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Abstract

The utility of 193 nm ultraviolet photodissociation (UVPD) and 10.6 um infrared multiphoton
dissociation (IRMPD) for characterization of lipid A structures was assessed in an ion trap mass
spectrometer. The fragmentation behavior of lipid A species was also evaluated by activated —
electron photodetachment (a-EPD), which uses 193 nm photons to create charge reduced radicals
that are subsequently dissociated by collisional activation. In contrast to collision induced
dissociation (CID), IRMPD offered the ability to selectively differentiate product ions with
varying degrees of phosphorylation due to the increased photoabsorption cross-sections and thus
dissociation of phosphate-containing species. Both 193 nm UVPD and a-EPD vyielded higher
abundances and a larger array of product ions arising from C-C cleavages as well as cross-ring and
inter-ring glucosamine cleavages compared to CID and IRMPD due to high energy, single photon
absorption and/or radical-directed dissociation. UVPD at 193 nm also exhibited enhanced
cleavage between the amine and carbonyl groups on the 2- and 2’-linked primary acyl chains.
Lastly, UVPD of phosphorylethanolamine-modified lipid A species resulted in preferential
cleavage of the C-O bond between ethanolamine and phosphate enabling the selective
identification of this modification.

INTRODUCTION

Lipopolysaccharides (LPS), consisting of polysaccharide chains and a lipid core (lipid A),
decorate the surfaces of Gram-negative bacteria. Lipid A, the anchor point for
lipopolysaccharides to the cell membrane, is comprised of a diglucosamine backbone with
various fatty acid appendages. During Gram-negative infections, dissociated LPS interacts
with a variety of cell- and serum-binding proteins, leading to the activation of the innate
immune system. Notably, it is the lipid A anchor that is the bioactive component of LPS.1 2

Despite the conservation of the lipid A biosynthetic pathway, a large degree of heterogeneity
is seen between the lipid A species generated by Gram-negative bacteria. This diversity
arises in part from the action of enzymes that modify the lipid A structure following the
conserved pathway. It has been proposed that pathogenic bacteria modulate their lipid A
structure to avoid detection by the innate immune system. Changes in the acylation and/or
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phosphorylation pattern of lipid A have a profound impact on the endotoxic nature of

LPS.1 2 Modification of the lipid A structure also provides protection from cationic
antimicrobial peptides (CAMPSs) which are responsible for killing a variety of invading
microbes. These peptides are initially attracted to the negative charges present on the Gram-
negative outer membrane, including the phosphate groups of lipid A. Decoration of the
phosphate groups with amine-containing substituents such as phosphorylethanolamine or
L-4-aminoarabinose aids in CAMP resistance.l: 2 Given the diversity seen in lipid A
structures and the fact that the biological activity of lipid A largely arises from its substituent
pattern, the structural characterization of lipid A species is a crucial and challenging task for
any investigation of LPS.

Mass spectrometry has become an indispensable tool for the characterization of lipid A
structures.3 In particular, the employment of low-energy collision induced dissociation
(CID) has yielded the identification and characterization of various lipid A structures from a
number of bacterial species.*1> However, there remain several shortcomings of CID that
limit its usefulness in molecular characterization of lipid A species. CID typically results in
cleavage of the most labile bonds, thus resulting in fragmentation patterns that are often
insufficient for mapping all functionalities and their positions in complex lipid A structures.
This drawback also limits the ability to detect subtle (yet biologically important)
modifications along the fatty acid chains. Furthermore, inter- and intra- ring cleavages of the
glucosamine groups (i.e., resulting in “B”, “Y”, “C”, “Z” and “A”, “X” ions, respectively)
are uncommon or occur in low abundance especially for the first MS" stages.® 11-13, 15
These important diagnostic products facilitate mapping of the attachment sites of fatty acids,
phosphorylations, phosphoethanolamines, and other substituents to the saccharide groups.
Therefore, several stages of MS (i.e., MS") have been employed to increase the number and
diversity of product ions for successful lipid A structural assignments,%: 9 11, 14-16 g heijt
with diminishing sensitivity at each step and depending on access to ample quantities of the
lipids. High-energy (keV) CID on sector instruments has also been used previously to
increase and diversify fragment ion productions (generally with liquid secondary ion mass
spectrometry (liquid-SIMS) or fast atom bombardment (FAB) generation of ions),17-19
methods that have been largely replaced by newer ESI and MALDI methods and lower
energy CID. The framework for elucidation of oligosaccharides was developed over twenty
years ago in which the initial applications and mechanisms of inter- and cross-ring cleavages
by a variety of desorption ionization and tandem mass spectrometric methods were
established.20-27 The resulting ability to assign sequence and linkage information proved to
be key for determination of the diglucosamine skeleton of lipid A structures. For example,
an infrared laser desorption method promoted retro-aldol fragmentation reactions within the
sugar rings of lipid A molecules, ultimately allowing elucidation of the positions of the fatty
acyl groups.20 Given the intricacies of lipid A characterization, the development and
application of new and/or improved tandem mass spectrometric methods that can provide
more comprehensive and predictable structural information are warranted.

