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Influence of phospholipid chain length on verotoxin/
globotriaosyl ceramide binding in model membranes:
comparison of a supported bilayer film and liposomes
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The importance of the surrounding lipid environment on the availability of glycolipid carbohydrate for ligand
binding was demonstrated by studying the influence of phosphatidylcholine fatty acid chain length on binding of
verotoxins (VT1 and VT2c) to their specific cell surface receptor, globotriaosylceramide (Gb;) in the presence of
auxiliary lipids both in a microtitre plate surface bilayer film and in a liposome membrane model system. In the
microtitre assay, both VT1 and VT2c binding to Gb; was increased as a function of decreasing PC acyl chain
length likely resulting in increased Gbs; exposure. In the liposome assay VT1 binding was similarly modulated,
however the effect on VT2c¢ binding was more complex and did not follow a simple function of increased
carbohydrate exposure. Earlier work established that C22:1 and C18:1Gb; fatty acid homologues were the preferred
Gb; receptor isoforms in the microtitre assay for VT1 and VT2c respectively. This selectivity was maintained in
C16PC containing liposomes, but in C14PC liposomes, binding to C22:1Gbs (but not C18:1Gbs) was elevated such
that this Gb; species now became the preferred receptor for both toxins. This change in verotoxin/Gb; homologue
binding selectivity in the presence of C14PC did not occur in the microtitre bilayer format. These results are
consistent with our proposal that these toxins recognize different epitopes on the Gbs oligosaccharide. We infer that
relative availability of these epitopes for toxin binding in an artificial bilayer is influenced not only by the
exposure due to the discrepancy between the fatty acyl chain lengths of Gb; and PC, but by the physical mode of
presentation of the bilayer structure. Such acyl chain length differences have a more marked effect in a supported
bilayer film whereas only the largest discrepancies affect Gb; receptor function in liposomes. The basis of
phospholipid modulation of glycolipid carbohydrate accessibility for receptor function is likely complex and will
involve phase separation, gel/liquid crystalline transition, packing and lateral mobility within the bilayer, suggesting
that such parameters should be considered in the assessment of glycolipid receptor function in cells.
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Introduction

Verotoxins (VT), also known as Shiga-like toxins [1],
comprise a family of toxins that are produced by certain
strains of enterochaemorrhagic E. coli [2, 3]. Verotoxins are
composed of an active (A) subunit and five binding (B)
subunits [4, 5]. The family comprises four members, VT1
(identical to Shiga toxin), VT2, VT2¢ found in human E.
coli isolates, and the toxin responsible for pig oedema
disease, VT2e. The human toxins are the cause of two
significant diseases, haemorrhagic colitis [6,7] and
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haemolytic uraemic syndrome [8] which is the major
cause of acute pediatric renal failure. Both these diseases
are characterized by microvascular endothelial cell
damage and verotoxins are cytotoxic for certain endothe-
lial cells in vitro [9, 10].

Globotriaosyl  ceramide (galactoseal-4galactosef31-
4glucosyl ceramide: Gb;) is the functional receptor for
verotoxins (11-13). The glycolipid binding specificity is
a primary determinant of the sites of pathology in animal
studies [14, 15]. VT binding is dependent on the terminal
galactoseal-4galactose disaccharide [11,12] but is also
strongly influenced by the nature of the lipid moiety
[16-18].
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Internalization of cell-bound toxin occurs by receptor-
mediated endocytosis [19], and is targeted intracellularly
to the rough endoplasmic reticulum by a process termed
retrogade transport [20-22]. The A subunit of VT1 is
proteolytically nicked and reduced to the Al fragment,
the RNA glycanase activity of which suppresses protein
synthesis through the inhibition of elongation factor 1
dependent aminoacyl-tRNA binding to the 60S ribosome
[23]. However, cytotoxic potential of the holotoxin is also
defined by B subunit Gb; binding [5].

While the presence of Gb; is necessary to confer
susceptibility to VT cytotoxicity, the cellular concentra-
tion of Gby is not necessarily proportional to that
sensitivity [24, 25]. Thus factors in addition to receptor
concentration determine sensitivity to VT.

It has been demonstrated that ‘exposure’ of glyco-
sphingolipid carbohydrate is influenced by their lipid
composition and membrane environment [26-31]. Such
effects have been ascribed to the ability of the lipid
matrix to modulate glycolipid head group exposure
according to the relative phospholipid hydrocarbon chain
length. The ability of glycolipids to phase separate into
domains with a phospholipid bilayer can also affect
carbohydrate availability to soluble ligands [32].

