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Lipids are small but complex biomolecules that feature an
immense structural and functional diversity. The molecular
structure and biological functions of lipids are intricately linked.
Therefore, modern lipid analysis strives for complete structural
elucidation and spatial mapping of individual species in tissues.
Mass spectrometry is the uncontested key technology in
lipidomics but cannot achieve this goal as a standalone
technique. In particular, the distinction between frequently
occurring isomers constitutes a major challenge. A promising

1. Introduction

Lipids constitute a heterogeneous class of biomolecules that
are involved in energy storage, signaling, modulation of
membrane protein function and cell compartmentalization.™
The multitude of biological functions is reflected in a tremen-
dous structural diversity and coexistence of multiple isomers.”
Due to the strong structure-function relationship, individual
isomers can fulfill distinct tasks in the metabolism, which makes
accurate identification crucial. In recent years awareness has
grown that lipid analysis must provide complete structural
elucidation of individual species including isomers.>*! Only
then can their biological functions, distribution in tissue and
involvement in metabolic pathways be comprehensively under-
stood.

Mass spectrometry (MS) is unquestionably the dominating
technology in lipidomics.™ In the past years, lipid analysis has
greatly benefited from the emergence of novel separation,
derivatization, ion activation and imaging techniques.?>#*% A
series of promising approaches use laser light in the ultraviolet
(UV) or infrared (IR) range to dissociate molecular ions at a fixed
photon energy™® or to perform action ion spectroscopy” using
tunable light sources. These techniques are increasingly being
applied to lipids and deserve particular attention because of
their high diagnostic potential and progressing commercializa-
tion of the respective instrumentation. Photofragmentation of
molecular ions yields complementary information to more
established ion activation techniques in tandem MS (MS/MS) by
offering alternative fragmentation mechanisms.”® Further-
more, by extending the excitation wavelength from a fixed
value to a continuous range, molecular fingerprints in the IR
and UV region can be obtained.” Spectroscopy of ions is
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step towards complete structural analysis of lipids consists in
the coupling of mass spectrometry with laser light. Here we
review recent advances in lipidomics applications employing
laser-induced ultraviolet and infrared photodissociation and ion
spectroscopy, which substantially increase the gain in structural
information. Fundamental concepts, instrumentation and prom-
ises of these powerful emerging techniques for future lipid
analysis are outlined.

predestined for the identification of metabolites and distinction
of isomers because of its sensitivity towards subtle structural
modifications.”"®

Here we provide an overview on the emerging field of lipid
analysis using UV and IR laser light in combination with MS.
First, we outline the merits of UV photodissociation (UVPD) and
IR multiple photon dissociation (IRMPD) for lipid fragmentation
at a fixed wavelength. We then focus on the development of
derivatization methods to increase the absorption coefficient of
intrinsically UV-inactive lipids and to induce alternative frag-
mentation pathways. In the second part, we explain the
extension of single-wavelength photofragmentation to UV and
IR action ion spectroscopy and present several experimental
approaches and applications for lipid analysis. Finally, we
provide an outlook on instrumental developments and future
applications. Throughout this review, lipid analysis is in the
spot light; however, a few studies on other metabolites from
which lipid analysis is expected to benefit are discussed as well.
In order to set the frame for lipid classification and nomencla-
ture employed throughout the review, the LIPID MAPS
classification system for lipids is introduced in the following
section.

1.1. Lipid classification and annotation

Historically, lipids have been broadly defined by their hydro-
phobicity and solubility in non-polar solvents.”’ In an effort to
support the emerging field of lipidomics in the early 2000s, the
International Lipid Classification and Nomenclature Committee
established a clear definition along with a comprehensive
classification system for lipids."” Henceforth, lipids were
specified as hydrophobic or amphipathic small molecules that
may originate entirely or in part by carbanion-based condensa-
tions of thioesters and/or by carbocation-based condensations of
isoprene units."” The LIPID MAPS classification system organizes
lipids into eight categories based on their chemical structures:
fatty acyls (FA), glycerolipids (GL), glycerophospholipids (GP),
sphingolipids (SP), saccharolipids (SL), polyketides (PK), prenol
lipids (PR), and sterol lipids (ST) (Figure 1A). Each category is
further ramified into classes and subclasses, which form the
framework of the LIPID MAPS Structure Database."” Along with
the classification system, recommendations for lipid nomencla-
ture and structure drawing were released, which are continu-
ously being updated and extended."?
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A. Lipid Classification