As described in this report, three photodissociation methods, including infrared multiphoton
dissociation (IRMPD), ultraviolet photodissociation (UVPD), and activated — electron
photodetachment dissociation (a-EPD), are applied for the characterization of lipid A
structures. IRMPD is an alternative MS/MS technique that utilizes multiple 10.6 um photons
for ion activation instead of collisions, but is similar to CID in that dissociation is the result
of slow thermal excitation.28 In quadrupole ion trap mass spectrometers, IRMPD in
comparison to CID offers the advantages of allowing trapping and detection of low mass
product ions as well as consecutive activation and dissociation of primary product ions, both
features which result in a larger array of fragment ions.28: 29 Furthermore, since phosphate
groups strongly absorb 10.6 pm photons, phosphorylated species are more readily
dissociated compared to their non-phosphorylated counterparts; thus, selective
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differentiation is possible. This unique IRMPD capability has been used to differentiate
phosphorylated from unphosphorylated peptides as well as phosphate-containing cross-
linked peptides from non-cross-linked species in complex mixtures.30-33 IRMPD has
recently been employed alongside CID in an FTICR mass spectrometer for lipid A structural
analysis to increase fragment ion production,14 15 but has not been utilized to selectively
differentiate the phosphorylation status of intact lipid A species or its product ions. UV
photoexcitation allows faster and higher internal energy deposition compared to IRMPD for
those molecules possessing appropriate UV chromophores.34 Although applied successfully
for characterization of peptides,3 36 nucleic acids,3” and oligosaccharides,® UVPD has not
been utilized for evaluation of lipid A structures and represents a promising opportunity due
to the complexity of these molecules. a-EPD has been shown to yield rich diagnostic
structural information for an array of biopolymer anions (e.g., peptides, proteins, and
DNA).39-41 This hybrid method uses UV irradiation (at ~260 nm in references 31-33) to
produce charge-reduced radical anions that are subsequently isolated and subjected to
collisional activation, yielding significantly different fragmentation behavior compared to
CID of even electron molecular ions. Recently, we used high-energy, 193 nm ultraviolet
photodissociation (UVPD) to promote fragmentation and electron photodetachment to
characterize nucleic acids containing structural modifications; both 193 nm
photodissociation alone as well as a-EPD yielded a more rich and impressive array of
diagnostic product ions compared to CID.37 Due to the success of these photon- and radical-
directed dissociation techniques for other classes of biopolymers, we were motivated to
apply these strategies to enhance the characterization of lipid A structures.

In this report, various lipid A species with significant structural diversity (see Supplemental
Figure 1) were characterized using CID, IRMPD at 10.6 um, UVPD at 193 nm, and a-EPD.
The variation in the fragmentation patterns and complementary diagnostic pathways
afforded by these methods make them a powerful tool box for the challenges posed by lipid
A structures.

EXPERIMENTAL SECTION

Materials

Lipid A was isolated from Helicobacter pylori strain J99, Campylobacter jejuni strain
81-176, and E. coli MST10 using previously described methods.#2-44 The details of these
materials can be found in the supplemental information. E. coli F583 lipid A and lipid IV
were purchased from Sigma-Aldrich (St. Louis, MO) and Peptides International (Louisville,
KY), respectively. All solvents were obtained from Fisher scientific (Fairlawn, NJ).

Mass spectrometry, Infrared Multiphoton Dissociation, and Ultraviolet Photodissociation

All mass spectrometric experiments were undertaken on a Thermo Fisher Scientific LTQ
XL (San Jose, CA) using laser setups similar to that previously described.33: 36 IRMPD and
UVPD were performed using a 10.6 um Synrad 50-W continuous wave CO» laser (model
48-5; Mukilteo, WA) and a 193 nm Coherent ExciStar XS excimer laser (Santa Clara, CA),
respectively. Deprotonated lipid A anions were generated by electrospray ionization
operated in the negative ion mode. Details of the experimental setup can be found in the
supplemental information.

