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Glycosphingolipid recognition by two isolectins from Solatium, tuberosum was com-
pared by the chromatogram binding assay. One lectin (PL-I) was isolated from potato
tubers by affinity chromatography, and identified by MALDI-TOF mass spectrometry as
a homodimer with a subunit molecular mass of 63,000. The other (PL-II) was a commer-
cial lectin, characterized as two homodimeric isolectins with subunit molecular masses
of 52,000 and 55,000, respectively. Both lectins recognized JV-acetyllactosamine-contain-
ing glycosphingolipids, but the fine details of their carbohydrate binding specificities
differed. PL-II preferentially bound to glycosphingolipids with iV-acetyllactosamine
branches, as Gaip4GlcNAcp6(Galp4GlcNAcP3)Gaip4GlcpiCer. PL-I also recognized this
glycosphingolipid, but bound equally well to the linear glycosphingolipid Gaip4GlcNAc-
p3Galp4GlcNAcp3Gaip4GlcpiCer. Neolactotetraosylceramide and the B5 pentaglycosyl-
ceramide were also bound by PL-I, while other glycosphingolipids with only one AT-ace-
tyllactosamine unit were non-binding. Surprisingly, both lectins also bound to lactosyl-
ceramide, with an absolute requirement for sphingosine and non-hydroxy fatty acids.
The inhibition of binding to both lactosylceramide and AT-acetyllactosamine-containing
glycosphingolipids by iV-acetylchitotetraose suggests that lactosylceramide is also acco-
modated within the A^-acetylchitotetraose/AT-acetyllactosamine-binding sites of the lec-
tins. Through docking of glycosphingolipids onto a three-dimensional model of the PL-I
hevein binding domain, a Gaip4GlcNAcp3Galp4 binding epitope was defined. Further-
more, direct involvement of the ceramide in the binding of lactosylceramide was sug-
gested.

Key words: 2V-acetyllactosamine-binding, glycosphingolipid recognition, lactosylceram-
ide, molecular modeling, Solatium tuberosum lectins.

Lectins are carbohydrate-binding (glyco)proteins of non- ing domains (1). Lectins have been found in plants, viruses,
immune origin that have one or several carbohydrate bind- bacteria, insects, fungi, and animal cells (2). Although their

biological function is still undefined (3), lectins are fre-
1 This work was supported by grants from the Swedish Medical Re- quently used for the detection, isolation and characteriza-
search Council (Nos. 12628, 3967, 10435), the Swedish Cancer tion of glycoconjugates in biomedical research (4, 5).
Foundation and the Wallenberg Foundation. JC was supported by p o t a t o l e c t i n • e t h e l e c t i n s from t u b e r s o f Solatium
The Swedish Institute and by the European Economic Community . , , , . .,, , . , ,. , • .,
(CHRX-CT93-0168) supplementary agreement CIPD-Ct94-0048. tuberosum, are glycoproteins with two identical subunits.
2 To whom correspondence should be addressed. Phone: +46-31-773- E a c h subunit of the lectin contains three regions (6). The
34-92, Fax: +46-31-413-190, E-mail: Susann.Teneberg@medkem.gu. N-terminal domain has several proline residues, and is not
se glycosylated. The next domain has a high content of hy-
Abbreviations: Ac-AMP2, antimicrobial peptide 2 from Amaranthus droxyproline, all of which is substituted with L-arabinose,
caudatus; MALDI-TOF mass spectrometry, matrix-assisted laser and ^ h a s s o m e s e r i n e r e s idues substituted with galac-
d f f f o^ion!zat!on ti"Le

u°
f'flight ,maf ! ^ £ ^ : ™ * Sh°S' tose. The third domain is not glycosylated. This domain hasphate-buffered saline; PTH, phenylhydantoin; SDS-PAGE, sodium . . . , , . , . ,̂ , , , .

dodecyl sulphate-polyacrylamide gel electrophoresis;TFA, trifluoro- a m g h c ° n ten t of cysteine and carries the carbohydrate
acetic acid; UDA, Urtica dioica lectin, WGA, wheat germ agglutinin. binding Site.
The glycosphingolipid nomenclature follows the recommendations By gel nitration, the molecular mass of each subunit of
of the IUPAC-IUB Commission on Biochemical Nomenclature [CBN the potato lectin was previously estimated to be approxi-
for Lipids: Eur. J. Biochem. (1977) 79, 11-21; J. Biol. Chem. (1982) mately 46 000 (7) One recent investigation by MALDI-
257, 3347-3351; and J BM Chem (1987) 262, 13-18], It is as- T Q F m a g s 8 p e c t r o m e t r y demonstrated a subunit molecular
sumed that Gal, Glc, GlcNAc, GalNAc, NeuAc, and NeuGc are in r „_ \.nn /«. TT ,, , , . u

the D-configuration, Fuc in tte L-configuration/and all sugars pre- ^ S ° f 6 5 ^ ° ° ^ H o W e V e r ' a n o t h e r reCfnt ^ ^ y 8 1 8 / *
sent in the pyranose form MALDI-TOF mass spectrometry gave a subunit molecular

mass of 55,010(5).
© 2000 by The Japanese Biochemical Society. The carbohydrate binding domain of potato lectin has
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several features in common with other chitin-binding pro-
teins for which the three-dimensional structures are
known. These include e.g. wheat germ agglutinin isolectin 2
from Triticum vulgare (9), the antimicrobial peptide 2 (Ac-
AMP2) from Amaranthus caudatus (10) and hevein from
the latex of Hevea brasiliensis (11). The presence of a cys-
teine-rich binding domain in the potato lectin, as well as
the involvement of aromatic residues in chitin binding (12,
13), is highly suggestive of a binding domain fold similar to
that of the three proteins mentioned above. Sequence align-
ment of peptides obtained by chymotryptic digestion con-
firmed, furthermore, that the potato lectin contains a
hevein binding domain for chitin (14).

By hemagglutination inhibition experiments, the carbo-
hydrate binding specificity of potato lectin has been denned
as GlcNAc(p4GlcNAc)2p4GlcNAc > GlcNAcp4GlcNAc(34-
GlcNAc > GlcNAc|34GlcNAc > GlcNAc (4). An extended
carbohydrate binding site was suggested since the inhibi-
tory power of chitin oligosaccharides increases with in-
creasing chain length up to the tetraose. Af-Acetyllacto-
samine is a relatively weak inhibitor of hemagglutination
induced by the potato lectin. Still, this lectin is sometimes
used in immunohistochemical studies for the detection of
Af-acetyllactosamine-containing glycoconjugates (15, 16).
However, some reports have indicated that there are spe-
cific structural features required for the interaction of
potato lectin with iV-acetyllactosamine (17,18).

In the present study the detailed structural require-
ments for binding of potato lectins were determined by
binding radiolabeled lectins to a large number of glycosph-
ingolipids in a chromatogram binding assay. Two potato
lectin preparations were used. One was a lectin isolated
from potato tubers by affinity chromatography (designated
PL-I), and the other was a commercial potato lectin (desig-
nated PL-II). SDS-PAGE and MALDI-TOF mass spectrom-
etry demonstrated that the former lectin was a homodimer
with a subunit molecular mass of 63,000, while the com-
mercial lectin preparation contained two homodimeric iso-
lectins with subunit molecular masses of 52,000 and
55,000, respectively. The binding preferences of PL-I and
PL-II for A^-acetyllactosamine-containing glycosphingolip-
ids was determined. The docking of glycosphingolipids onto
a three-dimensional model of the PL-I binding site, based
on the known partial amino acid sequence of PL-I and the
NMR structure of the homologous chitin-binding protein
hevein, revealed that a Galp4GlcNAc(53Gaip4 epitope is
responsible for the binding. The unexpected binding of lac-
tosylceramide with sphingosine and non-hydroxy fatty
acids is also rationalized by the PL-I model showing the
direct involvement of the ceramide in the binding.

