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ABSTRACT: A novel glycolipid of mass 1935 and a phospholipid of mass 1522 are the main residual lipids
(along with traces of PGP-Me, S-TGD-1, and PG) specifically associated with “delipidated” bacterio-
rhodopsin fractions BR | and BR II, prepared by Triton X-100 treatment of purple membrane (PM), from
a genetically engineered strain (L33)Hdlobacterium salinarumand chromatography on phenyl-Sepharose
CL-4B. The novel glycolipid and phospholipid are components of the PM matrix not previously described.
The TLC isolated and purified novel glycolipid and phospholipid were shown, by chemical degradation,
mass spectrometry, and NMR analyses, to have the structure, respectively, of a phosphosulfoglycolipid,
3-HSG-Galp-51,6Mamp-al,2Glg-al,1-[sn2,3-di-O-phytanylglycerol]-6-[phosphs#2,3-di-O-phytanyl-
glycerol], and of a glycerol diether analogue of bisphosphatidylglycerol (cardiolgm®),3-di-O-phytanyl-
1-phosphoglycerol-3-phosplsn-2,3-di-O-phytanylglycerol.

Using the purple membrane from a genetically engineered phospholipids that maintain the trimer structure of PM, so
strain (L33) of Halobacterium salinarum(1), we have that the conversion of trimers (BR 1) to monomers (BR II)
recently reported the isolation of “delipidated” bacterior- is incomplete. It was therefore of interest to identify the
hodopsin fractions BRtland BR I by treatment of PM with  phospholipid and glycolipid components of the residual lipids
Triton X-100 and chromatography on phenyl-Sepharose CL- that are resistant to the delipidation procedure used here and
4B, and have described some of their functional character-might have a role in stabilizing the trimer structure.
istics @). Although 90% of the phospholipids were removed 1) ¢ analysis of the residual lipids associated with
]E)y th's ﬂroc_t:fdure, BR | _and B.R I Trachcans_ S.?fOWEd delipidated bacteriorhodopsin revealed the presence of a new
unpt;lonla %’d' Erel_nt_cpj).ropert_les atl“'b“‘?b eto thelrgh erent glycolipid and a new phospholipid in the purple membrane,
residual phospholipid:protein molar ratios. Light adaptation ;"5 yjition to the phospholipids (PG, PGS, and PGP-Me)
studies and circular dicroism measurements indicated that, 4 glycolipids (S-TGD-1) previously,report,ed for PBI(

BRtI .conS|st.s|of bacterlorggdo':psm t:!mers% mhlle ?R . 5). The new glycolipid and phospholipid have not previously
gogc?'enss (;?aglRy nggg}era}c’,seorf%‘xo?h; fac?sfha\':vc;he been reported as lipid components of the PM prepared from
pecies probably ; Halobacterium cutirubrunitype strain NRC 34001)3] or
delipidation process is not capable of removing all of the Halobacterium halobiun{strain R1) @), but appear to be
the main lipids associated with delipidated bacteriorhodopsin

T Supported by the Ministero Italiano dell’Universialella Ricerca ; i i
Scientifica (MURST) and Centro Studi Chimico Fisici sull'Interazione prepared from the genetically engineered strain (L33/kf
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Bari. structure determination of the two new lipids by conventional
f"DRSAi_CNR- . Chimico. Universici Bari. and C analytical and spectroscopic methods and by identification
Resopattimento Farmaco-Chimico, Universita Barl, and Cancer of their acid degradation products. The glycolipid was shown
I University of Ottawa. to be a diphytanylglycerol ether analogue of a phosphosul-

hlAbbllrelviatior;Si B;P%, biSPEOSphatiﬂylglycerol (Cardiolipirr:) (di-I foglycolipid, and the phospholipid is a diphytanylglycerol
phytanylglycerol analog); BR, bacteriorhodopsin; CID-MS, chemical inlini

ionization mass spectrometry; COSYDFTP, double-quantum-filtered- ether analogue of cardiolipin.

phase-sensitive correlation spectroscopy; COSYGS, gradient accelerated

COSY; DEPT, distortionless enhancement by polarization transfer; EXPERIMENTAL PROCEDURES

DPG, sn+2,3-di-O-phytanylglycerol; ESI-MS, electrospray ionization

mass spectrometry; HPLC, high-performance liquid chromatography;  Materials. DNase andn-octyl-5-glucopyranoside (octyl

