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Abstract

The analysis of glycosylation from native biological sources is often frustrated by the low
abundances of available material. Here, ion mobility combined with electrospray ionization mass
spectrometry have been used to extract the spectra of N-glycans released with PNGase F from
a serial titration of recombinantly expressed envelope glycoprotein, gp120, from the human
immunodeficiency virus (HIV). Analysis was also performed on gp120 expressed in the a-
mannosidase inhibitor, and in a matched mammalian cell line deficient in GIcNAc transferase |I.
Without ion mobility separation, ESI spectra frequently contained no observable ions from the
glycans whereas ions from other compounds such as detergents and residual buffer salts were
abundant. After ion mobility separation on a Waters T-wave ion mobility mass spectrometer, the
N-glycans fell into a unique region of the ion mobility/m/z plot allowing their profiles to be
extracted with good signal:noise ratios. This method allowed N-glycan profiles to be extracted
from crude incubation mixtures with no clean-up even in the presence of surfactants such as
NP40. Furthermore, this technique allowed clear profiles to be obtained from sub-microgram
amounts of glycoprotein. Glycan profiles were similar to those generated by MALDI-TOF MS
although they were more susceptible to double charging and fragmentation. Structural
analysis could be accomplished by MS/MS experiments in either positive or negative ion
mode but negative ion mode gave the most informative spectra and provided a reliable
approach to the analysis of glycans from small amounts of glycoprotein.
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Introduction

Ithough mass spectrometry, particularly with matrix-

assisted laser desorption/ionization (MALDI) and elec-
trospray (ESI) ionization, has made much impact on the
analysis of carbohydrates in recent years, many samples
presented for analysis fail to give signals due to the low
amount of carbohydrate and to the presence of contaminants
that are difficult to remove by conventional techniques.
These difficulties are evidenced by the range of techniques
developed for removing contaminants including, for exam-
ple, the use of various types of resin and other adsorbing
materials [1-4], porous graphitized carbon [5-7], various
membranes [8, 9], lectins [10, 11], immobilized boronic
acids [10, 12], and drop dialysis [13]. In our laboratory,
Nafion 117 [8] and other membranes are routinely used but,
even though these sometimes give spectacular improvements
in signals [14], on other occasions they make little or no
difference to the detection of glycans. Recently, we have been
evaluating ion mobility mass spectrometry as an analytical
system for carbohydrates [15], particularly N-linked glycans,
and have found that this technique is excellent for removing
signals from contaminating compounds allowing ions from the
glycans to be clearly seen even when no evidence of their
presence is visible in the parent spectrum.

Several investigators have explored various aspects of
ion mobility mass spectrometry for studies of carbohy-
drates. For example, Fenn and McLean [16-18] have
shown that compounds of different structural types such
as lipids, peptides and carbohydrates can be separated
and, recently, this group has applied the technique to
examination of N-linked glycans released from ribonu-
clease B [18]. Ion mobility separation coupled with
principal component analysis of N-linked glycans from
serum glycoproteins has shown promise for detection of
cancer biomarkers [19] and ion mobility separations have
also been used to examine N-linked glycan heterogeniety
from monoclonal antibodies [20, 21] although, in these
cases, glycopeptides rather than the released glycans were
examined. Isomer separation of small carbohydrates has
been demonstrated [22—27] but, with current technology,
the resolution of the mobility cells is not sufficient to
resolve any but the smaller N-glycans [15, 28]. For a
review on instrumentation see [29].

Previous work from this laboratory with IgG and
dextran oligomers (manuscript in preparation) has shown
good ion mobility separation of singly charged N-linked
glycans from peptides, buffer salts and multiply-charged
ions. Some separation was also found between the N-
glycans and other carbohydrate types such as dextran
oligomers. In the present work, the utility of the ion
mobility technique to extract glycan profiles from con-
taminated samples and directly from incubation mixtures
obtained from glycan release experiments has been
explored in more detail. This work focuses on N-linked
glycans obtained from human immunodeficiency virus

