Int. J. Mol. Sci. 2014, 15 3778

Lys and Arg. However it is not so simple. Recent data suggest that FGF-2 binds not only heparin but
also polysialic acid, possibly in different ways [61]. It is known that sulfation can modulate the
conformation. and dynamics of glycosaminoglycans, and such changes should closely correlate with
different modes of binding to proteins. Deciphering how such a modification and the resulting changes
in the dynamic properties regulate function is an important goal in the field of structural glycobiology.

Figure 6. Structural analysis of anti-polysialic acid antibody and oligosialic acid.
(a) Schematic representation of a single-chain variable fragment of mAb735 (scFv735)
in complex with octasialic acid is shown in the upper panel (PDB code 3WBD) [52].
Two proteins and one carbohydrate in the asymmetric unit are shown in the surface and
sphere models, respectively (lower panel); (b) Close-up view of the carbohydrate-recognition
site. Direct and water-mediated interactions between scFv735 and trisialic acid are shown

in the left and rfgﬁf paﬁ'e:lsr, respecilvélyHyErogeﬁ bonds are shown as red dotted lines.
Water molecules that bridge scFv735 and trisialic acid are shown as red spheres.

7. Conclusions and Perspectives

Carbohydrate recognition by proteins is a fundamental biological phenomenon. Data is currently
accumulating on the three-dimensional structure of polysaccharide-binding proteins, showing how the
proteins bind to the carbohydrate ligands. X-ray crystallography and nuclear magnetic resonance
(NMR) spectroscopy are the techniques of choice in determining protein oligosaccharide interactions.
X-ray data provide a static view at the atomic level. In contrast, solution NMR provides information on
structure and dynamics of small to medium-sized biological molecules. X-ray and solution NMR data
are complementary, and a structure determined by one technique has greater import when supported by
that of the other. X-ray data derives from a stable or one of the most stable conformations of the
biomolecule, but it should be noted that crystal packing can induce an unstable conformation or an
artificial interaction not observed in solution. However, there are very few studies to date on

oligosaccharide—protein complexes analyzed by solution NMR.
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It will be also important to determine the conformation of oligosaccharides in the absence of the
cognate binding protein to ascertain the effect of binding. While NMR is suitable to obtain information
on conformation in solution, multiple conformations can make analysis difficult and NMR parameters,
such as NOE or scalar coupling constants, are typically insufficient to determine the structure.
Experimental NMR analysis and molecular dynamics simulation together can provide a truer picture of

the structure and dynamics of oligosaccharides in solution.
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Oligo/polysialic acids consisting of consecutive (2,8)-linkages on gangliosides and glycoproteins play a
role in cell adhesion and differentiation events in a manner that is dependent on the degree of
polymerization (DP). Anti-oligo/polysialic acid antibodies often have DP-dependent antigenic specificity,
and such unique antibodies are often used in biological studies for the detection and differentiation of
oligo/polysialic acids. However, molecular mechanisms remain unclear. We here use NMR techniques to
analyze the binding epitopes of the anti-oligo/polysialic acid monoclonal antibodies (mAb) A2B5 and
12E3. The mAb A2B5, which has a preference for trisialic acid, recognizes sialic acid residues at the
non-reducing terminus and those in nascent units. On the other hand, mAb 12E3, which prefers oligo/
polysialic acids of more than six sugar units, recognizes inner sialic acid residues. In both structural
complexes, the interresidue transferred NOE correlations are significantly different from those arising from
analogs of the free states, indicating that the bound and free sugar conformations are distinct. The ability of
the two mADs to distinguish the chain lengths comes from different binding epitopes and possibly from the
conformational differences in the oligo/polysialic acids. Information on the recognition modes is needed for
the structural design of immunoreactive antigens for the development of high-affinity anti-polysialic acid

antibodies and of related vaccines against pathogenic, polysialic acid-coated bacteria.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Oligo/polysialic acid is a homopolymer of sialic acid with the
degree of polymerization (DP) ranging from 3 to >400 residues.'”
The homopolymers are conjugated with gangliosides and with some
specific glycoproteins at the mammalian cell surface, and are
especially involved in nerve cell adhesion and differentiation.”
Oligosialic acid wunits are abundant at the non-reducing
terminus of gangliosides. For example, the majority of disialic acids
(Neu5Aco(2-8)Neu5Ac) are attached on b-series gangliosides. One
of the major b-series gangliosides, GD3, is implicated in
CD95-mediated and ceramide-mediated apoptosis® and malignant
transformation of melanoma.* The c-series gangliosides carrying
trisialic acids (Neu5Aco(2-8)Neu5Aco(2-8)Neu5Ac) occur at brain
and nerve cell surfaces.>®