HPTLC, high-performance thin-layer chromatography; NMR, nuclear : : ;
magnetic resonance spectrometry; OG, octyl glucoside; PA, phospha-gIUCOS|de‘ OG) were from Sigma, sodium cholate was from

tidic acid (diphytanylglycerol ether analog); PG, phosphatidylglycerol Serva, and phenyl-Sepharose CL-4B was from Pharmacia.
(diphytanylglycerol ether analog); PGP-Me, phosphatidylglycerophos- All organic solvents used were commercially distilled and

phate methyl ester (diphytanylglycerol ether analog), PM, purple of the highest available purity (Sigma-Aldrich). TLC plates
membrane; PGS, phosphatidylglycerosulfate (diphytanylglycerol ether .
analog); S-TGD-1, 3-HS©Gakp-f1,6- Marp-a.l,2-Glg-al,18n2,3- (60A) and HPTLC (60A) plates, obtained from Merck, were

diphytanylglycerol; TLC, thin-layer chromatography. washed twice with chloroform/methanol (1:1, v/v) and
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Ficure 1: TLC plate of lipid extracts of purple membrane (PM)
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Isolation and Purification of the Unknown Glycolipid and
Phospholipid.The lipid components of PM and delipidated
BR fractions were separated by preparative TLC in solvent
A and were eluted and recovered from the silica as described
elsewhereq). Each component was finally purified by TLC
in neutral solvent B and recovered from the silica as just
described. The purity of the final material was checked by
means of silica gel 60A HPTLC in solvent A.

Analysis of Hydrolysis Products. (1) Strong Acid Metha-
nolysis Purified lipids were subjected to acid methanolysis
in methanolc 2 N HCI under reflux at 90C for 5 h in a
screw cap Teflon-lined tub®); After addition of 10% water,
the mixture was extracted with hexane, and the hexane-
soluble lipids were analyzed on TLC in solvent C (hexane/
ethyl ether/glacial acetic acid, 70:30:1, v/v) for neutral lipids

and of bacteriorhodopsin fractions isolated on phenyl-Sepharoseand in solvent A for polar lipids. The lipid hydrolysis

CL-4B (BRI and BR Il). The plate was developed with solvent A
(chloroform/methanol/90% acetic acid, 65:4:35, v/v). The chro-
matogram was charred with 0.5% sulfuric acid/ETOH. GG

octylglucoside. The spot between OG and PG and the other at the

front present in BR | and Il, but not in PM, are not identified lipid
degradation products. Lipid X and lipid Y are unidentified lipids
enriched in delipidated BR fractions.

activated at 120C before use. Lipid standards of diphy-
tanylglycerol ether (65—Cz0) (DPG) and diphytanylglycerol

ether analogues of phosphatidic acid (PA), phosphatidyl-
glycerophosphate methyl ester (PGP-Me), and sulfoglycolipid

(S-TGD-1) were prepared as described elsewh@xe (
Culture of MicroorganismA genetically engineered high-
BR-producing strain (L33) ofHb. salinarum a gift from
Richard Needlemanl}], was grown in light at 37C in a
liquid growth medium, containing neutralized peptone (L34,
Oxoid), prepared as previously describ&l (
Bacteriorhodopsin IsolationPurple membrane (PM),
isolated as described previousRk),(was treated with Triton
X-100, and the delipidated bacteriorhodopsin fractions (BR
I and BR II) were isolated by chromatography on phenyl-

products were also subjected to ESI-MS analysis. The
methanol/water phase of each hydrolyzate was taken to
dryness under nitrogen, and the residue was heated in 1 N
aqueous HCI at 106C for 2 h tohydrolyze sugar methyl-
glucosides. After complete removal of HCI the dry residue
was analyzed by HPLC (Dionex system) on Carbo-Pack
MA-1 and Carbo-Pack PA-1 (Dionex Corp.) columns to
detect monosaccharides and phosphorylated sugar deriva-
tives, respectively.

(2) Mild Acid Hydrolysis.Time course studies of partial
methanolysis of the unknown glycolipid were done in 0.1 N
methanolic HCI at 25C. Samples were taken at 1, 5, and
20 h and checked by both TLC in solvent A and ESI-MS
for partial lipid hydrolysis products. Individual lipid hy-
drolysis products obtained after 20 h were isolated by
preparative TLC and subjected to ESI-MS analysis.

