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Abstract. Lipooligosaccharides (LOS) are major microbial virulence factors displayed
on the outer membrane of rough-type Gram-negative bacteria. These amphipathic
glycolipids are comprised of two domains, a core oligosaccharide linked to a lipid A
moiety. Isolated LOS samples are generally heterogeneous mixtures of glycoforms,
with structural variability in both domains. Traditionally, the oligosaccharide and lipid
A components of LOS have been analyzed separately following mild acid hydrolysis,
although important acid-labile moieties can be cleaved. Recently, an improved meth-
od was introduced for analysis of intact LOS by MALDI-TOF MS using a thin layer
matrix composed of 2,4,6-trihydroxyacetophenone (THAP) and nitrocellulose. In

addition to molecular ions, the spectra show in-source “prompt” fragments arising
from regiospecific cleavage between the lipid A and oligosaccharide domains. Here, we demonstrate the use of
traveling wave ion mobility spectrometry (TWIMS) for IMS-MS and IMS-MS/MS analyses of intact LOS from
Neisseria spp. ionized by MALDI. Using IMS, the singly charged prompt fragments for the oligosaccharide and
lipid A domains of LOS were readily separated into resolved ion plumes, permitting the extraction of specific
subspectra, which led to increased confidence in assigning compositions and improved detection of less
abundant ions. Moreover, IMS separation of precursor ions prior to collision-induced dissociation (CID) gener-
ated time-aligned, clean MS/MS spectra devoid of fragments from interfering species. Incorporating IMS into the
profiling of intact LOS by MALDI-TOF MS exploits the unique domain structure of the molecule and offers a new
means of extracting more detailed information from the analysis.
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Introduction

tructural elucidation of endotoxins, the complex glyco-

lipids of the outer membrane of Gram-negative bacteria,
presents a number of analytical challenges. The amphipathic
nature and inherent heterogeneity of the isolated glycolipids,
also known as lipooligosaccharides (LOS) or lipopolysaccha-
rides (LPS), complicate chromatographic and structural stud-
ies. Nonetheless, detailed characterization of these surface-
exposed antigens and microbial virulence factors is essential

Nancy J. Phillips and Constance M. John contributed equally to this work.

Correspondence to: Gary A. Jarvis; e-mail: Gary.Jarvis@ucsf.edu

to understanding how they mediate bacterial survival and in-
teract with the human immune system [1, 2].

In general, LOS are made by “rough” (R)-type bacteria that
colonize mucosae of respiratory and genital surfaces [3],
whereas LPS are made by “smooth” (S)-type bacteria, such
as enteric organisms [4]. Both LOS and LPS contain a lipid A
moiety that anchors the molecule into the lipid bilayer and a
core oligosaccharide directly attached to the lipid A. LPS also
contain strain-specific “O-antigen” polysaccharides not found
in LOS. The lipid A moiety is commonly a conserved al,6-
linked diglucosamine structure bearing N- and O-linked fatty
acid chains, whereas core oligosaccharide structures are much
more variable in terms of size (typically~8-12 sugars [4]),
monosaccharide constituents, and branching patterns. The
monosaccharide linking the core oligosaccharide to lipid A is
typically 3-deoxy-D-manno-octulosonic acid (Kdo).
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LOS isolates generally exhibit naturally occurring hetero-
geneity in both their core oligosaccharide and lipid A domains.
While most commonly diphosphorylated, lipid A species can
also be decorated with additional phosphate (P) and
phosphoethanolamine (PEA) groups. Variability in fatty acid
substituents on lipid A, as well as non-stoichiometric substitu-
tions of O-linked moieties, such as sialic acid (N-
acetylneuraminic acid, NeuSAc), acetate, or glycine on the core
oligosaccharide, increases LOS complexity.

Recognition of Gram-negative bacteria by the innate im-
mune system involves binding of LOS or LPS with Toll-like
receptor 4 (TLR4) on human cells, which induces inflammato-
ry cytokines and engages host defense mechanisms [5]. Vari-
ation in structural features of the lipid A and oligosaccharide
components of LOS can be correlated with differences in
bioactivity [5]. A key determinant of toxicity and pathophysi-
ology of infections with Neisseria spp. is the acylation state of
lipid A [6, 7]. Modification of lipid A with PEA increases
resistance of N. gonorrhoeae to complement killing and in-
creases survival of both gonococci and meningococci in vivo
[8]. We have shown that the degree of phosphorylation of lipid
A of Neisserial LOS is correlated with its inflammatory poten-
tial [9—13] and appears to play a role in the immune privilege
enjoyed by commensal Neisseria [12, 14].

The carbohydrate moieties of LOS are antigens present-
ed on the bacterial cell surface that can interact with host
proteins [15] and host glycans [16]. Some LOS carbohy-
drate moieties mimic human glycolipid and
glycosphingolipid structures [17, 18]. Lacto-N-neotetraose
(Galpl—4GIlcNAcB1—3Galpl—4Glc) expression is asso-
ciated with greater ability of N. gonorrhoeae to infect men
[19], and induces bactericidal IgG for L2, L3, L4, and L7
N. meningitidis immunotypes [20, 21]. Our data show that
addition of Neu5Ac, acetate, and PEA to the oligosaccha-
ride moieties of LOS impacts the pathophysiology of in-
fection with N. meningitidis [13]. The expression of PEA,
particularly on O-3 of Hepll, or of Neu5Ac on the oligo-
saccharide of meningococcal LOS, inhibits complement
activation [20-23].

Traditionally, to obtain the level of structural detail required
for LOS structure/activity studies, the two domains of the
molecule were analyzed separately following selective cleav-
age of the labile ketosidic linkage between the lipid A and the
oligosaccharide moieties by mild acid hydrolysis [4, 24]. Al-
ternatively, LOS can be O-deacylated to remove O-linked fatty
acids from the lipid A, or fully O- and N-deacylated to generate
“backbone” LOS [25, 26]. However, other acid-labile moie-
ties, such as phosphate groups and NeuSAc, can also be re-
moved [10] and the release of biologically interesting O-linked
moieties, such as acetate and glycine, occurs as an unwanted
consequence of O-deacylation [27].

