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The heat-labile enterotoxins of Escherichia coli and cholera toxin of Vibrio cholerae are related in structure and function. Each of these oligomeric
toxins is comprised of one A polypeptide and five B polypeptides. The B-subunits bind to gangliosides, which are followed by uptake into the
intoxicated cell and activation of the host’'s adenylate cyclase by the A-subunits. There are two antigenically distinct groups of these toxins.
Group | includes cholera toxin and type | heat-labile enterotoxin of E. coli; group Il contains the type Il heat-labile enterotoxins of E. coli. Three
variants of type Il toxins, designated LT-lla, LT-Ilb and LT-llc have been described. Earlier studies revealed the crystalline structure of LT-llb. Herein
the carbohydrate binding specificity of LT-lic B-subunits was investigated by glycosphingolipid binding studies on thin-layer chromatograms
and in microtiter wells. Binding studies using a large variety of glycosphingolipids showed that LT-llc binds with high affinity to gangliosides
with a terminal Neu5Aca3Gal or Neu5Gca3Gal, e.g. the gangliosides GM3, GD1a and Neu5Aca3-/Neu5Gca3-neolactotetraosylceramide and
NeubAca3-/NeubGcea3-neolactohexaosylceramide. The crystal structure of LT-Ilc B-subunits alone and with bound LSTd/sialyl-lacto-N-neotetraose
d pentasaccharide uncovered the molecular basis of the ganglioside recognition. These studies revealed common and unigue functional

structures of the type Il family of heat-labile enterotoxins.
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Introduction

Enterotoxigenic Escherichia coli (ETEC) is responsible for
endemic diarrhea in low-income countries and for the major-
ity of all moderate to severe travellers’ diarrheal infections
(Gascon 2006; Lamberti et al. 2014; Kotloff et al. 2017).
The elicited diarrheal symptoms are mainly due to the action
of enterotoxins released from the bacteria. Both heat-stable
and heat-labile (LTs) enterotoxins are produced by ETEC.
The heat-labile enterotoxins belong to ABs toxins family,
a group of oligomeric proteins consisting of an A-subunit
with catalytic activity and a pentameric B-subunit mediating
binding to host glycoconjugates (Fan et al. 2000; Beddoe et al.
2010).

The heat-labile enterotoxins are divided into two major
groups based on genetic, biochemical and immunological
characteristics. The type I subfamily consists of LT-I entero-
toxin of E. coli, which is closely related to cholera toxin (CT),
and other related enterotoxins from bacteria such as Campy-
lobacter jejuni, whereas the type II subfamily is comprised of
three members, which are denoted LT-IIa, LT-IIb and LT-IIc
(Hajishengallis and Connell 2013). The amino acid sequences
of LT type II A-subunits have 50-60% identity with the

A-subunits of CT/LT-I, whereas there is a very low amino acid
homology (<14 % identity) between the type II B-subunits and
the B-subunits of CT and LT-I (van den Akker et al. 1996).

The differences in amino acid sequences of the B-subunits
are reflected in their different carbohydrate binding prefer-
ences. The primary receptor of the B-subunits of CT and LT-I
is the GM1 ganglioside (Holmgren 1973); LT-I also binds to
glycoconjugates with terminal N-acetyllactosamine (Orlandi
et al. 1994; Teneberg et al. 1994). The initial binding studies
with type II B-subunits were focused on gangliosides with
ganglio (Galp3GalNAc) core chains and demonstrated that
although LT-IIa B-subunits bind with highest affinity for the
GD1b ganglioside, the B-subunits of LT-IIb interact with the
gangliosides GD1a and GT1b (Fukuta et al. 1988), and the
gangliosides recognized by LT-Ilc B-subunits are GM1, GM2,
GM3 and GD1a (Nawar et al. 2010; Berenson et al. 2013).
More recent binding studies have demonstrated that the B-
subunits of LT-IIb also bind to gangliosides with neolacto
(GalB4GIlcNAc) core chains (Zalem et al. 2016).

Despite of the very limited sequence identity, the overall
structure of the LT-IIb holotoxin closely resembles that of CT
and LT-I (van den Akker et al. 1996). Recently the crystal
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structure of the B-subunits of LT-IIb with bound NeuSAca3-
neolactotetraose demonstrated that the ganglioside binding
site of LT-IIb is located in the same region as the GM1 binding
sites of CT and LT type I (Zalem et al. 2016). The NeuSAc
moiety, however, is rotated ~120° in LT-IIb compared with
the moiety in CT and LT-I, and the orientation of the car-
bohydrate chain, and therefore the network of contacts, is
entirely different. Furthermore, it was demonstrated that there
are two NeuSAc binding sites within the LT-IIb B-subunits. A
secondary binding site in the vicinity of the primary site has
not been found in the B-subunits of CT and LT-L.

The current study aimed to determine if two binding sites
within one monomer were a unique feature of LT-IIb or if
the pattern was also present in the other type II B-subunits.
First, the carbohydrate binding specificity of LT-Ilc was more
precisely investigated using our collection of gangliosides
of various core chain series from different sources. Gan-
glio series gangliosides were recognized by the B subunits
of LT-Ilc, with preferential binding to GD1a, as previously
described (Nawar et al. 2010; Berenson et al. 2013). In
addition, the LT-Ilc B-subunits bound to neolacto core gan-
gliosides, e.g. NeuSAca3nLcy Cer and NeuSGea3nLcgCer. To
obtain more atomic details of the binding characteristics of
LT-Ilc, we determined the crystal structure of LT-IIc B-subunits
in apo form and in complex with the LSTd/sialyl-lacto-N-
neotetraose d pentasaccharide.

Results

Screening for LT-llc carbohydrate recognition

by binding to glycosphingolipid mixtures on
thin-layer chromatograms

In the first series of experiments, the binding of LT-Ilc B-
subunits to a number of well-characterized glycosphingolipid
fractions from different sources was evaluated. All glycosph-
ingolipid binding studies were performed using '2°I-labeled
B-subunits. No binding to nonacid glycosphingolipids was
detected (not shown), but in the acid fractions, several
binding-active compounds were revealed (exemplified in
Figure 1B). In comparison, the binding pattern obtained with
CT B-subunits (Figure 1D) was much more restricted.