Previous studies have established that fatty acid
heterogeneity [16], chain length and unsaturation [17]
markedly affect verotoxin binding to Gb; in a model
phospholipid bilayer surface. Two members of the
verotoxin family, VI1 and VT2c¢ which show a signifi-
cant difference in specific cytotoxicity [5], were found to
bind preferentially to different Gb; fatty acid isoforms
under these conditions [17].

Conformational modelling studies of globoseries glyco-
sphingolipids [33,34] suggest that the orientation and
steric presentation of the saccharide chain at the
membrane surface for recognition by antibodies or
bacterial adhesins'is determined, in part, by the combined
influence of the linkage between the saccharide head
group and the ceramide moiety and the relative plane of
the membrane/solvent interface. In a study of synthetic
glycolipids, we found that species which were not
recognized by VT in tlc overlay could serve as effective
receptors when presented in a lipid matrix [18]. Thus the
lipid moiety of a glycolipid and the membrane environ-
ment can have a major effect on glycolipid carbohydrate
receptor function.

The interaction of the E. coli elaborated verotoxin with
Gb; provides a highly manipulable model to study the
molecular basis of specific GSLs recognition. In order to
approach the question whether our present solid phase
assays accurately reflect the regulation of glycolipid
receptor function in cells, we have compared verotoxin/
Gb; binding in phospholipid/cholesterol bilayers in
liposomes and as a surface film in microtitre wells.
The influence of phospholipid hydrocarbon chain length
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on the presentation of Gb; in these bilayer formats for
VT1 and VTZc binding was compared.

Materials and methods

Lipids

Egg phosphatidylcholine (egg PC), dimyristoylphosphati-
dylcholine (diC14 PC), dipalmitoylphosphatidylcholine
(diC16 PC), distearoylphosphatidylcholine (diC18 PC), di-

behecicphosphatidylcholine (diC22 PC), fatty acids and
cholesterol were purchased from Sigma.

Extraction of human renal Gb;
Gb; was purified as previously using human kidney
obtained at autopsy [16].

Semisynthetic Gbz homologues

Semisynthetic Gb; homologues containing C22:1 or C18:1
fatty acids were synthesized from lyso-Gb; [35] as
previously described [17].

Toxin preparation
VTI1 was purified from the over-producing recombinant £.
coli strain pJLB28 [36] by the method involving polymxin
B extraction, ultrafiltration, hydroxyapatite chromatogra-
phy, chromatofocusing, and Cibacron Blue chromatogra-
phy [5].

VT2c¢ was purified by virtually the same method from
an E. coli clinical isolate, strain E 32511, which was
determined to produce VT2c¢ only [37].

VT1 and VT2c¢ iodination

Purified toxins (50-100 pg) were iodinated using lodo-
beads (Pierce). Two iodobeads were incubated with
0.5 mCi Na 2T (Amersham) and 100 ! of 0.1 M sodium
phosphate, pH 7.2, for 10 min.

Labelled VTs were separated from unreacted iodine
using a G-25 column equilibrated with PBS.

VT glycolipid TLC overlay

VT binding was performed as described by Yiu and
Lingwood [38].

Microfitre verotoxin binding assay

Based on the method used previously [16, 17] 100 ul of
Gb; (0.1 ug) in a methanolic solution containing egg PC
{or C14 PC, Cl16 PC, C18 PC, or C22 PC) and cholesterol
(1:5:2.5 by weight) was added in friplicate fo 96 well
flexible microtitre plates and the solution was allowed to
evaporate overnight. The plates were blocked with 2%
BSA in 50 mM TBS (pH 7.4) for 1 h at room temperature.
The wells were washed once with 0.1% BSA in TBS.



Verotoxin/globotriaosyl ceramide binding in model membranes 161

Dilutions containing 50-300 ng of '*I-VT1 or '®I-VT2c
diluted in 0.1% BSA in TBS were added to the Gb;-
coated wells and incubated for 2 h at room temperature.
After five washes with 0.1% BSA in TBS, the wells were
cut out and counted in a Beckman 5500 gamma-counter.
Control wells containing no Gb; were prepared and
counted as above. Binding for controls was < 5% of total
binding in the presence of Gby and was subtracted. Assays
were performed in triplicate.