Very few groups have attempted structural analysis of intact
LOS, with or without any preliminary chromatographic sepa-
ration [24, 28-30]. Recently, an improved method was intro-
duced for the analysis of intact LOS by negative-ion, matrix-
assisted laser desorption/ionization time-of-flight mass
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spectrometry (MALDI-TOF MS) that utilizes a thin layer ma-
trix composed of 2,4,6-trihydroxyacetophenone (THAP) and
nitrocellulose [31]. We and others have exploited this method-
ology to profile complex LOS mixtures without any chemical
modifications [9, 10, 30, 32]. In the MS analysis, LOS molec-
ular ions readily undergo “prompt” fragmentation, a type of in-
source decay occurring at the sample surface in a few picosec-
onds to nanoseconds before or during desorption [33], to give
fragments arising from the oligosaccharide and lipid A do-
mains of the molecule through cleavage at the labile ketosidic
linkage [31, 34]. Prompt fragments representing both domains
of the molecule corroborate proposed compositions of the LOS
molecular ions detected. Although previously only conducted
in linear mode, analysis of intact LOS by high-resolution,
reflectron mode MALDI-TOF MS has now been achieved
[12, 13, 32, 35]. The ability to measure monoisotopic molecu-
lar ions with good mass accuracy (<20 ppm) has dramatically
improved the quality of the information that can be obtained
from MALDI-TOF MS analysis of intact LOS.

Here, we introduce the application of ion mobility spec-
trometry (IMS), coupled with mass spectrometry (IMS-MS)
and tandem mass spectrometry (IMS-MS/MS) [36], to further
enhance the profiling and analysis of intact LOS at high reso-
lution. In this work, we utilized a Synapt G2 HDMS equipped
to perform traveling wave ion mobility spectrometry (TWIMS)
in which ions are separated on the basis of their mobility
through a stacked ring ion guide where a transient DC voltage
is propagated in waves through the device in the presence of a
drift gas [37, 38]. With IMS-MS experiments, ions are sepa-
rated by size, shape, and charge. In complex samples, ions are
resolved in plumes along “trend lines” according to chemical
class due to differing size to mass ratios [39]. When plotted as
mobility to mass, the average slope of the correlation lines
fitted to the ion clusters increases in this approximate order:
small molecules<oligonucleotides<carbohydrates<peptides
<proteins<lipids [39—41]. Thus, for singly charged ions of the
same nominal mass, lipids will generally have the slowest
arrival time distribution in IMS, preceded by the other chemical
classes.

The new approach to analysis of intact LOS that we present
here takes advantage of the class-specific resolution of ions by
IMS-MS. We demonstrate that the oligosaccharide and lipid A
prompt fragments of LOS can be readily separated by IMS-MS
into distinct ion plumes and highlight the advantages of this
gas-phase separation for IMS-MS/MS analysis of precursor
ions.

Experimental
Bacterial Strains and LOS Preparation

N. meningitidis serogroup C strain 891 is a clinical isolate that
has been described previously [9, 10, 42]. N. meningitidis
serogroup B strain 701 is an isolate from a throat culture of a
carrier of N. meningitidis without disease obtained during a
serogroup B vaccination trial in Norway. We recently
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characterized the LOS from a large sampling of invasive and
carrier strains of N. meningitidis from this study in order to
correlate clinical outcomes with LOS structural features [13].
N. flavescens strain 4322 was available in the Center for
Immunochemistry from the collection of the late Herman
Schneider, formerly of the Walter Reed Army Institute of
Research, and has been described previously [12]. LOS from
all strains was extracted and purified by a modification of the
hot phenol-water method [43, 44].

SDS-PAGE Analysis of Intact LOS

LOS samples were suspended (0.1 pg/uL) in Laemmli sample
buffer (Bio-Rad, Hercules, CA, USA) with 2.5% (v/v) 2-
mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA), and
10-uL aliquots were separated by SDS-PAGE through a mini-
Protean TGX precast 4%—20% gradient gel (Bio-Rad). Electro-
phoresed LOS molecules were visualized by silver stain [43].

Preparation of Intact LOS for Analysis
by MALDI-TOF MS

As we have previously reported [9, 10, 12, 13], intact LOS was
deposited on top of a prespotted matrix layer for MALDI-TOF
MS analysis. The matrix solution was prepared by mixing a
solution of THAP (200 mg/mL in methanol; Sigma-Aldrich)
with a solution of nitrocellulose transblot membrane (15 mg/
mL in acetone/isopropanol, 1:1; Bio-Rad) in a 3:1 (v/v) ratio.
This slight modification of the original published protocol [31]
produced thicker matrix layers optimized for analysis on the
Synapt G2 HDMS (described below). Aliquots of the matrix
solution (~1 uL) were spotted within inscribed circles on a
stainless steel sample plate and allowed to air dry. Meanwhile,
intact LOS (4 to 10 mg/mL) was suspended in a solution of
methanol/water, 1:3, containing 5 mM EDTA, and an aliquot
was desalted with a few cation exchange beads (Dowex
50WX8-200) that had been converted to the ammonium form.
The desalted LOS solutions were then mixed 9:1 (v/v) with
100 mM dibasic ammonium citrate, and ~1 pL aliquots of this
final solution were deposited on the dried matrix spots and
allowed to air dry. For the LOS of ~4000 MW examined in this
study, this amounted to ~1-2.5 nmol loaded per spot.

Negative-lon MALDI-TOF MS and MS/MS
Analyses of Intact LOS

MALDI-TOF MS was performed on a Synapt G2 high defini-
tion mass spectrometer (HDMS) (Waters Corporation, Man-
chester, UK) with an orthogonal TOF mass analyzer in
“sensitivity mode.” The instrument is equipped with a
Nd:YAG laser operated at a wavelength of 355 nm, with a
200 Hz firing rate. In general, spectra were acquired for ~1 min,
with a scan duration of 1.0 s and an overall cycle time of 1.024 s.
Spectra were digitally smoothed and baseline-corrected using
MassLynx 4.1 software. The instrument was calibrated using
the mass for the monoisotopic (M—H) ™ ions for bovine insulin
at m/z 5728.5931, insulin B-chain at m/z 3492.6357, renin
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substrate at m/z 1756.9175, and angiotensin II at m/z
1044.5267 (all from Sigma-Aldrich).

