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Abstract

The preference for singly charged ion formation by MALDI makes it a better choice than electrospray
ionization for profiling mixtures of N-glycans. For structural analysis, fragmentation of negative ions
often yields more informative spectra than fragmentation of positive ones but such ions are more
difficult to produce from neutral glycans under MALDI conditions. This work investigates conditions
for the formation of both positive and negative ions by MALDI from N-linked glycans released from
glycoproteins and their subsequent MS/MS and ion mobility behaviour. 2,4,6-Trihydroxyacetophe-
none (THAP) doped with ammonium nitrate was found to give optimal ion yields in negative ion
mode. Ammonium chloride or phosphate also yielded prominent adducts but anionic carbohydrates
such as sulfated N-glycans tended to ionize preferentially. Carbohydrates adducted with all three
adducts (phosphate, chloride, and nitrate) produced good negative ion CID spectra but those
adducted with iodide and sulfate did not yield fragment ions although they gave stronger signals.
Fragmentation paralleled that seen following electrospray ionization providing superior spectra than
could be obtained by PSD on MALDI-TOF instruments or with ion traps. In addition, ion mobility drift
times of the adducted glycans and the ability of this technique to separate isomers also mirrored
those obtained following ESI sample introduction. lon mobility also allowed profiles to be obtained
from samples whose MALDI spectra showed no evidence of such ions allowing the technique to be
used in conditions where sample amounts were limiting. The method was applied to N-glycans
released from the recombinant human immunodeficiency virus glycoprotein, gp120.
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modifications of secreted and cell-surface proteins is N-linked
glycosylation. N-glycans are branched carbohydrates attached
to asparagine in glycoproteins where the asparagine is in an
Asn-Xxx-Ser(Thr) sequence where Xxx is any amino acid
except proline [1]. Their analysis has received much attention
over the past three decades and involves techniques such as
HPLC, exoglycosidase sequencing, and mass spectrometry [2—
13]. The introduction of fast-atom bombardment (FAB) mass
spectrometry in the 1980s catalysed much work on the positive
ion mass spectrometry of permethylated glycans [14-18] but
FAB has now largely been replaced by ionization using matrix-
assisted laser desorption/ionization (MALDI) [3, 19] and
electrospray ionization (ESI) mass spectrometry [20], which
enable both derivatized and underivatized glycans to be
examined. Nevertheless, positive ionization remains the most
popular mode, and permethylation is still widely used for
purposes such as increasing ion yields and providing linkage
information by fragmentation [21]. Under positive ion con-
ditions, carbohydrates undergo fragmentation mainly by glyco-
sidic (between the sugar rings) bond cleavage with formation of
the more informative cross-ring fragments being a relatively
minor process unless high collision energies are employed [22—
24]. A problem with positive ion fragmentation is that many of
the glycosidic fragments arise from multiple pathways [25]
meaning that for an unknown compound, it is difficult to extract
the necessary structural information. Permethylation or MS"
experiments [26—28] help in this context but some structural
features still remain difficult to determine.

Negative ion fragmentation, on the other hand, produces
spectra that are dominated by cross-ring cleavage fragments
that arise by specific pathways and provide a wealth of
structural information [29-32]. Most of the work in this area
has been performed with electrospray ionization which has the
disadvantages of multiple charging, discrimination against the
larger glycans and formation of in-source fragments leading to
rather complex spectra. MALDI is a more satisfactory
technique for obtaining glycan profiles of neutral carbohy-
drates although sialylated compounds tend to eliminate sialic
acids under MALDI conditions unless derivatized by, for
example, permethylation, methyl ester [33, 34] or amide [35]
formation. Neutral glycans, however, do not easily form ions
by MALDI in negative ion mode with the normal matrices such
as 2,5-dihydroxybenzoic acid (DHB) but can be induced to do
so by use of matrices such as nor-harmane [36] or by adding
suitable anions to the matrix [37-43]. The latter technique has
the advantage of stabilizing the ions as adducts because the
largely [M — H] ions that are produced by the other methods
are relatively unstable and more difficult to transfer to collision
cells for subsequent fragmentation.

