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Abstract

Detailed structural characterization of intact rough-type lipopolysaccharides (R-LPS) was
accomplished using an MS3 strategy consisting of collision-induced dissociation (CID) followed
by 193 ultraviolet photodissociation (UVPD) implemented on an Orbitrap Fusion mass
spectrometer. Complex mixtures of R-LPS from either E. coli or S. entericawere directly infused
into the mass spectrometer using static source nanoESI. An initial CID event performed on an R-
LPS precursor produced spectra with abundant ions corresponding to the lipid A and core
oligosaccharide (OS) substructures. Comparison of CID spectra of R-LPS ions with varying lipid
A and core OS structures verify that lipid A and core OS ions are consistently produced in high
abundance. The resulting lipid A and core OS ions were subsequently activated by CID, high-
energy collision induced dissociation (HCD), or UVPD. For both the lipid A and core OS
substructures, HCD and UVPD produced highly informative complementary spectra, with UVPD
of the core OS producing an extensive array of cross-ring cleavage fragments. Successful
discernment of £. coli R-LPS structures with isomeric core structures confirmed the degree to
which subtle structural differences could be determined using this method.
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Introduction

Lipopolysaccharides (LPS), the main component of the outer membrane of most gram-
negative bacteria, are complex biomolecules responsible for immune system response to
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spectra of two isobaric LPS, and tables of identified fragment ions.
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pathogen invasion.! The generic structure of LPS includes three regions: lipid A, core
oligosaccharide (OS) and O-antigen. LPS molecules with and without the O-antigen are
termed smooth-type (S-LPS) and rough-type (R-LPS), respectively. Although there exist R-
LPS mutant strains of bacteria that normally produce an O-antigen, some bacteria, including
Neisseriaand Haemophilus, have naturally evolved to produce R-LPS.2 Lipid A, the
hydrophobic anchor that activates the Toll-like receptor 4 (TLR4), and the core OS, largely
responsible for outer membrane stability, are essential for the viability of all gram negative
bacteria.3~" Variations in the acyl chain distribution, phosphorylation, and sugar orientation
and distribution in both lipid A and the core oligosaccharide greatly impact the virulence of
bacteria.8~12 For example, diphosphoryl hexa-acylated lipid A induces the strongest
inflammatory response of the TLR4. Alteration of the acylation pattern or phosphorylation
status can reduce the activity of lipid A by more than two orders of magnitude.13
Manipulation of lipid A structure to reduce toxicity, yet still initiate an adaptive immune
response, is the basis for detoxified lipid A as a vaccine adjuvant.14-17 Additionally, the
presence of phosphorylations of the core oligosaccharide has shown to significantly
contribute to outer membrane stability. Mutant strains of £. co/i modified to lack
phosphorylations in the core region have shown increased susceptibility to antibiotics and
detergents.* Considering the impact of subtle modifications to LPS, detailed structural
characterization of LPS is necessary to further investigate the role of LPS in bacteria
viability and to understand how LPS structure influences immune stimulation to facilitate
development of bacterial vaccines.