Phosphorus QuantitatiorDrganically bound phosphorus
was analyzed by the method of Bartlettl).

Retinal Quantitation Retinal content in the lipid extract
of purple membrane, BR |, and BR Il was determined
spectrophotometricallyl@).

Mass SpectrometryDried samples of total PM lipids,

Sepharose CL-4B eluted with octyl glucoside, as described gsjqual lipids of BR I and BR I, purified individual lipids,

elsewhere 7). Detergent associated with delipidated BR
fractions was removed by dialysis against distilled water,
before lipid extraction, but some octyl glucoside still
remained in the preparations (see Figure 1).

Lipid Extraction. Total PM lipids and residual lipids

and lipid hydrolysis products were dissolved in chloroform/

methanol (1:1) for ESI-mass spectrometry analyses. Elec-
trospray mass spectra (ES-MS) were obtained with an API
165 mass spectrometer (Perkin-Elmer Sciex, Concord, On-
tario, Canada) equipped with an ion-spray interface. The

associated with the delipidated bacteriorhodopsin BR | and samples were continuously introduced into the mass spec-

BR Il were extracted by the method of Bligh and Dy8}, (
as modified for extreme halophile§,).

Thin-Layer ChromatographyPreparative TLC of total
lipid extracts was carried out on silica gel 60A plates (Merck,
20 x 20 cmx 0.5 mm thick layer) in solvent A (chloroform/

trometer at a flow rate of 10L/min by a Harvard model 11
syringe pump (South Natick, MA). The instrumental condi-
tions were as follows: nebulizer gas flow (air), 1.2 L/min;
curtain gas flow (nitrogen), 1.2 L/min; needle voltage, 5600
V; orifice voltage,—150 V; ring voltage,—200 V; mass

methanol/90% acetic acid, 65:4:35, v/v). Rechromatography range, 56-2000 amu in steps, 0.1 amu; dwell time, 0.2 ms.

of individual lipids was carried out on silica gel 60A plates
(10 x 20 cmx 0.25 mm) in neutral solvent B (chloroform/
methanol/water, 65:25:4, v/v). Lipids were detected with the
following spray reagent9}: (a) molybdenum blue Sigma
spray reagent for phospholipids; (b) 0.5% orcinol/sulfuric
acid for glycolipids; (c) azure A/sulfuric acid for sulfatides
and sulfoglycolipids 10); (d) ninhydrin in acetone/lutidine
(9:1) for free amino groups; (e) hydroxylaminEeCk
reagent for amides; (f) 0.5% sulfuric acid in ethanol, followed
by charring at 120C, for all lipids. Lipids on preparative
TLC plates were visualized by staining with iodine vapor.

With the orifice voltage used, CID-MS spectra were obtained
showing [M— H]~ and [M — 2H]?>" parent ions as well as
some fragmentation ions.

NMR SpectroscopyNMR spectra of isolated PM lipids
were taken in CDGICD;OD (4:3, v/v; final lipid concentra-
tion about 3 mM). All NMR analyses were performed on a
DRX500 Avance Bruker instrument equipped with inverse
probes for inverse detection and with zagradient for
gradient-accelerated spectroscolpy and*H-decoupled*C
chemical shifts are given relative to TMS as internal standard;
'H-decoupled3P chemical shifts are relative to 85%M0;
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Ficure 3: Negative-ion ESI mass spectra of total lipids of (a) PM,
. (b) BR I, and (c) BR Il. The samples analyzed were the same as

those used for TLC (Figure 1).
. - lipid X

with BR | and BR II, but were present in relatively lower
- amounts in PM (Figure 1). The ESI mass spectrum of lipid

X (Figure 2a) showed a strong parent molecular ion peak at
- Mz 966.0 (doubly charged) plus a corresponding smaller one

atm/z 1933.7 (singly charged), and that of lipid Y showed

FiGure 2: Negative-ion ESI I(\:I)S mass spectra (a, b) and TLC in a parent ion afz 760.0 (doubly charged) and at 1521.3
solvent A (¢) of purified lipid X and purified lipid V. Staining as S{'ﬁg’ gggr%i%) %8“@?35@?p“rNe"sé’,'ftC{Lart?fed I'Eosnl prﬁgls‘z

in Figure 1.
J . spectrum of the total lipid extract of PM (Figure 3a) as well
as external standard. Standard Bruker automation programsys in the spectra of the lipids of BR | and BR Il (Figure