(HIV) gp120 expressed from 293T and 293S mutant cell
lines or in the presence of glycosylation inhibitors.
Modified glycoforms of viral glycoprotein are currently
the subject of intense research by many groups, including
our own, in the context of antiviral therapies [30-32],
vaccine design [33-36] and structural biology [37—41]. In
the present study, glycoproteins were expressed in human
embryonic kidney (HEK) 293T cells and, for the
production of glycoproteins with modified glycans, in
the presence of the glycosidase inhibitor, N-butyldeox-
ynojirimycin (NBDNJ), or produced in HEK 293S cells
that are deficient in GlcNAc transferase I [42] which is
involved in the biosynthesis of the N-glycans. We have
previously used a panel of gp120 glycoforms with native
and modified glycans to resolve the specificity of anti-
carbohydrate antibodies following immunization with
yeasts mannans [34].

In the analysis of glycoprotein glycosylation, such as in
the above experiments, sample size can be limited and, in
such cases, it is frequently difficult to obtain satisfactory
mass spectra without extensive chemical clean-up with its
concomitant losses which tend to intensify the problem.
We [15, 43] and others [18] have already explored the use
of ion mobility mass spectrometry to separate glycans
from other compounds and we have now investigated the
ability of this technique to separate glycan from back-
ground ions with the object of reducing the clean-up steps
necessary for the production of spectra containing com-
plete glycan profiles from very small amounts of starting
glycoprotein. The development of methods for the
analysis of low abundance viral glycoproteins, such as
those from gpl120 from HIV discussed here, will enable
the analysis of native viral glycoproteins released directly
from infectious virions where the low sample size is of
critical importance.

Materials and Methods
Materials

The recombinant ectodomain of gpl120p, glycoprotein,
from amino acid residue 1 to 507 (numbering based on
alignment with the HxB2 reference strain), was cloned into
the pHLsec vector [44] and transiently expressed in HEK
293T cells with and without the presence of 2 mM of the
glycosidase inhibitor NBDNJ. The glycoprotein was also
expressed in a mutant HEK 293S cell line deficient in
GlcNAc-transferase I [42]. NBDNJ was added at the time of
transient transfections, which were performed using a
mixture of polyethylenimine and 2 mg DNA per liter of cell
culture. Recombinant gpl20 was initially isolated by
immobilized metal affinity chromatography then further
purified by size exclusion chromatography using a Superdex
200 Prep Grade column (GE Health Care, Amersham, UK).
Solvents and other chemicals were from Sigma (Poole, UK).
NBDNJ was a gift from Dr. T. Butters (University of
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Oxford), 2,5-dihydroxybenzoic acid (DHB, the MALDI
matrix) was obtained from Aldrich Chemicals (Poole, UK)
and protein N-glycosidase F (PNGase F) was from New
England Biolabs (Ipswich, MA, USA).

Glycan Release

In-Gel Release N-Glycans were released from glycopro-
teins with PNGase F essentially by a modification of the in-
gel method first described by Kiister et al. [45]. Briefly, the
glycoproteins (20, 0.5, 0.1. 0.05, 0.01 pg) were separated on
sodium dodecyl sulfate (SDS) polyacrylamide electropho-
resis (PAGE) gels (NuPage 4%—12% Bis-Tris SDS-PAGE
gel (Invitrogen, Paisley, UK) using MOPS running buffer
(Invitrogen), stained with Coomassie blue dye and the areas
containing the glycoproteins were excised and destained.
PNGase F was infused in water and the gel pieces were
incubated overnight (about 16 hours) at 37 °C. The released
glycans were extracted with several additions of water and
the resulting solution was filtered with a 0.45 um hydro-
phobic protein binding Immobilon membrane held in a 96-
well MultiScreen sterile plate (Millipore, Billerica, MA,
USA). Samples (1 pL from approx 500 pL) were analysed
following further clean-up with a Nafion 117 membrane as
described earlier by Bornsen et al. [8] or, if the original
enzymatic-release samples contained only a low amount of
glycan, they were first concentrated to about 10 pL.

Solution Release The glycoprotein was incubated over-
night at 37 °C with PNGase F both with and without the
denaturant nonylphenoxylpolyethoxylethanol (NP40) and
dithiothreitol (DTT). Samples were examined either directly
from the incubation solution or following clean-up with a
Nafion 117 membrane.

