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List of Abbreviations

ACOH......cooiir acetic acid

AradN.......ccccoevvenenne 4-amino-4-deoxy-L-arabinose
BGE......ooiiiiii background electrolyte

C10:0.iiieececieine, decanoic acid or capric acid
C12:0.ciiiiiceiee dodecanoic acid or lauric acid
Cl4:0.ciiiiieeene, tetradecanoic acid or myristic acid

O3 tetradecenoic acid or unsaturated myristic acid
C10:0(3-OH) ............. 3-hydroxydecanoic acid or hydroxycapric acid
C12:0(2-OH) ............. 2-hdroxydodecanoic acid or hydroxylauric acid
C12:0(3-OH) ............. 3-hydroxydodecanoic acid or hydroxylauric acid
C14:0(3-OH) ............. 3-hydroxytetradecanoic acid or hydroxymyristic acid
CE.oeoeeeieceee capillary electrophoresis

CID..oovoiiiiieee, collision induced dissociation
DCM....oooiiiiii dichloromethane

EIE ... extracted ion electropherogram

ESL . electrospray ionization

EGN. triethylamine

FDA. ..., Food and Drug Administration

(€] (o] )N 2-amino-2-deoxy-D-glucopyranose

HPLC ..o high performance liquid chromatography
T ion trap

Kdo....oooeeiiiee 3-deoxy-D-manno-oct-2-ulosonic acid

LC e liquid chromatography

LPSS .o lipopolysaccharides

MALDI........ccevviiine matrix assisted laser desorption ionization

MS mass spectrometry

MS/MS ..., tandem mass spectrometry

MS™ multistage mass spectrometry

NACE ..o, non-aqueous capillary electrophoresis



OS e, oligosaccharide

Qe quadrupole

Qerrerrrenreere e collision cell

QAQ.iiieer triple quadrupole

Thl i, T helper cell type 1

TLC.oiieieeceee e thin layer chromatography

TLR4/MD-2................ toll-like receptor 4/myeloid differentiation factor 2
TOF..ie, time-of-flight

UVPD.....ccoovieire, ultraviolet photodissociation



1.
2.

3.
4.

Contents

INEFOAUCTION ...ttt st sttt ettt b e sttt na et ne e 8
[ ] = LB =T =AY 1 PR 9
2.1, LipPOPOIYSACCNAITAES. ....c.vervieinieuieiieieeieeie ettt st 9
2.1.1. Structure of lipopolySaCCANIAES .........coveeveeiecieieeee e 9
2.1.2. Recognition of lipid A by the innate immune receptor TLR4/MD-2............c........... 13
2.1.3. Chemical differences in the structural architecture of lipid A in Pseudomonas
BEIUGINOSA. 1..vveveeeeeteeteetesteeeeste et estesteebesteesaesseeseessesseeasesseeseestesseessassesssetessaensesteessensesseanes 15
2.1.4. Chemically modified natural and fully synthetic lipid A as monotherapeutics ........ 17
2.2. Mass Spectrometry in the analysis of lipid A .......cooeiine e 21
2.2.1. Negative ion mode mass spectrometry in the study of lipid A molecules................ 22
2.2.2. Positive ion mode mass spectrometry in the analysis of lipid A molecules.............. 25
2.2.3. Analysis of lipid A heterogeneity using separation techniques and mass spectrometry
............................................................................................................................................. 27
AIMS OF ThE STUAY ... st be e b saeenes 31
Materials and METNOGS...........coueiiiririeee et 33
4.1 CREMICAIS ...ttt sttt ettt be b b e 33
4.2. Synthetic lipid A StANAAIAS .......cc.eoveiiiiieeceeeee e e 33
4.3. Bacterial strains and culture CONAItIONS ..........ccoererierieieiieeeese e 33
4.4. Lipopolysaccharide and lipid A iSOIAtioN ........c.ccvveevierieiereieccereccee e 33
4.5. Lipid A sample preparation.........cccceceieeeeneseeseseeseeseeeeseeseeesse e sssessesseesessesseessessessees 34
4.6. Mass SPECIrOMELIIC ANAIYSIS......ccvieierierieiere sttt e e s re e ee e e eesneenees 34
4.7. NACE—-ESI-Q-TOF MS/MS.....ctiiieerieirteisietsteitstees et e st sae e s e sesessesasseneens 36
4.8. DAta @VAIUBLION ..ottt ettt ea et ettt sneenees 37
RESUITS ...ttt sttt b e bbbttt e et ebe b ae st 39
5.1. Examination of CID mass spectra of negatively and positively charged lipid A precursors
................................................................................................................................................. 39
5.1.1. lonization of lipid A in negative and positive ESI modes..........cccooevveverirenencniene. 39
5.1.2. CID fragmentation pattern of the [M — H]~ lipid A precursor ions...........ccccceeueeuene. 40
5.1.3. CID fragmentation pattern of the [M + H]* lipid A precursor ions............ccccecueneee. 45
5.1.4. CID fragmentation pattern of the [M + Na]* lipid A precursor ions..........c.ccecuvveene. 49
5.1.5. CID fragmentation pattern of the [M — H + 2Na]" lipid A precursor ions................ 52
5.2. NACE-ESI-MS/MS separation of lipid A from P. aeruginosa PAOL...........cccccevvvruenen. 54
5.2.1. Mass spectrometric determination of phosphorylation site and acylation profile..... 57



5. DDISCUSSION ... eveeeeeeeeiee ettt e ettt e e e et e e e eeattesseateeseaaaeessaaaeessasateesasaeessasssteesassseeesassaeeesassseeesas 63

6.1. Utility of fragmentation pathways of positively charged precursor ions...........c.ccceeveee.. 63
6.2. Comparison of the fragmentation behavior of lipid A precursor ions ............ccceeeeveenene. 64
6.3. Structural elucidation of unknown monophosphorylated lipid A .........ccccoeirininencnnenn. 66
6.4. Mechanistic study of the fragment ion formation in the gas phase..........ccccceevevevernenen. 69
6.4.1. Mechanisms suggested for the release of the secondary fatty acids from deprotonated
4’- monophosphoryl lipid A MOIECUIES.........c.cceecieieeeeeceeeeee e e 70
6.4.2. Mechanisms proposed for the release of the C-3” primary fatty acid ........c..cccceuennee 72
6.4.3. Mechanisms proposed for the release of the C-2” and C-2 primary fatty acids........ 74
6.4.4. Mechanisms proposed for the release of the C-3 primary fatty acid..........c..cccceeeee 76
6.4.5. Mechanisms proposed for cross-ring fragmentations ............ccccoevereviereeeneneneneens 77
6.4.6. Mechanisms suggested for dephosphorylation ............cccceeeeveieeceseccene e, 82
6.4.7. Formation of the B1 fragment from protonated and sodium cationized species....... 84
6.4.8. Suggested dehydration PAtNWAYS .........ccceererirerieieieeeereree et 86

6.5. Characterization of isomeric lipid A species in Pseudomonas aeruginosa PAOL by
NACE-MS/MS.....o ottt et sa et s b st et eseebe s ebassesessesessesessenessanens 87
A @0 (o] [V T o TP 90
8. THESIS POINES ...ttt ettt e et e e e e e e e besbeeabesteebeesbesteessebeessetesseensesteeseans 94
AAPPENAIX ottt ettt ettt e st e e te et e s be et e beett e beebeetesteere e beebeenaebeensentesreentenreeraens 107
(I TSy o) o1 o] o= L u o] g TSR 112



1. Introduction

The main cause of death in intensive care units in hospitals around the world is
septicemia, a serious bloodstream infection that may progress to sepsis and septic shock
(Beutler and Rietschel, 2003). Septicemia happens when bacteria and their toxins enter
the bloodstream from a bacterial infection in another part of the body, commonly the skin,
lungs, kidneys, or bladder. People with chronic health conditions and weakened immune
system are at a higher risk of septicemia due to their increased susceptibility to bacterial
infections. In case of a Gram-negative bacterial infection, the uncontrolled growth and
membrane lysis of bacteria results in the release of large amounts of membrane-associated
lipopolysaccharide (LPS, endotoxin) in the bloodsream, which can, in turn, lead to
exaggerated immune responses, called sepsis (Rietschel and Brade, 1992; Cavaillon,
2018). In serious cases, sepsis can result in dangerously low blood pressure, called septic

shock, which can be fatal to the host.

Paradoxically, under normal circumstances, Gram-negative bacteria (e.g., intestinal
bacteria, or bacteria in home dust) have been known by upregulating the immune system
by releasing small amounts of LPS that act as immunostimulants (Galanos and Delves,
1998; Gehring et al., 2020; Mbongue et al., 2022). Thus, in order to understand the diverse
effects of LPS molecules on the human body, detection of their chemical structure,
especially their lipid A portion — the primary immunostimulator of LPS (Zahringer et al.,

1994) — is essential.

At present, mass spectrometry is the most efficient method for exposing chemical
structures of bacterial lipid A (Kilar et al., 2013) . Soft ionization techniques such as
electrospray (ESI) and matrix-assisted laser desorption/ionization (MALDI) are used

extensively to investigate the structural characteristics of these biomolecules. Tandem



mass spectrometry (MS/MS), and particularly, higher order tandem mass spectrometry
(MS") in an ion trap mass analyzer is a powerful technique to demonstrate structural
heterogeneity present in a lipid A extract. Not least, chemical structure information is

especially important for the development of lipid A-based vaccine adjuvants.

2. Literature review
2.1. Lipopolysaccharides

A variety of amphiphilic macromolecules are present in the outer membrane of a
Gram-negative bacterium. Lipopolysaccharides (LPSs), also called endotoxins, are
regarded as one of those exceptionally important outer membrane-forming
macromolecules of bacteria (Rietschel and Brade, 1992; Caroff and Novikov, 2020) (Fig.
1). Besides being implicated in regular membrane functions, LPS also has a unique role
related to immune response (Alexander and Rietschel, 2001), as they are recognized by

the host's defense system during an infection (Rietschel et al., 1996).
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Figure 1. Gram-negative bacterial cell wall, labeled, 3D illustration.

2.1.1. Structure of lipopolysaccharides

The overall structure of LPS is illustrated in Fig. 2. A full LPS molecule consists of

three structural components that are covalently linked with each other: (i) a long "O-
9



specific" polysaccharide, (ii) a central oligosaccharide region (OS core), and (iii) a
hydrophobic region known as lipid A (Rietschel et al., 1994). This latter anchors LPS to
the outer leaflet of the outer membrane of Gram-negative bacteria through hydrophobic

interactions.

LPSs are also divided into three types based on their structural components
(Hitchcock and Brown, 1983; Pupo et al., 2013). A smooth LPS (type S) includes all three
domains; these are common in wild-type bacterial strains. They are also referred to as
long-chain LPS. A semi-rough LPS (type SR) (also called short-chain LPS) has only one
O-chain repeater unit attached to the core oligosaccharide. Rough LPS (type R) are
completely free of the O-specific polysaccharide chain. Endotoxic activity was compared
between S-type LPS and R-type LPS and it was reported that the endotoxic activity is

caused by the lipid A portion only (Zahringer et al., 1994).

The O-specific antigen is composed of repetitive units of monosaccharides
responsible for the antigenic specificity. It exhibits high structural variability depending
on the nature, sequence, substitution and binding types of monosaccharides, and the
structure of the repetitive oligosaccharide units varies from strain to strain (Luderitz et

al., 1982; Kabanov and Prokhorenko, 2010).

The core oligosaccharides are structurally very similar and thus present less variability
(Mayer et al., 1989; Kabanov and Prokhorenko, 2010). The core is made up of two
regions: an internal core and an external core. The outer core consists of hexoses, whereas
the inner core contains heptapyranoses and 3-deoxy-2-manno-2-octulosonic acid (Kdo).
The high density of negatively charged residues has a physiological significance of
concentrating the bivalent cations (Ca?* and Mg?*) at the cell surface which are necessary
for structural and functional integrity of the external membrane (Rietschel et al., 1994).

10
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Figure 2. General architecture of an intact smooth type endotoxin (lipopolysaccharide) (Kilar et
al., 2013). Abbreviations: Gal: D-galactose, GalNAc: N-acetyl-D-galactosamine, Glc: D-
glucose, GIcNAc: N-acetyl-D-glucosamine, Hep: L-glycero-D-manno-heptose, Kdo: 3-deoxy-
D-manno-oct-2-ulosonic acid, Ara4dN: 4-amino-4-deoxy-L-arabinose; GIcN, D-glucosamine.
GlcN I and Il indicate the reducing and non-reducing terminus of disaccharide, respectively.
Some common fatty acids of bacterial lipid A are lauric acid (12:0), myristic acid (14:0),
palmitic acid (16:0), stearic acid (18:0), and/or their hydroxyl derivatives.

Lipid A constitutes the toxic and immunomodulating component of LPS (Caroff and
Novikov, 2020). Lipid A is a phosphoglycolipid that is pathophysiologically important,

because it has intense effects when injected into a mammal. The most common effects
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include the induction of endotoxin shock, pyrogenicity, macrophage activation, and

interferon production (Youngner et al., 1973; Galanos et al., 1985).

The general structure of lipid A moiety is shown in Figure 3. Mostly, it is composed
of a B-D-GlcpN-(1—6)-a-D-GlcpN disaccharide backbone, but in some bacteria 2,3-
diamino-2,3-deoxy-glycopyranose residues have also been observed (Moran et al., 1991,
Zahringer et al., 2004). To the disaccharide spine, a variety of acyl chains are attached
(chain lengths generally range from 10 to 30 carbon atoms), as well as phosphoryl
residues, which can be decorated by ethanolamine phosphate or 4-amino-4-deoxy-
arabinose. One of the phosphoryl residues is linked to the hydroxyl group of the reducing
glucosaminyl residue and the other one is attached at position 4’ of the non-reducing

glucosamine group.

NH, Glucosamine

N
A2 B A8 o

OH o) %

HO ~po 1Oz
Aminoarabinose 0o 3 NH_HO S50
(o) [0) 4 Phosphate
fo) 3 NH (o)

0 0 0= |9-p”
o) o

o HO HO
HO NH,
HO

OH

Acyl chain

Figure 3. General structure of lipid A.

Usually, four acyl chains are attached to the carbohydrate backbone at positions 2, 3,
2', and 3'. The acyl chains at positions 2, 2’ and 3’ can be further acylated (depending on

the bacterial strain) at their 3-hydroxyl group. In an Escherichia coli type lipid A, these
12



secondary acylations consist of dodecanoic acid (C12:0), tetradecanoic acid (C14:0), and

in a Salmonella type lipid A, an extra hexadecanoic acid (C16:0) is present.

2.1.2. Recognition of lipid A by the innate immune receptor TLR4/MD-2

When the immune system or antibiotics attack the invading bacteria and destroy their
cell wall, the membrane-bound LPS is set free, and the lipid A part of endotoxins is sensed
by the mammalian toll-like receptor 4 (TLR4)/MD-2 complex present on macrophages.
However, depending on the structure and amount of lipid A, this recognition can generate
toxic effects to the host body. The most toxic E. coli type lipid A, carrying 6 fatty acids
and 2 phosphate groups, is most sensitively recognized by the TLR4/MD-2 complex (Park
etal., 2009) (Fig. 4a). After activation it triggers an excessive production of inflammatory

cytokines leading to septic shock and death.

On this lipid A, as shown in Fig. 4, the amide linked primary fatty acyl chain at C-2
is labelled R2, the ester linked primary fatty acyl chain at C-3 is labelled R3, the amide
linked primary fatty acyl chain at C-2” is labelled R2’, the ester linked primary fatty acyl
chain at C-3’ is labelled R3’, the R2” chain is matched to the secondary fatty acid at C-2’
position and the R3” chain is matched to the secondary fatty acid at C-3’ position. In the
crystal structure these lipid chains interact with the hydrophobic pocket in MD-2 (Fig.
4b). The acyl chains of lipids R3, R2’, R3’, R2” and R3” are completely buried inside the
pocket, but the R2 chain is partially exposed to the MD-2 surface composing the core
hydrophobic interface for interaction with TLR4*. The amide (at C-2 and C-2’ positions)
and ester (at C-3 and C-3’ positions) groups linked to the two glucosamine backbones are
exposed to the surface of MD-2. They interact with hydrophilic side chains situated on
the BG strand of the MD-2 pocket and on the surface of TLR4 and TLR4* (Fig. 4c). Both

phosphate groups of lipid A bind to the TLR4-MD-2 complex through interaction with

13



positively charged residues in TLR4, TLR4* and MD-2 and establishing a hydrogen bond

to S118 of MD-2 (Fig. 4d).
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Figure 4. Binding of LPS to TLR4/MD-2 receptor complex (Park et al., 2009).
a) Chemical structure of the R type E. coli LPS. Fatty acyl chains are labelled, glucosamines and
fatty acyl chains are numbered. Hydrogen bonds are represented as broken blue lines.
b) The molecular surface of the MD-2 pocket is traced in mesh. ¢) Hydrogen bonds between
lipid A and TLR4-MD-2. d) lonic and hydrogen bond interactions of both phosphate groups of
lipid A. Interaction distances in Angstrom are written.

