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Abstract Lipids from the extremely halophilic Archaea,
Haloarcula marismortui, contain abundant phytanyl diether
phospholipids, namely archaetidic acid (AA), archaetidyl-
glycerol (AG), archaetidylglycerosulfate (AGS), with mainly
archaetidylglycerophosphate methyl ester (AGP-Me). These
were accompanied by a triglycosyl archaeol (TGA), lacking
characteristic sulfate groups. Tandem-mass spectrometry
was employed to provide fingerprints for identifying these
known lipids, as well as small amounts of unsaturated phos-
pholipids. These contained 3 and 6 double bonds in their
archaeol moiety, suggested by negative tandem-MS of intact
phospholipids, as indicated by differences between their
pseudo-molecular ion and specific fragment ions designated
as . The core ether lipids were confirmed by electrospray
ionization mass spectrometry (ESI-MS) as 2,3-di-O-phytanyl-
sn-glycerol (C20, C20), which gave rise to a precursor-ion at
m/z 660 [M+Li] ", and its fragment ion at m/z 379 [M+Li] ",
consistent with mono-O-phytanyl-glycerol. Furthermore,
lithiated ions at m/z 654 (MS!), 379 (MS?) and m/z 648
(MS"), 373 (MS?), combined with "H/*?>C NMR chemical shifts
at 6 5.31-121.6 (C2/2'-H2/2’), 5.08-124.9 (C6,/6’-H6,/6’) and
5.10-126.0 (10/10’-H10/10’) confirmed the presence of un-
saturated homologs of archaeol. ll We carried out a compre-
hensive study on the lipids present in cells of H. marismortui.
We used positive and negative ESI-MS with tandem-MS, which
served as a fingerprint analysis for identifying the majority
of component lipids.—de Souza, L. M., M. Miiller-Santos,
M. Iacomini, P. A. J. Gorin, and G. L. Sassaki. Positive and
negative tandem mass spectrometric fingerprints of lipids
from the halophilic Archaea Haloarcula marismortui.
J- Lipid Res. 2009. 50: 1363-1373.

Supplementary key words fingerprint analysis » glycolipid « "H/'*C
NMR e Haloarcula marismortui® phospholipids  tandem-mass spectrometry

The halophilic archaea are usually found in salines, con-
sidered to be extremely hostile environments (1). In these,
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few microorganisms have adapted, notably those of the
archaea family, Halobacteriaceae. Isolated from the hyper-
saline Dead Sea was Haloarcula marismortui, which required
high salt concentrations for optimum growth (1).

The archaeal lipids are particularly interesting, distin-
guished from lipids of other organisms by the presence
of high amounts of ether lipids, which confer high resis-
tance to support the osmotic stress of their environment.
A common structure, designated as archaeol, is composed
of two C-20 chains linked to glycerol via ether linkages
(Fig. 1A). However, some archaea can also contain lipids
with shorter and larger carbon chains, such as C-15 or C-25
linked to glycerol (2, 3), or a largest carbon framework
(C-40), linked via four ether linkages to two glycerol units,
such as in caldarchaeol structures (4, 5). Double bonds also
occur in the carbon chain of archaeol (6, 7) (Fig. 1B).

The archaeal lipids have been widely studied, and sev-
eral structures have been characterized, such as glycolipids
and phospholipids containing archaeol or caldarchaeol
(8-10). The glycolipids from these extremophiles usually
contain one or more sulfate groups, although it was pre-
viously found that H. marismortui (formerly Halobacterium
marismortui) was capable of synthesizing a neutral glycolipid
(11). In addition, a broad range of diphytanyl-O-glycero-
phospholipids, such as archaetidylglycerol (AG), archae-
tidylglycerophosphate (AGP) and archaetidylglycerosulfate
(AGS) have been characterized (Fig. 1A, B). Evans et al.

Abbreviations:  AA, archaetidic acid; AG, archaetidylglycerol; AGP,
archaetidylglycerophosphate; AGP-Me, archaetidylglycerophosphate
methyl ester; AGS, archaetidylglycerosulfate; API, atmospheric pres-
sure ionization; CID-MS, collision induced dissociation-mass spectrom-
etry; ESI-MS, electrospray ionization-mass spectrometry; GC-MS, gas
chromatography-mass spectrometry; HMQC, heteronuclear multiple
quantum coherence; MS, mass spectrometry; m.u., mass units; m/z,
mass to charge ratio; NL, neutral loss; NMR, nuclear magnetic reso-
nance; PHG, polar head group; PMI, pseudo-molecular ion; TIC, total
ion current; TGA, triglycosyl archaeol; TLC, thin layer chromatography.
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Fig. 1. Common structures of archaeal lipids: (A) saturated archaeol (B) hexa-unsaturated archaeol. Both
structures could be linked to polar head group to give AA (archaetidic acid), AG (archaetidylglycerol), AGS
(archaetidylglycerosulfate), AGP (archaetidylglycerophosphate), AGP-Me (archaetidylglycerophosphte

methyl ester), and TGA (triglycosyl archaeol).

