompanied by cross-ring cleavages that yield information about linkages of
internal monosaccharides. Several isomeric compounds with distinct structural features, such
as different glycosidic linkages, fucosylation and branching sites were investigated. The rules
governing the fragmentation behavior of this class of oligosaccharides were elucidated and
tested for a representative number of certain isomeric glycoforms using the MS/MS and MS™
capabilities of the QIT. On the basis of the specific fragmentation behavior of deprotonated
molecules, the position of fucoses and the linkage type (Gal f1—3 GIcNAc or Gal p1—4
GlcNAC) could be determined and linear and branched could be differentiated. Rules could be
established which can be applied in further investigations of these types of oligosaccharides

even from heterogenous mixtures.
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role of carbohydrates in biology forms the basis

for a new scientific discipline, glycobiology [1]. It
creates new demands for analytical tools for structure
elucidation of complex oligosaccharides comprising
composition, sequence, branching, and linkage analysis,
including anomericity and finally also ring sizes and
absolute configuration, i.e., identity of the subunits.
Mass spectrometry (MS) offers the possibility of struc-
tural investigations of oligosaccharides; this has been
demonstrated using fast atom bombardment (FAB-MS)
[2, 3]. Electrospray (ESI) MS and matrix-assisted laser
desorption ionization (MALDI) MS have been applied
to the investigation of carbohydrates of biological origin
[4, 5]. Their ability to deliver structural information on
different levels depends on the mass analyzer coupled
to the ion source. In general, mass spectrometry pro-
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vides the possibility of structural elucidation based on
characteristic fragmentations of the molecules under
investigation. A nomenclature for the possible fragment
ions of oligosaccharides has been proposed by Domon
and Costello [6], i.e., B and C for fragment ions contain-
ing the nonreducing side, Y and Z for those containing
the reducing sugar unit, as well as A and X type
fragment ions for those arising from cross-ring cleav-
ages.

In MALDI-MS neutral oligosaccharides are usually
observed as singly-cationized (typically sodiated) spe-
cies [7], which offers a simple means for screening
complex mixtures. As MALDI is mostly coupled to a
time-of-flight (TOF) mass analyzer, options for struc-
tural analysis are restricted to metastable fragment-ion
analysis post-source decay (PSD) [8]. Some successful
attempts for structure elucidation have been made for
underivatized and derivatized oligosaccharides by
MALDI/PSD analysis [9-15]. However, fragmentation
is poorly controllable, but some progress has been
reported by the choice of the matrix [16], the analysis of
in-source-decay fragments using delayed extraction
(DE) [17] or the use of a collision cell prior to mass
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analysis in a time-of-flight mass spectrometer (MALDI-
CID/PSD-TOF-MS) [18]. Also, the combination of
MALDI/MS and enzymatic degradation [19-23] or chem-
ical (alkaline) degradation [24] has been successfully ap-
plied to underivatized oligosaccharides. In the latter case a
FT-ICR (Fourier Transform-Ion Cyclotron Resonance)
mass analyzer was used for MS/MS of the degraded
fragments. Also collision-induced dissociation (CID) ex-
periments of in situ derivatives of hydrogen sulfate-
attached molecular ions [25] have been applied to gain
structural information using this type of mass analyzer.

The most widely used mass spectrometric approach
for structural elucidation of oligosaccharides is ESI-
tandem-MS, typically performed on triple-quadrupole
instruments using precursor-ion selection in a first MS
step, collision-induced dissociation and mass analysis
of fragment ions in a second MS step [4, 26, 27]. This is
mainly carried out with sodiated derivatized (perm-
ethylated or peracetylated) oligosaccharides [28-31] for
two major reasons: (1) To reach the sensitivity level
required and then to enhance the yield of significant
fragment ions, (2) sequence, branching, and linkage
analysis can be performed based on the identification of
nonreducing terminal fragment ions due to cleavage of
glycosidic bonds and linkage-specific additive mass
increments due to cross-ring cleavages. Both derivat-
ized and underivatized saccharides have also been
investigated in MS™ experiments using doubly-charged
metal-cation attached precursor ions, i.e., [M + Cat]*"
(Cat : Mg**, Ca®* [32], Ni** [33], or Co*" [34, 35]). MS"
investigations of protonated, permethylated oligosac-
charides in a quadrupole ion-trap mass spectrometer
were reported to give simpler and more predictable
mass spectra based on the predominant formation of
B-type fragment ions [36].