We have recently investigated conditions for obtaining
negative ion spectra from neutral N-glycans for examination by
MALDI-TOF MS by adduct formation [44] and have found that
addition of ammonium nitrate to 2,4,6-trihydroxyacetophenone
(THAP) gives good results. Adduction with chloride, as used by
others [37-40, 45-49], has the disadvantage of a split signal due
to the chlorine isotopes. Phosphate, which has proven to be most

appropriate under electrospray conditions [32], did not form very
abundant ions under MALDI conditions. However, as pointed
out previously, the use of chloride, phosphate or nitrate as the
adduct makes little difference to the fragmentation pattern
because the initial event following collisional activation is
proton abstraction by the adduct to give a [M — H] ion [30].

With the advent of MALDI ion sources fitted to Q-TOF
instruments, collision-induced dissociation (CID) spectra can
be obtained that do not suffer from the low resolution inherent
to post-source decay (PSD) spectra or the low mass cut-off that
is the consequence of data acquisition with ion traps. The
addition of ion-mobility on instruments such as the Waters
Synapt (Waters MS Technologies, Manchester, UK) adds
another dimension to glycan analysis and, in this paper, we
explore the use of this instrument for obtaining predominantly
negative ion MS/MS spectra of N-glycans and for obtaining
additional structural information by ion mobility.

Materials and Methods
Materials

N-linked glycans were released in a large-scale preparation with
hydrazine [50, 51] from the well-characterized glycoproteins
(Sigma Chemical Co. Ltd., Poole, Dorset, UK) ribonuclease B
[52], porcine thyroglobulin [53, 54], chicken ovalbumin (found
to contain small amounts of other ovo-glycoproteins) [55, 56],
and bovine fetuin [57]. Neutral glycans were obtained from
fetuin and thyroglobulin by heating the released glycans with
1 % acetic acid for 1 h at 70 °C. N-glycans from the
glycoprotein gp120 were released with peptide N-glycosidase
F (PNGase F) from within SDS-PAGE gels as described
previously [58] and also directly from solution. The human
immunodefficiency virus (HIV) glycoprotein gpl120g,; was
expressed in human embryonic kidney (HEK) 293T cells as
previously described [59]. Methanol was obtained from BDH
Ltd. (Poole, UK) ammonium salts were from Sigma-Aldrich,
(Poole, UK). Water was distilled before use. DHB was from
Sigma-Aldrich and was recrystallized from water. Other
MALDI matrices were also from Sigma-Aldrich and were used
without further purification.

Mass Spectrometry

Ion mobility experiments were carried out with a Waters
Synapt G2 travelling wave ion mobility mass spectrometer
(TWIMS) [60] fitted with electrospray and MALDI ion
sources. The MALDI source used a Nd/Yag laser (355 nm).
The T-wave velocity and peak height voltages were 450 m/s
and 40 V respectively. The T-wave mobility cell was
operated at a pressure of 0.55 mbar and contained nitrogen.
The instrument was externally calibrated with sodium iodide
(positive ion), sialylated glycans from bovine fetuin (ESI,
negative ion) or dextran (nitrate adduct, MALDI, negative
ion). Fragmentation was performed after mobility separation
in the transfer cell with argon. Data acquisition and
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processing were carried out by use of the Waters Driftscope
(ver. 2.1) software and MassLynx (ver. 4.1) (Waters
Corporation, Manchester, UK).

ESI Data Acquisition

For ESI, samples were dissolved in water:methanol (1:1, vol:
vol) containing a trace of sodium chloride for positive ion
spectra or 1 mM ammonium phosphate or nitrate for
acquisition in negative ion mode. Samples were infused into
the ion source with Waters nanospray capillaries. The ESI
capillary voltage was 1.2 kV, the cone voltage was 20-180 V
and the ion source temperature was maintained at 120 °C.