B. Nomenclature of Glycero(phospho)lipids
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Figure 1. (A) Classification of lipids into eight categories. A representative example for each category is shown with the common structural motif highlighted
in blue. Prenol- and sterol lipids are for the most part derived from condensation of isoprene, whereas lipids from the remaining categories are synthesized by
the condensation of thioesters. (B) Nomenclature of glycerolipids and glycerophospholipids. The lipid class is defined by the headgroup, yielding, for example,
diacylglycerols (DG), phosphatidylcholines (PC), phosphatidylserines (PS) or phosphatidylethanolamines (PE). The shorthand notation for 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine is exemplarily shown. (C) Examples of lipid isomers that are challenging to distinguish by mass spectrometry. Some isomers are

typical for specific lipid categories. Glc=glucose; Gal = galactose.

Based on the LIPID MAPS terminology, a shorthand
nomenclature for lipids was developed to promote the unified
reporting of MS data and facilitate inter-laboratory
comparison.”™ The shorthand notation encodes which struc-
tural details were resolved by MS and which remained
undetermined. For example, glycerolipids can be analyzed on
different levels of complexity (Figure 1B)."*® The lowest, lipid
class level is determined by the molecular weight and the
headgroup attached to the sn-3 position of the glycerol
backbone. Glycerophospholipid classes are, for example, phos-
phatidylcholine (PC), phosphatidylethanolamine (PE) or phos-
phatidylserine (PS). The second level of complexity is the bond
type level, which defines the bond type (ester, alkyl-, or alk-1-
enyl-ether) by which lipid chains are linked to the glycerol
backbone. On the fatty acyl level, the fatty acyl identities, i.e.,
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their length and number of unsaturations are determined. In
the shorthand nomenclature for fatty acyls, the number of
carbon atoms is separated by a colon from the number of
double bonds. The fatty acyl position level determines the sn-
positions of the lipid chains on the glycerol backbone. If the
regiochemistry is undefined, the two fatty acyls are separated
by an underscore; otherwise by a forward slash with sn-1
placed before and sn-2 behind the slash. On the highest level
of complexity, the location and configuration of carbon-carbon
double bonds are specified in brackets. The double bond
position is counted starting from the carbonyl carbon of the
fatty acid, and its configuration is given as Z (cis), E (trans) or A
(unknown).

A lipid defined at the lipid class level might contain dozens
of isomeric structures (Figure 1C).? In addition to double
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bonds, other chain modifications such as hydroxylation give
rise to regio- and stereoisomers. Furthermore, in glycerol-based
lipids, fatty acyls can be attached at three different positions of
the glycerol backbone, yielding sn-isomers. In saccharolipids
and glycolipids, the structural diversity of lipids is potentiated
by the immense complexity of sugar structures."” lsomeric
sugars often differ in a single stereocenter, such as glucose
(Glc) and galactose (Gal) or a- and B-sugars. When reporting
MS data, the annotation should clearly convey which isomers
were resolved to avoid erroneous biological interpretations.*”!
The shorthand nomenclature was recently updated™® and
integrated into the latest version of a grammar-based computa-
tional library for lipid names." Furthermore, a freely available
checklist was recently developed to support the standardized
reporting of lipidomics data."®

2. Photodissociation of lipids in tandem mass
spectrometry

2.1. Photodissociation schemes

The past years have witnessed a surge in novel ion activation
techniques to extract a maximum of structural information
from MS/MS experiments.?>***9)  Molecular ions can be
fragmented by collision-, electron- and photon-based ap-
proaches, which deposit sufficient internal energy to overcome
the dissociation threshold. Collision-induced dissociation (CID)
is the most widespread ion activation technique but usually
insufficient for complete structural characterization of lipids.””
Complementary structural information can be obtained by
photodissociation techniques that induce alternative fragmen-
tation pathways in dependence of the photon energy. UVPD
employs UV photons to excite molecular ions from the ground
electronic state S, into an excited electronic state S, (Fig-
ure 2).%9 Subsequently, dissociation can occur directly from the
excited state S; (1), by relaxation into a dissociative state (2), or
from the vibrationally excited ground electronic state S,
following internal conversion (3).7*' These processes usually
occur between femtoseconds and several hundred
picoseconds."” The energy of a single 200 nm UV photon is
about 6 eV (600 kJmol™") and thus sufficient for the fragmenta-
tion of typical chemical bonds in organic molecules (300-
500 kJmol™).

