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ABSTRACT: Binding of pertussis toxin (PTx) was examined by a glycan microarray; 53 positive hits fell
into four general groups. One group represents sialylated biantennary compounds with an N-glycan core
terminating in a2—6-linked sialic acid. The second group consists of multiantennary compounds with a
canonical N-glycan core, but lacking terminal sialic acids, which represents a departure from the previous
understanding of PTx binding to N-glycans. The third group consists of NeuSAco2—3(lactose or N-acetyl-
lactosamine) forms that lack the branched mannose core found in N-glycans; thus, their presentation is more
similar to that of O-linked glycans and glycolipids. The fourth group of compounds consists of Neu5SAco2—
8NeuSAca2—8NeuSAc, which is seen in the c series gangliosides and some N-glycans. Quantitative ana-
lysis by surface plasmon resonance of the relative affinities of PTx for terminal NeuSAca2—3 versus
NeuSAca2—6, as well as the affinities for the trisaccharide Neu5Aco2—8Neu5Aca2—8NeuSAc versus
disaccharide, revealed identical global affinities, even though the amount of bound glycan varied by 4—5-fold.
These studies suggest that the conformational space occupied by a glycan can play an important role in
binding, independent of affinity. Characterization of N-terminal and C-terminal binding sites on the S2 and
S3 subunits by mutational analysis revealed that binding to all sialylated compounds was mediated by the
C-terminal binding sites, and binding to nonsialylated N-linked glycans is mediated by the N-terminal sites
present on both the S2 and S3 subunits. A detailed understanding of the glycans recognized by pertussis toxin

is essential to understanding which cells are targeted in clinical disease.

Vaccination has greatly reduced whooping cough (pertussis)
morbidity and mortality; alarmingly, however, the number of
cases has been increasing in the United States since a historic low
in 1976 (1, 2). Pertussis toxin (PTx)" is often considered the major
virulence factor of Bordetella pertussis, as PTx mutants are
avirulent in mouse models, and consequently, PTx is included
as a component in all acellular pertussis vaccines (3). PTx alone
is responsible for the systemic manifestations of lymphocyto-
sis and hyperinsulinemia and is the chief candidate for defense
against innate and adaptive immune systems past the initial
colonization (4—7).

PTx is a member of the ABs family of bacterial toxins, which
includes cholera toxin from Vibrio cholerae, heat-labile toxin
from Escherichia coli, and Shiga toxin from Shigella dysenteriae
and E. coli. ABs toxins are hexameric polypeptide complexes
consisting of five binding (B) subunits arranged in a ring structure
and a single active (A) subunit with enzymatic properties sitting
atop the pore of the ring structure. Unlike other ABs toxins,
which have five identical B-subunits, the PTx B-pentamer has
four different subunits: S2—S5in a 1:1:2:1 ratio (8). The A-subunit,
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named S1 in PTx, is an ADP-ribosyltransferase that targets the
a-subunit of some GTP-binding proteins (9). The B-pentamer is
required for cell targeting and cytosolic entry of S1 into mamma-
lian cells but also has activities independent of S1, such as antigen-
independent T cell activation and mitogenicity (8, 10—15). The
fact that the binding (B) portion of the toxin has activity inde-
pendent of the enzymatic action of the active (A) portion is a rela-
tively new concept in the A—B model of protein toxin biology.

PTx binds primarily, if not solely, to the glycan residues pre-
sent on cell surface receptors and appears to have no affinity
for the protein portion. Glycoprotein Ib, Mac-1 (CD11b/CD18),
CDI14, and TLR-4 have been implicated as PTx receptors;
however, direct binding has been demonstrated for only glyco-
protein Ib (16—20). It is known that PTx can bind the serum
glycoproteins fetuin and haptoglobin, which are used in toxin
purification strategies (2/—23). The interaction of PTx and the
serum glycoprotein fetuin has been most extensively studied.
Fetuin has a roughly equal proportion of terminal NeuSAco2—
3Gal and NeuSAca2—6Gal triantennary (A3) N-linked glycans (24).
Comparative analysis of N-linked glycans revealed that PTx
binds with a higher affinity to NeuSAca2—6Gal than to
NeuSAca2—3Gal (25). A recent study found A3 and tetra-
antennary (A4) N-glycan bound avidly to PTx while A2 and
Al structures bound only minimally. Furthermore, removal of
the terminal Neu5Ac, modification to the N-glycolyl form, or
fucosylation of the core carbohydrate residues weakened bind-
ing (26). This suggests that PTx binding to A3 and A4 glycans
likely involves multiple PTx binding sites simultaneously inter-
acting with those glycans.

©2010 American Chemical Society
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FIGURE 1: Domains and putative binding sites of PTx subunits S2
and S3. The top portion shows amino acid position numbers followed
by boxes showing the positions of the aerolysin/pertussis toxin
domain (dark box) and the bacterial ABs-B domain (light box). S2
is the representation of the putative binding sites of the S2 subunit:
wheat germ agglutinin homologous site (WGA), the neutral glycoli-
pid binding site on S2 (NGL), the aerolysin-homologous sites on S2
(2AH), and the sialic acid binding site (2SA). S3 is the representation
of the putative binding sites of the S3 subunit: the ganglioside binding
site on S3 (GAN), the aerolysin-homologous site (3AH), and the
sialic acid binding site (3SA).

Plant lectins and other ABs toxins typically have multiple
copies of identical binding sites, resulting in multivalent binding
to a single glycan. In contrast, PTx recognizes multiple glycan
targets, possibly diversifying both the cells targeted by PTx and
the effects of PTx on a particular target cell. While the B-pentamer
of PTx has four distinct subunits, all amino acid residues involved
in binding activities have thus far been mapped to the S2 and S3
subunits of the B-pentamer (2/—23, 27—35). In addition, multi-
ple binding sites have been identified on S2 and S3, and each site
has a preference for a distinct glycan. S2 and S3 contain two
domains, an N-terminal aerolysin/pertussis toxin domain (APT)
[structural classification of proteins database (SCOP) entry 56467]
spanning amino acids 1—89 and a C-terminal bacterial ABs
toxins B-subunit domain (ABs-B) (SCOP entry 50204) spanning
amino acids 90—200 (Figure 1). The ABs-B domains of S2—S5,
as well as the B-subunits of all other ABs toxins, share a similar
fold and are structurally constrained since they mediate both
pentamer assembly and association with the enzymatically active
A-subunit. The amino acid sequences of the ABs-B domains of S2
and S3 are 77% identical and contain two homologous sialic acid
binding sites, 2SA and 3SA (amino acids 101—105 and 125),
respectively (Figure 1). These sialic acid binding sites are the best
characterized. An X-ray crystal structure of PTx with NeuSAc-
02—6Gal terminal biantennary (A2) N-glycan bound to 2SA and
3SA has been determined (37). Interestingly, while both the sialic
acid and galactose molecules appear in the crystal structure, only
the terminal sialic acid appears to make contact with the protein.