Instrumentation

lon Mobility Ton mobility data were acquired with Waters
Synapt (first generation, referred to as the Gl instrument)
and G2 mass spectrometers (Waters MS-Technologies,
Manchester, UK) [46, 47] fitted either with an Advion
Nanomate (Advion Biosystems, Ithaca, New York, USA)
sample introduction system (Gl instrument) or an inlet
device for holding Proxeon (Proxeon Biosystems, Odense,
Denmark) borosilicate nano-capillaries (G1 and G2 instru-
ments). Results from the two instruments were similar
except for the resolution (both MS and ion mobility), which
was higher on the G2 instrument. Samples were dissolved in
water:methanol (1:1, vol:vol) containing a trace of sodium
chloride (positive ion) or either ammonium nitrate or
ammonium phosphate (negative ion) and spun briefly
(13,000 rpm) to sediment any solid material. Data were
recorded with a T-wave velocity of 450 m/s and a wave
height of 14 V (positive ion) and 16 V (negative ion) with
the G1 instrument and wave velocity 600 m/s (positive
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ion) and 450 V (negative ion), both with a wave height of
40 V on the G2 instrument. Fragmentation was performed
in the transfer collision cell (following ion mobility) with
argon as the collision gas.

MALDI-TOF MALDI-TOF data were acquired with a
Shimadzu-Kratos TOF* mass spectrometer (Kratos Analyt-
ical, Manchester, UK). Samples, in water (1 pL), were
deposited on the stainless steel target, mixed with 0.5 uL of
the matrix solution [DHB, 10 mg in 1 mL water:MeCN (1:1
by volume)] and allowed to dry under ambient conditions.
The dried sample spot was then recrystallised from the
minimum amount of ethanol (about 0.2 pL). The instrument
was operated in reflectron, delayed extraction mode with
focusing conditions optimized for DHB and the delayed
extraction set for a mass of 1700 Da.

ESI-MS/MS  Electrospray mass spectrometry was per-
formed with a Waters quadrupole-time-of-flight (Q-TOF)
Ultima Global instrument in negative ion mode. Samples in
1:1 (vol:vol) methanol:water containing 0.5 mM ammonium
phosphate were infused through Proxeon nanospray capil-
laries (Proxeon Biosystems, Odense, Denmark). The ion
source conditions were: temperature, 120 °C; nitrogen flow
50 L/h; infusion needle potential, 1.2 kV; cone voltage
100 V; RF-1 voltage 150 V. Spectra (2 s scans) were
acquired with a digitization rate of 4 GHz and accumulated
until a satisfactory signal:noise ratio had been obtained. For
MS/MS data acquisition (collision-induced decomposition,
CID), the parent ion was selected at low resolution (about 5
m/z mass window) to allow transmission of isotope peaks
and fragmented with argon at a pressure (recorded on the
instrument’s pressure gauge) of 0.5 mBar. The voltage on
the collision cell was adjusted with mass and charge to give
an even distribution of fragment ions across the mass scale.
Typical values were 80-120 V. Other voltages were as
recommended by the manufacturer. Instrument control, data
acquisition and processing were performed with MassLynx
software ver. 4.1.

Results

Direct Analysis of PNGase F-Released Glycans
from gp120 Expressed in HEK 293T Cells