Changes in the acylation, phosphorylation, or glycosylation profile affect the
endotoxic activity of the lipid A in the Gram-negative bacterium (Rietschel et al., 1994;
Trent et al., 2006). Any deviation from the classical bisphosphorylated hexa-acyl lipid A
could lead to reduced toxicity or even antitumor activity. For instance, endotoxicity is
reduced by removal of one phosphate group. Interestingly, it has been shown that lipid A
with a reducing terminal phosphate (at the 1 position) was more highly inflammatory than

lipid A with a non-reducing terminal phosphate (at the 4’ position) (Coats et al., 2011).
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Any substitution in the phosphate group could also modify the endotoxic activity. An
aminoarabinose sugar (Ara4N) attached to the phosphate group increases the bacterial
resistance to the host’s cationic antimicrobial peptides (Trent et al., 2006). Some tetra-
acylated lipid A could even possess antagonistic properties (Peri and Calabrese, 2014).
A selection of natural lipid A structures are summarized in Figure 5.

OH
HO\P//O o HO. //0 OH
/N o
HO 00 ° o l m/

o o NH HO NH HO

NH
O\P//O //0
o ‘P\
Ho O 0 HG OH
@ b HO ,
14 4

Esherichia coli Yersinia enterocolitica

HO_ // HO O /OH OH
NH
NH HO% NH Ho 2

NH H

0
(o]
o= O.y HzN HO Q o
(o] /~OH /p
) HO Howd HO 0 "oH
@@ @", é

Bordetella pertussis Neisseria meningitidis

HO OH

o // /&/ Ho OH

NH HO/&' NH HO
NH R=
HO o ° ) O\P//O o. /9
O G Ho=( . _/HO OH j} “OH
20 14 HO—
(18 20 @ \@

Chlamydia trachomatis Rhizobium etli Yy

Figure 5. A collection of natural lipid A structures. Fatty acyl chain lengths are given by
numbers in circles (Caroff and Karibian, 2003).

2.1.3. Chemical differences in the structural architecture of lipid A in Pseudomonas

aeruginosa

Pseudomonas aeruginosa (P. aeruginosa) is a human opportunistic pathogen and a

major cause of nosocomial infections, affecting immunocompromised (e.g., AIDS or

15



cancer) patients and those with tissue injuries or cystic fibrosis. Control against P,
aeruginosa infection is difficult due to its high intrinsic resistance to antibiotics (Potron
et al., 2015; Moradali et al., 2017). Resistance acquisition is partly due to alterations of
the lipid A component present in the external membrane of this Gram-negative bacterium.
The major lipid A produced by laboratory strains of P. aeruginosa has a doubly
phosphorylated pentaacylated (75% of the molecules) and a hexaacylated form (25% of
the molecules) (Fig. 6), which latter differs from the classical E. coli type hexaacylated
structure (Fig. 5) in the type and position of acyl chains. Therefore, the inflammatory
response elicited by P. aeruginosa lipid A would be expected to be less than that of

enterobacterial LPS, and this is indeed the case (Backhed et al., 2003).
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Figure 6. Typical lipid A produced by laboratory strains of Pseudomonas aeruginosa PAOL.
The 3-hydroxydecanoyl chain at the C-3-position is absent in approximately 75% of LPS
molecules. The secondary lauroyl chains are non-stoichiometrically 2-hydroxylated.

However, when lipid A from clinical isolates of P. aeruginosa (from cystic fibrosis
patients) has been characterized, modified structures were found, arising from the
addition of a secondary palmitoyl group (C16:0) to the primary fatty acid at C-3” on GlcN
I, and addition of Ara4N to either of the phosphates (Ernst et al., 1999; King et al., 2009).
This hyperacylated lipid A can induce an enhanced inflammatory response that most

probably contributes to the severity of lung damage (Ernst et al., 2003).
16



2.1.4. Chemically modified natural and fully synthetic lipid A as monotherapeutics

Of particular note among lipid A structures is the nontoxic 3-O-deacyl-4’-
monophosphoryl lipid A (MPL) (Casella and Mitchell, 2008), which is an FDA-approved
vaccine adjuvant for clinical use. MPL is of natural origin, derived from the
lipopolysaccharide of Salmonella minnesota R595. In the eighties, scientists from Ribi
Immunochem Research investigated methods of chemically modifying lipid A in order to
distinguish its toxic effects from potentially useful immunomodulatory effects. This led

to the identification of 3-O-deacyl-4’-monophosphoryl lipid A. Its structure is depicted

on Fig. 7.
OH
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Figure 7. Structure of 3-O-deacyl-4’-monophosphoryl lipid A (MPL).

This non-endotoxic material was obtained by, first, treatment of Salmonella
minnesota R595 LPS with 0.1 N HCI at 100 °C for 30 min, which caused the removal of
the glycosidic phosphate at the position 1 and the inner core residues attached via the 6’
position, thus generating 4’-monophosphoryl lipid A. Next, this substance was dissolved

in organic solvents and exposed to very mild alkaline treatment, which selectively

17



removed the base-labile fatty acyl residue attached to the 3 position, yielding 3-O-deacyl-
4’-monophosphoryl lipid A. The resulting product was then purified and converted to the

monobasic triethylammonium salt and lyophilized.

MPL expresses antagonistic activity towards the immune system by activating only
part of the TLR4-MD-2 signal pathway (Casella and Mitchell, 2008). This ligand has the
ability to induce strong Thl-type proinflammatory immune responses, but without
causing pathological inflammation. Apart from the use of MPL as an adjuvant e.g., in the
human papilloma virus vaccine Cervarix™ and in the hepatitis B virus vaccine FENDrix®
(Tagliabue and Rappuoli, 2008), further research is also being carried out on their use for
health promotion and disease prevention, such as for treatment of endotoxaemia and
septicaemia, as well as reducing risk of Alzheimer's disease (Rego et al., 2016).
Moreover, it has also been subjected to clinical trials in humans for herpes, metastatic
melanoma, malaria, breast cancer and colorectal cancer vaccines (Baldridge et al., 2004;

Neidhart et al., 2004; Wu et al., 2021).

It should be pointed out that analysis of MPL (Hagen et al., 1997; Hopkins et al.,
2001) revealed that it is not a single chemical entity, but a mixture of 3-O-deacyl-4'-
monophosphoryl lipid A analogues that contain 4, 5 and 6 fatty acids. It is believed that
all structures contribute to the adjuvant activity of MPL, although to a different extent
(Ribi et al., 1984; Ulrich and Myers, 1995) . The individual species and the total content
of the analogues are assessed in all adjuvant preparations, for which usually reversed-
phase high-performance liquid chromatography (RP-HPLC) with fluorescence detection
is used, since retention on RP columns are sensitive to differences in fatty acid
substitution (Hagen et al., 1997; Hopkins et al., 2001). However, concerning the

production of MPL, it’s native heterogeneity poses challenges for both the standardization

18



and the scale up to an expected world-wide demand. Thus, the study of other LPS-based

molecules is also important.

Synthetic structural analogues of MPL containing just one molecular species prove to
be useful candidates in various developmental studies of adjuvant formulation (Arenas,
2012). An advantage of these molecules over MPL is that the synthesis can be done
resulting in higher purity and lower costs. Moreover, homogeneous lipid A is particularly
desirable for therapeutics development in biological model systems, since it leads to a
better understanding of the cellular response after stimulation with a well-defined

reference lipid A product with known chemical structure.

Multiple studies have revealed that synthetic analogues of MPL are as safe and
effective as biological types (Fox et al., 2010; Arenas, 2012; Fox et al., 2017). Currently,
four synthetic structural analogues of MPL, including 3D-PHAD, 3D-(6-acyl)-PHAD,
PHAD and PHAD-504 (Fig. 8), all manufactured in accordance with current Good
Manufacturing Practice guidelines are commercially available. Such synthetic MPLs
have been used as adjuvants in numerous commercialized human vaccines (Fox et al.,

2010; Coler et al., 2011).
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Figure 8. Structures of the four synthetic lipid A standards: (a) PHAD, (b) PHAD-504, (c) 3D-
PHAD, and (d) 3D(6-acyl)PHAD. The colored structural parts indicate the differences between
the four structures.

3D(6-acyl)-PHAD is most closely related to the reported structure of MPL adjuvant
(but both secondary fatty acids on the non-reducing sugar are C14). It is structurally
homogeneous and highly purified and mimics the TLR4 agonist activity of bacterial MPL.
The 3D-PHAD (3-deacyl monophosphorylated penta-acyl disaccharide, differing from
3D(6-acyl)-PHAD by the lack of the secondary fatty acid on the reducing sugar), besides
being comparable to bacterial MPL and other synthetic MPL analogues at eliciting an
immune response in a liposomal adjuvant system, it is less pyrogenic than its bacterial-
derived mimic. PHAD is an adjuvant that has been given to more than 1000 human
subjects with no serious adverse effects. PHAD-504 was designed as a synthetic structural
analog of detoxified MPL derived from E. coli. It is structurally similar to PHAD,
differing only in the length of secondary fatty acid chain at C-2’ position (being C12). As
anticipated, the activity of PHAD-504 is fairly similar to that of PHAD, making both

products interchangeable as adjuvants in vaccine or immunotherapy formulations.
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2.2. Mass Spectrometry in the analysis of lipid A

To accurately decipher the relationship between the functional groups and bioactivity
of lipid A, a detailed characterization of its chemical structure is essential. Modern mass
spectrometric methods, in general, have high mass resolution and mass accuracy, and
permits fragmentation analysis needed for structure elucidation. To date, the modern soft
ionization techniques, such as electrospray ionization (ESI) and matrix assisted laser
desorption ionization (MALDI) in combination with tandem (MS/MS) or multistage mass
spectrometry (MS") have become the most effective and sensitive analytical tools for
collecting structural information about lipid A molecules (Boue and Cole, 2000; Kussak
and Weintraub, 2002; Lukasiewicz et al., 2006; Madalinski et al., 2006; Schilling et al.,
2007; Silipo et al., 2008; Basheer et al., 2011). Before analysis, lipid A isolates are derived
by mild acid hydrolysis of the native LPS sample (i.e., a chemical degradation of LPSs at
around pH 4, at 100 °C, for 1-2 h needs to be carried out). Then, the lyophilized lipid A
can be dissolved in a mixture of methanol and chloroform, or methanol and
dichloromethane, which provides proper dissolution of lipid A molecules, making it
compatible for ionization in the ESI ion source. The biggest advantage of ESI is that it
can be combined with high efficiency separation techniques (HPLC, CE), compared to
the off-line MALDI system. Although direct and coupled MS techniques have been
applied with increasing success to the analysis of lipid A, there are still some major
challenges in precisely determining the structure of individual lipid A compounds in a
heterogeneous bacterial extract, especially when lipid A isomers are present

simultaneously.
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2.2.1. Negative ion mode mass spectrometry in the study of lipid A molecules

For tandem mass spectrometric analysis of lipid A, most often the negative-ionization
mode is employed, because phosphate groups in lipid A can be readily deprotonated and
the resulting singly or doubly charged anions ([M — H] or [M — 2H]?>) show high
detection susceptibility in MALDI or ESI MS. Specifically, MS/MS analysis following
ESI in negative ion mode proved to be useful for obtaining information about the
acylation profile of bis-phosphorylated, 4’-mono-phosphorylated (Kussak and
Weintraub, 2002; Madalinski et al., 2006; Sandor et al., 2016), and even non-

phosphorylated (Sandor et al., 2016) lipid A molecules in deprotonated form.

Collisional activation studies in the negative ion mode of selected precursor ions (with
a specific m/z) of any of the above-mentioned lipid A types result in a series of ions due
to serial fatty acid cleavages. Since the acyl residues are usually of different mass, one
can determine the type of cleaved acyl chain based on the mass difference between the
product ions, and of the precursor, of course. Moreover, the position of the acyl chain
greatly affects its lability, meaning that there is an elimination order between the acyl
chains based on their exact position on the disaccharide. For this reason, ESI-MS/MS in
the negative ion mode provides an effective and sensitive technique for clarifying acyl

groups on bacterial lipid A.

Uniquely, only in the case of a 4’-monophosphorylated lipid A precursor ion, the loss
of the primary acyl chain at the C-3' position gives a pair of product ions, which are highly
characteristic for this fatty acyl loss. Based on low-energy CID experiments, Kussak and
Weintraub (Kussak and Weintraub, 2002) proposed that this elimination occurs in two
ways. One is a charge-driven process for the neutral loss of an acyl group as a ketene

derivative (Scheme 1), and the other is a charge-remote process for the neutral loss of an
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acyl group as a free fatty acid (Scheme 2). For other type of lipid A (like the bis-, 1-mono-

, or non-phosphorylated), such ion pairs have not been detected.

Scheme 1. Proposed fragmentation mechanism for the loss of the C-3’ primary acyl chain as a
ketene, along with a proton transfer (Kussak and Weintraub, 2002).
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Scheme 2. Proposed fragmentation mechanism for the loss of the C-3” primary acyl chain as an
acid, leading to the creation of a double bond between the C-3’ and C-4’ carbon atoms (Kussak
and Weintraub, 2002).

Seminal negative mode ESI-MS/MS applications about the structural analyses of 4’-
mono-, 1-mono-, and 1,4’-bis-phosphorylated lipid A molecules from different bacterial
strains can be found in the literature, such as from Salmonella minnesota R595 (Chan and
Reinhold, 1994), Shigella flexneri (Chan and Reinhold, 1994; Kussak and Weintraub,
2002), Burkholderia pseudomallei (Novem et al., 2009), Burkholderia thailandensis
(Novem et al., 2009), Escherichia coli (Madalinski et al., 2006), Yersinia pestis (Jones et

al., 2010), and many others.

In the studies mentioned above, different mass analyzers were used, such as an IT, a
QgQ and a QTOF. Among them, only the IT analyzer has the advantage of performing
different levels of fragmentation (MS"), with n up to even 6. This is called multistage

tandem MS in time. First, ions of a variety of masses are trapped together within the trap;
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then, the selected precursor ion is retained in the trap and all other ions are expelled; next,
fragmentation of selected ion is induced by collisional activation; and then the product
ions are expelled according to their masses in order to get the fragmentation mass
spectrum. However, if a product ion is trapped again, it can be subjected to an additional
CID experiment (MS?®), and the resulting product ions are analyzed in stage 3. This

process can be repeated until enough precursor ions are available in the trap.

In lipid A analysis, several stages of MS (i.e., the MS") can be particularly useful to
determine the genealogical relationship between product ions (Madalinski et al., 2006),
which is not possible with a QqQ or a QqTOF instrument. For example, with sequential
CID measurements, it has been demonstrated that the cleavage of amide bonds only
occurs at higher MS" stages (where n = 3 or higher), indicating that fatty acyl amides are
more stable than fatty acyl esters (Lukasiewicz et al., 2006; Silipo et al., 2008).
Nevertheless, there is a critical drawback of the usage of IT, which is the low mass “cut-
off” when using resonance activation during the collision-induced dissociation. The low
mass “cut-off” phenomena practically results, that the IT fails to trap and consequently,
it is not able to detect fragment ions below a certain m/z limit (e.g., the 27% of the m/z of

the precursor ion).

On the contrary, with QqQ and QTOF analyzers which are representative of MS/MS
in space, the collision cell (q) is placed between two analyzers (e.g., for QqTOF, q is
between the quadrupole and TOF analyzers). There are also systems which combine the
structural power of the ion trap with the quantitative accuracy of the quadrupole. The
QqgQ is capable of functioning in four MS/MS modes: product ion scan, precursor ion
scan, neutral loss scan and selected reaction monitoring (SRM). The latter mode is quicker

than the product ion scan (used in IT) and it allows the simultaneous measurement of high
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number of MS/MS transitions or reactions. Currently, this is a very important question in

common applications when selecting and developing an analytical method.