Mass spectrometry has emerged as a powerful tool for characterization of LPS substructures.
The amphiphilic nature of LPS causes micelle formation which can complicate mass
spectrometric analysis. Consequently, a common approach for characterization of LPS
involves hydrolysis of the glycosidic bond between lipid A and the core OS, and subsequent
analysis of each substructure.10:18.19 Additionally, lipid A acyl chains can be removed by
hydrolysis prior to analysis of the intact carbohydrate chain. Collisional induced dissociation
(CID) is commonly used to obtain fragmentation patterns for the hydrolyzed lipid A20-25
and saccharide?® substructures. However, CID does not always provide adequate
fragmentation for elucidation of subtle structural differences. Limitations of CID have been
the impetus for the development of alternative activations methods including infrared
multiphoton photodissociation (IRMPD), negative- electron transfer dissociation (NETD),
ultraviolet photodissociation (UVPD) and activated- electron photodetachment (a-EPD)
which have been employed to produce either complementary or more informative
fragmentation spectra.2’~2% 193 nm UVPD, a fast and high energy activation method that
entails irradiation of ions with 193 nm (6.4 eV) photons, has previously been shown to
produce highly informative spectra for many biomolecules.2? When biological molecules are
deliberately truncated or degraded prior to analysis (as is the case with “bottom up”
approaches), some structural features or integrated patterns of features may be lost. This is
also the case with LPS analysis, for which attention has primarily focused on
characterization of the lipid A sub-structure rather than the core oligosaccharide or O-
antigen. With approaches that evaluate hydrolyzed LPS substructures, not only are labile
modifications potentially lost, but combinations of modifications occurring between lipid A
and the core oligosaccharide are also not adequately reflected. Therefore, analysis of intact
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LPS molecules intact via a top-down approach offers many advantages, albeit with
concomitant challenges associated with the amphiphilic characteristics of LPS.

Although there have been a few studies reported on the analysis of intact LPS, most have
measured molecular weights and MS/MS spectra have not been commonly evaluated.26:30:31
Recently, we examined the fragmentation patterns of intact R-LPS using a hybrid
UVPD/HCD method.32 UVPD and hybrid UVPD/HCD produced very rich fragmentation
patterns arising from a diverse array of C-O, C-N, and C-C cleavages from both the lipid and
oligosaccharide portions of the LPS, as illustrated for endotoxin structures from £, coli.3?
The structural complexity of LPS makes interpretation of the resulting MS/MS spectra
challenging. Previous studies have shown that the glycosidic bond between the 3-deoxy-D-
manno-octulosonic acid (Kdo) of the core OS and the glucosamine of lipid A is particularly
weak and can be easily cleaved in the gas phase.33 Considering the successful
implementation of 193 nm UVPD to analyze lipid A27:28:34-36 and saccharide3” structures
and the ease with which this glycosidic bond can be cleaved, multistage mass spectrometry
can be implemented to interrogate intact LPS structures while at the same time simplifying
data interpretation. The present study uses MS3 to cleave the glycosidic bonds between lipid
A and the core OS of intact LPS transferred to the gas-phase by ESI, and subsequent UVPD
of each substructure to gain detailed structural characterization of intact R-LPS with
complete core.

Experimental

All R-LPS Escherichia coli (E. coli) and Salmonella enterica sv. Minnesota (S. enterica)
LPS samples were purchased from Glycobiotech (Research Center Borstel, Germany) and
used without further purification. As an example, the structure of S. entericais shown in
Figure 1, along with a legend displaying a key to the color coded sub-units and common
neutral losses observed in the MS/MS spectra. Methanol and water were purchased from
EMD Millipore (Billerica, MA) and chloroform was purchase from Sigma Aldrich (St.
Louis, MO). All samples were diluted in 62:36:2 methanol:water:chloroform to 100 ug/mL.
Approximately 10 puL of sample were loaded into a silver-coated pulled tip capillary (1.2
mm OD) and sprayed using a Proxeon offline nano-electrospray set-up (Thermo Scientific,
San Jose, CA). Based on the concentration and volume, this corresponds to consumption of
~1 ug of LPS. The spray voltage was set to 1.1 kV. All spectra were collected in negative
mode on a Thermo Scientific Orbitrap Fusion mass spectrometer (San Jose, CA) modified
with a 193 nm Coherent Existar excimer laser (Santa Cruz, CA) to perform UVPD in the
high pressure linear ion trap (Supplemental Figure S1).38 In brief, UVPD was implemented
by adding a fused silica window at the back end of the dual linear ion trap to allow entrance
of the laser beam into the high pressure trap of the instrument. A periscope and appropriate
mirrors were used to guide the laser beam through the high pressure ion trap, and a pulse
generator and customized instrument code were used to trigger the laser during the time of
ion trapping. Data were collected with an AGC target between 5e4 and 2e5 at a resolution of
120,000. For CID and HCD 25 scans were averaged (based on collection and averaging of
25 scans via the instrumental control software), and for UVPD 100-200 scans were
averaged with 2—-3 pscans per scan. For CID activation at the MS2 level the NCE was set to
18. At the MS3 level CID, HCD and UVPD activation parameters were set to NCE 30, NCE
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35 and five 2 mJ pulses, respectively. Default activation times were used CID and HCD. All
data were analyzed in XCalibur Qual Browser and manually interpreted. For spectra that
were deconvoluted to neutral forms, Xtract was used with a signal to noise threshold of 3.