MALDI Data Acquisition

For positive ion MALDI acquisition, 0.5 pL of the samples,
in water (about 1 pg/mL) were deposited on the MALDI
target together with 0.5 pL of the MALDI matrix (10 mg of

DHB in 1 mL of 1:1, vol:vol water:methanol containing a
trace of sodium chloride) and allowed to dry under ambient
conditions. The sample spot was then recrystallized from
ethanol. Negative ion MALDI sample preparation involved
spotting an aqueous solution of the sample (0.5 pL) onto the
target followed by 0.5 puL of an aqueous solution of
ammonium fluoride, chloride, bromide, iodide, sulfate,
phosphate or nitrate (1 M, the concentration that gave the
best results in the MALDI-TOF study [44]) and 0.5 pL of
acetone solutions of THAP, 2,5-dihydroxyacetophenone
(DHAP), nor-harmane, esculetin (6,7-dihydroxycoumarin),
2-(4'-hydroxyphenylazo)benzoic acid (HABA) or 6-azo-2-
thiothymine (ATT) and again allowing them to dry under
ambient conditions. Collision energies for the CID spectra
were in the range 50-120 eV depending on the mass of the
ion being fragmented.

Positive ion MALDI-TOF-MS spectra were also recorded
with a Waters TofSpec reflectron-TOF 2E mass spectrom-
eter (nitrogen laser) for comparative purposes. The acceler-
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Figure 1. (a) Positive ion MALDI mass spectrum obtained with the Synapt instrument of N-glycans released from chicken

ovalbumin ((M+Na]* ions). (b) MALDI-TOF spectrum of the same sample. (c) ESI spectrum (Synapt instrument) of the ovalbumin
glycans. The insets show the TWIMS drift-time separations of isomers of the ion at m/z 1136 (ManzGIcNAcj). The first peak has the
GIcNAc attached to the 3-antenna. Symbols for the glycan constituents and linkages between them in this and subsequent figures
are: . = GIcNAc, O = mannose, (} = galactose, @ = fucose, % = N-acetyl neuraminic acid (sialic acid). Solid connecting line=f3-
linkage, broken line = a-linkage. The angle of the lines shows the linkage position. For more information see [72]
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ating voltage was 20 kV, the pulse voltage was 3200 V and
the pulse delay was 500 ns. Sample processing was with
MassLynx 4.1 as above.

Results and Discussion
Positive Ion

Neutral N-glycans released from ribonuclease B, porcine
thyroglobulin, desialylated fetuin, and thyroglobulin, and
from a mixture of ovalbumin and co-purified glycoproteins
gave strong MALDI-TWIMS-MS spectra with a good
signal:noise ratio and were very similar to those obtained
from the same samples obtained with a MALDI-TOF
instrument. Figure la shows the positive ion MALDI
TWIMS-MS spectra from released ovalbumin glycans
compared with the MALDI-TOF spectrum below
(Figure 1b). These spectra were similar to each other but
differed from the electrospray spectrum acquired with the
Synapt instrument (Figure 1c), which showed a mass bias
against the higher mass glycans. This phenomenon was at
least partly attributable to differential double charging by the

larger compounds. Thus, MALDI would appear to offer
distinct advantages over ESI on the Synapt instrument for
this type of analysis. Sialylated glycans from bovine fetuin
and thyroglobulin appeared to lose much less of their sialic
acid than when examined with the MALDI-TOF system;
spectra were compared with those of stable permethylated
samples (spectra not shown). However, even if desialylation
is a problem, previous work has shown that sialic acid loss
can be prevented by derivatization of the carboxy group of
the sialic acids by methyl ester [33, 34] or amide formation
[35, 61] or by selective formation of lactones from 02— 3-
linked sialic acids [34] with retention of the free hydroxyl
groups that are necessary for production of the informative
negative ion CID spectra.