In addition to CID (which is the benchmark tandem MS technique in lipid A analysis),
there are other alternative methods, such as Infrared multiple photon dissociation
(Madsen et al., 2011) or ultraviolet photodissociation (UVPD) (Madsen et al., 2011;
O'Brien et al., 2014). While CID mainly involves cleavages of ester-linked acyl chains,
the removal of phosphoryl groups, and appearance of inter- and cross-ring fragments
(such as “C”, “Z”, and “A”, “X” ions, respectively), using 193 nm UVPD results in
intensive glycan fragments, and dissociation processes that happen along the C-O, C-N

and C—-C bonds of the alkyl chains (Hankins et al., 2012; O'Brien et al., 2014).

Regardless of the collisional activation strategy, there is a general problem with the
detection of a chimera mass spectrum (i.e., a mixture of mass spectra stemming from
cofragmenting isobaric lipid A precursor ions) of phosphoisomers (monophosphorylated
lipid A having the phosphate group either at C1 or C4”), because of the overlap of the
mass spectral peaks of the two isomers. Therefore, the direct detection of isomeric lipid
A species present simultaneously in a bacterial sample with conventional negative ion

mode MS/MS is not feasible.

2.2.2. Positive ion mode mass spectrometry in the analysis of lipid A molecules

The mass spectra of lipid A in the positive ion mode always comprise intensive Na
adduct ions, but low abundant [M + H]* ions. One way to increase the sensitivity of the
protonated form is the addition of an ammonium formate to the sample, by which the
basic amidic group is preferentially protonated. Another observation is that after addition

of triethylamine (EtsN) to the sample (and the spray solution), intensive EtzN adduct ions
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are formed in the ion source. MS/MS of these ions lead to the formation of [M + H]" ions

by the neutral loss of EtsN (Kondakov and Lindner, 2005).

Several studies have been reported on the tandem MS analysis of the monosodium
adduct [M + Na]* of phosphorylated and non-phosphorylated lipid A species (Wang et
al., 1992; Harrata et al., 1993; Karibian et al., 1999; Aussel et al., 2000; Coats et al., 2009;
Phillips et al., 2011; Nichols et al., 2012). Because mostly, the rupture of the glycosidic
bond between the two GIcN rings can be provoked in the positive-ion mode by
fragmentation, consequently oxonium ion formation was observed in those studies.
Moreover, the oxonium ion was generally used only to confirm the interpretation of
negative ion mass spectra for the acylation pattern determination of lipid A species. An
oxonium ion is an abundant “B” fragment, assigned as the distal sugar fragment (GIcN
I1), thus the presence or absence of the phosphate group connected to it (at position C-47)
can also be determined. In certain cases, disodiated lipid A adducts, such as [M — H +
2Na]* or [M — H — POsH + 2Na]*, were also seen in positive-ion experiments of mono-
and bisphosphorylated lipid A species (Wang et al., 1992; Karibian et al., 1999; Aussel
et al., 2000; Phillips et al., 2004; Coats et al., 2009), even though such ions were not
fragmented. However, it must be mentioned that the CID fragmentation of the
triethylammonium adduct (Sandor et al., 2018) [M + H + EtsN]" results in excessive
accumulation of EtsN in the ion source which causes ion suppression and a strong memory
effect in mass spectrometers. For this reason, scientists generally do not prefer to perform

MS/MS analysis of this type of precursor ion in positive ion mode.

Hence, in general, the application of positive ion mode tandem MS for the structure
elucidation of lipid A is less frequent than negative ion mode tandem MS due to the low

proton affinity of the phosphorylated lipid A molecules. Most probably, this is the reason
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why the use of positive ion mode MS and tandem MS for the structural determination of
lipid A species by their sodium adducts or as protonated molecules have not been
thoroughly investigated. In particular, in the case of a mixture containing both C1-
monophosphorylated and C4'-monophosphorylated species, usually the combination of
MS studies with NMR analysis of lipid A was used for the identification of the
phosphorylation sites (Kumada et al., 1995; Zhou et al., 2000; Smit et al., 2008; Madala

etal., 2011).

2.2.3. Analysis of lipid A heterogeneity using separation techniques and mass

spectrometry

An essential problem faced in lipid A research is the multicomponent nature of
bacterial lipid A preparations. LPS lipid A, in general, is a mixture of molecules of
different but very similar structure. The direct identification of structural
microheterogeneities of lipid A analogues is a particular challenge, which is possible by
mass spectrometric analyses only after the effective separation of the individual
components. The simultaneous presence of several lipid A congeners might result from
the intrinsic biological heterogeneity, but it should also be mentioned that the procedures
used to extract LPS and then lipid A from bacteria may also lead to the cleavage of fatty

acids, phosphate groups and other attachments.

In some studies, we can read about the application of different separation techniques
to reveal the heterogeneity of lipid A samples from LPS extracts. Using normal-phase
(usually silica gel or aluminum oxide) thin-layer chromatography (TLC) procedures,
lipid-A mixtures can be divided into a few fractions according to the degree of acylation
and phosphorylation. The spots can then be revealed by destructive (charring after

spraying the plate with sulfuric acid) (Qureshi et al., 1983) or non-destructive
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visualization (radioisotopic labeling, or different alcohol-water mixtures used for plate-

development) (Therisod et al., 2001; Henderson et al., 2013), and further analyzed by MS.

There are also several examples in the literature about the examination of lipid A
samples with HPLC, most of these studies using reversed phase (RP) column and a
gradient elution process to separate the different lipid A species contained in the native
samples. Lipid A does not contain a chromophore group and has a low absorbance that
varies depending on the degree of acylation. Therefore, the UV detection of characterized
lipid A molecules is not possible on an analytical scale, and their derivatization is
unavoidable when using a UV or fluorescence detector. Derivatives include e.g.,
methylation of the phosphate group with diazomethane (detection at 210 nm)(Qureshi et
al., 1985; Qureshi et al., 1988; Beasley et al., 2012) or an oxime derivative formed with
dinitrobenzyloxyamine (detection at 254 nm) (Hagen et al., 1997). For fluorescence
detection, derivatization with dansylhydrazine is used (excitation wavelength 345 nm,
emission wavelength 515 nm) (Hopkins et al., 2001). However, the risk of derivatization
is that the sample composition changes as a result of the loss of some functional groups.

Therefore, its usage is not so recommended.

Lipid A detection without derivatization was also implemented with an HPLC system
equipped with an evaporative light scattering detector. Bobbala et al (Bobbala et al., 2015)
used this method to quantify encapsulated monophosphorylated, 3-Odeacylated lipid A

(MPL adjuvant) from Salmonella minnesota R595.

Adequate analytical methods for examination of lipid A mixtures are essential for a
better understanding of structure-activity relationships and profiling of the real
microheterogeneity. Not least because the detection of biologically important molecules
present in small concentrations can only be achieved with a detection technique that has
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high sensitivity and is characterized by a wide dynamic range, such as mass spectrometry
(Vekey, 2001). As aresult, all recent publications deal with the mass spectrometry of lipid

A molecules coupled with high-efficiency separation techniques.

Hamdy et al (Hamdy et al., 2007). developed a liquid chromatography/mass
spectrometry (RP-HPLC-MS) method for the quantitative determination of synthetic lipid
A-based vaccine adjuvants. Mobile phase A was methanol containing 0.1% glacial acetic
acid and 0.1% triethylamine, mobile phase B was 10% methanol in tetrahydrofuran
containing 0.1% glacial acetic acid and 0.1% triethylamine. This method was able to solve
all difficulties associated with previous methods, such as the poor UV-absorbance, use of
radiolabeling, and precolumn derivatization of lipid A compounds. In addition, the
sensitivity of the method was three order of magnitude better than for the previously

reported HPLC analyses.

Later, O'Brien et al (O'Brien et al., 2014) presented their RP-HPLC-UVPD-MS/MS
method, characterized by significantly higher selectivity, for the separation and structural
identification of lipid A isolates from a genetically modified E. coli strain. mobile phase
A was a 50:50 (%) mixture of methanol/water containing 0.05% ammonium hydroxide,
mobile phase B was 40:40:20 (%) mixture of 2-propanol/chloroform/methanol. In this
study, seven types of lipid A molecules with different acylation (tetra-, penta- and hexa-
acylated) and different phosphorylation (bis- and monophosphorylated) were identified
by partial separation using a 30-minute gradient elution. These results provided a good
basis for the development of even more improved lipid A separation methods, which
enable proper structural identification of all type of components present in heterogeneous

samples, including even isobaric components.
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Recently, Sandor et al. (at University of Pécs) developed a non-aqueous capillary
electrophoresis (NACE) method coupled to tandem mass spectrometry (Sandor et al.,
2020) for the in-depth separation and structural characterization of both phosphate and
acyl chain positional isomers of lipid A. The background electrolyte was a mixture of
methanol and dichloromethane, containing a small amount of triethylamine and acetic
acid. The separation capillary (bare fused-silica) was rather short (only 55 cm), however
the analysis time was as long as 43 min. The NACE can be considered as an orthogonal
technique to conventional RP-HPLC strategies, since, by NACE, the phosphorylation
isomers are baseline separated in addition to the partially resolved acylation isomers,
while by RP-HPLC, the lipid A molecules are primarily separated according to their

acylation profile, whereas phosphoisomers are mostly unresolved.
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3. Aims of the study

The primary focus of my PhD work was to develop new tandem mass spectrometry-
based structural elucidation strategies with the systemic interpretation of fragmentation
mass spectra of synthetic and natural lipid A molecules. Since any immunological effect
induced by a bacterial lipid A molecule depends on its primary structure, such improved

structure elucidation techniques would aid in the search for the treatment of sepsis.

Our specific goals were:

1. To carefully study the fragmentation of three positively charged lipid A ions: [M + H]*
(protonated molecule), [M + Na]* (monosodium adduct), and [M — H + 2Na]* (disodium
adduct), and to compare results with the commonly detected negatively charged lipid A

ions: [M — H] ™ (deprotonated molecule).

- We planned to carry out positive and negative ionization CID experiments with a
set of synthetic and natural-sourced monophosporylated lipid A compounds using

three mass spectrometers: ESI-Q-TOF, ESI-IT, and ESI-QgQ.

2. To perform a mechanistic study regarding the fragment ion formation through CID

multistage mass spectrometry (MS").

- We planned to interpret the formation of fragment ions from deprotonated,
protonated and sodiated lipid A, using possible mechanisms consistent with the

principles of reactions described in organic chemistry.

3. To identify hitherto unknown isomeric monophosphorylated lipid A species present in

Pseudomonas aeruginosa, a priority target pathogen in antibiotic research.

- We planned to use non-aqueous capillary electrophoresis (NACE) for the separation

of phosphorylation and acylation isomers, and then tandem mass spectrometry (ESI-
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Q-TOF MS/MS) in both positive and negative electrospray ionization modes to
demonstrate the confident identification of structurally very similar, isobaric lipid A

species in a bacterial extract.
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4. Materials and Methods
4.1. Chemicals

Methanol (LC-MS Chromasolv grade), chloroform (Chromasolv Plus, for HPLC,
>99.9%), triethylamine (EtsN, eluent additive for LC-MS), acetic acid (AcOH, eluent
additive for LC-MS) and sodium hydroxide (NaOH) were bought from Sigma-Aldrich
(Steinheim, Germany), and ammonium formate (LC-MS Chromasolv grade) was bought

from Fluka (Seelze, Germany).

4.2. Synthetic lipid A standards

Synthetic monophosphoryl lipid A standards were bought from Sigma-Aldrich, the
exclusive Avanti Polar Lipids provider (Alabaster, AL, USA) in Hungary. The standards
were monophosphoryl lipid A (PHAD), and monophosphoryl lipid A-504 (PHAD-504),
monophosphoryl 3-deacyl penta-acyl lipid A (3D-PHAD, Pat No. 9,241,988),
monophosphoryl 3-deacyl hexa-acyl lipid A (3D(6-acyl)-PHAD), and all of them were in
their ammonium salt forms. The structures of the four standards are depicted in Fig. 8

(Literature review section).

4.3. Bacterial strains and culture conditions

Bacterial strains of E. coli O83 and P. aeruginosa PAOI1 strains were cultured at 37
and 25 °C, respectively, in a 30-litre laboratory fermentor (Braun Melsungen, Germany)
on a Mueller-Hinton broth at pH 7.2, until they reached the late logarithmic phase (about

10 h). The bacterial cells were collected by centrifugation and dried with acetone.

4.4. Lipopolysaccharide and lipid A isolation

Cell-wall lipopolysaccharides were extracted from the acetone-dried organisms by the

hot phenol/water procedure(Westphal et al., 1952) in a yield of 5% of bacterial cell dry
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mass, and were lyophilized. The lipid A part was released from each LPS by mild acid
hydrolysis with 1% (v/v) AcOH (pH 3.9) at 100 °C for 1 h. Then, the solution was
centrifuged (8000 x g, 4 °C, 20 min). The sediment, containing lipid A, was washed four

times with distilled water and lyophilized.

4.5. Lipid A sample preparation

Approximately 0.1 mg of the synthetic lipid A standards and lipid A extracted from E.
coli was dissolved in 1 mL of a MeOH:DCM (70:30, v/v) mixture. Next, 5 mg of
ammonium formate was added, and the sample was vortexed and then placed in an
ultrasonic bath for 5 min. Subsequently, 300 puL of the sample and 700 puL of methanol
was pipetted into a sealed glass vial. A small amount of NaCl (about 0.5 mg) was added
to promote sodium cation attachment to the phosphorylated lipid A molecules extracted
from E. coli O83. After vortexing for 1 min, the sample was ready for injection. The lipid
A (0.1 mg) extracted from P. aeruginosa PAOl was dissolved in 200 uL of a

MeOH:CHCI3 (50:50, v/v) mixture and centrifuged (5 min, 21 000 X g).
4.6. Mass spectrometric analysis

Mass spectra of the four lipid A standards and E. coli lipid A were recorded in both
negative and positive ion modes using a 6530 Accurate-Mass Quadrupole Time-of-Flight
(Q-TOF) mass spectrometer (Agilent Technologies, Singapore). The lipid A samples (1
uL) were injected using a UHPLC autosampler (Agilent Technologies, Waldbronn,
Germany).

The ESI voltage was adjusted at 3.0 kV for the two ion modes. The nitrogen drying
gas flow rate was 5.0 L/min at 200°C with a nebulizer nitrogen gas pressure of 15 psi,
except for during the sample injection, when the nebulizer nitrogen gas pressure was

reduced to 1 psi in order to prevent the aspiration effect (a process that allows air to be
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released from the mould cavity during metal casting), if not, a segment of air could
penetrate the capillary to the side of the inlet, and the current could be stopped.. The flow
rate and temperature of the Agilent Jet Stream curtain gas were 2 L/min and 90 °C,
respectively. The MS data were collected under full scan mode in the range of m/z 600—
2100 at a rate of 3 spectra/s. Identification of ion peaks was done through CID MS/MS
experiments by applying collision energies in the 30-70 V range in both ion modes.

MS/MS spectra were acquired in the range of m/z 50-2100 at the scan rate of 2 spectra/s.

To investigate the genealogy of the fragments from precursor ion to fragments through
all fragment generations, ESI-ion trap MS" analyses were conducted in both ionization
modes using an MSD Trap XCT Plus mass spectrometer (Agilent Technologies,
Germany) and the Agilent LC/MSD Trap Software 5.3. A syringe pump with a flow rate
of 3 uL/min was used to inject the samples directly into the ion source. The electrospray
capillary high voltage was applied at 3500 V. Nitrogen was used both as a nebulizer (15
psi, 5 L/min) and drying gas (at 325 °C). Spectra were scanned in the range of m/z 50—
2200. The mass isolation window for precursor ion selection was set to 4 Da in the
multiple-stage analysis. Each precursor ion was excited by a resonant excitation voltage
in the range 0.5 V to 1.5V, according to the intensity of the precursor ion signal. Negative
and positive ion mass spectra and CID spectra, were averaged over 5-20 scans, based on

the relative abundances of the precursor ions.