RESULTS AND DISCUSSION

Electrospray ionization of each lipid A yielded either both [M — 2H]% and [M — H]- ions if
two phosphorylation sites were present (such as for lipid IV 5 and E. coli F583 lipid A) or
only [M —HJ  ions if only one phosphate was present (such as for H. pylori lipid A). In this
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report, the [M — H]" ion was selected for comparisons between the various activation
methods since CID of the [M — 2H]?" ions yielded significantly less fragmentation
information compared to the singly charged ions (data not shown). It is of interest to note
that the product ion distributions arising from UVPD at 193 nm were similar for both the 1-
and 2- charge states. Finally, a-EPD experiments utilized the [M — 2H]% precursor ion to
create [M — 2H]™ species (i.e. via UV photodetachment); and therefore, were only applicable
to those lipid A species containing two phosphate groups.

To streamline the presentation of multiple complex MS/MS patterns and fragmentation
pathways, the results are condensed into fragmentation schemes that indicate the cleavage
sites (which are numbered) that produce particular types of fragment ions for each lipid A
structure as well as lists of the m/z values of fragment ions that arise from those cleavage
sites. These cleavage sites are assigned based on comparison of the MS/MS spectra of an
array of lipid A structures. The majority of the dominant cleavage pathways observed for
CID of the structures herein have been observed previously along with confirmation of
genealogical relationships by MS".8: 9. 11,12, 15,45 bepending on which lipid A is being
characterized, it is possible to have degenerate fragmentation pathways that yield product
ions with the same m/z values (e.g., it is not known from which fatty acid chain a particular
alkyl group might be lost). However, for simplicity, only one representative cleavage site
was marked for the schemes in Figures 2 through 4. Note that even ultra high mass accuracy
measurements could not resolve the questions about cleavages of specific alkyl chains
because the masses of the alkyl groups for some of different chains are identical. In the lists
of m/z values to the right of each lipid structure in Figures 2 to 4, the ions are categorized
according to the cleavages that result in their formation. For example, the m/z value of an
ion that arises from three consecutive cleavages would be listed next to three cleavage
numbers. The schemes concisely convey the dominant types of cleavages as well as
showcasing the greater diversity of cleavages upon IRMPD, UVPD and a-EPD compared to
CID. Key cleavages seen for UVPD and a-EPD that were not observed for CID or IRMPD
are marked with a dashed red line instead of a dashed black line in Figures 2 to 4.

Dissociation of Lipid IV

Lipid IV is phosphorylated at the 4’ and 1 positions of the glucosamines and contains four
primary acyl chains (linked at the 2, 3, 2°, and 3’ sites). The CID mass spectrum of the
singly charged lipid 1V 5 anion is shown in Figure 1a, and the corresponding fragmentation
diagram, which matches m/z values from the MS/MS spectrum to cleavage sites along the
structure, is illustrated in Figure 2a. The dominant product ions as seen in Figure 2a
stemmed from neutral losses of phosphoric acid (cleavage (1)), and the loss of 3- and 3’-
linked acyl chains (cleavages (2), (4), (6), and (7)). These pathways represented cleavages of
specific C-O bonds that are labile upon collisional activation. The uninformative neutral loss
of water was also a prevalent pathway.