Earlier work [62] has demonstrated isomer separation by
ion mobility of the two components of the ion at m/z 1136
from ovalbumin; this separation is shown as the inset to
Figure lc. After MALDI ionization, the same arrival time
distribution and resolution for these components was seen in
both positive ion (inset to Figure 1a) and negative ion modes
showing that the type of ionization did not appear to affect
the drift times or ability of the mobility cell to separate

oa_ &
100
19 ok Qo
100 - 1809.7 S .
(a) .
90
1 0
1257.5 108 116 124 132 140 148 156
100 1036.4
80 (C) Q.Q & 1239.5
10 o o=l
70 7 1606.6 15 50 2 6712 o743
833.3
< 1485.6 1688.7 oy 5502 1460.6
ot 26, 347I1I'IJ | I N J‘I‘igs“ | pisses tetps
860 0 Ltrbetolete o alvortebebe ettt fol A el tvoptn el A b i [IVEY I
c 100 @ 8743
3 16 (d) 383.1 O*-OI i
< 504 1743.7 12305
g 5 19?)2.7 50 o203
o 14446 22 1034
= 12 1850.8 P & 14g0.6 16066
o 40 1647.7 226.1 1 | 593.2 | | 15056 I
& 4 9 0 N T Y o P INITO [T 1N | PR O F1 -
1419.6| 6 15816 17 200 400 600 80911/2 1000 1200 1400 1600
17687
30 29 38
£L| 25 2012.8 , 21749
2 19197 2122.8
20 1282:
1299513674 8 13
_1501.6 27
10 1960.7 2834.8
18 %0 2159 42 45
41 22858 23790 44 2540.0
0 | 2423.0 | |
1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500
m/z
Figure 2. (a) Positive ion MALDI spectra of gp120 glycans released with PNGase F and ionized by MALDI from DHB. Peak

identification is in Table 1 (columns 2 and 3). (b) lon mobility separation of the two glycans of composition HexsGlcNAcsFuc
(m/z 1606 (10). (c) CID spectra of the first region of the ATD peak shown by the horizontal line in (b), (d) CID spectrum of the

second region
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isomers. Neither did the type of ionization appear to affect
the CID fragmentation acquired in the transfer cell (after
mobility separation); spectra acquired in each case were
virtually identical. Thus, in positive ion mode, MALDI
ionization provided a better glycan profile than ESI but, at
the same time, did not affect the ion mobility or fragmen-
tation characteristics of the instrument. Also performing
ionization by MALDI on the TWIMS-MS instrument led to
much better fragmentation with higher resolution than could
be obtained with a MALDI-TOF instrument.

Having established the advantages of MALDI profiling
combined with full mass range fragmentation, the method

was used to obtain glycan profiles (Figure 2) and MS/MS data
from the HIV glycoprotein gp120 (expressed in HEK 293T
cells). Results are listed in Table 1 (columns 2 and 3).

Negative lon

Because negative ion CID spectra of underivatized glycans
provide more informative spectra than those recorded from
positive ions, the ideal system would be a combination of
MALDI ionization with CID fragmentation with the additional
dimension of ion mobility for sample clean-up [58] and
possible isomer separation. Earlier work [44] has shown that

Table 1. Masses and Compositions for the N-Glycans Found in the gp120 Samples

Compd.®® m/z ((M+Na]") m/z (IM+NO;]) m/z ((MH])) Composition
Found Calc. Found Found Calc. Found Calc. Hex GIcNAc dHex Neu5Ac
(Figure 5) (Figure 6) (Man, Gal) (Fuc)