MATERIALS AND METHODS

Solarium tuberosum Lectins—Two preparations of potato
lectin were used. In the first, the lectin was isolated from
potato tubers by affinity chromatography (19). In brief,
potato tubers (2 kg, cultivar Desiree, purchased from the
Institute of Potato Culture, Brasov, Romania) were ex-
tracted at 4°C in 3 M acetic acid for 24 h. The extract was
filtered through cheese cloth and centrifuged at 10,000 Xg
for 30 min. Solid ammonium sulfate was added to the
supernatant to 60% saturation, and the resultant precipi-
tate was dissolved in 0.1 M acetate buffer, pH 3.8, contain-

ing 5 mM thiourea, 0.9% NaCl (w/v), and 0.02% sodium
azide (w/v) (buffer I), followed by dialysis against the same
buffer. The solution was then centrifuged at 10,000 Xg for
30 min to remove insoluble materials, and the supernatant
was applied to a column of chitin, which had been equili-
brated with buffer I. The column was washed with buffer I
until the absorbance at 280 nm reached approximately
0.01, and then eluted with 0.2 M acetic acid. The hemag-
glutinating activity of the fraction obtained was confirmed
using a 4% (v/v) rabbit erythrocyte suspension. The pH of
the solution was adjusted to 7.0, and the solution was con-
centrated on Centriprep 10, dialyzed against phosphate-
buffered saline, pH 7.3 (PBS), and applied to a fetuin-
Sepharose column [prepared as described by Young and
Leon (20)], which had been equilibrated with PBS. After
washing the column with PBS, elution was performed with
0.2 M acetic acid. The hemagglutinating activity of the frac-
tions was determined, and hemagglutinating fractions
were pooled, dialyzed against PBS, and concentrated on
Centriprep 10, giving 3 mg of lectin. The purity of the lectin
was checked by SDS-PAGE (21) in 12.5% acrylamide gels.
This preparation of potato lectin was designated PL-I.

The second preparation of potato lectin (designated PL-
II) was purchased from Vector (Vector Laboratories, Burlin-
game, CA).

Molecular Mass Determinations—Molecular masses were
estimated from SDS-PAGE using the Pharmacia PhastSys-
tem™ (Amersham Pharmacia Biotech) according to the
protocols of the manufacturer. Briefly, samples were dis-
solved in 20 mM Tris-HCl (pH 8.0) buffer containing 2.5%
SDS, 5% 2-mercaptoethanol, and 1 mM EDTA. Before elec-
trophoresis, the samples were heated to 95°C for 5 min and
centrifuged at 10,000 Xg for 2 min. A homogeneous gel of
7.5% was used and 0.5-1 (xg protein was applied to each
lane. After electrophoresis, the gel was stained with Gel-
Code® Blue Stain Reagent (Pierce, Rockford, ID according
to the manual.

Molecular masses were further investigated by MALDI-
TOF mass spectrometry. The measurements were perform-
ed on a TofSpec-E time-of-flight mass spectrometer (Micro-
mass, Manchester, UK) equipped with a pulsed nitrogen
laser (337 nm; 3ns), and with a delayed extraction unit.
Aqueous solutions of lectins (16 nmol/ml) were diluted 1:1
in aqueous 50% acetonitrile containing sinapinic acid (11
mg/ml). One microliter of the mixture was deposited on the
target and left to air dry. The MALDI was run in linear
mode with an acceleration voltage of 25 kV and the lag
pulse set to 3,200 V. Carbonic anhydrase II, monomer and
dimer, was used for external calibration.

Amino Acid Sequence Analyses of PL-I and PL-II—Se-
quential Edman degradation was performed on a Precise
492 protein sequencer (Perkin Elmer). Samples (20-100
pmol) were applied to polybrene-coated TFA-resistant fil-
ters after two rounds of precycling. The sequencing was
performed in the pulsed-liquid mode using the standard
program supplied by the manufacturer. All PTH-amino
acids were identified by their retention times compared
with standards, except PTH-hydroxyproline which was
identified by the reported elution of two peaks on each side
ofPTH-alanine(22).

Radiolabeling—Aliquots of 100 u.g (in PBS containing
100 mM iV-acetylchitotetraose; Glycorex, Lund, Sweden) of
each potato lectin preparation were labeled with 125I by the
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Iodogen method (23), giving in average 2 X 103 cpm/|xg.
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 a sol-
vent system. For separation of gangliosides, a solvent sys-
tem composed of chloroform/methanol/water with 0.25%
KC1 (50:40:10, by volume) was used. Chemical detection
was done with anisaldehyde (24).

Chromatogram Binding Assay—The binding of radiola-
beled lectins to glycosphingolipids separated on thin-layer
plates was done as previously described {25). Mixtures of
glycosphingolipids (20-40 |xg/lane) or pure compounds
(0.01^4 jig/lane) were separated on aluminum-backed silica
gel plates. After drying, the chromatograms were treated
with 0.5% (w/v) polyisobutylmethacrylate (Aldrich Chem.,
Milwaukee, WI) in diethylether for 1 min. After drying, the
chromatograms were soaked in PBS containing 2% bovine
serum albumin (w/v), 0.1% NaN3 (w/v), and 0.1% Tween 20
(w/v) (Solution 1) for 2 h at room temperature. Thereafter,
suspensions of 126I-labeled lectins (approximately 2 X 103

cpm/jjd), diluted in PBS containing 2% bovine serum albu-
min (w/v) and 0.1% NaN3 (w/v) (Solution 2) were gently
sprinkled over the plates and the plates were incubated for
2 h at room temperature, then washed 6 times with PBS.
Autoradiography was performed for 12-24 h using XAR-5
X-ray film (Eastman Kodak, Rochester, NY) with an inten-
sifying screen.

Microtiter Well Assay—The microtiter well binding assay
was performed as previously described (25). In short, 50 JJLI
of serial dilutions (each dilution in triplicate) of pure gly-
cosphingolipids in methanol were applied to microtiter
wells (Falcon3911, Becton Dickinson Labware, Oxnard,
CA). When the solvent had evaporated, the wells were
blocked for 2 h with 200 p.1 of Sol. 1. Thereafter, 50 |xl of
radiolabeled potato lectin, diluted in Sol. 2 (approximately
2 x 103 cpm/jjil), was added to each well, and the plates
were incubated for 4 h at room temperature. After washing
6 times with Sol. 2, the wells were cut out and the radioac-
tivity counted in a gamma counter.

Inhibition Studies—The ability of lactose and iV-acetyl-
chitotetraose to inhibit the binding of potato lectins to gly-
cosphingolipids on thin-layer plates was tested by incubat-
ing the 126I-labeled lectins with lactose (J.T. Baker Chem.,
Phillipsburg, NJ) or iV-acetylchitotetraose (Seikagaku,
Tokyo, and Glycorex, Lund, Sweden) in Sol. 2 (1 mg/ml) for
1 h at room temperature. Thereafter the lectin suspensions
were utilized in the chromatogram binding assay.

Reference Glycosphingolipids—Total acid and non-acid
glycosphingolipid fractions, from the sources given in Table
II, were obtained by standard procedures (26). The individ-
ual glycosphingolipids were isolated by repeated chroma-
tography on silicic acid columns of the native glycosphin-
golipid fractions, or their acetylated derivatives.

A number of modified glycosphingolipids were also uti-
lized. Lactosylceramide, with the ceramide modified by a
trifluoroacetimide moiety (No. 9 in Table II), was produced
as described (27). Hydrolysis with (3-galactosidase from
Streptococcus pneumoniae (Oxford Glycosystems, Abing-
don, UK) of glycosphingolipids Nos. 21 and 36 (producing
Nos. 14 and 37) was done according to the manufacturer's
instructions. De-iV-acylation of glycosphingolipids Nos. 21
and 26 (yielding Nos. 22 and 27) was performed by treat-

ment with anhydrous hydrazine, as described (28). For the
removal of fucose residues glycosphingolipids Nos. 33 and
43 were incubated in 0.05 M HC1 at 80°C for 2 h, followed
by Folch partitioning (29). The glycosphingolipids in the
lower phases thus obtained were subsequentely purified on
silicic acid columns, yielding glycosphingolipids Nos. 29 and
41. Desialylation of glycosphingolipid No. 56 (yielding No.
39) was conducted by mild acid hydrolysis (1% acetic acid
at 100°C for 1 h), while glycosphingolipids Nos. 30 and 38
were prepared from No. 51 by mild acid hydrolysis (No. 38),
followed by treatment with (3-galactosidase (No. 30).

The identity of the purified glycosphingolipids was con-
firmed by mass spectrometry (30), proton NMR spectros-
copy (31-34), and degradation studies (35,36).