The analogous IRMPD spectrum and fragmentation diagram of the same charge state are
shown in Figures 1b and 2b, respectively. Although both CID and IRMPD are similar step-
wise thermal heating processes,28 there are striking absences of two product ions in the
IRMPD spectrum (m/z 1159.67 and 1385.75) which in fact are products that retain both
phosphate groups. As described in the Introduction, phosphate groups have very high
photoabsorption cross-sections at 10.6 um, thus promoting fast and efficient activation and
photodissociation of phosphorylated species with rates that correlate with the number of
phosphate groups.3%: 32 This enhanced IRMPD of phosphorylated species manifests itself as
rapid annihilation of bis-phosphorylated product ions upon exposure to additional IR
photons during the 30 ms irradiation period in the ion trap. Enhanced IR photodissociation
of phosphorylated species has been reported previously3? and allows selective
differentiation of products ions that have various degrees of phosphorylation,30: 32: 33 a5 also
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evidenced in the present study. For example, CID produced bis-phosphorylated ions of m/z
1159.67 and 1385.67, and these ions were not observed in the corresponding IRMPD
spectrum (Figure 1b) due to rapid photoabsorption and sequential dissociation (see red
arrows showing the annihilation of these products). All other products had zero or one
phosphate groups and thus remained as stable ions in the IRMPD mass spectrum. Although
lipid 1V p has a fairly simple structure, the ability of IRMPD to selectively reveal the
phosphorylation status of diagnostic products affords a useful tactic for screening product
ions and aiding their structural assignment. The utility of this technique as applied to a more
complex structure will be illustrated for E. coli F583 lipid A later in this report. A few low
abundance product ions in the lower m/z range, including ions of m/z 332.25, 350.25,
368.25, and 448.25, were detected upon IRMPD that were not observed in the CID
spectrum. These ions all arise from an inter-ring glucosamine cleavage (cleavage (9)) and
the neutral loss of either the 3- or 3’-linked acyl chain in conjunction with additional neutral
losses of water (18 Da) and/or a phospho moiety (80 Da). These additional product ions
arise from sequential photodissociation of primary fragment ions and enhance the MS/MS
fingerprint for lipid A structures.

In contrast to CID and IRMPD, 193 nm UV photodissociation and a-EPD yielded
significantly different fragmentation patterns. The UVPD mass spectrum and resulting
fragmentation map of lipid IV 5 are shown in Figure 1c and Figure 2c, respectively. These
figures illustrate that UVPD promotes C-C cleavages along the acyl chains and inter- and
cross-ring glucosamine cleavages (i.e., cleavages (11), (13), and (15), and (9), (12), (17),
and (18), respectively). Several products from C-O cleavages and losses of phosphoric acid
(similar to those seen upon CID and IRMPD) were also observed. Interestingly, two product
ions were observed from specific C-C cleavages adjacent to hydroxyl groups (cleavage sites
(11) and (13)). We speculate that these unique cleavage sites are enhanced due to the partial
carbonyl/oxide character of the alcohol group via sharing of the hydroxyl hydrogen through
noncovalent, hydrogen-bonding interactions coupled with the fast, high energy deposition of
UV photoirradiation that can access higher energy states. The prevalence of C-C cleavages
next to carbonyl groups has been observed previously for peptide anions after 193 nm
photodissociation,*8 as well as in this study (especially for E. coli F583 lipid A as illustrated
in a subsequent section). Lastly, UVPD yielded abundant products from cleavages between
the amine and carbonyl groups of either 2- or 2’-linked acyl chains (marked as cleavage (14)
and corresponding to ions of m/z 1175.58 (only cleavage (14)), 1078.50 (both cleavages (1)
and (14)), and 591.25 (cleavages (1), (7), and (14), Figure 2c). This unique preferential
cleavage was confirmed by analyzing many different lipid A species by UVPD (data not
shown), and proves useful for mapping madifications and confirming structural assignments
of 2- or 2’-linked acyl chains because they don’t generally cleave upon CID or IRMPD.

The fragmentation behavior and many of the resulting products observed for UVPD of the
[M — H]" ion were also seen upon a-EPD of the [M — 2H]** ion (Figure 1d and Figure 2d). As
mentioned previously, a-EPD entailed UV photoirradiation of the [M — 2H]?" precursor
charge state to create charge-reduced radical species [M — 2H]™" via loss of one electron, the
latter which were then subsequently subjected to collisional activation. In the process of this
radical-directed dissociation, hydrogen migration can occur within long-lived radical
product ions (ones trapped and subjected to MS3), and often the m/z values for the presumed
same product ions differ by one Da (one hydrogen) when comparing the 193 nm UV
photodissociation and a-EPD spectra. This occurrence has been observed previously in
studies examining the dissociation of peptide radical species,*’-30 and is attributed to
migration of hydrogen atoms and the radical electron sites within the intact precursors prior
to dissociation or within the resulting fragment ions. This hydrogen migration phenomenon
actually poses little problem for lipid A analysis because the majority of the predictable
fragmentation sites differ in mass by significantly more than one or two Da, and the selected
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precursors are typically singly charged (unlike peptide analysis in which several amino acids
differ by 2 Da or less). In contrast to UVPD, a-EPD promoted an enhanced cross-ring
cleavage at m/z 1261.75 (cleavage (19)), and enhanced cleavages next to carbonyls on the
fatty acid chains (cleavages (6) and (20)). Decreased abundances and numbers of products
due to loss of the phosphate moieties were also observed.

