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Abstract

Lipid A, a well-known saccharolipid, acts as the inner lipid-glycan anchor of
lipopolysaccharides in Gram-negative bacterial cell membranes and functions as an endotoxin.
Its structure is comprised of two glucosamines with B(1—6) linkages and various fatty acyl
and phosphate groups. Lipid A structure can be used for identification, but its complexity poses
significant structural characterization challenges. In this work, we present a comprehensive
strategy combining condensed phase sample preparation, electrospray ionization, and gas-
phase ion/ion reactions with tandem mass spectrometry for detailed lipid A structural
elucidation. We use proton transfer reactions, charge-inversion reactions, and sequential
ion/ion reactions for magnesium transfer to generate targeted lipid A ions. The strategy,
established with a synthetic monophosphoryl lipid A (MPLA) and known MPLA and
diphosphorylated lipid A (DPLA) from E. coli F583, demonstrated that [MPLA—2H]*,
[MPLA-H]", and [MPLA-H+Mg]" precursor ions offer complementary information for
MPLA, while [DPLA-H], [DPLA+H]", and [DPLA-H+Mg]" precursor ions provide
analogous information for DPLA analysis. We validated the strategy using known lipid A
species and also successfully applied this strategy to profile unknown MPLA and DPLA in the

same E. coli strain.



Introduction

Saccharolipids (SLs) constitute a lipid subclass that is comprised of both glycan and
lipid structural components.! In contrast with glycolipids, wherein a glycan is linked to a
sphingolipid backbone via a glycosidic bond, saccharolipids feature fatty acyl components that
are directly linked to sugars.>? Among the most widely known SLs is lipid A, which is the inner
lipid-glycan anchor region of lipopolysaccharides (LPS) relevant to cell membranes in Gram-
negative bacteria. The general lipid A structure contains two glucosamines with B(1—6)
linkages and various fatty acyl groups and phosphate groups bound to the different sites on the
sugar (Figure 1.) Lipid A is an endotoxin from gram-negative bacteria that triggers a
pathogenic immune response in the host (e.g., human), which can lead to severe health
conditions, such as septic shock.>* The endotoxin is species-specific, suggesting that lipid A
can be useful for identifying bacterial species as well as understanding the bioactivity of the
endotoxin.””’ Moreover, it can be a potential target for antibiotic discovery. However, the
complexity of the structure makes the characterization of lipid A extremely challenging, which
is a complicating factor in profiling lipid A from bacterial samples. Therefore, an analytical

strategy capable of generating extensive structural information from lipid A is an emerging

need.
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Figure 1. The generic structure of diphosphoryl lipid A (DPLA-1825.) The phosphorylation
sites are either on the C1 or C4’ position for mono-phosporyl lipid A (MPLA), or both for
DPLA. The different fatty acyl substitutents could be on C2/C3/C2’/C3’ position with the
potential for an O-linked fatty acyl branch. The fatty acyl chains that are directly esterified to
the sugar are primary fatty acyl chains, and the O-linked branch fatty acyl chains are secondary
fatty acyl chains.

Several lipid A species from various origins, including E. coli and C. trachomatis, and
their respective variants, were identified by leveraging biological and chemical knowledge.®*
The confirmation usually came from complementary information derived from nuclear
magnetic resonance spectroscopy (NMR) and mass spectrometry (MS) for the sugar linkage
and fatty acyl contents, respectively.!® Although NMR is a powerful tool for structural
elucidation, the sensitivity of NMR remains an issue for profiling trace species in biological
samples. On the other hand, MS is often capable of profiling low abundance molecules in
complex sample matrices. In the case of lipid A, matrix-assisted laser desorption/ionization
(MALDI) combined with MS has been the most commonly used approach for lipid A analysis
for decades.!!"!? Lipid A ions can be generated via MALDI in either the negative or positive
ion mode, depending on the matrix, and the resulting lipid A ions are usually either [M—H] in
the negative mode or [M+Na]" in the positive mode.'*!* To elucidate ion structure, tandem MS
(MS/MS) is commonly employed, and collision-induced dissociation (CID) is the most
extensively used dissociation technique, in part due to its widespread availability. MALDI-
MS/MS using CID, primarily on quadrupole/time-of-flight (Q/TOF) or TOF/TOF platforms,
has been used to characterize lipid A structures.'>!” However, extensive structural
characterization of a given lipid A by MS? alone is challenging due to the diversity of structures
that may be present. Therefore, Park et al. reported the coupling of a quadrupole ion trap (QIT)
with a TOF analyzer, thereby enabling MALDI-MS" experiments for characterizing lipid A
structures.'® Electrospray ionization (ESI), which is readily interfaced with condensed-phase
separation techniques as well as MS" platforms, has also been applied to the characterization

of lipid A from biological matrices.'* In addition to CID, alternative dissociation approaches,



such as infrared multiphoton dissociation (IRMPD)*%> and ultraviolet photodissociation
(UVPD),?6?” have been explored for elucidating lipid A structures. Each dissociation method
has relative strengths and weaknesses. For example, ESI-MS" experiments with CID or IRMPD
usually require multistage dissociation to reveal a comprehensive map of lipid A structure
because MS? usually provides only the length of the fatty acyl groups but no cross-ring
fragmentation from the glycan. In contrast, UVPD is able to generate cross-ring fragmentation,
but the tuning efficiency (abundance of fragment ions) is relatively low and requires novel
instrumentation for low signal-to-noise detection for those fragment ions.” 26-28

The use of different dissociation methods can often provide complementary structural
information from a given ion-type. However, it is also often of benefit to probe different ion-
types generated from the same molecule.?® To this end, Aissa et al. proposed a lipid A structural
characterization strategy that subjects different lipid A cation-types to CID to provide
complementary structural information via ESI-MS". It was shown that sodiated and di-sodiated
lipid A cations ([M+Na]" and [M—H+2Na]") can provide in-depth acyl linkage information at
the C3’ secondary (branched) and C3/C3’ primary positions.>® Combined with information
from previous reports that protonated molecules ([M+H]") or triethylammonium adducts
([M+Et:N]") would generate an oxonium ion upon CID, which was assigned as the distal sugar
fragment,!*? both acyl linkage and phosphorylation site could be determined from the various
precursor ion-types.

