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PCS Pseudocontact shift
REMD Replica-exchange molecular dynamics
aSN a-Synuclein

Introduction: Static and Dynamic Views
of Carbohydrate—Protein Interactions

The biological functions of oligosaccharides predominantly occur through their
interactions with proteins (Drickamer and Taylor 1993; Sharon and Lis 2003). In cells,
a series of high-mannose-type oligosaccharides present on secretory proteins serve
as quality tags, which are decoded by intracellular lectins involved in the folding,
transport, and degradation of glycoproteins (Kamiya et al. 2012). On the cell surface,
oligosaccharides that modify membrane proteins and lipids act as acceptors for extra-
cellular proteins, thereby mediating a variety of physiological and pathological events
involved in cellular communication and development, cancer metastasis, viral infec-
tions, and the promotion of neurodegenerative disorders (Ernst and Magnani 2009).
In order to elucidate the mechanisms underlying these oligosaccharide functions,
an in-depth description of carbohydrate—protein interactions is essential, which will
provide important clues for future therapeutic approaches (Kamiya et al. 2011a).

One of the most powerful means of characterizing carbohydrate—protein interactions
is X-ray crystallography, which can provide the atomic coordinates of biomacro-
molecules and their complexes. For example, we recently determined the crystal
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Uncomplexed state Lectin-bound state

Fig. 14.1 Static and dynamic views of carbohydrate—protein interactions. 3D-structure models
of the high-mannose-type oligosaccharide ManyGlcNAc, exhibiting conformational dynamics in
solution (left) and accommodated in the sugar-binding pocket of ERGIC-53 (right)

structures of ternary complexes composed of the carbohydrate-recognition domain
of ERGIC-53, its binding partner MCFD2, and a1,2 mannotriose (Satoh et al. 2014).
This allowed us to build a 3D-structural model of the complex formed between this
lectin and a high-mannose-type oligosaccharide ManyGlcNAc,, which visualizes
atomic contacts mediating the carbohydrate—protein interaction (Fig. 14.1).
This model demonstrates how the carbohydrate-binding pocket of ERGIC-53
accommodates the non-reducing terminal residues of the cognate ligand, thereby
explaining the structural basis of the sugar-binding specificities of this lectin in
comparison to its homologs. However, it should be noted that the sugar chains are
highly flexible and mobile, at least in their uncomplexed forms (Fig. 14.1). This
property endows the oligosaccharides with conformational adaptabilities upon
interaction with proteins resulting in a loss of conformational entropy. For quantita-
tive evaluation of the energetics of the carbohydrate—protein interactions, it is cru-
cial to understand such oligosaccharide conformational dynamics. Nuclear magnetic
resonance (NMR) spectroscopy has a powerful potential for characterizing the con-
formational dynamics of oligosaccharides in solution. However, several significant
issues need to be addressed when applying NMR spectroscopy for detailed analyses
of the dynamic conformation of oligosaccharides, as described below.

How to Prepare NMR Samples

First, it is necessary to obtain sufficient quantities of homogeneous oligosaccharides.
Here we primarily used the pentasaccharide moiety of gagnglioside GM1, Galf1-
3GalNAcp1-4(NeuSAca2-3)Galp1-4Glc, as a model molecule because this glyco-
sphingolipid is abundant in animal brains and commercially available as a source of
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the homogeneous oligosaccharide. In general, however, glycoprotein glycans are
structurally heterogeneous and much less abundant. Sophisticated synthetic
approaches have proved useful in providing large quantities of oligosaccharides
with complicated branched structures (Ando et al. 2010; Lepenies et al. 2010;
Takeda et al. 2009; Wang et al. 2013). Another promising approach has been the use
of eukaryotic glycoprotein expression systems along with genetic engineering
(Kamiya et al. 2014). We used Saccharomyces cerevisiae strains with deletion of
genes associated with N-glycan processing in the secretory pathway, for producing
glycoproteins with homogeneous glycoforms (Fig. 14.2a) (Kamiya et al. 2011b,
2013; Nakanishi-Shindo et al. 1993). From the engineered yeast cells, high yields of
specific high-mannose-type oligosaccharides could be isolated. Key advantages of
this technique include the efficient production of stable-isotope-labeled oligosac-
charides using yeast metabolic labeling, which is extremely useful for detailed
NMR analyses (Fig. 14.2b, c).