Dissociation of E. coli F583 lipid A

Each of the glucosamine groups of E. coli F583 lipid A is phosphorylated, and this lipid
contains four primary acyl chains (linked at the 2, 3, 2°, and 3’ sites) as well as 2’- and 3’-
linked secondary acyl chains. Due to the extra secondary acyl chains, this lipid A branching
pattern is significantly more complex than that of lipid 1V A. The CID mass spectrum of the
singly deprotonated E. coli F583 lipid A anion, [M — H], is shown in Supplementary Figure
2a, and the corresponding fragmentation diagram is illustrated in Figure 3a. The dominant
and most prevalent product ions again stemmed from neutral losses of phosphoric acid
(cleavage (1)), and the loss of 3- and 3’-linked acyl chains (cleavages (2), (6), (7), and (8)).
Another prominent pathway was the loss of 3’-linked secondary acyl chain (cleavage (11)).
Less common (and lower in abundance) were cleavages of C-C bonds (i.e., one low
abundance ion of m/z 1640.58 was identified which corresponded to the cleavage of the C-C
bond adjacent to a carbonyl group of a secondary acyl chain, cleavage (10) in Figure 3a). A
low abundance Y inter-ring (C-O) glucosamine cleavage product was also detected at m/z
710.25 (cleavage (9)).

Since E. coli F583 lipid A yielded product ions retaining no, one or two phosphate groups
upon CID, IRMPD could again be employed to differentiate these species as seen in
Supplementary Figure 2b and Figure 3b. The selectivity noted in Supplementary Figure 2b
is rather dramatic and aids product ion assignments when directly overlaid with CID spectra.
For example, the red arrows extending from Supplementary Figure 2a to 2b show how the
doubly phosphorylated product ions observed for CID are annihilated in the IRMPD mass
spectrum. All other product ions seen in the IRMPD mass spectrum (Supplementary Figure
2b) are ones with a single or no phosphate group and are comparable to those observed in
the CID spectrum (Supplementary Figure 2a). The IRMPD spectrum also reveals a few
products of low m/z (m/z 332.17 and 448.17) associated with inter-ring glucosamine
cleavages (i.e., Z1 (14) and Y1 (9) ions) that again expand the MS/MS fingerprint obtained
from IRMPD.

The 193 UV photodissociation spectrum of the same singly charged lipid A (E. coli F583)
and the associated fragmentation map are presented in Supplementary Figure 2c and Figure
3c, respectively. UVPD again yielded different fragmentation trends compared to CID and
IRMPD, but generally similar to that described above for lipid IV 5 including favored
products from C-C cleavages, glucosamine cleavages, and cleavages between the amine and
carbonyl groups on the 2- and 2’-linked primary acyl chains. One general type of C-C bond
cleavage which was particularly prevalent and yielded product ions with high abundances
occurred adjacent to the carbonyl groups on the fatty acid chains (denoted as cleavages (10),
(13), and (17) in Figure 3c). The a-EPD spectrum and fragmentation map for E. coli are
shown in Supplementary Figure 2d and Figure 3d. Similar to 193 nm UV photodissociation,
a-EPD also yielded many high abundance products via C-C cleavages adjacent to carbonyl
groups on the fatty acid chains, but the site selectivity was slightly different (comparing
cleavages (21) and (23) Figure 3d with (10), (13), and (17) in Figure 3c). Two extra
glucosamine cleavages were also seen for a-EPD in Figure 3d (cleavages (20) and (22)) that
were not observed upon UVPD (Figure 3c).
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Dissociation of H. pylori wild type Lipid A

Unlike the other lipids, H. pylori lipid A has no 3’-linked acyl chain and is modified with
one phosphorylethanolamine moiety. The MS/MS and fragmentation behavior diagram for
CID of H. pylori lipid A are shown in Supplementary Figure 3a and Figure 4a, respectively.
Like the other lipid A species in this study, C-O cleavages along the fatty acid chains was
the most efficient fragmentation pathways upon CID. Interestingly, several products
originated from C-C cleavage adjacent to carbonyl groups (cleavages (5) and (7) as denoted
in Figure 4a); a trend more commonly observed upon a-EPD and UVPD. Since these
products were not observed upon CID of the other structurally similar lipid A species, we
speculate that the phosphorylethanolamine promotes this unusual fragmentation behavior.

