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and lipopolysaccharide (LPS) of gram-negative bacteria. 
We are studying the lipid A of the pathogenic Neisseria that 
exclusively infect humans. Neisseria gonorrheae is the caus-
ative agent of gonorrhea that is a major cause of morbidity 
and is increasingly multidrug resistant but is asymptomatic 
in the majority of men and many women. Neisseria menin-
gitidis is the cause of meningococcal meningitis that causes 
sporadic outbreaks due to localized occurrence and case 
clusters and, in specific regions, as epidemics. However, N. 
meningitidis also lives as a commensal organism in the hu-
man nasopharynx of 8–20% of healthy individuals who are 
carriers of the bacteria.

A prototypical structure of LOS from N. meningitidis 
strain 89I is shown in Fig. 1. The meningococcal LOS has 
an oligosaccharide (OS) domain with 9–12 monosaccha-
rides consisting of two 3-deoxy-D-manno-2-octulosonic acid 
(Kdo) and two L-glycero-D-manno-heptose (Hep) moi-
eties, with one or more glucose (Glc), galactose (Gal), and 
N-acetylglucosamine (GlcNAc) monosaccharides. There 
also are nonstoichiometric substitutions of the OS with si-
alic acid [N-acetylneuraminic acid (Neu5Ac)], acetate, gly-
cine, and phosphoethanolamine (PEA or pEtN), which 
affect the biology of N. meningitidis (1–5). The OS domains 
are antigenic and some mimic human glycolipids and gly-
cosphingolipids (6, 7). In general, the OS moiety itself is 
not toxic, but there is evidence that the presence of some 
portions of the domain, particularly the Kdo and Hep moi-
eties, contribute to endotoxic inflammatory responses of 
LPS and the LOS of N. meningitidis (8–10).

The Neisserial lipid A domain has a largely conserved 
symmetrical hexa-acylated diglucosamine (GlcN) structure 
that is variously substituted with phosphate (P), pyrophos-
phate (PP), and pyrophosphoethanolamine (PPEA) and 
that has two to three P and one to two PEA moieties (Fig. 1). 
In studies to enable detailed structural analyses of the OS 
and of the lipid A domains of LOS and LPS, mild acid hy-
drolysis has been used for selective cleavage of the ketosidic 
bond between the OS and the lipid A, or methods em-
ployed for selective O-deacylation to remove O-linked fatty 
acids, or for both O- and N-deacylation of the lipid A. 
However, these chemical treatments can also hydrolyze bi-
ologically important labile moieties, such as the Neu5Ac, 
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The phosphorylation state and the number and length 
of acyl chains of the disaccharide are major factors affect-
ing the inflammatory and immunogenic properties of 
the endotoxic lipid A of the lipooligosaccharide (LOS) 

Predominant phosphorylation patterns in Neisseria 
meningitidis lipid A determined by top-down MS/MS

Constance M. John1,2, Nancy J. Phillips3, and Gary A. Jarvis1,2,*
1Center for Immunochemistry, Veterans Affairs Medical Center, San Francisco, CA, USA, 2Department of Laboratory Medicine, 
University of California, San Francisco, San Francisco, CA, USA, and 3Department of Pharmaceutical Chemistry, University of 
California, San Francisco, San Francisco, CA, USA

This article contains supplemental data.
* For correspondence: Gary A. Jarvis, Gary.Jarvis@ucsf.edu.

RESEARCH ARTICLE

https://doi.org/10.1194/jlr.RA120001014
https://crossmark.crossref.org/dialog/?doi=10.1194/jlr.ra120001014&domain=pdf&date_stamp=2020-10-27
http://orcid.org/0000-0002-7576-3702
http://www.jlr.org/cgi/content/full/ra120001014/DC1


1438 J. Lipid Res. (2020) 61(11) 1437–1449

acetate, glycine, and phosphoryl groups (11, 12), which has 
hampered the detection of these substituents and discern-
ment of their bioactivity.

We have adopted methods for top-down analysis of in-
tact LOS using MALDI-TOF MS/MS to better enable struc-
tural and quantitative determination. Using this approach, 
we have shown that lipid A from both N. meningitidis and N. 
gonorrheae is substituted to varying extents with PP groups 
and PPEA groups (12). Pyrophosphorylation of lipid A has 
also been reported in LOS from some other gram-negative 
bacteria (13). In studies using human monocytes, we found 
that greater abundance of lipid A phosphorylation and 
phosphoethanolaminylation was correlated with increased 
inflammatory potential of the intact LOS and the whole 
bacteria (12, 14–16). We also found that removal of all P 
groups from Escherichia coli O55:B5 LPS and N. meningitidis 
89I LOS by hydrogen fluoride treatment significantly re-
duced inflammatory signaling in human monocytic cells 
(14).

The reducing terminal 1-position P on lipid A is present 
as a consequence of the LpxH-mediated cleavage of the 
lipid A precursor originally formed from UDP-GlcNAc. 
The enzyme LpxK transfers P from ATP to the 4′-position 
on the nonreducing terminal GlcN during lipid A 
biosynthesis.

EptA (previously termed LptA) is the ethanolamine 
transferase that transfers PEA from phosphatidylethanol-
amine to lipid A (17). The expression of eptA by the patho-
genic Neisseria has been found to be strain variable. It is 
translationally regulated by phase variation in the open 
reading frame and its stabilization by oxidoreductases, and 

is transcriptionally regulated by the PmrA/PmrB two-
component system that is responsive to pH, the concen-
tration of Mg2+, Fe2+, and Al2+, and cationic antimicrobial 
peptides. In addition, eptA is subject to indirect regulation 
by the PhoP/PhoQ two-component system (18–20).