In both MALDI and ESI, the predominant ion-types are influenced strongly by sample
preparation conditions (i.e., matrix** or solution** conditions), which can limit the available
ion-types for subsequent tandem MS analysis. It is therefore desirable to generate different ion-
types efficiently and rapidly from the most abundant ion-type generated from the ionization
process. It has been shown in multiple analytical contexts® that gas-phase ion/ion reactions
can be used to alter ion-types quickly and efficiently within the mass spectrometer. Recently,

our group developed a series of ion/ion reaction approaches for ion-type transformation



relevant to the structural characterization of various lipid types, including fatty acids,*®’

38-39 40-41

glycerophospholipids, cardiolipins, and various sugar-lipid conjugates, including

#4243 and phosphoinositides.** We also established a workflow that combines several

glycolipids
different ion/ion reactions, including proton transfer, metal ion transfer, and charge inversion,
to generate targeted ion-types for comprehensive glycan coverage of different subtypes of
gangliosides.* In this work, we implemented a variety of gas-phase ion/ion reactions to
produce different ion-types from lipid A for structural characterization. Both synthetic and
known biological lipid A species were used to explore ion-types generated via ion/ion reactions

to develop a strategy for extensive lipid A structural characterization. The strategy was then

applied for the characterization of unknown lipid A species from E. coli extracts.

Experimental Section

Materials. Synthetic monophosphoryl lipid A (MPLA-PHAD®) was purchased from Avanti
Polar Lipids, Inc. (Alabaster, AL). Monophosphoryl and diphosphoryl lipid A extract from E.
coli F583 (Rd mutant), magnesium chloride (MgClz), 2,2';6',2"-terpyridine (Terpy), and proton
sponge (N, N, N’, N'-tetramethyl-1,8-naphthalenediamine, PrS) were purchased from Sigma-
Aldrich (St. Louis, MO). MS-grade methanol (MeOH), LC-grade chloroform (CHCl3),
polyethylenimine-4k (PEI-4k) and ammonium hydroxide (28% to 30% NH4OH solution) were
purchased from Fisher Scientific (Pittsburgh, PA).

Sample Preparation. Stock solutions of lipid A and extracts (porcine brain) were prepared in
MeOH/CHClI; (v/v, 50/50) to a concentration of 0.5 or 1 mg-mL™!, and stored at —80 °C. Before
the analysis, the stock solutions were diluted using MeOH to 0.01 mg-mL™'. An aliquot of
NH4OH solution was spiked into the sample solution to make the sample with ~0.1% (v/v)
NH4OH solution (basic condition.) For metal-ligand complex reagents (e.g. [Mg(Terpy)2]*"),

MgClz and Terpy were mixed in MeOH with 1:1 (molar ratio) to a final concentration of ~50



uM. Proton sponge powder was dissolved in MeOH with the stock concentration at 1 mM, and
then spiked into the metal-Terpy complex solution with a final concentration of 20 pM.

Mass Spectrometry. All experiments were performed on a TripleTOF 5600 quadrupole
time-of-flight mass spectrometer (SCIEX, Concord, ON, Canada) that has been modified for
ion/ion reactions.*® Alternately pulsed dual nano-electrospray ionization (nESI) allows for the
sequential injection of anions and cations.*” Doubly deprotonated lipid A ions (e.g.,
[MPLA—2H]*>" or [DPLA—2H]*) were generated directly from ESI. Singly deprotonated
species were generated via a gas-phase proton transfer reaction. Doubly deprotonated lipid A
ions and proton sponge cations ([PrS+H]") were alternately generated via nESI, mass-selected
in Q1, and transferred to g2 for mutual storage (10-30 ms) to produce singly deprotonated lipid
A ions ((MPLA—-H] or [DPLA—H]"). A supplemental AC voltage at the secular frequency of
the targeted proton transfer product was applied during the entire mutual storage period to
inhibit complete neutralization of the anion by ion parking.*® For charge-inversion to produce
[MPLA+H]" and [DPLA+H]" cations from doubly-deprotonated anions, a variation of a
previously described process for charge inverting cations to anions was used.*’ Specifically, a
mixture of multiply-charged PEI cluster cations was selected and reacted with a doubly
deprotonated lipid A anion, thereby resulting in the formation of a singly protonated lipid A
species. For the generation of ((MPLA-H+Mg]" or [DPLA-H+Mg]") cations, sequential
ion/ion reactions were performed. First, doubly deprotonated lipid A ions were generated via
nESI, and stored in q2. Next, both [PrS+H]" and metal-ligand complex ([Mg(Terpy)2]*") ions
were generated via alternately pulsed nESI, but only [PrS+H]" was mass-selected in Q1 and
transferred to q2 for mutual storage (10-30 ms). Sequential resonance ejection ramps®° were
used to mass-select targeted singly deprotonated ions for subsequent reaction. Another pulse
P

from the cation emitter was applied and [Mg(Terpy)2 was mass-selected and transferred to

q2 for mutual storage (10-30 ms). Further sequential resonance ejection ramps in q2 were used



to mass-select targeted ion/ion reaction product ions for MS" experiments via ion-trap CID and

mass analysis via TOF.