The APT domains of S2 and S3 are more divergent and are
only 66% identical but share structural similarity with aerolysin
and c-type lectins. APT domains encode five of the seven pro-
posed binding sites; however, the exact number of binding sites is
not entirely understood, since the sites were primarily defined by
genetic mutation. Additionally, some sites may overlap. The
proposed binding sites include a wheat germ agglutinin-homo-
logous site on S2 (WGA amino acids 18—23), a neutral glycolipid
binding site on S2 (NGL amino acids 37—51), a ganglioside
binding site on S3 (GAN amino acids 37—51), and aerolysin-
homologous sites on S2 (2AH amino acids 52—72 and 82) and S3
(3AH amino acids 52—72 and 82) (Figure 1). Unfortunately, the
involvement of these putative binding sites in A2 N-linked gly-
can binding could not be determined in the crystal structure
because the APT domain sites were occluded by crystal packing
contacts (37). Previous binding studies have mostly used poorly
defined natural glycan products; in this study, we used highly
purified, well-characterized glycans to study the binding prefe-
rences of PTx.
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FIGURE 2: Glycan array binding ranked by fluorescence intensity.
Binding was considered positive if the RFU value was greater than
the mean background RFU value (———) plus three standard devia-
tions (—), where the mean background RFU is the mean of RFU
values that are <10% of the maximum RFU value. (A) Binding at
1905 nM PTx. The maximum RFU value concentration was 59078
(compound 199). The mean of all compounds with RFU values of
<5907.8 (10% of the maximum RFU value) was 400 £+ 903 [A (———)].
The 48 compounds had RFU values greater than 3110 {mean
background RFU value plus three standard deviations [A (—)]}.
(B) Binding at 191 nM PTx. Only 15 compounds had RFU values
greater than 855 {mean background RFU value plus three standard
deviations [B (—)]}.

MATERIALS AND METHODS

Glycan Array. Genetically toxoided PTx (PTx 9K/129G,
prepared at Chiron Bioscience and kindly provided by Rino
Rappuoli) (36—38) was analyzed by the Consortium for Func-
tional Glycomics (CFG) Protein-Glycan Interaction Core. Bind-
ing to 320 different glycans arrayed on a glass slide (version 3.0)
was analyzed at six concentrations (10, 48, 191, 476, 952, and
1905 nM). Toxin binding was detected by anti-SI monoclonal
antibody 1B7 (39—41) and fluorescently labeled anti-mouse IgG
Alexa 488 antibody which was supplied by the Consortium. The
array consists of six replicates of each glycan, and relative binding
was expressed as mean relative fluorescence units (RFU) of four
of the six replicates after removal of the highest and lowest values.
Binding was considered positive if the RFU value was greater
than the mean background RFU value plus three standard devi-
ations, where the mean background RFU is the mean of RFU
values that are <10% of the maximum RFU value (Figure 2).
Additionally, compounds with standard deviations that are >75%
of the mean were excluded from analysis. The dimer studies
utilized a newer version of the array (version 4.1). Because of diffe-
rences in the numbering of compounds between the two versions,
if a compound number could refer to two different structures,
then a (v4.1) is added to the compounds on the 4.1 version of
the array. For example, 55 refers to the compound on version 3.0
while 55(v4.1) to the compound on version 4.1. The full data
sets from the six glycan arrays, the structures of the glycans on
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the arrays, and detailed experimental protocols for glycan arrays
can be found in a public database maintained by the CFG (http://
www.functionalglycomics.org).

Surface Plasmon Resonance Studies. Binding to sialic acid
compounds was assessed using a Biacore 2000. Streptavidin-
coated SA sensor chips (GE Healthcare UK Ltd.) were used for
all experiments. Biotinylated synthetic carbohydrates utilized in
the SPR studies were obtained either from the CFG Glycan
Array Synthesis Core or synthesized as previously reported (42, 43).
To prepare the SPR chips, biotinylated compounds were injected
over the streptavidin chip at 20 #L/min until the desired satura-
tion was reached, typically 400 RU. Biotinylated PEG (MW =
3500) was used as the control in flow cell 1. To detect interactions
of PTx with the carbohydrate compounds, different concentra-
tions of the toxoid were injected at a flow rate of 20 yL/min for
2.5 min followed by two injections of 50 mM NaOH at 50 L/min
to regenerate the surface. The sensorgram data were analyzed
using BIAevaluation version 2.0.