For MS/MS analysis, precursor ions were typically selected
with instrument LM and HM resolution settings of 4.7 and
15.0, respectively. In TOF MS/MS mode, fragmentation was
achieved by applying collision energy in the Trap region of the
T-wave ion mobility cell present in the Synapt G2 HDMS, with
argon as collision gas. Trap collision energies of 85-110 V
were required for optimum fragmentation of intact LOS (M-
H) ions.

Negative-lon IMS-MS and IMS-MS/MS Analyses
of Intact LOS

Ion mobility separations were performed on a Synapt G2
HDMS equipped with a T-wave ion mobility cell (Triwave)
[37, 38], operating in MALDI mode. The T-wave device
consists of three cells; a Trap cell, IMS cell, and Transfer cell.
For IMS-MS experiments, the T-wave peak height voltage was
40 V and the T-wave velocity used was generally a variable
wave velocity of 650 to 250 m/s. Typically, the T-wave mo-
bility cell contained nitrogen at a pressure of ~2 mbar, trap gas
flow was 0.4 mL/min, helium cell gas flow was 180 mL/min,
IMS gas flow was 90 mL/min, and trap DC bias was 80 V. In
IMS mode, spectra were typically acquired for 1-2 min, with
scanning parameters as noted above.

For IMS-MS/MS experiments, collision energy was applied
in the Transfer cell following IMS separation, at values ranging
from 50 to 90 V, depending on the analyte. The Transfer cell
contained argon as the collision gas. For analysis of oligosac-
charide and lipid A prompt fragments, a T-wave variable wave
velocity of 1100 to 200 m/s was used. Two-dimensional IMS
spectra were viewed using DriftScope 2.1 software, and select-
ed spectral regions were exported to MassLynx with retention
of drift time information for generation of mobilograms and
subspectra.

Results and Discussion
Molecular Weight Profiling of Intact LOS

Using a thin-layer matrix composed of THAP and nitrocellu-
lose [31], intact LOS can be analyzed by MALDI MS, gener-
ally in the negative-ion mode [9, 10, 12, 13, 30-32, 35]. This
method produces an envelope of (M—H) ions, as well as
informative prompt fragments arising from the lipid A and
oligosaccharide domains of the molecule. An important benefit
of the MALDI method is that predominantly singly charged
ions are formed, which dramatically simplifies interpretation of
the spectra of intact LOS. Within a spectrum, the masses for
oligosaccharide and lipid A prompt fragments (assigned as B-
and Y-type ions, respectively, according to the nomenclature of
Domon and Costello [45]) derived from the same LOS species
can be readily added together to confirm the composition of the
corresponding (M—H) ions for intact LOS. At high resolution,
interpretation is aided by the fact that oligosaccharide and lipid
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A prompt fragments can often be distinguished by their mass Figure 1 shows plots of the high-resolution, negative-
defect. Thus, in addition to molecular weight profiling, specific ion MALDI spectra of the LOS from three strains of
information about the overall architecture of LOS molecules is Neisseria: N. meningitidis 891, N. meningitidis 701, and
also obtained by MALDI MS. N. flavescens 4322. The two strains of N. meningitidis

HOOH

° OH HOOH OH OH
o
O- Q to} HO, OH

Gal OH HO HO)
Gal OH Glc OH 0

oH 4 GleNac NH Hep
HQ NeuSAc /LO oH o o O _oH
HN""’OHOH HO' o oL ol oligosaccharide
O NH Hep O.
(o} \[(G\cNA% o on 4
o] o] o h
HQ\P/ LieH oH Kdo /
HN_~0""Y 4 - 7
(@) e
100 1792.10 0 o ! (M-Hy
' LN S N 4087.76
HN~0 ZHO 6HUO N Q. .
1737.16 - o o o gy
lipid A . o oL 070
o HO- o
1915.10 ©
2 1951.61 3922.74
o * 2171.68 3909.82 | 3964.76
1660'\52 \ 2 N 3867.77 4045.76
- " 374475 /
® 4087.76
l ,.2251.63 w 3673-?5\ \
0l | H Ll e LG L
1000 1400 1800 2200 2600 3000 3400 3800 4200 m/z
1737.15
100
3594.(\5 3595.63
1915.11
3593.63 3596.63
ioeps -
o 18d5.14
3
, 347059 3550 35‘95 36b0 3605
3415.65 | 3593.63 miz
1677.49 3373.60
1457 44 3250.55 / 3650.64
| | 2038.11 3195.60 \ . 3761.66
e | 307256 \ l* v ./ 3884.69
L N NG /e

0 L i 14,

1000 1400 1800 2200 2600 3000 3400 3800 4200 m/z
(c) @ , 5,
100+ 1712.12

-
e .
--
B
2234.73 3145.55
1212.35 1432.41 . |2291.76 2925.49 4167.97
- . 2454.80 " . 3202.60 4224.88
N l / ../ 251179 l l/ 3947-\90 \
0 Ll ala dal JA ll { . A‘A‘b bl “ s n ™
1000 1400 1800 2200 2600 3000 3400 3800 4200 m/z