Results and Discussion

Lipid A signal enhancement via condensed-phase pH adjustment. Lipid A structures
generally consist of two glucosamine (amino-sugar) units, in a B (1—6) linkage, with one
phosphate at either the C1 or C4’ position, in the case of mono-phosphoryl lipid A (MPLA), or
at both the C1 and C4’ positions, in the case of di-phosphoryl lipid A (DPLA) (see Figure 1).%!
It is therefore common to use ESI in the negative mode for the analysis of lipid A due to the
ease of deprotonation. During the analysis of synthetic MPLA, we observed both the 1— and
2— charge states under the normal solution conditions (i.e., samples dissolved in mostly
methanol) (Figure S1), with the former being most prominent. The presence of the 2— ion
suggests the potential deprotonation at the phosphate group and one of the hydroxy groups.
Under similar solution conditions, complicated spectra were observed from the analysis of
MPLA extracts from E. coli samples (Figure 2a), leading to relatively low ion signals for the
precursor ions (either [MPLA—H] or [MPLA—2H]?"). Therefore, to enhance the MPLA ion
signals for further tandem mass spectrometry analysis, we modified the sample solution by
adding ~0.1% NH4OH, leading to a roughly 15-fold MPLA signal enhancement with most of
the signal arising from doubly deprotonated species ((MPLA—2H]*>" (Figure 2b)). The same
strategy was also applied to DPLA-containing samples with similar signal enhancements for

the DPLA species (data not shown).
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Figure 2. Optimization of sample solution to enhance precursor ion signals. (a) MeOH and (b)
0.3% NH4OH in MeOH. The concentration of the two solution are the same at ~Img mL™! of

the E. coli extract. The circle symbol (@) represents MPLA-1099, the star symbol (%)
represents MPLA-1287, and the triangle (A) represents MPLA-1507. The green colored
symbols are the signals from 1— charge state, and the red colored symbols are the signals from
2— charge state of the MPLAs.

The analysis of MPLA via gas-phase chemistry. The most abundant ion-type generated
via negative nESI in this work, [MPLA—2H]*", was probed by ion trap CID and used as the
precursor ion in various ion/ion reactions to generate other ion-types for subsequent ion trap
CID. Other ion types, including singly deprotonated MPLA ([MPLA—-H]"), protonated
MPLA ([MPLA+H]"), and magnesium-transferred MPLA ([MPLA-H+Mg]") were also
investigated. The reactions for generating these targeted ion types and the respective tandem
mass spectra (after ion-trap CID) are provided in the following text. First, we summarize the
key information obtained from each ion type. CID of [MPLA—2H]* reveals the profile of fatty
acyl groups on lipid A through both neutral loss and complementary fatty acyl-related fragment
ions. Similarly, [MPLA—H] offers comparable information but does not provide additional
structural insights. [MPLA+H]" yields significant structural information from the cleavage of

the glycosidic bond. Lastly, the magnesium-transferred ion reveals the fatty acyl chain location



relative to the proposed magnesium-phosphate coordination site, allowing for the identification
of fatty acyl compositions on the lipid A structure. In the following sections, we use both
synthetic lipid A, synthetic MPLA (PHAD®), and biological lipid A from the E. coli F583
strain to detail our findings.

First, the doubly charged synthetic MPLA (PHAD®) ((MPLA-PHAD®—-2H]*", m/z 871.6)
was subjected to ion trap CID, and the spectrum is shown in Figure 3a. The dominant
fragments (labeled 2 and 2’ in Figure 3a) arise from cleavage of the ester linkage on the C3
position leading to the loss of C14:0 (3-OH) (m/z 1500.1, fragment 2) and its complementary
deprotonated fatty acid (m/z 243.2, fragment 2°). Two other complementary fragment ion pairs
are also observed, including m/z 1516.1 and m/z 227.2 (fragment 1 and 1°), arising from loss
of a C14:0 fatty acid from either the C2’ or C3’ carbons; and m/z 1459.1 and m/z 284.2
(fragment 3 and 3’), suggesting the in-ring fragment ions of *X, and “?A,, respectively.

The singly-deprotonated species was then generated from the doubly-deprotonated ion via
gas-phase proton transfer to determine if complementary structural information might be
obtained via CID. Figure S2 demonstrates the proton transfer reaction between the proton
sponge cation and [MPLA—2H]?". The results suggested no or minimal ion loss from the
isolation of the precursor and proton transfer reaction. After the proton transfer reaction,
[MPLA-PHAD®—-H] (m/z 1744) was subjected to ion trap CID, and the results are shown in
Figure 3b. The dominant 228 Da loss (m/z 1516.1, fragment 1) and 244 Da loss (m/z 1500.1,
fragment 3) arise from the ester bond cleavages also observed with the doubly deprotonated
MPLA (i.e., loss of a C14:0 fatty acid and a loss of a C14:0 (3-OH) fatty acid, respectively). A
pair of minor fragment ions arising from 436 Da loss (m/z 1308, fragment 4) and 454 Da loss
(m/z 1290, fragment 5) are consistent with cleavages on either side of the oxygen bound to the
C3’ carbon (i.e., fatty acid loss (454 Da) and ketene loss (436 Da). A fragment ion
corresponding to 472 Da loss is consistent with the combination of losing a C14:0 fatty acid

branch (228 Da) and the C14:0(3-OH) fatty acid (244 Da) (m/z 1272, fragment 6). However,



no significant additional information was observed from this ion-type.

