Chapter 15
Technical Basis for Nuclear Magnetic
Resonance Approach for Glycoproteins

Koichi Kato, Saeko Yanaka and Hirokazu Yagi

Abstract Glycophobia in structural biology is strongly associated with the
unpredictable, heterogeneous nature of protein glycosylation and the complex,
flexible structures of the glycoprotein glycans. Moreover, glycoproteins cannot be
produced by conventional bacterial expression systems. Nuclear magnetic reso-
nance (NMR) spectroscopy assisted by other analytical and preparative techniques
can now successfully address these issues. Recombinant glycoproteins can be
expressed with stable isotope labeling using a variety of eukaryotic production
vehicles. Glycoforms of glycoproteins can be remodeled by genetic engineering of
the production vehicles as well as in vitro enzymatic reactions.
Stable-isotope-assisted NMR techniques have provided detailed information
regarding conformational dynamics and interactions of the carbohydrate chains in
solution, giving insights into the functional mechanisms of glycoprotein glycans.
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15.1 Introduction

Advancements in biomolecular NMR spectroscopy have been driven by the con-
stant development of methods for the expression of isotope-labeled biomacro-
molecules and novel hardware, exemplified by higher-field-strength magnets along
with sophisticated measurement techniques. This progress has enabled
high-throughput three-dimensional (3D)-structure determination of proteins,
quantitative characterization of conformational dynamics of biomolecules on a
broad range of timescales [1, 2], depiction of huge protein complexes beyond 1
MDa [3], and observation of protein behaviors in intracellular environments [4].
Advances in biomolecular NMR spectroscopy have also provided technical basis
for high-throughput analyses of protein—ligand interactions using chemical libraries
[5, 6]. To date, proteins subjected to NMR-based structural analysis have been
conventionally produced using bacterial protein expression systems or cell-free
expression systems [7]. Although more than half of proteins in nature are estimated
to be modified with carbohydrate moieties [8], these recombinant proteins are not
glycosylated by the aforementioned expression systems.

Carbohydrate chains have a significant impact on physicochemical and bio-
functional properties of the carrier proteins [9]. Thermal stability and solubility of
proteins are governed by the carbohydrate chains, which can also affect protein
conformations, and thereby control their biological functions. Moreover, glycans
directly involved in interactions with other proteins, which are collectively termed
lectins, mediate a variety of biological processes involved in cell-cell communi-
cations, viral and bacterial infections, immune responses, and protein-fate deter-
mination. Therefore, without knowledge of the glycan structures, one can barely
understand the functional mechanisms of glycoproteins in the biological context.
However, despite their biological importance, structural biology studies of glyco-
proteins have been falling behind. Indeed, atomic coordinates of glycoproteins
represent only 4% of the total entries in the Protein Data Bank, and most of these
provide structural information on only one or two glycan residues (Fig. 15.1).

Besides the traditional application for the determination of the covalent struc-
tures of oligosaccharides [10-12], NMR spectroscopy can play versatile roles in
characterizing dynamic conformations and interactions of oligosaccharides. In this
chapter, we will outline the major obstacles in studying glycoproteins via NMR
spectroscopy and the current state-of-the-art methodology for NMR-based struc-
tural glycobiology.

15.2 Enigmatic Aspects of Carbohydrate Structures

Needless to say, any structural biology studies presuppose the covalent structures of
the target biomolecules, e.g., the amino acid sequences of proteins. An obvious
example can be seen in structural genomics, in which accumulating genome
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Fig. 15.1 Current statistics regarding Protein Data Bank entries on N-linked glycoprotein
structures (data were extracted on May 17, 2017). a Number and percentage of X-ray
crystallography and NMR structures of N-linked glycoproteins. b Size distribution of N-glycans
among glycoprotein structures revealed by X-ray crystallography (fop) and NMR spectroscopy
(bottom)