On the contrary, the energy of an IR photon (10.6 um) is in
the range of 0.1 eV (10 kJmol™"). Because the energy acquired
by photoexcitation must exceed the dissociation threshold of
the electronic ground state, dozens to hundreds of IR photons
must be sequentially absorbed by the ion in a process called
infrared multiple photon dissociation (IRMPD).**’® After the
absorption of each photon, the energy is dispersed within the
molecular ion by intramolecular vibrational redistribution,
which allows for the incremental increase of the internal energy
until the weakest bonds break."” IRMPD is classified as a slow
heating method like CID, and both methods often yield similar
fragments."® UVPD, on the contrary, is a fast dissociation
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Figure 2. Schematic energy and time diagrams illustrating the ultraviolet
photodissociation and infrared multiple photon dissociation processes in
comparison with classical collision-induced dissociation. Closed-shell ions are
excited from the ground electronic state S, to an excited electronic state S,
by a UV photon, which can lead to direct dissociation (1), relaxation into a
dissociative state (2), or dissociation from the ground electronic state
following internal conversion (3). IR photons induce vibrational excitation in
the ground electronic state until the dissociation threshold D, is reached.
The timings adapted from [18] divide the techniques into fast (UVPD) and
slow (IRMPD and CID) ion activation methods.

method, which usually yields more complex fragmentation
patterns due to the high photon energy and multitude of UV-
triggered photochemical processes. In polyanions, UV absorp-
tion can lead to electron photodetachment (EPD). EPD yields
charge-reduced radical anions, which can be dissociated by
collisions in a process called activated electron photodetach-
ment (a-EPD).””

2.2. Infrared multiple photon dissociation

IRMPD of molecular ions induces photofragmentation by the
sequential absorption of multiple IR photons. The technique
was first implemented in Fourier-transform ion cyclotron
resonance (FTICR) mass spectrometers and proved its applic-
ability for the structural analysis of biomolecules.?” Subse-
quently, IRMPD was also integrated into commercial quadru-
pole ion traps.®® The most popular light source for IRMPD are
CO, lasers, which provide IR radiation centered around 10.6 pm.
IRMPD does oftentimes not provide additional information on
lipid structures compared with conventional CID.*"’ However, a
major advantage of IRMPD photodissociation is that the laser
wavelength offers a certain degree of selectivity. Lipids and
metabolites containing phosphate and sulfate groups were
found to be more efficiently fragmented by 10.6 um photons
than non-phosphorylated or -sulfated analogs.” Consequently,
IRMPD yields complementary structural information to CID for
nucleotides and phosphorylated sugars, particularly with
increasing number of phosphates.?? Transferred to lipid
analysis, these findings imply that phosphorylated lipids
including phosphatidylinositols, lipid A and larger lipopolysac-
charides are suitable candidates for IRMPD.
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Lipid A is the saccharolipid core structure and membrane
anchor of lipopolysaccharides, which constitute the outer
membrane of Gram-negative bacteria” The lipid A core
consists of a conserved diglucosamine disaccharide modified
with largely varying fatty acids, phosphates and additional
monosaccharides (Figure 3A). The virulence of lipopolysacchar-
ides depends strongly on structural modifications including the
phosphorylation pattern on the lipid A core” Because the
photoabsorption cross section in IRMPD increases with increas-
ing degree of phosphorylation, product ions of lipid A with
different number of phosphate groups can be readily
differentiated.’” The efficient fragmentation of phosphate-
containing fragments manifests itself in the absence of bi-
sphosphorylated ions in the photodissociation spectra and
emergence of secondary photofragment ions in the lower mass
range (Figure 3B). The increased abundance of fragments and
determination of the phosphorylation status by IRMPD facilitate
structural assignment. Furthermore, IRMPD was used to dem-
onstrate that some Gram-negative bacteria produce pyrophos-
phorylated lipid A in addition to the more common bi-
sphosphorylated species carrying two monophosphates.”™ Also
more complex lipopolysaccharides isolated from bacteria were
investigated by IRMPD in negative ion mode.”® The absorption
of 10.6 um IR photons induced glycosidic bond cleavage
between the conservative inner and variable outer core