The major glycosphingolipids in the acid fraction from
human small intestine (lane 1) are sulfatide and the gan-
gliosides NeuSAc-GM3 and NeuSAc-GD3. There are also
minor compounds such as NeuS5Aca3-neolactotetra- and
Neu5Aca3-neolactohexaosylceramide (Zalem et al. 2016).
There was no binding of LT-Ilc in the sulfatide region,
whereas the LT-Ilc bound to several compounds migrating
as the GM3 ganglioside and below (Figure 1B, lane 1).
The acid fraction in lane 2 (human neutrophils) and lane
3 (rabbit thymus) contained the GM3 ganglioside and
gangliosides with neolacto core chain (Iwamori and Nagai
1981; Stroud et al. 1996a; Stroud et al. 1996b), and with
NeuSAc in the case of human neutrophil gangliosides and
Neu5Ge in the rabbit thymus gangliosides. Several bands
were detected in both lanes indicating that gangliosides with
neolacto core chain are recognized by LT-Ilc B-subunits.
The major ganglioside of bovine buttermilk (lane 35) is
Neu5Ac-GD3 (Hauttecoeur et al. 1985). No binding was
obtained at the level of binding of anti-GD3 antibodies
(Figure 1C, lane 5), suggesting that the GD3 ganglioside is
nonbinding. The acid fraction from goat erythrocytes (lane 6)
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is a complex mixture of NeuSGe-terminated gangliosides,
like Neu5Gce-GD3, NeuS5Ge-neolactotetra- and NeuSGe-
neolactohexaosylceramide, and Neu5Gc-GD1b (S. Teneberg,
unpublished data). Several slow migrating gangliosides in this
fraction were recognized by the LT-Ilc B-subunits.

Detailed dissection of LT-llc ganglioside recognition
profile

Binding assays with pure reference glycosphingolipids in
defined amounts were subsequently performed to define the
carbohydrate recognition specificity of the LT-Ilc B-subunits.
In the initial assays, relatively high amounts of glycosphin-
golipids (2—4 pg) were applied on the chromatograms. The
LT-IIc B-subunits then bound to almost all glycosphingolipids
in an unspecific manner. Assays were repeated using decreased
amounts of glycosphingolipids (1 pg or less) to discern the
binding preferences of LT-lIlc. The appearance of a band
on the autoradiogram at a concentration lower or equal to
1 g was, thereafter, considered to be positive binding. The
results obtained using these conditions are exemplified in
Figures 2-3 and summarized in Table I and Supplementary
Table SI. LT-Ilc bound to all gangliosides that had a terminal
NeuSAca3Gal or Neu5Gea3Gal sequence (Table I), except
for ganglioside GM4 (No. 3 in Supplementary Table SI),
NeuSAca3-lactotetraosylceramide (No. 11) and the Neu5Ac-
globopenta/SSEA-4 ganglioside (No. 18).

A terminal a6-linked NeuS5Ac (Nos. 12 and 15 in
Supplementary Table SI; Figure 2B, lane 2 and Figure 2C,
lane 2) did not support binding of the LT-Ilc B-subunits, and
gangliosides with a disialo sequence (Neu5Aca8Neu5Aca3 or
NeuS5Gea8NeuS5Gea3), such as the gangliosides GD3 (Nos. 4
and 5; Figure 3A), GD1b (Nos. 9 and 10; Figure 2A, lane 3),
NeuSAca8NeuSAca3-/Neu5Gea8NeuS5Gea3-neolactotetrao
sylceramide (Nos. 13 and 14; Figure 2C, lane 4) and Neu5Gc
a8Neu5Gcea3-neolactohexaosylceramide (No. 16), were not
recognized by LT-Ilc.

Binding of LT-Ilc B-subunits to derivatives of Neu5Ge-GM3
where the carboxyl group of the sialic acid had been converted
to methylamide, ethylamide or propylamide (Lanne et al.
1995) was also evaluated (Supplemental Figure S1). All three
modifications abrogated LT-Ilc binding, demonstrating that
the carboxyl group has a critical role in the binding process.

Comparisons of the relative binding affinity of the
LT-Ilc B-subunits for the various binding-active ganglio-
sides were initially performed using dilutions of glycosph-
ingolipids on thin-layer chromatograms. As shown in
Figure 3A, no binding to the Neu5Ac-GD3 ganglioside
occurred even at 2 pg, whereas the detection limits for the
NeuS5SAc-GM3 (Figure 3A) and Neu5Gc-GM3 gangliosides
(Figure 3B) were ~40 ng. The detection limit for the NeuSAc-
GM1 ganglioside was also 40 ng (Figure 3B), whereas the
detection limits for the other binding-active gangliosides
tested  (NeuSAca3-/Neu5Gcea3-neolactotetraosylceramide,
Neu5Gcea3-neolactohexaosylceramide, Neu5Ac-GD1a and
NeuS5Ac-GT1b; Figure 3B and C) were 20 ng or below.

Binding studies using serial dilutions of selected gan-
gliosides in microtiter wells confirmed the results from
the chromatogram binding assays. The LT-Ilc B-subunits
bound to the ganglioside GD1a with a half-maximal binding
at 80-100 ng/well (Figures 4A and S5A). This binding
affinity was, therefore, on the same level as that of cholera
toxin B-subunits (CTBs) binding to the GM1 ganglioside
(half-maximal binding at 20 ng/well) (Figure 4B). Binding
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Fig. 1. Screening for LT-llc B-subunit carbohydrate recognition by binding to mixtures of glycosphingolipids on thin-layer chromatograms. Thin-layer
chromatogram stained with anisaldehyde (A), and autoradiograms obtained by binding of LT-llc B-subunits (B), monoclonal anti-GD3 antibodies (C) and
CTB (D). The chromatograms were eluted with chloroform/methanol/water 60:35:8 (by volume). The lanes were: Lane 1, acid glycosphingolipids of
human small intestine 1, 20 ng; lane 2, acid glycosphingolipids of human small intestine 2, 20 u.g; lane 3, acid glycosphingolipids of human neutrophils,
20 ng; lane 4, acid glycosphingolipids of rabbit thymus, 20 ng; lane 5, acid glycosphingolipids of bovine buttermilk, 20 wg; lane 6, acid glycosphingolipids
of goat erythrocytes, 20 g. The band marked with X in (A) is a nonglycosphingolipid contaminant. The migration levels of sulfatide, and the GM3 and
GD3 gangliosides, are given to the left of the chromatograms in (A) and (C).