sequence data have prompted comprehensive structural determination of the
encoded proteins. From this perspective, one of the biggest problems in structural
biology of glycoproteins is that the covalent structures of glycans are not directly
encoded in the genome. Although the necessary sequence for eukaryotic N-gly-
cosylation, i.e., Asn-X-Ser/Thr(/Cys) in which X is not proline, is widely known,
this is insufficient [9]. Furthermore, no consensus motif has been established for
other glycosylation sites, despite a certain tendency of amino acid sequences in O-
glycosylation sites [9]. Hence, glycosylation sites of a protein with a known amino
acid sequence remain unpredictable. Moreover, it is much more difficult to deduce
the sequence of carbohydrate moiety at each glycosylation site. Indeed, the car-
bohydrate moieties displayed at one site of protein often have a high degree of
sequence divergence and heterogeneity, depending not only on the protein structure
but also on physiological and pathological conditions [9]. In the case of
immunoglobulin G (IgG), which is a major serum glycoprotein, its glycosylation
depends on aging, pregnancy, delivery, and onset of connective tissue disease
typified by rheumatoid arthritis [13—17]. Of course, recombinant glycoproteins
produced in different production vehicles exhibit different glycoforms and even cell
culture conditions affect the glycosylation profiles [18, 19].
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The intrinsic complexity of oligosaccharide structures brings further difficulty in
structural analysis of glycoproteins. The building blocks of sugar chains, i.e.,
monosaccharides, are structurally simple with little variation in their functional
groups in comparison with amino acids [9]. However, unlike polypeptide chains
and nucleic acids, sugar residues are connected through multiple types of glycosidic
linkages, potentially giving rise to a wide variety of isomeric and branching
structures. Indeed, the number of all possible isomers of a tetrasaccharide composed
of four different monosaccharides was calculated to be 34,560, whereas only 24
different tetrapeptides are made from four different amino acid residues [20].
Glycosidic linkage isomerism is critical to glycoprotein functions, as best exem-
plified by infections with influenza viruses, which bind host cells by recognizing
specific sialyl linkage isomers [21]. Paradoxically, the structural simplicity (or
similarity) of sugar residues precludes structural analyses: Isomeric structures such
as glucose, mannose, and galactose cannot be distinguished by conventional mass
spectrometry (MS), whereas the little diversity of the functional groups causes a
chemical shift degeneracy in NMR spectroscopy.

Another difficulty for structural analysis of glycoproteins is associated with the
motional freedom of glycosidic linkages in the carbohydrate moieties, giving rise to
conformational fluctuations. This flexible property of glycans, along with their
structural heterogeneity, hampers crystallization of glycoproteins, and, even if it
succeeds, interpretation of their electron densities is unavoidably ambiguous [22].
Moreover, a tricky problem is that mutational deglycosylation can cause unex-
pected or even undesirable modifications of the proteins, such as sulfation and nicks
[23, 24].

All these characteristics of the carbohydrate chains make structural analysis of
glycoproteins (and even oligosaccharides) a challenging task. Namely, one who
attempts to perform structural glycobiology must conduct a series of analyses, from
the determination of carbohydrate sequences to characterization of the conforma-
tional dynamics of target glycoproteins including their glycans. NMR spectroscopy
plays a central role in addressing these issues because it can, in principle, charac-
terize dynamic structures of heterogeneous biomacromolecules in solution.
However, it should be noted that a variety of preparative and analytical techniques
that complement NMR approach are indispensable for conducting structural anal-
ysis of glycoproteins. In the following sections, we will describe how one can
perform structural glycobiology by NMR spectroscopy aided by these comple-
menting methods.

15.3 Expression of Isotope-Labeled Glycoproteins

As glycoproteins cannot be produced by conventional protein expression systems
such as Escherichia coli, appropriate eukaryotic vehicles have to be chosen for the
production of NMR quantities of glycoproteins with stable isotope labeling. Typical
choices would be cell lines derived from mammals. Several groups developed
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metabolic isotope labeling of recombinant proteins using mammalian cells,
including Chinese hamster ovary (CHO) cells, mouse hybridomas, and adenovirus
vector-based mammalian cells [25-29]. In particular, uniform and amino
acid-selective "*C and/or '°N labeling techniques were established using IgG as a
model glycoprotein, yielding several NMR applications [27, 29]. The composition
of the serum-free medium used for the production of isotopically labeled IgG is
shown in Table 15.1. Amino acid-selective labeling is accomplished by replacing
specific amino acid(s) with their isotope-labeled counterpart(s), although this often
suffers from metabolic isotope scrambling and dilution. To suppress the undesirable
metabolic processes, metabolic inhibitors such as B-chloro-L-alanine are often
added to the medium [30].