were used for®C DEPT-135 and 2D NMR experiments.  3p ) They are the main peaks in the spectra of the
2D COSY experiments were performed by using COSYD- (ejipidated BR residual lipids, but are less intense in those
FTP (double-quantum-filtered phase-sensitive COSY) and 5f the PM lipids. These two bisionized peaks were not
COSYGS (gradient-accelerated COSY) sequences. Inversgjetected in earlier FAB-MS studies of PM lipid3j, but
detected'H—*°C heterocorrelated 2D NMR spectra were he 966 peak does appear on recent ESI mass spectra of PM
obtained by using the gradient-sensitivity-enhanced pulsefom the BR-overproducing straifb. salinarumS9 (Weik
sequence INVIEAGASSI. et al., 1998, Figure 214); Essen L. O. et al., 1998, Figure

1 (15)).

RESULTS The data in Figures 1 and 3 also show that the composition
(a) Analysis of Residual Lipids Associated with Isolated of residual lipids in BR | and BR Il is quantitatively different
Bacteriorhodopsin The lipid composition of the purple from that of the purple membrane in that the former have

membrane and of the residual lipids in the isolated bacterio- much higher proportions of lipid X and lipid Y. This suggests
rhodopsin fractions BR | and BR 1l was examined by thin- that these lipids may be more resistant to solubilization by
layer chromatography (TLC) (Figure 1) and by electrospray the Triton X-100 treatment and phenyl-Sepharose chroma-
mass spectrometry (ESI-MS) (Figure 3). The individual tography than the other lipid components of PM, or
components isolated from the TLC plate (Figure 1) were alternatively, that the novel lipids are more strongly bound
identified by theirRs values relative to those of authentic to bacteriorhodopsin and may be involved in stabilizing the
standard markers, by their staining behavior with specific BR trimer structure. The novel lipids appear to be specific
reagents, by their P:lipid and sugar:lipid molar ratiard to PM, since TLC analysis of lipid extract from membrane
by their mass spectra. All of the components, except two, fractions other than PM did not show the presence of these
were identified as PGP-Me, PG, PGS, and S-TGD-1 (Figure novel lipids (data not shown).

1, Table 1), which have previously been reported for purple  (b) Chemical Structure Determination of the Unidentified
membrane lipids oHb. cutirubrumandHb. halobium(3,4). PM Lipids. (i) Lipid X.Lipid X gave a positive test on TLC
The unidentified lipids, labeled “lipid X" and “lipid Y” were  plates for sugar, sulfate, and phosphate but not for amide or
the major components among the residual lipids associatedamino groups (Figure 1, Table 1), indicating that it is a
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Table 1: ESI-MS (Negative Mode) lon Peaks, TIRCin Solvent System A, and Staining Behavior of Various PM Lipid Components

obsd signalsr(yz) staining

lipid M —H]~ [M —H]*> calcd mass TLG sugar phosphate sulfate
S-TGD-1 1217.8 1218.8 0.07 + - +
lipid X 1933.7 966.4 1933.4 0.21 + + +
PGS 885.9 886.6 0.36 - + +
PGP-Me 899.7 900.7 0.51 - + -
PG 805.9 806.7 0.79 - + -
lipid Y 1521.3 760.0 1521.3 0.94 - + -
neutral lipids+ pigments 0.991

aNone of the components gave a positive reaction with the ninhydrin stain for free amino groups, or with the hydroxyfa@instain for
amide groups.

sulfoglycophospholipid. Its mobility on TLC in solvent A
(Rf 0.21) was higher than that of the well-known sulfotri-
glycosyldiphytanyl glycerol, S-TGD-1R 0.07), suggesting
the presence in lipid X of more hydrophobic groups or of
fewer sugar groups than in S-TGD-1. Lipid X actually has
a sugar:lipid molar ratio of 3:1, identical to that for S-TGD-
1, and a P:lipid molar ratio of 1:1 (see the following NMR
data). This indicates that lipid X has the same number of
sugar groups but more hydrophobic groups than S-TGD-1
(see below).

TLC in solvent A of purified lipid X showed a single lipid
component that stained positively for phosphate, sulfate, and
sugar (Figure 2c).

By preparative TLC we obtained gmol of lipid X T I T l
together with 6umol of retinal; therefore, the molar ratio
lipid X:retinal in the PM lipid extract is 1.0.