For nonderivatized oligosaccharides, linkage-spe-
cific cross-ring fragments are observed, too; this has
been shown for small oligosaccharides accessible by fast
atom bombardment (FAB), laserdesorption/ionization
(LDI) or electrospray/ionization (ESI); cross-ring frag-
ment ions are found both in the positive [37-41] and
negative ion mode [42, 43] and are believed to originate
from a ring opening at the reducing end sugar in a
pericyclic hydrogen rearrangement of the retro-aldol
reaction type [37] (see Scheme 1). This may be followed
by cleavages after enolization, resulting in loss of link-
age-specific neutral fragments. However, it could be
proven by 'O exchange of the reducing end oxygen
that for underivatized oligosaccharides in the positive
ion mode predominantly glycosidic bond cleavages of
B/Y-type occur and only the linkage of the reducing
end monosaccharide is accessible [44—46].

Mass Spectrometry of Human Milk
Oligosaccharides

Human milk oligosaccharides represent a highly com-
plex mixture. Two functions of these compounds are
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Scheme 1. Proposal for the consecutive C-type fragmentation
pathway of deprotonated oligosaccharide subunits. The electron-
pair rearrangement is indicated with black arrows; the striped
arrows describe alternative “routes” for the electron-pair rear-
rangement within the ring. In the case of such subunits that have
a residue (i.e., sugar subunits up to the non-reducing end) in
O(3)-position (a), electron-pair rearrangement resulting in a C-
type fragment is directly possible. For (1—6)- and (1—4)-linked
oligosaccharide subunits [(b) and (c), respectively] a proton trans-
fer prior to electron-pair rearrangement is necessary. For N-
acetylglucosamine subunits, deprotonation at the oxygen atom of
the N-acetyl-group in enol-form is assumed based on the observed
fragment ions (d).

under discussion today: (1) These oligosaccharides pro-
mote the growth of certain beneficial gut bacteria (e.g.,
Bifidus ssp.), (2) they resemble soluble analogues of
glycoconjugates (glycoproteins/glycolipids) of host
and/or pathogen surfaces. Therefore, oligosaccharides
are believed to prevent the adhesion of pathogens,
which is a first step of the infection processes [47].

Up to now, 84 different oligosaccharide structures
have been identified by FAB-MS and NMR [48-50]. As
revealed by MALDI-MS [51, 52], human milk contains,
besides some major components, large-size oligosaccha-
rides up to 8000 Da of so far unknown structure. The
combination of high pH anion exchange chromatogra-
phy with pulsed amperometric detection (HPAEC-
PAD) [53, 54] and MALDI-MS proved to be a powerful
tool for the analysis of human milk oligosaccharides
with high sensitivity and no need of derivatization [52].

A detailed structural analysis is necessary for a
further understanding of their function. In general,
most of the human milk oligosaccharides consist of a
few building blocks, i.e., lactose at the reducing end
linked to multiple units of N-acetyllactosamines, which
differ in size, branching, and linkage, with additional
fucose or sialic acid residues linked to the core oligo-
saccharides [47].

As the repetitive subunits and their structural fea-
tures are known, structural analysis of human milk
oligosaccharides must be addressed to the following
aspects:

¢ Composition analysis.
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¢ Differentiation of the two core-constituents
N-acetyllactosamine, i.e., Gal B(1—3) GlcNAc (Lac-
NAc, lacto-series or “type 1”) and Gal p(1—4) Glec-
NAc (Lac-neo-NAc, lacto-neo-series or “type 1I”).

® Determination of the position of fucose and/or sialic
acid residues.

¢ Determination of branching positions.

The following is known and can be used for interpre-
tation of the mass spectra:

¢ Linkage of the N-acetyllactosamine subunits (and the
lactose to the first N-acetyllactosamine) is (81—3).

e Linkage of the fucose residues to N-acetylglu-
cosamines depends on the linkage of the correspond-
ing N-acetyllactosamine subunits: in the lacto-series,
the fucose is (al—4) linked and in the lacto-neo-
series the linkage is (a1—3).

In principle, structural analysis of a given compound
also includes the 3-dimensional structure; however, the
term “structural analysis” in this paper refers exclu-
sively to the features described above.

In this paper, structural analysis of neutral oligosac-
charides from human milk oligosaccharides is demon-
strated by MS™ experiments of deprotonated molecules.
The characteristics of the fragmentation behavior of
deprotonated oligosaccharides from human milk are
investigated with the goal to analyze unknowns even
from complex isomeric mixtures (see part II) which are
typically obtained by GPC fractionation of human milk
oligosaccharides [52]. Recently, an ESI study of human
milk oligosaccharides has been published, applying
ESI-MS and a quadrupole-TOF hybrid instrument for
MS/MS analysis. The results presented agree well with
those reported here, however, they were based on a
smaller selection of test compounds and fragmentation
mechanisms have to be postulated, while they have
been controlled and proven in this paper by using MS®
in the quadrupole ion-trap instrument [55].