A. Structure of Lipid IV, 9 o
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Figure 3. Dissociation of deprotonated lipid IV,. (A) Structure of lipid IV, and
formation of bisphosphorylated fragment ions by collision-induced dissocia-
tion. (B) Comparison between collision-induced dissociation and infrared
multiple photon dissociation of deprotonated lipid IV,. Two bisphosphory-
lated product ions (m/z 1159.67 and 1385.75) are absent in the IRMPD
spectrum because they are efficiently fragmented. Additional fragment ions
below m/z 500 arise from secondary photofragmentation. Adapted with
permission from [24]. Copyright 2011 American Chemical Society.
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oligosaccharide regions. In combination with other fragmenta-
tion techniques, IRMPD helped to confirm known and discover
new core oligosaccharide  structures in  bacterial
lipopolysaccharides.”*

Another type of lipids that were studied by IRMPD are
phosphatidylinositols, a class of glycerophospholipids with
signalling activities.” Phosphatidylinositols carry an inositol
headgroup, which is often phosphorylated. MS/MS fragmenta-
tion of phosphatidylinositols with varying degrees of phosphor-
ylation was studied by IRMPD.”” In accordance with previous
CID experiments,”™ the fatty acids were identified and the
number of phosphates but not their positions determined.
Furthermore, evidence for phosphate migration from the
inositol headgroup to the glycerol backbone was provided. In a
different study, bacterial phosphatidylinositol mannosides were
investigated by IRMPD in negative ion mode to determine the
structure of fatty acids at different acylation sites.”” In
combination with positive ion mode CID, the fatty acids at four
possible acylation sites on the glycerol backbone, inositol and
mannose were located.

A few non-phosphorylated lipids were investigated by
IRMPD as well. For instance, the ganglioside GM1 was
investigated by several FTICR ion activation techniques includ-
ing IRMPD.B” |IRMPD was outperformed by electron capture
dissociation (ECD), which yielded more structural information
about the glycosphingolipid with less experimental adjust-
ments necessary. However, IRMPD has the advantage that the
degree of fragmentation can be controlled by the duration of
laser irradiation and vyields information on relative bond
stabilities. In a different FTICR MS/MS experiment, the perform-
ances of IRMPD and CID for the structural identification of
hydroxylated eicosanoids were compared.®" Eicosanoids are
metabolites of arachidonic acid and play important roles as
lipid mediators, e.g. in inflammation.™ The IRMPD fragmenta-
tion patterns reflect the number and position of hydroxyl
groups, which enabled the identification of regioisomers in
trihydroxylated eicosanoids. Overall, studies on lipids using
fixed-wavelength IRMPD are rare because the gain in structural
information compared to CID is limited to specific, mostly
phosphorylated, lipid classes. As will be shown in Section 4, the
extension of IRMPD to a continuous wavelength range
significantly increases the gain in structural information and
renders the technique more generally applicable.

Beyond the investigation of isolated lipid ions, IRMPD has
been harnessed to study membrane protein-bound lipids.*?
Membrane protein assemblies are usually extracted from cell
membranes and brought into the gas phase using
detergents.’¥ Subsequently, the detergent micelle must be
removed by gas-phase activation techniques, such as CID or
IRMPD. IRMPD activation offers several advantages over CID
because fragmentation is charge-state independent and can be
increased by increasing the energy of the external laser without
compromising the ion transfer in the mass spectrometer. It was
shown that IRMPD is sufficiently gentle to liberate intact, non-
covalent membrane protein-lipid complexes from detergent
micelles (Figure 4A). Furthermore, combining CID and IRMPD
allowed to first release the complexes from micelles by colli-
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A. Detergent Removal by IRMPD  B. Lipid Identification
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Figure 4. Detergent removal and release of lipids from membrane protein
complexes. (A) Intact membrane proteins (here Aquaporin-Z tetramer) with
specifically bound lipids can be liberated from micelles by infrared multiple
photon dissociation. (B) Sequential CID (top), mass selection, and IRMPD
(bottom) enable the identification of the protein stoichiometry and mass of
protein-bound lipids in a single experiment. AqpZ = Aquaporin-Z; POPG = 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol. Reprinted with permission
from [32]. Copyright 2016 American Chemical Society.

sional activation, isolate the detergent-free complex, and then
dissociate the complex by IRMPD (Figure 4B). Thus, the protein
subunit stoichiometry and the lipid mass were determined in a
single experiment. The approach is highly valuable to identify
lipids that specifically bind to membrane proteins and modu-
late their functions. One particularly interesting family of
membrane proteins in this regard are G-protein-coupled
receptors (GPCRs). They trigger intracellular signalling cascades
and represent the most intensively studied drug targets: one
third of the currently approved drugs act on GPCRs.** Because
the structure and function of GPCRs are influenced by the
surrounding membrane lipids, understanding the interplay
between lipid composition and receptor functioning could help
to develop new therapeutical approaches.””