Molecular Modeling—Minimum energy conformers for
several of the glycosphingolipids listed in Table II and
chitins of different length were constructed within the Bio-
graf molecular modeling program and then transferred to
the Quanta97/CHARMm22 modeling package (both from
Molecular Simulations), the latter residing on a Silicon
Graphics Indigo2 Extreme workstation. Glycosidic dihedral
angles for minimum energy conformers of constituent dis-
accharides were taken from the literature (37-39) and are
denned as follows: <*> = Hl-Cl-01-C'X and V = Cl-Ol-C'X-
HX for 2-, 3-, or 4-linked residues; $ = H1-C1-O1-C6, ^ =
C1-O1-C6-C5, and a) = Ol-C'6-C'5-0'5 for 6-linked resi-
dues. For the GlcpJICer linkage the angles are defined as <I>
= Hl-Cl-Ol-C'l, ^ = C1-O1-C1-C2, and 6 = Ol-C'l-C'2-
C'3 (40).

Since PL-I had the broadest range of binding glycosphin-
golipid structures it was chosen for conformational studies.
The three-dimensional NMR structure of hevein (PDB
entry 1HEV, structure 1) was used as a template for the
construction of the corresponding binding domain of PL-I
by mutating all hevein residues for which the correspond-
ing PL-I residues are known. As seen in Table IV, a gap of
three residues in the PL-I sequence occurs at positions 21-
23 (hevein numbering), which for other known hevein do-
main sequences (10, 14) contain an aromatic residue al-
ways followed by glycine and a second aromatic residue.

Since chemical modification studies indicate that a single
tryptophan residue and several tyrosine residues are in-
volved in chitin binding (12,13), two different PL-I models
were constructed in which the sequence gap was filled with
either Trp-Gly-Tyr or Tyr-Gly-Trp. Residues 1-13 and 36-
43 from the original hevein sequence were kept to ensure
the structural integrity of the chitin binding domain. The
only minor concern here is on the N-terminal side, which
for PL-I must continue beyond the N-terminus of hevein.
This in turn might affect the orientation of the Trp23 side
chain to some degree. However, superposition of the hevein,
WGA, and Ac-AMP2 binding sites reveals very similar ori-
entations of the residue at this position, despite elongation
on the N-terminal side of WGA and a four-residue deletion
for Ac-AMP2 (10). The side chains of these two structures
were energy minimized with the protein backbone fixed,
after which the entire structure was allowed to relax. The
r.m.s. distance deviations as compared with the similarly
relaxed hevein structure were 0.79 A for both models when
considering the protein backbones, whereas the r.m.s. value
for relaxed vs. unrelaxed hevein as a whole was found to be
1.17 A and for the backbone 0.79 A. iV-Acetylchitobiose was
docked onto the binding surface of the three structures (i.e.
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hevein and the two versions of the PL-I binding domain)
and energy minimized. The complexes were subsequently
subjected to a brief molecular dynamics simulation with
their backbones harmonically constrained, after which a
representative frame from the dynamics trajectories was
chosen, followed by energy re-minimization of the struc-
tures. Regarding the hevein-iV-acetylchitobiose complex,
all the salient features of the sugar-protein interactions
reported earlier {11, 38) were reproduced. In the ensuing
docking of different oligosaccharides of glycosphingolipid
origin, the two PL-I complexes thus produced were used as
templates, after which similar protocols were applied to
some of the various oligosaccharide-PL-I complexes.

212 •

17(1

Fig. 1. SD lanum tuberosum,
PL-II (left lane), ana ±*L,-1 (right lane). Experimental conditions
were as described in "MATERIALS AND METHODS."

63478

20000 50000 100000 140000
m/z

Fig. 2. Comparison of MALDI-TOF mass spectra of the two
lectins from Solarium tuberosum, PL-I (A), and PL-II (B).
Mass spectra were obtained on a TofSpec-E time-of-flight mass spec-
trometer using a sinapinic acid matrix, as detailed in "MATERIALS
AND METHODS."

RESULTS

Characterization of Potato Lectins (PL-I and PL-II)—On
SDS-PAGE gels (Fig. 1) PL-I migrated as a single band
with an apparent relative molecular mass of 130,000, while
PL-II gave two bands corresponding to molecular masses of
104,000 and 112,000.

The molecular masses were further determined by
MALDI-TOF mass spectrometry. The spectrum of PL-I
(Fig. 2A) contained peaks corresponding to the doubly
(M+2H)2+ and singly charged (M+H)+ molecular ions of
the monomeric lectin at m/z 32,000 and 63,000, respec-
tively, while the peak at m/z 126,000 corresponded to the
lectin dimer.

The spectrum of PL-II (Fig. 2B) had two doubly charged
monomer molecular ions at m/z 25,000 and 27,000, and
the corresponding singly charged molecular ions were
found at m/z 52,000 and 55,000. A peak corresponding to
the dimeric lectin was found at m/z 107,000.

In summary, the molecular mass determinations by SDS-
PAGE and MALDI-TOF mass spectrometry showed that
PL-I is a homodimer, with a molecular mass of 126,000 (2
X 63,000). For PL-II MALDI-TOF mass spectrometry dem-
onstrated two subunits with molecular masses of 52,000
and 55,000. Since PL-II migrated as a double band on SDS-
PAGE, this preparation presumably contains two homo-
dimeric isolectins.

Amino Acid Sequence Analyses of PL-I and PL-II—The

TABLE I. N-terminal amino acid sequences of lectins from
Solatium tuberosum.

Ref. 6" PL-I PL-II

1.
2.
3.
4.
5.
6.
7.
8.
9.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

A
A
8
T
0
•8
P
P
P
L
P
T
p
Q
X
ft
L
X.
K
P
B
G

T
O
S
P
P
P
L
P
Y
L
Q
Y
G
L
K
K
G
X
X
X
X
I
K
G
X
E

n
«oP
L
P"
Y
P

u

"The N-terminal amino acid sequences of PL-I and PL-II have
been aligned against the N-terminal potato lectin sequence pub-
lished by Allen et al. (6). Residues differing from the published
sequence are in bold. O = hydroxyproline, X denotes undeter-
mined amino acids.
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results of N-terminal amino acid sequencing of PL-I and
PL-II are summarized in Table I. Thus the N-terminal
amino acids of both lectins differ from the potato lectin
reported by Allen et at. (6). However, after alignment, it
was seen that 14 out of 17 residues of PL-I are identical
with the reported sequence, while six out of ten determined
amino acids of PL-II could be aligned with the reported
sequence.

Chromatogram Binding Assays—The binding of the two
125I-labeled potato lectin preparations (PL-I and PL-II) to
glycosphingolipids separated on thin-layer chromatograms
was investigated using a broad panel of reference glycosph-
ingolipids, as exemplified in Figs. 3 and 4. The results are
summarized in Table II.

The minimal Af-acetyllactosarnine-containing glycosph-
ingolipid recognized was neolactotetraosylceramide (No. 21
in Table II, Fig. 3, lane 4, and Fig. 4, lanes 1^). The ab-
sence of binding to lactotriaosylceramide (No. 14, and Fig.
3, lane 3) or lactotetraosylceramide (No. 40) indicated an

absolute requirement for the Gaip4GlcNAc(3 sequence.
Both lectins also bound to terminal iV-acetyllactosamine
substituted with an aGal at the 3-position of the terminal
Gal (B5 pentaglycosylceramide, No. 26, Fig. 3, lane 5, and
Fig. 4, lanes 1^1). However, while the detection limit of PL-
I for neolactotetraosylceramide and B5 pentaglycosylcera-
mide was 0.3 nmol, PL-II binding was only occasionally
obtained when 3 nmol of these two compounds were
applied to thin-layer plates (see Fig. 4, lane 1). Conversion
of the acetamido groups of the Af-acetylglucosamines of
neolactotetraosylceramide and the B5 pentaglycosylceram-
ide to amines (Nos. 22 and 27) abrogated the binding of
both lectins. Other substitutions at the 3-position of the ter-
minal Gal of neolactotetraosylceramide, as GalNAcp (No.
28), GalNAca (No. 29), or GlcNAc(3 (No. 30, and Fig. 3, lane
7), were not tolerated. In addition, no binding of the lectins
to glycosphingolipids with substitutions such as Fuca2 (No.
23, Fig. 3, lane 6), Gala4 (No. 25), NeuAca3 (No. 48), or
NeuAca6 (No. 49) at the terminal Gal of neolactotetraosyl-