Figure 1b shows the positive ion electrospray spectrum of a
sample of N-glycans released in-gel with PNGase F from the
HIV glycoprotein gpl120 expressed in HEK 293T cells
(10 pg) and cleaned with a protein binding Immobilon-P
membrane followed by dialysis on a Nafion membrane. Five
ions due to N-glycans were visible but the signal:noise ratio
was poor. The sample was then examined by ion mobility
MS (Synapt Gl instrument with Nanomate sample intro-
duction) and the separation shown in the Driftscope display
(m/z:drift time) at the top of the figure (Figure la) was
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obtained. The region enclosed by the oval contains singly
charged ions from the N-glycans. The spectrum from this
region was selected and displayed with the Waters MassLynx
software (Figure 1c). Ions produced by the N-glycans
were now clearly visible with a good signal:noise ratio
and the spectrum was similar to a MALDI-TOF spectrum
(from 20 pg glycoprotein) shown in Figure 1d. Structures
were assigned, in this case, from parallel experiments
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using negative ion ESI MS/MS with a Waters Q-TOF
Ultima Global instrument [48—51] and are listed in
Table 1. A rough outline of the N-glycan processing
pathway is shown in Scheme 1. Although qualitatively the
MALDI-TOF and ESI-IM-Q-TOF spectra are similar,
there appears to be a bias against the larger glycans in
the ESI spectrum. The band of ions immediately above
that from the N-glycans in Figure la consisted of
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Figure 1. (a) Driftscope display from the G1 instrument of positive ions from N-glycans released with PNGase F from the
glycoprotein gp120 expressed in HEK 293 T cells. The region enclosed by the oval contains the ions from the N-glycans, which
gave the spectrum shown in (c). (b) The ESI spectrum of the crude sample before mobility separation. (c) Extracted spectrum of
the N-glycans. (d) MALDI-TOF spectrum. The ions at m/z 2012 and 2174 did not appear in the ESI spectrum
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Table 1. Masses, compositions, and structures for the N-glycans found in gp120

B € m/Z d Composition
WT Mutant NBDNJ Calculated Structure
+ + - + + - Hex | HexNAc | dHex
O~
1095.4 | - i 10954 | 10954 | - 4 2 0 X
o}
1136.3 - - - 1136.4 - 3 3 0 2
“n
1257.5 | 1257.4 | 1331.4 | 1257.4 | 1257.4 | 13314 | 5 2 0 o ouu
o_ &
1282.5 - - 1282.6 | 1282.5 - 3 3 1 if}"‘
Q.
1298.5 - - 1298.5 | 1298.5 - 4 3 0 (}g‘c i
1339.5 - - 1339.6 | 1339.5 - 3 4 0 }O e
a
1419.6 | 1419.4 | 1493.4 | 1419.5 | 14195 | 14935 | 6 2 0 o oua
&
a_ @
1444.6 - - 14445 | 14445 - 4 3 1 J&H
Q’Q
1460.6 - - 1460.5 | 1460.5 - 5 3 0 dﬁim
)
1485.6 - - 1485.5 | 1485.5 - 3 4 1 g‘}“
1501.5 - - - 1501.5 - 4 4 0 @{2?0"
1581.5 | 1581.6 | 1655.4 | 1581.6 | 1581.5 | 16555 | 7 2 0o |°© o poa
&
Oo .,
1606.7 - - 1606.6 | 1606.6 - 5 3 1 o im
Q"O
1622.6 - - 1622.7 | 1622.6 - 6 3 0 ;(.?m
o3
1647.6 - - 1647.6 | 1647.6 - 4 4 1 “{f‘o“
1663.6 - - 1663.5 | 1663.6 - 5 4 0 i:('j»’o"
Q,
&
1743.6 | 1743.7 | 1817.5 | 17435 | 17436 | 18176 | 8 2 0o | o~
&
.
o';cz.~ @
- - - 1768.8 | 1768.6 - 6 3 1 Jm
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Table 1. (continued)
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unidentified (non-glycan) singly charged ions whereas the
other bands were mainly from doubly charged ions of
unknown origin.

Without Nafion clean-up, it was difficult to achieve a
stable spray with the Nanomate but, after treatment, all
samples gave spectra. In other experiments that employed
Proxeon capillaries that have a wider orifice, spectra could often
be obtained without Nafion clean-up although pretreatment was
usually an advantage.

In order to assess usefulness of ion mobility to extract
glycan spectra from incubation mixtures with minimum
cleanup, the glycoprotein gpl120 (10 pg) was incubated
directly in solution with PNGase F and the mixture was
examined by diluting 10% of the sample (2 pL of the
incubation mixture) with 5 pL of ESI solvent and infusing
into the instrument with a Proxeon capillary. The positive
ion ESI spectrum (Figure 2a) showed no glycan ions above
the noise level but when separated by ion mobility, as above,
the spectrum shown in Figure 2b was obtained. Another
sample of the incubation mixture was allowed to stand on a

Nafion membrane for three hours before being examined by
ESI as above but, again, glycan ions were not apparent in the
ESI spectrum. Clean-up by ion mobility again produced a
clean spectrum which was identical to that obtained without
Nafion treatment confirming no fractionation of the glycans
by this clean-up method. A comparison of signal strength of
the background and N-glycan ions before and after Nafion
treatment showed that the signal:noise ratio had improved by
about a factor of three. However, the Nafion treatment alone
did not allow the glycan ions to be seen.