For uniform '*C/"*N labeling of a glycoprotein, it is necessary to replace all the
metabolic precursors with the isotope-labeled ones, which are commercially very
expensive. A more practical approach is to use an isotope-labeled amino acid
mixture derived from algae with the modification of the medium composition
(Table 15.1). Using this protocol, uniformly '*C/"*N-labeled IgG glycoproteins
were produced through mammalian cell culture. Figure 15.2A shows a 'H-'"N
HSQC spectrum of 13C/"SN-labeled human IgG-Fc obtained from CHO cells [31].

Isotope labeling of the carbohydrate moieties can be simply achieved by using
13C-labeled glucose as a metabolic precursor. 13C- and/or '*N-labeled glucosamine
(but not N-acetylglucosamine) can be used for metabolic labeling of GIcNAc
residues in the carbohydrate moieties of glycoproteins [32, 33].

In addition to mammalian cells, metabolic isotope labeling techniques have been
developed for NMR applications in various eukaryotic expression systems
including yeast, Dictyostelium discoideum, insects, and plants [34—39]. As an insect
cell-based production vehicle, Sf9 cells infected with recombinant baculoviruses are
widely used for the expression of membrane glycoproteins for NMR as well as
crystallographic analyses [36, 40]. Recently, silkworms have been demonstrated as
promising production vehicles for isotope-labeled recombinant glycoproteins [35].
In this approach, baculovirus-infected fifth instar larvae were reared with an arti-
ficial diet containing a protein mixture derived from Candida utilis grown in a
culture medium containing '°N-labeled ammonium sulfate as a nitrogen source.
">N-enrichment level of recombinant human IgG achieved in this system was
approximately 80%.

Plant expression systems are now attracting attention from pharmaceutical
interests. Transgenic tobacco (Nicotiana benthamiana) was tested for the expres-
sion of '°N-labeled IgG [34]. Four-week-old seedlings of transgenic tobacco were
placed in a drip hydroponic system and cultivated for 49 days with isotopically
labeled Murashige and Skoog medium containing potassium nitrate (K'°NO5) and
ammonium nitrate (ISNH};SNO3) as the major nitrogen sources. The degree of
N-enrichment of recombinant human IgG thus produced was in the approximately
50-60% range.

Figure 15.2 compares the 'H-'N HSQC spectra of recombinant human
IgG1-Fc expressed by transgenic tobacco and silkworm as well as CHO cells [31,
34, 35]. Although the spectra are similar, significant chemical shift differences were
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Table 15.1 Composition of

IgG glycoproteins (mg/L)

the serum-free medium used for

metabolic

K. Kato et al.

labeling of

Algal mixture - +
NaCl 6208 L-Arginine - HCl 76.1 -
KCl 388 L-Arginine 97.0 72.0
CaCl, (unhyd) 97 L-Asparagine - H,O 42.5 42.5
Ca(NOs), (unhyd) 33.7 L-Aspartic acid 9.7 -
MgSO, (unhyd) 69.0 L-Cystine - 2H,0 31.5 31.5
Na,HPO, (unhyd) 388.5 L-Cysteine - HCI - H,O 16.7 16.7
NaH,PO, (unhyd) 55.8 L-Glutamic acid 9.7 -
D-Biotin 0.11 L-Glutamine 450 450
p-Ca pantothenate 0.61 L-Histidine 27.7 15.5
Choline chloride 26.5 Glycine 9.9 -
Folic acid 0.97 L-Hydroxyproline 9.7 -
i-Inositol 18.0 L-Isoleucine 49.5 -
Nicotinamide 0.97 L-Leucine 49.5 13.1
p-Aminobenzoic acid 0.485 L-Lysine - HCI1 54.8 -
Pyridoxal HCI 0.485 L-Methionine 14.6 -
Pyridoxine HC1 0.485 L-Proline 14.7 -
Riboflavin 0.146 L-Serine 29.6 -
Thiamin HC1 0.97 L-Threonine 48.0 -
Vitamin B12 0.0037 L-Valine 47.0 -
Glutathione (red) 0.485 L-Phenylalanine 22.8 -
Choline bitartrate 0.873 L-Tryptophan 7.3 7.3
Putrescine 2H,0 0.0125 L-Tyrosine 27.2 16.9
Sodium pyruvate 110.0 Algal mixture - 867
Thymidine 0.0125
Hypoxanthine 0.025
Monoethanolamine 20.0
Sodium selenite 0.0017
Kanamycin sulfate 60.0
Phenol red 5.0
Glucose 2000
Sodium succinate 50.0
Succinic acid 37.5
Bovine transferrin (holo) 5.0
Bovine insulin 10.0
HEPES 3570
Sodium bicarbonate 1400