Recombinant Dimers. Primers F-Nhel-AA-S2 (GCTAGC-
GCGGCGTCCACGCCAGGCATCGTC) and R-Spel-Hind3-S2
(ACTAGTAAGCTTCAGCATAAGGATGATCCAG) were
used to amplify the mature s2 gene and introduce a Nhel site and
2x Ala codons upstream of the gene and a HindIII site and a Spel
site downstream of the gene. Primers F-Nhel-AA-S3 (GCTAGC-
GCGGCGGTTGCGCCAGGCATCGTC) and R-Spel-Hind3-S3
(ACTAGTAAGCTTCAGCATATCGACGCTGCC) were used
to amplify the mature s3 gene and introduce a Nhel site and
2x Ala codons upstream of the gene and a HindIII site and a Spel
site downstream of the gene. Primers F-Nhel-AA-S4 (GCTAG-
CGCGGCGGACGTTCCTTATGTGCTG) and R-Xhol-S4His
(AAATCTCGAGGGGGCAATCCTGCTTGCC) were used to
amplify the mature s4 gene and introduce a Nhel site and 2x Ala
codons upstream of the gene and a Xhol site downstream of the
gene. The PCR products for S2 and S3 were TA cloned into
pCR2.1 (Invitrogen, Carlsbad, CA) to create plasmids pCR-S2
and pCR-S3, respectively, and sequenced. The PCR product for
S4 was digested with Nhel and Xhol and cloned into plasmid
pET21b (Novagen, Darmstadt, Germany) to create plasmid
pET-S4his. The Nhel—EcoRI fragment from pCR-S2 containing
the S2 gene was subcloned into pET21b to create plasmid pET-S2,
and the same method was used to create plasmid pET-S3 from
pCR-S3. The complementary oligonucleotides F-Ndel-DsbAsig-
Nhel (TATGAAAAAGATTTGGCTGGCGCTGGCTGGTT-
TAGTTTTAGCGTTTAGCG) and R-Ndel-DsbAsig-Nhel
(CTAGCGCTAAACGCTAAAACTAAACCAGCCAGCGCC-
AGCCAAATCTTTTTCA) containing the secretion signal frag-
ment of E. coli gene dsbA flanked by a Ndel site upstream and a
Nhel site downstream were cloned into pET-S2 to create plasmid
pETsecS2. The same method was used to create plasmid pET-
secS3 from pET-S3 and plasmid pETsecS4his from pET-S4his.
Site-directed mutagenesis of the s2 and s3 genes was conducted
using the Stratagene QuikChange II site-directed mutagenesis kit
(Agilent Life Sciences, Santa Clara, CA) according to the manu-
facturer’s protocol to create plasmids pETsecASA-S2 and pET-
secASA-S3 carrying the Y102A and Y103A mutations in the s2
and s3 genes, respectively. Plasmid pETsecS2S4his was created
by cloning the s2 gene containing the Xbal—Pvul fragment into
the Spel and Pvul sites of pETsecS4his, and the same protocol
was used to create the other three dimer expression vectors. The
expression plasmids (Novagen) encoding the dimers or the S4
subunit were transformed into Rosetta 2 (DE3)pLysS E. coli
(Novagen). Transformants were cultured in Luria-Bertani (LB)
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broth containing ampicillin (250 ug/mL) and chloramphenicol
(34 ug/mL) at 37 °C and 250 rpm until reaching an ODg value
of 1. Cultures were cooled to 8 °C, and B-subunit expression was
induced with 0.1 mM IPTG and 2% ethanol, followed by shaking
incubation for 16 h at 20 °C. The dimers of the S4 subunit were
purified from induced culture lysates by nickel chromatography
(GE Healthcare, Uppsala, Sweden).

RESULTS

Glycans Recognized by PTx. Genetically toxoided PTx
(PTx 9K/129G) was screened for binding to 320 structurally
defined glycans utilizing the CFG glycan microarray (version 3.0)
at 1, 5, 20, 50, 100, and 200 ug/mL (10, 48, 191, 476, 952, and
1905 nM, respectively). Positive binding occurred in 48 of the 320
glycans at the highest concentration tested (1905 nM) (Figure 2A).
These 48 carbohydrate compounds fell into four general groups
based on shared structural characteristics that represent different
types of glycans in biological systems (Figure 3 and Table 1).

The first group represents sialylated biantennary compounds,
which we have termed Sialo-N, where N stands for N-linked.
These compounds are biantennary, with one or both of the bran-
ches possibly containing sialic acid. The structural characteristics
of this group are common in complex N-linked glycans. The
glycan cocrystallized with PTx in receptor binding studies was a
member of this class (37). The Sialo-N group had 11 different
glycans with an average RFU of 45527 and included both
NeuSAca2—3 and NeuSAca2—6 terminal linkages.

The second group consists of nonsialylated biantennary com-
pounds, termed Asialo-N. The structural characteristics of this
group are also commonly found in complex N-linked glycans.
This group had four members with an average RFU of 15511.
The defining characteristic of this group is the lack of a terminal
sialic acid. The Asialo-N group represents a departure from
previous understanding of PTx binding to N-linked glycans,
which was thought to be restricted to glycans bearing terminal
sialicacid (21, 22, 24—26, 31,44—47). Binding of PTx to Asialo-N
compounds implies the existence of another binding mechanism
which is both independent of sialic acid binding and specific for
components in complex N-linked glycans, which would explain
the apparent preference seen in the literature for N-linked glycans
despite the ubiquitous presence of sialic acid on mammalian cell
surfaces.

The third group of compounds is defined by the shared pattern
of Neu5SAca2—3(lactose or N-acetyllactosamine), termed Sialo2—
3Lac. This oligosaccharide sequence is sometimes found at the
nonreducing end of sialylated biantennary N-linked glycans but
can also be found in O-linked glycans and glycolipids. The defin-
ing characteristics of this group of compounds are the distinctive
a2—3 linkage for sialic acid and the lack of a branched mannose
core found in N-linked glycans; thus, their presentation as a ligand
is more similar to that of O-linked glycans and glycolipids. This
group had 22 members with an average RFU of 14191. Variants
of this group included six compounds with the N-glycolylneur-
aminic acid form of sialic acid. Each had an identical N-acetyl-
neuraminic acid form also present on the array, for example,
compound 261 (Neu5Gceo2—3Galf1—4Glef—Sp0) versus com-
pound 239 (Neu5Aca2—3Galp1—4Glef—Sp0). The RFU values
of these two groups were not statistically different by a Student’s ¢
test (p = 0.17), suggesting it is unlikely that these groups differ in
binding mechanism. Additionally, as B. pertussis is a strict human
pathogen and since humans do not produce N-glycolylneuraminic
acid (48, 49), the glycolyl subgroup is clinically irrelevant.
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F1GURE 3: Representative binding curves for four groups of com-
pounds that bind PTx. The inset in each graph is a symbolic repre-
sentation of the compound following CFG standards: NeuSAc
(black diamond), Gal (white circle), GaINAc (white square), Glc
(black circle), GIcNAc (black square), Man (gray circle), and Fuc
(black triangle). (A) Glycan array data for PTx binding to group 1:
Sialo-N, sialylated biantennary compounds, represented by com-
pound 6. (B) Group 2: asialo-N, nonsialylated biantennary com-
pounds, represented by compound 52. (C) Group 3: Sialo2—3Lac,
compounds defined by the shared pattern of NeuSAca2—3(lactose or
N-acetyllactosamine), represented by compound 234. (D) Group 4:
c-series ganglioside, compounds defined by the shared pattern of
NeuSAco2—8NeuSAca2—8NeuSAc, represented by compound 203.
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The fourth group of compounds, termed Polysialic Acid,
is defined by the shared pattern of NeuSAca2—8NeuSAca2—
8NeuSAc which is seen in the c-series gangliosides and polysialic
acid-modified N-glycans. This group had five members with an
average RFU of 24690. A trisialic acid sequence appeared to be
essential because the array included five compounds containing
the disialic acid sequence, NeuSAca2—8NeuSAc, which did not
display binding.

