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Abstract

After mild acid hydrolysis of the lipopolysaccharide (LPS) fréivherichia coli 5, the recovered underivatized lipid A was analyzed using an
electrospray source coupled with an ion trap mass analyzer (ESI-ITMS). Our work deals with the study of these complex endotoxic biomolecu
under CID conditions. Sequential M®xperiments with the ion trap instrument allowed the characterization of the substituting side chain.
Mono- and diphosphorylated singly or doubly deprotonated lipid A molecules have been studied and provided complementary information. T
experimental results obtained, from these negatively charged species, under low energy collision conditions motivated us to propose step
fragmentation pathways involving intermediate ion—dipole complexes. In this way charge-driven processes are considered instead of the che
remote mechanisms usually proposed in the literature.
© 2006 Elsevier B.V. All rights reserved.
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Endotoxic lipopolysaccharides (LPS), in addition to phos-3-hydroxy and acyl-oxy-acyl fatty acids) and (ii) phosphory-
pholipids and protein§l], are the major components of the lated at the C-1 and C-4ositions of the disaccharide ring.
outer membrane of all Gram-negative bacteria. These molecule®he oligosaccharide core linked to the Gpbsition of the lipid
responsible for the harmful prokaryotic cell activity of these A backbone is made up of several sugar units such as neu-
micro-organisms, are highly immunogenic and directly involvedtral hexoses (glucose, galactose), heptasglycerop-manno
in numerous bacterial diseases in humans such as Gram-negatheptose) and 3-deoxy-manno-2-octulosonic acids (Kdo). In
sepsis[2]. Their structural study by mass spectrometry con-addition, the O-specific chain is built up with up to seven sugar
tributes to the understanding of processes related to bacterigpeating units and is considered as an outer cell antigenic
pathogenesis, combined to the characterization and identificaleterminant.
tion of these prokaryotic cells. The full structure of endotox- Over the last two decades, the structural characterization of
ins in their smooth form (S-type) consists of three covalentlyLPS was carried out by NMIR7,8] and by mass spectrometry
linked regiong3-6]: a lipid A moiety and two variable glyco- using various desorption techniques. Firstly, fast atom bombard-
sidic domains. The lipid A which anchors the LPS at the outerment (FAB)[9,10], laser desorption (LDj11-13]and plasma
surface is a glucosamine dimas-GIcN- B(1' — 6)-p-GlcN] desorption (PD]J14,15] as early soft ionization methods, per-
skeleton. It is (i) N- and O-acylated at the C-2, C-3,'GaBd  mitted the first characterization of the lipid A structure. But
C-3 positions by up to sevenig-Cyg fatty acid (mainly the more recently, very soft desorption/ionization techniques such

as matrix-assisted laser desorption/ionization (MALIB,17]
and electrospray (ESI18-20] enabled the analysis of such
* Corresponding author. Tel.: +33 144 27 32 63; fax: +33 144 27 3843,  biomolecules by reducing the internal energy of desorbed molec-
E-mail address: tabet@ccr.jussieu.fr (J.-C. Tabet). ular species and thus, hindering gas phase fragmentations and
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GleN 1l doubly phosphorylated molecules, the ESI processes lead to the
S GleN T formation of doubly deprotonated lipid [®2]. Into the ion trap
cell, the application of the resonant excitation voltage on the
selected singly and doubly charged precursor ions, yields diag-
nostic product ions. The fingerprint investigation of the CID
spectra of ¥ — H]~ ions enabled an accurate structural deter-
mination especially using sequential M&nalysis. In order to
simplify the study of the molecular heterogeneities (e.g., size
and hydroxylation of acyl chains on the lipid A), this work is
focused on the characterization of the different kinds of fatty
acids subtituant of the di-GlcN backbone using low energy CID,
thus allowing the competitive and eventually consecutive disso-
ciations of acyl chains (i.e., when they are branched with other
ester linkages) to be investigated. In addition, such’ &er-
0@ @ iments of the singly charged species allow the localization of
the fatty acids linked to the disaccharide ring skeleton. Fur-
thermore, from the doubly deprotonated lipid A, submitted to
0 @ collisions, it was possible to detect together the fatty acid anions
and their complementary carbohydrate moieties. The main axis
of this investigation was applied to the understanding of the
fragmentation pathways involved in the dissociation of singly
and doubly deprotonated lipid A molecules. Under low energy
collision conditions, we focused on the chain cleavages that
take place at a distance from the localized negative charge. We
believe that, under such activation conditions, the deprotonated
species decomposed by a stepwise process involving an iso-
allowing the determination of a more accurate molecular strucmerization into an ion—dipole complex prior to the dissociation.
ture. This mechanism was considered, in lieu of the charge-remote
The structure of thet .coli type lipid A is composed of processes often proposed in the literaf@2-24] to rationalize
a diphosphorylated disaccharide backbone substituted, for titee observed decompositions (side chain releases as long chain
major species, by six fatty acid chains following the degreeketene and long chain carboxylic acid neutrals).
of acylation of this expressed heterogenic molecule. The hex-
aacyl componentScheme ) bears two chains in amide link-
age at the C-2 and C-positions: (i) a R)-3-hydroxymyristic
acid [C14:0(3-OH)] substituting the GIcN | ring at the C-2
position and (ii) a R)-3-hydroxymyristic acid O-acylated by
either a lauric acid [C14:0(3-O(12:0))] or an hydroxylauric acid
[C14:0(3-0O(12:0(3-0OH)))] substituting the GIcN Il ring at the
C-2 position. In addition, the lipid A is substituted by ester
linkages: (i) a R)-3-hydroxymyristic acid [14:0(3-OH)] chain
at the C-3 position and (ii) a&{-3-hydroxymyristic acid which
is O-acylated by a myristic acid [14:0(3-O(14:0)] at the C-3
position. 1.2. Sample preparation
The aim of our study, performed with an ESI-ion trap instru-
ment, is the structural analysis of a well-known lipid A widely ~ The lipid A moieties were separately isolated from the crude
used as a model, in order to point out the existence of moleculdrPS by mild acid hydrolysis according to a published protocol
heterogeneities in the fatty acid chains. To document heterd25]. It consisted first in solubilizing in aqueous 0.02% triethy-
geneities, negative ion ESI mode was mainly used because t#mine and adding acetic acid for a final concentration of 1.5%
the presence of the easily deprotonated phosphate groups (wv). Then, the mixture was heated at T@during 2 h. After
the gas phase. Furthermore, the source and trapping conditionsoling, the lipid A was precipitated by addition of 1M HCI
were maodified in to optimize the various mass-to-charge ratidor a final pH of 1.5. The insoluble analyte was centrifuged