Functional orthologs of lpxT, which encodes an enzyme 
that transfers P to the 1-position of bis-phosphoryl lipid A, 
have been identified in gram-negative species, including E. 
coli, Salmonella enterica, and Pseudomonas aeruginosa (21–23) 
but not in Neisseria, despite its expression of pyrophospho-
ryl lipid A. There is evidence in E. coli that the P-specific 
transport system regulates expression of lpxT, and recent 
data show that its activity in P. aeruginosa is increased by 
higher concentrations of magnesium (22, 24). Very little is 
known about the control of pyrophosphorylation in N. 
meningitidis and N. gonorrheae, but our data showing stable 
strain-specific phosphoryl substitution of the lipid A indi-
cates that there is some type of strain-variable regulation 
(12, 15, 25).

The mechanism that leads to an increase in inflamma-
tory signaling with more pyrophosphorylation of meningo-
coccal lipid A is also unclear. Potential mechanisms that 
have been proposed include lessening of the effect of the 
net ionic charge of the lipid A with pyrophosphorylation 
due to coulombic repulsion or that pyrophosphorylation 
could affect an unrelated aspect of the bacteria that is im-
portant in its survival, such as outer membrane stability 
(26). Crystallography has revealed that basic amino acids of 
the extracellular toll-like receptor 4 (TLR4)/MD-2 com-
plex bind to 1- and 4′-position P moieties of bis-phosphoryl 
lipid A and facilitate TLR4/MD-2 dimerization that leads 

Fig. 1. Illustration of the LOS from 89I showing an OS moiety with a composition of two Hep, two Kdo, two GlcNAc, two Gal, two Glc, PEA, 
OAc, and Neu5Ac. The lipid A shown has a reducing terminal PP moiety and a PPEA moiety on the nonreducing terminus.
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to intracellular signaling via MyD88-dependent and -inde-
pendent pathways (25, 27–29). It has been shown that the 
meningococcal LOS and lipid A induce TLR4/MD2 signal-
ing by both intracellular pathways (15, 30). However, the 
relative ability of specific highly phosphorylated lipid A 
molecules to induce intracellular signaling by the two path-
ways or to interact with amino acids in the TLR4/MD-2 
complex is unknown.

Intracellularly, the LOS of N. gonorrheae recognizes and 
activates inflammasomes, which are intracellular pattern-
recognition receptor signaling effectors (31). When acti-
vated, the canonical NLRP3 inflammasome induces the 
secretion of IL-1 and IL-18 as well as pyroptotic cell death. 
In monocytes and epithelial cells, LPS activates inflamma-
somes by binding to and activating human caspase-4 and 
caspase-5 (32, 33).

There is a body of evidence that shows phosphoethanol-
aminylation of the lipid A of LOS uniquely affects its bioac-
tivity by reducing the net negative charge of lipid A. The 
presence of a PEA on lipid A confers resistance to media-
tors of innate host defense including endogenous and ex-
ogenous cationic antimicrobial peptides such as polymyxin 
B. In meningococci, phosphoethanolaminylation of lipid A 
increases resistance to complement-mediated killing by 
normal human serum (34–37). The presence of PEA on 
lipid A has also been found to enhance adhesion of unen-
capsulated meningococci to human endothelial and epithe-
lial cells (38). Our previous studies have shown that most 
nonpathogenic commensal Neisseria spp. express bis-phos-
phoryl lipid A lacking both phosphoethanolaminylation 
and pyrophosphorylation and do not express a functional 
eptA gene. We also found that bacteria and LOS produced 
by a knockout strain of N. meningitidis 7946 lacking eptA ex-
pression had reduced inflammatory potential (16).

There is evidence that the localization of phosphoryl 
groups on the 1-position compared with the 4′-position of 
the nonreducing terminal GlcN is a determinant of the  
inflammatory potential of lipid A from some species of 
gram-negative bacteria (39–41). For example, the human 
commensal Bacteroides thetaiotaomicron expresses penta- 
acylated lipid A with a single P on the 1-position and is a hu-
man TLR4 agonist, whereas the penta-acylated lipid A from 
the pathogenic Porphyromonas gingivalis has a single P on 
the 4′-position, but does not induce human TLR4 signaling 
(42). Furthermore, penta-acylated lipid A from mutant 
forms of monophosphoryl E. coli with a 1-P is more immu-
nostimulatory than the same lipid A with a 4′-P (39). Re-
sults showing that a bis-P hexa-acylated lipid A from Erwinia 
carotovora induced significantly more TNF- in human pe-
ripheral blood mononuclear cells compared with the hexa-
acylated lipid A with only a 4′-P were also indicative of the 
greater inflammatory potential of P on the 1-position (43).

The significance of lipid A phosphorylation, its localiza-
tion, and inflammatory potential are well illustrated by mo-
nophosphoryl lipid A (MPLA), which is a modified 
hexa-acylated form of lipid A from Salmonella minnesota 
with only a single 4-P that has immunostimulatory activity 
but much less inflammatory potential than the wild-type 
bis-phosphoryl lipid A that also has a 1-position P. Unlike 

bis-phosphoryl lipid A, it was shown that MPLA engages the 
TLR4-MD2 complex, but this results in downstream activa-
tion of the TRIF-TRAM signaling pathway only without in-
ducing the MyD88-Mal pathway (41). MPLA has been 
successfully developed as an adjuvant in vaccines for hepa-
titis B, melanoma, and human papilloma virus (40, 41).

