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The glycosphingolipid binding specificities of Haemophilus influenzae and Neisseria
meningitidis were investigated as to the binding of radiolabeled bacteria to glycosphin-
golipids on thin-layer chromatograms. Thereby, similar binding profiles, for the binding of
the two bacteria to lactosylceramide, isoglobotriaosylceramide, gangliotriaosylceramide,
gangliotetraosylceramide, lactotetraosylceramide, neolactotetraosylceramide, and sialyl-
neolactohexaosylceramide, were obtained. On a closer view the binding preferences of the
bacteria could be differentiated into three groups. The first specificity is recognition of
lactosylceramide. The second specificity is binding to gangliotriaosylceramide and gan-
gliotetraosylceramide, since conversion of the acetamido group of the N-acetylgalactos-
amine of gangliotriaosylceramide and gangliotetraosylceramide to an amine prevented the
binding of the bacteria, and thus the binding to these two glycosphingolipids represents a
separate specificity from lactosylceramide recognition. Preincubation of H. influenzae with
neolactotetraose inhibited the binding to neolactotetraosylceramide, while the binding to
lactosylceramide, gangliotetraosylceramide, or lactotetraosylceramide was unaffected.
Thus, the third binding specificity is represented by neolactotetraosylceramide, and in-
volves recognition of other neolacto series glycosphingolipids with linear N-acetyllacto-
samine chains, such as sialyl-neolactohexaosylceramide. The relevance of the detected
binding specificities for adhesion to target cells was addressed as to the binding of the
bacteria to glycosphingolipids from human granulocytes, epithelial cells of human
nasopharyngeal tonsils and human plexus choroideus. Binding-active neolactotetraosyl-
ceramide was thereby detected in human granulocytes and the oropharyngeal epithelium.

Key words: bacterial adhesion, glycosphingolipid receptor, Haemophilus influenzae,
Neisseria meningitidis, oropharyngeal epithelium.

Acute bacterial meningitis is a worldwide health problem
with severe morbidity, significant mortality, and a high
incidence of residual sequelae in survivors (1-4). Two of
the most important causative agents for this disease are the
capsulated bacteria Neisseria meningitidis (serogroups A,
B, and C) and Haemophilus influenzae type b. The port of

entry for both bacteria is the epithelial cells of the upper
respiratory tract. After hematogenous dissemination they
eventually cause inflammation of the pia and the arachnoid,
which is manifested as purulent meningitis. N. meningitidis
(serogroups A, B, and C) and H. influenzae type b also cause
other invasive infections, such as septicemia, and H.
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! Abbreviations: CFU, colony forming units; El, electron ionization;
FAB, fast atom bombardment; Hex, hexose; HexN, N.acetylhexos-
amine; LPS, lipopolysaccharide; PBS, phosphate-buffered saline. In
the shorthand nomenclature for fatty acids and bases, the number
before the colon refers to the carbon chain length and the number
after the colon gives the total number of double bonds in the molecule.
Fatty acids with a 2-hydroxy group are denoted by the prefix h before
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the abbreviation, e.g. h16:0. For long chain bases, d denotes dihy-
droxy and t trihydroxy. Thus, d18:1 denotes sphingosine (1,3-dihy-
droxy-2-aminooctadecene) and t18:0 phytosphingosine (1,3,4-trihy-
droxy-2-aminooctadecene). The glycosphingolipid nomenclature fol-
lows the recommendations by the IUPAC-IUB Commission on Bio-
chemical Nomenclature [CBN for Lipids: Eur. J. Biochem. (1977) 79,
11-21; J. Biol. Chem. (1982) 257, 3347-3351; J. Biol. Chem. (1987)
262, 13-18; and Eur. J. Biochem. (1997) 248, 9]. It i3 assumed that
Gal, Gle, GleNAc, GalNAc, NeuAc and NeuGe are of the D-configura-
tion, Fuc of the L-configuration, and all sugars present in the pyranose
form.
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influenzae type b is the major pathogen involved in acute
epiglottitis. Non-typable H. influenzae rarely causes inva-
sive diseases, but is a common etiologic agent of respiratory
tract infections, such as otitis, sinusitis, and pneumonia.

Both H. influenzae and N. meningitidis are capable of
inducing an oxidative burst reaction in human granulo-
cytes, which is enhanced by opsonising antibodies and com-
plement proteins (5).

The selectivity for certain hosts, tissues, and cells, found
for both commensal and pathogenic bacteria, is partly due
to the expression of bacterial adhesins with different
receptor-binding properties. The distribution of the eu-
karyotic cell receptors to which the bacterial adhesins bind
i8 a determinant of which site the bacterium will success-
fully colonize (6). A large number of microbial carbo-
hydrate receptors have been identified (7-9). Among the
most well-known examples are the mannose receptors of
type 1 fimbriae of enterobacteriae (10), and the Gala4Gal
receptors of P-fimbriated Escherichia coli (11-13). Differ-
ent detailed carbohydrate binding specificities have been
described for type 1 fimbriae and P-fimbriae (10, 14).

H. influenzae and N. meningitidis have the same target
cells. However, while no information on carbohydrate
recognition by N. meningitidis is available, several differ-
ent glycosphingolipid binding specificities of H. influenzae
have been reported. Thus, these bacteria bind to gangliotri-
aosylceramide and gangliotetraosylceramide (15, 16). The
fimbriae-mediated adhesion of H. influenzae to human
erythrocytes and oropharyngeal epithelial cells is inhibited
by gangliosides, such as GM3?, GM2, GM1, and GD1a (17).
In addition, the binding of H. influenzae to minor uniden-
tified gangliosides of HEp-2 cells has been reported (18).
Recently, it was described that heat shock treatment
induces the binding of H. influenzae to sulfatide (19).

The aim of the present study was twofold. The first
intention was to compare the glycosphingolipid binding
properties of H. influenzae and N. meningitidis, and the
second aim was to investigate potential binding-active
glycoconjugates in the target tissues of the bacteria. On the
binding of radiolabeled H. influenzae and N. meningitidis to
a large number of glycosphingolipids on thin-layer chro-
matograms it was found that both bacteria bound to lacto-
sylceramide, isoglobotriaosylceramide, gangliotriaosylcer-
amide, gangliotetraosylceramide, lactotetraosylceramide,
neolactotetraosylceramide, and sialylneolactohexaosylcer-
amide. By means of binding assays utilizing chemically
modified glycosphingolipids, and by inhibition experi-
ments, the binding-active compounds were classified into
three groups, which should correspond to three separate
adhesins.

Glycosphingolipids isolated from epithelial cells of
human oropharynx and human choroideal plexus, two
models of the natural target tissues of the bacteria, were
examined for the presence of binding-active glycosphin-
golipids. A binding-active non-acid tetraglycosylceramide
was isolated from human oropharyngeal epithelium by
affinity chromatography on immobilized Erythrina cris-
tagalli lectin, and characterized as neolactotetraosylcer-
amide.

MATERIALS AND METHODS
Bacterial Strains, Culture Conditions, and Labeling—
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During this study four N. meningitidis strains were used in
parallel. The strains were isolated from clinical specimens
and were serogrouped by the co-agglutination technique
(20). There was one strain each of N. meningitidis sero-
groups A [non-typable (nt), non-subtypable (nst), 884], B
(serotype 15, nst, 9-076/86), and C (nt, nst, gbg 3271)
isolated from blood or cerebrospinal fluid of patients with
septicemia and/or meningitis, and one strain of N. menin-
gitidis serogroup 29E (nt, nst, 9-070/86) isolated from a
nasopharyngeal specimen of a healthy carrier.

The four H. influenzae strains used were obtained from
clinical specimens. They were serotyped by agglutination
with hyperimmune serum from rabbits immunized with
freshly cultivated bacteria (21). Two strains of H. influ-
enzae serotype b (457-92 and 055-92) isolated from cere-
brospinal fluid of patients with meningitis, and two strains
of non-typable H. influenzae (75-00555 and 3-09962)
isolated from nasopharyngeal specimens were used.

Hemagglutinating activity was examined by mixing a 3%
(v/v) suspension of human blood group A erythrocytes in
phosphate-buffered saline (PBS), pH 7.3, witha 1/2 or 1/
4 volume of a stock solution containing 1 X 10'° bacteria in
PBS. Human erythrocytes were agglutinated by all four H.
influenzae strains, while the four N. meningitidis strains
were non-hemagglutinating.

The N. meningitidis strains were cultured on agar plates
containing non-selective gonococcal medium (22) and the
H. influenzae strains on hematinagar. The plates were
supplemented with 50 ¢Ci **S-methionine (Amersham,
UK) in 0.5 ml PBS and incubated under 4-6% CO, at 37°C
overnight. The bacteria were then scraped off the plates and
washed three times with PBS. For binding assays the
bacteria were suspended in PBS to approximately 1 X 10®
CFU/ml. The specific activities of the suspensions were
approximately 1 cpm per 100 bacterial cells.