Concentration-Dependent Binding of Glycans. While posi-
tive binding at high concentrations of PTx (1905 nM) provides a
useful screening tool, concentration studies with the glycan array
provide more relevant information about the rank order
throughout the dilution series. Pertussis toxin can reach 25 nM
in static culture when grown in defined medium (50); however,
the achievable concentration of the toxin in the bloodstream
is unknown. Positive binding for PTx occurred for 19 of 320
glycans at 952 nM, 17 at 476 nM, 15 at 191 nM (Figure 2B), and
three at 48 nM. Useful data were not obtained at 10 nM.
Members of all four groups exhibited binding down to 191 nM
PTx, but only Sialo-N compounds bound at 48 nM PTx. The
binding profiles of the most avid compound in each of the four
groups are shown in Figure 3.

Binding to Sialo-N and Asialo-N. Since binding to the
Sialo-N group cannot be entirely distinguished from binding to
the Asialo-N group, comparing a series of truncated biantennary
compounds with identical linkers was informative (Figure 4).
Compound 53, a biantennary glycan containing two terminal
sialic acids (compound 53, Di-NeuSAca2—6Gal), exhibited
positive binding down to 48 nM (Figure 4A). Compound 52,
lacking terminal sialic acids, displayed weakened binding com-
pared to compound 53 at all concentrations. Similarly, com-
pound 51, lacking the terminal galactose moieties, displayed less
binding than compound 52, while compound 50, which consists
of only the branched mannose core, did not display significant
binding even at the highest concentration tested. This suggests
that in addition to the terminal sialic acid residue, both the
galactose and the N-acetylglucosamine are involved in binding.
The involvement of these two carbohydrate residues is supported
by the earlier work of Witvliet et al., which demonstrated the
ability of galactose, N-acetylglucosamine, and disaccharides of
both to inhibit binding of PTx to the bovine serum glycoprotein
fetuin (47).

Comparison of branch differences within the Sialo-N group
can provide insight into the recognition process. Removal of the
sialic acid from either the a1 —6 mannose branch (compound 319)
or the ol —3 mannose branch (compound 295) resulted in equi-
valent reductions in the level of binding (Figure 4B). Interest-
ingly, while the removal of the galactose from the a1 —6 mannose
branch (compound 320) did not result in a further reduction in
the level of binding, the removal of the galactose from the al—3
mannose branch (compound 304) did result in an additional
reduction in the level of binding (Figure 4C). This suggests that
for Sialo-N compounds, the terminal sialic acids contribute
equally to binding, but the galactose from the al—3 mannose
branch contributes more to binding than the galactose from the
al—6 mannose branch.

The presentation of the terminal sialic acid also appears to
influence binding (Figure 5). The strongest binding (as defined by
binding at 191 nM) occurred when both terminal sialic acids
displayed 02—6 linkages (Figure 5, compound 6). The level of
binding was somewhat reduced when the ol —3 mannose branch
contained sialic acid in a a2—6 linkage and the .l —6 mannose
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FiGURE 4: Role of the terminal sialic acid and penultimate galactose
in binding to Sialo-N group and Asialo-N group compounds. (A)
Glycan array data of PTx binding to compounds with progressive
truncations occurring on both mannose branches. (B) PTx binding to
compounds with the terminal sialic acid truncated on only one man-
nose branch. (C) PTx binding to compounds with both the terminal
sialic acid and penultimate galactose truncated on only one mannose
branch. All compounds were attached using the same linker.

branch contained sialic acid in a 02—3 linkage (Figure 5, com-
pound 199), but the presence of sialic acid in the 02—3 linkage on
the o.l —6 mannose branch caused a severe decrease in the level of
binding regardless of the linkage on the al—3 mannose branch
(Figure 5, compounds 318 and 143). Taken together, the data
suggest that at least two different modes of binding occur in
Sialo-N compounds.

Characterization of Binding to Synthetic Sialo-N Analo-
gues by Surface Plasmon Resonance. A reductive synthetic app-
roach was used to examine the role of the nonterminal glycans

Millen et al.
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FIGURE 5: Influence of the terminal sialic acid linkage in PTx binding
to Sialo-N group compounds. Glycan array data of PTx binding to
compounds with either a2—6 or a2—3 sialic acid linkages. All
compounds were attached using the same linker.
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FIiGURE 6: PTx binding to truncated Sialo-N group analogues by
SPR. Sensorgrams of the monosaccharide (Neu5Ac), disaccharide
(NeuSAca2—6[S-linked]Gal), and trisaccharide (NeuSAca2—6[S-
linked]Gal1—4Glc) synthetic bivalent glycan ligands with PTx
(105 nM) injected as the analyte.

in binding to the Sialo-N and Asialo-N groups. A series of syn-
thetic bivalent glycans terminating in either a monosaccharide
(Neu5Ac), a disaccharide (Neu5SAca2—6[S-linked]Gal), or a tri-
saccharide (Neu5Aco2—6[S-linked]Gal1—4Glc) were attached
to a commercially available streptavidin-coated sensor chip via a
biotin molecule (Figure 6). Injection of PTx at 105 nM produced
robust binding to both the disaccharide and the trisaccharide,
while no binding to the monosaccharide was detected (Figure 6).
These results support the findings in Figure 4A suggesting that
both the sialic acid and the penultimate galactose are important
determinants in the Sialo-N group.

Kinetic analysis was attempted with the disaccharide and the
trisaccharide using the data from several concentrations of PTx
(13, 26, 52, and 105 nM); however, the 1:1, 1:2, and 2:1 mathe-
matical models supplied with BIAevaluation version 2.0 do not
adequately fit the data, suggesting multivalent binding to sites
with different affinities may be occurring.