Fig. 3. Binding of 125I-labeled potato lectins to glycosphingolip-
ids separated on thin-layer plates. Glycosphingolipids (4 jig/lane)
were separated on aluminum-backed thin-layer plates, using chloro-
form/methanol/water (60:35:8, by volume) as the solvent system. The
chromatogram in (A) was stained with anisaldehyde, while (B) and
(C) are autoradiograms obtained by the binding of radiolabeled PL-I
(B) and PL-II (C), as described in the "MATERIALS AND METH-
ODS." The lanes are: (1) Galp4GlcpiCer (lactosylceramide) with sph-
ingosine and non-hydroxy 16:0 and 24:1 fatty acids; (2) Galp4Glcpi-
Cer (lactosylceramide) with sphingosine and hydroxy 16:0 fatty acid;

(3) GlcNAcp3Galp4Glc(31Cer (lactotriaosylceramide) with sphin-
gosine and non-hydroxy 16:0 and 24:1 fatty acids; (4) Galp4GlcNAc-
p3Gal(34Glc|31Cer (neolactotetraosylceramide); (5) Gala3Galp4Glc-
NAcp3Galp4GlcpiCer (B5 pentaglycosylceramide); (6) Fua*2Galp4-
GlcNAcp3Galp4GlcpiCer (H5 type 2 pentaglycosylceramide); (7) Glc-
NAcp3Galp4GlcNAcp3Galp4GlcpiCer; (8) Gala3(Fuca2)Galp4Glc-
NAcp3Galp4GlcpiCer (B6 type 2 hexaglycosylceramide); (9) Galp4-
(Fuca3)GlcNAcp3Galp4GlcpiCer (X-5 pentaglycosylceramide). The
glycosphingolipids were from the sources given in Table II. Autorad-
iography was for 12 h.

B.

Fig. 4. Binding of 125I-labeled potato lectins to glycosphingolip-
ids on thin-layer chromatograms. The glycosphingolipids were
chromatographed on aluminum-backed silica gel plates, and vizual-
ized with anisaldehyde (A). Duplicate chromatograms were incubated
with 125I-labeled PL-I (B) and PL-II (C), followed by autoradiography
for 12 h, as described under "MATERIALS AND METHODS." The sol-
vent system used was chloroform/methanol/water (60:35:8, by vol-
ume). The lanes are: (1) serial dilutions of Galp4Glc|31Cer (lactosyl-
ceramide) with sphingosine and non-hydroxy 16:0 and 24:1 fatty ac-
ids, Galp4GlcNAcp3Gaip4GlcpiCer (neolactotetraosylceramide), and

Gala3Gaip4GlcNAcp3Gaip4GlcpiCer (B5 pentaglycosylceramide); 4
jig of each compound; (2) 2 (ig of each compound; (3) 1 p.g of each com-
pound; (4) 0.5 \>.g of each compound; (5) Galp4GlcNAcp3GaIp4Glc-
NAcp3Galp4GlcpiCer, 4 p.g; (6) Galp4GlcNAcp6(Galp4GlcNAcp3)-
Gal(34GlcpiCer, 4 p.g; (7) NeuGca3Galp4GlcNAcp3Galp4GlcNAcp3-
Galp4GlcpiCer, 4 y.g; (8) Galp4GlcNAcp6(NeuAca6Gaip4GlcNAcp3)-
Galp4GlcpiCer, 4 (j.g. The glycosphingolipids were from the sources
listed in Table II. The band marked X is a non-glycosphingolipid con-
taminant.
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TABLE II. Binding of 125I-labeled lectins from Solanum tuberosum to glycosphingolipids on thin-layer chromatograms.
No. Trivial name Structure PL-I PL-II Source

Simple compounds
1. Cerebroside dl8:l-

16:0-24:0°
2. Cerebroside dl8:l-

16:0-24:0
3. Sulfatide
4. LacCer dl8:l-16:0

and 24:1
5. LacCer dl8:l-hl6:0
6. LacCer tl8:0-24:0
7. LacCer tl8:0-hl6:0-

h24:0
8. LacCer-disulfon
9. LacCer-TFI-dl8:l-

16:0-24:0
10.
11. Galabiosyl dl8:l-

14:0-1 8:0
12. Isoglobotri
13. Globotri dl8:l-16:0

and 24:0
14. Lactotri dl8:l-16:0

and 24:1
Ganglioseries

15. Gangliotri dl8:l-16:0
and 24:0

16. Gangliotetra
17. Fuc-gangliotetra

Globoseries
18. Globotetra
19. Isoglobotetra
20. Forssman

Neolactoseries
21. Neolactotetra
22
23. H5-2
24. X-5
25. PI
26. B5
27.
28. Xj
29.
30.
31. Y-6
32. B6-2
33. A6-2
34. A7-2
35.
36.
37.
38.
39.

Lactoseries
40. Lactotetra
41.
42. Le"-5
43. B6-1
44. Leb-6

Gangliosides
45. GM3 dl8:l/d20:l-18:0
46. GM1
47. GDla
48. NeuAca3SPG
49. NeuAca6SPG
50. NeuAca3Le*

51.
52.
53.
54.

GalpiCer -b

GkpiCer

SO3-GalpiCer
Galp4GkpiCer + +

Gaip4GkpiCer
Gaip4GkpiCer
Gal p4Gkp ICer

Galp4Gkp-O-(SO2C10H33)2
Galp4Gkpi-TFI-Cer

Galp4Gkp-0-0TE
Gala4GalCer

Gala3Galp4GkpiCer
Gala4Galp4GkpiCer

GlcNAcp3Galp4GkpiCer

GalNAcp4Galp4Gkp ICer

Gaip3GalNAcp4Galp4GkpiCer
Fucct2Galp3GalNAcp4Galp4GkpiCer

GalNAcp3Gala4Galp4Gkp ICer
GalNAcp3Gala3Galp4Gkp ICer
GalNAca3GalNAcp3Galct4Galp4GkpiCer

Gaip4GkNAcp3Galp4GkpiCer + (+)
Galp4GkNH2p3Galp4GkpiCer
Fuca2Galp4GlcNAcp3Galp4GkpiCer
Galp4(Fuca3)GlcNAcp3Galp4GkpiCer
Gala4Galp4GkNAcp3Galp4GkpiCer
Gala3Galp4GkNAcp3Galp4GkpiCer + (+)
Gala3Galp4GkNH2p3Galp4GkpiCer
GalNAcp3Galp4GkNAcp3Galp4GkplCer - ND
GalNAca3Galp4GkNAcp3Galp4GkpiCer - ND
GlcNAcp3Galp4GlcNAcp3Galp4GkpiCer
Fuca2Galp4(Fuca3)GlcNAcp3Galp4GkpiCer
Gala3(Fuca2)Galp4GlcNAcp3Galp4GkpiCer
GalNAca3(Fuca2)Galp4GkNAcp3Galp4GkpiCer
GalNAca3(Fuca2)Galp4(Fuca3)GlcNAcp3Galp4GkpiCer
GalNAcp3Gala3Galp4GlcNAcp3Galp4GkpiCer - ND
Gaip4GkNAcp6(Gaip4GlcNAcp3)Galp4GkpiCer ++ + +
GkNAcp6(GkNAcp3)Gaip4GkpiCer
Galp4GkNAcp3Galp4GlcNAcp3Galp4GkpiCer ++ (+)
Gala3Galp4GlcNAcp6(Galp4GlcNAcp3)Galp4GlcNAcp3Galp4GkpiCer + +

Gaip3GkNAcp3Gaip4Gkp ICer
Gala3Galp3GlcNAcp3Galp4GkpiCer - ND
Galp3(Fuca4)GlcNAcp3Galp4GkpiCer
Gala3(Fuca2)Galp3GlcNAcp3Galp4GkpiCer - ND
Fuca2Galp3(Fuca4)GlcNAcp3Galp4GkpiCer

NeuAca3Galp4GkpiCer
Galp3GalNAcp4(NeuAca3)Galp4GkpiCer
NeuAca3Galp3GalNAcp4(NeuAca3)Galp4GkpiCer
NeuAca3Galp4GkNAcp3Galp4Gkp ICer
NeuAca6Galp4GlcNAcp3Galp4GkpiCer
NeuAca3Gaip4(Fuca3)GlcNAcp3Gaip4GkpiCer

NeuGca3Galp4GkNAcp3Galp4GlcNAcp3Galp4GkpiCer ++ (+)
Gaip4GkNAcp6(NeuAca6Galp4GlcNAcp3)Gaip4GkpiCer + + +
NeuAca3Galp4GkNAcp3Galp4GkNAcp3Galp4GlcNAcp3Galp4GkpiCer + +
NeuAca3Galp4GlcNAcp6(NeuAca3Ga]p4GlcNAcp3)Galp4GkNAcp3Gal- + +

p4GkpiCer

- Pig kidney

- Pig kidney

- Human meconium
+ Human granulocytes

- Rabbit small intestine
NDC Rabbit small intestine
- Rabbit small intestine

_ d

- Human erythrocytes"