Preparation of Outer Membrane Proteins—Outer mem-
brane proteins of N. meningitidis serogroups B and 29E, H.
influenzae serotype b (457-92), and non-typable H. influ-
enzae (75-00555) were prepared as described by Tam et al.
(23), with minor modifications. Briefly, the bacteria were
harvested and suspended in 30 ml cold (+4°C) 0.17M
ethanolamine solution containing 29 mM EDTA. The sus-
pension was homogenized using a Turrax Homogenizer
(Mod. X1020, Intern. Laborat. App. GmbH 7801, Dottin-
gen, Germany) at 30,000 rpm/min for 30 min at 40°C. The
bacterial debris was pelleted by centrifugation two times
for 10 min at 12,000 X g, and once for 25 min at 30,000 X g,
and the resultant pellet was discarded. Finally, the outer
membrane proteins in the supernatant were pelleted by
centrifugation for 1 h at 143,000 g. LPS was separated
from the proteins by homogenization in 30 ml 3% (w/v)}
sodium deoxycholate solution, followed by centrifugation
for 4 h at 150,000 X g. The protein pellet was suspended in
PBS, and then the protein concentration was determined by
spectrophotometry of the Ponceau-S stained proteins (24).

From each extract an aliquot of approximately 100 ug
protein was taken, and labeled with '**I by the Iodogen
method (25) to a specific activity of 2-5x10° cpm/ug.

Thin-Layer Chromatography—Thin-layer chromatogra-
phy was performed on glass- or aluminum-backed silica gel
60 HPTLC plates (Merck, Darmstadt, Germany), using
chloroform/methanol/water (60:35:8, by volume) as the
solvent system. Chemical detection was accomplished with
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anisaldehyde (26).

Chromatogram Binding Assay—The chromatogram
binding assay was performed as described previously (27).
Briefly, chromatograms with separated mixtures of glyco-
sphingolipids (20-40 xg/lane) or pure glycosphingolipids
(1-4 ug/lane) were dipped in 0.3-0.5% (w/v) polyisobutyl-
methacrylate (Plexigum P28, Rshm, GmbH, Darmstadt,
Germany) in diethylether/n-hexane (1:5, by volume) for 1
min, and then air-dried. Blocking of non-specific binding
sites was performed by immersing the plates in PBS
containing either 2% bovine serum albumin (w/v; Solution
1), 2% bovine serum albumin (w/v), and 0.1% Tween 20
(w/v; Solution 2), or 2% bovine serum albumin (w/v) and
0.2% deoxycholic acid (w/v; Solution 3), for 2h at room
temperature. Thereafter, suspensions of radiolabeled bac-
teria (diluted in PBS to 1 X 10® CFU/ml and 1-5 X 10® cpm/
ml) or '?’I.labeled bacterial surface proteins [diluted in
PBS containing 0.1% Tween 20 (w/v) to approximately 2 X
10% cpm/ml] were gently sprinkled over the chromato-
grams, followed by incubation for 2 h at room temperature.
After washing six times with PBS and drying, the thin-
layer plates were autoradiographed for 12-48 h using
XAR-5 X-ray films (Eastman Kodak, Rochester, NY).

Binding of !**I-labeled lectin from Erythrina cristagalli
to glycosphingolipids on thin-layer plates was performed as
described (28).

Reference Glycosphingolipids—Total acid and non-acid
glycosphingolipid fractions, from the sources given in Table
I, were isolated as described previously (29). The pure
glycosphingolipids used in the binding studies were isolated
by repeated chromatography of native glycosphingolipids
or acetylated derivatives (30) on silicic acid columns
(Iatrobeads 6RS-8060, Iatron Laboratories, Tokyo) or by
HPLC on silicic acid columns. The isolated glycosphingo-
lipids were characterized by mass spectrometry (31),
proton NMR spectroscopy (32-35), and degradation
studies (36, 37).

De-N-Acylation of Glycosphingolipids—The hexosamine
residues in selected glycosphingolipids were de- IV -acylated
by treatment with anhydrous hydrazine, as described (38).
The glycosphingolipids (200 xg) were dissolved in 300 u1of
freshly distilled anhydrous hydrazine (Pierce, Rockford,
IL) by sonication for 30 s, and then the reaction was allowed
to proceed for 72 h at 76°C. The hydrazine was subsequent-
ly removed using N, (g) at 40°C, followed by two cycles of
redissolution in toluene and evaporation. Finally, the sam-
ple was desalted on an C18 Extract-Clean column (Alltech
Assoc., Deerfield, IL). The identity of the reaction products
was verified by negative ion FAB mass spectrometry and
proton NMR spectroscopy.

Inhibition Studies—The inhibitory activities of lactose
(J.T. Baker Chem., Phillipsburg, NJ), lactotetraose and
neolactotetraose (Glycorex, Lund, Sweden) were deter-
mined by preincubating 3*S-labeled H. influenzae with each
substance (1 mg/ml in PBS) for 1 h at room temperature.
The suspensions were thereafter utilized in the chromato-
gram binding assay.

Isolation of Glycosphingolipids from Human Granulo-
cytes, Plexus Choroideus, and Oropharyngeal Epithelium—
Total acid and non-acid glycosphingolipids were isolated
from human granulocytes as described (39). Lactosylcer-
amide and neolactosylceramide were isolated from 110 mg
of total non-acid granulocyte glycosphingolipids by HPLC
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on a 2.12X 25 ¢m column of silica (Kromasil 5 Silica, 5 gm
particles; Phenomenex, Torrance, CA). The column was
equilibrated in chloroform/methanol/water (80:20:1, by
volume; solvent A) and eluted (4 ml/min) with a linear
gradient of chloroform/methanol/water (40:40:12, by
volume; solvent B) in solvent A. Aliquots of each 4 ml
fraction were analyzed by thin-layer chromatography and
anisaldehyde staining. After pooling, 34.4 mg of pure
lactosylceramide and 1.3 mg of pure neolactotetraosylcer-
amide were obtained.

Human plexus choroideus were collected at autopsy from
patients without intracranial neoplastic disease. After
dissection the material was carefully washed with 0.9%
NaCl (w/v), and the histopathological features of the
preparation were verified by light microscopy. The tissues
from three individuals were pooled and lyophilized, giving
a dry weight of 1.15 g.

Normal oropharyngeal epithelium surrounding the pala-
tine tonsils was dissected after tonsillectomy for upper
airway obstruction. The epithelial cell preparations were
analyzed by light microscopy to ensure that they did not
contain subepithelial components. The preparations from
seven individuals were pooled, and after lyophilization a
dry weight of 1.24 g was obtained.

Total acid and non-acid glycosphingolipid fractions were
isolated as described (29). Briefly, the lyophilized material
was extracted in two steps in a Soxhlet apparatus with
chloroform and methanol (2:1 and 1:9, by volume, respec-
tively). The extract was subjected to mild alkaline meth-
anolysis and dialysis, followed by separation on a silicic acid
column. Acid and non-acid glycolipids were separated by
chromatography on a DEAE-cellulose column. In order to
separate the non-acid glycolipids from alkali-stable phos-
pholipids, this fraction was acetylated and then separated
on a second silicic acid column, followed by deacetylation
and dialysis. After final purification on DEAE-cellulose and
gilicic acid columns, 21.4 mg acid glycosphingolipids (18.6
mg/g dry weight) and 4.3 mg non-acid glycosphingolipids
(3.7 mg/g dry weight) were obtained from the pooled
plexus choroideus material. The pooled epithelial cell
preparations from human oropharyngeal epithelium yield-
ed 10.6 mg acid glycosphingolipids (8.5 mg/g dry weight)
and 6.7 mg non-acid glycosphingolipids (5.4 mg/g dry
weight).

The non-acid glycosphingolipid fraction from human
oropharyngeal epithelium (5 mg) was subsequently sepa-
rated on a silicic acid column, eluted stepwise with increas-
ing concentrations of methanol in chloroform. The fractions
obtained were examined for E. cristagalli-binding activity,
using the chromatogram binding assay, and the binding-
active fractions were pooled, giving 1.1 mg.

Affinity Chromatography of Glycosphingolipids Using
Immobilized Erythrina cristagalli Lectin—The pooled
glycosphingolipid fraction containing the E. cristagalli-
binding compound from human oropharyngeal epithelium
was separated on a column of E. cristagalli-agarose (Vector
Laboratories, Burlingame, CA). The column (2 ml) was
equilibrated in PBS. The glycosphingolipid sample was
loaded on the column in 1 ml PBS, and then left overnight
at room temperature. The column was first eluted with 2 X
100 ml PBS, and thereafter eluted with 100 ml PBS con-
taining 0.2 M lactose. The three fractions were subjected to
Folch partitioning (40), and the lower phases obtained were
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subsequently dialyzed against distilled water.

Mass Spectrometry—For EI mass spectrometry portions
of the isolated glycosphingolipid fractions were permeth-
ylated (41), or permethylated and reduced with LiAlH,
(42). The derivatized samples were analyzed with a JEOL
SX-102A mass spectrometer (JEOL, Tokyo) using the in
beam technique (43). The analyses of both derivatives
were performed with an electron energy of 70 eV, a trap
current of 300 A and an acceleration voltage of 10 kV. The
temperature was raised from 150 to 410°C, with increases
of 10 or 15°C/min.