Figure 1. High-resolution, negative-ion MALDI-TOF MS of the intact LOS from N. meningitidis strains 89l (a), N. meningitidis strain
701 (b), and N. flavescens strain 4322 (c). Deprotonated molecular ions, (M—H)~, are labeled in black font, lipid A prompt fragments in
red font, and oligosaccharide prompt fragments in blue font. Sodiated species are marked with a single asterisk, and decarboxylated
oligosaccharide prompt fragments (~CO,, —44 Da) are marked with two asterisks. The inset in panel (b) shows an expanded view of
the resolved isotope peaks for the species at m/z 3593.63. The proposed structure for the species at m/z 4087.76 from
N. meningitidis 891 LOS is shown above panel (a). This is a prototypical Neisserial LOS structure bearing a hexaacylated lipid A
and a decasaccharide moiety, the composition, sequence, and branching pattern of which have been previously reported [42, 50].
Both domains bear secondary modifications, including phosphates, phosphoethanolamines, and acetate groups. The dashed line
with two arrowheads indicates the labile ketosidic linkage between the two domains. SDS-PAGE analysis of the three LOS
preparations is shown in panel (d): lane 1, N. meningitidis 89l; lane 2, N. meningitidis 701; and lane 3, N. flavescens 4322
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(Figure la and b) show similar profiles, with (M—H) ions
in the m/z 3000 to 4300 range and prompt fragments in the
m/z 1400 to 2300 range. Complexity in the molecular ion
regions can be attributed to common features of Neisserial
LOS, including heterogeneity in phosphate substituents on
both the lipid A and oligosaccharide moieties, non-
stoichiometric substitution with moieties such as acetate
and glycine, and the presence of labile Kdo and Neu5Ac
sugars that can be partially lost due to prompt fragmenta-
tion. Likewise, this complexity is represented in the lipid A
and oligosaccharide prompt fragments as well (including
further oligosaccharide fragments arising from gas-phase
decarboxylation of Kdo-containing oligosaccharides). The
lipid A moiety of Neisserial LOS can be variously phos-
phorylated with up to three P and two PEA moieties,
whereas the prototypical oligosaccharide structure may or
may not contain one PEA moiety [9, 10]. Previously we
showed that the relative abundance of lipid A
phosphoforms could be correlated with inflammatory po-
tential of Neisserial LOS, with the more highly phosphor-
ylated structures being more highly inflammatory [9, 10,
12]. Our recent work with a large group of carrier and
disease-causing strains of N. meningitidis showed that lipid
A phosphorylation states can also be correlated with clin-
ical outcomes [13]. The inset above Figure la shows a
proposed structure for the major LOS species at m/z
4087.76 in N. meningitidis 891 that represents a prototyp-
ical Neisserial LOS structure [9, 46—48]. The detailed lipid
A and oligosaccharide structures depicted for the N.
meningitidis 891 LOS, an L4 immunotype [49], are based
on MS and NMR studies of the conserved Neisserial lipid
A [50] and the L4 oligosaccharide [42]. Proposed compo-
sitions for all of the major (M—H) ions and prompt frag-
ments seen in the LOS from N. meningitidis strains 891 and
701 are given in Table I, consistent with our previous
reports on Neisserial LOS [9, 10, 13].

In contrast to the LOS from pathogenic N. meningitidis,
the N. flavescens 4322 LOS shows one major lipid A
prompt fragment at m/z 1712.12, corresponding to a
diphosphorylated lipid A structure (Figure 1c). Previously
we found that commensal strains of Neisseria, such as N.
flavescens, do not express highly phosphorylated lipid A
structures, and this is associated with reduced inflammato-
ry potential of the LOS [12]. Although expressing only one
lipid A phosphoform, the N. flavescens LOS sample is
unusual in that it produces an extended range of putative
molecular ion peaks and two groups of oligosaccharide
prompt fragments. Analysis of the LOS from the three
strains of Neisseria by SDS-PAGE (Figure 1d) revealed
differences in the LOS banding patterns that were
consistent with the MALDI spectra. Specifically, when
run on a 4%-20% gradient SDS-PAGE gel, the two
N. meningitidis strains each showed a single, major LOS
band, whereas the N. flavescens LOS showed two widely
separated major bands migrating above and below the
N. meningitidis LOS species. A large gap in LOS banding
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patterns may signify a core LOS structure plus a semi-
rough (SR)-type LPS form containing only one O-antigen
repeat unit [4]. This possibility was further explored as
discussed below.

Analysis of Intact LOS Using IMS-MS

As shown in Figure 1, the lipid A and oligosaccharide prompt
fragments produced during MALDI MS analysis of intact LOS
can occur in an overlapping mass range when they are similar
in size [30]. When dealing with unknown LOS molecules, this
situation has the potential to be confusing. Furthermore, clean
selection of peaks for MS/MS analysis can be problematic if
overlapping species differ by only a few Daltons.

The use of MALDI MS coupled with IMS circumvents
these problems in an elegant fashion. Separation of ions in
the IMS cell is dependent on molecular size, shape, and charge.
Thus, IMS-MS spectra are essentially two-dimensional
datasets containing m/z, drift time, and ion intensity informa-
tion. Using traveling wave IMS on a Synapt G2 HDMS oper-
ating in negative-ion MALDI mode, we were able to resolve
the oligosaccharide and lipid A prompt fragments into two
distinct plumes of ions, as shown for the intact LOS from N.
meningitidis 701 in Figure 2. The DriftScope image (Figure 2a)
shows the carbohydrate ion plume cleanly preceding the lipid
A ion plume, meaning that for species of comparable size,
carbohydrate ions have smaller cross-sectional areas than lipid
A ions do, allowing them to travel through the IMS cell faster.
This finding is consistent with previous empirical observations
of the relative ion mobilities of lipid and carbohydrate ions [39,
40]. The difference in relative size between these chemical
classes may be attributed to their gas-phase packing efficien-
cies, which are dependent on forces such as van der Waals
interactions, hydrogen bonding, and n—r interactions [39, 40].
Interestingly, although obviously identifiable because of their
size, the (M—H) ions for intact LOS occur in an ion plume
drifting between the plumes for the two fragment types
(Figure 2a), consistent with their hybrid structures. In addition
to fully resolving all LOS-derived ions, the IMS-MS spectrum
also shows the separation of minor amounts of contaminating
species traveling ahead of the oligosaccharide ion plume. This
general region also contains low abundance, doubly charged
ions arising from the LOS glycoforms.

Using the DriftScope software, we selected regions from the
two-dimensional plot for export to the Waters MassLynx pro-
gram as indicated on Figure 2a. Three ion mobilograms gen-
erated from the chosen regions are shown in Figure 2b, and the
associated mass spectra are shown in Figure 2c—e. The three
subspectra are given on the same m/z scale for ease of compar-
ison to the full MALDI spectrum shown in Figure 1b. The
separation afforded by IMS cleanly resolves oligosaccharide
and lipid A fragment ions into two populations.