Binding to Sialo2—3Lac. The compounds in the Sialo2—
3Lac group included carbohydrates found on both O-linked
glycans and a-series gangliosides. Unlike members of the Sialo-N
group, the Sialo2—3Lac compounds lack the branched mannose
core structure found in N-linked glycans, limiting the opportu-
nity for multimodal interactions involving both sialic acid and the
core structure. The sialyl Lewis" blood group antigen [Neu5Aco2—
3Galpl1—4(Fucal —3)GIcNAc] was present in eight of these
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FIGURE 7: Influence of the terminal sialic acid in PTx binding to
Sialo2—3Lac group compounds. (A) Glycan array data of PTx
(1905 nM) binding to a series of paired compounds that differ only in
the terminal sialic acid linkage at 1905 nM PTx. Gray bars represent
data for compounds with a terminal a2—3 sialic acid linkage. White
bars represent data for compounds with a terminal a.2—6 sialic acid
linkage. (B) Glycan array data for PTx binding to several Sialo2—
3Lac group compounds.

compounds, including the sialyl Lewis™ isoform VIM-s/CDw65
(Table 1). The terminal sialic acid is critical for binding, as none
of the 15 asialyl Lewis* compounds represented in the array bind
PTx (for example, Figure 7B, compound 68).

The terminal 02—3 linkage of the sialic acid was important for
binding, since weakened binding was observed for compounds
containing a2—6-linked sialic acid (Figure 7A). The most avid
binder in the Sialo2—3Lac group was compound 234, VIM-s/
CDwo65 (Figure 7B). Binding to compound 231, the minimal
sialyl Lewis™ unit and two glycans representative of a-series gang-
liosides GD1a (212) and GM3 (240), was detected only at the
highest concentration of PTx. Previous studies have reported that
PTx can bind to ganglioside GD1a (51), although our studies
suggest this is not a preferred ligand.

To verify the binding of positive hits in the glycan array,
several of the synthetic carbohydrates utilized in the glycan array
were obtained from the CFG Glycan Array Synthesis Core and
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F1GURE 8: Influence of the terminal sialic acid linkage in PTx binding
to Sialo2—3Lac group compounds by SPR. (A) Sensorgrams of PTx
binding to compound B83 (NeuSAca2—3Galp1—4Glcp). (B) Sensor-
grams of PTx binding to compound B86 (NeuSAco2—6Galfl—
4Glcp).

binding was examined by SPR (Figure 8). Binding to the asialo
compounds (Table 2) B80 (Galf1—4Glcf) and B81 (Galfl—
4GIcNAcf) was not detected, and these compounds were used as
negative controls on the chip. Injection of PTx at 100.9 nM pro-
duced strong binding responses to both the a2—3-linked sialic
acid (B83) and the a2—6-linked sialic acid (B86) (panels A and B
of Figure 8, respectively).

The amount of toxin bound by NeuS5Aco2—3lactose was
consistently 2.5-fold higher than that bound by NeuSAca2—
6lactose at all concentrations of PTx tested (1.6, 3.2, 6.3, 12.6,
25.2, 50.5, and 100.9 nM). The N-acetyllactosamine-containing
compounds (B81, B84, and B87) were found to be similar to their
lactose counterparts (B80, B83, and B86, respectively) (data not
shown). As in the case of the synthetic bivalent glycans, we could
not fit the data to mathematical models to obtain quantitative
values, and we could not obtain a stable equilibrium.

Binding to Polysialic Acid. The compounds in the polysialic
acid group included carbohydrates found on c-series ganglio-
sides, but similar carbohydrate structures can be found on poly-
sialic acid-modified N-glycans. The c-series gangliosides are char-
acterized by a succession of three sialic acid units joined together
by a2—8 linkages attached to a lactoceramide core. The third
linked sialic acid appears to be necessary for binding, as none of
the compounds representative of the b-series gangliosides (contain-
ing two linked sialic acid residues) such as GD2 (compound 206)
bound to PTx (Figure 9). Glycans representative of the c-series
ganglioside derivatives, GQ2 (compound 203), GT3 (compound
205), GT2 (compound 204), and compound 207, bound to PTx
(Figure 9). The most avid binder in the polysialic acid group was
compound 203, the carbohydrate found on GQ2. RFU values at
the concentration of 191 nM for compound 203 were more than
80-fold higher than those of compound 207, the minimal binding
unit.

To verify the role of the third sialic acid in binding, compound
B107 from the ganglioside b-series and compound B108 from the
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Table 2: Glycans Binding to PTx Dimers

glycan mean relative fluorescence

number structure units at 5700 nM group

55(v4.1) Neu5Aca2—6Galf1—4GlcNAcS1—2Manol —3(Neu5Aca2—6GalB1 —4GIcNAcS1— 3702 Sialo-N
2Manal—6)Manf1—4GlcNAcS1—4GIcNAcS-Sp8®

57vA.1) - “-Spl3 2563 Sialo-N

56(v4.1) “ -Spl2 557 Sialo-N

54(v4.1) ““ -N(LT)AVL 427 Sialo-N

386 Galp1-4GIcNAcB1 —2(Galf1—4GIcNAcA1 —4)Manal —3(Galf1 —4GleNAcf 1 — 1566 Asialo-N
2(Galf1—4GIlcNAcf1—6)Manal—6)Man1—-4GlcNAcS1—4GIeNAcS-Sp21

387 GleNAcS1—2(GleNAcS1—4)Manal —3(GleNAcf1—2Manal —6)Manf1— 1402 Asialo-N
4GlcNAcf1—4GIecNAc-Sp21

51(v4.1) GleNAcp1—2Manal —3(GleNAcf1—2Manal —6)Manf 1 —4GIcNAcS1—4GIeNAcS-Spl2 1091 Asialo-N

395 Galp1-4GleNAcf1—2Manal —3(GleNAcf1—2Manal —6)Manf1 —4GIcNAcf1-4GleNAc-Sp12 838 Asialo-N

427 Galf1—3GIlcNAcf1—2Manal —3(Galp1 —3GlcNAcS1—2(Galf1—-3GIcNAcS1— 256 Asialo-N
6)Manol—6)Manf1—4GlcNAcS1—-4GlcNAcS-Sp19

52(v4.1) GlecNAcp1—2Manal —3(GleNAcf1—2Manal —6)Manf 1 —4GIcNAcS1—4GleNAcS-Spl3 252 Asialo-N

ASA-S284

55(v4.1) NeuSAca2—6Galf1—4GleNAcS1—2Manal —3(Neu5Aco2—6Galf1— 584 Sialo-N
4GlIcNAcf1—2Manol —6)Manf1—4GIcNAcfS1—4GIecNAcS-Sp8