(11) also found many pigments in H. marismortui, such as
B-carotene, lycopene, and bacterioruberin, among others
(11), although unsaturated archaeol lipids were not
then detected.

However, on further investigation, a broad range of
these compounds was found in H. marismortui when gas
chromatography-mass spectrometry of their trimethysilyl
derivatives detected from one to six double bonds (6).

Today, more improvements in analytical techniques
allow detection of structures that would otherwise pass un-
observed. One of the most powerful is mass spectrometry
(MS), in which tandem-MS configuration has been suc-
cessfully employed to characterize the structures of several
lipids, such as glycolipids, phosphonolipids, sphingolipids,
and archaeal lipids (4, 12—18). Furthermore, recent im-
provements in the preparation of lipid derivatives allow
the employment of gas liquid chromatography-mass spec-
trometry (GC-MS) for a broad range of analyses (19).

In view of the recent interest in application of archaeal
lipids in the liposomes due to their high stability against
osmotic stress and potential resistance to degradation by es-
terases (20—24), we have carried out a comprehensive study
on the lipids present in cells of H. marismortui. Employed were
positive and negative electrospray ionization mass spectrom-
etry (ESI-MS) with tandem-MS, which served as a fingerprint
analysis for identifying the majority of component lipids.

MATERIALS AND METHODS

Haloarcula marismortui cultivation

Cells of H. marismortui were a kind gift from Professor Francisco
Rodriguez-Valera (Universidad Miguel Hernandez, Alicante,
Spain). They were cultured in the medium used for growth of
Halobaculum gomorrense, which consists of (g/L): NaCl 125 g;
MgCls.6HsO 160 g; KoSO4 5 g; CaCle.2H50 0.1 g; yeast extract
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1 g; casamino acids 1 g, and starch 2 g (25). The pH was adjusted
to 7.0 prior to autoclaving. Liquid cultures were grown using
an orbital shaker (160 rpm) at 37°C. After 5 days, the culture was
harvested by centrifugation (10,000 rpm), and the resulting pellet
was washed twice with 2.5 mol/L NaCl, and then freeze dried.

Lipid extraction and fractionation

Lipids were obtained by extraction of cells (1.6 g) with 60 ml
CHCl3-MeOH- (2:1 v/v), under reflux, for 2 h, which was repeated
twice. The combined extract was evaporated under reduced pres-
sure, and the residue dissolved in 2 ml CHCI;-MeOH (2:1, v/V),
and polar lipids were precipitated by adding 20 vols of cold acetone
to the solution (21), followed by centrifugation at 10,000 rpm. The
resulting pellet was isolated from the soluble layer and dried. Total
polar lipids were analyzed using silica gel 60G (Merck) thin layer
chromatography (TLC). The separation was developed with
CHCl3-MeOH-HyO (65:25:4, v/v), and the plates stained with
orcinol-HySO, at 100°C for carbohydrate (26, 27), and the molyb-
date reagent for phosphorus detection (28).

The glycolipid present in the extract was purified by fractiona-
tion on a column (30 X 2 cm) containing silica gel 60G (Merck),
by elution with CHCl; with increasing proportions of MeOH (from
5% to 60%, v/v). Fractions of 5 ml were collected and analyzed by
TLC and stained by orcinol-HsSOy, and molybdate reagent, as
above. The purified glycolipid was analyzed by NMR and ESI-MS
to indicate its structural components. Glycosidic linkages were
characterized by methylation-GC-MS analysis (29).

NMR analysis of archaeal lipids

The total polar lipid fraction was solubilized in 400 pl of
MeOD-CDCl;5 (2:1, v/v) at a concentration of 100 mg/ml and
analyzed using a Bruker Avance DRX-400 spectrometer with a
5 mm inverse probe. The spectra were obtained at 30°C, and
the '°C chemical shifts measured in relation to Me,Si (6 = 0).

Sample preparation and ESI-MS setup

Positive and negative ESI-MS was carried out by atmospheric
pressure ionization (API) with a tandem triple quadrupole, Quattro
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LC spectrometer (Waters) using nitrogen as nebulizer and desolva-
tion gas. The samples (~100 pg/ml) were prepared in MeOH-
CHCI3-HyO (7:2:1, v/v), or deuterium exchanged by two successive
solubilization/evaporation steps in MeOD-CHCl3-DoO (7:2:1,v/v),
the same deuterated solvent being used for sample injection. The
phospholipids were also analyzed as sodium salts in the positive
ion mode. To induce deprotonation resulting in phospholipids as
sodium salts, the same solvent above was used, but replacing water
by aq. 0.1 M NaOH to pH 10.