Experimental
Samples

The separation of oligosaccharides from pooled human
milk was performed using the following techniques:
pasteurization, centrifugation, precipitation of proteins,
preparative anion-exchange chromatography, HPLC
chromatography, and GPC prefractionation; a more
detailed description is given in [7, 52-54].

For mass analysis all samples were dissolved in
deionized water, the oligosaccharide mixture to a total
concentration of 1 g/L, all other oligosaccharides to a
concentration of 1 X 107> M. For formation of positive
ions NaCl (10 mM) was added, 3:1 (vol:vol) to the
mixture, 1:1 (vol:vol) to the other compounds. For
negative-ion analysis ammonium acetate (10~> M) was
used as additive (3:1,vol:vol).
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Figure 1. MS? spectra of sodiated LNT (a) and LNnT (b) at m/z
730 as precursor ions (% /z 730). The observed fragment ions are
explained in the structures above.

Instrumentation

For mass analysis and structure elucidation, a quadru-
pole ion trap mass spectrometer was used (LCQ, Finni-
gan MAT, San Jose, CA) equipped with a Nano-ESI-
source (Protana, Odense, Denmark). The spray needles
used were laboratory-pulled, gold-coated glass capillar-
ies with an orifice diameter in the range of 1-2 um.
Typically 1-3 ul of sample solution were loaded. The
spray voltage was between 600-1200 V, the transfer
capillary was held at temperature of 200 °C.

The LCQ [56] was used under standard settings, i.e.,
with a q,-value of 0.9. All mass spectra shown were
acquired over a period of approximately 30 s. For
fragmentation by collision induced dissociation (CID)
the relative collision energy in the QIT was set to
40-65% (corresponding to the LCQ software settings)
depending on the charge and/or the chemical nature of
the precursor ions. The precursor ion selection was
carried out with an isolation width of 3 Da.

Results
Positive Ion Mode

Molecule ion species were subjected to fragmentation in
positive and negative ion mode in order to check
whether a differentiation between isomers is possible.
In Figure 1 positive-ion mass spectra resulting from the
fragmentation of the sodiated molecules of Lacto-N-
Tetraose (LNT), (Figure la) and Lacto-N-neo-Tetraose
(LNnT) (Figure 1b) at m/z 730 are compared (the struc-
tures of LNT and LNnT are also exhibited in Figure 1).
The relative intensities of fragments originating from
cleavage of the glycosidic bond between Lac and Lac-
NAc, B, (m/z 388) and C, (m/z 406), are different. The
intensities of B, and C, are equal in the spectrum of
LNT, whereas for LNnT the intensity of B, is much
higher than C,. Although there is no difference in the
nature of the bond cleaved, the resulting fragment
disaccharides differ in linkage of the monosaccharide
subunits. Since the remaining N-acetyllactosamine sub-
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Figure 2. MS? spectra of deprotonated LNT (a) and LNnT (b) at
m/z 706 as precursor ion (% m/z 706). MS® spectra of LNT (c) and
LNnT (d) with m/z 382 as precursor ion (% m1/z 706 % mj/z 382). For
further information see text.

unit is (1—3)-linked in the case of LNT, the signal
intensity of the B, fragment ion is reduced by an
additional loss of the galactose (Am = 180 Da), which is
suggested to occur via a B-elimination [57] (see below).
The schematic explanation of the observed fragment
ions are given in the insert of Figure 1. However, it is
questionable whether this method based on signal
intensities alone is reliable for larger oligosaccharides.

Negative Ion Mode

MS" investigations in the negative-ion mode yield un-
ambiguous structural information for oligosaccharides,
even for larger ones, as shown below. Under the chosen
experimental conditions exclusively deprotonated mol-
ecules [M — H] ™ are detected, which are most probably
formed by the loss of acetic acid from initial acetate-
attached ions [M + CH,COO]" or HCI from [M+Cl]™
ions, respectively [45].

Differentiation of Isomeric Structures, Linkage
Analysis

Figure 2a and b show the MS? spectra of the deproto-
nated ions of LNT and LNnT (% m/z 706); explanations
for the observed fragment ions are given as inserts. Both
compounds produce cross-ring fragments of the 1—4-
linked glucose as well as C-type fragment ions resulting
in the loss of two hexoses (solid lines). The exclusive
(consecutive) formation of C-type ions and the interpre-
tation of the mass spectra based on this fact is described
in detail in the Discussion section.