Negative ion FAB mass spectra of native glycosphin-
golipids were obtained with a JEOL SX-102A mass spec-
trometer. The spectra were produced by 8 kV Xe atom
bombardment, using triethanolamine (Fluka AG, Buchs,
Switzerland) as the matrix.
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Fig. 1. Binding of **S-labeled Haemophilus influenzae and
Neisseria meningitidis to mixtures of glycosphingolipids on
thin-layer chromatograms. The glycosphingolipids were separated
on aluminum-backed silica gel plates, using chloroform/methanol/
water 60:35:8 (by volume) as the solvent system. The chromatogram
in (A) was visualized with anisaldehyde. Duplicate chromatograms
were incubated with radiolabeled H. influenzae (B) and N. meningi-
tidis (C), followed by autoradiography for 12-48 h, as described under
“MATERIALS AND METHODS."” The lanes contained: (1) non-acid
glycosphingolipids of human erythrocytes, blood group AB, 40 ug; (2)
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RESULTS

Chromatogram Binding Assay—During the initial bind-
ing studies, mixtures of glycosphingolipids isolated from
various species and organs were utilized, in order to expose
the bacteria to a large number of potentially binding-active
carbohydrate structures. Figure 1 shows the binding of
35S-labeled H. influenzae and N. meningitidis to glycosphin-
golipid mixtures. Although most compounds were not
recognized by the bacteria, selective binding to some
glycosphingolipids was detected. The binding patterns
obtained with H. influenzae (Fig. 1B) and N. meningitidis
(Fig. 1C) were very similar to the binding patterns obtained
with bacteria classified as “lactosylceramide-binding” (8),
with binding to the di- and triglycosylceramide regions in
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non-acid glycosphingolipids of human erythrocytes, blood group O, 40
ug; (3) non-acid glycosphingolipids of dog intestine, 40 xg; (4) non-
acid glycosphingolipids of guinea pig intestine, 40 ug; (5) non-acid
glycosphingolipids of mouse feces, 40 ug; (6) non-acid glycosphingo-
lipids of epithelial cells of rat intestine, 40 u4g; (7) non-acid glyco-
sphingolipids of human meconium, 40 xg; (8) acid glycosphingolipids
of human erythrocytes, 40 ug; (9) acid glycosphingolipids of rabbit
thymus, 40 ug; (10) calf brain gangliosides, 40 ug; (11) acid glyco-
sphingolipids of human meconium, 40 xg. The spot denoted by X is
due to damage to the silica gel.

C.
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Fig. 2. Chromatogram binding experiment showing the bind-
ing of Haemophilus influenzae and Neisseria meningitidis to
pure glycosphingolipids. The glycosphingolipids were chromato-
graphed on aluminum-backed silica gel plates and visualized with
anisaldehyde (A). Duplicate chromatograms were incubated with
radiolabeled H. influenzae (B) and N. meningitidis (C), followed by
autoradiography for 12-48 h, as described under “"MATERIALS AND
METHODS.” The solvent system used was chloroform/methanol/
water 60:35:8 (by volume). The lanes contained: (1) Galg4Glcg1Cer
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(lactosylceramide) with phytosphingosine and hydroxy 16:0-24:0
fatty acids isolated from dog intestine, 4 ug; (2) GalNAcB4Gal 84Glc-
B1Cer (gangliotriaosylceramide) from guinea pig erythrocytes, 4 xg;
(3) GalNH,84Galg4Glef1Cer, approximately 4 ug; (4) Galg3Gal-
NAcp4Galg4Glep1Cer (gangliotetraosylceramide) from mouse feces,
4 ug; (5) Galp3GalNH,84Galg4GlcA1Cer, approximately 4 ug; (6)
Galf4GleNAcf3Galg4Glef1Cer (neolactotetraosylceramide) from
human granulocytes, 4 ug; (7) Galf4GlcNH,83Galg4GleS1Cer, ap-
proximately 4 ug.
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the non-acid glycosphingolipid fractions of dog intestine
(lane 3) and guinea pig intestine (lane 4), a slow-migrating
compound in the non-acid glycosphingolipid fraction of
mouse feces (lane 5), and the tetraglycosylceramide region
in the non-acid glycosphingolipid fraction of human meco-
nium (lane 7). In addition, binding to a slow-migrating
compound in the acid fraction of rabbit thymus (lane 9) was
detected.

To further define the binding characteristics of the two

S. Hugosson et al.

bacteria a number of pure glycosphingolipids were ex-
amined by means of the chromatogram binding assay, as
exemplified in Fig. 2. The results are summarized in Table
I. Thus, both H. influenzae and N. meningitidis bound to
lactosylceramide. The binding to lactosylceramide was only
observed when this glycosphingolipid had a ceramide with
sphingosine or phytosphingosine and hydroxy fatty acids
(Nos. 5 and 6 in Table I, Fig. 2, lane 1, and present in lanes
3 and 4 in Fig. 1), whereas lactosylceramide with sphin-

TABLE I. Binding of **S-labeled Haemophilus influenzae and Neisseria meningitidis to glycosphingolipids on thin-layer

chromatograms.
No. Trivial name Structure H. influenzae  N. meningitidis Source
Simple compounds
1. Cerebroside Galg1Cer - - Various
2. Cerebroside GleS1Cer — - Various
3. Sulfatide (d18:1-16:0 and S0,;-Galg1Cer - — Human meconium
24:0)°
4. LacCer (d18:1-16:0-24:0) Galg4Glef1Cer - - Human granulocytes
5. LacCer (d18:1-h22:0) Galg4GlegS1Cer + + Dog intestine
6. LacCer (t18:0-h16:0-h24:0) Galp4Glcg1Cer + + Rabbit small intestine
7. Isoglobotri (d18:1-h16:0) Gala3Galg4GlcB1Cer + + Dog intestine
8. Globotri (d18:1-16:0 and Gala4Galg4Glcf1Cer — - Human erythrocytes
24:0)
9. Lactotri (d18:1-16:0 and GleNAcg3Galg4GleS1Cer — - Malignant melanoma
24:1)
Ganglioseries
10. Gg03 (d18:1-16:0 and 24:0) GalNAcS4Galp4Glef1Cer + + Guinea pig erythrocytes
11. GalNH,£4Galg4Glcp1Cer — - Guinea pig erythrocytes®
12. Gg0O4 (t18:0-h16:0 and h24:0) Galgs3GalNAcB4Gals4Glef1Cer + + Mouse feces
13. Galf3GalNH,£4Gal4Glcf1Cer — - Mouse feces®
14. Fuc-Gg04 (d18:0-h16:0) Fuca2Gal53GalNAcf4Galf4Glcf1Cer - - Mouse small intestine
Neolactoseries
15. Neolactotetra (d18:1-16:0 Galf4GlcNAcB3Galg4GleS1Cer + Human granulocytes
and 24:1)
16. Galg4GleNH,83Gal4Glcg1Cer + - Human granulocytes®
17. H5-2 Fuca2Galp4GleNAcS3Galf4GlcS1Cer — — Human erythrocytes
18. Le*-5 Galf4(Fuca3)GlcNAcS3Galf4Glef1Cer - - Dog intestine
19. P1 Gala4Gal4GleNAcS3Galf4Gleg1Cer — — Human erythrocytes
20. B5 Gala3Gal84GleNAcS3Galg4GlcS1Cer - - Rabbit erythrocytes
21. x, GalNAcS3Galg4GleNAcS3Galf4Glef1Cer + + Human erythrocytes
22. Le’-6 Fuca2Galg4(Fuca3)GlcNAcS3Gal54Glef1Cer - - Dog intestine
23. B6-2 Gala3(Fuca2)Galg4GIlcNAcS3Gal84Glcf1Cer - - Human erythrocytes
24. Neolactohexa (d18:1-16:0- Galf4GleNAcS6(GalB4GleNAcA3)Galf4Glcf1Cer  — - Bovine buttermilk
24:0)
25. GlecNAcg3GalB4GlecNAcB3Gal §4GleB1Cer + + Rabbit thymus®
26. Neolactohexa (d18:1-16:0) Gal54GlcNAcB3Galf4GleNAcS3Gal84GleS1Cer + + Rabbit thymus®
Lactoseries
27. Lactotetra Gal53GlcNAcS3Galf4GleS1Cer + + Human meconium
28. Galg3GleNH,53Galp4GlcB1Cer — - Human meconium®
29. Le*-5 Galg3(Fuca4)GlcNAcS3Galg4Gleg1Cer - - Human meconium
30. Le®-6 Fuca2Galg3(Fuca4)GleNAcS3Galp4Glef1Cer - - Human meconium
Globoseries
31. Globotetra (d18:1-16:0 and GalNAcS3Gala4Galg4GleS1Cer - — Human erythrocytes
24:0)
32. Forssman (d18:1-16:0 and GalNAca3GalNAcf3Gala4Gal84Glef1Cer - - Dog intestine
224:0)
Gangliosides
33. GM3 NeuAca3Galg4GleS1Cer — - Human brain
34. GM1 (d18:1-18:0 and Galf3GalNAcS4(NeuAca 3)Galf4GlcS1Cer - — Human brain
d18:1-20:0)
35. GD1a NeuAca3Galp3GalNAcS4(NeuAca3)Galf4GlcS1Cer — - Human brain
36. NeuAca 3SPG NeuAca3Galg4GlcNAcS3Galf4GlcS1Cer - — Human erythrocytes
37. NeuAca6SPG NeuAca6Galf4GleNAcS3Galf4Glcs1Cer — - Human meconium
38. NeuGca 3SPG NeuGcea3Galg4GleNAcA3Galf4GlcS1Cer - - Rabbit thymus
39. NeuAca3-Le* NeuAca3Galg3(Fuca4)GleNAcg3Galg4Glef1Cer — - Human bile bladder
tumor
40. NeuGca 3neolactohexa NeuGea3Galf4GilcNAcs3Galf4GIcNAcS3Galg4- + + Rabbit thymus
(d18:1-16:0) Gles1Cer
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No. Trivial name Structure H. influenzae N. meningitidis Source