Dog intestine
Human erythrocytes

Human granulocytes11

Guinea pig
erythrocytes

Mouse feces
Mouse small intestine

Human erythrocytes
Rat colon carcinoma
Dog intestine

Human granulocytes
Human erythrocytes'
Human erythrocytes
Dog intestine
Human erythrocytes
Rabbit erythrocytes
Rabbit erythrocytes'
Human erythrocytes
Human erythrocytes'
Rabbit thymusk

Dog intestine
Human erythrocytes
Human erythrocytes
Human erythrocytes
Rat colon carcinoma
Bovine buttermilk
Bovine buttermilk11

Rabbit thymusk

Bovine erythrocytes1

Human meconium
Monkey intestine"
Human meconium
Monkey intestine
Human meconium

Human brain
Human brain
Human brain
Human erythrocytes
Human meconium
Human bilebladder

tumor
Rabbit thymus
Bovine buttermilk
Human erythrocytes
Human placenta
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55. Gala3Galp4GlcNAcp6(NeuAca3Gal(34GlcNAc(33)Galp4GlcNAc(33Gal- +
P4GlcpiCer

56. Fuca2Galp4GlcNAcp6(NeuAca3Galp4GlcNAcp3)Galp4GlcNAcp3Gal- +
p4GlcpiCr

57. NeuAca3-dimeric-Lex NeuAco3Gaip4(Fuca3)GlcNAcp3Galp4(Fuca3)GlcNAcp3Galp4GlcpiCer -

+ Bovine erythrocytes

+ Human erythrocytes

ND Human bilebladder
tumor

"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 molecula Fatty acids with a 2-hydroxy group are denoted by the prefix h
before the abbreviation e.g. hl6:0. For long chain bases, d denotes dihydroxy and t trihydroxy. Thus dl8:l designates sphingosine (1,3-dihy-
droxy-2-aminooctadecene) and tl8:0 phytosphingosine (l,3,4-trihydroxy-2-aminooctadecene). ""Binding is denned as follows: A significant
darkening on the autoradiogram when 0.05 |xg of the glycosphingolipid was applied on the thin-layer plate is denoted by + +, and 0.5 |xg by
+. (+) denotes an occasional binding at 4 jig, while - denotes no binding even at 4 fig of glycosphingolipid. cNot determined. ''Glycosphin-
golipid No. 8 was a kind gift from Dr. Goran Magnusson, Lund University, Sweden. "Glycosphingolipid No. 9, having the ceramide modified
by a trifluoroacetimide (TFI) moiety was produced as described (27). 'Glycosphingolipid No. 10 [2-(octadecylthio)ethyl-0-a-D-galactopyrano-
syl(l-4)-p-D-galactopyranoside] was purchased from Svenska Sockerbolaget, Arlbv, Sweden. gGlycosphingolipid No. 11 was a kind gift from
Dr. K. Stenvall, Symbicom AB, Lund, Sweden. hGlycosphingolipids Nos. 14 and 37 were prepared from Nos. 21 and 36, respectively, by
treatment with p-galactosidase. 'Glycosphingolipids Nos. 22 and 27 were prepared from Nos. 21 and 26, respectively, by treatment with
anhydrous hydrazine. jGlycosphingolipids Nos. 29 and 41 were prepared from Nos. 33 and 43, respectively, by incubation in 0.05 M HCl at
80°C for 2 h. kGlycosphingolipids Nos. 30 and 38 were prepared from No. 51 by mild acid hydrolysis (No. 38) and subsequent treatment
with p-galactosidase (No. 30). 'Glycosphingolipid No. 39 was prepared from No. 55 by mild acid hydrolysis.

TABLE III. Minimum amounts of glycosphingolipids required for the binding of 125I-labeled lectins from Solanum tuberosum
on thin-layer chromatograms.
No. Trivial name Structure PL-I PL-II
1. LacCer dl8:0-16:0 and 24:1
2. Neolactotetra
3. B5

Gaip4GlcplCer
Galp4GlcNAcp3Galp4GlcpiCer
Gala3Galp4GlcNAcp3Galp4GlcplCer
Galp4GlcNAcp3Gaip4GlcNAcp3Galp4GlcpiCer
NeuGca3Galp4GlcNAcp3Galp4GlcNAcp3Galp4GlcpiCer
Galp4GlcNAcp6(Galp4GlcNAcp3)Galp4GlcpiCer

0.05 (i.g (0.05 nmol)
0.5 jig (0.38 nmol)
0.5 |xg (0.34 nmol)
0.05 |Ag (0.03 nmol)
0.05 (i,g (0.026 nmol)
0.05 |xg (0.03 nmol)

0.5 jig (0.5 nmol)
4 |xg (3 nmol)
4 jig (2.7 nmol)
4 jig (2.4 nmol)
4 |xg (2.1 nmol)
0.05 |xg (0.03 nmol)

Galp4GlcNAep6(NeuAca6Gaip4GlcNAcP3)Galp4GlcftlCer 0.5 |xg (0.26 nmol) 0.05 n-g (0.026 nmol)

ceramide, or Fuca3 (No. 24, and Fig. 3, lane 9) of the
GlcNAc, was obtained. There was no binding to blood group
B (No. 32, and Fig. 3, lane 8) or blood group A (No. 33)
determinants on type 2 chains.

Both PL-I and PL-II bound to a number of glycosphin-
golipids having two or more iV-acetyllactosamine moieties
(Nos. 36, 38, 39, and 51-57 in Table II). A clear preference
of PL-II for glycosphingolipids with iV-acetyllactosamine
branches over linear N-acetyllactosamine sequences was
detected. This is best illustrated by comparison of the bind-
ing to Gal(34GlcNAcp6(Gaip4GlcNAcp3)Gal(34GlcplCer
(No. 36, and Fig. 4, lane 5) and Galp4GlcNAcp3Galp4Glc-
NAcp3Galp4GkpiCer (No. 38, and Fig. 4, lane 6), where
the detection limit of PL-II for the branched neolactohexao-
sylceramide was 0.03 nmol, while the detection limit for the
linear equivalent was 3 nmol. In contrast, the detection
limit of PL-I for both types of neolactohexaosylceramide
was 0.03 nmol.

The detection limits for selected binding-active glycosph-
ingolipids on thin-layer chromatograms are summarized in
Table III. It should, however, be noted that binding of the
lectins to the amounts given as detection limits were ob-
tained under optimal conditions, while occasionally higher
amounts of glycosphingolipids were required for binding.

Although no binding of the lectins to NeuAca3-neolac-
totetraosylceramide (No. 48 in Table II), or NeuAca6-neo-
lactotetraosylceramide (No. 49) was obtained, the presence
of a terminal sialic acid was tolerated with retained bind-
ing activity when the glycosphingolipids contained two or
more Af-acetyllactosamine units (Nos. 51-53, 55-58). Thus,
the terminal a6-linked sialic acid on the 3-linked branch of
Galp4GlcNAcp6(NeuAca6Gaip4GlcNAcp3)Gaip4GlcpiCer
(No. 7 in Table III) was tolerated by PL-II, since the detec-

tion limit for this compound (0.03 nmol) was the same as
for Gaip4GlcNAcp6(Gaip4GlcNAcp3)Galp4GlcplCer (No.
6). Comparison of the detection limits of PL-I for Galp4Glc-
NAcp6(Gaip4GlcNAcp3)Gaip4GlcpiCer (No. 6; 0.03 nmol)
and Gaip4GlcNAcp6(NeuAca6Gaip4GlcNAcp3)Gaip4Glc-
piCer (No. 7; 0.26 nmol) indicated that the binding of PL-I
was abrogated to some extent by the terminal a6-linked
sialic acid. However, the detection limit of PL-I for Gaip4-
GlcNAcp3Galp4GlcNAcp3Gaip4GlcpiCer (No. 4 in Table
III) was the same as for NeuGca3Gaip4GlcNAcp3Gaip4-
GlcNAcp3Gaip4GkpiCer (No. 5), indicating that the a3-
linked terminal sialic acid was accepted by this lectin.