How to Obtain Atomic Long-Distance Information

NMR determination of biomolecular conformations are typically performed on the
basis of the nuclear Overhauser effect (NOE) and scalar coupling (or J-coupling)
(Peters and Pinto 1996; Wormald et al. 2002; Zhao et al. 2007). However, the major
limitation of NMR analyses of oligosaccharides is the insufficiency of conforma-
tional restraints provided by these local conformational parameters because of the
low number of protons that contribute to defining inter-glycosidic linkage confor-
mation. To overcome this problem, we applied paramagnetic effects that can pro-
vide the long-distance information of oligosaccharides (Fig. 14.3) (Zhang 2014;
Zhang et al. 2013). In this approach, lanthanide ions with unpaired electrons are
attached to the reducing terminal of the oligosaccharide using a metal chelator
(Yamamoto et al. 2011, 2012; Zhang et al. 2012). The magnetic dipole—dipole inter-
action of unpaired electrons with their spatially proximal nuclear spins perturb the
chemical shifts and relaxation observed in NMR spectra of the tagged oligosaccha-
rides, thus reflecting the geometrical arrangements of the individual 'H and *C with
respect to the paramagnetic probe (Luchinat and Parigi 2007). Figure 14.4 shows
the method of introduction of a lanthanide ion at the reducing end of an oligosac-
charide: The pentasaccharide moiety of GM1 was enzymatically cleaved from the
ceramide part and chemically connected with a phenylenediamine-derived lanthanide-
chelating group. Upon coordination of paramagnetic lanthanide ions, such as Tm*,
spectral changes were induced due to pseudocontact shifts (PCSs), in comparison
with the reference spectrum observed with a diamagnetic La** ion as the source of the
atomic long-distance information (Fig. 14.5). We also used reducing-terminal spin
labeling with a nitroxide radical, which accelerates NMR relaxation of nuclei in its
spatial proximity, for characterizing overall conformation of high-mannose-type
oligosaccharides (Yamaguchi et al. 2013a).
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Fig. 14.2 (a) Genetically engineered yeast cells for the overexpression of homogeneous high-
mannose-type oligosaccharides ManyGlcNAc, and MangGlcNAc,. 'H-"*C HSQC spectra of uniformly
13C-labeled (b) ManyGlcNAC, and (¢) MangGlcNAc,, respectively, produced in the yeast cells. These
figures were adapted from Kamiya et al. (2011b, 2013) with the permissions of Springer and MDPI
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Fig. 14.3 Conformational restraints provided by NOE, J, and PCS for characterizing glycosidic
linkage conformation. In the equation for PCS, Ay,, and Ay, are the axial and rhombic components,
respectively, of the anisotropic magnetic susceptibility (Ay) tensor, and r, 6, and ¢ are the spherical
coordinates of the nucleus defined with respect to the paramagnetic center and the principal axis of
the Ay tensor

How to Deal with Dynamic Conformational Ensembles

Structural information provided by NMR is averaged over dynamic conformational
ensembles because conformational transitions of the free oligosaccharides occur very
rapidly on the NMR time scale. By contrast, computational approaches including
molecular dynamics (MD) simulation can describe the molecular behavior of an
oligosaccharide in solution at the atomic level. However, the simulation results
heavily depend on calculation protocols such as force field, initial state, and simulation
time, and therefore have to be validated on the basis of experimental observations.
We combined the paramagnetism-assisted NMR methods with MD simulation to
explore the conformational space occupied by a flexible oligosaccharide in solution
(Fig. 14.6) (Zhang 2014; Zhang et al. 2013; Yamaguchi et al. 2014). Here, we show
the results obtained through this methodology using a series of ganglioside oligo-
saccharides, the GM3 trisaccharide, GM2 tetrasaccharide, and GM1 pentasaccha-
ride (Yamamoto et al. 2012; Zhang 2014; Zhang et al. 2012).

