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The membrane lipids of Listeria innocua, Listeria monocytogenes, Listeria
seeligeri and Listeria welshimeri were fractionated on DEAE-cellulose and
purified by chromatography on silica gel and/or preparative TLC. The lipid
structures were elucidated by chemical and chromatographic means. The polar
lipid composition of the four listeria species was similar. Phospholipids
predominated. They consisted of phosphatidylglycerol,
L-lysylphosphatidylglycerol, cardiolipin [bis(phosphatidyl)glycerol] and
L-lysylcardiolipin. A phospholipid more polar than cardiolipin, possibly two
L-lysyl derivatives of it, sn-glycero-1-phosphoglycolipid, its p-alanyl derivative,
and polyprenol phosphate were also detected. Towards the end of exponential
growth, the relative amounts of cardiolipin and L-lysylcardiolipin increased,
approaching 47-78 % lipid phosphorus with a ratio of L-lysylcardiolipin to
cardiolipin of 0-25-1-6. As shown by fast atom bombardment-mass
spectrometry, cardiolipin and L-lysylcardiolipin consisted of five molecular
species due to various fatty acid combinations. L-Lysylcardiolipin has so far not
been found in nature. It belongs to the recently discovered class of substituted
cardiolipins. Its occurrence in the four listeria species tested shows that it is a

characteristic lipid component of the L. monocytogenes line of descent.
Further studies on the lipid pattern of members of the other descent line are
required to decide whether lysylcardiolipin can serve as a genus-specific
chemotaxonomic marker for listeriae.
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INTRODUCTION

The polar lipid composition of listeriae has not been
studied in detail. In one report, the major phospho-
lipids of Listeria monocytogenes were identified as
bis(phosphatidyl)glycerol (cardiolipin; Ptd,Gro),
phosphatidylglycerol (PtdGro) and a phospholipid,
that was described as bis(phosphatidylglycerol) phos-
phate [(PtdGro),P; Kosaric & Carroll, 1971]. In a
review (Shaw & Stead, 1972), the occurrence of a
glycerophosphogalactosyl-glucosyldiacylglycerol in L.

Abbreviations: acyl,Gro, diacylglycerol; APL, aminophospholipid; FAB-
MS, fast atom bombardment-mass spectrometry; GroP, glycerophosphate;
LTA, lipoteichoic acid; LysPL,, lysine-containing phospholipids; LysPtdGro,
L-lysylphosphatidylglycerol; LysPtd,Gro, L-lysylcardiolipin; PL, un-
identified ninhydrin-negative phospholipid; PtdGro, phosphatidylglycerol;
Ptd,Gro, bis(phosphatidyl)glycerol (cardiolipin); (PtdGro),P, bis(phospha-
tidylglycerol) phosphate.

monocytogenes was mentioned. The glyceroglycolipid
of L. monocytogenes was shown to possess the struc-
ture Gal(a1-2)Glc(a1-3)acyl,Gro (Deroo, 1969), and
this glycolipid was also identified as one of the two
lipid anchors of lipoteichoic acid (LTA); the other is
Gal(a1-2)Ptd-6Gle(a1-3)acyl,Gro, a phosphatidyl
derivative of the glyceroglycolipid (Hether & Jackson,
1983, Uchikawa et al., 1986 ; Ruhland & Fiedler, 1987;
Fischer et al., 1990). All species of the genus Listeria
possess  poly(glycerophosphate)-containing LTA
(Ruhland & Fiedler, 1987). The glycerophosphate
(GroP) units of the hydrophilic chains in part are
substituted at O-2 with p-alanyl esters and, in most
species, D-alanyl esters alternate with a-D-galacto-
pyranosyl residues.

In the present study, the membrane lipids from one
strain of each of L. monocytogenes, Listeria innocua,
Listeria seeligeri and Listeria welshimeri were
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extracted. The extraction and purification of lipids
were performed under conditions that avoid hydrolysis
of the labile amino ester bond of aminoacyl phospho-
lipids (Houtsmiiller & van Deenen, 1964, 1965; Gould
& Lennarz, 1970). In this way, four L-lysyl-containing
phospholipids and a D-alanyl-substituted glycero-
phosphoglycolipid could be detected.

METHODS

Materials. DEAE-Cellulose and TLC plates were purchased
from Merck, enzymes and co-substrates were from
Boehringer Mannheim. Reference straight-chain and
anteiso- and iso-branched fatty acids (a-, i-14:0; a-, i-15:0;
a-, i-16:0; a-, i-17:0), decaprenol phosphate and octa-
decaprenol phosphate were from Sigma-Aldrich. Iatrobeads
6 RS-8060 were obtained from latron Laboratories. Ref-
erence  glyceroglycolipids, phosphoglycerolipids and
glycerophosphoglycolipids were from previous work
(Fischer, 1977b; Nakano & Fischer, 1977; Landgraf, 1976).