57(v4.1) ““-Spl3 403 Sialo-N

56(v4.1)  “= -Spl2 338 Sialo-N

54va.1) < -N(LT)AVL 160 Sialo-N

386 Galp1-4GleNAcS1-2(Galp1—4GleNAcf1—4)Manal —3(Galf1 —4GIeNAcf1— 1681 Asialo-N
2(Galf1—4GIcNAcf1—6)Manal —6)Manf1—4GIcNAcS1—4GIcNAcS-Sp21

435 GalB1-4GIcNAcB1—4(Galf1—4GIeNAcB1—2)Manal —3(GleNAcA1 —4)(GalB1— 627 Asialo-N
4GlcNAcf1—2Manol —6)Manf1—4GIcNAcS1—4GlcNAc-Sp21

51(v4.1) GleNAcB1—2Manal —3(GleNAcf1—2Manal —6)Manf1 —4GIlcNAcS1— 501 Asialo-N
4GlIcNAcp-Spl12

53(v4.1) Galf1—4GIlcNAcf1—2Manal—3(Galf1 —4GlcNAcf1—2Manol —6)Manf1— 398 Asialo-N
4GIcNAcf1-4GIeNAcS-Spl12

55(v4.1) NeuSAca2—6Galf1—4GleNAcf1—2Manal —3(NeuSAco2—6Galf1 —4GlcNAcS1 — 2626 Sialo-N
2Manal—6)Manf1—4GlcNAcf1—-4GlcNAcS-Sp8

57(v4.1) “*-Spl3 1439 Sialo-N

54(v4.1) ““ -N(LT)AVL 880 Sialo-N

387 GIeNAcB1-2(GleNAcf1—4)Manol —3(GleNAcf1—2Manol —6)Manf 1 8287 Asialo-N
—4GlcNAcfS1—4GIeNAc-Sp21

386 Galf1—4GIcNAcS1-2(Galf1—4GIcNAcf1—4)Manol —3(Galf1—-4GIcNAcS1—2(Galpl— 1187 Asialo-N
4GlcNAcf1—6)Manal —6)Manf1—4GlcNAcS1—4GIcNAcS-Sp21

ASA-S384

57(v4.1)  NeuSAca2—6Galfl—4GleNAc1—2Manal—3(NeuSAca2—6Galf1 —4GleNAcA1 —2Manal 158 Sialo-N
—6)Manf1—4GlcNAcS1—4GIcNAcp-Spl3

55(va.) = -Sp8 152 Sialo-N

387 GlecNAcB1—2(GleNAcS1—4)Manal —3(GleNAcf1—2Manol —6)Manf1 5905 Asialo-N
—4GIecNAcf1-4GIeNAc-Sp21

386 Galf1—4GIcNAcS1-2(Galfl1—4GIecNAcf1—4)Manol —3(Galf1—4GIcNAcS1—2(Galpl— 812 Asialo-N

4GleNAcp1—6)Manal —6)Manf1—4GlcNAcS1—4GleNAcp-Sp21

“Spacers (Sp) used to couple the glycans to the array surface matrix: Sp8, —CH,CH,CH,NH,; Sp12, N; Sp13, G; Sp19, EN or NK; Sp21, —NHO-

CH,CH,NHy; N(LT)AVL.

c-series were obtained from the CFG. Asialo compound B80
(GalB1—4Glep-Sp0-biotin) served as a negative control. In con-
trast to the array studies, injection of PTx at 100.9 nM produced
clear binding responses to both the b-series disialic acid com-
pound B107 (Figure 10B) and the c-series trisialic acid compound
B108 (Figure 10A); however, the amount of toxin bound to the
chip coupled with the c-series compound was more than 4-fold
higher than that bound by the b-series compound at all con-
centrations of PTx tested (3, 6, 12,24, 48,95, 191, 381, and 762 nM).
Kinetic analysis could not be modeled with an appropriate fit.

Analysis of the dissociation rates using the methods of Winzor (52)
does strongly suggest that multivalent interactions are occur-
ring, which is also true for the other compounds analyzed by
SPR. Interestingly, when the data are plotted as the percent maxi-
mum binding as a function of PTx concentration, the binding
curves for the two compounds are very similar (Figure 11A).
While true equilibrium was not achieved, pseudoequilibrium
analysis, performed by averaging 50 s intervals approaching
equilibrium, yielded binding curves that fit models with positive
Hill coefficients (ny). Averaged intervals were fit to a one-site
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F1GURE 9: Influence of the trisialic acid motif in PTx binding to c-series
ganglioside group compounds determined with a glycan array.
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Ficure 10: Influence of the trisialic acid motif in PTx binding to
c-series ganglioside group compounds determined by SPR. (A)
Sensorgrams of PTx binding to compound B108 (NeuS5SAco2—
8NeuSAca2—8Neu5SAco2—3GalB1—4Glcf). (B) Sensorgrams of
PTx binding to compound B107 (NeuSAca2—8NeuSAco2—3Galfl—
4Glcp).

specific binding model with a Hill slope (GraphPad Software,
LaJolla, CA) to give a global affinity of 128 + 7nM for B108, the
c-series trisialic acid compound (i = 0.9968; nyy = 2.3), and 169 +
7 nM for B107, the b-series disialic acid compound (+* = 0.9991;
ny = 1.8) (Figure 11A, inset). While these values can be consi-
dered to be only an approximation of global affinity, the data
indicated that the global affinities of the c-series compound and
the b-series compound for PTx were similar. In addition, when
the SPR data comparing the 02— 3- and a2—6-linked compounds
were also plotted as the percent maximal binding as a function
of PTx concentration, identical binding curves were obtained
(Figure 11B), suggesting the global affinities for these two com-
pounds were also similar. In support of the pseudoequilibrium
technique, when sequential 10 s interval averages beginning at the
point of injection were analyzed, the calculated global affinity
value obtained stabilized at the values reported above well before
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FiGure 11: Para-equilibrium analysis of Sialo2—3Lac group and
c-series ganglioside group SPR experiments. Binding curves were
generated by averaging 50 s intervals approaching equilibrium
from SPR sensorgrams. Curves were fit to a one-site specific bind-
ing model with positive Hill coefficients (ny). Squares represent
experimental data, while lines of the same color represent the fitted
model for that data. The inset box lists parameters calculated from
the model for the coefficient of determination (%), the Hill coeffi-
cients (ny), the calculated maximum bound (By.x), and the global
affinity (Kdgiopa). (A) Binding curves for compounds B108
(Neu5Aca2—8NeuSAco2—8NeuSAca2—3Galp1—4Glep) and B107
(NeuSAco2—8NeuS5Aco2—3Galf1—4Glcp). (B) Binding curves for
compounds B83 (Neu5Aca2—3Galp1—4Glcf) and B86 (NeuSAca2—
6Galf1—4Glcp).

the 50 s interval used in the final analysis (data not shown). The
fact that two compounds can bind with the same global affinity
but have different binding capacities suggests that how the ter-
minal sialic acid is displayed can influence the probability of the
toxin encountering the carbohydrate in a conformation compe-
tent for binding.