41. NeuAca3neolactohexa NeuAca3Galf4GleNAcf3Gal #4GlcNAcA3Galf4Gle- + + Human placenta
B1Cer

42, Galg4GleNAcS6(NeuAca6Galf4GlcNACcS3)Gal g4 - - - Bovine buttermilk
Gleg1Cer

43. NeuAca3Galg4GleNAcS6(NeuAca 3Gal f4GlcNAcg3)- — - Human placenta
Galpg4GleNAcg3Galg4Glcg1Cer

44, Gala3Galf4GlcNAcS6(NeuAca3Galf4GIlcNAcS3)- - - Bovine erythrocytes
Galpg4GleNAcg3Galg4Glef1Cer

45. Fuca2Galg4GleNAcS6(NeuAca3Galf4GleNAeS3)- — - Human erythrocytes

GalF4GlcNAcf3Gal f4Glch1Cer

*Binding is defined as follows: + denotes significant darkening on the autoradiogram when 4 ug was applied to the thin-layer plate, while —
denotes no binding. *In the shorthand nomenclature for fatty acids and bases, the number before the colon refers to the carbon chain length and
the number after the colon gives the total number of double bonds in the molecule. Fatty acids with a 2-hydroxy group are denoted by the prefix
h before the abbreviation, e.g. h16:0. For long chain bases, d denotes dihydroxy and t trihydroxy. Thus, d18:1 denotes sphingosine
(1,3-dihydroxy-2-aminooctadecene) and t18:0 phytosphingosine (1,3,4-trihydroxy-2-aminooctadecene). “Glycosphingolipids Nos. 11, 13, 16,
and 28 were prepared from Nos. 10, 12, 15, and 27, respectively, by treatment with anhydrous hydrazine, as described under “MATERIALS
AND METHODS.” ¢Glycosphingolipid No. 25 was prepared from No. 40 by mild acid hydrolysis and subsequent treatment with g-galacto-
sidase. “Glycosphingolipid No. 26 was prepared from No. 40 by mild acid hydrolysis.

gosine and non-hydroxy fatty acids (No. 4 in Table I, and
present in lanes 1 and 2 in Fig. 1) was consistently non-
binding.

Further glycosphingolipids recognized by both bacteria
were isoglobotriacsylceramide (No. 7 in Table I, and
present in lanes 3 and 4 in Fig. 1), gangliotriaosylceramide
(No. 10 in Table I, and Fig. 2, lane 2), gangliotetraosylcer-
amide (No. 12 in Table I, and Fig. 2, lane 4, and present in
lane 5 in Fig. 1), neolactotetraosylceramide (No. 15 in
Table I, and Fig. 2, lane 6), and lactotetraosylceramide (No.
27 in Table I). No dependence on the ceramide structure for
the binding of these tri- and tetraglycosylceramides to
occur was found. The binding of H. influenzae and N.
meningitidis to lactotetraosylceramide was, however, only
observed when Tween 20 or deoxycholic acid was present in
the coating buffer, suggesting that the presence of a
detergent was necessary for optimal presentation of the
binding epitope in this case.

The only gangliosides recognized by the bacteria were
NeuGca 3-neolactohexaosylceramide from rabbit thymus
(No. 40 in Table I, and present in lane 9 in Fig. 1) and
NeuAcea 3-neolactohexaosylceramide from human placenta
(No. 41), while no consistent binding to the other ganglio-
sides examined (Nos. 33-39 and 42-45 in Table I, and
present in lanes 8-11 in Fig. 1) was observed. However, the
hexa- and pentaglycosylceramides obtained on hydrolysis
of NeuGca 3-neolactohexaosylceramide (Nos. 26 and 25 in
Table I) were also bound by both bacteria, demonstrating
that the terminal sialic acid and the penultimate galactose
are not necessary for the binding process. The occasional
binding of N. meningitidis and H. influenzae to the x,
glycosphingolipid (No. 21) was also observed, in agreement
with the proposed conformational similarity between the
terminal trisaccharides of the x, glycosphingolipid and
GlcNAcA3Galg4GlcNAcS3Galf4Glcg1Cer (44).

Other substitutions of the binding-active compounds
were, however, not tolerated. Thus, an «-fucose at the
2-position of the terminal galactose of gangliotetraosylcer-
amide (No. 14 in Table I) or neolactotetraosylceramide
(No. 17) abolished the binding. The binding to neolacto-
tetraosylceramide was also abrogated by an «-galactose at
the 3- or 4-position of the terminal galactose (Nos. 19 and
20), and by an a-fucose at the 3-position of the N-acetyl-
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Fig. 3. Binding of a '*I-labeled extract of outer membrane
proteins from Neisseria meningitidis to glycosphingolipids on
thin-layer chromatograms. The glycosphingolipids were separated
on aluminum-backed silica gel plates, using chloroform/methanol/
water 60:356:8 (by volume) as the solvent system. The chromatogram
in (A) was visualized with anisaldehyde. A duplicate chromatogram
was incubated with '*I-labeled outer membrane proteins from N.
meningitidis (B), followed by autoradiography for 12 h. The lanes
contained: (1) Galg4GleS1Cer (lactosylceramide) with sphingosine
and non-hydroxy 16:0 and 24:1 fatty acids from human granulocytes,
4 pg; (2) GalNAcS4Galf4Glcf1Cer (gangliotriaosylceramide) from
guinea pig erythrocytes, 4 ug; (3) Galg3GalNAcS4Galf4Glcf1Cer
(gangliotetraosylceramide) from mouse feces, 4 ug; (4) Galg4Gle-
NAcg3Galg4GleS1Cer (neolactotetraosylceramide) from human
granulocytes, 4 pg; (5) NeuAca3Galf4GleNAcS3Galg4Glcf1Cer
(NeuAca 3-neolactotetraosylceramide) from human granulocytes, 4
ug; (6) Fuca2Galf4GlcNAcS3Galf4Glcf1Cer (H5 type 2 penta-
glycosylceramide) from human erythrocytes, 4 ug.

glucosamine (No. 18). Branching of neolactotetraosylcer-
amide with a §-linked Galg4GlcNAcg at the 6-position of
the internal galactose (No. 24) also abolished the binding of
the bacteria.

Binding to lactosylceramide with sphingosine or phyto-
sphingosine and hydroxy fatty acids (Nos. 5 and 6 in Table
I), gangliotriaosylceramide (No. 10), gangliotetraosylcer-
amide (No. 12), neolactotetraosylceramide (No. 15), and
lactotetraosylceramide (No. 27) was also observed using
12*].1abeled extracts of bacterial outer membrane proteins,
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from both N. meningitidis (examplified in Fig. 3B) and H.
influenzae (data not shown). Again, no binding to lactosyl-
ceramide with sphingosine and non-hydroxy fatty acids
(Fig. 3B, lane 1) was observed.

The same binding patterns were obtained with the four
strains of N. meningitidis, i.e. there were no differences
between the pathogenic strains of serogroups A, B, and C,
and non-pathogenic N. meningitidis 29E. Also the four
strains of H. influenzae exhibited identical glycosphingo-
lipid binding patterns, without consistent differences be-
tween H. influenzae type b and non-typeable H. influenzae
strains.