In the case of N. meningitidis 891 LOS, where fragment ion
overlap is more severe (Figure 1a), IMS nicely resolved the
lipid A fragment ions at m/z 1792.10 and 1835.17 from the
closely occurring oligosaccharide fragment ions at m/z 1794.61
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Table 1. Masses and Proposed Compositions for the Molecular Ions and Lipid A and Oligosaccharide Prompt Fragments from N. meningitidis LOS

Strain m/z Derived composition® Calc m/z A PPM

891 4087.756 TPLA PEA; 2 Kdo, 2 Hep, 3 Hex, 2 HexNAc, PEA, OAc, NeuSAc 4087.768 2.9
4045.758 TPLA PEA; 2 Kdo, 2 Hep, 3 Hex, 2 HexNAc, PEA, NeuSAc 4045.757 0.2
3964.756 TPLA; 2 Kdo, 2 Hep, 3 Hex, 2 HexNAc, PEA, OAc, Neu5Ac 3964.759 -0.8
3922.738 TPLA; 2 Kdo, 2 Hep, 3 Hex, 2 HexNAc, PEA, Neu5Ac 3922.749 2.7
3909.823 TPLA PEA - (H4P,0-); 2 Kdo, 2 Hep, 3 Hex, 2 HexNAc, PEA, OAc, NeuSAc 3909.824 -0.4
3867.770 TPLA PEA - (H4P,05); 2 Kdo, 2 Hep, 3 Hex, 2 HexNAc, PEA, NeuSAc 3867.814 -11.3
3796.675 TPLA PEA; 2 Kdo, 2 Hep, 3 Hex, 2 HexNAc, PEA, OAc 3796.672 0.7
3744.745 TPLA; 1 Kdo, 2 Hep, 3 Hex, 2 HexNAc, PEA, OAc, Neu5Ac 3744.701 11.8
3673.654 TPLA; 2 Kdo, 2 Hep, 3 Hex, 2 HexNAc, PEA, OAc 3673.664 2.6
3453.617 TPLA; 1 Kdo, 2 Hep, 3 Hex, 2 HexNAc, PEA, OAc 3453.605 34
2251.630 2 Kdo, 2 Hep, 3 Hex, 2 HexNAc, PEA, P, OAc, NeuSAc 2251.634 -1.6
2171.679 2 Kdo, 2 Hep, 3 Hex, 2 HexNAc, PEA, OAc, Neu5Ac 2171.667 5.4
2031.587 1 Kdo, 2 Hep, 3 Hex, 2 HexNAc, PEA, P, OAc, NeuSAc 2031.575 5.7
1951.613 1 Kdo, 2 Hep, 3 Hex, 2 HexNAc, PEA, OAc, NeuSAc 1951.609 2.1
1880.591 2 Kdo, 2 Hep, 3 Hex, 2 HexNAc, PEA, OAc 1880.572 10.2
1660.515 1 Kdo, 2 Hep, 3 Hex, 2 HexNAc, PEA, OAc 1660.514 0.9
1915.103 TPLA PEA 1915.093 5.5
1835.131 DPLA PEA 1835.126 2.6
1792.101 TPLA 1792.084 9.5
1737.159 TPLA PEA - (H4P,07) 1737.149 5.6
1712.120 DPLA 1712.118 1.4

701 3884.687 TPLA PEA; 2 Kdo, 2 Hep, 3 Hex, HexNAc, PEA, OAc, NeuSAc 3884.688 -0.3
3761.662 TPLA; 2 Kdo, 2 Hep, 3 Hex, HexNAc, PEA, OAc, NeuSAc 3761.680 -4.7
3650.644 TPLA PEA; 2 Kdo, 2 Hep, 3 Hex, HexNAc, PEA, OAc, Gly 3650.614 8.1
3593.630 TPLA PEA,; 2 Kdo, 2 Hep, 3 Hex, HexNAc, PEA, OAc 3593.593 10.3
3470.590 TPLA; 2 Kdo, 2 Hep, 3 Hex, HexNAc, PEA, OAc 3470.584 1.6
3415.646 TPLA PEA - (H4P,05); 2 Kdo, 2 Hep, 3 Hex, HexNAc, PEA, OAc 3415.650 -1.1
3373.599 TPLA PEA - (H4P,05); 2 Kdo, 2 Hep, 3 Hex, HexNAc, PEA 3373.639 -11.9
3250.546 TPLA; 1 Kdo, 2 Hep, 3 Hex, HexNAc, PEA, OAc 3250.526 6.1
3195.595 TPLA PEA - (H4P,0); 1 Kdo, 2 Hep, 3 Hex, HexNAc, PEA, OAc 3195.591 1.1
3072.559 TPLA PEA - (H4P,0); 1 Kdo, 2 Hep, 3 Hex, HexNAc, OAc 3072.583 -1.7
1968.572 2 Kdo, 2 Hep, 3 Hex, HexNAc, PEA, OAc, NeuSAc 1968.588 -8.1
1677.493 2 Kdo, 2 Hep, 3 Hex, HexNAc, PEA, OAc 1677.493 0.3
1457.435 1 Kdo, 2 Hep, 3 Hex, HexNAc, PEA, OAc 1457.434 0.5
2038.114 TPLA 2PEA 2038.101 6.3
1915.108 TPLA PEA 1915.093 8.1
1835.137 DPLA PEA 1835.126 5.9
1792.089 TPLA 1792.084 2.8
1737.147 TPLA PEA - (H4P,07) 1737.149 -1.3
1712.127 DPLA 1712.118 5.4

#Abbreviations for LOS structural moieties: TPLA = triphosphorylated lipid A; DPLA = diphosphorylated lipid A; Kdo = 3-deoxy-D-manno-octulosonic acid; Hep =
heptose; Hex = hexose; HexNAc = N-acetylhexosamine; P = phosphate; PEA = phosphoethanolamine; OAc = O-linked acetate; Gly = O-linked glycine; NeuSAc =

N-acetylneuraminic acid.

and 1836.61, respectively (Figure 3). Interestingly, in this high-
resolution spectrum, fragment ions that are consistent with the
presence of a phosphate group on the oligosaccharide (+80 Da)
were readily apparent at m/z 2251.66, 2031.60, and 1740.52.
Although phosphorylation of the oligosaccharide of LOS from
several other genera such as Campylobacter [51] has been
shown, we are the first to report phosphorylation of the oligo-
saccharide from N. meningitidis LOS [13], which was not
detected in our previous analysis of the intact LOS by low
resolution MALDI [9]. Here, the detection of the relatively
minor peaks was facilitated by IMS and the high resolution of
the analyses.