Although the localization of P substituents on lipid A 
clearly has been shown to be biologically significant, it has 
not been analyzed in lipid A from pathogenic Neisseria spp. 
Therefore, we undertook the analysis of the substitution of 
the 1- and 4′-position of lipid A with P and PEA using the 
techniques that we have adopted for top-down analysis of 
intact LOS using MALDI-TOF MS/MS (44). In this ap-
proach molecular ions of intact LOS were produced and 
readily underwent a type of in-source decay that occurs at 
the sample surface in a few pico- to nanoseconds before or 
during desorption, to give gas phase fragments from cleav-
age of the labile ketosidic linkage. This enabled collision-
induced dissociation (CID) of lipid A fragment ions formed 
by in-source decay to obtain MS/MS spectra that represent  
pseudo-MS3 analyses. Ion mobility spectrometry (IMS) was 
used to cleanly select parent ions of a lipoidal nature for 
the MS/MS (IMS-MS/MS) using a Synapt G2 high-defini-
tion mass spectrometer (HDMS). We analyzed LOS from 
meningococcal strains that produced the hexa-acylated 
lipid A that is characteristic of most Neisseria spp. and LOS 
from a naturally occurring lpxL1 mutant strain that pro-
duced a penta-acylated lipid A, which, being inherently 
asymmetrical, facilitated the unambiguous identification 
of fragment ion peaks as being of reducing terminal or 
nonreducing terminal origin. Examination of the spectra 
from the hexa-acylated and penta-acylated lipid A revealed 
that several patterns of phosphoryl substitution on the lipid 
A could be detected with specific species predominating. 
Our results reveal the structural complexity due to hetero-
geneity in phosphorylation of the meningococcal lipid A 
and highlight the need for complete structural analyses to 
accurately decipher the relationship between the structure 
of lipid A and its bioactivity and inflammatory potential.

MATERIALS AND METHODS

Bacterial strains and LOS preparation
N. meningitidis serogroup C strain 89I is a clinical isolate that 

has been described previously (25, 45). N. meningitidis serogroup 
B strain 701 and serogroup Y lpxL1 mutant strain 399 are isolates 
from throat cultures of carriers of N. meningitidis without disease, 
and serogroup B isolate 90/90 is from an infected person ob-
tained during a serogroup B vaccination trial in Norway (46–48). 
We have recently characterized the LOS from a large sampling of 
invasive and carrier Norwegian strains of N. meningitidis in order 
to correlate clinical outcomes with LOS structural features (5). 
LOS from all strains was extracted and purified by a modification 
of the hot phenol-water method (49, 50).

Preparation of intact LOS for analysis by MALDI-TOF MS
As we have previously reported, intact LOS was deposited on a 

prespotted matrix layer for MALDI-TOF MS (12, 14, 16, 51). The 
matrix was prepared by mixing a 3:1 (v/v) ratio of a solution of 
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2′,4′,6′-trihydroxyacetophenone (200 mg/ml in methanol; Sigma-
Aldrich) with a solution of nitrocellulose transblot membrane (15 
mg/ml in acetone/isopropanol, 1:1; Bio-Rad) that produced 
thicker matrix layers than in the original protocol (52) optimized 
for analysis on the Synapt G2 HDMS. Aliquots of the matrix solu-
tion (1 l) were spotted on a stainless-steel sample plate and air 
dried. Intact LOS (4–10 mg/ml) was suspended in methanol/
water, 1:3, containing 5 mM EDTA, and aliquots were desalted 
with a few cation-exchange beads (Dowex 50WX8-200) that had 
been converted to the ammonium form. Desalted LOS solutions 
were mixed 9:1 (v/v) with 100 mM dibasic ammonium citrate, 
and 1 l aliquots were deposited on the dried matrix spots and 
air dried.

Negative-ion MALDI-TOF MS analyses of intact LOS
MALDI-TOF MS was performed in an instrumental “sensitivity 

mode” on a Synapt G2 HDMS (Waters Corporation, Manchester, 
UK) equipped with a Nd:YAG laser set to 355 nm wavelength with 
a 200 Hz firing rate. The sensitivity mode employs broader selec-
tion conditions that are designed to optimize sensitivity. Spectra 
generally were acquired for 1–2 min, with a scan of 1.0 s and 
cycle time of 1.024 s. MassLynx 4.1 software was used to digitally 
smooth and correct the baseline of spectra. Calibration was per-
formed with masses of the monoisotopic (M-H) ions for bovine 
insulin at m/z 5,728.5931, insulin B-chain at m/z 3,492.6357, renin 
substrate at m/z 1,756.9175, and angiotensin II at m/z 1,044.5267 
(all from Sigma-Aldrich). The isotopically resolved peaks are 
labeled with their monoisotopic masses (12C-only containing 
species).

Negative-ion IMS-MS and IMS-MS/MS analyses of intact 
LOS

IMS was performed on a Synapt G2 HDMS equipped with a 
T-wave ion mobility cell (Triwave™) (53, 54), operating in MALDI 
mode. The T-wave device consists of three cells; a Trap cell, an 
IMS cell, and a 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 650–250 m/s. Typically, the 
T-wave mobility 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 analysis of lipid A fragment ions in IMS-MS/MS experi-
ments, collision energy was applied in the Transfer cell following 
IMS, at values ranging from 50 to 90 V, depending on the analyte. 
The Transfer cell contained argon as the collision gas. A T-wave 
variable wave velocity of 1,100–200 m/s was used. Precursor ions 
were selected with instrument LM and HM resolution settings of 
4.7 and 15.0, respectively. Two-dimensional IMS spectra were 
viewed using DriftScope 2.1 software, and selected spectral re-
gions were exported to MassLynx with retention of drift time in-
formation for generation of mobilograms and subspectra. The 
nomenclature used in labeling the fragment ions is presented in 
Fig. 2.