Scheme 1. Structure of the diphosphoryl lipid A (DPLA) frdincoli.

1. Experimental
1.1. Chemicals and reagents

In this study, we focused on the lipid A extracted from the
lipopolysaccharide fronEscherichia coli 35 (Rc mutant). The
LPS was purchased from Sigma—Aldrich Co. (St. Louis, MO,
USA).

ranges. and washed with cold distilled water. Finally, the lipid A was
Lipid A contains one or two phosphoryl group(s), consideredobtained as a fluffy white solid after lyophilization.
to be very acidic in the gas phagl]. The phosphate substi- The labeling experiment was performed with a mixture of

tute(s) the N-acetylglucosamine disaccharide at the C-1 and/¢t,180/H,1%0 (1/1, viv), purchased from the CEA (Saclay,
C-4 position(s). Therefore, under negative ion mode, the proFrance). According to the protocol of acid hydrolysis, the LPS
duction of deprotonated molecules is favoij@d]. From the  was solubilized in the latter solution instead of in water.
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1.3. Electrospray ionization-ion trap mass spectrometry
(ESI-ITMS)

reported in each figure caption or detailed in the text. In order to

perform the sequential M&xperiments, each precursorionwas

selected with an isolation width of 4 Th and was excited by res-
Mass spectrometry experiments were performed in negasnant excitation voltage fixed between 0.6yand 1.6 ) p,

tive ion mode on an electrospray-ion trap instrument (Esquir@ccording to the intensity of the parent ion signal. Data were

3000, Bruker-Franzen, Bremen, Germany). The lipid A wasacquired on amn/z range of 50—2000 Th with a scanning rate

solubilized in chloroform/methanol (1/1, v/iv) and diluted in of 13000 Ths!. The mass spectra and CID spectra were the

pure methanol in order to obtain a final concentration ofaverage of 20 scans.

20 pmoluL~1. Then, the sample, was directly infused with a

syringe pump, with a flow rate set tqu® min—1. The nitrogen

nebulization and drying gas (18Q) were set to 5.4 10* Pa

and 6L mim, respectively. The mass spectrometry analyzeg.1. Influence of experimental ESI conditions on the

were operated with an electrospray capillary high voltage obbserved deprotonated species

3.8kV. The declustering potentials through the capillary exit

(Vce) and skimmer Ysk1) voltages, as well as the trapping  After the mild acid hydrolysis of£. coli LPS to recover

parameter through the low mass cut-off value (LMCO), arethe free lipid A, the influence of the MS instrument source

2. Results and discussion
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Fig. 1. Negative-ion ESI mass spectra of the diphosphoryl lipid A fEbaa/i J5 in the following conditions of in-source desolvation:¥gy = —190 V,Vsk1 = —83 V
and LMCO =67 Th, (bVce=-240V,Vsk1=—100V and LMCO=101Th, (cYce=—-140V, Vsk1=-56 V and LMCO =31 Th and (d) after mild acid hydrolysis
using H180 with Veg=—189V, Vg1 = —83V and recording conditions LMCO =101 Th (witti- andMpp corresponding to the mono and diphosphorylated lipid
A, respectively).
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conditions was investigated. Indeed, the analysis of the preving tom/z 1586.0 andn/z 1506.0, respectively) or consecutively
ously extracted diphosphoryllipid A (DPLA) presents acomplex(i.e., m/z 1359.8 andn/z 1279.8, respectively). However, the
fingerprint on the ESI mass spectruRid. 1a). It can be divided  contribution of various acylated lipids A produced from the natu-
into three dominanin/z zones corresponding to: (i) the upper rallipopolysaccharide distribution (characterized by lower states
mlz values, singly charged lipid A species (region I), (ii) the of acylation and phosphorylation) could be considered also as
intermediaten/z values, doubly deprotonated lipid A (region Il) precursor species. The former proposition has been ruled out
and (iii) the lowerm/z values, a distribution of free fatty acids because of absence of certain acylated chain releases in the CID
(region 111). In order to improve the signal of each zone of thespectra (vide infra). Thus, these side chain releases must take
whole scan width (50—2000 Th) the source and trapping paramgiace in solution during the hydrolysis of the LPS and, in a
ters were optimized. In the following text, monophosphorylatedsecond step, in the sample solution (CEfCH3OH) or by dis-
species (MPLA) are noted a&fp" and diphosphorylated species sociation of solvated deprotonated species at the skirf@bgr

