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Abstract Fine differences in the phosphorylation and acyl-
ation of lipooligosaccharide (LOS) from Neisseria species
are thought to profoundly influence the virulence of the
organisms and the innate immune responses of the host,
such as signaling through toll-like receptor 4 (TLR4) and trig-
gering receptor expressed on myeloid cells (TREM). MALDI
time-of-flight (TOF) mass spectrometry was used to charac-
terize heterogeneity in the native LOS from Neisseria gonor-
rheae and N. meningitidis. A sample preparation methodology
previously reported for Escherichia coli lipopolysaccharide
(LPS) employing deposition of untreated LOS on a thin layer
of a film composed of 2,4,6-trihydroxyacetophenone and ni-
trocellulose was used. Prominent peaks were observed corre-
sponding to molecular ions and to fragment ions primarily
formed by cleavage between the 3-deoxy-D -manno-oct-2-
ulosonic acid (Kdo) and the lipid A (LA). Analyses of these
data and comparison with spectra of the corresponding O -
deacylated or hydrogen fluoride-treated LOS enabled the
detection of novel species that apparently differed by the ex-
pression of up to three phosphates with one or more phos-
phoethanolamine (PEA) groups on the LA. We found that
the heterogeneity profile of acylation and phosphorylation
correlates with the induction of proinflammatory cytokines
in THP-1 monocytic cells. This methodology enabled us
to rapidly profile components of structural variants of native
LOS that are of importance biologically.—John, C. M., M.
Liu, and G. A. Jarvis. Profiles of structural heterogeneity in
native lipooligosaccharides of Neisseria and cytokine induc-
tion. J. Lipid Res. 2009. 50: 424–438.
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The lipooligosaccharide (LOS) of Neisseria gonorrheae
and N. meningitidis is structurally related to the lipopolysac-
charide (LPS) of enteric Gram-negative bacteria but does
not have repeating O-antigens (1). LOS and LPS have con-
served inner cores composed of L-glycero-D-manno-heptose
(Hep) and 3-deoxy-D -manno-oct-2-ulosonic acid (Kdo),
which are anchored in the outer membrane by lipid A
(LA). The structure of the LA of gonococci and meningo-
cocci, although based on a limited number of studies, gen-
erally differs from that of Escherichia coli in the acylation
and the chain length of the fatty acid residues. With re-
gard to phosphorylation, a limited number of studies have
shown that gonococci and meningococci elaborate LOS
containing a LA, which is phosphorylated with variable
numbers of phosphate (P) and phosphoethanolamine
(PEA) residues. The recent report of a PEA transferase spe-
cific for the LA on meningococcal LOS creates the possi-
bility of phase variation in phosphorylation (2). Thus, the
LA expressed by these organisms exhibit heterogeneity in
acylation and phosphorylation, both of which have been
shown to influence the endotoxicity in E. coli LPS (3).

The innate immune response to bacterial pathogens
relies on the detection of pathogen-associated molecular
patterns by pattern recognition molecules. Toll-like recep-
tor 4 (TLR4) is one of the best characterized of the family
of mammalian TLRs that represents the most extensively
studied class of pattern recognition molecules (4). Recently,
a second family of innate immune receptors responsive to
bacterial pathogens has been termed triggering receptor ex-
pressed on myeloid cells (TREM) (5). One of the TLRs,
TLR4, as well as TREM1 and TREM2 have been shown to en-
gage LPS and LOS and are required for an efficient im-
mune response to Gram-negative bacterial infections.
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We have observed major differences in the proinflam-
matory TLR4-mediated signal elicited by various LOS puri-
fied from meningococcal and gonococcal strains (6). In
particular, we have observed significant variation in the
TNF-a and IL-8 responses in THP-1 monocytic cells stimu-
lated by LOS from different Neisserial strains. Recently,
our laboratory reported strain-specific binding of gono-
coccal LOS to TREM-2, which was significantly reduced
by O-deacylation (7). Although it is recognized that LPS
from different genera of bacteria differ in their endotoxic
activity (8, 9), it was an unexpected finding that LOS from
isolates within a species and from two such closely related
species elicited such a broad spectrum of activity. Similarly,
a wide range of ability of Neisserial LOS to clot Limulus
amebocyte lysate has been reported (10). These differ-
ences in clotting activity were shown to be associated with
the lipoidal portion of the LOS rather than the oligosac-
charide (OS) terminus, as the purified lipid showed a simi-
lar potency to the parent LOS.

There have been several reported mutational or enzy-
matic alterations of the acylation pattern of the Neisserial
LA leading to modulation of its endotoxic activity as mea-
sured by various assays (11–13). Inactivation of genes lpxL1
or lpxL2 involved in acylation of the LA resulted in a lipid,
which was pentaacylated or tetraacylated, respectively,
rather than hexaacylated, and in both cases the LOS in-
duced less TNF-a from a human macrophage cell line
(13). Neisserial LOS deacylated by the enzyme acyloxyacyl
hydrolase from neutrophils was less potent in the Limulus

amebocyte lysate assay, in the ability to stimulate neutro-
phil adherence to endothelial cells, and in mitogenic abil-
ity for splenocytes (12). In addition, Ellis et al. (14) found
that mutational disruption of the expression a single lauric
fatty acid residue in the LA resulted in a mutant with a
markedly reduced ability to induce proinflammatory cyto-
kines from human macrophages and neutrophils. Another
modification of the LA that may play a role in altering en-
dotoxic activity is the fatty acid chain length. Steeghs et al.
(15) reported that Neisserial LOS showed reduced endo-
toxic activity when the Neisserial lpxA gene was substituted
with that from other Gram-negative bacteria expressing
either shorter or longer O-linked 3-OH fatty acids. Taken
together, these data indicate that structural differences in
the Neisserial LA result in substantial differences in bio-
logical potency.

Our current focus is on the relationship between the
structural heterogeneity in Neisserial LOS and its biologi-
cal activity. Thus, in this study we undertook the character-
ization of native LOS by MALDI mass spectrometry using
a thin-layer method for deposition of the matrix, which
is composed of a mixture of 2,4,6-trihydroxyacetophonone
(THAP) with nitrocellulose to determine whether this
methodology would provide a more thorough analysis of
LOS structural variation than previous approaches (16).
We report that this method enables rapid profiling of the
structural heterogeneity in native LOS and that the hetero-
geneity profile correlates with the induction of proinflam-
matory cytokines in THP-1 monocytic cells.