Only Lac-neo-NAc (found in LNnT) exhibits further
cross-ring fragment ions *?A, with m/z 281 (loss of 101
Da) and a further loss of H,O, indicated with *?A,*, at
m/z 263 (loss of 119 Da); this could be verified by MS?
experiments of the C, fragment at m/z 382 (see Figure 2c
and d) (% m/z 706 % m/z 382). The observed fragmen-

J Am Soc Mass Spectrom 2002, 13, 1331-1340

LNT LNNnT
ciz, |
202
"-y"r Gal 13§ BeNAG T /GaH-y i Gal 14 Gl::NAc1 yGal 1-1/ cid
< 332 382 544
i\ 645 281 [ 545
263 3| 628
[u,\.n (o] (]
706
ke 202
382 i ’
s Gal 1-3lecNAc Gal 1-:/GlcNAc
178 179
Yk (o] le] 21
[ ]

Figure 3. Schematic explanation of the origin of the observed
fragment ions in MS? and MS® experiments of LNT and LNnT
(compare to Figure 2).

tations are illustrated in Figure 3. In contrast to LNnT,
the (1—3)-linked terminal Gal in LNT is eliminated (Am
=180 Da), resulting in the C,/Z; fragment ion with m/z
202 (dotted line). This fragmentation pathway is specific
for 1—3-linkages and will gain importance for the
determination of fucose linkage as discussed.

The suitability of this method for linkage determina-
tion of larger oligosaccharides is demonstrated by in-
vestigation of Lacto-N-para-Hexose (LNparaH), a linear
hexasaccharide. Figure 4a shows the negative-ion MS?
spectrum from fragmentation of the deprotonated muol-
ecule (% m/z 1071), which exhibits predominant frag-
ment ions of the C-type series (Cs: m/z 909 (Am = 162
Da), C,: m/z 747 (Am = 162 Da), C5: m/z 544 (Am = 203
Da), C,: m/z 382 (Am = 162 Da), indicating the sequence
from the reducing end: (Hex + HexNAc)-Hex-HexNA-
c-Hex-Hex (the remaining fragment ion at m/z 382
indicates the presence of a (Hex + HexNAc) at the
non-reducing end). This can be translated to LacNac-
LacNAc-Lac for human milk oligosaccharides. The
cross-ring fragment ions at m/z 1011 and 993 indicate a
1—4-linkage of the reducing glucose (*?A{’), and the
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Figure 4. MS" spectra of the deprotonated LNparaH. (a) shows
the MS? spectrum with m/z 1071 as precursor ion and the sche-
matic explanation of the observed fragment ions; the MS? spec-
trum with m/z 382 (% m/z 1071 % m/z 382) as well as the schematic
explanation of the observed fragment ions is demonstrated in (b).
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Figure 5. MS? spectra of deprotonated LNFP 1 (a), LNFP 1I (b),
LNEFP III (c), and LNFP V (d) at m/z 852 as precursor ion (k m/z
852). The schematic explanation of the observed fragment ions is
given on the left hand side of the mass spectra. For further
discussion see text.

fragment ions at m/z 646 and 628 reveal the linkage of
the LacNac-subunit as 1—4 as well. The absence of
fragment ions between m/z 909 and 747 as well as
between m/z 544 and 382 is due to the 1—3-linkage
between the LacNAc-units. Figure 4b shows the MS’
spectrum of the C, fragment ion at m/z 382 (% m/z 1071
* m/z 382). The additional MS’ step is necessary,
because the m/z range for MS® spectra in the QIT
instrument is limited to approximately 25% of the
precursor ion m/z. The comparison of this spectrum
with the MS® of C, ion of LNT (see Figure 2c and
discussion above) reveals, that the remaining unit is
LacNAc of the lacto-series, i.e., Gal B1—3 GlcNAc.

In conclusion, both sequence and linkage informa-
tion of the oligosaccharide can be obtained from the
MS"-spectra (n = 3) for this (linear) hexose.

Determination of the Position and Linkage Type of
Fucoses

In contrast to CID of positive (M + Na]") ions [41],
deprotonated ions show a high stability of the fucose
linkages, a prerequisite for determination of their posi-
tion. Furthermore, as the formation of C-fragments is
the predominant fragmentation, the ambiguity of the
masses of Y/C and B/Z fragments of sodiated underi-
vatized oligosaccharides no longer exists. Four struc-
tural isomers of Lacto-N-Fucopentaoses (LNFP), LNFP
I (Figure 5a), LNFP II (Figure 5b), LNFP III (Figure 5c)
and LNFP V (Figure 5d) were analyzed by ESI-MS* (%
m/z 852) to determine the position of fucoses. Each
molecule yields a characteristic fragmentation pattern
in the negative-ion mode, the position of fucose can
unambiguously be determined. Explanations for the
origins of the observed fragment masses are also given
in Figure 5.