(DPLA) are noted asMpp’ molecules. Among the lower abundance molecular species, ite
1818.2 ion is assigned to the sodiatddbp— 2H + Na]~ neg-

2.2. Optimization of the higher m/z range of the mass ative ion, whereas thai/z 1568.0 andn/z 1488.0 species are

spectrum: observation of deprotonated lipid A and various produced through ester bond cleavages (i.e., fatty acid release)

deacylated species (region I) occurring at the C-3 and C-Bositions.

The uppenn/z range (i.e., from 1000 to 1800 Th), displays 2.3. Optimization of the lower m/z range of the ESI mass
anion species related to different singly deprotonated moleculepectrum: observation of free deprotonated fatty acids
with various acylation states-ig. 1b). As the most abundant (region I11I)
ions, the couple of hexaacylated species appearal716.3
andm/z 1796.3, noted as\fp — H]~ and (Mpp— H] ", respec- By lowering significantly the LMCO value (from 81 to
tively. The ESI mass spectrum displayedrig. 1b was recorded 31 Th), as well as decreasing the desolvation voltages, the finger-
with rather (i) “hard desolvation conditions'VEe=—240V,  print characterizing the low:/z range (i.e., from 200 to 400 Th)
Vsk1=—100 V) and (ii) highLMCOvalue (i.e.,101 Th), inorder is enhancedKig. 1c). First, the expected ##O,~ and PQ~
to optimize the detection of the high mass-to-charge ratio ionsions, respectively at/z 97.0 andm/z 79.0, produced by the

With the exception of these two deprotonated species, varelease of phosphate residue initially linked either at the C-1
ious deacylated species are seen in on the ESI mass spectramat the C-4 position, were observed within very low abun-
(amplified abundance area, sEmy. 1b). Especially, the ions dances. This result suggests that theOSP bonds (located at
at m/z 1586.0,m/z 1506.0,m/z 1359.8 andn/z 1279.8 which  the anomeric position or not) present a particularly high sta-
are assigned to Hpp-H)-C12H25CHCOT, [(Mp-H)-C12H25 bility. These lowm/z ion are assigned to deprotonated fatty
CHCOJ, [(Mpp-H)-C12H25CHCO-CG 1H23CH(OH)CHCOT acids which constitute the various acyl chains of the lipid A.
and [Mp-H)-C12H25CHCO-CG1H23CH(OH)CHCO] ions,  Thus, the observeth/z 199.2,m/z 227.2 andm/z 243.2 ions
respectively (seeTable 1. At this stage, they may origi- are attributed to dodecanoate (i.e., C12:0), tetradecanoate (i.e.,
nate: (i) either from gas phase dissociation of naked deprotd=14:0) and 3-hydroxydecanoate [i.e., C14:0(3-OH)] species,
nated Mpp— H]~ and Mp — H]~ molecules (or solvated anion respectively. The most abundant ion/{ 243.2), is attributed
species), (ii) or from bimolecular hydrolysis (in solution or in to the G1H2>CH(OH)CH,CO,~ carboxylate species produced
the droplet) via tetravalent intermediate formation. A priori, thethrough lipid A ester bond hydrolysis at the C-3 and/or’'C-3
losses of the ¢ alkyl ketenes from the C-3 and/or CgBsitions  positions. These side chains are indeed particularly labile.
of each glucosamine moiety from di- and monophosphorylated Inorder to confirm the origin of these carboxylate anions (i.e.,
lipid A species could take place either competitively (i.e., lead-ester hydrolysis either in solution or by gas phase dissociation of

Table 1

Structure of the various observed neutral side chain losses from dissociation of the singly and doubly charged lipid A species.

Implied chain (location) Chemical nature of neutral losses Chemical structure Elemental formula 2 Mw
C12:0 Alkyl ketene CH—(CH3)9—CH=C=0 Ci2H220 182.2
C-2 (ox0) Alkyl carboxylic acid CH—(CHz)10—COOH GioH2407 200.2
C14:.0 Alkyl ketene CH—(CH3)11—CH=C=0 Ci4H260 210.2
C-3 (ox0) Alkyl carboxylic acid CH—(CH3)1,—COOH GCi4H2802 228.2
C14:0(3-OH) 3-Hydroxylated alkyl ketene GH(CH2)10—CH(OH)—CH=C=0 Ci14H2602 226.2
C-3 et/ou C-3 3-Hydroxylated alkyl carboxylic acid C4t+(CHy)10—CH(OH)—CH,—COOH Ci4H2g03 244.2
C14:0(3-0OH) Unsaturated alkyl ketene ¢HCH;)g—CH=CH—CH=C=0 Ci14H240 208.2
Cc-3 Unsaturated alkyl carboxylic acid GH(CHy)10—CH=CH—COOH Gi4H2602 226.2
C14:0[3-0O(C14:0)] Alkyl-oxo-alkyl ketene C4t+(CHy)10—CH(O—[C14:0])-CH=C=0 CogHs203 436.4
Cc-3