1 1257.4 12574 1296.4 1296.4 1296.4 1361.3 13613 5 2 0 0

2 12824 12824 - - 1321.5 1386.4 1386.4 3 3 1 0

3 12984  1298.4 - - 1337.4 1402.4 1402.4 4 3 0 0

4 1419.5  1419.5 1458.5 1458.5 1458.5 1523.4 1523.4 6 2 0 0

5 14445 14445 1483.5 1483.5 1483.5 1548.4 1548.4 4 3 1 0

6 1460.5  1460.5 1499.5 1499.5 1499.5 1564.4 1564.4 5 3 0 0

7 14855  1485.5 15245 15245 15245 1589.4 1589.4 3 4 1 0

8 1501.5  1501.5 - - 1540.5 1605.4 1605.4 4 4 0 0

9 1581.5  1581.5 1620.5 1620.5 1620.5 1685.4 1685.4 7 2 0 0

10 1606.5  1606.6 1645.6 1645.6 1645.6 1710.5 17105 5 3 1 0

11 16225 1622.6 1661.6 1661.6 1661.6 1726.5 1726.5 6 3 0 0

12 1647.6  1647.6 1686.6 1686.6 1686.7 1751.5 1751.5 4 4 1 0

13 1663.6  1663.6 1702.6 - 1702.6 1767.5 1767.5 5 4 0 0

14 - - 1727.6© 1727.6© 172769  1727.6©  1727.6© 5 3 0 1

15 1688.6  1688.6 1727.6 1727.6 1727.6 1792.5 1792.5 3 5 1 0

16 1743.6  1743.6 1782.6 1782.6 1782.6 1847.5 1847.5 8 2 0 0

17 1768.6  1768.6 1807.6 1807.6 1807.6 1872.5 1872.5 6 3 1 0

18 1793.6  1793.6 1832.7 - 1832.7 1897.6 1897.6 4 4 2 0

19 1809.6  1809.6 1848.7 1848.7 1848.7 1913.5 1913.6 5 4 1 0

20 - - 1873.7© 1873.7© 1873.79  1873.6©  1873.79 5 3 1 1

21 - - 1889.7©) 1889.7©) 1889.7©  1889.6©  1889.7© 6 3 0 1

22 1850.6  1850.6 1889.7 1889.6 1889.7 1954.7 1954.6 4 5 1 0

23 - - - 1914.7© 191479 - 1914.7© 4 4 1 1

24 - - 1930.7© 1930.7© 19307  1930.7¢  1930.7 5 4 0 1

25 1891.7  1891.7 1930.7 1930.7 1930.7 1995.7 1995.6 3 6 1 0

26 1905.6  1905.6 1944.7 1944.7 1944.7 2009.5 2009.5 9 2 0 0

27 1955.7  1955.7 1994.7 - 1994.7 2059.7 2059.6 5 4 2 0

28 - - 2035.7 2035.7¢ 203579 2035.7¢  2035.79 6 3 1 1

29 20127 20127 2051.7 2051.7 2051.7 2116.6 2116.6 5 5 1 0

30 2028.7  2028.7 2067.7 - 2067.7 - 2132.6 6 5 0 0

31 2053.7  2053.7 2092.8 - 2092.7 2157.8 2157.7 4 6 1 0

32 - - 2076.8 2076.8 2076.8©  2076.7°  2076.8 5 4 1 1

33 21227 21227 2161.7 2161.7 2161.7 2226.7 2226.6 5 4 1 1(Na)
34 - - 2092.7© - 2092.8© - 2092.8© 6 4 0 1

35 - - 2117.7 - 2117.8 2117.7 2117.8 4 5 1 1

36 - - 2133.7© - 213379 - 2133.7© 5 5 0 1

37 21227 21227 2161.7 2161.9 2161.7 2226.6 2226.7 5 4 1 1(Na)
38 21748  2174.8 2213.8 - 2213.8 - 2278.7 6 5 1 0

39 22158 22158 2254.8 - 2254.8 - 2319.7 5 6 1 0

40 - - 2295.8© - 229589 - 2295.8© 6 5 0 1

41 23258 2325.8 - - 2364.8 - 2429.7 5 5 1 1(Na)
42 2378.0 23778 - - 2416.8 - 2481.8 6 6 1 0

43 - - - 2441.8© 244199 - 2569.8© 6 5 1 1

44 2488.0  2487.8 - - 2526.8 - 2591.8 6 5 1 1(Na)
45 2540.0  2539.9 - - 2578.9 - 2643.8 7 6 1 0

(a) Compounds as in Figures 2, 5, and 6

(b) Structures of the neutral glycans are shown in Scheme 1 (where determined)