Table I. LT-llc binding gangliosides?®

Abbreviation Structure Detection
limit

1. Neu5Ac-GM3 Neu5Aca3Galp4GlcB1Cer 0.04 pg

2. Neu5Ge-GM3 Neu5Gea3GalB4Glcp1Cer 0.04 pg

Ganglio series

3. NeuSAc-GM1 GalB3GalNAcB4(NeuSAca3)Galp4Glcp1Cer 0.04 pg

4. Neu5Ac-GD1a Neu5Aca3Galp3GalNAcB4(NeuSAca3)GalB4Glcp1Cer <0.02 ng

5. NeuSAc-GT1b NeuS5Aca3GalB3GalNAcB4(NeuSAca8NeuSAca3)Galp4Glcf1Cer 0.02 pg

Neolacto series

6. NeuSAca3-nLc4 NeuS5Aca3Galp4GlcNAcB3GalB4Glcp1Cer <0.02 ug

7. Neu5Gea3-nLc4 Neu5Gea3GalB4GlcNAcB3GalB4GlcB1Cer <0.02 ug

8. NeuSAca3-Le* NeuSAca3Galp4(Fuca3)GlcNAcB3Galp4Glcp1Cer ND

9. NeuSAc-nLc6 NeuS5Aca3GalB4GlcNAcB3GalB4GlcNAcB3GalB4GlcB1Cer <0.02 ug

10. Neu5Gc-nLc6 Neu5Gea3Galp4GIcNAcB3GalB4GlcNAcB3Galp4Glcp1Cer <0.02 ng

11. NeuSAc-VIM-2 NeuS5Aca3Galp4GlcNAcB3GalB4(Fuca3)GlcNAcB3GalB4GlcB1Cer ND

12. NeuSAc-G-10 NeuSAca3Galp4GlcNAcB6(NeuSAca3Galp4GlcNAcB3)GalB4Glcp1Cer ND

3Binding is defined as an intense and highly reproducible staining on the autoradiogram when 1 pg of the glycosphingolipid was applied on the thin-layer

chromatogram. ND, detection limit not determined.

of LT-II¢c B-subunits to NeuSGca3-neolactohexaosylceramide NeuS5SAc- and Neu5Gc-terminated gangliosides were sim-
was also obtained with half-maximal binding at 200 ng/well ~ ilar (100 and 300 ng/well, respectively), whereas there
(Figure 5A). Binding assays with Neu5Ac-GM3 and Neu5Gc-  was no binding to the Neu5SAc-GD1b or Neu5Ac-GD3
GM3 (Figure 5B) showed that the relative affinities for  gangliosides.
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Fig. 2. Binding of LT-Ilc B-subunits to reference glycosphingolipids on thin-layer chromatograms. Thin-layer chromatograms stained with anisaldehyde (A,
C and E), and autoradiograms obtained by binding of LT-Ilc B-subunits (B, D and F). The chromatograms were eluted with chloroform/methanol/water
60:35:8 (by volume). The lanes on a and B were: Lane 1, Gangliotetraosylceramide (GgO4; Galp3GalNAcB4Galp4GlcB1Cer), 2 pg; lane 2, GD1a
ganglioside (NeubAca3Galp3GalNAcB4(NeubAca3)Galp4Glcp1Cer), 1 ug; lane 3, GD1b ganglioside
(Galp3GalNAcB4(NeubAca8NeubAcal3)Galp4Glcp1Cer), 1 wg; lane 4, GT1b ganglioside (NeubAca3Galp3GalNAcB4(NeubAca8NeubAca3)Galp4GlcB1Cer),
1 ng. The lanes on C and D were: Lane 1, NeubAca3-neolactotetraosylceramide (Neub5Aca3-nLc4; NeubAca3Galp4GIcNAcB3Galp4GlcB1Cer), 1 ng; lane
2, NeubAca6-neolactotetraosylceramide (NeubAcaB-nLc4; NeubAcabGalB4GIcNAcB3Galp4Glcp1Cer), 1 nug; lane 3, NeubAca3-Le* ganglioside
(NeubAca3-Le*; NeubAca3Galp4(Fuca3)GIcNAcR3Galp4Glcp1Cer), 1 ug; lane 4, VIM-2 ganglioside
(NeubAca3Galp4GIcNAcB3Galp4(Fuca3)GIcNAcB3Galp4GlcB1Cer), 1 wg. The lanes on E and F were: Lane 1, NeubAca3-neolactotetraosylceramide
(NeubAca3-nLc4; NeubAca3Galp4GIcNAcB3Galp4Glcp1Cer), 1 ng; lane 2, NeubAcaB-neolactotetraosylceramide (Neub5AcaB-nlc4;
NeubAcabGalp4GIcNAcB3Galp4Glcg1Cer), 1 ng; lane 3, NeubGea3-neolactotetraosylceramide (Neu5Gca3-nLc4;
Neu5Gca3Galp4GIcNAcB3Galp4Glcp1Cer), 1 wg; lane 4, Neub5Gca8Neu5Gcea3-neolactotetraosylceramide ((Neu5Gea3),-nlc4;
NeubGca8NeubGea3Galp4GIcNAcB3Galp4Glcp1Cer), 1 ng; lane 5, NeubAca3-neolactohexaosylceramide (NeubAca3-nLc6;
NeubAca3Galp4GIcNAcB3Galp4GIcNAcB3Galp4Glcp1Cer), 1 g; lane 6, Neu5Gea3-neolactohexaosylceramide (Neu5Gca3-nLc6;
Neu5Gca3Galp4GIcNACB3Galp4GIcNACB3Galp4GlcB1Cer), 1 ng. The bands marked with X in (E) are nonglycosphingolipid contaminants.
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Fig. 3. Binding of LT-Ilc B-subunits to dilutions of gangliosides on thin-layer chromatograms. Autoradiograms obtained by binding of LT-llc B-subunits
(A-C). The chromatograms were eluted with chloroform/methanol/water 60:35:8 (by volume). NeubAca3-GM3, NeubAca3Galp4Glcp1Cer;
Neu5Aca3-GD3, Neub5Aca8Neub5Aca3Galp4Glcp1Cer; Neub5Gea3-GM3, Neu5Gea3Galp4Glep1Cer; NeubGea3-nLcd,
Neu5Gca3Galp4GIcNACB3Galp4Glcp1Cer; NeubGea3-nlc6, NeubGea3Galp4GIcNAcB3GalB4GIcNAcB3Galp4Glch1Cer; NeubAc-GM1,
Galp3GalNAcB4(NeubAca3)Galp4Glcp1Cer; NeubAc-GT1b, NeubAca3Galp3GalNAcB4(NeubAca8Neu5Aca3)Galp4Glcp1Cer; NeubAca3-nlc4,
Neu5Aca3Galp4GIcNAcB3Galp4Glcp1Cer; NeubAc-GD1a, Neu5Aca3Galp3GalNAcB4(NeubAca3)Galp4Glcp1Cer.