The samples were directly injected into the ESI source with a
syringe-pump (KDScientific) at a constant flow rate of 10 ;,Ll.min"l.
The energy setup was: positive analysis, cone 110 Vand the capillary
3.6 kV; negative analysis, cone 90 Vand capillary 3 kV. The samples
were acquired in the total ion current (TIC) mode. Tandem-MS
was performed by collision induced dissociation mass spectrom-
etry (CID-MS), using argon as collision gas. The energies used in
CID-MS ranged between 80 and 90 V for positive and between
50 and 60 V for negative modes for intact lipid precursors, whereas
those for the lithyated core ether lipids were 65 V for saturated,
50 V for tri-unsaturated, and 40 V for hexa-unsaturated chains.

Isolation and characterization of the core ether lipids

Core ether lipids (i.e., archaeol and unsaturated homologs) were
obtained from the total polar lipid fraction by releasing them from
the polar head group by acid and alkaline hydrolysis. The acid
hydrolysis was performed with 1 mg of extract in 1 M MeOH-HCI
(500 pl) in a sealed tube, at 100°C for 14 h. The archaeol was
extracted by addition of CHCl3 (1.0 ml) plus HoO (0.5 ml). The
CHClI; layer was removed, evaporated under a nitrogen stream,
and the residue was dissolved in MeOH-CHCI3-HoO (6:3:1, v/v),
supplemented with 5 mM LiCl, for positive ESI-MS analysis.

To analyze the unsaturated archaeol, the polar lipid sample
(1 mg) was dissolved in 3 ml of methanol. 1 ml 10% KOH (w/v)
was added, and the mixture was maintained at 100°C for 3 h (7).
After cooling to room temperature, the reaction mixture was ex-
tracted with CHCl; to isolate the core ether lipids. The solvent
was removed under a Ny stream, and the sample was dissolved in
MeOH-CHCI5-HyO (6:3:1, v/v) supplemented with 5 mM LiCl for
positive tandem-MS analysis.

RESULTS

Positive and negative ESI-MS scan of polar lipids

The polar lipid fraction, on precipitation with cold ace-
tone, yielded 80 mg, in which the presence of phospho-

lipids was suggested by blue TLC spots, on molybdate
development (28), and one with orcinol-HsSO, suggesting
the presence of a glycolipid. Their characterization was
based on their mass spectra in the positive and negative
ESI mode. In the latter, many compounds were detected,
and the ions were identified as AA at m/z 732 [M-HJ; AG
at m/z 806 [M-H]; AGS/AGP at m/z 443 [M-2H]* and
886 [M-HJ; and AGP-Me at m/z 450 [M-2H]%, 900 [M-HT,
and 922 [M-2H+Na]. Two ions were consistent with the
structure of a neutral glycolipid, with m/z 1138 [M-H]
and 1174 [M+Cl]. Three ions were from phospholipids
containing unsaturated archaeol, giving m/z 794, 800 (AG),
and m/z 880 (AGS/AGP) (Fig. 2A).

Positive ESI ionization resulted in a spectrum with a
main ion at m/z 1162, consistent with sodiated TGA. The
phospholipids gave rise to minor ions with m/z 756 (AA);
830 and 852 (AG); 954 (AGS/AGP); and 924, 946, and 968
(AGP-Me) (Fig. 2B). The structure of these lipids was con-
firmed by NMR and positive, negative tandem-MS. These
results showed a lipid composition similar to those of pre-
vious investigations (7, 11, 12).

NMR analysis of total polar lipids

The *Cand "*C-DEPT-NMR spectra contained a mixture
of signals with chemical shifts arising from glyco- and phos-
pholipids. Those arising from phytanyl moiety were iden-
tified as follows: CHg signals at & 20.3 its inner chain, and
0 23.1 from its terminal chain, tertiary carbons (CH) were
between 0 28.78 and 33.64, which confirmed the nature of
the branched chains from arqueol lipids as these shifts are
absent in linear carbon chains. DEPT-NMR served to locate
the chemical shifts from CHs, with inverted signals at
0 25.2-25.6 and 6 37.6-40.2, and those of CHg-O from the
ether linkages at 6 68.1-71.0 (see supplementary Fig. I).
These results agree with previous findings (9, 30) and are
consistent with the structure of archaeol.