Fragmentation patterns of the lipid A standards and the natural-sourced E. coli lipid A
were also studied in the negative-ion mode with a SCIEX Triple Quad TM 6500+ mass
spectrometer (AB Sciex LP, Concord, ON, Canada) equipped with a built-in syringe pump
set at a flow rate of 25 pL/min. Mass spectra were scanned in the range of m/z 50—1600.
The scan rate was 1000 for both Q1 MS and product ion MS?. The ion spray voltage and

temperature were set at —4500 V and 200 °C, respectively. The curtain gas was set at a
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flow rate of 20 psi; gas 1 (nebulizer gas) was set at 3 psi and gas 2 (heater gas) was set at
0 psi. The collision gas (CAD) was set at 8 for most experiments, this corresponds to a
pressure of about 8:10~> mbar in the collision cell. The data was captured using the

Analyst software 1.7.2.
4.7. NACE-ESI-Q-TOF MS/MS

Measurements of the P. aeruginosa PAO]1 lipid A sample were performed with the
non-aqueous capillary electrophoresis (NACE) method (Sandor et al., 2020) using a 7100
CE system (Agilent Technologies, Waldbronn, Germany) monitored through Chemstation
Rev. B.04.03. software. The CE instrument was connected to a 6530 Q-TOF mass
spectrometer (Agilent Technologies, Singapore) with an Agilent Jet Stream electrospray
ionization (ESI) interface. The background electrolyte (BGE) composition consisted of
MeOH:CHCIl3:EtsN:AcOH (50:50:0.72:0.24, v/v/v/v). For separations, bare fused silica
capillaries (50 um id, 375 pm od; Polymicro Technologies, Phoenix, AZ, USA) with a
length of 55 cm were used. The samples were injected by applying 50 mbar of pressure
during 15 s, followed by injecting BGE with 50 mbar of pressure for 5 s. The temperature
of the capillary was kept at 20 °C. The applied voltage was —30 kV (the cathode was at
the inlet capillary end). Initial voltage ramps were applied to slow the development of
passively induced pressure flows through axial temperature gradients (Xuan et al., 2006),
i.e., the separation voltages increased linearly from 0 to —30 kV under 0.3 min. During
the runs, an external pressure of 5 mbar starting at 0 min and 30 mbar starting at 25 min
was used to overcome the cathodic mobility of the electroosmotic (counter) flow. Before
use, the capillary was preconditioned by flushing with methanol for 5 min, followed by 1
M NaOH for 10 min, then water for 10 min, before rinsing with BGE for 10 min. Between

runs, the capillary was washed with the running solution for 5 min.
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The capillary outlet end was inserted into the triaxial electrospray interface. The
original Agilent stainless steel ESI needle was changed to the Agilent G7100-60041
platinum needle. To keep the electrospray stable, the end of the capillary was positioned
0.3 mm from the end platinum needle. The coaxial sheath liquid consisted of 0.06% (v/v)
EtsN and 0.02% (v/v) AcOH in methanol at 10 pL/min flow rate, supplied with an
isocratic pump (Agilent Technologies) via a splitter set at 1:100. The ESI voltage was
adjusted to 3.0 kV in both negative and positive ion modes. The nitrogen drying gas flow
rate was 5.0 L/min at 200°C with a nebulizer nitrogen gas pressure of 15 psi, except for
during the sample injection, when the nebulizer nitrogen gas pressure was reduced to
1 psi. The flow rate and temperature of the Agilent Jet Stream curtain gas were 2 L/min
and 90 °C, respectively. The MS data were collected under full scan mode in the range of
m/z 600-2100 at a rate of 3 spectra/s. Identification of ion peaks was performed by CID
MS/MS experiments in both positive and negative ion modes by applying different RF
amplitudes. MS/MS spectra were acquired in the range of m/z 50-2100 at the scan rate of

2 spectra/s.
4.8. Data evaluation

The evaluation of the CID spectra was made by considering the monoisotopic masses
of the fragment ions and the neutral losses, based on the known composition and structure
of the precursor ions. Namely, fragment ion identification included the summation of the
masses of the sugar, phosphate and fatty acid constituents.

The classical nomenclature for glycoconjugates and cross-ring fragmentation
nomenclature described by Domon and Costello (Domon and Costello, 1988) was
adopted to label the fragment ions (Fig. 9). According to this nomenclature, the ions

corresponding to the intra-ring (also known as cross-ring) and the inter-ring fragments are
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called A-type cross-ring fragments (“*A, or ®*A,) and Bi, Y1, Z1 or C; type inter-ring

fragments.
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Figure 9. Intra-ring (>?Az, ®4A;) and inter-ring (B, Y1, Z1, C1) cleavage sites in a lipid A.
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5. Results

5.1. Examination of CID mass spectra of negatively and positively charged lipid A

precursors
5.1.1. lonization of lipid A in negative and positive ESI modes

The ESI-Q-TOF mass spectrum of each lipid A sample registered in the negative-ion
mode displayed one significant peak in the form of a deprotonated molecule [M — H]"
(Fig. 10a), while, in the positive-ion mode, it displayed three signals corresponding to
the protonated lipid A molecule [M + H]", the monosodium adduct [M + Na]", and the
disodium adduct [M + 2Na — H]" (Fig. 10b). Results of the direct injection ESI-MS in the

positive ion mode of all standard samples are depicted in Fig. A1 in the Appendix.
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Figure 10. Comparison of the ESI-Q-TOF mass spectra of the 3D-PHAD lipid A (M = 1519
Da) obtained in a) negative and b) positive ion modes (lipid A was dissolved in MeOH/DCM
90/10 v/v) (Aissa et al., 2022).

In the positive ion mode, the [M + H]" ion was predominant, whereas the [M — H +
2Na]" ion was the least abundant. it is worth noting here that the formation of [M + H]"
resulted from the decomposition in the ion source of the ammonium adduct of lipid A [M

+ NH4]".
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It can be seen that the ionization efficiency (i.e., the quantity of ions produced from a
particular compound in the ionization source.) of the two modes was in the same
magnitude range; however, because of the formation of multiple ions in the positive mode,
the abundance of ions was approximately one to two orders of magnitude less than the

negative mode.

The negatively charged and the three positively charged ions described above were
chosen as precursors, and their fragmentation patterns obtained by low-energy CID were
studied in the case of four lipid A standards (3D-PHAD, 3D(6-acyl)-PHAD, PHAD,

PHAD-504) and a bacterial lipid A mixture from E. coli O83.
5.1.2. CID fragmentation pattern of the [M — H]" lipid A precursor ions

Fragmentation patterns of the deprotonated C-4’monophosphorylated synthetic lipid
A molecules were investigated, and results obtained with the ESI-QqQ and ESI-IT
instruments were compared. In the case of the ion trap (Fig. 11), the first-generation ions
are mainly produced from a chosen precursor ion, — in fact, this makes the sequential
analysis MS" of the ions particularly helpful for defining their genealogical relationships
— while with QqQ (Fig. 12), especially when using high collision energy, many other
higher-generation product ions are formed with high or medium abundance, as well. An
important thing to note is that with the QqQ instrument, fragments of ions less than m/z
100 can be scanned, as well, whereas with the ion trap analyzer, which has a low-mass
cut-off value, the fragment ions are detected only from c.a. 27% of the precursor ion mass.
Hence, the PO3™ (m/z 79) and HoPO4™ (m/z 97) fragment ions could not be observed during
the sequential MS" analyses, although they were formed. On the other hand, it could be
seen with the QqQ instrument that as the collision energy increased, the relative intensity
of the peaks at m/z 79 and 97 also increased, whereas that of the peaks at m/z 796 and 778

decreased. The peaks at m/z 796 and 778 each represent ®?A, fragments that had lost the
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C-3’ acyloxyacyl group either as a ketene or an acid, respectively. The formation of the

02A, fragments and the two phosphate fragment ions from them will be discussed later.
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Figure 11. ESI-ion trap MS? mass spectra [M — H ]~ lipid A precursor ions of 3D-PHAD
applying different RF amplitudes (Aissa et al., 2021).
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The ESI-IT MS? mass spectra of all four lipid A standards and of E. coli lipid A, as

well, are shown in Figure 13.
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Figure 13. ESl-ion trap MS? mass spectra of the [M — H]~ ions of a) 3D-PHAD (m/z 1518), b)
3D(6-acyl)-PHAD (m/z 1728, ¢c) PHAD (m/z 1744), d) PHAD-504 (m/z 1716), and e) lipid A
extract from E. coli O83 (m/z 1716) with showing cleavage locations in the structure. Red signs
refer to 4’-monophosphoryl species, blue to 1-monophosphoryl species, and purple to both
isomeric species. Fatty acyl chain lengths are given by numbers (Aissa et al., 2021).
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The identity of the fragment ions was determined using the fragmentation rules
described previously (Sandor et al., 2016) for the CID dissociation of lipid molecules A
in deprotonated form. Namely, the order of the ester bond cleavages for a deprotonated
4'-monophosphorylated lipid A species is the following: (1) C-3' secondary ester linkage,
(2) C-3 primary ester linkage, (3) C-3' primary ester linkage (resulting in 2 product ions
by the elimination of an acid and a ketene at the same time), (4) C-2 secondary ester
linkage, and (5) C-2' secondary ester linkage. Accordingly, the most intensive peak in Fig.
13 (i.e., appearing at m/z 1290 for 3D-PHAD, m/z 1500 for 3D-(6-acyl)-PHAD, m/z 1516
for PHAD, and m/z 1488 for PHAD-504 and for E. coli lipid A) was generated by
releasing the fatty acid (C14:0, 228 u) from the C-3’ secondary position for all samples.
The other intense peak appearing only for the 3-acyl lipid As (at m/z 1500 and m/z 1472
in Fig. 13c and d/e, respectively), was due to the removal of a C14:0(3-OH) (244 u) fatty

acid from the C-3 primary position.

It is important to highlight that only in the case of the E. coli lipid A (Fig. 13e), a third
fragment was also detected, but that peak was due to the loss of fatty acid at the C-2’
secondary position from the isomeric precursor, i.e., the 1-monophosphoryl hexaacylated
isomer, which was also present in the native lipid A mixture. However, for the pure
PHAD-504 standard, which has the same structure as the 4’-monophosphoryl lipid A
isomer produced by E. coli, a fragment ion peak at m/z 1516 was clearly missing (Fig.

13d).

This was a direct indication that there was no release of lauric acid (C12:0, 200 u)
from the C-2’ branched position from the pure, synthetic sample. On the other hand, from
I-monophosphoryl species, the loss of fatty acid from the C-2’ secondary position is the

most favored cleavage process according to previous observations (Sandor et al., 2018).
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For the 3-acyl standards, a further peak of moderate intensity was observed (at m/z
1272 and 1244 in Fig. 13¢ and d/e, respectively), coming from the combined losses of the
C-3’ secondary and C-3 primary fatty acids (472 u). An additional loss of a C14:1 in the
form of a ketene and an acid (208 or 226 u, respectively) from the C-3 primary position
led to pairs of low-intensity fragment ions (at m/z 1064 and m/z 1046 in Fig. 13c, and m/z

1036 and m/z 1018 in Fig. 13d and e).

The loss of the C-3’ linked C14:0(3-O-C14:0) acyloxyacyl chain both as a ketene and
an acid (436 or 454 u) resulted in pairs of peaks detected with very low intensities for all
precursor ions (at m/z 1082/1064, m/z 1292/1274, m/z 1308/1290, and m/z 1280/1262 in
Fig. 13a, b, ¢, and d/e, respectively). Water losses (18 u) were also detected at low

intensities from precursors and from certain acyl fragment ions.

Within each MS? mass spectrum, multiple ®?A, diagnostic cross-ring fragments were
observed. Since the non-reducing GIcN structures of the 3-deacyl standards were
comparable, they exhibited the same %A, fragment ion peak pairs (at m/z 1233 and m/z
1005 in both Fig. 13a and b), of which the latter was formed following the loss of a C14:0
from the C-3’ secondary position. In addition, different ®?A,-type ions were detected for
the 3-acyl standards (at m/z 1459 and m/z 1231 in Fig. 13c, and m/z 1431 and m/z 1203 in
Fig. 13d and e), before and following the C-3’ secondary acyl loss, respectively.

Thereafter, all the fragment ions listed above were subjected to sequential mass
analysis measurements in the ion trap instrument. The MS" mass spectra (n = 3—-6) showed
additional cleavage products, including %*A-type cross-ring fragments and the release of

fatty acids from the C-2” secondary and C-2’ and C-2 primary positions.
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5.1.3. CID fragmentation pattern of the [M + H]* lipid A precursor ions

The ESI-Q-TOF MS/MS mass spectra of the [M + H]" precursor ions of the four lipid

A standards and hexaacylated E. coli O83 lipid A is shown in Fig. 14.
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Figure 14. ESI-Q-TOF MS/MS mass spectra of the [M + H]* lipid A precursor ion of a) 3D-
PHAD (m/z 1520), b) 3D(6-acyl)-PHAD (m/z 1730), ¢) PHAD (m/z 1746), d) PHAD-504 (m/z
1718) and e) E.coli O83 (m/z 1718) with showing cleavage locations in the structure. Red signs
match with 4’-monophosphory! species, blue signs with 1-monophosphoryl species, and purple

signs refer to both isomeric species. Fatty acyl chain lengths are given by numbers, and the
colored parts of the structure show the differences among the four lipid congener (Aissa et al.,
2022).
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Typically, the highest fragment ion peak (at m/z 1115, except for PHAD-504 and E.
coli, for which it was at m/z 1087) was the B ion (inter-ring cleavage). Since the native
sample consists of a mixture of 1- and 4’-monophosphoryl species, two B ions — a
phosphorylated one (m/z 1087) and a nonphosphorylated one (m/z 1007) — showed up
(although the latter was less intense). Starting with the B; ion, the secondary fatty acyl
loss at C-2' occurred for all compounds, resulting in the moderate-intensity fragment ion
at m/z 887, apart from the 1-monophosphoryl lipid A species present in the E. coli sample

(Fig. 14e), for which it gave a peak at m/z 807.

The position of this fatty acid could be readily determined by comparing the mass
difference associated with this removal for PHAD-504 (200 u, reflecting the loss of a
C12:0 from the C-2’ secondary position) with that observed for the remaining three lipid
A standards (228 u, corresponding to the removal of a C14:0 in the same position). The
C-2’ secondary fatty acid was also lost in the form of ketene, leading to the small-intensity
peak at m/z 905. In addition, for all synthetic derivatives, low-intensity peaks occurred at
m/z 789, 677 and 659 due to the loss of phosphoric acid (98 u), the C-3’ secondary fatty
acid as a ketene (210 u) and an acid (228 u), respectively, from the triacylated By ion (m/z
887). The fragment ion at m/z 562 (or at m/z 534 for PHAD-504 and E. coli) resulted via
the cleavage of the C14:0(3-O-C14:0) at the C-3’ position (454 u) together with the
removal of phosphoric acid (98 u). Subsequently, the formation of the fragment ion at m/z
334 was caused by the additional loss of C14:0 (or C12:0 for PHAD-504 and E. coli) at
the C-2’ secondary position.

Moreover, each MS? mass spectrum also exhibited another inter-ring cleavage product
with low intensity (at m/z 388, 598, and 614 in Fig 14a, b, and c-e, respectively) called
the Yi-type ion. Specifically, it was the Y ion that lost its substituent at C-1. In the case

of 3D(6-acyl)-PHAD (Fig. 14b), the loss of fatty acid at the secondary position at C-2 of
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the Y1 ion was also detected with a small fragment at m/z 370. In addition to the ions
mentioned above, a high-intensity fragment due to water loss (18 u) from the C-1 position
of the precursor ion appeared for all derivatives. On the other hand, the loss of phosphoric
acid (98 u) could also be observed from the C-1 position (resulting in the peak at m/z
1620) but only for the E. coli lipid A. The ion, where the substituent at the C-1 position
is lost, is referred to as the B> ion. In this sense, two Bz ions were observed in the E. coli
sample. Moreover, in a unique manner, for 3D(6-acyl)-PHAD, the cleavage of a C14:0
from the C-2 secondary position could also be observed from the B> ion by the low-
intensity peak at m/z 1485. At this point, it should also be noted that the ion corresponding
to the [Y1—C-1 substituent] ion could be easily identified in each mass spectrum by
subtracting the m/z value of B from the m/z value of B> and then, adding the mass of a

proton.