Glycoprotein binding by LT-lic B-subunits was examined. Fetuin, the major glycoprotein in fetal calf
The minimal NeuSAca3Gal or NeuS5Gea3Gal sequence  serum, and the desialylated form of fetuin, was employed as
required for LT-Ilc B-subunit glycosphingolipid binding is model proteins. Here, a distinct binding of LT-Ilc B-subunits
also present on many glycoproteins (Lowe and Marth 1999).  to fetuin was obtained, whereas no binding to asialofetuin
Therefore, the potential binding of LT-Ilc to glycoproteins ~ Was detected (Supplemental Figure 52).
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Fig. 4. Binding of '2%|-labeled B-subunits of LT-lic and CT to serial
dilutions of glycosphingolipids in microtiter wells. Data are expressed as
mean values of triplicate determinations.

Inhibition of LT-llc ganglioside binding

To evaluate the potential effect of sialylated saccharides on
ganglioside binding, 12%I-labeled LT-Ilc B-subunits were incu-
bated with 50 mM NeuS5Aca3-lactose (Neu5SAca3GalB4Glc),
or with PBS only, before binding to NeuSAc-GM3,
Neu5Aca3-neolactotetraosylceramide, Neu5Gca3-nelacto-
hexaosylceramide and Neu5Ac-GD1a in the microtiter well
assay. Preincubation with the Neu5Aca3-lactose saccharide
severely decreased the binding of LT-Ilc subunits to the four
gangliosides (Figure 6).

Binding of LT-llc to gangliosides of human small
intestine and human leukocytes

LT-Ilc is both a diarrheagenic agent and a potent adjuvant
(Nawar et al. 2011), and thus interacts with both intesti-
nal cells and lymphocytes. In an attempt to identify LT-Ilc

D Zalem et al.
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Fig. 5. Binding of '25|-labeled LTlIc B-subunits to serial dilutions of
glycosphingolipids in microtiter wells. Data are expressed as mean
values of triplicate determinations.

binding gangliosides from human target cells, we investigated
the binding of LT-Ilc B-subunits to acid glycosphingolipids
obtained from human small intestine and human leukocytes.
Acid glycosphingolipids from human lymphocytes were not
available.

In the acid glycosphingolipid fraction from human small
intestine (Figure 7, lane 1), a distinct binding of LT-Ilc B-
subunits to three compounds, co-migrating with the GM3
ganglioside, GD1a and sialyl-neolactohexaosylceramide, was
observed. A distinct binding to several gangliosides of human
leukocytes was also found (Figure 7, lane 2). In this case,
the recognized compounds migrated at the level of the
GM3 ganglioside, sialyl-neolactotetraosylceramide, sialyl-
neolactohexaosylceramide and below.

LT-llc B-subunit apo crystal structure

Several crystallization conditions were identified for the
B-pentamer in the absence of the A polypeptide after
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Fig. 6. Inhibition of LT-llc B-subunit ganglioside binding by
NeubAca3-lactose. Binding of 2°|-labeled LT-llc B-subunits incubated
with 50 mM NeubAca3-lactose (NeubAca3GalB4Glc), or with PBS, to
Neub5Ac-GM3, NeubAca3-neolactotetraosylceramide,
NeubGca3-nelactohexaosylceramide and NeubAc-GD1a (10 ng/well) in
the microtiter well assay. Data are expressed as mean values of triplicate
determinations.

incubation with different oligosaccharides (GD1a saccharide,
LSTd/sialyl-lacto-N-neotetraose d pentasaccharide, and
sialyl-lactose) using the HTXlab platform, EMBL Grenoble,
France, which were reproduced and optimized manually.
Many conditions did not produce crystals with suitable
diffraction for evaluation (> 3.5 A). Needle clusters were
obtained using sodium formate as precipitant and citric
acid pH 4.0-5.0 as buffer for the B-pentamer preincubated
with GD1a. Data were collected on single broken needle
and statistics can be found in Supplementary Table SII. The
structure was resolved at 2.3 A by molecular replacement
using LT-IIb B-subunit as model (PDB ID 5G3L) (Zalem
et al. 2016). Only one classical B-subunit pentamer of the
bacterial enterotoxin was observed in the asymmetric unit
with the five protomers displaying the same conformation
with a root mean square deviation (rsmd) between 0.14
and 0.2 A (Figure 8A). In the five protomers, all 104 amino
acids could be traced including the C-terminal 6 His-tag,
but no sugar could be observed in the electron density
map.