In the "?G-NMR spectrum of the lipid extract, minor
abundant signals at 6 120—140 can be attributed to double
bounds. Moreover, its 'H spectrum contained two small
signals at & 5.10 and 5.30, consistent with olefinic protons
(see supplementary Fig. II). These were better observed in
a 2D '"H-"*C HMQC spectrum, which showed connectivi-
ties between these carbons (6 120-140) and olefinic protons

A ScanES- B Scan ES+
100- 450 1.31e7 100_4x3 N 1162 6.50e7
900
5851
442
] 1174 1
322 365
523 1178
982
958/ 1019 1138
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Fig. 2. Negative (A) and positive (B) scan ESI-MS of total polar lipid fraction from H. marismortui extract.
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as follows: 6 5.31/121.6 (H2,2'/C2,2"),5.08/124.9 (H6,6'/
C6,6’) and 5.10/126.0 (H10,10’/C-10,10").

In its saturated chains, the *C signals from CHj ranged
between & 20 and 23, and 'H between 6 0.8 and 1.0. How-
ever, as found on HMQC NMR, the presence of double
bounds shifted the CHj signals to 6 1.57-16.45 (H18,18'-
19,19’/C H18,18’-19,19’) and 1.65-16.9 (H17,17"/
C17,17'). Connectivities between these methylic protons
with those of olefines were provided on "H/'H COSY,
the signals occurring at 6 1.57-5.08/5.10 (H6,6’/H18,18'
and H10,10’/H19,19’) and 1.65-5.31 (H2,2'/H17,17')
(see supplementary Fig. III). These results confirmed the
presence of unsaturated archaeol, consistent with the pre-
viously studied structure of 2,3-di-O-dihydrogeranylgeranyl
glycerol diether (31).

The purified triglycosyl archaeol was also submitted to
NMR spectroscopy. The anomeric region of carbohydrates
was consistent with the presence of units of 3-Glc at & 104.25
(jc_]/]_[_] =158.5 HZ) s a-Glc at 6 99.27 (]C»]/H—] =168.8 HZ) s
and a-Man at 8 97.39 (Jo1,11 = 168.1 Hz). Other carbohy-
drate signals including glycerol were distributed between
6 62.0 and 78.7. O-Linked glycosidic signals were at 6 78.66
and 68.18, consistent with O-substituted C-2 of Glcp and
O-substituted C-6 of Manp units, respectively (see supple-
mentary Fig. IV).

Analysis of the core ether lipid

Considering that variations in the carbon chain-length
of archaeol may occur, as with C-15, C-20, and C-25 (3),
the core-ether lipid was isolated from PHG using two dif-
ferent hydrolytic methods to identify if the carbon chains
lengths were equivalent. First, the archaeol moiety was ob-
tained by acid hydrolysis (MeOH-HCI), the core lipid
being analyzed by ESI-MS as Li" adducts, which gave a
main ion with m/z 660, consistent with archaeol, and a
small one with m/z 379, identified as phytanyl linked to glyc-
erol. Since the allyl ether linkage is more labile than the
saturated ether, the ion at m/z 379 was probably formed

A B
Lit m/z 379

m/z 379 m/z 379
100 379 660 100+
81
* 63\99 *
163
0 0

100 200 300 400 500 600 700 m/z

LRI R LAk L) WA LA LA RS LRI R A LA U Al Wi |
100 200 300 400 500 600 700 m/z

by degradation of the allyl ether linkage present in the un-
saturated archaeol chain during hydrolysis.

Because the lH/13C NMR spectra revealed the presence
of unsaturated lipid chains, which are labile by acidic hy-
drolysis, an alkaline hydrolysis was carried out to maintain
their stability. The core lipid was first analyzed by ESI-MS as
Na™ adducts, giving rise to ions at m/z 676, 670, and 664 con-
sistent with saturated, tri-unsaturated, and hexa-unsaturated
archaeol, which produced poor fragment-ions in collision
induced dissociation-mass spectrometry (CID-MS). Thus, it
was analyzed as Li" adducts, giving a main ion at m/z 660
and minor ones at m/z 654 and 648, which were inter-
preted as arising from saturated, tri-unsaturated, and
hexa-unsaturated archaeol, respectively. Furthermore,
tandem-MS of the ion at m/z 660 gave a main fragment at
m/z379 (Fig. 3A). A similar result was obtained from an ion
at m/z 654, which also gave rise to a main one with m/z 379
(Fig. 3B), as would be expected from a mono-phytanyl-
O-glycerol. In the case of the ion with m/z 654, the forma-
tion of fragment at m/z 379 can be attributed to more labile
allyl ether linkage, which was first removed by CID-MS, re-
leasing the lithiated mono-phytanyl-O-glycerol. This is in
agreement with fragmentation of the m/z 648, when less
CID energy was necessary, and even so the main fragment
was that at m/z 99, consistent with lithiated glycerol. How-
ever, an ion at m/z 373 was also present (Fig. 3C), indi-
cating the presence of a lithiated dihydrogeranylgeranyl
(tri-unsaturated phytanyl) linked to glycerol. The ion at
m/z99 (glycerol + Li") was present in all CID-MS spectra
obtained from the core ether lipid (Fig. 3A—C), indicating
that the three ionic species were in lithiated form
[M+Li] ™", avoiding misinterpretation that could be caused
by an incomplete lithiation with consequent protonation
of the archaeol species.