Release of N-glycans by PNGase F from native, non-
denatured glycoproteins is not considered to be quantitative
because of steric effects and the normal practice is to
denature the glycoprotein before release or to cleave it with
trypsin or another protease as was done by Fenn and
McLean [18] in a study with ribonuclease B glycans. It
would obviously be an advantage if the proteolysis step
could be dispensed with and, consequently, the glycans were
released from 10 pg of the glycoprotein in the presence of
the denaturants, NP-40 and DTT. Glycan release from the
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Scheme 1. Outline scheme for the biosynthesis of N-glycans. Key to symbols used to draw the N-glycan structures: m =
GlcNAc, © = mannose, ¢ = fucose, ¢ = galactose, U = glucose. The angle of the lines connecting the symbols shows linkage
with full lines indicating B-bonds and broken lines showing a-bonds. For further details see reference [56]. The first stage in the
biosynthesis of these compounds is the attachment of the tetradecyl glycan (I) to the developing protein followed by removal of
the glucose residues by two enzymes, glucosidases | and Il give the “high-mannose” glycan known as “Man-9”, Il. Following
this step, mannosidases trim the outer four mannose residues to give Man-5 (VI) via lll, IV, and V. The drug NBDNJ blocks this
process so that the mannosidases can only remove mannose residues from the 6-antenna to give X via IX. However, an
“escape” pathway involving an endomannosidase can cleave the 3-antenna of | to give Xl, which is then a substrate for the exo-
mannosidases giving Man-5 (VI). Man-5 is a substrate for the enzyme GlcNAc-transferase |, which then adds a GIcNAc residue
to the 3-antenna to give VII, which is then a substrate for another exomannosidase which trims the remaining two outer
mannose residues from the 6-antenna to give VIII. This glycan is a substrate for GIcNAc-transferase Il, which adds a second
GlIcNACc residue to the 2-position of the remaining mannose of the 6-antenna. This compound is the route for biosynthesis of
the “complex” glycans of which only a few are shown in Scheme 1. The scheme shows addition of two galactose residues to
give the “biantennary” complex glycan, Xlll, and addition of a third antenna (in several stages) to give the “triantennary” glycan
XIV. Fucose can be added at the 6-position of the reducing-terminal GIcNAc to give the compounds XV and XVI. Antennae are
frequently terminated with sialic acid. Further biosynthesis (not shown) can proceed in a similar manner to build up much larger
structures. Additional information can be found in standard glycobiology text books, e.g., [57]

resulting denatured glycoprotein gave a considerably
increased number and abundance of the background ions
but also of the abundance of ions from the glycans
(Figure 3). After a 3 hour treatment with Nafion, the ESI
spectrum showed evidence of the presence of several
glycans (Figure 3b) but the mass region containing the ions
from these compounds also contained many other ions from
unidentified singly and doubly charged oligomers (see
Figure 3c inset). The NP-40 detergent, being of lower
molecular weight, gave most ions below the N-glycan
region. After ion mobility separation (Figure 3a), a clean
spectrum of the N-glycans was obtained (Figure 3e). The
profile was different to that obtained without the denaturant,

particularly in the relative abundance of the high-mannose
glycans Mans_oGIcNAc,. These compounds are known to be
closely packed on the surface of the glycoprotein [33, 52],
presumably inhibiting release by the endoglycosidase PNGase
F in the absence of denaturant. Although falling in the same
mass region as the N-glycans, the singly and doubly charged
ions from the NP-40 oligomers exhibited different mobilities to
the N-glycans and were easily separated (see regions 1 and 3,
Figure 3a). Also separated were a series of [M + Na,]*" ions
from the N-glycans (Region 4, Figure 3g). The quantitative
profile of these ions was different from that of the singly
charged ions, as observed before [53]; the larger com-
pounds gave relatively stronger signals, probably account-
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(a) Positive ion electrospray mass spectrum (G1 instrument) of N-glycans released in-solution from 10 pg gp120. No

glycans are visible. (b) Spectrum of the N-glycans extracted by ion mobility. Symbols for the glycan structures are as defined in

the legend to Scheme 1

ing for the bias against the higher mass singly charged
ions noted above. The relative abundance of the singly
and doubly charged glycan ions could be varied by
alteration of the ion source focusing conditions but was
not investigated thoroughly in these experiments. The
graph in Figure 3b shows the ion mobility:m/z plot for the
major compounds separated as in Figure 3a.