Fig. 1. Negative-ion MALDI time-of-flight (TOF) mass spectrum of lipooligosaccharide (LOS) from N. gonorrheae strain 1291 in the linear
mode (A) and structure of the LOS derived from the current, previously published data, and the prototypical Neisserial lipid A (LA) (B).
The (M-H)- peak at m/z 3,718.1 has two phosphates (P), two phosphoethanolamines (PEA), and an acetyl (Ac), and differs by 123 Da corre-
sponding to addition of a PEA group from the peak at m/z 3,595.3. The peak at m/z 3,554.0 is consistent with loss of a PEA plus an Ac from the
peak at m/z 3,718.1. Additional peaks can be seen in the inset of A. In the lower mass range (, m/z 2,140) are a series of peaks for prompt
fragment ions corresponding to the LA or OS portion of the molecule, with the most prominent atm/z 1,836.6, consistent with a diphosphoryl
LA with a single PEA group. The brackets around the Ac group (B) are indicative of the lack of information regarding the specific site of
linkage to the terminal N-acetylglucosamine (GlcNAc) residue. The asterisks in the spectrum indicate peaks for sodiated (M1Na-2H)- ions.
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MATERIALS AND METHODS

Bacterial strains and LOS extraction
N. gonorrheae strains 1291, DOV, and GC56, and N. meningitidis

serogroup A strains 7880 and 7889 are clinical isolates and have
been described previously (6). The LOS was extracted and puri-
fied by a modification of the hot phenol-water method (17, 18).

O -deacylation of native LOS
Native or intact LOS was O -deacylated prior to MS analysis as

reported previously (19). Briefly, LOS (?0.3 mg) was placed in a
1.5 ml polypropylene tube, and 200 ml of anhydrous hydrazine
was added. The sample was kept in a water bath at 37°C for
20 min and intermittently vortexed. The solution was cooled,
and 1 ml of chilled acetone (220°C) was added dropwise. The
precipitated O-deacylated LOS was centrifuged at 12,000 g
for 20 min, and the supernatant was removed. The pellet was
washed with cold acetone, centrifuged again, and the superna-
tant was removed. Water (200–500 ml) was added to the pelleted
O -deacylated LOS, and the sample was lyophilized.

HF treatment of native LOS
Phosphoesters were partially removed by mild hydrogen fluoride

(HF) treatment to aid in distinguishing betweenN-acetylhexosamine

(HexNAc; 203 Da) and phosphate (P or HPO3, 80 Da) plus
PEA (123 Da) substitutions. Native LOS was reacted with 48%
aqueous HF to preferentially remove phosphoester moieties.
From 0.1 to 1 mg of LOS was placed in a 1.5 ml polypropylene
tube, and cold 48% aqueous HF was added to make a 5–10 mg/ml
solution, which then was allowed to react at 4°C for 16–20 h.
Excess HF was removed using a SpeedVac (Thermo Savant) with
an in-line trap.

Sample preparation for MS analysis
Samples were prepared for MS using a method previously de-

scribed for analysis of native rough (R)-type bacterial LPS sim-
ilar in size to the LOS from Neisseria species (16). Purified,
HF-treated, or O -deacylated LOS was suspended (1–2 mg/ml) in
a mixture of methanol:water (1:1) containing 5 mM EDTA. An ali-
quot was desalted on Parafilm with a few cation-exchange beads
(Dowex 50WX8-200) that had been converted to the ammonium
form. The desalted sample was mixed with an equal volume of
dibasic ammonium citrate (20 mM), and 0.5 ml was deposited
on the mass spectrometry sample plate on top of a thin layer of
matrix. The matrix layer was formed by deposition of drops
(0.3–0.9 ml) of a solution composed of THAP (200 mg/ml;
Sigma-Aldrich, St. Louis, MO) in methanol, with nitrocellulose
transblot membrane (15 mg/ml; Bio-Rad, Hercules, CA) in
acetone:isopropanol (1:1 v/v) mixed in a 4:1 v/v ratio.

Fig. 1.—Continued.
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MALDI-TOF mass spectrometry
MALDI mass spectrometry was performed in the linear mode

on a Voyager-DE STR model time-of-flight (TOF) instrument
equipped with a 337 nm nitrogen laser and delayed extraction.
Spectra were obtained in the negative-ion mode with an average
of 500 pulses per spectrum. The acceleration voltage was 220 kV.
Spectra were processed with digital smoothing and baseline cor-
rection using Data Explorer software. External calibration was
performed using the average masses of the molecular ions of
the peptides porcine renin substrate, bovine insulin, and oxidized
insulin chain B (Sigma-Aldrich). A two-point internal calibration
of the mass spectrum of native LOS from N. meningitidis strain
7889 was performed using the average masses of 2 molcular ions
with previously reported structural components (20), a diphosphoryl
LA with a single PEA substituent (calculated m/z 1,836.27) and an
LOS (calculated m/z 3,434.54) with a 2-hexose (Hex) a-chain in
addition to two PEA groups on the LOS inner core (2Kdo, 2Hep,
1HexNAc) and a hexaacylated LA. A two-point internal calibration
of the mass spectra of LOS from N. gonorrheae strains GC56 and
DOV was performed using the average masses of the fragment
ions for a diphosphoryl LAwith (m/z 1,836.27) and without (calcu-
lated m/z 1,713.22) a PEA group. A two-point internal calibration
of the spectrum of the LOS from N. meningitidis 7880 was carried
out using the calculated masses for LA at m/z 1,836.27, and molec-
ular ions (m/z 3,596.69) with a composition consistent with previous
data indicative of the presence of an alternative 3-Hex a-chain
with a nonreducing galactose (Gal)a1→4 substituent on lactosyl
[Galb1→4 glucose (Glc)] with the LOS inner core and PEA sub-
stituents (20, 21).