Results/Discussion

Due to the complex amphipathic nature of intact LPS, a universal workflow was developed
to facilitate a streamlined approach for individual characterization of the two main sub-
structures: the lipid A sub-structure and the core Kdo/oligosaccharide sub-structure. As
shown below, conventional CID provided the optimal means to cleave LPS into the two
constituent sub-structures, and then the capabilities of CID, HCD and UVPD were compared
for the subsequent characterization of the two substructures. The first step of the workflow
required a robust means to transfer intact LPS into the mass spectrometer. The most
common mass spectrometry approaches to LPS structural analysis generally involve
deliberate degradation of LPS prior to analysis, via hydrolysis of the glycosidic bond
between Kdo and glucosamine, or partial or complete removal of acyl chains. To approach
analysis of intact LPS, conditions that allow dissolution of the LPS for direct analysis by
nanoelectrospray were developed. Raetz et a/. identified chromatographic conditions that
allowed successful chromatographic separation and ionization of Kdo2-lipid A.39 Building
on this earlier work, the starting gradient conditions employed in the Raetz study were used
to successfully dissolve heterogeneous samples of R-LPS in the present study. LPS samples
were dissolved in 62:36:2 methanol:water:chloroform to attain a concentration of
approximately 100 ug/mL and sprayed without chromatographic separation via a “shotgun”
approach using a static nanoESI source. Due to the large number of lipids in each sample
and the production of multiple charge states upon ESI, the resulting mass spectra were quite
complex for three S. entericaand two E. coli samples (Supplemental Figure S2,
Supplemental Figure S3a). The charge-deconvoluted spectra confirm the high degree of
heterogeneity in the samples (as exemplified in Supplemental Figure S3b for S. Enterica
Rc). Although some of this heterogeneity is likely a result of the method used to isolate the
LPS, the resulting array of LPS species present in each sample was advantageous for the
more elaborate comparisons done in this study.

Interpretation, assignment and labelling of the MS/MS/MS spectra of LPS poses its own set
of challenges, especially in the context of displaying the results in a meaningful way to
others. For the MS/MS spectra presented, LPS structures are depicted using the Consortium
of Functional Glycomics proposed symbol notation extension for pathogen
polysaccharides.%0 The complex MS/MS spectra shown in the present study are conveyed
schematically as fragmentation maps, in which saccharide fragments are labeled using the
nomenclature of Domon and Costello (Supplemental Figure S4)*! and acyl chain cleavages
are numbered. This same system is used to label the ions in the MS/MS spectra, and for
products where acyl chains are cleaved, the numbers corresponding to those particular acyl
chain are shown as losses from the LPS (which is designated as “M”). For instance, Figure
2a shows the CID mass spectrum of penta-acylated S. entericaRd1 (4-). The ion of m/z
587.32 labeled as [, - 2]2~ corresponds to the lipid A substructure generated upon cleavage
of the Kdo-GIcN bond along with loss of the secondary 12-carbon acyl chain (laurate) which
is labeled as acyl chain 2. For products corresponding to the cleaved acyl chains, the number
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corresponding to the cleaved bond is used. For example, in Figure 2a, the ion of m/z 199.17
corresponds to the laurate moiety and is labeled as 2.