Incontrast, some ofthe specificglycoproteins have polysialicacids
of o(2-8)Neu5Ac units. A noteworthy example is the family of carrier
proteins or neuronal cell adhesion molecules (NCAMs)which play an
important role in the formation of the nervous system.” NCAMs have

* Corresponding authors.
E-mail addresses: shanashima@riken.jp (S. Hanashima), yyoshiki@riken.jp
(Y. Yamaguchi).

0968-0896/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.bmc.2013.07.023

at least two polysialic acid chains at theirN-glycan termini, and their
well-arranged array of negative charges has an anti-adhesive effect.®
The polysialic acids regulate the concentrations of the brain-derived
neurotrophic factor (BDNF) and fibroblast growth factor 2 (FGF2)ina
DP dependent manner.>!°Polysialicacids also occurin tumor-associ-
atedtissues.'! The DPof the oligo/polysialicacids correlates with par-
ticular biological functions. Recently, oligosialylated glycoproteins
occurring at different stages of development have been identified in
the mammalian brain.'*?

Oligo/polysialicacids with (2,8), (2,9) and 2(2,8/9) linkages are
also found in pathogenic bacteria including strains of Escherichia coli
K1 and Neisseria meningitidis. The latter is a major cause of bacterial
meningitis in developed countries.!*** Such bacteria escape the host
immune system through a hydration effect of the highly hydrophilic
encapsulated polysialic acids and a repulsion effect due to net
negative charges.!® Even so, antibodies against polysialic acid with
0/(2-8)-linkage are found following infection with serogroup B
Neisseria meningitidis.'” The antibodies recognize more than 10 sialic
acid units,'® leading to a conformational epitope hypothesis,!® in
whicha particular conformation, believed to be a helix, is the targeted
antigen.

A flexible helical structure was suggested by early nuclear mag-
netic resonance (NMR) analyses with the aid of molecular model-
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ing and dynamics calculations.?°-?* Brisson et al. and Yamasaki
et al. independently reported the helical structures based on nucle-
ar Overhauser effect (NOE) and three-bond scholar coupling con-
stant (}Jy_p) of the analysis of oligosialic acid.2%2* However, the
pitches of the proposed helices have significant difference. More
recently Yongye et al. reported another helical structure based on
trisialic acid analysis using high-field NMR with molecular dy-
namic simulations.?! One of the causes of the diversity is the small
number of inter-residual NOE correlations, which fails to
adequately constrain the ¢ and i/ angles. Recently, Battistel et al.
performed an NMR structural analysis using an uniformly
13C,'5N-labeled tetramer of o(2-8)sialic acid, and found the
08-HN5 hydrogen bond which directly constrains the w angles.?®
In sharp contrast, an NMR relaxation analysis of spin-lattice relax-
ation (*3C Ty), transverse relaxation (*3C T,) and **C-{'H} heteronu-
clear NOE suggests that polysialic acid does not assume a helical
structure at all but rather a random coil.>* Although the functions
of the oligo/polysialic acids on glycolipids and glycoproteins relate
to their 3D structure, the actual conformation(s) remains unclear.

Monoclonal antibodies (mAbs) against oligo/polysialic acids
have been investigated not only for clinical purposes but also as
a powerful tool to analyze the function of polysialic acid.'®?> To
date, their DP-dependent interaction properties have been identi-
fied using biochemical techniques. However, studies which reveal
details of the binding modes are few, presumably due to the
poorly-separated NMR signals of repeating Neu5Ac units or the dif-
ficulty in obtaining crystals for X-ray study. One X-ray crystal
structure of the Fab fragment of an anti-polysialic acid antibody
mAb735 (murine IgG,,) with in silico docking of a sugar chain sug-
gests that the binding site is a shallow groove that could accept a
helical polysialic acid.?® Recently, the X-ray crystal structure of
N-propionylated polysialic acid-specific antibodies was also
reported.?’” The empty binding site was rationally filled with the
N-propionyl polysialci acid by the docking study with NMR data.