Glycans Recognized by PTx Subunit Dimers. While the
C-terminal sialic acid binding sites are well-characterized, the
N-terminal binding sites are less well-defined. The fact that both
S2 and S3 have nearly identical sialic acid binding sites has been
a complication to understanding the evolutionary advantage of
the bacterium producing such a complex toxin. To identify the
ligands for the N-terminal domains of S2 and S3, we indepen-
dently expressed the following recombinant protein complexes in
E. coli: S284 dimer, S3S4 dimer, mutant ASA-S2S4 dimer,
mutant ASA-S3S4 dimer, and S4 monomer. The ASA mutants
of S2 and S3 carry the Y102A/Y 103A mutation which eliminates
the well-characterized sialic acid binding sites 2SA on S2 and 3SA
on S3 (Figure 1) (27). Elimination of the sialic acid binding sites in
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the ASA mutants allows for the detection of binding mediated by
other sites. Preliminary studies established that S2 and S3 were
not efficiently expressed alone (data not shown), so the S2 and S3
subunits were coexpressed with the S4 subunit to stabilize S2 and S3,
as well as to provide a uniform method for detection via a
C-terminal six-His tag introduced on S4. The co-expressed
proteins migrated at 34 kDa by size exclusion chromatography,
consistent with heterodimer formation, and bound to fetuin,
suggesting proper folding and expression of the S2 and S3 bind-
ing sites had occurred (data not shown).

The four recombinant dimers and the S4 monomer were
screened for binding to 465 structurally defined glycans utilizing
the CFG glycan microarray (version 4.1) at 200 ug/mL (~5700 nM).
Significant binding to the S4 monomer was not observed at
15242 nM, and it served as a negative control. Overall, the RFU
values were reduced compared to that of the holotoxin (maxi-
mum for dimers = 8287 RFU, maximum for holotoxin = 59965
RFU), likely due to the loss of avidity associated with the reduced
number of binding sites. Positive binding to compounds repre-
senting eight unique carbohydrate structures was observed (Table 2).
All of these compounds possessed a branched mannose core, thus
representing complex-type N-linked glycans. Binding occurred to
both Sialo-N group and Asialo-N group compounds. Of the eight
Asialo-N compounds, four were biantennary, two were trian-
tennary, and two were tetra-antennary. Except for the four A3
and A4 compounds, which were not represented in version 3.0 of
the array used for the holotoxin studies, all of the positive hits
were also positive for the holotoxin. No significant binding to
compounds in either the Sialo2—3Lac group or the Polysialic
Acid group was observed, even though 3-fold more dimer was
used than holotoxin, suggesting that recognition of these struc-
tures requires the full complement of binding sites.

All of the dimers bound to a series of compounds possessing
the same glycan structure, a biantennary compound with sialic
acid in a 2—6 linkage (Table 2). However, binding varied
considerably depending on the linker used to couple the glycan
to the array surface matrix; for example, 8-fold more S2S4 dimer
bound to compound 55(v4.1) attached with the Sp8 linker
(—CH,CH,CH,NH,) than to compound 54(v4.1) attached with
the N(LT)AVL linker (Table 2). The dimers with mutations in
the sialic acid binding sites, ASA-S2S4 and ASA-S354, bound
this glycan [e.g., 55(v4.1)] less efficiently than the wild-type
dimers (Figure 12) but still achieved statistical significance. When
binding to compound 53(v4.1), the asialo version of compound
55(v4.1), was examined, wild-type dimers did not display an
increased level of binding compared to the mutants; however,
binding of the mutants was unaffected. These results suggest that
the ability to engage the sialic acid was not essential for binding
but could mediate an increased level of binding. The improved
binding of the wild-type dimers is likely due to avidity, since the
wild-type dimer can engage more than one glycan. The PTx
holotoxin demonstrated a preference for terminal a2—6-linked
sialic acid only in N-linked glycans, which also holds true for the
dimers. Compounds 316, 323, and 324 which have a terminal
a2—3 linkage on one or both mannose branches bound more than
10-fold less S2S4 and S3S4 than compound 55(v4.1) (Figure 12).

The observation that the PTx holotoxin, the wild-type dimers,
and the mutant dimers all have the capacity to bind nonsialylated
complex-type N-linked glycans (Figure 13) demonstrates that the
N-terminal binding sites of both S2 and S3 recognize a motif
specific to complex-type N-linked glycans exclusive of sialic acid,
and S2 and S3 possess slightly different binding preferences.
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FiGure 12: Influence of the terminal sialic acid linkage on recombi-
nant dimers binding to Sialo-N group compounds. Glycan array data
for PTx binding to compounds with either a2—6 or a2—3 sialic acid
linkages.

All four dimers bound the asialo-tetra-antennary compound 386
with similar efficiency (Figure 13A); however, dimers containing
S2 bound to compounds 435 and 51(v4.1) better than dimers
containing S3, while only the wild-type S2 dimer bound to
compound 395. In contrast, glycan 387, an A3 compound in
the Asialo-N group terminating in a mannose residue, displayed a
preference for dimers containing either wild-type or mutant S3
(Figure 13B), and this interaction was particularly strong. This
binding could be impacted by minor structural alterations such as
the addition of terminal Gal (compound 368), the addition of
another GIcNAc (compound 431), or movement of the third Glc-
NAc from the a1 —3 branch to the ol —6 branch (compound 420).
Understanding the differences in binding between S2 and S3 pro-
vides a foundation for the future exploration of the different roles
of these subunits in human disease.