To assess the role of the acetamido groups of the N-
acetylhexosamines of the binding-active compounds, the
acetamido groups were converted to amines by treatment
with anhydrous hydrazine. After de-N-acylation of the
N-acetylgalactosamine of gangliotriaosylceramide (No. 11
in Table I, and Fig. 2, lane 3) and gangliotetraosylceramide
(No. 13 in Table I, and Fig. 2, lane 5), no binding of the
bacteria occurred, which reflects the importance of N-ace-
tylgalactosamine for the interaction. De- N-acylation of the
N -acetylglucosamine of neolactotetraosylceramide (No. 16
in Table I) decreased the binding of H. influenzae (Fig. 2B,

Fig. 4. Effect of incubation of A,
Haemophilus influenzae with oligo-
saccharides. Radiolabeled H. influ-
enzae was incubated with lactose, lacto-
tetraose or neolactotetraose (1 mg/ml)
in PBS for 1h at room temperature.
Thereafter the suspensions were utilized
for the chromatogram binding assay. (A)
Thin-layer chromatogram stained with
anisaldehyde, (B) binding of H. influ-
enzae preincubated with lactose, (C)
binding of H. influenzae preincubated
with lactotetraose, (D) binding of H.
influenzae preincubated with neolacto-
tetraose. The lanes contained: (1) Gal-
BA4Glcf1Cer (lactosylceramide) from
dog intestine, 2 ug, and Gal #3GIcNAcA- 1 2 3

- -
-

S. Hugosson et al.

lane 7), and abolished the binding of N. meningitidis (Fig.
2C, lane 7). No binding of the bacteria to de-N-acylated
lactotetraosylceramide (No. 28 in Table I) was observed
(data not shown).

Inhibition Studies—Radiolabeled H. influenzae was pre-
incubated with lactose, lactotetraose or neolactotetraose (1
mg/ml) before assaying the binding to lactosylceramide,
lactotetraosylceramide, gangliotetraosylceramide, and
neolactotetraosylceramide on thin-layer chromatograms.
Preincubation with lactose or lactotetraose did not affect
the binding (Fig. 4, B and C). However, with preincubation
with neolactotetraose the binding of the bacteria to neo-
lactotetraosylceramide (Fig. 4D) was abolished, while the
binding to lactosylceramide, lactotetraosylceramide, and
gangliotetraosylceramide was unaffected. It should how-
ever be noted that this inhibition was only observed in two
of five experiments, indicating the low efficacy of the
inhibitory substance, possibly due to the monovalent
presentation.

Glycosphingolipids from Target Cells—The non-acid
glycosphingolipid fractions isolated from human granulo-
cytes, oropharyngeal epithelium and plexus choroideus are
shown in Fig. 5A, while the corresponding acid fractions are

C. D.
e 3
S, — a e k: -
3 - —— -
} -
e
L~
| 2 3 l 2 3 L 2 3

3Galf4GleS1Cer (lactotetraosylceramide) from human meconium, 2 xg; (2) Gal3GalNAcfS4Gal #4Glcf1Cer (gangliotetraosylceramide) from
mouse feces, 2 ug; (3) Galf4GleNAcS3Galf4Glef1Cer (neolactotetraosylceramide) from human erythrocytes, 2 yg. Chloroform/methanol/
water 60:35:8 (by volume) was used as the solvent system. Autoradiography was performed for 12 h.

Fig. 5. Chromatogram binding experiment
showing the binding of radiolabeled Neisseria
meningitidis and Erythrina cristagalli lectin
to non-acid glycosphingolipids of human gran-
ulocytes, human oropharyngeal epithelium,
and human plexus choroideus. Total non-acid
glycosphingolipids of human granulocytes, human
oropharyngeal epithelium, and human plexus cho-
roideus are shown in (A), while the results of bind-
ing of radiolabeled N. meningitidis and E. cristagalli
lectin to the non-acid glycosphingolipid fractions are
shown in (B) and (C), respectively. Total acid glyco-
sphingolipids of human granulocytes, human oro-
pharyngeal epithelium, and human plexus cho-
roideus are shown in (D). The lanes contained: (1) | 2
human granulocyte glycosphingolipids, 40 xg/lane;

==

A. B.
a -

R =

3 1 2 3 1 2 3 | 2 3

(2) human oropharyngeal epithelium glycosphingolipids, 40 ug/lane; (3) human plexus choroideus glycosphingolipids, 40 ug/lane. The
thin-layer plates were chromatographed with chloroform/methanol/water 60:35:8 (by volume), and the chromatograms in (A) and (D) were
stained with anisaldehyde. The chromatograms in (B) and (C) were incubated with radiolabeled bacteria or lectin, followed by autoradiography
for 12 h, as detailed under “MATERIALS AND METHODS.” The bands denoted by X are non-glycosphingolipid contaminants.
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shown in Fig. 5D. Thus, the non-acid fraction of human
granulocytes was dominated by a double band migrating in
the diglycosylceramide region, and also gave double bands
migrating in the mono- and tetraglycosylceramide regions.
The non-acid glycosphingolipid fraction of human oropha-
ryngeal epithelial cells exhibited bands migrating as mono-,
di-, tri-, and tetraglycosylceramides. The non-acid fraction
of human choroideal plexus was dominated by a compound
migrating in the monoglycosylceramide region, and also
gave a faint band migrating in the tetraglycosylceramide
region.

The acid fraction of human granulocytes (Fig. 5D) gave a
number of bands migrating as GM3 and below. Two
compounds migrating as GM3 and GD3/NeuAca 3-neo-
lactotetraosylceramide were observed for the acid fraction
of human oropharyngeal epithelium, while the acid fraction
of human plexus choroideus was dominated by a compound
migrating as sulfatide, and also gave a minor band
migrating as GM3 and GD3/NeuAca3-neolactotetraosyl-
ceramide.

The binding of H. influenzae and N. meningitidis to these
glycosphingolipid preparations was investigated next. No
consistent binding to the acid glycosphingolipids of human
granulocytes, oropharyngeal epithelium, or choroideal
plexus was observed (data not shown). Both H. influenzae
(not shown) and N. meningitidis (Fig. 5B, lane 1) bound to
the tetraglycosylceramide region of the non-acid fraction of
human granulocytes. A binding-active tetraglycosylcer-
amide was also detected in the non-acid fraction of human
oropharyngeal epithelium (Fig. 5B, lane 2), while no
binding to the non-acid fraction of plexus choroideus was
detected. Parallel binding of the Galg4GlcNAc/S-recogniz-
ing lectin of E. cristagalli in the tetraglycosylceramide
region in the non-acid fractions of human granulocytes and
human oropharyngeal epithelium was also observed (Fig.
5C).

The binding-active compound from the epithelial cells of
human oropharynx was isolated by silicic acid chromatog-
raphy and affinity chromatography using immobilized E.
cristagalli lectin. The tetraglycosylceramide in the fraction
eluted with 0.2 M lactose from the E. cristagalli column
exhibited H. influenzae-binding activity (Fig. 6B, lane 4).

Mass Spectrometry of Glycosphingolipids of Human
Oropharyngeal Epithelium—EI mass spectrometric anal-
yses of the non-acid glycosphingolipid fraction of the
epithelial cells of human oropharynx were performed using
permethylated, and permethylated and LiAlH,-reduced
derivatives. The EI mass spectra of the permethylated and
reduced total non-acid glycosphingolipid fraction of human
oropharyngeal epithelium were dominated by series of
immonium ions (F fragments), giving information about
the carbohydrate structure and the fatty acid composition.
The spectra obtained in the lower temperature range
(approximately 220-250°C) were dominated by a series of
immonium ions of monoglycosylceramide with h16:0-h24:
0 fatty acids, at m/z 546-658. Terminal Hex was indicated
by ions at m/z 219 and 187 (219—32). The spectra
recorded at 240-280°C contained immonium ions of dihex-
aosylceramide with 16:0, h16:0, 22:0, 24:1, 24:0, and h24:
0 fatty acids, at m/z 720, 750, 804, 830, 832, and 862,
respectively. The ions at m/z 219 and 423 indicated a
terminal Hex-Hex sequence. A series of immonium ions at
m/z 924-1036, indicating trihexaosylceramide with 16:0
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Fig. 6. Binding of **S-labeled Haemophilus influenzae to non-
acid glycosphingolipids from human oropharyngeal epithe-
lium separated by affinity chromatography on Erythrina cris-
tagalli-agarose. The glycosphingolipids were separated on alumi-
num-backed silica gel plates, using chloroform/methanol/water 60:
35:8 (by volume) as the solvent system, and visualized with anisalde-
hyde (A). Duplicate chromatograms were incubated with radiolabeled
H. influenzae (B), followed by autoradiography for 12 h, as described
under “MATERIALS AND METHODS." The lanes contained: (1)
reference non-acid glycosphingolipids of human granulocytes, 40 ug;
(2) and (3) fractions eluted from the E. cristagalli column with PBS;
(4) fraction eluted from the E. cristagalli column with PBS containing
0.2 M lactose. Autoradiography was performed for 12 h.

to 24:0, were found in the spectra recorded at 260-290°C.

Immonium ions of tetraglycosylceramide with 16:0, 22:
0, 24:0, and h24:1 fatty acids, at m/z 1,155, 1,239, 1,267,
and 1,295, were dominant in the spectra recorded at 280-
310°C. In the EI mass spectra of permethylated, and
permethylated and reduced glycosphingolipids with the
Hexg4HexN sequence, a diagnostic ion is found at m/z 182
(45, 46). However, this ion was not seen in the tetraglyco-
sylceramide spectra of the permethylated, or permethylat-
ed and reduced non-acid fraction of human oropharyngeal
epithelium. Instead, a terminal HexN was indicated by the
ions at m/z 260 and 228 (260—32) in the spectrum of the
permethylated derivative, and a carbohydrate sequence ion
at m/z 464 suggested that the major tetraglycosylceramide
had a HexN-Hex-Hex-Hex sequence.