Here, in order to gain insight into the mechanism of DP-depen-
dent binding, we have determined the binding epitopes and stud-
ied the bound conformations of oligo/polysialic acids in complex
with monoclonal antibodies A2B5 (IgM) and 12E3 (IgM). The for-
mer discriminates the tri-o(2,8)Neu5Ac unit from other chain-
lengths,'? and the latter has a binding preference for more than
5-successive o(2,8)Neu5Ac residues.'® We used saturation transfer
difference (STD) NMR and the antigens octyl-(Neu5Ac); and
(Neu5Ac)s (Fig. 1). The NMR method is now widely applied for
the analysis of various types of binding in solution, such as pro-
tein-small molecular weight ligand screening as well as determin-
ing protein—protein interactions.®?° 2D !H-'H NOESY was
employed for the conformational analysis of the oligosialic acids
in free and bound states.3%3"

2. Results
2.1. Binding analysis of octyl-(Neu5Ac); with mAb A2B5

NMR-based binding experiments between octyl-(Neu5Ac)s and
mADb A2B5 were first performed by titrating antigen into the anti-
body solution (10 pM/binding site) from 0.5 to 10 molar equiva-
lents. The ligand signal showed significant broadening due to
binding to the large molecular-weight protein (Fig. S1).

STD-NMR experiments were then performed to determine the
binding epitopes (Fig. 2). Upon screening of the optimum STD-
NMR conditions, the experimental temperature was set at 10 °C
(Figs. S5 and S6). Furthermore, direct and water-mediated satura-
tion artifacts were not observed under the conditions using D,0
solvent system (Fig. S7). 1D STD-NMR provides the characteristic
binding pattern (spectrum B) in the comparison to '"H NMR (spec-

¢; C8-08-C2-06' HO” HOY,
y; C7-08-08-C2' AcHN o COOH
w8; O7-C7-C8-08 HO

w7, 06-C6-C7-07 n = 4; (Neu5Ac)s

Figure 1. Structures of oligosialic acids. Octyl-(Neu5Ac); and (Neu5Ac)s were used
for STD-NMR analysis.

trum A). Reporter signals are located at an isolated singlet of ace-
tyls (2.0-2.2 ppm) originating from N-acetamide groups at C-5,
as well as at C-3 equatorial protons (2.6-2.9 ppm). Remarkably,
the sharp acetyl signal of residue (c) at 2.07 ppm shows a higher
saturation transfer effect than the other two acetyl signals. These
observations indicate that mAb A2B5 interacts most strongly
around the C-5 N-acetamide moiety of the non-reducing terminus
(c)-unit. In contrast to the N-acetamide, the protons at C-5 and C-3
show little relative-intensity changes, suggesting that they are not
part of the direct binding interface.

Although 1D "H-STD-NMR is sensitive enough to identify bind-
ing between proteins and their ligands, serious signal overlapping
prevents further spectral analysis at atomic level resolution. To
overcome this, we performed 2D 'H-'3C STD-HSQC experiments.
An overlay of "H-'3C HSQC spectra clearly indicated that the addi-
tion of mAb A2B5 provided only a limited signal changes for octyl-
(Neu5Ac); (Fig. 3A). An overlay of 'H-'>C HSQC and STD-HSQC
spectra focusing on the pyranose ring (C4-C6) and side-chain
(C7-C9) signals are shown in Figure 3B. The overlay of STD-HSQC
spectra to the protons attached at C5, C6, C7 and C8 showed stron-
ger STD signals (red) than those at other positions.