Next, we generated the singly protonated analyte via charge inversion of the doubly
deprotonated MPLA. We used multiply charged protonated PEI ions arising from PEI-4k ([PEI-
4k+nH]™") for the reaction. Briefly, [MPLA—2H]*>" ions were generated, mass-selected,
transferred, and stored in g2 (Figure S3a). PEI cations were then generated via positive nESI,
and a wide range of PEI cations (Figure S3b) for the reaction was mass-selected and
transferred into q2. The post-reaction spectrum is shown in Figure S3c. We further mass-
selected and subjected the [MPLA-PHAD®+H]" ion (m/z 1746.3) to ion trap CID. The result
shows a dominant By fragment ion at m/z 1114.8 (fragment 7), consistent with the literature’,
suggesting the cleavage of the glycosidic linkage (Figure 3c). This structural information is
useful for determining the two different amino sugar-fatty acid conjugates units, where the
synthetic MPLA-PHAD shows the phosphorylation site to be exclusively on the C4’ position.
Therefore, this ion can potentially indicate the phosphorylation site. The losses of one and two
water molecules are also observed along with a minor signal that is consistent with the loss of
a C14:0 fatty acid (228 Da loss). We isolated the B; ion for another round of ion trap CID and
the result shows a dominant loss in 228 Da, suggesting the C14:0 fatty acid is on the first amino
sugar-fatty acid conjugate unit (Figure S4). The secondary fragment ion with 454 Da loss (m/z
660) is also observed, suggesting the loss of entire C3’ fatty acid unit. Moreover, a 552 Da loss
(m/z 562) was also observed, which is the combined loss of phosphate (98 Da) and C3’ fatty
acid unit (454 Da.).

As a final ion-type examined here, we generated magnesium ion-containing species via a
sequential ion/ion reaction process.*** The precursor ion, [MPLA-PHAD®-2H]*", was
reacted with protonated proton sponge ([PrS+H]") to produce the singly deprotonated anion,
[MPLA-PHAD®—-H] . The deprotonated species was then subjected to another ion/ion reaction
with [Mg(Terpy):]**, which generated the complex species [MPLA-PHAD®-H+Mg(Terpy)]".

The latter species is generated from the attachment of the reactant ions to one another with the



spontaneous loss of one Terpy ligand. An additional step of CID of [MPLA-
PHAD®-H+Mg(Terpy)]" leads to the loss of the second Terpy ligand, thereby generating the
[MPLA-PHAD®-H+Mg]" ion (m/z 1768.3). Ion trap CID of the latter ion (Figure 3d) is
dominated by the neutral losses of 228 Da (i.e., loss of a C14:0 fatty acid) and 454 Da (i.e.,

loss of the group bound to C3’ as a fatty acid).
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Figure 3. The CID mass spectra of different MPLA-PHDA ions, (a) [MPLA-PHAD®—-2H]*", m/z 817.6, (b) [MPLA-PHAD®-H] ", m/z 1744.3,
(c) [MPLA-PHAD®+H]", m/z 1746.3, and (d) [MPLA-PHAD®-H+Mg]", m/z 1768.3.



The same ion types described above from the synthetic MPLA-PHAD® were also
examined for the three major MPLA ions generated from the MPLA extract from E. coli F583
observed at m/z 548.3 (2—), m/z 639.4 (2—), and m/z 752.5 (2—) (Figure 2b). The structure of
the 1507 Da MPLA, referred to here as MPLA-1507, in the E. coli F583 sample, as reflected
by the dianion at m/z 752.3, has previously been elucidated/proposed?’ (see structure in Figure
4). Figure 4 shows the CID spectra from different ion-types of MPLA-1507 including
[MPLA-1507-2H]*", [MPLA-1507-H] ", [MPLA-1507+H]", and [MPLA-1507-H+Mg]". The
results are consistent with those observed with the synthetic MPLA-PHAD ions. For example,
fatty acyl chain information is obtained from the doubly deprotonated species (Figure 4a),
including a 200 Da loss (m/z 1305.8 and complementary ion at m/z 199.2, fragment 1 and 1°)
corresponding to a C12:0 fatty acid, a 244 Da loss (m/z 1261.8 and the complementary ion at
m/z 243.2, fragments 2 and 2’) from the loss of a C14:0(3-OH) fatty acid, and a 285 Da loss
(m/z 1220.8 and the complementary ion at m/z 284.2 from the inner-ring fragmentation,
fragments 3 and 3’). The loss of a C14:0(3-OH) fatty acid can arise from the C3 and/or C3’
positions. The C12:0 fatty acid loss arises from the C3’ branch and the 285 Da loss indicates
the inner-ring cleavages “?Xo and ®?A,, respectively.

The ion trap CID product ion spectrum of the singly deprotonated precursor anion
(IMPLA-1507-H]", m/z 1506.0, Figure 4b) is dominated by the loss of 244 Da (i.e., C14:0(3-
OH) fatty acid loss from the C3 and/or C3’ sites). Other fragment ions of lower relative
abundance were observed including water loss, 182 Da loss (m/z 1323.9, fragment 4), nominal
ketene loss for C2 branch (C12:0), 226 Da loss (m/z 1279.8, fragment 5), which can occur from
nominal ketene loss from C3 and/or C3’ sites or from amide bond cleavage at C2, 285 Da loss
(m/z 1220.8, fragment 3), which is also observed with the dianion (see Figure 4a) and 408 Da
loss (m/z 1097.7, fragment 5). The latter ion can arise from a combined loss of 226 Da (nominal
ketene loss from the C3, C3’, or C2 sites) and 182 Da (nominal ketene loss from the C2’ branch

site) or as a single step via amide bond cleavage at C2’ giving rise to nominal ketene loss of



the fatty acyl chains attached to the amide nitrogen.