Bacteria and growth. L. innocua NCTC 11288" (= DSM
20649"), L. monocytogenes NCTC 7973, L. seeligeri SLCC
3954" (= DSM 20751%) and L. welshimeri SLCC 5334" (=
DSM 20650") were kindly provided by H. Hof (Institute of
Microbiology & Hygiene, Mannheim, Germany). Bacteria
were stored in growth medium containing 10% (w/w)
glycerol at —80 °C. The growth medium (pH 7-0) contained
(I'Y): 12-5 g casein peptone; 75 g yeast extract; 5 g trisodium
citrate; 5 g NaCl; 5 g K,HPO,; 14 mg MgCl,.6H,0; 40 mg
FeSO,.7H,0; 0-8 ¢ MgSO,.7H,0; and 15 g glucose. The
medium was sterilized by filtration. For inoculation of batch
cultures (20 1), overnight cultures were diluted 50-fold. The
bacteria were grown at 37 °C under moderate stirring
without aeration until OD,,, of the culture approached
values of 3+0-5 and the pH had dropped to 5:0 +0-5 (post-
exponential growth phase). The bacteria were harvested
with a refrigerated continuous-flow centrifuge. The yield
was 1-3-3-1 g wet cells (I medium)™.

Extraction and purification of lipids. Immediately after
harvesting, the bacteria were suspended [4g wet cells
(10 mI™)] inice-cold 0-1 M sodium acetate, pH 4-7 (buffer A)
and disintegrated with glass beads in a Braun disintegrator
as described previously (Fischer et al., 1983). Lipids were
extracted from the disintegrated bacteria by a Bligh—Dyer
procedure (Kates, 1986) in which water was replaced by
buffer A. The crude lipid extracts were dissolved in CHCI,
and fractionated by column chromatography on DEAE-
cellulose as described in Results. Fractions from the column,
containing ammonium acetate in CHCI,;/methanol (2:1,
v/v) were de-salted by twofold extraction, each with one-
quarter vol. water, containing 0-9% (w/v) NaCl, 0-2%
(w/v) CaCl, and 10 mM acetic acid. Purified lipids were
taken to dryness with several additions of methanol/benzene
(1:1, v/v), then dissolved in CHCl,/methanol (2:1, v/v;
slightly acidified with acetic acid) and stored at —20 °C.

Analytical procedures. Hydrolyses and measurements of the
released components were essentially performed as described
previously (Fischer & Arneth-Seifert, 1998). b-Alanine was
identified and measured by an enzymic procedure (Grassl &
Supp, 1985). L-Lysine was differentiated from the D-
enantiomer by a stereoselective HPLC procedure (Briickner
et al., 1991) and quantified, using taurine as an internal
standard. The separation of L- and D-lysine is shown in
Fig. 1.
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Fig. 1. Separation of L- and D-lysine by HPLC (see text). Left-
hand plot, lysine released from phospholipids by HCI; right-
hand plot, lysine released from phospholipids after addition of
D-lysine to the hydrolysate. The fluorescent derivatives
(Bruckner et al.,, 1991) were analysed on a LiChrospher RP-18e
column (5 um, 4 x25 mm; Merck) by elution at a flow rate of
1 ml min~" with a linear gradient (5 min) from buffer A (23 mM
sodium acetate adjusted with 10% acetic acid to pH 6:0) to
50 % buffer B (50 ml acetonitrile in 600 ml methanol) and then
from 50 to 75 % buffer B (17 min).

Fatty acids were released by HCI hydrolysis and converted
to methyl esters as described previously (Fischer & Arneth-
Seifert, 1998). For quantification, pentadecanoic acid was
added before acid hydrolysis. Fatty acid methyl esters were
analysed by GLC on a Hewlett Packard gas chromatograph
5890 Series I1, equipped with a flame-ionization detector. An
HP-5 fused silica capillary column (5% diphenyl-
polysiloxane/95% dimethylpolysiloxane; 30 m; i.d.,
0-24 mm; film thickness, 0-25 um) was used at oven tempera-
tures of 150-250 °C with a programmed temperature rise of
5°C min™.

TLC. Lipids and the deacylation products of glycolipids were
separated on silica gel plates (Merck 60). The following
solvents were used: A, chloroform/methanol/water
(65:25:4, by vol.); B, chloroform/acetone/methanol/acetic
acid/water (50:20:10:10:4, by vol.); C, chloroform/
methanol/acetic acid/water (80:18:12:5 by vol.); D,
propanol/pyridine/water (7:4:2, by vol.); and E, propa-
nol/25% (w/v) ammonia/water (6:3:1, by vol.). Lipids
were visualized with iodine vapour or phosphomolybdic
acid and charring, glycolipids were stained with 1-
naphthol/H,SO,, aminolipids with ninhydrin (Merck re-
agent), and phospholipids with the Dittmer—Lester reagent.
Deacylated phospholipids were separated on cellulose plates
(Merck) using solvent E and the Hanes-Isherwood reagent
for visualization. The references to the staining procedures
can be found in previous work (Fischer et al., 1973a, 1994).
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Deacylation. Deacylation was performed as described by
Kates (1986).