The binding epitope of octyl-(Neu5Ac); on mAb A2B5 is sum-
marized in Figure 4. The relative values (%) were standardized
using the STD amplification factor (AF) with a maximum value of
AF at an Ac group taken as 100%. The distribution of higher relative
values occurs especially at the non-reducing terminus residue (c)
and the middle residue (b) rather than at the residue at the reduc-
ing end (a). A remarkably high value was assigned to the N-acet-
amide group of residue (c). The observation is consistent with
the 1D-STD data which also indicated strongest saturation transfer
effect with the reporter N-acetamide residue. The protons at C4, C6
and C7 on residue b and c have relatively higher values than those
at C3, C5 and C8. The evidence suggests that mAb A2B5 preferen-
tially binds the o-face of the pyranose ring at residues (b) and (c).

Then, 2D 'H-'H NOESY was performed to analyze whether the
bound trisialic acid assumes a particular conformation, distinct
from the free form (Fig. 5).3° A comparison of the two NOE spectra
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Figure 3. 2D 'H-"2C HSQC spectra of octyl-(Neu5Ac)s. (A) Overlay of 2D 'H-'3C HSQC spectrum of octyl-(Neu5Ac)s (black) and octyl-(Neu5Ac); (50 equiv) with 20 iM
anti-oligo/polysialic acid antibody A2B5 (IgM) (red). (B) Overlay of 2D 'H-'3C HSQC spectrum of octyl-(Neu5Ac); (50 equiv) with 20 puM anti-oligo/polysialic acid antibody
12E3 (IgM) (black) and 2D 'H-'3C STD-HSQC spectrum (red) in PBS with 99% D,0. Protein signal at 7 ppm was irradiated for saturation and 40 ppm was irradiated for

reference.

shows that the inter-residual NOE correlations between H3-axial
of residue (b) and H8 of residue a as well as H3-axial of residue
(c) and H8 of residue b are clearly diminished in the presence of
mAb A2B5 (Fig. 5A and B). The distances of the protons, which

were calculated from inter-residual NOE intensities of free and
bound states, are summarized in Table S1. They apparently reveal
rotations of the ¢ and/or / angles of glycoside bonds at residues
(c-b) and (b-a) upon binding to mAb A2B5.
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Figure 5. 2D 'H-'H NOESY and TR-NOESY spectra of octyl-(Neu5Ac)s. (A) NOE correlations of H3-axial region of octyl-(Neu5Ac)s (1.0 mM). (B) NOE correlations of H3-axial
region of octyl-(Neu5Ac); (10 equiv) in the presence of mAb A2B5 (15 puM). (C) NOE correlations of H3-equatorial region of octyl-(Neu5Ac)s. (D) NOE correlations of H3-

equatorial region of octyl-(Neu5Ac); (10 equiv) in the presence of mAb A2B5.
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Figure 7. 2D 'H-'2C HSQC spectra of (Neu5Ac)s. (A) Overlay of 2D 'H-'3C HSQC spectrum of (Neu5Ac)s (black) and (Neu5Ac)s (50 equiv) with 20 M anti-oligo/polysialic
acid antibody 12E3 (IgM) (red). (B) Overlay of 2D 'H-"2C HSQC spectrum of (Neu5Ac)s (50 equiv) with 20 pM anti-oligo/polysialic acid antibody 12E3 (IgM) (black) and 2D
1H-13C STD-HSQC spectrum (red) in PBS with 99% D,0. Protein signal at 7 ppm was irradiated for saturation and 40 ppm was irradiated for reference.

2.2. Binding analysis of (Neu5Ac)s with mAb 12E3

A titration experiment was performed by gradually adding
(Neu5Ac)s to a solution of mAb 12E3 (10 pM/binding site) from O
to 10 equiv (Fig. S2). The signal originating from (Neu5Ac)s is
significantly broadened on binding to the antibody, especially in
the molar ratio of 1-5 equiv, due to the slow tumbling of the bound

fraction under the NMR time scale. In addition, there are no
changes in chemical shifts under these conditions.