observed for the amino acid residues in close proximity to N-glycans. The
plant-derived IgG1-Fc exhibits a1,3-linked fucose and 1,2-linked xylose residues
in the common conserved MansGIcNAc, core, whereas the insect cell-derived
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Fig. 15.2 "H-'°N HSQC spectra of isotope-labeled human IgG1-Fc are shown obtained from
a CHO cells, b transgenic tobacco plants, and ¢ silkworms. d Superposition of "H-'""N HSQC
spectra of the uniformly '>N/'*C-labeled IgG1-Fc expressed by transgenic silkworm (red) and
CHO cells (black). e Mapping of the amino acid residues with observable chemical shift changes
[(0.28% + 652 > 0.1 ppm and >0.2 ppm in pink and red, respectively] on the crystal structure
[PDB code: 3AVE] [57]. The N-glycans are represented by gray sphere. The molecular graphics
were generated with PyMOL [98]. In (a) backbone assignments are annotated by the resonance
peaks with one-letter amino acid codes and the sequence numbers. Side-chain resonances
corresponding to NH, amides are connected by horizontal lines. Adapted from Refs. [31, 34, 35]
with the modification

glycoprotein expresses paucimannose-type glycans as the major components
(Fig. 15.3). Because these glycoforms are not expressed in mammalian vehicles,
the observed spectral differences could be attributed to microenvironmental alter-
ations caused by differential glycosylation.
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Fig. 15.3 N-glycan processing pathways as the basis of glycoform-engineering strategies.
Schematic drawing of the N-glycan processing pathway in the ER common to mammalian cells,
insect, yeast, and plant, and the distinct pathways in the Golgi complex along with a prokaryotic N-
glycan pathway exemplified by that in C. jejuni. Adapted from Ref. [94] with the modification

Yeast can also be employed for the expression of isotope-labeled recombinant
glycoproteins [37, 38, 41]. For example, Pichia pastoris strain GS115 was used for
producing  '"N-labeled human chorionic  gonadotropin  and  human
follicle-stimulating hormone [37]. From cultures of P. pastoris using
>NH,Cl/glucose—glycerol-methanol as nitrogen and carbon sources, human
chorionic gonadotropin was obtained with an '°N enrichment of 70%, with mod-
ification by the yeast-strain-specific high-mannose-type oligosaccharides ranging
from MangGIcNAc, to Man;;GIcNAc,. Kamiya et al. [38, 41] described a method
for the overexpression of uniformly '*C-labeled decasaccharides M8B and
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undecasaccharide M9 using genetically engineered Saccharomyces cerevisiae cells
grown in medium containing '*C-labeled glucose.

Deuteration is effective to suppress dipolar relaxation for dealing with larger
biomacromolecules [42, 43]. However, one major problem in eukaryotic expression
systems is difficulty in metabolic deuteration using heavy water because the cells
cannot survive in such a milieu. Recently, using deuterated yeast extract, Grzesiek
and coworkers successfully established a methodology for deuteration of recom-
binant proteins expressed in insect cells with a deuteration degree of >60% without
any decrease in protein yield [44]. This line of study will open up new avenues for
NMR analyses of larger glycoproteins expressed by eukaryotic expression systems.

Although E. coli lacks a protein glycosylation pathway, protein N-glycosylation
has been found in a variety of bacteria including Campylobacter jejuni, which
expresses  proteins  modified with  the  N-linked  heptasaccharide,
GalNAcal-4GalNAca1-4(GlcB1-3)GalNAcal-4GalNAcal-4GalNAcal-3Bac
[45] (Fig. 15.3). A "*C/"*N-labeled recombinant protein produced in E. coli was
successfully modified in vitro with this oligosaccharide by using enzymes from C.
Jejuni [46].