Selective amino acid ester cleavage. The procedure is based
on previous work (Fischer & Arneth-Seifert, 1998). Lipid
extracts or individual aminoacylphospholipids were dis-
solved in 200 pl chloroform/methanol (2:1, v/v) containing
0-05% (w/v) Triton X-100. After drying (rotavapor), the
sample was dispersed in 0-1 M ammonium borate, pH 9
(250 pl) and incubated for 10-24 h at 37 °C. Water (200 pl),
methanol (500 pl) and chloroform (500 pl) were then added
and, after mixing, the phases were separated by centri-
fugation (3000 g). The lower phase was washed with
water/methanol (1:1, v/v) and taken to dryness with several
additions of benzene/methanol (1:1, v/v) under a stream
of N,

Stereochemical analysis of the GroP residues. Since in
alkali, phosphate migration between adjacent hydroxyls
does not occur (Baer & Kates, 1950), the a-GroP released
from phosphoglycerolipids by alkali hydrolysis retains the
original stereochemical configuration (Fischer et al., 1973a,
b; Brotherus et al., 1974 ; Fischer & Landgraf, 1975; Joutti et
al., 1976). Hydrolysis, neutralization (Fischer & Arneth-
Seifert, 1998), separation of the products on DEAE-
cellulose, HCO; (Fischer, 1977b), and subsequent quanti-
fication of the products (Fischer & Arneth-Seifert, 1998)
were essentially as described in the references.

RESULTS
Polar lipid composition

Fig. 2 shows a chromatogram of the polar lipids from
late exponential growth phase cells of L. welshimeri,
Fig. 3(a) shows a chromatogram of the polar lipids
from stationary phase cells of L. innocua. In both
extracts, phosphoglycerolipids predominated. The

Fig. 2. Polar lipids of L. welshimeri. Two-dimensional TLC on
silica gel plates. The first and second dimensions were
developed with solvents A and C, respectively. The lipids were
stained with a phosphomolybdic acid spray and charring
(Kritchevski & Kirk, 1952). The sample was applied on the line
at the lower left. 1, Glc-acyl,Gro; 2, Gal-Glc-acyl,Gro; 3,
AlaGroP-Gal-Glc-acyl,Gro; 3, GroP-Gal-Glc-acyl,Gro; 4, Ptd,Gro;
5, LysPtd,Gro; 6, PtdGro; 7, LysPtdGro; 8-10, ninhydrin-
negative phospholipids; 11, 12, lysylphospholipids. Lipid 8 is
referred to as PL; lipids 11 and 12 are referred to as LysPLy.
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Fig. 3. Polar lipids of L. innocua before (a) and after selective
aminoacyl ester cleavage (b). The sample was applied on the
line at the lower left. TLC conditions, solvents, staining and
identification of the lipids are as given in Fig. 1. Compound X,
tentatively identified as polyprenol phosphate (see text).

phosphoglycerolipid composition of the four Listeria
species is summarized in Table 1. In all species,
Ptd,Gro, L-lysylcardiolipin (LysPtd,Gro), PtdGro, L-
lysylphosphatidylglycerol (LysPtdGro) and a glycero-
phosphoglycolipid were found. Common constituents
were also a ninhydrin-negative phospholipid (PLy)
and two L-lysine-containing phospholipids (LysPLy).
In stationary phase cells of L. welshimeri and L.
innocua, Ptd,Gro and LysPtd,Gro together amounted
to 70-80% of the lipid phosphorus and the ratio of
LysPtd,Gro to Ptd,Gro varied between 1-1 and 1-6. In
L. monocytogenes and L. seeligeri, Ptd,Gro and
LysPtd,Gro together contributed 47-63 % to the lipid
phosphorus. In these species, Ptd,Gro was prevailing.
The values in Table 1 are tentative because Ptd,Gro
and LysPtd,Gro increased drastically towards the end
of exponential growth (see below). PL,; was more
polar than Ptd,Gro and PtdGro (Figs 2 and 3; lipid 8).
As shown in Table 1, in L. monocytogenes and L.
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Table 1. Relative abundance of phospholipids

Values are percentage of total lipid phosphorus. The figures in parentheses are those used in Figs 2 and 3.

Lipid source Ptd,Gro  LysPtd,Gro = PtdGro LysPtdGro GroP-Gal-Glc-acyl,Gro PL, LysPLy
“) ) (6) @) (3" and 3) ®) (11 and 12)

L. welshimeri 31-8 374 41 10-8 81 2:6 30

L. innocua* 304 473 1-4 86 2:6 1-0 31
391 334 29 12-3 29 29 3-8

L. monocytogenes 349 123 64 54 43 22-8 80

L. seeligeri 514 12:0 68 29 1-1 11-7 87

* Stationary phase cells (first row), late exponential phase cells (second row).