Further binding analysis was performed using STD-NMR for the
determination of the binding epitope. As in the case of the complex
of A2B5 and octyl-(Neu5Ac)s, sharp acetyl signals, and C3-H signals
serve as good indicators in the 1D 'H-STD-NMR spectrum (Fig. 6).32
Especially noteworthy is the remarkable augmentation of the signal
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Figure 8. Binding epitope of (Neu5Ac)s complexed to mAb 12E3. The maximum value of AF at an Ac group was taken as 100% and relative intensities (%) are indicated. The
AF(%) was shown on structure (A) and graph (B) with the colors of the respective AF(%)s. The relative values of the amide and C3 protons were originally determined with a
1D-STD spectrum standardized on an Ac signal taken as 100%. Overlapping signals were formally assigned the same value of AF.

intensities of the N-acetyl groups from the inner residues (b-e) over
those from outer residues, reducing terminus (a) and non-reducing
terminus (f). These consistent observations indicate that mAb 12E3
especially recognizes the inner sialic acid residues of (Neu5Ac)s.

Further analysis of the binding epitope in high resolution was
achieved with 2D 'H-'3C STD-HSQC. An overlay of 'H-'3C HSQC
spectra clearly indicated that the addition of mAb 12E3 provided
slight changes to the signal originating from residue a (Fig. 7A).
An overlay of "H-2C HSQC and STD-HSQC spectra focusing on
the pyranose ring (C4-C6) and side-chain (C7-C9) signals are
shown in Figure 7B. The HSQC spectrum resolves the set of signals
originating from reducing and non-reducing terminal residues (a)
and (f), but those from inner residues (c) and (d) mostly overlap.
The signals from residues (b) and (e) are isolated in parts. The
STD-HSQC signals arise from C4, C5, C6, C7, and C8 of inner sialic
acid residues.

We used AF (Fig. 8). Overlapping signals were formally assigned
the same value of AF. Higher relative AF values are distributed
around inner sialic acid residues (c) and (d), followed by those
around residues (b) and (e). In contrast, lower AF values are asso-
ciated with the residues (a) and (f) at reducing and non-reducing
termini. The analysis suggests that mAb 12E3 preferentially recog-
nizes inner residues (c) and (d), rather than the terminal residues
(a) and (f). This conclusion is consistent with the 1D-STD NMR

analysis using reporter N-Ac groups, suggesting interaction at res-
idues (b), (c), (d) and (e). The 2D STD-HSQC NMR analysis picked
out inner residues as the principal contact points. Although the
binding moiety within a Neu5Ac residue is comparable to that seen
in the case of mAb A2B5-octyl(Neu5Ac)s, the face-selective recog-
nition pattern is absent.

Analysis of the bound conformation was performed by 2D
TH-'H NOESY at a ratio of 1:10 (10 uM/binding site of the
12E3:(Neu5Ac)s) (Fig. 9). In comparison with the NOESY correla-
tions of the free ligand, some signals were significantly diminished
the presence of mAb 12E3. Particularly, an inter-residue NOE cor-
relation of H3-axial of residue (f) to H8 of residue (e), shown in Fig-
ure 9A, was diminished in the presence of mAb 12E3 (Fig. 9B).
Further, comparing Figure 9C with Figure 9D, the signal intensities
of H3-equatorials of residues (c, d, e) to H8 of residues (b, ¢, d) were
also diminished. All indicated protons belong to the glycoside
bonds and hinge region of the oligosialic acid structure. It shows
that rotation of the dihedral angles, specifically ¢ and , are re-
quired to assume a bound conformation.

3. Discussion

We have determined the antigen binding epitopes in the com-
plexes mAb A2B5/octyl-(Neu5Ac); and mAb 12E3/(Neu5Ac)s by
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Figure 9. 2D 'H-"H NOESY and TR-NOESY spectra of (Neu5Ac)s. (A) NOE correlations of H3-axial region of (Neu5Ac)s (1.5 mM). (B) NOE correlations of H3-axial region of
(Neu5Ac)s (10 equiv) in the presence of mAb 12E3 (10 uM, binding site). (C) NOE correlations of H3-equatorial region of (Neu5Ac)s. (D) NOE correlations of H3-equatorial

region of (Neu5Ac)s (10 M equiv) in the presence of mAb 12E3.

NMR in an effort to account for the specificity differences of the
antibodies. Apparent differences of the binding epitope were ob-
served by STD-NMR analysis: mAb A2B5 preferentially interacts
with the residue at non-reducing termini of the trisialic acid, while
mAb 12E3 interacts with inner residues of hexasialic acid. The DP-
dependent binding preferences of mAbs A2B5 and 12E3 are exclu-
sive, with very limited cross reaction with confirmed by ELISA-type
assay.'>'*> We consider that the difference between the epitopes is
a key to understanding the DP-dependent binding preferences of
the antibodies.