15.4 Glycosylation Profiling

Because the glycoform of a given glycoprotein is generally unpredictable, experi-
mental glycosylation profiling is necessary for identifying its covalent structure.
High-performance liquid chromatography (HPLC) mapping is a useful technique
for the quantitative profiling of protein glycosylation. In particular, Takahashi and
coworkers have developed 3D HPLC mapping using pyridyl-2-amination of N-
linked oligosaccharides chemically or enzymatically cleaved from glycoproteins
[47, 48] (Fig. 15.4). The fluorescence-labeled oligosaccharides are subjected to
three different HPLC columns, i.e., diethylaminoethyl (DEAE), octadecylsilica
(ODS), and amide, in a sequential manner, enabling identification of their structures
based on their elution positions on the columns and reference to a database.
A strength of this method is the ability to discriminate isomeric oligosaccharides by
their differential elution times, primarily on the ODS column. Figure 15.4a illus-
trates a typical elution profile on an ODS column of the pyridylamino derivatives of
N-glycans from human IgG1-Fc, which exhibit microheterogeneities resulting from
the presence or absence of non-reducing terminal galactose residues [49].

MS also offers useful tools for rapid and sensitive profiling of glycosylation of
glycoproteins. MS analyses enable site-specific glycosylation profiling as well as
determination of entire molecular glycoforms of multiple glycosylated proteins
including glycan combinations [50-53]. Although discrimination of isomeric
oligosaccharides is not possible by conventional MS measurement, attempts have
been made to achieve it by analyzing the fragmentation patterns observed in
multistage tandem mass (MS") spectra [54, 55].
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Fig. 15.4 Scheme of N-glycosylation profiling based on the 3D HPLC map (left) and elution
profiles on an ODS column of pyridylamino derivatives of the N-linked oligosaccharides released
from the human IgG1-Fc glycoforms (right). a Non-treated Fc, b Fc(G2), ¢ Fc(GO0), and d Fc(M3).
Key F fucose; G galactose; GN N-acetylglucosamine; M mannose. Partially adapted from Ref. [49]
with the modification

15.5 Remodeling of Glycoprotein Glycoforms

Heterogeneous glycosylation hampers unambiguous structural studies of glyco-
proteins, making structural biologists glycophobics. To overcome this problem,
various techniques have been applied for remodeling glycoprotein glycoforms to
reduce glycan heterogeneity. Glycoform remodeling is also useful for systematic
analyses of the structure—function relationships of glycoproteins, addressing the
functional properties of individual glycoforms.

Glycosidase treatment has been traditionally used for trimming of glycoprotein
glycans. Glycoproteins with a uniform glycan structure can also be prepared by
in vitro enzymatic attachment of non-reducing terminal sugar residue(s) [49, 56].
Figure 15.4b, ¢ shows elution profiles of N-glycans derived from digalactosyl (G2)
and galactosyl (GO) glycoforms of human IgG1-Fc prepared by enzymatic galac-
tosylation and degalactosylation, respectively. The IgG1-Fc glycans could be fur-
ther trimmed into the trimannosyl core FucGIcNAc,Man; by N-
acetylhexosaminidase treatment (Fig. 15.4d) and subsequently into the
Fucal — 6GlcNAc disaccharide (FGN) with endo D treatment. The glycan could
be completely eliminated by PNGase F treatment. Figure 15.5 compares the
"H-'>N HSQC spectra of a series of Fc glycoforms (G2, GO, M3, FGN, and
deglycosylation), displaying progressive spectral changes of the polypeptide
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backbone of Fc upon stepwise trimming of the glycans [49]. The results indicated
that removal of the cleavage at the GIcNAcB1-4GlcNAc linkage of the Fc glycans
conformationally affected areas proximal to the hinge region, including the Fcy
receptor-binding sites, thereby impairing receptor binding. Therefore, the carbo-
hydrate moieties of Fc play crucial roles in maintaining the structural integrity of
the functional sites of IgG.

Another approach for controlling glycosylation is genetic engineering of
glycoprotein-producing cells by knocking out genes responsible for specific pro-
cesses during glycan formation. For example, CHO cells lacking FUTS, an enzyme
catalyzing the transfer of fucose from GDP-fucose to GIcNAc in an a-1,6 linkage,
produce a completely non-fucosylated glycoform of IgG [57], which has a higher
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Fig. 15.5 a '"H-'>N HSQC spectral changes upon trimming of the carbohydrate chains of
uniformly '*C/"°N-labeled human IgG1-Fc. The spectra of the different glycoforms of Fc with
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also shown. Adapted from Ref. [49] with the permission
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affinity for Fcy receptor III on natural killer cells and consequently exerts an
increased magnitude of antibody-dependent cell-mediated cytotoxicity (ADCC)
[58-60]. Figure 15.6 compares the "H-'>N HSQC spectra of the fucosylated and
non-fucosylated forms of IgG-Fc labeled with '°N at the amide groups of tyrosine
residues, showing chemical shift perturbation and line broadening of the peak
originating from Tyr296, which is proximal to the fucose residue (vide infra) [57].