seeligeri, it contributed 22-8 and 11-7 %, respectively,
to the lipid phosphorus. In L. welshimeri and L.
innocua, it was also detectable but less abundant. In
addition, there were two ninhydrin-positive lipids (Figs
2 and 3; lipids 11 and 12) which, quantified together,
contributed 3-9% to the lipid phosphorus (Table 1;
LysPLy). Measured from thin-layer plates, each of
them contained L-lysine in a molar ratio to phosphorus
of approximately 0-3. When the total lipid extract of L.
innocua was subjected to selective aminoacyl ester
cleavage, only Ptd,Gro, PtdGro and PL were
detected besides the unaffected glycolipids (Fig. 3b).
Similarly, after the same treatment of the lipid extract
from L. monocytogenes, only these three phospholipids
and the glycolipids were seen (data not shown). It is
therefore hypothesized that the aminoacyl phospho-
lipids 11 and 12 (LysPLy) are rL-lysyl derivatives of
lipid 8 (PLy,). It should be further noted that lipids 11
and 12 showed a relative mobility to lipid 8 that was
similar to the relative mobility of lipid 5 to lipid 4.

Fractionation of lipids

Crude lipid extracts were fractionated by column
chromatography on DEAE-cellulose (Rouser et al.,
1967; Landgraf, 1976). An example of separation is
summarized in Table 2 and illustrated in Fig. 4. Two
aminophospholipids (APL I and APL II) eluted along
with Ptd,Gro in fractions 7 and 8. They were not
further studied. In fraction 8, an anionic lipid which
ran much faster than Ptd,Gro also appeared, showing
a mobility relative to Ptd,Gro of 1-56 (Fig. 4a). As
outlined below, it was tentatively identified as a
polyprenol phosphate.

Structural analysis

For analysis, individual lipids were finally purified by
chromatography on silica gel columns (Pasteur
pipettes) or by preparative TLC using solvent A or B
(data not shown).

Glyceroglycolipids and glycerophosphoglycolipids. In all
species, the glycolipids (lipids 1 and 2 in Figs 2 and 3)
were minor components. The content of lipid 1 varied
between 0-5 and 3 mol% and that of lipid 2 varied
between 2 and 9 mol % of total polar lipids.

Lipid 1 contained equimolar amounts of D-glucose
and glycerol and lipid 2 contained equimolar amounts
of D-galactose, D-glucose and glycerol. On TLC, lipids
1 and 2 co-chromatographed with Glc(a1-3)acyl,Gro
and Gal(«1-2)Gle(a1-3)acyl,Gro (solvents A and B),
respectively. The deacylation products had the same
mobility as the deacylated reference lipids (solvent D).
On TLC of the lipid extract from L. welshimeri (Fig. 2)
and L. monocytogenes (not shown), lipids 3 and 3’
appeared as a double band. Both components reacted
positively with 1-naphthol/H,SO, and were faintly
stained by the Dittmer—Lester reagent. Lipid 3
showed the same chromatographic mobility (silica gel,
solvent A) as the recently described sn-Gro-1-P-
6Gal(ax1-2)Glc(a1-3)acyl,Gro (Fischer & Arneth-
Seifert, 1998). The faster moving component, lipid 3,
was also ninhydrin-positive. When scraped off the
TLC plate and analysed after hydrolysis in HCl (2 M,
100 °C, 2-5 h), lipid 3’ contained D-alanine in a molar
ratio to phosphorus of 0-8. Lipids 3 and 3’ isolated
together by preparative TLC (Fischer, 1977b) released
on acid hydrolysis (2 M HCI, 100 °C, 2-5 h) glycerol,
GroP, D-glucose, D-galactose, D-alanine and fatty
acids in molar ratios to phosphorus (1:00) of
092:090:096:0:90:0-37:2:1. Hydrolysis with 98 %
(v/v) acetic acid yielded a phosphate-free, ninhydrin-
negative glycolipid with the co-chromatographic mo-
bility of Gal(a1-2)Glc(a1-3)acyl,Gro (solvent A). The
a-GroP, released by alkali hydrolysis (0-5 M NaOH,
100 °C, 2 h), was not oxidized by sn-glycerol-3-phos-
phate dehydrogenase (EC 1.1.1.8) indicating a sn-
glycero-1-phosphate residue in the parent compound
(Fischer et al., 1973a, b; Brotherus et al., 1974;
Fischer & Landgraf, 1975; Joutti et al., 1976).
The structure proposed for lipid 3 is sn-Gro-1-P-
[Gal(«1-2)Glc(a1-3)]-acyl,Gro; approximately one-
third of it is esterified with D-alanine, apparently on the
GroP moiety.

Phospholipids. Lipids 4 and 5 contained glycerol, fatty
acids and phosphorus in molar ratios close to 3:4:2.
Lipid 5 contained, in addition, 1 mol equivalent L-
lysine (Table 3). Mild alkaline treatment (0-1 M so-
dium borate, pH 9-8, 37 °C, 8 h) of lipid 5 released the
L-lysine residue and yielded a ninhydrin-negative lipid
with the chromatographic mobility of Ptd,Gro (TLC,
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Table 2. Fractionation of the crude lipid extract of L. innocua

Crude lipid extract (600 pmol phosphorus) of L. innocua was fractionated by chromatography on
a column (2 x 19 cm) of DEAE-cellulose (acetate form). The column was eluted at a flow rate of
200 ml h™* by a stepwise gradient of methanol MeOH in CHCI,, followed by a stepwise gradient
of ammonium acetate NH,OAc (adjusted to pH 5 with acetic acid) in CHCl,/methanol (2:1,
v/v). Fractions of 200 ml were collected and analysed for phosphorus and by TLC for lipid

composition (solvent A).