@ Monoisotopic molecular weight.
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Fig. 2. Negative-ion ESI mass spectrum of the diphosphoryl lipid A forvli acquired under soft desolvation conditions (With andMpp corresponding to the
mono and diphosphorylated lipid A, respectively). In the inserts are represented iong:&t TAR.5, (b)m/z 897.6 and (c)n/z 1796.2. (Conditions of in-source
desolvationVce=—-140V, Vsk1=—56 V and LMCO =67 Th.)

solvated anions), an experiment based upon isofadabel-  lipid A (i.e., m/z 897.6), as displayed in the ESI mass spec-
ing was performed during the crude LPS hydrolysis using adfum (Fig. 2). Under these experimental conditions, the dou-
acidified H180/H,160 (1/1) mixture. The ESI mass spectrum bly deprotonatedfpp— 2H]*~ species are ah/z 897.6, the

of the180/180 labeled sampleig. 1d) displays a 2 Th shift of base peak. In addition, other doubly charged ions can be
all the highm/z ions. Itis assigned to the heaxaacylated deprotoobserved atn/z 792.5 andn/z 679.4 corresponding to hexaa-
nated molecules which appeamat, 1798.2 andn/z 1718.2, as  cylated [Mpp-2H)-C12H25CHCOP~ and pentaacylated¥(pe-

well as the deacylated derived species which are shiftedzat  2H)-C12H25CHCO-Gi1H23CH(OH)CHCOF lipid A species,
1588.0,m/z 1508.0 andn/z 1281.8. Alternatively, the various respectively.

180 |abeled forms of lipid A ions do not generate deprotonated The lack of resolution for the signal at/z 897.6 as com-
180 |abeled fatty acids (i.em/z 199.2,m/z 227.2 andn/z 243.2)  pared to then/z 792.5 ion can be explained by considering that
confirming that the observed fatty acid anions are not producetis doubly charged ion is somewhat unstable and may decom-
during the preliminary hydrolysis step, but seem to be inducedose promptly by application of the axial modulation during the
later during “in source” dissociations of solvated deprotonatednalytical scarf27-30]into the ion trap analyzer.

species. Actually, the labeling was introduced at the Kdo/GIcN  The increase of the voltage offset between the capillary exit
linkage by H180/H+ hydrolysis, i.e., at the primary alcohol at and the skimmer yields a change in relative abundances of the

the C-6 position. doubly charged ions as shownhig. 3, mainly, the abundance
of the doubly deprotonated/z 897.6 lipid A decreases signif-
2.4. Optimization at medium m/z values of mass spectrum: icantly to become lower than that of the corresponding doubly
discrimination of the single charged species in favor of chargedn/z 792.5 ion obtained by losing aygside chain. Thus
doubly charged species (region Il) confirming that it was produced by “in source” dissociation

rather than by aninitial hydrolysis in solution. In addition higher

The charge-state distribution depends on the desolvatiosapillary exit-skimmer voltage differences lead to the increase
and trapping conditions (i.e., the LMCO value) and mainlyof the singly charged ions relative abundance as compared to the
favors doubly deprotonated lipid A molecules; are favoreddoubly charged species.
with softer desolvation conditions (i.e., voltages applied to This change in relative abundance between singly and doubly
the capillary exit and to the skimmers welge=—190V, charged ions is attributed to: (i) harder desolvation conditions
Vsk1=—83V, respectively). In the gas phase, the phosphatand/or, (ii) to anm/z discrimination in favor of highem/z ratios
groups being the lipids A most acidic sitgxl], a distant dou- by increase of the voltage offset (better transmission of the higher
ble deprotonation can occur regioselectively on these sites ta/zions). Nevertheless, the latter discrimination origin should be
give rise to the formation of the doubly chargéddp — 2H]?~ moderated. Indeed, such discrimination should be unfavorable
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Multiply-charged species expected that such charge-remote mechanisms must be strongly
— unfavorable under low energy CID conditions, especially using
o° an ion trap analyzer.

b In order to propose an alternative mechanism involving
charge-driven processes to explain this behavior, we reinves-
tigated dissociations of singhypp—H]~ {and Mp—H] "}

Singly-charged species and doubly deprotonated/pp — ZH]Z‘. anions. Moreover, the

—_—— comparison of the gas phase dissociations could determine the

3 direct influence of the phosphate groups on the fragmentation

v o9 o orientation. The various observed losses generated under low

WAL AN .. . . .
; oty N energy collision conditions are summarized in Table 1

o
2

Absolute abundance (arb)
. 6)‘9

" L}[J/ Al I///M// % 44,_75 ' §¢°’ 2.6. Diss?lciation of dsingly charged species under low
o/| /o 3 energy collision conditions
\“\lu /// " +1/ .[W 203/-90 év)(‘
tli /. /' bR ~ /}/" " K 262/-100 eé? 2.6.1. Behavior of monophosphated species [Mp — H]~
poos m— p— s~ & The monophosphorylated species are produced by hydroly-
m/z sis of the phosphate group occuring by nucleophilic attack at