Preparation of Gb; containing liposomes

Multilamellar vesicles containing PC/Chol/GSLs (egg PC,
C14 PC, C16 PC, C18 PC, or C22 PC) were used in order
to avoid the high surface curvature of small unilamellar
liposomes and the possible exclusion of the Gb; during
preparation of large unilamellar liposomes by extrusion or
solvent injection procedures [39]. A chloroform:methanol
(2:1 v/v) solution of the lipid mixtures in weight ratio of
1:5:2.5 of Gby:PC:Chol (as used in the microtitre plate
binding assay) were added to a screwcapped glass tube,
and after evaporation of the solvent under stream of
nitrogen, was further dried under vacuum for 1 h. Then the
lipids were dispersed in 50 mM Tris buffered saline (TBS)
pH 7.4 at a concentration of 10 ngpl™! Gb; by vortexing.
The suspension was dispersed by alternate vigourous
vortexing and heating for 30s at a temperature of 90-
95 °C (5-10 °C above the lipid transition temperature) for
a period of 10 min. Background binding to control
liposomes lacking Gb,, routinely > 6%, was subtracted.
Measurements were made in triplicate.

Electron microscopy

Gb; containing phospholipid liposomes were prepared as
above, fixed with glutaraldehyde and osmium tetroxide,
dehydrated, embedded and ultrathin sections visualized by
negative staining with uranyl acetate [40].

VTI-binding assay-Gb; liposomes

One hundred ul of freshly prepared liposomes containing
1 pg Gb; were added in triplicate to 2 ml centrifuge tubes.
The liposomes were blocked by incubation with 2% BSA
in S0 mM TBS for 1h at room temperature and washed
once with TBS containing 0.2% BSA by centrifugation at
16000 X g for 30 mins. Different concentrations of %]
VT1 or VT2¢c were added to each series in order to reach
saturation and were incubated for 1 h at room temperature.
The vesicles were washed four times with 0.2% BSA in
TBS. Bound VT in the liposome pellet was counted using
a gamma counter.

All toxin binding experiments were repeated three
times. One representative experiment with the means of
triplicate determinations is shown in each case.

Results

BINDING OF HUMAN RENAL Gb; BY VTI
AND VT2¢ IN DIFFERENT PC CONTAINING
LIPID BILAYERS

Two binding assay systems were used to determine the
effect of different fatty acid chain lengths of PC (C14, 16,
18, 22, or egg PC) on VT1 and VT2¢ recognition of Gbs
in a phospholipid bilayer.

a) Microtitre binding assay

The binding of both VT1 and VT2c to a fixed
concentration of Gb; immobilized in a PC bilayer film
on the microtitre plate surface was reduced as a function
of increasing PC chain length (the binding order was
C14 > Cl6 > Ci18 = C22). Binding was increased for
C14PC 3 fold as compared with C22/CI8 PC (Fig. 1A,
B).

b) Liposome binding assay

A representative example of the multilamellar liposomes
as determined by electron microscopy is shown in Fig. 2.
The surface area of the liposomes did wnot vary
significantly between the different preparations.

For each toxin, overall binding was increased two-to-
three-fold as compared to the microtitre assay. Increasing
PC chain length had a different effect on the binding of
either toxin to liposomes containing Gb; (Fig. 1C, D)
compared with the microtitre plate format. For VT1 (and
VT2 not shown) binding was increased for Cl14 PC
containing liposomes, but increasing the PC chain length
beyond C16 had no additional effect (Fig. 1C).

The binding of renal Gb; by VT2¢ in this model
membrane system showed a distinct modulatory effect as
compared to VT1 (and VT2, not shown) and did not
follow a predictable trend. C18 PC containing vesicles
showed the maximum binding to VT2¢ (Fig. 1D), slightly
higher than C14 PC liposomes. Liposomes containing
C22, Cl6 or egg PC showed lower binding
(CI8PC>Cl4>>C22>Clo=egg PC) and were
saturated at a lower V12c¢ concentration as compared to
C18 and C14 vesicles.