The fragment ions for the linear LNFP I can be
explained as a C-type ion series (C,: m/z 690, Cs: m/z 528
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and C,: m/z 325) accompanied by the typical ring
fragment ions °?A{’ of the f1—4-linked reducing glu-
cose with m/z 792 and m/z 774.

In contrast to LNFP I, the fucose residues in LNFP II,
LNFP III, and LNFP V form a branched structure.
Nevertheless, no unselective loss of the fucoses is ob-
served for those fucoses as well, as described below.

The MS? spectrum of the deprotonated LNFP II
shows (despite the ring fragment ions °?A{’ of the
Bl—4-linked reducing glucose with m/z 792 and 774)
the prominent fragment ions with m/z 690, 528 and 348.
Whereas the first two are consecutive C-type losses (C,
and C;, respectively), the latter fragment ion, m/z 348,
results from a consecutive loss (C,/Z5,) of the terminal
galactose from fragment ion C,. The al—4-linked fu-
cose (attached to the GlcNAc) remains stable, while the
Bl—3-linkage of the galactose cleaves due to B-elimi-
nation.

The MS? spectrum of the deprotonated molecule of
LNFP III shows the prominent fragment ions with m/z
690 (Cj), m/z 528 (C,), and m/z 364 (C,/Zs,), again
accompanied by the ring fragment ions ®?A{’ of the
Bl—4-linked reducing glucose with m/z 792 and 774.
Again, m/z 690 and 528 are formed by consecutive
C-type cleavages (C, and C;, respectively). As the
fucose in this isomer is attached to the GIcNAc in a
(relatively unstable) ol—3-linkage, the C,/Z;, frag-
ment ion is formed by a consecutive loss from the C,
fragment ion by elimination of fucose (Am = 164 Da)
resulting in m/z 364, as indicated by the lack of a fucose
loss from Cj.

The fucose in LNFP V is attached to the reducing
glucose in a al—3-linkage, therefore, the typical ring
fragment ions of this glucose (compare to the structures
described above) can be observed in the MS* spectrum
of this isomer. Three fragment ions can be observed, m/z
688 (Z,p), m/z 544 (C;,) and m/z 382 (C,,). The fragment
ion with m/z 688 is formed by a loss of 164 Da, i.e., by
elimination of fucose as observed in LNFP II

Each LNFP isomer shows characteristic fragment
ions which can be used as diagnostic ions, such as m/z
325 for LNFP 1, m/z 348 for LNFP II, m/z 364 for LNFP
111, and m/z 544 (or the less abundant m/z 688) for LNFP
V. These findings have also been demonstrated by
Konig et al. [35].

The structural analysis and thus differentiation of
more complex, fucosylated isomers is possible as exhib-
ited for LNDFH I (Figure 6a) and LNFP II (Figure 6b).
Again, both sequence and linkage analysis can be
carried out, as shown in the schematic explanations in
Figure 6 (compare also to discussions above and Table
1).

Determination of Branching Sites

Furthermore, the fragmentation behavior of deproto-
nated branched isomeric structures has been investi-
gated (see Figure 9). As test compounds LNH and
LNnH were used, which only differ in one glycosidic
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Figure 6. MS? spectra of the deprotonated molecules (¥ m1/z 998)
of the difucosylated structures LNDFH I (a) and LNDFH II (b).
The observed fragment ions are explained in the schematic struc-
tures above the spectra.

linkage of a LacNAc subunit in their “1—3-branch”.
LNH contains a LacNAC of the Lacto-series (Gal f1—3
GIcNACc), whereas LNnH comprises a Lac-neo-NAc sub-
unit (Gal B1-4 GlcNAc). However, the MS™-spectra (n =
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2, 3, 4) of these two compounds are identical. Figure 7a
shows the MS? spectrum of LNH (% m/z 1071).

The MS® mass spectrum of the C; fragment ion with
m/z 909 as precursor ion (% m/z 1071 % m/z 909, see
Figure 7b) shows a big gap, which cannot be observed
in linear structures (compare LNparaH, Figure 4a and
b), resulting in a molecular ion with m/z 526 (i.e., loss of
383 Da). This is the result of an elimination of a
N-acetyllactosamine subunit (Am = 383 Da), ie., a
Cs/Z,, fragment ion.

Further MS" experiments were addressed to the
question which branch, 1—6 or 1—-3 LacNAg, is elimi-
nated. MS® of the C5/Z,,, fragment ion with m/z 526 as
precursor (k m/z 1071 % m/z 526, see Figure 7c) shows
a mass increment of 144 Da accompanied by a further
loss of % Da, as well as the characteristic fragment ions
produced by a Lac-neo-Nac subunit, m/z 281, 263 and
179 (compare to MS® of LNT, see Figure 2c), a fact,
which is confirmed by the MS* spectrum of the C,,
fragment with m/z 382 (% m/z 1071 % m/z 526 % m/z 382,
see Figure 7d). The MS®> and MS* spectra of both
isomers yield identical fragment ions, which shows that
the 1—3 branch causes the elimination.