, , _ the phosphate site as shownSeheme 2In this mechanism,
Fig. 3. Effect of the source voltageBde/Vsk1 in volts) applied to the desolva- the oxygen atom linked to the C-1 position is non labile during
tion chamber on the various charge-state distribution of ions in ESI mass spectr% . 80
(LMCO=67Th). the phosphoryl group release and thus, the incorporatiotf

at this position cannot occur, inducing its introduction into the
phosphoric acid at the C-position. The mechanism proposed

to the observation of deprotonated fatty acidéz(lower than  (Scheme Ris known to be favored from the anomeric position

300 Th) which was not the case. (i.e., the C-1 position) because of the presence of the oxygen
atom in the sugar ring. If we take this into consideration, it is

2.5. Fragmentation orientation of various molecular expected that the phosphate at C-1 will be a very good leav-

species under low energy CID conditions ing group as compared to the phosphate at @4dich is less

activated since no electron-withdrawing group is present.

Several studies on the deprotonated lipid A dissociations AS shown in the CID spectrum o —H]™ (Fig. 4), the
have been carried out under low energy collision conditiond'€gative charge located at the phosphate group may promote
[19,20,23] Charge-remote processkil,32] are mainly pro- major cleavage processes involving competitive eliminations of
posed[22,24,33]in order to rationalize the observed neutral fatty acid residues (sekable 1) from:
side chain losses, although the negative charged was not adja-
centtothe cleavage bond. However, such amechanism should 4§ the branched positions either at Cygelding loss of the
unfavored under low energy excitation conditi¢g4]. Indeed, C12:0 chain (-200 u) to give rise to formation of the product
charge-remote processes must involve in particular electronic ion atm/z 1516.1 or at the C-3osition generating the/z
level excitation allowing radical intermediate species formation ~ 1488.0 ion by neutral loss of the 228 u (i.e., the C14:0 fatty
as it occurs with high energy collision conditions (e.g., from  acid chain) as the major pathway;
deprotonated fatty acids and analogous species). Comparis¢i) the ester at C-3 position by neutral elimination of the 244 u
between high energy versus low energy collision conditionswas  [i.€., the C14:0(3-OH) fatty acid loss] yielding the/z
developed34] a long time ago and have demonstrated the influ- ~ 1472.0 product ion with a lower abundance.
ence of the internal energy of excited ions as well as the kinetic
shift of the dissociation processes on the charge-remote mech- From each product ions of the first generation, consecutive
anism. This effect is reinforced by the high activation energydissociations take place by elimination of alkyl carboxylic acid
required for such reactions. From these kinetic properties, it isr alkyl ketene neutralsT@ble ). For instance, from the major

/O 0 A /0 0 /O 0
OH OH OH
0 ?j Q HQ ), OH N Q
\ \ -2 \ NH OH
R l

P, P
R, YHoTIRow T R, \Hoy|Ton ———>
l OH OH, -H3PO,
Ry R, o+ * R,y
N
H,O,

Scheme 2. Proposed mechanism for the dephosphorylation reaction at the anomeric position e.g., in acid hydrolysis conditions.
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Fig. 4. Low energy CID mass spectrum of the monophosphorylated speie H] ~ atm/z 1716.2 and proposed formal cleavage of major competitive fragmentations
of the parent ion. (Conditions of in-source desolvatigp: = —140V, Vsk1=—56V, LMCO =67 Th, MS/MS conditions: isolation widt 4 u andfragmentation
amplitude =0.8 ¥_p). (The numbers included into squares are associated to the dissociation order.)

product ion atm/z 1488.0, the carboxylic acid C14:0(3-OH) neutral (228 u) Fig. 5b). Them/z 1243.8 product ion can also

neutral (244 u) can be released by ester bond cleavage of thiee produced from the consecutive dissociation ofifel488.0

hydroxy! ester group at C-3 position yieldimgz 1243.8. This  product ion Table 3. The m/z 1287.9 andn/z 1271.9 prod-

latter ion decomposed further to give th& 1035.6 ion through  uct ions produced consecutively fromfz 1716.2 are formed

the elimination of the unsaturated alkyl ketene neutral (208 Uy elimination of the 228 and 244 u neutral, respectively. These

loss) from the residual branched ester at the€ @a8ition. These neutrals are the C14:0 and C14:0(3-OH) fatty acids coming from

eliminations are confirmed by the sequentialMSperiments  the intact C-3and C-3 positions, respectively.

from the product ions aht/; 1488.0 andn/z 1243.8 generated To rationalize these dissociations without involving charge-

fromthem/z 1488 precursorionlfable 2 Fig. 5aand ¢). Itshould remote processes, other mechanisms can be proposed as alter-

be pointed out that the complementary carboxylate ions (i.e., inative Scheme R They will allow rationalizing the observed

the range 200—300 Th) cannot be displayed in the CID spectruinagmentations by considering charge-driven cleavages through

of m/z 1716.2 because of the low mass cut-off discriminationstepwise pathways resulting in fatty acids or long chain alkyl

(i.e., only product ion withm/z that are at least equal to the ketenes releases. These mechanisms are based upon precurso

quarter of the parent iom/z can be usually detected). ion isomerization into ion—dipole complex{&5] prior to dis-
Interestingly, them/z 1472.0 product ion, obtained via the sociation of the deprotonated mono-phosphorylated molecule

carboxylic acid C14:0(3-OH) release, is able to give rise con{as well as in the case of diphosphorylated lipid A, vide

secutively tom/z 1243.8 by the loss of the C14:0 fatty acid infra).