Fraction no. Eluant Effluent

CHCL,/MeOH NH,OAc Phosphorus Lipid (elution maxima)
/) [2(100 ml)'] (umol)

1 1:0 - - ‘Pigments’

2 95:5 - - Glc-acyl,Gro

3 9:1 - 77 Gal-Glc-acyl,Gro

4 2:1 - 384 LysPtdGro

5 2:1 0-05 122-7 LysPtd,Gro

6 2:1 01 627 LysPtd,Gro

7 2:1 02 1306 Ptd,Gro, APL I, APL II

8 2:1 0-4 193-6 Ptd,Gro, APL I, polyprenol-P

9 2:1 0-6 63-8 GroP-Gal-Glc-acyl,Gro,

minor phospholipids
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Fig. 4. Fractionation of a lipid extract from the type strain of L. innocua on DEAE-cellulose. TLC on silica gel, developed
with solvent B. The same plate was stained in sequence with iodine vapour (A), ninhydrin (B) and with the Dittmer-Lester
reagent (lipid phosphorus) (C). For elution scheme and fraction numbers, see Table 2. T, Total lipid extract. Lipids: a,
polyprenol phosphate; b, Ptd,Gro; ¢, PtdGro; d, LysPtd,Gro; e, APL I; f, APL Il (APL were not further characterized); g,
LysPtdGro; h, GroP-Gal-Glc-acyl,Gro (eluted in fraction no. 9; not shown).

solvent B). Hydrolysis with 98 % (v/v) acetic acid of
lipid 4 and the lysine-free lipid 5 resulted in the
formation of 2mol equivalents diacylglycerol
(acyl,Gro) and 1mol equivalent glycero-1,3-
bisphosphate, which were separated by phase par-
titioning and identified by compositional analysis.
Native lipid 5 resisted hydrolysis with 98 % (v/v) acetic
acid, indicating that the lysyl residue was linked to O-
2 of the middle glycerol moiety.

Alkali hydrolysis (0-5M NaOH, 100°C, 3h) of
deacylated lipid 4 and 5 released glycerol, glycero-
bisphosphate, and - and a-Gro P in molar proportions
of 0:6:0:08:0:6:0-4. As shown in Table 3, approxi-
mately 70 % of the released «-GroP was oxidized by
sn-glycerol-3-phosphate dehydrogenase (Lang, 1984)
which suggests that, as in ox heart Ptd,Gro (LeCocq &
Ballou, 1964), three of the four GroP bonds are linked
to the sn-3 position and one is linked to the sn-1
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Table 3. Phospholipid analyses (values shown are molar ratios)

Constituent Ptd,Gro LysPtd,Gro LysPtdGro
Phosphorus 2:00 2:00 1-00
Glycerol 2-80 275 1-88
Fatty acids 395 4:33 2-18
L-Lysine - 1-16 1-23
sn-Gro-3-P* /a-GroP 0-68 0-72 0-48

* Released by alkali hydrolysis; see text for explanation.

Table 4. Fatty acid composition of total lipids and phospholipids of L. welshimeri

Values are mol %. Fatty acid abbreviations are given in the following form: n-14:0 (non-branched), tetradecanoate; i-15:0 (iso-
branched), 13-methyltetradecanoate; a-15:0 (anteiso-branched), 12-methyltetradecanoate.

n-12:0  n-14:0* i-15:0 a-15:0 i-16:0 n-16:0 i-17:0 a-17:0 n-18:0
Total lipid - 0-8 10-7 534 1-8 2:8 36 222 3-8
Ptd,Gro 1-2 1-6 11-6 542 2:0 34 42 226 05
LysPtd,Gro 1-1 2:6 10-2 489 21 73 3.8 213 25
LysPtdGro - 2:3 94 486 2:5 77 33 21-6 4-5
GroP-Gal-Glc-acyl,Gro 43 89 304 25 10-1 33 332 63

*In addition, small amounts (<0-5 mol %) of i-14:0, n-14:1 and n-16:1 were detected.