Thereafter, the fragmentation patterns of the intact B ions selected as precursor ions
using ESI-IT MS?® measurements were examined. Within the MS® mass spectra of the B
ions of the standards (Fig. 15) and of 4’-monophosphorylated lipid A from E. coli (Fig.
16a), the base peak (m/z 887) resulted from the release of the C-2’ secondary fatty acid as
an acid. Besides, a low-intensity peak occurred at m/z 905, which resulted from the loss
of the same fatty acid as a ketene. Subsequently, two low-intensity peaks were formed by
the losses of phosphoric acid (98 u) and metaphosphoric acid (80 u) from the non-intact
B ion at m/z 887. Furthermore, from the same (triacylated) B ion, the C-3’ secondary
fatty acid was removed both as an acid (m/z 659) and a ketene (m/z 677). Other cleavage
products were formed by the release of the residual C-3’ primary fatty acyl chain (C14:1)
as an acid (m/z 433) and a ketene (m/z 451). Losses of phosphoric acids (98u) from the
di- and monoacylated B ions led to peaks at m/z 561 and 335, respectively.
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Figure 15. ESI-ion trap MS® mass spectra of the intact [B; + H]* ion selected as a precursor at
m/z 1115 of a) 3D-PHAD, b) 3D(6-acyl)-PHAD, ¢) PHAD, and d) at m/z 1087 of PHAD-504

The MS? mass spectrum of the B; ion at m/z 1007 of the 1-monophosphorylated lipid

with the indication of cleavage sites in the structures (Aissa et al., 2022).

A from E. coli O83 (Fig. 16b) was characterized by the same set of fatty acyl losses and

intensity ratios as observed for the 4’-monophosphorylated species, except that the

removal of the C14:1 residue in the form of ketene from the C-3’ position was not

detected. In addition, there was a lack of signals due to the removal of the phosphate

group (in the form of phosphoric acid and metaphosphoric acid), evidently, as the non-

reducing GIcN II subunit (representing the precursor ion in this case) was not

phosphorylated at the C-4’ position.
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Figure 16. ESI-ion trap MS® mass spectra of the intact [B1 + H]* ion selected as a precursor at a)
m/z 1087 for the 4’-monophosphoryl species and b) m/z 1007 for the 1-monophosphoryl species
from E.coli O83 lipid A. Cleavage sites are indicated in the structures (Aissa et al., 2022).

5.1.4. CID fragmentation pattern of the [M + Na]* lipid A precursor ions

The ESI-Q-TOF MS/MS mass spectra of the monosodium adducts [M + Na]" of the
lipid A analytes (Fig. 17) presented a similar, but slightly more complex fragmentation

pattern, than that observed for the [M + H]" precursor ions (Fig. 14).

Here, as well, both the intact B fragment (at m/z 1137 in Fig. 17a-c and m/z 1109 in
Fig. 17d and e) and the triacylated (at m/z 909) — resulting from the loss of the C-2’
secondary acyl chain — B fragment ions appeared, However, it was not the intact but the
triacylated one being the base peak in the mass spectra of the [M + Na]" precursor (for
[M + H]" precursor ions it was the intact one).

It should be noted that in Fig. 17e of the native sample of E. coli lipid A, two sets of
B ions could be detected reflecting the simultaneous presence of two phosphorylation
isomers. However, no further loss from the B ion at m/z 1029 originating from the 1-
monophosphoryl isomer was observed (any loss from this ion was only detected by MS?

measurements).
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Figure 17. ESI-Q-TOF MS/MS mass spectra of [M + Na]* lipid A precursor ions of a) 3D-
PHAD (m/z 1542), b) 3D(6-acyl)-PHAD (m/z 1752), ¢) PHAD (m/z 1768), d) PHAD-504 (m/z



In addition to the B ions, another intense peak was observed only for the 3-acyl lipid
A compounds (at m/z 1524 in Fig. 17c and m/z 1496 in Fig. 17d and ¢), coming from the

removal of a C14:0(3-OH) (244 u) at the C-3 primary position from the precursor ion.

Each MS/MS mass spectrum showed signals due to water loss or removal of the
phosphate group (in the form of phosphoric acid and metaphosphoric acid) from the
precursor ion. The release of secondary fatty acids at the C-3' or C-2' position from the
precursor led to a single low-intensity peak (at m/z 1314, 1524, and 1540 in Fig. 17a,b,
and c, respectively) for the lipid A species with the same type of secondary fatty acids;
and pairs of peaks (m/z 1512 and 1540 in Fig. 17d and e) for those having different
substituents at these positions. A third generation fragment was also produced by the loss
of the C-3’ primary acyl residue (m/z 990, 1200, 1216, and 1188 in Fig. 17a,b,c, and d/e,
respectively). Cross-ring fragments, such as a ®*A; ion (at m/z 1197 in Fig. 17a and b for
the 3-deacyl, and at m/z 1169 in Fig. 17c-e for the 3-acyl species) and a ®?A; ion (at m/z

1257 only for the 3-deacyl species) came out with moderate intensities.

Subsequently, the intact B ions present in the samples of PHAD-504 standard and E.
coli 083 bacterium were subjected to MS® measurements. As shown in Fig. 18,
fragmentation patterns looked quite similar for the synthetic and bacterial lipid A samples
with C-4’ phosphorylation (Fig. 18a and b). However, the fragmentation pattern of the 1-
monophosphoryl lipid A from E. coli (Fig. 18c) was different from the two previously
described, as the relative intensities of the fragments formed by secondary fatty acyl loss
(as an acid) from the C-2’ and C-3’ positions, respectively, were inverted. Another
difference was that (evidently) no signal because of the removal of the phosphate group

(in the form of phosphoric acid and metaphosphoric acid) appeared.
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Figure 18. ESI-ion trap mass spectra of the [B1 + Na]* ion obtained at MS? stage of the selected
ion at a) m/z 1109 for PHAD-504, b) m/z 1109 for the 4’-monophosphoryl and c) m/z 1029 for
the 1-monophosphoryl species from E.coli O83 lipid A, with the indication of cleavage sites in
the structures. Red signs match with 4’-monophosphoryl, and blue signs with 1-
monophosphoryl species. Fatty acyl chain lengths are given by numbers (Aissa et al., 2022).

5.1.5. CID fragmentation pattern of the [M — H + 2Na]* lipid A precursor ions

MS/MS measurements of the [M — H + 2Na]" precursor ions provided a very complex
fragmentation pattern (Fig. 19), having many differences from that observed for the

protonated molecule (Fig. 14) and the monosodium lipid A (Fig. 17).

For example, products of ring cleavage (type B and Y ions) have not been observed
at all. For each sample, an intense peak in the MS/MS mass spectrum (i.e., at m/z 1336
for 3D-PHAD, 1546 for 3D-(6-acyl)-PHAD, 1562 for PHAD, and 1534 for PHAD-504
and E. coli) was generated when the fatty acid (C14:0, 228 u) was released from the C-3’
secondary position. From this latter, an additional loss of a C14:1 fatty acyl residue at C-
3’ (226) produced a clearly visible peak, while the loss of water (18 u) from the same

fragment and the precursor ion could only be observed for the 3-deacyl standards.
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Figure 19. ESI-Q-TOF MS/MS mass spectra of [M — H + 2Na]* lipid A precursor ions of a)
3D-PHAD (m/z 1564), b) 3D(6-acyl)-PHAD (m/z 1774), c) PHAD (m/z 1790), d) PHAD-504
(m/z 1762) and ESI-ion trap MS/MS mass spectrum of e) E. coli O83 (m/z 1762), with showing
cleavage locations in the structure. Red signs match with 4’-monophosphoryl species, blue signs
with 1-monophosphoryl species, and purple signs refer to both isomeric species. Fatty acyl
chain lengths are given by numbers, and the colored parts of the structure show the differences
among the four lipid congeners (Aissa et al., 2022).

For the 3-acyl lipid A (Fig. 19¢ and d/e), the loss of the C-3 primary substituent (244

u) from the precursor ion led to a high-intensity fragment ion signal (m/z 1546 and 1518,
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respectively), A further loss of secondary fatty acid at the C-3' resulted in an abundant
peak, as well (m/z 1092 and 1064, respectively). This was followed by the loss of a C14:1
fatty acyl residue at C-3° (226 u), yielding a relatively high-intensity peak (m/z 1092 and

1064, respectively).

Moreover, in the MS/MS mass spectra of lipid A disodium adducts, intact “*A; and
94A, cross-ring fragments showed up with moderate intensities, from which further
fragments were formed by sequential losses of the C-3’ secondary, C-3’ primary, and C-
2’ secondary acyl residues. Note that the “>A; ion series was only detected for the 3-
deacyl (Fig. 19a and b), whereas the “*A; ion series appeared for all samples, apart for
the 1-monophosphoryl species in the E. coli sample (Fig. 19¢). In fact, given that no
phosphate-free “*A; ions were detected in Fig. 19¢c-¢, it could be assumed that the “*A,
ion series detected in the E. coli sample in Fig. 19e derived only from the 4’-
monophosphoryl isomer. In addition, multiple signals due to water loss (18 u) and
eliminations of the monosodium phosphate (NaH>PO4, 120 u) from the precursor or other
product ions contributed to the complexity of the fragmentation pattern of disodium

adducts.
5.2. NACE-ESI-MS/MS separation of lipid A from P. aeruginosa PAO1

The lipid A isolate from P. aeruginosa PAO1 was analyzed using the newly developed
NACE-MS/MS method with CID fragmentation in both positive and negative ion modes.
Our main goal was to search for previously undiscovered structural isomers, specifically
related to C-1 and C-4’ monophosphorylated compounds, for which we can demonstrate
the complementary role of the positive and negative ion CID mass spectra for their

reliable differentiation and structural characterization.
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The representative extracted ion electropherogram (EIE) of the tetra-, penta-, and
hexaacylated lipid A, which appeared in more isomeric forms than that seen by the
previous chromatographic separation (Buré et al., 2021) of the PAO1 isolate, can be seen
in Figure 20. The electropherograms could be divided into two distinct migration zones,
depending on the location of the phosphate group, i.e., C-1 phosphorylated lipid A (C-1P)
moved more quickly toward the anode (MS detection) than those having the phosphate
group at the C-4’ position (C-4’P). Furthermore, ions within the two migration areas.
were, in some cases, resolved into even more electrophoretic peaks matching with various
acyl chain positional isomers. The exact composition of the separated species is

summarized in Table 1
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m/z 1195.77 tetraacylated

w oo -

x10

m/z 1211.77 tetraacylated

LR=J I -}

m/z 1365.90 pentaacylated

%
5

my/z 1381.90 pentaacylated

=
=)
= B oM eo

m/z 1536.04 hexaacylated

o
@

x
o
o = o = o

m/z 1552.04 hexaacylated

—ep e

13 5 7 9 1 13 15 17 19 21 23 25 27 29 31 33
Counts vs. Acquisition Time (min)

Figure 20. NACE-MS extracted ion electropherograms (EIEs) of some representative
deprotonated ions from the tetra-, penta-, and hexa-acylated lipid A families presented in the P.
aeruginosa PAOL extract (Sandor et al., 2023). Notations: C1P refers to C1-
monophosphorylated, and C4'P refers to C4’-monophosphorylated lipid A species. Confirmation
of the phosphorylation site was based on the positive ion CID mass spectra of lipid A.
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Table 1 Lipid A structures identified from the P. aeruginosa PAO1 isolate by NACE-ESI-QTOF MS/MS analysis (tm: migration time; P: phosphate group)
(Sandor et al., 2023)

tm (Min) mcalc. Position on the diglucosamine backbone reported by
Da
. c4' c3 c2' C3 C2 C1 Buré et al. (2021)
25.91 1184.73 H H C12:0(3-OH) C10:0(3-0H) C12:0(3-O(C12:0(2-OH))) P no
26.25 1184.73 H H C12:0(3-O(C12:0(2-0HY))) C10:0(3-0H) C12:0(3-OH) P no
26.68 1212.76 H H C12:0(3-O(C12:0(2-0HY))) H C12:0(3-O(C12:0(2-OH))) P no
26.89 1196.77 H H C12:0(3-0(C12:0)) H C12:0(3-O(C12:0(2-OH))) P no
27.02 1184.73 H C10:0(3-0OH) C12:0(3-OH) H C12:0(3-O(C12:0(2-OH))) P no
27.02 1184.73 H C10:0(3-0OH) C12:0(3-O(C12:0(2-0HY))) H C12:0(3-OH) P no
27.10 1382.89 H H C12:0(3-O(C12:0(2-0HY))) C10:0(3-0H) C12:0(3-O(C12:0(2-OH))) P no
27.53 1366.90 H H C12:0(3-0(C12:0)) C10:0(3-0H) C12:0(3-O(C12:0(2-OH))) P no
28.08 1382.89 H C10:0(3-OH) C12:0(3-O(C12:0(2-0HY))) H C12:0(3-0O(C12:0(2-OH))) P no
28.42 1366.90 H C10:0(3-OH) C12:0(3-0(C12:0)) H C12:0(3-0O(C12:0(2-OH))) P no
28.51 1553.02 H C10:0(3-OH) C12:0(3-O(C12:0(2-0HY))) C10:0(3-0H) C12:0(3-0O(C12:0(2-OH))) P no
29.01 1537.03 H C10:0(3-OH) C12:0(3-0(C12:0)) C10:0(3-0H) C12:0(3-0O(C12:0(2-OH))) P no
29.52 1184.73 P C10:0(3-OH) C12:0(3-O(C12:0(2-0HY))) H C12:0(3-OH) H yes
30.03 1184.73 P C10:0(3-OH) C12:0(3-OH) H C12:0(3-O(C12:0(2-OH))) H yes
30.03 1382.89 P C10:0(3-OH) C12:0(3-O(C12:0(2-0HY))) H C12:0(3-0O(C12:0(2-OH))) H yes
30.16 1553.02 P C10:0(3-OH) C12:0(3-O(C12:0(2-0HY))) C10:0(3-0H) C12:0(3-O(C12:0(2-OH))) H yes
30.37 1366.90 P C10:0(3-OH) C12:0(3-0(C12:0)) H C12:0(3-O(C12:0(2-0OH))) H yes
30.50 1537.03 P C10:0(3-OH) C12:0(3-0(C12:0)) C10:0(3-OH) C12:0(3-O(C12:0(2-0H))) H yes
30.59 1212.76 P H C12:0(3-O(C12:0(2-0OHY))) H C12:0(3-O(C12:0(2-0OH))) H yes
31.02 1196.77 P H C12:0(3-0(C12:0)) H C12:0(3-O(C12:0(2-0OH))) H no
31.02 1196.77 P H C12:0(3-0O(C12:0(2-0OHY))) H C12:0(3-0(C12:0)) H no
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5.2.1. Mass spectrometric determination of phosphorylation site and acylation

profile

The structural assessment of all of the separated lipid A isomers was based on MS/MS
of the positively charged triethylammonium adducts [M + H + EtsN]" and the negatively

charged deprotonated [M — H]™ lipid A precursor ions.

The most demonstrative example for determining both phosphorylation and acyl
chain positional isomers in PAO1 is shown in Fig. 21. This figure presents the separation
and structural verification of six tetraacylated lipid A isomers (two of them co-migrating),
all having m/z 1184 in negative ESI mode (as seen in the first EIE in Fig. 21) and m/z
1287 in positive ESI mode. In the positive ion mode CID, the major cleavage sites of the
[M + H + EtsN]" precursor of all isomers are the glycosidic bond cleavages, giving Bz
and B ions. These are indicated by the cleavages of the 1a and 1’a bonds, respectively,
in Fig. 21b and d. Since the 1a bond is a potential phosphorylation site, the B2 ion formed
by its cleavage (following the loss of the adduct-forming Et3;N) is highly characteristic
for the phosphorylation pattern of lipid A. Consequently, the B> ion peak at m/z 1088 in
the MS/MS mass spectra of the first three isomers (compounds 1,2 and 3) was due to the
loss of EtsN + H3PO4 (199 u), stating the C-1 location of the phosphate group, whereas
for compounds 4 and 5, the B ion at m/z 1168 resulted by the loss of EzN + H>O (119 u)
exposing the phosphorylation site at C-4'.