Table 1. Fragmentation behavior of deprotonated human-milk oligosaccharides. Characteristic mass increments and their meaning
for the analysis of human-milk oligosaccharides

Mass increment

Analysis (Da) Interpretation Assignment
Sequence 162 Cleavage of hexose (Hex- ® 15 loss = glucose
H,0)
® Further losses = galactoses
203 Cleavage of HexNAc HexNAc = GIcNAc
(GlcNAc-H,0)
308 Fucose residue on ® (1—3) Linked fucose on Glc
(146+162) hexose (Hex+Fuc-H,0)
® (1—2) Linked fucose on Gal
® |n case of (1—3)-linked fucoses in combination with loss of 164 Da
349 Fucose residue on ® (1—3)-linkage (lacto-neo) or (1—4)-linkage (lacto)
(146+203) HexNAc (HexNAc+Fuc)
® |n case of (1—3)-linked fucoses in combination with loss of 164 Da
185 Cleavage of “anhydro” ® This GIcNAc was linked to a fucose in position 3, i.e. Lac-neo-Nac
HexNAc (GIcNAc-2H,0)
144 Cleavage of “anhydro” ® Branching site
hexose (Gal-2H,0)
® Often in combination with ring fragment —72 Da
Linkage No ring (1—3)-linkage of the ® Observed either between a) LacNAc-subunits or b) Gal and GlcNac
fragments monosaccharide in the lacto-neo-series
subunit “above”
60/78 (1—4)-linked hexose ® Exclusively observed at the reducing end: (1—4)-linked glucose in
lactose
101/119 (1—4)-linked GIcNAc ® Lac-neo-LacNAc
164 Elimination of (1—3)- ® At Glc or GIcNAg, i.e. GIcNAc is (1—4)-linked (lacto-neo-series)
linked fucose (Fuc)
72 Gal-2H,0 at branching ® Characteristic ring fragment of a (1—6)-linked “anhydro” galactose-
site H,0, which lost a (1—3)-branch
® Often in combination with loss of 18 Da and 144 Da
Branching {n (365) Branching site; n and a ® Deprotonated reducing end is a “anhydro” galactose (Gal-2H,0)
+ a (146) determine composition
+ 18} of the branch
n=123...; ® In combination with characteristic ring fragments (—18 Da and 72
a=201.2... Da)
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Figure 7. MS" spectra of the deprotonated molecules of the
branched structure LNH. (a shows the MS? spectrum with m/z
1071 as precursor ion. (b and ¢ show the MS® spectra with n1/z 909
[% m/z 1071 % m/z 909, (b)] and m/z 526 [% m/z 1071 % m/z 526, (c)]
as precursor ions. The MS* spectrum with m/z 382 (% m/z 1071 %
m/z 526 % m/z 382) as precursor ion is demonstrated in (d). The
MS" spectra of the deprotonated LNnH reveal identical fragment
ions. For further discussion see text.

To prove this, the deprotonated molecule of TFLNH
(mass spectra in Figure 8, for structure please refer to
Figure 9) was investigated in MS" experiments (% m/z
1509). This standard was chosen, because the two
branches of this molecule contain a different number of
fucoses: whereas one fucose is attached to the 1—6
branch, the 1—3 branch contains two fucoses. The mass
increment of 675 Da in the MS? spectrum (Figure 8a, m/z
1509 as precursor ion) and the MS® spectrum with m/z
1347 (C,, % m/z 1509 % m/z 1347, see Figure 8b),
respectively, is caused by the elimination of the 1—3
branch (LacNAc + 2Fuc + H,O = 365 + 2-146 + 18 =
675 Da). Again, the MS® spectrum of m/z 672 (Cy/Zs,, *
m/z 1509, see Figure 8c) shows a mass increment of 144
Da (C,z) and a further loss of 72 Da (C,/Zs,/%°Ay).
These results reveal clearly, that this neutral loss is
caused by the elimination of the 1—3 branch. The
explanations for the observed fragment masses of LNH,
LNnH and TFLNH in the MS" experiments are given in
Figure 9.