(¢) [M-H] ion
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with MALDI-TOF systems using nitrogen lasers, good
negative ion spectra could be obtained with THAP doped with
a 1 M solution of ammonium nitrate. In the present work,
several matrices (see Methods section) and the use of various
ammonium salts were investigated to determine the optimum
conditions for similar ion formation with the Synapt instrument
which uses a Nd/Yag (355 nm) rather than a nitrogen laser
(337 nm). Again, THAP proved to be the best matrix although
HABA was nearly as good. Results with desialylated N-
glycans from porcine thyroglobulin (mainly high-mannose and
biantennary complex glycans) in the presence of various
ammonium salts (0.5 pL of a 1 M solution) are shown in the
supplementary data (Figure S1). Results were essentially as
found earlier with the MALDI-TOF instrument and are
summarized in the Supplementary Data. The best adduct for
producing a clean spectrum (virtually free from ions produced
from minor impurities in the samples) proved to be nitrate.
These adducts also produced excellent fragmentation spectra
(transfer cell) of the same type as observed earlier following
electrospray ionization. Sulfate and iodide, although producing
strong spectra failed to yield fragment ions.

The MALDI-CID-MS (transfer cell) spectra were similar to
those obtained by ESI (Figure 3 and additional spectra in
Figure S2) and were more informative than those obtained

earlier using LIFT technology on a Bruker Ultraflex instrument
(Bruker Daltonic, Bremen, Germany) or an ion trap-TOF
instrument (Axima resonance) following MALDI ionization.
Although the spectra from both of these instruments were of
high quality, the abundance of low mass ions from the Bruker
instrument was low and the low mass region of spectra
recorded from the trap was missing. Low-mass ions are
important for structural analysis of these compounds because
they define the residues on the non-reducing termini. Spectra
from the Synapt instruments displayed abundant fragment ions
across the entire mass range with good resolution. The spectra
of MangGIcNAc, shown in Figure 3 contain a prominent triplet
of >*A¢ Bs and >*As ions defining the reducing terminus (the
nomenclature introduced by Domon and Costello [63] is used
to describe the fragment ions) formed by hydrogen abstraction
from the OH group at position 3 of the GIcNAc residues. The
masses of the *A ions can be used to show if fucose is present
at C6 of the core GIcNAc residue. The ions labeled D, [D— 18]
and *?A,, D and [D — 18], define the composition of the
6-antenna and the D' ion defines the branching of this antenna.
Further details of the negative ion fragmentation of these
compounds are in references [29-32].

Sialylated glycans lost very little of their sialic acid; the
profiles of glycans from bovine fetuin and porcine thyro-
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Figure 3. (a) Negative ion CID spectrum (transfer cell) of the nitrate adduct of high-mannose glycan MangGIcNAc, from gp120
recorded following ionization by MALDI and with a collision cell energy of 85 eV. (b) Fragmentation of the same compound
ionized by electrospray (Q-TOF Ultima instrument, collision energy 70 eV)



D. J. Harvey et al.: lon Mobility of N-glycans lonized by MALDI

globulin (Figure 4a) whose complex glycans are partially
sialylated, contained prominent peaks produced by mono-
sialylated compounds (the fetuin sample was rather old and
had spontancously lost sialic acid from the bi- and tri-
sialylated glycans as determined by permethylation experi-
ments). Also present in the spectra of the thyroglobulin
glycans following removal of the sialic acids by acid
hydrolysis were abundant ions produced from sulfated
glycans similar to those reported by de Waard et al. [53]
(Figure 4b). They were characterized by typical fragmenta-
tion spectra such as that shown in Figure 4c and showing