Each protomer is composed of two three-stranded antipar-
allel B-sheets with one small a-helix at the N-terminus located
on the outside of the pentameric ring and one long a-helix
forming the interior of the B-subunit pore. The crystal packing
revealed that the pentamers were stacked on top of each other,
resulting in the His-tag hindering the oligosaccharide binding
in the pentamer below (Figure 8B), which explains why no
density for sugar could be observed.

LT-llc B-subunit — LSTd/sialyl-lacto-N-neotetraose

d complex

During crystallization screening and testing different crystal
forms, rod-like crystals were observed when lithium sulfate
was used as precipitant and only for LT-Ilc pentamers prein-
cubated with LSTd/sialyl-lacto-N-neotetraose d. Data were
collected at 2 A resolution in P2{2;2; space group. The
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asymmetric unit contains two pentamers and all amino acids
were modeled for each protomer apart from the last five
histidines of the six His C-terminal tag, where no electron
density could be observed. Inspection of the electron density
revealed ligand binding in the sialic acid binding site observed
previously for LT-IIb B-subunits (Zalem et al. 2016). The
sialic acid moiety was modeled in all binding sites for one
pentamer with additional three sugar units of LSTd/sialyl-
lacto-N-neotetraose d in one binding site (Figure 9A). In the
other pentamer, LSTd/sialyl-lacto-N-neotetraose d tri-, tetra-
and pentasaccharides could be build, whereas in the remaining
sites, the electron density was of insufficient quality to model
any ligand, probably as a result of low occupancy and disorder
(Figure 9B). It should be noted that the sugar moieties could
be modeled essentially when they were stabilized by crystal
contacts through stacking interactions with the sugar units
from a symmetric LSTd/sialyl-lacto-N-neotetraose d. Other-
wise, the other carbohydrate moieties were exposed to the
solvent and too disordered with no electron density visible to
enable modeling (Figure 9B).

The contacts with the sialic acid moieties of the gangliosides
were quite limited and consisted of direct hydrogen bonds
located between its carboxylate moiety with Thr14 main
chain nitrogen and side chain oxygen, and between the O4
hydroxyl and the main chain nitrogen of Lys32 and the side
chain oxygen from Asn31 (Figure 9C). The N-acetyl moiety
of the sialic acid makes hydrophobic contact with the ring of
Trp92.

The LT-Ilc B-subunit has 53% sequence identity with the
LT-IIb B-subunit, and their structures are very similar with
a rsmd of 0.8 A for the 491 aligned residues of the pen-
tamer (Figure 10A). Their primary carbohydrate binding sites
are located in a shallow grove at the top of the pentamer
at the interface between protomers. Their interactions with
sialic acid are conserved and also the amino acids involved
in side chain interactions (Thr14, Trp92 and Asn31). Most
of the amino acids forming these primary binding sites are
conserved, but we noted two main differences. At position 32,
LT-IIc presents a lysine but its side chain is very disordered and
could not be built into density. It could interact with the sialic
acid moiety but this is hindered in the present structure by
potential steric clashes with notably LSTd from a symmetric
molecule. The peptidic chain has also a different orientation
than in LT-IIb (Figure 10B). The loop between strand g5 and
B6 presents notably a tyrosine at position 86 which makes
the binding site more enclosed (Figure 10B). The hydroxyl
interacts with the glycerol moiety of the sialic acid depending
of its orientation, but this interaction was not conserved in all
occupied binding sites. This also reduces the flexibility of the
glycerol moiety contrary to LT-IIb where a serine is present.

Contrary to LT-IIb, LT-Ilc does not present a secondary
binding site for sialic acid. The overlay of the two complexed
structures revealed that it could be due to the nonconservation
of the sequence in the bridging strand B4 and helix a2, which
would lead to a different binding surface (Figure 10A and C).
There is no major variation in the main chain conformation
but changes in the side chain directly impact the network
of interactions and the overall architecture. Arg51, which
was making an important hydrogen bond and hydrophobic
interactions with the sialic acid carboxylate moiety, is replaced
in LT-Ilc by a glycine with no possible interactions. Tyr52 is
conserved as well as its orientation and possible interactions.
Change of Ser50 into proline or Asp54 into a tyrosine in LT-
Ic will restrict the flexibility of the glycerol moiety and hinder
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A. Anisaldehyde detection

Fig. 7. Binding of LT-llc B-subunits to gangliosides of human small intestine and human leukocytes. Thin-layer chromatogram stained with anisaldehyde
by (A), and autoradiogram obtained by binding of LT-llc B-subunits (B). The chromatograms were eluted with chloroform/methanol/water 60:35:8 (by
volume). The lanes were: Lane 1, acid glycosphingolipids of human small intestine; lane 2, acid glycosphingolipids of human leukocytes; lane 3,
reference NeubAc-GM3 (NeubAca3Galp4Glcp1Cer); lane 4, reference NeubAca3-neolactotetraosylceramide (NeubAca3-nLc4;
NeubAca3Galp4GIcNAcB3Galp4Glcp1Cer); lane 5, reference NeubAc-GD1a (Neu5Aca3Galp3GalNAcB4(NeubAca3)Galp4Glcp1Cer); lane 6, reference
Neu5Gca3-neolactohexaosylceramide (NeubGca3-nLc6; Neu5Gea3Galp4GIcNACB3Galp4GIcNACB3Galp4Glcp1Cer); lane 7, reference Neu5Ac-GD3
(NeubAca8NeubAca3Galp4GlcB1Cer). On the chromatogram in (A) 40 ng was applied in lanes 1 and 2, and 4 pg in lanes 3-7, whereas the

chromatogram in (B) had 40 pg in lanes 1 and 2, and 0.4 g in lanes 3-7.

Fig. 8. Cartoon representation of LT-llc pentamer colored by protomer. (A) Side view of the pentamer with representation of the his tag in balls and
sticks and surface representation of the symmetric pentamer showing how the his tag blocks the primary sialic acid binding site (B).

water mediated H-bond with the O4 hydroxyl, respectively
(Figure 10C).