CID of protonated MPLA-1507 ([MPLA-1507+H]", Figure 4c¢), generated via charge
inversion, shows dominant cleavage of the glycosidic bond with charge retention on the B
fragment (m/z 876.5, fragment 6). Smaller peaks reflect losses of 200 Da (m/z 1308, fragment
1) and 244 Da (m/z 1264, fragment 2) reflecting ester bond cleavages that are also observed
with the singly deprotonated species (Figure 4a). With further CID of the m/z 876 ion (Figure
S5), 182 Da loss (m/z 694, C12:0 ketene loss) and 200 Da loss (m/z 676, C12:0 fatty acid loss)
confirmed that the C12:0 branch is on the first amino-sugar unit. A prominent loss of 408 Da
is also observed, which can arise from a combined loss of 226 Da (nominal ketene loss from
the C3’ site) and 182 Da (nominal ketene loss from the C2’ branch site) or as a single step via
amide bond cleavage at C2’ giving rise to nominal ketene loss of the fatty acyl chains attached
to the amide nitrogen. A relatively modest signal arising from a loss of 342 Da is also noted,
which is consistent with the loss of phosphate (98 Da) and the C3’ fatty acid (244 Da),
indicating C4' phosphorylation in the general structure of lipid A (Figure 1). According to the
literature, if a mixture of isomeric MPLA with either C1 or C4' phosphorylation were present,
two B1 ions with a 80 Da difference would be observed.?? %" In this case, no C1 phosphorylation
was detected.

Figure 4d shows the CID spectrum of [MPLA-1507-H+Mg]*, the fourth ion-type
examined for this molecule. It is noticed that slightly more information can be obtained from
the Mg-transferred precursor comparing to singly deprotonated species. A dominant 244 Da
loss (m/z 1285.8, fragment 2) is observed, which is similar to the CID results for [MPLA-
1507-H] . However, assuming [MPLA-1507-H+Mg]" to fragment similarly to [MPLA-
PHAD®-H+Mg]" (see Figure 3d), the ester cleavage at the C3’ position might be expected to
be favored over the ester cleavage at the C3 position (compare, for example, fragment 5 to
fragment 2 in Figure 3d). If this tendency holds for CID of [Lipid A-H+Mg]" in general, the

244 Da loss in Figure 4d would be expected to arise more from the C3’ position than the C3



position. In addition to water loss, 184 Da loss (m/z 1345.8, fragment 7), 200 Da loss (m/z
1329.9, fragment 1), 226 Da loss (m/z 1303.8, fragment 4), and 285 Da loss (m/z 1244.8,
fragment 3), are also observed suggesting the loss of branch C2’ C12:0 fatty acid (aldehyde
loss), branch C2’ C12:0 fatty acid loss, cleavage at C3 or C3’, and the C1-C2 inner-ring
cleavage, respectively. Other secondary fragmentations, including 428 Da loss (m/z 1101.6),
444 Da loss (m/z 1085.7), and 529 Da loss (m/z 1001.6), can also be observed. These
fragmentations likely result from combined losses such as 244 Da and 184 Da for the 428 Da
loss, suggesting that the 184 Da loss may originate from the C2' branch or C2 or C3 cleavage;
244 Da and 200 Da for the 444 Da loss, likely involving the C3' and C2' branches at different
cleavage sites; and 244 Da and 285 Da for the 529 Da loss, corresponding to a C3' and C1-C2
inner-ring cleavage.

After reviewing the results from the CID experiments, we can identify the information
derived from each precursor ion type: (a) doubly deprotonated MPLA anions provide a
general fatty acyl chain profile and potential C3 fatty acyl information; (b) protonated MPLA
cations reveal information about the phosphorylation site through glycosidic bond cleavage
(BI1 1on) and fatty acyl positions on the sub amino-sugar unit; and (c) singly deprotonated
MPLA anions and magnesium-transferred MPLA cations yield similar fragment profiles, but
the magnesium-transferred cation offers better confidence in assigning C3’ fatty acyl loss.
Consequently, future analyses of MPLA should focus on the three key ion types: [MPLA—2H]*",
[MPLA+H]", and [MPLA-H+Mg]". MPLA-1281, identified in the extracts and analyzed in a
previous report,?’ was used to further test our strategy, and the three key ion types mentioned

above gave spectra that are fully consistent with the previously proposed structure (Figure S6).
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Structural elucidation of unknown MPLA in E. coli F583 extract. In addition to MPLA-
1507 and MPLA-1281, another major lipid A (m/z 548.3 (2—), Figure 2b), which is referred to
here as MPLA-1099, was also profiled. We are unaware that the structure of this species has
been described in the literature. Therefore, we used this unknown lipid A to test our MPLA
structural elucidation strategy. [MPLA-1099—2H]*, [MPLA-1099+H]", and [MPLA-
1099—-H+Mg]" were produced via nESI and gas-phase ion/ion reactions and subjected to CID
for the analysis of the structure. First, Figure 5a shows several fragments from the CID of
[MPLA-1099—2H]* (m/z 1097.7), including 226 Da loss (m/z 871.5, fragment 1), 244 Da loss
(m/z 853.5, fragment 2), and 285 Da loss (m/z 812.5, fragment 3), where 226 Da and 244 Da
losses suggest the presence of C14:0(3-OH). However, the base fragment peak corresponds to
the 285 Da loss (fragment 3), which is likely the ®?A, fragment, resulting from the loss of the
C2-amide-bonded C14:0(3-OH) by C1-C2 inner-ring cleavage (Figure 5a.) This observation
also suggests there may not be a fatty acyl group on either the C3 or C3’ positions. This
hypothesis is further supported by comparing the spectra in Figures 3a and 4a, where a
dominant 244 Da loss is observed, potentially corresponding to the loss of a hydroxy fatty acid
(e.g., C14:0(3-OH) fatty acid).