CID-MS fingerprints of intact archaeal phospholipids

To visualize better correlation between the phospholipid
structures and the fragmentation fingerprints, the fragment-
ions obtained by tandem-MS were designated as o, counting

Li’ m/z 373

379

100 200 300 400 500 600 700m/z

Fig. 3. Positive CID-MS from lithiated core ether lipids obtained by base hydrolysis, showing (A) saturated chain, (B) tri-unsaturated chain,

and (C) hexa-unsaturated chain.
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Fig. 4. Schematic representation of breakdown sites on AGP-Me and nomenclature used to designate each

observed fragment-ion.

from the archaeol moiety, and 7, counting from the phos-
phate group linked to archaeol. The subscript x indicates
the breakdown position (e.g., oy, o) (Fig. 4).

The simplest phospholipid detected in the negative
mode was AA, at m/z 732 [M-HJ, which gave fragments at
m/z 97 and 79, arising from its phosphate group (Table 1).
Archaetidylglycerol (AG) at m/z 806 [M-H] and its un-
saturated analogs at m/z 800 [M-H] and 794 [M-H] yielded
characteristic CID-MS fragments at m/z 171, 153,97, and 79,
corresponding to PHG (Fig. 5A-C). The ion at m/z 800 was
consistent with an AG containing a tri-unsaturated archaeol,
which yielded a neutral loss (PMI-72) of 647 m.u., this cor-
responding to dihydrogeranylgeranyl-phytanyl-O-glycerol,
whereas the compound with m/z 794 was identified as being
hexa-unsaturated, giving rise to NL of 641 m.u., from di-O-
dihydrogeranylgeranyl glycerol (Fig. 5B, C).

Two isobaric lipids have been reported in archaea,
namely archaetidylglycerophosphate (AGP) and archaetidyl-
glycerosulfate (AGS), each one with a nominal mass of
886 Da. To distinguish between them, a high-resolution
mass spectrometer would be required. However, based on
chemical differences between sulfate and phosphate
groups, it was possible to infer the type of lipid present
in the extract, even with a low resolution MS instrument.

To differentiate between the isobars, the sample was
therefore hydrogen/deuterium (H/D) exchanged, con-
sidering that the negative ion of AGS should shift from
m/z 886 (unlabeled) to 888 (labeled), whereas that of
AGP would go from m/z 886 to m/z 889. Found in a non-
labeled mass spectrum, naturally occurring elemental iso-
topes appeared at m/z 886, 887, and 888 in a ratio of
1:0.5:0.07 and the labeled lipid gave rise to ions at m/z

TABLE 1. Positive and negative tandem-MS profiles of phospholipids

Positive CID-MS fragmentation

Phospholipid PMI NL my o Ty Ty e e B oy s ag oy

AA [M+Na™]** 756 — 121 — — — — — — — — —

AG [M+Na*]"* 830 — 195 177 — — — 676 756 — — —
AG [M-H'+2Na*]" 852 — — 199 — — — — 676 778 834 — —

AG [M+Na™]*¢ 818 — 195 177 — — — — — — — — —
AGS [M2H " +3Na*]"* 954 — 301 — 199 165 125 — 800 835 — —

AGP-Me [M+Na*]"* 924 — 289 271 209 191 135 — 676 756 — 830 893
AGP-Me [M-H"+2Na*]"* 946 — 311 293 231 1994 157 1254 676 778 834 852 913
AGP-Me [M-2H " +3Na """ 968 o 333 315 1997 178 1257 676 800 834 852 937

Negative CID-MS fragmentation

AA [M-HTT“ 732 653 97 79 — — — — — — — — —

AG [M-H' T 806 653 171 153 — — — — 732 — — —
AG [M-H'T? 800 647 171 153 — — — — 726 — — —
AG [M-H'T* 794 641 171 153 — — — — — 720 — — —
AGS [M-H'T* 886 653 — 233 171 153 97 79 — 732 — 806 —
AGS [M2H +1Na*]” 908 653 273 255 171 153 97 79 — — — — —

AGS [M-H'T? 880 647 — 233 171 153 97 79 — 726 — 800 —

AGP-Me [M-H*T* 900 653 — 247 185 — 111 95 732 788 806 868

AGP-Me [M-2H" +1Na"]“ 922 653 287 269 — — — — — 788 806 890

CID-MS, collision induced dissociation-mass spectrometry; PMI, pseudo-moleuclar ion; NL, neutral loss (PMI-ms) in negative tandem-MS.