Table 2

Synthesis of product ions recovered after'M&periments

Second generation parent ions (fJS Product ions (percent relative abundance)

1796— 1698 1680 (3.4), 1470 (100), 1454 (8.7), 1244 (34.3), 1226 (5.6), 1036 (6.5), 1018 (3.4), 1000 (2.5)
1796—> 1568 1550 (35.6), 1470 (43.7), 1324 (100), 1244 (18.4), 1226 (47.1)
1796— 1552 1534 (31.3), 1454 (100), 1352 (90.6), 1226 (64.0)

1796— 1470 1262 (7.9), 1244 (63.2), 1226 (100)

1796— 1454 1436 (9.9), 1352 (100), 1226 (98.8), 1018 (13.3), 1000 (7.3)

1796— 1244 1036 (100), 1018 (54.0)

1796— 1226 1208 (49.6), 1018 (100), 1000 (35.2)

1796—> 1036 1018 (59.3), 1000 (49.2), 835 (100)

1716— 1516 1288 (1001 1270 (68.9)

1716— 1488 1470 (5.0), 1244 (100), 1226 (6.3), 1036 (0.9), 1018 (1.7), 1000 (1.5)
1716— 1472 1244 (100), 1036 (3.4), 1018 (13.1)

1716— 1244 1226 (13.3), 1036 (100) 1018 (63.2), 835 (3.2), 817 (2.0)

1716— 1036 835 (100)
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Such isomerization was first introduced to explain long dis-C-3 position. From this intra ion—dipole proton transfer, the
tance charge migration occurring from the dissociation of oddhydroxy fatty acid (244 u) can be lost to give rise to the
electron specief86], for positive even-electron ions and latter 1243.8 product ion. The conjugated carbanion on the ester side
for negative ions. From even-electron anions, the production ofhain (C-3 position) promotes the direct-@O bond cleavage
ion—dipole complexes by simple bond cleavages allowed to favdsy the unsaturated ketene release (loss of 208 u neutral) gener-
inter-partner proton transfer, independently of the initial chargeating them/z 1035.6 product ion. Finally, the obtained alkoxy at
location. This isomerization is induced by the phosphate group€-4 position may induce aa—3 elimination of the C12:0 side
considered as a weak basic site, which may remove, under ClBhain by a proton transfer yielding a new ion—dipole complex
conditions, a proton from an acidic site at dagoosition of the  (form I1). This ion—dipole yields the C12:0 fatty acid release
branched ester linked at the C{®osition, generating an—3 by a second proton transfer from one acid site (i.e., a phos-
elimination leading to an ion—dipole complex (form I). The car- phate group) to give rise to the/z 835.5 product ion in which
boxylate partner can remove proton competitively from variousonly the amide bonds were preserved. Interestingly, this discus-

acidic sites such as: sion shows how by using either the flexibility of the ester (or
amide) side chains or the ion—dipole complex formation it is
(i) phosphate group at C-4 possible to favor distant proton transfer through internal charge

(i) enolizablex-position of various esters (or unlikely amides), solvation as well as “charge relay” proces$88] (useful for
(iii) secondary alcohol at the C-1 or C-4 position of the neutralthe stepwise multiple proton transfers). The produced elimi-
partner of the binary complex. nation involves carboxylic acid or ketene loss but no amide
(or ketene from amide) which is not a good leaving group.
Such an internal proton transfer led to the C14:0 fatty acidAll these proposed competitive and consecutive dissociations
release (loss of 228 u), yielding thez 1488.0 production after have been confirmed by performing sequential®\48d MS'
ion-dipole dissociation. Sequential M8xperiments ontha/z  experiments. Similar stepwise charge-driven dissociation via
1488.0 ion fu/z 1716— mlz 1488—) led to the product ion at the formation of ion—dipole complexes can be proposed for
mlz 1243.8 as major second generation species, which can explaining the behavior of the low abundanf; 1488.0 and
rationalized by considering the particular reactivity of the secn/z 1516.1 ions in the sequential M®xperiments Table 2.
ondary alkoxy group at the C-4 positioB¢heme R Thisalkoxy  The latter ion f/z 1516.1) is produced from the decomposition
group is able to reduce the-© bond by an 1-2 hydride transfer, of them/z 1716.2 ion (loss of 200 u from the ester at Qp@si-
leading to, the hydroxycarboxylate anion release occurs frortion) and dissociate consecutively leading to (sequentiat MS
the C-3 position leading to a new ion—dipole complex (form Il). experiment, sedable 2 m/z 1287.9 (loss of 228 u) andi/z
The carboxylate can remove a proton from various acidic sitd271.9 (loss of 244 u) ions, through losses of C14:0 at @@
(as described previously) and especially from the allylic posi<C14:0(3-OH) at the C-3 position monophosphorylated lipid A,
tion of the produced unsaturated ester side chain linked to theespectively.
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Fig. 5. ESI-MS3 mass spectra acquired from the monophosphorylatgd-{H]~ parent ion atn/z 1716.2 (Conditions of in-source desolvatidrge=—140V,
Vsk1=—56 V, LMCO =67 Th, MS/MS conditions: isolation widt 4 u andfragmentation amplitude =0.83/p), with: (a), MS of m/z 1488.0 ion (isolation
width =4 u andragmentation amplitude = 0.45\p), (b), MS® of m/z 1472.0 ion (isolation widt = 4 u andragmentation amplitude = 0.53/p) and (c), MS of m/z
1243.8 ion (isolation widt =4 u andragmentation amplitude = 0.65/p).