Table 5. Molecular species of Ptd,Gro and LysPtd,Gro from L. welshimeri identified by

FAB-MS in negative ion mode

Fatty acid combinations are given as numbers of carbon atoms of branched fatty acids (16:1, n-

16:1).
Ptd,Gro LysPtd,Gro Fatty acid combinations
Mass (Da) IM—H m/z Mass (Da) [M—H'| m/z
1380 1379 1508 1507 15/17/17/17
1352 1351 1480 1479 15/15/17/17
1336 1335 1464 1463 15/15/16:1/17
1324 1323 1452 1451 15/15/15/17
1308 1307 1436 1435 15/15/15/16:1
position  (Fischer, 1977b). Accordingly, both free derivative reacted positively with the periodate/

phosphatidyl residues of lipid 4 and the lysine-free
lipid 5 were hydrolysed by the stereospecific phospho-
lipase A, (EC3.1.1.4) (Haas et al., 1968), yielding the
monodeacyl and finally the dideacyl derivative (TLC,
solvent A). On the basis of these results, it is proposed
that the structures for lipids 4 and 5 are: bis(sn-3-
phosphatidyl)-1’,3"-glycerol and 2’-O-L-lysyl-bis(sn-3-
phosphatidyl)-1’,3’-glycerol.

Lipid 7 contained glycerol, fatty acids, phosphorus
and L-lysine in molar ratios close to 2:2:1:1. Mild
alkaline treatment released the lysine residue and a
ninhydrin-negative phospholipid which, on TLC, co-
chromatographed with authentic PtdGro (solvents A
and B). In contrast to the parent compound, the lysine-

Schiff reagent for glycol groups (Shaw, 1968). Alkali
hydrolysis (0-5 M NaOH, 100 °C, 3 h) released equi-
molar amounts of glycerol and GroP («- and f-isomer,
2:3). Approximately, half of the a-GroP reacted with
sn-glycerol-3-phosphate dehydrogenase and therefore
the other half was the sn-1-isomer (see above). The
susceptibility of the lysine-free lipid 7 to the stereo-
specific phospholipase A, (EC 3.1.1.4) (Haas et al.,
1968) assigns the sm-3-configuration to the
phosphatidyl moiety. Lipid 7 has therefore the
proposed structure 2'(3")-O-L-lysyl-sn-3-phosphatidyl-
sn-1"-glycerol.

In Fig. 2, lipid 7 appears as a double spot which may
reflect lysyl-positional isomers on the glycerol moiety
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Fig. 5. Changes in lipid composition during growth of L.
welshimeri. Growth was followed by measuring optical density
(ODs;g) and pH (bottom graph). Phospholipids (top graph): [,
PtdGro; M, LysPtdGro; O, Ptd,Gro; @, LysPtd,Gro. Glycolipids
and GroP-glycolipid (middle graph): A, Glc-acyl,Gro and Gal-
Glc-acyl,Gro; A, GroP-Gal-Glc-acyl,Gro. Lipids were separated
by two-dimensional TLC as in Fig. 1. Spots were faintly stained
with iodine vapour, scraped off into screw-capped reaction
vessels after evaporation of iodine and heated in 2M HCI
(100 °C, 3 h). Samples of the hydrolysates were analysed for
phosphorus and/or D-glucose and D-galactose. The content of
phospholipids is given as a percentage of total lipid phosphorus
and the content of glycolipids is given as mol % of total polar
lipids.

which are not interconvertible, except in the presence
of a strong acid catalyst such as HCI (Tocanne et al.,
1974).

Tentative identification of polyprenol phosphate. Com-
pound X in Fig. 3 proved to be chromatographically
identical to compound a in Fig. 4 when the second
dimension was developed with solvent B instead of
solvent C on two-dimensional TLC. In solvents A and
C, it moved more slowly than octadecaprenol phos-
phate and was close to decaprenol phosphate. The
anionic character, revealed on elution from DEAE-
cellulose (Fig. 4a), was caused by phosphate which was
identified after charring (Schnitger ez al., 1959). Like
the reference polyprenol phosphates, it did not react

on TLC with the Dittmer—Lester reagent for lipid
phosphorus (Fig. 4c) and was stained with the
anisaldehyde reagent (Stahl, 1967) at room tempera-
ture, yielding a red colour. Colour development
without heating is specific for polyprenol phosphates.

Fatty acid composition. The fatty acid composition of
total lipids and individual phospholipids of L.
welshimeri is shown in Table 4. Besides small amounts
of even-numbered saturated straight-chain fatty acids,
the prevailing fatty acid species were anteiso-branched
(a-15:0, a-17:0) accompanied by less abundant iso-
branched fatty acids (i-15:0, i-16:0, and i-17:0). The
fatty acid patterns of total lipids, Ptd,Gro, LysPtd,Gro
and LysPtdGro were quite similar; in the GroP-
glycolipid a-17:0 was enriched at the cost of a-15:0. In
total lipids of L. innocua i-15:0, a-15:0, i-17:0 and a-
17:0 amounted to 13, 40, 6 and 32 mol %, respectively.
A similar fatty acid pattern was reported for five
listeria species (Feresu & Jones, 1988) and, in another
study, the major polar lipid of L. monocytogenes was
shown to contain 11 % i-15:0, 45% a-15:0 and 3 % i-
17:0 (Mastronicolis et al., 1996). In an earlier study by
Kosaric & Carroll (1971) into the phospholipids of L.
monocytogenes anteiso and iso fatty acids were quanti-
fied together as branched fatty acids (br). These
authors studied the positional distribution of the fatty
acids and found br-15:0 (59 + 6 mol %) preferentially
linked to O-2, br-17:0 (30 +4 mol%) to O-1 of the
glycerol moieties.