Next, CID of [MPLA-1099+H]" (Figure 5b) shows the B1 ion at m/z 694, representing
the first amino-sugar unit, fragment 4. This finding suggests that the second amino-sugar unit
has a mass of only 405 Da, indicating the absence of a C3 fatty acyl chain. The observed loss
of 285 Da results from the inner-ring cleavage of the C1-C2 unit, leaving no significant mass
for an additional fatty acyl group on the second amino-sugar unit. Consequently, we propose
that the second unit contains only a C2-amide-bonded C14:0(3-OH).

Finally, CID of [MPLA-1099—H+Mg]" shows a dominant 244 Da loss (fragment 2) which
suggests a C14:0(3-OH) group on the C3’ position, based on the fragmentation patterns from
the previous [MPLA-H+Mg]" examples (Figure 5¢ compared to Figure 3d and 4d). Also, a

significant 60 Da loss (m/z 1061.7, fragment 5) was observed, which is a common C2H4O> loss



from inner-ring cleavage of hexose, suggesting the **A, fragment, which is consistent with our
hypothesis about the second amino-sugar unit (C3 with hydroxyl group). A minor 226 Da loss
is also observed, which can be the nominal ketene loss of C14:0(3-OH) on C3’ or on C2’ via
amide bond cleavage from the first glucosamine. This is consistent with other primary
fragments, including 244 Da loss (fragment 2) and 285 Da (fragment 1), which suggest the
fatty acyl chains on C3’ and C2 positions, respectively. Other secondary fragment ions,
including 304 Da loss (244 Da loss + 60 Da loss) and 346 Da loss (285 Da loss + 60 Da loss),
were assigned respectively in the inserted structures. We also obtained the CID mass spectrum
of the m/z 694 ion to check the secondary fragments obtained from Figure Sb. The result again
validates our finding of C14:0(3-OH) at C3’, where 342 Da loss (m/z 352 is consistent with
phosphate 98 Da at C4’ + 244 Da loss at C3’) was observed. Also, a 184 Da loss is observed
(m/z 510), which can be the cleavage of both C2’ or C3’, and 226 Da loss (m/z 468), which is
the C3’ or C2’ cleavage (Figure S7). This example demonstrates the utility of probing

complementary ion-types for in-depth structural elucidation of unknown MPLA species.
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The analysis of DPLA via gas-phase chemistry. The complementary precursor ion-type
approach was further extended to analyze diphosphorylated lipid A, by first investigating four
different ion-types: [DPLA—2H]*", [DPLA-H] ", [DPLA+H]*, and [DPLA-H+Mg]*. As with
MPLAs, we summarize our observations before providing detailed explanations. Unlike
MPLA, CID of [DPLA—2H]* yields a single prominent fragment ion, while [DPLA-H]"
provides a more detailed fatty acyl profile combined with glycosidic bond cleavage (Y1 ion).
CID of [DPLA+H]" also leads to glycosidic bond cleavage, with the complementary ion (B1
ion) being dominant. These complementary B/Y ions allow for the structural elucidation of the
sub-amino sugar unit. Lastly, the magnesium-transferred cation, [DPLA-H+Mg]", offers fatty
acyl profile information, including additional fatty acyl information (C2’ branch). DPLA
extracts from the same E. coli F583 strain were again selected to test the method. Three major
DPLA were profiled, including m/z 897.6 (2—), m/z 792.5 (2—), and m/z 679.5 (2—) (Figure S8).
First, we subjected the ion at m/z 897.6 (2—) for further analysis, which is a DPLA with reported
structures from previous reports (DPLA-1797).2%27- 2 Figure 6 shows the CID spectra from
the four ion-types, including [DPLA-1797-2H]*", [DPLA-1797-H] ", [DPLA-1797+H]", and
[DPLA-1797-H+Mg]". Figure 6a shows the CID product ion spectrum of [DPLA-1797-2H]*
(m/z 897.6, 2—), which gives only a dominant 228 Da loss (m/z 783.6, 2—). This result suggests
a potential C14:0 fatty acyl chain, but this information alone does not allow for the distinction
between a branched C14:0 fatty acid on C3’ or cleavages on C2 (aldehyde loss) or C3 positions
based on the proposed structures. Next, CID of singly deprotonated DPLA shows more
informative fragment ions compared to CID of doubly deprotonated DPLA. Upon CID of the
singly deprotonated species, [DPLA-1797—H]", 98 Da loss (m/z 1698.3, phosphate loss,
fragment 2), 200 Da loss (m/z 1596.1, C12:0 fatty acid, fragment 3), 228 Da loss (m/z 1568.0,
C14:0 fatty acid), 244 Da loss (m/z 1552.0, C14:0(3-OH) fatty acyl, fragment 4), and 454 Da
loss (m/z 1341.9, C14:0(3-O-C:14:0) were observed , as well as 324 Da loss (98 Da +226 Da

loss), and 342 Da loss (98 Da + 244 Da loss) (Figure 6b.) The fatty acyl composition is



reflected from the above fragments. Also, the significant 244 Da loss suggests the loss of
C14:0(3-OH) on the C3 position. We also observed 454 Da loss, which suggests the loss of
whole fatty acyl unit on C3’, but it is not as significant as the other fragments in the profile.
Interestingly, a 1086 Da loss (m/z 710) stands out in the lower m/z region, which normally
consists of low abundance secondary fragmentation, and it suggests the cleavage of the
glycosidic bond for the Y ion. Moreover, no significant signal from the complementary B ion
was observed in the spectrum, suggesting that the negative charge may be more stable on C1
phosphate group leading to the formation of Y as well as C3 C14:0(3-OH) loss upon CID.