In recordings in the higher temperature range (280-
350°C) two weak series of immonium ions were found. One
series was at m/z 1,442, 1,471, and 1,499, indicating a
glycosphingolipid with three Hex and two HexN, and with
20:0, 22:0, and 24:0 fatty acids. The other series, at m/z
1,647, 1,675, and 1,703, suggested the presence of a
glycosphingolipid with four Hex and two HexN, and with
20:0, 22:0, and 24:0 fatty acids. However, no conclusive
sequence-derived fragments were obtained.

The successive evaporation of monohexosylceramide
(m/z 628), dihexaosylceramide (m/z 832), trihexaosylcer-
amide (m/z 1,036), tetraglycosylceramide (m/z 1,267),
pentaglycosylceramide (m/z 1,499), and hexaglycosylcer-
amide (m/z 1,703) is illustrated in Fig. 7.

Ions confirming the concluded Hex-Cer, Hex-Hex-Cer,
Hex-Hex-Hex-Cer, and HexN-Hex-Hex-Hex-Cer struc-
tures were found in the EI mass spectra of the permethylat-
ed non-acid glycosphingolipid fraction of human oropharyn-
geal epithelium (data not shown). The dominant ceramide
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ions were seen at m/z 548-660 (d18:1-16:0-24:0), while
the ions at m/z 692 and 722 indicated t18:0-24:0 and t18:
0-h24:0, respectively.

Thus, by EI mass spectrometry of the total non-acid
glycosphingolipid fraction of human oropharyngeal epi-
thelium the sequences of four compounds, i.e. Hex-Cer,
Hex-Hex-Cer, Hex-Hex-Hex-Cer, and HexN-Hex-Hex-
Hex-Cer, were determined. Trace amounts of glycosphin-
golipids with a (HexN),-(Hex),-Cer or (HexN),-(Hex),-
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Fig. 7. Selected reconstructed mass chromatograms obtained
on EI mass spectrometry of the permethylated and reduced non-
acid glycosphingolipid fraction of human oropharyngeal epi-
thelium. The curves reproduced correspond to the relative abun-
dance of the immonium ions (indicated in the formulae) as a function
of the evaporation temperature. LCB, long chain base. The sample (8
u1g) was evaporated with increases of 10°C/min, starting at 150°C.
Spectra (mass range, 100-3,200) were recorded every 40 s.
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Fig. 8. EI mass spectrum of the permethylated total non-acid
glycosphingolipid fraction isolated from human plexus cho-
roideus. Above the spectrum simplified formulae for interpretation
are shown, representing the species with sphingosine and non-hydroxy
24:0 fatty acid. The analytical conditions were: sample amount, 4 xg;
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Cer composition were also found. Sphingosine with non-hy-
droxy fatty acids was the major ceramide species, but
phytosphingosine and hydroxy fatty acids were also pres-
ent.

The acid fraction of human oropharyngeal epithelium
was investigated by negative ion FAB mass spectrometry.
The spectrum thus obtained (not shown) contained a series
of molecular ions of NeuAc-GM3 with d18:1-16:0, d18:
1-h16:0, d18:1-20:0, d18:1-22:0, d18:1-24:0, and d18:
1-24:1atm/z1,152,1,168, 1,208, 1,236, 1,264, and 1,262,
respectively. The dominant ceramide species were d18:
1-16:0 and d18:1-24:1.

Mass Spectrometry of Glycosphingolipids of Human
Plexus Choroideus—EI mass spectra of the permethylated
total non-acid fraction of human choroideal plexus are
shown in Fig. 8. Simplified formulae for interpretation are
shown above the spectra, representing the species with
d18:1-24:0. The mass spectrometric analysis showed the
presence of two compounds, one evaporating from the
probe at approximately 270°C and the other at approxi-
mately 310°C. In the lower temperature range molecular
ions and fragment ions specific for monohexosylceramides
were observed (Fig. 8A). The ions at m/z 894 and 924 were
the molecular ions of monohexosylceramide with d18:1-24:
0 and d18:1-h24:0, respectively. Immonium ions of mono-
hexosylceramide with 24:0 and h24:0 were seen at m/z 642
and 672. The only carbohydrate sequence ions were at m/
2 219 and 187 (219—32), demonstrating a terminal Hex.
The ion at m/z 292 was a rearrangement ion containing the
carbohydrate and part of the fatty acid. Ceramide ions for
d18:1-24:1 and d18:1-h24:0 were seen at m/z 658 and 690,
respectively.

The compound evaporating at 310°C (Fig. 8B) was a
glycosphingolipid with one HexN and three Hex, containing
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.
electron energy, 70 eV; trap current, 500 x A; acceleration voltage, 8
kV. Starting at 150°C, the temperature was increased by 15°C/min.
The spectrum in (A) was recorded at 270°C, and the spectrum in (B)
at 310°C.
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non-hydroxy 16:0 to 24:0 fatty acids, as demonstrated by
the series of immonium ions at m/z 1,183 to 1,295. The ion
at m/z 364 indicated a sphingosine long-chain base, and a
series of ceramide ions of d18:1-16:0 to 24:0 were seen at
m/z 548 to m/z 660. Carbohydrate sequence ions were
found at m/z 219 and 187 (terminal Hex), and at m/z 464
(Hex-HexN). Fragment ions due to the loss of carbohydrate
units from the molecular ions were also observed, as
explained below the formula.

Thus, the analysis of the permethylated total non-acid
fraction of human choroideal plexus by EI mass spectrom-
etry demonstrated the presence of two glycosphingolipids.
One was monohexosylceramide with mainly d18:1-24:0/
24:1 and d18:1-h24:0. The other compound was a tetra-
glycosylceramide with the Hex-HexN-Hex-Hex sequence
and d18:1-16:0-24:0. Interestingly, no significant ion at m/
2z 182 (see above) was seen in the spectrum of the latter
compound, indicating that this glycosphingolipid did not
have the Hexf4HexN sequence.

Ions indicating four different compounds were present in
the spectrum obtained on negative ion FAB mass spectrom-
etry of the acid glycosphingolipid fraction of human plexus
choroideus (data not shown). The dominant compound was
sulfated monohexosylceramide with d18:1-16:0, d18:1-
18:0, d18:1-24:0, d18:1-h24:1, and d18:1-24:0, as evi-
denced by the series of molecular ions at m/z 778, 806, 890,
904, and 906. The major ceramide species were d18:1-h24:
1 and d18:1-24:0. A small ion at m/z 1,052 was also seen,
indicating the presence of sulfated dihexaosylceramide
with d18:1-24:0. In addition, a series of molecular ions at
m/z1,152, 1,168, 1,208, 1,236, 1,264, and 1,280 indicated
NeuAc-GM3 with d18:1-16:0, d18:1-20:0, d18:1-22:0,
d18:1-24:0, and d18:1-h24:0. Molecular ions correspond-
ing to NeuAc-GD3 with t18:0-22:0 and t18:0-24:0 were
found at m/z 1,544 and 1,572.
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Fig. 9. EI mass spectrometry of the permethylated fraction
with Haemophilus influenzae binding-activity, isolated from
human oropharyngeal epithelium by affinity chromatography
on Erythrina cristagalli agarose. Above the spectra formulae for
interpretation are shown, representing the species with phytosphin-
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Mass Spectrometry of the Permethylated H. influenzae-
Binding Fraction from the E. cristagalli Column—EI mass
spectrometry of the permethylated fraction from the E.
cristagalli-column, containing the H. influenzae-binding
glycosphingolipid, showed the presence of two glycosphin-
golipids (Fig. 9). The spectrum recorded at 270°C (Fig. 9A)
contained a series of molecular ions of dihexosylceramide
at m/z 986 to 1,160, demonstrating a mixed population of
ceramides with both sphingosine and phytosphingosine,
and non-hydroxy and hydroxy 16:0 to 24:0 fatty acids. A
corresponding series of ceramide ions was found at m/z 548
to 722. Immonium ions of dihexaosylceramide with 16:0,
h16:0, h22:0, and h24:0 were found at m/z 734, 764, 848
and 876, respectively. Terminal Hex was indicated by the
ions at m/z 219 and 187 (219—32), and the Hex-Hex
sequence was verified by the rearrangement ion at m/z 496,
containing the whole carbohydrate chain and a portion of
the fatty acid (see interpretation formula above the spec-
trum). From the relative intensities of the ceramide ions
and the immonium ions it was concluded that the dominant
ceramide species was sphingosine with non-hydroxy 16:0
fatty acid.