Proinflammatory cytokine response of THP-1 cells
Human monocyte-like cell line THP-1 was obtained from the

American Type Culture Collection (Manassas, VA) and has been
characterized previously (6). Cells were cultured in RPMI-1640
containing 10% fetal bovine serum. Prior to LOS treatment, cells
were first differentiated with phorbol myristate acetate (Sigma-
Aldrich) at a concentration of 10 ng/ml for 24 h. Differentiated
THP-1 cells were seeded at 1 3 105 cells per well in 96-well plates
and treated with 100 ng/ml of LOS for 18 h. Control wells
were treated with culture media only. Supernatants from the
LOS-treated and untreated cells were assayed for TNF-a, IL-1b,
and IL-6 using a bead-based multiplex cytokine kit (Invitrogen,
Carlsbad, CA). Samples were processed as recommended by the
manufacturer and analyzed using a Bio-Plex 200 system (Bio-Rad).

Statistical analysis
Statistical analyses were performed using SigmaStat for Win-

dows version 3.11 (Systat Software, San Jose, CA). Groups of data
were analyzed by the Tukey test for multiple pairwise comparisons.
Values of P , 0.05 were considered significant for all comparisons.

RESULTS

MALDI TOF of native 1291 LOS
Our initial analysis of native LOS using the thin-layer

of THAP/nitrocellulose matrix for negative-ion MALDI
TOF was performed on a well-characterized LOS from N.
gonorrheae strain 1291 (22, 23). This yielded several appar-
ent molecular ions (M-H)-, which differed by masses cor-
responding to differences in PEA, P, or O-acetyl (Ac, 42 Da)
groups. The resulting spectrum is presented in Fig. 1A, and
potential compositions for the ions observed are presented

in Table 1. A structure for the molecular ions atm/z 3,718.1,
which is consistent with the spectrum, and a conserved inner
core for gonococcal LOS is presented in Fig. 1B.

The two most prominent molecular (M-H)- ions at m/z
3,718.1 and 3,595.3 differ by 123 Da, which is consistent
with a single PEA group. At m/z 1,836.6 and 1,713.9
are peaks that also differ by a PEA and that appear to
correspond to LA Y-type fragments of the molecular ions
at m/z 3,718.1 and 3,595.3. The glycosidic oxygen is re-
tained by the LA in Y-type fragmentation (24). The masses
are in accordance with the presence of a diphosphoryl
(2P) hexaacylated LA with or without a single PEA, but
otherwise similar to previous reports on the LA from N.
gonorrheae (23, 25). Another LA fragment ion peak in the
spectrum at m/z 1,757.2 is apparently due to monophos-
phorylated molecules with a single PEA.

In addition, in the spectrum shown in Fig. 1A, there is
a peak for nonreducing terminal B-type fragment ions at
m/z 1,881.8, which could arise from the OS portion of
the ions at either m/z 3,718.1 or 3,595.3. The m/z 1,881.8
ions are consistent with the previously reported structure
for the 1291 OS which is O -3 linked to HepI of the inner
core and which has an Ac group on the GlcNAc that is at-
tached to O -2 of HepII and an a-chain lacto-N-neotetraose
group (22, 23).

The spectrum of the 1291 native LOS also provides evi-
dence of heterogeneity in the LA and the OS. The small
molecular ion peak (M-H)- at m/z 3,797.7 is in accordance
with a third P group, presumably on the LA, added to
molecules detected at m/z 3,718.1. The peak at m/z 3,756.8
is in agreement with the presence of a third P if the ions
are missing the Ac group present on the OS of the ions at
m/z 3,718.1 and 3,797.7. Lower mass ions can observed in
the spectrum that are due to B-type fragments, which contain
the OS, but with additional losses of the labile Kdo, or both
Kdo and Ac at m/z 1,661.9 and 1,619.4, respectively.

A peak at m/z 1,515.3 could arise from pentaacyl LA
ions that are missing one of the 3-hydroxylauric acid
groups (198 Da), as previously reported (25). Alterna-

TABLE 1. Masses of (M-H)- ions of 1291 lipooligosaccharide (LOS)

Experimental (M-H)- Calculated 6 moiety Calculated (M-H)-

1,515.3 2OS, 2OHC12 1,514.9
1,619.4 2LA, 2Ac, Kdo 1,619.4
1,661.9 2LA, 2Kdo 1,661.4
1,713.9 2OS, 2PEA 1,713.2
1,757.2 2OS, 2HPO3 1,756.3
1,836.6 2OS 1,836.3
1,881.8 2LA 1,881.6
3,375.2 2Kdo, 2PEA 3,375.6
3,455.4 2Ac, 2Kdo 3,456.7
3,474.1 2Ac, 2HPO3, 2PEA 3,473.8
3,554.0 2Ac, 2PEA 3,553.8
3,595.3 2PEA 3,595.8
3,676.1 2Ac 3,676.8
3,718.1a 3,718.9a

3,756.8 2Ac, 1HPO3 3,756.8
3,797.7 1HPO3 3,798.9

PEA, phosphoethanolamine.
a Structure shown in Fig. 1B.
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tively, these could be due to prompt fragmentation caus-
ing loss of 3-hydroxylauric acid (2198 Da) from the diphos-
phoryl LA ions at m/z 1,713.9, or the loss of both PEA
and 3-hydroxylauric acid from the diphosphoryl PEA LA
ions at m/z 1,836.6.

MALDI TOF of native 7889 LOS
We next applied the thin-layer MALDI method to native

meningococcal LOS with a partially characterized struc-
ture (20, 26). LOS from N. meningitidis strain 7889 was pre-
pared on thin layers of THAP/nitrocellulose matrix and
subjected to negative-ion MALDI TOF analysis. The spec-
trum is presented in Fig. 2A, and potential compositions
for the ions observed are presented in Table 2. A struc-
ture for the molecular ions at m/z 3,477.0, which is con-
sistent with the spectrum and a conserved inner core for
N. meningitidis LOS, is presented in Fig. 2B2.