BINDING OF SEMISYNTHETIC Gb; BY VTI
AND VT2¢ IN DIFFERENT PC CONTAINING
LIPID BILAYERS

a) Microtitre binding assay

Semisynthetic Gb; homologues containing C22:1 or C18:1
fatty acid (which are the preferred receptors in the bilayer
film microtitre assay for VT1 and VT2¢ respectively [17])
were prepared from lyso-Gb; as described in the Methods.
The preferential binding of VT1 and VT2c¢ was confirmed
in the microtitre format. Binding of both toxins to the Gbs
isoforms was increased in the presence of C14 PC relative
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Figure 1. Comparison of the effect of PC chain length on verotoxin binding to Gbs in the microtitre bilayer film (A, B) and liposomes (C,
D). PC species: (—O—): C14, (—1—): 16, (——@—): 18, (—A—): 22, (---M---): egg PC, A, C: VT1, B, D: VT2¢. Standard errors of

triplicate determinations are shown.

to C16 PC but in each case maximum binding of VT1 and
VT2¢ was to Gb; containing C22:1 and C18:1 fatty acids
respectively (Fig. 3A, B).

b) Liposomes

The binding selectivity of VT1 and VT2c for the Gb,
C22:1 and C18:1 fatty acid homologues was then
compared in the multilamellar liposomes. The highest
VT1 binding was observed for the C22:1 containing Gb;
in both a C14 PC environment and in C16 PC liposomes,
as observed in the microtitre format above. Liposomal
binding for these homologues showed a different effect for
VT2e. For VT2¢, the C18:1 Gb; homologue was the best
receptor as compared to C22:1 Gb; when in Cl6 PC-
containing liposomes but the C22:1 homologue was the
preferred VT2c receptor in C14 PC-containing liposomes.
In this case the lipid environment not only influenced the
binding of VT2¢ to Gbs, but the fatty acid homologue

specificity was also altered. Essentially for both VT1 and
VT2¢, only binding to the C22:1Gb; homologue is
sensitive to changes in PC chain length in liposomes
(Fig. 3C, D).

VT BINDING STOICHIOMETRY TO
NATURAL Gb; IN LIPOSOMES

The maximum binding was observed by VT1 (Fig. 1C)
with natural Gb; in vesicles containing C14 PC. The
capacity of liposomes containing 1 nmol of Gb; to be
bound by VT is approximately 4 pmol (or 1000:4, Gb;:VT
mol/mol). VT1 is pentavalent and if all the valencies are
bound, this result would suggest that 1:50 Gb; are bound
by the toxin. In addition, if the maximum exposure of Gb;
in the outer monolayer of the multilamellar vesicles is
about 10% [30], this means 1:5 Gb; are bound by the
toxin in liposomes containing C14 PC.
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A

Figure 2. Electron microscopy of multilamellar liposomes. (A) renal Gb; in CI18 PC, (228000X). (B) renal Gb; in C14 PC (236 000X).
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Figure 3. Comparison of the effect of PC chain length on VT/Gb; fatty acid homologue binding preference in the microtitre bilayer film
(A, B) or liposomes (C, D). Ci8:1 Gb; and C14 PC (—O—3, C18:1 Gb; and C16 PC (—@—); C22:1 Gb; and CI4PC (----[1---),
C22:1 Gby and C16PC (----W----). A, C:VTI, B, D: VT2¢c. Standard errors of triplicate determinations are shown.

Discussion

The wuse of phospholipid/cholesterol mixtures as a
manipulable model of plasma membrane function is
common. While the composition of the Gb,/phospholipid
matrices used does not reflect that of biological mem-
branes, the present studies follow on from our demonstra-
tion of the importance of the lipid environment on toxin
binding [18] and represent a first step to extrapolate in
vitro solid phase binding to the regulation of glycolipid
function in the plasma membrane of susceptible cells.
Verotoxin glycolipid binding specificity was established
by tle overlay [11,41,42], but although such results in
general correlate with cell cytotoxicity there are several
exceptions [25,38,43] and toxin binding in the solid
phase has been shown to vary widely according to the
manner of glycolipid immobilization [17,18]. Thus the
interaction of verotoxin with cell surface Gb; is likely a
complex procedure belied by its ease of assay in vitro.
These studies show that for VT1, binding to Gb; in the

presence of phosphatidyl choline and cholesterol is
modulated by the PC hydrocarbon chain length. This
result is in agreement with several previous studies
[29,30] which demonstrate that glycolipid exposure for
ligand binding in such a lipid environment is promoted
by reduction of the PC chain length. The differential
effect of PC chain length on the binding of VT2c (as
opposed to VT1) to Gb; containing liposomes supports
our previous hypothesis that these two toxins bind to
differing carbohydrate epitopes on the Gb; molecule
[17,44]. Binding of VT2c is not solely a function of
carbohydrate exposure, increased as a reciprocal of PC
chain length. These results- are also consistent with our
recent thermodynamic calculation of two potential
independent Gb; binding sites per B subunit monomer
[45]. Such sites may be differentially utilized by VT1 and
VT2c.