The DP-dependency is expected to originate from the comple-
mentarity of the bound conformations of the ligands and the shape
of the binding site, which would dictate unique favorable binding
interactions. STD-NMR indicates that both mAb A2B5 and 12E3
especially interact with the N-acetamide-C5-C6-C7-C8. It would
reveal that both mAbs recognize corresponding conformations of
o/(2-8)Neu5Ac because the dihedral angles,p, i, 7, and w8, con-
sisting with C6-C7-C8-08-C2’' which are closely related to the
structure of o/(2-8)Neu5Ac,?°> and are constrained by hydrogen
bond between N-acetamide and 08.%° In both complexes, the
bound NOE correlations of H3axial-H8 of octyl-(Neu5Ac); and
H3equatrial-H8' of (Neu5Ac)s have a different patterns from the
free state (Figs. 5 vs 9). It reveals that flexible solution conforma-
tions of the ligands are constrained to be a bound conformer. A
model of the bound conformer of octyl-(Neu5Ac)s complexed with
A2B5 was constructed based on a reported free structure together
with fulfilling the TR-NOE correlations®! (Fig. S3). The protons
showing potent STD effects at the o-face of both units (b) and (c)
are on the same side and form a binding face. The binding manner
is compatible with the proposed recognition mechanism of mAb
ME36.1 for GD2 ganglioside where the binding site is a shallow
pit.>® The similarity is reasonable because mAb A2B5 was origi-
nally developed for oligodendrocyte progenitor cells, and their in-
nate binding ligands are reported as GT3, GT1c, GQlc and GP1c
gangliosides, all of which include the o(2-8)Neu5Ac moiety.>*3>

A model of (Neu5Ac)s bound to 12E3 was also constructed
(Fig. S4). Here TR-NOE correlations of H3equatrial-H8' are dimin-
ished. This binding manner is analogous to a model of anti-polysia-
lic acid antibody mAb 735, in which there is a polysialic acid
binding groove.?® Previous ELISA-type assays have indicated that
the DP preference of mAb 12E3 is for more than a 6-mer, and no
limitations on the length.'? The similarity in specificity and binding
mode is compelling.

The structural flexibility of octyl-(Neu5Ac); and (Neu5Ac)s
might indicate that mAbs discriminate ligands accurately by
selecting a minor conformer from a pre-existing equilibrium of

structures,?® rather than through an induced fit type mechanism.?’
Whatever the mechanism, it has been considered that the oligo-
and polysialic acid antibodies discriminates their preferential DPs
based on a conformational epitope. Our study shows that the
bound conformation is different from the average original
structure, and is stabilized as a consequence of binding. The
mechanism of differential antigen recognition seems to arise
from structural difference among the oligo/polysialic acids as well
as the depth of the binding pocket/groove of the corresponding
mADbs.

4. Conclusion

It is generally considered that the polysialic acid antibody dis-
criminates a DP 10-15 from a shorter DP based on ligand structure
and conformational epitope. We here provide an NMR-analysis di-
rected at revealing the binding epitopes of anti-oligo/polysialic
acid antibodies, A2B5 and 12E3. The mAb A2B5, whose preference
is for DP3 rather than lesser or greater DPs, recognizes the sialic
acid residues at the non-reducing terminus and nascent units. On
the other hand, mAb 12E3, which prefers oligo/polysialic acids
with DP>5, recognizes inner sialic acid residues. Interresidue trans-
ferred NOE correlations reveal that bound and free ligand struc-
tures are different in both cases. Such conformational alterations
indicate that the free state of oligo sialic acids would be highly flex-
ible having multi conformation®’?* and the feasible binding mech-
anism is not of the key and lock type but rather a ligand-
conformational proofreading model.

Our findings help to understand DP-dependent recognition of
antibodies, and may be useful for the design of immunoreactive
antigens to develop IgG-class anti-polysia antibodies and effective
vaccines against polysia-containing bacteria.
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