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Summary of thesis contents

Glycans are the carbohydrate parts of glycoconjugates such as glycoproteins, glycolipids,
and proteoglycans, and mediate cell-cell communication and consequent signal transduction,
thereby controlling a variety of physiological and pathological processes. For better
understanding the molecular basis of the mechanisms underlying the glycan functions, it is
quite desirable to gain detailed information on their conformational dynamics in solution.
Hence, my thesis focuses on the development of the methodology for characterization of
conformational dynamics of glycans. It consists four chapters, Chapter 1 “General
introduction,” Chapter 2 “Development of the methodology for characterization of the
conformational dynamics of linear GM3 trisaccharide,” Chapter 3 “Application of
paramagnetic NMR-—validated molecular dynamics simulation for characterization of the
conformational dynamics of branched GM2 and GMI oligosaccharides” and Chapter 4
“Summary and perspective.”

In Chapter 1, I describe the general biological roles of glycans and explain the limitation
of present methods for the structural analysis of glycans. Although, the glycans have important
physiological and pathological roles, the conformational analysis of glycans is still a remaining
challenge. This is primarily because of their dynamic conformational multiplicities and
branched covalent structures, which hinder conventional analytical methods such as X-ray
crystallography. Although recent advancement on computational calculation has enabled
large—scale molecular dynamics (MD) simulations of oligosaccharides in solution, experimental
data are indispensable for validating the simulation results because they heavily depend on the
calculation conditions such as simulation time, initial state and force field. Nuclear magnetic
resonance (NMR) spectroscopy has immense potential to deal with this kind of flexible
biomolecules. However, the nuclear Overhauser effect-based approach, widely used for protein
structure determination, is often limited by insufficient distance—restraint information due to the
low density of observable protons in glycans. For conformational characterization of dynamic
glycans, their structures should not be dealt with as a single well-defined global free energy
minimum but as an ensemble of low energy conformers. Hence, I have developed an NMR
methodology for evaluating a dynamic ensemble of glycan conformations by employing
paramagnetic effects induced by an unpaired electron, which provide long—distance information
on dynamic conformations of glycans.

In Chapter 2, I described the structural characterization of the linear GM3 trisaccharide
(aNeuSAc—(2-3)pGal—(1-4)—-pGlc) by using the paramagnetism—assisted NMR in conjunction
with MD simulation. This approach was presented to characterize the conformational dynamics
of GM3 trisaccharide, which shared the common core structure among gangliosides forming an
integral part of cellular membranes. To elucidate the conformations of ganglioside glycans in
solution, I prepared novel phenylenediamine—based lanthanide chelating—tag. Subsequently,
this phenylenediamine derivative was covalently attached to the reducing end of the chemically
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synthesized GM3 trisaccharide. Upon chelating with paramagnetic lanthanide ions, the tagged
GM3 trisaccharide exhibited NMR spectral changes due to pseudocontact shift (PCS), thereby
offering an opportunity to determine the spatial positions of the individual 'H and "C nuclei
with respect to the paramagnetic metal center. The PCS values of 'H and "*C were measured as
the differences between the chemical shifts of the compound chelated to the paramagnetic ion
such as Tm®" and those observed with the diamagnetic La’"ion in their '"H-">C heteronuclear
single—quantum coherence spectra. For construction of the 3D structural model, all-atom MD
simulations of the GM3 trisaccharide were employed. The observed PCS values of the
trisaccharide were in excellent agreement with those back—calculated from the conformational
ensemble derived from a 120-ns MD simulation including quite minor conformers, thereby
demonstrating that this methodology is useful in evaluating the multiple conformations of the
linear GM3 trisaccharide in solution at atomic level.

In Chapter 3, I describe the application of this methodology to the analysis of
conformational dynamics of the branched GM2 tetrasaccharide (PGalNAc—(1-4)—
[aNeu5Ac—(2-3)]-PGal—(1-4)—BGlc), which possesses an additional GalNAc moiety in
comparison with GM3 trisaccharide. The experimental PCS data were in an excellent
agreement with back—calculated PCS data from the 3D ensemble model. Furthermore, the
simulation results of GM1 pentasaccharide (BGal—(1-3)-BGalNAc—(1-4)-[aNeuSAc—(2-3)]
—BGal—-(1-4)—BGlc) were successfully evaluated, providing the accurate conformational space
of this branched oligosaccharide. These results indicated wide applicability of this methodology
for analyzing the conformational dynamics of glycans. By inspecting the results of the GM1
pentasaccharide and the GM2 tetrasaccharide, I found that the outer Gal residue raised little
conformational change in the GM1 pentasaccharide. By contrast, the PCS data of the Neu5Ac
residues in GM3 trisaccharide and GM2 tetrasaccharide exhibited significant difference in
glycosidic linkage conformation, consistent with the MD simulation results showing that
different conformational space of NeuSAc—Gal between the GM3 trisaccharide and GM?2
tetrasaccharide. This result suggests that the additional GalNAc branch restricts the
conformational flexibility of the NeuSAc—Gal glycosidic linkage in the GM2 tetrasaccharide
through inter—residue interactions.