Determination of Lowest Glycoprotein Amount
from Which Usable Glycan Profiles Could Be
Obtained

N-glycans were released from known amounts of gpl20
glycoprotein (20.0, 0.5, 0.1, 0.05 and 0.01 pg) and examined
by both MALDI-TOF MS and ESI ion mobility-TOF MS
(Synapt G2 instrument). A strong MALDI-TOF spectrum was
observed from the most concentrated (20 pg) sample but not
from the other four. The positive ion ESI-ion mobility spectra,
on the other hand produced glycan spectra (Figure 4) from all
samples although only the major ions were observed from the
least concentrated sample (0.01 pg, Figure 4d). 20% of each
sample was taken for analysis; thus the samples analysed were
effectively from 4.0, 0.1, 0.02, 0.01, and 0.002 pg of
glycoprotein. However, it should be noted that gp120 contains
26 occupied glycosylation sites and that relatively more
starting material would be required for analysis of a glyco-
protein with fewer occupied sites. A log/log plot of sample
amount against signal strength for four of the most abundant
ions in the spectra was roughly linear (Figure 4b). Use of
Nafion for clean-up prior to ion mobility separation made little
difference to the appearance of the spectra.

Fragmentation

Following ion mobility separation, the glycans could be
fragmented in the transfer collision cell to obtain structural
information. The ion mobility separation was generally
insufficient to resolve isomers or conformers but, to avoid
any possible problems, fragmentation spectra were acquired
by averaging all spectra taken across the drift time peak.
Figure 5a shows the positive ion CID spectra of the high-
mannose glycan MansGIcNAc, from gp120. The fragmen-
tation pattern was similar to that obtained earlier by CID
with a Q-TOF instrument [53]. The spectra were dominated
by glycosidic cleavage fragments mainly resulting in losses
of mannose residues from the [M + Na]” and B, (from
Man; ¢GIcNAc,) and Bs from Man; ¢GlcNAc,) fragments
(the Domon and Costello nomenclature [54] is used to
describe the fragment ions). This spectrum was not as
informative as the negative ion spectrum [48—51] shown in
Figure 5b. In this spectrum, the 24As, By, and >*A, ions at
m/z 1072, 1012, and 869, respectively, define the di-N-
acetylchitobiose core and the D, [D-18] and ©-A; ions at
m/z 647, 629, and 575, respectively, define the composition
of the 6-antenna. The mannose residues capping the
antennae produce the C; ion at m/z 179.

HIV gpl120 Expressed in HEK-293 Cells Deficient
in N-Acetylglucosyltransferase |

The Golgi-resident glycosyltransferase, N-acetylglucosyl-
transferase 1 (GnT) adds a GIcNAc residue to the glycan
MansGIlcNAc, (VI, see a description of the biosynthetic
pathway in the legend to Scheme 1) to give the glycan VII,
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Figure 3.

(a) DriftScope display (positive ion, G2 instrument) of ions from the solution release by PNGase F of N-glycans from

gp120 in the presence of NP-40 and DTT. Circled regions are: 1, singly charged unidentified oligomers; 2, singly charged N-

glycans ((M + Na]* ions); 3, doubly charged unidentified oligomers; 4,

doubly charged (M + Nao]** ions); 5, NP-40. (b) Mobility:

m/z plot of the major compounds from the mobility separation shown in 3a. The numbers in the legend refer to the regions in

panel (a). (c) Total electrospray spectrum. The insert shows the N-g

lycan region. (d) Extracted mass spectrum of the singly

charged unidentified oligomers (Region 1). (e) Extracted mass spectrum of the N-glycans (Region 2). (f) Extracted mass
spectrum of the doubly charged unidentified oligomers (Region 3) (g) Extracted spectrum of the doubly charged N-glycan ions
and unidentified oligomers (Region 4). (h) Extracted mass spectrum of the NP-40 ions (Region 5). Symbols for the glycan