The finding that VT2¢ binding to Gbs; is modulated by
PC chain length in a manner identical to VT1 in the
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microtitre format, provides evidence that the presentation
of glycolipid carbohydrate in these two bilayer formats
are not equivalent.

The fact that for both VT1 and VT2¢c, only binding to
C22:1, as opposed to CI18:1 Gbs;, was increased by
reduction in PC fatty acyl chain length (Fig. 3C, D) in
liposomes, resulted in a change in Gb; homologue
binding selectivity for VT2¢ in Cl14 PC liposomes. This
indicates that the membrane environment can exert a
differential effect on glycolipid carbohydrate ‘exposure’
according to the discrepancy in phospholipid/glycolipid
hydrocarbon chain length. Moreover the finding that this
differential effect was not observed in the microtitre
assay may indicate that the bilayer width may have some
‘pliancy’ in liposomes, denied in a surface bilayer film.
Thus in liposomes, only the largest chain length
discrepancy (e.g. C22:1Gb; with Cl4 PC) resulted in
increased binding. The smaller discrepancies may be
accommodated in liposomes by distortion of the bilayer
hydrocarbon chain interface. This might also explain the
effect of PC chain length on VT binding to renal Gb;.
For VTI, only the shortest PC had an enhancing effect
on binding in liposomes whereas there was a linear
inhibitory effect of increasing chain length on VT
binding renal Gb; in the microtitre assay (Fig. 1A, 1B).
Alternatively interdigitation may provide the mechanism
of accommodation [46-49].

We have suggested that the differential binding of VT1
and VT2c to different Gb; fatty acid homologues is due
to a different galabiose conformational requirement for
the binding of these two toxins [17]. Using thermo-
dynamic calculations, we -identified two possible Gb;
binding sites per VT B monomer, which accommodated
different Gby conformers {45]. Many studies have estab-
lished a contribution of the conformation of carbohydrate
hydroxyls in determining the intermolecular organization
of bilayer glycosphingolipids [50], and it is therefore not
unlikely that the reverse might also be true.

Although the bilayer structure of the liposomes can be
clearly established by standard electron microscopy (Fig.
2), technical limitations prevent similar analysis of the
microtitre supported phospholipid film at present.
Phospholipid films however, when hydrated may adopt
a bilayer format [46,51] and atomic force electron
microscopy [52] would seem ideally suited to confirm
this in future studies. The phospholipid film format has
often been adopted to quantitate glycolipid receptor
binding specificity [53-58]. We have shown that
glycolipid receptor function can vary markedly according
to the manner of immobilization, particularly when
comparing tlc overlay binding with that in a microtitre
format with accessory lipids [17, 18].

The biophysical basis for the difference in receptor
activity of Gb; in phospholipid matrices of PCs of
different chain length under the conditions we have

described is likely to be complex, requiring consideration
of differences in phase separation and possible formation
of lipid microdomains, gel/liquid crystalline transition
temperatures and molecular area in addition to that of the
relative  glycolipid/phospholipid acyl chain length.
Although such studies are beyond the scope of this
report, our present results serve as an initial alert to the
potential effect of the solid phase to modify glycolipid
receptor function in a phospholipid bilayer. This work
also further demonstrates a difference in VI1 and VT2¢
binding to Gbs.

Studies with artificial membranes often assume
equivalence of phospholipid bilayers immobilized on a
surface and in vesicles [59, 60] and little data counter to
this assumption is available. However in a few reports,
supported bilayer films have been shown to represent a
closer functional in vitro equivalent of natural plasma
membranes than liposomal bilayers [61-63].

Our studies provide further evidence that a liposomal
bilayer does not necessarily mimic a bilayer on a surface.
Our results imply that the lipid composition and local
membrane environment in combination, may have a
stereoselective effect on glycolipid carbohydrate receptor
function. Presentation of glycolipid carbohydrate in a
surface bilayer film is not necessarily equivalent to that
in a liposome. These studies serve to further illustrate the
limitations of a simple mechanism of glycolipid receptor
function in a biological membrane [50].