Note, the particular stability of the phosphate group at the Cproduct ion Fig. 6). This process competes with the direct loss
4 position of the monophosphorylated$ — H]~ anion which  of fatty acids such as C12:0 (200 u), C14:0 (228 u) and C14:0(3-
is never directly released from both the first and second gener®H) (244 u) yielding the first generation of product ions#t
tions of product ions under these low energy CID conditions. INL596.0/1/z 1568.0 andn/z 1552.0, respectively. The latter is the
fact, the presence of the phosphate group is likely to allow mainmajor species resulting from the loss of hydroxy fatty acid at the
taining the charge on the carbohydrate skeleton. Furthermore,@-3 position, close to the hydroxyl group (C-4 position) which is
can be used as a relay for internal charge migration. able to be deprotonated and yield the loss of C14:0(3-OH), by a

stepwise process (1-2 hydride transfer). The minor specie’s at

2.6.2. Behavior of diphosphated [Mpp — H]~ species 1596.0 andn/z 1568.0 are produced through fatty acid losses

By analogy to the previous mechanistic discussion, it is posfi.e., C12:0 and C14:0) from the branched side chains at the C-2
sible to rationalize dissociations of th&pp—H]~ ion (m/z  and C-3positions, respectively. It should be pointed out that the
1796.2) under low energy collision conditions ($ég. 6). The  HPG;z loss (80 u, less than 1%) from the doubly phosphory-
recorded CID spectrum displays several product ions generatdated speciegi.e., [Mpp— H] ™} is not observed. This contrasts
by competitive and/or consecutive decompositions. The dissowith the loss of 98 u occurring from the anomeric position to
ciative pathways are promoted by the negative charge locategive m/z 1698.2. Consecutively to thegRO, loss, the C14:0
on the phosphate group either at the C-1 or at thé @adition.  fatty acid release takes place from the branched fatty acid at C-3
The first generation of product ions are formed by the loss of théo yield them/z 1470.0 product ion (loss of 228 u), as confirmed
phosphate group (98 u) from the weak anomeric C-1 position oby the sequential MSexperimentsTable 2 Fig. 7a). From the
the [Mpp— H]~ ion (vide supra) to give rise to the/z 1698.2 latter ion, a series of consecutive losses occurred leading to the
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Fig. 6. (a) Low energy CID spectrum of the diphosphorylatégdd— H]~ species ati/z 1796.2 (conditions of in-source desolvatidfge = —140V, Vsk1 = —-56 V

and LMCO =67 Th, MS/MS conditions: isolation widt 4 u andfragmentation amplitude = 0.95\/p), associated to proposed competitive and consecutive frag-
mentations of the selectedz 1796.2 ion under low collision energy conditions, according to the first cleavage step: (b) either by loss of the anomeric phosphate «
(c) by loss of the C14:0(3-OH) linked at the C-3 position. (The numbers included into squares are associated to the dissociation order.)

mlz 1243.8,m/z 1035.6 andn/z 835.5 product ions due to the initial loss of fatty acid, only the first case will be detailed in the
release of 226 u, [226 +208] u and [226 + 208 + 200] u, respecfollowing discussion. For instance, from the dissociation ini-
tively (Fig. 6b andTable 2. In addition, then/z 1552.0 ion led tiated by the anomeric phosphoric acid neutral loss, a stepwise
to them/z 1454.0 ion through the loss of 98 u (phosphoric acid).process firstly requires a migration of one proton from the neigh-
Consecutively, other losses of side chains are considered atdring hydroxylic group (substituting the acyl chain linked to
led to formation of then/z 1225.8,m/z 1017.6 andn/z 817.5  the C-2 position) to the phosphate grogelieme % The pro-
product ions Figs. 6¢, 7b and)c These ions are similar to the duced secondary alkoxy group promotes theO®(O) bond
stepwise pathway previously described fromitiel470.0ion.  cleavage by hydride transfer. This reduction yields the phos-
The mechanistic interpretation of these competitive andghate (BPO, ™) release which is involved in the formation of
consecutive dissociations can be generated, as previously dianion—dipole complex (form)l. In a second step, a proton trans-
cussed, from the precursa¥fp — H]~ ion via the formation of  fer occurs from the enolizable ester (linked to the’@dsition)
ion—dipole complexes. Among the two observed dissociationio this free phosphate anion. Then, the neutrglP®&, can be
pathways involving (i) an initial loss of phosphate and (ii) anremoved from the complex to yield th&z 1698.2 product ion.
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The carbanion, present on the side chain, induces-tleavage  a charge-driven cleavage to generatetfel243.8 product ion