Discussion
C-Type Fragmentation Pathway

As described above, only consecutive C-type fragments
are observed in CID-MS" experiments of [M — H] -ions
of human milk oligosaccharides; no internal fragments
(i.e., losses from both sides the reducing and the non-
reducing end) are observed. The exclusive occurrence of
C-type fragmentation can be substantiated by the fol-
lowing considerations. As an example, Figure 10a
shows the possible fragment ion masses of deproto-
nated LNT or LNnT (for mass spectra refer to Figure 2).
From the complete absence of m/z 526, 364, 323, and 161
it can be deduced, that no B- or Z-type fragmentations
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occur if deprotonated (neutral) oligosaccharides from
human milk are investigated in MS" experiments (a
combination of C/Z fragmentation is e.g., observed if
branching occurs on the resulting consecutive C-frag-
ment as described below in detail). Furthermore, the
absence of m/z 341 (Y,) gives evidence that, like B and Z,
also Y-type fragmentation does not occur in deproto-
nated (neutral) human milk oligosaccharides. As, in
principle, m/z 544 also may correspond to a Y; ion, this
fragment ion was investigated in a MS® experiment to
determine wether m/z 544 is a C; or a Y5 ion (or a
mixture of both). Figure 10b shows the MS® spectra of
(deprotonated) LNT and LNnT with m/z 544 as precur-
sor ion (% m/z 706 % m/z 544); the inserts below describe
the structures of the two possibilities, i.e,, C; and Y;
fragment ions. First, as the structures of the Y; fragment
ions of LNT and LNnT are identical, one would expect
identical MS® spectra of LNT and LNnT, but different
ones are observed. Second, both the C; and the Y,
fragment ions may produce m/z 382 and 179, but only
C; is able to generate (in the case of LNnT) the cross-
ring fragments with m/z 280 and 263 (as indicated in
Figure 10b). Furthermore, if m/z 544 would be a B; or a
mixture of both the C; and Bj, cross-ring fragments of
the reducing 1—4-linked glucose with m/z 484 and 466
should be observed. As this is not the case, it can be
concluded that m/z 544 is exclusively a C-type ion.
Additional MS"-experiments with different isomers
(e.g., LNparaH) have been addressed to the same ques-
tion; the results reveal that the MS" spectra of deproto-
nated oligosaccharides from human milk show in gen-
eral exclusively C-type fragmentation.

Therefore, we suggest a simple fragmentation path-
way based on the assumption, that the deprotonation is
localized at the most acidic OH-group, the anomeric
OH at the reducing end. It occurs via an electron pair
rearrangement which either takes place from the reduc-
ing end in the pyranose or open chain form, but the
ring-opening is, in contrast to ring-fragmentation, not
necessary. As indicated in Scheme 1, for some linkages
a proton transfer has to occur prior to electron pair
rearrangement.

In general, for linear structures no losses of 1—3-
linked subunits are observed; only in the case of a
remaining 1—3-linked disaccharide both the character-
istic C-type fragmentation and the elimination of the
nonreducing-end monosaccharide subunit are ob-
served. 1—3-linked branches show a neutral loss by
elimination (in-chain mass + 18 Da): This only occurs at
a deprotonated reducing end unit (C-type ion). C-type
fragmentation competes with ring fragmentation. In the
case of 1—=3-linked branches, the C-type fragmentation
of the corresponding monosaccharide subunit is in
competition with the elimination of the branching site.
Scheme 1 demonstrates the suggested fragmentation
pathway for hexoses with residues in O(3)-, O(4)- and
O(6)- position and a N-acetylhexose with a residue in
O(4)-position.
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Figure 8. MS" spectra of [M — H]  of the trifucosylated,
branched structure TFLNH. (a) shows the MS? spectrum with m/z
1509 as precursor ion, (b) and (c) show the MS® spectra with m/z
1347 [ m/z 1509 % m/z 1347, (b)] and m/z 672 [% m/z 1509 % m/z
672, (c)] as precursor ions. For further information see text.

The fundamental fragmentation rules of deproto-
nated oligosaccharides from human milk are summa-
rized in the following. Fragmentation of negatively
charged oligosaccharides occurs exclusively from the
reducing end of the sugar and leads to subsequent
C-type losses of the sugar units accompanied by cross-
ring cleavages which are characteristic for a given
linkage type [45].

By fragmenting [M — H] -ions of isomeric glyco-
forms with distinct structural features, fragmentation
rules could be deduced which provide a means for
structural analysis of neutral human milk oligosaccha-
rides based on already known possible linkages of these
sugars (given in the introduction). The fragmentation
rules and the arising incremental molecular masses are
summarized in Table 1.