Acknowledgements

This work was supported by MRC programme grant no.
PG11123. S.A. was supported by a graduate scholarship
from the Ministry of Health, Iran. The authors thank Drs J.
Boggs, HSC and C. Grant University of Western Ontario,
for comments on the manuscript.

References

1. O’Brien AD, Holmes RK (1987) Microbiol Rev 51: 206-20.

2. Konowalchuk J, Dickie N, Stavric S, Speirs JI (1978) Infect
Immunol 20: 575-77.

3. Karmali MA (1989) Clin Microbiol Rev 2: 15-38.

4. Ramotar K, Boyd B, Tymrell G, Gariepy J, Lingwood CA,
Brunton J (1990) Biochem J 272: 805-11.

5. Head S, Karmali M, Lingwood CA (1991} J Biol Chem 266:
3617-21.

6. Riley LW, Remis RS, Helgerson SD, McGee HB, Wells IG,
Davis BR, Hebert RJ, Olcott ES, Johnson LM, Hargrett NT,
Blake PA, Cohen MC (1983) N Engl J Med 308: 681-85.

7. Dickie N, Speirs JI, Akhtar M, Johnson WM, Szabo RA
(1989) J Clin Microbiol 27. 1973-78.

8. Karmali MA, Petric M, Lim C, Fleming PC, Arbus GS, Lior
H (1985) J Infect Dis 151: 775-82.

9. Obrig TG, Vecchio PIJD, Brown JE, Moran TP, Rowland BM,
Judge TK, Rothman SW (1988) Infect Immun 56: 2373-78.



166

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.
23.
24.
25.
26.
27.
28.
29,
30.
31
32.
33.
34.
35.
36.

37.

Obrig T, Louise C, Lingwood C, Boyd B, Barley-Maloney L,
Daniel T (1993) J Biol Chem 268: 15484-88.

Lingwood CA, Law H, Richardson S, Petric M, Brunton JL,
DeGrandis S, Karmali M (1987) J Biol Chem 262: 8834-39.
Waddell T, Head S, Petric M, Cohen A, Lingwood CA (1988)
Biochem Biophys Res Commun 152: 674-79.

Waddell T, Cohen A, Lingwood CA (1990) Proc Natl Acad
Sci USA 87: 7898-901.

Boyd B, Tyrrell G, Maloney M, Gyles C, Brunton J, Lingwood
C (1993) J Exp Med 177: 1745-53.

Zoja J, Corna D, Farina C, Sacchi G, Lingwood C, Doyles M,
Padhye V, Abbate M, Remuzzi G (1992) J Lab Clin Med 120:
229-38.

Pellizzari A, Pang H, Lingwood CA (1992) Biochem 31:
1363-70.

Kiarash A, Boyd B, Lingwood CA (1994) J Biol Chem 269:
11138-46.

Boyd B, Zhiuyan Z, Magnusson G, Lingwood CA (1994) Eur
J Biochem 223: 873-78.

Sandvig K, Prydz K, Ryd M, van Deurs B (1991) J Cell Biol
113: 553-62.

Khine AA, Lingwood CA (1994} J Cell Physiol 161: 319-32.
Sandvig K, Garred O, Prydz K, Kozlov J, Hansen S, van Deurs
B (1992) Nature 358: 510-12.

Sandvig K, Ryd M, Garred O, Schweda E, Holm PK (1994) J
Cell Biol 126: 53-64.

Igarashi K, Ogasawara T, Ito K, Yutsudo T, Takeda Y (1987)
FEMS Microbiol Letts 44: 91-94,

Mangeney M, Lingwood CA, Caillou B, Taga S, Tursz T,
Wiels J (1993) Cancer Res 53: 5314-19.

Cohen A, Madrid-Marina V, Estrov Z, Freedman M, Lingwood
CA, Dosch H-M (1990) Int Immunol 2: 1-8.

Alving CR, Urban KA, Ricbards RL. (1980) Biochem Biophys
Acta 600: 117-25.

Kannagi R, Nudelman E, Hakomori S (1982) Proc Natl Acad
Sci USA 79: 3470-74.

Kannagi R, Stroup R, Cochran NA, Urdal DL, Young Jr WW,
Hakomori S-1 (1983) Cancer Res 43: 4997-5005.