The mass of the most prominent molecular ion peak
in the spectrum at m/z 3,477.0 is in accordance with a
composition containing an OS with a 2-Hex a-chain on
the N. meningitidis conserved inner core, 2 PEA groups, an
Ac, and a diphosphoryl LA with a single PEA group. This
proposed composition is supported by the presence of the
prominent peak for Y-type fragments for the diphosphoryl
LA with a single PEA at m/z 1,836.3, and the related but
much less prominent peak for B-type fragment ions con-
taining the OS portion of the molecule at m/z 1,639.0 as
shown in Fig. 2B. These data are consistent with previous
analyses of the LA from N. meningitidis, which revealed P
groups at positions 1 and 4` of the GlcN disaccharide with
nonstoichiometric PEA substitutions on both (13, 27) and
the electrospray mass spectrometric analysis of the 7889
O-deacylated LOS (20).

Previous analyses of OS from meningococcal LOS also
have revealed O-acetyl substitution on the nonreducing
terminal GlcNAc, as well as variable PEA substituents on
the O-3, O-6, or O-7 position of HepII (28–30). The specific
sites of acetylation and phosphorylation of the OS of strain
7889 have not been determined yet. Thus, the structure of
the 7889 LOS that is presented in Fig. 2B shows potential
locations for the Ac and PEA groups based on previous re-
ports on N. meningitidis and the hypothesis that it has a
conserved inner core structure. We have indicated the PEA
groups detected on the OS as linked to theO-6 (R4) andO-7
(R5) of HepII, and the Ac on theO-3 of the terminal GlcNAc
moiety according to reports on other meningococcal sero-
types (30, 31).

The spectrum of the native 7889 LOS also contained a
series of molecular ions at m/z 3,533.6 and 3,613.4, which
differed from m/z 3,477.0 by masses consistent with the ad-
dition of glycine (Gly, 57 Da), or Gly plus a P substituent,
respectively. Gly has been previously reported in an ester
linkage at O-7 of HepII (R5 in Fig. 2B) in a number of
LOS immunotypes of N. meningitidis (29, 32), but not
in the L11 type LOS expressed by strain 7889. Having

an O-linkage, the Ac and Gly groups would be expected
to be labile to O-deacylation, and accordingly neither
were reported in the previous analysis of the O-deacylated
LOS (20).

Lower mass peaks at m/z 3,434.5, 3,396.6, and 3,352.1
may be due to prompt fragmentation of the molecular
ions at m/z 3,477.0, causing a loss of Ac, P, and PEA, respec-
tively, or the presence of heterogeneous species. However,
the occurrence of higher mass (M-H)- ions at m/z 3,556.0,
3,613.4, and 3,678.6 are indicative of molecules contain-
ing the addition of a third P (m/z 3,556.0), or the addi-
tion of a third P plus Gly (57 Da; m/z 3,613.4) or PEA
(m/z 3,678.6), respectively.

Supporting the presence of a third P moiety on a sub-
set of the LA are the peaks that can be seen at m/z
1,916.1 and 2,039.0. These are in accordance with the di-
phosphoryl LA with a single PEA plus an additional P
group, or the additional P plus a second PEA group, re-
spectively. Thus, the data all support the existence of a
heterogenous population of molecules some of which con-
tain a previously unreported third P moiety on the LA of
the 7889 LOS.

MALDI TOF of HF-treated 7889 LOS
Tohelp distinguish apparent P(80Da) plus PEA (123Da)

from possible HexNAc (203 Da) substitutions that could
not be resolved sufficiently with the mass accuracy of the
MALDI analysis, the native 7889 LOS was treated with HF
to preferentially cleave phosphoester linkages and then
analyzed using negative-ion MALDI TOF. The resulting
spectrum is presented in Fig. 3A, and potential composi-
tions for the ions observed are presented in Table 3. A
structure for the molecular ions at m/z 2,985.7, which is
in agreement with the spectrum, and a conserved inner
core for N. meningitidis LOS is presented in Fig. 3B.

The composition of the most prominent of the molecu-
lar ions in the spectrum at m/z 2,985.7 is consistent with
the loss of all three PEA groups, the presence of a mono-
phosphoryl LA, and no Ac. Nearly as prominent is the
peak at m/z 3,028.0, which is in accordance with the pres-
ence of an Ac, and which is less than the most prominent
molecular ion peak in the native 7889 spectrum at m/z
3,477.0 by 449 Da. This mass is consistent with the loss of
a P and three PEA groups due to the HF treatment.

In addition, there are minor molecular ion peaks at m/z
3,067.8, 3,108.9, and 3,165.5, which are consistent with
the additions of P, PEA, and PEA with Gly, respectively,
to the molecular ions at m/z 2,985.7. However, there are
no significant peaks for molecular ions that are 203 Da
more than the peaks at m/z 2,985.7 or 3,028.0, which
would be indicative of an additional HexNAc moiety on
the LOS that should be less susceptible to HF cleavage
than a PPEA group. Although some glycosidic bond cleav-
age can occur from HF treatment, it is more specific to
phosphoester linkages.

The peak at m/z 2,905.3 represents fragment ions that
have lost a P from the molecular ion at m/z 2,985.7. Lower
mass peaks in the molecular ion range at m/z 2,887.9,
2,847.6, 2,808.0, and 2,766.8 all represent fragment ions2 Figures 2B, 3B, and 4B revised in press due to recent data (26).
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Fig. 2. Negative-ion MALDI TOF mass spectrum of native LOS from N. meningitidis strain 7889 in the linear mode (A) and structure of
the LOS derived from the current, previously published data, and the prototypical Neisserial LA (B). The mass of the peak at m/z 3,477.0
is consistent with a structure with two P, three PEA, and one Ac group. Peaks for prompt fragments ions for the LA or OS portion of
the molecule can be observed in the lower mass range. The single PEA on the LA shown in the structure on the reducing terminal GlcN
can be on either terminus. A Gly or PEA substituent has been reported previously to occur on O7 (R5) of L-glycero-D-manno-heptose (HepII)
(see text). Lower mass prompt fragment ions can be observed (, m/z 2,140), with the most abundant ions at m/z 1,836.3, consistent with
a diphosphoryl LA with a single PEA substituent. The asterisks in the spectrum indicate peaks for sodiated (M1Na-2H)- ions.
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that have lost Kdo (220 Da), but for the former three
peaks this is in the context of molecules that are larger
than those at m/z 2905.3 by the addition of either a PEA,
P, or an Ac group.