RESULTS

Analyses by IMS-MS/MS
All MS/MS spectra presented were produced using IMS 

resolution of plumes of intact LOS ions from plumes of 
fragment ions of lipid A and OSs. The value of the IMS 
resolution (Fig. 3A, B) is illustrated (Fig. 3C). For example, 

the peak for lipid A fragment ions at m/z 1,555.01 can be 
completely resolved from the base peak in the spectrum for 
the OS fragment ions at m/z 1,554.53. The clean separation 
afforded by IMS enabled more unambiguous identification 
of fragment ions in the IMS-MS and MS/MS spectra.

Phosphorylation states of hexa-acylated and penta-
acylated lipid A from meningococcal LOS

In our MALDI-TOF MS (non-IMS) of fragment ions 
from lipid A of hexa-acylated or penta-acylated intact LOS 
from N. meningitidis produced by in-source decay, we de-
tected five main types of molecules in terms of phosphoryl 
compositions (Fig. 4A and B, respectively). Specifically, 
prominent peaks for fragment ions produced by in-source 
decay were observed for hexa-acylated and penta-acylated 
lipid A molecules with: i) 3P PEA at m/z 1,915.17 and m/z 
1,732.96; ii) 2P PEA at m/z 1,835.20 and m/z 1652.99; and 
iii) 3P at m/z 1,792.15 and m/z 1,609.95. Prominent peaks 
were also observed at m/z 1,737.25 and at m/z 1,555.01 due 
to the facile loss of 2P (H4P2O7, 177.94 Da) from 3P PEA 
lipid A, which is consistent with previous observations of 
this fragmentation in MS/MS analyses of lipid A (13). Ions 
for the most highly phosphorylated 3P 2PEA lipid A at m/z 

Fig. 2. The origin and nomenclature used for glycosidic and 
cross-ring fragment ions of the lipid A that are observed in MS/MS 
or MSn analyses. As indicated, fragment ions with charge retention 
on the nonreducing terminus are termed A-, B-, or C-type ions, 
whereas fragment ions with charge retention on the reducing termi-
nus are X-, Y-, or Z-type ions. B-, C-, Y-, and Z-type ions arise from 
glycosidic bond cleavages, whereas A- and X-type fragments are 
cross-ring cleavages. Fragment ions of the B- and C-type differ by 18 
Da (water), as do Y- and Z-type fragments. In the nomenclature used 
for cross-ring fragment ions (A- and X-type), the atoms that were 
forming the broken bond are included in the name. For example, 
as shown, 0,4A ions result from cleavage of the bond between the 
glycosidic oxygen (0) and the first carbon (1), and the fourth (4) 
and fifth (5) carbon on the glycosidic ring. This nomenclature is 
widely used in MS analyses of carbohydrates and was first proposed 
by Domon and Costello (57).
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2,038.26 and 1,855.97 were in low abundance and, for 
this reason, were not subject to further analysis by MS/MS. 
There were no significant peaks for lipid A with 2P 2PEA 
substitution in either spectrum, which was previously  

reported as the major phosphoform of meningococcal 
lipid A in a different strain of N. meningitidis (55). These 
data (Fig. 4) and our previous MS analyses indicate that, in 
terms of phosphoryl groups, the biosynthesis of Neisserial 

Fig. 3. Analysis of intact LOS from N. meningitidis 
strain 399 by MALDI-TOF MS with IMS. The two-di-
mensional plot of the IMS data (DriftScope heat map) 
shows as indicated the clean resolution of the ion 
plumes for the intact LOS (M-H) ions from fragment 
ions of OS and lipid A produced from in-source decay 
(A). Circled regions were selected, and the data were 
exported to MassLynx with the drift time retained to 
create the corresponding mobilograms (B). The spec-
tra of the extracted LOS (M-H) ions and OS and lipid 
A ions are shown (C). The MALDI-TOF MS produced 
baseline separation of peaks differing by 1 Da, and the 
masses presented are monoisotopic masses of isotopi-
cally resolved peaks of 12C-only-containing molecules.

Fig. 4. Negative-ion MALDI-TOF (non-IMS) spectra of intact LOS from N. meningitidis strain 90/90 (A) and 
strain 399 (B), which is a lpxL1 mutant strain, showing regions containing peaks for lipid A fragment ions 
produced by in-source decay. In the spectrum of 90/90 LOS (A) peaks for hexaacylated lipid A fragment ions 
with three P and two PEA groups can be observed at m/z 2038.26. Analogous peaks with three P and two PEA 
groups can be observed in the spectrum of 399 LOS (B) for penta-acylated lipid A that is lacking a laurate 
group on the nonreducing terminal glucosamine at m/z 1,855.97. More prominent peaks can be observed for 
fragment ions of lipid A with either two or three Ps and a single PEA moiety and three Ps. The prominent 
peaks at m/z 1,737.25 (A) and 1,555.01 (B) are most likely due to the facile loss of H4P2O7 from fragment ions 
at m/z 1,915.17 and 1,732.96, respectively, for lipid A with three P substituents and one PEA substituent. Peaks 
denoted with asterisks represent sodiated fragment ions (M-H2+Na). The peak at m/z 2,085.77 labeled in 
blue-colored font (A) is from OS fragment ions.
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LOS results in a mixture of lipid A molecules. We have 
found that increased fragmentation of P and PEA groups 
can occur in MALDI-TOF MS with increased laser power, 
and, therefore, we kept it as low as possible (5, 44).