MS" spectra of deprotonated oligosaccharides can be
read “from right to left”, paying attention to distinct
mass increments. Glycosidic bond cleavage (see Table
1) occurs exclusively as C-type cleavage of monosaccha-
ride subunits and leads to the loss of either 162 Da (loss
of a Hex-H,0, i.e., glucose or galactose = in-chain mass)
or 203 Da (loss of a N-acetylglucosamine, GIcNAc-H,O
= in-chain mass). These may be fucosylated (308 Da or
349 Da, respectively) or occur in combination with a
further loss of H,O (144 Da and 185 Da). Unlike
sodiated ions, [M — H] -ions show a relatively high
stability towards the loss of fucose residues. Unselective
loss of fucose as typically observed in the positive-ion
mode does not occur. For instance, 1—3-linked fucoses
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Figure 9. Schematic explanations of the origin of the observed
fragment ions in MS” up to MS* experiments of LNH (x = 3,
compare to Figure 7), LNnH (x = 4) and TFLNH (compare to
Figure 8).

at N-acetylglucosamine residues are only cleaved off, if
this GlcNAc is the deprotonated “new” reducing end;
due to elimination of the fucose an accompanying
incremental mass of 185 Da (loss of GlcNAc-2H,0) is
observed. This also means, that the fucosylated subunit
must have been a LacNac of the lacto-neo-series (1—4-
linkage), even though no typical ring fragments can be
observed (see below). On the other hand, a stable
1—4-linked fucose on a N-acetyl-lactosamine gives an
incremental molecular mass of 349 Da; therefore, this
LacNAc belongs to the lacto-series (1—3-linkage).

The occurrence of characteristic cross-ring fragments
(see Table 1) yielding signals “between” the monosac-
charide subunits give information about the linkages in
the molecule. For instance, 60 and 78 Da losses are
typical for a (1—4)-linked hexose as present in lactose,
while (1—4)-linked N-acetylglucosamines show losses
of 101 and 119 Da from the C,-type ion. The lack of
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Figure 10. (a) illustrates the possible fragment ions masses of
deprotonated LNT (x = 3) or LNnT (x = 4) corresponding to
B/C/Y/Z-type fragmentations. The doubly framed masses are
not observed in the MS? spectra [see Figure 2(a) and (2b)]. (b)
shows the MS® spectra of the fragment ion with m/z 544 generated
from LNT (left) and LNnT (right); the schemes below illustrate
possible fragment ions of the C- and Y-type of the C; and Y; ions
generated from LNT and LNnT (for further discussion see text).
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cross-ring fragments between the incremental molecu-
lar masses according to the losses of intact monosaccha-
ride subunits points to a 1—=3-linkage which is present,
for instance, between lactose and LacNAc or Lac-neo-
LAc subunits.

In general, branching points (see Table 1) are indi-
cated by a loss of [n (365) + a (146) + 18)], which also
occur due to B-elimination (with “n” N-acetyllac-
tosamines and “a” fucoses). This results in a big gap in
the MS" spectrum, which is not observed in linear
structures. This prevents further linkage analysis in this
branch, but its composition (n and a) can be revealed.
To obtain more structural information, combination of
specific enzymatic cleavages of either the “1—6 branch”
or the “1—3 branch” needs to be tested. The branching
point is confirmed by a further mass increment of 144
Da (Gal — 2H,0 = 144 Da); this loss, accompanied by a
cross-ring cleavage product (loss of 72 Da), is also
characteristic for branching points.

This is consistent with the observations made with
linear structures, that branched 1—3 linkages (e.g., fuco-
ses) become relatively unstable, only if the deprotonated
reducing end (including deprotonated C-fragment ions) is
located at the monosaccharide subunit which contains the
branching site. It is stressed here that no unselective losses
of 1—-3 linked residues occur. As discussed above, this
makes the analysis of linkage and branching as well as the
localization of fucose residues possible.

Conclusion

The capability of a quadrupole ion-trap mass spectrom-
eter to carry out consecutive fragmentations of mole-
cules can be applied to structural elucidation of com-
plex oligosaccharides in the negative ion mode when
using deprotonated molecules as precursor ions. By
investigation of a series of isomeric glycoforms, fragmen-
tation rules for the structural features of human milk
oligosaccharides could be obtained. The fragmentation
spectra of negative ions provide information about link-
age types and branching positions and can be applied to
differentiate between isomeric molecules. Even the posi-
tion of fucose residues and their linkage type can be
elucidated. The unambiguous interpretation of the mass
spectra is based on characteristic mass increments which
arise from consecutive C-type fragmentation.

This method has been applied to complex isomeric
mixtures as demonstrated in Part II of this paper.

Future work should also be addressed to the ques-
tion whether this useful method for human milk oligo-
saccharides, for which the building blocks have already
been determined by other analytical methods, can also
be applied for other classes of oligosaccharides, e.g., for
such sugars derived from glycoproteins.
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