The calculated masses of two peaks observed in the spec-
trum of the HF-treated 7889 LOS vary from that observed
by more than 2 Da as shown in Table 3, whereas in the
spectra of the native 1291 and 7889 there are none that
differ by more than 1.5. This greater discrepancy could
be due to the presence of a number of smaller, unresolved
peaks on the shoulders of some of the molecular ion peaks
such as the one at m/z 3,067.8.

In this spectrum, as in those of native 1291 and 7889
LOS, the most prominent peaks represent Y-type frag-
ments for the LA as exemplified by the monophosphoryl
LA at m/z 1,634.3 and the diphosphoryl LA at 1,714.9.
In addition, as in the spectra of the native LOS, there
exists a less prominent peak for corresponding B-type
fragment ions containing the OS that can be seen at
m/z 1,349.9 (Fig. 3B).

The lower mass fragment ion peaks at m/z 1,307.6 and
1,210.6 represent portions of the OS moiety, with loss of
CO2 (44 Da) and loss of CO2 and Kdo (220 Da) on mole-
cules with an additional PEA group, respectively. An ad-
ditional fragmentation has occurred with the loss of a
nonreducing terminal Hex (162 Da) plus H2O (18 Da)
from the ions at m/z 1,349.9 leading to the ions at m/z
1,169.2, with the loss of a Kdo and CO2 from molecules
with an additional PEA producing the ions at m/z 1,048.4.
We have found similar ions showing loss of Kdo and CO2

due to HF treatment previously (33). There are a number
of even less abundant fragment ion peaks that can be seen
in the region of m/z 900 to 1,520, which are apparently due
to various one- or two-bond cleavages of the OS coupled
with losses of CO2.

MALDI TOF of O-deacylated 7889 LOS
The 7889 LOS was O-deacylated and analyzed by negative-

ion MALDI TOF to provide additional information on the
structure of the 7889 LOS as a basis for comparison with
the data derived using the current method with that pre-

viously reported using electrospray mass spectrometry of
the O-deacylated 7889 LOS (20). The resultant spectrum
is shown in Fig. 4A, and the corresponding structure based
on these analyses and the concept of a conserved inner
core is shown in Fig. 4B. Table 4 presents proposed com-
positions for the ions observed in the spectrum of the
O-deacylated LOS.

The base peak in the spectrum shown in Fig. 4A at m/z
2,549.4 represents the singly-charged form correspond-
ing to the doubly- and triply-charged molecular ions ob-
served in the previously reported electrospray analysis
(20). The molecular ion at m/z 2,549.4 is consistent with
a composition containing a diphosphoryl LA, with an OS
consisting of two Kdo, two Hep, one HexNAc, two Hex,
and two PEA groups. In the MALDI spectrum there is
a significant peak at m/z 2,531.4, which is 18 Da less
(M-H2O-H)- than the ions at m/z 2,549.4. Similarly, in the
previously reported electrospray spectrum there were sig-
nificant peaks for the doubly- and triply-charged ions with
loss of H2O (20).

The molecular ions in the spectrum at m/z 2,611.4,
2,629.3, 2,672.4 are in accordance with an addition of P
with loss of H2O, P, and PEA, respectively, to the molecular
ions at m/z 2,549.4. Thus, in the MALDI spectrum of the
O-deacylated LOS, and in that of the native LOS but not
in spectrum of the HF-treated material, there is evidence
in the molecular ion region for the existence of a third P
group on the LOS. Ions observed at m/z 2,451.4 and
2,329.8 are consistent with the loss of H3PO4 (98 Da),
and the loss of H3PO4 and PEA (123 Da) from the molec-
ular ions at m/z 2,549.4, respectively.

As in the other three spectra presented, there are Y-type
and B-type fragment ions observed in the spectrum of the
O-deacylated LOS that together span the entire molecule.
The ions at m/z 952.4 represent Y-type fragments contain-
ing the diphosphoryl O-deacylated LA, and at m/z 1,597.3
is a peak for B-type fragments containing the OS. As in the
native LOS, the mass of the OS is consistent with the pres-
ence of two PEA groups. Similarly, at m/z 1,554.0, 1,377.9,
and 1,333.9 are other nonreducing terminal B-type frag-
ment ions for the OS, but these molecules have also lost
CO2, Kdo, and CO2 plus Kdo, respectively.

In addition to the Y-type fragment ions at m/z 952.4 for
the diphosphoryl LA, peaks can be observed at m/z 1,031.8
and 1,075.8, which are consistent with the presence of an
additional P and PEA, respectively, and represent Y-type
fragments of the molecular ions observed at m/z 2,629.3
and 2,672.4. The small peak at m/z 1,156.5 is in accor-
dance with a LA with an additional PPEA group. Thus,
both the peaks at m/z 1,031.8 and 1,156.5 are consistent
with the presence of a third P group that is located on
the LA of the 7889 LOS.

MALDI TOF of LOS from N. gonorrheae strains GC56 and
DOV and N. meningitidis 7880

We next investigated the robustness of this method-
ology by utilizing it to characterize the LOS from three ad-
ditional Neisserial strains, two gonococcal strains whose
LOS structures had not been reported previously (6), and

TABLE 2. Masses of (M-H)- ions of 7889 LOS

Experimental (M-H)- Calculated 6 moiety Calculated (M-H)-

1,639.0 2LA 1,639.3
1,738.6 2OS, 2H3PO4 1,738.3
1,836.3 2OS 1,836.3
1,916.1 2OS, 1HPO3 1,916.3
2,039.0 2OS, 1HPO3, 1PEA 2,039.3
3,352.1 2PEA 3,353.5
3,396.6 2HPO3 3,396.6
3,434.5 2Ac 3,434.5
3,477.0a 3,476.6a

3,533.6 1Gly 3,533.6
3,556.0 1HPO3 3,556.6
3,613.4 1Gly, 1HPO3 3,613.6
3,678.6 1HPO3, 1PEA 3,679.6