Genetic engineering of S. cerevisiae by deletion of genes involved in N-glycan
processing has enabled overexpression of homogeneous high-mannose-type
oligosaccharides M9 and M8B with '’C labeling [38, 41] (Fig. 15.7). Several
attempts have been made to produce recombinant proteins with human-like gly-
cosylation in yeast [61-63]. Currently, sialylated biantennary N-glycans can be
expressed by engineered P. pastoris, in which four genes responsible for
yeast-specific glycosylation were knocked out and 14 heterologous genes involved
in the biosynthesis of human-type glycosylation were introduced [62]. Furthermore,
IgG modified with complex-type N-glycans could be expressed in silkworm by
co-expression of human B1,2-N-acetylglucosaminyltransferase II and p1,4-galac-
tosyltransferase [64]. This genetically engineered production vehicle may be used
for the expression of isotope-labeled recombinant glycoproteins for NMR studies.
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Fig. 15.6 a 'H-'>N HSQC spectral comparison between the fucosylated (red) and Fuc
non-fucosylated (black) glycoforms of '’N-Tyr-labeled human IgGl-Fc. Tyr296 of
non-fucosylated Fc exhibits a significant broadening of the HSQC peak. b Mapping on the
crystal structure of fucosylated IgG-Fc of the amino acid residues showing the chemical shift
difference between fucosylated and non-fucosylated IgG-Fc. The chemical shift differences are
quantified for each residue according to the equation (0.28% + 832, where dy and dy represent
the differences in nitrogen and proton chemical shifts between fucosylated and non-fucosylated
IgG-Fc. The amino acid residues showing and not showing observable chemical shift differences
(>0.1 ppm) are colored red and green on the crystal structure [PDB code: 3AVE] [57],
respectively. The N-glycans are represented by stick models. The molecular graphics were
generated with PyMOL [98]. Adapted from Ref. [57] with the permission
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Fig. 15.7 NMR spectra of the high-mannose-type undecasaccharide M9. a 'H-'>C HSQC spectra
of M9 (black) uniformly labeled with '*C compared with that of M8B (red). b 'H-'*C HSQC
spectra of M9, metabolically 13C-labeled with D—[l-l3C]glucose (black), D—[2—13C]glucose (blue),
D-[3-13C]glucose (green), D-[4-13C]glucose (magenta), D-[5-13C]gluc0se (orange), or p-[6-13C)
glucose (cyan). The six spectra were superposed, and the '*C-labeled positions in the glucose
isotopomers used as metabolic precursors are shown with circles in the same colors as the
corresponding spectra. ¢ 'H-'"*C HSQC spectra of M9, modified with a lanthanide chelating tag
with Tm>* (red) and La>* (blue). Chemical shift differences induced by PCS are indicated by
arrows. Adapted from the Refs. [38, 41, 69] with the permission
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15.6 Spectral Observations and Assignments

Carbohydrate NMR spectral analyses are often hampered by peak overlapping,
particularly when dealing with liberated oligosaccharides or solvent-exposed gly-
cans. A straightforward approach for solving this problem is to employ a higher
magnetic field so as to increase spectral resolution [65, 66]. Line narrowing of
oligosaccharide CH peaks is expected in a higher magnetic field, because in sys-
tems where dipole—dipole interaction is a dominant relaxation mechanism, 7,
longevity of the molecules with an appropriate motional correlation time increases
in the higher field [67, 68]. Paramagnetic lanthanide probes can also be used for
improving chemical shift dispersion. Figure 15.7c¢ illustrates an HSQC spectrum of
high-mannose-type undecasaccharide M9 with a lanthanide chelating tag covalently
attached at its reducing terminus with La®>* and Tm** [69]. The overlapping peaks
originating from the three non-reducing terminal mannose residues exhibit different
pseudo-contact shifts (PCSs), dissolving the chemical shift degeneracy because
their spatial arrangements are different with respect to the reducing terminus. PCS
thus provides conformational information of the oligosaccharides (vide infra).