in order to release the deprotonated C14:0 fatty acid solvate(fFig. 7b). The alkoxy site on this ion is able to receive a proton
by the substituted disaccharide skeleton (ion—dipole, fofin Il from an acidic site, especially from tlaeposition of the unsatu-
Prior to the direct cleavage, the carboxylate ion removes a praated ester linked to the C8osition. In this way the unsaturated
ton from an acidic site. For instance, deprotonation can occuketene release (loss of 208 u) occurs leading torthel035.6

at the carbonyl group-position of the ester chain linked to the ion. Then, from thisn/z 1035.6 product ion, the deprotonation
C-3 position inducing the loss of the C14:0 fatty acid and theat the amidex-position linked to the CZ2carbon induces the
production of then/z 1470.0 ion Fig. 7a). This ion can disso- «a-cleavage and the release of the deprotonated C12:0 fatty acid
ciate by alkyl ketene release 226 u) from the C-3 position by (ion—dipole, form IIl). Finally, the carboxylate ion removes a
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Fig. 7. ESI-M$ mass spectra acquired from the diphosphorylatégp[- H]~ parent ion atn/z 1796.2 (Conditions of in-source desolvatiorgzg=—140V,
Vsk1=—56V, LMCO=67 Th, MS/MS conditions: isolation widt 4 u andfragmentation amplitude =0.95Vp), with: (a), MS® of m/z 1698.2 ion (isolation
width =4 u andragmentation amplitude = 0.85\p), (b), MS® of m/z 1470.0 ion (isolation widt=4 u andragmentation amplitude = 0.48Vp) and (c), MS of
mlz 1225.8 ion (isolation widt=4 u andragmentation amplitude = 0.465\/p).

proton from an acidic site (i.e., easily from the phosphate groupjo the loss of P@~ (m/z 79), respectively, while the product ion
leading to the loss of the C12:0 neutral chain (carboxylic acidgt m/z 1552.0 is due to the release of the acyl chain at the C-3

yielding them/z 835.5 product ion%cheme % position (—244 u). Then/z 1568.0 singly charged ion is equiv-
alent to the doubly deprotonated; 783.5 product ion. The ion
2.7. Dissociation of doubly charged species atm/z 1488.0 is produced through the consecutive loss of the

branched acyl chain in the C-Bosition (228 u) from then/z

The study under low energy collision conditions of the 1716.2 ion. The minor ion ak/z 1359.8 is the singly charged
[Mpp— 2H]?~ ion (m/z 897.6) resulted in various singly and species corresponding to the doubly charged 679.4 prod-
doubly charged product ion&ig. 8). Doubly charged product uction. The low abundance ionsat; 1243.8 andn/z 1287.8
ions are observed at/z 783.5, corresponding to the loss of the are produced consecutively from th#; 1488.0 ion with neu-
branched acyl chain in the C{3osition (-228 u) and, to alesser tral acyl chain losses of 244 u,(chain linked in the C-3 position)
extent, to then/z 679.4 ion corresponding to the consecutive lossand 200 u (chain branched in Cyibsition). The ions observed
of the acyl chain in the C‘3osition (208 u). Note the pres- atm/z 1323.8 and 1343.8 correspond to competitive side chain
ence, as a minor species, of the iom#t 797.6 produced by the cleavages at C-3 and C-fositions, respectively, from the/z
dissociation of the C12:0 acyl chain linked to the Cea@rbon.  1568.0 ion. The CID experiments of the doubly charged species,
In addition, the CID spectrum of the/z 897.6 ion displayed the enabled the trapping of the low/z ions. Thus, then/z 243.1
formation of several singly charged product ioRgy( 8a). The iondisplayed onthEig. 8a corresponds to the hydroxymyristate
ions atm/z 1796.2 and 1716.2 corresponds Adsp— H]~ and  species [C14:0(3-OH)]. Moreover, the M&nalysis of the ion
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100+ 7835 from de depro.tonated species enabled the characteri_zation of O-
® 8976 acylated species. The Iosses_ (_)f suc_:h O-acylated chalns_ occurred
(Moo 2H) consecutively and/or competitively into the quadrupolar ion trap
't w76 analyzer, as alkyl carboxylate or alkyl ketene derived species.
These processes involve a long distance charge migration. In
x15 order to rationalize this behavior by considering only charge-
driven processes, as it is expected under low energy dissociation
507 ez conditions, the formation of intermediate ion—dipole complexes
16620 are proposed prior to dissociation. This mechanism is more rea-
. 1ane e sonable than those involving charge-remote processes. Indeed,
7976 13238 | |1ses0 (i) these processes are not favored under low energy collision
S - 13505 energy and (i) they are expected to lead to characteristic C
\ e oes bond and sugar ring cleavages that were not observed. Exper-
ﬂ. Loal B\ I by imentally the cleavages occurred selectively on the ester and
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