2.3. Ultraviolet photodissociation

In UVPD, ions are dissociated by the absorption of high-energy
photons. Consequently, extensive fragmentation is induced via
dissociation pathways that are inaccessible by low-energy CID
and IRMPD. UVPD was first implemented in an FTICR mass
spectrometer® and has since been mainly but not exclusively
used in combination with ion trap mass spectrometers.*? The
first commercial Orbitrap mass spectrometer equipped with a
solid-state laser (213 nm) for UVPD was recently introduced.®”
Higher photon energies are provided by F, (157 nm) and ArF
(193 nm) excimer lasers, which require familiarity with laser set-
up and some customization of the mass spectrometer hardware
and/or software. Usually, the lasers are pulsed to deliver a high
photon flux on short timescales.®

193 nm UVPD has been employed to identify key structural
features in a variety of different lipid classes including
glycerophospholipids, glycosphingolipids, lipid A and larger
lipopolysaccharides.®™™ In glycerolipid analysis, the technique
filled two major gaps at once: pinpointing double bonds and
determining the sn-position of fatty acids on the glycerol
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backbone. UVPD was initially found to yield pairs of product
ions separated by 24 Da for unsaturated PC ions, which derive
from cleavage of the C—C bonds adjacent to the double
bond.”® The diagnostic pairs of fragments allow to determine
the positions of C=C bonds and to distinguish PC double bond
isomers. The technique was integrated into a liquid chromatog-
raphy (LC)-MS workflow using parallel reaction monitoring for
complementary separation and identification of PC double
bond isomers.*® The workflow allowed for relative quantifica-
tion of double bond isomers by probing double bond
diagnostic precursor-to-fragment ion transitions. The signal-to-
noise ratio (s/n) of diagnostic fragments revealing the double
bond position in glycerophospholipids can be significantly
enhanced by the elimination of undissociated precursor ions."”
Hybrid higher-energy collisional dissociation (HCD)/UVPD frag-
mentation of PC ions was demonstrated to determine not only
double bond positions within the lipid chains but also sn-
positions of the fatty acyls on the glycerol backbone.”" In the
first step, HCD of sodiated PC generates dioxolane fragments,
which are then dissociated by UVPD via cross-ring and allylic
cleavage into sn- and double bond-specific fragments (Fig-
ure 5). The hybrid HCD/UVPD workflow thus provides near-
complete structure elucidation of glycerophospholipids.
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Figure 5. Tandem mass spectrometry employing hybrid collision-based
dissociation followed by ultraviolet photodissociation yields sn- and double
bond positions in glycerophospholipids. Higher-energy collisional dissocia-
tion generates a five-membered dioxolane ring, which yields double bond-
and sn-diagnostic fragments upon irradiation with 193 nm UV photons.
Reprinted with permission from [41]. Copyright 2017 American Chemical
Society.
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In combination with desorption electrospray ionization
(DESI), UVPD can identify the spatial distribution of PC double
bond isomers in tissues.*? Differences in the distribution of
individual isomers that remain unresolved in DESI-MS were
identified in different tissue regions, particularly between
healthy and cancerous tissue. The technique was slightly
modified to investigate double bond isomers of free fatty acids
in biological samples with reactive DESI”? Charge-inverted
dication-fatty acid complexes were generated in situ on the
tissue and subjected to UVPD in positive ion mode. Even
though the sensitivity was not sufficient to identify low-
abundant polyunsaturated fatty acids, it was possible to
determine the 9A:11A double bond ratio of 18:1 fatty acids in
different breast cancer subtypes. The general utility of 193 nm
UVPD for structure elucidation of unsaturated fatty acids was
assessed in a systematic study taking into account monounsa-
turated and conjugated or non-conjugated polyunsaturated
fatty acids with different number and positions of
unsaturations.*” The comprehensive results demonstrate that
UVPD provides detailed structural characterization of lithiated
unsaturated fatty acids and even enables the relative quantifi-
cation of isomeric mixtures.