Ac, Acetyl.
a Structure shown in Fig. 2B.
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Fig. 3. Negative-ion MALDI TOF mass spectrum of LOS from HF-treated N. meningitidis strain 7889 LOS in the linear mode (A) and
structure of the HF-treated LOS derived from the current, previously published data, and the prototypical Neisserial LA (B). The (M-H)-

peak at m/z 2,985.7 is consistent with a single P substituent, and higher mass (M-H)- ions are indicative of additional Ac, P, PEA, and Gly
groups. Lower mass prompt fragment ions can be observed (, m/z 2,000), with the most abundant ions at m/z 1,634.3, consistent with a
monophosphoryl LA with no PEA groups, and those at m/z 1,714.9, consistent with a diphosphoryl LA also without PEA.
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one meningococcal strain with a partially characterized
LOS structure (20). The native LOS from N. gonorrheae
strains GC56 and DOV as well as N. meningitidis 7880 were
prepared on thin layers of THAP/nitrocellulose matrix
and analyzed by negative-ion MALDI TOF. As we observed
in the analysis of intact LOS from 1291 and 7889, these
spectra contained a suite of molecular ion peaks from
m/z 3,000–4,000 (results not shown), as well as the promi-
nent lower mass peaks for Y-type fragments containing LA,
and much less prominent B-type fragment ion peaks for
the OS from m/z 1,200–2,200 (Fig. 5A–D). For example,
in the spectrum of strain DOV (Fig. 5B) at m/z 1,877.9,
1,920.4, and 2,000.8 are three fragment ion peaks that
are in agreement with the OS inner core (2 Kdo, 2 Hep,
HexNAc) plus four Hex and one HexNAc with an (M-H)-

average mass calculated to be 1,878.6 Da, plus Ac (calcu-
lated average mass of m/z 1,920.7) or PEA (calculated aver-
age mass of m/z 2,001.7). In the spectrum of 7880 (Fig. 5C),
OS related peaks were observed at m/z 1,637.0 and 1,758.4,
which are consistent with fragment ions for three Hex plus
the inner core and either one (calculated m/z 1,636.4) or
two PEA groups (calculated m/z 1,759.4), respectively.

In addition to the prominent LA fragment ions at m/z
1,836, 1,713, and 1,515, less abundant peaks were observed,
which are consistent with the additional loss of P or H3PO4

(98 Da), for example, in Fig. 5A at m/z 1,634.1 (m/z 1,713.2–
80.0 Da) and 1,417.2 (m/z 1,514.9–98 Da) and in Fig. 5B at
m/z 1,737.9 (m/z 1,836.2–98 Da). Notably, the relative abun-
dances of the Y-type fragment ions for LA at m/z 1,515,
1,713, and 1,836 in the spectra of strains GC56, DOV,
7880, and 7889 differed dramatically for the four strains
as shown in Fig. 5. The peaks for the diphosphoryl hexaacyl
(m/z 1,713) and pentaacyl (m/z 1,515) LA fragment ions
are the most prominent peaks in the spectrum of the gono-
coccal GC56 LOS as shown in Fig. 5A, whereas these peaks
are much less prominent in the spectra of the meningo-
coccal 7880 and 7889 LOS in which the ions at m/z 1,836

for the diphosphoryl LA with a single PEA group are the
most abundant.

Cytokine induction by THP-1 cells
Given the variability of the relative ion abundances of

the LA fragment ions, we next determined whether this
variability affected the bioactivity of the LOS by measuring
the proinflammatory cytokine response of THP-1 monocytic
cells to LOS from the four strains. As shown in Fig. 6A, LOS
from the strains induced the production of significantly dif-
ferent concentrations of TNF-a, IL-1b, and IL-6 from THP-1
cells (P , 0.01 for all cytokines). The highest concentration
of all three cytokines was in response to 7889 LOS, which
was the LOS with the greatest relative ion abundance ratios
for both 1,836/1,515, and 1,836/1,713 (Fig. 6B). In contrast,
the weakest inducer of all three cytokines was GC56 LOS,
which also had the lowest relative ion abundance ratios.
LOS from strains 7880 and DOV were intermediate between
7889 and GC56 in cytokine induction and relative abun-
dance ratios. Fig. 6C, D illustrate the linear relationship be-
tween the relative ion abundance ratios and the level of
TNF-a production by THP-1 cells. Linear regression ana-
lyses of these data revealed a significant positive correlation
between the two values (r5 0.902, P, 0.001 for 1,836/1,515;
r 5 0.907, P , 0.001 for 1,836/1,713). Similar significant
positive correlations were found for IL-1b and IL-6 (results
not shown).

DISCUSSION

Among the recognized virulence factors involved in
the pathogenesis of Neisserial infections, LOS is a major
inducer of the proinflammatory cytokine response to the
organisms (6). Our previous work and that of others has
shown that the LA portion of Neisserial LOS is the bio-
active component (6, 10–13). Several studies have shown
with the use of mutational or enzymatic alterations of LOS
that structural modifications of Neisserial LA result in sub-
stantial differences in biological potency (11–14). In this
report, we demonstrate that MALDI mass spectrometry of
native LOS provides a more thorough analysis of LA struc-
tural variability than previous approaches. We found that
this strategy provides rapid profiling of the structural het-
erogeneity of native LOS and that the heterogeneity profile
correlates with the induction of proinflammatory cytokines
TNF-a, IL-1b, and IL-6 in THP-1 monocytic cells.

We found that the relative ion abundances for LA at
m/z 1,515, 1,713, and 1,836 differed dramatically among
strains. Thus, the LA expressed by these organisms exhibits
heterogeneity in acylation and phosphorylation, both of
which have been shown to influence the endotoxicity in
E. coli LPS (3). In particular, the spectrum of the LA from
GC56 contained a predominance of diphosphoryl hexaacyl
(1,713) and pentaacyl (1,515) ions, whereas the most abun-
dant ions from 7880 and 7889 LOS were the diphosphoryl
hexaacyl LA with a single PEA group (1,836). When the
data were analyzed in terms of ion abundance ratios of
1,836/1,515 or 1,836/1,713, a significant correlation was