Surprisingly, lactosylceramide, i.e. a glycosphingolipid
devoid of iV-acetyllactosamine, was also recognized by both
lectins. However, only lactosylceramide with sphingosine
and non-hydroxy fatty acids (No. 4 in Table II, Fig. 3, lane
1, and Fig. 4, lanes 1-4) was bound by the lectins, while all
other variants of lactosylceramide tested (Nos. 5-10, exem-
plified in Fig. 3, lane 2) failed to show any binding activity.
The detection limit of PL-I for lactosylceramide with sphin-
gosine and non-hydroxy fatty acids was 0.05 nmol, while
0.5 nmol was required for the binding of PL-II. No binding
to other related glycosphingolipids with sphingosine and
non-hydroxy fatty acids, as glucosylceramide (No. 3), gala-
biosylceramide (No. 11), globotriaosylceramide (No. 13), lac-
totriaosylceramide (No. 14), gangliotriaosylceramide (No.
15), or the GM3 ganglioside (No. 45), was obtained.

Microtiter Well Assays—The relative binding activities of
12sI-labeled PL-I and PL-II for selected glycosphingolipids
were further examined by binding to glycosphingolipids ad-
sorbed in microtiter wells. In accordance with the results
described above, PL-I binding to lactosylceramide with sph-
ingosine and non-hydroxy fatty acids was obtained, while
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lactosylceramide with phytosphingosine and hydroxy fatty
acids was non-binding (Fig. 5A). Half maximal binding
occurred at a concentration of approximately 0.02 nmol per
well.

The binding of PL-II to lactosylceramide with sphin-
gosine and non-hydroxy fatty acids was half maximal at a
concentration of approximately 0.15 nmol per well (Fig.
5B). The preferential binding of PL-II to glycosphingolipids
with iV-acetyllactosamine branches compared to linear N-
acetyllactosamine sequences was also obtained in microti-
ter wells. The binding of PL-II to Gaip4GlcNAcp6(Gaip4-
GlcNAcp3)Gaip4GkpiCer and Galp4GlcNAcp6(NeuAca6-
Galp4GlcNAcp3)Gaip4GkpiCer was half maximal at a
concentration of approximately 0.08 nmol per well, while
no binding to Gaip4GlcNAcp3Gaip4GlcNAcp3Gaip4Glcpi-
Cer or NeuGca3Galp4GlcNAcp3Galp4GlcNAcp3Gaip4Glc-
piCer occurred.

Inhibition Studies—Radiolabeled PL-I and PL-II were
incubated with 2V-acetylchitotetraose or lactose (1 mg/ml)
for 1 h at room temperature, and the suspensions were
thereafter incubated on thin-layer chromatograms with
serial dilutions of lactosylceramide with sphingosine and
non-hydroxy fatty acids (No. 4 in Table I), the B5 pentaglyc-
osylceramide (No. 26) and Gaip4GlcNAcp6(Gaip4GlcNAc-
P3)Gaip4GlcplCer (No. 36). As shown in Fig. 6D preincu-
bation of PL-I with Af-acetylchitotetraose abolished the
binding to all three glycosphingolipids. The binding of PL-II
to lactosylceramide and the B5 pentaglycosylceramide was
also inhibited by Af-acetylchitotetraose, while the binding to
Galp4GlcNACp6(Gaip4GlcNAcp3)Gaip4GlcpiCer was di-
minished (Fig. 6E). Preincubation with lactose had no inhi-
bitory effect on either lectin (not shown).

Conformational Aspects—The following analysis is re-
stricted to PL-I, for which the largest range of binding gly-
cosphingolipid structures was observed (Table II). A partial
amino acid sequence covering the crucial parts of the carbo-
hydrate binding domain is available (Table IV), except for
an undetermined three-residue stretch (residues 21-23,
hevein numbering), which for other hevein domains invari-
ably consists of an aromatic residue followed by Gly and
another aromatic residue. It has been shown, furthermore,
that one tryptophan and four tyrosines per binding site in
PL-I are protected from chemical modification in the pres-
ence of iV-acetylchitotriose (12,13), suggesting that either a
Tyr-Gly-Trp or Trp-Gly-Tyr sequence should fill this gap.
However, due to the lack of a three-dimensional structure
for PL-I, related chitin-binding structures carrying similar
cysteine-rich binding domains, such as hevein (11, 38), Ac-
AMP2 (10), and WGA (9, 41), must be relied on for struc-
tural information. Thus, using the NMR-derived hevein
structure as a template, two different models of the PL-I
carbohydrate binding domain, including either of the two
tripeptides mentioned above, was built as outlined in
"MATERIALS AND METHODS." AS will be evident below, the
model containing the Tyr-Gly-Trp sequence (Fig. 7) appears
consistent with the glycosphingolipid binding pattern.

The structure of the complex between hevein and meth-
yl-p-7V-acetylchitobiose (11, 38) reveals that this ligand is
accomodated in a surface-located site involving three aro-
matic residues (Trp21, Trp23, and Tyr30) providing exten-
sive hydrophobic contacts with the two GlcNAc residues.
Importantly, the acetamido moiety of the GlcNAc at the
non-reducing end is found to be partly buried in a hydro-

phobic cleft forming hydrogen bonds to the side chain of the
conserved Serl9, whereas the acetamido moiety of the
reducing GlcNAc is more exposed to the solvent. Further-
more, the glycosidic dihedral angles of the disaccharide
assume values of an extended conformation ($, ty ~ 45°,
0°). Given the conserved overall structure of hevein binding
domains, it was not unexpected that almost identical inter-
actions were observed for iV-acetylchitobiose complexed to
PL-I when compared with the corresponding hevein com-
plex, excepting of course the replacement of Trp21 by
tyrosine (not shown).

Since the acetamido moiety of the penultimate GlcNAc of
neolactotetraosylceramide is crucial for the binding of this
glycosphingolipid (cf. Nos. 21 and 22 in Table II), docking
was performed by placing the GlcNAc residue in a position
analogous to the nonreducing GlcNAc of chitobiose, which
interacts with Serl9 in the hevein complex. In order to
avoid serious steric interference between the internal
Gaip4 and Tyr21 the GlcNAcp3Gal glycosidic bonds must
assume dihedral angles corresponding to one of the minor
minimum energy conformers (37) at <$>, W = 31°, 152°. In

A
cprn

8000 H

- Gaip4GlcpiCcr d! 8:1 -16:0-24:0

- Gaip4GlcplCer M8:0-hl6:0-h24:0

0.0001 0.001 0.01
nmol/well

0.1

B
cpm

8000

- Gaip4GlcPICcr dig:I-16:0-24:0

- Ga!p4GlcNAcp6(Gaip4GlcNAcP3)Gaip4GlcPICcr

- Gaip4GlcNAcP3Gaip4GlcNAcP3Gaip4GlcPlCer

- Gaip4GlcNAcP6(NeuAca6Gaip4GlcNAcP3)Gaip4GlcP I Cer

- NcuGca3Gaip4GlcNacP3GaiP4GlcNAcP3Gaip4GlcPICer

0.01 0.10.0001 0.001
nmol/well

Fig. 5. Binding of 125I-labeled PL-I (A) and PL-II (B) to serial
dilutions of glycosphingolipids adsorbed in microtiter wells.
The assay was done as described in "MATERIALS AND METH-
ODS." Data are expressed as mean values of triplicate determina-
tions.
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this configuration the Galf34 H3, H4, and H5 ring protons
interface favorably with the tyrosine ring plane (Fig. 8). As
for the terminal Gal(34, the plane formed by the HI, H3,
and H5 ring protons positions itself coplanarly over the
benzyl ring of the Trp23 indole moiety, providing the fur-
ther hydrophobic interactions necessary to explain why
neolactotetraosylceramide is binding whereas lactotriaosyl-
ceramide (No. 14) is nonbinding. Thus, the binding epitope
corresponds to the Galp4GlcNAcp3Gal sequence. Further-
more, the presence of tyrosine instead of tryptophan at
position 23 can most likely be ruled out since the favorable
interactions just described for the terminal Gaip4 would be
substantially reduced if this was the case.