structures are as defined in the legend to Scheme 1
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the precursor to complex glycan formation (Compounds
XIII-XVI). Consequently, the glycan profile from gp120
expressed in the cell line deficient in this enzyme would be
expected to contain only the high-mannose glycans II-VI.
The positive ion ESI spectrum (Figure 6a) contained a hint
of MansGlcNAc, (Figure 6a inset) but the ion was not
sufficiently distinguishable from the noise for a positive
confirmation. No signals were seen from other expected
glycans. After ion mobility separation, the five expected
glycans (II-VI) were well separated from the background
noise Figure 6b). Because this cell line is unable to add
GIlcNAc to the MansGlcNAc, glycan (VI), no further
processing occurs except for a trace amount of fucosylated
MansGlcNAc, which arises due to the GnT I-independent
fucosylation pathway [55].

The glycan isolation also worked equally well in negative
ion mode. The negative ion ESI spectrum again did not
show evidence of any glycans until after ion mobility
separation when all five high-mannose glycans were
detected (Figure 6¢, [M + H,PO4] adducts). The spectrum
was not as clean as the positive ion spectrum because of the
presence of fragment ions; predominantly **A4 cleavages of
the reducing terminal GIcNAc residue. These ions were not
separated from the glycan molecular ions by ion mobility.
However, none of these fragment ions gave reasonable
compositions for native glycans allowing the true glycans to
be identified. The advantage of the use of negative ions, as
discussed above, is that their fragmentation leads to much
more diagnostic spectra than does fragmentation of [M +
Na]" ions [48-51].



578

D.J. Harvey, et al.: lon Mobility for Extracting N-glycan Spectra

<
©
B,
Y, % B4
1001 (a) Lt By/Y, °
Q Yx B e By/Y,
feo — 5 <
— M~ B H © 2
B1(1 '.o‘; —3: B B, E
O _o-m-m :
R B fod
B_E o & +
g o
ta 5: 2 A, As [M*‘Jja]
E 4 B,, ~
50 A 36 Y, &
5 o o Man,GIcNAC A, - <
Z, Man, <~ S 3 3 1 2,
- ~ o i C 3 Ag
o Yy S T2 o
B N @ < 3 8
= 1o 3 < o 2
o< - v N 3 - bt
= © 0 3
3 T T I ol \ LL l |
e 0 r iy : e " :
3 <
5 §2.4
® 100, < B
e (b)
©
[3]
o
i B
50 Ci. CalYs, <
bt - o
oo 2 g , , 2
5 & & ﬁ (M+H,PO,]
e ; N ow { =) T
[t} 8 v ~ ) - ) —
- o o~ o Y w <t e o o o
o @ < w0 © ~ 7} 5@
\‘ © N l N «© l -5
3 v . N O 1 U S I O N U v
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
m/z

Figure 5. (a) Positive ion CID spectrum of MansGIcNAc.. (b) Negative ion CID spectrum of MansGIcNAc,

N-Glycans from gp120 Obtained in the Presence
of the Glycosidase Inhibitor NBDNJ

NBDNJ is a glucosidase inhibitor and is expected to
prevent the initial removal of the glucose residues from
the 3-antenna of Glc;MangGlcNAc, (I), the glycan that is
initially added to the protein during biosynthesis. N-
glycans were released from gpl20 that had been
expressed in HEK-293 cells in the presence of NBDNJ
and, again, no glycans were observed in the ESI spectrum.
After selecting the glycan region from the positive ion
mobility spectrum, glycans were observed with a good
signal:noise ratio. NBDNJ was observed to inhibit glucose
removal and to maintain the integrity of the 3-antenna.
The ions at m/z 2229 and 2067 in Figure 6d are the result
of a-mannosidases removing the two mannose residues
from the 6-antenna (Compounds IX and X) as shown by
negative ion fragmentation. Although NBDNIJ blocks the
classical degradation pathway of the 3-antenna (sequential
removal of glucose and mannose residues) leading to
glycans VI and VII, complex glycans were still observed
in the profile. This can be accounted for by the action of
an endogenous endomannosidase that is able to cleave the
3-antenna between the second and third mannose residues
to give glycan XI directly from glycan I, thus releasing
the glucose residues and enabling glycan processing to

proceed normally (XI to VI and then to VII, VIII, and so
forth).