In the spectrum recorded at a higher temperature (Fig.
9B) carbohydrate sequence ions corresponding to the Hex-
HexN-Hex sequence were seen at m/z 219 and 187 (219~
32), m/z 464 and 432 (464—32), and m/z 668. The ion at
m/z 182 indicated a type 2 carbohydrate chain, Hexg4-
HexN (see above). The ions at m/z 548-722 were due to the
ceramide part, and demonstrated a mixture of sphingosine
and phytosphingosine long-chain bases, combined with both
hydroxy and non-hydroxy 16:0-24:0 fatty acids. Frag-
ments containing the whole carbohydrate chain and the
fatty acid appeared at m/z 1,183 (non-hydroxy 16:0) and
m/z 1,325 (hydroxy 24:0). The presence of phytosphin-
gosine combined with hydroxy 24:0 fatty acid was indicated
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gosine and hydroxy 24:0 fatty acid. The analytical conditions were:
sample amount, 2 xg; electron energy, 70 eV; trap current, 300 xA;
acceleration voltage, 10 kV. Starting at 150°C, the temperature was
increased by 15°C/min. The spectrum in (A) was recorded at 270°C,
and the spectrum in (B) at 360°C.
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by the ion at m/z 1,369 (1610—241). Molecular ions were
seen at m/z 1,582 (t18:0-h22:0) and m/z 1,610 (t18:
0-h24:0).

Thus, glycosphingolipids with the Hex-Hex-Cer and
Hex-HexN-Hex-Hex-Cer sequences were identified on
mass spectrometry of the H. influenzae-binding fraction.
The latter compound had a type 2 linkage (Hexg4HexN)
between the terminal Hex and the penultimate HexN.

DISCUSSION

Three Binding Specificitiecs—The Opa adhesins of N.
meningitidis bind to members of the carcinoembryonic
antigen receptor family (47, 48), and it was recently
demonstrated that meningococcal Opc adhesin binds to
heparan sulphate (49). However, binding of N. meningitidis
to glycosphingolipids has not been reported previously. The
present comparison of the glycosphingolipid binding prop-
erties of H. influenzae and N. meningitidis showed that
these bacteria bound to glycosphingolipids in a similar
manner, i.e. both bacteria recognized lactosylceramide,
isoglobotriaosylceramide, gangliotriaosylceramide, gan-
gliotetraosylceramide, lactotetraosylceramide, neolacto-
tetraosylceramide, and NeuGca3-neolactohexaosylcer-
amide. De-N-acylation of the N-acetylgalactosamine of
gangliotriaosylceramide and gangliotetraosylceramide, and
the N-acetylglucosamine of neolactotetraosylceramide and
lactotetraosylceramide abolished or diminished the binding
of both bacteria, indicating that the N-acetylhexosamines
are involved in the recognition of these compounds.

Binding to lactosylceramide, with concomitant binding to
isoglobotriaosylceramide, gangliotriaosylceramide, and
gangliotetraosylceramide, has previously been reported for
several, bacteria, i.e. both pathogens and members of the
indigenous flora (8). Lactosylceramide-binding has also
been demonstrated for some pathogenic fungi such as
Cryptococcus neoformans and Candida albicans (50).

Binding to gangliotetraosylceramide per se has been
reported for a number of human pathogens with different
target tissues, such as lung pathogens (e.g. Pseudomonas
aeruginosa and H. influenzae; Ref. 15), enterotoxigenic E.
coli with colonization factor antigens (51), and the human
gastroduodenal pathogen, Helicobacter pylori (52). Also
several human enteric viruses, e.g. rotavirus, have been
shown to bind to gangliotetraosylceramide (53).

There are conflicting suggestions concerning which part
of the gangliotriaosylceramide/gangliotetraosylceramide
structure is recognized by the adhesins of the lactosylcer-
amide-binding bacteria. One alternative is that there is one
adhesin that primarily recognizes the lactose saccharide,
and that extensions specifying the ganglio-series (i.e.
GalNAcg4 and Galp3GalNAcpS4) are tolerated for sterical
reasons, while other extensions make the lactose epitope
inaccessible (8). Another suggestion is that the binding to
lactosylceramide and gangliotriaosylceramide/ganglio-
tetraosylceramide represents two separate binding speci-
ficities (54).

The results of binding of H. influenzae and N. menin-
gitidis to the de-N-acylated glycosphingolipids are most
compatible with the interpretation that lactosylceramide
and gangliotriaosylceramide/gangliotetraosylceramide re-
present two separate binding specificities for these bacte-
ria. Similar results were recently reported for H. pylori
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(38). However, the binding of H. influenzae and N.
meningitidis to lactosylceramide on thin-layer chromato-
grams is frequently accompanied by binding to ganglio-
triaosylceramide and gangliotetraosylceramide. This sug-
gests that the factors controlling the expression of the
lactosylceramide-binding adhesins are similar or identical
to those which regulate the expression of the gangliotriao-
sylceramide/gangliotetraosylceramide-binding adhesins.

Our results indicating that the binding to lactosylcer-
amide and gangliotriaosylceramide/gangliotetraosylcer-
amide is due to two different adhesins agree with those of
Baker et al. (54), who demonstrated that for P. aeruginosa
the binding to these two glycosphingolipids represents two
separate binding specificities. This finding was confirmed
by the demonstration that P. aeruginosa PAK and PAO pili
are responsible for the binding to gangliotetraosylceramide
(55), and that the minimum sequence required for binding
of these pili is GalNAcS4Gal (56).

The binding of H. influenzae to neolactotetraosylcer-
amide was abrogated when the bacteria were preincubated
with neolactotetraose. However, the binding to lactosylcer-
amide, gangliotetraosylceramide, or lactotetraosylcer-
amide was unaffected by this treatment. Recognition of
neolactotetraosylceramide is thus a specificity separate
from the recognition of lactosylceramide or gangliotriaosyl-
ceramide/gangliotetraosylceramide. Most substitutions of
the N-acetyllactosamine moiety abolished the binding.
However, substitution with £3-linked N-acetylgluco-
samine at the terminal galactose of neolactotetraosylcer-
amide, as in linear chains with repetitive N-acetyllacto-
samine moieties, was tolerated with retained binding ac-
tivity.

In summary, three separate binding specificities were
identified for H. influenzae and N. meningitidis. The first
specificity is lactosylceramide recognition, where the mini-
mum binding epitope is Galg4Glc, and a ceramide with
phytosphingosine and/or hydroxy fatty acids is necessary
for correct presentation of the binding epitope. The second
specificity is binding to gangliotriaosylceramide and gan-
gliotetraosylceramide, where the minimum element recog-
nized is GalNAcgS4Gal. Recognition of neolacto series
glycosphmgohplds is the third binding specificity, the
minimum binding epitope in this case being GalS4Glec-
NAcS.

Presence of Binding-Active Glycosphingolipids in Hu-
man Tissues—While some of the H. influenzae- and N.
meningitidis-binding glycosphingolipids are found in a
variety of human cells, some have hitherto not been
identified in human tissues. The most prominent example
of the former group is lactosylceramide, which is an almost
ubiquitous glycosphingolipid expressed in a large variety of
cells (67). However, the lactosylceramide of most cell
types, apart from the epithelial cells of the gastrointestinal
tract, has mainly non-hydroxy ceramide, which is not
recognized by H. influenzae or N. menmgwdzs

Neolactotetraosylceramide is also found in several hu-
man tissues, such as erythrocytes (57), granulocytes (58),
and semen (59), and the terminal Gal84GlcNAcS sequence
of neolactotetraosylceramide is a common core structure in
the carbohydrate chains of glycoproteins (60). Sialyl-neo-
lactohexaosylceramide with terminal N-acetylneuraminic
acid has been identified in human erythrocytes (57), semen
(59), granulocytes (61), and placenta (62).

J. Biochem.
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Lactotetraosylceramide, on the other hand, has only been
chemically identified in human meconium (63), and in the
small intestine of an individual previously resected ad
modum Billroth II (64).

Isoglobotriaosylceramide is present in e.g. dog intestine
(65), but has hitherto not been found in human tissues.

Gangliotriaosylceramide or gangliotetraosylceramide
has not been chemically identified in peripheral human
tissue. However, on the binding of monoclonal antibodies
(15, 66), the presence of gangliotetraosylceramide in
human lung tissue and umbilical vein endothelial cells was
indicated, although the precise chemical structures of the
binding-active compounds were not clearly established.

Glycosphingolipids of Target Tissues—The glycosphin-
golipid composition of human granulocytes has been thor-
oughly characterized (58, 61, 67). The major non-acid
glycosphingolipid is lactosylceramide, with sphingosine and
non-hydroxy 16:0 and 24:1 fatty acids, which constitutes
75% of the total non-acid fraction (58). In addition, this
fraction contains lactotriaosylceramide, neolactotetraosyl-
ceramide, neolactohexaosylceramide, and a series of glyco-
sphingolipids carrying the Le* determinant. When the
non-acid fraction of human granulocytes was examined for
H. influenzae- and N. meningitidis-binding activity, pre-
ferential binding of both bacteria in the tetraglycosylcer-
amide region, i.e. to neolactotetraosylceramide, was ob-
served.