IMS-MS/MS of hexa-acylated and penta-acylated 3P PEA 
lipid A

The fatty acid substitution of hexa-acylated lipid A from 
N. meningitidis is symmetrical. Therefore, it is not possible 
to unambiguously distinguish nonreducing terminal C- or 
B-type ions from reducing terminal Y- or Z-type ions, 
respectively, due to their identical compositions. Penta- 
acylated lipid A molecules from the lpxL1 isolates lack the 
lauric acid moiety linked to the -3 hydroxy-N-myristate 
moiety on the nonreducing terminal glucosamine and, 
thus, are inherently asymmetrical (5, 56). The relative 
abundances of ions in the spectra in Fig. 4 for penta- and 
hexa-acylated lipid A molecules with the same phospho-
ryl compositions are similar, which indicates that the 
phosphorylation state of the hexa-acylated and the penta-
acylated lipid A molecules is similar. Therefore, to de-
termine the localization of phosphoryl groups, we acquired 
and examined spectra from IMS-MS/MS of asymmetri-
cal penta-acylated lipid A ions to inform our interpreta-
tion of IMS-MS/MS spectra of the symmetrical hexa- 
acylated lipid A.

Separation of ions in IMS depends on molecular size, 
shape, and charge. The mobilogram (Fig. 5B) illustrates 
the clean separations that we obtained of OS and lipid A 
fragment ions upon selection of lipid A ions at m/z 1,915.1 
for CID. Traveling ahead of the lipid A species, the frag-
ment ions at m/z 1,924.64 appearing in our selection win-
dow (Fig. 5C) are consistent with 43.99 Da (CO2) from 
OS fragment ions at m/z 1,968.6 corresponding to a com-
position of two Hep, two Kdo, HexNAc, three Hex, PEA, 
OAc, and Neu5Ac that was previously reported (5). Frag-
ment ion peaks in accord with this assignment can be ob-
served at m/z 1,704.80 for Kdo (220.06 Da), at m/z 
1,633.57 for Neu5Ac (291.10 Da), and at m/z 1,413.46 
for loss of both Kdo and Neu5Ac. These otherwise interfer-
ing OS fragment ions are completely resolved from the 
lipid A fragment ions of interest using IMS-MS/MS.

We acquired and analyzed negative-ion IMS-MS/MS 
spectra from CID of lipid A fragment ions produced by 
in-source decay of LOS from strain 89I (Fig. 5D), strain 
701 (Fig. 5G), and the penta-acylated lpxL1 mutant 
strain 399 (Fig. 5H). The peaks for 3P PEA lipid A ions 
at m/z 1,915.1 (arrow, Fig. 5D, G) and m/z 1,733.0 (arrow, 
Fig. 5H) were subject to CID. In the MS/MS spectra, 
there are prominent peaks formed by losses of P and 
PEA and/or fatty acids as well as peaks for Y- and B-type 
fragment ions of the GlcN. The labeling of the glucos-
amine fragment ions in the spectra and corresponding 
structures (Fig. 5A, E, F, I) are based on the classifica-
tions of Domon and Costello (57).

Color-coding was used to associate fragment ions with 
the structures of the molecules proposed to be the source 
of fragment ions. For example, red-colored font in the la-
bels for the m/z values of fragment ions in the spectra is 

indicative of ions that were uniquely consistent with the 
red-colored molecule (Fig. 5A) having 2P on the reducing 
terminus and a P PEA substituent on the nonreducing ter-
minus. The green boxes shown around the m/z values of 
the fragment ions on the structures and in the spectra 
(Figs. 5–7, supplemental Fig. S1) indicates these were spe-
cific for penta-acylated lpxL1 mutant lipid A molecules with 
the same phosphoryl substitution pattern but lacking the 
laurate groups that are drawn in green on the structures.

There are prominent peaks for fragments of the (M-H) 
ions that lost P (79.97 Da), PEA (123.01 Da), 2P, and P PEA 
in all three spectra of lipid A (Fig. 5D, G, H). In addition, 
fragment ions due to loss of O-linked acyl chains are ob-
served. Hexa-acylated Neisserial lipid A (Fig. 5A, E, F, I) 
has two O-linked laurate (C12:0) and two 3- hydroxylau-
rate (C12:0 3-OH) groups, which can be cleaved as alkane 
carboxylic acids (200.18 and 216.17 Da) or alkyl ke-
tenes (182.17 and 198.16 Da), respectively.

The base peaks in the MS/MS spectra were observed at 
m/z 1,737.2 (Fig. 5D, G) and at m/z 1,555.0 (Fig. 5H) due 
to the facile loss of H4P2O7 molecules, as observed in the 
MS spectra above (Fig. 4A, B). The second most promi-
nent peak in each of the lipid A spectra is for Y-type frag-
ment ions at m/z 944.5. Nonreducing terminal B-type ions 
at m/z 969.5 and m/z 787.5 were also relatively prominent 
in the spectra of the hexa-acylated (Fig. 5D, G) and penta-
acylated (Fig. 5H) lipid A, respectively. The other less 
abundant Y-type fragment ions observed were at m/z 
1,067.57 for fragment ions with 2P PEA substituents on the 
reducing terminus in the spectra of strains 701 and 399 
(Fig. 5G, H).

Although less prominent than the peaks observed for 
the Y-type fragment ions, there were observable peaks for 
nonreducing B-type ions corresponding to all four of the 
proposed structures for the variously phosphorylated hexa-
acylated lipid A (Fig. 5A, E, F, I). Peaks at m/z 1,049.5, 
969.6, 926.5, and 846.6 for B-type ions represent structures 
with nonreducing terminal 2P PEA, P PEA, 2P, and P sub-
stituents, respectively (Fig. 5D, G). The presence of 2P PEA 
groups on the lipid A was indicated by the low mass peaks 
in the three spectra for 2P PEA at m/z 299.9 (Fig. 5D, G, H). 
The peak at m/z 846.6 for a lipid A with nonreducing termi-
nal P and reducing terminal 2P PEA was observed only in 
the spectrum of strain 701 (Fig. 5G). However, the pres-
ence of 2P PEA on the reducing terminus was also sup-
ported by the Y-ion peaks at m/z 1,067.6 in the spectrum of 
strains 701 and 399 (Fig. 5G, H).