UVPD again resulted in several products from inter- and cross-ring glucosamine cleavages
with high abundances as well as fatty acid cleavages at C-C bonds as illustrated in
Supplemental Figure 3b and Figure 4b. What is notably different for the UVPD spectrum of
this lipid A species is the presence of the highly abundant product of m/z 1504.17 in
Supplemental Figure 3b (denoted as cleavage (20) in Figure 4b). This ion corresponded to
loss of 43 Da from the precursor, consistent with the elimination of ethanolamine from the
phosphorylethanolamine modification. Several other products of lower m/z also exhibited
the loss of ethanolamine (m/z 1472.75, 1445.08, 1428.17, 1221.83, and 1293.00), albeit with
significantly lower abundances. To determine whether the 43 Da neutral loss was uniquely
characteristic of phosphorylethanolamine-modified lipids, two other
phosphorylethanolamine modified lipid A species from C. jejuni and E. coli (see structures
in Supplementary Figure 4) were also investigated by UVPD. Both lipids generated the
same 43 Da neutral loss from the precursor. This particular ion was again the dominant
product in the spectra (data not shown) and was never observed upon CID nor upon UVPD
of any other species lacking the phosphorylethanolamine group. Such a highly preferential
cleavage by UVPD may allow selective identification of phosphorylethanolamine-modified
lipid A species by rapid, MS-based screening methods. This example again illustrates the
benefits of using multiple MS™ methods that promote different types and modes of energy
deposition as analytical tools for the characterization of lipid A structures.

CONCLUSIONS

Low energy CID, IRMPD, UVPD, and a-EPD methods all yield different cleavage
selectivities and thus can be utilized in a complementary fashion for the most complete
characterization of lipid A structures and its many modifications. While CID alone has
proven to be beneficial, vast amounts of MS" data are often required to increase the success
of species-specific characterization. Employing methods such as IRMPD, 193 nm UVPD,
and a-EPD that generate different fragmentation selectivities increase the chances of
validating structure assignments and successfully pinpointing subtle modifications. For
example, UVPD promotes cross-ring cleavages, carbon-carbon cleavages along the acyl
chains, especially ones adjacent to carbonyl and hydroxyl groups, in addition to cleavages of
the amide bond linkages. IRMPD allows differentiation of the phosphorylation status of
specific diagnostic product ions. Lastly, development of automated computational methods,
such as those developed for CID patterns of lipids,®! that can exploit the unique
fragmentation behavior of all these complementary dissociation methods would facilitate the
most extensive, efficient, and sensitive lipid A structural assignments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

MS/MS spectra from the dissociation of lipid 1V by (a) CID, 1-, (b) IRMPD, 1-, (c) 193
nm UVPD, 1-, and (d) a-EPD, 1--. Red arrows highlight the product ions that undergo
sequential IRMPD. The 1- precursor was m/z 1403.8 and the 1- precursor (for a-EPD) was

m/z 1402.8.
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Figure 2.

Fragmentation behavior of lipid IV by (a) CID, 1-, (b) IRMPD, 1-, (c) 193 nm UVPD, 1-,
and (d) a-EPD, 1-. Dashed lines represent cleavage sites, and are matched with the m/z
values to the right of the structure, which were taken from the representative mass spectrum
(Figure 1). Key cleavages seen for UVPD and a-EPD that were not observed for CID or
IRMPD are marked with red lines.
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Figure 3.
Fragmentation behavior of E. coli F583 lipid A by (a) CID, 1-, (b) IRMPD, 1-, (c) 193 nm
UVPD, 1-, and (d) a-EPD, 1-+. Dashed lines represent cleavage sites, and are matched with
the m/z values to the right of the structure, which were taken from the representative mass
spectrum (Supplemental Figure 1). Key cleavages seen for UVPD and a-EPD that were not
observed for CID or IRMPD are marked with red lines.
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Fragmentation behavior of H. pylori lipid A (MW 1548.2) by (a) CID, 1-, and (b) 193 nm
UVPD, 1-. Dashed lines represent cleavage sites, and are matched with the m/z values to the

right of the structure, which were taken from the representative mass spectrum

(Supplemental Figure 2). Key cleavages seen for UVPD and a-EPD that were not observed

for CID or IRMPD are marked with red lines.
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