Although scalar connectivity-based techniques are applicable for spectral
assignments of glycoprotein polypeptide chains, sequential assignments of the
glycan remain partially dependent on nuclear Overhauser effect
(NOE) connectivities. Therefore, selective isotope labeling of the carbohydrate
moieties facilitates spectral assignments. Metabolic labeling using appropriate
isotope-labeled  metabolic  precursors  enables  residue-specific  and/or
position-specific '*C incorporation [28, 29]. Figure 15.7b shows superposition of
six '"H-">C HSQC spectra of M9 labeled with '*C at different positions using six
different glucose isotopomers as metabolic precursors [41]. Peak classification into
the sugar residue types can be made based on differential protonation levels during
metabolic labeling using perdeuterated '*C-glucose as a metabolic precursor [38,
70]. In vitro enzymatic attachment of an isotope-labeled sugar onto the
non-reducing end of the glycan is also useful for selective observation of NMR
signals originating from the terminal sugar residues [33, 71, 72]. Yamaguchi et al.
[73] proposed that '*C-detected '*C—"C NOE spectroscopy (NOESY) experiments
are useful for spectral assignments of large glycoproteins because the observed
peaks can be easily classified into monosaccharide types with specific linkage
configurations by inspecting the intraresidue BC_13C connectivity patterns
(Fig. 15.8).

Although carbohydrate hydroxyl groups are functionally crucial, as exemplified
by hydrogen bonding, direct observation of their "H NMR signals is extremely
difficult in aqueous solution. An indirect approach utilizes the H/D isotope effect on
the "*C chemical shift at '>*C—OH groups to estimate exchange rate for OH with the
solvent in a 50/50 H,O/D,0 solution at steady state [74, 75]. This technique is
applicable for the estimation of the NH exchange rate of the acetamide group of N-
acetylglucosamine residues of a glycoprotein with appropriate 'C labeling
(Fig. 15.9) [27]. Freedberg and coworkers used a 'H-B¢C HSQC-total correlated
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nomenclature of oligosaccharide residues is represented in Fig. 15.5b. Adapted from Ref. [27]

with the permission

spectroscopy (TOCSY)-based technique to

measure OH exchange rates in a 50/50

H,0/D,0 solution, enabling quantitative characterization of transient hydrogen

bonds involving the hydroxyl groups [76].
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15.7 NMR Analyses of Dynamic Conformations
and Interactions of Oligosaccharides

In the case of other biomolecules, conformations of oligosaccharides are primarily
characterized based on NOE data complemented with those of J coupling and
residual dipolar coupling [77-79]. NOE data are also used for probing carbohy-
drate—protein interactions. Figure 15.10a shows intramolecular NOE connectivities
observed between the core fucose of biantennary complex-type glycan and the
aromatic ring of its spatially proximal tyrosine residue (Tyr296) in human IgG1-Fc.
Core fucosylation precludes optimum binding of IgG1 to Fcy receptor Illa, which is
mediated by the Tyr296 side chain, and thereby compromises ADCC activity [58].
This is, at least partially, attributed to steric masking of the functionally important
tyrosine by the fucose. In the absence of the core fucose, Tyr296 gains motional
freedom as exemplified by exchange line broadening of the 'H-'>N HSQC peak
originating from this tyrosine [57].

(b)
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Fig. 15.10 Parts of a 2D HSQC-NOESY spectrum of human IgG1-Fc (metabolically labeled
with [*3 Cglglucose) exhibiting intramolecular NOE connectivities between Tyr296 and the core
fucose residue and b '’N-edited NOESY spectrum of the 5N-labeled Fe-derived heptapeptide
carrying Man3GIlcNAc, bound to the carbohydrate-binding domain of Fbsl exhibiting
intermolecular NOE peak (boxed) between Tyr279 He (Fbsl) and Asn3 HO (glycopeptide).
Adapted from Refs. [27, 69] with the permission
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Glycoprotein recognition by lectins can be investigated by observing inter-
molecular NOEs using isotope-labeled oligosaccharides or glycopeptides [80, 81].
Figure 15.10B shows an '°N-edited NOESY spectrum indicating intermolecular
NOE connectivities between the carbohydrate-binding domain of Fbs1, a cytosolic
lectin, as well as the substrate recognition part of a multisubunit ubiquitin ligase and
its cognate glycopeptide cleaved from metabolically '*C/'*N-labeled IgG [80]. In
this specific case, the lectin contacts not only the innermost part of the glycan but
also the side chain of the glycosylated asparagine. A glycan—polypeptide junction
of glycoprotein is usually shielded from the solvent by spatially surrounding amino
acid residues but can be exposed in its misfolded state and targeted for
ubiquitin-mediated proteasomal degradation. Fbsl captures the junction and pro-
tects it against attack by the cytosolic deglycosylation enzyme during ubiquitination
of glycoprotein substrates. Because carbohydrate—lectin interactions are typically
weak, with dissociation constants in the submillimolar range, transferred NOE and
saturation transfer difference experiments are effective to characterize such weak
interactions [82—84].