TABLE 3. Masses of (M-H)- ions of HF-treated 7889 LOS

Experimental
(M-H)- Calculated 6 moiety

Calculated
(M-H)-

1,048.4 2LA, 2Hex, 2Kdo, 1PEA, 2CO2 1,047.9
1,169.2 2LA, 2Hex, 2H2O 1,171.0
1,210.6 2LA, 2Kdo, 1PEA, 2CO2 1,210.0
1,307.6 2LA, 2CO2 1,307.2
1,349.9 2LA 1,351.2
1,431.5 2LA, 1PEA, 2CO2 1,430.2
1,634.3 2OS 1,633.2
1,714.9 2OS, 1HPO3 1,713.2
2,766.8 2Kdo 2,765.2
2,808.0 1Ac, 2Kdo 2,807.3
2,847.6 1HPO3, 2Kdo 2,845.2
2,887.9 2Kdo, 1PEA 2,888.3
2,905.3 2HPO3 2,905.4
2,985.7a 2,985.4a

3,028.0 1Ac 3,027.5
3,067.8 1HPO3 3,065.4
3,108.9 1PEA 3,108.5
3,165.5 1Gly, 1PEA 3,165.5

Hex, hexose.
a Structure shown in Fig. 3B.
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observed between both ratios and the degree of proin-
flammatory cytokine induction. This suggests that the
abundance of these three structures is related to LOS
bioactivity; however, the individual contribution of each

structure to the cytokine responsiveness of THP-1 cells is
yet to be determined.

Studies of the physiochemical characteristics of LA from
the LPS of Gram-negative bacteria have concluded that

Fig. 4. Negative-ion MALDI TOF mass spectrum of LOS from O-deacylated N. meningitidis LOS strain 7889 in the linear mode (A) and
structure of theO-deacylated LOS derived from the current, previously published data, and the prototypical Neisserial LA (B). Themass of the
molecular ions atm/z 2,549.4 is in agreement with anO-deacylated LOSwith two P and two PEA substituents. The peak for the prompt fragment
ions for the O-deacylated diphosphoryl LA is at m/z 952.4. The asterisk in the spectrum indicates a peak for sodiated (M1Na-2H)- ions.
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there is a relationship between the three-dimensional
shape of LA and its bioactivity (34). This is most likely
the result of differences in the direct binding of different
shaped LA molecules to TLR4, MD2, CD14, and LBP (35,
36). The structural variables reported to influence the
three-dimensional conformation of LA are the length
and number of acyl chains, asymmetry of acyl groups,
and the number and distribution of negative charges owing
to the P groups. It is likely that the heterogeneity in acyla-
tion and phosphorylation of Neisserial LA effects three-
dimensional conformation and bioactivity similarly.

Herein is the first report that indicates that the predomi-
nant form of the LA in some gonococcal LOS, and more
specifically that from the wild-type strain 1291, is a diphos-
phoryl moiety that expresses a single PEA. In addition,
the MALDI analysis suggests that there could be a third
P group on the 1291 lipoidal moiety. The only peak ob-
served for loss of a fatty acyl group was that for loss of
hydroxylaurate, suggesting that this is evidence of hetero-
geneity rather than a product of prompt fragmentation
occurring in the mass spectrometer when the laser hits
the sample.

Originally, an extensive analysis of the LA of N. gonorrheae
was performed on monophosphoryl molecules (25). Our
previous MALDI and electrospray analyses of O-deacylated
LOS from other strains of N. gonorrheae indicated that the
LA was diphosphoryl (33), and a more recent report on
the 1291 LOS structure supported the presence of both a
mono- and diphosphoryl LA along with a less abundant
component, which was monophosphoryl and contained a
single PEA (23). However, analysis of a mutant strain of
1291 produced peaks for diphosphoryl LA Y-type fragment
ions with and without PEA on the reducing terminal P (23).

Previous electrospray analysis of O-deacylated LOS from
N. meningitidis 7889 was consistent with a composition con-
taining 2 Hex, 1 HexNAc, 2 Hep, 2 Kdo, and a diphos-
phoryl lipoidal moiety. The data were in agreement with
localization of PEA groups on either the OS or lipoidal
portion of the molecule (20). The prototypical LA from
meningococcal LOS is thought to be a diphosphoryl moiety
with nonstoichiometric substitution by PEA on the phos-

phates on both the reducing and nonreducing terminal
ends (13, 27).

The MALDI TOF analyses of the native N. meningitidis
7880 and 7889 LOS provide further evidence of a primary
diphosphoryl LAwith a single PEA substituent. Interestingly,
in the spectrum of 7889 there are several molecular ion
and fragment ion peaks that provide evidence of a triphos-
phoryl LA that has two PEA groups. In addition, the spec-
trum is consistent with the presence of two additional PEA
groups in the OS. Phosphorylation of the LOS is thought to
play a role in its biological activity. For example, meningo-
coccal strains with greater predominance of PEA substit-
uent on the O-6 of HepII were found to be more efficient in
binding complement component C4b than those containing
O-3 PEA groups and were more susceptible to complement-
mediated killing in serum bactericidal assays (37).

In addition to permitting the detection of groups, such as
the O-linked Gly or Ac, which could be lost in O-deacylation,
the spectrum of the native compared with the O-deacylated
7889 LOS produced a different profile of the phosphoryla-
tion. In the spectrum of the native 7889 LOS shown in
Fig. 2A, the majority of the molecular ions and the Y-type
LA fragment ions are consistent with a diphosphoryl LAwith
a PEA substituent. In contrast, in the spectrum shown in
Fig. 4A of the O-deacylated LOS the majority of the molecu-
lar ions and the Y-type LA fragment ions are consistent with
the presence of only the diphosphoryl LA. Only the small
molecular ion peak at m/z 2,672.4 and the Y-type fragment
ions at m/z 1,075.8 provide evidence of the presence of the
LA PEA in the O-deacylated spectrum. Comparisons of the
spectra of the native, HF-treated, and the O-deacylated 7889
LOS provide more complete structural information than
would be available from any one of them individually.