Examples of the CID mass spectra obtained for three mutant glycoforms of tetraacylated S.
enterica LPS and three lipoforms of S. enterica Rc are shown in Figures 2 and 3,
respectively. (Figure 1 shows the naming convention and structures for the different mutants
of S. enterica.) In all cases, glycosidic bond cleavages lead to the most prominent products
for each LPS. For example, isolation and collisional activation of the tetra-acylated species
from S. enterica Rc (MW = 2347.12 Da) shows predominant cleavage of the glycosidic bond
between Kdo and glucosamine leading to product ions of m/z 679.41 (Y,27) and m/z 492.14
(B4%") corresponding to the lipid A and saccharide substructures, respectively (Figure 2b).
The highly acidic nature of this glycosidic bond provides an explanation for its facile
cleavage. This specific glycosidic cleavage is consistent with previous work from our
group3! and is generally observed in MALDI spectra as well.18 Preferential cleavage of this
glycosidic bond is particularly advantageous for two reasons. First, it allows general
localization of structural modifications of LPS to either the lipid A or core oligosaccharide
substructures based on the masses of the two products relative to the intact LPS, especially
for comparisons of series of LPS like the three shown in Figure 2 that possess the same lipid
A sub-structure but with different oligosaccharides. Second, the preferential glycosidic
cleavage results in two well-defined and abundant products that can be interrogated
individually via MS? to allow characterization of the two sub-units (e.g. lipid A and
oligosaccharide). In essence, subsequent activation of each of these products reveals more
detailed structural information. To optimize the formation of the two key sub-structure
products in the initial MS/MS step, the collisional energy was varied over a range of values.
One of the resulting energy-variable diagrams for penta-acylated S. enterica Rc was
constructed to determine the optimal normalized collision energy (NCE) to achieve
maximum signal abundance for the lipid A and saccharide substructures (Supplemental
Figure S5). An NCE of 18 proved to be the optimal collisional activation condition and was
used throughout this study.

To verify that the lipid A and core OS ions would be consistently formed for an array of
LPS, various R-LPS structures from mutant S. enterica were subjected to CID. The effect of
core OS chain length was evaluated by comparing the CID patterns of tetra-acylated S.
enterica Rd1, tetra-acylated S. enterica Rc, and tetra-acylated S. enterica Rb, all with the
same lipid A substructure but with variations in the core OS (Figure 2). Despite changes in
the relative abundances of the lipid A and OS ions, these products are readily identified.
Additionally, significantly larger number of acyl chains fragments (i.e. products labelled as
[M - NJ) are observed upon collisional activation of S. enterica Rd1 (Figure 2a) than for S.
enterica Rc or S. enterica Rb. Similar to changes in fragmentation that occur in
glycopeptides as a function of glycan structure and peptide length, the observed changes
reflect changes in the size and complexity of the core OS, suggesting that acyl chain
cleavages are less prominent when there are more opportunities for energetically favorable
glycosidic cleavages.*? Regardless of this change in the distribution of products, the two key
substructure ions are readily identified for all of the mutants. Similarly, the effect of lipid A
structure was evaluated by comparing the fragmentation patterns of tetra-acylated S. enterica
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Rc, penta-acylated S. enterica Rc and hexa-acylated S. enterica Re (Figure 3), three
lipoforms which vary in the number of acyl chains of lipid A but all with the same OS sub-
structure. In the CID spectrum of hexa-acylated S. enterica Rc (Figure 3c), although the lipid
A and core OS substructure ions are readily identified (Y22~ and By), the predominant
product is an ion of m/z 850.76 that corresponds to loss of the distal myristate secondary
acyl chain (e.g. [M-4]3). Previous reports have shown this acyl chain linkage at the 3’
position to be particularly labile.28 Although this alternative cleavage site diminishes the
abundance of the targeted products corresponding to the full lipid A and core OS
substructures, this ion can be used to confirm the presence of a secondary acyl chain at the 3’
position.