To explore the conformational spaces of the carbohydarate moieties of GM3 and
GM2, ten MD runs were performed for each oligosaccharide in explicit water with
GLYCAM_06 force field for 12 ns at 300 K and combined after excluding the first
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Fig. 14.5 'H-3C HSQC spectral changes of the tagged GM1 pentasaccharide resulting from paramag-
netic lanthanide-induced PCSs. The spectra of 1:1 complexes (0.1 mM each) of the pentasaccharide
with paramagnetic Tm** (magenta) and diamagnetic La* (blue) in D,O were recorded at 300 K on a
Bruker AVANCE 800 spectrometer equipped with a cryogenic probe (at Instrument Center, IMS)

Experiment —————— Computational calculation

NMR MD simulation
Information averaged over Results depending on force field,
dynamic conformational ensemble initial state, and simulation time

3D structural information 3D structural model

N
Disagree
Compare

l Agree

Validated conformational ensemble

Fig. 14.6 A coalition between NMR spectroscopy and MD simulation for characterizing dynamic
conformational ensembles of oligosaccharides

2 ns trajectories. Theoretical PCS values were computed from ensemble models
made of 2,000 conformers that were extracted from the MD trajectories at equal
intervals. By confirming the close agreement between the experimentally observed
and computationally calculated PCS values, the MD-derived conformational spaces
were validated for the GM3 trisaccharide and GM2 tetrasaccharide.
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Fig. 14.7 Torsion angle density maps of the NeuSAc—Gal linkage of the GM1 pentasaccharides
obtained by (a) the conventional MD and (b) the REMD simulation. The torsion angles ® and y
were defined as C1-C2-0’3-C’3 and C2-0O’3-C’3-H'3, respectively. (¢, d) Correlations between
experimentally observed PCS values with Tm* and computationally calculated PCS data for the
GM 1 pentasaccharide. The PCS values were back calculated from ensemble models derived from (c)
the conventional MD and (d) the REMD simulation using Ay,, and Ay,, determined based on the
protocol described in the literature (Yamamoto et al. 2012). The REMD simulations of the carbohy-
drate moiety in explicit water were performed by using the AMBER12 program package. The simu-
lations were carried out in NVT ensemble for 60 ns with 32 replicas with an exponential temperature
distribution between 300 and 500 K. Q values defined by the equation Q=rms(PCS,,;.—PCS )/
rms(PCS,,) are criteria of agreement between experimental and calculated values

Using the same simulation protocol, an ensemble model of the GMI1
pentasaccharide was created and subjected to the validation analysis. In contrast to
the GM3 and GM2 cases, there was a significant disagreement between the experi-
mental and theoretical PCS data, even though the total simulation time used for cre-
ation of the ensemble model was extended up to 240 ns (Fig. 14.7a). The discordance
is most probably explained by insufficient sampling due to higher energy barriers
between the multiple minima in the conformational energy-landscape of the large,
branched oligosaccharides. To efficiently explore such a rough energy landscape
dealing with the multiple-minima issue, we used replica-exchange MD (REMD)
simulations, in which replicated simulations were run at different temperatures and
exchanged during simulations to avoid being trapped into a local-energy-minimum
state (Sugita and Okamoto 1999). We performed a REMD simulation using
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GLYCAM_06 force field with a total simulation time of 1.9 ps and thereby obtained
torsion angle density maps of the GM1 pentasaccharide. Significantly different
conformational spaces were computed from the conventional MD and REMD simu-
lations as exemplified by the Neu5Ac-Gal glycosidic linkage conformation
(Fig. 14.7). The experimentally observed PCS data of this oligosaccharide are well
represented in the ensemble model composed of 2,000 conformers that were extracted
from the REMD simulation, demonstrating the utility of the method for the exploration
of conformational spaces of large, branched oligosaccharides (Fig. 14.7).