ESI (negative mode) mass spectra of the purified glycolipid
(Figure 2a) showed [M- H]~ and [M — 2H]?>" parent ions
as well as some fragmentation ions. The main ion peak is
that of the bischarged molecular ion [M 2H]>~ at m/z
966.0, and the monocharged molecular ion (fMH] ") is
present atw/z 1933.7 along with [M— 2H + Na]~ at m/z
1955.4 as a minor peak. Fragmentation ions presemizat
79.2/97.1 are diagnostic of a phosphate group §P{H-
PQ,]~ ion pair); the less intense ion peakratz 1853.8 is
diagnostic of the loss of a labile sulfate group (fMSG;]
~ =1934— 80= 1854). Also, four fragmention ions present
at m'z 731.7, 1217.8, 1529.3, and 1691.4 correspond,
respectively, ten1-phospho-2,3- dd-phytanylglycerol (the
analogue of phosphatidic acid, PA; MW 733), S-TGD-1
(MW 1219), the parent ion minus a sulfodiglycosyl residue
(IM — HSG; — diglycosyl]” = 1934— 80 — 324 = 1530),
and the parent ion minus a sulfoglycosyl group (FVHSGO;

— glycosyl]" = 1934 — 80 — 163 = 1691). The ESI-MS

(a) Lipid X

T
4.

T T
5.0 ppm

FicurE 4: ™H NMR spectra of (a) lipid X and (b) S-TGD-1.

T
5 4.0

Table 2: 'H and3C Chemical Shifts for the Anomeric Carbon of
Glycosyl Residues of Lipid X and S-TGD-1

data thus suggest that lipid X consists of a sulfotriglycosyl-

diphytanylglycerol esterified to the phosphate group of PA. — chemical shit  glucose _ mannose galactose
Proton NMR spectra of the novel lipid X and S-TGD-1  lipid X i';'c 3?? 3.7 %307(51-7) ‘i-gg %-8)

(Figl_Jre 4) provided further eyidence in support of a S-_TGD/ S-TGD-1 H 497 (35) 4.91(18) 4.49(7.8)

PA-linked structure. Integration of the methyl proton signals 13¢ 96.8 98.98 1035

(ca. 0.8 ppm) gave 60 methyl protons for lipid X, as
compared to 30 in S-TGD-1, indicating the presence in lipid

aValues in parentheses are coupling constadt$ig).

X of 4 phytanyl groups (each with 5 methyl groups per
chain), equivalent to 2 molecules of diphytanylglycerol.
Furthermore, the spectrum of lipid X in the region charac-
teristic of glycosyl protons (3:45.1 ppm) (Figure 4a) was
quite similar to that of S-TGD-1 (Figure 4b). In particular,
the three anomeric proton signals (doublets) present in the
spectrum of lipid X had chemical shifts and coupling
constants almost identical to those in the spectrum of

S-TGD-1 (Table 2). These doublets, centered at about 4.95
ppm ( = 3.7 Hz), 4.90 ppmJ = 1.7 Hz), and 4.46 ppmJ(

= 7.8 Hz) in both spectra could be assigned to the anomeric
protons ofa-glucopyranosylp-mannopyranosyl, anf-ga-
lactopyranosyl residues, respectivel; (6. These results
indicate that the polar headgroup of the novel glycolipid is
composed of the same sugars in the same sequence and
anomeric configuration as in S-TGD-1, nameBGalp —
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FIGURE 5: 'H—13C heterocorrelated 2D-NMR spectra of (a) lipid
X and (b) S-TGD-1 in the sugar region upfield with respect to the
anomeric signals.

aMan — aGlc), and also that the sulfate group is probably
located on C-3 of the galactose residue, as in S-TGD?L (

Corcelli et al.

structure would have a molecular mass of 1933.4 calculated
for CioH208026PS, in good agreement with the/'z of the
[M — H]~ molecular ion of lipid X (Figure 2a).