After optimization of the conditions to enhance the formation of the two substructure
products by CID, the products were subsequently isolated and subjected to CID, HCD, and
UVPD (MS?) to complete the characterization of LPS. Examples of the resulting MS3
spectra are shown in Figure 4 for tetra-acylated S. enterica Rb that contains a
pyrophosphoethanolamine modification with the spectra for the OS (m/z 851.82, 2- charge
state) on the left and the complementary spectra for the lipid A substructure (m/z 679.41, 2-
charge state) on the right. All identified ions in the spectra in Figure 4 are listed in Table S1.
CID-CID of the core OS substructure results in predominant losses of Kdo (Y3 and Zzp)
and Kdo, (B and Cy), in addition to neutral losses of CO, and H,O (Figure 4a,
Supplemental Figure S6). CID-HCD of the same OS (Figure 4b) yields a spectrum similar to
the CID-CID spectrum. A notable ion of m/z 219.98 (labeled as ¥ in Figure 4b) confirms
the presence of the pyrophosphoethanolamine modification on the core OS. The high
resolution and high mass accuracy capabilities of the Orbitrap mass spectrometer allow this
ion to be distinguished from the ion of m/z 219.05, which corresponds to the Bgg ion.
Additionally, fragment ions of m/z 967.25 and m/z 869.28 labeled as [C4@<‘§¢Y5Y]A and Bg,
respectively, that appear exclusively in the CID-HCD spectrum provide information
regarding the saccharide branching pattern and localize the position of the
pyrophosphoethanolamine modification. CID-UVPD of the ion of m/z 851.81 yields the
richest mass spectrum with numerous fragments corresponding to cross-ring cleavages (X-
type ions) that give saccharide linkage information (Figure 4c). For example, the 94X, ion
(m/z 1422.37) confirms the linkage pattern of L-glycero-D-manno-heptose (heptose) (11) and
glucose to heptose (1). By combining the information from the CID-HCD spectrum and the
CID-UVPD spectrum, cleavages are observed between every glycosidic bond in the core
OS. This level of structural characterization is unprecedented.

The MS3 spectra for the companion lipid A substructure (m/z 679.41, charge state 2-) of S.
enterica Rb are shown on the right side of Figure 4. CID-CID and HCD-CID yield similar
spectra (Figure 4d and 4e) that confirm the presence of laurate and myristate chains on the
lipid A substructure based on m/z 199.19 and m/z 243.20, respectively, but do not localize
their positions on the lipid A substructure. The CID-HCD spectrum displays an additional
ion of m/z 242.21 that corresponds to cleavage of the proximal N-linked acyl chain. Again,
high resolution and high mass accuracy allowed this ion to be distinguished from the ion of
m/z 243.20 corresponding to the proximal O-linked acyl chain. CID-UVPD (Figure 4f)
produces a richer array of fragment ions that assist in discerning the more subtle structural
features of the lipid A substructure. For example the 1:5X; cross ring cleavage (m/z 738.42)
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allows the distribution of acyl chains on the distal (containing 3’,2” positions) and proximal
(containing 3,2 positions) sides of the lipid A substructure to be determined.27-28 Additional
cross ring and acyl chain cleavages allow acyl chain connectivity to be determined and
hydroxyl modifications to be localized, respectively. For example, the product assigned

as 92X, in concert with 15Xy, confirms that the secondary laurate acyl chain is connected to
the distal N-linked myristate acyl chain. For characterization of the lipid A substructure,
integration of the information from CID-HCD and CID-UVPD together offer the most
comprehensive elucidation of the lipid A moiety.

Comparison of UVPD and CID-UVPD spectra of penta-acylated £. co/ilipid A and penta-
acylated S. enterica Rc, respectively, confirms that the integrity of the MS? spectra collected
for the lipid A substructure is maintained after the initial CID activation event (Figure 5). All
identified ions in the spectra in Figure 5 are listed in Table S2. The complexity of the
resulting spectra reinforces the rationale for “separating” the characterization of the lipid A
and OS substructures based on the MS3 strategy. By first performing a CID event to cleave
the bond between lipid A and core OS, the spectral complexity that acyl chain fragmentation
would otherwise add to identification of glycosidic cleavages in core OS is eliminated, and
manual interpretation of spectra becomes practical.