Discussion

A major problem with obtaining spectra of released glycans
and other compounds, when sample sizes are limited, is
signal suppression or masking from other compounds
present in the analytical samples. This problem is
particularly evident in biological samples where compounds
such as buffer salts, anti-oxidants, and detergents are
frequently present. Many of these compounds are difficult
to remove and clean-up steps inevitably cause loss of
material, thus exacebating the problem. The work presented
here uses ion mobility to separate the ions from these
different compounds, enabling only the region of interest to
be examined. Many of the contaminating compounds more
easily form multiply charged ions than the compounds of
interest, in this case N-glycans released from glycoproteins,
allowing considerable separations in mobility to be
achieved. Thus, many contaminating compounds occupy
regions of the mobility/m/z map remote from the glycans by
exhibiting higher mobilities. A few compounds were
observed to have lower mobilities than the N-glycans (singly
charged DTT oligomers in this work) but even these were
well separated. Even different carbohydrates, such as
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Figure 6.

(@) Positive ion ESI mass spectrum (G1 instrument) of N-glycans from gp120 Expressed in HEK 293S cells deficient

in N-acetylglucosyltransferase I. The inset shows an expanded region of m/z 1250-1265 with an arrow indicating the [M + Na]*

ion from MansGIcNAc,. (b) The N-glycan region from the sa

mple shown in (a) extracted from the mobility:m/z plot (the same

mass scale is used). (c) The corresponding negative ion mobility-extracted spectrum. (d) Extracted ESI spectrum of N-glycans

released with PNGase F from the glycoprotein gp120 expres:
are as defined in the legend to Scheme 1

dextran oligomers, could be separated (not shown). These
compounds, being linear, had lower mobilities than the
branched N-glycans. The term “signal suppression” is often
applied to samples that fail to show the ions of interest but,
in this work, at least, much of the problem with observation

sed in the presence of NBDNJ. Symbols for the glycan structures

of the required ions appears to be simple masking of the ions
of interest by the ions from the contamination compounds.
As ion mobility shows, the required ions are often still
present and can be revealed by techniques that are able to
perform such compound-specific separations.
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Electrospray ionization is possibly not the ideal
ionization technique for examination of these compounds
because of the tendency of many of them to form multiply
charged ions and to undergo in-source fragmentation. [M
+ H]" and [M — H] ions are particularly prone to
fragmentation but, fortunately, glycans usually ionize as
[M + Na]" ions in positive ion mode, particularly in the
presence of small amounts of added sodium salts, as was
the situation in this work. In negative ion mode, glycans
can be stabilized as anionic adducts with, for example,
Cl', NO3, or HyPO, . In the spectra shown above
(Figures lc, 2b, 4c, and 6d), the high-mannose glycans
appeared to ionize without fragmentation but the presence,
in low abundance, of ions such as m/z 1444 (positive ion
spectra) corresponding to a composition of Hex,Hex-
NAcsdHex; that were absent, or of low relative abun-
dance in the MALDI-TOF spectra, suggest the presence of
a Y, cleavage product from the fucosylated biantennary
glycan, Gal,GlcNAcsManyFuc; (Compound XV) present
in several of the samples. These fragment ions probably
arose from [M + H]" precursors. In this respect, MALDI
might be a better option for ionizing these compounds but
has not yet been investigated (MALDI was not available
on the instruments used for this work). On the other hand,
MALDI tends not to produce multiple charging, meaning
that the contaminating compounds may not separate as
well in the mobility map.

Conclusions

Ion mobility ESI-MS offers a robust method for the analysis
of N-glycans from low abundance biological materials such
as viral glycoproteins. The ion mobility MS approaches
outlined here allow for the analysis of sub-microgram
quantities of glycoprotein and, when combined with neg-
ative ion MS/MS, provide a reliable approach to the
structural analysis of glycosylation.
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