Further evidence for a S-TGD/PA-linked structure and the
mode and position of attachment of these groups was
obtained by examination of the products of acid methanolysis
of lipid X (see the Experimental Procedures), compared to
those of S-TGD-1 and PGP-Me. Strong acid methanolysis
released diphytanylglycerol (DPG; MW 653) as the major
hydrophobic product from all three samples; DPG was
identified by TLC in solvent CR 0.63; DPG standard, 0.63)
and by ESI-MS (positive modej(z676=[M + H + Na]*,
data not shown). In addition, the hydrophobic methanolysis
products of lipid X when analyzed by ESMS (negative
mode) showed two other main ion peaksnaz 908.0 and
1529.3 (data not shown, but see Figure 7a). The latter ion
corresponded to one of the fragmentation ions MHSO;

— diglycosyl]") present in the ESIMS spectrum of lipid

X (Figure 2a). The 908.0 ion peak corresponded to the loss
of the glycosydically bound diphytanylglycerol residue from
the 1529.3 fragment plus methylation of the anomeric OH
group ([M — HSG; — diglycosyl— DPG+ OCHg]~ = 1934

— 405— 651+ 31=908). The two lipid hydrolysis products
with m/z 1529.3 and 908.0 hak values of 0.96 and 0.73,
respectively, on TLC in solvent A (Figure 7a), and both gave
a positive test with the sugar and phosphate stains. These
data are consistent with the release of HSGal-Man,
forming them/z 1529.3 fragment, followed by release of
DPG glycosidically bound to the glucosyl residue of the
1529.3 fragment with concomitant methylation of the glu-
cosyl anomeric OH group, forming the/z 908.0 fragment
molecule (Figure 6a).

Analysis of the water-soluble components of strong acid
methanolysis of lipid X and S-TGD-1 showed that the
unknown glycolipid released galactose, mannose, and glucose
in the mole ratio 1:1:0.5, while, as expected, the known
sulfoglycolipid S-TGD-1 released galactose, mannose, and
glucose in equimolar proportion. In lipid X, the lower amount

3P NMR analysis showed a single phosphorus signal at of glucose compared to that of the other two hexoses could
2.4 ppm, indicating the presence of one phosphate group inbe explained by the presence of a phosphate group attached

the novel glycolipid molecule, in agreement with the

to glucose, most likely at the C-6 position, by analogy with

phosphorus analysis data. For comparison, the phosphorudipoteichoic acids in Gram-positive bacteri23], although
signals for PGP-Me were at 2.1 and 0.9 ppm. The position attachment of the phosphate group at the C-3 or C-4 position

of attachment of the phosphate group in lipid X could be
ascertained by comparison of thd—*3C heterocorrelated
2D NMR spectra of the novel glycolipid with that of S-TGD-
1, supported by DEPT 135C spectral analysis (Figure 5),
which showed that botAH and '3C resonances are very

is also possible. However, the greater acid stability of the
primary 6-phosphate compared to the secondary 3- or
4-phosphate would favor the linkage at C-6 of glucose. This
possibility was confirmed by HPLC analysis of the water-

soluble components which identified the phosphorylated

similar in the two compounds. The main differences were hexose as the glucose-6-phosphate (not shown). These data
(i) the most shielded carbon signal in the sugar region of are consistent with the NMR data given above and confirm
S-TGD-1 assignable to C-6 of the glucose residue (61.5 ppm)that lipid X contains the same sugars as in S-TGD-1 but

is replaced in the spectrum of the novel glycolipid by a
downfield-shifted3C signal (64 0.0 ppm) split into two

that the glucose residue is phosphorylated at the C-6-position,
in support of the structure given in Figure 6a.

cross-peaks, due to the diastereotopic splitting of the proton Further evidence supporting this structure was obtained

signal (glc6a, 4.30 ppm; glc6b, 3.98 ppm) and (ii) the cross-

peak at 72.4 ppm{C) and 3.78 ppm*H) in the spectrum

from a time course study of the products of mild acid
methanolysis of lipid X (see the Experimental Procedures).

of S-TGD-1 assigned to glucose C-5 is replaced by a cross-The products were separated by TLC in solvent A (Figure

peak at 65.2 ppm*C) and 3.92 ppm?H) in the spectrum

7b), and the individual lipid methanolysis products present

of the novel glycolipid. These differences suggest that the at 20 h were eluted from the plate and analyzed by ESI-MS
attachment of the PA phosphate group to S-TGD-1 is at the (negative mode). With increasing incubation time, an in-
C-6 position of the glucose residue (see Figure 6a), in creasing amount of desulfated lipid Xnfz 1853.8) was

agreement with numerous literature dat822). Such a

formed together with lesser amounts of two lipids showing
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Lipid X
C104H205026PS

calculated mass: 1933.4
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Lipid Y
C89H182013P2

calculated mass: 1521.3
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Ficure 6: Structures of (a) lipid X, (b) lipid Y, (c) S-TGD-1, and (d) PGP-Me. In (a) some of the degradation products of lipit X (
negative ions) are indicated.