Cleavage of the 1’a bond gave rise to two fragments in the CID mass spectra (Fig.
21b), such as the high-intensity B and the low-intensity Yi1—1a ions (Note that this latter
can be identified by subtracting the m/z value of By from that of B, and then, adding the
mass of a proton.) From the masses of the B1 and Y1-1a ions, preliminary information can
be obtained on the distribution of the acyl chains among the non-reducing and reducing

glucosamines of each of the isomers. So, the Bi-type fragment (m/z 360) of the first
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tetraacylated isomer (compound 1) is a non-phosphorylated, monoacylated non-reducing
glucosamine part bearing an amide-linked C12:0(3-OH) likely at the C-2° primary
position (since amide bonds are more stable than ester bonds under CID conditions).
Therefore, the ion at m/z 728 is the Y1—1a ion bearing three hydroxylated fatty acids, one
with 10 and two with 12 carbon atoms (At this stage, it is not possible to determine the
location of these fatty acids). Similarly, a non-phospholated , diacylated B at m/z 558,
bearing two 12-carbon hydroxy fatty acids, and a diacylated Yi1—1a ion (m/z 530), bearing

one 10-carbon and one 12-carbon hydroxy fatty acids, are observed for compound 2.

Similarly, such ions B and Yi-1a ions are observed for compound 3, as well, at m/z
530, bearing one 10-carbon and one 12-carbon hydroxy fatty acids, and at m/z 558,
bearing two 12-carbon hydroxy fatty acids, respectively. However, for Compound 3,
fragments of a co-migrating isomer (Compound 3’) were also found at m/z 728 and 360.
These masses could only be related to a non-phosphorylated, triacylated B ion, bearing
one 10-carbon and two 12-carbon hydroxy fatty acids, and a mono-acylated Y —1a ion,
bearing a C12:0(3-OH) certainly at the C2 primary position. As only one B; ion is seen
in the chimera mass spectrum, we can verify that the compound 3 and the co-migrating

compound 3’, as well, contain a non-phosphorylated non-reducing part.

In the case of C-4'P isomers (compounds 4 and 5), only phosphorylated B; ions were
detected (Fig. 21b). The peak at m/z 808 for compound 4 can be related with a
phosphorylated, triacylated Bi, bearing one 10-carbon and two 12-carbon hydroxy fatty
acids, and that at m/z 360 is a monoacylated Yi—la ion bearing an amide-linked C12:0(3-
OH) likely at C-2. In compound 5, the peak at m/z 610 corresponds to a phosphorylated,
diacylated B, bearing one 10-carbon and one 12-carbon hydroxy fatty acids, and that at

m/z 558 to a diacylated Y —1la ion, bearing two hydroxy fatty acids with 12 carbon atoms.
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Figure 21. Structural characterization of tetra-acylated lipid A isomers from P. aeruginosa
PAOL1 (Sandor et al., 2023). The overlaid electropherograms of the [M + H + EtsN]* (m/z
1286.86) and [M — H] ions (m/z 1183.73) obtained by NACE-ESI-QTOF MS analysis in

positive and negative ionization modes are shown in a), whereas MS/MS mass spectra of the
observed isomers (compounds 1 — 5) achieved by positive and negative ion CID are shown in b)
and c), respectively. Proposed structures of the separated isomers with all cleavage sites
corresponding to both positive and negative ion CID experiment are shown in d). Italic labels
correspond to a co-migrating isomer (compound 3”).
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For EtsN-lipid A adducts, it is known that loss of secondary fatty acid at C-2’ position
(i.e., cleavage of the 2’¢ bond) can be determined by the difference in mass between the
B1 ion and an adjacent fragment. If an adjacent fragment is not present, then most
probably no secondary substituent is linked to the C-2’ primary acyl chain (Sandor et al.,
2018). Therefore, a fragment resulting from the loss of a fatty acid (216 Da) from the B
ion has only been seen in the MS/MS mass spectra of compound 2 (at m/z 342), 3’ (at m/z
512) and 4 (at m/z 592), indicating a C12:0(2-OH) in the C-2’ secondary position for these
isomers (note that this secondary fatty acid is typical for P. aeruginosa lipid A (Buré et
al., 2021). Based on what has been elucidated so far, the acylation profile of the non-
reducing part of compound 2 could be inferred: a C12:0(3-O-C12:0(2-OH)) is at C-2’ and

the —OH at C-3’ is free.

For EtsN-lipid A adducts,, it is also known that when primary fatty acid at C-2 is
substituted, there is a loss of the secondary fatty acid from the B: ion (i.e., cleavage of the
2¢ bond) , but when C-2 secondary acyl chain is absent, then the parallel cleavages of the
30 +4a bonds 1s most frequently visible (Sandor et al., 2018). Using this rule, the presence
of a C12:0(2-OH) in the C-2 secondary position could be verified for compounds 1, 3,
and 5 by the small-intensity peaks at m/z 872, 872, and 952, respectively, derived from
the same type of loss (216 u) from the corresponding B> ions. For compound 2, the
fragment seen by 206 u mass difference from the B> ion could be attributed to the parallel
losses of a C10:0(3-OH) (188 u) from the C-3 primary position and a water molecule (18
u) from the C-4 position, hence, the C-2 primary substituent has to be a C12:0(3-OH).
Loss of two water molecules (36 u) from the C-3 and C-4 positions from the B> ion was
observed for compounds 3’ and 4 by the peaks at m/z 1052 and 1132, respectively,
involving their free C-3 primary position.
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Overall, the positive ion CID experiments enabled the complete structural assignment
of compound 2, and the determination of fatty acids on the non-reducing part of

compound 1 and on the reducing parts of compounds 3, 3°, 4, and 5 (Fig. 21d).

Subsequently, an assessment of the negative ion mode tandem mass spectra of the
deprotonated tetra-acyl isomers at m/z 1184 (Fig. 21c¢) is required to check the remaining
acylation patterns of all six isomers. For the three separated and one co-migrating C-1P
isomers, very similar fragmentation patterns were seen, showing the same fragment ions
at m/z 996 (produced by the loss of a 10-carbon hydroxy fatty acid, 188 u), m/z 968
(produced by the loss of 12-carbon hydroxy fatty acid, 216 u), and m/z 780 (produced by
the loss of both of these fatty acids, 404 u), only the relative intensities of the ion peaks
differed. Knowing that only ester-linked fatty acids are released under low energy CID
conditions, the peak at m/z 996 for compound 1 could only come from the loss of a
C10:0(3-OH) related to the C-3 primary position, and the peak at m/z 780 came from an
additional loss of C-2 secondary C12:0(2-OH) linked to a C12:0(3-OH) at the C-2
primary position. Therefore, the full structure of Compound 1 could also be disclosed
(Fig. 21d). The entire structure of compound 2 has already been determined from positive
ion CID, whereas peaks at m/z 968 and 780 obtained by negative ion MS/MS confirmed
that a C12:0(2-OH) substituent is connected at the C-2’ secondary, and a C10:0(3-OH) is
related at the C-3 primary positions. In the negative mode CID mass spectrum of
compound 3 (having a C-2 secondary C12:0(2-OH) on the reducing sugar part) and of the
co-migrating isomer, compound 3’ (having a C-2’ secondary C12:0(2-OH) on the non-
reducing sugar part), the two with a free C-3 position, the peak at m/z 968 has to come
from the loss of a C10:0(3-OH) at C-3’ for both isomers, and that at m/z 780 resulted from
the loss of a secondary C12:0(2-OH) at C-2, or at C-2' for compound 3. It is also worth
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mentioning that for the three C-1P isomers, cleavages of the 2°6 or 26 bonds produced the
small fragment at m/z 623 through the loss of a C9:0(CHO) aliphatic aldehyde from the

unbranched amide-linked fatty acid at the C-2’ or C-2 primary positions.

The negative ion mode tandem mass spectra of the C-4’P isomers (compounds 4 and
5 in Fig. 2lc) exhibited different fragmentation patterns than the CI1-P isomers
(compounds 1-3) since different rules have regulated their gas phase fragmentation. The
diagnostic acid/ketene loss of the C-3’ primary fatty acid, and the presence of “*A; and
04 A,-type cross-ring fragments in their CID mass spectrum (Madalinski et al., 2006) were
of big help for their structural identification. The loss of a C10:0(3-OH) as an acid and as
a ketene from position C-3' resulted in ions at m/z 996 and 1014 for both compounds. The
same pair of acid/ketene loss was also found from the ®?A, ions for both compounds,
yielding fragments at m/z 738/756 for compound 4, and at m/z 540/558 for compound 5.
Additional loss of a C12:0(2-OH) secondary fatty acid C-2' was seen for compound 4
because of the *2A,-type ion at m/z 522. In addition, from the mass of the mono-acylated
92A, ion at m/z 522 for compound 4, it could be concluded that a C12:1 residue is attached
(produced in a CID process from the C12:0(3-O(C12:0(2-OH) at this position), whereas
the mono-acylated ®?A» ion at m/z 540 for compound 5 showed a C12:0(3-OH) connected

at the C-2’ primary position.
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6. Discussion
6.1. Utility of fragmentation pathways of positively charged precursor ions

Ionization of lipid A molecules in negative mode ESI is usually more favored over the
positive mode ESI due to the presence of acidic phosphoryl groups in the lipid A
structures. Therefore, the formation of anions is preferred for these compounds. However,
the detection of lipid A with negative ionization from a native sample still presents a
challenge for scientists, because the simultaneous presence of phosphate positional
isomers, i.e., monophosphoryl lipid A compounds with the phosphate group at either C-1
or C-4’, produces a chimera mass spectrum upon MS? analysis, which, in the case of lipid
A compounds, makes their precise structural identification difficult due to overlapping
mass spectral peaks (Fig. 13e). Moreover, since the fragmentation pattern of a chimeric
spectrum of lipid A highly resembles that of the 4’-phosphorylated isomer alone, the

presence of the 1-phosphorylated analog usually remains hidden.

To find out whether ionization of lipid A molecules in positive mode ESI combined
with tandem MS can be used for a better distinction of phosphorylation isomers, we
carried out a systematic MS/MS study of sodiated adducts and the protonated molecule

of lipid A using pure lipid A samples and a mixture of phosphoisomers.

The greatest advantage is that the combined analysis of at least two of these three
types of the positively charged precursors discussed above provides additional structural
information on the acyl linkages at the C-2/ C-3/C-3' primary and C-2/C-2'/C-3 secondary
positions. In addition, assignment of the phosphorylation site (i.e., C-1 or C-4) is highly
facilitated by the fragmentation pattern of [M + H]" or [M+Na]". Particularly, the B> ion
formed from the [M + H]" precursor ion is of great importance, as it directly points out

the position of the phosphate group in lipid A.
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6.2. Comparison of the fragmentation behavior of lipid A precursor ions

There are some similarities between the fragmentation mass spectrum of the single
sodium ion adduct and the protonated molecular ion. Figure 21 shows the principal
similarities and differences between the two fragmentation patterns. As already
mentioned, the cleavage between the glucosamine units of the precursor ion resulting in
a B1 ion occurs in both mass spectra. Also, the parallel losses of C14:0(3 O-C14:0) at C-
3’ position and phosphoric acid elimination were observed in both mass spectra. A
difference was found in the intensity of the precursor ion, which was higher for the single
sodium adduct compared to the protonated molecular ion, when using the same collision
energy (40 eV). This suggests that the adduct ion is more stable. Indeed, even at higher
fragmentation energy (80 eV instead of 40 e¢V) the [M + Na]" precursor ion was still
relatively abundant (results not shown). Moreover, the phosphoric acid loss was observed

only from the single sodium adduct ion, but not from the protonated molecular ion.
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Figure 22. Comparison of ESI-Q-TOF MS/MS mass spectra of a) the [M + Na]* (m/z 1542) and
b) the [M + H]* (m/z 1564) precursor ions of 3D-PHAD (Aissa et al., 2022). The similarities
between the two fragmentation patterns are indicated in red, and the differences are shown in

gray.
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One of the main advantages of the fragmentation mass spectrum of the [M — H +
2Na]" is that it closely resembles that of a [M — H]™ of 4’-monophosphorylated lipid A.
The main similarities and differences between the two fragmentation patterns are
demonstrated in Fig. 23. Both MS/MS mass spectra show the same type of cross-ring
cleavages and serial fatty acid cleavages from the precursor ion, although there are fewer
cross-ring fragments appearing from the series in the case of the [M — H]™ precursor.
Moreover, the characteristic loss of the C-3 fatty acyl chain in the form of acid and ketene
can only be observed during the dissociation of the deprotonated form, whereas
eliminations specific to the phosphate group and of water from the precursor ion are only
seen during the fragmentation of the disodiated form. Another difference is that in the
case a [M — H + 2Na]" precursor, the CID fragmentation of 4’-monophosphorylated lipid
A containing also the C-3 fatty acyl substituent will not result in the formation of ®?A,

ions, only in the case of the [M — H]™ precursor.
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Figure 23. Comparison of ESI-Q-TOF MS/MS mass spectra of 3D-PHAD measured a) in
positive-ion mode as the [M — H + 2Na]* (m/z 1564) precursor ion or b) in negative-ion mode as
the [M — H]~ (m/z 1518) precursor ion (Aissa et al., 2022). Similarities between the two
fragmentation patterns are indicated in red, and the differences are shown in gray.
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6.3. Structural elucidation of unknown monophosphorylated lipid A

We collected information from the positive mode ESI tandem MS analyses of the
three ion types of lipid A disscussed above, namely the protonated molecule and the two
singly-charged sodiated adducts, in order to formulate guidelines that can be applied for
the proper structural elucidation of an unknown monophosphorylated lipid A even from
complex samples containing phosphorylation isomers. Accordingly, based on the
combined data from the CID fragmentation patterns of the [M + H]", [M + Na]" and [M
—H + 2Na]" ions, a flowchart was developed (Fig. 24). The flowchart describes the steps
for identifying the lipid A constituents. The first step is the determination of the
phosphorylation site, and this is followed by the identification of the fatty acyl chains
bound at specific sites. It can be applied for the structural characterization of unknown
monophosphorylated lipid A molecules with higher acylation degrees (i.e., penta-, hexa-
or hepta-acylation).

In detail. The lipid A sample (containing a small amount of ammonium formate and
NaCl) is initially ionized with positive-ion ESI to generate protonated, mono and
disodium-cationized precursor ion signals (each differing by 22 u in mass). Thereafter,
the first peak ([M + H]" ion) is subjected to CID to generate product ions that provide
information on the complexity of the lipid A sample, ie., if more than one
phosphorylation isomer is present. Phosphorylation locations can be determined by the
occurrence of one or two Bs ion peaks in the MS/MS mass spectrum of the [M + H]"
precursor ion, i.e, one formed by removal of phosphoric acid (98 u) — showing C-1
phosphorylation. — and a second resulting from a loss of water (18 u) — showing C-4'

phosphorylation. The occurence of two B2 ions shows that the sample is a mixture of C-
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1 and C-4’ phosphorylated lipid A; but the occurrence of a single B> peak confirms that

the sample contains a single phosphorylation isomer.

Then, the type of secondary fatty acid at the C-2’ position (if present) can be identified
by the mass difference between the B ion and a prominent fragment beside it., caused by
the loss of that fatty acid (Note that this loss of secondary fatty acyl produces the base
peak during the CID of the [M + Na]" precursor, or using higher collision energies, such
as CE > 50 eV, during the CID of the [M + H]" precursor). Furthermore, the composition
of the C-2’ secondary fatty can be confirmed with the lastly generated product ion from

the A-type ions in the MS/MS mass spectrum of the disodiated lipid A.

At this stage, further structural information can be otained from the MS/MS analysis
of the sodiated ions, [M + Na]" and [M — H + 2Na]" lipid A precursor ion subjected to
CID. To find out if the lipid A molecule has any acyl chain at the C-3 position, the MS/MS
mass spectrum should be examined for an abundant peak formed by water loss (18 u)
from (any of) the sodiated precursor ions. Detection of this fragment indicates that the C-
3 primary acyl chain is not present, while the absence of this fragment in the MS/MS mass
spectrum defines a lipid A compound containing the C-3 acyl chain. In the case of this
latter, the next step is to seek out for three abundant fragment peaks consecutively coming
from the [M — H + 2Na]" precursor with mass differences in accordance with C-3 primary,
C-3’ secondary (if present), and C-3° primary fatty acyl losses. The first and second
fragments of these dominant peaks can have concurrent peaks as a result of the sequential
loss of the C-3’ secondary and primary substituents from the precursor ion. In the case of
the [M + Na]" precursor, the C-3 primary fatty acyl loss-fragment is normally seen, but
peaks of the other two losses (from the C-3’ secondary and primary positions) should be

sought only from the phosphate-depleted fragment of the precursor ion.
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For a 3-deacyl compound, only two abundant peaks — each followed by water loss —
need to be sought, resulting from the serial release of the C-3’ secondary (if present) and
C-3’ primary fatty acids from the [M — H + 2Na]" precursor ion, or from the phosphate-
depleted fragment of the [M + Na]" precursor ion. In addition, the distribution of the C-
3’ secondary, C-3’ primary, and also the C-2’ secondary fatty acids can also be verified by
the existence of cross-ring cleavage fragments, such as %A, (for 3-deacyl) and **A, (for

3-deacyl and 3-acyl lipid A) from the [M — H + 2Na]" precursor ion.