The CID of the singly protonated DPLA-1797, produced from a charge inversion reaction,
was also performed (Figure 6c¢). Phosphate loss (98 Da loss, m/z 1700.2), 200 Da loss (m/z
1597.9, C12:0 fatty acid loss), and 711 Da loss (m/z 1086.8) were observed. In contrast to the
CID of [DPLA-1797-H] giving the Y ion, CID of [DPLA-1797+H]" gives prominent B ions,
which is similar to singly protonated MPLA. We performed another round of CID on the ion
at m/z 1086.8 (fragment 7), and a 200 Da loss (m/z 886.7) was observed, similar to the
secondary fragments obtained in Figure 6c¢, and suggesting the C12:0 fatty acid to be on the
first amino-sugar unit (data not shown).

Lastly, magnesium transferred DPLA cation, [DPLA-1797-H+Mg]" was produced by
sequential ion/ion reaction and followed by ion trap CID. Figure 6d shows the fragment ion
spectrum, including 98 Da loss (phosphate loss), 200 Da loss (C12:0 fatty acid loss), 228 Da
loss (C14:0 fatty acid loss), 342 Da loss (98 Da + 244 Da loss), and 454 Da loss (C14:0(3-O-
C14:0) fatty acyl unit loss) that are consistent with previous observations. However, fragment
ions arising from 200 Da loss and 454 Da loss are more prominent in the profile, which may
be associated with the magnesium coordinated site at the first amino-sugar unit (similar to
MPLA), so the loss of C3’ unit and C2’ branched fatty acid are more prominent in the CID
spectrum. Several other secondary fragmentations are also observed with high relative

abundance, such as 552 Da loss (98 Da + 454 Da loss) and 654 Da loss (200 Da + 454 Da loss),



consistent with the fragmentation being closer to the favorable charged site.

In summary, the pieces of information that can be extracted from the various precursor
ion types can be summarized as follows: (a) doubly deprotonated DPLA provides minimal
information; (b) singly deprotonated DPLA offers C3 fatty acyl information combined with the
Y: ion, allowing elucidation of the structure of the second amino-sugar unit; (c) singly
protonated DPLA yields the B ion and could potentially show fatty acyl chain loss in the first
amino-sugar lipid conjugate unit, along with notable single phosphate loss; and (d) the
magnesium-transferred DPLA cation delivers a detailed fragmentation profile of the fatty acyl
chain composition at the C2’ and potentially C3’ positions. Consequently, we focused on
[DPLA-1797-H]", [DPLA-1797+H]", and [DPLA-1797-H+Mg]" for structural analysis, as
minimal information is obtained from [DPLA-1797-2H]*. Additionally, the DPLA-1587
structure, reported from engineered lipid A synthesis and analysis, was also considered.?’
Therefore, we verified our findings on this known DPLA (precursor m/z 792.5, 2—), and the

results aligned with our findings from DPLA-1797 (Figure S9)



(a) [DPLA-1797-2H]*

[4/2]
=100 !
)
(%]
c
1]
-]
c
3 50
<
)
2
T
°©
x

200 800 1400 2000
m/z

(b) [DPLA-1797-H]*

HRXN with [PrS+H]*

[DPLA-1797-H]"
glOO o
[+1]
Q
5 1+2 loss
o [
E - 2+4Joss H
< \\\ lll
[4}] AN \
= A \
k| Sl
Q Wl

6 \
« L. 5. ‘ IIA LB .
200 800 1400 2000
m/z

(©) [DPLA-1797-2H]*
NRXN with PEI-4k cation clusters

. [DPLA-1797+H]* )

= 100, g2 isolation + €ID

@

o

c

9 7

s

2 50 00 Da

< loss

)

2

®
< 3

o

ey Ll
200 800 1400 2000
m/z
(d) [DPLA-1797-2H]*
HIRXN with [Prs+H]*

— [DPLA-1797-H]- 3
= 100 HIRXN with [Mo(Terpy).F*

©

g [DPLA-1797-H+Mg(Terpy)]* 2
'g CID + q2 isolation

5 2+5 |loss
2 50 [DPLA-1797-H+Mg]* N »;
e 1 \
P ¢ \
- 3+5 loss v
& " 1
m A Y
x
L N l . bk I .
200 800 1400 2000

m/z

o)

HO o
o 5 HO 2
1) o o
o Om O 1’ NH o 9
— HO O\ | yg oH
HO:
14 Ls 4
14
Y lepn=3 M
Exact Mass: 1797.22 L1
Frag # Neutr?l FA Loss . Structw:al
Loss (or ion) information
C14:0 C3’ branch
1 228 Da
C14:0(3-OH)140hyde c2
2 98 Da NA Phosphate loss
3 200 Da C12:0 C2’ branch
4 244 Da C14:0(3-0H) c3
5 454 Da C14:0(3-0-C:14:0) c3’
Y1:
6 m/2710.4 NA Amino-sugar unit
B1:
7 m/2 1086.8 NA Amino-sugar unit

Figure 6. The CID mass spectra of different DPLA-1797 ions, (a) [DPLA-1797-2H]*", m/z 897.6 (b) [DPLA-1797-H]", m/z 1796.2, (c) [DPLA-
1797+H]", m/z 1798.2, and (d) [DPLA-1797-H+Mg]+, m/z 1820.2.