Discussion

In this study, we investigated the carbohydrate binding
specificity of LT-Ilc by means of solid phase glycosphingolipid
binding studies. By binding to a variety of glycosphingolipids
separated on thin-layer chromatograms, we found that
LT-Ilc binds with high affinity to gangliosides with a
terminal Neu5Aca3Gal or Neu5Gcea3Gal sequence, as e.g.
the gangliosides GM3, GD1a and NeuSAca3-/Neu5Gcea3-
neolactotetraosylceramide and NeuS5Aca3-/Neu5Gea3-neol-
actohexaosylceramide. The NeuSAc variant of these ganglio-
sides are all present in human small intestine (Zalem et al.
2016), and thus may function as attachment factors for the

B-subunits. Furthermore, the binding of LT-Ilc B-subunits
to fetuin, but not to asialofetuin, suggests that sialylated
intestinal glycoproteins may also be involved in target cell
binding of the toxin.

Most gangliosides with a terminal NeuS5Aca3Gal or
Neu5Gcea3Gal sequence were recognized by LT-Ilc B-subunits,
indicating that NeuSAc/NeuSGca3Gal is the minimum
binding epitope. There were, however, some gangliosides
carrying this sequence that were nonbinding (the GM4 gan-
glioside, NeuSAca3-lactotetraosylceramide, and the Neu5Ac-
globopenta/SSEA-4 ganglioside). The GM4 ganglioside has
a relatively short carbohydrate chain and might not be
accessible for the B-subunits. The nonbinding of NeuSAc a3-
lactotetraosylceramide, and the NeuSAc-globopenta/SSEA-
4 ganglioside, could be due to conformational limitations.
Molecular modeling has shown that the presentation of
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{ GlcNAc

Thr14

Fig. 9. Sialic acid recognition by the B-subunits of LT-llc. Surface
representation of the second pentamer with 2Fo-fc electron density map
displayed at 1o (0.25eA3) around the bound sugar moieties (A). Side view
of the surface representation for the first pentamer of LT-llc B subunit
with LSTd/sialyl-lacto-N-neotetraose d displayed in balls and sticks (B).
Zoom in the interactions in the primary sialic acid binding site with
electron density displayed around the oligosaccharide at 1o (C). H bonds
are represented by dashed lines.

terminal carbohydrates on type 1 and type 2 core chains
differs (Coddens et al. 2009), thereby suggesting that the
Neu5Aca3Gal epitope might not be fully accessible on type
1 core chains. The Gala4Gal sequence found in the NeuSAc-
globopenta/SSEA-4 ganglioside bends the carbohydrate chain,
making the terminal carbohydrate units toward the ceramide
part of the molecule (Stromberg et al. 1991), which may
explain why this ganglioside is not recognized by the LT-Ilc
B-subunits.
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LT-Ilc is a potent adjuvant that potentiate mucosal and
systemic T cell responses against unrelated co-administered
antigens (Nawar et al. 2011; Hu et al. 2014). Thus, lympho-
cytes are also target cells of LT-Ilc. The major ganglioside
of human peripheral blood lymphocytes and monocytes is
Neu5Ac-GM3. These immune cells also express gangliosides
having neolacto core chains (Macher et al. 1981; Kiguchi et al.
1990), whereas gangliosides based on ganglio core chains, e.g.
GM1 and GD1a, are absent (Yohe et al. 2001). Thus, the
binding of LT-Ilc to NeuSAca3-neolacto gangliosides, along
with Neu5Ac-GM3 binding, may also have a critical role in
the immunomodulatory activities of the protein.

At the structural level, LT-IIc is almost identical to LT-IIb,
all secondary structure elements are conserved. The conforma-
tion of the loops is similar despite that they are very dissimilar
in sequence. The recognition of the Neu5Aca3Gal epitope is
also very similar. No secondary binding site could be observed
for LT-Ilc and is not expected after comparison with LT-IIb.

LT type 1 B-subunits bind to glycoconjugates with terminal
N-acetyllactosamine (Orlandi et al. 1994; Teneberg et al.
1994), in addition to binding GM1 ganglioside. Furthermore,
recent studies demonstrated that the B pentamer of CT (CTB)
binds to fucosylated proteins (Wands et al. 2015; Cervin et al.
2015; Wands et al. 2018). In this investigation, binding to
pure nonacid reference glycosphingolipids was also examined,
but no binding of LT-Ilc to these glycosphingolipids was
observed (data not shown). It should be noted, however, that
binding of CTB to fucosylated glycans was obtained only
when these moieties were expressed on glycoproteins, i.e.
no binding of CTB to fucosylated glycosphingolipids was
observed (Cervin et al. 2015). LT-Ilc recognized two fuco-
sylated gangliosides (sialyl-Lewis* hexaosylceramide and the
VIM-2 ganglioside), but this binding was most likely due to
their terminal Neu5Aca3Gal sequence.

Analysis of a large collection of E. coli strains producing
type II enterotoxins showed that LT-Ilc toxin genes were
found in the majority of the isolates, whereas LT-Ila and LT-
IIb toxin types were found in only 6%and 2% of isolates,
respectively (Jobling and Holmes 2012). Our definition of the
structural basis for receptor ganglioside recognition by LT-Ilc
may contribute toward the development of new antibiotic-
independent treatment strategies and design of detoxified
enterotoxin-based adjuvants.

Materials and methods
Production of LT-llc B-subunits for
glycosphingolipid binding studies
A synthetic LT-Ilc B-subunit gene (ATG-Biosynthetics,
Merzhausen, Germany) was cloned into the pMB1-based
expression vector pML-AcI857 constructed in our laboratory.
Transcription of the B-subunit gene in the resulting plasmid,
pML-LTBIIc/A/cI857, is controlled by the temperature-
sensitive clgs7 repressor and initiated from the APy promoter.
The clgs7 repressor is active at 30°C, but is inactivated
at 42°C, allowing temperature-regulated expression of the
protein. In the final construct, the region encoding the signal
peptide of the protein was removed. Thus, the mature protein
is retained in the cytoplasm where it accumulates as inclusion
bodies when expression is induced.