Within £. coli LPS there are five naturally occurring core types: R1-R4 and K12. These core
types are very similar, all containing heptose and Kdo in their inner core (various other non-
stoichiometric modifications can occur in the inner core depending on the core type) and a
series of hexose carbohydrates in the outer core.*3 The nature, position and linkage of the
hexoses in the outer core are dependent on the core type, with some of the variation being as
subtle as a difference in the kind of linkage. To further confirm the detail to which core OS
structures can be determined using this multi-stage mass spectrometry method, MS3 spectra
were acquired for two isomeric R-LPS structures from £. coli R2and E. coli R3. CID of was
performed on the main LPS ion (MW = 3162.16 Da, m/z 631.43, charge state 5-) in each of
the E. coli R2and E. coli R3 samples (Supplemental Figure S7). Other than small
differences in ion abundances, the spectra are identical. The Y52~ (lipid substructure, m/z
566.31) and B;3~ (OS substructure, m/z 674.84) are the two most prominent product ions in
the CID spectra. The CID-HCD and CID-UVPD spectra of the lipid A substructures (Y2,
m/z 566.31) also look the same for £.coli R2and E. coli R3 (Supplemental Figure S8),
confirming that the variation in the LPS structure must be a result of core OS structure and
not lipid A structure. CID-HCD and CID-UVPD spectra of the core OS substructures (m/z
674.84, Figure 6) are very similar; however, there exist fragment ions that allow the two
isomeric structures to be distinguished from one another. All identified ions in the spectra in
Figure 6 are listed in Table S3. In the CID-HCD spectra, the B3, product in Figure 6a and
By, and Cy,, products in Figure 6b correspond to glycosidic cleavages unique to the £. coli
R2and E. coli R3 cores, respectively. Similarly, in the CID-UVPD spectra, Y74, Z7q, 2*Xsq
and 1:5X5,2~ ions in Figure 6¢ and Y7, Z74, Z742~ and 1°Xg,, ions in Figure 6d correspond
to glycosidic and cross-ring cleavages that uniquely identify the £. coli R2and E. coli R3
cores, respectively. CID-HCD and CID-UVPD yield complementary fragmentation patterns
that enable almost complete structural elucidation of core OS structures as reflected in the
comprehensive fragmentation maps shown in Figure 6e and Figure 6f.

Anal Chem. Author manuscript; available in PMC 2017 January 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Klein et al. Page 8

Conclusion

An MS3 strategy utilizing UVPD has been developed to enable the detailed structural
characterization of intact R-LPS. An initial CID event produced lipid A and core
oligosaccharide ions that were subsequently activated in a second stage using CID, HCD or
UVPD. Subsequent HCD produced ions from glycosidic cleavages that provide saccharide
branching information, while UVPD produced ions from cross ring cleavages that revealed
saccharide connectivity. The complementary spectra produced by HCD and UVPD enabled
confident re-construction of R-LPS structures. The high resolution and high mass accuracy
of the Orbitrap analyzer allowed facile differentiation of informative but nearly isobaric
fragment ions. Despite the unprecedented characterization achieved in this study, the
“shotgun” approach used here produces congested ESI mass spectra that can make isolation
of a single LPS species challenging. Although mass isolation of a single R-LPS species was
feasible in this study, smooth-type LPS has a significantly higher degree of heterogeneity as
a result of the varying number of saccharide repeat units; isolation of single species is
increasingly challenging. To address this concern, we are developing appropriate offline and
online separation methods to facilitate analysis of smooth-type LPS in a higher throughput
manner. Additionally, both online and offline separations will alleviate signal suppression
(i.e. splitting or sub-division of ion current) associated with direct infusion of complex
mixtures and potentially allow further diminishment of sample consumption.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Rough-type mutant strains of S. enterica serovar Minnesota, including a key that depicts the
symbols used to denote subunits and neutral losses observed in the MS/MS spectra.
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Figure2.
CID (NCE 18) of the 4- charge state of a) tetra-acylated S. entericaRdl (m/z 497.25) b)