For assignment of the C-2 substitution, search for the Y-type ion (which already lost
the C-1 substituent) in the MS/MS mass spectrum of the [M + H]" precursor ion (i.e.,
calculate the mass difference between the B> and B, ions and add the mass of a proton).
In case the C-2 primary fatty acid is further substituted (forming an acyloxyacyl group),
also the composition of the C-2 secondary fatty acid can be determined by the same mass
difference between 1) the Y -type ion and one small peak near to the Y-type ion, and 11)

the B> 1on peak and a small peak beside the B> ion.

After identifying all the fatty acyl chains mentioned above by analysing the three
positively charged precursor ions, also the C-2° primary fatty acid can be (indirectly)
inferred, by calculation of the mass difference between the precursor ion and the sum of

the identified sugar, fatty acid, and phosphate substituents.
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B, peak is the result of a water-loss or a phosphate-loss?

Phosphorylation site o ) )
(Losses indicate C-4’- or C-1 phosphorylation, respectively.)

) 1) Find acyl-loss peak from the B, ion of the [M+H]* or [M+Na]* precursors.
C-2" secondary fatty acid 2) Find the last-generation peak of acyl-losses from 24A, and/or %2A; peaks. (Order

of acyl-losses: C-3’ secondary > C-3’ primary > C-2’ secondary)

Find the most dominant first-generation acyl-loss from the [M-H+2Na]* or
C-3 primary fatty acid [M+Na]* precursors. (Note that a water-loss from the precursor indicates a
free OH group at position C-3.)

Find series of acyl-losses from the [M-H+2Nal* precursor.

C-3’ seconda
- (Order of acyl-losses: C-3 primary> C-3’ secondary > C-3’ primary)

and primary fatty acids

Find series of acyl-losses from the %4A, and/or %A, peaks.
(Order of acyl-losses: C-3’ secondary > C-3’ primary > C-2’ secondary)

Can be calculated from the Y,-type ion, or (if substituted) both from the Y-

(€ 25 [IGE L 2157 £ type ion and the loss of the C-2 secondary fatty acid.

C-2 secondary fatty acid Find acyl-loss from the B, of the [M+H]* precursor. Find the same
acyl-loss from the Y;-type ion.

1) Can be calculated from the monoacylated (last-generation) A-type ion.
C-2’ primary fatty acid

2) Can also be calculated indirectly from the precursor ion and the sum of the
identified sugar, fatty acid, and phosphate substituents.

Figure 24. Guidelines for the structure elucidation of unknown 4’-monophosphorylated lipid A
by the combined analysis of MS/MS mass spectra of its [M + H]*, [M + Na]* and [M —H +
2Na]* precursor ions. Information obtained from the CID pattern of the [M + H]* precursor is
indicated by red, whereas information gained from the [M — H + 2Na]* and [M + Na]*
precursors is indicated by blue.

6.4. Mechanistic study of the fragment ion formation in the gas phase

There are relatively few studies found on the dissociation processes of 4’-
monophosphoryl lipid A upon low-energy collisional activation. In those studies, two
possible mechanisms are indicated for the elimination of acyloxy esters from lipid A, a
charge remote process (Kussak and Weintraub, 2002; Lee et al., 2004; El-Aneed and

Banoub, 2005) , and a charge-driven process (Madalinski et al., 2006). Meanwhile, the
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underlying mechanisms of cross-ring fragment formations, or the elimination of the

acyloxy amides or the phosphate group are barely described in the literature.

This section is intended to examine particular product ions resulting from the gas-
phase fragmentation of the four synthetic lipid A compounds through MS" analyses (n =
2 — 6) in both negative and positive ion modes. A detailed mechanistic study regarding
the fragment ion formation through CID MS" is important for a better insight of ion
chemistry and to help identify lipid A derivatives and fragmentation dependence on

specific linkages.

6.4.1. Mechanisms suggested for the release of the secondary fatty acids from

deprotonated 4’- monophosphoryl lipid A molecules

The elimination of secondary fatty acid at C-3’ position (as free fatty acid) contiguous
to the phosphate group was the first dominant dissociation process for all the studied lipid
A standards (Fig. 11). The mechanism was originally described by Madalinski et al.
(Madalinski et al., 2006) involving a charge-driven dissociation through the formation of
an anion-molecule complex (Scheme 3). This means that the negative charge located on
the phosphate group (basic site) eliminates a proton from the a position (acidic site) of
the primary fatty acyl chain linked at the C-3” position. Next, an anion—-molecule complex
is produced by the a—f elimination with neutralization of the negatively charged
phosphate group in an intermediate structure, and then the loss of the C-3' acyloxy chain
by removal of a proton from the phosphate group and formation of an o,f-unsaturated

carboxylic ester stabilized by resonance.
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Scheme 3. Suggested fragmentation mechanism for the loss of the C-3’ secondary acyl chain as
an acid (Madalinski et al., 2006).

The release of the secondary fatty acid at C-2’ from the precursor was not seen at the
MS? stage (otherwise there would be a peak at m/z 1516 in Fig. 13d). Only the upper MS"
stages (n = 4, 5, 6) displayed anion species due to cleavages of secondary fatty acids at
C-2' (200 u for C12:0 in PHAD-504) and at C-2 (228 u for C14:0 in 3D(6-acyl) PHAD),
after the liberation of the other labile ester-bound fatty acids and mostly after cross-ring
fragmentation had taken place. For illustrative mass spectra showing the release of these
fatty acids, see Fig. A2 in the Appendix. For both cleavage mechanisms, we proposed
charge-driven processes (Schemes 4 and 5, respectively), where the proton is removed
(by the weak basic phosphate group) from the acidic site in the a position of the

corresponding amide group.

anion-molecule complex

Scheme 4. Suggested fragmentation mechanism for the loss of the C-2 secondary acyl
chain as an acid (Aissa et al., 2021).
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Scheme 5. Suggested fragmentation mechanism for the loss of the C-2’ secondary acyl chain as
an acid (Aissa et al., 2021).

In addition, based on MS" measurements, the C-2' secondary fatty acid was also
cleaved in the form of a ketene (182 u or 210 seen in Fig. A3). This type of cleavage
process may be due to intra-molecular hydrogen transfer from the a-carbon of the ester

group and direct O—CO bond cleavage (Scheme 6).
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Scheme 6. Suggested fragmentation mechanism for the loss of the C-2” secondary acyl chain as
a ketene (Aissa et al., 2021).

6.4.2. Mechanisms proposed for the release of the C-3” primary fatty acid

The primary fatty acid was removed from the C-3' position as an unsaturated primary
fatty acid (C14:1) in all standards (observe that the previous removal of the ramified chain
at C-3' leaves behind a double bond). As already presented in Schemes 1 and 2, the loss
of a C-3” primary substituent occurs in two forms, as a ketene and an acid, through two
rival processes. Concerning the loss of the C14:1 as a ketene, the suggested process is

initiated by a proton removal (captured by the anionic charge of the phosphate group)
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from the allylic position of the unsaturated chain, and then, the conjugated carbanion
induces the direct O—CO bond cleavage leading to the release of C14:1 in the form of
ketene (Scheme 7). Also, we assumed that a second proton transfer would happen, and

the negative charge is retained by the phosphate group.
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Scheme 7. Suggested fragmentation mechanism for the loss of the C-3’ primary acyl chain as a
ketene, along with a proton transfer (Aissa et al., 2021).

For loss of the C-3’ primary chain as a free fatty acid, a charge-remote fragmentation
process has already been suggested (Kussak and Weintraub, 2002), where the elimination
of a hydrogen atom at C-4' resulted in the formation of a double bond between the C-3'
and C-4' carbon atoms (Scheme 2). Besides, we proposed here an alternative, charge-
driven dissociation pathway. Namely, a five-membered cyclic phosphate is generated in
a process initiated by the attack of the anionic charge site of the phosphate group on the
carbon C-3’, leading to the removal of the unsaturated alkyl chain as a free fatty acid
(Scheme 8). This assumption was based on a previous report (Hsu and Turk, 2000)
demonstrating the formation of a cyclic phosphate derivative (a six-membered ring) from

diacyl glycerophosphoethanolamine through the release of a primary fatty acid.
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Scheme 8. proposed fragmentation mechanism for the loss of the C-3’ primary fatty acyl chain
as an acid, leading to the formation of a cyclic phosphate derivative (Aissa et al., 2021).

6.4.3. Mechanisms proposed for the release of the C-2’ and C-2 primary fatty acids

We examined the elimination process of the amide-linked primary fatty acid at C-2’.

In fact, such release was observed only in the case of 3D-PHAD (this has the smallest

molecular weight) and only at higher MS stages (Fig. 25). Here, a fragment ion at m/z

282 was formed by eliminating a C14:1 as a ketene from the C-2’ position of the %*A;

cross-ring fragment. The proposed mechanism begins with a proton transfer from the

allylic position of the unsaturated acyl amide chain to the phosphate group (Scheme 9).

Then, the conjugated carbanion facilitates the direct N-CO bond cleavage.
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Figure 25. ESI-IT MS* mass spectrum of the selected ion at m/z 718 for 3D-PHAD, displaying
the release of an unsaturated myristic acid (208 u) as a ketene from the C-2’ primary position

(Aissa et al., 2021).
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Scheme 9. Suggested fragmentation mechanism leading to the release of the C-2’ primary fatty
acyl chain as a ketene (Aissa et al., 2021).

On the contrary, we have seen the cleavage of the C-2 primary fatty acyl chain for all
standards. An example is shown for PHAD-504 (Fig. 26), where the fragment at m/z 774
was formed through the removal of the hydroxymyristic acid amide (Am = 243 u) from
the ion at m/z 1017. The first step of this charge-driven process (due to a long proton
transfer) is the creation of a reactive alkoxide group at the C-1 position. Next, a ketone
derivative is established via a hydride transfer through the formation of an intermediate

anion—molecule complex (Scheme 10).
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Figure 26. ESI-IT MS®mass spectrum of the selected ion at m/z 1017 for PHAD-504,
indicating the loss of hydroxymyristic acid amide from the C-2 primary position (243 u) (Aissa
etal., 2021).
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Scheme 10. Suggested fragmentation mechanism for the loss of the C-2 primary fatty acyl
chain, leading to the formation of a ketone group in the sugar ring (Aissa et al., 2021).

6.4.4. Mechanisms proposed for the release of the C-3 primary fatty acid

The cleavage of the C-3 linked primary fatty acyl chain was evidently only observed
for the two 3-acyl standards (PHAD and PHAD-504), by the intensive peaks at m/z 1500
and m/z 1472, respectively, in Fig. 13. A charge-driven process has already been
suggested for this release (Madalinski et al., 2006), induced by a long proton transfer,
followed by the creation of a reactive alkoxide group at C-4. Then, a hydride transfer
takes place between C-4 and C-3, promoting release of the C-3 fatty acid anion, which,
through an anion-molecule complex, can remove a proton from the phosphate group. The
product ion of this process is a ketone derivative (Scheme 12).

However, we suggest here another pathway where the product ion will be an epoxide
derivative (note that that epoxide sugars are multipurpose intermediates in organic
synthesis (Wang et al., 2005)) as a result from the anti-attack of the alkoxide ion at C-4

on the hydroxymyristic acid chain at C-3 (Scheme 13).
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Scheme 12. Suggested fragmentation mechanism for the loss of the C-3 primary fatty acyl chain
as an acid, leading to the formation of a ketone group in the sugar ring (Madalinski et al., 2006).
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Scheme 13. Suggested fragmentation mechanism for the loss of the C-3 primary fatty acyl chain
as an acid, leading to the formation of a sugar-derived epoxide (Aissa et al., 2021).

6.4.5. Mechanisms proposed for cross-ring fragmentations

Cross-ring cleavage products, such as %?A; ions, appeared already at the MS? stage

for all standards (Fig. 13), but ®*A, cross-ring fragments appeared only at higher MS
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stages. Since the mechanisms of cross-ring fragment formations for lipid A are not fully
discussed in the literature, we took a closer look at these fragmentations.

The formation of both types of cross-ring fragments can easily be followed by
sequential CID measurements. For example, the MS® mass spectrum of the selected first-
generation fragment ion at m/z 1500 for 3D(6-acyl)-PHAD (Fig. 27a) showed a high-
intensity peak at m/z 1005. This peak resulted from °2A; cross-ring cleavage. When
looking at the MS* mass spectrum of this ion, then a fragment ion at m/z 945 (60 u) was
seen, corresponding to %*A; cross-ring cleavage (Fig. 27b). This observation infers that
there is a structural relationship between the two cross-ring fragments (The same ions,
m/z 1005 and m/z 945, were observed for 3D-PHAD, when the first-generation fragment

at m/z 1290 was selected for MS"; Fig. A4).
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Figure 27. ESl-ion trap mass spectra obtained at MS® and MS* stages of selected ions at a) m/z
1500 and b) m/z 1005 for 3D(6-acyl)PHAD, demonstrating the structural relationship between
024, and ®4A; cross-ring fragment ions in 3-deacyl lipid A (Aissa et al., 2021).

In order to elucidate details on the mechanistic origin of these ions, first it should be
pointed out that ®2A, and ®*A;, cross-ring fragments are usually typically seen in the
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tandem mass spectra of non-phosphorylated (Sandor et al., 2016) or such
monophosphorylated lipid A species (Kussak and Weintraub, 2002; Post et al., 2002),
where the phosphate group is connected to the C-4’ position, and the C-1 position is free
(Kilar et al., 2018). Based on this observation, we can consider a ring-opening (Spengler
et al., 1990) of the reducing sugar as the first step of the mechanism, assuming that there
is an equilibrium amount of the open-chain aldehyde and the closed-chain form. The
open-chain form is then able to act like a reducing agent. Hence, this form catalyzes a
retro-aldol reaction (Chiu et al., 2019) to produce a smaller o,3-dihydroxy aldehyde, i.e.,
an %2A; fragment, through the neutral loss of the anchored enol (Scheme 14). For the
further decomposition of the ®2A, product ion, we suggest two ways: either a second
retro-aldol reaction occurs which leads directly to the %A, fragment ion through loss of
an ethane-1,2-diol (60 u), or the hydroxyl group at C-5 reacts with the formed aldehyde,
which, by a second hemiacetal-aldehyde equilibrium, forms a four-membered ring
oxetanose (Hazelard and Compain, 2017), that may be subject to a [2 + 2]
retrocycloaddition reaction (Popsavin et al., 2004) (Scheme 14). Taken together, the two
pathways differ from each other by the presence or absence of the intermediate oxetanose
ring, a motif that creates a straightforward relationship between %2A; and ®4A; cleavages.
In sharp contrast to the prevalence of furanose and pyranose sugar derivatives in nature,
examples of four-membered ring analogues are only rarely described in the literature (Lee

etal., 1994; Pistara et al., 2013).
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Scheme 14. Suggested mechanisms for the consecutive formation of ®2A, and ®“A, fragment
ions in 3-deacyl lipid A (Aissa et al., 2021).

By selecting precursors at m/z 1488 of PHAD-504 (Fig. 13d) and m/z 1516 of PHAD
(Fig. 9c) for further MS" experiments, signals resulting from ©%2A, cross-ring
fragmentation (m/z 1203 and 917 for PHAD-504 in Fig. 28, and m/z 1231 and 945 for
PHAD in Fig. A5, respectively) appeared, as well. Again, a relationship between the %?A;
and °%A; ions was observed in the MS* spectrum of the selected %2A, precursor ion.
Because of the presence of an extra chain C14:0(3-OH) at C-3 in the reducing sugar of
these molecules, the proposed mechanism of cross-ring cleavages has a different step
from the one described above for the 3-deacyl lipid A derivatives. That is, after the first
step (i.e., ring-opening of the reducing sugar), an intramolecular transesterification (Prian

et al., 2019) takes place between the hydroxyl group at C-4 and the ester chain at C-3,
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resulting in a derivative which may be susceptible to a retro-aldol reaction. As a result, it
is suggested that the %*A, fragment be formed either from a second retro-aldol or a [2 +
2] retro-cycloaddition reaction (Scheme 15).