For glycerophospholipid classes that preferentially ionize
with negative polarity, the same double bond diagnostic
fragment ions spaced by 24 Da as in positive ion mode were
observed.™ LC-UVPD in negative ion mode revealed species-
specific distributions of isomers in bacterial
glycerophospholipids.* In a more comprehensive study on the
wealth of bacterial glycerophospholipid modifications, acyl
chain and headgroup modifications were identified that are not
listed in MS/MS databases and call for further investigation.®
The results obtained for glycerophospholipids were extended
to cardiolipins, which are found in bacterial and mitochondrial
membranes.””! They consist of two phosphatidic acids con-
nected at the phosphates via a central glycerol and carry four
instead of two fatty acyls." Hybrid CID/UVPD in negative ion
mode enabled to locate double bonds and cyclopropane
modifications in all fatty acids.*”? Cyclopropane modifications
are frequent in bacterial lipids and related to enhanced stress
responses.” Similar to the localization of double bonds, UVPD
of cyclopropane fatty acids generates diagnostic pairs of ions
separated by 14 Da in both ion modes, which arise from cross-
ring cleavage on both sides of the ring. Fragments diagnostic
for sn-positions, however, could only be generated in positive
ion mode. Therefore, an improved procedure for cardiolipin
analysis was developed, which relies on methylation of the
phosphates to increase the ionization efficiency in positive
polarity.*”® Hybrid HCD/UVPD of metal-cationized methylated
cardiolipins afforded both double bond and sn-position specific
fragmentation. The procedure is expected to be transferable to
other anionic glycerophospholipids as well.

Glycosylated lipids including mainly lipooligosaccharides
and their core structure lipid AP**®  but also
glycosphingolipids™® were analyzed by UVPD at 193 nm. The
structure of lipid A accounts for an important part of the
toxicity of lipopolysaccharides and is therefore often studied
after mild-acid hydrolysis.”® In an initial study, UVPD of lipid A
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was found to yield a range of fragments that are not accessible
by CID and IRMPD.”¥ Cross-ring and glycosidic cleavage
between the central glucosamine units yield information about
the connectivity of acyl chains. Furthermore, cleavage of C—C
bonds next to carbonyl or hydroxyl groups as well as cleavage
of C—O and amide bonds facilitate the identification of acyl
chains. a-EPD of bisphosphorylated lipid A anions yielded
similar fragmentation patterns as UVPD with enhanced cross-
ring fragmentation and preferential cleavage next to carbonyl
bonds. Following this initial investigation, UVPD was applied in
a number of studies to identify unique structural modifications
of lipid A in different bacteria.“®* Higher-throughput analysis
of complex lipid A mixtures was achieved by integrating UVPD
into an LC-MS workflow."®¥ Because UVPD of lipid A yields
complex fragmentation patterns that are difficult to interpret,
an automated approach for data acquisition and interpretation
was developed.”® It allows to identify acyl chain length and
linkage in bisphosphorylated lipid A by employing two-step
activation. Doubly charged anions are subjected to UVPD and
CID without intermediate mass isolation. Hence, both UVPD
and a-EPD fragments are generated, which provide rich
structural information in one activation step. The approach
does not rely on databases and is thus suitable for de novo
identification of lipid A structures. A different approach
employs the reversed CID/UVPD MS? activation scheme to map
phosphate modifications in lipid A" In the first step,
substituted lipid A is subjected to CID to identify key acyl chain
losses and concurrently get rid of isobaric non-lipid A species.
In the second stage, UVPD is applied to the acyl chain loss
product ion to identify and localize phosphate substitutions.
With the aim to refine automated workflows by establishing
predictive rules for lipid A fragmentation, fragmentation path-
ways were monitored by energy-resolved CID, HCD and
UVPD.*¥ The most comprehensive information on sequential
fragmentation pathways were obtained by HCD, which allowed
to establish rules for the preferential cleavage of acyl chains.
UVPD vyielded less differentiated information because of the
high internal energy deposition.

In bacterial lipooligosaccharides, the lipid A anchor is
equipped with core polysaccharides, which are further elon-
gated by an O-antigen  polysaccharide tail in
lipopolysaccharides.*® With increasing molecular complexity,
hybrid MS/MS techniques become indispensable for reliable
structural analysis. For lipooligosaccharide profiling, an LC-MS/
MS workflow combining UVPD and HCD was developed, which
was shown to provide a greater dissociation efficiency than
UVPD alone.”® In addition to collision-induced glycosidic bond
cleavage, UVPD yields abundant C—C, C—O, C—N and cross-ring
cleavages, which provide crucial information on the lipid A core
and polysaccharide branching. An alternative approach em-
ploys hybrid CID/UVPD for shotgun analysis, i.e., without
chromatographic separation.”® CID in