Figure 14.8 compares the PCS-validated conformational spaces of the three
ganglioside oligosaccharides, indicating similarities between the GM1 and GM2
oligosaccharides in terms of the conformational space of their common parts,
i.e., the Gal-Glc, Neu5Ac-Gal, and GalNAc-Gal glycosidic linkage conformations.
By contrast, the GM3 trisaccharide is distinct from the others regarding the Neu5Ac-
Gal conformation. In the GM3 trisaccharide, the conformation of this linkage is most
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Fig. 14.8 Torsion angle density maps of the experimentally validated MD trajectory of the (a)
GM1, (b) GM2, and (¢) GM3 oligosaccharides. The definitions of @ and y were used for the
Gal-GalNAc linkage, ®=H1-C1-0’3-C’3 and y=C1-0’3-C’3-H’3, for the GaINAc—Gal and
Gal-Glc linkages, ®=H1-C1-0’4-C’4 and y=C1-0’4-C’4-H'4, and for the Neu5Ac-Gal
linkage, ®=C1-C2-0'3-C’3 and y=C2-0'3-C'3-H’3. This figure was from Zhang (2014) and
parts of this figure were originally reproduced from Yamamoto et al. (2012) and Zhang et al. (2013)
with the permissions of The Royal Society of Chemistry and MDPI
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populated in the cluster (¢, y)=(-90°+11°, =57°+£11°), while the corresponding
cluster is missing in the sialyl linkage conformations of GM1 and GM2. These data
show that the GalNAc branch restricts the conformational freedom of the Neu5Ac-
Gal glycosidic linkage, while the outermost Gal residue has no significant impact on
the conformation of the remaining parts of the carbohydrate moiety.

Concluding Remarks and Perspectives: Glycolipid clusters
as a Platform for Protein Interactions

We developed the paramagnetism-assisted NMR approach in association with MD
simulations, and this has been successfully applied to the characterization of the con-
formational dynamics of oligosaccharides derived from gangliosides. This methodol-
ogy is applicable to the conformational NMR analyses of oligosaccharides in complex
with proteins and would provide a new avenue toward atomic descriptions of dynamic
oligosaccharide behaviors involved in interactions with proteins, which would in turn
enable quantitative understanding of the energetics of carbohydrate recognition
events. However, it should be noted that the gangliosides form clusters on cell surfaces
and thereby promote sophisticated biomolecular functions.

Recently, growing evidence has indicated that ganglioside clusters on neuronal
cell surfaces act as unique platforms for binding coupled with conformational tran-
sition of intrinsically disordered proteins involved in neurodegenerative diseases,
e.g., amyloid p (AP) in Alzheimer’s disease and a-synuclein (aSN) in Parkinson’s
disease (Fantini and Yahi 2010; Matsuzaki et al. 2010; Piccinini et al. 2010). These
proteins interact with specific ganglioside clusters, and thereby undergo conforma-
tional changes resulting in the formation of their toxic, aggregated forms. To gain
deeper insights into the molecular mechanisms underlying these cell-surface events,
it is of vital importance to elucidate the dynamic conformation and interactions of
the proteins and glycolipids involved therein by employing appropriate membrane
models. In this context, it would be interesting to compare conformational dynamics
between the liberated oligosaccharides and their assembled states.

At the hydrophilic/hydrophobic interfaces in membrane-like environments, Af
and aSN have been reported to assume a-helical structures (Bodner et al. 2010;
Ulmer et al. 2005; Utsumi et al. 2009; Yagi-Utsumi et al. 2010). Recently developed
ganglioside-embedding small bicelles serve as nanoscale standardized membrane
mimics for detailed NMR characterization of the carbohydrate—protein interactions
on the glycolipid clusters (Fig. 14.9) (Gayen and Mukhopadhyay 2008; Khatun
and Mukhopadhyay 2013; Yamaguchi et al. 2013b). By using these systems, we
have successfully reveled that aSN interacts with GM1 and GM2 but not GM3,
through its most ganglioside-philic site located in the N-terminal segment because
of the limited sizes of the bicelles (Fig. 14.9). This success opens up new possi-
bilities for probing the initial encounter complex transiently formed between
proteins and glycolipids on membranes depending on their outer carbohydrate
structure. Further developments of stable-isotope- and paramagnetism-assisted
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NMR techniques using neo-glycolipids will facilitate detailed characterization of
the biomolecular systems on cell surfaces with dynamical ordering for the creation
of integrated functions.
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