E. coli strain BL21 carrying pML-LTBIIc/A/cI857 was cul-
tured overnight in 25 mL of LB broth supplemented with
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Fig. 10. Comparison of the B-subunits of LT-llc and LT-llb. Sequence alignment for the B-subunits of LT-llc and LT-llb (A). Figure drawn with Espript 3.0
(Robert and Gouet 2014). Zoom in the overlay of the primary (B) and secondary sialic acid binding site (C). Carbon atoms of the LT-llc B-subunit are

colored in green and those of the LT-Ilb B-subunit in cyan.

100 pg/mL ampicillin at 30°C with shaking at 180 RPM.
About 5 mL of the overnight starter were used to inoculate
500 mL of fresh LB/ampicillin medium and the culture was
incubated at 30°C with shaking at 180 RPM until the ODgg
value reached ~0.4. The temperature was then raised to 42°C,
and the flasks were incubated for another 3—4 h to induce LT-
IIc B-subunit expression as cytoplasmic inclusion bodies. Cells
were pelleted at 13,000 x g and resuspended with 50 mM

Tris/HCI (pH 8). Lysozyme and EDTA were added to final
concentrations of 100 mg/mL and 1 mM, respectively, and
the suspension was incubated at RT for 30 min. Triton X-
1000 was added to a final concentration of 0.1%, and MgCl,
to a final concentration of 10 mM. DNA was degraded by
the addition of a small amount of DNase (Roche, Basel,
Switzerland). The mixture was incubated at RT for 15 min,
after which Complete Protease Inhibitor (Roche) was added
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according to the manufacturer’s instructions. Finally, the cells
were completely disrupted by sonication performed on ice for
~5 min with 2 s pulses and 2 s intervals, at 60% amplitude
(Vibra-Cell™; Sonics & Materials, Inc., Newtown, CT). The
inclusion bodies were harvested by centrifugation at 5000 x g
for 10 min and washed with ice cold phosphate-buffered
saline (PBS; pH 7.3). The pellet was thoroughly resuspended
in minimal volume of double deionized water, after which the
inclusion bodies were dissolved by addition of 6.5 M urea.
The solution was gently agitated overnight on a shaker at
4°C. Any undissolved debris was removed by centrifugation
at 48,000 x g for 30 min.

The protein was refolded by dialysis against 50 mM sodium
carbonate buffer (NayCO3, pH 9) containing diminishing
amounts of urea until no urea was left in the buffer. The solu-
tion was centrifuged for another 30 min at 48,000 x g, after
which the supernatant underwent sterile filtration through
a 0.22 um filter. Purification of the assembled protein was
performed by ion-exchange chromatography (Resource™ Q;
Cytiva, Uppsala, Sweden), followed by size-exclusion chro-
matography (HiLoad™ 16/600 Superdex 200 pg; Cytiva),
according to the protocols of the manufacturer (NGC™ Chro-
matography System; Bio-Rad, Hercules, CA). The protein
preparation was analyzed on 14%Tris/glycine gel (Invitro-
gen/Thermo Fischer Scientific, Stockholm, Sweden) stained
using Coomassie Brilliant Blue R-250.

Radiolabeling

Aliquots of 50 pg protein were labeled with 2T by the
Iodogen method according to the manufacturer’s instructions
(Pierce/Thermo Fischer Scientific, Stockholm, Sweden). The
specific activity of the protein was 2000 cpm—4000 cpm/pg
protein.

Reference glycosphingolipids
Reference glycosphingolipids were isolated and characterized

by mass spectrometry and proton NMR, as described (Karls-
son 1987).

Thin-layer chromatography

Aluminum- or glass-backed silica gel 60 high performance
thin-layer chromatography plates (Merck, Darmstadt, Ger-
many) were used for thin-layer chromatography. The gly-
cosphingolipids were applied to the plates in quantities of
0.02-4 pg of pure glycosphingolipids and 20-40 ng of gly-
cosphingolipid mixtures, and chromatographed using chloro-
form/methanol/water (60:35:8, by volume) as mobile phase.
Chemical detection was done with anisaldehyde (Waldi 1962)
or resorcinol (Svennerholm and Fredman 1980).

Chromatogram binding assays

Binding of radiolabeled LT-Ilc B-subunits, and CTBs (List
Labs., Campbell, CA), to glycosphingolipids on thin-
layer chromatograms was done as described previously
(Angstrom et al. 2000). Chromatograms were dipped in
diethylether/n-hexane (1:5 v/v) containing 0.5% (w/v)
polyisobutylmethacrylate for 1 min, dried and then blocked
with BSA/PBS (PBS containing 2% (w/v) bovine serum
albumin and 0.1% (w/v) NaN3) for 2 h at RT. Thereafter,
the plates were incubated with 12°I-labeled B-subunits diluted
in BSA/PBS (1-5 x 10° cpm/pl) for another 2 h at RT. After
washing six times with PBS, and drying, the thin-layer plates
were autoradiographed for 12 h using XAR-5 X-ray films
(Carestream/Sigma-Aldrich, St. Louis, MO).
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Binding assays with monoclonal anti-GD3 antibodies
(BD Biosciences, Stockholm, Sweden) to glycosphingolipids
separated on thin-layer chromatograms were performed, as
described (Barone et al. 2013) using '2°I-labeled monoclonal
anti-mouse antibodies (Z0259; DakoCytomation Norden
A/S, Glostrup, Denmark) for detection.

Binding to glycosphingolipids in microtiter wells
Binding of 1%3I-labeled LT-Ilc B-subunits, and CTB, to gly-
cosphingolipids in microtiter wells was performed as pre-
viously described (Angstrom et al. 2000). In short, 50 ul
of serial dilutions (each dilution in triplicate) of pure gly-
cosphingolipids in methanol were applied to microtiter wells
(Costar; Corning, NY). When the solvent had evaporated, the
wells were blocked for 2 h at RT with 200 pl of BSA/PBS.
Thereafter, the wells were incubated for 4 h at RT with
50 wl of 29T-labeled B-subunits (2 x 103 cpm/pl) diluted in
BSA/PBS. After washing six times with PBS, the wells were cut
out and the radioactivity counted in a gamma counter.