ion peaks at/z 1691.4 and 1529.3. These two lipids stained Gal-Man— DPG + OCH; (nVz 908) (some of the degrada-
positively with both the phosphate and sugar stains, andtion products are indicated in Figure 6a).

clearly one of themr(Vz 1691.4) corresponds to the loss of (i) Lipid Y. Lipid Y gave a positive test with the phosphate
a sulfomonoglycosyl group and the othemwf 1529.3) stain but not with sugar, sulfate, amide, or amino group
corresponds to the loss of a sulfodiglycosyl group and is the stains, indicating that it is a phospholipid. TLC in solvent A
same as that formed on strong acid methanolysis of lipid X of purified lipid Y showed a single lipid component (see
(see above). It should be noted that both peaks were alsoFigure 2c¢). On a preparative scale 08#ol of lipid Y (in
observed as fragmentation ions in the ESI-MS (CID) comparison to Gmol of lipid X) was obtained; the molar
spectrum of lipid X (Figure 3a). Thus, acid methanolysis of ratio lipid Y:retinal of PM lipid extract is therefore 0.12. Its
lipid X most likely proceeds as follows: lipid X lipid X high R; (0.94) on TLC in solvent A, compared to that of PG
— sulfate (nW/z 1854)— lipid X — HSOs-Gal (m/z 1691)— (0.79) (Figure 1), is indicative of the presence of a larger
lipid X — HSOs-Gal-Man fn/z 1529)— lipid X — HSG:s- hydrophobic region in lipid Y than in PG. P analysis gave a
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Ficure 7: TLC plates of the methanolysis products of lipid X (see ppm
the procedure given in the Experimental Procedures): (a) strong (b) g™
acid methanolysis (5 h) and (b) mild acid methanolysis time course. 651 'S
TLC plates were developed in solvent A. Numbers reported indicate >
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FiGURe 9: 'H—13C heterocorrelated 2D-NMR spectrum of (a) lipid

Y and (b) PGP-Me. 'g= central glycerol; § = diphytanyl diether
M glycerols; c1ph2 and c1lph3 phytanyl C-1 protons.
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Ficure 8: H NMR spectrum of lipid Y.

two kinds of glycerol present in the molecule. The specific
assignments of the central diphosphate glycergldgd of

the two equivalent glycerols of the diether moietie$)(g
required a combination dH and*3C mono- and bidimen-
sional spectral analysis (Figure 9), which shows the assign-
. ) . ments for proton and carbon signals derived from the glycerol
spectrum showed a single phosphorus signal at 2.0 ppm. Th'soackbone and phytanyl chain C-1 methylene groups. In

suggests that the two phosphate groups in lipid Y are o, yic lar the assignments of the carbon and proton glycerol
chemlcal_ly identical and therefore that this lipid has a highly .« pone signals is supported B¢ DEPT 135 andH
symmetrical molecular structure. COSY spectra, respectively (data not shown). The typical

The proton NMR spectrum of lipid Y (Figure 8) shows a downfield shift for the proton and upfield shift for the carbon
group of resonances in the region 485 ppm which can  of the phosphorylated C-1 methylene groupél{grelative
be assigned to glycerol C-1, C-2, and C-3 protons and to the unphosphorylated C-3 methylene group3@b) of
phytanyl chain C-1 protons; the phytanyl chain £E8H,, the two equivalent diether glycerols previously reporteg)
and CH proton resonances are in the region-0.B ppm.  should be noted (Figure 9). Moreover, the C-3 hydrogens
The integral ratio of the glycerof- phytanyl group C-1  of glycerol diether show a pronounced diastereotopic splitting
proton resonances to the remaining phytanyl group protonwith respect to that of the C-1 hydrogens. The glycerol
resonances gave a value of 0.154 (1:6.5) in good agreemenjiphosphate moiety shows two resonances which are the most
with the ratio of 0.147 (23:156) calculated for a diphyta- deshielded and nearly synchronous with the proton chemical
nylglycerol ether analogue of bisphosphatidylglycerol (BPG) shift but clearly resolved into two carbon resonances; the
(cardiolipin) (see Figure 6b). It should be noted that the most intense of these signals has been assigned to the
corresponding integral ratios calculated for PG and PGP- phosphorylated methylene groups1(@) and the other to
Me are, respectively, 0.19 (15:78) and 0.22 (17:78). the C-2 proton (). Finally, it should be noted that thil—