In some binding assays binding of the bacteria in the
diglycosylceramide region of the non-acid fraction of
human granulocytes, i.e. to lactosylceramide with sphin-
gosine and non-hydroxy fatty acids (58), was also detected
(Figs. 5 and 6). This was judged to represent non-specific
binding, due to the large quantity of lactosylceramide
(approximately 30 ug) present in the sample. No binding
was noted when lactosylceramide purified from human
granulocytes was used in the chromatogram binding assay.
Furthermore, the lactosylceramide of human granulocytes
is predominantly derived from intracellular compartments
(68), and thus is not accessible for bacterial adherence
under physiological conditions.

The glycosphingolipid compositions of the other target
tissues of H. influenzae and N. meningitidis, i.e. the human
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respiratory epithelium and leptomeninges, have not been
investigated previously. We selected the epithelium sur-
rounding palatine tonsils as a model of respiratory epithe-
lium, and since enough material for glycosphingolipid
preparation from the pia and arachnoid is difficult to obtain,
plexus choroideus was chosen as a model of the leptomenin-
ges. Acid and non-acid glycosphingolipids were isolated
from these tissues, and screened for reactivity with H.
influenzae and N. meningitidis. No binding to acid or
non-acid glycosphingolipids of plexus choroideus, or acid
glycosphingolipids of the oropharyngeal epithelium was
observed. However, since the glycosphingolipid composi-
tions of these tissues have not been reported before, and the
tissues in question are the target tissues for a number of
microbial pathogens, the acid and non-acid glycosphingo-
lipid fractions of the oropharyngeal epithelium and plexus
choroideus were characterized by mass spectrometry. The
results are summarized in Fig. 10.

In the non-acid glycosphingolipid fraction of human
oropharyngeal epithelium a binding-active tetraglycosyl-
ceramide was detected, and this compound was isolated by
affinity chromatography on immobilized E. cristagalli
lectin. In hemagglutination and hemagglutination-inhibi-
tion studies the carbohydrate binding specificity of this
lectin has been defined as Galg4GlcNAc> Galg4Gle>Gal
(69). On thin-layer chromatograms the E. cristagallilectin
binds to glycosphingolipids with terminal Galg4GlcNAS-
and Fuca2GalB4GlcNAS-sequences, but not to lactosyl-
ceramide (28). However, the fraction eluted with 0.2 M
lactose in PBS from the column with immobilized E.
cristagalli lectin contained both diglycosylceramides (pre-
sumably lactosylceramide) and tetraglycosylceramides
(presumably neolactotetraosylceramide), illustrating that
different binding patterns might be obtained using different
assay systems (70). The presence of a glycosphingolipid
with the hexose-N-acetylhexosamine-hexose-hexose se-
quence, and with a type 2 chain (hexosef4-N-acetylhex-
osamine), in the binding-active fraction was demonstrated
by mass spectrometry. Taken together with the lectin
binding data this strongly suggests that binding-active
neolactotetraosylceramide is expressed by human oropha-
ryngeal cells, although as a minor compound, and may thus

. w - -
b
’

Fig. 10. Summary of the glycosphingolipid structures in hu-
man oropharyngeal epithelium and plexus choroideus, target
tissues for Haemophilus influenzae and Neisseria meningitidis.
Thin-layer chromatograms of acid (A) and non-acid (B) glycosphin-
golipids of human oropharyngeal epithelium, and acid (C) and non-
acid (D) glycosphingolipids of plexus choroideus. Simplified formulae,
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as interpreted based on mass spectrometry, have been assigned to the
different bands. The samples (40 xg each) were chromatographed
using chloroform/methanol/water, 60:35:8 (by volume), as the
solvent system, and stained with anisaldehyde. The band denoted by
X is a non-glycosphingolipid contaminant.
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TABLE II. Summary of Haemophilus influenzae/Neisseria meningitidis-binding glycosphingolipids in human target tissues.

No. Trivial name Structure Granulocytes* Ogﬁm ch?rz?;:us"
1. LacCer (t18:0-h16:0-h24:0) Galg4GlcS1Cer - (+) -
2. Neolactotetra Galg4GlcNAcS3Galf4Glcs1Cer + + —
3. Neolactohexa Galf4GleNAcS3Gal 4GleNAcB3Gal f4Glcf1Cer + - -
4. NeuAca 3neolactohexa NeuAca3Galp4GlcNAcS3Galf4GlcNAcS3Galg4GleS1Cer + — —

°Refs. 58, 61, and 67. "Present paper.

be utilized by H. influenzae and N. meningitidis as a
receptor for adherence to the oropharyngeal epithelium.

Interestingly, Streptococcus pneumoniae, another
meningitis-associated bacterium, is also capable of recog-
nizing neolactotetraosylceramide, with a preference for the
GlcNAcB3Galpg saccharide (71).

The binding of H. influenzae and N. meningitidis to
neolactotetraosylceramide also suggests a potential for the
bacteria to interact with the N -acetyllactosamine chains of
glycoproteins and polyglycosylceramides. However, poly-
glycosylceramides from human erythrocytes, having branch-
ed N-acetyllactosamine chains (72), were not recognized
by the bacteria (data not shown). Furthermore, when
proteins from human oropharyngeal epithelial cells were
extracted (73), and the binding of **S-labeled H. influenzae
and N. meningitidis was examined on blotting membranes,
no specific binding of the bacteria was observed (data not
shown). Neither was any binding of the bacteria to refer-
ence glycoproteins (human lactoferrin, transferrin, oroso-
mucoid, glycophorin, secretory IgA, neolactotetra-BSA,
lactotetra-BSA, and GalNAcA3Galg-BSA) on blotting
membranes observed. However, the N-acetyllactosamine
chains of glycoprotein are often branched (60), and the
glycosphingolipid binding data shows that while the bacte-
ria are capable of interacting with linear N-acetyllactos-
amine chains, such ags NeuGea 3Galf4GlcNAcS3Gal54Gle-
NAcp3Galg4Glcf1Cer, branches, such as in Galf4Gle-
NAcB6(Galg4GlcNAcS3)Galg4GleS1Cer, are not tolerat-
ed.

Dihexaosylceramide, most likely lactosylceramide, with
both sphingosine and phytosphingosine, and non-hydroxy
and hydroxy fatty acids, was also present in oropharyngeal
cells, as demonstrated by mass spectrometry. Lactosylcer-
amide with sphingosine or phytosphingosine and hydroxy
fatty acids is recognized by both H. influenzae and N.
meningitidis, but no consistent binding of the bacteria to the
diglycosylceramide region of the non-acid fraction of
human oropharyngeal cells was observed. The dominant
molecular species of dihexaosylceramide had sphingosine
and non-hydroxy fatty acids, while the binding-active
molecular species were relatively minor, and thus presum-
ably below the detection level of the chromatogram binding
assay.

The binding-active glycosphingolipids found in the target
tissues of H. influenzae and N. meningitidis are summa-
rized in Table II.

All four H. influenzae strains studied were hemaggluti-
nating, which suggests that they are fimbriated (74). The
fimbriae of H. influenzae mediate hemagglutination
through interaction with the AnWj antigen on adult human
erythrocytes and also bind to an unidentified receptor on
human oropharyngeal epithelial cells (75). Non-fimbrial
adhesins of H. influenzae have also been partly character-
ized (16, 76).

The binding patterns of H. influenzae type b and non-
typable H. influenzae showed no differences. The same
binding patterns were also obtained for the N. meningitidis
strains with different serogroups, and these results streng-
then the indication that the capsules of H. influenzae and N.
meningitidis are of minor importance in the pathogenic
events involved in target cell adhesion proceeding systemic
disease. However, encapsulated bacteria are more resistant
to host defence of bactericidal and phagocytic nature (5).

Several of the binding-active carbohydrate sequences
defined in this study are also present in the lipooligosac-
charides in the outer membrane of the bacteria. The
Gal54GlcNAcS3Galp4Gle sequence of neolactotetraosyl-
ceramide is found in both N. meningitidis and H. influenzae
lipooligosaccharides (77, 78). In addition, oligosaccharides
with a terminal Galg4Glc sequence, such as lactosylcer-
amide, have been identified in a non-typable H. influenzae

train (79), whereas the major lipooligosaccharide of H.
influenzae serotype b has terminal Glc1-4Glc disaccharides
(80).

Thus, in addition to-the binding of bacterial adhesins to
target cell surface glycoconjugates, these carbohydrate
structures on the bacterial surface may be utilized for
attachment to host cells through interaction with Galg-
binding lectins on mammalian cells (81). Alternatively, the
presence of the same carbohydrate sequences on bacteria
and host cells might provide the bacteria with a means of
escaping the host immune response through host mimicry.
Further studies are obviously required to determine the
role(s) of carbohydrate binding in the pathogenic mecha-
nisms of these bacteria.

Binding activities similar to those observed for whole
bacterial cells were found using preparations of outer
membrane proteins of N. meningitidis and H. influenzae,
suggesting that these preparations may be utilized for the
isolation and characterization of the carbohydrate-binding
adhesins.
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