DISCUSSION

PTx is able to bind several very distinct glycan ligands, includ-
ing compounds representing both sialylated and nonsialylated
N-glycans, sialylated O-glycans, and sialylated gangliosides.
While PTx binding to sialic acid has been described well, our
discovery of nonsialylated complex-type N-linked glycan binding
sites on the S2 and S3 subunits improves our understanding of
PTx binding and activity. It has been known for decades that PTx
seems to have a higher affinity for sialylated N-glycans than for
other sialylated glycans, which a sialic acid-only binding model
fails to explain (21, 22, 24—26, 31, 44—47). The asialo N-glycan
binding sites are likely located on the N-terminal APT domains of
S2 and S3 (Figure 1), as the homologous domain of aerolysin has
been shown to mediate N-glycan binding (53, 54); however,
further experimentation is needed to identify the amino acids
involved in mediating asialo N-glycan binding. Similar to aero-
lysin, which can bind both N-glycans and GPI-anchored proteins
by different domains, PTx also shows an intermediate level of
toxicity to Lecl CHO cells, which lack the N-acetylglucosamine
transferase required for maturation of complex and hybrid-
type N-glycans from oligomannose-type N-glycan precursors
(44, 45, 47, 54). 1t is likely that the limitation to only sialic acid
binding reduces the efficiency of intoxication compared to that
for cases in which N-glycan-mediated binding is also available.

Remarkably, PTx shows distinct preferences for sialic acid
residues with various glycosidic linkages, depending on the
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FiGure 13: Glycan array analysis of the recombinant dimers. Glycan
array data of the S4 monomer (15242 nM) and S2S4, ASA-S2S4, S354,
and ASA-S254 dimers (5700 nM) binding to a series of Asialo-N group
compounds. (A) Comparison of the binding to the remaining Asialo-N
group compounds. (B) Comparison of the binding of compound 387
which strongly binds S3 to a set of similar compounds.

type of glycan: a2—6 linkages preferred in N-glycans, a2—3
linkages in O-glycans/short glycolipids, and extended poly-
a2—8 linkages in higher-order gangliosides. To the best of
our knowledge, this is the first report of such a high degree of
pan-specificity for different types of glycans in a single lectin-
like protein. The crystal structure of the 2SA and 3SA sites,
occupied by NeuSAca2—6Gal, fails to explain this level of
complexity in sialic acid binding, as the penultimate galac-
tose does not contact the toxin and would not participate in
binding. Modeling reveals that binding of a NeuSAco2—3Gal
disaccharide in these sites is possible (data not shown);
however, there are more restrictions to the torsion angles
around the glycosidic bond for an a2—3 linkage than for an
02—6 linkage. Likewise, modeling indicates that binding of
a2—8-linked sialic acid to the 2SA and 3SA sites is possible
and would have even more flexibility than the a2—6 linkage
(data not shown). Several lines of evidence suggest that these
apparent differences in binding preference are not simply due
to intrinsic affinity, but rather to glycan presentation or the
conformational space occupied by a glycan. For example, the
choice of linker used to immobilize the glycan on the array can
have a major influence on binding to otherwise identical
glycans. The effect of linker length and flexibility on binding
capacity is well documented using synthetic glycans (43) and
can be seen in the glycan array data (Tables 1 and 2).
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The strongest support for the role of presentation comes from
quantitative SPR studies (Figures 8 and 10), which demonstrate
that while one ligand displays significantly higher maximum
binding plateaus compared to the other, the normalized data
revealed nearly identical global affinities (Figure 11). Given that
binding is multivalent and each site requires the ligand to assume
a specific conformation, we believe that differences in flexibility
or conformational space explored by the various glycans can
influence how many sites are available for binding. Specifically,
PTx binding will occur only at those discrete locations where
ligand conformational states simultaneously satisfy the require-
ments for multiple sites within the toxin. The a2—3-linked glycan
shows higher PTx binding plateaus in SPR (Figure 8), and this
glycan must present the critical binding epitope in a binding-
competent configuration more often than the a2—6-linked
glycan. Similarly, the additional flexibility or the longer length
of the trisialic glycan chain results in more binding to the c-series
compound B108 than to the b-series compound B107 (Figure 10).
This may be particularly important in SPR, since the biotinylated
glycans were bound to streptavidin, which imposes a fixed dis-
tance between the reducing ends of adjacent glycans.

The preference for a2—3-linked versus a2—6-linked sialic acid
is particularly interesting. While the more rigid a2—3 linkage is
preferred in O-linked glycans and glycolipids that lack the
N-glycan core structure (Figures 5 and 8), the flexible a2—6
linkage is preferred in N-linked glycans. The preference of
PTx for a2—6-linked sialic acid in N-linked glycans can be
explained by our discovery of additional, non-sialic acid binding
sites that recognize the complex-type N-glycan core. In the case of
N-linked glycans where both the sialic acid binding sites and
N-glycan core binding sites can be engaged, the added flexibility
of the 02—6 linkage is more conducive to multivalent interac-
tions. This model is supported by the fact that only Sialo-N
compounds bound at 48 nM in the PTx glycan array study,
likely due to the avidity effect of potential tetravalent inter-
actions. Further, differences in the structures of the a1 —3 mannose
branch and the a.l—6 mannose branch can also play a role in
binding (Figure 12).

PTx acts as a lectin with remarkable plasticity. Significant
specificity for various glycan types is achieved by judicious
positioning of its four glycan binding sites: two sialic acid sites
on the C-terminus of S2 and S3 and asialo N-glycan sites on the
N-terminus of S2 and S3. While the N-terminal binding sites of
S2 and S3 appear to have somewhat distinct preferences, the
C-terminal sites engage only a single sialic acid residue, and
presentation of the terminal sialic acid impacts the probability
of PTx binding. These preferences have likely evolved to aid
pathogenesis by directing PTx to useful target cell types. For
example, the sialyltransferase ST6Gal-I, responsible for adding
o2—6-linked sialic acid to N-glycans, is strongly expressed in B
cells (55). In addition, although most polysialic acid structures are
confined to neural cells, sialyltransferase ST8Gal-1, responsible
for adding 02—8-linked sialic acid to gangliosides, is expressed in
T cells, and sialyltransferase ST8Gal-1V, responsible for adding
o2—8-linked sialic acid to N-glycans, is expressed in most classes
of leukocytes (56). PTx appears to be capable of intoxicating any
mammalian cell type and has been used as a standard tool to
study the role of G-protein-coupled receptors in mammalian
signaling processes. While the toxin may be capable of intoxicat-
ing almost any host cell type, it may be more probable for the
toxin to affect cell types beneficial to the bacterium, such as those
of the immune system.
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