The present model explains in most cases the binding or
nonbinding of neolactotetraosylceramide extended by dif-
ferent sugars. For example, the non-binding of the H5-2
glycosphingolipid (Fuca2 extension, No. 23) is most likely
due to the fact that the Fuc methyl group forces the hy-
droxymethyl group of the GlcNAc to assume the gg confor-
mation (-60°), resulting in very unfavorable interactions
with Trp23. As for the NeuAca6 extended sialylneolactotet-
raosylceramide (No. 49), direct interference with the pep-
tide chain explains why this glycosphingolipid is non-bind-
ing for all allowed NeuAca6GaJ glycosidic dihedral angles
(see further below). Regarding the NeuAca3 extension (No.
48), the non-binding of sialylneolactotetraosylceramide
with this sugar residue in the synclinal conformation re-
sults from steric interference between the glycerol tail and

Trp23, whereas for the anticlinal conformation it must be
postulated that the fold of the peptide chain from residue
12 in the direction of the N-terminal is such that probably
both the acetamido and glycerol moieties clash with the
protein. Furthermore, the addition of Fuca3, yielding sia-
lyl-Lex (No. 50), makes the situation even worse due to
severe steric clashes between this sugar and Tyr30. The
non-binding of the Gala4-extended PI glycosphingolipid
(No. 25) may also be explained on similar grounds. Further-
more, neolactotetraosylceramide extended by either Gal-
NAcfi3 (No. 28), GalNAca3 (No. 29), or GlcNACp3 (No. 30),
which may adopt very similar conformations (42), is not tol-
erated by the protein. This is in contrast to Gala3-extended
B5 glycosphingolipid (No. 26) whose naked terminal sugar
is tolerated but does not enhance the binding affinity. Thus,
a rather restricted access to the protein surface for a fifth
sugar is at hand.

At the six-sugar level the affinity of the protein for both
branched and linear neolactohexaosylceramide (Nos. 36
and 38) increases tenfold (Table III). Starting with the
branched version, it is found that only the p3-linked arm
can be accommodated in the binding site proper with the
neolactotetra portion assuming the same conformation as
neolactotetraosylceramide itself (Fig. 8). The p6-linked arm
reveals additional interactions with the protein, mainly van
der Waals interactions, but also two probable hydrogen
bonds between the Tyr21 hydroxyl and the glycosidic oxy-
gen of the p6-link as well as between the Tyr35 hydroxyl

B. C. D

Fig. 6. Effei : •< I 4
2V-acetylchitotetraose. Radiolabeled PL-I and PL-II were incu-
bated with iV-acetylchitotetraose (1 mg/ml) for 1 h at room tempera-
ture. Thereafter the suspensions were used in the chromatogram
binding assay, as described under "MATERIALS AND METHODS."
(A) Thin-layer chromatogram stained with anisaldehyde. The binding
of PL-I and PL-II is shown in (B) and (C), respectively, while the bind-
ing of PL-I preincubated with iV-acetylchitotetraose is shown in (D),

tions of Galp4Glc(31Cer with sphingosine and non-hydroxy 16:0 and
24:1 fatty acids, Gala3Galp4GlcNAc|S3Galp4GlcpiCer and Gal|34Glc-
NAcp6(Gal(34GlcNAcp3)Gaip4Glc(31Cer were applied to the thin-
layer plates. The lanes are: (1) 4 |xg of each compound; (2) 2 |xg of each
compound; (3) 1 p,g of each compound; (4) 0.5 p.g of each compound.
The solvent system was chloroform/methanol/water (60:35:8, by vol-
ume). Autoradiography was for 12 h.

TABLE IV. Sequence alignment of hevein binding domains.
PL-I"
Hevein
UDA A
UDAB
WGAA
WGAB
WGAC
WGAD
Ac-AMP2

EQCGRQAGGK
HRCGSQGGGG
QRCGAAVGNP
QRCGEQGSNM
KRCGS QAGGA
I KCGS QSGGK
KPCGKDAGGR
G E C V R - • • • G

5 10

TG
LCPNN
TCPAL
PCGQD
ECPNN
TCPNN
LCPNN
VCTNN
RCPSG

15

ECCSI
L CCSQ
WCCSK
RCCSV
LCCSQ
HCCSQ
LCCSQ
YCCSK
MCCSQ

20

CG
WGWCG
WGWCG
HGWCG
YGYCG
YGHCG
WGF CG
WGS CG
FGYCG

25

TTS DY
STDEY
DSEPY
GGNDY
MGGDY
FGAEY
LGS EF
I GPGY
KGPKY

30

CS PGY
CS PDHNCQ
CGR- •
CSGS-
CGKG-
CGAG-
CGGG-
CGAG-
CGR

35

TCE
KCQ
• C Q
• CQ
• CQ
• CQ

"Sequences were obtained from the following sources: potato lectin PL-I (14), hevein (52), nettle lectin UDA A, B (53), wheat germ aggluti-
nin WGA A, B, C, D (9), and Ac-AMP2 (10). Numbering refers to the hevein sequence. Conserved residues are shown in bold while aromatic
residues implicated in chitin binding are underlined.
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and the 6-OH of the terminal Gal, provided this branch is
in the energetically most favored extended conformation
regarding the (B6-Unk ($, V, w = 64°, 27°, -163° after
energy refinement) (25). The reduction in affinity by a fac-
tor of ten (Table III), found by adding a terminal NeuAca6
on the p3-linked arm (No. 53), is explained by the loss of
interactions between the penultimate Gal and Trp23, since
the galactose must assume an energetically less favorable
conformation (<t>, ^ = 49°, 178°) similar to the internal Gal
of neolactotetraosylceramide (see above) in order for the
sialic acid to be unobstructive. Such behavior also rational-
izes the non-binding of NeuAca6-neolactotetraosylceram-
ide, since a tenfold affinity reduction, relative to neolacto-
tetraosylceramide, most likey is below the detection limit of
the chromatogram binding assay. Extension of the (36-
linked arm by either NeuAca3, Gala3, or Fuca2 (Nos. 55-
57) does not affect the affinity significantly (Table II), in
agreement with the observation that these substitutions
point away from the protein surface.

Regarding the linear version of neolactohexaosylceram-
ide, it can be concluded that the core neolactotetra se-
quence binds similarly to neolactotetraosylceramide since
no additional interactions are to be expected if the terminal
tetrasaccharide goes into this position. The Gal of the ter-
minal iV-acetyllactosamine unit must in this case provide
substantial interactions with the as yet undetermined N-
terminal portion of the protein binding domain, which
either compensates for the detrimental effect of penulti-
mate GlcNac or allows this residue to assume an orienta-
tion different from the predominating one in the cor-
responding nonbinding five-sugar compound.

The surprisingly high affinity of PL-I for lactosylceram-
ide with sphingosine and non-hydroxy fatty acids (the same
magnitude as neolactohexaosylceramide, Table III) is also
in excellent agreement with the present model of the pro-
tein binding domain. As was demonstrated above, the

Fig. 7. Model of potato lectin PL-I based on the NMR-derived
structure of hevein. The portion of the backbone for which the
peptide sequence of PL-I is known is shown in blue, with some of the
amino acid side chains implicated in sugar binding shown in light
blue, whereas the red portions of the backbone stem from the origi-
nal hevein structure kept for structural support. This energy-re-
laxed model can be compared to the backbone conformation of the
unrelaxed hevein structure, which is shown as thin yellow lines.

interactions provided by stacking a galactose residue onto
the Trp23 indole moiety are crucial for binding to occur.
This is further corroborated by the non-binding of glucosyl-
ceramide (No. 2 i Table II), which argues for a similar
stacking in the lactosylceramide case. Of the nine possible
conformers of the GlcplCer linkage in lactosylceramide
(40), only one of the more energetically favored conforma-
tions having dihedral angles $, % 8 = 53°, -77°, -169°
(after energy irdnimization of the complex) will allow acco-
modation of this glycosphingolipid in the binding site (Fig.
9). The lack of an acetamido moiety on the glucose is com-
pensated for by hydrophobic interactions between Tyr21
and the ceramide head. Importantly, the introduction of a
hydroxy fatty acid renders the lactosylceramide non-bind-
ing, a fact that may be rationalized as a combination of two
effects. First, the fatty acid C'2-OH would make a very un-
favorable contact with the Tyr21 phenol ring and, second,