The most prominent peaks for B-type ions of hexa-acyl-
ated lipid A were at m/z 1,049.5 for nonreducing terminal 
2P PEA fragment ions. The next most prominent were 
peaks at m/z 969.5 for P PEA on the nonreducing terminus 
(Fig. 5D, G). B-ions for nonreducing terminal hexa-acyl-
ated lipid A molecules with 2P substituents at m/z 926.6 
were less abundant. Even fewer ions were detected at m/z 
846.6 for molecules with a single nonreducing terminal 
P substitution. Thus, the relative prominence of peaks 
for B-ions appeared to be at least partly due to differences 
in the capacity for negative-ion charge retention on the 
nonreducing terminus.
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Only a few peaks for ions formed by cross-ring fragmen-
tation were detected. These were for 0,4A2-type nonreduc-
ing terminal fragment ions of hexa-acylated lipid A at m/z 
1,029.5 (Fig. 5D, G) and for the analogous 0,4A2-type ions 
of the penta-acylated lipid A at m/z 847.5 (Fig. 5H). The 
peaks for the 0,4A2-type and nonreducing terminal B-type 
fragment ions in the MS/MS spectra provided more evi-
dence for reducing terminal substitution with P, 2P, and 
P PEA relative to 2P PEA. However, peaks for some cor-
responding Y-type reducing terminal ions were not ob-
served. Thus, observation of B-type ions was critical in 
establishing the presence of the variously phosphorylated 
lipid A molecules.

In the MS/MS spectrum of the penta-acylated 3P PEA lipid 
A (Fig. 5H), there were significant peaks for nonreducing 

terminal B-type ions with the most abundant ions for 2P 
PEA groups at m/z 867.4, which corresponded to the most 
prominent peaks for B-type ions of hexa-acylated lipid A at 
m/z 1,049.5. B-type fragment ions with P PEA groups at m/z 
787.5 were less abundant. The smallest peak was at m/z 
744.4 for B-type fragment ions with 2P substitution. The 
spectrum of the penta-acylated lipid A lacked a significant 
peak for B-type ions with a single P group, analogous to the 
least abundant of the B-type ions of the hexa-acylated lipid 
A at m/z 846.6 (Fig. 5G). In the negative ion spectra, charge 
retention would be expected to increase on termini with 
more P groups, and this would increase the relative abun-
dance of corresponding Y- or B-type ions generally. Overall, 
the relative abundance of B-type ions in the three MS/MS 
spectra of 3P PEA lipid A indicated that the nonreducing 

Fig. 5. Structures A, E, F, and I are in accord with the lipid A fragment ions detected in the negative-ion MALDI-TOF IMS-MS/MS spectra 
presented of fragment ions of 3P PEA lipid A at m/z 1,915.1 (arrows) from intact LOS of strain 89I (D), of strain 701 (G), and at m/z 1,732.9 
(arrow) from the 399 lpxL1 (H) mutant strain. The major fragment ions of lipid A that are informative regarding the localization of phos-
phoryl groups are labeled and shown on the spectra and related structures. Peaks for fragment ions due to cleavage of more than one bond 
are labeled in the spectra with notations for the multiple mechanisms. Colors that are used for the fonts designating the m/z values and the 
type of fragment ions observed are the same as the color of the structure that we propose produced the fragment ions. Each of the structures 
illustrated is designed to represent the phosphoform of both the hexa-acylated and the penta-acylated lipid A. The green-colored laurate that 
is shown on each of the structures is that which is lacking in lipid A of the lpxL1 mutant strain 399. The green boxes around masses of frag-
ment ions on the structures and in the spectrum of the 399 lipid A (H) are used to identify the fragment ions arising from the penta-acylated 
lipid that is lacking the green-colored laurate. The CID was performed in the Transfer region of the Triwave device after IMS separation and 
the MS/MS spectra were selected from two-dimensional plots, as illustrated for strain 701 in the panel (B), which presents the total ion mobi-
logram above the plot of IMS-MS/MS data. The instrumental sensitivity mode that was used permitted the transmission of interfering OS 
fragment ions in the selection window (C), but these were easily resolved from lipid fragment ions by IMS.
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termini were more highly phosphorylated, particularly 
with PEA groups, compared with the reducing termini.

IMS-MS/MS of hexa-acylated and penta-acylated 2P PEA 
lipid A

In MS/MS spectra of the 2P PEA lipid A at m/z 1835.2 
from strain 89I (Fig. 6A) and strain 701 (Fig. 6B) and at 
m/z 1653.0 from the lpxL1 mutant 399 strain (Fig. 6D), 
fragment ions provided evidence for nonreducing termi-
nal P PEA and 2P PEA substitution, with one or no P on 
the reducing terminus, respectively. Lipid A ions at m/z 
1,835.2 (arrow, Fig. 6A, B) and m/z 1,653.0 (arrow, Fig. 
6D) were subjected to CID. There were prominent peaks 
observed for losses of P and PEA and/or fatty acids and 
for B- and 0,4A2-type fragment ions with nonreducing 
terminal P PEA substituents at m/z 969.6 and 1,029.6 in 
the spectra of the hexa-acylated lipid A (Fig. 6A, B) and 
at m/z 787.4 and 847.4 in the spectrum of the penta- 
acylated lipid A (Fig. 6D). Less prominent peaks were ob-
served for B-type ions with nonreducing terminal 2P PEA 
substituents at m/z 1049.58 (Fig. 6B) and 867.36 (Fig. 
6D) in the spectra of the hexa-acylated and penta-acyl-
ated lipid A, respectively. However, we did not detect 
ions consistent with P PEA substitution of the reducing 
terminus as indicated in the proposed structures (Fig. 
6C, E) despite the occurrence of peaks consistent with 
reducing terminal PEA in the MS/MS of the 3P PEA lipid 
A (Fig. 5). These findings indicate that the nonreducing 

terminus is more phosphoethanolaminylated than the 
reducing terminus of the lipid A.