Crook SJ, Boggs JM, Vistnes Al, Koshy KM (1986) Biochem
25: 7488-94.

Stewart RJ, Boggs J (1990) Biochemistry 29: 3644-53.
Stewart RJ, Boggs JM (1993) Biochemistry 32; 5605-14.
Myers M, Wortman C, Freire E (1984) Biochemistry 23: 1442~
48.

Nyholm P-G, Pascher 1 (1993) Biochemistry 32: 1225-34.
Nyholm P-G, Pascher [ (1993) Int J Biol Macromol 15: 43-51.
Basta M, Karmali M, Lingwood C (1989) J Clin Microbiol
127: 1617-22.

Huang A, DeGrandis S, Friesen J, Karmali MA, Petric M,
Congi R, Bronton JL (1986) J Bacteriol 166: 375-79.

Hii JH, Gyles C, Morooka T, Karmali MA, Clatke R,
DeGrandis S, Brunton JL (1991) J Clin Microbiol 29:

38.
39.

40,

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51

52.

53.

54.

55.

56.

57.

38.

59.

60.

6l.

62.

63.

Arab and Lingwood

2704-9.

Yiu SCK, Lingwood CA (1992) Anal Biochem 202: 188-92.
Hope MIJ, Bally MB, Webb G, Cullis PR (1985) Biochim
Biophys Acta 812: 55-65.

Maggio B, Albert J, Yu R (1988) Biochim Biophys Acta 945:
145-60.

Jacewicz M, Clausen H, Nudelman E, Donohue-Rolfe A,
Keusch GT (1986) J Exp Med 163: 1391404,

Lindberg AA, Brown JE, Stromberg N, Westling-Ryd M,
Schultz JE, Karlsson K-A (1987) J Biol Chem 262: 1779-85.
Head S, Ramotar K, Lingwood CA (1990) Infect Immun 58:
1532-37.

Kiarash A, Boyd B, Lingwood CA (1994) In Recent Advances
in Verocytotoxin-Producing Eshcerichia Coli Infections, (Kar-
mali MA, Goglio AG; eds) pp. 175-187, Amsterdam, Elsevier.
Nyholm P-G, Brunton JL, Lingwood CA (1995) Inr J Biol
Macromol 17: 199-205.

Grant CWM, Mehlhorn IE, Florio E, Barber KR (1987)
Biochim Biophys Acta 902: 169-77.

Boggs J, Koshy K, Rangaraj G (1988) Biochim Biophys Acta
938: 373-85.

Boggs JM, Koshy KM (1994) Biochem Biophys Acta 1189:
233-41.

Morrow MR, Singh D, Lu D, Grant CWM (1993) Biophys J
64: 654-64.

Maggio B (1994) Prog Biophys Molec Biol 62: 55-117.
Singh D, Jarrell HC, Barber KR, Grant CWM (1992) Biochem
31: 3662-69.

Yang J, Tamm L, Tillack T, Shao Z (1993) J Mol Biol 229:
286-90.

Prasadarao NV, Wass CA, Hacker J, Jann K, Kim KS (1993) J
Biol Chem 268: 10356-63.

Pancake SJ, Holt GD, Mellouk S, Hoffman SL (1992) J Cell
Biol al117: 1351-57.

Krivan HC, Ginsburg V, Roberts DD (1988) Arch Biochem
Biophys 260: 493-96.

Jimenez-Lucho V, Ginsburg V, Krivan H (1990} Infect Immun
58: 2085-90.

Kyogashima M, Ginsburg V, Krivan HC (1989) Arch Biochem
Biophys 270: 391-97.

Karlsson K-A, Stromberg N (1987) Methods Enzymol 138:
220-32.

Jarrell HC, Jovall PA, Giziewicz JB, Turner LA, Smith CP
(1987) Biochemistry 26: 1805.

Renou J, Giziewicz J, Smith I, Jarrell H (1989) Biochemistry
28: 1804-14.

Quill H, Carison L, Fox B, Weistein J, Schwartz R (1987) J
Imunol Meth 98: 29-41.

Watts T, Brian A, Kappler J, Marrack P, McConnell H (1984)
Proc Natl Acad Sci USA 81: 756468,

McConnell H, Watts T, Weis R, Brian A (1985) Biochim
Biophys Acta 864: 95-106.