In Chapter 4, I summarize my work and discuss the future perspective. The
conformational characterization of the linear GM3 trisaccharide and the branched GM2 and
GM1 oligosaccharides demonstrates that paramagnetism—assisted NMR method combined with
MD simulation is useful for the conformational characterization of flexible, branched glycans.
This methodology opens a new prospect for conformational analyses of dynamic structures of
ganglioside glycans toward decoding glycocodes from the 3D structural aspects, giving
mechanistic insights into their various physiological and pathological roles in living system.
However, compared to protein structural biology, the structural analyses of glycans are still
immature. New NMR techniques for analyzing glycan—glycan and glycan—protein interactions
and the advancement in the preparation of isotope labeled glycan samples are needed for
providing elaborate information of glycans to understand their functional roles in living
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systems.



(Separate Form 3)
i X OFEEMBROET
Summary of the results of the doctoral thesis screening

EMBREOFM CHEEREEZH U TV DOESHIE, EH oSN NEES O A
HEICELLEATEY, KBKRTTIE—EDONEHBEL L > TWVARYL, Z0IZ LN, &
o v R IR HEH OB S T F I 72 > T D, 70, NP XK e i -
PEREMEAT 1IN EE A 0E D . A IEXZ 5 LRSS T, WEEHOSKED X A F I 7 R
AEUCRBEINDAEWBEOIMZRD 572010, AL (NMR) 5% H U 72 b 84
DB ARAEEFRITIEOH I EZ T o7 b D TH D,

F1IETIE, MMREOT R EHMICOWTUTOBRENBRON TS, FESH O EWKGE
Doy TR R R ICE T 2HEM AR 57201213, F D3R ITCHEEIZ DV TR 72 1§ # % IX
ETDLENRARTH D, XX EONMREEFTICE W TR, A — "= HF =2}
(NOE) ZFIH L7 ik EMATIE NI N TS, & ZAN, HHIcs W Tk, 7
b BEENRWTZ O ICNOEIZ L 2 EFmA +alcEoinzwy, ZoM@Eicx L, MEE
X, BEHEEICOZ R FEEOEREY 52 2 FMESRICERL, v ¥ =FTa—T%
S L2 REPENMRIE & 4y 781 1% (MD) BtHE LA MHAAEDLE L 2 & T, FEHOBRIR
TS EBMNICHI ST 5 FiEmaMET 2 2 L2 LT,

B2 TIT, MMM EICHFEET DHERE S v 7 U 4 v NGM3D S & 2 xF 51T,
WM R A IS LI BESH ONMRIFATIE D RESL 24T o 7o, 7 4 = B A 4 v & W T2 i B
Mra—TE2GK L., TNEGM3EH~LHERE Lz, TORE, BHOKKFEL LI VIRFE
AW OWTHEBEDREO 1 >ThHIEEa 227 v 7~ (PCS) 28T 2 Z LTk
L7z, EHLIEMDHEICL > THOLNTEEED a7+~ —45FE LI EFH BB EDT
YT NVETNAEER L, PCSOHGMELZE ML Lz, ZOXICLTHLNTPCSDE
Bl b HBE OB EZITo iR, TERa L T3 A= ar0hihod, FEEEDOIK
WEREMEEZBEET LI ETHMENRLY IS KT L2 E08HPL, 2o Lmizd &
2, WIRTFICEB T HHEHOIKRTHEE XA I 7 A% ELLEikT 52 L EmER LT,

B B3I TIX, KV MR HOBEMRIT I W TOISAZBRLE, 2hEEHRTD
e, NIEEEEFE L TS A7 U Ay RGM2E L OGMLO BE S & 12 > T, RaE
NMRIE & MDEFRIZ K DT 24T o 72, Z OSSR, EHER 5 IS %2 A 3 5 558 o SR
EOHXAT IV A ERICIRZADZEICKI Lz, $-. GoncfRickS&, BEHEAS
WECTd 2GMIFESH & I BESH D BB ZE ] O i 24T, 7 VB E O 7Y a v RiEE R
LUVR{LAy T A A= a R MEOHMTHERICERD Z L ZH LN LT, GM2EFEH O
HEMBEOTEM 2T 2 b L0, BWEREBMOHMEERICE > Tary 7y A —v a3 VRHIR
ENHILENEBELZINLTWD,

AR TIIM AR ERIET 2L L bIC. SBROBENRERRONTND, KinX O
ERICED, KhTHixRar 73 A—varzloTWHHEEHICHOWT, 0 FiEE
A2 EREMICHEDLZENAREL ooz, T2, BEHE XV R B LOEEGKRL, HEHO
JTAL—DIEEF AT I T AR EICEDLIZENEBELLTEEDLN TS,

b X Hic, MBEEIZFERICHFRICE D M, MM - CHEL TV IEIEE
DFESFHEE OB SR ES ., BEHODBEMED ZRN b bT ¥ A F Iy o Rhar 7y



(Separate Form 3)

A—va VEME RFLXALVDOSMRETHLNT D2 LITRIHILTWD, FiKR LMoy
T ThHHHEHICH L T RO TIIRETH > = WELZN T 7o —F A HEIZ L,
O FRFHREAERIEIERBEY., £, K SLORRITEEFINMERE 2 HI#H
HENTWD, - T, REEZBESIARWIVPEL (BF) oREICHET S 28 -8
T L2,