IMS-MS/MS of hexa-acylated and penta-acylated 3P 
lipid A

In the spectra of the 3P lipid A from strain 701 (Fig. 7B) 
and the 399 lpxL1 mutant strain (Fig. 7D), peaks for both 
Y-type and B-type fragment ions were observed along 
with prominent peaks due to losses of phosphoryl sub-
stituents and/or fatty acids. Peaks for Y-type fragment 
ions were observed at m/z 944.6 and 864.6, which had 
only a single P substituent. Observation of the B-type 
ions on hexa-acylated lipid A at m/z 1,006.5, 926.6, and 
846.6 enabled localization of the 3P, 2P, and P groups 
on the nonreducing termini (Fig. 7B). The B-type frag-
ment ions of penta-acylated lipid A peaks at m/z 824.4 
and 744.4 revealed the presence of nonreducing termi-
nal 3P and 2P (Fig. 7D). The most abundant B-type frag-
ment ion peaks were at m/z 926.6 (Fig. 7B) and 744.4 
(Fig. 7D) that were consistent with the aqua-colored 
structure (Fig. 7A) with 2P on the nonreducing termini. 
Less prominent peaks were for nonreducing terminal 
B-type fragment ions with 1P or with 3P, which were ob-
served at m/z 846.6, consistent with the brown-colored 
structure (Fig. 7E), and at m/z 1006.5 (Fig. 7B) and 
824.3 (Fig. 7D), in accord with the novel 1-dephospho-
4′-trisphosphate structure shown in pink-color (Fig. 7C). 
The presence of the latter structure was also supported 

Fig. 6. Negative-ion MALDI-TOF IMS-MS/MS spectra of 2P PEA lipid A at m/z 1,835.1 (arrows) from intact LOS of 89I (A) and 701 (B) 
and of 2P PEA lipid A at m/z 1,653.0 from intact LOS of the 399 lpxL1 mutant strain (D). The major fragment ions of lipid A that are informa-
tive regarding the localization of phosphoryl groups are labeled and shown on the spectra and related structures. Peaks for fragment ions 
due to cleavage of more than one bond are labeled in the spectra with notations for the multiple mechanisms. Corresponding structures of 
lipid A are presented (C, E). The color coding and labeling schemes used here are the same as described in the legend of Fig. 5.
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by the observation of the triphosphate ions in both 
spectra at m/z 238.9 and 256.9.

IMS-MS/MS of hexa-acylated and penta-acylated 3P PEA 
lipid A that lost H4P2O7

Highly abundant lipid A ions were observed at m/z 
1,737.2 and 1,555.0 for hexa-acylated and penta-acylated 
lipid A, respectively, in spectra presented in Figs. 5–7. Anal-
yses of the negative-ion MS/MS spectra of these species 
(supplemental Fig. S1) revealed that there were no P 
groups on the reducing terminus. These species likely 
arose through a facile fragmentation process that pro-
duced loss of a highly stable H4P2O7 molecule (177.94 Da) 
from the reducing terminus of 3P PEA lipid A as previously 
described (13).

Composite of the phosphoforms of the meningococcal 
lipid A

The different molecular phosphoforms detected in our 
IMS-MS/MS analysis of the meningococcal lipid A are sum-
marized graphically in Fig. 8. We detected four isobaric 
phosphoforms of the largest 3P PEA lipid A that we investi-
gated. The most abundant of these phosphoforms had P 
PEA on the nonreducing terminus and 2P on the reducing 
terminus. Our analysis of the 3P PEA lipid A also revealed 
that 2P PEA groups could be localized on either terminus 
with a single P on the other terminus. Some of these forms 
were also detected lacking P or PEA.

Of the 3P forms, we found two isobaric molecules, one 
with 2P on the nonreducing and P on the reducing termi-
nus, and an additional motif with 3P on the nonreducing 

terminus without P substitution on the reducing terminus. 
We detected no evidence for 3P reducing terminal groups 
or for nonreducing termini without any P.

We did not detect molecules with PEA substituents in 
the absence of a P on the same terminus, and we did not 
detect phosphoforms with symmetrical substitutions. Over-
all, our data indicated that there was more phosphoryla-
tion of the nonreducing glucosamine moiety compared 
with the reducing terminus.

DISCUSSION

Our MALDI-TOF negative-ion MS/MS analyses of lipid A 
fragment ions of the Neisserial LOS that were produced by 
in-source decay revealed heterogeneous phosphoryl substi-
tution. MS/MS of 3P PEA lipid A fragment ions showed that 
P PEA groups could be localized on either the reducing or 
nonreducing terminus with greater phosphoethanolami-
nylation of the nonreducing terminus. This is suggestive of 
some type of regulated biosynthetic process, albeit through 
differences in regiochemistry that create greater enzymatic 
access to the nonreducing termini or through differences 
in enzymatic affinity for specific lipid A acceptor molecules. 
Our results show that the lipid A could be pyrophosphory-
lated on either the 1- or the 4′-position and that PEA could 
be localized on the pyrophosphoryl groups on either ter-
mini. Furthermore, we identified a novel 4′-triphosphoryl 
lipid A. In the only other report of a triphosphoryl substitu-
ent on lipid A, it was found to be localized on the 1-position 
in P. aeruginosa LPS (22).