Fig. 8. Partial view of the complex between the oligosaccha-
ride part of branched neolactohexaosylceramide Galp4Glc-
NAcp6(Gaip4GlcNAcp3)Galp4GlcplCer (red) and PL-I (blue)
as found by docking and a brief molecular dynamics simula-
tion followed energy relaxation. It is to be noted that the confor-
mation and position of the neolactotetraose core containing the p3-
linked iV-acetyllactosamine unit (seen to the left) of the hexasaccha-
ride is practically coincident with that of neolactotetraose itself The
conformation of the fS6-linked branch (seen to the right) corresponds
to the energetically most favored extended conformation of the iso-
lated oligosaccharide. Hydrogen bonds are indicated by white dash-
ed lines. A probable hydrogen bond between the Tyr35 hydroxyl and
the 6-OH of the terminal Gal of the ($6-linked branch is not included
due to a somewhat unfavorable angle. Glycosidic dihedral angles (<t>,
^ , w) areas follows: Gal(34GlcNAc|33 (47°, -20"), GlcNAcp3Gal (16°,
171'), Galp4Glc (62', -5"), Galp4GlcNAc|J6 (17", -19°), and GlcNAc-
p6Gal (64°, 127°, -163') for branched neolactohexaose, and Galp4-
GlcNAcp3 (39", -24°), GlcNAcp3Gal (31*, 152*), and Galp4Glc (56",
0°) for neolactotetraose, The small differences in the values for the
two oligosaccharides arise mainly from different behaviors in the dy-
namics simulations, but also from the presence of the p6-linked arm
in the case of neolactohexaose.
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Fig. 9. View of the complex be-
tween lactosylceramide (Gal-
P4GlcplCer) having a sphin-
gosine base and a non-hy-
droxy fatty acid (red) and PL-
I (blue) (left chart). The lactose
unit (with Galp4Glc glycosidic di-
hedral angles 4>, * = 35°, -27')
assumes the same position as the
terminal iV-acetyllactosamine
unit of the neolactotetraose com-
plex and the only possible confor-
mation of the GlcpiCer linkage
corresponds to the energetically
favored conformer 6 ($, ¥ , 8 =
53\ -77°, -169°) of the isolated
glycosphingolipid (40). The right
panel shows the same view as in
the left panel, but with the cera-
mide consisting of phytosphingo-
sine and hydroxy fatty acid. The
oxygens of the hydroxyl groups are shown as small spneres. rsote especially tne uniavoraDie interaction Deuveen tne tatty acid nyaroxyi group
and Tyr21 resulting in this lactosylceramide species being non-binding For clarity, the ceramide base and fatty acid have been trimmed back
to the 7- and 6-carbon levels, respectively, in both panels.

the distribution of GlcplCer conformers would change in
favor of non-binding conformers (40). However, hydroxyla-
tion at the ceramide base, which also renders lactosylcera-
mide non-binding (No. 6), is most likely a different effect
since the phytosphingosine C4-OH would be somewhat
removed from Tyr21 in the binding site. As can be surmised
from Fig. 9, the binding of lactosylceramide probably has to
entail an elevation of the molecule above the monolayer
plane that is present in, e.g., the microtiter well assay, but
in the presence of phytosphingosine lateral hydrogen bond
interactions (43) between the lactosylceramide molecules
are likely to disfavor molecules from rising above the mono-
layer plane.

DISCUSSION

The occurrence of several isoforms of lectin from tubers of
Solanum tuberosum have previously been indicated (6, 44),
and it has been suggested that different batches of potato
tubers may contain different proportions of these isolectins
(44). The results of the present study show that different
preparations of potato lectin not only differ in molecular
size and N-terminal amino acid sequences, but also differ
with respect to their detailed carbohydrate binding specific-
ities. Isolectins with different molecular masses, amino acid
compositions and carbohydrate binding specificities have
previously been described for several plant lectins (45).

In this study the glycosphingolipid recognition of two
preparations of lectins from potato tubers was investigated.
One lectin (PL-I) was isolated from potato tubers by affinity
chromatography, and was a homodimer with a subunit
molecular mass of 63,000, as determined by MALDI-TOF
mass spectrometry. The other (PL-II) was a commercial lec-
tin, and molecular mass determinations by SDS-PAGE and
MALDI-TOF mass spectrometry showed that this lectin
preparation contained two homodimeric lectins with sub-
unit molecular masses of 52,000 and 55,000. With regard to
molecular masses, PL-I corresponds most closely to the
potato lectin characterized by Allen et al. (6), while PL-II
corresponded to the lectin described by Kieliszewski and

Orlando (8). However, the N-terminal amino acids of both
lectin preparations differ from the sequence described by
Allen et al. (6), although both lectins carry motifs resem-
bling the reported lectin. In addition, the differences in N-
terminal amino acids between PL-I and PL-II suggest that
the two proteins are separate gene products.

In summary, PL-I bound to several Af-acetyUactosarnine—
containing glycosphingolipids. The best ligands were Gal-
p4GlcNAc(33Gaip4GlcNAc(33Gaip4GlcpiCer, NeuGca3Gal-
p4GlcNAcp3Gaip4GlcNAcp3Gaip4GlcplCer, and Gaip4-
GlcNAcp6(Galp4GlcNAcp3)Gaip4GkpiCer, but the lectin
also bound to neolactotetraosylceramide, the B5 pentaglyc-
osylceramide and Gaip4GlcNAcp6(NeuAca6Galp4GlcNAc-
p3)Galp4GlcpiCer.

PL-II had a more restricted binding pattern and prefer-
entially recognized the branched glycosphingolipids Gaip4-
GlcNAcp6(Gaip4GlcNAcp3)Galp4GlcpiCer and Galp4Glc-
NAcp6(NeuAca6Gaip4GlcNAcp3)Gaip4GkpiCer.

In addition, specific binding of both potato lectins to lac-
tosylceramide with sphingosine and non-hydroxy fatty
acids was detected. Since the binding to these ceramide
species of lactosylceramide could be mediated by a site out-
side the AT-acetyllactosamine—binding site of the lectin, in-
hibition studies were conducted. In the presence of the
inhibitor AT-acetylchitotetraose, the binding of the lectins to
both lactosylceramide and AT-acetyllactosamine-containing
glycosphingolipids was abrogated, indicating that both
types of compounds indeed are accomodated within the N-
acetylchitotetraose/AT-acetyllactosamine—binding sites of
the lectins.

In the absence of a crystal structure for potato lectin, the
NMR structure of the homologous chitin-binding protein
hevein was used as a template for the construction of a
three-dimensional model of the PL-I binding site, using the
known partial amino acid sequence of PL-I. Docking of gly-
cosphingolipids onto the model of the PL-I binding site sug-
gested that a Gaip4GlcNAcp3Galp4 epitope is necessary
for binding to A^acetyUactosamme-containing glycoconju-
gates to occur. Furthermore, the selective recognition of lac-
tosylceramide with sphingosine and non-hydroxy fatty
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acids was explained by the PL-I model, showing a direct
involvement of the ceramide in the binding.

It should, however, be noted that the ability to recognize
lactosylceramide with sphingosine and non-hydroxy fatty
acids is not a common property of all iV-acetyllactosamine-
binding lectins. No binding to lactosylceramide was de-
tected when the glycosphingolipid binding patterns of
tomato lectin and nettle lectin was investigated (unpub-
lished data). Not even the lectins from seeds of Erythrina
cristagalli and Erythrina corallodendron bind to lactosylce-
ramide on thin-layer chromatograms (25), although lactose
is an inhibitor of hemagglutination induced by these two
lectins (46).

A large number of bacteria also bind to lactosylceramide
on thin-layer chromatograms (47). However, most of these
bacteria require a ceramide with phytosphingosine and/or
hydroxy fatty acids for binding to occur. The only exception
reported is Proprionibacterium freudenreichii, which binds
preferentially to lactosylceramide with sphingosine and
non-hydroxy fatty acids (48). A specific recognition of the
same molecular species of lactosylceramide has also been
reported for yeasts, as Cryptococcus neoformans (49).

The differences in the carbohydrate recognition prefer-
ences of potato isolectins might be of consequence when
potato lectins are used in histochemical studies to detect N-
acetyllactosamine-containing glycoconjugates. Potato lec-
tins with binding preferences similar to PL-II would prefer-
entially bind to glycoconjugates carrying branched N-ace-
tyllactosamine, and the presence of linear sequences might
thus be overlooked.

Furthermore, the ability of potato lectins to bind to lacto-
sylceramide might confuse the interpretation of results
from histochemical studies, especially if carbohydrate ex-
pression of tumor tissues is studied. Treatment with galac-
tose oxidase, followed by reduction with tritiated sodium
borohydride, did not label lactosylceramide in human ery-
throcytes, indicating that in normal cells, lactosylceramide
is not accessible (50). However, concomitant with malignant
transformation, an accumulation of precursor glycosphin-
golipids, as lactosylceramide, sometimes occurs (51).
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