Glycoprotein binding assays

Fetuin and asialofetuin (Sigma-Aldrich, St. Louis, MO) were
diluted to 1, 2.5 and 5 mg/mL in PBS, and 12 pL of the
protein samples were mixed with 12 pL of 4 x LDS sample
buffer (NuPAGE/Thermo Fischer Scientific, Stockholm, Swe-
den), supplemented with 200 mM dithiothreitol for reduc-
ing conditions and heated at 95°C for 5 min. The proteins
were separated by electrophoresis on 4-12% Bis—Tris gels
(NuPAGE) with precision protein standards (Biorad, Her-
cules, CA) as markers and stained either with ImperialTM
Protein Stain (Thermo Scientific, Stockholm, Sweden), or
transferred to 0.2 pm nitrocellulose membranes (Biorad). The
membranes were blocked using BSA/PBS containing 0.1%
Tween 20 (BSA/PBS/Tween) for 1 h and subsequently incu-
bated with radiolabeled LT-Ilc protein dissolved in BSA/PB-
S/Tween (~2 x 10° cpm/mL) for 3 h or overnight. Membranes
were washed six times with PBS, dried and autoradiographed

for 6 h.

Inhibition studies

For inhibition experiments, 12I-labeled LT-Ilc B-subunits in
BSA/PBS (4 x 10° cpm/pl) were incubated with NeuSAca3-
lactose (Neu5SAca3Galp4Glc; Elicityl, Crolles, France), or
with PBS only, for 2 h at RT. The solutions were diluted
to 1 x 10% cpm/pl and used in the microtiter well assay with
wells coated with 10 ng ganglioside/well.

Production of LT-lic B-subunits for crystallization
studies

The plasmid encoding LT-Ilc B-subunits (pJCH3.2) was
previously engineered (Nawar et al. 2011). The plasmid
was introduced into E. coli DH5aF’Kan (Life Technologies,
Inc., Gaithersburg, MD) and expression was induced by
addition of 5 mM isopropyl-g8-d-thiogalactoside to the
culture medium. Recombinant B-pentamers were extracted
from the periplasmic space and purified to homogeneity by
the use of nickel affinity chromatography and Sephacryl-
100 gel filtration chromatography (VWR, Piscataway, NJ)
using an AKTA-FPLC (Cytiva, Peapack, NJ) (Nawar et al.
20035).

Crystallization and structure determination

LT-IIc B-subunit pentamers were concentrated to the desired
concentration in 20 mM Hepes 7.5 and 100 mM NaCl
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using centrifugal concentration device (Vivaspin4, 3000 Da
cut-off; Sartorius, Goettingen, Germany). The protein was
preincubated with 1.3 mM LSTd/sialyl-lacto-N-neotetraose d,
0.2 mM GD1a or 3.3 mM 3-sialyl lactose (Elicityl, Crolles,
France) for >15 min at RT prior to crystallization. A first
screening was performed using the robotized HTXlab plat-
form (EMBL, Grenoble, France) and 200 nanoliter sitting
drops at 20°C. Hits were reproduced and optimized using the
vapor diffusion method with 2 pL hanging drops consisting
of one protein:one reservoir mix at 19°C. Cocrystallization
of the LT-Ilc pentamers at 7.5 mg/mL with GD1a led to the
formation of needle clusters with solution containing 2.4—
2.6 M sodium formate and 100 mM citric acid, pH 4.0 or 5.0.
Single needles were cut out and transferred in 4.2 M sodium
formate for cryoprotection before mounting in cryoloop and
flash-freezing in liquid nitrogen.

Cocrystallization of LT-Ilc pentamers performed at 4.8 mg/mL

with LSTd/sialyl-lacto-N-neotetraose d gave hexagonal
crystals using 1.5 M LiSO4 and 100 mM Mes pH 6.5. Crystals
were transferred into 2.5 M LiSO4 before crystal mounting
and freezing. Diffraction data were collected at 100 K at the
SOLEIL synchrotron in Saint Aubin, France on the Proxima
1 beamline using an EIGER-X 16 M detector (Dectris AG.;
Baden, Switzerland).

Data were processed using XDS and XDSme (Kabsch 2010;
Legrand 2017) and were converted to structure factors using
the CCP4 program suite (Winn et al. 2011) with 5% of the
data selected randomly from the observed reflections and
reserved for Ry calculation.

The apo structure of LT-Ilc B-subunits was solved by molec-
ular replacement using the pentamer of LT-IIb B-subunits
(PDB ID: 5G3L) as search model in PHASER 2.8.2 (McCoy
et al. 2007) after mutation and conservation of gamma atoms
in CHAINSAW. The structure in complex with LSTd/sialyl-
lacto-N-neotetraose d was solved by molecular replacement
using the apo structure as model, and a search for two pen-
tamers in the asymmetric unit in PHASER 2.8.3. After initial
rebuilding with ARP/WARP (Langer et al. 2008), both models
were refined using restrained maximum likelihood refinement
using REFMAC 5.8.0267 and local NCS restrains (Murshu-
dov and Nicholls 2011), iterated with manual rebuilding
in Coot (Emsley and Lohkamp 2010). For the LSTd/sialyl-
lacto-N-neotetraose d complexed structure, TLS refinement
was also performed toward the end, and carbohydrates were
introduced upon inspection of the electron density maps
and checked using Privateer (Aguirre et al. 2015). Hydrogen
atoms were added in their riding positions and used for
geometry and structure factor calculations. Before deposi-
tion in the Protein Data Bank, the models were validated
using both the wwPDB Validation server (http://wwpdb-va
lidation.wwpdb.org) and Molprobity (Williams et al. 2018).
Coordinates and structure factors have been deposited under
PDB accession codes 7PRP and 7PRS for LT-Ilc B-subunits
in apo form or complex with LSTd/sialyl-lacto-N-neotetraose
d pentasaccharide, respectively. Data quality and refinement
statistics are described in Supplementary Table SII. Figures 8—
10 were created using PyMOL version 2.4 (www.schrodinge
r.com/products/pymol).

Supplementary data

Supplementary data are available at Glycobiology online.
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