Molecular species. Ptd,Gro and LysPtd,Gro proved to
be heterogeneous on negative ion fast atom bombard-
ment-mass spectrometry (FAB-MS), as shown in
Table 5. Five species can be discriminated owing to
different fatty acid combinations. The molecular
masses of the lysyl-substituted species are, as expected,
128 Da higher than the corresponding species of
Ptd,Gro. The most abundant species had molecular
masses of m/z 1336 and 1464, respectively. The
fragmentation patterns obtained by FAB-MS that
corroborate the proposed structures are published
elsewhere (Peter-Katalini¢ & Fischer, 1998).

Growth-dependent changes in the lipid composition

Fig. 5 illustrates the changes in the polar lipid
composition during bacterial growth: PtdGro and
LysPtdGro were gradually replaced by Ptd,Gro and
LysPtd,Gro. The content of Ptd,Gro increased up to
the onset of the stationary phase of growth and then
decreased. The content of LysPtd,Gro rose slowly
from a low level during exponential growth, increased
rapidly from transition to the stationary phase, and
then continued increasing at a reduced rate. Glyco-
lipids and the Gro P-glycolipid were detectable during
all stages of growth. In the stationary phase, the
relative content of the former decreased and that of the
latter approached a maximum. Similar growth-de-
pendent alterations were observed in the lipid com-
position of L. innocua, except that Ptd,Gro was present
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in larger proportions from the beginning (data not
shown).

DISCUSSION

Compared with previous work (Kosaric & Carroll,
1971), a novel aspect of listerial lipids is the occurrence
of at least four lysyl-containing phospholipids, which
contribute between 25 and 50% to the lipid phos-
phorus. They may have been lost in previous work by
spontaneous hydrolysis when the pH was not con-
sidered during extraction and purification of the lipids
(Houtsmiiller & van Deenen, 1965; Gould & Lennarz,
1970). In a recent study into the polar lipids of L.
monocytogenes, two ninhydrin-positive phospholipids
that have not been further characterized were identified
by TLC, which together constitute 15% of the polar
lipids on a weight basis (Mastronicolis et al., 1996).

The most abundant aminoacyl-phospholipid in our
study was LysPtd,Gro. To the best of our knowledge,
LysPtd,Gro has so far not been found in nature.
Looking through thin-layer chromatograms docu-
mented in earlier work, LysPtd,Gro could not be
detected in the lipid extracts of bacilli, enterococci,
Lactobacillus casei, lactococci, Staphylococcus aureus,
Streptococcus pyogenes, group B streptococci, Strepto-
coccus pneumoniae and vagococci (Fischer, 1977a,
1982, 1997; Fischer et al., 1978; Nakano & Fischer,
1977; Schleifer et al., 1985; Fischer & Arneth-Seifert,
1998). The occurrence of LysPtd,Gro in L. mono-
cytogenes, L. welshimeri, L. innocua and L. seeligeri
indicates that it is a characteristic lipid component of
the L. monocytogenes line of descent (Collins et al.,
1991). Further studies on the lipid pattern of Listeria
grayi and Listeria murrayi, members of the other line
of descent, are necessary to decide whether
LysPtd,Gro can serve as a chemotaxonomic marker
for the genus Listeria. Noteworthy is the absence of
LysPtd,Gro from enterococci which show the highest
degrees of 16S rRNA sequence similarity with
members of the genus Listeria (Collins et al., 1991).

LysPtd,Gro is a novel member of the recently dis-
covered lipid class of substituted cardiolipins. Other
representatives are o-D-glucopyranosylcardiolipin,
isolated from group B streptococci (Fischer, 1977a),
and Vagococcus fluvialis (Fischer & Arneth-Seifert,
1998), and D-alanylcardiolipin, which is a major
membrane lipid of V. fluvialis (Fischer & Arneth-
Seifert, 1998).

Ptd,Gro, PtdGro and glyceroglycolipids are common
components of the cytoplasmic membrane of Gram-
positive bacteria (see review by O’Leary & Wilkinson,
1988). Less widespread are LysPtdGro and D-
AlaPtdGro (O’Leary & Wilkinson, 1988). L. mono-
cytogenes has been reported to contain an unusual
phospholipid which was proposed to be (PtdGro),P
(Kosaric & Carroll, 1971). PL;, detected in the present
study, had chromatographic properties similar to those
of (PtdGro),P. It was abundant in L. monocytogenes
and L. seeligeri, but it was also detectable as a minor

component in L. welshimeri and L. innocua (Table 1).
In all four strains, there were in addition two L-
lysylphospholipids (LysPLy), which might be
derivatives of PL. It is desirable to elucidate the
structures of these rare lipids because, along with
LysPtd,Gro, they are prospective chemotaxonomic
markers for listeriae.