IMS-MS/MS for Generation of Clean Fragmenta-
tion Spectra

The separation (drift time difference) between oligosaccharide
and lipid A prompt fragments afforded by IMS suggested that

conducting MS/MS analysis of selected ions following IMS
would be beneficial. Accordingly, we conducted CID in the
Transfer region of the T-wave cell on the Synapt G2 HDMS
with argon as the collision gas. Figure 4 shows the results
obtained when the lipid A prompt fragment at m/z 1792.1 from
N. meningitidis 891 LOS was selected for IMS-MS/MS. The
DriftScope image (Figure 4b) is shown beneath the total ion
mobilogram (Figure 4a). Here, we see that this method gives
fragment ions that are time-aligned with their well-resolved
precursor ions. The two regions outlined in white boxes were
selected, and after export to MassLynx, the MS/MS spectra
obtained are shown in Figure 4c and d. Figure 4d shows an
extremely clean MS/MS spectrum of the triphosphorylated
lipid A species, devoid of any extraneous peaks arising from
the resolved oligosaccharide species, the MS/MS spectrum of
which is shown in Figure 4c.

The MS/MS spectrum of the triphosphorylated lipid A
species (Figure 4d) contains fragments arising from losses of
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Figure 2. Analysis of the intact LOS from N. meningitidis 701 by MALDI-TOF MS with IMS. Panel (a) shows a two-dimensional plot
of the IMS dataset (DriftScope heat map image). The LOS (M—H)~ ions and oligosaccharide (OS) and lipid A prompt fragments occur
in resolved ion plumes, as indicated on the plot. The three circled regions were selected and the data exported to MassLynx, with
retention of drift time. Panel (b) shows the corresponding mobilograms viewed in MassLynx. The mass spectra for the extracted LOS
(M—H)~ ions, lipid A prompt fragments, and OS prompt fragments are shown in panels (c), (d), and (e), respectively. Sodiated species
are marked with a single asterisk, and decarboxylated oligosaccharide prompt fragments (-CO,, —44 Da) are marked with two

asterisks

fatty acids and phosphate moieties, from glycosidic bond
cleavages, and from multiple bond cleavages. lons at m/z
1712.19 and 1694.16 arise from loss of a single phosphate
group from the precursor ion, whereas ions at m/z 1614.17
and 1596.16 result from loss of two phosphate groups. The
ions at m/z 1477.98 and 1398.02 can be attributed to the
concomitant loss of an O-linked C12:0 3-OH fatty acid plus
P or 2P, respectively.

Fragment ions arising from the released phosphate moi-
eties themselves are found in the low mass region of the

spectrum and are diagnostic for the phosphoforms found
on the structure [52]. As shown in Figure 4d, the
major peaks at m/z 158.93 and 176.94 arise from pyro-
phosphate anions (HP,O¢)  and (H3;P,O;), respectively.
Also present in the MS/MS spectrum are less abundant
ions at m/z 238.89 and 256.91 that correspond to the
triphosphate anions (H,P309) and (H4P30;) , respective-
ly. This latter pair of ions provides evidence for heteroge-
neity in the phosphoforms of the lipid A precursor ion at
m/z 1792.14.
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Figure 3. Analysis of the intact LOS from N. meningitidis 891 by MALDI-TOF MS with IMS. Panel (a) shows a two-dimensional plot
of the IMS dataset, and panels (b), (c), and (d) show expanded regions of the mass spectra of the (M—-H)™ ions, lipid A prompt
fragments, and OS prompt fragments, respectively. The lipid A and OS prompt fragments are shown on the same mass range to
reveal the clean separation of ions that would otherwise be closely occurring, such as the lipid A fragment ion at m/z 1835.17 and the
OS fragment ions at m/z 1836.61 and 1838.61. Sodiated species are marked with a single asterisk, and decarboxylated oligosac-
charide prompt fragments (-CO,, —44 Da) are marked with two asterisks

Glycosidic bond cleavages and cross-ring fragments serve
to localize the fatty acid and phosphate substituents on either
the reducing or non-reducing terminus of the lipid A structure
[53, 54]. In the case of Neisserial lipid A structures, where the
distribution of fatty acids is symmetrical on the two glucos-
amines, the assignment of glycosidic bond fragments can
sometimes be ambiguous. For example, it may be possible to
assign a given fragment as either a Y-ion or a C-ion, depending
on where the charge resides. However, in general, diagnostic
94 A-type cross-ring fragments are present that unambiguously
show which phosphate moieties are present on the non-
reducing terminus. In the IMS-MS/MS spectrum shown in
Figure 4d, the assignment of m/z 986.57 as an ®*A-ion supports
the triphosphorylated structure shown above the spectrum as
the major phosphoform. Assignment of the ion at m/z 926.54 as
a B-ion also fits this phosphoform. However, the ion at m/z

944.56 can cither be assigned as a C-ion (fitting the depicted
phosphoform) or as a Y-ion arising from a phosphoform with a
diphosphoryl moiety on the reducing terminus. Minor ions at
m/z 1006.54 and 1024.51 derive from the corresponding minor
species bearing triphosphoryl moieties. Thus, it would appear
that under our typical experimental conditions, TWIMS was
unable to resolve at least two isobaric lipid A phosphoforms at
m/z 1792.14, the existence of which was suggested by the IMS-
MS/MS analysis. This may be due to the inherent limitations of
TWIMS compared with traditional “drift-time” IMS [36], al-
though we have not systematically explored strategies to im-
prove our TWIMS resolution of putative isobaric species of
this type.