“Saturated.

® Tri-unsaturated.

“ Hexa-unsaturated.

“Fragments from AGP-Me formed with loss of methyl group.
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Fig. 5. Negative tandem-MS fingerprints of AG containing saturated archaeol, indicated by the neutral loss (NL) of —653 m.u. (A),
tri-unsaturated archaeol NL of —647 m.u. (B), and hexa-unsaturated archaeol of —641 m.u. (C).

888, 889, and 890, with same ratio (Fig. 6A, B). As the pres-
ence of labeled AGP should increase the intensity of the
ion 889, these results mean that AGP was absent in the
lipid extract. A tri-unsaturated AGS was also detected, with
m/z 880, 881, 882 (unlabeled) and 882, 883, 884 (labeled),
in a ratio of 1:0.5:0.07. The unsaturation was confirmed by
their characteristic NL (647 m.u.), and other fragments
formed on positive tandem-MS (Table 1).

To confirm the absence of AGP, the extract was dis-
solved in MeOH-CHCI; containing aq. NaOH (pH 10.0),
and positive ESI-MS was performed, substituting H* with
Na* jons. Once more, the ion from AGP-3H" +4Na™, ex-
pected at m/z 976, was not formed; instead, an ion at m/z
954 appeared, consistent with [AGS-2H " +3Na] " (Fig. 6C),
providing supporting evidence of the absence of AGP.

The negative ions from the lipid extract, at m/z 450
[M-2H]*, 900 [M-HJ, and 922 [M-2H+Na*T, as well as
the positive ones at m/z 924 [M+Na] ", 946 [M-H+2Na] ",
and 968 [M-2H+3Na] " are consistent with an archaetidyl-
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glycerophosphate methyl ester (AGP-Me) (Fig. 2A, B). Fur-
thermore, negative tandem-MS confirmed the presence of
the phosphoglycerophosphate methyl ester group, with
fragments at m/z 247 (m9) and 111 (m5) corresponding
to PHG. In addition, negative fragments at m/z 788 (o)
and 732 (o) corresponded to removal of phospho-methyl
ester and glycerophospho-methyl ester groups, respectively
(Fig. 7A). Positive tandem-MS confirmed the presence of
the archaeol moiety, with a sodiated fragment at m/z 676.
No unsaturated analog to AGP-Me has been found. Inter-
estingly, the number of Na™ jons in the phospholipids
alters its fragmentation partners, so that the resulting frag-
ments corresponding to the same moiety in the molecule
appeared in different intensities (Figs. 7A, 7B, 8A-D).

ESI-MS fingerprints of triglycosyl archaeol

The tandem-MS analysis of TGA was then carried out,
and the fragmentation profile was analyzed following the
nomenclature proposed by Domon and Costelo (32) for
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aq. NaOH.

glycosides. Accordingly, ions were designated Y;", where
Y indicates fragments containing the aglycone moiety
(i.e., archaeol), and the subscript j the number of mono-
saccharide residues linked to the aglycone. Other ions
were named B;", where B indicates fragments contain-
ing exclusively the carbohydrate moiety, and the subscript
¢ the number of monosaccharide residues counting from
the terminal unit. In both cases, the positive superscript
symbol indicates the charge of the ion, in this case from
Na™ adducts.

According to this nomenclature, the fragment-ions
observed were Yo at m/z 1000 [M-162]", Y; at m/z 838
[M-324]", and Y, at m/z 676 [M-486] ", which represent suc-
cessive removal of hexose residues, and the fragments Bg
at m/z 509, By at m/z 347, and By at m/z 185 only the
saccharide moiety (Fig. 9).

The structure of each monosaccharide unit was con-
firmed by methylation analysis, with GC-MS of resulting
partially methylated alditol acetates (PMAA) arising from
each monosaccharide unit. Three peaks were identi-
fied based on our PMAA library (33), as 2,3,4,6-Me4-Glc;
3,4,6-Mes-Glc; and 2,3,4-Mes-Man, in a 1:1:1 molar ratio.

This result is consistent with the results of Evans et al.
(11) and our NMR data.