In the'H—13C heterocorrelated 2D-NMR spectrum of lipid  *3C heterocorrelated 2D-NMR spectrum of the novel lipid
Y (Figure 9), the downfield group of resonances for sme Y is almost superimposable on that of PGP-Me (Figure 9)
2 andsn 3 phytanyl chain C-1 protons (C1ph2 and Clph3, the only difference being in the relative intensities of the
respectively) appear as two triplets at 3.64 and 3.50 ppm, cross-peaks related to the two different kinds of glycerols
respectively, which théH COSY spectrum shows to be (g, g"') and in the slightly wider proton chemical shift range
strongly coupled with the upfield phytanyl chain protons. associated with'd,3 multiplets due to the asymmetry of the
The remaining downfield resonances can be assigned to thecentral glycerol C-2 (@).

P:lipid molar ratio of 2 for lipid Y, while the’® NMR
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ESI-MS of the purified lipid Y (Figure 2b) showed a of lipid X in PM from H. halobiumstrain S9 can be seen in
monocharged molecular ion ([M H]~ ) atm/z 1521.3 and the ESI-MS spectrum of these PM lipidd4, 15. This
a bischarged molecular ion (M 2H]?") at m/z 760.0, in previous lack of detection of lipid X may be due to its acid
good agreement with the molecular mass, 1521.3, calculatedability (see Figure 7b), particularly to extraction with 5%
for BPG (GgH1s2013P2). The major ion peak is that of the  phosphoric acid, which has been used by some investigators
bischarged molecular ion at/z 760.0, the monocharged (14), and shown here to be destructive to lipid X (data not
molecular ion atnm/z 1521.3 being a minor peak. The shown). The significant solubility of lipid X in acetone used
fragmentation ions atnwz 79.1/97.2, 731.7, and 805.9 in purification of phospholipids and glycolipids might also
correspond, respectively, to a [EJQ[H.PO,]~ ion pair, to explain the previous lack of detection of this lipid. The lack
PA and to PG, which are compatible with fragments expected of previous detection of lipid Y could be attributed to its
to arise from a BPG structure (Figure 6b); all these ion peaks low concentration and its higR: on TLC plates, making it
are also present in the BR | and BR Il ESI-MS spectra difficult to distinguish it from neutral lipids (see Figure 1).

reported in Figure 3. Interestingly the two novel polar PM lipids have also been
found in PM isolated from a not yet identified uncultivated
halophile strain isolated from the sea saltern facility of

The present study reveals that, apart from the previously Margherita di Savoia in South Italy (unpublished data).
described PM lipids (PGP-Me, S-TGD-1, etc.), two novel  Using our present techniques, it is quite possible that the
archaeal lipids are present in the purple membrane and thafovel lipids might be found in PMs from other nonengineered
these novel lipids are associated with the delipidated bac-strains, since they may not have been detectable with the
teriorhodopsin fractions | and II, which are typically isolated techniques previously used to study the PM lipids of
after treatment of PM with Triton X-100 followed by phenyl- ~ conventional strains dfialobacteriumTo determine whether
Sepharose chromatography. These two lipids, a phospho-these novel lipids are generally present in PM strains different
sulfoglycolipid and a diphytanylglycerol analogue of bis- from those cited above, a detailed examination of lipid
phosphatidylglycerol, are most likely involved in the patterns from various validated strains obtained from quali-
stabilization of isolated delipidated bacteriorhodopsin. Al- fied collections is required.
though a complete description of PM lipid composition is  In light of the known biodiversity of members dfalo-
beyond the aim of the present study, here we report that thebacteriaceag31), the possibility that other cardiolipin-like
molar ratios phosphosulfoglycolipid:retinal and bisphos- analogues may be present in PM from different halobacteria
phatidylglycerol:retinal are 1 and 0.12, respectively. The cannot be excluded.
molar ratio phosphosulfoglycolipid:retinal is compatible with  Fyrther studies on the binding properties of lipid X and
a role as a stabilizing agent of the trimer structure, while it lipid Y to BR | and BR Il and their influence on the light-

is difficult at the moment to suggest a similar role for - dependent and proton-pumping activities of BR | and BR Il
bisphosphatidylglycerol, which appears to be a minor lipid e in progress in our laboratory.

component of PM.
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