In similar IMS-MS/MS experiments, oligosaccharide
prompt fragments (B-ions) from N. meningitidis 891 LOS
were selected for CID following IMS separation (Figure 5).
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Figure 4. Negative-ion, IMS-MS/MS analysis of the lipid A prompt fragment at m/z 1792.1 from N. meningitidis 891 LOS. In this
experiment, CID was conducted in the Transfer region of the Triwave device after the IMS separation. Panel (a) shows the total ion
mobilogram above the two-dimensional plot of the IMS-MS/MS data (b). Under the selection conditions employed to achieve high
sensitivity, the interfering OS prompt fragment at m/z 1794.62 (see Figure 3d) is included in the selection window but is readily

resolved by IMS. The OS (m/z 1794.62) and lipid A (m/z 1792.1
indicated, and are shown in panels (c) and (d), respectively. Maj
in panel (d)

The resulting negative-ion MS/MS spectrum of the
decasaccharide at m/z 2171.7 shown in Figure 5b is highly
characteristic of results with LOS-derived oligosaccharides
from pathogenic Neisseria. The fact that the oligosaccha-
ride precursor ions are B-ions to begin with, without free
reducing termini, limits reducing terminal decomposition
upon CID [55]. The three prominent fragments arise from
Y-type cleavages for loss of the branch Kdo (m/z 1951.62),
the non-reducing terminal NeuSAc (m/z 1880.59), and the
concomitant loss of both labile moieties (m/z 1660.54).
While these abundant fragments readily corroborate the
presence of a second Kdo and a NeuS5Ac on the oligosac-
charide, the negative-ion MS/MS spectra of oligosaccha-
ride prompt fragments containing these moieties usually
are lacking in other informative sequence ions.

4) MS/MS spectra were selected from the two-dimensional plot as
or lipid A fragment ions are labeled and shown on the structure inset

In an effort to generate additional carbohydrate se-
quence ions, we have explored MALDI-TOF MS analysis
of intact LOS in positive-ion mode, where oligosaccharide
prompt fragments are generally much more abundant than
lipid A prompt fragments, which may not be detectable at
all depending on their phosphorylation states (unpublished
findings). When the corresponding positive-ion prompt
fragment at m/z 2173.7 from N. meningitidis 891 LOS
was selected for CID following IMS, the MS/MS spectrum
shown in Figure 5a was obtained. In addition to high mass
fragments corresponding to the Kdo and NeuS5Ac losses
observed in negative-ion mode, the positive-ion spectrum
contains numerous carbohydrate sequence ions, as indicat-
ed on the structural inset. Significant peaks for either B- or
Y-type or both fragment ion types were observed for seven
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Figure 5. Comparison of positive-ion and negative-ion IMS-

MS/MS analysis of the decasaccharide prompt fragment from

N. meningitidis 891 LOS. CID was conducted in the Transfer region of the Triwave device after the IMS separation. The positive-
ion IMS-MS/MS spectrum (a) shows a wealth of sequence ions, whereas in the negative-ion mode, the IMS-MS/MS spectrum is
dominated by the facile losses of Kdo and Neu5Ac from the OS (b). The structural drawing inset above panel (a) shows the positive-
ion fragment assignments for this previously characterized Neisserial decasaccharide [42]. Fragment ions arising from two bond
cleavages are labeled with notations for both fragmentation mechanisms on the spectrum

of the nine glycosidic bonds in the oligosaccharide. As
expected, B-type (m/z 657.26) and Y-type (m/z 1517.48)
ions associated with cleavage to the reducing side of the
GlcNAc residue were abundant [45], with the base peak at
m/z 1297.42 arising from this Y-type cleavage in combi-
nation with loss of the branch Kdo. Although significant
peaks arising from cross-ring cleavages of the

oligosaccharide that can aid in establishing linkage posi-
tion were not detected, clearly, positive-ion IMS-MS/MS
analysis of LOS-derived oligosaccharides produces MS/
MS spectra containing a wealth of structural information
that aids in assigning compositions and provides some
sequence information. As such, the fragmentation patterns
of LOS-derived oligosaccharides can be valuable
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components of LOS profiling strategies. To establish de-
tailed oligosaccharide compositions, branching patterns,
and anomeric assignments for completely unknown oligo-
saccharide species, other complementary experiments
would be required, such as composition analysis, linkage
analysis (methylation analysis), MS", and 1D and 2D
NMR experiments [56].

Analysis of an SR-type LPS from N. flavescens

The thin layer MALDI-TOF MS method is ideal for ionization
and detection of intact LOS because of their relatively small
size (~3000-6000 Da). The same is true for R-type LPS from
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organisms such as E. coli and Salmonella spp. that also lack an
O-antigen. A number of Vibrio spp. [57, 58], as well as some
other Gram-negative bacteria such as Pseudomonas
aeruginosa [59], express SR-type LPS, which contain only
one O-antigen repeat unit [4]. As noted above, SR-type LPS
migrate in the same size range as LOS when analyzed by SDS-
PAGE and thus are equally amenable to thin layer MALDI-
TOF MS analysis, where specific structural information about
both core and O-antigen structures can be gleaned.

To investigate the glycoforms of the LPS from
N. flavescens 4322, we analyzed the intact material by
IMS-MS (Figure 6a—d). As shown in Figure 6d, there is
clear evidence that the high mass ions in the two clusters
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Figure 6. Analysis of the intact LOS from N. flavescens 4322 by MALDI-TOF MS with IMS (a)-(d). In the IMS spectrum (d), there is
indication of an LPS-like repeat unit in the molecular ion plume. The extracted spectra for the lipid A prompt fragments (a), OS
prompt fragments (b), and putative molecular ions (c) are shown. Decarboxylated oligosaccharide prompt fragments (-CO,, —44 Da)
are marked with two asterisks. To support the molecular ion assignments, TOF-MS/MS spectra were obtained (e)-(h) for the four
putative molecular ions at m/z 4167.99, 3947.95, 3145.58, and 2925.54. All of the precursor ions give the lipid A fragment ion at m/z
1712.1 and appropriate corresponding OS fragments, confirming their assignments as intact LOS/LPS species
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Table 2. Masses of the Domains of the SR-type LPS from N. flavescens
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N. flavescens LOS/LPS

DPLA? Core OS Repeat unit Core OS + repeat Intact LOS/LPS (M-H)~
m/z m/z m/z m/z

1712.120° 1489419 ¢ 1022.368 2511.787 4224.881
1712.120 1432.412 1022.387 2454.799 4167.970
1712.120 1269.362 1022.398 2291.760 4004.903
1712.120 1212.350 1022.379 2234.729 3947.902
1712.120 1489.419 3202.595
1712.120 1432.412 3145.547
1712.120 1269.362 2982.500
1712.120 1212.350 2925.487

“Abbreviations used: DPLA = diphosphorylated lipid A; OS = oligosaccharide.