DISCUSSION

Identification of phospholipids

The first description of lipids from H. marismortui by
Evans et al. (11) provided important information on the
structure of its phospholipids. This was obtained mainly
by TLC analysis and elemental composition, with the fine
structure of a neutral triglycosyl archaeol being determined
by methylation and NMR analysis. Kloppel and Fredrickson
(12) later employed FAB-MS to provide more informa-
tion, and also suggested the presence of unsaturated
archaeol chains.

ESI-MS-MS is now used to provide more details on the
structure of phospholipids and a neutral glycolipid from
an extract of H. marismortui. The analytical results were
similar to the first investigation (11), except for showing
a high abundance of AGP-Me. Its presence appears to be
important for maintaining cell integrity, since membranes
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from halophilic archaea must maintain their stability at
high salt concentrations (3—5 M NaCl), whereas non-
halophilic membranes, lacking AGP-Me, are unstable
and leak under such conditions (20).
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We have also now proposed a simple and specific no-
menclature for the phospholipid fragments, which facili-
tates their comparison, as well as their identification. As
structural differences between lipids occur mainly in the

B T
100+ %0
T2
T4-CH:z 271
T3 [M+Na]*
% T4 209 924

[M-2H+3Na]*
o7 ‘

937
1 7s-CH:

333 a2 \ 800
544 676 778

m/z
200 400 600 800 1000

Fig. 8. (A) Positive tandem-MS fingerprints of AGP-Me, showing differences between mono- (B), di- (C), and tri-sodiated (D) ions.
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polar head group (PHG), the key differences in the mass
spectra were now found in fragments ; and e, which are
characteristic of each phospholipid. The other fragments
(m—type) must be evaluated cautiously, due to the formation
of fragments with m/z 97 and 79, which are characteristic of
phosphate and dehydrated phosphate groups respectively,
which occurs throughout phospholipids.

Furthermore, it was possible to deduce the presence of
saturated or unsaturated archaeol, by calculating the neu-
tral losses by subtracting s from the pseudo-molecular
ion (PMI) [M-HJ. Considering that a broad series of com-
pounds could give an identical NL, the presence of double
bonds was confirmed by 'H/'¥C-NMR spectroscopy, and
the length of alkyl chains determined from the isolated
core ether lipid, by CID-MS of lithiated molecules. Li* was
used since it produced more intense fragments than other
common adducts, such as those of Na* or K*. The differ-
ences among the ions arising from saturated and unsatu-
rated archaeol species were 6 m.u., and similar differences
should be presentin case of incomplete lithiation, if proton-
ated species were present. However, the presence of the ion
at m/z 99 from glycerol [M+Li]" in all CID-MS spectra con-
firmed the complete lithiation of archaeol species during
ESI-MS analysis.

Thus in contrast with the findings of Kloppel and
Fredrickson (12), who observed more intense ions in their
mass spectra, which they attributed to unsaturated lipids,
whereas we have now found less abundant ions, which arose
from unsaturated phospholipids, appearing at m/z 800
and 794 (AG) and m/z 880 (AGS). Thus, by subtracting

the fragmention 1y from PMI, we found an NL of 647 m.u.
(from AG at m/z 800), consistent with tri-unsaturated
archaeol (2,3-dihydrogeranylgeranyl-phytanyl glycerol)
and one of 641 m.u. (from AG at m/z 794), consistent with
hexa-unsaturated archaeol (2,3-dihydrogeranylgeranyl
glycerol). An NL of 641 m.u. was also obtained from
m/z 880, indicating the presence of tri-unsaturated AGS.

Differentiation between AGP and AGS

The isobaric AGP and AGS are barely distinguishable by
mass spectrometry, except with high-resolution equipment.
For them, a doubly-charged ion was observed at m/z 443.
Although a triply-charged ion was absent, this could not
representany absence of AGP because the strong Coulombic
repulsion should certainly prevent its formation. Con-
sequently, isobaric differentiation was carried out using
two strategies.

Strategy 1. Deuterium labeling should alter the ratio be-
tween the main isotopes found at m/z 888, 889, and 890,
since AGP should provide three sites for labeling (i.e.,
one from free hydroxyl in glycerol, and two from phosphate
groups), whereas AGS has only two sites (Fig. 6B). Conse-
quently, the presence of AGP should increase the ratio of
m/z 889 compared with 888, in comparison with the un-
labeled ions at m/z 887 and 886. As the ratio was the same
after deuterium exchange, AGP was absent.