NOE-based conformational analysis of carbohydrate chains is hampered by low
proton density, in comparison with that of protein. Moreover, conformational
dynamics of carbohydrate chains hamper quantitative interpretation of NOE data.
Recently, paramagnetism-assisted NMR approaches have been applied to confor-
mational analysis of oligosaccharides [85-87]. In particular, PCS data, obtained
employing paramagnetic lanthanide probes, are used as source of long distance (as
far as 40 A) information independent of the correlation time of the heterogeneous
internal motion of oligosaccharides. Paramagnetic relaxation enhancements have
also been used to characterize conformation and metal binding of oligosaccharides
and their clusters [88-90].

Because oligosaccharides are extremely flexible molecules, NMR provides
information averaged over their dynamic conformational ensembles. To address
this issue, NMR data are treated as population-weighted averages of the possible
conformers and reproduced by a population-optimized combination of selected
low-energy conformers. In a recently proposed approach, NMR data are used for
the validation of conformational ensembles derived from molecular dynamics
(MD) simulation of flexible oligosaccharides that exhibit shallow and broad energy
minima in their conformational space [69, 91-93]. In this approach, experimentally
observed PCS data are compared with those back-calculated from the MD-derived
conformational ensembles (Fig. 15.11). NMR validation showed that conforma-
tional spaces of the triantennary high-mannose-type oligosaccharides could be
sufficiently explored by replica-exchange MD simulation with a total simulation
time of several microseconds [69]. In conjunction with crystallographic data of
lectin-bound oligosaccharides, carbohydrate recognition by lectins is characterized
by conformational selection as well as induced-fit mechanisms [87, 93].

Oligosaccharides accommodated in a protein can be less mobile than liberated
ones. As a typical example, the pair of biantennary oligosaccharides packed within
the quaternary structure of IgG-Fc is visualized for the most part in the crystalline
state [57, 58]. However, the terminal galactose residues exhibit different dynamic
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Fig. 15.11 Conformational ensemble of M9 obtained from replica-exchange MD calculation
validated by the PCS data (left) and the correlation between experimentally observed PCS values
with Tm>* and theoretical PCS data back-calculated from the ensemble model (right). Adapted
from Ref. [69] with the permission

properties, which have been characterized on the basis of relaxation data [33, 71].
Therefore, the glycans attached to proteins can exhibit heterogeneous properties in
terms of conformational dynamics.

15.8 Perspectives

NMR spectroscopy in conjunction with computational approaches has now suc-
cessfully characterized dynamic conformational ensembles of oligosaccharides and
glycoprotein glycans. This prompts us to improve functionality of carbohydrate
chains by designing and optimizing their conformational spaces. To realize this
glycoengineering, it is obviously necessary to create glycoproteins with tailored and
even artificial glycoforms.

A hybrid approach combining cell engineering and chemoenzymatic techniques
has the ability to deal with glycoform heterogeneity of glycoproteins in NMR
structural glycobiology [94]. This line of technical development will realize
isotope-labeled glycoproteins with tailored glycoforms. By installing glycosylation
systems of C. jejuni and S. cerevisiae into E. coli, bacterial expression of recom-
binant glycoproteins having the core structure of eukaryotic glycans, i.e.,
ManzGIcNAc,, has been achieved [95]. This glycan can be substituted with syn-
thetic donor oligosaccharides by in vitro enzymatic transglycosylation catalyzed by
endo-B-N-acetylglucosaminidases, leaving the innermost GIcNAc residue as
acceptor site [96].

Furthermore, synthetic approaches have been successfully developed to prepare
glycoproteins involving chemical ligation of recombinant non-glycosylated pep-
tides and chemically synthesized glycopeptides [97]. These technical advancements
will open up new possibilities to create glycoproteins with artificial glycoforms.
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NMR spectroscopy along with computational approaches will play critical roles in
detailed characterization of dynamic conformations and interactions of those
neo-glycoproteins for better understanding of the functional mechanisms of car-
bohydrate chains.
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