"Measured masses (from the spectrum shown in Figure 1c) given in regular font.

“Inferred masses of contributing units given in italics.

(m/z ~2700-3200 and m/z ~3600—4200) are migrating on
the same plume, suggesting that they are all LOS/LPS
molecular ions. The extracted subspectra (Figure 6a—c)
support this interpretation. However, to unequivocally con-
firm their assignments, all of the putative (M—H) ions
were individually selected for CID using TOF MS/MS
(Figure 6e—h). When selected for CID, the largest species
at m/z 4167.99 (putative SR-type LPS) readily lost a Kdo
residue to give the fragment at m/z 3947.92, in addition to
an oligosaccharide B-ion at m/z 2454.84 and a correspond-
ing lipid A Y-ion at m/z 1712.13 that accounted for the full
structure. Also present in the spectrum was a smaller
oligosaccharide fragment at m/z 2234.77, corresponding
to the species at m/z 2454.84 minus a Kdo residue
(Figure 6e). As expected, the MS/MS spectrum of m/z
3947.95, already lacking the labile Kdo residue, gave only
a single oligosaccharide fragment (m/z 2234.79) in addi-
tion the lipid A fragment at m/z 1712.15 (Figure 6f). Cor-
respondingly, when selected for MS/MS analysis, the two
LOS-like species at m/z 3145.58 and 2925.54, which also
differed by one Kdo residue, showed low mass oligosac-
charide fragments at m/z 1432.44 and 1212.37, respective-
ly, in addition to the lipid A fragment at m/z 1712.15
(Figure 6g and h). From this fragmentation analysis, it
was possible to confirm that the mass difference between
the high mass and low mass (M—H) ions was ~1022.38 Da
(see Table 2). Consistent with the minor ions at m/z
3656.75 and 3436.68 seen in the (M—H) subspectrum
(Figure 6¢) and the ions at m/z 1943.60 and 1723.55 in
the oligosaccharide subspectrum (Figure 6b) that represent
half of this mass difference, we hypothesize that the
~1022.38 Da moiety represents a hexasaccharide composed
of two hexoses (Hex), two deoxyhexoses (dHex), and two N-
acetylhexosamines (HexNAc) (calculated monoisotopic m/
z=1022.3802). MS/MS analyses of the carbohydrate prompt
fragments containing this moiety (data not shown) suggest
that the repeat unit may in fact be a trisaccharide,
HexNAc—Hex—dHex, repeated twice in the SR-type
LPS. Although they usually contain only one repeat unit,
SR-type LPS may contain two O-antigen subunits where

the reducing termini of the subunits have different
anomeric configurations [60]. A dHex moiety, rhamnose,
was recently reported as a constituent of the LPS of
another commensal species of Neisseria, N. sicca [61].
Further detailed analyses of the LOS/LPS from N.
flavescens 4322 are required in order to identify mono-
saccharide constituents and confirm the proposed compo-
sition of the O-antigen.

Conclusions

We have shown that intact LOS and SR-type LPS are ideally
suited to be studied by IMS-MS and IMS-MS/MS, particularly
when ionized by MALDI MS in the negative-ion mode. The
propensity for intact LOS to form in-source prompt fragments
from cleavage between the two domains of the molecule gen-
erates an informative ensemble of singly charged ions that are
readily separated according to chemical class by IMS. More
accurate and detailed information about LOS architecture can
be obtained when clean subspectra of oligosaccharide and lipid
A prompt fragments are extracted during MS analysis. Impor-
tantly, our results demonstrate that by simultaneously profiling
all domains of the molecules in IMS mode, we enhanced our
ability to “fingerprint” intact LOS and assign compositions to
an ensemble of structures produced by a given bacterial strain.
We have tested the approach with a few other Gram-negative
organisms that produce LOS ranging up to about 5500 Da,
such as Campylobacter and Vibrio spp., and have achieved
comparable results to those presented here for Neisserial LOS.

Furthermore, we have shown that selection of LOS prompt
fragments for MS/MS analysis (pseudo-MS? analysis) follow-
ing IMS separation generates cleaner MS/MS spectra com-
pared with those obtained without IMS. Due to the excellent
separation of oligosaccharide and lipid A species on different
ion plumes, precursor ion windows for IMS-MS/MS can be set
to maximize sensitivity. These methods facilitate identification
of biologically important LOS substituents including phos-
phate and PEA moieties on the lipid A and oligosaccharide,
as well as acetate and Neu5Ac on the oligosaccharide domain.
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We have shown that diagnostic fragmentation of the lipid A
species can serve to localize fatty acids and phosphate moieties
to either the reducing or non-reducing terminal GIcN, whereas
fragmentation of the LOS-derived carbohydrate moieties is
useful to establish generic monosaccharide compositions, iden-
tify biologically important moieties, and provide limited se-
quence information.

As information on the molecular determinants of LOS bio-
activity continues to emerge, particularly with regard to the role
of lipid A phosphorylation states in inflammatory signaling
[11] and immune tolerance [62], the need to decipher LOS
heterogeneity becomes more urgent. Moreover, LOS and LPS
structural variation could underlie some distinctions between
commensal and pathogenic Gram-negative bacteria [12]. Our
results indicate that the profiling and analysis of intact LOS by
high-resolution, MALDI-TOF MS coupled with IMS should
be a valuable addition to the variety of methods used to inves-
tigate these bioactive glycolipids.
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