In addition to Glc(al-3)acyl,Gro and Gal(xl-2)-
Gle(a1-3)acyl,Gro, sn-Gro-1-P-[Gal(a1-2)Gle(a1-3)]-
acyl,Gro was identified. sn-Glycero-1-phosphoglyco-
lipids are widespread among Gram-positive bacteria
and parallel the occurrence of LTA. Structurally,
they are the lowest homologue of the respective LTA
and are thought to be the first intermediate in
LTA biosynthesis (see review by Fischer, 1990).
Although listerial LTA contain Gal(x1-2)Ptd-6Glc
(a1-3)acyl,Gro as a second lipid anchor (Uchikawa
et al., 1986; Ruhland & Fiedler, 1987; Fischer et
al., 1990), phosphatidyl derivatives of the glycolipid
and GroP-glycolipid were not detectable. Such
derivatives, namely Glc(a1-2)Ptd-6Gle(a1-3)acyl,Gro
(Fischer et al., 1973b) and sn-Gro-1-P-6Glc(a1-2)Ptd-
6Glc(a1-3)acyl,Gro (Fischer & Landgraf, 1975), have
been isolated from enterococci, which, like listeriae,
possess a phosphatidylglycolipid-anchored LTA
species (Fischer, 1990). In L. welshimeri, a D-alanyl
derivative of the GroP-glycolipid was also found.
Alanyl ester-containing GroP-glycolipids have been
detected previously in Bacillus licheniformis and Lacto-
coccus lactis (Fischer, 1982), which suggests that
during LTA synthesis D-alanine is added to the
growing chain (Fischer, 1990).

The growth-dependent alterations in the lipid com-
position of listeriae are remarkable, particularly
towards the end of exponential growth. There was a
sharp increase in levels of Ptd,Gro and LysPtd,Gro,
accompanied by a moderate decline in the level of
LysPtdGro and a dramatic decrease in the level of
PtdGro. The increase in the level of Ptd,Gro and the
concomitant decrease in the level of PtdGro may have
been caused, at least in part, by the accelerated
synthesis of Ptd,Gro (De Siervo & Salton, 1971; Short
& White, 1972):

2PtdGro — Ptd,Gro + Gro.

An increase in the content of Ptd,Gro at the cost of
PtdGro has been observed in Staphylococcus aureus
during the end of exponential growth (Short & White,
1971), growth at high salt concentration (Kanemasa et
al., 1972), on autoplast formation (Okabe ez al., 1980)
and after energy poisoning (Koch et al., 1984).

Concerning the synthesis of LysPtd,Gro, one might
suggest that it is formed from Ptd,Gro rather than
from LysPtdGro. The L-lysyl donor in this reaction
may be L-Lys-tRNA, as it is in the synthesis of
LysPtdGro (Lennarz ef al., 1966; Gould & Lennarz,
1967).

The quantitatively most important reaction of PtdGro
is the GroP donor function in LTA chain synthesis
(Glaser & Lindsay, 1974; Emdur & Chiu, 1974;
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Cabacungan & Pieringer, 1981; Taron et al., 1983;
Koch et al., 1984):

(1) PtdGro + glycolipid — Gro P-glycolipid + acyl,Gro
(ii) GroP-glycolipid +nPtdGro —
(GroP),,,,-glycolipid + nacyl,Gro.

The increasing level of GroP-glycolipid at the end of
bacterial growth may indicate a hold in LTA chain
synthesis.

Little is known about the physiological role of in-
dividual lipids in membrane properties. In experiments
using bilayer membranes and liposomes, LysPtdGro,
compared to PtdGro, led to a decreased permeability
for cations and an increased permeability for anions
and low M, non-electrolytes (Hopfer et al., 1970;
Haest et al., 1972). Similar changes in permeability
were observed in Staphylococcus aureus cells when, in
response to decreasing pH in the medium, the content
of LysPtdGro in the membrane increased at the cost of
PtdGro. It has therefore been thought that the posi-
tively charged LysPtdGro could play a role in
inhibiting protons entering the cells from acid media
(Haest et al., 1972). The situation in Staphylococcus
aureus is, however, relatively simple because the
cytoplasmic membrane contains alternating amounts
of PtdGro and LysPtdGro and only small amounts of
Ptd,Gro (Haest et al., 1972).

It has been shown recently that vagococci possess a
different but similarly complex lipid pattern to listeriae
containing D-AlaPtd,Gro as aminoacyl derivative of
Ptd,Gro (Fischer & Arneth-Seifert, 1998). On tran-
sition to the stationary growth phase, the content of D-
AlaPtd,Gro increased from 10 to 26 mol %, but in this
case the accumulation of the aminoacyl derivative was
accompanied by a decline in Ptd,Gro from 37 to
12 mol%. Simultaneously, again in contrast to
listeriae, the proportions of LysPtdGro increased from
10 to 21 mol% and the proportion of PtdGro
remained fairly constant at a low level of 4-6 mol %
(Fischer & Arneth-Seifert, 1998). Considering the
different lipid composition and the different changes
during bacterial growth, one is tempted to speculate
that listeriae and vagococci have diverse demands on
the properties of their membranes and that these
requirements are met by the particular lipid com-
position.
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