In addition, a small signal appeared at m/z 959 in Figure 28b, resulting from the
release of the fatty acyl chain from the oxetanose ring in the “2A; fragment. Indeed, the
cleavage of this fatty acyl chain (originally linked at C-3 in lipid A) may occur from the
02A, fragment, but only with a small probability. Additionally, note that when the C-3
primary fatty acid had been eliminated (i.e., preceding the cross-ring fragmentation), the

02A, fragment cannot be formed at all (Kussak and Weintraub, 2002).
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Figure 28. ESI-ion trap mass spectra obtained at MS® and MS* stages of selected ions at a) m/z
1488 and b) m/z 1203 for PHAD-504, demonstrating the structural relationship between °2A,
and %®4A, cross-ring fragment ions in 3-acyl lipid A (Aissa et al., 2021).
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Scheme 15. Suggested mechanisms for the consecutive formation of %2A; and %*A;
fragment ions in 3-acyl lipid A (Aissa et al., 2021).

6.4.6. Mechanisms suggested for dephosphorylation

In Scheme 16, two different routes are proposed for the formation of dihydrogen
phosphate ion (H2PO4~, m/z 97), which was considered based on the fragment seen at m/z
796 in Fig. 12. In one, an epoxidation occurs (Implying the antiperiplanar relationships
between the formed oxide ion at C-3” and the phosphate group), and this will easily
facilitate the removal of H2PO4 that will hold the negative charge. In the other, a hydride

transfer occurs, causing the formation of the H,PO4™ ion.
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Scheme 16. Suggested mechanisms for the formation of dihydrogen phosphate ion H.PO4~
(Aissa et al., 2021).

The formation of monometaphosphate ion (POs~, m/z 79) was accounted for based on
the fragment at m/z 778 in Fig. 12, using two main paths, both based on the cyclic
phosphate derivative (Scheme 17), whom the monometaphosphate ion regarded as a good
starting group which undergoes a hydride transfer or an epoxide formation. However, the
route based on the non-cyclic phosphate derivative (Scheme 18) was ignored, as in that
case, the formation of POs~ would happen by the removal of a proton from the detached
neutral metaphosphoric acid (HPOz), which would make it possible to detect the
intermediate fragmentation product, i.e., the negatively charged lipid A without the C-4’
phosphate group; although such an ion without a phosphate group (virtually appearing at

m/z 698) was not observed in the MS" mass spectra.
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Scheme 17. Suggested alternative routes for the formation of metaphosphate ion, PO3™, from the
cyclic phosphate lipid A derivative (Aissa et al., 2021).
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Scheme 18. An unlikely mechanism for the formation of metaphosphate ion, POs,
from the noncyclic phosphate lipid A derivative (Aissa et al., 2021).

6.4.7. Formation of the B1 fragment from protonated and sodium cationized species

During the gas-phase fragmentation of the protonated or sodiated molecules, the
glycosidic bond cleavage could be initiated either by a proton or a sodium cation.

Traditionally, it has been argued that direct coordination of the metal to the glycosidic
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oxygen was a prerequisite for bond cleavage. However, Bythell et al. (Bythell et al., 2017)
showed that the cleavage occurred for cationized carbohydrates, as well. In the case of
protonated lipid A standards, we proposed either an oxonium derivative can be formed

(Scheme 19) or a bicyclic derivative may develop (Scheme 20).
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Scheme 19. Suggested mechanism for a B; fragment from the [M+H]* precursor ion, leading to
the formation of an oxonium derivative.
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Scheme 20. Suggested mechanism for a B; fragment from the [M+H]* precursor ion, leading to
the development of a bicyclic derivative.

In the case of sodiated lipid A, it is proposed that the sodium is located between
the two oxygens bonded to the phosphorus atom, but not the glycosidic oxygen. A proton

is then mobilized to the glycosidic bond to facilitate its cleavage (Schemes 21 and 22).
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Scheme 21. Suggested mechanism for a B; fragment from the [M+Na]* precursor ion, leading
to the formation of an oxonium derivative.
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Scheme 22. Suggested mechanism for a B; fragment from the [M+Na]* precursor ion, leading
to the development of a bicyclic derivative.

6.4.8. Suggested dehydration pathways

In the case of disodiated 3-deacyl PHAD compounds (Fig. 19), the better leaving
ability of the hydroxyl group bound to the carbon atom at C-3 of the reducing sugar
residue seems to be favorable to promote dehydration reaction. Mechanistically,
three plausible pathways for dehydration process can be proposed considering
structural and electronic effects. In the first assumption, the hydroxy! group splits off
from C-3 to form a water molecule with the neighboring hydrogen at C-4 (scheme
23). In a different way, the H2O-elimination could proceed in favor of epoxide
formation via C—-O coupling involving vicinal hydroxyl groups at C-3 and C-4
(scheme 24). Finally, the elimination of H2O could also take place from the C-3
position, while the oxygen-bridging C-1-O-C-3 leads to an Oxetanose moiety

(scheme 25).
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Scheme 23. Possible double bond formation Cs=C, via dehydration mechanism.
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Scheme 24. Suggested dehydration mechanism leading to the formation of an epoxide on the
sugar moiety.
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Scheme 25. Proposed dehydration mechanism followed by oxygen-bridge formation on the
sugar ring.

6.5. Characterization of isomeric lipid A species in Pseudomonas aeruginosa PAO1

by NACE-MS/MS

A recent investigation by LC-MS/MS in the negative ion mode revealed significant
structural heterogeneity for the P. aeruginosa PAO1 isolate (Buré et al., 2021). In that
study, only monophosphorylated compounds were detected, and the acylation degree
ranged from tri- to hexaacylation. In addition, structures of isomers were also elucidated,
meaning that within each of the tri-, tetra-, and pentaacylated lipid A families, two acyl
chain positional isomers were identified, although no isomers were confirmed with

hexaacylation.
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Information on the structure and unique modification of lipid A is of profound
significance for understanding the survival and virulence of pathogens, such as P.
aeruginosa. However, a remaining complicating factor for lipid A identification in
complex mixtures is the recognition of phosphorylation isomers that cannot be identified
through direct MS measurements or traditional reversed-phase LC-MS strategies. As
phosphorylation positional isomers of lipid A (meaning that the phosphate group is either
at C-1 or C-4’) are usually chromatographically unresolved, their MS/MS analysis in the
negative ion mode will give a chimera mass spectrum. On the other hand, with the
recently developed NACE-MS/MS technology, phosphoisomers can be baseline
separated, and their structures can be confidently identified by MS/MS applying both

negative and positive ESI modes.

Here, a modified NACE-(CID) MS/ MS method for the analysis of lipid A
phosphorylation and acylation isomers was applied to reveal the P. aeruginosa PAO]1 lipid
A heterogeneity. Although with a newly developed HPLC-(HCD/ UVPD)MS/MS method
(Buré¢ et al., 2021), several previously unreported lipid A acyl chain positional isomers
had been explored in the PAO1 strain, this unique orthogonal separation system allowed
the recognition of additional lipid A structures, identified as C1-monophosphorylated
species.

It must be noted that the direct infusion MS strategy (discussed above) used for the
identification of phosphorylation isomers through the sodiated and protonated forms of
lipid A could not be applied, because for the coupled MS measurements, such as NACE-
MS, further development would be required for the detection of the three positively
charged ion types that we have not carried out at yet. Therefore, we used the well-

established EtsN-adduct strategy for the positive mode NACE-ESI-MS/MS.
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Briefly, the combined interpretation of CID fragmentation patterns in positive and
negative ion modes of the five separated and one co-migrating tetra-acyl lipid A isomers
made it possible to assign the structures represented in Fig. 21d. Among them, the two
tetra-acylated C-4’P isomers were already discovered in the previous study of Buré et al
(Buré¢ et al., 2021)., but the four C-1P compounds have not previously been identified in
PAOL1. In fact, C-1 monophophorylated lipid A species have not been discovered at all in

P aeruginosa.

We must emphasize that to differentiate the structure of various C-1P isomers, first
they must be separated by electrophoresis and then analyzed first with positive ion
MS/MS and only then with negative ion MS/MS. Without the knowledge previously
obtained from the positive mode CID, the acyl chain positional isomers of C-1
phosphorylated lipid A cannot be distinguished according to their CID mass spectra in the
negative ion mode. This is especially true for higher acylation degrees of C-1

phosphorylated acyl chain positional isomers.
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7. Conclusion

Negative mode ESI MS/MS has generally been preferred for the structural analysis of
bacterial lipid A molecules, nevertheless, these approaches are not capable of identifying
chimera mass spectra that might arise during a shotgun MS analysis or an LC-MS
separation. In our studies, we found that positive mode ESI MS/MS is an even better
option owing to its potential to not only locate the acylation sites, but also the phosphate
group in monophosphorylated lipid A. The combined evaluation of three positively
charged precursor ions, such as [M + H]*, [M + Na]* and [M — H + 2Na]*, provides
complementary structural data, because it increases the diversity of possible cleavage
sites using the classical CID technique. Typically, cleavages of the protonated form of
lipid A give information on the acyl linkages at the C-2 primary and C-2/C-2’ secondary
positions, while cleavages of sodiated lipid A precursors identify fatty acids at the C-3’
secondary and C-3/C-3' primary positions. In particular, the phosphorylation site (i.e., at
C-1 or C-4) can be assigned from the protonated lipid A, as the B2 ion formed from the
[M + H]* precursor directly points out the position of the phosphate group. On the other
hand, such a distinctive fragment ion is fully absent in the common negative mode

MS/MS mass spectrum of deprotonated lipid As.

Altogether, our proposed strategy (Fig. 24), based on the observed fragmentation
regularities of positively charged precursor ions, can now be applied for the fast and
accurate structural elucidation of 4’-monophosphorylated lipid A present in native,

heterogeneous lipid A samples, using only positive ionization mode MS/MS.

Furthermore, it can shed light on chimeric mass spectra, without the need for prior

separation of phosphoisomers. However, further studies are required to describe the
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cleavage rules related to a 1-monophosphorylated lipid A species, for which synthetic C-

1 phosphoryl lipid A standards would be needed.

The MS" analyses of deprotonated, protonated and some sodiated 4’-
monophosphoryl lipid A led to the following proposed dissociation mechanisms in the

gas phase:

(i) cleavage of the C-3 primary fatty acid (as an acid) leaves behind an epoxide group
attached to the reducing sugar;

(if) cleavage of the C-3’ primary fatty acid (as an acid) generates a cyclic phosphate
connected to the nonreducing sugar;

(iif) cleavage of the C-2’ secondary fatty acid occurs both in acid and ketene forms;

(iv) the C-2 and C-2’ primary fatty acids are eliminated as an amide and ketene,
respectively;

(v) the “2A; cross-ring fragment contains a four-membered ring (oxetanose);

(vi) the °*A; ion is consecutively formed from the °2A; ion by retro-aldol, retro-
cycloaddition, and transesterification;

(vii) formations of H.PO4~ and POs™ are associated with the formation of sugar epoxide

(viii) formation of the B: ion is associated with the formation of a bicyclic sugar

derivative.

Besides a better understanding of fragmentation mechanisms, our findings can also
have applications in the interpretation of mass spectra of unknown lipid A compounds
detected as [M — H] precursors. For instance, the preferential loss of the secondary acyl
group at C-3’ over that at C-2’° provides important information on the structure of a 4’-

monophosphoryl lipid A, carrying the same secondary fatty acids at these positions.
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Moreover, as the first-generation product ion formed by the liberation of the C-2’
secondary acyl chain is not favored in 4-monophosphoryl lipid A (unlike 1-
monophosphoryl lipid A); thus, the detection of two first-generation fragments that
individually lack the C-2” and C-3’ secondary fatty acids, indicates the presence of
phosphorylation isomers in the sample. Finally, the detection of peak-pairs with 18 u
apart, in combination with relatively high-intensity %A, fragments, indicates the presence
of a 3’-acyl, 3-deacyl lipid A compound in the sample. Without applying these “rules”,
misleading information of some product ions in complex lipid A mixtures may be
obtained, and some low abundance, but biologically important isomers can remain

unexplored.

For a deeper understanding of subtle chemical variations of lipid A in relation to
biological properties, the structural elucidation of lipid A species within a bacterial strain
is of crucial importance. By comparing the NACE approach combined with positive and
negative ion (CID)MS/MS with a previous HPLC—(UVPD)MS/MS approach developed
by other researchers for assessing the lipid A content of P. aeruginosa PAO1, we could
demonstrate the presence of 1-monophosphoryl components in PAOL for the first time.
Moreover, we could characterize several acyl chain positional isomers of 1-
monophosphorylated species owing to the application of both ionization modes (i.e.,
triethylamine adducts and deprotonated lipid A were fragmented in parallel). In the wider
context of the biological significance of lipid A modifications, it is possible that many
other Gram-negative bacteria also produce phosphorylation isomers; however, as already
mentioned, the C-1 phosphorylated compounds next to the C-4° phosphorylated ones
cannot easily be recognized with direct MS measurements or with conventional LC-MS

strategies.
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This suggests that important details concerning the lipid A isomeric composition of
known Gram-negative pathogens need to be re-examined, for which the NACE—(CID)

MS/MS approach can be a useful tool in the future.
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8. Thesis points

1. We conclude that the combined analysis with low-energy CID of the [M + H]*, [M
+ Na]" and [M — H + 2Na]"* precursor ions allow for the full structural characterization of
4’-monophosphorylated lipid A compounds in natural mixtures of bacterial lipid A. Our
approach is capable to distinguishing phosphorylation isomers and identifying chimera

mass spectra.

2. There is a high degree of similarity between the fragmentation pattern of lipid A as
a disodium adduct and as a deprotonated molecule; meanwhile, the fragmentation pattern
of monosodiated lipid A shows similarity with the protonated and deprotonated molecule,

as well.

3. New alternative mechanisms explaining the gas-phase dissociation routes of
deprotonated, protonated and sodiated 4'-monophosphoryl lipid A species have been
suggested, regarding the release of the different ester- or amide-linked fatty acyl chains
and the phosphate group, as well as ring cleavages. By applying low-energy CID

conditions, mainly charge-induced processes were considered.

4. The NACE method coupled with positive and negative ion (CID)MS/MS revealed
hitherto unknown C-1 phosphate positional isomeric compounds among three acylation
families (tetra-, penta-, and hexa-acylated species), and thus, it expanded the structural
information obtained by chromatographic characterization of the lipid A composition of
Pseudomonas aeruginosa PAO1 bacterium. Therefore, the NACE-MS/MS strategy using
CID fragmentation in the complementary positive and negative ion modes can replace
commonly used HPLC-MS/MS approaches for monitoring bacterial lipid A

compositions.
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Figure Al. ESI-Q-TOF MS mass spectra of a) 3D-PHAD b) 3D(6-acyl)-PHAD, ¢) PHAD, d)

PHAD-504 and e) lipid A extracted from E. coli O83 (as described in Materials and Methods,

all samples were dissolved in MeOH/DCM 70/30 v/v, before addition of ammonium formate
and NacCl).
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Figure A2. ESI-ion trap mass spectra obtained at MS*, MS® and MS® stages for several fragment
ions of 3D-PHAD (a, b, ¢) and of PHAD-504 (d, e, f), demonstrating the release of myristic acid
(228u) as an acid or of lauric acid (200 u) as an acid from the C-2” secondary position.
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at m/z 718 for 3D-PHAD, demonstrating the release of myristic acid (210 u) as a ketene from
the C-2’ secondary position, and b) at MS® stage of the selected ion at m/z 690 for PHAD-504,
demonstrating the release of lauric acid (182 u) as a ketene from the C-2” secondary position.
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Figure A4. ESI-ion trap mass spectra obtained at MS® and MS* stages of selected precursor ions
at a) m/z 1290 and b) m/z 1005 for 3D-PHAD, demonstrating the structural relationship between
92A, and %*A, cross-ring fragment ions in 3-deacyl lipid A.
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Figure A5. ESI-ion trap mass spectra obtained at MS® and MS* stages of selected precursor ions
at a) m/z 1516 and b) m/z 1231 for PHAD, demonstrating the structural relationship between
02/, and %A, cross-ring fragment ions in 3-acy! lipid A.
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