Fig. 7. Structures(A, C, and E) corresponding to the lipid A fragment ions detected in the negative-ion MALDI-TOF IMS-MS/MS spectra 
of 3P lipid A at m/z 1,792.1 (arrow) from intact LOS of the 701 (B) strain and of 3P lipid A at m/z 1,609.9 from intact LOS of the 399 lpxL1 
mutant strain (D). The color coding and labeling schemes used here are the same as described in the legend of Fig. 5.
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A previous structural analysis of lipid A using ESI MS/
MS with transformation of Yersinia pestis to express either 
C-1 or C-4′ phosphatase enzymes, LpxE and LpxF, showed 
that there was more loss of acyl chains as alkyl ketenes com-
pared with alkane carboxylic acids with P at the 1-position 
rather than 4′-position (26). However, we could not use ob-
servation of differences in the abundance of these acyl 
chain fragments as a marker for localization of P on either 
terminus because we could not assign fragment ions as 
stemming from loss of acyl groups as alkane carboxylic acid 
or alkyl ketenes (18.01 Da). In our analysis, many frag-
ment ions that lost acyl groups also lost P or PEA groups, 
which produce ions differing by 18 Da due to cleavage as 
HPO3 (79.97 Da) and H3PO4 (97.98 Da) or C2H6NPO3 
(123.01 Da) and C2H8NPO4 (141.02 Da), respectively.

Interestingly, in the spectrum of the penta-acylated lpxL1 
mutant strain 399 (Fig. 5H) there were significant peaks 
for B1 ions observed at m/z 769.40 and 726.35 that had lost 
water from ions at m/z 787.39 and 744.37, respectively, ap-
parently through 2-bond cleavages. Similar losses of water 
from B1 ions were not observed in the spectra of the hexa-
acylated LOS (Fig. 5D, G). It is possible that these losses of 
water are related to the presence of a hydroxyl group on 
the N-linked laurate of the nonreducing terminal glucos-
amine in the lipid A from the LpxL1 mutant strain.

There are some differences in the reports regarding 
the effect of PEA substitution on the inflammatory po-
tential of lipid A. Our data regarding Neisserial LOS in-
dicate that PEA modification of the P and PP groups on 
the lipid A increases inflammatory signaling (12, 16). But 
it was reported that substitution of bis-phosphoryl hexa-
acylated lipid A with 4-position PEA had no effect on cy-
tokine induction in human monocytes stimulated with 
LPS from Plesiomonas shigelloides (58). Furthermore, the 
presence of 4-PEA on bis-phosphoryl hexa-acylated lipid 
A from Cronobacter sakazakii was shown to reduce NF-B 
signaling in HEK293 cells (59), and 1-position PEA and 
4-position aminoarabinose substitution of bis-phosphoryl 
hexa-acylated lipid A from S. enterica serovar Typhimurium 
also reduced inflammatory cytokine expression (60). Simi-
larly, expression of a 1-position PEA on hexa-acylated 
lipid A of Capnocytophaga canimorsus instead of a single 
1-position P decreased the NF-B signaling of the bacte-
ria in HEK293 cells (61). These differences in biological 

activity indicate that the effect of PEA on inflammatory 
signaling could be modulated by molecular interactions 
dependent on other structural features of the lipid A 
such as, for example, the extent and localization of pyro-
phosphoryl groups.

We previously reported that most nonpathogenic 
commensal Neisseria express only a bis-phosphoryl lipid 
A lacking both phosphoethanolaminylation and pyro-
phosphorylation (16). Furthermore, we have found that 
differences in the extent of phosphorylation of the lipid 
A can be correlated with occurrence of meningococcal 
meningitis alone, or of septicemia with or without men-
ingitis (5), which leads to higher mortality. Thus, we 
postulated that variability in phosphorylation of menin-
gococcal lipid A could be a pivotal factor capable of tip-
ping the balance of innate immune responses toward 
pro-inflammatory signaling or homeostatic tolerance and 
affecting adaptive immunity (62). Overall, we contend 
that the phosphorylation of lipid A may be an important 
determinant of pathogenicity in Neisseria spp. and is likely 
to play a role in maintenance of the commensal-like as-
ymptomatic infections with N. gonorrheae and carrier states 
of N. meningitidis.

In summary, we have demonstrated that IMS-MS/MS 
analysis with CID of lipid A fragment ions can be used to 
localize phosphoryl groups on the Neisserial lipid A. Our 
results reveal distinct patterns of substitution with P, PP, 3P, 
PPEA, and 2P PEA groups. Based on the data regarding 
the relationship between phosphorylation and bioactivity 
of lipid A, variation in the immunostimulatory and inflam-
matory potential of the Neisserial LOS are likely to be 
affected by differences between the nonreducing and 
the reducing terminal substituents on the lipid A. We can 
speculate based on data on other forms of lipid A that the 
increased PP and PPEA substitution on the 4′-position 
compared with the 1-position of the lipid A could tend to 
decrease the inflammatory potential of the highly endo-
toxic LOS. More information about these unusual modi-
fications, their bioactivity, and molecular interactions is 
needed to determine their role in the pathogenicity of me-
ningococcal infections. Better understanding of the nature 
of and basis for the lipid A structure-activity relationships 
also could enable the design of new molecules that act to 
modulate inflammatory signaling and innate immunity.

Fig. 8. An illustration using the mobilogram from 
Fig. 5B of our use of gas-phase separation with IMS-
MS/MS to analyze A-, B-, and Y-type lipid A fragment 
ions of LOS formed in MALDI-TOF MS by in-source 
decay. A suite of molecules with different phospho-
forms were detected that are represented on the lipid 
A structure using colored font to match reducing with 
nonreducing terminal phosphoryl substituents.
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