that such compounds were also relatively stable under these
MALDI conditions. The major ion in the negative ion CID
spectra of these compounds was at m/z 444 corresponding to
(SO3)Gal-GleNAc but, because the charge was localized on
the sulfate group, the diagnostic, mainly cross-ring, ions that
were present in the spectra of the neutral (adducted) glycans
were missing. The spectra were dominated by B- and Y-type
glycosidic fragments. Sialylated glycans showed similar
spectra as the result of charge localization on the acid group
but, not to the extent that all cross-ring fragments were
absent. The spectra of monosialylated glycans, in particular,
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Figure 4. (a) Negative ion MALDI spectrum (nitrate adducts from THAP) of N-glycans released from porcine thyroglobulin. (b)
Negative ion MALDI spectrum of N-glycans released from porcine thyroglobulin and desialylated with 1 % acetic acid. (c)
Negative ion CID spectrum of the sulfated biantennary glycan Gal.Man;GlcNAc4Fuc,4
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Figure 5. Negative ion MALDI spectrum (nitrate adducts from THAP) of N-glycans released in-gel from gp120 and cleaned
with a Nafion membrane. Compounds, identified by the numbers on the peaks, are listed in Table 1 (column 4)

retain many of the diagnostic ions (data not shown but see
reference [64]). However, these glycans can be neutralized
by derivatization [33, 61], as mentioned above and, in some
cases, the derivatization reaction can be exploited to provide
linkage information for the sialic acids [34].

The method, using THAP doped with ammonium nitrate,
was used to characterize N-glycans released from the
recombinant HIV glycoproteins. Figure 5 shows the negative
ion MALDI profile of glycans from gp120 with an N339A
mutation expressed in HEK293 cells released with PNGase
F from within an SDS-PAGE gel and cleaned with a Nafion
117 membrane [65]. A full list of the identified compounds

is in Table 1 (columns 4 and 6), structures are in Scheme 1).

In some cases, sample amounts were so small that glycan
ions were not visible in the MALDI spectra even after

extensive clean-up. In a previous paper [58], we reported that
ion mobility could be used to extract the N-glycan ions from
complex mixtures whose ESI spectra did not show evidence of
the presence of such ions. Much of the non-carbohydrate
material present in PNGase F-released glycans formed multiply
charged ions that readily separated in the ion mobility cell. The
same experiment with N-glycans released from gpl20 in
solution in the presence of NP-40 denaturant was repeated
with MALDI ionization and the results are shown in Figure 6.
No pre-mass spectrometric clean-up was employed in this
experiment to see if ion mobility was able to visualize the
glycan ions in such unpurified samples. No glycans were
observed in the raw MALDI spectrum in negative ion mode
(Figure 6a, nitrate adducts) but the glycan ions could be
extracted (Figure 6d) from the Driftscope display (Figure 6b).
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Scheme 1. Structures of the identified neutral glycans from gp120 (Figures 2, 5, and 6). Sialylated compounds are not listed
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Their masses and deduced compositions are listed in Table 1
(columns 5 and 9—12). Structures have been determined earlier
[58, 66—-68] and those of the major neutral glycans are shown in
Scheme 1 (the sialylated glycans are derivatives of these
compounds and individual structures are not shown). Because
MALDI produces mainly singly charged ions, separation of the
glycan ions from the ions produced by background contami-
nation was not as complete as that obtained with ESI but,
nevertheless, most of the background was removed. lodide was
found, as described above, to produce stronger spectra than
nitrate and, consequently, the sample was also examined as
iodide adducts (Figure 6¢); the spectrum is shown in Figure 6e
and the glycans are listed in Table | (columns 7 and 8).