For our analyses, we used a sample preparation method
that was originally developed for negative-ion MALDI
analysis of acidic molecules and adapted for application
to MALDI of R-type LPS (16, 38). This technique employs
a thin-layer method for deposition of the matrix, which is
composed of a mixture of THAP with nitrocellulose (16).
The advantages of using methodology enabling the mass
spectral analysis of native LOS are illustrated by the data
presented, indicating that this procedure provides sys-
tematic profiling of naturally occurring mixtures of native
LOS from N. gonorrheae and N. meningitidis, and direct de-
tection of their significant structural heterogeneity (25, 39,
40). The technique enabled the detection of structural
heterogeneity in the LOS from different strains, which
correlated with differences in biological activity. There
have been several reports of MALDI analysis whereby
we (40) and others (41) analyzed native R-type LPS using
2,5-dihyroxybenzoic acid (DHB) as a matrix. However, we
have observed that MALDI analysis of intact LOS with the
THAP/nitrocellulose thin-layer matrix (16) has greater
sensitivity, thus permitting the analysis of smaller quantities
of sample. In addition, this method is significantly more re-
producible with less spot-to-spot variation in ion production.

LOS presents a variety of challenges for structural eluci-
dation being a complex, amphipathic, and highly charged
molecule, which is poorly soluble. In most analytical strate-

TABLE 4. Masses of (M-H)- ions of O-deacylated 7889 LOS

Experimental (M-H)- Calculated 6 moiety Calculated (M-H)-

952.4 2OS 952.0
1,031.8 2OS, 1HPO3 1,032.0
1,075.8 2OS, 1PEA 1,075.0
1,156.5 2OS, 1HPO3, 1PEA 1,155.0
1,333.9 2LA, 2Kdo, 2CO2 1,333.1
1,377.9 2LA, 2Kdo 1,377.1
1,554.0 2LA, 2CO2 1,553.3
1,597.3 2LA 1,597.3
2,329.8 2H3PO4, 2PEA 2,329.2
2,451.4 2H3PO4 2,452.3
2,531.4 2H2O 2,532.3
2,549.4a 2,550.3a

2,611.4 1HPO3, 2H2O 2,612.2
2,629.3 1HPO3 2,630.3
2,672.4 1PEA 2,673.3

a Structure shown in Fig. 4B.
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gies including our own, the LOS has been hydrolyzed or
chemically degraded in some manner (42). A potential
disadvantage of this type of approach is the loss of more
labile substituents, for example, sialic acid, which can be
cleaved by mild acid hydrolysis procedures used to cleave
the Kdo moiety linking the OS and LA. In the past, we

have O-deacylated the LOS to prevent losses from acid
hydrolysis and to increase solubility and detection in liquid
secondary ion (19, 43), electrospray, and MALDI mass
spectrometry (33).

Challenges in mass spectrometric analysis of mixtures
include the relationship between detection sensitivity and

Fig. 5. Negative ion MALDI-TOF spectra from m/z
1,200–2,200 of intact LOS from N. gonorrheae strains
GC56 (A) and DOV (B), and N. meningitidis strains
7880 (C) and 7889 (D). The 7889 spectrum derives
from Figure 2A and is presented for comparison. Al-
though there are three apparent LA peaks at m/z 1,515,
1,713, and 1,836 for the pentaacyl diphosphoryl LA,
hexaacyl diphosphoryl LA, and hexaacyl diphosphoryl
LA with an additional PEA, respectively, the relative
abundances of the peaks vary considerably in the spectra
of the different strains. In addition to these three peaks,
several other LA peaks can be observed in the spectra
such as m/z 1,738, which is likely due to prompt frag-
mentation with loss of H3PO4 (298 Da) from the ion
observed at m/z 1,836.2. Peaks for B-type fragment ions
for the OS can also be seen in the spectra that are con-
sistent with masses for intact LOS ions observed at
higher masses. Data are representative of three or more
independent MS analyses.
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molecular structure, and the occurrence of ion suppres-
sion (44). Differences in mass, charge, and polarity can
result in suppression of the signal of certain compounds.
In general, less polar molecules will suppress the signal
of more polar ones, and molecules of higher mass tend
to suppress the signal of those with lower mass, and the
degree of suppression can vary with concentration (44).
Using the THAP/nitrocellulose system, variation in the
sensitivity of detection of individual components of the
LOS or ion suppression is apparent. In a heterogenous
mixture of LOS molecules, the presence of additional phos-
phorylation would increase polarity and, therefore, the
susceptibility of those LOS molecules to ion suppression.
For example, the most prominent peaks in the spectra in
Figs. 1–3 represent the LA fragment ions, whereas the peaks
for the OS-containing B-type fragment ions, which should
be of similar abundance are much less prominent.

Previous quantitative studies of mixtures of biomole-
cules such as proteins and oligosaccharides have used
internal standards (45, 46). In this study, we used the en-

dogenous 1,836 ion peak present in all spectra as an inter-
nal calibrant to normalize the absolute peak abundances
in order to compare their variability between the spectra
of LOS deriving from different Neisserial strains. Using
this approach, we found significant correlations between
cytokine induction and the relative ion abundance ratios
of the LA fragment ions for three ion peaks. The MALDI
methodology used is simple to perform, enables analysis
of the native LOS, and has good sensitivity. Analysis of
the native LOS along with its chemically modified forms
yields a type of fingerprinting that can be used to assess
the impact of LOS structural heterogeneity on the induc-
tion of innate immune responses.

In conclusion, the data obtained suggests that some
heretofore unrealized structural heterogeneity in Neisserial
LOS exists and that the repertoire of heterogeneity in the
LA correlates with bioactivity. A more complete characteriza-
tion of the structural heterogeneity of Neisserial LOS is
warranted, particularly in the context of understanding the
innate immune responses to these molecules.

Fig. 6. Proinflammatory cytokine production by THP-1 cells in response to LOS from N. meningitidis and N. gonorrheae. A: Cells were chal-
lenged with 100 ng/ml of LOS for 18 h after, which TNF-a, IL-6, and IL-1b concentrations in the supernatants were determined using a
bead-based multiplex cytokine assay. The data are representative of three independent experiments. The bars represent the mean of trip-
licate data points and the error bars are 6 the standard deviation. B: Relative ion abundance ratios for LOS from N. meningitidis and
N. gonorrheae. C, D: Linear regression analyses of the relative ion abundance ratios of either 1,836/1,515 (C) or 1,836/1,713 (D) compared
with the production of TNF-a by THP-1 cells. The data used in these analyses derive from the TNF-a concentrations in A and the relative ion
abundance ratios in B.
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