tetra-acylated S. enterica Rc (m/z 585.78) and c) tetra-acylated S. enterica Rb (m/z 765.56)
(25 spectra averaged, LPS concentration 100 pg/mL in 62:36:2 CHCl3.MeOH:H,0). m=
neutral loss of HPO3; & indicates that both of the indicated cleavages occur to generated a
particular fragment ion. The acyl chains are numbered, and the loss of a particular acyl chain
is denoted as M — N where M represents the LPS and N represents the acyl chain that is lost.
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CID (NCE 18) of the 4- charge state of a) tetra-acylated S. enterica Rc (m/z 585.78) b)
penta-acylated S. enterica Rc (m/z 642.33) and c) hexa-acylated S. enferica Rc (m/z 694.88)
(25 spectra averaged, concentration of LPS is 100 pug/mL in 62:36:2 CHCl3-MeOH:H50).
W= neutral loss of HPO3; & indicates that both of the indicated cleavages occur to generated
a particular fragment ion. The acyl chains are numbered, and the loss of a particular acyl
chain is denoted as M — N or Y - N where M represents the LPS, Y represents the lipid A
portion, and N represents the acyl chain that is lost.
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Figure4.

a) CID-CID (NCE 18- NCE 30), b) CID-HCD (NCE 18- NCE 35) and c) CID-UVPD (NCE
18- 5 pulses, 2 mJ) of the core oligosaccharide substructure of tetra-acylated S. entericaRb
containing a pyrophosphoethanolamine modification (m/z 851.81, charge state 2-). d) CID-
CID (NCE 18-NCE 30), e) CID-HCD (NCE 18-NCE 35) and f) CID-UVPD (NCE 18- 5
pulses, 2 mJ) of the lipid A substructure of S. enferica Rb modification (m/z 679.41, charges
state 2-). A yellow star is used to denote the precursor. Only select neutral losses are labeled
on the spectra to avoid congestion: ¥= loss of pyrophosphethanolamine; A= loss of
phosphethanolamine; = loss of HPO3; 0= loss of HoPOy; & indicates that both of the
indicated cleavages occur to generated a particular fragment ion. The acyl chains are
numbered, and the loss of a particular acyl chain is denoted as M — N where M represents
the LPS and N represents the acyl chain that is lost.
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a) UVPD of penta-acylated from £. colilipid A and b) CID-UVPD of the penta-acylated

lipid A substructure from S. enterica Rc. B= neutral loss of HPOg3; the yellow star indicates
the precursor ion in the spectrum. The acyl chains are numbered, and the loss of a particular
acyl chain is denoted as M — N where M represents the LPS and N represents the acyl chain

that is lost.
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Figure 6.
a) CID-HCD (NCE 18- NCE 30) of the core oligosaccharide substructure of £. coliR2 (m/z

674.84, charge state 3-) b) CID-HCD (NCE 18- NCE 30) of the core oligosaccharide
substructure of £. coliR3 (m/z 674.84, charge state 3-), ¢) CID-UVPD (NCE 18- 5 pulses, 2
mJ) of the core oligosaccharide substructure of £. coliR2 (m/z 674.84, charge state 3-) and
d) CID-UVPD (NCE 18- 5 pulses, 2 mJ) of the core oligosaccharide substructure of £. coli
R3 (m/z 674.84, charge state, 3-). Unique ions that can be used to identify each isomer
appear in red. W= neutral loss of HPOg3; the yellow star indicates the precursor ion in the
spectrum; & indicates that both of the indicated cleavages occur to generated a particular
fragment ion
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