Although prominent ions were extracted by this tech-
nique, both spectra (nitrate and iodide adducts) contained
additional ions that appeared to have been formed by further
attachment of sodium nitrate and sodium iodide, respective-
ly, to some of the glycans. Thus, the ion at m/z 2076 in the
spectrum of the nitrate adducts (Figure 6d), which was
produced by the sodium salt (37) of the monosialylated
biantennary glycan, was accompanied by additional ions at
m/z 2161 and 2246 corresponding to complexes with one
and two equivalents of NaNOs. In the spectrum of the iodide
adducts (Figure 6e) corresponding Nal adduct ions were
present at m/z 2377 and 2526. Similar adducts of other
compounds produced the rather complex spectra. The
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Figure 6. (a) Negative ion MALDI spectrum of gp120 glycans released in solution in the presence of NP40 denaturant, ionized
by MALDI from THAP doped with ammonium nitrate (no mobility clean-up). (b) DriftScope display of gp120 glycans released in
solution in the presence of NP40 denaturant and ionized by MALDI from THAP doped with ammonium nitrate. The region of the
DriftScope display corresponding to glycan ions is indicated by the white oval. (c) The same sample but acquired as iodide
adducts. (d) Negative ion mobility-extracted spectrum of gp120 glycans released in solution and extracted by ion mobility
[circled area on (b)]. (e) The same glycans analysed as iodide adducts
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sodium in these adducts presumably originated from the
original sample but could be removed with suitable clean-up
procedures, such as the use of a Nafion membrane [65], our
current preferred technique. These adducts showed a
different drift-time-m/z profile to the main glycans and
could, thus be partially removed using the DriftScope
display. Also present in the negative ion spectra were [M —
H] ions formed from the free sialylated glycans.

Separation of Isobaric Glycans by lon Mobility

By use of ion mobility it has been possible to separate small
isomeric N-glycans on account of their different drift times
[62, 69]. Several of the glycans from gp120 are isobaric and/
or isomeric; consequently the glycans whose spectra are
shown in Figures 2 (positive ion) and 5 (negative ion) were
examined to see if any of these compounds could be
separated. Two glycans showing clear separation were those
of composition HexsGlcNAc;Fuc; (m/z 1606, positive ion
and 1645, negative ion). The ATD profile and two CID
spectra of the constituent glycans are shown in Figure 2b, c,
and d, respectively. Similar results were obtained for the
negative ions (data not shown). Some other ATD peaks
showed peak broadening suggesting additional separations;
discussion of these separations will form part of a further
communication.

Conclusions

The combination of negative ion MALDI profiling followed
by CID provides a very powerful combination for N-glycan
analysis, particularly when combined with ion mobility for
sample clean-up and possible isomer detection. MALDI is
preferred to ESI for glycan profiling because of its ability to
produce predominantly singly charged ions which, for
neutral glycans at least, reflect the quantitative composition
of the mixture. ESI spectra can suffer from multiple charging
which, although a bonus for large molecules, causes
problems with glycan analysis because of preferential
formation of doubly and sometimes triply charged ions from
the larger glycans; this effect distorts the glycan profile. In
addition, ESI spectra of glycans usually contain fragment
ions that also distort the profile. For negative ion formation
from neutral glycans in this work, the strongest signals were
obtained by use of iodide and sulfate offering the possibility
of high sensitivity detection for trace analysis. Unfortunately
these adducts did not produce fragment ions, but excellent
fragmentation was obtained from the other adducts with
nitrate being particularly useful. Fragmentation of negative
ions from anion-adducted carbohydrates provided consider-
ably more structural information than fragmentation of
positive ions because of the formation of specific cross-ring
fragments. Thus, there was less ambiguity in the spectra;
ambiguity is caused predominantly by equivalent glycosidic
cleavages from the several antennae present in these
compounds. Specific structural features that can be acquired

included detailed information on the location of fucose
residues, determination of specific isomers of tri-antennary
glycans, and an indication of the presence of “bisecting”
GlcNAc residues. Most of these properties are difficult to
detect by more traditional methods.

Furthermore, the combination of MALDI with ion
mobility allowed the latter function to be used to strip out
contaminating ions allowing glycan ions to be recovered
from spectra that showed little or no sign of them without
mobility extraction. Thus, MALDI, followed by ion mobility
and CID fragmentation can be used to examine the products
of enzymatic glycan release without additional clean-up,
allowing for rapid analysis, and can also be used to great
advantage with samples containing very little glycan
material, such as the analysis of HIV glycans from infectious
virions [70, 71].

In conclusion, the combination of MALDI ionization,
negative ion fragmentation, and ion mobility for clean-up of
both the glycan profile and fragmentation spectra provides a
very powerful system for N-glycan analysis that requires no
derivatization step and the minimum of sample clean-up.
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