Strategy 2. The same principle of deuterium labeling
could be used to distinguish AGP from AGS using positive
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ESI-MS, by replacing H" with Na™. The basis for such a
distinction lies in the ability of AGS to form a tri-sodiated
mono-charged ion with m/z 954 [M-2H"+3Na*]",
whereas AGP should form a tetra-sodiated mono-charged
ion at m/z 976, which did not appear in our analysis. Fur-
thermore, tandem-MS of the precursor ion at m/z 954 gave
rise to fragment at m/z 799, identified as arising from frag-
ment oy, and being equivalent to a tri-sodiated AA moiety
(Fig. 6C), confirming that the analytical conditions com-
pletely deprotonated the phosphate groups. This shows
that the absence of an ion with m/z 976 is due to the ab-
sence of AGP and not to incomplete deprotonation, which
would lead to an m/z 954 ion from AGP [M-2H" +3Na"]".
Similarly, the ion at m/z 880 [M-H'T from tri-unsaturated
AGS, when labeled with deuterium, shifted to m/z 882,
and in the presence of NaOH, formed sodium salts at
m/z 948 [M-2H" + 3Na*]*.

To ensure that pH 10.0 was sufficiently alkaline for
complete deprotonation, we tested a standard of acyl phos-
phatidic acid (Sigma-Co.), which gave a main negative ion
at m/z 674, consistent with PA containing oleic and pal-
mitic acids. Thus, in positive ESI-MS the main ion was at
m/z 741, arising from PA [M-2H"+3Na"]", but others
from any mono- or di-sodiated ions were not present (data
not shown).

Analysis of multi-sodiated phospholipids

The multi-charged and multi-sodiated ions formed on
ESI-MS analysis could lead to overestimation and, conse-
quently, misinterpretation of the results. Interestingly, the
presence and the number of sodium ions present in each
phospholipid modified its fragmentation pattern, another
factor for misinterpreting the mass spectra. For example,
AGP-Me in the negative ESI mode was found to form
two ions at m/z 900 [M-H"T and 922 [M-2H " +Na ™. This,
at first glance at their fragmentation profile, suggested dif-
ferent compounds, since the base peak (i.e., the fragment
reaching 100%) changed drastically from m/z 111 (ms),
arising from the precursor ion at m/z 900, to 269 (ws) aris-
ing from the m/z 922 ion (Fig. 7A, B). With positive ESI
detection, three pseudo-molecular ions for AGP-Me were
formed at m/z 924 [M+Na]", 946 [M-H+2Na]", and 968
[M-2H+3Na] ", each one giving rise to specific fragmentation
partners (Fig. 8A—D and Table 1). Similar results were ob-
tained for the other phospholipids, such as AGS (Table 1).
Thus supplementing the samples with an NaOH solution
was an important technique to avoid formation of multi-
sodiated ions, making the positive mass spectra simpler
and easier to interpret.

Fingerprints of TGA

Evans et al. (11) commented on the presence of three
spots of glycolipids on TLC analysis (positive with 0.5%
a-naphthol/HeSO,). However, we found only one spot
positive for carbohydrates with orcinol-HsSO,4, which was
isolated and gave rise to a sodiated ion at m/z 1162 in
the positive ESI-MS mode. This was consistent with the
structure of their neutral triglycosyl archaeol (11). Con-
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sequently, our sample was analyzed by tandem-MS,
which confirmed the presence of a trisaccharide group
composed of hexosyl units, which exhibited glycosidic
cleavages similar to those found by Souza et al. (34), as oc-
curred with flavonol glycosides. CID-MS led to formation
of Y; fragments, resulting in the release of the adjacent
monosaccharide residue, with a double bond formed by
p-cleavage between C-1 and C-2 (32, 35), the fragments
appearing as sodiated ions. The ions with m/z 1000
[M-162+Na]*, m/z 838 [M-324+Na]", and m/z 676
[M-486+Na]" represent fragments Yo, Y; ", and Y, re-
spectively. On the other hand, the masses lost in the
Yfragments were multiples of 162 m.u., indicating removal
of mono-, di-, and trisacharide, respectively. In fact, these
masses were not considered as neutral losses, as they
appeared as sodiated B-fragments at m/z 509, 347, and
185 (i.e., Byt B,", and B, " respectively), which corre-
spond to the mono-, di-, and tri-hexosyl units. The sodiated
fragment Y0+, appearing at m/z 676, confirms the com-
plete saturation of the archaeol chain present in the
glycolipid (Fig. 9).

To confirm its structure, triglycosyl archaeol was puri-
fied using column chromatography with silica-gel. Elution
began with CHCI3, followed with increasing concentra-
tions of MeOH. The glycolipid was eluted with CHCls-
MeOH (1:1, v/v), but TLC analysis indicated the presence
of phospholipids, so anionic resin was added to remove
these phospholipids. Thus the glycolipid could be iden-
tified as B-Glcp-(1—6)-a-Manp-(1—2)-a-Glcp-O-archaeol,
according to methylation-GC-MS and NMR analyses (see
supplementary data), being comparable with Evans et al.
findings (11).H%
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