Structural elucidation of unknown DPLA in E. coli F583 extract. The third dominant
lipid A that we profiled in the E. coli extract, m/z 679.4 (2—), which is denoted as DPLA-1361
herein, was subjected to the structural analysis. A lipid A of the mass of DPLA-1361 has been
reported in the engineered lipid A literature,?’ but the data we obtained from our strategy
suggested a different structure. Therefore, we treated it as a new unknown lipid A. Note that
the E. coli strain used in this work differs from that of the literature work cited above, so
enzymatic reactions may be different between different strains, leading to different structures.
[DPLA-1361-H] ", [DPLA-1361+H]"*, and [DPLA-1361-H+Mg]" were individually generated
via the various gas-phase ion/ion reactions, following by ion trap CID for structural elucidation
(Figure 7). First, CID of [DPLA-1361-H] (m/z 1359.8) leads to a prominent 244 Da loss (m/z
1115.8, fragment 1) suggesting a C14:0(3-OH) fatty acyl chain on the C3 position, and the Y
ion, m/z 710.4 (fragment 3). Similar to the results observed for DPLA-1797, a 98 Da loss
(m/z 1261.9, fragment 2), a 324 Da loss (98 Da +226 Da loss), and a 342 Da loss (98 Da + 244
Da loss) are also observed, suggesting a similar Y ion structure to DPLA-1797 (Figure 7a).
However, the absence of 228 Da and 454 Da losses indicates the potential absence of a C14:0
fatty acid branch on the C3’ position.

Next, CID of [DPLA-1361+H]" (m/z 1361.7) shows a dominant 98 Da loss, with B, ion
information, m/z 650.3 (711 Da loss, fragment 4), suggesting a smaller amino sugar-lipid
conjugate than the Y ion. A secondary fragmented ion is also observed with additional 200 Da
loss to the By ion. We also tried to verify the secondary fragmentation by another round CID
on Bj ion, and the result agree with Figure 7b (data not shown). The 200 Da loss suggests that
a C12:0 fatty acid is on the B structure. An additional 116 Da loss is also observed as a
secondary fragmentation to B; ion, which may be the combination of the loss of water and
phosphate (18 + 98 Da.)

Finally, CID of [DPLA-1361-H+Mg]" (m/z 1383.8) shows distinct fragment profiles

comparing to DPLA-1797, where only prominent 98 Da loss and 200 Da loss (m/z 1183.6,



fragment 5) are observed (Figure 7¢.) This result with the 116 Da loss from the CID of B; ion
indicates no C3’ fatty acyl component is on the structure (since water loss is not observed in
other DPLAS), and the 200 Da is the C12:0 fatty acid branch at C2’ position. Therefore, we are

able to proposed a single structure of this unknown lipid A.
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Scheme 1 outlines our strategy, detailing the workflow from sample preparation to the use
of various gas-phase ion/ion reactions for generating different ion-types and the structural
information each ion-type provides for MPLA and DPLA species. While targeted ion types for
complementary structural information can be prepared using various condensed phase methods,
gas-phase ion/ion reactions provide a purely online approach with short reaction times (10-50
ms) and flexibility (easy switching of reaction reagents) to produce diverse ion-types for
analysis. We believe this workflow not only streamlines the structural analysis of lipid A but
also has the potential to increase throughput in profiling lipid A species using online gas-phase

ion chemistry.

Conclusion

Characterizing lipid A structures is challenging due to their complexity. Researchers have
proposed various strategies, with the most common approach being the acquisition of
complementary structural information from different ion-types and through diverse
dissociation techniques. In this study, we advanced this approach by employing gas-phase
ion/ion reactions to generate targeted ion-types for subsequent ion-trap CID, thus obtaining
complementary structural information from a given lipid A. Additionally, we performed a
condensed phase pH adjustment using ammonium hydroxide to enhance the signal of the
doubly deprotonated precursor lipid A anion via the ESI process. This simple step led to a
roughly 15-fold improvement in precursor ion signal. Several ion/ion reactions were employed
to produce targeted ion types for both MPLA and DPLA. Our findings indicate that using ion-
trap CID on doubly deprotonated MPLA ([MPLA—2H]?"), protonated MPLA ([MPLA+H]"),
and magnesium-transferred MPLA cation ([MPLA-H+Mg]") provides comprehensive
fragmentation information, enabling full profiling of MPLA structures. This strategy, based on
known synthetic MPLA-PHAD and two other MPLAs (MPLA-1507 and MPLA-1281) from

the E. coli F583 strain, was validated by profiling the unknown MPLA-1098 structure.



Similarly, deprotonated DPLA ([DPLA-H]’), protonated DPLA ([DPLA+H]"), and
magnesium-transferred DPLA cation ([DPLA-H+Mg]") offered complementary structural
information to fully profile DPLA structures. We established the strategy using two known
DPLAs (DPLA-1797 and DPLA-1361) from the E. coli F583 strain and validated it with an
unknown DPLA-1361. In summary, the combined use of condensed phase sample preparation
and online gas-phase ion/ion reactions for generating targeted ion types, followed by ion-trap
CID, provides a comprehensive approach for lipid A analysis, as detailed in Scheme 1.
However, some form of prior separation may be required to account for the existence of
isomeric lipid A structures. In conclusion, utilizing online gas-phase reactions allows us to

easily modify precursor lipid A into targeted ion types for obtaining structural information.
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